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ABSTRACT 

T cell receptors (TCRs) are membrane proteins on T lymphocytes that recogmze 

antigens presented by major histocompatibility complexes (MHC). The genes encoding 

TCRs are located at three loci, a/3, p and y. As multigenic families, TCR loci are rich in 

structural, gene regulatory, and evolutionary features. Previous studies predominantly 

focused on m A and partial germline sequences, which served to provide a limited 

understanding of such features. As a part of the Human Genome Project, the sequencing 

of both the human and mouse TCR y loci has been completed in our lab during the past 

eight years, which has contributed to a more complete understanding of the features of 

the TCR y loci. 

The completely sequenced human TCR y locus is 140 kb. The identified known coding 

elements include fourteen V (variable) gene fragments located at the 5' end, as well as 

five J (joining) and two C ( constant) gene fragments at the 3' end. In addition, two V 

relics were identified by a sequence similarity comparison in the middle of Vy9 and 

VylO, and Vy11 and JPl, respectively. The human locus possesses a high percentage of 

short interspersed elements (SINEs) (13.3%) and a low percentage of long interspersed 

elements (LINEs) (6.35%). The phylogenetic analysis indicates that the nine tandemly 

repetitive V genes in the GVl family are generated by six unequal crossing-over events 

and one gene conversion, and the two J-C clusters are also duplicated by unequal 

crossing-over events. The increased number of V, J and C fragments greatly enlarges 

recombinatory diversity. Further analysis of different functional domains of the members 

of the GVl family suggests that the diversification of the duplicated V genes is generated 

by positive natural selection on the antigen binding domains. Thus, the above 

organizational and evolutionary features reveal that this locus evolved under a birth-and­

death process. 

In the 205 kb mouse TCR y locus, 167 kb sequences covering the 5' and 3' end regions 

were determined, and structural, gene regulatory, and evolutionary features were 

characterized. The known coding gene fragments distributed in the four V-J-C clusters, 

the recombination and splicing signals, and enhancers were identified and located on the 
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genomic sequence. Unlike the human locus, this locus is structurally characterized by 

many LINEs (30.9%), and few SINEs (2.0%). Five large LINEs were generated by both 

retroposition and duplication combined in their respective clusters. In addition, by 

comparing the genomic sequence with the sequence of the known enhancer yEl, a new 

putative enhancer, yE4, was found 3.7 kb downstream of the 3' end of the Cy4 gene 

fragment. This locus is also characterized by a few large locus-specific repeats. The 

phylogenetic analysis of these repeats suggests that clusters 2 and 3 are recent 

duplications, while clusters l and 4 are ancient clusters. Among the four clusters, cluster 

2 reversed its transcriptional orientation, while cluster 3 became non-functional due to the 

pseudo gene Cy3. These organizational features, together with the clusteral organization, 

imply that the natural selection pressure on the mouse TCR y chain decreased, with the 

result that cluster 2 had to preserve its genetic memory by changing transcriptional 

orientation to avoid deletion by recombination. 

The characterization of the DNA fragments in cluster 4 of the mouse TCR y locus at 

the yo T cell level revealed that the putative enhancer identified by sequence comparison, 

yE4, is functional. The minimal enhancer is confined within a 294 bp region that 

contained NFy2, NFy3 and NFy4, the three nuclear factor binding sequences identified in 

enhancer yEl. The maximum enhancer is a 651 bp fragment that encompasses the six 

NFys. In addition, a 900 bp silencer was identified at the 5' end of the enhancer. The 

maximum enhancer exhibited maximal activity in the yo T cell line PEER and slightly 

higher activities than that conferred by the control construct in the yo T cell line Molt-13 

and a.~ T cell EL-4. The maximum enhancer did not display activity in nonlymphocyte 

HeLa cells. Therefore, similar to other TCR enhancers, yE4 is also T cell-specific, but not 

yo lineage-specific. However, the fragment containing both the silencer and enhancer 

showed an increased activity in comparison with the enhancer in Molt-13, while a 

decreased activity relative to the enhancer in PEER. Since both Molt-13 and PEER are 

human yo T cell lines expressing different Vy genes, these different patterns of activity 

suggest that the combination of positive and negative elements, in addition to other 

regulatory elements in the TCR y locus, may control the specific subtype of the yo T cells 
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selection and may work together to control the spatial and temporal expression of yo T 

cells. 
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Chapter I. Introduction 

1. The immune system: 

1.1) Overview of the immune system: 

The environments that biological organisms live in are full of harmful agents, such as 

viruses, bacteria, parasites, and fungi. In the course of evolution, the immune system 

appeared to protect these living organisms from attack by invasive pathogens. As a 

defense, immune system functions become increasingly specific and selective (Elgert, 

1996; Segel & Cohen, 2001). Immunity can be innate or acquired. Innate immunity is a 

kind of "non-specific protection", such as one's skin barrier which prevents the entrance 

of pathogens into the body and the process of phagocytosis which uses "nonspecific" 

immune cells. Such a defense exists in all animals and usually does not require prior 

contact with specific antigens. However, recent findings show that the innate immune 

system possesses a higher degree of specificity than was previously thought (Medzhitov 

et al., 1997). In contrast, acquired immunity, present in jawed vertebrate species, needs 

prior contact with antigens to activate the so-called specific immune system through two 

principle actors, B and T lymphocytes (Litman, 1999). Thus, one's specific immune 

system is able to recognize a particular pathogen and eliminate it mainly in a second 

invasion (Mak & Ferrick, 1998; Hughes & Yeager, 1997). When activated by specific 

antigens, B cells differentiate into plasma cells that secrete immunoglobulins (Igs) into 

biological fluid. The extracellular Igs can bind directly to pathogens to neutralize tox ins 

and viruses or to opsonize bacteria in order to facilitate easier phagocytosis. T cells, 

however, recognize the antigen and MHC complex presented by antigen presenting cells 

(APCs) via T cell receptors (TCRs) on their cell membranes, and primarily perform 

immune regulatory and effector functions. The regulatory functions are mediated by 

helper T cells. Of the two types of helper T cells, the Th-1 cells secrete IL-2 and INF-y to 

activate cytotoxic T cells and macrophages respectively, w hereas the Th-2 cells secrete 

IL-4 and IL-5 to stimulate B cells which differentiate into plasma cells. The effector 

functions are carried out by cytotoxic T cells, which kill virus-infected, tumor and 

allograft cells either by releasing porphorins to destroy membranes or by inducing 

apoptosis (Mosman & Coffman, 1989; Kaufmann. 1996). 
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1.2) Origin of immune cells: 

Lymphocytes are derived from the common haematopoietic stem cells in bone marrow 

(Figure 1 ). Precursors of B cells mature elsewhere. For example, they differentiate and 

mature in bone marrow in humans; but in birds, are processed in the bursa of Fabricius 

(Dunon & Imhof, 1996). However, T cell precursors have to pass through the thymus to 

become immunocompetent. Within the thymus, T cells experience two important 

processes termed thymic education: 1) the T cells that can bind self-MHC effectively are 

chosen by positive selection in the cortex and then continue to differentiate. Cells which 

do not react with self-MHC are killed via apoptosis; and 2) following positive selection, 

the cells selected will further experience a negative selection in both the cortex and 

medulla, wherein cells that can recognize the self-antigen-MHC complex are additionally 

killed. Thus, through these two processes, mature T cells which have the ability to react 

with both foreign antigens and self-MHCs are produced. Once lymphocytes become fully 

mature, they leave the thymus to reside in the peripheral immune organs such as the 

lymph nodes, spleen and mucosa-associated lymphoid tissues. Immune responses to 

antigens take place in the peripheral immune organs (Fehling et al., 1999). 

1.3) Important cell surface molecules involved in the activation of T cells: 

T cells initiate their immune responses when TCRs recognize and bind to specific 

antigens. This process is intimately involved with a series of protein molecules expressed 

on the T cell and APC surface (Jorgensen et al., 1992). Such membrane proteins include 

TCR, MHC, CD3 (cluster of detem,ination), and CD4 or CD8, which form a complex 

with antigens to initiate the immune response. CD3 is composed of five subunits, 8, €, y, 

Tl, ands (Carson et al., 1991 ). They link to TCR by non-covalent bonds to form a TCR 

complex. These subunits can stabilize the structure of TCRs and transduce signals into 

the cytoplasm to activate T cells once TCRs interact with antigens. CD4 and CDS are 

expressed on helper and cytotoxic T cells respectively. They bind to the constant region 

of the MHCs on the APCs, which stabilizes the interaction between the two cells (Davis 

et al., 1998; Konig, 2002). In addition, a non-antigen co-stimulation is also required 

because the efficient activation of T cells requires signals from both the TCR and an 

additional co-stimulatory receptor. For example, the CD28 protein is one of the most 
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Figure 1. Origin of T and B lymphocytes. Both B and T cells are derived from the bone 
marrow stem cells. T cells mature in the thymus while B cells mature in the Bursa 
equivalent (e.g. bone marrow in Mammalia) (adapted from Brooks G.F. et al: Medical 
Microbiology, 19th ed. Appleton & Lange, 1991 ). 
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potent and well-characterized co-stimulatory molecules on T cells, which binds to CD80 

proteins on APCs (Sansom, 2000; Salomon & Bluestone, 2001 ). Without the co­

stimulatory receptors, the responsiveness of T cells to antigens can be inhibited or 

substantially decreased (Levinson et al., 1996; Lenschow et al., 1996). 

Of the surface molecules previously mentioned, TCRs possess the maximum diversity 

in specific immune recognition. TCRs are divided into ap and yo subtypes, which are 

composed of two of the four peptide chains, a, p, y and o. Similar to Igs, each chain 

contains a variable region (V) and a constant region (C) (Davis, 1990). In the V regions, 

there are three complementary determination regions (CDRs) exhibiting high diversity 

and four flanking framework regions (FRs) with low diversity. The CDRs congregate on 

the surface of the TCR molecules to make contact with the antigen-MHC complexes and 

they contribute recognition specificity, while the FRs provide the framework structure of 

three-dimensional conformations (Hong et al., 1992). Among the three CDRs, CDRl and 

CDR2 contact the helices of MHC to provide the basic affinity of the TCR/Ag/MHC 

complex. In addition, CDR3 is highly diverse because it corresponds to the junctional 

region of rearranged gene fragments of V-J and V-D-J and it tends to contact with the 

specific bound peptide fragments. Thus, CDR3 is the key determinant of immune 

specificity in antigen recognition (Fremont et al., 1996; Chien et al., 1996; Xu et al., 

2000). 

In addition to TCRs, MHCs are another type of key membrane molecules that possess 

specific immune recognition, which exhibit a high polymorphism between individuals. 

This MHC polymorphism is characterized by a large number of alleles at a given 

functional locus and a large number of nucleotide differences between these alleles (Ono 

et al., 1992). Two prime classical kinds of MHCs exist, namely MHC-1 and MHC-II. 

MHC-1 molecules consist of an a chain and a ~2-microglobulin, while MHC-II 

molecules consist of noncovalently associated a and p chains (Klein, 1986). The 

encoding genes fo r MHC-I are located in the H-2 locus in mice and HLA-A, Band C loci 

in humans, whereas the genes for MHC-II are in Ia in mice and HLA-DP, DQ and DR in 

humans. Since an individual gains one strand of DNA from each parent, most people are 
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endowed with two distinct variants of A, two of B and two of C, for a total of six distinct 

MHC-1 genes. Likewise, most people possess two variants of each of the MHC-II genes, 

producing a total of six genes. The locus which contains these genes is split into three 

smaller loci named DP, DQ and DR. Since each locus contains one gene for an a unit and 

one for a p unit, most people have a maximum of twelve MHC II molecules. The MHC-1 

molecules are ubiquitously distributed and preferentially present antigens to cytotoxic T 

cells. The MHC-II molecules are predominantly expressed on lymphocytes, and 

preferentially present antigens to the helper T cells (Bjorkman et al., 1987). In the course 

of T cell activation, antigens are taken up into APCs, are processed and the epitopes 

bound to the cleft between the two a-helices of MHC-1 and the equivalent site ofMHC II 

on the outer surface of the newly synthesized MHC glycoproteins in endosomes. The 

MHC/peptide complexes are then transported to the cell membrane where they can bind 

TCRs and the CD3 complex (Watts, 1997). In general, MHC-1 presents endogenously 

synthesized antigens, such as viral proteins, whereas MHC II presents antigens of 

extracellular microorganisms that have been phagocytized, such as bacterial proteins. 

Thus, with MHC restriction, the cytotoxic T cells can only attack the infected cells 

bearing MHC. In addition to the classical MHC-1 and MHC-11, there also exist so-called 

MHC-like molecules. MHC class I-like molecules can present peptides with specific 

sequences on the cell surface. For example, the mouse MHC class I-like molecule T23 

protein can bind to peptides of Hsp65. However, MHC class II-like molecules are not 

expressed on the cell surface. In endosomes, they have the abi lity to transfer the 

processed antigens to MHC class II molecules (Steele et al., 2000; McDevitt, 2000). 

1.4) Somatic recombination: 

Among the numerous immune molecules, the lg and TCR protein chains are encoded 

by combinatory genes which are produced by assembling separated gene segments 

including variable (V), diversity (D), joining (J) and constant (C) fragments. TCR gene 

fragments are distributed on di fferent gene loci on chromosomes. During the maturation 

of T cells, these gene fragments undergo somatic rearrangement in the thymus, which 

brings V, D and J together by looping out or inverting and then deleting the intervening 

DNA depending on the orientation of the sequences being joined (Figure 2) (Weaver, 
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1995). Recombination signal sequences (RSSs) are located at the 3' end of the V gene 

fragments and the 5' end of the J gene fragments. The RSS is composed of a seven bp 

conserved heptamer sequence CACAGTG, a spacer, and a nine bp conserved nonaner 

sequence ACAAAAACC. RSS-12 contains a 12 bp spacer, while RSS-23 contains a 23 

bp spacer. Efficient recombination, which occurs almost exclusively between RSSs with 

different length spacers is also known as 12/23 restriction (Sakano et al., 1980; Eastman 

et al., 1996). A single enzyme complex known as the V(D)J recombinase is required for 

the rearrangement of the entire seven complex genetic loci encoding antigen receptor 

chains. The essential components of the V(D)J recombinase machinery include the 

lymphoid-specific and developmentally regulated proteins RAG-1 (recombination 

associated gene) and RAG-2, in addition to the D A-dependent protein kinase 

(DNAPK), Ku70, Ku80, and the kinase catalytic subunit D APKcs, and the XRCC4 and 

D A ligase IV protein of immature lymphocytes (Oettinger et al., 1990; Gilfillan, et al., 

1993; Fugmann et al., 2000). In the first stage of recombination, the RSSs are recognized 

by RAG-1 and RAG-2 proteins and form a loop-like complex with RSSs. The RAG-I 

and/or RAG-2 proceed to introduce nicks at the heptamer borders to generate double 

stranded breaks at both ends of the loop causing the D A to be cleaved precisely 

between the RSSs and their flanking coding elements (Jackson et al., 199 5; McBlane et 

al., 1995). In the second stage, the two coding ends are processed, which results in a loss 

and/or an addition of a small number of nucleotides, and joined to form a coding joint. As 

a result, this imprecise joining of the coding ends provides an important source of 

receptor diversity (Weis-Garcia et al., 1997; Hesslein & Schatz, 2001). 

1.5) Immune diversity: 

Confronting the huge array of different antigens in nature, the acquired immune system 

must generate diversity in order to provide organisms with an effective and specific 

defense. The large lymphocyte repertoire, expressing lgs and TCRs molecules, 

constitutes this important role of specific immunity (Davis et al., 1988). The diversity of 

the specific immune molecules is primarily generated during the rearrangement of 

different DNA fragments. A few molecular mechanisms are responsible for this process 

(Tonegawa, 1983). The sources of lg diversity stem from the random recombination of 



8 

any single V, D and J distributed in each gene cluster, the random combination of 

different heavy and light protein chains, junctional diversity created by variable splicing 

by recombinases in addition to random insertions of N-nucleotides and the template 

addition of P nucleotides at junctional regions, and somatic mutation on V gene 

fragments (Hesslein & Schatz, 2001). In TCR molecules, however, only the first three 

mechanisms contribute to the formation of immune diversity, whereas somatic mutation 

on the V region does not (Roitt, 1995). Table 1 presents the theoretical possibi lity of 

generating immune diversity in V regions of the Igs and TCRs through the above 

mechanisms (Abbas et al., 1994). Based on these mechanisms, it is estimated that the 

mammalian immune system can discriminate at least 109 distinct antigenic detem1inants 

(Abbas et al., 1994). 

2. Discovery and nomenclatures of TCR y genes: 

The mouse TCR y gene was first discovered in Southern blots in 1984 by Saito et al. 

The probe they used was the insert of T cell specific clone pHDS58, which was derived 

from the cDNA in cytotoxic lymphocyte clones and similar to a and 13 TCR genes. Later, 

using both of the monoclonal antibodies to the human CD3 and the al3 TCR, a group of T 

cells were found to be CD3 positive and a~ TCR negative, and were defined as y8 T cells 

(Lew et al., 1986; Brenner et al., 1986). The y chain was identified as a part of the 

y8 heterodimer associated with CD3 on the surface of T lymphocytes (Bank et al., 1986; 

Weiss et al. , 1986b; Moingeon et al. , 1986). Although the TCR y genes were discovered 

at almost the same time as a~ TCRs (Acute et al., 1983; Yanagi et al., 1984), knowledge 

of y8 T cells is relatively li mited in comparison with that of a(3 T cells, probably because 

almost 95% of the T cells in the peripheral blood of humans and mice are a~ T cells, 

while only 5% are y'6 T cells (Hass et al., 1993; Kronenberg, 1994). In addition, because 

the exp T cells perform the primary functions of the cellular immune system, more 

emphasis has been focused on the study of the ap T cells. From 1984 to 1990, research 

on y& T cells was mainly focused on the characterization of the molecular structure, gene 

rearrangements, tissue expression and development. Since the l 990s, most of the effort 

has been on the precise characterization of physiological and pathological functions, on 
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gene regulation and on evolution. These studies showed that y8 T cells share many 

common features with al3 T cells, but that they also possess numerous unique properties, 

making y8 T cells a distinctly different cell type (Cheng et al., 1991; Bom et al., 1999). 

These unique features suggest that the y8 T cell population is not just an insignificant 

functional redundancy of <X~ T cells, but rather that it coordinates the interplay between 

innate immunity and acquired (Mak & Ferrick, 1998). 

Although y and 8 gene fragments have been found to be present in many species, from 

Chondrichthyes cartilaginous fish to primate chimpanzees, most of the studies have been 

devoted to humans and mice (Marchalonis et al., 1998; Miccoli et al, 2001). In the course 

of the discovery of TCR y gene fragments, different nomenclatures have been proposed 

(Heilig et al., 1987; Garman et al., 1986; Asamow et al., 1988; Lefranc et al., 1986a; 

Arden et al., 1995a & b). Table 2 summarizes the three most commonly used 

nomenclature systems for the V gene fragments of the mouse and human TCR y. In this 

thesis, the nomenclature for mouse TCR by Heilig et al. (1986) and the nomenclature of 

human TCR by Lefranc et al. (1986a) are adopted. 

3. The protein structure of TCR y and o chains: 

The overall structure of yo T cells resembles that of a~ TCR and Igs. The y and 8 

chains that constitute y'6 TCR are linked by disulphide bonds. In the manner of a~ TCRs, 

they possess monovalent binding capacity, which differs from the bivalent binding 

capacity oflg molecules. The molecular mass of y8 T CR is between 77 and 90 KD. They 

chain mass is approximately 31 to 47 KD depending on the specific constant gene used, 

whereas the 8 chain mass is between 45 and 48 KD (Weiss et al., 1986a; Cron et al., 

1990). 

The V domains of both they and 8 chains form the antigen binding structure, which is 

similar to a~ TCRs and Igs. In these regions, there are three CDRs and four flanking 

framework regions (FR) (Hein, 1994). The CDRs are highly variable, whereas the FRs 

are relatively constant. CDR1 and CDR2 are encoded within the V gene, while CDR3 is 
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encoded by the V-1 or V-D-J junctional region. Among the three CDRs, CDR3 is the 

most diverse (Davis et al. , l 988; Schiffer et al., 1986). Structural comparison indicates 

that there is extensive similarity among the three types of specific immune molecules, ex~ 

TCRs, y8 TCRs and lgs. For example, the length of CDR3 from the 8 chain is 

significantly longer than that of the y chain, similar to lgH chains which are longer than 

IgL chains (Hein, 1994). However, there is also sequence similarity between Vy and vp 

and between V8 and VCJ., which clearly indicates a relationship to the two TCRs (Hayday, 

2000). Therefore, it is difficult to determine the evolutionary relationship among these 

three types of molecules simply using structural similarity as a gauge. In humans, the 

majority of the peripheral y8 T cells are Vy9V82 positive and tend to recognize 

phosphoantigens (Miyagawa et al., 200 l ). Recently, the crystallographic structure of the 

human Vy9V'&2 TCR has been characterized. CDRs of the V domains reveal that the 

CDRl&, CDRly, CDR2y and CDR3 loops form a pocket between them. The chemical 

environment in the pocket formed by the unique composition of an1ino acid residues 

exhibits a chemically reasonable binding site for phosphorylated antigens, providing a 

possible explanation for the canonical usage of the Vy9 and V82 gene segments by 

phosphoantigen-reactive receptors (Allison et al., 2001). 

The constant region of TCR y chains is composed of an immunoglobulin-like region, a 

hinge region, a transmembrane (TM) region, and a short cytoplasmic region (Marchalonis 

et al., 1998). The hinge region is the most variable and has a different length. There is a 

cysteine residue in the hinge which fom1s a disulfide bond with the TCR o chain (Hein, 

1994). In the mammalian yo TCRs identified so far, Cy chains differ greatly in their 

length of hinge, their number of cysteine residues and their sites for N-glycosylation. For 

example, the mouse Cyl is glycosylated, whereas the Cy2 chain is not glycosylated. The 

hinge of Cy4, which is encoded by two exons, is 18 amino acid residues longer than those 

of the other three Cy chains (Vemooij et al., 1993). In addition, the crystallographic 

structure of y8 TCR reveals that the C domains are markedly different from those of a~ 

TCRs although they are similar in overall structure at the V domains. For example, Co is 

composed of a regular immunoglobulin-like domain with a regular three-stranded p-sheet 
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as its outer face, while Ccx contains an unusual sc-condary structure instead of a regular 

outer ~-sheet. All of these structural differences may enable y6 TCRs to form 

recognition/signaling complexes that are different from al3 TCRs (Allison et al., 2001 ). 

4. Development of yo T cells: 

Similar to aP T cells, y6 T cells mature predominantly in the thymus. However, it was 

found that a portion of y8 T cells also develops in extrathymic regions (Lambolez et al., 

2002). In the thymus, the development of T cells mainly involves two processes. First, 

each stem cell differentiates into either the ap or yo T cell, in a process termed T cell 

lineage selection. Second, those T cells which become yo subtypes experience thyrnic 

selection, during which the precursor cells gradually become mature T cells that are 

capable of responding to foreign antigens (Robey & Fowlkes, 1994; Bluestone et al., 

1995). 

4.1) a.p and yo lineage determination : 

Precursor T cells have not yet expressed the important differentiation surface markers 

such as CD4 and CDS, w hen entering the thymus. Under the effects of thymic hormones 

and other factors, these cells continue to differentiate to a point from which they are able 

to diverge into either the a.P or yo T cell lineage (Fehling et al., 1999). First, experiments 

revealed that the common precursor cell at the divergent point did not possess CD3, CD4 

or CD8 markers because both the a~ and y8 T cell types could differentiate from the 

developmentally advanced TN (triple negative, CD3-CD4-CD8-) population, which has 

lost the ability to develop into B, NK (natural kjlling) cells and thymic dendrite cells. 

Further study showed that when a series of developmentally consecutive immature TN 

thymocytes, such as CD25-CD44+TN, CD25+CD44+TN, CD25+CD44-/lowTN (-/low is 

weakly positive) and CD25-CD44-/ lowTN, were injected intravenously and 

intrathymicly, only the first three subsets generated both a.p and yb T cells. Therefore, the 

divergent point might reside within the fourth pre-T-cell line CD25+CD44-/ lowTN 

(Shortman et al., 1991; Suda & Zlotnik, 1993). The fact that the CD25+CD44-/lowTN is 

the fi rst subset in which the rearrangements of ex, ~ and y were detected significantly, 
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further supports the above point (Dudley et al., 1995). However, more tangible evidence 

is still needed in order to define the precise precursor cell at the branch point. 

The mechanism underlying the lineage separation between cx.P and yo T cells in the 

thymus is less well understood although there are a few models which have attempted an 

explanation (Fehling et al., 1999). The "sequential rearrangement model" proposes that 

the ap and yo lineage detem1ination may be influenced by the rean-angement of TCR 

genes. The common precursor cells may first attempt to generate functional y and o 
rearrangements. If the rearrangements on both chromosomes are successful, the precursor 

cells will be forced to develop into the yo lineage. However, those cells with unsuccessful 

rearrangements of y and 8 genes will generate a~ TCR (Pardoll et al., 1987; Dudley et 

al., 1995). This model uses the fact that y, o and P genes are rearranged significantly 

before ex. in the feta l thymus (Fowlkes et al., 1989) and that the first y'& T cells appear 

around 14 days, but that the first ap T cells appear in the thymus between 17 and 18 days 

(Hedrick et al., 1993). In the "competitive rearrangement model", the y, o and p genes are 

believed to compete with one another to form the receptors. If the y and '& genes are 

initially arranged in a productive fashion, the cells will proceed to the yo lineage; but if a 

functional p gene is assembled first, the cell will follow the ap pathway. The support 

stems from findings showing that the rearrangements of y, 13 and 8 take place almost at 

the same developmental stage, but without a temporal sequence. Therefore, lineage 

selection may be determined by competition between the three types of genes (Godfrey et 

al., 1994; Petrie et al., 1995). Further support for this hypothesis emanates from the 

somatic cell hybrids generated by the fusion of yo+ and ap+ thymocytes, in which the 

TCR y gene is extinguished, suggesting the existence of competition among genes. The 

third model, the "separate lineage model," proposes that the outcome of TCR gene 

rearrangement is completely irrelevant to the lineage decision. Thus, the commitment to 

the a~ and y8 pathways is manifested by some unknown mechanism. This model is not 

satisfying because it does not exp lain how a lineage decision is achieved (Winoto & 

Baltimore, 1989a). The last model, "maintenance of the lineage decision," emphasizes 

how a determined lineage maintains its lineage status. One proposal states that T cells 



15 

committed to the ap lineage activate the silencers ofTCR y to inhibit the expression of yo 

TCRs (Ishida et al., 1990). A second proposal states that in cells which follow the aP 

pathway, a programmed excision event is triggered to delete the Do, Jo and Co regions, 

thereby permanently preventing the formation of the 8 chain (de Villartay & Cohen, 

1990). 

4.2) Thymic selection: 

Once the potent progenitor cells have chosen the y8 T cell route, these y8 T cells will 

undergo a series of screening steps in the cortex of the thymus based on their reactivity to 

self-antigens and/or MHCs. The vast majority of thymocytes that are not selected will die 

in situ via apoptosis (Rodewald et al., 1999). 

It is clear that yo T cells undergo negative selection in the thymus during their 

maturation (Dent et al., 1990). Experiments suggest that potentially self-reactive yo T 

cells are negatively selected in the thymus. When transgenic mice containing yo TCR 

specific to TlOb, a MHC-I-like molecule expressed in the H-2 region, are bred to mice 

with H-2b MHC, the self-reactive transgenjc yo T cells are largely deleted from the 

thymus and spleen. Further histological evidence has shown that these potential self­

reactive yo thymocytes in H-2b/d transgenic mice become large and down-regulate the T 

cell receptor before being clonally deleted via programmed cell death (Dent et al., 1990, 

1993). 

The model for positive selection for MHC, however, has not been generally accepted 

(Robey et al., 1998; Hayday, 2000). Trus is partly because it has not been clearly defined 

whether yo T cells command a similar mechanism for recognizing the ligand/MHC 

complex as ap T cells. In mice lacking P2-microglobulin (P2-M), CDS+ aP T cells fail 

to develop because they are not positively selected without MHC class I expression. 

However, the same mice show a normal distribution of yo T cells in the thymus, 

peripheral lymphoid tissues, and intraepithelial locations (Zij lstra et al., 1990). Likewise, 

normal yo T cells were found in double mutant mice which lacked classical MHC I and II 



16 

expression (Grusby et al., 1993). However, in mice expressing transgenic yo TCRs with 

specificity for nonclassical class I molecules lb, encoded in the Tla region, P2-M 

expression was required for the normal development of transgenic-expressing y8 T cells 

(Wells et al. , 1991). Such discoveries suggest that the majority of y8 T cell are able to 

develop normally without MHC class I/II dependent selection, but that a minority require 

the nonclassical MHC for their development (Schweighoffer et al., 1996). A possible 

explanation is that the positive selection for y8 T cells could be exceptional, only 

occurring among those yo T cells whose TCRs possess cx.~ T cell-like specificities. 

In addition to the selection ofMHC-reactive cells, the thymus has been suggested to be 

involved in the selection of some specific y8 T cell phenotypes. An important feature of 

the mouse y8 T cells is that a few subtypes express invariant TCRs which equally 

recognize monomorphic ligands, probably self-proteins, which suggests that the 

maintenance of a particular junctional sequence may be driven by a thymic selection 

mechanism. Supporting evidence emerged in early experiments examining the invariant 

junctional sequences of the mice Vy5/Vol and Vy6/Yol subsets. For example, it was 

found that normal development of the V-y5+ subset required a fetal thymic environment, 

which is consistent with thymic selection (Ikuta et al. 1990). However, in mice lacking 

TCR 8, thus deleting the possibility of selection for certain surface-expressed protein 

products by the thymus, the junctions of a significant portion of Vy5-Jyl and Vy6-Jyl 

rearrangements are still invariant. This finding reveals that the recombinase may also 

play a role in the determination of invariant junctions (ltohara et al., 1993). The above 

seemingly contradictory findings can be easily reconciled by assuming that the invariant 

TCR repertoire is possibly the result of two processes: a) the recombination machinery 

generating a series of biased gene rearrangements; and b) the thymus selecting the cells 

bearing TCRs with the respective invariant idiotype containing the particular 

conformation for the monomorphic ligand. 

4.3) Extrathymic differentiation: 
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The yo T cells in the intestine are thought to develop locally because a large number of 

intestinal yo T cells have been identified in the intestinal epithelia of athymic nude mice 

in addition to thymectomized mice reconstituted with bone marrow (Racha et al., 1994; 

Suzuki et al., 2000). This hypothesis is confinned by studies showing that the stem cells 

of the bone marrow home directly to the gut cryptopatches, by-passing the thymus, and 

developing into a population of precursor cells that give rise to yo T cells (Saito et al., 

1998). Consistent with the notion of the extrathymic development of T cells, expression 

of RAG and V(D)J rearrangement was identified in these precursor cel ls (Lambolez et 

al. , 2002). The intestinal epithelium may play a similar role in the development of 

intestinal yS T cells similar to the role the thymic epithelium plays in intrathymic T cell 

development (Guy-Grand et al., 1991 ). The intestinal differentiation is IL-7 dependent 

because gut cryptopatches from IL-7-/- mice did not support yo T cell development 

(Kanamori et al., 1996). 

5. Tissue distribution of y8 T cells: 

Unlike a~ T cells, which predominately circulate in the peripheral blood, some subsets 

of yo T cells are distributed in distinct anatomical locations. The disproportionate 

abundance of these T cells in specific tissues is correlated to their specific functions. This 

property is one of the essential factors that render yo T cells a unique component in the 

immune system (Mak & Ferrick, 1998). 

5.1 ) y8 T cell tissue distribution in mice: 

Similar to ex~ T cells, the majority of yS T cells leave the thymus and colonize in 

distinct tissues once they become mature (Table 3A). The yo T cells can be detected in 

the thymus around day 13 of gestation, three days before ex.~ T cells are found. During 

their maturation in the thymus, three subtypes of yS T cells, Vy5+, Vy6+ and Vy4+ cells, 

exhibit a waved pattern of expression (Figure 3) (Haas et al., 1993). The first wave is the 

V-y5+ T cell population which appears in the fetal thymus around day 14 and then 

declines at a rate making it difficult to detect by day 18. Around day 16, the second wave, 

Vy6 bearing T cells, are present. Immediately following the Vy6 T cells, Vy4 bearing T 



Table 3A. Characteristics of the mouse yo T cells. 

Subset Location TCR usage 

Vy5 Skin V5J1Cl-y 
VlD2JlC-6 

Vy6 Vagina, uterus, tongue V6JlCl-y 
V 1D2JlC-6 

Vy l Spleen, intestine, skin V1 J4C4-y 
V6,4,5,7-6 

Yy4 Blood, lymph nodes, V4J 1Cl -y 
spleen V5,4,6,7-6 

Intestine V7J1Cl-y 
V4,5,6,7-6 

Lung Vy4 
Vb6 

Liver Vl,2-y 
V86 

Mammary gland V4, 5-y 
V84 

Table 3B. Characteristics of the human yo T cells. 

Subset Location 

V61 Thymus 

V62 Blood 

TCR usage 

VIC2-y 
Y61 

Most non S-S 

V2C l-y 
Vo3 

Most S-S 

18 

D iversity 

None 

None 

High 

High 

High 

High 

High 

High 

Diversity 

High 

High 
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cells with more T CR diversity than the first two subtypes start to appear in the thymus. 

The mechanism underlying this sequential expression is still poorly understood. 

However, it has been suggested that it is controlled by regulating the V(D)J 

recombination of the TCR y locus and is predetermined at the level of the hematopoietic 

stem cell (Ye et al., 2001). 

a) Vy5: 

The Vy5 bearing T cells reside exclusively in the epidermis. The fact that both the 

Vy5+ fetal thymocytes and the epidermal T cells have the same invariant junctional 

sequence of y and 8 chains suggests that Vy5 bearing T cells are originated from the 

thymus rather than from extrathymic locations (Lafaille et al., 1989; Asarnow et al., 

1988). The TCRs on these T cells exclusively employ the Vy5Jy1Cyl and V81D82J82C8 

chains (Havran et al., 1988; Ito et al., 1989). The T cells express Thy and CD3 markers 

on their cell surface, just as do the mature T cells in the peripheral blood, but they do not 

contain CD4/CD8 molecules. Vy5+ T cells exhibit dendritic morphology (dendritic 

epithelial cell-DEC). This cell population is the predominant type of lymphocytes in the 

outer layer of the skin and distributes around the keratinocytes (Elbe et al., 1989). The 

invariant TCRs and specific localization suggest that the Vy5+ T cells play an important 

role in skin wound healing. In the skin, when the keratinocytes are damaged by infection 

or other environmental factors, the VyS+ T cells express keratinocyte growth factors 

(KGFs) in addition to expressing cytokines such as IL-2 and IFN-y by recognizing 

antigens on these cells with invariant TCRs. Meanwhile, the CD8+ T cells are also 

recruited. The VyS+ T cells will then destroy the infected keratinocyes. KGFs and 

cytokines activate keratinocytes to proliferate and reepithelize, thus the wounded tissue is 

repaired (Havran et al., 1991 ; Tigelaar et al., 1995; Jameson et al., 2002). 

b) Vy6: 

Vy6 bearing y'6 T cells appear in the thymus as another invariant subtype. The Vf; gene 

used is Vol, which joins together with D62 and Jo2. There are no CD4, CD8 and Thy-I 

markers expressed on the cell surface (Ito et al., 1989). Nom1ally, these y8 T cells home 
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to and reside in the mucosa! epithelia of the tongue, vagina, uterus and lung (Hayes et al., 

l 996; Sim et al., 1994). Almost half of the T cells in the mucosa! epithelia of these organs 

are y& T cells, while Vy6 positive T cells form the majority. Different from Vy5+ T cells, 

Vy6+ T cells are not confined to the tissues they colonize during ontogeny. In pregnancy, 

they proliferate in large numbers and are often activated in the placenta (Heybome et al., 

1992). In diseases associated with strong inflammatory responses, Vy6+ T cells appear at 

the regions of inflammation, including the liver and testis (Mukasa et al., 1997; Roark et 

al. , 1996) where they are normally infrequent or even absent. 

c) Vy4: 

On the newly generated Vy4+ cells, the TCRs are invariant in the first two weeks, but 

are gradually replaced by TCRs with limited junctional diversity (Sim et al., 1994). These 

cells circulate and appear in various lymphoid tissues such as the spleen and the lymph 

nodes, and have been detected in the lung and the lactating gland (Augustin et al., 1989; 

Reardon et al., 1990). Those Vy4+ cells expressed in the epithelia of the lung tend to use 

V85, while the cells expressed in lymphoid tissues pair with V&4, 5, and 7. In the lung, 

the primary yo T cells in the early fetus are Vy6+, but as one's age increases, Vy4+ cells 

replace them. In addition, the number of Vy4No4 T cells differs widely in a variety of 

inbred mice (Sperling et al., 1992). For example, the percentage of splenic Vy4 cells in 

the B6 strains of mice is quite high (over 50%), whereas in other strains of mice such as 

the DBN2, the percentage half of that, suggests Vy4 subtypes in these mice strains are 

selected differently, by either the thymus or other mechanisms (Sim et al., 1990). 

d) Vyl: 

Varying from the above three subtypes, the junctions of the Vyl TCRs are highly 

diverse. The V'6 chains that Vyl pairs with include Vo2, 3, 5, 7 and 8. There are two 

portions of Vyl + cells, the thymus dependent and the thymus independent (Kaufmann, 

1996). The thymus dependent Vyl + cells arise during later stages of fetus growth and 

continue to mature in the adult thymus (O'Brien et al., 1989 & 1992). The cells distribute 

in a broad range of tissues such as that of a newborn mouse's thymus and spleen, adult 
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spleen and liver, placenta, and as rare clones in skin and the lactating mammary gland 

(Happ et al., 1989; Nagler-Anderson et al. , 1992; O'Brien et al., 1989, 1992; Reardon et 

al., 1990, Roberts et al., 1991 ). The extrathymically developed T cells preferentially 

localize in the intestinal epithelia (Pereira et al., 1995). Hybridomas expressing Vyl 

TCRs can be stimulated by a variety of ligands such as bacteria and bacterial extracts 

(Born et al., 1999), which suggests that Yyl bearing T cells play an important function 

against microbial infections. In fact, Vyl + T cells were found to provide protection 

against a variety of diseases such as viral and bacterial infections, as well as tumors (Fu 

et al., 1994a; Penninger et al., 1995; Nakamura et al., 1999). For example, it has been 

reported that yo T cells play a protective role in the early phase of murine 

cytomegalovirus infection, as 90% of the yo T cells are Vy I-bearing T cells (Ninomiya et 

al. , 2000). 

e) Vy7: 

Yy7 pairs with V84, 5, 6 or 7, while the overall diversity of these TCRs is very high. 

Yy7 bearing T cells primarily colonize the epithelia of the intestines and they are a 

predominant phenotype in the i-IEL (intestine intraepithelial lymphocytes) along with 

Vyl + cells (Arstila et al., 2000). In addition, a portion of T cells of this subtype are also 

found in the liver (Asarnow et al., 1989; Itohara et al., 1990; Tsuji et al., 1996). The Vy7+ 

T cells differ from most other yo T cells by their expression of CD8aa homodimers and 

rather variable levels of surface Thy-1 markers (Goodman et al., 1988; Lefrancois et al., 

1989). Some experimental evidence shows that Vy7+ cells can develop independently of 

the thymus (Bandeira et al., 1991; Pereira et al., 1995). However, other experiments 

indicate that at least a portion of these cells are normally derived from thymic emigrants 

(Kaufmann, 1996). Therefore, like Vyl bearing cells, Vy7+ T cells also contain both 

thymus dependent and independent subtypes. 

5.2) Tissue distribution of yo T cells in bu mans: 

Although the tissue distribution of yo T cells in humans has been studied more than 

that of mice, limited experiments have shown that tissue specific distribution is also 
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evident in humans (Table 3B) (Porcelli et al., 1991; Machugh et al., 1997). However, at 

variance with the prominent invariant junctions of y8 TCRs in mice, the majority of 

V(D)J junctions of the y and 8 genes in human yo TCRs show considerable diversity 

(Ullrich et al., 1990; Jarry et al., 1990; Deusch et al., 1991 ). In peripheral blood, humans 

display a close percentage ofy8 T cells to that of mice (Porcelli et al., 1991). It was found 

that the relative percentage of the two predominant subsets, Vy9/V82 and Vy9/V8 l, 

changed with the development of the individual. Vy9N82 occupies 25% in umbilical 

cord blood and increases to 70% in adult peripheral blood (Parker et al., 1990). On the 

contrary, Vy9/V51 is more plentiful in the early stage of development but subsequently 

decreases. In the intestine, although a small portion of i-IEL is yo T cells and the yo:a~ 

ratio is 1 :5, primarily Vol and V83 and GVl family members are utilized, which 

suggests some kind of preferential localization (Ullrich et al., 1990; Deusch et al., 1991; 

Soderstrom et al., 1996; De Libero, 2000). Different subtypes of y8 T cells are evenly 

distributed in the spleen and the lymph nodes except that the y8:aB ratio in the lymph 

nodes is ~ 1:50 (Groh et al., 1989). In human skin and mucosa, yo T cells are only a small 

percentage whereas a.~ T cells are the predominant lymphocytes. Even so, the percentage 

of epithelial yo T cells in the total T cells is still larger than that found in peripheral blood 

and lymphoid organs (Hass et al., 1993). Very few y'6 T cells are found in organs such as 

the liver, kidney, salivary gland and lung (Falini et al., 1989; Richmond et al., 1993). 

5.3) yo T cell distribution in other vertebrates: 

The tissue specific expression of yo T cell subsets is also evident in other species but 

the patterns of distribution are diverse. In ruminants such as sheep and cattle, the portion 

of y8 T cells in the peripheral blood consists of 60% of the total T lymphocytes, which 

contrasts with the only 5 to 10% attributed to humans and mice. Simi lar to mice, there are 

a large number of yo T cells in the epithelia of the gut and tongue region. However, there 

is only a small population of yo T cells in the peripheral lymphoid tissues (Hein et al., 

1991; Wilson et al., 1999). In birds such as chickens, there are a large number of y8 T 

cells. The y8 T cells in the blood and spleen occupy 20% to 50% of the total lymphocyte 

population, while such cells are also predominant in the epithelia of the intestines (Bucy 
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et al., 1988; Cooper et al., 1989). Studies on the identification of the biological 

significance of the differential tissue distribution in different species are only beginning. 

6. Recognition and activation of yo T cells: 

6.1) Antigens for yB T cells: 

One critical setback for integrating y6 T cells into the specific immune system is 

definition of what ligands the yo T cells can recognize, particularly as their chemical 

nature and immune responsive features are poorly understood (Born et al., 1999; 

Richards & Nelson, 2000). A variety of antigens have been tested to screen the antigen 

specific responses in vitro. Both peptidic and nonpeptidic antigens were used to stimulate 

yo T cells and hybridomas randomly. A multitude of responses transpired. Among these 

antigens, some have been molecularly defined whereas others have only been partially 

defined. For example, the molecularly defined soluble antigens, tetanus toxoid, 

mycobacterial 60-kDa heat shock protein (Hsp-60), Hsp-60-derived peptides, 

staphyloccocal enterotoxin A, listeriolysin O and lipopolysaccharides were found to 

stimulate y6 T cell responses in vitro (Hass et al., 1993; Born et al., 1999). In the case of 

partially defined antigens, it has been found that heat-killed bacteria, bacterial extracts, 

mycobacterial purified protein derivative, low molecular weight protease-resistant 

components of mycobacterial extracts, and poly (GT) can stimulate responses of yo T 

cells in vitro in both mice and humans (Dembic et al., 1990; Holoshitz et al., 1989; 

Kabelitz et al., 1990; 0 Brien et al., 1989; Panchamoorthy et al., 1991; Pfeffer et al., 

1990 & 1992). Such tests prove that the antigens for human yo T cells are different from 

those of mice although they are both MHC independent. Human peripheral blood yo T 

cells recognize low molecular weight non-peptidic phosphoantigens and the 

intraepithelial cells recognize MHC class I related antigens. However, the mouse blood 

yo T cells directly r cognize large protein antigens such as non-classical MHC class I 

molecules rather than non-peptidic antigens (Morita et al., 1995; Hayday, 2000). 

Among the known ligands of y8 T cells, phospholigands have attracted extensive 

attention and are the most clearly defined antigens recognized by human y8 T cells 
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(Hayday, 2000). When isolating and characterizing the antigen from mycobacteria, 

phosphoantigens were found to be the antigens responsible for y8 T cell expansion. The 

cell subtype which responds to the antigens is mainly the human Vy9VS2 T cells, which 

expand 2 to 10 fold (8%-60% of all circulating T cells) during microbial infections 

(Bukowski et al., 1999). Recently, E. coli was also found to activate human Vy9Vo2 T 

cells (Feurle et al., 2002). Some phosphate-containing antigens can elicit proliferative and 

cytokine responses of yo T cells rapidly at very low concentrations. These immune 

responses are stimulated directly because accessory cells such as APCs are not strictly 

required (Tanaka et al., 1995). Site mutagenesis of the junctional regions of the TCR r 
chain shows that yo T cell reaction to phosphate antigens is dependent upon the 

junctional region of the TCR y chains and upon pairing of Vy9 and V82 TCR chains 

(Bukowski et al., 1998). The positively charged lysine residues in the TCR-y chain CDR3 

region encoded by the germ line J1 gene play a crucial role in the response of Vy9V82 T 

cells to the diverse small molecular mass nonpeptide antigens (Miyagawa et al., 2001). 

Further analysis of the chemical structure of the nonpeptide components extracted from 

mycobacteria suggests that such cells possess low molecular mass and contain phosphate 

groups but other structures of these non-peptide components are diverse, ranging from 

nucleotide derivatives to isoprenyls and sugars (Schoel et al. , 1994). All of these antigens 

elicit yo T cell subset specific responses. For example, human Vy9V82 yo T cells 

recognize isopentenyl pyrophosphate in mycobacteria, while the Vyl Vol bearing T cells 

do not (Tanaka et al., 1995). The cleavage of the phosphate group completely abolishes 

the stimulatory activity on the human Vy9Vo2 yo T cells. Therefore, the unique 

susceptibility of yo T cells to phosphate antigens could be important to the selective 

induction of yo T eel ls, which may be pertinent to their prominent immunoregulatory 

function by determining the flavor of their regulatory activities (Burk et al., 1997). Since 

the phosphoantigens are widely distributed in the biosphere as well as among bacteria 

and more advanced organisms, the reactivites of y8 T cells toward these molecules are 

likely very wide, perhaps extending to the recognition of Gram-positive and Gram­

negative bacteria as well as certain parasites (Hayday, 2000). 
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6.2) Antigen recognition features of y8 T cells: 

The trimolecular complex of TCR, foreign peptide and self-MHC has been viewed as 

one of the central laws of cellular immunology (Kaufmann et al., 1996). However, 

although ap and y8 TCRs are similar in overall structure, there are some fundamental 

differences in their antigen recognition. First, the crystallographic analysis of y8 TCR has 

suggested that the recognition of antigens by y8 TCR resembles that of lg rather than ap 

TCR (Li et al. , 1998; Allison et al. , 2001). Second, ap and y8 T cells possess both the 

same and different surface differentiation markers. For example, like a~ T cells, y<S T 

cells are also associated with the CD3 complex, and the activation of y8 T cells requires 

both TCR and CD3 (Hass et al., 1993). However, the majority of y8 T cells do not 

express CD4 and CDS, which are required for binding ap TCR to MHC molecules (Hass 

et al. 1993; Schild et al., 1994). Only a small portion of y8 T cells in the intestine express 

CD4 or CDS (Goodman et al., 1988). Third, the most striking difference between ap and 

y8 T cells is the role of MHC in the recognition of antigens. Until now, most studjes 

showed that antigens recognized by y8 T cells were not dependent on MHC and were not 

processed by APCs (Hayday, 2000). For instance, a herpes virus protein was found to be 

recognized directly by a human Vy9+ yo T cell clone (Sciammas et al. , 1994). Therefore, 

the antigen/y8 TCR recognition is similar to the interactions between antigens and 

antibodies. However, a few studies have revealed that y8 T cells are under the control of 

MHC-like proteins such as Qa-1, which is located in the H-2T locus in mice (Porcelli, 

1995). Unlike the small, processed peptide presented to ap T cells, the antigens presented 

by Qa-1 are not processed and th refore the MHC-like proteins seem to present large 

polypeptides. For example, it has been found that Hsp60 preferentially binds to the Qa-1 

molecule. A third pattern of recognition has also been proposed, wherein some y<S T cells 

were suspected to perform antigen recognition in combination with other molecules other 

than MHC or MHC-like proteins. One of these candidates is the NRAMP (natural 

resistance-associated macrophage proteins) gene product that is believed to transport 

intracellular antigens to the cell surface. It has been found that y8 T cell surveillance of 

hematpoietic tumors is NRAMP-dependent instead of MHC-dependent (Penninger et al., 

1995). 
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7. Functions of y8 T cells: 

Until now, nearly all the functions of ap T cells have been described in y8 T cells 

(Born et al., 1999). These include both the immunoregulatory and immunoprotective 

functions. However, experiments have shown that immune resistance to antigens is not 

prominent compared to the immune regulatory functions except for the characteristic 

immune surveillance of epithelium (Hayday, 2000). With yo T cells challenged by 

pathogens, there is only a small resistance change. In addition, these experiments are 

usually carried out in immune compromised animals or in yS T cells being challenged 

with a heavy load of pathogens. On the other hand, with the disturbance of y8 T cells, a 

dramatic change has transpired in the immune response involving both innate and 

acquired immunity. The small percentage of y8 T cells in the peripheral blood determines 

that they cannot play a major role in immune protection. This percentage is consistent 

with that of many regulatory T cells such as CD4+CD25+ and aj3 TCR+CD4-CD8- T 

cells (Zhang et al., 2001), plus their unique anatomical distribution, suggests that yo T 

cells are important m irnn1unoregulation and epithelial repair rather than 

immunoprotection. 

7.1) The immunoregulatory functions of yo T cells: 

T cells exert their immune regulatory functions on the innate, and the specific humoral 

immunity and cell mediated immunities (Mak & Ferrick, 1998). These effects are 

dependent on the effective communication and interaction among B cells, T cells, 

macrophages and NK cells, including the secretion of specific proliferation or 

differentiation lymphokines (Hayday, 2000). 

Numerous evidences have shown that y8 T cells influence antibody production. When 

co-cultured with the surface-lg positive mouse lymphoma CH12, a population of Thy-1 +, 

CD4-CD8-, and 8 220+ y8 T cells can promote lymphoma lg secretion (Sperling et al. , 

1989). Further, when the isolated y8 T cells from chicken ovalbumin-immunized mice 

were transferred into normal mice, the IgE production was inhibited very efficiently 
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(McMenamin et al., 1994). Some experiments have also indicated that yo T cells can 

induce Ig isotype switching in B cells. Mice deficient with cxf3 T cells possess entire lg 

isotypes with a relatively higher level of IgG 1 and IgE. However, in the cxf3 and y8 T cell 

double deficient mouse, all the lg isotypes are lacking (Wen et al. , 1994). Such findings 

provide convincing evidence that y8 T cells play an important role in humoral immune 

response. 

Studies suggest as well that yo T cells can influence the development of a~ T cells and 

the immune responses of the peripheral aj3 T effector cells. In mice injected with anti 

TCR-8 mAb, which results in the disappearance of yo T cells in lymph nodes and spleen, 

the reactivity of ap T cells increased (Kaufmann et al., 1993). The increased ap T cell 

functions may suggest that y8 T cells have the ability to control cxf3 T cell response 

negatively under normal circumstances. In contrast to the primarily inhibitory effect of y8 

T cells on aj3 T cells, af3 T cells were found to stimulate response in the y'& T cell 

positively. It has been observed that peritoneal y8 T cells from Listeria-immune mice 

show an enhanced potential to expand when a(3 T cells are activated in vitro (Skeen et 

al., 1993). The stimulation of y8 T cells by a~ T cells was abrogated by a protein­

permeable semipermeable membrane, which excludes cytokines as the sole cause (Vila et 

al., 1995). Therefore, the influence between y8 and aj3 T cells is probably through cell-to­

cell interaction. 

In addition to the regulation of B and T cells, y8 T cells also show some functional 

relationship with macrophages and natural killer (NK) cells. Macrophages from yo T cell 

deficient mice stop secreting their major lymphokine TNF-a in response to 

lipopolysaccharides. This is not an intrinsic defect of macrophages because preincubating 

them with y8 T cells from normal mice can restore their capability to secrete TNF-a 

(Nishimura et al., 1995). The effect of y8 T cells on macrophages is partially due to the 

production of IFN-y from y8 T cells because the IFN -y mAb inhibits this effect. Although 

the direct interaction between y8 T cells and natural killer cells is not supported, 

functional relationships between them have been described in the observation of an 
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infectious disease. In a TCR '6-/- mouse model given the Listeria monocytogenes 

infection, it was found that INF-y production by NK cells was impaired in comparison 

with normal mice (Lade) et al., 1996). This is probably a defect caused by the reduced 

production of TNF-a in the absence of y8 T cells. The response to listeria infection 

involves two phases, with macrophages and NK. cell s critical in the first phase and a() T 

cells responsible for the second phase of clearance (King et al., 1999). The above finding 

may suggest that yo T cells provide a link between the innate and the adaptive immune 

responses against murine listeriosis, regulating both early NK and late ap T-cell 

reactivities (Born et al., 1999). 

7.2) Resistance to pathogens: 

In the immune system, the importance and precise role of y8 T cells to the resistance of 

pathogens remains to be determined. y8 T cells increased in a variety of infectious 

diseases, such as tuberculosis, salmonellosis, tularemia, brucellosis, malaria, 

toxop lasmosis, HIV, listeria, and Herpes simplex virus type 1, among others. Diverse 

methods including direct infection, blocking yo T cells with monoclonal antibodies 

(mAbs), and knock-out studies have been carried out. Immune responses to pathogens 

have been identified in almost all the diseases tested, but the direct contribution of y8 T 

cells to host resistance is prominent only in a few immune compromised animal models. 

Based on these results, it was concluded that the major contribution of y8 T cells in the 

resistance to pathogens is through the primary immune response in collaboration with 

cells of the innate immune system. Some of the responses are essential to immune 

protection, whereas others are not essential and are functional redundancy of a~ T cells 

(Hass et al., 1993; Hayday, 2000). 

One of the best-studied examples of resistance to pathogens by y8 T cells is the 

infection by the gram-positive rod Listeria monocytogenes, in which y8 T cells reveal a 

substantial protective role. In mice, either the TCR 8 or TCR 13 gene deletion mutants 

were resistant to experimental listeriosis. Additional treatment of TCR 13-deficient 

mutants with TCR yb mABs rendered these mice susceptible to listeriosis (Mombaerts et 
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al., 1993). Further studies on mice with depleted Vyl+ T cells show that the yo T cells 

used are predominantly Vyl Vo6 positive and the response to Listeria monocytogenes is 

through IFN-y (Harty & Bevan, 1995; Nakamura et al., 1999). These findings suggest 

that y8 T cells participate in protective antimicrobial immunity at an early phase of the 

primary infection before the a.~ T cells appear. In addition, the critical protective role of 

y8 T cells is also identified in malaria infections (Tsuji et al., 1994). In af3 T cell deficient 

mice, the immunization of irradiation-inactivated sporozoites induces an immune 

response that significantly inhibits the development of the parasite's liver stages. 

However, the malaria is exacerbated by the antibody-mediated transient in vivo depletion 

of y8 T cells (van der Heyde et al., 1993). This finding is regarded as evidence that y8 T 

cells are involved in protective immunity against liver stages of m alaria parasites without 

a need for a.f3 T cells. 

ln addition, responses to y8 T cells were also examined in viruses. Although direct 

evidence that y8 T cells react to virus infected cells has not been found, accumulation of 

y'6 T cells at the sites where microbes replicate as well as selective yo T cell expansion in 

the peripheral blood and lymphoid organs have been observed in numerous murine 

models (Hayday, 2000). For example, yo T cells appear to have protective effects in the 

herpes simplex virus (HSV-1) infected mice (Sciammas et al., 1997). When stimulated by 

HSV-1, both human and mouse yS T cells lyse the infected cells. But in mice lacking y8 T 

cells, the severity of HSY-induced epithelial lesions was much increased. Thus, by 

arresting viral replication, y8 T cells protect individuals from HSV-1 infection (Ninomiya 

et al., 2000). 

7.3) Inflammatory reaction: 

With infection and injury, inflammation helps living organisms restore their normal 

structures and functions. The cellular response of leukocytes p lays an important role in 

this process. In healthy immunocompetent mice, after intravenous or peritoneal 

inoculation of Listeria monocytogenes, the infected intracellular bacterium is cleared 

within 7-10 days following a vigorous inflammatory response and subsequent 
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development of listeria-specific cytolytic ap T cells. Some studies suggest that y'6 T cells 

are involved in the inflammatory resolution. In the infected mice, there are small 

granulomatous lesions detected around the infected hepatocytes in the liver, while y8 T 

cells appear in the lesion about the same time as ap T cells. However, if ye T cells do not 

appear, the resolution of inflammation is severely impaired and this results in serious 

parenchymal damage. Following infection, ap and y8 T cell-depleted mice each showed 

exacerbated liver lesions (Fu et al., I 994a; Mombaerts et al., I 993). However, lesions in 

the ap T cell-depleted mice were rich in bacteria and almost devoid of neutrophils, 

whereas the lesions in ye cell-depleted mice were abscessed and rich in 

polymorphonuclear leukocytes. Circles of necrotic hepatocytes infiltrated by neutrophils 

surrounded the abscesses, and there was extensive parenchymal damage. In the whole 

body, the y8-deficient mice did not show excessive bacterial accumulation, which is 

consistent with the function of the y8 cells overall control of pathogen growth (O'Brien et 

al., 2000). 

7.4) Other functions: 

Apart from the major immune regulatory function and resistance to pathogens, y8 T 

cells were also found to be involved in a broad range of physiological and pathological 

processes, which include grafts of tissue, wound healing, epithelial homeostasis, 

autoimmunity and tumor surveillance (Hayday, 2000; Ferrarini et al., 2002). For 

example, experiments show that y8 T cells can delay allograph rejection. C3H/HeJ mice 

injected with multiple minor incompatible B 1 0.BR cells exhibit delayed rejection of 

subsequent B 1 0.BR skin grafts. This inhibition of C3H-anti-B 1 O.BR immunity is 

mediated by CD4-8- y8 T cells (Gorczynski, 1994). In addition, studies of intestinal 

epithelia of y8 T cell deficient mice provide evidence that y8 T cells are involved in 

epithelial homeostasis (Komano et al., 1995). In TCR 8-/- mice, the absence of y8 T cells 

correlates with a reduction in epithelial cell turnover while epithelial differentiation was 

diminished. On the whole, the immune functions of ye T cells are as important as B cells 

and ap T cells. More studies are needed to establish the detailed relationships between y8 

T cells and these immune components. 
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8. Gene regulatory features of TCR y: 

Immune cells are derived from the potent stem cells. Hematopoietic lineage 

determination and differentiation are controlled by multiple factors. The coordinated 

transcriptional regulation of the lineage-specific genes is one of the important molecular 

mechanisms for lineage determination (Rodewald & Fehling, 1998). For example, it has 

been proposed that both the lineage selection of a~ and yo T cells and the ordered 

expression of the mouse Vy gene subtypes in the thymus are controlled by transcriptional 

regulation of the accessibility of the recombinatory gene segments to the recombinases 

(Sleckman et al., 1996). In addition, as multigene families, lg and TCR gene loci are 

good models for studying transcriptional regulation because they are rich in regulatory 

elements and complicated regulatory machinery (Staudt, 1991; Leiden, 1993). Studies of 

the transc1iptional regulation of the TCR genes have led to many characteristic findings. 

For instance, a great number of ubiquitous and lymphoid-specific transcriptional factors 

and nuclear binding elements have been identified (Faisst et al., 1992; Leiden, 1993; Lee 

et al., 2001). In the TCR y loci, diverse regulatory elements including enhancers, 

promoters, silencers and boundary elements have also been characterized. These elements 

have proved essential in determining both the temporal and spatial biological features of 

yo T cells. 

8.1) TCR y promoters: 

It has been suggested that the promoter of each V gene is a key element in controlling 

the specific subtype determination (Sunaga et a l., 1997). Presently, only the promoters of 

murine Vyl and Vy5 have been functionally characterized in both the human and mouse 

TCR y loci (Ofir et al., 1995; Clausell & Tucker, 1994). Multiple positive and negative 

elements identified in these two promoters show interesting contrasting features: the Yyl 

promoter contains a TAT A box, while the Vy5 promoter lacks an obvious TAT A box; the 

intrinsic activity of the Vyl promoter is very high; the Vy5 has a very low activity (which 

needs to couple to an enhancer to demonstrate its activity); the proximal region of the 

Vyl promoter has negative activity, but the proximal region of the VyS shows positive 
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effects; both promoters possess GC elements that bind Sp I-like proteins. Mutations in the 

element enhance the activity of Vyl promoter by 50% to 80%, while it reduces the 

activity of the Vy5 promoter by 80%. Such opposing features have been proposed to 

explain the ordered fashion of the V genes expressed in the mouse TCR y locus: 

conditions that enhance the activity of one promoter inhibit the activity of another 

promoter and thus lead to sequential expression (Ofir et al., 1995). 

ln the human TCR y locus, the promoters have not been functionally studied, but 

characterized by sequence comparison. The aligmnent of the TCR y V gene promoters 

reveals that they all contain a heptamer sequence (CTGCAGG). It is possible that a cis­

acting element is involved in transcriptional regulatory mechanisms common to all 

human TCR y genes, although the common functional importance remains to be 

determined (Hettmann et al., 1992). In the peripheral blood, Vy9V62 T cells are the 

dominant subtype, which play a major role in responding to infection (Bukowski et al., 

1998). The sequencing characterization of the promoter of the Vy9 shows that this 

promoter lacks TAT A and CAA T boxes but has short tandem repeats. These repeats may 

regulate the activation of Vy9 in a way similar to the TATA box. Moreover, there are 

characteristic decanucleotides (AGGTGGTTGAG) in the promoter regions of both the 

V82 and Vy9. Since Vy9 is preferentially expressed in association with Vo2 and they are 

both simultaneously expressed early in T cell differentiation, the common decanucleotide 

may possibly be responsible for this simultaneous expression (Dariavach & Lefranc, 

1989). 

8.2) TCR y enhancers: 

Enhancers can increase the transcriptional activity of genes independent of their 

transcriptional orientations and distance relative to the transcriptional starting sites. 

Presently, a mouse enhancer yEl and a human enhancer HyE have been functionally 

characterized (Spencer et al., 1991; Kappes et al., 1991; Hettmann & Cohen, 1994). The 

murine TCR y enhancer yEl is located at the 3' end of the Cyl gene. In addition, by 

hybridization, using yEl as the probe, two additional putative enhancers were located at 
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the 3' end of the Cy3 and the 5' end of the Cy2, respectively. This is not surprising 

because the J-C regions of clusters 2 and 3 are duplication products of cluster l (Vemooij 

et al., 1993). There has been only one human enhancer (HyE) detected, that of 6.5 kb 3' 

of Cy2 (Lefranc et al., 1995). The sequence similarity between mouse yEl and HyE is 

around 50%. The functional characterization of this enhancer suggests that it is also 

functionally similar to yE 1 (Hettmann et al., 1994). Although both the human and mouse 

TCR y enhancers show activity on transcription in yo T cells, they also display activity in 

exp T cells, which suggests that the enhancer is not the sole factor responsible for the 

sublineage selection. Among all the transcriptional regulatory elements, the role of 

enhancers in the regulation of V(D)J recombinations has been analyzed in the most detail. 

In vivo studies of the TCR a,~ and 8 enhancers show that they play a critical role in TCR 

gene rearrangement (Lauzurica & Krangel, 1994; Leduc et al., 2000). Deletion of the 

enhancers results in the inhibition of the V(D)J recombination. However, in the TCR y 

locus, deletion of the enhancer yEl only modestly reduces TCR y gene rearrangement 

(Xiong et al., 2002). Therefore, the temporal and lineage-specific control of the TCR 

gene rearrangement may rely on the activities of multiple elements within the TCR y 

locus. 

8.3) TCR y silencers: 

In contrast to enhancers, silencers are a combination of short DNA sequence module 

elements that suppress the transcription of genes, independent of orientation or position 

relative to the transcriptional start site (Brand et al., 1985; Strachan & Read, 1996). Two 

inhibitory elements have been identified in the mouse TCR y locus. One is between Vy6 

and Vy5 in cluster 1 (Clausell & Tucker, 1994), the other may be at the 3' region of 

enhancer yEl (Kappes et al., 1991). A transgenic study provided direct evidence for such 

a TCR y silencer, which is probably located 3' of the TCR Cyl gene segment (Ishida et 

al., 1990). In the human TCR y locus, two silencers have been identified at the 3' end of 

the human TCR Cy2 (Lefranc et al., 1995). The human enhancer and silencer have equal 

enhancing and inhibitory activity in both the a~ T cell line Jurkat and the y8 T cell line 

PEER. However, when the enhancer is combined with the two silencers, they show 
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inhibitory activity in the a.p T cell lines Jurket and EL-4, but show an enhancing activity 

in y?> T cell line PEER (Lefranc et al., 1995). Therefore, the combination of human TCR y 

enhancers and silencers provides one source of differential effect in the determination of 

the sublineage specificity. 

8.4) Locus control regions: 

The locus control region (LCR) is a set of cis-acting elements that regulate chromatin 

accessibility of a gene locus (Strachan & Read, 1996). The open conformation of 

transcriptionally active chromatin domains makes them more accessible to cleavage by 

the enzyme DNase I, a hypersensitive site (HsA). LCR fi rst acts at a stage in 

development that renders all genes in the locus competent, but transcriptionally inactive. 

Once they are in this competent state, each gene is further regulated by stage-specific 

enhancers or repressors (Reitman et al., 1993). An HsA has been located at 3' of the 

mouse a./8 locus (Diaz et al., 1994). It is possible that the differential regulation of TCR 

a versus 8 genes during development is due to the relative distance between the gene and 

the LCR. In the mouse TCR y locus, an HsA is identified between Vy7 and Vy4 (Baker et 

al., 1999). HsA supports transcription in a largely position-independent fashion in mature 

T cells. The enhancer yE 1, without HsA, supports transcription in both mature and 

immature T cells with the restriction of distance and is necessary for the consistent 

rearrangement of transgenic recombinations. These two elements together, however, can 

regulate the transcription of the TCR y gene without the restriction of distance and cell 

line. Therefore, the HsA provides chromatin-opening activity and together with the 

enhancer yEl, constitutes a T-cell-specific locus control region for the TCR y locus. 

8.5) Boundary elements: 

Boundary elements or insu lators are 0.5 to 3 kb DNA segments, which are assumed to 

be transcriptionally neutral but can block or insulate the spread of positive or negative 

regulatory elements (Blackwood et al., 1998; Bell et al., 2001 ). Figure 4 presents the 

schematic view of enhancers, promoters and boundary elements. In the TCR loci, only 

one enhancer-blocking element (BEAD-I) was identified between a and 8 gene segments 

in the human TCR aJ& locus (Zhong et al., 1997). BEAD- I is a 2 kb located DNA 
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between the 3' end of TCR 8 gene segments and the 5' end of TCR a joining gene 

segments. When it was placed between a TCR y enhancer and a promoter in a construct, 

BEAD- I blocked the effect of enhancer on the promoter in vitro, by separating the TCR 

a /3 locus into distinct regulatory domains controlled by the TCR 3 enhancer and the TCR 

a enhancer. Thus, BEAD-1 can prevent the TCR 3 enhancer from opening the chromatin 

of the TCR a joining gene segments for VDJ recombination at an early stage of T cell 

development and ensure that the a and 8 gene fragments can be rearranged 

independently. However, a recent in vivo study on mice with the human BEAD-I 

analogous region deleted, revealed that the TCR a and 3 gene expression and 

rearrangement are not completely perturbed (Sleckman et al., 2001). Therefore, although 

the role of BEAD- I in human TCR a/8 locus cannot be ruled out, its contribution to TCR 

developmental rearrangement is not critical. Other mechanisms may be more important in 

the developmental control of the subtype of gene fragments in the TCR a/8 locus. 

9. Evolution of the TCR genes: 

The acquired immune system is believed to have originated about 550 million years 

ago. The four kinds of key molecules, RAG, MHC, lg light and heavy chains, including 

TCR a, ~ y and 8 chains, are presented in a wide variety of extant cartilaginous fish, 

birds and mammals, therefore these distinct gene families were present 450 MY A 

(Marchalonis et al., 1998; Litman et al., 1999). Such a conclusion is supported by failed 

experimental attempts to isolate homologous genes in the more primitive agnathan 

vertebrat s, lampreys and hagfish (Rast et al., 1997; Matsunaga, 1998). either lamprey 

nor hagfish possess a thymus or spleen (Zapata & Cooper, 1990). In addition, 

comparative analysis of some of the representative DNA sequences of the TCR identified 

in jawed vertebrates, artiodactyl mammals (Hein, 1994), rodents and primates (Arden et 

al., 1995a,b), carnivores (Hein, 1994), birds (Gobel et al., 1994; Rast et al., 1994), 

elasmobranches (Rast et al., 1997) and teleost fish (Kamper & McKinney, 2002), also 

supports the above hypothesis. Figure 5 presents the major evolutionary events in which 

the different specific immune molecules appear in the major vertebrate species. 
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In depicting a picture of the early evolutionary history of the adaptive immune system, 

the primitive receptor's stmctural form has raised controversy. The primitive receptor 

molecule was proposed to exist in invertebrate, protochordates and jawed vertebrates as a 

nonrearranged fonn (Litman et al., 1999). Actually, a few such ancestral-like candidate 

genes and gene products have been identified in jawed vertebrates, such as Southern 

pufferfish, Xenopus and chicken (Rast et al., 1995; Chretien et al., 1996). Such genes are 

characterized by non-rearrangement and possession of Ig/TCR-like characters. Among 

them, the prototypic gene in the Southern pufferfish contains a V domain and an Ig C2-

type domain (Cl and C2 refer to lg Cl and C2 type domains), as well as a TM and a Cyt 

region. The V domain exhibits a higher degree of similarity to TCR and to a lesser degree 

to lg V regions, probably as the lg genes underwent more marked changes than the TCR 

genes (Rast & Litman, 1998). Therefore, the general stmcture of V-C2-TM-Cyt may 

have been the earliest nonrearranging predecessor of those of lg and TCR. Since IgC 1-

type domains are restricted in distribution to the vertebrate rearranging receptor, along 

with classes l and II MHC proteins, a protein of the fonn V-C2-TM-Cyt may be the 

predecessor of the noruearranging V-C 1-TM-Cyt-type molecule. The generation of 

segmental rearranging receptors was hypothesized to be due to a transpositional 

interruption event of DNA mediated by transposase function associated with RAG gene 

on the noruearranging V-Cl-TM-Cyt-type molecule (Agrawal et al., 1998). 

A second aspect related to the origin of the immune system is the location of the 

earliest adaptive immunity. The extensive conserved localization of gut-associated 

immune tissues of all jawed vertebrates suggests that the adaptive immune system 

originated from the gut of ancient jawed fish (Matsunaga, 1998). Further, from the 

gastrointestinal lamina propria of cold-blooded vertebrates and birds to the cryptopatches 

of mouse intestine, the lymphopoietic cells serve the same function. In mice, some T cell 

subtypes can even develop and mature without the thymus (Saito et al., 1998). Actually, 

the above hypothesis is not that complicated in tenns of the predatory behavior of the 

ancient jawed fishes. The lamprey, which is more ancient than the jawed fish, suck for 

food. But in jawed fish, the jaws enable a predatory manner of hunting food. Thus, 

physical injuries to the food canal by swallowed food, such as bone and scales, increase. 
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Consequently, injuries and concomitant infections in the gastrointestinal tract of primitive 

jawed fish may be the major selective force responsible for the acquisition of adaptive 

immunity (Anderson & Matsunaga, 1996). In the long history of the evolution of 

adaptive immunity, y8 T cells may be one of the ancient cells in the gut-associated 

immune tissues, earlier than B and a.p T cells. This is supported by phylogenetic analysis 

of the TCR V and C gene fragments across vertebrate taxa, which reveals that TCR y and 

6 sequences are more ancient than p and lg genes (Richards & Nelson, 2000). In addition, 

cellular features of yo T cells possess the capability to recognize both self- and nonself­

antigens, membrane-bounded, and respond to a variety of antigens quickly without the 

assistance of APCs (Born et al., 1999), all of which meet the criteria for primordial 

specific immune cells. The most primitive acquired immune cell likely originated from 

the y8 T cell-like cell in the gut of the cartilaginous fish. 

Although the immune system of cartilaginous fish differs radically from that of 

mammals in many histological, molecular, and functional aspects, the generally similar 

TCR molecular structure among distantly related species can provide important 

evolutionary information (Rast et al., 1997). As one of the functional regions, V domains 

of TCR a, ~. y and 8 chains have been phylogenetically analyzed extensively in diverse 

representative vertebrate species. In Figure 6, three major clusters, which correspond to 

the TCR Vy set (I), the TCR V~ set (II), and the TCR Va/8 group (III), are formed. 

Therefore, the TCR V domains arc consistent with their nominal identification, although 

a few pose difficulties in defining their group. Among them, a few V domains are found 

to be conserved throughout vertebrate evolution at the amino acid level. For example, in 

group I, there is an association between human Vy4 and skate Vy5 (30% identity), and 

similarity between chicken Vy and skate Vy2 ( 40% identity). Some residues which are 

typically found in most mammalian and avian Vy sequences are conserved in skate, such 

as the IHWYR stretch around Trp35 and the TYYCA W stretch around Cys92 

(Charlemagne et al., 1998). In addition to TCR Vy, there is considerable conservation 

between long separated species in the TCR Va and V~ domains (Partula et al., 1995, 

1996). Having arisen early in evolution, such conservation indicates that these TCR V 
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regions have been maintained for around 450 MY As. One reason for maintaining the V 

domains is probably strong selection pressure. One force may b infection from a 

common type of bacteria or virus infections (Marchalonis et al., 1998). Another force 

may be from the molecular constraint of MHC. In comparison with lg molecules, the 

structure of TCRs seems constrained. MHC I and II are also extraordinarily well 

conserved in all jawed vertebrates. Therefore, the strong functionally linked TCR and 

MHC molecules have been reciprocally frozen during evolution to maintain their 

structural conservation (Charlemagne et al., 1998). 

The phylogenetic analysis of another functional region, the C domain, also generated a 

more accurate evolutionary inference because the overall evolution of C is slow relative 

to V gene fragments and therefore they are better conserved (Anderson et al., 1995; 

Marchalonis et al., 1998). Figure 7 reveals the phylogenetic analysis of the C regions of 

TCR, MHC I, MHC II, lg H and lg L chains, which constitute five independent clusters. 

This phylogenetic pattern of C gene fragments is consistent with the conclusion that these 

three groups of molecules sequentially derived from the ancestral locus along with the 

appearance of vertebrates, became clearly distinct in gnathostome vertebrates. Among the 

sequences of TCRs, the Cy chains are more variable and evolve faster than the C chains 

of other loci. For example, there is not much similarity between the Cy gene of skate and 

that of mammals, but Ca and cp have 60% and 77-94% amino acid identity respectively 

throughout mammals (Charlemagne et al., 1998). This is mainly because of the fast 

sequence divergence that resulted from the generation of the multiple isotyes of Cy chains 

by gene duplication or triplication (Hein, 1994). Multiple isotypes of Cy genes were 

found in all species of primates (e.g. humans), rodents (e.g. mice) and artiodactyls (sheep, 

cows and pigs) (Ciccarese et al., 1997). The five Cy genes in sheep are descendants of an 

ancestral pool that existed before the primate-rodent-artiodactyl diverged (Hein et al., 

1993) while the two human and four mouse Cy genes arose after the separation of 

primates and rodents. It has been estimated using the molecular clock that the distance 

between cattle and sheep Cy gene fragments is 18 MY A, which coincides with the 12 

MY A of the duplication of Cy genes in humans and mice. This time period corresponds 

to the last Tertiary period of the Miocene (24.6-5.1 MYA), when the mammalian 
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radiation gave rise to a great number of the genera that persist today. This suggests that 

the rapid duplications of Cy genes in mammals were subjected to similar evolutionary 

pressures (Ciccarese et al., 1997). 

10. The Human Genome Project: 

Since the discovery of the double helix structure of D A in 1953, molecular biology 

and related techniques have been developing rapidly. These developments eventually 

make the complete deciphering of the whole human genomic sequence possible. The 

Human Genome Project (HGP) was officially started in the United States in 1990 and it 

was estimated to be completed in 15 years (Collins & Galas, 1993). The US Human 

Genome Project is the major contributor but similar projects were also established in the 

UK, France, Japan and other countries. In order to co-ordinate the different national 

efforts, the International Human Genome Organization (HUGO) was established to 

facilitate the exchange of research resources, encourage public debate and advise on the 

implications of human genome research (McKusick, 1989). Since 1998, some private 

genomic companies have joined the sequencing competition, adopting the whole-genome 

shotgun strategy as well as high-throughput sequencing machines, which have greatly 

sped up the project. In June 2000, the first working draft (a total of 2.297 Gbp of 

sequence) that has mapped 91 % of the entire human genome and 9% of uncertain gaps 

(100,000 gaps) was announced by publicly funded genomic groups and the Celera 

Genomics Co-operation (Lander et al., 2001; Venter et al., 2001). In April 2003, the 

project was finished (Collins et al., 2003). 

The initial goals of the HGP relate to three aspects: l) to improve the present physical 

map of human chromosomes; 2) to develop supportive technologies and facilities for 

human genome research; and 3) to expand communication networks and computational 

and database capacities (Collins & Galas, 1993). So far, most of these goals have been 

accomplished. Firstly, around 24500 to 26383 human genes have been detected among a 

total of expected 32,000 genes (Lander et al., 2001; Venter et al., 2001). ln addition to the 

human sequence, the genomes of a few medically and important models including the 

Haemophilus influenzae, E. coli, yeast S. cerevisiae, fruit fly Drosophila melanoganster, 
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Arabidopsis thaliana, nematode Caenorhabditis elegans and mouse genomes have been 

fully sequenced (Mural et al., 2002; Waterson et al., 2002). Meanwhile, some genome 

projects are targeting the screening of disease genes. Secondly, in the process of 

sequencing the HGP, DNA cloning and sequencing techniques have been revolutionized 

by the application of multidisciplinary knowledge. These mainly include the application 

of the shotgun sequencing strategy and automatic sequencers. Thirdly, numerous 

databases and bioinformatic techniques have been built. The large amount of information 

being generated in the genome project can be accessed from remote computer stations 

through the internet. Distant users can also input raw data that is processed by the 

database managers and can analyse data that is already stored in the databases. Some of 

the major sequence databases, such as the most popular databases GenBank and EST 

bank, are located at dedicated centers in the USA (National Center of Biotechnology 

Information), UK (European Bioinformatics Institute) and Japan (National Institute of 

Genetics) (Brown, 2000). 

The so-called post-genomic era is characterized by the accumulation of sequence data 

applications. Proteomics focuses on the large-scale identification and quantification of 

proteins, including the determination of their localization, modifications, interactions, 

activities and ultimately, their function (Fields, 2001 ). One of the relatively immediately 

available applications of HGP is the rapid development of pharrnacogenetics, which is 

based on single-nucleotide polymorphisms (SNPs) (Liggett, 2001). SNPs are the single 

nucleotide variations on genomes among different individuals and ethnic groups. As most 

drugs show significant interindividual variation in therapeutic efficacy, SNP based 

treatments may individualize the dosage of the therapeutical agent. By comparing random 

reads against the human genomic sequence, about 1.4 million have been identified (The 

International SNP Map Working Group, 2001). Other medical applications include the 

identification of genes associated with hereditary diseases, development of drugs to treat 

these diseases (Peltonen & McKusick, 2001) and rapid cytogenetic diagnosis 

(Antonarakis, 2001). In fact, a total of 1112 disease genes have been discovered and more 

than 30 genes among them were cloned using the draft genome sequence from public 

databases. Collectively, the knowledge, resources and techno logies emanating from the 
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HGP are revolutionizing every branch of science, medicine and other related fields, such 

as biology, behavioral science, medical diagnosis, monitoring and treatment of diseases, 

phannaceutical industry, and biotechniques, in an interdisciplinary way. 

Within such a background of biological revolution, as a part of the HGP, 

characterizing the human and mouse T cell receptor gamma loci started in 1994 and 

finished in the middle of 1997. These loci are multigene families, and therefore their 

sequences provided excellent models for the understanding of genomic structure and 

organization. Meanwhile, characterization and comparison of these two sequences also 

provide deeper insight into the understanding of the immune system and molecular 

evolution. 
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Chapter II. Characterization of the human TCR gamma locus 

Summary: 

The human TCR y locus is a 140 kb region on chromosome 7. Characterization of the 

complete D A sequence reveals that the coding regions occupy 4.55%, the locus-specific 

repeats 57%, and the genome-wide interspersed repeats 24%. The known genes including 

fourteen V, five J, and two C gene fragments were identified. The previously reported 

one promoter and two silencers, and the presently reported one enhancer were also 

identified on the sequence. Evolutionary analysis of the TCR y locus suggests that this 

locus originated from a common primordial structure, which contains a single V gene in 

the GVl subfamily and a single J-C cluster. Through a series of unequal crossing-overs 

and gene conversions, the present TCR y structure emerged with a much-expanded GV 1 

subfamily and two repeating J-C clusters. Following the duplications, the V gene 

fragments were further diversified at the CDRs by positive natural selection. Thus, the V­

J-C combinatorial diversity is greatly increased by these processes. Meanwhile, extensive 

gene duplication and dysfunction in the GVI family also suggested that this locus has 

evolved through the birth-and-death process. In general, complete sequencing of the 

human TCR y locus provides a good model to gain an insight into the organization, 

evolution, and functionality of multigene families. In particular, evolutionary analyses 

have proved to be a powerful tool for a structural and functional understanding of the 

genome. 
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Introduction: 

Gene duplications are the key force of gene and genome evolution (Jeffreys & Harris, 

1982). More than a third of a typical eukaryotic genome consists of duplicated genes and 

gene families (Wagner, 2001). Gene duplication and the subsequent diversification due to 

relaxed selective constraints is the simplest way to generate new genes with novel and 

complex biological functions (Ohta, 1991 ). The size of duplication is not only limited to a 

specific gene, it could be part of a chromosome, the entire chromosome or even the 

whole genome (Li , 1997). Three kinds of mechanisms, slipped-strand mispairing, 

unequal crossing-over and gene conversion, are responsible for the gene duplication (Li, 

1997). Unequal crossing-over is w idely believed to be the predominant biological 

mechanism for medium to large sized tandemly repeated sequences (Elemento et al., 

2002; Graham, 1995). This process takes place in the M phase of meiosis, when the 

chromosomes line up in tetrad configuration, in which the homologous regions form a 

cross and then exchange genetic materials. In the resulting two alleles, one gains a piece 

of DNA from the other chromosome, whereas the other one loses some of the DNA (Li, 

1997). Thus, gene duplications regulate the amount of gene products of the same function 

that are essential for the survival of an organism by an increased or decreased gene 

number. On the other hand, the increased gene members also provide raw materials for 

developing genes with novel functions. 

Diverse evolutionary forces operate on the multigene fami ly to shape the organization 

to cope with evolutionary needs. For the last two decades, it has been commonly b elieved 

that most multigene families are subject to concerted evolution (Li, 1997). This view was 

originated primarily from the studies of ribosomal RNA genes and histone genes 

(Amheim, 1983; Matsuo & Yamazakj, 1989), in which unequal crossing-over and gene 

conversion are required to homogenize the family members to meet the need of large 

amounts of similar gene products (Scott et al., 1984). It was later extrapolated that most 

of the multi gene families are under concerted evolution. In recent years, however, studies 

on the multigene famil ies associated with immune response or disease resistance have 

shown that the gene members in these families diversify dramatically instead of being 

homogenized constantly after duplication by unequal crossing-overs (Nei, 1997). The 
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above gene families are believed to be subject to birth-and-death evolution rather than 

concerted evolution, in which some of the duplicated gene members are diversified to 

cope with different pathogens while others become dysfunctional (Piontkivska et al., 

2002). In addition, the hypervariable regions are substantially higher than the frame 

regions of the genes in the above gene families. The evolutionary force behind the 

difference between the two types of regions is not clear. One hypothesis, based on the 

studies of the MHC, suggested that this was due to mini-gene conversion (Kappes & 

Strominger, 1988; Ohta, 1995). The study on disease resistant genes and immunoglobulin 

VH gene families, however, revealed that positive selection was responsible for the 

selection of advantageous amino acid diversity (Ota & Nei, 1994). With such unclear 

questions, the TCR y locus, as another multigene family of the immune system with 

characteristic gene composition and organization, will provide a good model for studying 

the diverse evolutionary forces shaping the organization of multigene families and the 

different functional regions of gene members. 

T lymphocytes play the central role in the specific immune system, destroying or 

eliminating pathogens such as viruses, bacteria, parasites and cancer cells with immune 

regulatory and cytolytic functions (Levinson et a l. , 1996). The features of a~ T cells have 

been clearly defined but the role of y8 T cells in the immune system remains uncertain 

(Kaufmann, 1996; Hayday, 2000). An increasing body of work indicates that the two 

types of T cells are different in numerous aspects, including function, ontogeny, and 

expression (Born et al. , 1999). For example, recognition of antigens by a.Ip T cel ls takes 

place in the context of MHC molecules whereas y8 T cells do not require MHC for 

antigen recognition. The human y8 TCR is a heterodimer which consists of 8 and 

y polypeptide chains (Davis et al., 1988). Each polypeptide chain is coded by V, J and C 

gene fragments. The human TCR y genes are located on chromosome 7 at band 7p 14-p 15 

(Bensmana et al. 1991; Rabbitts et al., 1985 ; Lefranc et al., 1990). The organization of 

the human TCR y locus has been characterized through cDNA and selected gerrnline data 

analyses (Lefranc et al., 1990). The variable region is at the 5' end and it is fo llowed by 

two clusters of joining-constant regions. The fourteen V gene segments are classified into 

six gene subfamilies. Each V gene segment has three hypervariable regions that 
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putatively correspond to antigen binding CDR regions (Huck et al., 1988; Hein et al., 

1993). In the GVl family, nine human TCR y Vl genes share 83-86% similarity to each 

other and the J and C genes in the two J-C clusters also have a high degree of similarity, 

which suggests that they were generated by gene duplications. However, the mechanism 

underlying the duplications at these regions has not been determined. This research will 

document features with respect to the organization, structure, gene regulation and 

evolution of the complete sequencing of the entire human TCR y multigene locus. In 

addition, the impact of the complete genomic structure and evolution on the functional ity 

of TCR were also investigated. 

Methods and materials: 

The DNA of the human TCR y locus was obtained from two genomic libraries 

constructed with the pWElS cosmid and BAC vectors respectively (Lai et al., 1991). Five 

clones were screened out with a 300 bp probe, homologous to the GVl gene exon 2, from 

the cosmid library. The BAC library was screened by 150-260 bp probes homologous to 

the VylO, Vyl I and constant genes, and two clones were identified. These clones were 

mapped based on the results of restriction digestion and Southern hybridization. In 

addition, two lambda clones, 11.SH3 and AS9, which were originally isolated by Lefranc et 

al., (1986 a & b), were obtained from the American Type Culture Collection (Rockville, 

Maryland). The lambda DNA was extracted using the lambda DNA extraction kit 

(Qiagen). The DNA fragment contained a sequence between Vy8 and Vy A, that could not 

be cloned into stable cosmid, BAC, PAC, or lambda vectors. Using PCR primers 

designed from the exon sequences of Vy8 and Vy A, this piece of DNA was isolated from 

the human genomic DNA template. Cosmid and BAC DNA were extracted by the 

alkaline-lysis method (Maniatis et al., 1989) and PCR was conducted using Perkin 

Elmer's GeneAmp XL PCR kit. All the DNA of cosmids, BAC, lambda clones, and the 

PCR products were subjected to nebulization for random fragn1entation (Povinelli et al., 

1993). The fragmented DNA was then treated by Mung-bean nuclease, T4 polymerase, 

and Klenow polymerase sequentially. The subsequent blunt-ended DNA fragments were 

ligated with M13 vectors, which were previously linearized with Hine II and 

dephosphorylated with calf intestinal alkaline phosphotase. Transformation of the Ml 3 
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clones was conducted by electroporation. The templates were prepared using the Qiaprep 

kit (Qiagen, Santa Clarita, CA) and sequencing was conducted using ABI sequencers. An 

approximate seven-fold redundancy of sequences was assembled using Seqman 

(DNAST AR, Maddison, WI), PhrapPhred, and Consed (Phil Green et al., unpublished 

data, E-mail: phg@u.Washington.edu) software in combination. 

The TCR y genes and regulatory elements were located on the resulting genomic 

sequence by sequence comparison with published data (Lefranc & Rabbitts, 1985; 

Lefranc et al., 1986a & b; Font et al., 1988; Huck et al., 1988; Buresi et al. 1989). 

Synonymous and nonsynonymous nucleotide distances were calculated using the MEGA 

program (Kumar et al., 1993) based on the method of ei and Gojobori (1986). 

Boundaries of the locus specific repeat were identified by dot-matrix comparisons using 

GeneAssist 5.5 (ABI, Perkin-Elmer Corp) and DOTTER (ftp://sanger.ac.uk/pub/dotter, 

Sonnhamrner and Durbin, 1996). Multiple sequence alignments of GV 1 repeats were 

made using the MAP program (match= 10, mismatch= -17, gap open = -30, and gap 

extension= -5). Genome wide repetitive elements were identified using RepeatMasker 

software (Smith and Green, unpublished). Evolutionary events of the GVI family and J-C 

regions were searched by phylogenetic scanning along the multiple sequence alignments 

(Slightom et al. 1988; Fitch et al., 1991) using the intervals of 60 bp, 100 bp, 600 bp, 

1000 bp and 3000 bp respectively. UPGMA trees were constructed using PAUP 4.00d55 

program (Swofford, 1997) and were rooted by the most distant sequence. Adjacent trees 

along the multiple alignments that showed similar phylogenetic branching patterns were 

merged until two regions showed distinct patterns of phylogeny. 

Results and discussion: 

Figure 8 represents the genomic organization of the human TCR y locus. The entire 

locus is 140691 bp (GenBank: AF159056), which is smaller than the previous 

estimations (160 kb by Lefranc et al., 1989; Strauss et al., 1987; 150 kb by Fox et al., 

1989). In contrast to the V-J-C clusteral organization of the mouse TCR y locus, the V 

region of the human locus is located at the 5' end whereas the region containing the two 
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Figure 8. Features of the human TCR y locus. The top graph is the dot-matix self-comparison 
of the 140691 bp of the human locus. The dots and lines indicate similar sequences between 
different regions. The comparison is made using Pipmaker software. The lines below the 
matrix are the major types of genomic wide repeats in this locus. 
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J-C clusters is at the 3' end. The length of the two regions is 95 kb and 45 kb respectively 

(Bensmana et al., 1991). 

1. Coding elements: 

1.1) Variable genes: 

The coding gene segments occupy about 4.5% of the entire genomic sequence. 

Fourteen V gene fragments were identified in the complete genomic sequence. These 

genes have been classified into six subfamilies: GVl, GV2, GV3, GV4, GV5 and GV6 

(Lefranc, 1990; Arden, 1995a & b). In the GVl family, nine gene fragments exist, which 

are designated as Vyl, Vy2, Vy3 , Vy4, Vy5, Vy5P, Vy6, Vy7, and Vy8 from the 5' end to 

the 3' end sequentially. But in the other five subfamilies, each contains only a single 

gene. Each V gene consists of two exons, separated by an intron. Among the V genes, 

only six are functional while the remainders are pseudogenes. These pseudogenes became 

dysfunctional due to reasons involving deletion in the rearrangement signals (Vyl ), in­

frame stop codons (Vy5P and Vy A), reading frame shift (Vy7), or the combination of the 

above factors (Vy6 and VyB). (Lefranc, 1986b; Forster, 1987). In addition, two V gene 

relics are revealed by dotrnatrix comparison. One is between Vy9 and Vy 10, in which the 

sequence is similar to the human Vyl0. The other V gene relic is between Vyl 1 and JPl. 

Its sequence resembles exon I in the human Vyl 0, the region between the 3' intron and 

5' exon 2 of the human VyB and mouse Vy4. The highly diverged sequence of the two 

relics from other V genes makes the identification of their boundaries and reading frames 

difficult. The three possible reading frames all lead to early stop codons. No D A, EST, 

or protein sequences have been found to match the two relics. Therefore, the two V relics 

have been dysfunctional for a long time and have never regained their function. 

1.2) J and C genes: 

In the first J-C cluster, the three J genes, JPl, JP, and Jl are located 5' upstream of 

Cyl. The second J-C cluster includes only JP2 and J2 in addition to the 5' end Cy2. Cyl 

and Cy2 each consist of three distinct kinds of exons, i.e. exon 1, exon 2 and exon 3. 

Exon 1 is an immunoglobulin-like domain of 330 bp. Exon 2 which contains only ten 
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ammo acids, encodes to the hinge region, while the 545 bp exon 3 codes for the 

transmembrane domain and the region which extends into the cytoplasm (Saito et al., 

1984). There is a single copy of exon 2 in Cyl but two copies in Cy2 designated as exon 

2R and exon 2. The presence of three copies of exon 2 is also observed in some human 

populations (designated as exon 2T, exon 2R and exon 2; Lefranc et al., 1986b; Buresi et 

al., 1989). There is a cysteine residue in exon 2 in Cyl , which forms the y-8 interchain 

disulfide bridge, while the exon 2 of Cy2 does not contain any cysteine. The structural 

differences between C genes correspond to the isotypic difference of y chains on the yo T 

cell (Littman et al., 1987; Lefranc et al., 1989). 

1.3) V-J rearrangement and RNA splicing: 

Individual V and J genes perform rearrangements during lymphocyte differentiation, 

generating a contiguous V-J gene. The rearranged V-J gene fragment is spliced to a 

specific constant gene during transcription to form a functional TCR y gene cluster 

(Abbas et al., 1994). All the splicing signals in the human TCR y locus conform to the 

GC/AT rule except for VylO and Vyll, which exhibit mutated splicing signals. The 

rearrangement signals at the 3' end of the V gene fragments and the S' end of J gene 

fragment consist of a heptamer and a nanomer, separated by a spacer. In the rearranged 

immune molecules, the sequences of heptamer and nanomer are similar within V or J 

regions but different between the two spacer regions. The sequences of the spacer are 

variable but the spacer length is more or less constant: 23 bp in the V region and 12 bp in 

the J region. The spacer length, rather than the spacer sequence, is important for the 

rearrangement (Hayday et al., 1985). The spacer length of Vyl is a 7 bp sequence 

ATTCAGA and therefore Vyl loses its function due to its insufficient length. In addition, 

it has been shown that the expression of J and V genes is not random. Vy9, Jl and J2 are 

more frequently expressed than other genes and Vy9 positive T cells are the predominant 

population in peripheral blood (Tribel et al., 1988; Dariavach & Lefranc, 1989; Bukowski 

et al., 1998). Differential gene expression is obviously controlled by the differential 

regulation of the accessibility of the gene fragments to recombinases (Sleckman et al., 
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1996). Among the pseudogenes, only the transcripts ofVylO and Vyl l were observed but 

they are not expressed due to the failed splicing to C genes. 

1.4) Diversity: 

In contrast to the approximately 50 Va and 46 V~ TCR gene fragments that can pair to 

form several thousands of receptor combinations, there are only six functional Vy and 

four Vo genes, which yield 40 potential V-J pairs. In the peripheral blood, 50-75% of the 

yo T cells are Vy9+ T cells while the others are GVl family member positive T cells. All 

these reveal that combinatory diversity is not the major mechanism for generation of the 

diversi ty of the human yo T cell. However, it was deduced that there is a high degree of 

junctional diversity in the human yo TCR. For example, the human y8 T cells that 

respond to mycobacteria all use Vy9 and V82 chains, both of which exhibit considerable 

junctional diversity (Hass et al., 1993). Therefore, despite the limited number of V gene 

segments and selected usage of particular gene fragments, there is enormous potential for 

diversity in yo TCRs located at the V-J junctional regions. 

Various mechanisms have been suggested for junctional diversity: deletion of 

nucleotides at the ends of the coding V and J regions by exonuclease, addition of non­

germline nucleotides (N-addition) by the terminal deoxynucleotidyl transferase, the 

addition of reversed repeats of the palindromic structure (P-addition), and nucleotide 

duplication (Gauss et al., 1996). In order to examine V-diversity of the TCR y, 129 cDNA 

or mRNA transcripts were withdrawn from the database and compared with germline 

sequences. The comparison precisely delimited the N region, and revealed N-diversity 

from all the transcripts examined. Table 4 summarizes the results. The majority of V and 

J genes possess nucleotide deletion at the ends of the coding region, and the number of 

the nucleotides deleted ranges from 1 to 28. On the other hand, the majority of transcripts 

also possess the newly added N-addition. However, although a variety of rearranged V-J 

fragments are generated mainly by nucleotide deletion and N-addition, only 48% of the 

resulting transcripts are potentially functional. The others are dysfunctional due to the 

reading frame shift. 
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V gene 3 end ofV N 5 end of J J gene No. Transcripts 

-9 0 +8 -13 0 JP} 3/9 

VylO 
-6 9 0 JP2 1/ 1 

-6 -27 +3 + 17 0 -28 J] /J2 5/ 15 

-1 -10 +9 10 0 -21 JPl 3/3 

0 -4 
0 + 11 -l -6 JP2 0/3 

Vy2 0 

0 
+S -6 JP Oil 

0 -6 +3 + 12 0 -6 Jl /J2 4/6 

0 +3 0 JPl 1/1 

Vy9 
-8 +4 -2 JP2 1/1 

0 -6 +2 + 12 -1 - 12 JP 16/ 17 

0 -12 0 +28 0 -16 11112 15/34 

0 -5 +5 +7 -7 JP2 2/3 
Vy3 0 -6 0 +11 0 -14 J 1/J2 6/11 

Vy4 0 -1 5 0 + 17 0 -25 Jl/J2 5/13 

Vy5 0 -3 +S +29 0 -9 J] /J2 3/6 

-9 + 10 -9 JP2 0/ l 
Vy8 

-6 +4 +12 - 1 -3 J1 /J2 2/2 

Total: 67/129 

Table 4. V and J gene rearrangement for N-diversity. The numbers indicate the range of 
nucleotide changes (deletion is indicated by a - while addition is indicated by a+). The 
number of transcripts is presented as functional transc1ipts divided by total number. 
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2. Structural features: 

Interspersed genome-wide repeats form the major component of the genomic sequence 

(Li, 1997). Th y are closely related to the functional, evolutionary and structural features 

of a particular genomic region. In the human TCR y locus, 23.9% of the sequence is 

genome-wide repeats. Table 5 and Figure 8 show the frequency and distribution of the 

genome-wide repeats on the locus. As indicated, most types of genome-wide repeats of 

the human genome can be found in this region, and they are present within all the locus­

specific repeats except for J1 and J2. The most common genome-wide repeats are SINEs, 

which constitute 13 .3% of the locus. In comparison, the human a and f3 TCR loci and the 

entire human genome present 8%, 5%, and 11.7% of SINEs, respectively (Henikoff et al., 

1997). The percentage of the S ES in the human TCR y locus is also higher than the 

2.04% of genome sequence in the mouse TCR y locus. Alu and MIR (manunalian-wide 

interspersed repeat), the two kinds of SINEs, are equally frequent on the locus, but the 

former is evenly spread across the entire sequence, while the latter is less frequent in the 

GVl region. Vyl Vy2 Vy3 Vy4, Vy5, and Vy5P in the GVl subfamily contain a single 

copy of an Alu with the same insertion site, suggesting a common origin. Vy6, however, 

contains three copies of Alu and a 562 kb retroviral segment. The three Alu copies are 

uniquely inserted, with the second one oriented in reverse. Vy7 and Vy8 repeats, 

however, do not contain any Alu, although Vy7 has a 550 bp insert of unknown origin. 

The presence and absence of an Alu is also responsible for the different size between JPl 

and JP2 repeats. MIRs are present in Vy5, Vy5P, Vy6, and Vy7 of GVl, and the 

divergence among the MIRs is equivalent to the divergence among other regions in the 

GV l. The MIRs are therefore inserted before the GV 1 duplication, and the absence in 

Vyl, Vy2, Vy3, and Vy4 is attributable to the deletion in their shared ancestor. The 

majority of the LINEs are LINE ls (Ll). In comparison with the percentage of Lls in the 

mouse TCR y locus (30.93%), Lls are less frequent in the human TCR y locus (6%). The 

Lls are mainly concentrated in the V region. Therefore, Lls are likely inserted before the 

GV 1 duplication and are duplicated along with the GV 1 elements. There are also a few 

L2s and LTRs (long terminal repeats) in this locus. Other DNA repeat elements, such as 
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MER53, are mainly concentrated in the V region, and like other genome-wide repeats, 

they are the earlier invaders into they locus, duplicating along with the GVl elements. 

Although the functions of genome-wide repeats have not been characterized very well, 

they demonstrate some functions in the human TCR y locus. For example, it will be 

argued later that unequal crossing-overs in TCR GVl and C genes are mediated by SINE 

elements, leading to either an expansion or a contraction of the gene family. The genome­

wide repeats of similar sequences distribute throughout the genome and thus provide 

great potential for the heteroduplex formation and recombination b tw en non­

homologous sequences. Genome-wide repeats also mediate translocation as observed in 

the ~ locus (Rowen et al., 1996). Genome-wide repeats evolve to become regulatory 

elements, and their mobility shifts the regulatory proprieties of genes (Brosius, 1991 ). In 

fact, even a larger proportion of the human genome is expected to be of the genome-wide 

repeat origin, as much sequence of the origin has probably been degraded to a point 

beyond full recognition (Heinkoff, 1997). The genome-wide repeat therefore contributes, 

to a great extent, to the much enlarged and complicated eukaryotic genome. 

3. Gene regulation: 

R lative to mice TCR y locus, less transcriptional regulatory elements have been 

identified and functionally studied in the human counterpart because it is easier to 

manipulate mice. In this study, the promoters of V gene segments, two silencers and one 

enhancer reported previously were identified on the genomic sequence. The promoter, 

located upstream of each V genes, possesses a heptamer (CTGCAGG) conserved across 

all the V gene fragments (Hettmann et al., 1992). There are no well-defined TAT A-like 

or CCAA T-like structures found in the 5' regulatory region. The enhancer is located 6.5 

kb down stream of the Cy2 (Bettman et al., 1994). The core element of the enhancer 

displays a high sequence similarity to the murine TCR y Cyl enhancer. Between Cy2 and 

the enhancer, there are two silencers with similar sequences (Lefranc et al. 1995). An 

Alu element is located between the two silencers. Similar to the Sil2A silencer of the 

murine a TCR and the negative element of human and mouse lgK, the Alu is probably the 

third silencer of the human TCR y locus (Lefranc et al., 1995). The enhancer and 



60 

silencers are active in both a0 and the yo T cells (Lefranc et al., 1995). Nevertheless, the 

silencers, in association with the enhancer, repress the transcription of ex~ but activate -y8 

lineage, prompting the dual elements to act as an enhancer in the y8 lineage but act as a 

silencer in the a~ lineage, in tum causing the regulation of the sequential and mutually 

exclusive expression of the two types ofTCR on the surface of a T cell. A similar pattern 

of the combining role between enhancers and silencers is also observed for the murine 

TCR a locus (Winoto & Baltimore, 1989b ). In addition, a 510 bp potential LCR between 

Vy9 and VB with 59% similarity with the mouse LCR was also located. Within the LCR, 

enhancer and the 5' regions of J gene fragments, ST A TS motifs were also identified. The 

high conservation of ST ATS among all these regulatory elements suggests that they 

cooperate to regulate the TCR chromatin accessibility as one possib le pathway. As 

STATS has been believed to be responsible for regulating germline accessibility by 

histone acetylation and the development of ye T cells relies on IL-7 (Kang et al., 1999), a 

model of regulation was proposed: IL-7 activates ST ATS protein through IL-7 receptor, 

followed by STATS proteins interacting with the enhancer and recruiting other 

transcriptional coactivators to induce histone acetylation, by which ST A TS becomes 

involved in regulating chromatin accessibility (Lee et al., 2001). 

4. Evolution: 

Multigenic families are inherently unstable entities that can expand, contract and 

disperse during the course of evolution (Jeffreys et al., 1982). Similar to the mouse TCR 

y locus, the multigenic human TCR y locus is also rich in evolutionary information. The 

dot-matrix analysis of the TCR y locus against itself reveals the dynamic features of the 

human genome (Figure 8). Approximately 57% of this locus is composed of locus 

specific repeats that have been duplicated between 2 and 8 times and are indicated by the 

multiplicity of diagonal lines in the dot matrix. Each repeated element involves both the 

gene and flanking regions, and the repeats are ordered predominantly in tandem arrays. 

The dot-matrix identifies two areas of locus-specific repeats in the multigene family: the 

GVl subfamily and J-C gene families. 
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4.1) Generation of the human TCR GVl family: 

In Figure 8, nine large repeats were revealed at the 5' end of the locus. Each of them is 

associated with a single GVI gene (5'-Vyl, Vy2, Vy3, Vy4, Vy5, Vy5P, Vy6, Vy7, and 

Vy8-3 '). The first eight repeats are 4.4-4. 9 kb in length while the Vy8-containing repeat is 

the shortest and contains only the 1.5 kb fragment of the 5' end. The high level of 

similarity (85-97%) among the nine large repeats suggests recent duplications. To 

determine the mechanisms involved, the aligned GVl repeats were surveyed by the 

phylogenetic scanning method to identify different phylogenetic patterns in different 

sections of the multiple alignment. The repeats' boundaries and three significantly 

different phylogenetic patterns were found. 

The relationship among Vyl, Vy3, and Vy5, for example, shows two distinct patterns 

(Figure 9): in region I, Vy3 is more closely related to Vy5 (bootstrap value=96%), 

whereas in regions II and III, Vy3 is more closely related to Vyl (bootstrap value=70% 

and I 00%, respectively). Thus, Vy3 is likely to be the result of a recombination between 

Vyl and Vy5, while the 5' half of Vy3 is contributed by Vy5 and the 3' half is contributed 

by Vy 1. A closer examination of the sequence alignment indicates that a crossing-over 

between Vyl and Vy5 occurred within the SINE regions. Further, Vy2 and Vy4 are 

clustered into a single group (bootstrap value=98%) with less than 3% divergence in 

regions I-III indicating a recent duplication between Vy2 and Vy4 without inter-sequence 

recombination. Therefore, an ancestral block (Vyl-Vy2-Vy5-Vy5P-Vy6-Vy7-Vy8) 

underwent an unequal crossing-over, with one point on Vy! and another point on Vy5. Of 

the resulting two allelic products, Vyl-Vy2-(5'-half-Vy5 + 3'-half-Vyl)-Vy2-5-Vy5P­

Vy6-Vy7-Vy8 and Vyl (5' half)-Vy5P-Vy6-Vy7-Vy8, the latter allele was subsequently 

eliminated from the genome. The new allele underwent continued changes that tum the 5' 

half of the Vy5 + 3' half of the Vyl to Vy3 and the second Vy2 to Vy4. In this manner, 

the Vyl-Vy2-Vy3-Vy4-Vy5-Vy5P-Vy6-Vy7-Vy8 sequence structure can be derived 

(Figure 10). 
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However, the highest degree of sequence similarity (over 98%) is found between the 

Vy2 and Vy5 in region III (bootstrap value 97%), but the two sequences are much more 

distantly related in regions I and IT. This segment similarity can be explained by a very 

recent gene conversion between the two sequences in region III. It is likely that the Vy5 

was converted by the Vy2 in region III after the Vy2-Vy4 duplication because the Vy2-

Vy4 divergence in region III is similar to that in regions I and II, and higher than the Vy2-

Vy5 divergence in region III. 

Applying the logic outlined, a more complete model of GVl subfamily evolution was 

derived (Figure 10). In this model, the phylogeny of each ancestral state is consistent with 

the observed relationships in regions I and II as shown in Figure 9. From an ancestral Vyl 

and Vy8, the modem GVl genomic structure and the observed phylogenetic patterns can 

be derived by performing a step-wise series of duplications involving six unequal 

crossing-overs and one final sequence conversion. The last unequal crossing-over leads to 

the generation of Vy3 and Vy4, and is followed by the conversion of Vy5 by Vy2 in 

region III. The proposed model of GV 1 sequence evolution accounts for: 1) the recent 

increase in the number of GVl genes and their organization; 2) the specific boundaries 

and complex phylogenetic patterns observed for the different regions; and 3) the pairwise 

sequence divergences that reflect the age of the different events. Since the recombination 

of V, J and C fragments is the important source for the generation of immune diversity, 

gene duplication of V gene fragments by unequal crossing-over provides an important 

mechanism for supplementing the variability of the human TCR y. 

A recent attempt to reconstruct the duplication history of the TCR GVl family was 

performed based on the analysis of the 1318 bp repetitive sequences containing 500 bp 

upstream of the V gene fragments and 500 bp downstream of the V fragments (Elemento 

et al., 2002). The sequence of the evolutionary history was inferred as (Vyl -Vy2)->(Vyl­

Vy7-Vy8)->(Vy 1-Vy6-Vy?-Vy8)->(Vy 1-Vy3-Vy6-Vy7-Vy8)->(Vy 1-Vy3-Vy4-Vy5P-Vy6-

Vy7-Vy8)->(Vy l -Vy2-Vy3-Vy4-Vy5-Vy5P-Vy6-Vy7-Vy8). Vy2-Vy3 and Vy4-Vy5 were 

believed to be products of block duplications, which is consistent with Vy4-Vy5 being 
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absent in some individuals (Ghanem et al., 1989). However, the sequences used are only 

limited within region I and therefore the phylogeny is the same as that of region I in 

Figure 9. Obviously, the entire sequences of the tandem repeats were not accounted for 

and therefore, the inference are limited. If the generation of Vy2-Vy3 and Vy4-Vy5 were 

due to a block duplication of two V fragments, then it would be difficult to explain the 

high similarity between region III of Vy2 and V-y5 because they are not the direct 

duplication products of the corresponding position. Therefore, the absence of Vy4 and 

Vy5 in some individuals is due to deletion. 

4.2) Positive natural selection of the GVl family members: 

Another source for generating TCR variability is within the gene itself. Within each V 

gene, and more specifically within exon 2, three regions appear to be hypervariable and 

may provide p laces for contact for antigen recognition. These hypervariable regions (18 

bp, 18 bp, and 73 bp), the remainder of the gene (framework regions) and the extended 

flanking regions of the GVl subfamily were examined for the relative distance values to 

characterize the evolutionary mechanism in different functional regions. 

As summarized in Table 6, the comparison of divergence values among the subfamily 

members reveals four major patterns of GVl variation. First, the pairwise divergence 

values calculated from the flanking regions (D) and from the silent or synonymous 

position (DS) of the gene framework regions are very similar (average D=12.5%; 

DS= l 1.5%; linear positive correlation, r=0.76). Therefore, indexes D and DS provide an 

estimate of the neutral rate of substitution and a base line to assess the direction and level 

of natural selection acting in the GVl gene family. Second, in the GVl framework 

regions, divergence calculated from amino acid changes or nonsynonymous sites (DN) 

are much lower than that of synonymous sites and of flanking sequences. This 

observation is more evident in the functional genes (DN/DS=0.49) than in comparisons 

involving pseudogenes (DN/DS=0.72-0.93). Thus, GVl framework regions show 

negative or purifying selection forces acting to make the framework region of the GVl 

protein domain conserved because of their deleterious effects (Wagner, 2001 ). As genes 

become non-functional pseudogenes, the level of this purifying selection decreases. The 



Functional genes comparison Region I 0 HYON HY OS FWDN FWDS 

2--3 0.09 0.445 0.1611 0.0279 0.0336 
2--4 0.031 0. 1034 0.0746 0.01 I 0.0516 
2--5 0.099 0.3618 0.209 0.0601 0.042 
2--8 0.145 0.309 0. 11 52 0.0634 0.1036 
3--4 0.095 0.4437 0. 1622 0.0223 0.0865 
3--5 0.03 0.0879 0.0385 0.0282 0.0498 
3--8 0.153 0.495 1 0. 1046 0.0458 0.1391 
4--5 0 106 0.4424 0.2104 0 .0543 0.0951 
4--8 0.148 0.3265 0. 116 0.0515 0.12 17 
5--8 0.1 64 0 .4491 0. 1488 0.064 0.1573 
Mean 0.106 1 0.34639* 0.13404 0.0423* 0.08803 

Pscudogcnes and functional Region ID HYON HY OS FWON FWOS 
genes comparison 
lp--2 0 .105 0.3922 0.2781 0.0632 0.0681 
lp--3 0.102 0.345 0.24 11 0.0398 0.67 
lp--4 0.11 1 0.3739 0.3263 0 .05 14 0.1229 
lp--5 0 .1 11 0.4048 0.2971 0.0637 0.0841 
lp--8 0 .1 42 0.4984 0.2903 0.070 1 0.1765 
5p--2 0 .104 0.446 0.2521 0.0761 0.0694 
5p--3 0.048 0.0945 0. 1008 0.0462 0.0682 
5p--4 0. 108 0.4893 0.2539 0.0701 0.1253 
Sp--5 0.05 0.08 1 0. 1463 0.0644 0.0502 
5p--8 0.165 0 .4093 0. 1885 0.08 0 .1709 
6p--2 0.126 0.4159 0.2058 0.1201 0 .0887 
6p--3 0.1 2 1 0.35 14 0.2132 0.1013 0.125 1 
6p--4 0.13 0.3941 0.2074 0. 1204 0.1 465 
6p--5 0.128 0.2955 0.215 0.1343 0 .1437 
6p--8 0.156 0 32 14 0.141 9 0.1151 0.1616 
7p--2 0.165 0.3043 0.1199 0.1009 0.1074 
7p--3 0.154 0.2582 0.0593 0.0826 0 .1056 
7p--4 0.172 0 .3401 0.1207 0 .0947 0 .1263 
7p--5 0.155 0 .24 12 0.102 1 0 .1 07 1 0.1238 
7p--8 0 .145 0.2827 0.0854 0.0706 0.1611 
Mean 0 1249 0.33696• 0.19 126 0.083335' 0. 11 462 

Between pseudogenes Region I 0 HY ON HV DS FWDN FWOS 

I p--5p 0.116 0 .3432 0.2993 0083 0.0855 
lp--6p 0.148 0.4243 0.2872 0. 1278 0.1048 
lp--7p 0.157 0.3248 0.1898 0. 102 0.1039 
5p--6p 0.124 0.3156 0.2074 0.1293 0.1263 
5p--7p 0 .16 0.2515 0 .1178 0. 1063 0.1357 
6p--7p 0 .167 0.3033 0.1378 0.1279 0. 17 14 
Mean 0.14533333 0.327 1 * 0.20655* 0. 112716* 0.1212666 

Total mean 0.1249 0 .3369· 0. 19226* 0.083335* 0.1 1462 

Table 6. Synonymous (DS) and non-synonymous (DN) divergence calculated 
from TCR gamma V l genes, and the D calculated region I of the repeat unit. All 
values are corrected for superimposed substitutions. * indicates significant 
differences (P<0.05) between HVDS, HVDN or FWDN compared to FWDS or 
D. 
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first two patterns of variation observed in the GVI gene subfamily closely follow the 

common expectations of most genes. The third pattern observed is that the divergence of 

both DS and DN in the hypervariable regions of the GVI gene are much higher than that 

in framework regions of the genes or the flanking sequences. In other words, both the DS 

and DN in the hypervariable regions occur at a much higher level than those of the 

selectively neutral D A (Figure 11 ). Possible explanations for this observation can 

involve micro-gene conversion but this does not adequately account for this observation. 

The fourth and most striking pattern observed is that in the hypervariable regions of the 

GVI genes, DN is much higher than either DS or D (Table 6). This difference is much 

more evident in the functional genes (DN/DS=2.6) than in the pseudogenes (DN/DS=1.6-

l .8). These observations suggest that amino acid altering nucleotide substitutions are 

increased and positive Darwinian selection is more operative on the hypervarible regions 

of functional GVl genes than on pseudogenes. 

Identification of positive Darwinian selection in the hypervariable regions of GVl 

genes explains why amino acid altering nucleotide substitutions occur more frequently 

than expected. Another attempt to explain the mechanism of the increasing DS and DN in 

the hypervariable regions emanates from observations of IgVH (Ota & Nei, 1994; Ohta, 

1995) and MHC (Hughes et al. , 1988; Hughes, 1995; Seemann et al., 1986) in chicken in 

which hypervariablity was generated by micro gene conversion. In Ohta's analysis of the 

MHC hypervariable region, it was found that DN was not larger than DS. Additionally, a 

patchwork pattern of gene sequences is present at MHC (Kappes & Strominger, 1988). 

Ohta concluded that gene conversion contributes to the amino acids variability in CDRs 

(Ohta, 1995). However, as noted by Ota (1994), the compared sequences should be 

closely related because CDRs evolve rapidly and include many indels. When the data is 

treated properly, D >DS is produced in CDRs but D <DS is produced in FWs. In our 

analysis, phylogenetic trees derived from the hypervariable regions of TCR GVl genes 

are identical to those of the surrounding flanking regions (Region 1 ). Therefore, gene 

conversion does not adequately explain for such a high level of identical variations. There 

remains the possibility that hypervariable regions of the gene undergo changes at a higher 
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Figure 11. Nucleotide divergence in the human TCR y Yl region. (A) Hypervariable 
areas are determined from plotting the minimum number of change over 25 bp intervals 
over the first 1.4 kb of the repeat region containing TCR y Vl gene segments. Exons are 
placed over the graph with hypervariable regions 1, 2 and 3 in exon 2, noted by gray 
boxes (Yy4; HY 1 AEGSTG - HY2 SSYTSSV - HV3 
PGKYDTYGSYRKNLRMILRNLIEN). (B) Positive natural selection versus purifying 
selection is shown by plotting nonsynonyrnous (DN) divergences from framework (FW) 
and hypervariable (HY) regions against synonymous (DS) divergence in framework 
(FW) regions of the TCR y Vl exons. The same results were obtained when D was 
substituted for FWDS. 



69 

rate than other regions because of rapid fixation associated with positive selection 

(Rowen et al., 1996). 

4.3) GVl family evolves through a Birth-and-death process: 

Although the concerted evolutionary process has been used to explain the evolution of 

multigene families (Ohta, 1995), much recent research on the immune system genes 

revealed that the general mode of inunune system multigene families generate genes of 

diverse functions under the birth-and-death evolution (Su & Nei, 2001). Here, we also 

propose that the human TCR GV1 family members produced by the above unequal 

crossing-overs evolve in the birth-and-death process rather than through concerted 

evolution. This view is based on the following evolutionary and organizational features 

of the human TCR y locus. 

Firstly, the human GVl family satisfied many of the characteristics of the birth-and­

death evolution. In the birth-and-death model, it was assumed that new genes are created 

by repeated gene duplications and that some duplicated genes may reside in the genome 

for a long time and diverge functionally, whereas others may be deleted or become 

nonfunctional within a few MY As (Lynch & Conery, 2000; Nei et al., 2000). Among the 

nine GVl family members, five are functional genes and four are pseudogencs (Lefranc 

et al., 1986a). As previously mentioned, the functional V genes diverged greatly at the 

CDR regions in order to promote their functional diversification by positive selection. 

The four pseudogenes became nonfunctional between 7.2 and 37.7 MYAs ago based on 

calculations of a molecular clock. This time estimate is close to the theoretical estimation 

of half-life being present 3-7 MY As in a multigene family on the loss of functional genes 

(Wagner, 2001). All the above evidence indicates that the human GVl family is generally 

subject to evolution by the birth-and-death process. 

Secondly, the features of the human TCR y GVl family are not consistent to those of 

concerted evolution, in which gene members of a family are assumed to evolve as a unit, 

exchanging genetic infom1ation by interlocus recombination or gene conversion (Smith et 

al., 1971; Zimmer et al., 1980). If this process continues, duplicated genes in a multi gene 
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family tend to display a similar nucleotide sequence. Therefore, if the human TCR y GVl 

family evolved in the concerted evolution process, the intergenic gene conversion or 

unequal crossing-overs should have occurred very often. It would subsequently be 

expected that both the functional and pseudogenes would be mixed so that most genes in 

the genome would possess a similar nucleotide sequences evolution, and thus all the 

nucleotides on the gene would be affected without discrimination. However, the extent of 

sequence divergence between the functional and dysfunctional genes in the human TCR 

GVl family is substantial, which suggests that the TCR GVl genes are not mainly 

subject to frequent gene conversion or unequal crossing-overs. In fact, in the immune 

system, the prominent feature of evolution is the appearance of immune specificity, 

which is required to adapt to ever-changing antigen environments to cope with the 

antigens. This does not mean that there is no homogenization in this locus because this 

process exists as long as unequal crossing-over occurs. However, it is obvious that 

homogenization is not the major evolutionary process. In fact, the birth-and-death 

process, which generates the gene's diverse functions, is the major evolutionary process. 

4.4) Generation of J-C regions: 

The two J-C clusters also share great similarity to one another at both the organization 

and sequence level. Organizationally, the coding and flanking regions of JPl, J1 and Cyl 

in the cluster l (3' side cluster) correspond to those of JP2, 12 and Cy2 in cluster 2 (5' 

side cluster) respectively. However, there are two exceptions that do not have their 

counterparts present in another cluster. One is the 3.79 kb JP element which is present 

only in cluster 1 and missing in cluster 2; and another situation is that two exon 2 exist in 

Cy2 instead of the single copy in Cy! . Among the three mentioned corresponding 

regions, JPl/JP2 regions are 2.4-2.7 kb, Jl /12 regions are approximately 7.4 kb, and the 

Cyl/Cy2 regions are 3kb long respectively. The total sequence identity between them is 

95.7%. The above sequence and organizational simi larity suggest that the two J-C 

clusters are the result ofa DNA block duplicati,on of either JP I-JP-Jl-C-y l or JP2-Jl-Cy2. 

Continued changes have lead to a different addiition or deletion of JP and exon 2 between 

the two clusters. 
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In order to better understand the J-C clusters duplication histo1y, a further examination 

of the connecting region between the two clusters is necessary. The region between exon 

3 (Cyl) and JP2 is compared with the two possible homologous regions between the 5' 

part of JPl and the 3' part of exon 3 (Cy2). The sequences were aligned and analyzed by 

phylogenetic scanning. The results show that the 5' region of the exon 3 (Cyl)-JP2 region 

is remarkably similar to the 3' exon 3 (Cy2), while the 3' part of the exon 3 (Cyl)-JP2 

region is remarkably similar to the 5' JP l (Figure 12). Such a "hybrid" sequence structure 

of the connecting region suggests a previous homologous DNA recombination. It is likely 

that two copies of the primordial TCR y locus, which has only a single J-C cluster, have 

undergone unequal crossing-over, with one point at the 3' exon 3 of the first sequence, 

and another point at the 5' JPl of the second sequence (Figure 12). As a result, a new 

organization of the TCR y locus, with duplicated J-C clusters and a hybrid structure in the 

connecting region, was created and obviously preserved in the genome. Another product 

of the unequal crossing-over, which has a deletion of the entire J-C region, was 

eliminated from the genome. The above resulting locus continued to differentiate to lead 

to the modern J-C structure. 

As mentioned, one of the two major differences between the two J-C clusters is the 

absence of the JP sequence in the second J-C cluster. This is due to a further crossing­

over event after the J-C cluster duplication. Using the similar phylogenetic scanning 

method adopted, a hybrid structure between JP2 and J2 was revealed, which has its 5' 

side contributed by the JP I-JP sequence, and its 3' side by the JP-Jl sequence (Figure 

13). The JPl-JP and JP-JI sequences are homologous to the original JP2-JP and JP-J2 

sequences, respectively, due to the J-C duplication. Assuming both 1-C clusters possess 

the JP element in the original form, it is apparent that two sets of the original TCR y locus 

have undergone an unequal crossing-over with one point between JP2 and JP of the fi rst 

sequence, and another point residing between JP and J2 of the second sequence (Figure 

13). The crossing-over resulted in the modem TCR y structure, in which the JP is deleted 

from the second J-C cluster, of which this structure prevails. But, the other product of the 

crossing-over with a duplicated JP in the first J-C cluster was eliminated from the 

genome. 
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phylogenetic scanning. (II) schematic pattern of crossing-over. (III) the crossing­
over site and flanking sequences. 
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Figure 13. The JP element deletion from the second J-C cluster by crossing-over. (I) 

the result of phylogeneti c scann ing. T he trees w ere bu ilt by U PGMA using 
PAUP4.00d55. (II) schematic pattern of crossing-over. The X indicates the s ites 
where the crossing-over takes place. (III) the crossing-over sites and flanking 
sequences. 
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The second difference between the two J-C clusters is the existence of multiple copies 

of exon 2 in Cy2, which are obviously the result of DNA duplication by a similar unequal 

crossing-over. For example, our genomic sequence reveals a two-copies exon 2 Cy2 

structure. Theoretically, two models may account for the generation of such a structure of 

the human TCR y locus. One postulates that the primordial C contained a structure of 

exon 1-exon 2T-exon 2R-exon 2-exon 3 and that a further deletion of two copies of exon 

2 gave rise to Cyl. Another postulates that the primordial C possessed only two exon 2 

and the Cy I and Cy2 were produced from continuous deletion and duplication 

respectively. However, the phylogenetic analysis shows that the C gene with three copies 

of exon 2 is the ancestral form, whereas the present Cyl and Cy2 are derived by deletions. 

Therefore, the model that C genes were duplicated from an ancestral C gene with a single 

exon 2 is rejected (Buresi et al., 1989). Further, exon 2 in Cy2 also shows polymorphism 

in different populations. For example, a typical double exon 2 structure is found to be the 

dominant Cy2 f01m in the Chinese, French, Lebanese and Tunisian populations (Buresi et 

al. 1989; Ghanem et al. 1989, 1991), whereas the triple exon 2 in Cy2 structure, which is 

found in black Africans in addition to other structural forms, is the dominant form in this 

population (Buresi et al. 1989). The relatively high polymorphism in black Africans is 

consistent with the finding that this population usually presents a greater genetic diversity 

than other ethnic groups (Craddock et al., 2000). 
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Chapter III. Characterization of the mouse TCR gamma locus 

Summary: 

The gene fragments encoding mouse ap and y8 TCRs are distributed in the a/8, P and 

y multigene loci on chromosomes. The mouse TCR y locus is a 205 kb region, in which 

the V, J and C gene fragments form four V-J-C clusters. We have sequenced and 

characterized the 168 kb sequence covering both the 5' and 3' ends of the mouse locus. 

The coding gene fragments, enhancers, and the recombination and splicing signals were 

precisely mapped to the genomic sequence. Structural analysis revealed that this locus is 

characterized by a low GC content, rich LINEs, low SINEs and a low number of genes, 

which conforms to the features of the Gimsa-dark band. By comparing the genomic 

sequence with the sequence of the known enhancer yEl, a new putative enhancer, yE4, 

was identified 3.7 kb downstream of the 3' end of the Cy4 gene. The dot-matrix self­

comparison revealed a few large locus-specific repeats. The phylogenetic analyses of 

these repeats suggest that clusters 2 and 3 are recent duplications, whereas clusters 1 and 

4 are ancient clusters. The independent regulation, recombination and expression of the 

genes in each cluster, suggest that the genes in the locus are evolving toward diverse 

functions. Due to the high possibility of recombination created by the large number of 

repeats, including the locus specific repeats and LINEs, cluster 2 reversed its 

transcriptional orientation to counteract the potential recombination and thus preserved 

the genetic information. These dynamic organizational features suggest that the mouse 

TCR y locus reshap s its genome structure constantly via multiple mechanisms in order 

to fit ever-changing selectional pressures. 
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Introduction: 

During organismal evolution, diverse types of gene recombination processes and 

natural selection interact to shape the complexity of the genome. In multigene families, 

the complexity is further increased by the organizational distribution of the functional 

related repeated gene members. There are three major types of repeated genes, i.e. the 

tandemly arrayed, clustered and dispersed genes (Graham, 1995). Such organizational 

patterns result from different evolutionary selection forces that operate on them. Each 

pattern offers a unique function and significance in the process of the evolution of the 

gene family. For example, the multiple copy members of the tandem arrays can satisfy 

the high demand for a given gene product, while the divergent clustered and dispersed 

genes provide the starting material for evolving to new genes and maintaining the genetic 

memory during long periods of relaxed selection (Graham, 1995; Schimenti, 1999; Ohta, 

2000). Further, the difference between the member genes' distribution also influences 

their future evolutionary consequences because the key evolutionary process, unequal­

crossing over, affects these three patterns of arrays differently. Tandem repeats have 

more chance of homologous recombination and gene conversion whereas clustered and 

dispersed genes have only medium and weaker gene conversion respectively. Therefore, 

an understanding of the organizational complexity of repetitive genes can provide insight 

into the organization, evolution, and functionality of multigene families. 

Mice have been a good model in medical and biological research for nearly a hundred 

years (Nadeau et al., 2001 ). This is because they offer small size, short generation times 

and highly efficient, controllable crossing and breeding. In addition, despite millions of 

years of evolutionary separation, there is a close homology between many mouse and 

human gene sequences and therefore they facilitate an understanding of human biology 

and diseases. There are presently many mouse strains, transgenic mice and well­

established mouse models of diseases available (Peltonen & Mckusick, 2001). In the 

HGP, the sequencing of the mouse sequence is a parallel project, which is helping to 

decipher the functionality of the human sequence. The comparative analyses between 

mouse and human sequences will facilitate the rapid understanding of the human genome 

because of their striking sequencing similarities (Venter et al., 2001). Discoveries in one 
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species have lead to strong inferences in the other (Nadeau et al., 2001). Actually, many 

genes are inferred through their homology with the genes which are already known. It 

was estimated that 95% of human genes could be found with the help of mouse 

sequences (Burge, 2001; Pennisi, 2001). In addition, comparison of sequences of mice 

and humans wi ll provide insights into the molecular bases of human disease, and the 

organization and evolution of the mammalian genome (Gurwitz & Weizman, 2001). At 

present, phenotypic, genetic and human-mouse syntenic data sets are presented in the 

major human and mouse databases and are becoming even more comprehensive as 

sequencing of the mouse genome is advanced (www.ncbi .nlm.nih.gov/Homology; 

www.informatics.jax.org/menus/homology _ menu.shtml; 

www.informatics.jax.org/mgihome/nomen/allmut_form.shtml). 

The mouse TCR y locus occupies 205 kb of DNA on chromosome 13 and possesses 

characteristic genomic organizational, gene regulatory and evolutionary features 

(Rabbitts et al., 1985; Cheng et al., 1991; Hayday, 2000). Since TCR y was discovered in 

the early 1980s (Saito et al., 1984), the organjzation of the coding gene fragments, 

characteristics of rearrangement and immune diversity, and other features of mouse TCR 

y have been studied extensively (Hayday et al., 1985; Garman et al., 1986; Cheng et al., 

1991 ). y'f:J T cells share many similar features to ex.~ T cells; for example, they both have 

critical immune regulatory functions and can perform immune resistance to pathogens 

(Kaufmann, 1996). However, they also possess substanti ally different properties. For 

instance, it was found that many yo T cells are not restricted by MHC for recognition of 

antigens, while most a~ T cells are MHC dependent (Chien et al., 1996). In addition, the 

human and mouse TCR y loci reveal a different genomic organization. The V genes in the 

mouse TCR y locus are distributed in four independent V-J-C clusters whereas the entire 

human TCR y V genes are distributed in an almost tandem array at the 5' end and the t\vo 

J-C clusters at the 3' end (Lefranc et al., 1990). This varies from the high ly conserved 

human and mouse TCR a /8 and B loci. The organizational differences of the human and 

mouse TCR y loci suggest that they appropriated different mechanisms to evolve after 

their separation. Although previous studies based on the coding gene sequences have 
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revealed some evolutionary inferences about such mechanisms (Vemooij et al., 1993), 

these results may be biased by the sequences that display different functional constraint 

and limited length. Further, some large-scale evolutionary events such as unequal 

crossing-overs, which mainly occur at the non-coding regions, cannot be identified 

without genomic sequence. In general, such discoveries suggest that complete genomic 

sequences are highly needed to increase the accuracy of evolutionary analysis and to help 

to provide the direct evidence of evolutionary events. In this research, we sequenced 168 

kb D A of the mouse TCR y locus. The sequence was analysed to characterize the 

features of genomic structure, gene regulation and evolution. 

Materials and methods: 

1) Large-scale DNA sequencing: 

Obtaining the DNA clones: Cosmids covenng the TCR y locus were previously 

screened from a BALB/c mouse cosmid library and were mapped (Vernooij et al., 1993). 

Figure 14 shows the seven sequenced cosmids that cover the 5' end and the 3' end of 

murine TCR y locus. The 10 kb gap between My5 and My6 was obtained from a Nhe I 

fragment in My72.2 . The 5 kb DNA fragment between My3 and My84 was amplified 

from an overlapping clone using PCR. 

Template preparation and sequencing: All cosmid D A, clones, PCR products and 

restriction fragments were randomly sheared by nebulization (Bodenteich et al., I 994). 50 

ug DNA was nebulized at 30 p.s.i . for 2 minutes. Nebulized fragments were treated to be 

blunt-ended with Mung Bean nuclease, T4 DNA polymerase and Klenow fragment 

(Povinelli et al., I 993). The blunt-ended fragments were then size fractionated (1-2 kb) 

and ligated into blunt-ended Hine II cut and dephosphorylated Ml3mpl9 vector. 

Preparation of single stranded M13 template D A was performed using QiaQuick 96 

well Ml 3 phage DNA purification kits. The PCR reactions were prepared using the dye­

primer mixture of Perkin-Elmer Corp. Lastly, the PCR products were loaded on an ABI 

373 and 377 automatic sequencer (Perkin-Elmer Corp.). 
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Sequence assembly: The sequence data were assembled utilizing either of the following 

software: Seq man (D AST AR) or Phrap and Consed (Phil Green et al., unpublished 

data, E-mail: phg@u.Washington.edu). An average eight-fold redundancy was needed to 

obtain a complete consensus. 

2) Data search and analysis: 

Data search and sequence structural analysis: The known cDNA and partial germline 

sequences were obtained from GenBank. The positions on the genomic sequence of the 

coding gene fragments, in addition to the D A rearrangement and RNA splicing signals, 

were identified by comparing the cD A and partial germline sequence in the GenBank 

with the genomic sequence. RepeatMasker was used to identify and to remove genome­

wide repetitive sequences (http://ftp.genome. Washington. edu/cgi-bin/mrs/mrs _req, 

A.F.A. Smith & P. Green, unpublished data). GRAIL (http://cs6400.ims.u­

tokyo.ac.jp:8002/Grail-l.3/, 1996) was employed to characterize CpG island and poly(A) 

sites. In addition, XGRAILl.3, BLAST (NCBI), and BLAST/Beauty (Baylor College of 

Medicine Search Launcher) were used to search for the putative gene fragments . 

Phylogenetic analysis: Dot-matrix comparisons were performed to analyze the internal 

similarity by using GeneAssist5.5 (ABI, Perkin-Elmer Corp) and DOTTER 

(ftp://sanger.ac.uk/pub/dotter, Sonnhammer and Durbin, 1996). Multiple alignments were 

executed in MAP software (Huang, 1994). Phylogenetic trees were made by UPGMA, NJ 

and maximal parsimony methods in PAUP 4.00d55 (Swofford, 1997). 

Results and discussion : 

Figure 14 summarizes the major organizational and structural features of the 168 kb 

sequence, including the map of the seven cosmids that have been sequenced in the 

project. The gene and genomic organization based on our sequence is basically identical 

to the results previously reported (Vemooij et al., 1993). The 5' end region that includes 

clusters I and 3 is I 05726 bp (GenBank: AF037352) while the 3' end region that 

contains clusters 2 and 4 is 62031 bp (GenBank: AF021335). In the middle of the 205 kb 

locus, a region around 37 kb without known cis-acting and trans-acting elements was not 
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sequenced because the two cosmids covering it were unstable. In addition, the complete 

sequence of the cosmid My3 showed that part of the pWE15a vector together with the 5' 

end of TCR y insert had been deleted but a Tn l OISR element was inserted. This indicated 

that My3 perhaps underwent a rearrangement, which resulted in part of the DNA being 

deleted. 

1. Coding regions: 

1.1) Variable genes: 

Seven functional genes and one dysfunctional V gene were identified in the mouse 

TCR y locus, which is consistent with previous reports (Hayday et al., 1985; Garman et 

al., 1986; Pelkonen et al., 1987; Kuziel et al., 1994). This number is relatively low 

compared to the large number of V genes in the other mouse TCR loci. For example, 

there is a total of seventy-five functional TCR Va, twenty-three TCR vp, and more than 

sixteen TCR V8 genes (Arden et al., 1995a & b). In this study, the whole genomic 

sequence of each V gene comprises two exons and one intron. The lengths of exons and 

introns of these V genes are listed in Table 7. Vyl, Vy2 and Vy3 display almost identical 

lengths of intron and extrons. However, the lengths of the other four V gene fragments 

are quite variable. 

Among the seven V genes, Vy7, Vy4, Vy6 and Vy5 are located at the 5' end of the 

cluster 1, and are separated by different lengths of intergenic sequences (Vy7-6475 bp­

Vy4-4854 bp-Vy6-1349 bp-Vy5). The other three genes, Vyl, Vy2 and Vy3, are each 

located at one end of its own cluster. The transcriptional orientation of Vy2 is reversed 

because the whole cluster 2 is in an opposite orientation. Although Vy3 is functional, the 

defective Cy3 fo llowing it makes all the rearrangements between Vy3, Jy3 and Cy3 in 

cluster 3 non-functional (Hayday et al., 1985). Until now, Vy3 bearing TCRs have not 

been found to be expressed in any tissues, although many transcripts of the Vy3-Jy3 

rearrangement were found to be present in different T cell clones (Traunecker et al., 

1986; Cheng et al., 1991). The 148 bp pseudogene GV5S4P, which is located between 

Vyl and Vy2, corresponds to only part of the exon 2 of VI . Their sequence identity is 
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90% (Kuziel et al., 1994). This pseudogene is obviously a recent duplication product but 

died quickly after birth. 

Traditionally, a threshold value of 75% simi larity at the nucleotide level has been used 

to define V gene subfamilies (Barth et al., 1985). Therefore, Vy 1, Vy2 and Vy3 are 

considered to be a VI subfamily because they have a 94% DNA sequence identity at the 

coding gene level and a 94-95% sequence identity at the genomic DNA level. The high 

sequence similarity suggests that these three Vy genes are recent duplication products. 

However, the genomic sequence similarity between the four V genes in cluster 1 is only 

35-46%. The four members in cluster 1 also exhibit little similarity to the VI subfamily 

members except for Vy4 which shares only a 65-72% similarity with Vl subfamily 

members at the nucleotide sequence level, and a 48% at amino acid sequence level 

(Garman et al. , 1986). Hence, the Vy genes in cluster I and the Vl gene family members 

have separated from their ancestor for a long time. Each group has since evolved 

independently, involving little DNA exchange between them. 

1.2) Constant genes: 

A total of four Cy genes were found in the sequence of the mouse TCR y locus. Cyl, 

Cy3 and Cy4 are located at the 3' end of their cluster whereas Cy2 is located at the 5' end 

of cluster 2. The genomic sequences of Cyl, Cy2 and Cy3 display a similar organization. 

Each of them is composed of three exons and two introns (Hayday et al., 1985). As 

summarized in Table 7, the length of the exons and introns of Cy 1, Cy2 and Cy3 is 

similar. It was proposed that exon 1 encodes the extracelluar-immunoglobulin-constant 

region-like domain, exon 2 encodes the first part of the hinge, while exon 3 encodes the 

second part of the hinge, the transmembrane region and the cytoplasmic domain (Littman 

et al., 1987). Similar to their cognate Vy genes, the genomic sequence identity of these 

three C genes is 93-95%, which suggests that these three Cy genes are also recent 

duplications. 



84 

Cy3 was originally thought to be a pseudogene resulting from a defective splice site in 

exon 2 and a defective polyadenylation signal (Hayday et al., 1985). In our sequence, the 

3' splice signal of exon 2 is TT AGGT instead of the universal GT AGGT, which is 

consistent with the previous finding. Therefore, Cy3 is unlikely to generate a mRNA that 

can be properly spliced. As for the reported defective polyadenylation signal, it refers to 

the sequence AATAIA at 391 bp downstream from exon 3 of Cy3, which is not the 

conventional polyadenylation signal AA T AAA (Strachan & Read, 1996). However, there 

is another AA TAAA located 823 bp 3' to Cy3 and therefore, Cy3 may use this sequence 

as a polyadenylation signal (Figure 15A). Actually, Cyl which is homologous to Cy3, 

uses the AATAAA signal 621 bp downstream from its exon 3 instead of the AATAAA at 

the 387 bp position, which further supports the above hypothesis (Hayday et al., 1985). 

Thus, it is possible that the defective splicing signal of exon 2 is the sole factor 

responsible for the dysfunction of Cy3. In addition, it has been suggested that cluster 3 is 

polymorphic due to its deletion in some mouse strains (Traunecker et al, 1986). For 

example, in the genomic sequence of C57BL/10 (B 10) mice, the fragment from Vy3 to 

Cy3 is not present. Hence, we also tried to identify the range of this deletion more 

accurately based on our genomic sequence information. The Southern blot of genomic 

D A showed that BALB/c mice have a 13.4 kb EcoR I fragment containing Cyl whereas 

B 10 mice do not. Instead, a longer fragment above 15 kb appeared in the B 10 mice 

(Iwamoto et al., 1986), which suggests that this longer fragment was generated by the 

combination of two EcoR I fragments. Therefore, it was estimated that one deletion site 

might occur within the 13 .4 kb EcoR I fragments (from 32300 bp to 45662 bp of the 5' 

end sequence) because there is an absence of another fragment sufficiently close and long 

to generate a 15 kb fragment by deleting the middle sequence. Another deletion site may 

be somewhere between yE3 and the 5' end of cluster 2 although the exact position cannot 

be determined because the sequence between clusters 2 and 3 is not available. The broad 

absence of Cy3 in other inbred mice, such as C58/J, DBA/2 and NZB/J, suggests that 

Cy3 or even the whole cluster 3, is not functionally important and therefore were deleted 

(Huppi et al., 1986). 
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Unlike Cyl, Cy2 and Cy3 genes, the mouse Cy4 includes four exons instead of three. In 

the genomic sequence of Cy4, the first three exons are similar to those of the other three 

Cy genes in organization, but the distance between exon 3 and exon 4 is 2786 bp. 

Therefore, the genomic sequence similarity is only 45% between Cy4 and the other three 

Cy genes although the coding sequence similarity is 66% (Vernooij et al., 1993). The 

Cyl-bearing TCRs are disulfide-linked, while the Cy4-bearing TCRs are nondisulfide­

linked. Thus, Cy4 may be an isotype with functions that vary from the other three Cy 

genes. These structural features of Cy4 are similar to those of human Cy2. For example, 

the human Cy2 chain is also polymorphic for the number of hinge-encoding exons 

(Littman et al., 1987). Therefore, the mouse Cy4-bearing T cells might possess cellular 

features similar to those of the human Cy2-bearing T cells. An experiment by Grossi et al 

(1989) showed that the morphology of T cells expressing human Cyl is different from 

that of the human Cy2-expressing cells, which are characterized by prompt adhesion and 

spreading on culture, while the Cyl-bearing T cells are not. The human Cy2 bearing T 

cells exhibit abundant microtubules, which suggest that they are capable of active 

motility. Such conclusions suggest that the Cy2-bearing cells are suitable to live in tissues 

due to their active migration ability whereas the Cyl -bearing cells possess a property 

suitable for circulating in the blood stream. In mice, the majority of the y'6 T cells in the 

peripheral blood are Cyl positive whereas Cy4 positive T cells are located in spleen, 

intestine and skin (Hass et al., 1993). These differential tissue distributions may be 

attributable to the Cyl + and Cy4+ T cells as they possess similar cellular properties as the 

human Cyl and Cy2 -bearing T cells, respectively. 

1.3) J genes: 

Four J gene fragments were identified in the mouse locus. Compared to the 50 J genes 

in the mouse TCR a/'6 locus, this number is relatively low (Koop et al., 1992). Table 7 

shows the length of the J gene fragments. They share an 85 to 94% sequence similarity. 

All of them possess the typical structure of TCR J genes: a core sequence (Phe-Gly-x­

Gly-Thr) flanked by a 5' recombination signal and a 3' splice signal. The 5' 

recombination signal is composed of a canonical nonamer (GGTTTTTGT), a 12 bp 
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spacer, a hepatmer (CACTGTG), and the 3' splice signal (GT AAGT) (Koop et al., 1994). 

It has long been believed that J3 is a pseudogene due to an internal stop codon 

(Traunecker et al., 1986). However, no stop codon was detected in our sequence. The 

amino acid translation of J3, SWDFHKVF AEGTKLIVIPS, is quite similar to the amino 

acid sequence of J1 and J2, SSGFHKVFAEGTKLIVIPS. Comparison of the genomic 

sequence with the J3 sequence of Traunecker et al (1986) suggests that the stop codon in 

their sequence was due to a missed base (Figure 15B). Therefore, the pseudogene Cy3 

appears to be the only factor that is responsible for the dysfunction of cluster 3. 

1.4) V-J rearrangement and RNA splicing: 

All the rnRNA splice signals of the V, J and C gene fragments conform to the GT/AG 

rule (Ohshima et al., 1987) except for the defective 3' splice signal of exon 2 of Cy3 

(Hayday et al., 1985). In addition, all the genomic sequences of the 3' end of Vs and 5' 

end of Js have the conventional DNA rearrangement signals. During rearrangement, the 

recombinase recognizes the rearrangement signals, the loop between the signals is then 

deleted and finally the V, J fragments are joined (McBlane et al., 1995). In the mouse 

TCR y locus, the V, J and C gene fragments tend to be rearranged in the same cluster 

whereas interclusteral recombination is infrequent (Pelkonen et al., 1987). Therefore, 

there are only six V-J recombinations ordinarily used. So far, only two non-functional 

inter-clusteral rearrangements, the Vy7-J4 in thymoma cell line BW5147 (Pelkonen et al., 

1987) and Vyl-J2 (Roger et al., 1993), were reported. Vy7 may join J4 by chromosomal 

deletion while Vyl may join J2 by chromosomal inversion because Vyl and J2 lie in 

opposite orientations in BALB/c. 

1.5) V-J Junctional diversity: 

Similar to the human TCR y locus, the low copy number of V, J and C gene fragments 

in mice and the intraclusteral recombination restriction determines that the combinatorial 

diversity does not play a major role in generating diversity. However, it was estimated 

that the potential mouse yo TCR repertoire far exceeds that of a.P TCRs and Igs (Davis et 

al., 1988). Such a high diversity is primarily a result of the base additions and deletions at 
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the V-J conjunctions in the y genes in addition to the junction diversity of the o genes 

(Sim et al., 1991; Richards & Nelson, 2000). 

Junctional diversity was previously thought to be a random nucleotide addition and 

deletion process (Meier et al., 1993). However, the statistical analysis of human TCR y 

junctional diversity suggested that a few mechanisms, under different constraints, were 

responsible for the generation of junctional diversity (Gauss et al., 1996). The first 

mechanism is the nucleotide addition dependent on TdT (N-addition). Rather than a 

random process (Davis et al., 1988), the nucleotide addition has G nucleotide preference, 

and is also dependent on the type of the previous nucleotides. For example, purines tend 

to be added behind purines, and pyrimidines tend to be added behind pyrimidines. The 

second mechanism for generating diversity is through adding palindromic nucleotides. 

This includes P-addition (1-3 base additions exactly complementary to the last few 

nucleotides of the full length termini to which they are added) and Pr-addition (the same 

base additions similar to that of P-addition are added at nucleolytically processed coding 

termini rather than full length termini). Pr-addition requires TdT, while P-addition does 

not. The third mechanism is nucleotide deletion with exonuclease nucleolytically 

processing. Sequences with relatively high A+T lose nucleotides easier than sequences 

displaying high G+C. The last mechanism is a non-TdT nucleotide addition, which 

occupies only 5% of the encoding junction region (Delves, 1994; Gauss et al., 1996; 

Weis-Garcia et al., 1997). 

In the mouse TCR y locus, a total of 156 V -J rearrangement transcripts were found in 

GenBank. These rearrangements were aligned together with the genomic sequence to 

identify the types of the junctional diversity according to the above mechanisms. The 

averaged additions and deletions of these 156 rearrangements are 4.7 bp and 3.2 bp, 

respectively. Among them, there are 41 -additions, 54 P-additions and 26 Pr-additions 

in total. Therefore, the junctional diversity of the mouse TCR y genes is also not 

randomly generated, but exists under a number of constraints. Table 8 summarizes the 

base additions and deletions of these V-J rearrangements. Generally, half of the V-J 

rearrangements of the mouse TCR y have a relatively high junctional diversity but the 
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other half, such as Vy4-Jl, Vy5-Jl and Vy6-Jl, are limited in junctional diversity. In 

some tissues, especially epithelia, rearrangements are monomorphic. They equally 

recognize monomorphic ligands, probably a self-protein that may be present in response 

to infection. The two distinct forms of junctional diversity further support the notion that 

the mouse TCR yo T cells play a linkage role between innate and specific immunity. 

2. Structural Features: 

One of the important functions of genomic sequences is that they can provide a 

detailed knowledge of the structural features of the loci. The analysis of the mouse TCR y 

locus revealed that there are many characteristic structural features, such as GC content, 

genomic-wide repeats, and open reading frames (ORF), for example (Figure 14). Among 

these features, the most prominent is that this locus contains very abundant genome-wide 

repetitive sequences. A total of 67078 bp of interspersed repeats constitutes 39.91 % of 

the entire 168053 bp sequence. Table 9 summarizes commonly appearing repeats in this 

mouse locus. 

About 40 LINEs occupying 30.93% of the entire sequence were identified belonging to 

the LINE 1 subfamily. This proportion is significantly high in comparison with other TCR 

loci. For example, there is no LINE in the human TCR Ca/Co locus and the LINEs 

occupy only 13.0% of the sequence in the human TCR ~ locus (Koop et al., 1994; Rowen 

et al., 1996). This percentage greatly exceeds the average 10% of LINE l in the 

mammalian genome and 15% in the human genome (Furano et al., 1994; Kazazian et al., 

1998). A full LINE I is usually 6-7 kb, containing a 5' untranslated region (four promoter 

monomers are usually located here), two protein-coding sequences ORF I and ORF II and 

a 3' untranslated region (Furano et al., 1994). However, the 5' untranslated regions 

containing the promoters are usually truncated, which results in inactivity of LINEs. In 

our sequence, five LINEs are longer than 4 kb while most of the remaining LINEs are 

partial repeats that range from 500 to 800 bp. The five big LINEs were named as L-1, L-

2, L-3, L-4 and L-5, whose lengths are 6300 bp, 6094 bp, 6672 bp, 7623 bp and 4670 bp, 

respectively. These five LINEs all contain two or more ORFs. The transcriptional 

orientations ofL-3, L-4 and L-5 are from 5' to 3', whereas those of L-1 and L-2 are 
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reversed. In addition, the five LINEs are all located at positions with less functional 

constraint in the new cluster 2 and 3, in particular, the regions between V and J genes, the 

regions between two clusters and the intervals between enhancer and C genes. Therefore, 

the insertions of LINEs in the mouse locus do not damage the function of genes or gene 

rearrangement. LINEs are usually classified into A, F and V types according to their 5' 

end promoters. Their ability for retrotransposition is primarily dependent on the activities 

of the promoters (DeBerardinis et al., 1998). Types F and V are ancient extinct without 

activity but some of type A may still be active in transposition. Figure 16 shows the 

alignment of the five LINEs with the known sequences of type A (Ll-Md2A), type F 

(Ll-MdFl 5) and subtype Tf (Ll-MdTf26). It was found that L-1 belongs to type A 

because it still possesses two A monomers at the 5' end of the body. L-4 is an F type 

LINE, which has its two F monomers which are separated from the body by a 2 kb 

insertion and thus are no longer active. For the remaining three LINEs, L-2, L-3 and L-5, 

their 5' promoters all have been truncated. Therefore, only L-1 may still be active and be 

able to retrotranspose. The other four LINEs have lost this ability. 

In comparison with LINEs, SINEs only occupy 2.04% of the mouse TCR y sequence. 

The mouse genome contains two major families of SINEs, Bl and B2. The Bl family is 

related to the human Alu, but B2 repeats have no equivalent in the human genome (Cross 

et al., 1997). It was estimated that there are 80,000 B 1, 80,000 B2 and 12,000 ID in the 

mouse genome (Deininger, 1988). Therefore, it would be expected that there would be 

four or five B 1, four or five B2 and one ID in the 168053 bp mouse sequence. In fact, 

there are a total of 30 SINEs in this locus including eleven B 1, eight B2 and one ID 

which account for 0.65%, 0.635 and 0.64% of the genomic sequence. These numbers and 

percentages are close to what is expected (Li, 1997), but are relatively low in comparison 

with some loci such as the human LIMK1-RFC2 region, which contain 45.4% of Alus 

(Martindale et al., 2000). 

Other important structural features also include the GC content and the ORFs. The 

average GC level in this locus is 40%, rendering it a GC-poor region (Bernardi, 1995). 

The level of CpG dinucleotides is low, too. Therefore, the frequency of CpG 
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dinucleotides is consistent with the level of GC content. In addition, although it was 

estimated that there are approximately 37,000 CpG islands in the mouse genome 

(Antequera et al., 1993), no CpG islands were found in this locus. CpG islands are 

regions within 1 kb with over 60% CpG dinucleotides (Strachan & Read, 1996). In the 

human genome, about 56% of genes are related to CpG islands (Antequera et al., 1993). 

Hence, CpG islands and GC content are usually thought to be useful indicators of the 

gene-richness of a genome (Bernardi, 1995). Only four genes (a TCR gene refers to a 

complete combinatorial coding gene that includes one individual V, J and C gene 

fragments) and the low CpG islands and GC content in this locus appear to support this 

rule. Further, no ORFs greater than 300 bp were observed to correlate with the known 

coding regions (Figure 14). A few dense ORF regions were only detected in the five long 

LINEs, which are the protein-coding sequences ORF I and ORF II in LINEs (Furano et 

al., 1994). 

There is some relationship between the chromosomal distribution of the above 

structural features and the pattern of Giemsa staining. Usually, Giemsa-dark bands are 

characterized by lacking GC, fewer genes, fewer SINEs and the richness of LINEs (Chen 

et al., 1989; Thomsen et al., 1996). On the other hand, Giemsa-light bands possess the 

opposite features. It is obvious that the above structural features of the mouse TCR y 

locus are consistent with those of the Giemsa-dark band and therefore it is quite possible 

they are located in the Giemsa-dark band. 

3. Regulatory elements: 

The three known mouse enhancers, yEl, yE2 and yE3, were located downstream of the 

cognate C gene in their corresponding clusters. yEl was found first and has been 

functionally characterized, whereas yE2 and yE3 were identified by hybridization with 

yEl as the probe because they show a 96% sequence similarity with yEl (Spencer et al., 

1991; Kappes et al., 1991; Vemooij et al., 1993). It has long been believed that an 

enhancer is located at the 3' end of Cy4 (Leiden et al., 1993), but this enhancer was not 

located by hybridization using the yEl probe (Vemooij et al., 1993). During our analysis 

of the genomic sequence, a 340 bp long sequence sharing 65% similarity with yEl, 
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located 3.5 kb downstream from the stop codon of Cy4, was revealed by dot-matrix self­

comparison and it was termed yE4. Figure 17 shows the alignment of yE4 with the other 

three mouse TCR y enhancers, and the human TCR y enhancer. In the TCR a, TCR ~ and 

CD38, all the enhancers are located at the 3' end of C genes, suggesting that the 3' end is 

the evolutionarily conserved location of the T-cell-specific enhancer elements (Winoto & 

Baltimore, 1989a). Therefore, the putative enhancer yE4 is also in accordance with this 

rule. Furthermore, at the three corresponding nuclear factor binding regions, namely 

y2, NFy3 and NFy4, yEl and yE4 share 92%, 88% and 75% sequence similarity, 

respectively. All these features strongly support yE4 being a putative T-cell-specific 

enhancer. 

yE4 may be different from yEl functionally because the genes they are associat d with, 

Cyl and Cy4, have evolutionarily diverged for a long time and thus their cognate 

enhancers may have distinct regulatory features. The functional study of yE 1 showed that 

the minimal enhancer containing NFy2, NFy3 and NFy4 offered full enhancer activity 

whereas the NFyl, NFy5 and NFy6 were not important (Spencer et al., 1991). A further 

deletional analysis showed that the NFy3 was the most important element because a 

tetramer of NFy3 manifested almost the same level of activity as the entire minimal 

enhancer in the majority of the T cells tested, whereas NFy2 and NFy4 did not (Hsiang et 

al., 1993). Further, the fine characterization of yEl showed that the alteration of the 

sequence CCACA at the 3' half of the NFy3 to CTGCA by site-directed mutagenesis 

almost abolished the activity of yEl. Nevertheless, in the equivalent region of NFy3 of 

yE4, the sequence CCGCA appears rather than CCACA. Moreover, in the NFy3 of yE4, 

another divergence by three bases occurs in regions that were found to be crucial to the 

enhancer activity in yE 1. The differing of the above bases at critical regions may result in 

a change or even loss of function of the NFy3 in yE4. It can be inferred that some other 

regions may become functionally important in replacing the function of NFy3 in yE4 and 

therefore the distributive pattern of the regulatory motifs in yE4 may be changed. A 

functional analysis of yE4 will be helpful to verify these hypotheses. 
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•> yE4 ACGCA·• • • GTCTCTGA TTTCACAA TTGCACACA T ATGA TCTGCACCTCTGTCTGTGACCCGTCAACTACACA T • · GGCT • GCAGTCTTCC • • • ..,. • .......................... .......... ......................................................... 

Figure 17. Alignment of the 1kb sequence contain ing the mouse putative 
gamma enhancer yE4 (marked by arrows) with the functional yE1, two putative 
enhancers yE2 and yE3 and the human TCR y enhancer HyE. Underlined 
sequences indicate regions protected from DNAse I by nuclear proteins in 
yEl (from Spencer et al., 1991). Insertions or deletions are indicated by 
dashes while conserved sequences are indicated by dots. 
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In addition, it has been dubious whether boundary elements exist between clusters. 

Since four enhancers in the same locus all display similar sequences that suggest similar 

functions, they might regulate the transcription of the genes in other clusters. However, 

the highly regulated manner in this locus, such as the ordered expression of the V genes, 

suggests that the above situation is unlikely. Therefore, there must be some insulators 

located between clusters to prevent the dispersion of the enhancer function. An insulator, 

BEAD-I, has been identified in the TCR a/8 locus by functional study (Zhong et al., 

1997), which is localized to a 2.0-kb region between the TCR 8 gene segments and the 

TCR a gene segments. BEAD-I can block the ability of the TCR & enhancer to activate a 

promoter when located between the two in a construct. Similarly, the confirmation of the 

existence of such boundary elements in the TCR y locus will additionally depend on 

functional studies. 

4. Evolution: 

4.1) Generation of the mouse TCR y locus 

The mouse TCR y locus has four V-J-C clusters, which differ from the human TCR y 

locus, in which all the V genes are located at the 5' end and the two J-C clusters are 

located at the 3' end (Lefranc et al., 1986a; Vernooij et al., 1993). The organizational 

difference suggests that the human and mouse loci have been shaped differently by 

selection pressure or mechanisms since their separation. Therefore, we further analyzed 

the sequence of mouse TCR y locus to identify the possible underlying evolutionary 

mechanisms. Figure 18 shows the dot-matrix self-comparison of the 168 kb sequence in 

both orientations. Most notably, a few large internal repeats in this locus exist. By 

comparison with the feature map, some of the repeats were identified to be genome-wide 

repeats while other large repeats were locus specific repeats. These locus specific repeats 

represent the internal evolutionary relationship among the regions where they are located, 

and therefore are helpful in providing evidence for reconstructing the evolutionary 

history. 

The features of the dot-matrix map were fu rther simplified by aligning the major 

conserved regions into a proportional diagram (Figure 19). Three conserved regions 
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Figure 18. Dot matrix self-comparison of the 168 kb mouse TCR y locus. Similar 
regions occurring in tandem form diagonal lines from the top left to the lower 
right, while similar regions occurring in an inverted orientation appear as diagonal 
lines from the top right to the lower left. Arrows indicate the direction of 
transcription. The two lines between cluster 3 and cluster 2 indicate the join 
between 5' and 3' sequences. An approx imately 37 kb sequence between these 
two clusters was not obtained. 
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could be identified from this diagram, which are the regions encompassing the whole 

clusters 2 and 3, the J-C regions in clusters 1, 2 and 3 and the genomic conserved regions 

of the three V l gene family members. In the first conserved regions, after being deleted 

the insertions of genome wide repeats within clusters 2 and 3, these two clusters showed 

almost identical organizations and an 88% sequence similarity in their 17 kb DNA 

sequences, which suggests that one of them was duplicated by another. The LINEs in 

these two clusters, L-2 and L-5, were obviously duplicated along with the clusters' 

duplication because they are located at the corresponding positions of the two clusters. 

The 3' end o f L-5 is 2 kb shorter than L-2, which is probably due to later deletion. The 

second large sequence conservation is the 11 kb long J-C regions which extend from 2.5 

kb upstream of J gene to 300 bp downstream of the cognate enhancers. As the DNA 

fragment between clusters 2 and 3 was not available, the size of the similar sequences 

beyond the enhancers could not be estimated. The distance value between Jyl-Cyl and 

Jy3-Cy3 is 2.3%, which is less than the distance between Jyl-Cyl and J-y2-Cy2 (Figure 

20A). From the above analyses, it could be inferred that Jyl-Cyl duplicated Jy3-Cy3 first 

while Jy2-Cy2 was generated from Jy3-Cy3 afterward. As for the third conserved region, 

namely the coding regions of the Vyl, Vy2 and Vy3 together with their flanking 

sequences, the calculation showed that the distance between Vyl and Vy3 is closer than 

that between Vyl and Vy2 (Figure 20B). Further, phylogenetic analysis of the coding 

sequences of V genes with Vy4 as the outgroup suggested that Vyl was generated earlier 

than Vy2 and Vy3 (Figure 20C). Therefore, it could be deduced that Vy3 was produced 

before Vy2. Taking the above inference from J-C regions and V regions together, one 

could conclude that cluster 2 was duplicated from cluster 3. Moreover, the analyses of the 

seven V and C genes have indicated that the V and C genes in clusters 1 and 4 were 

generated before those in clusters 2 and 3 (Vernooij et al., 1993). Therefore, cluster 1 and 

cluster 4 were relatively older than clusters 2 and 3. According to the overall analyses, as 

previously presented, Figure 21 briefly summarizes the evolutionary process: The 

ancestral locus includes only clusters 1 andl 4. Cluster 3 was generated first, and this was 

followed by its duplication to generate cluster 2. The cluster 2 block then proceeded to 

reverse its transcriptional orientation. This reversion process was probably mediated by 
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UPGMA trees Distance matrix 

JI-Cl J3-C3 J2-C2 
A. 

JI-Cl J2-C2 J3-C3 

JI-Cl 
J2-C2 0.07267 
J3-C3 0.04989 0.06261 

B. VI Y3 Y2 
VI Y2 V3 

VI 

I 
V2 0.11460 
V3 0.07536 0.08997 

C. VI V2 V3 V4 
VI V2 VJ V4 

Yl 
V2 0.04606 
V3 0.04606 0.00000 
V4 0.33099 0.34023 0.34023 

Figure 20. The UPGMA trees (left) and distance matrix (right) of the three conserved 
regions. (A) J-C regions. (B) Conserved regions of mouse Vyl , Vy2and Vy3. (C) Coding 
regions of mouse V genes. 
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LINEs or LTRs with opposite transcriptional orientation surrounding cluster 2 (Jeffreys 

et al. 1982). This model is close to the one proposed by Vemooij et al., (1993), but the 

order of the duplication of clusters 2 and 3 is further clarified here. The duplication of the 

two clusters is possibly mediated by an unequal crossing-over because it is the most 

common mechanism to generate large repeats (Li, 1997). evertheless, most of the 

sequences marking these events were lost because they transpired over a long time, and 

thus the majority of the direct evidence, such as the boundaries of crossing-overs, no 

longer exists. 

In addition, the analysis of the five big LINEs also revealed their internal evolutionary 

relationship. The five LINEs and the known sequences of Ll-Md2A, LlMdTf26 and 

L1MdF15 were aligned and insertions and deletions were excluded. With LlMdF15 as 

the outgroup, both the -J and most parsimonious trees were plotted. They are consistent 

with one another. Figure 22 shows the phylogenetic trees in the most parsimonious 

method, in which two clusters formed. The duplication products L-2 and L-5 are close to 

the outgroup LlMdFIS whereas L-1, L-3 and L-4 are close to Ll-Md2A and LlMdTf26. 

This grouping pattern is consistent with the organizational analysis of the five LINEs. L-

1, L-3 and L-4 are evolutionarily newer than L-2 and L-5 because they have no 

counterparts in cluster 2 or 3. Therefore, L-1, L3, and L-4 were retrotransposed after the 

duplication of cluster 2 from cluster 3. The phylogenetic tree also suggests the possible 

order for L-1, L-3 and L-4 appearing in the locus, which is L-3->L-1->L-4. This 

sequence is also consistent with the structural analysis of the five LINEs, which shows 

that L-1 and L-4 are relatively recent transposons because their promoter monomers have 

not been completely truncated. In conclusion, the five LINEs may appear in the locus 

with the following order: L-2->L-5->L-3->L-l->L-4. 

4.2) Evolutionary 'mpl'cations of the characteristic organization of mouse TCR y 

locus: 

In multigene families, the organizational patterns of the repetitive family members may 

reflect the evolutionary and functional features of the genomic loci (Graham, 1995). In 

tandem arrays, the repeats lie from head to tail. However, the clustered and dispersed 
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genes are linked irregularly and there is no similarity in the spaces between the genes. As 

a result of their differences, tandem arrays expand or shrink rapidly by both unequal 

crossing-overs and gene conversions to adapt to the alteration of selection pressure, while 

the clustered genes change organization only by gene conversions. In addition, the 

transcriptional orientation of a gene in a clustered pattern may be reversed when the 

selection pressure is low, so that unequal crossing-overs are inhibited because unequal 

recombination appears to require long stretches of perfect identity between the interacting 

sequences (Metzenberg et al., 1991 ). Therefore, clustered genes are more durable and 

more suitable for maintaining genetic memory (Graham, 1995). 

ln the mouse TCR y locus, the V genes in cluster 1 obviously show a clustered pattern. 

The sequence similarity between the four genes is only 35-46%. They are separated by a 

different length of intergenic sequence in which there is no similarity between them. In 

our analysis, no crossing-over events were identified among these genes. These 

organizational features are in contrast to the tandem repetitive pattern of the human VI 

gene family, in which the nine 5 kb genomic repeats lie head to head and show a 85-97% 

similarity. On one hand, these mouse V genes have been evolving to acquire novel 

functions, reflected in their specific tissue distribution, different antigen recognizing 

manner, and specific immune regulatory and protective functions. On the other hand, the 

divergent V genes in cluster 1 also assist in maintaining the genetic memory. 

Phylogenetic analysis suggested that the mouse Vy7 and the human GV 1 family are 

homologous. evertheless, the V genes in GVl expanded whereas Vy7 did not. It has 

been suggested that the majority of genes involved in T-cell-mediated function evolved 

closely related to their evolutionary pressure (Ciccarese et al., 1997). Therefore, the V 

genes in cluster l of the mouse TCR y locus probably retain the old genetic memory due 

to disadvantageous selection pressure whereas the human locus increase gene copy 

number via duplication due to the relatively favorable selection pressure acting on it after 

the two species separated 85 million years ago. A similar case involved the evolution of 

the antifreeze protein (AFP) genes of northern ocean flounders, in which the correlation 

between AFP gene organization and exposure to ice crystal was excellent (Scott et al., 

1988). The winter flounder that was exposed to ice exhibited 20 tandem and 10 clustered 
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genes. But the yellowtail flounder that was not exposed to ice revealed only 10 clustered 

genes without the additional 20 tandem AFP genes (Hayes & Davies, 1991). Since 

glaciation was far more extensive in the recent past than it is today, selection of both 

species of flounder is probably relaxing in stringency. Clustered genes are more durable 

than tandem genes in the absence of selection, and this has preserved the clustered AFP 

genes in the yellowtail flounder. Similarly, the number of TCR Vy genes in the human 

and mouse have probably expanded or contracted depending on the need to protect the 

host from ever-changing groups of parasites. 

Another organizational feature of the mouse TCR y locus is the reversed transcriptional 

orientation of cluster 2. As large-scale sequence simi larities exist between clusters 1, 2 

and 3, which can result in a deletion of these clusters by recombination, cluster 2 may 

reverse its transcriptional orientation to avoid potential deletion. Thus, the reversed 

transcriptional orientation may also be favorable in maintaining genetic memory due to 

the relaxed selection forces. Actually, a few organizational features of this locus are 

obviously supportive to this idea. Firstly, the loss of cluster 3 in some mouse strains was 

possibly deleted by an unequal recombination process, which directly supports the above 

hypothesis. Secondly, there are also a large number of LINEs insertions which can 

greatly increase the opportunity of deletion by unequal crossing-over (Rowen, et al., 

I 996). Such potential disadvantageous effects of recombination to the functions suggests 

that natural selection or functional constraint on this locus became lower, for example, 

causing the Vy3 to become a pseudogene. However, although the selection is less, for 

these or other reasons, many large gene fami lies are not ab le to degenerate to the minimal 

number of functional genes needed for survival. Therefore, this reversion of cluster 2 

provides another source for keeping the genetic memory during the period of relaxed 

selection because with a few exceptions, inversion genes are likely to be incompatible 

with high rates of unequal recombination but tandem arrays are highly sensitive to 

selection (Welch et al., 1990; del P ino et al., 1992). Thus, when selection is re-imposed, 

clustered genes are good substrates for re-amplifying to tandem arrays. 
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Yet, another feature of the mouse locus is that the V, J and C gene fragments constitute 

four independent V-J-C clusters, which makes almost all the rearrangements limited 

within a particular cluster. The clustered organization may provide another means of 

preserving the genetic memory. For example, although the pseudogene wCy3 makes the 

entire rearrangements in cluster 3 non-functional, it does not influence the productive V­

J-C rearrangements in other clusters because there are only a few inter-clusteral 

rearrangements. Therefore, when the selection pressure decreases, which results in some 

nonfunctional genes, the influenced gene is only limited within that particular cluster. 

To conclude, the analysis of the mouse TCR y locus has provided a large amount of 

information on gene regulation, genomic structure, and the evolution of the genome. This 

knowledge has deepened our understanding of the characteristics of multigene families in 

addition to the unique immune functions of yo T cells. It is believed that this sequence 

will further provide the basis for future functional studies of the immune system. 



Chapter IV. Characterization of gene regulatory elements in 

cluster 4 of the mouse TCR gamma locus 

Summary: 
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The expression of TCRs on the cell membranes is highly regulated. For example, the 

a.13 and yo TCRs show a mutually exclusive expression manner on T cells, and the V 

genes in the mouse TCR y locus sequentially appear in the fetal thymus during ontogeny. 

Transcriptional regulation has been proven to play important roles in the controlling of 

these processes. The putative enhancer characterized in this project is a 340 bp region 

identified downstream of the Cy4 gene in cluster 4 of the mouse TCR y locus by sequence 

comparison. A luciferase expression study demonstrated that this DNA fragment is a 

functional enhancer. Similar to a typical enhancer, it functions in both orientations. The 

65 l bp maximum enhancer encompasses the entire six DNase footprints NFys found in 

enhancer yEl and shows around 32 times of relative luciferase activity in the y8 T cell 

line PEER. The minimal enhancer was confined to a 294 bp region containing the 

equivalent NFy2, NFy3 and NFy4. These elements show diverse patterns on the 

regulation of luciferase expression in different tissues. The maximum enhancer cxhjbits 

the strongest activity in y8 T cells PEER and significant activity in yS T cell Molt-13, ap 
T cell EL-4 but not non-lymphocyte HeLa cells, which suggests it is a T cell specific 

enhancer. In addition, at the 5' end of the enhancer, a 900 bp putative silencer having a 

negative effect on transcription was localized. It inhibits the maximum enhancer by a 

factor of four. Interestingly, the combination of the enhancer and silencer shows different 

effects on transcription in different cell lines. In Molt-13, the combination shows an 

increased activity in comparison with the enhancer. However, the combination exhibits 

decreased activity relative to the enhancer in PEER Since both Molt-13 and PEER are 

human y8 T cell lines expressing different Vy genes, these reversed patterns of activity 

suggested that the combination of multiple regulatory elements such as enhancer, silencer 

and other critical cis-acting elements in the locus determine the regulation of the specific 

expression of TCRs, such as lineage selection, and the ordered expression of TCR Vy 

genes in the fetal thymus, for example. 
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Introduction: 

Although both B cells and T cells originate from the same stem cells in bone marrow, 

each cell type expresses only one specific type of V(D)J recombinatory lg or TCR 

molecule. However, the V(D)J rearrangements of lg and TCR gene fragments use 

precisely the same lymphocytic specific recombinase machinery, (recombination­

activating enzymes RAG-1 and RAG-2 proteins; Willerford et al., 1996). Determination 

of the specific lineage V(D)J recombination is controlled by factors such as chromatin 

conformation, D A methylation and transcriptional regulation (Wilson et al., 2002). The 

regulation of the chromatin accessibility of individual immunoglobulin or TCR gene 

segments to the recombinase by the els-regulatory elements, such as enhancers, 

promoters and silencers, appears to play the major role. Although a precise biochemical 

definition of accessibility is still not clear, there is some understanding of the cis-acting 

elements within the TCR and lg loci that serve as developmental regulators of chromatin 

accessibility. Specifically, both in vivo and in vitro studies, involving the manipulation of 

V(D)J recombination reporter substrates or endogenous TCR and lg loci have established 

that transcriptional enhancers and promoters are critical to the determination of cell fate 

(Sleckman et al., 1996). 

As multigene families, the TCR y loci contain rich cis-acting elements that are 

essential in regulating both rearrangements and the temporal and spatial expression of 

gene segments within the locus. Such elements include the promoters upstream of each of 

the Vy gene segments, the TCR enhancers (Clausell & Tucker, 1994; Ofir et al. 1995), 

silencers (Ishida et al., 1990; Clausell & Tucker, 1994), and LCRs (Baker et al., 1999). 

To date, several elements have been implicated as important developmental regulators of 

V(D)J recombination in vivo. For example, in knockout mice with LCR and enhancer yEl 

deleted in the mouse cluster 1, the rearrangement of TCR y genes was modestly reduced 

(Xiong et al., 2002). In another example, two constructs containing overlapped DNA 

fragments ( 40 and 15 kb respectively) in the cluster 1 of the mouse TCR y locus were 

used to generate transgenic mice. There is no transcription of TCR y genes in the ap T 

cells in mice containing the longer fragment. The transgenic mice containing the 15 kb 

fragment, however, produced transcribed y genes in ap T cells (Ishida et al., 1990). This 
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suggests that some negative regulatory elements located on the 40 kb fragments inhibit 

the transcription of TCR y genes and thus are essential for the specific lineage selection 

of yo TCRs (Takagaki et al., 1989; Hettmann et al., 1995). In addition, the expression of 

the V gene during T cell ontogeny parallels the gene order in cluster 1 in the mouse TCR 

y locus (Raul et et al., 1991 ). This ordered rearrangement is obviously controlled by some 

intracellular regulatory mechanisms rather than extracellular selection because temporal 

expressions were also observed in TCR o null mice, in which yo TCRs were not 

expressed on the cell surface (ltohara et al., 1993). All these results suggest that the 

numerous rearrangement and expression features of yo T cells are controlled by the 

regulatory elements (Sunaga et al., 1997). 

We have sequenced 168 kb mouse TCR y locus. During the sequence analysis, a 340 

bp sequence yE4 sharing a 65% similarity with the mouse enhancer yEl, was located 3.5 

kb 3' to Cy4. It was found that the 3' end of C genes is the evolutionarily conserved 

location for most of the T-cell-specific enhancer elements such as the mouse TCR ~. 

TCR a and the CD3o enhancers (Winoto & Baltimore, 1989b ). Further, yE4 exhibits a 

very high sequence similarity with yEl at the six nuclear factor binding regions revealed 

by DNase I footprinting (Spencer et al., 1991). For example, the sequence of yE4 is 

conserved by 92%, 88% and 75% at the equivalent 26 bp NFy2, 34 bp NFy3 and 11 bp 

NFy4 regions of yEl, respectively, which further strongly suggests that yE4 is a 

functional enhancer. In the present study, the 28 kb sequence covering the entire cluster 4 

was analyzed for putative regulatory elements and the tissue specificity of some potential 

regulatory elements was also tested in different cell lines. 

Materials and methods: 

1) Construct preparation: 

The inserts for generating the expression constructs were obtained from the mouse 

TCR y cosmid My84 by polymerase chain reaction (PCR) (Figure 23). In both the 

forward and reverse primers, a BamH I site is included. The PCR products were digested 

by BamH I after amplification and purified in agarose gel. The inserts were then 



A
. 

V
7 

V
4

 

D
 n

 
11

 k
b

 I 
B.

 

V
6

 V
S 

Jl
 

C
l 

yE
1 

nn
 

I 
I 

I 
n 
~
 

pG
 L

3 
pr

om
ot

er
 

S
am

 
H

I 

B
a

m
 H

I 

fo
rw

ar
d_

i_
_,

. 
p

r
i
m

e
r
-
-
-
-
-
-
-
-

~
 

B
a

m
 

H
I 

V
3 n 

S
V

40
 

pr
om

ot
er

 

re
ve

rs
ed

 
pr

im
er

 

J3
 I 

\j/
C

y3
 

yE
3 

yE
2 

C
2 

J2
 

V
2 

V1
 J

4 
C

4 
yE

4 
'-.

...
.I

 

I 
1n

11
n,

,1
 

11
 

00 
I 1

 1
n 

pG
L3

pr
om

ot
er

 

R
V

4p
rim

er
 

in
se

rt
 

S
V

40
 

pr
om

ot
er

 

M
y8

4 

F
ig

ur
e 

23
. 

(A
) 

M
ap

 o
f 

th
e 

m
ou

se
 T

C
R

 y
 l

oc
us

. 
T

he
 p

ut
at

iv
e 

en
ha

nc
er

 y
E

4 
is

 a
t 

th
e 

3
' 

en
d 

o
f C

y4
 i

n 
th

e 
co

sm
id

 M
y8

4 
in

 c
lu

st
er

 4
. 

(B
) 

M
ap

 o
f 

th
e 

lu
ci

fe
ra

se
 e

xp
re

ss
io

n 
ve

ct
or

 p
G

L
p

ro
m

o
te

r. 
T

h
e 

pu
ta

ti
ve

 r
eg

ul
at

or
y 

el
em

en
ts

 c
on

ta
in

in
g 

B
a

m
H

I 
si

te
s 

at
 b

ot
h 

en
ds

 a
re

 
in

se
rt

ed
 a

t 
th

e 
B

a
m

H
 I 

si
te

 d
ow

ns
tr

ea
m

 o
f t

h
e 

lu
ci

fe
ra

se
 g

en
e.

 

.....
.. 



112 

subcloned into the downstream BamH I site of the luciferase gene in the expression 

vector pGL3-promoter (Promega) as indicated in Figure 23. The ligated constructs were 

transformed into E.coli strains DH5aFIQ or Topp9. From the pool of colonies, those 

containing constructs were screened by plasmid mini-preparation, followed by BamH I 

treatment to confirm the inserts. In order to identify the orientations of inserts, a reversed 

primer RV4 downstream from the BamH I site and a forward primer of the insert were 

used to check the existence of PCR products (Figure 24). For each insert, one constrnct 

with a forward and another one with a reversed insert were chosen to grow in the LB 

medium while plasmid DNA was prepared by Qiaquick (Qiagene). The sequences of the 

inserts were further confirmed by sequencing with an automatic sequencer ABI 373 or 

377 (Perkin-Elmer Corp.). 

2) Cell lines: 

The cell lines being tested include the human yo T cell lines PEER and Molt-13, mouse 

a.p T cell EL-4 and non-lymphocyte HeLa. In addition, human a~ T cell Jurkat and the 

mouse B cell A-20 were also used in the functional characterization. Nevertheless, their 

growth was not optimal, and therefore the results were not used for analysis. PEER, 

Molt-13, Jurkat and A-20 were grown in RPMI 1640 supplemented with 10% fetal 

bovine serum (FBS), while EL-4 and Hela were grown in a DMEM medium with a 10% 

horse serum. A total number of 1x106 cells were inoculated one day before transfection. 

3) Transient transfection: 

The Effectene transfection kit from Qiagen was employed to transfect the construct 

DNA and 13-galactosidase DNA which are used as an internal control of the transfection 

efficiency into the above cell lines in the following steps. First, 0. 75 ug of construct DNA 

together with 0.25 ug of p-galactosidase DNA was dissolved in 10 ul of ddH2O. Then, 60 

ul of DNA condensing buffer EC were combined into the DNA This is followed by 

adding 1.6 ul of Enhancer Solution. After a 4 minute incubation period at RT, 5 ul of 

Effectene were pipetted into the mixture. The DNA and Effectene mixture was 

maintained at RT. Ten minutes later, 350 ul of RPMil 640 was added to the above DNA 

mixture before the whole solution was combined with the cells. For each cell line, the 
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cultured cells were aliquoted in order that each transfection contained approximately 

7x 105
. The cells were washed twice with 250 ul of PBS before being pelleted by 

centrifugation and dissolved with 350 ul of RPMI 1640. The above DNA solution was 

added into the cells and then the mixture was transferred into 24 well plates. After the 

cultures were grown in 5% CO2 at 37°C in a CO2 incubator for 24 hours, 1 ml of PRMI 

1640 was added into each well. The total incubation time was between 42 and 48 hours. 

4) Luciferase assay: 

The cultured cells from the previous step were collected into eppendorf tubes. The 

cells were spun down at 2000 rpm for 5 minutes and the supernatant was pipetted off. 

130 ul of lxReporter Lysis Buffer (Promega) was added into each tube and the cells were 

incubated for 15 minutes. After being confirmed under the microscope that most of the 

cells had lysed, the cells were spun down again at 12000 rpm for 15 seconds. Then the 

lysed cells went through two cycles of freeze-thaw at -70°C. The supernatant was divided 

into two parts, in which 30 ul was saved fo r the p-galactosidase assay and another 100 ul 

was used for the luciferase assay. To test the luciferase activity, I 00 ul of luciferase 

reagent was added into the cell protein extract. The assay was immediately assessed in 

the scintillation counter. Transfections were repeated several times in separate 

experiments using different plasmid DNA preparations and at least three tests showing 

similar results were used for analysis. 

5) P-galactosidase assay: 

70 ul of ~-galactosidase assay buffer (Promega) and 30 ul of cell protein extract were 

incubated together at 37°C for 30 minutes. The samples were then tested for 00420nm 

value in a spectrophotometer. If a large variation of 0 D420 value occurred in the sample, 

the luciferase activity would be corrected by using the formula: (ODpGL3-promoter / 

ODsample) x Luciferase activity of sample. 

Results: 

1) Obtaining colonies containing constructs: 
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Most of the inserts are less than 2 kb because inserts larger than that are difficult to 

ligate into the vector. The E.coli cell line DHSalQF' works effectively for subcloning 

inserts less than 2 kb. For inserts larger than 2 kb, a better compatibility and efficiency 

were shown in Topp9. A total of 48 colonies containing constructs with both orientations 

of each of the 24 inserts were selected. 

2) Optimization of the conditions of transient transfection: 

In order to determine the optimal conditions for transient transfection, different 

combinations of amounts of DNA, Enhancer solution, Effectene reagent and number of 

cells were used to test the luciferase activity of fl 6 that were found to be functional in the 

preliminary experiments. As shown in Table 10, the set of conditions in column 7 

displayed the highest activity, which is 180.12 times relative to the blank control. This set 

of conditions was employed throughout the entire transient transfection that would form 

the subsequent step. 

3) Screening for the potential regulatory elements in cluster 4: 

Thirteen constructs covering the whole cosmid My84 were used to identify the putative 

regulatory elements in the y8 T cell PEER. The relative luciferase activities indicated that 

only construct fl 1 displayed significant relative luciferase activity (14.3 times 

background). The activities of the remaining constructs are within the normal range in 

comparison with the control. Figure 25 shows the results of the screening of the putative 

elements. 

4) Deletional analysis of the positive element fll: 

The positive regulatory fragment fl 1 was further characterized by nest deletional 

analysis. A total of eleven constructs covering different regions of fl 1 were used to 

determine luciferase activity in yo T cell PEER. The averages of the three assays of each 

construct revealed consistency and were summarized in Figure 26. In the two large 

fragments covering the entire fl l , the relative activity of fl 5 was only 0.42 while the 

nearby fragment f16 exhibited the highest activity at 32. However, fl 1 and fl 4, the two 

fragments longer than fl 6, have only 8.57 and 4.19 times relative activities, respectively. 
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Within fl 6, the five fragments from fl 7 to f2 l show different levels of activities. When 

added, the sum of the activities of the five fragments is 32.9, which is close to 32, the 

value of fl 6. 

5) Tissue specific expression: 

Figures 27 A, 27B and 27C show the results of relative luciferase activities of some 

fragments in another three cell lines other than PEER. In the y8 T cell line Molt-13, the 

activity of fl 1 is 2.26 and that of fl 6 is only 0.86. fl 5 still has a low 0.48 times of 

activity. The remaining fragments did not show significant activity in this cell line. In the 

ap T cell line EL-4, the relative enhancing activities of fl 1, fl 6 and f23 are 1.37, 1.87 

and 2.29 respectively. The activity of fl 5 is still only 0.41. In the case of the non­

lymphocyte Hela, most of the fragments including fl 5 have activities close to that of the 

control except for f23, which has approximately three times the relative activity. 

6) Testing the orientation dependence 

The luciferase activities of fl I , f23 and fl 5 were also tested in both orientations in 

PEER (Figure 28). fl I and f23 show activity in both orientations a lthough the activities 

of the reversed fragments are relatively lower. However, the expressions of luciferase are 

inhibited in both the forward and reversed constructs of fl 5. 

Discussion: 

In the TCR ex, TCR p and CD3&, all the enhancers are located 3' to C genes, which is 

the evolutionarily conserved location of the T-cell-specific enhancer elements (Winoto & 

BaJtjmore, 1989a). Therefore, it has been suspected that there is a similar enhancer at the 

3' end of Cy4 (Vemooij et al., 1993). However, the search for such an enhancer by 

hybridization with the probe specific for mouse yEl was not successful due to the low 

sequence similarity (Vemooij et al., 1993). In our genomic sequence comparison, a 

region was revealed with 56% similarity to yE 1 at the 3' conserved location. This element 

has been demonstrated to be a functional enhancer as only f1 1 which contains the 

conserved sequence showed 8.57 times relative activity among all thirteen constructs 

covering cluster 4 (Figure 24). Similar to most enhancers, this element regulates 
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transcription in both orientations while its function is probably confined within cluster 4 

because each cluster contains an enhancer of its own at the 3' end of the C genes. This is 

supported as most of the V(D)J rearrangements are within a particular cluster while 

interclusteral rearrangements are rare (Pelkonen et al., 1987). Some potential boundary 

elements between clusters may be responsible for the intraclusteral recombination by 

preventing enhancers from dispersing their functions (Zhong et al., 1997; Bell et al., 

2001). 

A detailed analysis of f11 showed that f16 is the full enhancer because it displayed the 

strongest activity among all the fragments. f16 contains the six NFys that are found in the 

mouse yE l (Spencer et al., 1991 ). f23 that spans from NFy2 to NFy4 has similar activity 

as the complete enhancer, suggesting that it is the minimal enhancer. When adding the 

activities of the six NFy together, the sum equals the activity of fl 6, which reveals that 

these NFys work together in an additive fashion. Such an additive effect has been 

proposed to explain the combinatory effects of the silencer and enhancer by Lefranc and 

Alexandre (1995). ln addition, in comparing the relative activity of yE 1, the activity of 

yE4 is stronger, which may reflect the relatively stronger activity of the individual NFy 

region in yE4. For example, NFyl and NFyS-6 produce up to 9.8 and 5.7 times relative 

activity in yE4, respectively. In contrast, their counterparts in yEl carry less functional 

importance (less than 1 time). Further comparison of the nuclear binding factors between 

yE l and yE4 showed that they have a significant difference on the distribution of the 

motifs for the nuclear binding factors (Figure 29). In the NFy 1 region, yE4 lost the GA TA 

but gained a CBF instead. CBF was proposed to be crucial for the activity of yE 1 (Hsiang 

et al. , 1993) as one base mutation in the CBF of yE 1 almost abolished the whole activity 

of yEl . Therefore, the relatively high activity of NFyl in yE4 is probably due to the 

gaining of CBF. Likewise, in the NFy5-6 region, yE4 gains more binding factors, such as, 

Sp-1, CTF and NF-I. In addition, the CBF in the NFy4 region of yE 1 is lost in yE4, which 

may result in Nfy4 in yE4 having no effect on transcription (relative activity is 0.92) in 

comparison with the control. Therefore, the addition and loss of nuclear binding factors 

may account for the functional difference between the two enhancers. The difference 
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between them is probably due to long separated evolution. yEl and yE4 are associated 

with the two homologous genes, Cyl and Cy4, respectjvely. Based on the calculation of 

sequence divergence, Cy4 is 1.5 times older than Cyl and thus, their cognate enhancers 

may have different functions. 

Characterization of the mouse yEl and the human TCR y enhancer (HyE) indicated that 

both of the enhancers are T cell specific but not yo lineage specific (Spencer et al., 1991; 

Hettmann et al. , 1994). In this study, the complete enhancer f16 manifests the strongest 

activity in yo T cell line PEER and a slight activity in u~ T cell EL-4 (1.87 times) but 

there was no activity in the y8 T cell line Molt-13 and nonlymphocyte Hela. This 

suggests that yE4 is T cell specific rather than y8 lineage T cell specific, which conforms 

to the characteristics of yEl and HyE. However, although the minimal enhancer f23 has 

the strongest activity in PEER, it manifests a certain degree of activity in Molt-13, EL-4 

and even Hela, which suggests that the minimal enhancer is not completely T cell 

specific and it is more possibly a ubiquitous regulatory element. This is different from the 

result of the yE 1 and HyE. Therefore, the other three motifs outside f23, NFy I, NFy5 and 

Nfy6, may provide the T cell specificity. 

Similar to other TCR loci, cluster 4 in the mouse TCR y locus also displays diverse 

regulatory features. fl 5 is probably a silencer because it has a direct inhibitory effect and 

functions in both orientations, which demonstrate the classical silencers characteristics 

(Strachan & Read, 1996). In comparison with the longer fragment fl 1 and fl 4 which all 

contain fl 5, the smaller fragment fl 6 has four times more relative activity. Therefore, it 

is obvious that fl 5 inhibits the positive activity of fl 6 in fl 1 and fl 4. In the murine w8 

locus, a silencer was also identified immediately upstream of the a enhancer (Winoto & 

Baltimore, 1989b ). Likewise, this silencer also inhibits the enhancer for by a factor of 4 

to 5 just as f15 did, and showed a similar pattern and location as f15. But in the murine 

TCR y cluster I, a similar inhibitory element is located immediately at the 3' of the 

enhancer yEl instead of the 5 ' end (Kappes et al., 1991). Although it is not conserved 

with fl 5 in location, it inhibits the activity of yE 1 by a factor of 4, which is the same as 
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that of fl 5. Therefore, the two silencer are similar in function. In the human TCR y 

locus two silencers are located at the 5' end of the enhancer but they are away from the 

enhancer by a few kb while there is no sequence similarity between the yE4 silencer and 

the human one (Lefranc et al. , 1995). Therefore unlike the enhancers, there is less 

sequence and location conservation among the human and mouse silencers. 

The silencer fl 5 displays strong inhibitory effects in PEER, Molt-13 and EL-4 but not 

in HeLa which suggests that it is also T cell specific. The two fragments the maximum 

enhancer fl 6 and the combination of the enhancer and silencer fl 1 show different 

patterns of activities in the two yo T cell lines PEER and Molt-13, which is that fl6 has 

more activity than fl 1 in PEER but fl 6 has less activity than fl 1 in Molt-I 3. However, 

these two fragments show equal activities in ap T cell line EL-4. Since both Molt-13 and 

PEER are human yo T cell lines expressing different Vy genes (Loh et al. 1987) the 

unique combination of the enhancer and silencer may render the specificity of a particular 

yo T sublineage. A similar combination of enhancer and silencer has been found to show 

differential activities in ap and yo T cell lines. The association of enhancer with silencer 

showed enhancing activity in PEER but inhibitory activity in the ap T cell line Jurkat, 

which suggested that the combinatory regulatory elements is one of the sources in the 

d termination of ap/yo T cells lineage selection (Lefranc et al. , 1995). In addition, 

silencers have been proposed to be involved in the regulation of the ordered expression of 

Vy gene fragments in cluster! (Ishidaetal, 1990; Winoto & Baltimore 1989b; 

Sleckrnanetal 1996). In that case, each Vy gene fragment may have its own silencer to 

regulate the ordered expression because there are four Vy gene fragments in this cluster 

but only one enhancer. Actually, one silencer has been identified between Vy6 and Vy5 

(Clausell & Tucker, 1994) and the scenario was conceived as follows : The silencer could 

be active during all early thymocyte development. Availability of Vy5 trans-activators 

differentially depresses the silencing effect on Vy5 but not Vy6, allowing targeted 

recombination to occur. At day 15 to 16, the availability of Vy6 trans-activators now turn 

on Vy6 and inactivate Vy5 which results in the decline of Vy5 T cells and the appearance 

of Vy6 bearing T cells. 
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Summary 

TCR genes are generated by the recombination of V, (D), J and C gene fragments 

located in clusters on chromosomes. This process is controlled by diverse regulatory 

mechanisms. In addition, as multigene famil ies, TCR loci are rich in evolutionary 

information. Thus, TCR genes and TCR loci have been good models for studying 

recombination, gene regulation and evolution . The TCR y genes were first discovered in 

1984. From 1984 to 1990, most of the studies were focused on the characterization of 

basic biological features including molecular structure, gene rearrangements, tissue 

specific distribution and development. Since the 1990s, research has moved to the 

characterization of physiological and pathological functions, gene regulation, evolution 

and the genomic sequence. At the same time that the studies of TCR advanced, the 

revolutionary project in biological history, the HGP, also came to its productive stage in 

the early 1990s. With their unique genomic features and the large amount of data 

accumulated, plus the availability of genomic DNA clones, sequencing of the human and 

mouse TCR y loci were chosen as one of the pioneer projects of the HOP. The 

sequencing work started in 1994 and was completed in 1997. In the past eight years, both 

the sequence data and analysis results contributed much to the deeper understanding of 

genomic structure. This project has also provided insight into understanding the 

evolutionary and immw1ological implications of multigene families. 

Human y8 T cells have proved to be an essentially different T cell lineage from the ap 

T cells in many aspects. For example, a0 T cells occupy approximately 90% of the 

lymphocytes in the peripheral blood, while the percentage of y8 T cells is only 5%. The 

human a0 T cells recognize processed peptidic antigens with MHC restriction, but yo T 

cells predominantly recognize small molecule, non-peptidic and phosphoantigens without 

MHC restriction. The genes encoding the two types of receptors are located on the a/8, P 
and y loci. Among these three loci, o./8 and ~ were sequenced and well characterized 

between 1994 and 1996. The genome organization of the human TCR y locus was 

clarified in 1990 and this locus was estimated to be 145 kb. However, the complete 

sequence obtained in this project is only 140 kb. On the sequence, fourteen V gene 
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fragments, five J and two C gene fragments were identified. Two V relics were also 

located in the middle of V9 and V 10 in addition to Vl I and JP 1 respectively. The 

previously identified enhancer was located 6.5 kb downstream of Cy2. Structurally, this 

locus is a SINE rich (13.3%) but LINE poor (6.35%) region. However, the most striking 

feature of this locus is its characteristic organization and implied evolutionary history. In 

the human TCR ysequ nee, there are two J-C repetitive clusters at the 3' region and nine 

4.4-4.9 kb V repeats in the GV l family. The repeats in the GVl family include the V 

coding gene fragments and their flanking regions, which share 85-97% sequence 

similarity. The high level of sequence similarity suggests that these repeats were 

generated by recent duplications. Phylogenetic analysis of these repeats shows that they 

are produced by six unequal crossing-over events and one gene conversion from a 

prototypic structure that contains only an ancestral Vyl and Vy8. Similarly, the two J-C 

clusters were also duplicated by an unequal crossing-over, and a further deletion resulted 

in the loss of JP in the J-C cluster at the 3' region. Thus, by enlarging the V, J and C gene 

numbers, the recombination diversity is greatly increased. Furth r analysis of the 

hypervariable regions in the CD Rs of the nine V genes in the GV 1 family reveal that the 

DN is much higher than the DS, whereas there is no significant difference between the 

D and the D at the framework regions. This suggests that the framework regions are 

under negative Darwin selection, while the hypervariable regions evolved under positiv 

selection. After gene duplications, selection processes further diversify the family 

members to cope with the huge amount of antigens. In addition, the evolutionary analysis 

of the human TCR GVl family corrects some of the long-lasting misunderstandings 

regarding multigene families. It has been believed that most of multigene families evolve 

through a concerted evolutionary process, which is extrapolated from the studies of 

rRNA. However, the nine V genes in the GVl family have diverged substantially, rather 

than evolving as a unit by frequently exchanging genetic information. In particular, 

among the nine members, five are functional genes but four are pseudogenes. Therefore, 

all these features indicate that the GV I family is generally subject to evolution by a birth­

and-death process, in which newly duplicated gene members continue to diversify to 

generate new pecificities. 
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imilar to humans mouse y8 T cells also occupy less than 5% of lymphocytes in 

peripheral blood. However they can recognize directly, large protein molecules, rather 

than small non-peptidic phosphoantigens. In addition the mouse TCR y locus shows 

interesting features on the expression of V genes. For example, the V genes expressed in 

the fetal thymus parallel the gene order on the chromosome. Therefore, the regulatory 

elements at the mouse TCR y locus at least partly control this process. The mouse TCR y 

locus was mapped in 1993 and the total estimated length was about 205 kb. However, 

only 167 kb of DNA was sequenced from the seven cosmids in this project. This 

sequence covers both the 5' and 3' regions of the locus. In the middle of the locus, a 

region around 37 kb without known cis-acting and trans-acting elements were not 

sequenced because the two cosmids covering it were not stable. Similar to its human 

counterpart, the mouse sequence was also characterized as to its coding gene, structure 

gene regulation and evolution. The characterization of the sequence revealed seven V 

four J and four C gene fragments. These genes constitute four V-J-C clusters. In addition, 

the three enhancers identified in the previous studies are also located on the genomic 

sequence. A new putative enhancer was found 3.5 kb 3 of the Cy4 gene by sequence 

comparison. This putative enhancer element has an 80% sequence identity at the six 

DNase protection regions yFI to Fy6, which suggests it is a functional enhancer. The 

structural analysis indicates that this locus is rich in LINEs (30%) but short of SINEs 

(2.0%) which is opposite to the human TCR y locus. Among the eight LINEs, five are 

between 4 to 6 kb while two still keep the monomer promoters, suggesting that they may 

be still active and capable of retrotransposition. This locus is GC poor in comparison with 

the other loci. Taken together, the above structural features are consistent with those of 

Giemsa-dark bands, and therefore it is quite possible that this locus is located in a 

Giemsa-dark band. Evolutionary analysis, an important aspect, was also carried out on 

this sequence. The dot-matrix self-comparison revealed that this locus is rich in locus 

specific repeats, which suggests an equally rich evolutionary relationship among the 

repetitive regions. However, relative to the human TCR y locus, there is less direct 

evolutionary information available such as boundary sequences marking crossing-overs 

becaus the duplication events have taken place over a long period and thus most of the 

sequences are lost. Despite this lost information, evolutionary analysis still strongly 
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suggests that clusters 1 and 4 are ancient, while clusters 2 and 3 have been generated 

recently. Further analysis revealed that cluster 2 was duplicated from cluster 3. In 

addition, the organizational features may reflect the selection pressure on this locus: for 

xample the transcriptional orientation of cluster 2 is reversed, while cluster 3 is 

nonfunctional. Unlike the repetitive V genes in the human GVl family, there is limited 

sequence similarity among the V genes in mouse cluster 1. All of these indications imply 

that the selection on this locus is relaxed. In order to inhibit deletions by homologous 

recombination, the mouse TCR y genes are clustered while cluster 2 reversed its 

transcriptional orientation, which preserved genetic memory. Once the selection is re­

imposed the preserved genes can be re-amplified by duplications to expand into tandem 

arrays to meet functional needs. 

Since the mouse TCR y genes show characteristic spatial and temporal express10n 

which suggest that gene regulations are involved in these processes, we also carried out 

functional analysis to study the regulatory mechanisms of the mouse TCR y locus. The 

entire cluster 4 was sub-cloned into an expression vector to search for putativ r gulatory 

elements. However only the region containing the putative enhancer yE4, identified by 

sequence comparison, shows significant activity on transcription. Since it is a relatively 

old enhancer, yE4 may possess different properties than those of the other three 

enhancers. The detailed functional analysis revealed that the maximum enhancer 

containing the six Fys is a 651 bp region which exhibits about 32 fo ld of relative 

luciferase activity in the y8 T cell line PEER. The minimum enhancer includes the three 

crucial nuclear protein-binding regions, Fy2, Fy3 and Fy4. Similar to the 

functionally characterized yEI and the human TCR y enhancer the minimum enhancer 

also exhibits significant high relative luciferase activity in PEER. The minimum enhancer 

functions at both orientations. The tissue specific studies show that the maximum 

enhancer exhibits the maximum enhancing activity in the y8 T cell PEER, in addition to 

slightly stronger activity in the a~ T cell line EL-4 and y8 T cell line Molt-13, but there is 

no activity in the non-lymphocyte HeLa cells. Therefore, similar to most of the enhancers 

in the immune system, yE4 is also T cell specific, but is not y8 T cell lineage specific. In 
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addition, a 700 bp silencer element was identified at the 5' end of the enhancer, which 

can inhibit the activity of the maximum enhancer by a factor of four. However, the 

combination of the enhancer and the silencer showed specific activities in different cell 

lines rather than producing a fixed inhibitory or enhancing effect. For example, the 

combination exhibits increased luciferase activity in comparison with the enhancer in 

Molt-I 3. But the combination exhibits a decreased activity relative to the enhancer in 

PEER. Since both Molt-13 and PEER are human y8 T cell lines expressing different Vy 

genes, these different expression patterns suggest that the combination of positive and 

negative elements may contribute the regulation of the expression of a particular y8 T 

sublineage. 

As one of the pioneers participating in the HGP in the 1990s, we witnessed a historical 

revolution in biology and medicine that took placed in the 1990s. This revolution has 

made a huge methodological and technological impact on traditional biology and 

medicine. Likewise, the characterization of the human and mouse TCR y loci has 

provided a deeper understanding of genomic structure and immunological function, while 

greatly facilitating related research. For example, researchers have started to use the 

human TCR y sequence to design primers for detecting the recombination patterns of 

leukemia. Presently, we are entering a post-genome era, in which a great number of new 

techniques such as SNP-based personalized therapy are emerging. Therefore, one can 

expect that this genomic revolution will greatly impact both science and human life. 
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