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The first functional T cells in the murine thymus express γδ T cell 

receptors (TCR), utilizing a Vγ3/Jγ1/Cγ1 rearrangement.  Distinctive 

rearrangement of these segments has been linked to an accessible 

chromatin configuration.  Elements within transcriptional promoters and 

enhancers have been demonstrated to regulate accessibility of the 

recombinase machinery to these gene segments.    Therefore, an analysis 

of the Vγ3 promoter region was performed to determine possible 

regulatory regions responsible for this particular expression pattern.   

Within the Vγ3 minimal promoter region (-147 to +208 bp with respect to 

the start site, as determined by reporter gene studies), DNase I 

footprinting identified three regions of partial protection and 

hypersensitivity within +37/+208.  These include an AT-rich tract, which 

maps to the first intron (+65/+181) and resembles matrix-associated 

 vii



regions (MARs) such as those located within immunoglobulin heavy chain 

(IgH) enhancer and promoter elements.  Transcription factors, such as 

Bright (B-cell regulator of immunoglobulin heavy chain transcription), 

CDP/Cux (CCAAT displacement protein) and SATB1 (Special AT-rich 

sequence binding protein), have been shown to act as positive and 

negative regulators of IgH genes by binding to these MARs.    EMSA 

experiments established that Bright, CDP/Cux and SATB1 bound to 

regions within +65/+181.  Bright and SATB1 activated Vγ3-mediated 

transcription, while Cux was shown to repress transcription.  Additional 

reporter data established a putative repressor region upstream of the start 

site between -897 and -586.  Although -897/-586 contained six consensus 

GATA binding sites, unexpectedly, no functional role for this category of 

transcription factors was found.       Instead, this region enhanced Cux-

mediated repression of -147/+208 whereas Bright and SATB1 were able 

to abrogate its repressive effect.   CDP/Cux and SATB1 have been shown 

to negatively and positively regulate transcription of T cell specific genes. 

Although Bright protein expression previously had been observed only in 

B lymphocytes, Bright protein does accumulate in γδ tumors and clones, 

and Bright mRNA can be detected in fetal thymus at a time concomitant 

with appearance of Vγ3-expressing T cells.  Together these results 

provide a new role for Bright and SATB1 as positive transcriptional 

regulators, and extend the role for CDP/Cux, as a negative transcriptional 

regulator, of the murine TCR Vγ3 gene locus.   
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Chapter 1:  Introduction 

 

HEMATOPOIESIS 

The ability of the immune system to safeguard the health of an 

individual species has been the object of endless research.  The immune 

system’s integrity allows for recognition and processing of foreign 

pathogens as well as abnormal tissues. B cells and T cells combine to 

provide integral functions in the formidable task of maintaining 

homeostasis in the immune system.   Major tools in this maintenance are 

the specialized surface receptor molecules found on B cells and T cells, 

immunoglobulins (Igs) and T cell receptors (TCRs), respectively. 

Hematopoiesis is the process by which the precursors of cells of 

the immune system are generated.  Hematopoietic stem cells (HSCs) are 

multipotent precursors, which differentiate into at least eight distinct 

lineages of mature cells (Figure 1.1) (Bonnet et al. 2002).  Experimental 

studies using these early progenitor cells indicate that lymphocyte 

pathway restriction occurs prior to the activation of receptor recombination 

machinery (Hardy et al. 1991; Li et al. 1996; Wu et al. 1991).  Although, 

the process of lymphocyte maturation requires activation of the 

recombination machinery and its factors, these events are not the earliest 

steps of lymphoid development.   
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Figure 1.1 Stages of Lymphocyte Development   
Schematic representation of precursors, branch points and check points in T cell 
development.  This diagram has been assembled based mostly on mouse gene 
knockout experiments.  Proteins shown in bold are absolutely necessary for 
continuation into the next lineage.  The different T cell stages are based on the 
expression of CD25 and CD44.  CLP, clonogenic lymphoid precursor; DC, 
dendritic cell; HSC, hematopoietic stem cell; ISP, immature single positive; TLP, 
thymic lymphoid precursor 
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Embryonic hematopoiesis occurs hematopoietic between 

embryonic days 7 to 11 in the mouse.  The first cells seen at embryonic 

day 7 (E7) in the yolk sac (YS) of the mouse lack a multipotentency 

characteristic of the erythoid/myeloid/lymphoid progenitors found on E8.5 

(Cumano et al. 1996; Russell et al. 1996).  However, these same 

multipotent progenitors appear in the mouse PAS/AGM (para-aortic 

splanchnopleural/aorta-gonads-mesonephros) region at E7.5 (Ling et al. 

2002).  Also, the adult-repopulating HSCs appear in the AGM at E10, 

while their appearance is delayed by one day (E11) in the YS (Medvinsky 

and Dzierzak 1996; Muller et al. 1994).  These findings suggest that 

several events must occur for the formation of a complete set of HSCs 

(Dieterlen-Lievre 1998; Dzierzak and Medvinsky 1995; Dzierzak et al. 

1998).  First, the YS plays host to the earliest wave of erythropoietic cells.  

Next, undifferentiated cells in the PAS/AGM generate multipotent 

progenitor cells with lymphoid-lineage potential and the adult-type HSCs.  

Another hallmark of the earliest lymphoid precursors is the expression of 

both Ig- and TCR-encoded sterile transcripts, which indicates these loci 

are in an open chromatin configuration (Li et al. 1996).   

Transcription factors, such as Ikaros and PU.1, are essential for the 

development of lymphoid-lineage cells.  Ikaros expression is detected at 

E8 in the YS, at E9.5 in liver, and at E13 in the thymus (Kelley et al. 1998).  

Observations from Ikaros-mutant mice experiments indicate that Ikaros is 

important for fetal and early neonatal T cell development and for B cell 
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development in the fetus and adult (Nichogiannopoulou et al. 1999; 

Winandy et al. 1999).  These mutant mice lack fetal thymic precursors of 

γδ and αβ T cell lineages, as well as, skin and mucosal γδ T cells (Allison 

1993).  Additionally, B1-a and B-cell precursors are absent from the fetal 

liver during mid to late gestation (Wang et al. 1996). 

Deletion of PU.1, a member of the Ets transcription factor family, 

causes the absence of B and T cell lineages.  Both Ikaros and PU.1 are 

expressed not only in pluripotent HSCs (Lin- c-kit+ Sca-1+), but also in more 

linage-restricted progeny (Lin- c-kit+ Sca-1- and Lin- c-kitlo Sca-1-) (Kuo and 

Leiden 1999).  This observation, as well as the data from knockout mouse 

experiments, suggests that Ikaros and PU.1 may act to control the 

developmental progression of fetal hematopoietic progenitors into the 

lymphoid lineage.   

Notch 1 is a member of a family of transmembrane receptors 

postulated to regulate cell fate decisions at branch points between 

developmental pathways (Fleming 1998; Robey 1997).  Bone marrow 

transplantation experiments, using progenitor cells transduced with 

Notch1-expressing retroviral vectors, showed a block in early B cell 

differentiation and a surge in the bone marrow derived T cell population 

(Pui et al. 1999).  Notch 1 has also been shown to be important for the αβ 

versus γδ T cell lineage decision.  Elevated levels of Notch 1 and the 

proper TCR signal influence cells toward the αβ developmental pathway 

and away from the γδ developmental pathway (Washburn et al. 1997). 
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T CELL MATURATION 

The path to a mature T lymphocyte begins with the migration of a 

precommitted precursor cell, from the bone marrow in adults and from the 

fetal liver in embryos, to the thymus.  As these precursors arrive in the 

thymus, they lose erythoid and most myeloid potential, but are not totally 

committed to the T cell pathway (Rothenberg et al. 2002).  These cells 

may still give rise to myeloid-like dendritic cells (DC), natural killer cells 

(NK) and B cells (Michie et al. 2000; Shortman et al. 1998; Wilson et al. 

2001). 

These progenitor cells begin expressing Thy-1 and CD5, 

membrane markers found on all thymus-derived lymphocytes in the 

mouse (Ezine et al. 1987; Spangrude et al. 1988).  The earliest 

thymocytes express HSA, CD44, and high levels of MHC class I, but lack 

CD3 or any other TCR components.  These cells are CD8- but express 

low levels of CD4 (Wu et al.  1991).  This population progresses through a 

series of CD4-CD8- double negative (DN) stages, based on the expression 

of the hyaluronic acid receptor, CD44, and the p55 chain of the IL-2 

receptor, CD25.   

Stages (DN1, DN2, DN3 and DP), which occur in the thymus, 

facilitate the transition between non-T and T cell fates.  At the DN2 stage, 

T cell gene expression occurs, which is followed by a total commitment to 
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the T cell pathway in the DN3 stage.  At this point, the cell must rearrange 

and express at least one of its T cell receptor genes. 

As mentioned previously, the absence of PU.1 or Ikaros affects the 

hematopoietic cell pathway causing the fetal thymus to be nearly devoid of 

hematopoietic precursors.  Absence of c-Myb and GATA-3 significantly 

decreases the number of DN1-like cells in the thymus (Allen et al. 1999; 

Ting et al. 1996).  These DN1 cells are characterized by the presence or 

absence of cell surface markers (CD44+ c-kit+ CD25- HSAlow CD4— CD8- 

Thy-1low Sca-1 +).  Interestingly, over-expression of c-Myb and GATA-3 can 

also disrupt the T cell pathway.  Expression of PU.1 normally declines 

between the DN1 and DN2 stages and is completely turned off at the DN3 

stage.  Conversely, the over-expression of PU.1 inhibits T cell 

development at the DN1 stage (Anderson et al. 2002b).  Analogous to the 

over-expression of PU.1, above optimal levels of GATA-3 disrupts the 

progression to both the DN2 and DN3 stages (Anderson 2002a).  

Transition of DN1 cells to DN2 cells is marked by expression of CD25, 

Thy-1 and HSA at the cell surface.  In addition, Rag-1 and Rag-2 are 

expressed and the cell becomes dependent on the IL-7/IL-7R interaction 

for survival.  Although these DN2 stage cells are well on their way toward 

a T cell fate, they can still give rise to some NK cells and/or myeloid-like 

dendritic cells (Anderson 2002a). 

The DN3 stage marks the commitment to the T cell pathway.  Cells, 

at this stage, focus on the ability to produce a successful pre-TCR 
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complex.  Cells expressing γ and δ TCR chains may continue to the final 

maturation process without passing through the DN3 stage or acquiring 

CD4/CD8 surface markers.  Once a successful TCRβ chain and a pre-Tα 

are joined in a pre-TCR, they may proceed to β selection.  During  β 

selection, these cells undergo an expansion and differentiation process to 

become double positive (DP), thus expressing CD4 and CD8.  These cells 

may also initiate the Src-family/Ras/PKC signaling cascade (Kruisbeek et 

al. 2000). 

Studies using GATA-3-/- ES cells have shown that differentiation of 

T cells is blocked at the earliest DN stage (Ting et al. 1996).  Additionally, 

mice containing homozygous null mutations of the GATA-3 gene die at 

embryonic day 13 (Pandolfi et al. 1995).   This data suggests that GATA-3 

is an essential regulator of early thymocyte development.  The late 

CD44lowCD25+ DN subset expresses high levels of RAG-1 and RAG-2, 

which promotes VDJ recombination at the β, γ, and δ loci.  The product of 

the in-frame TCRβ rearrangement binds the surrogate protein, pre-Tα, 

forming a pre-TCR complex (Saint-Ruf et al. 1994).  This complex acts to 

further the developmental progression of the αβ lineage into the double 

positive (DP) stage through expression of CD4 and CD8, proliferation, and 

up regulation of TCRα gene rearrangement.  In the thymus, the DP 

population comprises 70-80% of all thymocytes.  These DP cells 

experience several rounds of division until a successful TCR is expressed 

on the surface allowing these cells to undergo positive selection. 
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TCRβ and TCRγ rearrangements have been found in both αβ and 

γδ T cells.  Also, rearranged TCRδ genes have been identified in immature 

SP precursors of αβ T cells before the occurrence of an α rearrangement, 

as well as, in Vα-Jα excision products (Wilson et al. 1996).  Most of these 

excision products are lacking in-frame δ rearrangements, suggesting that 

functional TCRγ and TCRδ rearrangements can steer thymocytes toward 

the γδ pathway and away from the αβ pathway (Dudley et al. 1995; Livak 

et al. 1995) 

The heat stable antigen (HSA) serves as a marker for both αβ and 

γδ intrathymic development.  HSA is expressed by immature thymocytes 

while the majority of mature thymocytes in the peripheral lymphoid tissues 

do not express HSA.  Analysis of normal mice show  > 50% of γδ 

thymocytes are HSA+, while > 90% of γδ cells in lymph node, spleen, and 

skin intraepithelial lymphocytes (s-IELs) are HSA- (Correa et al. 1992).  In 

studies with MHC class I deficient transgenic mice, the proportions of 

HSA- γδ cells in the thymus were higher than proportions in normal mice 

(Zijlstra et al. 1990).  Furthermore, these mice showed that the number of 

γδ cells is unchanged in the fetus at day 17 and in the adult thymus and 

spleen compared to αβ DN cells. These mutant mice also exhibit a normal 

distribution and repertoire of functionally competent γδ cells.  Thus, most 

γδ cells do not require interactions with class I molecules for their 

maturation. 
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αβ/γδ LINEAGE COMMITMENT 

T cell receptors have been divided into two categories based on 

expression of surface molecules (Brenner et al. 1986; Lew et al. 1986).  

These surface molecules are heterodimeric molecules consisting of either 

an α chain paired with a β chain or a γ chain paired with a δ chain.  

Differences in the development and function of αβ and γδ T cells allow for 

differences in contributions to immune competence. These developmental 

differences begin during the developmental maturation of the earliest 

functional T cells.  As mentioned earlier, T cells expressing rearranged 

TCRγ and TCRδ chains will proceed along the γδ lineage pathway.  

Likewise, cells containing a rearranged TCRβ chain associated with a pre-

Tα chain will proceed along the αβ lineage pathway.  Two models have 

been developed to explain the progression into one of these two cell fates.  

The instructive model indicates that expression of either a γδ TCR or a 

pre-TCR is what drives the T cell precursor to a γδ or an αβ pathway, 

respectively.  According to the selective model, it is the TCR signaling 

process, which determines the T cell fate chosen. 

Experiments using TCRβ-deficient mice provide evidence for the 

selective model.  Cells of the αβ lineage (identified by the CD4+CD8+ 

phenotype) still develop in these mice, but are dependent on the presence 

of an intact γδ TCR (Mombaerts et al. 1992).  In addition, mice deficient for 

the TCRβ enhancer (Eβ) show a marked decrease in the number of αβ 
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(CD4+CD8+) lineage cells, which also requires the presence of a γδ TCR 

(Leduc et al. 2000). 

In contrast, evidence supporting the instructive model comes from 

the analysis of pro-T cells (CD44+ CD25+ CD117+).  These immature 

thymocytes contain very limited TCRβ, TCRγ, and TCRδ rearrangements, 

but are heterogeneous in their CD127 expression.  Based on the level of 

CD127 expression, these cells can be sorted into two subsets, CD127hi 

and CD127lo.  Using either intrathymic transfer or repopulation of fetal 

thymic organ cultures, it was shown that the CD 127lo subset was biased 

toward an αβ lineage pathway while the CD127hi subset correlated with γδ 

lineage development (Boyd and Chidgey 2000).  Although the 

mechanisms controlling αβ/γδ lineage commitment have not been totally 

delineated, the most current data supports the idea that lineage 

commitment occurs independently of γδ TCR or pre-TCR signaling. 

The process of T cell destiny is not totally understood, but many 

factors influence the pathway a T cell precursor follows.  Notch1, a 

transmembrane receptor, has been shown to control cell fates in 

Drosophilia (Heitzler and Simpson 1991) and C. elegans (Wilkinson et al. 

1994). A more recent study has provided evidence indicating that the 

levels of Notch1 expression influence the T cell lineage pathway 

(Washburn et al. 1997).  Cells with a single copy of the Notch1 gene are 

less likely to become αβ T cells than wild-type cells.  In addition, Notch1+/- 

stem cells showed a higher ratio of γδ producing cells compared to αβ 
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cells.  Furthermore, an activated form of Notch allows thymocytes 

containing in-frame rearrangements of γ and δ TCR genes to develop 

along the αβ pathway. 

 

VDJ RECOMBINATION 

VDJ recombination is the mechanism by which a vast repertoire of 

diverse T cell and B cell antigen receptors is generated.  Exons encoding 

the variable regions of Igs or TCRs are constructed from germline variable 

(V), diversity (D) and joining (J) segments (Tonegawa 1983).  The 

assembly of these segments is dependent on the RAG1/RAG2 

recombinase machinery.  This recombination process occurs in a lineage 

specific manner (i.e. TCR genes fully assemble in T cells only and Ig fully 

genes assemble in B cells only) and in a developmental specific manner  

(i.e. assembly of TCRβ genes precedes TCRα genes and IgH genes 

before IgL genes).  TCRβ chain, TCRδ chain and Ig heavy chain variable 

regions are constructed from V, D, and J segments while TCRα and TCRγ 

chains and Igκ and Igλ light chains are constructed from V and J 

segments only (Bassing et al. 2002).  

VDJ recombination occurs with high efficiency only between gene 

segments in lymphocytes which are flanked by conserved recombination 

signal sequences (RSSs).  These RSSs consist of a palindromic heptamer 

separated from an A/T rich nonamer by either a 12 or 23 base pair spacer.  

The joining of gene segments generally follows a 12/23 bp rule dictating 
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that only gene segments which have different sized spacers attached may 

join together.  This rule essentially prevents the joining of two variable 

gene segments or two joining gene segments. 

The binding and cleavage of RSSs by recombination activating 

genes-1 and -2 (RAG-1 and RAG-2) is required for VDJ recombination to 

occur (McBlane et al. 1995).  These RAGs introduce single-stranded nicks 

between two coding sequences and their RSSs, followed by a trans-

esterification reaction, which acts to form a closed hairpin structure (van 

Gent et al. 1996a).  This hairpin structure is contained within a RAG 

postcleavage complex, which directs the formation of signal joints (SJ) 

and coding joints (CJ) (Hiom and Gellert 1997).  Signal joints are formed 

by the end-to-end fusion of two heptamer sequences while coding joints 

are the product of two fused coding regions.  Processing of the closed 

hairpin requires the DNA-dependent protein-kinase catalytic subunit 

(DNA-PKcs).  Nicking of these hairpins generates either 5’ or 3’ 

overhangs, which when filled in generate short P-region sequences that 

are found in CJs.  Further processing of the postcleavage complex 

requires the presence of nonhomologous DNA end joining (NHEJ) 

components.  Ku proteins have been postulated to be important for 

recruitment of these components to the postcleavage complex (Mahajan 

et al 1999). 

Processing of the hairpin coding-ends by nucleases, polymerases 

and terminal deoxynucleotidyl transferase (TdT) do not complete CJ 
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formation.  DNA ligase IV, with its binding partner XRCC4, performs the 

final ligation of CJs and SJs (McElhinny et al. 2000).  Although SJs rarely 

contain any nucleotide insertions or deletions, coding joints frequently 

contain both of these modifications (Tonegawa 1983).  These variations 

occur within the antigen binding site, thus increasing the diversity of Ig and 

TCR molecules.  However, these modifications cause many of the 

recombination products to have altered reading frames, which prevent 

successful gene rearrangements.  Nucleotide addition occurs by two 

mechanisms.  For N nucleotide additions to occur, TdT adds nucleotides 

to the end of a DNA chain without the use of a complementary strand.  In 

contrast, P nucleotide insertions are formed by the addition of nucleotides 

complementary to the bases of the coding end next to the RSS.  The DNA 

overhangs, which provide the template, are created when the RAG 

proteins cleave the hairpin structure in a non-symmetrical way (Engler et 

al.1992). 

The circumstances surrounding nucleotide loss are poorly 

characterized.  All cell types in which VDJ recombination occurs, including 

non-lymphoid cells expressing RAG 1 and 2, undergo loss of nucleotides.  

It has been postulated that exonucleases or possibly endonucleases are 

responsible for this nucleotide loss (Besmer et al. 1998). 

 

T CELL RECEPTOR GENES 

The four TCR loci (α,β, γ, δ) resemble the germline organization of 
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the immunoglobulin gene family (Figure 1.2).  Rearrangement of TCR 

genes, similar to Ig genes, occurs through recombination of V, D, and/or J 

segments to form a VJ, VDJ, or VDDJ rearrangement located more 

proximal to the exons encoding the respective constant regions (reviewed 

in Gellert 2002).  These recombination mechanisms are mediated by 

conserved palindromic heptamer and A/T-rich nonamer RSSs, containing 

either a 12 bp (one-turn) or a 23 bp (two-turn) spacer sequence found 

flanking each V, D, and J segment.  These rearrangements follow a one 

turn/two turn joining rule in which signal sequences containing a one turn 

spacer preferentially join with sequences containing a two turn spacer, 

ensuring that segments of the same type do not join together.  The 

isolation of TCR cDNAs was made possible by using the rationale that 

intervening DNA would be deleted during the rearrangement process 

(Hendrick et al. 1984). 

The first TCR gene identified was the β chain locus located on 

murine chromosome 6 and human chromosome 7.  The murine β locus 

encompasses 700-800 Kb, consisting of two constant regions, Cβ1 and 

Cβ2.  Each constant region has seven upstream J segments, Jβ1.1-1.7 

and Jβ2.1-2.7, respectively, six of which are functional for each cluster.  

Preceding each J segment cluster is a single D region.  Approximately 320 

Kb 5’ of the D, J, and C segments is a cluster of 21 Vβ genes (Chou et al. 

1987).  Notably, Vβ14 is located in an inverted transcriptional orientation
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Figure 1.2 Murine T Cell Receptor Loci 
Each of the four loci is represented in a germline configuration.  The combined α 
and δ locus is located on murine chromosome 14.  This locus is the most 
complex based on the fact that all Dδ, Jδ and Cδ genes are located between the 
Vα and Jα gene segments.  The γ and β loci are located on murine 
chromosomes 13 and 6, respectively.  The γ locus is divided into two separate 
clusters of 45 Kb and and150 Kb.  The β locus covers approximately 800 Kb.   
Blue, red, orange and green rectangles represent variable, diversity, joining and 
constant regions.  Purple oval denote enhancers.  ψ indicates a pseudogene. 
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10 Kb 3’ to Cβ2, which necessitates that it undergoes inversional joining 

during recombination. An enhancer has been identified within a 550 bp 

fragment located approximately 5 Kb downstream of Cβ2 (Krimpenfort et 

al. 1989).  An SJL deletion of 60-120 Kb in the Vβ gene cluster is seen in 

the SJL, C57L, C57BR, and SWR mouse strains.  The breakpoint of this 

deletion occurs between Vβ1 and Vβ5.2 on the 5’ end and between Vβ9 

and Vβ6 on the 3’ end, essentially deleting 50% of the Vβ genes.  

Next, the γ gene was identified as a TCR candidate, but did not pair 

with the β chain as expected (Raulet et al. 1985).  The γ locus is found on 

chromosome 13 in mouse and chromosome 7 in humans.  The murine γ 

locus is divided into three functional and one pseudo Jγ-Cγ segments with 

associated Vγ regions (Garman et al. 1986; Hayday et al. 1985).  These 

clusters are arranged in two segments, 45 Kb and 150 Kb, with an 

intervening DNA of about 10 Kb (Woolf et al. 1988).  The 150 Kb segment 

contains three Cγ regions, the Cγ3 pseudogene and the functional Cγ2 

and Cγ4 genes.   This pseudogene region comprises about 60 Kb and 

contains the Vγ1.3 and Jγ3 genes.  Downstream of the pseudogene 

segment lies the Vγ1.2-Jγ2-Cγ2 region in opposite transcriptional 

orientation to the other three Cγ regions.  The Vγ1.1-Jγ4-Cγ4 region is 

located at the 3’ end of the 150 Kb segment.  Four Vγ genes linked to the 

Jγ1-Cγ1 segment, Vγ5, Vγ2, Vγ4, and Vγ3, are contained within a 45 Kb 

segment.  Three enhancers exist in the γ locus, each located near a Cγ 

gene segment.  One enhancer is located 2.5 Kb downstream of Cγ1, while 
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another is located 3.5 Kb downstream of Cγ3 (Vernooij et al. 1993).  The 

third enhancer has been localized about 4 Kb 3’ to Cγ2. 

The most complex TCR locus is the genetic complex that encodes 

both α and δ chain genes and is located on mouse and human 

chromosome 14. The murine Vα family contains 75-100 members located 

upstream of the Dδ1 gene segment (Arden et al. 1985; Becker et al. 

1985). The number of Jα gene segments (50) is much greater than the 

number of Jδ gene segments (2). These Jα segments are located in a 60-

70 Kb region upstream of the single Cδ gene (Jouvin-Marche 1990).  The 

α chain enhancer has been localized approximately 3 Kb 3’ of Cα (Winoto 

and Baltimore 1989b).   

The genes for Dδ, Jδ, and Cδ are completely contained between 

the Vα and Jα gene segments of the murine α locus, while the Vδ gene 

segments are intermingled with the Vα gene segments.  Two Dδ genes 

(Dδ1-2), located approximately 25 Kb 5’ of Cδ, exhibit the unusual 

characteristic of being able to join to each other before joining to Jδ1 

(Chien et al. 1987).  Five of the six members of the Vδ gene family are 

located between the Vα segments and Vδ1, while Vδ5 is located in an 

opposite orientation 3’ of Cδ.  The δ enhancer has been localized midway 

between Jδ and Cδ.  A consequence of the Cδ orientation is its elimination 

during α gene rearrangement as mediated through deletional joining of Vα 

to Jα segments.  Interestingly, some Vδ gene segments have been 
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reported to recombine with Jα gene segments, but these products were 

not considered successful rearrangements (Raulet 1989). 

The γδ TCR exhibits structural characteristics common to all TCRs.  

For example, each V and C domain is organized into Ig folds, which 

usually consist of 7 β strands packed into two anti-parallel β sheets 

connected by a disulfide bridge.  Another characteristic feature is the 

separation of V regions into framework and hypervariable regions.  The 

hypervariable regions comprise complementary determining regions 

(CDRs) important for antigen binding specificity (Hayday 2000). 

The complexity of TCRγ and TCRδ genes correlates with the 

relative abundance of γδ T cells among different species.  The mouse 

TCRγ locus contains six V genes, of which two are clustered within one 

family and the other four are more divergent.  Additionally, the human 

TCRγ locus also contains six functional genes.  Conversely, the chicken γ 

locus exhibits 20 to more than 30 V gene segments (Six et al. 1996).  The 

abundance of Vδ gene segments in mouse, human and chicken is similar 

in numbers to those for Vγ segments, ∼16, ∼8-10, and ∼20-30, respectively 

(Arden et al. 1995a; Arden et al. 1995b; Clark et al. 1995).  γδ T cells 

account for only 0.5-5% of adult murine or human CD3+ cells.  Conversely, 

more than 70% of peripheral CD3+ cells in young chickens express γδ 

TCRs, which declines to 5-25% with age (Hein and Mackay 1991). 
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REGULATION OF TCR GENE TRANSCRIPTION 

T cell receptor expression is a very complex process, which begins 

with the assembly of a variable region from germline V, D, and J gene 

segments.  This assembly is regulated by the ability of the VDJ 

recombinase to “access” these gene segments and to recognize 

recombination signaling sequences (RSSs) flanking coding segments.  

The exact mechanism by which genes become accessible during 

development is not known, but several studies have shown that the cis-

acting elements, which regulate transcription, may also function to 

regulate accessibility (Sleckman et al. 1996) 

In addition to transcriptional activation, chromatin structure and 

methylation may be involved in accessibility.  Nucleosomes located near 

promoters and enhancers may be disrupted, giving rise to hypersensitive 

sites, so named because of their sensitivity to nucleases (Felsenfeld et al. 

1996).  DNase I hypersensitivity has been associated with Ig variable 

gene segments in B cells and exogenous substrates in pre-B cells that are 

undergoing recombination.  Methylation of CpG islands acts to inhibit 

transcriptional activity (Sleckman et al. 1996).  Several studies have 

indicated that hypomethylation is required for VDJ recombination, but the 

mechanism of action is not known. 

Active transcription of germline antigen receptor loci occurs around 

the same time that these genes are undergoing recombination (Okada 

and Alt 1994).  This correlation has led to speculation that transcriptional 

 19



regulatory elements may regulate VDJ recombination.  Eukaryotic 

transcription is regulated by cis-acting elements in promoters and 

enhancers.  Promoters lie upstream of genes and mediate binding of a 

transcription initiation complex.  Enhancers are not always essential, but 

instead, act to intensify transcriptional activity.  Promoter elements 

function in a distance- and an orientation-dependent manner, whereas 

enhancers are usually orientation independent and can function over large 

distances. 

The TCRβ enhancer was the first to be identified since the β locus 

was the first TCR chain to be isolated.  A 325 bp minimal fragment of the 

enhancer was localized 3’ of the Cβ2 region.  Analysis of seven DNA 

binding sites has revealed sequence homologies to a variety of DNA 

binding factors, such as GATA, CRE, E-box binding proteins, ETS, CBF 

and ATF/AP-1.  Deletion of the mouse TCRβ enhancer blocked αβ T cell 

development at the DN stage, but the number of γδ thymocytes was 

unaffected (Bouvier et al. 1996). 

Similar to the β enhancer identification, the TCRα enhancer was 

localized 3’ of the Cα region.  Activity resides in a minimal 112 bp 

fragment which contains binding sites for several transcription factors:  

ATF/CREB, TCF-1/LEF-1, CBF/PEBP2 and ETS (reviewed in Leiden 

1992).  Transcriptional regulation of this locus is further complicated by the 

presence of other regulatory sites within the same locus.  These other 

sites include the TCRδ enhancer and silencer elements. 
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TCF-1/LEF-1 is a member of the high mobility group (HMG) family 

of DNA binding proteins (Travis et al. 1991; Waterman et al. 1991).  These 

proteins bind to the minor groove of DNA, inducing a 120° bend in the 

double helix.  LEF-1 has been shown to facilitate interactions between 

Ets-1 and ATF/CREB to stabilize a nucleoprotein complex consisting of, in 

addition to the above factors, CBF/PEBP2 (Giese et al. 1995).  

Transfection experiments have shown that the TCF-1/LEF-1 binding site is 

essential for enhancer activity.  In LEF-/- mice, TCRα gene rearrangement 

and T cell development proceed normally prior to early postnatal lethality.  

TCF-/- mice are healthy, but exhibit reduced numbers of peripheral T cells 

and impaired thymocyte differentiation.  However, TCRβ gene 

rearrangement appears to be unaffected in these mice. 

Contrary to most TCR enhancers which are located downstream of 

constant regions, the δ enhancer is located in the Jδ-Cδ intronic region.  

Similar to the α enhancer, mutation of the CBF site abolished activity of 

the δ enhancer.  An enhancer blocking element, BEAD-1, has been 

localized 3’ of the TCRδ gene segments in the human TCRα/δ locus.  

BEAD-1 blocked the ability of the δ enhancer to activate a promoter in a 

chromatin-integrated construct (Zhong and Krangel 1997).  Therefore, 

BEAD-1 was proposed to act as a boundary that separates the α/δ locus 

into regulatory domains controlled by α and δ enhancers, which prevents 

Eδ from opening the chromatin of the Jα segments, thus allowing for VDJ 

recombination. 
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The TCRγ locus contains one known enhancer, near Cγ1, and two 

putative enhancers, located near Cγ3 and Cγ2 (Vernooij et al. 1993).   An 

enhancer for Cγ4 has not been isolated.  Multimers of the Cγ1 enhancer 

were found to be active in all T cells tested, but not in B cells or non-

lymphoid cells, suggesting other factors are involved in preventing Cγ1 

gene rearrangements in αβ cells (Spencer et al. 1991).  Similar to TCRδ 

and TCRβ enhancers, the Cγ1 enhancer contains a CBF site that 

abolishes activity when mutated (Hsiang et al. 1993).  Another critical site 

for γ enhancer activity was a Myb binding sequence located 5’ of the CBF 

site (Hsiang et al. 1995).  

An interesting aspect of the TCR V region promoters is the sharing 

of common regulatory sequences with enhancers.  For example, Vβ 

promoters contain a 10 bp sequence resembling the consensus binding 

site for the CREB/ATF family, which is essential for TCRα and TCRβ 

enhancer activity (Gottschalk and Leiden 1990).  Additionally, some Vα 

promoters contain a sequence characteristic of the GT boxes found in the 

TCRα enhancer. The murine Vδ1 promoter includes sequences 

characteristic of E box, Ets and GATA binding sites, which are also found 

in the δ enhancer (Kienker, et al. 1998).    In addition, sites which bind 

regulatory proteins have been identified upstream of the start site in the 

Vγ3 promoter region (Clausell and Tucker 1994). 
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REGULATORS OF TRANSCRIPTION 

As discussed in the previous section, TCR gene expression is 

regulated by various transcription factors exerting effects on a variety of 

genetic elements within promoters and enhancers.  The following sections 

will introduce transcription factors which will be explored as possible 

regulators of Vγ3 expression in later chapters. 

Bright as a Positive Regulator of Transcription 

The DNA-binding protein, Bright, plays a critical role in murine Ig 

expression during B cell differentiation (Webb et al. 1998).  Bright is a 

70kd protein, which binds A/T rich sequences found in promoter and 

enhancer regions of the immunoglobulin µ heavy chain locus (Webb et al. 

1989; Herrscher et al. 1995).  Increases in Ig transcription have been 

shown to be associated with the binding of Bright to MARs surrounding 

the intronic heavy chain enhancer (Herrscher et al. 1995; Oancea et al. 

1997; Webb et al. 1991).  This finding indicates that one function of Bright 

is to regulate Ig expression.  Bright contains a DNA binding domain 

termed ARID (AT Rich Interaction Domain), which binds within the minor 

groove of A/T rich DNA.  The binding of Bright to these sequences is 

important for nuclear matrix association (Dickinson et al. 1992).  The 

binding of Bright to the P2 and P4 sites of the IgH µ enhancer MAR 

causes the DNA to bend by 80 to 90 degrees.  This DNA bending allows 

for the possible interaction of regulatory sites not normally located in close 
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proximity to each other, somewhat analogous to regulation by the TCRα 

enhancer (Giese et al. 1992). 

 

CDP/Cux as a Negative Regulator of Transcription 

Cux is a member of the CDP/Cut family of homeoproteins which 

are a highly conserved group of proteins containing a Cut homeodomain 

and one or more ‘Cut repeat’ DNA binding domains.  The cDNA 

homologues of the initially identified Drosophila melanogaster Cut 

homeodomain protein have been isolated from human (CDP - CCAAT 

displacement protein), dog (Clox – Cut-like homeobox), mouse (Cux - Cut 

homeobox) and rat (CDP-2) (Neufeld et al. 1992; Andres et al. 1992; 

Valarche et al. 1993; Yoon and Chikaraishi 1994).  These 180-190kd 

CDP/Cut proteins function as transcriptional repressors in two different 

ways.  The first mechanism is a form of ‘passive repression’, which 

involves the competition of CDP/Cut proteins with transcriptional activators 

for the same or overlapping binding sites (Hanna-Rose and Hansen 

1996).  This competition for binding sites has been well characterized in 

experiments using the IgH µ enhancer region which show Cux will 

displace Bright binding (Wang et al. 1999).  The second mechanism is via 

a more ‘active repression’ approach in which two repression domains 

within the carboxy-terminal domain of CDP/Cut act to repress gene 

expression when bound to a promoter region through recruitment of 

HDAC II-associated co-repressor complexes (Mailly et al. 1996).   Cux has 
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been shown to negatively regulate transcription of several genes, such as, 

TCR β, IgH, gp91phox, and CD8α (Chattopadhyay et al. 1998; Wang et al. 

1999; Luo and Skalnik 1996; Banan et al. 1997). 

 

Transcriptional Regulation by Members of the GATA Family 

GATA family members all bind a consensus DNA sequence 

(A/T)GATA(A/G) (Merika and Orkin 1993).  The DNA binding domain of 

GATA factors contain two highly conserved zinc-finger domains located 

adjacent to a conserved basic region (Lowry and Atchley 2000).   Six 

members of the GATA family, GATA 1-6, have been identified in 

vertebrates (Fossett and Schulz 2001).  GATA-1 is expressed in cells of 

the erythoid and some myeloid lineages, while GATA-2 is important for the 

development of blood progenitors (Shimizu et al. 2001; Gottgens et al. 

2002).  As discussed in a previous section GATA-3 is an essential 

regulator of early thymocyte development.   Studies using GATA-3-/- ES 

cells have shown that differentiation of T cells is blocked at the earliest DN 

stage (Ting et al. 1996). Mutation of a GATA binding site in the Vδ1 

promoter inhibits transcriptional activity by 4-fold (Kienker et al. 1998).  

The DNase hypersensitive site 5(HS) of the human β-globin locus control 

region (LCR) contains 7 GATA binding motifs, which in the presence of 

GATA-1 inhibit transcription of this locus. (Ramchandran et al. 2000).   
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SATB1 as a Positive/Negative Regulator of Transcription  

SATB1, Special AT-rich Binding Protein, is a nuclear protein initially 

cloned due to its binding of a MAR located 3’ of the IgH µ enhancer  

(Dickinson et al. 1992).  Although SATB1 is predominantly expressed in 

thymocytes, low levels have been detected in testis, fetal brain and 

osteoblasts (Dickinson et al. 1992).  In addition to the MAR-binding 

domain, SATB1 contains two cut-like repeats and a homeodomain which 

share homology to the same domains found in Cux (Nakagomi et al. 1994; 

Dickinson et al. 1997).  This observation may explain transcriptional 

regulation of the CD8α gene through competition of Cux and SATB1 for a 

binding site within the promoter region (Banan et al. 1997).  Observations 

from a SATB1 knockout experiment indicate that SATB1 negatively 

regulates some genes in double positive (DP) thymocytes (Alvarez et al. 

2000).  In addition, several genes, including the apoptosis-related PD-1 

gene, the chemokine Mig gene and c-Myc, are expressed at a high level in 

DP SATB1-null thymocytes without any stimulation required (Alvarez et al.  

2000).  The mechanisms by which SATB1 exerts control over gene 

expression is not known, but SATB1 has been shown to recruit ATP-

dependent chromatin remodeling complexes to the IL-2Rα gene, which 

may act to modify histone acetylation and nucleosome placement (Yasui 

et al. 2002). 
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ONTOGENY OF γδ T CELLS 

The mechanisms by which the T cell repertoire is generated have 

not been totally defined, but a pattern of γδ TCR expression during the 

early stages of thymocyte development has been elucidated (Figure 1.3).  

The distribution of γδ T cell subsets follows a system of ordered waves.  

The first wave, expressing Vγ3/Jγ1/Cγ1 and Vδ1/Dδ2/Jδ2/Cδ segments, 

peaks in the mouse thymus at embryonic day 14 and becomes 

undetectable after E18 (Havran and Allison 1988).  These cells are not 

found in the adult thymus, spleen, or lymph nodes, but rather become the 

major population of skin intraepithelial lymphocytes (s-IELs).  The second 

wave expresses Vγ4/Jγ1/Cγ1 and Vδ1/Dδ2/Jδ2/Cδ segments which 

become r-IELs, lymphocytes that populate the female reproductive tract 

and tongue (Raulet et al. 1991).  This subset peaks in the thymus at birth, 

but fades during adulthood.  Both of these populations exhibit canonical 

joining of the variable gene segments. A subsequent third wave, 

appearing at E16, has a Vγ2/Jγ1 rearrangement paired to various Vδ 

genes.  This population constitutes the majority of γδ cells in the adult 

thymus, lymph nodes and spleen.  An interesting facet of this expression 

pattern is the canonical junctions seen in Vγ3 and Vγ4 cells. N region 

nucleotide addition in these canonical junctions fails to occur because 

terminal deoxynucleotidyl transferase (TdT) has not yet been expressed 

(Komori et al. 1993).   
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 Figure 1.3 Expression Pattern of the Cγ1 Variable Gene Segments 
The first wave of T cells in the murine embryonic thymus appears at E13 and 
expresses Vγ3.  These cells disappear about E18 in the thymus, but become the 
major population of γδ T cells in the adult skin.  The second wave, expressing 
Vγ4, reaches peak expression levels in the thymus at birth but fades during 
adulthood.  These cells mostly populate the female reproductive tract and 
tongue.   A third subset begins to be expressed in the thymus at E16 and 
expresses Vγ2.  This cell population comprises the majority of γδ T cells in the 
adult thymus, spleen and lymph nodes.  Vγ5 expressing cells appear just after 
Vγ2 expressing cells during development and populate the adult intestinal 
epithelium.  Vγ5, Vγ2, Vγ4 and Vγ3 recombine with Jγ1-Cγ1.  Vγ1.3 joins with Jγ3-
Cγ3 to form a pseudogene.  Vγ1.2 recombines with the upstream Jγ2-Cγ2 
segments.  Vγ1.1 will join with the downstream Jγ4-Cγ4 segments.             
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γδ T CELL FUNCTION 

Unlike the well-defined functions of αβ T cells, the role of γδ T cells 

in the immune system is not as well characterized.  Not only do γδ T cells 

appear before αβ T cells during ontogeny, but their expression pattern in 

mouse and human follow an ordered sequence of rearrangement, as 

mentioned previously.  In contrast to the specific peptide antigen 

presented in the context of self MHC molecules required by αβ T cells, γδ 

T cell activation appears to be peptide and MHC independent (Kronenburg 

1994). 

The major population of T cells in the epidermis, dendritic 

epidermal T cells (DETC), express an invariant Vγ3/Vδ1 TCR (Allison and 

Havran 1991).  DETC have been found to closely associate with 

keratinocytes and will become activated when these cells are physically or 

chemically stressed.  DETC will produce keratinocyte growth factor 1 

(KGF1) which when bound to the FGFR2-IIIb receptor, aids in wound 

healing (Jameson et al. 2002).  Activated intestinal γδ intraepithelial T 

lymphocytes (IEL) also express KGF, which acts in tissue regeneration 

(Chen et al. 2002).  Since activated γδ T lymphocytes in skin and intestine 

express KGF, these cells may serve to generally maintain the integrity of 

epithelial tissues.  The Vγ2/Vδ2 expressing T cells, the major subset in 

adult thymus and blood, are stimulated by microbial antigens as well as 

other pathogens and Daudi tumor cells (Bakowski et al. 1995).  Human γδ 
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T cells recognize an Ig light chain peptide bound by an hsp70 protein, 

which leads to cytolysis of the target cells (Kim et al. 1995). 

Roles for γδ T cells have been implicated in several infectious and 

noninfectious diseases.  γδ T cells proliferate in response to several 

intracellular pathogens, such as Mycobacterium tuberculosis, Listeria 

monocytogenes and Chlamydia trachomatis.  In addition, Burkitt’s 

lymphomas and renal carcinomas also increase the number of γδ T cells.  

These γδ T cells may strengthen the immune response to tumor cells by 

secretion of chemokines, such as Mip-1α, Mip-1β, RANTES and IL-8, 

which attract antigen presenting cells (APCs) and neutrophils (Boismenu 

et al. 1996). In humans, the MHC class I chain-related gene, MICA, is 

expressed via heat shock-responsive promoters in intestinal epithelial 

cells (Groh et al. 1996).  MICA expressing colon carcinomas and MICA 

transfected human B cells were shown to stimulate γδ IELs (Groh et al. 

1998).  These observations are analogous to the stimulation of murine 

DETC by stressed keratinocytes.  These observations support a broad 

role for γδ T cells in tumor and disease surveillance. 

 

SUMMARY AND EXPERIMENTAL RATIONALE 

Much research has been performed to elucidate the process by 

which HSCs differentiate into mature T cells, but many questions still 

remain.   For example, as indicated from mouse knockout experiments, 

many regulatory proteins influence the pathway a lymphoid precursor may 
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take, but it is not always clear whether the disrupted gene is directly 

responsible for the observed results.  Also, is the choice between αβ and 

γδ lineages determined by TCR signaling or is it the expression of one or 

the other T cell receptors which influences the preference?  Murine γδ T 

cell expression in the embryonic thymus follows a pattern of ordered 

waves, but the mechanisms controlling this process have not been 

explicated.  Many studies have shown the importance of regulatory factors 

in determining accessibility of gene segments to the recombinase 

machinery during rearrangement.  The mechanism that allows for gene 

access is not known, but chromatin structure, methylation and cis-acting 

elements found in promoters and enhancers which regulate transcription, 

may also function to regulate accessibility.   

The goal of this project was to pinpoint regulatory elements 

essential for Vγ3 gene expression.   Previous work identified two regions 

within the Vγ3 promoter region, which may have roles in regulating gene 

expression (Clausell and Tucker 1994).  A minimal promoter region was 

shown to require sequences downstream from the start site and into the 

second exon for transcription of a reporter gene.  An upstream region 

exhibited properties reminiscent of silencer elements by repressing 

transcriptional activity of heterologous promoters.   The research 

presented in this dissertation has been focused on revealing factors and 

elements within these two regions which control Vγ3 expression.   In 

Chapter 2, DNA sequences in the promoter and repressor regions were 
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identified, through DNase I footprinting and mutational analysis in transient 

transfections, that affect Vγ3 promoter-driven reporter gene expression.  

The experiments in Chapter 3 are aimed at discovering proteins which 

bind these regions and exert control on Vγ3 expression.  In Chapter 4, a 

summary of these findings will be presented in the context of a model 

involving differential binding of Bright, Cux and SATB1 to the Vγ3 promoter 

and repressor regions.  The dissertation concludes with Materials and 

Methods in Chapter 5. 
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Chapter 2: Analysis of the Murine TCR Vγ3 Promoter 
Region 

 

As previously stated, rearrangement of TCR genes occurs in an 

ordered fashion, γ genes rearrange prior to δ genes and β genes 

rearrange before α genes.  The first thymocytes initially to appear in the 

murine embryonic thymus (E13) contain Vγ3 to Jγ1 rearrangements 

through canonical junctions (Havran and Allison 1990).  A second subset 

preferentially rearranges Vγ4 to Jγ1, also through canonical junctions 

(Itohara et al. 1990).  These two cell populations are seen during early 

fetal development and are undetectable in the adult thymus.  But, Vγ3 

expressing cells are readily seen in the adult epidermis.  In contrast, Vγ2 

and Vγ5 expressing cell populations become noticeable later in fetal 

thymic development with Vγ2 expressing cells becoming the major subset 

in the adult thymus (Raulet et al. 1991).    Gene rearrangement at the δ 

locus follows a similar expression pattern in the fetal mouse (Carroll and 

Bosma 1991).  In addition, B cells follow an analogous ordered sequence 

of rearrangement at the IgH and light chain loci (Ehlich et al. 1993).  

These observations indicate that during distinct stages of lymphocyte 

development, the VDJ recombinase must be redirected to specific regions 

within antigen receptor loci. 

The accessibility of gene segments to the RAG-1 and RAG-2 

components of the recombinase machinery has been shown to influence 
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these stage specific rearrangements (Stanhope-Baker et al. 1996).  

Enhancer function has also been shown to be important for rearrangement 

initiation.  For example, targeted deletion of Ig and TCR enhancers 

impairs rearrangement of their respective gene segments (Bories et al. 

1996; Chen et al. 1993; Sleckman et al. 1997). 

In contrast, germline or sterile transcripts, resulting from 

transcription preceeding rearrangement, have been isolated which contain 

Ig VH and Vκ genes and TCR Vα and Vγ genes.  These sterile transcripts 

appear to be enhancer independent, since the enhancers are located far 

away from the V region promoters.  Consequently, the different expression 

patterns could be attributed to locus specific factors.   Transgenic lines 

carrying a minilocus consisting of Vγ2, Vγ4, and Vγ3 gene segments 

upstream of the Jγ1-Cγ1 genes, with and without the Cγ1 enhancer, were 

compared to determine their ability to undergo gene rearrangement (Baker 

et al. 1999).  Several independent transgenic lines of each type were able 

to undergo rearrangement of Vγ2 to Jγ1 in thymocytes and both types of 

constructs were efficiently transcribed (Baker et al. 1999).  These 

observations indicate that the Cγ1 enhancer is not necessarily required for 

either rearrangement or expression of these transgenes.  Therefore, other 

elements within the promoter regions must be important. 

Several studies have shown the importance of promoters in 

controlling targeted gene rearrangement. Deletion of the cryptic promoter 

region upstream of the TCR Dβ1 gene segment reduced rearrangement 
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and germline transcription of this gene segment (Whitehurst et al. 1999). 

In addition, transgenes were produced in which the promoter regions of 

Vγ3 and Vγ2 were interchanged.  These experiments showed an increase 

of Vγ3 expressing cells in the adult thymus, while Vγ2 expressing cells 

were only seen early in fetal development (Baker et al. 1998).  This 

scenario is directly opposite from that observed in the normal mouse 

thymus.    One explanation for these observations is that Vγ gene usage is 

regulated by promoter regulatory sequences upstream of these genes.  

Cis-acting elements within these promoter regions may allow for 

accessibility of the genes at different developmental stages.  The 

sequence diversity of the four Vγ gene promoters suggests that regulation 

occurs through distinct trans-acting factors.  

 

IDENTIFICATION OF CIS-ACTING SEQUENCES WITHIN THE 3’ PROXIMAL 
PROMOTER 

Previous work (Clausell and Tucker 1994) identified two areas 

associated with the Vγ3 promoter region important for transcriptional 

regulation (Figure 2.1).  Minimal sequences required for promoter activity 

were localized between an upstream nucleotide at position -147 and a 

downstream nucleotide at position +208 from the transcriptional start site 

as determined by reporter gene studies.  Additional reporter data 

established a putative repressor region upstream of the start site between 

-897 and –586 (Clausell and Tucker 1994).   This 311 bp region was 

shown to have a repressive effect on homologous, as well as, 
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Figure 2.1 Expanded View of the Vγ3 Promoter Region 
Two regions of interest were determined through transient transfections.  A 
minimal promoter region was established which extended from the start site 
upstream 147 bp and downstream into the second exon at position +208.  In 
addition, a 311 bp sequence was isolated between two HindIII restriction sites 
located at –897 and –586 upstream of the start site.   
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heterologous promoter driven transcription in γδ Molt-13 cells.   

 

DNASE I FOOTPRINTING IDENTIFIES THREE HYPERSENSITIVE OR PROTECTED 
REGIONS IN THE 3’ PROXIMAL PROMOTER 

The minimal Vγ3 proximal promoter (–147/+208) was divided into 

two segments, for use in DNase I footprinting experiments (Figure 2.2).  

The 5’ promoter fragment extended from –147 downstream to +37, which 

includes 5 bp of the leader sequence.  The 3’ promoter fragment 

contained the rest of the leader sequence, the intronic region and a 

portion of the second Vγ3 exon (+37/+208).  Both regions were 

alternatively end-labeled to check both upper and lower stands for 

protected areas. Nuclear extract was prepared from 70BET104, a murine 

T-cell hybridoma that expresses a Vγ3/Vδ1 TCR (Born et al. 1987; O’Brien 

et al. 1989).  Since this cell line expresses an endogenous Vγ3 gene, it 

would likely also contain factors important for regulation of this gene, thus 

making it a logical protein source for the footprinting experiment.  End-

labeled probes were mixed with increasing amounts of 70BET104 nuclear 

extract and were subjected to DNase I treatment.  Three areas of partial 

protection and hypersensitivity were localized within the 3’ promoter region 

(Figure 2.3).  All three areas mapped within the first intron (+65/+181) to a 

sequence which exhibited a >80% ATC-rich composition.  The +106/+112 

region showed strong protection on both strands, as did the +134/+137 

region.    Strong protection on the lower strand of the +76/+82 region was 
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Figure 2.2 Vγ3 Minimal Promoter Region 
The Vγ3 minimal promoter was divided into two fragments of approximately equal 
length for footprinting analysis.  The 5’ promoter probe, which is 184 bp in length, 
consists of sequence 147 bp upstream of the start site and extends 5 bp into the 
leader sequence (+37).   The 3’ promoter probe, which is 171 bp long, comprises 
the remaining portion of the leader sequence and nucleotides up to the +208 
position.   
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5’ (+74) 

5’ (+145)

 
Figure 2.3 DNase I Footprinting of the 3’ Promoter Region Identifies Areas of 

Protection and Hypersensitivity 
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Radioactively end-labeled DNA probes containing sequences from position +37 to +208 of the 
minimal promoter region were subjected to DNase I digestion and separated on a 6% denaturing 
polyacrylamide gel.  Lane 5 contains the A+G sequence ladder.  Lanes 1-4 samples have been 
treated with a 1:100 dilution of DNase I.  Lanes 2-4 contain 8µg, 12µg, and 16µg of 70BET104 
nuclear extract, respectively.  Lane 5 contains the A+G sequence ladder.  Sequence homologies 
for the Bright binding site and CAAT-like box have been denoted by over-lining and bracketing, 
respectively. 



also seen.  A hypersensitive area was observed on both strands around 

+90.  An additional hypersensitive region was found on the top strand at 

nucleotides +138 and +139.   The importance of these regions will be 

explored in the next section. 

 

HYPERSENSITIVE AND PROTECTED 3’ PROMOTER REGIONS CONTRIBUTE TO 
Vγ3 TRANSCRIPTIONAL CONTROL 

Constructs were generated which contained mutations of the above 

hypersensitive and protected regions (termed +76, +111 and +134) to 

determine their contribution to transcriptional control of Vγ3 gene 

expression (Figure 2.4).  These mutations were introduced into the basal 

promoter region (-147/+208) fused to the chloramphenicol 

acetyltransferase (CAT) gene in the presence or absence of the repressor.  

These constructs were transiently transfected into 70BET104, the Vγ3 

expressing hybridoma, and Molt-13, a human γδ expressing lymphoma 

(Hata et al. 1987). Cell lysates were prepared and then analyzed for the 

production of CAT protein using an ELISA (Enzyme-linked immunosorbent 

assay)  (Figure 2.5).  In the Molt-13 cell line, the +76 mutation showed 

about a 50% decrease in activity, while the +111 mutation exhibited an     

~ 70% decrease.  In contrast, the +134 mutation displayed virtually no 

change in activity compared to the wild-type construct.  In the 70BET104 

cell line, the +111 and +134 mutations revealed significant transcriptional
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Figure 2.4 3’ Promoter Mutations 
Sequence mutations of the three protected and hypersensitive (HS) regions 
within the 3’ promoter. These regions, denoted as +76, +111 and +134, are 
boxed and the nucleotide changes are indicated above and below the sequence.  
Protected (asterisk), weakly protected (square) and hypersensitive (plus) areas 
are noted on the sequence.
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Figure 2.5 Analysis of the 3’ Promoter Mutations 
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Schematic of constructs containing wild-type or mutated (X) DNase I 
protected/HS sites, in the presence (dashed lines) or absence of the repressor.  
Each reporter gene construct was co-transfected with a luciferase expression 
plasmid in order to normalize the CAT values. Cell lysates isolated from 
transiently transfected Molt-13 and 70BET104 cells were tested for the presence 
of CAT.  CAT values for the constructs were based on setting the value for the –
147/+208 minimal promoter construct to 100%. Each data series represents the 
average of 5 experiments. 



effects.  The +111 mutation caused a > 90% decrease in CAT reporter 

gene transcription while the +134 mutation increased CAT gene 

transcription by ~ 160%.  The +76 mutation showed a modest 30% 

decrease in activity.   The presence of the repressor exhibited negative 

regulatory effects on all constructs in both cell lines except for the +111 

mutation in Molt-13 cells, which displayed a slight increase in 

transcriptional activity.   The +111 and +134 mutations seemed to exhibit 

the most striking effects of the three mutations, especially in the 

70BET104 cell line. 

A negative aspect of using cell lines is the inability to perfectly 

mimic the cellular environment required for a specified gene to be 

expressed.  Vγ3 gene expression occurs only in the fetal thymus, and both 

cell lines employed in this experiment have been derived from adult 

tumors.  Transfections were conducted in the Molt-13 cell line because 

initially this was one of the few cell lines which would support expression 

of the –147/+208 reporter construct.  But, the expression of a Vγ3 

containing TCR by the 70BET104 cell line might mimic some of the 

conditions found in fetal thymocytes. The differences in the data sets may 

be a consequence of the origins of these cell lines.     

 

THE 3’ PROMOTER REGION CONTAINS A MAR 

 Matrix- or scaffold-associated regions (MARs or SARs) have been 

postulated to have an active role in gene regulation through transcription, 
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recombination and replication (Cockerill and Garrard 1986).  DNA, 

condensed into nucleosome subunits, is associated with the nuclear 

matrix through looped domains (Gasser and Laemmli 1986).  MAR binding 

proteins do not typically bind a primary consensus sequence, but rather, a 

DNA sequence in which one strand consists of mostly As, Ts and Cs, 

excluding Gs (ATC sequences; Dickinson et al. 1992).  These AT rich 

sequences are generally 150-200bp regions that have a high probability 

for base unpairing when examined under negative superhelical strain 

(Kohwi-Shigematsu and Kohwi 1990).  DNA segments containing matrix-

associated sites are often found at the boundaries of transcription units 

and near enhancer-like regulatory sequences (Forrester et al. 1994; 

Gasser and Laemmli 1986; McKnight et al. 1992).  Positive and negative 

effects on IgH gene transcription have been shown in several studies to 

be mediated through MARs located within the intronic enhancer (Eµ) and 

the VH promoters (Scheuermann and Garrard 2000).  Similarly, a MAR 

within the Igκ intronic enhancer is postulated to be involved in 

transcription, demethylation, recombination and somatic hypermutation 

(Betz et al. 1994; Goyenechea et al. 1997; Xu et al. 1996).   MARs are 

typically defined through the use of an in vitro binding assay which tests 

for the ability of a DNA sequence to bind to nuclear matrix preparations 

(Cockerill et al. 1987). 

The hypersensitive sites in the 3’ promoter region reside within a 

region (+65/+181) of high (~80%) ATC content.  Clustered ATC 
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sequences are characteristic of nuclear matrix-associated regions, such 

as those discussed above.  Therefore, a matrix-binding assay was 

performed using this region.  The wild-type and mutated forms (+111 and 

+134 mutations) of the 3’ promoter were also tested for their ability to bind 

a nuclear matrix preparation. Specific binding was observed for both wild-

type and mutated forms, indicating that +65/+181 can act as a MAR 

(Figure 2.6).  Two fragments from the VH S107 promoter region were used 

as positive (Bf150) and negative (TX125) controls (Webb et al. 1991b).  

This experiment was able to determine the specificity but not the 

magnitude of binding for these fragments.  MARs span 100-200bp 

sequences containing a high ATC content, therefore more than the 

modest nucleotide changes made in the mutations (Figure 2.4) are 

required to disrupt binding to the nuclear matrix.   

 

IDENTIFICATION OF REGIONS WITHIN THE REPRESSOR WHICH CONTRIBUTE 
NEGATIVELY TO Vγ3 TRANSCRIPTION 

As discussed above, previous experiments established the 

existence of a putative repressor region upstream of the Vγ3 start site 

between -897 and –586 (Clausell and Tucker 1994).  Analysis of this 

311bp intronic region revealed several consensus sequences for DNA 

binding proteins (Figure 2.7a).  Most notable are the six recognition 

sequences for GATA factors, of which four are located within a 50 bp 

region (-660 to -610).  The arrangement of these putative GATA sites is 
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Figure 2.6 The 3’ Promoter Region Binds to the Nuclear Matrix 
Wild-type and mutated (+111 and +134) forms of the 3’ promoter were end-
labeled with [32P] and tested in a MAR binding assay.  Labeled   empty vector 
was used as an internal nonspecific control.   E. coli carrier DNA was added in 
increasing amounts  (10µg, 50µg and 100µg) to test for specificity of binding for 
each of the probes.  Fragments shown to either contain (Bf150) or not contain 
(TX125) IgH variable region-associated MARs were used as positive and 
negative controls, respectively (Webb et al. 1991b).  
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igure 2.7 Analysis of the Repressor Region Reveals Functionally Required 
Sequences  

) Location of putative transcription factor binding sites within the repressor 
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reminiscent of sites located near the DNase hypersensitive site 5(HS) of 

the human β-globin locus control region (LCR) (Ramchandran et al. 2000).  

GATA-3 has been shown to be an essential regulator of early thymocyte 

development playing integral roles in the regulation of TCR α, β, and δ 

genes, as well as the CD8α gene (reviewed in Kuo and Leiden 1999).  

Mutated and/or truncated repressor fragments were generated to 

determine the involvement of individual putative GATA sites.  Fragments 

containing these various alterations were cloned upstream of the minimal 

promoter region (-147/+208) fused to the CAT reporter gene (Figure 2.7a).  

These constructs were transiently transfected into the γδ T-cell line, Molt-

13 and their CAT production was compared to wild-type (Figure 2.7b).  

The C fragment, which contains the putative GATA tetrad, displayed the 

highest decrease in transcriptional activity (75%) compared to the other 

fragments.  Mutation of the putative GATA sequences slightly relieved 

repression in each of the fragments.   These results indicate that a GATA 

factor could be a negative effector of transcription through the repressor.  

Since, the C fragment contains sequences which control repressor 

function, it will now be referred to as the minimal repressor region.  
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DNASE I FOOTPRINTING DETECTS A HYPERSENSITIVE SITE IN THE MINIMAL 
REPRESSOR REGION 

The above experiments indicated that sequences within the 

minimal repressor (C fragment) were responsible for the negative effects 

on transcriptional activity.  The repressor region was analyzed for DNase I 

hypersensitivity to determine which of the four GATA sites might be 

important.  The 70 bp minimal repressor region was asymmetrically end-

labeled on both stands and footprinted using nuclear extracts isolated 

from 70BET104 and the human αβ T cell line, Jurkat (Lewis et al. 1982).   

The two cell lines produced similar results, and a representation of the 

results using Jurkat is shown in Figure 2.8. Only one of the potential 

GATA binding sites (GATA#3) showed weak protection of a single 

nucleotide.  The 3’ end of the repressor (- 597 to –594) contains a highly 

ATC rich sequence on the upper strand, which also showed strong 

protection and hypersensitivity.  The complementary sequence exhibited 

weak protection of two nucleotides (-599 and –598).  Laura Kienker, a 

previous post-doctoral fellow in our lab, also performed DNase I 

footprinting experiments using the minimal repressor (data not shown). 

While no definitive protection was seen, two hypersensitive (HS) sites 

were detected.  One HS region corresponded to the GATA#3 site while 

another region (Footprint A) encompassed 18 base pairs just downstream 

of the GATA#4 site.

 49



 
Figure 2.8 DNase I Footprinting of the Minimal Repressor Region Identifies 

Protected and Hypersensitive Sites 
Radioactively end-labeled minimal repressor fragments were subjected to DNase I digestion and 
separated on a 6% denaturing polyacrylamide gel.  Lane 5 contains the A+G sequence ladder.  
Lanes 1-4 have been treated with a 1:300 dilution of DNase I.  Lanes 2-4 contain 8µg, 12µg, and 
16µg of Jurkat nuclear extract, respectively.  The GATA consensus sequences have been 
blocked and numbered.  Putative binding sites for Bright and Cux are indicated by over-lining and 
bracketing, respectively.  
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DISCUSSION 

The experiments presented in this chapter investigate cis-acting 

sequences that contribute to the transcriptional regulation of the Vγ3 gene.   

These include a region downstream of the transcriptional start site (termed 

the 3’ promoter) and ~ 580 bp upstream (termed the repressor).   

Protected and hypersensitive sequences within the 3’ promoter 

were analyzed using TRANSFAC, a database that can aid in identifying 

transcription factor binding sites (Kel-Margoulis et al. 2003).  The +76 

region did not return any significant matches to known transcription factor 

binding sites.  Interestingly, a protected sequence located on the lower 

strand of the +134 region (5’CCAAT) exhibited homology to a DNA binding 

site for CBF (CCAAT binding factor) and CDP (CCAAT displacement 

protein) (Matsunami et al. 1989; Chattopadhyay et al. 1998).  Both of 

these proteins have been associated with regulating transcription through 

elements found in promoters.   CDP has been shown to repress 

transcription by antagonizing binding for positive activators that bind to the 

same conserved core (ATA), including Bright (Wang et al. 1999).   

Although a Bright binding site was not detected by TRANSFAC, both the 

+111 and +134 regions exhibited high sequence homology to the 

consensus DNA sequence for Bright (A/G-AT-T/A-AA) (Herrscher et al. 

1995).   

Mutations of these three areas within the 3’ promoter were tested to 

determine the relevance of these regions.  Transient transfection and 
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reporter gene assay data indicated that the +111 region contains an 

important element, which acts to positively regulate transcription, since 

transcriptional activity of this mutation was significantly repressed (~90%).  

Alternatively, the +134 region must be involved in negatively regulating 

transcription of the Vγ3 gene, due to an increase in transcriptional activity 

(~160%) when using the mutated form in 70BET104 transfections.  MAR 

binding proteins can regulate gene expression both in a positive and 

negative fashion.  Results from the MAR binding assay indicate that the 3’ 

promoter region can act as a MAR.   These observations support the 

possibility that the 3’promoter region (specifically +111 and +134) are 

important for transcriptional regulation of the Vγ3 gene.  Chapter 3 will 

explore what proteins may account for these results. 

Results from the reporter gene assays revealed two key functional 

aspects of the repressor region. The minimal sequence required for 

repression was mapped to an ~80bp region that contained a putative 

tetrad of GATA binding sites.  In addition, constructs, which contained 

mutations of the GATA sites, generally showed inhibition of transcription. 

The footprinting results also supported the possibility that a GATA factor 

may be binding to the GATA#3 site.  These observations indicated that a 

GATA factor was a likely candidate to be important for transcriptional 

regulation via the repressor region.   The footprinting data revealed 

another interesting area located downstream from the putative GATA 

tetrad.  Visual examination of this region detected an ATC-rich area on the 
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upper strand corresponding to hypersensitive nucleotides (-597 to –594).  

Within this region, two CCAAT-like sequences and a Bright consensus 

DNA binding site reside.   The possible effect of GATA-3 and other 

relevant proteins on repressor function will be explored in Chapter 3.
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Chapter 3:  Protein Regulators of Vγ3 Transcription 

 

As previously discussed, rearrangement of TCR genes proceeds in 

a tissue-, lineage-, and developmentally specific manner.  Many studies 

have shown positive regulatory effects of enhancers and promoters in the 

active recombination of linked gene segments (Demengeot et al. 1995; 

Mather and Perry 1983; Oltz et al. 1993; Schlissel and Baltimore 1989; 

Sikes et al. 1999).  These regulatory elements are postulated to control 

rearrangement via the VDJ recombinase through gene segment 

accessibility (Yancopoulos and Alt 1985).  The accessibility model 

proposes that chromatin exists normally in a closed conformation where 

the DNA is closely associated with histones.  Changes in this state allow 

the VDJ recombinase to bind recombination signal sequences located in 

the chromatin.  Alteration of the chromatin structure, CpG demethylation, 

and cis-acting elements within gene promoter and enhancer regions may 

contribute to the recombination process (Alt et al. 1992). Rearrangement 

has been correlated with transcription of unrearranged genes, while loss 

of sterile transcripts signals the end of gene rearrangement (Fondell and 

Marcu 1992; Goldman et al. 1993; Gorman and Alt 1998).  Studies, using 

transfected and/or transgenic recombination substrates which eliminate 

regulatory regions, such as promoters, enhancers and silencers, have 

shown these elements to be necessary for regulation of recombination in 
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developing lymphocytes (Sleckman et al. 1996).  In addition, other 

experiments have indicated that cis-acting elements, such as MARs and 

LCRs may influence accessibility (Hesslein et al. 2001).  

 

CONTROL OF NEGATIVE REGULATORY EFFECTS THROUGH GATA FACTORS 

One of the most studied LCRs is found within the human β-globin 

locus.  A very notable feature of this locus is a quintet of GATA binding 

sites.  The importance of these GATA sites in controlling β-globin 

transcription and the results of our mutational analysis (Chapter 2) led to 

the hypothesis that a GATA binding factor may regulate transcription of 

Vγ3 gene segments via the repressor region.  To address this possibility, 

Molt-13 cells were co-transfected with repressor-reporter constructs and a 

GATA-3 expression plasmid.  However, Western blot analysis (data not 

shown) indicated that expression of GATA-3 above Molt-13 endogenous 

levels could not be achieved. 

The failure to detect exogenous expression of GATA-3 in γδ T cells 

led to the use of the non-GATA-3 expressing green monkey kidney cell 

line, COS-7.  COS-7 cells were co-transfected with increasing amounts of 

a GATA-3 expression plasmid and the basal promoter region (-147/+208) 

fused to a CAT reporter gene in the presence or absence of the repressor 

(Figure 3.1a).  The repressor was able to decrease transcription by ~2.5 

fold, and the presence of exogenously expressed GATA-3 (1µg) exerted 

an additional  ~ 5-fold decrease in transcription.  Unexpectedly, the over- 
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Figure 3.1 Analysis of COS-7 Cells Transiently Transfected with GATA-3 
(a) CAT ELISA data of COS-7 cytoplasmic lysates.  Lysates were normalized using co-
transfected Luciferase control.  The values are based on 100% CAT production for the basal 
promoter (-147/+208) cloned upstream of a CAT reporter gene.  Human GATA-3 was cloned into 
the pcDNA3 expression vector in either  (-) negative or (+) positive orientation.  Representative of 
5 independent experiments. 
(b) Western Blot of COS-7 nuclear extracts using Anti-GATA-3. Lane 1 shows in vitro translated 
positive control.  Lanes 2-9 contain 30µg of transfected COS-7 nuclear extract.  Lanes 2 and 3 
are transfected with Luciferase only and pBL-CAT2 control plasmid, respectively.   Lanes 4 and 7 
contain 2µg pcDNA3 vector with human GATA3 cloned in the negative orientation.  Lanes 5 and 
8 contain 1µg of transfected pcDNA3\Human GATA-3.  Lanes 6 and 9 contain 2µg of transfected 
pcDNA3\Human GATA-3. 
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expression of GATA-3 (1µg) also decreased (~4-fold) transcription from 

the basal promoter.  Repression was approximately equivalent regardless 

of whether the repressor was present or absent.  Therefore, the negative 

effect produced by GATA over-expression appears to be exerted at the 

promoter not the repressor.  Increasing the amount of GATA-3 expressing 

plasmid (2µg) slightly eased the repressive effects.  Western blotting 

confirmed that exogenous GATA-3 of the predicted 47kD size was 

produced in these COS cells (Figure 3.1b).   These experiments showed 

that GATA-3 was acting as a negative transactivator of transcription in this 

system.  However, the direct target of this effect does not appear to be 

within the repressor. 

EMSA (Electrophoretic Mobility Shift Assay) was performed using 

the GATA-tetrad containing minimal repressor as a probe to test which of 

the putative sites was responsible for binding of GATA-3 to this region 

(Figure 3.2).  Not only was the minimal repressor (Lanes 1) unable to bind 

in vitro translated GATA-3, but also the addition of GATA-3 antibody 

(Lanes 2 and 4) did not produce any supershifted complexes as compared 

to the CD8α positive control (Lane 3). The CD8α fragment contains a 

functional GATA-3 binding site (Landry et al. 1993).  GATA-3 is believed 

to be the GATA factor important in T cell development. However, we also 

tested GATA-1 and GATA-2 antibodies in these EMSAs. Neither of these 

antibodies supershifted the DNA-protein complexes (data not shown).
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Figure 3.2 Comparison of IVT GATA-3 Binding Between the Minimal Repressor 

and the CD8α GATA Binding Site 
Radioactively end-labeled minimal repressor and CD8α GATA-3 site were tested 
with IVT GATA-3 to determine specificity of binding for the repressor region.  
Probe and protein were incubated for 20 minutes at room temperature before the 
addition of αGATA-3 antibody (HG3-31; Santa Cruz).
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Exogenously produced GATA-3 negatively effected Vγ3 

transcription in the presence and absence of the repressor.  The most 

straightforward interpretation is that GATA-3 is exerting its effects on 

another DNA sequence within the –147/+208 promoter region. Higher 

levels of GATA-3 modestly but consistently reduced repression. 

Therefore, GATA-3 may exert effects on another transcription factor in the 

cell which leads to indirect reduction.  Transfection data using the GATA-

tetrad containing minimal repressor fragment and subsequent mutation of  

these sites (Chapter 2) indicated that a GATA factor could be important for 

repressor function.  However, the EMSA data argues against this theory.  

The minimal repressor fragment failed to bind IVT GATA-3 as compared 

to the CD8α positive control.  Therefore, regions downstream of the GATA 

tetrad were analyzed for other proteins that might be relevant for repressor 

function. 

   

ROLE OF CUX IN CONTROLLING REPRESSOR FUNCTION  

The above observations indicate that a factor other than GATA-3 is 

responsible for repressor function.  An interesting result was seen when 

the minimal repressor was tested in an EMSA using Jurkat nuclear extract 

(Figure 3.3).  The two distinct complexes near the upper portion of the gel 

(Lane 2) are reminiscent of the Cux and SATB1 complexes observed in 

EMSA data generated using the mouse mammary tumor virus promoter 

NRE region (Liu et al. 1999).  The upper and lower complexes were  
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Figure 3.3 Cux and SATB1 Bind to the Minimal Repressor 
Jurkat nuclear extract (3µg) was incubated with end-labeled minimal repressor 
fragment prior to the addition of various antibodies.  The mouse IgG (1µg) 
antibody was use as a negative control.  The complexes were separated on a 4% 
polyacrylamide gel. 
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supershifted with αCux antibody and αSATB1 antibody, respectively. 

Since Cux has been shown to be a negative regulator of 

transcription (Banan et al. 1997; Chattopadhyay et al. 1998; Luo and 

Skalnik 1996; Wang et al. 1999), transient transfections were performed in 

which Cux was exogenously over-expressed.  Figure 3.4 summarizes 

results of Molt-13 γδ T cells transfected with a Cux expression plasmid or 

empty vector. These cells were co-transfected with the basal promoter 

region (-147/+208) fused to a CAT reporter gene in the presence or 

absence of the repressor.  The table shows data compiled from four 

different CAT ELISAs.  The difference in the repressive effects is 

negligible whether the repressor is absent or present.  Therefore, Cux 

repression may be specific to the promoter region.  The Western blot of 

the same transfected nuclear extracts shows that exogenous Cux can be 

expressed in this cell line (Figure 3.4b). 

 

CUX BINDING SITE IN THE REPRESSOR 

Since the transfection data was generated using the Molt-13 cell 

line, nuclear extracts from these transfected cells were tested in EMSA.  

Nuclear extracts were isolated from Molt-13 cells either transfected with 

luciferase or Cux expression plasmids.  The EMSA complexes formed 

using the labeled minimal repressor were subjected to treatment with 

various antibodies (Figure 3.5).   As expected the Cux transfected extract  
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Figure 3.4 Analysis of Molt-13 Transfected with Cux 
(a) Molt-13 was co-transfected with a Cux expression plasmid or empty vector 
and the basal promoter (-147/+208) fused to a CAT reporter gene in the 
presence or absence of the repressor.  Fold repression refers to the decrease in 
transcriptional activity in lysates containing exogenously produced Cux compared 
to empty vector controls.  Average of 4 independent experiments 
(b) Western blot of transfected Molt-13 nuclear extracts. All lanes contain 30µg of 
extract. Lane 1, Luciferase only; Lane 2, pBL-CAT2 control; Lanes 3 and 4, V3(-
147)CAT co-transfected with empty vector or Cux expression vector, 
respectively; Lanes 5 and 6, V3(-147)CAT/REP co-transfected with empty vector 
or Cux expression vector, respectively.  The top and bottom arrows indicate the 
presence of endogenously and exogenously expressed CDP/Cux, respectively. 
The disparity between the two expressed forms can be explained by the 83 
amino acid difference in length for the human CDP form (expressed by the 
human Molt-13 cell line) versus the mouse Cux form (expressed by the Cux 
plasmid). 
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Figure 3.5 DNA-Protein Complex Formation using the Minimal Repressor and 

Molt-13 Transfected Nuclear Extracts 
Molt-13 cells were transiently transfected with luciferase expressing plasmid 
(Lanes 7-12) or with a Cux expression plasmid (Lanes 1-6).  Nuclear extracts 
were incubated with end-labeled minimal repressor prior to the addition of 
various antibodies.  The Mouse IgG antibody was used as a negative control. 
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exhibited a very strong upper complex that was supershifted with an αCux 

antibody (Lane 2). Unexpectedly, the αCux antibody also partially 

ablated/supershifted the lower complex, which could be attributed to 

exogenously expressed Cux (compare Lanes 1 and 7).  

The minimal repressor DNase I protected/hypersensitive site 

identified in Chapter 2 was a match for the Bright binding site, therefore 

Bright antibody was tested in the above EMSA to determine if Bright would 

bind the repressor (Herrscher et al. 1995).  Surprisingly, the same upper 

complex was also affected by the addition of an αBright antibody (Lane 4). 

This observation may be due to the binding of more Cux to the DNA in the 

presence of the Bright antibody. The αSATB1 antibody, αGATA-3 

antibody and the mouse IgG negative control antibody did not perturb any 

of the complexes (Lanes 3, 5 and 6).   

The luciferase-transfected control extract (Lanes 7-12) produced 

two faint complexes near the upper part of the gel, one which 

corresponded to the upper complex and the other which produced a 

slower migrating complex compared to the Cux-transfected extract.   The 

upper complex was shifted by αCux antibody (Lane 8) and the lower 

complex was ablated by the αBright antibody (Lane 10).  Addition of 

αSATB1 antibody slightly ablated the lower complex (Lane 9).  The 

αGATA-3 antibody and mouse IgG control did not have any effect (Lanes 

11 and 12). 
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The Cux over-expression transfection data did not reveal Cux to be 

a major factor in the negative regulation of transcription by the repressor.  

However, EMSA data did confirm that Cux could bind to the repressor.  

Also, these data indicated that Cux could negatively effect transcription 

through the promoter region. The Molt-13 cell line does express low levels 

of endogenous Cux, and the Western blot of the transfected nuclear 

extracts showed that Cux could be over-expressed in this cell line.  One 

explanation for the apparent lack of additional repression in the presence 

of the repressor may be attributed to the binding site in the repressor 

already being occupied by endogenous Cux.  The EMSA data using the 

nuclear extracts from Molt-13 transfected with Cux displayed a complex of 

an unexpected size (lower complex, Lanes 1-6).  The presence of this 

complex could be credited to several factors.  The lower complex could be 

attributed to the exogenous expression of Cux since this complex did not 

form in the luciferase-transfected lanes (7-12).  The smaller sized complex 

may be a cleaved form of Cux which will still bind DNA (Goulet et al. 

2002).  In addition, an alternatively spliced form of Cux may be produced 

in this cell line when levels of full-length Cux are high (Goulet et al. 2002).  

This complex could also be formed from a Cux protein that is post-

translationally modified (reviewed in Nepveu 2001). The role Cux plays in 

regulation at the promoter and repressor regions will be examined later in 

this chapter. 
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ROLE OF BRIGHT IN TRANSCRIPTIONAL REGULATION 

The unexpected result seen with the αBright antibody in the 

previously described EMSA using the minimal repressor fragment 

prompted us to examine the effect of Bright over-expression in transient 

transfections. Bright binds MARs found in the promoter and enhancer 

regions of the µ heavy chain locus and has been shown to be a positive 

regulator of immunoglobulin transcription (Herrscher et al. 1995).  

Although, Bright (B-cell regulator of immunoglobulin heavy chain 

transcription) has been traditionally associated with B cells, several T cell 

lines express full-length Bright protein (Figure 3.6) and Bright mRNA has 

been detected using RT-PCR in several of these T cell lines (data not 

shown).  In addition,.  mRNA of the expected size for Bright was observed 

in mouse fetal brain, heart, lung, thymus, and liver, but not in these adult 

tissues (Webb et al. 1998).  These observations support the possibility 

that Bright accumulates at the right time and place to be a participant in 

TCR γδ regulation.  Figure 3.7 shows the analysis of protein extracts 

isolated from cells co-transfected with a Bright expression plasmid and the 

Vγ3 reporter construct.  CAT ELISA results showed a three-fold increase 

in transcriptional activity of the basal promoter in the samples co-

transfected with the Bright expression plasmid versus empty vector.  In the 

presence of the repressor, the level of transcription increased by an 

average of two and one-half fold over the levels seen just for the basal 
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Figure 3.6 Comparison of Bright Expression Levels in Various T Cell Lines 
Equal amounts of nuclear extract isolated from the various cell lines were tested 
in a Western blot for the presence of full-length Bright protein. Molt-13 and Peer 
are human γδ T cell lines (Hata et al. 1987; Loh et al. 1987).  Jurkat is a human 
αβ T cell line (Lewis et al. 1982).  BW5147 is a mouse αβ T cell line (Born et al. 
1987).  33BTE140.9 and 79BET104 are murine γδ T cell hybridoma expressing 
Vγ4 and Vγ3 gene segments, respectively (Born et al. 1987; O’Brien et al. 1989).
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Figure 3.7 Analysis of Molt-13 cells Transfected with Bright Expression Plasmid 
(a) Molt-13 was co-transfected with Bright expression plasmid or empty vector 
and the basal promoter (-147/+208) fused to a CAT reporter gene in the 
presence or absence of the repressor.  Fold activation refers to the increase in 
transcriptional activity in lysates containing exogenously produced Bright 
compared to empty vector controls.  Average of 3 independent experiments. 
(b) Western blot of nuclear extracts.  All lanes contain 30µg of extract.  Lane 1, 
BCL-1 control; Lane 2, Luciferase only; Lane 3, pBL-CAT2 control; Lanes 4 and 
5, V3(-147)CAT co-transfected with empty vector or Bright expression vector, 
respectively; Lanes 6 and 7, V3(-147)CAT/REP co-transfected with empty vector 
or Bright expression vector, respectively. 
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promoter.  The Western blot confirmed an increase in Bright protein in 

samples co- transfected with the Bright expression plasmid.  Therefore, 

the over-expression of Bright in Molt-13 cells acts to increase transcription 

of the basal promoter region and the increased level is almost doubled in 

the presence of the repressor.   

These transient transfection results, in addition to EMSA data that 

show Bright binds to the repressor, argue that Bright functions in positively 

regulating Vγ3 expression.   

 

ROLE OF SATB1 IN TRANSCRIPTIONAL REGULATION OF Vγ3 

Since the EMSA data (Figure 3.3) showed that SATB1 bound to the 

repressor region, experiments were performed to determine whether 

SATB1 would regulate transcription through the repressor.  Molt-13 γδ T 

cells were co-transfected with a SATB1 expression plasmid or empty 

vector and the basal promoter (-147/+208) fused to a CAT reporter gene 

in the presence or absence of the repressor.  Figure 3.8 shows the 

analysis of the transient transfections.  Transcriptional activity increased 

significantly (4.5- to 5-fold) in samples transfected with the SATB1 

expression plasmid. The presence of the repressor imparts a slightly 

elevated level of activation as compared to just the basal promoter.  

However the high standard deviation in this data set questions the 

significance of this increase.
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Figure 3.8 Analysis of SATB1 Transient Transfections 
(a) Molt-13 was co-transfected with SATB1 expression plasmid or empty vector 
and the basal promoter (-147/+208) fused to a CAT reporter gene in the 
presence or absence of the repressor.  Fold activation refers to the increase in 
transcriptional activity in lysates containing exogenously produced SATB1 
compared to empty vector controls.  Average of 3 independent experiments. 
(b) Western blot of nuclear extracts.  All lanes contain 30mg of extract.  Lane 1, 
Jurkat control; Lanes 2, 3 and 4, V3(-147)CAT co-transfected with empty vector 
or increasing amounts of SATB1 expression vector, respectively; Lanes 5, 6 and 
7, V3(-147)CAT/REP co-transfected with empty vector or increasing amounts of 
SATB1 expression vector, respectively. 
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Although SATB1 co-transfection resulted in significantly increased 

transcriptional activity, no increase in the accumulation of SATB1 protein 

was observed by Western blotting (Figure 3.8b).  However, as indicated 

by the EMSA data in Figure 3.5 (Lane 9), the γδ expressing Molt-13 cell 

line contains a low level of SATB1-DNA binding activity.  The endogenous 

levels of SATB1 expression in the Molt-13 cell line are modest (Figure 

3.8b).  Therefore, cellular processes may be in place to prevent the 

expression levels of SATB1 from becoming too high.  But, the 

removal/degradation of exogenously expressed SATB1 may not occur 

until after it has been able to exert its effects on transcription. Alternatively, 

modest increases in SATB1 might achieve a threshold necessary to 

activate an unrelated and, as yet, unidentified activator of Vγ3.   

 

IDENTIFICATION OF TRANSCRIPTION FACTOR BINDING SITES WITHIN THE 
MINIMAL REPRESSOR REGION 

Since Bright, Cux and SATB1 were all shown to bind to the minimal 

repressor, key areas that are important for binding of each factor were 

identified.  Based on the DNase I footprinting data in Chapter 2, mutations 

were made in the minimal repressor to determine these regions (Figure 

3.9).  Although, the GATA#3 site showed weak protection in the 

footprinting experiment, a construct was generated which contained a 

mutation of this site (Mutant MR-GATA#3).  The Footprint A mutation was 

made in a HS region, which encompasses 18 base pairs just downstream 

of the GATA#4 site.  A mutation was made in the Bright DNA consensus 
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Figure 3.9 Diagram of Minimal Repressor Mutations 
Shown at the top is the 74 bp sequence, which encompasses the four putative 
GATA binding sites and regions downstream to the HindIII restriction site.  
Circled Xs refer to the mutated GATA binding sites.  Base changes in the 
Footprint A and Footprint B mutations are indicated in lower case lettering under 
the reference top strand. 
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binding site (Mutant MR-Footprint B).   Another fragment contained 

mutations of all four GATA sites (Mutant MR- GATA#1-4).  A double- 

stranded oligo containing just the four GATA consensus sequences was 

also constructed (GATA#1-4 Oligo).  These mutated fragments were end-

labeled and incubated with 3 µg of Jurkat nuclear extract.  EMSA results 

from the relevant mutations are presented in Figure 3.10. SATB1 binding 

was abolished using constructs which contained mutations within the four 

GATA consensus sites (Lane 6) and Footprint B (Lane 10).  The GATA#3 

(Lane 4) and Footprint A (Lane 8) mutations showed a decrease in binding 

of SATB1.  In addition, the GATA#1-4 (Lane 6) and Footprint B (Lane 10) 

mutations exhibited a dramatic decrease in binding of Cux.  The Footprint 

A mutation (Lane 8) also displayed a decrease in Cux binding.   

Determination of a binding site for Bright was not as 

straightforward, since Jurkat does not express Bright protein.  In vitro 

translated Bright was used as a protein source in EMSA.  Although a 

Bright-specific complex was formed, as proved by supershifting with 

αBright antibody, the band on the gel was not clearly defined (data not 

shown).   Footprint B and the GATA#1-4 mutations abolished any complex 

formation, while the Footprint A mutation seemed to greatly inhibit binding 

of Bright (data not shown).   

Figure 3.11 summarizes EMSA data using various labeled probes,  

Molt-13,   and   Jurkat   nuclear   extracts.    The  upper  portion  shows   a 
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Figure 3.10 Analysis of Minimal Repressor Mutations in EMSA 
Labeled probes were made from various non-mutated or mutated minimal 
repressor (MR) fragments.  Lanes 1, 3, 5, 7 and 9 contain probe only.  Lanes 2, 
4, 6, 8 and 10 contain 3µg of Jurkat nuclear extract.  Lanes 1 and 2 contain non-
mutated probe.  Lanes 3 and 4 contain Mutant MR-GATA#3.  Lanes 5 and 6 
contain Mutant MR-GATA#1-4.  Lanes 7and 8 contain Mutant MR-Footprint A.  
Lanes 9 and 10 contain Mutant MR-Footprint B.  Cux and SATB1 complexes as 
determined previously using antibodies are indicated. 
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representation of the banding pattern for the minimal repressor with the 

two nuclear extracts.  Bands 1a and 1b can be shifted using α-Cux Ab and 

α-SATB1 Ab, respectively.  A faint band (1d) appears when the Mutant C- 

GATA#1-4 probe is used.  Note that the mutation of the GATA#3 site 

causes Band 3 to disappear, yet previous data failed to establish this as a 

GATA factor binding site (Figure 3.5, Lane 11).  Bands 1a, 1b, and 1c all 

disappear when sequences 3’ of the GATA sites are deleted.  This 

observation indicates that these sequences are required for formation of 

the upper complexes.   

To summarize the results in this section, the identification of Cux 

and SATB1 binding sites was facilitated by the formation of distinct 

complexes using Jurkat nuclear extract in EMSA.  The minimal repressor 

contains two important areas for binding of these proteins.  The four GATA 

sites and Footprint B seem to be the critical areas for binding of Bright, 

Cux and SATB1.  None of these mutations completely inhibited binding of 

Cux.  Perhaps instead, each might reduce the stability of binding, thus 

allowing Cux to dissociate from the DNA more quickly.    The Footprint A 

mutation had only a minimal effect on Bright, Cux and SATB1 binding.  

This result could be attributed to the mutation eliminating nucleotides 

important for binding of these proteins to the GATA#1-4 and Footprint B 

regions.  These observations indicate that GATA#1-4 and Footprint B act 

as overlapping binding sites for these three proteins and that each of 

these areas provides separate anchor sites for binding.   
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Figure 3.11 Comparison of Molt-13 and Jurkat EMSA Complexes Using 

Mutations of the Minimal Repressor  
The upper portion of the figure displays data from an EMSA experiment, which 
has the different complexes labeled.  The table at the lower portion of the figure 
summarizes formation of complexes when using the mutated fragments in 
EMSA.  Formation of a complex is denoted as a plus sign with the number of 
pluses indicating intensity, while a minus sign indicates no complex was 
detectable.  
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IDENTIFICATION OF TRANSCRIPTION FACTOR  BINDING SITES WITHIN THE 
PROMOTER REGION 

In Chapter 2, DNase footprinting results revealed three 

hypersensitive and protected areas (+76, +111 and +134).  Results from 

the 70BET104 transient transfections using mutated forms of these 

regions indicated that the +111 mutation produced a significant decrease 

in transcription, while the +134 mutation activated transcription levels. The 

third mutation (+76) exhibited a modest decrease in activity.  Based on the 

over-expression data and EMSA results presented previously in this 

chapter, the 3’ promoter seemed a likely candidate to contain sequences 

to which Bright, Cux and SATB1 might bind.  EMSA was performed using 

as probes the 3’ promoter in the mutated and unmutated forms.  Labeled 

fragments containing the three mutations (+76, +111, and +134) were 

incubated with in vitro translated Bright and a bacterially produced 

truncated Cux protein termed Cux ⅔ C-term (Figure 3.12).   This Cux 

protein, which consists of the three cut domains and the homeobox, was 

used because a full length Cux produced in bacteria or by in vitro 

translation was unstable.  This truncated form of CDP/Cux has been 

shown to specifically bind a 22 bp promoter proximal NRE in the MMTV 

long terminal repeat (Lui et al. 1999).  The +76 mutation showed results 

similar to the wild-type fragment, which bound both Bright and Cux 

protein.  Conversely, the +134 mutation failed to form a complex with 

either of two proteins.  Interestingly, the +111 mutation seemed to exhibit
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Figure 3.12 EMSA Analysis of the 3’ Probe and Promoter Mutations  
End-Labeled wild-type and mutated fragments were incubated with either in vitro 
translated Bright or Cux ⅔ C-term protein.  Complexes were separated on a 4% 
polyacrylamide gel. 
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an increase in binding of Cux compared to the wild-type fragment, but no 

difference in Bright binding was observed.   

The 3’ promoter formed complexes (data not shown) analogous to 

those observed when testing the minimal repressor region with Jurkat 

nuclear extract in EMSA (Figure 3.3). Therefore, the mutated probes were 

also tested using Jurkat nuclear extract to confirm the results obtained 

with the Cux ⅔C-term protein (Figure 3.13).   The use of αCux antibody 

and αSATB1 antibody confirmed that the upper complex consisted of Cux 

while the lower complex contained SATB1.  The +111 mutation bound 

Cux, but binding of SATB1 was very weak.  The +134 mutation exhibited 

extremely weak binding of Cux and the binding of SATB1 was 

undetectable. 

Binding sites for Bright, Cux and SATB1 within the 3’ promoter 

were determined by using the wild-type and mutated promoter fragments 

in EMSA (Figures 3.12 and 3.13).  The +111 mutation only inhibited the 

binding of SATB1, while the +134 mutation prevented binding of all three 

proteins.  This observation is somewhat analogous to that observed for 

these three proteins in the repressor.  Each of the three proteins is able to 

bind to the +134 site, designating this region as critical for regulation of 

transcription.  The +111 region acts as another anchorage site and is 

required for the binding of SATB1.  A model to explain the binding of these 

proteins to the promoter region and the subsequent regulation of Vγ3 

transcription will be presented in Chapter 4.

 79



  

 
 

Cux

SATB1

1   2    3   4   5   6    7   8    9 10  11  12 13 14 15

Cux

SATB1

Cux

SATB1

1   2    3   4   5   6    7   8    9 10  11  12 13 14 15

 
Figure 3.13 EMSA of Wild-type and Mutated Promoter Probes 
Radioactively end-labeled 3’promoter, +111 mutation and +134 mutation were 
incubated with 6µg of Jurkat nuclear extract prior to the addition of various 
antibodies.  Samples were loaded onto a 4% polyacrylamide gel.
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Chapter 4:  Summary of Research and Model for Vγ3 
Transcriptional Regulation 

As mentioned previously, promoter regions have been shown to 

control accessibility of genes during distinct developmental stages.  For 

example, the experiment, in which the Vγ2 and Vγ3 promoter regions were 

exchanged, demonstrated that elements within these regions control the 

ordered expression pattern of the corresponding Vγ gene segments 

(Baker et al. 1998).   The question still exists as to whether accessibility is 

engendered by binding of the recombinase machinery or binding of 

transcription factors.  Both of theses processes have been shown to 

influence the expression of TCR genes. 

Previous work identified two regions within the Vγ3 promoter region 

important for transcriptional regulation of the associated genes:  A minimal 

promoter region (-147/+208) and a 311 bp region located 580 bp upstream 

of the start site (Clausell and Tucker 1994).  Transfection experiments with 

the 311 bp repressor region showed that this region exhibited the ability to 

negatively regulate heterologous promoter activity.  Three sequences 

within the promoter region, a CTF/NFN-1 consensus site at –55, an Ets 

homology sequence at –65 and a degenerate SP-1 site at –100, were 

shown through mutagenesis to negatively affect transcription.  However, 

deletion of the +36/+208 region essentially abrogated all transcriptional 

activity.  Therefore, the goal of this research was to determine functional 
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elements within the repressor and +36/+208 which control Vγ3 

transcription. 

The promoter and repressor regions displayed areas of 

hypersensitivity and protection in footprinting experiments.  Within the 

promoter region, the protected and hypersensitive areas localized to three 

distinct sections in the leader intron (+65/+181).  These sections contained 

an AT-rich tract that closely resembles MARs found in regulatory regions 

near genes. MARs have been shown to play an integral role in regulation 

of gene transcription (Chattopadhyay et al. 1998).  The AT-rich sequence 

and hypersensitivity detected in this area led to the testing and 

identification of the 3’ promoter region (+37/+308) as a MAR.  

Within the repressor, two areas of hypersensitivity and protection 

were found.  One region corresponded to a consensus GATA binding site  

(GATA#3), while the other showed homology to Cux and Bright binding 

sites.  Although six consensus GATA binding sites were detected in the 

repressor, none bound directly to any of the three GATA factors tested.  

Thus, a functional role for this family of transcription factors in the 

repressor was not established.  Nonetheless, transient transfection studies 

did indicate a significant decrease in transcription from the promoter in the 

samples that over-expressed GATA-3, regardless of whether the 

repressor was present.  However, a model for direct GATA-3 binding to 

the promoter was not supported by EMSA data employing nuclear extracts 
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(eg. Jurkat) which express GATA-3 protein (Blokzijl et al. 2002).  This 

ambiguity could be explained by cell specific differences. 

Transfection studies also determined that Bright and SATB1 had 

positive regulatory effects on Vγ3 transcription.  Interestingly, the addition 

of the repressor seemed to augment transcriptional activity in the 

presence of Bright, but not in the presence of SATB1.  Cux was shown to 

negatively regulate transcription primarily through the promoter region 

since the presence of the repressor did not seem to contribute additional 

inhibition of transcription.   

Mutations within the promoter and repressor regions helped 

establish binding sites for Bright, Cux and SATB1.  EMSA data using the 

mutated and wild-type repressor fragments as probes determined that two 

regions, one containing the GATA tetrad and the other situated at the 3’ 

end of the repressor, were crucial for binding of these three proteins.  

Mutations within the 3’ promoter MAR ascertained binding sites for the 

three transcription factors.  The +134 region was shown to bind Bright, 

Cux and SATB1.  In addition, mutation of the +111 region inhibited binding 

of SATB1. 

Transient transfection data using these mutated fragments supports 

the assignment of binding sites for these proteins.  The +134 mutation 

exhibited either an increase (70BET104 cell line) or no change (Molt-13 

cell line) in transcriptional activity compared to wild-type.  This observation 

is consistent with the EMSA data, which showed that Cux does not bind to 
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the +134 mutation. The lack of Cux binding relieves repression thus 

allowing transcription to proceed normally or to be increased due to the 

influence of other undetermined positive regulators.  The +111 mutation 

demonstrated a decrease in activity in both cell lines.  This result is 

consistent with Cux binding to the promoter, thus negatively regulating 

transcription.  Both of the cell lines tested express Cux protein and Cux 

has been shown to compete with Bright and SATB1 for binding of MARs in 

other promoters and enhancers (Banan et al. 1997; Wang et al. 1999). 

Therefore, Cux is a likely candidate to negatively control transcriptional 

regulation of Vγ3 gene expression. 

A model for Vγ3 transcriptional regulation through the promoter and 

repressor regions is presented in Figure 4.1.  We speculate that Bright 

and Cux bind to the same site within the Vγ3 promoter MAR element and 

the repressor and more than likely compete for binding at these sites.  

When the levels of Bright in the cell are high, Bright binds both the 

repressor and promoter, consequently activating transcription.  In this 

instance, the repressor is acting more like an enhancer element.  As the 

amount of Bright declines, Cux binds the promoter and repressor, thus 

repressing transcription (Figure 4.1a). The detection of Bright mRNA in the 

mouse thymus at E16 provides a rationale for Bright to be present at a 

time commensurate with high levels of Vγ3 transcription, thus permitting 

the possibility that Bright could participate in regulation of this gene.  A test 

of this hypothesis in vivo must await generation of Bright knockout mice. 

 84



Since SATB1 has been shown to be predominately expressed in 

thymocytes, this protein would also seem to be a probable candidate for 

positive transcription of the Vγ3 gene segment.  Binding of SATB1 at both 

the +111 and +134 sites would prevent binding of Cux.  SATB1-null mice 

exhibited a block in T cell development at the CD4+CD8+ double positive 

stage, which occurs after the branch point for cells that enter the γδ T cell 

pathway (Alvarez et al. 2000).  This observation argues against SATB1 

being important during fetal development of γδ T cells.  But, the obvious 

binding of SATB1 to the repressor and promoter regions may bear on the 

question as to how DETCs in the skin are able to proliferate after the 

disappearance of Vγ3 expressing precursors from the adult thymus. 

Although murine adult skin has never been tested for the expression of 

SATB1, the presence of SATB1 in peripheral T cells of the skin could 

promote Vγ3 expression.   Since SATB1-null mice exist, epidermal sheets 

from the null mice and wild-type littermates could be tested to compare 

relative numbers of Vγ3 expressing DETC.
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a 

b 

 
 
 
Figure 4.1 Regulation of Vγ3 Gene Expression by Bright and Cux 
(a) When the expression levels of Bright are high, Bright binds to the +134 
promoter region and sites within the repressor which allows transcription of Vγ3 is 
allowed to proceed.  As Bright expression levels become lower, Cux binds to 
these sites, thus suppressing transcription of Vγ3.(b) In the presence of Cux 
transcription is repressed, but the binding of SATB1 relieves repression.  
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Chapter 5: Materials and Methods 

 

PLASMID CONSTRUCTS   

The minimal promoter (-147/+208) fragment was generated using 5’  

(V3(-147) GCTCTAGAAATGTCATAAAATGACCC) and 3’ (V3(+208) 

AGGACTCGAGATCCTGAGATATCCAGGAG) oligos, which contained 

XbaI and XhoI restriction sites, respectively.  The resulting PCR product 

was cloned into the XbaI and XhoI restriction sites of the pBL-CAT2 

chloramphenicol acetyltransferase reporter gene vector.  The -147/+208 

fragment was cut with HincII to produce the 5’ (184 bp) and 3’ (171 bp) 

promoter probes.  Promoter mutations were made using the Quik Change 

Site-Directed Mutagenesis Kit (Stratagene).  Oligos for the mutations as 

are follows with nucleotide changes indicated in bold:   

+76 Mutation   

5’-GTCTTTGACCTGTGTTGCCAGCGAATTTTGCTTCTTTGTTCC-3’ 

3’-CAGAAACTGGACACAACGGTCGCTTAAAACGAAGAAACAAGG-5’ 

+111 Mutation 

5’-CCCTTCGTTATGGTTGTGAACTGAGATAACTGGG-3’ 

3’-GGGAAAGCAATACCAACACTTGACTCTATTGACCC-5’ 

+134 Mutation 

5’-CTGAGATAACTGGGCCTAAAACTGCTTGGGAAAATCTCTG-3’ 

3’-GACTCTATTGACCCGGATTTTGACGAACCCTTTTAGAGAC-5’ 
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Repressor deletions and mutations were created using PCR primers to 

generate a mutated fragment which was then cloned into the HindIII 

restriction site of the minimal promoter (-147/+208) CAT construct for 

transfection studies or pGEM7Z for probe production.  Deletion fragments 

were generated using the full repressor as template and the same 3’ 

primer.  The mutation fragments (Mut A and Mut C) were generated using 

the mutated repressor as template.  All fragments used as probes were 

released using HindIII.  The primers are as follows with nucleotide 

changes indicated in bold: 

Mut Rep 

5’GAAAGTGAATAAAAACTGCAAGGCCCAAAGCATTTTGAAAAAGAAG

TGCCTGCATTCCAT-3’ 

5’GATATTGGGAGAACCAGGCAGCGTAACTCATGCGTAGGCTCATGA

AGTCACTTCAGTACTGCTGTTACAATGTGAA-3’ 

A Fragment 

5’TAGGAAGCTTTTCCATTTCCTTCAGGACCAC-3’ 

5’ATTAAAGCTTTGCTTTATTGATATTGGGAGAAC-3’ 

Minimal Repressor (C Fragment) 

5’TCACAAGCTTACACTATCACTGAAGTGCTATC-3’ 

5’ATTAAAGCTTTGCTTTATTGATATTGGGAGAAC-3’ 

Mutatant MR GATA# 

5’ATTAAAGCTTTGCTTTATTGATATTGGGAGAACCAGGCATGATAGCT

CATGCGTAGGCTCATGATAGCACTTCAGTGATAGTGTTAC-3’ 
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Footprint A 

5’ATTAAAGCTTTGCTTTATTGGCTGGACTGCCTATGAAGATGATAGCT

CATGCTATCACTCATGA-3’ 

Footprint B 

5’ATTAAAGCTTTGCTCTAGACGTATTGGGAGAACCAGGC-3’ 

 

PROBE LABELING 

DNA constructs were cut with the appropriate restriction enzymes 

and the ends were dephosphorylated using calf intestinal alkaline 

phosphatase.  All probes were end-labeled with [32P]γATP in a kinase 

reaction for 1 hour at 37°C.  Labeled fragments were gel purified using an 

8% polyacrylamide gel. 

 

DNASE I FOOTPRINTING 

Probe fragments for use in footprinting experiments were 

alternately end labeled to test both the upper and lower strands.  

Increasing amounts of nuclear extract were mixed with 80Kcpm of probe 

in a total of 25µl of binding solution (50mM Tris-HCl (pH 8.0), 100mM KCl, 

12.5mM MgCl2, 1mM EDTA. 20% Glycerol, 1mM DTT) and incubated for 

20 minutes at room temperature.  Following the binding reaction, 1.4µl of a 

100mM MgCl2/50mM CaCl2 solution and the appropriate dilution of DNase 

I (Invitrogen) were added and incubated at room temperature for 1 minute.  

80µl of Stop solution (200mM NaCl, 30mM EDTA, 1% SDS, 100µg/ml 
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yeast tRNA) were added and the samples were phenol:chloroform extract 

and ethanol precipitated.  The dried DNA pellets were resuspended in 

loading dye (1:2 0.1M NaOH:formamide (v/v), 0.1% xylene cyanol, 0.1% 

bromophenol blue) according to the radioactive counts for each sample 

and loaded onto a 6% polyacrylamide/urea gel.  An adenine and guanine 

ladder was produced via the Maxam-Gilbert method for each fragment 

tested. 

 

TRANSIENT TRANSFECTIONS AND CAT ASSAYS    

All COS-7 cell transfections were carried out using the transfection 

reagent Fugene 6 (Roche) and Qiagen isolated plasmids.  3 x 106 cells 

were mixed with 0.5 µg of pRSV Luciferase DNA and a 3 molar excess of 

test plasmid in the presence of 6 µl of the Fugene 6 reagent.  Transfected 

cells were grown for 48 hours in culture media (DMEM supplemented with 

2 mM L-glutamine, 0.1mM nonessential amino acids, 1mM sodium 

pyruvate, 57.2µM 2-ME 100U/ml penicillin, 100µg/ml streptomycin, and 

10% FCS).  Transfections using the Molt-13 and 70BET104 cell lines were 

performed using electroporation.  3µg of pRSV Luciferase DNA and 15 ug 

of reporter gene DNA were mixed with 1-2 X 107 cells in 300ul of  

complete media.  Molt-13 and 70BET104 cells were electroporated using 

a gene pulser (Bio-Rad) set at 950µF and 240V or 260V, respectively.  

The cells were then grown for 48 hours in media.  Molt-13 was grown in 

RPMI-1640 supplemented with 25 mM Hepes, 2 mM L-glutamine, 0.1mM 
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nonessential amino acids, 1mM sodium pyruvate, 57.2µM 2-ME 100U/ml 

penicillin, 100µg/ml streptomycin, and 10% FCS.  The 70BET104 cell line 

was grown in DMEM supplemented with 2 mM L-glutamine, 0.1mM 

nonessential amino acids, 1mM sodium pyruvate, 57.2µM 2-ME 100U/ml 

penicillin, 100µg/ml streptomycin, and 10% FCS.   

Cell lysates were prepared after the 48-hour incubation period.  

Cells were washed three times in cold 1X PBS.  Cell pellets were 

resuspended in Buffer A (10mm Hepes, 1.5mM MgCl2, 10mM KCl, O.5mM 

DTT) and homogenized using a 1cc syringe and 23-gauge needle.   The 

solution was centrifuged at 3000rpm for 2 minutes at 4°C.The resulting 

supernatant contained cytoplasmic proteins.  The nuclear pellet was 

further processed to make nuclear extract (See Western Blotting).    

Luciferase activity was measured by the addition of 100µl Luciferase 

reagent (Promega Corp.) to 20 µl cell lysate and read in a Dynatech 

Laboratories Microtiter Plate Luminometer.  Luciferase activity was used 

to normalize CAT values for each sample.  CAT protein levels were 

assayed using the CAT ELISA (Roche) kit.  Absorbance readings were 

determined at 405nm in a microplate reader (BioTek Instruments).  A 

standard curve was run for each experiment to determine relative protein 

amounts. 
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MATRIX-BINDING ASSAY 

Nuclear matrix was prepared using a method as described (Reyes 

et al. 1997).  Nuclear matrix was washed three times in 1 ml wash buffer 

(50mM NaCl, 1 mM MgCl2, 10mM Tris-HCl (pH 7.4), 0.5mM PMSF, 

0.25mg/ml BSA) with spinning between washes at 10Krpm for 1 minute at 

4°C.  The matrix was resuspended in 100µl assay buffer (50mM NaCl, 

2mM EDTA, 10mM Tris-HCl (pH 7.4), 0.5mM PMSF, 0.25mg/ml BSA, 

10µg/ml aprotinin, 5µg/ml leupeptin) with the appropriate amount of E. coli 

carrier DNA and incubated for 30 minutes at room temperature on an 

orbital shaker.  After incubation 20Kcpm of probe was added and 

incubated for 90 minutes at room temperature with shaking.  Then 500µl 

final wash buffer (assay buffer less the aprotinin and leupeptin) was mixed 

with the sample and centrifuged at 10Kcpm for 10 minutes at 4°C.  The 

resulting supernatant was saved for determination of unbound fragment.  

The sample was again washed with 1ml of final wash and spun as above.  

The pellet was resuspended in 25µl TE solution (10mM TE, 0.5% SDS, 

0.4mg/ml Proteinase K) and incubated overnight at 37°C.  10µg of E. coli 

DNA was added to the samples, phenol:chloroform extracted and ethanol 

precipitated.  The dried DNA pellets were resuspended in loading dye and 

separated on 5% polyacrylamide gels. 
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ELECTROPHORETIC MOBILITY SHIFT ASSAY (EMSA) 

The binding reaction was conducted in a total volume of 25 ul 

binding buffer (10mM Hepes (pH 7.9), 0.5mM EDTA, 50mM NaCl, 20% 

glycerol (v/v), 0.25mm PMSF, 5ug BSA, 2µg poly(dI-dC), which contained 

3-5µg nuclear extract and 80Kcpm of probe.  Samples were incubated for 

20 minutes at room temperature and loaded onto 4% polyacrylamide gels. 

Antibodies were added to the above binding reaction after the room 

temperature incubation and placed on ice for 25 minutes before loading 

onto gels.  The αBright antibody, a rabbit polyclonal antibody raised 

against full-length Bright protein, was produced in our laboratory.  The 

αCux antibody was raised against the ⅔ C-terminus portion of the protein, 

which includes the three cut repeats and the homeodomain, and was 

produced commercially (Cocalico Biologicals).  The αGATA antibodies 

were all purchased from Santa Cruz Biotech.  The αSATB1 antibody was 

a kind gift from Dr. Paul Gottlieb’s lab.  The Mouse Ig antibody was 

purchased from Sigma. 
  

WESTERN BLOTTING 

The nuclear pellet produced from making cyptoplasmic lysate 

described in the Transient Transfections and CAT Assays section was 

resuspended in Buffer C (20mM Hepes, 25% (v/v) glycerol, 0.42M Nacl, 

1.5M MgCl2, 0.2mM EDTA, 0.5mM DTT, 0.032mM PMSF, 10µg/ml 

Leupeptin) using a 23-gauge needle.  The solution was centrifuged at 
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10Krpm for 10 minutes at 4°C.  The supernatant was removed and the 

protein concentration was determined using the Bradford reagent (Bio-

Rad).  Equal amounts of nuclear extract were separated on a 10% SDS-

PAGE gel and transferred to a nitrocellulose membrane (Protran BA, 

Schleicher and Schuell) using the Bio-Rad semi-dry transfer apparatus.  

After transfer, membranes were washed with 1X PBS and blocked 

overnight at 4°C with agitation. Blocking buffer for αBright, αGATA and 

αSATB1antibodies contained 5% Carnation non-fat milk, 1XPBS and 

0.1% Tween-20. Blocking buffer for αCux antibody contained 3% BSA, 

1XPBS and 0.1% Tween-20.  Membranes were incubated for 1-2 hours 

with primary antibody (rabbit anti-Bright, 1:4000; rabbit anti-Cux, 1:1500; 

mouse anti-GATA3, 1.5mg/ml, rabbit anti-SATB1, 1:2000) at room 

temperature with agitation.  The membrane was then washed three times 

in washing buffer (1XPBS with 0.1% Tween) for 15 minutes each at room 

temperature.  Secondary antibody (Horseradish peroxidase-conjugated 

goat anti-mouse or goat anti-rabbit from Amersham; Bright 1:4000, Cux 

1:7500, GATA-3 1:2500, SATB1 1:1500) was added and incubated with 

agitation at room temperature for 1 hour.  The membranes were washed 

as described above.  Blots were developed using the ECL Western 

Blotting detection reagent (Amersham) according to the manufacture’s 

instructions. 
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