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Genomics of Regulatory Elements: A special focus on 
the HoxA Gene Cluster and Experimental Techniques. 

ABSTRACT

Introduction: The regulation of gene expression plays a pivotal role in maintaining proper biologi-
cal functions as well as creating cell diversity. Many regulatory elements are cis-acting and act 
over thousands of base pairs to affect the expression of their target gene. The development of 
novel techniques has provided a wealth of information into spatial chromatin organization, with 
the potential to unravel the mechanism of relatively uncharacterized regulatory elements, such 
as repressors and insulators. Discussion: This review will highlight examples of genomic regula-
tion, such as Beta-globin loci and the HoxA cluster, as well as discuss advantages and disad-
vantages of the currently employed experimental techniques. Moreover, genomic regulation as it 
pertains to human disease will also be discussed. 
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Introduction

Almost every component of molecular and organismal biology 
encompasses some sort of regulation of gene expression, often 
in temporal and tissue-specific manners. The organization of 
complex biological systems requires substantial regulatory infor-
mation and capabilities. Embryonic development in any species 
requires the coordinated expression of a multitude of genes and 
their corresponding gene products to create and structure subtle 
gradients that lead to proper apportioning of limbs, nerves, and 
organs. It was postulated over 40 years ago that the level of ge-
nomic regulation was proportional to the complexity of the or-
ganism (1). However, the current tools to search for elements 
involved in regulation are still primitive in nature and a method 
to easily identify genomic regulatory elements in a regular and 
reliable fashion has yet to be established (1,2). Some regulatory 
elements such as promoters can be easily identified by their duti-
ful position at the 5’ end of genes and thus thousands have been 
determined by standard techniques such as chromatin immuno-
precipitation and cDNA sequencing (3). Although promoters 
are relatively simple to study, other regulatory elements such as 
enhancers, repressors, insulators and barriers are more difficult to 
elucidate due to their lack of defined positions.
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Although the theory of cis (intrachromosomal) regulation was 
favored before the human genome was sequenced, the ideas of a 
trans (interchromosomal) approach or a combination of the two 
were also put forward. Analyses of multiple loci under long range 
control yielded significant insight into how exactly genes were 
regulated in cis. One of the most characterized loci is the globin 
locus that lies upstream of the beta-globin gene.  According to 
van Assendelft et al., this locus regulates beta-globin in a manner 
independent of the chromosomal integration site (4). Under-
standing of locus control regions led to a greater understanding 
of enhancers via a combined approach of transgenic mouse 
assays and bacterial artificial chromosome-mediated transgenics. 
In the transgenic mouse assays, regions of interest were fused 
with a LacZ reporter gene, which allows for visualization of gene 
expression in temporal and spatial arrays confirming predeter-
mined expression patterns. Deletion analysis identified enhancers 
spanning hundreds of base pairs within thousands of base pairs 
(5,6). Bacterial artificial chromosomes (BAC’s), originally 
developed to help sequence the human genome, can be used in 
transgenic assays to span kilobases of genomic DNA. In such 
instances, several BAC’s can be paired together in a quantitative 
fashion allowing for a representation of the genomic DNA and 
thus provide an ideal control for experiments on genomic DNA 
(7). Such studies culminated in the discovery of enhancers of 
the Bmp5 gene. These enhancers operate at large distances from 
the promoter (>200kbp) and were among the first distal acting 
regulatory elements to be discovered (7). It is vital to develop a 
greater understanding of long-range regulation as the amount of 
evidence for position-effect diseases is staggering (8). 

These studies, conducted before full sequencing of the human 
genome, indicated many intrachromosomal regulatory activities 
that were further corroborated by more modern comparative 
techniques. Combinations of other vertebrate genome studies 
and high-throughput screens have identified novel distal regula-
tory sequences and are slowly coloring in the dark areas of genomic 
structure. This review will discuss the different classes of regulatory 
elements that have thus far been clearly characterized as well as 
the novel techniques that are providing new insights into the 
foundations and architecture of genomic regulation. Additionally, 
how regulation leads to human disease will be a point of focus. 
More specifically, the role of Hox gene regulation in potential 
malformations and disease will be discussed in greater detail, and 
this will serve as a primary example throughout the review. 

Types of Distal Regulatory 
Elements 

There have been several types of regulatory elements identified. 
The word “identified” is apt since techniques have proven their 

existence, rather than elucidated their function. Although the 
promoter is not a distal regulatory element in the majority of in-
stances, its vital role in gene expression warrants its mention. As 
Noonan and McCallion phrase it, “the promoter is the fulcrum 
around which transcription pivots,” in other words, the promoter 
is the site where basal transcriptional units such as polymerases 
and the overall holoenzyme form (2). The promoters determine 
the direction and orientation of transcription as described by 
Maston et al. (9). The long-range regulatory elements discussed 
in this review have been typified by their responses to certain 
biological assays and thus can be interpreted as broad categories 
rather than specifically determined elements. 

Elements that positively regulate transcription are known as 
enhancers. Enhancers are position independent as they may be 
distal or proximal to the promoter of the target gene. Although 
the exact manner in which enhancers up-regulate transcription 
is still unknown, one sensible model proposes that enhancers at-
tract transcription factors that together promote the assembly 
of transcription machinery at the promoter of the target gene. 
In this proposed model, the chromatin loops together bringing 
the enhancer and the promoter into proximal contact despite be-
ing base pairs away in the linear genome (10). A prime example 
of enhancer capability is the enhancer of the Sonic Hedgehog 
(Shh) gene, a Hox gene. Shh is one of the genes responsible for 
creating the posterior-anterior axis in developing limbs in verte-
brate embryos. Deletion analysis in the enhancer, approximately 
1 MB from the Shh promoter in an intron of the LMBR1 gene, 
caused errors in Shh expression in the anterior of the limb and 
led to disease and malformation in the form of preaxial polydac-
tyly (11,12). Complete deletion of the enhancer resulted in a loss 
in expression and degeneration of limbs (13). The data obtained 
from the Shh enhancer shows the importance of enhancers in 
development. 

Elements that negatively regulate transcription are known as 
negatively-acting elements. To date, most of the regulatory ele-
ments identified are enhancers because they are easy to find 
with clear and straightforward biological assays. These assays 
include the transgenic insertion of reporter genes that can be 
analyzed by luciferase assays, fluorescent microscopy for GFP 
tagged products, or bright field microscopy of beta-galactosi-
dase stained tissues. One of the more intriguing facts about 
regulatory elements such as enhancers and negatively-acting 
elements is their variability when exposed to different envi-
ronmental stimuli. Stress, diet, hormones, temperature and lack 
of nutrients can all vary regulatory elements’ actions through 
cellular signals (14). This point is important to consider as it 
indicates that the results seen from assays measuring regular 
element activity have an impact on the function performed by 
that element. Under these circumstances, the binding of certain 
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transcription factors can cause various enhancers to be bound 
by repressor proteins and thus function as negatively-acting el-
ements (2,15,16). 

Insulators, or barriers, are positioned such that the adjacent 
genes do not interfere with each other’s expression. There are two 
mechanisms by which insulators can separate regulation: barrier 
activity or enhancer blocking (EB) activity, both of which are 
measured by synthetically designed assays (17). Barrier activity 
is the ability of a sequence to create definitive borders between 
regions of euchromactin and heterochromatin, while EB activity 
limits the positive regulatory ability of enhancers by acting in a 
position-dependent manner. The first vertebrate insulator to be 
thoroughly studied and understood was the HS4 sequence in 
the chicken beta-globin locus that shows both barrier and EB 
activity in assays involving reporter genes. In this case, a pro-
tein that binds insulator sequences, the CCCTC-binding fac-
tor (CTCF), aids in EB activity (18,19). It is worth mentioning 
that CTCF also mediates expression within the same gene locus. 
In the mouse beta-globin locus, CTCF binding along with the 
joining of certain regulatory elements yields an active chromatin 
hub ACH. Deletion of CTCF or its binding sites led to insta-
bility of the ACH (20). The study of mouse and chicken globin 
loci, in combination with other vertebrate globin loci has led to 
a general consensus that the binding of CTCF is nearly manda-
tory for enhancer blocking activity in vertebrates. On the other 
hand, vertebrate barrier activity still seems to be relatively inde-
pendent of CTCF binding suggesting that vertebrate barrier and 
EB activity act through independent mechanisms. However, it is 
still clear that insulators can be comprised of enhancer blockers, 
barriers, or both. 

Hox A Cluster

Although CTCF contact is vital to proper expression and tran-
scription for beta-globin loci, not all genes follow this trend, 
as some require the disintegration of contacts for activity. The 
HoxA locus is a prime example of such an instance. It is heav-
ily regulated and is thus a cluster of great interest due to its 
constantly changing genomic architecture and function (21). 
HoxA is part of the Hox gene family, one that is highly con-
served and encodes for transcription factors responsible in the 
regulation of development (22). Although there are 4 Hox 
clusters accounting for a total of 39 genes located on separate 
chromosomes, the HoxA cluster is one of the most character-
ized and pertinent and is located on chromosome 7. It codes for 
a total of 11 transcription factors. Hox genes obtained a claim 
to fame upon the discovery of how, during development, the 
spatial orientation of the genes on the chromosomes mimic the 
gene expression itself in the developing limb. In other words, 

Hox genes found at the 5’ end of the cluster would be expressed 
in the posterior and much later in development than genes lo-
cated at the 3’ end (23,24). The spatial and temporal expression 
results suggest that chromatin structure as well as regulatory el-
ements play key roles in controlling Hox gene clusters (25,26). 
Additionally, it has been found that silencing Hox genes is es-
sential, as overexpression can lead to disease (see below). Spe-
cifically, during active transcription of HoxA genes, looping of 
chromatin is absent compared to its palpable existence during 
transcriptional silencing (9). The HoxA locus provides an ex-
ample of the variability of regulation when compared to the 
beta-globin loci in vertebrate tissues. 

Determination of Chromatin
Organization 

Although this review focuses more on modern day techniques, it 
would be remiss not to mention the technique that provided much 
of the information regarding spatial chromatin organization. DNA 
fluorescence in situ hybridization (DNA-FISH) uses complementar-
ity to hybridize a DNA probe to DNA that has been chemically 
fixed to a glass slide. The DNA probe contains an antigen for 
a fluorescent antibody, which may be visualized by epifluores-
cent microscopy. Using a multitude of DNA targets and differ-
ent fluorescent antibodies, it is possible to determine the position 
of genomic locations. Although DNA-FISH has low resolution 
compared to more modern and advanced techniques, it is a highly 
accepted method in measuring in vivo contacts within single cells. 
Chromosome conformation capture (3C) has become one of the 
basic and most functional methods in ascertaining the organization 
of chromatin as well as helping to understand the connection be-
tween gene expression and organization (27,28). Traditionally, 3C 
can be organized into five steps. The first step consists of chemi-
cally fixing cells with formaldehyde or some other crosslinking 
reagent to capture chromatin in its current structure and thus 
provide a picture of chromosomal architecture. The second step 
involves digestion with restriction enzymes. The use of enzymes 
releases pieces of DNA that were close together due to the cross 
linking agent. The third step consists of a ligation of the fragments 
favoring the ligation of ones that were cross-linked close together. 
The fourth step eliminates all bound proteins and contaminants 
resulting in a library in which products are comprised of frag-
ments that were close together in nuclear space. The frequency of 
these products is inversely proportional to the ligated fragments 
distance in linear organization. The final step of 3C quantifies the 
individual ligated fragments by PCR and gel electrophoresis, or 
quantitative PCR and melting curve analysis (29,30). Although 
3C yields high-resolution results, it is relatively low throughput 
and covers small genomic domains. However, some of these disad-
vantages have been remedied in offshoot techniques of 3C. 
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Chromosome conformation capture carbon copy (5C) is a deriv-
ative of the 3C technique, but provides a more high throughput 
method (31-34). A normal 3C library is generated; however, the 
difference lies in the way the analysis is conducted after genera-
tion of the library. In contrast to 3C, in which analysis is done by 
PCR gel detection, in 5C, the 3C libraries are transformed into 
5C libraries and then studied by microarrays. The transformation 
from 3C to 5C libraries is mediated by annealing and subsequent 
ligation of primers that match 3C ligation points thus allowing 
for quantitative detection of 3C products. These “carbon copies” 
are amplified by PCR and then analyzed by microarrays. 5C cannot 
identify contacts without knowledge of the region of interest, 
as it requires the predicted 3C junctions in order to create a 5C 
library. However, this method still has significant value due to its 
high-throughput capability. 

Hi-C is a technique created to ascertain all long-range DNA 
contacts at the same time (35). After fixation and digestion as 
usual in such techniques, Hi-C deviates by filling in the overhangs 
created by the restriction enzymes, and labels some of the inserted 
nucleotide with epitopes. Normal ligation is then performed 
followed by sonification to minimize fragment size. The Hi-C 
products with epitopes are quarantined by affinity chromatography 
and then analyzed on high-throughput methods, allowing the 
mapping of all cis and trans chromosomal contacts. 

Long Range Regulation in 
Disease

Genomic rearrangements or mutations in regulatory sequences 
have been found to play roles in human disease (8). Many 
cis regulatory sequences have been clinically identified by 
examining the DNA of patients with certain disease phe-
notypes. By analyzing these abnormalities at the chromosome 
organizational level, new insights were proposed regarding wild-
type chromosomal architecture (8). Mutations that disrupt 
promoter regulation usually lead to some form of misexpression and 
thus, most likely a disease (8). There are certain ways in which 
mutations can lead to disease. For example,  genetic evidence 
may suggest an associated with a certain disease phenotype. 
Similarly, structural mutations (deletions, insertions, transloca-
tions, rearrangements) may be close to a gene vital in the 
prevention of human disease. Furthermore, the disease phenotype 
could result from variation within the potential disease and such 
variation can account for some of the disease risk (8,9). An 
example of a disease phenotype resulting from an anomaly in 
long range regulation is the deletion of an enhancer sequence 
approximately 900 kb upstream of the POU3F4 promoter, 
which leads to X-linked deafness (36,37) . Campomelic 
dysplasia can be attributed to a mutation in an enhancer of 

SOX9 and as stated above, preaxial polydactyly results from a 
deletion in the Shh enhancer (12,38). 

It has been found that diseases associated with the Hox cluster 
arise from a combination of errors in epigenetic mechanisms and 
errant long-range regulation (39). In the case of HSC, HoxA9 is 
up-regulated by increased enhancer activity and decreased meth-
ylation, which in turn affects the activity of many Hox genes that 
play a role in acute myeloid leukemia. 

Conclusion 

Although gene regulation is commonly thought of and measured 
in transcriptional output, the actual transcriptional control is 
mediated via chromosomal structure and regulatory elements. 
Significant advancements have been made in the study of reg-
ulatory elements such as enhancer sequences, while repressors 
and insulators are not as well characterized. Hopefully, models 
of gene regulation such as beta-globin loci and the HoxA clus-
ter, in combination with novel techniques such as 5C and Hi-C, 
will help construct a blueprint of spatial chromatin organization 
and identify new regulatory elements. Advances in these regards 
would assist in the battle against diseases involving developmental 
malformations and cancer by providing an understanding into 
the disease mechanism, thus providing a foundation for the 
development of a cure. 
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