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ABSTRACT 
The rapid growth and division of cells as they proliferate and penetrate to surrounding tissues 

defines the collection of disease states known as cancer. Abnormal gene expression drives this 

uncontrollable replication of cells. In recent studies, aberrant HOX gene expression has been 

noted in a multitude of cancer types such as myeloid leukemia, prostate cancer, and breast 

cancer [1]. Within cancerous cells with aberrant HOX expression, late expressing HOX genes 

are suppressed while early expressing HOX genes are reactivated. HOX genes are significant 

in controlling early phases of organismal development such as cell cycle, cell movement, and 

gene expression. Likewise, HOX genes are in later embryonic stages are important for 

regulation of limb development, body spatial plan formation, and apoptosis processes. As 

stated above, HOX genes that are expressed early in development tend to regulate cell cycle, 

differentiation, and migratory processes, mechanisms commonly manipulated by cancer.  

There are various essential factors that determine the regulation of these genes and their 

expression levels. One aspect that is considered a master regulator is organization of the 

chromatin containing genes. Specifically, gene expression is dependent on how tightly or 

loosely they are packaged in chromatin (DNA plus certain proteins). Genes that are expressed 

tend to be more open (loosely) allowing for regulatory proteins to bind to chromatin sequence 

driving generation of their encoded product. Moreover, the tightly packed chromatin results in 

subsequent gene product to not be produced. Many studies have demonstrated that alterations 

in the spatial architecture of chromatin results in improper regulation in cancer cells. 

Likewise, aberrant HOX genes have been readily present in sample of cancerous cells. 

Therefore, the hypothesis for the following thesis is that organization of chromatin is a critical 

regulator for HOX genes and mutations in the structure of the chromatin leads to abnormal 

HOX gene expression.  

Using zebrafish embryos and cell lines we generated a map of contact points made between 

chromatin loops within topological associated domains of hox genes with the circular 

chromosome conformation capture (4C) technique (AIM1). These contact points were further 

analyzed with a comparative genomic profile to other fish species to identify the binding sites 

for key regulatory proteins (AIM2), which was tested functionally in future experimentation. 

Future studies can use the significant information collected through sequencing and analysis 
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techniques in this thesis to expose the connection between HOX expression and disease state 

formation. 

  



Chromatin Architecture: Mechanisms of Gene Regulation 
Honors Thesis for Logan O’Donnell 

- 3 - 

INTRODUCTION 
Cancer affects millions each year globally, with an incidence rate of 442.4 per 100,000 

individuals in the US, leading to 158 deaths per 100,000 Americans yearly [2]. Modern 

medicine has resulted in a decline in mortality rate of cancer since the 20th century. The addition 

of early preventative screenings and educational resources have assisted in this downward trend 

of cancer deaths. Although this decline is a promising sign for advancements in medicine, the 

majority of the decline has been seen in the absence of new treatment development.  New and 

increasingly complex cases of cancer are still prevalent due to the complicated and specific 

nature of cancer. Growth of cancers is reliant on the distinct characteristics of the cancer type 

as well as the unique genomics of the individual. Thus, the development of advanced and 

effective treatment is necessary in order to tackle cancers in a more specific manner to their 

origin or development. In order to implement these more effective treatment options, more 

research in the field of cancer genomics is crucial. There are a multitude of aspects that have 

thwarted efforts to refine the approach to combating cancer, including the lack of knowledge 

with regard to the specific mechanisms driving carcinogenesis (the processes of cancer 

progression). The following thesis explores one such mechanism at a molecular level, focusing 

on the organization of chromatin (DNA (deoxyribonucleic acid) and protein complexes), and 

its effects on gene regulation/expression.  

Within the nucleus of every cell is the instruction manual, the genome, for all cellular function. 

DNA is the building block of this cell specific instructions, stored as a code of four different 

chemical base pairs. In humans, each genome consists of roughly three billion base pairs, 

resulting in nearly ~2 meters of a DNA which needs to fit in a nucleus roughly 10 um bit, a 

space roughly the size of a speck of dush. To accomplish this feat, DNA orients in a double 

stranded structure and takes on a helical shape similar to a twisted ladder. DNA passes genetic 

information from parent cell to two daughter cells during cellular division by DNA replication. 

DNA replication encompasses the separation of the DNA strands, priming of the template 

strand, and construction of the new DNA segment. Following replication is the transcription 

process of DNA. 
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Transcription's objective is to create a messenger molecule, ribonucleic acids (RNA), to hold a 

DNA sequence of interest. Genes code for different features or cellular components of the 

organism. Genes are read by the cell through the process of transcription, which creates a 

messenger molecule, ribonucleic acids (RNA). The information from the DNA segment is 

carried by the RNA copy, or transcript, and contains knowledge on how to properly build a 

protein for the cell. Transcription is a critical stage in gene expression since it controls which 

proteins are made and at what rate. Therefore, transcription is a highly regulated step by the cell 

and is specific to the needs of the cell. In the cell, not every gene is expressed at the same time 

point. Therefore, the cell must strictly manage the expression levels of the desired genes and 

repression of others.  

In order to obtain the instructional material from the messenger RNA, the sequence has to be 

translated from the language utilized in DNA to terms of proteins. The sequential order of the 

instructions develops the framework of the protein. Protein molecules are the cell's 

"workhorses" and perform all of the processes required for life. Examples of protein’s functions 

include building the body’s structural layout, repairing organismal body tissue, and proper 

coordination of bodily functions.  

Additionally, DNA complexes with additional proteins, such as histones, which aid in 

condensing the instructions into a threadlike structure known as chromatin. The process of 

condensing or uncoiling chromatin regulates gene expression by controlling whether a 

mechanism is turned on (expressive) or off (suppressed). Although each cell in every organism 

has the same DNA, not every gene is expressed. DNA regulation differentiates cells by 

activating specific sets of genes resulting in differential expression of proteins in order to carry 

out their prescribed job. The regulation of the expressive levels of a gene is likely due to 

selective evolutionary processes to conserve energy and space. If all cells were to express every 

gene at all periods of the day, it would take a quantity of energy that would not reasonably be 

consumed on a daily basis. Likewise, for expression, the DNA within the gene must be 

unwound, transcribed, and then translated. The constant uncoiling of the DNA would force cells 

to be huge and undifferentiated, resulting in a lack of complexity in the organism.  
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The structural components of chromatin in a cell are necessary to control the proper expression 

and activity levels of a gene [4]. When alterations occur to the three-dimensional structure of 

chromatin, misregulation of genes is often a consequence [5]. Misregulated genes, and their 

corresponding cis-factors and trans-factors, are commonly the root of cancer development in 

the body [3]. Cis-regulatory elements, such as promoters, enhancers, and silencers, are non-

coding DNA sequences that control gene transcription [37]. Trans- regulatory factors are 

proteins that can ultimately recognize and bind to target sequences of cis-factors to control 

transcriptional expression levels and subsequent gene expression. In agreement with this, it is 

seen that in disease states there are problems with trans-regulatory factors and subsequent issues 

with regulatory processes. These improper modifications of trans-regulatory factors ultimately 

coincide with the lack of appropriate cell functioning. Utilizing chromosome imagery 

techniques, the understanding of the underlying principles that link chromosomal organization, 

trans-regulatory factors, and cis-factors to gene regulation. Furthering the comprehension of the 

chromosomal structure and subsequent gene regulatory relationships allows for better overall 

insight on healthy cell development which may act as a comparative model to diseased states. 

Supplementary proteins pack the chromatin into loops which are methodically arranged into 

chromosomes. There is a common misconception that chromosomes bear resemblance to an 

“X” shape. However, chromosomal imaging techniques, reveal that a more accurate picture of 

the chromosome’s shape is analogous to a spherical blob [41]. The shape of chromosomes 

changes with age and development, is changed in some illnesses, and can impact gene 

expression. The genome's organization and three-dimensional structure within the nucleus is 

dynamic, and conformation changes play a role in gene transcription control. As the 

chromosomal conformation is altered or modified, it results in subsequent changes of 

expression. The changes in structure can lead to condensing of genes, effectively turning them 

off, or loosing of chromatin loops containing genes resulting in expression. The orientation of 

the chromosomes and the three-dimensional (3D) folding of the eukaryotic genome is a highly 

ordered process that is closely tied to functional DNA-dependent activities, including DNA 

replication and transcription [39]. Chromosomes are divided into subregions, defined by 

chromatin boundaries mediated by cohesin (protein complex) known as topologically 

associated domains (TADs). Experimentation from chromosome confirmation capture (3C) 
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techniques identify provide snapshots of these domains. Distinct segmentation of looped 

chromatin by an unlooped or insulator region defines these domains. Genomic sequences build 

TAD’s organizational structure and conserve the same genes across all diverse cell types [6]. 

These domains contribute to gene control with many genes regulated together and clusters 

defined by their function located in the same TAD. Although, the capture systems support the 

notion that TAD’s do not contain different genes across cell type, they may be regulated in 

different ways [6,7]. Ubiquitous factors, such as CTCF and cohesins, conserve TAD’s clear 

boundaries. These ubiquitous factors are highly conserved proteins that can function by 

activating transcription, specifically a repressor, resulting in the blockage of communication to 

enhancers [6]. These factors may also recruit additional transcriptional factors to aid in the 

establishment of chromatin structure. Based on the literature, gene specific factors, unique to 

the cell’s overall function, maintain the loop’s organization for proper gene expression. [6]. 

Active or turned-on genes are more frequently found in the central interior of the nucleus than 

repressed areas, which are commonly found closer to the perimeter of the nucleus [39] (Figure 

1). The repressed areas are pushed and condensed against the periphery, making the information 

in that section of DNA more difficult to access, thus, subsequently turned off. 
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Figure 1. Organization of chromosomes within the nucleus [40] 

Furthermore, previous studies illustrate that many cancer types, TAD boundaries have been 

disrupted resulting in changes in gene expression. In addition, recent transcriptome studies have 

identified the misregulation HOX genes in various cancer types (e.g., prostate, breast, and 

colorectal), however, as of yet, the role of HOX in cancer remains a mystery [44]. The HOX 

gene family is essential for all metazoans and encode transcription factors responsible of the 

activation and repression of proteins crucial for proper timing of growth and differentiation 

during organismal development, including functions such as the cell cycle and cellular 

movement. HOX genes function in embryonic and mature cells, both in the undifferentiated and 

differentiated cellular mechanisms. Undifferentiated HOX genes, are present in early and late 

embryonic development and manage the migration, differentiation, and advancement of cells 

in growth [8,9]. During the process of differentiation, which comes with maturity of the 

organism, activation of expression of later HOX genes occurs with simultaneous repression of 

immature HOX gene expression. The synchronization of stimulation and suppression of HOX 

genes depend on developmental signals, additional HOX encoded proteins, along with all 

modifiers which that provide their modification by altering chromatin organization. HOX genes 

that behave abnormally and do not follow the typical systematic pathway have been detected in 

various cancers. In the carcinogenic cells, instead of activation of late expressing HOX genes, 

there is a gain of early expressing HOX expression in the matured cell [9]. Subsequently, the 

early expression HOX genes stimulate the functionality of downstream targets meant for early 

developmental processes. This results in mechanisms that are commonly associated with cell 

cycle and cell differentiation to be reactivated. Since many of these processes are known to be 

manipulated in carcinogenesis, it implies the affiliation of HOX genes supporting cancer 

progression. Although these are logical conclusions of connection, there is a gap of knowledge 

on the exact role of HOX genes in cancer development due to their function as master regulators 

(which will be discussed in the latter part of the literature review) [8]. However, based on the 

previous observations in HOX gene studies displaying alterations of structure of chromatin 

resulting in changes in expression levels in cancerous cells, there is plausible linkage between 

chromatin modifications driving cancer growth due to HOX gene alteration.  
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The current information revolving around HOX genes exposes that the regulatory factors for 

this gene type are HOX function, ubiquitous insulating factors, developmental signals, and 

CCCT binding factor factors [10,11]. These components influence the expressive levels of HOX 

genes by modifying the structure of HOX gene chromatin, leading to a change from open 

(active) to closed (repressed) states for further downstream signaling [10,11]. The process of 

how these regulatory units regulate individual genes is unclear.  

In addition, HOX expression has been shown to be regulated by chromatin organization [32]. 

Taken together it is possible that the misregulation of HOX expression observed in cancer is 

due to changes in chromatin organization during the disease state.  Interestingly, HOX gene 

expression correlates with the inverse of normal gene expression found in non-diseased cells, 

meaning, genes normally expressed are repressed and vice-versa. up- or downregulated. For 

example, HOXC family gene expression has also been found to be upregulated in most solid 

tumor forms, including colon, lung, and prostate cancer [44]. HOXA9 and HOXB13 were the 

two HOX genes shown to be most often mutated or altered to some extent in solid tumors [44]. 

HOXA genes, HOXB genes, HOXC genes, and HOXD genes have displayed altered expression 

in breast and ovarian cancers, colon cancers, prostate and lung cancer, and colon and breast 

cancers, respectively [44]. Since HOX genes are associated with growth and development 

processes, a direct modification or change in expression levels of this gene family has the 

potential to result in improper cellular activity, particularly activities favorable for cancer 

progression. The following project intends to mitigate the limitations in understanding the 

relationship of chromatin organization and HOX gene expression, and consequently cancer 

development. 

This thesis attempts to better understand the mechanisms responsible for controlling chromatin 

structure and gene regulation.  For these experiments, the zebrafish hox genes was chosen to be 

studied as the model. This gene family encodes for a homeobox consisting of transcriptional 

factors that properly control embryonic development, cell differentiation, and organogenesis 

(organ formation) for the Metazoan Phyla [8]. Based on previous observations, my hypothesis 

was that aberrant HOX expression in cancerous cells is a result of modification in the three-

dimensional structure of the chromatin which controls HOX genes. In order to identify the 
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specific systematic pathways of chromatin organization that control expressive levels of HOX 

genes, the zebrafish will be utilized as a model. Zebrafish are an ideal model since they are 

small, robust, and the embryos can be easily and efficiently collected without harm to the 

mother. Zebrafish breed readily by producing between 50 to 300 embryos approximately every 

ten days. Since zebrafish produce such a large quantity of embryos and breed rapidly larger 

sample size for experimentation can be collected without difficulty. Furthermore, zebrafish 

embryos are laid and fertilized externally, thus manipulation and harvesting of the embryos can 

be done ethically without any consequence to the mother. Most importantly, zebrafish are one 

the simplest eukaryotic models that display genetic similarities to humans resulting in a reliable 

and predictive model.  

The first aim was to identify the HOX chromatin structure in a normal cell. The organizational 

loops of the HOX clusters will be mapped though circular chromosome confirmation capture 

and high-throughput paired end sequencing (4C) in four hour post-fertilization zebrafish 

embryos. These sequencing results will be analyzed to identify chromatin contacts within the 

hox gene clusters in collaboration with the URI Bioinformatics Core utilizing pipe4C [12].  The 

identification of these contacts will indicate the location of looped regions in hox genes, 

effectively creating a map of the chromatin organization in the hox TADs. This map will aid 

future experimentation by providing a control, allowing for comparison to reads from different 

developmental timepoints when specific HOX genes are stimulated or repressed. It was 

hypothesized that as different HOX genes are activated, a subsequent change of the chromatin 

landscape will occur to reflect the regulatory sequences stimulated. In the context of the intent 

of this thesis, these maps can be used for comparison against those generated from cancer cells 

to illustrate differences in abnormal HOX gene expression.  

The second aim for this project will be to determine the cis-regulatory factors that are necessary 

for proper HOX chromatin arrangement. The hypothesis was that the contact points of AIM1 

will pinpoint the cis-regulatory sequences inside the loops resulting in chromatin interactions.  

The 4C maps will be inspected for cis-regulatory sequence motifs by employing TFBSTools 

packed with MEME-ChIP found in the URI Bioinformatics Core [14,15]. With the site of the 

sequences determined, future experiments can make use of the loss or gain-of-function 
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approaches to conclude the function of trans-factors in HOX gene stimulation as they relate to 

cis-regulators [15]. These observations of interaction and sequential analysis will be significant 

in the comprehension of HOX activation and the relation it has to cancer in future studies. 

RESEARCH QUESTIONS 
(1) What is the organization of chromatin inside the HOX gene? 

a. Where are the chromatin interactions within HOX TADs? 

b. How are the loops arranged in the chromatin?  

c. Is there a systematic coordination of specific components in the gene based on 

function? 

d. What components regulate the proper structure formation? 

(2) Where are the cis-regulatory sites located? 

a. Are these elements essentially for development of HOX chromatin structure?  

b. Are trans-factors bound to the cis-regulated sequences? 

c. Do the trans and cis elements have a major contribution to structure development 

and subsequent expression? 

LITERATURE REVIEW 
The literature that revolves around the field of chromosomal research are commonly split into 

two sections of thought: rigid factual knowledge of the architecture and the connection between 

this framework and human disease states. Therefore, to understand the relationship between the 

two approaches of information, the following literature review discusses the background 

information relevant to comprehend the processes that lead to human disease states, specifically 

cancer as it relates to the thesis, prior to mutations that can ultimately result in biological 

disorders.  

Historical Research of the Genome 
The human body must scale down approximately two meters of genomic material into a 

micrometer nucleus while maintaining access for transcription and replication. Insight into the 

mechanisms that dictate the organization and usage of the genome is an area of continuous 
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research in the field of genetics [16]. Over the course of fifty years, analysts have put forth a 

concentrated effort to the creation of procedures and innovations to facilitate sequencing DNA 

and RNA [17]. The genome contains all information necessary for human life to grow, develop, 

and adapt to environmental surroundings, therefore, being of the utmost importance for health 

officials to fully comprehend. Sequential understanding of the human genome is significant; 

however, it is just a starting point for the molecular genetic field. Comprehensive analysis of 

the human genome not only provides insights for normal physiological development, but it also 

serves as a model for aberrant growths such as cancer. The next step for the health sector to 

further investigate is cancer genomics. Improved and expanded knowledge on cancer genomics 

by classifying cancer types and subtypes based on their genetics, helps to advance precision 

medicine. Extensive understanding of molecular cancer genomics can aid patients with a more 

exact diagnosis and, as a result, a more tailored treatment plan and information for likelihood 

of diagnosis in family members. Improvements for more extensive cancer prevention and 

treatment plans start with genomic sequencing. Genomic sequencing and testing can provide 

identification of inherited DNA mutations that may increase an individual’s risk of cancer.   

The technology of modern genomic sequencing of DNA began in the late 1960’s when Ray Wu 

and Dale Kaiser manipulated the traditional mechanism utilized for RNA sequencing in order 

to partially map the DNA molecules [17]. The incomplete or partial mapping was due to the 

fact that DNA is significantly longer than RNA molecules. In a human chromosome, a DNA 

molecule may be up to 250 million nucleotide pairs long, however, most RNAs are just a few 

thousand nucleotide pairs long, and many are much less. Wu and colleagues initiated their 

research by sequential analysis of the cohesive ends of λ phage DNA from an Enterobacteria 

[17]. The molecular biologists attached radiolabeled primers and DNA polymerase to the 

sequence, allowing for small fragments of marked DNA to be produced. The substituent was 

then analyzed with ionophoresis and a two-dimensional electrophoresis method [17]. The 

sequencing of the twelve nucleotides from the linear bacteriophage’s DNA resulted in an 

abundance of curiosity in the mapping of the entire DNA strand. In 1977, Frederick Sanger and 

his team intertwined Kaiser and Wu’s processes along with the present data of the time to 

develop a technique which sequenced a full virus genome [17]. Utilizing an octanucleotide as 

a primer, DNA polymerase I, and radioactive nucleoside triphosphates, the team of biologists 
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produced a significant length of DNA from a filamentous bacteriophage to start testing 

sequential methods [18]. The relatively intricate “plus and minus” process that Sanger 

established resulted in over 5,000 nucleotides synthesized, which marked a breakthrough in the 

scientific community [18]. Around the same year Sanger published his work on the filamentous 

bacteriophage, Americans Walter Gilbert and Allan Maxam constructed their own methodology 

for DNA sequencing. The Sanger and Maxam-Gilbert procedures seemingly overlap with 

similar systematic manipulation of the DNA. However, the Maxam-Gilbert sequential method 

altered the DNA with base specific chemical treatment and subsequent DNA cleavage [17]. The 

DNA is run on a polyacrylamide gel and the length of separated pieces (and hence location of 

explicit nucleotides) are distinguished and imply a specified sequence [17].   

More recently, the National Human Genome Research Institute (NHGRI) established the 

communal foundation for gene sequencing and the overall exploration of human genomics from 

the 1980s to the early 2000s. Through countless experiments, NHGRI investigators intended to 

sequence the 3 billion DNA letters that construct the complete set of genetic instructions for 

human life [16]. Originally, the institute funded the Human Genome Project with the general 

mission of identifying the genes and DNA subunits the genome consisted of. The program 

began its genomic analysis in 1990 and developed its first linkage map of the genome four years 

later, which included subsequent data on DNA patterns on chromosomes [17]. In recent years 

the association has moved towards conducting studies to better understand the genomic 

correlation to human disease and disorders. The spatial conformation of the genome is directly 

connected to its purpose and integral role in the body. However, the current understanding of 

the complexity of genomic structure is unrefined and fragmented [19]. In order to interpret the 

causation of mutation, and consequently disease, behind the sequences, the majority of research 

has switched from the focus on the nucleotide sequence itself to the architecture of the 

chromatin within the genome.  

Chromatin 
The genome incorporates numerous subunits of chromosome regions, compartments, and 

topological domains, which are regularly separated by compositional proteins like CTCF, 

cohesin, and chromatin circles. In eukaryotic cells, DNA is bundled into chromosomes, which 
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are composed of the nucleoprotein complex called chromatin [19, 21]. As previously discussed, 

the chromatin contains all of the instructions and functional components for all mechanisms to 

occur within an organism.  The genome has specifically packed the instructional sequences in 

order to control regulation of expression and efficiency of the cells. Further, as previously 

discussed, the connection between the trans- factors and cis- regulators is essential. If these two 

elements cannot readily find each other within the genome, the regulatory role they provide 

would not be performed [15]. Thus, the architecture of the chromatin that places these factors 

and regulators close in proximity for an efficient cascade is important for cellular life. 

Chromatin works with associated protein molecules such as histones, DNA-binding factors 

(DBFs), and the basal transcription machinery, along with RNA to collectively allow a cell to 

properly function [20]. The transcription factor CCCTC-binding factor (CTCF) plays a 

significant role in ensuring the correct folding and structure of the chromatin. Likewise, CTCF’s 

interaction with cohesin is imperative for boundary and loop development in TADs [33].  

The fundamental proteins in chromatin are the histones, which ensure tight packaging of all 

essential elements for DNA. The most basic unit of chromatin is the nucleosome, constructed 

of histones with less than two complete rounds (160 base pairs) of DNA bound to protein [22]. 

The organization of the DNA into nucleosomes either produces a closed, heterochromatin, or 

open, euchromatin, structure. The structure of heterochromatin, found in the nuclear periphery, 

is considered transcriptionally repressive, permitting a basal expression level to be presented 

for a gene [22]. Contrarily, euchromatin architecture of chromatin results in advanced 

accessibility to specific transcription and replication proteins, thus being located more interiorly 

in the nucleus [21,22]. 

The significance of chromatin is to act as a controller of the expression in genes and the extent 

to which it transcribes the encoded product [21]. For instance, higher order chromatin 

organization is affiliated with long distance gene regulation that influences cell development 

and death [21]. Moreover, the level of condensation of chromatin is imperative to the 

segregation of the chromosome in the stages of mitosis and meiosis. Mutations and defects that 

occur in these higher order chromatin sequences may ultimately contribute to biological 

abnormalities and likelihood of disease in the human [20,21].  
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In recent years, chromosome conformation capture family (3C) techniques (e.g., Hi-C, 4C, and 

5C) were developed in order to reveal the key features of the chromatin organization and how 

they relate to the entire three-dimensional structure within the cell [23]. Specifically, these 

methods identified general principles of structure and it has become apparent that chromosomes 

are further divided into specific compartments known as topologically associating domains (see 

topologically associating domains section).  

Gene Regulation 
Gene expression in eukaryotic cells is regulated by repressors as well as by transcriptional 

activators. Like their prokaryotic counterparts, eukaryotic repressors bind to specific DNA 

sequences and inhibit transcription [27]. In some cases, eukaryotic repressors simply interfere 

with the binding of other transcription factors to DNA. For example, the binding of a repressor 

near the transcription start site can block the interaction of RNA polymerase or general 

transcription factors with the promoter [27]. Other repressors compete with activators for 

binding to specific regulatory sequences and inhibit transcription. These repressors contain the 

same DNA-binding domain as the activator but lack its activation domain thus their binding to 

a promoter or enhancer blocks the binding of the activator, thereby inhibiting transcription [22]. 

In contrast to repressors that simply interfere with activator binding, many repressors (called 

active repressors) contain specific functional domains that inhibit transcription via protein-

protein interactions. The first active repressor was described in 1990 during studies of a gene 

called Krüppel, which is involved in embryonic development in Drosophila (the common fruit 

fly) [27]. Molecular analysis of the Krüppel protein demonstrated that it contains a discrete 

repression domain, which is linked to a zinc finger DNA-binding domain [27]. The Krüppel 

repression domain could be interchanged with distinct DNA-binding domains of other 

transcription factors [27]. These hybrid molecules also repressed transcription, indicating that 

the Krüppel repression domain inhibits transcription via protein-protein interactions, 

irrespective of its site of DNA binding [27]. 

Many active repressors have since been found to play key roles in the regulation of transcription 

in animal cells, in many cases serving as critical regulators of cell growth and differentiation. 

As with transcriptional activators, several distinct types of repression domains have been 
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identified. For example, the repression domain of Krüppel is rich in alanine residues, whereas 

other repression domains are rich in proline or acidic residues [27]. The functional targets of 

repressors are also diverse. Some repressors inhibit transcription by interacting with general 

transcription factors, such as TFIID; others are thought to interact with specific activator 

proteins [21]. 

The regulation of transcription by repressors as well as by activators considerably extends the 

range of mechanisms that control the expression of eukaryotic genes [20]. One important role 

of repressors may be to inhibit the expression of tissue-specific genes in inappropriate cell 

types. For example, as noted earlier, a repressor-binding site in the immunoglobulin enhancer 

is thought to contribute to its tissue-specific expression by suppressing transcription in 

nonlymphoid cell types [27]. Other repressors play key roles in the control of cell proliferation 

and differentiation in response to hormones and growth factors. The relationship between 

chromatin structure and transcription is evident at several levels. First, actively transcribed 

genes are found in decondensed chromatin, corresponding to the extended 10-nm chromatin 

fibers [27]. For example, microscopic visualization of the polytene chromosomes of Drosophila 

indicates that regions of the genome that are actively engaged in RNA synthesis correspond to 

decondensed chromosome regions [27]. Similarly, actively transcribed genes in vertebrate cells 

are present in a decondensed fraction of chromatin that is more accessible to transcription 

factors than the rest of the genome [23]. The relationship between the architecture and gene 

regulation was be explored in great depth beyond the review of the literature in the 

experimentation of the following thesis. 

Topologically Associating Domains (TADs) 
Understanding the systems that underlie chromosome folding inside the nucleus is fundamental 

to concluding the connection between genome design and functionality. Within the past decade, 

the chromosome conformation capture strategies have uncovered that the genome of numerous 

species is coordinated into areas of preferential internal chromatin sequences referred to as 

topologically associating domains (TADs) [10]. These domains are characterized by 

coordinated portions of circled looped chromatin isolated from distinct bundles of circled 

looped chromatin by an unlooped limit of chromatin [24]. TADs are dependent on genomic 
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sequence and conserve the same genes from one cell to another [24]. Although TADs do not 

contain different genes, the regulation mechanism act differently and subsequently differentiate 

cell types [23]. The boundaries correspond to regulation; thus, genes are coregulated within cell 

differentiation if present in the same TAD [23]. Furthermore, TADs or contact domains can 

differ in size, chromatin features, and mechanisms underlying their formation. This suggests 

that TADs might be subdivided into different subtypes, each of them characterized by specific 

structural and functional properties [22,23]. 

The importance of TADs appears to be to provide another layer of gene control for the cell.  

Genes within TADs tend to be regulated together, and many gene clusters, such as some HOX 

genes, are found in the same TAD [9]. Maintenance of the loops within TADs appear to be 

regulated by gene specific factors, such as transcription factors and vary from cell type to cell 

type depending on gene expression (Figure 2). 

 

 



Chromatin Architecture: Mechanisms of Gene Regulation 
Honors Thesis for Logan O’Donnell 

- 17 - 

 

 

Figure 2. TAD regulation in different tissue types (red/blue) and healthy and cancer cells 

(green/black) 

HOX Genes 
A specifically important group of genes in the scope of this thesis are the HOX genes. The HOX 

gene family is highly conserved in evolution and determine the development of many internal 

structures of diverse animal species [9]. At a molecular level, HOX genes are often organized 

in TADs depending on their expression and regulatory constraints. Initial studies illustrated the 

importance of HOX genes in defining boundaries and cellular territories within an organism [8]. 

However, it is understood that the genes are functional components of organ development due 

to their role in regulation of differentiation, apoptosis, reproduction, and transcription [8]. In 

early embryonic development, HOX genes have been observed prior to differentiation and 
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formation of germ layers to tissue layers and are suggested to control major migratory and 

timing properties of cells [8].  

HOX genes code for proteins that regulate expression levels by binding to the DNA directly 

with the aid of cofactors and collaborators [9]. In mechanisms to HOX genes, the coexpression 

from the additional cofactors and collaborators results in the increase of affinity and specificity 

for targets further downstream in mechanisms to HOX genes [9]. In animal studies, TALE class 

of homeoproteins, encoded by Pbx and Meis gene, are most often found associated with the 

HOX genes in processes. The genes were originally investigated in Drosophila and mutations 

in the domain resulted in homeosis as entire structures were altered to resemble that of another 

in the body [9]. For example, when the HOX gene Antennapedia mutated, the functional aspects 

of antennae were transformed into additional legs [8,9]. These studies, along with those 

performed in mouse models, implicated that the HOX genes most likely are responsible for 

cellular function specifically associated with proper maturation and spatial body plan 

development. The theory was subsequently extended to animals where it was found that 

regardless of the divergence in morphologies, there was a consistent reliance on this genetic 

system to correctly form the spatial body composition [32]. Thus, the modern hypothesis for 

the HOX genes proposes that by activation and regulation of a series of targets in downstream 

mechanisms, by use of realizator genes, HOX genes influence the organizational factors for 

organ growth [9].  

 



Chromatin Architecture: Mechanisms of Gene Regulation 
Honors Thesis for Logan O’Donnell 

- 19 - 

Figure 3. Evolutionary conservation of HOX genes in organismal development 

Studies have also suggested that the significance of HOX genes in organismal development, as 

seen in Figure 3, may likely be the reason why they are apparent in both undifferentiated and 

differentiated cell types. However, as maturation occurs in the species, early expression of 

undifferentiated signals is extinguished in order to switch to late differentiated HOX gene 

expression. The maintenance of this key coordination of signaling patterns is dependent on the 

chromatin organization of chromatin modifiers, developmental signals (e.g.  FGF and retinoic 

acid), and transcriptional repressors [8,9]. Most of these processes include the manipulation of 

trans- factors interacting with cis-regulators inside of the HOX sequence to proceed in 

regulation of the gene itself. Data asserts the notion that these supplementary tools used in 

conjunction with HOX genes are crucial for mechanisms such as opening, closing, and 

controlling the spatial and temporal gene clusters [9].  

Although local modifications are essential for proper expression of HOX genes to occur, much 

of the more recent literature in the field suggests that the higher order chromatin architecture 

may oversee much of the transcriptional control [8,9,33]. The changes in the 

compartmentalization of the HOX clusters were first discovered microscopically by examining 

loci within the nuclei with fluorescent in situ hybridization (FISH). The observation exposed 

that HOX genes were less dense in regions of activation after the interaction with retinoic acid. 

In tissues where early embryonic HOX genes become silent, the clusters developed distinct 

three-dimensional structures defined by various gene loci [32]. In opposition, the active genes 

were clustered in a separate region of the chromatin structure with a different structure [32]. 

The spatial segregation of the HOX genes dependent on activation level appears to be 

substantial for appropriate advancement in a species maturity. The correlation between function 

and spatial location of the HOX genes remains to be established in the current research 

literature. Whether the subsequent organization of the HOX genes can be connected to 

mutations such as cancer and human disorders was explored in the data collection of this thesis.  
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Cancer 
Cancer Development  
Cancer is defined as uncontrolled cell development and procurement of metastatic properties 

[25]. Commonly, stimulation of oncogenes and additional deactivation of tumor suppressors 

corresponds to uncontrolled cell cycle development and inactivation of apoptotic systems. 

Unlike benign tumors, dangerous malignant growths can metastasize, which happens to some 

degree because of the downregulation of cell adhesion receptors, essential for tissue-explicit 

cell–cell connection, and up-regulation of receptors or activation of metalloproteases that 

improve cell mobility [25].  

In normal cells, the products of proto‐oncogenes act at different levels along the pathways that 

stimulate cell proliferation [25]. Mutated versions of proto‐oncogenes or oncogenes can 

promote tumor growth. Inactivation of tumor suppressor genes like pRb and p53 results in 

dysfunction of proteins that normally inhibit cell cycle progression [26]. Cell cycle deregulation 

associated with cancer occurs through mutation of proteins important at different levels of the 

cell cycle. In cancer, mutations have been observed in genes encoding CDK, cyclins, CDK‐

activating enzymes, CKI, CDK substrates, and checkpoint proteins.  

There are various processes by which these mutations and dysregulations are procured. 

Genetically, the modification in the DNA can be random due to chromosomal deletion or 

translocation, dysregulated gene expression or regulation, or preemptive intercellular signaling 

[25]. These occurrences may stimulate the genetic code that advances dysregulated cell cycling 

and can also inactivate apoptotic pathways. 

The process of searching for new cancer drugs has undergone a major change: it has moved 

from a strategy identifying drugs that kill tumor cells towards a more mechanistic strategy 

acting on molecular targets that underly cell transformation [26]. The evidence that CDK, their 

regulators and substrates are targets of genetic alteration in different types of human cancer has 

stimulated the search for chemical CDK inhibitors [26]. Different strategies for therapeutic 

intervention can modulate CDK activity: targeting the major regulators of CDK activity 

(indirect strategy) or inhibiting the catalytic activity of the CDK kinases (direct strategy). 

Approaches for the indirect strategy include overexpression of CKI, synthesis of peptides 

mimicking the effects of CKI, decrease of cyclin levels, modulation of the proteasomal 
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machinery, modulation of the phosphorylated state of CDK and of the enzymes regulating it 

[26]. The literature implies that more information about the structure and mechanism of the 

DNA from the unregulated cells that are encoded may aid in the production of corresponding 

therapies that may turn off their uncontrolled features. 

Chromatin Mutations Associated with Cancer   
Cancer can take advantage of all the critical information for cellular processes being centrally 

located and drive healthy cells to a disease state. The TAD boundaries and regulation have been 

observed as mutated in malignant cancerous growths [31]. Comparatively, the modifications 

cancers can cause to the chromatin lead to detrimental effects in regulation and expression 

throughout the organism. Therefore, the altered state of the chromatin structure resulting in 

dysregulation implies the relevance of the architecture in regard to conventional functionality 

of a cell. Furthermore, studies have shown that aberrant HOX genes are found in cancerous 

cells. HOX genes draw specific interest to pinpoint the understanding of their application to 

regulation because this gene family is known to be controlled by chromatin structure. The 

current hypothesis revolving around the specific connections between abnormal HOX, and its 

chromatin structure are still unknown in the cancer field, however, many presume the 

relationship by be moderated by TADs. 

In recent studies the expression of HOX genes in specific TADs have been associated with 

dysregulation. It has been observed that embryonically expressed HOX genes consistently turn 

back on with loss of the later expressed HOX genes in cancer infected tissues [31]. This 

connection proposes that the addition of the early expressing HOX genes results in an activation 

of functionality to the downstream targets. The major features of HOX genes in undifferentiated 

embryonic cells are to ensure differentiation, proper progression in the cell cycle, and cell 

migration [31]. Considering that these are the exact genes being reactivated in cancer invaded 

cells, it suggests the significance of the genes in promoting the disease state mechanisms. The 

literature clearly illustrates the lack of clarity of the exact cellular role of HOX genes in cancer 

development due to the interconnection and overlapping processes that cancer is known to 

attack [28, 31]. With the prior observational studies of HOX genes’ abundance in mutated 

tissues and the known data of the importance of chromatin organization ensuing manipulated 

gene expression in cancer cells, a linkage between the two are hypothesized in this thesis. 
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Theoretically, it may be the chromatin changing structure and thus modifying the embryonic 

HOX expression that allows for carcinogenesis to proceed without detection.  

However, there is still much to learn about the regulation of specific TADs and gene groups by 

chromatin organization. Furthermore, there are a multitude of unknowns regarding three-

dimensional structure within the TADS of HOX genes and the regulatory factors that maintain 

the correct orientation of loops within TADs.  In the following thesis, in an attempt to fill the 

gaps of knowledge in cancer development, the three-dimensional structures of chromatin and 

subsequent TADS found in the HOX genes were mapped and analyzed to act as a control model 

for healthy cells. 

METHODOLOGY 
The proposed mechanism for the following research utilizes three major steps in order to 

identify the specific structure of HOX chromatin with a particular interest in the TAD regions. 

In this study, zebrafish embryos were exploited to recreate a similar cellular environment. 

Utilizing a quantitative polymerase chain reaction (qPCR) was the first major procedure to 

conduct, which amplified the desired DNA sequence by quantifying the nucleic acids [34]. 

According to preliminary research using the 3C mechanism, running the same fragments in 

through a 4C process should increase the knowledge of the structural looping interactions in 

the HOX gene regions. Thus, the next step in the process would include creating a 4C library 

on the HOX gene clusters. Subsequently, after library development, a collaboration with the 

URI Genomics and Sequencing Center allowed for complete sequencing of the samples with 

pipe4C pipeline. The mappable reads of the fragmented genome can then be analyzed using 

peakC to identify and pinpoint loops and significant chromatin interaction. Once the protocol 

was validated, three replications of the process occurred, lessening the uncertainties involved 

in the process and ensuring reproducibility.  

By taking advantage of the lack of development in the embryos and the similarity zebrafish 

genetically have to humans, the zebrafish model allowed for results that are applicable and 

meaningful for this experiment. As previously mentioned, usage of zebrafish embryos directly 

should provide a system that is still reliant on the natural inputs and signals, reproducing 

unmodified genomic conditions. Furthermore, zebrafish embryos are easily collected for lab 
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application needs, thus serving as a reliable and stable source of cells for manipulation. Based 

on previous studies, three biological replicates of four-hour post fertilization (hpf) zebrafish 

embryos were the subjects of the study due to the limited contamination from specific regulated 

cells [41].  

The 4C process required the zebrafish cells to produce an environment that was uniform and 

resembles the organization of the genome. This homologous sample was best seen at four-hours 

post fertilization of the embryos. In earlier embryonic stages (prior to four hours), cells are 

rapidly dividing and display disorganized levels of chromatin with no gene regulation and 

minimal transcription [41]. Moreover, later timepoints, closer to six or nine hours, exhibit 

highly differentiated and mature cells as developmentally important HOX genes are condensed 

and repressed, making the HOX genes difficult to access. During the four-hour post fertilization 

timepoint, the embryos are in a premature or naive state, but genes begin to be grouped off in 

TADS and expressed. Likewise, at this time point, there is a large and increasing cell to embryo 

quantity ratio, and the cells within the embryos are all relatively in the same developmental 

period.  Thus, the cell population at four-hpf balances having an extensive sample of cells and 

inclusion of chromatin structure [41].  

The proceeding sections will further explain the series of measures and techniques that were 

implemented for this thesis and are based on literature recommendations along with information 

from the lead advisor, Professor Weicksel, of how to conduct the sequential analysis. 

Creation of 4C Libraries  
Many molecular techniques of chromatin rely upon the nuclear ligation of the chromosome as 

seen in the family of chromosome conformation capture methods (3C) [34]. The chromosome 

capture methods produce snapshots of the population-average interaction frequency between 

two loci [34]. The interactions are dependent on the spatial orientation and proximity of the 

loops in the chromatin. The 3C family in addition to derived analogous techniques are 

contingent on four identical biochemical steps [30]. First, to preserve loop formation, crosslink 

of the nucleus with a zero-crosslinker (formaldehyde) occurs. Chromatin fragmentation follows 

the linkage by way of a highly specific restrictive enzymatic digestion process. The fragmented 

portions of the chromatin are re-ligated in a dilute solution to ensure only the digested ends are 
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ligated. The solution was intended to prefer intra-molecular interactions instead of inter- based 

interactions [34]. The fragments are consequently purified and using a PCR, the chimeric 

ligated products can be distinguished. The reads are then compared to the reference genome for 

analysis. The re-ligated strands are the most essential step in the 3C procedure for it places 

chromatin fragments found in close proximity in the three-dimensional structure directly 

adjacent. 

 

Figure 4. Outline of the 3C, 4C, and 4C-seq experimental mechanisms [35] 

Employing the circular chromosome confirmation capture (4C), the distinct interactions of the 

HOX gene clusters were be mapped. Utilizing circular chromosome confirmation capture 

allows for validation or rejection of hypotheses on the factors involving loop formation within 

in TADs for seven zebrafish HOX gene clusters. Exploiting primers unique to the HOX genes 

(known as “bait”), linear fragmentation transpires from the circular constructs.  
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Figure 5. Methodology of 4C process 

These fragments develop due to the amplification of the HOX gene sequence and the captured 

sequence from the opposite side of the established structure, as seen in step seven of the 4C 

diagram (Figure 5). This generates the library with caught sequential data that are located in 

close spatial space to the HOX bait sequence. The advantages of 4C over other fragmentation 

library collecting was the lack of bias in identification of HOX gene regions. This technology 

can detect the intra- and inter- interaction and connections of chromatin fragments with high 

levels of resolution [34]. Therefore, this explicit sequencing and analysis is becoming more 

widely used in studies regarding the correlation between genes and disease states [34].  

There were two major controls for this laboratory experiment. One of which was a completely 

digested and subsequently ligated genomic DNA sample that is representative of the entirety 

of possibilities for chromatin interactions. Thus, the uncross-linked DNA acted as the positive 

control and was manipulated in a fashion that is known to produce a result comparatively to 

the negative control, which was not expected to change due to any variable. The negative 
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control was a fully digested genomic DNA sample that did not proceed through the ligation 

process, representing zero chromatin interactions. Only ligation of a small division of the 

available fragment sample for close fragment ligation was induced by using a low 

concentration of ligase in the model. This differs entirely from the positive control, which 

consists of high concentrations of ligase because the intention is to ligate all the control 

sample.  

Preceding the sequencing of the 4C libraries, validation of the libraries was be done through 

quantitative PCR (qPCR). This chain reaction tool evaluates the fragmented library, along 

with positive and negative controls by identifying interaction points. To perform the PCR 

process, DNA was combined with the four bases of DNA, DNA polymerase, and primers. 

The mixture was then heated, which separates the DNA and allows it to be copied. Following 

the heating step, the DNA sample was allowed to cool, thus permitting primers to connect to 

the corresponding locations on the DNA. The enzyme DNA polymerase binded to the primer 

and began copying the DNA in small pieces or genes to create the new DNA strand. This 

method was performed numerous times (25-35 cycles) to ensure proper amplification of the 

desired DNA segments. In short, one primer binded to the bait HOX sequential pattern, while 

the secondary primer attached to the capture sequence separated by the primary restriction site 

[29]. The results from the qPCR measure the signals of the negative control with respect to 

the positive control signals.  

Dr. Weicksel’s preliminary research with the 3C model indicates that the few hox primers ran 

created 3C libraries and analysis properly recognize hox interactions (Figure 6.). In Figure 6., 

the blue bar displays the control for the qPCR interactions, therefore, when the orange bar is 

equal or similar to the control demonstrates that those two hox genes do not interact or have a 

point of contact. However, when the orange bar is vastly greater than the blue control bar, it is 

indicated that there is a contact point between loops of the two designated hox genes.  This 

exploratory data is illustrated in Figure 6, which exposes the potential for loop formation 

between hox sites hoxb1a- hoxb4a, hoxb1a-hoxb13a, and hoxb2a-hoxb4a (Figure 6). Due to 

the promising results from the 3C libraries, the next progression of the experimentation 

included increasing the quantity of bait primers and repeat the process on a 4C library. 
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Figure 6. qPCR of hox-hox 3C interaction of 4-hour post fertilization zebrafish embryos 

(orange) or negative genomic DNA control (blue). Units relative to positive control. N=1 

Sequential Analysis of 4C Libraries 
The URI Genomics and Sequencing Center preformed the majority of the next generation 

sequencing analytical techniques from the fragmented libraries. The facility preformed the 

necessary library preparation, quality control, and sequencing of the 4C samples. The library of 

sequences was generated through the MiSeq 600-cycle reagent kit based upon previously 

specified instructions. To reduce the redundancy of the sample (from the bait sequences), a 

phiX DNA spike was introduced to the sample [36]. Once passed through quality control, 

sequencing of the samples was complete on a singular lane on an Illumina MiSeq system. 

Following, the analysis of the produced data occurred through direct collaboration with Dr. 

Chris Hemme from URI.  

Together, Dr. Hemme and Dr. Weicksel have developed the pipeline system to prepare for the 

evaluation of the significance of the sequential maps produced. The pipeline software, 

specifically pipe4C pipeline, measured the complex 4C samples from FASTQ files existing in 

the R/Bioconductor environment [35]. The modified raw FASTQ files constituted the readable 

reference genome (danRer11) with aid from Bowtie2, which discarded the unmappable regions. 

In silico, the fragmented end library was generated from the reference genome to eliminate 

sequences that are parallel to the reference genome. The reads that correspond to the fragment 

end (restriction enzyme end) library are notable and are retained for further examination. The 
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three biological replicate samples are normalized and smoothed in order to produce a total of 1 

million mappable reads for analysis.  

The pipe4C add on, peakC, was utilized to identify potential loop formation based upon the 

peaks representing the points of contact in the chromatin. The non-parametric statistics define 

the significant peaks, which are dependent on the sequential coverage of the 4C fragment 

samples relative to the background model. The background model was constructed by 

examining the upstream and downstream reads to the called peaks across all replicated 

biological samples. Pipe4c allows for visualization of the major peaks, although additional 

resources such as R-tools or the UCSC genome browser would be equally as successful.  

In this project it was essential to recognize the problems in the previously suggested 4C protocol 

and develop resolutions. This responsibility encompassed care and cultivation of the zebrafish, 

collection of embryos, evaluating different restriction enzymes, and corroboration of proper 

primers for the capture process of 4C. Based on the replications performed of the established 

procedure, analysis of the data and generation of the background interactions was composed. 

Identification of Cis- Regulatory Elements  
The information from the 4C sequencing and mapping provide the important sequences of the 

loops and contact points. Once the sequences are recognized, the subsequent proteins that bind 

to these sequences and mechanisms which regulate these proteins were be disclosed.  When 

validating the structure to function relationship, it was presumed that within or near contact 

points there is a presence of cis-regulatory sequences that bonded to trans-factors.  

In coincidence with Dr. Hemme, the chromatin maps from the 4C samples were further 

investigated, explicitly through a 1kb window centered around the called peaks [45]. 

TFBSTools, an application within MEME-ChIP, interpret and subsequently distinguish the 

transcription factor binding sites from the rest. This software searched for motifs from 

supplemental databases or de novo (from a new set of processes). The TFBSTools include the 

JASPAR database, which consists of curated and non-redundant transcription factor (TF) 

binding profiles (JASPAR 2020). The data index was utilized to search the sequenced produced 

in the 4C mapping for known cis-elemental motifs. Furthermore, the de novo feature determined 

parallel series of sequences to identify clearly defined patterns within the windows. Thus, the 
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noteworthy repetitive sequences can be tested to a further extent in future projects for their 

influence on the organization of HOX genes and the possible linkage to cancer development.  

Alongside Dr. Weicksel and Dr. Hemme, development of the data analysis pipeline in addition 

to administering the protocol for the diagnostic tool was performed. Accountability was held 

for designing the pipeline from the multitude of software previously mentioned along with fine 

tuning the operation in the computational context. The standard for the search results included 

the recognition of the known transcriptional factors that regulate the expression of the HOX 

gene. These factors are mentioned amongst the review of the literature and are as follows: HOX 

proteins, MEIS, PBX, CTFC, and retinoic acid receptors. All of these transcriptional factors 

have definite DNA binding sites, and the identification would validate that the experimental 

approach was functioning correctly.  

RESULTS 
Application of gel electrophoresis allowed for visualization of the 4C library once fragments 

were amplified by the qPCR process. The electrophoresis process verifies and tests if the 4C 

library was constructed properly. An electrical field drove the sample through the agarose gel 

containing small pores. The gel electrophoresis process separated the 4C DNA sample based 

on molecular size/length. Since DNA is negatively charged, the sample migrated to the 

positively charged electrode when the electric current was supplied to the gel. As well, the 

shorter strands of DNA traveled faster (found at the bottom of the gel) across the gel than 

longer strands, thus displaying the fragments ordered by size in the agarose gel. The ordered 

fragments were visualized with a blue light transilluminator, which excited the dye added to 

the 4C sample and displayed the DNA lengths in the blue light spectrum. The florescent blue 

light produced from the agarose gel electrophoresis illustrated a smear of sequences around 1 

kb in length (Figure 7) [45]. The triangle in Figure 7. indicates an increased concentration the 

4C library sample in those reactions, thus exhibited by the brighter smear shown on the 

agarose gel. Each lane on the agarose gel us a different titration of the DNA sample. The 

smear result in the last lane of each gene was consistent with other reports and indicated that a 

4C library was successfully constructed from chromatin in zebrafish embryos [45]. 

Proceeding this check-point step, sequencing primers for next generation sequencing were 
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added to the 4C sample. Once this instrument specific primer was combined with the 4C 

library, the sample was sent out for sequential analysis of the chromatin interactions. 

 

Figure 7. Electrophoresis data from test of 4C hox ba cluster library 

The current analysis of results from the hox ba gene cluster are still waiting full analysis in the 

collaboration with URI Genomics and Sequencing Center. Preliminary sequential analysis of 

the 4C data supported the notion that the sequences from the 4C library map back to the hox 

ba clusters of the zebrafish (Figure 8). Based on the primers and restriction enzymes 

employed, reads of the 4C library sample yielded expected results based on the literature. The 

hoxb1a cluster was used an example of the reads shown from sequential analysis in Figure 8. 

Each of the bars from Figure 8. display a sequence/result which were reads derived from the 

intended hoxb1a primer. As shown in Figure 8., the sequence from the 4C library was located 

around the restriction enzymes used (DpnII and NlaIII) and mapped back to the intended 

genome loci of the zebrafish genome. Based on the preliminary analysis, these data suggested 

that a 4C library was develop and were amplified to gene specific hoxb1a primers. The 

identification of the points of contact and the elements attached to the hox cluster fragments 

are still not established. Thus, the investigation of the sequences close together in three-

dimensional space is being continued.  
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Figure 8. Sequential mapping of hoxb1a 4C library to zebrafish genome  

DISCUSSION AND FUTURE DIRECTIONS 
The lack of sequential data results in an inability to conclude information regarding the 

contact points and what subsequent gene sequence are locating in these regions. The 

collaboration with URI’s Genomics and Sequencing Center will continue in order to collect 

more information regarding the identification of where the hox genes are connected to other 

sequences in the genome. Recognizing the specific gene sequence’s location, the function that 

gene codes for, and the gene products consequential involvement in the proper functioning 

will allow for further comprehension of expression mechanisms.  Moreover, Correlations and 

relationships regarding gene regulation and expression can be drawn from this data 

concerning chromatin architecture of specific gene in future studies. 

There are three major future directions for the following thesis. The first of these future goals 

is to identify important sequences that regulate loop formation within multiple HOX clusters. 

The important sequences are in reference to the specific sequences found within the points of 

contact. The data for significant sequences of the loops will allow for subsequent 

determination of proteins that bind to these sequences and how those proteins are regulated. 

All sequential information and coinciding proteins are crucial to explore as a whole to provide 
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a comprehensive model of the three-dimensional structure of the chromatin in HOX genes. 

The second aim for additional research would be to conduct a comparative analysis of 

additional timepoints. The four post-fertilization time point chosen only represents a snapshot 

of chromatin architecture in the cell. By comparing a multitude of timepoints, the natural 

progression and development of chromatin folding can be examined. The differentiation in 

three-dimensional structure between timepoints will provide insight on expression levels of 

various genes. The last direction for future research would be producing a comprehensive 

healthy model of chromatin interaction to compare to disease states such as cancer. In the 

epidemiological field, comparative analysis between the healthy cell model and disease state 

cells highlights structural chromatin discrepancies. Extensive research on the contrasts on cell 

states may provide relevant information to treat cancers in a more specific manner based on 

genomics. Specifically, the knowledge on how and why hox gene mutations are commonly 

found in disease state cells, such as cancer, may aid in treatment methods by looking at a 

particular modification in a gene as a target.  However, prior to focus on cancer genomics, an 

extensive model of chromatin interactions in a healthy state is required. The mechanisms 

within a disease state cannot be understood without comprehension of the proper development 

and architecture for the entirety of genes. Overall, future studies can use the significant 

information collected from sequencing and analysis techniques of the hox gene chromatin 

structure to expose important relationships between chromatin architecture and hox 

expression.  
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