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Chapter 1 

 

ABSTRACT 

Enhancement of DNA transfection by NP, a highly basic and reversibly phosphorylated 

peptide derived from the N-terminal region of sea urchin sperm histone variant SpH1, was 

investigated in HEK293 cell cultures.  NP and its corresponding C-terminal peptide CP were 

prepared by digestion of purified SpH1 with Staphylococcus aureus V8 protease followed by 

separation of the resulting N-terminal and C-terminal peptides using hydroxylapatite 

chromatography.  Transfection vectors containing NP or CP, NP or CP mixed with 

polyethylenimine (NP-PEI and CP-PEI, respectively) and NP or CP crosslinked to PEI (NPxPEI 

and CPxPEI, respectively) were generated and mixed with a plasmid bearing a FLAG-tagged 

beta-2-adrenergic-receptor gene (FLAG-β2AR) to create the corresponding transfection 

complexes.  Free peptides (NP and CP) didn’t enhance transfection, rather they suppress 

transfection compared to PEI alone. Transfection efficiency of chemically crosslinked NPxPEI-

DNA enhances transfection rate up to 1.4 fold increase compared to PEI-DNA.  The data shows 

that the NPxPEI vehicle had an improved condensing capability than that of PEI alone at same 

mass ratio.  Our results demonstrate that NP is a potential transfection vehicle when crosslinked 

with PEI. 

 

INTRODUCTION 

Eukaryotic chromosomes are large molecular complexes with a complex degree of 

structural organization of genetic material, and their chromatin consists of histones, nonhistones 

and DNA in roughly equal amounts (Alberts et. al, 2002).  On the other hand, prokaryotic DNA 

is packaged into a circular, tightly folded molecule called the nucleoid (Kuzminov, 2013).  The 
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human genome has approximately   6×10
9
 base pairs, which corresponds to a linear DNA strand 

of about 1 meter (Matthews, 1997).  This DNA strand has to be tightly packed into a nucleus of 

about 10 μm in diameter, which is achieved by organizing DNA in groups of nucleosomes, or the 

basic repeating unit of chromatin, which are condensed into higher order chromatin structures 

(Alberts et. al, 2002). 

Chromatin supports the basic cellular processes of DNA replication, genetic 

recombination, transcription and DNA damage repair (Davey and Richmond, 2002).  Although 

the structure of the nucleosome core particle has already been elucidated at almost atomic 

resolution the remaining fundamental question of how the nucleosome is organized within the 

chromatin fiber is still controversially discussed (Davey and Richmond, 2002).  The nucleosome 

provides the basic unit on the first level of chromatin organization.  DNA of around 146 base 

pairs is wrapped around histone proteins assembled in 1¾ tight, left handed superhelical turns, 

which is termed the nucleosome (Arents et al., 1991; Finch et. al, 1977).  Finch and coworkers 

produced the first crystal structure of the core particle at a resolution of 7 Å by diffraction of X-

rays.  Luger et al used crystallization techniques combined with a unique DNA sequence and 

purified recombinant proteins to obtain a resolution at 2.8 Å, of which, they revealed the 

distortion of DNA that is wound around the octamer (Luger et. al, 1997). Secondly, they could 

prove that only by histone-DNA and histone-histone interactions can the histone fold motif be 

formed.  This structural information was a breakthrough, as it facilitated experimental 

approaches used to study functions of specific regions in histone protein regions.  However, this 

does not count for the histone N-terminal tails, as it has not been possible to visualize these 

regions in the nucleosome crystal structure (Luger et. al, 1997).   
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Histones and Their Variants 

Histones have remained highly conserved throughout eukaryotic evolution indicating 

their essential role in the organization of chromatin structure (Talbert et. al, 2012).  The H4 

histone shares greater than ninety percent sequence identity between budding yeast and humans 

meaning that a high degree of conservation underscores the presence of strong functional 

constraints that might be operating on these proteins throughout the course of evolution 

(Piontkivska et. al, 2002).  A core of eight histones makes up a nucleosome with 146 base pairs 

of DNA wrapped around a nucleosome.  Every nucleosome has two histones each of H2A, H2B, 

H3, and H4, while H1 is a linker histone that secures the DNA to the nucleosomes (Luger 2003; 

Figure 1).  The core histones are expressed from multiple copies of genes often found in clusters 

throughout the eukaryotic organisms; for example, two copies of each of the core histone genes 

are present in the budding yeast genome (Osley 1991), while in higher organisms this complexity 

rises to 10-20 copies of each gene, like the human H4 that is encoded by at least 12 genes 

(Piontkivska et al. 2002).  H1, a linker histone, exhibits relatively less sequence conservation 

than the core histones (Eirín-López et al. 2004), and are found in increasing complexity along the 

evolutionary ladder. 
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Figure 1: Structure of a nucleosome. The assembly of DNA into a compact structure 

termed chromatin is essential for packaging the genome into the confines of the cell nucleus. The 

nucleosome is the basic unit of chromatin that consists of 200 base pair of DNA coiled roughly 

twice around an octamer, which is composed of dimers of the core histones H2A, H2B, H3 and 

H4. The DNA that connects adjoining nucleosomes is called linker DNA and is associated with 

another histone called histone H1 (Georgopoulos 2002). 

 

Chromatin exists in two different states:  heterochromatin and euchromatin. 

Heterochromatin is the transcriptionally inactive state that has condensed nucleosomes due to 

increase chemical attraction, and euchromatin is the active state that has the nucleosomes opened 

up ready for the DNA to be transcribed (Zhang and Reinberg 2001).  Generally acetylated 

histones are transcriptionally active and deacetylated histones are inactive, while demethylated 

histones are transcriptionally inactive (Clayton et. al. 2006).  Reik contended that histone 

modification is flexible and for short term gene regulation, especially in pluripotent stem cells 

during embryonic/fetal development, whereas DNA methylation is generally required for long-

term gene and transposon silencing (Reik 2007). 
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H2A Family 

A unique feature of the histone H2A family is the presence of an extended C-terminal tail 

that is the target of some of the most post-translational modifications such as acetylation, 

methylation, sumoylation and/or ubiquitination (Vissers et. al, 2008).  H2A and its variants have 

roles in regulation of gene expression, DNA repair, maintenance of heterochromatin-

euchromatin, chromosomal segregation, and resistance to toxic stress (Zlatanova and Thakar, 

2008).  The H2A family contains an excess of variants with some ‘universal variants’ found in 

almost all living organisms, namely the H2A.Z and H2A.X (Talbert and Henikoff, 2010).  It was 

found that in, the H2A.Z histone is encoded by the HTZ1 gene, which significantly facilitates the 

functional analysis of this histone variant; for example, the slow-growth phenotype and drug 

sensitivity of htz1Δ yeast cells cannot be rescued by overexpression of canonical H2A, 

suggesting that the variant has specialized and non-redundant functions in the cell (Jackson and 

Gorovsky, 2000).  In addition to the canonical H2A and H2A.Z, four other major variants are 

present including MacroH2A, H2A-Bbd, H2AvD and H2A.X have thus far been detected. 

H2A.Bbd, which is a Barr Body 10 Deficient histone that is a mammalian-specific H2A variant 

that is not present in invertebrates, but is able to activate transcription by destabilizing the 

nucleosomes and processing of initial mRNAs (Eirín-López et al. 2008).  MacroH2A is restricted 

to vertebrates and primarily localizes to the inactive X-chromosome where it is believed to 

function in the maintenance of transcriptionally silent chromatin (Costanzi and Pehrson 1998).  

H2A.X is characterized by the presence of a C-terminal SQ motif.  Upon DNA damage the 

highly conserved serine residue present within the on the H2A.X is phosphorylated and the 

phosphorylated form is denoted as γH2A.X, which has been shown to have an essential function 

in the accumulation of DNA damage repair factors (Downs et al. 2000). 
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H1 Family 

Histone H1 is a linker histone that associates with linker DNA and is not a single protein, 

but a protein family with at least 11 members, H1.1, H1.2, H1.3, H1.3, H1.4, H1.5, H1.X, testis 

specific H1T, H1T2 and HILS1 and oocyte specific H1 (Ausio, 2006; Godde and Ura, 2008).  

H1 histones have been implicated in a number of processes, but determining the exact function 

of H1 histones has been a challenging task, due to multiple subtypes.  Histone H1 is believed to 

be involved in the compaction of chromatin through its C-terminal tail (Allan et al., 1986).  The 

involvement of H1 histones has been implicated in chromatin condensation, due to studies 

showing that the removal of H1 histones from chromatin results in decondensation of chromatin 

(Robinson and Rhodes, 2006; Shen et al., 1996). 

The hydrophobic globular domains of Histones H1.1 to H1.5 share high sequence 

homology and the N- and C-terminal tails are less conserved, while there are differences that 

primarily reside in the C-terminal tail (Figure 2).  The N-terminal region includes approximately 

40 residues, the globular domain approximately 80 residues and the C-terminal tail has 

approximately 95-105 amino acids (Hartman et al, 1977).  The structure of the globular domain 

contains a three-helix bundle, with a β-hairpin in the C-terminus, and these globular domains are 

believed to bind at the nucleosome dyad, and may function in sealing the two turns of DNA on 

the nucleosome (Woodcock et. al, 2006).  The N-terminal region and C-terminal tail regions are 

assumed to be of fundamentally importance in DNA condensation (Allan et. al, 1986). 
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Figure 2: Amino acid sequences of the human H1.1 to H1.5 histones. (Ausio 2006) 

 

Gene expression of the various human histone H1 variants varies between the different 

subtypes. Subtype expression is either oocyte (H1oo), testis specific (H1t, H1t2 and HILS1), 

replication-dependent (H1.1, H1.2, H1.3, H1.4 and H1.5) or replication independent (H1º and 

H1.X) (Godde and Ura, 2008).  The genes of the somatic subtypes H1.1, H1.2, H1.3, H1.4 and 

H1t are located in the major human histone gene cluster at chromosome 6 while H1.5 is located 

in a second histone cluster (Albig and Doenecke, 1997; Doenecke et al., 1997).  Histone H1 

expression is connected with the proliferative capacity of cells, and the regulatory sequences in 

H1 genes allow the genes to be subdivided into embryonic, replication dependent or 

differentiation-specific H1 histones (Khochbin, 2001).  The somatic subtypes H1.1-H1.5 are 

group into two different groups, one being where the expression continues after cell proliferation 

is decreased for H1.2 and H1.4, while the cellular quiescence results in decline of subtypes H1.1, 

H1.3 and H1.5 (Parseghian and Hamkalo, 2001).  Using mouse lymphoid cells the human H1.1 

and H1.5 were found to be expressed in large amounts only in dividing cells, H1.2, H1.4 and 

H1.3 were expressed in both dividing and non-dividing cells, and H1.3 accumulated in non-
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dividing cells (Lennox and Cohen, 1983).  The expression of H1.2 was shown to be both 

replication of both dependent and independent and H1.2 is also present in most cell types 

(Parseghian and Hamkalo, 2001), and the mRNA measurements demonstrated that H1.2 levels 

were relative constant in various human cell lines (Meergans et al., 1997).  H1 histone subtypes 

may play differential roles in gene regulation, and the regulation may be either positive or 

negative (Alami et al., 2003).  Experiments have shown that H1.1 was over expressed causing 

cell cycle effects, and over expression of H1.2 resulted in negligible effects on some genes 

detected (Brown et al., 1996). 

H3 Family 

In humans there are eight histone H3 variants including: H3.1, H3.2, H3.3 H3t, CENP-A, 

H3.X, H3.Y and H3.5.  H3.1 and H3.2 are canonical histones whose expression is restricted to S 

phase and are deposited by replication dependent or RD chromatin assembly pathway (Hake and 

Allis 2006; Biterge and Schneider 2014).  H3.3, H3t, CENP-A, H3.X, H3.Y and H3.5 are 

deposited by the replication independent (RI) pathway and categorized based on their tissue 

specificities; for example, H3.3, CENP-A, H3.X, and H3.Y are somatic histone variants while 

the H3t and H3.5 are only expressed in testis (Hamiche and Shuaib 2013).  In mammals there are 

two canonical H3 histones that differ from each other the amino acid residue 96 and they are 

H3.1 and H3.2 (Figure 3).  Mammalian H3.3 differs from the major H3.1 and H3.2 at only four 

or five amino acid positions (Figure 3).  Budding and fission yeasts possess only one histone H3 

can be deposited via both the replication dependent and replication independent pathways (Choi 

et al. 2005).  In differentiated, non-dividing cells, H3.3 constitutes over twenty-five percent of 

the total H3 in the chromatin (McKittrick et al. 2004), but studies have shown that H3.3 is 

enriched in the euchromatic regions and is associated with transcriptionally active genes 
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(Goldberg et al. 2010).  In some cell lines the H3.3 histone is enriched at transcription start sites 

(TSS), gene bodies as well as transcription end sites (TES) of actively transcribed genes 

(Goldberg et al. 2010). 

 
Figure 3: Comparison of H3 RD and RI variants. Shown are the amino acid residues 

required for RI deposition. (Elsaesser and Allis, 2010). 

 

Gene Therapy 

Gene delivery is a method in which foreign DNA is transmitted to host cells for 

applications such as genetic research or gene therapy (Mali et. al, 2013).  Gene delivery methods 

can be biological (viral or bacterial vectors), mechanical (microinjection or electroporation), and 

chemical (lipid or nanoparticle carriers).  Efficient delivery of DNA into eukaryotic cells has 

widespread applications in gene therapy, biomedical research and DNA vaccines (Dean 2005).  

For example, lipofectamine is a cationic lipid molecule that is formulated with a neutral co-lipid, 

so that DNA-containing liposomes have positive charges on their surface to promote fusion with 

the negatively charged plasma membrane of living cells (Cardarelli et  al 2016).  This fusion 

allows nucleic acid to cross into the cytoplasm and contents to be available to the cell for 

replication or expression.  Effective DNA delivery vehicles have included viral vectors, naturally 

occurring vertebrate histones, microspheres and liposomes (Luo and Saltzman, 2000).  Pathogen 
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derived vectors have limited use in gene therapy and vaccines because there is a risk for 

generation of replication-competent virus and potential for tumorigenesis (Ura et. al, 2014).  

Both genetic and acquired diseases may be treated using gene therapy to repair 

dysfunctional genes or by providing copies of missing genes.  Gene therapy can be used to target 

somatic or germ cells.  In somatic gene therapy, the gene of interest is altered, but the change in 

the gene sequence is not passed along to the next generation (Munson and Davis, 1992).  On the 

other hand, in germline gene therapy, the parent’s egg or sperm cells are altered with the aim of 

passing on these changes to their offspring (Munson and Davis, 1992).  Gene therapy has 

increased in prominence, and has shown great potential in treating acquired and genetic diseases 

(Conwell et. al, 2005). 

Non-viral Gene Therapy 

Viral vectors have been used in the delivering therapeutic genes into living cells, but their 

broad use is affected by the limited size of the genetic material that can be delivered and severe 

safety risk, which is primarily based on their immunogenicity and ability to activate oncogenes 

(Sun et al. 2003).   In light of these concerns, non-viral gene delivery has emerged as a potential 

and promising alternative.  Polyethylenimine (PEI) has emerged as a potent candidate, even 

though the use of PEI-derived gene delivery vehicles is still limited by a relatively low 

transfection efficiency and short duration of gene expression, compared to viral transfection 

systems, as well as cytotoxic effects (Boussif et. al, 1995). 

Non-viral vectors continue to be attractive alternatives to viruses due to their low toxicity 

and immunogenicity, lack of pathogenicity and ease of pharmacologic production.  However, 

non-viral vectors also continue to suffer from relatively low levels of transfection ability 

compared to viruses, thus there has been a drive to improve these vectors.  Non-viral gene 
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delivery has many challenges in vivo.  The vectors must be able to protect DNA from nucleases 

while they move through the bloodstream, avoid nonspecific uptake and must enter the nucleus 

before the DNA can be expressed.  If any steps of these processes are unsuccessful, there will be 

very little, if any, expression of DNA within the cell.  Many studies on vector-cell interactions 

have reported that some non-viral vectors bind and enter cells efficiently, but yield low gene 

expression, leading this project to focus more on crosslinking histone peptide NP (N-Terminal 

peptide of SpH1) to polyethylenimine.  

Barriers to Gene Therapy 

Successful gene delivery systems must navigate a series of obstacles, both extracellular 

and intracellular, from the point of administration to the site of action (Figure 4).  Overcoming 

extracellular and intracellular barriers are an important goal of non-viral vectors. To become 

clinically relevant, non-viral and viral vectors must be able to overcome the challenges of a 

physiological environment. Conventional research and development of non-viral vectors has 

focused on altering the material composition or formulation of the vector to improve the 

efficiency of in vitro gene transfer or to prevent premature degradation of the vector during in 

vivo circulation (Alex and Sharma, 2014).  Many vitro tests are conducted using adherent 

immortal cell lines, which are typically transfected for long durations under non-physiological 

conditions.  These experiments don’t account for renal clearance, serum inactivation, off-target 

delivery, and nuclear translocation in somatic cells, still in vitro experiments are important and a 

good start point in any experiment.  Positive outcomes in in vitro experiments don’t guarantee 

success in animal model validations, and neither does successful animal models guarantee 

clinical success; therefore, each of these models are important for vectors and must be tested to 

become clinically relevant. 
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Figure 4: Extracellular and intracellular barriers faced by non-viral gene therapies 

following systematic delivery (Miyata et. al, 2012). 

 

Extracellular barriers 

The first major barrier to gene delivery is the extracellular milieu (a space that surrounds 

the cells and contains a set of macromolecules, polysaccharides or glycosaminoglycans and 

fibrous proteins) which can compromise the chemical stability of the nucleic acids as well as the 

physical stability of the delivery vehicle (Berrier and Yamada, 2007). To reach the plasma 

membrane of target cells, the transfection vehicles must be able to pass through the extracellular 

matrix without being degraded by the extracellular nucleases, which are found abundantly 

throughout the extracellular space (Netti et. al, 2000). Improvements have been made to 

overcome nuclease degradation within extracellular matrix by either condensing the DNA with a 

variety of polycations or polymers vectors (Adami and Rice, 1999). Many hydrophilic and 

polymers like polyethylene glycol (PEG), N-(2- hydroxypropyl) methacrylamide, 
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oligosaccharides and sugars have been used to modify the surface of the non-viral vectors in 

order to decrease potential destabilizing particle interactions, in order to decrease interactions 

with the extracellular matrix (Ogris et. al, 1999; Toncheva et. al, 1998; Erbacher et. al, 1996). 

A systematic problem to a non-viral gene delivery system is that the extracellular milieu 

lacks target cell selectivity, which can vary depending on the therapeutic application. Targeting 

strategy is thought to depend on factors such as, the conjugation chemistry of the ligand to the 

vehicle, the molecular weight and the size of the ligand, the distance between the ligand and its 

vehicle, the number of targeting ligands per vector and the ligand-receptor binding affinity 

(Belting and Petersson, 1999). To help increase cellular uptake and selectivity many vectors have 

been used including, polycations which have shown to increase the binding to DNA by 

mediating or reducing the repulsion between the DNA and cell surface through electrostatic 

interaction with cell surface proteoglycans (Belting and Petersson, 1999). Using targeting ligands 

have been incorporated into cationic lipids polymers and lipids as vector to drive the binding to 

the receptor on the target cell surface and promote cellular uptake in vitro and in vivo (Lim et. al, 

2000). 

 

Intracellular barriers 

Cellular internalization, endosomal escape, unpackaging of DNA, persistence within the 

cytoplasm and delivery to the cell nucleus are the five major barriers for effective non-viral gene 

delivery, and this system must provide mechanisms to overcome these intracellular obstacles.  

Vector avoidance of lysosomes can give rise to enhanced gene delivery into the nucleus using 

non-viral systems, and the avoidance of the vectors from the endosome has been demonstrated in 

several studies as one of the most fundamental challenges (Erbacher et. al, 1996; Gonzalez et. al, 

1999; Midoux et. al, 1993).  Vectors first become localized within the endosomes and are 
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divided into two types, sorting endosomes from which the internalized material can be 

redistributed and recycling endosomes which are thought to be responsible for returning 

internalized material to the membrane and out of the cell (Clague and Urbe, 2001).  Disruption of 

endolysosmal membrane most likely occurs through interactions of the cationic lipid of the 

lipoplex by transbilayer flip-flop of anionic lipids from the external layer of the membrane 

(Zelphati and Szoka, 1996).  Many studies have demonstrated that cytoplasmic release of 

internalized vector involves; charge neutralization of the cationic complexing agent with anionic 

macromolecules such as anionic lipids and proteoglycans, cationic lipid mediated fusion and 

membrane destabilization by pH-sensitive lipids (Clark and Hersh, 1999; Meyer et. al, 1997).  

Only a small number of vectors are internalized and reache the cytoplasm, while a larger portion 

are trapped and eventually degraded in endolysosome (Plank et. al, 1994).  The transport of 

macromolecules through the nuclear membrane is a fundamental process for the metabolism of 

eukaryotic cells, but this process is controlled by the nuclear pore complexes (NPCs) that forms 

an aqueous channel through the nuclear envelope for the vector to enter (Laskey 1998).  Lastly, 

molecules smaller than 40 kDa are able to diffuse through the nucleus rather passively, while 

plasmids and other macromolecules larger than 60 kDa must contain or carry a specific targeting 

signal, the nuclear localization sequence (NLS) to traverse the NPC in an energy dependent 

manner (Talcott and Moore 1999). 
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Chapter 2  

BACKGROUND INFORMATION FOR NP  

Strongylocentrotus purpuratus sperm contain specific histone variants in the H1 and H2B 

histone classes (SpH1 and SpH2B, respectively) that contain multiple repeats of the basic 

tetrapeptide SPKK (Green and Poccia, 1985; Poccia and Green, 1992; Green et.al, 1993).  The 

SPKK motifs are fully dephosphorylated in mature sperm to efficiently bind and compact DNA 

in the mature sperm nucleus (Green et. al, 1993).   These histones contain unique DNA-binding 

regions in exclusive H1 histone variant found in sea urchin sperm, in which, Green et. al, (1993) 

first described the purification and characterization of this peptide as a uniquely variant histone 

peptide, NP, derived from the highly basic N-terminal extended region.  NP is composed largely 

of multiple repeats of the highly basic tetrapeptide sequence SPKK (or SPRR and variations), 

known target sequences for growth associated protein kinases (Poccia and Green, 1992).  NP 

from Strongylocentrus purpuratus consists of 52 amino acid residues that encompass the entire 

variant N-terminal region of SpH1, which contains 19 positively charged basic amino acids 9 

serine residues, with 10 proline residues scattered among the SPKK repeats (Green et. al, 1985).  

This unusual amino acid composition reflects the essential function of the NP: Its 19 positively 

charged basic amino acids bind 19 negatively charged DNA phosphate groups in the linker 

region of condensed sperm chromatin, helping compact the chromatin and produce the longest 

nucleosomal repeat length yet measured, consisting of 80-100 base pairs (Green et. al, 1985).  

Furthermore, the 9 serine residues in SpH1 permit extensive phosphorylation of the peptide to 

produce pNP, effectively neutralizing the 19 positive lysine and arginine charges with 18 

negative phosphate charges and abolishing DNA binding during periods of gene activity in 

spermatogenic cells and early embryos (Green et. al, 1993, Figure 5).  The unusually high 
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content of SPKK tetrapeptides distinguish NP from similar but larger C-terminal peptides 

derived from or modeled after vertebrate H1 histones that have been previously reported to 

enhance DNA uptake by target cells (Schwartz et. al, 1999).  Further, the NP peptide is easily 

obtained in highly pure form from an abundant biological source, sea urchin sperm, using 

conventional procedures (Green et. al, 1993).  This rational of DNA binding properties makes 

NP a good candidate for a tranfection vector. 

In part 1 of this dissertation, it is expected that, as occurs during the natural processes of 

spermatogenesis and fertilization in sea urchins, DNA delivery vehicles containing 

dephosphorylated NP will bind and compact their cargo DNA, rendering the DNA relatively 

hydrophobic and compact, thus facilitating cellular entry (Poccia and Green 1992).  Upon 

cellular entry, NP will become multiply phosphorylated by resident protein kinases within the 

target cell, causing the release of cargo DNA and overall enhancement of transfection efficiency 

(Figure 5).  As a natural product, NP has biologically relevant DNA binding characteristics that 

may be enhanced by biological synthesis, such as lysine and arginine methylation that do not 

occur in bacteria and therefore are absent from synthetic or recombinant products.  Such 

biologically induced and relevant post-synthetic modifications to DNA-binding lysine and 

arginine residues may indeed enhance the DNA condensing properties of NP.  Thus, the natural 

process of spermatogenesis and fertilization serves as a model for non-viral DNA delivery. 
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Figure 5: Structure of SpH1 and its derivative peptide NP. A) Shows linear map for 

Strongylocentrus purpuratus SpH1 emphasizing four structural regions (N-terminal, globular, α-

helical, and C-terminal). NP and CP were derived by Staphylococcal aureus V8 protease 

digestion of SpH1. B) The linear map of NP and CP. C) The amino acid sequence of the N-

terminal peptide NP; "SPKK" tetrapeptides are underlined. This figure also illustrates SPKK 

regions of dephosphorylated NP binding to negatively charged DNA phosphate backbone by 

electrostatic interactions between positively charged basic amino acids (ex. lysine) and 

negatively charged phosphate, while phosphorylated form of NP weakens binding between 

lysine and phosphate causing release of DNA. 

Materials and Methods 

Preparation of SpH1 peptides NP and CP 

Purification of SpH1.  Methods for purification of sea urchin sperm histone SpH1 and 

derivative peptides NP and CP were derived from previously described procedures (Green et al, 

1993).  All steps were performed at 4
o
 C.  Briefly, sperm were obtained by intercoelomic 

injection of Strongylocentrus purpuratus sea urchins and sperm nuclei were prepared by 
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sonication in 0.2% Triton X-100, 10% ethanol, 1.0 mM phenylmethylsulfonyl fluoride to remove 

membranes and tails.  Nuclei were pelleted by centrifugation at 2,500 x g for five minutes and 

washed once with 0.15 M NaCl, 10 mM Tris-Cl, pH 8.0.  Total sperm histones were extracted 

from the nuclei in ice cold 0.2 M H2SO4 and SpH1 was extracted from total histones in 5% 

HClO4 followed by precipitation in 20% trichloroacetic acid (TCA), centrifugation at 10,000 x g 

to collect the SpH1 precipitate and washing three times in ice cold acetone.  Acetone-washed 

SpH1 was air dried, dissolved in 10 mM Tris-Cl, pH 8.0 to 10.2 mg/ml and stored frozen at -20
o
 

C. 

Digestion of SpH1 with Staphylococcus aureus V8 protease.  SpH1 dissolved in 10 mM 

Tris-Cl as described above was adjusted to pH 5.0 by addition of 1.0 M ammonium acetate to a 

final concentration of 50 mM ammonium acetate.  To generate NP and CP peptides from intact 

SpH1 Staphylcoccus aureus V8 protease (Sigma 66676-43-5) was added to the SpH1 solution to 

achieve a 50:1 substrate:enzyme ratio followed by digestion at 25
o
 C for 30 minutes.  To verify 

complete digestion of SpH1, 10 l samples were removed from the digestion mixture at 5 minute 

intervals and placed on ice, followed by addition of 100% TCA to each sample to a final 

concentration of 20% TCA to stop enzyme digestion and precipitate SpH1 and derivative 

peptides.  After 30 minutes digestion the remainder of the digestion mixture was made 20% in 

TCA by addition of ¼ volume 100% TCA followed by incubation on ice for 1 hour to precipitate 

NP and CP.  TCA precipitates from the time point samples and final digestion mixture were 

collected by centrifugation at 10,000 x g for 10 minutes at 4
o
 C, washed three times with ice cold 

acetone and air dried.  The precipitates from the time point samples were dissolved in 40 l 

acetic acid/urea loading buffer (AULB; 8 M urea, 5% acetic acid, 0.5% betamercaptoethanol, 

0.05% crystal violet) in preparation for analysis by acetic acid/urea/Triton X-100 (AUT) 
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polyacrylamide gel electrophoresis as described below.  The precipitate from the remaining 

digestion mixture was dissolved in 10 mM Tris-Cl, pH 8.0 to a final peptide concentration of 5.4 

mg/ml and a 20 l sample of this preparation was mixed with 2 volumes AULB for subsequent 

analysis by AUT polyacrylamide gel electrophoresis as described below.  

Purification of NP and CP by HAP chromatography.  NP and CP peptides derived by 

Staphylococcus aureus V8 protease digestion of SpH1 were purified by chromatography on 

hydroxylapatite (HAP) using a modification of a previously published method (Green et al, 

1993). Fifty μl of NP and CP peptides from above containing 270 μg total peptides were diluted 

by addition of 1.0 ml of 10 mM Tris-Cl, pH 8.0 at 25
o
 C in a 1.5 ml microcentrifuge tube.  Two 

hundred and fifty µg of HAP (Sigma-Aldrich 289396) was added to the peptide mixture and the 

microcentrifuge tube was agitated at 25
o
 C for 5 minutes to permit binding of NP and CP to the 

HAP matrix.  HAP was collected by centrifugation at 3000 x g for 1 minute and washed three 

times with 1.0 ml aliquots of 10 mM Tris-Cl at pH 8.0.   The HAP was then eluted in sequence 

with five 1.0 ml aliquots of NaCl in 10 mM Tris-Cl of increasing concentration including: 0.1 M, 

0.2 M, 0.225 M, 0.25 M, 0.5 M, 0.8 M and 1.0 M NaCl, by fully suspending the HAP 

sequentially in each of the eluents followed by collecting of the HAP by centrifugation as 

described above.  The eluents were placed on ice for 10 minutes followed by addition of 250 µl 

of 100 % TCA to each tube with thorough mixing to precipitate the peptides.  After 1 hour the 

TCA precipitates were collected by centrifugation at 10,000 x g for 10 minutes at 4˚C, the 

supernatants were removed and 1.0 ml of acetone was added to each sample.  The acetone 

precipitates were collected by centrifugation at 10,000 x g for 10 minutes at 4
o
 C, washed three 

times with cold acetone, air dried and dissolved in 40 µl of de-ionized water. Lastly, to confirm 

the purity of each sample, 5.0 µl of each sample was combined with 10 µl of AULB and the 



21 
 

samples were subjected to AUT gel-electrophoresis as described below.  After confirming the 

identity and purity of each fraction, fractions containing either pure NP or pure CP were pooled 

with similar fractions to produce working stocks for each peptide.  

Gel Electrophoresis 

Acetic acid/urea/Triton X-100 (AUT) gel electrophoresis was prepared according to 

previously published methods (Green and Do 2009) using a mini gel electrophoresis (Biorad 

Mini-Protean) gel apparatus with details provided in the figure legends.  

 Agarose gels contained 1.0% agarose and were performed as previously described (Liu et 

al 2014). The sample were run at 90 volts for 20 minutes in TAE buffer and stained with 

ethidium bromide.  SDS gels were prepared according to previously published methods (Green 

and Do 2009). 

Results 

Preparation of SpH1 peptides NP and CP 

 Figure 6 displays digestion produced two distinct bands that are present in each lane of 

the gel, which indicates that the C terminal, N terminal, and globular regions have been separated 

via digestion by the V8 protease within 15 minutes.  This method allowed for SpH1 to be 

quantitatively converted to the respective peptides NP-SpH1 and CP-SpH1.  
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Figure 6: Digestion of SpH1 histone using S. aureus V8 protease.  Lane one contains 

undigested SpH1.  Digested peptides then collected at 5, 10, 15, 20, 25, and 30 minutes of 

digestion respectively. 

 Figure 7 shows that the N-terminal peptide NP may be efficiently separated from the C-

terminal peptide CP by hydroxylapatite chromatography using an NaCl gradient as the eluent 

(Figure 7).  During the wash step and 0.1 M concentration there was no N-terminal or C-

terminal to elute off column, which indicates that hydroxyapatite was tightly binding to peptides.  

At NaCl concentrations of 0.8 M, and 1.0 M pure C-terminal was recovered.  As indicated by 

AUT gel the NaCl concentrations of 0.2 M and 0.225 M sufficiently fractionated pure N- 

terminal peptide off column. The pure N-terminal peptide fractions were combined together as 

indicated by last lane in Figure 7, and this served as the fraction used in transfection study.  

  



23 
 

 

 

Figure 7: Hydroxylapatite chromatography of NP and CP. Hydroxylapatite chromatography 

using NaCl concentrations of 0.1M, 0.2M, 0.225M, 0.25M, 0.5M, 0.8M, and 1.0M respectively. 

Top band representing C-terminal peptide and bottom band N-terminal peptide.   

Discussion 

The digestion of H1 was successfully carried out using Staphylococcus aureus V8 

protease (Sigma), which separated the N-terminal and C-terminal regions.  Staphylococcus 

aureus V8 protease cleaves peptide bonds on the carboxyl side of glutamic acid and aspartic acid 

residues when used in phosphate buffer at pH 8, but when used in ammonium acetate buffer at 

pH 5 the cleavage is selectively restricted to the carboxyl side of glutamic acid residues located 

at position 53 and 58 yielding an N-terminal peptide with 52 amino acids and a C-terminal 

peptide with 190 amino acids.   

Hydroxyapatite chromatography at moderately low NaCl concentration was sufficient for 

separating pure N-terminal peptide from C-terminal, alpha-helical, and globular regions.  It was 

expected that NP would have relatively strong binding to the hydroxyapatite column, because 

Green et al (1993) showed that the N-terminal region of SpH1 is tightly bound to DNA in sperm 

chromatin.  The hydroxyapatite chromatography column somewhat mimics DNA, in that the 

column is composed of Ca5(PO4)3(OH), with PO4 being the main portion of interest.  As seen in 
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Figure 5, the positively charged amino acids (lysine) bind to negatively charged phosphate 

groups allowing for sufficient separation from CP, which has tighter binding properties to the 

hydroxyapatite column. At higher NaCl concentrations of 0.8 M and 1.0 M the C-terminal 

peptide was successfully separated from all other regions of the histone. Sodium chloride has the 

ability at low concentrations to break the ionic bonds between basic amino acid residues and 

negatively charged phosphates by weakening the cationic exchange interactions. 

Chapter 3 

NPxPEI DELIVERY SYSTEM 

Polyethylenimine (PEI) 

 

The cationic polymer polyethylenimine (PEI) has been commonly used for non-viral 

transfection in vitro and in vivo and has an advantage over other polycations, in that it combines 

strong DNA compaction capacity (Lungwitz et. Al, 2005).  The positive charge of PEI allows for 

electrostatic interaction with the cellular membrane, which leads to receptor-mediated 

endocytosis of the polymer instead of repulsion. Branched-PEI vectors have been used in the 

deliver oligonucleotides, plasmid DNA and Epstein-Barr virus-based plasmid vectors (Kuruba et. 

al, 2009).  High molecular weight PEI polymers up to 800 kDa have been used for non-viral 

gene transfer, and they exhibit a high capability to form compact PEI-DNA complexes that lead 

to increased transfection efficiency (Godbey et. al, 1999).  The efficiency of the gene delivery 

system largely depends on the N/P ratio (refers to the ratio of the nitrogen atoms of PEI to DNA 

phosphates and simply describes the amount of polymer used for polyplex formation) and the 

zeta potential (Suh et. al, 1994).  It has been shown that every fifth or sixth amino nitrogen of the 

branched PEI is protonated and these positively charged amino groups will bind to negatively 
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charged phosphates on the DNA (Godbey 1999).  A high N/P ratio leads to increase in overall 

net positive charge, which directly increases the cell interactions and improves the uptake of 

PEI-DNA complex across the cellular membrane (Oh et. al, 2002). 

PEI has shown the ability to effectively condense DNA into colloidal particles that 

accomplish transfection into a variety of cell types, both in vitro and in vivo (Ogris et. al, 1999).  

The condensed DNA are of circular shape and have a narrow particle size distribution, which 

allows for high cellular uptake of the vector and DNA leading to high transfection efficiency 

(Coll et al. 1999).  Many factors affect the cytotoxicity profile of PEI; such as, the polymer 

molecular weight, degree of branching, ionic strength of the solution, zeta potential, and particle 

size (Kunath et al. 2003).  PEI molecular weight contributes to the toxicity mechanism by being 

associated with aggregation and adherence to the cell surface, which can elicit cell necrosis or 

cell death (Fischer et al. 1999).  Linear PEI has shown to be both less toxic and less efficient at 

condensation and transfection ability in relation to similar molecular weight branched PEI. 

Branched PEI also has higher complex stability because it has more primary amines, making the 

branched PEI vector a more suitable polymer for gene delivery (Reschel 2002).  In this study, by 

chemically crosslinking branched PEI to NP (N-t peptide) we hope to increase transfection rates 

compared to PEI alone, and to also maintain a low toxicity profile.  Figure 9 illustrates how the 

positively charged PEI-NP vector facilities cellular entry across a negatively charged membrane, 

protecting the DNA from degradation, and delivering DNA into the nucleus (Xu et. al, 2008).  In 

theory, once DNA is incorporated inside the nucleus, and following cell division the inserted 

DNA will be integrated in the new cells, showing that the NPxPEI vector could be used as a 

viable vector for gene therapy. 
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Figure 8: Electrostatic binding interaction between DNA and PEI. Electrostatic binding 

interaction between the secondary amine groups of PEI and phosphate backbone of DNA. 

 

 
Figure 9: General scheme for gene delivery. 1) DNA is condensed by chemically crosslinked 

NPxPEI. 2) After cellular uptake by receptor mediated endocytosis the NPxPEI is entrapped in a 

endosome. 3) The NPxPEI vector releases DNA, allowing the DNA to cross the nuclear 

envelope into the nucleus. (Adopted from Singh et. al, 2012) 
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Materials and Methods 

Preparation of NP-PEI, CP-PEI, NPxPEI and CPxPEI transfection vehicles. 

Preparation of NP-PEI and CP-PEI transfection vehicles.  Twenty five micrograms of 

NP or CP in 100 μl were mixed with 25 μg PEI dissolved in 10 μl of 0.05 M NaCl at 25
o
 C to 

produce NP-PEI and CP-PEI transfection reagents.  The NP-PEI and CP-PEI preparations were 

stored frozen at -20
o
 C until use.  

Preparation of NPxPEI and CPxPEI transfection vehicles.  Starting with the NP and CP 

preparations described above, 100 μl of NP and CP peptides were crosslinked to branched PEI 

(Sigma 9002-98-6) in 0.05 M NaCl using a modification of a previously published method 

(Drabick et al 1998) and the zero length crosslinker N-(3-dimethylaminopropyl)-N′-

ethylcarbodiimide hydrochloride (EDAC; Sigma Aldrich; E7750) as the crosslinking agent.  

EDAC (300 μg) was added to either the NP-PEI or CP-PEI mixtures to produce the crosslinked 

NPxPEI and CPxPEI vehicles, respectively, and the samples were placed on orbital shaker at 25
o
 

C for 2 hours.   An additional 300 μg of EDAC was then added to the samples and they were 

allowed to react for 24 hours with continuous shaking at 25
o
 C.  Unreacted EDAC was removed 

by dialysis against 0.05 M NaCl as previously described (Green et al, 1982), with one change of 

the dialysis solution. The final concentration of NPxPEI was 0.215 μg/ml and PEI was 0.408 

μg/ml as determined using the BioRad DC protein assay (catalog no. 500-0114).  

Characterization of NP-PEI, CP-PEI, NPxPEI and CPxPEI transfection vehicles. 

Assessment of DNA binding capacities of PEI, NP and NPxPEI using agarose gel 

electrophoresis. NP, PEI, and NPxPEI were characterized by evaluating their ability to bind and 
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condense plasmid pcDNA3-FLAG-β2-adrenergic receptor (FLAG-𝛽2AR) at varying 

concentrations using agarose gel electrophoresis as previously described (Liu et al. 2014).  NP, 

PEI and NPxPEI were each separately added to 1.0 μg plasmid FLAG-𝛽2AR in 200 μl of 

deionized water and allowed to bind for 15 minutes.  DNA loading buffer was added at a 1:10 

ratio and the samples were analyzed by electrophoresis in a 1.0 % agarose gel. 

Cell culture and transfection procedures 

Growth media and supplements were obtained from Mediatech (Corning, Manassas, 

VA).  Human embryonic kidney cells (HEK293) were grown 6 well plates in  at 37˚C in a 

humidified atmosphere of 5% CO2 in 3.0 mL of Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% FBS.  Each culture well medium was replaced with DMEM containing 

no FBS 30 minutes prior to transfection.  Cells grown in 6 well plates were transfected at 

approximately 90% confluency with 1.0 μg of FLAG-β2AR-DNA using varying mass ratios of 

PEI, NPxPEI, CPxPEI, NP-PEI, CP-PEI or SpH1xPEI as described in the figure legends.  The 

cultures were incubated for 6 hours to facilitate cell transfection followed by replacement of the 

medium in each culture well with 2.0 ml DMEM containing 10% FBS.  The cultures were 

incubated at 37˚C in a 5% CO2 atmosphere for 48 hours to facilitate expression of transfected 

DNA in the recipient cells.  

Immunoblotting 

 Immunoblotting was performed as described previously (Singh and Moniri, 2012).  Cells 

were washed with 1.0 ml PBS at 4˚C, lysed in 300 µl RIPA buffer (25 mM Tris-HCl  150 mM 

NaCl, 1% NP40, 1% Na deoxycholate, 0.1% SDS, pH 8.0).  Protein concentrations of the lysates 

were determined using DC Protein Assay (Bio-Rad, Hercules, CA 80066A) and aliquots of the 
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lysates containing equivalent amounts of protein were denatured by mixing with 2x Laemmli 

sample buffer (Bio Rad catalog no. 161-1747) containing 5% β-mercaptoethanol .  Sample 

volumes containing equivalent amounts of total protein were resolved by SDS–PAGE, followed 

by transfer to PVDF membranes.  The immunoblot was probed with anti-flag primary antibody 

(Sigma-Aldrich F3165) overnight at 4˚C, followed by the anti-mouse secondary antibody 

(Sigma-Aldrich, St. Louis, MO, SAB3701212) which was added for 1 hour at room temperature.  

Blots were visualized by enhanced chemiluminescence (ECL) for detection of horseradish 

peroxidase (HRP) activity (ThermoFisher Scientific).  ImageLab (BioRad) image acquisition and 

analysis software were used to visualize expression and measure expression intensity.  

FLAG-β2AR mediated cAMP accumulation 

Cyclic AMP procedure was performed as previously described (Moniri and Daaka 2007).  

HEK293 cells were transiently transfected as previously described above.  HEK293 were 

stimulated with isoproterenol (ISO) for 20 minutes.  Reactions were terminated by aspirating the 

medium, followed by addition of 200 μl of HCl (0.1 M).  Analysis by cAMP ELISA kits (Enzo 

Life Science, Farmingdale, NY, USA) and method details followed according to the 

manufacturer directions. 

Results 

  Crosslinking NP to PEI enhances transfection efficiency 

The unique structure of NP and its reversible phosphorylation contribute to efficient 

DNA delivery. NP was chemically crosslinked to PEI using a zero length EDAC linker and used 

as a transfection vehicle to deliver FLAG-β
2
AR into HEK cells and analyzed by western blot 

using ImageLab software.  The transfection results for PEI-DNA compared to NPxPEI-DNA are 

shown in Table 1. When using the tranfection vehicle NPxPEI-DNA there was approximately a 
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1.3 fold increase in the overall expression intensity at 1.0 w/w and 1.4 fold increase at 1.5 w/w 

when compared to PEI-DNA (Table 1).  The expression intensity at the concentration 0.5 w/w 

for both conditions showed similar transfection efficiencies. No transfection enhancement was 

visualized when using un-crosslinked NP-PEI, because physically mixing tends to suppress the 

transfection of DNA into HEK293 cells (Figure 10a).  It is also important to note that NP alone 

was not able to transfect FLAG-β
2
AR into HEK cells. The transfection efficiency of crosslinked 

and un-crosslinked CP was also evaluated, which shows that neither crosslink or un-crosslinked 

CP with PEI demonstrated the ability to enhance transfection of FLAG-β2AR-PCDNA into HEK 

293 cells (Figure 10a).  Cell viabilities after treatment for each condition are shown in Table 1.  

There were no significant changes in cytotoxicity observed when compared to control in most of 

the treatment groups except in PEI 1.5 w/w and NPxPEI 1.5 w/w, which had cell viabilities of 

72% and 73.6% respectively. 

Following transfection using PEI and NPxPEI complexes, the Isoproterenol-induced 

cyclic AMP formation was measured using cAMP ELISA kit. Figure 10b shows that in 

HEK293 cells, Isoprotenerol stimulates cAMP accumulation, while cAMP level remained 

relatively unchanged when Isoprotenerol wasn’t used.  When comparing PEI-DNA and and 

NPxPEI-DNA vectors, both showed the ability to increase cAMP levels in a dose dependant 

manner.  NPxPEI-DNA vector demonstrated the ability to increase cAMP levels leading to a fold 

increase of 1.2 at 0.5 w/w, 1.3 fold increase at 1.0 w/w, and 1.4 increase at 1.5 w/w when 

compared to PEI-DNA (Table 1, Figure 10b). 
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Figure 10: The effect of NP crosslinked to PEI on DNA transfection in HEK293 cells. 

Various transfection vehicles were used to deliver DNA into HEK293 cells, and their tranfection 

efficiencies were visualized by western blot analysis and quantitative analysis measured using 

ImageLab software.  Mass ratios are expressed in terms of the amount of transfection vehicle to 

DNA.  (a) Comparison of transfection efficiencies for NP, CPxPEI, NP and CP physically mixed 

with PEI, PEI, and NPxPEI complexes at mass ratio 1.5 mixed with 1.0 μg DNA.  B) The effect 

of PEI-DNA and NPxPEI-DNA on the production of cAMP.  DNA complexes stimulated with 

Isoproterenol (+) and without Isoproterenol (-).*, P < 0.05 

A 

B 
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Transfection Vehicle Cell Viability Avg. Transfection 
Expression 

Volume (Int) 

Cyclic amp Levels 
pmol/ml 

 

   - + 

Control 100±0 0 - - 

DNA  95.3±2.5 253±50.2 0.7 0.695 

NP 88±5.2 1022±77.2 - - 

CP 81.6±3.5 602±26.2 - - 

NP-PEI 85.3±5.0 574685±22265 - - 

CP-PEI  87.6±3.5 631853±27268 - - 

CPxPEI 89.0±3.4 805304±48680 - - 

PEI w/w 0.5 82.6±3.0 1907995±195884 2.5 30.2 

NPxPEI : w/w 0.5 91.0±5.5 2087125±293511 3.8 36.4 

PEI w/w  1.0 83.2±4.3 2615236±309742 2.2 41 

NPxPEI: w/w 1.0 81.3±2.6 3361647±374148 4 59.4 

PEI w/w 1.5 72.0±6.0 3394848±234428 4.4 58.1 

NPxPEI: w/w 1.5 73.6 ±7.1 4698314±103525 5.5 76.9 

Table 1. Cell viability, expression intensity and cAMP levels: Shows cell viability test for the 

various transfection vehicles post 4 hours transfection incubation. Also shown is a complete 

comparison of transfection efficiencies in terms of average volume expression intensity for NP, 

CPxPEI, NP and CP physically mixed with PEI, PEI, and NPxPEI complexes at various mass 

ratios mixed with 1.0 μg DNA. The cAMP levels for each PEI-DNA and NPxPEI-DNA 

complexes at increasing mass ratios, stimulated with Isoproterenol (+) and without Isoproterenol 

(-).  

Crosslinking NP to PEI enhances the condensation of DNA 

The gel retardation technique is based on the observation that bound DNA is retardard at 

baseline, while the two bands (open coiled and super coiled) revealed unbound FLAG-β
2
AR 

when using to agarose gel electrophoresis.  NP, PEI and NPxPEI were separately mixed with 

FLAG-𝛽2AR DNA in deionized water. After 15 minutes the ability of NP, PEI and NPxPEI to 

condense FLAG-𝛽2AR were analyzed by agarose gel electrophoresis.  The condensing ability of 

postively chared PEI, NP, and NPxPEI at various mass ratio to negativly charged DNA are 

shown in Figure 11.  Complete condensation of the open and super coiled regions of DNA 

occurs at a mass ratio (w/w) of 4.0 for NP.  PEI notably enhanced the condensing capacity to 
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DNA compared to NP, as it completely condensed DNA at 2.0 w/w for PEI.  However, when NP 

and PEI were crosslinked, DNA was completely condensed at 1.0 w/w for NPxPEI, which was 

significantly greater than both NP and PEI. The results suggest that condensation of FLAG-

β2AR DNA leads to better cellular internalization leading to enhanced transfection rates. 

 
Figure 11: Gel retardation assay. The condensation of 1.0 μg DNA by NP, PEI, and NPxPEI 

vehicles at various mass ratios. The upper band of FLAG-β2AR-DNA is the open coiled form 

and the bottom band corresponds to the super coiled form. 
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 Mass Ratio  Average size (nm) 

±SD  

Zeta potential (mV) 

±SD  

PEI  -  25±2  1.1±.9  

SpH1  -  402±2.5  21.1±1.8  

CP  -  285±2.4  15.8±2.2  

NP  -  117±1.1  13.3±0.8  

NPxPEI  -  27±1.5  9.8±2.1  

DNA  -  1727±120  -71.9±1.5  

PEI-DNA  0.5  233±9.2  -0.4±2.8  

PEI-DNA  1.0  188±6  11.6±1.1  

PEI-DNA  1.5  111±13  14±3.8  

NPxPEI-DNA  0.5  201±3.5  0.8±0.8  

NPxPEI-DNA  1.0  141±4  15.1±0.3  

NPxPEI- DNA  1.5  108±6  18.5±1.2  

Table 2: Zeta potential (mV) and size (nm). 

Discussion 

After crosslinking via EDAC and purification of NP and CP to PEI by dialysis, the 

NPxPEI complex size was 27 nm and had a positive zeta potential of 9.8 mV (Table 2).  The 

size and zeta potential for NP and PEI alone were 117 nm at 13.3 mV, and 25 nm at 1.1 mV, 

respectively.  The zeta potential average value for PEI-DNA complexes at 1.5 w/w was 14.0 mV, 

but when crosslinked with NP the average zeta potential increased to 18.5 mV.  This is not 

unexpected due to the polycationic nature of the SpH1.  Looking at Table 2, as more of the 

complex NPxPEI is added to DNA the particle size begins to decrease, which is important to cell 

permeability but to a lesser degree.  These complexes can enter cells by two major routes: 

energy-independent direct membrane translocation and energy-dependent endocytosis, or a 

combination of multiple pathways.  An increase in  zeta-potential  contributes  positively charged  

complexes that facilitates  electrostatic  interactions  with  the plasma  membrane, leading to 

better cellular internalization.   
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PEI, a low cost stable cationic polymer can introduce DNA into a host cell, because it 

condenses DNA creating a positively charged particle that binds to anionic cell surfaces.  This 

interaction causes the DNA: PEI complex to be endocytosed by the cells which then releases the 

DNA in cytoplasm.  NP alone has no transfection efficiency but when crosslinked with PEI, the 

transfection was increased compared to that of PEI.  The digestion of H1 was successfully 

carried out using Staphylococcus aureus V8 protease (Sigma), which separated the N-terminal 

and C-terminal region.   

Transfection complexes can enter cells by two major routes: energy-independent direct 

membrane translocation and energy-dependent endocytosis, or a combination of multiple 

pathways.  The ability to compact and neutralize DNA facilitates electrostatic interactions with 

the plasma membrane, leading to better cellular internalization.  PEI alone is known as an 

effective non-viral vector because it has the ability to transfect DNA into various cell lines 

(Boussif et. al, 1995; Coll et al. 1999).  The aims were to chemically crosslink the N-terminal 

peptide to PEI, and investigate if transfection efficiency is increased when compared to PEI 

alone.  NP alone and NP-PEI physical mixing with FLAG-β2AR DNA showed no increase in 

transfection efficiency.  This lack in transfection efficiency could be contributed to NP 

obstructing the electrostatic interaction of PEI with the cellular surface of the cell.  Results also 

confirmed that C-terminal peptide when physical mixed or chemically crosslinked to PEI showed 

suppressed transfection rates (Figure 10a, Table 1).  This could be due to the fact the C-terminal 

region does not condense and pack DNA for cellular uptake when chemically crosslinked with 

PEI. The C-terminal peptide could also interfere with the interactions with cellular membrane 

causing repulsion instead of uptake.  
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NP is sufficient at binding and compacting DNA but lacks transfecting ability, which can 

either be contributed to electrostatic interactions or because HEK293 cells lack histone-like 

receptors.  Future studies can focus more on the transfection ability of NP alone on cell lines that 

have histone-like receptors.   Results indicate that when crosslinked NPxPEI are used to transfect 

FLAG-𝛽2AR DNA, there were higher transfection rates than when PEI and NP were physically 

mixed. The transfection expression for 1.0 w/w PEI-DNA and 1.0 w/w NPxPEI-DNA remained 

similar, but at 1.0 w/w and 1.5 w/w NPxPEI-DNA there was 1.3 and 1.4 fold increase, 

respectively when compared to PEI-DNA complex.   The production of cyclic AMP in Table 1 

agrees with the transfection data, in that, the amount cAMP produced increases in a dose 

dependent manner as the mass ratio of NPxPEI is increased.    

Conclusion 

NP increases the DNA transfection efficiency with minimal cytotoxicity when 

crosslinked with transfection agent PEI.  Certain factors prevent NP alone from delivering DNA 

across the cell membrane, which is why NP must be used with PEI.  Due to its natural ability to 

bind and condense DNA, along with enhanced transfection ability when crosslinked with PEI-

DNA, the NPxPEI-DNA complex makes an attractive non-viral vector in vaccine development 

and gene therapy. 
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Chapter 4 

ABSTRACT 

Cancer is the second leading cause of death in the United States and accounts for 25% of deaths, 

which are roughly 1,600 deaths per day, and almost 587,000 deaths per year. Cells become 

cancerous due either to changes to their DNA or epigenetic alterations that cause misregulation 

of histone modifications. The acetylation alterations of H2A, H2B, H3, and H4 histone were also 

screened by two-dimensional gel electrophoresis. The retinoblastoma binding protein 2 (RBP2), 

a histone demethylase belongs to the JARID1 protein family and is known to demethylate the 

H3K4 methyl groups. First, Wbras and H2009 cells lines will be screened for expression of 

RBP2 by western blot analysis. The histone deacetylation drugs, Vorinostat, MS-275 and 4-

Phenyl-3-Butenoic Acid (PBA) were used at varying concentrations ranging, to test its effect on 

the expression of RBP2 and H3K4 methylation marks in H2009 and WBras1 cells. Results 

indicate that PBA showed the ability to increase covalent histone modification of H3, H4 and 

H2B in WBras1 cells while only modifying H3 and H4 in H2009 cells, and very similar 

migration patterns can be seen with it structurally similar compound Vorinostat (SAHA). RBP2 

expression was decreased when treated with MS-275, SAHA and PBA, which lead to an increase 

in H3K4me2 and H3K4me3 expression.  

EFFECT OF PBA, SAHA AND MS-275 ON HISTONE ACETYLATION 

INTRODUCTION 

Cancer is mostly referred to as a genetic disease that causes changes to genes that control 

cellular function, which can lead to uncontrollable cell division causing abnormal tumor growth.  

An estimated 1,685,210 new cases of cancer will be diagnosed in the United States and 595,690 

people will die from cancer in 2016 (Cooper 2000).  The cell cycle of normal cells is controlled 
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by a series of signaling pathways by which a cell grows and replicates its DNA and divides 

(Nasheuer et. al, 2002).  The G1 and S checkpoints are important in that it determines whether or 

not the cell will replicate its DNA (Iliakis et. al, 2003).  Cells with intact DNA continue from G1 

to S phase, but cells with damaged DNA that cannot be repaired are arrested and are eliminated 

through apoptosis (Pucci et. al, 2000).  In cancer cells, usually from genetic mutations, the 

regulatory process malfunctions (G1, S, G2, or M checkpoints) and this can result in 

uncontrolled cell proliferation (Velez and Howard, 2015).  Errors in these instructions can cause 

the cell to discontinue its normal function and cause a cell to become cancerous. 

The characteristics of cancer comprise six biological capabilities acquired during the 

development of human tumors.  These characteristics are known as hallmarks of cancer, and they 

include: inducing angiogenesis, sustaining proliferative signaling, resisting cell death, evading 

growth suppressors, enabling replicative immortality, and activating invasion and metastasis 

(Hanahan and Weinberg 2011).  These hallmarks can be induced by genetic mutations and also 

epigenetic alterations that can activate oncogenes and inactivate tumor suppressor genes 

(Hanahan and Weinberg 2011). 

 

Epigenetic regulations and genetic mutations are acquired during the life of an individual 

and accumulate with aging.  Both types of events, either individually or in cooperation, can result 

in the loss of control over cell growth and development of cancer.  Epigenetics changes can be 

the result of environmental changes; such as, diet, smoking, pesticides and stress have all been 

linked to causing epigenetic modifications that can lead to certain to disease states (Hou et. al, 

2012).  For example, tobacco cigarettes cause histone demethylation that induces abnormal 
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expression of SNCG gene in lung cancer cells through downregulation of DNMT3B (Liu et al. 

2005). 

There are many treatments for cancer, including surgery, chemotherapy, radiation 

therapy, targeted therapy, immunotherapy, stem cell transplant, hyperthermia and photodynamic 

therapy.  There are many drugs currently used for chemotherapy treatment of cancer and drug 

research has led to the development of medication that target signaling pathways that are 

activated or deregulated in cancer cells (Hanahan and Weinberg 2011).  Even though drug 

therapy has vastly improved, there is still a need for new therapeutic agents.  Drug resistances, 

failure of drug candidates and new molecular targets have all led to the need for more cancer 

research.  In part 2 of the dissertation, we investigate the ability 4-phenyl-3-butenoic acid (PBA) 

to covalently modify core histones, and examine its ability repress the expression of the histone 

demethylase retinoblastoma binding protein-2 and effect on methylation of histone H3 at lysine 

4. 

HDAC inhibitors 

The use of drugs for the inhibition of HDACs is a may be a method for reducing 

epigenetic histone methylation contributing to various disease states.  The basic mechanistic 

approach for these inhibitors is to interfere with the catalytic domain of HDACs, blocking 

substrate recognition and preventing the deacetylation of nucleosomal histones that usually are 

found at expressed genes and in other regions of the genome (Singh et al, 2010).  In addition to 

current clinical trials of various forms of cancer, a wide range of HDAC inhibitors has shown to 

reduce in vitro cell growth of multiple myeloma and induce apoptosis in both myeloma cell lines 

and primary patient cells (Mottamal et. al, 2015). 



47 
 

 

4-phenyl-3-butenoic acid (PBA) was isolated from culture broth of Streptomyces 

koyangensis Strain VK-A60 and shows anti-fungal activity against pathogenic fungi (Lee et al 

2005).  PBA has been shown to decrease lung cancer cell proliferation by inhibiting the synthesis 

of growth factors by acting as an irreversible inhibitor of peptidylglycine alpha-amidating 

monooxygenase (Bradbury1990).  This compound has also shown the ability to inhibit growth, 

increase gap junction intercellular communication and modulate activation of p38 mitogen-

activated protein kinase and c-jun n-terminal kinase in tumorigenic cells (Matesic et. al, 2012). 

 

Figure 12: Structure for 4-phenyl-3-butenoic acid (PBA) 

 

Vorinostat (suberoylanilide acid, or SAHA) is an anticancer agent that is classified as a 

histone deacetylase, and is structurally similar to PBA.  Vorionstat is a class I, II, and IV histone 

deacetylase inhibitor, enzymes that are epigenetic regulators via deacetylation of histones 

(Jayathilaka 2012).  The HDAC inhibitor Vorinostat also blocks cancer cell proliferation both in 

vitro and in vivo with minimum or no toxicity to non-cancerous cells.  Vorinostat inhibits HDAC 

activity by binding to the pocket of the catalytic site, and this action allows the hydroxamic acid 

moiety of vorinostat binds to a zinc atom allowing the rest of the molecule to lie along the 

surface of the HDAC protein (Marks et. al, 2005).  Almost all HDAC inhibitors, including 

SAHA have a similar structure consisting of a capping group that is usually solvent-exposed and 

a carbon linker that is surrounded by a hydrophobic tunnel, and a metal binding moiety that is 

buried in the protein active site (Finnin et. al, 1999).  SAHA causes alterations in the 
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transcription of many different genes via acetylation of histones and transcription factors, as well 

as non-transcriptional effects; for example, cell cycle arrest via inhibition of mitosis (Marks et. 

al, 2004).  Vorinostat produced a high degree of inhibiting the proliferation of lymphoma and 

leukemia cells, including Burkitt B-cell acute lymphoblastic leukemia, Mantle cell lymphoma , 

Diffuse large B-cell lymphoma, Adult T-cell leukemia/lymphoma and T-cell (Sakajiri et. Al, 

2005).  Vorinostat is marketed under the trade name Zolinza and is second and third line therapy 

for cutaneous manifestations of T-cell lymphoma (Mann et. al, 2007). 

A human prostate cancer showed high susceptibility to SAHA-induced cytotoxicity, 

which shows CWR22 human prostate xenografts that were dosed with 25, 50, and 100 

mg/kg/day with SAHA showed a reduction by 78%, 97%, and 97% in tumor growth volume,  

when compared to control (Bulter et. al, 2000; Kelly et. al, 2002).  Both groups also showed 

significant increases in acetylated histones H3 and H4 at 6 hours post-treatment, with 50 

mg/kg/day also have noticeable increase in acetylation after 12 hours (Bulter et. al, 2000; Kelly 

et. al, 2002).  Experiments and clinical trials have demonstrated the anticancer action of SAHA 

in vivo, due to the accepted mechanism of HDAC inhibition, and SAHA increasing acetylation 

of histones in many patients and achieved moderate efficacy against cutaneous T-cell lymphoma. 

 

Figure 13: Structure of Vorinostat (SAHA) 

 

Entinostat or MS-275, is a derivative of 2-aminophenyl benzamide that an inhibitor of 

histone deacetylases (HDACs) that inhibits HDAC1 and HDAC3, HDAC8 (Hu et al. 2003).  
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MS-275 has also shown in vitro anti-proliferative activity of many cancers, such as leukemias 

and breast, colon, lung and prostate cancers.  Recent studies suggest that MS-275 may be 

particularly useful as an antineoplastic agent when combined with other drugs, such as 

adriamycin, which is used in the treatment for acute lymphoblastic leukemia, breast cancer and 

non-hodgkin lymphoma (Xu et al. 2008).  The mechanism of action of Entinostat its reversing 

acquired resistance did not involve epigenetic silencing, but rather it induces post-translational 

and transcriptional modulation of the protein Her-2 (Sabnis et. al, 2011).  Entinostat treatment 

also reduces the association of the Her-2 protein with heat shock protein-90, by reducing the 

stability of the Her-2 protein (Sabnis et. al, 2011).  

Entinostat is the first histone deacetylase inhibitor to be discovered with oral anticancer 

activity that has found to be associated with increased expression of CDKI p21CIP1/WAF1 and 

accumulation of cells in G1-phase in various preclinical models (Saito et. al, 1999).  In 

hematological malignancies, Entinostat is associated with the activation of death receptor 

pathways through induction of TNF-related apoptosis-inducing ligand (TRAIL) and FasL as well 

as upregulation of co-stimulatory molecules such as 4-1BBL (Vire et. al, 2009).  Entinostat is 

currently under investigation as an immunosuppressive drug, because in rodent models with 

rheumatoid arthritis, Entinostat was able to mediate growth arrest of rheumatoid arthritis 

synovial fibroblasts, promoting inhibition of pro-inflammatory cytokines and NFκB signaling, 

and down-regulate angiogenesis and matrix metalloproteinases ( Choo et. al, 2010). 
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Figure 14: Structure of Entinostat (MS-275) 

Materials and Methods 

WBras1 cells were derived from WBF344 rat epithelial cells and H2009 human lung 

tumor cells were provided by Dr. Matestic Lab at Mercer University. The HDAC inhibitor 

Entinostat (MS-275) was purchased from Cayman Chemicals.  RPMI-1640 and Alpha 

Modification of Eagle’s Medium were purchased from Mediatech (Corning, Manassas, Va).  

Trypsin, Coomassie blue R-250 stain, phenylmethylsulfonyl fluoride (PMSF) and L-glutamine 

were purchased from Sigma Aldrich (St. Louis, MO).  Retinoblastoma binding protein-2 (Santa 

Cruz Biotechnology # sc-98358), H3K4 mono-methylated (Abcam # ab106165), H3K4 di-

methylated (Cell Signaling Technology, Inc #9725), H3K4 tri-methylated (Cell Signaling 

Technology, Inc #9751) and acetylated lysine (Cell Signaling Technology, Inc# 9441).  

Enhanced chemiluminescence (ECL) was the substrate of choice for detection of horseradish 

peroxidase (HRP) activity (ThermoFisher Scientific). 

Human lung tumor cells were grown in RPMI-1640 medium supplemented with 2 mM L-

glutamine and 10% fetal bovine serum and used between 50-66 passages.  WBras1 cells or rat 

epithelial cells were grown in Alpha Modification of Eagle’s Medium with 2 mM L-glutamine 

and 5% fetal bovine serum. G418 antibiotic was added to the Alpha Modification of Eagle’s 

Medium for culturing cells at a concentration of 500 μM. 

Drug Treatment  
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 Vorinostat (SAHA) was prepared in DMSO, 4-Phenyl-3-Butenoic Acid (PBA) prepared 

in H2O and Entinostat (MS-275) was prepared in DMSO.  H2009 and WBras1 cells were grown 

to approximately 80% confluency in 100 mm dishes and treated with control (H2O or DMSO), 4-

Phenyl-3-Butenoic Acid (0.20 mM to 1.0 mM), Vorinostat (0.5μM to 2.0 μM), and Entinostat 

(0.5μM to 2.0 μM).  Cell lines were treated with HDAC inhibitors for 4 hours. 

Isolation of Core Histones 

After treatment H2009 and WBras1 cells were placed on ice and lysed in lysis buffer 

(0.15 M NaCl, 10 mM Tris-cl, pH 8.0) containing 0.5% Triton-X100 and 1 mM 

phenylmethylsulfonyl fluoride (PMSF) for histone isolation.  Nuclei were then collected by 

centrifugation at 8,000 x g for 5 minutes and the nuclear pellet was suspended in APB containing 

0.5 mg/ml protamine sulfate, and 0.4 M sulfuric acid.  This mixture will be allowed to react 

overnight at 4°C to efficiently extract histones H1, H2A, H2B, H3 and H4.  TCA was added to 

sample at ¼ volume and placed on ice for 2 hours. Samples were centrifuged at 14,000 x g for 8 

minutes and supernatant removed.  Acetone was added to pellet and placed at -20˚C overnight. 

Samples were centrifuged at 14,000 x g for 10 minutes, supernatant removed and pellet was 

dissolved in acid urea loading buffer. 

Two-Dimensional Gel Analyses  

Two-dimensional polyacrylamide gel electrophoresis was performed as previously 

described (Green and Do, 2010) to measure covalent modifications.  Briefly, samples were 

loaded into separate lanes on the first dimension gel contained AUT gel (acetic acid/urea/Triton 

X-100 ) consisting of 12% polyacrylamide, 5% acetic acid, 6 mM Triton X-100 and 6.0 M urea. 

The gel was run until the crystal violet marker dye reached the bottom of the gel.  Next, the gel 

was then briefly stained with Coomassie blue R-250. For second dimensional electrophoresis, the 
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AUT gel lanes cut and laid on top of AU gel (acetic acid/urea) consisting of 12% acrylamide, 5% 

acetic acid and 8 M urea.  After, AU electrophoresis the second dimension gel was stained in 

Coomassie blue R250 (0.05% Brilliant Blue, 20% ethanol, and 5% acetic acid).  After 24 hours 

the gels were destained in 20% ethanol, 0.5% acetic acid, dried between two cellophane sheets 

and scanned using ImageLab software. 

Western (Histone) Blot 

Following histone isolation samples were ran on AUT gel (12% polyacrylamide, 5% 

acetic acid, 6 mM Triton X-100 and 6.0 M urea).  The western blot for histone transfer was 

performed as previously described (Green and Do, 2009).  The unstained AUT gel was washed 

in gel transfer buffer (0.7% HAc) for 30 minutes to remove Triton X-100.  PVDF membrane was 

then activated using 100% methanol and equilibrated for 15 minutes in gel transfer buffer.  A 

semi transfer method was used and for acetic acid-based transfers, with the AU gel oriented 

toward the positive electrode and the blotting membrane toward the negative electrode (Green 

and Do, 2009).  After transfer at 100 mA for 60 minutes, the membrane was washed in H2O, 

stained with Ponceau Red for 5 minutes to ensure equal lane loading and again washed with 

H2O.  Membrane was blocked using 5% nonfat dry milk in 40 mM Tris buffer at pH 7.5 for 1 

hour.  Blot was probed with the aceylated lysine antibody (Cell Signaling Technology, Inc # 

9441) overnight at 4°C.  After incubation blot was probed with an anti-rabbit secondary antibody 

(Cell Signaling Technology, Inc #7054) for one hour and developed using chemiluminescent 

detection on ImageLab software. 

Results 

SAHA increases covalent histone modification in H2009 and WBras1 cells 
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SAHA treated cells were analyzed by electrophoresis using high resolution two dimensional 

polyacylamide gels (AUT/AU).  Modified core histone species are indicated by the lower case 

type (b,c,d,e,etc), and are observed in both H2009 and WBras1 cells lines (Figure 15 and Figure 

16).  These modified spots are an indication of covalent histone modifications, which can be 

contributed to acetylation or phosphorylation.  SAHA increases histone modifications of H3 and 

H4 in H2009, while H3, H2B and H4 were increased inWBras1 cells lines.  Even though both 

cell lines showed similar migration patterns, WBras1 cells were more extensively modified at H4 

and H2B after SAHA treatment.  

 

Figure 15: 2D Gel Electrophoresis: SAHA treatment on H2009 cells. Effect of SAHA dose 

dependent treatment on histone modification in H2009 cells using two-dimensional 

polyacrylamide gel electrophoresis (AUT/AU). 
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Figure 16: 2D Gel Electrophoresis: SAHA treatment on WBras1cells. Effect of SAHA dose 

dependent treatment on histone modification in WBras1 cells using two-dimensional 

polyacrylamide gel electrophoresis (AUT/AU). 

MS-275 increases covalent histone modification in H2009 and WBras1 cells 

Results indicate that MS-275 has differing effects on histone modifications in H2009 and 

WBras1 cells (Figure 17 and Figure 18).  Using MS-275 on WBras1 cells, there were 

modifications of the histone H3 and H4 but had no effect on H2B in H2009 cells.  Using the 

same HDAC inhibitor, there were modifications of the histone H3, H2B  and H4 in WBras1 

cells. 

 



55 
 

 

Figure 17: 2D Gel Electrophoresis: MS-275 treatment on WBras1 cells. Effect of MS-275 

dose dependent treatment on histone modification in H2009 cells using two-dimensional 

polyacrylamide gel electrophoresis (AUT/AU). 
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Figure 18: 2D Gel Electrophoresis: MS-275 treatment on H2009 cells. Effect of MS-275 dose 

dependent treatment on histone modification in WBras1 cells using two-dimensional 

polyacrylamide gel electrophoresis (AUT/AU). 

PBA increases covalent histone modification in H2009 and WBras1 cells 

AUT/AU two dimensional gels show that PBA increased histone modification in a dose 

dependent manner (Figure 19 and Figure 20).  PBA increases histone modifications of H3 and 

H4 in both H2009 and WBras1 cells in a very similar manner.  The only noticed difference is 

that PBA modified the H2B histone in WBras1 cells, while the H2B histone in H2009 cell line 

remained relatively unchanged. Changes in migration pattern can also be seen as early as 0.2 
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mM.  Additionally, PBA treatment produced two dimensional (AUT/AU) gel histone migration 

patterns similar to that of its structurally similar counterpart SAHA for histone H3 and H4. 

 

Figure 19: 2D Gel Electrophoresis: PBA treatment on H2009 cells. Effect of PBA dose 

dependent treatment on histone modification in H2009 cells using two-dimensional 

polyacrylamide gel electrophoresis (AUT/AU). 
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Figure 20: Gel Electrophoresis: PBA treatment on WBras1cells. Effect of PBA dose 

dependent treatment on histone modification in WBras1 cells using two-dimensional 

polyacrylamide gel electrophoresis (AUT/AU). 

 

HDAC Inhibitors Increases Histone Acetylation 

            Western blot analysis shows that PBA, MS-275, and SAHA increased acetylation of 

histone H3 after 4 hour treatment in H2009 cells (Figure 21).  These same HDAC inhibitors also 

had a similar effect on WBras1 cells, by increasing lysine acetylation of histone H3 in a dose 

dependent manner.  The western blots confirm that the two dimensional gel histone migration 

pattern shift for histones following treatment with SAHA, PBA, and MS-275, correspond to an 

increase in histone lysine acetylation for H3. 
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Figure 21: Effect of HDAC inhibitors on histone acetylation using H2009 cells. Shows effect 

of PBA , MS-275, and SAHA on histone acetylation using Western blot analysis.  H2009 cells 

were treated for 4 hours and histones were isolated as previously described, and run on AUT gels 

and probed with acetylated-lysine antibody.  

 

Discussion 

In this study, we showed that PBA alters histone modification in WBras1 rat tumorigenic 

cells and in H2009 human lung carcinoma cells using two dimensional (AUT/AU) gels.  Even 

though PBA modified histones in a similar fashion as SAHA, it took a higher dose of PBA to 

reach that same therapeutic effect as SAHA.  PBA an inhibitor of peptidylglycine alpha-

amidating monooxygenase, showed the ability to increase covalent histone modification of H3, 

H4 and H2B in WBras1 cells, which showed very similar migration patterns as SAHA. MS-275 

was used as a positive control and it was found that it covalently modifies H3, H4, and H2B in 

WBras1 cells, but modifies only H3 and H4 in H2009 cells.  This difference can be contributed 

to MS-275 having differential effects on HDAC enzymes in H2009 and WBras1 cells.  This high 

resolution two dimensional polyacrylamide gel electrophoresis system may be used as a 

screening method to detect covalent histone modifications induced by HDAC inhibitors. 

To test whether the covalent modifications observed in two dimensional polyacrylamide 

gels corresponded to acetylation, a western blots analysis system incubated with an acetylated 

lysine antibody was utilized.  Covalent modification can be acetylation, methylation, 
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ubiquitination, or phosphorylation, so it was important to investigate if these HDAC inhibitors 

have an effect on acetylation.  Western blot analysis showed that PBA, MS-275, and SAHA 

increased acetylation of histone H3 after 4 hour treatment in H2009 and WBras1 cells.  This can 

be contributed to PBA minimally modifying H2B, causing modified core histone species to 

overlap when ran on this two dimensional polyacrylamide gel system.  When examining the 

western blot in Figure 21, it can be concluded that these histone modifications observed on the 

two dimensional polyacrylamide gels are linked to H3 lysine acetylation.  
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Chapter 5 

CROSS-TALK MECHANISM BEWTEEN HDAC INHIBITORS AND HISTONE 

METHYLATION 

INTRODUCTION 

Retinoblastoma Binding Protein 2 

The JARID enzymes belong to the JmjC-containing class of histone demethylases.  The 

two subgroups even though very similar, can be distinguished from one another, JARID1 and 

JARID2. JARID1 subgroup is formed by histone demethylases that specifically remove dimethyl 

and trimethyl marks from H3K4 (Christensen et al. 2007; Lee et al. 2007).  Four members exist 

in mammals: JARID1A (KDM5A/RBP2), JARID1B (KDM5B/PLU1) and the two highly 

homologous proteins JARID1C (KDM5C/SMCX) and JARID1D (KDM5D/SMCY) (Klose et al. 

2006).  These four proteins contain the catalytic JmjC domain responsible for histone 

demethylation and the JmjN domain which is important for maintaining the structural integrity of 

the adjacent JmjC domain (Chen et al. 2006; Iwase et al. 2007).  JARID1 members contain an 

AT-rich-interacting domain (ARID) also known as the BRIGHT domain and a C5H2C zinc 

finger.  AT-rich interacting domain is mainly responsible for cell proliferation, development, 

differentiation, and chromatin structure.  The four JARID1s have a plant homeodomain-

associated protein domain (PHD) which is a protein-protein interaction domain and a histone-

methyl-lysine binding motif (Wysocka et al. 2006).  The JARID1 family differs in the number of 

PHD domains; JARID1A and 1B contain three and JARID1C and 1D two PHDs (Figure 23).  

JARID family removes methyl groups from lysine by Jumonji C (JmjC)-driven demethylase 

reaction proceeds through the oxidative decarboxylation of α-ketoglutarate coupled to 
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hydroxylation of the methylation group.  This hydroxylated intermediate spontaneously 

decomposes to produce formaldehyde and a lysine from which one methyl group is removed.  

 

Figure 22: Phylogenetic tree of Jumonji C (JMJC) domain-containing proteins. List of 

JMJM demethylation enzymes and their specific methylation level ( Hojfeldt et. al, 2013) 

 
Figure 23: Structure of JARID proteins. There are two subgroups of JARID proteins in higher 

eukaryotes: JARID1 and JARID2.  The JARID1 subgroup contains in addition to the catalytic 

JmjC (purple) domain, JmjN (blue), AT-rich interactive (gray), C5HC2-zinc-finger (green) and 

PHD-finger domains (red). (Adopted from Lloret-Llinares et. al, 2008) 
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The retinoblastoma binding protein (RBP2) is a histone demethylase that has been shown 

to promote gastric cancer cell growth and is enriched in drug-resistant lung cancer cells (Teng et 

al. 2013).  RBP2 and VEGF were both overexpressed in human gastric cancer tissue, with 

greater microvessel density (MVD) and cell proliferation as compared with normal tissue (Li et. 

al, 2014).  In gastric epithelial cell lines, RBP2 overexpression significantly promoted the 

expression of VEGF and the growth and angiogenesis of the cells, while RBP2 knockdown had 

the reverse effect (Li et. al, 2014).  RBP2 directly bound to the promoter of VEGF to regulate its 

expression by histone H3K4 demethylation (Li et. al, 2014). 

RBP2 is one of the first two genes that were cloned based on their ability to interact with 

the Rb or retinoblastoma bind pocket domain (Defeo-Jones et. al, 1991).  The retinoblastoma 

binding gene is commonly deleted or mutated in many different human cancers, notably bilateral 

retinoblastoma, in which most cases result from a germline mutation in one Rb allele and 

acquisition of somatic mutations in the second (Knudson, 1977).  The activity of RB family 

members is governed by the regulation mechanisms, including cell-cycle dependent expression, 

localization, stability, interaction with regulatory proteins, post-transcriptional and post-

translational modifications (Sionov et. al, 1999).  The RB family are all nuclear phosphoproteins 

and they can be distinguished by their cell-cycle-dependent expression profile and protein levels.  

The p107 protein becomes the most prominent member of the RB family from late G1 to G2/M 

and its expression is strictly regulated by the E2F-dependent promoter (Stiegler et al., 1998), but 

p107 is not found in G0 stage or differentiated cells nevertheless it accumulates as cells enter the 

cell cycle (Nevins, 1998).  

RBP2 activation has been found to be present in cancer lines such as; lung, colon and 

leukemia (Kim et. al, 1994).  RBP2 was first found to contain 3 regions: AT-rich interacting 
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domain (ARID), a zinc finger located near the N-terminus and a region of homology to the 

homeobox domain of the engrailed family of homeotic genes (Fattaey et al., 1993).  In recent 

years, further research has led to discovery of C-terminus, which was found by the experiment 

linking RBTN2 to interact with the C-terminus of RBP2 (Fattaey et al., 1993).  RBP2 mechanism 

of action according to Hamamoto et al. (2015) is that it acts as Jumonji C (JmjC)-driven 

demethylase, and its reaction proceeds through the oxidative decarboxylation (carboxylate group 

is removed) of α-ketoglutarate (C5H6O5 )coupled to hydroxylation of the methylation group.  

This hydroxylated intermediate spontaneously decomposes to produce formaldehyde and a lysine 

from which one methyl group is removed.  An important characteristic of RBP2 and other 

histone methylases is the ability to bind Fe (II) ion.  By this mechanism RBP2 can remove 

methyl groups from di-methyl and tri-methyl marks off H3K4.  Based on the fact that studies 

have linked RBP2 to contributing to tumorigenesis, it makes RBP2 a potential target for cancer 

therapy. 

H3K4me2/me3 

 

Core histones H2A, H2B, H3, H4 and the linker histone H1 together form the major 

protein component in chromatin.  Both H3 and H2A have highly conserved variants, H3.1,H3.3, 

H2AX and H2AZ each with specialized functions (Redon et al., 2002).  The globular domains 

and N-terminal tails of core histones are variable and unstructured; for instance, they are very 

rich in lysine and arginine residues, which is why they are extremely basic (Bradbury et al., 

1975).  The N-terminal histone tails are sites for post-translational modifications that can modify 

its charge, alter the accessibility of the DNA, and protein-protein interactions within the 

nucleosome.  Histones play an important role in replication, transcription and genetic 

recombination. 
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  The discovery of the first H3K4 demethylase, lysine-specific demethylase 1A, which is 

part of the JARID1B family, revealed that histone methylation is a reversible process (Shi et al. 

2004).  LSD1 and other histone demethylase recognize methylated histones by identifying 

proteins with methyl-binding domains 13, including PHD fingers (Wysocka et al. 2006).  H3K4 

can be monomethylated (H3K4me), dimethlyated (H3K4me2), or trimethylaed (H3K4me3) 

(Figure 24). 

 

Histone H3 has been shown to be dimethylated at lysine 4.  The addition of the dimethyl 

modification to the histone tail is mediated by a histone methylatransferase (HMT) enzyme 

called Set1 (Briggs et al 2001).  Briggs et al (2001) also showed that Set1 methylation of H3 

lysine 4 is required for the repression of RNA polymerase II, which then leads to normal cell 

growth and transcription silencing.  Methyl groups can be removed by family of histone 

demethylases called JARID family. 

 

Histone H3 has also been shown to be trimethylated at the lysine 4 residue.  

Trimethylation at this site has been liked to transcription activation and DNA damage response.  

The enzymes Set1 and Set7/9 are HMT that are involved in the trimethylation of H3K4.  Cells 

that are unable to methylate H3K4 display a defect in the double strand break repair by non-

homologous end joining (Faucher and Wellinger 2010). 
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Figure 24: Shows the chemical structure for Lysine in its mono, di, and tri methylated form 

 

 

Mechanism of Histone Demethylation  

Lysine methylation was thought to be an irreversible modification because the strong 

nature of the carbon-nitrogen covalent bond but this notion was eradicated with the discovery of 

the first lysine demethylase enzyme called lysine specific demethylase 1 or LSD1,which 

catalyzes the demethylation of H3K4me2 and H3K4me1 has been reported to demethylate non-

histone substrates such as p53 (Shi et. al, 2004;Tsia et. al 2008; Huang et.al, 2007).  Lysine 

specific demethylase enzymes are FAD-dependent monoamine oxidases that oxidize the amino 

group of the methylated lysineto generate an imine intermediate (Forneris et al 2005).  This 

intermediate spontaneously hydrolyzes to release formaldehyde and hydrogen peroxide is also a 

by-product of this reaction and is formed by the reoxidation of FAD by molecular oxygen (Shi 

et. al, 2004).  They can also catalyze the demethylation of -mono and -di methylated lysines, but 

the need for protonated nitrogen stops them from demethylating trimethylated lysines (Shi et al, 

2004 ; Cloos et. al, 2008). 

This Jumonji C (Jmj-C) class of histone demethylases operates by using a Fe (II)- and 2-

oxoglutarate-dependent deoxygenation (Ozer and Bruick, 2007).  The mechanism for LSD1 and 
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Jmj-C demethylation is shown in Figure 25c.  By analogy with other dioxygenases catalyzed by 

Fe (II)- and 2-oxoglutarate-dependent dioxygenases, these Jmj-C enzymes likely proceed 

through a radical mechanism involving an iron oxo intermediate (Ozer and Bruick, 2007).  A 

quaternary complex containing Fe (II), 2-oxoglutarate, and substrate bound to the enzyme active 

site reacts with molecular oxygen. An electron transferred from iron then generates a superoxide 

radical that attacks carbon number 2 of 2-oxoglutarate to form a covalent linkage between the Fe 

(IV) and 2-oxoglutarate (Anand and Marmorstein 2007).  Decarboxylation of the activated 2-

oxoglutarate intermediate produces succinate and CO2 with the concomitant formation of an Fe 

(IV)-oxo intermediate(Anand and Marmorstein 2007).  This Fe (IV) intermediate is then reduced 

upon by a hydrogen atom from the methyl group of the substrate, in the process generating a 

hydroxylated carbinolamine that spontaneously produces formaldehyde while regenerating the 

active Fe(II) (Anand and Marmorstein 2007).  One important aspect of the Jmj-C catalytic 

mechanism is that it does not require protonated nitrogen for activity and is capable of efficiently 

demethylating trimethylated lysine residues, which is different from the LSD1 mechanism that 

requires a protonated nitrogen (Anand and Marmorstein 2007).  

  Lysine methylation is the process of adding methyl group on the amino acid lysine as 

shown in Figure 25a.  The enzymes that add the methylation mark on lysine residues are named 

lysine methyltransferases (KMTs).  Lysine methyltransferases catalyze mono-, di-, or tri-

methylation by transferring one, two, or three methyl groups from S-adenosyl-L-methionine to 

the ε-amino group of a lysine residue(Zhang 20102).  Lysine methyltransferases 1A and 1B are 

the first SET domain-containing KMTs identified, and they are the dominant enzymes generating 

H3K9 trimethylation (H3K9me3) at heterochromatin transcriptionally silent chromatin domain 

(Rice et. al, 2003).  Protein lysine methyltransferases are proteins that catalyze monomethylation, 

http://www.jbc.org/content/282/49/35425.long#sec-6
http://www.jbc.org/content/282/49/35425.long#sec-6
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dimethylation and trimethylation of the lysine epsilon-amino group in an S-adenosyl-L-

methionine (AdoMet)-dependent manner.  Protein lysine methyltransferases consist of two main 

classes: the Su(var)3-9, Enhancer-of-zeste and Trithorax domain-containing family and the 

DOT1L family(Hamamoto et. al, 2015).  For methyl transfer to occur the epsilon-amine of the 

lysine substrate must be deprotonated, allowing the AdoMet and the lysine residue of the 

substrate to bind to the catalytic pocket of the SET domain which deprotonates the epsilon amine 

group of the lysine residue (Hamamoto et. al, 2015).  The lysine chain then makes a nucleophilic 

attack on the methyl group on the sulphur atom of the AdoMet molecule, which then transfers 

the methyl group to the lysine side chain, and this process results in the formation of an epsilon-

N-methylated lysine and AdoHcy (Hamamoto et. al, 2015).  
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Figure 25. The chemical mechanism of protein lysine methylation. (Hamamoto et. al, 2015) 

 

Materials and Methods 

The target proteins and commercial sources of antibodies used in the study were as 

follows: H3K4Me2, H3K9Me3, H3 antibody, β-actin, and anti-rabbit IgG HRP-linked antibody 

(Signaling Cell Technology, Inc., Danvers, MA); H3K4me (Abcam), retinoblastoma binding 

protein (RBP-2) (Santa Cruz Biotechnology, Santa Cruz, CA).  For enhanced 
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chemiluminescence Pierce ECL Western Blotting Substrate 50 mL kit was purchased from 

Thermo Fisher Scientific Inc. 

Drug Treatment  

Vorinostat (SAHA) was prepared in DMSO, 4-Phenyl-3-Butenoic Acid (PBA) prepared 

inH2O, and Entinostat (MS-275) was prepared in DMSO. H2009 and WBras1 cells were grown 

to approximately 90% confluency in 6 well plates and treated with control (H2O or DMSO), 4-

Phenyl-3-Butenoic Acid (0.20 mM to 1.0 mM), Vorinostat (0.5μM to 2.0 μM), and Entinostat 

(0.5μM to 2.0 μM).  Cell lines were treated with HDAC inhibitors for 12 hours. 

Western Blot 

Culture cells were washed with ice-cold phosphate-buffered saline, and then lysed in 

buffer, consisting of 25 mM Tris-HCl (pH 7.6), 150 mM NaCl, 1% NP40, 1% Na Deoxycholate, 

and 0.1% SDS.  Cell lysates were sonicated to disrupt cellular organelles and genomic DNA, and 

centrifuged at 14,000 x g for 10 min.  Protein concentration determinations by using DC Bio-Rad 

Assay (catalog no. 500-0114) to ensure equal loading.  Lysates were mixed with equivalent 

volume of 2x laemmli buffer with 5% β-mercaptoethanol and allowed to react for 20 minutes to 

break disulfide bonds.  Lysates will then be subjected to SDS gel electrophoresis, and proteins 

then transferred to PVDF membrane.  Blocking was performed in Tris-buffered saline containing 

5% Tween 20 and 5% nonfat dry milk for 50 mins, only exception being RBP2, which was 

prepared in Tris-buffered saline containing 3% nonfat dry milk.  Membrane washed 3 times with 

TBST for a total of 15 min and then incubated with primary antibody at 4°C overnight with 

continuous shaking.  Membrane was washed 3 times with TBST, and then incubated with anti-

rabbit IgG HRP-linked antibody for 1 hour.  Membrane was washed 3 times with TBST, and 

then proteins will be visualized by enhanced chemiluminescence (Pierce ECL Western Blotting 
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Substrate).  Same procedure was repeated for H3K4Me, H3K4Me2, H3K4me3, and β-actin 

antibodies. 

Results 

Differential Effects of HDAC Inhibitors on Histone H3K4 Methylation in WBras1 and 

H2009 cells.  To study if a cross-talk mechanism exists between histone deacetylation and 

histone demethylation, we examined the effects of two distinct HDAC inhibitors and one 

amidation inhibitor on H3K4 methylation WBras1 and H2009 cells.  To investigate the effects of 

these HDAC inhibitors on histone modifications, we chose the dose range of 0.2 mM to 1.0 mM 

for PBA, 0.5μM to 2.0 μM for SAHA, and 0.5μM to 2.0 μM for MS-275.  PBA, SAHA, and 

MS- 275 exhibited differential inhibition of cell viability in H2009 cells, with IC50 values of 

98.5 μM, 2.8 μM and 3.9 μM, respectively (Figure 26).  PBA, MS-275 and SAHA didn’t 

increase H3K4me methylation in WBras or H2009 cell lines.  As shown in Figure 27, using 

SAHA, PBA and MS-275 there was a significant increase in H3K4me2 and H3K4me3 

methylation in both cell lines after 4 hours of treatment.  Compared to MS-275 and SAHA, PBA 

exhibited an overall lower enhancement of H3K4me2.  Based on the percent change from the 

control, MS-275 demonstrated the ability to enhance methylation of H3K4me2 and H3K4me3 in 

WBras1 and H2009 cells greater than both SAHA and PBA (Figure 28).  
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Figure 26: Differential effects of SAHA, MS-275, and PBA on cell viability. A, dose-

dependent, suppressive effects of SAHA, MS-275, and PBA on the viability of H2009 cells after 

48 hours of treatment. 
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Figure 27: Differential effects of PBA, SAHA, and MS-275 on H3K4 methylation.  Shows 

the differential effects of PBA, SAHA, and MS-275 on H3K4 methylation in H2009 and WBras1 

cell and the dose-dependent suppressive effect of these drugs on Retinoblastoma Binding 

Protein-2 (RBP2).  
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Figure 28: Changes in the levels of the methylation marks on H3K4.  Displays the relative 

changes in the levels of the methylation marks on H3K4 in drug-treated cells expressed as a 

percentage of that in the corresponding vehicle control group. (n = 3) Error bars represents SD. 

*, P < 0.05; **, P < 0.01; ***, P < 0.001. 

 

Increased H3K4 Methylation Is Attributable to the Repression of Retinoblastoma Binding 

Protein-2 Expression 

 

From a mechanistic point of view, increases in H3K4me3 and H3K4me2 might arise 

from the suppression of RBP2.  Here we wanted to examine if SAHA, PBA or MS-275 had any 

suppressive effects of RBP2 in H2009 and WBras1 cells, and to also see if there was any 

correlation between the histone demethylase and H3K4 methylation.  Figure 27 and Figure 29 

show that SAHA, PBA and MS-275 had a dose dependent reduction in the overall RBP2 

expression.  The overall percent change from the control for RBP2 expression in H2009 cells for 

PBA: -41.4 ± 2.9, SAHA: -49.6 ± 3.0 and MS-275: -65.2 ± 5.7, and for WBras1 cells PBA: -39.3 

± 4.1, SAHA: -50.9 ± 3.7 and MS-275: 62.2 ± 4.8.  Together, these findings suggest that the 
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repression of RBP2 might play a major role in the observed SAHA, PBA, and MS-275 induced 

increases in H3K4 methylation in H2009 and WBras1 cells. 

 

    

 

Figure 29: Relative changes in the expression of the histone demethylase RBP2.  Displays 

the relative changes in the expression of the histone demethylase RBP2 (n=3). *, P < 0.05; **, P 

< 0.01; ***, P < 0.001. 

Discussion 

In recent years, histone deacetylase inhibitors, which are a novel class of drugs that 

targets mechanistic abnormalities in various cancers, and have shown anti-cancer activity in both 

hematological and solid cancers.  Evidence has demonstrated that not only HDACs but also 

histone demethylases play a central role in cell differentiation and pathogenesis of various 

diseases including cancer (Agger et al., 2008).  The cross-talk between these HDACs and histone 

demethylases in organizing the complex pattern of gene regulation and expression has been the 

focus of many recent investigations.  Epigenetic misregulations are very complex processes; 
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accumulating evidence indicates that there exist crosstalk links among these epigenetic 

mechanisms. 

A crosstalk between acetylation and H3K4 methylation upon SAHA, PBA and MS-275 

treatment was identified in WBras1 and H2009 cells.  Previous data showed that PBA, SAHA 

and MS-275 had the ability to increase acetylation of various core histones using high resolution 

two dimensional polyacylamide gels (AUT/AU).  In this study, these HDAC inhibitors were able 

to decrease the expression of RBP2, which leads to an increase in H3K4me2 and H3K4me3, and 

had no effect on H3K4me.  Klose et al (2007) reported that RBP2 is a demethylase that 

specifically catalyzes demethylation on H3K4, whose methylation is normally associated with 

transcriptionally active genes, and provided the first example of a mammalian enzyme capable of 

erasing trimethylated H3K4. 

From a clinical point of view, the ability of HDAC inhibitors to transcriptionally suppress 

H3K4 demethylase gene expression has therapeutic implications, meaning RBP2 has can be 

recommended as a target for the treatment of various types of malignancy, including lung cancer.  

For example, a decrease in H3K4me2 can lead to poor survival or high recurrence in lung cancer, 

kidney cancer, and breast cancer (Greer and Shi 2012).  A decrease in H3K4me3 at the global 

level and gene-specific level are associated with inhibition of the expression of SETD1 and 

ASH2L genes, which ASH2 is overexpressed in most human tumors leading to cancer cell 

proliferation (Simpson et al 2012).  Further studies are needed to find a clearer connection 

between RBP2 and H3K4me2/3, which can lead drug therapies that can directly target RBP2, in 

order to decrease cancer cell proliferation and increase the quality of life of cancer patients. 
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Conclusion 

  The epigenetic machineries have proven roles in a wide variety of cancers.  Given the 

interplay between the crosstalk mechanism among different epigenetic regulations has been 

undergoing investigation recently as well.  As the FDA approved HDAC inhibitor, SAHA can 

interact with all three epigenetic machineries directly or indirectly.  Improved understanding of 

the exact mechanism by which SAHA, MS-275 and PBA interacts with different epigenetic 

systems would allow the better usage of these agents to target specific cancer.  Thus, 

understanding the mechanism of action of SAHA, PBA and MS-275 in up-regulating H3K4 

methylation, particularly H3K4me2 and H3K4me3 by reducing the expression of RBP2 might 

promote new therapeutic strategies for various cancer therapies. 
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