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Abstract 

(Luteolin, Cancer, Chromatin Structure) 

Many non-inherited factors play a role in the epidemiology of cancer.  Several 
studies have suggested that a dietary increase in fruits and vegetables containing 
compounds such as Luteolin, used in this study, would reduce the new instances of 
cancer by 20% and potentially prevent 200,000 cancer-related deaths annually. One 
hallmark of cancer is the reorganization of DNA inside the cell. Each cell in the human 
body contains approximately four meters of DNA organized into a compartment, the 
nucleus, that is five one-hundredths of a millimeter.  This almost unbelievable 
compaction is facilitated by the combination of negatively charged DNA with positively 
charged proteins to make a complex called chromatin.  The organization of chromatin 
regulates access to DNA sequences.  This project aimed to investigate factors that 
regulate the organization of chromatin, thereby regulating access to the genome.  In this 
study we highlight five genomic locations where the structure of DNA changes in 
response to Luteolin treatment. We have potentially identified a new promoter region for 
the Abelson murine leukemia viral oncogene homolog 2, (ABL2) gene. Luteolin places a 
nucleosome in a transcriptionally active region of hydroxytryptamine receptor 2B 
(HTR2B) to inhibit the possible production of the gene product. Luteolin may be 
establishing transcriptional competence of cyclin-dependent kinase inhibitor 2A 
(CDKN2A) through regulation of chromatin structure around Sp1 binding sites in the 
promoter. Luteolin alters chromatin structure around the Sp1 binding sites in the 
promoter region of kisspeptin-1 (KiSS1), which could be a preliminary step to achieving 
transcriptional competence. Luteolin treatment alters the chromatin structure of the 
myelocytomatosis viral oncogene homolog (Myc) promoter in order to potentially re-
establish steady state expression in a previously deregulated gene. 
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Introduction 

The incidence of cancer in the Western Hemisphere remains high, largely due to an 

improper diet relative to other countries that have fewer incidences of cancer (Adlercreutz, 

1995). Cancer is the result of the uncontrolled growth of irregular cells in the body. This 

uninhibited growth can occur in any tissue or organ. The cause of many cancers still remains a 

mystery. Sources of cancer-causing agents include: benzene and other chemicals, consumption 

of excess alcohol, exposure to environmental toxins or excessive sunlight, obesity, radiation, 

viruses, and genetic abnormalities. Cancer is a potentially 

preventable disease as it is estimated that only five to ten 

percent of all cancers are hereditary (Amin et al., 2009). 

Currently, cancer is not treated as a preventable disease in 

the practice of medicine and is removed through surgery, 

radiation, or chemotherapies after it has already been 

established in the body. It has been postulated that a diet 

high in the flavonoids that are consumed in countries with 

low cancer rates could significantly reduce new cancer 

diagnoses and deaths each year in the United States (Amin, 

2009).  

Flavonoids are a class of plant metabolites that are 

consumed in large amounts in a typical human diet (Mota, 2009). In vitro studies have shown 

this class of metabolites to possess antioxidant, anti-allergic, anti-inflammatory, anti-microbial, 

anti-cancer, and anti-diarrheal properties (Nijveldt, 2001). Luteolin, the compound used in this 

study, is part of the flavonoid class (Figure 1).  

Figure 1. Flavonoids are a diverse 

set of compounds with a common 

structural motif. 
http://accessscience.com/content/

Flavonoid/260100  
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Luteolin is consumed in a diet containing various fruits and vegetables such as carrots, 

olive oil, peppermint, rosemary, celery, green peppers, thyme, and chamomile tea (Xu, 2009). 

Mechanisms that have been proposed for how this molecule works as an anti-cancer agent 

include cell cycle arrest and apoptosis, with no definitive answer between the many different 

concentrations and cell lines used in the studies (Lim, 2006; Cai, 2011). It displays many of the 

properties of the flavonoid group, including antioxidant, pro-oxidant, anti-inflammatory, anti-

allergy, and anti-cancer (Xu, 2009). The multiple biological effects that Luteolin creates, such as 

its antioxidant potential and anti-inflammatory potential, are believed to interact and produce its 

properties as an anti-cancer agent (Lin, 2008). For example, as an antioxidant Luteolin reduces 

the damage induced to proteins, lipids, and DNA by reactive oxygen species (Cai, 1997). In 

excess, reactive oxygen species are believed to be involved with the formation of cancer, 

cardiovascular, and neurodegenerative diseases (Valko, 2007).  

Many flavonoids, including Luteolin, are able to inhibit cell cycle progression in a wide 

variety of cancers. The cell cycle is comprised of the four phases: G1, S, G2, and M. Progression 

in the cell cycle is regulated by cyclin-dependent kinases with their cyclin subunits at two 

checkpoints: G1/S and G2/M. The INK4 and CIP/KIP families negatively regulate cell cycle 

progression. Luteolin has been shown to regulate both the G1/S and G2/M checkpoints via the 

INK4 and CIP/KIP families (Lin, 2008).  

Another regulatory mechanism that inhibits the proliferation of cancer cells is called 

apoptosis. Apoptosis results in cell death. There are two pathways that apoptosis can take: the 

death receptor pathway, and the mitochondrial pathway. Luteolin has been shown to induce 

apoptosis in a variety of different cancers and has the ability to activate both the death receptor 

pathway and mitochondrial pathway (Lin, 2008). In the death receptor pathway, Luteolin was 
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involved in increasing death-receptor 5 (DR5) production in cervical and prostate cancer cells 

while increasing the Fas expression in hepatoma cells and promoting STAT3 degradation (Lin, 

2008). In the mitochondrial pathway, Luteolin facilitates JNK-mediated p53 activation, which 

subsequently promotes Bax expression and initiates apoptosis (Lin, 2008).  

Luteolin can control metastasis, or the movement of cancer cells from a primary tumor to 

other organs or tissues (Seelinger, 2008). Matrix metallopeptidases (MMPs) are overexpressed in 

human cancers and believed to not only contribute to metastasis, but also correlate to the 

invasiveness or malignancy of 

tumors (Zucker and Vacirca, 

2004). MMP-9 is one of many 

MMPs and has been most closely 

associated with metastasis. 

Luteolin inhibits cell proliferation 

and secretion of MMP-9. It 

reduced MMP-9 activity by 94% 

in the human epithelial cancer line 

A431 (Seelinger, 2008).  

Estrogens are hormone molecules that signal cells to proliferate and differentiate. There 

is an additional binding site for estrogen in humans, the primary interaction occurring on the 

intracellular estrogen receptor, but a unique secondary binding site called a type II receptor exists 

on histone proteins residing in the nucleus of the cell (Shoulars, 2005). The flavonoid class   

represents a group of naturally occurring phytoestrogens as they bind to, and activate estrogen 

receptors. While Luteolin possesses the property of being a phytoestrogen, it also exhibits anti-

Figure 2. There are different levels of DNA organization in the 

nucleus. These levels of organization are largely uncharacterized.  

Artist Rendition by Brooke Roberts-Druliner   
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estrogenic effects. Along with a limited number of other flavonoid molecules, Luteolin has been 

shown to bind to the unique type II receptors located on the histone protein complex H3-H4 

(Shoulars, 2005). More recently, Luteolin has been identified as a potent histone deacetylase 

inhibitor (HDACi) (Attoub, 2011). It was shown that Luteolin was able to target the acetylation 

of histones H3 and H4, consistent with a previous study showing the binding interaction of 

Luteolin to these histones. This interaction is hypothesized to play a sizable role in the regulation 

of gene activation and cellular proliferation after treatment with Luteolin.  

It has been postulated that less than ten percent of all cancers may be attributed to genetic 

inheritance, meaning that the majority of cancers must be attributed to something else. The field 

of epigenetics investigates the heritable changes to DNA that do not involve alterations to the 

genetic code. The DNA that resides in the nucleus of our cells, if fully extended, can reach four 

meters long. Our nuclei are only five micrometers in diameter. To fit inside of the nucleus, the 

DNA organizes itself into base structures called nucleosomes, each consisting of 150 base pairs 

of DNA wrapped around a core of protein subunits called histones. The nucleosome can further 

compact and form more advanced structures, all of which form a single unit called chromatin 

(Figure 2).  

Alterations to the structure of chromatin may involve changes to the histone proteins that 

the DNA is wrapped around. There is no current consensus on how histone modifications and 

chromatin structure interact, mostly because the current body of research on this topic is focused 

on profiling individual aspects of chromatin and not depicting its entire system of regulation. 

Luteolin has been documented to interact with the histone proteins that comprise the nucleosome 

(Shoulars, 2005). The purpose of this study is to determine whether or not Luteolin can change 

chromatin structure. 
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Results 

Luteolin Modifies Nucleosome Distribution 

We sought to determine whether Luteolin regulated changes in nucleosome distribution 

within 2000 base pairs of the transcription start sites of cancer related genes. 

Mononucleosomally protected DNA treated with Luteolin was loaded on to a high density tiling 

microarray consisting of 60mer probes with a 47 base-pair overlap. In order to assess changes in 

nucleosome distribution in an unbiased way, we calculated a correlation value between the 

untreated control and the treatments for each of the 426 cancer-related loci individually 

(Appendix 1). The correlation values provide indication of the similarity between the curve 

forms in the datasets. We set a threshold at 0.8 to determine nucleosome positioning changes. 

Utilizing the above criteria we measured Luteolin-induced changes in nucleosome distribution in 

1.2% of the total number of genes in the 12h experiment and 2.9% of the total number of genes 

in the 24h experiment (Figure 4). All of the correlation-defined changes induced at the 12h 

experiment persisted to the 24h experiment (Figure 5). The kinetics of the system indicates that 

there are few changes between both experiments. It is clear that Luteolin induces a limited 

number of changes to local nucleosome architecture.  

Ontology Analysis Indicates Enrichment of Genes Associated With Specific Processes in Loci 

Showing Altered Nucleosome Distribution 

 We sought to determine whether Luteolin provided enrichment for changes in 

nucleosome distribution by process or function using a gene ontology enrichment software called 

GOrilla (Eden, 2009). In order to determine which loci were dramatically changed in a 

systematic, unbiased way, we compiled the correlation scores below 0.8 and analyzed them 

against a background set consisting of the 426 loci on our microarray. This was to make sure that 
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we only created enrichment for a process within loci that had cancer relatedness. If we had used 

a background set consisting of the entire genome, then we would have had biased enrichment 

because the microarray was designed as an enriched set of cancer loci. After running the GOrilla 

software, we found enrichment for the process “regulation of autophagy” including two loci in 

the 12h experiment: Abelson murine leukemia viral oncogene homolog 2 (ABL2) and 5-

hydroxytryptamine receptor 2B (HTR2B) (p-value 6.95x10-4).  

Luteolin Treatments Induce Nucleosome Distribution Changes at the ABL2 Locus 

 Luteolin changed the nucleosome distribution at the ABL2 locus. These alterations were 

found downstream of the transcription start site. There were relatively few changes in the 12h 

experiment (Figure 6). In the 24h experiment however (Figure 7), two well positioned 

nucleosomes separated by a nucleosome free region formed across a 300bp window 

approximately 500bp downstream of the transcription start site (chr1:179,111,300bp-

179,111,600bp). Analysis of the UCSC Genome Browser utilizing the cell lines GM12878 and 

K562 revealed enrichment for regulatory elements as assayed by formaldehyde-assisted isolation 

of regulatory elements (FAIRE) and multiple transcription factor binding sites. 

Luteolin Treatments Induce Nucleosome Distribution Changes at the HTR2B Locus 

 Luteolin altered the nucleosome distribution of the HTR2B locus. This change was 

marked by the formation of a nucleosome within a 200bp window adopting a single position 

around 800bp downstream of the transcription start site (chr2:231,988,900bp-231,989,100bp). 

The region that the nucleosome formed was analyzed for regulation in the UCSC genome 

browser. This area contains enrichment of regulatory elements as assayed by FAIRE (Figure 8, 

Figure 9).  

Luteolin Treatments Induce Nucleosome Distribution Changes at the KiSS1 Locus 
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Luteolin altered the nucleosome distribution of the kisspeptin-1 (KiSS1) locus. The 

largest change occurred in a 400bp window approximately 300 base pairs upstream of the 

transcription start site within the promoter region (chr1:204,165,600bp-204,166,000bp). 

Nucleosomal occupancy is markedly decreased in this area during the 12h experiment (Figure 

10). The 24h experiment resulted in restoring the nucleosomal occupancy of that region to the 

control (Figure 11). Additionally in the 24h experiment, nucleosomal occupancy increased in a 

previously nucleosome-free region immediately next to the transcription start site. The region 

within the promoter that displayed the most change was analyzed for regulation in the UCSC 

Genome Browser. This area displayed enrichment in GC content. The changed region was 

marked by the histone modifications: H3K9Ac, and H3K4me with depletion for H3K27me3. 

Luteolin Treatments Induce Nucleosome Distribution Changes at the MYC Locus 

 Luteolin altered the nucleosome distribution of the myelocytomatosis viral oncogene 

homolog (Myc) locus. In the 24h experiment there are massive rearrangements of two 

nucleosomes within the promoter region (chr8:128,747,300bp-128,747,600bp). In the 12h 

experiment (Figure 12) they are two distinctly positioned nucleosomes but by the 24h 

experiment (Figure 13) nucleosomal occupancy is significantly increased. The region within the 

promoter that displayed the most change was analyzed for regulation in the UCSC Genome 

Browser. This location is DNAseI hypersensitive, displays enrichment for regulatory elements as 

assayed by FAIRE, is GC rich, and contains multiple transcription factor binding sites.   

Luteolin Treatments Induce Nucleosome Distribution Changes at the CDKN2A Locus

 Luteolin altered the nucleosome distribution of the cyclin-dependent kinase inhibitor 2A 

(CDKN2A) locus. The 12h experiment indicates relatively few changes (Figure 14). The 24h 

experiment displays a strong increase in nucleosomal occupancy over a 200bp window adjacent 
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to the transcription start site as well as over a 120bp window upstream of the transcription start 

site at a previously nucleosome free region (Figure 15). The region around the transcription start 

site that displayed increased nucleosomal occupancy (chr9:21,975,000bp-21,975,200bp) was 

analyzed for regulation in the UCSC Genome Browser. This area was characterized as being 

DNAseI hypersensitive, GC rich, and containing CpG islands; additionally, H3K4me3 histone 

modifications were identified by ChIP-Seq . The area that depicted an increase in nucleosomal 

occupancy in a previously nucleosome free region was also analyzed with the UCSC Genome 

Browser (chr9:21,975,725bp-21,975,850bp). The area was strongly enriched for the histone 

modification H3K4me3. It also displayed enrichment for regulatory elements as assayed by 

FAIRE. 

Discussion 

Based on its ability to bind and covalently modify histone H3-H4, we sought to 

determine whether Luteolin would cause changes in chromatin structure (Shoulars, 2005). We 

report for the first time that Luteolin does produce alterations to nucleosome distribution within a 

set of cancer-related genes. It is clear from the limited number of changes that Luteolin treatment 

targets local nucleosome architecture. We analyzed these changes using two different 

approaches. In the first method we analyzed data by calculating a correlation value between the 

untreated control and the treatments for each of the 426 cancer-related loci individually. We then 

analyzed the loci with a changed correlation value for enrichment of a gene ontology, which 

would allow us to see if there was enrichment for a particular biological process, function or 

component. The second method involved analyzing the loci by visual inspection. This method 

would allow us to identify differences in nucleosome positioning that correlation analysis did not 

identify. Visual inspection is imperative in analyzing these datasets because taking correlation 
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values across the entire loci would bias against either singular regions of difference or changes 

related to the nucleosome occupancy. Multiple approaches give us confidence that we identified 

true changes. What remains to be determined is whether the nucleosome positioning changes we 

observed are directly or indirectly caused by Luteolin treatment. 

Gene ontology analysis indicates that Luteolin alters the nucleosome distribution of two 

loci ABL2, and HTR2B. Both are implicated in regulating a process known as autophagy. 

Autophagy is the process by which the cell recycles proteins or organelles within the cytoplasm 

that have been there for a long period of time. Deregulation of autophagy has been implicated in 

cancer (Rubinsztein, 2007). These genes also regulate apoptosis, a process previously 

documented after Luteolin treatment. 

ABL genes are found in all metazoans and are a subfamily of tyrosine kinases. Vertebrate 

ABL proteins can bind cytoskeletal elements as well as DNA. ABL kinase signaling has been 

implicated as a positive regulator of autophagy as it assists in the proper functioning of the 

components of the lysosome, the organelle responsible for degradation (Yogalingam, 2008).  

ABL2 expression is altered in a variety of human carcinomas (Perego, 2005). Currently, very 

little is known about the promoter elements and transcription factors that regulate ABL gene 

expression (Colicelli, 2010). Here we describe for the first time that Luteolin treatment altered 

nucleosome architecture at the ABL2 locus (Figure 6, Figure 7). Between the 12h and 24h 

experiments, two nucleosomes became strongly positioned in what was previously a 300bp 

window characterized by delocalized nucleosomes. We propose that this shift in nucleosome 

position is involved with the transcriptional regulation of the ABL2 gene. Additionally, we 

observed that a TATA binding protein binds downstream of the transcription start site, consistent 

with previously defined promoter architecture. This suggests that a pre-initiation complex may 
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form just downstream of the annotated ABL2 transcription start site. If the nucleosomes formed 

in that locus are taken to be the +1 and -1 nucleosome of a transcription start site, this could 

potentially be a promoter that has not yet been defined. Perhaps this chromatin structural study 

has identified a new transcription start site.  

HTR2B is a gene coding for the receptor that functions in binding the neurotransmitter 

serotonin. Activation of HTR2B in hepatocellular carcinoma cells indicated increased survival 

and inhibition of the process of autophagy (Soll, 2010). Similarly, another study investigating the 

expression profiles between malignant prostate carcinomas and benign prostate tissue showed 

that 9 of the 11 carcinomas upregulated HTR2B (Ladanyi, 2003). The actions of histone 

deacetylase inhibitors (HDACi) have been associated with this locus. One HDACi called 

valproic acid was shown to strongly downregulate HTR2B (Landreville, 2011). Luteolin also 

acts as an HDACi (Attoub, 2011) and we show that Luteolin treatment caused changes to 

nucleosome architecture at the HTR2B locus (Figure 8, Figure 9). It is an appealing model that 

Luteolin can act as an HDACi in the same manner as valproic acid to regulate this locus. In the 

24h experiment we see a strongly positioned nucleosome formed where there were previously 

delocalized nucleosomes. Further analysis of that location indicates an NFkB transcription 

factor-binding site (Figure 18). We propose that Luteolin places a nucleosome in a 

transcriptionally active region to inhibit the possible production of HTR2B product, thus 

potentially inhibiting its role in the continued survival of deregulated cells.  

 Myc is a critical regulator gene coding for a transcription factor involved in proliferation, 

growth, and senescence, targeting as many as 10% of the total number of genes in the genome 

(Levens, 2008). Its promoter region is regulated by a variety of signals, transcription factors, and 

chromatin elements with no current understanding regarding how all of the signals integrate to 
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regulate Myc expression. (Levens, 2008). Myc expression has been shown to be upregulated in 

most cancers (Lüscher, 2001). Its mRNA and protein levels are usually present in extremely low 

levels and exist for a short duration in the cell (Levens, 2008). One study has shown that 

Luteolin does not inhibit Myc expression in both cervical and colorectal cancer cells (Shi, 2004). 

One point of interest is that the coding regions of Myc that are inducible by estradiol stimulation 

contain highly acetylated H3 and H4 (Sun, 2001). As Luteolin is a phytoestrogen that can bind to 

the estradiol-binding site on the H3-H4 complex, it is highly likely that Luteolin can alter the 

chromatin structure of the Myc locus. Another study suggests that disruption of two nucleosomes 

upstream of the Myc promoter element places it in a transcriptionally competent conformation. 

We show for the first time that Luteolin treatment regulates nucleosome architecture in the Myc 

promoter region (Figure 12, Figure 13). In the 24h experiment, Luteolin disrupts the previously 

defined position of two nucleosomes and places them in a more occupied state. Further analysis 

of this location indicates that the region of change was enriched for transcription factor binding 

sites (Figure 20). We also saw regions within the coding region of the locus that changed. This 

included an increase in nucleosomal occupancy within the bounds of a previously nucleosome-

free region. As chromatin itself is an essential part of the transcriptional mechanism, we propose 

that Luteolin treatment alters nucleosome architecture, thus potentially re-establishing steady-

state expression in a previously deregulated gene. 

 The gene CDKN2A codes for the cell-cycle inhibitor protein p16 and is mutated or 

inactivated in a wide variety of human cancers (Foulkes, 1997). One long-term study on the 

Jurkat cell line revealed that CDKN2A was one of the top 50 downregulated genes in the 

genome after primary cell samples were induced to mimic abnormal T-cells (Hakelien, 2005). It 

has been postulated that nucleosome binding can sometimes enhance transcription by bringing 
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DNA regulatory elements together, and in general, transcriptional activity is inversely 

proportional to nucleosome depletion in promoter regions (Digesu, 2009). We show for the first 

time that Luteolin treatment alters nucleosome architecture in the CDKN2A promoter region 

(Figure 14, Figure 15). The 24h experiment is clearly marked by increasing nucleosomal 

occupancy in what previously appeared to be nucleosome-free regions; this is indicated by red 

and black nucleosomes. Further analysis of these locations indicates that both regions of change 

were enriched for specificity-protein 1 (Sp1) transcription factor binding sites (Figure 21, Figure 

22). Generally, most transcription factors prefer to bind to double stranded DNA at nucleosome 

free regions, however there have been a few transcription factors documented, including Sp1, 

that can bind to nucleosomal DNA (Li, 2011). Additionally, nucleosome binding by regulatory 

factors may be a critical step in creating nucleosome displacement from promoter regions (Li, 

1994). Thus, Luteolin may be establishing transcriptional competence through regulation of 

chromatin structure.  

 Loss of the KiSS1 gene has been strongly correlated with the progression of metastases in 

a wide variety of cancers (Mitchell, 2006).  Luteolin has been implicated in reducing the 

invasiveness of different cancers and thus attributed with anti-metastatic properties (Zhou, 2009). 

Here we show for the first time that Luteolin alters the nucleosome architecture of the KiSS1 

promoter region just upstream of the transcription start site. During the 12h experiment, this 

region was marked by decreased nucleosomal occupancy indicated by the black and red 

nucleosomes (Figure). The 24h experiment saw a return to the pre-treatment architecture. Further 

analysis of this region indicated the location of many transcription factor-binding sites, with Sp1 

binding sites dominating the region (Figure 19). While we show that Sp1 might prefer to bind to 

nucleosomes in the CDKN2A locus and initiate transcription, we believe that a decrease in 
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nucleosomal occupancy adjacent to the transcription start site of KiSS1 promotes transcriptional 

competence. This may be justified by the work in Simian Virus 40 (SV40) minichromosomes 

that shows Sp1 binding to nucleosomes is less preferential than naked DNA (Li, 1994). Previous 

work in both highly metastatic melanoma and breast cancers has shown that Sp1 binding within 

the KiSS1 promoter can reestablish transcriptional competence (Mitchell, 2005; Mitchell, 2006). 

It is an appealing model to suggest that altering nucleosome structure around the Sp1 binding 

sites in the promoter region of KiSS1 is a preliminary step to achieving this transcriptional 

competence. 

Concluding Remarks 

 We were attracted to Luteolin because of its anti-cancer effects combined with its 

chromatin regulatory effects (H3-H4 histone binding in combination with increased acetylation 

as an HDACi). We sought to understand if i) Luteolin induced changes to chromatin structure ii) 

if there was locus-and time-dependent sensitivity, and iii) if there were aspects of Luteolin-

induced chromatin structural changes that could lend insight to the anti-cancer mechanism of this 

compound. All of the above postulates were addressed in this study. We have shown that 

Luteolin induced changes to chromatin structure with both locus-and time-dependent sensitivity. 

We have also proposed various models that address the variation in the changes observed. In 

total, these results shed light on the complexity of the mechanisms underlying the flavonoid 

compounds.   

Materials and Methods 

Tissue Culture 

This experiment was conducted using Jurkat cells, aA human T-lymphocyte cell line. 

known as Jurkat The cells wasere cultured in full growth media (RPMI 1640 enhanced with 10% 
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fetal Bovine Serum, 50�M Beta-mercaptoethanol, and 100 �g/ml Gentamicin). Approximately 

0.5x106 cells/mL were plated in 25mL of full growth media and given a with a treatment 

consisting of 12.5�L of Luteolin at a concentration of 50mM Luteolin for a (total concentration 

of  25�M). Cells were passaged harvested at approximately 1x106 cells/mL after a time period of 

twelve hours and twenty-four hours.  

Harvest/MNase Cleavage of Chromatin 

Approximately 2x106 cells/mL were harvested by centrifugation at 1000-x g for 5 

minutes. Media was removed and the cells were gently resuspended in 10 mL of phosphate-

buffered saline. CThe cells were cross-linked by adding formaldehyde to a final concentration of 

1% and incubated for 10 minutes at room temperature with gentle rocking. Glycine was added to 

a final concentration of 125 mM,, to quenching the formaldehyde. Cells were collected by 

centrifugation at 1000-x g for 10 minutes. TheC cell pellets were resuspended in 15mL of 

nucleus-isolation buffer (0.3 M sucrose, 2mM MgOAc2, 1mM CaCl2, 1% Nonidet P-40, 10mM 

Hepes pH 7.8). The Ssolution was then centrifuged at 1000-x g for a period of 10 minutes. Next, 

the Ppellets were resuspended in 500�L MNase cleavage buffer (4mM CaCl2, 25mM KCl, 4mM 

MgCl2, 12.5% glycerol, 50mM Hepes pH 7.8) with eitherwith 1.25U/mL, 2.5U/mL, 5U/mL, or 

10U/mL of MNase. The Rreactions were incubated at 37°C for 5 minutes and stopped usingwith 

a final concentration of 50mM EDTA. Proteinase K was then added to a final concentration of 

0.2�G/�L. Next, Ssodium dodecyl sulfate was added to a final concentration of 1%. The 

Rreactions were incubated at 65°C overnight to reverse the cross-links.  

Isolation of MNase digested DNA 

One volume of Tris-saturated phenol, pH 8, was added to sample reactions, which were 

then and  vortexed. The Ssamples were centrifuged at 14,500-x g in a tabletop microcentrifuge 
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The remaining pellets were dried in a vacuum for 5 minutes to remove any residual 

alcohol. The Ppellets were then resuspended in 100�L of Tris-EDTA and the DNA was allowed 

to dissolve completely. The remaining DNA was quantified using a spectrophotometer and the 

MNase digestion was verified on a 2% agarose gel to assess the level of cleavage to the 

chromatin. 

Isolation of mononucleosomally protected DNA 

Approximately 20�g of each DNA sample was loaded inonto a 1% gel. After 

electrophoresis, Mmononucleosomal bands were cut out and gel slices were placed in dialysis 

tubing. The Mmononucleosomally protected fragments were then isolated using gel 

electrophoresis. FThese fragments were extracted from the dialysis tubing using 20�g/mL 

glycogen and then purified usingperforming a standard ethanol precipitation.  

Fluorescent labeling of DNA 

The protocol outlined by NimbleGen forto labeling material was successfully used to 

hybridize mononucleosomally protected fragments and against a bare genomic control to in-

house prepared designed microarrays. A fluorescently labeled random 7-mer oligonucleotide 

primer was used in a Klenow fill-in reaction to label the mononucleosomally protected and bare 

genomic reference DNA samples. The mononucleosomally protected DNA sample was labeled 

with Cy3 primer, and the reference bare genomic DNA was labeled with Cy5 primer. One 

microgram of sample was used for each labeling reaction. The microarray used in this study was 

a custom designed nucleosome positioning array containing 2 kilobases surrounding the 

transcription start sites of 426 cancer related genes. The 60-mer probes on the arrays were tiled at 

an average of 13bp spacing with a 47bp overlap. 

Data Analysis 
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Microarray data was analyzed using a custom designed suite of tools in the R software 

environment developed by the Dennis lab, including the “drawGff” program. The 

log2(nucleosomal/bare genomic) signal intensities were plotted to determine regions of increased 

or decreased occupancy. The X-axis indicates genomic position and the Y-axis indicates 

hybridization signals, with higher values indicating greater nucleosomal protection. 
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Appendix 1 

 

Gene Name j0h-j12h j0h-j24h 

IFNA1 0.641 0.638 

ABCB1 0.664 0.687 

CDKN2A 0.752 0.775 

ABL2 0.778 0.662 

HTR2B 0.787 0.761 

IFNG 0.8 0.811 

ALB 0.803 0.766 

IFNB1 0.811 0.84 

MAPK8 0.818 0.752 

HMOX1 0.821 0.932 

SERPINB2 0.826 0.749 

PDGFA 0.83 0.882 

KISS1 0.834 0.893 

TLR8 0.839 0.835 

CDKN1C 0.849 0.877 

CDKN2B 0.85 0.846 

FAS 0.857 0.937 

TLR6 0.865 0.851 

NSD1 0.866 0.894 

NCOA1 0.867 0.893 

BCL10 0.871 0.867 

DNMT3A 0.877 0.919 

PIK3CB 0.88 0.892 

IL6 0.884 0.861 

IL8 0.886 0.895 

THBS2 0.888 0.651 

HDAC4 0.888 0.94 

TLR7 0.889 0.852 

IGF1 0.891 0.91 

CDYL 0.891 0.918 

HDAC8 0.893 0.88 

ASH1L 0.893 0.891 

TNFSF10 0.894 0.902 

DCN 0.897 0.866 

CIITA 0.897 0.866 

MMP1 0.897 0.882 

GZMA 0.9 0.893 

PIK3R1 0.901 0.9 

PRMT5 0.902 0.864 

SETD4 0.902 0.918 
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TNFRSF25 0.903 0.87 

CENPC1 0.903 0.889 

KAT2B 0.903 0.928 

CASP1 0.905 0.896 

TLR1 0.905 0.902 

SETDB2 0.906 0.895 

BTK 0.906 0.91 

BRCA2 0.906 0.925 

RELA 0.908 0.879 

ITGB5 0.909 0.947 

FASLG 0.913 0.866 

CTSD 0.913 0.886 

TLR3 0.913 0.912 

DVL1 0.913 0.927 

FZD9 0.913 0.94 

TNFSF14 0.914 0.742 

ANGPT2 0.915 0.87 

RNF20 0.917 0.867 

BIRC5 0.917 0.922 

IRAK1 0.917 0.926 

ESCO2 0.918 0.882 

WHSC1 0.918 0.909 

RPS6KA3 0.918 0.938 

CASP8 0.919 0.9 

ANGPT1 0.92 0.904 

GJA1 0.92 0.915 

CASP9 0.92 0.937 

SETDB1 0.921 0.888 

ATP5B 0.921 0.925 

TLR4 0.922 0.886 

BAI1 0.922 0.887 

ITGAV 0.922 0.894 

AURKC 0.923 0.912 

MAP3K3 0.924 0.93 

MAP3K1 0.924 0.951 

PNN 0.925 0.84 

TEK 0.925 0.895 

NME1 0.925 0.902 

CSRP2BP 0.926 0.855 

ASNS 0.926 0.9 

VAPA 0.926 0.9 

NCAM1 0.926 0.903 

CAV1 0.927 0.922 
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HDAC10 0.928 0.917 

ATF1 0.928 0.919 

SUV420H1 0.928 0.937 

RHOB 0.929 0.908 

AURKA 0.929 0.921 

ITGA3 0.929 0.929 

CUL1 0.929 0.941 

ATF4 0.929 0.944 

IKBKE 0.93 0.862 

FLT1 0.931 0.911 

DHRS2 0.931 0.924 

CSF3 0.931 0.926 

MAPK14 0.931 0.955 

NEK6 0.931 0.956 

ACP2 0.932 0.846 

TIMP1 0.932 0.883 

EGF 0.932 0.902 

MBD2 0.932 0.906 

HGF 0.932 0.906 

DNMT1 0.933 0.863 

FKBP8 0.933 0.868 

COX7A2 0.933 0.868 

AP2M1 0.933 0.923 

FOSL2 0.933 0.927 

TNFRSF10A 0.933 0.93 

HDAC7 0.934 0.862 

CAPNS1 0.934 0.867 

FTL 0.934 0.909 

DLG3 0.934 0.913 

IL1A 0.934 0.917 

KDM6B 0.935 0.903 

MLL5 0.935 0.912 

HAT1 0.935 0.92 

ANXA5 0.935 0.939 

ELK1 0.935 0.94 

ITGA2 0.935 0.941 

COL6A3 0.936 0.896 

ATM 0.936 0.904 

SERPINE1 0.936 0.926 

KDM5C 0.937 0.929 

IL1B 0.937 0.935 

USP16 0.937 0.939 

TRAF6 0.937 0.958 
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CDK9 0.937 0.958 

MTA2 0.938 0.878 

RIPK1 0.938 0.921 

IL1R1 0.938 0.933 

KAT5 0.938 0.939 

CHUK 0.938 0.941 

EDARADD 0.938 0.945 

CTNNB1 0.938 0.951 

TWIST1 0.938 0.958 

E2F5 0.938 0.959 

MCAM 0.939 0.881 

TNFRSF1A 0.939 0.927 

NFKB1 0.939 0.945 

CAPN1 0.94 0.82 

CDC20 0.94 0.901 

TRADD 0.94 0.905 

FRAP1 0.94 0.916 

APOL3 0.94 0.942 

S100A4 0.94 0.943 

F2R 0.94 0.954 

BAX 0.941 0.866 

APAF1 0.941 0.893 

FBN2 0.941 0.9 

IRAK2 0.941 0.933 

HDAC2 0.941 0.937 

SNCG 0.942 0.74 

FBN1 0.942 0.869 

MTA1 0.942 0.892 

ETV1 0.942 0.921 

EGFR 0.942 0.932 

HDAC9 0.942 0.933 

AK1 0.942 0.939 

TGFB1 0.942 0.948 

CTSC 0.943 0.847 

CAP1 0.943 0.923 

SYK 0.943 0.935 

DZIP3 0.943 0.94 

MAP2K3 0.943 0.944 

MAP2K6 0.943 0.944 

FOS 0.944 0.927 

ITGA4 0.944 0.938 

CDC25B 0.944 0.939 

SETD6 0.944 0.953 
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APC 0.945 0.894 

CHEK2 0.945 0.914 

ABI2 0.945 0.915 

AKR1C2 0.945 0.929 

AARS 0.945 0.932 

PRMT7 0.945 0.935 

PTEN 0.945 0.958 

MAP2K4 0.945 0.963 

AGT 0.946 0.899 

ERBB3 0.946 0.9 

SERPINB5 0.946 0.924 

TP53 0.946 0.933 

BAD 0.946 0.937 

HTATIP2 0.946 0.94 

CXXC5 0.946 0.942 

FGF2 0.946 0.947 

ABL1 0.946 0.948 

FGFR2 0.946 0.952 

DCC 0.946 0.953 

ITGB1 0.946 0.954 

SETD1B 0.946 0.957 

CSF1R 0.947 0.767 

CSF2 0.947 0.892 

CCL2 0.947 0.906 

BRCA1 0.947 0.921 

AURKB 0.947 0.926 

TERT 0.947 0.93 

JUN 0.947 0.948 

CGRRF1 0.947 0.949 

KDM5B 0.947 0.959 

MYD88 0.948 0.88 

MYST3 0.948 0.883 

GNB2 0.948 0.901 

TLR9 0.948 0.917 

CD82 0.948 0.918 

CSNK1G2 0.948 0.93 

FZD2 0.948 0.935 

MYST2 0.948 0.935 

TNK2 0.948 0.935 

CDC2L5 0.948 0.938 

DDX10 0.948 0.943 

SETD1A 0.948 0.956 

USP22 0.948 0.957 
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ITGA1 0.949 0.874 

PLAU 0.949 0.908 

PRMT6 0.949 0.911 

GAPDH 0.949 0.931 

ATP5O 0.949 0.946 

RPL13A 0.949 0.949 

DOT1L 0.949 0.961 

MYC 0.95 0.884 

CD59 0.95 0.913 

MLL3 0.95 0.92 

SETD5 0.95 0.921 

NOD1 0.95 0.951 

RELB 0.95 0.953 

FOXO1 0.95 0.956 

MYSM1 0.95 0.959 

LPAR1 0.95 0.962 

IL10 0.951 0.907 

SMYD3 0.951 0.922 

TLR10 0.951 0.934 

CDKN1B 0.951 0.941 

PRKDC 0.951 0.948 

FES 0.951 0.954 

CCNE1 0.951 0.971 

CDC25C 0.952 0.876 

FGR 0.952 0.917 

RAF1 0.952 0.926 

SRC 0.952 0.93 

AXL 0.953 0.92 

PPP5C 0.953 0.921 

EGR1 0.953 0.923 

CARM1 0.953 0.934 

IKBKG 0.953 0.937 

RPS27A 0.953 0.939 

RPS27A 0.953 0.939 

FADD 0.953 0.941 

CDKN2D 0.953 0.944 

PRMT2 0.953 0.946 

SETD8 0.953 0.957 

CANX 0.953 0.96 

CRHR1 0.954 0.888 

MAP3K7IP2 0.954 0.919 

AKT1 0.954 0.943 

KDM4C 0.954 0.945 
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HDAC6 0.954 0.953 

BIRC2 0.954 0.957 

B2M 0.955 0.881 

CDK4 0.955 0.909 

XRCC6 0.955 0.94 

FZD5 0.955 0.95 

HDAC3 0.955 0.955 

ICAM1 0.956 0.934 

TICAM2 0.956 0.943 

RHOD 0.956 0.949 

C3 0.956 0.962 

ANXA7 0.956 0.965 

PRMT1 0.957 0.901 

CCND3 0.957 0.915 

GNB2L1 0.957 0.92 

STAT1 0.957 0.926 

COL18A1 0.957 0.937 

MET 0.957 0.948 

FN1 0.957 0.952 

GNAS 0.957 0.953 

PRMT8 0.957 0.958 

UBE2B 0.957 0.959 

MAP3K7 0.957 0.959 

NME4 0.957 0.961 

CBLB 0.957 0.961 

TGFBR1 0.957 0.964 

TRAF5 0.957 0.964 

ITGA6 0.957 0.97 

ARHGAP5 0.958 0.87 

CLTC 0.958 0.886 

COL1A1 0.958 0.908 

RB1 0.958 0.945 

UBE2A 0.958 0.946 

CTPS 0.958 0.954 

IKBKB 0.958 0.959 

REL 0.958 0.96 

FASTK 0.958 0.961 

NLRP12 0.958 0.963 

CD44 0.959 0.908 

CDC25A 0.959 0.913 

PLAUR 0.959 0.922 

CD27 0.959 0.927 

PRMT3 0.959 0.932 
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TNFRSF10B 0.959 0.944 

ERBB2 0.959 0.945 

FRZB 0.959 0.947 

SLC44A2 0.959 0.948 

ESCO1 0.959 0.95 

KDM4A 0.959 0.952 

BARD1 0.959 0.952 

BCL2 0.959 0.957 

DHCR7 0.959 0.962 

BLMH 0.959 0.97 

THBS1 0.96 0.845 

CLNS1A 0.96 0.937 

CCND1 0.96 0.94 

SETD7 0.96 0.943 

BCL3 0.96 0.951 

DVL3 0.96 0.954 

ECM1 0.96 0.954 

KDM1 0.96 0.956 

SETD3 0.96 0.956 

CD24 0.96 0.957 

CFLAR 0.96 0.963 

CDKL1 0.96 0.966 

SLC20A1 0.96 0.968 

CLK3 0.96 0.971 

CHAF1A 0.961 0.912 

FOSL1 0.961 0.931 

MDM2 0.961 0.939 

GNA13 0.961 0.941 

TNFAIP3 0.961 0.955 

EPHA2 0.961 0.956 

BRAF 0.961 0.964 

ETV3 0.961 0.97 

MAPK3 0.961 0.97 

CCND2 0.962 0.909 

VEGFA 0.962 0.922 

PLK2 0.962 0.944 

ERCC3 0.962 0.946 

MTSS1 0.962 0.951 

CDK2 0.962 0.952 

HDAC11 0.962 0.953 

TLR2 0.962 0.963 

RASA1 0.963 0.927 

CDK5 0.963 0.93 
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COX6C 0.963 0.934 

TMED4 0.963 0.938 

SETD2 0.963 0.94 

ITGB3 0.963 0.944 

PPM1A 0.963 0.948 

RPS6KA5 0.963 0.949 

EIF5 0.963 0.973 

ATF2 0.964 0.934 

LITAF 0.964 0.946 

EPDR1 0.964 0.948 

ARID4A 0.964 0.954 

BCL2L1 0.964 0.956 

CCT5 0.964 0.956 

PDGFB 0.964 0.969 

CBFB 0.964 0.972 

DNMT3B 0.965 0.903 

ACY1 0.965 0.936 

BHLHE40 0.965 0.947 

Crat 0.965 0.947 

SUV39H1 0.965 0.954 

USP21 0.966 0.906 

MMP9 0.966 0.91 

EHMT2 0.966 0.933 

NCOA3 0.966 0.945 

TRIM13 0.966 0.952 

RHOA 0.966 0.959 

E2F1 0.966 0.964 

PAK1 0.966 0.971 

GAS6 0.966 0.981 

MAP3K14 0.967 0.892 

RIPK2 0.967 0.957 

CDKN1A 0.967 0.963 

ETS2 0.967 0.965 

CIB1 0.967 0.967 

E2F3 0.967 0.973 

ANPEP 0.968 0.923 

GDF15 0.968 0.932 

LTBR 0.968 0.945 

TIMP3 0.968 0.956 

NFKBIA 0.968 0.962 

CDH1 0.968 0.971 

MYST1 0.969 0.915 

CARD11 0.969 0.915 
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CSK 0.969 0.924 

TICAM1 0.969 0.926 

TBK1 0.969 0.946 

DHX8 0.97 0.936 

CD40 0.97 0.952 

ETV6 0.97 0.963 

MYST4 0.97 0.965 

FGFR1 0.97 0.965 

HPRT1 0.97 0.967 

CYR61 0.971 0.947 

RNF2 0.971 0.951 

MMP2 0.971 0.966 

ERBB4 0.972 0.876 

HDAC1 0.972 0.934 

CARD10 0.972 0.962 

ADSL 0.972 0.965 

NFKB2 0.973 0.921 

KAT2A 0.973 0.952 

MALT1 0.973 0.957 

MAP3K7IP1 0.973 0.96 

MAP2K1 0.973 0.963 

ITGA5 0.974 0.928 

MLL 0.974 0.95 

CLK2 0.974 0.967 

CTNNA1 0.976 0.944 

ABCC4 0.977 0.974 

CLK1 0.977 0.974 

CDK10 0.978 0.925 

NCOA6 0.979 0.954 

RHOC 0.979 0.969 

DEK 0.979 0.978 

CARD14 0.98 0.979 

HDAC5 0.981 0.95 

CEBPG 0.984 0.987 

 
Figure 16. Table of correlation values for all 426 loci assayed. 
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Appendix 2 

 

ABL2 

 
 

Figure 17. Transcription factor binding locations in the described region of change of the ABL2 
locus. 
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HTR2B 

 
 

Figure 18. Transcription factor binding locations in the described region of change of the 
HTR2B locus. 
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KiSS1 

 
Figure 19. Transcription factor binding locations in the described region of change of the KiSS1 
locus. 
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MYC 

 
 

Figure 20. Transcription factor binding locations in the described region of change of the MYC 
locus. 
 

 
 
 
 
 
 
 



 51

 
CDKN2A 

 
 

Figure 21. Transcription factor binding locations in the described region nearest the transcription 
start site of the CDKN2A locus. 
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CDKN2A 

 
 
Figure 22. Transcription factor binding locations in the described nucleosome free region of the 
CDKN2A locus. 
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