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ABSTRACT
With the completion of the Human Genome project and the advancements of methods used to
sequence DNA and analyze factors that control gene expression, a vast deluge of data that was not
accessible before has become available. RNA-seq, ChIP-seq and DNase-seq can analyze genome-wide
gene expression, transcription factor binding and histone modifications, and DNase hypersensitivity sites,
respectively. Data of this proportion requires the integration of computational and statistical techniques
with biochemical knowledge to effectively identify useful information amidst the immaterial background
noise.
A variety of epigenetic features, including transcription factor binding, histone modifications and
DNase hypersensitivity sites, combine to regulate gene expression. The focus of this thesis is to advance
our understanding of epigenetic dynamics as mouse cell lines go through erythropoiesis. DNase
hypersensitivity sites are known to mark regions of the genome accessible to regulatory elements, thus, it
is a useful starting point for annotating regulatory landscapes. Combining these sites with histone
modification information and TF-binding locations, which can shed light on specific functional aspects of
regulatory sites, leads to a vastly clearer view into the control of gene regulation. In addition, this report
investigates the advantages of using ChromHMM to visualize many histone modifications as a single
colored bar on a genome browser.
.
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Chapter 1 – Introduction

1.1: Gene Regulation
Ultimately, what has allowed life to exist on Earth is the creation of a stable,
replicable material that can be used to pass heritable information down to the next generation of
organisms; that material is DNA [1]. DNA is found in nearly every cell within every organism
on this planet. While the content of DNA varies between different species and between
organisms of the same species, every cell in a single organism has essentially the same DNA
(with the exception of somatic mutations acquired from living) [2]. Thus, it is not the DNA
content of each cell, but the differential expression of genes that specifies the cell’s final form
and function; differential expression of cell type specific genes has even been found to precede
lineage commitment in some cases [3, 4]. The correct regulation of genes is crucial to the
development and vitality of every organism known to us. Aberrant gene expression is found in
cancers and genetic disorders, so understanding the fundamental control processes of gene
expression is crucial to fully understanding and treating these diseases [5, 6]. Moreover, gene
regulation can have evolutionary implications as complex, multicellular organisms evolved along
with an increase in the complexity of gene regulation machinery [7]. Regulation of gene
expression is thought to be mainly carried out by sequences, known as cis-regulatory modules
(CRMs), located on the same chromosome as the target gene [8, 9]. These CRMs can either
increase or decrease the expression of the target genes and thus can be separated into different
categories, each with unique biochemical signatures and functions. Common categories of CRMs
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include promoters, enhancers and insulators [10]. While not all of the factors that constitute
CRMs are currently known to us, many are being extensively studied in research labs all over the
world, including: DNase hypersensitivity sites, transcription factor binding and histone
modifications [11, 12]. This report takes into account these three factors, and attempts to make
sense of how they form the CRMs that control gene expression during erythropoiesis in mice.

1.2: DNase Hypersensitivity
It has long been known that genomic regions accessible to deoxyribonuclease I,
known as DNase hypersensitivity sites (DHS), are associated with active elements [13]. DHSs
are characterized by a lack of nucleosomes and are more structurally exposed to the binding of
regulatory proteins [14]. Using a method known as DNase-seq, one can expose entire genomes to
DNase, sequence the regions that remain undigested, and map them back to a reference genome,
effectively identifying every genomic region that is accessible to DNase [15]. DHSs mark
regions of accessibility, regardless of specific functions, so using these sites as the initial
annotation of regulatory landscapes can help narrow down the focus of analysis to exposed
regions of the genome.

1.3: Transcription Factor Binding
While DHSs are a good starting point to assess the accessibility of the genome to
regulatory factors, they don’t shed any light on the actual role of that site. To further assess the
function of CRMs, one needs to identify the factors present at open, active DNA sequences.
Certain proteins, known as transcription factors (TFs), have been known to positively and
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negatively regulate gene expression across all walks of life [16, 17]. The binding of TFs genome
wide can be determined via ChIP-seq [18]. Many transcription factors, such as GATA1, are celltype specific and can turn genes on or off, while other, general transcription factors, are
necessary for any transcription to occur [19, 20]. The differential binding of transcription factors
to CRMs is a fundamental step in the differentiation and development of terminal cell fates.
Analyzing which factors are bound to CRMs can be used to assign functions to those CRMs.

1.4: Histone Modifications
In addition to DNase hypersensitivity and TF binding, covalent modifications on
the tails of histone proteins are known to influence gene expression [10, 12]. In the cell, DNA is
packaged around histones to form nucleosomes approximately every 200 bps [21]. The
modifications on the tails of these histones can influence gene expression through modifying
chromatin structure and recruiting specific regulatory factors [22]. Different modifications have
been associated with specific active elements across the genome, such as: H3K4me1 or H3K27ac
with enhancers, H3K4me3 with promoters, H3K36me3 with transcribed regions, and H3K27me3
with heterochromatin [23]. Using the data for each of these marks, individually or together, can
offer more support for the putative functions of identified CRMs. This data was used in two
ways in this thesis. First, the histone data for H3K4me1, H3K4me3 and H3K27ac was used to
group DHSs into different categories of CRMs. Second, the histone data for five histone marks
(H3K4me1, H3K4me3, H3K9me3, H3K27me3, H3K36me3) were combined into a single data
file using a software called ChromHMM. ChromHMM uses the combinations of chromatin
marks observed in the data and learns the most probable combination of marks (or “chromatin
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states”) genome wide [24]. These states make visualizing all of the marks together easier on a
genome browser.

1.5: Categories of CRMs

1.5.1: Promoters
The first CRM annotated in this paper are promoters; any DHS that intersects with a TSS
or the H3K4me3 histone modification are called as a promoter. Promoters are located directly
upstream of the transcription start site and are required for to initiate transcription of the target
gene [25]. Promoters are more easily identifiable than other elements due to the high rate of
intersection with transcription start sites and their high enrichment for regulatory factor signals
such as DHS [12].

1.5.2: Insulators
Any DHS that contains a CTCF binding site as determined by ChIP-seq were called as
insulators. Insulators are known to block enhancer activity from target genes, as well as form
protective barriers against the encroachment of condensed, inactive chromatin; thus, they can
have activating or repressing influences [26].
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1.5.3: Enhancers
Enhancer function was predicted by the overlap of DHSs with H3K4me1 or a select
transcription factor binding site. The transcription factors included in this report are: Tal1, Klf1,
Gata1, Gata2, and Pol II. Enhancers are known to both positively and negatively influence gene
expression depending on the combination of factors bound to the sequence, however, due to lack
of sufficient information on these factors, the ultimate influence of these enhancers isn’t clear
[25]. To account for this, we simply refer to these sites as enhancers, and don’t attempt to infer
their exact effect on genes.

1.5.4: Other
DHSs that didn’t intersect any of the above features were labelled as “other”. Additional
data is necessary to determine the functions of these regions, if they are even active at all.

1.6: Erythropoiesis Model
Our lab focuses on the changes that execute the differentiation of red blood cells in mice.
As large, homogeneous amounts of primary cells are difficult to acquire, we make use of cell
lines, G1E and G1E-ER4, to study erythropoiesis [27]. According to Welch et al. in 2004, G1E
cells are an erythroid committed, GATA-1- cell line generated from mouse embryonic stem
cells; these cells can be cultured to retain a pro-erythroblast state. G1E-ER4 cells are G1E cells
that express a GATA1 estrogen receptor hybrid construct which can be used to rescue the
GATA-1- phenotype and promote erythroid-like differentiation [28]. This system allows for the
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production of large populations of cells at specific points during GATA1-dependent
differentiation. These cells can be used to generate the amount of material required for a highthroughput analysis of genome wide features, such as DHSs and transcription factor (TF) binding
using DNase-seq and CHIP-seq, respectively [15, 18].
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Chapter 2 – Materials and Methods

2.1: ChIP-seq, DNase-seq and RNA-seq Data Acquisition
All data used in this report was generated according to ENCODE standards and are
available at (https://www.encodeproject.org) via their accession IDs or the source provided.
Table 1: ChIP-seq Datasets
Feature

Cell Line

Accession ID

H3K4me1

G1E

ENCSR000DJB

H3K4me3

G1E

ENCSR000DIX

H3K9me3

G1E

ENCSR000DHM

H3K27me3

G1E

ENCSR000DHX

H3K36me3

G1E

ENCSR000DHV

H3K27ac

G1E

GATA2

G1E

ENCSR000DIE

TAL1

G1E

ENCSR000DIN

CTCF

G1E

ENCSR000DIS

POL II

G1E

ENCSR000DIG

H3K4me1

G1E-ER4

ENCSR000DIY

H3K4me3

G1E-ER4

ENCSR000DIW

H3K9me3

G1E-ER4

ENCSR000DHJ

H3K27me3

G1E-ER4

ENCSR000DIZ

H3K36me3

G1E-ER4

ENCSR000DHS

H3K27ac

G1E-ER4

GATA1

G1E-ER4

Stonestrom, A. J. et. al. Function of BET proteins in
erythroid gene expression. Blood, 2015. Online

Stonestrom, A. J. et. al. Function of BET proteins in
erythroid gene expression. Blood, 2015. Online
ENCSR000DHB
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TAL1

G1E-ER4

ENCSR000DIM

CTCF

G1E-ER4

ENCSR000DIR

POL II

G1E-ER4

ENCSR000DIF

H3K4me1

ES-E14

ENCSR032JUI

H3K4me3

ES-E14

ENCSR212KGS

H3K9me3

ES-E14

ENCSR857MYS

H3K27me3

ES-E14

ENCSR059MBO

H3K36me3

ES-E14

ENCSR253QPK

Table 2: DNase-seq Datasets
Feature

Cell Line

DHS

G1E

DHS

G1E-ER4

Accession ID
2 Replicates: ENCSR000CHP
2 Replicates: Hsiung, C. et. al. Genome accessibility is
widely preserved and locally modulated during mitosis.
CSH Press, 2015. 25(2): 213-25
2 Replicates: ENCSR000CHQ
2 Replicates: Hsiung, C. et. al. Genome accessibility is
widely preserved and locally modulated during mitosis.
CSH Press, 2015. 25(2): 213-25

Table 3: RNA-seq Datasets
Feature

Cell Line

Accession ID

RNA Expression

G1E

ENCSR000CIG

RNA Expression

G1E-ER4

ENCSR181KQJ

RNA Expression

ES-E14

ENCSR000CWC
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2.2: Custom DHS Peak Calling
For the DHS analysis, we used a custom peak calling method designed by Belinda
Giardine. First Fseq was used to call peaks [29]. Then the program Hotspot was used to identify
regions of significant local enrichment [30]. The Fseq peaks and hotspots that intersected were
kept along with a 150 bp window encompassing the intersect to yield our custom peaks.

2.3: R Analysis
Most of the figures in this report were generated using R scripts. The input is a data
matrix created by a former lab member, Chris Morrissey, in which he compiled pertinent data
(histone modifications, TF binding and RNA-seq) related to the DHS used in this analysis. The
scripts for generating each figure can be found below.
Figure 1
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Figure 3A, B

Figure 3C
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Figure 3D

Figure 4A, B
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Figure 4C, D

2.4: ChromHMM
Step 1: Concatenate BAM files for each histone modification using SAMtools
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Step 2: Convert BAM files to BED files using BEDtools

Step 3: Binarize BED files using ChromHMM

Step 4: Learn chromatin state model using ChromHMM
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Chapter 3 – Results

3.1: Reproducibility and Data Quality of DNase-seq
The quality and reproducibility of the data used in this report are highly emphasized. In
total, we have four replicates for both G1E and G1E-ER4 cells for the DNase-seq analysis. Here
we show that replicates of G1E and G1E-ER4 cells are highly correlated (Figure 1A, B) with
pearson correlation coefficient values of 0.92 and 0.97 respectively. Replicates from different
cell types are significantly less correlated (Figure 1C) with a Pearson correlation coefficient
value of 0.74; though it is important to mention that this suggests G1E and G1E-ER4 DHSs are
moderately similar. This is expected as DHSs within the same lineage are known to be highly
stable [31].

Figure 1 – Reproducibility of DNase-seq Replicates
(A) G1E DHS signal replicates are highly correlated when mapped normalized via our custom peak
protocol (See Methods). (B) G1E-ER4 DHS signal replicates are highly correlated when mapped and
normalized via our custom peak protocol. (C) G1E and G1E-ER4 DHS signals are moderately correlated
when mapped and normalized via our custom peak protocol.
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In addition to being highly correlated genome wide, viewing an active erythroid locus,
the beta globin locus, on a genome browser (Figure 2) shows that replicates are highly
reproducible and match up well with known CRMs.

Figure 2 – Browser View of the Beta Globin Locus
Signals between G1E replicates (top two brown tracks) and G1E-ER4 replicates (bottom two brown
tracks) are shown to align well and intersect with a high number of known CRMs from literature at the
beta globin locus.

3.2: DHS Analysis
As stated in the introduction, the DHSs found through our protocol were assigned a
category (promoter, insulator, enhancer) based on the other factors they intersected with. As each
of these categories has different functions and stabilities throughout the differentiation of cells,
one can expect them to have differing DNase signal intensity. Higher DNase signal strength
represents more consistent nucleosome positioning across the millions of cells in each replicate.
Nucleosomes are a plastic feature of the genome, and are excluded from accessible regions of the
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genome by the underlying DNA sequence, chromatin remodelers, the binding of TFs, and the
modifications of the histones of that nucleosome [32, 33, 34]. Thus, it may be useful to
determine which CRMs are more consistent across the millions of cells sampled based on DHS
signal (Figure 3A, B). In both G1E and G1E-ER4 cells, promoters had the highest DHS signal,
followed by insulators, enhancers and the DHS that weren’t assigned a function. To further
investigate the stability of these CRMs, the proportion of whether each category of CRM was
G1E or G1E-ER4 specific or shared between cell types was determined (Figure 3C).
Corresponding to what was seen within the same cell type, DHS called as promoters are the
highest conserved CRM throughout G1E and G1E-ER4 differentiation, followed by insulators,
enhancers and other. Additional support is provided by scatterplots comparing G1E and G1EER4 DHS signal for each category of CRM (Figure 3C). Promoters were the most highly
correlated (Pearson correlation coefficient = 0.89), followed by insulators (Pearson correlation
coefficient = 0.83), and enhancers (Pearson correlation coefficient = 0.65). It is important to note
that the correlation of both the promoters and insulators is higher than that of all DHS between
G1E and G1E-ER4 cells (shown in Figure 1C). Thus, it can be suggested that promoters and
insulators are most constitutively open throughout differentiation, at least within the same
lineage, while enhancers are more variable. This model works well with the idea that the changes
in gene expression due to CRMs are primarily enacted through the accessibility of enhancers
regions, rather than the accessibility of the promoters of genes [12].
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Figure 3 – Differential Conservation of CRMs
(A) Boxplots showing G1E DNase signal at different CRM categories; only DHS found in G1E cells
were included. (B) Boxplots showing G1E-ER4 DNase signal at different CRM categories; only DHS
found in G1E-ER4 cells were included. (C) Pie charts depicting whether different CRM categories were
found in G1E cells, G1E-ER4 cells, or shared between them. (D) Scatterplots showing correlation of DHS
between G1E and G1E-ER4 cells based on predicted CRM category.

18

3.3: Intensive Enhancer Analysis
An additional histone, H3K27ac, was included in the enhancer analysis. The presence or
absence H3K27ac was determined in G1E and G1E-ER4 cells at each DHS. In humans,
enhancers with H3K27ac are known to have higher DNA accessibility and transcription factor
binding relative to enhancers lacking H3K27ac [12]. To determine if this result holds true in our
specific mouse cell line, the DNase signals of our enhancers that intersect with H3K27ac
modifications were compared to that of enhancers that don’t intersect with H3K27ac (Figure 4A,
B). Our results reinforce previous findings that the DNase signal around enhancers that possess
H3K27ac is higher than the DNase signal around enhancers that lack H3K27ac. In addition, the
proportion of enhancers occupied by transcription factors is increased more than two-fold if the
enhancers possess H3K27ac (Figure 4C, D).
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Figure 4 – Analysis of Enhancers with H3K27ac vs. Enhancers without H3K27ac
(A) Boxplots showing G1E DNase signal at enhancers with or without H3K27ac present; only enhancers
found in G1E cells were included. (B) Boxplots showing G1E-ER4 DNase signal at enhancers; only
enhancers found in G1E-ER4 cells were included. (C) Bar graphs depicting what percent of G1E
enhancers, with or without H3K27ac, are occupied by TFs. (D) Bar graphs depicting what percent of
G1E-ER4 enhancers, with or without H3K27ac, are occupied by TFs.
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3.4: ChromHMM
Compiling the data of multiple histone modifications into a single colored bar using
ChromHMM is a useful way of depicting this data. Each color on the bar represents a “state”, or
different combination of histone marks, that is highly enriched across the genome. The 9 state
model used here was found to give the most complete view of the genome without repeating
states.
Table 4: ChromHMM State Attributes
State Number
1
2
3
4
5
6
7

Modification on H3
K36me3
K36me3 + K4me1
K4me1
K4me1 + K4me3
K4me3
K9me3
N/A

8

K27me3

9

K4me1 + K27me3

State Features
Transcribed portions of genes
Transcribed portions of genes and distal enhancers
Downstream of transcription start sites and distal enhancers
Promoters/transcription start sites and downstream of TSS
Promoters/transcription start sites
Heterochromatin and repetitive elements
“Featureless”
Polycomb complex activity, repressive domains and silent
developmental genes
Bivalent portion of genome

Data for 5 histone modifications in mouse embryonic stem cells (ES-E14), G1E and
G1E-ER4 cells was generated in our lab and ChromHMM was ran separately for all three cell
types. The output of ChromHMM can be uploaded onto an online genome browser (Figure 5).
While the subtracks for G1E and G1E-ER4 cells were made by Weisheng Wu, I generated the
ES-E14 substrack. The locus depicted here is of Esrrb, a gene that is crucial to embryonic stem
cell self-renewal and pluripotency and can mediate the reprogramming of fibroblasts into
induced pluripotent stem cells (iPSCs) [35, 36, 37]. Here one can see that states present in ESE14 cells are drastically different than those in G1E and G1E-ER4 cells; The ES-E14 subtrack is
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dominated by active marks (states 1-5), while the G1E and G1E-ER4 subtracks are primarily
polycomb repressed or “Featureless” regions (states 7-8).

Figure 5 – Browser View of ChromHMM Tracks
Track descriptions from top: chromosomal location, UCSC annotated genes, ES-E14 ChromHMM, G1E
ChromHMM, G1E-ER4 ChromHMM, ES-E14 RNA-seq Rep1, ES-E14 RNA-seq Rep2, G1E RNA-seq
pooled, G1E-ER4 RNA-seq pooled (ES-E14 RNA-seq Reps from [38])

RNA-seq data generated in our lab correspond with these results. Esrrb gene expression
was measured as log2(fpkm) in ES-E14, G1E and G1E-ER4 cells is 4.95, 0.14 and 0.14,
respectively. Moreover, viewing RNA-seq data on the browser makes it clear that this gene is
expressed in ES-E14 cells and repressed in G1E and G1E-ER4 cells. One may notice that there
are two promoter regions (states 4-5) within this gene, one directly at the start of the smallest
isoform and one approximately 12kb downstream of two, mid-sized isoforms. Histone
modifications are known to play a role in the alternative splicing of mRNA transcripts and the
presence of two putative promoters suggests that this protein may be expressed as both isoforms,
or is in the process of transitioning from one isoform to another [39]. Again, the RNA-seq tracks
reinforce this; the ES-E14 signal drops off significantly after passing the start of the mid-sized
isoforms.
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One model of embryonic stem cell differentiation proposes that embryonic stem cells
possess large amounts of bivalent chromatin, which is either turned on or off depending on the
developmental fate of the cells [40, 41]. Bivalent chromatin is characterized by possessing both
the activating and repressing marks: H3K4me1 and H3K27me3, respectively. The total genome
coverage was calculated for each state to determine if there are any differences in proportion of
the bivalent state in ES-E14 cells compared to other cell types (Figure 6).

Figure 6 – Genome Coverage of ChromHMM States in 3 Cell Types
(A) Stacked bar graphs of percentage of genome covered by each state in ES-E14, G1E, and G1E-ER4
cells. (B) Actual percent genome coverage value of each state in ES-E14, G1E, and G1E-ER4 cells.
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The bivalent state coverages in ES-E14, G1E, and G1E-ER4 cells are 1.90%, 0.63% and
1.62% respectively. Interestingly, this is inconsistent with the hypothesis put forward above.
These results suggest that the bivalent chromatin hypothesis of embryonic stem cells is incorrect,
our signatures of bivalent chromatin aren’t comprehensive, or the G1E-ER4 cell line doesn’t
quite model the epigenetic changes that occur during cell differentiation in vivo.
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Chapter 4 – Discussion
In this paper, we implement a method of mapping the gene regulatory landscape by using
DHSs as the initial annotation and predicting more specific functions by including histone
modifications and TF binding sites. We have shown that our method of calling DHS peaks is a
reproducible technique to identify accessible regions across the genome in G1E and G1E-ER4
cell lines. In addition, DHSs from G1E, G1E-ER4 or both align well with known CRMs around
the beta globin locus. Interestingly, the DNase signals from G1E and G1E-ER4 are moderately
correlated suggesting that the accessibility of the genomic landscape doesn’t change significantly
during terminal erythroid differentiation. These DHSs represent all putative CRMs across the
genome; further data was incorporated to group the CRMs into different categories.
The CRMs identified by DNase hypersensitivity were further classified as promoters,
insulators, enhancers and other based on additional data. Determining the DNase signal at
different categories of CRMs can lead to insights about the biological function of those CRMs.
We found that promoters had the highest DNase signal in both G1E and G1E-ER4 cells,
followed by insulators, enhancers, and other. This suggests that promoters are the most
constitutively accessible regions of the genome. Consistent with this initial hypothesis, 96% of
CRMs called as promoters were shared between G1E and G1E-ER4 cells, while only 55% of
enhancers were shared. Additionally, the DHS signals between G1E and G1E-ER4 cells are
more correlated at promoters than enhancers. This suggests that, during terminal erythropoiesis,
the promoters of genes generally remain accessible and that it is more probable that the
differential accessibility of enhancers influences changes in gene expression. Regardless, there
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are a variety of other factors that influence the activity of CRMs, such as TF binding and histone
modifications.
As enhancers are likely to have the most influence in differential gene expression
between G1E and G1E-ER4 cells, they were the subject of a more intensive analysis. H3K27ac
is another enhancer histone modification that could lead to the sub-classification of our
enhancers as “with H3K27ac” or “without H3K27ac”. Sure enough, enhancers with H3K27ac
were found to have higher DNase signal and higher proportion of sites occupied by a
transcription factor in both G1E and G1E-ER4. This suggests that enhancers with H3K27ac are
more consistently open in the millions of cells used in each sample. This could be due to
H3K27ac making chromatin more accessible by itself, or through the recruitment of other
factors. Future studies in this direction could be to identify additional factors that preferentially
bind enhancers with H3K27ac as opposed to enhancers without H3K27ac, or to investigate other
histone modifications that could elucidate enhancer activity.
In addition to the DHS analysis described above, another focus of this report was
generating a chromatin state map for ES-E14 cells that can be uploaded onto a genome browser
using ChromHMM. This bar is used to easily visualize the data of multiple histone modifications
as a single colored bar. The bar generated for ES-E14 cells aligns well with annotated embryonic
stem cell genes and reinforces gene expression data. Additionally, this bar can be used to identify
novel transcribed regions or genes expressed at levels too low to be detected by RNA-seq. A
future application of this method could be used to determine which isoform of a gene is
expressed.
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A current model for the epigenetic landscape of stem cells suggests that a high percent of
the genome is in a bivalent state, a state possessing both activating (H3K4me1) and repressing
(H3K27me3) chromatin modifications [40,41]. Our data disagrees with this model as the amount
of bivalent chromatin doesn’t differ much between ES-E14 and G1E-ER4 cells. However, the
amount of bivalent chromatin decreases significantly in G1E cells compared to ES-E14 cells.
This could signify that the genome become more and more specialized for the erythroid lineage,
but when GATA-1 is reintroduced, it induces genome wide chromatin rearrangements that
increase DNase hypersensitivity. Future studies in this direction could investigate whether this
trend is seen in other transcription factor dependent cell lines or in primary cells. Also, the
H3K4me1 and H3K27me3 bivalent state model may not be encompassing all of the biologically
relevant bivalent chromatin.
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