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ABSTRACT 

A simple type of reciprocal chromosomal translocation in the LOU 

rat, IgE-secreting immunocytoma cell line, IR162, involving the c-

myc proto-oncogene and the switch region of the epsilon 

immunoglobulin heavy chain, c-myc/Se, was characterized. This 

abnormal gene rearrangement in IR162 suggests that the same 

mechanism responsible for normal Ig gene H-chain class switching 

to the functional e allele was also probably responsible for the 

aberrant c-myc gene translocation to the homologous non-functional 

E allele. 

By cloning and sequencing the translocation-associated and the 

homologous normal c-myc and Se DNAs, the position of the 

translocational junction in both the c-myc 5'-flanklng region and the 

repetitive elements of the Se region was identified. The 

translocational recombination was precise and no Insertion nor N-

addition were found at the junctional region, leaving all the c-myc 

exons, together with their two promoter sites, intact. RNase 

mapping confirmed that the same promoters were utilized in IR162 

and normal LOU rat spleen cells. No point mutation was found in the 

5'-flanking region and the 3'-portion of exon 1 of the translocated c-

myc gene. However, the putative silencer region was lost with the 

aberrant translocation. It was also noticed that a strikingly AT-rich 

DNA sequence, associated with Se region, was juxtaposed to the 5'-

flanklng region of the c-myc gene. Therefore, It is tempting to 



speculate that a change of DNA topology, perhaps either due to the 

juxtaposition of an AT-rich sequence of the Se region, or to the loss 

of the putative silencer element, or both, might contribute to c-myc 

gene deregulation in IR162. 
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CHAPTER I 

INTRODUCTION 

Recent progress in understanding the origin of cancer has largely 

come from the study of cellular genes, termed "proto-oncogenes" 

(1,2). There are substantial data showing that naturally occurring 

proto-oncogenes, when mutated due to point mutation, chromosomal 

translocation, gene amplification, or proviral insertion, can result 

in unregulated cell growth. The altered, normal proto-oncogenes are 

referred to as oncogenes, reflecting their transformation potential. 

One proto-oncogene, c-myc, has been the focus of numerous studies, 

due to its close association with cellular growth control and its 

frequent involvement with chromosomal translocations in some 

types of B-cell neoplastic transformations (3-6). 

The c-mvc Proto-oncogene 

The c-myc proto-oncogene Is the normal cellular homologue of 

the viral oncogene, v-myc, the transforming gene of the avian 

retrovirus, MC29. Like many other proto-oncogenes, c-myc is found 

to be highly conserved among species. The c-myc gene consists of 

three exons (Fig. 1.1), and the long, untranslated first exon of 400-

500 bp has no AUG translational initiation codon, but has 

termination codons in all reading frames (4). The c-myc proteins 

are DNA-binding phosphoproteins. For a long time, It was thought 

that only the second and third exons encoded the c-myc protein. 
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However, recent studies by Hann et al. (7), have Identified a non-AUG 

translational initiation codon, CUG, in the 5' region of exon 1 capable 

of generating another distinct c-myc protein. It remains to be 

demonstrated how these two distinct types of c-myc proteins are 

related to c-myc function. The c-myc gene has three transcriptional 

start sites, PO, PI , and P2 (4,8). The minor 5'-most promoter, PO, 

was shown to be regulated independently from the two principal 

promoters, PI and P2, which contain TATA boxes separated by 160 

bp. In general, P2, the 3'-most promoter. Is the preferred promoter 

site. However, changes in the preference for promoter usage have 

been found associated with the deregulation of the c-myc gene, and 

therefore, such changes may reflect one of the many c-myc 

transcriptional control mechanisms suggested to regulate the c-myc 

gene (9-11). 

The c-mvc Gene and Growth Control 

Both the c-myc mRNA and protein, detected in almost all actively 

dividing cells, have very short half-lives (about 30 min) (12-13). 

Although there have been studies suggesting that the c-myc protein 

regulates DNA replication, or RNA processing (14,15), the validity of 

these studies remains unconfirmed. Nonetheless, there is 

substantial evidence to suggest that c-myc gene expression is 

tightly regulated and coupled to the control of growth and 

differentiation of a variety of cells (16,17). Although the level of 

c-myc mRNA and protein Is constant throughout the cell cycle of 



actively dividing cells (18,19), expression of the c-myc gene 

increases more than 40-fold within 2 to 4 hr when quiescent cells 

are stimulated by growth factors, such as platelet-derived growth 

factor (20,21). Similarly, injection of purified c-myc protein into 

cell nuclei leads to the onset of DNA synthesis when cells are 

subsequently exposed to serum (22). It was also found that chicken 

fibroblasts transformed by MC29 viruses, which result in very high 

levels of c-myc protein, have a shorter cell-cycle time than normal 

cells or those transformed by other oncogenic viruses (23). 

Therefore, c-myc proto-oncogene activation appears to represent an 

early event of cell activation and c-myc protein seems to be 

Involved in stimulating cells from the quiescent state, GO, into an 

activated G1 state in preparation for S phase. 

c-mvc Gene Regulation 

c-myc gene regulation has been shown to be both transcriptional 

and post-transcriptional, with the magnitude and contribution of 

each depending on the systems examined. DNase hypersensitivity 

analyses and transient expression assays on both human and mouse 

c-myc genes have identified several positive and negative regulatory 

elements in the highly conserved 5'-f!anking region, exon 1, and 

intron 1 (24-26). However, the exact function of each Individual 

element and the relationships of these elements to each other 

remain to be clarified. The boundary between exon 1 and Intron 1 

has been shown to contain a transcriptional termination signal. 



which Is responsible for the decreased transcription of c-myc in 

differentiated human promyelocytic cell line, HL-60 cells (27). One 

important mechanism of post-transcriptional regulation is the 

modulation of cytoplasmic c-myc mRNA stability. Studies in murine 

fibroblasts have indicated that a region of 140 bases In the 3'-

untranslated sequences Is primarily responsible for the short c-myc 

mRNA half-life (29). Similarly, the turnover of c-myc RNA in HL-60 

was shown to be regulated through the 3'-poly(A) tail (30). The 

significance of the 3'-region of c-myc mRNA in regulating its half-

life is further demonstrated by studies indicating that a 3' A+U-rich 

region Is responsible for the rapid turn over of several mRNAs, 

including c-myc mRNA (31). 

c-mvc Gene Translocations in Mouse and Human 
Neoplastic B Cells 

Specific chromosomal translocations of the c-myc proto-

oncogene to the Ig H-chain locus, normally to the switch region of 

the actively expressed tg class, have been well-characterized in 

both mouse plasmacytomas, t(15;12) (Fig. 1.2), and Burkitt's 

lymphomas, t(8;14) (4,32-34). The breakpoint In mouse 

plasmacytomas is usually located within the c-myc transcriptional 

unit, near the beginning of the first intron; this breakage results in 

the initiation of heterogeneous transcripts from cryptic promoters 

within the first intron, near the second exon (35,36). The resulting 

c-myc mRNAs are generally shorter than those from the normal c-

myc proto-oncogene. The breakpoints In Burkitt's lymphomas are 



more variable, occurring not only within the gene as In mouse 

plasmacytomas but also in both the 5'- and 3'-flanking regions (4). 

While Ig H-chain loci are the c-myc gene recombination sites of the 

major Burkitt's lymphoma and mouse plasmacytoma translocations, 

in about 15% of such tumors, both Ig L-chain loci, either the K or the 

X locus, are found involved In the so-called c-myc variant 

translocations (5,37). The breakpoints of the variant translocations 

are usually downstream, and far away from the c-myc gene. In the 

majority of the mouse plasmacytomas variant translocations, a 

region more than 94 kb 3' of the c-myc gene, the pvt-1 locus, is 

Identified as the major recombination site for Ig L-chain gene. 

Another distinguishing feature of the variant translocations is that 

the VL region Is the c-myc gene recombination site. Instead of the CL^ 

region. However, in contrast to the aberrant c-myc/lg H 

recombinations (discussed later in Chapter II), in which the normal 

switch machinery is suggested to be Involved, considerable evidence 

has suggested that the V-J joining machinery Is unlikely to be 

Involved in the variant translocations. 

In most of the c-myc translocations studied, the amount of c-myc 

mRNA and protein In these neoplastic B cells is not significantly 

greater than that seen in the control B cells (38,39). Due to the 

close association of c-myc expression and cellular growth, the level 

of transcription may be less Important than the potential for 

transcription at an inappropriate time during the cell cycle. In 

transformed cells, most if not all of the c-myc transcripts arise 



from the translocated allele while the germ-line c-myc allele 

remains silent (35,40), Indicating a loss of normal c-myc gene 

regulation of the translocated allele. It is suggested that the over

produced c-myc protein from the translocated c-myc allele down 

regulates the normal c-myc allele by a negative feedback control 

mechanism (41). Although this hypothesis remains to be proved, in 

studies of the B lymphoid tumors induced in the E^-myc transgenic 

mice, the exogeneous Eji-myc gene was shown to be actively 

expressed In the absence of the endogenous c-myc RNA, supporting 

the negative feedback model (42,43). 

Even though the general mechanism for c-myc gene deregulation 

after chromosomal translocation remains unresolved, it seems that 

any of the following could contribute to c-myc gene deregulation in 

different Instances: (1) loss of exon 1, leading to truncated mRNAs 

with longer half-lives (44); (2) point mutations in the coding or non-

coding regions, leading to alternative c-myc products (45,46); (3) 

translocation of the c-myc gene into the proximity of an Ig locus-

associated, positive regulatory sequence, such as an enhancer, 

leading to constitutive c-myc gene expression (47); or (4) deletion 

of critical negative regulatory element(s) from the c-myc gene, such 

as a silencer, leading to constitutive c-myc gene expression (25). 

However, regardless of the actual mechanism, there is much 

evidence to suggest that c-myc gene deregulation by Itself may not 

be sufficient to transform B lymphocytes to autonomy. It is 

hypothesized that other changes, presumably genetic, must 



accompany c-myc gene activation in the genesis of malignant cells 

in vivo (3). This is the so-called "two hit" hypothesis of malignant 

transformation. In support of this, studies on mononuclear, 

phagocytic tumors induced by a murine retrovirus containing the c-

myc oncogene have found specific secondary events in 

transformation (48). In one case, the secondary event was shown to 

be a rearrangement of the colony-stimulating factor I, CSF-1, gene. 

In addition, transgenic mice carrying a c-myc gene coupled to the Ig 

H-chain enhancer almost all developed fatal monoclonal B 

lymphomas (42). The monoclonal nature of the tumors and the 

characteristic latent time in tumor formation (8 to 10 weeks, or as 

long as 5 months in some cases) are also consistent with the 

requirement for a second event for eventual transformation. 

Moreover, these studies have illustrated the tissue-specific, 

tumorigenic potential of an activated c-myc oncogene. 

c-mvc Gene Translocations in LOU Rat 
Neoplastic B Cells 

It was known that a t(6;7) chromosomal translocation involving 

the c-myc proto-oncogene occurs in many LOU/Wsl rat spontaneous 

immunocytomas (49), most of which secrete monoclonal IgE. 

Although previously, the rat c-myc gene had been located to 

chromosome 7, no molecular Information was available to prove 

unambiguously the involvement of Ig loci in the c-myc gene 

translocations of these rat Immunocytomas. Therefore, the purpose 



of this study was to determine whether the rat c-myc gene was 

translocated to an Ig locus in the IgE-producing immunocytoma cell 

line, IR162, and if so, whether the e H-chain gene was Involved. This 

was achieved by cloning and characterizing the c-myc and e H-chain 

loci of the tumor, IR162. The unequivocal demonstration of a c-

myc/lg translocation in a third species was accomplished and this 

further emphasizes the significance of c-myc proto-oncogene 

rearrangement in B-cell tumorigenesis, even though the mechanism 

remains obscure. 
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EXON1 EX0N2 EXON3 

Figure 1.1. The basic structure of the c-myc proto-oncogene. The 
c-myc proto-oncogene contains three exons, and two introns. Two 
major promoters, PI and P2, and a minor promoter, PO have been 
Identified with the transcriptional initiation of the c-myc proto-
oncogene. 
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Figure 1.2. The c-myc/lg chromosomal translocation in mouse 
plasmacytoma (34). As shown, VH-JH genes are 5' and distal to the 
CH genes on chromosome 12 and translocate to the 15q-
chromosome. The c-myc gene on chromosome 15 is Interrupted by 
the translocation with some of the 5'-DNA sequence remaining on 
15q- while the rest of the gene translocates to 12q+, next to the Ig 
locus. The result Is a reciprocal translocation, in which CH and c-
myc loci are joined head to head, I.e., 5* to 5', on chromosome 12q+, 
while the other chromosome, 15q", has the recombined reciprocal 
loci joined tail to tail, i.e., 3' to 3'. 
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CHAPTER II 

IDENTIFICATION OF THE C-MYC/EPSILON 
CHROMOSOMAL TRANSLOCATION IN IR162 

Introduction 

Both Ig H- and L-chain loci contain a cluster of three or four 

types of DNAs, respectively (V, D, J, and C or V, J, and C) (50). When 

B cells are stimulated to differentiate, a series of recombinations 

results in the appropriate juxtaposition of single VH, DH, and JH DNA 

segments to form a functional VDJ exon (the VH region), with the 

Intervening DNA sequences looped out. This brings the VH region 

under the control of H-chain enhancer, and allows a Ĉ l gene to be 

expressed. Subsequently, a similar recombination with the V and J 

elements allows the L-chain gene to be expressed to produce 

functional IgM. B lymphocytes also possess the potential to undergo 

Isotype switching, In which case they begin to express surface IgG, 

IgA, or IgE. Isotype switching involves a recombination between Sp. 

and the switch site 5' to the subsequently expressed CH gene 

segment; Cji and other Intervening CH DNA segments are removed. 

Although both chromosomes can undergo such DNA rearrangements, 

only one of the two chromosomes will eventually produce functional 

Ig, a phenomenon called allelic exclusion (51). This is controlled by 

mechanisms not well-understood. 

One of the unique features of the c-myc/lg chromosomal 

translocations characterized In both mouse plasmacytomas and 

Burkitt's lymphomas Is that the synonymous, non-functional switch 
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region of the actively expressed Ig H-chain class is the most 

frequent c-myc gene acceptor In the translocations (4). For 

example, with mouse plasmacytomas, which principally produce IgA, 

the Sa region of the excluded allele is the most frequent c-myc gene 

acceptor. Similarly, the SM. region of the excluded allele was shown 

to be the most frequent c-myc gene acceptor in Burkitt's lymphomas 

which produce mostly IgM. These data suggest that some c-myc gene 

translocations are closely associated with Ig class switching. 

Therefore, for the IgE-producing immunocytoma, IR162, a question 

arose concerning not only whether the c-myc gene was translocated 

to an Ig locus, but also whether the Se region was Involved. 

Identification of that involvement would further Implicate an 

aberration of the B-cell switching machinery in c-myc gene 

translocation. 

To determine whether a c-myc/e chromosomal translocation 

might occur In IR162, genomic Southern blot analyses were 

performed on the normal LOU liver DNA and IR162 DNA. Since the 

Southern blot analyses Indicated a c-myc/e translocation in IR162, 

an IR162 genomic DNA library was constructed, and c-myc- and e-

associated, cloned DNAs were isolated and characterized in detail. 
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Experimental Procedures 

Genomic Southern Blot Analyses 

LOU liver and IR162 genomic DNAs were completely digested by 

Bglll, Sad, and Xbal, electrophoretically separated on 0.7% agarose 

gels, and transferred to Zetabind nylon membrane in 0.4M NaOH after 

15 min acid-treatment. The filters were prehybridized overnight at 

420C in 5x SET (0.75M NaCI, 0.1 M Tris-HCI, pH 7.8, 5mM EDTA)-5x 

Denhardt's solution (Ig/I Ficoll, Ig/I polyvinylpyrrolidone, Ig/I 

BSA)-0.1% SDS-200 ^g of carrier DNA per ml, and hybridized 

Identically to lO^cpm primer extension-[32p] labelled c-myc- or e-

specific DNA probes (specific activities: 2x108 to 109 cpm/̂ ig; Fig. 

2.1) per ml with 2.5% (w/v) dextran sulfate induded. The filters 

were washed twice for 30 min at 220C in 2x SET and twice for 30 

min at 650C in 0.1 x SET, then exposed to Kodak XAR-5 film with a 

Dupont Cronex Lighting Plus intensifying screen overnight at -80OC 

(52). 

Construction and Screening of the IR162 
Genomic DNA Library 

The tumor DNA of IR162 was partially digested with 0.008 units 

restriction enzyme, Cpfl, per îg of genomic DNA for one hr at 370C 

and size-fractionated on a 10 to 40% sucrose gradient. Fractions in 

the size range of 10 to 20 kbp were pooled, ligated into the 

compatible BamHI sites of the lambda bacteriophage EMBL-4, 

packaged in vitro, and plated on the Escherichia coli host, LE392 

(52). 

13 



Approximately 10^ plaques of the library were screened for c-

myc and IgE e H-chain genes by hybridization with both [32p] 

labelled-mouse c-myc and rat e cDNA probes (Figs. 2.1 A and C). 

Thirteen positive clones, which hybridized to the c-myc probe, 

and/or the e probe, were found and plaque purified. 

Restriction Enzyme Mapping of the DNA 
Clones Isolated from the IR162 

Genomic Library and the LOU 
Liver Cosmid Library 

All cloned DNAs were purified and CsCI-banded twice, then 0.5 to 

1 \iQ of cloned DNAs were subjected to single and double restriction 

enzyme digestions, and electrophoretically separated on 0.6 to 1% 

(w/v) agarose gels. The gels were stained with 0.5 îg/ml ethidium 

bromide for photography, and subsequently acid and alkaline-treated, 

neutralized, equilibrated In lOx SSC (1.5M NaCI-0.15M sodium 

citrate), then transferred to nitrocellulose filters according to 

Maniatis et al. (52). The blots were prehybridized overnight in 5x 

SET-50% formamlde-100 ^g of carrier DNA per ml at 420C. and 

hybridized Identically to 2x10^ cpm of the c-myc- and/or e-specific 

probes ( Fig. 2.1) per ml labeled by the primer extension method with 

[a-32p] -dATP (3000Ci/mmole) (58). The filters were processed as 

described in the Southern analyses above, except that the exposure 

time was 4 to 10 hr at 220C without intensifying screen. 
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RNase A Mapping 

To identify the number of exons In the rat c-myc gene, DNA 

fragments, which contained more than one exon, were isolated from 

Ml and subdoned into pIBI cloning vectors. To more precisely 

estimate the size and localize the 5'- and 3'-ends of all the exons, 

the following Ml-derived DNA fragments: (1) the 1.7 kbp Bglll DNA 

fragment containing the whole exon 1, (2) the 2.3 kbp Smal DNA 

fragment containing the whole exon 2; and (3) the 3.6 kbp Smal DNA 

fragment containing the whole exon 3 and their 5'- or 3'-portions 

were all subdoned. 

T7 polymerase was used for in vitro transcriptions (59) of the 

appropriate restriction enzyme linearized DNA templates according 

to the RIBOGENESIS Biosystem of IBI. 50 îCi of [a-32p] UTP (600 

Ci/mmole) was used in a 20 1̂ reaction with 0.5-1 ^g of DNA 

template. The transcription reactions were incubated at 370C for 

60 min, treated with 1 unit of RNase-free DNase I at 370C for 15 

min, then phenol/chloroform extracted. The aqueous phase was 

ethanol precipitated with 5 ^g of carrier glycogen and 250mM NaCI. 

The dissolved precipitates were counted to quantitate incorporation. 

RNase mappings were performed according to Zinn et al. (60). 

Approximately lO^cpm of cRNA probes were mixed with 2-20 ^g of 

poly (A)-rich or total RNA, heat denatured at 850C for 12 min in the 

hybridization buffer (80% foramlde-40mM PIPES-pH 6.5-400mM 

NaCI-ImM EDTA), then hybridized at 450C overnight. After 

hybridization, 40 ^g/ml RNase A and 2 ^g/ml RNase Tl were added, 
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then the reactions were Incubated at 30OC for 30 min, proteinase K 

treated, and ethanol precipitated. The precipitates were dissolved 

in 90% formamide-dye solution and electrophoresed on 0.8% 

denaturing acrylamide gels (52). The gels were vacuum dried, and 

then exposed to Kodak XAR-5 film without intensifying screen for 4 

to 10 hr at 220C. 

Results 

Southern Blot Analyses of IR162 and LOU 
Liver Genomic DNAs 

To know whether a c-myc/e chromosomal translocation indeed 

occurred In IR162, Southern blot analyses of DNAs from LOU rat liver 

and IR162 DNA with Bglll, Sad, or Xbal digestion were performed. 

The results indicated that one of the c-myc alleles was rearranged 

(Fig. 2.2A), and it also revealed two differently rearranged e alleles 

In the IR162 DNA (Fig. 2.2B). In addition, for a given enzyme 

digestion, both the c-myc and e probes hybridized to IR162 DNA 

fragments of Identical length, e.g., 2.6, 5.3, and 5.7 kbp for Bglll, 

Sad, and Xbal, respectively. These results demonstrated that the c-

myc and e genes are contiguous on the same piece of DNA and that 

they might be involved in a reciprocal translocation. 

Characterization of All Cloned DNAs 
Isolated from IR162 

Therefore, an IR162 genomic DNA library was constructed to 

Isolate the c-myc and e genes. Restriction enzyme map analyses of 
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all types of clones Isolated and characterized are shown in Figs. 

2.3A to D. All DNA clones were mapped by single and double 

restriction enzyme digestions with the restriction enzymes shown. 

Clones Ml and ICE appeared to contain the entire rat c-myc gene, as 

inferred from the mouse analog, but differed at their 5'-ends (Figs. 

2.3A and B). Likewise, all the e-specific clones displayed homology 

at their 3'-ends but differed at their 5'-ends (Figs. 2.3B to D). 

The complete normal rat c-myc proto-oncogene was identified in 

clone Ml with a cloned mouse cDNA probe, pM-54.123 (cf. Fig. 2.1 A). 

Like those of mice and humans (4), this putative rat c-myc gene 

spans about 6 kbp and contains genetic Information corresponding to 

the three exons and two introns of the other species (Fig. 2.3A), 

based on Southern blot hybridization and confirmed by RNase 

mapping. To localize more precisely the 5'- and 3'-ends of each 

exon, individual DNA fragments containing a complete single exon, or 

only the 5'- or 3'-portlons of the exons were Isolated and subdoned; 

then RNase mapping was carried out. The location of all three exons 

are shown in Fig. 2.3A. Detailed RNase mapping was also carried out 

to identify the promoter sites, the results of which will be 

presented in the next chapter. Two other overlapping Ml-type c-myc 

clones were found (M2 and M3, Indicated in Fig. 2.3A). A comparison 

of clone Ml with clone ICE revealed homologous restriction enzyme 

sites from the 3' EcoRI site only up to the Smal site near the 5'-end 

of exon 1 (Figs. 2.3A and B), suggesting DNA rearrangement In the 5'-

region of the c-myc gene. 
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The organization of the three types of cloned e H-chain genes was 

determined from the restriction enzyme maps of clones El , E4, and 

1CE and from DNA fragments which hybridized to the IR162-specific 

pe.C and pe.VC cDNA probes (Figs. 2.1 A to D and 2.3B to D). 

Homologous restriction enzyme sites were found from the 3'-most 

BamHI site up to the Hindlll site 5' to the Ce region, encompassing 

the entire Ce region and its 3'-flanking region (61). Examination of 

these clones with a Vn-Ce region cDNA probe, pe.VC, detected the 

rearranged VH region in clone El only. The 2.1 kbp Hindlll fragment, 

located between the VH and Ce regions In clone El , was a candidate 

for Se region, since it did not hybridize with any e-specific cDNA 

probe. This suggestion was reinforced by hybridization with a 

mouse Se region probe, pM-Se (Fig. 2.1 D); two other overlapping E1-

type clones (E2 and E3, Indicated in Fig. 2.3C) also validated this 

conclusion. 

The other two e-specific clones, E4 and 1CE, did not hybridize 

with the VH region probe but still differed from each other, as well 

as El , at their 5'-ends (Figs. 2.3B and D). Clone 1CE hybridized with 

the c-myc probe as well as with the Ce region probe (Figs. 2.1 A to C 

and 2.3B), demonstrating a c-myc/e rearrangement and juxtaposition. 

An Independent clone completely identical to clone ICE was also 

found. Clone E4 hybridized with none of the c-myc probes (Figs. 2.1 A 

and B) and, from analogy with the mouse e genomic DNA clone, 

represents the germ line Ce region (this probably resulted from the 

nonlymphoid cells contaminating the solid IR162 tumor, as 
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suggested from the densitometry analyses of the Southern blots and 

knowledge that an IR162 cell culture line has a near-diploid, average 

chromosome content of 41 [62]). However, genomic Southern blot 

analysis (Fig. 2.4A) and published data from other investigators (61) 

suggested that the authentic Se region of LOU rat was contained on a 

2.7 kbp Bglll fragment, while the corresponding Bglll DNA fragment 

actually Isolated from clone E4 was only 1.1 kbp, i.e., it had 

apparently suffered about a 1.6 kbp deletion during cloning. 

Moreover, further analyses Indicated that the region deleted during 

cloning probably included the translocational junction associated 

with the rat Se (see below). Therefore, a LOU rat liver cosmid DNA 

library was obtained (constructed by R. McMillan) to isolate the 

authentic germline Se region. Since this cosmid library was 

propagated In a RecA" host, the potential for deletion in the 

anticipated, highly repetitive Se region was reduced. A single colony 

was found after screening approximately 400,000 colonies of the 

cosmid library with a probe containing the 5'-flanking region 

adjacent to the rat Ce region. The clone was colony purified and the 

part of DNA deleted In E4 was subdoned from the cosmid and mapped 

(E4-CE, Fig. 2.4B). 

Consequently, three different types of e genes were isolated: (1) 

E l , the normal, functionally rearranged VDJ (complete variable)-Ce 

gene, responsible for IgE secretion from IR162; (2) E4-cE, the 

normal, unrearranged germ line Ce gene; and (3) 1CE, the Ce gene 

aberrantly rearranged with the c-myc gene. These data (Fig. 2.3), in 
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conjunction with the Southern blot data (Fig. 2.2), demonstrated that 

all types of c-myc and e genes were cloned and that no cloning 

artifacts were responsible for the aberrant juxtaposition of these 

two genes. 

As mentioned above, a 2.6 kbp Bglll genomic DNA fragment 

hybridized on Southern blots with both the c-myc and e DNA probes 

(Fig. 2.2). The same Bglll fragment was also detected in clone ICE 

(Fig. 2.3B), Indicating that it contained portions of the sequences for 

both c-myc and e. Using a mouse c-myc exon 1 cDNA probe, pM-54.1 

(Fig. 2.1 A), one Bglll site In clone 1CE was localized 3' to exon 1 of 

the c-myc gene. On the basis of hybridization with the pe.C probe 

(Fig. 2.1 C), the other Bglll site of clone ICE, was localized to the 5'-

end of the Ce2 domain of the Ce gene. It was also found that the 5' of 

the c-myc gene juxtaposed with the 5' of the e gene, i.e., the 

recombination Is In a head-to-head configuration. The junction 

containing the breakpoint was further localized to a 0.65 kbp region 

between an Apal site (associated with the Se region) and an Smal 

site (close to the 5'-end of exon 1 of c-myc) of this subdoned 2.6 

kbp Bglll fragment (Fig. 2.3B). From these data, it was not known if 

this breakpoint was 5' of exon 1, or If part of exon 1 had been lost 

during translocation. Consequently, DNA sequencing of this Apal-

Smal fragment and the corresponding regions of the normal genes 

was required to Identify the precise breakpoint and to reveal the 

DNA sequences involved in the translocation (described later In 

Chapter 
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Discussion 

This work demonstrates for the first time In rats a simple type 

of c-myc/e translocation in a B-cell tumor. This translocation, 

which may contribute to B-cell tumorigenesis of the IgE-producing 

Immunocytoma, IR162, Involves the non-functional, excluded Ce 

allele of the Ig H-chain locus. Moreover, this is the first time that a 

Se region has been found associated with a c-myc gene translocation. 

This is especially Interesting, considering that nearly half of all LOU 

rat Immunocytomas produce IgE (64), even though IgE-specific B 

cells are the least abundant In an organism, occurring with a 

frequency of as little as 1 in 10,000 B cells, and considering that 

the Se region represents the shortest Ig switch target site for 

translocation with the c-myc gene (65). Moreover, the 

translocational Involvement of the synonymous Se region of IR162 is 

very intriguing because, analogously, it was found that with mouse 

plasmacytomas, which principally produce IgA, the Sa region of the 

excluded allele is the most frequent c-myc acceptor (4). Similarly, 

the S^ region of the excluded allele was shown to be the most 

frequent c-myc acceptor In Burkitt's lymphomas which produce 

mostly IgM (4). Switch-mediated translocations involving the 

excluded allele in normal mouse splenic B cells have also been found 

(66,67), although no correlation of the synonymous switch relative 

to the functionally expressed allele has been made yet. 
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The data for these three animal species suggest that some c-myc 

gene translocations are closely associated with Ig class switching 

and strongly Implicate an aberration in the B cell switching 

machinery in this process, while also suggesting an Ig class, 

switch-site preference for c-myc gene translocation. This abnormal 

translocation appears to favor selection of the switch site of the 

excluded H-chain allele synonymous with that of the expressed Ig 

class of the functionally normal H-chain allele. Moreover, although 

normal switching is generally believed to occur with only one of the 

two Ig alleles, data from mouse, rat (described here), and human 

studies for both normal and malignant B cells suggest that briefly 

during the ontogeny of B cells, both homologous Ig alleles may 

synchronously exist In a genetically metastable, activated state, 

such that the excluded allele Is potentiated for aberrant 

translocation by the switching machinery, and that occasionally this 

may involve the c-myc proto-oncogene. I.e., the chromatin regions 

involved become accessible for recombination. Recent studies by 

Alt and his colleagues have further supported this directed Ig H-

chain switching model (68), and their data also suggest that class 

switching may be facilitated through prior transcriptional 

activation. 

Preliminary studies of several other rat IgE-producing 

Immunocytomas, displaying similar translocations, were recently 

described (69), which are consistent with these results and 

Interpretations. Therefore, it seems that this simple type of c-
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myc/e translocation Is a common consequence of the initial switch-

mediated recombination event among the spontaneously occurring 

IgE-producing immunocytomas of LOU rats. Information on the timing 

of the switch of monoclonal IgM-producing B cells to the eventual 

IgE-producing B cells and the genetic state of the Se region of both 

alleles in the LOU rats would provide additional clues for a better 

understanding of the mechanisms of both normal Ig class switching 

and aberrant c-myc translocation. 
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Figure 2.1. Parental clones used as probes for all the studies 
and their restriction enzyme maps. The coding regions are stippled, 
and the exons of the parental clones are labeled or numbered in 
each illustration. The various cloned sources of the probes 
included the following: (A) the normal, full-length mouse c-myc 
cDNA, pM c-myc 54 (53); (B) the entire normal mouse genomic c-
myc DNA in Charon 28 (24) and a 5.5 kbp BamHI mouse genomic c-
myc DNA fragment, c-myc.4 (33); (C) a rat Ce region cDNA fragment, 
pe.C (54,55), and a full-length, IR162-specific, Vn-Ce region cDNA 
fragment, pe.VC (56); and (D) a mouse e genomic DNA, lge-12 (57), 
and a mouse Se region subclone, pSe, derived from it. Specific [32p] 
labeled-DNA probes, indicated by lines below the parental clones, 
were prepared from these by digestion with the appropriate 
restriction enzymes, electrophoretically separated on agarose gels, 
and labeled by random primer extension method (58). Restriction 
enzyme used in these analyses Included the following: B, BamHI; Bg, 
Bglll; D, Dral; E, EcoRI; G, Bgll; H, Hindlll; P, PstI; Sc. Sad; S, Smal; 
and X, Xbal. 
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Figure 2.2. Southern analyses of IR162 and LOU rat liver genomic 
DNAs. (A) Results of hybridization with a mouse c-myc probe, c-
myc. 3 (containing exon 1 and 5'-flanking sequences; cf. Fig 2.1 B). 
(B) Results of hybridization with an e-specific DNA probe derived 
from clone El , E1-H.X (cf. Fig. 2.3C). Arrows indicate the 
comigrating, autoradiographic bands that were detected with both 
the c-myc and e probes and that represent rearranged DNA unique to 
IR162 DNA and not found in LOU rat liver DNA. 
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Figure 2.3. Restriction enzyme analyses of rat c-myc and e 
genomic DNA clones from IR162. (A) Clone Ml, whose total DNA 
insert length is 17 kbp, contains the entire normal rat c-myc gene. 
The exons are Indicated, based on RNase mapping with cRNAs 
derived from probes (1), (2) and (3) (indicated in the bottom of the 
map). Two other Ml-type clones, M2 and M3, are indicated. (B) 
Clone ICE, whose total DNA insert length is 16 kbp, contains the 
translocated, contiguous rat c-myc and e genes. The solid bar above 
the map illustrates the subdoned 2.6 kbp Bgl II DNA fragment(cf. 
Fig. 2.2), which contains both c-myc and e sequences. A more 
detailed map of this fragment is shown, and the translocational 
breakpoint is indicated. The head-to-head transcriptional 
orientations of the c-myc and e genes are given, together with the 
appropriate location of the rat Se region. (C) Clone El , whose DNA 
Insert length is 18 kbp, contains the normal, functionally 
rearranged e gene, VDJ-Ce. Two other El-type clones, E2 and E3, 
together with two DNA probes derived from E1, E1-H.Bg and E1-H.X, 
are indicated. (D) Clone E4, whose DNA Insert length is 
approximately 17 kbp, typifies the unrearranged germ line Ce gene. 
Only the Ce and the Se regions were detected. The region in 
parentheses 5' to the Ce exons has undergone about a 1.6 kbp 
deletion during cloning and includes only part of the Se site (cf. Fig. 
2.4). The terminal EcoRI sites of all clones are derived from the 
cloning vector, EMBL-4, and these flank the BamHI insert sites. 
Restriction enzyme used in these analyses included the following: 
A, Apal; B, BamHI; Bg, Bglll; E, EcoRI; H, Hindlll; P, PstI; S, Smal; 
and X, Xbal. 
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Figure 2.4. Southern genomic blot and restriction enzyme 
analyses of the putative rat Se region. (A) Southern blot analysis of 
LOU liver genomic DNA. Bglll-digested LOU liver DNA was 
electrophoretically separated on a 0.7% agarose gel, blotted to a 
nitrocellulose membrane, and hybridized with an e-specific probe, 
El-H.Bg (cf. Fig. 2.3C), to detect the putative Se region. DNA size 
markers are indicated in kbp. (B) Restriction enzyme analysis of the 
putative Se region. The partial restriction map of a portion of the 
germline e cosmid clone, together with the detailed map of the 
authentic Se region, are shown. The detailed map represents the 
2.7 kbp Bglll DNA fragment Isolated from the LOU liver DNA cosmid 
library. The cosmid library was constructed by cloning 40 kbp DNA 
fragments from a Cpfl partial digest of LOU liver DNA into the 
compatible BamHI sites of the cNEO cosmid vector (63). 
Approximately 400,000 colonies were screened with the e-specific 
DNA probe, El-H.Bg (d. Fig. 2.3C), and a single colony was Isolated 
and colony-purified. The putative Se region was Identified by 
Southern blot analysis, subdoned Into pIBI vector, and mapped by 
single and double restriction enzyme digestions. The probe used 
from clone E1 (Fig. 2.3C) to isolate the cosmid clone is shown. 
Restriction enzyme used in these analyses included the following: 
A, Apal; B, BamHI; Bg, Bglll; H, Hindlll; K, Kpnl; P, PstI; and Sa, Sad. 
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CHAPTER III 

CHARACTERIZATION OF THE C-MYC/EPSILON 
CHROMOSOMAL TRANSLOCATION IN IR162 

Introductinn 

As described in Chapter II, the c-myc proto-oncogene is 

translocated, in a head-to-head configuration, to a region about 0.8 

kbp 5' of the non-functional Ce gene In the rat IgE-producing 

immunocytoma cell line, IR162 (70). Although this translocation is 

clearly associated with the rat Se region, neither the precise 

breakpoint, nor the actual DNA sequences involved in the 

translocation were determined for either the Ig or the c-myc genes. 

Thus, It was not known If the breakpoint occurred within the Se 

region, or a closely flanking region; also It was not known if the 

breakpoint occurred within the 5'-flanking region of the c-myc gene, 

or If part of exon 1 was lost during translocation. Therefore, to 

determine the precise translocational breakpoint In the c-myc 5'-

proxlmal region and to Identify putative regulatory sequences, 

whose loss or gain after translocation might contribute to c-myc 

gene deregulation, the appropriate DNA fragments from the 

translocated and the normal c-myc genes were isolated and 

sequenced. The normal rat Se region encompassing the 

translocational breakpoint was also isolated and sequenced, since 

this Information was not previously available. 
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Experimental Procedures 

Exonudease III Deletion Subdoning and 
DNA Sequence Analyses 

Exonudease III digestion was performed according to Henikoff 

(71). The following DNA fragments were isolated from their 

parental DNA clones and subdoned into appropriate polylinker sites 

(72) of plBI24 and/or 25 doning vectors: the 0.9 kbp Apal-Hindlll 

DNA fragment of the clone, ICE, containing the translocated c-

myc/Se region (Fig. 2.3B); the 1.7 kbp Bglll DNA fragment of the 

normal c-myc gene (Fig. 2.3A); and the 0.76 kbp Apal DNA fragment 

of the normal Se region (Fig. 2.4B). Subclones with both orientations 

relative to sequencing primer sites were obtained. Appropriate 

combinations of two restriction enzymes were chosen to cut the 

polylinker region in order to produce 3'-protruding ends close to the 

sequencing primer sites and blunt-ends or 5'-protruding ends close 

to the DNA Inserts. Five micrograms of each DNA fragment were 

completely digested, precipitated, redissolved in Exonudease III 

buffer ( 66 mM Tris-HCI, pH 8, 0.66 mM MgCl2) to about 100 ^g/ml, 

and Exonudease III was added to give a 20:1 molar excess of enzyme 

over susceptible DNA ends. The reactions were incubated at 370C; 

aliquots were removed at 30-sec Intervals, and these were SI 

nudease-treated to remove protruding ends. After heat 

Inactivatlon, Klenow polymerase was added to fill in the ends, 

followed by T4 DNA ligase to circularize the molecules. The 

circularized DNA molecules were transformed into CaCl2-treated, E. 

coli strain NM522 cells, according to Maniatis et al. (52). Deletion 

32 



subclones with size differences ranging from 150 bp to 200 bp were 

selected, single-stranded DNA templates were prepared by 

superinfection with the M13K07 helper phage (73), using the CLONAR 

Biosystem of the International Biotechnologies, Inc. (IBI, New Haven, 

CT), and DNA sequences were determined on both strands of DNAs by 

the method of Sanger et al. (72) using 6% acrylamide gels under 

denaturing conditions. 

Northern Blot Analysis 

Total RNA was isolated from IR162 and RBL-1 (rat basophilic 

leukemia) cultured cells by guanidinium thiocyanate/lithium 

chloride method according to Sood et al. (74). Harvested cells were 

lysed by vortexing vigorously in 5M guanidinium thiocyanate-50mM 

Tris-HCI, pH 7.5-1 OmM EDTA-8% p-mercaptoethanol until clear, and 

7 volumes of 4M LICI were added. The mixtures were kept at 40C 

overnight, allowing the RNA to precipitate. After precipitation, the 

RNA pellets were washed with 3M LiCI, treated by 100 ^ig/ml 

proteinase K at 370C for 2 hr, phenol/chloroform-extracted three 

times, then ethanol-precipitated. The poly (A)-rich RNA from IR162 

was prepared according to Faust et al. (54). Tumors were harvested, 

microsomes and polysomes isolated; polysomal mRNA was obtained 

by two successive passages through poly(dT)-cellulose column. 

About 5 ^g of IR162 and RBL-1 (75) total RNA and 1 îg of IR162 

poly A RNA were electrophoretically separated on a 1.2% 

formaldehyde/agarose gel according to Maniatis et al. (52). The gels 
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were subsequently alkaline-treated, neutralized, then stained with 

0.5 ^g/ml ethidium bromide for photography. After destaining, the 

gel was equilibrated in 20x SSC (3M NaCI-0.3M sodium citrate ), then 

transferred to a nitrocellulose filter according to Maniatis et al. 

(52). The blots were prehybridized overnight in 5x SET, 50% 

formamide, 200 ^g of carrier DNA (salmon sperm) per ml at 420C, 

and hybridized identically to 0.5x10^ cpm mouse cDNA probe per ml 

labeled by the primer extension method with [ a-32p] -ATP (3000 

Ci/mmole) (58). The filters were washed twice for 30 min at 220C 

in 2x SET and 30 min at 500C in 2x SET, then exposed to Kodak XAR-5 

film with intensifying screen for 2 days at -80OC. 

RNase A Mapping 

The 1.7 kbp Bglll subclone (In plBI24, described in Chapter II) was 

used together with subclones of Its subregions to generate cRNA 

probes for RNase mapping. These DNA templates were linearized by 

EcoRI or BamHI for in vitro transcription (59), and the transcription 

reactions and the mappings were performed as described In Chapter 

II. 
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Results 

Characterization of the 5'-Flanking Region of 
the LOU Rat Normal c-myc Gene 

Encompassing the 

Translocation 

In the previous chapter. Southern blot analyses had localized the 

c-myc/e translocational junction to the 0.9 kbp Apal-Hindlll DNA 

fragment of the c-myc/e clone, ICE (Fig. 2.3B). Detailed restriction 

mapping of this fragment placed the 5'-terminus of the c-myc 

portion of this translocation within the 1.7 kbp Bglll DNA fragment 

of the normal c-myc clone. Ml (Fig. 2.3A). Therefore, to determine 

the precise point In the DNA sequence at which the translocation 

occurred, relative to the normal c-myc gene coding region, the 1.7 

kbp Bglll DNA fragment was first cloned into pIBI 24 and pIBI 25 

vectors. Using the exonudease III method (71), a series of deletion 

subclones of appropriate overlapping lengths was generated (Fig. 

3.1 A) for DNA sequencing (72). 

Approximately 1.4 kbp of the normal c-myc DNA sequence were 

determined, spanning the 5'-flanking region from the upstream Bglll 

site to the Hindlll site In exon 1 (Fig. 3.1 B). This normal rat c-myc 

5'-flanklng region contains some classical, transcription-associated 

sequences. Including two TATA boxes separated by 160 bp, several 

normal and inverted GC boxes (sites of Spl transcription factor 

binding) and a CAAT box upstream of the TATA boxes. This CAAT 

box, although closely resembling the consensus sequence, 

GG(T/C)CAATCT (76), is distinct from all CAAT sequences thus far 
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Identified, with a T replacing the ubiquitous C in position 4. Since 

multiple CAAT-binding proteins have been identified with different 

affinities for different sequence motifs In a variety of eukaryotic 

genes (76,77), it would be Interesting to know if a CAAT-binding 

protein recognizes this unique CAAT box. This portion of the 5'-

flanking region containing these transcriptional control elements is 

highly conserved (about 75%) among human, mouse and rat 

(24,78,79). 

Characterization of the Normal Rat Se Region 
Encompassing the Translocation 

Since the rat Se region was also implicated with the c-myc gene 

in the aberrant translocation found in IR162 (Chapter II), 

understanding the role of the Se region in this translocation required 

DNA sequence Information of the normal rat Se region. This would 

locate precisely the 5'-end of the rat Se region relative to the 

translocational junction, establishing If the translocation occurred 

within the Se region or flanking It. Also, this would reveal if there 

was any Insertion or N-addition at the translocational junction, as 

has been frequently observed with analogous aberrant translocations 

found In mouse plasmacytomas (36,80-82). But no data existed on 

the characterization of the rat Se region. Therefore, the DNA 

fragment encompassing the translocational junction associated with 

the Se region was identified by Southern blot analysis and 

comparison with the restriction maps of the clones 1CE and E4-cE 
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(Figs. 2.3B and 2.4B); and the rat Se region was Isolated and cloned 

Into the pIBI vectors above. 

A 0.7 kbp Apal DNA fragment occurs in the isolated clone 

containing the normal germline rat Ce region, and it exists in the 5'-

flanking region In an area expected to contain the rat Se region (Fig. 

2.4B). As noted above, Southern blot analysis had localized the 

translocational breakpoint of the c-myc/e junction in clone ICE to a 

0.9 kbp Apal-Hindlll DNA fragment. Indeed, comparison of the 

restriction map of the region of clone ICE containing the breakpoint 

with this region of the cosmid clone indicated a direct 

correspondence for a portion of both. Consequently, the entire Apal 

DNA fragment from the cosmid clone was sequenced, since it 

encompassed the translocational breakpoint (Figs. 3.2A and B). 

Although the complete rat Se region is probably not included 

within this sequence, comparison of these data by dot matrix 

analysis (Fig. 3.3) with that published for the mouse Se region (83) 

revealed the following information. First, a striking level of 

homology exists between the two regions of the DNA sequences 

compared. Indicating Se-IIke character for the rat sequence. Second, 

both switch regions contain some repetitive DNA sequences 

characteristic of DNA elements suggested to have Ig H-chain switch 

function (83), e.g., TGAGCT, TGGG(G). Third, within the region of 

homology of these two species compared, a 200 bp gap exists in the 

immediate 3' region of the repetitive elements, suggesting an 

insertion occurred In the rat Se region sometime after the 
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evolutionary divergence of the mouse and rat from their common 

rodent ancestor. And finally, several distinct domains were noticed 

within the regions of Se DNA sequence compared. 

An additional interesting and very intriguing feature of this 

putative rat Se region is the unusually high AT-rich sequence found 

within it. This strikingly long stretch of AT-rich DNA sequence 

occurs in the normal Se region, to which the 5'-proximal flanking 

region of the c-myc gene has translocated. This 102 bp portion of 

the Se region, from position 76 to 177 (Figs. 3.2B and 3.4B), is 

upstream of the translocated c-myc gene and is 84% AT composition. 

It was also noted that the normal c-myc gene has a 40 bp AT-rich 

sequence (75% AT from position -139 to -100 in Fig. 3.IB), which 

was lost following the aberrant translocation In IR162. The 

corresponding regions of the mouse and human c-myc proto-

oncogenes contain about 60% and 50% AT-rlch DNA sequences 

(24,78.79), respectively. Moreover, after examining other published 

data of these species, we see no obvious correlation with 

translocations of the c-myc gene to AT-rich regions of Ig loci, i.e., 

the switch regions into which the c-myc gene translocates are not 

particularly AT-rich. Whether or not this AT-rich DNA sequence is a 

unique feature for IR162 and other immunocytomas remains to be 

determined. 
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Characterization of the Translocational 
Junction, Involving the c-myc and Se 

Regions of IR162 

The IR162 DNA clone, ICE, contains the aberrantly rearranged c-

myc gene associated with the 5'-end of the nonfunctional Ce gene. 

The translocational junction of these two genes within this cloned 

DNA was localized to the Apal-Hindlll DNA fragment in Chapter II. 

Therefore, this entire DNA fragment was subdoned, a nested array 

of overlapping deletion subclones was produced and these were 

sequenced (Fig. 3.4A). 

The DNA sequence data (Fig. 3.4B) revealed the following 

information. The translocational junction was located 318 bp 5' of 

the first TATA box of the c-myc gene, and consequently, all of its 

known transcription-associated regions remained intact after the . 

translocation. The c-myc gene breakpoint in IR162 is distinct from 

the sites of rearrangements in the majority of mouse 

plasmacytomas and Burkitt's lymphomas (4). However, It was 

subsequently learned that in other rat immunocytomas the 

breakpoint occurs In the same region, which also have a c-myc gene 

translocation (69). No point mutations were found in any of the 

regions of IR162 sequenced (Figs. 3.1 B and 3.4B). However, both 

Southern analysis (Fig.3.5) and DNA sequence analysis (Figs. 3.1 B and 

3.4B) indicated that the 5'-proximal DNA region, showing sequence 

homology to the mouse silencer element (25), was not transferred 

with the aberrantly rearranged c-myc gene to the Se region In clone 

ICE. The silencer element. Identified previously In a region about 
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400 to 600 bp upstream from the first promoter of both human and 

mouse c-myc genes, functions at a distance, and in either 

orientation relative to the chloramphenicol acetyl transferase (CAT) 

indicator gene. The loss of silencer element has been Implicated in 

c-myc deregulation of human and mouse (25,26). However, whether 

or not this loss contributes to c-myc gene deregulation in IR162 

requires further study. Since the cis-regulatory elements in the 

more distal 5'-flanking region of the c-myc gene have not been 

characterized extensively in any species, it remains to be 

determined whether any unidentified functional sequences were also 

lost due to translocation. 

Examination of the DNA sequence also showed that the LOU rat Se 

region was joined directly to the c-myc gene 5'-flanking region, 

starting at position 318 of the c-myc gene sequence (Figs. 3.1 B, 3.2B 

and 3.4B). The translocational breakpoint Is 3' to most of the 

switch-specific common repeats, but still within the unique portion 

of the rat Se sequence (Fig. 3.3). Therefore, most tandem repeat 

elements are lost, while the AT-rich sequence remains with the 

translocated Se. These data also indicate that the translocation is 

precise, i.e., there Is no insertion nor N-addition at the juncture of 

the c-myc and Ce genes In the immunocytoma, IR162. Consequently, 

this likely represents a simple type of precise, reciprocal 

translocation. However, It should be noted that Southern blot 

analyses failed repeatly to detect the reciprocal counterpart. This 

might be explained by loss of the chromosome expected to carry the 
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reciprocal translocation, although the karyotype data are 

inconclusive for IR162, which has a modal number of 41 

chromosomes with 3 marker chromosomes (62). Alternatively, 

secondary chromosomal translocation events may have altered the 

context of the original reciprocal exchange point, such that with the 

probes used, it was not able to be detected, e.g., deletion of the 

original reciprocal junctional region. 

Northern Analysis and RNase Mapping of 
c-myc Transcripts from IR162 and 

Normal LOU rat Spleen Cells 

Since DNA sequence analyses showed that both c-myc promoters 

remained intact after translocation to the Se region of the 

nonfunctional Ce gene, a question arose concerning the nature of the 

transcript produced by the c-myc gene of IR162 versus the normal c-

myc gene. This was examined by Northern blot analysis, which 

showed that a 2.4 kb mRNA transcript was detected In IR162 total 

mRNA (Fig. 3.6A). Although a substantially lower amount of c-myc 

mRNA was found in the RBL-1 (75) cell line used as a control, it too 

showed a 2.4 kb transcript. These sizes all are consistent with 

published data on the size of normal rat c-myc mRNA derived from a 

different rat strain (49), although they suggest only a single 

transcript, and not two different ones as implied from the two TATA 

boxes found in the DNA sequence data (Fig. 3.1 B). 

Therefore, RNase mapping of the promoter regions was performed 

to address the question of whether both TATA boxes of the c-myc 
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gene were used in the IR162 tumor, as well as in the normal LOU 

cells. The results for both normal LOU spleen cell mRNA and IR162 

mRNA demonstrated two transcripts differing in length by about 160 

bases (Fig. 3.6B). The sizes of the protected fragments are 

consistent with the expectation that both TATA boxes are used for 

transcription in IR162. Interestingly, no preference for promoter 

usage was found, when comparing the data of IR162 with those of 

normal LOU spleen cells (Fig. 3.6B). This is somewhat surprising, 

since It is well documented that promoter usage is usually biased to 

favor the first promoter In Burkitt's lymphomas and mouse 

plasmacytomas that have undergone c-myc gene translocations (85-

87). 

Comparison of the 3'-Portion of Exon 1 of the 
Normal and Translocated c-myc Genes 

Studies on c-myc proteins In human and mouse have shown the 

presence and utilization of a non-ATG translational initiation codon, 

CTG, near the 3' end of exon 1 (7). It was found that some Burkitt's 

lymphomas translocated all three c-myc exons intact Into the Ig-H-

chain locus, and that point mutations In the non-ATG codon, or In its 

immediate neighborhood, may have abolished the ability of these eel 

lines to utilize the non-ATG codon. Therefore, it was proposed that 

changes in the types or amounts of c-myc proteins synthesized may 

have contributed to the tumorigenesis of these Burkitt cell lines. 

Since all the exons remain intact with the translocated c-myc gene 

In IR162, the 3'-portion of exon 1 of the normal and translocated c-
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myc genes was examined. The DNA was sequenced from the Bglll 

site (located at the very beginning of intron 1 by RNase mapping, cf. 

Fig. 3.1 A) through 160 bp, and no point mutation was found within 

the sequenced region (Fig. 3.7). The CTG sequence was found near the 

3' end of exon 1, consistent with the published Buffalo rat c-myc 

DNA sequence (88). Whether or not this CTG codon is used for c-myc 

protein synthesis in LOU rat remains to be determined. 

Nevertheless, a change of c-myc protein synthesis associated with 

the alteration of the putative CTG codon cannot account for the c-

myc deregulation in IR162. 

Discussion 

Detailed molecular evidence has been provided to show a simple 

and precise, aberrant c-myc/Se translocation in IR162 (Fig. 3.8). 

These data confirm that no sequences other than Se and c-myc 5'-

flanklng regions are Involved; moreover, the translocation is 

precise, reflecting no N-additions nor Insertions. Therefore, the 

data support a model of a precise, simple reciprocal translocation in 

the IgE-secreting tumor, IR162, with the active c-myc proto-

oncogene transferred directly Into the Se region 5' to the non

functional Ce allele of the Ig H-chain locus. 

Although this translocation leaves the aberrantly rearranged c-

myc structural gene Intact, it severs from the c-myc gene some 

upstream sequences, which have previously been implicated In 

negative regulatory activity in mouse (25) and human (26). 
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Therefore, deletion of this putative silencer element may contribute 

to the constitutive c-myc gene expression in IR162. Consistent with 

this Interpretation is the high level of DNA sequence homology 

(about 75%) for this 5'-flanking region of the rat c-myc gene 

(extending about 1.3 kbp upstream of exon 1 (88); cf. Fig. 3.1 B) 

compared with that of mouse (79) and human (24,78). However, the 

function of such a putative rat silencer for c-myc gene regulation 

remains to be demonstrated. 

This study has revealed an additional interesting feature of the 

c-myc/Se translocation-that of an AT-rich region, which might 

also contribute to c-myc gene deregulation. Recent studies have 

found that AT-rich DNA sequences can significantly influence the 

topology of DNA, either by acting as powerful inducing sequences for 

DNA bending and/or for opening supercoiled DNA at temperatures 

well below the Tm (90,91). Such dramatic changes in DNA topology 

may contribute to transcriptional activation of neighboring genes 

and may also facilitate an Interaction with distantly spaced genes 

for transcription or recombination on the same or different 

chromosomes. Consequently, the transposition of the c-myc gene 3' 

to the AT-rich sequences of the Se region may render the promoter of 

the c-myc gene more accessible to RNA polymerase II through 

modulation of DNA topology. In addition, potential DNA bending 

induced by AT-rich regions in both the Se element and the 5'-flanking 

sequence of the normal rat c-myc gene might have contributed to the 

original aberrant recombination between both DNA sequences in 

44 



IR162. This could explain in part why the LOU rat seems to develop 

preferentially a high level of IgE-secreting immunocytomas (64). 

As discussed In the Introduction of Chapter I, any of the 

following could contribute to c-myc gene deregulation in different 

instances: (1) loss of exon 1 (44); (2) point mutations in the coding 

or non-coding regions (45,46); (3) translocation of the c-myc gene 

into the proximity of an Ig locus-associated, positive regulatory 

sequence, such as an enhancer (47); or (4) deletion of critical 

negative regulatory element(s), such as a silencer (25). In the case 

of the IgE-secreting Immunocytoma, IR162, the first three 

mechanisms have either been ruled out or seem unlikely, based on 

the results presented here. Even though the Involvement of either 

the silencer element or the AT-rlch DNA sequence in the c-myc 

deregulation of IR162 remains unproved, it is tempting to speculate 

that either or both of these may alter DNA topology and that altered 

DNA topology might be a general cause In c-myc gene deregulation 

following translocation. Whether or not this proves to be a common 

mechanism for c-myc gene deregulation, or even one that is unique 

to IR162 and to other LOU rat Immunocytomas having c-myc/Se 

translocations, remains to be determined. However, we are only 

beginning to recognize cis regulatory elements that may influence 

DNA topology, like the AT-rlch DNA sequences and their flanking 

environments or trans factors with which they may interact. 

Therefore, all the mechanisms suggested to explain c-myc gene 

deregulation may just be specific cases of DNA alterations, whose 
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general consequence Is a significant alteration of DNA topology 

affecting c-myc gene regulation. 
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Figure 3.1. Nucleotide sequence and map of the 5'-flanking 
region of the normal rat c-myc gene. (A) Map of the 5'-flanking 
region of the LOU rat normal c-myc gene sequenced, along with the 
sequencing strategy. The Bglll-Hindlll DNA fragment was subdoned 
from the normal c-myc clone, Ml (Fig. 2.3A). The DNA sequence of 
the Bglll-Hindlll, including two TATA boxes, was determined. The 
transcriptional orientation Is indicated. The two antiparallel 
arrows indicate the DNA strands sequenced, and the broken lines 
above or under each are the regions sequenced from that DNA 
strand. (B) Nucleotide sequence of the 5'-flanking region of the 
normal c-myc gene. This sequence represents the entire 1.4 kbp of 
the sequenced Bglll-Hindlll DNA fragment. The position of the 
translocational breakpoint in the normal c-myc gene is Identified 
by comparison with the translocated c-myc/e DNA sequence (Fig. 
3.4B.), and It Is numbered starting with 1; the junction is further 
indicated by subscripting the 3'-portion at the translocational 
junction. The upstream region received negative numbering. The 
mRNA polymerase II transcription-associated sites are highlighted; 
these include two "TATA" sequences, a "CAAT" box and several 
normal and Inverted GC boxes. An AT-rlch region is underlined. The 
transcriptional orientation is Indicated. 



A . Normal c-myc 
5' 3' 

Bglll Hindlll 
M1—J L_L 

HTATA 2 
TATA 1 

-T 500 bp 

B. 
5* 3' 

-789 ATCTGGGTTGGCAATTCTACTCCTCCCCCTTTCTGGGAAGTCCGGGTTTC 
-739 CCCCAACCCCCAATCCATGGCATATTCTCGCGTCTAGCGCCTTGATTC^ 
-689.ii£££CCCCACACCCCCAACCTCTAAGCCGGAGTCTGGTGCAAACTGGCTC 
-639 CACAGGGGCAAAGAGGATTTGCCTTTAGTGGAAACTGGCTGTGGAACTGG 
-589 AACTCTGAGTGGAGGTGCATGGGGTGTAGACTGGCAGAGACTCGACCGGG 
-539 AGGATCCGGGTAGAGCGCGCCCACCGCCGCAGTCCTACTCTACTCCAGCT 
-489 CTGGIAACGCGCAGAAAGACCTACGGGGCAAGGAGCCGCCTCCACCCCACC 
^ 9 CCGCCTGGTGGAAGGTCCGAACGGGAGGTGTTGGAGTGGAGGGCCTTTCT 
-389 GGCAGCAAATTGGGGGATTCATTCTGTAAAGAATGTGCCCAGTCAACATA 
-339 GCTGTACGCCCAAACGCAAAATACACACTGCCCTCCCCGAGAGATGCAGT 
-289 GGCTGTTTATTCCTAAGTGGCTCTCCAAGTATACGTGGCATTGAGTTGCT 
-239 GAGCAATTTTAATGATTCCAGGCATCGT7TTTCTGCTCAGACCTCATCTG 
-189 TCGTAGGTCTTCAACTATCACTCCACACTGAGCAAGGGCTCCTACATAAC 
-139 TC I I I I I I I I I 1! CGTCCTTCCCTTTTTAAATTCTGTTTCCCCGACCTTA 

-89 GAGAGACGACTGGCCGCCCGAGACGTGCGTGACGCGGCTCAGGGTACACG 

-39 GCGTATTGTGTGGAGCGAGGCAGCTGTTCCACCTGCGGTGACTAATACAC 

12 GCAGGACAAGAACACAGTTCAGCCGAGCGCTGCGCCCGAAC AACTGTACA 

62 GAAAGGGAAAGGACCGACGCGCGAGCAGGAGAAAATGGTCGGGCGCGCAG 

112 TTAATTCATGCTGCGCTATTACTGTTTACACCCCGAGTCGGAGTACTGGG 

162 CTGCGGGACTGAGGCTCCTCCTCTTTCCCCGGCTCCCCACTAGTGCCCCT 

212 CCCGAGTTCCCAAAGCAGAGGGCGGGGGAGCGAGAGGAGGAAAAAAATAG 

262 AGGTCGGGAGGGGAGGGAGAAAGAGATTCTCTGGCTAATCCC£fiCC£AC£ 

312 CfiCCCTTlATAATCCGGGGGTCTGCQCGGCTAAGGACCCCCGGGCTGCGC 
362 TGCTCTCCGCTGCCGCCTCCGCCGCGCCCACTCCGCTCGCCTCCTGCCTC 
412 CAAAAGGGCAGGGCTTCGCCGAGGCTTQGCGGGAAAAAGAAGCGAGGGGA 

462 G G G A T C C G G A G T C G C A G T A T A A A A G A A G C T T T T C G G G C G I I I I I I I I CTG 

512 ACTCGCTGTAGTAATTCCAGCGAGAGACAGAGGGAGTGAGCGGGCGGGTT 

562 GGAAGAGCCCAGTGTGCAGAGCCCCACTCCGGGCTTCCTAGGAA 
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Figure 3.2. Nucleotide sequence and map of the putative rat Se 
region. (A) Map of the 5'-flanking region of the rat Se sequenced, 
along with the sequencing strategy. The Apal DNA fragment was 
subdoned from the parental E4-cE clone (Fig. 2.4). The two 
antiparallel arrows indicate the DNA strands sequenced, and the 
broken lines above or under each are the regions sequenced from 
that DNA strand. (B) Nucleotide sequence of the rat normal Se 
region. The sequence of the 762 bp Apal DNA fragment Is shown 
together with the transcriptional orientation. The position of the 
translocational breakpoint In the LOU rat normal Se region was 
identified by comparison with the translocated c-myc/e DNA 
sequence (Fig. 3.4B). This Is numbered starting with 1, and the 
upstream nucleotides are assigned negative numbers. The junction 
is further indicated by subscripting the 3'-portion of the Se at the 
translocational junction. The AT-rich DNA sequence Is underlined. 
Restriction enzyme abbreviations: A, Apal; B, BamHI; Bg, Bglll; H, 
Hindlll; K, Kpnl; P, PstI; Sa. Sad. 



A. 

5- 3' ^^ ^^ 1 kb 
• I I I I 

B Bg H Bg B Bg 
J I I t I L_ 

Bg A A Bg 500 bp 
I I I I I 1 

B. 
5' 3' 

-464GGGCCCAACTGAGCTAGGCTAAGCTAGGCTGAACTGGGATGAGCTAGAAT 

-414 TACTGTTCTAGTCTGATCTGGACTAAGGTAGACTGGGCTGGGGTTGAGCT 

-364CTGTTGGGCTAAGCAAAGTTGAGCTATGAGATGAACTAGGCTGAATTGGG 
-314 TACTTCTAGATCATTCCAGGCTGTTCTGGGTTGACCTGAACTGGGTGGGA 
-264TTGAGCTAAGTGGGGTAGGCTATGCTGAGCTCTGCCAGGCTGCATGAGTT 
-214 TATTGATCTGAACTGGGACAGGCTGGAATGGACTGGCCTGAGCTACACCA 
-164 ACTGGGCTAAGCTGGGATAGGTCAGGCTAGGAGGAGTCAAGCTGGACTAG 

-114 GCCAAACTATTATAGGTCTTTTGGTCTAGTTGAACTTTCTGGTGCTTAAC 

-64TGAACTGTGTTTAAGATCGATTGCTCAAACCAGAGGGAGGAGAAGCCCTT 

-UGGCCCTGCCAAGGOyeGnCCCCflCflCflCflCflCCflGTGTflGGGGflflTGTCfi 
37GGflCflGflGflGGTGGflflnG6G6TGGGTGGnGGGTGGGGGflBBflCTCflTRfl 
B^rnTTTRnRnTnTflflGTrraflBBBBflBTcrflnRRflnTnnnnflBTnnflnn 

137 BflflflflTBGBTTprTrnflBBTTTnTBTnRBTGTTrnflflCTGnCTCCflfl 
187 GflflGflTTGTCCTGflTflTflGTflGCCflGRCTflTRTCflGGGTnGGTflGflGRCfl 
237RTCflGGTnRTCRGRRRTRTCCTRTGCTnCTGGGGGCCTGGCRCflGRGC 
287 TGRRCTGGGCCC 
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Figure 3.3. Dot matrix comparisons between the mouse and 
putative rat Se regions. A 1180 bp of the mouse Se region DNA 
sequence after class-switching (83) and the putative LOU rat normal 
Se DNA sequence of the 762 bp Apal DNA fragment (Fig. 3.2A and 
B).were compared. Each dot represents 60% or greater homology for 
each of 25 nucleotides compared (84). The small arrows mark a 200 
bp gap within the region of homology of the sequences compared. 
The translocational breakpoint is indicated by a broad arrow. 
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Figure 3.4. Nucleotide sequence and map of the c-myc/Se 
junctional region. (A) Map of the c-myc/e translocational junction 
region from IR162 sequenced, together with the sequencing 
strategy. The Apal-Hindlll DNA fragment, containing the 
translocational junction, was subdoned from the clone, 1CE. The 
two antiparallel arrows Indicate the DNA strands sequenced, and 
the broken lines above or under each are the regions sequenced from 
that DNA strand. (B) Nucleotide sequence of the Apal-Hindlll DNA 
fragment. The DNA sequence presented consists of 903 nucleotides. 
The juncture of the c-myc and Se sequences was identified by 
comparison with the 5'-flanking regions of the DNA sequence of the 
LOU rat, unrearranged, normal c-myc gene and the LOU rat. normal 
Se DNA sequence (cf. Fig. 3.1 B & 3.2B). The recombination site 
between Se and c-myc along with their transcriptional orientations 
are indicated. The mRNA polymerase II transcription-associated 
sites are highlighted. The AT-rlch region of the Se region 
translocated to the 5'-flanking region of c-myc Is underlined. The 
DNA sequence presented here Is completely Identical to the DNA 
sequence of the corresponding regions of the normal c-myc gene 
(Fig. 3.1 B) and the normal Se region (Fig. 3.2B). 



A . Se c-myc 
3* 5' 5' 3* 

EXON1 Exons 2&3 

Apal Hindlll 
I C E — J LJ »cv 
' ^ ^ / -.Bglll 

PstI Apal Hind ill Bglll 

I 'TATA 2 
TATA 1 

-^^--^-W 500 bp 
•^ —T I I 

B. 

298 GGGCCCRGTTCRGCTCTGTGCCRGGCCCCCRGRRflGCRTRGGRTRTrrCT 
248 GRTRRRCCTGRTTGTCTCTRCCTRCCCTGRTRTRGTCTGGCTRCTRTRTC 
198 BGGflCflBTCTTCTTGGflGflflCflGTTflBBBBCflTCCflTflBflflBflTTTCGBG 
1 4 8 CBBTCTBTTTrTnTTBBBTTBBTnBTnTTrGGflTTTTTTnflflflCTT 

98 RCflTITCflflflTGTrflTCflCTrTTCCCCCRCCCflflCCflCCCRCCCCTrTCC 
3- 5' 

48 flCCTCTCTGTCCTGRCflnCCCCTflCRCTGGTGTGTGTGTGGGGTCCflGA 

^C'myc-¥^ 
5* 3' 

3 CTAATACACGCAGGACAAGAACACAGTTCAGCCGAGCGCTGCGCCCGAAC 
53AACTGTACAGAAAGGGAAAGGACCGACGCGCGAGCAGGAGAAAATGGTCG 

103 GGCGCGCAGTTAATTCATGCTGCGCTATTACTGTTTACACCCCGAGTCGG 
153 AGTACTGGGCTGCGGGACTGAGGCTCCTCCTCTTrCCCCGGCTCCCCACT 
203 AGTGCCCCTCCCGAGTTCCCAAAGCAGAfififiCfifiGGGAGCGAGAGGAGGA 
2 5 3 A A A A A A T A G A G G T C G G G A G G G G A G G G A G A A A G A G A T T C T C T G G C T A A T C C 

303 C C G C C C A C C C G C C C T T T A T A A T C C G G G G G T C T G C G C G G C T A A G G A C C C C C 

353 GGQCTGCGCTGCTCTCCGCTQCCGCCTCCGCCGCGCCCACTCCGCTCGCC 

403 TCCTGCCTCCAAAAGGGCAGGGCTTCGCCGAGGCTTfifiJ îfifiAAAAAGAA 

453 GCGAGGGGAGGGATCCGGAGTCGCAGTATAAAAGAAGCTTTTCGGGCGTT 
503TTTTTTCTGACTCGCTGTAGTAATTCCAGCGAGAGACAGAGGGAGTGAGC 
553 GGGCGGGTTGGAAGAGCCCAGTGTGCAGAGCCCCACTCCGGGCTTCCTAG 
603 GAA 
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Figure 3.5. Southern blot analysis of the putative rat silencer 
region. The results Indicated the presence of the putative silencer 
sequence in the normal rat c-myc DNA clone Ml, and its absence in 
the translocated c-myc/e DNA clone. ICE. Southern blots of 
Xbal+Hindlll digested Ml DNA (Fig. 2.3A) , and Hindlll digested Ml and 
ICE DNAs (Fig. 2.3B) were hybridized with the mouse silencer DNA 
probe, i.e., the c-myc.2 (Fig. 2.1). Lane 1 shows the results of its 
hybridization to Itself, and lane 2 shows the hybridization result 
with the rat silencer candidate region (the 1.5 kbp Hindlll [H] DNA 
fragment contained within the 2.6 kbp Bglll piece) of the 
translocated c-myc clone, ICE (Fig. 2.3B). The third lane shows the 
hybridization result with the putative rat silencer region (the 1.7 
kbp Hindlll-Xbal [H-i-X] DNA fragment ) of the normal c-myc clone. Ml . 
Restriction enzyme abbreviations: H, Hindlll; S, Smal; Sc, Sad; X, 
Xbal. 
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Figure 3.6. Northern blot analysis of IR162 and RNase mapping 
of LOU liver and IR162 RNAs. (A) Expression of the c-myc oncogene 
in IR162. The same amounts of total RNAs from IR162 (lane 1) and 
RBL-1 (lane 2), and 1 iK) of poly (A)-rich RNA from IR162 (lane 3) 
were used for the Northern blot analysis as described in 
Experimental Procedures. The 18S and 28S rRNAs are indicated. 
(B) RNase mapping of IR162 and LOU spleen RNAs. The assay was 
performed as described in the Experimental Procedures. The cRNA 
probe was the 1.7 kbp Bglll fragment which contained the entire 
exon 1 and 5'-flanking region (shown below). This probe detected 
the full length exon 1 messages derived from all the promoters. 
Lanes 1 and 4 are size markers and indicated in bases. Lane 2 
shows the result of hybridization to the total IR162 RNA and lane 3 
to the total LOU spleen RNA. (C) The region of the normal c-myc 
gene used as template for RNase mapping. The transcriptional 
orientation along with the two promoter sites are indicated. 
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S* 3* 

1CCAGGACAGSACTCCCCAGGCGCAGQGGAGGG^ 111 lUICTATTTGGG 
51 GACAGiTGTTCTC IQCCTCTQCCCQCGATCQQCTCCCCTGAAAAGAQCTCC 

101 TCQCGTTATrrGAAQC£DiAATrrXTrrGQGAQGTGGAAAACCCGGfrAA 
151 GCAGAGATCT 

Figure 3.7. Nucleotide sequence of the 3'-portion of exon 1 of the 
normal and translocated c-myc genes. The DNA sequence includes 
the 160 bp upstream of the 3'-Bglll site (cf. Fig. 3.5C). A single DNA 
sequence Is shown for the region sequenced, since the one from 
IR162 Is completely Identical to the one from normal LOU rat. The 
putative CTG translational initiation codon is highlighted and the 
transcriptional orientation Is indicated. 
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Figure 3.8. Functional and aberrant chromosomal rearrangement 
of Ig e H-chain genes in IR162. (A) Normal H-chain class switch to 
produce a functional e H-chain gene. The germ-line Ig gene 
structure (above) and the recombination between the mu switch 
(S î) region and the Se region to produce functional e H-chain gene 
(below) are shown. The Ce region is indicated as a hatched 
rectangle. The Se region is indicated as a hatched oval 5' to the Ce 
region, and a hatched semi-oval after normal or abnormal 
recombinations. All the coding regions, V, D, J and C , and switch 
regions (S), together with transcriptional orientation, are Indicated 
for the rat Ig H-chain locus (89). (B) Aberrant rearrangement of the 
c-myc proto-oncogene with the Se region. The 5'-flanking region of 
c-myc proto-oncogene has rearranged and juxtaposed with the Se 
region of the nonfunctional Ig allele in a head-to-head 
configuration, i.e., 5' to 5'. The result is the deregulated c-myc 
proto-oncogene with Its 5'-flanking region replaced by Se, Ce, and 
their downstream DNA sequences. The expected reciprocal product 
is also shown, but was not detected. 
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