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ABSTRACT 

Regulatory elements which detemine gene expression in the immunoglobulin heavy chain (IgH) locus 

have traditionally been identified by their effectç on the expression of transgenes, Le., reporter genes 

which have been transfected into ceIl lines or animals. Such analyses have revealed that expression of 

immunoglobulin heavy chain transgenes requires multiple elements from the JH-Cp intron: the matrix 

attachment regions (MARs), the Ep enhancer, and several switch-associated elements. 

Nevertheless, expression of the endogenous heavy chain genes in some B-cell lines is maintained in 

the absence of these intronic elernents, a result which is generally interpreted to reflect the presence of 

redundant but remote activating elements in the IgH locus. To investigate these discrepancies 

systematically, I have used gene targeting to generate recombinant hybridoma cell lines lacking various 

defined segments in the J,Cp intron. As in earlier studies of the endogenous IgH locus, my analysis of 

mRNA and nuclear nin-on activity indicates that expression of the endogenous p heavy chain gene does 

not require the Ep enhancer. By contrast, expression of the endogenous p gene is decreased greatly by 

deleting the MARs, Le., the MARs are not functionally redundant in the recombinant IgH locus. My further 

analysis identified a segment of the gpt gene of the targeting vector that depresses expression of a 

truncated, recombinant IgH locus. I propose that this region of the gpt gene insulates the p transcription 

unit from other MARs in the IgH locus. These results indicate that MARs can function in the expression of 

a single copy endogenous gene, and that the MARs can function independentiy of the nomally closely 

linked Ep enhancer. This system provides well defined and advantageous conditions for analyzing how 

MARs function in gene expression. My results also undencore that vector-borne sequences can strongly 

affect expression of an adjoining chromosomal gene. 
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Chapter 1 . INTRODUCTION 



1. Regulation of immunoglobulin heavy chain gene expression 

A. Overview 

Transcription regulation is a wmplex process with contributions from a variety of 

players. Control elements within the prornoter and enhancer(s) interact with DNA- 

binding proteins which direct RNA synthesis from a specific location and at a defined 

rate. Co-activators and CO-repressors modulate interactions between regulatory factors 

and the general transcription rnachinery. Chromatin and its specialized elements like 

silencers, locus control regions (LCRs), insulators, and matrix attachment regions 

(MARS) appear to direct accessibility of transcription factors to DNA. DNA methylation 

plays a further role in regulation, possibly by modulating chromatin structure. 

B. Structure and genention of immunoglobulin heavy chain genes 

The transcription unit encoding the imrnunoglobulin heavy (IgH) chain does not exist 

in most celis. Rather, the IgH gene is constructed as a functional unit in cells of the 6 

lymphocyte lineage. The variable regionencoding portion of the IgH gene is 

assembled from three gene segments: VH, O, and JH (Fig. 1-1 ; reviewed in Lewis. 

1994). Because numerous VH, D, and JH gene segments can be joined together 

through a somatic recombination process called VDJ recombination (Kurosawa and 

Tonegawa, 1983; reviewed in Lewis. 1994), this assembly process contributes 

substantially to the variable region diversity seen among B cells. This efficient means 

of generating a diverse repertoire of lg molecules simultaneously serves to limit lg 

expression to particular cells: the VDJ recombinational machinery is restricted to 

lymphoid cells and the immunoglobulin loci accessibility to this machinery is further 

restricted to the B cell compartment (Yancopoulos and Alt. 1986) through active 

germline transcription of the IgH gene segments in progenitor-B (pro-B) cells before 

rearrangement. 

The mouse heavy chain locus is located on chromosome 12 and spans over 2000kb 

(Fig. 1-1 ; Brodeur et al., 1988; Christoph and Krawinkel, 1989). Most of this space is 

occupied by the several hundred V, segments arranged in a series of families or sets of 

a closely related sequence. Downstream of the heavy-chain V,-coding segments lie 

two clusters of D and JH segments which together span close to 100kb. 



VW Joining 

Figure 1-1. The murine heavy chain locus as it e x b b  in germ-line DNA and 

as it appears after VDJ joining. 

Each heavy-chain class has a constant region that is encoded by multiple exons (in 

the figure only the exons of Cp are shown in detail). The empty boxes symbolize exon- 

parts which are not translated (e.g. the 3' end of the Cp, exon) or are not part of the 

final antibody molecule as a result of post-translational processing (e.g. the 5' end of 

the leader [L,] exons). Ml,  M2: exons that encode the transmembrane region of the 

membrane-bound f o n  of IgM. The figure is not drawn to scale, but some intervals are 

indicated. 
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There are at least 17 unique D gene segments in BALBIc mice (Feeney and Riblet, 

1993; Chang et al.. 1992; Gu et al., 1990; Ichihara, 1989; Kurosawa and 

Tonegawa.1982). All strains of mice studied thus far have four unique JH gene 

segments. which lie at intervals of several hundred base-pairs, approximately 7kb 

upstream of the Cp gene segments. The heavy chain constant region gene segments 

.occupy 200kb of DNA, and the distance between adjacent gene segments can be as 

great as 55kb. Each constant region gene segment consists of 5 to 7 exons and 

corresponds to one of the five major types: a, 6.  E, y and p. The order of constant 

region gene segments in the mouse is CF, C6, Cy3, Cyl. Cy2b. CyZa, CE and Ca 

(Shimizu et al., 1982). 

Recombination in the heavy chain locus typically begins with D+JH joining in proB 

cells. A second DNA recombination event then joins a V, segment to the DJH piece 

(reviewed in Lewis, 1994). The intervening sequence between VDJ and Cp is like any 

other conventional intron and is removed from the primary p gene transcript by RNA 

splicing . 

C. Assays used in the saidy of IgH transcription 

Transcriptional regulatory rnechanisms have been studied in greater detail for the 

IgH locus than for any other gene specific to the immune system. Dissection of the IgH 

gene has revealed the existence of multiple regulatory elements: promoters 5' of each 

variable gene segment, enhancers at the 3' end of the locus and in the intron between 

VDJ and C p  gene segments, matrix attachment regions (MARS) distributed unevenly 

along the locus and switch region (Sw) sequences 5' of the constant region exons for 

each isotype except 6 (Fig . 1-2). Functionally important sequences within these 

elements have been identified and many binding proteins have been characterized. 

The search for ch-acting regulatory elements has employed a variety of assays; a 

thorough analysis of the particularities of these assays and a cornparison of the results 

generated by different techniques is a sinequa-non step in the quest to understand 

gene regulation. As outlined below each method poses distinct advantages and 

problems. 



Figure 1-2. The murine immunoglobulin heavy chain gene and control 

elements. 

Top line: Map of the IgH locus (not to scale). The diagram indicates the relative 

locations of the coding sequences (solid boxes), enhancer regions (open diamonds), 

switch regions (open boxes), and matrix attachment regions (stippled boxes). Ep: the 

IgH intron enhancer; aE-1(2,3): the 3' enhancers; HS1-4: the hypersensitive sites 

associated with the 3' enhancers. 

Bottom line: The 992bp Xbal enhancer fragment is exploded. Protein-binding 

sites within the enhancer are marked as open symbols. Protein-binding sites within the 

MARS are marked as solid symbols. The relative position of individual DNA motifs is 

indicated. The diagram is drawn to scale. 
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1) Trsnsient transfection into tissue culture cells of plasmid DNA beanng the 

element being tested or its mutant vanants linked to a reporter gene. Measurement of 

reporter gene product (rnRNA, protein) in the cell extract 3648 houn post-transfection 

is used to assess the activity of the element. 

A disadvantage of this assay is that it conducts the analysis of gene regulation 

outside the natural chromosomal context, not only away from the endogenous location 

of the gene (element) being tested but also removed from chromatin influences, a 

defining property of chrornosomal genes. 

2) Stable transfection into cell-lines of a linearized DNA constnict are designed 

on the same principle as the constnicts used in transient transfections. This method 

requires stable integration of the exogenous DNA into the host genome, which usually 

occurs in multiple copies and in random chromosomal locations. One problem with this 

type of assay is related to the unnatural location of the inserted DNA, in regions of the 

chromatin where local influences are likely to obscure the tnie function of the element 

under study. Another problem is related to the widely used practice of enriching for 

transfectants by applying a drug-selection step prior to the analysis of the activation 

status of the test gene. As often noted, cotransfection of a drug resistance gene with 

the test-gene can lead to interference between the Wo genetic units; moreover, 

preselection for drug-resistance might serve as a filter that allows only a select category 

of integration events to be studied. 

3) Transgenic animais are engineered so as to contain additional gene(s). They 

present the same drawback as the stably transfected cell-lines with respect to the 

randomness of transgene integration. They have the important advantage of a system 

where every integration event is usually studied, i.e. drug resistance selection is not 

applied. 

4) Knock-out animals provide a means of analyzing the role of a specific DNA 

sequence in its natural chromosomal location. They are generated through targeted 

deletion of endogenous DNA sequences. A limitation of this approach is that deletion 

of genetic matenal sometimes leads to a block in cell development and thus precludes 

analysis of the function of the same gene at a later developmental stage. Another 
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problem relates to redundant regulatory elements which can mask the function of the 

deleted material. 

5) Knock-out ce11 lines provide an alternative approach that allows targeted 

removal of the element of interest in cell-lines representing the later stages of 

development which are blocked in knock-out animals. I used this approach to analyze 

the regulation of the IgH gene transcription in B cell hybridoma lines. The method I 

designed and implemented for my study is described in Chapter 2. 

D. Developmental regulation of IgH gene expression 

The IgH locus becomes activated at a very early stage of B cell development, 

preceding VDJ recombination and possibly preceding commitment to the B cell lineage. 

The initial activation of the locus has been studied by analyzing changes in methylation 

status and DNase hypersensitivity of IgH regulatory regions (Mather and Perry, 1983). 

Hypomethylation and DNase hypersensitivity have been observed as early as the 

multipotential hematopoietic precursor stage (Ford et al., 1992). At these early stages 

of B cell development, some of the unrearranged V, gene promoters direct a relatively 

low level of transcription (Yancopoulos and AL, 1985. 1986). The transcripts from 

unrearranged lg loci are temed "gerrnline transcriptsn and their function in the 

physiology of the lg loci is not established. In one model. transcription of lg gene 

segments is a prerequisite for rearrangement, possibly by opening the chromatin to 

recombinational enzymes (Alt et al., 1986). 

Recent experiments support the notion that transcriptional control of the 

unrearranged IgH locus has a major role in generating tissue- or stage-specific V-region 

gene accessibility: transgenic recombination substrates containing V-region mini-loci 

have been shown to require associated transcriptional enhancer elements in order for 

their V-region gene segments to be assembled in developing B-lineage cells (Ferrier et 

al., 1990; Kallenbach et al., 1993; Lauster et al.. 1993; Lauzurica and Krangel, 1994). 

It was suggested that transcription directly contributes to the accessibility phenornenon, 

for example by promoting chromatin states favorable for recombinase entry (Okada and 

Alt, 1994). 

Another aspect of the regulation of lg promoters is the probable activation and 

subsequent inactivation of the germline V-region promoters. Thus, transcripts from 
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unrearranged V, genes have been observed in pre-€3 cell lines that are actively 

rearranging heavy chain genes (Alt et al., 1982; Yanwpoulos and Alt, 1985), but are 

not detected in cell Iines representing more mature stages of 6 cell development (Perry 

et al., 1981). 

Following gene rearrangement, the accumulation of mature transcripts increases 

throughout the subsequent stages of differentation (Perry and Kelley, 1979). Control of 

the level of IgH production at different stages of B cell maturation is achieved through a 

complex combination of transcriptional and post-transcriptional regulatory mechanisrns, 

with post transcriptional processing mechanisms contributing predominantly to the 

increased level of IgH mRNA in terminally-differentiated 19-secreting cells (Jack and 

Wabl, 1988). 

In addition to quantitative changes, lg expression changes qualitatively dunng 6 cell 

development. This qualitative change results from a change in RNA processing that 

switches the synthesis of IgM from the transmembrane fom to the secreted form. 

Membrane-bound and secreted p chains have identical arnino acid sequences up to 

their carboxy-termini, where they diverge through alternative usage of the final portion 

of the Cp, exon, or the M 1 and M2 membrane exons (see Figure 1-1 ). 

Fetal liver precursors of B lymphocytes, which have rearranged heavy chain genes 

but unrearranged light chah genes, synthesize predominantly the transmembrane form 

of the p heavy chain (reviewed by Burrows and Cooper, 1990). Abelson-virus 

transformed pre-B cell lines contain about equal amounts of transmembrane-specific 

and secretion-specific p mRNA (Alt et al., 1982). 

Memory 8 cells contain a moderate excess of secreted over transmembrane lg 

mRNA and protein (Word and Kuehl, 1981). Plasma cells secrete large amounts of 

antibody and have little or no surface lg (Nossal and Pike, 1972). The ratio of secreted 

to transmembrane p mRNA ranges from 10:l to 100:l (Tyler et al., 1982). 

In most cases. regulation at the post-transcriptional level is responsible for 

increased expression of secreted heavy chain mRNA in later ontogenetic stages 

(Petersen and Perry, 1986; Petersen et al., 1991 ; Tsurushita and Korn, 1987) but 

transcription temination upstrearn of the exons encoding the transmembrane region 
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has also been implicated in this regulatory process for certain myeloma cell Iines 

(Kelley and Perry 1986; Guise et al., 1988). 

E. Promoters 

IgH gene promoters are located 5' of al1 variable region gene segments and can be 

brought into the proxirnity of the constant region-associated activating elements by VDJ 

recombination. IgH promoten show selective expression in cells of the B lineage 

(Bergman et al., 1984; Foster et al., 1985; Mason et al., 1985, Picard and Schaffner, 

1985; Wirth et al., 1987). Rearranged murine lgp transgenes which include a V,, 

prornoter, an intronic enhancer and MARS (see Fig. 1-2) closely mimic the expression 

pattern of the endogenous p gene: both are expressed primarily in B lineage cells and, 

in both cases, transcripts are detectable at low levels in some T cells but not in non- 

lymphoid tissues (Jenuwein and Grosschedl, 1 991 ; Annweiler et al., 1 992). Two 

sequence motifs are shared by al1 lg promoten, an A/T rich sequence and an octamer 

element. The A/T rich sequence appears to function as a TATA box by directing 

transcription initiation from a site located 25 - 30bp downstrearn. The octamer elernent 

consists of a conserved octanucleotide sequence, A m G C A T  (Falkner and Zachau, 

1984; Parslow et al.. 1984) which is also highly conserved across species. The TATA 

box and the octamer motif are sufficient for lymphoid-restricted promoter activity Wrth 

et al., 1987; Dreyfus et al., 1987). Deletion or mutation of either motif drastically 

reduces transcription (Parslow et al., 1984; Ballard and Bothwell, 1986). Thus, 

deletion of the octamer motif results in loss of promoter activity in transient transfection 

assays (Ballard and Bothwell, 1986), and in loss of lymphoid expression of heavy chain 

transgenes in mice (Jenuwein and Grosschedl, 1991). 

Other sequence motifs identified in IgH promoters include a conserved 

heptanucleotide sequence (ATGACTA) located 2-20bp upstream of the octamer (Eaton 

and Calame, 1987) and two lg enhancer motifs, pE3 (Peterson and Calame, 1989) and 

ClEBP (Peterson et al., 1988). Mutation of the heptamer reduces promoter activity by 

30 - 80%, but in the absence of the octamer, the heptamer has minimal, if any activity. 

The importance of the octamer motif led several investigators to search for cognate 

transcription factors. Oct-1 and Oct-2, which are mernbers of the POUdornain farnily of 

transcription factors (Herr et al., 1988; Rosenfeld, 1991). interact with the octamer motif 
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wlh high affinity (Staudt and Lenardo, 1991). The finding that Oct-1 is expressed in 

most cell types whereas Oct-2 is expressed primarily in B cells (Singh et al.. 1986; 

Staudt et al.. 1986; Landolfi et al., 1986) suggested that Oct-2 might be responsible for 

the 6 cell specificity of immunoglobulin gene transcription. However, this model is at 

variance with some observations. First, mice defective in the Oct-2 protein produce 

normal nurnbers of B cells with normal lg levels (Corcoran et al.. 1993). Second, Oct-1 

and Oct-2 are equally efficient at transcriptional activation of immunoglobulin promoters 

in vitro (LeBowitz et al., 1988; Pierani et al., 1990; Pfisterer et al., 1994). An lg 

promoter is strongly activated by either purified Oct-1 or Oct-2 in a 6 cell nuclear extract 

depleted of Oct proteins (Pierani et al., 1990). By contrast, neither Oct-1 nor Oct-2 

efficiently activates transcription from an immunoglobulin promoter in a non-lymphoid 

cell extract. suggesting that a distinct 6 cell-restricted activity may be required for 

transcriptional activation of lg genes by either Oct-1 or Oct-2. The properties of OCA-B. 

a B cell restricted CO-activator (Pierani et all., 1990; Luo et al., 1992; Luo and Roeder. 

1995), might provide an explanation for the B cell specificity attributed to the octamer 

elements. Addition of OCA-B to a non-lymphoid cell extract facilitates transcriptional 

activation of an lg promoter by either Oct-1 or Oct-2. In addition. OCA-B physically 

associates with both Oct-1 and Oct-2, but not with other Oct proteins. like Oct-3. 

F. Enhancers 

F I .  Ovewiew 

The unrearranged immunoglobulin (lg) genes, although silent in fibroblast cells, are 

transcribed at detectable levels in B cells. indicating that in lymphoid cells transcription 

of lg genes can be activated independent of DNA rearrangement (Kemp et al.. 1980: 

Van Ness et al.. 1981; Alt et al.. 1982). However, rearrangement is required for 

maximal gene transcription because assembled genes are transcribed 104-fold more 

actively than their unrearranged counterparts (Mather and Perty, 1981). Because VDJ 

rearrangements alter the sequence 3' of the genn line variable region while the 5' 

flanking region of the rearranged V gene segment remains unaffected by the 

rearrangement. Clarke et al. (1 982) suggested that the downstream sequences provide 

enhancer activity to the rearranged V region promoter. The notion of lg enhancers was 
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put forth at the time that specific viral DNA sequence elements were being reported to 

enhance viral or recombinant cellular gene transcription (Bane ji et al., 1981 ; de Villiers 

and Schaffner, 1981). This hypothesis was confimed when gene transfer experiments 

using K, vitro-modified lg genes identified IgH- and I~K-associated enhancer sequences 

capable of stirnulating transcription in B cells but not in fibroblasts (Gillies et al., 1983; 

Bane ji et al., 1983; Queen and Baltimore, 1983; Picard and Schaffner, 1984). 

F2. The Ep enhancer 

The Ep enhancer stimulates B cell specific expression. 

The Ep enhancer. Iocated in the JH-Cp intron, was one of the first non-viral 

transcriptional enhancers to be identified (Baneji et al., 1983; Gillies et al., 1983; 

Neuberger, 1983). The Ep enhancer is active only in cells of the B lineage (Picard and 

Schaffner, 1984) as well as in very early T cells, at the DJH joining stage (Born et al., 

1988). The Ep enhancer is sufficient to direct B cell-specific expression of a transgene 

(Adams et al., 1985) and is active in a transient transfection assay at the earliest stages 

of 8 cell development (Nelsen et al., 1988). Moreover, Ep is required to maintain the 

active transcriptional state of a transfected lgp gene in a pre-B cell line (Porton et al., 

1990; Grosschedl and Marx, 1988). 

The modular structure of the Ep enhancer. 

The structure of the Ep enhancer is modular, with multiple distinct sites for various 

sequence-specific DNA-binding proteins (Fig. 1-2). The sites contained within the 

220bp core are responsible for most of the Ep enhancing activity (Nelsen and Sen. 

1992). The regions immediately fianking the core are negative regulators in most cell 

types but not in B cells (Kadesch et al.. 1986; Wasylyk and Wasylyk, 1986; 

Weinberger et al., 1988). Mutations in individual enhancer elements have only small 

effects on enhancer activity, both in transfection experiments and in transgenic mice 

(Jenuwein and Grosschedl, 1991; Lenardo et al., 1987; Perez-Mutul et al., 1988). 

Progressive deletion studies demonstrate that enhancer activity drops off gradually as 

enhancer sequences are removed (Kadesch et al., 1986) suggesting that each site 

contributes to the enhancer activity. The binding of transcription factors in vivo to 

individual enhancer sites shows B cell specificity for the pE1-pE4 sites, PB, pA and the 
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octamer motifs (Ephrussi et al., 1985). ln vitro, many of these motifs bind both 

lymphoid restricted and non-restricted factors (Sen and Baltimore, 1986; Weinberger et 

al., 1988; Peterson and Calame, 1987). No protein has been shown to bind pE4 in 

vitro. 

Mernbers of three protein families factors recognize enhancer elernents. 

Ep enhancer regulation is accomplished through interaction of its DNA motifs with 

proteins belonging to three families of DNA-binding transcription factors. 

The octarner-binding proteins Oct-1 and Oct-2 are members of the POU domain 

family of DNA-binding proteins (Rosenfeld, 1991). They contribute to the B cell 

specificity of IgH transcription by ernploying a tissue restricted coactivator, as discussed 

in detail in the "Promoters" section of the Introduction. 

Proteins of the basic helix-loop-helix (bHLH) family recognize the pE elements of the 

intron enhancer (Kadesch, 1992; Murre et al.. 1994). They contribute to B cell-specific 

IgH transcription through mechanisms that involve an interplay between positive and 

negative regulators at the pE elements (see below). 

The bHLH proteins bind to DNA as heterodimers with other family members or as 

homodimers. The basic region mediates the protein-DNA interactions, and hydrophobic 

surfaces of the bHLH domain mediate dimerization. The core binding sequence for 

bHLH dimers is CANNTG. This hexamer is involved in determining the precise binding 

specificity for a homodimer or heterodimer. No bHLH protein is expressed specifically 

in lymphocytes. Instead, the bHLH proteins expressed in lymphocytes are also 

expressed in many other ce!l types. 

Two classes of bHLH proteins bind to the pE elements in lymphocytes. One class, 

the E2A protein family, includes protein products of the E2A, €2-2. and HEB genes 

(Murre et al., 1989, Henthom et al., 1990; Hu et al., 1992), which are capable of binding 

to pE2, pE4 and pE5 sites as homodimers or heterodimers. The second-class contains 

several members, including TFE3, TFEB and USF (Beckmann et al.. 1990; Carr and 

Sharp, 1990; Gregor et al., 1990; Roman et al., 1992) that bind to the pE3 element in 

the enhancer as homodimers or as heterodimers with each other. 

The third family of DNA-binding proteins, the Ets family, contributes to Ep enhancer 

activation through binding to the pA and pB elements (Nelsen et al. 1993; Libenann 
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and Baltimore, 1993; Rivera et al., 1993). Proteins of the Ets family transactivate the 

enhancer in a contextdependent fashion, through binding at specific locations relative 

to other DNA-binding proteins. 

Role of E2A family proteins. 

The E2A gene produces three protein products throug h alternative splicing : El  2, 

E47 and E2-5. Over-expression of an E2A protein activates rearrangement and 

transcription of the endogenous IgH gene in a progenitor T cell line (Schlissel et al., 

1991), and mice defective for E2A specifically lack progenitor and mature 8 cells (Bain 

et al., 1994; Zhuang et al., 1994). 

A due as to how these ubiquitous bHLH proteins might direct cell-specific 

transcription came with the identification of 8 cell-specific protein-DNA complexes in 

which E2A or E2-2 homodimers or heterodimers are bound to FEZ, pE4 or pE5 DNA 

probes (Mme et al., 1991 ; Bain et al., 1993; Jacobs et al., 1993). Several mechanisms 

responsible for the B cell-specific dimerization of ubiquitous proteins have been 

considered. One proposal is that formation of E2A and E2-2 homodimen and 

heterodimers is prevented in non-B cells by preferential incorporation of E2A and E2-2 

into nonfunetional heterodimers formed with inhibitory proteins of the bHLH family. Two 

inhibitory bHLH proteins, the E2A family memben Id1 and Id2 (Sun et al., 1991). have 

been shown to have a transdorninant negative function in regulating IgH transcription. 

These proteins forrn inactive, non-DNA-binding heterodimers with other E2A proteins. 

The Id genes are expressed at high levels in pro8 cells but are then down-regulated as 

6 cell differentiation occurs. This down-regulation allows formation of active E2A 

homodimers (Sun et al., 1991). As expected from this model, constitutive expression 

of Id1 in a transgenic mouse blocks B cell development at an early (pro-6 ceIl) stage 

(Sun, 1994). 

In non-8 cells, the Ep enhancer is negatively regulated via interactions of ubiquitous 

tram-inactivating factors with Ep repressive elements. One study mapped repressive 

sequences to two regions that Rank a 220bp core fragment which is equally effective as 

an enhancer in both lymphoid and non-lymphoid cells (Imler et al., 1987). Nuclear 

extracts from non-lymphoid cells generate footprints in these two regions whereas 
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nuclear extracts from B cell lines do not (Scheuermann and Chen. 1989), suggesting 

that the footprints are those of repressive factors. 

The pE4 element was implicated in negative regulation through the analysis of BxT 

hybrid cell Iines (Shen et al., 1993). In these hybrids, the pE4 element prevents 

transcription of the endogenous p gene, suggesting that trans-acting repressors 

expressed by the T cell partner bind to pE4 and interfere with the action of the 

activators expressed by the B cell partner. 

The pE5 element was also implicated in negative regulation through analyses of 

mutant versions of the enhancer in non-lymphoid cells: mutation of the pE5 element 

led to enhancer activity in multiple cell types (Kadesch et al., 1986; Wasylyk and 

Wasylyk, 1986; Weinberger et al., 1988). The negative effects obsewed with pE4 and 

pE5 suggest that these elements interact with a repressor that prevents adjacent 

control elements from functioning in non-B cells. A candidate for this repressor protein 

is the ubiquitously expressed bHLH protein ZEB (Genetta et al., 1994). 

In sumrnary, it appears that the FE elements and ubiquitous E2A proteins contribute 

to B cell specific IgH transcription through a variety of mechanisms (Fig. 1-3). In non- 

lymphoid cells, E2A is sequestered in heterodimers with Idl. 

ZEB-like repressor proteins bind to pE4 and pE5 thus preventing ubiquitous 

enhancer-binding proteins from stimulating enhancer activity. In lymphoid cells, Id 

genes are no longer expressed. As a consequence, E2A homodimers fom and bind to 

pE4 and pE5. This prevents the ZEB-like repressors from binding to the pE4 and pE5 

elements. In the absence of ZEB, trans-activating bHLH proteins stimulate transcription 

by binding to their recognition DNA motifs within the enhancer. 

Role of Ets family proteint. 

Analysis of the pE3, a, and pB suggest that these elements also contribute to tissue 

specific expression of lg genes. These enhancer elements interact with two activating 

proteins that are expressed in multiple cell types but whose expression patterns overlap 

only in the B cell lineage. Mutational studies of these enhancer elements indicate that 

the pA, PB and pE3 sites are required for optimal enhancer activity in B cells (Nelsen 

et al., 1993; Libermann et al., 1990; Libermann and Baltimore, 1993; Rivera et al., 

1993). PU. 1, a member of the Ets family, binds to the pB element (Nelsen et al., 



16 

1993), while several other Ets family members bind to the pA element (Rivera et al., 

1993; Lopez et al., 1994). A characteristic of many Ets family members is that they 

activate transcription poorly by themselves, but function effciently in CO-operation with 

other proteins (Wasylyk et al., 1993). For instance, efficient transcriptional activation by 

PUA through pB depends on the presence of adjacent x and pE3 elements (Nelsen et 

al.. 1993). bound by Ets-1 and TFE3, respectively. PU.1 is expressed in B and myeloid 

cell lineages and possibly in hematopoietic progenitors (Scott et al., 1994), whereas 

Ets-1 is expressed in B, T, and other cell types (Wasylyk et al., 1993). The expression 

patterns of the two proteins overlap primarily in B cells, resulting in B cell specificity of 

the x-pE3-pB enhancer fragment. 

The Ep enhancer is not sufficient for transgene expression in vivo. 

Soon after the Ep enhancer was identified, transfection experiments intc cultured 

cells (Grosschedl and Baltimore, 1985) supported the hypothesis of a bipartite 

regulation of the IgH gene. It was proposed that the Ep enhancer and the V, promoter 

are necessary and sufficient for high levels of IgH gene expression. This was also true 

in transgenic mice, where hig h level, lymphoid-restricted expression of a rearranged p 

transgene containing the long version of the Ep enhancer (the Ikb Xbal fragment, 

Fig. 1-2). However, a closer examination of the requirements for gene expression in 

transgenic animals demonstrated that the segment that was originally tested included 

multiple transcription elements, i.e. besides Ep, the intronic p switch region (Sw) and 

the matrix attachment regions (MARS) flanking the enhancer core are important for high 

levels of transgene expression in vivo (Gram et al., 1992; Sigurdardottir et al., 1995; 

Forrester et al., 1994). The reason for the different requirernents for gene expression in 

mice versus transfected cells is not known It is possible that the differences between 

the assays themselves are responsible for these confiicting results: in mice. every 

integration event is analyzed, whereas the transfected cells were preselected for drug 

resistance, a step that excludes from the analysis al1 the integration events that do not 

result in expression of the drug resistance gene at a level required for survival in 

selective medium. 



Figure 1-3. Model for tissue-specific and stage-specific regulation of Ep 

enhancer activity. 

In non8 and pro-B cells, transactivators (patterned symbols) of the Ep enhancer 

are present, but their interaction with their DNA recognition sites (open symbols) is 

sterically inhibited by ubiquitously expressed repressors (ZEB-like proteins) bound to 

their recognition sites (pE5 and ~ € 4 ) .  Binding of the repressor to its recognition sites 

precludes other proteins (e.g. €2-2, Ets-1, Tfe3, PU.1, Oct-2) from binding to the 

neighbouring sequence motifs. The ZEB (or ZEB-like) repressors can be displaced 

from the pE5 and pE4 elements by E2A homodimers [syrnbolyzed as (E2A)J. The 

formation of E2A homodimers is restricted to pre-8 and B-cells, which do not express 

heterodimerization partners for the E2A gene products. In pro8 cells, high levels of Id 

proteins, especially Idl(solid diamond), are responsible for the sequestration of E2A 

gene products in heterodimers that are not capable of binding to DNA; in non8 cells, 

E2A proteins are sequestered as heterodimers with cell-specific proteins like the 

muscle-specific MyoD protein (Murre et al., 1 989). A generic heterodimer (E2A.X) is 

depicted in the non-B cell compartment. The nonB cell, tissue-specific X protein is 

symbolized as a solid triangle. In the B ceIl compartment, expression of the Id1 gene is 

down-regulated at the preB cell stage (see lower panel), allowing formation of E2A 

homodimers. The E2A homodimers displace the ZEB repressors and allow 

transactivaton to bind to their recognition sites in the enhancer (middle panel. right 

side). 
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Is Ep required after establishment of IgH gene expression? 

Several studies suggest that Ep might be needed at early but not at late stages of B 

cell development. The observation that deletion of the Ep enhancer from the mouse 

g e n  line results in impairment of the VDJ rearrangernent was taken as evidence that 

the Ep enhancer is required for the joining process to occur (Chen et al., 1993; Sewe 

and Sablitzky, 1993). Moreover, 1 was dernonstrated that removal of Ep from its 

natural chromosomal location abolished the p0 gerrnline transcripts (Schlissel et al., 

1991) that are initiated upstream of the JH region. This suggests a major role for the 

intron enhancer in expression of the IgH locus at the earliest stages of B cell 

development (Chen et al., 1993). Spontaneous Ep deletion from an assembled heavy 

chain gene in pre-B cell Iines resulted in loss or downregulation of IgH gene expression 

(Alt et al., 1982; Wabl and Burrows, 1984). 

However, IgH transcription does not necessarily require Ep presence in later-stage 

B cells (Wabl and Burrows, 1984; Klein et al., 1984; Zaller and Eckhardt, 1985; 

Aguilera et al., 1985). Several myeloma and hybridoma cell lines with spontaneous 

enhancer deletions have been found to produce normal levels of imrnunoglobulin heavy 

chain. One explanation for these results is that another enhancer associated with the 

IgH locus can functionally substitute for the deleted Ep enhancer. This notion is 

supported by the observation that juxtaposition of immunoglobulin sequences with the 

c-myc gene leads to high steady state levels of transcripts from the translocated c-myc 

gene even in the absence of the intron enhancer (Kakkis et al., 1986). As presented 

below. the identification of the aE-1 transcriptional enhancer in the far 3' region of the 

murine IgH locus (Fig. 1-2; Dariavach et al., 1991; Lieberson et al., 1991) has provided 

a good candidate for this function. 

F3. The 3' enhancers. 

One year after the identification of a transcriptional enhancer at the 3' end of the rat 

IgH locus (Pettersson et al., 1990). an analogous enhancer, aE-1 was mapped 16kb 3' 

of Ca in the murine IgH locus (Lieberson et al., 1991, Dariavach et al., 1991). The aE-  

1 enhancer is located -200kb 3' of the J, gene segments (Fig.1-2). Sequence 
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inspection indicates that this enhancer has two key motifs that are known to be 

important for Ep B cell specificity: an octamer motif and a pE5 motif (Dariavach et al., 

1991). aE-1 has -10-25% the potency of the Ep enhancer in late-stage B cell lines, as 

measured in transient transfection assays (Dariavach et al., 1991 ; Lieberson et al., 

1991 ; Singh and Birshtein, 1993). 

Differences in the temporal activity of Ep and aE-1 suggest that they have distinct 

functions. In pre-B and surface lg+ cell lines aE-1 is inactive (Dariavach et al., 1991; 

Singh and Birshtein, 1993; Madisen and Groudine, 1994). In transgenic mice carrying 

an aE-1-controlled reporter gene, the enhancer becomes active only after B cells are 

activated (Arullampalam et al., 1994). Ep is active both in B and T cells early in 

development, at the DJH recombination stage (Born et al., 1988). In contrast, aE-1 is 

active exclusively in the B cell cornpartment and only at late stages of B cell 

differentiation (Dariavach et al., 1991). Moreover, an Ep-deleted derivative of a pre-6 

cell line (Wabl and Burrows, 1984) was found to express the Ep-less allele following 

fusion with a plasmacytoma, suggesting that the rernaining element responsible for 

activating p gene expression is active in plasma but not in pre-B cells. Furthemore, 

chromosomal translocations that activate/deregulate c-myc by linking it to the IgH 3'- 

region are also characteristic of tumors of the later stages of B cell differentiation in 

rodents (Kakkis et al., 1986). Recent studies provide further evidence that aE-1 

functions at late stages of B cell differentiation. Mice bearing targeted deletions of the 

aE-1 element show defective class switch regulation (Cogne et al., 1994). More over, 

targeted replacement of the aE-1 element with a neo cassette in an Ep-deleted lgG2a- 

secreting cell line results in loss of IgH gene expression (Lieberson et al., 1995). 

Another enhancer (uE-2, Fig. 1-2) has been identified 3' of the IgH locus, 

immediately 3' of Ca  membrane exons. aE-2 has been shown to possess relatively 

weak transcriptional enhancement activity (Michaelson et al., 1995; Matthhias and 

Baltimore, 1993; Madisen and Groudine, 1994). It is possible that a€-2 synergizes 

with aE-1 in regulating the IgH gene in late-stage B cells. 

ln vitm studies of the 3'a region suggest the existence of other enhancer element(s) 

(Madisen and Groudine, 1994). In addition to the two hypersensitive sites (HS1 and 

HS2) mapping within the aE-1 enhancer, two other sites, HS3 and HS4, located 13 and 
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17kb 3' of aE-1,  respectively, function as an enhancer in ceIl culture transfection 

assays. It is conceivable that the HS31HS4 cornplex represents another activation 

element, an aE-3 enhancer, which functions in concert with the other regulatory 

elements to activate the IgH locus. 

A cautionary note. 

A potential ambiguity exists in the foregoing knock-out experiments in which the Ep 

or a€-1 enhancer were replaced by the selectable marker, the neo gene. In the study 

by Chen et al. (1993), VDJ recombination was inhibited when the neo gene, which was 

used to replace Ep, was inserted 5' of an otherwise intact enhancer. This unexpected 

result suggests that insertion of the neo gene in the JH-Cp intron, rather than the 

enhancer deletion itself, blocks VDJ joining. Support for this alternative explanation is 

provided by the results of a similar study which employed an alternative targeting 

strategy (Sewe and Sablitzky, 1993) to generate an enhancerless p locus devoid of 

exogenous DNA. In this study. the enhancer deletion resulted in a milder phenotype 

characterized by a lesser impairment of the VDJ recombination. 

In the case of the double Ep and aE-1 deletion (Lieberson et al., 1995), again it is 

not clear whether the loss of y2a expression in the hybridoma cells is the result of aE-1 

deletion per se or insertion of the drug resitance gene in the 3' Ca  region. In either 

case. it is remarkable that the negative effect of replacing aE-1 on gene expression is 

exerted over a distance as great as 70kb (Lieberson et al., 1995). 

These reports are reminiscent of the striking difference in the results obtained by 

targeted deletion in the p-globin locus. Insertion of a selectable marker gene (neo) in 

place of the 5' hypersensitive site 2 (HS2) of the P-globin locus control region causes a 

drastic down-regulation of the Iinked globin genes. This effect is reversed upon neo 

gene removal frorn the HS2-deleted P-globin locus (Fiering et al.. 1 995). 

G. Chromatin structure and gene function 

G1. Overview 

A major contribution to eukaryotic gene function is imparted by the binding of 

sequence-specific DNA binding proteins to promoters and enhancers. However, when 

many of these enhancers were tested in transgenic assays that involved integration of 
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the transgene into the host chromosomes, they gave only low levels of expression that 

were highly variable among independent transfonants. High level expression was 

observed only when very large constructs were tested (Grosveld et al.. 1987; Schedl et 

al., 1993; Strauss et al.. 1993), suggesting that the functional units that govern 

mammalian gene expression are often very large and efficient expression in a 

chromatin context requires the presence of sequence elements which are nomally 

located a long distance from the gene. 

These findings have led to the concept of the chromatin domain. This concept is 

based on the idea that chromatin structure and chromosomal organization influence 

gene expression in a directed manner. In support of this idea. the sequences in and 

around actively transcribed genes are more sensitive to DNase action than sequences 

surrounding inactive genes (e-g. Wood and Felsenfeld, 1982). Together with visual 

evidence from electron microscopy studies that the DNA of active genes is in a more 

extended configuration (Ericson et al., 1989). this has led to the idea that activation of a 

gene is accompanied by an "opening up" of the chromatin surrounding it. 

Although DNase hypersensitive sites can be readily mapped, it is difficult to 

determine whether they are the cause or a consequence of events associated with 

transcriptional activation. Electron microscopic observations suffer from the same 

problem, because there is no way of knowing whether the extended configurations 

observed are a consequence of transcription or whether they have a causal role in its 

initiation. 

Many studies of the role of chromatin in mammalian gene regulation have focused 

on specialized control elements, like silencers, insulators, locus control regions (LCRs). 

and matrix attachment regions (MARs). If indeed chromatin domains are needed to 

stop activity from spreading (for example, to limit the ability of an enhancer to activate 

promoters in the vicinity) or to stop inactivity from spreading (for example, to prevent 

heterochromatic regions from interfering with adjacent active genes). the specialized 

control elements like LCRs and MARs might constitute critical players in implementing 

these functions. 
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G2. Silencers 

Silencers are cis-acting regulatory regions that modulate transcription by infiuencing 

chromatin structure through an extended DNA region. A well-charactenzed example of 

silencing is found in the yeast S. cerevisiae (Braunstein et al., 1993; Hecht et al., 1995). 

Yeast strains typically possess copies of the two mating-type genes a and a, in silenced 

loci temed HMLa and HMRa. These loci are flanked by DNA sequence elements - 
"silencers" - capable of inducing repression through interaction with silencer-binding 

proteins. The silencer-binding proteins recruit other tram-acting factors to the loci 

(Moretti et al., 1994), where direct interactions with histones are thought to occur; after 

recruitment, the tram-activator-histone complexes may be propagated throug hout the 

loci, leading to an inaccessible chromatin configuration. 

Silencer activities have been detected in several genes expressed in cells of the 

immune system (Winoto and Baltimore, 1989; Sawada et al.. 1994). A recent example 

is a silencer found in an intron of the murine CD4 gene. In experiments employing 

transgenic mice, Sawada et al. (1994) found that the CD4 gene contains a T cell 

specific enhancer and promoter which are capable of directing transcription in both 

CD4+ and CD8+ subsets of mature T cells. However. when a DNA fragment from the 

first intron was included in the reporter construct used for assessing the promoter- 

enhancer function, expression was restricted to the CD4 subset. Thus, this intronic 

fragment contains a silencing activity that appears to play a role in developmental 

regulation in T cells. As yet it is not clear whether silencing found in mammalian cells 

occun by a mechanism similar to that found in yeast. 

There are also examples of repressor activity associated with expression of 

selectable marker genes in cell lines or transgenic animals. Thus, insertion of a 

hygromycin B resistance gene (Kim et al., 1992) or of a neo gene (Fiering et al., 1993) 

within the locus control region (LCR) of the p-globin locus affects negatively the 

expression of the P-like globin genes. Similarly, as noted above, targeting of a neo 

gene 5' of the Ep, in the JH-Cp intron of the IgH locus impairs both expression and VDJ 

recombination (Chen et al., 1993). 

However, these results are usually interpreted as evidence that expression 

activating elements can be redirected to sewe a more proximal promoter (that of the 
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reporter gene) when the latter is provided by gene insertion, rather than examples of 

bona fide silencing. 

G3. Insulators 

An important feature of existing models for eukaryotic gene domains is the idea that 

domains are bordered by discrete boundary elements which define the limits of regions 

of open chromatin. The existence of insulaton is thus postulated, as boundary 

elements whose function is to prevent control elernents within a particular dornain frorn 

inappropriately activating or suppressing the expression of genes located within 

neig hboring domains. 

Insulators have been identified in the Drosophila hsp70 locus (Kellurn and Schedl. 

1991, 1992). The insulators - scs and scs' - reside at the junction between 

decondensed and condensed chromatin and appear to protect the hsp70 locus from the 

effects of neighboring chromatin. scs and ses' can insulate a white maxigene 

(enhancer-containing transgene) from inactivation by DNA sequences surrounding the 

insertion site; they can also insulate a white minigene (enhancer-trap DNA constnict) 

from the activating chromosomal effects of the insertion site (Kellum and Schedl, 1991). 

Moreover, scs and scs' can block an enhancer action; that is, when scs or scsJ is 

placed between an enhancer and the hsp70 promoter it interferes with enhancer 

function (Kellum and Schedl, 7992). 

An insulator has also been identified in the chicken P-globin locus (Chung et al., 

1993). This element is located near the 5' boundary of the chicken P-globin domain. 

Like scs and scs', this element can insulate a reporter transgene from the activating 

effects of a nearby P-globin locus control region and protects a white minigene from 

position effects in transgenic Drosophila. 

From these examples it appean that insulaton are DNA elements that prevent 

control regions from influencing transcription of adjacent loci by preventing both 

activation or repression from extending across them. The insulation mechanism 

appears to operate at the level of transcription. The insulators in the hsp7O locus 

(Kellum and Schedl, 1992) and in the p-globin locus (Chung et al., 1993) do not have 

intrinsic stimulatory or inhibitory effects. They are capable of blocking the effects of a 
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wide varîety of regulatory elements and this function if not confined to a particular cell 

tY Pe- 

64. Locus control regions 

A locus control region (KR) is a regulatory site (or cluster of sites) that is needed 

for the proper expression of a group of adjacent genes. Like silencers, LCRs influence 

the accessibility of a genetic locus, but LCRs appear to induce and maintain 

accessibility, rather than inaccessibility (Felsenfeld, 1992; Crossley and Orkin, 1 993). 

Our current understanding of the nature of LCRs cornes mainly from work carried 

out on the human P-globin locus. This locus is about 75kb in length and contains five 

tissue-specific and developmentally regulated genes over a regian of 50kb. The 

remainder of the locus contains the locus control region (LCR), which is composed of 

five tissue-specific hypersensitive sites, (5'HSl-5) located 6 - 22kb 5' of the eglobin 

gene in the human p-globin locus (Tuan et al., 1985; Forrester et al., 1986). The first 

indication that this region was an important cis-regulatory element was the observation 

that naturaliy occurring deletions of the region were associated with failure to activate 

any of the intact cis-linked P-like globlin genes (Curtin et al., 1985; Taramelli et al., 

1986, Driscoll et al., 1989). Analysis of the Hispanic (y6p)0 thalassemia. in which a 

35kb region 5' of the 5'HSl of the LCR is deleted, has also implicated the LCR in the 

establishment of the erythroid-specific DNase I sensitive chromatin domain and timing 

of DNA replication of the locus. That is, in this disorder the mutated locus is DNase I 

resistant and replicated late in S phase (Driscoll et al., 1989; Forrester et al., 1990). 

This is in contrast to the normal allele in which the p-globin gene is expressed and the 

locus is DNase I sensitive and replicated early in S phase (Epner et al.. 1988; Forrester 

et al., 1990). 

Studies of the p-globin locus in transgenic mice (reviewed in Felsenfeld, 1992) led to 

the original definition of the LCR as a region of DNA that provides copy number 

dependent expression of a linked transgene independent of the integration site in the 

host genome. Earlier studies of p-globin gene expression in transgenic mice had 

demonstrated that P-globin transgenes lacking the LCR were expressed at low levels 

and the expression level was strongiy influenced by the site of integration into the 
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chromosome (Magram et al., 1985; Townes et al., 1985). Then, a 38kb minilocus 

containing the LCR was shown to alleviate position effects in transgenic mice (Grosveld 

et al., 1987). 

Sirnilar results were obtained in subsequent transgenic studies. in which subsets of 

the LCR were linked to the P-globin gene (reviewed in Epner et al., 1992). Thus, it was 

found that the full LCR and YHS2 are functionally similiar: they act as classical 

enhancers in transient transfection assays, increase the number of expressing clones 

when stably integrated in cell lines and give position independence and high level 

expression in transgenic mice (Blom van Assendelft et al., 1989; Forrester et al., 1989). 

SHS3 and 5'HS4 have weak or no enhancer activity in transient transfections. 

However these elements are effective when stably integrated. as well as in transgenic 

mice where they confer position independence (Tuan et ai., 1989; Fraser et al., 1990; 

Pruzina et al., 1991; Hug et al., 1992). Neither 5'HSl nor 5'HS5 has appreciable 

stimulatory activity in these transfection / transgenic assays (Collis et al., 1990; Fraser 

et al., 1993). 

In conclusion, although the p-globin LCR subsets share features with cell-specific 

enhancers, they are clearly distinct from enhancers because, in many instances, they 

enhance transcription only when integrated into a chromosome. Moreover, classical 

enhancers do not impart high levels of position-independent expression in transgenic 

mice. 

In the IgH locus, two regions appear to function like LCRs: 1) the intron enhancer 

Ep core, in concert with its flanking MARs and the switch (Sw) segments and 2) a 

region 3' of Ca . comprising four DNase I hypersensitive sites. 

The ability of the Ep-MARS-Sw combination to function as an LCR is revealed in 

germline transformations but not in stable transfection of cell lines (Gram et al., 1992; 

Forrester et al., 1994; Sigurdardottir et al., 1995): that is, chrornatin accessibility and 

efficient position-independent transcription frorn a V, prornoter of an immunoglobulin 

transgene in transgenic mice requires inclusion of Ep, its flanking MARs and a Sw 

sequence fragment, whereas the core enhancer is sufficient, in stable or transient 

transfection assays, for strong transcriptional activation in the absence of the switch 

sequence and MARs. 



Forrester et al. (1994) suggest that DNA methylation may be responsible for the 

difierences between the transfection and germline transformation assays, as the 

germline p transgenes most likely are methylated prior to transcriptional activation 

during B cell development (Jahner et al., 1982). This view is supported by experiments 

in which in vitrumethylated immunoglobulin K light chain gene constructs are 

transfected into cultured B lymphoid cells. Expression and demethylation of the K gene 

is dependent on both the intronic EK enhancer and a flanking MAR (Lichtenstein et al., 

1994). 

An alternative explanation for the difference between transgenic mice and cell lines 

might be that stably transformed cell lines are selected for expression of a drug- 

resistance gene, a step which might exclude transfected cells in which the insertion site 

did not provide a MARlswitch equivalent. A careful analysis of transfection frequency 

would probably address this ambiguity, since it is expected that a higher propoftion of 

cells will express a transgene bearing an associated LCR. 

The locus control region identified at the 3' end of the IgH locus consists of four 

DNase I hypersensitive sites (HS1 , HS2, HS3 and HS4) spanning approximately 17kb 

(Madisen and Groudine. 1994). 

HS1 and HS2 map within and adjacent to the aE-1 enhancer, HS3 and HS4 rnap 13 

and 17kb farther downstream, respectively (Giannini et al., 1993; Madisen and 

Groudine, 1994). HS3 is present in myeloma ceIl lines, but absent in non4 cells and 

earlier stage B cells (Madisen and Groudine, 1994); HS4 is present in pre-B and 

plasmacytoma lines (Giannini et al., 1993; Madisen and Groudine, 1994). 

The combination of the four hypersensitive sites is described as an LCR due to its 

ability to promote copy number dependent, insertion site-independent expression of 

reporter genes in myeloma cells (Madisen and Groudine, 1994). 

It has been demonstrated that insertion of a neo gene in place of HS1 and HS2 

extinguishes IgH gene expression in a hybridoma cell line in which Ep is absent 

(Lieberson et al.. 1995). Similar findings had been reported for the human p-giobin 

gene where targeted insertion of a hygrornycin B resistance gene into the P-globin LCR 

leads to inactivation of the P-globin gene (Kim et al., 1992). Moreover, a spontaneous 

deletion of sequences 3' of Ca resulted in a dramatic reduction in IgH expression 
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levels in an IgA-secreting cell line (Gregor and Momson. 1986), reminiscent of the 

situation in the human p-globin locus, where naturally occumng deletions in the 

associated LCR result in the failure to activate the linked globin genes (Driscoll et al.. 

1989). And furthemore. oncogenic transformation of lg expressing cells following c- 

myc gene translocation within the IgH locus appears to be the result of c-myc 

deregulation upon placing it under 3' IgH control region control (Kakkis et al., 1986). 

G5. Matrix attachment regions 

Matrix attachment region (MAR) sequences are sites on DNA that serve to anchor 

DNA mechanically through attachment to the nuclear matrix or chromosome scaffold. 

From sedimentation studies it became clear that the constraint imposed upon DNA 

in histonedepleted nuclei required complexes of non-histone proteins variously called 

nuclear matrices (Berezney and Coffey, 1974) or nuclear scaffolds (Paulson and 

Laemrnli, 1977). 

Interaction between MARS and non-histone proteins of the nuclear matrix is thought 

to fold the chromatin fiber into individual looped domains (Paulson and Laemrnli, 1977). 

The loop hypothesis for the organization of DNA is supported by the observation, with 

the electron microscope, of loops emanating from histone-depleted chromosomes and 

nuclei (Paulson and Laernmli, 1977). These DNA loops can further coi1 or condense 

upon thernselves thus mediating a high degree of genornic DNA organization and 

compaction (Rattner and Lin, 1985). 

The first report of a defined matrix extending throughout the interior of the nucleus 

was based on work camed out using nuclei which had been extracted with 2M salt and 

then treated with DNase I (Berezney and Coffey, 1974). However, it was demonstrated 

that the structure of the matrix was highly sensitive to the precise protocol used to carv 

out the high salt extraction (Kaufrnann et al., 1981) and led to a search for alternative 

means of preparing nuclear matrices which avoided the use of extremely high sait 

concentrations. In 1984, a protocol was developed for the isolation of a nuclear 

scaffold which entailed stabilization of nuclei in low salt, followed by extraction of 

histones with lithium di-iodo-salycilate (LIS) (Mirkovitch et al., 1984). The extracted 

nuclei are then treated with restriction enzymes which liberate most of the genomic 
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DNA. Some specific restriction fragments are always left behind, suggesting that the 

resulting scaffold maintains specific interactions wlh disperçed sequences in the 

genome. These fragments are referred to as scaffold-associated regions (SARs) or 

rnatrix associated regions (MARs) and presumabiy f om the bases of the DNA IOO~S 

observed in extracted chromosomes and nuclei (Gasser et al., 1989). 

When distribution of MARs across DNA was examined (Mirkovitch et al.. 1986) it 

was found that they occur once every 10-5Okb and that their distribution is non-randorn. 

For example. they are often found associated with the controlling regions of genes 

(Gasser and Laemmli, 1986a). 

MARs have been identified in a wide range of eukaryotes including yeast (Amati and 

Gasser, 1988), plants (Hall et al., 1991). insects (Mirkovitch et al.. 1986) and mammals 

(Cockerill and Garrard. 1986). Sequences which behave as MARs in one organism 

were found to bind to nuclear matrices prepared frorn another (Amati and Gasser. 

1990). and many of the characteristics conserved among one organism's MAR 

fragments have been observed in other systems as well. 

A major class of matrix attachment sites are AT-rich sequences of 100 - 1.000bp in 

length (Mirkovitch et al., 1984; Gasser and Laemmli, 1986a) with the dominant 

sequence element consisting of homopolymeric runs of dA-dT base pairs. Tracts of 

oligo (dA) and oligo (dT) have a number of properties, including rigidity and an 

unusually narrow minor groove. which are thought to provide a rneans by which dAldT 

rich DNA may be distinguished from "normal" sequence. it is possible that the 

specificity of the MAR - scaffold interaction anses from MAR DNA structural motifs and 

is not dictated by precise base sequences. 

MARs are found exclusively in non-coding sequences, and most are restricted to 

non-transcribed regions, with the exception of several mapping to introns (Cockerill and 

Garrard, 1986; Cockerill et al.. 1987). 

The genomic intervals between MARs Vary: they c m  be as little as 5kb, as in the 

Drosophila histone gene cluster (Mirkovitch et al., 1986), or at intervals greater than 

140kb, as in the human a-globin locus (Jarman and Higgs, 1988). 

Many MARs have been found to Rank genes and gene clusten (Mirkovitch et al.. 

1984; Gasser and Laemmli, 1986a; Phi-Van and Stratling, 1988; Bode and Maass. 
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1988; Farache et al., 1990; Levy-Wilson and Fortier, 1989). suggesting a role for 

MARs in organizing chromatin into domains by serving as boundary elements. 

Boundary structures are thought to prevent control elements within a particular domain 

from inappropriately activating or suppressing the expression of genes located within 

neighboring domains. 

An interesting type of MAR is exemplified by the A elements found at the boundaries 

of the chicken gene encoding lysozyme (Phi-Van et al., 1990; Stief et al., 1989). These 

elements protect genes from chromosomal position effects when placed outside the 

enhancer-promoter-gene locus, and they interfere with expression when placed 

between promoter and enhancer sequences. Thus, when a reporter gene is flanked by 

A elements from the lysozyme gene, its expression in stably transfected chicken cell 

lines is significantly elevated and is less dependent of chromosomal position (Stief et 

al., 1989). F urtheimore, the chicken lysozyme MAR can confer elevated and position- 

independent expression on heterologous promoters in heterologous cells (Phi-Van et 

al., 1990). 

MARs from the human p-interferon, and the human apolipoprotein-B genes confer 

position independent, copy numberdependent increase in transcriptional activity to 

reporter genes flanked by these sequences (Klehr et al.. 1991; Kalos and Fournier, 

1995). The MAR-mediated stimulation of transgene expression is usually not observed 

in transient assays, with one recently reported exception ( Herrsher et al., 1995). 

MARs may also influence transcriptional control through their association with other 

cis-acting regulatory sequences. Juxtaposition or interspertion of MARs with promoters 

or enhancers (Gasser and Laemmli, 1986b; Cockerill and Garrard. 1986; Cockerill et 

al., 1987; Dworetzky et al., 1992; Brotherton et al., 1991; Jarrnan and Higgs, 1988) 

supports the definition of MARs as general facilitators of transcription. The formation of 

MAR-matrix complexes has been suggested to provide a means of bringing together 

components of the transcription system (Mirkovitch et al., 1984). For example, 

important parts of the transcriptional machinery may be sequestered on a matrix which 

genes must contact if they are to be transcribed. A reversible interaction of the MAR 

with the matrix would provide a means of bringing a MAR-associated gene to the site of 

transcription. 
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Support for this model is provided by the capacity of some MAR sequences to bind 

to the nuclear matrix or to repressor proteins in a mutually exclusive fashion (Zong and 

Scheuermann. 1995). Thus, the MARs Ranking the IgH enhancer contain overlapping 

binding sites for the nuclear matrix protein MAR-BPI and for the nuclear factor-p 

negative regulator (NF-pNR), a non-B cell specific enhancer repressor (Scheuemann, 

1991), and binding of the IgH enhancer-associated MARs to MAR-BPI is mutually 

exclusive to NF-pNR (Zong and Scheueman. 1995). These findings suggest a mode1 

of dl- type specific regulation similar to the model proposed by Mirkovitch et al. in 1984 

(Fig 14): the MARs fianking the IgH intron enhancer would serve to attach the heavy 

chain locus to the nuclear matrix in B lymphocytes. and this attachment would bring the 

IgH gene into regions of the nucleus that contain high concentration of transcription 

factors; in non4 cells, NF-pNR would be expressed and would bind to its recognition 

sites Ranking the enhancer, thereby preventing nuclear matrix attachment. 

A direct relationship between MARs and gene expression has been noted within the 

immunoglobulin kappa ( l g ~ )  light chain locus (Cockerill and Garrard, 1986): deletions 

of the MARs which fiank the enhancer within the J,-CK intron decrease K expression, 

implying that the MARs may play a positive role in transcription (Blasquez et al., 1989; 

Xu at al., 1989). 

In the case of the IgH intronic enhancer, recent studies by Forrester et al. (1994) 

provide support for the importance of these MAR regions in transcriptional 

enhancement: expression of a rearranged p gene in transgenic B lymphocytes is 

dependent on the presence of the MAR sequences which flank the IgH intron enhancer. 

The requirement for the flanking IgH MARs in gemline transformations only 

suggests that the MARs participate in enhancer-dependent activation of the V,, 

promoter by propagating an enhancer-induced local alteration in chromatin structure. 

This view is supported by the finding that a 95bp enhancer core fragment lacking both 

the enhancer-proximal Ip promoter and the flanking MARs could confer accessibility on 

a closely linked prokaryotic T7 promoter but not on a T7 promoter at a distance 

(Jenuwein et al., 1993). 

Our understanding of MAR function has advanced with the characterization of 

several matrixderived proteins which bind to specific sites in the IgH intronic MARs: 
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NF-pNR. SATB1, MAR-BPI. Bright (Dickinson et al.. 1992; Hemcher et al., 1995; 

Scheuerrnann and Chen, 1989; Zong and Scheuennann, 1995). One set of sites, 

denoted Pl-P4 in Figure 1-2, has been defined by analyzing binding by the proteins 

NF-pNR and MAR-BPI. Footprint analysis of binding by the SATB1 protein has 

defined six binding sites, denoted 1-VI in Figure 1-2. As iliustrated (Fig. 1-2). sites Il-VI 

overlap with sites P2-P4. The binding sites are thought to act elher positively or 

negatively. depending on cellular production of activating (MAR-BPI, Bright) or 

inactivating (NF-pNR, SATB1) matrix proteins. 

Almost al1 we know about MARs function in the IgH locus cornes from studies of a 

particular MAR region, the Ep-flanking MAR sequenœs. However, this MAR region is 

only one of several MARs identified in the IgH constant region. MARs map to four 

regions, which might divide the IgH locus into 4 looped DNA domains of 30, 20, 30 and 

greater than 70kb in length. A remarkably large cluster of MARs is located in the 6iy3 

intergenic region (Fig. 1-2; Cockerill, 1990). The function of this MAR and of the two 

other downstream MARs is not known. 

The rnechanism by which the p intronic MARS synergize with the core enhancer to 

activate the VH promoter in the endogenous IgH locus is not established. Sorne 

studies have suggested the existence of proteins which can preferentially bind to the 

AT-rich MARs thus mediating a partial displacement of histone H l ,  which results in the 

formation of an open and DNase 1 sensitive chromatin domain (Zhao et al., 1993). In 

the absence of the MARs, the destabilization of histone H l  rnight be abrogated, 

preventing transcriptional activation. Altematively, the MARs could act indirectly by 

mediating the formation of a nucleoprotein complex at the enhancer that is functionally 

distinct frorn that formed in the absence of the MARs. As well, matrix proteins may 

facilitate interactions between enhancer and promoter-associated regulatory proteins 

during the initiation of lg transcription. Such a topological mode1 for these interactions 

through the formation of chromosome loops has been proposed upon identification of a 

MAR 5' of an IgH variable region gene (Webb et al., 1991). 



IgH locus 
(inactive) 

IgH locus (active) 

Figure 14. Model for the regulation of IgH enhancer activity through 

differential association with the nuclear matrix. 

Transcription in interphase nuclei is organized into a limited number of focal points 

bound to a matrix present within the nucleus, possibly at sites of intersection between 

nuclear matrix filaments (fine lines). DNA (thick line) is bound to these focal regions 

through the action of MAR-binding proteins (triangles) like MAR-BPI . In €3 cells, where 

the IgH locus is transcriptionally active, the MARS flanking the IgH enhancer are bound 

to these foci, facilitating the interaction with transcriptional components (pattemed 

ovals). In non8 cells, where the locus is silent, the MAR sites flanking the enhancer 

are bound by NF-pNR (squares labeled N), preventing the IgH locus from associating 

with the focal points of high transcriptional activity. 



H. Switch sequences 

HZ. Ovewiew 

lmmunog lobulin heavy chah isotype switch recombination is a reg ulated 

recombination event that replaces one constant region (CH region) with a new 

downstream CH region, deleting the intervening DNA (Honjo and Kataoka, 1978; Cor- 

et al., 1980; Rabbitts et al.. 1980). lsotype switch recombination is region specific but 

not site specific (Harriman et al., 1993), with the switch recombination junctions 

mapping within or very near domains of highly repeated WC-rich sequences, called 

switch (Sw) regions. Except for C6, each constant region is preceded by a switch 

region varying in length from Ikb (SWE) to lOkb (Swyl) and whose repetitive elements 

Vary in length from 10 to 80bp. 

DifFerent stimuli are known to cause switching to different isotypes. At the molecular 

level, these stimuli specifically induce gemline transcripts at the CH locus to which 

switching is directed (Rothman et al., 1988; Stavnezer et al., 1988; Esser and 

Radbruch, 1990). Transcription begins approximately 2kb upstrearn of the Sw region 

which is involved in switch recombination and the germline transcripts contain a 100 - 
500bp upstream exon (the I exon) spliced to the CH coding exons. The genline 

transcripts - also referred to as "sterile transcripts" - are initiated at multiple sites and 

proceed through the Sw region and CH segment (Lutzker and Alt, 1988; Lehman et al., 

1 990). 

The temporal correlation behnreen transcriptional and recombinational activation 

raised the possibility that transcription of switch regions either modulates DNA 

accessibility or is an indicator of locus accessibility (Stavnezer-Nordgren and Sirlin, 

1986; Yancopoulos et al., 1986). There is considerable evidence suggesting that the 

targeting of class switch recombination to particular switch regions involves cis-acting 

control elernents upstream of switch. Thus, switch recombination to lgGl or lgG2B is 

almost abolished in B cells in which the promoter and I exons of lgGl or lgG2B switch 

transcripts are deleted (Jung et al., 1993; Zhang et al., 1993). Likewise, deletion of Ep 

and part of the Ip exon impairs recombination of the p switch regions (Gu et al., 1993). 
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However, switch transcription is by itself not sufficient to direct switch recombination . 

Thus, truncation of the normal IgE sterile transcript by gene targeting decreased switch 

recombination to IgE to about 1% of the frequency induced by IL4  (Bottaro et al., 

1994; Xu et al., 1993). Moreover, artificial induction of structurally conserved lgGl 

switch transcripts is sufficient to direct switch recombination to y l ,  whereas switch 

transcription per se is not (Lorenz et al., 1995). Thus, despite the fact that the 

functional role of switch transcripts in switch recombination remains unresolved, 

experïmental evidence points to the structurally conserved, spliced switch transcripts as 

responsible for targeting isotype switching to a particular Sw region. 

HZ. Switch sequences as activators of IgH expression 

Besides their role in isotype switching, the switch sequences also have a role in 

heavy chain gene expression (Gram et al., 1992; Sigurdardottir et al., 1995). Studies 

on transgenic animals showed that omission of switch sequences from the major intron 

of a chimeric IgH transgene results in a 102 to 103 fold decrease in transgene 

expression (Gram et al., 1992). 

Similarly, cornparison of lg production in mice bearing variously truncated p heavy 

chain genes (Sigurdardottir et al., 1995) defined two switch-related elements which 

manifest transgene up-regulating potential. These elements, Reg A, located between 

Ep and Swp, and Reg S, located within Swp overlap at least partly with the switch 

region sequences found to increase iransgene expression in the study by Gram et al., 

(1992) lending support to the idea that switch region sequences - which are nomally 

present in a rearranged IgH gene after class switching - might represent a novel type of 

regulatory element with a role in IgH gene expression. 

However, there is again the puuling distinction between enhancers and the switch 

elements: while Ep and other enhancers have been found to increase expression in 

both transgenic ceIl lines and transgenic mice, the switch region (Sw, Regs) and the 

switch proximal sequences (Reg A), although necessary for high level expression of 

transgenes in mice, were not necessary to recover stably transfonned cell lines 

producing high levels of lg mRNA (Gram et al., 1992; Sigurdardottir et al., 1995). 
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As noted for the MARS. which were similarly required for high level expression in 

transgenic mice but not in stably transfected cell lines, this distinction might result from 

the selection for drug resistance in cell Iines or from ontogenetic effects. 

II. Thesis preview 

The goal of my study was to identify and understand the genetic elements which 

control expression of the p gene in its natural. chromosomal site. As noted above. most 

assays have analyzed transgenes expressed in cell lines or animals. As already 

mentioned in the previous section. a problem with this transgenic approach is that there 

is no assurance that the requirements for expressing the transgenes are identical to the 

requirements for expressing genes in their natural chromosomal context. 

The development of homologous recombination (HR) in mammalian cell lines and 

the associated ability to modify ernbryonic stem (ES) cells in vitro and subsequently 

derive mice from these Iines have opened the possibility of a systematic analysis of 

DNA regulatory elements by making mutations in the endogenous DNA. Thus, knock- 

out mice lacking various DNA elements from the heavy chain locus have been 

produced scope to address the question of gene regulation - and in particular enhancer 

function - within this locus. 

A limitation to studies involving gene manipulation in rnice is that the desired 

modification sometirnes blocks ceIl development and thus precludes the study of later 

developmental stages. In particular. the block in lg gene rearrangement resulting from 

the Ep deletion prevents further 8 cell developrnent and therefore makes it impossible 

with these animals to assess the role of Ep in transcription of the rearranged locus. 

To overcorne this limitation, I used gene targeting of the imrnunoglobulin heavy 

chah locus in rnouse hybridoma cell lines. 

Anticipating that rny study would require the comparative analysis of multiple 

recombinant cell lines bearing various well defined deletions in the J.-Cp intron of the 

endogenous IgH locus. I realized that an efficient method of both gene targeting and 

phenotypic selection of mutants had to be developed to apply to my particular system. 

Therefore, I first designed and tested a replacement-type vector bearing an 

enhancerless gpt gene as a selectable marker, flanked on either side by DNA 

segments hornologous to the target endogenous p gene. This method (described in 
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Chapter 2) proved to be particulariy suitable for targeting the IgH locus: deletion of the 

SV40 enhancer from the gpt cassette greatly decreased the frequency of gpt+ random 

transformants while still allowing properly targeted transformants to be gpt+, such that 

transformants with the predicted recombinant structure comprised 25% of the gpt+ 

population. The labor involved in mutagenizing the chromosomal locus using this 

method is comparable to the usual method of isolating randomly inserted transformants, 

but offers the important advantages that the copy number and integration site are the 

same in independent transformants. In the hybridoma cell lines which I have tested, 

the consistent copy number and integration site are sufficient to yield a uniform level of 

recombinant gene expression. The system is therefore suitable for investigating 

molecular features encoded in the p heavy chain locus which affect the rate and 

efficiency of imrnunoglobulin production. 

Based on this system, I proceeded to investigate whether the transgenically defined 

elements of the JH-Cy intron are also required in the natural chromosomal IgH locus. 

Because studies in transgenic mice had shown that switch-containing transgenes 

are expressed at a much higher level than the corresponding switchdeleted 

transgenes, I undertook to test the importance of switch sequences in the endogenous 

IgH gene expression. To this end, I used homologous recombination to generate 

targeted recombinant hybridoma cell lines lacking the switch region sequences from the 

major intron of the p gene (Chapter 3). The expression pattern of these switch-knock- 

out cell lines was compared to that of the parental cell line as well as to that of control 

recombinants, using both steady-state mRNA level and nuclear run-on activity to 

assess heavy chah gene expression. In striking contrast with the results reported for 

transgenic animais, I found only a minimal effect, if any, of deleting the switch element 

from its natural chromosomal location. 

Next, I tested the effect of gradually larger deletions encompassing the Ep enhancer 

on IgH gene expression (Chapter 4). A series of recombinants with deletions ranging 

from 0.5kb to 7.6kb was generated and their steady state RNA level and transcription 

rate was measured. This analysis indicated that the p heavy chain gene is not 

significantly dependent on the intron enhancer, but it requires the matrix attachment 

regions (MARs) for expression. The dependency of p expression on the intronic MARs 
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is revealedhnposed by the presenœ of vector sequences inserted into the locus during 

targeting . 

Possible interpretation of my results and future experimental strategies for a better 

understanding of the molecular features of the endogenous IgH locus are proposed in 

Chapter 5. 



Chapter 2 .  A REPLACEMENT-MPE VECTORSYSTEM FOR EFFICIENT GENE 

TARGETING OF THE IMMUNOGLOBULIN HEAW CHAIN LOCUS IN HYBRIDOMA 

CELLS 

The data presented in this chapter have been published under the title ''An 
improved system of somatic cell molecular genetics for analyzing the 
requirements of immunoglobulin synthesis and function" by Adriana E. Oancea 
and Marc J. Shulman in International Immunology, 1994, Volume 6, pag. 1161- 
1168. 

All work reported in this chapter was perforrned solely by the author. 



40 

Introduction 

Genetically and phenotypically defined mutant organisms are very useful for relating 

molecular structure and molecular function. There are two general methods for 

obtaining mutants for such analyses: phenotypic selection of mutant organisms and 

sitedirected mutagenesis. 

Althoug h these complementary approaches are widely used in investigating 

molecular mechanisms in microbial organisms, their application to the analysis of 

mammalian gene function has often been problematic. For example, phenotypic 

selection of mutant mammalian organisms is often impractical because of the need for 

a haploid gene. a selectable phenotype and a short generation tirne. Consequently. 

this approach is limited to relatively few genes expressed in particular mammalian cell 

lines. 

Another problem is that most work to date using sitedirected mutagenesis on 

mammalian genes has involved introducing mutations into cloned DNA and then 

transferring the mutant DNA into cell lines. The transferred DNA is either integrated at 

abnorrnal chromosomal sites or remains unintegrated. This 'Yransgenic" approach is 

thus subject to the concern that genetic ectopia might result in abnomal gene 

expression, either because the gene of interest has been removed from important 

elements that are present in the natural endogenous chromosomal locus. or because 

the transferred gene has inserted near some inappropriate activating or silencing 

element. 

Gene targeting - homologous recombination between transferred and chromosomal 

DNA - can be used to introduce predetermined mutations into genes that remain in their 

natural chromosomal loci. This approach can be used with embryonic stem cells to 

produce mutant mice or with differentiated tumour cell lines, according to the problem of 

interest. Because gene targeting of DNA produces transfomants in which the altered 

genes are expressed in the same chromosomal context, homologous recombination is 

expected to yield more reproducible transformants than can be obtained with the 

transgenic approach. This. in turn, will make it easier to discem the effects of the 

mutations. 
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While the general strategies for modifying endogenous genes by homologous 

recombination are straightforward, the practical application of this approach for 

analyzing gene expression can be complicated and success may depend on 

unpredictable requirements. For example. some difficulties arise because targeted 

recombinants are rare and comprise only a small fraction of the DNA insertion events. 

The rarity of gene targeting imposes the practical requirement that the recombination 

event be designed to confer drug resistance. 

In general, it is unknown whether the target locus of interest will support expression 

of the drug resistance gene at the level required for selection. While this problem c m  

be minimized by using drug resistance cassettes which provide the elernents necessary 

for high level expression, such cassettes preclude taking advantage of enrichment 

techniques which can be used for targeting highly active loci, such as often occur in 

tumour lines. One rnethod of reducing the frequency of non-targeted drug resistant 

transformants is to use a vector which lacks an enhancer and therefore requires a 

highly active locus (Jasin and Berg, 1988). The greatest enrichment for targeted 

recombinants is achieved by using a drug resistance cassette which requires the most 

active locus, provided that the targeted locus can also satisfy this requirement. 

While the primary use of the selective marker is to enrich for targeted recombinants, 

it might be possible to use the marker in other ways to identify expression-enhancing 

elements in the target locus. For example, an enhancerless marker gene which 

depends for its expression on some element of the target locus can be used as a 

reporter gene to test whether a normal or altered target locus includes such an 

activator. 

Moreover, an important feature of the targeted locus is that the marker gene is 

present in only one copy. Thus, a marker which can be negatively as well as positively 

selected can be used to obtain mutant ceIl lines which are defective in expressing the 

marker. This allows a phenotypic selection for mutants which have defects in important 

expression elements of the natural chromosomal locus. 

Here I describe a system for modifying and analyzing the IgH locus of B cell lines 

which meets these requirernents. 



Probes 

Figure 2-1. Gene targeting in the igm692 hybridoma cell line. 

The top line shows the DNA structure of the heavy chain gene of the hybridoma cell 

line igrn692. The second line shows the circular vector pCpgpt after linearization at the 

unique Mlul site between the 5' and 3' homology regions (stippled segments). The 5' 

homology region was the 3kb Nael-Sstl segment, when the Iinearized vector was used 

for transfection, or the 2kb EcoRI-Sstl segment, when the excised EcoRI-Mlul fragment 

was used. The Mlul (M), EcoRl (E), Hindlll (H), Bcll (B) and EcoRV (R) sites are 

indicated. The structure of the resulting recombinant is indicated on the bottom line. 
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Results 

The system which I used to measure homologous recombination between 

transferred and chromosomal immunoglobulin DNA is illustrated in Figure 2-1. 

This system is based on cell lines derived from the hybridoma cell lines Sp603IHLK 

and SpGIHL, which bear single copy immunoglobulin p genes and produce lgM(~) 

specific for the hapten trinitrophenol. 

As recipient cells I used two mutant hybridomas: igm692, which has a 3.5kb 

deletion in the p gene which removes part of the switch region as well as the Cp, and 

Cp2 exons and igm482, which has a 2bp deletion in Cp, (see Chapter 6). The 

transferred DNA bore a normal Cp region and the gpt gene (Richardson et al., 1983), 

which can confer the capacity for growth in the presence of mycophenolic acid. Le., in 

MHX medium (Mulligen and Berg, 1980). Targeted recombinants were therefore 

assayed as gpt+ (MHXR) transformants which made normal IgM. In some experiments I 

used a plaque assay to detect cells making normal IgM (wild type cells made plaques 

on trinitrophenol-coupled erythrocyteç with an efficiency of -0.8 plaques per cell, 

whereas the mutant cells plaqued with an efficiency of less than IO-'). In other 

experiments I used domain-specific ELlSAs to assay whether culture supernatants 

contained nomal or mutant IgM. 

Drug-resistant transformants anse by non-targeted as well as targeted insertions of 

the transfer vector. The rationale for using an enhancerless (enhancer trap) vector for 

gene-targeting is the expectation that fewer non-targeted drug-resistant transformants 

will be obtained from enhancerless DNA than from enhancer-positive DNA (Jasin and 

Berg, 1988). That is, in the absence of the enhancer fewer of the insertion events will 

express the selective marker at a level that is sufficient to enable the cells to grow in 

selective medium. If the chromosomal target locus provides enhancer activity to the 

integrated drug resistance gene, selection of drug resistant transformants will provide 

greater enrichment for the targeted recombinants when an enhancerless vector is used 

than when an enhancer-positive vector is used. 

To test this expectation. I prepared Cp-gpt DNA fragments which either included or 

lacked a transcriptional enhancer. As shown in Figure 2-1, when the vector was 

linearized at the unique Mlul site, the DNA referred to as pCpgpt retained the IgH intron 



44 

enhancer (Ep) as part of its 5' homology region. However, cutting the vector wÎth EcoRl 

and Mlul yielded a fragment, referred to as AECpgpf, which contained Cp and gpt but 

lacked any transcriptional enhancer and was therefore expected to behave as an 

enhancer trap. The 12kb enhanceriess fragment had the same 3' homology region 

(HR) as the complete, Iinearized vector; the 2kb 5'HR of the fragment was -1 kb shorter 

than the corresponding 5'HR in the enhancer positive vector. All the DNA segments 

used in this study lacked a -2.8kb region in the switch region, which was deleted in the 

course of isolating the p gene of the Sp6 hybridoma (Ochi et al., 1983). This deletion 

overlaps the 3.5kb deletion in igm692 (see Figure 6-2). 

Figure 2-1 shows the recombinant p gene structure which was expected if the 

chromosomal p gene of the igm692 cell line recombined with the linearized vector or 

with the enhancerless fragment. In the case of the igm482 ceIl line (Fig. 2-2), 

homologous recombination could generate two distinct structures, Sw*R and Sw+R, as 

the crossover in the 5' homology region could occur, at least in principle, on either side 

of the 2.8kb deletion in the vector Cp region. 

In the first set of experiments, the enhancer-containing fragment was transfected 

into the mutant hybridoma igm692. As indicated in Table 2-1, the frequency of 

unselected cells making normal IgM was - IO4 ,  whereas 0.3% of the MHXR 

transformants were plaque-forming cells (PFC), corresponding to an enrichment of 

-3x103 fold. The enhancerless vector yielded as many PFC in the unselected 

population as did enhancer-positive DNA, implying that the efficiency of DNA transfer 

and recombination was similar for both DNAs. However. the enhancerless DNA 

fragment generated many fewer gpt+ transformants, while selection for MHXR 

transformants yielded a correspondingly greater enrichment for targeted recombinants. 

The fraction of gpt+ transfomants which made normal IgM was higher with igm482 

(25%) than with igm692 (1 0%). It seems likely that this increase occurred because the 

mutation in igm482 was a 2bp deletion, so the homology with the vector was greater for 

igm482 than for igm692. 

Recombinant p gene structure and expression. To verify that the p gene in 

these PFC was restored by homologous recombination, I examined the genetic 

structure of the p gene of representative M H X ~  PFC with Southern blots. 
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Figure 2-2. Gene targeüng in the igm482 hybridoma cell line. 

The top line shows the gene of the hybridoma cell line igm482, with the mutated 

Cp, exon depicted as a triangle. The two possible recombinant structures, Sw'R and 

Sw'R, that can be generated following transfection of the enhancer trap EcoRI-Mlul 

fragment (AECpgpt). are indicated (pathways a and b). Symbols are defined in Figure 

2-1. 



Table 2-1. Frequency of targeted and drug-resistant transfomants. 

1 

DNA 

pCpgpt 

AECpgpt 

The structure of the linearized vector pCpgpt is indicated in Figure 2-1. The 

fragment AECpgpt was derived from pCpgpt by cutting with EcoRl and Mlul, which 
generated a DNA segment that lacked the Ep enhancer (Fig. 1). This enhancerless 
fragment was purified by gel electrophoresis prior to transfer. 50 pg of the indicated 
DNA preparations was transferred to recipient cells by electroporation; the transfected 

cells were then divided into two aliquots of -IO7 cells. One aliquot of cells was 
incubated for two days in normal medium, at which time the frequency of PFC per 
viable cell was measured (column 3). To measure the frequency of gpt+ transformants, 
cells from this culture were also plated in MHX medium at limiting dilution in 96-well 
plates and scored after two weeks for growth; the results are expressed in column 4 as 

gpt+ transfomants per recipient cell. In the cases where the AECpgpt fragment was 
transfected (middle and bottom rows), the other aliquot of IO7 cells was plated at 5x104 
cells/ml in 24 well dishes in normal medium; after incubation for two days, MHX was 

added to the medium to select the gpt+ transfonants. Two weeks thereafter, the wells 
were scored for production of normal IgM with a domain-specific ELISA. The igm692 
cells transfected with pCpgpt were selected in bulk, by adding MHX to the I O 7  cell 
culture, and the presence of cells secreting normal IgM was tested by plaque assay. 
The fraction of gpf transforrnants which produced normal IgM is indicated in column 5. 
The recombinants isolated in this study are shown in column 6. The frequency of such 
recombinants among the IgM+gpt+ transformants is listed in column 7. 

2 

Recipient 

cells 

igm692 

igm692 

3 

PFClcell 

0.85 x 1 O6 

0.65 x 106 

4 

gpf%ell 

7 x 1 O4 

9 x A06 

5 

lg~*gpfCl 

g#cell 

3 x l o 4  
O. 1 

6 

Recombinants 

isolated 

692W5 

692R1 

7 

Ri 

IgMg pt' 

1 12 

414 
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As depicted in Figure 2-1, targeted recombination in igm692 was expected to 

restore the normal Cp-encoding segment but to introduce into the chromosomal p gene 

the 2.8kb switch region deletion. EcoRllEcoRV digestion of Sw'R recombinant DNA 

should yield a 7kb Cp band in the place of the 6.3kb igm692 band. Similarly, digestion 

of Sw*R recombinant DNA with Bcll should yield a 8.lkb C p  band in the place of the 

7.4kb igm692 band (see diagram in Figure 2-1). In the case of igm482, homologous 

recombination could occur to either side of the deletion (see Figure 2-2). Therefore, 

digestion of DNA frorn igm482-derived recombinants with EcoRl and EcoRV was 

expected to yield either a 7kb (2.8kb deleted) Cp band, corresponding to the Sw*R 

structure, or a 9.8kb (switch region intact) Cp band, corresponding to the Sw'R 

structure. Similarly, digestion of DNA with Bcll was expected to yield either a 8.1 kb 

(2.8kb deleted) Cp band, corresponding to the Sw*R structure, or a 10.9kb (switch 

region intact) Cp band, corresponding to the Sw'R structure. 

For both recipients, digestion of DNA from targeted recombinants with Hindlll was 

expected to yield a 4.2kb gpt-containing fragment (see Figures 2-1 and 2-2). 

Southern blots for EcoRIIEcoRV, Bcll and Hindlll digestions are shown in Figure 2-3 

and are in agreement with these expectations. In general, neither the gpt nor the Cp 

probes detected any bands other than for these predicted fragments, indicating that 

only a single copy of the vector had inserted into the p locus. One of the recombinants, 

692R2, showed an additional band with the Cp probe (Fig. 2-3A, 6). indicating that a 

segment of the vector containing Cp, but not gpt had inserted elsewhere in the 

chromosomal DNA of this recombinant. Of the four PFC transforrnants derived from 

igm482, al1 had the Sw' recombinant structure generated by pathway b (Fig. 2-2) and 

therefore yielded C p  fragments which were 2.8kb larger than the corresponding 

fragments of the igm692 recombinants. These observations indicate that the ends of 

the fragment were not much more recombinogenic than interior segments, a conclusion 

which is consistent with earlier studies (Shulrnan et al., 1990) and contrary to recent 

work by Deng et al. (1993). 



Figure 2-3A. Analysis of DNA structure. 

The figure shows the analysis of the 5' junction of the transformants generated by 

transferring either Iinearized vector or enhancerless fragment DNA to igm692 or igm482 

(see diagrams in Figures 2-1 and 2-2). DNA was digested with EcoRl and EcoRV and 

probed with the CF, segment (indicated in Fig. 2-1). The predicted fragment length of 

9.8kb and 6.3kb was confirmed for the recipient cell lines igm482 and igm692. 

respectively. The Sp603 hybridoma cell line was included as a positive control and the 

expected 9.8kb band (same DNA structure as igm482) was confirmed. The Sw+ 

structure of the igm482-derived recombinants (482R14) was confimed by the 9.8kb 

band (see Fig. 2-2). The Sw* structure of the igm692-derived recombinants (692R25 

and 692R14) was confimed by the 7kb band (see Fig. 2-1). 



12.2Kb- 

7.1 Kb- 

5.1 Kb- 

4.1 Kb- 

3.1 Kb- 

Figure 2-38. Analysis of DNA structure. 

The figure shows the analysis of the 5' junction of the transfomants generated by 

transferring either linearized vector or enhancerless fragment DNA to igm692 or igm482 

(see diagrams in Figures 2-1 and 2-2). DNA was digested with Bcll and probed with the 

CF- segment (indicated in Fig 24). The predicted fragment length of 10.9kb and 

7.4kb was confimed for the recipient cell lines igm482 and igm692, respectively. The 

Sw'R structure of the igm482derived recombinants was confirmed by the 10.9kb band 

(see Fig. 2-2). The Sw'R structure of the igm692derived recombinants was confirmed 

by the 8. l kb band (see Fig. 2-1). 



Figure 2-3C. Analysis of DNA structure. 

The figure shows the analysis of the 3' junction of the transformants generated by 

transferring either linearized vector or enhancerless fragment DNA to igm692 or igm482 

(see diagrams in Figures 2-1 and 2-2). The DNA was digested with Hindlll and probed 

with either the gpt segment (upper panel) or, for the part of the same gel corresponding 

to -1kb DNA, with the Cp, segment to confimi that sufkient DNA was loaded (lower 

panel). The DNA fragments used as probes are indicated in Figure 2-1. 
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In summary, my results indicate that this rnethod generated targeted recombinants 

as a high fraction of the MHXR selected population (10% and 25% for igm692 and 

igm482, respectively) and, importantly, that al1 (8/8) transformants making normal IgM 

had arisen by homologous recornbination. In the experiments in which enhancer- 

containing DNA was transferred (pCpgpt), only 0.3% of the M H X ~  selected population 

had the IgM' phenotype characteristic for the candidate recombinants. 

Of the two IgM' transfomants isolated, only one had arisen by hornologous 

recombination (692R25; see Table 2-1, Columns 6 and 7). 

In the experiments in which enhancerless DNA was transferred, I assayed for 

normal IgM by ELISA (Table 2-1); this ELISA was sufficiently sensitive to have 

detected cells which made as little as 1% of the normal amount of IgM and thus would 

have detected recombinants making greatly reduced amounts of p, if such 

recombinants had. in fact, been generated. To test whether the recombinants differed 

in p gene expression, the amount of mRNA in the recombinant and parental cells was 

measured using Northern blots (Fig. 2-4). The analysis of the Northern blot data was 

perfonned as described in Chapter 6. In brief, the intensity of the p signal relative to the 

intensity of the K signal (used as an interna1 control) obtained with RNA from each 

recombinant was compared to that obtained with RNA from Sp603, which was assigned 

a value of 1. 

The relative amounts of p mRNA were approximately twice as high for the igm482 

recombinants as for the igm692 recombinants. This difference probably refiects the fact 

that these recipient cell lines differ in their K gene content (Figure 6-1). That is, igm692, 

which is derived from Sp603/HLK, expresses both the TNP-specific K chain and the 

myelomaderived K chain, whereas igm482, which is derived from Sp6/HL, expresses 

only the TNP-specific K chain (see Chapter 6). The comparison of p gene expression in 

these cell lines is considered further in the Discussion. 

Discussion 

The system described here incorporates four important features which render it 

advantageous both for gene targeting and for the phenotypic selection of IgH defective 

mutants: 
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(a) the selectable gene (gpt) is on a fragment of DNA which lacks enhancer 

activity, such that expression of gpt at a level which permits growth in MHX medium 

requires en hancer activity; 

(b) the IgH locus provides sufficient enhancer activity to drive the gpt gene at this 

level of expression, so targeted recombinants can be selected in MHX medium; 

(c) expression of the p and gpt genes in the recipient cell line is stable; 

(d) expression of the gpt gene in the IgH locus renders the cell sensitive to 

thioxanthine, thus permitting selection of gpt derivatives of the targeted recombinant 

(Besnard et al.. 1987). 

The effectiveness of the enhancer trap is indicated by the high fraction (25%) of 

targeted MHXR transformants. In this regard the gpt gene seems to have been a better 

choice than the neo gene, as the fraction of targeted recombinants among the M H X ~  

transformants is higher than that obtained using an analogous enhancer trap vector 

based on the neo gene to target the K light chain locus (Sun et al.. 1994). This 

difference is due to the lower frequency of non-targeted gpf transfomants. 

Presumably this difference occurred because the selective conditions required a higher 

level of gpt than neo expression. While I have made use of mutant hybridoma cell lines 

to facilitate the measurement and recovery of targeted recombinants, the high 

frequency of targeted recombinants which are selected in this system makes it feasible 

to obtain recombinants merely by screening gpf transformants with Southern blots for 

the expected change in DNA structure. This feature will be very useful in obtaining 

targeted recombinants for which one cannot predict a change in phenotype. 

The capacity of the IgH locus to support sufkient gpt expression was initially more a 

hope than an expectation, as in an earlier report of IgH gene targeting with a related 

"hit-and-run" vector, the targeted recombinants in almost al1 cases had acquired 

multiple copies of the gpt gene (Bautista and Shulman. 1993). This result suggested 

that multiple gpt genes might be needed to produce sufficient gpt activity for growth in 

MHX medium, contrary to the observation that the replacement vector that I used in the 

present work yielded recombinants with only a single copy of the gpt gene. 



Figure 2-4. Analysis of mRNA production by recombinants. 

Approximately 10pg of cytoplasrnic RNA from recombinant and control cell lines was 

used for Northern blot analysis. The mode of calculation of the relative p activity is 

described in detail in Chapter 6. N75 is a p-negative mutant cell line derived from the 

Sp603 hybridoma (Fig . 6-2). 



Inasmuch as the IgH locus is highly expressed in hybridomas and myelomas as well 

as in B cell and pre B cell lines which are in different ontogenetic states and express 

other isotypes, it should be possible to adapt this gpt-based enhancer trap vector for 

use in other B cell lines by matching the homology regions to the target locus. An 

irnplicit requirement for using mutagenesis to analyze gene expression is that the 

recipient cells be stable. Two Iines of evidence suggest that the Sp6 hybridoma is 

sufficiently stable for this type of investigation. First, it has been established that 

variants of this hybridoma which are defective in IgM production anse at a low rate. 

-IO8 per ceIl-generation (Connor et al., 1993). Second, in the work reported here. I 

used two subclones of the Sp6 hybridoma cell line as recipient cells, namely the igm692 

and igm482 mutant cell lines which were isolated several years apart; although they 

have been separated by many, probably thousands, of generations, there is little 

difference in p gene expression in recombinants derived from these two subclones. 

The replacement vector used here yields recombinants in which the selectable 

marker is stably inserted in the IgH locus. Although the modified p gene is expressed 

at the same level as a nomial p gene, it is possible that the inserted vector will perturb 

normal gene expression under some circumstances. However, I anticipate that the 

presence of vector sequences in the target locus will be more an opportunity than a 

problem. as follows. Fint, the presence of the gpt gene provides a means of enriching 

for secondary recombinants, using. for example, the "bait-and-switch" procedure to 

introduce a series of mutations into the chromosomal IgH locus with a minimum of effort 

(Fig. 2-5). The figure depicts a scheme for introducing mutations into the CF, exon, but 

could be extended for investigations of other nearby regions. As illustrated, secondary 

recombinants would be neo+ and could therefore be selected in G418. The enrichment 

obtained by G4l8 selection is - I O 3  fold (Baker et al., 1988; Sun et al., 1994). The 

enrichment from selecting for loss of gpf function is expected to be at least - I O 3  fold 

(Bautista and Shulman, 1993). These observations irnply that the enrichment to be 

obtained by selecting both for G418 resistance and thioxanthine resistance will be at 

least 1 O6 fold. Inasmuch as the targeting frequency is -1 09, this double selection is 

expected to yield almost exclusively targeted recombinants. It will also be possible to 
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remove the non-p sequences, for those circumstances where the presence of the 

selectable marker is a concem. In particular, the secondary recombinant can be 

generated using transferred DNA which does not include any non-p segment (Fig. 2-5). 

Another important application of the recombinant gpt7lgH locus will be the 

phenotypic selection of mutant cell lines which can then be used to identify elements 

which influence gene expression in the IgH locus. Among the mutant derivatives of the 

recombinant cell line which are resistant to thioxanthine might be mutants which are 

defective in the elements which permit gpt expression in the IgH locus. Moreover. such 

mutants might be simultaneously deficient in gpt and p gene expression and thus be 

identified as thioxanthine resistant mutants which produce less than normal amounts of 

Ig Ml Le., mutants with a readily detectable phenotype. 



Select gpt+ (MHXF) 
Screen for Cp; 

1 Select gpt' (Te), neo+(G41@) 
Screen for C& 

Fig. 2-5. Application of the "bait-andswitch" technique. 

In the first step. a recombinant p gene lacking both the CF, and CF, exons is 

generated using an enhancerless vector analogous to that shown in Figure 2-1. This 

recombinant (middle line) would be obtained by screening gpt+ transformants for those 

producing IgM lacking the epitope recognized by the CF, specific antibody b7-6. This 

recombinant would then be transfected with the indicated DNA which carries the Cp, 

exon with the mutation of interest and a normal CF, exon. Targeted recombinants 

(bottom line) would be obtained by selecting G418 resistant. thioxanthine resistant 

transfomants which produce IgM bearing the b7-6 epitope. 



Chapter 3 . ROLE OF THE p SWlTCH REGION SEQUENCES IN THE 

EXPRESSION OF M E  ENDOGENOUS p GENE OF HYBRIDOMA CELLS 

The data presented in this chapter have been published under the title 

"Targeted removal of the p switch region from rnouse hybridoma cells: a test of 

its role in gene expression in the endogenous IgH locus" by Adriana E. Oancea, 

Florence W. Tsui and Marc J. Shulman in Journal of Immunology, Volume 155, 

pag. 56784683, copyright 1995 (The American Association of Immunologists). 

The author is grateful to Dr.Florence Tsui for assistance in performing the 

Southern blot illustrateci in Figure 3-28. 

All other work repowd in this chapter was performed solely by the author. 
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Introduction 

Several distinct DNA segments in the immunoglobulin heavy chain (IgH) locus have 

been inferred to be expression activating elements. Thus, in screenings of the JH-CH 

intron, the Ep enhancer (Gillies et al., 1983; Bane ji et al., 1983; Neuberger, 1983). the 

matrix attachment regions (MAR'S) which flank Ep (Forrester et al. 1994), the switch 

(Sw) region (Gram et al., 1992), and two intronic segments denoted RegA and Regs 

(Sigurdardottir et al., 1995) have been found to increase expression of genes which 

have been transferred into B cell lines or transgenic mice. Other elements have been 

detected in the region 3' of the CU exons by exarnining mutant cell lines altered in their 

lg production (Gregor and Morrison, 1986) and by assaying for enhancer activity 

(Dariavach et al., 1991; Lieberson et al., 1991 ; Matthias and Baltimore, 1993) or for 

DNase hypersensitivity (Madisen and Groudine, 1994; Michaelson et al., 1995; 

Giannini et al., 1993). 

Although the switch regions were first noticed because rearrangement of these 

hig hly repetitive segments mediates the isotype switch, other studies have implicated 

these regions as activators of gene expression. Thus, there have been several reports 

suggesting that transcription factors bind to switch DNA (Schultz et al., 199 1 ; Williams 

and Maizels, 1991 ; Brys and Maizels, 1994; Xu et al., 1992). Most strikingly, deletion 

of DNA lying between Ep and CF yielded transgenes that express very little heavy 

chain mRNA (Gram et al., 1992; Sigurdardottir et al., 1995); inclusion of part or al1 of 

the mouse p switch region in chimenc heavy chain expression vectors results in a 100- 

1000-fold increase in gene expression in transgenic mice (Gram et al., 1992). This 

strong effect of the switch region raised the question whether the switch region is also 

important for expression of genes in the natural IgH locus. 

To test this possibility, I used gene targeting to delete the switch region from the JH- 

Cri. intron of hybridoma cells and I assessed the effects of this deletion on heavy chain 

gene expression, using nuclear run-on activity as well as mRNA level to measure gene 

expression. 



Generation of Sw region knock-out cell lines. 

The system described in Chapter 2 was used to obtain recombinants lacking switch 

region segments of the &-CF intron of hybridoma cell lines. This systern rnakes use of 

the SpGderived mutant cell lines igm692, which has deleted the CF, and Cp, exons. 

and igm482, which bears a 2bp deletion near the end of the Cp, exon (Figure 6-2). As 

illustrated in Figure 3-1 and described in more detail in Chapter 2, recombinant cell 

lines were obtained by transferring vector DNA's bearing a Cp segment adjoining an 

enhancerless gpt cassette into the mutant hybridornas igm692 or igm482. Using this 

system, more than 50% of the transformants that express gpt and produce a normal p 

chain (transformants that are rnycophenolic acid resistant and produce nomial IgM) are 

properly targeted. 

As illustrated in Figures 3-18 and 34C, by modifying the 5' homology region this 

systern can be used to introduce predetemined changes into the J&c( region of the 

recipient cell line igm692. 

As shown iri Chapter 2, recombinants lacking only the 5' part of the switch region, 

denoted Sw'R (Fig. 3-18) produce normal levels of p rnRNA, consistent with the 

findings of Gram et al. (1992) that -1kb of the switch region is sufficient to generate 

transgenic mice which produce high levels of lg. 

A pnore. it was not evident that this recombination scheme could also be used to 

remove the entire switch region. That is, the results described in Chapter 2 suggested 

that growth in MHX medium requires that the gpt gene insert near an enhancer or a 

functionally equivalent element. That the gpt gene targeted into the IgH locus confers 

MHX resistance argues that the IgH locus includes such an element. If this elernent 

were removed in the course of recombination, the transformants would not be MHXR. 

Such an effect would be indicated by a marked decrease in the frequency of properly 

targeted transformants. 

As described in Table 3-1, the indicated vectors were transferred to the igm692 and 

igm482 recipient cells. MHXR transformants were selected by plating at limiting 

dilutions. 



Figure 3-1. Construction of recombinant hybridoma cell lines. 

The targeting vectors used to generate the various recombinants were constructed 

as described in Chapter 6. The enzymes are abbreviated: EcoRI(E), Mlul(M), 

BarnHI(Ba), and Bcll(B). 

For each of the panels, the top line depicts the p heavy chah gene of the recipient 

cell line. The second line shows the targeting DNA which bears the enhancerless gpt 

cassette. and has been linearized by digestion at the indicated sites. The expected 

homologous recombinants are illustrated in the third line. The segments which can 

mediate homologous recombination are stippled, and the locations of the Ep enhancer 

and switch reg ion (Sw) are indicated. 



Figure 3-IA. Generation of Sw' recombinants. 

The SwCpgpt DNA segment (middle line) was excised from the vector pCpgpt 

(described in Chapter 6) with EcoRl and Mlul and transferred to igm482 cells, as 

described in Chapter 2. 
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Figure 3-1 B. Generation of SW* recombinants. 

The SwCpgpt segment (middle line) was excised from the vector pCpgpt (described 

in Chapter 6) with EcoRl and Mlul and transferred to igm692 cells to obtain the targeted 

recombinant (see Chapter 2). 
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Figure 3-IC. Generation of Sw recombinants. 

The ASwCpgpt segment (second line) was excised from the vector pASwCpgpt 

(described in Chapter 6) with EcoRl and Mlul and transferred to igm692 cells. The Sw' 

recombinant structure is shown (third line). The genomic structure of the Sp603 

hybridoma is also illustrated (bottom line) because this cell line was used as a control in 

the DNA analysis of the Sw- recombinants. The enzyme digestions and predicted 

fragments for testing DNA structure are shown. The CF, probe was the 1.2m Hindlll 

fragment. 



' referred to in Chapter 2 as AECpgpt. 

Table 3-1. Frequency of targeted and drug resistant transfomants. 

Recombinants were generated as depicted in Figure 3-1. 50pg of the indicated 

DNA was linearized and transferred to 2x10~ igm692 or igm482 recipient cells by 

electroporation. After two days incubation in nomal medium, the frequency of plaque 

forming cells (PFC) per viable cell was measured (column 3). At the same time cells 

from each flask were plated at limiting dilution (1 O*-1 O4 cells/well) in MHX medium. Two 

weeks thereafter, the M H X ~  colonies were counted and expressed as gpt+ 

transfomants per cell plated (column 4). The fraction of gpt+ transfomants that 

produced normal IgM is indicated in column 5. Typical IgM', MtiXR transformants were 

then analyzed for their DNA structure. Column 6 indicates the fraction of IgM*, MHXR 

transfomants that had the desired recombinant structure. The frequency of such 

recombinants among the cells surviving electroporation was calculated as columns (4) x 

(5) x (6) and is listed in column 7. 

The data for SW* and for Sw+ recombinants are from Chapter 2 and are included in 

this table for cornparison. 
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0.60 x IO* 
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Transformants making normal IgM were then tested for proper targeting using 

Southem blot analysis to measure the size of the diagnostic junction fragments 

indicated in Figure 3-1. The analysis identifying the Sw* and Sw' recombinants (Fig. 3- 

1A and B) was described previously (Chapter 2, Fig. 2-1, Fig. 2-2 and Fig. 2-3). Figure 

3-2 shows the analysis of the Sw deleted (Sw') recombinants depicted in Figure 3-1C. 

Three independently generated transformants - SwR1, Sw'R2 and Sw'R6 - were 

identified as properly targeted recombinants: the analysis of the 5' junction revealed 

the expected 2.8kb EcoRllBcll and the 5.2kb Bcll CF bands (Fig. 3-24 and Fig. 3-28); 

inspection of the 3' junction by digesting the genomic DNA with both BarnHl and EcoRl 

confirmed the predicted 11.4kb Cp fragment (Fig. 3-2C and Fig. 3-IC). Sw'R25 

corresponds to the SW* recombinant structure depicted in Figure 3-1 B. Sw-RI, Sw-R2, 

and Sw-R6 correspond to the Sw- recombinant structure sought and were used in 

subsequent expression studies. The transfomants Sw-R3, SW-R4. and Sw'R5 had 

extra bands and therefore might have tandem insertions of the transferred DNA in the 

IgH locus. 

The results of this analysis indicated that approximately half of the M H X ~  IgM+ 

transformants had arisen by homologous recombination (Table 3-1, column 6). The 

frequency of properly targeted MHX resistant transformants (Table 3-1, colurnn 7) is 

similar for the Sw', SW*, and S w  constructions, implying that isolation of these 

gpt+llgM+ recombinants did not rely on secondary mutations to compensate for switch 

region deletions. That is, if a Swdeleted gene could express detectable p protein only 

if the cell had undergone a compensating (up-regulating) mutation, the frequency of p' 

recombinants lacking Sw would be much rarer than the frequency of the corresponding 

Sw' recombinants. 

In summary, my results indicate that a second mutation is not needed to permit gpt 

expression in the absence of the Sw region. 



Figure 3-2A. Analysis of the 5' junction of the SW recombinants. 

As indicated in Table 3-1, IgM' transformants were generated by transferring the 

EcoRI-Mlul segment excised from the vector pASwCpgpt (described in Chapter 6) to 

igm692. DNA was isolated from these transfomants, the igm692 parental cell line. the 

wild type hybridoma Sp603 and from Sw'R25. 

DNA from the indicated cell lines was digested with Bcll and EcoRl and probed with 

the 1.2kb Cp- segment. The 8.5kb and 5kb fragments corresponding to Sp603 and 

igm692, respectively, were confimed (see Fig. 3-1 C). The 5.7kb fragment expected for 

the Sw' structure (Fig. 3-18) was confimed for Sw'R25. The 2.8kb fragment predicted 

for the Sw' recombinant structure (Fig. 3-1C) was confimed for three transfomants 

(Sw-RI, 2 and 6). The Sw' structure was not confirmed for the other three candidate 

recombinants (Sw-R3, Sw'R4 and Sw'R5). 



5' Junction 
Probe: CF+, 

Figure 3-28. Analysis of the 5' junction of the Sw- recombinants. 

DNA from the indicated cell lines was digested with Bcll and probed with the 1.2kb 

Cp, segment (Fig. 3-1C). The 8.lkb fragment predicted for the Sw* recombinant 

structure was confirmed for three independent recombinants (SweR25, Sw'R4 and 

Sw'R1; see Fig.3-18). The 5.2kb fragment predicted for the S w  recombinant structure 

was confimed for three independent recombinants (Sw-RI. Sw'R2 and Sw-R6; see Fig. 

3-IC). The 7.4kb fragment confims the genomic structure of the recipient cell line 

igm692 (see Fig . 3-1 C).  



12 kb- 
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Figure 3-2C. Analysis of the 3'junction of the Snf recombinants. 

DNA from the indicated cell lines was digested with BamHl and EcoRl and probed 

with the 1.2kb Cp- segment. The control cell lines Sp603 and igm692 produced the 

expected 5.2kb and 9kb band, respectively. The S w  recombinant structure (Fig. 3-1 C) 

was confirmed for three independent transformants (Sw-RI , Sw'R2 and Sw-R6). Three 

other candidate recombinants were not confined as Sw- recombinants. 
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Expression of genes in the recombinant IgH loci 

To investigate whether deleting the switch region from the JH-Cp intron had an effect 

on gene expression, I measured the amount of p mRNA in the various control and 

recombinant cell lines by Northem blot analysis. A typical blot (Fig. 3-3) shows the 

expected 2.4kb and 1.8kb p mRNAs of the wild type (Sp603) and igm692 cells, 

respectively. The cell line N75, an Sp6-derived mutant which lacks the 5' part of the p 

gene and produces no p mRNA (Fig. 6-2), was included as a negative control. All the 

recombinants expressed the normal length 2.4kb p mRNA. The calculations of the 

relative amount of p RNA in the recombinant and control cell lines were done as 

described in detail in Chapter 6. As in Chapter 2, the Sw* recombinants had wild type 

levels of p mRNA. The results of the analysis of three independent Sw recombinants in 

hnro independent experiments indicated that deletion of the whole switch region 

produced at most a minor effect of 10-1 5% decrease in p gene expression. 

Nuclear run-on activity 

i was concerned that the large deletion in the Sw ïsmmbinants rnight result in more 

efficient processing of the p RNA and thus compensate for effects of the Sw deletion on 

transcription rate. To avoid this ambiguity, I cornpared transcription rates at the heavy 

chain locus in the recombinant and control cell lines by assaying nuclear run-on activity 

at several sites in the heavy chain locus (Fig. 34 ;  data analysis is shown in Table 3-11). 

Nuclei that had been isolated from the various cell lines were pulse-labeied with [a32P]- 

UTP. RNA was then hybridized to an array of DNAs immobilized on a filter (Fig. 34). 

The radioactivity bound by each DNA probe was measured by Phosphorlmager. The 

signal for the K probe, which is expected not to be affected by the Sw deletions, was 

used to control for variations in labeling and hybridization efficiencies. To correct for 

non-specific binding to these probes, the corresponding values for the p- cell line X I 0  

(Fig. 6-2) were subtracted, as described in Chapter 6. The relative p sequence-specific 

fun-on values obtained for the recombinant cell lines are expressed as a percentage of 

the corresponding normalized values for the Sp603 hybridoma; for gpt the relative 

fun-on values are expressed as a percentage of the normalized gpt value for the 

Sw'R25. 



Figure 3 3 .  Analysis of RNA in recombinant cell lines. 

10pg cytoplasmic RNA from the indicated recombinant and control cell lines was 

analyzed by Northern blot. The probes were the Cp, and the K fragments described in 

Chapter 6. The intensity of the bands was quantitated with a Phosphorlmager and the 

relative arnounts of p RNA were calculated (see Chapter 6) as percentage of the 

nonalized value for the amount of p RNA of the Sp603 hybridoma. 



Table 3-11. Analysis of runon activity. 

A. Normalized values (calculated as described in Chapter 6) for a particular run- 

on experiment (blots shown in Fig. 3-4). The location of the probes is illustrated in 
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Figure 3 4 .  Nuclear runon activity. 

Upper Iine: Positions of the p-gpt segments used as probes in the run-on 

experirnents. 

Bottom panel: Blots from a run-on experiment. Synthesis of RNA from different 

parts of the IgH locus was measured. Plasmids containing the probe segments 

indicated were linearized, denatured and adsorbed on the filters. as described in 

Chapter 6. A K insert-containing vector and a pGem5 vector-only probe were included 

as a nomalization control and a filter background control. respectively. A cell line 

lacking the p gene (X10) was also included to measure non-specific RNA binding to the 

filters. The run-on values from this experiment are presented in Table 3-11. 
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Table 3-11 presents a summary of three independent experiments: transcriptional 

activity in the S w  recombinants shows a minimal decrease throughout the IgH locus, 

with minor variations between the various probes. 

As shown in Figure 3-5, run-on activity measured at each probe site increases 

linearly for more than the 10 minutes incubation time which was used to assay 

transcription. Because similar results were obtained for both p mRNA content and 

nuclear run-on activity, it appears that the switch region does not have any significant 

effect on p gene expression at the transcriptional or post-transcriptional level. 

Discussion 

The availability of homologous recombination has made it possible to examine the 

role of specific segments in the expression of the natural chromosomal IgH locus. 

My finding that deletion of Sw from the IgH locus produces at most a 20% decrease 

in p gene expression contrasts greatly with the results of Gram et al. (1992). who found 

-100 fold less lg production in hybridomas derived from Sw- transgenic mice than for 

Sw' mice. This discrepancy is reminiscent of the case of the Ep enhancer. which was 

also found to be very important in the expression of transgenes but of little or no 

consequence in the expression of the IgH locus in myelomafhybridoma cells (Wabl and 

Burrows, 1984; Klein et al.. 1984; Zaller and Eckhardt, 1985; Aguilera et al., 1985). 

The mechanism underlying this discrepancy is of great importance, particularly as it 

implies that at least one of the assay systems gives an incomplete or misleading 

impression. In considering the discrepancy asssociated with deletions of the Ep 

enhancer, two interesting hypotheses were proposed, based on the supposition that the 

assay of the endogenous locus in cell lines was misleading. These same explanations 

might account for the discrepancy related to switch deletions. 

One hypothesis has been that an activating element might be needed to initiate but 

not to maintain expression: such an element would be needed to initiate expression 

frorn DNA transfected into cells, but deletion of that element from the already active IgH 

locus of hybridoma cells would not affect expression. Although this explanation 

appears not to apply to the case of the Ep enhancer, at least in pre-B cell lines (Porton 

et al., 1990; Grosschedl and Marx, 1988), it might well apply to the Sw expression 

elernent. 



Figure 35 .  Kinetic analyses of runon activity. 

The recombinant cell line Sw*R25 was used to analyze the variation of the run-on 

activity with the in vitro incubation time of the isolated nuclei. Measurements of runon 

activity were performed for 5, 10, 15 20 and 30 minutes incubation of the nuclei in the 

presence of radio-labeled UTP. 

Upper panel: Genomic structure of the recombinant p locus in the Sw'R25 cell line. 

The positions of the p-gpt segments used as probes in the run-on experiments are 

ind icated . 

Middle panel: The run-on values (counts bound) corresponding to various 

incubation times were read by Phosphorlmager and recorded in the table. 

Bottorn panel: The run-on values correaponding to different incubation times were 

plotted for each probe as a function of tirne. The run-on activity increases linearly for 

-15 minutes incubation time for al1 the probes analyzed. For incubation times greater 

than 15 minutes, the run-on activity decreases sharply with time for al1 the probes 

analyzed. indicating that, for longer incubation periods, RNA degradation prevails over 

RNA synthesis in the in vitro incubated nuclei. 
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Alternatively, the Sw activating elements might be redundant in the endogenous 

locus, much as the Ep and 3' enhancers have been proposed to be redundant. For 

example. the switch region of the y3 constant region. 40kb 3' of the p gene prornoter, 

might be sutficient to provide Sw expression activity. 

It is also worth considering that the transgene assay might be susceptible to artifact. 

For exarnple, Sw might influence the insertion site or other still undefined structural 

features of the transgene array. Also, the transgenes are typically present in a 

tandemly repeated array: the -20% decrease in p mRNA content detected as a result 

of the Sw deletion might be greatly multiplied when the Sw DNA is present in multiple 

tandem copies. 

My results are also important for clarifying the rnechanism of 6 mRNA production in 

hybridomas in which large segments of the J,-C6 region including Sw have been 

deleted (Owens et al., 1991). Although showing that similar levels of 6 mRNA are 

produced in the presence and absence of switch, this eariier study did not exclude the 

possibility that the larger deletions allowed for more efficient 6 RNA processing, thus 

obscuring an effect of Sw on transcription, or that the rarity of the deletions reflected a 

requirement for a second up-regulating mutation. My analyses of nuclear run-on 

activity and of recornbination frequency indicate that it is not necessary to consider 

such effects in accounting for 6 production. 



Chapter 4 .  EXPRESSION OF THE ENDOGENOUS p GENE: DEPENDENCE ON 

TRANSGENICALLY DEFINED ELEMENTS LOCATED IN THE VH-Cp INTRON 

This work has b e n  submitted for publication under the titie "Expression of 

the endogenous p gene requires the matrix attachment regions but not the other 

transgenically defined intronic elements" by Adriana E. Oancea, Maribel Berru 

and Marc J. Shulman. 

The author is grateful to Maribel Berru for assistance in isolating the AMEMS 

recombinants, for perfonning the Northern blot illustrated in Figure 4-7 and for 

doing the genomic DNA preparations for PCR snalysis. 

All other work reported in this chapter was perforrned solely by the author. 
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Introduction 

lrnrnunoglobulin (lg) gene expression has been intensively studied for many years, 

both because the lg genes are advantageous for investigating the molecular 

requirements of mammalian gene expression and because specific immunoglobulins 

have many applications in rnedicine and biotechnology. The wide interest has meant 

that lg gene expression has been studied in several different systems, which have 

sometimes yielded very different results. 

Thus, transgenic assays in which reporter genes are introduced into cell lines 

revealed that the Ep enhancer, derived from the V,-Cp intron, is sufkient to activate 

high level expression from an lg or heterologous promoter (Gillies et al., 1983; Baneji 

et al., 1983; Neuberger. 1983). However, when transgenic mice (rather than cell lines) 

are used to assay expression, the Ep enhancer is not sufficient to obtain high level lg 

expression. Rather, the switch region and associated RegA and Regs elements as 

well as the matrix attachment regions (MARS) are necessary in addition to Ep (Gram et 

al., 1992; Sigurdardottir et al., 1995; Forrester et al., 1994). 

An even more striking contrast exists between transgenes and the endogenous IgH 

locus. as several B cell lines which lack some or al1 of the foregoing elements produce 

nearly normal levels of lg mRNA or protein (Wabl and Burrows, 1984; Klein, et al., 

1984; Zaller and Eckhardt, 1985; Aguilera et al.. 1985). 

Severai hypotheses have been proposed to account for the observation that the Ep 

enhancer is needed for transgene expression but not for expression of the endogenous 

lg genes. One proposal. that Ep is needed to initiate but not to maintain expression, 

was contradicted by the finding that Ep is needed continually for transgene expression 

(Grosschedl and Marx, 1988; Porton et al., 1990). 

A second hypothesis is that the endogenous locus includes multiple. redundant 

enhancers. On the one hand, this hypothesis is supported by the finding that the IgH 

locus contains enhancers in the vicinity of the Ca  exons (Dariavach et al., 1991; 

Lieberson et al., 1991 ; Matthias and Baltimore, 1993; Madisen and Groudine, 1994). 

and that a targeted replacement which removes one of these enhancers in cis with 

deletion of Ep silences the IgH locus (Lieberson et al., 1995). On the other hand, some 

observations do not fit with a simple redundancy hypothesis. Thus, the region 3' of Ca 
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includes several other segments with enhancing activity that are stiII present in this 

silenced IgH locus. According to the redundancy hypothesis. these remaining 

enhancers are expected to rnaintain IgH expression. Moreover, several analyses have 

shown that the effects of targeted replacements can sornetimc?.~ ïeflect the effects of 

inserting the transfected DNA rather than effects of removing the endogenous DNA 

(Kim et al., 1992; Chen et al., 1993; Fiering et al., 1993, 1995; Xu et al.. 1996). 

A third explanation is that transgene expression reflects the action of elements 

which are irrelevant in the endogenous locus (Wabl and Burrows. 1984). Although this 

proposal has never enjoyed wide appeal, it is nonetheless unsettling that transgene 

expression in most studies is derived from an array of multiple transgene copies 

inserted at uncontrolled chromosomal sites. Given that enhancers act muitiplicatively 

(see for example, Blasquez et al., 1992) and can stimulate expression from multiple 

linked promoters (Atchison and Perry, 1986), the repetiiive array is expected to multiply 

the stimulation due to an individual enhancer elernent. 

Given these uncertainties, I examined the effects of introducing defined deletions 

enwmpassing the Ep enhancer into the JH-Cp intron of a hybridoma cell line. My 

results indicate that the intron includes an element which is essential for high level 

expression of the endogenous p gene in a recombinant IgH locus containing a gpt 

cassette. Analysis of several nested deletions suggests that this element corresponds 

to the intronic matrix attachment region. 

Generation of EpSw reg ion knock-out cell Iines. 

The system described in Chapter 2 (and outlined in Figure 4-1) was used to obtain 

recombinants lacking segments of the &-CF intron. This system is based on the wild 

type hybridoma Sp603, which has a single copy of the p gene and produces lgM(~) 

specific for the hapten trinitrophenol (Chapter 6). 



Figure 4-1. Construction of recombinant hybridoma cell lines. 

In each figure, the upper line depicts the structure of the truncated p heavy chain 

gene of the hybridoma cell line igrn692. The middle line represents the structure of the 

transfected DNA. The segments which can mediate homologous recombination are 

stippled. The lower line represents the structure generated from recombination 

between the transfected DNA and the endogenous p gene of igm692. The location of 

the Ep enhancer, the MAR sequences (MAR, and MAR,) and switch region (Sw) are 

indicated. 
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Figure 4-1A. Generation of 'W recombinants. 

The SwCpgpt fragment (middle line) was excised from the vector pCpgpt (described 

in Chapter 2) with EcoRI(R) and MIuI(M) and transferred to igm692 cells by 

electroporation (Chapter 6). The "W recombinant structure depicted on the bottom 

Iine corresponds to the Sw* recombinant structure described in Chapters 2 and 3. 



Figure 4-18. Generation of A€ recombinants. 

The targeting vector pVAECpgpt (described in Chapter 6) was linearized at the Mlul 

site and transferred to igm692 cells. 



AEMSR 7-** - - - A7.1kb -------IF-= 
MA 

Figure 4-1C. Generation of AEMS recombinants. 

The targeting vector pVAEMSCpgpt (described in Chapter 6) was linearized at the 

Mlul site and transferred. 



Figure 4-1 D. Generaüon of AMEMS recombinants. 

The pVbMEMSCpgpt targeting vector was linearized at the Mlul site and 

tra nsferred . 
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P4 (continued) 

TTCTTTTCCAATACC GAAGCATTTACAGTGACTTTGTTCATGATCTTTTTTAGTTGTTTGTTTTGCC 

TTACTATTMGACTTTGACATTCTGGTC-CGGCTTCAC-TCTTTTTCMGACCACTTTCTGAGTA 
Xbal 

Figure 4-1 E. Nucleotide sequence of MARlEnhancer region. 

Defined MAR and Ep binding sites are indicated. The restriction enzymes used in 

the targeting vectors are also shown. 
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I made use of the mutant hybridoma igm692, which was derived from Sp603 and 

bean a 3.5kb deletion which removes part of the switch region and al1 of the Cp, and 

Cp2 exons (Fig. 6-2). As illustrated in Figure 4-1A, a transfer vector bearing a normal 

Cp region and the gpt gene can recombine with the mutant p gene of igm692, such that 

the recombinant produces normal p and is mycophenolic acid resistant (MHXR). As 

shown in Chapter 2, an enhancer or other up-regulating element is needed to obtain 

sufficient gpt expression for cells to grow in MHX medium and the IgH locus provides 

such an element, i.e., targeted recombinants are MHXR. When the transfected DNA 

lacks any enhancer, the frequency of gpt+ random insertions is low, and targeted 

recombinants comprise 10-25% of the MHXR transformants. 

As noted in the Introduction. high level expression of lg transgenes requires the 

MARS, the Ep enhancer and several switch associated elements. Each of these 

transgenically defined elements is itself composed of repetitive andlor redundant 

elements. To test which, if any, of these elements is necessary for expression of the 

endogenous p gene, I constructed a series of targeting vecton which would delete al1 

or some of these elements. As shown in Figure 4-1A-Dl the DNA sequence adjacent to 

the 5' homology region in these vectors bears the desired deletion, whereas the 3' 

homology region is the same in each case. The nomenclature for the vectors and 

recombinants indicates which of the defined intronic elements, MAR,, Ep, MAR, and 

switch have been deleted. Thus, AEMS indicates that Ep, MAR,, and switch have 

been deleted, and AMEMS indicates that MAR, as well as the other three elements has 

been deleted. 

It should be noted that the A E  deletion removes part of MAR,, as illustrated in Figure 

4-1B. As described in Table 4-1, the vectors were transferred to the igm692 recipient 

cells, and MHXR transfomants were selected by plating at limiting dilutions. Culture 

supematants were then tested by ELISA for the presence of normal IgM, i.e., IgM 

bearing the Cp, domain. Transforrnants making normal IgM were then tested for proper 

targeting. The structures depicted in Figure 4-1A-D were confimed for six, three, five 

and ten independent transfomants, respectively, by measuring the size of the 

diagnostic junction segments as genomic DNA restriction fragments on Southem blots 

or as PCR products, as depicted in Figure 4-2A. 



1 2 3 4 5 

Recombinant Structure of recombinant IgH locus gpfC 1 cell lgWgpt+l lg~*gpl*l 

gpfkell cell 

'W' R -M-MARL-Ep-MAR~-sw-[CpI-[gp[l-[C6]- 0.9 x 1 O5 0.10 0.9 x 1O6 

AEMS R -M-MA< >~ccl]-[gp~-fcs]- i .O x 104 o. i O 1.0 x 106 

Table 4-1. Frequency of targeted and drug resistant transfomants. 

100pg of vector DNA was linearized and transferred to 2x107 igm692 recipient cells 

by electroporation. The cells were divided into several subcultures to obtain 

independent recombinants. and were then plated at limiting dilution (1 02-1 O4 cells/well). 

Two days after the gene transfer, MHX medium was added to the wells. Ten days 

thereafter. the MHXR colonies were counted and expressed as gpt+ transfomants per 

cell plated (column 3). The fraction of gpt+ transfomants which produced normal IgM 

is indicated in column 4. The absolute frequency of IgM'MHX' transformants among 

the cells surviving electroporation was calculated as columns (3)x(4) and is listed in 

column 5. 



Figure 4-2A. Analysis of DNA structure. 

As indicated in Table 4-1, IgM' transformants were generated by transferring the 

enhancerless DNA segments (linearized vectors or excised fragment) to igm692. DNA 

was isolated from these transforrnants and other cell lines and used in Southern blot 

and PCR analyses. 

The diagram illustrates the analysis of the 5' and 3' junctions of the AEMS and A E  

recombinants by Southern blot and of the AMEMS recombinants by PCR amplification 

of the junction fragments. The structure of the " W R  recombinant (corresponding to 

the Sw* recombinant described in Chapter 2). of the Sp603 hybridoma and of the 

igm692 recipient cell line are illustrated because these cell Iines were used as controls 

in the DNA analysis of the intron-deleted recombinants. The 5' Bcll site and the 3' 

Hindlll and BamHl sites, as well as the P l  and P4 primers. are not present in the vector 

DNA. The intronic EcoRl site is absent in the AE recombinants. as shown in the 

diagram. Its location within the deleted DNA sequence is indicated. 
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Figure 4-28, Southern blot of the AEMS recombinants: Analysis of the 3' 

juncüon. 

DNA from the indicated cell lines was digested with BamHl (left panel) or with Hindlll 

(right panel) and probed with the 0.9kb Aatll-BamHI gpt fragment to investigate the 

structure of the 3' junction. The igmlO mutant cell line and the igm692 recipient cell line 

(Fig. 6-2) were included in the Southern blot analysis as negative controls, because 

they do not contain the gpt gene. The ' W t R 2 5  recombinant cell line was included as a 

positive control, because it has the same 3' recombinant structure as the AEMS 

recombinants (see diagram in Figure 4-2A). 



Figure 4-2C. Southern blot of the E M S  recombinants: Analysis of the 5' 

junction. 

DNA from the indicated cell lines was digested with Bcli and probed with the 870bp 

Xbal-BamHI Cp,, fragment. The igm692 recipient cell line does not contain the Cp,., 

sequence (see Fig. 4-2A), and as expected produces no band in the Southern blot. 

The Sp603 cell line and the 'VVTR25 recombinant cell line were included in the 

analysis as positive controls. The predicted 10.9kb and 8.1 kb band was confimed for 

Sp603 and ' W R 2 5 ,  respectively (see Fig. 4-2A). The AEMS recombinant structure 

was confirmed for al1 the candidate AEMS recombinants investigated. 
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Figure 4-20, Southern blot of the A€ recombinants. 
DNA from the indicated cell lines was digested (upper panel) with Bcll and EcoRl or 

with BamHl and EcoRl (lower panel) and probed the 1.2kb Cp34 Hindill fragment to 
analyze the structure of the 5' and the 3' junction, respectively. Cornparison with the 

predicted length of the fragments (see diagram in Fig. 4-2A) indicated that R2, R4 and 
R6 have the AE recombinant structure. RI,  R3 and R5 were not confimed as AE 
recombinants. lgm692 and "WT"R25 were used as controls (see also Fig. 4-2A). 



3' Junçtion 

Primers: P3 - P-1 

Figure 4-2E. Analysis of the DNA structure of the AMEMS recombinants. 

PCR products from genomic DNA of AMEMS recombinants were analyzed by 

agarose gel electrophoresis (upper panels and lower left panel) and by Southem blot 

(lower right panel). T: non-targeted M H X ~ I ~ M '  transfomants; R: AMEMS 

recombinants. The indicated primer pairs PI+P2 and P3+P4 were used to amplify 

products from the 5' and 3' junctions, respectively. The pair PI+P4 was used to test 

whether the recombinant had assimilated additional DNA. Primer sequences are: 
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The experimental results for the AE, AEMS and AMEMS recombinants are shown in 

Figures 4-2B-E. The comparison of the results of these analyses with the expected 

fragment lengths depicted in the diagram in Figure 4-24 indicated that most MHXR IgM+ 

transformants had arisen by homologous recornbination. 

Frequency of targeted recombinants 

Expression of the enhancerless gpt gene depends on some enhancer-like activity of 

the IgH locus (Chapter 2). The targeting vecton were designed on the assumption that 

this activity did not lie in the MARS-Ep-switch interval. That is, if the enhancer-like 

activity corresponded to one of the deleted intronic elements, then the recombinants 

would not be MHXR. Such an effect would be obvious by a marked decrease in the 

frequency of properly targeted transformants. As shown in Table 4-1. the frequency of 

properly targeted MHX resistant transformants was similar for all constructions, implying 

that gpt expression did not require any of the deleted elements. 

Expression of genes in the recombinant IgH loci 

To investigate the effects of the JH-Cp intron deletions on gene expression. the 

amount of p mRNA in the various control and recombinant cell lines was measured by 

Northem blot analysis (Fig. 4-3A). These blots showed the expected 2.4kb full length 

and 1.8kb truncated p mRNAs of the wild type Sp603 and igm692 cells. respectively. 

The cell line N75, an Sp6-derived mutant which lacks the 5' part of the p gene (Fig. 6-2) 

and produces no p mRNA was included as a negative control. Al1 the recombinants 

expressed the normal length 2.4kb p mRNA. To control for RNA loading 1 also probed 

for K mRNA. For each recombinant, the arnount of p RNA was normalized to the 

amount of K RNA and is given relative to the nomalized p value obtained for the "W 

recombinant, as described in Chapter 6. The results of the analysis of numerous 

independent recombinants in several independent experiments are presented in Table 

4-1 1. 



Figure 4-3A. Analysis of RNA in transformant cell lines. 

10pg cytoplasmic RNA from the indicaled recombinant and control cell lines was 

analyzed by Northern blot. Probes were the Cp, and kappa fragments (Chapter 6). 

The intensity of the bands was quantitated by Phosphorlmager and the the relative 

amount of p mRNA was calculated as described in Chapter 6. The non-specific 

hybridization for the p-negative control cell lines N75 and X I 0  is indicated. 



Cell line 
I 

'W Rec 

pmRNA 

AE Rec 

gpt mRNA 

1 00+9 

AEMS Rec 

1 00+5 

51k7 

AMEMS Rec 

Table 4-11. Effecb of deletions on p and gpt mRNA levels. 

1 54k4 

1 9kî 

I 

N75 

This table presents calculations based on several independent Northern blots of p 

and gpt mRNA obtained from multiple independent recombinants. Typical blots are 

shown in Figure 4-3. Cytoplasmic RNA from the indicated recombinant cell lines was 
analyzed by Northern blots using the CF, probe; poly(A)+ enriched cytoplasmic RNA 
was analyzed using the gpt probe to measure the gpt mRNA. The K probe and the P- 
actin probe were used for normalization. The radioactivity in the bands was quantitated 
by Phosphorlmager, and the ratio of Cp, to K and gpt to K or p-actin, respectively was 

calculated for each cell line. The mRNA content was measured for multiple (3-10) 
independent recombinants of each type in six separate experiments. A summary of the 

mean values and standard deviations are presented in this table. The N75 cell line, 
which has a deletion of the p gene, was used to measure hybridization of the probe to 
non-p RNA. The values shown for N75 have therefore been subtracted from the 

corresponding activities measured for the other cell lines. These corrected values are 
then expressed relative to the value obtained for the VVT recombinant. (The numeral 
shown in parentheses for N75 indicates the value obtained before subtracting 
background). Similarly, Sp603 and igm692, which do not have the gpt gene, were 
used as negative controls in the calculations of gpt activity, and their average value 
(15.5), representing hybridization of the gpt probe to non-gpt RNA in this region of the 
gel, has been used to calculate the corrected values for p activity for the recombinant 
cell lines, as described in Chapter 6. 

21 8+2 

1.7k1 19521 2 

O (1.4'0.5) N.D. 
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The level of p mRNA in the IYVTrecornbinants is -80% of the p mRNA level of 

igm692 and -130% of the p mRNA level of Sp603. I concluded that introduction of the 

gpt gene and partial deletion of the switch region did not significantly affect the level of 

p mRNA. By contrast, the 7.7kb AMEMS deletion removing both MARS, the Ep 

enhancer and switch region depressed the mRNA level to -2% of the wild type level. 

Analysis of the other intronic deletions provides additional information about the 

requirements for high level p expression. First, deletion of the entire p switch region did 

not affect significantly the level of p mRNA (Chapter 3). 

Second, as shown in Figure 4-3A. the 527bp A E  deletion removing Ep and part of 

the MAR, decreased the steady state RNA level by -2-fold, while the 7.lkb AEMS 

deletion removing Ep, switch, MAR, and part of MAR, decreased p rnRNA by -5-fold. 

As analyzed in the discussion, these results argue that high level expression of the 

endogenous p gene requires MARs but not the other transgenically defined elements. 

I have also measured the level of gpt mRNA in these recombinants (Fig. 4-38). The 

parental cell line igrn692 and the wild type hybridoma Sp603 were included as negative 

controls, since these cell lines do not contain the gpt gene. The same blot was 

hybridized with an actin or K probe to control for loading variations. The relative gpt 

values are presented. The pattern of gpt expression differs greatly from that of p. Most 

striking is the case of the AMEMS recombinant, in which the steady-state gpt mRNA 

level was increased -2-fold while p mRNA decreased by -50-fold. 

Nuclear runon activity 

To compare transcription rates at the heavy chain locus in the recombinant and 

control cell lines I assayed nuclear run-on activity, probing several sites in the p and gpt 

genes (Fig. 4 4 ) .  Typical blots using the DNA probes indicated (Fig. 4-4, Top panel) are 

shown in Figure 4 4  (Bottom panel). The radioactivity bound by each probe was 

rneasured by Phosphorlmager, and the signal for the K probe, which is expected not to 

be affected by the IgH deletions, was used to nomalize the p- and gpbspecific signals. 

A summary of results is presented in Figure 4-4, in a graphical and a nurneric format. 

On average, the transcription rate in the AE, AEMS and AMEMS recombinants is 67, 23 

and 5%, respectively, of the transcription rate. in the p locus of the "W recombinants. 
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Figure 4-38. Analysis of RNA in transformant cell lines. 

Approximately 10pg of poly(A)+ cytoplasmic RNA from recombinant and control cell 

lines was analyzed by Northern blot. A 0.78kb Sphl-EcoRV gpt DNA fragment. a 413bp 

Xmnl K DNA fragment and a l . lkb  Pstl p-actin DNA fragment were used as probes. 

The bands were quantitated by Phosphorlmager and the relative amount of gpt mRNA 

was calculated. 
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Figure 44.  Nuclear runon activity. 

Top panel. The recombinant heavy chain locus; the deletions corresponding to the 

various recombinant structures and the position of the p-gpt segments used as probes 

in the run-on experirnents are illustrated. 

Middle panel. Summary of run-on results in graphical representation. 

Lower panel (left). Summary of results; the mean relative activity values and 

standard deviations are indicated. The mode of calculation of the relative activity is 

described in detail in Chapter 6. 

Lower panel (right). Blots from a representative run-on experiment. Synthesis of 

RNA from different parts of the IgH locus was measured. Plasmids containing the 

probe segments indicated in the top panel were lineanzed, denatured and adsorbed on 

the filters, as described in Chapter 6. A K insert-containing vector and a pGem5 vector- 

only probe were included as a nomalization and a background hybridization control, 

repectively . 
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This decrease implies that -95% of the transcription in the p-gpt region depends on 

element(s) in the JH-Cp intron. The AMEMS and AEMS deletions had similar effects on 

p and gpt run-on activity but, as noted above, quite diHerent effects on p and gpt mRNA 

levels. In the case of the AEMS and AMEMS recombinants, the run-on values obtained 

for the JH probe are higher than the run-on values obtained with the other DNA probes. 

The reason for this difference is unclear. On the one hand, it might reflect the very 

interesting possibility that some deleted intron element is important for maintaining RNA 

polymerase II processivity across the locus. 

On the other hand, run-on activity in this region of the IgH locus is difficult to 

measure with precision, because the XI0 cell line bears another IgH locus (as does the 

recipient cell line igm692). The resulting high background activity makes the calculated 

differences unreliable. This measurement is much less a problem for the C p  and gpt 

measurernents, because the XI0 cell line has no comparable DNA segments. 

Therefore, I believe that the run-on measurements in the Cp-gpt segment provide an 

accurate indication of the rate of initiation at the p gene promoter. 

It is possible that two transcripts of the gpt segment are produced, a minor MAR- 

independent transcript which initiates from the SV40 promoter and gives rise to the gpt 

mRNA (and MHXR phenotype) and a major MAR-dependent transcript which initiates 

from within the p gene and accounts for most of the run-on activity through the gpt gene 

but which is not processed to yield gpt mRNA. 

Effects of the vector DNA on p expression. 

The observation that deletion of the intronic elements in the AMEMS and AEMS 

recombinants decreased p gene expression contrasts with earlier studies of rnyeloma 

and hybridoma cell lines in which it was found that spontaneous deletion mutants 

lacking these elements continue to express the IgH locus at the normal level (Aguilera 

et al., 1985; Klein et al., 1984; Wabi and Burrows, 1984; Zaller and Eckhardt, 1985). 

An obvious difference between these mutant cell lines and my recombinants is that the 

IgH locus in my recombinants bears the vector sequences containing the gpt gene. 

The gpt gene, which I used as a seiective marker in preparing the recombinant 

hybridomas, derives originally from pSV2gpt, in which gpt expression is driven by the 

SV40 promoterlenhancer module. In the vecton used in the present study, the SV40 
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enhancer has been removed, and my previous analysis of transformation frequencies 

showed that gpt expression depends on some activating elernent in the IgH locus 

(Chapten 2 and 3). These relationships suggested that the promoters of the gpt and 

the p genes might compete for some limiting element and that removal of the gpt gene 

from the AMEMS and AEMS recombinants would result in higher p gene expression. I 

initially attempted to remove the vector segment by targeted recombination with a 

transferred segment of normal IgH DNA. Because the gpt gene renders the cell lines 

sensitive to thioxanthine m), i expected to recover the desired recombinants by 

selecting first for TX-resistant (TXR) transfectants (see Chapter 6) and then screening 

for recombinants using a PCR assay for the predicted junction fragment. In fact, I 

obtained no such recombinants from the AMEMS cell Iine, a failure which I attribute to 

the depressed recombinogenicity associated with such intronic deletions (Buzina and 

Shulman, 1996). However, as described below, I have used a related approach to 

recover spontaneous mutants in which the gpt gene has been inactivated. Selection of 

TXR cells from the AMEMS recombinant is expected to yield two general types of 

mutants: those bearing very extensive deletions affecting both the gpt and p genes and 

those bearing limited deletions which inactivate the gpt but not the p gene. To obtain 

such mutants, I selected TXR cells, which were then plated at limiting dilution. 

When the limiting dilution cultures had grown to high density, I titered the culture 

supematants for IgM. The cultures fell into three classes: (1) those producing no IgM, 

the phenotype expected for mutants which have suffered an extensive deietion 

inactivating the p as well as the gpt gene; (2) those producing a low amount of IgM 

comparable to that of the AMEMS parent, the phenotype expected for mutants with a 

mutation affecting only the gpt gene; (3) those producing much more IgM than the A 

MEMS parent. I have examined the state of the gpt gene in the TXR mutants which 

produced detectable IgM (classes 2 and 3). 1 probed the DNA structure of the vicinity of 

the gpt gene by testing whether I wuld generatc a diagnostic PCR product using 

primers 3 and 4 illustrated in Figure 4-2A (Fig.4-5B). Only those mutants producing a 

high amount of IgM failed to yield the gpt-specific PCR product. As illustrated in Figure 

4-5, several of these mutants (e-g. AMEMS-TX130) yielded PCR products when I used 

more distant primers (P5+P4). 
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Figure 4-SA. Analysis of the DNA structure of the AMEMS-TXR mutants. 

Structure of the AMEMS-R4 recombinant and of three TXR mutants derïved from it: 

AMEMS-TX210, AMEMS-1x202 and AMEMS-TX1 30, by 6-thioxanthine selection. The 

segments denoted A and B represent PCR products used to map the deletions. by 

digesting these products with diagnostic enzymes. The sequence at the deletion 

junction in the AMEMS-TX202 mutant is also shown. 
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Figure 4-58. PCR analysis of the AMEMS-TXR mutants. 

A strong correlation between phenotype and genotype results from the PCR 

analysis of the AMEMS-TXR mutants: IgMb mutants have retained the gpt gene (PCR 

segment A present) whereas Ig Mh' mutants are characterized by deletions affecting the 

gpt gene (PCR segment A absent). The lane denoted 8374 shows the PCR product 

derived from an unrelated p-producing hybridoma which was used as a negative (gpt) 

control. Primen P3 and P4 used to amplify segment A are indicated in the legend to 

Figure 4-2E and their location is illustrated in Figure 4-2A. 
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Figure 4-6. Generation and DNA structure of AEMS-TXR mutants. 

Structure of AEMS-R5O recombinant and of two TXR mutants derived from it: 

AEMS-TX151 and AEMS-TX221. Segments A, B and C represent PCR products used 

to map the deletions, by digesting these products with diagnostic enzymes. Bottom: 

sequence at the deletion junction in the AEMS-TX22I mutant. 



Figure 4-7. Northern blot analysis of the TXR mutants. 

10pg cytoplasmic RNA frorn the indicated cell Iines was probed with the CF, and K 

DNA fragments. The intensity of the bands was quantitated with a Phosphorlmager 

and the relative amount of p mRNA was calculated as described in Chapter 6. 
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In these cases I then mapped the deletion endpoints and detemined the nucleotide 

sequence of the deletion junction. The mutant AMEMS-TX202 with the shortest 

deletion (1561 bp) is illustrated in Figure 4-SA. Of interest is the fact that the SV40 

promoter used to drive the gpt gene is apparently intact in this mutant. 

I have applied a similar analysis to the AEMS recombinant. The sequence defining 

the shortest (936 nucleotide) deletion shows that the effective segment was wholly 

within the vectorderived DNA (Fig. 4-6). 

Taken together, the AMEMS-TX202 and the AEMS-TX221 mutants suggest that the 

expressiondepressing element lies within the 798 nucleotide segment between the 5' 

end of the AMEMS-TXZO2 deletion and the 3' end of the AEMS-TX221 deletion, i-e., 

within a segment of the gpt structural gene and the appended SV40 intron. Because 

insertion of the vector did not depress expression of the ''W recombinants, this vector- 

borne element must be effective only in the intron-deleted p gene. 

To measure the effect of these deletions on p expression more quantitatively, I 

assayed the level of p mRNA in typical TXR, ph' isolates. As shown in Figure 4-7, the p 

mRNA level in two AMEMS-TX mutants bearing typical gpt point mutations (AMEMS- 

TX611 and 301) was comparable to the low level charactefistic of the AMEMS 

recombinant. By contrast. the p mRNA level in the four gpt deletion mutants (AMEMS- 

TX430. 210, 202 and 139) was increased 10-20 fold to 30% the level of the nomal 

hybridoma. Similarly, the p mRNA level in the two gpt deletion mutants derived from 

the AEMS recombinants (AEMS-TX151 and 221) was increased -10-fold to -200% of 

the normal level. The difference between p expression in the AMEMS and AEMS 

recombinant ceIl lines is similar in the absence and presence of the gpt-associated 

DNA. That is, the ratio of p expression is 8.911.5 for the AEMS and bMEMS 

recombinants and 6.0k1.1 for the corresponding ~ g p t  mutant derivatives of the AEMS 

and AMEMS recombinants. The significance of these observations is considered 

further in the Discussion. 

Discussion 

My results indicate that expression of the endogenous p gene in a recombinant IgH 

locus bearing a gpt cassette in the p,-6 intron depends strongly on elements in the JH- 
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Cp intron. Because a similar decrease was seen for both p mRNA and nuclear run-on 

activity. I conclude that these elements affect gene expression at the transcriptional 

level. 

It is. however. possible that expression is depressed because the deletions moved 

some negatively acting elernent closer to the p gene. I consider this an unlikely 

possibility because expression was not closely related to the extent of deletion, e.g., the 

6kb switch region deletion had a minimal (if any) effect on p gene expression (see 

Chapter 3) whereas the slig htly larger 7.7kb AMEMS deletion decreased expression by 

-95%. Moreover, as outlined below, my results fit well with a model in which high level 

expression is detemiined by the residual extent of the intronic matrix attachment 

regions. Thus, as descnbed in Chapter 3, the switch region and associated elements 

are not needed for high level expression. As shown here. the p mRNA level of the 

AEMS recombinant is -35% of the p mRNA level of the A E  recombinant. arguing that 

the MARR-Sw segment contributes to expression. Because deletion of Sw is 

ineffective, the AEMS/AE cornparison then argues that MAR, is responsible for the 

difference in expression. The importance of the MARs is also supported by comparison 

of the AMEMS and AEMS recombinants, as deletion of MAR, depressed expression -9 

fold below the level characteristic of the AEMS recombinants. As well. p expression in 

Agpt-AEMS recombinants is -6 fold higher than for the Agpt-AMEMS recombinants. 

indicating that MARL contributes to expression of the recombinant p locus in the 

absence of the gpt-associated DNA. 

Using the binding sites for specific matrix proteins to define the MARs more 

precisely (see Figure 4-1 E). my results fit well with the hypothesis that each part of the 

MAR contributes to p expression. The approximately linear relationship between 

residual expression and residual MAR content suggests that the individual MAR 

components function independently rather than cooperatively. The large difTerence 

between the AE and AMEMS recombinants indicates that the intronic MARs activate 

expression in the recombinant p locus in the absence of Ep 

My analysis also revealed an interesting relationship between p expression and 

vector insertion which might be exploited to gain further information about the 

expression-activating elements in the IgH locus. The parental Sp603 and igm692 
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hybridornas and the W recombinant hybridoma expressed the p gene at equivalent 

levels. i-e.. insertion of vector DNA did not affect p expression. Nevertheless, deletion 

of a segment of the gpt structural gene and sorne adjoining non-coding material 

increased expression -1 0-20 fold in the recombinants with the truncated, MAR-deficient 

introns. Therefore, the vector DNA only depressed expression of the truncated 

recombinant locus. Analysis of the gptdeletion mutants argues that the expression- 

depressing element lies within the segment common to the various deletions, Le.. the 

798 nucleotide interval defined by the endpoints of the AMEMS-TXZOZ and AEMS- 

TX221 deletions. a segment which includes most of the gpt structural gene and part of 

the intron derived from the gene encoding SV40 small T antigen (Mulligen and Berg. 

1980). 

Figure 4-8 illustrates one of several possible models for the vector-induced 

decreased p expression, in which the IgH locus includes a 3' expression activator which 

is somehow blocked by the gpf gene. To account for the observation that insertion of 

gpt did not depress expression of the "W recombinant, this rnodel also proposes that 

the putative 3' element functions in an appropriately truncated p gene but not in the 

normal locus, perhaps because the truncation moves the putative 3' element closer to 

the p promoter or removes a specific blocking element. It is possible that the deleted 

gpt-associated DNA includes such a blocking element which "insulates" the p gene 

from the putative 3' activator. 

An important feature of the IgH-hybridoma system presented here is that the MARs 

function independently from the Ep enhancer. Moreover, deletion of individual 

components of the MARs produces graded effects on p expression, indicating that 

individual components of the MARs have detectable activity and can be analyzed 

separately. According ly, this system offers a better tool for understanding the function 

of these rnysterious chromosornal elements. 
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Figure 4-8. Model for MAR dependence. 

In this model, expression of the p gene is activated by a 3' element, and this 

activation can be blocked by the intervening gpt gene. 



Chapter 5 .  CONCLUDING REMARKS 



General discussion 

Importance of transgenically defined elements for endogenous IgH 
expression 

Although IgH gene expression has been intensively studied for many yean, most 

analyses have assayed DNA segments or heterologous reporter genes which have 

been transferred and expressed in cell lines or animals. However. there is no 

assurance that this "transgenic" approach can detect al1 the elements that function in 

the natural locus, nor is it evident that al1 elements which affect transgene expression 

function similarly in the natural locus. These concerns arise mainly because 

transgenes are relatively short DNA segments and integrate randomly into the genome, 

usually as multimeric units, as depicted in Figure 5-1 . 

My work has focussed on whether gene expression in the natural endogenous IgH 

locus of hybridoma cells depends on the intronic elements. Ep, MARs, RegA, Regs, 

and Sv, defined as expression activators in transgenic experiments. To this end I have 

developed an efficient method for modifying the JH-Cp intronic segment of the 

endogenous IgH locus of hybridoma cells (described in Chapter 2). As summarized in 

this section, my analysis indicates that IgH expression requires the MARs but is not 

significantly dependent on the EpIRegAIRegSISw elements. in stark contrast with the 

requirements for transgene expression in mice. The requirernent for MAR presence is 

revealed by vector sequences inserted 3' of the membrane p exons in the course of 

gene targeting. 

1. Targeted mutagenesis of the IgH locus of hybrïdoma cells. 

The method used for introducing defined changes into the IgH locus (Chapter 2) is 

illustrated in Figure 5-2. The system is based on a mutant derivative of the Sp603 

mouse hybridoma cell line, the igm692 cell line which produces a mutant, non-cytolytic 

igM(~)  and contains only one copy of a truncated p gene. That the haploid p gene is 

required in these cells to produce cytolytic IgM allowed selection of rare wild type IgM- 

producing hybridoma cells bearing a variety of defined deletions within an otheiwise 

restored p heavy chain gene. Because the IgH locus is highly expressed, I have used 

targeting vecton with an enhancerless gpt gene as the selectable marker. 
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Figure 5-1. Transgenic assays of expression elernents in the IgH locus. 
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A. Functionally rearranged IgH locus. 

B. Transgenic assay for elements in segment around X. 

C. Transgene structure and context in stable transfomants. 
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Figure 5-2. Targeted recornbination of the endogenous IgH locus. 

Generation of gpf ,  p+ recombinant IgH locus. 
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By using an enhancerless vector and recipient celis in which the endogenous p 

gene bean a Cp,, deletion, I was able to recover recombinants sirnply by screening 

gpt+ transformants for secretion of normal IgM. 

In this case >50% of the gpt+ transformants making normal IgM were properly 

targeted (Chapters 3 and 4). All recombinants with the same primary structure 

expressed the recombinant p gene to the same extent implying that recombination with 

transfected DNA did not introduce confounding epigenetic effects. This consistency 

made it possible to relate differences in gene expression directly to differences in gene 

structure. 

The gpt gene can also be used in a negative selection, as it renders the cells 

sensitive to thioxanthine (TX), a feature which I used to obtain secondary TXR mutant 

recombinants which lack extraneous vector sequenœs (Chapter 4). 

2. Cornparison of endogenous and transgene expression. 

As presented in Chapter 4, my results argue that the residual expression in the 

intron-modified recombinants is closely related to the residual extent of the MARs. 

Figure 5-38 summarizes the results of several studies using transgenic mice to assess 

the importance of the intronic elements. It is revealing to compare these results with my 

measurements (Fig.5-3A) of the effects of deleting the intronic elements from the 

endogenous IgH locus. 

1. The conclusion that deletion of the MARs depresses expression -20-fold is 

consistent with the perceived requirement for MARs for heavy chah mRNA production 

in transgenic mice (Forrester et al., 1994). 

2. My results contradict expectations based on transgenic analyses of the other 

elements. First, as noted above, analyses of endogenous IgH expression in cell lines 

indicate that deletion of Ep decreases expression by at most 2-fold, whereas 

expression of IgH transgenes is strongly (1 0-1 00-fold) dependent on inclusion of Ep 

(Forrester et al., 1994 and citations therein). 

Second, cornparison of results for the AEMS and AE deletions implies that deletion 

of RegNRegS depresses expression of the endogenous IgH locus at most 2.5 fold. 
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This is again much less than the 10-1000 fold effects of these elements on heavy 

chah mRNA production from transgenes (Gram et al., 1992; Sigurdardottir et al., 

1 995). 

3. Possible explanations for the differences between transgene and 

endogenous gene expression. 

Three general explanations have been proposed to account for the Ep discrepancy: 

A. Ep might be needed to initiate but not to maintain transcription. Thus, Ep 

would be needed on transfected DNA to initiate expression, whereas deletion of Ep 

from a mature 6 cell line in which expression is oqoing would have no effect. This 

possibility has been addressed by two groups (Grosschedl and Marx, 1988; Porton et 

al, 1990) who generated stable transformants in which Ep was flanked by VDJ 

recombination signal sequences, an arrangement which allowed recovery of rare 

subclones which had subsequently lost Ep. Comparison of the original E$ 

transformants with Ep- derivatives indicated that Ep was needed to maintain as well as 

initiate expression. 

B. Enhancers in fhe IgH locus might be functionally redundant For example, it 

is possible that other long range cis-acting elements associated with the IgH locus can 

functionally substitute for the deleted Ep enhancer, and consequently are responsible 

for continuous transcriptional activity of the heavy chain genes. This notion is 

supported by the fact that juxtaposition of immunoglobulin sequences with the c-myc 

gene leads to high steady state levels of transcripts from the translocated c-myc even in 

the absence of the intron enhancer (Kakkis et al., 1986). Detection of enhancer 

elements 3' of the IgH locus lent further support to the "redundancy hypothesis". as did 

the finding that removal of a 3' enhancer in cis with an Ep deletion extinguished 

expression of the heavy chain gene (Lieberson et al., 1995). It is however possible 

that the extinction of the IgH gene expression is the result of inserting a neo cassette in 

place of aE-1. rather than the consequence of deleting the enhancer perse. 

C. The capacity of the enhancers to stimulate expression of transgenes might 

be a misleading, albeit teproducible, properiy of transgenic experiments and 

might not reflect their role in normal circumstances. There are several reasons for 



being suspicious of the transgene assay. In stably transfomed cells. transgenes are 

usually integrated into undefined, seemingly random chromosomal sites in multiple, 

tandem copies. lnasmuch as enhancers are more effective when present in multiple 

copies (e.g., Blasquez et al. 1992), and have the capacity of acting on multiple 

promoters (Atchison and Perry, 1986). assaying a reporter gene in a tandem array can 

greatiy overestimate the importance of enhancer-like elements. Moreover, repetitive 

arrays appear to assume unusual structures which, in turn, influence (Flavell, 1994; 

Henikoff, 1994) or even extinguish activity (Kalos and Fournier, 1994). Assays based 

on transient transfection might be subject to similar artifacts, as elements which 

influence the rate of replication or sub-nuclear localization could affect expression 

indirectly. 

The foregoing cornparisons illustrate how elements might be important for transgene 

expression but not for expression of the endogenous locus. The converse might also 

be true. For example, the natural locus might include expression activating elements 

which exist primarily to overcome negative regulators. Such activators would not be 

detectable in the absence of the negative elements. If such negative elements lie far 

from the transcription unit of interest, they will be absent from the usual reporter gene 

constructs, thus precluding detection of the countervailing activators in the natural 

locus. Also, expression elements might be "complex", i.e., composed of dispersed DNA 

segments such that al1 the dispersed components are required for activity. Considering 

that typical enhancer screens test segments of -20kb. elements which depend on 

components separated by 220 kb would have been missed in earlier analyses. 

Future directions 

Identification of Other Cis-Acting Elements in the IgH Locus. 

The model described in Figure 4-8 proposed that the IgH locus contains a 

MAR-equivalent element which can substitute for the intronic MARS. The most direct 

test of this rnodel would be to identify this putative MAR (denoted Mx in Figure 5-4). 

This MAR might be identified by selecting Mx-defective mutant hybridomas as follows. 

Based on the assumption that gpt expression (which confers MHX resistance) and 

residual p gene expression in the AMEMS recombinant are, as depicted in the rnodel 
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illustrated in Figure 4-8, dependent on the presence of Mx, gpt mutants could be 

derived from the AMEMS recombinant by TX se!ection. After screening the mutants for 

loss of IgM production, mutants with the pgpt phenotype would be further analyzed for 

deletions in cis with the p g p t  locus. 

Because this approach requires cloning and analysis of large fragments of the IgH 

locus it will be advantageous to use the F' (BAC) cloning vecton which have been 

shown to stably maintain fragments up to 300kb (Shizuya et al., 1992). By using an 

assortment of rare-cutting enzymes (e-g. enzyme "Y" depicted in Figure 5 4 ,  several F r  

libraries can be generated. The gpt gene in the IgH locus can be used as a selectable 

marker in gpt  bacteria to facilitate recovery of Fr-IgH isolates. By comparing the 

constituents of these fagrnents with the published IgH locus, it will be possible to 

identify changes (e.g. Al, Aî deletions, see Figure 5-4A) in the fragments cloned from 

the mutant cell lines (e.g. Ml ,  M2, see Figure 5-4A). As illustrated in Figure 54A.  

comparison of different DNA deletions (dl, LU) is expected to lead to the identification 

of a shorter common fragment (dX) that is deleted in al1 the mutants. Gene targeting 

could be then used to remove the AX DNA fragment from the endogenous iocus (see 

Figure 5-46) to conf in the identity and function of the putative activating element 

(depicted as Mx in Figure 5-4). If deletion of Mx affects gene expression in the 

endogenous p-gpt recombinant locus, it will suggest that Mx has a role in IgH gene 

expression and will provide support to the mode1 proposed in the present study (Fig. 4- 

8). 



Expression 

Figure 5 4 .  Detection of MAR-equivalent elements (Mx)- 
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A. Cell lines 

The hybridoma cell lines described in my thesis were obtained through a standard 

cell fusion of myeloma and antibody-producing cells. Thus, spleen cells from 8 A l - k  

mice immunized against 2,4,6-Trinitrophenyl-Lipopolysacchande (TNP-LPS) were fused 

to the X63-Ag8 clone of MOPC21, a myeloma cell line of BALBic origin (Kohler and 

Milstein. 1976). 

One viable hybrid clone with anti-TNP activity was designated SpGiHLGK because it 

synthesized four chains: the TNP-specific Heavy and Light chains, and the myeloma 

Gamma and Kappa chains. Because this hybrid clone expresses multiple 

immunoglobulin chains, which include the parental myeloma chains, Kohler and Milstein 

(1 976) used clonal screening procedures to derive sublines which only express the 

TN P-specific heavy- and lig ht-chain corn bination. 

In my study I used the wild type Sp6031HLK and SpGiHLhybridoma cell lines and 

several mutants (Fig . 6-1 ) derived from them by the "suiciden selection technique 

(Kohler and Shulman, 1980; Baumann et al., 1985; Connor et al., 1993). The genomic 

structure of the wild type and mutant cell Iines is depicted in Figure 6-2. 

The wild type, IgM producing hybridoma 8374, a gift from Dr. Constantin Bona, was 

also used in one experiment as a negative control for the presence of the gpt cassette 

in the p locus. 

B. Methods 

BI. Tissue culture media and conditions 

Cells were grown in Dulbecco's modified Eagle's medium supplemented to contain 

1 OOunits/ml penicillin and streptomycin, 1 5% heat-inactivated bovine serum (Hyclone) 

and 3.5~ 1 C4% Zmercaptoethanol. 

The cultures were maintained in flasks or plates (96- or 24-well) in a 37°C incubator, 

under 10% CO,. 

B2. Plaquing 

Plaque-forming cells (PFC) were assayed either in agarose or Cunningham 

chambers (Cunningham and Szenberg, 1968). 



I 1 Sp6 - A 1  IHLGK 1 
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Figure 6-1. OrÎgin of wild type and mutant hybridoma cell lines . 
Arrows indicate cloning (fine line) or mutant selection (thick line). The phenotype is 

termed H and L for the TNP - specific p and K chains, and G and K for the myeloma- 

derived y and K chains. The cell lines in thick line rectangles were used in the work 

described in my thesis. 



Figure 6-2. Structure of p genes in wild type and mutant hybridomas. 

A. Structure of the p gene of the hybridornas Sp603 (Sp6031HLK) and Sp6 (Sp61HL) 

60th cell lines have a single copy of a wild type TNP-specific p gene. 

B and C. Structure of the p gene of mutant hybridoma lines derived from the Sp603 

and Sp6 cell lines using the "suiciden selection technique. 

The 'suicide" selection of mutants is based on the selective killing of wild type IgM- 

producing cells, while enriching in cells which have acquired mutations in their p gene 

(and therefore cannot produce cytolytic IgM). The mutations are usually deletions 

affecting the p gene, ranging in site from bp (igm482) up to complete loss of the IgH 

locus (igml O). 

B. Genomic structure of deletion mutants igrn692 and igm482. lgm692 has a 3.5kb 

deletion in the p gene that removes the CF, and CF, exons as well as the 3' end of the 

switch region (top line). lgm482 bears a 2bp deletion (depicted as a star) in exon C h  

(bottom line). These two mutant ce11 lines were used as recipients in gene targeting 

experiments (Chapters 2, 3. and 4). 

C. Mutants N75, igmlO, and X I 0  have extensive deletions of the p locus. which 

result in complete loss of p gene expression. They were used as negative controls in 

Southem and Northern blot analyses. 

Solid lines indicate DNA known to be present, open areas indicate DNA that is 

deleted and dotted lines indicate regions of the gene that have not been examined. 
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For titerÏng TNP-specific cells by agarose plaquing in 9cm petri dishes. 2ml of 0.6% 

agarose in phosphate buffered saline solution (PBS) was added to O.lm1 TNP-coupled 

sheep red blood cells (1 :4 diluted in PBS) and O.lm1 of test cells. After 1.5 hours 

incubation at 37OC, O.lm1 of guinea pig complement was added; after another one hour 

of incubation at 37°C plaques were counted. 

For plaquing in Cunningham chambers, a suspension containing 60p1 of the cells to 

be tested, 10pl guinea pig complement, and 20pl of 25% TNP-coupled sheep red cells 

in PBS was mixed and then introduced into a chamber. Plaques were visible after 1-2 

hours incubation at 37°C. 

83. Protein quantitation by ELISA 

IgM was quantified by ELISA using commercial polyclonal goat anti-mouse p 

antibodies and rat IgG monoclonal antibodies, R33-24, b7-6, and C2-23, which are 

specific for mouse Cp exons 1, 2, and 4, respectively (Shulman et al., 1982). 

B4. Gene transfer and detection of recombinants 

Recipient hybridoma cells (igm692, igm482; Fig. 6-2) were grown to 2x10~ cells per 

ml, and Zx107 cells were electroporated with DNA. Plasmid DNA was prepared by 

standard methods and purified by centrifugation in CsCl-ethidium bromide. After 

linearization by restriction enzyme digestion, purification by phenol-chlorofom 

extraction and ethanol precipitation, 50-100pg of DNA was redissolved in 50~1  PBS. 

Before electroporation, hybridorna cells were was hed twice with PBS, then 

resuspended in 700~1 PBS, mixed with the DNA PBS-solution, transferred to a plastic 

0.4cm wide cuvette (Invitrogen) and pulsed twice at 700V and 25pF in a BioRad gene 

pulser. 

After electroporation, the transfected cells were resuspended in culture medium and 

distributed into aliquots so as to obtain independent recombinants. After incubating the 

cells at 37°C for h o  days, supplemented medium was added to give a final 

concentration of 10pg/ml mycophenolic acid, 15pgiml hypoxanthine. and 25pgiml 

xanthine (MHX medium, Mulligen and Berg, 1990). After two weeks. the culture 

supernatants were tested for Cp determinants by ELISA specific for the Cpq, Cp2 or 

Cp4 domain (Shulman et al., 1982). In some experiments, aliquots of - I O 7  cells were 
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incubated for two days in normal medium at which time the frequency of plaque-forming 

cells was measured. 

B5. Isolation of thioxanthine resistant mutant ceils. 

gpt mutant cells were derived from recombinant cell lines using the 6-thioxanthine 

(TX) seledion scheme described by Bautista and Shulman (1993). Although gpt cells 

are resistant to TX, they are killed when they are incubated for an extended period in 

TX in the presence of gpt+ cells at a density >104/ml. However, incubation of a mixed 

population for only 24 hours kills most gpt+ cells while sparing the bystander gpt cells. 

In preliminary experiments, I established by plating the cultures at limiting dilutions that 

the frequency of gpt mutants was less than 10". To obtain independent gpt mutants, 

1 O3 cells were inoculated into each of four flasks. These cultures were grown to a total 

number of 2-3x10' cells/flask and then exposed to 10pM TX for 20 hours. The cells 

were washed, resuspended in culture medium and allowed to recover for 5-7 days, then 

subjected to a second cycle of pulsed exposure to TX, followed by recovery in normal 

medium. Cells were then plated in 1OpM TX, at limiting dilutions, and two weeks later 

the emerging colonies were tested for IgM production by ELISA. Colonies 

corresponding to different phenotypes ( l g ~ h i ,  1 ~ ~ 1 0  and IgM-) were subcloned and 

analyzed. 

B6. Analysis of DNA structure. 

Genomic DNA for Southern blot and PCR analyses was prepared by the SDS- 

proteinase K procedure (Gross-Bellard et al., 1973). 

86.1. For the Southern blots, restrictionenzyme-digested DNA (1 Opg) was 

electrop horesed in a 0.8% agarose gel and then transferred to nitrocellulose membrane 

by Southern's technique (Southem, 1975). DNA hybridization was performed by 

standard procedures (Sambrook et al., 1989). Radiolabeling of probes was performed 

by the random priming procedure, using the Boehringer Mannheim Random Primed 

DNA Labeling kit, according to the recommendations of the manufacturer. The 

following DNA fragments were used as probes: the 1.2kb Hindlll Cp34 fragment. the 

870bp Xbal-BamHI C p  fragment, the 900bp Aatll-BamHI gpt fragment of pSV2gpt, 
1-2 

and the 41 3 Xmnl kappa fragment from the CK exon. 



86.2. PCR reactions were performed using standard conditions in a total reaction 

volume of 50 pl. Thirty cycles were performed with denaturation for 30 sec at 94OC, 

annealing for 30 sec at 65OC, and extension for 3 min at 7Z°C. A portion of each 

sample (10pl) was analyzed by electrophoresis in 0.7% agarose gels. Putative 

homologous recombinants were identified by the PCR product size of ethidium 

bromide-stained bands in the gel and confirmed by Southem blotting and probing with a 

random-primed Cp34 1.2kb Hindlll fragment. Primer sequences are as follows: 

P 1 : 5'-TTACCTGG GTCTATG-3' ; 

P2: 5'-CGCAGATGAGTTTAGACTTGCGTG-3'; 

P3: 5'-CGATGATTTATACGATACGGTGAlTG-3'; 

P4: 5'-AGTGATGAGCTCAGAGCGACTGG-3'. 

P5: 5'-TCCCAATAAATGCCCTGGTCCCACAG-3' 

P6: 5'-TTCCTCAGCAAGTCCGCTAACCTGAC-3' 

Selected PCR products were purified using the Quiagen PCR purification kit and 

sequenced by the Core Molecular Biology Facility, Department of Biology, York 

University, Toronto. 

87. Analysis of mRNA content 

For Northern blots, 10pg of cytoplasmic RNA (Kowalsky and Denhardt, 1989) or 

poly(A)' enriched cytoplasmic RNA was denatured with formamide and size- 

fractionated on a 1 % agarose gel containing fomaldehyde. The poly(A)' enriched 

cytoplasmic RNA was prepared by oligo(dT) cellulose chromatography, as described 

(Sambrook et al., 1989). The p, gpt, and kappa probes were the same as the probe- 

fragments described in section B6.1. The p-actin probe used in sorne experiments was 

the 1 .l kb Pstl B-actin fragment. 

88. Nuclear runon experiments. 

Run-on assays were performed by the method of Linial et al. (Linial et al., 1985). 

RNA was extracted from isolated nuclei which had been incubated for 10 min at 37" 

with [aJ2P]-UTP and was hybridized to filters adsorbed with various DNA segments. 

After washing and RNase treatment, the radioactivity bound to the filter was counted by 

Phosphorlmager. 
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Double-stranded plasmid DNA and single-standed, M13-based DNA probes have 

been shown to give identical results when used in run-on experiments to measure 

transcription rate in the p locus (e-g. Jack and Wabl, 1988). In the present study the 

following double stranded DNA fragments were used as probes: the 470bp Hindlll- 

Nael J, fragment. the 1.2 kb Cp, fragment, the 612bp Bsml-Aflll p, fragment. the 

900bp Aatll-BamHI gpt fragment of pSV2gpt and the 41 3 Xmnl kappa fragment from 

the CK exon. Plasmids containing the fragments indicated above were linearized, 

denatured and adsorbed on the filters. The pGem5 cloning vector (Promega) was also 

used as a probe to measure non-specific binding to the filter. 

69. Data processing for Northern blot and Runon experiments. 

The example described below illustrates how I calculated the relative p steady state 

RNA level for the recombinant cell line, R. The experiment (either Northern blot or run- 

on) must include RNA samples from two cell lines, in addition to the RNA sample from 

the R recombinant being analyzed. These are: 1) an RNA sample from a cell line that 

expresses wild type levels of p mRNA and 2) an RNA sample from a cell line that 

produces no p mRNA. For example, Sp6 can be used as a wild type p 

mRNA-producing hybridoma (Fig. 6-2), and X10 can serve as a p-negative cell line (Fig. 

6-2). In addition to the p-specific probe (e-g. Cp). I also used a probe for an RNA 

(kappa, P-actin) that is expected to be present at the same level in al1 the cell lines 

analyzed . 

1. The radioactive signal specific for p and K is measured by Phosphorlmager for 

each of the 3 ce11 lines. The p specific values (M,, M, and Mx,,) and the kappa 

specific values (KR, Ks, and KX,J obtained for RI ,  Sp6 and X I  0 are recorded. 

2. Both the p-specific and non-specific binding will be affected by variations in RNA 

loading and labeling eficiency. To correct the non-specific binding of the Cp 

probe the "corresponding background p value" of the p-negative cell line X I 0  is 

subtracted from the MR and Ms, values. The corresponding background p value 

has to be calculated. to refiect non-specific p binding for each cell line which 

depends on the amount of RNA in the sample. In the present example, the 

corresponding background p value is Mx,, x ( KR 1 K,,, ) for R I  and Mx,, x ( K,, I 
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K,,, ) for Sp6. A 'corrected valuen for the C( signal is calculated by subtracting 

the corresponding values for non-specific binding from the MR and Ms, values. 

The corrected values are M', = MR - M,,, x ( KR 1 K,,, ) for R and M',, = Msp - Mx,, 

x ( KSp I KXIO ) for Sp6. 

3. To correct the pspecific signal for variation in RNA loading and labeling 

efficiency, the "normalized value" is then calculated for each cell line. The 

nomalized value is the ratio of the corrected value for the p signal and the value 

for the K signal ( M' 1 K ). The normalized values for R and Sp6 are MDR 1 KR and 

M',, 1 Ksp, respectively. The normalized value for X I 0  is M',,, 1 Kx,, = ( Mx,, - 
Mx10 KM0 KXlO 1 Kx1, = 0- 

4. To compare the normalized p values calculated for R and Sp6, their "relative p 

activityn is calculated. The nomalized p value for R is expressed as a 

percentage of the nomalized p value for Sp6; altematively the nomalized p 

value for Sp6 is set to 1 and the normalized p value for R is expressed as a 

fractional number. The relative p activity for RI expressed as a percentage, is: 

(M',I K,)I(M'spIK,) x 100(%). 

B I  O. Targeting vectors. 

Five DNA plasmid vectors were constructed for gene targeting. Their DNA structure 

is illustrated in the diagram below and the details of construction are indicated. The 

plasmids are shown linearized at the unique Mlul site. 

1. pCpgpt this vector was constructed by ligating the following fragments into 

pGEM5: the 9.5kb Nael-Sphl Cp segment from the vector pRSp6 (the -2.8kb deletion 

in the switch region was generated upon cloning; Ochi et al., 1983), the enhancerless 

2.lkb Sphl-BamHI gpt cassette derived from pSV2gpt' and the 1.8kb Bglll-Ndel 

segment from the vector pRSp6 (Ochi et al., 1983). 

2. p~SwCpgpt this vector was constructed by digesting the pCpgpt vector with 

Snal followed by religation. p~SwCpgpt thus lacks 5.7kb of the normal JH-Cp intron 

and lacks the entire switch region. 
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3. pVdECpgpt: this vector was obtained by replacing the Nael-EcoRI fragment in 
the pCpgpt vector with the Ncol-Scal fragment encoding the TNP-specific variable 
region of the Sp603 hybridoma (see Figure 6-2). pV~ECpgpt lacks 527bp from the JH- 
Cp intron. This deletion removes the Ep enhancer and part of the 5' MAR. 

4. pVAEMSCpgpt this vector was obtained by replacing the Nael-Snal fragment in 
the pCpgpt vector with the Ncol-Scal fragment encoding the TNP-specific variable 
region of the Sp603 hybridoma (see Figure 6-2). pv~EMSCpgpt lacks 7.1 kb from the 
J,-Cp intron. This deletion removes the Ep enhancer, the 3' MAR part of the 5' MAR, 

the Sw region and the intervening sequence. 

5. pVAMEMSCpgpt: this vector was obtained by replacing the Nael-Snal fragment 
in the pCpgpt vector with the Ncol-Nael fragment encoding the TNP-specific variable 
region of the Sp603 hybridoma (see Figure 6-2). pVAMEMSCpgpt lacks 7.7kb from the 
JH-Cp intron. This deletion removes the Ep enhancer, the MARS, the Sw region and the 

intervening sequence. 
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