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ABSTRACT 

The lymphotoxin alpha (LTA) gene codes for an inflammatory cytokine whose expression 

is critical to numerous immunological processes.  However, little research has investigated LTA 

gene regulation.  In this study, we identify and further characterize functional elements within 

the LTA downstream segment (DSS; +1 to +459), which is bounded by the transcription and 

translation start sites.  Luciferase assays demonstrate that the LTA DSS is required for full 

activity of the LTA promoter in T and B cells and that this region alone is capable of regulating 

LTA expression.  DSS-mediated expression is dependent on an alternative promoter composed of 

a Sp1 and multiple TFII-I binding sites [initiator (Inr)-like element] as mutation of these sites 

greatly inhibits expression.  ChIP assays confirm transcription factor binding in vivo and 5’RLM-

RACE assays identify mRNA that initiate from the alternative promoter under specific 

stimulation conditions in both primary and immortalized T cells.  Also identified are ten novel 

LTA mRNA transcripts, many of which utilize alternative splicing at position +19, whose 5’UTR 

lengths vary in a stimulation-dependent manner, presumably to influence translational efficiency.  

Functional analysis of single nucleotide polymorphisms (SNPs) located within the DSS indicates 

cell type-specific effects.  Previously, the LTA +81C/A and +369G/C SNPs, which have been 

shown be functional and/or impact disease, had been analyzed only in B cells, yet T cells 

contribute most to LTA levels. Luciferase assays show that the LTA +81A variant significantly 

increases expression relative to +81C in T cells, opposite of its reported impact in B cells, and 
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that the LTA +369G variant significantly decreases expression only in unstimulated T cells. 

EMSAs suggest that repression mediated by the +369G variant is likely due to an increased 

binding affinity to +369G by either a complex of Sp1 with an unidentified nuclear factor or the 

unidentified nuclear factor itself.  ChIP assays confirmed Sp1 binding in vivo.  Further, mutation 

of the putative Sp1 binding site associated with this SNP results in an expected change in 

expression.   Taken together, these data indicate a complex cell type-specific and stimulation-

dependent pattern of LTA gene regulation that utilizes both alternative promoters and functional 

SNPs. 
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Chapter 1: Introduction 

Lymphotoxin alpha (LT-α; formerly known as TNF-β) is a cytokine member of the tumor 

necrosis factor (TNF) superfamily (1), which encompasses numerous ligand and receptor pairs 

that are critical to various aspects of the metazoan immune system.  The ligands of the TNF 

superfamily are biologically active as self-assembling trimers (2).  By signaling through their 

associated receptors, these ligands create more than twenty distinct ligand-receptor pairs that 

have been shown to influence numerous aspects of immune system formation, function and 

maintenance (1-3). 

1.1 Isoforms and expression of LT-α  

Similar to other TNF superfamily members, LT-α is expressed as a trimer and is found in 

three different trimeric isoforms: a secreted, soluble homotrimeric complex (LTα3) and two 

transmembrane heterotrimeric complexes with lymphotoxin beta (LT-β) in differing 

stoichiometries (LTα1β2 and LTα2β1) (4-7).  LT-α expression is restricted to lymphocytes [T, B 

and natural killer (NK) cells] and is highly regulated (1).  Basal expression of soluble and 

membrane bound LT-α expression has been found in various immortalized T cell lines and 

human peripheral blood mononuclear cells (PBMCs) (8).  Although LT-α is basally expressed in 

T and NK cells, its expression is also highly inducible in T, NK and B cells (8).  For example, 

LT-α expression is up-regulated under various stimulatory conditions in both immortalized cell 

lines, such as Jurkat and Hut78 T cells and Ramos and Raji B cells, and in various lymphocyte 

subsets of human PBMCs (8).  Interestingly, Ohshima et al. (1999) demonstrated that T cells are 

the primary LT-α producing cell type (9).  Depending on the T cell subset, it was shown that T 

cells produce on average 2.5 to 10 times more LT-α than B cells.  LT-β, which forms membrane 



2 
 

bound complexes with LT-α, is expressed mainly by lymphocytes as well.  Since LT-β 

expression is constitutive (10, 11), it has been hypothesized that the rate limiting step in the 

formation of LT-α and LT-β heterodimers is the expression of LT-α (12).   

1.2 LT-α signaling pathways 

LTα3 strongly recognizes the tumor necrosis factor receptors (TNFR), TNFRI and 

TNFRII, while LTα1β2 and LTα2β1 exhibit different receptor binding specificities due to their 

differing stoichiometries (13)(Table 1.1).  LTα1β2 possesses a strong binding affinity for the LT-

β receptor (LTβR) while LTα2β1 binds to TNFRI, TNFRII and the LTβR.  Although LTα2β1 

recognizes multiple receptors, it is minimally expressed (<2%) and has no defined role (1, 5). 

The receptors of this system are strategically expressed on specific cell types to facilitate 

proper function.  Although TNFRI is expressed on most nucleated cells (14), expression of 

TNFRII is restricted primarily to hematopoietic cells (15) while that of LTβR is restricted to 

fibroblasts (stromal), epithelial cells, and myeloid cells (monocytes, dendritic and mast cells) 

(16-19).  Interestingly, LTβR is not expressed on lymphocytes.  The strategic expression of these 

receptors ensures that LT-α signaling moves from lymphocytes to target cells.  This is critical in 

such instances as secondary lymphoid organ development where precise signals from 

lymphocytes to stromal cells are required.  

Receptors of the TNF superfamily are classified in multiple groups based on their 

cytoplasmic sequences and signaling properties (3).  TNFRI belongs to a TNF receptor group 

characterized by the presence of a death domain (DD) in their cytoplasmic tails.  Upon activation 

of DD-containing receptors, intracellular adaptors that also contain DDs, such as Fas-associated 

DD (FADD), are recruited.  These molecules then cause the activation of the caspase cascade  
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Table 1.1 Ligand and receptor pairs in LT-α signaling 
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and induction of apoptosis (15).  In contrast to many members of this group, TNFRI only induces 

apoptosis in certain circumstances (2, 20).  In most situations, activation of TNFRI instead 

induces inflammation through interactions with TNFR-associated DD (TRADD) (20, 21).  

TRADD interacts with such proteins as TNFR-associated factor (TRAF)1, TRAF2, and receptor 

interacting protein (RIP), which induces inflammation through activation of such pathways as 

the canonical nuclear factor-κB (NF-κB) pathway (15, 22).  Consistent with this, animals in 

which RIP is deleted are unable to induce NF-κB in response to TNFRI activation (3).  

Therefore, TNFRI activation induces either the apoptotic caspase cascade or pathways such as 

the NF-κB inflammatory pathway.  This balance has been shown to be regulated at numerous 

levels impacted by ligand signal strength, receptor expression and anti-apoptotic gene expression 

(3, 23).  TNFRII and LTβR belong to a different TNF receptor group characterized by the 

presence of one or more TRAF-interacting motifs (TIMs) in their cytoplasmic tails (2).  

Activation of these receptors results in the recruitment of TRAF family members, which results 

in the subsequent activation of multiple signal transduction pathways, most notably the canonical 

and non-canonical NFκB pathways (3, 24).  Through these pathways, LTβR activation results in 

the induction of apoptosis (24-28), secondary lymphoid tissue development and maintenance 

(29, 30) and the creation of microenvironments that facilitate the trafficking and interaction of 

lymphoid cells (31).   

The activation of the NF-κB pathway is a central theme exhibited by the receptors 

utilized by LT-α signaling and has been credited as responsible for mediating many of LT-α’s 

functions (1).  The NF-κB family of transcription factors has been found to serve as critical 

activators of hundreds of genes that are associated with innate and adaptive immunity, 

inflammatory responses and development and maintenance of the immune system (32-34).   This 
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family represents a group of structurally related proteins that are functionally active as homo- 

and hetero-dimers that are made up of combinations of the five NF-κB family members: Rel (c-

Rel), RelA (p65), RelB, NF-κB1 (p50) and NF-κB2 (p52) (35).  Two major pathways activate 

the NFκB family members: the canonical (classical; p50) and the non-canonical (alternative; 

p52) pathways that result in the activation of RelA:p50/ c-Rel:p50 and RelB:p52 heterodimers, 

respectively (36).  LT-α signaling has been shown to activate both of these pathways in a 

receptor-dependent manner.  TNFRI activates the canonical pathway (2, 3) while LTβR is able to 

activate both the canonical and non-canonical pathways (37).  The different cellular responses 

initiated by these two receptors can be partially attributed to the distinct forms of NF-κB that 

they activate, which in turn activates distinct sets of genes (38).  Not surprisingly, gene deletion 

mouse models which lack either TNFRI or the LTβR impart phenotypes that are similar to those 

seen in mice deficient in specific NFκB family members (35).  Data such as these further 

confirm NF-κB’s importance in LT-α signaling and function. 

1.3 LT-α functions 

When LT-α was first identified, it was considered a redundant form of TNF due to their 

similar abilities to induce cytotoxicity and to signal through the same receptors (TNFRI and 

TNFRII) (1).  However, observations in gene-targeted mice deficient for TNFRI (39-41), 

TNFRII (42), LT-α (43, 44), TNF (45), or LT-α and TNF (46) have revealed immunologic roles 

for LT-α distinct from those of TNF.  Studies have shown that LT-α signaling, as either LTα3 

through the TNFRs I and II or as LTα1β2 signaling through the LTβR, plays critical and distinct 

roles in a diverse array of immunologic processes during development and adult life.  These 

processes include such functions as the development and maintenance of secondary lymphoid 

tissues, inflammation, and immune response. 
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Development and maintenance of secondary lymphoid tissues 

LT-α signaling directs essential signals required for the development and maintenance of 

normal secondary lymphoid tissues.  De Togni et al. (1994) were the first to link LT-α signaling 

to immune system development through the creation of a LT-α deficient mouse (43).  LT-α 

deficient mice showed pronounced defects in the formation of lymph nodes (LNs) and Peyer’s 

patches (PPs), as well as exhibiting disrupted splenic micro-architecture.  These results were 

later independently confirmed by Banks et al. (44).  However, this phenotype was unexpected 

since mice that lack TNFRI (39, 40) or TNFRII (42) did not exhibit a similar phenotype.  These 

data suggested that homotrimeric LT-α, TNFRI and TNFRII are not required for secondary 

lymphoid tissue development and that heterotrimeric LT-α signaling through the LTβR is 

required.  To confirm this, Rennert et al. (1996) created TNFRI- and LTβR-immunoglobulin 

(LTβR-Ig) fusion proteins to neutralize the homotrimeric (LTα3) and heterotrimeric (LTα1β2) 

complexes in vivo (47).  They found that, while LTβR-Ig administration affected development of 

secondary lymphoid tissues, TNFRI-Ig did not.  Since these initial studies, many other related 

investigations have confirmed these results (48-50), including one which focused on LT-β 

deficient mice (51).  The phenotype of LT-β deficient mice is similar to that of LT-α deficient 

mice except that LT-β deficient mice retained mesenteric and cervical LNs.  As these LNs were 

retained in these mice and in those treated with LTβR-Ig fusion proteins (47, 52) and were 

usually absent in LT-α deficient mice (43, 44, 53), it was hypothesized that LT-α3 signaling was 

at least partially responsible for their formation (51).  Interestingly, related studies suggest that 

TNFRI signaling does impact PP development (41, 54) although not to the same degree as LTβR 

signaling.  Therefore, membrane bound LT-α provides the dominant signal for secondary 
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lymphoid tissue development, but signaling through TNFRI also may be required for full, normal 

development.    

The ability of LT-α signaling to direct secondary lymphoid tissue development and 

maintenance is directly associated with its ability to induce the expression of various chemokines 

(37, 55-63) and adhesion molecules (1, 55, 60, 64, 65).  For example, the expression of such 

lymphoid tissue-specific chemokines as CXCL13, CCL21, CCL19 and CXCL12 can be 

regulated by the non-canonical NF-κB pathway (37).  Membrane bound LT-α-mediated 

expression of these chemokines is critical for the maintenance of the splenic micro-architecture 

and for proper lymphocyte and dendritic cell trafficking (66, 67).  In fact, inhibition of LTβR 

signaling with LTβR fusion proteins has been shown to reduce the expression of associated 

chemokines and adhesion molecules and subsequently to disrupt the normal structure of 

lymphoid tissues (30, 63, 68, 69).  Mechanisms such as these highlight how LT-α mediated up-

regulation of adhesion molecules and chemokines, which are necessary for the attraction, 

retention and organization of other cell types, underscores the importance of LT-α expression in 

the formation, maintenance and proper function of secondary lymphoid tissues. 

Inflammation 

 LT-α has been associated with inflammation since it was first described in vitro 

correlating with delayed type hypersensitivity (70-72) and was found to be expressed by Th1, but 

not Th2, T cells (73, 74).  Since then, many reports have surfaced confirming LT-α’s 

involvement in inflammation.  For example, LT-α was shown to induce targeted inflammation in 

vivo when expressed under the control of the rat insulin promoter (RIPLT) at sites of transgene 

expression in the kidney and pancreas (75).  Interestingly, RIPLT transgene expression induced 
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inflammation in LT-β deficient mice as well, indicating that signaling through TNFRI and/or II 

by LTα3, and not signaling through LTβR by membrane bound LT-α, was responsible.  Sacca 

and colleagues (1998) confirmed this hypothesis by crossing RIPLT-transgenic mice with either 

TNFRI-, TNFRII- and LT-β deficient mice (76).  Their data indicate that LT-α mediated 

inflammation is dependent on the interactions between LT-α3 and TNFRI.  This was further 

supported by Cuff et al. (1998) who showed that murine LT-α induced the expression of various 

adhesion molecules (VCAM-1, ICAM-1, and E-selectin) known to mediate inflammation (60).  

Not surprisingly, these were the same adhesion molecules found to be present at sites of 

transgene expression in RIPLT mice (75).  Additional data from other studies, such as one by 

Suen et al. (1997), showed that LT-α deficient mice are resistant to inflammation induced by 

experimental allergic encephalomyelitis (EAE), while LT-β deficient mice are not (77), further 

support a critical role for LT-α3 as a proinflammatory cytokine.  Together, these data create a 

picture in which LT-α-induced inflammation is primarily mediated through soluble LT-α 

signaling. 

Immune response  

 Numerous studies utilizing gene deletion mouse models have revealed a critical role of 

LT-α signaling in the immune system response to viral, bacterial and parasitic infections (1).  

However, the level of LT-α involvement in the immune response to these infections has been 

shown to depend on the specific pathogen.  For example, LT-α deficient mice infected with 

mouse γ herpes virus exhibited an immune response that was not overtly compromised (78), 

while LT-α deficient mice infected with cytomegalovirus (CMV), a β herpes virus, displayed 

high susceptibility from an inability to control infection (79).  These data highlight the varied 

impact of LT-α on the immune responses induced by individual pathogens.  Therefore, it is no 
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surprise that studies which analyze the immune response in mice deficient for various 

components of LT-α signaling and infected with various pathogens have revealed multiple roles 

for LT-α in both the innate and adaptive immune responses.  

  LT-α’s associations with innate immunity 

 LT-α is associated with innate immunity through two separate mechanisms.  First, 

through activating TNFRI and inducing apoptosis, homotrimeric LTα3 is able to induce apoptosis 

prior to the completion of the viral replication cycle (80) thereby limiting viral spread to other 

cells.  The second mechanism focuses on LT-α-mediated activation of interferon (IFN) β (IFN-

β), termed the lymphotoxin-IFN-β axis (1, 79, 81).  The innate immune system relies on 

pathogen recognition by a limited number of receptors, such as toll-like receptors (TLRs), to 

initiate an immune response (82).  Upon pathogen recognition, these receptors activate the 

expression of the IFN system, which serves as a major mediator of innate immunity (83).  For 

example, IFN-β is able to restrict viral replication after immediate early viral gene expression, 

but before virion release and prevent the virus from infecting new cells, thereby promoting a 

state of host-virus coexistence (1).  Benedict et al. (2001) presented data that support the 

involvement of LT-α in this system while analyzing CMV infection in either LT-α deficient mice 

or transgenic mice expressing the LTβR decoy fusion protein LTβR-Fc (79).  Human CMV 

attempts to subvert immune recognition by blocking IFN-β expression in infected cells (84, 85).  

However, LT-α signaling was shown to circumvent this virus-induced blockade by activating 

canonical NF-κB signaling, through either TNFRI or LTβR, which in turn increased the 

expression of IFN-β (79).  To confirm this, the authors showed that IFN-β induction was 

dependent on LT-α induced RelA:p50 activation.  Therefore, through induction of apoptosis or 
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activation of the lymphotoxin-IFN-β axis, LT-α has emerged as a key facilitator in the innate 

immune response. 

 In addition to the two direct mechanisms described above, LT-α expression also affects 

the innate immune system indirectly through its associations with NK cells.  LT-α has been 

shown to be crucially important to the development of NK cells (86), which are critical effector 

cells of the innate immune response (87).  LT-α and LTβR deficient mice showed not only a 50–

70% decrease in NK cell numbers in the spleen and bone marrow (BM), but also a decrease in 

NK cell function measured by decreased antitumor activity (86, 88, 89).  For example, Ito et al. 

(1999) created LT-α deficient mice and challenged them with NK cell-susceptible tumor cells 

(90).  They showed that these mice exhibited a marked decrease in NK cell-mediated antitumor 

response when compared to that of wild type (WT) mice.  This decrease in antitumor activity 

was found to correlate with a decrease not only in NK cell migration, but also in NK cell 

number.  In agreement, Wu et al. (2001) used BM transfer experiments to show that membrane-

bound LT-α-mediated activation of LTβR positive stromal cells in the BM is required for proper 

NK cell development (88).  However, the decrease in anti-tumor activity within LT-α deficient 

mice in the study by Ito and colleagues (1999) could also be due to decreased NK cell function.  

Indeed, Smyth et al. (1999) analyzed the function of NK cells from LT-α deficient mice versus 

WT mice and found a significant reduction in cytotoxic activity of NK cells (89).  These data 

indicate that LT-α signaling through the LTβR contributes to both NK cell development and 

effector function and taken together with data outlined above, support the notion of critical roles 

for LT-α expression in multiple aspects of innate immune responses. 

 LT-α’s associations with adaptive immunity 
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 LT-α’s role in adaptive immunity is underscored by the finding that LT-α deficient mice 

lack effective T and B cell responses in various diseases (43, 44).  Originally, this was attributed 

to a lack of secondary lymphoid tissues and disrupted splenic architecture mediated by LT-α 

expression (30, 91).  However, studies have shown that, independent of its developmental 

functions, LT-α is critical to multiple aspects of the adaptive immune response, including central 

tolerance, cytotoxic T cell (CTL) function and humoral responses.   

 The adaptive immune response relies on T cells generated in the thymus and B cells 

generated in the BM that function to create a highly specific immune response through cytotoxic 

T cells and B cell-mediated antibody production (92).  In order for T and B cells to mature into 

their functional forms, they must undergo a process termed central tolerance, which renders the 

mature forms of these cell types unresponsive to self (92).  This is a critical process to ensure 

that a productive adaptive immune response is generated without the induction of autoimmunity.  

LT-α has been shown to be involved in this process.  For example, central tolerance to self 

antigens for T cells is established in the thymus by self antigen presentation on medullary thymic 

epithelial cells (mTECs) and serves to eliminate self antigen reactive T cells by apoptosis (93).  

Chin and colleagues (2003) linked LT-α expression to T cell specific central tolerance by 

analyzing the increased expression of auto-immune regulator (AIRE) mRNA mediated by 

LTα1β2 signaling (94).  AIRE is a critical transcription factor expressed primarily in mTECs and 

controls the expression of numerous genes within the thymus, including those responsible for 

mTEC-mediated antigen presentation (95).  Loss of function of AIRE in humans and mice 

results in the development of pronounced autoimmune disease.  Consistent with the findings that 

LTα1β2 mediates expression of AIRE, data from Boehm et al. (2003) showed that LTβR is 

critical to mTEC function as deletion of this receptor results in reduced thymic mTEC numbers 
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and abnormal differentiation (96).  In addition, RelB deficient mice also exhibit disrupted AIRE 

expression (94), which further supports the notion that LTα1β2 signaling through the LTβR 

activates the non-canonical NF-κB pathway and plays a critical role in T cell-specific central 

tolerance.  

 LT-α expression also has been suggested to be directly and indirectly involved in CTL 

function.  For example, Yang et al. (2007) demonstrated that adoptive transfer of perforin-

deficient CTLs into mice inoculated with Fas-resistant tumors resulted in significant tumor 

rejection (97).  This finding was interesting because CTL-mediated tumor lysis occurs 

predominantly through two mechanisms, perforin and granzyme secretion or activation of the 

Fas ligand-Fas receptor pathway (98-102).  This study showed that in the absence of these two 

mechanisms, activation of LTβR on tumor cells by LTα1β2 expressed on CTLs resulted in 

apoptosis induction.  In fact, numerous other studies have presented data supporting the initiation 

of apoptosis in tumor cells by LTβR activation (24, 26, 103).  Although the precise mechanism 

was not identified, LTβR mediated apoptosis is likely due to either the induction of a caspase 

independent mechanism (24, 28) or through activation of a TRAF-mediated mechanism (26, 27).  

Furthermore, Kumaraguru et al. (2001) demonstrated the importance of LT-α expression in CTL 

function by analyzing CTLs from LT-α deficient mice infected with herpes simplex virus (HSV) 

and comparing the CTL phenotype to that found in WT mice under the same conditions (104).  

While they found that LT-α deficient mice develop CTLs at normal frequencies when infected 

with HSV, they also showed that these CTLs exhibit impaired cytotoxic and cytokine-mediated 

effector functions.  Although previous studies suggest that disorganization and lack of secondary 

lymphoid tissue results in a severe decrease in T cell proliferation and a subsequent defect in the 

immune responses to viral infection (91), this study confirmed normal proliferative responses to 
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stimulation which indicates that the lack or disorganization of lymphoid tissue does not inhibit 

CTL proliferation.  However, LT-α deficiency did result in functionally defective CTLs.  It was 

suggested that defective microarchitecture may fail to facilitate an appropriate co-stimulatory 

environment for CTLs after recognizing antigen.  This would result in a failure to differentiate 

into normal effectors and may explain the anergic phenotype found.  Although the exact 

mechanism has yet to be elucidated, these studies show the importance of LT-α expression to 

proper CTL function.   

 In addition to findings which suggest direct impacts of LT-α expression to CTL function, 

various studies have been reported which indicate indirect impacts through such mechanisms as 

chemokine-mediated recruitment of macrophages and dendritic cells (DCs) and the formation of 

tertiary lymphoid tissues.  Winter et al. (2007) showed that adoptive transfer of LTα1β2 positive 

tumor specific CTLs can induce pulmonary tumor regression in animal models (105).  They 

present data that indicate that LTβR expressed on tumor cells is activated and subsequently 

results in the expression of chemokines and adhesion molecules which recruit host innate cells 

such as macrophages and dendritic cells that initiate an immune response.  In addition to 

regulating macrophages, LT-α mediated chemokine expression is also a critical component of 

DC proliferation and migration to functionally important sites such as secondary lymphoid 

tissues (59, 106-108).  DCs represent a unique cell type that bridges the gap between innate and 

adaptive immunity.  They function as first responders by engulfing microorganisms and other 

materials in such locations as the epithelium of the skin, respiratory tract and the gastrointestinal 

tract and process these materials by lysosomal degradation.  Subsequently, DCs migrate to the 

lymphoid tissues and present antigen to naïve T cells to initiate the adaptive immune response 

(109).  To facilitate this migration, DCs require chemokine signals, some of which are mediated 
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by LT-α expression (59, 66, 107, 110-112).  For example, Abe et al. (2003) showed that splenic 

DC numbers were markedly decreased in LT-α -deficient mice (107) while Wu et al. (1999) 

showed that, in the same mouse model, non-lymphoid DC numbers increased (112).  Since it was 

shown that the decreased numbers of DCs in lymphoid organs was not due to lymphoid organ 

structural defects (112), these data indicate that LT-α expression is involved in DC migration.   

 In addition to the above roles in the adaptive immune responses, LT-α expression also is 

associated with the induction of tertiary lymphoid tissue, which has been shown to be critical to 

mounting an adaptive immune response, for example, at tumor sites (113).  Tertiary lymphoid 

tissues are ectopic accumulations of lymphoid cells that are induced throughout the body, usually 

at non-lymphoid locations (114).  They possess considerable similarity to secondary lymphoid 

tissues in regards to morphology, cellular make-up, chemokine expression and vasculature.  Due 

to these characteristics, tertiary tissues also possess the antigen-presenting and antigen-

responding cells required to initiate an immune response (114).  Tertiary lymphoid tissue 

neogenesis has been shown to be induced by LT-α expression, most notably through LTα1β2 

signaling through the LTβR (114).  Schrama et al. (2001 and 2008) showed that a fusion protein 

made up of a tumor specific antibody and recombinant human LT-α induced the formation of 

tertiary lymphoid tissue in the tumor microenvironment and resulted in an adaptive immune 

response protecting mice from melanoma (113, 115).  Specifically, they demonstrated an 

improved T cell response through the priming and induction of new T cell clones in tumor 

infiltrating lymphocytes.  Taken together, LT-α mediated expression of chemokines and 

adhesion molecules influence the adaptive immune response through recruitment of 

macrophages and DCs and tertiary lymphoid organogenesis. 
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 The link between LT-α expression and B cell-mediated humoral immunity is highlighted 

by disrupted B cell responses in LT-α deficient mice (43).  This phenotype is likely due to 

defective germinal center (GC) and follicular dendritic cell (FDC) cluster formation.  

Accordingly, foreign antigen introduced into LT-α deficient mice fails to induce primary and 

secondary IgG responses due to defects in class switching and affinity maturation (53).  These 

structural defects have been shown to be dependent on B cell expression of LT-α (116, 117).  

Further, LT-α deficient B cells fail to activate chemokine CXCL13 expression from follicular 

stromal cells (57).  This is important because CXCL13 expression not only facilitates B-cell 

migration to lymphoid follicles, but also recruits a specific subset of DCs which exhibit the 

unique characteristic of migrating to B-cell follicles, concentrating in germinal centers and 

playing a critical role in antibody production (118).  In addition to IgG production, IgA 

production is also dependent on LT-α expression (119).  LT-α deficient mice exhibit a reduction 

in IgA production due to disrupted migration of IgA positive precursors to the lamina propria. 

This phenotype is a result of defective expression of chemokines and adhesion molecules, such 

as CXCL13 and MAdCAM-1, in the gut.  Moreover, LT-α deficient mice also exhibit a decrease 

in IgE levels accompanied by severe lung inflammation which can be ameliorated by IgE 

reconstitution (120).  Examples such as these substantiate the importance of LT-α expression in 

B cell responses, antibody production, Ig class switch, and therefore, humoral immunity.    

1.4 LTA transcriptional regulation 

The LTA locus is found within the human major histocompatibility complex (MHC) class 

III region on chromosome six (6p.21.3), is tightly linked to the LTB and TNF cytokine genes, and 

is flanked by the HLA-B and HLA-DR genes.  The LTA gene consists of four exons that span 

approximately 2 kb (Figure 1.1).  Exon 1 (+1 to +163) encodes the majority of the 5’  
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exon 1 exon 2 exon 3 exon 4

+1 +163 +450 +558 +644 +750 +997 +2037

+459 (ATG)

downstream segment

 

Figure 1.1 LTA gene organization   

The human LTA gene (not to scale) consists of four exons (bolded lines).  Exon/intron 

boundaries are indicated.  The LTA translational start site (ATG) and downstream segment also 

are indicated.   
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untranslated region (UTR).  The transcription start site (+1) originally was estimated to initiate 

within a cluster of nucleotides by S1 nuclease assays on mitogen stimulated peripheral blood 

lymphocytes (PBLs) by Nedwin et al. (1985) (121).  All subsequent numbering of genetic 

elements and nucleotide positions within the LTA locus discussed here will be based on the +1 

site identified by Nedwin et al.  Exon 2 (+450 to +558) encodes the last nine bases of the 5’UTR 

and the signal sequence.  Exon 3 (+644 to +750) encodes for a portion of the mature protein, 

while exon 4 (+997 to +2037) encodes for the remainder of the mature protein and the 3’UTR.       

The LTA regulatory region has not been well characterized.  Only a few studies have 

performed functional analyses (122-124), which collectively have analyzed the region between -

915 to +269.  The most extensive analysis investigated the region between -915 to +7 (123).  

Reporter gene assays in B cell lines utilizing constructs that contain various portions of this 

region showed that the segment between -265 to +7 induced maximal expression.  The activity 

induced by the region between -915 to +7 was reduced in comparison, indicating the possible 

presence of a repressor element between -915 to -265.  Based on these studies, we have 

designated the region from -265 to +1 as the minimal segment and the region from -915 to +1 as 

the proximal segment (Figure 1.2).  Further, an additional study showed that the segment 

between -306 to +114 induced activity that was significantly increased over that of a similar 

construct containing the segment between -306 to +10 (124).  These data indicate that the region 

from +10 to +114 likely contains elements that regulate LTA expression. Another investigation 

of the LTA +253 G/A single nucleotide polymorphism (SNP) analyzed the impact of this SNP 

within the region between -308 to +269 (122).  This study showed that the +253 G variant 

increased activity from this region over that induced by the +253 A variant.  These data suggest 

that the region  
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-2434 +1-915 -265 +459

downstream segmentproximal segmentdistal segment

minimal segment

 

Figure 1.2 Designated regulatory segments within the LTA locus   

We have designated four regulatory segments within the LTA locus.  The distal, proximal, 

minimal, and downstream segments of the LTA regulatory region are shown (not to scale).  

Indicated are segment boundaries, which are based on the transcription start site (+1) identified 

by Nedwin et al. (1985). 
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associated with the LTA +253 G/A SNP may contain regulatory elements that influence LTA 

expression.  Interestingly, both of these studies included sequences located between the 

transcription (+1) and translation (+459) start sites, termed the downstream segment.  These data, 

in addition to that from other studies discussed below, led us to hypothesize that the segment 

between +1 to +459 may be pertinent to the regulation of LTA expression.  To further 

characterize possible regulatory elements in the LTA locus, we included a region from -2434 to 

+915, termed the distal segment.    

A diverse array of stimuli has been shown to regulate LTA expression, such as mitogens 

[phorbol 12-myristate 13-acetate (PMA), phytohemagglutinin (PHA), and ionomycin], cytokines 

(IL-2, IL-7, IL-15 and IFN-γ) and chemokines (CCL19, CCL21 and CXCL13) (8, 9, 12, 57, 125-

131).  In addition, activation by antibodies directed to CD40 and CD3 (B and T cells, 

respectively) result in the induction of LTA expression (8-10, 12).  The regulatory elements 

through which some of these stimuli activate LTA expression have been identified.  For example, 

a NF-κB binding site (-98 to -88) has been shown to be critical to LTA expression in LTA 

mediated auto-regulation in T cells (125) and in CD40 stimulated B cells (123).  LTA expression 

in CD40 stimulated B cells also is dependent on a signal transducer and activator of transcription 

(STAT) binding site (-197 to -189)(123).  Further, Kupresh et al. (2002) showed that in human 

PBMCs, a nuclear factor of activated T cells (NFAT) binding site at position -490 was required 

for PMA/ionomycin up-regulation of LTA expression (132).  In HIV infected cells, HIV TAT-

mediated activation of LTA expression required a functional stimulating protein 1 (Sp1) binding 

site (-64 to -57).  Interestingly, this study also showed that a TAR-like element located within the 

downstream segment in exon 1 also was required to induce expression.  Collectively, these data 

demonstrate the complexity of LTA transcriptional activation.     
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Alternative promoters and alternative splicing in LTA 

Alternative promoter (AP) usage and alternative splicing (AS) were once thought to be 

rare events but have emerged to be more frequent than previously thought.  The human genome 

has been estimated to contain 20-25,000 genes (133), while simpler organisms such as D. 

melonagaster (fruit fly) and C. elegans (worm) contain approximately 14,000 and 19,000 genes 

respectively (134, 135).  Since gene number alone cannot justify the phenotypic complexity of 

humans compared to lower organisms, it has been hypothesized that other factors, such as APs 

and AS, enable the genome to compensate for a minimal number of genes (133, 136).  Genome-

wide analyses of AP usage estimate that nearly 50% of all human protein coding genes contain 

APs  (137).  Studies also have shown that APs are over-represented among genes that are 

involved in development and transcriptional regulation, while genes that use single promoters are 

mainly involved in processes such as RNA processing, DNA repair and protein biosynthesis 

(138).  Further, mRNA transcripts that initiate from APs usually undergo AS (137).  AS enables 

a single primary transcript to yield multiple different RNA transcripts (139).  It has been 

estimated that AS occurs in nearly 95% of human multi-exon genes (140) with an estimated 

average of 3 transcripts expressed per locus (133).  Transcripts initiating at APs or that undergo 

AS are consequently translated into proteins that can exhibit slight differences in structure.  

Further, these transcripts also may differ in stability and/or translational efficiency.  Therefore, 

APs and AS serve to fine-tune gene function from a single locus (137, 141-143).  A variety of 

data suggest that LTA may utilize both APs and AS in the regulation of LTA expression.   

Multiple APs are suggested to be present throughout the LTA locus as numerous LTA 

mRNA transcripts have been reported in GenBank that initiate at distinct positions, many of 

which are separated by a considerable number of bases.  LTA transcripts have been found to 



21 
 

initiate at positions: -379 (GenBank accession number: DQ123821), -185 (BP338937 and 

NM_001159740), -175 (X01393), +33 (D12614.1, NM_000595, and DQ123822), +110 

(D00102.1), and +454 (BC034729.1).  These transcripts have been identified from cDNA 

libraries that contain transcripts from primary splenic B cells (BP338937), human PBMCs 

(DQ123821 and NM_000595), and a lymphoma (BC034729.1), as well as cell lines such as 

RPMI 1788 (D12614.1) and a T cell hybridoma (D00102.1).  Although the promoter regions that 

drive initiation from these sites have yet to be characterized, the distance between most of the 

transcript start sites suggests that the majority of these transcripts may be derived from distinct 

promoters.     

Alternative splicing appears to be common within the LTA locus.  Five alternative splice 

sites have been identified in transcripts from human PBMCs under basal and/or stimulated 

(PMA/ionomycin or PHA) conditions (144).  In that study, four alternative splice sites were 

present at various positions within exon 4.  Also identified was an additional splice site at 

position +19 that is conserved in LTA transcripts from Pan troglodytes (XM_001152887, 

XM_001152945, and XM_001153240).  These transcripts possess 99% similarity to human LTA 

transcripts (144).  Interestingly, transcripts that utilized these splice sites were differentially 

expressed based on cell type and stimulation condition.  Therefore, the extensive use of 

alternative splicing in these LTA mRNA transcripts may serve to influence mRNA stability 

and/or translational efficiency under specific conditions. 

LTA mRNA transcripts have been shown to be expressed in a cell type-specific and 

stimulation-dependent manner.  Smirnova et al. (2008) indentified eight transcripts from human 

PBMCs and lymphocyte subsets (CD4 and CD8 positive T cells and CD19 positive B cells) 

under either basal or stimulated (PMA/ionomycin or PHA) conditions (144).  They showed that 
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depending on the cell type and stimulation condition, LTA transcripts were differentially 

expressed.  For example, expression levels for transcript DQ123825 were markedly decreased in 

CD19 positive B cells when compared to that in CD4 and CD8 positive T cells.  Further, the 

expression of four transcripts was shown to increase in activated lymphocytes over that of basal 

conditions (NM_000595, DQ123822, DQ123826 and DQ123827) while another (DQ123821) 

was found only in lymphocytes under stimulated conditions and not under basal conditions.  

Although the 5’ends of many of these transcripts were not analyzed, the three that were initiate 

from two independent sites (-185 and +33).  Therefore, these data suggest that promoters located 

within the LTA locus may function in a stimulation-dependent and/or cell-type specific manner. 

1.5 LTA single nucleotide polymorphisms 

A SNP is a change in a single base pair that occurs at a frequency of ≥ 1% within the 

population and is the most common form of genetic variation with an estimated 1 per every 300-

1000 nucleotides (145).  SNP frequencies have been found to greatly differ among geographical 

and ethnic groups (146).  Therefore, the functional impacts of SNPs may be more pronounced in 

certain populations.  Although it has been estimated that there are over 10 million SNPs within 

the human genome (147, 148), only a subset are likely to be functional and result in phenotypic 

changes.  A functional SNP can change the structure, mRNA stability or expression of a gene 

product and can be located in various positions within the gene’s locus (149).  For example, 

SNPs located within the protein coding region can alter the amino acid sequence.  These non-

synonymous SNPs can therefore result in modifications such as altered protein function.  

Further, SNPs located within mRNA transcripts can affect mRNA stability and translational 

efficiency.  SNPs that reside in transcriptional regulatory regions can greatly influence gene 

expression, which is mainly due to changes within DNA binding sites for transcription factors 
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that are necessary to control either basal or stimulated gene expression.  This SNP type can alter 

transcription factor binding sites and either abolish binding sites or modulate binding affinities, 

which subsequently may influence transcriptional efficiency.  In fact, there are numerous 

examples of SNPs that influence the expression levels of a variety cytokine genes (150), which 

has contributed to the hypothesis that these SNPs may be responsible for individual variation in 

cytokine production.   

Seventeen LTA SNPs, whose combinations have resulted in nineteen defined alleles (151, 

152), have been identified (Table 1.2).  These SNPs are located throughout the LTA locus, 

including regulatory regions, exons and introns.  Of these SNPs, six [-293 G/A (SNP database 

accession number: rs2071590), +11 G/A (rs1800683), +81 C/A (rs2239704), +253 G/A 

(rs909253), +369 G/C (rs746868), and +724 C/A (rs1041981)] have been functionally analyzed.  

Knight et al. (2004) showed that nuclear protein binding to the LTA region containing LTA -293 

G/A SNP showed no differences with B cell nuclear extracts (153) and Ozaki et al. (2002) 

showed that the LTA +11 G/A SNP showed no difference in expression with reporter gene assays 

in T cells (122).  However, the LTA +81 A variant was shown to decrease expression in Cos-7 

cells by reporter gene assays (153).  Chromatin immunoprecipitation (ChIP) assays showed 

binding of the transcription factor ABF-1 to the A and not the C variant suggesting a putative 

mechanism for decreased expression levels.  Further, a LTA promoter region fragment (-308 to 

+269) containing the LTA +253 G variant was shown to induce reporter gene expression more 

than that of a similar fragment containing the A variant (122).  This functional change is likely 

associated with an unidentified nuclear factor that was shown to bind to the G variant and not to 

the A variant by electrophoretic mobility shift assays (EMSAs) utilizing T cell nuclear extracts 

(122).   
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Table 1.2 Positions of LTA SNPs in relation to designated regulatory segments and designated LTA alleles 

a
Position relative to the transcription start site (+1) as defined by Nedwin et al. (1985) (121). 
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b
Allele designation includes the regulatory region and the LTA gene from positions -2434 to +796.  Allele sequences can be accessed 

from GenBank: LTAp*001 (Genbank accession #AY274908 and AY274915), LTAp*00201 (AY274910 and AY274918), 

LTAp*00202 (AY274903 and AY274925), LTAp*003 (AY274909 and AY274916), LTAp*004 (AY274913 and AY274920), 

LTAp*005 (AY274905 and AY274914), LTAp*006 (AY274904), LTAp*007 (AY274911 and AY274912), LTAp*008 (AY274926), 

LTAp*009 (AY274906 and AY274923), LTAp*010 (AY274922), LTAp*011 (AY274907), LTAp*012 (AY274917), LTAp*013 

(AY274919), LTAp*014 (AY274921), LTAp*015 (AY274924), LTAp*016(EU338448), LTAp*017 (EU338449), and 

LTAp*018(EU338450). 

c
Plus (+) indicates the presence of a 145 bp insertion that consists of a duplication of the promoter region from -570 to -426. 

d
Located in exon 2. The T to C change at +496 causes a cysteine to arginine change at amino-acid position -21 in the signal sequence. 

e
Located in intron 2. 

f
Located in exon 3. The A to C change at +697 causes a histidine to proline change, respectively, at amino acid 17 in the mature 

protein. The C to A change at +724 causes a threonine to asparagine change, respectively, at amino acid 26 in the mature protein. 

g
Microsatellite consisting of a (CT)n repeat (n=9-10).
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EMSAs were also utilized to investigate differential protein binding to the LTA +369 G/C SNP 

(153).  These data demonstrate that an unidentified complex from B cell nuclear extracts bound 

specifically to the G variant and not the C variant (153).  These results indicate a putative effect, 

but were not investigated further.  Finally, the +724 C/A SNP results in a threonine to asparagine 

change within exon 3 (152).  Interestingly, Ozaki et al. (2002) demonstrated that when the LTA 

+724 C/A SNP codes for an asparagine, the ability of LTA to induce the expression of adhesion 

molecule mRNA, such as that of VCAM-1 and E- selectin, is significantly increased when 

compared to that induced when a threonine is present at this position (122).  These data 

demonstrate that the LTA locus contains a variety of SNPs, of which, four appear to influence 

LTA expression, nuclear factor binding or protein function. 

LTA SNP associations 

The LTA locus possesses multiple examples of LTA SNPs that have been found to be 

strongly associated with a second LTA SNP in population studies.  Of interest are those that 

likely influence expression levels or protein function.  For example, through sequencing the LTA 

region of 70 healthy unrelated individuals, Messer et al. (1991) were the first to notice that LTA 

+253 G variant was always associated with +724 A variant (125).  Although other studies also 

have noticed this association (122, 154-156), Posch et al. (2003) identified individuals who 

carried a rare LTA allele that did not contain the +253 G and +724 A combination, indicating that 

this association, albeit tight, is not absolute (Table 1.2)(152).  The importance of this 

combination is underscored by the functional relevance of both of these SNPs.  The LTA +253 G 

variant has been shown to increase LTA mRNA and protein expression levels from human 

PBMCs and the Jurkat T cell line (122, 125) and the LTA +724 A variant has been demonstrated 

to greatly increase the ability of the LT-α protein to increase adhesion molecule expression in 
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vitro (122).  Therefore, the combined impact of these two SNPs results in not only increased 

expression levels of LT-α, but also increased protein function.   

Various studies also have shown a strong association between the LTA +81 C/A and +369 

G/C SNPs; LTA +81 A is always found in association with +369 C and LTA +81 C always is 

associated with +369 G (151-153).  Similar to +253 G/A and +724 C/A, both of these SNPs 

appear to be functional.  As previously mentioned, the LTA +81 A variant results in a significant 

decrease in LTA expression in B cells due to SNP-dependent binding of ABF-1 (153).  Further, 

an unidentified factor from B cell nuclear extracts binds specifically to the LTA +369 G variant 

but not the C variant (153).  Therefore, we speculate that the LTA +369 G/C SNP may be 

functional with respects to LTA expression and that, similar to the LTA +253 G/A and +724 C/A 

SNP combination, the LTA +81 C/A and +369 G/C SNPs may have a synergistic impact on LTA 

expression.   

LTA SNP frequencies 

 Although the majority of SNPs are shared among humans from distinct ethnic 

populations (157-159), the frequencies of these SNPs can vary greatly between certain groups 

(146).  Since functional SNPs can influence gene expression, mRNA stability, translational 

efficiency, and protein function, it is not surprising that they are often associated with disease 

(160-162).  Therefore, the prevalence of functional SNPs in different populations can provide 

insight into how certain ethnic groups may be more and less susceptible to certain diseases.    

Thus far, studies indicate that four LTA SNPs (+81 C/A, +253 G/A, +369 G/C, and +724 

C/A) may influence LTA expression or function (122, 125, 153) and two of these SNPs (+81 C/A 

and +369 G/C) exhibit frequencies that differ among population groups [references cited in 
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Appendix 1 (1)].  For example, the LTA +81 C variant, which is associated with an increase in 

LTA expression in B cells (153), is more frequent in African Americans (70.8%) when compared 

to Pacific Islanders (57%) and Caucasians (56.8%).  Therefore, it is likely that individuals of 

African descent may have a different susceptibility to diseases associated with increased LT-α 

expression.  In support of this hypothesis, Barbier et al. (2008) demonstrated that the LTA +81 C 

variant is associated with an increased risk of Plasmodium falciparum (P. falciparum) 

parasitemia in a West African population (163).  In addition, functional studies demonstrate that 

LT-α expression is strongly associated with the immune response to Plasmodium infection (164, 

165).  Therefore, data such as these highlight the importance of investigating functional 

polymorphisms as they are able to influence gene expression and function.  Further, through a 

combination of disease association studies and analyses of varying SNP frequencies in ethnic 

populations, we are able to identify populations at greater risk for certain diseases.  

As expected, the LTA +369 G/C SNP exhibits a similar frequency profile to that of the 

LTA +81 C/A SNP.  Population studies show that the LTA +369 G variant is more frequent in 

African Americans (70.8%) when compared to Caucasians (58.1%) and Pacific Islanders 

(56.6%).  These data further support the tight association between the LTA +81 C/A and +369 

G/C SNPs.  Despite this association, only a few studies have investigated the possible 

correlations between the LTA +369 G/C SNP and disease (166-171).  This is likely due to a lack 

of complete functional data on this polymorphism.  However, the tight association between the 

+369 G/C and the +81 C/A SNPs coupled with the specific binding of nuclear factors to the +369 

G variant and not the C variant, which indicates a putative effect, suggests that this SNP may be 

associated with specific disease and, therefore, should be considered in disease association 

studies. 
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1.6 LT-α expression levels, SNPs, and associations with disease 

LT-α’s numerous roles in the immune system may factor into why its expression has 

been linked to a variety of diseases.  LT-α’s involvement in the immune response is 

accomplished through a multitude of mechanisms that are dependent on such factors as the 

signaling pathway utilized (TNFRI, TNFRII, or LTβR) and the specific infection/disease.  

Examples that highlight these mechanisms are LT-α’s associations with Mycobacterium and 

parasitic infections, atherosclerosis, and cancer.  

Mycobacterium infections  

A variety of studies have presented data indicating a significant role for LT-α in the host 

response to Mycobacterium infections, specifically in granuloma formation.  The immune system 

responds to Mycobacterium infections primarily through coordinated T cell and macrophage 

mediated responses (172-174).  T cells serve to activate macrophages, mainly through TNF and 

IFN-γ expression, in the initial steps of the immune response to Mycobacterium infection (175).  

The interactions between T cells and macrophages are facilitated through the formation of an 

organized microenvironment termed a granuloma, which also acts as a physical barrier that 

surrounds infected cells (176).  Since the induction, function, regulation and maintenance of 

granulomas have been shown to be dependent on cytokine and adhesion molecule expression 

(176), it is no surprise that LT-α expression is associated with their formation.  Interestingly, 

disease association studies show that the LTA +81 A variant, which decreases LT-α expression in 

B cells (153), was found to be significantly associated with an increased risk in Mycobacterium 

leprae (M. leprae) infection in Vietnamese and Indian populations (177).  Therefore, it was 

hypothesized that decreased LT-α expression levels, due to this SNP, may result in decreased 
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lymphocyte recruitment to sites of infection and a subsequent decrease in granuloma formation 

(177).   

Functional data derived from a variety of mouse models infected with Mycobacterium 

(M. leprae and M. tuberculosis) support this hypothesis (178-180).  Utilizing LT-α-, LT-β- and 

LTβR-deficient mice, Elhers et al. (2003) showed that, in comparison to WT mice, these mice 

each exhibited an increase in bacterial loads in the lungs when infected with M. tuberculosis 

(179).  Roach et al. (2003) found that irradiated mice reconstituted with bone marrow from LT-α 

deficient mice, and therefore lacking LTα3 and LTα1β2, were highly susceptible to M. 

tuberculosis infection and died 5 weeks post infection (180).  Hagge et al. (2009) utilized a 

similar chimeric mouse model infected with M. leprae and showed that these mice exhibit a 

dramatically reduced immune response to M. leprae infection (178).  Each of these studies 

attributed these phenotypes to a gross disruption in granuloma formation through either disrupted 

macrophage activation or disrupted recruitment of T cells to sites of infection.  Based on these 

data, it is likely that individuals who exhibit increased LT-α expression may possess a more 

robust granuloma response to Mycobacterium infection, which likely confers a decreased risk of 

severe infection. 

Parasitic infections 

 LT-α has been associated with the immune response to a variety of parasitic infections 

including Toxoplasma gondii, Leishmania major, Leishmania donovani, and Trypanosoma 

brucei infections (181-184).  However, the most extensive studies have investigated LT-α 

associations with Plasmodium infections (malaria).  Correlations between LT-α expression levels 

and Plasmodium infection are indicated by the finding that the LTA +81 A variant associates 
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with a reduction in Plasmodium falciparum (P. falciparum) parasitemia in a West African 

population (163).  This finding was not surprising as the MHC class III region, which contains 

the LTA gene, also has been associated with malaria (185).  Since the LTA +81 A variant is 

associated with a decrease in LT-α expression in B cells, it was hypothesized that decreased LT-

α expression may confer a decrease in severity to malarial infection (163).   

 Various studies have presented data supporting this hypothesis.  For example, LT-α 

deficient mice infected with P. berghei (P. berghei infection serves as an animal model for 

cerebral malaria), were protected against cerebral malaria, while WT mice were not (165).  

Further, other studies analyzing mouse models deficient in genes that code for various 

components of LT-α signaling report similar findings after infection with either P. berghei or P. 

chabaudi (186-190).  Although these data indicate that LT-α signaling may serve to enhance 

Plasmodium infection, other studies indicate a protective role for LT-α expression in 

Plasmodium infection.  For example, LT-α was shown to significantly increase IFN-γ 

production, which has been shown to provide protective immunity against P. chabaudi infection 

(164, 191).  These data indicate that increased expression of LT-α may serve to decrease 

Plasmodium infection through the induction of IFN-γ expression.  Although the precise role that 

LT-α expression plays in Plasmodium infection remains to be elucidated, these data indicate that 

LT-α expression levels are strongly associated with severity of infection. 

Atherosclerosis 

 The primary pathology underlying cardiovascular disease is atherosclerosis, an 

inflammatory disease whose etiology is closely associated with hyperlipidemia and inflammation 

(192).  Atherosclerosis results in the formation of arterial lesions, or atherosclerotic plaques, 
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which are characterized by lipid accumulation, inflammation, cell death and fibrosis (192, 193).  

Although these plaques initially disrupt arterial blood flow, the most severe complication arises 

upon plaque destabilization and rupture.  This exposes prothrombotic material to the blood and 

results in massive platelet aggregation and blockage of the artery at the site of disruption.  For 

example, in coronary arteries, this interrupts the oxygen and blood supply to the heart resulting 

in myocardial infarction.  Interestingly, Ozaki et al. (2002) showed that variants of the LTA gene, 

namely the +253 G and +724 A variants, are associated with increased risk of myocardial 

infarction and hypothesized that increased LT-α expression and the subsequent increase in 

adhesion molecule and chemokine expression, due to these functional SNPs, may result in 

increased inflammation at the plaque site promoting rupture (122).   

 LT-α’s direct involvement in the formation of atherosclerotic plaques is shown by 

analysis of plaque formation in LT-α deficient mice fed an atherogenic diet (194).  This study 

found that these mice exhibited a 62% reduction in aortic plaque size when compared to that of 

WT mice fed the same diet (194).  Further, using a common atherosclerosis mouse model 

(ApoE-/-), this study also showed the presence of LT-α in aortic atherosclerotic plaques.  A 20% 

reduction in total cholesterol levels in LT-α deficient mice fed an atherogenic diet indicated a 

putative mechanism facilitating the plaque size reduction.  In an effort to identify the signaling 

pathway LT-α uses to reduce cholesterol levels and plaque size, this study also fed TNFRI and 

TNFRII deficient mice the same diet.  Surprisingly, TNFRI deficient mice exhibited an increase 

in plaque size, while plaque size in TNFRII deficient mice had no change.  Based on these 

results, it is likely that LT-α signaling through the LTβR may provide the expected decrease in 

plaque size.  Further, the identification of LT-α, an inflammatory cytokine, within aortic plaques 

coupled with the inflammatory phenotype of atherosclerotic lesions indicate that LT-α signaling 



 
 

33 
 

may contribute directly to plaque formation.  Therefore, these data indicate that LT-α likely 

plays a critical role in atherosclerotic plaque formation through triggering inflammation within 

the plaque, influencing lipid homeostasis or both.    

 Analysis of LTβR-dependent regulation of lipid homeostasis revealed a mechanism by 

which LT-α may influence lipid homeostasis through the inhibition of hepatic lipase (HL) (195).  

HL is a key enzyme associated with atherosclerosis and lipid metabolism as it hydrolyzes 

triglycerides and phospholipids and functions as a ligand for receptor-mediated lipoprotein 

cellular uptake (196).  Further, studies show that disruption of the HL gene in a mouse model of 

dyslipidemia [low density lipoprotein receptor (LDLR) deficient mice)] resulted in 

hyperlipidemia (197), while over-expression of HL in the same mouse model resulted in a 

significant decrease in triglycerides and lipoprotein cholesterol (198).  Through the use of a 

variety of knock-out mouse models, Lo et al. (2007) demonstrated that signaling through the 

LTβR inhibited HL mRNA levels and HL enzymatic activity (195).  They also showed that 

LDLR deficient mice reconstituted with LT-α deficient BM exhibited both increased HL mRNA 

levels and HL enzyme function when compared to the same mice reconstituted with WT BM.  

Thus, they hypothesized that membrane bound LT-α signaling through the LTβR increased lipid 

levels through inhibition of HL expression.  Collectively, these data suggest that individuals who 

exhibit increased LT-α expression levels may be at higher risk of atherosclerosis not only 

through increased inflammation at the plaque site, but also through increased lipid accumulation 

as a result of LT-α mediated inhibition of HL expression.    

Cancer 
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 LT-α has been shown to be closely associated with a variety of cancer types.  However, 

the precise role of LT-α in cancer etiology and progression appears to be cancer type specific.  

Disease association studies, which seek to identify associations between SNPs and disease risk 

and prevalence, have uncovered a variety of correlations between LTA SNPs (LTA +81 C/A, 

+253, and +724) and various cancers, including endometrial, bladder, cervical, prostate, bone, 

breast and gastric, as well as various lymphomas (199-211).  However, these associations are 

often times not identical across studies analyzing different cancer types.  For example, the LTA 

+253 G variant appears to be associated with decreased risk of cervical (199) and gastric (208) 

cancer, while also associated with increased risk of bladder cancer (201) and osteosarcoma 

(203).  Although disease association studies only suggest correlations and do not define 

mechanistic links or causal relationships, these data do indicate that, since the LTA +253 G 

variant is strongly associated with an increase in LTA expression (122, 125), LTA expression 

levels may be associated with distinct cancer type-specific mechanisms. 

 A variety of studies have been conducted that directly investigate the role of LT-α 

signaling in a variety of cancer types, which further support this hypothesis.  LT-α’s relationship 

to cancer progression has been shown to be accomplished mainly through activation of the LTβR 

(28, 61, 97, 103, 105, 212-215).  The LTβR has been shown to be expressed on 87% to 96% of 

colorectal, lung, larynx/pharynx, stomach, and melanoma tumors (212).  However, depending on 

the cancer type analyzed, LTβR activation either functions in a pro- or anti-oncogenic manner.  

For example, Browning et al. (1996) was the first to demonstrate the importance of LTβR 

signaling in cancer by demonstrating that both recombinant LTα1β2 and LTβR-specific antibody 

were cytotoxic to a variety human adenocarcinoma cell lines (HT-29, WiDr, MDA-MB-468, and 

HT-3)(103).  Using the human WiDr cell line, which forms solid tumors in BALB/c SCID mice, 
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this study also showed that treatment with the LTβR-specific antibody combined with IFN-γ 

suppressed tumor growth in these mouse models.  Since then, other studies, utilizing both 

cancerous cell lines and various mouse models, have shown that activation of the LTβR induces 

cell death (28) and growth arrest (61) in cancerous cell lines, as well as tumor rejection (97) and 

inhibition of tumor growth (212).   

 Despite examples of functioning in an anti-oncogenic manner, recent studies have shown 

that LTβR activation may also function in a pro-oncogenic manner (213-215).  For example, LT-

α mediated activation of the LTβR was shown to be directly involved in hepatitis C virus- (HCV) 

and HBV-induced hepatitis and development of hepatocellular carcinoma (HCC) (214).  This 

involvement is not surprising since T cell derived LT-α has been shown to be important in liver 

regeneration (216) and the LTβR is highly expressed on hepatocytes (18), is closely associated 

with lipid homeostasis through activation of HL from hepatocytes (195) and regulates hepatic 

stellate cells and wound healing (217).  Through investigating LT-α signaling in hepatitis 

induced HCC, Haybaeck et al. (2009) presented data implicating a direct link between LT-α 

signaling through the LTβR in the progression of HCV- and HBV-induced chronic hepatitis to 

HCC (214).  The authors found a marked up-regulation of LT-α, LT-β and LTβR mRNA levels 

in human HCV- and HBV- induced hepatitis and human HCC samples.  Further, mouse models 

show that hepatocyte-specific over-expression of LT-α and LT-β results in chronic progressive 

hepatitis, hepatotoxicity, and HCC development in a LTβR-dependent manner (214).  They 

confirmed the importance of LTβR signaling in HCC development by inhibiting LTβR signaling 

in mice with chronic hepatitis and demonstrated a reduction in inflammatory activity and 

prevention of HCC.  Based on this and other data outlined in their study, they hypothesize that 

sustained increased expression of liver specific LTα1β2 signaling through the LTβR induces 
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NFκB and chemokine expression that subsequently creates an inflammatory environment 

facilitating HCC progression.  These data correlate very well with the hypothesized role of 

chronic inflammation in carcinogenesis (218).  Although acute inflammation is crucial to host 

defense, chronic inflammation caused by the continuous presence of viral or bacterial infection 

has been suggested to contribute to tumorigenesis and metastatic progression (218).  Further, 

since NFκB promotes tumor growth and progression through its critical role as a mediator of 

chronic inflammation and an activator of anti-apoptotic genes, it has been hypothesized that the 

signaling pathways that regulate NFκB activation are of importance (219).  Examples of such 

pathways include that of LT-α, which has been implicated in both chronic inflammation (220) as 

well as NFκB activation through each of its associated receptors (2, 3, 37).  Further, Messer et al. 

(1990) identified a functional NFκB binding site located within the minimal LTA promoter 

segment, presumably used as part of an auto-regulatory mechanism (221).  Therefore, sustained 

LTα1β2 expression, triggered by HCV or HBV infection, may result in the maintained activation 

of NFκB thereby creating a chronic inflammatory and oncogenic environment.  Although 

Haybaeck and colleagues (2009) utilized over expression of LT-α and LT-β in a mouse model to 

provide further support for this hypothesis, these data suggest that individuals who possess 

increased expression of LTA may be at greater risk for HCC development upon HCV or HBV 

infection.  Taken together, these data indicate that while cancer cell growth is sometimes 

attenuated through LT-α mediated LTβR signaling, some cancers have not only circumvented 

this pathway, but also have developed methods to utilize it to drive cancer progression. 

1.7 Statement of purpose and specific aims  

 Several lines of evidence suggest that the LTA downstream segment (+1 to +459) plays a 

critical role in LTA gene regulation, yet its full impact has not been investigated.  The importance 
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of this region is indicated by the presence of multiple functional SNPs that have been shown to 

both influence LT-α expression and be associated with changes in nuclear factor binding (+81 

C/A and +253 G/A) (122, 153).  Further, as previously described, reporter gene studies indicate 

the importance of the region from +1 to +269 to LTA expression (124) and indicate the putative 

presence of regulatory elements within this region.  This was not unexpected since the LTA 

downstream segment is highly conserved between mouse, primates, and man (125) and contains 

multiple Dnase I hypersensitivity sites (222).  Moreover, a LTA mRNA transcript was identified 

that appears to initiate from within this segment (223).  The putative presence of an alternative 

promoter in between the transcription and translation start sites is not novel (224).  Taken 

together, these data provide support for the hypothesis that the LTA downstream segment plays a 

role in LTA gene regulation and may contain an alternative promoter.  Therefore, this work will 

investigate this and enhance our knowledge of LTA transcriptional regulation. 

 Seventeen LTA SNPs have been identified within the LTA locus (-2434 to +738) with 

four found to affect either expression (+81 C/A and +253 G/A), nuclear factor binding (+369 

G/C) or protein function (+724 C/A).  Of particular interest are the LTA +81 C/A and +369 G/C 

SNPs, as they have been investigated only in B cells and not in T cells.  This is an important 

distinction since T cells are the primary LT-α producing cell type and synthesize, on average, ten 

times more soluble LT-α3 than B cells (9).  Further, although the LTA +369 G/C SNP is 

suspected to be functional as it has been shown to impact the binding of nuclear factors from B 

cell nuclear extracts (153), a full functional analysis of this SNP has not been done.  Therefore, 

we hypothesize that the LTA +369 G/C SNP is functional with respect to LTA expression and 

that both the LTA +81 C/A and +369 G/C SNPs may differentially impact LTA expression levels.  
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This work will investigate these hypotheses and further our knowledge on SNP-dependent 

mechanisms that influence LTA expression.   

 The specific aims of this project are: 

1. To characterize the regulatory role of the full LTA downstream segment and investigate 

functionally active regulatory elements. 

2. To determine whether functional LTA SNPs influence LTA expression similarly in 

different cell types, specifically in T cells versus B cells. 

3. To assess whether the LTA +369 G/C SNP affects LTA expression and nuclear factor 

binding in both T and B cells. 
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Chapter 2: The characterization of an alternative promoter within the LTA downstream 

segment and identification of novel LTA mRNA transcripts 

2.1 Abstract 

The LTA downstream segment spans the region between the transcription (+1) and translation 

(+459) start sites and contains single nucleotide polymorphisms (SNPs) that impact expression.  

The SNP dependent binding of transcription factors to some of these polymorphic regions 

indicates the presence of functional transcriptional regulatory elements within this region.  

Similar regions in other genes have been shown to contain numerous regulatory elements and 

secondary promoter sites.  However, the contribution of the LTA downstream segment to 

transcriptional regulation has not been fully examined.  Therefore, we sought to characterize the 

regulatory activity of the downstream segment.  Luciferase assays indicate that this region is 

required for full activity of the LTA promoter in T and B cell lines as deletion of the LTA 

downstream segment leads to a ≥50% reduction in luciferase expression under basal and 

stimulated conditions.  Further, expression levels driven by the downstream segment alone were 

found to be comparable to that driven by the LTA regulatory region (-915 to +459) in basal and 

stimulated T and B cell lines. We hypothesized that the downstream segment not only contained 

transcriptional regulatory elements, but also an alternative promoter site that might be localized 

to a putative Sp1 and/or TFII-I [initiator (Inr)-like element] binding site located near the 3' end.  

Mutation of these sites resulted in significant reductions in downstream segment-mediated 

expression. Further, Sp1 and TFII-I, as well as RNA pol II, were found to bind to this region of 

LTA in vivo. LTA mRNA transcripts were found to initiate from the Inr-like element when T cell 

lines were stimulated with human recombinant (hr) LT-α or hrTGF-β1, but not when stimulated 

with PMA/ionomycin or left unstimulated.  Further, primary T cells isolated from peripheral 

blood mononuclear cells and stimulated with hrLT-α also expressed LTA mRNA transcripts 
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initiating from the Inr-like element.  In all we identified ten novel LTA mRNA transcripts with 

unique transcription start sites that are likely regulated by four alternative promoters.  We also 

observed that the majority of the LTA mRNA transcripts expressed under each stimulated 

condition contained considerably shorter 5’UTRs than those contained in transcripts expressed 

under basal conditions.  We hypothesize that this likely results in increased mRNA stability 

and/or increased translational efficiency resulting in increase LT-α production.  Taken together, 

these data show a complex stimulation-dependent pattern of gene expression for LT-α and reveal 

the presence of an alternative promoter within the LTA downstream segment.   
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2.2 Introduction  

Lymphotoxin alpha (LT-α; also known as TNF-β) is an inflammatory cytokine that is 

expressed in three active forms: a soluble homotrimer (LTα3) and two transmembrane 

heterotrimers in differing stoichiometries with LT-β (LTα1β2 and LTα2β1) (1).  Through these 

complexes, LT-α has been shown to impact a diverse array of immunological processes, such as 

B cell development, affinity maturation and class switch (53, 119, 120, 123, 225, 226), NK cell 

development (88, 227), T cell tolerance to self antigens (94, 228, 229), and inflammation (56, 60, 

76).  Expression of LT-α is limited to T cells, NK cells and B cells (8).  However, resting and 

activated T cells are the primary source of LT-α (9).  Further, LT-α expression is affected by a 

diverse array of stimuli such as mitogens (PHA and PMA), cytokines (IL-2, IL-4, IL-7, and IL-

12) and chemokines (CCL19, CCL21 and CXCL13) (8, 9, 57, 126, 130, 131).   

The limited number of cell types that express LT-α and its induction by a diverse array of 

stimuli suggest tight and complex regulation of the LTA gene.  However, the LTA regulatory 

region has not been well characterized.  Worm et al. (1998) conducted the most extensive 

analysis of the LTA locus by reporter gene assays (123).  Deletion analysis in B cell lines 

suggested that the segment from -120 to +7 was the minimal region required for expression and 

that the region from -265 to +7 had maximal activity.  Further, some portion of the region from -

915 to -265 had suppressive activity in B cells; however, these results were not discussed in 

detail.  Based on these data, we have termed the regulatory region segments as the proximal (-

915 to +1) and minimal (-265 to +1) LTA segments.  Further, we have termed other regulatory 

region segments within the LTA locus as the distal (-2434 to -915) and downstream (+1 to +459) 

segments.   
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Nedwin et al. (1985) were the first to determine the LTA transcription start site (+1) by 

S1 nuclease mapping (121) (all subsequent numbering is based on the +1 site identified by 

Nedwin et al.).  Since, studies have identified LTA mRNA transcripts initiating from numerous 

start sites, including positions: -379 (GenBank Accession number: DQ123821), -185 (BP338937, 

NM_001159740), -175 (X01393), +33 (D12614.1, NM_000595, and DQ123822), +115 

(D00102.1), and +454 (BC034729.1).  The sources of these transcripts were various 

immortalized B cell lines (D12614.1) and T cell lines (D00102.1), cDNA libraries that contained 

transcripts from primary splenic B cells (BP338937), a lymphoma (BC034729.1), and human 

PBMCs (DQ123821 and NM_000595).  These transcripts, which initiate at different 

transcription start sites, indicate that the LTA gene likely utilizes a variety of start sites and 

contains alternative promoters.  This would not be surprising as alternative promoter usage has 

been estimated to occur in approximately 50% of all human protein coding genes (137) and 

appears to be favored by genes that possess developmental functions (138).   

The expression of LTA mRNA transcripts has been shown to be dependent on cell type 

and stimulation condition (144).  Smirnova et al. (2008) identified eight distinct LTA mRNA 

transcripts, (NM_000595 and DQ123821 through DQ123827), only one of which had been 

previously identified (NM_000595), that were differentially expressed upon activation of 

PBMCs and lymphocyte subsets with PMA/ionomycin or PHA.  For example, in all lymphocyte 

subsets, activation increased expression of five transcripts:  two that initiate at +33 (NM_000595 

and DQ123822), one that initiates at -379 (DQ123821) and two others whose 5’ end was not 

mapped (DQ123826 and DQ123827).  Further, the transcript that initiates at position -379 

(DQ123821) was only found in activated lymphocytes and not under basal conditions while the 

expression of another transcript (DQ123823), whose 5’ end was not mapped, was down-



 
 

43 
 

regulated upon activation.  Moreover, under basal conditions, transcript DQ123825 was 

moderately expressed in CD4 positive and CD8 positive T cells, however, its expression was 

considerably decreased in CD19 positive B cells.  These data suggest that specific LTA mRNA 

transcripts may be differentially expression based on cell type and stimulation condition.      

In addition to characterizing the cell type specific and stimulation dependent expression 

of LTA transcripts, Smirnova et al. (2008) also found that many of these transcripts undergo 

alternative splicing.  Alternative splicing is a regulated process in which a variety of exon 

combinations can be utilized to create multiple mRNAs from a single transcript that can either 

serve to influence translational efficiency or be translated into different protein isoforms that fine 

tune protein function (141, 142).  Five of the novel LTA transcripts Smirnova and colleagues 

(2008) identified were alternatively spliced at multiple sites within exon 4.  This study also 

identified an alternative splice site within transcript DQ123821, which contains an alternative 

exon 1 (-379 to +19).  The region between +19 to the beginning of exon 2 (+450), which 

includes the remainder of exon 1 and intron 1, was removed from the transcript.  Interestingly, 

the +19 splice site also is common in LTA transcripts from Pan troglodytes (XM_001152887, 

XM_001152945, and XM_001153240) (144).  Therefore, the use of alternative promoters and 

splicing in LTA transcription may result in the expression of numerous transcripts that influence 

translational efficiency and/or protein function.   

The LTA gene contains an extensive region between the transcription (+1) and translation 

(+459) start sites, termed the downstream segment, that includes exon 1 (+1 to +163), intron 1 

(+164 to +450) and the first nine bases of exon 2 (+451 to +459).  Multiple lines of evidence 

suggest that this region likely plays a role in transcriptional regulation of the LTA gene.  

Investigation of HIV-1 TAT transactivation of LTA expression showed that the region from +11 
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to +115, which modeling suggests can form a stem-loop TAT-responsive element, is required for 

increased LTA expression by the TAT protein.  Further, single nucleotide polymorphisms at +81 

(exon 1) and +253 (intron 1) also have been shown to affect the binding of transcription factors 

and influence LTA expression (122, 153).  Numerous other transcription factor binding sites also 

may be present within this region and the majority of the downstream segment is highly 

conserved between mouse, primates and man (125), indicating functional importance.  

Supporting this hypothesis is the presence of two Dnase I hypersensitivity sites located within 

the human LTA downstream segment (222).  Interestingly, Strausberg et al. (2002) identified a 

full length human LTA mRNA transcript (BC034729.1), from a cDNA library, that initiates at 

the 3’ end of the LTA downstream segment at the fourth base of exon 2 (position +454) (223).  

Although the promoter site that drives the expression of this transcript has yet to be identified, it 

does indicate that transcription may initiate from within the downstream segment.  Collectively, 

these data indicate that the LTA downstream segment may contain functional elements that 

influence LTA expression, as well as those that may initiate transcription.  Transcript initiation 

from the region between the transcription and translation start site is not a novel phenomenon.  

For example, transforming growth factor beta 1 (TGF-β1) contains an alternative promoter 

located between the primary promoter and the translational start site which serves as a mediator 

of TGF-β1 auto-induction (224).  

The LTA downstream segment appears to contain regions that influence LTA expression.  

Therefore, we investigated the transcriptional regulatory activity of this segment.  We 

demonstrate that the LTA downstream segment is required for full gene expression and can drive 

expression independent of other LTA regulatory segments.  This activity was found to be 

dependent on a Sp1 binding site/Inr-like element motif with Sp1, TFII-I and RNA Pol II binding 
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to this region in vivo.  We show that transcriptional initiation from this site occurs in both 

primary and Jurkat T cells under specific stimulation conditions.  Through analyzing alternate 

transcription start site and alternative splice site usage, we observed that the majority of LTA 

mRNA transcripts expressed under stimulated conditions possess relatively short 5’UTRs when 

compared to those found in transcripts expressed under basal conditions.  Based on this 

observation, we hypothesize that LTA transcripts expressed under stimulated conditions favor 

shorter 5’UTR’s to either increase mRNA stability and/or translational efficiency.  Taken 

together, our data identify ten novel LTA transcripts, a stimulation-dependent alternative 

promoter within the LTA downstream segment and a complex pattern of gene regulation for LTA. 
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2.3 Materials and Methods  

Cells 

Jurkat (human leukemia; T lymphocyte), Hut78 (human sezary syndrome; T 

lymphocyte), and Ramos (human Burkitt's lymphoma; B lymphocyte) cells were obtained from 

the American Type Culture Collection (ATCC, Manassas, VA, USA).  Jurkat and Ramos cell 

lines were cultured in RPMI 1640 (Invitrogen, Carlsbad, CA, USA) supplemented with 10% 

fetal bovine serum (heat inactivated for Ramos cells), 10mM HEPES and 1 mM sodium 

pyruvate.  The Hut78 cell line was cultured in IMEM (ATCC) supplemented with 20% fetal 

bovine serum.  

Human PBMCs were isolated from fresh whole blood with lymphocyte separation 

medium (Ficoll® and hypaque; Mediatech Inc, Manassas, VA, USA).  Briefly, whole blood was 

brought to room temperature and diluted to one third its original volume with PBS.  Lymphocyte 

separation medium was added (1:2) and the mixture centrifuged at 1000 RCF for 20 minutes.  

The interface layer was removed and cells pelleted.  The cells were washed with 25 mls PBS 

four times.  T cells were isolated by negative selection with a Pan T cell Isolation Kit II 

(Miltenyi Biotec, Bergisch Gladbach, Germany).  All procedures followed manufacturer’s 

protocol.  Briefly, pelleted PBMCs were re-suspended with biotin conjugated antibodies against 

CD14, CD16, CD19, CD36, CD56, CD123, and glycoprotein A (10 mins at 4°C).  Biotin labeled 

PBMCs were then incubated with magnetic anti-biotin microbeads (15 mins at 4°C) and passed 

through a LS MACS column on a MidiMACS magnetic separator (Miltenyi Biotec).  The purity 

of negatively isolated T cells (> 95%) was evaluated by flow cytometry using a CD3-PE human 

kit (Miltenyi Biotec).  Primary T cells were cultured in RPMI 1640 (Invitrogen) supplemented 

with 10% human AB serum (Valley Biomedical, Winchester, VA, USA), 1% GlutaMAX-1 
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(Invitrogen), 1% antibiotic-antimycotic (Invitrogen), 10mM HEPES and 1 mM sodium pyruvate.  

All individuals who supplied whole blood for this study signed informed consent and the 

protocol was approved by the Georgetown University’s Institutional Review Board (IRB# 1990-

169). 

Reporter vector construction 

The full length LTA promoter region vector was previously created in our laboratory by 

amplification and cloning the LTA regulatory region (-2434 to +459) from Epstein-Barr virus 

(EBV) transformed B cells (International Histocompatibility Workshop cell line #9020) 

homozygous for LTA allele p*003 (152) and inserted into a pGL2 luciferase vector.  To create 

the LTADiPrDn vector, the LTA insert in pGL2 was transferred to the pGL3 vector via 

Gateway™ technology (Invitrogen) following the manufacturer’s protocol.  The full length LTA 

regulatory region was amplified by PCR.  Reactions contained pGL2 luciferase construct 

containing the full length LTA regulatory region (200ng/µl), LTA specific forward primer 5-4.2 

(5’-CTGACCTATCTCATCTGATAGTAGG-3’) and reverse primer 3-3 (5’-

GGGGAGAACCTGCAGAGAAAG-3’) (20pmol/µl each), dNTPs (5pM each), reaction buffer 

(1x), MgCl2 (2mM) and Platinum Taq DNA Polymerase (5U; Invitrogen).  DNA was denatured 

(95°C, 2 mins) for one cycle, amplified (95°C, 30s; 58°C, 30s; 72°C, 3.5 mins) for 35 cycles, 

extended (72°C, 5 mins) for one cycle and held at 4°C.  The resulting amplicon was cloned into a 

donor vector (pcr8/GW/TOPO) via TOPO TA cloning.  pGL3-basic (Promega, Madison, WI, 

USA) was converted to a Gateway™ compliant destination vector (pGL3-DV) by digestion with 

SrfI (Stratagene, La Jolla, CA, USA) and ligation with the Gateway™ Reading Frame Cassette 

A.  The amplicon donor vector was recombined with the pGL3-DV in a separate LR clonase® 

reaction using the LR clonase II enzyme mix (Invitrogen).   
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The LTA promoter region vectors (LTAPrDn, LTADn, LTADiPr, and LTAPr) were 

created by utilizing a vector containing the LTA locus which spans the region between -2434 to 

+459 (LTA DiPrDn) as the template for PCR.  PCR was carried out as described above with the 

following modifications.  Forward primers LTA915for (5’-

TTTAAAATAATGTATTGGCTCTGC-3’), LTA1for (5’-CAGGGGCTCCGCACAGCA-3’) 

were substituted for the 5-4.2 forward primer to amplify inserts for LTAPrDn and LTADn, 

respectively, and reverse primer LTA1rev (5’-GGCCCGGACGCTCAGGT-3’) was substituted 

for the 3-3 reverse primer to amplify the insert for LTADiPr.  To amplify the insert for LTAPr, 

LTA915for and LTA1rev were utilized.  Additionally, extension times were shortened to 1.5 

mins for LTAPrDn, 30 seconds for LTADn, 2.5 mins for LTADiPr and 1 min for LTAPr.  The 

resulting amplicons were cloned into a donor vector (pcr8/GW/TOPO) and then recombined with 

the pGL3-DV as described above.   

The downstream segment transcription factor binding site mutant vectors 

(LTADnMutSp1 and LTADnMutTFII-I) were created by site-directed mutagenesis from LTADn 

using the QuikChange II site-directed mutagenesis kit (Stratagene).  Sense and anti-sense 

oligonucleotides were purchased (Invitrogen).  All constructs were confirmed by DNA 

sequencing. 

Luciferase assays 

Jurkat T-cells, Hut78 T-cells, and Ramos B-cells (2x10
6 

each) were co-transfected with 

the indicated vector (3.5µg for Jurkat; 5µg for Ramos; 3.5µg for Hut78) along with the pRL-TK 

renilla luciferase plasmid (100 ng/reaction; Promega).  Transfections were performed with a 

Nucleofector II (Amaxa, Gaithersburg, MD, USA) using Kit V (Jurkat and Ramos cell lines) and 

Kit R (Hut78 cell line).  Programs X-001, C-013 and V-001 were utilized for Jurkat, Ramos and 
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Hut78 cell lines, respectively.  Transfected cells were recovered for four hours and then were 

treated with phorbol 12-myristate 13-acetate (PMA) (50 ng/ml) and ionomycin (1 µg/ml) or left 

untreated for 20 hours.  Luciferase was measured 24 h post transfection using the Dual-

Luciferase® Reporter Assay Kit (Promega).  Data were normalized by co-expression of pRL-TK 

renilla luciferase and expressed as fold activity (firefly/renilla).  To combine data from 

independent experiments, we designated a reference construct and set the luciferase activity of 

that construct to 1.  The fold activity of each of the remaining constructs was reported as a ratio 

fold activity (mean fold activity of the indicated construct/mean fold activity of the reference 

construct).  Data represent the mean of the ratio fold activity of three independent experiments ± 

SD.  Differences in the mean of the ratio fold activity with a p-value of <0.05 by Student’s T-test 

were considered significant.  The mean of the ratio fold activity of each reference construct 

therefore lacks error bars as their value was set to 1.   

Chromatin immunoprecipitation (ChIP) assays 

 ChIP assays were performed using the ChIP-IT™ Express Kit (Active Motif, Carlsbad, 

CA, USA).  Briefly, Jurkat T-cells (5x10
6
) were fixed with a solution of formaldehyde (37%) for 

5 min at room temperature, pelleted and washed with PBS.  Nuclei were extracted as instructed.  

Chromatin was sheared with a Microson ultrasonic cell disruptor (Misonix, Farmingdale, NY, 

USA) at a setting of 3.5 for 5 pulses of 20 seconds each.  A sample of sheared chromatin was 

then separated on a 4% agarose gel and imaged using a Kodak EDAS 290 imaging system 

(Eastman Kodak, Rochester, NY, USA) to verify adequate shearing.  Sheared chromatin was 

immunoprecipitated with a Sp1- or TFII-I-specific antibody (SantaCruz Biotechnology, Santa 

Cruz, CA, USA) or with a RNA polymerase (Pol) II-specific antibody or control rabbit 

immunoglobulin G (IgG; ChIP IT™ control kit – Human, Active Motif).  The RNA Pol II-
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specific antibody and GAPDH primer set provided in the ChIP IT™ control kit – Human were 

used as positive controls for chromatin immunoprecipitation and for the subsequent 

amplification, respectively.  Nonspecific enrichment of chromatin due to antibody was controlled 

for by using rabbit IgG and nonspecific amplification of chromatin was controlled for by using 

the CNAP1 negative control primer set (ChIP IT™ control kit – Human).  Absorption of the 

antibody-protein-DNA complexes to protein G magnetic beads, reversal of the cross-links 

between the DNA and nuclear proteins and DNA purification were performed as instructed.  A 

236 base pair segment of the LTA downstream segment that spans +313 to +549 was amplified 

from the immunoprecipitated chromatin using a MJ Research DNA Cycler (Bio-Rad 

Laboratories, Inc., Waltham, MA, USA).  PCR reactions contained immunoprecipitated 

chromatin (50 ng), LTA specific forward (5’- ACTGCATCTTGTCCCCTTCTCTGTC-3’) and 

reverse (5’- AGGCAGCAGAACCAGCAGCAG-3’) primers (10 pM each), dNTPs (5 pM each), 

reaction buffer (1x), MgCl2 (2mM) and Platinum Taq DNA Polymerase (5U; Invitrogen).  DNA 

was denatured (95°C, 2 mins) for one cycle, amplified (95°C, 20s; 59°C, 30s; 72°, 30s) for 36 

cycles, extended (72°C, 5 mins) for one cycle and held at 4°C.  The 166 bp GAPDH gene 

promoter segment was amplified with the positive control primer set and the 174 bp CNAP1 

gene segment was amplified using the negative control primer set (each provided in the ChIP 

IT™ control kit – Human).  PCR products were separated on 3% agarose gels and imaged using 

a Fluor Chem HD2 imaging system and Alphaview software (Alpha Innotech, San Leandro, CA, 

USA). 

5’ RNA ligase mediated-rapid amplification of cDNA ends (5’RLM-RACE) 

Jurkat T cells either untransfected or transfected with the LTADn vector (3.5µg), as 

described above, and primary T cells were treated with the indicated agent [PMA (50 ng/ml) and 
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ionomycin (1 µg/ml), human recombinant LT-α (5 ng/ml; Abcam, Cambridge, MA, USA) or 

recombinant hTGF-β1 (5 ng/ml; eBioscience, San Diego, CA, USA)] or left untreated for 6 

hours.  Total RNA was isolated from 1 x 10
7
 cells with Ribopure (Ambion, Austin, TX, USA) 

followed by mRNA isolation with Poly (A) Purist (Ambion).  cDNA was synthesized with First 

Choice 5’ RLM-RACE (Ambion) as per manufacturer’s protocol with the following exceptions.  

After the calf intestinal alkaline phosphatase (CIP) reaction, CIP treated mRNA was purified and 

isolated with MEGA Clear (Ambion).  cDNA was amplified in a nested PCR using luciferase 

specific reverse primers (5’-ACC GAA CGG ACA TTT CGA AGT A-3’ – outer; 5’-AAC CAG 

GGC GTA TCT CTT CAT A-3’ – inner) or LTA specific reverse primers (5’-TGA GGT GAG 

CAG CAG GTT TGA-3’ – outer; 5’-TGA AGG TGT GAG GCC AAC ACC A-3’ – Inner) in 

conjunction with the appropriate forward primers provided with the 5’RLM-RACE kit.  Final 

amplicons were cloned using TOPO TA 2.1 (Invitrogen).  Individual bacterial colonies were 

isolated and grown for 20 hours in 2 mls LB Miller Broth (EMD Chemicals, Gibbstown, NY, 

USA) supplemented with ampicillin (100 µg/ml) and centrifuged.  Plasmid DNA was extracted 

by re-suspension of the bacterial pellet in 75µl water and lysis (95°C, 5 mins).  Lysates were 

centrifuged and stored at 4°C.  Plasmid DNA from supernatants (5µl) was amplified by PCR 

utilizing TOPO TA 2.1-specific M13-forward and M13-reverse primers.  Reactions were 

denatured (95°C, 10 mins) for one cycle, amplified (95°C, 30s; 58°C, 30s; 72°C, 30s) for 35 

cycles, extended (72°C, 5mins) for one cycle and held at 4°C.  Amplified DNA was purified 

using Microcon YM-100 columns or Amicon Ultra 0.5mL 30K Ultracel filters (Millipore, 

Billerica, MA, USA).  Purified amplicons (2µl) were sequenced with the BigDye Terminator 

sequencing kit (Applied Biosystems, Foster City, CA.) as per manufacturer’s protocol.  
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Sequencing reactions were electrophoresed on an Applied Biosystems 3730 DNA analyzer.  

Data were analyzed using Sequencher 4.5 software (Genecodes Corp., Ann Arbor, MI, USA).    
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2.3 Results 

The LTA downstream segment drives expression comparable to that of the primary LTA 

regulatory region 

To examine the impact of the LTA downstream segment (+1 to +459) on expression, 

luciferase reporter gene constructs were created that contained various segments of the LTA 

regulatory region (Figure 2.1A).  Luciferase activity was examined in Jurkat T and Ramos B 

cells under basal and PMA/ionomycin stimulated conditions.  Luciferase activity generated by 

the constructs containing the distal regulatory segment (LTADiPrDn) was approximately 40% 

less than that of the constructs lacking the distal segment (LTAPrDn and LTADn) under basal 

conditions in Jurkat T cells (Figure 2.1B).  However, the activity of these constructs was similar 

in Jurkat T cells under PMA/ionomycin stimulated conditions (Figure 2.1D).  There was no 

difference in the activity of the constructs containing the distal segment and those lacking this 

segment in Ramos B cells under both basal (Figure 2.1C) and stimulated conditions (Figure 

2.1E).  To confirm these findings, a second T cell line was analyzed (Hut78).  Again, the 

presence of the distal segment led to a significant reduction in activity when compared to 

constructs lacking the distal segment (Figure 2.2).  These data suggest the presence of a T cell-

specific repressor element within the LTA distal regulatory segment (-2434 to -915) that is active 

in unstimulated T cells and relieved upon stimulation.   

Comparison of luciferase activity from constructs that contain the LTA downstream 

segment (LTADiPrDn and LTAPrDn) to that of the constructs that lack the downstream segment 

(LTADiPr and LTAPr) revealed that expression was reduced by at least 50% in Jurkat T cells 

and in Ramos B cells under basal and under stimulated conditions (Figure 2.1B, C, D, and E).  

These data suggest that the downstream segment is required for full activity of the LTA 

regulatory region.  Interestingly, luciferase activity induced by the constructs containing the  
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Figure 2.1.  The LTA downstream segment (+1 to +459) is required for full expression and 

is alone sufficient for expression.   A. Schematic representation of the full length LTA promoter 

region (-2434 to +459) showing the relative positions of the distal (-2434 to -915), proximal (-

915 to +1), and downstream (+1 to +459) segments.  Schematic also depicts the regional deletion 

constructs in the pGL3-basic luciferase vector used in luciferase assays.  Luciferase activity of 

the indicated LTA regulatory region construct in either unstimulated Jurkat T cells (B) and 

Ramos B cells (C) or PMA (50 ng/ml) plus ionomycin (1 µg/ml) stimulated Jurkat T cells (D) 

and Ramos B cells (E) is shown.  EV (pGL3-basic without insert) was used to measure 

nonspecific luciferase activity.  Luciferase was measured using the Dual Luciferase Kit.  Data 

were normalized by co-expression of pRL-TK renilla luciferase and expressed as fold activity 

(firefly/renilla).  Data represent the ratio of mean fold activity (mean fold activity of the 

indicated construct/mean fold activity of the reference construct) ± SD of three independent 

experiments.  Data are compared to reference constructs LTADiPrDn Basal (B and C) or 

LTADiPrDn Stim (D and E) set to 1.  Significant p values [≤ 0.001 (**) and ≤ 0.0001 (***)] as 

determined by Student’s T-test are indicated.   
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Figure 2.1A The LTA downstream segment (+1 to +459) is required for full expression and 

is alone sufficient for expression (continued).    
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Figure 2.1B and C The LTA downstream segment (+1 to +459) is required for full expression and is alone sufficient for 

expression (continued).    

B C

1.81.61.4

LTADn

LTAPrDn

LTADiPrDn
Basal

EV

Fold Activity

0.80.60.40.20 1.21.0

LTADiPr

LTAPr

2.0 1.61.4

LTADn

LTAPrDn

LTADiPrDn
Basal

EV

Fold Activity

0.80.60.40.20 1.21.0

LTADiPr

LTAPr

**
***

***

**
**



 
 

 
 

5
7 

Figure 2.1D and E The LTA downstream segment (+1 to +459) is required for full expression and is alone sufficient for 

expression (continued).    

LTAPr

LTAPrDn

LTADiPrDn
Basal

EV

LTADiPrDn
Stim

Fold Activity

E

LTADiPr

LTADn

0 1.21.00.80.60.40.2

LTAPr

LTAPrDn

LTADiPrDn
Basal

EV

LTADiPrDn
Stim

Fold Activity

D

LTADiPr

LTADn

0 1.21.00.80.60.40.2

***
***

***
***



 
 

58 
  

downstream segment (LTADn) alone was similar to that of the constructs containing the 

proximal and downstream segments (LTAPrDn) in both Jurkat T and Ramos B cell lines under 

both basal and PMA/ionomycin stimulated conditions (Figure 2.1B, C, D, and E).  These results 

were confirmed in a third cell line (Hut78; Figure 2.2).  These data suggest that in multiple cell 

types under both basal and stimulated conditions, the downstream segment may be critical to 

LTA transcriptional regulation in two ways: (1) the downstream segment may contain regulatory 

regions (enhancers) required for full transcriptional expression from the LTA gene and (2) The 

downstream segment appears to contain an alternative promoter able to activate transcription 

independent of other regulatory segments.   

LTA downstream segment mediated expression is dependent on a Sp1 binding site and TFII-I 

binding site/Inr-like element.  

We hypothesized that luciferase activity from the construct that contains only the LTA 

downstream segment (LTADn) could be due to transcription initiation from an alternative 

promoter site.  However, it also was possible that a cryptic site within the luciferase vector was 

utilized and that the downstream segment was serving only to enhance transcription.  To 

determine where transcript initiation occurs with the LTADn construct, 5’RLM-RACE assays 

were performed on mRNA isolated from transfected, unstimulated Jurkat T cells.  Luciferase-

specific 5’ RLM-RACE reverse primers were used to specifically amplify reporter gene 

transcripts (Figure 2.3).  Two transcripts were identified.  The first initiates within the 

downstream segment at position +244 (9%) and may be due to the presence of multiple 

pyrimidine-rich Inr-like elements overlapping position +244.  As anticipated, the majority of the 

luciferase transcripts (91%) were found to initiate within the multiple cloning site flanking the 3’ 

end of the LTA downstream segment.  These data show that transcription from the LTADn 

construct did not initiate from a cryptic site within the vector and suggest that an alternative 



 
 

59 
  

Fold Activity

0 2.52.01.51.00.5

LTADn

LTAPrDn

LTADiPrDn

EV

**

 

Figure 2.2. Activity of the LTA downstream segment is confirmed in a second T cell line 

(Hut78).  Luciferase activity of the indicated LTA promoter constructs under basal conditions.  

EV (pGL3-basic without insert) was used to measure nonspecific luciferase activity.  Luciferase 

was measured using the Dual Luciferase Kit.  Data were normalized by co-expression of pRL-

TK renilla luciferase and expressed as fold activity (firefly/renilla).  Data represent the ratio of 

mean fold activity (mean fold activity of the indicated construct/mean fold activity of the 

reference construct) ± SD of three independent experiments.  Data are compared to reference 

construct LTADiPrDn set to 1.  Significant p values [≤ 0.001 (**)] as determined by Student’s T-

test are indicated.  
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Figure 2.3 mRNA transcripts from reporter gene constructs suggest the presence of an 

alternative promoter site within the LTA downstream segment.  Distribution of reporter gene 

specific transcripts isolated from unstimulated Jurkat T cells transfected with LTADn.  A 

schematic representation (not to scale) of the LTA downstream segment within the multiple 

cloning site (MCS) of the pGL3 luciferase vector serves as a reference.  Transcript initiation sites 

are indicated.
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promoter site is likely present near the 3’ end of the LTA downstream segment.   

Examination of the 3’ end of the LTA downstream segment revealed the presence of a 

putative Sp1 binding site and multiple, consecutive TFII-I binding sites similar to an Inr-like 

element (Figure 2.4A).  Sp1 and TFII-I transcription factors are both known to recruit RNA Pol 

II by different mechanisms and initiate transcription of TATA-less promoters (230, 231).  

Further, Sp1 binding sites in conjunction with Inr and Inr-like elements have been shown to 

direct transcription in vitro and in vivo (232-234).  Therefore, we hypothesized that these sites 

may contribute to LTA downstream segment mediated expression.  To test this hypothesis, we 

created LTA luciferase reporter constructs that contained only the LTA downstream segment and 

either a mutated Sp1 binding site (LTADnMutSp1) or a mutated TFII-I binding site/Inr-like 

element (LTADnMutTFII-I) and determined their activity in an unstimulated T cell line.  

Activity of the downstream segment was significantly reduced by mutation of either the Sp1 

(LTADnMutSp1) or the TFII-I (LTADnMutTFII-I) binding sites/Inr-like element by 

approximately 75% and 50%, respectively (Figure 2.4B).  These data show that both sites are 

necessary for full downstream segment activity and suggest that the combination of these 

binding sites may create an alternative promoter that initiates LTA transcription from the 

downstream segment. 

Sp1, TFII-I, and RNA Pol II bind to the LTA region between +313 and +549 in vivo 

To analyze whether Sp1 and TFII-I transcription factors bind to the LTA downstream 

segment in vivo, ChIP assays were performed.  If either or both of these sites are involved in 

transcription initiation, it would be expected that RNA Pol II also should interact with this 

region.  Therefore, a RNA Pol II-specific immunoprecipitation was included.  The LTA region 

from +313 to +549 (Figure 2.4A) was successfully amplified after chromatin  
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Figure  2.4.  Sp1 and TFII-I associate with a segment containing the 3’ end of the LTA 

downstream segment in vivo and affect expression.  A.  The LTA sequence between +276 and 

+549 indicating the location of the LTA-specific ChIP primers and putative Sp1 and TFII-I 

binding sites.  Putative NFκB and Smad binding sites also are indicated.  B.  Luciferase activity 

of the indicated LTA downstream segment (+1 to +459) constructs in Jurkat T cells under 

unstimulated conditions.  EV (pGL3-basic without insert) was used to measure nonspecific 

luciferase activity.  Luciferase was measured using the Dual Luciferase Kit.  Data were 

normalized by co-expression of pRL-TK renilla luciferase and expressed as fold activity 

(firefly/renilla).  Data represent the ratio of mean fold activity (mean fold activity of the 

indicated construct/mean fold activity of the reference construct) ± SD of three independent 

experiments.  Data are compared to the reference construct LTADn set to 1.  Significant p values 

[≤ 0.001 (**) and ≤ 0.0001 (***)] as determined by Student’s T-test are indicated.  (C)  ChiP 

assays were performed with chromatin from unstimulated Jurkat T cells.  Antibodies used to 

precipitate chromatin are indicated.  None indicates no chromatin and input indicates chromatin 

without immunoprecipitation.  LTA-specific primers were used to amplify the region between 

+313 and +549 after immunoprecipitation to detect Sp1, TFII-I and RNA Pol II interactions.  

The control amplification primer sets were specific for the RNA Pol II-dependent GAPDH 

promoter (positive) and the RNA Pol II-independent chromosome condensation-related SMC-

associated protein (CNAP1, negative). 
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Figure  2.4 A and B.  Sp1 and TFII-I associate with a segment containing the 3’ end of the 

LTA downstream segment in vivo and affect expression (continued) 
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Figure  2.4 C.  Sp1 and TFII-I associate with a segment containing the 3’ end of the LTA 

downstream segment in vivo and affect expression (continued) 
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immunoprecipitation from unstimulated Jurkat T cells with antibodies specific for Sp1, TFII-I 

and RNA Pol II  (Figure 2.4C; lanes 1-3).  GAPDH promoter amplification (positive control, 

lane 7) and the absence of CNAP1 promoter amplification (negative control, lane 11) after RNA 

Pol II-specific chromatin immunoprecipitation illustrate assay specificity.  These data show that 

Sp1, TFII-I and RNA Pol II bind to the LTA region between +313 and +549 in vivo.    

The LTA downstream segment contains a stimulation-dependent alternative promoter in vivo 

To determine whether transcription initiation occurs in vivo from the Sp1/TFII-I binding 

sites within the LTA downstream segment, 5’RLM-RACE was initially performed with LTA-

specific primers on basal and PMA/ionomycin stimulated Jurkat T cells (Figure 2.5).  Three LTA 

mRNA transcripts, which likely initiate from two different start sites, were found to be expressed 

in unstimulated (basal) T cells.   Two transcripts (LTAj TV1 and LTAj TV2) were predominant 

and were expressed in relatively equal amounts (49% and 46% respectively).  A minor transcript 

(LTAj TV3) comprised approximately 5% of expressed transcripts under basal conditions and 

100% of transcripts expressed under PMA/ionomycin stimulated conditions.  All transcripts 

included exon 2, which contains the translation start site and encodes for part of the mature 

protein.  LTAj TV1 and LTAj TV3 both initiate just after the TATA box (-26 to -21) at 

nucleotide position -20.  LTAj TV1 includes all of exon 1, while exon 1 in LTAj TV3 is 

alternatively spliced and includes only the first 19 bases of exon 1.  LTAj TV2 contains an 

alternative exon 1 initiating at a unique site (-141) in the proximal segment and, similar to exon 1 

in LTAj TV3, ends at position +19.  Initiation at position -141 could occur due to the presence of 

two TFII-I binding sites (Inr-like elements) located between nucleotide positions -160 to -152.  

Further, this transcript was unique to unstimulated (basal) conditions in Jurkat T cells as it was  
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Figure 2.5.  Stimulation dependent transcript initiation occurs in the TFII-I site/Inr-like 

element of the downstream segment in vivo.  Distribution of the various LTA mRNA 

transcripts isolated from Jurkat T cells (A) or primary T cells from two individuals (Ind1 and 

Ind2) (B) under the indicated conditions are shown.  Schematic representations (A and B; not to 

scale) of the LTA gene from -141 to +750 serves as a reference.  Start and end sites of exons 

(open boxes), the TATA box and the translational start site (+459, ATG) are indicated.  The 

transcriptional start site (+1) was based on S1 nuclease mapping previously reported by Nedwin 

et al. (1985).   LTA sequences present in each mRNA are indicated (closed boxes).   Start and 

end sites that differ from the previously defined exon/intron boundaries are indicated.  The 

transcripts found under basal conditions in Jurkat T cells were identified from two independent 

experiments.  All other transcripts were identified from the indicated cell type and under the 

indicated condition from two independent 5’ RLM-RACE assays of a single mRNA isolation.  

Sample number (n) represents total number of transcripts sequenced from all experiments in the 

indicated cell type and condition.  
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Figure 2.5 A.  Stimulation dependent transcript initiation occurs in the TFII-I site/Inr-like element of the downstream segment 

in vivo (continued).   
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Figure 2.5 B.  Stimulation dependent transcript initiation occurs in the TFII-I site/Inr-like element of the downstream segment 

in vivo (continued).   
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not present in PMA/ionomycin stimulated Jurkat T cells or in any of the stimulation conditions 

discussed below.       

Under resting and PMA/ionomycin stimulated conditions, no transcripts were identified 

that initiated within or after the LTA downstream segment.  We hypothesized that transcriptional 

initiation mediated by the LTA downstream segment in vivo might be active under specific 

stimulation conditions.  The sequence upstream of the Sp1 binding site/Inr-like element motif 

was analyzed for binding sites to transcription factors whose activity could be induced by 

specific stimulation.  Two putative transcription factor binding sites of interest were identified 

(Figure 2.4A): nuclear factor kappa  B (NF-κB; position +303) and Smad (position +386).  

Activation of the transcription factors that bind to these elements can be specifically stimulated 

by LT-α and TGF-β1, respectively.   

LT-α was chosen as a stimulating agent because of the presence of a putative NF-κB site 

approximately 100 nucleotides upstream of the Sp1 binding site and because LT-α signaling is 

known to induce the expression of NF-κB by multiple mechanisms through each of the LT-α 

associated receptors (TNFRI, TNFRII and LTβR) (2, 3, 37).  Further, LT-α is known to auto-

regulate its own expression through a NF-κB mediated mechanism (221).  Three transcripts were 

identified after stimulation with human recombinant (hr) LT-α3.  As under basal and 

PMA/ionomycin stimulated conditions, LTAj TV1 (7%) and LTAj TV3 (36%), which initiate 

just after the TATA box, again were present.  These results are not surprising since this region 

appears to contain the primary LTA promoter site and there is a functional NF-κB site about 70 

nucleotides upstream of the TATA box that has been shown to play a role in LTA expression and 

auto-regulation (123, 124, 221, 235).  As anticipated, the majority of the transcripts (57%; LTAj 

TV4) initiated at various points within the multiple TFII-I binding sites/Inr-like element and 
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included all of exon 2.  These data show that transcript initiation does occur from the 3’ end of 

the LTA downstream segment in vivo and indicates that this region may contain an alternative 

promoter utilized in an auto-regulatory manner.  

A putative Smad binding site is located approximately 20 nucleotides upstream of the 

Sp1 binding site in the LTA downstream segment (Figure 2.4A).  The Smad transcription factor 

signaling cascade is activated through TGF-β1 signaling through the TGF-β receptor (236).  

TGF-β1 has been shown to induce IgA class switch (237, 238) and a LT-α activated receptor, 

LT-β receptor (LTβR), has been shown to be required in the homing of IgA positive precursor B 

cells (119).  These observations suggests that TGF-β1 could activate LT-α expression through 

this Smad binding site to coordinate their expression and create an environment that facilitates 

proper IgA positive precursor homing while simultaneously inducing IgA production.  After 

stimulation of Jurkat T cells with hrTGF-β1, the transcript profile was identical to that found 

after stimulation with hrLT-α3, but with differences in the relative frequencies.  LTAj TV4 again 

comprised the majority of transcripts expressed under this condition (47%) with the rest of the 

profile composed of LTAj TV1 (12%) and LTAj TV3 (41%).  These data show that the LTA 

alternative promoter site is activated by TGF-β1 stimulation. 

Since Jurkat cells are an immortalized leukemic T cell line, we questioned whether the 

alternative LTA promoter would exhibit similar stimulation dependent activation in primary T 

cells.  Primary T cells were isolated from whole blood of two unrelated individuals (Ind1 and 

Ind2) and LTA mRNA transcripts were isolated under unstimulated and hrLT-α3 stimulated 

conditions (Figure 2.5B).  In primary T cells, transcripts were identified that initiate at five 

unique positions (-43, -41, -29, +6, and +436), four of which (-43, -41, -29, and +6) were not 

found in transcripts from Jurkat T cells.  Interestingly, due to their positions relative to the TATA 
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box (-26 to -21), it is likely that the four initiation sites between -43 to +6 are regulated by two 

separate promoters.  Positions -43, -41 and -29 are located upstream of the TATA box, while +6 

is located downstream of the TATA box and is likely regulated by that promoter element.  

Transcripts that initiate between positions -43 to -29 may be regulated by Sp1 as multiple 

putative Sp1 binding sites, including a previously described functional Sp1 binding site (-64 to -

57) (124), are located directly upstream of these positions.   

Under basal conditions, primary T cells from Ind1 expressed only two transcripts (Figure 

2.5B), LTAp TV5 and LTAp TV7.  Unlike the transcript profile found in unstimulated Jurkat T 

cells, the transcript profile for primary T cells from Ind1 did not include either transcripts that 

initiate downstream of the TATA box or contained any transcripts similar to LTAj TV2.  

Further, under these conditions, LTAp TV5 was the predominant transcript expressed (85%) 

while LTAp TV7 expression was only minor in comparison (15%).  Transcript initiation for 

LTAp TV5 occurred at multiple positions between -43 to -29 at similar frequencies [-43, (21%); 

-41 (29%); -29 (35%)] while LTAp TV7 consistently initiated at position -29.  The LTA mRNA 

transcript profile found in primary T cells from Ind1 treated with hrLT-α3 consisted of three 

transcripts: LTAp TV4, LTAp TV5, and LTAp TV7.  Transcript initiation sites for LTAp TV7 

also varied and included multiple sites [-41 (55%) and -29 (20%)] while those of LTAj TV5 (-

41) and LTAp TV4 (-436) consistently initiated at a single nucleotide.  LTAp TV4, which 

initiates within the Inr-like element located within the LTA downstream segment, is identical to 

LTAj TV4 found in hrLT-α3 stimulated Jurkat T cells.  Although LTAp TV4 was prevalent 

(24%), it was not the major transcript expressed under hrLT-α3 stimulated as it was in Jurkat T 

cells.  Instead, LTAp TV7 was the prominent transcript expressed (75%).  LTAp TV5 (1%) was 

minimally expressed after LT-α stimulation.   
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Primary T cells from Ind2 expressed slightly different transcript profiles when compared 

to Ind1 (Figure 2.5B).  Unstimulated primary T cells from Ind2 only expressed LTAp TV6 that 

initiates at position +6.  Under hrLT-α3 stimulated conditions, primary T cells from Ind2 only 

expressed LTAp TV7, which consistently initiated at position -41.  Surprisingly, LTAp TV4 was 

not expressed from primary cells from Ind2.  The reason for this is unclear and requires further 

investigation.  Collectively however, these data do indicate that the alternative LTA promoter 

located within the downstream segment functions in a stimulation dependent manner in primary 

T cells.   

It was noted that LTA mRNA transcripts expressed under stimulated conditions 

consistently result in the expression of transcripts with relatively short 5’UTRs (Table 2.1).  The 

traditional LTA 5’UTR is 172 bases in length and spans the region between +1 to +163 (exon 1) 

and between +450 to +459 (the first nine bases of exon 2 directly flanking the upstream ATG 

translational start site at position +460).  Under basal conditions in Jurkat T cells, the 

predominant transcripts expressed were LTAj TV1 and LTAj TV2 at a combined frequency of 

95%.  Both of these transcripts possess 5’UTRs that contain at least 169 bases.  In contrast, the 

LTA transcripts expressed under each of the stimulated conditions in Jurkat T cells favored 

expression of LTAj TV3 and LTAj TV4, which were expressed at a combined frequency of 

approximately 94% and contain 5’UTRs of < 50 bases in length.  Primary T cells from both Ind1 

and Ind2 exhibited a similar expression profile.  Under basal conditions, LTAp TV5 and LTAp 

TV6 were expressed with a combined frequency of 92% and contained a 5’UTR that had at least 

166 bases, while the majority (99%) of the transcripts expressed under hrLT-α3 stimulated 

conditions contained a 5’UTR that had no more than 69 bases.  These observations indicate that 

LTA-specific stimulatory signals favor transcripts that contain shorter 5’UTRs while, in  



 

73 
 

 

Table 2.1 Distribution of “short” versus “long” transcripts expressed under basal and 

stimulated conditions 
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comparison, resting cells favor the expression of LTA transcripts that contain longer 5’UTRs.  

Further, the stimulation-dependence associated with specific transcripts indicates that those that 

possess shorter 5’UTRs may exhibit increased mRNA stability or translational efficiency and 

therefore are favored under stimulatory conditions.    
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2.5 Discussion 

Previous characterization of LTA regulatory activity has included various portions of the 

segment from -915 to +269 (10, 122, 124).  In the current study, a distal segment (-2434 to -916) 

and downstream segment (+1 to +459), were included in an analysis of LTA regulatory region 

activity in various T and B cell lines.  A complex pattern of LTA gene regulation and expression 

was found.  For example, the distal segment appears to contain a cell type-specific repressor 

element which reduces LTA expression in unstimulated Jurkat T cells and is relieved when cells 

are stimulated with PMA/ionomycin.   

The downstream segment was found to play a major role in transcriptional regulation of 

the LTA gene.  First, we show that this segment is required for full activity of the LTA regulatory 

region in both T and B cell lines under basal and under stimulated conditions as luciferase 

activity was reduced by ≥50% for all constructs lacking this segment.  Second, the downstream 

segment alone was sufficient to drive expression and had activity that was comparable to the 

LTA proximal plus downstream segments (-915 to +459) again in both T and B cell lines under 

basal and under stimulated conditions.  These findings suggested that the downstream segment 

likely contains critically important regions necessary for full transcriptional expression of the 

LTA gene, such as possible enhancer elements, and led us to hypothesize that an alternative 

promoter may be present within the LTA downstream segment.   

Our data show that the LTA downstream segment contains a stimulation dependent 

alternative promoter consisting of a Sp1 binding site and a TFII-I binding site/Inr-like element.  

Sp1 binding sites and Inr/Inr-like elements together compose a unique transcription element that 

has been shown in other studies to coordinate high levels of transcription, both in vivo and in 

vitro (232-234).  For example, the 5-lipoxygenase (5-LO) gene promoter utilizes a Sp1/Inr 
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element-dependent mechanism to initiate transcription (239).  Moreover, TFII-I has been shown 

to bind directly to Inr/Inr-like elements and to initiate transcription of numerous genes in the 

absence of a TATA-box (231).  For example, in vitro and in vivo assays demonstrate that 

transcription of the KDR/flk-1 gene can be initiated in a TFII-I/Inr-like element-dependent 

manner (240).  We show that Sp1 and TFII-I bind to the region containing a portion of the 

downstream segment in vivo and show that both the putative Sp1 binding site and the TFII-I 

binding site/Inr-like element within this region are critical to expression as mutation of either of 

these sites significantly reduced (≥50%) luciferase activity induced by the downstream segment.  

Further, we identified transcripts from both Jurkat (LTAj TV4) and primary T (LTAp TV4) cells 

that initiate from within the TFII-I binding site/Inr-like element.  Interestingly, transcripts that 

initiate from this region only were found under specific stimulation conditions; hrLT-α3 and 

hrTGF-β1 stimulation induced expression of these transcripts, but PMA/ionomycin stimulation 

did not.  These results confirm the presence of a functional alternative promoter within the LTA 

downstream segment and suggest that transcription from this site is stimulation dependent.   

Interestingly, ChIP assays revealed Sp1, TFII-I and RNA Pol II binding to this region 

under basal conditions in Jurkat T cells while 5’RLM-RACE assays only show transcripts 

expressed from this site under specific stimulated conditions in both primary and Jurkat T cells.  

These data indicate that Sp1 and TFII-I may recruit RNA Pol II to this site to form a pre-

initiation complex (PIC) under basal conditions that stalls until specific signals direct the 

transition to elongation.  Genome-wide studies have shown that RNA Pol II containing PICs 

permanently bind to certain gene promoters, initiate transcription, and await signals to initiate 

elongation (241, 242).  This pre-engaged PIC mechanism allows inducible genes, which require 

a rapid response to extracellular signals, to bypass the complex process of chromatin remodeling 
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and the recruitment of PIC components (243).  We hypothesize that hrLT-α3 and hrTGF-β1 may 

serve as elongation signals for a stalled PIC at this site since hrLT-α3 and hrTGF-β1 both activate 

transcription from this alternative promoter, are known to stimulate expression of NF-κB and 

Smad transcription factors and putative binding sites for these transcription factors are located in 

close proximity upstream of the alternative promoter.  Since LTA is an inducible gene and is 

strongly associated with both inflammation and the immune response to various pathogens, this 

mechanism would enable transcription from this site to be poised for quick expression upon 

specific stimulatory signals.   

Activation of a putative PIC at the alternative promoter site by hrTGF-β1 is not 

surprising since LT-α and TGF-β1 both play critical roles in IgA production.  TGF-β1 has been 

shown to be critical for immunoglobulin class switch to IgA (237, 238), while signaling through 

the LTβR has been found to be required for B cell maturation and for proper homing of IgA 

positive precursor B cells (119).  Further, LT-α knockout mice display severe IgA deficiency 

(119).  Thus, B cell homing, maturation and IgA class switch likely requires the coordinated 

expression of LT-α and TGF-β1.  TGF-β1 signaling through the type I receptor leads to the 

phosphorylation of Smad proteins that translocate to the nucleus to regulate transcription.  Smads 

can bind directly to DNA via the Smad binding element (GTCTAGAC) or to single or multiple 

copies of the sequence GTCT (244).  Smad proteins also can activate TGF-β1 responsive genes 

by interacting with a variety of DNA binding partners, such as Ap-1 (245, 246), Sp1 (247, 248) 

and TFII-I (249).  Of interest was a putative Smad binding site (GTCTGTCT) located 

approximately 20 nucleotides upstream of the alternative promoter site.  The presence of a 

possible Smad binding site in the LTA downstream segment and the role of LT-α and TGF-β1 

signaling in IgA production suggested that TGF-β1 likely regulates LTA expression and might 
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enhance expression via the LTA alternative promoter.  As anticipated, hrTGF-β1 stimulation 

resulted in approximately half (47%) of the LTA transcripts initiating within the Inr-like element 

in Jurkat T cells.  The remainder of the transcripts (LTAj TV1; 12% and LTAj TV5; 41%) 

initiated just after the TATA box at nucleotide position -20.  While no Smad binding site is 

located upstream of the TATA box, the Smad proteins may be recruited to this area of the LTA 

regulatory region by other factors, such as Sp1 and Ap1, as multiple putative Sp1 binding sites, 

including a known Sp1 binding site (124), and a putative Ap1 binding site are located upstream 

of the TATA box.  These data clearly show that TGF-β1 regulates LTA expression in Jurkat T 

cells and activates transcription from the alternative promoter within the LTA downstream 

segment.  

It was speculated that the alternative promoter in the LTA downstream segment might be 

induced by increased NF-κB expression via LT-α stimulation in an auto-regulatory manner.  

Messer et al. (1990) showed that NF-κB can induce transcription of the LTA gene through 

binding to an NF-κB binding site upstream of the TATA box (-98 to -88).  Since LT-α is known 

to activate both the canonical and noncanonical NF-κB pathways (2, 3, 37), this enables NF-κB 

to mediate auto-regulation of LT-α expression.  However, there has not yet been an examination 

of the role of a putative NF-κB binding site in the downstream segment located 110 nucleotides 

upstream of the alternative promoter.  Studies show that NF-κB is able to enhance transcription 

by TFII-I from initiator sequences (250) and by Sp1 from a variety of promoters (251-253).  

Therefore, it is plausible that hrLT-α3 up-regulation of NF-κB expression also might promote 

elongation from the stalled PIC.  We showed that the majority (57%) of the LTA transcripts 

initiated within the Inr-like element in Jurkat T cells after hrLT-α3 stimulation.  Human 

recombinant LT-α stimulation of primary T cells from Ind1 and Ind2 greatly favored LTAp TV7 
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expression (75% and 100%, respectively).  This was not surprising since the previously 

described auto-regulatory NF-κB binding site is located approximately 45 bases upstream of the 

initiation site for these transcripts.  However, 24% of LTA mRNA transcripts from Ind1were 

found to initiate from within the Inr-like element after hrLT-α3 stimulation.  While similar 

transcripts were not identified from Ind2, these data show that the alternative promoter is active 

in primary T cells and utilized under specific stimulation conditions.  The lack of LTAp TV4 

expression from Ind2 indicates that transcript expression from the LTA alternative promoter may 

undergo differential regulation specific to certain individuals.  Additionally, these transcripts 

were only identified from a single blood draw and only two individuals were analyzed.  

Therefore, further investigation is required to draw accurate conclusions.  Nevertheless, these 

data confirm the presence of a functional alternative promoter within the LTA downstream 

segment and that it is utilized under specific stimulation conditions in T cells. 

Usage of multiple alternative promoters appears to be prevalent in the LTA locus.  Based 

on transcript variant initiation sites, our data indicate the presence of up to four possible 

promoters within the LTA locus.  LTAj TV2, which was only found in Jurkat T cells, initiates at 

position -141.  This may be due to the presence of multiple Sp1 binding sites and a TFII-I site 

located approximately 90 bases and 10 bases upstream of the -141 position, respectively.  

Transcript variants LTApTV5 and LTAp TV7 both initiate at multiple positions between -43 to -

29.  A highly GC rich region is directly upstream of these positions and contains a previously 

described Sp1 binding site (-64 to -57) as well as additional putative Sp1 binding sites, which 

could serve as an alternative promoter for these transcripts.  The remaining transcripts initiate 

either downstream of the TATA box or from the alternative promoter located within the 

downstream segment.  Further, LTA cDNA sequences reported in GenBank (DQ123821, 
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BP338937, NM_001159740, X01393, D00102.1, D12614.1, NM_000595, DQ123822, and 

BC034729.1) indicate the possible presence of three additional promoters.  Transcripts that 

initiate at position -379 (DQ123821), at positions -185 (BP338937 and NM_001159740) and -

175 (X01393) and at position +115 (D00102.1) are likely regulated by three separate promoters 

not identified in this study.  However, transcripts that initiate at position +33 (D12614.1, 

NM_000595, and DQ123822) are likely regulated by the TATA box, while transcripts that 

initiate at position +454 are likely regulated by the alternative promoter characterized in this 

study.  Based on the diversity of start sites identified in this study and the distance between start 

sites from LTA cDNA described in GenBank, it is apparent that that multiple alternative 

promoters are present within the LTA locus.   

 LTA nucleotide position +19, which is at the junction of a commonly conserved splice 

recognition sequence (5' exon-AG/GU-intron 3’) (254), appears to be a major alternative splice 

site.  This splice site was utilized in approximately 52% of all transcripts identified in this study 

(LTAj TV2, LTAj TV3,and LTAp TV7).  Two human LTA transcript variants (NM_001159740 

and DQ123821) also have been reported that utilize the same splice site (144, 255) as well as 

three LTA mRNA transcripts from Pan troglodytes (XM 001152887, XM 001152945, and XM 

001153186) (144).  Collectively, these data suggest that this is a conserved and major alternate 

splice site for LTA mRNA transcripts. 

 Through the use of alternate promoters and alternative splice sites, the LTA mRNA 

transcripts identified in this study exhibited distinct 5’UTRs that varied in length.  Each is 

expected to encode a similar protein as no upstream AUG sites are encoded in these transcripts.  

Several genes have been shown to transcribe multiple mRNA transcripts containing 5’UTRs of 

varying length from alternative promoters that subsequently undergo alternative splicing but 
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translate the same proteins (137).  Interestingly, 5’UTR length correlated with stimulation status 

of T cells. LTA mRNA transcripts that possessed “long” 5’UTRs (>160 bases) were predominant 

in unstimulated T cells while transcripts that possess “short” 5’UTRs (<70 bases) were 

predominant after stimulation.  Studies have shown that shorter 5’UTR’s contain less 

obstructions, such as secondary structure, upstream translation initiation codons (AUGs) and 

internal ribosomal entry sites, which perturb efficient translation (137, 141).  Since all 

stimulation conditions analyzed in this study favor LTA transcripts with shorter 5’UTRs, we 

hypothesize that these transcripts may exhibit increased mRNA stability and/or increased 

translational efficiency to facilitate a rapid increase in LT-α expression.      

This study indicates that LTA gene expression is a complex process.  We have shown the 

presence of an alternative promoter located within the LTA downstream segment.  This promoter 

utilizes a transcription initiation motif composed of a Sp1 binding site and TFII-I/Inr-like 

element.  Our data also suggest that Sp1 and TFII-I recruit RNA Pol II to form a stalled PIC at 

this site that is activated when specific stimulatory signals are received.  Further, we show the 

putative presence of multiple alternative promoters within the LTA locus through identification 

of ten novel LTA mRNA transcripts that initiate at distant sites from each other.  Further analysis 

of these transcript variants resulted in the observation that transcripts expressed under 

unstimulated conditions possess “long” 5’UTRs while those expressed under stimulated 

conditions possess “short” 5’UTRs, likely in an effort to increase mRNA stability and/or 

translational efficiency.  Taken together, our data demonstrate that transcriptional regulation of 

the LTA gene is highly regulated and more complex than previously thought.    
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Chapter 3: Lymphocyte type determines the effect of SNPs on LTA expression 

3.1 Abstract 

The lymphotoxin alpha (LTA) gene contains numerous SNPs, some of which influence LTA 

expression levels and are associated with disease.  Although T cells make the most significant 

contribution to LTA expression levels, the impact of SNPs on LTA expression primarily have 

been analyzed in B cells.  Therefore, we investigated the cell type-specific effects of the LTA +81 

C/A and +369 G/C SNPs on LTA expression.  We found that the LTA +81 A variant significantly 

increased expression in T cell lines under basal and under stimulated conditions, the opposite of 

its impact previously reported in EBV transformed B cells.  The LTA +369 C variant also was 

found to significantly increase expression only in T cell lines and only under basal conditions.  

This increase was at least partly due to a difference in Sp1 binding affinity to the +369 G/C SNP.  

Our data indicate that decreased binding of either a complex containing Sp1 and an unidentified 

nuclear factor or the unidentified nuclear factor itself to +369 C resulted in lesser suppression of 

LTA expression.  Chromatin immunoprecipitation showed Sp1 binding to this region of the LTA 

locus in vivo, but confirmation of binding to the Sp1 site directly associated with the LTA +369 

variant was not possible as a second Sp1 site is in close proximity.  However, mutation of the 

putative Sp1 site associated with the LTA +369 G/C SNP resulted in an expected increase in 

expression, further implicating that Sp1 binding to this site suppresses LTA expression.  These 

data indicate that the LTA +81 C/A and +369 G/C SNPs impact LTA expression in a cell type-

specific and stimulation-dependent manner.  As a result, mechanisms that explain LTA SNP-

disease associations may require re-interpretation because of the different effects based on cell 

type.   

 



 

83 
 

 

3.2 Introduction 

Lymphotoxin Alpha (LTA; also known as TNF-β) is a pro-inflammatory member of the 

TNF cytokine superfamily and was originally defined as a cytotoxic factor released by 

stimulated T cells (1).  LTA has three active forms, a soluble homotrimer (LTα3) and two 

membrane bound heterotrimers formed with LT-β (LTα1β2 and LTα2β1) which have been shown 

to play critical roles in a diverse array of immunologic processes.  For example, LTA has been 

found to be important in protective immune responses to infectious diseases (2, 256), cellular 

recruitment (63, 119, 178), inflammation (1), and the development and maintenance of 

secondary lymphoid organs (1, 257).   

LTA expression also has been found to contribute to the susceptibility or etiology of a 

variety of diseases, including many autoimmune diseases (30, 258) as well as parasitic (165, 181, 

182) and Mycobacterium (178-180) infections.  As a result, LTA SNPs, which impact expression 

levels, have been investigated for their association with disease (161).  For instance, the LTA +81 

A SNP was shown to be associated with a reduction in malarial parasitemia in an age- and 

gender-specific manner in a West African population (163).  A role for LTA in malaria is further 

supported by the demonstration that LTA expression is a critical mediator of susceptibility to 

cerebral malaria (165).  Moreover, the LTA +81 A variant also has been shown to be associated 

with early onset leprosy in individuals (< 16 years of age) of Vietnamese, Indian and Brazilian 

backgrounds (177).  The role of LT-α in M. leprae infection is supported by the finding that LT-

α -/- mice exhibit decreased expression of chemokines, adhesion molecules, and cytokines and 

an impaired granuloma response to M. leprae infection (178).  Studies such as these, which 

associate specific SNPs with disease, highlight the importance of studying the mechanisms by 

which LTA SNPs impact expression. 
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There is extensive diversity in the LTA locus.  Nineteen LTA SNPs, whose combinations 

define twenty LTA alleles, have been identified (151, 152).  Despite this level of diversity, only a 

few SNPs have been examined for their impact on expression.  Nuclear protein interactions with 

the LTA -293 G/A SNP (rs2071590) showed no difference in binding utilizing EBV transformed 

B cell nuclear extracts (153) and reporter gene assays analyzing the LTA +11 G/A SNP 

(rs1800683) showed no change in expression in Jurkat T cells (122).  On the other hand, the LTA 

+253 G variant was shown to increase expression in Jurkat T cells which likely was due to the 

binding of unidentified nuclear proteins from Jurkat nuclear extracts to +253 G and not to +253 

A (122).  The LTA +81 A variant likely results in decreased LT-α expression in B cells due to the 

specific association of activated B cell factor 1 (ABF-1) with this SNP (153).  Nuclear factor 

binding to the LTA +369 G/C SNP also was examined in the same study.  An unidentified 

complex from EBV transformed B cell nuclear extracts was found to bind specifically to +369 C, 

indicating a putative effect, but was not investigated further.   

Interestingly, there is a strong association between the + 81 C/A and +369 G/C SNPs.  In 

each instance where linkage has been determined (151-153), the +81 A variant, which has been 

shown to impact expression in B cell lines, is associated with the +369 C variant.  Since the +369 

C variant has been shown to bind an unidentified complex from nuclear extracts of B cell lines, it 

is possible that this SNP may potentiate the functional effects of the LTA +81 A variant.  Further, 

the LTA +369 variant is present in a GC-rich region of the LTA locus and is in close proximity to 

a putative Sp1 binding site (125).  A second Sp1 site also is located nearby, suggesting that this 

region may be transcriptionally important.  Sp1 is known to regulate the expression of numerous 

genes that are critically important in a variety of physiological processes, including lipid 

homeostasis (259, 260) and liver regeneration (261), each of which is associated with LT-α 
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signaling (195, 216, 262, 263).  Sp1 exerts its regulation of genetic expression through multiple 

mechanisms, including transcriptional activation of TATA-containing and TATA-less promoters 

and associating with chromatin remodeling factors such as p300 (264-267), histone deacetylase 

(HDAC1) (268-270) and DNA methyltransferase I (271, 272).  Through these associations, Sp1 

has been found to not only increase gene expression, but also to decrease it.  For example, 

repression of transforming growth factor receptor II expression in pancreatic ductal 

adenocarcinoma cells was found to be mediated by a Sp1-HDAC1 complex (270).   

Although the LTA + 81 C/A and +369 G/C SNPs have been shown to affect nuclear 

factor binding of proteins from transformed B cell nuclear extracts, the impact of these SNPs in 

T cells in not known.  This is important because T cells are the primary LT-α producing cell type 

as determined by analyzing LT-α expression in different cell types from freshly isolated and 

fractionated human PBMCs (8, 9).  It was shown that both resting and stimulated peripheral 

blood T lymphocytes express membrane-bound LT-α (8).  LT-α expression also could be 

induced on NK and B cells, but not on macrophages.  These results were corroborated by 

analysis of LT-α surface expression on various T, B, and myeloid human cell lines (8).  In 

another study, various T lymphocyte subsets were found to produce significantly more LT-α than 

B cells (9).  For example, naïve CD4 positive T cells expressed, on average, ten times more 

soluble LTα3 than B cells.  Based on these observations, T cells contribute significantly to LT-α 

levels, and thus, it might be anticipated that regulation of LTA expression may differ in T cells 

versus other cell types.   

Differences in LTA expression among cell types indicates that regulatory mechanisms 

influencing LTA expression are cell type-dependent.  Thus, it is possible that some LTA SNPs 

also might influence expression differentially based on cell type.  Therefore, we investigated the 
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impact of the LTA + 81 C/A and +369 G/C SNPs on expression in T and B cell lines.  We 

demonstrate that the LTA +81 C/A SNP differentially impacts expression in T versus B cell lines.  

We also show that the LTA +369 G/C SNP impacts expression only in resting T cells.  The effect 

of the LTA +369 SNP on this expression can be explained by a difference in binding affinity of 

Sp1 and/or an unidentified nuclear factor to the LTA +369 G/C SNP.  Due to the strong 

association between the +81 A and +369 C variants, these data indicate that +369 C likely 

amplifies the impact of +81 A on LTA expression.  Further, our data demonstrate that LTA SNPs 

can differentially affect expression depending on cell type.  Therefore, it is crucially important to 

consider the role of different cell types when proposing mechanisms to explain the associations 

between a SNP and a disease.   
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3.3 Materials and Methods  

Cell lines 

Jurkat (human leukemia; T lymphocyte), Ramos (human Burkitt's lymphoma; B 

lymphocyte) and Hut78 (human Sezary syndrome; T lymphocyte) cells were obtained from the 

American Type Culture Collection (ATCC, Manassas, VA, USA).  Jurkat and Ramos cell lines 

were cultured in RPMI 1640 (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal 

bovine serum (heat inactivated for Ramos cells), 10mM HEPES and 1 mM sodium pyruvate.  

The Hut78 cell line was cultured in IMEM (ATCC) supplemented with 20% fetal bovine serum. 

Reporter vector construction 

The full length LTA promoter region vector was previously created in our laboratory by 

amplification and cloning the LTA regulatory region [-2434 to +459; +1 indicates the 

transcription start site as previously defined (152)] from Epstein-Barr virus (EBV) transformed B 

cells (International Histocompatibility Workshop cell line #9020) homozygous for LTA allele 

p*003 (152) and inserted into the pGL2 luciferase vector (Promega, Madison, WI, USA).  To 

transfer the LTA insert to the pGL3 vector, Gateway™ technology (Invitrogen) was utilized 

following the manufacturer’s protocol.  Briefly, the full length LTA regulatory region was 

amplified by PCR.  PCR reactions contained the pGL2 luciferase construct containing the full 

length LTA regulatory region (200ng/µl), LTA specific forward primer 5-4.2 

(CTGACCTATCTCATCTGATAGTAGG) and reverse primer 3-3 

(GGGGAGAACCTGCAGAGAAAG) (20pmol/µl each), dNTPs (5pM each), reaction buffer 

(1x), MgCl2 (2mM) and Platinum Taq DNA Polymerase (5U; Invitrogen).  DNA was denatured 

(95°C, 2 mins) for one cycle, amplified (95°C, 30s; 58°C, 30s; 72°C, 3.5 mins) for 35 cycles, 
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extended (72°C, 5 mins) and held at 4°C.  The resulting amplicon was cloned into a donor vector 

(pcr8/GW/TOPO) via TOPO TA cloning per manufacturer’s protocol.  pGL3-basic (Promega) 

was converted to a Gateway™ compliant destination vector (pGL3-DV) by digestion with SrfI 

(Stratagene, La Jolla, CA, USA) and ligation with the Gateway™ Reading Frame Cassette A.  

The amplicon donor vector was recombined with the pGL3-DV in a separate LR clonase® 

reaction using the LR clonase II Enzyme Mix (Invitrogen) as per manufacturer’s protocol.   

The downstream segment single nucleotide polymorphism vectors (LTAs81 and 

LTAs369) and the LTAMutSp1 (A) vector were created by utilizing the above full length (-2434 

to +459) LTA pGL3 vector as the template for site-directed mutagenesis.  Site directed 

mutagenesis was accomplished via the QuikChange II site-directed mutagenesis kit (Stratagene) 

as per manufacturer’s protocol.  Sense and anti-sense oligonucleotides were purchased 

(Invitrogen).  All constructs were confirmed by DNA sequencing. 

Luciferase assays 

Jurkat T-cells, Ramos B-cells and Hut78 T-cells (2x10
6 

each) were co-transfected with 

the indicated vector (3.5µg for Jurkat; 5µg for Ramos; 3.5µg for Hut78), along with the pRL-TK 

renilla luciferase plasmid (100 ng/reaction; Promega).  Transfections were performed with a 

Nucleofector II (Amaxa, Gaithersburg, MD, USA) as per manufacturer’s protocol using Kit V 

(Jurkat and Ramos cell lines) and Kit R (Hut78 cell line).  Programs X-001, C-013 and V-001 

were utilized for Jurkat, Ramos and Hut78 cell lines, respectively.  Transfected cells were rested 

for 4 hours and then treated with phorbol 12-myristate 13-acetate (PMA) (50 ng/ml) and 

ionomycin (1 µg/ml) or left untreated for 20 hours.  Luciferase was measured 24 h post 

transfection using the Dual-Luciferase® Reporter Assay Kit (Promega) as per manufacturer’s 
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protocols.  Data were normalized by co-expression of pRL-TK renilla luciferase and expressed 

as fold activity (firefly/renilla).  To combine data from independent experiments we arbitrarily 

set the luciferase activity of the indicated reference constructs to 1.  Luciferase activity of each of 

the remaining constructs was reported as a ratio fold activity (mean fold activity of the indicated 

construct/mean fold activity of the reference construct).  Data represent the mean of the ratio fold 

activity of three independent experiments ± SD.  Differences in the mean of the ratio fold 

activity with a p-value of <0.05 by Student’s T-test were considered significant.  The mean of the 

ratio fold activity of each reference construct therefore lacks error bars as their value was set to 

1.   

Electrophoretic mobility shift assay (EMSA) 

Double-stranded probes (Invitrogen) were generated by incubating complementary 

probes (480 nmols each) for +369 G ( 5’-TCGGGGGGTGCTGTCTCCCAGGGCGG-3’) and 

+369 C ( 5’-TCGGGGGGTGCTCTCTCCCAGGGCGG-3’) in buffer (100µl; 10mM Tris-HCl, 

20 mM NaCl, pH7.5) at 95°C for 30 min followed by gradual cooling to room temperature.  The 

double-stranded probes (4.8 nmol) were labeled with 32P γ-ATP (10 µCi; Amersham 

Biosciences, Piscataway, NJ, USA) using T4 polynucleotide kinase (10U; Invitrogen) according 

to manufacturer’s protocol.  The labeled probes were purified using Quickspin G-25 Sephadex 

columns TE (Roche Diagnostics Corporations, Indianapolis, IN, USA) as per manufacturer’s 

protocol and were re-suspended to 48 pm/µl.  Unstimulated Jurkat nuclear extracts were 

purchased (Active Motif, Carlsbad, CA, USA).  EMSAs were performed using the Nushift 

EMSA kit (Active Motif) with protocol modifications as follows:  Nuclear extract (4 µg) was 

incubated (20 min, 4°C) in buffer B3 (4 µl) and stabilizing solution D (1 µl) and brought to a 

final volume of 8 µl with water.  Radiolabeled probe (48 pm) was incubated (20 min, 4°C) in 
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buffer C3 (2 µl) and stabilizing solution D (1 µl) and brought to a final volume of 16 µl with 

water.  The mixtures were combined and incubated (20 min, 4°C).  Cold probe competition was 

performed by addition of the cold probe (480 pm, unless indicated otherwise) to the radiolabeled 

probe mixture and increasing the incubation time to 1 h prior to combining the mixture with the 

nuclear extract mixture.  Antibody-mediated competition was performed by addition of the 

antibody (4 µg) to the nuclear extract mixture and increasing the incubation time to 1 hour prior 

to combining the extract/antibody mixture with the radiolabeled probe mixture. 

Reactions were electrophoresed on native 5% polyacrylamide gels and visualized by 

exposure (-80°C, 6-20 h) to Kodak Biomax MR film (Eastman Kodak, Rochester, NY, USA).  

Densitometry analysis and quantification was performed using the Fluor Chem HD2 imaging 

system and Alphaview software (Alpha Innotech, San Leandro, CA, USA).  MatInspector 

(Genomatix Software, Munich, Germany) was used to predict potential transcription factors 

binding to each probe.  Transcription factor-specific and control antibodies were obtained from 

Santa Cruz Biotechnology (Santa Cruz, CA, USA). 

Chromatin immunoprecipitation (ChIP) assays 

ChIP assays were performed using the ChIP-IT™ Express Kit (Active Motif) as per the 

manufacturer’s protocol.  Briefly, Jurkat T-cells (5x10
6
) were fixed with a solution of 

formaldehyde (37%) for 5 min at room temperature, pelleted and washed with PBS.  Nuclei were 

extracted as per manufacturer’s protocol.  Chromatin was sheared with a Microson ultrasonic cell 

disruptor (Misonix, Farmingdale, NY, USA) at a setting of 3.5 for 5 pulses of 20 seconds each.  

Shearing was verified by agarose gel electrophoresis.  Sheared chromatin was 

immunoprecipitated with a Sp1-specific antibody (3µg/reaction; SantaCruz Biotechnology), a 
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RNA Pol II-specific antibody (3µg/reaction; ChIP IT™ control kit – Human, Active Motif) and 

control Immunoglobulin G (IgG, 3µg/reaction; ChIP IT™ control kit – Human).  The RNA Pol 

II specific antibody and GAPDH primer set provided in the ChIP IT™ control kit – Human were 

used as positive controls for chromatin immunoprecipitation and for the subsequent 

amplification, respectively.  Nonspecific enrichment of chromatin due to antibody was controlled 

for by using rabbit IgG and nonspecific amplification of chromatin was controlled for by using 

the CNAP1 negative control primer set (ChIP IT™ control kit – Human).  Adsorption of the 

antibody-protein-DNA complexes to protein G magnetic beads, reversal of the cross-links 

between the DNA and nuclear proteins and DNA purification were performed as per 

manufacturer’s protocol.  A 236 base pair segment of the LTA downstream segment that spans 

+313 to +549 was amplified from the immunoprecipitated chromatin using a MJ Research DNA 

Cycler (Bio-Rad Laboratories, Inc., Waltham, MA, USA).  PCR reactions contained 

immunoprecipitated chromatin (50 ng), 10 pM each of the specific forward primer (5’- 

ACTGCATCTTGTCCCCTTCTCTGTC-3’) and reverse primer (5’- 

AGGCAGCAGAACCAGCAGCAG-3’), dNTPs (5 pM each), reaction buffer (1x), MgCl2 

(2mM) and Platinum Taq DNA Polymerase (5U; Invitrogen).  DNA was denatured (95°C, 2 

mins) for one cycle, amplified (95°C, 20s; 59°C, 30s; 72°, 30s) for 35 cycles, extended (72°C, 5 

mins)  and held at 4°C.  The 166 bp GAPDH gene promoter segment was amplified with the 

positive control primer set and the 174 bp CNAP1 gene segment was amplified using the 

negative control primer set (as provided in the ChIP IT™ control kit – Human and as per 

manufacturer’s protocol).  PCR products were separated on 3% agarose gels and imaged using a 

Fluor Chem HD2 imaging system and Alphaview software (Alpha Innotech). 
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3.4 Results 

Cell type- and condition-specific effects of LTA SNPs on expression levels 

To examine the effects of the LTA +81 C/A and the LTA +369 G/C SNPs on expression 

levels, luciferase reporter gene constructs were created that varied at the +81 and +369 positions.  

Luciferase activity was examined in Jurkat T and Ramos B cells under basal and 

PMA/ionomycin stimulated conditions.  Luciferase activity induced by constructs containing 

+81 A in Ramos cells under basal and stimulated conditions was significantly decreased when 

compared to that of +81 C (Figure 3.1). These data are consistent with data reported by Knight et 

al. (2004). In contrast to the reported effect of this SNP in transformed B cell lines, luciferase 

activity induced by +81 A under both basal and stimulated conditions in Jurkat T cells was 

significantly increased by approximately 25% (Figure 3,1a) and 60% (Figure 3.1b), respectively, 

when compared to that of +81 C.  To confirm this novel, cell type-specific increase induced by 

this SNP, a second T cell line (Hut78) was examined (Figure 3.2a and b).  Again, luciferase 

activity induced by +81 A was significantly increased over that of +81 C under both basal and 

PMA/ionomycin stimulated conditions. 

The LTA +369 G/C SNP showed no difference in luciferase activity under basal 

conditions in Ramos B cells or under PMA/ionomycin stimulated conditions in either Ramos B 

or Jurkat T cells (Figure 3.3).  However, luciferase activity generated by LTA369C revealed an 

approximate 40% increase over that of LTA369G in unstimulated Jurkat T cells (Figure 3.3a).  

The difference in activity of the LTA +369 G/C SNP was confirmed in a second T cell line 

(Figure 3.4a and b).  These data suggest that both SNPs affect LTA expression levels in a cell 

type-specific  
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Figure 3.1. The +81 A variant increases LTA expression in T cells.  Luciferase activity of the 

LTA promoter (-2434 to +459) constructs LTA81A and LTA81C in Jurkat T cells (black bars) 

and Ramos B cells (white bars) under basal (A) and PMA (50 ng/ml) plus ionomycin (1 µg/ml) 

stimulated (B) conditions.  EV (pGL3-basic without insert) was used to measure nonspecific 

luciferase activity.  Data were normalized by co-expression of pRL-TK renilla luciferase and 

expressed as fold activity (firefly/renilla).  Data represent the ratio of mean fold activity (mean 

fold activity of the indicated construct/mean fold activity of the reference construct) ± SD of 

three independent experiments.  Data are compared to reference constructs LTA81C (A) or 

LTA81C Stim (B) set to 1.  Significant p values (“*” refers to p value ≤ 0.05 and “**” refers to p 

value ≤ 0.001) as determined by Student’s T-test are indicated. 
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Figure 3.2.  The +81 A variant exhibits an increase in expression in Hut78 T cells similar to 

that in Jurkat T cells.  Luciferase activity of the LTA promoter (-2434 to +459) constructs 

LTA81C and LTA81A in Hut78 T cells under basal (A) and PMA (50 ng/ml) plus ionomycin (1 

µg/ml) stimulated (B) conditions.  EV (pGL3-basic without insert) was used to measure 

nonspecific luciferase activity.  Data were normalized by co-expression of pRL-TK renilla 

luciferase and expressed as fold activity (firefly/renilla).  Data represent the ratio of mean fold 

activity (mean fold activity of the indicated construct/mean fold activity of the reference 

construct) ± SD of three independent experiments.  Data are compared to reference constructs 

LTA81C (A) or LTA81CStim (B) set to 1.  Significant p values (“*” refers to p value ≤ 0.05 and 

“**” refers to p value ≤ 0.001) as determined by Student’s T-test are indicated. 
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Figure 3.3. The +369 G variant decreases LTA expression in T cells under basal conditions.  

Luciferase activity in Jurkat (black bars) and Ramos (white bars) cells of the LTA promoter (-

2434 to +459) constructs LTA369G and LTA369C.  EV (pGL3-basic without insert) was used to 

measure nonspecific luciferase activity.  Cells were left untreated (A) or treated with PMA (50 

ng/ml) and ionomycin (1 µg/ml) (B).  Data were normalized by co-expression of pRL-TK renilla 

luciferase and expressed as fold activity (firefly/renilla).  Data represent the ratio of mean fold 

activity (mean fold activity of the indicated construct/mean fold activity of the reference 

construct) ± SD of three independent experiments.  Data are compared to the reference 

constructs LTA369G (A) or LTA369GStim (B) set to 1.  Significant p values (“*” refers to p 

value ≤ 0.05) as determined by Student’s T-test are indicated.  The decrease of +369 C in 

stimulated B cells was not significant (p value = .078). 
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Figure 3.4.  The +369 G variant exhibits a decrease in expression in Hut78 T cells similar to 

that in Jurkat T cells.  Luciferase activity of the LTA promoter (-2434 to +459) constructs 

LTA369G and LTA369C in Hut78 T cells under basal (A) and PMA (50 ng/ml) plus ionomycin 

(1 µg/ml) stimulated (B) conditions.  EV (pGL3-basic without insert) was used to measure 

nonspecific luciferase activity.  Data were normalized by co-expression of pRL-TK renilla 

luciferase and expressed as fold activity (firefly/renilla).  Data represent the ratio of mean fold 

activity (mean fold activity of the indicated construct/mean fold activity of the reference 

construct) ± SD of three independent experiments.  Data are compared to the reference 

constructs LTA369G (A) or LTA369GStim (B) set to 1.  Significant p values (“*” refers to p 

value ≤ 0.05) as determined by Student’s T-test are indicated. 
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manner and that the +369 G/C SNP is stimulation dependent.  Although the LTA +81 C/A SNP 

exhibits a novel functionality in T cell lines, it has been previously characterized in B cells (153). 

Therefore, we continued to investigate the +369 G/C SNP since the effect of this SNP on LTA 

expression previously had not been examined fully. 

The LTA +369 G/C SNP displays differential nuclear protein binding 

 To determine whether the differences in luciferase activity of the +369 G/C SNP in 

unstimulated Jurkat T cells translated to altered nuclear protein-DNA interactions, EMSAs were 

performed using unstimulated Jurkat nuclear extracts.  Four distinct complexes (A-D) were 

revealed that bound to both the +369 G and +369 C probes (Figure 3.5).  When directly bound to 

the radiolabeled probes, complexes C and D appeared to exhibit an increased affinity for the 

+369 G probe (lanes 1 and 4).  However, under competed conditions, complexes C and D were 

equally competed by both competitor probes (lane 2 compared to lane 3 and lane 5 compared to 

lane 6), suggesting that both complexes bound the +369 G and +369 C probes with equal 

affinity.  On the other hand the +369 C competitor probe was consistently less efficient at 

competing complexes A and B than the +369 G competitor probe (lane 3 compared to lane 2).  

These data suggested that complexes A and B might preferentially bind the +369 G variant.   

To quantify the possible binding affinity difference for each complex to the LTA +369 

G/C SNP, competition curves were created.  EMSAs were performed in which the radiolabeled 

+369 G probe was competed with varying amounts of unlabeled +369 G or +369 C competitor 

probes and complex intensity was measured by densitometry (Figure 3.6e).  Competed and non-

competed band intensities were determined and the percent relative band intensity at each 

competitor probe concentration was calculated (Figure 3.6a-d).  At 50% relative band intensity,  
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Figure 3.5. The LTA +369 G/C SNP affects nuclear factor binding.  EMSA showing four 

complexes that specifically interact with radiolabeled probes that contain either a guanine (G; 

lanes 1-3) or a cytosine (C; lanes 4-6) at position +369.  The probes were incubated with 

unstimulated Jurkat nuclear extract.  Unlabeled probes (100-fold molar excess) used to compete 

the DNA-protein interactions are indicted (+).  Unbound probe serves as the loading control.  

This gel is representative of at least 4 independent experiments. 
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Figure 3.6. Complex A and B exhibit increased binding affinity to +369 G.  Competition 

curves showing competed intensity of complex A (A), complex B (B), complex C (C) and 

complex D (D) binding to radiolabeled +369 G using various concentrations of unlabeled +369 

G (closed circles) and +369 C (open circles) probes.   Data represent competed complex intensity 

as a percentage of uncompeted complex intensity versus log molar excess of unlabeled 

competitor probe of two independent experiments ± SD.  (E) Representative EMSA gel used to 

create competition curves.  Exposure times were increased to facilitate adequate visualization of 

complex A.  Probes were incubated in unstimulated Jurkat nuclear extract.  Radiolabeled +396 G 

was either left uncompeted (lane 1) or competed with the indicated molar excess of unlabeled 

+369 G probe (lanes 2-10).  Unbound probe served as the loading control.  
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Figure 3.6 A, B, C, and D. Complex A and B exhibit increased binding affinity to +369 G 

(continued) 
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Figure 3.6 E. Complex A and B exhibit increased binding affinity to +369 G (continued) 
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complexes A and B exhibited a 3- and 8-fold increase in binding affinity for +369 G, 

respectively.  However, complexes C and D showed no difference in binding affinity as each 

complex was equally competed by the +369 G and +369 C competitor probes (Figure 3.6c and 

d).  These results indicate that two complexes (A and B) are composed of nuclear proteins that 

bind to the +369 G variant with higher affinity than to the +369 C variant. 

Complex A contains Sp1 

Antibody-mediated competition EMSAs were performed to determine which 

transcription factor(s) might be present in complexes A and B.  Transcription factor-specific 

antibodies were chosen that displayed higher core values for potential binding sites to the +369 

G probe versus the +369 C probe using MatInspector software.  The Sp1-specific antibody 

competed complex A formation with the +369 G probe (Figure 3.7).  This competition was 

specific as the complex was not affected by any of the other transcription factor-specific 

antibodies or the control antisera.  Complex B, C and D were unaffected by any of the 

transcription factor-specific antibodies (Figure 3.7) and their identities were unresolved.  These 

data clearly indicate that complex A contains Sp1. 

Sp1 binds to the LTA locus in vivo in the region containing the +369 G/C SNP 

Based on in vitro binding of Sp1 to the LTA +369 G/C SNP above, we next sought to 

examine the in vivo interaction of Sp1 with this region by performing ChIP assays.  The LTA 

promoter region from +313 to +549 (Figure 3.8 A) was successfully amplified after chromatin 

immunoprecipitation from unstimulated Jurkat T cells with a Sp1-specific antibody (Figure 3.8; 

lane 1).  GAPDH promoter amplification (positive control, lane 5) and the absence of CNAP1 

promoter amplification (negative control, lane 9) after RNA Pol II-specific chromatin  
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Figure 3.7. Sp1 is identified as a component of Complex A.  Antibody mediated competition 

EMSA of complex binding to the radiolabeled +369 G probe using nuclear extract from 

unstimulated Jurkat T cells.  Transcription factor-specific antibodies (indicated) were pre-

incubated with Jurkat nuclear extract prior to incubation with radiolabeled probe.  Goat and 

rabbit antisera serve as controls. 
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Figure 3.8. Sp1 associates with the LTA +369 region in vivo.  A. LTA sequence between +313 

and +549 indicating the location of the LTA specific ChIP primers, the +369 C EMSA 

oligonucleotide and two putative Sp1 binding sites.  B. ChIP assays were performed with 

chromatin from unstimulated Jurkat T-cells.  Antibodies used to precipitate chromatin are 

indicated.  None indicates no chromatin and input indicates chromatin without 

immunoprecipitation.  LTA specific primers were used to amplify the region between +313 to 

+549 after immunoprecipitation to detect Sp1 interaction.  The control amplification primer sets 

were specific for the GAPDH promoter (positive) and the chromosome condensation-related 

SMC-associated protein (CNAP1, negative).   
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immunoprecipitation illustrate assay specificity.  A second potential Sp1 binding site [Sp1 (B); 

Figure 3.8a] is located 22 bases downstream of Sp1 (A).  ChIP assays require sufficient distance 

(at least 200 base pairs) between two similar DNA binding sites to distinguish which site is 

utilized for protein binding.  Therefore, we are unable to definitively report Sp1 binding to the 

Sp1 (A) binding site by ChIP assay.  However, our data clearly indicate that Sp1 does bind to the 

LTA +369 region in vivo.      

Mutation of the Sp1 (A) site alters luciferase expression 

Since we were unable to distinguish in vivo whether Sp1 binds to the Sp1 (A) site, the 

Sp1 (B) site or both, we analyzed the functional contribution of Sp1 (A) to expression by 

luciferase assays.  We have shown that Sp1 binds with a higher affinity to the +369 G variant 

compared to that of the +369 C variant (Figure 3.5 and 3.6) and that luciferase activity is 

decreased when the +369 G variant is present (Figure 3.3b).  If the Sp1 (A) binding site is 

associated with the decrease in expression elicited from this region, we would expect an increase 

in luciferase activity from a construct containing a mutated Sp1 (A) site.  To test this hypothesis, 

LTA luciferase reporter constructs were created that contained either the Sp1 (A) binding site or a 

mutated Sp1 (A) binding site.  As anticipated, luciferase activity in unstimulated Jurkat T cells 

induced by the LTAMutSp1(A) construct was significantly higher than that of the construct 

containing an intact putative Sp1 (A) binding site (LTA; Figure 3.9).   These data provide further 

evidence in support of a role for the putative Sp1 binding site located adjacent to the +369 SNP 

in the repression of LTA expression.   
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Figure 3.9. Mutation of the Sp1(A) binding site increases LTA expression.  Luciferase 

activity in Jurkat T cells under basal conditions of the LTA promoter (-2434 to +459) constructs 

LTA and LTAMutSp1(A).  EV (pGL3-basic without insert) was used to measure nonspecific 

luciferase activity.  Data were normalized by co-expression of pRL-TK renilla luciferase and 

expressed as fold activity (firefly/renilla).  Data represent the ratio of mean fold activity (mean 

fold activity of the indicated construct/mean fold activity of the reference construct) ± SD of 

three independent experiments.  Data are compared to the reference construct LTA set to 1.  

Significant p values (“*” refers to p value ≤ 0.05) as determined by Student’s T-test are 

indicated. 
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3.5 Discussion 

In the current study, we present data demonstrating that two LTA SNPs, +369 G/C and 

+81 C/A, have a significant impact on LTA expression in T cell lines.  We found that expression 

levels are significantly increased with the LTA +369 C variant versus the +369 G variant.  This 

difference occurs only in resting cells, as luciferase activity from constructs containing either the 

+369 C variant or the +369 G variant are comparable in stimulated T cell lines and in resting and 

stimulated Ramos B cells.  The difference in expression was corroborated by an increased 

binding affinity of two complexes (A and B) to +369 G as determined by EMSA from 

unstimulated Jurkat T cell nuclear extracts.  Complex A, which bound to the +369 G variant with 

a 3 fold greater affinity than to the +369 C variant, was shown to contain Sp1.  Further, we 

demonstrated that Sp1 binds to the LTA +369 G/C region in vivo by ChIP assay.  Because of the 

close proximity of a second Sp1 site, however, we were unable to definitively confirm Sp1 

binding in vivo to the site directly associated with the +369 SNP.  To address this, we created 

luciferase reporter vectors that contained either a wild type Sp1 site or a mutated Sp1 site.  As 

expected, mutation of this site led to a significant increase in luciferase activity compared to a 

construct containing the wild type site.  Collectively, these data demonstrate that nuclear 

proteins, Sp1 and an unidentified factor, bind to +369 G with greater affinity than to +369 C and 

that the increase in binding affinity of these factors to +369 G likely causes a decrease in 

expression.  These data suggest that these factors differentially repress LTA expression due to the 

+369 G/C SNP and that this repression is cell type- (T cell) and condition- (basal) specific. 

While Sp1 has been well documented as a transcriptional activator, it also has been 

shown to repress transcriptional expression (230).  One study analyzing the transcriptional 

regulation of the p21/WAF/CIP1 gene found that Sp1 interacts with HDAC1 and represses 
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p21/WAF/CIP1 expression (273).  Sp1-mediated recruitment of the HDAC1-mSin3a complex 

has been shown to promote interaction between chromosomal DNA and histone tails essentially 

compacting DNA and repressing transcription (268).  In another study, transcriptional repression 

of the MAZ gene was found to be dependent on Sp1-mediated recruitment of DNA 

methyltransferase 1(271), which results in methylation of CpG islands.  DNA methylation 

represses transcription either directly by inhibiting transcription factor binding or indirectly by 

recruiting methyl-CpG-binding proteins which usually possess repressive chromatin remodeling 

characteristics (274).  In a study similar to the one presented here, Sp1-mediated repression of 

IL-10 was found to be dependent on the -571 C/A SNP (275).  It was shown that reporter 

constructs containing the IL-10 -571 A variant exhibited an increase in luciferase activity when 

compared to constructs that contained the IL-10 -571 C variant.  These data are similar to that 

seen with our luciferase constructs containing the +369 C variant (increased expression) and the 

+369 G variant (decreased expression).  In the IL-10 -571 C/A study,  Steinke et al. (2004) noted 

that there was a binding affinity difference of nuclear factors to the IL-10 -571 C/A SNP, but 

were not able to demonstrate an affinity difference using recombinant Sp1 binding to EMSA 

probes that contained either the -571 C or the -571 A variants.  To address this possibility in our 

study, we created competition curves with probes containing the LTA +369 G/C SNP and whole 

nuclear extract that showed two complexes, one containing Sp1, which preferentially bound to 

the LTA +369 G variant.  Since Sp1 has been shown to induce repression of gene expression in a 

SNP dependent manner, it is plausible that Sp1 may function in a similar manner when bound to 

the LTA region associated with the +369 G/C SNP.  However, since Sp1 is ubiquitously 

expressed (230), it is unlikely that it is solely responsible for the LTA +369 G/C-mediated 

decrease in LTA expression, but contributes to this phenotype in conjunction with the 
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unidentified nuclear protein (-s) in complex B.  Further, Sp1 is not responsible for the cell type-

specific impact of this SNP.  Cell type specificity is expected to result from the unidentified 

nuclear protein in complex B.  Regardless of the mechanism utilized in this context, both this 

study and the study by Steinke et al. (2004) demonstrate that an Sp1 containing complex can 

differentially repress expression of a cytokine in a SNP-dependent manner.   

Knight et al. (2004) previously demonstrated the importance of the +81 C/A SNP on LTA 

regulation in transformed B cells and found that expression is significantly lower with +81 A 

compared to +81 C.  While both alleles were shown to bind transcription factor AP-4, only +81 

A was found to bind ABF-1.  Further, it was demonstrated that ABF-1 binding represses 

expression as a result of the LTA +81 A variant.  In this study, we have shown that the influence 

of the LTA +81 C/A SNP is cell type-specific.  In Ramos B cells, we found that expression is 

significantly decreased with +81 A, confirming the result reported by Knight et al. (2004).  

However, we found that the LTA +81 SNP has the opposite impact on expression in Jurkat T 

cells.  Luciferase activity from a construct containing the +81 A variant in T cells (Jurkat and 

Hut78) under basal conditions was significantly increased (approximately 3 fold) in comparison 

to that of a construct containing the +81 C variant.  Further, in Jurkat cells under 

PMA/ionomycin stimulated conditions, luciferase activity of the construct containing the +81 A 

variant resulted in an additional increase of approximately 3 fold over the construct containing 

the +81 C variant.  These findings were confirmed in a second T cell line (Hut78).  These data 

suggest that the influence of the LTA +81 C/A SNP on expression is cell type-specific; +81 A 

causes a decrease in B cells and an increase in T cells.  Further, the influence of +81 A on 

expression in both the Jurkat and Hut78 cell lines is independent of the state of activation. 
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It should be noted that one of the limitations of our study and of other studies analyzing 

the impact of LTA SNPs (122, 125, 153) is that the effects of these SNPs were investigated in 

immortalized cell lines (Jurkat, Ramos, Hut78, LCLs, and COS-7) and not in primary cells.  It is 

possible that SNP-dependent effects may differ in primary cells versus immortalized cell lines.  

Nevertheless, our data on the impact of LTA SNPs on expression are consistent with the findings 

of previous comparable studies, such as the decrease in expression due to the LTA +81 A variant 

in an immortalized B cell line (153).  In addition, our data (not shown) and that from another 

study (122) demonstrate that the LTA +253 G variant confers an increase in expression in Jurkat 

T cells.  These data are confirmed in human PBMCs by Messer et al. (1991) who showed that 

the +253 G variant results in an increase in LTA mRNA expression that was conferred into 

increased LT-α protein production (125).  Further investigation is needed to confirm the effect of 

the +81 C/A and +369 G/C SNPs in primary cell lines.       

The LTA +81 C/A and +369 G/C SNPs are strongly associated.  In all instances in which 

sequences have been reported (151-153) and in unpublished data from our laboratory (Posch P: 

personal communication), LTA +81 A is always found to be associated with LTA +369 C, while 

LTA +81 C is always found to be associated with LTA +369 G.  This strong association is present 

in European American and African/African American populations, as well as in random samples 

from various other population groups.  Thus, with respect to LTA expression by T cells, the high 

expressing SNPs (+81 A and +369 C) are associated, as are the low expressing SNPs (+81 C and 

+369 G).  There is one LTA SNP disease association study which suggests that this association 

may not occur in all populations (177).  In that study, LTA +81 A was shown to be significantly 

associated with leprosy in three different populations.  If the LTA +81 and +369 SNPs are in 

strong linkage disequilibrium, then it would be anticipated that the +369 SNP also would show a 
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significant association with leprosy in each population.  While this was the case in a Vietnamese 

population studied, the +369 SNP was not associated with leprosy in an Indian population (the 

LTA +369 SNP data was not reported for the third group).  These observations suggest that in the 

Indian population, the LTA +81 and +369 SNPs may not be as strongly associated.  Regardless, 

the LTA +81 and +369 SNPs are strongly associated in the majority of populations examined to 

date and, thus, would have a combined impact on LTA expression in T cells. 

The impact of the LTA +81 and +369 SNPs on LTA expression from T cells and their 

strong association are important since T cells are the primary LT-α producing cell type (9).  

Ohshima et al. (1999) showed that CD4 positive T cells are the major source of LT-α in 

comparison to other cell types.  Depending on the CD4 positive T cell subset, it was shown that 

T cells produce 2.5 to 10 times more LT-α than B cells.  Numerous other studies also have 

shown the importance of T cells in the production of LT-α (8, 126, 129, 130, 276).  Therefore, 

while other cell types express LT-α (277-279), the cell type-specific impact of SNPs on 

expression and the levels of LT-α produced by T cells versus other cell types likely are of crucial 

importance when assessing the role of LTA in disease.  Thus, in those cases in which the LTA 

+81 or +369 SNP have been found to be associated with a disease, the mechanism by which LTA 

influences the disease may need to be interpreted differently in light of the data presented in this 

study. 

The LTA +81 A variant has been found to be associated with a reduction in parasitemia in 

malaria infection (163).  Based on reports that indicate that the +81 A allele results in a decrease 

in LTA expression in B cells (153), it was hypothesized that low LT-α production as a result of 

LTA +81 A might inhibit spleen closure.  Spleen closure is known to be induced by malarial 

infection and thought to reduce parasitized cells from entrapment and elimination in the spleen 
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(280, 281).  Further, P. chabaudi resistant TNFRI and LTβR deficient mice exhibited limited 

spleen closure in comparison to P. chabaudi infected WT mice (189, 282).  These data led to the 

hypothesis that decreased LTA expression due to the LTA +81 A variant might inhibit spleen 

closure and result in a decrease in the elimination of parasitized erythrocytes in the spleen (163).  

However, from the data presented in this study, it also is possible that increased LT-α levels by T 

cells due to the +81 A and +369 C variants may also account for the association with reduced 

parasitemia through a more robust T cell mediated immune response against blood/liver-stage 

malaria infection.  Indeed, the importance of T cell-mediated protection from malaria challenge 

is highlighted in the continuing attempts to create effective vaccines aimed at activating T cells 

and promoting T cell dependent sterile immunity (283, 284).  Further, it has been shown that 

IFN-γ expression is critical in mounting an adequate protective immune responses to blood-stage 

malaria persistence (191) and that LT-α signaling significantly increases IFN-γ production (164).  

Therefore, the associations between +81 A and a decrease in malaria parasitemia could result 

from increased LT-α expression by T cells due to the LTA +81 A and +369 C variants.  The 

resulting increased T cell response and IFN-γ production could confer increased resistance to 

infection by a heightened immune response to malarial persistence.   

The LTA +81 A variant also has been associated with an increase in susceptibility to 

leprosy (177).  It was hypothesized that decreased LT-α expression due to the LTA +81 A allele 

might cause a decrease in lymphocyte recruitment to sites of infection.  Indeed, LT-α has been 

shown to have a critical role in lymphocyte recruitment resulting from LT-α -specific activation 

of chemokines, adhesion molecules and other cytokines.  However, we have shown that LTA 

expression may be increased from T cells due to the +81 A and +369 C variants.  These data 

suggest that lymphocyte recruitment may not be impaired in M. leprae infection.  Therefore, the 
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reason for the association between LTA +81 A and leprosy remains unclear.  Resolution of the 

mechanism responsible for this association may require investigation of the effects of LT-α 

expression at sites of M. leprae infection. 

We have shown that SNPs exhibit cell type- and condition-specific effects on LTA 

expression. The LTA +81 A variant was shown to increase expression three fold over the LTA 

+81 C variant in Jurkat T cells under basal conditions and the difference in expression was 

further enhanced (doubled) over basal levels upon stimulation.  This effect on expression is 

opposite to  its impact in immortalized B cells in which LTA +81 A causes a decrease of 

approximately three fold over LTA +81 C under basal conditions that is maintained after 

stimulation.  Further, we have shown that the LTA +369 C variant increased expression over the 

LTA +369 G variant only in T cell lines and only under basal conditions.  The impact of this SNP 

on expression was likely due in part to stronger binding to and repression of LTA +369 G by Sp1 

in conjunction with an unidentified nuclear protein, while the cell type specificity was likely due 

to the unidentified nuclear protein.  Because the +369 and +81 SNPs are strongly associated, 

LTA +369 C likely amplifies the impact of LTA +81 A on expression in resting T cells.  Many 

LTA-disease association studies have focused on the LTA +81 SNP.  Therefore, it is important to 

consider the cell type-specific impact of the LTA +81 SNP on expression, which can be 

augmented by LTA +369 in unstimulated T cells, in the disease association. It also is critical to 

consider the pertinence of different cell types to the pathogenesis of the disease being studied 

when considering the mechanisms behind the association.  
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Chapter 4: Future Directions 

LT-α signaling has been directly associated with progression of hepatitis C virus (HCV)-

induced chronic hepatitis to hepatocellular carcinoma (HCC) (214).   Since HCV does not 

integrate into the host genome (285), it is likely that direct genetic manipulation by the virus 

does not account for the induction of HCC.  In support of this is the long latency period (several 

decades) between HCV infection and HCC development (286).  Therefore, it has been 

hypothesized that environmental and viral factors facilitate the creation of a pro-oncogenic 

environment that over time results in HCC (286, 287).  Indeed, chronic HCV infections are 

characterized by such a phenotype, which includes both chronic hepatic inflammation (287) and 

lipid accumulation (steatosis)(288).  Since HCC is the fifth most common cancer in men and the 

eighth most common in women with more than 70% of HCC cases associated with either HBV 

or HCV infection worldwide (287), the mechanisms that control the creation of this pro-

oncogenic environment are of crucial importance.  

Data suggest that LT-α expression may be critical to the formation of this environment, 

not only through the induction of chronic inflammation, but also of steatosis.  LT-α signaling has 

been shown to mediate progression of HCV-induced chronic inflammation to HCC in mouse 

models, likely through mediating an inflammation promoting feedback loop with NF-κB (214).  

More interestingly, LT-α may also be involved in the induction of steatosis.  HCV-induced 

steatosis is required by the virus as substantial host lipid levels facilitate efficient HCV 

replication (289).  HCV modulates host lipid metabolism on numerous levels, including 

enhanced lipogenesis and impaired lipid export (290).  To accomplish this, HCV induces the 

activation of sterol response element binding proteins (SREBPs) (291).  SREBPs are 

transcription factors that are normally activated by signals corresponding to decreased lipid 
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levels and serve to induce the expression of genes associated with lipogenesis through binding to 

sterol response elements (SREs) in target genes (292).  The accumulation of lipids within the 

liver microenvironment contributes to a pro-oncogenic environment as lipids function as energy 

stores and large amounts of lipids are required for the creation of new cellular membranes, both 

of which are critically necessary for cancer progression (293).  LT-α’s putative role in the 

promotion of steatosis is highlighted by its direct link to lipid metabolism through inhibition of 

hepatic lipase (HL) expression, which enhances lipogenesis and impairs lipid export (195).  

Further, the LTA +369 G/C SNP region contains putative binding sites that indicate the presence 

of a classical SRE-containing regulatory motif that is known to activate the transcription of lipid 

regulating genes.  Finally, preliminary data from Jurkat T cells indicates that kerotinocyte growth 

factor (KGF, also known as FGF7), which is known to activate SREBPs, results in the induction 

of LTA mRNA transcripts from the alternative promoter downstream of the LTA +369 G/C SNP 

in Jurkat T cells (data not shown).  Based on these data, we suspect that HCV may induce 

steatosis through activation of naturally occurring mechanism in which LTA expression is 

activated by a SREBP-associated mechanism (Figure 4.1).  Therefore, we wish to investigate the 

mechanisms required to induce LT-α expression in the context of lipid metabolism and 

investigate whether HCV utilizes this pathway to induce steatosis.  Further, since our preliminary 

data indicates that a SREBP-associated mechanism may induce the expression of LTA mRNA 

transcripts from the downstream alternative promoter, it is plausible that the putative induction of 

LTA expression by HCV also may favor such transcripts, which we suspect can be specifically 

targeted for translational inhibition.  Specific targeting of these transcripts may therefore 

decrease HCV-induced steatosis and possibly HCV-induced chronic inflammation with minimal 

side-effects.  To focus our investigation, we propose the following hypotheses:  
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Figure 4.1 HCV replication and KGF stimulation may result in increased lipid levels 

through a Sp1/SREBP associated mechanism.  HCV replication and KGF stimulation have 

been shown to induce SREBP activation (291, 294, 295).  Activated SREBP forms complexes 

with Sp1 and competes with repressive KLF transcription factors for binding to regulatory 

elements to activate genes that increase lipid levels (260, 296).  We hypothesize that a similar 

mechanism activates LT-α expression, which results in LT-α-mediated inhibition of HL 

expression and a subsequent increase in lipid levels (196). 
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1. LT-α expression is activated through a SREBP-associated mechanism and that the 

LTA +369 G/C SNP may influence this mechanism via changes in transcription factor 

binding.  

2. Regulation of LTA by SREBP utilizes the downstream segment alternative promoter 

in primary T cells.  

3. Stimulation conditions favor LTA mRNA transcripts that possess “short” 5’UTRs due 

to the presence of secondary structure within “long” 5’UTRs that decrease 

translational efficiency.   

4. HCV-infection induces LT-α expression through the activation of SREBP 

transcription factors. 

5. The translation of LTA mRNA that may be up-regulated during HCV infection can be 

specifically inhibited.     

The following aims are provided to further investigate these hypotheses:  

4.1 Aim 1: We hypothesize that LT-α expression is activated through a SREBP-associated 

mechanism and that the LTA +369 G/C SNP may influence this mechanism via changes in 

transcription factor binding.  

Lipid homeostasis is regulated by a variety of genes, some of which utilize a KLF 

transcription factor- and Sp1/SREBP complex-mediated mechanism (260, 296).  KLF proteins 

are classified as Sp1-like transcription factors as they share binding sites with Sp1 on target 

genes, directly compete with Sp1 for binding to these sites, and are able to repress transcriptional 

activation (297).  For example, under basal conditions, KLF13 and KLF11 both repress 

Sp1/SREBP complex-mediated activation of genes strongly associated with lipid homeostasis 
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(260, 296).  Upon stimulation signals, KLF expression is down-regulated and SREBPs are 

activated.  This results in the formation of Sp1/SREBP complexes, which subsequently compete 

with and displace KLF from regulatory elements that contain a Sp1 binding site and a SRE, 

resulting in gene activation (Figure 4.1).          

We hypothesize that a similar mechanism may be influencing LTA expression as a 

putative SRE and Sp1 site surround the +369 G/C SNP position.  LT-α expression has been 

shown to directly associate with lipid metabolism through the inhibition of HL (195).  Studies 

also show that LT-α deficient mice fed an atherogenic diet exhibit a 20% reduction in total 

cholesterol levels when compared to WT mice fed the same diet (194).  These data suggest that 

LT-α influences lipid metabolism.  However, the mechanism that activates LT-α expression in 

this regard is presently unknown.  We have shown that a functional Sp1 binding site is located in 

close proximity to the LTA +369 G/C SNP, which also may function as a KLF binding site.  A 

putative SRE also is located 8 base pairs upstream of this Sp1 binding site.  The close proximity 

of these sites indicates the putative presence of a regulatory motif required for Sp1/SREBP-

mediated activation of genes associated with lipid homeostasis (260, 296).  Further, complex A, 

which was identified as Sp1, consistently exhibits decreased band intensity when compared to 

complex B in EMSAs utilizing unstimulated Jurkat nuclear extract (Figure 2.5 and 2.7).  We 

suspect that this is due to KLF transcription factors competing with Sp1 for binding to these sites 

under basal conditions and that under HCV infection or KGF stimulation, band intensity for 

complex A will increase.  Based on this, we further suspect that complex B may be a repressive 

KLF transcription factor.  When considering LT-α’s role in modulating lipid homeostasis, we 

surmise that signals used to increase lipid metabolism also may activate LT-α expression in a 

Sp1/SREBP-dependent manner.  These data and observations suggest that: 1. KLF transcription 
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factors may bind to the region containing the LTA +369 G/C SNP and repress expression under 

basal conditions, 2. Sp1/SREBP may successfully compete with KLF proteins for binding to this 

region under specific stimulation conditions and influence LT-α expression and 3. Since the 

binding affinity of Sp1 (complex A) is dependent on the +369 G/C SNP, the binding affinities 

for KLF and SREBP also may be influenced by this polymorphism.  The following questions and 

experiments are proposed to further investigate these hypotheses:  

1. Do KLF and SREBP transcription factors bind to the LTA +369 G/C SNP in vitro under 

specific conditions?  KGF stimulation is known to be a strong inducer of SREBP 

expression (294, 295) and will be used throughout these studies.  Antibody-mediated 

competition EMSAs will be conducted with previously described LTA +369 G/C 

oligonucleotides.  Jurkat T cell nuclear extracts from basal and KGF stimulated 

conditions will be utilized.  KLF- and SREBP-specific antibodies and oligonucleotides 

corresponding to the KLF binding sites and SREs will be used for competition.  These 

data will: (1) Determine whether KLF is a component of complex B, (2) Identify the 

specific KLF and SREBP transcription factors that putatively bind to this region, (3) 

Determine whether SREBP also binds to this region under KGF stimulation, (4) 

Determine whether KLF and SREBP binding is stimulation dependent, and (5) Determine 

if the LTA +369 G/C SNP affects binding of these transcription factors.  We previously 

showed that the +369 G/C SNP impacts binding affinity of Sp1 and complex B.  

Therefore, differences in binding affinity that have not already been analyzed will be 

quantified by the creation of competition curves (Figure 3.6).  

2. In vivo, do KLF, Sp1 and SREBP bind to the LTA +369 G/C SNP region and does the 

this SNP affect binding affinity?  Quantitative ChIP assays will be used with chromatin 
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isolated from primary T cells that are either homozygous for +369 G or +369 C.  KLF-, 

Sp1- and SREBP-specific antibodies will be utilized for immunoprecipitation from both 

unstimulated and KGF-stimulated primary T cells.  These data will enable us to verify 

whether KLF, Sp1 and SREBP bind to the LTA +369 G/C region under specific 

conditions in vivo and provide further evidence of potential differential binding affinities 

due to the LTA +369 G/C SNP.  

3. Does mutation of the Sp1/KLF binding site and SRE impact expression under KGF 

stimulated conditions?   Reporter gene constructs that contain the full length LTA 

promoter region (-2434 to +459) with normal Sp1 binding site and SRE or mutated Sp1 

binding site and mutated SRE will be utilized.  Luciferase assays will be conducted in 

Jurkat T cells under KGF-stimulated conditions.  Western blots will be used to verify 

changes in KLF expression and SREBP activation under basal and KGF-stimulated 

conditions.  These data will verify whether the Sp1 binding site and SRE are required for 

LTA expression under KGF stimulation compared to that under basal conditions.   

4. Does SREBP over-expression activate LT-α expression under basal conditions and does 

over-expression of KLF inhibit LT-α expression under KGF stimulated conditions?  

Expression vectors for both KLF and SREBP will be utilized.  Primary T cells either 

under basal conditions transfected with SREBP expression vector or under KGF 

stimulated conditions transfected with KLF expression vector will be analyzed.  LT-α 

mRNA and protein expression levels will be determined by RT-PCR and enzyme-linked 

immunosorbent assays (ELISA), respectively.  These data will further indicate the 

presence of the proposed mechanism.   
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4.2 Aim 2: We hypothesize that regulation of LTA by SREBP utilizes the downstream 

segment alternative promoter in primary T cells.  

Preliminary 5’RLM-RACE data indicate that KGF stimulation activates expression of the 

downstream segment alternative promoter in Jurkat T cells (data not shown).  Since KGF 

stimulation is known to up-regulate SREBP expression and a putative SRE is located 

approximately 50 nucleotides upstream of the alternative promoter (Figure 4.2), these data 

suggest that this putative SRE may activate the alternative promoter.  Further, approximately 20 

nucleotides separate the Sp1 binding site associated with the LTA +369 G/C SNP [Sp1 (A)] and 

the Sp1 binding site associated with the secondary promoter [Sp1 (B)] (Figure 4.2).  The 

presence of multiple Sp1 binding sites in close proximity to each other is indicative of a 

functionally relevant element capable of Sp1-mediated transactivation (230, 298).  Both the Sp1 

(A) and Sp1 (B) binding sites were independently investigated [Sp1 (A) was investigated in 

relation to the LTA regulatory region between -2434 to +459 (Figure 3.9) and Sp1 (B) was 

investigated in relation to the LTA regulatory region between +1 to +459 (Figure 2.4 B)] and 

were shown to be functional by reporter gene assays.  Further, Sp1 was shown to bind to this 

region in vivo (Figure 2.8B and 3.4).  Taken together, these data indicate that the putative 

activation of LT-α by Sp1/SREBP at the +369 G/C SNP may activate the alternative LTA 

promoter.  We propose to confirm our preliminary findings in primary cells through the 

following experiment: 

1. Is the alternative promoter within the LTA downstream segment activated upon KGF 

stimulation in primary T cells?  5’ RLM-RACE assays will be utilized.  These data will 

confirm that the alternative promoter is active in primary T cells under KGF stimulated 

conditions.   
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+352 LTA +369 SNP

 

Figure 4.2 The LTA nucleotide sequence between positions +352 and +440 contains a 

putative SRE and verified [Sp1 (A), Sp1 (B) and TFII-I] functional transcription factor 

binding sites.  Presented is a schematic depicting the LTA nucleotide sequence from +352 to 

+440.  Binding sites for Sp1 (A), Sp1 (B) and TFII-I, putative SRE and the LTA +369 G/C SNP 

are indicated.  
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4.3 Aim 3: We hypothesize that stimulation conditions favor LTA mRNA transcripts that 

possess “short” 5’UTRs due to the presence of secondary structure within “long” 5’UTRs, 

which decreases translational efficiency.   

Targeting LTA mRNA transcripts for translational inhibition requires that we determine 

whether specific transcripts differentially influence LT-α protein production.  We show that 

under all stimulated conditions in both Jurkat and primary T cells (Table 3.1), the majority of 

LTA mRNA transcripts expressed possess “short” 5’UTRs.  This is not surprising since shorter 

5’UTRs are less likely to contain obstructions that may either affect mRNA stability and/or 

translational efficiency (137, 141).  Interestingly, computer analysis has shown the putative 

presence of a stable stem loop structure between positions +1 to +114 of exon 1 (124).  Since the 

majority of this region is absent from all transcripts that contain “short” 5’UTRs, it is plausible 

that the presence of this putative secondary structure may function to perturb efficient translation 

and/or decrease mRNA stability under basal conditions.  The confirmation of functional 

secondary structure will demonstrate a novel regulatory mechanism influencing LTA expression, 

explain the predominant expression of LTA mRNA transcripts that contain “short” 5’UTRs under 

stimulated conditions and further indicate that translational inhibition of specific transcripts may 

influence LT-α protein expression levels.  The following questions and experiments are proposed 

to further investigate this hypothesis: 

1. Do LTA mRNA transcripts that contain either “long” or “short” 5’UTRs exhibit 

differences in mRNA stability?  Primary T cells will be left unstimulated or stimulated 

with KGF.  Cells will be treated with actinomycin D, a common transcriptional inhibitor, 

and samples will be collected at various time points after treatment and analyzed by RT-

PCR to determine mRNA degradation rates.  LTA mRNA transcripts that contain “long” 
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versus “short” 5’UTRs will be distinguished by specific primers.  For example, LTA 

mRNA transcripts that initiate from the downstream segment alternative promoter utilize 

a portion of intron 1, which is not found in any other known LTA mRNA transcripts.  

LTA mRNA transcripts that contain “long” 5’UTRs will be distinguished by utilizing 

primers complementary to sequences within the 3’ end of exon 1 (Figures 2.5 A and B).  

Data from previous 5’RLM-RACE assays (Aim 2) will be utilized to verify transcript 

profiles and to design transcript specific RT-PCR primers.  These data will determine 

differences in mRNA stability between LTA mRNA transcripts that possess either “long” 

or “short” 5’UTRs.    

2. Does 5’UTR length affect translation efficiency?  LTA mRNA transcripts will be isolated 

from in vitro transcribed expression vectors that contain LTA cDNA that will possess 

either “long” or “short” 5’UTRs.  Translational efficiency of purified LTA mRNA 

transcripts will be analyzed by in vitro translation via rabbit reticulocyte lysates utilizing 

radio-labeled methionine.  Samples will be taken at various time points and analyzed by 

SDS-PAGE followed by audioradiography.  Band intensity corresponding to LT-α will 

be measured by densitometry and plotted versus time for each condition.  These data will 

determine whether 5’UTR length influences translational efficiency.   

4.4 Aim 4: We hypothesize that HCV-infection induces LT-α expression through the 

activation of SREBP 

The previously described Aims are proposed to determine the mechanism by which LT-α 

expression is associated with lipid metabolism and to further characterize LTA mRNA transcripts 

expressed under these conditions.  Verification that a SREBP-associated mechanism, which is 

biologically relevant for the regulation of other lipid regulatory genes, activates LT-α expression 
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coupled with the knowledge that HCV infects lymphocytes (299) and can induce SREBP 

activation (291) indicates that HCV infection may up-regulate LT-α signaling in T cells.  To 

further validate this hypothesis we propose the following questions and experiments: 

1. Does HCV infection up-regulate LT-α expression in T cells?  Human primary T cells will 

be either left uninfected or infected with HCV.  HCV infection of T cells will be verified 

by identification of HCV RNA by RT-PCR with normal T cells serving as a control.  LT-

α mRNA and protein expression will be analyzed by RT-PCR and ELISA, respectively, 

under each condition.  These data will confirm that HCV-infection results in the up-

regulation of LT-α expression. 

2. Does siRNA to SREBP and over-expression of KLF inhibit LT-α expression in HCV 

infected T cells?  SREBP-specific siRNA and a KLF expression vector will be utilized 

and each will be transfected into primary T cells infected with HCV.  LT-α mRNA and 

protein expression levels will be determined by RT-PCR and ELISA, respectively, and 

compared to uninfected primary T cells.  These data will confirm whether LT-α 

expression is induced by HCV-infection through a SREBP-associated mechanism. 

4.5 Aim 5: We hypothesize that the translation of LTA mRNA that may be up-regulated 

during HCV infection can be specifically inhibited. 

Successfully demonstrating that LTA expression is up-regulated from the downstream 

segment alternative promoter in a SREBP-dependent manner and that HCV utilizes this pathway 

to activate LT-α expression will indicate that the virus may require this pathway for disease 

progression.  Therefore, translational inhibition of transcripts specifically up-regulated in this 

context may be therapeutically beneficial.   
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Antisense oligonucleotide (AS-ON) technology will be utilized to inhibit translation of 

specific LTA mRNA transcripts.  AS-ON technology refers to the use of oligonucleotides that 

bind to RNA, through Watson-Crick base pairing, and influence the function of the target RNA 

(300).  AS-ONs have been used for over a two decades to specifically down-regulate gene 

expression for both research- and therapeutic-based applications (300).  In the last ten years 

many advances have been made in addressing the inherent issues with using exogenous 

oligonucleotides in cells; specifically, sensitivity to ubiquitously expressed nucleases, cellular 

uptake and delivery methods (300).  The success of these advances is highlighted by the FDA 

approval of an AS-ON-based drug, Fomiversen, and the variety of other AS-ON-based drugs 

presently in various stages of clinical trials (300).  For further information about AS-ONs, the 

reader is referred to various review articles (300-302).  Although there are still questions to be 

answered (300), the research thus far is promising.  Therefore, we propose a proof-of-concept 

study investigating whether AS-ONs can specifically inhibit translation associated with LTA 

mRNA transcripts that may be up-regulated during HCV infection.    

 The LTA mRNA transcripts that we have identified that possess “short” 5’UTRs exhibit 

distinct sequences that separate them from LTA mRNA transcripts that possess “long” 5’UTRs.  

For example, transcripts that initiate from the alternative promoter contain a region of intron 1, 

which is not present in any other known LTA mRNA transcript.  We propose that AS-ONs 

specific for the intronic sequences associated with these transcripts will not only physically 

inhibit the translational machinery, but also will result in their degradation through RNase H 

activation.  RNase H is a ubiquitously expressed ribonuclease that specifically cleaves RNA that 

is found in a RNA/DNA heteroduplex (303).  Using AS-ONs to induce translational inhibition 

through both physically blocking translation and inducing RNase H activity is not novel as this is 
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considered the classical AS-ON mechanism (300).  Based on these data, it is plausible that 

specific translational inhibition of LTA mRNA transcripts that are up-regulated during HCV 

infection may result in a decrease in LT-α protein production in vivo.  Further, through specific 

targeting of LTA mRNA that utilizes the downstream segment alternative promoter, other 

transcripts that may function in normal physiological roles should not be affected.  The following 

questions and experiments are proposed to further investigate these hypotheses: 

1. What LTA mRNA transcripts are expressed in HCV infected T cells?  5’RLM-RACE 

assays will be utilized to identify the LTA mRNA transcript profiles from primary T cells 

infected with HCV.  Samples from normal and HCV infected primary T cells will be 

analyzed to determine the relative ratios of LTA mRNA transcripts that contain “long” 

versus “short” 5’UTRs and identify transcript profile changes in normal T cells versus 

infected.  These data will verify whether LTA mRNA transcripts that are expressed under 

these conditions are similar to those previously described and whether the LTA mRNA 

transcript profile from HCV infected T cells favors transcripts that initiate from the LTA 

downstream segment alternative promoter.  If new LTA mRNA transcripts and transcript 

profiles are identified under these conditions, subsequent studies will focus specifically 

on inhibiting the translation of newly identified transcripts in a similar manner discussed 

below.   

2. What is the optimal AS-ON length, concentration and duration of treatment?  We will 

create AS-ONs that possess a phosphorothioate backbone as these AS-ONs elicit RNase 

H activation, are stable against nuclease degradation and are reported to be readily taken 

up into cells without the requirement of additional formulations (300).  AS-ONs directed 

to the 3’end of intron 1 will be created in varying lengths and be optimized.  Jurkat T 
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cells under basal and stimulated conditions and either untreated or treated with varying 

concentrations of AS-ONs for varying durations will serve as our model.  Specific 

stimulation conditions that favor expression of specific transcripts will be utilized.  For 

example, hrLT-α3 stimulation favors transcripts that initiate from the alternative promoter 

(Figure 2.5 A).  LT-α mRNA and protein expression levels will be determined by RT-

PCR and ELISA, respectively.  These data will verify that AS-ON’s are functional and 

will optimize AS-ON sequence, concentration and duration of treatment.   

3. Do optimized AS-ONs inhibit translation of specific LTA mRNA transcripts in HCV-

infected primary T cells?  Primary T cells infected with HCV will be treated with 

optimized AS-ONs.  LT-α mRNA and protein levels will be analyzed by RT-PCR and 

ELISA, respectively.  These data will verify whether AS-ONs directed at specific LTA 

mRNA transcripts will significantly decrease LT-α protein production.   

4.6 Conclusion 

These proposed studies will greatly increase our knowledge of LTA regulation and 

provide the initial characterization for a putative therapeutic strategy to decrease HCC risk in 

HCV infected patients.  LT-α is primarily characterized as an inflammatory cytokine that 

possesses critical roles in immune system development, maintenance and response.  However, 

studies indicate that LT-α also is involved in lipid homeostasis (64, 194, 197, 262).  Although it 

has been shown that LT-α inhibits expression of HL (195), thereby modulating lipogenesis and 

lipid export, the mechanisms that activate LT-α expression in this regard are unknown.  We 

present data and observations indicating that a common mechanism known to activate lipid 

regulatory genes also may activate LT-α expression.  Confirmation of this hypothesis will further 

elucidate LT-α’s role in such lipid-associated diseases as myocardial infarction and 
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atherosclerosis.  In addition, characterization of the putative impact of secondary structure on 

both mRNA stability and/or translation efficiency may provide an increased understanding of the 

regulatory mechanisms influencing LT-α expression.  Uncovering a putative link between HCV-

induced LT-α expression via SREBP activation will bring to light a novel pathway utilized by 

HCV.  As LT-α has previously been identified as a critical component of HCV induced chronic 

inflammation (214), the indication that LT-α may be a proponent of hepatic steatosis, an 

additional pro-oncogenic phenotype, would further point to LT-α as an attractive therapeutic 

target.  Taking this into consideration, we further propose that AS-ON technology may inhibit 

translation of specific LTA mRNA transcripts up-regulated during HCV infection.  Confirmation 

of this strategy would justify further research into the therapeutic potential of this method as 

translational inhibition of specific LTA mRNA transcripts may not only inhibit hepatic steatosis, 

but also chronic inflammation. 
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APPENDIX 

1. SNP frequency data and studies can be found in the SNP database at 

http://www.ncbi.nlm.nih.gov/projects/SNP/ by searching for the SNP “rs” number and 

following the link to the appropriate study denoted by an “ss” number.  The LTA +81 C/A 

SNP (rs2239704) frequency data was obtained from study ss5586749 and the LTA +369 

G/C SNP (rs746868) frequency data was obtained from study ss5586747. 
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