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Chapter 1: 

Introduction 

 

Differential gene expression and cis-regulation 

 The driving question behind the field of developmental biology is how a single-

celled zygote divides and develops to determine the complex tissue structure that exists 

in an adult organism.  Almost every multicellular organism has many cell types that are 

extremely diverse, but each contains the same DNA.  How does this occur? Part of the 

answer is differential gene expression, meaning that each cell expresses, or produces, 

a unique combination of proteins from only a subset of the genes that exist in its DNA.   

More than 98% of the human genome is noncoding DNA, meaning it does not 

contain information that produces protein (Elgar 2008). Mice have an even greater 

proportion of noncoding to coding DNA, while bacteria and yeast occupy the opposite 

end of the spectrum, with minimal amounts of noncoding DNA (Ning et al 2001, 

Chinwalla et al 2002). Of note, Drosophila, the organism discussed in this paper, lie 

somewhere in between these two extremes.  

These noncoding regions have been found to perform a diverse array of 

essential functions. For example, repetitive sequences called telomeres exist at the 

ends of linear chromosomes to preserve DNA stability and prevent degradation, which 

causes aging and is associated with diseases like cancer (Aubert and Lansdorp 2008).  

Additionally, transposons, elements thought to be derived from viral sequences, are 

regions capable of copying themselves and inserting the copied sequence into another 

site in the genome, called a locus (Rubin and Spradling 1982).  Importantly, some of 
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these noncoding sequences have been shown to be responsible for regulating the 

expression of proteins produced by coding regions, and thus are critical drivers of 

differential gene expression.  

The noncoding sequences that regulate the initial transcription of coding regions 

into mRNA are called cis-regulatory elements, or enhancers, and are responsible for 

integrating complex cellular signals in order to direct precise expression of genes.  They 

are able to drive accurate levels of tissue-specific expression at exact times during 

development and throughout the life of the organism (Banerji 1981, Latchman 1997).   

This precise regulation is absolutely required for the proper development and 

health of the organism. While it is true that many diseases result from mutations in 

coding regions of the genome that result in nonfunctional protein products, mutations in 

cis-regulatory sequences also cause disease.  For example, mutations in the FOXC2 

regulatory region have been implicated in cardiac disorders in humans (Kleinjan and 

van Heyningen 2005). Additionally, understanding the molecular mechanism of general 

enhancer function is essential to the design of “custom” enhancers proposed for use in 

gene therapies and artificial tissue development (Corbo 2008). 

Enhancers achieve precise spaciotemporal regulation ability by interacting with 

DNA-binding proteins called transcription factors. Among other things, these proteins 

are capable of interacting with 1) the DNA strand and 2) RNA polymerase or other 

protein cofactors in order to stimulate transcription. Generally, multiple proteins act in 

combination to stabilize RNA polymerase at the target gene promoter, where it begins 

transcription (Latchman 1997). Only a specific, and unique, subset of transcription 

factors are expressed in each cell type, and enhancers contain binding sites for a 
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particular set of transcription factors.  Therefore, a target gene driven by an enhancer is 

only expressed when the set of transcription factors present in the cell match the ones 

required to activate expression through the enhancer. 

 Transcription factors can also act to repress gene transcription.   Repressors 

may prevent activators from binding to an enhancer by competing for an overlapping 

binding site, by crowding out activating proteins or other by other methods (Xu et al 

2000). Transcription factors may also be converted from activator to repressor forms 

and vice versa, often by proteolytic cleavage (Barolo 2002).  Consequently, regulation 

of gene expression is determined by the combinatorial pattern of activators and 

repressors that act on an enhancer (Barolo 2002).     

Gene expression is influenced by not only by DNA sequence, but also by the 

three-dimensional structure of its environment, called chromatin.  Chromatin exists in at 

least two states: 1) euchromatin, or open chromatin, that is loosely coiled and easily 

accessed for protein binding, and 2) heterochromatin, or closed chromatin, that is tightly 

packed and difficult for proteins to access (Carey 2007).  Generally, coding sequences 

that are actively being transcribed exist in euchromatin and coding sequences not 

actively being transcribed are packed into heterochromatin.   

Enhancers can regulate transcription not only by binding to a specific set of 

transcription factors, but also by changing the activation state of chromatin. This 

alteration of chromatin state is enacted through at least two types of chromatin 

modifiers: ATP-dependent nucleosome remodeling complexes like the SWI/SNF family, 

and covalent histone modifiers like histone acetyltransferases (HATs) and histone 

deacetylases (HDACs) (Carey 2007).  The studies presented in this paper will focus on 
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transcription factors that directly interact with the enhancer DNA sequence, which in 

turn may or may not recruit chromatin-modifying cofactors.  

While enhancers are necessary for almost every gene to function, the molecular 

mechanism of their structure and function remains largely unknown. Important 

questions that still exist include: What are the basic necessary components of an 

enhancer? Are there rules that can be defined and then generalized? Are there 

universal mechanisms of enhancer function?  

 

Models of general enhancer function 

At least two theoretical models exist to explain general enhancer function and will 

be addressed in this paper.  One, called Information Display, suggests that the overall 

‘strength’ of the enhancer, the number of activator binding sites versus repressor 

binding sites, is what determines the level of gene transcription (Figure 1A, Arnosti et al 

2005).  This model would suggest that the identity of the activators or repressors does 

not matter as much as the quantity of each.  To use a language analogy, consider 

words to be transcription factor binding sites (Arnosti et al 2005). In this model, the 

grammar of the enhancer sentence would not matter, as long as there are the correct 

words. This model predicts that transcription factor binding site position is flexible and 

that there may be redundancy in function of certain enhancer sequences (Arnosti et al 

2005).  Redundancy is commonly observed in enhancer elements in the form of multiple 

binding sites for the same individual or a combination of transcription factor(s).   

Experimental evidence supporting the Information Display model has shown that 

the same gene expression levels can be produced by multiple configurations of binding 
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sites.  For example, one enhancer in Drosophia, called the eve stripe 2 enhancer, can 

tolerate a variety of changes in activator placement and identity, and still be able to 

produce the same levels of gene expression (Arnosti et al 2005). Still, there are limits to 

how much the spacing or arrangement of transcription factor binding sites can change 

before gene expression level changes (Arnosti et al 2005).  

A second model, called the Enhanceosome model, suggests that successful 

transcription only arises from very specific combination of transcription factors in a 

certain order (Figure 1B, Arnosti et al 2005, Carey 1998).  In other words, enhancer 

word identity and grammar are essential for gene expression. Studies of the runt 

enhancer in Drosophila show that it is not only the combination and order of 

transcription factor binding sites, but also the spacing between them contribute to 

proper enhancer function (Klingler 1996). 

The two models presented above are not mutually exclusive, and in most known 

cases, experimental data points to a combination of the two (Orphanides 2002, Klingler 

1996, Carter 2002, Arnosti 2005). The method of enhancer function is a pertinent 

question in the field of transcriptional regulation. Elucidating the molecular mechanisms 

of gene transcription could have major implications on developmental, evolutionary and 

medical studies in the future. 

 

Long-range enhancers and models of their function 

Most known enhancers are located within 1 kb upstream of their target gene, but 

can be found upstream, downstream, or in an intron (break in coding sequence) of a 

gene. Intriguingly, an enhancer can be located far from the gene it regulates, even 
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many genes away. For example, the Sonic Hedgehog limb enhancer in mice and 

humans is located one megabase away from the promoter it regulates, in an intron of a 

different gene (Lettice et al 2003).  Little is known about how an enhancer is able to find 

and interact with the gene it regulates when it is linearly far away in the genome.  

Of course, cells exist in a three-dimensional world, and two-dimensional space 

does not always translate to the third dimension.  We know that for proteins, secondary 

or ‘linear’ sequence determines much of the three-dimensional structure of the folded 

protein.  Not so with DNA, which is always twisted into a double-helix, no matter the 

base sequence. The important structural components of DNA arise when it is packaged 

into more complex arrangements. 

All the DNA in a single human cell would stretch out to be about 6 feet, if linear.  

The cell is able to hold this much DNA because it packages it tightly wrapped around 

proteins called histones.  This packaging requires looping of the DNA first around the 

histones and then into a coiled 30-nm fiber. These levels of secondary and tertiary 

structure bring DNA into close physical proximity that would be considered very distant 

on the linear scale. 

A few models of long-range enhancer function exist to explain how enhancers 

interact with specific promoters from great linear distances.  The first model is looping 

(Figure 2A). The looping model suggests that transcription factors bind to the enhancer 

and bend the DNA in such a way that they contact RNA polymerase bound at the 

promoter to stabilize it and promote transcription (Li et al 2006). Recently developed 

techniques such as chromatin conformation capture have provided evidence for certain 

enhancers acting through the looping model.  Specifically, long-range physical 
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interactions have been observed in the TNF and β-globin loci (Tolhuls et al, 2002; 

Tsytsykova et al, 2007).  Additionally, some distal enhancers can physically interact with 

their promoters through promoter-proximal “tethering units” that facilitate looping 

(Calhoun 2002). 

The second model is linking (Figure 2B), in which small ‘linker’ proteins bind at 

the enhancer and spread out toward the promoter (Li et al 2006). This is the only model 

in which the transcription factors bound at the enhancer do not directly mediate 

transcription at the promoter. Rather, the linking proteins facilitate the interaction. 

Relatively few examples of linking have been carefully studied.  One example is the cut 

wing margin enhancer in Drosophila, which recruits the small protein, Chip, to link to its 

promoter (Morcillio et al 1996).  

The third model is tracking (Figure 2C). The tracking model suggests that RNA 

polymerase binds along with transcription factors at the enhancer and that the complex 

tracks along the DNA until it reaches the promoter (Li et al 2006). 	  Evidence for tracking 

stems from data suggesting that non-coding RNAs are transcribed between some 

enhancers and promoters, such as at the human ε- and β-globin loci, and Drosophila 

bithorax complex (Zhu et al. 2007, Gribnau et al, 2000; Bae et al, 2002).  Furthermore, 

chromatin immune precipitation has revealed the presence of RNA polymerase II along 

DNA between several enhancers and promoters, such as the human β-globin and 

prostate specific antigen loci (Johnson et al 2001, Wang et al 2005).	  

The fourth model is facilitated tracking (Figure 2D).  Facilitated tracking suggests 

that RNA polymerase binds at the enhancer like in the tracking model, but in this model 

the transcription factors stay bound to the enhancer sequence as the RNA polymerase 
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tracks to the promoter, creating a loop structure in the DNA (Li et al 2006).  Evidence for 

facilitated tracking is difficult to separate from evidence for the tracking model discussed 

in Figure 2C.  

Changes in subnuclear localization of enhancer elements in relation to their 

promoters could also be responsible for enhancer function.  Additionally, recruitment of 

histone-modifiers could alter the local chromatin state and thus activate or repress 

target gene expression from a distance.  Many theories exist to attempt to define the 

function of enhancers at a distance, but experimental evidence for the molecular 

mechanism and specific sequences by which these enhancers locate and interact with 

the correct promoter has yet to be shown.  

 

Drosophila as a model organism for enhancer studies 

 The studies to be discussed in this paper have been performed in the model 

system Drosophila melanogaster. This small fruit fly is an ideal candidate for studies of 

transcriptional mechanisms for many reasons. Drosophila have complex long-range 

transcriptional regulation like mammals and other vertebrates. They have a short 

reproductive cycle (~2 weeks), which makes large numbers of experiments feasible, 

and are easily sustainable in a laboratory setting. Additionally, almost all Drosophila 

proteins are conserved to humans, making them an ideal system in which to study 

clinically relevant phenomena in a relatively simple context. 

 Notably, the field of Drosophila research has reliable and relatively inexpensive 

methods of genetic manipulation.  Research in transcriptional regulation often requires 

the DNA manipulation in vivo.  Often, manipulation of endogenous genes and 
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enhancers can have deleterious effects.  Hence, reporter constructs are used to create 

gene expression data without deleterious mutations. Reporter constructs are DNA 

sequences constructed in the lab that usually consist of an enhancer sequence driving 

expression of a reporter gene under the control of a heterologous, minimal promoter like 

that of Heat shock protein 70 (Hsp70).  Most common reporter genes have visual 

phenotypes, like color production.  For example, Green Fluorescent Protein and LacZ 

produce green and blue protein products, respectively.  

  These constructs must be incorporated into the fly genome in order to be 

expressed in vivo.   Two main methods are utilized to incorporate foreign DNA 

constructs into the fly genome: p-element insertion and site-specific integration.  P-

element insertion integrates the construct randomly into the genome and site-specific 

integration occurs only at one distinct site. The in vivo data shown in this paper is a 

product of p-element insertion unless otherwise noted. 

 

The sparkling enhancer 

 The sparkling (spa) mutation in Drosophila melanogaster was characterized in 

1997 by Fu and Noll at Cold Spring Harbor Laboratories.  The mutation caused a 

‘sparkling’-like phenotype in the eye due to a severe defect in development that caused 

an eye deformation, due to lack of cone cells and primary pigment cells (Fu & Noll, 

1997). Interestingly, when mapped, this mutation did not fit into any known protein-

coding sequence.  

 The mutation was identified as a deletion of a 1.58 kb region of the dPax-2 gene, 

spanning part of exons 3 and 4, including the fourth intron.  This intron holds an 
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enhancer for expression of dPax-2 in cone cells of eye imaginal discs (Fu & Noll 1997). 

Imaginal discs are groups of cells set aside in the developing larva that will become 

adult structures after morphogenesis (Sullivan, Ashburner, and Hawley 2000). dPax-2 is 

the Drosophila homolog of the PAX2 gene in mammals. PAX2 is important for eye 

development and cell-type specification as well as for patterning the central and 

peripheral nervous systems (Fu & Noll 1997, Fu et al 1998). The minimal sequence 

required for cone cell expression was subsequently defined by Flores et al in 2000.  

This 362 base pair (bp) sequence is referred to as the sparkling minimal enhancer, or 

spa. 

 dPax-2 expression is known to be regulated during eye development in cone 

cells through the sparkling enhancer by the transcription factor Lozenge, as well as 

effectors of two well-known signaling pathways (Flores et al 2000).  The Notch pathway 

regulates Supressor of Hairless (Su(H)), and EGFR signaling regulates the Ets factors 

Pointed P2 and Yan (Figure 3A, Brunner et al 1994, Flores et al 2000).  spa drives cone 

cell specific expression of the GFP reporter gene in 3rd instar larval eye discs (Figure 

3B) from distances of 121 or 846 base pairs upstream of the promoter (Figure 3C). 

Yet, the known inputs of spa are not sufficient for enhancer activity, because a 

construct in which the known binding sites are saved but all other sequence is mutated 

is not able to drive expression of the reporter gene (Figure 4A, synth). spa was chosen 

as a prime candidate for long-range enhancer study in the Barolo lab because it was 

well-characterized, but additional inputs must exist, as the known inputs were 

insufficient to drive reporter gene expression (Johnson et al 2008). 
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Chapter 2: 

Close-range enhancer function of sparkling 

 

Experimental Design and Preliminary Data 

 In order to determine whether the Information Display or Enhanceosome model 

of enhancer function (Figure 1) best describes spa function, activator and repressor 

inputs to the spa enhancer had to be determined.  As stated above, the known 

regulators of spa, Lz, Ets, and Su(H), were not able to drive cone cell-specific 

expression (Figure 4A). Therefore, the previously uncharacterized sequence in between 

the known transcription factor binding sites was investigated.  The uncharacterized 

sequences were named regions one through six, with the known binding sites acting as 

region boundaries (Figure 4A).   

In order to characterize the function of each region, a mutational analysis of the 

enhancer was performed in which each region was mutated or deleted while keeping all 

others intact.  Constructs were tested for ability to drive expression of GFP on a +/- 

scale where – meant no expression and +++ indicated wild-type expression, with 

increasing levels of expression represented by corresponding number of + symbols.  

Each construct was tested at a distance of 846 bp upstream of the transcriptional start 

site. This was not an unfair test of spa activity because spa endogenously must drive 

transcription from about 7 kb downstream of the promoter (Fu & Noll 1997).  These 

studies were supplemented by testing the same constructs at a promoter-proximal 

distance of -121 bp.  The resulting comparison of the same construct at two distances 
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can lead to powerful conclusions about long-range transcription that will be discussed in 

a later section.   

Regions found to be necessary for enhancer function at both -846 bp and -121 

bp were dubbed ‘activators’ and regions that repress enhancer function were dubbed 

‘repressors.’   Overall, Regions 1, 4, 5 and 6 each contribute as activators to cone cell 

expression of GFP.  Mutation or deletion of Region 2 or 3 separately do not significantly 

affect enhancer function.  Of note, mutation of Region 5 leads to ectopic expression of 

GFP in photoreceptor cells, which likely indicates presence of a repressor of 

photoreceptor expression present in Region 5 (Figure 4C, Swanson 2010).  

Additionally, Region 1 had a significant and unique property—it is necessary for 

enhancer function when the enhancer is distant from the promoter, but is completely 

dispensable when the enhancer is proximal to the promoter.  To date, this is the only 

enhancer subelement that contributes to long-range capabilities of an enhancer without 

affecting pattern, and to this end has been named the Remote Control Element (RCE). 

The RCE and its involvement in long-range enhancer function will be discussed at 

length in a later section. A pictorial summary of the findings of this region 

characterization can be found in Figures 4A and 4C.   

Identification of Regions 1, 4, 5 and 6 as essential contributors to spa function 

was significant because it showed that not only were the known transcription factor 

binding sites insufficient to drive expression of the reporter gene, but in fact almost all of 

the enhancer sequence was necessary for successful gene transcription. In an attempt 

to identify smaller sequences within each region that were responsible for contributing 

to enhancer function, each Region was split into three parts (1a, 1b, 1c, etc.) and 
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mutated individually (1muta, 1mutb, 1mutc, etc.). Surprisingly, every subregion of both 

Region 1 and Region 4 was necessary for wild-type levels of enhancer function 

(Swanson et al 2010, summarized in Figure 4B). These results further solidified the 

essential nature of almost the entire enhancer sequence for successful reporter gene 

transcription.  

 

Results on the close-range function of sparkling 

 To address the Information Display versus Enhanceosome models, constructs 

were created with the order or identity of regions changed, but the ratio of activators to 

repressors kept the same.  In other words, in a set of “region-swap” experiments, the 

enhancer sentence was made of the same words in a different order, and in a set of 

“identity” experiments, words were replaced with synonyms.   These two sets of 

experiments not only investigated the differences between the two models of enhancer 

function but also separated enhancer grammar questions from region identity questions. 

The ability of these rearranged constructs to drive reporter gene expression 

would suggest that regions within the enhancer are modular and flexible, which would 

point to the Information Display model.  Region swap constructs unable to drive reporter 

gene expression would indicate that enhancer grammar is important for proper function.  

If constructs with region identity altered were unable to drive transcription, region 

identity would be considered important for enhancer function as well.  Meticulous 

stipulations on enhancer grammar and word identity would point toward the 

Enhanceosome model. 
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From the promoter-proximal position, Region 1 is unnecessary for wild type 

enhancer function (as stated above, Figure 5A, X23456). Also, Region 4 can be 

duplicated and moved to the 5’ end of the enhancer in place of Region 1 (423456) with 

no detrimental effects on GFP expression (Figure 5A). More interestingly, Regions 4 

and 1 are able to be swapped and still maintain enhancer function from close range 

(423156).  However, Region 1 in two copies is not sufficient for general enhancer 

function (123156), suggesting a unique role for Region 4.  

The inability of 423X56 to drive GFP expression indicates the context-specific 

action of Region 4, because the X23456 enhancer has the same components in a 

different order and is able to drive transcription (Figure 5A). This lead us to hypothesize 

that some undefined input is necessary from the region in the middle of the enhancer, 

because every construct with mutated sequence there was nonfunctional (123X56, 

423X56 in Figure 5A and all constructs in Figure 5C, presented below). 

Results from an upcoming experiment (X23156) will help determine conclusions 

about region placement and spacing. If X23156 cannot drive reporter gene expression 

while 423156 can, the necessary and unique function of Region 4 would be enforced.  

However, if X23156 is able to drive transcription, some very different conclusions could 

be drawn.  The ability of X23156 to drive transcription would suggest that Region 4 does 

not, in fact, have a necessary and unique input to the enhancer function.  Additionally, it 

could suggest that two copies of Region 1 (123156) creates a transcriptional repressor, 

while only one copy of Region 1 placed in the middle of the enhancer acts as an 

activator of transcription from close-range. 
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Because both the X23456 and 423456 constructs were able to drive wild type 

expression of GFP, we investigated the contribution of the 5’ copy of Region 4 in the 

423456 construct by creating the a, b and c subregion mutations from earlier 

experiments (4muta23456, 4mutb23456, 4mutc23456). Remember that mutation of any 

subregion of Region 4 in context of the wild-type enhancer at a distance resulted in a 

nonfunctional enhancer (Figure 4B). Mutation of subregions a or c within the 5’ copy of 

Region 4 (4muta23456, 4mutc23456) when the enhancer is close-range did not affect GFP 

expression levels. This suggests that the 5’ copy of Region 4 is not necessary for close-

range enhancer function, specifically when there is another copy in the central region.  

The 4mutb23456 enhancer construct has been cloned and injected into flies 

multiple times, but no transformants have been recovered from the injections.  Low 

efficiency of P-element insertion can be caused by many factors. New amplification, 

purification and reinjection of this construct will hopefully allow for creation of 

transgenics.  

In a related set of experiments, the same subregions of the 5’ copy of Region 4 

were mutated, this time in the context of a mutated internal copy of Region 4 

(4muta23X56, 4mutb23X56, 4mutc23X56).  Each of these constructs is nonfunctional.  This 

is not surprising, as the 423X56 construct was also unable to drive GFP expression. 

These results, taken in full, indicate that an intact Region 4 is necessary for close-range 

enhancer function, and that some undefined element of the enhancer (shared by 

Regions 1 and 4) must be present in the central region in order to activate reporter gene 

transcription.   
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Chapter 3: 

Long-range enhancer-promoter interactions  

and the potential role of Sine oculis 

 

Long-range enhancer experimental design and preliminary data 

 Region 1 was identified as the Remote Control Element of the sparkling 

enhancer because of its unique function in regulating only the long-range abilities of the 

enhancer (Swanson et al 2010).  Characterizing the capabilities and functions of the 

RCE has been the graduate focus of my mentor, Nicole C. Evans.   

 The RCE is flexible in its location and copy number, or multiplicity.  The RCE can 

be moved to the 3’ end of the enhancer (234561), or separated from the rest of the 

enhancer and moved up to 1 kb upstream of the rest of the enhancer while retaining the 

ability to work with the rest of the enhancer to drive expression of GFP (Evans, 

unpublished).  Multiple copies of the RCE do not greatly affect function, demonstrated 

by wild type levels of gene expression driven by a construct with one copy of the RCE 

on either end of the enhancer (1234561, Evans, unpublished).  

Three experiments discussed in an earlier section are relevant here as well.  

Mutation of any subregion of the RCE (1muta23456, 1mutb23456, 1mutc23456) when the 

enhancer is at -846 bp shows that each subelement is necessary for wild type levels of 

expression (Figure 4B).  Likely, multiple transcription factors essential for activating 

transcription bind to the RCE, which make each subregion essential for enhancer 

activity.  
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The region-swap constructs used in the above discussion to test which model of 

general enhancer function model best describes spa close-range activity were also 

tested in the distal enhancer context, to attempt to differentiate general functional 

necessity from long-range functional necessity. Significantly, the construct with Region 

4 in the place of the RCE (423456) was able to drive expression at a distance (Figure 

6A).  This compensation ability was significant and unique because a construct with 

Region 4 swapped into the position of Region 5 (123446) was not able to drive 

expression at a distance (Figure 6A). We hypothesized that there was some similarity in 

sequence or function between Region 4 and the RCE that caused this ability to drive 

transcription of the enhancer from a distance.   

Another proposed test of the uniqueness of the long-range compensation ability 

of Region 4 is creation of two more region swap constructs, in which one of the other 

two known activating regions of the spa enhancer were swapped into the place of the 

RCE.  These swap constructs (523456, 623456) have thus far been tested only at -121 

bp and were able to drive reporter gene expression (Figure 6A).  These results are 

unsurprising because Region 1 at the 5’ end of the enhancer is unnecessary to drive 

expression of GFP from the -121 bp distance. The implications of the results of the 

523456 and 623456 constructs at -846 bp will be discussed below. 

 

Results on the long-range function of spa 

 To identify the sequence within Region 4 responsible for the RCE compensation 

abilities, we tested constructs with the same three subregion mutations within the 5’ 

copy of Region 4 (4muta23456, 4mutb23456, 4mutc23456) as the experiments discussed 
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earlier (Figure 5B), this time at 846 bp upstream of the promoter.  Recall that 

subregions 4a and 4c were dispensable from close-range, and that we are working 

towards gathering data on subregion 4b at -121.  If any of these three constructs were 

able to drive expression of GFP at a distance, the mutated sequence could be 

considered dispensable for long-range function. Conversely, any mutated sequence that 

prevented long-range enhancer function could be considered necessary for long-

distance transcriptional activation.   

 Loss of subregion 4a (4muta23456) in this context did not affect long-range 

enhancer function, while loss of either subregion 4b or 4c individually (4mutb23456, 

4mutc23456) prevented reporter gene transcription (Figure 6B).  Thus, the sequence 

from Regions 4b and 4c are both required for the long-distance transcriptional activation 

mechanism.   

These data lead us to do a DNA sequence comparison of Region 4 and the RCE 

to identify common transcription factor binding motifs. Sequence and conservation 

analysis (data not shown) of the RCE and Region 4 reveal predicted protein binding 

sites in both for 1) proteins containing a Homeodomain binding motif (H) and 2) Sine 

oculis (So) (Figure 7A).  

Homeodomain binding proteins are transcription factors that bind a certain short 

sequence in DNA (ATTA or TAAT). They tend to function in large complexes in 

combinations that include other, more specific transcription factors (Latchman 1997). 

We are especially interested in So as a possible regulator of spa because it is 

known to be implemented in eye development (Serikaku and O’Tousa 1994).  So is a 

Six family transcription factor required to specify eye primordium, and So null mutants 
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have an eyeless phenotype (Figure 7B, adapted from Cheyette et al 1994). So interacts 

with Drosophila Pax6 homologs eyeless and twin of eyeless, and plays a critical role in 

cone cell and photoreceptor development (Pauli et al 2005).  However, it is unclear how 

So could mediate long-range enhancer-promoter interactions based on current literature 

(Serikaku and O’Tousa, 1994; Pauli et al, 2005).  We decided to further investigate the 

possibility of So as a contributing factor to the long-range function of the spa enhancer.	   

To test the ability of So to bind to the RCE and Region 4, we performed a 

competition Electromobility Shift Assay (EMSA).  EMSAs are typically used to determine 

binding ability of a candidate protein to a radiolabeled DNA probe. The probe is 

incubated with the candidate protein and run on a nondenaturing polyacrylamide gel.  If 

the protein binds the labeled DNA, it will run at a higher molecular weight on the gel 

than the free probe, which is not bound by protein.  Binding specificity can be tested by 

competing for protein binding with an unlabeled (“cold”) DNA competitor, usually in 

great excess to the concentration of the original probe.  If the competitor successfully 

competes off protein binding to the labeled probe, it also binds the candidate protein 

and appears as no shift on the gel (Kothinti et al 2011). 

We used a [32P]-radiolabeled DNA probe that included all of Region 4 and 10 bp 

of flanking sequence on either side to shift in vitro transcribed and translated So protein 

(Figure 7C). We competed for So binding with RCE wt and RCE So mutant probes.  As 

a positive control for protein-DNA interaction, we used a sequence found in the 

regulatory sequence of the Hedgehog gene that is known to be bound by So (HhSo).  
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The Region 4 probe does shift So, and the RCE wt probe is able to compete for 

So binding, while the RCE So mutant probe is unable to compete (Figure 7C). 

Therefore, So does bind specifically to both Region 4 and the RCE.  

To determine which subregion of Region 4 binds So, we also competed with 

Region 4 probes that had the 4muta, 4mutb, and 4mutc subregion mutations. The 4mutb 

probe was not able to compete for So binding, indicating that So likely binds to wt region 

4b. This binding assay suggests that So interacts with Region 4b in vitro and, when 

taken with above results, that Region 4b is essential to long-range function of the 

423456 enhancer construct, suggesting that So could be involved in facilitating the long-

range function of the spa enhancer.   
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Chapter 4:  

Future Directions 

 

Specificity-determining compensation experiments 

 In light of the 423456 enhancer construct’s ability to reproduce wild type function 

at a distance by mediating long-range enhancer-promoter interaction, we have created 

two additional region-swap constructs. These constructs utilize the other two known 

activating regions of the spa enhancer (5, 6) to attempt to compensate for RCE function 

(523456, 623456).  As presented above, both of these constructs are able to drive 

expression of GFP from the promoter-proximal 121 bp.  The results of these constructs 

at -846 could inform us about compensation abilities of the other activating regions of 

the enhancer, and again address the Information Display and Enhanceosome models of 

enhancer function. 

Region 5 contains a homeodomain binding site as well as a repressor of 

photoreceptor expression (Swanson et al 2010).  This region has been shown to be 

unable to compensate for Region 4 at -846 bp (123556, Figure 6A). Therefore, we do 

not expect that it would be able to compensate for the RCE in the 523456 construct at -

846 bp. The 623456 construct serves as a comparison for the 523456 and 423456 

constructs. If neither 523456 nor 623456 show GFP expression, we will consider the 

ability of Region 4 and the RCE to mediate long-range activity specific to those 

elements.   
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Sine oculis in vivo supplemental experiments 

Because So binds both Region 4 and the RCE in vitro, it is a good candidate for 

contributing to the long-range function of the spa enhancer in vivo.  We designed two 

approaches to confirm So’s role in regulating spa activity in vivo: 1) mutation of the So 

binding sites in the construct enhancer sequence and 2) knock-down of So protein in 

flies using RNAi. 

To create enhancer constructs with mutated So binding sites, we used the 

mutations shown by Pauli et al (2005) to abrogate So DNA binding.  We will test two 

constructs with mutated So binding sites, one targeting the sites from the RCE and 

Region 4 (1mutSo234mutSo56) and one targeting the site from the 5’ copy of Region 4 in 

the 423456 context (4mutSo23456).  These constructs will be tested at both -121 and -

846 distances to determine the effect of loss of So binding on long-range and general 

enhancer functions.   

Because So is necessary for much of eye development, onset of RNAi 

knockdown in order to deplete levels of So has to occur after larval eye development 

through cone cell specification.  This will be accomplished using a tissue-specific, 

temperature-induced Gal4/UAS system. This system will express interfering RNA 

specifically in the eye, after shift into permissive temperature.  We have tested several 

Gal4 drivers and have determined that Glass Multiple Repeat (GMR)-Gal4 met cell-type 

specificity and expression timing knockdown qualifications the best.  
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Chapter 5: 

Conclusions and Discussion 

 

Conclusions pertaining to general enhancer function 

Through the experimental design described in this paper, we were able to 

separate functions of long-range versus general enhancer mechanisms, Information 

Display versus Enhanceosome models of enhancer function, even differences between 

enhancer “word choice” versus “grammar.”   

Enhancer grammar, or order of regions, was found to be important in some 

contexts and dispensable in others.  The location of Region 1, the RCE, is particularly 

flexible, as this region can function to mediate long-range enhancer-promoter interaction 

from either 3’ or 5’ end of the enhancer.  Conversely, a space in the center of the 

enhancer, which normally contains Region 4, was found to be an important location for 

some input of enhancer function, because any construct that had mutated sequence in 

that position was incapable of driving GFP expression (Figure 5). 

Swapping Region 4, 5 or 6 into the place of Region 1 (423456, 523456, 623456) 

in close-range enhancers had minimal effect on transcriptional ability (Figure 6).  This 

was unsurprising given that Region 1 was dispensable at the -121 distance (X23456). 

Accordingly, the addition of a region known to activate cone-cell expression into the 

space of the dispensable Region 1 did not have had major effects.   

Interestingly, two copies of Region 4 (423456) could drive wild type levels of GFP 

while two copies of Region 1 in the same enhancer positions (123156) could not 

activate expression of GFP, even from close-range (Figure 6). This indicates a unique 
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contribution of Region 4 to the overall enhancer function.  Furthermore, each subregion 

of both Regions 1 and 4 were necessary for enhancer function from a distance, 

indicating that almost all the sequence contained in the enhancer contributes somehow 

to overall enhancer function.  

Taken together, these data suggest an actual model of enhancer function 

somewhere along the continuum in between the Information Display and 

Enhanceosome models.  Certain regions are able to undergo significant changes in 

enhancer position, while others are only able to function from a specific location within 

the enhancer. Moreover, some regions that are functionally activators are semi-

redundant: Region 4 can compensate for 1, but 1 cannot compensate for 4.  Still, others 

that are functionally activators are not redundant: Regions 4 and 5 cannot compensate 

for each other. 

Overall, we have learned that each region and subregion of the spa enhancer is 

mechanistically complex, and that neither the Enhanceosome model nor Information 

Display model describe a complete model of the enhancer.  A complete description of 

all inputs into a single enhancer is necessary before any definite conclusions can be 

made about general enhancer function.  Additionally, many enhancer mechanisms must 

be described before “universal rules,” if they exist, could be described and extrapolated. 

 

The potential role of Sine oculis in long-range transcription 

The results presented here implicate a known transcription factor, Sine oculis, in 

a novel regulatory function.  The ability to facilitate transcription at a distance in relation 

to any specific transcription factor had not been extensively studied.  Most previous 
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experimental methods had not specifically separated involvement in general enhancer 

function versus involvement in long-range activity.    

We demonstrated herein that enhancer constructs lacking an So binding site at 

their 5’ ends are unable to drive transcription of GFP from -846 bp (1muta23456, 

4mutb23456).  Moreover, EMSAs show that So binds to both Region 4b and the Region 1 

in vitro. Constructs with targeted mutation of So binding sites and knockdown of So 

protein in vivo will supplement this data and more definitively implicate So in spa long-

range enhancer-promoter interaction.  

Our implication of Sine oculis in distal enhancer-promoter interactions could take 

one of four or more forms (Figure 2): 1) DNA looping; 2) linking of enhancer to promoter 

through recruitment of linker proteins; 3) transcription machinery tracking; or 4) 

facilitated tracking (Li et al 2006).  The methods described here to identify and 

characterize the interaction between spa and So do not distinguish the model of So-spa 

long-range activity, or if So is required definitively for this function; rather they simply 

implicate So in the complex regulatory mechanism of spa enhancer control over 

expression of its target gene. 

 

Implications on future research 

The study presented in this paper is valuable for its in-depth analysis of the 

close- and long-range functions and capabilities of one model enhancer. Even though 

our understanding of transcriptional mechanisms will remain incomplete until at least 

one enhancer is described in full, rarely is such a comprehensive study performed.  

Transcriptional regulation in cis is far from being understood, despite obvious 
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importance in development and disease.  Misregulation of gene transcription can lead to 

severe developmental defects, lifelong disease, even cancer (Kleinjan and van 

Heyningen 2005). Moving toward understanding of the basic molecular mechanisms 

behind enhancer-promoter interactions will both elucidate essential developmental 

pathways, and allow for subsequent studies of transcriptional misregulation in disease. 
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Methods 

Detailed protocols can be found online at http://umich.edu/Barolo.protocols 

Generation of constructs 

Enhancer constructs with various mutations were created by Polymerase Chain 

Reaction amplification (Dillon and Rosen 1990).  Mutations were induced into enhancer 

constructs with DNA oligos encoding the mutations.  Constructs requiring mutations in 

the center of the enhancer were created as two fragments and then annealed together 

in a subsequent reaction known as sewing PCR.  PCR mix (1-3 µl template DNA, 3 µl 

MgCl2, 2.5 µl 10X NEB PCR buffer, 1 µl dNTPs (10 µM), 1 µl forward primer (10 µM), 

1µl reverse primer (10 µM), 0.375 µl NEB PCR enzyme mix (10 µM), 15 µl H2O) was 

incubated for our standard PCR protocol (95 °C for 2’, 29 cycles of 95 °C for 30”, 55 °C 

for 30”, 72 °C for 1’ 10”, then 72 °C for 10’).   

PCR products and pHstinger cloning vector were digested with EcoRI High Fidelity and 

BamHI High Fidelity restriction endonucleases from NEB for 1 hour at 37 °C.  

Fragments were isolated and purified by gel electrophoresis and purified using QIAgen 

quick gel extraction kit. 

 

Amplification of constructs 

PCR product was introduced into the pHstinger cloning vector by ligation: Ligation mix 

(50 ng vector, 150 ng insert, 2 µl ligation buffer (10X), 1 µl T4 DNA Ligase (10 µM), H2O 

to equal 20 µl total reaction) was incubated at 25 °C for 10 minutes. 4 µl ligation product 

was added to 20 µl NEB10β chemically competent E. coli cells and incubated on ice for 

30’.  Cells were heat shocked at 42 °C for 30” and returned to ice for 2’, then allowed to 
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recover for 1 hour shaking at 37 °C. Circular plasmids are amplified in bacteria by 

transformation and subsequent growth of bacteria on Lauria Broth (LB) agar plates with 

selection antibiotic overnight (12-16 hours).  

 

Verification of constructs 

DNA was isolated from E. coli cultures using QIAgen’s Qiaspin mini prep kit and 

sequenced at the University of Michigan DNA Sequencing Core. Sequence analysis 

was performed using the computer program Sequencher. 

 

Preparation for Integration into fly genome 

E. coli containing constructs of interest were grown in larger quantities and DNA was 

isolated using Promega’s Plasmid midi purification kit.  Constructs were combined with 

integration plasmid Turbo (Δ2-3), which contains DNA sequence for expression of an 

integrase enzyme, then ethanol precipitated and subsequently resuspended in Injection 

Buffer. 

 

Creation of Transgenic Animals 

White- Drosophila melanogaster embryos, which have white eyes as adults, were 

prepared for injection by dissolving chorion (outer casing) with 100% bleach for 1’, and 

decreasing osmotic pressure by dessication with DrieRite (time depends on ambient 

humidity).  Prepared DNA was injected into posterior of embryos prior to germ cell 

formation.  Embryos were allowed to mature for 24 hours, then transferred to food vials 

and allowed to develop to adulthood. 
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Homozygosing D. mel lines 

Injected flies were crossed to white- mates and transgenic progeny (identified by 

functional white gene introduced along with construct plasmid, visually selected by 

presence of red pigment in eyes) was backcrossed to white- to create heterozygous 

transgenics.  Heterozygous transgenics were crossed to create homozygous 

transgenics.  Homozygous transgenics were crossed for three generations to ensure 

homozygosity. 

 

Collection of Data 

Eye discs from third instar larvae were dissected in 1X PBS and fixed in 4% 

paraformaldehyde for 30 minutes. Fixative was removed by 3 washes in 1X PBS before 

mounting eye discs onto slides in ProLong Gold Antifade agent with DAPI.  GFP 

expression was observed using Olympus 52X and Confocal microscopes at the 

University of Michigan Microscopy and Image Analysis Laboratory. 

 

Electromobility Shift Assay 

Sine oculis protein was created using an SP6 wheat germ in vitro transcription and 

translation kit (Promega).  3’ phosphates were switched with [32P] using T4 

Phosphonucleotide Kinase (PNK) (NEB).  Probes were incubated with protein and with 

or without 100X cold competitor for 15 minutes on ice, according to Kothinti et al 2011. 

DNA-protein interaction was determined by running mixture on a 4-8% acrylamide gel 

and visualized by exposure to x-ray sensitive film. 
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