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ABSTRACT 
 

 Immune responses to extracellular pathogens are mediated by the Th2 cytokines 

Interleukin (IL)-4, IL-5 and IL-13, which are typically expressed by T helper type-2 

(Th2) cells. The genes for IL4, IL5 and IL13 are grouped together within 150 kb of 

human chromosome 5q31, and their expression is regulated at multiple levels to ensure 

these proteins are rapidly secreted together in response to antigenic stimulation. Indeed, 

co-expression of these cytokines is vital for effective Th2 immunity and pathogen 

expulsion. This dissertation combines comparative approaches with molecular 

experimentation to provide novel insights into the mechanisms that govern the co-

expression of Th2 cytokine genes.   

 Conserved non-coding sequence (CNS)-1 has been shown to coordinately 

regulate the expression of all three Th2 cytokines genes. Using reporter assays with CNS-

1 deletion mutants, we mapped a potent, 68 bp T cell activation-dependent enhancer core 

within CNS-1, which drives transcription of both human IL13 and IL4. The CNS-1 core 

contained three CREB binding sites to which CREB and the coactivators CREB binding 

protein and p300 were recruited in vivo upon T cell activation. Furthermore, CBP and 

p300 were required for CNS-1 core activity. These data define the region within CNS-1 

responsible for enhancement of both IL4 and IL13 transcription in response to T cell 

receptor signaling.  

 Coordinated expression of Th2 cytokine genes is rooted in an extensive array of 

cis-regulatory regions. We performed a multi-species comparative analysis of the Th2 
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cytokine gene cluster to locate CNSs, which may represent cis-regulatory elements, and 

identify transcription factor binding sites shared among them, which may mediate 

coregulated expression. Sites for GATA transcription factors were the most prevalent and 

widely distributed throughout the Th2 cytokine locus, consistent with the known role of 

GATA3 as a Th2 master switch. Notably, binding motifs for ETS proteins were also 

predicted within several Th2 CNSs. The majority of these sites bound Ets-1 both in vitro 

and in vivo in murine Th2 cells. Importantly, IL-4, IL-5, and IL-13 expression was 

markedly decreased in Th2 cells from Ets-1-/- mice. These data suggest an important and 

novel role for Ets-1 in the concerted expression of Th2 cytokine genes. 
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1 CHAPTER 1: INTRODUCTION 
 

 Humans have co-evolved with numerous parasite species, shaping our immune 

system considerably. While helminth infections have basically been eliminated in 

Western societies, in developing nations they remain quite prevalent, affecting more than 

2 billion people world-wide (1). These infections are typically chronic; re-infection is 

quite common and long-lasting; parasites have been known to survive and lay eggs in the 

human blood stream for up to 40 years (2).  

 The human immune system has adapted strategies, in the face of continually 

evolving parasites, to minimize damage to the host, either directly attributable to the 

parasite or the host immune reaction. Helminth infections typically elicit what is known 

as a Type-2 response, characterized by enhanced production of IgE antibodies and 

cytokines, expansion and degranulation of mast cells and basophils, eosinophilia, and 

mucus hyperproduction by epithelial cells.  At the heart of this response lie T helper type-

2 cells and the trio of cytokines (Interleukin-(IL)-4, IL-5 and IL-13) they produce. CD4+ 

T cells develop in response to parasitic antigens and acquire the ability to co-express 

these Th2 cytokine genes. This is a particularly vital feature of Th2 immunity because an 

effective response to helminth infections requires robust expression of each of these 

cytokines. Indeed, they are the primary molecules responsible for the deployment of 

various cell types which neutralize parasites to minimize host damage, and they trigger 

the expulsion of adult worms and eggs from the body.  
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 Th2 cytokine gene expression is under multiple levels of control that not only 

ensure that these proteins are expressed in the appropriate cell types, but also that they 

may be rapidly secreted together in response to antigenic stimulation. Effective control of 

Th2 responses relies heavily on environmental stimuli provided by microbial components 

which engage complex immunoregulatory pathways. 

 Allergic inflammation and its clinical manifestations (e.g. asthma, allergy, atopic 

eczema) arise when Th2 responses are inappropriately triggered because of altered 

environmental conditions and/or genetic factors. The immune components that are 

protective in the face of helminth infection now target several organs, which can lead to 

considerable pathology and distress in affected individuals.  

 

 This dissertation combines molecular experimentation with comparative 

approaches to explore the mechanisms regulating the expression of Th2 cytokine genes. 

As a prelude to the experimental work discussed in Chapters 2-5, the introductory section 

(Chapter 1) discusses what Th2 immunity is for, how Th2 responses are generated, and 

the consequences of their dysregulation. 
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1.1 Th2 Immunity 
  
  
  The mammalian immune system is remarkable in its ability to mount tailored 

responses to specific classes of infectious agents. In a broad sense, microorganisms which 

infect and replicate within host cells, such as viruses, provoke a cell-mediated response 

that promotes killing of infected cells, while extracellular pathogens, such as helminths, 

trigger the humoral or antibody-mediated response, designed to neutralize and expel the 

parasites (3). The selective skewing of responses is mediated by the dichotomous 

differentiation of T helper cells into polarized phenotypes, endowed with distinct 

functional properties (4). T helper type-1 (Th1) cells producing Inteferon-γ (IFN-γ) 

mediate responses to intracellular pathogens, while Th2 cells expressing Interleukin (IL)-

4, IL-5 and IL-13 direct protection against helminths. This dissertation focuses on Th2 

cells and the regulation of their cytokine genes. 

 Studies in knockout mice infected with two characteristic, Th2-inducing, 

helminths (Nippostrongylus brasiliensis, a gastrointestinal nematode, and Schistosoma 

mansoni, a blood-dwelling species) highlight the contribution of each Th2 cytokine to 

host protection (Table 1.1). IL-4 induces B cells to switch to the production of 

Immunoglobulin E (IgE) antibodies (5) (Figure 1.1), the major hallmark of Th2 

responses. The principal role attributed to IgE is that it primes mast cells and basophils 

for antigen-specific degranulation by binding to the high affinity IgE receptors (FcRεI) 

(6) expressed on their surface (7). Mast cells, resident in the mucosa, rapidly release 

preformed pro-inflammatory mediators such as histamine, prostaglandins, proteases, 
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cytokines (including IL-4, IL-13 and IL-5), and chemokines, to increase vascular 

permeability and promote the recruitment, activation and survival of other immune cells 

(including activated Th2 cells) at the site of infection.  

 IL-5 is primarily responsible for the expansion and accumulation of large 

numbers of eosinophils at the site of infection, functioning as a growth, survival and 

activation factor for these cells (8-12). Eosinophils, along with macrophages and Th2 

cells, surround the parasite eggs and form fibrotic granulomas (Figure 1.1). This 

neutralizes the eggs and may, in some case, facilitate movement of the eggs through the 

intestinal wall and out into the gut lumen for expulsion (1). 

 IL-13 has emerged as the key effector molecule in the expulsion of adult worms 

(Table 1.1) from the gut, directly contributing to events which underlie the so-called 

‘weep and sweep’ (1) and ‘escalator’ mechanisms of worm clearance (13) (Figure 1.1). In 

the first scenario, increased vascular permeability, mucus production (14) and smooth 

muscle contraction (15), create an inhospitable environment for the parasite and in the 

second, rapid epithelial cell turnover physically moves worms out of intestinal crypts into 

the gut lumen for excretion (13).  
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Figure 1.1: T helper type-2 (Th2) Cells Secrete Interleukin-(IL)-4, IL-5 and IL-13, 
Which Collectively Orchestrate the Anti-helminth Immune Responses.   
Abbreviations: FC epsilon receptor 1-beta (FCER1B), IL4 receptor-alpha (IL4RA), IL5 
receptor (IL5R), Immunoglobulin E (IgE), Signal Transducer and Activator of 
Transcription 6 (STAT6) 
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Table 1.1: Th2 Immunity: Knockout Mouse Models Identify Key Molecular Players 
 

            
Knockout Helminth Infection Asthma 

In vitro: CD4+ T cells fail to differentiate into Th2 cells (16) 

IL-4 

N. brasiliensis * 
• Reduced IL-5, IL-9 and IL-10 expression 

and higher IFN-γ expression in CD4+ T cells 
(16) 

• IgE undetectable 
• normal worm expulsion (17) 
S. mansoni ** 
• increased mortality, hepatocyte damage and 

intestinal pathology (18) 

Attenuation of eosinophilia, goblet cell 
hyperplasia, mucus production and AHR (19, 
20)  

IL-5 

N. brasiliensis, M. corti and T. canis 
• Absence of blood or tissue eosinophilia (10-

12) 
• Impact on worm burden depends on parasite 

used (1, 21) 

Absence of blood and lung eosinophilia, lung 
damage and AHR  (22) 

IL-13 

N. brasiliensis 
• impaired worm expulsion and goblet cell 

hyperplasia (14, 23, 24) 
S. mansoni 
• mice show enhanced survival, reduced 

hepatic fibrosis (18), reduced pulmonary 
collagen deposition (25) 

Decreased expression of the low-affinity IgE 
receptor and total IgE levels (26) 
Reduced airway inflammation and 
remodeling (27) 
Fail to develop AHR (28, 29) 

IgE 
S. mansoni 
• higher susceptibility to infection and worm 

burden, reduced size of hepatic granuloma 
(30) 

Continue to exhibit lung eosinophilia, 
inflammation and AHR after allergen 
inhalation (31) 

STAT6 
N. brasiliensis 
• absence of Th2 cell development, cytokine 

production, IgE response, and failure to 
clear worms (24, 32) 

Absence of lung eosinophilia, AHR, mucus 
production, specific IgE and decreased lung 
inflammation 
(33, 34) 

In vitro: Defect in Th2 cell development, growth and phenotype maintenance, 
reduced IL-4 expression, lack of IL-5 or IL-13 expression (35, 36) 

GATA3 
(conditional) 

N. brasiliensis 
• CD4+ T cells exhibit a Th1 phenotype, and 

mice do not mount the typical IgE response 
(36) 

Conditional knockout has not been tested in a 
murine asthma model   

 
* N. brasiliensis larvae infect the host through the skin, migrate to the lungs, are coughed up and 
swallowed, then inhabit the intestinal lumen where they mature, mate, and lay eggs (37).  
** S. mansoni larvae enter the host through the skin but travel in the circulation to the lungs, heart, and 
liver, where the worms mature and form mating pairs. These migrate to the veins surrounding the intestine 
to lay eggs, which become trapped in the liver and intestine (38).  
Airway hyperresponsiveness (AHR) 
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1.2 T helper Cell Lineage Commitment 
 

 The development of the Th2 cell lineage and the co-expression of IL-4, IL-5 and 

IL-13 are vital to establish immunity to parasitic helminths. Th2 cells are required to 

instruct innate type-2 effector cells, such as mast cells and eosinophils, and furthermore, 

confer antigen-specificity to the response and provide immunologic memory. As such, 

the molecular mechanisms which govern Th2 differentiation and cytokine co-expression 

form the foundation of the Type-2 response. 

 The primary trigger for naïve CD4+ T cells to differentiate into T effector cells is 

encounter with antigen presented by antigen presenting cells (APC). These cells engage 

in direct cell-to-cell contact with T lymphocytes, display antigenic peptides on their 

surface, and express co-stimulatory molecules necessary for T cell activation (3) While 

several facets of the initial communication between APCs and naïve CD4+ T cells, e.g. 

antigen dose ((39) and strength of signal transmitted by the T cell receptor (TCR) (40), 

influence the Th-lineage decision, cytokines provide the dominant signal for 

differentiation. IL-4 drives Th2 cell development, while at the same time, antagonizing 

development of the opposing Th1 lineage (41, 42).   

 The signaling cascades initiated by antigen-mediated T cell activation and IL-4 

reprogram the nuclear environment of naïve CD4+ T cells through upregulation and/or 

activation of nuclear factors that regulate transcription of the Th2 cytokine genes and 

alter the chromatin architecture of their loci to establish stable, heritable gene expression 

profiles. Transcription factors activated upon TCR signaling include members of the 
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Nuclear Factor of Activated T cell (NFAT) and Activator Protein-1 (AP1) family (43). 

While neither NFAT nor AP-1 factors confer Th2 specificity on their own, they do 

directly influence transcription of the Th2 cytokine genes (44-49) and are known to 

functionally partner with transcription factors that are expressed in a lineage-specific 

manner (49, 50). 

 For Th2 development, the IL-4/IL-4 receptor interactions activates Signal 

Transducer and Activator of Transcription-6 (STAT6) (51). STAT6 is required for IL-4-

dependent events including IgE class switching and Th2 cell development (52) (Table 

1.1). The mechanisms by which STAT6 drives Th2 differentiation and cytokine 

production are primarily indirect, through the induction of two Th2-specific transcription 

factors, c-Maf and GATA3 (53), each of which is required for IL4 expression and by 

extension, Th2 cell differentiation (54, 55) (Table 1.1). c-Maf directly transactivates the 

IL4 promoter but does not drive transcription of the other two cytokine genes (56). On the 

other hand, GATA3 acts locus-wide, both as a transcriptional activator for the IL4 (55, 

57), IL5 (58, 59),  and IL13 genes (60-62), and as a chromatin remodeling factor (63, 64).  
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1.3 Mechanisms of Th2 Cytokine Gene Co-regulation 
  
 
 The physical proximity of the Th2 cytokine genes, closely arrayed within 150 kb 

of human chromosome 5q31, and their highly similar expression profiles, led to early 

speculation that these loci could be coregulated (65, 66). Cytokine co-expression has 

been confirmed at the single cell level by intracellular cytokine staining in human 

primary Th2 cells (67) and support for co-regulation has come from studies conducted 

with clonal populations of murine Th2 cells (68). Specifically, IL4 was found to be 

expressed either in a monoallelic or biallelic manner (68) but, in those cells which 

expressed IL4 with IL13 and/or IL5, the three genes were consistently transcribed from 

the same chromosome (69). On the other hand, IL3, another cytokine gene located 500 kb 

distal to the Th2 gene cluster, was transcribed essentially at random, relative to IL4 (69). 

These data indicated that IL4, IL13 and IL5 reside within a common regulatory domain, 

prompting further studies to decipher the molecular mechanisms that may underlie co-

regulation. Two major complementary themes emerged from the work that followed. 

Similar to other developmentally regulated loci, the Th2 cytokine gene cluster undergoes 

extensive chromatin remodeling upon Th2-cell lineage commitment (70) and robust Th2 

cytokine gene expression requires a complex array of distant cis-regulatory regions (57, 

71). 
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1.3.1 Epigenetic Regulation 
 
 
 Genomic DNA is packaged into nucleosomes, which form higher order structures 

that not only facilitate DNA compaction but also influence gene expression. Chromatin 

remodeling is an active process driven by environmental and/or developmental cues to 

allow the transcriptional machinery access to regulatory regions. Chromatin changes 

generally consist of repositioning of nucleosomes, modification of histone tails and 

changes in DNA methylation. The amino-terminal tails of histones H3 and H4 are subject 

to diverse modifications including acetylation, methylation, phosphorylation and 

ubiquitination, which can influence the interaction of histones with DNA and serve as 

target sites for chromatin-binding proteins (72). For example, acetylation of histone H3 at 

lysines 9 and 14 (H3K9/14Ac) is typically associated with transcriptionally active genes 

while tri-methylation of H3 on lysine 27 is associated mainly with transcriptionally silent 

loci (73). Methylation of cytosines within CpG dinucleotides is also correlated with gene 

silencing in mammals and plants. Methylated cytosines can prevent transcription factors 

from binding their target sites and DNA methyl-binding proteins recruit histone 

deacetylases (HDAC) and corepressor complexes to promote inaccessibility and gene 

repression (74).   

 As naïve T helper cells differentiate into Th2 cells, the chromatin throughout the 

Th2 cytokine gene locus is dynamically reprogrammed. In naïve CD4+ T cells, the Th2 

locus is considered to be in a relatively ‘closed’ chromatin state, as seen by a general 

insensitivity to nuclease digestion (Figure 1.2 top), minimal histone acetylation and DNA 
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hypermethylation. Although few DNase I hypersensitivity (HS) sites (Figure 1.2 top) are 

detectable in naïve murine CD4+ T cells, they are not sufficient to make the locus 

permissive for transcription. Activation of these cells in the presence of IL-4 leads to the 

relatively rapid (48 hrs) development of additional HS sites across the entire murine Th2 

locus (Figure 1.2 bottom) (70, 75). Indeed, sites mark the locations of each Th2 cytokine 

gene promoter and multiple cis-regulatory regions positioned throughout locus (70, 75-

77). The Th2 master regulatory factor, GATA3, can induce this pattern of nuclease 

sensitivity when ectopically expressed in murine Th1 cells (63), thus defining it as a key 

player in Th2 cytokine gene regulation. Notably, HS site development does not simply 

mark transcription, but instead denotes a stable transition of the locus to a 

transcriptionally competent state, as the majority of sites persist in ‘resting’ Th2 cells that 

are not actively transcribing the Th2 cytokine genes (70).  

 Additional, ‘permissive’ chromatin modifications appear during Th2 development 

and coincide with the locations of DNaseI HS sites in the Th2 locus. Collectively, studies 

conducted with either murine or human Th2 cells show that CpG sites within several  of 

the hypersensitive regions are demethylated upon Th2 differentiation  (70, 75, 78-80) and 

the majority of Th2 HS sites are associated with acetylated H3 (AcH3) and H4 (AcH4) 

histones  (75, 81, 82). Methylation does play a role in silencing of the Th2 cytokine 

genes, as IL-4, IL-5 and IL-13 expression was increased significantly in CD4+ T cells 

deficient in a maintenance DNA methyltransferase, Dnmt1 (83) and Th2 clones 

expressing different amounts of IL-4 show distinct patterns of CpG methylation (80). The 

kinetics of histone acetylation also correlates with Th2 differentiation state. AcH3 is 
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detectable as early as 2 days after T cell activation, levels peak at about 6 days into 

differentiation and the modifications persists in ‘resting’ cells cultured for two weeks (81, 

82). Of note, IL-4 signaling was required to induce histone hyperacetylation since 

STAT6-deficient cells exhibited low level acetylation of histone H4 early after activation, 

but failed to establish the stable, hyperacetylation characteristic at later stages of Th2 

differentiation (82). Overall, the appearance of chromatin signatures encompassing all 

three Th2 cytokine genes strongly suggests chromatin-based mechanisms contribute to 

coregulation of this gene cluster.   
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Figure 1.2: DNase I Hypersensitive Sites Develop Throughout the Th2 Cytokine Gene 
Locus During Th-lineage Commitment 
The IL5, IL13 and IL4 genes are closely arrayed along mouse chromosome 11 and the 
syntenic region on human chromosome 5q. Rad50, a large (85 kb), ubiquitously 
expressed, DNA-repair gene also resides within the locus. Genes are represented by black 
boxes with horizontal arrows indicating the direction of transcription. Vertical arrows 
depict the DNase I hypersensitive sites (HS) sites which are present in naïve murine 
CD4+ T cells (top) and those which develop during Th2 lineage commitment (bottom). 
The DNase I HS sites shown here are those identified in mouse models (70, 75-77). The 
cis-regulatory elements these sites correspond to are noted below the HS sites and 
abbreviated as follows; conserved non-coding sequence (CNS), intronic enhancer (IE), 
locus control region (LCR), promoter (P), Rad50 hypersensitive site (RHS).  
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1.3.2 Distant Cis-Regulatory Elements 
 
 
  In light of the fact that IL-4 is the initiator of Th2-cell differentiation, early 

studies focused primarily on the molecular regulation of the IL4 gene. Functional analysis 

of the murine IL4 promoter revealed that while it could confer Th2-specific expression to 

the gene, it alone could not recapitulate the high-level IL-4 expression characteristic of 

murine Th2 cells (84). Similarly, molecular analyses of the IL5 and IL13 promoters failed 

to provide a comprehensive model to explain co-regulation of the Th2 gene cluster and 

thus, strong support emerged for additional uncharacterized cis-regulatory elements to fill 

these roles. An initial scan of a 45 kb region spanning IL13 and IL4 in the murine Th2 

locus, identified a few, relatively large, regions, distal to the IL4 gene, which enhanced 

IL4 promoter activity and were responsive to GATA3 (57). Complementary to this study, 

another group reported Th2-specific DNase I HS sites within the murine IL13/IL4 

intergenic region that mapped within one of the IL4 enhancer regions (76, 77). 

 A significant breakthrough in this area did not emerge until one group took a 

comparative genomics approach to identify non-coding regions highly conserved 

between humans and evolutionarily distant mammalian species (71). The largest of these 

conserved non-coding sequence (CNS) elements, CNS-1, mapped between the IL13 and 

IL4 genes and deletion of CNS-1, either in transgenic mice carrying the human Th2 locus 

or from the native murine Th2 locus, showed that this region was a regulator of 

coordinated expression of IL4, IL5 and IL13 (71, 85). Indeed, CNS-1 knock-out mice 
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exhibited fewer CD4+ T cells expressing IL-4, decreased expression of all three cytokine 

genes and a severely limited capacity to clear parasitic and/or fungal infections (Table 

1.2) (85). Additional studies followed that described other regions, identified by DNase I 

HS site mapping and/or comparative methods, which also contributed to IL4 transcription 

(49, 64, 86). Studies conducted either with murine transgenic models, artificial loci 

containing one or more of the HS regions, or knockouts of individual regions, defined the 

basic functional attributes of several HS regions (detailed phenotypes are presented in 

Table 1.2)  Specifically, several HS sites (RHS5-7) clustered within the 3’ end of the 

DNA repair gene, RAD50, (75, 87) (Figure 1.2), collectively demonstrate activity 

consistent with a locus control region (LCR), conferring tissue-specific and copy-number 

dependent expression to an IL4 transgene (75, 88) and two distinct regions, which map 

within the second intron of IL4 (HS II; IL4IE) and downstream of IL4 (HSV/Va; CNS-2), 

exhibit enhancer activity (70, 86, 89). Lastly, HSIV, at the 3’ end of IL4,  was defined as 

a silencer element (70, 90).  

 These studies also suggested that there may be a significant degree of 

interdependency among these distant regulatory regions. Specifically, functional synergy 

was observed when distinct cis-regulatory regions were tested in combination in murine 

transgenic models (Table 1.2) (64), no single region, including the Th2 LCR, was 

sufficient to fully recapitulate levels of Th2 cytokine gene expression observed from the 

intact murine Th2 locus (75, 88), and the absence of any single enhancer region markedly 

inhibited the expression of more than one of the cytokine genes (Table 1.2) (85, 86, 91).   
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Table 1.2: Th2 Cis-regulatory Regions as Defined by Knock Out Models 
 
Region HS Site Transgenic  Knockout 

Locus 
Control 
Region 

RHS 5,6,7 

• each site: weak, non-Th2-
specific enhancement  

• tested in combination: 
strong, Th2-specific, 
enhancement  and  copy-
number dependent 
expression  (75) 

• Th0 and Th2 cells produce significantly 
less IL-4, IL-13  

• IL-5 marginally affected 
• IL-4 and IL-13 expression by mast cells 

decreased by 50 %, IL-5 expression 
unaffected 

• impaired long-range interactions between 
RHS4/6 and the IL4 promoter and among 
the Th2 cytokine promoters  

• formation of additional Th2 DNase I HS 
unaffected (91)*  

CNS-1; 
enhancer HSS 1-3 

• strong, non-Th2-specific 
enhancement 

• not individually 
responsive to GATA3  

• responsive to GATA3 
when combined  with the 
IL4IE or as part of the 
Th2 mini-locus (64) 

• fewer IL-4 producing Th2 cells 
• Th2 cells produce less IL-4, IL-13 and IL-5 
• Th2 cytokine production by mast cells 

unaffected 
• lower serum IgE  
• impaired Th2 development in response to 

N. brasiliensis, A. fumigatus and L. major 
(85) 

IL-4 
intronic 
enhancer  

HS III 

• weak, generally Th2-
specific enhancement 

• not individually 
responsive to GATA3 

• responsive to GATA3 
when combined with 
CNS-1 or as part of Th2 
mini-locus (64) 

_________ 

IL-4 
silencer HSIV 

• 4- to 20-fold inhibition of 
IL-4 promoter activity 
(64) 

 
• aberrant expression of IL-4 in naïve CD4+ 

T cells and Th1 cells 
• IL-5 and IL-13 expression unaltered (90) 

CNS-2; 
enhancer HSV/Va 

• weak, non-Th2-specific 
enhancer  

• not individually 
responsive to GATA3  

• responsive to GATA3 
when part of Th2 mini-
locus (64) 

 

• fewer IL-4 producing Th2 cells 
• Th2 cells produce less IL-4, IL-13 and IL-5 
• mast cells do not produce any IL-4 and 

exhibit small decrease in IL-13 (86)  

* Only RHS7 was deleted in the LCR knock out model. 
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1.3.3 Long-Range Chromatin Interactions 
 
 

Chromatin looping brings distal regulatory sequences into close proximity, 

mediating several diverse mechanisms of gene regulation. Long-range communication 

between distal elements underlies developmental stage-specific gene expression (92), 

fosters synergism among enhancer regions (93), physically partitions paternally and 

maternally derived alleles of imprinted genes (94) and contributes to somatic cell gene 

rearrangement (95). Loop formation is thought to be mediated through interactions 

between chromatin-associated proteins and is a dynamic process, responsive to 

developmental and environmental cues.  

Recent examination of the long-range intrachromosomal interactions within the 

murine Th2 locus has started delineating the molecular events underlying the coordinated 

regulation of Th2 cytokine genes (96, 97). The chromatin of the locus exists in a default 

‘pre-poised’ state which correlates with physical interactions between the cytokine 

promoters and certain cis-regulatory elements in the locus, including CNS-1 and regions 

at the 3’ end of IL4 (96) (Figure 1.3). A T cell-specific conformational change brings the 

LCR at the 3’ end of RAD50 (88) into the initial chromatin hub and engages the LCR in 

direct interactions with the cytokine promoters. This event signals the transition to a 

‘poised’ chromatin conformation which sets the stage for the rapid activation of Th2 

cytokine gene transcription by Th2-specific transcription factors (Figure 1.3).   
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Figure 1.3: The Higher-Order Chromatin Architecture of the Th2 Cytokine Gene 
Locus. 
Schematic representation of the long-range chromatin interactions present in the murine 
Th2 cytokine gene cluster. In non-T cells, a ‘pre-poised’ configuration brings all three 
cytokine gene promoters (IL4P, IL5P and IL13P) in close proximity of one another and 
CNS-1. In T cells (naïve, Th1 and Th2) the Th2 LCR joins the chromatin hub, signaling 
the transition to a ‘poised’ configuration. Upon Th2 cell activation and cytokine gene 
transcription, the locus compacts into a more densely looped state (not depicted).  
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A recent study revealed that the Th2 locus also transitions to an ‘active’ 

chromatin configuration that coincides with Th2 cytokine gene expression. The ‘active’ 

chromatin architecture is characterized by compaction of the locus into a number of 

smaller chromatin loops while contacts established between Th2 regulatory sequences are 

still maintained (97). Formation of these loops requires a unique factor called SATB1 

(special AT-rich binding protein 1) that binds to special base-unpaired regions, which 

have an ATC-rich nucleotide composition (98). SATB1 is upregulated in activated Th2 

cells, and targets several sites across the murine Th2 locus, associating specifically at the 

base of the compacted chromatin loops (97).  A dense chromatin structure would seem to 

favor more efficient access to transcriptional regulators which are typically limited in 

quantity, fostering synergy among regulatory sequences positioned at a distance.  
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1.4 Dysregulation of Th2 Immunity: Allergic Inflammation and Asthma 

 

 Although Th2 immune responses are tightly regulated and highly effective, they 

are not foolproof. Indeed, the entire array of events that provide vital protection against 

infections can be triggered inappropriately by harmless environmental antigens referred 

to as allergens.  

 Although allergic inflammation may target different tissues and manifest as atopic 

dermatitis (skin), allergic rhinitis (nose and eyes) and atopic asthma (lungs), all of these 

conditions are typically marked by increased expression of IgE antibodies, mast cell 

degranulation, mucus production, eosinophilia, and mucosal damage. All of these events 

depend on dysregulated expression of IL-4, IL-13 and IL-5 (Table 1.1).  

 
 Genetic factors play a major role in the dysregulation of Th2 responses 

characteristic of allergic inflammation. Genome-wide linkage screens have identified 

nearly a dozen large genomic regions linked to asthma and/or asthma-related phenotypes 

(99) and nearly 80 genes have demonstrated a positive association, in more than one 

published study, to asthmatic and/or atopic traits (100). Key players in Th2-mediated 

responses have consistently been considered strong genetic candidates to influence 

disease risk. Independent groups have reported linkage between human chromosome 

5q23-31, which contains the Th2 cytokine gene cluster, and asthma-related phenotypes 

(101-104), and single nucleotide polymorphisms (SNPs) within IL4 and IL13 have been 

associated with several hallmarks of allergic inflammation (reviewed in (100)). A recent 
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review of the asthma genetics literature places IL4 and IL13 amongst a very small set of 

genes for which positive associations with allergic and/or asthmatic phenotypes have 

been found most reproducibly (105). Moreover, IL4RA, a subunit of both the IL-4 and IL-

13 receptors, STAT6, critical for IL-4/IL-13 signaling, and FCER1B, part of the high-

affinity IgE receptor, are also amongst the most highly-replicated gene set (Figure 1.4). 

Collectively, there is strong support for genetic variation within the Th2 immunity genes 

to contribute to the development of atopy and asthma.  

 Although critical, genetic factors alone cannot explain the dramatic rise in allergic 

disease observed over the last 20 years. Recently, David Strachan proposed that a causal 

relationship exists between the significant decrease in early childhood infections and the 

increased prevalence of allergic disease in Western societies (106). The Hygiene 

Hypothesis holds that a microbe-rich environment, particularly in early-life, fosters 

development of immunoregulatory circuits that keep other arms of the immune system in 

check to confer tolerance to innocuous allergens and/or self-components. In the 

developed world, widespread vaccination and antibiotic use, along with generally cleaner 

living conditions, has eliminated the microbial environment required to fine-tine immune 

responses. Epidemiologic studies designed to address the Hygiene Hypothesis illustrate 

the concept quite well. In rural farming environments, where children essentially 

cohabitate with farm animals, exposure to bacterial products during early life confers 

protection against allergic sensitization and asthma (107, 108). Similarly, in certain 

African communities, where helminth infections are endemic, children typically exhibit 

reduced atopic reactivity (109).  
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Figure 1.4: Th2 Immunity Genes Have Been Reproducibly Associated with Phenotypes 
of Allergic Disease. 
This figure represents studies compiled in a recent review (105).
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1.5 Dissertation Outline 

 The research presented in this dissertation focuses on the transcriptional 

regulation of the human Th2 cytokine gene cluster, with a particular emphasis on 

mechanisms that govern coordinated regulation of IL4, IL5 and IL13. The individual 

studies presented in Chapters 2, 3 and 5, focus on distinct questions within this context 

but are unified in their approach, which consists of the integration of comparative 

genomic and bioinformatic analyses with molecular experimentation.    

 A recognized strategy by which physically clustered, functionally related, loci 

may be co-regulated is through sharing of distant cis-regulatory elements, several of 

which have been mapped within the Th2 cytokine gene cluster. Chapter 2 is an in-depth 

analysis of whether and how one particular regulatory region, CNS-1, impacts 

transcription of IL13 and IL4. The chapter consists of a manuscript, “Functional 

Dissection Identifies a Conserved Noncoding Sequence-1 Core that Mediates IL13 and 

IL4 Transcriptional Enhancement”, published in the Journal of Biological Chemistry (J. 

Biol. Chem. (2007) 282:3738). 

  Chapter 3 consists of a multi-species comparative analysis of the entire Th2 

cytokine gene locus. This analysis was designed to identify sequence motifs shared 

among the evolutionarily conserved non-coding regions to identify proteins that could 

contribute to coregulation. This work consists of a manuscript, “Phylogenetic and 

Functional Analyses Identify Ets-1 as an Important Regulator of the Th2 Cytokine Gene 

Locus” currently in an advanced state of preparation.  
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 Chapter 4 addresses the implications of the major findings presented in Chapters 2 

and 3 and discusses future directions that this work could take. 

 The final chapter of this dissertation is presented as a supplement to the main 

body of work since its emphasis is somewhat distinct from the remainder of the thesis. 

The chapter consists of two pilot studies to address the regulatory potential of non-coding 

polymorphisms, using SNPs within the human IL13 locus as a model. Portions of this 

work have been included in a multi-author paper, “Th2-selective enhancement of human 

IL13 transcription by IL13-1112C>T, a polymorphism associated with allergic 

inflammation” published in The Journal of Immunology (J. Immunol. (2006) 177:8633).  
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2 CHAPTER 2: FUNCTIONAL DISSECTION IDENTIFIES A 

CONSERVED NONCODING SEQUENCE-1 CORE THAT MEDIATES 

IL13 AND IL4 TRANSCRIPTIONAL ENHANCEMENT 

 
 

2.1 Introduction 

 
 Dysregulated expression of the cytokines IL-4, IL-13 and IL-5 in CD4 T cells of 

the Th2 lineage plays a pivotal role in the pathogenesis of allergic inflammation. The IL4, 

IL13, and IL5 genes, closely arrayed within 150 kb of human chromosome 5q31 and the 

syntenic region of mouse chromosome 11, typically demonstrate coordinated expression 

(69, 78), a feature critical for the emergence of a bona fide allergic phenotype in 

experimental and clinical models. However, the molecular mechanisms underlying the 

concerted expression of Th2 cytokines remained elusive despite intense investigation. 

 A breakthrough came as a result of comparative genomics analyses to identify 

non-coding regions highly conserved (≥ 70% identity) between humans and 

evolutionarily distant mammalian species (71). These elements, abundant in the human 

genome, display characteristics indicative of regulatory function. In particular, they tend 

to demonstrate higher selective constraint than genomic regions which encode translated 

or non-coding RNAs (110, 111) and contain short, alternating stretches of sequence with 

high or low divergence, a pattern typical of protein binding sites (111). 

 The search for highly conserved non-coding sequences in ~1 Mb of human 
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chromosome 5q31 identified several elements (71). The largest of these, conserved non-

coding sequence (CNS)-1, mapped within the IL4/IL13 intergenic region of the Th2 

cytokine locus. Deletion of CNS-1, either from a transgene or the native murine locus, 

led to a marked decrease in the expression of all three cytokine genes (71, 85), 

establishing CNS-1 as a vital regulatory element for coordinated Th2 cytokine 

expression. Consistent with this role, epigenetic changes in the endogenous CNS-1 

chromatin, including changes in levels of histone acetylation (62) and DNA methylation 

(79, 80) and appearance of DNase I hypersensitive sites (76), were found to accompany 

Th2 cytokine expression.  

 More recently, analysis of long-range intrachromosomal interactions within the 

murine Th2 cytokine locus highlighted events which accompany the coordinated 

transcriptional regulation of Th2 cytokine genes and provided clues about the role CNS-1 

may play in this process (96). This element was found to come in close spatial proximity 

with all three Th2 cytokine promoters in both T and non-T cells, suggesting it may be 

important for the acquisition of the initial ‘pre-poised’ chromatin configuration of the 

Th2 cytokine locus. Of note, the physical interaction between CNS-1 and the Th2 

cytokine promoters persisted through the T cell- and Th2 cell-specific stages of Th2 locus 

reorganization, pointing to an involvement of this element throughout the regulatory 

process. The interactions between CNS-1 and the Th2 cytokine promoters need to be 

further dissected in order to understand how CNS-1 contributes to their transcriptional 

regulation. 
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 We chose the interaction between CNS-1 and the IL13 and IL4 promoters as a 

model to characterize the molecular mechanisms by which CNS-1 regulates Th2 cytokine 

gene expression in human CD4 T cells. Among the genes targeted by CNS-1, IL13 is 

essential to mediate Th2 effector functions critical to the pathogenesis of allergic 

inflammation (20, 112, 113) and IL4 is critical to initiate Th2 cell differentiation (114). 

Furthermore, IL-13 and IL-4 expression were strongly decreased in CNS-1-/- mice (85). 

We show herein that CNS-1 is a potent, T cell activation-dependent enhancer of the 

human IL13 and IL4 promoters. CNS-1 enhancer activity mapped to a short (68 bp) core 

that bound cyclic AMP responsive element binding protein (CREB) and the coactivator 

CREB binding protein (CBP)/p300 in activated T cells and required these factors to 

enhance Th2 cytokine gene transcription. 
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2.2 Materials and Methods 
 
 
DNA Constructs - p2.7IL13luc was created by PCR amplification of a 2666 bp region 

encompassing the human IL13 promoter (-2672 to –6, relative to the IL13 ATG: 

GenBank accession n. AC004041 and L42080) using genomic DNA as a template. We 

selected this region based on the analysis of a panel of human IL13 promoter reporter 

constructs (L. Cameron, unpublished observations). The PCR primers (IL13pro2.7F and 

IL13proR – All primer sequences are provided in Supplemental Table I) contained KpnI 

and NheI sites that were used to clone the IL13 promoter fragment upstream of the firefly 

luciferase gene in pGL3Basic (Promega). p369IL13 was created by amplification of the -

369 to -6 region using primers IL13pro369F and IL13proR and p2.7IL13luc as template, 

followed by cloning into pGL3 Basic. p800IL4 contains 800bp of human IL4 promoter 

sequence (-800 to –1 relative to the IL4 ATG) amplified by PCR using primers 

IL4pro800F and IL4proR with the human P1 clone H11 (GenBank accession n. 

AC004039) as template. The amplified fragment was cloned into the SacI and NheI 

restriction sites of pGL3 Basic.  

 To generate the CNS-1 constructs, we initially amplified a 965 bp fragment 

(+5604 to +6568 relative to the IL13 ATG) of the human IL4/IL13 intergenic region 

encompassing CNS-1, and cloned it into the SalI site located downstream of the 

luciferase gene in p2.7IL13luc. The boundaries of the human CNS-1 element were 

defined based on a sequence alignment with the murine IL4/IL13 intergenic region 

(GenBank accession n. AC005742). The full-length 372 bp CNS-1 element (GenBank 
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accession n. AC004039: nt. 42330-42701) was amplified by PCR (primers: CNS11F and 

CNS1372R) and cloned 3’ of the luciferase gene in p2.7IL13luc in both genomic and 

reverse orientations. Additionally, full-length CNS-1 was cloned downstream of the 

reporter gene in the SalI site of p369IL13luc and p800IL4luc.    

 The 372 bp CNS-1 element was dissected into three overlapping amplicons 

(CNS-11-162, CNS-1111-262 and CNS-1221-372). Each fragment was cloned into the SalI site 

of p2.7IL13luc in genomic orientation. Further dissection of CNS-1221-372 into three 

overlapping fragments (CNS-1221-282, CNS-1270-337 and CNS-1319-372) was achieved 

through PCR as described above. Supplemental Table I shows the sequences of primers 

used to generate these constructs. We constructed CNS-1270-337 cassettes containing 

mutations in the individual CRE-like sites by ligating double stranded oligonucleotides, 

corresponding to each half of CNS-1270-337 and containing the mutation of interest 

(Supplemental Table II) to each other. These cassettes where then cloned into 

p2.7IL13luc. Sequence fidelity and CNS-1 orientation was determined for all constructs 

by sequencing. 

 The wild type (WT) pCMV-CREB and dominant negative pCMV-CREB133 

expression constructs were purchased from BD Biosciences Clontech. Vectors expressing 

activating transcription factor (ATF)-2 (amino acids 1-505: NP_001871) or a mutant 

lacking the N-terminal transactivation domain (ATF-2 Δ2-107) were generated by PCR 

amplification with specific primers (sequences provided in Supplemental Figure 1) and 

cloning into pcDNA3.1(-). WT ATF-2 and ATF-2 Δ2-107 were in vitro translated using 

rabbit reticulocyte lysates (Promega). Both ATF-2 proteins were expressed, bound a 32P-
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labeled CNS-1 270-303 oligonucleotide probe, and reacted specifically with a monoclonal 

anti-ATF-2 antibody (F2BR-1; Santa Cruz Biotechnology) (data not shown). The 

expression vectors for the WT and mutant adenoviral proteins, E1A 12S and E1A 12S 

Δ2-36, were kindly provided by Dr. E. Tsitsikov (CBR Institute for Biomedical 

Research) and have been described previously (115). 

 Cell Culture and Transfections - Jurkat T cells (ATCC clone E6-1) were cultured 

in RPMI 1640 supplemented with fetal calf serum (10%, HyClone), Penicillin (100 

units/ml), Streptomycin (100 μg/ml) and L-glutamine (2 mM). Jurkat T cells (1 x107) in 

log phase of growth were transfected with endotoxin-free plasmid preparations by 

electroporation (1 pulse, 240V, 50 msec.). Cells were transfected with either p2.7IL13luc 

(20 μg) or with equimolar amounts of the indicated reporter vectors along with pRL-TK 

(20 ng, Promega) to control for transfection efficiency. Following electroporation, cells 

(5 x106) were cultured in the presence or absence of phorbol 12-myristate 13-acetate 

(PMA: 20 ng/ml, Sigma) and ionomycin (1μM, Sigma) or plate-bound anti-CD3 (2.5 

μg/ml, R&D) and soluble anti-CD28 (1.25 μg/ml, R&D) antibody for 16 hs. When 

indicated, Jurkat cells were transfected with expression vectors for WT or mutant CREB 

(30 ng), ATF-2 (30 ng) and E1A 12S (1 μg) or equimolar amounts of empty pcDNA3 to 

control for total DNA content. Firefly and renilla luciferase activity was determined using 

the Dual Luciferase Assay System (Promega). In addition, the protein concentration for 

each cell lysate was quantitated with a BCA protein assay (Pierce). The relative luciferase 

activity (RLA) for each sample represents luciferase counts corrected for transfection 
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efficiency and total protein content.  Fold-induction represents the ratio of RLA values 

between stimulated and unstimulated cells.   

Nuclear Extract Preparation - Nuclear extracts were prepared from Jurkat T cells (1.5 x 

107) cultured in the presence or absence of PMA (20 ng/ml) and ionomycin (1 μM) for 3 

hs. Cells were resuspended in buffer A (3 mM MgCl2, 10 mM HEPES, 40 mM KCL, 5% 

glycerol, 0.2% NP-40) supplemented with protease and phosphatase inhibitors (1 mM 

DTT, 1 mM PMSF, 10 μg/ml Aprotinin, 10 μg/ml Leupeptin, 10 μg/ml Antipain, 10 

μg/ml Pepstatin, 5 mM β-glycerophosphate, 1 mM NaF, 1 mM NaV and 1 mM 

Benzamidine) and incubated on ice for 5 min. Following centrifugation, the nuclear 

pellets were resuspended in buffer C (1.5 mM MgCl2, 20 mM HEPES, 420 mM NaCl, 

25% glycerol, 0.2 mM EDTA) supplemented with protease and phosphatase inhibitors as 

indicated above. After 30-minute incubation on ice, the nuclear lysis solution was 

centrifuged and the supernatant fractions were flash-frozen in liquid nitrogen and stored 

at –80°C. The protein concentration for each preparation was quantitated with a BCA 

protein assay (Pierce).  

Electrophoretic Mobility Shift Assay (EMSA) - Single-stranded complementary 

oligonucleotides were annealed and PAGE purified. Annealed oligonucleotides were end-

labeled with [γ-32P] ATP with T4 polynucleotide kinase. EMSA were performed with 10 

μg nuclear extract in binding buffer (100 mM NaCl, 10% glycerol, 200 ng/μl BSA, 50 

ng/μl poly (dI-dC), 10 mM HEPES (pH 7), 0.1 mM EDTA, 0.25 mM DTT, 0.6 mM 

MgCl2). For competition or supershift assays, the indicated unlabelled oligonucleotide 

competitor (100-fold molar excess) or antibody (2 μg) were added 30 min prior to 
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addition of radiolabeled probe. Following addition of the radiolabeled probe, the samples 

were incubated for 30 min at room temperature and loaded on a 5% (w/v) polyacrylamide 

gel. Electrophoresis was performed at a constant 19 mAmp for 6 hs at 4°C and the gels 

were dried prior to autoradiography. Antibodies used for supershift analysis included a 

polyclonal and a monoclonal anti-CREB (C-21 and X-12, respectively), a polyclonal 

anti-Jun (D) and a monoclonal anti-ATF-2 (F2BR-1), all from Santa Cruz Biotechnology. 

Normal rabbit IgG (Upstate Biotechnology) or a monoclonal anti-STAT1 antibody (C-

136, Santa Cruz Biotechnology) were used as controls. The DNA sequences 

corresponding to oligonucleotide competitors and probes are provided in Supplementary 

Table III.  

Chromatin Immunoprecipitation (ChIP) - Jurkat T cells, unstimulated or treated with 

PMA (20 ng/ml) and ionomycin (1 μM) for 3 hs, were incubated with formaldehyde (1%) 

for 10 minutes at 37°C. Glycine was added to a final concentration of 125 mM to halt the 

cross-linking. Cells were harvested, washed with 1X PBS supplemented with protease 

inhibitors (1X EDTA-free Complete protease inhibitor cocktail (Roche) and 1 mM 

PMSF) and lysed in ChIP lysis buffer (Upstate Biotechnology) supplemented with 

protease inhibitors as above. Chromatin was sheared by sonication (5 x 10s pulses, 30% 

maximum, Microson XL200, Misonix) and diluted 10-fold in ChIP dilution buffer 

(Upstate Biotechnology) supplemented with protease inhibitors. An aliquot of chromatin 

(~5-6 x 106 whole cell equivalents) was set aside and used as input DNA. The remaining 

sample was precleared with salmon sperm DNA/protein A agarose slurry (Upstate 

Biotechnology) and divided into aliquots (5 x 107 whole-cell equivalents) for 
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immunoprecipitation. Immunoprecipitation reactions were performed with 10 μg of 

antibody specific for CREB (C-21), CBP (A-22), p300 (N-15) (Santa Cruz 

Biotechnology) or with normal rabbit IgG (Upstate Biotechnology) overnight at 4°C with 

rotation. The chromatin-antibody complexes were collected with salmon sperm 

DNA/protein A agarose slurry and washed sequentially with low salt wash, high salt 

wash, LiCl wash and TE (ChIP Assay kit, Upstate Biotechnology). The chromatin-

antibody complexes were eluted (1% SDS, 0.1M NaHCO3) and the DNA-protein cross-

links were reversed at 65°C overnight. All samples were recovered by phenol/chloroform 

extraction and ethanol precipitation using glycogen (20 μg) as a carrier. Real time PCR 

was performed with the QuantiTect SYBR Green PCR kit (Qiagen) on an ABI Prism 

7900 Sequence Detection System. PCR reactions were performed in triplicate under the 

following cycling conditions: 15 min at 95°C followed by 40 cycles of 15 sec at 95°C, 30 

sec at 57°C and 30 sec at 72°C. Dissociation curve analysis and agarose gel 

electrophoresis confirmed amplification of a single 152 bp product using primers 

(CNS1ChIPF: 5’-CACAGCGTCGTTCAGAAACAC 3’ and CNS1ChIPR: 5’-

CAGCCCCCGCACAGTTGT 3’) which target nt. 221-372 of CNS-1. For each 

experiment, serial dilutions of input DNA were used to generate a standard curve. Results 

were expressed as the ratio between the number of targets immunoprecipitated with 

specific antibodies and the number of targets immunoprecipitated with control IgG.  

Comparative DNA Sequence Analysis - Genomic DNA sequence for the human IL13/IL4 

locus and the syntenic regions in eight additional mammalian species were obtained 

either from current whole genome reference sequences (Pan troglodytes, Bos taurus, 
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Canis familiaris, Rattus norvegicus, and Mus musculus) or the NIH Intramural 

Sequencing Center (Papio anubis, Callithrix jacchus and Otolemur garnettii: 

www.nisc.nih.gov). Accession numbers are provided in Supplemental Table IV.  

Multiple sequence alignments were generated using the MUltiple sequence Local 

AligNment and conservation visualization tool (MULAN: http://mulan.dcode.org/) (116), 

which uses a local alignment strategy with the threaded blockset aligner and utilizes the 

phylogenetic relationships of the sequences provided to build the multiple sequence 

alignment. The alignment was exported in FASTA format to GeneDoc 

(http://www.psc.edu/biomed/genedoc/) for visualization. 
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Supplemental Table I: PCR primers utilized to amplify reporter and expression construct 
cassettes. 
 

 
 
Supplemental Table II:  Oligonucleotides utilized to construct CNS-1270-337 cassettes 
containing CRE site mutations. 

BamH1_WT_270 5’GATCCGACGCTGCTGTGTGGTCAGAGGTGACGCAGGC     
      GCTGCGACGACACACCAGTCTCCACTGCGTCCGTGGT 5’ 

BamH1_M1_270 5’GATCCGACGCTGCTGTGTGGTaccAGGTGACGCAGGC   
      GCTGCGACGACACACCAtggTCCACTGCGTCCGTGGT 5’ 

BamH1_M2_270 5’GATCCGACGCTGCTGTGTGGTCAGAGcTGcaGCAGGC     
      GCTGCGACGACACACCAGTCTCgACgtCGTCCGTGGT 5’ 

BamH1_M1/M2_270 5’GATCCGACGCTGCTGTGTGGTaccAGcTGcaGCAGGC  
      GCTGCGACGACACACCAtggTCgACgtCGTCCGTGGT 5’ 

Sal1_WT_337 5’ACCAAAATTAAATATAGCAACTCTCGTCAGCTCCACG 
      TTTAATTTATATCGTTGAGAGCAGTCGAGGTGCAGCT 5’ 

Sal1_M3_337 5’ACCAAAATTAAATATAGCAACTCTCtagAGCTCCACG 
     TTTAATTTATATCGTTGAGAGatcTCGAGGTGCAGCT 5’ 

Oligonucleotides were engineered so that when annealed they contained 5’ complementary 
overhangs to permit ligation of the two halves of the CNS-1270-337 cassette. Bolded text indicates 
restriction sites for the BamH1 and Sal1 enzymes, incorporated into the oligonucleotides to 
permit directional cloning of the cassettes into p2.7IL13.  

IL13pro2.7F 5’ATACTCGGTACCTCACTCACAAGAGGAGCAAGCAATG 3’  
IL13pro369F 5’ATACTCGGTACCAGGTACTCAGGGTTGTCACAGG 3’  
IL13proR  5’TTGATGCTAGCCAGTGCCAACAGGAGAGGATT 3’ 

IL4proF 5’CCTGATCAAACATTGCATTTCAGCCTG 3’  

IL4proR 5’CAGTCTGCTAGCTAATAGGTGTCGATTTGCAGTGACAATG 3’ 

CNS11F 5’GATCGTCGACGCCCCATTATCTTCATTC 3’ 

CNS1162R 5’GATCGTCGACGAAAGTGAGGTCGTAAGTAG 3’ 

CNS1111F  5’GATCGTCGACGACAAAGCCATTTGAAATCC 3’ 

CNS1262R 5’GATCGTCGACGGCAGGCAGCACATGGCT 3’  

CNS1221F 5’GATCGTCGACCACAGCGTCGTTCAGAAAC 3’  

CNS1372R 5’GATCGTCGACCAGCCCCCGCACAGTTGT 3’ 

CNS1282R  5’CTGAGTCGACACAGCAGCGTCTGCCCAG 3’ 

CNS1270F  5’GTCAGGATCCGACGCTGCTGTGTGGTCAGAG 3’  

CNS1337R 5’TGTCACGTCGACGTGGAGCTGACGAGAGTTGCT 3’ 

CNS1319F 5’GTCAGGATCCAACTCTCGTCAGCTCCACTCTCTG 3’ 

ATF2F 5’CATGCTAGCAAAATGAAATTCAAGTTACATGTG 3’ 

ATF2Δ2-107F 5’CATGCTAGCAAAATGCCTCTAGATTTATC 3’ 

ATF2R 5’CATGGTACCTCAACTTCCTGAGGGCTGTG 3’ 
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Supplemental Table III:  Oligonucleotides utilized in EMSA. 
CNS-1270-303    5’GACGCTGCTGTGTGGTCAGAGGTGACGCAGGCAC 3’  
CNS-1287-320  5’AGAGGTGACGCAGGCACCAAAATTAAATATAGCA 3’  
CNS-1318-337  5’GCAACTCTCGTCAGCTCCAC 3’ 
M1270-303  5’GACGCTGCTGTGTGGTACCAGGTGACGCAGGCAC 3’ 
M2270-303 5’GACGCTGCTGTGTGGTCAGAGCTGCAGCAGGCAC 3’ 
M1/2270-303 5’GACGCTGCTGTGTGGTACCAGCTGCAGCAGGCAC 3’ 
M3318-337 5’GCAACTCTCTAGAGCTCCAC 3’ 
SP-1  5’ATTCGATCGGGGCGGGGCGAGC 3' 
AP-1 5’CGCTTGATGACTCAGCCGGAA 3’ 
A single strand for each complementary pair of EMSA oligonucleotides is shown. 
 
 
 
 
 
 
Supplemental Table IV: DNA sequences utilized in  
multi-species comparative analysis of CNS-1. 
Species Accession number: interval 
Human NT_034772.5: 34392114-34450114
Pan troglodytes AC157216: 50100-105560 
Papio anubis AC157620: 21065-116699 
Callithrix jacchus AC151042: 22561-110236 
Otolemur garnettii AC152845: 90425-155298 
Bos taurus NW_981156: 150000-230000 
Canis familiaris NW_876253: 11872298-11936298 
Rattus norvegicus NW_047334: 25833737-25936737  
Mus musculus NT_039530: 74000-124000 
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2.3 Results 
 
 
CNS-1 is a Potent Enhancer of IL13 and IL4 Promoter Activity  - CNS-1 is 

strategically positioned at the heart of the Th2 locus (Figure 2.1), consistent with its 

ability to physically interact with the Th2 cytokine gene promoters throughout the region 

(96). In order to start defining the molecular mechanisms underlying the CNS-1-

dependent regulation of Th2 cytokine transcription, the CNS-1 element (372 bp) was 

cloned 3’ of the luciferase reporter gene in a construct driven by a 2.7 kb fragment 

encompassing the promoter for human IL13. This construct (p2.7IL13/CNS-11-372) was 

transiently transfected into Jurkat T cells and its activity was compared to that of an IL13 

promoter construct lacking CNS-1 (p2.7IL13). Transfected cells were cultured for 16 hs 

in the presence or absence of PMA (20 ng/ml) and ionomycin (1 μM), a combination of 

stimuli which results in a >100–fold increase of IL13 mRNA levels in Jurkat T cells (data 

not shown). Figure 2.2A shows that under basal conditions the IL13 promoter and CNS-1 

were essentially inactive. Stimulation with PMA and ionomycin resulted in strong (16-

fold) activation of IL13 transcription, which was amplified dramatically when CNS-1 was 

linked to the IL13 promoter. While the activity of a shorter, 369 bp, human IL13 

promoter fragment was comparable to p2.7IL13 the CNS-1 dependent upregulation of 

transcription was less than half compared with the full-length promoter (data not shown), 

indicating additional IL13 5’ regulatory elements are required for optimal interactions 

with CNS-1. Figure 2.2A also shows CNS-1 activity was orientation-independent, 

because CNS-1 enhanced IL13 transcription to comparable extents when cloned in the 
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genomic and reverse orientation. Collectively, these results demonstrate in our model 

CNS-1 acts as a robust bona fide IL13 enhancer.  

 Of note, optimal synergism between CNS-1 and the IL13 promoter required both 

PMA- and ionomycin-delivered signals. Figure 2.2B shows that while CNS-1 did 

enhance IL13 transcription in response to PMA alone, activity remained marginal 

compared to that induced by the two stimuli in combination. T cell activation with anti-

CD3 and anti-CD28 antibodies resulted in CNS-1-driven enhancement of IL13 promoter 

activity similar to that observed with PMA and ionomycin (Figure 2.2C). These data 

show the main signaling pathways which lead to full T cell activation converge on CNS-

1.  

 Multiple lines of evidence support a role for CNS-1 in the regulation of IL4 

expression (57, 64, 71, 85). In particular, addition of a 2.7 kb region surrounding CNS-1 

to a luciferase transgene driven by an 800 bp murine IL4 promoter markedly enhanced 

luciferase production (64). We tested whether CNS-1 could directly influence the activity 

of a human 800 bp IL4 promoter. Figure 2D shows p800IL4 was modestly (8-fold) 

induced upon T cell activation but was strongly upregulated by CNS-1. These results 

indicate that CNS-1 enhances transcription of two major genes within the Th2 cytokine 

locus. 
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Figure 2.1: The Th2 cytokine gene locus.  
Location of CNS-1 within the Th2 cytokine locus and DNA sequence alignment between 
human (H) and mouse (M) CNS-1. Bolded text marks the CNS-1 enhancer core identified 
in this study.  
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Figure 2.2: CNS-1 is a potent enhancer of IL13 and IL4 promoter activity.  
Jurkat T cells were transfected with equimolar amounts of the indicated reporter vectors. 
Cells were cultured with or without PMA (P: 20 ng/ml) and/or ionomycin (I: 1 μM) or 
anti-CD3 (2.5 μg/ml) and anti-CD28 (1.25 μg/ml) for 16 hs. Plotted are the mean RLA 
values ± SE for 5 (panel A), 2 (panels B and C) or 4 (panel D) independent experiments. 
Noted above the bars are the mean fold-induction values.  
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Identification of a 68 bp Enhancer Core within CNS-1 - To identify the CNS-1 

domain(s) required to mediate transcriptional enhancement of Th2 cytokine genes, three 

overlapping regions (CNS-11-162, CNS-1111-262 and CNS-1221-372, Figure 2.3A) were 

individually cloned downstream of the luciferase reporter gene in p2.7IL13 and p800IL4. 

Jurkat T cells were transiently transfected with these constructs or with vectors 

containing the full length CNS-1. Luciferase activity was assayed from cells unstimulated 

or treated with PMA (20 ng/ml) and ionomycin (1 μM) for 16 hs.  Figure 2.3B shows that 

remarkably the entire enhancer activity of CNS-1 mapped to a single fragment, CNS-1221-

372, which encompasses the IL13 distal region of the element. We note that CNS-1221-372 

was nearly twice as active as full-length CNS-1 suggesting the CNS-1 enhancer core may 

lie within a region that constrains its activity. 

 To more closely define the boundaries of the CNS-1 enhancer core and guide our 

subsequent analysis of DNA/protein interactions at this region, CNS-1221-372 was further 

dissected into three overlapping fragments (CNS-1221-282, CNS-1270-337 and CNS-1319-372, 

Figure 2.3C). Figure 2.3D shows that virtually all of the IL13 enhancer activity resided 

within CNS-1270-337. A highly similar pattern was observed when we studied the 

interactions between discrete CNS-1 domains and the IL4 promoter (Figure 2.3D). These 

results define a 68 bp region of CNS-1, encompassing nucleotides 270-337, as a potent 

enhancer for two distinct Th2 cytokine gene promoters. 
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Figure 2.3: Identification of a 68 bp enhancer core within CNS-1.  
A, Diagram of CNS-11-372 dissection. B, Functional dissection of CNS-11-372. Jurkat T 
cells were transfected with either p2.7IL13 or p800IL4 (20 μg) or equimolar amounts of 
the indicated CNS-1 reporter constructs. Cells were cultured with or without PMA (P: 20 
ng/ml) and ionomycin (I: 1 μM) for 16 hs. C, Diagram of CNS-1221-372 dissection. D, 
Functional dissection of CNS-1221-372. Experimental protocols were the same as noted for 
panel B. Plotted are the mean RLA values ± SE for 5 and 2 (panel B, top and bottom 
respectively) or 4 and 3 (panel D, top and bottom respectively) independent experiments.  
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The CNS-1 Enhancer Core Contains Binding Sites for CREB, ATF-2 and Jun 

Proteins - In order to identify the trans-acting factors involved in the enhancer activity of 

CNS-1270-337, we analyzed patterns of DNA/protein interactions by EMSA. Nuclear 

extracts prepared from Jurkat T cells cultured with or without PMA (20 ng/ml) and 

ionomycin (1 μM) for 3 hs were incubated with 32P-labeled probes corresponding to 

nucleotides 270-303, 287-320 or 318-337 of CNS-1 (Figure 2.4A). Figure 2.4B shows 

that competition experiments with unlabelled self or unrelated oligonucleotides identified 

four specific nucleoprotein complexes (lanes 1-3 and 19-21), three of which (complex I-

III) bound the 270-303 region (Figure 2.4B, left panel). Complex I and II, but not 

complex III, also bound the overlapping nucleotides 287-320. No additional interactions 

were detected in this region (Figure 2.4B, center panel). Complex IV was detected using 

the 318-337 probe (Figure 2.4B, right panel).  

 Comparative analysis of the CNS-1270-337 nucleotide sequence across distant 

species (Figure 2.4C) and prediction of putative transcription factor binding sites 

identified three motifs (CRE 1-3, Figure 2.4B) each partially homologous to a cyclic 

AMP (cAMP) responsive element (CRE: TGACGTCA) (117) and the related AP-1 

family consensus sequence (TGACTCA) (118). Antibody supershift experiments were 

therefore performed in order to test whether the complexes binding to CNS-1270-337 

contained CRE interacting proteins (CREB, ATF) and/or AP-1 family members. Figure 

2.4B shows that complex I, a faint band upregulated by stimulation, contained ATF-2 

because it was supershifted by an ATF-2-specific antibody (lane 13) but not by an anti-
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CREB (lane 11) or an anti-Jun (lane 12) antibody. The constitutively expressed complex 

II was formed by CREB because addition of a polyclonal anti-CREB antibody 

supershifted the complex completely (lanes 4 and 11). A monoclonal anti-CREB 

antibody, which does not cross-react with other CREB family members, also altered the 

mobility of this complex (data not shown). Complex III appeared to contain CREB since 

an anti-CREB antibody (lanes 4 and 11) reduced the intensity of this complex. Jun 

proteins may also be part of complex III, because the corresponding band became fainter 

upon addition of a Jun-specific antibody (lanes 5 and 12) and was competed by an AP-1 

consensus oligonucleotide (data not shown). Migration of none of these complexes was 

affected by control IgG or STAT1 antibodies (lanes 7, 14, 15 and 24). Lastly, the 

constitutive complex IV also contained CREB. Indeed, preincubation with the polyclonal 

or monoclonal anti-CREB antibody supershifted this complex completely (lanes 22 and 

23) while antibodies to STAT1 (lane 24), Jun or ATF-2 (data not shown) did not. 

Collectively, these data demonstrate the CNS-1 enhancer core contains binding sites for 

CREB, ATF-2, and Jun proteins.   
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Figure 2.4: The CNS-1 enhancer core contains binding sites for CREB, ATF-2 and 
Jun proteins. 
 A, DNA sequence of the human CNS-1 enhancer core. Oligonucleotide probes used in 
EMSA are noted above the sequence, while the CRE motifs are underlined.  B, EMSA 
analysis of protein/DNA interactions within the CNS-1 enhancer core. [γ-32P]-labeled 
oligonucleotide probes, indicated above each panel, were incubated with nuclear extracts 
(10 μg) prepared from Jurkat T cells cultured either in the presence (+) or absence (-) of 
PMA (P: 20 ng/ml) and ionomycin (I: 1 μM) for 3 hs. Noted above each lane is the 
unlabeled oligonucleotide competitor (100-fold molar excess) used for analysis of 
binding specificity or the antibody (2 μg) used for supershift analysis. C, Multiple DNA 
sequence alignment of CNS-1270-337 across 9 mammalian species. Shading indicates the 
percent identity at each nucleotide position (black: 100%, dark grey: 90%, light grey: 
80%). 
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 In order to position the observed complexes more closely within the CNS-1 

enhancer core and test their interactions with the CRE motifs, each CRE site was 

mutated, alone or in combination (Figure 2.5A). EMSA analysis revealed that each CRE 

site supported the formation of distinct CREB-containing complexes (Figure 2.5B). 

Mutation of CRE 1 resulted in the loss of complex III (lane 2). Both complex I and 

complex II were lost when the second CRE motif was mutated (lane 3). Despite the 

striking proximity of the first two CRE sites and their organization on opposite DNA 

strands, mutation of either one of these two sites did not appear to affect the formation of 

complexes on the other site. Notably, no residual binding was detected when both CRE 1 

and CRE 2 were mutated (lane 4). Lastly, mutation of CRE 3 abolished the binding of 

complex IV (lane 6). Collectively, our results show CREB interacts with each of the three 

CRE sites in CNS-1270-337, while Jun and ATF-2 bind selectively to CRE 1 and CRE 2, 

respectively (Figure 2.5C).  

 In order to evaluate the contribution of each CRE motif to CNS-1 enhancer 

function, the CRE site mutations already characterized by EMSA were introduced in the 

p2.7IL13/CNS-1270-337 reporter construct. Figure 2.6 shows that mutation of the CRE 1 

and CRE 3 sites reduced CNS-1 activity substantially but only partially (54.5% and 79%, 

respectively), while mutation of CRE 2 was sufficient to abolish CNS-1-dependent IL13 

enhancement. In view of the topology of the CRE motifs, these results suggest that 

although each CRE site contributes to CNS-1 activity, CRE 2 may be required to 

coordinate the formation of a supramolecular complex critical for optimal CNS-1-

induced enhancement of IL13 transcription. 
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Figure 2.5: Each CRE motif in CNS-1270-337 supports the formation of distinct CREB 
containing complexes.  
A, DNA sequence of EMSA oligonucleotide probes, either WT or mutated at individual 
CRE motifs (M1, M2, M3, M1/2). B, [γ-32P]-labeled oligonucleotide probes, indicated 
above each lane, were incubated with nuclear extracts (5 μg) prepared from Jurkat T cells 
stimulated with PMA (20 ng/ml) and ionomycin (1 μM) for 3 hs. C, Diagram of 
DNA/protein interactions at the CRE motifs in CNS-1270-337. 
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Figure 2.6: CRE site 2 and 3 are essential for CNS-1 activity.  
CRE site mutations were introduced into the CNS-1270-337 cassette and cloned into 
p2.7IL13. Jurkat T cells were transfected with p2.7IL13 (20 μg) or the indicated reporter 
constructs. Cells were cultured in the absence or presence of PMA (P: 20 ng/ml) and 
ionomycin (I: 1 μM) for 16 hs. Plotted are the mean RLA values ± SE for 4 independent 
experiments. 

58



 

 

 

CREB, but not ATF-2, Regulates CNS-1 Enhancer Activity - Since CRE 2, and to a less 

extent CRE 3, were essential for CNS-1-dependent transcriptional enhancement, we then 

investigated the role of the CRE 2/3 binding proteins CREB and ATF-2 in the regulation 

of CNS-1 activity. To this purpose, the p2.7IL13/CNS-1270-337 reporter construct was 

cotransfected with expression vectors encoding either WT or mutant forms of these 

factors. Specifically, pCMV-CREB133 encodes a dominant negative CREB variant 

containing a Ser→Ala substitution at position 133, a residue vital to CREB-mediated 

transactivation (119). pATF-2 Δ2-107 encodes a truncated ATF-2 protein which lacks the 

N-terminal transactivation domain (120) but retains the ability to bind CNS-1 CRE 2 

(data not shown). Figure 2.7 shows that expression of CREB133 markedly (47%) reduced 

T cell activation-dependent CNS-1 enhancer activity, whereas cotransfection of ATF-2, 

either WT or mutant, failed to affect IL13 transcription. CREB133-dependent inhibition 

was CNS-1-specific because IL13 promoter activity was virtually unaltered (data not 

shown). These results support a role for CREB, but not ATF-2, in the molecular events 

underlying CNS-1-mediated transcriptional enhancement.  
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Figure 2.7: CREB, but not ATF-2, regulates CNS-1 enhancer activity.  
Jurkat T cells were co-transfected with p2.7IL13/CNS-1270-337 and expression vectors for 
CREB (pCMV-CREB or pCMV-CREB133), or ATF-2 (pATF-2 or pATF-2 Δ2-107) (30 
ng) or a pCDNA3 control. Cells were cultured with or without PMA (P: 20 ng/ml) and 
ionomycin (I: 1 μM) for 16 hs. Plotted are mean RLA values ± SE, normalized to the 
pCDNA3 control (n=4). 
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T cell Activation Recruits CREB and CBP/p300 to the Endogenous CNS-1 - Our in 

vitro dissection identified CREB as a factor that binds functionally critical sites in the 

CNS-1 enhancer core and directs robust upregulation of IL13 and IL4 transcription. 

Chromatin immunoprecipitation assays were therefore performed to test whether CREB-

containing complexes dock onto the endogenous CNS-1. CREB protein/DNA complexes 

were immunoprecipitated from Jurkat T cells, resting or activated with PMA and 

ionomycin. Real-time PCR was performed to detect a 152 bp region of CNS-1 

(nucleotides 221-372) that spans the enhancer core. Figure 2.8 shows that, while only low 

levels of target were immunoprecipitated with an anti-CREB antibody under basal 

conditions, T cell activation strongly increased CREB binding to CNS-1.  

Activation-dependent CREB phosphorylation at Serine 133 is known to foster the 

recruitment of the coactivator CBP (121) and its paralogue p300 (122), which augment 

CREB-mediated gene transcription. The inhibitory effect of the CREB133 mutant on 

CNS-1 activity (Figure 2.7) raised the possibility these coactivators may contribute to 

CREB-mediated CNS-1 regulation. We therefore used chromatin immunoprecipitation to 

test whether CBP/p300 were recruited to CNS-1 in vivo. Figure 2.8 shows occupancy of 

CNS-1 by CBP- or p300-containing complexes was limited in unstimulated T cells. 

However, T cell activation resulted in robust recruitment of both factors to CNS-1.  
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Figure 2.8: T cell activation recruits CREB, CBP and p300 to the endogenous CNS-1.  
Jurkat T cells were cultured in the presence or absence of PMA (P: 20 ng/ml) and 
ionomycin (I: 1 μM) for 3 hs. Chromatin was then isolated and immunoprecipitated with 
antibodies to CREB, CBP or p300 or control IgG. For each experiment, serial dilutions of 
input DNA were used to generate a standard curve.  Enrichment for target template was 
assessed by real-time PCR. Results are expressed as the ratio between the number of 
targets immunoprecipitated with specific antibodies and the number of targets 
immunoprecipitated with control IgG. Plotted are the mean ± SE of 4 independent 
experiments. 
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CBP/p300 Activity Is Essential for CNS-1-dependent Transcriptional Enhancement  - 

In order to assess whether CBP/p300 activity was required for CNS-1 enhancer function, 

p2.7IL13 or p2.7IL13/CNS-1270-337 were cotransfected with a construct expressing the 

adenoviral E1A 12S protein, a potent inhibitor of CBP/p300 function (123, 124). The 

E1A 12S Δ2-36 mutant, which lacks the domain necessary to interact with CBP/p300 

(115), was used as a negative control. Figure 2.9 shows that E1A 12S, but not E1A 12S 

Δ2-36, completely inhibited CNS-1-mediated enhancement of IL13 transcription, 

whereas the activity of the IL13 promoter was only partially reduced. Collectively, these 

data suggest CREB-mediated recruitment of CBP/p300 is essential for T cell activation-

induced, CNS-1-mediated, enhancement of Th2 cytokine gene transcription.  
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Figure 2.9: CBP/p300 activity is required for CNS-1-dependent enhancement of IL13 
transcription.  
Jurkat T cells were cotransfected with either p2.7IL13 or p2.7IL13/CNS-1270-337 and E1A 
12S or E1A 12S Δ2-36 or pcDNA3 expression vectors (1 μg). Cells were cultured with or 
without PMA (P: 20 ng/ml) and ionomycin (I: 1 μM) for 16 hs. Plotted are mean RLA 
values ± SE for 2 independent experiments. 
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2.4 Discussion 
 

 Progression of naïve CD4 T cells along the Th1 or Th2 differentiation pathway is 

a multi-stage process contingent upon antigenic T cell stimulation in an instructive 

cytokine milieu. In vivo studies defined CNS-1 as a regulatory element critical for 

optimal expression of Th2 cytokine genes and Th2 differentiation (71, 85), but did not 

dissect the molecular mechanisms underlying the role of CNS-1 in these processes. Our 

results characterize CNS-1 as a potent enhancer of human IL13 and IL4 transcription. 

Surprisingly, activity mapped to a discrete, short domain at the IL13-distal end of the 

element, raising the possibility that the regulatory properties of CNS-1 may be 

compartmentalized. CNS-1 appears to control several facets of Th2 cytokine locus 

expression, from modulation of chromatin accessibility (71, 85) to positioning of the 

locus within a repressive nuclear domain in Th1 cells (125). It remains to be determined 

whether any of these specialized functions of CNS-1 also reside(s) in the enhancer core 

or if they map elsewhere, a possibility supported by the finding that the IL13 proximal 

region of CNS-1 is comparatively even more conserved across mammalian species than 

the enhancer core itself (data not shown). Surprisingly, the CNS-1 enhancer core does not 

encompass previously described binding sites for GATA3 (77) or Ikaros (125), even 

though ectopic overexpression of GATA3 in murine Th1 cells was sufficient to establish 

DNase I hypersensitivity within the endogenous CNS-1 chromatin (77, 126). The 

relationship between GATA3 induced chromatin remodeling and the activity of the CNS-

1 enhancer core remains to be determined.  
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 Our experiments identified CRE site 2 and 3 and the CRE 2/3 binding protein 

CREB as major regulators of CNS-1 enhancer activity. This finding was somewhat 

unexpected because a recent analysis of mice in which CREB and ATF-1 had been 

deleted selectively in T cells showed IL-4 expression to be preserved (127). However, a 

significant proportion of spleen and lymph node T cells (24 and 12 %, respectively) in the 

knock out mice still expressed CREB, raising the possibility that residual CREB activity 

was sufficient to support IL4 mRNA expression in that experimental model. Furthermore, 

and perhaps more importantly, deletion of CNS-1 delayed and reduced, but did not 

abrogate, expression of IL-13 and IL-4 (85), suggesting CNS-1 contributes to, but is not 

absolutely required for, Th2 cytokine expression. 

 CREB is a ubiquitous transcription factor that resides constitutively in the nucleus 

(117). CREB activation is known to be necessary for transcriptional regulation and 

contingent upon phosphorylation of Ser133, which occurs typically, although not 

exclusively, in response to elevated intracellular cAMP (117). In line with these 

requirements, our experiments showed stimulation of T cells with cAMP resulted in 

vigorous (4.4-fold) CNS-1-dependent enhancement of IL13 promoter activity (data not 

shown), and expression of a dominant negative CREB variant, which cannot be 

phosphorylated on Ser133, reduced activity by nearly half. 

 Although T cell receptor engagement induces CREB phosphorylation, maximal 

CREB trans-activation potential is achieved only if the antigen-dependent signal is 

coupled with CD28-mediated costimulation (128, 129). Consistent with the two-signal 

requirement for CREB-transactivation, our data revealed full T cell activation was 
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essential for maximal CNS-1 activity. Signaling via the T cell receptor and the 

costimulatory pathway is required for a productive association between CREB and the 

transcriptional co-activator CBP (129), which recruits the RNA polymerase II 

holoenzyme (130). Fostering the assembly of this complex may represent a mechanism 

by which CREB contributes to CNS-1-dependent transcriptional enhancement in 

activated T cells. This possibility is strongly supported by our finding that CREB, CBP 

and p300 were recruited to the endogenous CNS-1 in response to T cell stimulation, and 

CBP/p300 activity was necessary for CNS-1-mediated enhancement of IL13 

transcription. In addition, CBP/p300 can mediate transcriptional activation through 

intrinsic histone acetyltransferase activity (131, 132). Since the latter is required for 

CREB-mediated transcriptional activation in several models (133-135), the role of CREB 

in CNS-1 function may also involve CBP/p300-mediated histone modifications. Indeed, 

deletion of CNS-1 abrogated the basal acetylation of histone H3 at the IL4 and IL13 

promoters in naïve CD4 T cells (125), a permissive modification associated with rapid 

gene transcription (114).   

 Recent work on long-range intrachromosomal interactions within the murine Th2 

locus demonstrated CNS-1 behaves as a versatile element that interacts with distinct Th2 

cytokine promoters in vivo (96). This essential property was captured by our 

experimental model, which revealed CNS-1-dependent enhancement of both IL13 and 

IL4 transcription in T cells. That the CNS-1 enhancer core relied on ubiquitously 

expressed proteins such as CREB and CBP/p300 for its activity suggests the role of this 

element in Th2 cytokine transcription may be a permissive one, which links Th2 locus 
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regulation with antigenic T cell stimulation and complements Th2-specific regulatory 

mechanisms. The CRE sites clustered within the CNS-1 enhancer core could serve as a 

platform to recruit basal machinery and coactivators to confer transcriptional competence 

to and/or augment transcription from its target Th2 cytokine promoters. In vivo analysis 

of CNS-1 will be required to further elucidate the interactions between CNS-1 and Th2-

specific transcriptional regulators and dissect the contribution of specific CNS-1 domains 

to the complex molecular events that orchestrate Th2 cytokine gene expression. 
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3 CHAPTER 3: PHYLOGENETIC AND FUNCTIONAL ANALYSES 

IDENTIFY ETS-1 AS AN IMPORTANT REGULATOR OF THE TH2 

CYTOKINE GENE LOCUS 

 

3.1 Introduction 

 

 The precise spatial and temporal control of eukaryotic gene expression is a 

complex process, orchestrated to a large extent by mechanisms that control transcription. 

Individual loci may utilize several cis-regulatory elements, located both proximal 

(promoters) and distal (enhancers, silencers and insulators) to the gene. Furthermore, 

clusters of functionally related genes may exhibit added complexity, sharing multiple, 

cis-regulatory elements that coordinate developmental and/or environmental cues to 

specify selective expression of an individual gene, as seen for the β-globin gene cluster 

(136) or co-expression, such as that observed for the T helper (Th) type-2  cytokine gene 

locus (137). 

 The Th2 cytokine gene locus has emerged as a remarkable example of 

coordinated gene expression. The genes for Interleukin (IL)4, IL5 and IL13 are grouped 

together within a 150 kb span of human chromosome 5q31; IL13 and IL4 are adjacent 

while IL5 is separated from these two by a large (85 kb) DNA repair gene, RAD50, a 

configuration that has been preserved for at least 300 million years (138). The regulation 

of this locus has been studied most extensively in the T helper (Th)-2 cell lineage, which 

typically demonstrates co-expression of all three cytokines (67, 69). This cytokine trio 
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provides vital protection from extracellular pathogens and parasites (37, 139) and 

mediates several facets of allergic inflammation and asthma (112, 140).  

 The basis for coordinated gene expression appears to be rooted in the extensive 

array of regulatory elements, positioned throughout the Th2 locus. These regions, 

identified by a combination of DNase I hypersensitive site (HS) mapping and 

comparative sequence analysis, include three enhancers, a locus control region (LCR), 

and a silencer element. Specifically, HSS 1 and 2 (76), located between IL13 and IL4, 

map to conserved non-coding sequence (CNS)-1, a potent enhancer of cytokine gene 

expression in T cells (64, 71, 85). Two distinct regions, which map within the second 

intron of IL4 (HS II and III; IL4 intronic enhancer, IL4 IE), and downstream of IL4 

(HSV/Va; CNS-2), exhibit enhancer activity in both Th2 cells and mast cells (70, 86, 89). 

Several HS sites (RHS 5,6, 7) clustered within the 3’ end of the DNA repair gene, 

RAD50, (75, 87), collectively demonstrate LCR activity, conferring robust, Th2-specific, 

and copy-number dependent expression to the IL4 and IL13 genes (75, 88). Finally, a 

single silencer element has been defined at the 3’ end of IL4 (HSIV), required to suppress 

IL-4 expression in naïve CD4+ T- and Th1-cell populations (70, 90). Several lines of 

evidence point to significant interdependency among these distant regulatory regions. 

Specifically, no single region, including the Th2 LCR, is sufficient to fully recapitulate 

levels of Th2 cytokine gene expression observed from the intact Th2 locus (75, 88) and 

absence of any single enhancer region markedly inhibits the expression of more than one 

of the cytokine genes (85, 86, 91). Moreover, an investigation of the higher-order 

chromatin configuration of the murine Th2 locus determined that in T cells, the IL4, IL5 
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and IL13 promoters are physically clustered with one another and with the distant 

regulatory elements (96).  

 This remarkably advanced characterization of the Th2 locus provides a unique 

opportunity to decipher molecular cues within these regulatory regions that not only 

dictate their individual function but perhaps more interestingly could specify 

coordination. A simple model to permit the co-expression of different genes predicts that 

their promoters will contain a common set of responsive elements. We have employed a 

comprehensive in silico approach to investigate whether and how the aforementioned 

model pertains to a co-regulated gene cluster that requires several distant cis-regulatory 

elements. While historically computational predictions of transcription factor binding 

sites have been hindered by considerable false-positive rates, predictions are improved 

substantially by integrating phylogenetic comparisons with motif finding algorithms 

(141-143). The major Th2 cis-regulatory elements correspond to relatively extensive 

(300-600 bp) regions of high sequence conservation between mouse and man, and thus 

represent an ideal model to investigate the regulatory logic of a coordinately regulated 

gene cluster computationally. 
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3.2 Methods 

 
Multi-Species Comparative Analysis - Genomic DNA corresponding to the human Th2 

cytokine gene cluster (the interval examined spans 20 kb downstream of IL5 through the 

3’ end of KIF3A) and the syntenic regions in Pan troglodytes (chimpanzee), Papio 

Anubis (baboon), Callithrix jacchus (marmoset), Otolemur garnetti (bush baby), Bos 

taurus (cow), Canis familiaris (Dog), Rattus norvegicus (Rat), Mus musculus (mouse), 

Monodelphis domestica (opossum) and Gallus gallus (chicken) were obtained from 

NCBI. Some of the sequence utilized was generated by the NIH Intramural Sequencing 

Center (www.nisc.nih.gov).  

 Generation of multiple sequence alignments (MSA) and identification of 

evolutionarily conserved regions (ECR) was performed with the MULAN program 

(http://mulan.dcode.org/) (116). MULAN employs a local alignment strategy using the 

threaded blockset aligner (TBA) program and utilizes the phylogenetic relationships of 

the sequences provided to build the multiple sequence alignment (116). Repeat masking 

was performed on all sequences with the species-appropriate filters prior to alignment. A 

large gap (incomplete sequence data) was detected in the sequence available for 

Callithrix jacchus corresponding to the 3’ end of RAD50, thus our analysis of this region 

(which spans RHS6.1, 6.2 and 7 of the Th2 LCR) does not include this species. Due to 

the very close relationship of human and marmoset it is unlikely that exclusion of this 

species significantly altered either the MSA or the transcription factor binding site 

profiles generated for this region.   
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Identification of conserved transcription factor binding sites - Genomic regions, 

excluding exons, identified by the MULAN program as multi-species ECR (≥ 70% 

identity over ≥ 100 bp, in all species examined) were examined for putative transcription 

factor binding sites. Ungapped sequences from each species were analyzed individually 

for putative transcription factor binding sites (TFBS) with the MatInspector program, 

using the current matrix library (V.6.0), which contains 431 position weight matrices 

(PWM) for vertebrate transcription factors, representing 148 different families, 

(Genomatix, http://www.genomatix.de/). Detection criteria were set to only report 

matches which demonstrated both a core similarity score ≥ 0.85 and a matrix similarity 

score that met or exceeded the optimization threshold defined for each PWM. The 

optimization threshold is a parameter designed to significantly reduce the rate of false-

positives by limiting detection to ≤ 3 hits within 10 kb of non-regulatory sequence (144). 

We identified those TFBS predicted independently in 100% of the species examined, 

including matches to different matrices within a family. Matrix families represent 

functionally related transcription factors which also have PWM that are essentially 

indistinguishable (144). Of these sites, those that mapped to the same location within the 

multi-species DNA sequence alignment were included in the profile. For those cases in 

which multiple matrix families met the conservation criteria and mapped to the same 

location in the alignment, all families were included in the profile.  

Electrophoretic Mobility Shift Assay - Single-stranded complementary oligonucleotides 

were annealed and PAGE purified. Annealed oligonucleotides were end-labeled with γ-

32P ATP with T4 polynucleotide kinase. Binding reactions consisted of 50 ng of human 
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recombinant Ets-1 (Alexis Biochemicals) in binding buffer (25 mM Tris-Cl, 1 mM 

EDTA, 60 mM KCL, 6 mM MgCl, 10 mM DTT,  1 μg Poly (dI·dC), 10 % glycerol). In 

preliminary experiments, the Th2 ETS oligonucleotides were tested as EMSA probes and 

bound rhEts-1 to a degree consistent with relative binding strengths assessed via 

competition experiments (data not shown). Competition assays were performed by pre-

incubation (30 minutes at room temperature) with the indicated unlabelled 

oligonucleotide competitor (30 or 90-fold molar excess) prior to addition of the probe. 

Samples were incubated with the indicated radiolabelled probe (30 minutes at room 

temperature) and run on a 5% (w/v) polyacrylamide gel (20 mAmp, 4 hrs, 4°C) which 

was dried and subject to autoradiography. Oligonucleotide sequences utilized as probes 

and/or competitors included a previously defined high affinity Ets-1 motif (SC1_ETS1 

CGGCCAAGCCGGAAGTGAGTGCC) (145), a corresponding mutant of this motif 

(SC1_ETS1mut CGGCCAAGCCttAAGTGAGTGCC) and the conserved ETS sites 

predicted within the human Th2 cis-regulatory regions (IL5P 

TGTCTTTGAGGAAATGAATAA, IL13P GTTCGGGGAGGAAGTGGGTAG, IL4P.1 

GATTTCACAGGAACATTTTAC, IL4P.2 TTTTCTCCTGGAAGAGAGGTG, IL13P 

GTTCGGGGAGGAAGTGGGTAG, RSH5 GGTAACACAGGAAGTCAGCAG, IL4IE 

ATGAAAACAGGAACTGAAATG, HSIV  TCTGCCACAGGATATGGGTAG  CNS2 

TGGGTCACAGGAAGCCCAAGA). The intensity of the Ets-1 complexes was 

determined by densitometry.  

Mice – C57BL/6 mice were purchased from The Jackson Laboratory. Ets-1-/- mice, 

backcrossed to D011.10 mice, have been described previously (146).  
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In vitro differentiation of murine Th2 cells – Murine Th2 cells were generated 

essentially as described (82). Spleens from C57BL/6 mice were harvested and CD4+ T 

cells were purified by negative selection (MACS, Miltenyi). CD4+ T cells (5 X 106) were 

cultured in the presence of 1 μg/ml anti-CD3ε and 1 μg/ml anti-CD28 (145.2C11 and 

37.51, respectively; Pharmingen) in a 25 cm2 flask coated with 0.2 mg/ml  goat anti-

hamster IgG, under Th2-skewing conditions (1000 U/ml IL-4, 3 μg/ml anti-IL12 and 5 

μg/ml anti-IFN-γ) for 3 days. The cells were then expanded in the absence of both anti-

CD3ε and anti-CD28 but in the presence of IL-2 (20 U/ml), IL-4, anti-IL-12 and anti-

IFN-γ. Cells were expanded every other day and after one week in culture, were 

harvested for chromatin immunoprecipitation and assessment of cytokine production by 

intracellular staining and flow cytometry.  

Chromatin Immunoprecipitation – Murine Th2 cells were stimulated with PMA (20 

ng/ml) and ionomycin (1 μM) for 3 hrs. Cells were treated with 1 % formaldehyde for 10 

minutes at room temperature followed by the addition of glycine (125 mM final conc.) to 

halt cross-linking. Cells were harvested, washed twice with 1X PBS and resuspended in 

cell lysis buffer (5 mM PIPES pH 8.0, 85 mM KCl, 0.5% NP-40) supplemented with 

protease inhibitors (10 μg/ml Aprotinin, 1X EDTA-free Complete protease inhibitor 

cocktail (Roche) and 1 mM PMSF). Nuclei were collected by centrifugation and lysed in 

nuclear lysis buffer (50 mM Tris-HCl pH 8.1, 10 mM EDTA, 1% SDS) supplemented 

with protease inhibitors as above. Chromatin was sheared by sonication to yield the 

majority of fragments in the 200 – 600 bp size range. An aliquot of chromatin (~ 3 x 107 

whole cell equivalents) was pre-cleared with a 50 % Protein A sepharose slurry (160 μl) 
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for 20 minutes at 4°C. Pre-cleared chromatin was then diluted 3-fold in IP dilution buffer 

(0.01 % SDS, 1.1 % Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl pH 8.1, 167 mM 

NaCl) containing protease inhibitors. Immunoprecipitation reactions were performed 

with 1.5 x 107 whole cell equivalents overnight at 4°C with an antibody specific for Ets-1 

(4 μg) (C-20, Santa Cruz Biotechnology) or with no antibody. Immunocomplexes were 

collected with Protein A sepharose beads, washed twice with dialysis buffer (2 mM 

EDTA, 50 mM Tris-Cl pH 8.0, 0.2 % Sarkosyl) and four-times with IP wash buffer (100 

mM Tris pH 9.0, 500 mM LiCl, 1 % NP-40, 1 % deoxycholic acid). Complexes were 

eluted with IP elution buffer (1 % SDS, 50 mM NaHCO3), treated with RNase A during 

crosslink reversal (65°C 4 hrs) and deproteinated. Samples were recovered by 

phenol/chloroform extraction and ethanol precipitation using glycogen as a carrier. To 

detect the putative Ets-1 target regions across the murine Th2 locus we used the 

following primer pairs: IL5 Promoter: 5’-ACCCTGAGTTTCAGGACTCG-3’, 5’-

TCAGAACACTCAAGTGCAGAAG-3’,  

Rad50HS5: 5’-GTTTGTCGTCTCAGAGTAAAGC-3’, 5’-

GTCACATCCTGAGCATGTTCC-3’, IL13 Promoter: 5’-

GTGAGAAGATGGAATCTGGC-3’, 5’-CCCTACTCTTTCCTCATACTG-3’, IL4 

Promoter: 5’-CCTACGCTGATAAGATTAGTCTG-3’, 5’-

CACCAGATTGTCAGTTATTCTG-3’, IL4 intronic enhancer: 5’-

GATGTGACAGGCTGATAGTG-3’, 5’ GAGACCACTGGTAAGTCAAGAC-3’, 

HSIV: 5’-GATTGAAACTCATTTGCATG TC-3’, 5’-

GTGTTCTGACCATCCAAGTGTAG-3’ and CNS-2: 5’-

76



 

 

GAAGCAGTGTGGGAGAGCGT-3’, 5’-GGGAAAGTGATCGTGAGGAG-3’. Real 

time PCR was performed with the Quantitect SYBR Green PCR kit (Qiagen) on an ABI 

Prism 7900 Sequence Detection System. PCR reactions were performed under the 

following cycling conditions: 15 min at 95°C followed by 40 cycles of 15 sec at 95°C, 30 

sec at 57°C and 30 sec at 72°C. Dissociation curve analysis and agarose gel 

electrophoresis confirmed amplification of a single product for each primer set.  In 

addition, PCR efficiency was optimized by adjusting the primer concentration and 

running serial dilutions of input DNA to generate a standard curve. ChIP data are 

represented as the PCR signal generated from the immunoprecipitated sample (specific 

antibody or no antibody) as the percent of signal generated using input DNA as template. 

ELISA – Levels of IL-4, IL-5, IL-13 and IL-10 expressed by murine Th2 cells was 

measured by ELISA. ELISA data were generated by Roland Grenningloh in the 

laboratory of I-Cheng Ho (Harvard Medical School, Boston MA) as described previously 

(146).  
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3.3 Results and Discussion 

 
Th2 Cis-regulatory Elements Pre-date the Divergence Between Placental and Non-

placental Mammals – To investigate the evolutionary history of the Th2 regulatory 

elements and establish an appropriate scope of species to utilize for binding site analysis 

we examined whether the extensive array of Th2 regulatory elements characterized in 

human and mouse are conserved in additional placental mammals as well as 

evolutionarily more distant species. Beyond placental mammals, orthologs for IL5, IL13 

and IL4 have recently been identified for a marsupial, the laboratory opossum 

(Monodelphis domestica) (147), and the chicken (Gallus gallus) (138). Efforts to identify 

these genes in earlier vertebrate species (teleosts), both by comparative analysis of 

syntenic regions and mining of expressed sequence tag libraries, have failed (148) 

therefore, we did not extend our analysis beyond the avian order. 

  Figure 3.1 shows the phylogenetic relationships and estimated divergence times 

(149-151) for the eleven species included in our study. A multiple DNA sequence 

alignment (MSA) for the entire Th2 cytokine gene cluster (Figure 3.2B) was generated 

with the MULAN program (116) which employs a local alignment strategy and integrates 

the phylogenetic relationships among the sequences. Figure 3.2B shows the graphical 

representation of this alignment for selected regions within the Th2 locus in a subset of 

species. The ability to detect the exons for IL5, IL13 and IL4 by MSA was decreased with 

increasing phylogenetic distance, consistent with previous reports that the opossum (147) 

and chicken (138, 148) Th2 cytokines exhibit relatively low homology to the human 
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proteins. In contrast, all exons for RAD50, a DNA repair protein, were highly conserved 

and readily identified in all species (Figure 3.2B and data not shown). As expected, all of 

the Th2 regulatory regions previously identified in pairwise human-mouse alignments 

and functionally validated (Figure 3.2A) were defined as evolutionarily conserved 

regions (ECR) in the seven placental mammalian species examined (Figure 3.2B). In 

addition, a single novel non-coding ECR, located approximately 6 kb upstream of the IL5 

gene (IL5/-6) was identified. Only a single non-coding element (110 bp within RHS5) 

was conserved in the syntenic region in chicken. In contrast, nearly all of the non-coding 

ECR were highly conserved in the orthologous opossum locus (Figure 3.2B), with the 

exception of the functionally undefined ECR upstream of IL5, the distal region of the 

IL13 promoter, encompassing a conserved GATA3 responsive element (cGRE) (62), and 

HSIV, critical to keep IL4 silent in murine Th-1 cells (90). 

 Collectively, these data indicate that the majority of conserved regulatory regions 

within the Th2 cytokine locus pre-date the divergence of marsupials and placental 

mammals ~ 180 million years ago (151, 152). The phylogenetic distance between chicken 

and mammals may preclude alignment-based detection of additional regulatory regions.  
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Figure 3.1: A Tree Relating the Species Utilized in Comparative Analysis of the Th2 
Cytokine Gene Cluster. 
Divergence time estimates were taken from the literature (149-151). 

80



 

 

 
Figure 3.2: Th2 cis-regulatory Elements Pre-date the Divergence of Placental and 
Non-placental Mammals. 
A) Map of the Th2 cytokine gene cluster with the locations of murine DNase I 
hypersensitive sites (vertical arrows). B) Graphical representation of the multiple DNA 
sequence alignment generated by MULAN. Select regions of the Th2 cytokine locus are 
shown with gene annotations and features noted above the plots. (CNS: conserved non-
coding sequence, IE: intronic enhancer, P: promoter, RHS: RAD50 hypersensitive site). 
Shaded regions indicate multi-species evolutionarily conserved regions (ECR) with gene 
features specified by color (exon: blue, UTR: yellow, intron; pink, intergenic; red). 
Dashed boxes denote regions conserved in the placental mammals but not in opossum or 
chicken. 
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Phylogenetic Profiling of Th2 Responsive Elements – The ECRs identified by 

comparative analysis were then examined for shared transcription factor binding sites 

(TFBS) potentially involved in coordinate regulation of the Th2 locus. Because some of 

the Th2 ECRs were undetectable in the opossum genome, we profiled TFBS across nine 

placental species, representing four major clades (primates, carnivores, artiodactyls and 

rodents). Multi-species comparisons of ECR increase the overall sequence divergence, 

which serves to refine alignments and reveal invariant positions more likely to reflect true 

functional constraints associated with TFBS (141-143, 153). Indeed, the sequence 

diversity within the non-coding Th2 ECR captured by the MSA was ~ 20 % greater than 

that obtained by pair-wise comparison between human and mouse sequences (data not 

shown). Th2 ECRs from placental mammals were examined for putative TFBS using the 

Matinspector program (144). Searches were conducted on ungapped sequence from each 

species using a vertebrate position weight matrix (PWM) library and stringent match 

criteria (≥ 0.85 core similarity and ≥ optimized matrix similarity). Sites predicted 

independently in all species and residing in the same position within the MSA were 

included in the profile. 

 Within the Th2 ECRs, which collectively span ~ 4.8 kb, we identified 103 

conserved motifs representing targets for 52 different TF families. Figure 3.3 shows that 

22 transcription factor families were predicted to have binding sites within at least two 

Th2 regulatory regions. We found that when multiple sites for a particular factor exist, 

they are more often in different regions rather than clustered within one or few regulatory 

elements. In fact, the number of conserved sites and the number of distinct regulatory 
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regions they are predicted to target were positively correlated (R2 = 0.81). The number of 

motifs common to distinct regions did not correlate with GC content nor linear proximity 

(data not shown). These data are therefore unlikely to merely reflect genomic bias and 

they might instead highlight an underlying regulatory network within the Th2 locus.
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 Figure 3.3: Common Transcription Factor Binding Motifs Among Th2 cis-regulatory Regions. 
 Shown are those matrix families which exhibit conserved target sites in more than one Th2 element. Noted within each 
 box is the number of individual conserved sites predicted for that region. The Th2 LCR contains four distinct peaks of 
 sequence conservation that were analyzed separately. Transcription factors are ranked according to the number of 
 Th2 cis-elements that contained conserved putative binding motifs. 
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Identification and Functional Validation of Ets-1 Binding sites in the Th2 locus - The 

ranking of binding motifs shared across the Th2 locus according to their distribution and 

relative frequency (Figure 3.3) pointed to a regulatory hierarchy among the TF families.  

Interestingly, sites for GATA proteins were the most prevalent and widely distributed 

throughout the Th2 locus, consistent with the finding that GATA3 acts as a master switch 

for Th2 cell differentiation and Th2 cytokine expression (55, 58, 60-62). This finding 

provided support for our approach and by extension raised the possibility that ETS and 

SORY/HMG, which like GATA proteins were predicted to target 6 or more Th2 cis-

elements, might also play a role in the coordinated regulation of the Th2 locus.  

 Our subsequent analysis focused on the ETS family, which had not been 

previously implicated in the orchestration of Th2 cytokine expression and particularly on 

Ets-1, the family member predominant in T cells (154). To functionally validate 

individual predicted ETS motifs identified within the Th2 ECRs, we compared and 

contrasted the ability of the corresponding oligonucleotides to bind recombinant human 

Ets-1 (rhEts-1) and thus compete the interaction between this nucleoprotein and a high-

affinity Ets-1 consensus probe (145). Figure 3.4A shows an electrophoretic mobility shift 

assay (EMSA), representative of this approach. Incubation of rhEts-1 with the Ets-1 

consensus probe resulted in the formation of a complex (lane 1) that was competed 

almost completely upon incubation with a 30-fold molar excess of unlabeled Ets-1 

consensus oligonucleotide (lane 2) and was specifically supershifted by an anti-Ets-1 

antibody (data not shown). Oligonucleotides spanning the putative ETS sites in HSIV 

(lanes 4 and 5) and the IL13 promoter (lanes 6 and 7) also competed Ets-1 binding, albeit 
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less effectively. Similar experiments were performed to test each predicted ETS motif, 

and the intensity of the relevant bands was assessed by densitometry and compared to the 

intensity of the uncompeted Ets-1 complex. 

  Figure 3.4B shows the competition curves for the 8 putative Th2 ETS sites. The 

Ets-1 consensus and an Ets-1 oligonucleotide containing two mutations in the ETS core 

were used as positive and negative controls. The motifs within RHS5 and the IL13 

promoter (IL13P) competed Ets-1 binding almost as effectively as the Ets-1 consensus 

itself. The sites within HSIV, CNS2 and the IL4 intronic enhancer (IL4IE) exhibited 

intermediate binding ability. Competition by the IL5 promoter site (IL5P) was even less 

effective, but still appreciable. In contrast, both ETS motifs within the IL4 promoter 

(IL4P.1 and IL4P.2) failed to compete Ets-1 binding, similar to the Ets-1 mutant 

oligonucleotide.  

 Figure 3.4.C shows the core motif defined specifically for Ets-1 (145) and 

sequences of the Th2 Ets-1 binding sites, ranked by relative strength of interaction. 

Relative to the Ets-1 core, all sequences containing no or one mismatch supported Ets-1 

binding, albeit to different extents. In contrast, two mismatches appeared to be 

detrimental, as shown by the poor interactions detected for IL5P, IL4P.1 and IL4P.2.  

 Collectively, these data show that the majority of the ETS sites predicted within 

the Th2 ECR behave as bona fide Ets-1 binding motifs, supporting the possibility that 

this protein (and/or possibly other members of the ETS family) might bind at multiple 

sites throughout the locus, thereby participating in the regulation of Th2 cytokine gene 

expression.  
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Figure 3.4: Ets-1 Binds to the Majority of ETS Motifs Predicted in the Th2 ECR.  
Purified recombinant human Ets-1 (50 ng) was preincubated with an increasing molar 
excess of the indicated competitor before addition of a high affinity Ets-1 consensus 
probe (145). A) Ets-1 protein/DNA interactions were characterized using a γ-32P-labeled 
Ets-1 consensus probe. B) EMSA blots were analyzed by densitometry and results were 
expressed as percent inhibition of the Ets-1 complex relative to the uncompeted Ets-1 
probe. C) Sequences of the Ets-1 binding site core and the high affinity Ets-1 consensus 
probe, defined previously (145), and the eight conserved ETS motifs predicted within the 
Th2 ECRs, ranked by relative affinity. Bold text indicates nucleotide sites within the Ets-
1 core and bases that differ from the defined core sequence are distinguished by lower 
case letters. 
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 Ets-1 Binds Several Regulatory ECRs in the Endogenous Murine Th2 Locus – To 

examine whether Ets-1 binds to the Th2 ECR in vivo, we performed chromatin 

immunoprecipitation (ChIP) assays with murine Th2 cells using an Ets-1 specific 

antibody. CD4+ T cells were isolated from the spleens of C57BL/6 mice and cultured 

under Th2-skewing conditions.  After 7 or 14 days in culture, cells were harvested and 

Th2-polarization was confirmed by intracellular cytokine staining of IL-4, IL-13 and 

IFN-γ. Chromatin was harvested from these cells restimulated with PMA (20 ng/ml) and 

ionomycin (1 μM) for 3 hrs. The DNA precipitated by the Ets-1 specific antibody was 

amplified with primers designed to target each of the Th2 ECRs that contained a putative 

Ets-1 motif (IL5 promoter, RHS5, IL13 promoter, IL4 promoter, IL4 intronic enhancer, 

HSIV and CNS-2).  

 Figure 3.5 shows that consistent with our EMSA data, the IL4 promoter showed 

very little, if any, Ets-1 binding in vivo. In comparison, Ets-1 bound to several of the 

other Th2 cis-regulatory regions, albeit to varying degrees of intensity. Ets-1 containing-

complexes were readily detectable at the IL5 promoter, RHS5 of the LCR, the IL13 

promoter, the IL4 intronic enhancer and CNS-2. On the other hand, the IL4 silencer 

element displayed very little Ets-1 binding, possibly reflecting the fact that this region 

functions primarily in Th1 cells. While additional ChIP experiments are planned to 

strengthen these data, overall, our results show that Ets-1 interacts with several Th2 

regulatory regions, reinforcing the notion that Ets-1 may be an important regulator of Th2 

cytokine gene expression. 
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Figure 3.5: Ets-1 Binds Several Regulatory ECRs in the Endogenous Murine Th2 
Locus 
Freshly isolated murine CD4+ T lymphocytes were cultured under Th2-skewing 
conditions for 1-2 wks. Chromatin was isolated from cells restimulated with PMA (20 
ng/ml) and ionomycin (1 μM) for 3 hrs. Immunoprecipitation reactions were performed 
with an antibody specific for Ets-1 or no antibody as a negative control. PCR 
amplification was assessed by quantitative real-time PCR. Results are expressed as the 
percent of input, the amount of targets immunoprecipitated relative to the targets 
available in input DNA. Shown are the mean ± SE values for two independent 
immunoprecipitation experiments.  
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Ets-1 deficiency results in reduced expression of the Th2 cytokines – The research 

group led by I-Cheng Ho (Harvard Medical School, Boston MA) has previously shown 

that Th2 cells, generated from Ets-1 knockout mice, display a significant reduction in IL-

4 production (146). To explore the functional impact of Ets-1 deficiency on the Th2 

cytokine gene locus as a whole, we have established a collaboration with this laboratory.  

Roland Grenningloh, a member of Dr. Ho’s laboratory, performed the following 

experiments.  

 Ets-1 knockout mice were backcrossed with D011.10 TCR transgenic mice, 

which carry a TCR transgene specific for an ovalbumin-derived peptide (OVA323-329).  

Purified CD4+ T cells from control or Ets-1 deficient D011.10 mice were cultured under 

Th2-skewing conditions for 7 days, stimulated with wild-type APCs and increasing doses 

of OVA323-329 for 24 hrs, then evaluated for cytokine production by ELISA (Figure 3.6). 

Ets-1 deficient Th2 cells showed a considerable reduction in the amount of IL-4, IL-5 and 

IL-13 produced. In fact, at the highest dose of OVA stimulation, each cytokine was 

reduced by ≥ 60 %, relative to wild-type levels. Levels of IL-10, also expressed by 

murine Th2 cells but located on mouse chromosome 1, were similar between wild-type 

and Ets-1 deficient cells. These data provide strong support for our findings that Ets-1 is 

an important positive regulator of the Th2 cytokine gene cluster on chromosome 11.  

 The implications of this work, and future experiments that could be pursued to 

further our understanding of Ets-1 function in this context, are discussed at length in 

Chapter 4, section 4.2.  
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Figure 3.6: Ets-1 Deficiency Impairs Th2 Cytokine Expression. 
CD4+ T cells were isolated from wild-type (WT) and Ets-1 knockout (KO) mice and 
differentiated under Th2-skewing conditions in vitro. After 7 days, cells were stimulated 
with APCs and the indicated doses of OVA323-339 for 24 hours. Cytokine production was 
assessed by ELISA. Error bars represent the standard deviation for multiple 
measurements of the same sample. 
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4 CHAPTER 4: FUTURE DIRECTIONS 
 
 
 Co-expression of the Th2 cytokine trio by T helper cells is a paramount feature of 

mammalian immunity, underpinning a multifaceted response that is highly effective 

against parasitic helminths. The objective of this dissertation research was to provide new 

insights into the molecular mechanisms that govern the coordinated regulation of IL4, IL5 

and IL13. Taking advantage of the notable degree of evolutionary conservation in the 

locus, we employed a strategy integrating phylogenetic and bioinformatic analyses with 

molecular experimental approaches. Among our major results is the finding that CNS-1 

contributes to Th2 coregulation through a potent enhancer core that drives transcription 

of both the IL13 and IL4 genes in response to T cell activation. Moreover, Ets-1 emerged 

as a transcription factor that may play an important role in coordinate regulation, likely 

by targeting multiple cis-regulatory regions positioned throughout the Th2 locus. In this 

section we discuss some of the questions raised by our results and highlight future 

experimental directions our work may take to follow up and deepen our current 

understanding. 
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4.1 CNS-1 Regulatory Modules 

 

  The functional characterization of CNS-1 raised the possibility that this highly 

conserved cis-regulatory element may have a modular structure, comprised of distinct 

regulatory units. Indeed, in our experimental cell culture system, only 68 of the ~400 

conserved nucleotides corresponding to CNS-1 were required to drive T cell activation-

dependent enhancement of IL13 and IL4 expression. The question is then whether this 

relatively small core is sufficient to recapitulate all of the regulatory properties of CNS-1, 

and if not, what is the role of the sequences surrounding the enhancer core.  

 T cell activation led to robust recruitment of CREB and CBP/p300 to the 

endogenous CNS-1 element. CBP and p300 are transcriptional coactivators known to 

recruit the basal transcriptional machinery and promote transcription and acetylation of 

histones, thereby increasing chromatin accessibility. Therefore, in future experiments, 

CNS-1 modularity and the function of the CNS-1 enhancer core will be best addressed in 

the context of chromatin, which will require deleting or mutating the CNS-1 enhancer 

core in vivo. The fine manipulation of sequences required for this purpose can be 

performed in the BAC transgenic system recently developed in Dr. Vercelli’s laboratory. 

Coupled with a unique in vitro recombineering strategy already in place, this approach 

can be tailored to generate virtually any sequence alteration desired, from deleting a 

specific region to changing just a single nucleotide. A 160 kb BAC transgene containing 

the entire human Th2 locus has already been generated, injected into a mouse and proven 
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to be expressed appropriately. This model could be used to test whether the CNS-1 

enhancer core contributes to Th2 cytokine gene transcription, chromatin remodeling 

and/or long-range intrachromosomal interactions and establish whether CNS-1 is truly a 

modular element. More specifically: 

• Deletion of the entire murine CNS-1 region impairs the rapid transcription of IL4 

normally seen after T cell activation and results in a significant decrease in IL-4, IL-

13 and IL-5 expression (125). For our purposes, Th2 cytokine gene transcription and 

expression could be compared and contrasted in mouse lines containing an intact Th2 

BAC transgene or lacking the entire CNS-1 region or just the CNS-1 enhancer core. 

• The CNS-1 enhancer core recruits the histone acetyltransferases CBP and p300 

(section 2.3 of Chapter 2), and CNS-1 deletion leads to loss of acetylation at the IL4 

promoter (125). The role of the CNS-1 core in fostering histone acetylation at the Th2 

cytokine promoters could be tested in the BAC transgenic lines discussed above using 

chromatin immunoprecipitation. Because our data suggest CREB-binding sites are 

critical for CBP/p300 recruitment, the CRE sites in the CNS-1 core could also be 

mutated in the context of an intact CNS-1 to assess the involvement of CRE binding 

proteins in promoting chromatin remodeling.  

• The higher-order chromatin architecture of the Th2 locus (described in detail in 

section 1.3.3 of the Introduction) positions CNS-1 in close proximity to all three Th2 

cytokine gene promoters and additional cis-regulatory elements (96). It is currently 

unknown whether and how sequences within CNS-1 directly contribute to these long-

range chromatin contacts. In fact, little data exist to explain the molecular basis of 
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chromatin loops in any system. The chromosome conformation capture (3C) 

technique could be used to compare long-range chromatin contacts in an intact Th2 

cytokine locus, one in which the entire CNS-1 region has been deleted, one solely 

lacking the CNS-1 enhancer core. 

 

The 5’ region of CNS-1, which resides outside the enhancer core, is even more conserved 

across mammalian species than the enhancer core itself, but its function is unexplored to 

date. 

• Since our in vitro data suggest that regions outside the CNS-1 enhancer core 

might actually constrain enhancer activity, it would be of interest to use our BAC 

transgenic model to perform the experiment complementary to those discussed 

above, that is, to leave the CNS-1 enhancer core intact and remove or mutate the 

conserved sequences that reside outside the core region. Mouse lines thus 

modified would be tested for alterations in Th2 cytokine locus chromatin 

architecture and long-range interactions, as discussed above. 

• The comparative analysis, presented in Chapter 3, identified putative regulatory 

elements within this region that could underlie its function. In addition to the 

previously reported binding site for GATA3 placed at the 5’ end of CNS-1 (77), 

our data revealed highly conserved binding motifs for SP1, SORY/HMG, HOXC, 

RBP-Jκ, Gfi-1 and AP1R (Figure 5.1). Among these, RBP-Jκ and Gfi-1 are 

particularly intriguing due to previously established ties between these factors and 

Th2 cell differentiation and/or cytokine regulation. RBP-Jκ, also known as CBF1, 
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is part of the Notch signaling pathway (155). Upon ligand binding, the 

intracellular domain of Notch is cleaved, translocates to the nucleus, associates 

with RBP-Jκ and converts it from a transcriptional repressor to an activator (156). 

APCs express distinct Notch ligands that differentially influence Th1/Th2 fate 

determination (157), and the loss of Notch/RBP-Jκ signaling in T cells impairs 

differentiation of the Th2 lineage (158, 159). Most recently, the IL4 gene was 

found to respond to Notch signaling through RBP-Jκ target sites in CNS-2 (HSV) 

(157, 160). Our data suggest that like CNS-2, CNS-1 may also be a target of 

Notch/RBP-Jκ signaling. This novel hypothesis warrants further exploration that 

could reveal that CNS-1 regulates the Th2 cytokine genes not only in response to 

TCR engagement but also as a result of additional, APC-delivered signals. 

Toward this aim, we could address whether the RBP-Jκ motif within CNS-1 can 

indeed support RBP-Jκ binding in vitro and examine whether Notch signaling 

induces RBP-Jκ to occupy CNS-1 in vivo. Building on this, we could utilize the 

BAC transgenic system described above to mutate the Notch responsive element, 

test the impact of this mutation on Th2 cytokine gene expression, and examine 

whether responses to parasitic infection (N. brasiliensis, S. mansoni) are affected. 

• Growth factor independent-1 (Gfi-1) is a transcriptional repressor (161) that was 

cloned due to its ability to confer growth factor-independent survival to an IL-2-

dependent T cell line (162). Recently, Gfi-1 expression was found to be 

significantly induced by IL-4 in activated CD4+ T cells. The primary role defined 

for Gfi-1 in that study was the prevention of apoptosis and promotion of Th2 cell 

96



 

 

proliferation (163). The investigators hypothesized that Gfi-1 regulates IL4 

indirectly, by promoting Th2 cell survival. The identification of three highly 

conserved consensus motifs for Gfi-1, two within CNS-1 (Figure 4.1) and another 

within the IL4 promoter (Figure 3.3) raises the possibility that this transcription 

factor could regulate IL4 expression directly.  Therefore, a more directed analysis 

of Gfi-1-mediated regulation, including testing binding of Gfi-1 to CNS-1 and the 

IL4 promoter, and determining the impact of mutating these motifs in vivo, could 

reveal the molecular basis of putative negative regulatory modules within CNS-1 

and perhaps uncover novel, previously unappreciated aspects of Th2 regulation.  
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Figure 4.1: Highly Conserved Transcription Factor Binding Motifs Predicted in the 
Region of CNS-1 Which Lies Outside of the Enhancer Core 
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4.2 Mechanisms of Ets-1 Mediated Th2 Regulation 
  

 Our identification of highly conserved Ets-1 binding sites in multiple cis-

regulatory regions in the Th2 locus, and the finding that Ets-1-deficient Th2 cells exhibit 

a significant impairment in the expression of IL-4, IL-5 and IL-13, but not IL-10  (located 

on mouse chromosome 1), point to a role of Ets-1 in controlling the concerted expression 

of Th2 cytokine genes.  

 The notion that Ets-1 may be a direct, global regulator of the Th2 gene cluster is 

novel, and if confirmed, would represent a major advance in the field of Th2 cytokine 

regulation. To date, GATA3, the Th2 ‘master regulator’, is the only transcription factor 

known to have a broad influence on regulation of the locus, directly controlling both 

chromatin structure and transcriptional activity. The phenotype of GATA3 deficiency 

(complete inhibition of Th2 cell development) (36) is clearly more severe than that of 

Ets-1 deficiency (general suppression of Th2 cytokine production, Figure 3.6). 

Nevertheless, a decrease in cytokine expression as substantial as the one we observed 

could potentially limit the scope and efficiency of in vivo Th2 responses. In fact, cytokine 

suppression appears to be comparable in CNS-1- (85) and Ets-1-deficient Th2 cells, and 

CNS-1-/- mice are severely limited in their ability to combat helminth infections (85).  

 Several mechanisms might underlie the role of Ets-1 in the global regulation of 

Th2 cytokine gene expression: 

• In principle, Ets-1 may directly and selectively regulate IL-4 expression. Since IL-4 is 

necessary for Th2 cell development (16), a marked decrease in IL-4 expression in 
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Ets-1-deficient Th2 cells could indirectly result in impaired IL-5 and IL-13 secretion. 

We consider this possibility unlikely, because we obtained no evidence of Ets-1 

binding to the motifs predicted within the IL4 promoter in vitro or in vivo. 

 

• Sequence-specific DNA binding proteins can promote gene transcription through 

recruitment of chromatin remodeling enzymes. To address a possible link between 

Ets-1 and the formation of a transcriptionally permissive chromatin state in the Th2 

cytokine genes, we could perform a Th2 locus-wide analysis of events that typically 

occur during Th2 cell development (HS site formation, histone modifications and 

DNA demethylation: section 1.3.1 of the Introduction) in Ets-1-sufficient and Ets-1–

deficient T cells differentiated into a Th2 phenotype. Such experiments could help 

identify the contribution of Ets-1 to chromatin remodeling at specific regions.  

  

• In parallel to characterizing whether Ets-1 affects chromatin architecture across the 

Th2 locus, it would be most important to examine whether Ets-1 controls the long-

range chromatin interactions known to underlie coordinated regulation of the Th2 

cytokine genes. As discussed in section 1.3.3 of the Introduction, the locus exists in 

three distinct configurations, depending on the cell-type or the T cell developmental 

stage examined: a ‘pre-poised’ state found in non-T cells, a ‘poised’ state found in T 

cells (both Th1 and Th2) and an ‘activated’ state specific to Th2 cells (Figure 1.3). 

Using the 3C technique, we could determine the contribution of Ets-1 to each stage of 

this progression by comparing the long-range interactions established in wild-type 
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and Ets-1-deficient fibroblasts, T cells (resting Th1 and Th2) and activated Th2 cells. 

Further experiments would be designed based on results of the 3C work. For 

example, these data could highlight a particular stage at which long-range interactions 

were affected and/or identify contacts that were impaired more significantly than 

others. Ultimately, to further address these questions, and also assess how the 

sequence context affects the role of Ets-1 in Th2 cytokine gene regulation, we would 

proceed to delete or mutate individual Ets-1 binding sites of interest in the BAC 

transgenic model we have discussed above. While time-consuming, this molecular 

dissection in the context of the Th2 locus and its chromatin structure would most 

likely prove quite informative.  
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4.3 Evolutionary Origins of Th2 Cytokine Gene Co-regulation 

 

 The comparison of the Th2 cytokine gene locus in evolutionarily distant 

vertebrate species (man, opossum and chicken) revealed that while gene content, order 

and orientation have been preserved for over 300 million years, nearly all of the distant 

cis-regulatory elements that underlie Th2 co-regulation seem to have arisen after the split 

between birds and mammals. The main exception appears to be a single HS site within 

the Th2 LCR (RHS5), which is conserved within the 3’ end of the chicken Rad50 gene. 

While it is tempting to speculate that this region might participate in transcriptional 

regulation of the chicken orthologs of mammalian type-2 cytokines, the existence of 

polarized Th1 and Th2 subsets in the avian immune system remains unclear. A single 

study has shown selective induction of either IFN-γ (Th1) or IL-4 and IL-13 (Th2) in the 

spleens or intestinal tissues of chickens following infection with a virus or an intestinal 

roundworm, respectively (164). However this study fell short of addressing whether 

distinct cytokine responses are provided by distinct T cell subsets. Furthermore, avian 

type-2 responses are likely to be quite different from those characterized in mammals, as 

birds exhibit few eosinophils, basophils or mast cells (164) and lack IgE or IgG 

antibodies, instead producing an ancestral immunoglobulin, designated IgY (165). 

Comparing the regulatory landscape of the chicken Th2 cytokine locus to that of humans 

and mice using a classical transgenic approach, while interesting, would be premature, in 

view of the great evolutionary distance this model would have to bridge.   
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 Orthologs for IL4, IL5 and IL13 were only recently identified in a non-placental 

mammal, the laboratory opossum (147), and the work presented here represents the first 

comparative analysis of the entire Th2 locus in a marsupial. Despite remarkable 

conservation of the majority of Th2 regulatory regions, a few elements were not 

identifiable in the opossum. These included a GATA3 responsive element 5’ of IL13 and 

the Th1-specific IL4 silencer, HSIV (Figure 3.2). Could the emergence of a Th1-selective 

IL4 silencer suggest that a fine-tuning of the Th1/Th2 dichotomy has occurred during 

mammalian evolution? And if so, what may be the selective advantage of having a 

stricter polarization of cytokine expression? Clues may come from the notion that 

resistance to certain mammalian pathogens requires extremely polarized Th cell 

responses. For instance, mouse models of human Leishmaniasis show that resolution of 

the infection requires development of a bona fide Th1 response characterized by high-

level expression of IFN-γ, which activates the killing ability of parasite-infected 

macrophages (166). Notably, IL-4 appears to severely limit resistance, since BALB/c 

mice, which are genetically predisposed to respond to L. major with preferential 

expansion of Th2 cells and elevated IL-4 secretion, fail to fend off the parasite and 

typically die. Importantly, neutralization of IL-4 in these mice attenuates disease 

progression (167).  Thus, it is not unreasonable to speculate that the introduction of 

regulatory mechanisms that place increasingly tighter restrictions on these alternate 

cytokine responses may have been adaptive to the host.  
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 The molecular origins of the conserved Th2 cis-regulatory regions also remain in 

question. Transposable elements are a major driving force for genomic innovation (167, 

168), and a number of cases are documented in which regulatory regions originated from 

transposons (169-172). A recent report showed that a significant percentage (16%) of 

CNS elements in placental mammals overlap recognizable transposable elements in 

humans, but the more ancient sequences, also conserved in opossum, rarely show overlap 

(152). Our cursory examination of the Th2 cytokine gene cluster revealed that none of the 

cis-regulatory elements overlapped any known transposable elements in the human, 

mouse or opossum genome, nor did RHS5 map within known chicken repetitive elements 

(data not shown). However, as proposed by Mikkelsen et. al., substantial divergence may 

prevent the recognition of transposon-like features within CNS regions (152). At the 

same time, new classes of transposable elements are continually being discovered, 

especially as analyses of complete genomes are performed (173, 174). Thus, a more 

thorough, targeted analysis of the Th2 cytokine gene locus is warranted and could reveal 

the evolutionary substrate underlying the remarkable assortment of regulatory elements in 

the Th2 gene cluster.  
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5 CHAPTER 5: SUPPLEMENT:                                                              

REGULATORY POLYMORPHISMS; TWO PILOT APPROACHES TO 

ADDRESS SNP FUNCTION 

 

5.1 General Introduction 
 
 Pinpointing genetic variants that contribute to complex disease susceptibility 

offers the promise of insight into disease development and progression, new therapeutic 

targets and personalized medicine. Among the ~ 11 million polymorphisms catalogued in 

the human genome, non-synonymous coding SNPs represent an obvious set of candidates 

to alter gene function and influence disease risk and/or response to treatment (175). 

However, the vast degree of human phenotypic variance cannot be solely attributed to 

protein variants (176). Inter-individual differences in gene expression can be due to non-

coding polymorphisms which map to gene regulatory elements (177). Detailed functional 

analysis of regulatory SNPs (rSNPs) is necessary to understand the genetic basis of 

common diseases, likely the collective outcome of small differences in gene expression 

for several loci. However, this work poses a unique set of challenges. Fine mapping of 

causal SNPs by classical genetic approaches is not feasible due to the extensive linkage 

disequilibrium in the human genome (178) and current methods to test putative 

regulatory SNPs, while informative, rely heavily upon in vitro methods which do not 

accurately reflect the natural chromosomal environment. 
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 The work presented here consists of two studies that sought to improve the 

functional assessment of non-coding polymorphisms. The objective of the first study was 

to test the usefulness of phylogenetic sequence comparisons to assess the regulatory 

potential of non-coding genetic variants and provide a platform to prioritize SNPs for 

functional studies. The second study focused on in vivo validation of DNA/protein 

interactions by chromatin immunoprecipitation. In each study, genetic variation within 

the 5’ regulatory region of the IL13 gene was evaluated.  IL-13 is a cytokine critical for 

immunity to helminth infections (179) and serves as a pleiotropic effector molecule in 

allergic asthma (112). Genetic variation within the locus has been reproducibly associated 

with several hallmarks of this complex disease (100). 
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5.2 PART A: Evaluation of the Regulatory Potential of Non-coding 

Polymorphisms by Phylogenetic Shadowing 

 

5.2.1 Background and Rationale 
  

 Human polymorphisms and haplotypes are being catalogued at a remarkable pace, 

and technological advances have made high-throughput and genome-wide genetic 

association studies readily feasible. However, extensive linkage disequilibrium in the 

human genome poses a significant hurdle toward deciphering which variant position(s) 

within a disease-associated haplotype alter gene expression (178). Although most known 

regulatory polymorphisms are within proximal promoter regions (180) regulatory 

variants have also been described within elements which influence mRNA processing, 

stability and translation (181, 182). Moreover, gene regulatory elements may be located 

large distances from their target loci and are not easily distinguishable from the 

surrounding sequence. Classic methods to map and characterize distant regulatory 

regions such as DNase I hypersensitive site analysis are quite labor-intensive and are of 

relatively low-resolution. Comparative genomic analysis among distantly related 

mammalian and/or vertebrate species significantly accelerates the identification of 

functional features in the human genome, including exons, non-coding RNAs and 

regulatory elements (183), on the other hand, there are limitations to this approach 

pertaining to rSNP analysis. Not too surprisingly, the high degree of functional constraint 

which permits identification of non-coding regulatory regions seems to go hand-in-hand 
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with a deficiency of polymorphisms of appreciable frequency within them (184). 

Furthermore, sequence comparisons between human and distant species inherently fail to 

identify those genomic innovations which originated more recently.  

 Non-human primates represent the most relevant models for studying human 

biology, however the overwhelming similarity among primates at the DNA sequence 

level significantly limits the discriminative power of comparative genomic analyses. 

Very recently, Boffelli et. al. devised a method, named phylogenetic shadowing, to 

harness the cumulative sequence divergence of several major primate clades to delineate 

short regions within the human genome where mutations accumulate at a slow rate 

relative to the surrounding sequence (185). They validated this approach for the 

identification of both primate-specific coding regions and cis-regulatory elements (185).  

  We chose to use the human IL13 promoter, known to be polymorphic at several 

positions, as a model to formally test the following hypothesis: natural genetic variation 

positioned within a phylogenetically conserved region is more likely to impact regulatory 

function than polymorphisms located in a non-conserved region. In pursuit of this aim, 

we evaluated the conservation profile of 2 kb of sequence immediately upstream of the 

human IL13 gene both by pair-wise comparison with mouse and by phylogenetic 

shadowing. This region contains six polymorphisms with a minor allele frequency ≥ 5 % 

in populations of either African or European descent (Table 5.1; Seattle SNPs PGA, 

http://pga.gs.washington.edu/).  We identified three blocks of sequence highly conserved 

in mouse, none of which harbored polymorphic sites. On the other hand, one of six 

polymorphic sites (IL13-1112C>T) mapped within a primate-specific, ‘phylogenetically 
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shadowed’ region (186). Promoter constructs containing alternate alleles of either this 

SNP or another located in a non-shadowed region (IL13-715A>G) were tested by 

transient transfection. IL13-1112T and IL13-1112C showed differential activity in both a 

human T cell line and a murine Th2 cell model (186) while IL13-715A and IL13-715G 

were functionally equivalent in each cell type. These data provide initial support for 

integrating phylogenetic comparisons into the process of identifying putative regulatory 

SNPs, and prioritizing the functional analysis of SNPs in disease-associated haplotypes.  
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5.2.2 Methods 
 

Phylogenetic Shadowing - Genomic DNA samples or fibroblast cell lines were obtained 

from the Coriell Cell Repository. Fibroblast cell lines were expanded in culture using 

standard procedures and genomic DNA was isolated. The IL13 5’ regulatory region (~ 2 

kb) was sequenced from 13 primate species consisting of hominoids [Homo sapiens, Pan 

troglodytes (chimpanzee), Pan paniscus (bonobo), Gorilla gorilla (gorilla), and Pongo 

pygmaeus (orangutan)], Old World monkeys [Macaca fascicularus (long-tailed 

macaque), Macaca mulatta (rhesus monkey) and Macaca nemestrina (pigtailed 

macaque)] and New World monkeys [Ateles geoffroyi (spider monkey), Callicebus 

moloch pallescens (dusky titi), Lagothrix lagotricha (woolly monkey), Saguinus labiatus 

(red-chested mustached tamarin), and Saimiri sciureus (squirrel monkey)]. PCR primers 

for amplifying the primate promoters were designed based on the human IL13 reference 

sequence. IL13 promoter sequences from an additional species of New World monkey 

[Papio anubis (baboon)], Old World monkey [Callithrix jacchus (common marmoset)] 

and one prosimian species [Otolemur garnettii (small-eared galago or bush baby)] were 

obtained from the NIH Intramural Sequencing Center. First, all sequences were aligned 

using ClustalW. Sequences were trimmed to cover 2003 bp of the human reference 

sequence, including the start of translation (ATG). To maximize the analyzable region of 

the IL13 promoter two of six New World monkeys (S. sciureus and L. lagotricha) were 

excluded from further study as sequences generated from these species did not cover the 

full 2 kb interval. Phylogenetic shadowing (185) was performed with the on-line tool, 
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eShadow (www.eshadow.dcode.org) (187). The analysis was performed with a 50 bp 

sliding window and a divergence threshold (DT) of 20 % variation within a minimum 

length of 40 bp (DT: 20/40). A phylogenetic tree (Neighbor Joining) was generated in 

Jalview from the multiple DNA sequence alignment (MSA) generated by ClustalW. The 

distance matrix metric (percent identity) was calculated by Jalview as follows: (# of 

identical non-gap symbols * 100)/ shortest sequence. 

IL13 Promoter SNPs - Polymorphisms included in our analysis include those previously 

reported to have a minor allele frequency ≥ 5% in a panel of either 21 African American 

or 23 European American samples (Seattle SNPs NHLBI PGA, 

http://pga.gs.washington.edu/).  

 

Table 5.1: Polymorphic Sites in the 2 kb Region 5’ of the Human IL13 Gene. 
 

NCBI SNP ID Minor allele frequency  
RS # (relative to IL13 ATG) ED AD 

rs1881457 -1512 A>G 0.19 0.09 
rs2069738 -1507 del(CA) 0 0.21 
rs2069739 -1313 A>G 0 0.30 
rs1800925 -1112 C>T .20 .25 
rs2069742 -715 A>G 0 0.10 
rs2069743 -646 A>G 0 0.14 
Populations of European (ED) and African (AD) descent. 

 

Vector Construction and Transient Transfection - IL13 promoter constructs (2666 bp), 

containing the major allele at both IL13-1112(C) and IL13-715(A) and another 

containing the minor allele at IL13-1112(T) and major allele at IL13-715 (A) were 

previously generated in the lab. To generate a construct with the minor allele (G) at 
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position -715, genomic DNA from an individual heterozygous at this position was 

obtained from the Coriell DNA Repository (Individual D010). An 878 bp IL13 promoter 

cassette (-1214 to -337) was amplified by PCR with the following primers, 

5’CGAGGACAGGACGGAGGGAGC 3’ and 5’GCAGTTTTGCCTGTGACAACCCTG 

3’, and cloned into pGEM-T-Easy (Promega). Plasmids were screened from individual 

bacterial colonies for both sequence fidelity and genotype at position –715. A single 

preparation of plasmid DNA containing the G allele at position -715 was digested with 

AvrII and SacI to create a shorter cassette that was used to replace the corresponding 

region in the construct containing the major allele at IL13-715(A). All plasmids 

preparations used in transient transfection were endotoxin-free.  

 Human Jurkat T cells (ATTC clone E6.1) were cultured as described in Chapter 

2, section 2.2 and cells were transiently transfected as described (186), with the IL13 

promoter vectors (p2.7IL13) containing the alleles indicated (-1112 C or T and -715 A or 

G). The mouse Th2 cell clone (D10.G4.1) was obtained from the American Tissue 

Culture Collection (ATCC) and cultured as previously described (186). Cells (2 x106) 

were transiently nucleofected (Program T01 on the Amaxa nucleofector) with the 

indicated reporter constructs (2 μg) or an equimolar amount of pGL3Basic, a construct 

which does not contain a promoter, along with pRL-TK (50ng) (Promega), to control for 

transfection efficiency. Firefly and renilla luciferase activity was determined using the 

Dual Luciferase Assay System (Promega). In addition, the protein concentration for each 

cell lysate was quantified with a BCA protein assay (Pierce). The relative luciferase 

activity (RLA) for each sample represents luciferase counts corrected for transfection 
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efficiency and total protein content. Fold-induction represents either the ratio of RLA 

values between stimulated and unstimulated cells (Jurkat cells) or between the indicated 

allelic variant of p2.7IL13 and pGL3Basic (D10.G4.1 cells). 
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5.2.3 Results and Discussion 
 
 
Identification of Putative Primate-Specific Regulatory Elements in the IL13 Promoter -

The human IL13 5’ regulatory region (2 kb relative to the IL13 ATG) was first aligned to 

the orthologous region in mouse (Figure 5.1). Three conserved blocks, two of which are 

known to contribute to IL13 promoter activity (60, 62), were identified by this analysis (-

1808 to -1729, -1210-1137 and -288 to -50), however none of the IL13 polymorphisms 

mapped within these regions. This is not completely unexpected given a recent study 

which reported that human-mouse conserved non-coding regions exhibit signatures of 

purifying selection, including a significant deficit of SNPs with appreciable derived allele 

frequency (184). Since the human-mouse comparison could not rule out whether there are 

additional regions in the human IL13 promoter which contribute to gene transcription, we 

turned to phylogenetic shadowing. 

 Sequence from thirteen primate species, representing all major clades 

(Hominoids, New World monkeys, Old World monkeys and Prosimians), were aligned to 

the human IL13 reference sequence. Figure 5.2 shows the phylogenetic tree relating these 

sequences, the topology of which parallels previously established relationships among 

these species (149). Of note, the discriminative potential of the multi-primate analysis 

appeared to be comparable to the pairwise human-mouse analysis because the overall 

substitution rates captured for the IL13 promoter region by these two approaches were 

highly similar (multi-primate: 0.43 substitutions/base, and human v. mouse: 0.44 

substitutions/base). Figure 5.3 shows the eShadow (187) plot, with parameters set to 
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highlight regions which exhibit no more than 20 % sequence divergence (less than one-

half of the regional average) over at least a 40 bp window (DT: 20/40). Notably, the 

shadowing analysis correctly distinguished the sequence blocks conserved in mouse and 

of greater interest; three primate-specific blocks also emerged (Figure 5.3). Specifically, 

these included a GC-rich region (-1723 to -1675) located just downstream of a known 

GATA3 responsive element (62), extension of the block conserved between human and 

mouse at -1.2 kb by 53 bp (-1218 to -1088) and a third, novel region (-969 to – 923). This 

analysis also revealed that only a single SNP, IL13-1112C>T, resides within a putative 

primate-specific regulatory element (186).  
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Figure 5.1: Human-Mouse Conservation Plot of the IL13 5’Regulatory Region.  
A pairwise sequence alignment for the human and mouse IL13 5’ regulatory region (2kb) 
was generated with mVISTA (http://genome.lbl.gov/vista/index.shtml). The x-axis 
indicates the nucleotide position (kb) relative to the IL13 ATG. The y-axis indicates the 
percent identity, calculated over a 50 bp sliding window. Conserved non-coding regions 
(≥ 75 % identity) are shaded (pink). The position of each polymorphic site is indicated by 
a red triangle below the plot. 
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Figure 5.2: Phylogenetic Tree Relating the DNA Sequences for the IL13 Promoter 
Among 14 Primate Species.  
DNA sequences spanning approximately 2 kb of IL13 5’ regulatory sequence in fourteen 
primate species, representing Hominoids, Old World Monkeys (OWM) New World 
Monkeys (NWM) and Prosimians, were aligned with ClustalW. Shown is a neighbor 
joining by percent identity tree generated by ClustalW. Branch lengths were estimated by 
the Jalview applet for ClustalW which calculates percent identity as follows: (# of 
identical, non-gap symbols * 100)/ shortest sequence). 
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Figure 5.3: Phylogenetic Shadowing Plot of the IL13 5’ Regulatory Region.  
DNA sequence from human and 13 additional primate species in the IL13 5’ regulatory 
region (~2 kb) were aligned and analyzed with eShadow. The x-axis indicates the 
nucleotide position (kb) relative to the IL13 ATG. The y-axis indicates percent sequence 
divergence, calculated over a 50 bp sliding window. The green bars indicate 
phylogenetically shadowed regions defined by a Divergence Threshold (DT) of 20/40 
(regions of ≥ 40 bp that exhibit a maximum sequence divergence of 20 %). Pink bars 
correspond to the regions conserved between human and mouse (Figure 5.1).The position 
of each polymorphic site is indicated by a red triangle below the plot. 
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Regulatory Potential of IL13 Promoter Polymorphisms - We sought to compare the 

functional potential of a SNP in a conserved region (IL13-1112C>T) versus that in a 

highly divergent region (IL13-715A>G). Figure 5.4 shows the multi-primate DNA 

sequence alignments for the regions surrounding each of these polymorphic sites. Of 

note, IL13-715A>G resides within an ALU element, a class of repetitive elements 

documented to influence transcription (188-190). Previously, our group showed that 

IL13-1112C>T is a functional SNP as it alters the activity of the IL13 promoter when 

tested either in human Jurkat T cells or a murine Th2 cell model (Figure 5.5A (186)). To 

test the impact of IL13-715 A>G on IL13 promoter activity, luciferase reporter constructs 

were generated that were driven by a 2.7 kb IL13 promoter and contained either the major 

(A) or minor (G) allele at position -715. Jurkat T cells were transiently transfected with 

one of these IL13 promoter variants (20 μg) and cultured in the presence or absence of 

PMA (20 ng/ml) and ionomycin (1 μM) as described previously (186). Figure 5.5B (left 

panel) shows that the activity of IL13-715A (39-fold) and IL13-715G (38-fold) were not 

different. In light of previous work which showed that the transcriptional effect of the 

IL13-1112T allele was dramatically reversed when tested in primary human or murine 

Th2 cells as compared to Jurkat T cells (Figure 5.5A (186)), we sought to rule out the 

possibility that the lack of a transcriptional effect of the IL13-715A>G SNP may be a 

consequence of the cell-type. Therefore, the murine Th2 cell clone (D10.G4.1) was 

transiently nucleofected with either the indicated IL13 promoter constructs (2 μg) or an 

equimolar amount of a control vector (pGL3Basic), which lacks a promoter. These 
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experiments confirmed that the IL13-715A and IL13-715G promoter variants are 

transcriptionally equivalent (Figure 5.5B right panel). Collectively, these data provide 

initial support for phylogenetic comparisons among primate species as a meaningful 

guide for evaluating the functional potential of non-coding polymorphisms in the human 

genome. These analyses are likely to assist researchers in prioritizing which polymorphic 

sites within a disease-associated haplotype should be subject to in-depth functional 

characterization. Furthermore, analogous to analyses presented in Chapter 3 of this 

dissertation, multiple sequence alignments may serve as a resource to delineate putative 

motifs for trans-acting factors that could potentially contribute to mechanisms underlying 

the allele-specific impact on gene expression. 
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Figure 5.4: Multiple Primate DNA Sequence Alignment Spanning the Human IL13 -
1112C>T and -715A>G Polymorphisms. 
The alignment was generated by ClustalW. Sequences are grouped according to major 
primate clades (hominoids, Old World monkeys, New World monkeys and prosimian, 
from top to bottom). Polymorphic positions are indicated by vertical boxes. Below the 
alignment is a graphical representation of sequence identity at each site, generated by the 
Jalview multiple-sequence alignment viewer. 
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Figure 5.5: IL13-715A>G Does Not Alter IL13 Promoter Activity.  
Human T cells (Jurkat) or murine Th2 cells (D10.G4.1) were transiently transfected with 
2.7 kb IL13 promoter reporter constructs carrying either the major (C) or minor (T) 
alleles at IL13-1112 (panel A) (186) or the major (A) or minor (G) alleles at IL13-715 
(panel B). Fold-induction (mean ± SE) represents either the ratio of RLA values between 
cells cultured in the presence or absence of PMA (20 ng/ml) and ionomycin (1 μM) 
(Jurkat cells) or between the indicated allelic variant of p2.7IL13 and pGL3Basic (Th2 
cells).  
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5.3 PART B: Analysis of DNA/protein Interactions in vivo 
 

5.3.1 Background and Rationale 
 
 The regulation of gene expression employs distinct classes of DNA sequence 

elements that specify transcriptional status (i.e. promoters, enhancers and silencers), 

alternative splicing programs (donor and acceptor sites) and RNA stability (5’ and 3’ 

untranslated regions). Each process is governed, at least in part, by sequence-specific 

DNA and/or RNA binding proteins, thus SNPs which reside within these regions harbor 

the potential to alter their function thereby affecting gene expression. Transcription factor 

binding sites do exhibit a certain level of plasticity however, single base changes can alter 

the affinity of a protein for its target site (191), create and/or disrupt a binding motif (186, 

192), and even alter the coactivator requirements of a transcription factor (193). 

Establishing the impact of a regulatory polymorphism demands careful characterization 

of the DNA/protein interactions in the polymorphic region.  

  Sequence-specific protein/DNA interactions are defined by in vitro methods such 

as electrophoretic mobility shift assay (EMSA) and to a lesser extent DNA affinity 

chromatography. One of several drawbacks to these techniques however, is rooted in the 

use of relatively short, ‘naked’ DNA templates which may not accurately reflect 

interactions which occur in the natural chromosomal context. The chromatin 

immunoprecipitation technique (194) has become a mainstay in research aimed at 

understanding the molecular events which accompany gene transcription in a chromatin 

context.  In this approach, live cells and/or tissues are treated with a low-percent solution 
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of formaldehyde, which results in reversible cross-links between protein-protein and 

protein-DNA complexes. Chromatin is sheared, typically by ultrasonic treatment, to 

create a heterogeneous pool of genomic fragments (0.3 to 1.0 kb). Antibodies are then 

used to pull-down all genomic fragments bound by the protein(s) of interest. Detection of 

a specific genomic region within the immunoprecipitated sample is achieved by 

conventional PCR methods.  

 Extensive in vitro analyses of IL13-1112C>T function led to a cogent model to 

explain how selective occupancy of transcription factors may result in higher 

transcriptional activity of the IL13-1112T promoter in Th2 cells. The C>T replacement at 

-1112 creates a binding site for Yin Yang 1 (YY1) which interferes with the negative 

regulatory activity of an overlapping binding motif for Signal Transducer and Activator 

of  Transcription 6 (STAT6) (186). We pursued chromatin immunoprecipitation in 

primary human Th2 cells to validate the role of these two transcription factors in IL13 

promoter regulation.  
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5.3.2 Methods 
 
Chromatin Immunoprecipitation - Human naïve peripheral blood CD4+ T cells, 

differentiated for 2 wk under Th2 conditions, were cultured in the presence or absence of 

PMA (20 ng/ml) and ionomycin (1 μM) for 3 h. Cells (5 x 107 per sample) were fixed for 

10 min at 37°C with 1% formaldehyde. After incubation, glycine was added to a final 

concentration of 125 mM. Cells were washed twice with ice cold PBS and resuspended at 

5 x 107/ml in ChIP lysis buffer (Upstate Biotechnology) supplemented with 1 X EDTA-

free protease inhibitor mixture (Roche) and 1 mM PMSF. Chromatin was sheared by 

sonication to an average length of 600 bp (six pulses for 10 s each at 30% maximum 

output; Microson XL200) and diluted 2-fold in ChIP dilution buffer (Upstate 

Biotechnology) supplemented with protease inhibitors as above. One-twentieth of the 

total sample was removed to be used as input DNA. Before immunoprecipitation, 

samples were precleared with salmon sperm DNA/protein A agarose slurry (Upstate 

Biotechnology) for 30 min. Soluble chromatin was immunoprecipitated overnight at 4°C 

with 10 μg of anti-STAT6 (sc-621) or anti-YY1 (sc-281) (both from Santa Cruz 

Biotechnology) or control mouse IgG1 (M5284; Sigma-Aldrich). Chromatin-Ab 

complexes were collected with salmon sperm DNA-protein A agarose beads and washed 

sequentially with low salt, high salt, LiCl, and Tris-EDTA (ChIP Assay Kit: Upstate 

Biotechnology). Complexes were then eluted (1% SDS and 0.1 M NaHCO3), incubated 

at 65°C overnight to reverse cross-links, and deproteinated with proteinase K. DNA 

samples were purified by phenol-chloroform extraction followed by ethanol precipitation 
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in the presence of glycogen (20 μg) and resuspended in 20 μl of nuclease-free water. 

PCR amplification of a 202-bp amplicon encompassing position -1112 of IL13 was 

performed with primers 1112ChIPF (5’- GGGTAGGGGAGAAATCTTGACATC) and 

1112ChIPR (5’- ATCAACCCCTGCCGTCTGG). Amplification of CNS-1 was 

performed using primers CNS1ChIPF (5’- CACAGCGTCGTTCAGAAACAC) and 

CNS1ChIPR (5’- CAGCCCCCGCACAGTTG) to yield a 152-bp amplicon. PCR was 

performed under the following conditions: 95 °C for 15 min followed by 30 cycles at 95 

°C for 30 s, 57°C for 30 s, and 72°C for 45 s, ending with a final extension at 72 °C for 5 

min. 
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5.3.3 Results and Discussion 
 
 

STAT6 and YY1 bind at the IL13-1112 region in vivo - To confirm the role of STAT6 

and YY1 as critical determinants of IL13 transcription in vivo, the ability of these factors 

to bind the endogenous IL13-1112 promoter region in primary human Th2 cells was 

assessed by ChIP. Figure 5.6 shows that the region of interest was readily 

immunoprecipitated by anti-STAT6 and anti-YY1 Abs, but not control IgG, 

demonstrating STAT6 and YY1 interact with the IL13 promoter in chromatin. 

STAT6/anti-STAT6 interactions were specific, because the anti-STAT6 Ab failed to 

immunoprecipitate CNS-1 (Figure 5.6), a regulatory element located in the IL13/IL4 

intergenic region that does not encompass bona fide STAT6 motifs. A weak YY1 signal 

was detected in CNS-1, in line with the presence of several predicted YY1 sites 

(unpublished observations). 

 Given that the DNA fragments generated by sonication were on average 600 bp 

long but exhibited some expected heterogeneity, and several additional YY1 and STAT 

putative binding motifs are located within 1 kb of IL13-1112C>T (Figure 5.7), ChIP 

analysis could not formally prove that the docking sites for the immunoprecipitated 

STAT6- and/or YY1-containing complexes were those immediately adjacent to, or 

overlapping, IL13-1112C>T. However these results point to an involvement of both 

STAT6 and YY1 in the regulation of IL13 promoter activity in the endogenous nuclear 
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environment and as such lend further support to the view that the interplay between these 

factors is critical for the functional outcome of IL13-1112C>T.  
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Figure 5.6: STAT6 and YY1 Bind the IL13-1112 Region in vivo.  
Naïve peripheral blood CD4+T cells from a healthy IL13-1112CT heterozygote were 
differentiated in vitro for 2 wk under Th2 conditions. ChIP assays with an anti-STAT6, 
anti-YY1, or control Ab (mouse IgG1) were performed on cells (5 x 107 per 
immunoprecipitation) cultured in the presence (+) or absence (-) of PMA and ionomycin 
(P/I) for 3 h. Top, Input DNA (5 or 10 ng) or immunoprecipitated DNA (one-twentieth or 
one-tenth of total) was used as template for PCR amplification of a 202-bp amplicon 
encompassing IL13-1112. Bottom, Input DNA (10 ng) or immunoprecipitated DNA (one-
tenth of total) was used as template for PCR amplification of a 152-bp amplicon 
corresponding to CNS-1. Results are from one representative experiment of three 
independent immunoprecipitations. 
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Figure 5.7: Locations of Putative STAT and YY1 Binding Motifs in a 2 kb Region of 
the Human IL13 promoter Surrounding IL13-1112C>T.   
Putative transcription factor binding sites for STAT and YY1 proteins were identified in 
silico with the Matinspector program, using the vertebrate library of position weight 
matrixes. Parameters for detection were set at; core similarity ≥ 0.85 and matrix 
similarity ‘optimized’. 
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