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Study of Immunoglobulin Genes in Chicken B-cell Tumors

Ling-chun Chen

Department of Microbiology

and Immunology
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ABSTRACT

Both avian leukos is virus (ALV) and reticuloendotheliosis virus T

strain (REV-T) induce malignancy of the B lymphoid lineage in chicken.

However, the precise differentiation stage of these tumors has not been

determined. In mice, clues to the stage of immunocyte development can

be obtained by analyzing the rearrangement and expression of

immunoglobulin (Ig) genes. I have used this approach to study lymphoid

cell lines transformed by ALV and REV-T in hope of obtaining additional

access to avian immunocyte differentiation. Chicken pl heavy and X light

chain cDNAs were molecularly cloned and used as probes to analyze the

configuration and expression of Ig p and X genes in the cell lines. The

production of Ig proteins was analyzed by immunoprecipitations with

specific antisera. Expression of Ig genes in six ALV- induced B cell

lines followed two general patterns: (1) three cell lines that had been

extensively passaged in culture synthesized and secreted X light chain

only, and none of them expressed u heavy chain transcript; (2) three

recently isolated cell lines produced and secreted monomeric IgM in

addition to free light chain. None of the five REV-T transformed cell



iii

lines analyzed expressed Ig pi or X transcripts. Most fell into one of

two classes based on their Ig gene configuration: (1) those in which

the Ig X gene and at least one allele of the Ig p gene were in the

embryonic configuration; and (2) those that had lost one allele of the

X light chain and one allele of thep heavy chain gene was anomalously

rearranged. The first of these may represent the earliest stage of

lymphoid lineage yet encountered among virus-transformed cells, whereas

the second class represents an apparently anomalous rearrangement. In

an effort to elucidate the mechanism responsible for the rearrangement,

the rearranged and the germline Cp alleles were cloned. Comparisons of

the restriction map and partial sequence of the rearranged Cpl allele to

those of the germline Cu allele suggested that the rearranged Cu allele

may be generated by gene-conversion between the two germline Cp

alleles.



1.1. Leukemia and differentiation

The most striking feature of leukemic cells is their partial or

complete failure to differentiate or mature normally. Studies of the

phenotypes of leukemic cells have provided compelling evidence that

phenotypic fidelity is remarkly preserved and that leukemic cells

usually have a cell surface and enzymic phenotype appropriate for the

cell lineage and stage of differentiation in which they appear to be

arrested (Greaves, 1982). In addition, this maturation arrest is seldom

absolute and may be reversible in vitro in animal leukemia (Beug et

al., 1982) and human leukemic cell lines (Collins et al., 1978,

Anderson et al., 1979). Avian erythroblastosis virus (AEW) induced

erythroid leukemias in chickens clearly illustrate the imposition of

maturation arrest in the hemopoietic precursor cell population (Beug et

al., 1982)). As shown by Beug et al., the maturation competence of

avian erythroblasts transformed and "arrested" by a temperature

sensitive AEV mutant was completely recovered by temperature shift. It

remains possible that leukemogenesis causes a limited dedifferentiation

or induces an aberrant pattern of differentiation. By continued

comparison of normal and transformed cells, together with the

increasing understanding of the mechanism of leukemogenesis, it may be

possible to determine whether leukemic cells represent hemopoietic

cells blocked in differentiation.

1.1.1. Viral-transformed hemopoietic cells as models of differentiation



Presently, a series of retrovirus strains are available which

reproducibly induce leukemia in animals. Since the hemopoietic tumors

induced by leukemia viruses are believed to be cells arrested at a

particular stage during their differentiation, the ability to transform

cells in most lineages of hemopoietic differentiation with these

retroviruses provides access to homogeneous, clonal cultures

representing various stages along the pathway of hemopoietic

differentiation. Study of these cells should help to define with

increasing precision how hemopoietic specificity is programmed. Another

property of these virally transformed cells that could be used in

understanding the normal process of hemopietic differentiation is their

potential of being induced to differentiate in vitro. The utilization

of avian erythroblastosis virus-induced erythroid leukemic cells in the

understanding of erythroid differentiation is a model for how the

virally transformed cells could help to understand hemopoiesis.

1.1.2. B cells transformed by avian leukemic virus as model for

studying B cell differentiation

In mammals, the early stages of B lymphoid differentiation are not

readily accessible to study, because they occur in the fetal liver

where B cell precursors are considerably diluted among all other blood

cell lineages. Several attempts to study these precursor cells made use

of indirect approaches, such as fetal liver hybridomas (Maki et al.,

1980) or Abelson murine leukemia virus induced B lymphomas (Alt et

al., 1981). In some cases, normal pre-B lymphocytes could be isolated



by cell sorting with a monoclonal antibody against a pre-B surface

antigen (Coffman, 1982). However, except in one case (Alessandrin,

1987), the earliest pre-B cells thus far isolated have already

rearranged their immunoglobulin (Ig) heavy chain gene while

maintaining the Ig light chain gene in a germline configuration. A

population of B progenitor cells with no Ig gene modification will be

difficult to obtain.

Chickens offer a privileged model for studying B cell ontogeny,

because they possess a primary organ of B-cell differentiation, the

bursa of Fabricius, which has no mammalian equivalent. Removal of the

bursa during embryonic development induces severe agammaglobulinemia

and prevents the animal from mounting an immune response to any

immunizing antigen (Warner et al., 1969). The stem cells which give rise

to B lymphocytes colonize the bursa from the general circulation (Moore

and Owen 1965; Le Douarin etal. , 1975). They migrate at a specific stage

of embryonic development to the bursal mesenchyme. When they reach the

bursal epithelium, they induce the formation of bursal follicles and

differentiate into B lymphocytes ( Houssaint et al., 1976). This

anatomical location of B cell ontogenesis faciliates the analysis of B

cell differentiation and interaction of B cells with the

microenvironment.

There are two type of retroviruses, avian leukosis virus (ALV) and

reticuloendotheliosis virus T strain (REV-T), that induce tumors of the

B-cell lineage in chickens (Cooper et al., 1974; Lewis et al., 1981)).

For the lack of specific serological reagents, the precise phenotypes



of the cells transformed by these viruses have not been reported.

Preliminary studies indicated that the ALV induced lymphomas may

represent more mature B cells than REV-T transformed cells. Moreover,

the REV-T transformants may represent pre-B cells that are more

primitive than other viral-transformed B-cells (Beug et al., 1981). If

these transformed cells represent different stages of B cell

development, they may be used to immunize mice to produce monoclonal

antibodies against surface antigens of both immature and mature B

lymphocytes. By this approach, reagents might be obtained that would

allow the identification of cell surface molecules involved in the

control of B lymphoid differentiation. Moreover, if some of the

transformed cells indeed represent pre-B cells without rearrangement of

their Ig genes, they may be induced to differentiate and used as an in

vitro system for studying B cell development. Thus, the avian leukemia

virus-transformed B cells may represent another system for study B cell

differentiation.

1.2. Avian leukemia viruses

Avian leukemia viruses comprise a large number of strains

isolated from field cases of domestic fowls. They are commonly

transmitted by congenital infection and by horizontal transmission (

Beug et al., 1981). These viruses have the morphology of C-type

viruses, possess a single stranded RNA genome and contain a reverse

transcriptase which directs the synthesis of a DNA intermediate during

viral replication. They can be assigned to the oncovirus division of



the retrovirus family (Fenner, F. 1976). In general, avian leukemia

viruses can be divided into two distinct classes (Hanafusa, 1977): (1)

the chronic leukemia viruses which induce lymphomas, erythroblastosis,

myeloid leukemias and osteopetrosis in animals after a long latent

period (several months to a year), and (2) the acute leukemia viruses

which induce neoplastic diseases within a few days or weeks in

experimentally infected animals.

The chronic leukemia viruses are replication competent. They can

replicate in cultured fibroblasts but fail to transform either

fibroblasts or hemopoietic cells in vitro (Graf and Beug, 1978). These

viruses do not carry oncogenes. Instead it appears that certain proto

oncogenes become activated as a consequence of all or part of a

provirus integrating next to them ( Hayward et. al., 1981, Payne et. al.

1981). Unlike the chronic leukemia viruses, the acute leukemia viruses

are replication-defective and require a helper virus to produce progeny

(Graf and Beug, 1978). This class of viruses includes avian

myeloblastosis viruses (AMV), avian erythroblastosis viruses (AEV),

avian myelocytomatosis viruses (MC29, OK10, MH-2) and avian

reticuloendotheliosis viruses strain T (REV-T). The acute leukemia

viruses contain a transformation-specific gene ( viral oncogene ). In

most cases, the oncogene replaces some of the viral structural genes,

therefore rendering the virus replication defective. Sequences of the

oncogenes have apparently been acquired from the host genome ( Bishop

1982 ). Thus, the acute (defective) leukemia viruses may be regarded as

agents transducing modified proto-oncogenes, which are controlled by a

viral promotor and are therefore expressed at abnormally high levels



(Varmus, 1982). Among these leukemia viruses, ALV and REV-T have a

special interest for immunologists because of their ability to

transform cells of the B-lymphocyte lineage into continuously growing

cell lines. Therefore, they would provide access to homogeneous clonal

culture of hemopoietic cells representing various stages of B-cell

differentiation.

1.3. Avian Leukosis Virus (ALV)

1.3.1. Tumor pathology

Histological analysis of bursae from ALV infected birds has

revealed that the earliest manifestation of disease ( about 4 weeks

after infection ) occurs in individual bursal follicles which become

occupied by large lymphoblastoid cells (Peterson et al., 1964). These

cells appear morphologically transformed and are evident in 50-100

follicles per bursa ( there are approximately 10,000 follicles per

bursa ). Between 6-7 weeks after infection, the bursa display reduced

numbers of abnormal follicles plus one or two macroscopic nodules of

lymphoblasts (Neiman et al., 1980). Finally, the tumors removed from 4

6 month old birds occupy 50-90% of the bursa (which normally would have

regressed by this time) and metastatic lesions in the liver and spleen

are sometimes apparent. These observations led to the theory that a

relatively large number (50-100) of lymphocytes become transformed at

early time following infection, and proliferation of these cells leads



to transformed follicles. Cells in only a few of these follicles

acquire the proliferative capability necessary to form a tumor nodule

and progress into clonal lymphoma and associated metastases.

1.3.2. Mechanism of ALV-induced leukemogenesis

Presently there are two models proposed to explain the

leukemogene is induced by ALV. According to the first model, neoplastic

transformation by ALV results from the activation of proto-oncogenes.

This conclusion is based mainly upon the findings that most of the

lymphomas display enhanced expression of the proto-oncogene c-myc,

apparently consequent to the integration of ALV DNA in its vicinity

(Hayward, 1981; Payne, 1981). The second model suggests that mitogenic

stimulation of lymphocytes leads to neoplastic growth of the cells.

Lymphoid tumors induced by murine leukemia virus are hypothesized to

represent clones carrying receptors for viral antigens. Continuing

mitogenic stimulation of the cells by antigen could account for (or at

least contribute to) neoplastic grouth ( Lee and Ihle, 1981; McGrath and

Weissman, 1978).

1.3.3. Nature of the target cells for ALV transformation

Based on the following findings, the hemopoietic target cells for

ALV are thought to reside in the bursa : (i) lymphomas first appear in

the bursa; (ii) surgical bursectomy performed up to three months

following infection by ALV at day one after hatching prevents the



appearance of B-cell lymphomas (Peterson et al., 1966); (iii) treatment

of chicks with cyclophosphamide, which leaves the bursal epithelium

intact but destroys the bursal lymphocytes, prevents subsequent

lymphomagenesis (Purchase and Gilmour, 1975). In agreement with the

bursal location of ALV target cells, immunoflourescent staining of

tumor cells has shown that they stain with anti-mu antisera and anti

light chain antisera. No staining was observed with anti-gamma or anti

alpha antisera. The tumor cells were expressing surface IgM and

variable amounts of cytoplasmic IgM (Cooper, M.D., 1974). In general, the

tumor cells stained less intensely and appeared smaller in sizes than

mature plasma cells. These findings suggested that they were arrested

as immature lymphocytes. However, the precise phenotype of the tumor

cells has not been determined.

1.4. Reticuloendotheliosis virus strain T (REV-T)

1.4.1. Characteristics of REV-T

Reticuloendotheliosis viruses represent a group of viruses of

chicken, turkey and duck origins. However, they are morphologically and

antigenically related more to mammalian than to avain retroviruses (

Barbacid et. al. 1979 ). The T-strain of REV was originally isolated

from a turkey. REV-T induces an acute, systemic, proliferative disease

in chicken with reticuloendothial cell lesions in liver, spleen and

other visceral organs ( Theilin, 1966 ).
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REV-T is a replication-defective virus that has undergone an

extensive deletion of gag and pol sequences and has a substitution for

the env gene. Both changes are necessary for the expression of the

highly oncogenic property of REV-T ( Chen and Temin, 1982; Miller and

Temin, 1986 ). The oncogene, v-rel, was transduced from the

corresponding turkey c-rel proto-oncogene ( Chen et al. 1983 ) .

1.4.2. The v-rel oncogene and its cellular homolog c-rel

v-rel is expressed from a spliced subgenomic message (Wilhelmsen

et. al. 1984), and the expression of v-rel is necessary for

transformation by REV-T (Chen et al., 1982). Using antisera to

bacterially expressed v-rel polypeptide, the v-rel oncogene product was

demonstrated to be a 59,000 dalton phosphoprotein (p.59 V-rel) ( Gilmore

and Temin, 1986 ). p597 he was shown to be expressed at equal levels

in REV-T infected spleen cells and chicken embryo fibroblasts (CEF).

However, the cellular location of p59v-rel within these two type of

cells was different. In REV-T transformed spleen cells p59V-re" was

primarily a cytoplasmic protein; while in REV-T infected, non

transformed CEF it was loosly associated with the nucleus. However, the

cytoplasmic localization of p59V-rel can be grossly altered to a

nuclear location in spleen cell by addition of the nuclear localizing

sequence of SV40 large T antigen without changing the transforming

function of the protein (Gilmore and Temin 1987). To date, the

mechanism of action of p59" re' is unknown.

Unique c-rel loci have also been identified in chicken, human,
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mouse and cat ( Brownell et. al. 1986). The c-rel proto-oncogene is

expressed in all avian hemopoietic tissues. The bursa of Fabricius

where B-cell differentiation occurs (Jankov, 1975) was found to contain

the highest levels of c-rel mRNA, followed by liver, bone marrow,

spleen and thymus. Nonhemopoietic organs such as muscle and brain were

found to contain very low levels of c-rel mRNA (Herzog, 1986). In

addition, relatively high levels of c-rel transcripts were observed in

mouse peripheral B and T cells; whereas lower levels were detected in

immature thymocytes (Brownell, 1987). These results suggest that the c

rel proto-oncogene plays a role in later stages of lymphocyte

differentiation.

1.4.3. Nature of target cells for REV-T

REV-T is capable of transforming hemopoietic cells from spleen,

bone marrow and thymus. In contrast, bursal cells from two week old

chicks do not contain targets for REV-T transformation. The nature of

REV-T transformed cells is still an enigma (): they proliferate

indefiniitely in culture; have lymphoid morphology; contain low level

of terminal deoxynucleotidyl transferase which is a marker for immature

lymphoid cells of both B- and T-cell lineage (Bollum, 1979); express

surface marker of B cells or occasionally-of T cells; and typically

fail to produce immunoglobulin of any sort. It therefore appears that

these cells might represent an early stage in immunocyte development.
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1.5. Immunoglobulin genes

1.5.1. Immunoglobulin gene families

Immunoglobulins are encoded by a remarkable gene system that

comprises three independent genetic loci: two light (L) chain loci, k

and X, and one heavy (H) chain locus. Both the Ig L chain and H chain

variable (V) and constant (C) regions are encoded separately. During B

cell ontogeny a functional immunoglobulin gene is formed by a DNA

rearrangement which brings elements encoding the V and C regions into

close proximity to form a transcription unit (Brack et al., 1978;

Seidman and Leder, 1978; Lenhard-Schuller et al., 1978; Early et

al., 1979).

The V region is itself encoded by separate genetic elements. The

first N-terminal 97 and 95 amino acids of the L chain V region (VL) and

H chain V region (VH) respectively are encoded by a germ-line V gene

(Tonegawa , 1983; Honjo, 1983). The remaining 13 amino acids of the VL

region, and the final 15-17 amino acids of the VH region are encoded by

a separate genetic element, the J (joining) gene. In the H chains , a

further order of complexity exists; the 2-17 amino acids located

between VH and JH , which comprise most of the third hypervariable

region, are encoded by a DH (diversity) gene (Early et al. 1980a).

In constrast to the single VX gene for mouse X1 and X2 light

chains, the k and H chain loci have multiple germline V genes; the best

estimates are 100 to 300 Vic (Cory et al., 1981a) and 100 to 200 VH (Kemp

et al., 1981) genes. The four CX loci in mouse each have a separate JX
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gene located upstream (Blomberg et al., 1981), while a cluster of four

functional JK genes is found 2.5 kb 5’ to CK (Sakano et al., 1979; Max

et al., 1979). In chicken, there is a single CX gene with a unique JX

element 1.9 kb upstream (Reynaud et al., 1985).

Each constant region gene is represented only once in the haploid

genome. The order and spacing of regions within the mouse CH gene have

been determined by molecular cloning (Shimizu et al., 1982) and they

span about 180 kb with the gene order 5' VH, DH, JH, Cu-C6-Cy3-CY1

C.Y.2b-Cy2a-Cé - Co. 3'.

1.5.2. The V region assembly

V to J joining for light chains, and V to D to J joining for heavy

chains is a prerequisite for immunoglobulin synthesis. Although little

is known about the mechanism responsible for V region assembly, the

presence of two short signal sequences (a heptamer and a nanomer) 3' to

V, 5' to J and on both sides of D, which are conserved between the X, k

and H chain genes (Bernard et al., 1978; Max et al., 1979; Sakano et

al., 1979; Early et al., 1980a; Kurosawa et al., 1981) and between

mouse, human and chicken (Bentley and Rabbitts, 1980; Reynaud et al.,

1985), is highly suggestive of an enzyme recognition site. Downstream

of each germline VK gene the heptamer is separated by 11 or 12 bp from

the nanomer, while the Jk genes are preceded by the complementary

sequences separated by 23 or 24 bp. It has been proposed that

recombination is restricted to V region elements with spacers of

different length (Early et al., 1980a; Sakano et al., 1980). The 12-23
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bp spacer rule is supported by the H chain V region elements. As all

DH elements are flanked by signals with 12 bp spacers (Kurosawa et al.,

1982), a VH gene (23 bp spacer) can only pair with a DH gene and not

directly with a JH gene (23 bp spacer).

The recombination points between a V, (D) and J element can vary

over several base pairs; this imprecision leads to the formation of

hybrid codons at the junction of the V region elements (Max et al.,

1979; Sakano et al., 1979 Bernard and Gough, 1980; Bernard et al.,

1981). This "junctional variation" further contributes to antibody

diversity, especially in the heavy chains where a DH gene may be used

in all three reading frames (Kurosawa et al., 1981), expanding

diversity in hypervariable region 3. Moreover, extra nucleotides appear

to be inserted at the DH-JH and VH-DH junctions during VH-DH-JH

assembly, probably reflecting the activity of a polymerase involved in

the recombination process (Alt and Baltimore, 1982).

DH-JH rearrangement appears to be the normal intermediate in VH

DH-JH assembly. Certain A-MuEV transformed pre-B cell lines that

continue to undergo JH rearrangement in culture (Alt et al., 1981) bear

DH-JH joins that subsequently generate subclones with different VH-DH

JH rearrangements (Sugiyama et al., 1983).

V to J and V to D to J assembly appears to be accomplished by the

deletion of the DNA that separates these elements (Sakano et al., 1979;

Cory and Adams, 1980). In VH-DH-JH assembly, sequences between these

elements in the germline are almost always lost from the cell,

supporting a cis recombination model (Cory and Adams, 1980; Cory et

al., 1980a). In contrast, sequences 5' to JK in the germline frequently
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persist in plasmacytomas, being linked to sequences located 3' to Vic

(Van Ness et al., 1982). Two models have been proposed to account for

this observation. The first suggests that Vk-JK joining occurs by

unequal sister chromatid exchange (Van Nesset al., 1982; Hochtl et al.,

1982), while the alternate model postulates that the reciprocal

recombination products result from inverted joining ( Alt and

Baltimore, 1982; Lewis et al., 1982, 1984).

1.5.3. Sequential rearrangement and expression of Ig genes

During B-cell development, the Ig gene rearrangements have been

shown to occur as an ordered series of steps. The first event is

transcription from the unrearranged Cpl gene, which has been taken to

indicate an "opening" of this locus, a necessary condition for

subsequent rearrangement of the gene ( Kemp et al., 1980a, b ; Alt et al.,

1982; Nelson et al., 1983). It is noteworthy that this Cpl transcription

occurs not only in pre-B cell but also in myeloid and T cells (Kemp

et al., 1980a). The second step, juxtaposition of a DH region to a JH

region, has been observed in both pre-B and T cells (Forster et

al., 1980, Kurosawa et al., 1981) but not in myeloid cells. Several

reports have demonstrated that the remaining Ig gene rearrangement

events are confined to B cells, namely, joining of a VH to the

rearranged DH, expression of the competent u mRNA, and the

rearrangement and expression of light chain gene (Cory et al., 1980).

In accordance with the order of Ig gene rearrangement, the process of

Ig gene expression during B cell development can be divided into four
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stages: i) p. heavy chain but not light chain is expressed in the

cytoplasm; ii) light chain is synthesized and the assembled IgM monomer

is displayed on the cell surface; iii) IgM is secreted in the form of a

pentamer; iv) Ig molecules of distinct isotypes are actively

synthesized and secreted.

This ordered rearrangement and expression of Ig genes has long

been used to characterize B cells at particular stages in their

developmental pathway. For example , some A-Mulv transformed lymphoid

cells were identified to be early B cell precursors, for these cells

continued DH-JH joining in vitro without synthesizing the Ig molecules

(Alt et al., 1981; 1984). However, some other A-Mulv transformants

were shown to represent the next stage of B cell development, for they

had completed VH-DH-JH joining at the CH locus but had not begun VL-JL

rearrangement at the L chain loci. Many of these isolates synthesized

Ig in the form of cytoplasmic p chain (Alt et al., 1981; Siden et al.,

1979)).

1.6. Summary

In the hope of obtaining additional access to the differentiation

of immunocytes, I have characterized B-cells transformed by ALV and

REV-T. The following studies are described in this thesis:

(1) ALV-induced B cell lymphomas were characterized by analyzing the

synthesis of immunoglobulin proteins in cell lines derived from these

tumor S.

(2) Chicken Ig H heavy and X light chain cDNAs were cloned from an ALV
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induced B cell line. In order to define the stage of maturation of ALV

and REV-T transformed cell lines within the B cell lineage, the

configuration and expression of their Ig pi and X genes were analyzed by

DNA and RNA blotting techniques.

(3) While some of the REV-T transformed cell lines represented the

earliest stage of lymphoid lineage yet encountered among virus

transformed cells, others contained apparently anomalous configurations

of Ig genes. The rearranged Ig pi gene was cloned and sequenced in order

to gain insight into this phenomenon.



Chapter 2

Materials and Methods
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Cells and Viruses

Table 3.1 summarizes the origins and passage histories of the six

ALV- induced cell lines under investigation. The isolation and

maintenance of these cell lines have been described previously (Hihara

et al., 1974; Okazaki et al., 1980 and Payne et al., 1981).

SC-Hyline chickens were purchased from Hyline International

(Johnston, Iowa). All the REV-T transformants were obtained from H. K.

Bose at University of Texas at Austin. These cell lines were

established by transforming cells from spleen or bone marrow of two

week old chicks, embryonic primitive streak, or embryonic spleen with

REV-T and cloned. (Lewis et al., 1981 and Table 5. 2)

Biosynthetic labelling and immunoprecipitation

In most cases, 2x10° cells were washed with phosphate buffered

saline (0.01 M phosphate and 0.15 M NaCl, pH 7. 2) and suspended in 1 ml

of Dulbucco modified Eagle medium deficient in methionine or leucine

and supplemented with [35S]methionine Or [*H) leucine, respectively.

Carbohydrate labeling was accomplished by incubating cells in Dulbecco

modified Eagle medium containing 1 pig of glucose per ml for 4 hours

before the addition of [3H]mannose. Unglycosylated immunoglobulin was

also labeled with [35S]methionine after a 4-h treatment with 1 pig of

tunicamycin per ml (Calbiochem). The viability of cells was determined
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to be greater than 90% by trypan blue exclusion at the end of the

labeling period.

After the end of labeling period, cell lysates were prepared and

clarified as previously described (Oppermann et al., 1981). The labeled

proteins were precipitated with antisera and Formalin-fixed

Staphylococcun aureus according to the procedures described by

Oppermann et al. (1981). Secreted proteins were recovered directly from

culture supernatant of labeled cells by immunoprecipitation. Antisera

used for immunoprecipitation of the labeled proteins included normal

rabbit serum, rabbit anti-chicken total immunoglobulin serum (GIBCO

Laboratories), goat anti-chicken light chains serum (Miles

Laboratories), goat anti-chicken IgM (pu chain specific) serum (Miles

Laboratories, Cappel Laboratories, Pel-Frees Biochemicals), and rabbit

anti-Rous sarcoma virus virion proteins (Levinson et al., 1978 and

Oppermann et al., 1979).

Immunoprecipitated proteins were resolved by sodium dodecyl

sulfate (SDS) -polyacrylamide gel electrophoresis according to Laemmli

(1970). The labeled proteins were detected by autoradiography or

fluorography (Bonner and Laskey, 1974).

Protease mapping

Partial proteolysis with S. aureus V8 protease in the presence of

SDS was done by the method of Cleveland et al. (1978) as modified by
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Oppermann et al. (1981).

Sepharose 4B gel filtration

Viral particles and free IgM molecules from culture supernatants

were separated on a Sepharose 4B column (30 by 1.5 cm) under conditions

allowing recovery of infectious retroviruses (McGrath et al., 1978).

Cells were labeled with [35]s methionine for 6 h, and the culture

supernatant was clarified and loaded on the column. Fractions of 1 ml

were collected and adjusted to 1% in Nolidet P-40. Alternate fractions

were immunoprecipitated with antiserum directed against chicken

immunoglobulin or antiserum directed against viral proteins. The immune

complexes were analyzed by SDS-polyacrylamide gel electrophoresis as

described above.

Construction and screening of a cDNA library

Polyadenylated RNA from a IgM producing cell line, R2B, was used to

construct a cDNA library in the phage vector Xgt10 according to the

methods described previously (Maniatis et al., 1982). Oligonucleotides

complementary to the amino acid sequence of residues 157 to 164 of the

chicken u heavy chain (Dahan et al., 1983) and 127 to 134 of the

chicken X light chain (Reynaud et al., 1983a) were synthesized by the

Biomolecular Resource Center at the University of San Francisco. These
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oligonucleotides were labelled with ^ - (32P) using T4 polynucleotide

kinase and 7- (32P)ATP (ICN) (Wallace et al., 1979), and then used to

screen approximately 5 x 105 Xgt10 cDNA clones for pu heavy chain and X

light chain cDNAs. Hybridization was carried out for 24 hours at 42°C

in a mixture containing 35% formamide, 6x SSC (1x SSC is 0.15M NaCl

plus 0.015M sodium citrate), 50 mM HEPES (N-2-hydroxy-ethylpiperazine

N'-2-ethanesulfonic acid (pH 7.5J), 5x Denhardt solution (1x Denhardt

is 0.02% each of Ficoll, polyvinylpyrrolidone and bovine serum albumin)

and 200 pig of salmon sperm DNA per ml. After hybridization the filters

were washed repeatedly with 2x SSC - 0.1% Sodium dodecyl Sulfate for 2

hours at room temperature with shaking, dried and exposed to Kodak XAR

5 film at -70G .

Construction and screening of genomic libraries

Genomic libraries were prepared from partial Mbol I digests of M31

DNA and the liver DNA from the same bird (size selected to 15-20 kbp)

using the X EMBL3 bacteriophage vector (Frischauf et al 1983).

Recombinant phages were packaged and screened with pCM4 as described

(Maniatis et al 1982). Restriction enzyme maps of the clones were

determined by double digests and the end labeling protocol of Smith and

Birnstiel (1976).

Nucleotide sequence determination
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cDNA inserts representing the chicken Ig pu heavy and X light

chain genes were subcloned in M13 vectors (Messing et al., 1981) and

sequenced by the dideoxy chain termination technique (Sanger et al.,

1977) as described (Messing, 1983), with modifications made to

accommodate 2'-deoxyadenosine 5'-[a- (35s) thio] triphosphate.

DNA hybridization probes

Ig pi heavy chain cDNA clones and X light chain clones were

isolated from the R2B cDNA library as described in the previous

chapter. p. constsnt region specific probes were prepared from the

plasmids pCM4 and pCM16. X light chain probes were prepared from the

plasmid p2 v4-c which contains a full length X cDNA insert; and from the

plasmid p2c that contains only X constant region (CX). The location of

the probes with respect to the Ig pu heavy chain and X light chain cDNAs

are indicated in Figure 4.1.

Analysis of DNA with restriction endonucleases

The procedures for complete digestion of cellular DNA with

restriction endonucleases, electrophoresis of resulting DNA fragments,

transfer to nitrocellulose filters and hybridization with [32P]-
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labelled DNA have been described (Maniatis et al., 1982). In the

following experiments, the DNA probes were prepared from purified DNA

fragments by nick- translation.

Analysis of RNA

Polyadenylated RNA, 5pg per lane, was electrophoresed through

agarose in the presence of formaldehyde as described previously (Nusse

& Varmus, 1982). The RNA was then transferred to nitrocellulose

filters and hybridized with [3?P]-probe as described (Maniatis et al.,

1982).

Chromosomal localization of chicken Ig genes

Chicken chromosomes were fractionated by sucrose gradient

centrifugation. The DNA prepared from chromosome fractions was kindly

provided by Geoff Symonds ( Symonds et al., 1984). The DNA was digested

with EcoRI and subjected to electrophoresis in a 0.8% agarose gel. The

DNA was transfered to nitrocellulose filters and hybridized with either

chicken Cu (pCM4) or X (pxv+c) cDNA probes (see Figure 4.1) as

described.

Electron Microscopy
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DNA was spread for electron microscopy according to the method of

Kaller & Delius (1984) with modificaitons. Restriction-enzyme-digested

recombinant phage DNA and M13 p. cDNA clones were denatured with 0.1M

NaOH for 10 min, and then renatured at room temperature for 30 min in

50-75% formamide. Samples were spread with hyperphase 30-50% formamide

on actylglucoside 0.005% in water.



Chapter 3

Immunological Phenotype of Lymphomas Induced by

Avian Leukosis Viruses
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Avian leukosis virus (ALV) induces lymphoid leukosis in newly

hatched chickens of susceptible strains after a long period of latency.

The earliest neoplastic changes are observed in the bursa 4 to 8 weeks

after infection, but death from diss seminated lymphomas occurs only 6

to 12 months later (Purchase and Burmester, 1978). Although previous

work demonstrated the production of IgM by the tumors (Cooper et

al., 1974), thereby suggesting that the lymphoma is a maligancy of B

lymphocytes, the precise immunological phenotype of the tumors has not

been reported. Since B lymphocytes of different maturation stages can

be characterized by the synthesis of specific types of immunoglobulin

proteins, I have analyzed the expression of Ig proteins in cell lines

derived from ALV induced- lymphomas. The results indicate that these

avian lymphomas represent a relatively advanced stage in B-cell

development and that their immunological phenotypes are not entirely

normal.

Two models have been proposed to explain the leukemogenesis

induced by retroviruses. According to the first model, neoplastic

transformation by ALV results from the activation of a cellular

oncogene. This conclusion is based on the finding that most of the

lymphomas display enhanced expression of a previously recognized proto

oncogene (c-myc), apparently consequent to the integration of ALV DNA

within the vicinty of c-myc (Hayward et al., 1981; Payne et al., 1982).

The second model suggests that mitogenic stimulation of lymphocytes

leads to neoplastic growth of the cells. In the murine system, lymphoid

tumors induced by Molony murine leukemia virus are hypothesized to

represent clones carrying receptors for viral antigens. Continuing
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mitogenic stimulation of the cells by antigen could account for (or at

least contribute to) neoplastic growth (Lee and Ihle, 1981; McGrath and

Weissman, 1978). Since at least some B-cells derived from ALV- induced

lymphomas produce virus and IgM, both antigen and potential receptor

are available for analysis. I tested the role of antigen-induced

mitogenesis in ALV- induced lymphomas by asking whether the tumor cells

produce IgM directed against the virus. The results suggest that this

may not be the case. Furthermore, since some of cell lines studied here

do not make complete antibody, it appears that mitogenic stimulation

mediated by antigen binding to cell sulface antibody is not required

for maintaining the neoplastic growth of B cells derived from ALV

induced lymphomas.

3.1. Results

3.1.1 Biosynthesis of immunoglobulins in ALV-induced lymphoma

The production of immunoglobulin was analyzed by

immunoprecipitation with specific antisera. The pattern of

immunoglobulin production varied among different cell lines, but took

two general forms. Figure 3. 1 shows the immunoglobulin synthesized by

the 1104X-5 cell line, representative of one general pattern. When

antiserum against all classes of chicken immunoglobulin was used, three

polypeptides with molecular weights of 30,000, 28,000 and 27,000 were

specifically precipitated from the cell lysate (Figure 3.1, lane b). By

contrast, only two polypeptides with molecular weights of 30, 500 and
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27,000 were specifically precipitated from the culture medium (Figure

3.1, lane e). When antiserum directed against chicken light chains was

used, only the proteins with molecular weights of 30, 500, 30,000 and

27,000 were recovered (Figure 3.1, lanes c and f). Since these three

proteins could be specifically precipitated by several antisera

directed against chicken light chains, they were designated as light

chains.

The intracellular protein with a molecular weight of 28,000 was

precipitated by only one lot of antiserum, directed against total

immunoglobulin. Therefore it seems that the 28,000 protein is not

immunoglobulin but a protein precipitated by contaminating antibody in

only one batch of serum. It appears that the 1104X-5 cell line

synthesizes and secretes two forms of light chains without any

detectable heavy chain. Two other cell lines, 1104B-1 and BK4484A, have

the same pattern of immunoglobulin production, although the

unidentified 28,000-molecular-weight protein was not detected with any

antiserum (Table 3. 1).

Figure 3. 2 illustrates the second general pattern of immunoglobulin

production, as obtained with the cell line SC-2L. When the immune

complexes precipitated by anti-chicken immunoglobulin serum were

analyzed without reduction in a 6 to 9% SDS-polyacrylamide gel, a

molecule which migrated with an apparent molecular weight of 210,000

was recovered from both the cellular extract and culture medium (Figure

3.2, lanes a and d). The intensity of the bands seen in the middle of
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lane a varied in different immunoprecipitations; the identities of

these proteins have not been determined. The lower two bands in lanes a

and d are free light chains which will be discussed below.

When the samples were analyzed under reducing conditions, three

classes of polypeptide with molecular weights of 77,000, 32,000 to

32,500 and 29,000 were recovered (Figure 3.2, lanes b and e). It

therefore appears that the 210,000 Mr protein precipitated without

denaturation represents immunoglobulin composed of one dimer of heavy

chain (Mr 77,000) and one dimer of light chain (Mr 32,000 to 32,500 or

Mr 29,000). Antiserum directed against chicken p heavy chain

precipitated the same set of proteins (Figure 3.2, lanes c and f). I

therefore concluded that the cells produced and secreted IgM. It was

recognized that the antisera used in this identification may not be

monospecific for the IgM isotype, but the conclusion is nevertheless

in accord with previous reports ( Cooper et al., 1974; Okasaki et al.,

1980)

The pattern of light chains produced in cell line SC-2L was the

same as in the 1104X-5 cells described above, although the molecular

weights of the light chains were different (Table 3.2). In addition,

the 28,000 Mr protein which could be precipitated from 1104X-5 cells by

contaminating antibody was not present in cell line SC-2L.

To detect the presence of pentameric IgM, unreduced samples were

analyzed on a 3% polyacrylamide gel. The results indicated that the
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cells secreted monomeric IgM (Mr 210,000, as described above) instead

of pentameric IgM (data not shown). It was also observed that, whereas

equal amounts of pi heavy chain were precipitated by antiserum against

total chicken immunoglobulin and antiserum specific for p heavy chain,

at least fivefold more light chains were precipitated by antiserum

against all classes of chicken immunoglobulin (compare lanes b and c

and lanes e and f in Figure 3.2). This indicated that the cells have a

large pool of free light chains and that free light chains were

secreted.

These data show that the pattern of immunoglobulin production by

ALV- transformed cells can be classified into two types (Table 3.2).

Three cell lines (1104X-5, 1104B-1 and BK4484A) synthesize and secrete

only light chain. Three other cell lines (R2B, SC-2L and SC-2B)

synthesize and secrete monomeric IgM and free light chains. The second

type displayed IgM on their surface when examined by immunoflourescence

using antibody against pi chain, whereas the first did not (data not

shown).

3.1.2. Glycosylation of immunoglobulin

All of the cell lines from ALV-induced lymphomas examined here

produced and secreted two forms of light chains. This could be due to

synthesis of two different proteins or different modifications of the

same protein. I have examined the possibility of different degrees of

glycosylation by treating cells with tunicamycin, which blocks the
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metabolic pathway used to glycosylate immunoglobulins ( Vassalli et

al., 1979; Elbein, A. D., 1981).

When 1104X-5 cells were treated with tunicamycin, the appearance of

the more slowly migrating light chains was prevented (Figure 3.3, lanes

a through d). It was also observed that in the presence of tunicamycin

the electrophoretic mobility of the more rapidly migrating light chains

was unchanged and that secretion of the proteins continued. When R2B

cells were treated with tunicamycin, a similar effect on light-chain

production was observed (Figure 3.3, lanes e through h). In addition,

instead of the Mr 77,000 p. heavy chain, two polypeptides with molecular

weights of 76,000 and 68,000 were recovered (Figure 3.3, lanes g and

h). It seems reasonable to assume that the proteins with molecular

weights of 76,000 and 68,000 represent the membrane-bound and secreted

form, respectively, of p chain.

These findings suggest that the slowly migrating light chain in

each cell line is glycosylated, but that the rapidly migrating light

chain is not detectably glycosylated. To confirm this observation,

1104X-5 cells were labeled with [3H]mannose and the glycosylated

polypeptides analyzd by immunoprecipitation and polyacrylamide gel

electrophoresis. Figure 3.4 illustrates that only the slowly migrating

light chains were glycosylated; this result is consistent with the

results obtained with tunicamycin.

The above data indicated that the two forms of light chains are
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probably related; one form is glycosylated, the other is not. I also

used partial hydrolysis with the V8 protease to compare light chains

produced and secreted by the 1104X-5 cell line in the absence and

presence of tunicamycin. Several points emerged. First, the same

fragments were obtained by hydrolysis of the intracellular and

extracellular forms of the lower-molecular-weight light chain (Figure

3.5, lanes a and d). Second, the single light chain remaining in the

presence of tunicamycin and the lower-molecular-weight form observed in

the absence of tunicamycin yielded identical patterns of fragments

(Figure 3.5, compare lanes a and b and lanes d and e). It is therefore

unlikely that the higher-molecular-weight light chain represents a

second protein that in its unglycosylated form happens to comigrate

with the lower-molecular-weight light chain. It has been shown that

ALV-induced bursal lymphomas are clonal populations of tumor cells (

Neiman et al., 1980; Neel et al., 1981); thus each cell line we

examined is probably producing a single type of light chain, both

unglycosylated and glycosylated. Third, the pattern of framents

obtained by hydrolysis with V8 protease reveals glycosylated domains

within the light chains. The electrophoretic mobility of one fragment

from the intracellular glycosylated light chain was greatly retarded as

compared to the unglycosylated form (Figure 3.5, lanes a and c). The

retardation of mobility was attributed to glycosylation ( Vassalli et

al., 1979). The same peptide was also glycosylated in the secreted form

of the light chain, as was an additional peptide (Figure 3.5, lanes d

and f). The second glycosylation in the extracellular light chain

presumably accounts for the fact that the intracellular and
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extracellular forms of glycosylated light chain consistently differed

by a small amount in their apparent molecular weights (Table 3.2)

3.1.3. Does IgM produced by B-cells from ALV-induced lymphomas bind to

ALV2

The antigen-specific cell surface receptors of B-lymphocytes are

known to be immunoglobulins ( Vitetta and Uhr, 1975). Since some B-cell

lines from ALV- induced lymphomas produces both IgM and virus, I have

tested the receptor-mediated leukemogenesis hypothesis by asking

whether the IgM produced by the cells is directed against the viruses

they produce. This was done by labeling cells with [35S]methionine for

6 h and analyzing the culture medium, which contained both labeled

viruses and IgM, by gel filtration on a Sepharose 4B column. Viral

particles and the free IgM eluted from this column in separate

fractions. Figure 3.6A shows the pattern of viral proteins

immunoprecipitated from each fraction. The majority of viral proteins

eluted in the void volume. The p278*& observed in the later fractions

was probably the result of cell lysis during the labeling period.

Figure 3.6B gives the pattern of proteins specifically precipitated by

anti-chicken immunoglobulin serum. All of the IgM was eluted in the

included fractions, well separated from intact virions. The IgM-virus

complex should be eluted from this column in the void fractions.

Since the immune complexes shown in Figure 3.6B were analyzed

without reduction, this indicated that the monomeric IgM secreted by
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the cells remained intact during column chromatography. When the

samples were reduced, the pi heavy chain and two forms of light chain

were recovered (data not shown). Elution of light chains in the later

fractions, separated from IgM, was the result of excess production and

secretion of free light chain by this cell line as described before. We

do not know the origin of the 110,000-molecular-weight protein that

appeared in the fractions with IgM.

In the presence of antigen excess, IgM should be seen in the

fractions where viruses eluted if IgM bound to virus. By labeling with

either [3H] leucine or [3°S) methionine, It is clear that the cells under

examination produce much more viral protein than IgM (data not shown).

The absence of antigen-antibody complexes indicated either that IgM

made by the cells is not directed against virus, or that the affinity

between the IgM and virus is so low that immune complexes do not

survive under our experimental conditions.

3.2. Discussion

3.2.1. Production of immunoglobulin by ALV-induced lymphomas

The results confirm and extend previous reports that cell lines

derived from ALV- induced bursal tumors represent the B-lymphocyte

lineage. All of the cell lines examined here synthesized and secreted

immunoglobulins.
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As shown in Table 3.1, there is a correlation between the length of

passage in culture and the type of immunoglobulin produced. The newly

isolated cell lines produced both heavy and light chains, whereas the

extensively passaged ones made light chains only. In the murine system,

immunoglobulin heavy-chain gene rearrangement appears to precede light

chain gene rearrangement. Moreover, it was reported that heavy-chain

gene rearrangement continues in cultured cells transformed by Abelson

Mulv (Alt et al., 1981). Unless B-lymphocyte differentiation in

chickens follows a scheme that is different from that in mice, it is

likely that the pu heavy-chain gene in the extensively passaged chicken

lymphoma cells is either deleted or rearranged in a nonproductive

configuration. To confirm this prediction, it will be necessary to

study the arrangement of heavy-chain genes in these cell lines. For the

moment, it remains possible that the abnormality is at the level of

transcription, mRNA stability, or translation.

Unstimulated, immunocompetent B-lymphocytes synthesize membrane

bound monomeric IgM (12 L2) molecules, which serve as antigen receptors.

After antigenic stimulation, these cells differentiate into blast cells

which secrete pentameric IgM (p.2L2) 5. However, all of the IgM-producing

cells we examined secrete monomeric IgM. We presume that this is an

abnormality due to the absence of J chain or other deficiencies. It

remains possible, however, that secretion of monomeric IgM represents a

discrete stage in avian B-lymphocyte development.
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3.2.2. Expression of two forms of light chain

Most of the B-lymphocytes transformed by Abelson Mulv synthesize pi

heavy chain but not light chain (Siden et al., 1979). By contrast, all

of the ALV-induced tumor cells studied here synthesize and secrete

light chains. For want of suitable reagents, the light chains have not

been identified more specifically, but previous reports suggest that at

least 90% of the light chains produced by chicken cells are of the

lambda variety (Grant et al., 1971).

The tumor cells studied here produced and secreted both

unglycosylated and glycosylated forms of single light chains. It

appears that as the glycosylated light chain is secreted, an additional

glycosylation takes place. It has been reported that secretion of mouse

k-type light chain is accompanied by additional glycosylation

(Melchers, F., 1970). We presume, however, that glycosylation is not

required for secretion because the unglycosylated forms of the light

chains are also secreted in abundance. Secretion of unglycosylated

light chains has been observed before (Tartakoff & Vassalli, 1979), but

this is to our knowledge the first report of the simultaneous secretion

of almost equal quantities of unglycosylated and glycosylated light

chains, in either the absence or presence of heavy chain.

3.2. 3. Antigenic specificity of IgM produced by ALV-induced B lymphomas

The genesis of thymic lymphomas by infection with MuEV has been

attributed to mitogenic stimulus arising from the binding of virus to
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antigen receptors on the surface of the neoplastic cell (McGrath &

Weissman, 1978; Lee & Ihle, 1981). A decisive test of this hypothesis

has not been achieved, primarily because the antigen receptors of T

cells have themselves remained elusive. The production of B-cell tumors

by ALV and Mulv provides easier access to the potential role of antigen

receptors in tumorigenesis. If binding of viral antigen is an essential

component in the genesis of these tumors, then the neoplastic cells

should possess antigen receptors that recognize viral proteins (most

likely, the glycoproteins exposed on the surface of viral particles),

and antibody produced by the tumor cells should in turn be directed

against viral antigen. These possibilities have been explored with ALV

induced tumors and have failed to find any evidence that the tumors

produce antibody against ALV. The antibody in the form of immune

complexes were sought. As a result, our findings are not definitive:

there is an inestimable chance that the affinity between antibody and

viral antigen is low and, as a consequence, immune complexes do not

survive our experimental conditions.

3.2.4. Phenotype of ALV-induced lymphoma cells

Transformation of hematopoietic cells by leukemia viruses may cause

arrest of the tumor cells at a particular stage in differentiation

(Beug et al., 1982). Study of the phenotype of B-lymphocytes derived

from ALV-induced lymphomas revealed several characteristics which

cannot presently be assigned to any known stage of the pathway for B

lymphocyte differentiation. These include the following: (i) secretion
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of monomeric IgM; (ii) production of both glycosylated and

nonglycosylated light chains from a clonal population; and (iii) the

synthesis and secretion of light chain without detectable heavy chain.

It seems likely to us that either neoplastic transformation or

propagation in culture disturbed the normal program of development so

that the tumor cells now have no normal counterparts. However, in the

absence of a thorough study of normal chicken B-1ymphocyte development,

the possibility that B-cells from ALV- induced lymphomas display a

normal immunological phenotype cannot be eliminated.

In summary, the ALV- induced B cell lymphoma seems to be more mature

than the B-lymphocytes transormed by either reticuloendotheliosis

virus-T (Lewis et al., 1981) or Abelson MulW (Siden et al., 1979). It

has become apparent, however, that the phenotype of tumor cells does

not necessarily reveal the nature of the cell in which tumorigenesis

began. For example, B-cells transformed by Abelson MulW continue to

differentiate during propagation in culture (Alt et al., 1981), and the

erythroleukemias induced by avian erythroblastosis virus are composed

of cells more mature than the cells that are vulnerable to initial

attack by the virus (Gazzolo et al., 1980). It is therefore possible

that tumorigenesis by ALV begins early in lymphoid development, perhaps

beyond the confines of the bursa, but becomes evident only as B-cells

differentiate under the influence of bursal microenvironment.

There is good reason to view tumorigenesis by ALV as a protracted

affair. First, tumors emerge only many months after viral infection.

Second, many of the early ("preneoplastic") lesions that appear in the

bursa regress with time; only a few survive to progress to frank
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malignancy (Neiman et al., 1980). Third, at least two genetic

abnormalities apparently participate in tumorigenesis induced by ALV:

the enhanced expression of c-myc (Hayward et al., 1981; Payne et al.,

1982), elicited by integration of viral DNA and thus an early event in

tumorigenesis; and the activation or mutation of a second cellular

oncogene, detectable by transfection into NIH 3T3 mouse cells (Cooper &

Neiman 1981). Either or both of these abnormalities may influence the

course of B-cell development.
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Figure 3. 1. Electrophoretic analysis of immunoglobulins

synthesized by 1104X-5 cells.

After labeling cells for four hrs with [3°S) methionine,

both cytoplasmic extract and culture media were

immunoprecipitated with normal rabbit serum ( lanes a and d ),

anti-chicken Ig serum (lane b and e) or anti chicken light

chain serum (lane c and f). The precipitated Igs were resolved

in their reduced forms by SDS-polyacrylamide gel

electrophoresis and autoradiography.
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Figure 3. 2. Immunoglobulins synthesized by SC-2L cell line.

After labeling cells for four hrs with [*H) leucine, both

cellular extract and culture media were immunoprecipitated with

anti-chicken Ig serum ( lanes a, b, d, and e ) or anti-chicken

pu serum (lanes c and f). The immune complexes were analyzed

under non-reducing conditions on a 6% -9% SDS gel (lanes a and

d) or in their reduced forms on 9% SDS gel (lanes b, c, e, and

f)
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Figure 3. 3. Production of Ig in the presence of tunicamycin.

Cells were pretreated with medium containing 1 p.g/ml

tunicamycin or with normal medium for four hours, then labeled

with [3°S) methionine in the presence of drug (+) or in control

medium (-) for four hours. Both cellular extract (lanes a, c, e

and g) and culture media (lanes b, d, f and h) were

immunoprecipitated with anti-chicken Ig serum. The immune

complexes were analyzed on a 9% gel and autoradiographed. Lanes

a -d, cell line 1104X-5. Lane's e-h, cell line R2B.
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Figure 3.4. Production of glycosylated light chains by 1104x-5

cell line.

Cells were incubated with medium containing 1pg/ml glucose

for four hours before labelling with [*H]mannose for eight

hours. The glycosylated light chains from cytoplasmic extract

(lane a) and culture medium (land b) were analyzed by

immunoprecipitation with anti-L serum.
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Figure 3.5. Peptide maps of light chains from 1104X-5 cell line

in the presence or absence of tunicamycin.

[**s] methionine-labelled light chains were

immunoprecipitated from cellular extract or culture medium with

anti-L serum and subjected to electrophoresis on a 9% SDS

polyacrylamide gel. Bands corresponding to light chains were

excised from this unfixed gel and subjected to electrophoresis

on a 14% SDS-polyacrylamide gel in the presence of 500 ng

Staphylococcus aureus V8 protease. Lanes a, b, d and e are

unglycosylated light chains. Lanes c and f are glycosylated

light chains. Lanes b and e are light chains precipitated in

the presence of tunicamycin (+).
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Figure 3. 6. Separation of virus and IgM produced by SC-2L

cells.

SC-2L cells were labeled with [3°S) methionine for 6 hours.

The culture fluid was harvested and subjected to filtration

through sepharose 4B. Panel A shows the pattern of viral

proteins specifically precipitated from each column fraction by

anti-virus serum. Panel B shows the pattern of IgM precipitated

by anti-chicken Ig serum. The immune complexes were analyzed by

electrophoresis through a 6% polyacrylamide gel under non

reducing conditions.
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Chapter 4

Molecular Cloning of Chicken pl Heavy Chain and

X Light Chain cDNAs
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Rearrangement of the immunoglobulin genes during B cell

differentiation in mice is a sequential process, and enables the

approximate maturation stages of immunocytes to be determined (reviewed

in chapter 1). In order to study Ig gene rearrangement and expression

in avian cells transformed by REV-T or ALV, I set out to clone the

chicken p H chain and X L chain genes (virtually all immunoglobulins in

chickens contain X rather than K L chains). Although the chicken X L

and p H chain cDNAs have been cloned, they were not available to us.

R2B cells which were derived from an ALV induced B cell lymphoma, make

relatively abundant IgM (as described in chapter 3). Polyadenylated RNA

from these cells was therefore used to construct a cDNA library in the

phage vector Xgt10 and recombinants were screened with synthetic probes

complementary to the chicken Ig p H and X L chain mRNAs. This chapter

describes the cloning and nucleotide sequencing of chicken p H and X L

chain cDNAs. The chromosomal locations of both genes were also

determined.

4.1. Results

4.1.1. Molecular cloning of chicken Ig H H and X L chain cDNAs

Polyadenylated RNA from R2B cells was purified through two-cycles

of olig-d (T) cellulose chromatography. From 5 pig of this RNA

preparation, approximately 3.5 to 4 pig of cDNA and 2.5 pig of double

stranded cDNA were synthesized. Three hundred nanograms of double
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stranded cDNA longer than 500 base pairs were recovered after size

fractionation on a 1.5% agarose gel. Ligation of cDNA inserts to Xgt10

arms and in vitro packaging of recombinant phage DNA were performed as

described (Maniatis et al 1982). A total of 8 x102 recombinant phages

were obtained and amplified once. Oligonucleotides for use as probes in

screening the cDNA library were designed from published sequences of

the chicken p H and X L chain genes (Figure 4.1 panels A and B). Out of

eighteen potential candidates for p H clNA, three were subcloned into

plasmid vectors (pCM2, p.GM4 and pCM16) and characterized by nucleotide

sequencing (Figure 4.1 panel A). A full length X L cDNA clone was also

isolated, subcloned in to plasmid puC18 and designated as pXvic. pXvic

was further subcloned to yield p2c, which contained constant region

sequences (CX) only (Figure 4.1 panel B). Comparison of the DNA

sequences with those reported previously for the chicken, mouse and

human Ig genes allowed the topography of the clones to be determined .

4.1.2. Nucleotide sequence of chicken p. heavy chain mRNA

Sequence analysis of the three selected p cDNA clones provided the

3' untranslated part of the chicken pl heavy chain mRNA up to the

poly(A) tail, together with the complete constant (C) and variable (V)

regions and part of the leader peptide (Figure 4.2).

Variable domain The amino acid sequence of the heavy chain variable

(VH) region as determined from the nucleotide sequence is in complete
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agreement with the published partial amino acid sequences for the

chicken VH region (Kabat et al 1983). The chicken VH sequences reported

here share >50% homology with the mouse VH sequences and share highest

homology (57%) with the mouse VH sequences expressed by the myeloma

cell S107. To align the chicken and mouse VH domains, two deletions of

a total of five amino acids were introduced (between amino acid 56 and

58, and at the end of the chicken VH sequences). These deletions make

the second and third hypervariable regions of chicken VH sequence

shorter than those of the mouse VH region. The invariable amino acid

sequences in mouse VH regions are also conserved in chicken VH. This

indicates an overall structural conservation between the mammalian and

avian VH domains. Whether the chicken VH sequences reported here

represent the major subgroup of the chicken VH genes is yet to be

determined. When chicken genomic DNA was cleaved with restriction

endonuclease (s) and hybridized with a VH-specific probe, multiple

fragments that hybridized with this probe were detected. This finding

suggests the presence of a large VH gene pool in the chicken

genome (data not shown). Whether these VH genes represent a large

number of functional VH genes or are pseudo-VH genes remains to be

determined.

JH segment The chicken JH sequence was identified on the basis of

its homology with the mouse and human JH sequences. The 3' end of the

JH segment was determined by comparing the nucleotide sequence of the

cDNA with that of the genomic p gene (chapter 6). A comparison of the

chicken JH sequence with the reported four mouse JH and six human JH
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region sequences (Table 4.1) indicated that the chicken JH region is

most closely related to the mouse JH4 and human JH6 segments, which are

the JH segments most proximal to the p constant region.

Constant domain The complete DNA sequence of the pi heavy chain

constant region is presented here. The data showed that this is a

secreted form of the pi heavy chain. Comparisons of the sequences to the

partial sequences reported previously (Dahan et al., 1983) revealed the

following :

(1) there are two silent base changes, one in codon 337 and the other

in codon 545; .

(2) four extra amino acids, Pro-Asn-Gly-Ile, are present between codon

225 and 226 of the previously published sequences;

(3) there are five alanines in a stretch from codon 271 instead of

four;

(4) the boundary between constant domains Cu1 and Cp2 was previously

assigned between codon 225 and 226 as determined by comparing the

chicken pucDNA sequences with the Cu sequences of mouse; however as

determined by comparing the p cDNA sequences to the sequences of

genomic p clone, the Cpl.1 and Cu2 boundary was assigned between the two

Gs of codon 220; and

(5) the complete Cu1 sequence is presented here. In comparison to the

reported partial sequences, there are several base changes . These base

changes represent a total of six amino acid substitutions.

Since the chicken strains from which this pl cDNA and the published pu

cDNA clones derived were different, the differences shown here may
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indicate the presence of Cu gene polymorphisms among chicken p H genes.

4.1.3. Nucleotide sequence of chicken X light chain mRNA

The nucleotide sequence of a full length X light chain cDNA is

presented in Figure 4.3.

Leader sequence The NH2-terminal amino acid of the chicken X L chain

was identified according to previous sequence determination (Grant et

al 1971). A leader sequence of 21 amino acids was identified by

comparison with the chicken genomic VX sequences (Reynaud et al.,

1985). Two silent substitutions at amino acid -13 and -11 were

observed. Again, such differences may due to genetic polymorphisms. The

additional 36 nucleotide sequences present 5' to the leader sequence

represent the 5' untranslated region.

Variable domain When the nucleotide sequence of the VX cDNA from R2B

cells was compared with the reported germline VX1 sequence (Figure

4.4), thirteen nucleotide differences that produce eight amino acid

substitutions in the framework regions, and fourteen amino acid

differences that produce seven amino acid changes in the hypervariable

regions were observed. In addition, an amino acid insertion in the

second complementarity-determining region (CDR-2) (Gly 26) and an amino

acid deletion in the CDR3 of the X L clNA from R2B cells makes the

overall length of VX unchanged. The most divergent segment between the

VX cDNA and the germline VX1 gene lies at at the end of CDR3.
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J segment The JX sequence presented here is identical to the

published JX sequence. This finding further supports the notion that

the unique chicken CX gene possesses a single JX element (Reynaud et

al., 1985).

Constant domain and 3' untranslated region The sequences of the

constant and 3' untranslated regions of the R2B X L cDNA are identical

to the germline sequences (Parvari et al., 1987). The chicken CX is 61%

homologous to both human CX and mouse CX1 amino acid sequences;

however, the 3' untranslated region displays no obvious homology with

the analogous mouse or human sequences (Bothwell et al., 1982; Hieter et

al., 1981) and it contains the polyadenylation signal A-A-U-A-A-A

(Proudfoot and Brownlee, 1976).

4.1.4. Generation of R2B VX sequence diversity

It has been reported that the chicken light chain repertoire is

entirely derived from a single VL-JL rearrangement (Reynaud et al.,

1985). The diversification of the light chain sequences occurs during

ontogeny by a segmental gene conversion mechanism between the

rearranged functional VL gene and members of a VL pseudogene pool

(Reynaud et al., 1987). To test whether R2B VX sequence diversity was

generated through a similar mechanism, the R2B VX sequences were

compared with the published germline VX sequences and VX pseudogene

sequences from the CB chicken strain (Reynaud et al., 1987). Figure 4.4
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shows the comparison of the R2B VL sequences with the germline VL

sequences. Some of the differences may be due to genetic polymorphisms,

since R2B cell line is derived from an outbred 15x7 White Leghorn

chicken, while others may be assigned to pseudogene sequences. Fig. 4.5

illustrates examples of putative gene conversion events. Thus it seems

likely that a segmental gene conversion mechanism plays a role in

generating the R2B VX sequence diversity.

4.1.5. Expression of immunogloblin genes in ALV-induced B cell lines

Polyadenylated RNA from the five ALV- induced B cell lines

described in the previous chapter was analyzed by electrophoretic

fractionation and molecular hybridization with specific Ig H H chain

and X L chain cDNA probes. A 1.2 kilobase X L chain mRNA was detected

in all five cell lines (Figure 4.6). This finding correlated with the

notion that the majority (>95%) of chicken serum light chain is of X

type (Grant et al., 1971). While a 2.0 kilobase p mRNA was detected in

the IgM-producing cell lines SC2L and R2B (Fig. 4.7, lane c and d),

there was no detectable pu mRNA in the cell lines 1104B1, 1104X5 and

BK4484A that produced light chain only (Fig. 4.7, lane e, f and data

not shown). The sizes of the p and X mRNAs synthesized by these cells

were the same as those produced by bursal and spleen B lymphocytes

(Figure 4.6 lane a and Figure 4.7 lane a ,b).

4.1.6. Rearrangement of the Ig u H chain gene in ALV-induced B cell

lymphomas
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There are two possibilities to explain the lack of p H chain in

1104X5, 1104B1 and Bk4484A. One is that their Ig p genes are in germ

line configuration; the other is that their Ig p gene have been

rearranged to a non-functional configuration and no transcription is

allowed. To distinguish between these possibilities, the status of the

Ig pi loci in these cell lines was examined. In order to detect VDJ

joining with a Cpl probe, it was recommended to use a restriction

endonuclease that did not cleave between the J segments and Cpl region.

As shown schematically in Figure 4.8, using a Cu probe and an

appropriate restriction endonuclease, the DJ or VDJ joining events can

be easily detected by the appearance of a new Cpl hybridizing fragment.

When 15 restriction endonucleases were tested for this purpose, all

except Ncol gave identical hybridization patterns with DNAs from an

embryo of SC-Hyline chicken and IgM producing cells (SC2L) (data not

shown). Presumbly, the cleavage sites for all endonucleases other than

Nool lay between the J segments and Cp region; as a consequence,

rearrangement can not be detected using these enzymes and a Cpl probe.

As shown in Figure 4.9 lane a and b, when DNA from SC2L was probed with

pCM4 (see Figure 4.1, panel A), the germ-line 20 kb Ncol fragment was

replaced by a 30 kb fragment. When bursal DNA from an SC-Hyline chicken

was cleaved with Ncol and probed with pCM4, a smear ranging from 20 to

30 kbp was observed. The smear presumably represented polycolonal

rearrangements of the H chain locus in bursal lymphocytes. Since 1104X5

and 1104B1 were established from a tumor in line 15 chicken strain, the

embryo DNA from line 15 chicken was digested with Ncol and probed with
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pCM4 to obtain the germ-line Ncol pattern. Line 15 is a white leghorn

chicken strain which is not inbred with immunoglobulin gene. DNA

obtained from two different embryos showed different Ncol fragments

that hybridized with the Cu probe (Figure 4.9, lane c and d). Moreover,

the patterns of Ncol fragments observed in these two line 15 chicken

differed from that observed in SC-Hyline chicken. Such differences

indicated the presence of restriction endonuclease polymorphisms in the

Ig pi H chain locus. When DNAs from 1104X5 and 1104B1 were cleaved with

Ncol and probed with pCM4, a single 7.5 kbp was observed (Figure 4.9,

lane e and f). Since there are restriction enzyme polymorphisms among

the Ig pi loci in line 15 chicken, and the germ-line pattern of Ncol

fragments of the chicken used to induce the tumor was unavailable, it

was difficult to determine whether the Ig p genes in 1104X5 and 1104B1

cells remained in germ-line configuration or were rearranged.

4.1.7. Chromosomal locations of the chicken Ig p and X genes

The chromosomal locations of the chicken pl heavy chain and X light

chain genes were determined using fractionated chicken chromosomes ana

chicken Ig p H chain and X L chain cDNAs as molecular probes. The

results are shown in Figure 4.10. Both p and X sequences were scattered

through the fractions, with a stronger signal in the region of the

microchromosomes ( fraction 20). DNA from the same preparation had been

used to determine the chromosomal locations of oncogenes c-src , c-erb-A

and c-erb-B (Symonds et al., 1984), thus the scattering of

autoradiographic signal is not due to cross contamination of
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chromosomal fractions. Moreover, it has been shown that due to non

specific aggregation with the larger chromosomes, microchromosomes are

commonly scattered throughout sucrose gradient in a manner shown here.

Therefore, both the chicken p heavy and X light chain loci are located

on microchromosomes.

4.2. Discussion

4.2.1. Unusual features of the chicken X light chain

The light chains of the human and mouse immunoglobulins belong to

two antigenically and chemically distinct classes, k and X. The k class

has a free (unblocked) N-terminal amino acid and a C-terminal cysteine

residue, whereas light chain of the X class has a blocked N-terminal

position (usually a pyroglutamic acid (PCA)) and a penultimate cysteine

residue at the C terminus (Hood et al., 1965). Comparisons of the

partial amino acid sequences with human k and X light chain sequences

have demonstrated that up to 95% of the chicken light chain is of X

class (Kubo et al., 1970; Kubo et al., 1971). However, the unblocked N

terminus and the cysteine residue at the C-terminal position that are

frequently associated with human and mouse k sequences, are also

present in chicken X light chain. The nucleotide sequences revealed the

possible explanations of these features. Inspection of the 5' sequences

of chicken and mouse light chain sequences showed that the chicken FR1

is 20 residues long (Alal-Cys49), in contrast to the 22 residues of



66

mouse X1 and X2. Since PCA is known to originate from cyclization of

the Gln residue during cleavage of the mouse X chain precursor

(Burstein and Schecher, 1977), the Gln-1-Ala-2 which preceed Alal of

chicken X light chain match the PCA1-Ala” of the mature mouse A1 and

X2. Beyond this point, both chicken and mouse have 19 residues.

Therefore, cleavage of the X precursor in mouse yields a leader 19

residues long and FR1 22 residue long; whereas cleavage in chicken

occurs beyond 21 residues to yield a leader 21 residues long and a FR1

20 residues long. The difference in post-translational processing of

the precursor may explain the unblocked N-terminus in chicken X light

chain.

The presence of cysteine at the C-terminal position is another

specific feature of the chicken X light chain, since the human and

mouse X light chains end with Cys-Ser. The stop codon UAG, which is

used in both the human and mouse CX sequences, is present in the

chicken DNA sequence, but in tandem with its own stop codon UAA, which

stands in place of the UCA serine codon of the human CX sequence

(Hieter et al., 1981). Therefore, a single nucleotide change may explain

the particular C-terminus of the chicken X light chain.

4.2.2. Generation of chicken antibody diversity

In human or mouse, antibody diversity arises mainly from Ig gene

rearrangement, which joins two or three V-encoding segments from a pool

of germ-line genes, and from the variations in precise joining points.

Additional somatic diversification processes, such as point mutation,
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V-gene replacement and gene conversion are likely to take place during

clonal B cell expansion (Dildropet al., 1982; Gearhardt and Bogenhagen,

1983; Kleinfield et al., 1986; Reth et al., 1986). In contrast to human

and mouse, Ig gene rearrangement in chicken does not appear to be the

major source of diversity. Reynaud et al. (1987) have shown that the

chicken light chain locus is composed of a single functional VX gene, a

single JX-CX unit and 25 VX pseudogenes. The pseudogenes are located

2.4 Kb upstream from the functional VX gene and are clustered in both

orientations within 19 Kb DNA. The chicken light chain repertoire has

been shown to derive from the single VX-JX rearrangement. In

addition, somatic modifications observed in the rearranged VX gene are

mostly parallel base modifications and insertion of whole triplets in

different clonal VX sequences and are unlikely to be generated by

random point mutations. Most of these modifications can be assigned to

pseudogene sequences, some of which are even shared by several members

of the pseudogene pool. Based on these findings Reynaud et al concluded

that the generation of antibody diversity in chicken is not achieved by

gene rearrangement, but by a mechanism of segmental gene conversion

that occurs between the unique rearranged VX gene and the adjacent VX

pseudogenes.

Comparison of the R2B VX sequences with the published germ-line VX

gene and VX pseudogene sequences (Fig. 3.4 and 3.5) demonstrated that

several modified sequences in R2B VX can be assigned to different

pseudogenes. There are some sequence modifications that have no

possible donor. These differeces may be due to genetic polymorphisms,

since the germ-line VX sequence is derived from an inbred CB chicken.(
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Reynaud et al., 1987), whereas R2B was derived from an outbred white

leghorn chicken. Moreover, as observed by others, some nucleotide

changes may be created at the fusion regions of the recombination sites

(Reynaud et al., 1987). In general, the data presented here support the

notion that gene conversion between the rearranged VX gene and the

pseudogenes contributes to the generation of Ig light chain diversity

in chicken.

As indicated by the following observations, the same mechanism is

probably employed in the generation of Ig heavy chain diversity in

chickens. First, when bursal DNA was probed with a Cu probe, a major

rearrangement was observed (Weil et al 1986). Second, Schechter et al.

have shown that the VH sequences in seven H-chain cDNA clones randomly

cloned from spleen are of the same subgroup (Schechter et al., 1987).

When restriction-enzyme digested chicken DNA was probed with the R2B VH

sequences, multiple VH-hybridizing fragments were observed. If gene

conversion described in generating chicken light diversity also plays a

major role in diversifying the heavy chain sequences, many of these VH

hybridizing fragments may represent pseudogenes as in the case of X

light chain locus. However, without cloning and analysis of these VH

hybridzaing DNA fragments, these points remain speculative.

4.2. 3. Expression and rearrangement of Ig genes in ALV-induced B cell

lymphomas

The results described in this chapter confirm and extend previous

studies showing that cell lines derived from ALV induced bursal tumors
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represent the B lymphocyte lineage. Two newly isolated cell lines

produced both p H and X L mRNAs, whereas the other three extensively

passaged cell lines synthesized only X L mRNAs. To determine whether

the pu heavy chain genes in these extensively passaged cells were in the

germ-line configuraton, were deleted, or were rearranged in a non

productive configuration, their arrangements were analyzed. One of

these extensively passaged cell lines, BK4484A, was derived from a

tumor in a Japanese domestic chicken strain BK, while the other two

(1104X5 and 1104B1) were established from a tumor of an outbred line 15

white leghorn chicken (Hihara et al., 1974). The lack of DNA from the

same bird that was used to induce the bursal tumor for establishing

these cell lines and the presence of restriction enzyme polymorphisms

in Ig pi locus of the chicken line used to established these cell lines

made it difficult to resolve this problem. Nonetheless the result

presented here showed that the pattern of Cu-hybridizing NCoI fragments

in 1104X5 and 1104B1 cells are the same. Since 1104X5 and 1104B1 were

derived from the same tumor, they may represent two clonal cell lines

derived from the same clonal tumor. This finding correlated with the

previous report that only one or two macroscopic nodules of

lymphoblasts were observed in the bursal section between 6-7 weeks post

infection. At this point, it is not clear whether the pi gene in 1104B1

and X5 cells represented the germ-line or rearranged configuration. If

it represented the rearranged configuration, it is not clear whether

the rearrangement occured before or after establishment of the cell

lines. Although the expression and arrangement of the Ig H gene was the

same in the 1104X5 and B1 cell lines, the two cell lines differed in
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the morphology. 1104B1 cells grew in suspension and had lymphoblast

morphology; while 1104X5 had a spindle-shaped, fibroblast-like

morphology and attached to culture flasks. Again, this difference may

due to culture conditions and not reflect the difference in target cell

specificity.

In order to obtain a better probe to analyze the rearrangement of

chicken Ig p gene, I attempted to molecularly clone the genomic JH

region and its flanking sequences. These efforts proved unsuccessful,

because these regions seemed to suffer deletions during isolation. Such

deletions have been reported in the mouse switch region during cloning

of the p locus. They suggested the presence of repeated sequences which

may be hot spots for recombination.
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Table 4.1 Comparisons of the nucleotide sequence of
chicken J

H with human and mouse JH

H

H

H

In Ouse JH!

J.2

J.-3

J.4

% of homology

chicken J
H

71

75

71

85

J.-l
H

JH2

JH3

JH4

JH5

JH6

67

71

75

77

79

83

Note: sequence of human and mouse *H are

taken from Kabat et al. (1983)
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Figure 4.1. Strategy for sequencing cDNA clones

Chicken Ig pi heavy chain mRNA (panel A) and X light chain

mRNA (panel B) are schematized in the upper parts of each

panel: variable (V), joining (J), constant (C) and 3'

untranslated regions together with the leader (L) are shown in

the diagrams. The wavy lines represent the synthetic

oligonucleotides which are complementary to either pu or X mRNA

and were used as primers in M13 sequencing. Arrows represent

the extent and direction of sequence determination.
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Figure 4.2. Nucleotide sequence of chicken pl heavy chain cDNA

The amino acid sequence deduced is numbered and indicated

above the nucleotide sequence. The domain boundaries are as

follows: Leader (L) (-9 to -1), variable region (VH) (1 to

104), joining region (JH) (105 to 118), Cpl.1 (119 to 220), Cu2

(220 to 322), Cp3 (323 to 432), Cpl.4 (433 to 543), C-terminal

(544 to 562).
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Figure 4.3. Nucleotide sequence of the chicken X light chain

The amino acid sequences deduced are numbered and

indicated above the nucleotide sequences. The domain boundaries

are as followed: leader (-21 to -1), V (1-92), J (93-105) and C

(105-207).
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Figure 4.4. Comparison of the germ-line VX1 sequence with the

VX sequence from the R2B X light chain cDNA clone

The germ-line VX1 sequence taken from Reynaud et al (1987)

is compared with the VX sequence from the R2B X light chain

cDNA clone. The germ-line VX1 DNA sequence is presented as the

deduced amino acid sequence, and the position of CDR is taken

from Kabat et al (1985). The R2B VX sequence is presented below

the VX1 sequence, with dashes indicating maximal homology. The

R2B VX sequence is presented with its encoded amino acids where

they differ from the germ-line VX1 gene.
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Figure 4.5. Examples of putative gene conversion events in the

R2B VX sequence

Four examples of somatic modifications are shown with the

germ-line VX1 sequence (VX1), the VX sequence from R2B X cDNA

(R2B VX) and possible pseudogene donors. Dashes indicate

nucleotide identities with the germ-line VX1 sequence. Both

germ-line VX1 and the pseudogene sequence are taken from

Reynaud et al (1987).
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Figure 4.6. Analysis of mRNA for chicken X light chain in cell

lines derived from ALV- induced bursal tumors

Polyadenylated RNA was isolated from the ALV- induced cell

lines and 2 week old chicken spleen, and analyzed as described

in the text using the plasmid p) v--c (Figure 4.1. B) as

hybridization probe. The sizes of the RNA are given in

kilobases. Lane a, chicken spleen; lane b, R2B ; lane c,

BK4484A.; lane d, 1104B1; lane e 1104X5 and lane f, SC2L.
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Figure 4.7. Analysis of mRNA for chicken pl heavy chain in cell

lines derived from ALV- induced bursal tumors

Polyadenylated RNA was isolated from ALV- induced cell

lines and 2 week old chicken bursa and spleen. The mRNAs were

analyzed as described in the text and probed with the insert

from plasmid pCM4 (Figure 4.1.A). The sizes of the RNAs are

given in kilobases. Lane a, chicken bursa; lane b, chicken

spleen; lane c, R2B ; lane d, SC2L; lane e, 1104 B1 and lane f,

1104 X5.
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Figure 4.8. Use of a Cp specific probe to analyze Ig gene

rearrangement

When a Cpl probe was used to analyze Ig gene rearrangement

in B cells, a restriction endonuclease that does not cleave in

the intron between JH and Cu regions must be employed in order

to detect VDJ joining. The pu heavy chain allele is schematized

above. E denotes the cleavage site for the restriction enzyme.

G stands for the germ-line fragment that will be detected by a

Cu probe. Deletion of the E2 site after DJ joining generates a

rearranged fragment (R1) that can be detected by a Cpl probe;

while a different rearranged fragment (R2) that can be detected

by a Cu probe will result from VDJ joining.
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Figure 4.9. Rearrangement of the pi heavy chain locus in normal

and ALV- induced tumor cells

DNAs digested with the restriction endonuclease Ncol were

analyzed as described in the text, using nick-translated pCM4

as hybridization probe (see Figure 4.1.A). The sizes of DNA

fragments are given as kbp. DNAs were obtained from: SC-Hyline

chicken embryo (lane a); ALV induced, IgM-producing cell line

SC2L (land b); two line 15 chicken embryos (land c and d); and

two ALV-induced, light chain only producer 1104X4 and 1104B1

(lane e and f).
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Figure 4.10. Chromosomal localization of the chicken Ig pu heavy

chain and X light chain genes

Numbers above the lanes indicate the numbers of the

fractions from which the DNAs were obtained. Fraction 8 is from

the bottom of the gradient, which contains the largest

chromosomes; fraction 20 is from the top of the gradient, which

contains microchromosomes; and fraction 21 is mostly protein

taken from the top of the gradient. Lane G is chicken genomic

DNA (7 pig) isolated from chicken embyro fibroblasts. The probes

used here are pCM4 for p H chain gene (panel A) and p), vºc for X

L chain gene (panel B).
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Chapter 5

Rearrangement and Expression of the Immunoglobulin Genes in

Reticuloendotheliosis Virus-Transformed Cells
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The use of retroviruses to transform hemopoietic cells has been a

valuable adjunct to the study of both normal hemopoiesis and the

mechanisms of leukemogenesis. For example, explication of B-lymphocyte

development has benefited greatly from studies on lymphoid cells

transformed by Abelson Murine Leukemia Virus and its oncogene v-abl

(Alt et al., 1982; Reth & Alt, 1984; Ziegler et al., 1984; Reth et al.,

1985). However, none of the cells transformed by v-abl seem to

represent the earliest stages in the B-cell lineage, and these stages

have been brought to view only rarely by other means (Alessandrine et

al., 1987). In the hope of obtaining additional access to the

differentiation of immunocytes, I have characterized chicken

hemopoietic cells transformed by strain T of the avian

reticuloendotheliosis virus (REV-T).

The approximate stage of immunocyte development can be determined

by analyzing the rearrangement and expression of immunoglobulin (Ig)

genes ( reviewed in chapter 1). I have therefore examined the Ig genes

in five lines of lymphoid cells transformed by REV-T. The results

indicate that some of these cells may represent an early stage in

lymphoid cell development, whereas others contain apparently anomalous

configurations of Ig genes.

5.1. RESULTS

5.1.1. Rearrangement of the H chain locus in cells transformed by REV-T
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In preliminary studies, the restriction endonuclease Ncol was

shown to cleave between the variable (V) and joining (J) regions of the

chicken H chain locus, in a manner that can be used to analyze

rearrangements within the locus. I therefore used this enzyme to

compare the configurations of the H chain loci in DNA from six day-old

chick embryos (the germ-line configuration), mature B-cells and cells

transformed by REV-T.

The germ-line (i.e., unrearranged) pattern of H chain genes in SC

Hyline chickens, the partially inbred flock from which all hemopoietic

cultures were obtained for transformation by REV-T, was analyzed first.

The Cu-specific probe, pcM4 (see Figure 4.1 panelA), hybridized with 20

kilobasepair (kbp) and 8 kbp fragments in embryo DNA cleaved by Ncol

(Fig. 5.1, lane 1). To determine whether these two restriction

fragments represent different alleles of a single H chain gene, I

analyzed the germ-line pattern of Ig genes in the flocks from which the

male and female parents for the SC-Hyline flock were drawn. The flock

of the male parent proved to be uniformly homozygous for the 20 kbp

NCoI fragment, whereas the flock of the female parent was homozygous

for the 8 kbp Ncol fragment. Representative data are shown in Figure

5.1 lanes 2 and 3); identical results were obtained with five other

members of each flock. Therefore, the restriction pattern in SC-Hyline

chickens represents two alleles of a single Cpl region.

When DNA from the IgM-producing chicken lymphoma, SC2L, was probed

with pCM4, the 20 kbp Ncol fragment was replaced by a 30 kbp fragment

(Fig. 5.1, lane 4). By contrast, the 8 kbp Ncol fragment remained
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undisturbed. It remains unknown whether the allele represented by this

fragment was not rearranged, however, because both Ncol sites that

define the fragment lie within the Cu region - one in the intron

between Cu1 and Cu2 , the other in the coding domain for Cp3 (see

Figure 6.1, panel B). When bursal DNA was digested with Ncol and

probed with pCM4, a smear ranging from 20 kbp to 30 kbp, and an 8 kbp

fragment was detected (data not shown). The smear presumably

represented polyclonal rearrangements of the H chain locus in bursal

lymphocytes, more than 70% of which produce IgM (Cooper et al., 1974).

Based upon the configuration of the Cu region, cells transformed

by REV-T were grouped into three classes (Table 5.1). Of the five cell

lines examined, three retained both Cu alleles potentially in germ-line

configuration, as determined by Ncol digestion and hybridization with

the pGM4 probe (Fig. 5.1, lane 5). These three cell lines were

designated as class I. All were derived from embryonic spleen (Table

5.2). Class II comprised a single cell line, BB5, in which the 20 kbp

Ncol restriction fragment remained undisturbed, but the 8 kbp Ncol

fragment was replaced by a new 5.8 kbp fragment that presumably arose

from rearrangement of the locus (Fig. 5.1, lane 6). The remaining cell

line belonged to class III, in which the 20 kbp fragment was lost -

presumably by deletion of the locus, and the 8 kbp fragment was again

replaced by a 5.8 kbp fragment (Fig. 5.1, lane 7).

5.1.2. Rearrangement of the H chain locus in Transformed cells is

consistent and novel
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The pattern of Ncol fragments observed in class II and class III tumor

cells raised the possibility that a consistent but abnormal

rearrangement affected the H chain locus in cells transformed by REV-T.

I pursued this possibility by using additional restriction

endonucleases to analyze the H chain locus in the transformed cells.

Cleavage with the EcoRI and Pvul I, and hybridization with a Cpl-specific

probe gave patterns with DNAs from embryos and IgM-producing lymphoma

cells that were indistinguishable (Figure 5.2, lanes 1 and 2). I

presume that cleavage sites for these restriction enzymes lie between

the J segments and the Cu region; as a consequence, rearrangement

cannot be detected with these enzymes and a Cu probe. This was

confirmed by the results shown in Figure 6.1 of capter 6 By contrast,

the patterns obtained with DNA from cells transformed by REV-T could

again be grouped into three classes: I, no detectable rearrangement of

the H chain loci (Figure 5.2, lane 3); II, one H chain locus

rearranged, to generate new patterns of restriction fragments that

hybridize with the Cu-specific probe (Figure 5.2, lane 4); and III, one

Cu region rearranged and the other apparently deleted (Figure 5.2, lane

5).

From these findings, I conclude that one of the p H genes is

rearranged in class II and III transformed cells. This rearrangement

differs from that found in IgM-producing B cells and may be identical

in the cell lines in which it occurs (Table 5.1), although small

differences could not be detected by the restriction mapping used in

these analyses. The other u H gene is apparently deleted in Class III

cells.
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5.1.3. Rearrangement of the X light chain locus in cells transformed by

REV-T

The status of the X L locus in REV-T transformed cells was also

examined. Cleavage of DNA from SC-Hyline embryos with EcoRI and

hybridization with pXy+c gave the pattern of fragments shown in lane 1

of Figure 5. 3. Hybridization with a probe specific for the CX region

(pxc) showed that this region was located on the 18 kbp and 2.5 kbp

EcoRI fragments (Figure 5. 3, lane 2). These two CX-containing

fragments represented different alleles of the X L locus: one fragment

derived from the male founders of the SC-Hyline flock (Figure 5.3, lane

3), the other from the female founders (Figure 5. 3, lane 4).

When the X L loci of IgM-producing lymphoma cells were examined,

the joining of the V and J regions was revealed by the appearance of a

new EcoRI restriction fragment (14 kb) that hybridized to the Avic

probe (Fig. 5.3, lane 5). Using the same strategy, cells transformed

by REV-T could be classified into two groups that were subsumed by the

three classes established previously for the H chain locus: (i) cells

which had unrearranged Cu (class I) also had both alleles of the A L

chain gene in the germ-line configuration (Figure 5. 3, lane 6); (ii)

cells of classes II and III had one allele of the X L chain locus in

the germ-line configuration, whereas both C and V domains of the other

allele were deleted, and this allele was always derived from the female

parent of the SC-Hyline flock (Figure 5. 3, lanes 7 and 8).
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5.1.4. Expression of immunoglobulin genes in cells transformed by REV-T

Polyadenylated RNA from various cell lines were analyzed by using

electrophoretic fractionation and molecular hybridization with specific

cDNA probes. A 2 kilobase p H chain mRNA and a 1.2 kilobase X L chain

mRNA were detected in chicken lymphoma cells that produce IgM (Figure

5.4, lane 1). None of the cells transformed by REV-T contained

detectable p H or X L mRNA (Figure 5.4, lanes 2-6) - including the BB5

cell line, which was reported previously to produce IgM (Figure 5.4,

lane 2). BB5 cells have been propagated in culture for a relatively

long period, during which time their Ig genes apparently rearranged

spontaneously to the non-functional configuration described in the

present work.

5.2. DISCUSSION

5.2.1. Ig genotype of cells transformed by REV-T

I have found three distinctive configurations of Ig genes in cells

transformed by REV-T (Table 5.1): Class I, cells with both L and H

chain loci in germ-line configurations; Class II, cells with one allele

of the p H gene in germ-line configuration and the other allele

rearranged; and Class III, cells with one Cp allele rearranged and the

other deleted. Cells of Classes II and III have one allele of the X L

gene deleted and the other allele in germ-line configuration. It seems

likely that Class III cells arose from those of Class II by deletion of
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the remaining H chain locus.

Fortuitous polymorphisms at restriction endonuclease sites allowed

distinction of the parentage of both the H and L chain loci in the SC

Hyline flock. These distinctions revealed that in Class II and III

cells, the rearranged allele of the p H gene and the deleted allele of

the X L gene were derived from the female parent. The significance of

these correlations is not apparent.

5.2.2. What are the target cells for transformation by v-rel?

Both the spleen and bone marrow of young chickens contain

hemopoietic cells susceptible to transformation by v-rel ( Lewis et

al., 1981). What is the nature of these cells? Previous results had

raised the possibility that they might be primitive lymphocytes not

fully committed to the B-lineage (Beug et al., 1981; Lewis et al.,

1981; Shibuya et al., 1982). The findings presented here are at least

partially in accord with this notion: the transformed cells of Class I

probably have a germ-line configuration of Ig genes. It is possible

that these cells represent primitive lymphocytes whose differentiation

was arrested by the action of v-rel.

The oncogene v-abl is also thought to arrest the development of

lymphocytes, but the affected cells are clearly committed to the B

lineage and are more mature than the Class I cells described here (Alt

et al., 1982; Reth et al., 1985). It has yet to be tested whether the

cells of Class I can be induced by experimental means to differentiate

to more mature lymphocytes. For the moment, it remains possible that
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the cells of Class I represent the earliest stage of the lymphoid

lineage yet encountered among virus-transformed cells.

The juxtaposition of the diversity (D) region to a joining (J)

region of the heavy chain locus has been observed in both pre-B and T

cells (Forster et al., 1980; Kurosawa et al., 1981) ; and occasionally

the T cell receptor Y genes were found to be rearranged in cells

committed to B cell lineage (Cook and Balaton, 1987). Therefore, the

presence of rearranged Ig genes in a particular cell does not necessary

indicate its commitment to B cell lineage. Although the results

presented here are not sufficient to determine whether the REV-T

transformed lymphoid cells have committed to either B or T cell

lineage, they suggest that REV-T is able to transform cells

representing at least two different stages in the lymphoid lineage. The

first stage is represented by Class I cells which have not begun Ig

gene rearrangement; while the second stage is represented by Class II

and III cells which have rearranged their Ig genes. It is not clear

whether the rearrangement of Ig genes in Class II and III cells occured

before v-rel transformation or are consequent to the transformation

event. The presence of rearranged Ig genes may indicate that the

enzymes required for Ig gene rearrangement are active in these cells.

In this view, Class II and III cells seem to represent a later stage in

B cell development. This conclusion is supported by the studies done by

Bose et al. (personal communicaton). They have immunized rabbits with

Class I cells and absorbed out the antisera with Class III cells

extensively. One antibody activity remained which was shown to identify
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specifically a 14,000 dalton protein present in Class I and II cells,

but not in Class III cells. This absorbed antiserum was shown , by

immunofluorescent technique, to stain thymic and bursal lymphocytes of

embryonic chicken, but not the thymic or bursal lymphocytes of hatched

chicken. Therefore, it seems that the 14 kd protein specifically

identified in Class I cells by Bose et al. may represent an early

lymphoid cell surface antigen.

5.2.3. Anomalous rearrangement of Ig genes in cells transformed by v

rel

The results reveal that the two classes (II and III) of cells

transformed by REV-T consistently have one allele of the X L locus

deleted and one allele of the H chain locus rearranged into a

configuration that is not observed in mature B cells. It is not known

whether this configuration represents a previously unrecognized

intermediate in the normal rearrangement of chicken Ig genes, or

whether the configuration is an abnormality brought about by the action

of v-rel.

It has been postulated that rearrangement of the chicken L chain

locus is generally limited to a single allele, and that cells with an

unproductively rearranged or deleted gene are discarded (Weill et al.,

1986; Reynaud et al., 1987). In this view, the cell lines that possess

a single unrearranged X L locus may represent null cells that would

normally die, but that have been perpetuated by the action of v-rel.

In addition, studies described in the following chapter indicate that
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the rearranged H chain locus is anomalous and thus unlikely to be the

predecessor to a mature Ig gene. I have also found that the anomalous

rearrangement of p H cannot be attributed to integration of a

retroviral provirus in the vicinity of the H chain locus (data not

shown). Aberrant Ig gene rearrangement has been reported in cells

transformed by v-abl ( Hagiya et al., 1986; Cook and Balaton, 1987) and

in other lymphoid tumors (Shen-Ong et al., 1982; Adams et al., 1983).

It is not clear whether any of those rearrangements resemble the

anomalous rearrangement reported here.

Note

There remains a possibility that the class III cell line was

derived from the class II cells for the following reasons: (1) It was

reported that a wide contamination of cell lines had occurred in the

laboratory where all the REV-T transformed cells were obtained; (2)

Some REV-A proviruses in class II and III cells shared common

integration sites in the host genome; (3) Class II and III cells had

the same configurations of the rearranged pi gene. In addition, the

configuration of X light chain locus of both classes were identical.

Therefore, it is likely that class III cells were derived from class II

cells with a deletion of the unrearranged pi heavy chain allele.
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Table 5. 1 Configurations of Ig genes in cells

transformed by REV-T'

2 Configuration Configuration number of
Class of H chain gene of L chain gene cell lines

I cº/cº c"/Gº 3

II c"/R3 cº/D2 1

III D*/R” cº/DP l

"The Ig genes of five clonal lines of hemopoietic

cells transformed by REV-T were analyzed as described

in the text.

*cell lines were classified as described in the text.

36 designates germline configuration; R, rearranged

configuration; and D, deleted.

“Allele from male parent.

*Allele from female parent.
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Table 5. 2 Origins of Cells Transformed by REV-T

Origin of Number of lines in class'
Cell lines I II III

Primitive streakº 0 0 O

Embryonic spleen.” 3 0 O

Bone arrow" 0 0 1

-
4

Spleen 0 1 O

l
Cell lines were classified as described in the text.

>

*Derived from 3 day embryos.

'berived from 14–18 day embryos.

“obtained two weeks after hatching.
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Figure 5.1. Configuration of the H chain locus in normal and

transformed cells

DNA digested with the restriction endonuclease NCoI was

analyzed as described in the text, using the plasmid pCM4 as a

hybridization probe (see Figure 4.1 panel A in chapter 4). The

sizes of DNA fragments are given as kbp. DNAs were obtained

from: SC-Hyline chicken embryos (lane 1); peripheral blood

cells of a chicken representing the male parentage of the SC

Hyline chickens (lane 2); peripheral blood cells of a chicken

representing the female parentage of SC-Hyline chickens (lane

3); the IgM-producing cell line SC2L (lane 4); and three clonal

lines of lymphoid cells transformed by REV-T (lanes 5-7).
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Figure 5. 2. Consistent rearrangements of H chain loci in cells

transformed by REV-T

DNAs from the indicated sources were digested with the

restriction endonucleases Pvul I and EcoRI and analyzed as

described in the text, using the plasmid pCM16 as a

hybridization probe (see Figure 4.1 panel A in chapter 4). The

sizes of DNA fragments are given as kbp.
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Figure 5. 3. Rearrangement of the X L chain locus in normal and

transformed cells

DNAs were digested with EcoRI and analyzed as described in

the text, using the plasmids pXV4c (lanes 1 and 3-8) and p2c

(lane 2) as hybridization probes (see Figure 4.1 panel B).

DNAs were obtained from: SC-Hyline chicken embryos (lanes 1 and

2); male (lane 3) and female (lane 4) parentage of SC-Hyline

chickens; the IgM-producing cell line SC2L (lane 5); and three

clonal lines of lymphoid cells transformed by REV-T, the same

as those analyzed in Figure 5.1. (lanes 6 and 7). The sizes of

DNA fragments are given as kbp.
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Figure 5.4. Analysis of mRNAs for chicken p H chain and X L

chain genes

Polyadenylated RNA was isolated from the indicated cell

lines and analyzed as described in the text, using the plasmids

pCM4 (Figure 4.1 panel A) and p) v-Hc (Figure 4.1. panel B) as

hybridization probes. The cell lines were as follows: SC2L,

IgM-producing chicken lymphoma; and bone marrow cells

transformed by REV-T (CSO4, Class I; BB5. , Class II; E303, M31

and M41, Class III, all derived from a single cell lines). The

sizes of RNAs are given in kilobases.
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Chapter 6

Structure of the Rearranged Cu Gene in

Reticuloendotheliosis Virus-Transformed Cells
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Previous studies showed that some of five REV-T transformed cell

lines analyzed had the Cp gene anomalously rearranged. In an effort to

elucidate the mechanism responsible for the rearrangement of the

immunoglobulin pl heavy chain gene, the structure of the rearranged Cpl.

allele should be determined first. This chapter describes the molecular

cloning of the rearranged Cpl allele from a class III REV-T transformed

cell line and both of the germline Cp alleles from the same chicken

strain. Comparisons of the restriction map and partial nucleotide

sequence of the rearranged Cu allele to those of the germline Cpl.

alleles revealed that the rearranged Cu allele was probably derived

from the germline Cu of the female parental chicken with alterations at

many places. Since several of the modifications of the rearranged Cpl.

allele can be assigned to the other germline Cp allele, the possible

role of gene conversion in generating the rearranged Cpl allele is

discussed.

6.1. Results

6.1.1. Molecular cloning of the rearranged pi gene from REV-T

transformed cells

As a first step toward understanding the nature of the anomalously

rearranged p H chain locus in REV-T transformed cells, the rearranged pi

allele was cloned from a cell line transformed by REV-T. DNA from a

class III cell line (one pi heavy chain allele of which is deleted,

while the other rearranged into a consistant configuration) was used to
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construct a genomic library in the phage vector XEMBL3. Recombinant

phages were screened using a Cpl-specific probe, p(N4 (see Figure

4.1.A). Two independent clones, XTA4 and XTH 22, were isolated. The 14

kilobasepairs (kbp) Sal I insert from XTu 22 was denatured, annealed

with full length chicken pl cDNA in single-stranded phage M13 and

spread for electromicroscope as described in chapter 2. A molecule with

three short homology regions (each of which was approximately 300 bp in

length) separated by single-stranded loops of 3 kbp and 4.3 kbp was

observed (Figure 6. 2. A). The three homology regions represented the pi

constant regions Cpul, Cp2 and Cp3, as determined using oligonucleotide

probes specific for each of the pu constant domains. The restriction map

of the rearranged Cpl gene displayed in Figure 6.1. (panel A) was

orientated according to the normal transcription of Cu gene (left to

right). The two overlapping clones comprised a 18 kbp region which did

not include the Cuá coding domain. Within the 18 kbp DNA, there was no

cleavage site for the restriction endonucleases Bam HI, Bgl II, Cla I,

Hind III, Sal I, Sph I , Sst I, and Sst II . Moreover, the 5.8 kbp Nco I

and 5.5 kbp Eco RI fragments that corresponded to the Cpl-hybridizing

Nco I and Eco RI fragments observed in genomic DNA from class III tumor

cells (Figures 5.1 and 5.2) were both included in XTu22 clone.

6.1.2. Molecular cloning of the germline p gene from SC-Hyline chicken

Liver DNA from an SC-Hyline chick was used to construct a genomic

library in the phage XEMBL3. The library was screened with pCM4 probe.

Two Cu-hybridizing clones, XLu 12 and XLu 13 were isolated and
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characterized. Heteroduplex analysis (Figure 6. 2 panel B and C) and

hybridization with oligonucleotide probes specific for each of the Cu

exons (data not shown) demonstrated that the insert of XLu 12 contained

three constant domains, (Cpl.1, Cp2 and Cp3) that were separated by

introns of 3 kbp and 4 kbp. In constrast, the insert from XLu 13

contained all four exons for the Cp region.

The restriction maps of these clones are illustrated in Figure

6. 1. panel B and C. SC-Hyline chicken are known to be heterozygotic for

the Ig H H chain gene. Cleavage of DNA from the female and male

founders of SC-Hyline chicken with Nco I yielded 8 kbp and 20 kbp

fragments respectively that hybridized with probe pCM4 (Figure 5.1,

lane 1). Therefore, the 14.5 kbp DNA insert in phage XLu 12 represented

the germline Cp allele derived from the female founder; while the 15

kbp DNA insert represented the germline Cu allele derived from the male

founder of SC-Hyline chicken.

6.1.3. Comparisons of the rearranged Cu gene from REV-T transformant

with the germline Cu gene

6.1.3.1. Some restriction enzyme cleavage sites that were present in

one but not the other germline Cu allele can all be found in the

rearranged Cu gene

The Cu allele from the female founder of SC-Hyline chicken (Cpl-F

allele) had an NCo I site 3 kbp 5' to the Pvu II site in Cu2 and no Eco

RI site in the 14kbp region as shown in Figure 6.1, panel B; while the
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Cu allele from the male founder of the SC-Hyline chicken (Cpl-M allele)

contained two Eco RI sites between the Cp2 and Cpl.4 domains, one 0.7 kbp

3' to the Pvu II site in Cp2 and the other 0.5 kbp 3' to the Nco I site

in Cu 3, and no Nco I site in the intron between Cpl.1 and Cp2 (Figure

6.1 panel C). The rearranged Cu allele cloned from REV-T transformed

cells (Cpl-R allele) contained an NCo I site 1.1 kbp 5' to the Pvu II in

Cu 2, an Eco RI site 0.3 kbp 3' to the same Pvu II site and another Eco

RI site 1 kbp 3' to the Nco I site (Figure 6.1, panel A). It appeared

that the Nco I cleavage site in the intron between Cu2 and Cp3 of the

Cu-R allele might be derived from the Cu-F allele; while the two Eco RI

sites might be derived from the Cu-M allele. Thus, it appeared that Cpl.-

R allele might derived from recombination of the two germline alleles.

However, the relevent locations of these enzyme sites in the Cu-R

allele were different from those of the germ-line alleles.

6.1.3.2. The intron between Cu2 and Cu3 of the Cu-R allele had a

structure similar to that of the Cu-F allele, but with an additional

Pst I cleavage site

As determined by restriction maps (Figure 6. 3), the intron between

Cu2 and Cu3 of the Cu-M and Cu-F alleles were 2.5 kbp and 4.1 kbp

respectively. The same intron of the Cu-R allele was 4.3 kbp which was

slightly longer, but similar to the Cu-F allele. Moreover, the number

of Pst I cleavage sites within this intron were different between

different alleles. The Cpl-M allele had two Pst I sites; the Cpl-F

allele had three Pst I sites, while the Cu-R allele had four Pst I
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sites. Cleavage with Pst I generated a Pst I fragment of 1.4 kbp from

the Cu-M allele; two Pstl fragments of 0.4 kbp and 0.9 kbp from the Cu

F allele and three Pstl fragments of 1.0 kbp, 0.4 kbp and 0.9 kbp from

the Cu-R allele. These findings were consistent with the conclusion

drawn from previous studies (Chapter 5) that the Cu-R allele may

derived from the Cu-F allele.

6.1.3.3. The Pst I fragments in the intron between Cu2 and Cu3 are

composed of repeated sequences

In order to determine the origin of the Cpl-R allele, the Pst I

fragments from introns between Cpl. 2 and Cu3 of all three Cu alleles were

cloned into M13 and subjected to nucleotide sequence analysis. The

extent and direction of the sequence analysis were indicated in Figure

6.3.

The nucleotide sequence suggested that the Pst I fragments were

composed of repeated sequences and all the Pst I fragments shared

similar sequences. The nucleotide sequences of the 0.4 kbp Pst I

fragment from the Cu-F allele are illustrated in Figure 6.4, panel A.

As shown in panel B, except one base change, the first 68 bp of the Pst

I fragment were identical to the first 67 bp of Cp3 coding region plus

one basepair from the intron before Cu3. Basepair 69 to 345 of the Pstl

fragment was composed of three repeated units, each of which was 90 to

93 bp in length. Panel C illustrated the three repeated sequences which

were not identical to each other but share great homologies (87%). The

last 52 bp did not share sequence homology with either the Cu3 coding
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region or the repeated sequence.

Although some of the sequences of the Pst I fragments had not been

determined, based upon the sequence available, all six Pst I fragments

and the 3' half of the Pvu II-Pst I fragments from the three Cu alleles

(fragments x, y and z in Figure 6.7) had the same structure: basepair 1

to 68 shared homology with Cu3 coding sequence, followed by repeated

sequences of various length and 52 bp of "unique sequence" at the end

of the Pstl fragment. In addition, the sequences of last 52 bp of all

six Pst I fragments were very similar.

6.1.3.4. Sequences of Pst I fragments from the Cu-R allele were not

identical to the sequences of the Pst I fragments from either Cu-F of

Cu-R alleles

Based upon the length of the Pstl fragments, it seemed that the

0.4kbp and the 0.9 kbp Pstl restriction fragments of the Cu-R derived

directly from those of the Cu-F. However, when nucleotide sequences of

these Pstl fragments were compared, it did not seem to be the case. As

shown in Figure 6.5, several base changes were observed in the 0.4 kbp

Pstl fragments from the Cpl-R allele as compared to the 0.4 kbp Pstl

fragment from Cu-F allele. Therefore, it was difficult to determined

whether the 0.4 kbp Pstl fragment of the Cu-R was derived from the 0.4

kbp Pstl fragment of the Cu-F or from other Pst I fragments, since all

the Pst I fragment shared similar sequences. Similarly, it was

difficult to determine the origin of the 0.9 kbp and 1.0 kbp Pst I

fragments from Cu-R, for they were composed of similar, but not
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identical, sequences to the Pst I fragments from either Cpl-F or Cpl-M.

6.1.3.5. Nucleotide sequences in the intron 5' to Cu1 of the Cu-R

allele were not identical to the corresponding sequences from either

Cu-F or Cu-M allele

The Cu1 region from both germline Cp alleles and the rearranged Cu

allele were cloned in M13 vector. An oligonucleotide corresponding to

codons of amino acid 147 to 154 of p heavy chain was synthesized and

used as primer for nucleotide sequence analysis. The direction of

nucleotide sequence determination was illustrated in Figure 6.6, panel

A. As shown in panel B, part of the sequences of Cpl.1 from all three

alleles were determined and were identical with each other. Sequences

of 97 basepair from the intron were also determined. Out of these 97

nucleotides there were deletions of two basepair in the Cu-R allele. In

addition, five differences in the nucleotide sequence were observed in

the germline Cu alleles. These five differences allowed the

distinguishing of the origin of Cu-R allele. As shown in Figure 6.6,

panel B, it was clear that some sequences of the Cpl-R allele was

derived from the Cu-F allele; while some sequences was obtained from

the Cpl-M allele.

6.1.3.6. 248 bp downstream from the Pvu II site in Cu2 of the Cu-R

allele was identical to the corresponding sequence in Cu-F allele

Both of the germline Cu alleles and the rearranged Cu allele had a
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Puv II site in the Cu2 coding domain. However only the Cu-M and Cu-R

alelles, not the Cpl-F allele had an Eco RI site 3’ to this Pvu II site

(Figure 6.7). In order to obtain additional information of these

regions, the Pvu II-Eco RI and the Eco RI-Pst I restriction fragments

from both of the Cu-R and Cu-M alleles, together with the Pvu II-Pst I

fragment from the Cu-F allele (Figure 6.7) were cloned into M13 for

nucleotide sequence analysis. The sequencing results demonstrated that

fragments a, b and c ( defined in Figure 6.7) were composed of repeated

sequences. Sequence of the first 449 nucleotides from fragment a is

displayed in Figure 6.8. As illustrated in Figure 6.8, the 449 bp DNA

fragment was composed of two repeated units, one from nucleotide 35 to

245 and the other from 246 to 449. Fragment b and c were composed of

similar, but not identical, repeated sequences.

Comparison of the sequences of fragment a, b and c (Figure 6.9)

demonstrated that the first 222 bp of fragment b and c were identical

to each other, but different from that of fragment a. Therefore, the

222 bp of Cu-R alelle were derived from Cu-F allele, not Cu-M alelle.

In contrast, fragment e (see Figure 6.7) of Cu-R allele shared

identical sequences with fragment d of Cpl-M allele up to 35 bp 3' to

the EcoRI site, but not with fragments f or g (see Figure 6.7) which

were the corresponding germline fragments (Figure 6.10). Sequences of

fragment d and e diverged 35 bp downstream of Eco RI site (indicated by

slash lines in Figure 6.10).

Sequence analysis demonstrated that fragment h, i and j (see

Figure 6.7 for definition of fragment) were composed of repeated

sequences which were similar to those illustrated in Figure 6.8. Due to
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the similarities between the repeated sequences, the origin of fragment

i remained undetermined.

Figure 6.11 summarized the result of sequence comparisons of the

Cu2-CH3 introns of both germline Cp alleles and the rearranged Cu

allele.

6.1.4. The rearranged Cu alleles in Class II and III of REV-T

transformed cell lines may have the same structure

Restriction maps of the Cpl-R allele indicated that an additional

1.0 kbp Pst I fragment was present in the intron between Cu2 and Cp3 as

compared with the germline Cp alleles. In order to determine whether

the structure of the rearranged Cpl allele described above was common to

different REV-T transformed cell lines, DNA from Class II and Class III

cell lines was analyzed for the presence of this additional Pst I

restriction fragment. The Pst I fragment was shown to consist of

repeated sequences illustrated in Figure 6.4 panel C. A probe that

would detect the repeated sequence specifically was obtained by

cleavage of the 400 bp Pst I fragment from either Cu-R or Cu-F with Mbo

II. As shown in Figure 6.4, such cleavage would separate the CH3

related sequence away from the repeated sequence. When thymic DNA

(Figure 6. 12, lane i) and bursal DNA (lane j) were cleaved with Pstl,

four DNA fragments that hybridized with the probe specifically against

the repeated sequence were detected. This result was consistent with

the prediction drawn from the restriction maps of the germline alleles

(Figure 6.3) : a 1.4 kbp Pstl fragment derived from the Cu-M allele; a
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0.9 kpb and a 0.4 kpb Pstl fragments derived from the Cu-F allele.

Since these DNA samples were analysized on a 1.5% agarose gel and

resolution of large fragments on such gel was poor, the band with a

size larger than 16 kpb may represent the two fragments derived from

the most 5' Pstl fragments of the Cpl-M and Cpl-F alleles. When DNA from

Class II and Class III cell lines were cleaved with Pst I and

hybridized with the probe specifically for the repeated sequence, a

common picture emerged (Figure 6.12, lane a-h). DNA of the Class III

cell line (lane a) from which the rearranged Cpl allele was cloned and

analyzed gave hybridizing fragments as predicted from the restriction

map. DNA from six different subclones of the Class III cell lines

analysed (Figure 6.12, lane b-g) gave the same picture as that of the

original Class III cells. As shown in Figure 6.12, the 1.0 kpb Pstl

fragment can be detected in all the class II and III REV-T transformed

cells. Lane h was the DNA from the class II cell line BB5 which has the

germline Cu-M allele and the rearrnaged Cpl allele. Therefore the 1.4

kpb Pstl fragment from the Cu-M allele is still present. This result

indicated that the rearranged Cu allele in different REV-T transformed

cell lines was in the same configuration in which an additional Pstl

fragment was present in the Cp2-Cp3 intron.

6.2. Discussion

6.2.1. Features of the intron sequence of the chicken Cu gene
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In mouse the constant region gene for immunoglobulin heavy chains

are interrupted by introns at poisitions corresponding to the protein

domain boundaries. Each of the four domains of mouse Cpl is encoded on a

separated exon. Cpl is separated from Cp2 by intron of 103 bp, Cp2 is

separated from Cp3 by a 277 bp intron, and another intron of 106 is

found between Cu3 and Cuá (Goldgerg et al., 1981). The chicken Cu is

also coded on four separated exons which are separated by introns of

2.5 to 4.0 kbp in length. The nucleotide sequence of the intron between

Cu2 and Cu3 was determined. Sequencing data revealed the presence of

homologies between this intronic area and the Cp2 and Cp3 exons

(Figures 6.3 and 6.8). In mouse, homologies between the Cu introns and

exons were also found and these areas were regarded as relics of

domains (Goldberg et al., 1981). The origin and significance of these

homologies remain unknown.

6.2.2. Structure of the rearranged Cu gene in REV-T transformed cells

The rearranged Cu was cloned, mapped and partially sequenced. All

exons except the Cp 4 were cloned. When the rearranged Cpl was compared

with the germline Cu alleles, rearrangement (or modifications) of DNA

was observed in Cu2-Cu3 introns. This rearrangement does not involve

integration of DNA sequences other than Cu. Therefore, chromosomal

translocation such as those frequently observed in mouse plasmacytomas

are unlikely to be responsible for the rearrangement of Cu gene in REV
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T transformed cells. However, the possibility that translocation of

other sequence occured at the 3' end of the Cp gene has not been

excluded since that region has not been cloned.

6.2.2.1. The overall structure of the rearrranged Cu gene resembles

that of Cpl-F

Several lines of evidence suggest that the rearranged Cu gene in

REV-T transformed cells was probably derived from the germline Cu-F

gene. First, the Cu-M gene in one of the cell lines (BB5) retained its

integrity, while the Cu-F gene in the same cells was replaced by the

Cu-R gene. Second, the length of the Cu2-Cu3 intron of both Cu-R and

Cu-F is approximately 4.0 kbp. In contrast, the same intron in the Cu-M

allele was only 2.5 kbp in length. Third, sequence of the first 220 bp

3' to the Pvul I site in the Cp2 exon of Cpl-R is identical to that of

the Cu-F allele and differs from that of the Cu-M allele (Figures 6.9

and 6.11). Fourth, two small Pstl fragments (0.4 kbp and 0.9 kbp) in

the Cu2-Cp3 intron of the Cu-F allele are also present in the Cu-R,

although some base substitution in the Cpl-R were observed (Figures 6.3

and 6.5).

6.2.2.2. Some DNA sequence of the Cu-R allele are probably derived from

Cu-M
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Two EcoRI cleavage sites, one in Cp2-CH3 intron and the other in

Cp3-Cuá intron, were present in Cpl-M and Cpl-R alleles but not in Cu-F.

Moreover, the DNA sequence around the first EcoRI site of the Cpl-M and

Cu-R alleles are identical (Figures 6.10 and 6.11). This finding

suggested that the EcoRI cleavage site and its surrounding sequence of

the Cpl-R allele was derived from the Cpl-M allele.

In conclusion, analysis of the Cu2-Cp3 introns of both germline Cu

alleles and the rearranged Cpl alleles indicated that most of the

sequence of the rearranged Cpl could be assigned to one or the other

germline Cu alleles. These results suggested that the rearranged Cpl.

seemed to be a product of recombination between the two germline Cpl.

regions. Comparison of the sequence of the 98 bp in J-Cu intron of the

Cu-R with those of the germline Cp alleles (Figure 6.6) best illutrates

the nature of the rearranged Cu allele. The DNA sequence of 91 bp out

of the 98 bp are identical in all three alleles. The DNA sequence of

the remaining seven bp of the Cu-R allele was identical to that of

either the Cpl-F or Cu-M allele, except for the presence of two

nucleotides deletion which was not present in either of germline Cu

gene.

6.2. 3. Mechanism of generation of the rearranged Cu allele

As mentioned above, part of the DNA sequence of Cu-R is identical

to that of Cu-F, while other regions are identical to Cu-M. There are

two possible models to explain this observation. One is that Cu-R is
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derived from crossing over between the two germline alleles at multiple

points. However, the integrity of Cu-M in the BB5 cell line argues

against this model, since crossing-over between the Cpl-F and CpM

alleles would alter the DNA sequence of both Cu regions. The other

model suggests that Cu-R is generated by gene conversion between the

two germline Cp regions. Such conversion would allow a nonreciprocal

alteration in the structure of one allele, while retaining the

integrity of the other. In the case of the BB5 cell, Cpl-F interacted

with Cu-M, thus converting part of the Cu-F sequence to that of Cu-M.

There are good reasons to believe that gene conversion may be the

mechanism in generating Cpl.-R. First, the same modifications are found

in Cu-R alleles of two different REV-T transformed cell lines, (such as

the presence of an additional Pstl fragment in Cp2-Cp3 intron, the

appearance or relocation of Ncol and EcoRI cleavage sites. These

modifications are unlikely to be achieved by random mutations in two

different cell lines. Second, diversification of the chicken

immunoglobulin light chain repertoire has been shown to result from

segmental gene conversion between the rearranged VX gene and VX

pseodogenes at an unprecedented rate for higher eukaryotes (Reynaud et

al., 1987). Cells transformed by REV-T are believed to be of the

lymphoid lineage; therefore the machinery for gene conversion may be

very active in these cells. Third, it has been shown that the most

conserved VX pseudogene (which shares the highest homology with VX

gene) is most frequently used. Similarly, the use of the most diverged

VX pseudogene has not been observed (Reynaud et al., 1987). Since Cu2

Cu3 intron contains repeated sequence, this homology may promote
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genetic exchange. Presence of these repeated sequence also made the

determination of the boundaries of the conversion events difficult.
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Figure 6.1. Restriction enzyme maps of germline Cp clones and

rearranged Cpl clone from a Class III cell line

The rearranged Cpl allele from M31 cells (Cpl-R, panel A)

and the germline Cp from female (Cpl-F, panel B) and male (Cpl-M,

panel C) founders of SC-Hyline chicken were cloned as partially

digested Mboll fragments in phage XEMBL3. The inserts can be

excised by Sal I located at the multiple cloning region of the

phage DNA. Filled boxes denote exons (Cpl.1 to Cpl.4, from left to

right). Exon Cu% had not been cloned. The location of Cpl exon

was determined by EM heteroduplexing analysis (Figure 6.2).

Numbers below indicated the length in kbp of the restriction

fragments. Restriction enzymes Bam HI, Bgl II, Cla I, Hind III,

Sal I, Sph I, Sst I and Sst II do not cleave within the regions

shown here. The map of the Cpl-R was derived from two

overlapping clones, TuA adn Tu22.
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Figure 6. 2. Heteroduplex analysis of the cloned Cu genes

Sal I inserts from XTu22 (Cpl-R, panel A), XLu12 (Cpl-F,

panel B) and XLu13 (Cpl-M, panel C) and the single-stranded M13

subclone of the 2 kbp Eco RI insert from p(XM2 were denatured,

reannealed and spread for electron microscopy as described.

Double-stranded regions of approximately 300- 350 bp in length

corresponded to the coding regions. They were separated by

single stranded loops of approximately 2.5 kbp to 4.0 kbp in

length. The length measurement was established from measuring

the p.WMC 110 (double-strand standard = 4.755 kbp) included in

the spreading mixture. The orientation of the molecules were

determined as compared to the restriction maps of the genomic

clones (figure 6.1)
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Figure 6. 3. Restriction maps and sequencing strategies of the

introns between Cp2 and Cu3 coding regions

Cpl.-F, Cpl-R and Cpl-R are defined in the text. Filled boxes

denote exons 2 and 3. Numbers below the gene indicate the

length in kbp of the respective restriction fragments.

Restriction endonuclease sites indicate the direction and

extend of sequencing determination.
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Figure 6.4. Sequence of the 397 bp Pst I fragment derived from

the Cpl-R allele

The complete nucleotide sequence of the 397 bp Pstl

fragment from the Cu-R allele (see Figure 6. 3) were illustrated

in panel A. A unique Mbol I site was indicated. Panel B showed

the sequence comparison of the first 68 nucleotides of the Pst

I fragment with nucleotide -1 to 67 of Cp3 coding region. Slash

line indiates the junction between exon Cu3 and the intron.

Three repeated sequences (base 69-159, 160-252 and 253-345)

were displayed in panel C. Dash lines indicate sequence

homologies with the first repeated sequence (base 69-159).
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A)
10

GTAGAACCCG

70

ATCTTCATTT

130

TTTTGGGGAT

190

AAAATCCCAA

250

CACCAACTTC

310

CCAACTTTTT

370

GCCCCCCACC

B)
1

R G/TA GAA CCC GTC GTG CAG CAG
Cu3 - - - - -

R TCC TTC GTG GAC ATC TTC AT

Cpu% - - -

C)

( 69-159)
(160-252)
(253-345)

:
1 (cont.)

(cont.)
(cont.);

TTT GGGGC

GAC ATC GCC ATC CGC GTC ATC ACG CCG

AAAAAACCCC CAAATCCCCA

20

TCGTGCAGCA

80

TGGGGCAAAA

140

GGGACCACAA

200

CTTTGGTCCC

260
GGTTTAGGGG

320

GGGGATGGGA

380

TCACCAAATC

30

GGACATCGCC

90

AACCCCCAAA

150

ATTCAACCGT

210

ACAAAACCCA

270
GGAAAAGACC

330

CCACACATTC

390

CCCCCCCTGT

- - - G- -

68

40

ATCCGCGTCA

100

TCCCCAACTT

160

CAGCTTTAGT

220

ACTTTTTGGG

280
CCCAAAATCC

340

TACCTTGTAA

CCTGCAG

50

TCACGCCGTC

110

TGGTGCCACG

170

TTAGATGGGA

230

GATGGGACCA

290

CAACTTTGGT

350

GTACGGAATG

60

CTTCGTGGAC

120

AAACCCAACT

180

AAAGACCCCC

240

CAAATTCAGC

300

GCCCCAAAAC

360

GAAGTTTTGT

ACTTTGGT GC CACGAAACCC

- - - AGAT--G

- - - AG - - - - G

AACTTTTTGG

- - - -AT - - - -

- - - -AT- - - -

CCGTCAGCTT

- - AC - -A- - -

--T-GTAAG
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Figure 6.5. Sequence comparison of the two Pst I fragments

derived from the rearranged Cpl and the female germline Cu

alleles

F denotes the sequence of the 397 bp Pst I fragment from

the germline Cpl allele of the female parent. R denotes the

sequence of the 394 bp Pst I fragment from the rearranged Cpl in

M31 cells. Dash lines indicate sequence homology. Asterisks

indicate gaps introduced for sequence alignment. Nucleotide

differences are indicated.
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GTAGAACCCG TCGTGCAGCA

TTAGATGGGA

--GACG--Sk

ACTTTTTGGG

GGGGATGGGA

- - - A- -ATA

GCCCCCCACC

GGACATCGCC ATCCGCGTCA

CCACACATTC TACCTTGTAA

--T-T-T - - - G- - - - - - - - T

TCACCAAATC CCCCCCCTGT

50

TCACGCCGTC

100

TCCCCAACTT

150

ATTCAACCGT

200

CTTTGGTCCC

250

CACCAACTTC

GGT - - G - - - -

300

GCCCCAAAAC

350

GTACGGAATG

- - GºkkA- - - -

CCTGCAG
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Figure 6. 6. Sequence of the junction region between Cu1 and

the intron 5' to Cpl.

Panel A illustrates the junction region for sequencing.

Arrows indicate the direction and extent of sequence

determination. Wavy line denote the synthetic oligonucleotide

used as primer for sequencing. Sequence of the (-) strand of

the indicated region was illustrated in panel B. M., R and F

denote the Cu alleles of the male parent, tumor cell and the

female parent respectively. Slash line indicates the juncton

between intron and exon. Dash lines denotes sequence homologies

with that of the Cpl-M allele.
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GTAGACGGAG TCGGAGGGGG AGCACAGAAC CAACGGGAAG AGGCGGGGGG

Call Lintron
GCGACGGGGA GGCCGAGG/CT GTGGGGTTTG GGGGGGGGGG GGGGAGAGAG
- - - - - - - - - - - - - - - - - -

- - - - - - - - - - - - - - - - - - - - - - - - () - - - - - -

- - - - - - - - - -
- - C - - -
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Figure 6.7. Sequencing strategy of the Cp2-Cu3 introns of the

germline and the rearranged Cpl alleles

M, R and F denote male germline, rearranged and female

germline Cpl alleles respectively. Restriction endonuclease

sites indicated are those used in making M13 clones for

sequencing. Arrows indicate the direction and extent of

sequence analysis. Segment of DNA indicated with letters are

defined for convenince in comparisons of sequence (see text).
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Figure 6.8. Sequence downstream from the Pvu II site in Cu2

coding region

Sequence was from the male germline Cp allele. Slash

line indicates the junction between Cp2 exon and intron. Dash

lines denotes sequence homologies. Asterisks denote gaps

introduced for sequence alignment. Two repeated sequence (base

35 to 244 and base 245 to 449) are illustrated.
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1

1

1

1

1

. (cont.

. (cont.

. (cont.

. (cont.

. (cont.

. (cont.

. (cont.

. (cont.

. (35-244)

. (245-449)

)
)

Pvu II 10

CAGCTGCGTC

AGCAAGAGGA

20 30 34

GTGGAGGGGG AGATGAGGAA CACC

TGGAGTGCGG AT/GTAAGTGG AAGGGGGGTT TTTTGGGGGG

GGGGTAGGAG TGGTTTTGTG CTGAATTTCG

- - -TG-TG-T GT - - - - - - - -

CCCAATTTTG GGGGCACTGA AGTCGTAATT

- - ºk - - T - - - -

- ºkºkºkºk - - - - C

CGTCATTTTG

- - - AG - - - C
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Figure 6.9. Sequence comparison of the first 240 bp from

fragments a, b and c

Definition of fragments a, b, and c are illustrated in

Figure 6.7. Slash lines denote junction between Cu2 exon and

intron. Dash lines indicate sequence homologies with fragment

a. Gaps of 22 basepairs were introduced in fragment b and c for

sequence alignment.
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a)
b)
c)

a)
b)
c)

a)
b)
c)

5 * Pvu II

CAGCTGCGTC GTGGAGGGGG AGATGAGGAA CACCAGCAAG AGGATGGAGT

TGGGGGCTTT GGGGGCAAAA AGTCCGTCAT TTTGGTTTGG AAAGGGGGTA

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- - G- - - TCG

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- - G - - - TCG

GGAGTGGTTT TGTGCTGAAT TTCGGGGGAA AAACTGCCAA AAATCCCAAT

T-T-G--GAA AA--TG ( ) - - - - - - - - - - - -
T-T-G--GAA AA--TG ( ) - - - - - - - - - - - -

TTTGGGGGCA CTGAAGTCGT AATTTGAGGT GGAGGAAGGT AGAC
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Figure 6.10 Sequence comparison of fargments d, e, f and g

Definition of fragments d, e, f and g were illustrated

in figure 6.7. Dash lines indicate sequence homologies with

sequence of fragment d. Asterisks denote gaps introduced for

alignment of the four sequences. Cleavage site for Eco RI is

indicated. Slash lines indicate the point of sequence

divergence between fragments d and e.
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d)

f&g)

d)

f&g)

d)
e)
fög)

AGAAAGAGGG TGGAGTGCGG ATGTAAGTCG

GAAGGGGTTG ATGTGGTTCT GGAA (
GGAA//TGGT
- TGCTGAATT

GGGGATTTTG

A---GGA--T

EcoRI

AGAATCCºkºkG

TA-TCCGTA

) GGGGAAA
GTGTTTTGGG

GGGGGGGATT

- - - - CA- - - -

TTTTGGTTTG

ATGTGCCAAA

GGAAAAGACC
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Figure 6.11 Summary of the sequence comparisons of the Cu2-Cu3

introns of the germline and rearranged Cpl alleles

Cpl - F, Cpl-R and Cpl-M are defined in the text. Filled

boxes indicate Cu2 and Cp3 exons. Numbers below the gene

indicate the length in kpb of the respective restriction

fragmetns. Circles represent the repeated sequence described in

figure 6.8. Cross indicates the sequence described in figure

6. 10 for fragment d and e. Arrows denote the repeated sequence

described in figures 6.4 and 6.5. Gaps indicate sequence that

has not been determined.
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Figure 6.12. Repeated sequence containing fragments in normal

and REV-T transformant DNAs

DNAs were digested with Pst I and fractionated on a 1.5%

agarose gel as described. The repeated sequence illustrated in

figure 6.4 panel C was used as hybirdization probe. DNA were

obtained from REV-T transformed Class III cell lines (all

derived from a single cell line: M31 (lane a), M41 (lane b), E301

(lane c), 211 (lane d), 011 (lane e), 370 (lane f) and KBMC

(lane g); REV-T transformed Class II cell, BB5; normal thymus

(lane i) and normal bursa (lane j). The sizes of DNA fragments

are given in kbp.
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