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Abstract  

 

Steroid hormones are the largest class of regulatory factors in the mammalian biology. 

Steroid hormones bind hormone receptors, allowing them to dimerize and function as 

transcription factors. Frequently this regulation of gene transcription is associated with 

nucleosome redistribution. Bisphenol-A (BPA) is a common toxin found in many of the 

plasticids and epoxy resins we use every day. BPA is a thought to be an estradiol mimic, binding 

to hormone receptors allowing them to dimerize and function as transcription factors, which 

stimulate nucleosome redistribution at inappropriate times. However, nucleosome distribution 

from BPA exposure has not yet been observed. I expect that as BPA mimics estradiol and 

dysregulates the potential for gene expression, and that monitoring alterations in chromatin 

structure will give valuable insights into the first steps of this dysregulation. I mapped 

nucleosome redistribution and nucleosome sensitivity in both untreated cells and cells exposed to 

BPA to observe any change in nucleosome repositioning and biochemical composition after this 

stimulus. If BPA functionally acts as an estradiol mimic and is able to change chromatin 

structure, untimely or unwanted gene expression may result. BPA will be expected to induce 

remolding in the cell’s chromatin structure and affect the endocrine responsive genes. My results 

would show how other stimuli could mimic naturally occurring substances and be unexpected 

regulatory factors in altering our chromatin structure. BPA is one of many persistent toxins 

readily in our environment that we are exposed to. We found that there are transient nucleosome 

positional changes with exposure to Estradiol and Bisphenol-A at the -2, -1, TSS, +1 and +2 

positions while comparing the two stimuli at the 10-minute post exposure time period. We are 

especially interested in the nucleosome loss or gain at the +1 position because of its implications 

for possible gene expression. These results show that there is indeed similar chromatin 

remodeling behavior between Estradiol and Bisphenol-A to possibly warrant connections to the 

potential of the cell. This study will be one of the first to propose chromatin remodeling as the 

underpinnings to Bisphenol-A ability to mimic the natural sex hormone Estradiol. The scientific 

world is now becoming more aware of how environmental factors and pollutants all around us 

can have an acute or trans-generational effect on our health and epigenomic regulation. 

 

 

Introduction  

 

 In every human cell, there is approximately two meters of genetic material that needs to 

fit into a nucleus that is about 5 micrometers in diameter. So how is nearly six feet of DNA 

packaged into such a small area? In eukaryotic cells, DNA is packaged in a nucleus by means of 

chromatin structure. Nucleosomes are the foundational components of chromatin structure: 

Nucleosomes are approximately 146 base pairs of DNA wrapped around a histone core octamer 

core complex 
1
(Figure 1). It has been postulated that these nucleosome structures contribute to 

the potential transcriptional activity of the underlying DNA 
2
. According to the Steadman paper, 

different cell types should have varying nucleosome positioning to give access to specific parts 

of the genetic  



 

code 
2
. However, the nucleosome maps across differentiated cells show remarkably similar 

positions. (Figure 2a) So how do cell types differentiate and get access to potentially blocked 

parts of the genetic code? Nucleosomes are now known to be transient and move accordingly 

from a steady basal state position that is consistent across all cell types 
3
. (Figure 2b) 

 

 

The specificity of location and occupancy of nucleosomes on the genome are dependent 

upon cis factors, which are the precise DNA sequence and its bendability around a histone core 

octamer 
3
. Tight binding around a histone octamer complex by DNA will act as a repression and 

restrict access to the underlying genome on the nucleosome, preventing any transcriptional 

activity on the nucleosomally protected DNA 
3
. Also, trans acting factors which are the ATP-

dependent chromatin remodelers that may override determined nucleosome positions 
4
. 

However, only about 37% of nucleosomes have a sequence specific position, leading to other 

biologic mechanisms contributing to the potential of the cell 
5,6

. Nucleosomes can undergo 

repositioning from the result of a signal, opening up DNA areas for expression while repressing 

other genomic regions 
3
. The Jonathan H. Dennis lab has discovered genome-wide nucleosome 

repositioning after a stimulus that regulates transcriptional activity 
3
. Although transient 

nucleosome remodeling has been documented, not much is known about how specific stimuli 

affect chromatin structure. If chromatin structure is understood, then transcriptional activity 

could be predicted and be a precursor to gene expression.  

 

 

  

www.UCSF.edu

Figure	1:	DNA	wrapping	around	a	histone	core	octamer	complex,	composed	of	eight	histone	

proteins.	A	nucleosome	 is	comprised	of	double	stranded	DNA	wrapped	around	histone	

proteins.	About	146	base	pairs	wrap	around	 to	compose	 the	nucleosome	with	linker	or	“free”	

genetic	material	connects	nucleosomes	 to	each	other.



 

Steroid hormones are the largest class of regulatory factors in mammalian biology. 

Estradiol is a hormone that interacts with the endocrine system and plays a major role in normal 

mammary functions and reproductive health, but also in breast cancer proliferation and tumor 

development 
7
. Estradiol is important in the signaling pathways and gene regulation for the 

initiation and progression of cancer 
7
. Estrogen responses are mediated through the receptors 

ERα and ERβ. ERα is the main receptor for estrogen regulated breast cancer progression 
8
. ERα 

and ERβ estrogen receptors act as ligand dependent transcription factors and regulate 

interactions with 17β - Estradiol 
9
. With ligand bonding, estrogen receptors signal specific 

transcriptional activity and interactions with the tightly packaged chromatin structure of DNA 
7
. 

Chromatin remolding from an estradiol signal interacts with the ATP-dependent chromatin 

remolding complexes that regulate the location of nucleosomes on the genome and their 

interaction with DNA 
7
. 

 Bisphenol-A (BPA) is a substance used in epoxy resins, polycarbonate plastics and 

thermal paper; BPA is very common with about 8 billion pounds produced annually around the 

world 
10,11

. Bisphenol-A is an estrogen mimic and an endocrine disrupting molecule. Although 

originally thought of as a weak endocrine disruptor, some recent studies have suggested that 

Bisphenol-A is still present enough to stimulate similar cellular responses to estradiol 
11

. The 

weak estrogenic activity of BPA still allows binding to the estrogen receptors ERα and ERβ, 

ensuing epigenomic activity 
12

. Such similarity is due to the familiar chemical structure of 

Estradiol and BPA: most notably the two hydroxyphenyl group structure of Bisphenol-A (Figure 

3) 
12

.  

 

 

 

Figure	2:	a)	Nucleosome	occupancy	is	consistent	across	

different	cell	types,	hinting	 to	a	basal	state	for	chromatin	

structure.	This	image	was	generated	by	the	UCSC	genome	

browser	where	each	vertical	peak	is	a	nucleosome	 and	the	x-

axis	is	a	position	 on	the	genetic	code	of	about	2	kilobases.	b)	

Changes	in	nucleosome	 position	can	be	seen	temporally	after	

a	stimulus.	Nucleosomes	will	return	to	basal	state	position	 at	a	

time	period	post	stimulus.	
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In this experiment, we plan to investigate how Bisphenol-A as a xenoestrogen mimics 

17β-Estradiol on a chromatin structure level. Nucleosome repositioning and biochemical state 

after endocrine disruptor stimuli will unveil target genes for transcriptional activity. See 

Experimental design below in (Figure 4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure	4:	Experimental	design	 for	Estradiol	and	Bisphenol-A	

exposure.	Each	treatment	was	halted	and	analyzed	at	24	hours,	

2	hours,	1	hour,	30	minutes,	and	10	minutes	post-exposure	with	

two	untreated	plates.	

Lorrainewilde.wordpress.com

Figure	3:	

The	chemical	structures	of	Estradiol	(right)	

and	Bisphenol-A	 (left).	The	interactions	with	

the	hydroxyphenyls	with	the	ER	ligand	give	

rise	to	the	xenoestrogenic	properties	of	

Bisphenol-A.	



Materials and Methods  

 

Cell growth and Xeno-estrogen exposure in MCF-7 Cell Line 

 

The MCF-7 cell line was cultured from a stock belonging to Dr. Brian Chadwick. Culture 

and maintenance guidelines were followed according to ATCC protocols (ATCC). Cells were 

cultured in DMEM phenol-redless media (Gibco) with 10% Dextran-coated charcoal stripped 

fetal bovine serum, 0.1 mg/mL volume of human recombinant insulin, 1 mM (100 mM 100X 

stock) pyruvate and 2 mM (200 mM 100X stock) glutamine. The bovine calf serum (Seradigm) 

used in charcoal stripping was treated with 1.3g of Dextran-coated charcoal per 500 mL of serum 

(253 mg Dextran-coated charcoal per 100 mL of Fetal Bovine Serum). At 48 hours before 

exposure, cells were plated with a density of 5.5 x 10
6
 cells per 100 mm dish. A total of 12 plates 

were necessary for one round of the experiment, 24 plates were cultured for two sample sets of 

data. Next, the MCF-7 cells were exposed to Bisphenol-A at 10 µM and 17-β Estradiol 100 nM 

(Sigma) with two untreated control plates. Bisphenol-A (Sigma) was dissolved in ethanol at a 

stock solution of 50 mg/mL (10 mM) and 17-β Estradiol (Sigma) was dissolved in ethanol with a 

stock solution of stock of 100 µM. Cells were exposed to the stimuli at 24 hours, 2 hours, 1 hour, 

30 minutes, and 10 minutes before harvest. The untreated MCF-7 cell time points displayed 

negligible nucleosome distribution.  

 

Cell Harvest and Nuclei Purification 

 

  MCF-7 cells were harvested at 5.5 x 10
6
 cells, crosslinked with 1% (1.5 mL) 

formaldehyde in PBS and incubated on a rocking plate for 10 minutes at room temperature. The 

cross-linking reaction was then stopped by 125 mM glycine and the nuclei were isolated using 

Nucleus Isolation Buffer composed of: 10 mM HEPES at pH 7.8, 2 mM MgOAc2, 0.3 M 

sucrose, 1 mM CaCl2, and 1% Nonidet P-40. The nuclei of each sample were pelleted by 

centrifugation in 1 mL of Nucleus Isolation Buffer (NIB) at 1000g for 5 min at 4°C 
13

. Each 

sample nuclei were then re-suspended in 600 µL of fresh Nucleus Isolation Buffer (NIB) and 

aliquoted into two Eppendorf 1.5 mL tubes (300µL each) for a light and heavy digestion of 

Micrococcal Nuclease (MNase)
 13

.  

 

MNase Cleavage and Purification of Mononucleosomal and subnucleosomal DNA 

 

 MCF-7 cells with Bisphenol-A and 17-β Estradiol exposure were digested with two 

concentrations of MNase, MNase Cleavage Buffer (4 mM MgCl2, 5 mM KCl, 50 mM Tris-Cl 

(pH 7.4), 1 mM CaCl2, 12.5% glycerol) with RNase (20 µL) for 5 minutes at 37°C (Worthington 

Biochemical Corp.). The heavy digestion was at 400 units/ mL and the light digestion at 20 units/ 

mL. After 5 minutes of digestion with MNase, the digestion reaction was stopped using 100 µL 

of EDTA and the protein-DNA crosslinks were denatured from the MNase treated nuclei with 25 

µL of sodium dodecyl sulfate. The denatured MNase treated samples were incubated for 6-24 

hours at 60°C 
13

.  

 After the 60°C incubation period, the digested nuclei samples were purified with 

successive treatments (200 µL and 500 µL) of phenol-chloroform-isoamyl alcohol in a 25:24:1 

proportion respectively followed by one treatment of chloroform (500 µL) 
13

. Then, precipitate 

the DNA in two volumes of 100% ethanol for 10 minutes at 4°C followed by a 1 mL 70% 



ethanol rinse pelleted by centrifugation. Dry the purified nuclei pellet and re-suspend in 50 µL of 

TE (0.1 mM EDTA, 10 mM Tris-Cl at pH 8.0). Nano drop the re-suspended purified nuclei 

pellet samples to obtain concentration in ng/µL.  

 The purified nuclei samples were run on a 1X TAE 2% agarose gel with a nucleosomal 

ladder to confirm the MNase digestion successfully isolated the mononucleosomally sized 

fragments of DNA.  

 The digested and purified nuclei samples were then selected for size (90-250 base pair 

length) by PippinHT High Throughput Size Selection for Next-Gen Sequencing protocol (Sage 

Science). For PippinHT size selection, the heavy MNase digested samples will be prepared with 

500 ng of nuclei sample in milliQ water for a total volume of 20 µL and the light MNase 

digested samples will be prepared with 1,000 ng of nuclei sample in milliQ water for a total 

volume of 20 µL for each sample 
13

.  

 After size selection, each sample is measured by nuclei concentration in µg/mL by Qubit 

Fluorometric Quantitation (Thermo Fisher Scientific) following the protocols for high sensitivity 

double stranded DNA samples. The samples were then checked for quality with Agilent 

Bioanalyzer 2100 (Agilent Genomics) DNA high sensitivity kit (0.5-3 ng/µL sample 

concentration).  

  

Mononucleosomal and Subnucleosomal DNA Library Preparation 

 

Using the NEBNext® UltraTM DNA Library Prep Kit for Illumina® (NEB #E7370S/L), 

the mononucleosomally-sized and subnucleosomal-sized fragments for each sample were 

prepared for DNA sequencing libraries courtesy of Dr. Brian Washburn. DNA was end-prepped 

using NEB Prep enzyme mix, end- repair reaction buffer (10X). 52 ng of DNA of each sample 

was used for library preparation. The samples were held at 30°C and 65°C for 30 minutes 

successively. Adaptors were ligated onto the end-repaired samples by adding NEB Blunt/TA 

Ligase Master Mix, NEBNext Adaptor for Illumina, and Ligation Enhancer and incubating at 20 

°C for 15 minutes. The adaptor-ligated DNA had any unwanted ligated products removed by 

AMPure.   

The universal and indexed sequences were added by PCR using 23 µL of adaptor-ligated 

DNA fragments, NEBNext High Fidelity 2X PCR Master Mix, index primers provided in 

NEBNext Multiplex (NEB #E7335, #E7500) Oligos for Illumina, and Universal PCR Primers 

from the NEBNext Multiplex (NEB #E7335, #E7500) Oligos for Illumina. Then PCR was done 

for 8 cycles (not including the initial denaturation and final extension) 
13

. The libraries were 

quality-checked using Agilent 2100 Bioanalyzer High-Sensitivity) Agilent Genomics). Across 

the libraries, the samples ranged between 200-400bp and there were no adapter or primer dimers 
13

.  

 

Solution-based sequence-capture of DNA fragments within two-kb of all human TSSs 



We used the Roche Nimblegen SeqCap EZ Library SR to sequence-captured the 

previously libraried fragments two kilobases surrounding all human Transcription Start Sites 

(TSS). The Roche Nimblegen protocol for the sequence-capture procedure was followed. After 

sequence-capture, we then PCR amplified our sequence-captured fragments using TruSeq 

primers 1 and 2 (AATGATACGGCG ACCACCGAGA and 

CAAGCAGAAGACGGCATACGAG, respectively) 
13

. To determine whether fragments within 

the two-kb window around all human Transcription Start Sites were enriched. Previous 

experiments in the Dennis lab have validated the efficiency of the sequence capture using on-

target, off-target primers for qualitative PCR.  

 

Illumina paired-end sequencing and analysis 

Using a single lane on an Illumina HiSeq 2500, HiSeq Flow Cell v3, the samples were 

loaded at 12 pM. The libraries were sequenced using standard Illumina sequencing protocols. 

Two kits were used: the TruSeq SBS Kit v3 and the TruSeq PE Cluster Kit v3 -cBot – HS. Initial 

mapping to the human genome was completed by Lauren Cole in the Dennis Lab as follows: The 

reads were demultiplexed using the Casava Software, and the library adaptors were removed 

using the cutadapt software 
13,14

. 

The sequenced fragments were aligned to the HG19 assembly of the human genome 

using bowtie2 2.1.0 
15

. Using samtools, non-unique and non-paired fragments were removed 

from the sequenced fragments 
13,16

. The number of sequenced fragments for each sample is 

denoted in Supplementary Table 4. 

Nucleosome distribution maps were determined through (standard pipelines) BAM les and the 

use of bedtools 2.17 
13,17

. Nucleosome distributions were calculated by fragments per million for 

each bp in the 2kb surrounding each Transcription Start Sites. Midpoints for nucleosome 

distributions were determined through the calculation of center fragments in 100 bp windows at a 

10 bp step in the 2kb surrounding each TSS. Further analysis of the nucleosome distributions 

was done in the R environment, R 2.15.1 
13,18

, using our lab- developed software, RAGE. 

 

 

 

 

 

 

 

 

 

 

 

 



Results 

 

Cell Culture  

 

 

We aimed to study the effect 

of steroid hormone stimulus on 

chromatin remodeling, for this 

experiment we found it apt to use 

the MCF-7 cell line because it is 

known to be estrogen receptive and 

will exhibit a response when 

exposed to Estradiol. Using the 

MCF-7 cell line will validate the 

efficacy of Bisphenol-A as an 

Xenoestrogen.  

 

 

 

 

 

 

 

 

 

Nanodrop 

 

To determine the concentration 

of genetic material in a certain sample, 

a Nanodrop was performed and a 

concentration curve was generated. 

From this experiment, we can 

determine if there is enough genetic 

material purified in our sample (from 

the ng/µL and the A260/A280). The 

concentration curve measures the 

wavelength of material in the sample. If 

there is emission at 260 nm, we can 

conclude that the material in our 

samples are indeed genetic material. 

 

  

 

 

 

Figure	5:	Pictures	of	the	MCF-7	Cell	line	used.	This	cell	

line	was	obtained	 from	ATCC	and	stocks	were	used	

from	the	Chadwick	lab	at	Florida	State	University.	

ATCC

Figure	6:	A	

representation	of	the	

Nanodrop	values	of	this	

experiment	and	a	

concentration	curve.	a)	

The	concentration	of	

genetic	material	in	

samples	after	MNase	

cutting	in	ng/µL.	The	

A260/A2280	value	is	

also	important	 to	ensure	

quality	of	the	sample. b)	

The	concentration	curve	

presents	the	Nanodrop	

concentrations	values	

with	wavelength	as	a	

function	of	absorbance.	

There	is	a	line	up	the	

260	nm	wavelength	

mark	because	DNA	is	

absorbed	at	a	

wavelength	of	260	nm.	

A

B



 

Gel 

 

We wanted to validate the MNase 

cutting of genetic material to ensure that we 

obtained mononucleosomally sized fragments. 

To do this we ran our heavily digested samples 

an 1% agarose gel to determine if we see 

mononucleosomally sized fragments. The 

ladder was MCF 2 and marks approximately 

every 200 base pairs. The four representative 

samples have bands at approximately 150 base 

pairs in length, the size of a 

mononucleosomally sized fragment. This 

means that the MNase digestion is accurate and 

we have obtained nucleosomally sized 

fragments of the genetic material.  

 

 

 

Pippin 

 

We wanted to isolate the mononucleosomally sized fragments from our samples to 

identify nucleosomal positioning changes. To do this, we used Pippin as a size selector to collect 

everything between 90-250 base pairs in length. Performing a Bioanalyzer on these newly 

selected mononucleosomally sized fragments will confirm that the cutting with MNase and 

Pippin size selection worked.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure	7:	An	1%	agarose	gel	was	run	for	a	visual	

representation	of	MNase	digestion.	For	the	ladder,	MCF	2	

was	used,	which	runs	every	200	base	pairs.	Four	heavy	

digestion	samples	were	run	to	represent	the	

mononucleosomally	 sized	fragments	shown	at	

approximately	150	base	pairs	in	length.	

Mononucleosomal	

fragments

200	bp

Luis	Martinez

https://www.labtech.com/pippin-prep

Figure	8:	Above	is	the	Pippin	schematic	of	size	selection.	

Samples	and	two	fluorescent	 size	selection	markers	will	be	

loaded	near	the	anode	and	flow	to	the	cathode	via	a	gel	in	

the	apparatus.	The	samples	that	are	in	the	range	of	the	

fluorescent	markers	will	be	collected	in	the	elution	channel.	

We	chose	between	90-250	base	pairs	for	the	size	selection	

markers.



 

Bioanalyzer  

 

We wanted to test the quality of the samples and the size distribution of the fragments to 

ensure very step has been validated in the experiment thus far. In order to test to make sure the 

mononucleosomal fragments are truly what we have after pippin, a Bioanalyzer experiment was 

performed. For the Bioanalyzer, we did not test every sample for economical purposes. We 

found that the experiment was validated with peaks at approximately 150 base pairs, the size of a 

mononucleosomally sized fragment. 

 

 
 

 

Library Preparation 

 

During library preparation, we aimed to 

ligate barcodes and primers onto each sample set 

of mononucleosomally sized fragments of DNA. 

Each sample has a unique barcode so each time 

point can be identifiable. Attached to the 

barcodes are primer sequences (p5 on the 5’ end 

and p7 on the 3’ end). Library preparation is 

used for sequence capture to collect the selected 

mononucleosomally sized fragments.  

 

 

 

 

 

 

Figure	9:	Bioanalyzer	results	for	select	samples	are	shown.	

Peaks	indicate	size	selection,	with	the	largest	peak	being	at	

150	base	pairs.	Mononucleosomally	 sized	fragments	are	

approximately	150	base	pairs	in	length.	The	X- axis	represent	

size	in	base	pairs	while	the	Y- axis	is	the	fluorescence	units	of	

the	sample.	

Figure	10:	Dr.	

Brian	

Washburn	

preformed	a	

library	

preparation	

for	Next	

Generation	

Sequencing.	

During	

library	

preparation	

adaptors	are	

ligated	onto	

the	5’	and	3’	

ends	of	the	

sample	

genetic	

material.	
Complementary	sequences	to	the	adaptors	are	

attached	to	the	5’	and	3’	end	of	the	sample	along	with	

a	barcode	and	primers	 (P7	and	P5).	Barcodes	enable	us	

to	determine	specific	sample	types	for	identification.	
https://www.neb.com/applications/library-preparation-for-next-

generation-sequencing/dna-library-preparation



Sequence Capture 

 

 

We aimed to isolate all 

human Transcription Start Sites 

(TSS) from our samples to perform 

paired-end sequencing. To do this 

we did a TSS sequence capture with 

biotinylated oligos, we use 

biotinylated oligos because biotin 

will bond to streptavidin attached 

iron beads and make a very 

favorable bond. We then pulled 

down all the bound TSS sequences 

out of solutions by magnets and 

discarded the supernatant until only 

the TSS fragments were left.  We 

are now able to perform paired end sequencing to determine location on the genome.  

 

 

 

Kapa Sequencing  

 

We wanted to find the concentration of our samples post sequence capture to see how 

much of the target material was obtained for sequencing. To do this Dr. Brian Washburn 

performed a KAPA PCR (polymerase chain reaction). KAPA PCR only amplifies samples that 

have the p7 and p5 primers ligated. In figure 12b we see the samples measuring close to the 

values for the established standard curve meaning that there is validation in our samples.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure	12:	a)	This	table	

represents	the	

concentrations	of	our	

mononucleosomally	

sized	fragments	after	

sequence	capture.	These	

values	are	in	Pico	molar	

(pM).	KAPA	PCR	only	

contains	fragments	 that	

have	p5	and	p7	primers	

ligated	to	the	ends.	b)	

this	standard	curve	

graph	relates	this	

experiment’s	sample	

values	to	the	standard	

curve	created	by	Dr.	

Brian	Washburn	 with	

known	values.	

A

B

Dr.	Brian	Washburn

Figure	11:	This	figure	 is	a	schematic	of	Dennis	lab	

procedures	and	Sequence	Capture.	All	Transcription	Start	

Sites	are	pulled	out	of	solution	 via	magnetism	to	be	used	in	

sequencing.	We	only	are	interested	in	the	TSS	because	they	

are	relevant	for	gene	expression	analysis.	

Jonathan	H.	Dennis	and	Brooke	Druliner	



 

Bioinformatics 

 

Part I 

 

We aimed to validate the 

quality of our samples for analysis 

by bioinformatics. We did this by 

making heat maps of each sample 

and comparing their distribution 

line graphs to check for 

consistency. The heavy digests 

showed consistency and we found 

them to be most significant for 

analysis (Figure 13). 

 

 

 

 

 

Part II 

 We aimed to 

determine nucleosome 

occupancy changes from 

untreated to 10 min post 

exposure in both Estradiol 

and Bisphenol-A. To do 

this we made a full 

coverage difference map 

of 10 min post exposure 

compared to untreated 

MCF-7 cells. We found 

there are nucleosome 

positions of -2, -1, +1, and 

+2 that have experienced 

repositioning within 10 

minutes of exposure. As 

well as a loss of a 

nucleosome at the 

Figure	13:	Average	plots	of	the	heavily	digested	samples	

show	that	the	data	is	validated	because	there	are	

standardized	plots	consistent	across	the	samples.	The	X-axis	

represents	location	relative	to	the	Transcription	Start	

Site(TSS)	 ,	with	0	marking	 the	TSS	and	1000	base	pairs	

flanking	either	side.	The	Y-axis	is	the	reads	per	million	 form	

sequencing.	

Estradiol

Figure	14:	Shown	is	a	

representation	of	nucleosome	

positioning	 in	a	heat	map.	The	X-

axis	is	position	 relative	to	the	

transcription	start	site	(position	 0)	

with	2	kilobases	surrounding	 the	

TSS.	The	Y-axis	represent	the	

20,000	genes	of	the	human	

genome.	These	maps	are	

difference	maps	between	10	

minutes	post	treatment	and	

untreated	samples.	The	blue	

areas	indicate	a	nucleosome	 loss	

while	the	yellow	areas	are	

representative	of	a	nucleosome	

gain	between	post	treatment	and	

untreated.	A)	the	estradiol	

treated	10	minute	sample	

compared	to	untreated.	B)	the	

Bisphenol-A	 treated	sample	

compared	to	untreated.			

A

Bisphenol-A

B



Transcription Start Site of Bisphenol-A. This means that we do see post stimulus chromatin 

remodeling and possible changes in the potential of the cell (Figure 14). There is also the 

possibility that the increases or decreases in occupancy of nucleosomes could be attributed to the 

changing fragility of the nucleosome biochemical state. With many avenues to go down, we 

decided to discuss the gene similarities between Estradiol and Bisphenol-A in relation to 

nucleosome position.  

 

Part III 

 

We wanted to determine the function of shared genes between Bisphenol-A and Estradiol 

at the -1 nucleosome position relative to the Transcription Start Site. To do this we compared all 

the genes from the area for decreased nucleosome occupancy for the -1 position in Estradiol and 

Bisphenol-A (Figure 16a). After receiving the shared genes, we ran a gene ontology to discover 

areas of enrichment for transcriptional activity. For decrease in nucleosome occupancy at 

position -1, we see positive regulation of receptor binding. However, this enrichment was too 

low to do further analysis.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure	16:	A	

comparison	of	the	

genes	that	lost	a	

nucleosome	 in	the	-1	

position	 relative	to	

the	Transcription	

Start	Site	(slightly	

upstream).	A)	The	left	

side	of	the	venn	

diagram	are	the	

genes	lost	in	the	-1	

nucleosome	position	

in	Estradiol	and	the	

right	side	of	the	venn	

diagram	are	the	

genes	lost	in	the	-1	

nucleosome	position	

in	Bisphenol-A.	The	

overlapping	 region	

indicates	similarities	

in	genes.	

A

B

B)	Gene	Ontology	 results	form	the	

shared	region	of	genes	shows	slight	

enrichment	of	transcriptional	

activity	related	to	positive	

regulation	of	receptor	binding.	

However,	not	enough	enrichment	

to	warrant	further	 study.	



 

Part IV 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

We wanted to determine the function of decreased nucleosome occupancy at the 

transcription start site of Bisphenol-A. To do this we obtained all of the genes from the decreased 

occupancy region. (Figure 17). After receiving the genes, we ran a gene ontology to discover 

areas of enrichment for transcriptional activity. For decrease in nucleosome occupancy at the 

TSS for Bisphenol-A, we see enrichment for condensed chromosome. Because of the nature of 

the function, we listed the genes that are affected by the decrease in nucleosome occupancy 

resulting in the condensed chromosome enrichment.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure	17:	Analysis	of	the	loss	of	nucleosomes	at	the	

Transcription	Start	site	of	Bisphenol-A	10	minutes	post	

exposure	compared	to	untreated.	A)	Enrichment	 is	shown	in	

genes	expressing	chromosome	 condensing.	B)	Although	 the	

enrichment	 is	not	extensive,	the	nature	of	these	genes	

warranted	the	exact	list	of	genes	influencing	 the	condensed	

chromosome	activity.	

A B
GENES

NCAPG:	non-smc condensin	i	complex,	subunit	g

CHEK1:	checkpoint	kinase	1

SMC1A:	structural	maintenance	 of	chromosome	1a

H2AFX:	h2a	histone	family,	member	x

HMGB1:	high	mobility	group	box	1

RAD50:	rad50	homolog	(s.	cerevisiae)

NOL6:	nuclear	protein	6	(rna-associated)

RAD51:	rad51	recombinase

SMC2:	structural	maintenance	 of	chromosome	2

FANCD2:	fanconi	anemia,	 complementation	 group	d2

PES1:	pescadillo	ribosomal	biogenesis	factor	1

AKAP8:	a	kinase	(prka)	anchor	protein	8

AURKC:	aurora	kinase	c

DMC1:	dna	meiotic	 recombinase	1



Part V 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

We wanted to determine the function of shared genes between Bisphenol-A and Estradiol 

at the +1 nucleosome position relative to the Transcription Start Site. To do this we compared all 

the genes from the area for increased nucleosome occupancy for the +1 position in Estradiol and 

Bisphenol-A (Figure 18a). After receiving the shared genes, we ran a gene ontology to discover 

areas of enrichment for transcriptional activity. For increase in nucleosome occupancy at 

position +1, we see posttranscriptional regulation of gene expression. However, this enrichment 

was too low to do further analysis.   

 

 

 

Part VI 

 

We wanted to determine the function of shared genes between Bisphenol-A and Estradiol 

at the +1 nucleosome position relative to the Transcription Start Site. To do this we compared all 

the genes from the area for decreased nucleosome occupancy for the +1 position in Estradiol and 

Bisphenol-A (Figure 19a). After receiving the shared genes, we ran a gene ontology to discover 

areas of enrichment for transcriptional activity. For decrease in nucleosome occupancy at 

position +1, we see negative regulation of protein modification process. We received a list of 

genes that are associated with the negative regulation of protein modification process (Figure 

19c). For example, PTK6, a protein tyrosine kinase 6, has an indirect negative regulation of cell 

cycle progression and p-53 induced apoptosis. This does so by activating the p38 MAPK 

pathway that plays a role in these functions
19

. A further analysis on the UCSC genome browser 

will show how these individual genes affect nucleosome repositioning.  

Figure	18:	A	comparison	of	the	genes	that	gained	a	nucleosome	

in	the	+1	position	 relative	to	the	Transcription	Start	Site.	A)	

Venn	Diagram	depicting	 the	similarities	of	genes	between	

Estradiol	and	Bisphenol-A	 that	gained	a	nucleosome	 in	the	+1	

position.	B)	Gene	Ontology	 results	form	the	shared	region	of	

genes	shows	slight	enrichment	of	transcriptional	activity	related	

to	posttranscriptional	 regulation	of	gene	expression.	However,	

not	enough	 enrichment	 to	warrant	further	 study.	

A B



 

 

 

A B

Figure	19:	A	comparison	of	the	genes	that	lost	a	

nucleosome	 in	the	+1	position	 relative	to	the	Transcription	

Start	Site.	A)	Venn	Diagram	depicting	 the	similarities	of	

genes	between	Estradiol	and	Bisphenol-A	 that	lost	a	

nucleosome	 in	the	+1	position.	B)	Gene	Ontology	 results	

form	the	shared	region	of	genes	shows	moderate	

enrichment	of	transcriptional	activity	related	to	negative	

regulation	of	the	protein	modification	process.	

GENES
TRIB3:	tribbles	homolog	3	(drosophila)

TRIM27:	tripartite	motif	containing	27

EFNA1:	ephrin-a1
KDM4C:	lysine	(k)-specific	demethylase	4c

BAK1:	bc12-antagonist/killer	1

GADD45B:	growth	arrest	and	dna	damage- inducible,	beta

TRIB1:	tribbles	homolog	1	(drosophila)

UBE2B:	ubiquitin-conjugating	enzyme	e2b
MARVELD3:	marvel	domain	containing	3

C14orf166:	chromosome	14	open	reading	frame	166

GPD1L:	glycerol-3-phosphate	dehydrogenase	1-like	

PPARGC1A:	peroxisome	proliferator-activated	receptor	gamma,	

coactivator	1	alpha
UBXN1:	ubx domain	protein	1

DNAJC3:	dnaj (hsp40)	homolog,	subfamily	c,	member	3

DTNBP1:	dystrobrevin binding	protein	1

CBLC:	cbl proto-oncogene	c,	e3	ubiquitin	protein	ligase

TINF2:	terf1	(trf1)- interacting	nuclear	factor	2
FGFR1OP:	fgfr1	oncogene	partner	

PRR5L:	proline	rich	5	like

PTK6:	protein	tyrosine	kinase	6

USP4:	ubiquitin	specific	peptidase	4	(proto-oncogene)

DMTN:	dematin actin	binding	protein

PREX1:	phosphatidylinositol-3,4,5- trisphophate-dependent	rac

exchange	 factor	1

TNIP1:	tnfaip3	interacting	protein	1
RPS3:	ribosomal	protein	s3

SOCS2:	suppressor	of	cytokine	signaling	2

CHAD:	chondroadherin

PDCD4:	programmed	cell	death	4	(neoplastic	transformation	

inhibitor)	
GNAQ:	guanine	nucleotide	binding	protein	(g	protein),	q	

polypeptide

MIRLET7G:	microrna let-7g

UFL1:	ufm1-specific	ligase	1

TNF:	 tumor	necrosis	factor
GREM1:	gremlin	1,	dan family	bmp	antagonist

TNFAIP3:	tumor	necrosis	factor,	alpha- induced	protein	3

PARP10:	poly	(adp-ribose)	polymerase	family,	member	10

FAM212B:	family	with	sequence	similarity	212,	member	b	

GSK3B:	glycogen	synthase	kinase	3	beta
TRIM44:	tripartite	motif	containing	44

Figure	19	C:	List	of	

genes	that	are	

similar	between	

Bisphenol-A	and	

Estradiol	in	the	+1	

position	 loss	of	a	

nucleosome.	 	



Discussion  

 In this study, we aimed to understand the commonalities between Estradiol and its 

potential mimic Bisphenol-A at a chromatin structure level. We isolated the mononucleosomally 

sized fragments and measures the nucleosome occupancy 2 kilobases surrounding each human 

transcription start site. We made heat maps to visually observe areas of increased and decreased 

nucleosome occupancy between treated and untreated samples. From there we observed 

Bisphenol-A and its ability to mimic Estradiol by comparing nucleosome occupancy at positions 

-2, -1, +1 and +2 surrounding the transcription start site. We were able to run a gene ontology on 

the shared genes between the two stimuli and obtain genes that have an effect on enriched 

cellular functions post stimulus. Summarized below are some of the most pertinent observations 

to date in this experiment.  

There are similarities between the effects of Estradiol and Bisphenol-A 

 Looking at nucleosome occupancy gains and losses between Estradiol and Bisphenol-A, 

there are about 18% shared genes between the two for each analysis run. We feel confident in 

theorizing that there is some xenoestrogenic effect of Bisphenol-A.   

Nucleosome occupancy at the +1 position relative to the TSS is an important indicator of gene 

expression 

The +1 nucleosome position relative to the TSS are of particular interest in this 

experiment. Nucleosome occupancy changes at the +1 position is believed to play an important 

role in the potential of the cell because of its position slightly downstream of the Transcription 

Start Site. Increased nucleosome occupancy in this area would be expected to effectively silence 

the gene of interest from blocking proper transcriptional activity. Decreased nucleosome 

occupancy in this area will allow for the transcription of the gene of interest because the genetic 

code downstream of the TSS is now open for RNA polymerase to transcribe such gene. Looking 

at shared genes for increased and decreased nucleosome occupancy at the +1 position, we see 

similarities between Estradiol and Bisphenol-A as well as enrichment for processes that these 

shared genes code for (Figure 18 and 19).  

Shared genes can now be looked at individually  

In future steps, we plan to investigate individual genes on the UCSC genome browser to 

get a more detailed analysis as a result of chromatin structure. In (Figure 19c), we can use the 

genes that code for negative regulation of gene expression and find out specifically how they are 

affected by chromatin remodeling and what that says for the potential of the cell. 

 



Future Directions 

 In the next steps, we plan to look at genes from (Figure 17b) and (Figure 19c) 

individually to determine how chromatin structure behaves in that particular part of the human 

genome. We will do this by matching our samples up to the UCSC genome browser and 

determining what nucleosomal activity is occurring in that area of the genome. We also plan to 

observe the genes that are unique to Estradiol and Bisphenol-A, in search of chromatin 

remodeling and potential of the cell that can suggest that Bisphenol-A may be more than just a 

mimic of Estradiol but have its unique properties, affecting areas that Estradiol may not. We also 

plan on looking at our other times periods to determine how chromatin structure and gene 

expression may change as a result of time.   
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