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ABSTRACT 

Reporters are genetic constructs that place the biosynthesis of an exogenous probe, such 

as an indicator enzyme or fluorescent protein, under the control of a cloned promoter. Benefiting 

from advances in molecular cloning, both the regulatory and indictor elements can be highly 

customizable to meet specific experimental needs. Reporters are therefore flexible tools for 

investigating mechanisms of transcriptional regulation in live cells, where detailed 

characterization of protein/DNA complexes remains challenging. In addition, reporters are 

attractive cell-based indicators in library screening and downstream pre-clinical characterization 

of hit compounds. To obtain a better understanding of the mechanism of action of PU.1, a master 

transcription regulator of hematopoiesis from the ETS family, as well as to establish a cell-based 

platform for translational efforts, we engineered a series of highly engineered reporters for PU.1. 

We designed a dual-color fluorescent reporter system for interrogating mammalian cell lines that 

do not natively express PU.1. The system generates spectrally distinct fluorescent markers that 

are coupled with the exogenous expression of PU.1 and the transactivation of a PU.1-responsive 

enhancer/promoter element. We used this reporter system to investigate the evolutionary basis of 

target selection by the DNA-binding domain of ETS proteins toward PU.1-specific recognition. 

Further, we designed synthetic enhancer structures varying in number and spacing of PU.1 

binding sites to test mechanistic hypotheses of PU.1 auto-regulation via a negatively cooperative 

DNA-bound dimer. Finally, by (single-cell) flow cytometry and (batch) plate-based fluorimetry, 

we used the reporter to characterize a panel of novel DNA-targeted heterocyclic diamidines with 

therapeutic potential as PU.1 inhibitors in acute myeloid leukemia. In summary, fluorescence-

based reporters are powerful tools for correlating functional and biophysical properties of PU.1 

in living cells. We expect that further development of our reporters to yield useful molecular 



 

tools for addressing mechanistic inquiries in transcriptional regulation and quantitative indicators 

in high-throughput screening applications. 
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1 GENERAL INTRODUCTION 

 

1.1 Inherited traits transfer from one generation to the next 

Cells that are the minimal unit of life respond appropriately to environmental signals. The 

cellular responses in a cell display proliferation, development, differentiation, metabolic process, 

and apoptosis. In 1958 Francis Crick conceptualized essential life, saying that the Central Dogma 

of molecular biology postulates a transfer process of the coded genetic information from nucleic 

acids to proteins in cells (1). The genetic information in DNA is inscribed on a strand of 

messenger RNA (mRNA) and uses this information to string amino acids together into a protein 

(1). Thus, DNA retains the complete genetic information that defines the structure and function 

of an organism. A gene contains the genetic information unit to generate a functional gene 

product, proteins. In the first of these processes, transcription, DNA sequences are transcribed 

into mRNA. Then, during translation, the mRNA is translated into its particular protein. During 

replication, the conservation process, a double-stranded nucleic acid is duplicated to give 

identical copies (2). 

The transcription is the initial regulating point for expressing a gene; it should be highly 

specified for its function and fate in cells. Therefore, each step of transcription tightly controls 

(Figure 1).  
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Figure 1.1 Overview of the flow of genetic information from DNA to protein in eukaryotic 

cells.  

First, chromatin remodeling to open DNA for preparation of transcription. Both coding 

and noncoding region of DNA are transcribed into pre-mRNA  during the initial mRNA 

processing by transcriptionionary regulatory complex (yellow circle). After RNA processing, 

mature mRNA is prepared for export out of the nucleus through addition of an endcap and a poly 

A tail. Once mRNA is transported into the cytoplasm, the mRNA is translated into pre-mature 

protein. Through post-translational modification, an active protein is formed and functions. The 

active protein is delivered to the target site for its function. The figure was inspired by @2010 

Nature Education. 

 

1.2 Transcriptional process and control 

1.2.1 Complexity of tight regulation in gene expression 

Transcription, responsible for initiating the expression of genetic information in cells, is 

tightly regulated to ensure that genetic programs are adapted to cell requirements (3). Gene 

expression produces the specified functional product, which is called protein, based on the cells' 
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genetic information encoded in a gene. Since the proteins are generated in the specified and 

crucial for the identity of the cells, gene expression is a sophisticated process; many factors 

participate in the gene expression for coordinating multi-level regulation. In living organisms, 

regulation of gene expression is vital because the function and structure of a specific cell are 

defined and developed into particular organisms. The gene expression is tightly regulated by 

multiple molecular systems, including transcription factors that bind to specific DNA sequences 

and chromatin remodeling that enable or block transcriptional machinery from navigating to their 

binding sites on DNA. Histone or the proteins in chromatin around which DNA is packaged 

determined whether the transcription factor can access their target DNA or not. Epigenetic 

control, the process of modifying histones, controls either downregulation or upregulation of 

gene transcription. Either methylation or acetylation mainly occurred for the prevention or 

promotion of transcription and translation. As a result, particular external stimuli, particular 

genes, and proteins are expressed, and cells are differentiated into various mature cell types. 

Foremost, all the control processes of gene expressions in a cell are entirely different 

combinations of transcription factor activities at the initial stage of transcription.  

The gene expression is controlled at multiple levels of cells. The expression of genes is 

upregulated or downregulated at the cell level at a specific time and particular situation from the 

environmental signals so that the processes drive cells to differentiate and develop, respond, and 

adapt to environmental stimuli. Gene regulation was classically studied, focusing on regulatory 

units of protein, transcription factors, cofactors, or interactions between them and cis-regulatory 

units, the DNA binding sites, called promotors or enhancers. Nevertheless, the studies have 

intensively highlighted the complexity of the gene regulation revealed due to the advanced 

research technology. For example, the restructuring of chromatins for opening up the 
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transcription factors for its specific DNA binding sites, or the histone, which protein protects 

DNA strands, are modified with chemical changes, including methylation or acetylation. Both 

the chemical changes and structural changes add the highly organized regulation process into the 

complexity. Therefore, the process for the regulation of gene expression is highly complicated 

with multilevel control points.   

This introductory chapter will briefly overview the transcriptional and post-

transcriptional regulation, list the primary database resources that can be used for transcriptional 

and/or post-translational regulation data, and list the main tools to predict TF and miRNA gene 

targets (4).  

1.2.2 Epigenetic controls for gene expression 

Epigenetics is defined as DNA modifications at the molecular level. Through epigenetic 

control, gene activity is regulated independently of DNA sequence and mitotically stable. In 

epigenetics, the genetic information is not altered or changes. The biochemical and structural 

changes happen and open the accessibility for gene expression in a local area where it is needed 

to be (3). As a result, epigenetic mechanisms influence various biological and biochemical 

processes (5). In addition, there has been increasing attention to epigenetic landmarks due to 

health and diseases. Consequently, epigenetic techniques have rapidly expanded to detect 

chromatin conditions from specific analysis in a local spot to global view through the genome-

wide sequencing analysis (6) .  

1.2.2.1 DNA methylation in epigenetic control 

DNA methylation is the most critical mechanism in epigenetic control. DNA 

methyltransferases (DNMTs) are the primary process for methylation. Many DNA methylation 

processes are classified into different modifications performed by the different 
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methyltransferase, including 5-methylcytosine (5mC), N6-methyladenine (6mA), and 4-

methylcytosine (4mC) (7). The 5mC modification happens by DNMTs in which the enzymes 

transfer a methyl group to the C5 position of cytosine within CpG dinucleotides by DNMTs (8, 

9).  Many CpG dinucleotides are also found in the cis-regulatory regions to establish CpG 

islands, for involving gene regulation (Figure 1.2a) (10). Thus, DNA methylation is considered a 

critical process for disease progression. Abnormal DNA methylation is often linked with 

developing the disease in various ways. The most well-known process of DNA methylation 

happens for the regulation of the gene expression by controlling the methylation position of CpG 

islands in the area of a particular gene where the gene expression is regulated. In the promoter, a 

chromatin structure is closed or compacted by hypermethylation of CpG. The hypermethylation 

prevents transcription activation. Interestingly, hypomethylation of CpG islands causes the 

chromatin structure opening for transactivation of the specific gene.  

1.2.2.2 The developmental significance of DNA methylation  

DNA methylation is also essential in altering many biological processes such as 

embryonic development, cellular differentiation, and proliferation. Gene expression and DNA 

methylation are inversely correlated in many genes that must be developmentally controlled 

following cell-type specification in early development (7). Genome-wide studies characterizing 

the de novo hypermethylation of promoters during differentiation in mouse models represented 

5% of the CpG islands as hypermethylated and, consequently, silenced in somatic tissues, but not 

in germline cells (10-16). Also, DNA methylation establishes patterns of a monoallelic gene 

expression (17-19). In the example of the X chromosome, inactivation on one of the two X 

chromosomes in female cells is repressed. In genomic imprinting, epigenetic chromosomal 

modification enables differential gene expression according to which parent transmitted the 
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chromosome to the progeny. Tissue-specific DNA methylation in somatic cells is significantly 

differentially methylated between normal tissues and cell types. Therefore, abruptions of the 

DNA methylation system have a vital role in human disease (20). Aberration in the promoter 

regions of critical oncogenes directly leads to tumorigenesis by doing that tumor suppressor gene 

silence and/or oncogenes activate (21, 22).  

1.2.2.3 Chromatin modifications in epigenetic control 

A crucial epigenetic mechanism in regulating gene expression is chromatin modification  

(23). During post-translation, histone is modified through chemical processes such as acetylation 

and methylation.  It is known that the process of acetylation and methylation alters the particular 

lysine residues of core histone tails (24). Histone modification gives a distinctive identity to the 

nucleosome that controls activity in transcription during various biological phases (25, 26). 

Generally, histone acetyltransferases (HATs) are the enzyme for acetylated histone. The HATs 

work acetylated histones to increase for gene transactivation; however, the deacetylation process 

by histone deacetylases (HDACs) is associated with turning on the gene and silence (27-29). 

Also, the residue of the histone methylation is considered for turning on or off the expression of 

a gene by histone methyltransferases (HMTs). For example, gene expression is repressed as 

lysine residue K9 of histone H3 is methylated. Lysine residue K4 of histone H3 is methylated as 

turning on the gene expression. The idea is that histone modification causes the alteration of 

chromatin structure. It triggers the modification of the DNA polymer's spatial conformation and 

openness of DNA binding proteins and/or epigenetic modifiers to the cis-regulatory region, and 

consequently, gene transactivation is changed (25). They also work in keeping chromatin 

structures that allocate epigenetic heritage (30).  
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1.2.2.4 Non-coding RNA (ncRNA) in epigenetic control and its clinical importance 

Non-coding RNAs are not like mRNA, which enables the production of functional 

protein.  Nc RNA is not coding RNA transcripts (31-33). Even though they are not translating to 

the functional product, ncRNAs are known for their critical role in regulating epigenetic 

mechanisms, significantly modifying chromatic configuration through many ncRNAs. It results 

in whether a gene is upregulated or downregulated at gene expression level at transcription and 

post-transcription; the control allows cells to function normally (34, 35). Generally, two ncRNA 

are classified by size: short ncRNA (<30 nt) and long ncRNA (lncRNA, >200 nt). The kinds of 

short ncRNA consist of microRNA (miRNA), small interfering RNA (siRNA), and piwi-

interacting RNA (piRNA) (34).  

Types of ncRNA 

MicroRNAs (miRNA) target a complementary strand of mRNA and attach to it. It leads 

to cleave, degrade or prevent the mRNA from being translated into the protein. For instance, 

miRNA genes mir-127 and mir-136 were shown to control the Rtl1 gene, in which its genetic 

information is transferred to the next generation in the developmental process in mice (36). No 

Rtl1 protein expression due to improper epigenetic modification might lead to fetal death in 

mice. Short interfering RNA (siRNA) also functions to mediate post-transcriptional gene slicing 

resulting from mRNA degradation. In addition, siRNA induces heterochromatin formation. 

SiRNA promotes H3K3 methylation and chromatin condensation through an RNA-induced 

transcriptional silencing complex (37-42). Piwi-interacting RNAs (piRNA) are called because 

they interact with the piwi family of proteins. They mainly function in the germline or somatic 

cells, control chromatin, and containment of activity of transposons (43, 44). The piRNAs split 

the transposon and PIWI-proteins complex and several lncRNAs and chromatin-modifying 
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proteins and engage in other proteins. This enables manipulating gene expression from altering 

chromatin conditions (34, 45). Inc RNA participates in reconstructing chromatins and controls 

the transcription and post-transcription process, particularly in development processes. NcRNAs 

work with mRNA,  ncRNAs, DNAs, and proteins to control gene expression in epigenetics (46).  

The role of the ncRNAs affects determining gene function in its specificity for cellular 

activities and identity; consequently, ncRNAs act as a crucial controller of disease progression in 

many types of cancer (31). Tumor progression involves genomic modifications, rearranging 

chromosomes that trigger a fusion of two genes in the genome. The fusion between two 

oncogenesis results in genetic alterations and makes unusual circular RNAs (circRNA). This 

abnormal circRNA has been found in various leukemias and cancers (47). In addition, altered 

adenosine-to-inosine editing by dsRNA-specific adenosine deaminases (ADAR) is considered to 

alter the structure of transcripts and an important mechanism for tumorigenesis (48-50). The 

miRNA is often in discovered in the type of tumorigenic drivers due to its missing or addition 

and low expression of ADAR that regulate miRNA targets, and miRNA precursor was reported 

in the metastatic ability of melanoma. 

Contrastingly, the ADAR in leukemic stem cells (LSC) promotes LSC self-renewal 

catalytic (51). Therefore, the ADAR might be a good target for therapeutics as well. The cis-

regulatory sequence in the 3'UTR variation in tumors changes miRNA aiming in ncRNA systems 

because miRNA is lost and 3’UTRs turns into the oncogenic transcripts (52). They are also 

sensitive to single nucleotide polymorphism (SNPs), and it may affect miRNA-binding sites 

associated with human cancers such as lung cancers and pancreatic cancers. 

Clinical importance of ncRNA 
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Understanding the molecular process of the ncRNAs engagement extensively in gene 

regulatory networks becomes essential (46, 53). A genome-wide scale assay can provide the 

chance to understand the critical mechanism of developing the disease; single-targeted therapy 

often proves insufficient as an effective cancer treatment. To comprehensively understand the 

molecular level of epigenetic mechanism, which is often associated with progressive disease, it is 

essential to determine complexes of genetic regulation and network in each pinpoint to improve 

the therapeutic intervention center (54).  

1.2.3 Transcriptional regulation 

Transcriptional regulation of gene expression is an essential part of tissue-restricted gene 

expression reacting to environmental factors from the outside. Transcription factors (TFs), the 

central regulators of gene expression. TFs bind their target DNA sequences to control 

transcription and are engaged in forming the pre-initiation complex and recruiting RNA 

polymerase. Many TFs interact with their cognate DNA motifs in a eukaryotic living organism 

and work with cofactors to modify the chromatic environments. Thus, many factors influence 

their evolution. They exhibit their evolutionary traits in gene regulatory elements, molecular 

cofactors, and epigenetic mechanisms. All the regulatory factors shape a system for gene 

regulation (Figure 1.2).  
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Figure 1.2 Complexity of gene regulation in a eukaryotic cell  

In eukaryotic cells, the transcription process is mediated the transcriptional regulatory 

complex. In the nucleus, transcription factors (transacting molecules) bind specific DNA 

sequence regions (cis-acting regulatory regions, promoters or enhancers) for gene expression. 

An enhancer is a distal region for gene regulational point and bound by transacting molecules 

then DNA looping is formed by mediator compelx in order to activate the target gene expression 

(55).  

 

Discovering the molecular mechanisms for the regulation can provide valuable 

knowledge on evolutionary processes and the progress of phenotypic adaptations. 

1.2.3.1 Transcriptional regulatory elements 

The cis-regulatory elements (CREs) consist of promoters, enhancers, and silencers (56). 

The DNA binding domain (DBD) of TFs enables TF to bind DNA. TFs utilize various DNA-

binding structural motifs to identify their target sequences. TFs are categorized using such DBD, 

including helix-turn-helix (HTH). The interaction between DNA and TFs goes beyond the 

structural and sequence level since several other factors involve complicated gene expressions 

for combinatorial factors such as epigenetic modifiers and other TFs or cofactors. Thus, gene 
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regulation involves many molecular mechanisms. Therefore, an intensive analysis of the TFs, 

which considers the interaction with others, and how TFs influence other cofactor proteins’ 

evolution, is vital to insight into the phylogenetic relationship among organisms. 

Transcriptional regulation of genes in humans relies on promoters and nearby CREs and 

distal regulatory elements such as enhancers, insulators, locus control regions, and silencing 

elements. For example, transcriptional enhancers are elements that activate or deactivate gene 

expression upon cellular environment signals, including time and location of gene expression. In 

such a sense, enhancer instructs tissue-specific gene expression, development, homeostasis, and 

cellular integrity. Several DNA regulatory elements interact with chromatin and transcription 

factors for controlling gene expression. 

1.2.3.2 Cis-acting regulatory elements (CRE) 

Most of the human genome consists of non-coding regions containing cis-regulatory 

elements (CREs), including promoters, enhancers, silencers, insulators, etc. CREs, the binding 

site for the TFs, are placed adjacent in a gene necessary for expressing at the proper time and 

space. CREs have essential roles in cell developments such as specific cell types, conditions, and 

development stages. Abruption to the CRES could weigh into gene expression alteration; 

therefore, precisely classifying regulatory elements is vital to unveiling the fundamental 

procedures for gene regulation. 

The CREs functionally diverged (56). The divergence has been shown by minor 

nucleotide (nt) changes, additions of the nt, and/or missing nts. The mutations disturb TFs’s 

interacting with their target DNA sites. epistatiscally. The diverging effect of the evolution is 

founded in enhancer activities working with TFBS displaying in ancient enhancers. Therefore, 

illuminating the specific genetic alterations accountable for a cis-regulatory variance has 
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presented perceptiveness into the relative impacts of genetic alterations and the effects of the 

changes. Cis-regulatory happenings are intricate activities that include access for the chromatins, 

TFs’ interaction, epigenetic modification. Promoters are defined as DNA sites less than 100 bps 

of initiation at transcription; they include regulatory elements (DNA motifs) required to are 

bound by RNA polymerase. 

Enhancers are another type of cis-regulatory element. Enhancers are often located more 

distal to the transcription start site. The enhancer cooperates with site-specific TFs to determine 

the cell-type character and control gene expression. The complex of TFs that attach enhancers 

alleviate or prevent the RNA polymerase II’s binding activity. Numerous enhancers can perform 

redundantly to control transcriptional activation. Also, enhancers may work individually to form 

DNA looping at distal regions from the target genes. Therefore, it is challenging to discover 

enhancers and link them to their target genes based on DNA sequence alone. Super-enhances 

exist that groups of enhancers TFs dominate the regions. 

The DNA sequence of the enhancer encodes its function in the way of enhancer syntaxes 

such as the order, orientation, and spacing of TF’s binding sites (57). The enhancer syntax is 

essential for tissue-specific gene expression (55). Traditionally known enhancer grammar, 

physical interaction between factors and the DNA, and interactions of TFs and their cofactors are 

thought to create a functional unit of enhancer configuration. The features of enhancer grammar 

include TFBS type within the enhancer sequence, number, affinity, order, spacing, and 

orientation. Specifically, the enhancer syntax, including particular spacing between the DBD, 

revealed its significance for mouse hematopoiesis. 

Enhancer interacts with transcription factors and control genes 
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Enhancers that TFs weakly bind to the site can facilitate robust particular gene expression 

patterns in tissue when they are arranged with ideal enhancer syntax. The significance of 

sequence restrictions within enhancers in the development of particular tissues suggested the 

evolution of the enhancers depending on the selection of TFBS (58). Also, ideal TFBS is 

identified as genes having proper spacing and strongly bind concerning expression levels 

determine enhancer function (55). For example, native GATA (ectoderm determinant) and ETS 

(FGF signaling, pleiotropic fibroblast growth factor) binding sites containing imperfect matches 

to consensus motifs showed optimized expression combining these motifs with optimal spacing 

robust expression. 

Constraints on the spacing between TFBSs may ensure all TFs within an enhancer can 

access their sites or spacing. The spacing could be essential to allow both TF-DNA interactions 

along with protein-protein interaction such as binding dimers in the example of dimeric Notch 

transcription complexes on promoters with paired sites for a requirement to transcription 

activation (59). In IFN-β enhancers and several developmental enhancers, the helical phasing of 

sites within enhancers is essential for gene expression. Even single base-pair changes in spacing 

influence the level of expression. Further, spacing between binding sites can govern the location 

of the gene expression in studies of the growth hormone expression in the somatotroph cells in 

the developing mouse pituitary gland (57, 60). 

Genome-wide studies and comparative genomic approaches to study enhancer grammar 

are functionally supported by reporter gene assay. For example, by the reporter gene assay of the 

altered DNA specificity on Bicoid mutants, bicoid distinguished among related DNA targeting 

sites by particular interaction between residue 9 of its recognition alpha-helix and base pairs 7 ot 



34 

 

 

the same helix sites (61). From the studies, the distance between binding sites is critical to DNA 

recognition. 

1.2.3.3 Trans-acting regulatory elements 

Transcription factors are primary mediators of gene regulation (62). TFs identify and 

bind to their own cognate DNA site in TFBS. The functional outcomes characterize the 

transcriptional systems for cells’ growth or reaction to their environment. However, the doctrines 

that control how TFs pick functional TFBS are needed to research further. Furthermore, the 

connection between TF bindings and their functional outcomes is also vague in which TF 

binding may influence the expression of a nearby gene or the directionality of such a change. 

The complication of gene regulation at the transcription level can be demonstrated by 

assessing the gene’s number and its locations of cis-regulatory elements in eukaryotes (62-65). In 

Drosophila, quite a few enhancers are founded and utilized. In contrast, yeast has no enhancer 

and uses one UAS sequence for a gene. Distal regulation of cis-regulatory elements indicates a 

higher level of organism use this mechanism in developing or differentiating a cell. The yeast 

contains a few hundred TFs, whereas humans contain about ten times TFs higher than that of the 

yeast. TFs per gene utilization are highly complex and have vast numbers of translating their 

functional outcomes of gene expression, granting a remarkable upsurge in various organisms. 

Restructure of chromatin governs the steadiness of post-translational products, and its control 

also added the intricacy of the gene expression to the living organism. Therefore, various genes 

that are distinct, complex, and essential organisms from each other should be considered (66, 

67).  
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1.2.4 Specific DNA sequences recognition by TFS 

The evolution of elaborated systems might originate from the complexity of cell 

differentiation in gene regulation. The transcriptional regulatory complex comprises quite a small 

cis-regulatory DNA sequences or motifs less than eight base pairs. Most eukaryotic genes have 

promoters containing TATA-box close to the 5' end of the gene. Also, many genes for their 

expression need to have enhancers. Enhancers involve a critical transcriptional process the 

upstream or downstream. Consequently, specific RNA polymerase II promoters can be affected 

by several enhancers and by multiple co-factors bound to the CREs.  

DNA recognition by TFs occurs in the CREs region. Often, a shift in the TF 

configuration will go along with DNA binding, in which the recognition motif (about 6 to 10 

base pairs) is a pivotal spot to interact to shape the conformation. After TFs form the 

transcriptional complex, they work together with other bound TFs or coactivators for RNA 

polymerase II’s binding. TFs control many essential parts of progress for cell differentiation; 

therefore, the effects from a deletion of a TF gene in the organism are detrimental.  

Transcription factors exert combinatorial control 

Many TFs are known to facilitate transcription at hundreds of different promoters. The 

intricacy of DNA expression in eukaryotes comes from combinatorial effects (65). The 

combinatory effects of chromatin and TFs rather than the individual TFs are screened for 

transcription initiation. Once they are combined, changes to the functional domains of a TF 

and/or communicating with cofactors can regulate whether a gene is expressed or not or whether 

RNA polymerase II binds or not. Also, an enhancer is located up to five hundred bps upstream 

and contains multiple TFBS. It allows different TFs binding as a form of dimers, and DNA is 

bent. Structural conformation of chromatin lets the transcriptional regulatory complex form as 
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activators. Therefore, TFs are considered a binding element between CREs by complexation to 

tie with cofactors. 

1.2.5 Significance of DNA target recognition by transcription factors 

Gene expression is highly controlled during cellular development, growth regulation, 

proliferation, and even disease occurrences. By assuring the accurate expression of particular 

genes, the transcriptional regulatory system governs such biological processes. In the central 

regulatory system, transcription factors govern the principal mechanisms to maintain life 

activities. Sequence-specific TFs are critical controllers of the critical biological processes by 

binding to CREs such as enhancers or promoters at the initial step, transcription. To initiate the 

vital function is how TFs bind to the target DNA sequence. Therefore, understanding the 

functional characterization of the TF-DNA binding is the first step to shape the gene regulatory 

network.  

1.2.5.1 Transcription factor and spectrum of diseases 

TFs are often involved in the oncogenic process, including initiation, development, and 

invasion. As a result, targeting these proteins is a theoretically ideal avenue for cancer treatment 

research. Unfortunately, only about 20% of TFs are established as anti-cancer therapeutics 

because most TFs are undruggable targets (68). However, with the development of new 

pharmaceuticals and new delivery processes, it is possible to develop viable therapies targeting 

new transcription factors. 

1.2.5.2 Targeting strategies of transcription factors for drug development 

Three approaches to targeting TFs currently have the most potential.  

First, a treatment could be developed that directly targets the functional pocket of the 

protein. For example, this concept is applied to chemical reagent All-Trans Retinoic Acid 
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(ATRA) for treating alpha-rearranged acute promyelocytic leukemia (APL). In this cancer type, 

the cell differentiation process is blocked. Therefore, ATRA can target the RARα 

hormone/retinoid receptors, unblocking the cell differentiation process (69).  

An alternative is to target protein-protein interactions (70). This can be seen in the 

treatment of human malignancies. For example, the treatment for more than 50% of cancers, 

including breast cancers, involves well-known oncoprotein p53 (71-73). In targeting these 

proteins, the treatment aims to interfere with TF's interaction with other coactivators. However, a 

TF acting as a monomer or having no known heterodimer or cofactor cannot be targeted at the 

protein-protein interaction level. Another option is to directly block the interface between protein 

and DNA where DBDs of TFs interact with their target DNA as a competitor for the bindings.  

A final approach to discuss is the potential to target TF- DNA binding domains. By itself, 

DNA is a drug target for cancer therapy (74-77). Following the first DNA alkylating compound, 

DNA intercalators or major/minor groove DNA ligands were developed, and a "targeted 

chemotherapy" against DNA was prevalently researched based on the concept of “DNA as a 

drug target”. Proliferation and differentiation blockade are two outcomes of the DNA targeting 

for disturbing DNA-binding proteins complex such as TFs associated with cancer development. 

One example of sequence-specific targeting is a small compound targeting the DNA binding site 

of transcription PAX2 (78-80). This approach of blocking targeting sequence-specific sites is to 

design small molecules to bind the TF’s binding sites to compete with TFs. The minor groove 

DNA binding ligands are based on the idea. Mithramycin, one of the binders for the sequences in 

the DNA minor groove, is one of the successful examples in the stage of preclinical screening, 

and diamidine heterocyclic derivatives are actively researched for targeting transcription factors. 

Heterocyclic diamidines interrupt the TF that bind to their target DNA sites, such as DB293 
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targeting TF Pit-1. ERG, one of the ETS family TF, is targeted by DB1255 (81, 82). HOXA9 and 

PU.1 also have been reported for their potential pharmacological controls by the small molecules 

(83, 84). 

Interestingly, some DNA minor groove ligands exhibited engaging antileukemic 

activities by targeting sequence-specific DNA recognized by TFs relating to AML progression: 

the acylating agent-conjugated pyrrole-imidazole polyamide and heterocyclic diamidines (85, 

86). Pyrrole-imidazole polyamides recognize the minor groove of specific DNA sequences 

noncovalently through the interaction between their pyrrole and imidazole pairs interlocked by a 

hairpin linking. Once Chb-M binds to RUNX-binding sequences, the downregulation of various 

RUNX signaling pathways induces apoptosis in tumor cells. HOX9A is a TF involved in 

differentiation blockade so that it is associated with leukemic occurrence; therefore, up to 70% of 

AML patients show HOXA9 overexpression and accumulation of leukemic blasts (83). Depauw 

and their teams reported that DB818 and DB1055 interrupted HOXA9 to bind its specific DNA 

(83). Munde and their colleagues showed a successful example of heterocyclic diamidines to TF  

PU.1 (Purine rich Box 1), a member of ETS family TF, and controlled their transcriptional 

activity (84). In the study conducted by Depauw and Munde, the therapeutic possibility of 

transcription protein interference by binding the heterocyclic diamidines' target binding sites was 

confirmed. The small compounds' pharmacological applications were demonstrated as well (81, 

87-89).  

1.3 The ETS family of transcription factors 

1.3.1  The importance of understanding the DBD of the TF family 

Gene expression is highly controlled during cellular development, growth regulation, 

proliferation, and even disease occurrences. By assuring the accurate expression of particular 
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genes, the transcriptional regulatory system governs such biological processes. In the central 

regulatory system, transcription factors govern the principal mechanisms to maintain life 

activities. Sequence-specific TFs are critical controllers of the critical biological processes by 

binding to CREs such as enhancers or promoters at the initial step, transcription. To initiate the 

vital function is how TFs bind to the target DNA sequence. Therefore, understanding the 

functional characterization of the TF-DNA binding is the first step to shape the gene regulatory 

network.  

TFs are often involved in the oncogenic process, including initiation, development, and 

invasion. As a result, targeting these proteins is a theoretically ideal avenue for cancer treatment 

research. Unfortunately, only about 20% of TFs are established as anti-cancer therapeutics 

because most TFs are undruggable targets (68). However, with the development of new 

pharmaceuticals and new delivery processes, it is possible to develop viable therapies targeting 

new transcription factors. 

1.3.1.1 Targeting strategies of transcription factors for drug development 

Three approaches to targeting TFs currently have the most potential.  

First, a treatment could be developed that directly targets the functional pocket of the 

protein. For example, this concept is applied to chemical reagent All-Trans Retinoic Acid 

(ATRA) for treating alpha-rearranged acute promyelocytic leukemia (APL). In this cancer type, 

the cell differentiation process is blocked. Therefore, ATRA can target the RARα 

hormone/retinoid receptors, unblocking the cell differentiation process (69).  

An alternative is to target protein-protein interactions (70). This can be seen in the 

treatment of human malignancies. For example, the treatment for more than 50% of cancers, 

including breast cancers, involves well-known oncoprotein p53 (71-73). In targeting these 
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proteins, the treatment aims to interfere with TF's interaction with other coactivators. However, a 

TF acting as a monomer or having no known heterodimer or cofactor cannot be targeted at the 

protein-protein interaction level. Another option is to directly block the interface between protein 

and DNA where DBDs of TFs interact with their target DNA as a competitor for the bindings.  

A final approach to discuss is the potential to target TF- DNA binding domains. By itself, 

DNA is a drug target for cancer therapy (74-77). Following the first DNA alkylating compound, 

DNA intercalators or major/minor groove DNA ligands were developed, and a "targeted 

chemotherapy" against DNA was prevalently researched based on the concept of “DNA as a 

drug target”. Proliferation and differentiation blockade are two outcomes of the DNA targeting 

for disturbing DNA-binding proteins complex such as TFs associated with cancer development. 

One example of sequence-specific targeting is a small compound targeting the DNA binding site 

of transcription PAX2 (78-80). This approach of blocking targeting sequence-specific sites is to 

design small molecules to bind the TF’s binding sites to compete with TFs. The minor groove 

DNA binding ligands are based on the idea. Mithramycin, one of the binders for the sequences in 

the DNA minor groove, is one of the successful examples in the stage of preclinical screening, 

and diamidine heterocyclic derivatives are actively researched for targeting transcription factors. 

Heterocyclic diamidines interrupt the TF that bind to their target DNA sites, such as DB293 

targeting TF Pit-1. ERG, one of the ETS family TF, is targeted by DB1255 (81, 82). HOXA9 and 

PU.1 also have been reported for their potential pharmacological controls by the small molecules 

(83, 84). 

Interestingly, some DNA minor groove ligands exhibited engaging antileukemic 

activities by targeting sequence-specific DNA recognized by TFs relating to AML progression: 

the acylating agent-conjugated pyrrole-imidazole polyamide and heterocyclic diamidines (85, 
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86). Pyrrole-imidazole polyamides recognize the minor groove of specific DNA sequences 

noncovalently through the interaction between their pyrrole and imidazole pairs interlocked by a 

hairpin linking. Once Chb-M binds to RUNX-binding sequences, the downregulation of various 

RUNX signaling pathways induces apoptosis in tumor cells. HOX9A is a TF involved in 

differentiation blockade so that it is associated with leukemic occurrence; therefore, up to 70% of 

AML patients show HOXA9 overexpression and accumulation of leukemic blasts (83). Depauw 

and their teams reported that DB818 and DB1055 interrupted HOXA9 to bind its specific DNA 

(83). Munde and their colleagues showed a successful example of heterocyclic diamidines to TF  

PU.1 (Purine rich Box 1), a member of ETS family TF, and controlled their transcriptional 

activity (84). In the study conducted by Depauw and Munde, the therapeutic possibility of 

transcription protein interference by binding the heterocyclic diamidines' target binding sites was 

confirmed. The small compounds' pharmacological applications were demonstrated as well (81, 

87-89). 

1.3.2 The ETS transcription factor’s redundant binding on DNA in living cells  

Genome-wide analyses of ETS-factor occupancy revealed that individual ETS proteins in 

living cells have high similarity in DNA binding regions. Genomic technology such as chromatin 

immunoprecipitation combined with either microarray (ChIP-chip) or massively parallel 

sequencing (ChIP-Seq) was employed to determine TF-bound DNA regions (109). Although the 

assay caveats must be considered to understand and interpret the data (i.e., cell types or growth 

conditions and analysis of quality of the peak), the redundancy for the bound regions is 

observable with statistically significant frequency. Overlapping binding within the resolution 

could result from clusters of binding sites specific for each family member. Still, DNA regions 

bound by many ETS proteins were shown in a short distance upstream of transcription start sites 
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and are correlated with attributes of active promoters. Also, these regions are near the 

housekeeping-types genes, indicating different ETS factors regulate the genes in different cell 

types. 

Although all ETS DBDs are relatively highly conserved, not the core site of DBD 

determined the ETS TFs’ specificity. Different functional ETS TFs gain their own specificity for 

their identity from the preferential binding on the different DNA flanking sequences (116, 117). 

For example, it has been found that the members of Class II are sensitive to swap A and T at 

position 7. In the case of PU.1,  an A-rich track of sequences is its target in the 5’-flanking 

sequences near the core consensus sequences. NMR structural studies displayed that ELK 

decided its specificity detecting from structural configuration changes enacted by tertiary 

contacts of conserved residues in the DNA binding interface with nearby non-conserved residue. 

The specificity of Elk-1 sets a constraint on binding variants of the core binding site (118).  

The subfamily of the ETS factor's specific binding on the DNA is tightly related to one or 

a few more DNA binding near the core (108, 119). From genome-wide study, ETS proteins ERG 

and FLI1 bind to a largely redundant set of targets, whereas PU.1 is not sharing a commonality 

with the targets of other ETS family members. In vitro analysis for DNA-sequence preference, 

Ets-1 in Jurkat cells is highly occupied by GABPA. However, PU.1 in myeloid cells and SPDEF 

in prostate cells were divergent from Ets-1 and other members. Therefore, even the ETS TFs are 

classified into the subfamily groups; the functional specificity and its DNA binding specificities 

differ within the members in the subfamily of ETS family members. 

The significance of all genomic occupancy should be tested to understand more details by 

functional tests, especially ones that can differentiate its own physiological function and what are 

determinants for grants their identity. Also, many ETS DBD sites and their role for the 
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specificity determinants are projected based on understanding from biophysical and biochemical 

studies. Therefore, the ETS TFs’ specificity is associated with the other proteins in the biological 

system and cooperation with them and research with the genome-wide assay. 

ETS TFs display various cooperative partnerships for transcriptional machinery. For 

instance, PU.1 works with the Interferon regulatory family transcription factor (Irf-4) at the 

location of enhancers of the immunoglobulin light-chain gene (Igλ) (120-122). As PU.1 exists 

near the enhancer genes, the DBD of Irf-4 for the λB enhancer increase. The crystallography 

analysis displayed the structure of the two DBD on a composite enhancer sequence. The contact 

of the protein-protein interactions creates the DNA conformational changes, and the interactions 

is called cooperativity. In the case of Ets-1, its cooperativity arises from the interaction with 

RUNX1, and it releases from the autoinhibition state (123). In addition to the cofactors, other 

TFSs that enable binding multiple DNA sites have a partnership with the ETS TFS to control 

gene expression and shape their own cooperativity. The additional specificity of larger composite 

DNA-binding sites, gained through the cooperative binding of two factors, may signify the most 

remarkable biological influence of such partnership and cooperativity.  

1.3.3 ETS family members and spectrum of diseases 

The ETS factors regulate genes' positive or negative expression in all types of function 

for proliferating, developing, differentiating, influencing signaling cascades, dying in cells, even 

tightly involving in the oncogenesis. All ETS TFs are functionally distributed across the 

organisms and tightly regulated various physiological functions in the cells. PU.1 is a distinct 

role of the self-renewal of hematopoietic stem cells and specialized work in myeloid cells’ 

differentiation. Therefore, abnormality of the ETS TFs and its dysfunction like PU.1 
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significantly influences diseases’ progression, such as proliferative signaling, resisting cell death, 

evading growth suppressors, and activating invasion and metastasis (Table 1.1). 

 

Table 1.1 ETS family of transcription factor and a variety of cancers 

 

Class Subfamily Official 

gene 

symbol 

Other names Disease association Aberration 

I ETS ETS1 EWSR2 Breast, colorectal, 

gastric, lung, ovarian 

cancer 

Overexpression; protein 

stabilization (through COP1); 

binding site mutation in TERT 

promoter 

    ETS2   Hematological 

malignancies, breast, 

colon, head and neck, 

live, pancreas, prostate 

and thyroid, 

glioblastoma, 

osteosarcoma and 

prostate 

Amplification; overexpression; 

binding site mutation in TERT 

promoter; protein-protein 

interaction (p53) 

I ERG ERG   Hematological 

malignancies melanoma, 

Ewing sarcoma, myeloid 

leukemia, prostate 

Overexpression; TMPRSS2-ERG 

fusion; EWS-ERG fusion; FUS-

ERG fusion 

    FLI1   Prostate cancer, breast 

cancer, Ewing sarcoma, 

leukemia 

Overexpression; loss of tumor-

suppressive function; EWS-FLI1 

fusion 

    FEV PET1 Ewing sarcoma FWS-FEV fusion 

I PEA3 ETV4 E1AF, PEA3 Breast, Ewing sarcoma, 

pancreas, prostate 

Overexpression, protein 

stabilization (through COP1), 

TMPRSS2-ETV4 fusion, DDX1-

ETV4 and CANT1-ETV4 fusions, 

EWS-ETV4 fusion 

    ETV5 ERM Breast, prostate Overexpression, protein 

stabilization (through COP1), 

TMPRSS2-ETV5 fusion 

    ETV1 ER81 Breast, Ewing sarcoma, 

prostate 

Amplification, overexpression, 

protein stabilization (COP1; KIT 

and MARK), TMPRSS2-ETV1 

fusion, ASCL#-ETV1, 

C15ORF21-ETV1, FLJ35294-

ETV1, ERVK6-ETV1, 

HNRPA2B1-ETV1 and 
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SLC45A3-ETV1 fusions, and 

EWS-ETV1 identified 

I ETV2 ETV2 ER71, 

ETSRP71 

Glioblastoma   

I TCF ELK1   Breast, prostate Overexpression 

    ELK4 SAP Prostate Overexpression 

    ELK3 NET, SAP2 Breast, liver Overexpression 

I ERF ERF   Prostate   

    ETV3 METS, PE1 Breast Amplification 

    ETV3L       

IV PDEF SPDEF PDEF, PSE Breast, prostate, colon Overexpression; confers 

endocrine resistance; loss of 

tumor-suppressive function 

II ELF ELF1   Lung, prostate, 

endometrial and ovarian 

cancer  

Overexpression 

    ELF2 NERF Breast   

    ELF4 ELFR, MEF Ovarian cancer, 

hematological 

malignancies, and lung 

cancer 

Overexpression; loss of tumor-

suppressive function 

II ESE ELF3 ESE1, ERT, 

ESX, JEN 

Breast, colon, lung, 

prostate 

Amplification; overexpression. 

    ELF5 ESE2 Breast, prostate and 

urothelial cancer 

Overexpression; confers 

endocrine resistance; loss of 

tumor-suppressive function 

    EHF ESE3, 

ESE3B, 

ESEJ 

Ovary, pancreas, 

prostate 

Overexpression, loss of tumor-

suppressive function 

II TEL ETV6 TEL, TEL1 Breast, gastric, head and 

neck, thyroid, 

hematological 

malignancies, T cell 

Leukemia 

ETV6-NTRK3 fusion, ETV6-

NTRK3, ETV6-PDGFRB, ETV6-

RUNX1 and PAX5-ETV6, ETV6 

mutations identified 

    ETV7 TEL2, 

TELB, TREF 

Hematological 

malignancies, Leukemia 

Overexpression, loss of tumor-

suppressive function 

III SPI SPI1 PU.1 Hematological 

malignancies and 

Leukemia 

Overexpression and PU.1 

mutations identified 

    SPIB   Lung, hematological 

malignancies 

Overexpression 
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    SPIC       

I ELG GABPα   Prostate, Glioblastoma Overexpression; binding site 

mutation in TERT promoter 

 

The ETS family TFs members are associated with multiple types of human cancer in 

various ways (90). Higher ETS TFs have been reported in many types of cancers, including 

breast, lung, colon, pancreatic, and thyroid cancer. The overexpression of ETS TFs, including 

Ets-1 or Ets-2 in breast, prostate, and hematological cancers, has been documented (91). In 

AML, ERG overexpression has been found in a highly complicated manner associated with other 

factors in chromosomes (92). Moreover, in the case of ETV6 in B lymphoblastic leukemia, ETS 

TFs’ expansion is often reported (93, 94).  The ETS fusion has been shown in prostate cancer 

and leukemia. There is a spectrum of cancers where chromosomal translocation results in fusion 

proteins that contain the ETS DBD.  In prostate cancers, ETS fusion genes causing by 

chromosomal translocation of 5 'TMPRSS2 to other ETS TFs’ DBD genes. One good example of 

TEL, the variant from ETS translocation, displays in many hematological cancers..  

ETS members and oncogenesis 

Oncogenesis is associated with ETS TFs binding to CREs. The human telomerase reverse 

transcriptase (hTERT) gene expression is a representative example of mechanisms of ETS-

driving and controlling tumor occurrences (95). The hTERT plays the role of mediating the ETS 

TFs’ transactivation. The CREs of hTERT provide for their binding site where Ets-1 interacts 

with c-Myc; it is necessary for breast cancer cells’ proliferation. The ETS TFs as a driving role is 

often found as the one base pair of mutation leading to the gain of function and provoke the 

cancer initiation. The oncogenetic transformation from the ETS TFS binding to their CREs in 

ERG or ETV6 is also documented in prostate cancers and Ewing sarcoma cancers. 
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The ETS TFs’ cooperativity is often disrupted and leading to occurring cancer. For 

example, the ETS and c-Jun have partners and are functionally released from the autoinhibition 

state, and the disturbance of the partnership is associated with oncogenesis (96, 97). Interaction 

of AML-1 with Ets-1 is an example where TF interaction leads to an escalation in ETS TFs’ 

potency and possibly involves carcinogenesis, such as the cause of myeloid and lymphoid 

leukemias (98). The rearrangement of the AML-1 gene often influences the partnership of AML-

1 with Ets-1 and decreases the control of Ets-1 autoinhibition. The gene alterations and 

chromosomal translocations in AML-1 result in the disturbance of AML-1’s target gene 

transactivation with PU.1. It negatively influences repress abnormal gene expression. It critically 

affects to differentiation of myeloid cells, like macrophage and granulocyte-macrophage colony-

stimulating factor receptors (M-CSFR and GM-CSF), and consequently, it triggers into cells into 

pre-leukemic stages.  

The PU.1 can act as a repressor or activator, and its dysregulation is associated with 

leukemia. PU.1 binds to the purine-rich sequence near the CREs of target genes and activates 

gene expression during myeloid and B-lymphoid cell differentiation in conjunction with other 

TFs and cofactors. PU.1 also serves as a repressor by interacting with GATA-1, a zinc finger TF 

mandatory for erythroid differentiation (99). GATA-1 and PU.1 bind together on the target 

sequence and govern cells’ identity during hematopoiesis, but a stoichiometric balance between 

the two is broken, then it could lead to AML in mice (100). Interestingly, the genes are direct 

targets for PU.1-mediated activation, and GATA-1 mediate repression (C/EBPα) is found the 

association in murine erythroleukemia (MEL)  these target genes are downregulated in MEL by 

this repression and lead to MEL differentiation (99). Decreased PU.1 function is evident in acute 

promyelocytic leukemia (APL). In APL, the associated fusion protein promyelocytic 
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leukemia/retinoic acid receptor α (PML/RARα) can reduce PU.1 serine phosphorylation and 

promoter binding (101). This causes a decrease in PU.1-dependent transcriptional activation and 

promotes leukemogenesis. In human AML, mutated RUNX or translocated RUNX1 and 

wildtype PU.1 interact and recruit co-repressors (102). 

Considering that the ETS family of the transcription factor is the feature of oncogenesis, 

the ETS factors have been implicated in developing and progressing various types of cancer 

(103). The studies of the ETS TF's etiological role in cancers started with Ewing sarcoma and 

leukemia to extended various types of cancers, including prostate, breast, and hematological 

cancers, focusing on therapeutic developments (104-106). While it is challenging to develop 

ETS-directed drugs due to the lack of well-defined binding pockets on those proteins, many 

small molecule inhibitors have been found from screening efforts for computational-based 

design or biophysical characterization (107, 108). For example, the 3D structure analysis has 

been done of ERG or Ets-1; the crystallographic structural knowledge enables them to offer a 

basis for designing small molecules, such as the structure-based drug (81). The intervention 

strategy is targeting the interaction between ERG and DNA at the TF-DNA complex. The 

designed small compound binds on the ETS DBD of ERG and intervenes in the interaction 

between the ERG-DNA. Also, the 3D structures of the DNA-binding pockets are all shaped 

differently with unique polar and hydrophobic patches and amino acid substitutions and indels. 

Hence, all of them can enable the development of small-molecule inhibitors specific to each ETS 

factor. Thus, the available protein structural information that has already been set can be utilized 

to discover potent and selective anti-ETS chemicals through a structure-based drug design 

method (109). In the case of DB1255 interacts not with the ERG protein but rather the ETS 

recognition site on the DNA (GGAA). The small compound is known for preferentially bind in a 
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sequence-specific manner. The DB1255 targets the DNA binding site of ERG and perturb the 

protein-DNA interaction so that it enables implications for ERG as a drug target in abnormal 

ERG associating diseases.  

The small molecules could be developed for targeting the ETS autoinhibition.  The ETS 

TFs at the level of binding interaction with DNA binding sites display an autoinhibition 

mechanism. Since the autoinhibition is based on the structural components and its own inhibitory 

states for controlling the ETS TFs’ mechanism, small molecules which target the structural 

components of the DNA binding interactions for autoinhibition can be exploited. The concept of 

autoinhibition has been suggested from biochemical experiments and still are needs to study 

further and intensively the molecular mechanism in cell physiology. However, because many 

ETS TFs are pervasive and constitutively expressed in the biological system, implying that the 

autoinhibition is relieved by the surrounding cofactors and others. If small molecule inhibitors 

can be developed to utilize autoinhibition mechanisms toward securing the ETS factors into an 

autoinhibited state, it might be another possible intervention for the ETS TFs-meditated diseases. 

Considered findings of the biophysical and biochemical research and pharmacological 

implications of the ETS family of TFs, PU.1, was selected as an experimental model in this 

dissertation. PU.1 retains the most common characteristics with the ETS members in the 

structural homolog, the Ets-1, the ancient protein of the family; yet the functional characteristics 

of PU.1 are unique among the other ETS orthologs. Therefore, Understanding and characterizing 

PU. 1's activity enables knowledge of gene regulation by transcription factors at protein/DNA 

level in structural biology to pharmacological application in drug development.  
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1.4 Transcription factor PU.1 as an experiment model 

Of the ETS TFs, PU.1 has a great representation to study in molecular recognition for 

developing target-specific drugs such as small molecules. PU.1 has well known for a target DNA 

sequence preference of its DNA-binding specificity, and high affinity requires for its target gene 

transactivation (84, 110-118). Also, as a master of gene regulators for hematopoietic stem cells, 

PU.1 has been well-documented in normal hematopoietic development and self-renewal of the 

hematopoietic stem cells (HSC) (119, 120). The PU.1 acts in a lineage-restricted and dosage-

dependent manner (121). PU.1 interacts with multiple cofactors and other nuclear proteins to 

regulate an extensive array of gene expression. PU.1 directly controls to differentiate to major 

myeloid and lymphoid lineage. In addition, depending on the cellular concentration of PU.1, this 

directs the fate of the hematopoietic stem cells, with the high-level expression of PU.1 required 

for macrophage maturation and low-level expressions for B-cell and granulocytic cells. 

1.4.1  The rationale for transcription factor PU.1 as an experiment model 

We focused on transcription factor PU.1 for several reasons. PU.1 is a critical master in 

regulating developmental processes to decide immune cell fates, especially in B- and T-cell 

development. PU.1 is essential for life and directly leads to disease occurrence when its function 

shows abnormalities. It has also been shown to regulate various genes unrelated to the immune 

system from previously several studies. Several conserved Ets-binding sites are known for key 

regulation sites in the ETS TFs containing sites of autoinhibition except PU.1. To discover the 

intrinsic selectivity of PU.1 on their target DNA, the functional analysis of PU.1 transactivation 

on PU.1-dependent gene has demonstrated a critical ETS domain site that is required for 

transactivation of the core promoter. We chose to investigate the B-cell-specific enhancer, the 

IgλB2-4 gene because the essential regulatory elements for B-cell development and Ig gene 
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expression have been defined in vitro (122). We used this B-cell-specific enhancer when 

mutations in the enhancer prevent the PU.1 and eliminate the enhancer function. 

1.4.2 PU.1 in structural and molecular biology 

Previously the structures of several ETS family members that conform to the wHTH 

motif and the ETS-domain are involved in multiple protein-protein interactions in addition to its 

well-defined role in mediating DNA binding. The ETS domain is an evolutionarily conserved 

DBD that regulates the expression of various cellular genes by binding to a purine-rich GGAA/T 

core sequence. PU.1, Spi-1 is most phylogenetically far from Ets-1, an ancient member of ETS, 

and functionally distinct from others; yet the structural domain of the PU.1 displays highly 

structural similarity of other ETS members.  

PU.1 epitomizes a good model of ETS TFs in their family model. The standard 

configuration of PU.1 contains DBD (~90 residues) and is well-characterized likewise other ETS 

TFs.  Also, PU.1 has flanking regions that are well distinctive disordered regions in eukaryotic 

factors. Although PU.1 shares the commonality of the structural domains and its similarity with 

other ETS paralogs, PU.1 differentiate itself from other members for its unique function in a 

biological system, even its role as a master regulator in the lineage-specific cell commitments 

cannot be replaced with other factors that have not been discovered. Further, even with the 

conserved and high homology in DBD structure among other family members, the target DNA 

selectivity is more stringent among the ETS orthologs. Ultimately, all the distinctive 

characteristics of PU.1 stand out for their significances in the researcs. 

Although the ETS family of TFs contains a large evolutionarily conserved gene 

characterized by sequence homology within the ETS DBD, the ETS members functionally 

involve various cellular gene activation and control of its expression (123). The ETS TFs are 
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involved in regulating a variety of biological processes and are present in all of the metazoan 

genomes analyzed to date. The development of myeloid cells is controlled by PU.1. Remarkably, 

the unique role in the common myeloid cell development of PU.1 cannot be substituted by the 

same subfamily of ETS members, Spi-B and Spi-C. Therefore, the non-redundant functional 

roles of PU.1 are an important target for research in immunology and cell development. 

Interestingly, all ETS TFs bind the same core sites, and several ETS family members may 

be present in a particular tissue at a specific time in development; each ETS TFs play distinctive 

functions (123, 124). The studying mechanism of functional specificity to ETS proteins at the 

molecular level is critical because the knowledge grants us to understanding ETS-related cell 

functional development and disease. Specifically, understanding the DNA-binding activity of 

ETS DBD of ETS TFS will provide the most initial step of the life-requiring decision-making 

process. The higher rigidity by PU.1 toward its DNA target recognition is intensively studied 

from biophysical and biochemical experiments in vitro. Thus, PU.1 is more target-selective than 

Ets-1, and this stringency is accrued from intrinsic differences in DNA recognition between their 

ETS domains. For such a reason, it is of great value to comprehend TF PU.1 activity for its DNA 

recognition and selection by the protein-DNA interaction.  

Indeed, PU.1 contains partnership and cooperativity for its target gene regulation. The 

level of PU.1 expression is coordinated with GATA-1. Furthermore, unlike other ETS TFs, PU.1 

is identified as a lack of autoinhibition, allosterically decreasing DNA-binding affinity. 

Consequently, it is essential for characterizing PU.1 activity in target DNA identification and the 

contributing factor of DNA binding specificities at the TF-DNA. 
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1.4.3 PU.1 and diseases occurrences 

The disruption of PU.1 activity is often associated with various diseases, including 

Alzheimer's, rheumatism, fibrotic tissue diseases, liver-related diabetes, hematologic cancers, 

and leukemia. Research has been developed intervention targeting PU.1 for AML. Considered 

PU.1 as the potential of the therapeutic intervention and research in developmental genetics and 

immunology, understanding the molecular mechanism of PU.1 has been stressed. PU.1 has 

received considerable interest because more than 40% of AML patients showed down-regulated 

PU.1 levels (121, 125-127) (Figure 1.3).  

 

Figure 1.3 Schematic diagram of PU.1 dosage effect on leukemogenesis.  

The PU.1 expression level ranged from 50% (haplo-insufficient) to 100% (normal) and 

assisted hematopoietic stem cells in normal differentiation. However, genetic deletion including 

PU.1 URE or AML1/ETO, FLT-ITD, PML/RARα influences damages of PU.1 expression level 

and below 20% of the PU.1 expression are sufficient to enter the preleukemic phase, in which 

poorly differentiated cells accumulate myeloid progenitors. When the secondary cooperative 

mutation occurs, they develop into leukemic stem cells and finally are led to the leukemic phase 

(121, 128). 
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Moreover, with a considerable amount of molecular and functional mechanism of PU.1 in 

cells, it is well established that PU.1 binds to the DNA regulatory region and achieves its target 

sequence specificity and affinity; however, PU.1 also binds tightly to AT-specific sequences in 

the flanking regions of DNA minor grooves near the core consensus sequence. The binding of 

PU.1 to AT-specific sequences introduces a new avenue of research for exploration (129).  

Recent research of Mune and our labs proved that the small molecules targeting the PU.1 

interacting sites of DNA could modulate the PU.1 transactivation. Because the small DNA 

binding molecules bind preferably to AT-rich sequence regions, if we can pharmacologically 

modulate the PU.1 transactivation targeting the AT-rich lying on 5’-flanking region of the 

interaction between PU.1 and DNA for the binding, then we are able to target low PU.1-

expressing cells in AML patients. Because of the potential of the small DNA minor groove 

binding agents to bind the target DNA sites and specifically inhibit PU.1-DNA interaction, the 

final outcome would be the breakdown of those pre-leukemic cells due to the further down-

regulation in PU.1 low cells and the cells’ removal. This can then trigger the body's response to 

produce normal, healthy cells instead. Suppose the idea of the strategy to inhibit PU.1 

transactivation by small compounds and trigger self-renewal of healthy hematopoietic cells can 

be proved. In that case, the efforts of targeting PU.1 and eliminating preleukemia cells to develop 

therapeutics have advantages in the development of new types of drugs and agents for 

biotechnology. 

1.4.4 Special features of transcription factor PU.1 

Transcription factor PU.1 has its biological and functional importance as a master 

regulator in transcription affecting immune cell differentiation. Also, considering its inducibility 

in lineage-specific, and dosage-specific manner, understanding the functional regulatory 
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mechanisms of PU.1 and PU.1-DNA binding motif structural properties would address shaping 

gene regulatory network. 

PU.1 is a lineage- and dosage- restricted member classified into Class IV of the ETS TFs. 

PU.1 shares a structurally conserved DBD with other members but binds many cognate 

sequences in specific tissues, including myeloid and lymphoid lineage cells. PU.1 binds to its 

target DNA, interacting with the core consensus sequence and flanking sequences adjacent to a 

central 5'-GGAA-3' consensus. The sites of the flanking regions display significant variations. 

Even with interaction with other TFs and cofactors are documented, PU.1 has intrinsic 

heterogeneity for its functional mechanism at the protein-DNA level like other ETS members. 

Insights of the physical contributing factors for the intrinsic selectivity of the ETS TFs provide to 

determine the sequence-specific binding protein-DNA interactions and benefits for gaining 

knowledge for mechanisms of other ETS members. 

1.4.4.1 Interfacial hydration is one of the properties of PU.1 -DNA binding mechanism  

Water plays an indispensable role in mediating TFs to specifically recognize its cognate 

DNA site with high affinity (130). At the protein/DNA interfaces, hydration differences in the 

molecular interactions come from water in the medium relative to those in the surrounding area 

of large molecules. Therefore, interfacial hydration is considered a crucial determinant to 

mediate an interaction between TF and DNA. Our previous research exhibited that the ETS 

protein PU.1 is sensitive to osmotic changes for recognizing its target DNA through site 

discrimination (113). 

The hydration sensitivity of PU.1 manifests PU.1 itself differentiated from other ETS 

TFS. Interestingly, its structural homolog Ets-1 showed insensitive to water molecule changes. 

Even though the DBD of Ets-1 and PU.1 bind their optimal sites with similar affinities under 
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physiological conditions, their ability of site recognition differs in view of hydration. Our data 

suggest that Ets-1 follows waterless machinery that scatters sites through electrostatic 

interactions and direct protein-DNA contacts, whereas PU.1 exploits hydration to probe DNA 

target sequences and form the DNA-binding complex. Further, PU.1 activity is essential to the 

development and function of macrophages and lymphocytes and is mainly expressed in the 

myeloid cells, where the environment is osmotically varying. Immune cells like macrophages 

and activated lymphocytes are susceptible to osmotic pressure from exposure to hyperosmotic 

conditions, including lymphoid tissues and regional inflammation or active cell proliferation 

(131-133). As a consequence, hydration-dependent specificity of PU.1 for its DNA recognition 

may characterize an essential regulatory mechanism distinct to Ets-1 in the biological function in 

the immune system. The characterization of PU.1 activity at the proein-DNA level is helpful in 

understanding the developmental immunology in which PU.1 plays a significant role. 

1.4.4.2 Self-regulation of PU.1 in negative feedback at protein/DNA level 

PU.1 levels in cells are various in the types of cells. With cofactors and other TFs, we 

have questioned the intrinsic regulatory mechanism of PU.1. Even though PU.1 does not exhibit 

autoinhibition as a self-regulatory mechanism, unlike other ETS TFs, the tightly regulated level 

of PU.1, from understanding biological context, should contain the molecular mechanism for 

self-regulation. Previously we found that negatively cooperative binding to a single DNA site, as 

PU.1 ETS domain can execute. Our thermodynamic data displayed that PU.1 shapes a reversible, 

negatively cooperative 2:1 complex with site-specific DNA, suggesting that "self-titration" is a 

potential negative feedback mechanism (112, 134). Although the 2:1 complex (PU.1: DNA) 

maintains the functional activity of the 1:1 complex, elimination of PU.1 would diminish PU.1’s 

transactivation. The results displayed the unbound of PU.1 to its target DNA and bound of PU.1 
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as the formation of 2:1 complex or 1:1 complex under the presence of the site-specific DNA 

exists. Also, the dynamics between the two forms for achieving equilibrium and exchanges are 

controlled by PU.1 dose-dependent manner observed by titration calorimetry, DOSY-NMR, and 

biochemical characterization. The dimerization of bounded PU.1 to target DNA with excess 

unbound PU.1 suggests the dimerization of PU.1 could provide the negative feedback 

mechanism when they cannot find their binding DNA site. It might be one explanation for the 

functional relevance of the self-association mechanism in biology as considering the dosage-

sensitive manner for versatile PU.1’s roles in a biological context. Since the formation of the 2:1 

complex has not been documented yet, the autoinhibitory mechanism of PU.1 could be of high 

value of further research as a regulatory mechanism at the protein-DNA protein level. 

1.4.4.3 Significance of understanding functional mechanism of transcription factor PU.1 

Although PU.1 is well known for its biological importance and therapeutic application, 

the molecular mechanism of  PU.1/DNA interaction is needed for more studies. To understand 

the comprehensive mechanism of PU.1 activity, the fundamental knowledge, especially 

transcriptional control by PU.1, is the most crucial step. A crucial current consideration initially 

focuses on how transcription factor PU.1 interacts with its specific DNA site. For the 

pharmacological application as therapeutics, modulation of transcription factor activity requires 

disruption of DNA-protein or protein-protein interactions. Because this type of class of 

transcription factor proteins lacks binding pockets for drug targets (i.e., small molecule design), 

TFs activity depends on association with other proteins. These interactions occur over large 

surfaces that generally contact at multiple points and lack hydrophobic fold.  

For understanding the interaction, it is essential to characterize the molecular mechanism 

of the TFs in structure and function. We used PU.1 as a model system to understand the DNA 
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recognition and determinants of the DNA binding by the PU.1 and provide the basis of 

knowledge at TF-DNA interaction. Because of the significance of the knowledge of the 

functional activity of PU.1 interacting with the target DNA site in the biological context, we 

developed a functional reporter assay to test the biophysical and biochemical properties of PU.1 

in live cells. This dissertation attempt to develop a versatile, functional assay for characterizing 

TF activity at DNA binding and supported biophysical and biochemical charaacteristics (135).  

1.5 Biochemical and biophysical techniques as a tool for TF-DNA interaction studies  

Over the last decades' research techniques provides insights into understanding how 

transcription factors regulate complicated gene expression. Since one of the critical control steps 

for specific gene expression by TFs is binding their target DNA, many research techniques have 

been developed to measure transcriptional activities between the protein-DNA complexes and 

interactions. 

1.5.1 Approaches to studying transcription factor activation 

Many research techniques have been developed to study the TF-DNA complex 

interactions. Historically, TFs studies have been conducted using EMSAs/gel shift assays, 

western blots, and reporter-based assays with plasmid transfections, which are all time-

consuming, do not accept the high-throughput analysis, and only deliver only semi-quantitative 

results. (Table 1.2) 

 

Table 1.2 Summary of the most commonly used techniques for TF-DNA binding 

characterization 
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Assay Advantage(s) Disadvantage(s) 

EMSA Simple to perform  The results based on the complex 

analyses, no direct information on 

DNA binding sites or specific 

proteins bounded 

Footprinting assay Single base-pair information was 

provided. 

Unclear footprint data hampering 

for analysis of results coming from 

incomplete bindings  

SPR Real-time coordination and 

dissociation for the monitoring. 

Cannot link to High throughput 

(HTP) analysis  

SELEX In vitro, optimal binding selection can 

be performed. 

Selection is limited to only the best 

complex 

Yeast one-hybrid system It can be conducted in vivo An experiment is used in the 

complex system 

DNA microarrays The results can be semi-quantitative, 

DNA binding sites can be detected. 

Can be linked to HTS 

Dedicated and time-consuming 

analysis for the individual data 

Atomic force microscopy, X-ray 

crystallography, nuclear magnetic 

resonance 

Structural information can be provided Neither interaction of the pair or 

genomic locations are provided 

 

 

1.5.2 The electrophoretic mobility shift (EMSA) assay 

The EMSA technique is the method used to detect protein-DNA interactions (136). The 

assay is used to identify protein complexes with nucleic acids to characterize the interacting 

systems. The principle of EMSA for detection is that protein-DNA complexes travel slower than 

free linear DNA fragments in gel electrophoresis. Mobility-shift assays are often utilized for 

qualitative purposes to assess binding stoichiometry, affinities, and kinetics under testing 

conditions. In the assay process, protein and nucleic acid solutions are mixed, and the mixtures 

run through the electrophoresis under native polyacrylamide (or agarose) gel. The complex is 

defined as the analysis of radioactive labeled nucleic acid (usually 32P) or the fluorescent label 

probe. Usually, the protein-DNA complexes slowly move than the corresponding free nucleic 
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acid. One important requirement for gel shift assays is that the gel-running conditions in which 

protein-DNA interactions should not be disturbed. 

The mobility shift assay has many strengths. The EMSA is simple to carry out, yet it is 

robust enough to accommodate a wide range of binding conditions (136). The temperature is 

ranged up to 60°C, the pH range is between 4 and 9.5, and salt concentrations can vary from 

1mM to 300 nM. The assay is high sensitivity that the concentrations of the nucleic acids and 

proteins can be below 0.1nM. As it is an electrophoresis-based assay, the volume of the sample 

can be less than 20 μL. It can also be used for studying RNA: protein interactions.  

Although there are benefits, there are also limitations. One of the possible limitations of 

samples is not at chemical equilibrium during the electrophoresis step and leads to prevent 

detection of complexes for slow-moving due to their density. In addition, the assay cannot detect 

specific nucleotide sequences to which the protein binds. The EMSA shift does not provide a 

straightforward measure of proteins' molecular weights or identities present in the complex. To 

overcome the issue, the assay is linked to mass spectrometry or immunoblotting. Another 

limitation is that the EMSA cannot provide information on the nucleic acid sequences occupied 

by protein. Thus, footprinting assays should be independently performed or following with the 

EMSA. Traditionally EMSA necessitates the use of radioactive; even new probes (biotins or 

fluorescent probes) are developed. Overall,  EMSA is a slow and low-throughput, and non-

quantitative assay.  

1.5.3 Footprinting assay 

Footprinting assays exploit the observation that a protein bound to a specific nucleic acid 

sequence will interfere with the chemical or enzymatic modification of that sequence (137, 138). 

In the traditional method, a radioisotope probe is used to label one stand of the nucleic acid 
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target. After cleaving the nucleic acid at modification sites, the fragments run through a 

polyacrylamide gel. The resulting ladder of bands is analyzed for seeking gaps in the array. This 

represents the protein/DNA binding complex for protection sites in the test mixture. The assay 

provides identification of nucleic acid sequences where the proteins bind.  

Footprinting assays require real-time optimization to produce data for the binding 

reaction of the proteins and the nucleic acid modification. As a result, it is less simple to perform 

than EMSA. Also, the binding detection from the wide distributed radioactive probes makes the 

assay less sensitive than EMSA. Additionally, incomplete binding of DNA and proteins lead the 

unclear footprinting results. Finally, sample proteins can randomly bind to the nucleic acids to 

result in unspecific data outcomes. 

1.5.4 Chromatin Immunoprecipitation (Chip) assay 

One of the widely used techniques for examining the transcriptional regulatory 

mechanisms is chromatin immunoprecipitation (ChIP) assay through DNA-protein interactions  

(139-144). The assay allows the analysis of the association of regulatory molecules to specific 

CREs and histone modifications. Unlike EMSA, for chemical equilibrium during gel 

electrophoresis, the assay does not require the chemical equilibrium and provides a tool to 

determine the protein-DNA complex is happening using specific antibodies (Ab) as in vivo 

application. As a result, the assay delivers information into the chromatin changes occurring in 

response to extra stimuli or cell differentiation.  

ChIP is a method to identify protein-DNA binding events in their natural and intracellular 

context (145). It is based on detecting a specific protein located in a chromatin fraction that has 

been selectively augmented. The protein’s relative abundance at one or more locations in the 

genome can be defined using qPCR. It can be additionally applied to identify the specific binding 
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sequences in the genome (ChIP-seq). Major strengths of this assay work in vivo and show 

interactions with other proteins for studying TF interaction changes over time But, it requires a 

specific ChIP-grade antibody to the transcription factor of interest and time-and cost-intensive 

optimizations for the requirement. The assay is a multistep process, and each step needs to be 

standardized for obtaining optimum results. Whole cells are treated with a chemical reagent to 

form a protein-DNA complex; the complexes in the cells are then breaking down by enzymatic 

reaction or mechanic tools. The sample is run through immunoprecipitation, and then by PCR 

amplification with primers, target DNA is detected.  

The limitation of ChIP is its intrinsic variability due to adaptabilities in the crosslinking. 

Also, the analysis is based on the standard experiment control; even the variabilities cannot be 

interpreted as functional data if strict control is set up. Other limitations are the availability of a 

particular antibody for requiring a high level for the data collection should hamper the assay. 

Lastly, the protein expression level is challenging if the level is low and under the limit of 

detection. 

1.5.5 Chromatin immunoprecipitation followed by sequencing (ChIP-Seq) assay 

The ChIP-seq is a crucial technique in epigenomic research (146-148). The method is 

used for determining the locations and biochemical modifications of bound proteins genome-

wide. The ChIP-seq method uses an antibody for a specific DNA-binding protein or a histone 

modification to identify loci within a genome (149). The specific ab-directed ChIP assay is a 

beneficial technique in studying DNA-protein interactions because it enables the chromatin 

structure surrounding a particular DNA sequence to be analyzed.  

Histone modifications are used in the ChIP-seq analysis field to dissect the characteristics 

and the biological functions of epigenetic signature, especially in elucidating the interaction of 
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histone modifications with other chromatin regulators at the specific loci. Moreover, the 3D 

structure of chromatin that links chromatin structure to biological functions can be determined 

using chromosome conformation capture technology. Advances in next-generation sequencing 

(NGS) technology and computational analysis enable us to systematically understand how the 

epigenomic landscape impacts cell identity, development, lineage specification, cancer, and other 

diseases (148). In addition to genome-wide identification of specific epigenome marks (e.g., 

enhancers) in a particular cell line, core histone mark enrichment profiles are used to segment 

and mark whole-genome regions into individual chromatin states to provide more detailed 

epigenetic features (150). High-quality ChIP-seq databases of chromatin state identify and 

classified by cell lines and tissues (151).  

In ChIP-seq analysis, two significant steps are conducted: sample preparation and 

sequencing and then computational analysis. From the sample preparation and sequencing step, 

fragmented DNAs from ChIP-seq samples are sequenced as reads. After multiple scanning steps 

for paired-end reads can obtain the fragment size distribution. Then, computational analysis is 

following for mapping. The mapfiles go through a normalization process and represent reading 

distribution visualization. The normalization for comparative analysis is commonly used, which 

scales the sample read number to be the same. The underlying assumption is that the difference 

in mapped reads among samples is sufficiently smaller than the total read number. The 

computational analysis step is to check the peak callings for motif analysis, which investigates 

the sequence specificity inherent in called peaks or specific epigenome regions and estimates the 

potential transcription factor binding sites within identified regions. Or, from the read 

distribution, chromatin state annotation and chromatin state clustering are performed. ChIp-seq 
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data quality assessment is critical to judge whether sequencing data are of high quality and 

suitable for further analyses; therefore, various quantitative QC measures have been developed. 

Genome-wide analysis of histone modifications enables a systematic study of how to 

epigenomic landscape contributes to cell identity, development, lineage specification, and 

disease (152). Because the machine-learning approaches are used for the advanced ChIP-seq, the 

methods have limitations for collecting many samples from each cell line to develop training 

data. As practical limitations lie in the ChIP-seq assay, a particular antibody should be developed 

before the Chip-Seq assay. Moreover, the limit of a single factor or modification per the 

experiment is required. Furthermore, a functional understanding of a dynamic cell should be 

provided to understand the whole biological process. 

1.5.6 Surface plasmon resonance (SPR) assay 

The SPR analysis provides accurate and sensitive kinetics and affinity measurement 

(153-155). SPR is a label-free technique with no requirement of additional reagents, including 

abs or radioisotopes. Even the assay is simple for preparation. Also, the small amount of samples 

is sufficient for the assay. The primary benefits associated with this technique are that it simply 

responds to changes in refractive index induced by the binding events of molecular reactions. 

The ligand-of-interest for the study is immobilized on the surface of the biosensor chip. Then, 

the analyte is injected to flow through the surface of the chip, and detecting the reflective index 

of the changes is recorded. The SPR angle change resulting from forming a complex of the 

ligand and the analyte can be interpreted as the binding affinity. However, the SPR assay can 

perform limited on the in vitro experiment so that cannot perform in live cells.  
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1.5.7 Systematic evolution of ligands by exponential enrichment (SELEX) assay  

SELEX is a universal method and widely used for isolating high-affinity single-stranded 

DNAs or RNAs to bind target protein and selected from a vast library consisting of random 

oligonucleotide sequences (156-160). The SELEX-derived DNAs and RNAs, aptamers, can be 

selected against a broad range of targets (e.g., proteins, cells, viruses, microorganisms, toxins, 

and chemical compounds). Aptamers retain high affinity and specificity to their target molecules, 

similar to antigen-antibody interaction; therefore, they are called "chemical antibodies.” 

Aptamers offer advantages over antibodies, including small size, higher pH and thermal stability, 

lower immunogenicity and toxicity, better tissue penetration, lower synthesis costs, and more 

straightforward conjugation or modifications (161).  

The conventional SELEX runs many cycles to obtaining oligonucleotides (aptamers) to 

bind the target molecules. Target molecules are incubated with a random library of the different 

oligonucleotides. After washing unbounded molecules, the eluted oligonucleotides are amplified 

by PCR or RT-PCR to amplify the library. The aptamers are then applied for the next round for 

selection. 

Generally, the isolated aptamers through SELEX possess high affinity and low 

dissociation constant like antibodies. Consequently, aptamers are seen as chemical abs and 

become popular for the attractive option instead of abs, resulting in immunogenic reactions. 

Many therapeutic aptamers have been developed, and many alterations from the types of SELEX 

method have been made in this process to increase the efficacy and reduce a time for generating 

aptamer; therefore, aptamers are applicable for many other purposes, including diagnosis of 

disease and viral infection, protein detection in Western blot, SPR assays, microarrays, and 

biosensors. 
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1.5.8 Fluorescence resonance energy transfer techniques (FRET)  

FRET is a method to detect the fluorescence energy transfer from an excited donor 

fluorophore to a ground-state acceptor (162, 163). A fluorescence donor molecule is excited by a 

light source, and the energy transfer to the closed donor molecule, often the protein, produces the 

emission signal for detection. This technique can detect the protein's interaction in the cells 

occurring close distances. FRET provides structural and kinetic information of protein-DNA 

interactions by preparing dye-labeled nucleic acids and proteins and increased optical sensitivity. 

The principle of FRET depends on the site-specific labeling with a donor and an acceptor dye, 

with FRET dyes in each interacting partner or both in the same biomolecule. Direct optical 

excitation of the donor dye results in fast energy transfer to the FRET acceptor, emitting 

fluorescence at a longer wavelength. 

Intramolecular FRET assays, where both dyes are located on the same molecule, are 

extensively used to monitor protein-induced conformational changes in the DNA substrate and 

determine the overall structure and assembly dynamics of various nucleoprotein complexes. 

FRET method depends on its continuous character so that the cleavage reaction can be monitored 

from the initial steps in real-time with no need for extensive sample handling.  FRET-FLIM is 

used in situ imaging for protein-DNA interactions in the cell nucleus. This approach lets in situ 

interaction visualization between a GFP-fusion protein and DNA in the cell nucleus, using 

FRET. To develop a FRET-based method to visualize DNA-protein interaction in situ, a DNA 

binding fluorescent dye suitable as a FRET acceptor if GFP is the donor must be used.  

1.5.9 Nuclear magnetic resonance (NMR) 

NMR is used to examine the interactions of DNA with proteins (164, 165). NMR 

provides dynamic and structural information on the changes in conformation and molecular 
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flexibility and enables the formulation of mechanistic models of DNA-protein interactions. Some 

sample preparation steps need to be followed. For the NMR assay, the sample needs to be 

labeled such that the protein is 15N or 13C labeled while the DNA is unlabeled or vice versa. 

Sample precipitation needs to be taken care of as there is a strong electrostatic interaction 

involved within the complex.  

The sample can be analyzed by chemical shift mapping where Heteronuclear Single 

Quantum Coherence (HSQC) spectra of a labeled molecule is analyzed separately for a bound 

and free state. Chemical shifts are sensitive to alterations in the chemical environment. Thus 

causing a shift in the spectra as compared to unbound molecules is interpreted as the protein-

DNA complex. Another technique that is employed in NMR is the solvent accessibility test 

which helps in the quantitative analysis of the amide proton exchange rates of the free and the 

bound protein. However, there are certain intermolecular restraints to the NMR spectroscopy, 

such as residual dipolar couplings make the assay hamper the precision and accuracy of 

techniques. 

1.5.10 The widely used techniques for detecting protein expression: functional TF 

transactivation 

The importance of DNA-binding proteins has motivated the continued development of 

experimental and analytic methods to identify better and characterize these interactions. Protein 

detection methods such as western blot (WB), immunoassay linked with radiolabel probes or 

enzymes, and reporter genes have been intensively used for targeting detection of sequence-

specific binding proteins interacting with DNA complex (Table 1.3). 

 

Table 1.3 Common methods for detection of protein expression 
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Technique Description 

Western blot 
Allows for the detection of a protein in a sample, with measurements of 

relative concentration between samples 

Enzyme-linked immunosorbent 

assay 

Allows for measurement of protein concentration in a sample. More 

sensitive than a western blot. Quantifying specific amount of protein, 

rather than determine the relative amount of protein within cells at a 

very high resolution 

Radioimmunoassay 
Precise measuring protein concentration in samples that contain dilute 

proteins 

Immunohistochemistry 
Characterizing the spatial distribution of the expression of a protein in 

cells and tissues. Not very quantitative 

Immunoelectron microscopy 
Characterizes the spatial distribution of the expression of a protein 

within cells at very high resolution 

Reporter proteins 
characterize the spatial distribution of the expression of a protein within 

the need to use immunohistochemistry. Can be performed in live cells or 

tissues 

 

 

1.5.10.1 Western blot (WB) 

The WB has various applications for examining molecular regulatory events 

underpinning protein turnover and chronic physiological adaptions (166-168). For instance, the 

WB can be used to measure protein abundance, kinase activity, cellular localization, protein-

protein interactions, or monitoring of post-translational modifications. WB is often used in a 

study to separate and identify TF proteins or signal molecules. A proteins’ mixture is separated 

based on molecular weight and type using gel electrophoresis in this method. Later, the gel is 

transferred to a membrane producing a band for each protein. The membrane is then incubated 

with labeled antibodies specific to the protein of interest. The unbound antibody is washed off, 
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and only the bound antibody to the protein of interest remains in the membrane. The only bound 

antibodies are then detected by developing the film. As antibodies only bind to the proteins of 

interest, only one band should be detected. The band's thickness parallels the amount of protein 

existing; thus, doing a standard can specify the amount of protein present.  

1.5.10.2 Enzyme-linked immunosorbent assay (ELISA) assay  

DNA-binding assays have utility in measuring the ability of TFs to interact with DNA (9, 

169). ELISA is a plate-based assay technique devised for identifying peptides, proteins, 

antibodies, and hormones. In ELISA, an antigen is immobilized to a solid surface in the 

microplate at first and then treated an ab that is coupled to an enzyme for antigen (protein)-ab 

complex. The ELISA detection is carried out by evaluating the conjugated enzyme activity 

through incubation with a substrate. This provides a quantifiable product for detection. The 

ELISA often is available as a commercial kit to quantify activated transcription factors’ activity 

that facilitates the study of transcription-factor activation in mammalian cells.  

The first ELISA involved chromogenic reporter molecules and substrates in generating 

observable color change that monitors the presence of antigen. Then, advancement in the ELISA 

technique leads to fluorogenic, quantitative PCR, and electro-chemiluminescent reporters to 

create signals. This assay determines the binding of TFs to DNA bound to a microplate. It can be 

utilized to determine the effect of mutations or pharmaceutical compounds in the activation of 

the signal. 

ELISA has various advantages, including high throughput and quick to get results. Also, 

this essay can be quantitative if a standard curve is created with purified active protein. However, 

it requires a specific antibody to the TFs of interest. The techniques are susceptible and 

convenient for operation. Also, the experiment outcomes obtain quickly and ease of analysis by 
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which colorimetric readout enables simple quantitative analysis with spectrophotometry at 450 

nm. Furthermore, the assay is flexible format 96-strip well format so that it enables both high 

low-throughput assays (9, 170, 171). 

ELISA is performed in 96-well plates coated to bind protein very strongly. Depending on 

the ELISA type, testing requirements for the kinds of abs or enzymes vary. The four typical steps 

are performed for the ELISA immunoassay. First, antigens or antibodies are coated. Then, BSA 

(bovine serum albumin) solution is used for blocking. After washing the unbound reactants, 

samples are detected, and data of the enzymatic reaction (color changes) is readout by plate 

reader.  

The experiment outcomes are detected by the addition of a substrate that can generate a 

color. Mostly the substrates used for ELISA are horseradish peroxidase (HRP) or alkaline 

phosphatase (ALP) results in a blue color change. In ELISA protocol, a serial dilution of 

concentrations is placed in the wells of the plate, and the results are calculated. A standard curve 

is plotted from the serial dilutions data with a concentration on the x-axis and absorbance on the 

y-axis. The data from ELISA tests can be quantitative, qualitative, or semiquantitative. The 

quantitative concentration results are plotted and compared to a standard curve. The qualitative 

results confirm or deny the existence of a particular antigen/antibody in a sample. The 

semiquantitative results compared the intensity of the signals, comparing relative antigen levels 

in a sample. Once color changes are detected from the assay, the results are graphed either on 

paper or software. Usually, the plot evaluates optical density to log concentration, which gives a 

sigmoidal curve. Known concentrations give the standard curve, and measurement of unknowns 

can then happen when sample values are compared to the linear fraction of the graphed standard 

curve.  
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1.5.10.3 Reporter gene assay 

Reporter gene assay is a helpful technique for biomedical and pharmaceutical researchers 

to monitor cellular events related to gene expression, regulation, and signal transduction. A 

reporter gene is an exogenous coding region joined to a promoter sequence or element in an 

expression vector introduced into cells to provide the tools for determining the promoter activity 

(172). Most physiological phenomena, including cell communication, cellular development, 

growth regulation, proliferation, proliferation, can be controlled at the TF-DNA level. The 

differential gene expression is tightly regulated in response to intrinsic developmental programs 

and extrinsic signals. In order to gain insightful knowledge about the relationship between the 

activation/inhibition of different pathways and their effects on gene expression, specific response 

elements are fused to genes encoding reporter proteins (Figure 1.4). 

 

 

Figure 1.4 Schematic representation of a cell-based reporter gene assay.  
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Extracellular stimuli can trigger cellular signal cascades, or TFs activate DNA binding 

sequences as response elements that modulate the reporter gene transactivation, and the 

expression of reporter proteins are detected. The reporter protein is readout signals as an 

indirect measurement for the transcriptional activity 

 

Once reporter proteins are expressed in cells, the reporter is assayed by either directly 

measuring the reporter protein itself or assessing its activity, correlating the strength of the fused 

DNA response element with the amount of reporter produced. Based on the alternations in 

reporter gene activities mediated by attaching response elements to the reporter genes, an assay 

that is sensitive, reliable, and convenient can efficiently report the activation of specific signaling 

cascades and their effects on gene expression and regulations inside cells living subjects. 

Generally, reporter genes should have the advantages of reduced background activity in cells and 

amplify the signal from the cell surface to create a rapid, highly sensitive, reproducible, and 

easily detectable response. Currently, reporter genes are used in both in vitro and in vivo 

applications. In particular, reporter systems are utilized to study the promoter and enhancer 

sequences or trans-acting mediators for transcription, mRNA processing, and translation. The 

technique can also be utilized for localization, transfection efficiencies, protein-protein 

interactions, subcellular protein localization, and recombination events, and screen genome-wide 

libraries for essential genetic regulatory elements. All these applications signify the enormous 

contribution to research in biology and biotechnology. In the next section, reporter gene assay 

will be described in-depth to understand the principles of the reporter gene technology, its 

applications, advantages, and disadvantages. In addition, rationales of the reporter gene platform 

in this dissertation will present to understand the functional regulation of transcription factor 

activity at the protein/DNA level. 



73 

 

 

1.6 Reporter gene platform to characterize TF-DNA interaction  

Most physiological processes, including cell communication, development, proliferation, 

and apoptosis, can be controlled at the TF-DNA level. The differential gene expression is tightly 

regulated in response to environmental signals. In order to gain insights into the relationship 

between the activation or inhibition of different pathways and their effects on gene expression, 

particular DNA responsive elements are fused to genes of reporter proteins (173) (Figure 1.5). 

 

 

Figure 1.5 Steps in constructing  and generating a recombinant DNA plasmid 

To investigate the gene of interest (e.g., regulatory component of gene expression 

including transcription factor or cis-regulatory elements), the target gene of regulatory regions 

is cut by the proper restriction enzymes first. Then, the cutting gene segments are fused to the 

gene segment to the reporter coding region, and the hybrid gene or gene fusion product is 

formed. The hybrid gene is inserted into the appropriate expression vector and transformed into 

bacterial competent cells to yield the recombinant DNA molecules. After extracting DNA from 

the amplified cells, the recombinant DNA molecules are purified and ready for the next step, 

chemically transfected into the host cells. The figure is inspired by Alberts B, Johnson A, Lewis 

J, et al. Molecular Biology of the Cell. 4th edition. New York: Garland Science; 2002. Isolating, 

Cloning, and Sequencing DNA. 
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Reporter genes can indicate events throughout the entire genetic process because their 

measurable parameter is an or directly measuring the fluorescence of the marker protein 

expression under the control of the interest promoter or enhancers. Therefore, reporter gene 

assay provides valuable information on monitoring transcriptional activity in cells. Further 

studies on gene expression have broadened to include the entire process of physiology regulation 

and phenotype expression. As a result, our use of genetic reporters has expanded from the 

analysis of cis-acting elements to the study of downstream events such as RNA processing and 

protein expression and upstream events, such as the biochemical mechanisms preceding DNA 

transcription.  

Reporter assays can also provide a real-time in vivo readout of translational activity for a 

promoter of interest because the reporter genes are fusions of a target promoter DNA sequence 

and a reporter gene DNA sequence. The DNA promoter sequence is personalized and fused to 

the reporter gene for a protein with detectable properties. These reporter genes produce 

fluorescence proteins only when the promoter of interest is activated. The fluorescent protein 

produces fluorescent light that can be detected by flow cytometry or microplate reader, 

spectroscopic instrumentation. The signal from the reporter gene is treated as an indirect 

determinant for the translation of endogenous proteins driven from the same promoter. 

Experimental conditions are established such that events other than transcriptional regulation is 

presumed to be constant. Changes in reporter expression are thus coupled to differences in 

transcriptional activity. Even so, alternative experimental strategies can reveal other stages 

within the broader genetic event. 

Reporter assay has developed because of the advanced cloning technology to identify 

regulatory elements of cloned genes with the functional assay. Since the gene cloning technique 
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advanced and developed sophisticated cloning procedures to isolate selected eukaryotic genes, 

reservoirs of sequenced genomic segments have enormously expanded. Comparative sequence 

from the genomic segments revealed that many genes share common consensus sequences 

upstream of the transcription start site. These include the TATAA elements, an AT-rich sequence 

that appears to set the 5' initiating nucleotide for transcription 25-30 bases downstream, a GC-

rich oligomer associated with certain viral and cellular genes, and another element with a 

consensus sequence CCAAT approximately 80 bases upstream of many transcriptions start sites. 

After characterization of enhancers in both viral and cellular genomes, regulatory elements to be 

assigned for their role. As a result, a functional assay system starts developing in which cloned 

sequences can be reintroduced into eukaryotic cells in culture and tested for transcriptional 

activity. The popularity of cell culture systems for the analysis of cloned gene expression derives 

principally from the relative simplicity of the experimental procedures involved and the 

reproducibility of the assays compared to techniques of transgenic mice. With an appropriate cell 

line in hand, it is possible to demonstrate relatively promptly with an expression assay that a 

particular set of nucleotides functions as a transcriptional regulatory element. The reporter gene 

assays were rapidly developed with the advanced development of expression vectors into culture 

cells (172).  

1.6.1 Chloramphenicol acetyltransferase (CAT) assay  

The chloramphenicol acetyltransferase (CAT) gene was the first reporter gene to monitor 

transcriptional activity in mammalian cells (174, 175). CAT is a bacterial enzyme that enables 

detoxifying chloramphenicol, an inhibitor of prokaryotic protein synthesis, by catalyzing the 

transfer of acetyl groups from acetyl CoA to the 3-hydroxyl position of chloramphenicol. The 

CAT consists of three subunits of 25 kDa protein each and is relatively stable in mammalian 
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cells. CAT was widely used as an indicator gene because of lack of endogenous proteins for 

interfering with CAT activity in mammalian cells. As the first gene reporter, CAT has been used 

to monitor the delivery, location, and pattern of transgene expression. Due to the reliance on 

radioisotopes, the CAT assay could not employ in live cells. 

1.6.2 Alkaline phosphatase (AP) 

AP has become a representative marker that participates in most biological processes 

(176, 177). AP consists of two similar monomers that contain five cysteine residues, two zinc 

atoms, and one magnesium atom for its critical function. AP serves as a functional role of a 

catalyzer for biological dephosphorylation and becomes active in ideally active in an alkaline 

environment (178-182) (Figure 1.6). 

 

 

Figure 1.6 Structures of the substrates for alkaline phosphatase (AP)  

The substrates are hydrolyzed by AP and generate the absorbance changes and detect the 

signals by spectrophotometer. PNPP, FADP and CSPD are commonly used as the assay 

substrates. 

 

Because of the physiologically vital role of AP for living organisms, AP is optimized its 

activity at pH above 8. AP is a relatively stable protein ubiquitously expressed in bacteria and 

mammalians. The AP hydrolyzed its substrates to produce the absorbance difference and the 
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signal detected. AP has been used to analyze a culture medium from stably transformed cells, 

with the variety of easy and sensitive assays letting for a convenient and versatile reporter 

system. It has also been demonstrated to monitor promoter activity, detect growth factors, and 

identify inducers/repressors of gene expression. Unluckily, AP is expressed practically in all cell 

types; therefore, the cells' metabolic states can interfere with monitoring TFs activity in 

mammalian cells.  

1.6.3 Secreted alkaline phosphatase (SEAP) assay 

SEAP is a reporter used to study promoter activity or gene expression (176). The SEAP 

reporter gene encodes a truncated form of the human placental AP gene. Due to no anchoring 

domain of the enzyme, AP can be secreted from transfected cells to detect reporter gene activity 

without cell lysis. Using a secreted reporter protein has advantages over traditional reporter 

assays such as CAT assay because the assay does not require cell lysis. SEAP assay is a type of 

enzymatic assay that AP dephosphorylates the chemiluminescent alkaline phosphatase substrate 

(CSPD) into an unstable dioxetane anion and detects the producing light. The assays can be 

carried out in both single tube and microplate format. SEAP is a stable enzyme, which stays 

active in the typical cell culture media for 72 hours.  

1.6.4 β-galactosidase (β-gal) assay 

β-galactosidase is a type of bacterial enzyme, constituting one tetramer with a large 

subunit size of 1023 amino acids (the monomer is 116 kDa) (183, 184). Each monomer peptide 

chain in each β-gal tetramer structure can fold into five sequential domains. The five domains 

contain an extended segment of ~50 amino acid residues at the amino terminus. About 26 amino 

acids can be replaced with genes from various other proteins with no affecting catalytic activity. 

In the meantime, other coding regions producing active chimeric β-galactosidase can still be 



78 

 

 

produced because of the redundant coding region. The expressed β-gal can facilitate the 

hydrolysis of various β -galactosidase, which has been used as an internal control for 

normalizing variability in reporter protein activity. Transfection efficiency or cell extracts enable 

to make variability of the experiment conditions (Figure 1.7).  

 

 

Figure 1.7 Structure and reaction scheme for in vitro and in vivo β-galactosidase assay 

(A) Structures of o-nitrophenyl β-D-galactopyranoside (ONPG) and 5-bromo-4-chloro-3-

indolyl Galactosidase (X-Gal), which are substrates for β-gal expression assay. They have been 

commonly used for in vitro and ex vivo because of their chromogenic features; however, despite 

of their simplicity on the colorimetric assay feature, the assay in use of a single cell is 

insufficient due to weak sensitivity and narrow dynamic range. (B) Fluorescein-di-β-D-

galactopyranoside (FDG) has better substrate replacement for assay in the mammalian cells. 



79 

 

 

FDG exhibits fluorescence after reaction with β-gal. The β-galactosidase-FDG system has 

commonly used in the reporter assay because one fluorescein exhibits intense fluorescence, 

particularly for a single cell application. (C) Using substrates of TG-βGal and DDAOG (9H-

(1,3-dichorlo-9,9-dimethylacridin-2-one 7-yl) β-galactopyranoside (DDAOG), far-red 

compound), β-galactosidase activity with TG- βGal. 

 

 

A direct comparison can be thru between the cells’ number that the cells are transfected 

and the strength of the promoter by using colorimetric enzymatic assays to identify the 

transfection efficiency, cell specificity, or preference of infection and evaluation of the promoter 

expression level. This method is predominantly valuable for recognizing specific cells expressing 

the promotor-lacZ construct within a primarily heterogeneous cell population. Nevertheless, the 

X-Gal and ONPG have known for narrow dynamic range and poor sensitivity. 

1.6.5 β-lactamase (BLA) assay 

The β-lactamase reporter assay is a type of enzymatic assay use of β-lactamase. It utilizes 

a fluorometric readout on live cells because they do not require cell lysis. An additional benefit 

of the β-lactamase reporter assay is that the detection is based on FRET substrate, CCF4-AM, 

which is cell-permeant. The FRET substrates emit two different lights so that the difference of 

the light emission based on the enzymatic reaction can be detected by a fluorescent light detector 

such as a flow cytometer. It is beneficial in screening drugs because the detection signal is 

quantified from numbers of samples (185-190) (Figure 1.8). 
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Figure 1.8 Illustration of the β-lactamase reporter system  

After the esterified (acetoxymethylated; AM) form of this substrate CCF2/4 enters a cell, 

endogenous esterase converts it to CCF2/4, thereby catching it inside the cell. Exciting CCF2/4 

at 409 nm result in efficient FRET from the coumarin moiety to the fluorescein derivative and 

creates green fluorescence detectable at 520 nm. After β-lactamase cleaves CCF2/4, the two 

fluorophores separate, causing loss of FRET; excitation at 409 nm results in blue fluorescence 

detectable at 447 nm.  

 

 

The β-lactamase reporter assays employ the enzyme TEM-1 β-lactamases (BLA), which 

lacks the N-terminal 23 amino acid periplasmic secretory signal sequence. BLA is a 29-kDa 

enzyme encoded by the ampicillin resistance gene that acts as a monomer or when fused N- or 

C-terminus to a heterologous protein. It can cleave β-lactam-containing molecules like penicillin 

and cephalosporins with simple kinetics and high catalytic efficiency. Any ortholog of BLA does 
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not exist in eukaryotes. Also, overexpression of BLA is not harmful to toxicity in eukaryotic 

cells. Even though the substrate of BLA and its enzymatic products are nontoxic in cells, the 

assay is not convenient for monitoring TF activities targeting DNA binding interactions due to 

the use of enzyme and substrates for the assay. 

1.6.6 Luciferase assay (Bioluminescent reporter gene assays) 

A luciferase assay is used to determine whether the gene of interest is upregulated or 

downregulated in the cells from the signals of luciferase activity. The assay can be quantifiable 

for interpretation under the specific protein existence and the specific gene expression. The 

detection signal is quantified to provide the functional connection between the protein and the 

particular gene of interest fused to the luciferase gene. In the case of studying transcriptional 

factors, the assay cannot uncover whether the protein directly interacts with DNA. The 

functional connection is limited to measuring the effect of the specific protein for transcriptional 

activity indirectly. 

Luciferase is derived from the firefly and utilized for functional reporter assay (191-193). 

Luciferase assay involves genetic engineering for the manipulation process. The promoter of the 

target gene of interest, expecting the DNA binding targets of TFs, is fused with the DNA coding 

region of the luciferase gene (194). Also, individually target genes for coding the expecting 

protein, such as transcription factors, are encoded in the expression plasmids. The two constructs 

are transfected into a cell culture system, such as HEK 293 cells. The expression of luciferase is 

detected 48 to 72 hours after post-transfection. Depending on the activity of the protein (TFs), 

the luciferase activity is increased (upregulated gene expression) or decreased (downregulated) 

after the lysis of the HEK293 cells and the addition of the proper substrates. The catalyzed 

luciferases’ activity is transferred to signal and quantified based on the amount of light. It reflects 
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on the activity of the protein of interest on the gene of interest. Because of variability in 

conditions within each well and sample in a cell culture plate, an luciferase assay experiment 

should repeat the experiments several times for obtaining its reproducible data for each condition 

at least three times. The assay should have proper negative control, such as conditions in the 

absence of protein of interest and the absence of target gene for appropriate data interpretation.  

Luciferase produces light emission from the enzyme reaction on the proper substrate 

under the presence of oxygens (Figure 1.9).  
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Figure 1.9 Bioluminescence substrates and enzymatic reactions of several common 

luciferases  

(A) The aliphatic aldehyde substrate of luciferase. The luciferase enzyme oxidizes 

reduced flavin mononucleotide (FMNH2) and a long-chain aliphatic aldehyde in the presence of 

oxygen to release visible light; (b) Luciferin is catalyzed by firefly luciferase. The reaction 

requires oxygen and ATP. During the reaction, the chemical energy is released as light (spectra, 

530nm-640 nm); (c) Renilla luciferase (Rluc) is another type of luciferase without the 

requirement of ATP for its reaction. Rluc catalyzes the oxidation of coelenterazine (substrate). 

 

  

Luciferases are the heterodimeric enzymes comprising of one 40 kD α-subunit (luxA) and 

one 37 kD β-subunit (luxB) and oxidize flavin mononucleotide (FMNH2) to emit light. The 

system is limited application. FMNH2 can be fast oxidized and cannot use the system in a 

mammalian cell due to the hard to express in the culture cells. Luciferase is an enzymatic protein 

for the requirement of appropriate substrates, oxygen, or ATP as energy sources, as figure 1.10 

stated. The condition for the reaction can be influenced by the cellular metabolic states as well. 

Moreover, during the detection, the cells should be lyzed so that this assay cannot provide real-

time monitoring for dynamics of TFs activity. Consequently, luciferase assay is not suitable for 

characterizing TF-DNA interactions for such reasons. 

1.6.7 Quantum dot reporters 

Inorganic nanocrystal, Quantum Dots (QDs) have been used as a fluorescent probe as a 

biological experiment (195-197). Because QDs provide strong brightness and long-lasting 

photostability for researchers, it is mainly used for mainly in vivo imaging applications. 

Depending on the size of QDs, many different spectrums can be generated and tuned,it is the 

popular use of combining with microarray technology for quantitative assay. QDs also have 

conjugated with small molecules, including chemicals, peptides, small ligands, or antibodies, to 

reduce the nonspecific molecules’ interaction in the cell environment. Overall, QDs are popular 
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for use in a multiplex fluorescent system for tracking proteins' biological systems in visualization 

and screening small ligands for therapeutics development. 

1.6.8 Summary of the reporter gene assay 

The genes that encode CAT, β-galactosidase, luciferase assay have been employed as a 

merit of quantitative reporters to detect or monitor the gene of interest (promoter) activity. 

However, the conventional reporter gene expression shares two disadvantages. First, most 

reporter assays determine based on the total gene activity from entire sample cells so that the 

gene varies in an individual sample. Also, the measuring time for the conventional assay cannot 

provide real-time monitoring due to the reliance on the enzymatic reactions, in which the 

enzymatic reaction is fast. The standard reporter gene techniques are summarized in their 

characteristics (172, 198) (Table 1.4). 

 

Table 1.4 Characteristics of gene reporter systems: advantages and disadvantages for 

aspect of cell-based assay development and screening 

 

Reporter gene Function Advantage Disadvantage 

Chloramphenicol 

acetyltransferase 

 (CAT) 

 Transfers acetyl 

group from 

acetyl coA 

molecule to 

chloramphenicol

, causing its 

detoxification  

Genetic product is 

stable and detectable 

at attomolar 

concentration; suitable 

for mammalian 

system; no 

endogenous activity; 

automated ELISA 

Non suitable for high 

throughput studies; Narrow 

linear range; use of 

radioisotopes; stable 

β-Galactosidase 

 (lacZ, bacterial, 

mammalial cells) 

First reported in 

1980. In E.Coli, 

hydrolysis 

lactose to 

glucose and 

galactose 

Can act on many 

substrates; well 

characterized; stable; 

simple clorimetric 

readouts; sensitive 

bio- or 

chemiluminescent 

assays available. 

Costly and potentially toxic 

chemical for assay and lysis 

of cells; not useful for real 

time detection systems; 

endogenous activity 

(mammalian cells). 
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β-Lactamase 

(BLA) 
Use of the 

enzyme TEM-1 

β-lactamase 

(BLA), 

selectively 

detets of 

fluorescenct 

color changes 

when the 

fluorogenic 

BLA substrate 

CCF2/4-AM are 

esterified to 

CCF2/4 and 

detected by 

FRET by 

esterase in the 

cell and cleaved 

by BLA.  

Enzyme substrate is 

easy to deliver inside 

cells; radiometric data 

available so that 

eliminate issues from 

well-to-well variations 

in cell number and 

fluorescence signal. 

Poor dynamic range; its 

substrate CCF2/4 has high 

molecular weight and poor 

solubility in aqueous 

solution 

Secreted Alkaline 

Phosphatase 

(SEAP) 

The expressed 

secreated AP is 

detected when it 

activates a 

dioxetane 

derivative and 

decomposes. 

During the 

decomposition 

process, light is 

emitted and 

detected.  

Secreted protein; 

inexpensive 

colorimetric and 

highly sensitive 

luminescent assays 

available 

Endogenous activity in 

some cells; interference 

with compounds being 

screened; time-consuming 

and labor-intensive serial 

dilution required for the 

stable cell line.  

Luciferase Proteins tha 

generate 

luminescence 

biologically. 

Can be 

eukaryotic or 

bacterial (lux). 

Firefly 

luciferase is one 

of the most 

common 

reporter genes. 

[Firefly] High 

sensitivity, tight 

coupling of Luc 

protein with 

luminescence output, 

protein requires no 

posttranslational 

modification; no 

endogeneous activity; 

broad dynamic range; 

convenient assays; 

[Bacterial luciferase], 

good for 

measuring/analysing 

prokaryotic gene 

transcritpion.  

Firefly luciferase requires 

addition of costly substrate 

luciferin to monitor 

activity; it requires 

substrate (luciferin) and 

presence of O
2
 and ATP; 

the substrate for bacterial 

luciferase is produced 

endogeneously, but not 

very active in eukaryotic 

systems (less sensitive). 
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1.7 Green fluorescent protein (GFP) reporter assay 

GFP is the most widely used and developed reporter applicable in biochemistry and cell 

biology. After discovering GFP and its mutants, because of the stable fluorescence offers and 

independence of the enzymatic reactions, even many variants of spectra of fluorescence protein, 

GFP-based reporter assay become popular for many applications. GFP is employed as a protein 

fusion reporter in various applications in diverse cells and detects particular biological processes, 

such as fusion gene expression. The fusion protein produced by the engineered genes maintains 

its natural function along with fluorescent property acquired from GFP expressing gene.  

1.7.1 Discovery and major milestones 

Shimmonura and his colleges discovered GFP as a companion protein to aequorin, the 

famous chemiluminescent protein from Aequorea jellyfish (199-205). Morin & Hastings 

discovered GFPs coelenterates Obelia from a hydroid and Renilla from sea pans. Moris's team 

purified and crystallized GFP, assessed its absorbance spectrum and fluorescence quantum yield, 

and demonstrated that aequorin could efficiently transfer its luminescence energy to GFP when 

the two adsorbed onto cationic support. Prendergast and Mann obtained the first precise estimate 

for the monomer molecular weight. Shimomura proteolyzed denatured GFP, analyzed the 

peptide that retained visible absorbance, and correctly projected that the chromophore is a 4-(p-

hydroxybenzylidene) imidazolidin-5-one attached to the peptide backbone through the 1- and 2- 

positions of the ring. Prasher and his colleagues cloned the GFP genes, and Chalfie and his teams 

and Inouye & Tsuji proved that expression of the genes in other organisms emits fluorescent 

lights. From the gene cloning works, GFP was able to be used widely for reporter gene assay. 

GFP has a much higher extinction coefficient, resistance to pH-induced conformational changes 

and denaturation, and tendency to dimerize. Among these GFPs, the GFP gene from jellyfish 
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Aequores victoria has been cloned. The cloned GFP gene has been the most studied green 

fluorescent protein as a biotechnological marker.  

1.7.2 GFP structure 

Cubitt suggested the proposed mechanism for the intramolecular biosynthesis of the GFP 

chromophore (203-205) (Figure 1.10). 

 

Figure 1.10 Proposed Mechanism for the intramolecular biosynthesis of the GFP 

chromophore. 

 First, GFP folds into a nearly native conformation, the imidazolinone is then formed by 

nucleophilic attack of the amide of Gly67 on the carbonyl of residue Ser65, followed by 

hydration. Next, molecular oxygen dehydrogenates the α –β bond of residue Tyr66 to put the 

aromatic group into conjugation with the imidazoline and therefore the chromophore acquires 

visible absorbance and fluoresce (206). 
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The chromophore is a p-hydroxybenzylideneimidazolineone formed from residues 65-66, 

which are Ser-Tyr-Gly in the native protein. The currently accepted mechanism for chromophore 

formation is illustrated in the figure. First, GFP folds into a native conformation, and then a 

nucleophilic attack of the amide of Gly67 on the carbonyl of residue 65 produces imidazoline. 

After the dehydration process, molecular oxygen dehydrogenates the α-β bond of residue 66 to 

position its aromatic group into conjugating with the imidazolinone.  

GFP is an 11-stranded β-barrel threaded by an α-helix running up the axis of the cylinder. 

The chromophore is connected to the α-helix and is buried almost perfectly in the center of the 

cylinder, which has been called a β-can. Almost all the primary sequence is employed to build 

the β-barrel and axial helix so that there are no prominent places where one could design large 

deletions and reduce the size of the protein by a significant fraction. Residue deletions and 

reduce the size of the protein by a significant fraction. GFP forms a dimer. The same wild-type 

GFP also forms as a monomer, isomorphous to the monomeric crystals.  

1.7.3 Applications of GFP reporter in our research 

In tagging applications, GFP fluorescence reflects gene expression or subcellular 

localization caused by targeting domains or host proteins to which GFP is fused. As an indicator, 

GFP fluorescence can be modulated posttranslationally by its chemical environment and protein-

protein interactions. The success of cell-based assays relies on the quality of the reporter gene. 

While valuable, most commercially available reporter technologies are not versatile enough to 

cover every aspect of cell-based assay development and screening. For example, although 

luciferase-based assays offer acceptable sensitivity and a dynamic range, they cannot be used for 

flow cytometry due to the transience of its enzymatic byproducts and light signals. A preferred 

reporter for us to study the TF-DNA complex should mimic the properties of the protein of 
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interest and should produce a stable, readily measurable signal under physiological conditions 

such as in mammalian cells (172). Also, Except GFP reporter assay, another reporter assay 

requires the use of an enzymatic process for the detection requires appropriate substrates and 

lysis of cells. Detection of intracellularly expressed enzymes and their catalyzed process in living 

cells can be inadequate because of the instability of the substrate and low permeability. 

In contrast, the GFP reporter does not require any additional enzyme substrates for the 

experiment and monitors the GFP expression as a response to target gene activation in live cells. 

Even GFP is a stable protein under physiological conditions in pH and temperatures. Therefore, 

for monitoring TFs -DNA interaction in live cells, a GFP reporter assay was selected.  

Multiplexing of GFP reporter system in physiological conditions 

GFP reporter and the detector instrument of the fluorescence reporter gene are suitable 

for our experimental model system. Especially, fluorometry is the most common technique used 

in biological applications because of its high sensitivity, simplicity, and ability for multiplexing. 

The GFP reporter assay is well-known for its noninvasive and inherently fluorescent. Also, 

employing different spectrally resolved mutants of GFP enables us to track the expression of two 

or more genes in the same cell, a multiplexing system.  

Real-time monitoring and visualization of gene expression 

Because of the brightness of fluorescent reporters, they can be visualized by employing a 

fluorescent microscope. Therefore, they are often employed in Spatio-temporal and visual 

imaging, as well as in vivo applications. The fluorescent proteins do not require substrates or 

reagents for detection; however, most need oxygen to form their chromophores. Besides, without 

lysing cells, fluorescent proteins can be detected, while this is difficult for luciferase. One of the 

most significant disadvantages of fluorescent reporters is that they need to overcome cellular 
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auto-fluorescence. However, in general, the cellular autofluorescence is lower for the emission 

wavelength of the red channel, such as EGFP or iRFP. 

Since the cloning and enhancement of the GFP, GFP has been popular as a reporter gene. 

Certainly, GFP has been used extensively to visualize spatial and temporal patterns of gene 

expression in vitro and in vivo and study intracellular patterns of protein localization and gene 

trafficking in live cells. The main benefits of GFP are that it is noninvasive and inherently 

fluorescent so that it does not require substrate for detection. Further, using different spectrally 

resolved mutants of GFP enables an investigator to track two (or more genes) expressions in the 

same cells (multiplexing). Therefore, this is extensively useful for characterizing the activity of 

transcription factor binding to its cognate sequences. 

Furthermore, GFP fluorescence could be detected in individual eukaryotic cells by flow 

cytometry. Therefore, GFP expression could be simultaneously analyzed in a mixed population 

of cells, or analysis of reporter gene expression could be limited to a distinct subpopulation of 

cells such as only transfected cells. Furthermore, the capacity to monitor GFP accumulation in 

living cells before flow cytometry has the potential to simplify kinetic analyses of reporter gene 

expression greatly (Figure 1.11). 
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Figure 1.11 Overview of the cell-based reporter  

 First, we constructed our interest of target, PU.1-expressing plasmid and its responsive 

gene element expressing plasmid. Then, the plasmids were amplified for the delivery into 

mammalian cells. Using chemical reagents (here in the scheme), two explession vectors were 

transfected. Once the two expression vectors were successfully introduced and expressed, the 

two reporters as indicators of TF activity were detected by flow cytometer and projected as a 

flow cytometric diagram. Depending on the FSC (floward scatter) and SSC (Side scatter) as the 

laser lights hit, cells are represented its characteristics. Each blue dot denotes a single cell. 

Highly dense cells represent as red and are considered as live cell population.     

 

Academic interests to pharmacological application  

Inevitably, as the gene project progresses, the focus will shift from discovering genes to 

monitoring theirs in vivo function. Systems sensitive to transcriptional changes within cells and 

are amenable to HTS will be pivotal in this role. The reliability, reproducibility, sensitivity, and 

adaptability of reporter gene technology to HTS have made cell-based assays an increasingly 

attractive alternative to in vitro biochemical assays. The principal advantage of these cell-based 

assays is that they are robust and can provide information about ligand-receptor interactions. 

They also represent model biological systems that mock physiological conditions and provide 
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important information about the bioavailability and cytotoxicity of compounds. Moreover, the 

ability to maintain these cells in culture for several weeks allows for long-term observations of 

any adaptive changes associated with drug resistance and side effects.  

1.8 Objectives 

1.8.1  Needs for the research 

 A suitable and versatile reporter platform to functionally characterize PU.1 activity in 

live cells is needed for translating knowledge from biophysical research into a biological context. 

Cellular reporter gene platform enables us to understand molecular control mechanism by PU.1 

to bind its target DNA at TF-DNA level in which most focal point of gene regulation occurs.  

The rationale for studying the molecular mechanism of transcription factors  

The study of transcription factors comprises the analysis of their role in regulating gene 

expression and how these changes in gene expression affect cell/organism functions. 

Transcription factors interact at promoters to modulate the transcription of genes. Because the 

initial control step of regulation happens at which the TFs interact with its cognate binding sites. 

In that sense, a complete view of transcription factor action at the molecular level requires the 

knowledge of target genes and binding partners, the effect these interactions have on gene 

expression, and the mechanisms involved in recognizing specific DNA sequences, among others. 

Part of the reason for these difficulties is that TFs appear to act in a highly complex manner. 

Many TFs bind cooperatively, and we are far from having a complex description of which TFs 

interact with one another or how they select their binding sites when they interact. Even TFs 

interact with one another, or how they choose their binding sites when they do interact. Even TFs 

that bind DNA independently may recruit transcriptional machinery in a combinatorial fashion 

after binding to influence gene expression.  
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As we mentioned above, PU.1 exhibits specific features for its preference on interaction 

with primary DNA sequence motifs that modulate binding specificity. For example, ETS 

proteins were functionally governed by the intrinsic properties of the ETS domain in terms of 

sequence usage of each ETS protein as well as interactions with other cofactors. The high-

throughput microarray and Chip-seq analysis demonstrated that the ETS proteins targeted DNA 

specificity and stressed the intrinsic selectivity of the ETS domain. Also, biophysical studies of 

the PU.1/DNA complex revealed that PU.1 is sensitive to osmatic conditions for recognition of 

its binding sites. Furthermore, unique structural features of PU.1 that lack of structural 

autoinhibitory domain of PU.1 displayed that PU.1’s inhibitory mechanism is based on the 

interaction with its specific DNA binding sites. Therefore, we need experimental tools to study 

quantitative gene regulation, allow for the rapid analysis of many PU.1-specified regulatory 

sequences, and be easily multiplexed to explore several different TFs. 

A cell-based reporter gene platform for pharmacological application 

The previous finding demonstrated the viability of transcription factor PU.1 as a 

pharmacological target and opened new possibilities for antileukemic therapeutics through small 

molecule inhibitors (84). The small compounds, which bind to DNA minor grooves and have a 

high affinity and specificity on AT-sequences in flanking regions, are attractive to develop as 

effective allosteric inhibitors of PU.1-DNA complexes. The ability of PU.1-dependent gene 

inhibition without significant cytotoxicity and nucleus localization in the live cell has potential 

for antileukemia therapeutics. This strategy proposes the complete loss of low PU.1-expressed 

leukemia stem cells using the DNA minor groove inhibitors because their removal might lead to 

leukemia stem cell failures. In an effort to find a variety of DNA-targeted transcription factor 

inhibitors, we need to develop a cell-based platform measuring the feasibility of PU.1 inhibition. 
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This dissertation attempts to evaluate DNA minor groove binders and understand their structure-

function relationships. It is also to establish a quantitative analytical method to measure the 

dications’ levels in biological samples. From these aims, the biological behavior characteristics 

of these dications are examined in two types of cell-based reporter technologies (Figure 1.12).  

 

 

Figure 1.12 The principle of in vitro PU.1 transactivation assay for screening ligands 

against PU.1 activity.  

(A)Two expression vectors are co-transfected into HEK293 cells. After ligands bind the 

PU.1’s enhancer, reducing the expression of PU.1-enhancer’s reporter gene due to the 

interference by the ligands is detected. (Red circles denote iRFP fluorescence, and green circles 

represent EGFP marker expression)  (B) Using lentiviral transduction technology, the lentiviral 

expression vectors coding PU.1 cognitive enhancer fused to reporter marker are introduced into 

native PU.1-expressing cells (THP-1). Once the ligands bind to the PU.1 enhancer, the EGFP 

reporter expression is reduced (The green fluorescence is decreased and detected by flow 

cytometer).  

 

Firstly, we developed a dual-color reporter platform to characterize DNA-sequence-

specific binding ligands and proved the three pioneering compounds already characterized by 

biophysical studies (SPR) that enabled interfering ectopic PU.1 activity to bind its cognate 

binding site. Then, we further developed the reporter gene platform to use a disease-relevant 
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experiment model that natively PU.1 is expressed. The current translation rate of successful 

molecules between biophysical studies and preclinical trials remains low. We hypothesize that 

structure-function investigations through a cell-based platform would enable us to couple 

fundamental structural properties of heterocyclic cations to their corresponding cellular 

properties. This would enable the design of a more efficient screening process for potential 

therapeutics by allowing the screening of a more abundant compound set. The result would be an 

ability to design more effective treatments with better PU.1 transactivation inhibition. This 

dissertation also provides an understanding of the compounds’ structural and functional 

properties to design more valuable compounds.  

1.8.2 Research aims 

Repoter assays for TFs and their promoter interactions have been used to gain insights 

into their function and transcriptional regulation pathways. As significant differences exist 

between species concerning ligand recognition, it is necessary to adapt these tools for 

transcription factors and other species. In the present work, we describe a PU.1 -specific cell-

based assay adapted to analyze its transactivation activity. We employed reporter two dual-

colored reporter genes coupling one for measuring transcription factor PU.1 activity depending 

on its target DNA binding and form the TF-DNA complex and the other for PU.1 dependent 

enhancer (Igλ2-4) as a study model. By measuring the reporter protein expression using flow 

cytometry, we characterized transcription factor PU.1 activity in living cells to understand its 

cellular and molecular control mechanism in terms of function. We detected the product of the 

PU.1 dependent enhancer gene response relative to the PU.1 expression for correlating with PU.1 

transactivation activity. A dose-dependent response was detected upon the function of PU.1 

transactivation with good correlation to design of enhancer construct (enhancer syntax in terms 
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of density and spacing) or to compete with dominant-negative mutants as inhibitors of PU.1 

activity. Our cell reporter gene assay demonstrated that PU.1's behaviors in mechanistic studies 

from biophysical characterization were biologically relevant in the cellular environment. 

Further, our versatile reporter gene platform was utilized for pharmacological 

implications in drug screening. We attempted to develop a cell-based platform to enable possible 

antileukemic agents and screen and investigate structure-function relationships of compounds to 

understand better and design drugs to target DNA ligands. To accomplish this, we measured the 

inhibitory properties of heterocyclic dications on PU.1 inhibition in vitro and evaluated the 

compounds’ respective potency to assist in developing future compounds. First, we assessed the 

compounds' viability as potential inhibitors of PU.1-dependent gene transactivation. Afterward, 

employing the compounds' intrinsic fluorescence, the compounds were examined further to 

correlate specific structural elements to biological properties. The goal was to investigate the 

respective target specificity. Fluorescently labeled proteins in the cell allowed us to track the 

compounds' distribution, providing insight into off-target activities to correlate them with any 

resulting cytotoxicity. After that, we linked uptake kinetics and cell entry mechanisms to the 

compounds' structural features, which can significantly help design the compounds.  

a. We designed and constructed cellular reporter gene constructs for investigating 

PU.1 activity  

b. We functionally characterized PU.1 transactivation in live cells in the perspective 

of two crucial biophysical characteristics: molecular hydration of DNA 

recognition by PU.1 and PU.1's trans-regulation in a negative feedback manner. 

c. We characterized ligand screening against PU.1 in the perspective of the 

pharmacological application. 
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Our research aims to provide a foundation for analyzing the mechanism that modulates 

the PU.1 transactivation, which would help us design new ways to manipulate PU.1 

transactivation in disease-related function using small molecules knowledge directly used for 

designing small molecules drugs.  

  

2 DESIGN AND CONSTRUCTION OF CELLULAR REPORTERS FOR PU.1 

ACTIVITY  

2.1 Introduction  

We made efforts to investigate the characterization of the TF-DNA complex in live cells 

and applied the knowledge for seeking pharmacological agents as a viable approach to target the 

complex. To achieve the aims, we have developed a cell-based reporter platform. This chapter 

presents the design and construction of a cell-based reporter assay for characterizing functional 

PU.1 activity at the TF-DNA level. 

2.1.1 Synthetic reporter gene assay for characterizing PU.1 activities 

Utilization of cell-based reporter assay in biological research  

Cell-based reporter gene assays are increasingly utilized to study complex biological 

systems. As transcription factor activity, reporter constructs provide the dynamic outcome of its 

activity upon the DNA binding sites in living cells. The data can enable tracking cellular 

processes during cell fate decisions, and reporters designed toward a particular outcome to 

research its research questions. Furthermore, the method can be multiplexed into arrays that 

provide dynamic, live-cell counterparts to the more traditional techniques that are inherently 

destructive and thus report on a snapshot in time. Herein, this study sought to develop design 
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parameters for cell-based reporter assay, which were applied to investigate the dynamics of a 

well-known pathway, PU.1 activity, in a model cell line.  

Cell-based reporter system to study functional activity at the TF-DNA level  

Reporter assay for TF activity generally informs on the complex's connectivity on 

binding its target; however, the TF assays have not been effectively linked with gene expression 

due to the complexity of full promoters. Here we primarily used λB (it is known to be activated 

solely by PU.1 binding) to understand PU.1's DNA recognition and its binding activity. Genetic 

reporters have been developed in which a reporter is inserted alongside a gene of interest, such 

that the expression of the gene leads to the production of the reporter. This strategy thus reports 

on the activity of promoters under the control of TF, PU.1.  

We designed and constructed a dynamic live cell monitoring system for characterizing 

PU.1 transactivation at the protein-DNA level. Transcription factor PU.1 and its integration with 

genetic reporters to analyze TF-DNA interaction were used as a model of the TFs to provide 

dynamic information on TFs’ intracellular gene regulation. As PU.1-dependent cis-regulating 

elements, the B-cell-specific enhancers, λB sites, a target of PU.1, provided an excellent target 

for investigating the syntax of a synthetic enhancer-reporter, as it has a well-defined PWM and is 

stimulated by PU.1 to produce its gene product Immunoglobulin (Ig) heavy-and light-chain. The 

myeloid integrin CD11b and M-CSF1R are mainly expressed selectively on the surface of 

mature monocytes and macrophages, which PU.1 plays an essential role in the cells’ 

differentiation (207, 208). The promoters of human Cd11b and Csf1r were selected as the PU.1-

dependent genes tagged with reporter genes to examine the PU.1 transactivation. The chosen 

PU.1-specific gene contains a purine-rich sequence and the core binding site ‘GGAA/G.’ The 

length and sequence of spacer elements of the λB site were primarily utilized and varied between 
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PU.1 binding sites. The observed dependence of PU.1-medicated activity on spacer composition 

was further investigated from the context of competitive binding with other, more active factors. 

We then applied existing enhancer elements for endogenous PU.1 and its integration with genetic 

reporters that indicate changes in gene expression associated with cell phenotypes. Our results 

suggested design principles for TF reporter constructs and expanded native PU.1-dependent 

genes that integrate TF and genetic reporters in a disease-relevant experiment model for 

therapeutic application.  

2.1.2 Strengths of our cellular reporter gene platform Versatility: Easy adaptation for 

research aims 

2.1.2.1 Versatility: Easy adaptation for research aims 

Characterize the strength of promoters and enhancers 

In order to study the strength of the promoter or enhancer, the reporter gene is cloned 

downstream of the promoter in a vector, and then after transfection, its activity is measured by 

monitoring the expression of the reporter protein. If the reporter gene expression is high, then the 

promoter is strong, and if the expression is low, then the promoter is weak. Similarly, the 

strength of the enhancer region, which is upstream of the promoter, is determined. If the 

transcription factors, when bound to the enhancer, activate or increase the reporter protein 

expression, then the enhancer is strong.  

Assist in defining or characterizing the role of various transcription factors  

Transcription factors play an important role in signal transduction as they are trans-acting 

factors that bind to the enhancer regions of the DNA upon receiving a signal from the cell and 

increase or decrease the expression of genes. The effects of the transcription factor are 

multifaced, and it is difficult to study its role in cells without using any molecular tool. Reporter 
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gene assay assists in alleviating this as one can study the effect of a transcription factor on 

desired regulatory sequence or gene expression by cloning the reporter gene downstream of 

regulatory DNA sequence in a vector. And then, transfecting vector in cell type or cell line where 

the target transcription factor is expressed. The cells used for developing cell-based reporter 

assays should fulfill two requirements: (1) express the PU.1 and (2) carry a reporter system that 

allows measurement of response to PU.1 binding activity. The reporter gene assays are 

established to believe that when a PU.1 expresses, the PU.1 expression can be measured by its 

reporter gene construct. Also, the expressed PU.1 traveled and bind to its specific sequence 

target enhancer; then, the enhancer initiates and activates the following its reporter gene product. 

We chose three distinct PU.1 specific enhancers to understand and characterize PU.1 

transactivation in live cells.  

Selected cis-acting elements of PU.1 activity  

At ƛB motif of E(ƛ2-4) in vitro, a B-cell-specific protein complex containing PU.1, a 

member of the Ets proto-oncogene family, transcriptional activator whose expression is restricted 

to hematopoietic stem cells. This enhancer is also necessary for in vivo activity because 

mutations in ƛB motif, which prevent this interaction, eliminate enhancer function. The complex 

which binds to ƛB motif appears to contain an additional factor that attaches explicitly to a 

region nearby to the PU.1 binding site. Interestingly, an additional factor cannot bind to the ƛB 

motif autonomously; it appears to require direct interaction with the TF PU.1 to stabilize its 

association with the DNA. Therefore, in our system to monitor PU.1 activity without additional 

required cofactors, the ƛB motif enables us to determine PU.1 transaction in live cells solely.  

The myeloid-specific CD11b promoter is selectively expressed on the surface of mature 

monocytes, macrophages, granulocytes, and natural killer cells. The CD11b surface expression is 
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increased during cell differentiation of the myeloid cell lines U937 and HL-60 directing by PU.1. 

Tissue-specific regulated expression of CD11b promoter contain that the first 92 bp of 5'-

flanking DNA are sufficient to direct the tissue-specific expression. PU.1 binds the sequence ‘5’-

AAAAGGAGAAG-3’ at base-pair -20 of the CD11b promoter and regulates its gene expression. 

As with other myeloid promoters, the CSF1R gene contains putative PU.1 binding sites, 

and PU.1 regulates the promoter. It is also known as PU.1; the macrophage transcription factor 

directs tissue-specific expression of the macrophage colony-stimulating factor (M-CSF) receptor. 

PU.1 binds to a specific site in the M-CSF receptor promoter upstream from the primary 

transcription initiation site and transactivates the M-CSF receptor promoter in nonmacrophage 

cells. The PU.1 binding sequence 5'-AAAGGGGAAGAA-3' is employed for our cell-based 

reporter system. The M-CSF receptor is limited to monocyte/macrophage lineage in the 

hematopoietic system. Recently CSF1R gene is essential for AML or Alzheimer's occurrence 

related to PU.1.  

By the three PU.1 binding enhancers/promoters, we characterized functional PU.1 

activity in live cells at the TF-DNA level. Unlike Ig ƛB motif, as in the case of Cd11b and Csf1r, 

PU.1 binds to a site just upstream of the major transcriptional start site in a promoter that lacks a 

consensus TATAA box or initiator sequence. Further, the study of the promoter recognition by 

PU.1 (e.g., Csfl1r) and its transactivation will provide knowledge of PU.1 activity in the 

structural insights and its pharmacological application.  

2.1.2.2 Dual-colored monitoring system for PU.1 activity in live cells 

We systemized the monitoring of both PU.1 and its dependent gene transactivation by 

fusing two different reporter genes of PU.1 and its specific target promoters. The cell-based 

reporter is adaptable for multiple expression vectors in cells by chemical transfection. Since 
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many fluorescent protein indicators are developed by mutation of GFP and are available, two 

different fluorescent proteins enable us to track PU.1 and enhancer activity. The reporter 

expression in a live cell can be measured by flow cytometry and fluorescence microscope.  

Multi-dimensional flow cytometry 

Flow cytometry is the science of measuring individual cells' molecular, physical, and 

chemical properties as they pass through a flow chamber and are interrogated by one and more 

lasers. The flow cytometer simultaneously and quantitatively measures parameters such as size, 

granularity, and surface molecule expression for each cell. Flow cytometers have developed 

capable of performing high-throughput screening and high-level content analysis, assessing 

many different samples' features in a single run up to 1536 formats on multiple cell populations. 

The launch of imaging flow cytometry has filled the gap between flow cytometry and 

conventional high content imaging screening, putting flow cytometry at the center of many 

laboratories.  

Flow cytometry's informative potential has beneficial our cell reporter system. Currently, 

multicolor analysis of immune cells is the standard in immunology, and this provides a multi-

dimensional view of all markers expressed on individual cells. The dual-color reporter for 

tracking PU.1 and its dependent gene expression using flow cytometry provides us with large 

multi-dimensional data sets of individual cells' physical and molecular characteristics. Among 

the various choice of spectrally fluorescent reporter proteins, iRFP and EGFP were chosen for 

our application, in which the spectrally distinct each other. 

Multimodality reporter gene imaging: construction strategies and application 

Molecular imaging has played an essential role in the noninvasive exploration of multiple 

biological processes (207-209). Reporter gene imaging is a crucial part of molecular imaging. By 
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combining with a reporter probe, a reporter protein can produce the accumulation of specific 

signals detectable by an imaging device to deliver indirect information of reporter gene 

expression in living subjects. Fused reporter genes or single reporter genes with products 

detectable by multiple imaging modalities can pay for the weakness and potentiate the benefits of 

each modality.  

Multicolor tracking PU.1 activity on its dependent gene  

Dual-color reporter system in live cells enables to monitor TF activity on its specific 

target gene by visualization of biological process, characterization, and measurement of 

biological processes at the molecular and cellular levels in living systems. It allows longitudinal, 

non-invasive, quantitative, and repetitive imaging of targeted biological processes at both the 

molecular levels. Molecular imaging technique allows numerous applications, including 

monitoring endogenous transcriptional regulation, gene transfer analysis, or characterization of 

disease, evaluating treatment, and expeditions drug discovery. 

2.1.3 Objectives of this chapter 

This chapter described the design and construct cell-based reporter platform to identify 

the molecular mechanisms governing lineage- and tissue-specific cell fates' decisions through 

transcription factor PU.1 and its DNA recognition. Molecular information from living cells can 

be gained from reporter constructs that provide activities for either individual transcription 

factors or multiple factors binding to the full promoter following the expression of reporter 

genes. An overview of the design criteria to obtain reporters that are specific and responsive to 

TF binding is presented. The integration of TF and genetic reporters recognized the major hubs 

directing responses enhancer activities, and this method provided information to investigate the 

regulation of TF activity at the TF-DNA level. Moreover, targeting the AT-rich preference of 
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PU.1's binding characteristics is utilized, and strategies for pharmacological application of 

screening ligands against PU.1 activity. For the therapeutic implication, we have developed a 

cell-reporter platform to characterize screening small molecules to modulate PU.1 transactivation 

in live cells. Ultimately, we delineated the design and construction of the reporter assay platform. 

2.2 Experimental design Versatility: Easy adaptation for research aims 

2.2.1 Principle of cellular reporter’s design for PU.1 activities  

2.2.1.1 The expression vectors  

The pcDNA3.1 vectors are employed for their high-level, constitutive expression in 

various mammalian cell lines (Figure 2.1).  

 

Figure 2.1 Illustration of a reporter vector  

For the design of the reporter vector, the backbone of the vector should produce protein 

production. No regulatory binding sites or sequences other than one should not exist. Also, extra 

control elements should include antibiotic resistance for the selection. ‘Ori’ denotes the 

procaryotic origin of replication so that amplifying the reporter vector plasmid in the bacterial 

competent cells and yields plasmid DNA. Multiple cloning sites (MCS) contain two locations 

upstream of the reporter gene for cloning putative promoter/ enhancer. Another MCS is the 
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plasmid for cloning regulatory elements like acts as a distance. Polyadenylation signals (Poly(A) 

site) enhances mRNA stability and translation in mammalian cells. Poly A is located immediately 

following the reporter gene that the signal additions of 200-250 adenylate residues to the 3’ -end 

of an RNA transcript. The arrow is the direction of transcription of the reporter gene. 

Illustration of our primary reporter vector (pcDNA3.1(+)) is in the right. Each detail of the 

components is described in table 1. 

 

Table 2.1 Detailed features of pcDNA 3.1(+) 

 

Feature 
 Function 

P cmv 

Human cytomegalovirus 

(CMV) immediate-early 

promoter/enhancer 

Permits efficient, high-level 

expression of recombinant protein 

T7 promoter T7 promoter/priming site 

Allows for in vitro transcription in 

the sense orientation and 

sequencing through the insert 

MCS 

Multiple Cloning Site in 

forward or reverse 

orientation 

Allowing insertion of the 

interested gene and facilitates 

cloning 

BGH pA 
Bovine growth hormone 

polyadenylation signal 

Efficient transcription termination 

and polyadenylation of mRNA 

f1 ori  Allows rescue of single-stranded 

DNA 

SV40 ori 
SV40 early promoter and 

origin 

Allow efficient, high-level 

expression of the neomycin 

resistance gene and episomal 

replication in cells expressing 

SV40 large T antigen 

Neomycin Neomycin resistance gene 
Selection of stable transfectants in 

mammalian cells 

SV40 pA 
SV40 early polyadenylation 

signal 

Efficient transcription termination 

and polyadenylation of mRNA 

pUC ori  High-copy number replication and 

growth in E. coli 

Ampicilin 
Ampicillin resistance gene 

(β-lactamase) 
Selection of vector in E. coli 

Ampicilin (bla) 
Ampicillin (bla) resistance 

gene (β-lactamase) 
Allows selection of transformants 

in E. coli 

*Kozak sequence   vertebrate consensus sequence for 

strong initiation of translation 

*Source from invitrogen 
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Table 2.2 Mammalian expression plasmid utilized in the research 

 

Name Description / vector Study used 

pcDNA 3.1(+) Full-length (FL) human PU.1, hPU.1 

ETS domain 

 Dominant 

negative mutants 

pD2EGFP Enhancer: λB, cd11b, csf1r  Reporter for 

screening ligands 

against PU.1 

PU.1 

characterization 

at PU.1/enhancer 

DNA binding  

piRFP A phytochrome-based near-infrared 

fluorescent protein, also known as 

iRFP713 

Control iRFP 

expression 

plasmid  

pRRLSIN.cPPT.PGK.MCS.wPRE The 3rd generation lentiviral backbone. 

Mammalian expression 

The enhancer of transcription factor 

PU.1: λB, cd11b, csf1r  

Reporter gene 

platform for 

screening ligands 

against PU.1 

pMD2.G VSV-G envelop expressing plasmid. 

Mammalian expression, lentiviral. 

Envelop. 

Gene/Insert name: VSV G 

Reporter gene 

platform for 

screening ligands 

against PU.1 

pRSV-Rev The 3rd generation lentiviral packaging 

plasmid; Contains Rev; also requires 

pMDLg/pRRE and envelope 

expressing plasmid  

Mammalian expression, lentiviral; 

packaging. 

Gene/Insert name: Rev (a.k.a 

HIV1gp6) 

Reporter gene 

platform for 

screening ligands 

against PU.1 

pMDLg/pRRE The 3rd generation lentiviral packaging 

plasmid; Contains Gag and Pol; also 

requires pRSV-Rev and envelop 

expressing plasmid. Mammalian 

expression, lentiviral; packaging. 

Gene/insert name: HIV-1 GAG/POL 

Reporter gene 

platform for 

screening ligands 

against PU.1 
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pRRLSINcPPT.PGK.GFP.wPRE Control EGFP expression plasmid for 

the 3rd lentiviral backbone plasmid 

Control GFP 

expression 

plasmid 

2.2.1.2 Choice of fluorescent reporter  

The choice of the fluorescent marker was considered on two points: photostability and 

sensitivity of detection for our experimental purpose. Fluorescence probes, EGFP (enhanced 

green fluorescent protein), and iRFP were used for our cell-based reporter system. Both proteins 

are intracellular stable (photostable). Also, the signal-to-background ratio is low, indicating that 

both proteins are bright and suitable for detection. The EGFP (488nm/511 nm) and iRFP 

(640/670>nm) are spectrally well separated so that no overlap of the spectrum resulted in 

increased sensitivity of signal detection. It should have both excitation and emission maxima 

within a near-infrared window from ~650 nm to 900 nm because the tissue has the lowest 

absorbance and less light scattering than in the shorter wavelength part of the spectrum (210). 

Further, we incorporated self-cleavage peptide and destabilized sequence for improving 

detection sensitivity because we examined the dynamic transcription factor PU.1 's activity in 

live cells, and it might be affected by proper folding of PU.1 and the half-life of EGFP protein.  

 iRFP marker for PU.1 

iRFP is a phytochrome-based near-infrared fluorescent protein (iRFP) with excitation and 

emission maxima at 690 nm and 713 nm(211). Respectively. The fluorescent properties of 

phytochromes are photosensory receptors that absorb light in the red and far-red parts of the 

spectrum. Valuable protein reported for in vivo imaging, a near-infrared fluorescent mutant of 

the DrBphP bacteriophytochrome from Deinococcus radiodurans, named IFP1.4 (comparison 

control). RpBphP2, bacteriophytochrome RpBphP2 from the photosynthetic bacterium 

Rhodopseudomonas palustris. Use it for template and genetically engineered to make iRFP.  
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iRFP in mammalian cells are characterized in photostability, and no intracellular 

aggregates are found. Degradation kinetics of iRFP with maturation rate at 37C, a maturation 

half-time of 2.8 h, has been reported. The iRFP protein is pH stable with a pKa value of 4.0. The 

protein stability indicates that degradation time-course throughout 20 h. Further, non-cytotoxicity 

has been documented by that iRFP expressing cells behaved similarly to the cells expressing 

noncytotoxic control cells. iRFP does not need an exogenous supply of the chromophore 

biliverdin (BV) and has higher adequate brightness, intracellular stability, and earlier 

photostability than phytochrome-derived fluorescent probes. Compared with far-red GFP-like 

proteins, iRFP has a higher signal-background ratio in a mouse model due to its infrared-shifted 

spectra. iRFP is the brightest phytochrome-based and the fluorescent protein whose spectrum is 

shifted most to the infrared. Stable, noncytotoxic, and low concentrations of endogenous BV are 

sufficient to brightly fluorescent cells, tissues, and whole animals. 

2.2.1.3 Self-cleavage 2A peptide for PU.1 expression: the need for multicistronic vectors 

for multigene delivery 

We incorporated our PU.1 reporter gene with the 2A-self cleavage peptide (212). The 

strategy to overcome both highly variable expression levels of transgene and transgene stability 

in expression due to loss, re-arrangement, or silencing of transgenes. Silencing is exacerbated by 

increasing transgenic loci numbers and repeated use of homologous promoter or coding 

sequences. We integrated the licensing strategy to overcome both these issues by expressing 

multiple genes’ products from a single promoter in the form of a self-processing polyprotein. On 

translation, virus-encoded proteinases usually facilitate intramolecular (cis) cleavages of the 

polyprotein to produce separate protein products. However, in the foot-and-mouth disease virus 

(FMDV), a key cleavage at the C-terminus of the 2A region appears to be facilitated by just 16-



109 

 

 

20 amino acids of the 2A sequence itself, a unique and entirely mechanism. Therefore, 

incorporating the 2A sequence between the iRFP reporter gene and FL-human PU.1 gene 

functional products are independently folding correctly and not interfering with the PU.1 to 

interact with its target gene for transactivation. Most target vectors are typically used to replace a 

part of the coding sequence of an endogenous gene or all of it. This leads to loss of function. 

With 2A-sites, it is possible to preserve the gene function and integrate and co-express multiple 

reporter genes in one gene locus. For this purpose, reporter genes must be placed in a frame with 

the endogenous genetic code before the endogenous stop codon. The endogenous gene and the 

reporter genes need to be split with 2A-sites. About 15-20 amino acids, with the addition of a 

2A-site, are inserted into the C-terminus of the prior gene.  

Since widely used viral promoters, the cytomegalovirus (CMV), the choice of the 

promoter is of particular importance for PU.1. Therefore, tissue-specific promoters or tetracyclic-

regulated promoters are the promoters of choice. Restriction sites can be included, flanking each 

genetic element of the repair vector to replace the resistance gene and/or the reporter genes. With 

our particular vector design, we conserve the gene function of target genes. The transgenes do 

not replace the target genes but are expressed along with the host gene under the control of the 

endogenous promoter. The reporter genes are connected in frame with the endogenous gene 

divided by 2A-sites. The own promoter drive for its own resistance gene. The transgenes are 

incorporated at the end of the gene before its stop codon. 

2.2.1.4 The utility of d2EGFP as a transcription reporter to that of EGFP 

GFP is a widely used reporter in the research of gene expression and protein localization. 

GFP fluorescence does not involve any substrate or cofactor; therefore, it allows us to use it in 

many species for live cell detection. We used Enhanced GFP (EGFP) reporter for PU.1-
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responsive gene because it is spectrally distinctive from iRFP. Also, to overcome one of the 

limitations for the long-lasting stability for GFP protein resulting from compact structure, we 

introduced D2EGFP to increase detection for rapid transcriptional activity in live cells. 

The PEST sequence in protein degradation plays a role in several short-lived proteins, 

including that at the C terminus of MODC. The metabolic enzyme ornithine decarboxylase 

(ODC) is a critical regulatory control point in polyamine biosynthesis and is regulated by 26s 

proteasome degradation, albeit without ubiquitination, mediated by two PEST regions. D2EGFP 

has utilized the concept to incorporate EGFP in the expression vector to facilitate the EGFP 

protein degradation shorten.  

The degradation domain of mouse ornithine decarboxylase was fused to the C terminus 

of EGFP and used for all PU.1-dependent enhancer reporter construct. The D2EGFP decreased 

the half-life of EGFP in mammalian cells to 2 hours (213). The mutation of key amino acids in 

the PEST sequence of the fusion protein and identified several mutants with different half-lives. 

The use of destabilized EGFP as a transcription reporter makes gene induction study possible in 

real-time with living cells. Analysis with flow cytometry suggested that the half-life of dEGFP is 

approximately 2 hours.  

The rapid turnover of dEGFP has three advantages. First, the quick turnover of dEGFP 

allows its application involving destabilizing GFP, such as circadian rhythms studies. Second, its 

rapid turnover leads to less accumulation in cells to have lower toxicity in the cells when stably 

expressed. Thus, establishing a stable cell line using this genetic fusion in place of unmodified 

EGFP will be at ease. Lastly, the destabilized version of EGFP can be used as a transient reporter 

to study cis-acting regulatory elements or transcriptional induction.  

2.2.1.5 Workflow for the lentiviral delivery for developing cell reporter platforms 
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One of our main research interests, PU.1, ETS transcription factors regulate the self-

renewal and differentiation of hematopoietic cells and highly involved in a spectrum of diseases. 

From the understanding of the principles that govern the interactions between PU.1 and DNA to 

pharmacological implication, the lentiviral gene delivery system has been introduced to develop 

a stable cell line because we examined the endogenous PU.1 activity focusing on the disease 

experiment model system in which most of the cell lines are hard to chemically transfected. 

Chemical transfection has limitations for the purpose.  

Weakness of transfection for delivery of genetic materials 

Even with extreme care, the amount of DNA taken up by different populations (tissue 

culture dishes) of cells during transfections often varies significantly, making comparative 

analysis difficult. The availability of multiple reporter genes provides a convenient means of 

controlling for the variability in transfection efficiency. Typically, cells are co-transfected with a 

DNA mixture composed of two separate plasmids, each harboring a different reporter gene: an 

experimental reporter gene whose expression is controlled by the test DNA and a second reporter 

gene whose expression is driven by a standard (e.g., viral promoter/enhancer) regulatory 

element. The resultant activity of the reporter enzyme in each cell extract is normalized to the 

activity of the control reporter enzyme with that extract. It should be noted that standardization 

of data to a second reporter enzyme activity controls the inter-assay variables due to transfection 

efficiency and extract collection. In contrast, standardization against the total protein content of 

the extract only controls for the latter.  

When transfecting an inducible vector, it is possible to end up with so many copies of the 

vector in a cell that the leakiness associated with all inducible vectors is magnified, which may 

mask its effect doxycycline on the cells. Further, when it is optimized, the amount of plasmid 



112 

 

 

DNA used to minimize this effect, with transduction, can control the number of viral particles 

going into the cells to achieve a more accurately inducible system. Lentiviral vectors provide the 

strengths for the genetic material delivery systems (Figure 2.2).  

  

 

Figure 2.2 Letiviral transduction: Delivery of gene transfer vector into a mammalian cell 

in the research.  

Lentiviral transduction is a method using a lentivirus carrier to deliver the interest of a 

gene. The chemical carrier transiently opens pores into the cell membrane to permit the entry of 

genetic materials. The chemical transfection is helpful to introduce two or more genetic 

materials into the target cells with marker genes and selectable advantages such as resistance or 

labeling. The chemical transfection is efficient on adherent immortalized cells such as HEK293 

cells, but suspension cells such as THP-1, primary, and stem cells require transduction. 

Lentiviral transduction is the transfer of DNA using a lentivirus as a vector. Lentiviral 

transduction is useful for mammalian cells that are hardly transfected by chemical reagents. 

Also, use a lentiviral vector to transduce target cells that naturally integrate their DNA into the 

host cell genome, enabling us to develop stable cells. To our experiment model, HL-60 or THP-

1, endogenous PU.1-expressing cells, the lentiviral transduction technique was used to develop 

the stable reporter cell lines to characterize screening ligands against PU.1 activity (214).  

 

  

The lentiviral vehicles can transduce a wide range of cell types and integrate into the host 

genome in both dividing and post-mitotic cells, resulting in long-term expression of the 
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transgene. This is helpful to screen pharmacological reagents against PU.1 activity. Our 

experiment model cell line HL-60 and THP-1 endogenously express a high level of PU.1, 

derived from the myeloid cells in leukemic patients. The cell lines are helpful to screen ligands 

before preclinical screenings. Further, a cell-based reporter platform has been widely used to 

integrate a High-Throughput-Screening system to identify "Hit" molecules. We have designed 

the lentiviral vehicles containing PU.1-dependent genes tagging with fluorescent markers with 

strength in our minds. 

2.2.2 Plasmid design and construction 

2.2.2.1 piRFP-2A-PU.1 

An expression PU.1 plasmid was previously reported(84). The Human full-length PU.1 

sequence (Full name: Transcription factor PU.1, size 31 kD, Sequence ID, P17947.2) was cloned 

by inserting a fragment encoding the human full-length PU.1 fused to an infraRFP (iRFP) 

reporter between restriction enzyme NheI and BamHI sites pf pcDNA3.1(+). In between PU.1 

and iRFP, a fragment encoding P2A (5'-

GGAAGCGGAGCTACTAACTTCAGCCTGCTGAAGCAGGCTGGAGACGTGGAGGAGAA

CCCTGGACCT-3') self-cleavage peptide was inserted and flanked by AgeI restriction enzyme 

sites to the PU.1 sequence. Then, an expression plasmid encoding full-length PU.1 was cloned 

between the NheI/BamHI sites of pcDNA3.1(+) with iRFP tagged. All constructs were validated 

by DNA sequencing (Macrogen, MD). 

2.2.2.2 pλBx5-d2EGFP 

The expression plasmid pλBx5-EGFP was previously reported for the construction. The 

CMV promoter of a commercial enhanced green fluorescent protein (EGFP) reporter plasmid 

(pd2EGFP, Clontech) was replaced with a synthetic enhancer element consisting of five tandem 
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repeats of the λB site, spaced one helical-turn apart and followed by a minimal TATA-box 

promoter. The fragment encoding pentametric λB site (5'-AATAAAAGGAAGTG-3') was 

cloned into restriction enzyme sites AgeI and BglII in pd2EGFP. First, the DNA fragment 

encoding λB motif was amplified by PCR, followed by digestion with the restriction enzymes. 

Then, the fragments were ligated with T4 ligase into the AgeI/BglII digested vector pD2EGFP 

(Clontech, CA). Plasmid DNA was obtained by propagating DH5α competent cells followed by 

plasmid DNA extraction with a plasmid miniprep kit according to the manufacture's protocol. 

The construct was verified by Sanger sequencing (Macrogen, Bethesda, MD). 

2.2.2.3 Dominant-negative mutants for characterizing evolutionarily significant site of PU.1 

ETS domain 

In the research of various dominant-negative mutants of PU.1, the PU.1 mutant DNA 

construct was synthesized by IDT DNA technologies (Midland, IA, USA). Each DNA fragment 

of PU.1 mutant used in the study was codon-optimized, amplified by PCR, and subcloned into 

restriction enzyme site NheI/HindIII of pcDNA3.1(+) eukaryotic expression. Briefly, the hPU.1 

ETS dominant-negative mutant DNA fragments were mutated one amino acid codon Asn (N, 

AAT) to Tyr (Y, TAC), His (H, CAT), and Gln (Q, CAA). The insert fragment is 318 bp and 

cloned into multiple cloning sites after the CMV promoter of the pcDNA3.1(+). The DNA 

sequencing confirmed all constructs (Macrogen, Bethesda, MD).  

2.2.2.4 Synthetic enhancer PU.1-dependent EGFP reporters for characterizing PU.1's self-

association 

For the study of the effect of enhancer structure on PU.1 transactivation, several PU.1-

sensitive enhancer sequences as described in the text were also purchased from IDT. Briefly, the 

DNA fragment consists of a minimal PU.1- cognate binding site derived from the murine Igλ2-4 
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enhancer (GenBank X54550). The EGFP reporter protein expression is under the control of the 

minimal PU.1-dependent enhancer harboring various tandem of a native cognate site for PU.1 

Each PU.1-specific ETS binding site (EBS), λB motif, was spaced by 20 base pairs (bp) or two 

helical turns. The fragment was encoded in the sequence ‘5'-AATAAAAGGAAGTG-3,' and 

various copies of the site (1x, 2x, 3x, 3x-alt, and 5x) were amplified PCR, following digestion by 

the restriction enzymes. Then, the fragments were ligated with T4 ligase into the AgeI/BglII 

digested vector pD2EGFP (Clontech, CA). Plasmid DNA was obtained by propagating DH5α 

competent cells followed by plasmid DNA extraction with a plasmid miniprep kit according to 

the manufacture's protocol. By DNA Sanger sequencing, all constructs were verified (Macrogen, 

MD).  

2.2.2.5 Lentiviral reporter constructs for characterizing to screen ligands against PU.1 activity 

The 3rd generation lentiviral transfer vector pRRLSIN.cPPT.PGK.MCS.wPRE was used 

for cloning pRRL-iRFP-2A-PU.1, pRRL-λB-D2EGFP, pRRL-Cd11b-D2EGFP, and pRRL-

Csf1r-D2EGFP. Briefly, each DNA fragment was obtained from piRFP-2A-PU.1, pλB-D2EGFP, 

pCd11b-D2EGFP, pCsf1r-D2EGFP by digesting corresponding restriction enzymes. The 

fragment of PU.1 in piRFP-2A-PU.1 was digested by BamHI/SalI and transfer into the TOPO 

vector (Invitrogen) first. Then, The TOPO-PU.1 vector was amplified by PCR and digested by 

BamHI/SalI again. The insert was cloned into the site after the promoter Human Glycerate 

Kinase (hgk) of pRRLSIN.cPPT.PGK.MCS.wPRE. The insert and the lentiviral transfer vector 

were ligated with T4 ligase. According to the manufacturer's protocol, the cloned vector pRRL-

iRFP-2A-PU.1 was transformed into Stbl3 competent cells, and a plasmid miniprep kit extracted 

the DNA. The PU.1-dependent gene constructs in pD2EGFP (λBx5, Cd11b, and Csf1r) were 

digested by EcoRV/SalI, where the site was replaced with promoter site hgk of the lentiviral 
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transfer vector. Ligation was carried out with T4 for 1 h incubation for 22°C, and the ligated 

construct was transformed to Top10 competent cells with 42 C for 30 s heat shock process 

following them for 1 h in the 37°C shaker. Then, the cloned construct cells were plated and 

incubated at 37°C for 14-16 hours. Lastly, the single colony was selected and cultured for DNA 

extraction by the DNA miniprep kit according to the manufacture's direction. Each construct was 

verified by Sanger sequencing. 

2.2.3 Cell culture, transfection, RT-PCR  

2.2.3.1 Cell cultures and maintenance 

The adherent cell lines, Human Embryonic Kidney (HEK) 293 and HEK293T, were 

cultured in DMEM medium supplemented with 10% (v/v) heat-inactivated fetal bovine serum 

(FBS) and 1% (v/v) Penicillin and Streptomycin (P/S). The HEK293 cells and HEK293T cells 

were maintained at 37°C in humid air with 5% CO2. Before reaching 80-90% confluence, cells 

were subcultured using 0.25% (v/v) trypsin. The trypsin was neutralized with cell culture media 

(above). The medium was refreshed every 2-3 days. 

Additionally, human monocytic leukemia cell line, HL-60, and THP-1 cells were 

obtained from American Type Culture Collection (ATCC) and cultured in RPMI1640 medium 

supplemented with 10% (v/v) heated-inactivated FBS. Every 3 to 4 days, they were maintained 

by replenishing the fresh culture media and keeping the confluency below 8 × 105 /mL in a T-75 

flask. Where indicated, cells were induced with a single dose of PMA at 16nM (THP-1) or 160 

nM (HL-60) for 72 hours (final dimethyl sulfoxide concentration: 0.1% v/v).  

All cell lines were maintained at 37°C under a 5% CO2 incubator. 
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2.2.3.2 Transient transfection for functional characterization of PU.1 activity 

HEK293 cells were seeded in 24-well plates (7 × 104 cells /well) and transfected with 500 

ng of each pcDNA-FL-PU.1 and pλBx5-d2EGFP after 24 h (JetPRIME, Polyplus-Transfection) 

according to the manufacturer's instructions. Briefly, 500 ng of each plasmid of DNA was 

diluted in 50 μl of transfection buffer and vortex for 10 seconds and spun down. 1 μl of 

transfection reagent was added into the mixture, vortex for 1 second, spun down and incubated 

for 10 mins at room temperature. Each prepared transfection mixture was added to the cells in 

seeded well and incubated for 24 hours before checking fluorescence microscope or flow 

cytometry. The cells were trypsinized for the flow cytometric analysis (0.25% Trypsin EDTA) 

before acquiring Accuri (Becton Dickinson, BD) or BD FortessaTM instruments. Cellular 

fluorescence was quantified by flow cytometry (excitation/emission = 488/510 nm and 640/>670 

nm). Counts were collected to >20 000 per sample, corresponding to a CV of <5 % for a 2% 

event frequency, and gated against untransfected controls to eliminate the background. The 

procedure of cell acquisition by flow cytometry was conducted using Becton Dickinson's 

instruction. The FACS Vantage with a Coherent Enterprise II argon laser producing 60 mM of 

351-364 nm multiline ultraviolet excitation. The flow cytometer was equipped with pulse 

processing and the Macrosoft flow cells. Cells were loaded, and fluorescence emission was 

detected via 488/510 (green) and 640/70 (red) emission filters, separated by a 490 long-pass 

dichroic mirror. Analysis of flow cytometric data was carried out using the BD FACSDiva 

(Becton Dickinson) or FlowJo (Treestar) software. 

2.2.3.3 Q-PCR 

Following extraction of total RNA using a spin column kit (Omega) and RT (Thermo 

Fisher Scientific), RT-PCR reactions were performed on a QuantStudio 3 instrument (Applied 
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Biosystems) with SYBR Green PCR Master Mix (Thermo Fisher Scientific). Expression levels 

of each gene was normalized to gapdh. The primer sequences used for pu.1, csf1r, e2f1, and 

gapdh are referred to in the figure. 

2.2.4  Lentiviral generation transduction for constructing stable PU.1-dependent reporter cell 

line  

The procedure to transduce expression cells is straightforward; a lentivirus producer cell 

line (HEK293T) is transiently co-transfected with transfer (encoding the genes of interest), 

envelope, and packaging plasmids to generate lentiviral particles. The lentivirus-containing 

supernatants are then concentrated and used to transduce the THP-1 target cell line. After 

genomic integration of the proviral DNA and limiting dilution, these cells are expanded for 

large-scale protein expression and are ready for use. The procedure can be broken down into 

three stages. The lentivirus producer cell line is transfected in the first stage, and lentiviral 

particles encoding the transgene are collected. In the second stage, the viral particles are 

confirmed and verified. In the third stage, target cells are infected, stably transduced, and 

expanded. 

2.2.4.1 Generation of lentiviral particles  

HEK293T cells were used as the host cell line to produce the virus particles. They were 

maintained at 37°C and under 5% CO2 in DMEM medium supplemented with 10% (v/v) FBS 

and 1% (v/v) P/S (growth media). They were plated overnight before being chemically 

transfected in 10 cm dishes. Cells were 3-50% of confluency in the plate on the day of 

transfection. 1.25 µg to 5 µg, of a lentiviral expression plasmid encoding PU.1 enhancer genes 

(ƛBx5, cd11b, and csf1r), lentiviral packaging plasmids (Rev, Tet) and lentiviral envelope 

plasmid (pMD.2G) were transfected into the cells using the transfection reagent Jetprime 
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PolyPlus, following the manufacturer’s instructions. The ratio of the mixture of each lentiviral 

plasmid for the production (Transfer vector: lentiviral envelope plasmid lentiviral packing 

plasmid = 5:2.5:1.25) was followed by the instruction. After 24 hours of the transfection, the 

fresh growth media were replaced. The media containing lentivirus particles were collected 48 

hours, 60 hours, and 72 hours after the transfection started. All collected media were spun down 

at 500 g and filtered in a 0.45 µm PES filter to remove cell debris. Then, the particles were 

concentrated using the ultracentrifuge concentrator (100X centrifugal concentrator, PALL 

laboratory). The concentrated virus particles were aliquoted in a microcentrifuge tube, and they 

were stored at -80°C until they were used.  

2.2.4.2 Confirmation of lentiviral particles 

We conducted the verification experiments to confirm the lentiviral particle worked as we 

expected, that the EGFP fluorescence protein expressed solely depending on PU.1 

transactivation. Also, the same method was used for the virus titering. Because HEK293 cells 

were non-PU. 1 expression, we performed piRFP-2A-PU.1 transfection first, then the virus 

particles were inoculated into the PU.1- transfected HEK293 cells. pPU.1-2A-iRFP transfection 

as previously described. After 24 hours of post pPU.1-2A-iRFP transfection into HEK293 

cells, 0.1 µl, 1 µl, 5 µl, 10 µl, 25 µl of viral particles were used to infect the HEK293 cells. The 

transduced cells and the viral particles were confirmed first by fluorescence microscope, then 

were transferred to analysis using a flow cytometer. The formula for calculating virus titer, the 

below equation, was used.  

Titer (TU/ml) = (1) × DF 

F: The frequency of GFP-positive cells decided by flow cytometry 

Cn: The total number of target cells that infected 
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V: The volume of the inoculum 

DF: The virus dilution factor 

2.2.4.3 Establishment of stable PU.1 reporter gene cell lines: THP-1-LV-λBx5-EGFP, THP-1-

LV-Cd11b-EGFP, and THP-1-LV-Csf1r-EGFP  

THP-1 target cell lines were seeded in a 24-well plate with a density of 5×104 cells per 

well. The transducing RPMI1640 culture media were prepared to contain polybrene 

(Hexadimethrine bromide, final concentration 8 μg/mL) and diluted virus stocks accordingly 

after gently thawing the lentiviral stock in the ice. Then, the media were added into the seeded 

THP-1 cells and incubated in a 5% CO2 incubator at 37°C. The next day, 100 μl of fresh culture 

media were added to the transduced cells. After 4 days of the transduction, the lentivirus 

transduced cells were confirmed using fluorescence microscopy and flow cytometry. On the 8th 

day post-transduction, stable cells were selected by limiting dilution. These cells were expanded 

for 12-16 weeks. The stably transduced reporter gene THP-1 cell lines were maintained in the 

complete culture media. For the compound testing, the reporter cells were seeded at a density of 

2×105 cells/well in 24-well plates with a culture medium containing the indicated concentration 

of the drug compounds (ranged from 10-8 M to 10-5 M). Then the cells were divided into two 

groups, one incubated at 37°C for 24 hours and the other for 48 hours.  

2.3 Results 

2.3.1 Confirmation of piRFP-2A-PU.1 and its expression in HEK293 cells 

Full-length PU.1 used in cell-based experiments was the full length of wild type (Figure 

2.3).  
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Figure 2.3 Schematic representation of the design of pcDNA iRFP-2A-PU.1.  

An expression plasmid of full-length human PU.1 was cloned between NheI and BamHI 

sites of pcDNA 3.1(+). With iRFP and P2A, self-cleavage peptide. The P2A self-cleavage peptide 

sequence was inserted between the iRFP reporter gene and the FL-hPU.1 gene. The P2A gene 

functions highly efficiently self-cleaving, the first identified in the foot-and-mouth disease virus. 

Here we used the porcine teschovirus-1 (P2A), 22 amino acids in length. To prevent different 

expression of two genes, PU.1 and iRFP, due to the large size, the 2A peptide was introduced 

Under the human cytomegalovirus (CMV) promoter, in which an element initiates the 

transcription of the insert, the marker iRFP and PU.1 gene are expressed 

 

An expression plasmid of PU.1 was cloned by inserting a fragment encoding full-length 

PU.1 joined to an infrared RFP (iRFP) reporter between the NheI/BamHI sites of pcDNA3.1(+). 

Between the full-length PU.1 sequence and the iRFP reporter gene, a sequence encoding a self-

cleaving 2A peptide is inserted and linked the two. The design and construction of 2A-peptide-

linked multicistronic vectors in our full-length PU.1 expression plasmid overcame the limitations 

of conventional approaches to express more than two proteins that imbalanced protein expression 

and large size. The full-length PU.1 transgene was cloned with an iRFP construct via a co-

translating 2A peptide (Figure 2.4). The self-cleavage 2A peptide was inserted into between 
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iRFP gene and full-length PU.1 gene, and it enable isolation of PU.1-expressing cells by flow 

cytometry. Detecting the iRFP indicator’s expression demonstrate the confirmation of the PU.1 

gene’s expression.  
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Figure 2.4 A sequence of iRFP-2A-PU.1 in pcDNA3.1(+) and recognition site of the 

restriction enzymes for cloning.  

The 2A self-cleavage peptides are inserted between the iRFP gene and hPU.1 (Colored in 

gray). Right after the 2A gene, the AgeI (colored in green), hPU.1 gene is following. NheI sites in 

the MCS after the pCMV site are used and colored in yellow. (RecName: Full=Transcription 

factor PU.1; Alt Name: Full=31 kDa-transforming protein [Homo sapiens] Sequence ID: 

P17947.2 Length: 270 bp). 

  

Determination of RNA abundance of transfected PU.1 in HEK293 cells 

In order to measure the mRNA expression and its amount of PU.1 in the transfected cells, 

10 μg of expression piRFP-2A-PU.1 was transfected in 1×106 HEK293 cells (Figure 2.5).  

  

 

Figure 2.5 Identification of PU.1 expression level of RNA and iRFP marker in the PU.1 

transfected HEK293 cells.  

(A) RNA expression level in HL-60, HL-60 PMA (Phorbol 12-myristate 13-acetate, 

PMA), HEK293, and HEK293-PU.1. Native PU.1 expressing HL-60 cells was used as a positive 

control for the expression level comparison. PMA is an inducing chemical for HL-60 by 

activating PKC (Protein Kinase C) to differentiate macrophage-like cells, which contains high 

levels of PU.1 expression. Extraction of total mRNA abundance using an RT-PCR technique 

represented the expression levels of genes were normalized to housekeeping gene gapdh. Gene 

csf1r is a native PU.1 binding gene (1 ×106 cells PU.1 transfected HEK293). CSF1R, known as 
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macrophage colony-stimulating factor receptor, M-CSFR (target gene products of PU.1), and 

CXCR4 and E2F1 (negative regulated), are detected. (B) Table of primers used for RT-PCR 

detection. (c) Representative flow cytometric data of HEK293 and HEK293-PU.1 cells. 1×106 

HEK293 cells were transfected with 2 μg of piRFP-2A-PU.1. The RT-qPCR data is credited to 

Dr. Lee, Sang Choon.  

  

The mRNA abundance from RT-PCR displayed that the expression level of the 

transfection after 48 hours is about 140 times higher than HL-60, natively PU.1 expressing cell 

line, and more than 40 times higher than the PMA-induced HL-60 cells, which is macrophage-

like cell type. Control expression of Csf1r in HL-60 and the PMA-induced HL-60 indicated that 

the Csf1r gene is silenced in HEK293 cells and transfected HEK293 cells. Contrastingly, the 

activity of E2F1, a negative regulator of PU.1, was confirmed in PU.1 transfected HEK293 cells 

compared with non-transfected HEK293 cells and the PMA-induced HL-60 cells. Therefore, 

PU.1 in HEK293 cells was functionally expressed and worked in downstream gene activation or 

repression.  

2.3.2 Confirmation of pentameric pλB-D2EGFP 

To measure functional PU.1 binding activity on its cognate sequence, pλB-D2EGFP was 

developed (Figure 2.6) 
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 Figure 2.6 A schematic diagram of the synthetic enhancer reporter gene vector 

construct.  

A vector map of pD2EGFP was used for the reporter construct. D2EGFP denotes 

destabilized variants of wild-type GFP. D2EGFP was developed for overcoming the limitation of 

long and stable GFP protein because it might interfere in studies that require rapid reporter 

turnover. In order to characterize PU.1 activity focusing on its target DNA recognition, the 

utilization of D2EGFP limits the drawback of GFP stability. Murine Immunoglobulin λB2-4 

enhancer was fused with D2EGFP so that this EGFP is expressed under the control of a minimal 

promoter downstream from a synthetic λB –based enhancer. 

 

  

By replacing the CMV promoter in front of the EGFP reporter gene with the λB motif, 

EGFP expression was detected only under the PU.1 binding on the λB site. The enhancer 

element consists of five tandem repeats of the λB site, spaced one helical-turn apart and followed 

by a minimal TATA-box promoter. Upon the functional expression of PU.1 and binding on the 

enhancer elements, EGFP reporter was expressed and detected by flow cytometer or 

fluorescence microscope. The expression plasmid of λB-D2EGFP was confirmed by Sanger 

sequencing (figure 2.7) 
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Figure 2.7 Sequence confirmation of a reporter gene expression vector containing IgλB2-

4, a murine enhancer element bound by PU.1.  

Comparative sequence analysis was confirmed by Sanger’s sequence method, and the 

alignment was performed by Clustal Omega (EMBL-EBI). The minimal enhancer harboring only 

cognate binding sites for PU.1 was confirmed I lined in yellow. (Red line represented start 

codon).  

 

 

2.3.3 Functional expression confirmation of piRFP-2A-PU.1 and pλB-D2EGFP in live cells 

Two expression plasmids encoding full-length PU.1 fused with iRFP reporter conjugated 

with a self-cleavage peptide 2A and a pentameric PU.1-specific enhancer fused with d2EGFP 

marker were confirmed by flow cytometric analysis (Figure 2.8). Untransfected HEK293 cells 

and upon transfection with the same dose of the plasmid of control reporter plasmid were aligned 

with the expression level (fluorescence intensity) of each construct of the plasmid. As we 

confirmed, the λB-D2EGFP did not exhibit its expression level without PU.1 expression. The 

250 ng of each piRFP-2A-PU.1 and pλB×5-D2EGFP were co-transfected into HEK293 cells, 

and the reporter positive cells both iRFP and EGFP were observed in Q2 only. The functional 

PU.1 activity has analyzed the expression of EGFP level among all iRFP expression cells 

(Q2+Q3). Each dot denotes a single cell. The fluorescence intensity of each cell indicates the 

level of fluorescence marker protein. 
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Figure 2.8 Flow cytometric confirmation of piRFP-2A-PU.1 and pλBx5 expression in 

transfected HEK293 cells.  

The control plasmid expression of piRFP and pD2EGFP represented the successful 

confirmation of chemical transfection and its marker protein expression. The dual color 

monitoring system for the experiment is illustrated in the flow cytometric diagram (X-axis, 

fluorescence intensity of iRFP expression, Y-axis, the fluorescence intensity of EGFP 

expression). The gating was based on the non-transfected HEK293 cells (The leftist) and 

transfectant of each piRFP and pd2EGFP, which each control marker protein expression. Q2 

contains only cells expressing EGFP positive cells with PU.1 expressing cells. In Q3, without 

any transcriptional requirement in HEK293 cells, iRFP is expressed under the CMV promoter 

and is the indicator to express PU.1 (left panel) and monitored by the fluorescence signal via 

flow cytometry (middle). As we expected, pλBx5-D2EGFP is expressed and illustrated in Q1. 

Every 50 μg of the reporter plasmid construct per sample was used for the transient transfection 

in non-PU.1 expressing cells in 24- well plates according to the transient transfection protocol.  

 

2.3.4 Design and construction of dominant-negative mutants for characterization functional 

PU.1 transactivation at TF/DNA level  

To study the function of the wild-type genes, mutants are used as a powerful tool. 

Dominant-negative mutants’ inhibition happens in which the function of a wild-type gene 

product is damaged by a co-expressed mutant variant of the same gene product. Most proteins 

comprise more than one structural domain, and these domains assemble together to form the 
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native structure. With this perspective, the assembly of the native structure of a monomeric and 

an oligomeric protein share features in common.  

We determined the functional significance of residue in PU.1 linked to interfacial 

hydrations effect in perspective of the interaction of PU.1 and its site-specific DNA to form the 

complex through cell-based reporter assay. The dominant-negative mutants of hPU.1 ETS were 

designed from a sequence alignment of ETS domains with a view of maintaining the register of 

residues that are most conserved among ETS paralogs. The secondary structural elements that 

comprise the DNA contact surface in order of primary structure are H2, loop, H3, H3/S3, S3, 

wing, and S4, the last of which we had previously examined. These elements together comprise 

the conserved ‘winged helix-loop-helix motif. H3 is the groove-binding recognition helix that 

interacts with the conserved 5’—GGA(A/T)-3’ core consensus in ETS binding sites. The 

extended loop and short wing connect H2 and H3, and S3 and S4, respectively. The H3/S3 

segment is a sharp turn between H3 and S3 that includes several residues assigned as part of H3 

in the PU.1/DNA complex. Here, we follow the assignment specified by the Ets-1/DNA co-

crystal structure. From the study of the binding affinity and osmotic sensitivity, the H3 chimera 

has lost significantly in binding affinity more than 50-fold greater than those of wild-type PU.1 

(WT PU.1), even in the biological level of reduction was significant compared to that of WT 

PU.1 to the low-affinity specific sites (113, 215).  

By determining the effect of the dominant-negative effects over the wild-type protein, the 

evolutionarily functional significance of variations of the critical residue of H3 PU.1 ETS 

domain; therefore, our cell-based reporter assay using the mutant constructs as the dominant-

negative inhibitor of PU.1 transactivation proved itself as a helpful application in support of 

biophysical experiments and computational research.  



130 

 

 

One of the previous biochemical characteristics of PU.1's DNA recognition revealed that 

the H3 recognition helix of PU.1 is sensitive to the osmatic stress on its high-affinity DNA 

sequence, contrasting to its structural homolog of Ets-1 and the findings led to finding N236 in 

PU.1 ETS domain for the responsible residue in H3 recognition helix. Interestingly, residue 236 

is the most various residue among the conserved ETS domain across the ETS paralogs. For 

understanding its evolutionary importance, we utilized the idea of dominant-negative mutants to 

examine the effect of the residue on PU.1 transactivation (Figure 2.9).   
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Figure 2.9 Schematic diagram for characterization of PU.1/DNA complex.  

The Helix 3 (H3) DNA recognition domain of PU.1 ETS domain revealed the importance 

of DNA-contact surface area under the absence of osmotic stress from DNA biophysical and 

biochemical studies. To examine the essential functional consequence of the sequence variation 

in the domain, we found the residue 236 revealed its only and phylogenetic analysis among the 

corresponding residues in the ETS TF paralogs first. (a) Design of dominant-negative mutant 

construct. We designed the domain mutants to evaluate the sequence variation. Residue 236 

(Asparagine) in wild-type human PU.1 was mutated to histidine (ETV-6), tyrosine (Ets-1), and 

glutamate (PDEF). The PU.1 ETS mutant interferes with the PU.1 binding to λB enhancer, 

thereby the EGFP expression upon its binding response decreases. (b) Sequence confirmation of 

dominant-negative mutants of human PU.1 ETS motif for characterization of PU.1/DNA complex 

in the red box. Sanger’s sequence method was carried out for the comparative sequence 

analysis, and Clustal W O (version 1.2.4) was used for the alignment. 

 

 

  

The construct of dominant-negative mutants was co-transfected with piRFP-2A-PU.1 and 

pλB-D2EGFP in HEK293 cells and measured the level of expression of EGFP, in which the 

effects of dominant-negative mutants intervened PU.1 transactivation (Figure 2.9 A) compared 

with wild-type of hPU.1 ETS. If exogenous PU.1 would be blocked or inhibited, the reduction of 

the EGFP marker is detected. The degree of reduction might represent the phylogenetic 

relationship across the ETS TF members. Each mutant was verified by Sanger's sequencing 

(Figure 2.9B). 

2.3.5 Intrinsic biophysical properties of PU.1 autoregulation and reporter gene assay 

PU.1 is inducible for a high expression level for the cells to be differentiated and 

terminated for their identity in blood cells. In previous research, one explanation for its 

upregulation or downregulation demonstrated the inhibitory function of the ETS domain in 

structural biology. The self-regulatory function in the ETS family of TFs has autoinhibition in 

the structural DNA binding domain. The ETS domains formed a 1:1 complex as a trans-

regulatory complex for autoinhibition. Contrastingly, PU.1, a member of the ETS TF family, has 
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demonstrated a complex form, including a unique form of 2:1 complex that no other ETS family 

member contains. 

Our cell-based reporter platform was designed to determine whether transcription factor 

PU.1 is functionally inhibited by self-association mechanisms (Figure 2.10).  
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Figure 2.10 A schematic diagram of a synthetic PU.1-dependent EGFP reporters for 

characterization of PU.1 self-regulation mechanism.  

(A) A minimal TATA box was driven by enhancers composed only of tandem spaced 20 

bp apart. The light blue denotes mutated sites. We manipulated the number of a PU.1-specific 

ETS binding site (EBS) IgλB2-4 (5’-AAAAGGAAGTG – 3’) and inserted it into the expression 

vector, each pD2EGFP at the restriction enzyme site AgeI and BglII. The ability of strength of 

reporter expression is based on the PU.1 binding, and the structural changes of numbers of 

elements and spacing between them were designed for readily suitable for PU.1/DNA complex 

formation and characterization of PU.1 negative feedback mechanism at the TF-DNA level. The 

hypothesis is that the increasing number of binding sites is detecting by the increasing EGFP 

reporter signals as PU.1 dose manner. The functional outcome of an inactive, negatively 
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cooperative complex would be a bell-shaped reporter dose-response as the enhancer, which 

varies in density and spacing of the PU.1-specific ETS binding sites. (B) Sequence alignment 

confirmation of the synthetic enhancer reporter constructs by Clustal W. The sequence in red 

boxes is confirmed in 1x-EBS, 2x-EBS, 3x-EBS, 5x-EBS, and 3x-alt-EBS. 

  

To understand this mystery, we designed structural variants of λB enhancers for PU.1 

transactivation in live cells. The manipulation was designed in terms of enhancer syntax of 

numbers and space between the λB enhancers. Because the constrained transcription factor 

spacing is prevalent and essential for transcriptional control of blood cells in development, we 

utilized the idea and examined the enhancer structure's effect giving the spacing between its 

cognate sequence. The enhancers were composed only of tandem EBS spaced 20 bp apart. 

Therefore, by manipulating enhancer structure such as density and spacing, the PU.1 

transactivation in live cells would demonstrate its function concerning the structural changes 

solely at the DNA as PU.1 dose-dependent manner. From the measuring PU.1 transactivation, if 

inactive complex 2:1 activity work in a negatively cooperative manner, the level of expression in 

the graph would illustrate as bell-shape reporter dose-response to the enhancer. If nonproductive 

2:1 complex of PU.1 bound and reached the saturated level depending on the level of the 2:1 

complex retaining the activity relative to the 1:1 complex as PU.1 dose increased.  

2.3.6 Development and confirmation of PU.1-dependent reporters for functional cell reporter 

assay  

2.3.6.1 Sequence confirmation of the LV-reporter constructs 

The special DNA recognition of PU.1 led us to develop a cell-based reporter platform to 

screen ligands against PU.1. PU.1 preferentially recognizes the AT-rich sequence additionally 5'-

flanking region harboring the core cognate 5'-GGA/G-3' sequences. The AT-preference were 

brought the idea to modulate PU.1 activity using small molecules pharmacologically. Our 
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previous research attested the hypothesis to functional PU.1 inhibition via small DNA minor 

groove binders targeting AT-rich sequences, and the compounds' binding allosterically interfered 

with DNA recognition by PU.1. To screen a large library set, we designed our PU.1-dependent 

genes fused with an EGFP reporter for an efficient lentivirus delivery vector (Figure 2.11).  
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Figure 2.11 Schematic representation of the reporter gene constructs for characterizing 

ligands against PU.1 activity.  

The 3rd generation of the lentiviral system is used for efficiently delivery of PU.1-

dependent gene reporters into endogenous PU.1 cells to detect PU.1 activity modulated by 

ligands that target and bind the AT-rich sequences. The transfer vector has a carrying capacity 

of ~ 8 kb, which is sufficient for most applications. (A) A schematic diagram of the pRRL-iRFP-

2A-PU.1 and the enhancer element reporter vector construct. The lentiviral expression vector of 

PU.1 was developed and used for confirming the PU.1-dependent gene reporter construct in 

HEK293 cells. A vector map of each PU.1-specific responsive cis-acting element pRRL-λBx5-

D2EGFP, pRRL-Cd11b-D2EGFP, and pRRL-Csf1r-D2EGFP . Each minimal sequence is 

sufficient for PU.1 transactivation, and EGFP activity of each vector is detected when PU.1 

binds to its cognate sequence. Each PU. 1 specific enhancer element was inserted into the MCS 

site between restriction enzyme site AgeI and BglII. The original hPGK promoter of the vector 

was replaced with a minimal promoter/enhancer so that they are necessary for PU.1 binding to 

express EGFP reporter. Each minimal element was previously cloned in the pd2EGF-1 vector 

and transferred into the lentiviral transfer vector. (B) Sequence confirmation of synthetic PU.1-

dependent EGFP reporters for the lentiviral system. pRRL-λBx5-D2EGFP was cloned, and the 

sequence of each synthetic enhancer was confirmed by Sanger sequencing. The five copies of a 

tandem sequence harboring a cognate sequence are bound by PU.1 and express EGFP marker. 

(C) Sequence confirmation of synthetic PU.1-dependent EGFP reporters for the lentiviral 

system. pRRL-cd11b-D2EGFP was cloned, and the sequence was compared with the pCd11b-

d2EGFP. The comparison sequence was used for the available 5’ primer of EGFP NR and 

sequenced in a reverse complementary manner. The red box is the cd11b promoter harboring 

core consensus sequence (5’-GGAG-3’) bound by PU.1. The myeloid-specific CD11b promoter 

binds PU.1, and the sequence 'AAAGAGGAAG' at base-pair -20 of the CD11b promoter has 

been known to sufficient to direct the expression of a reporter gene EGFP under PU.1 binds to 

the site. The myeloid integrin CD11b is selectively expressed on the surface of mature 

monocytes, macrophages, granulocytes, and natural killer cells and regulated its expression by 

PU.1. (D) Sequence confirmation of synthetic PU.1-dependent EGFP reporters for the lentiviral 

system. The tissue-specific expressed macrophage colony-stimulating factor (M-CSF) receptor is 

directly controlled by PU.1 and regulates a key macrophage growth factor. The M-CSF receptor 

promoter is located just upstream from the major transcription initiation. The pRRL-CSF1R-

D2EGFP was cloned, and the sequence was compared with the pCSF1R-d2EGFP. The red box 

in the sequence denotes the 5’-flanking sequence near a core cognate binding sequence (5’-

GGAA-3’). The comparison sequence was used for the available 5’ primer of EGFP NR and 

sequenced in a reverse complementary manner. The yellow arrow indicates the direction of the 

sequence reading. 

  

The lentiviral expression vectors of PU.1, λB, Cd11b, and Csf1r were fused with the 

reporter (Figure 2.11A). The promoter of hPGK was used for expressing iRFP-2A-PU.1. The 

PU.1-specific gene reporters were replaced with hPGK promoter so that EGFP reporter 

expression was controlled by PU.1 binding (Figure 2.11A). Coupled with the availability of cell 
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lines expressing PU.1, the reporters can be used to identify and measure the activation of specific 

enhancers upon PU.1 binding and its reporter in highly sensitive, non-radioactive, and easy-to-

perform functional assays. The relevant disease model THP-1 expresses endogenous PU.1 in this 

research. 

Further examination on monitoring native PU.1 activity in the AML disease-relevant 

model, THP-1 cells, we developed the “gen2” reporter assay. Under native PU.1 activity, we 

inserted three PU.1-dependent gene constructs (λBx5, Csf1r, and Cd11b) into the genomic DNA 

of THP-1. These genes contain homologs of 5’-GGAA/G-3’ of PU.1 binding sites tagged 

fluorescent protein EGFP. This design aimed to monitor PU.1 transactivation on their target 

specific gene only by interrupting any other signaling in native PU.1 expressing cells, THP-1. 

The λB motif of the Ig2-4 enhancer was previously known to a high-affinity PU.1 binding site 

with AT-rich tracks flanking both sides of the ETS consensus and used for our cell reporter assay 

to evaluate the AT sequence-specific binding compounds to PU.1 inhibition. Csf1r (receptor for 

macrophage colony-stimulating factor) was upregulated by PU.1 in the monocytic development 

and implicated with leukemic stem cells. According to Aikawa et al., cells expressing high 

amounts of CSF1R showed potent leukemia-initializing activity in the MOZ-TIF2 interacting 

with PU.1 and were known to target PU.1-mediated upregulation of CSF1R expression might be 

a practical therapeutic approach. Each sequence of the construct for the lentiviral expression 

vector was verified with Sanger sequencing (Figure 2.11 B, C, and D). 

2.3.6.2 Flow cytometric confirmation of LV-reporter constructs 

After the production and collection of each virus particle containing PU.1-dependent 

gene reporter of λBx5, Csf1r, and Cd11b, we confirmed the lentiviral particles were not 
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expressed under non-expressing PU.1 cell lines, HEK293 cells and 293T cells compared with the 

positive control pgk-EGFP constructs (Figure 2.12).  

 

 

Figure 2.12 Flow cytometric data to confirm the lentiviral particles from the collection. 

Non-PU.1 expressing cell lines, HEK293, and 293T cells, were not shown its EGFP 

expression by lentivirus transduction of each PU.1 dependent reporter gene compared with the 

EGFP expression hPGK-EGFP (human phosphoglycerate kinase gene promoter tagged EGFP). 

  

1μl of concentrated particles were inoculated onto 5×104 cells per well, and after 4 days 

of the transduction, no detectable EGFP expression exhibited, indicating that the constructs other 

trans-acting molecules in the HEK293 and 293 T cells could not transactivate the constructs.  

Along with the validation procedure, we verified the EGFP expression by the lentiviral 

reporter system under the PU.1 existence (Figure 2.12 and Figure 2.13). We examined virus 

particles with either chemically transfected piRFP-2A-PU.1 or transduced with pRRL-iRFP-2A-

PU.1 in HEK293 cells; then, we transduced the lentivirus particles of PU.1-specific genes. 

Compared with control HEK293 cells, the iRFP and EGFP positive cells (Q2) were detected of 

LV-λBx5-D2EGFP (Figure 2.12). More than 65% of positively iRFP expressing cells, about 
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23% of EGFP reporter expression among the iRFP marker expressing cells were detected. We 

detected residual detection of EGFP expression on the Q1, suggesting that solid promoter CMV 

might overreact on the lentiviral λB×5 particles. 

 

Figure 2.13 PU.1 transactivation on its specific gene confirmed by lentiviral particles, 

LV-λBx5-D2-EGFP.  

(a) Flow cytometric analysis of PU.1 marker (iRFP) and EGFP reporter. (b) The upper 

right quadrant (Q2) represents PU.1 dependent reporter (λB×5) activation. 

  

LV-Cd11b-D2EGFP was verified with its EGFP expression by PU.1 expressing HEK293 

cells (Q2) in Figure 2.13A. The LV-λBx5, Csf1r, exhibited EGFP expression under the LV-

iRPF-2A-PU.1 transduction as well (Figure 2.13B).  
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 Figure 2.14 PU.1 transactivation on its reporter gene confirmed by lentiviral particles, 

LV-Cd11b-D2-EGFP and LV-Csflr-D2EGFP.  

(a) Flow cytometric analysis of pRRL-Cd11b-D2EGFP reporter. After 72 h of 

transduction with the LV-Cd11b-D2EGFP particles to HEK293 cells, the HEK293 cells were 

transfected with piRFP-2A-PU.1. Q2 represents cells that EGFP positive and iRFP positive, 

indicating that the Cd11b-D2EGFP particles were functionally responded to PU.1. (b) The 

upper right quadrant (Q2) represents PU.1 dependent reporter (λBx5) activation. PU.1 

expressed HEK293 cells transduced by LV-λBx5-D2-EGFP and LV-Csf1r-D2-EGFP, and all 

lentiviral constructs were functionally working as we expected. 

  

After confirming the lentiviral particles of the PU.1-dependent enhancer elements' EGFP 

expression by exogenously expressing PU.1 in HEK293, we developed stably expressing 

reporter cell lines in THP-1 (Figure 2.14). Three cis-acting elements were successfully 

transduced and selected only EGFP expressing cells for characterizing cellular PU.1 inhibition 

by small DNA minor groove binders.  
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Figure 2.15 The Stable cell line confirmation of the second-generation PU.1-dependent 

reporter in THP-1 cell line.  

Flow cytometric data represent only THP-1 cells expressing EGFP based upon 

endogenous PU.1 transactivated were selected and developed as stably constructed. 

Fluorescence images were confirmed the EGFP were colocalized with DAPI, indicative of 

nuclear stain. 

 

2.4 Summary 

2.4.1 Advantages of our reporter assay to study PU.1-DNA interaction 

Given these limitations of ChIP and EMSA to study TF-DNA interaction, the biological 

reporter technology has significant advantages. The reporter gene technology is widely used to 

monitor the cellular events associated with signal transduction and gene expression. Based on 

working of transcriptional control elements to various reporter genes with easily measurable 

phenotypes, it documents the effects of a cascade of signaling events on gene expression inside 

cells. The main advantage of these assays is their high sensitivity, reliability, convenience, and 

adaptability to large-scale measurements. Gene reporter technology here we used EGFP and 
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iRFP reporter is a popular method for non-invasive monitoring of gene expression in living cells. 

Such methods are essential in defining the molecular events associated with gene transcription to 

provide a basis for understanding the molecular basis of disease.  

A cell-based reporter system has been widely evolving for various study outcomes. 

Multiple applications have been identified for studying transcriptional activity, biological 

imaging systems, and molecular signaling pathways. For these aims, especially characterization 

of the ETS transcription factor PU.1s' activity, the reporter's choice has been developed so that 

the reporter system's versatility enables adaptation of the study outcomes. The compatibility of 

reporter genes provides a great advantage for multimodality of study of functional activity of 

PU.1 related to its specific multiple genes of interest, λB, Cd11b, and Csf1r and their 

consequences of regulation in gene expression by utilizing the choice of variant reporters. 

Further, the non-invasive reporter genes offer the dynamics of PU.1 transactivation and monitor 

its activity by visualization in live cells. The assay involves the expression of fluorescence 

protein of interest in target cells so that it is preferentially retained within the cells. Such benefits 

have attractive for researching PU.1s' activity at the protein-DNA level.  

In this study, the cell-based reporter platform has been adapted for supporting evidence of 

biophysical characterization of PU.1 in a biologically relevant context. We developed two 

expression plasmid vectors for studying PU.1 transactivation at the TF-DNA level. Trans-acting 

elements PU.1 were fused with an iRFP marker under common promoter CMV used for 

mammalian cells and connected with a self-cleavage 2A peptide for the two proteins to function 

in the system properly. By monitoring iRFP expression, we tracked the PU.1' expression and 

monitor its activity by flow cytometry. Another cis-acting element for the PU.1 cognate site, Ig2-4 

λB, was fused with an EGFP reporter for monitoring PU.1 transactivation on PU.1's binding 
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sites. The level of EGFP expression under the control of functional PU.1 activity was detected 

and quantified. With the two reporter constructs, we additionally designed dominant-negative 

mutants for studying evolutionarily significant residue of PU.1 ETS motif to identify how the 

mutants influence the PU.1' activity at TF-DNA level. 

Further, by designing the variants enhancer constructs in terms of the copy numbers of a 

λB motif and spacing, we supported biophysical characteristics of autoinhibitory regulation of 

PU.1 in a negative feedback manner in a biological context in live cells. Ultimately, with 

successful characterizing special features of the DNA recognition by PU.1 of the transcription 

factor from a group of ETS family of transcription factors, the reporter assay can be further 

utilized to screen more efficient ligands from a more extensive library of DNA minor groove 

binding agents for the therapeutic applications. In this chapter, we presented how each reporter 

expression vector of the cell-based platform assay was designed and constructed for aiming with 

highly sensitive, specific, rapid, and can be performed in a single-step manner without the need 

for any expensive equipment (131). The following two chapters will present how these reporter 

gene platforms were employed and the significant findings from the studies.  
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3 CHARACTERIZATION OF PU.1 ACTIVITY IN LIVE CELLS 

3.1 Introduction 

3.1.1 Functional characterization of transcription factor attributes in living cells 

To examine the key attributes suggested by biophysical studies in the context of biology, 

all the biophysical parameters tested in the experimental system cannot align with the same 

conditions in the biological system. In biology, it is impossible to define all parameters affecting 

a living system, such as a cell; instead, the goal can be said to build models and hypotheses for 

the function. Through experiments, collect supporting data. In this research for functional 

characterization of PU.1 activity in live cells, we defined the behavior of PU.1 in dilute solution, 

which was used for the biophysical models as same as the PU. 1's behavior in living cells. Due to 

the experimental conditions for preserving transcription factor protein folding and DNA, the 

biophysical and biochemical research was performed in a diluted solution in which actual 

biological experiments in live cells differ. Here we supposed that the transcription factor's 

behaviors of the biophysical context (measured in diluted solution) are consistent with its 

behaviors in the living cells under the assumption. The conditions that remain under the 

macromolecular crowding and confinement model are averagely constant. No external 

environmental changes happen; therefore, testing our biophysical and biochemical hypothesis in 

living cells lies on the assumption. We inferred the macromolecular bulk effects in the living 

cells are constant without any external effects as the experimental biophysical conditions in 

dilution solution even though the intracellular activities to maintain homeostasis against external 

stimuli or changes constantly exist. Thus, although it primarily behaves similarly and adopts 

some changes, a cell has the tendency or driving force of getting back to its initial statement, 

homeostatic mechanisms (131). 
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3.1.2 The transcription factor PU.1 as a model system for reporter characterization 

Transcription factor PU.1, a member of the ETS family transcription factor, is a lineage-

specific and dosage-specific regulator in the differentiation of immune cells and decides the cells' 

fate. PU.1 and ETS family members recognize and bind to cognate sequences harboring a central 

5'-GGAA/G-3' consensus. With a combination of transcriptional controls, the intrinsic selectivity 

of the ETS domains intrinsic selectivity has been studied, and the inherent selectivity of the ETS 

transcription factors is biologically relevant. Physical determinants of the ETS protein for the 

intrinsic selectivity and specificity at the genomic levels are essential to understanding higher-

order protein-protein and protein-DNA interactions found in the transcription regulatory 

complex. The knowledge of the regulatory mechanism of transcription factor PU.1 activity in the 

biological system remains unclear; however, we found two crucial biophysical attributes of PU.1 

activity: down-regulation of PU.1 in cells and unique hydration properties PU.1. These two 

properties are biophysically and biochemically studies in our interests. 

3.1.3 Experimental configurations for functional characterization of PU.1 activity using 

reporters 

Here we utilized the strength of the cell-based reporter assay to characterize PU.1 

transactivation activity at the protein/DNA level. Previous research demonstrated two critical 

features of transcription factor PU.1-DNA binding recognition: the hydration mediation role of 

sensitivity and self-regulated by negative feedback upon the 2:1 formation of PU.1-DNA 

complex.  
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3.1.3.1 Dominant-negative inhibition by ETS domain mutants  

In addition to studying the macro-level structure of a promoter, studies of the single 

mutation have received attention because they can have profound biological significance. To 

investigate the functional importance of the single residue of transcription regulatory factor PU.1 

in the phylogenetic family among its ETS paralogs, we introduced our cell-based reporter gene 

assay. Functional inactivation of genes by dominant-negative mutations was used to assign a 

function to genes that have been cloned by manipulation of the cloned gene to create what is 

known as dominant-negative mutations. The mutant that, when overexpressed, disrupt the 

activity of the wild-type gene. The gene function is blocked at the protein level: a mutant gene 

product is created that inhibits the cell's wild-type products and thus causes the cell to be 

deficient in that function. A mutation with the effects is termed dominant due to its phenotype 

exhibited in the presence of the wild-type gene. Because it inactivates wild-type gene function, it 

is termed dominant negative (216-218). 

We designed an ETS mutant whose gene product adversely affects the standard, wild-

type gene product within the same cells. The mutants usually occur if the product can still 

interact with the same elements as the wild type of product but block some aspects of its 

functions. For instance, a mutation in a transcription factor removes that the activation domain 

but still contains the DNA binding domain. The ETS mutant product can then block the wild-

type transcription factor, full-length PU.1, from binding the DNA site leading to decreased levels 

of gene activation. By doing so, we investigate the significance of the H3 recognition helix in the 

ETS motif. H3 is the most important structural element to show a sensitivity of osmotic pressure 

in the PU.1 ETS domain when swapping with the Ets-1 ETS domain. In addition to that, this 

domain is the most conserved element in the ETS domain. Because residue 236 of H3 
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recognition in the ETS domain is highly varied among the ETS paralogs, we expected that the 

pointed mutants work as an inhibitor of PU.1 transactivation and measure the reduction of PU.1 

binding activity on PU.1-dependent gene fused to reporter protein expression. Therefore, our 

functional PU.1 reporter assay provides quantitative and functional information within a short 

period permitting them one of the most relevant and vital assays for evaluating evolutionarily 

significant residue. Further, the functional assay using a PU.1-dependent EGFP reporter 

confirmed the structural prediction from biophysical experiments and Molecular Dynamic (MD) 

simulation (215). The use of dominant-negative mutation made us possible to design inhibitory 

products based on the principle that the activities of a protein can be separately mutated. 

3.1.3.2 Probing PU.1 self-regulation through enhancer structure 

Detection of effect from enhancer syntax (number of genes and spacing) is crucial for 

transcription factors in development (60). Transcription factors, especially master regulator PU.1 

that play a significant role in the differentiation of the immune cells, are susceptible to such 

detection for its regulation. Furthermore, transcription factor PU.1 is also known for its 

inducibility depending on the specific stages of the cells, including macrophages. Consequently, 

it is critical to understand how the PU.1 transactivation activity positively or negatively interacts 

with its binding DNA. Our reporter gene assay employing PU.1-dependent specific enhancers 

and suitable markers enables us to achieve the goal.  

We manipulated the design of enhancer structure in the principle of syntax spacing and 

number in the reporter constructs and observed the functional PU.1 inhibition by measuring the 

reporter activities. The PU.1 transactivation in live cells would demonstrate its function 

concerning the structural changes solely at the DNA as PU.1 dose-dependent manner. From the 
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measuring PU.1 transactivation, the functional outcome of inactive complex 2:1 activity would 

represent as bell-shape reporter dose-response as the enhancer if PU.1 inactive complex works 

negatively cooperative (112, 134). If nonproductive 2:1 complex of PU.1 bound and reached the 

saturated level depending on the status of the 2:1 complex retaining the activity relative to the 

1:1 complex as PU.1 dose increased (219). Therefore, our reporter gene platform to assess the 

effect of the enhancer syntax enabled us to characterize functional PU.1 activity. This method 

proved to us that the idea of PU.1 self-association is biologically compatible. 

3.1.4 Objectives of this chapter 

Chapter 3 provided understandings of functional PU.1 transactivation in live cells using 

our reporter platforms to characterize two signatures of its DNA target selectivity that are 

biophysically determined. We employed the dominant-negative inhibitors of ETS domain 

mutants to prove the evolutionary significance of a critical residue in PU.1 interacting with its 

target DNA. Second, to support biophysical evidence of the intrinsic PU. 1's autoregulatory 

function, we utilized the enhancer syntax rule by designing PU.1-dependent enhancer repetition 

and by the spacing between the gene copies. We probed that the inactive 2:1 complex 

functionally acts as negative feedback to control PU.1 transactivation in the biological system. 

Our reporter platform supplied an adequate assay platform to gain insights into valuable PU.1 

inhibition data that the two biophysical determinants were functionally feasible and compatibles 

in live cells. 
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3.2 Materials and methods 

3.2.1 Plasmid design/Molecular Cloning  

3.2.1.1 Dominant-negative inhibitors 

In the research of various dominant-negative mutants of PU.1, the variants were 

described in chapter 2. 

3.2.1.2 Synthetic PU.1-dependent EGFP reporters 

For the study of the effect of enhancer structure on PU.1 transactivation, several PU.1-

sensitive enhancer sequences as described in the previous chapter. 

3.2.2 Cell culture 

The HEK293 cells were purchased from American Type Culture Collection (ATCC) and 

cultured in Dulbecco's Modification of Eagle's Medium (DMEM) supplemented with 10% (v/v) 

heat-inactivated fetal bovine serum (FBS) and 1% (v/v) Penicillin and Streptomycin (P/S) as the 

ATCC recommended. The HEK293 cells were maintained in 10 cm culture dishes at 37°C in 

humid air with 5% CO2. Before reaching 80%-90% confluence, cells were sub-cultured using 

0.25% (v/v) trypsin. The trypsin was neutralized with cell culture media (above). The medium 

was refreshed every 2-3 days. For characterizing PU.1 transactivation in live cells, we used 

Human Embryonic Kidney (HEK) 293. HEK293 cells do not natively express PU.1 to monitor 

the transcription factor activity without any intrusive intercellular component. Therefore, the 

cells enable us to monitor PU.1 activity non-invasive manner. Minimal eukaryotic transcription 

machinery in HEK293 cells was employed to express the functional gene products. 
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3.2.3 Transfection assay 

3.2.3.1 Transient transfection assay for dominant-negative mutants 

To identify the effect of cognate DNA binding by dominant-negative mutants of PU.1 

ETS motif, PU.1 transactivation in live cells was determined using a PU.1 dependent EGFP 

reporter construct as previously described. In brief, the EGFP reporter is under the control of a 

minimal PU.1-dependent enhancer harboring a 5 × tandem of a native cognate site for PU.1. 

Furthermore, in non-PU.1 expressing HEK293 cells, the reporter was transactivated in the 

expression plasmid encoding WT full-length PU.1 and a co-translating iRFP marker. 

7 × 104 HEK293 cells were seeded in 24-well plates. After 12-18 hours of the cell were 

seeded and incubated at 37C 5% CO2 incubator for 12-16 hours before the transfection assay. 

According to the manufacturer's instructions, transfection was performed using JetPrime reagent 

(Polyplus, Illich, France). The seeded cells were co-transfected with a mixture consisting of the 

EGFP reporter plasmid (300 ng) and expression plasmids for full-length PU.1 (50 ng) and 

WT/mutant ETS domains (150 ng). One or both expression plasmids were replaced by empty 

pcDNA3.1(+) vector in negative control samples (total 500 ng of DNA per well). The transfected 

HEK293 cells were incubated at 37°C 5% CO2 incubator. After eighteen hours post-transfection, 

the cells were confirmed for PU.1 expression and EGFP expression under the fluorescence 

microscope (Leica DMI 800) at first. Then, the cells were trypsinized and analyzed by flow 

cytometry, an LSRFortessaTM instrument (BD) as recommended by the manufacture's 

instruction. Data were recorded in BD FACSDivaTM software. The population of interest (live 

cells) was gated for iRFP and EGFP fluorescence using reporter- and full-length PU.1-only 
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controls, respectively. The raw data were exported to FlowJo (BD) before computing the total 

fluorescence of the dually fluorescent population. 

3.2.3.2 Transient transfection assay for synthetic PU.1-dependent EGFP reporters  

For investigating the effect of enhancer spacing and structure, we designed various 

reporter gene constructs. As previously mentioned, the PU.1-dependent EGFP reporter 

constructs were only expressed under the control of a minimal enhancer harboring only cognate 

binding sites for PU.1; therefore, the reporter gene expression levels were measured as PU.1 

transactivation. To non-invasively monitor, two genes were co-transfected into HEK293 cells. 

The reporter gene was transactivated in the presence of an expression plasmid encoding wild-

type full-length PU.1 and a co-translating iRFP marker. 

The HEK293 cells (7x104) were seeded in 24-well plates about 12-16 hours before 

transfection was performed. The seeded cells were co-transfected with a mixture comprising the 

EGFP reporter plasmid (250 ng) and up to 25 ng of full-length PU.1 expression plasmid using 

jetPRIME reagent (Polyplus, Illkirch, France) according to the manufacturer's instructions. 

Briefly, the total amount of plasmid was made up to 500 ng with empty pcDNA3.1(+) vector and 

added into the seeded cells in each well. 24 hours post the transfection, the cells were confirmed 

the expression by the fluorescence microscope (Leica, DMi800). Then, cells were trypsinized 

and analyzed by flow cytometer, FCS LSRFortessa instrument (BD Biosciences). The recorded 

data exported from the BD FACSDiva software (BD) and analyzed by Flowjo (BD) software. 

Live cells were gated for iRFP and EGFP fluorescence using reporter and full-length PU.1 

expressing cells only as controls, respectively, in Flowjo (BD) before computing the total 

fluorescence of the dually fluorescent population. 
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3.2.4 Immunoblotting analysis and qPCR  

3.2.4.1 Western blot for dominant-negative mutants 

For determining the expression of the transfected genes in HEK293 cells, equivalent 

amounts of whole-cell extract (20 μg) were prepared using RIPA buffer to lyse the transfected 

HEK293 cells after 24 h post-transfection. Each lysate was separated by 12% sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). After electrophoresis, proteins were 

transferred to the PVDF membrane (Invitrogen) in the transfer butter containing 30mM Tris, 200 

mM glycine, and 20% methanol for four h (Please check the buffer composition, check the 

running conditions). Subsequently, the membrane was blocked by incubation in TBST (0.2M 

Tris, 1.37M NaCl, 0.1% tween-20, pH 7.6) containing 5% Bovine Serum Albumin (BSA) for 1 

hour and then probed with a polyclonal anti-PU.1 antibody (GeneScript A01692) with GAPDH 

as loading control in 5% BSA-TBST at a dilution of 1:1000. These incubations were done at 4C 

overnight. Then, the next day after three 10-min washes with TBST and were probed with HRP-

conjugated secondary anti-rabbit antibody (GE Healthcare #AS014) at a dilution of 1:5000. The 

bounded antibody was identified by enhanced chemiluminescence (Fisher Scientific) and then 

exposed to GE image Quant LAS-4000 analyzer as recommended by the manufacturer. Images 

were taken from the analyzer software, and the band intensity on the western blots, expression of 

the ETS domains was quantified with ImageJ software. 

3.2.4.2 Western blot for the effect of enhancer structure  

For quantifying the expression of the transfected PU.1 gene in HEK293 cells, equivalent 

amounts of whole-cell extract (30 μg) were prepared using RIPA buffer to lyse the transfected 

HEK293 cells after 24 h post-transfection. Each lysate was separated by 10% sodium dodecyl 
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sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). After electrophoresis, proteins were 

transferred to PVDF membrane (Invitrogen) in the transfer butter containing 30mM Tris, 200 

mM glycine, and 20% methanol for four h (40V Please check the buffer composition). 

Subsequently, the membrane was blocked by incubation in TBST (0.2M Tris, 1.37M NaCl, 0.1% 

tween-20, pH 7.6) containing 5% BSA for 1 hour and then probed with a polyclonal anti-PU.1 

antibody (Cell Signaling, rabbit, cat #2266) with beta-actin as loading control in 5% BSA-TBST 

at a dilution of 1:1000. These incubations were done at 4C overnight. Then, the next day after 

three 10-min washes with TBST and were probed with HRP-conjugated secondary anti-rabbit 

antibody (GE Healthcare #AS014) at a dilution of 1:100,000 for PU.1. For loading control 

detection for beta-action, HRP-conjugated secondary anti-mouse IgG (GE Healthcare #AS003) 

was used at a dilution of 1:2000. The bounded antibody was exposed by enhanced 

chemiluminescence (Fisher Scientific) and then exposed to Amersham Imager 600 as 

recommended by the manufacturer. Images were taken from the analyzer software, and the band 

intensity on the western blots, expression of the ETS domains was quantified with ImageJ 

software. 

3.2.4.3 QPCR for PU.1 dosage calibration 

Following extraction of total RNA using a spin column kit (Omega) and RT (Thermo 

Fisher Scientific), RT-PCR reactions were performed on a QuantStudio 3 instrument (Applied 

Biosystems) with SYBR Green PCR Master Mix (Thermo Fisher Scientific). Expression levels 

of each gene was normalized to gapdh. The primer sequences used for pu.1, csf1r, e2f1, and 

gapdh are referred to in the figure. 
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3.3 Results 

We have been interested in determinants of PU.1 binding its cognate sequence site with 

high specificity and affinity and its regulation mechanism. Here we developed two new reporter 

gene platforms for characterizing transcription factors' activity in live cells to provide critical 

information that the biophysical properties of the transcription factor PU.1 and support the 

biophysical attributes of TF's DNA recognitions biologically compatible. First, we developed a 

cellular reporter platform for dominant-negative mutants of the critical residue in molecular 

hydration properties of PU.1 to recognize its' specific DNA sites. Second, the other reporter 

technology is utilized for detecting PU.1's self-regulation. For the aim, we constructed different 

synthetic PU.1-dependent reporters to determine functional PU.1 activity in live cells. Our 

previous research proposed that although transcription factor PU.1 contains structural elements 

for auto-inhibition, the regulation mechanism of the unbounded state of PU.1 might be caused by 

PU.1 formed 2:1 complex with the cognate sequence. We measured the effect of enhancer 

structure on PU.1 transactivation using tandem copies of DNA binding sites with 20 bp of 

spacings; therefore, we proved negative feedback in PU.1 trans-regulation in the form of 2:1 

complex of PU.1-DNA.  

3.3.1 Functional Inhibition of PU.1 by evolutionarily conservative ETS mutants  

We determined the functional significance of residue in PU.1 linked to interfacial 

hydrations effect in perspective of the interaction of PU.1 and its site-specific DNA to form the 

complex through cell-based reporter assay. The dominant-negative inhibitors of PU.1 were 

designed from a sequence alignment of murine ETS domains with a view of maintaining the 

register of residues that are most conserved among ETS paralogs. 
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3.3.1.1 Rationale for a chimeric approach to studying DNA site recognition by PU.1 

In a comparative sequence study, we found this helix recognition is the most conserved 

element among the ETS domain, except residue 236 (Figure 3.1). 

 

Figure 3.1 Sequence variation of critical residue 236 in the most conserved structural 

element, recognition helix H3 among the ETS family transcription factors.  

Comparative analysis for multiple alignments of the murine ETS proteins in the M. 

musculus illustrated the variation of the vital Asn236 in PU.1. It is unique compared to the 

corresponding residue of ETS orthologs. Only closest ETS family members of PU.1, Spi-B, and 

Spi-C represented Asn. Each sequence was retrieved from UniProt and aligned by Cluster 

Omega. ETV7 and ETV3L from rabbit (O. cuniculus) and rat (R. norvegicus) were used due to 

their availability. PU.1 (Spi-1) and Ets-1 are shown in black. The orthologous residue (Tyr, His, 

and Gln) corresponding to Asn236 in PU.1 are colored red and boxed in magenta (215).  

 

The residue 236 has Asn in the PU.1, Q in the SPDEF, H in the ETV6 and ETV7, and Y in Ets-1 

and most other ETS members. Asn236 is unique to WT PU.1 and its closest few others (SPIC 

and SPIB) in the phylogenic tree of the ETS family of transcription factors, and this residue in 

the WT PU.1/DNA complex participates in water-mediated contacts with the core consensus in 

the major groove. The corresponding position to Asn236 in WT PU.1 is residue Tyr 395 in Ets-1. 
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Tyr 395 is engaged in a direct H-bond with the exocyclic N6 of 5'-GGA-3' in the consensus. The 

residue is directly mediated to H-bond with the exocyclic N6 of 5'-GGA-3' in the consensus site. 

We mutated Asn to Tyr to examine the significance of the residue, and interestingly the point 

mutation from Asn236 to Tyr itself retrieved the ability of binding profile of the full H2 chimera 

without conformationally conserved with WT PU.1. From the secondary structural association of 

the mutant, the point chimera N236Y is identical to the WT in the CD spectrum, indicating that 

this residue did not alter the protein structure in non-bound states. However, the mutant showed a 

loss of high-affinity binding such as that of the H3 chimeras. This experiment was confirmed by 

computational analysis of molecular dynamics (MD) simulations in terms of the interfacial 

hydration in the WT complex that the WT complex strongly favored the hydration of Asn236 

over direct DNA contact. (Data is not shown) (215). Therefore, the residue Asn236 in the 

recognition helix PU.1 plays a significant role in binding to the core consensus. The residue at 

236 in the H3 is evolutionarily non-conserved among the ETS families. We also asked whether 

Asn236 is evolutionarily sensitive or not. We mutated Asn236 to His and Gln in which they are the 

correspondent of ETV6 and PDEF in co-crystal structure and phylogenetic intermediates 

between PU.1 and Ets-1. His396 of ETV6 in co-crystal structure behaves similar to Tyr in Ets-1 

by making a direct H-bond of the core consensus. 

In contrast, Gln311 of PDEF co-crystal structure makes only water-mediated contacts 

such as Asn236 in PU.1. (Data is now shown) (215). We asked whether the substitution of Asn236 

in PU.1 with His or Gln, which are phylogenetically intermediate, would behave less interrupting 

than Tyr in Ets-1 in terms of the interfacial hydration (Figure 3.2 a).  
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Figure 3.2 Evolutionarily sensitive residue Asn236 in H3 PU.1 ETS domain evaluated in 

cellular reporter gene platform.  

(a) Residue 236 is the only H3 position that exhibits significant variation. All residues (Y, 

H, Q, and N) in position 236 are pertinent to single codon changes. (b) Schematic design of 

dominant-negative inhibitors of functional PU.1 transactivation in live cells. PU.1 ETS mutants 

N236X (X=Y, H, or Q) were examined for their cognate DNA target as a function of PU.1 

inhibition by measuring EGFP reporter expression (colored in green). PU.1-dependent EGFP 

reporter under the control of its cognitive enhancer consisting of a 5X tandem λB motif (colored 

in yellow) was used. iRFP (colored in red) was fused of PU.1 expression to monitor PU.1 

expression in HEK293 cells (215). 

 

3.3.1.2 Chimeric perturbation of PU.1 activity by evolutionary Asn 236 chimeras  

To address the question, we designed the N236Y/H/Q mutants as dominant-negative 

inhibitors of PU.1 transactivation in cells. We monitored the effect of them over the wild-type 

protein on PU.1 transactivation in live cells (Figure 3.2 and Figure 3.3).  
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Figure 3.3 Functional inhibition of PU.1 transactivation by dominant-negative mutants, 

evolutionarily conservative H3 chimeras in live cells.  

(a) Representative flow cytometric data in transient transfected HEK293 cells and 

controls. Cells expressing ectopic full-length (FL) PU.1 were gated via co-translating iRFP 

marker expression. Colored boxes illustrated co-transfection with FL-PU.1 expression plasmid 

with EGFP marker plasmid. WT or Y (N236Y) mutant of the PU.1 ETS domain was co-

transfected with all marker expression plasmid. Each axis denoted logarithmic fluorescence 

intensities of iRFP reporters (x-axis) and EGFP markers (y-axis). (b) Histogram of Relative 

EGFP fluorescence in each mutant. The EGFP fluorescence was adjusted to express the ETS 

domains (by immunoblots) and normalized relative to the intensity of the negative control sample 

as ± S.D. (N=3). The statistical analysis was conducted by one-way ANOVA with Tukey’s post-

hoc test *, **, ***: p<0.05, 0.005. 5x10-4 (black, versus WT ETS; gray versus N236Y) (215). 

 

In our cell reporter platform, the importance of the residue Asn236 was determined by 

which mutant N236Y, N236H, and N236Q could exert a dominant-negative effect (Figure 3.2a). 

We co-transfected HEK293 cells with expression plasmids encoding full-length PU.1 and WT or 

mutant ETS domain, together with a PU.1-dependent reporter plasmid (Figure 3.2b). The 

reporter expressed EGFP under the control of a synthetic enhancer consisting of a PU.1-binding 

λB motif originated from the Igλ2-4 enhancer. In non-PU.1 expressing HEK293 cells, the 
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reporter was negligibly activated by endogenous transcription factors in control transfectants 

without ectopic full-length PU.1 (Figure 3.3). 

PU.1-dependent EGFP fluorescence was determined in the subpopulation of iRFP-

expressing cells (i.e., upper-right quadrant). Co-transfection of constant amounts of full-length 

and the ETS-encoding genes, the dominant-negative inhibitors, demonstrated that the N236Y 

mutant failed to effectively inhibit full-length PU.1 relative to the WT ETS domain (Figure 

3.3b). The N236H and N236Q mutants were both more effective inhibitors than N236Y, with the 

N236Q being statistically similar to WT (p=0.05; Figure 1C). We confirmed that the PU.1 

activity did not affect the dominant-negative mutant plasmid expression level using immunoblot 

assay. The results of our functional studies in cells supported MD and biophysical 

characterizations that mutation of Asn236 in the recognition helix altered DNA binding by PU.1 

in an evolutionarily sensitive manner as phylogenetic conservation. 

3.3.2 Functional manifestation of PU.1 self-regulation: negative feedback 

Previous research revealed that the PU.1 ETS domain forms a 1:1 complex with its 

cognate sequence site. The establishment of a 1:1 complex is the basis of the regulatory 

mechanism of ETS transcription factors such as Ets-1, ERK, and ETV members as autoinhibition 

(220, 221). Autoinhibition is defined as helices adjacent to the ETS DNA-binding domain 

allosterically reduced DNA-binding affinity. PU.1 does not contain the structural part involving 

in autoinhibition. Instead, the formation of a 2:1 complex is suggested as an alternative role for 

self-regulated inhibitory mechanisms. The functional nature of the 2:1 complex, for which no 

ETS analog is known, is needed to further research. In biophysical studies, the 2:1 complex 
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works as its negative cooperative relationship with the 1:1 complex suggest an inactive species 

(Figure 3.4). 

 

Figure 3.4 Schematic representation of negative feedback in PU.1 transactivation.  

The DNA binding domain of PU.1 is the only minimal structural domain unit to bind its 

target DNA sites (left panel). The ETS domain bind to its cognate DNA target and forms a 1:1 

complex as an active form. However, in our previous biophysical studies (DOSY NMR titration 

of PU.1 with cognate DNA (middle panel, Dr. Shingo Esaki performed a DOSY NMR 

experiment. DOSY NMR data displayed that the minimal PU.1 DNA binding domain with its 

target DNA reached equivalence points at DNA: Protein=0.5 and 1.0, corresponding to 2:1 and 

1:1 complexes) exhibited that PU.1 formed a 2:1 complex at a single DNA site with different 

negative cooperativity as defined by the ratio of the two sequential dissociation constants KD1 

and KD2. Reduced PU.1 activity under conditions of an inactive 2:1 complex was predicted 

between dimerization and negative feedback (right panel) (219). 

 

3.3.2.1 Design of the synthetic enhancer structure 

Hypothesis 

We hypothesized that the functional outcome of an inactive 2:1 complex exhibited a bell-

shaped curve as PU.1 doses increased. As a result of the PU.1 binding sites saturated with (2:1) 

bounded PU.1, the complex does not produce reporter signals. In the alternative, the reporter 

signal would dose-dependently reach a saturable level. Thus, it relies on the level at which the 

2:1 complex keeps possessing activity relative to the 1:1 complex. Since the enhancer varied in 
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density and spacing between the cognate sequences (i.e., cis-regulatory syntax), we determined 

the effects based on the variants of PU.1 dependent regulatory elements. Therefore, the synthetic 

λB reporters were well suited to systemically measure for appropriate responses of PU.1 activity 

in live cells. Furthermore, our cell-based reporter gene assay does not require any other 

cofactors. Thus, the cell reporter platform is a non-invasively technology to monitor the cellular 

PU.1 activity on its cognate DNA sequence. 

PU.1 dosage setup 

To investigate a feasible dose range of PU.1 expression plasmid, we established it by 

measuring the amount of PU.1 expression in native PU.1 expressing myeloid cells (Figure 3.5). 
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Figure 3.5 Adjustment of transgenic PU.1 dosage for cellular titration experiments in 

HEK293 cells to native PU.1 expressing myeloid cells. 

 (a) 25 ng as a maximum dose for an amount of PU.1 transgene was determined using 

qPCR. Relative PU.1 mRNA levels were quantified and adjusted to PU.1 levels in normal 

proliferate HL-60 and THP-1 and in Phorbol 12-myristate (PMA) induced cells (16 nM). Data 

was shown in means ± SE of at least three biological replicates relative to gapdh. (b) 

Representative flow cytometric data for series of doses of PU.1 transgenes up to 25 ng per 

sample in a 24-well plate were transfected in HEK293 cells. PU.1 expression was quantified by 

co-translating iRFP marker expression. Cells were gated by the control no PU.1 plasmid 

transfected samples and divided into each quadrant. Cells in Q2 and Q3 represented PU.1-

expressing cells, and the total counts of Q2 and Q3 were plotted against the plasmid dosage. 

Redline illustrates a linear fit to the data. (c) The amounts of PU.1-expression were validated by 

immunoblot assay. Each transfected HEK293 lysate (10 μg) was quantified, normalized by 

housekeeping protein expression (β-actin), and plotted (219). 

 

The maximum expression of PU.1 plasmid was limited to the level of PU.1 expression 

found in the myeloid cells to be physiologically inducible. For example, THP-1 cells, myeloid 

cells can be inducible by PMA and differentiated into macrophages. We purposely set up the 

amount of PU.1 expression plasmid to evaluate our functional PU.1 inhibition result to interpret 

in a physiologic context (Figure 3.5a). To determine whether 25 ng of the PU.1-expression 

plasmid would yield a linear dosing range for the λB reporters following transient transfection in 

HEK293 cells, we measured the reporter gene expression level of each transfected HEK293 cell 

samples by flow cytometer. We confirmed the linear variation in abundance PU.1 plasmid 

expression in HEK293 cells by flow cytometry (Fig 3.5b). When transiently transfected into 

PU.1-negative HEK 293 cells, we confirmed that the reporters were negligibly activated by 

endogenous transcription factors, including other ETS family proteins (Figure 3.5b). The full-

length PU.1 plasmid expression was independently tracked by quantifying as detecting iRFP 

positive cells by a flow cytometer and represented it in the linear relationship between PU.1 

plasmid dose and iRFP expression. For validating the flow cytometric approach, PU.1 abundance 

was also determined by immunoblot assay (Figure 3.5c). We enable to quantify that PU.1 protein 
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expression in transfected HEK293 cells was increased as an increased dose of PU.1 expression 

plasmid.  

Design of synthetic PU.1-dependent enhancer reporter structure 

For probing PU.1’s trans-regulation of negative feedback mechanism, marker gene 

expression was detected from various synthetic enhancer elements consisting only of tandem 

copies of the λB motif (Figure 3.6).  

 

Figure 3.6 Functional PU.1 trans-regulation by negative feedback.  

(a) Schematic diagram of synthetic PU.1-dependent EGFP reporters. A minimal TATA 

box (black blocks) was operated by enhancers composed only of tandem EBS (yellow blocks) 

spaced 20 bp apart upon functionally binding by PU.1. Mutated sites were denoted as hatched 

blocks. (b) Representative flow cytometric data of untreated HEK293 cells and transfected 

HEK293 with a constant dose of the 5xEBS reporter and/or up-to 25 ng of an expression plasmid 

encoding full-length PU.1. Quadrant Q2 contained the EGFP marker-expressing cells counted 

out of all PU.1-expressing cells (Q2+Q3). (c) Upon PU.1 dosages, PU.1-dependent EGFP 

marker expression in each type of synthetic enhancer construct was plotted. EGFP fluorescence 

in Q2 taken over the summed fluorescence in Q2 + Q3 at 24 hours after co-transfection of the 

EGFP reporter plasmid and the indicated dose of PU.1 expression plasmid. Each data point is 

the means ± SE of triplicate or more samples. The yellow triangle denotes the peak of the EGFP 

reporter expression (219). 

 



166 

 

 

The motif was used for a PU.1-specific ETS binding site (EBS) derived from the 

lymphoid Igλ2-4 enhancer. We constructed various expression plasmids in terms of enhancer 

syntax (numbers of copies and spacing two helical turns, 20 base pairs (bp) between each 

consecutive site) and measured reporter gene expressions reflected by the effects of enhancer 

structures. Because the bound proteins were arrayed on the same helical face, this structure 

assisted in facilitating the recruitment of the transcriptional machinery (Figure 3.6a).  

Further, the spacing enhancer would amplify site-site interaction and DNA perturbations 

as the 2:1 complex was known to require an extended site size relative to the monomer, 

presenting the bound protein along one helical face. By doing so, therefore, it would permit 

evidently to show functional effects of the 2:1 complex. In this design, we quantified PU.1-

dependent transactivation as the fraction of iRFP-positive cells that were also EGFP-positive 

(Figure 3.6b). 

3.3.2.2 Dosage effect of PU.1 trans-regulation supports negative feedback 

As we expected a multivalent impact concerning PU.1 binding site, all enhancer 

constructs illustrated graded reporter expression in step with the density of EBS at each enhancer 

at identical PU.1 dose (Figure 3.6c). However, the dose-dependent curves of EGFP expression 

were only shown on the enhancers harboring tandem the 3x and 5x EBS, not 1x and 2x EBS. 

Upon peaking at intermediate PU.1 dose, the 1x and 2x enhancers were going down by further 

increases in PU.1. Therefore, the curves from the two constructs displayed the non-functional 

formation and decreased the marker signals, indicating that the dose-dependently settled to a 

saturated level relying on the 2:1 complex retained activity relative to the 1:1 complex. However, 

enhancers harboring tandem 3x and 5x EBS showed increased EGFP expression. Therefore, we 
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decided to ascertain whether PU.1 reversibly interacts with the enhancer in transactivation. To do 

that, a 3xEBS variant (3x-alt-EBS) mutated in even-numbered sites in the 5xEBS reporter was 

constructed. In the construct of 3x-alt-EBS, it generated the cognate sites doubled in spacing 

(Figure 3.6a). Compared to 3xEBS constructs, the 3x-alt-EBS reporter exhibited decreased PU.1 

transactivation and its reporter signal also no longer increased. The effect of enhancer space 

between the cognate sites explains that the functional reversal could not be caused by PU.1 

interaction away from the DNA only. The spacing effect demonstrated that the functional 

reversal would be inactive to syntax changes at the DNA (Figure 3.6c). 

Enhancer syntax variations (density and spacing) demonstrated negative feedback in 

PU.1 transactivation in live cells. The PU.1 activity illustrated the bell-shaped dose responses for 

the 1x and 2x enhancers, but not the 3x or 5xEBS enhancers (Figure 3.6c). It indicates that the 

helical spacing of the sites amplified the local DNA structure and additive perturbations 

exhibited as we observed previous DNA footprinting of the PU.1 ETS domain. We might suspect 

that PU.1 bind at the higher-density sites might exhaust a required co-repressing factor for the 

2:1 complex. However, this possibility was minimal because the different dose responses showed 

in functional outcomes of enhancer construct of the 3xEBS and the 3x-alt-EBS, which had the 

same site density. 

Further, the events were observed in a cell line (HEK293) that does not natively express 

PU.1 in gene regulation. Because net transactivation activity was decreased under conditions 

correlated with the population of the 2:1 complex, the data suggested that the 2:1 complex lost 

activity relative to the 1:1 complex. The functional outcomes and its effect of the synthetic λB 

reporter on PU.1 dose-dependent manner supported the biophysically observed 2:1 complex as a 

functionally relevant in the cells. Thus, our cell reporter platform of enhancer syntax (site density 



168 

 

 

and spacing) provided compelling evidence of the intrinsic PU.1 self-regulatory activity in 

biological systems.  

3.4 Discussion  

Sequence-specific transcription factor PU.1 is a lineage- and dosage-specific member of 

the ETS family of transcription factors that share a conserved DNA-binding domain with overall 

low sequence homology among the ETS family members but structurally homologous (222-225). 

All ETS members execute in hematopoietic cells for blood cells' differentiation in multi-steps 

with complicated controls in which the control steps happen at transcription levels. Here we 

presented two reporter platforms to characterize the functional status of the control process for 

PU.1 transactivation. The use of cell-based reporter gene platform, critical determinants of 

transcription factor PU.1 activity at TF-DNA level was functionally characterized. We 

determined functional inhibition of PU.1 for binding its cognate DNA target sites in live cells 

and proved the biological relevance of the functional heterogeneity in DNA target selection and 

control by PU.1. The evidence was suggested from biophysical aspects: molecular hydration and 

self-association. Dominant-negative mutants in the reporter assay were utilized for understanding 

functional heterogeneity adapted from environmental changes and attested significance of critical 

residue in PU.1 ETS binding domain evolutionarily. Various enhancer structures fused to 

reporter genes were employed to gain insights into intrinsic regulatory mechanisms of PU.1 

negatively feedback in efforts to elucidate how PU.1 is inducible in a stage-specific and dosage-

specific manner. 
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3.4.1 Functional approaches to probing molecular hydration in transcription factor function 

Interfacial hydration is a mechanism by which proteins may recognize specific DNA 

sequences. We explored the essential strategies of molecular hydration as a role of particular 

DNA recognition by PU.1 ETS proteins in sequence specificity. The sequence-specific 

recognition of PU.1 has been achieved from the evolutionary adaptation process through the 

single transition of amino acid codon and conferred the PU.1 reacted more sensitive on osmotic 

pressures. In cooperation with water, the molecules led PU.1 to increase its DNA target 

specificity to discriminate other sequences. Previous reports studying NFAT5 protein, known for 

the responsive gene of osmotic stress, were expressed in the thymus and activated in 

lymphocytes (132, 226-229). The observed dependence of lymphocyte function on the NFAT5 

osmotic stress response pathway suggests that mechanisms responded to osmotic stress in the 

thymus where cells for innate immune responses are generated (131, 132, 227-232).  

NFAT5 mediates protection from adverse effects of hypertonicity (226). Osmotic stress 

activates NFAT5 via osmolyte-induced disorder-to-order conformational rearrangement. 

Therefore, osmotic sensitivity influences the transcription factors' activity in cells. In the context 

of sophisticated differentiation pathways in mammalian cells, molecular hydration plays a 

critical role in the master regulator of PU.1 on evolution. Sequence-specific transcription factor 

PU.1 attained its DNA target specificity in adaption in osmotic sensitivity by DNA recognition 

of sequence discrimination. 

3.4.1.1 Residue Asn236 integrates hydration contributions of DNA binding by PU.1 

Water molecules play a vital role in transcription factor-DNA interfaces. Structural and 

biochemical data have suggested that water-mediated interactions are as meaningful as direct 
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hydrogen bonds in the stability and specificity of recognition (130, 233-235). From our previous 

analysis of structural studies of PU.1 ETS domain, ETS domain of PU.1 is sensitive on osmotic 

pressure to bind cognate DNA targets compared to the ETS domain of Ets-1. We have mapped 

the critical residue in charge of the interfacial hydration in transcription factor PU.1, which the 

Ets-1, the same ETS family member of the transcription factor, does not contain (113).  

Interestingly, although Ets-1 and PU.1 are structural homologs, only PU.1 exhibits 

sensitivity to osmotic pressure for detecting its specific DNA sequences and its binding. To 

assess the interfacial water contact area of PU.1 ETS domain, we made chimera to substitute the 

several structural parts of Ets-1 into PU.1 ETS domain. The H3 domain exposed the most 

prominent elements of the PU.1 ETS domain through biochemical and biophysical assessments 

and showed a significant loss of normo-osmotic pressure and sensitivity. To gain insights on the 

essential structural residue to provide the osmotic sensitivity of PU.1, we first did sequence 

alignment of H3 motifs across all the ETS paralogs; all residues in this motif are very conserved 

except the residue 236. Indeed, N236Y, in which we mutated Asn to Tyr, corresponding to the 

same deposition of Ets-1, alone exhibited recovery of the identical effect of H3 chimera. 

Consistently, N236Y is functionally not sensitive to inhibit PU.1 transactivation using our 

dominant-negative inhibition assay in live cells. 

The functional outcomes in live cells were aligned with predicted results from Molecular 

Dynamic simulation. The simulation exhibited that the H236Y chimera in ETS/DNA complex 

configuration was distorted by a re-orientation of the protein relative to the target DNA site. 

Furthermore, the H236Y chimera exhibited the most significant impaired function to bind its 

cognate sequence site as Ets-1 (215). In this study, we attested evolutionarily the importance of a 

critical amino acid residue in the helix 3 domain of PU.1 DNA binding motif that biophysical 
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experiment suggested its importance of molecular hydration. Also, N236H and N236G work as 

similar effects more likely on its evolutionary position in the phylogenetic tree. 

3.4.1.2 Asn236 is a marker in the evolution of the ETS domain 

Residue 236 is the only H3 position that illustrates a significant variation in the DNA-

binding domains of ETS transcription factors among ETS orthologs. The sequence divergences 

(Asn, His, Gln, and Tyr) in the residues of the ETS proteins are often adapted from a codon 

variation from Tyr to Asn progressively. The variation might evolutionarily happen among the 

phylogenetic intermediate between Tyr (Ets-1) and Asn (PU.1) to interchangeable A to T and C 

to G or vice versa. The single codon transition was shown the residue Asn236 in PU.1 from Tyr 

in Ets-1, the ancient ETS TF family member. His (ETV6) closed to Tyr (Ets-1) and Gln (SPDEF) 

adjacent to Asn (PU.1), where water mediates contents, exhibited similar effects in our 

functional PU.1 inhibition assay as well as MD simulation. The functional extent of the PU.1 

inhibition exhibited as phylogenetical ranks in the ETS family: N236Y (Ets-1) > N236H (ETV6) 

> N236Q (SPDEF)> N236 (PU.1) (236). A single transition of codon also exhibits evolutionarily 

separate from one another in the ETS family phylogenetic tree. 

Further, the relative hydrophobicity of amino acid residues of Tyr, His, Gln, and Asn at 

near-neutral pH exhibited the fact that the interfacial hydration properties are evolutionarily 

moved toward PU.1 that more stringent to be sensitive on hydration (237). Thus, the most recent 

ETS member PU.1 was evolved to acquire its traits to gain from more hydrophilic residue toward 

more hydrophobic attributes so that PU.1 is highly sensitive to bind its DNA recognition to 

control transcription upon environmental changes or stimulations. Therefore, the significance of 

H3 in PU.1/DNA binding is also closely attached to interfacial hydration and indicates an 
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evolutionary transition in the essential recognition helix toward the acquisition of interfacial 

hydration.  

3.4.1.3 Significance of studying molecular hydration in transcription factors 

For transcription factors, hydration plays an essential role in their target DNA 

recognition. The Escherichia Ecoli tryptophan repressor is iconic in this respect. Both the crystal 

structure and experiments in solution show that it recognizes operator DNA primarily via water-

mediated contacts. More recently, we have found that hydration is strongly coupled with site 

discrimination by the ETS-family protein PU.1. a master transcription in hematopoiesis. Typical 

of this family of transcription factors, PU.1 recognizes cognate DNA sites ~10 bp in length that 

contains a 5'-GGA(A/T)-3' central consensus. In addition to serving as an experimental probe for 

studying hydration changes, osmotic stress is a physiological condition in hematopoietic tissues. 

We analyzed gene expression data in murine macrophages and found that target genes for PU.1 

are significantly over-represented in osmotically responsive genes. Recently, in agreement with 

their osmotic profiles in binding experiments, hypo-osmotic stress in K562 leukemia cells was 

reported to drive PU.1 binding to promoter sites in significant excess over Ets-1. Therefore, the 

differential interfacial hydration in DNA binding also establishes the two ETS members' roles in 

the cellular response to physiologic osmotic stress. 

3.4.2 Self-regulatory mechanisms of PU.1 

3.4.2.1 Inducible PU.1 in the immune system and the molecular mechanism of PU.1's 

regulation 

One of the fundamental biological features of TF PU.1 is a lineage-specific and dosage-

specific manner for controlling differentiation of the hematopoietic stem cells. In macrophage or 
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erythrocytes, PU.1 is a markedly inducible transcription factor during hematopoiesis and 

immune stimulation. Depending on the combination of a cell line, physiology, and stimulatory 

ligands, cellular PU.1 abundance varies. As previously well-known of biological features, PU.1 

works in lineage-specific and dosage-restricted manners. With combinatorial regulation with 

cofactors, PU.1 should increase the differentiation of B-cells and macrophages, contrary to the 

differentiation of T-cells. Disrupted PU.1 activity directly or indirectly relates to various disease 

occurrences, including neurologic disruption, fibrotic disease, Type II diabetes-related hepatic 

disease, hematological cancers, and leukemias. Acute myeloid leukemia has one of the most 

manifest examples of the dosage-effect to PU.1 abruption such that 20 % or below of PU.1 

expression has associated with the AML in human patient samples and murine models. The 

dosage effects of PU.1 have been extensively studied in physiology and molecular biology.  

3.4.2.2 Real-time regulation of PU.1 at the protein/DNA level 

During hematopoiesis and immune stimulation, the cellular and molecular regulatory 

mechanisms of PU.1 activity have been intensively studied. PU.1 negatively cooperates with 

cofactors (GATA-1) or positive way with IRF4. The PU.1 gene expression level was also 

regulated by cis-acting regulatory elements, including URE distal elements (238, 239) (240-244). 

However, the mechanism by the trans-regulatory complex of PU.1 relatively little is understood 

at the protein/DNA level. The cellular abundance of PU.1 should be real-time regulated at target 

DNA recognition by PU.1. The DNA binding (ETS) domain of PU.1 is known as its only 

structured domain to interact with its cognate DNA site for gene regulation. The ETS domain is 

structurally conserved in the ETS family of transcription factors and forms a 1:1 complex with 

cognate DNA. 
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In contrast with other ETS members, the ETS domain of PU.1 forms a 2:1 complex at 

single DNA cognate sites supported by thermodynamic and biophysical studies. It is considered 

to serve intrinsically self-regulated by negative feedback based on biophysical and biochemical 

research data. To functionally assess the complex to serve as a self-inhibitory mechanism in 

cells, we designed several reporter gene plasmid constructs using PU.1-dependent gene, 

lymphoid Igƛ2-4 enhancer with two helical turns spacing between each cognate gene segment. 

Therefore, the effects of enhancer structures on PU.1 transactivation demonstrated PU.1 trans-

regulation in negative feedback in live cells (245). Depression of negative cooperate manner of 

PU.1 activity on its target DNA by an inactive 2:1 complex relative to a 1:1 complex exhibited 

the self-regulatory mechanism of the inducible PU.1 in real-time at the protein/DNA level.  

3.4.2.3 Functional relevance of self-titration as a potential negative feedback mechanism for 

PU.1 transactivation 

Many ETS family transcription factors, such as Ets-1, ERG, and members of the ETV 

subfamily, are regulated at the protein/DNA level by inhibitory helices that pack against their 

DNA-binding domain in the unbound state (219). Perturbing these helices imposes an energetic 

penalty on DNA-binding that maintains, by default, an autoinhibited state. Binding partners that 

disrupt the autoinhibited interactions thus induce a transcriptionally permissive state. ETS 

paralogs, such as PU.1, that lack this mechanism would thus be locked in a permissive state in 

the absence of negative feedback fashion: even if the 2:1 complex retains the functional activity 

of the 1:1 complex, removal of circulating PU.1 alone will attenuate transactivation of target 

genes. Consistent with this notion, we observed self-titration only with site-specific DNA and 

not nonspecific DNA. 
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Further, we did not keep dimer formation with the structural homolog Ets-1, with or 

without its autoinhibition helices, when its cysteines were maintained in a reduced state. 

Interestingly, a 2:1 Ets-1/DNA complex was reported under non-reducing conditions, reflecting 

the strong propensity for its two cysteine residues (which are not present in the PU.1 ETS 

domain) to form non-native disulfide linkages (112, 246). 

To our knowledge, an inactive 2:1 complex form of transcription-DNA has not been 

studied before. In the ETS complex, most transcription factors are bound to 1:1 with its cognate 

DNA. To understand the biological role of the 2:1 complex formation in terms of transcriptional 

machinery at the level of protein/DNA, we employed a cellular enhancer-reporter platform to 

determine the effect of changes in enhancer syntax on PU.1 activity. Enhancers with low-affinity 

binding sites can mediate robust tissue-specific gene expression patterns when they are organized 

with optimal syntax. The importance of sequence constraints within developmental enhancers for 

tissue-specific gene expression patterns suggested the evolution of developmental enhancers 

depending on the selection of submaximal binding sites. Also, optimal binding sites defined as 

genes with the highest affinity and optimal spacing for expression levels determine enhancer 

function (58). As we predicted, using various tandem copies of PU.1-dependent gene, lambda, 

fused to EGFP reporter gene, the EGFP expression followed as a bell-shaped curved as PU.1-

dose dependent manner. A bell-shaped reporter dose-response as the enhancer varying in density 

and spacing of EBS was designed for measuring the functional outcome of an inactive, 

negatively cooperative 2:1 complex. The unique feature of PU.1’s functionality with regard to 

trans-regulation of negative feedback will be studied further. 
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3.5 Conclusion 

With combinatorial interaction with other cofactors, DNA target selectivity is acquired 

from the intrinsic heterogeneity among DNA binding domain, primarily ETS domain for ETS 

family of transcription factors. This study aimed to characterize the transcriptional regulation of 

the ETS family of transcription factor PU.1 activity related to its cognate DNA binding sites. Use 

the PU.1-dependent enhancer; we proved two critical regulatory elements of PU.1 transactivation 

in molecular hydration and self-association as a function of negative feedback regulation. Our 

cell reporter technology of dominant-negative mutants enables us to understand functional PU.1 

transactivation was abolished. The evolutionarily critical residue of PU.1 ETS domain H3, 

known as the importance of interfacial hydration, was considered necessary mutated with 

corresponding reside of ETS paralogs. Also, by constructing various enhancer-reporter gene 

platforms, PU.1-DNA complex interactions were regulated by a negative feedback mechanism in 

live cells. Our results demonstrated that our versatile reporter gene platform was utilized to 

functionally support data in the context of biology for biophysical research. The signatures of 

target DNA selection by transcription factor PU.1 suggested by biophysical and computational 

research were biologically relevant proven by reporter gene platform manipulated relatively 

easily and suitable to characterize functional PU.1 activity in live cells according to our research 

goals. 
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4 CHARACTERIZATION IN LIGAND SCREENING AGAINST PU.1  

4.1 Introduction 

4.1.1 Drug screening for targeting transcription factor PU.1 

The process of drug development is time-consuming and cost expensive. Understanding a 

drug's function within biological systems can shorten production times and lower the risks that a 

drug will have extreme, unforeseen side effects. Therefore, it is crucial to obtain the maximum 

amount of information about the biological activity, toxicological profile, biochemical 

mechanisms, and off-target interactions of drug-candidate leads in the earliest drug discovery 

stages. Due to their advantages of predictability, the possibility of automation, multiplexing, and 

miniaturization, cell-based assays seem a valuable tool for the high demands of the early stages 

of the drug discovery process. They should, consequently, be considered as a viable research 

avenue. This is not to say other research strategies should become obsolete. Relying on different 

strategies ranging from reporter gene technology to protein fragment complementation assays 

remain necessary and present various challenges. 

TF PU.1 and AML 

While recent advances regarding the pathogenesis and treatment of AML have improved 

clinical outcomes, conventional chemotherapy remains the standard treatment choice. This is due 

to the complexity of AML, as the disease results from numerous genetic aberrations. To address 

the genetic variety of AML, alternative therapeutic approaches for targeting commonly 

dysregulated pathways present in multiple AML subtypes have arisen. Despite the genetically 

heterogeneous nature of AML, the de-regulation of the PU.1 transcription factor is a recurrent 

event found in most subtypes of AML (247).  
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PU.1 is an ETS family transcription factor encoded by the SPI1 gene and is primarily 

expressed in myeloid cells and B-lymphocyte cells (248). PU.1 specifically recognizes purine-

rich DNA sequences containing 5’-GGAA/T-3' at the target gene promoters (249). Cells with 

hypo-PU.1 activity (20% of wildtype) lead to the onset of AML. Inhibition of residual PU.1 

activity results in cell death of only cancerous cells. More than 40% of AML patients have low 

expression of PU.1 resulting from genetic disruption. Homozygous knockout of an enhancer 

located -14 kb upstream of PU.1 (URE) causes an 80% reduction of PU.1 expression and leads to 

AML. Conditional knockout of PU.1 (URE -/-) leads to stem cell failure (128, 250-254). 

Collectively, this data demonstrates that PU.1 is critical for stem cell generation and 

homeostasis. Suppressing PU.1 activity in leukemic stem cells with low PU.1 activity may be a 

viable approach for targeting leukemic cells over healthy hematopoietic stem cells.  

4.1.2 Sequence-specific DNA minor groove binding small molecules  

TFs regulate gene expression to control protein synthesis, increase or decrease gene 

transcription, and alter cell function. This is achieved by TF-binding regulatory DNA sequences 

called enhancers or promoters in the transcription process's first step. The features of TF 

containing DNA-binding domains enable them to bind to their specific sequences of DNA. 

Among thousands of sequences, TFs' specific recognition of their target site, enhancer, or 

promoter is not easy because many TFs recognize similar consensus DNA-binding sites and 

genomes harboring numerous consensuses. For instance, the ETS transcription factor family 

shares a conserved DNA-binding domain, containing 85-residues, explicitly recognizing the 

consensus core of 5'-GGA(A/T)-3'. The conserved domain shows that the functions of the ETS 

domains in TF proteins are critical. While the ETS family proteins contact the major groove of 

the core sequence, their loop also interacts with flanking bases via backbone contacts at the 



179 

 

 

minor groove. As a result, the flanking sequences are frequently conserved. This is especially 

true for PU.1, a protein of the ETS family TF PU.1 knows its target binding specificity, and its 

affinity is achieved by contacting the harboring sequences of the PU.1 (113, 114, 116, 118).  

PU.1 binds to the consensus site in the major groove because of its binding selectivity for 

AT-rich flanking sequences. The major groove harbors a 5'-GGA(A/T)-3' and gains its DNA-

binding affinity through additional contact with the minor groove of the nearest AT-rich region. 

This AT-rich region flanks the major groove either up to three bases upstream or downstream of 

the core consensus. PU. 1's signature is its strong preference for AT-rich sequences, highlighting 

a specificity on its target binding from thermodynamic studies. This is a unique feature from 

other ETS proteins.  

Small molecules (102 Da), such as organic dications, have been studied for 

pharmacological applications on cancers, microbial, and viral diseases (255, 256). Compounds 

that bind DNA minor groove regions are targeted, especially by transcription factors, because 

DNA minor groove binders can activate or inhibit transcription, where gene expression is mainly 

controlled. The study of compound binding sequence-specific mode helps us investigate how 

genomes are controlled and selectively target diseased cells through the sequence-specific, minor 

groove-targeted compounds' binding.  

By using the concept of compounds' sequence binding preferentially, pentamidine or 

furamidine (DB75) pharmacologics have been developed. These chemicals are antiparasitic 

therapeutics for African trypanosomiasis and sleeping sickness (257-262). The structural aspect 

of chemicals such as pentamidine and furamidine to bind to DNA was pioneered from 

biophysical research and proves that DNA is a biological target for drug development. In their 

research, Neidle's teams used X-ray crystallography to reveal that pentamidine could be bound to 



180 

 

 

a four base pair-AATT-sequence in d(CGCGAATTCGC)2 (263). The research showed that (a) 

phenylamine offers minor groove recognition units in AT sequences, (b) H-bond formation with 

their acceptors of the base pair at the edges in the minor groove effectively stack in the narrow 

minor groove, and (c) the groove has electrostatic potential.  

DB75 and most heterocyclic dications have similar properties (257, 258, 264, 265). The 

DB75 compound enables the formation of H-bonds as the compound bonds to the acceptors on 

the base pair edges at the floor of the groove stack of narrow minor groove walls with AT 

sequences. The compound's positive charge can then offset the phosphate charges and negative 

electrostatic potential of the groove. The H-bonds are the result of non-covalent binding to target 

DNA and its inherited sequence specificity. The DB75 compounds mostly preferentially target 

AT-rich sequences of the minor groove, and this tendency shows the potential for similar 

compounds to serve as target-specific drugs in cancer treatments. Specifically, the biophysical 

study of DB75's properties provides solid foundations for designing and developing new 

compounds which can target the DNA minor groove in various complexes to enhance the 

bioavailability, especially of cell uptake with limited toxicity. 

4.1.3 DNA binding preference of the ETS family TFs  

Transcription factors play crucial roles in gene expression for controlling and maintaining 

cellular activities: specifically, how cells function and respond to the environment. Misregulation 

of the gene expression from the abruption or alteration of transcription factors or associated 

cofactors often provokes disruption of cellular activities and leads to diseases such as cancers, 

autoimmune disorders, neurological disorders, developmental syndromes, diabetes, 

cardiovascular diseases, and obesity. The ETS transcription factors are particularly implicated in 

the development of most of these diseases. Therefore, the ETS proteins have received significant 
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attention as potential drug targets (68). Traditionally, the ETS proteins and other transcription 

factors were considered "undruggable" due to lack of target sites for drugs, called binding 

pockets in the protein or protein interface; however, the conventional rationale is changing as 

new approaches that target the interface of proteins or DNA are developed. 

 The ETS family of proteins comprises 28 transcription factors, each of which contains a 

highly conserved DNA binding domain. The structure of the conserved ETS domain is called the 

winged helix architecture consisting of three alpha-helices on a small four-stranded, antiparallel 

beta-sheet scaffold. This structure can be viewed using X-ray crystallography and nuclear 

magnetic resonance (NMR) spectroscopy. The structure of the conserved ETS domain contains 

about 85 residues. This domain is necessary for DNA binding and is involved in multiple 

protein-protein interactions in addition to its well-defined role in mediating DNA binding. The 

ETS family transcription factors bind to various protein partners that inhibit or enhance DNA 

binding. Additionally, they bind to coactivators and corepressors that modulate their 

transcriptional regulatory properties. The proteins bind to DNA over a region spanning 12-15 

base pairs (bp), but they display sequence preference for ~9 bp with a core motif of '5-GGAA/T-

3,' regardless of the proteins' functions. 

By inserting the proteins into the major grooves of target DNA regions that harbor the 

core consensus of 5’-GGAA/T-3', the ETS proteins bind to the DNA. Additionally, the members 

of the ETS family seem to bind with flanking sequences along the DNA's backbone. The 

sequence variants determine the ETS protein's specificity at the flanking regions. This sequence-

specific recognition shares a typical characteristic across the ETS family of transcription factors. 

However, the effects vary among different proteins. PU.1, for example, shows a unique use of 
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this feature. PU.1 is one of the most restricted ETS class III proteins; however, it strongly favors 

binding to adenine-rich sequence near to the core consensus.  

4.1.4 DNA recognition of PU.1  

 The ETS family transcription factor PU.1 is also known as a Spleen focus forming virus 

Proviral Integration site-1 (Spi1). The transcription factor, PU.1, plays a significant role as a 

lineage-specific regulator of the hematopoietic system's gene expression for development, 

differentiation, proliferation, and self-renewal. PU.1 binds to purine-rich sequences with several 

myeloid- and lymphoid-specific promoters or enhancers near target genes. Specifically, PU.1 

binds to AT-rich DNA sequences containing 5’-GGAA/T- 3' at the promoters of target genes. 

Different effects are observed in coordination with other transcription factors (129, 266-271). 

PU.1 expression is dynamically controlled throughout hematopoiesis to direct appropriate 

lineage specification. During myeloid cell (macrophages and neutrophils) and lymphoid cell (B- 

and T-lymphoid) development, the expression of PU.1. increases in B cells, macrophages, and 

neutrophils; however, it decreases in T-lymphoid cells. Therefore, the expression of PU.1 is a 

crucial feature of functional cellular differentiation. Disruption of PU.1, though, is involved in 

diseases such as Alzheimer's disease, Hodgkin's disease, fibrosis, liver-associated diabetes, and 

hematological cancers, including leukemias (101, 272-297). For this research, we look at the role 

of the disruption of PU.1 levels in humans and its association with AML. Specifically, hypo-

functioning PU.1 (20% of wild-type activity) leads to the progression of AML in several 

subtypes of the disease(121, 128, 298). Therefore, if we modulate the expression levels of PU.1 

using small chemical compounds to bind PU. 1's target DNA sites, the advancement of diseased 

cells can be decreased. The approach will offer a new type of therapeutic development for AML. 
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4.1.5 The pharmacological strategy of targeting the PU.1-DNA interaction by sequence-

specific binding molecules 

According to Munde and his colleagues, some heterocyclic diamidines have been shown 

to have the potential of pharmacological control in the inhibition of PU.1. They hypothesized 

that the DNA minor groove binders inhibit the interaction of PU.1 and their target DNA site via 

an allosteric mechanism (299). It is known that PU.1 binding is disrupted by diamidines that 

target AT-rich sequences, where PU.1 gains its binding specificity through the 5' flanking minor 

groove as well as the core consensus sequence (Figure 4.1). 

 

 

Figure 4.1 Schematic diagram strategy of the DNA minor groove ligands against PU.1 

for AML therapeutics.  

To modulate PU.1 transactivation, by adding to small DNA minor groove inhibitors, 

PU.1 fails to achieve its binding sequence selectivity from AT-rich flanking sequences in the 

minor groove. Targeting low PU.1 expressing leukemia stem cells to PU.1 inhibition can lead to 

blocking its binding to major groove via an allosteric mechanism. As complete loss of PU.1 

results in leukemic stem cell failure, it may remove low PU.1 expresses AML cells and triggers 

regenerate healthy normal hematopoietic stem cells in AML patients. 
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Munde and his colleagues showed that the diamidines targeted the AT-rich sequences using the 

ƛB motif of Ig2-4 enhancer (5’-ATAAAAAGGAAGTG-3'); these regions are high-affinity PU.1 

binding sites with AT-rich tracks flanking both sides of the ETS consensus (84, 111). As a result, 

these diamidines disrupted the allosteric interaction of PU.1 and the DNA sites in vitro and live 

cells. The research illustrated that the compounds that inhibited PU.1 were accumulated and 

successfully localized in the nucleus, the compounds' target sites. 

Interestingly, they found the structure-dependent differences in PU.1 inhibition and 

nuclear localization among the compounds using biosensor-surface plasmon resonance (SPR) 

screening that targets the PU.1-ƛB complex. The research proved that pharmacological inhibition 

of PU.1 could be achieved via an allosteric mechanism. The approach has opened a new pathway 

of developing treatments targeting AML. By inhibiting residual PU.1 activity by heterocyclic 

diamidines, it is possible to trigger stem cell failure to restore normal hematopoietic stem cells, 

effectively resetting the system. 

Our research progressed using the heterocyclic diamidines DB2115, DB2313, and 

DB1976 as first-test compounds to ascertain whether this theory holds potential for application. 

(Figure 4.2) 
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Figure 4.2 Chemical structure of the DNA minor groove binders.  

The heterocyclic diamidines preferably bind to AT-rich sequences in the 5’-flanking 

sequence, harboring the ETS core consensus sequence (GGAA) in the λB motif bound by PU.1. 

The three compounds were selected by SPR analysis as candidates for characterizing the 

ligands' properties against PU.1 in live cells.  

 

 

These compounds were shown to have significant potential as anti-leukemic agents through their 

ability to bind to PU.1 target sites and inhibit PU.1 transactivation via an allosteric mechanism. 

In live cells, we evaluated their potential as PU.1 inhibitors to determine their potential as anti-

leukemic agents; further, their target specificity in nuclear localization was assessed in the hopes 

of finding minimal off-target cytotoxicity.  

Furthermore, we recorded the kinetics of pharmacological action in mice of several 

heterocyclic dications that are biophysically characterized and selected from a large set of the 

library. We included the diamidines DB2115, DB2313, and DB1976 in these tests but looked at 

others as well. Using a quantitative analytical method to measure dication levels in biological 

samples, we found that the candidate compounds were significantly deposited in the bone 

marrow through our established assay. This allowed us to assess the abilities of the possible 

allosteric PU.1 inhibitors quantitatively. Further, the biological characteristics of these dications 

were determined, allowing us to narrow down potential treatment compounds. 

  The rest of this chapter will explain and examine the three steps to develop a cell-based 

reporter screening system. The three steps include assessing cellular viability, PU.1 specific 

targeted genes’ reporter assay, and subcellular compartment localization. Throughout this 

process, we documented the initial findings of the potency of heterocyclic compounds using the 

developed cell-based reporter platforms.  
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4.2 Materials and methods 

4.2.1 Cell culture  

The adherent cell lines, Human Embryonic Kidney (HEK) 293 and HEK293T, were 

cultured in DMEM medium supplemented with 10% (v/v) heat-inactivated fetal bovine serum 

(FBS) and 1% (v/v) Penicillin and Streptomycin (P/S). The HEK293 cells and HEK293T cells 

were maintained at 37°C in humid air with 5% CO2. Before reaching 80%-90% confluence, cells 

were subcultured using 0.25% (v/v) trypsin. The trypsin was neutralized with cell culture media 

(above). The medium was refreshed every 2-3 days.  

Additionally, human monocytic leukemia cell line, THP-1 cells were obtained from 

American Type Culture Collection (ATCC) and cultured in RPMI1640 medium supplemented 

with 10% (v/v) heated-inactivated FBS. These cells were maintained at 37°C under an 

atmosphere of 5% CO2. Every 3-4 days they were maintained by replenishing the fresh culture 

media and keeping the confluency below 8 x 105/mL in a T75 flask.  

4.2.2 Plasmid construction 

4.2.2.1 Lentivirus 3rd generation plasmids were obtained from Addgene.  

pRRLSIN.cPPT.PGK.MCS.WPRE and pRRLSIN.cPPT.PGK.EGFP.WPRE (Addgene 

plasmid # 21316) was obtained. The lentiviral mammalian expression vector pRRL.SIN 

lentiviral Enhanced Green Fluorescence Protein (EGFP) gene was cloned. The EGFP protein 

expression is driven by a ubiquitous PGK promoter. The pRRL-SIN lentiviral vector requires Tat 

cDNA for lentiviral production and other packaging cDNAs (Gag/Pol, Rev, and VSV-G). 

Control lentiviral plasmid, human Phosphoglycerate Kinase (pgk)-EGFP lentivirus plasmid was 

purchased from Addgene. The 3rd generation lentiviral packaging plasmids pMDLg/pRRE 

(Addgene plasmid #12251), pRSV-Rev (Addgene plasmid #12253), and VSV-G envelope 
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expressing plasmid pMD2.G (Addgene plasmid #12259) were a gift from Didier Trono. The 

transfer plasmid, pRRL.SIN.cPPT.PGK.MCS.wPRE was used as a backbone, and the PU.1-

specific reporter genes were inserted into the backbone plasmid. ƛBx5 (a synthetic enhancer 

element consisting of five tandem repeats of the ƛB site, spaced one helical-turn apart and 

followed by a minimal TATA-box promoter) was inserted into the transfer plasmid. Likewise, 

the PU.1-specific promoter gene, cd11b (a native promoter of CD11b, MAC-1 receptor alpha 

chain, myeloid-cell-specific gene expressed late during the course of monocytic differentiation) 

and csf1r (native M-CSF receptor promoter in non-macrophage cells, which is transactivated by 

PU.1, Macrophage colony-stimulating factor, M-CSF) genes were cloned in the same 

method. DNA sequencing was conducted to confirm each reporter gene plasmid construct. 

Please refer to details already provided in the previous chapter. 

4.2.3 Compounds  

DB1976, DB2313, DB2115, and DB1476 were synthesized by Dr. Boykin’s group. 

(Figure 4.2) The compounds were dissolved in either 100% dimethyl sulfoxide (DMSO) or water 

to prepare a concentrated stock. Depending on the compounds' structure, some were stored at 

4°C; the rest were stored at -20°C. Additional dilutions were prepared in the culture medium. 

The compounds were added to the plates in 1 µl volume for the desired final concentrations with 

a final DMSO concentration of 0.1% or 0.2% present in all samples. 

4.2.4 Cell viability assay: Sulforhodamine B (SRB) assay 

The sulforhodamine B (SRB) assay determines cell density based on the measurement of 

cellular protein content. This process involves treating cells with the test compounds and then 

adding pink aminoxanthine dye, sulforhodamine B (SRB), after an incubation period. This 

method is used for the cytotoxicity screening of compounds to adherent cells in the HEK293 
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cells (2x104 cells/well, 100 μL) using a 96-well plate. Specifically, after two incubation periods 

(24 hours and 48 hours) after treatments of the compounds, cell monolayers were fixed with 10% 

(w/v) trichloroacetic acid and stained with the SRB for 30 min, after which the excess dye was 

removed by repeated washing with a 1% (v/v) acetic acid solution.  

The SRB assay depends on the uptake of the negatively SRB by basic amino acids in the 

cells. Healthy cells will take up the pink SRB. Unhealthy cells will struggle to do so, leaving the 

surrounding area pinker. So, the number of pink cells is a proportionate display of cell health. 

Ultimately, cell density was determined when the protein-bound dye was dissolved in 10 mM 

Tris base solution for O.D. determination at 510 nm using a microplate reader (Molecular 

Devices). Cells that processed the test compounds successfully were healthier and were able to 

process the SRB. As a result, healthier cells showed a more intense color, indicating greater 

absorption abilities and demonstrating that the compounds were less toxic. 

4.2.5 Fluorescence microscopic examination 

The green fluorescent protein (GFP) could be observed using a fluorescence microscope 

(Leica DMi8). The PU.1 activity on the target reporter gene and its transactivation of 

fluorescence protein was measured 48 hours post-transfection.  

4.2.6 Liquid Chromatography/Mass Spectrometry  

4.2.6.1 Test sample conditions 

Dr. Steidl’s team from Albert Einstein College of Medicine prepared biological mouse 

serum samples. For DB2313, mouse (C57BL6) blood was collected 2 hours, 6 hours, and 24 

hours after the IP injection (20 mg/kg of DB2313). C57BL6 mouse serum was commercially 

purchased and used to prepare the control samples. The samples were also injected with DB2373 
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as a control compound. This compound’s results were used for internal reference in the mass 

spectrometry. 

4.2.6.2 Solid Phase Extraction 

Each serum sample was taken into new sterile e-tubes, and 2 µL of each concentration of 

DB2313 solution were added. Then the samples were mixed in pipettes. 2 µL of 5 pmol (2.5 µM) 

of the DB2373 compound solution were added as an internal reference to each test sample. The 

samples went through C18 Column extraction. After C18 column extraction, a 0.22 µm 

centrifugal filter was used to purify the collections, and then samples were analyzed with an LC-

MS/MS.  

  For DB2313 extraction, we used the Solid Phase Extraction by C18 column procedure. 

To prepare C18 columns, the columns were tapped to settle the resin, then they were placed into 

a receiver tube, and 200 µL of activation solution (50% MeOH) was added into the rinsing walls 

of the spin column and to wet the resin. The columns were centrifuged at 1,500 x g for 1 minute; 

then, the flow-through was discarded. The centrifugation process was repeated, and the flow-

through was again discarded. Then 200 µL of equilibration solution (0.5% TFA in 5% ACN) 

were added to complete preparation. After the C18 columns’ preparation, they were vortexed for 

30 seconds to make sure that they mixed well. Then the samples were centrifuged twice for 1 

minute each at 1,500 x g. After the samples were collected in the receiver tube, 100 µL of 

washing solution (0.5% TFA in 50% ACN/ 0.5% TFA in ultra-qualified water) was added. Then 

the centrifuge was run at 1,500 x g for 1min. Then all of the collected samples were dried in the 

vacufuge. After drying, the samples should be stored in the freezer (-20°C) until they are 

processed for MS reading.  
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4.2.6.3 Liquid Chromatography/Mass Spectrometry (LC/MS) Operating Conditions 

API-MS detection was accomplished using an AB SCIEX API 3200TM LC/MS/MS triple 

quadrupole mass spectrometer equipped with an orthogonal Turbo electrospray ion source and 

Agilent 1200 Series HPLC System. The samples were delivered to the ionization source by the 

autosampler of the Agilent 1200 HPLC system. A C18 column (3 µm particle size, 3×100 mm, 

Phenomenex, Torrance CA, USA) was used for the chromatographic separation. The injection 

volume was 5 µL. A generic chromatographic method was employed in this study.  

The HPLC eluents were H2O with 0.1% formic acid (A) and methanol with 0.1% formic 

acid (B). The initial gradient condition was 90% A and 10% B, holding on 10% B for 1 min, 

changing linearly to 60% B in 4 min, standing on 60% B for 2 min, then changing linearly to 

90% B in 2 min, standing on 90% B for 2 min, decreasing linearly to 10% B within 1 min and 

equilibrating at 10% B for 5 min, giving a total analysis time of 17 min. After analysis, the 

column was washed with the above procedure, giving background chromatographic spectra. The 

eluent flow rate was 0.3 mL/min. The resulting data were processed using the Analyst v1.5 

software from AB SCIEX. 

All compounds were detected using positive ionization in multiple reaction monitoring 

(MRM) mode (ion pair 355/294 for DB2313). The analyte-dependent and ESI source parameters 

were selected to optimize the detection of DB2313 (ion pair 355/294). The parameters in the 

experiments were set as follows: ion spray voltage 4500 V, ion source gas GS1 45 psi, ion source 

gas 2 (GS2) 35 psi, ion source temperature was 450°C, with the interface heater turned ON. The 

declustering potential (DP) was optimized at 40 V and entrance potential (EP) was 6 V. Collision 

energy (CE) was 30 V and collision gas was 6 psi. The deflector was preset to 200 V and CEM 
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was operated at 2400 V. The dwell-time was 200 ms. The system was operated under the control 

of Analyst 1.5 software. 

4.2.7 Flow cytometric analysis 

We analyzed the intracellular EGFP expression using BD Fortessa; the FACS flow 

cytometer (BD Bioscience, San Diego, CA). 

4.2.8 Statistics 

Statistical Analyses were performed and represented using OriginPro 9.1 (Northampton, 

MA). All data using flow cytometry analysis were exported from B.D. Diva software and 

analyzed using FlowJo 10. Subcellular colocalization assay was performed by LAX2.2 (Leica) as 

described after collecting images with a Hamamatsu ORCA-AG CCD camera. 

4.3 Results  

Our team's research on the biophysical characterizations of PU.1-DNA complex inhibition 

and the potentiality of heterocyclic diamidines have previously been discussed. Surface Plasmon 

Resonance (SPR) analysis showed that PU.1 sequence-specific binding to the ETS domain could 

be inhibited using the minor groove-binding distamycin as a model compound; as a result, PU.1 

binding is allosterically prevented and functionally inhibited. This was demonstrated using the 

λB motif of the murine Igλ2-4 enhancer (5’-ATAAAAGGAAGTG-3') as a model (122). Munde 

and his colleagues screened several designed AT-targeting heterocyclic diamidines and proved 

that DB1976 efficiently competed with PU.1 for DNA binding at the localized target site, nuclei 

in live cells (300). On the foundation of the general structural features of our initial inhibitors, we 

designed and prepared a focused library of large derivatives for screening using the solution and 

cellular analytical method. From this library, DB2115 and DB2313 were selected for further 

testing.  
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4.3.1 Biophysical characteristics of DB2115 and DB2313 

Both DB2115 and DB2313 illustrated outstanding characteristics for the AT recognition 

module. The two diamidines harbor the amidine-benzimidazole-phenyl platform that offers 

exceptional recognition for expanded AT sites. The idea for the units of the compounds is that 

the amidine cation imparts solubility, interacts favorably with phosphate groups that are close to 

the narrow DNA minor groove, and can form hydrogen bond (H-bond) with acceptor groups on 

AT base pairs at the floor of the DNA minor groove. The benzimidazole -N.H. points into the 

minor groove and can also H-bond with AT base pair acceptors. In addition, all three groups 

(amidine, benzimidazole, and phenyl) make van der Waals contacts with the walls of the minor 

groove and edges of AT base pairs at the floor of the groove. In addition to that, the compounds 

have the proper curvature to match the DNA minor groove in AT sequences. 

Further, using molecular docked modeling, for instance, DB2313 was inserted in the 

DNA minor groove along the AT-track (5’-AAATAAAA-3') of the λB motif, located upstream 

of the core consensus sequence (5’-GGAA-3') (301). In the model, the DB2313 bound well to 

the AT-tracks; this shows the compound's potential for further study. Taken together, DB2115 

and DB2313, along with DB1976, showed proactivity for expanded and robust AT-rich sequence 

recognition; as a result, these initial compounds are the best choices to evaluate in more detail.  

The pharmacological control of the PU.1 transcription factors by the small heterocyclic 

diamidines has been proven using an integrated screening strategy utilizing biosensor SPR, DNA 

footprinting, cell-based dual-color PU.1 reporter assays, and ChIP assay in PU.1-low AML cells  

(301). As part of the published results of this dissertation, we present the highlighted results of 

DB2313, DB2115, and DB1976 (as a control) focusing on the functional cell-based assay, cell 

viabilities, subcellular colocalization, and pharmacokinetics. Further, several candidates of PU.1 
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inhibitors are presented to determine the level of heterocyclic diamidines in the biological 

samples, plasma, cell pellets, and bone marrow to expand the candidates' library. 

4.3.2 Functional PU.1 inhibition by heterocyclic diamidines in live cells 

With the biophysical basis of PU.1 inhibition by DB2313, DB2115, and DB1976, we 

proceeded to define their cellular properties and potential to inhibit PU.1-dependent gene 

transactivation by assessing the potential of these compounds to inhibit PU.1-specific gene 

transactivation. To evaluate the potential for functional inhibition of PU.1 transactivation by the 

three diamidines, we used the SPR screen to test the compounds' effects on the expression of a 

cellular EGFP reporter under the control of a minimal PU.1-dependent promoter harboring a 

triple tandem copy of the same λB enhancer site (Figure 4.3).  

 

 

Figure 4.3 Functional PU.1 inhibition by heterocyclic diamidines.  

Ectopic PU.1 activity (an iRFP reporter expression) in live HEK293 cells was detected 

through an expression of an EGFP marker. (A) The schematic diagram for characterizing 

ligands against PU.1 activity. Two plasmids were transfected with or without compound, under 
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the control of a minimal PU.1-dependent, a tandem five copies of a ƛB-based promoter. (B) Flow 

cytometric analysis of the PU.1 reporter (iRFP) and EGFP reporter, in which the upper right 

quadrant displays PU.1-dependent reporter activation. Notice the lack of EGFP reporter 

activation by endogenous non-PI.1 ETS paralogs, representing specificity of the ƛB reporter. (C) 

Cellular EGFP fluorescence Inhibited by the compounds. Black symbols denote the ƛB-based 

reporter, which was vulnerable to diamidine inhibition in a dose-dependent manner, and white 

symbols stand for the mutated SC1-based reporter, which was non-responsive. A Hill-type 

equation was used for fitting of the curve. The IC50 values for all heterocyclic diamidines 

compounds ranged between 2 µM and 5 µM (301). 

 

 

This cell-based system was created such that ectopic PU.1 and reporter expression could 

be independently traced by fluorescence to separate out any background activation of the 

reporter. In non-PU.1-expressing HEK293 cells, which express several endogenous ETS 

paralogs such as ETS2, GABPA, and members of the ELF subfamily (Human Protein Atlas), 

transfection of the λB-based reporter was silent in flow cytometry, indicating specificity of the 

λB enhancer to PU.1 (Figure 4.3B). All three compounds inhibited PU.1-dependent 

transactivation of the reporter in a dose-dependent manner, with similar IC50 values between 2 

and 5 µM (Figure 4.3C). The relatively high IC50 values should be interpreted in light of the 

strong CMV promoter applied to make expressing ectopic PU.1.  

To determine the specificity of diamidine action to the inhibition of PU.1, we assessed 

whether the diamidines could inhibit transactivation at an analogous minimal promoter in which 

the λB enhancer sites were replaced by the SC1 sequence. Although PU.1 can bind the SC1 site, 

it is not found in native PU.1 target genes and is functionally nonspecific. Therefore, none of the 

diamidines significantly inhibited transactivation at the SC1-based enhancer (Figure 4.3C). This 

is consistent with the lack of PU.1 binding to the SC1 site we observed by SPR. Thus, 

heterocyclic diamidines appeared to maintain their strong AT selectivity in live cells and 

specifically inhibited PU.1 activity at functional DNA sites associated with PU.1 target genes.  
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4.3.3 Functional inhibition of PU.1 by non-toxic heterocyclic diamidines 

To prove that the decrease of EGFP fluorescence did not result from compound-induced 

cytotoxicity, we performed a cell viability assay by measuring the amount of bounded dye of 

SRB to cellular proteins under mildly acidic conditions, which could then be extracted using 

basing conditions. The SRB assay results were linear, with the number of cells and values for 

cellular protein measured by both the Lowry and Bradford assays at densities ranging from 

sparse subconfluence to multilayered supra confluence. The O.D. values correlated with total 

protein content from the treatment of the diamidines for 24 h and 48 h. All three heterocyclic 

diamidines did not show cytotoxicity either after 24 hours or 48 hours regardless of dose (all 

doses were in the 10-5 to 10-8 M range) (Figure 4.4). 
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 Figure 4.4 Cytotoxicity of all heterocyclic diamidines against PU.1 activity. 

Sulforhodamine B colorimetric assay in HEK293 cells measured the compounds’ toxicity 

based on the staining the dye intensity of Optical Density (575 nm), in which the dye stained the 

cellular protein mass of cultured cells to basic amino acids of cellular protein. The colorimetric 

examination provides an estimate of total protein mass, which is related to cell number. (A) All 

compounds were treated for  24 h (empty square) and 48 h (black square) in concentrations 
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ranged from 10-8 to 10-5 M. Each data point represents the mean ±  SE of triplicate or more 

samples. (B) Cytotoxicity of levels of DMSO in HEK293 cells were measured by SRB. As 

increasing level of DMSO, the O.D. value is close to zero (n=12). ( C) SRB cytotoxic assay 

plates' image for samples' staining after various compounds treated  displayed. As a positive 

control for the assay, 0.8M urea for 30 mins were used (Red circle). Blue circle denotes the 

nontreated HEK293 cells. 

 

  

These results indicate that the reduction of the EGFP signal was not due to indirect effects 

related to cytotoxicity. 

4.3.4 Nuclear uptake of the heterocyclic diamidines in live unfixed HEK 293 cells  

To further understand the biological basis of these compounds' effects on target specificity in 

PU.1 inhibition among the compounds, we evaluated the cellular uptake of the compounds using 

fluorescence microscopy (Figure 4.5). 
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Figure 4.5 Subcellular localization of heterocyclic diamidines in live unfixed HEK 293 

cells.  

(A) The uptake of DB1976, DB2313, and DB2115 by HEK293 cells and colocalization 

with DOX were visualized by fluorescence microscopy as the details described in the method 

sections (Blue, 365/445 nm, Red, 570/630 nm) (B) Quantitative colocalization analysis of the 

compounds and DOX fluorescence in terms of special co-distribution. Each pixel of the 

fluorescence was calculated based on the Pearson correlation, indicating that two-colored pixels 

correlated well as closed to the value 1. All D.B.s were treated 0.5 μM for 24 h, and the 

representative images of the treated HEK293 cells were displayed.  

  

 

 

We performed two types of subcellular compartment localization assays to compare our 

results to the previous results reported from Munde et al. In both our test and Munde's, the 

compounds absorbed 350-400 nm and emitted a blue fluorescence (84). HEK293 cells were 
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incubated with 0.5 µM compounds for 24 hours at 37℃. Before visualization, the samples were 

incubated with 2 µg/mL Doxorubicin (DOX), following the exact method used by Munde's 

group to highlight the presence of the cell nuclei. DOX was used to stain the DNA within the 

nucleus and spectrally separated it from our compounds. The compounds used (DB1976, 

DB2115, and DB2313) fluoresce as blue. Further, these three colors can be easily differentiated 

using fluorescence microscopy. Nuclear uptake of the heterocyclic diamidines was visualized in 

fluorescence microscopy and measure in terms of colocalization with DOX (Figure 4.5A). All 

three compounds co-distributed with DOX, indicative of nuclear selectivity. Quantitative 

analysis also exhibited that three compounds were deposited in nuclear with DOX marker 

strongly in signal intensity (r> 0.83). 

4.3.5 DB2313 in plasma levels decrease by 50% in 24 h 

After successful confirmation that DB1976, DB2115, and DB2313 inhibited PU.1 

transactivation and deposited in the nucleus, the target site in live cells, our collaborators, Dr. 

Antony-Debre and Steidle's team in Albert Einstein College of Medicine, New York, 

investigated the potency of heterocyclic diamidines in a murine PU.1-low AML model (URE 

PU.1 -/-). Antony-Debre and her colleagues found that treatment with the three different 

compounds inhibited AML cell growth (301). More specifically, the compounds preferentially 

affected PU.1-low AML cells; the compounds decreased proliferation, lowered colony-forming 

capacity, increased apoptosis, and disrupted serial replating capacity of PU.1-low AML cells and 

a majority of primary AML cell samples.  

Specifically, the researchers assessed the effects of PU.1 inhibitors on the function of in 

vitro self-renewal using a serial replating assay. For a long-term clonogenic capacity of PU.1 

URE-/- AML cells, treatment with DB2313 led to a significant decrease in clonogenicity in the 
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second and third rounds of plating, and clonogenic capacity was wholly disrupted in the fourth 

and higher rounds of plating. The clonogenic capacity of DB2313 and DB2115 on primary 

human AML cells from 13 patients' samples showed more than 45% (DB2115) and 60% 

(DB2313) of a mean decrease compared with vehicle-treated cells. Further, the apoptosis-

inducing effect of the two compounds was confirmed in PU.1 low induced AML cell lines (about 

an average 2-fold of increased activity). Dr. Steidle showed that transcript levels of Csf1r and 

Junb, which are positively regulated by PU.1 in myeloid cells, upon treatment of DB2115 and 

DB2313, decreased in PU.1 URE-/- AML cells and increased E2f1 expression, which PU.1 

represses.  

To provide insight into the molecular mechanisms mediating the anti-leukemic effects of 

pharmacological PU.1 inhibition, Dr. Steidl's teams used targeted ChIP and expression analysis 

in PU.1-low AML cells after treatment to show that the compounds directly interrupt PU.1 

binding to chromatin of Junb and Csf1r in primary AML cell samples. Further, the treatments of 

PU.1 inhibitors in mouse and human AML (Xeno) transplantation models decreased tumor 

burden and resulted in increased survival.  

Here, along with Dr. Steidle's promising results in preclinical AML models, we attempted 

to determine the levels of DB2313 in biological samples, including mouse serum and ascites. 

DB2313 was chosen because it is the lowest IC50 and had the most negligible effect on wild-type 

cells. Plasma was collected 2 hours, 6 hours, and 24 hours after intraperitoneal administration 

(I.P.) to healthy mice (Figure 4.6).  
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Figure 4.6 Levels of DB2313 in the mouse serum after intraperitoneal (I.P.) injection of 

wild-type mice at different time points (n=4).  

Standard Curve of DB2313 (upper right panel), quantity measure of mouse samples 

treated by DB2313 (bottom right panel), and its PK profile (left panel) (301).  

 

 

Mice were dosed with DB2313 at 20 mg/kg I.P. Mouse plasma concentrations for DB2313 were 

measured over 24 hours. In mice samples (n = 4), maximal DB2313 level reached peak 

concentration 2 hours after I.P. administration (mean of Cmax = 0.21 µM). Supporting this 

finding, the two samples were taken 6 hours post-I.P. showed a similar or lower concentration 

than 2 hours post-IP. The maximum concentration remained for a few hours then started 

decaying in the plasma serum.  

At 24 hours, all samples represented below half of the level in mice. Based on this 

experiment set, we cannot state definitively if this is a terminal elimination phase. DB2313 

showed a terminal biological half-life of approximately 20 hours in mice. The low concentration 

of DB2313 in the serum might be caused by the injection method or result from the compound's 
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distribution to other tissues. Further research will be needed to identify the bioavailability, 

absorption, distribution, metabolism, and clearance of DB2313 in detail. Overall, the attempt of 

the heterocyclic diamidines to quantify levels of DB2313 in plasma enabled us to establish the 

quantification method and assess the effectiveness of drugs in biological samples at micromolar 

or lower concentrations with specific targets engagements.  

Although there is no prototype drug similar to DB2313 with which we can compare the 

levels in plasma, a comparison between DB2313 and DB829 provides a starting framework (302, 

303). DB829 is an extraordinary example of one of the heterocyclic diamidines that completely 

cured first- and second-stage HAT in animal models. DB289 showed higher systemic exposure, 

less tissue binding, and greater CNS penetration, contributing to its excellent in vivo efficacy in 

animal models of both first- and second-stage HAT. Contrary to DB829, DB2313 has proven a 

better candidate for AML cell model testing because of its fewer side effects. The detection 

levels of DB2313 in mouse serum were low in micromolar concentrations. Considering the 

potential of bioavailability of small organic compounds and the ability of PU.1 inhibition by 

heterocyclic diamidines including DB2313, DB2115, and DB1976 in animal models, we 

proceeded to detect possible PU.1 inhibitors that were already biophysically characterized from 

SPR assay. Therefore, we have developed further advanced cell-based reporter assays for 

characterizing screening ligands against PU.1 activity. 

4.3.6 Functional inhibition of PU.1-DNA complex in endogenously PU.1 expressing cells using 

PU.1-dependent genes' reporter system 

We have previously established the biophysical basis of PU.1 inhibition by our 

compounds; we aimed to define their cellular properties and potential to inhibit PU.1-dependent 

gene transactivation. We chose THP-1 as our AML disease-relevant model. The cell line was 
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established from AML patients. They natively express PU.1, allowing us to evaluate the 

compounds' efficacy in a relevant disease state without invasively monitoring PU.1 activity in 

vitro. Doing so provided a metric to the pharmacological effects of the compounds. 

To monitor the compounds' effects on-target PU.1-inhibitory activity, we have developed 

reporter assays for PU.1 (Figure 4.7).  

 

 

Figure 4.7 The second-generation PU.1-dependent reporter system for characterizing 

ligands against PU.1 activity.  
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(A) Schematic diagram of the lentiviral of the PU.1-specific reporter cell line generation. 

Each key native target binding site for PU.1 was tagged EGFP marker. After lentiviral 

expression plasmid and other envelope and packaging plasmids were co-transfected to the host 

293T cells, the lentiviral particles containing each PU.1-specific gene were collected to 

transduce the target cell (THP-1, native PU.1 expressing cells). The expression of EGFP 

fluorescence under PU.1 binding on the promoter was measured by flow cytometry. After 7 days 

of transduction on THP-1 cells, only EGFP fluorescence cells were selected by limiting dilution, 

and the second generation stably expressing reporter cell lines were developed. (B) 

Confirmation of PU.1-dependent reporter in endogenously PU.1 expressing cell lines. THP-1, 

the human monocyte/macrophage model, was used as an experimental model. LV-λBx5-EGFP, 

LV-Cd11b-EGFP, and LV-Csf1r-EGFP in THP-1 were confirmed by flow cytometry and 

fluorescence microscopy. 

  

Our previous reporter assay aimed to measure PU.1 activities on its target specific genes 

chemically transfected on HEK 293 cells, which PU.1 is not expressed. Two plasmids of PU.1 

expressing plasmid tagged with iRFP fluorescence protein and the other plasmid with its target 

specific promoter gene tagged EGFP fluorescence protein was introduced into not PU.1 

expressing cells from our previous attempt, HEK293. By monitoring its PU.1 transactivation 

modulated by the small compounds, we detected the two fluorescent proteins' expression by flow 

cytometer. This platform was adequate to investigate PU.1 transactivation modulated by our 

small compound inhibitors. However, the method was required to chemically transfect for 

expressing PU.1 and its specific enhancer genes to test the compounds every time; therefore, we 

developed PU.1 functional reporter assay to efficiently allocate time and resources for an 

extensive library of the candidates.  

Further examination on monitoring native PU.1 activity in the AML disease-relevant 

model, THP-1 cells, we developed the "gen2" reporter assay (Figure 4.8A). Under native PU.1 

activity, we inserted three PU.1-dependent gene constructs (λBx5, Csf1r, and Cd11b) into the 

genomic DNA of THP-1. These genes contain homologs of 5’-GGAA/G-3' of PU.1 binding sites 

tagged fluorescent protein EGFP. This design aimed to monitor PU.1 transactivation on their 
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target specific gene only by interrupting any other signaling in native PU.1 expressing cells, 

THP-1. The λB motif of the Ig2-4 enhancer was previously known to a high-affinity PU.1 

binding site with AT-rich tracks flanking both sides of the ETS consensus and used for our cell 

reporter assay to evaluate the AT sequence-specific binding compounds to PU.1 inhibition. Csf1r 

(receptor for macrophage colony-stimulating factor) was upregulated by PU.1 in the monocytic 

development and implicated with leukemic stem cells. According to Aikawa et al., cells 

expressing high amounts of CSF1R showed potent leukemia-initializing activity in the MOZ-

TIF2 interacting with PU.1 and were known to target PU.1-mediated upregulation of CSF1R 

expression might be a functional therapeutic approach (277). In the previous report from Ileana 

and her colleagues, the mRNA level expression of Csf1r in URE -/- AML cells was significantly 

decreased upon the response of DB2115, and DB2313, along with a direct effect on PU.1 

transcriptional activity (301). Also, ChIP assay for checking PU.1 occupancy on Csf1r and other 

PU.1-regulated gene Junb and E2f1 promoters in AML cells decreased, indicating that the 

compounds interfering with PU.1 binding to chromatin in vivo. Therefore, the PU.1 inhibition of 

Csf1r also represents another pathway for anti-leukemia therapeutics. Cd11b is a target gene of 

PU.1. It is well known for immune cell surface markers, primarily implicated in various adhesive 

interactions of mature monocytes, macrophages, granulocytes, and natural killer cells. PU.1 

binding plays a critical role in the myeloid-cell-specific expression of CD11b; a gene expressed 

late during monocytic differentiation. Therefore, the three reporter gene constructs enabled us to 

identify and determine our PU.1 inhibitor's sequence specificity to disturb the target inhibition. 

PU.1 also regulated the expression of Cd11b or Csf1r in the tissue-specific and developmentally 

manner; therefore, studying the markers' expression changes by our inhibitor could imply the 

effects on determinants in myeloid cells. For example, Antony-Debré et al. revealed that 
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DB1976, DB2115, and DB2313 were more impactful on mature granulocytic differentiation; 

therefore, our reporter constructs can directly monitor downstream effects by compounds. 

By observing the EGFP expression response of PU.1- dependent Csf1r and Cd11b 

modulated through various dications, we can classify them by their target-specific activity and 

impacts on downstream cells. Our PU.1 inhibition assay allowed us to directly monitor EGFP 

expression dependent on PU.1 transactivation and the compounds' effects so that a broad set of 

PU.1 inhibitors can be screened in a time and cost-efficient manner. 

Three promoter sites for PU.1 binding were placed into the lentivirus plasmid and then 

transduced into our experiment models (HL-60 and THP-1) to develop stable AML- relevant 

disease cell models with the desired reporters (Figure 4.7B). We successfully developed an 

experimental model on THP-1 showing fluorescence EGFP reporter by PU.1 transactivation 

(Figure 4.7B). Our empirical model was then designed to characterize cellular PU.1 inhibition by 

heterocyclic dications. 

4.3.7 Functionally relevant outcomes of the small compounds in the new reporter assay  

After constructing the stable cell lines for each PU.1-dependent reporter, we tested 

whether our cellular reporter assays are reliable for screening anti-leukemia therapeutics 

candidates (Figure 4.8).  
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Figure 4.8 Functional characterization of PU.1 inhibition by DB2115 and DB1976 by 

cell reporter assay (THP-1 λBx5-D2-EGFP).  

The previously known PU.1 inhibitor showed consistent results in their preclinical 

studies for the target PU.1 transactivation on cognate enhancer λBx5. (A, C) Flow cytometric 

histogram of EGFP expression changes to dose-response of heterocyclic diamidines. (B, D) 

Inhibition of cellular EGFP fluorescence by the compounds.(E) Cell viability of PU.1 URE -/- 

AML cells and WT Bone marrow cells after treatment with different doses of small molecules ( 

Antony-Debré et al.) (f) Fluorescence signal of EGFP expression of all  Stable THP-1 cell lines 

for PU.1-dependent reporter gene were decreased by half around 5 h after treating 100 ug/ml 

cycloheximide, a inhibitor of protein synthesis in eukaryotes (301).  
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To do that, we treated DB2115 and DB1976 with doses ranging from 10-9 M to 10-5 M to PU.1 

target gene reporter, THP-1 λBx5-D2-EGFP, and measured the potency of PU.1 inhibition after 

24 h and 48 h. Compared to the previous results from Antony-Debré et al. (IC50 for DB2115: 3.4 

μM; IC50 for DB1976: 105 μM) after 48 h, our result showed that IC50 for DB 2115 was 0.16 μM 

and IC50 for DB1976 was 2.5 μM (Figure 4.8B and D). Compared to the fractional PU.1 

inhibition for the λB enhancer from biophysical studies (IC50 for DB2115: 2.3 nM; IC50 for 

DB1976: 18 nM), data from all these studies consistently showed for the order of magnitude in 

the potency of the two heterocyclic diamidines on PU.1 inhibition. Therefore, our cell-based 

reporter assay is a reliable screening system to define PU.1 inhibitors' cellular properties and the 

potential to inhibit PU.1-dependent gene transactivation. 

4.3.8 Different extent of functional PU.1’s inhibition of DB2115 and DB2313 on the native 

promoters 

After functional test confirmation of the second-generation reporter platform (THP-1-

λBx5-D2EGFP), the other two reporter cell lines (THP-1 Cd11b-D2EGFP and THP-1 Csf1r-

D2EGFP) were tested by DB2115 and DB1976 (Figure 4.9). 
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Figure 4.9 Inhibition of cellular EGFP fluorescence by DNA minor-groove binder.  

Cell property and functional inhibition of DB2115 and DB1975 were determined by the 

PU.1-dependent enhancer reporter, λBx5, Cd11b, and Csf1r in THP-1 using flow cytometry. 

Data were expressed as percent inhibition of the ligands as median EGFP fluorescence intensity. 

The EGFP expression level upon the PU.1 binding decrease as PU.1 activity was interfering by 

heterocyclic diamidines in a dose-response manner. The median EGFP fluorescence intensity of 

changes was analyzed. The IC50 values for DB2115 on the λBx5 (IC50=0.24 uM for 24h and 0.16 

uM for 48h), and Cd11b ranged between 0.2 μM and 0.3 μM after 24 h (red) and 48 h (black) 

treatment (IC50=0.35 μM for 24 h and 0.26 μM for 48 h). The black square denotes data for 24h 

and the red square for 48 h. 

 

 

  

DB2115 functionally inhibited the PU.1 activity against the interaction with Cd11b; 

however, DB1976 did not effectively interfere with the PU.1-DNA complex for corresponding 

dose ranges. Interestingly, both of the compounds did not successfully inhibit PU.1 activity. 

From the results among different target DNA promoter sequences, the location of their target 

"AT-rich" DNA sequence may play an important role for heterocyclic dications to modulate 

PU.1 transactivation. PU.1 inhibitors that we tested were preferentially binding to AT-rich DNA 

sequences. They work targeting the AT-rich region near the PU.1 direct binding site. It leads to 

allosteric changes on sequence geometry when they indirectly interrupt PU.1 binding to its target 

specific DNA sequence at major groove at the 5’-GGAA-3' consensus and an additional 

requirement of a minor groove backbone. PU.1 is distinguishable from the paralog by the 

former's strong preference for AT-rich sequences upstream of the 5’-GGAA-3' consensus. DNA 

footprinting experiments verified that the compounds targeted the flanking sequences found in 

cognate PU.1 site, using the IgλB motif of the murine Igλ2-4 enhancer (5’-

ATAAAAGGAAGTG-3') as a model. Based on the general structural features of our candidate 

PU.1 inhibitor, they were screened and selected for the test same enhancer sequence for cellular 

reporter assays. On Cd11b promoter (5’-AAAAGGAGAAG-3') has the same sequences as the 
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λBx5 enhancer sequence on the 5' site for heterocyclic cations to the binding. Therefore, the 

potency of the small molecules was shown consistent results on both. Accessibility of "AAAA" 

allows heterocyclic cations to bind on the minor groove and expect to interfere with the 

geometry configure for PU.1 binding on their target sequence to express genes so that EGFP 

fluorescence signal changes. However, the sequence differences on "Csf1r -EGFP (5'-

AAAAGGGGAAGAA-3') may influence on the PU.1 inhibition by heterocyclic cations. Even 

though AT-rich sequences were provided for heterocyclic dications and their binding in flanking 

region of the minor groove, two sequences "GG." between the PU.1 target sequence '5-GGAA-3' 

and their compounds' binding site may not sufficiently enough to inhibit PU.1 transactivation. To 

prove that, we need to do a DNA footprint experiment.  

Overall, heterocyclic cations action on PU.1 inhibition targeting its enhancer λBx5 and 

PU.1 native binding site Cd11b shows similar IC50 values where they both contain AT-rich 

sequences in flanking sequence adjacent to PU.1 binding site. Contrary to that, another PU.1 

native binding site, "csf1r," offers the same "A" rich sites to the compounds, the space from PU.1 

binding site may play a role to show less efficiently PU.1 inhibition. 

One primary reason for developing the stable cell line for PU.1-dependent gene reporter 

assay was intended to an intermediate screening system using a microplate reader and 

application for the suitable HTS system to characterize screening ligands against PU.1 activity. 

With this in our mind, we have attempted DB2115, which showed significant inhibition on PU.1 

transactivation by a microplate reader (Figure 4.10). 
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Figure 4.10 Comparison of two different techniques for measurement of functional 

characterization screening ligands against PU.1.  

By using three THP-1 stable reporter systems, cellular property and functional inhibition 

of PU.1 by DB2115 were determined. Functional inhibition of PU.1 upon λBx5, Cd11b, and 

Csf1r in THP-1 by DB 2115 was determined by flow cytometer (top panel) and a microplate 

reader (middle pannel). Data from the microplate reader are the mean ± standard error of 

triplicate samples. On the bottle panel, the IC50 was computed based on the Hill equation. 

Triplicate data of samples were obtained from microplate readers. The black square denotes 

data for 24h and the red square for 48 h. 

 

We identified the suitability for adapting the cell-reporter assay by determining the PU.1 

inhibition potency of DB2115. Similar outcomes of PU.1 inhibitor DB2115 obtained with the 

microplate reader from flow cytometric analysis (Figure 4.10A) were detected (Figure 4.10B). 

The effectiveness of PU.1 inhibition by DB2115 on λBx5 enhancer and Cd11b promoter were 

ranged from 0.1 μM to 0.3 μM from both measurements. The same inhibitory effects of DB2115 

on the Csf1r promoter from flow cytometry and microplate reader were detected. The data is 
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preliminary results of the data; therefore, a larger set of tests with extended compounds and dose 

ranges is needed for the future.  

4.4 Discussion 

Small compounds that bind in the DNA minor groove regions have gained significant 

biotechnology and potential pharmacological applications. These include molecules that control 

gene expression by binding to only specific genes and interacting with and inhibiting the DNA-

binding proteins such as transcription factors. Particularly interesting are the heterocyclic 

diamidines developed by Boykin, which bind sequence-specifically in the minor groove of DNA. 

DB75, a representative clinical example for HAT that binds preferentially targets AT-specific 

sequence, has opened a pathway for developing small molecules for various drug applications 

along with oral availability and ease of use compared with pentamidine (302-305). The concept 

of drug targeting TF-DNA complex was introduced for PU.1, whose favorable recognition sites 

could be a potential target by the DNA minor groove compounds. Munde et al. have reported 

that heterocyclic diamidines, such as DB1976, successfully targeted the PU.1 transactivation 

(84). The feasibility of the PU.1 inhibition by the small molecules with submicromolar activity 

without noticeable cytotoxic effects has led us to screen ligands against PU.1 activity. PU.1 

specifically recognizes purine-rich DNA sequences containing 5'-GGAA/T-3’ at the promoters 

of target genes. Compared to other ETS TF family members, PU.1 is more strongly selective for 

AT flanking sequence binding. Small heterocyclic dications that bind to the AT-rich minor 

grooves of DNA inhibit PU.1-specific DNA recognition at consensus sites harboring a 5'-

GGAA/T-3’ motif. Upon binding, the DNA minor groove binders, as allosteric inhibitors of TF-

DNA complexes, downregulate PU.1 activity as they target gene promoters (specifically, the λB 

motif of the Ig2-4 enhancer). 
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4.4.1 Feasibility of the DNA minor groove binders as PU.1 inhibitors 

Small compounds such as DB2115 and DB2313 have proven to be PU.1 inhibitors along 

with DB1976 that compound has been previously reported. By our cell-based reporter assy in 

live cells, we provide the ligand's ability to inhibit PU.1 by binding the IgλB sequence first. All 

three compounds DB1976, DB2313, and DB2115 inhibited PU.1 activity with IC50 in the sub- to 

the low-micromolar range (301). These values were 102 -fold higher than those of SPR of 

biophysical characterization, in which the IC50 should be considered that the targeted DNA 

biologically are protected by proteins and other factors. None of the compounds tested 

represented detectable cytotoxic effects. This is a critical feature of compound biological activity 

that is often neglected. We note that our use of DOX as a nuclear counterstain was purposed at 

preserving the biological disposition of the test compounds by precluding potential artifacts of 

fixation, which requires the use of propidium (PI) on DNA binding ligands. The absence of 

cytotoxicity and perturbation on cellular function due to short-term (30 min.) exposure to DOX 

is well-established. Therefore, we consider our results to be biologically reliable.  

We explored the dynamics and kinetics of heterocyclic diamidines as potential 

therapeutics of AML by inhibiting PU.1 transactivation and detecting diamidine levels in the 

biological samples. In our studies, 50% of Inhibition Concentration (IC50) of DB2313 on the 

PU.1 activity in cell-based model, (5.38 µM) is higher than serum concentration of DB2313 in 

mice. Compared to similar previous research, 50% of the Inhibition Concentration (IC50) of 

DB829 is .02 µM (303). According to Wang, a single dose of DB829 (20 mg/kg) administered 

intraperitoneally clears its target, parasites, from mouse blood within 2 to 5 days. It might also be 

due to low drug absorption after IP injection or distribution to other tissues. The biological half-

life of DB2313 in the mouse serum is about 24 hours in our study. The gap in levels of 
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heterocyclic diamidines in vivo might be influenced by various factors, including dosage 

amounts, routine schedules of administration, dosage methods, drug distribution effects on a 

biological system, and sample collection method. Moreover, DB2313 might be absorbed by cells 

such as red blood cells in the blood; thus, it might not be detected in the biological fluids such as 

serum and plasma that we analyzed.  

4.4.2 Advanced cell-based platform for screening ligands against PU.1-DNA complex  

Using DB2115 and DB2313 as a control, we tested the efficiency of our advanced cell 

reporter system, the second-generation reporter assay in natively PU.1 expressing cells. With the 

need for an intermediate screening system for identifying candidates, a stable reporter expressing 

cell line has been established. The PU.1-dependent gene of Cd11b and Csf1r were added into the 

λB enhancer and extended for the screening system for candidate searching efforts. The stable 

reporter cell lines were verified with the similar or consistent outcome of DB2115 with the first 

reporter assay. The data showed that DB2115 effectively inhibited PU.1 activity on PU.1-

dependent gene, IgλB and Cd11b, but not Csf1r. The data suggested that the compounds 

preferentially bind to AT-rich sequences; however, the “GC” sequence nearby PU.1-binding 

cognate site in the Csf1r influenced their binding the target sites for perturbing PU.1 activity. 

Cytotoxic assay of heterocyclic compounds allowed us to investigate compounds' toxicity 

profiles in the cells. We examined their cellular properties and the potential for functional PU.1 

inhibition. Functional inhibition was provided by a cell-reporter assay that responded to native 

PU.1 transactivation at designated enhancer or native promoter sites. By measuring fluorescence 

protein changes of PU.1- dependent promoter gene expression modulated by the small 

compounds aided in explaining the potency of the compounds in the cell and the target 

specificity of PU.1 inhibitors.  
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These heterocyclic dications indicated that the compounds' structural features were tied to 

PU.1 inhibition and subcellular localization. From Munde’s research, it was determined that 

single or multiple modifications enhance the binding affinity of the functional groups in 

heterocyclic cations on their target site in biosensor Surface Plasmon Resonance (SPR) assays. 

However, the compound may have differing effects in the target inhibition and distribution of 

PU.1 in live cells, dependent upon the structural differences of those cells.  

More interestingly, compounds with a difference of a single heteroatom (such as DB270 and 

DB1976) were correlated with contrasting inhibitory efficacy on their target transcription factor 

PU.1. These dicationic compounds demonstrate the importance of the structural and 

conformational heterogeneity concerning PU.1 inhibition. It is beneficial to determine the 

relationships between structure and activity with candidates' feasibility in live cells to provide 

direction to find more effective treatments for AML. 

Additionally, subcellular routing was determined by quantitative colocalization with 

genetically encoded markers tagging with fluorescent proteins to distinguish the nucleus, and 

mitochondria for target specificity. It enabled us to examine their target specificity and correlated 

off-target activities. Further, the subcellular compartment colocalization offered us to understand 

the mechanisms driving the compounds' distribution and the cellular responses within the cell. 

Doing so provided insight into how these different classes of compounds behaved and localized 

within the cellular environment dictated by specific structural differences between them, 

including linkers of two dications, terminal dication's modifications, or even two isosteres. 

Specially, we classified the preferentiality of target specificity into a group of analogs among the 

compounds. 
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Our study attempted to provide proof-of-principle for ETS transcription factor PU.1 

inhibition by heterocyclic diamidines with the intention of their serving as anti-leukemic agents. 

Our new approach for treatment is to target PU.1 because it is downregulated in most AML 

patients. By further inhibiting the levels of PU.1 pharmacologically, we can trigger the failure of 

the preleukemic stem cells and stimulate self-renewal in healthy hematopoietic stem cells. We 

presented the small compounds (including DB1976, DB2115, and DB2313) as first-in-class PU.1 

inhibitors which successfully bound to the target-specific sequences and inhibited the PU.1 

binding at the target sites via the allosteric mechanism. Our findings supported the alternative 

strategy of developing anti-leukemic drugs utilizing three small DNA minor groove binders. The 

compounds interfere with the PU.1 transactivation process effectively; further, this study enabled 

the process to be well characterized from biophysical research, providing an understanding of the 

cellular properties, characterizing the properties of PU.1 inhibitors, and suggesting avenues for 

the design of potential therapeutics. 

The previous finding demonstrated the viability of transcription factor PU.1 as a 

pharmacological target and opened new possibilities for anti-leukemic therapeutics through small 

molecule inhibitors. The small compounds, which bind to DNA minor grooves and have a high 

affinity and specificity on AT-sequences in flanking regions, are attractive to develop as 

effective allosteric inhibitors of PU.1-DNA complexes (299). The ability of PU.1-dependent 

gene inhibition without significant cytotoxicity and nucleus localization in the live cell has 

potential for anti-leukemia therapeutics (84). This strategy proposes the complete loss of low 

PU.1-expressed leukemia stem cells using the DNA minor groove inhibitors because their 

removal might lead to leukemia stem cell failures (120). In an effort to find a variety of DNA-

targeted transcription factor inhibitors, we need to develop a cell-based platform measuring the 
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feasibility of PU.1 inhibition. This dissertation attempts to evaluate DNA minor groove binders 

and understand their structure-function relationships. It is also to establish a quantitative 

analytical method to measure the dications’ levels in biological samples. From these aims, the 

biological behavior characteristics of these dications are examined. 

The current translation rate of successful molecules between biophysical studies and 

preclinical trials remains low. We hypothesize that structure-function investigations through a 

cell-based platform would enable us to couple fundamental structural properties of heterocyclic 

cations to their corresponding cellular properties. This would enable the design of a more 

efficient screening process for potential therapeutics by allowing the screening of a more 

abundant compound set. The result would be an ability to design more effective treatments with 

better PU.1 transactivation inhibition. This research also provides an understanding of the 

compounds’ structural and functional properties to design more valuable compounds.  

Using our cell-based assay, we monitored PU.1 transactivation's modulation as impacted 

by DB1976, DB2115, and DB2313. Then we used a dual-color reporter gene assay to determine 

the potency of each compound and its ability to cause PU.1 inhibition. We confirmed the 

compounds' effectiveness solely dependent on PU.1 transactivation and the compounds' target 

specificity in localization at nuclei in live cells. Our methods and cell-based approaches here 

provide our preliminary research. Our findings regarding the biophysical characteristics of the 

cell systems and tested compounds provide the basis for our future hypotheses. Especially, this 

research provides the foundational understanding necessary prior to moving toward animal 

models with which we can test AT-specific binding compounds in SPR research. The highlighted 

results from cell-based dual-color reporter assays provide knowledge of monitoring PU.1-

dependent transactivation without any background activation of the reporters closer to PU.1 low 
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expression cell model: PU.1 (URE -/- AML cells. The potency of DB2115 and DB2313 (IC50 for 

DB2115: 3.0 µM < IC50 for DB2313 = 5.0 µM) was consistent with the AML disease models 

(IC50 for DB2115:3.4 µM < IC50 for DB2313:7.1 µM) from Dr. Steidl’s study (301). This shows 

DB2115 and DB2313 as the potential anti-leukemic agents, which we can now test further.  

These small compounds target AT-rich sequences specifically but were also found to 

cause no toxicity in the cells. These findings suggested that the ability of PU.1 inhibition, as 

measured by the reduction of reporter gene expression, was not the cause of the compound's 

toxicity. DB2115 and DB2313 did not show the cytotoxic effect across the dosage ranges of 10-8 

(M) and 10-5 (M) using SRB cell viability assay. Moreover, these results had consistently similar 

effects on wild-type cells. These findings confirmed slight or moderate effects on normal 

hematopoietic stem cells, supporting our hypothesis and proving that DNA minor groove 

compounds target preleukemic stem cells (PU.1 low expressed AML cells) without interfering 

with normal hematopoietic stem cell proliferation and self-renewal. 

4.5 Conclusions 

In this chapter, compounds capable of binding to small DNA minor groove binders to 

cause PU.1 inhibition were assessed for their potential as anti-leukemic agents. Aspects that were 

examined included the compounds' potency, cytotoxicity, and target specificity in live cells. Our 

findings were consistent with biophysical studies from Dr. Wilson's team of biophysicists who 

identified and screened possible compound candidates using biosensor-SPR. Also, our outcomes 

from the cellular properties of the PU.1 inhibitors were closely aligned with the preclinical 

studies of our collaborator, Dr. Steidl, whose team tested AML disease models. Moreover, we 

attempted to develop a cell-based platform to enable anti-leukemic agents and screen and 

investigate structure-function relationships of compounds to understand better and design drugs 
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to target DNA ligands. To accomplish this, we measured the inhibitory properties of heterocyclic 

dications on PU.1 inhibition in vitro and evaluated the compounds’ respective potency to assist 

in developing future compounds.  

Ultimately, our results supported proof-of-principles for transcription factor PU.1 

inhibition as a possible target to AML therapeutics and that this can be pharmacologically 

achieved using DNA minor groove binders via an allosteric mechanism. This new alternative 

approach is supported by the effective PU.1 inhibition, the effective functionality of the 

heterocyclic diamidines that were selected from the biophysical compound library, the well-

characterized cellular properties of the compounds' effects on cellular function, and the 

conformation of these compounds' functionality through preclinical AML disease models. Our 

findings confirm the potential of heterocyclic diamidines as a targeted therapeutic in AML 

through quantification on both a cell-based assay system and a liquid chromatography/mass 

spectrometry system. These findings open new therapeutic strategies to support the further 

development of PU.1 inhibitors as potential anti-leukemic agents. The next step in developing 

the potential treatment is to confirm these compounds' effectiveness through more cell-based 

testing. 
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5 CONCLUSION 

A reporter gene technology is widely used for understanding how transcriptional 

activities can be achieved in the biological system. The reporter gene assay is very suitable for 

monitoring the TF activities by measuring the level-changes of reporter genes expression directly 

linked to interest genes (i.e., TF targeted promoters or enhancers) when the genes turn on or off. 

A reporter gene platform in live cells is helpful not only for the sensitive monitoring in a non-

invasive manner and quantitatively detecting the TF activity but also is versatile to design the 

gene expression platform according to the proposed research questions and outcomes from the 

biological function of the genes' identification to the biophysical characterization of the 

transcription factor activity in cells. Ultimately, the cell-based reporter assay can provide a 

research bridge of knowledge between biophysical and biochemical research to biological 

studies. Therefore, we utilized these benefits of gene reporter platforms to characterize 

transcription factor PU.1 activity in live cells.  

Our cell-based reporter platform is intended as an assay platform to characterize 

transcription factor-DNA interaction in live cells. We sought to understand the controlling 

function of the transcription factor related to its specific cognate sequence sites through reporter 

gene assays for identifying transcriptional activity. Our reporter assay focuses on the study of 

how transcription factors recognize their cognate sequence in high-affinity and specificity that 

has been suggested from biophysical and biochemical research to investigate the ideas in the 

context of the biological system in live cells. Even furthermore, from the knowledge of 

transcription factor-DNA interaction, the cell-based reporter platform is utilized for 

pharmacological application to target undruggable transcription factors. In this dissertation, we 

present the process of the development of a cell-based reporter platform and its various research 
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applications. This study outlines an approach to using reporter markers in probing functional 

characteristics of transcription factors in live cells at the TF-DNA level.  

5.1 Significance of studying for TF-DNA interaction in live cells 

During immune cell development, spatiotemporal regulation is essential for the 

generation of blood cell-type diversity. The identity of cell type is driven by combinatorial 

interaction of specific trans-acting factors, mainly transcription factors cis-regulatory element 

presents in noncoding DNA sequences within or near any given gene. In the context of 

transcription regulation by PU.1, as a representative model of studying TF-DNA interaction, a 

trans-acting factor is a regulatory protein that binds to specific DNA. The binding of a trans-

acting factor to a cis-regulatory element in DNA can cause changes in transcriptional expression 

levels. The regulatory function that is formed by ETS domains represents that established trans-

regulatory complex for ETS transcription factors. The ETS TF proteins form complexes, bind 

regulatory DNA sequences on enhancers and promoter regions, and help to recruit the basic 

transcriptional machinery to control the expression of genes. The interaction between TFs and 

DNA and form the complex are essential to regulate specific gene expression. One example to be 

known for the molecular mechanism of the regulation is that enhancer controls expression of the 

interferon-beta gene, which precise combination of TFs, and the orientation and spacing between 

TFs works in synergetic effects. Also, understanding how TFs recognize their DNA binding sites 

forms the basis for understanding transcriptional regulation and how this process involves 

disease occurrences, as numerous reports have been suggested.  

It is a very complex aim because the TF-DNA binding preferences to gene expression are 

complicated, and TF activity and phenotype have lied with the complexity. We understand TF-
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DNA binding, gene expression, and associated functional consequences for phenotypes toward 

these goals.  

Combinatorial TF binding is essential for cell-type-specific gene regulations. The 

mechanisms of TF interactions are crucial for regulatory element activity, including constrained 

spacing and orientation of interacting TFs. Especially in the hematopoietic system, the TF 

mediate and decide the cell fate. The ETS family TFs PU.1 is a master regulator of transcription 

factors in innate and adaptive immune cell differentiation and has attracted more and more 

attention because of their research importance in biophysical, biochemical, and molecular 

biology and their application in medicine. The activity of PU.1 directly impacts the gene 

regulation in hematopoiesis and cell fates in the development of the immune system. 

5.2 Highlights of research 

We have been seeking to understand how the ETS transcription factors interact with its 

specific DNA. Although they all contain a core ETS binding domain, all 28 ETS proteins display 

various biological functions. We have reported critical findings from biophysical and 

biochemical properties to determine ETS TFs-DNA interactions with the coordination of 

cofactors and other cellular environmental factors in the biological system. For example, Ets-1, a 

structural homolog that is co-expressed with PU.1 during hematopoiesis, revealed remarkable 

different DNA-binding properties concerning interfacial hydration. Even though the ETS 

domains of PU.1 and Ets-1 are divergent in amino acid sequence, they fold into superimposable 

structures and bind their optimal DNA targets with similarly high affinity as PU.1 in the absence 

of osmotic stress. However, unlike PU.1, Ets-1 is minimally sensitive to osmotic pressure 

regardless of DNA sequence. As a functional consequence, we noticed that the two ETS relatives 

also differ in their levels of site selectivity. Analysis of DNA sequence motifs for the two 



223 

 

 

homologs by information theory shows that PU.1 is significantly more selective in target readout 

than Ets-1. 

Furthermore, unlikely Ets-1 containing structural domains for autoinhibition to self-

regulate for interaction with its cognate sequence to regulate gene expression, PU.1 has not 

reported the corresponding motif to regulate its DNA binding. Our biophysical and biochemical 

research reported PU.1's self-association to form a 2:1 complex with its high-affinity DNA 

binding site, and the data have suggested the 2:1 complex served as PU.1's self-inhibitory 

function. In connection with such vital findings, we have developed a versatile cell-based 

reporter platform to determine the suggesting ideas biologically relevant in the biological system 

context. Through our cell-based reporter assay, we enabled probing the functional 

characterization of PU.1 in perspective to interact with its cognate DNA sequence in high 

affinity and specificity. We pursue even further research application in the context of 

pharmacology; the characteristics of PU.1's preference for AT-rich sequence binding were 

utilized to develop an intermediate cell-based reporter platform to screen pharmacological agents 

against PU.1's binding activity in live cells. 

5.2.1  Suitability for reporter assay in our study: providing the knowledge between 

biophysical experiments to biological functions 

Our PU.1 functional reporter platform enabled us to monitor PU.1 activity in real-time 

detection of the gene expression at the single-cell level using a sensitive instrument, including a 

flow cytometer. Further, with the development of advanced technology in gene expression, we 

can observe the gene expression using optical modalities such as high magnification fluorescence 

microscopy. 
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Since we introduce exogenous DNA to study functional PU.1 activity into cells, we can 

utilize versatile our research interests. We were interested in the biophysical and structural 

characterization linked to the functional PU.1 property in a cell. From our previous research, we 

characterized one particular feature of the interfacial hydration attributes on PU.1-DNA binding 

complex among the ETS paralogs and its conservational importance in PU.1 activity using ETS 

domain mutant constructs fusing a reporter gene. Therefore, our functional data from the reporter 

gene platform directly supported our efforts to investigate the mechanism of PU.1 and other ETS 

TFs members' DNA recognition in biophysical characterization (e.g., MD simulation and 

fluorescence anisotropy) to the cellular environment. 

Considering the strengths of various uses, we utilized our cell reporter assay to study 

transcription factor PU.1 expression and its transactivation measuring by two fluorescent 

proteins' expression. As a reporter technology, fluorescence finds its most significant potential 

by using negative feedback to characterize functional transcriptional activity control in PU.1 

inhibition and control mechanism. Since the genetic reporter works as indicators to characterize 

PU.1 binding to its cognate sequence, we coupled reporter genes with a full-length PU.1 gene 

and PU.1-dependent enhancer elements.  

 For investigating biophysical and biochemical properties of ETS transcription factor 

PU.1, it is critical to establish experimental conditions in the agreement of structural biological 

studies and molecular cellular studies. Our biophysical experiment for PU.1 characterization was 

performed under the previously proven conditions for the thermodynamic characterization of the 

sequence-specific association of the DNA-binding domain (DBD) of murine PU.1 to the central 

23 bp regions of the λB site of the murine IgλB2-4 enhancer and conducted in the identical 

conditions (in phosphate buffer containing 150mM Na+, pH 7.4 at 25°C). From our previous 
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studies, various salt and pH conditions (with buffers featuring widely different heats of 

ionization) and the temperature dependence of KD remained the same under each of the 

conditions. We observed a remarkable insensitivity of the stability of the specific PU.1 DBD-

DNA complex to temperature up to about 37°C and minimum changes around 50°C from 

previously reported. Therefore, we assumed that our experimental biophysical conditions would 

be identical to physiological conditions for our cellular reporter gene platforms, indicating that 

functional outcomes for characterization of PU.1 activity in live cells would support data from 

biophysical and biochemical studies. 

In addition to the biological functional characterization of PU.1 activity, two signature 

biophysical properties of PU.1 activity that we found in target DNA recognition and intrinsic 

heterogeneity is biologically relevant events. Structural studies have demonstrated a highly 

homologous structural paradigm in sequence-specific binding by different ETS proteins; our 

previous results may find applications in understanding the thermodynamics of general site 

recognition by this family of transcription factors. 

5.2.2 Versatile cell reporter platform for characterization of PU.1 activity in live cells 

In this study, we have learned DNA-binding specificity as determinants of ETS 

transcription factor PU.1 for its interaction and activity. In the ETS binding motif, transcription 

factor PU.1 contains DNA target selectivity in the perspective of TF interacting and binding to 

its target cognate sequence at the protein/DNA level. Two intrinsic factors of heterogeneities, 

including molecular hydration and antagonistic dimeric state, were investigated using a cellular 

reporter gene platform. By utilizing the strength of versatility of the assay platform, application 

of dominant-negative mutants of PU.1 ETS domain and manipulation of enhancer syntax enable 

to measure functional PU.1 activity in live cells at the level of protein-DNA interaction. Finally, 
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functional outcomes and observations presented here will be valuable and reliable resources for 

broad research into biophysical and biochemical research to molecular biology. It would be 

possible to use the repertoire computationally to assess how the TFs themselves are regulated 

through transcriptional, post-transcriptional, and post-translational mechanisms to transform 

incoming signals into a regulatory output. 

5.2.3 Dominant-negative reporter gene platform supported biological relevance to 

biophysical and biochemical research 

Transcription factor PU.1 has a high sensitivity to osmotic pressures to recognize cognate 

DNA targets contrasting to Ets-1, the homolog structure of PU.1 in the ETS family. The 

interfacial hydration of PU.1 is unique among the ETS-DNA binding domain family of 

transcription factors and was proven by biophysical and biochemical molecular properties. Our 

reporter gene assay using dominant-negative inhibitors exhibited that the structural elements of 

PU.1 ETS domain for molecular hydration is essential for functional PU.1 interacting with the 

cognate target sequence as suggested outcomes and predictions from molecular dynamics and 

biophysical research. Also, our reporter gene platform supports chimeras as a rational approach 

to map evolutionary relationships of ETS transcription factors. The reporter gene assay, the 

critical residue 236 of the H3 recognition helix of PU.1 ETS domain that provides a sensitivity of 

PU.1 osmotically, exhibited an indicative residue of the evolution of the ETS domain. Molecular 

hydration of PU.1-DNA interaction is a representative example of the significance of interfacial 

hydration on DNA binding recognition by the transcription factor. Many biological examples of 

restriction enzymes or the Escherichia coli tryptophan repressor are iconic in perspective. The 

structural analysis by crystal structure and biochemical experiments in solution exhibited that it 

recognizes operator DNA primarily via water-mediated contacts. Hypo-osmotic stress in K562 
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leukemia cells was documented to motivate PU.1 to bind specific promoter sites in significant 

excess over Ets-1. Therefore, the differential interfacial hydration in DNA binding also 

establishes the two ETS members' roles in the cellular response to physiologic osmotic stress. 

5.2.4 Various λB synthetic reporter gene configurations were suited for monitoring the 

direct dosage effect on transactivation at the protein/DNA level 

Our synthetic PU.1-dependent EGFP reporter platform was designed to characterize how 

inducible PU.1 expression in cells was governed at the TF-DNA level. To understand the 

functional nature of the 2:1 complex, the reporter gene expression plasmid is comprised only of 

tandem copies of enhancer elements, λB, with two helical turns in each consecutive site. To do 

so, we monitored whether EGFP reporter signals represented a bell-shaped dose-response as the 

various enhancer reached saturated signals with non-productively bound PU.1. As we detected, 

the reporter signal that exhibited dose-dependently settled at a saturated level, depending on the 

level at which the 2:1 complex retained activity relative to the 1:1 complex without interruption 

of other cofactors or invasive manner since the PU.1 activity was monitored in non-PU.1 

expressing cells, HEK293. Therefore, the effect of enhancer syntax structure in density and 

spacing demonstrated negative feedback in PU.1 transactivation in agreement with self-titration 

of the transcriptionally active 1:1 complex by an inactive dimer bound to DNA. 

5.2.5 Enhancer (promoter) activity reporter assays for characterizing the functional 

consequences of TF binding 

In parallel with emerging knowledge on feature modulate TF recognition, naturally 

occurring genetic variants have been informative in assessing the functional roles of TF binding 

site motifs. Many disease-associated variants that disrupt or introduce TF binding site motifs 

have been studied in detail, providing mechanistic insights into pathogenesis. Over 70% of the 
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thousands of noncoding variants found to be associated with common diseases or traits in 

genome-wide association studies overlap TF binding motifs’ inaccessible chromatin. Integration 

of genotype information with chromatin accessibility, ChIP-seq, and gene expression data has 

begun to link motif-disrupting variants with altered TF binding and target gene expression. A 

more accurate and complete TF binding motif will be helpful in facilitating the identification and 

prioritization of damaging TF binding motif.  

Our synthetic enhancer reporter gene assay has linked variation in TF binding sites with 

changes in reporter gene expression by simultaneously measuring the activity of synthetic cis-

regulatory elements in a particular tissue or cell type. The real-time monitoring of PU.1's activity 

depending on the variants of the PU.1-dependent reporter system revealed that the functional 

relevance of PU.1's self-regulation in a negative feedback manner at the TF-DNA level in live 

cells. The enhancer reporter gene assay has allowed for the targeted characterization of TF and 

TF binding motif to obtain our study outcome. 

5.2.6 Cell- based platform to screening pharmacological compounds with detection 

sensitivity and reproducibility 

The cell reporter assay offers an effective method of in vitro screening for ligands 

targeting TFs for therapeutics. Considering the importance of PU.1 as a potential target of 

therapeutics (e.g., AML), our cell-based reporter system focusing on the interaction of PU.1 and 

its specific gene provides a rapid, sensitive, and reproducible detection system of screening 

ligands against PU.1 activity. 

 Our cell-based reporter platform is purposed for an intermediate screening before in vivo 

studies to correlate the structural properties of the compounds with their cellular behavior. Using 

a tool of studying a drug's mechanism of action in live cells relevant to our disease model will 
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elucidate fundamental knowledge of drug design. The in vitro nature of the screening platform 

provides a biologically and physiologically relevant environment while reducing the demands for 

in vivo tests. These platforms aim to deliver vital data regarding functional target inhibition, 

which can then be used to direct compound design. By directly monitoring PU.1 transactivation 

as affected by compounds, our screening assay will evaluate the potency or efficacy of the 

selected compounds. Measuring PU.1 dependent gene expression and downstream molecular 

events provides further insight into the effects of the compounds. Furthermore, we will suggest a 

mechanical system to investigate the compounds' behavior inside live cells. Overall, our cell-

based assay enables us to screen candidate compounds in a biologically relevant setting while 

providing insight into the structure-activity relationship of the compounds. 

Compounds such as DB1976 and DB2313 have proven to be PU.1 inhibitors as a pioneer 

compound of AML therapeutics and verified the concept of proof. The idea to target PU.1 low 

expressing AML cells and further PU.1 inhibition to trigger the function of self-renewal in 

hematopoiesis has been proven by the first-in-class compounds. Through our functional cell-

based reporter assay, sequence-specific compounds heterocyclic diamidines targeting PU.1 

binding sites enable us to bind the PU.1 specific sequence and inhibit PU.1 transactivation via an 

allosteric mechanism. We further developed a stable reporter assay using native PU.1 expressing 

cell line and tested the system using the first-in-class compounds as a control to test the 

efficiency of our system. Cytotoxic assay of heterocyclic compounds allowed us to investigate 

compounds' toxicity profiles in the cells. We examined their cellular properties and the potential 

for functional PU.1 inhibition. Functional inhibition was provided by cell- reporter assay that 

responded to naive PU.1 transactivation at designated enhancer or native promoter sites. By 

measuring fluorescence protein changes of PU.1- dependent promoter gene expression 
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modulated by the small compounds aided in explaining the potency of the compounds in the cell 

and the target specificity of PU.1 inhibitors.  

Additionally, subcellular routing was determined by quantitative colocalization with 

genetically encoded markers tagging with fluorescent proteins to distinguish the nucleus 

(including the nucleolus) and mitochondria for target specificity. It enabled us to examine their 

target specificity and correlated off-target activities. Further, the subcellular compartment 

colocalization offered us to understand the mechanisms driving the compounds' distribution and 

the cellular responses within the cell. Doing so provided insight into how these different classes 

of compounds behaved and localized within the cellular environment dictated by specific 

structural differences between them, including linkers of two dications, terminal dication's 

modifications, or even two isosteres. Specially, we classified the preferentiality of target 

specificity into a group of analogs among the compounds. 

5.3 Prospects 

5.3.1 Practical recommendations 

A cell-based reporter platform has developed to characterize transcription factor and 

DNA interaction in live cells. The multiplex of the integral fluorescence systems (piRFP-2A-

PU.1 and pλBx5-d2EGFP) was designed to evaluate the functional PU.1 transactivation. The 

reporter system could be improved in practical choices of the reporter marker. For example, due 

to the spectra of iRFP, examination by eyepieces of fluorescence microscope often be obstacles 

to track its expression. iRFP proteins are primarily developed for improving the detection 

sensitivity in vivo. The temporal expression of iRFP as an indicator for monitoring dynamics of 

transcription factor interacting on its cognate DNA sequence might not be the best choice of the 

marker. Also, considering the half-life of iRFP (up to 31 h), we might measure the half-life of 
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PU.1 in our cell-based reporter system. Because we measure iRFP protein as an indicator of 

PU.1 expression, the half-life of iRFP might not reflect and capture the whole rapid dynamics of 

PU.1 activity.  

In order to identify and characterize screening ligands against PU.1 activity, we 

developed the lentiviral delivery system to construct a stable enhancer reporter expressing cell 

lines using the myeloid cell line, which THP-1 cells constitutively express PU.1. Although THP-

1 is derived from a myeloid leukemia patient and has many significant advantages for studying 

PU.1-associated disease and molecular mechanisms to differentiate macrophage, mRNA 

abundance of PU.1 is relatively high compared to other cell lines such as MOLM-13 or K562. 

This might lead to interpret the potency of DNA minor groove binders to target PU.1 binding 

sites as downgraded. Our targets for the AML therapeutics target downregulated PU.1 expressing 

cells and completely functional inhibition of PU.1; the results might be under evaluation efficacy 

of the compounds. Therefore, further validate its feasibility is needed to improve our cell reporter 

gene platform in the relatively high expressing PU.1 cell lines. Also, we are considering further 

development of the high throughput platform; therefore, more intensive validation of the reporter 

platform’s performance in the microplate and flow cytometry process should be followed with 

other candidates of compounds such as DB2313. 

5.3.2 Future directions and applications 

5.3.2.1 Characterization PU.1-iRF4-DNA interaction 

Future work with the design of expression vectors using different fluorescence color to 

measure PU.1 activity on other cofactors, such as Irf4- binding interaction with cofactors, will 

also provide fruitful knowledge for understanding normal and pathological cell behavior-specific 
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contexts. Auto-inhibition of PU.1 and other cofactors association effects on binding also can be 

applied and evaluated through a cell-based reporter platform. 

5.3.2.2 Characterization PU.1's transactivation under osmotic conditions 

By use of cell reporter platform, reporter gene expression under osmotic sensitivity can 

be determined by the expression of the iRFP reporter fused with transient PU.1 transfected cell 

under osmatic stressed conditions (Hypo-osmotic stress vs. hyperosmotic stress) or how 

environmental changes such as osmolytes affects PU.1' activity on its cognate site. Since the 

biological importance of transcription factors' response to the osmotic stress has been 

highlighted, such insights will be valuable for understanding TF-DNA interaction at the protein-

DNA level and the influence of macromolecules on gene regulation to determine cell fates. 

5.3.2.3 High Throughput System (HTS) development  

HTS screening has been widely applied to evaluate diverse compound libraries for rapid 

screening. However, maximizing throughput has not directly translated into an expected increase 

in new drug approvals, primarily due to biochemical screening assays being unable to reflect the 

living system's complexity. Thus, more sophisticated biological assays are needed to evaluate 

compound libraries' biological activity and potential toxicity accurately. To address this 

challenge, cell-based assays have been increasingly used in HTS campaigns. In vitro, cell-culture 

models can provide substantive information on various cellular responses from exposure to a 

compound. Integrating advanced microscopy with cell-based assay is attractive because cellular 

events can be monitored with a spatiotemporal resolution by visualization. This has facilitated 

the use of fluorescence-based reporter assays in HTS campaigns to measure multiple cellular 

parameters and define relationships among molecular target activities, subcellular localization, 

and morphologic features. In addition to microscopy, flow cytometry can be used to measure 
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multiple events within single cells simultaneously. It is challenging to image individual cells. For 

example, detailed cellular processes such as subcellular localization of proteins are unobservable. 

To overcome this limitation, an imaging flow cytometry method has been described that 

combines the precise electronic tracking of moving cells associated with flow cytometry with a 

high-resolution multispectral imaging system. 

5.3.2.4 Hit identification for antileukemic agents 

Compounds such as DB1976, DB2115, and DB2313 have shown to be PU.1 inhibitors; 

therefore, we are using them as a control to test the efficiency of our system. Additionally, there 

are 16 more compounds we are examining for PU.1 inhibition. They all have been screened on 

PU.1 inhibition by SPR (Surface Plasmon Resonance) assay. We will test their cellular 

properties and the potential for functional inhibition. Functional inhibition is provided by cell 

reporter assay that responds to PU.1 transactivation at designated enhancer or native promoter 

sites. By measuring fluorescence protein changes of PU.1- dependent promoter gene expression 

modulated by the small compounds, it will explain the potency of the compounds in the cell and 

the target specificity of PU.1 inhibitors. By utilizing the intrinsic fluorescence of these 

compounds, it is possible to measure cellar uptake by flow cytometry. This assay will allow us to 

elucidate the chemically relevant moieties which facilitate cell entry.  

5.3.2.5 Structure-Function relationship of ligands for design compounds 

Additionally, subcellular routing is determined by quantitative colocalization with 

genetically encoded markers to distinguish the nucleus (including the nucleolus), mitochondria, 

endoplasmic reticulum, and the plasma membrane for target specificity. It will enable us to 

examine their target specificity and understand the mechanisms driving the distribution of the 

compounds and the cellular responses within the cell. Doing so will provide insight into how 
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these different classes of compounds behave and localize within the cellular environment as 

dictated by specific structural differences between them, including linkers of two dications, 

terminal dication's modifications, or even two isosteres. Specially, we will classify the 

preferentiality of target specificity into a group of analogs among the compounds. 

5.3.2.6 Downstream effects of PU.1 transactivation to determine cell fates by compounds  

HL-60 and THP-1 are well known as in vitro study models for cellular and molecular 

events involved in the proliferation and differentiation of granulocytes/monocytes/macrophages. 

HL-60 is stimulated by retinoic acid and induced granulocytic differentiation in vitro. Also, 

THP-1 can be differentiated by stimulation of PMA treatment into macrophage-like cells and 

valuable model for studying the mechanism of macrophage differentiation. Therefore, this 

approach can see how heterocyclic dication impacts the differentiation process on our stable 

reporter expressing cell lines. According to Antony-Debré et al., heterocyclic diamidines 

primarily inhibit later stages of granulocytic differentiation. Our disease models can be 

differentiated from other immune cells such as macrophages or neutrophils by chemical 

induction (PMA, Phorbol 12-myristate 13-acetate); hence, it allows to explore PU.1 inhibitors' 

effect on more mature, differentiating cells, whether dications impact differentiation or any 

changes of cellular responses in the differentiated macrophages or neutrophils, which related to 

PU.1 transactivation. To test the effects of heterocyclic dications for PU.1 transactivation at the 

stage on macrophage-like cells, we can treat our inhibitors on the cells before PMA induced and 

after PMA induced. If our inhibitor affects the differentiation, the phenotypical changes after 

their treatment and induction could not occur. This allows us to determine whether our 

compounds modulate PU.1 transactivation and involve differentiation. It leads us to know 

whether our inhibitors' effects on downstream cascade changes or not.  
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Synthetic reporter assays are increasingly employed to study complex biological systems. 

Understanding the regulation of transcription factors to bind its cognate site is a powerful model 

to study disease onset and progression. Using reporter gene technology, transgenes can be 

integrated into the gene loci of developmental marker genes. As a Result, cells with reporter 

gene expression can be selected or sorted to monitor the transcription factor's activity. In our 

opinion, modulation of PU.1's transactivation provides a possible strategy that withholds an 

excellent potential for future development of targeted therapeutic approaches either by the 

impact on cellular function, cellular fate determination, and metabolism but by its ability to 

influence it transcription. Ultimately, utilization of multimodality and multiplex of live cell-

based reporter platform will extend our knowledge for PU.1 basis of DNA affinity by sequence 

and its unique feature of DNA recognition along with pharmacological applications. 
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APPENDIX 

Signatures of DNA target selectivity by ETS transcription factors 

 

This work is a reprint of a review that appeared as Poon, G.M.K. and Kim, H.M. (2017) 

Transcription. 8: 193-2. Permission is granted by the publisher, Taylor & Francis Online, to 

reproduce the text in the co-author’s dissertation. 

 

 

ABSTRACT 

The ETS family of transcription factors is a functionally heterogeneous group of gene 

regulators that share a structurally conserved, eponymous DNA-binding domain. DNA target 

specificity derives from combinatorial interactions with other proteins as well as intrinsic 

heterogeneity among ETS domains. Emerging evidence suggests molecular hydration as a 

fundamental feature that defines the intrinsic heterogeneity in DNA target selection and 

susceptibility to epigenetic DNA modifications. This perspective invokes novel hypotheses in the 

regulation of ETS proteins in physiologic osmotic stress, their pioneering potential in 

heterochromatin, and the effects of passive and pharmacologic DNA demethylation on ETS 

regulation. 

 

Keywords: ETS transcription factors, PU.1, Ets-1, molecular hydration, phylogeny, 

epigenetics, DNA methylation 
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The ETS family of transcription factors binds site-specific DNA via eponymous, 

structurally conserved DNA-binding domains that share low overall sequence homology [Figures 

1A and 1B]. Although ETS members are not numerous (28 paralogs in humans), they are 

ubiquitously distributed in the metazoan (306), and most are indispensable to life. Regardless of 

function, all ETS proteins show a highly conserved binding mode in which a recognition helix of 

their ~80-residue ETS domain is inserted into the major groove of target DNA harboring the core 

consensus 5’-GGAA/T-3’, with additional interactions along the DNA backbone at flanking, 

sequence-variable minor groove positions [Figure 1C]. The structural homology among ETS 

domains is remarkable in the context of the choreography many ETS transcription factors execute 

in hematopoiesis, the multi-step differentiation of blood cell lineages that is intricately controlled 

at the transcriptional level (222, 307). Differentiation of the hematopoietic stem cell and fate 

determination of downstream progenitors is driven by precise ebbs and flows of activity by ETS 

paralogs in conjunction with other transcription factors in a stage-specific and dosage-specific 

manner (308). 

Of the hematopoietic ETS-family regulators, PU.1 (Spi-1) and Ets-1 draw one of the 

sharpest lines of contrasts [Table 1]. Their ETS domains represent the most phylogenetically 

distant ETS sub-families, yet they are structurally superimposable when bound to DNA targets 

(309). The two ETS paralogs drive cell fate specification coordinately, and often in opposing 

directions (310-315). In T-cell differentiation, for example, an obligatory drop in PU.1 activity is 

concomitantly balanced by a surge in the Ets-1 activity (315-317), and both are differentially 

required in the peripheral Th subsets (318-320). Aberrant activity in either paralog is linked to a 

spectrum of diseases including rheumatism (321), cancer (322-325) and Alzheimer’s disease (326-

328). Functional heterogeneity occurs even among very close ETS sequence homologs, as in the 
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case of PU.1 and Spi-B, wherein Spi-B cannot compensate for the absence of PU.1-mediated B-

cell signaling in PU.1-null mice (329). 

Specificity determinants of ETS transcription factors 

Given the significant overlap in expression of ETS proteins,(330) their DNA sequence 

preference (236), and overall structure of their ETS domains on the one hand, and their general 

functional non-interchangeability on the other, the basis of their specificity has long been a subject 

of major interest. Currently, ETS proteins are grouped into classes (I to IV) according to their 

relative sequence preferences (236), which correspond to their phylogenetic relatedness. The sharp 

and well-conserved delineation of major groove contacts at the 5’-GGAA/T-3’ core consensus, 

and minor groove backbone (sugar and phosphate) contacts at flanking bases where sequence 

variation occurs, has led to the notion of indirect readout. In contrast with direct readout of 

nucleobases at the core consensus, contacts with the DNA backbone are presumably parsed on the 

basis of some sequence-dependent DNA shape or propensity to adopt a preferred conformation (or 

ensemble of such). While indirect readout of bases flanking the core consensus has been 

unequivocally demonstrated (129), its functional significance in target gene transactivation 

confirmed (331) and its thermodynamic basis understood in some detail (115, 116), the structural 

(and probably also dynamic) origin of indirect readout in ETS/DNA site recognition remains 

elusive. Most frustratingly, no predictive capability of how the structure of given ETS domain 

relates to its distinct spectrum of flanking sequence preferences has yet been achieved. 

 

Combinatorial routes to ETS target specificity 

A pervasive, though not universal, feature of ETS proteins is the presence of elements 

immediately proximal to their ETS domains that are structured in the absence of DNA but unfold 
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upon DNA binding. The energetic overhead to unfold these appending elements, which are most 

extensively characterized in Ets-1 (Class I) (332-334) and ETV6 (Class II) (335-337), result in 

reduced affinity to any given DNA site on the order of an order of magnitude relative to truncated 

constructs. This auto-inhibitory mechanism serves as a handle for combinatorial control of ETS 

proteins through interactions with protein partners that displace the extra-ETS appendages. For 

example, Runx1/AML1/CBFα2/PEBP2 positively regulates Ets-1/DNA binding by displacing and 

destabilizing an extended inhibitory segment N-terminal to the ETS domain (98, 338, 339). In ETS 

paralogs that are not auto-inhibited, such as PU.1, specific interactions with binding partners that 

positively regulate (e.g., IRF4/Pip) (340-342) or antagonize DNA binding (e.g., GATA-1) (343, 

344) are known. Another combinatorial strategy that modifies DNA site targeting is to couple 

binding to intrinsically low-affinity or nonspecific sites to specific interactions with binding 

partners. Such mechanisms are illustrated by the ability of Pax5 to recruit Ets-1 to a nonspecific 

sequence (5’-GGAG-3’) (345, 346). Similar recruitment of PU.1 to intrinsically low-affinity sites 

has also been reported (266). These and other interactions, all of which are functionally linked to 

cell fate specification or the regulation of lineage-specific target genes, have been well reviewed 

(123). 

In recent years, high-throughput microarray and sequencing technologies have elevated 

investigations of ETS/DNA interactions to the genome-wide level. Detailed information on the 

localization, sequence characteristics of DNA targets, and associated binding partners is now 

available for ETS transcription factors in a range of cell types and developmental contexts (236, 

347-352). Although various levels of redundancy and specificity are observed that correlate with 

the ontology of the genes involved, one recurring feature is the close correspondence between in 

vivo and in vitro DNA sequence preferences. Moreover, in the case of PU.1 and Ets-1, the 
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information contents (a direct informatic measure of target specificity) of the in vivo sequences 

preferences shown by both proteins are over 15% higher (>3 bits over a 10-bp sequence space) 

than their in vitro counterparts (309). Given the vast number of sequence reads in the in vivo data, 

these two observations indicate that, integrated over the whole genome, combinatorial control 

refines, rather than usurps, the intrinsic selectivity of their ETS domains. Thus, while the target 

gene specificity of ETS proteins is functionally controlled by an inter-related web of interactions 

in vivo [Figure 2], the intrinsic properties of ETS domains per se remain a keystone in 

understanding sequence usage of ETS transcription factors in the genome. 

 

A deeper look into ETS/DNA recognition 

To date, structures of ETS/DNA complexes, most of which involve high-affinity cognate 

sequences, have provided physical models of optimal interactions in DNA target recognition by 

representative ETS paralogs in each class. Do fundamental mechanisms exist that could explain 

DNA target selectivity across the spectrum of ETS paralogs? Such “molecular phenotypes” would 

reasonably reflect the selection pressures operating on functionally distinct ETS paralogs, and in 

turn provide insight into the biological environment in which the proteins operate. To this end, we 

have identified two aspects that structural and biochemical data suggest unusual potential for 

insight: molecular hydration accompanying DNA recognition by ETS domains and their sensitivity 

to epigenetically modified DNA targets. We have been focusing our attention on Ets-1 and PU.1, 

which are attractive model systems for two reasons. First, they are archetypal representatives of 

the most phylogenetically most distant classes of ETS proteins (123), so heterogeneity in their 

molecular phenotype should directly reflect the selection pressures in their evolutionary paths, 

even if the biological basis of these pressures are not necessarily known. Second, these two ETS 
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paralogs bind optimal DNA targets with indistinguishably high affinity (118), so that heterogeneity 

between the two homologs that contribute to their DNA binding affinity and specificity would be 

biologically relevant. 

Role of molecular hydration in DNA recognition by ETS proteins  

Transcription factors interact with and regulate their DNA targets in an aqueous milieu. 

Rather than a passive bathing medium, water molecules participate in protein/DNA interactions 

and can act as a major determinant of binding affinity and specificity, for example, by forming 

water-mediated contacts at the protein/DNA interface. One of the most intriguing differences 

between the co-crystal structures of PU.1 and Ets-1 is the abundance of interfacial water-mediated 

contacts in the PU.1 complex and the sparsity of such contacts in the Ets-1 complex (346, 353). 

The water-mediated contacts made by PU.1 are effectively replaced by direct protein-to-DNA 

contacts in Ets-1. To determine whether the crystallographic data indeed reflect a differential role 

for interfacial hydration in DNA recognition by the two proteins in solution, we interrogated DNA 

binding by the two proteins through osmotic stress (118). Using physiologically compatible 

osmolytes to modulate the osmotic environment (water activity), the data indeed showed that high-

affinity DNA binding by PU.1 was osmotic sensitive while binding by Ets-1 was not [Table 1]. 

Moreover, the osmotic sensitivity of PU.1, wherein affinity was reduced by osmotic pressure, was 

dependent on the sequence context, inferring a direct role of hydration in the specificity mechanism 

of PU.1. 

The strikingly different responses of the two homologs to their osmotic environment, which 

is quantitatively compensated to yield indistinguishable binding affinities under normo-osmotic 

conditions, is a provocative observation. Higher-order organisms maintain a homeostatic 

environment in which intracellular parameters are controlled (354). Osmotic pressure is one such 
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parameter. Hyperosmotic stress and its attendant perturbation on cell volume trigger signaling 

pathways mediated by the transcription factor NFAT5/TonEBP that restore isotonicity through the 

accumulation of compatible osmolytes (355, 356). As a result, the compensated (isotonic) but now 

hyperosmolar conditions would necessarily perturb biomolecular interactions that involve 

sufficiently large hydration changes. The affinity of PU.1 for its optimal cognate sequence is 

reduced ~10-fold across 0.5 osmolal (113), a physiologically relevant level of osmotic stress in 

lymphocytes (357). We have found through analysis of microarray data that PU.1 target genes are 

disproportionately represented in osmotically sensitive (NFAT5-dependent) genes in primary 

murine macrophages (113). Significantly, other transcription factors that are co-expressed with 

PU.1, such as the interferon regulatory factors, NF-κB2, and Stat proteins, show no such overlap. 

While PU.1 may interact with NFAT5 by direct contact or via post-translational modification, no 

such interactions are currently known. A more intriguing scenario is that PU.1 and NFAT5 targets 

overlap by virtue of the osmotic sensitivity of their regulators. It would therefore be possible for 

genetic networks to interact through “fields” and in a manner that requires no direct contact or 

post-translational modification of the macromolecular components involved. 

 

Significance of molecular hydration in ETS activity under normo-osmotic conditions 

In addition to perturbing affinity under hyperosmotic stress, the osmotic sensitivity of DNA 

target recognition provides insight into differences in binding behavior under normo-osmotic 

conditions. Specifically, we have observed that the different disposition of hydration water directly 

impacts on the mechanisms of DNA target recognition as manifest in the kinetics of association 

and dissociation [Table 1] (113). Under normo-osmotic conditions, PU.1 engages sequence-

specific target sites about ~100 more slowly than Ets-1, but once formed, the complex is 
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correspondingly more persistent than Ets-1. The starkly different kinetic profiles establish that 

interfacial hydration defines different mechanisms of target recognition by the two ETS homologs. 

In addition, the persistence of the PU.1/DNA complex against dissociation is consistent with PU.1 

as a strong pioneer transcription factor (358), by anchoring target genes in chromatin during 

recruitment of other transcription factors and remodeling proteins (such as histone 

acetyltransferases) (359), Currently, the pioneer status of Ets-1 is controversial: although it appears 

to co-localize with nucleosomes in enhancer regions in developing thymocytes (349), it does not 

exhibit functional pioneer activity in a defined reporter assay.(360) An intrinsic mechanism for 

resisting nucleosomal dynamics by the ETS domain to secure accessible proximal binding sites 

for other proteins represents an intriguing component of pioneering activity of “master” 

transcription factors such as PU.1. 

 

Molecular hydration as a unifying feature in ETS evolution 

We considered whether variation in molecular hydration within the broader ETS family. A 

survey of binary and ternary co-crystal structures of ETS domains shows a range in both the density 

and pattern of interfacial hydration, as may be expected from the amino acid diversity in their 

DNA-binding surfaces. To examine this heterogeneity systematically, we considered the 

correlation between the number of water-mediated contacts in DNA co-crystal complexes of ETS 

paralogs as a function of their evolutionary relatedness. Taking Ets-1 as reference, we found that 

the density of water-mediated contacts for ETS paralogs is positively correlated with its pairwise 

phylogenetic distance from Ets-1 (Figure 3). This is a remarkable correlation. The 

physicochemical diversity of the crystals (e.g., symmetry, packing, co-solvents, overall hydration) 

strongly discount against the observed correlation as a crystallographic artefact. The is also no 
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systematic differences in the resolution of the structures that would account for a bias in 

discernable hydration. Beyond several water-mediated contacts involving the sidechains and 

backbone of absolutely or highly conserved residues that are observed in all the structures, a 

significant diversity in bridging pattern is observed at all levels of hydration, suggesting that 

interfacial hydration is highly adaptive. While the evolution of ETS paralogs is undoubtedly 

subject to different selection pressures, which are not universally shared, it appears that as a general 

feature interfacial hydration is incrementally incorporated in the evolution of the ETS family. The 

biophysical and biological implications this relationship is currently unknown and ripe for 

hypothesis. 

 

Differential tolerance to CpG methylation 

While the importance of epigenetic regulation of ETS-dependent transcription is well 

established in hematopoiesis and in cancer (352, 361-363), the mechanisms by which ETS activity 

are modulated at epigenetically modified DNA, with or without nucleosome, are not well 

understood. Genomic surveys have found that hematopoietic ETS transcription factors are over-

represented in hypermethylated regions (350). While several close Class I ETS paralogs (such as 

Ets-1 and GABPα) have been reported to be inhibited by CpG methylation at their cognate sites, 

whether inhibition is a universal property of ETS proteins remains unknown. We have directly 

studied the binding properties of PU.1 and Ets-1 to hemi- and fully methylated cognate DNA 

harboring a site-specific CpG dinucleotide (5’-CGGAA-3’) that frequently occurs in cognate ETS 

binding sites (364). While any CpG methylation affected binding, PU.1 and Ets-1 responded 

qualitatively differently to hemi-methylated sites. Hemi-methylation of the sense (5’-GGAA-3’) 

strand was strongly inhibitory to Ets-1 binding, but hemi-methylation of the anti-sense strand (5’-
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GGAA-3’) was not, and vice versa for PU.1. In addition, auto-inhibition was operative in Ets-1 

with respect to binding to CpG-methylated sites. Finally, PU.1 was significantly more robust than 

Ets-1 in binding fully methylated DNA. Overall, our targeted studies showed that significant 

heterogeneity exists in the intrinsic sensitive to CpG methylation among ETS transcription factors. 

They confirmed the strong inhibition of Ets-1 (and by extension, other Class I ETS members) by 

full CpG methylation and a basis for the genomic-wide observation PU.1 to autonomously engage 

methylated DNA in vivo (266). 

Mechanistically, we found by molecular simulations that the asymmetric effect of hemi-

methylation on the DNA-binding affinity of ETS paralogs may be explained by structural 

perturbations on DNA backbone geometry. While hemi-methylation of either strand significantly 

perturbs backbone geometry out of the unmethylated configuration, full methylation produces a 

compensatory effect that brings backbone geometry back closer to unmethylated DNA. In light of 

the plasticity in interfacial hydration, we speculate that hydration waters serve as adapters that 

moderate the perturbative effects of DNA methylation on binding for hydration-rich ETS paralogs 

such as PU.1. In addition, the compensatory relationship between hemi- and full methylation on 

DNA backbone structure suggests new biological implications in view of the semi-conservative 

nature of DNA replication. Immediately following DNA synthesis with unmethylated nucleotides, 

the DNA daughter strands are hemi-methylated until re-methylated by DNA methyltransferase I 

(DNMT1). The exact same site in passively de-methylated genome, therefore, presents a 

heterogeneous substrate for ETS paralogs (and probably other DNA-binding proteins) depending 

on the stage in the cell cycle or exogenous treatment with DNMT1 inhibitors (“hypomethylating 

agents” such as azacytidine and decitabine). Interest in this area is heightened by the advent of 
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hypomethylating agents as clinical drugs in hematologic cancers, such as azacytidine in in 

myelodysplastic syndrome (365) and a growing list of other malignancies. 

 

Chemical biology of ETS proteins 

Target-specific control of transcriptional pathways has long been a goal in experimental 

research and therapy. Despite the success and ubiquity of gene-based approaches to knock-in, 

known-down, and knock-out specific genes in vitro and in vivo, as well as the intense efforts to 

deliver genetic and other macromolecular payloads efficiently and without toxicity into cells and 

tissues, low-molecular weight molecules (i.e., chemical control) remain the preferred modality of 

intervention. With few exceptions, the clinically successful pharmacology of nuclear receptors has 

not been reprised for the vast majority of other transcription factors, particularly wildtype forms 

which lack endogenous ligands as templates for drug development (255, 366-368). A fruitful 

avenue in the case of inhibition is to target the cognate DNA site to which the transcription factor 

binds. Thanks to the considerable advance over the past two decades in sequence-specific targeting 

of DNA-binding ligands, particularly the hairpin polyamides (369) and heterocyclic diamidines 

(370), proofs of concept have been achieved for several ETS proteins. They include the inhibition 

of Ets-1 with a designed polyamide (371) and ERG using designed heterocyclic diamidines (81). 

We have demonstrated the inhibition of PU.1 using diamidines of a different class (300, 372). 

Viable chemical biology of ETS proteins is a challenge in need of actionable targets, and 

identification of the molecular heterogeneity among ETS domains could clarify such targets and 

strategies for control. 

 

Concluding remarks 
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Although all ETS paralogs display highly homologous backbone structures and engage 

target DNA in an essentially identical conformation, they harbor a spectrum of distinct physical 

chemistry that is likely reflected in their functional phenotypes. Targeted studies of interactions by 

ETS domains in new areas such as molecular hydration and epigenetically modified DNA are 

sparking novel perspectives and opportunities for new insights into the diversity of this important 

family of transcriptional regulators. 
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Table 1. 

Biological and biochemical comparison of the ETS paralogs PU.1 and Ets-1 

 

 

 Ets-1 PU.1 

   

Functional properties   

   

Expression(330) Widespread Lineage-restricted to cells 

of hematopoietic origin 

High dosage requirement T-cell B-cell 

Low dosage requirement B-cell T-cell 

Auto-inhibition Yes No 

Pioneer transcription factor No (360) Yes (358) 

General role in hematopoietic cancers Oncogene 

(373) 

Tumor suppressor 

(325, 374, 375) 

   

Biochemical properties (ETS 

domain) 

  

   

Domain topology C-terminal C-terminal 

Intrinsic affinity for optimal cognate 

sites(309) 

10-10 M 10-10 M 

Relative sequence discrimination(309) Low High 

Osmotic sensitivity Low (118) High (113) 
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Kinetics of association(118) Fast (107 

M-1 s-1) 

Slow (105 M-1 s-1) 

Kinetics of dissociation(118) Slow (10-2 

s-1) 

Very slow (10-3 s-1) 

Relative tolerance to CpG 

methylation(364) 

Low High 

Dimerize in solution without DNA No (220) Yes (112, 376) 
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Figure 1. The DNA-binding domains of ETS transcription factors are sequence- and 

phylogenetically divergent, but strongly conserved in structure. A Sequence alignment for the 

28 paralogous ETS domains. Proteins were identified by UniProtKB identifier | residue numbering 

| protein name. Residues are colored by amino acid types. Asterisks denote positions with amino 

acid identity. B, Phylogenetic tree constructed by the maximum-likelihood method, arranged with 

Ets-1 and PU.1 (Spi-1) at the ends. The horizontal distance (branch length) denotes phylogenetic 

distance defined as number of substitutions per position. C, Structural alignment of the ETS 

domains of Ets-1 (silver) and PU.1 (gold) from their co-crystal structures with DNA. The root-

mean-square deviation is 1.4 Å, well below the experimental resolution of the models themselves. 

The target DNA from the Ets-1 co-crystal is shown to orient the viewer.  
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Figure 2. Selected mechanisms of ETS target gene specificity. ETS-dependent 

transcription is regulated at multiple levels, all of which can operate in a combinatorial fashion. 

The established molecular pathophysiology associated with some of these mechanisms are listed. 

The literature on ETS proteins is vast and this summary is only intended to be illustrative; readers 

interested in specific aspects or paralogs mentioned in this figure are referred to reviews and 

studies such as the following (96, 123, 330, 348, 350, 361, 377-382). Note that auto-inhibition 

(indicated by the cartoon helix) is not a universal feature of ETS proteins; several paralogs, such 

as PU.1, are not auto-inhibited. Abbreviations: AML, acute myeloid leukemia; cHD, classical 

Hodgkin’s disease; MM, multiple myeloma; Ca, cancer.  
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Figure 3. Crystallographic interfacial hydration correlates positively with 

phylogenetic relatedness among the ETS domains of paralogs. A, Co-crystal structures of the 

ETS domains of nine ETS paralogs, oriented identically with the recognition helix perpendicular 

to the plane of the page. Water-mediated contacts are shown as cyan spheres, defined operationally 

as crystallographic water within hydrogen-bonding distance (red dashes, ≤3.4 Å) of a protein and 

DNA contact, or another interfacial water that meets this criterion. To avoid ambiguity, water-

mediated contacts involving only three or more consecutive bridging water are not counted. 

Interfacial water density is weakly correlated with overall hydration of the asymmetric unit, and 

there is no significant difference in interfacial hydration density (±1) between different biological 

units where reported. B, Relationship between crystallographic interfacial hydration and pairwise 

phylogenetic distance from Ets-1, chosen as reference. The primary sequences of the 28 human 

ETS paralogs were analyzed by ClustalW using the neighbor-joining method. The results were 

expressed as a distance matrix from whose elements are pairwise distances (number of 

substitutions per position). ETS paralogs are formally categorized into Class I to IV (236) by color 

in order from black, blue, orange, to yellow. C, Differential sensitivity to osmotic pressure in site-

specific binding by the ETS domains of PU.1 and Ets-1 as reported by Wang et al (118). The 

measured in vitro affinity is expressed as the logarithm of the dissociation constant (KD). High- 

(solid symbols) and low-affinity DNA (open) refer to defined cognate (not nonspecific) sequences 

harboring the 5’-GGAA-3’ consensus. The different symbols refer to the set of physiologically 

compatible osmolytes used to exert osmotic stress. The osmotic insensitivity of Ets-1 is not 

modified by the presence of auto-inhibition (118). 
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