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Abstract
Deciphering the molecular mechanisms driving the phenotypic differences
between humans and primates remains a daunting challenge. Mutations found in
protein coding DNA alone has not been able to explain these phenotypic differences.
The hypothesis that mutations in non-coding regulatory DNA are responsible for altered
gene expression leading to these phenotypic changes has now been widely supported by
differential gene expression experiments. Yet, comprehensive identification of all
regulatory DNA elements across different species has not been performed. To identify
the genetic source of regulatory change, genome-wide DNaseI hypersensitivity assays,
marking all types of active gene regulatory element sites, were performed in human,
chimpanzee, macaque, orangutan, and mouse. Many DNaseI hypersensitive (DHS) sites
were conserved among all 5 species, but we also identified hundreds of novel humanand chimpanzee-specific DHS gains and losses that showed signatures of positive
selection. Species-specific DHS gains were enriched in distal non-coding regions,
associated with active histone modifications, and positively correlated with increased
expression – indicating that these are likely to be functioning as enhancers. Comparison
to mouse DHS data indicate that human or chimpanzee DHS gains are likely to have
been a result of single events that occurred primarily on the human- or chimpanzeespecific branch, respectively. In contrast, DHS losses are associated with events that
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occurred on multiple branches. At least one mechanism contributing to DHS gains and
losses are species-specific variants that lead to sequence changes at transcription factor
binding (TF) motifs, affecting the binding of TFs such as AP-1. These variants were
functionally verified by DNase footprinting and ChIP-qPCR analyses.
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1. Introduction
1.1 What makes us human?
What is it that makes us human? This is a question that has been asked
throughout the thread of human existence (Lamarck 1809; Huxley 1863; Darwin 1871).
The discovery of the structure of DNA more than 50 years ago and the recent
advancements in high-throughput sequence analysis technology have made it a
possibility within the scientific community to try to start answering this existential
question. Could the differences that we find in the DNA sequence between man and
other species shed light on what makes us human? This was indeed one of the driving
questions for the grand collaboration leading up to the completion of the human
genome project (International_Human_Genome_Sequencing_Consortium, Lander et al.
2001; International_Human_Genome_Sequencing_Consortium 2004). Since then,
genomes of many other primate and non-primate species have been sequenced, which
has allowed for global cross-species genome comparisons. The goal of these
comparisons was to shed light on the portions of the genome that contribute to speciesspecific traits. Perhaps, not surprisingly, large numbers of genetic differences have been
found, even between the most closely related primate genomes, and has perhaps raised
more questions then answered to what makes humans unique. The search for finding
human-specific differences also had pragmatic motivations of understanding human-

1

specific medical conditions. For example, among the great apes, humans are more
susceptible to the progression of AIDS, malaria, Alzheimer’s Disease, and myocardial
infarctions (Olson and Varki 2003).
Early analysis of differences between humans and chimpanzees, almost 40 years
ago, revealed that the protein sequences between the two species were greater than 99%
similar. This finding led to the hypothesis by Mary-Claire King and Allan Wilson that
mutations in regulatory regions controlling gene expression likely explain phenotypic
differences between humans and chimpanzees (King and Wilson 1975). However, at the
time of this study, the location of gene regulatory elements were largely unknown. Only
in the last 5-10 years has technology allowed for a genome-scale identification of all gene
regulatory elements, allowing us to more fully explore this hypothesis.

1.2 Understanding the regulation of gene expression
The central “dogma” of molecular biology, coined by Francis Crick, is described
as the sequential exchange of information of genes into proteins - that the DNA template
is transcribed into RNA, which is translated into protein (Crick 1970). However, a large
number of events are required even before DNA is transcribed into RNA, including the
regulatory mechanism governing the packaging, accessibility, and binding of DNA by
transcription factors. There are many control mechanisms at each step of this exchange
of information. A typical mammalian genome, if stretched linearly, contains almost 3
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meters of DNA. For DNA to fit inside a cell, it must be packaged and condensed
immensely. The main packaging unit, or nucleosome, is made up of DNA wrapping 1.8
times around the histone protein octamer. The initial packaging of nucleosomes form
the 11 nm fiber or “beads on a string”, which is packaged into higher order nucleosome
structures, ultimately forming the condensed mitotic chromosomes in eukaryotic
organisms. Histone proteins are not only involved in packaging, they are also involved
in how specific DNA segments can be accessed. In the last 20 years, over 100 covalent
post-translational modifications of histone proteins have been identified, and these are
believed to be involved in a variety of functions including activating or repressing gene
expression, DNA repair, as well as imparting cellular memory during cell division
(Strahl and Allis 2000; Tan, Luo et al. 2011; Zhou, Goren et al. 2011). Additionally, DNA
itself can be covalently modified by DNA methyl-transferases and hydroxymethyltransferases, adding an additional layer of regulation to these processes. These chemical
changes, while leaving the DNA sequence intact, changes how the cell functions.
Coined “epigenetics”, this memory is maintained through DNA replication and has
been shown to be passed down from dividing mother cells to daughter cells, helping to
maintain the same cellular phenotype during mitotic divisions. Diseases such as Fragile
X syndrome, Angelman’s syndrome, Prader-Willi syndrome, and Rett syndrome have
been linked to changes in DNA methyltransferases or DNA methylation (Egger, Liang et
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al. 2004). While these covalent signals are thought to be erased during meiosis, or
gamete formation, in some cases of environmental perturbations, such as exposure to
bisphenol-A (BPA) or high caloric intake, DNA methylation changes have been shown
to persist and be passed down multiple generations of offspring, predisposing the
offspring to issues ranging from infertility to obesity (Waterland and Jirtle 2003; Ng, Lin
et al. 2010; Wolstenholme, Edwards et al. 2012).
It is thought that these epigenetic mechanisms allow different cell types within
multi-cellular organisms to express different sets of genes using the same DNA
template. A common thread shared between all genes is that accessibility of specific
regions of the genome by DNA-binding transcription factors (TFs) are necessary for this
expression or repression of specific genes (Felsenfeld 1992). There is growing evidence
that in some cases, the accessibility of regulatory regions are influenced by “pioneer”
TFs that create or maintain a more open chromatin structure and that this accessibility
dictates where other TFs can bind the DNA template (Biddie, John et al. 2011; John, Sabo
et al. 2011). There are instances where transcription factor binding can remodel the
chromatin structure and change the function of the cell. This is exemplified in induced
Pluripotent Stem (iPS) cells, where terminally differentiated cells can be reprogrammed
by only 4 transcription factors to a de-differentiated, pluripotent state similar to that of
embryonic stem cells (Takahashi, Tanabe et al. 2007; Yu, Vodyanik et al. 2007; Lowry,
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Richter et al. 2008; Park, Arora et al. 2008; Park, Zhao et al. 2008). While clear evidence
of chromatin remodeling has been shown, it is not yet clear why reprogramming is more
prevalent in some terminally differentiated cell types (Polo, Liu et al. 2010; Staerk,
Dawlaty et al. 2010; Poloni, Maurizi et al. 2012). It has been reported that there are vast
differences in the reprogramming efficiency of different somatic cells. For example,
adult human skin fibroblasts have been shown to have <0.01% efficiency, primary blood
cells have ~0.1% efficiency, and human umbilical vein endothelial cells (HUVECs) have
a 2.5-3% efficiency rate of reprogramming (Panopoulos, Ruiz et al. 2011). The four
pioneering TFs are necessary and sufficient to cause chromatin remodeling, but perhaps
they do not bind to closed chromatin as readily as to open chromatin, and differences in
open chromatin states between cell types could be influencing the efficiency of dedifferentiation. While this shows that epigenetic differences may play a role in
reprogramming, it has also been shown that genetic differences are also a contributing
factor. For example, Mouse Embryonic Fibroblasts (MEFs) isolated from different
strains of mice showed differing rate of reprogramming efficiency (Schnabel, Abratte et
al. 2012); pointing to the underlying difference in genetic background, and possibly the
chromatin states associated with those genetic changes, contributing to these
observations. Taken together, the interplay between chromatin accessibility, DNA
variants, and binding of transcription factors (TFs) impacts gene expression and cellular
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phenotype (McDaniell, Lee et al. 2010; Degner, Pai et al. 2012; Thurman, Rynes et al.
2012). But exactly how these genetic variants and epigenetic components interact,
especially in the context of different species, is not well understood.

1.2.1 Genes and Cis-regulatory elements
Gene transcription is tightly regulated in all living organisms. One of the first
well characterized gene regulatory mechanisms was discovered in Escherichia coli, which
described the lac operon and how DNA binding proteins act to repress or enhance the
level of enzyme production in the context of differing sugar food sources (Jacob and
Monod 1961). In eukaryotes, specific DNA sequences have been shown to bind different
transcription factors in a combinatorial fashion to alter transcription rates. These DNA
elements span different functions, including promoters, enhancers, silencers, and locus
control regions. The mechanism of TF binding to these regulatory regions and
controlling the level of transcription of nearby and distant genes is a universal
phenomena and is maintained throughout all eukaryote organisms. These regulatory
DNA regions, or cis-regulatory elements, have been shown to be necessary for faithful
transcription of developmentally regulated genes in higher eukaryotes (Woolfe and
Elgar 2008). Well characterized examples, include the beta-globin locus control regions
that controls globin switching during development (Chung, Whiteley et al. 1993; Li,
Zhang et al. 1999), and more recently, the enhancer elements found within the intron of
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the CENTG2 gene that has been shown to control an important aspect of limb
development in human evolution (Prabhakar, Visel et al. 2008; Sholtis and Noonan
2010). Another example includes an enhancer element that controls differential spine
development between closely related strains of stickleback (Shapiro, Bell et al. 2006).
Unlike the nucleosome free association of DNA in prokaryotes, any type of eukaryotic
cis-regulatory element must likely be accessible (e.g., not nucleosome bound) for
transcription factors to bind and be functional (ENCODE_Consortium 2007;
ENCODE_Consortium 2011; Thurman, Rynes et al. 2012).

1.3 Recent history of comparative evolutionary genomics
Mutations or changes in DNA sequences are commonly found both within and
between all species. Even between evolutionarily close species, such as human and
chimpanzee, there can be large changes, such as chromosomal fissions and fusions, and
large insertions or deletions. Smaller insertions and deletions, as well as single base
variants can sometimes be detected in larger regions of duplication or deletion. Gene
duplication events may likely contribute to species-specific changes by allowing the
protein sequence in each duplicated copy to vary. For example, a recent study showed
that a human-specific neural gene, SRGAP2, has been segmentally duplicated 3 times in
the human but not other great apes (Dennis, Nuttle et al. 2012). This likely created novel
functioning proteins, which were calculated to have occurred ~1, ~2.4 and ~3.4 million

7

years ago due to the number of relevant substitution rates. Interestingly, the timing of
these changes during the period of human evolution coincides with bigger brain
development in Homo fossil records.
There have been a number of mechanisms and explanations presented as to how
there are uniquely-human sequence changes compared to other species. Human and
great apes have experienced a huge influx of genomic duplications in the last 10 million
years (Marques-Bonet, Kidd et al. 2009). Much of this is attributed to retrotransposons
(and to a lesser extend DNA transposons). These long terminal repeat (LTR) as well as
long interspersed elements (LINEs) and short interspersed elements (SINEs), like the
very common Alu elements, have helped create a significantly larger genome in a
relatively short period of time. Consequently, all primate genomes are composed to a
large degree of repeating DNA sequences. Though interestingly, the number and
locations of some of these repetitive sequences, and specifically the level Alu elements,
has been shown to vary among even the great ape species – with the orangutan showing
the least number of sequence changes due to these retrotransposons (Locke, Hillier et al.
2011). These overt changes within primates genome may have created a number of new
instances where the regulation of genes may have been perturbed.
Still other studies have found that DNA recombination events during meiosis
may have driven the changes to the human genomes. Originally identified as changes
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between different populations among humans with what appeared to be differing
recombination behaviors, a mutation in the PRDM9 gene, has been shown to coincide
with around 40% of all recombination “hotspots” (Berg, Neumann et al. 2010). Recently,
this same gene was shown to differ significantly between humans and chimpanzees,
suggesting that the binding location of this DNA binding factor may be targeting
different locations in the genomes of chimpanzees for recombination hotspot activity
(Auton, Fledel-Alon et al. 2012).
Complete genome sequencing and comparison of primate genomes has been
useful to categorize all genetic differences
(International_Human_Genome_Sequencing_Consortium, Lander et al. 2001;
International_Human_Genome_Sequencing_Consortium 2004;
The_Chimpanzee_Sequencing_and_Analysis_Consortium 2005; Gibbs, Rogers et al.
2007; Locke, Hillier et al. 2011; Scally, Dutheil et al. 2012). Coding sequences in the
human genome are remarkably similar to chimpanzee (99.1%), gorilla (98.4%),
orangutan (98%), and macaque (96%). Overall genome similarity with human are lower
with chimpanzee (95-98%), gorilla (95-98%), orangutan (97%), and macaque (93%)
(Wildman, Uddin et al. 2003). This is in stark contrast to mouse genome, which has
much lower similarity with the human genome at exons (85%) and the entire genome
(50%) (Church, Goodstadt et al. 2009).
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These reference genomes allow for discovery of differences that contribute to
species-specific traits. However, the vast majority of mutational changes that occur
between primate species are likely to be represented by non-functional, or neutral
changes. Unfortunately, this means that finding functional sequence differences that
contribute to humans-specific or other primate-specific phenotypes will be a challenge.
Functional mutations are unlikely to only be present in protein coding areas of the
genome, such as in the SRGAP2 example. Evidence of functional non-coding mutations
is supported by changes in gene expression levels between primate species.

1.3.1 Finding expression level differences between primates
It was almost 30 years after the King and Wilson hypothesis that advances in
technology finally allowed researchers to test the extent of the changes in gene
expression between humans and chimpanzees (Enard, Khaitovich et al. 2002). First
using tiled microarrays, and then with high-throughput sequencing nearly a decade
later, it is now evident that there are indeed significant changes in expression levels in
matched cell types between humans and chimpanzees for some genes. These studies
also started to address the complexities of when (during development) and where
(tissue/cell-type-specific) these expression changes have occurred (Enard, Khaitovich et
al. 2002; Caceres, Lachuer et al. 2003; Khaitovich, Hellmann et al. 2005). Importantly,
these studies identified species-specific changes in expression using primate outgroups,
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such as macaque or orangutan, to polarize any differences that were seen between
human and chimpanzee samples.
Many of the earlier studies using microarrays had technical limitations, but
none-the-less provided the groundwork for future studies. The earliest microarray
studies using short, human oligonucleotide printed arrays (Affymetrix U95A arrays
designed for human studies) showed that for many genes, there were higher levels of
expression variation between human individuals than there were between human and
chimpanzee in the same tissue-type. These particular results were likely confounded by
the affect of human-specific oligonucleotide sequences that did not optimally hybridize
to chimpanzee and/or macaque DNA. Follow-up studies using cDNA microarrays with
probes only to the protein coding sequences of the genes, negated some of the earlier
findings and supported that there were indeed more expression level variation betweenspecies than within-species (human, chimpanzee, orangutan, and macaque) in tissues
such as brain prefrontal lobe, neocortex, and cerebral cortex (Enard, Khaitovich et al.
2002; Caceres, Lachuer et al. 2003). Following the availability of the chimpanzee draft
genome, the relationship between expression level change and selection pressure on the
protein-coding sequence was investigated. Comparing multiple tissue-types between
human and chimpanzee, Khaitovich et al. (2005) showed that there was a positive
correlation between the level of divergence in expression levels between species and
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protein sequence divergence (positive selection signatures). Liver and testis were
reported to have the highest expression divergence as well as the most protein sequence
divergence, while brain was reported to have the lowest expression and protein
sequence divergence. Ultimately, this study highlighted the possibility that changes in
expression levels can have varying levels of tissue-specificity and that the expression
divergence might be possibly coupled to protein sequence positive selection at some
level.
To mitigate some of the issues presented above, another group used custom
cDNA arrays that contained only orthologous sequences found between human,
chimpanzee, orangutan, and macaque. In both a pilot study (1056 orthologous gene
probe sets, queried in liver tissue) and a more expansive study (18,109 orthologous gene
probe sets, queried in liver, kidney, and heart) looking at human-specific and
chimpanzee-specific changes in expression, pointed to a human-specific increase in
transcription factor protein expression levels as well as tissue-specific signatures of
selection of directional (or species-specific) expression changes. This work also
suggested a separate mechanism of selection on expression changes that was
independent of the connection between protein sequence selection and species-specific
expression changes (Gilad, Oshlack et al. 2006; Blekhman, Oshlack et al. 2008).
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Moving away from microarray analysis to high-throughput RNA sequencing
methods, provided both confirmation as well as new insights regarding primate
expression differences. Most significantly, the role for alternative splicing, non-proteincoding intergenic regions, and the idea of organ-specific selective pressures was greatly
expanded (Babbitt, Fedrigo et al. 2010; Blekhman, Marioni et al. 2010; Xu, He et al. 2010;
Brawand, Soumillon et al. 2011). While all these studies point to there being differences
in gene expression between species, very little is known about the genetic causes of these
differences. Looking for evidence of positive selection and larger differences in noncoding regions between species genomes are at least two ways to identify and
characterize genetic differences that contribute to species-specific gene expression.

1.3.2 Finding non-coding sequence differences and identifying
evidence of selection
There have been a number of methods proposed as to how sequences have
changed, however, understanding why these changes have been perpetuated involves a
closer understanding of the changes in terms of their evolutionary context. In general,
mutational changes occur in all species. Some of these changes are harmful, others are
beneficial, but most are neither harmful nor beneficial. These inconsequential changes
are thought to be evolutionarily neutral in its selective pressure because there is no
fitness advantage gained by those changes, or perhaps because there is no phenotypic
change for which natural selection could influence. However, if a sequence mutation
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somehow changed the phenotypic outcome of the organism and provided a selective
advantage towards better fitness and survival, than that would be considered positive
selection. Conversely, negative, or purifying selection, would apply to any new
detrimental change, working to maintain the status quo of the original sequence.
Evidence for negative selection can be seen in the level of high conservation among the
protein coding genes even among very divergent species. Looking for signatures of
selection pressure among genome sequences between species has been a major way to
distinguish functional importance in both changes to protein-coding as well as noncoding regions.
Since the publication of the completed human genome, genome sequences of
other species have become available for comparative studies, including chimpanzee,
rhesus macaque, gorilla, bonobo and orangutan. The idea of finding genetic similarities
and differences between species is a simple one, but executing that analysis and finding
significant changes required different approaches, depending on whether the changes
were found in protein coding regions or non-coding regions. Finding non-synonymous
sequence changes among extant species has been the hallmark of identifying functional
DNA changes in protein coding regions (Bustamante, Fledel-Alon et al. 2005).
Quantifying evolutionary selection on proteins requires finding the difference in ratio
between the number of non-synonymous changes (dn) and the number of synonymous
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changes (ds) in the protein-coding sequence between distantly diverged species. A
dn/ds ratio greater than 1 typically indicates positive selection. Aside from not being
able to simply use dn/ds ratios for non-protein coding regions, finding functional
changes in regulatory sequences outside of protein coding regions posed a serious
challenge.
How can regulatory regions be identified without a clear target to look for, like a
protein coding sequence? And how can selective pressure be measured? Flipping this
issue around and leveraging the observation that sequence conservation between
different species indicates a high level of negative or purifying selection pressure to
maintain that sequence, finding human-specific changes in regions conserved in many
other species led to the discovery of likely regulatory element changes that are humanspecific (Siepel, Bejerano et al. 2005; Pollard, Salama et al. 2006; Pollard, Salama et al.
2006; Prabhakar, Noonan et al. 2006; Prabhakar, Poulin et al. 2006; Prabhakar, Visel et al.
2008; Sholtis and Noonan 2010). Comparative genomic studies between human,
chimpanzee (Pan troglodytes), rhesus macaque (Macaca mulatta), and mouse (Mus
musculus) have revealed that there are many regions of accelerated nucleotide change
within non-coding DNA on the human branch, in addition to those found in coding
regions (Bird, Stranger et al. 2007; Stern and Orgogozo 2008). There have been two
similar approaches used by investigators to identify and study these potential regions
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that have experienced recent accelerated evolution on the human branch. In one
approach, investigators looked for various combinations of conservation between
chimpanzee, rhesus macaque, mouse, rat, dog, and chicken; then they identified
sequences with the most change specifically on the human branch compared to the other
species. These genomic sequences also excluded any transcribed regions and noncoding RNAs. There were 992 of these regions, termed Human Accelerated Conserved
Non-coding Sequences (HACNSs) (Prabhakar, Noonan et al. 2006; Prabhakar, Visel et al.
2008; Sholtis and Noonan 2010). In another approach, investigators first identified
evolutionarily conserved regions between non-human primates and rodents. These
conserved regions are presumed to be under negative selection, because they have been
maintained under purifying selection pressure for over 100 million years of evolutionary
history. Importantly, this is unlike neutral or no selection, where DNA would not have
stayed constrained but would have mutated at a general rate. The identical genomic
region is then scanned in the human genome and any region that is found to have a high
mutation rate is marked as a potential region of accelerated human evolution under
positive selection. These 202 regions were termed human accelerated regions or HARs
(Pollard, Salama et al. 2006; Berglund, Pollard et al. 2009). A key difference in how
HACNSs and HARs were defined lies in the normalization process that accounts for the
rate of change due to neutral selection; HACNSs were defined using a local substitution
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rate while HARs were defined using a genome-wide substitution rate as the rate of
background level of neutral change (Prabhakar, Visel et al. 2009). In addition, HARs did
not exclude non-coding transcribed regions, such as non-coding RNAs. Coincidently,
HAR1, the highest accelerated region identified, was a non-coding RNA that was shown
to be expressed during brain development and conferred differing RNA structures
between human and chimpanzee (Beniaminov, Westhof et al. 2008). However, a
number of HACNS and HARs did overlap. For example, HAR2 (also known as HACNS
1) is located in the intronic region of the CENTG2 gene, which is an important gene in
limb development (Prabhakar, Visel et al. 2008). The human (but not chimpanzee or
macaque) version of this region behaves as a limb specific enhancer, raising the
intriguing possibility that this region may possibly be involved in the development of
opposable thumbs. This indicates that at least some HARs and HACNS are markers of
species-specific enhancer activity.
Another way to identify species-specific regulatory elements is to identify larger
genomic segments that are different or missing between species. Not all sequences have
orthologous sequences that are present in all primate genomes. For example, McLean et
al. (2011) found regions of DNA that were present in chimpanzee, but were no longer
present in the human genome. When these regions were tested for conservation with
other mammalian species (macaque, mouse, and dog), it was discovered that 583 regions
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(almost 4 megabases in total) of DNA were lost specifically on the human lineage. These
conserved but deleted regions on the human branch were called hCONDELs. Only one
hCONDEL overlapped a protein coding region – a 92bp deletion in the CMAH gene,
which was already known from an earlier report (Chou, Takematsu et al. 1998).
However, all other hCONDELs were deletions of intergenic or intronic regions, pointing
to their potential of containing cis-regulatory elements, which is consistent with
previous evidence showing that cis-regulatory regions are predominately found in noncoding genomic regions (Visel, Blow et al. 2009). Importantly, two hCONDEL regions,
which were also conserved in mice, were shown using an in vivo transgenic mouse
assay to contain functional tissue specific enhancer activities of androgen receptor that
affects penile morphology, and a tumor suppressor gene (GADD45G) that impacts
forebrain development (McLean, Reno et al. 2011). This indicates that active gene
regulatory elements are located in hCONDELs, and these regions could explain at least
some phenotypic variation between humans and non-human primates. Likewise,
another set of 344 regions specifically deleted in the chimpanzee (cCONDELs) were
identified. These chimpanzee specific deletions were not functionally tested, yet the
enrichment of synapse and glutamate receptors gene ontologies provides the possibility
that these regions may contain chimpanzee-specific regulatory function.
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1.3.3 Identifying evidence of selection at promoters
Unlike the global genome-wide approach to identify regions of recent branch
specific selection (e.g, HACNS, HARS, etc), a more targeted approach to detect positive
and negative selection at promoter regions was taken by investigators in Haygood et al
(2007). While it would be interesting to look at all types of regulatory elements
(precisely the goal of this thesis), at the time only the location of promoters could be
accurately inferred based on the location of transcription start sites. Here, investigators
scanned the genomes of human, chimpanzee, and macaque to determine if promoter
regions displayed evidence of positive or negative selection. The key to their approach
was to first determine the neutral or baseline rate of local nucleotide changes to be able
to test for evolutionary selection of promoter regions. Without empirical evidence for
exact locations of cis-regulatory element sites within this promoter region, Haygood et al
designated up to 5 kb of 5’ flanking region upstream of genes as promoters. The neutral
rate of nucleotide change was calculated by using intronic regions surrounding a 100kb
window centered around the promoter region (spanning 50 kb on either direction from
the predicted promoter region). Importantly, the first intron, the ends of introns, and
large introns were omitted from the neutral rate calculations because these regions often
contain cis-regulatory elements and or splicing signals. Ratio calculations comparing
the mutation rate of promoter region to intronic regions were performed for each of the
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3 primate species independently, then integrated together to find human promoters that
showed an increase (positive selection) or decrease (negative selection) in nucleotide
change when compared to the mutation rate of the orthologous promoter region in the
chimpanzee and macaque species. Unlike the method to identify positively selected
human accelerated regions, this method readily allows for the identification of regions of
negative selection in human evolution – regions that show significantly less change on
the human branch compared to chimpanzee and macaque (Haygood, Fedrigo et al.
2007). Importantly, for the first time, positive selection signatures were detected for cisregulatory promotor regions of genes important in neural development and nutritional
metabolism, specifically on the human branch. At a conceptual level, this work
suggested that in human/primate studies, unlike similar Drosophila studies (Holloway,
Lawniczak et al. 2007), a positive correlation could exist between changes in cisregulatory elements and expression levels (Haygood, Fedrigo et al. 2007).

1.3.4 Transcription factor binding changes across distantly related
mammalian species
It is widely accepted that many transcription factors bind tightly to DNA at
specific sequences, or motifs, that range in size from 5-30 bases (Stewart and Plotkin
2012). It is therefore plausible that DNA sequence variation between species at
regulatory elements may alter the binding of TFs and alter the expression of nearby or
distant genes. Comparing conserved versus nonconserved blocks of DNA sequences
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between species was first used as a way to find functionally conserved TF binding sites
(Leung, McKenzie et al. 2000; Wasserman, Palumbo et al. 2000). This however, has been
difficult to analyze by sequence alone as many TF binding motifs appear to have
escaped conservation constraint (Ludwig, Bergman et al. 2000; Dermitzakis and Clark
2002). Since TF binding sites are often short sequences that are found abundantly
throughout the genome and can be degenerative, this direct approach has significant
limitations. Sequence mutations that create an additional binding site in the vicinity of
the original binding site may relax the selection pressure on the original binding site
allowing the functional binding site to switch and appear to “turnover” between species
(Dermitzakis and Clark 2002). To better understand the mechanism of this evolution of
gene regulation across distantly related species, studies have used two complementary
approaches to try to address this: [1] cloning large segments of human sequences into
mouse to create humanized mouse models (Valenzuela, Murphy et al. 2003; O'Doherty,
Ruf et al. 2005; Brault, Pereira et al. 2006; Poueymirou, Auerbach et al. 2007; Wallace,
Marques-Kranc et al. 2007) and [2] Chromatin Immunoprecipitation (ChIP) assays to
compare the in vivo binding affinities of different TFs in divergent species (Odom,
Dowell et al. 2007; Wilson, Barbosa-Morais et al. 2008; Mikkelsen, Xu et al. 2010;
Schmidt, Wilson et al. 2010; Schmidt, Schwalie et al. 2012).
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Human and mouse genomes only share about 50% of the same sequences, with
the majority of these differences found in non-coding regions (Church, Goodstadt et al.
2009). This makes it difficult to directly test human-specific changes to TF binding in
non-coding regions in mouse models. To circumvent this limitation, strategies that used
bacterial artificial chromosomes (BACs) and Cre-Lox recombination in embryonic stem
cells created mice with strategic genomic regions (~100kb) replaced by human DNA
sequences (Valenzuela, Murphy et al. 2003; Brault, Pereira et al. 2006; Poueymirou,
Auerbach et al. 2007; Wallace, Marques-Kranc et al. 2007). Earlier attempts used a
slightly different strategy to insert larger genomic regions, such as fragments of human
chromosomes into mouse, allowing the study of human antibody and aneuploidy
diseases in mice (Tomizuka, Yoshida et al. 1997; Tomizuka, Shinohara et al. 2000;
O'Doherty, Ruf et al. 2005). These transchromosomal strategies used microcell-mediated
chromosome transfer (MMCT; (Tomizuka, Yoshida et al. 1997; Tomizuka, Shinohara et
al. 2000)) or a slightly modified irradiation MMCT (XMMCT; (O'Doherty, Ruf et al.
2005)) of partial or whole human chromosomes into mouse ES cells, then injected these
cells into mouse blastocysts to create chimeric humanized mice. Using the humanized
mouse created by O’Doherty et al (2005), which contained an almost intact human
chromosome 21, Wilson et al (2008) studied the changes in TF binding in liver by ChIPchip analysis. They reported almost no change between the binding of liver-specific TFs
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in humans or humanized mouse on human chromosome 21 (Wilson, Barbosa-Morais et
al. 2008). Most significantly, this work indicated that the underlying genetic sequence is
the primary controller of TF binding change and epigenetic factors are only likely to be
secondary influencers (Wilson, Barbosa-Morais et al. 2008). Transchromosomal studies,
while not focusing on specific non-coding sequence changes, showed the promise of
expanding the humanized mouse as a model for future functional analyses of human
diseases.
Looking specifically at liver-specific transcription factor binding sites (FOXA2,
HNF1A, HNF4A, HNF6, and CEBPA) between human and mouse as well as
comparisons to that of human, dog, rat, mouse, and chicken, revealed that there have
been significant evolutionary changes to where TFs bind (Odom, Dowell et al. 2007;
Schmidt, Wilson et al. 2010). Many of these binding sites display no enrichment of
sequence constraint but do affect gene expression levels (Odom, Dowell et al. 2007;
Schmidt, Wilson et al. 2010). Interestingly, these studies revealed that for 50% of
binding sites that are not present in the expected orthologous position in different
species, a new binding site is formed within 10kb of the lost binding site (Odom, Dowell
et al. 2007; Schmidt, Wilson et al. 2010). A parallel study in adipogenesis differences
between human and mouse, performing ChIP for both an enhancer binding
transcription factor (PPARgamma) and insulator/repressor binding transcription factor
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(CTCF), showed that there are similar number of binding changes that occur within each
species during adipocyte differentiation (Mikkelsen, Xu et al. 2010). However, having
more than one TF binding motif in the near vicinity (<2kb upstream of promoter) can be
a catalyst for the turnover of functional cis-regulatory elements between species
(Mikkelsen, Xu et al. 2010). Interestingly, the binding sites for CTCF, a transcription
factor involved in higher-order chromatin organization and insulator activity, occur
more often at regions of orthology between humans and mouse (~70%), suggesting the
importance of maintaining strict location of CTCF binding sites is important mechanism
shared in distantly related species. This extent of maintaining orthologous TF binding
site location was not seen in any other ChIP analyzed TFs, which were all activating or
enhancer TFs (Odom, Dowell et al. 2007; Mikkelsen, Xu et al. 2010; Schmidt, Wilson et al.
2010; Schmidt, Schwalie et al. 2012). In these studies, changes in the underlying DNA
sequence was suspected of causing the majority of the TF binding changes.
While these cross-species transcription factor binding turnover studies have
largely been conducted between evolutionary distant species (human and mouse),
recent analysis of CTCF binding changes were examined between human, macaque,
mouse, rat, dog, and opossum in one study (Schmidt, Schwalie et al. 2012) as well as
between human and gorilla in another (Scally, Dutheil et al. 2012). Across mammalian
species, over 5000 CTCF binding positions were found to be shared, with about 60%
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shared between human and macaque and 31% between human and mouse, while
mouse and rat shared 58% (Schmidt, Schwalie et al. 2012). Among great apes, CTCF
binding sites were found to be highly similar in their orthologous position between
gorilla and human (70%), and was only slightly less than the overlap seen among human
individuals (80%). Consistent with other studies (Mikkelsen, Xu et al. 2010; Ni, Zhang et
al. 2012), species-specific losses of CTCF binding was highly correlated with binding
motif sequence changes. However, changes in binding found in CpG rich regions often
showed no changes in underlying sequence, suggesting an alternative epigenetic
mechanism such as DNA methylation might influence some CTCF binding differences
between species.

1.3.5 DNA methylation across primate species
As described above, epigenetic marks characterize different aspects of
transcriptional regulation and can therefore be used to detect causal differences in
expression between species. DNA methylation has been implicated in many aspects of
epigenetic regulation, including gene silencing, X-inactivation, and imprinting (Fedoriw,
Mugford et al. 2012). Studies comparing methylation between human, chimpanzee, and
macaque using bisulfite sequencing or BeadChip array assays has been a useful tool to
link changes in methylation level to changes in expression. Generally, DNA methylation
levels have been seen as a negative regulator of expression when found in mostly CpG
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rich repeats in promoter regions. Bisulfite sequencing of human, chimpanzee, macaque,
and baboons of the brain cortex samples showed that there are species-specific
methylated regions within the promoter of the CCRK, cell-cycle related kinase, gene
(Farcas, Schneider et al. 2009).
How much does DNA methylation influence expression levels? Using a
BeadChip array to detect methylation changes at CpG regions, a comprehensive primate
cross-species comparison using human, chimpanzee, and macaque revealed that up to
18% of the time, species-specific DNA methylation changes correlate with speciesspecific changes in expression. Perhaps this low percentage is a reflection of using
predefined CpG regions on the BeadChip array, which did not consider methylation
changes at non-CpG islands – regions that could be influencing expression changes from
a further distance away from the promoter (Stadler, Murr et al. 2011). However, this
percentage was close to the range reported for the link between DNA methylation and
chromatin accessibility (20%) between different human cell-lines (Thurman, Rynes et al.
2012). Additionally, since DNA methylation changes are heavily cell-type-specific
(Futscher, Oshiro et al. 2002; Bloushtain-Qimron, Yao et al. 2008; Deaton, Webb et al.
2011; Maruyama, Choudhury et al. 2011), there could have been confounding effects of
sampling from heterogeneous whole tissue samples (liver, heart, and kidney) – both for
this DNA methylation study (Pai, Bell et al. 2011) as well as the expression data
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(Blekhman, Oshlack et al. 2008) to which the DNA methylation levels were compared.
Despite these caveats, this work highlights that DNA methylation does not likely
account for the majority of expression changes observed between species, and suggests
that there are other regulatory mechanisms driving species-specific changes in
expression.

1.3.6 Post-translational histone modification changes between
primates
In the last decade, numerous studies have characterized histone posttranslational modifications and how these changes coincide with many aspects of DNA
regulation. The “histone code” was proposed by Strahl et al (2000), and proposed that
through various combinations of covalent modifications on the histone peptide tails, a
separate epigenetic code could also be controlling the function and fate of the
underlying DNA code. Though first analyzed mostly in budding yeast, these studies
have now shown in higher eukaryotes, such as human and mouse, that these changes
are in fact tightly associated with the regulation cell function and cell identification
(Barski, Cuddapah et al. 2007; ENCODE_Consortium 2007; Wei, Wei et al. 2009;
ENCODE_Consortium 2011; Ernst, Kheradpour et al. 2011; Thurman, Rynes et al. 2012).
In the first and only work to compare histone epigenetic modification and gene
expression across primate species, Cain et al. (2011), showed that the histone
modification of the fourth lysine residue of Histone H3 protein tail (H3K4Me3) showed
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an expected positive correlation with higher expression levels of nearby genes. This
histone mark is typically associated with active and poised promoters. Using cell
culture samples of immortalized lymphoblast cell lines, this study compared and
contrasted the association of H3K4Me3 ChIP-seq levels between human, chimpanzee,
and rhesus macaque to that of their corresponding species-specific expression levels.
Species-specific increases in expression were highly correlated with species-specific
detection of H3 lysine4 tri-methylation (H3K4Me3). Although, this result was not
unexpected from knowledge gained from previous works, which ranged from earlier
studies in yeast (Liu, Kaplan et al. 2005; Pokholok, Harbison et al. 2005) to human (Kim,
Barrera et al. 2005; Barski, Cuddapah et al. 2007; Heintzman, Stuart et al. 2007; Koch,
Andrews et al. 2007), this was the first to link histone modification changes and
expression across primate species (Cain, Blekhman et al. 2011). This opens the door to
future studies that may focus on other histone modification, such as H3K4Me1 and
H3K27Ac, which are positively associated with active enhancer elements (Heintzman,
Stuart et al. 2007; Ernst, Kheradpour et al. 2011).
Purely sequence-based methods (i.e., HARs, HACNSs, and hCONDELs) were
used to identify interesting enhancer elements implicated in primate-specific
phenotypes, such as the fine-tuned development of hand digits, loss of penile spines in
humans, and increased neural synapse development in humans (McLean, Reno et al.
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2011; Montavon, Soshnikova et al. 2011). Using orthogonal epigenomic methods (i.e.,
chromatin accessibility, TF binding, and histone modifications) to comprehensively and
directly identify all types of regulatory elements, differences can be used to explore the
basis behind other phenotypic differences between primate species.

1.3.7 How does this help study human health and disease?
One of the major goals of the human genome project was to identify factors that
contribute to disease. Using additional sequence variation data gathered from the
International Hapmap Project and more recently the 1000 Genomes Project, a large
number of genome wide association (GWA) studies have been performed on casecontrol cohorts to find single nucleotide polymorphisms (SNPs) associated with disease
(McCarthy, Abecasis et al. 2008). Currently, a significant challenge is that once a tag
SNP has been found to be associated with a disease, there are often a large number of
other SNPs that are in linkage disequilibrium (LD) with the tag SNP. This makes it
difficult to differentiate the causal SNP from other non-causal SNPs in LD. This is
especially challenging when regions of association do not include an obvious nonsynonymous coding SNP. Indeed, about 50% of GWA hits are in regions of the genome
where there is no gene (Degner, Pai et al. 2012). Sequence conservation is one way
researchers narrow down to a putative causal non-coding SNP. However, we and
others have shown that only about half of all gene regulatory elements are highly
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conserved, reducing the effectiveness of this strategy (ENCODE_Consortium 2007;
Boyle, Davis et al. 2008; ENCODE_Consortium 2011). It is for these reasons that other
tools and datasets are absolutely required if we are to identify and understand causal
variants that contribute to complex phenotypes and disease. The field of comparative
genomics has used genome sequences of closely related species in attempt to fill in the
gaps in our understanding of the relationship between DNA sequence and phenotype
by looking for unique and shared biological changes that have been under selection for
millions of years. A deeper understanding of epigenetic differences between species,
and the underlying sequence variants that contribute to these differences, will likely be
informative for identifying non-coding functional variants, and ultimately use this
information to understand how these contribute to complex phenotypes such as disease.

1.4 Chromatin accessibility and DNaseI hypersensitivity assays
to empirically locate active gene regulatory elements:
DNA sequence alone has been shown to provide relatively little information
regarding identifying the location of gene regulatory elements. In particular, motif
prediction programs, such as promoter prediction programs, have been unable to
correctly identify vertebrate regulatory sequences due to the degenerate motifs inherent
in the regulatory elements of these species (Bajic, Choudhary et al. 2004; Vingron,
Brazma et al. 2009). Over 30 years ago, DNase I was shown to preferentially digest
transcriptionally active genes (Garel and Axel 1976; Weintraub and Groudine 1976).
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Carl Wu and Sally Elgin soon after showed that the DNaseI enzyme could be used to
probe for functional regulatory sequences around a heat shock gene in Drosophila, and
called these regions DNaseI hypersensitive (DHS) sites (Wu 1980; Elgin 1981). Since
these initial studies, DHS sites were shown to identify regions within chromatin where
nucleosomes are displaced by transcription factors within non-coding functional
elements. The selectivity of DNaseI to enzymatically cleave at these regulatory regions
is thought to be an order of magnitude higher than in regions of transcriptionally active
genes and two orders of magnitude higher than other regions of bulk chromatin (Gross
and Garrard 1988). Decades of research identified 100’s of DHS sites, and these regions
have been shown to be associated with all types of regulatory elements, including
promoters, enhancers, silencers, insulators, and locus control regions (Stalder, Larsen et
al. 1980; Keene, Corces et al. 1981; McGhee, Wood et al. 1981; Felsenfeld and Groudine
2003). However, until very recently, this assay required using Southern blots, and was
therefore limited to analyzing only small regions of the genome (Wu 1980). To improve
on this classic method, our lab has established high-throughput methods to identify
genome-wide DNase I hypersensitive sites using microarray “DNase-chip” and next
generation sequencing technology “DNase-seq” (Crawford, Holt et al. 2004; Crawford,
Davis et al. 2006; Boyle, Davis et al. 2008; Shibata and Crawford 2009). DNase-seq and
DNase-chip methods are highly reproducible, mark the location of active histone marks,
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and mark the locations of most transcription factors (ENCODE_Consortium 2007; Boyle,
Davis et al. 2008; ENCODE_Consortium 2011; Thurman, Rynes et al. 2012). For
example, in K562 cell lines, the total ChIP signal from 42 different transcription factors
and the signal strength from DNase-seq had a high genome-wide correlation value
(r=0.79, Thurman 2012). This indicates that a single DNase-seq experiment essentially
captures most regulatory regions identified by 100s of ChIP-seq experiments and dozens
of histone modifications.

1.4.1 DNase sensitive quantitative trait loci (dsQTL) exist in the
human population
Can non-coding mutations result in the collapse of a DNaseI HS site, rendering
that site non-functional? Recently, the Pritchard lab performed DNase-seq on a panel of
lymphoblastoid cell lines (LCLs) derived from 70 Yoruban individuals (Degner, Pai et al.
2012). These individuals have been resequenced by 1000 genomes, and were previously
used to identify expression quantitative trait loci (eQTLs). From the DNase-seq data,
8902 DNase sensitive quantitative trait loci (dsQTLs) were identified. These dsQTLs
were associated with a collapse of the DHS site, and in some cases were also shown to
eliminate TF binding. Furthermore, 16% of dsQTLs were in fact eQTLs. Thus, dsQTLs
provide a direct causal mechanism to how non-coding variants contribute to closed
chromatin structure, altered TF binding, and subsequently expression changes. (Degner,
Pai et al. 2012). One of the problems faced with dsQTL studies is that by analyzing only
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70 human LCL lines, this will only identify functional SNPs that are relatively common
with a minor allele frequency > 5-10%. It is likely that many diseases are a result of
SNPs that are much more rare, and would require a much larger sampling size (1000’s of
LCLs) to identify rare dsQTLs. This type of study is not currently feasible based on
DNase-seq protocol (100’s of samples are possible, but not 1000s) and sequencing
technology limitations.

1.4.2 Identification of large numbers of non-coding functional
variants using a comparative species chromatin approach.
An alternative approach to identifying higher numbers of functional non-coding
variants that contribute to DHS changes is to take a comparative species approach. We
predict that analyzing just a few individuals from primate species (human, chimpanzee,
orangutan, and macaque) allows for identification of many more functionally relevant
non-coding variants than looking among just human populations (HapMap and 1000
genome projects) for common non-coding variants (minor allele frequency > 5%). In this
thesis, we describe the following experiments:
•

Chapter 2: DNase-seq performed on three primate species, and identify ~2000
DHS sites that are gained or lost on the human or chimpanzee branch. These
regions display evidence of positive selection and are correlated with speciesspecific gene expression. At least some of these species-specific DHS sites are a
result of mutations within an AP-1 binding motif, providing one mechanism to
how variants between species have a functional impact on chromatin,
transcription factor binding, and expression.
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•

Chapter 3: DNase-seq was expanded to an additional primate species
(orangutan), as well as a distantly related mammalian species (mouse). We
confirm the majority of human and chimpanzee-specific DHS gains and losses.
In addition, we find that DHS gains are more likely to be a result of a single
evolutionary event, while losses are more often a result of multiple evolutionary
events.

•

Chapter 4: We confirm mutations in AP-1 are contributing to at least some of the
species-specific DHS sites identified using footprinting, validation of orangutan
sequences, and chromatin immunoprecipation. Furthermore, we show that at
least some of these functional variants identified by a cross-species approach are
also relevant to human species, as evidenced by being a dsQTL.

Overall, we find that DHS site mapping across species can identify clear instances of
novel species-specific chromatin differences and can be used as a tool to explore the
mechanisms behind complex phenotypes.
.
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2. Extensive evolutionary changes in regulatory element
activity during human origins are associated with
altered gene expression and positive selection
2.1 Introduction
Understanding the molecular basis of phenotypic differences between humans
and other primates has been a priority in medicine, behavior, and evolution research
(Olson and Varki 2003; Robertson 2010; Sholtis and Noonan 2010). The genetic basis for
these differences can now be explored genome-wide due in part to the rising number of
completely sequenced primate genomes. However, finding genotype-phenotype
connections is difficult since the vast majority of sequence changes do not contribute to
phenotypic differences across species. It was hypothesized over 40 years ago that
phenotypic differences between humans and our closest primate relatives are shaped
largely by changes in non-coding regulatory elements (King and Wilson 1975). Variation
in gene regulation have been indirectly confirmed by studying gene expression
differences across matched cell or tissue types isolated from different primates (Enard,
Khaitovich et al. 2002; Caceres, Lachuer et al. 2003; Khaitovich, Hellmann et al. 2005;
Gilad, Oshlack et al. 2006; Somel, Franz et al. 2009; Babbitt, Fedrigo et al. 2010;
Blekhman, Marioni et al. 2010; Xu, He et al. 2010), but these studies have failed to
pinpoint the regulatory elements responsible for these changes (Carroll 2008). Genomewide scans of non-coding DNA sequences under branch-specific positive selection have

35

identified putative regulatory elements that have undergone functional changes
(Pollard, Salama et al. 2006; Prabhakar, Poulin et al. 2006; Haygood, Fedrigo et al. 2007).
These studies identified hundreds of regulatory regions with evidence of accelerated
sequence substitution during human origins, possibly reflecting adaptive changes in
gene regulation. Scans for selection do not, however, provide information about the
functional or trait consequences of these evolutionary changes.
Understanding the relationship between mutation, natural selection, and
variation in gene regulation is an important goal in evolutionary genomics. Heritable
differences in gene expression must have a genetic or epigenetic basis, but exactly what
sequence variants have led to these differences are largely unknown. In this study, we
used changes in chromatin configuration to better understand this genotype-phenotype
relationship. We identified evolutionary conserved and altered regulatory element
activity by performing genome-wide DNase-seq (Boyle, Davis et al. 2008; Song and
Crawford 2010) in primary skin fibroblasts and lymphoblastoid cell lines (LCLs) isolated
from three human and three chimpanzee individuals.
Each DNase-seq experiment identifies nucleosome-depleted DNaseI
hypersensitive (DHS) sites that mark all types of regulatory elements, including
promoters, enhancers, silencers, insulators, and locus control regions. The
comprehensiveness of this assay is supported by ChIP experiments for active histone
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marks, p300, CTCF, and other transcription factors (Consortium 2007; Heintzman, Stuart
et al. 2007; Xi, Shulha et al. 2007). In addition to human and chimpanzee, we performed
DNase-seq on fibroblasts from three Rhesus macaque individuals to polarize humanchimpanzee chromatin differences and to distinguish between gains and losses of
regulatory elements on the human and chimpanzee branches (EBV-derived
lymphoblastoid cells are not available for this species). We also performed Digital Gene
Expression sequence (DGE-seq) experiments using the same cell cultures to
simultaneously compare levels of mRNA abundance (Gilad, Oshlack et al. 2006;
Blekhman, Oshlack et al. 2008). Analyses of these data provide insights into the
relationship between evolutionary changes in regulatory elements, their tissue-specific
activity, and the resulting functional consequences in gene expression.

2.2 Materials and Methods
2.2.1 Cell types and tissue culture
We obtained two cell types from Coriell for this study: skin fibroblast cells and
lymphoblastoid cell lines (LCLs). Primary skin fibroblast cells from three human, three
chimpanzee, and three macaque individuals. LCLs, which are B cells immortalized with
Epstein-Barr Virus, were obtained from the same three human and three chimpanzee
individuals from which fibroblasts were isolated (Table 1).
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Table 1: Samples used for DNase-seq and DGE-seq analyses. Basic sequence
count statistics are provided with each sample.

EBV does not reliably transfect macaque lymphocyte cells, so matched macaque LCLs
cells were not available for this study. Importantly, other recent genome-wide studies
that used macaque LCLs were of B-Lymphocyte cells transformed with rhesus herpes
papio virus, a close relative of human EBV (Cain, Blekhman et al. 2011) . Cells from all
species were grown in standard growth media. Fibroblast growth media consisted of
Gibco’s MEM (10370-021), 2 mM L-Glutamine (25030-081), 1x Pen/Strep (15140-122), and
10% FBS (Hyclone SH30070). LCLs growth media consisted of Gibco’s RPMI (21870)
media with L-Glutamine, Pen/Strep, and 15% FBS. We harvested fifty million cells for
each individual biological replicate and allocated 35 million cells for DNase assays
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(DNase-seq and DNase-chip), 10 million for genomic DNA (used as control for DNasechip array hybridization), and 5 million for RNA DGE-seq expression analysis.

2.2.2 DNaseI HS library preparation
DNase-seq libraries we generated as previously described (Boyle, Davis et al.
2008; Song and Crawford 2010) and sequenced via Illumina’s GAII sequencer. DNasechip library preparations, used for validation of our DNase-seq results were performed
as previously described (Crawford, Davis et al. 2006; Shibata and Crawford 2009) and
were hybridized to 1% ENCODE Nimblegen arrays (Consortium 2007). Custom arrays
were designed to cover the orthologous regions from chimpanzee and macaque. DNasechip array intensities were compiled and significant DHS sites were called using
ChIPOTle (Buck, Nobel et al. 2005) (P < 0.000001 peak cutoff).

2.2.3 DNase-seq aligned to native genomes and lifted to hg19
DNase-seq data generated from each species was aligned to the native genome
(human hg19, chimpanzee panTro2, and macaque rheMac2) using BWA (Li and Durbin
2009). To directly compare three different primate species requires that they be aligned
to a single reference sequence. Because both the chimpanzee (panTro2) and macaque
(rheMac2) reference sequences were built from the existing human reference, we
converted all sequences to human coordinates. To do this, we converted each 20-mer
DNase-seq sequence from panTro2 or rheMac2 to hg19 with liftOver (Hinrichs,

39

Karolchik et al. 2006), using a match setting of 80 percent. After conversion to hg19
coordinates, we used F-seq (Boyle, Guinney et al. 2008) to identify DNaseI
hypersensitive (DHS) sites. The F-seq scores from the top 100,000 peaks from each
sample were used to determine how well chromatin openness correlates among all 15
samples (Figure 1). This analysis uses a pairwise Pearson correlation to compare the
similarity among samples.

2.2.4 Identifying species-specific hypersensitive sites and filters to
eliminate liftOver artifacts and CNVs
We used the bioconductor edgeR package to define species-specific
hypersensitive regions (Robinson, McCarthy et al. 2010). EdgeR is designed to detect
differences in count data among groups of samples. Briefly, it compares within-group
variances to between-group variances using a negative binomial model, and selects
entries with significant between-group differences. It was designed for differential
expression data such as DGE-seq or RNA-seq, but it is similarly applicable to read
counts generated by DNase-seq. One key advantage of edgeR is a normalization
procedure specifically designed for high-throughput sequencing studies (Robinson,
McCarthy et al. 2010).
To locate significant differences in DNase-seq signal between species, we first
identified the union set of the top 100,000 DHS sites (as scored by F-seq) from all 15
samples (9 fibroblasts and 6 LCLs). We used bx-python
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Figure 1: Comparison of DHS sites and DGE-seq data across species. (a) Analysis pipeline. DNase-sequences from each
species were aligned to the native genome and lifted over to the human genome for analysis. Regions are filtered at
various steps of the analysis to remove alignment and orthology artifacts (Materials and Materials). Correlation plots of
DNase-seq signals (b) and DGE-seq signals (c) expression data show that both chromatin and expression data from
human (Hu), chimpanzee (Ch), and macaque (Ma) are more highly correlated between biological replicates from the same
tissue within a single species. Additionally, the same cell type from different species is more similar than different cell
types from the same species.

(https://bitbucket.org/james_taylor/bx-python) to analyze the data. We divided
these regions into windows, attempting to maximize the resolution of the windows
while minimizing the number of windows required.
Defining Windows: We divided the union set into overlapping windows of 300
bp. DHS sites smaller than 300 bp were expanded to 300 bp. Regions larger than 300 bp
were tiled with overlapping windows; the overlap varies depending on the size of the
hypersensitive region to tile. We started by finding the number of windows that would
fit completely inside the defined HS site using the default overlap (100 bp). If these
windows discard fewer than 10% of the bases on each edge of the HS site, we tile the site
using these windows, because the initial peak calls tend to run a bit wide. If using the
default overlap would cause us to lose more than this edge threshold (10%), we add
another window and adjust the overlap so the windows exactly cover the entire HS
region. These windows cover almost all of the HS bases in the original, while
minimizing the number of non-HS bases considered for the downstream analysis. After
defining the windows, we liftOver each window back to chimp and macaque and
discard any windows that don’t map. We also eliminated any windows mapping to the
Y chromosome, because we have female samples. This resulted in ~1.2 million windows
across all DHS sites.
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Zero counts filter: We next counted the number of reads (DNase cuts) that
mapped within each window for each sample. To be certain to compare only regions
that are actually found in all 3 primates, we omitted any windows that did not have at
least one read count in at least one individual from each species. We believe this is a
reasonable filter since there is a basal level of DNase digestion throughout the genome,
and regions without any mapping reads in one species are likely caused by alignment
ambiguities (such reads are lost in the liftOver process) or reference problems.
Significant differences: We then used edgeR to call windows with significantly
different counts in each pairwise comparison at a false discovery rate of 1%. This
defined species-specific HS windows. For example, to define human-fibroblast-specific
(human DHS gain) regions, we selected any windows with significantly more counts in
humans compared (pairwise) to both chimp and macaque fibroblasts. We then merged
any significant neighboring windows.
Reciprocal liftOver filter: To confirm that DNase sites detected in only a single
species were not due to a liftOver artifact or copy-number variation (CNV), we
performed a reciprocal liftOver. Reciprocal liftOver discards regions that do not map 1:1
between species assemblies. After defining a species-specific or Common DHS sites
(Common DHS described below) in human coordinates, we the lifted these windows
back to panTro2 or rheMac2. We then compared number of reads from the original
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native genome alignment to the read count on the lifted (hg19) reference. We found that,
in general, these scores correlate well. However, some windows differ in counts on each
reference, indicates liftOver artifacts or CNVs. Windows with native counts exceeding
the reference counts could result from counts from the native assembly being lifted to
multiple places on hg19. Likewise, windows with more reads on hg19 than on the
equivalent native assembly could be caused by several regions from the native genome
lifting to a single location on hg19. Since these may possibly artificially appear as
chromatin gains or losses, we filter out these scenarios by requiring that the number of
reads on hg19 for chimp/macaque data be within 10% of the number of reads on the
native assembly.
Sharp peaks and assembly filters: Some regions mapped to areas in the genome
that are clear artifacts, most likely CNVs. These artifacts are expanses where one of the
species has much higher levels of hypersensitivity than the others, and are often located
near centromeres or telomeres. A DHS resulting from a massive expansion in one of our
samples compared to reference genome appears as a large (kb to Mb-scale) DHS site
encompassing the entire CNV and/or DHS sites that cluster closely together. We
manually curated a list of such areas and filtered data mapping within these regions
(Assembly filter). We also eliminated abnormally sharp peaks, which are likely caused
by PCR artifacts, reference assembly inaccuracies, or small differences in copy number
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between our samples and the reference genomes. If any 30 bp window within a region
contains 75% or more of the reads in the entire region, these regions are filtered out as
"sharp peaks". Ultimately, we confirmed the regions by visually inspecting many using
both the Integrative Genomics Viewer (IGV) (Robinson, Thorvaldsdottir et al. 2011) and
the UCSC Genome Browser (Hinrichs, Karolchik et al. 2006). These filters apply to DHS
gains, losses, and common regions.

2.2.5 Addressing the confounding effects of skin biopsy location and
Fibroblast heterogeneity
Chang et al. (2002) showed that human skin- and non-skin- fibroblast samples
collected from different locations along the body plane showed notable differences in
transcriptional profiles (Chang, Chi et al. 2002). Aware of this issue, we made an effort to
use fibroblast cultures made from only skin samples and from the same region of the
upper arm. All 3 replicates of macaque Fibroblasts and one human Fibroblast were
confirmed from Coriell to be from skin biopsies from the upper arm (the other two
locations were unknown). Since our analysis poses a strict requirement of DHS sites to
be present in all three human individuals to be called a human DHS gain, having at least
one human sample with the biopsy site confirmed to be from the upper arm ensures that
the human gains are not a result of human DHS gains being a result of, for example, all
human fibroblasts isolated from lower leg. Likewise, to be called a human chromatin
loss, DHS sites have to be absent in all three human samples (but present in all chimp
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and macaque samples); this biopsy location bias is again mitigated by at least one
human sample being from the upper arm.
The Yerkes National Primate Center, from where the chimpanzee skin fibroblasts
were obtained, unfortunately do not document the exact location of biopsy. While the
standardized skin punch protocol calls for the location of the skin biopsies to be from the
ear pinna (personal communication with Fawn Conner-Stroud from Yerkes), we cannot
be 100% sure that the samples were isolated from this location. As described above,
human DHS losses are a result of signal being present in all three chimpanzee and
macaque samples, supporting that these regions are not due to chimp biopsy location.
We also want to reiterate that our skin fibroblast results are highly similar in LCL lines
that are all uniformly derived from blood samples.
We find that none of our chromatin gains and losses overlap the Hox genes
described in the Chang et al., 2002 paper. In addition, a more recent analysis by Rinn et
al. (2006), using more comprehensive microarrays and more biopsy sites, identified 337
expression array probes (299 unique genes) that were shown to be highly associated
with five different general biopsy site locations. We have compared this list of genes to
both species-specific chromatin gains/losses, as well as species-specific gene expression,
and find <3% of the species-specific and common DHS overlap with the 299 position
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specific genes. Similarly, species-specific and commonly expressed genes also show <3%
overlap (Table 2).
Table 2: Genes located closest to human-specific DHS gain/loss and common
regions as well as genes identified as differentially expressed among the 3 primate
species are not highly associated with genes used to identify Fibroblast biopsy
locations in Rinn et al. 2006.
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2.2.6 Identifying DNaseI hypersensitive sites in all species
(“Common” sites)
In order to ensure that our tests for selection were meaningful, we wanted to
compare chromatin gains and losses with a set of regions that were open in all species.
Rather than simply choose DHS sites that have the highest scores, we wanted to mirror
the level of hypersensitivity to that of the species-specific regions. This is important
because species-specific DHS sites are not necessarily the strongest DHS sites. We also
wanted to select a set of regions similar in size to our sets of gains and losses to retain
computational tractability.
To select a set of matched Common DHS sites, we required that each window be
similarly open in all 9 samples from all 3 species. To be considered “similarly open” in a
given sample, the number of counts must lie between the 20% and 80% quantiles for that
sample in the corresponding species-specific regions. For example, we used the human
DHS gains identified by edgeR to define the distribution for each of the three human
samples, and similarly for chimp and macaque. As such, our set of Common regions is
the set of all windows with DNase counts within this range for each of the 9 samples
(Figure 2d). To reduce the number of Common regions we found to the most
representative set (those that most closely match the average signal intensity of the
differential DHS sites), we narrowed the quantiles until we found a set of around one
thousand Common regions, which we reasoned would be a sufficient number to
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Figure 2: Identification of species-specific differences in DHS sites. Species-specific DHS sites were identified by edgeR
(Materials and Methods). Boxplots show the distribution of number of reads per sample in 300bp windows. For human
DHS gains (a), the 3 human samples are all significantly more open than the other 2 species. Likewise, human DHS losses
(b) show lower signal in human compared to both chimpanzee and macaque. A representative sampling of distributions
from all DHS is shown in (c), as well as Common DHS sites (d) found in all three species that are matched for signal
intensity compared to human DHS gains and human DHS losses. (e) Distribution of species-specific DHS Gains and
DHS Losses relative to promoters, introns, 3’ UTR, and intergenic regions. (f) Representative screen shots of humanspecific DHS Gains and Losses compared to a Common region.

examine summary statistics. To ensure that our results are not biased for a specific set of
Common regions, we repeated our experiments on a significantly larger set (~11,000) of
Common DHS sites using less stringent criteria (10% - 90% quantile). This larger set is
even more enriched for promoter regions but does not change our conclusions (data not
shown).
After identifying an initial set of potential Common DHS sites, we filtered out
any that appeared to be "appendages" to other hypersensitive sites. Without this step,
many Common DHS sites would map to the edge of a strong hypersensitive sites. To
ensure that a Common DHS site is a standalone DHS site, we examined the neighboring
windows surrounding the initial set of Common DHS sites. If a Common DHS site
window contained fewer than 80% of the number of reads in the adjacent window on
either side, we filtered it out as most likely an "appendage" to a stronger DHS site. This
resulted in a final list of 1259 Common DHS sites matched in intensity to the speciesspecific DHS sites. We also ran this filter on DHS gains and losses, and found that very
few of the gains (3-5%) and losses (3-8%) get flagged as “appendages.” Of these, many of
them are flagged as a result of false discovery rate (FDR) threshold issues that simply
didn’t quite highlight a neighboring window, and we would actually still consider this a
legitimate gain region. Because gain/loss appendages are relatively rare and are largely
due to threshold issues, we elected to retain them in our final list.
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2.2.7 Why are there more species-specific increases than decreases?
In every comparison, we reported more species-specific gains than losses. The
most important factor in determining the size of these lists is the level of significance we
set by choosing a FDR. To obtain lists that match in length, we could simply adjust the
FDR value for the lists to yield about the same number of regions. Instead, we decided to
keep the FDR constant and select varying numbers of DHS sites for each category.
However, it is still constructive to consider the disparity. In other words, "at a
constant FDR (1%), why are there more species-specific increases than decreases?" This
is possibly a result of purifying selection. Because DHS sites are regulatory (and
therefore tend to be conserved), a loss of a DHS site probably confers a fitness
disadvantage. In this case, we would expect to see more gains than losses.
It is also possible that the prevalence of increases is simply a result of the way we
constructed the significance test. A DHS site is a sparse signal (there are more "closed"
regions than "open" regions). Combined this with the asymmetry of the evolutionary
tree: the chimp and human are more similar to each other than either is to the macaque.
A human-specific increase requires both macaque and chimp to be closed (the default),
while a human-specific decrease requires both macaque and chimp to be open. This
latter scenario will happen less often because the relationship between chimp and
human is closer than either to the macaque.
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In short, the greater number of gains than losses in our analysis may reflect
purifying selection on DHS sites; however, it may also simply be a result of the way we
constructed the test, particularly due to using an outgroup species to polarize the
chromatin structure changes.

2.2.8 Testing for selection
We tested for evidence of positive selection using the DHS sites indicated as DHS
gains, losses, and commons defined by edgeR and common analyses (see above). A
branch model test (Zhang, Nielsen et al. 2005) in HYPHY (Pond, Frost et al. 2005) was
used to assess evidence for positive selection on each the human and chimp branches.
HYPHY uses a likelihood ratio test to compare two opposing models. For the null
hypothesis, we specified a composite model that allowed for negative selection, neutral
evolution, or relaxed constraint specifically on the branch of interest (i.e. the human
branch), with negative or neutral evolution across the rest of the tree. The alternative
hypothesis modeled positive selection only on the branch of interest, with negative or
neutral evolution on the rest of the tree. For each region, HYPHY performed a likelihood
ratio test comparing these hypotheses and output a P value that can be interpreted as a
level of evidence for positive selection. In order to test the likelihood of either the null or
alternative hypothesis, we specify both the alignment of the region of interest, as well as
a background sequence alignment assumed to be evolving neutrally (Wong and Nielsen
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2004). For the alignment of the region of interest, we used alignments of human, chimp,
macaque, and orangutan precomputed at UCSC. For the background sequence, we
collected a separate set of local introns for each region to test, following Haygood et al.
(Haygood, Fedrigo et al. 2007). To define these background alignments, we started with
the UCSC knownGene definition of intron annotations, and then filtered out all first
introns, splice junctions, and hypersensitive sites (in any of the 15 samples in this study).
In this way, we aimed to select sequences that are evolving neutrally. After defining this
set of neutral introns, we used an expanding window centered on the region of interest
to collect introns in a region up to 100 kb surrounding the center. We added introns to
this collection sequentially as the window expanded until we reached an alignment of
2000 nucleotides. If we were unable to find 2 kb of background introns within 100 kb of
sequence, we discarded these regions (this happens rarely). Introns are commonly
assumed to be evolving neutrally (Gilbert 1978; Graur and Li 2000), particularly when
our filtering steps are taken into account; however, there are still likely to be regulatory
sequences present in our background model, either due to sequences containing DNaseI
HS sites in other cell types not tested or due to unannotated or mis-annotated
transcripts. In order to further correct for this possibility, we performed each likelihoodratio test 50 times, using 50 different bootstrapped versions of the background model.
We then averaged these P values to assign a final P value for each region. This method
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has the effect of possibly discarding any elements under selection in some of the
bootstrap replicates, increasing our ability to detect positive selection even if we
inadvertently chose some background regions under selection. To test significance, for a
given set of regions (e.g. human DHS gains) we ordered the P values for selection on
both hg19 and panTro2, then did a Mann-Whitney test to see if one branch has higher P
values than the other (Table 3).
Table 3: Testing for selection, P values (Two-tailed Mann-Whitney test). To test
significance, for a given set of regions (Fibroblast: human DHS gain, human DHS
loss, chimpanzee DHS gain, chimpanzee DHS loss, Common; LCLs: LCL human DHS
gain, LCL human DHS loss, Common) we ordered the P values for selection on both
hg19 and panTro2, then did a Mann-Whitney test to see if one branch has higher P
values than the other.

The fibroblast DHS sites where we can polarize the differences using macaque all
have significant differences in the direction we expect, while the Common regions do
not have significant differences. In the LCLs, where we are unable to polarize (no
macaque LCLs were available), we do not detect a significant difference. This is likely
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due to a combination of two categories (gains and losses) that have competing selection
(i.e. LCL human DHS loss = human DHS loss + chimpanzee DHS gain).

2.2.9 Testing for evolutionary constraint
We calculated the observed fraction of overlaps between DHS sites and
evolutionarily constrained regions using constrained regions defined by the Genome
Evolutionary Rate Profiling (GERP) method (Cooper, Stone et al. 2005) executed on
Enredo, Pecan, Ortheus (EPO) (Paten, Herrero et al. 2008; Paten, Herrero et al. 2008) 33way alignments. EPO alignments and GERP regions are available for download at the
Ensembl browser (http://ensembl.org). We then constructed a null distribution of the
fraction of expected overlaps by using the conservative Genome Structure Correction
(GSC) methodology described previously (Consortium 2007; Parker, Hansen et al. 2009;
Bickel, Boley et al. 2010). We performed 1000 randomizations and calculated the mean
and standard deviation from the null distribution to assess the statistical significance of
the observed overlap.
We also used PhastCons to explore degree of sequence conservation. For each
region, we extracted the mean and max PhastCons score from the primate PhastCons
table at UCSC. We then compared the distribution of these scores across the regions to
see how sequence conservation is related to hypersensitivity conservation (Figure 3).
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Figure 3: Phastcons figure showing sequence conservation. Histograms
comparing the distribution of maximum PhastCons scores for pooled DHS gains
(both human- and chimp-specific increases), pooled DHS losses (both human- and
chimp-specific decreases), and Common regions. We pooled regions because the
distributions look similar when divided (data not shown). Common regions have
higher PhastCons scores. Average PhastCons scores show similar trends (data not
shown).

2.2.10 Expression analysis using digital gene expression (DGE-seq)
Total RNA purified from 5-10 million cells harvested from the same cell culture
used for DNase-seq were also used to generate DGE-seq expression libraries as
previously described (t Hoen, Ariyurek et al. 2008; Babbitt, Fedrigo et al. 2010).
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Polyadenylated RNA is captured for enrichment of mRNA and the oligo dT primer is
used to make cDNA. Briefly, DGE-seq is similar to Serial Analysis of Gene Expression
(SAGE) where mRNA abundance is assessed via counting short sequences of their
cDNA at specific restriction site locations. These DGE-seq libraries were sequenced
using Illumina’s GAII sequencer, and averaged 10 million 20mer sequences for each
sample, which were then aligned to the samples’ native reference sequence using BWA.
We used EdgeR to detect differences in tag counts across species by comparing intraspecies variances to inter-species variances using a negative binomial model, and selects
expressed genes with significant between-species differences (Robinson, McCarthy et al.
2010).

2.2.11 Cross-species correlation of genome-wide expression
Unlike the analysis performed for comparing cross-species DHS sites, we did not
liftOver any non-human expression sequences to human. Instead, we simply compared
the DGE-seq sequence counts that aligned to exonic regions within each species' native
sequence alignment. Because of the high level of homology of the exonic regions
between the 3 primate species, we directly compared tag count numbers between each
of the orthologous genes. For the genome-wide expression correlation comparison
(Figure 1c), we normalized tag counts using edgeR to calculate the total library size for
each sample and adjusting the tag counts accordingly so that relative differences

57

between the depth of the sequencing reads did not influence the results. Next, we
filtered out genes that did not have at least 10 combined tag counts between all of the
samples to decrease the noise associated with genes that fall below the meaningful level
as recommended for edgeR. Following these filters, we compared the Spearman
correlation values between all of the samples and plotted the results as a heatmap with
hierarchical clustering to show similarities within and between species and tissue types.

2.2.12 Identification of differentially expressed genes between
species
Using edgeR, we identified genes that were significantly differentially expressed
between the 3 primate species. Comparisons between species were performed on a
pairwise manner comparing 3 individuals of one species against 3 individuals from a
second species. The same normalization method and filters used in the expression
correlation analysis was also used prior to defining the differentially expressed genes.
Differential gene expression was defined as genes having a P value cutoff of 0.05. Using
the Macaque expression result as an outgroup, we identified genes that displayed high
or low expression specifically on the human and chimp branch. For example, genes we
defined as highly expressed in human (human upregulated genes) are differentially
expressed in both human/chimp and human/macaque comparisons, but not
differentially expressed in the chimp/macaque comparison. Similar criteria were used to
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identify genes that display low expression in human compared to chimp and macaque
(human downregulated genes).

2.2.13 Correlation of species-specific DHS site gains and losses with
species-specific gene expression gains and losses
To firmly establish the connection between differential chromatin and
differential expression, we tested for significance in overlap in both directions: First, we
tested if differential DHS sites tend to be located near differentially expressed genes, and
second, we tested if differentially expressed genes tend to have differential DHS sites
nearby.
2.2.13.1 Comparing differential DNase-seq signal to differential gene expression
We compared human DHS gain, human DHS loss, chimpanzee DHS gain, and
chimpanzee DHS loss regions to species-specific genes (e.g., human
upregulated/downregulated genes, etc.). We first assigned each DHS site its nearest
gene, then intersected these with each differential expression set. The number of
overlaps for every pairwise combination of DHS sites vs. differentially expressed genes
are shown in Table 4a. We calculated P values by permuting (100,000 times) the set of all
expressed Fibroblast genes, randomly selecting the number of genes for each
comparison, and intersecting those random sets with the genes nearest species-specific
DHS sites (Table 4b-c). This established a null distribution of overlaps in random
intersects.
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Table 4: Relationship between species-specific DHS sites and differentially
expressed genes. Species-specific DHS sites (Human DHS gain/loss and Chimpanzee
DHS gain/loss regions) for the fibroblast cell type were compared to the expression
state of the closest gene (human up/down and chimp up/down expressed genes).

2.2.13.2 Comparing differential gene expression to differential DHS sites:
To establish the connection in the opposite direction, we did a similar analysis in
the reverse direction. Using the UCSC knownGene table, we merged all isoform
coordinates for each gene and found all DHS sites within a surrounding 20 kb window.
We calculated pairwise overlaps of DHS sites between each differential DHS site list and
these lists of all nearby DHS sites. If a gene contained a differential DHS site within 20
kb, it was counted as a match. The number of overlaps for every pairwise combination
of sites near differentially expressed genes vs. differential DHS sites are shown in Table
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5a. We then permuted genes similar to above (1,000 times), located all nearby DHS sites,
and tested for overlap to create a null distribution of overlap count (Table 5b-c).
Table 5: Relationship between differentially expressed species-specific genes (human
DHS gains/losses, chimpanzee DHS gains/losses) and the likelihood of finding a
species-specific DHS site within a 20kb window surrounding those genes.

2.2.14 Identification of mutations in motifs associated with speciesspecific DHS sites
To connect sequence changes to species-specific DHS sites, we compared
JASPAR motif scores across species. We first extracted the orthologous DNA sequences
for human, chimpanzee, and macaque for each of our DHS gain, loss, and common sites.
We scanned and scored each of these sequences for all the position weight matrices
(PWMs) in the JASPAR database. We scored a sequence for a given PWM as the highest
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motif score anywhere in that sequence. This resulted in a region-by-motif matrix of
scores; each score is the highest score for each motif/sequence combination. To compare
species, we took the log ratio of scores (human/chimp, human/macaque, and
chimp/macaque). Where this score is 0, the highest score does not differ between species.
Deviations from 0 indicate the direction of improvement in motif match (in a
human/chimp comparison, a positive number means the best match in the human
sequence scored higher than the best match in the chimp sequence). After calculating
these scores and each pairwise log-ratio, we plotted the log-ratios
(Supplemental_data_files 1-2) to examine trends. We calculated the pairwise log-ratios
for multiple species comparisons and plotted these on different axis to check whether
increases over one species correlate with increases over the other. In these twodimensional plots, each axis quantifies a different pairwise species relationship. Points
that cluster in the upper-right quadrant have higher scores than either of the other
species; points that cluster in the lower-left have lower scores. The most interesting
variation in these plots is whether the points congregate in the upper-right or lower left.
To assess significance, we project each data point onto the y=x line to reduce the
dimensionality to 1. We then used the Wilcoxson rank-sum test to compare each
distribution to the distribution of the common regions (Supplemental_data_file_2).
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2.3 Results
2.3.1 DNase-seq identifies species-specific DHS sites
To directly compare DNase-seq data generated from human and non-human
primate fibroblast and lymphoblastoid cell line (LCL) samples, we mapped all data to
the human genome (build hg19). Non-human DNase-seq sequences were first aligned
to their native primate genome and then converted to human coordinates using liftOver
(Hinrichs, Karolchik et al. 2006) (Figure 1a). We limited analyses to high confidence
orthologous regions of the human, chimp, and macaque genomes to eliminate potential
artifacts due to mis-aligned, missing sequence, or CNVs (Materials and Methods).
Comparisons across individuals within a species and against tiling array DNase-chip
(Crawford, Davis et al. 2006; Shibata and Crawford 2009) data generated from the same
material supported data accuracy and reproducibility (Materials and Methods and Table
6). DNase-seq signals from individuals within a species were more highly correlated
than signals from different species (Figure 1b). Human and chimpanzee DNase-seq
signals from fibroblasts were better correlated than human and macaque signals as
expected since human and chimp share a more recent common ancestor. Chromatin
structure differed more in cell types (fibroblasts vs. LCLs) from the same species than in
the same cell-type across different species (Figure 1b). For example, human and
chimpanzee fibroblast DNase-seq signals are more similar than human fibroblast and

63

Table 6: DNase-seq data is validated by DNase-chip. DNase-chip libraries from the
15 samples were hybridized to 1% ENCODE DNA arrays of the corresponding species
type. Probes consisted of segments of DNA sequences matching reference sequence
builds hg18 (human), panTro2 (chimpanzee), and rheMac2 (macaque), respectively.
The array intensities were compiled and significant DHS sites were called using
ChIPotle (P < 0.000001 peak cutoff). We intersected the DNase-chip sites from each of
the 3 individuals samples for each species and determined the amount that overlap
DNase-seq data. The top 100,000 F-seq called sites were used from each DNase-seq
sample for this comparison.

human LCL DNase-seq signals. The same correlation patterns were also found in gene
expression data generated from the same samples (Figure 1c).
We identified genomic regions exhibiting significant differences in DNase-seq
signal between species (Robinson, McCarthy et al. 2010) (Materials and Methods). Data
from macaque samples were used to classify regions as DHS gains or DHS losses on the
human or chimpanzee branch (Materials and Methods). More specifically, we defined a
human DHS gain as a region with significantly more DNase-seq signal in human than in
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either chimpanzee or macaque (Figure 2a), and a human DHS loss as a region with
significantly less DNase-seq signal in human than in either chimpanzee or macaque
(Figure 2b). In essence, these data identify regulatory regions that originated or
disappeared in fibroblasts during human origins. Chimpanzee DHS gains and DHS
losses were similarly defined (Figure 4).

Figure 4: Representative examples of chimpanzee DHS gain and chimpanzee
DHS loss.
For approximately 90% of gains, a corresponding DHS site was completely absent in all
three individuals from each of the other species (Figure 2f). For the remaining sites, DHS
sites were annotated in multiple species, but a consistently higher DNase-seq signal was
present in one species compared to the others (data not shown). We found that the
majority of the human DHS gains (72-79%) and chimpanzee DHS losses (73-74%), and a
minority of the human DHS losses (11-27%) and chimpanzee DHS gains (8-17%),
overlapped a DHS site found in one or more of three independently derived human
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Figure 5: Comparison of species-specific DHS to independently derived cells. Human DHS gains show a high level of
overlap to DHS regions identified in (a) three independently analyzed human fibroblast cell lines and (b) 5 independently
analyzed human LCL samples, compared to human DHS losses. Common DHS are also similarly detected.

fibroblasts (Figure 5a, Table 7). We also found similar trends comparing six
independently derived LCLs analyzed by our group (Figure 5b, Table 8), and 20
independently derived human fibroblast samples analyzed by another ENCODE group
(Figure 6a-b) (Sabo, Hawrylycz et al. 2004; Sabo, Kuehn et al. 2006).
Table 7: Percent overlap of human- and chimpanzee- DHS gains/losses/common
detected in fibroblasts with DHS sites identified in ENCODE human cell types.
FibroP, Fibrobl, and ProgFib cells were independently derived fibroblasts samples.

These provide evidence that the identified DHS gains and losses represent significant
and reproducible functional changes between species. Fibroblasts have been shown to
have specific expression profiles associated with different biopsy locations (Chang, Chi

67

et al. 2002; Rinn, Bondre et al. 2006). We note that DHS gains and losses are not enriched
around these genes (Materials and Methods).
Table 8: Percent overlap of human-DHS gains/losses/common detected in
lymphoblasts with DHS sites identified in ENCODE human cell types. Note high
degree of overlap with independently derived LCLs (GM).

Identified DHS gains (Figure 2a) and losses (Figure 2b) deviated in sequence
read depth from the general chromatin spectrum (Figure 2c). To more directly compare
DHS gains and losses with sites that do not change between species, we also identified a
set of DHS regions with similar DNase-seq signal intensity across all three species,
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Figure 6: Species-specific gains and common DHS sites are highly
reproducible in independently isolated matched cell types. (a) Human DHS
gains/losses, Chimp DHS gains/losses, and Common DHS sites detected in fibroblast
cells were compared to independently derived ENCODE Fibroblast DNase-seq data
generated by the University of Washington ENCODE group. (b) LCL human DHS
gains/losses/common compared to 4 independently derived ENCODE lymphoblastoid
samples also identified by the University of Washington ENCODE group.
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which we call Common DHS regions (Figure 2d, Materials and Methods). Using a false
discovery rate (FDR) of 1%, we detected 836 human DHS gains, 286 human DHS losses,
676 chimpanzee DHS gains, 211 chimpanzee DHS losses, and 1259 Common regions.
The higher number of DHS gains compared to DHS losses could be due to purifying
selection, or more simply may be related to the asymmetry in their detection criteria (see
Materials and Methods for a more complete discussion). True species-specific DHS
gains and losses could not be identified in LCLs due to the lack of macaque EBV-derived
LCL samples. However, we identified 103 DHS sites with higher DNase-seq signals in
human (LCL human DHS gain), 181 DHS sites with lower signals in human (LCL
human DHS loss), and 1583 DHS sites with similar signals in both (LCL common DHS;
Supplemental_data_file_3).
Similar numbers of gains and losses were found when comparing chimpanzee
DNase-seq data to data from an independent set of human fibroblasts and LCLs at the
same FDR (Figure 7a-b). Furthermore, only 66 differential open chromatin sites were
detected when comparing human fibroblast data to additional independently derived
human fibroblasts. Likewise, only 1 differential DHS site was detected when comparing
human LCLs to additional independently derived human LCLs. This is less than 1% of
all differential open chromatin sites when comparing human vs. chimpanzee, indicating
a low false positive rate (Figure 7a-b).
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Figure 7: Differential edgeR analysis of original human and chimpanzee
samples to independently analyzed cell samples. Similar numbers of human gains
and losses are identified when comparing independently derived human fibroblasts
(a) and LCLs (b) to chimpanzee fibroblasts and LCLs. Very few differentially open
chromatin regions were identified by edgeR when comparing the 3 original human
samples to 3 independently derived human fibroblast and LCL samples.

2.3.2 Species-specific DHS sites are cell type specific
As part of the ENCyclopedia Of DNA Elements (ENCODE) project
(ENCODE_Consortium 2011), we have generated DNase-seq data from 27 diverse
human cell types (Song, Zhang et al. 2011) (Table 9, Crawford unpublished ENCODE
data). We determined the overlap of our identified DHS gains and losses in fibroblasts
with DHS sites in these other human cell types.
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Table 9: Human cell types analyzed by DNase-seq for the ENCODE project by
our group. All data is available on the UCSC genome browser
(http://genome.ucsc.edu/) and more specifically at http://genome.ucsc.edu/cgibin/hgTrackUi?hgsid=246298273&c=chr21&g=wgEncodeOpenChromDnase.

Seven hundred and sixty-seven (92%) fibroblast human DHS gains were found in at
least one of three other independently derived human skin fibroblast ENCODE cell lines
from normal (Fibrobl) and diseased individuals (Parkinson’s: FibroP; Progeria: ProgFib)
supporting the reproducibility of these data (Figure 8a, Figure 7a). Additionally, human
DHS gains showed a high level of overlap with some, but not all, non-fibroblast human
cell types (Figure 8a, Table 7, Figure 9-10). This suggests that DHS gains are largely celltype specific. Few human DHS losses were identified as a DHS site in any of
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Figure 8: Comparison of human DHS site Gains and Losses to DNase-seq data from other human cell types. The log of
the DNase-seq signal intensity value, defined as the maximum parzen score (output of F-seq) for each of the coordinates that are
represented along the x-axis, are represented as a heatmap in these figures. The color red represents a higher score, and thus a

relatively higher DNase-seq signal, and the color blue represents a lower score. (a) 836 DHS sites were identified as differentially
open (human DHS gain) in human fibroblasts compared to chimpanzee/macaque fibroblasts. These regions from Human
Fibroblasts (Hu Fibro 1-3) were compared to DNase-seq data generated from 27 other human cell types (Table 9). Additional
human skin fibroblast samples (listed in black) are highly similar, while some non-fibroblast cell types show less but substantial
(Figure 10). Sites with evidence for positive selection are indicated in the horizontal bar above the heatmap. The distribution
appears roughly uniform. (b) 286 DHS sites identified as differentially closed (human DHS loss) compared to chimp and
macaque fibroblasts. (c) DNase-seq signal values for Common regions representing DHS sites in all three species. More than
50% of Common regions are also DHS sites in other human tissues. (d, e, f) DNase-seq values for same regions as (a, b, c), but
DNase data is from orthologous region from chimpanzee and macaque fibroblasts.
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the other human cell types (Figure 8b and Figure 9-10). In contrast, Common DHS sites
were detected in most other human cell types (Figure 8c and Figure 9-10) suggesting
DHS sites active among all three primates have more general roles in regulating
transcription.

Figure 9: Box plot showing DNase intensity of human DHS gains/losses and
common regions across 27 human cell types shown in Figure 8 heatmaps.
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Figure 10: Boxplot of the binary comparison of human DHS gain/loss,
chimpanzee DHS gain/loss, and Common regions to the DHS peak calls from the 27
other human cell types.

Similar trends were seen when comparing LCL human DHS gain/loss/common regions
(Table 8). This suggests Common DHS sites mark DHS sites present in most or all nonhuman primate cell types, as can be seen for chimp lymphoblast DHS sites (Figure 11i).
Expected chimp and macaque DNase signal intensity are detected in orthologous
regions (Figure 8d-f).
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Figure 11: Comparison of chimpanzee DHS gains and DHS losses to DNaseseq data from other human cell types. These regions were compared to DNase-seq
data generated from 27 other human cell types. Heatmap signal intensities are of
maximum DNase-seq parzen scores in log scale, where red indicates a higher DNaseseq score and blue indicates lower DNase-seq scores. (a) Chimpanzee DHS sites were
identified as differentially open (chimpanzee DHS gain) in chimpanzee fibroblasts
compared to human/macaque fibroblasts. (b) Chimpanzee DHS sites identified as
differentially closed (Chimpanzee DHS loss) compared to human and macaque
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fibroblasts. (c) DNase-seq signal values for Common regions representing DHS sites
in all three species. Note that more than 50% of Common regions are also DHS sites
in other human tissues. (d, e, f) DNase-seq signal values for same regions as (a, b, c),
but DNase-seq data is from orthologous region from human and macaque fibroblasts.
(g, h, i) DNase-seq values for same regions as (a, b, c), but from human and
chimpanzee LCLs. (bottom) Box plot shows intensity values shown in heatmaps.

Similar to previous analysis of cell-type specific DHS sites (Song, Zhang et al. 2011), we
found species-specific gains and losses of DHS sites depleted in promoter regions
relative to Common DHS sites and enriched in distal intergenic regions and within
introns (Figure 2e).
We also compared chimpanzee DHS gains and losses to DNase-seq results from
a diverse set of 27 human cell types. We found that chimpanzee DHS gains did not
largely overlap with DHS sites from any of the 27 human cell types (5-23%, Figure 11a,
Table 7) while chimpanzee DHS losses were more likely to overlap human DHS sites,
especially those from human fibroblasts (73%, Figure 11b, Table 7). Thus, comparisons to
diverse cell types indicate that Common DHS sites have been selectively maintained
through millions of years of primate evolution suggesting a role in housekeeping
function. In contrast, more recently evolved DHS sites unique to humans and
chimpanzees are likely functional in a small fraction of cell types with related functions.
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2.3.3 Species-specific DHS sites are associated with biological
function
Species-specific DHS sites were compared to cell-type matched human ChIP-seq
data for multiple active histone marks and transcription factor binding sites. We found
that human-only DHS sites were better associated with these marks compared to
chimpanzee-only DHS sites (Figure 12).

Figure 12: Species-specific DHS sites are associated with functional chromatin
marks. DHS sites detected only in human, but not chimpanzee, LCLs are more
enriched for ChIP signals in matched human cell types. LCL histone modification
and CTCF ChIP-seq data were previously generated from the GM12878 cell line [33].
Fisher's exact test P value significance levels indicated by asterisks or NS (not
significant) are provide for LCL human DHS gains compared to LCL human DHS loss
and LCL common DHS regions (Table 10).

This enrichment was highest for H3K4me1, H3K4me2, H3K4me3, and H3K27ac,
consistent with chromatin marks predictive of enhancers (Heintzman, Stuart et al. 2007;
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Ernst, Kheradpour et al. 2011) (Figure 12, Table 10). H3K4 methylation signals were
detected in a higher percentage of LCL human DHS gains compared to Common DHS
sites, while CTCF, a known insulator protein, is enriched in LCL Common DHS sites
(Figure 12, Table 10). The combination of adjacent chromatin marks and their location
relative to genes (Figure 2e) provides further evidence that species-specific regulatory
elements are functional. These data suggest most regulatory elements gained or lost
after the human-chimpanzee divergence are preferentially associated with enhancers,
while Common regions are preferentially associated with promoters and insulators.

Table 10: Fisher’s exact test for Histone modification and CTCF ChIP-seq
peaks that intersect LCL Human DHS gains/losses/commons.

2.3.4 Species-specific DHS sites are near genes that exhibit speciesspecific expression
We expect species-specific DHS sites that contribute to phenotypic differences
would be located near genes differentially expressed across species. To test this, we

80

measured the proximity of fibroblast DHS site gains and losses to genes with variable
expression (Figure 1a). From matched fibroblast expression data, we used edgeR
(Robinson, McCarthy et al. 2010) analysis to identify 1047 human upregulated genes, 881
human downregulated genes, 785 chimpanzee upregulated genes and 788 chimpanzee
downregulated genes (Supplemental_data_file_3). Human DHS gains were
significantly enriched (permutation test, P value = 0.00039) near genes with increased
expression in human and depleted (P = 0.008) near genes with decreased expression in
human (Figure 13a-b). Similarly, human DHS losses were enriched (P = 0.008) near
genes downregulated in humans and depleted (P = 0.002) near genes upregulated in
humans (Figure 13b). The same relationships between DNase-seq signal and expression
held true for chimpanzee (Figure 13b, and Table 4). Analogously, we found that
significantly upregulated genes were more likely to be near chromatin gains and
downregulated genes near chromatin losses in each species compared to genes similarly
expressed in both species (Figure 14a-b, Table 5, Materials and Methods). These results
support a direct role for species-specific DHS site differences in species-specific gene
regulation. The direction of these correlations indicate that DHS site gains and losses are
more commonly associated with enhancers than repressors. The LCL DNase-seq and
expression data from human and chimp show a similar trend (Figure 15).
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Figure 13: Species-specific DHS sites are correlated with expression and
evolutionary selection. (a) 58 human DHS gains (yellow arrow) overlapped human
upregulated genes (HumanExpUp), a highly significant enrichment compared to
100,000 random permutations (P = 0.00039). Only 17 human DHS gains (blue arrow)
overlapped human downregulated genes (HumanExpDown), which is lower than
random permutations (P = 0.008) (b) Comparison of DHS gains and losses with
expression gains and losses. Yellow represents DHS and expression matches that
occur more often than random permutations, while blue represent less often. P value
indicated in each box. (c) Percentage of regions that display evidence of positive
selection on the human (purple) or chimpanzee (brown) branch. Both human-specific
DHS site gains and losses show more evidence of positive selection on the human
branch, while chimpanzee-specific DHS site gains and losses show more evidence of
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positive selection on the chimpanzee branch (*P <0.03, ** P <0.002). Common sites
show an equivalent amount of selection on both branches. (d) Percentage overlap of
DHS Gains (combined from both human and chimpanzee), DHS Losses, and
Common DHS sites compared to evolutionarily constrained regions generated using
GSC (Materials and Methods). Regions were divided into three compartments:
promoter, intron, and intergenic regions. The black dot represents the null
expectation of finding a constrained region and error bars represent one standard
deviation.

Figure 14: Species-specific upregulated/downregulated gene expression levels
are correlated with species-specific DHS gains/losses, respectively. (a) 48 Human
upregulated genes (HumanExpUp) intersect genes that were located closest to human
DHS gains (yellow arrow), which is higher than random permutations. 6 Human
upregulated genes (HumanExpUp) overlap with genes located closest to human DHS
losses (blue arrow), which is less than random permutations. (b) Comparison of
upregulated genes (expression gains) and downregulated genes (expression losses) to
genes located nearest to DHS gains and losses. P values were derived from 1000
random permutions (Materials and Methods).
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Figure 15: Comparison of chromatin DHS gains and DHS losses with genes
that are upregulated and downregulated in human vs. chimpanzee lymphoblastoid
cell lines (LCLs). Yellow represents chromatin and expression matches that occur
more often than random permutations, while blue represent less often. P value
indicated in each box.
Many species-specific expression differences were not readily explained by the
presence of a nearby species-specific DHS site. For example, though statistically, genes
upregulated in human were enriched near human DHS gains, this was true for only 58
of 1182 higher expressed genes (Figure 13a, Table 4). This may be partially explained by
our strict definition of human DHS gains. Also, long-range interactions may confound
the simple way we assigned DHS sites to the nearest gene. Future studies involving
chromatin conformation capture (e.g., 3C, 4C, 5C) could be used to better map DHS sites
to target gene(s). Lastly, expression differences between species may result from
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transcription factor binding characteristics that do not alter chromatin structure.
Comparative ChIP-seq studies for specific transcription factors will be necessary to
determine the extent of this phenomenon.
We conducted gene ontology enrichment analysis for both species-specific DHS
sites using GREAT (McLean, Bristor et al. 2010) and differentially expressed genes using
GO (http://david.abcc.ncifcrf.gov/), but did not find many highly enriched categories in
either analysis (Table 11). This indicates that chromatin gains and losses occur near
many different types of unrelated genes, representing a broad spectrum of gene
ontologies.

2.3.5 Species-specific DHS sites show evolutionary selection and
constraint
The functional interpretations of Common and species-specific DHS sites
outlined above naturally lead to predictions about the operation of natural selection. We
used HyPhy (Pond, Frost et al. 2005) to test for signatures of positive selection within
DHS gains and DHS losses on either the human or chimpanzee lineage (Prabhakar,
Poulin et al. 2006; Haygood, Fedrigo et al. 2007) (Materials and Methods). Consistent
with a functional change unique to humans, both human DHS gains and losses showed
significantly more evidence for positive selection on the human branch than on the
chimpanzee branch (Mann-Whitney P = 0.03 for gains and P = 0.0009 for losses, Figure
13c, Table 3). Similarly, both chimpanzee DHS gains and losses showed increased
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Table 11: Gene Ontology enrichments associated with species-specific DHS gain/loss and common regions and human
up- and down- regulated genes. (a) Gene ontology analysis tool, GREAT, was used to look for any enrichments of biological
process or disease ontologies of genes associated with human and chimpanzee DHS gain/loss/common regions. (b) Genes
identified as differentially expressed in human or chimpanzee fibroblast samples were analyzed for GO biological process
enrichments using DAVID. A P value threshold of 0.001 was set as the minimum.
a.
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b.
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positive selection on the chimp branch (P = 0.002 for gains and P = 0.0004 for losses,
Figure 13c, Table 3). Signatures of selection for Common DHS sites were not significant
on either branch. These results provide evidence that positive selection contributes to
species-specific changes in chromatin, both gains and losses, and in the altered use and
activity of gene regulatory elements.
Despite this connection with evolutionary pressures, only two DHS gains or
losses in fibroblasts overlap previously defined human accelerated conserved noncoding sequences (HACNSs), chimpanzee accelerated conserved non-coding sequences
(CACNSs), or human accelerated regions (HARs; Table 12) (Pollard, Salama et al. 2006;
Pollard, Salama et al. 2006; Prabhakar, Noonan et al. 2006; Prabhakar, Visel et al. 2008).
More generally, few DHS sites from any human cell type we have analyzed, including
embryonic stem cells, correspond to genomic regions of accelerated turnover (Table 12e).
This lack of overlap may be due to the absence of DNase-seq data from specific
developmental cell types since HACNSs, CACNSs, and HARs have been associated with
developmental gene regulation, or to regions of accelerated turnover representing a
different type of genetic element not detected by DNase mapping.
We examined sequence conservation in DHS gains, losses, and Common sites
using evolutionarily constrained regions defined by PhastCons (Siepel, Bejerano et al.
2005; Pollard, Salama et al. 2006) and GERP (Cooper, Stone et al. 2005) algorithms with

89

Table 12: The most rapidly evolving CNSs minimally overlap species-specific
DHS gains and losses. HARs and cCONDELs did not overlap any species-specific
DHS gains, losses, or common regions. (a) Genome coordinates of HACNSs that
overlapped 1 human-specific DHS loss and 1 common DHS region identified in
fibroblasts. (b) Genome coordinates of CACNSs that overlapped 1 chimp-specific
DHS losses and 1 common DHS region. (c) Percent of HACNSs, CACNSs, HARs, and
cCONDELs that overlap the top 100k DHS peaks (defined by P value) from fibroblast
and LCL samples in hg19 space. (d) Percent of hCONDELs that overlap the top 100k
DHS peaks (defined by P value) from fibroblast and LCL samples in panTro2 space.
(e) The number of HACNSs, CACNSs, HARs, and cCONDELs that overlap DHS sites
identified in 27 diverse cell lines is consistently low.
a.

HACNS (992 regions)- Human Accelerated Conserved Non-coding Sequences overlap with species-specific DHS gains and losses (in Hg19 space)
chromosome
start
stop
1 hit in common(Fibro)
chr8
130697782
130698082
1 hit in human DHS loss
chr3
107725094
107725394

b.

CACNS (1050 regions)- Chimp Accelerated Conserved Non-coding Sequences overlap with species-specific gains and losses (in Hg19 space)
chromosome
start
stop
1 hit in common(Fibro)
chr2
121070842
121071142
1 hit in chimpanzee DHS
loss
chr5
53279473
53279773

c.

Percent of HACNS, CACNS, HARs, and cCONDELs that overlap with Top100k initial peaks (in Hg19 space)
HACNSs (992
CACNSs (1050
HARs (202
cCONDELs (344
regions)
regions)
regions)
regions)
Fibroblasts:
H_F_B1
4.33%
4.57%
8.42%
11.34%
H_F_B2
3.93%
4.57%
6.93%
9.88%
H_F_B3
4.44%
5.43%
5.94%
7.85%
C_F_B1
4.54%
5.24%
7.43%
0.87%
C_F_B2
5.85%
5.43%
6.93%
1.45%
C_F_B3
5.24%
5.24%
4.46%
0.29%
Q_F_B1
4.54%
4.19%
3.47%
8.72%
Q_F_B2
3.53%
4.38%
4.95%
9.59%
Q_F_B3
4.44%
4.48%
4.46%
10.17%
LCLs:
H_L_B1
3.23%
2.76%
3.96%
10.76%
H_L_B2
2.42%
2.1%
2.97%
7.27%
H_L_B3
2.82%
2.29%
3.96%
9.3%
C_L_B1
3.33%
2.86%
4.46%
0.58%
C_L_B2
2.52%
1.81%
1.98%
0.29%
C_L_B3
1.61%
1.9%
0.99%
0.58%

d.

Percent of hCONDELs that overlap with Top100k initial peaks (in panTro2 space)
hCONDELs (583
regions)
Fibroblasts:
C_F_B1
8.58%
C_F_B2
11.32%
C_F_B3
9.43%
LCLs:
C_L_B1
6.17%
C_L_B2
9.78%
C_L_B3
10.98%

e.

HACNS, CACNS, and HARs that overlap with ENCODE peaks (in Hg19 space)
DNaseHS peaks
DNaseHS peaks
overlapping
Percent of
overlapping
HACNSs (992
HACNSs that
CACNSs (1050
ENCODE Cell Types
regions)
overlap peaks
regions)
Chorion
25
2.52%
26
FB0167P
23
2.32%
31
FB8470
16
1.61%
24
Fibroblasts_park
17
1.71%
28
GM12878
20
2.02%
17
GM12891
20
2.02%
23
GM12892
21
2.12%
21
GM18507
19
1.92%
19
GM19238
19
1.92%
19
GM19239
23
2.32%
28
GM19240
25
2.52%
18
H1_ES
25
2.52%
22
H9_ES
27
2.72%
24
HelaS3_IFGA
23
2.32%
20
HelaS3
22
2.22%
20
HepG2
18
1.81%
22
HUVEC
18
1.81%
24
K562
22
2.22%
20
MCF7
25
2.52%
34
Medullo
19
1.92%
31
Melanocyte
27
2.72%
47
Myoblast
19
1.92%
28
Myometrial
22
2.22%
36
Myotube
22
2.22%
31
NHEK
26
2.62%
26
Pancreatic_islets
22
2.22%
22
SM_SFM
20
2.02%
25

Percent of
CACNSs that
overlap peaks
2.48%
2.95%
2.29%
2.67%
1.62%
2.19%
2%
1.81%
1.81%
2.67%
1.71%
2.1%
2.29%
1.9%
1.9%
2.1%
2.29%
1.9%
3.24%
2.95%
4.48%
2.67%
3.43%
2.95%
2.48%
2.1%
2.38%

DNaseHS peaks
overlapping HARs
(202 regions)
12
10
7
10
7
11
10
6
8
7
7
13
14
4
3
5
10
8
4
15
10
15
11
16
6
14
8
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Percent of
CACNSs that
overlap peaks
3.49%
2.91%
2.03%
2.91%
2.03%
3.2%
2.91%
1.74%
2.33%
2.03%
2.03%
3.78%
4.07%
1.16%
0.87%
1.45%
2.91%
2.33%
1.16%
4.36%
2.91%
4.36%
3.2%
4.65%
1.74%
4.07%
2.33%

DNaseHS peaks
overlapping
cCONDELS (344
regions)
26
31
38
31
27
27
26
27
24
29
30
23
30
37
29
25
20
21
34
28
26
21
29
25
33
22
31

Percent of
cCONDELs that
overlap peaks
7.56%
9.01%
11.05%
9.01%
7.85%
7.85%
7.56%
7.85%
6.98%
8.43%
8.72%
6.69%
8.72%
10.76%
8.43%
7.27%
5.81%
6.1%
9.88%
8.14%
7.56%
6.1%
8.43%
7.27%
9.59%
6.4%
9.01%

Genome Structure Correction (GSC) overlap test statistic (Consortium 2007; Parker,
Hansen et al. 2009; Bickel, Boley et al. 2010). By PhastCons analysis, we found that
Common DHS sites were the most conserved, a characteristic of regions under negative
selection (Figure 3). Common regions also had the greatest overlap with evolutionarily
conserved elements, as defined by GERP (Figure 13d; Materials and Methods). The
presence of Common DHS sites in most human cell types (Figure 8c) with presumably
greater functional demands may contribute to their higher conservation levels relative to
gains and losses. Additionally, losses in both species were more conserved and
overlapped more with conserved elements than gains (Figure 3) suggestive of relaxed
selection and positive selection, respectively. These trends held true even when
noncoding genomic regions were partitioned based on their relationship to genes
(promoter, intron, intergenic; Figure 13d). In general, higher degree of conservation
within specific regions of the genome can result from local differences either in mutation
rate or selection (Graur and Li 2000). Given that localized decreases in mutation rate
below background are unusual, our data suggest that sequence conservation within
Common DHS sites is primarily driven by negative selection to maintain function.
A large fraction of DHS gains (~70%), losses (~60%), and Common (~40%) sites
did not overlap any highly conserved elements (Figure 13d). Thus, many DHS sites
present in all three species, and possibly many or all of 27 human cell types, are not
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highly conserved. Understanding how these regions function in all species and cell types
without high sequence conservation poses an interesting challenge for evolutionary
genomics.

2.3.6 DHS gains near DHS losses are potential binding site turn-over
regions
Previous studies have shown that individual transcription factor binding sites
(TFBS) “turn over” rapidly during evolution (Odom, Dowell et al. 2007; Bradley, Li et al.
2010; Schmidt, Wilson et al. 2010). Transposon-mediated shifts in the position of
enhancers have also been documented between mouse and human (Mikkelsen, Xu et al.
2010). While these showed evidence of TFBS positional change, the turnover of entire
DHS sites have not been shown previously. We identified ten possible instances of
regulatory-element shuffling where a human DHS gain maps near (<50 kb) a human
DHS loss (Figure 16). These regions were found near genes associated with obesity
(MCR4, Figure 17), imprinting (GNAS, Figure 18), and glial cell formation (METRNL,
Figure 19). We also found cases of nearby (<50 kb) human and chimpanzee DHS sites
that were independently gained (Figure 20, Figure 16). One region mapped within an
intron of the SRGAP2 gene (Figure 20), which is involved in neuronal guidance during
brain development. Overall, the number of DHS gains and losses that mapped within
close proximity to each other was not largely enriched or depleted based on randomized
permutation tests, thus we cannot disprove that these findings are due to chance
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observations. Further detailed functional analyses are needed to determine the biological
significance, if any, of these closely mapped regulatory changes.

2.3.7 DHS sites are found in genomic segments deleted in the human
or chimp lineage
Our analyses above focused exclusively on DHS sites mapped to genome sequences
shared between all three primate species. Recently, segments of DNA broadly
conserved among mammals were found deleted specifically in the human (hCONDELs)
or chimpanzee (cCONDELs) genome (McLean, Reno et al. 2011). It has been proposed
that these largely gene-desert regions contain regulatory elements that contribute to
species-specific phenotypes (Parker, Hansen et al. 2009). We found human and chimp
DHS sites mapped to 6% of cCONDELs and 11% of hCONDELs supporting their role in
species-specific gene expression (Table 12). Many human fibroblast DHS sites that
overlap cCONDELs were also present in other human cell types (Figure 21) indicating
that some CONDELs contain regulatory elements with pleiotropic consequences.
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Figure 16: Potential regulatory element shuffling: Number of instances
(within 50k) where fibroblast human DHS gain, human DHS loss, chimpanzee DHS
gain, chimpanzee DHS loss, or Common regions map other nearby species-specific
gains, losses, or common regions. This plot shows the number of DHS sites that fall
within 50kb of each other for each pairwise comparison. It also shows a P value for
the significance of the overlap. To calculate the P values (upper number in each box),
we used a permutation test to compare the number of true overlaps (lower number in
each box) to the number of expected overlaps with a random set of DHS sites of
matching size. Significant enrichments are bright yellow and depletions bright blue,
with both significance and count shown in the appropriate box. The significance
levels are limited by the number of permutations (1000), so a 0 indicates a
permutation P value < 10^-3. We find insignificant or only marginally significant
overlaps in most comparisons; for example, comparing human DHS gains to human
DHS losses: human DHS gains are not located near human DHS losses more often
than expected by chance. The same is true for chimp gains and losses. However, we
do see more significance when comparing human DHS gains to chimp DHS losses,
and chimp DHS gains to human DHS losses. This indicates that these regions tend to
be located near one another more often than expected by chance.
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Figure 17: Potential regulatory element shuffling associated with obesity.
Shown is a human DHS gain nearby a human DHS loss between the PMAIP1 and
melanocortin 4 receptor (MC4R). MC4R is a gene shown to cause autosomal
dominant obesity.
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Figure 18: Potential regulatory element shuffling associated with an imprinted
gene. GNAS is an imprinted gene that is regulated by the GNAS1 antisense
transcript. A human DHS gain is located at the 3’ end of the GNAS1 gene, and
human DHS loss in the intron of GNAS1 (upstream of GNAS).
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Figure 19: Potential regulatory element shuffling associated with alternative
promoter and glial cell formation. Human DHS loss associated with meteorin-like
(METRNL), a gene associated with glial cell formation. Nearby is a human DHS gain
near an alternative promoter of the BG3NTL1, a gene with putative
glycosyltransferase activity. Also note a great ape specific DHS between
METRNL/BG2NTL1 genes (present in chimpanzee/human, but absent in macaque).
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Figure 20: Potential case of an independently gained human and chimpanzee DHS
sites associated with neuronal guidance. Human DHS gain found nearby (<50kb) a
chimpanzee DHS gain. Both mapped within an intron of the SRGAP2, a gene associated
with neuronal guidance during brain development.
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2.3.8 Specific motifs may confer species-specific DHS sites
We analyzed TFBS motifs found within DHS gain, loss, and common sites across
species to identify motifs associated with differences in hypersensitivity. To quantify
differences, we determined log ratios of the best position weight matrix (PWM) score in a
DHS site between species (Materials and Methods). Most motif scores from the JASPAR
database were distributed evenly between species (log ratio near zero) indicating no speciesspecificity trend for that motif (Supplemental_data_file_1 and 2). However, log ratios of AP1 motif scores deviated from zero and correlated with species-specific DHS sites (Figure 22).
For example, in human DHS gains, AP-1 motif match scores were higher in the human
sequences and lower in the orthologous regions in chimp and macaque (Figure 22a). In
contrast, AP-1 motif scores in human DHS losses were higher overall in both chimpanzee
and macaque sequences compared to human (Figure 22b). Common regions showed even
distributions of AP-1 motif scores across all three species (Figure 22c). This trend was also
found in chimpanzee where chimp DHS gains had higher AP-1 motif scores in chimp
sequences compared to orthologous regions from human and macaque (Figure 22d), and
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Figure 21: Chimp Condel (cCondel) regions heatmap. Shown are DNase-seq
signal intensities (maximum parzen scores) of the 344 cCONDEL regions. The color scale
(log) ranges from red, representing the highest signal intensities, down to black,
representing little/no signal intensity. All 15 primate samples (fibroblasts and LCLs) used
in our DNase-seq analysis and 27 different ENCODE cell lines are represented.
Ubiquitious DHS sites that overlap cCONDELs are clustered on the right, and more
common DHS sites are found in the middle. Note that these regions are do not have
signal in chimpanzee data (C_L or C_F samples), and a small number also do not contain
signal in macaque data (Q_F samples).
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chimpanzee DHS losses had higher AP-1 motif scores in human and macaque (Figure 22e).
In a representative human DHS gain, we see that the human allele results in a better match to
the canonical AP-1 motif than the non-human primate alleles (Figure 22f).
These results suggest species-specific sequence changes within the AP-1 motif promote
hypersensitivity in some species-specific DHS sites in the human, chimp, and macaque
genomes. AP-1 was the clearest example of this from motifs represented in JASPAR (Figure
22g, Supplemental_data_files 1-2). Other transcription factors may be acting similarly, but
less frequently. For example, we also found that ZNF354C (Supplemental_data_ file_2, page
81) and NFE2L2 (Supplemental_data_file_2, page 108) showed similar trends to AP-1. In
these cases, motif scores positively correlated with the presence of a species-specific DHS
sites. In contrast, ZEB1 displayed the opposite trend where higher motif scores correlated
with the lack of a species-specific DHS site (Figure 22g and Supplemental_data_file_2, page
65). While the mechanism is not yet clear, our findings and ZEB1’s known role as repressor
(Papadopoulou, Postigo et al. 2010) is suggestive of its ability to induce a closed chromatin
state via binding to CtBP and HDAC (Zhang, McKinsey et al. 2001).
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Figure 22: Functional mutations associated with DHS gains and losses. (a-e)
Scatterplots showing the enrichment of AP-1 motif matches in species with increased
hypersensitivity. Each "x" represents a single DHS site. (a-c) positive values on each
axis indicate better motif matches on the human branch. For these regions, points in
the upper-right quadrant are regions where the AP-1 motif scores better in human
than either chimp or macaque, where the lower left represent AP-1 motif scores worse
in human. The number of DHS sites in these quadrants are indicated. (d-e) For
chimp gain and loss regions, positive values for each axis indicate a better motif
match in the chimp branch. (f) The AP-1 motif from JASPAR and an example
alignment of a representative human gain region representing a point along the
diagonal in the upper-right quadrant in panel a. (g) Boxplots summarizing the results
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from AP-1 and three other motifs. The boxplots show the distribution of (combined)
log-ratios (relative to the appropriate species). P values for differences relative to
common regions are significant (asterisk) in all 4 comparisons: human DHS gains, P <
10-31; human DHS losses P < 10-3; chimp DHS gains, P < 10-13; chimp DHS losses, P <
10-8 (Materials and Methods). In AP-1, the significant trends illustrate the same
principal observed in panels a-e. Most other transcription factors have plots that show
no pattern in motif score among species, such as SP1 and SOX10
(Supplemental_data_file_2). ZEB1, a transcriptional repressor, displays an inverse
relationship with hypersensitivity.

2.4 Discussion
Precise measurements of transcript abundance enabled by RNA-seq experiments
have revealed extensive differences in gene expression among closely related species
(Brawand, Soumillon et al. 2011) with 10-20% of transcripts within a given tissue found
differentially expressed between humans and chimpanzees (Blekhman, Oshlack et al.
2008; Babbitt, Fedrigo et al. 2010). Many transcripts are tissue-specific, and given the
relatively small number of cell types explored, the total number of differentially
expressed genes is likely to be considerably larger. An important goal of molecular
evolution research is to understand how differences in transcript abundance have
evolved, both because the changes are extensive and because some may underlie the
origin of functionally significant traits (Wray 2006; Orgogozo, Muro et al. 2007; Carroll
2008).
Most gene expression differences across species likely have a genetic basis, but it
is difficult to relate expression changes to variation in genome sequences. While many
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non-coding sequence differences are unlikely to impact transcription, for the subset that
do, it is often not clear what genes are directly affected. In addition, a non-coding
regulatory mutation may only affect gene expression in a subset of tissues or
developmental stages, so many functional consequences have gone unrecognized given
the limited number of studies performed thus far. Further complicating analysis,
transcription is influenced by environmental factors and by epigenetic modifications.
But the lack of a complete regulatory element map across species and tissues is perhaps
the most important impediment to understanding gene expression differences in terms
of genome sequence evolution. Changes in transcript abundance may be caused by
genetic differences within individual regulatory elements in cis that affect transcription
factor binding affinity (Degner, Pai et al. 2012), or within transcription factors that affect
binding to many regulatory elements in trans. Even when the genetic basis is known to
be in cis, there is no reliable method for identifying the causal mutations from sequence
comparisons. As a result, distributions of positive and negative selection genome-wide
correlate poorly with changes in transcript abundance (Good, Hayden et al. 2006;
Holloway, Lawniczak et al. 2007; Babbitt, Fedrigo et al. 2010).
In this study, we showed that analyzing chromatin accessibility using DNase-seq
provides a powerful approach to link genome sequence changes to species- and tissuespecific differences in gene expression. Chromatin accessible DHS sites have three
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properties that make them especially valuable for evolutionary analyses of gene
expression (Boyle, Davis et al. 2008; Song and Crawford 2010). First, DHS sites identify
all known functional classes of regulatory elements, including core promoters,
enhancers, repressors, boundary elements, and locus control regions, thus revealing all
cis components of transcription through a single genome-wide assay. Second, DHS sites
are only found when a regulatory element is active or poised, which means that DNaseseq can be used to identify evolutionary changes in tissue- and developmental stagespecific regulatory elements. And third, DHS sites represent only ~2% of the genome,
making it possible to focus analyses on regions that are involved in transcriptional
regulation and ignore regions that are not.
We performed DNase-seq on fibroblasts from three primate species and
identified more than two thousand regulatory elements apparently gained or lost since
the divergence of humans and chimpanzees. Turnover of regulatory elements was
enriched near genes that display species-specific expression differences, indicating that
gains and losses in DHS sites have functional consequences on transcript abundance. To
our knowledge, this is the first evidence correlating changes in DNase chromatin
accessibility and gene expression across species at a genome-wide scale. We found most
expression differences occurred without a detectable change in a nearby regulatory
element. One possibility is that mutations within DHS sites affect transcription factor
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binding without causing large changes in overall chromatin accessibility. Future
experiments are needed to identify the specific sequence changes that regulate
expression at long distances and/or via post-transcriptional mRNA stability
mechanisms.
Most regulatory element changes occurred within intergenic regions and introns
and were predominantly associated with cell type-specific DHS sites. These results are
consistent with expected differences in the extent of pleiotropy: loss of core promoter
elements will more likely affect transcription in many tissues and stages of development,
while loss of distal enhancers will more likely affect transcription in a subset of tissues.
Lower rates of change in core promoter elements and in regulatory elements actively
utilized in multiple tissues suggest negative selection is operating to maintain regulatory
elements with more critical functions.
Analysis of the DNA sequences within regulatory elements provides evidence
for the operation of natural selection within these elements. Sequence within DHS sites
utilized across all three species show lower rates of substitution than surrounding DNA,
which is a proxy for neutral evolution by drift, consistent with negative selection
operating to maintain their function. In contrast, regulatory element gains on the human
and chimpanzee branches have significantly elevated rates of substitution, consistent
with positive selection for altered function, while regulatory element losses show
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slightly elevated rates, perhaps due to relaxed selection. Explicit tests for positive
selection using branch-specific likelihood ratio tests (Haygood, Fedrigo et al. 2007)
reveal that the highest association is with regulatory element gains and the lowest with
common regulatory elements utilized in all three species. Thus, the genome-wide
distribution of both negative and positive selection within regulatory elements correlates
in predicted ways with the evolutionary conservation and change in their function.
Although we are not aware of any previous evidence for such a relationship, it seems
likely in principle that the operation of natural selection is often tied to gains, losses, and
conservation of regulatory elements. Most instances of inferred positive selection we
identified do not overlap previously described HARs (Pollard, Salama et al. 2006) or
HACNs (Prabhakar, Noonan et al. 2006) highlighting that our DHS gains and losses
represent a novel set of differential regulatory elements may have played a role in
adaptation during human evolution.
Many studies have documented evolutionary gains and losses of individual
transcription factor binding sites or H3K4me3 histone marks among related species
(Odom, Dowell et al. 2007; Bradley, Li et al. 2010; Schmidt, Wilson et al. 2010; Cain,
Blekhman et al. 2011), but this is the first evidence showing gains and losses of entire
DHS sites. Since we only examined two cell types and applied conservative
identification criteria, the full extent of regulatory element changes between humans and
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chimpanzees is likely to be considerably greater than we report. Nonetheless, the
instances of turnover we identified suggest regulatory element gains and losses are a
common class of functional change within evolving genomes.
We show that sequence differences among species within particular motifs may
result in species-specific DHS sites, which suggests one way non-coding regulatory
variants can alter chromatin structure. In particular, mutations that produce better
matches to the activator protein 1 (AP-1) motif on either the human or chimpanzee
genome correlate with the presence of species-specific DHS sites, a result detected in
human DHS gains and losses as well as chimpanzee gains and losses. Sequence changes
increasing the affinity for AP-1 motif more likely drive species-specific changes in
chromatin structure rather than species-specific coding mutations within the AP-1
components, FOS and JUN proteins, altering the sequence-binding preference of AP-1.
Since only a minority of species-specific DHS gains and losses has differential AP-1
motif scores (Figure 22), this indicates the majority of factors that govern species-specific
DHS sites remain to be discovered. AP-1 has been implicated in many aspects of cellular
function ranging from proliferation, transformation, differentiation, oncogenesis,
apoptosis, hormone activation, to tumor suppression (Shaulian and Karin 2002; Eferl
and Wagner 2003; Karamouzis, Konstantinopoulos et al. 2007; Biddie, John et al. 2011).
We provide evidence that other factors act similarly to AP-1 or in the opposite direction
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as repressors, such as ZEB1. Mapping DHS sites across a more diverse set of primate
samples, as well as using additional de novo motif discovery and performing ChIP-seq
to reveal binding sites, will be an important part of identifying additional factors that
confer changes in chromatin structure across species.
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3. Expanding the search for evolutionary changes in
regulatory element activity to additional primate and
non-primate species.
3.1 Introduction
Cross-species analyses that use an outgroup to polarize species differences is a
common and very robust method used in evolutionary studies. Work described in the
previous chapter focused on identifying the key chromatin differences between human
and chimpanzees and polarized those differences into human- or chimpanzee-specific
gains or losses by using the macaque as the primate outgroup. This trio design is
limited to analyzing only two branches of the primate evolutionary tree, and therefore
only interprets a miniscule fraction of recent primate evolution. Identifying and
understanding chromatin changes that occurred before the human/chimpanzee split,
those on different primate lineages, as well as more complex changes such as chromatin
changes that were lost or gained multiple times on different species, will require
analysis of additional primate and non-primate species (Figure 23). This analysis will
also validate variation in cis-factor binding sites, such as AP-1 and ZEB1, as a global
evolutionary mechanism for chromatin changes across all primates.
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Figure 23: Expanding the evolutionary tree.
An important consideration with respect to cross-species comparisons is that
while these outgroups provide a reference point for an ancestral state, these outgroup
species have themselves gone through their own evolutionary changes during the time
after their divergence from the last common ancestor. To mitigate the effects of lineagespecific changes of the macaque influencing the error rate of what is called human- or
chimpanzee-specific changes, other primate species should be considered as outgroups.
In other words, human-specific or chimpanzee-specific DHS gain or loss should be
reevaluated with other primate species to confirm earlier findings made with the
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macaque outgroup. Specifically, it would be more informative to include species that
are more closely situated in the evolutionary tree between macaque and
human/chimpanzee.
With the reference genomes of all great apes now completed and the availability
of primary skin fibroblasts from these species, filling in with additional DNase
experiments is now a possibility. Analysis of the genome sequences of the orangutan,
gorilla, and bonobo has revealed some interesting observations about the rate of
sequence change found in each of these three great ape species. The orangutan genome
contains far fewer insertions and deletions and is likely to have changed the least since
diverging from the great ape common ancestor (Locke, Hillier et al. 2011). This is
predicted to be largely due to the lower number of Alu retrotransposon elements found
in their genome. By comparison, the gorilla genome contained much higher levels of
Alu elements and indicates a more rapid change in recent genome changes, only slightly
less than the high rate of change found in human and chimpanzee
(The_Chimpanzee_Sequencing_and_Analysis_Consortium 2005). The slow rate of
sequence change in the orangutan genome may make it the closest to, and the best
surrogate for, the great ape common ancestor. Comparing DHS changes between all the
great ape species would help delineate which changes are truly species-specific and
which ones are shared or lost by multiple species. If the macaque, an old world monkey,
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is again used as the primate outgroup, we may then predict DHS sites are shared or lost
in all great apes. In this case, having additional old world monkey species would help
to bolster any claims of great-ape-specific changes.
Considering additional mammalian species with much further evolutionary
distance from primates is another useful approach to consider. The mouse, which is
thought to have diverged from the common ancestor with humans, over 100 million
years ago, would identify DHS sites that are ancient, and perhaps something about the
nature and function of these ancient DHS sites. In addition, inclusion of mouse would
allow for additional support to the macaque species to polarize differences among great
apes, and even classify possible gains and losses among all great apes. Previous studies
of transcription factor binding site turnover using mouse samples have played a
prominent role in this regard (Wilson, Barbosa-Morais et al. 2008; Schmidt, Wilson et al.
2010; Schmidt, Schwalie et al. 2012) (Wilson 2008; Schmidt 2012). Practically speaking,
they are also the most commonly used mammalian model organism in scientific research
today. Their general ease of experimental availability, coupled with available off-theshelf molecular and genetic tools, makes their inclusion in this type of study
approachable and meaningful. Additionally, finding potentially shared mechanisms
that control chromatin changes with humans would add to their usefulness in better
understanding certain human conditions or diseases.
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3.2 Materials and Methods
3.2.1 Cell types and tissue culture
We cultured primary non-transformed skin fibroblasts from mouse and
orangutan for these studies. Mouse skin fibroblast cells were collected from the
abdominal area of 6 month-old B6 mouse (Jackson laboratories). Orangutan (cat#
PR00054, PR01107, and GM04272) and gorilla fibroblasts (cat# PR00107, PR00669, and
PR01103) from 3 individuals were obtained from Coriell Cell Repositories (Table 13).
Table 13: Mouse, Orangutan, and Gorilla samples.

Cells from all species were grown in identical standard growth media. Fibroblast
growth media consisted of Gibco’s MEM (10370-021), 2mM L-Glutamine (25030-081), 1x
(100 units/mL) Penicillin, 1x (100ug/mL) Streptomycin (100x Pen Strep 15140-122), and
10% FBS (Hyclone SH30070). We harvested fifty million cells for each individual
biological replicate for DNase-seq.
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3.2.2 DNaseI HS library preparation
DNase-seq libraries we generated as previously described (Boyle, Davis et al.
2008; Song and Crawford 2010). Mouse samples were sequenced via Illumina’s GAII,
and orangutan and gorilla samples were sequenced on the HiSeq sequencer. At the time
this thesis was written, we had not yet received sequences from the gorilla samples.

3.2.3 DNase-seq aligned to native genomes and lifted to hg19
DNase-seq data generated from mouse and orangutan fibroblasts was aligned to
the native genome (mouse mm9 and orangutan ponAbe2) using BWA (Li and Durbin
2009). To directly compare these species to the results from our earlier humanchimpanzee-macaque study required that they be converted to the human reference
coordinates. Both the mouse (mm9) and orangutan (ponAbe2) sequences were
converted from their respective native reference coordinates to human hg19 coordinates.
To do this, we converted each 20-mer DNase-seq sequence from mm9 or ponAbe2 to
hg19 using liftOver (Hinrichs, Karolchik et al. 2006), using a match setting of 80 percent.
After conversion to hg19 coordinates, we used F-seq (Boyle, Guinney et al. 2008) to
identify DNaseI hypersensitive (DHS) sites. All previously used filters described in
Chapter 2 to account for copy-number-variation (CNV) and sharp-peaks pcr artifacts
were used in the primate to mouse comparison.
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3.2.4 Identifying differential hypersensitive sites between human and
mouse fibroblasts and between chimpanzee and mouse fibroblasts
We used edgeR to define significantly differential DNaseI hypersensitive regions
between human and mouse, and between chimpanzee and mouse (Robinson, McCarthy
et al. 2010). To locate significant differences in DNase-seq signal between species, we
first identified the union set of the top 100,000 DHS sites (as scored by F-seq) from either
3 human and 3 mouse or 3 chimpanzee and 3 mouse samples, for the respective humanmouse and chimpanzee-mouse comparisons. We used bx-python tools to intersect and
merge (to make union sets) coordinates of DHS regions. We divided the union set of
DHS sites into 300 bp windows, with maximum overlaps of 100bp, as described in
chapter 2. After defining the windows, we converted each window back to mouse
(mm9) using a reciprocal liftOver (minMatch setting of 0.8) and discarded any windows
that did not map 1:1 between species assemblies. We then compared number of reads
(DNase cuts) from the original mm9 native genome alignment to the read count on the
lifted (hg19) reference. Windows with native counts exceeding the reference counts
could result from counts from the native assembly being lifted to multiple places on
hg19. Likewise, windows with more reads on hg19 than on the orthologous windows in
mm9 native assembly could be caused by several regions from the mouse genome lifting
to a single location on human. Since these would likely represent false positve
chromatin gains or losses, we filter out these scenarios by requiring that the number of
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reads on hg19 for mouse data be within 10% of the number of reads on the native
assembly. In this way, we wanted to minimize making claims of species-specific DHS
sites that could be attribute to liftOver artifacts or copy number variations (CNVs). We
also eliminated any windows mapping to the Y chromosome, because some samples
were female. This strict orthology filter resulted in 433,748 windows spanning across
DHS sites that could be confidently compared between human and mouse. Following
the same filtering requirements between chimpanzee and mouse, resulted in 454,379
available windows for differential DHS analysis.
Next, we omitted any windows that did not have at least one read count in at
least one individual from each species. As described in Chapter 2, we believe this to be a
reasonable filter since we expect a low level of background DNase digestion throughout
the genome, and regions without any mapping reads in one species are likely caused by
alignment ambiguities (such reads are lost in the liftOver process) or reference problems.
We used edgeR to identify windows with significantly different counts in each
pairwise comparison at a false discovery rate of 1%. After defining significantly different
DHS windows, we then merged any significant neighboring windows within 300bp of
each other. While we did not define any differential peaks as “species-specific” due to
only considering the pairwise comparison between human and mouse (or chimpanzee
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and mouse), we used these regions to compare to the previously defined human-and
chimp-specific DHS gains and losses.

3.2.5 Testing human and chimpanzee DHS gains and losses for
functional overlap in mouse
Previously, we reported uniformly greater number of species-specific DHS gains
than losses in our cross-species primate analysis and suggested that this may be a
reflection of purifying selection on ancestral DHS sites (Shibata, Sheffield et al. 2012).
Ancestral DHS sites that are shared between many species may be extremely important
for regulating key genes, and loss of these important regions within any species would
be incompatible with organism viability. It is possible that such evolutionarily
conserved DHS regions are under purifying selection pressure, thus resulting in the
reduced number of species-specific DHS losses.
Human-specific DHS gains (836) and losses (286) and chimpanzee-specific DHS
gains (676) and losses (211) identified in Chapter 2 were compared to skin fibroblast
DHS peak calls identified in mouse skin fibroblasts. To perform this comparison, all
gain and loss regions were filtered to include only those with shared sequence orthology
in mouse. We used liftOver (minMatch setting of 0.1) to determine which of these
regions have a 1:1 ortholog in mouse, and regions with no liftOver conversion matches
were omitted from the comparison. After this liftOver filter, we were left with 537
human DHS gains, 206 human DHS losses, 450 chimpanzee DHS gains, and 150
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chimpanzee DHS losses. For these DHS gain and loss regions that did liftOver to mouse,
we determined the proportion of human- and chimpanzee-gain/loss regions that
intersected the mouse DHS peak calls. This analysis was aimed at determining whether
the percentage that overlapped could shed light on the most parsimonious number of
changes that result in a DHS gain or loss. We compared human DHS gains and losses
and chimpanzee DHS gains and losses to the presence or absence of mouse DHS peaks.
We then determined the percentage of gains and losses to be a likely result of a single
change on an individual branch or many changes across multiple branches (Figure 24).

Figure 24: DHS gains and losses compared to mouse DHS peaks.
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In addition to the binary comparison described above, we also used the mouse
differential DHS sites identified using edgeR (described in 3.2.4) to confirm the results
(Figure 25).

Figure 25: A quantitative comparison between DHS gains/losses and Mouse
DHS signals.

For example, DHS regions with significantly lower mouse DHS signal in mouse-vshuman were intersected with human DHS gains to obtain the proportion of likely single
change DHS regions in human DHS gains. To obtain the proportion of likely multiple
changes (2 or more) among human DHS gains, DHS regions with significantly higher
mouse DHS signal in mouse-vs-chimpanzee were intersected with human DHS gains.
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Conversely, to find the proportion of human DHS losses that resulted from a single
change, human DHS losses were intersected with significantly higher mouse DHS signal
from the mouse-vs-human edgeR differential analysis. Finally, for the proportion of
human DHS losses that have likely undergone 2 or more changes, DHS regions with
significanlty lower mouse DHS signal in mouse-vs-chimpanzee were intersected with
human DHS losses. Chimpanzee DHS gains and losses were similarly analyzed by
performing intersections with the appropriate mouse-vs-human or mouse-vschimpanzee edgeR differential results.

3.2.6 Testing human and chimpanzee DHS gains and losses for
functional overlap with orangutan
First, the level of overlap of the combined DHS peaks (top 100,000 peaks per
individual) from the 3 orangutan individuals (as defined by F-seq) were compared to
human DHS gains and losses, and chimpanzee DHS gains and losses. This was a binary
comparison, and didn’t take into account the level of DHS signal. For this comparison,
only orthologous regions, as defined by liftOver (minMatch setting of 0.1), were used in
the analysis. This resulted in about 2% overall loss in the number of comparable all DHS
gains and losses (Hgain=97.6%, Hloss=98.3%, Cgain=98%, Closs=98.1%).
Secondly, the number of DNase cut sites in the 3 human, 3 chimpanzee, 3
macaque, and 3 orangutan individuals within the human DHS gain regions were
compared (Figure 26). The number of DNase cut sites were first normalized to the total
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number of usable DNase-seq library sequences to minimize the library size as a
confounding variable. All analyses of DNase cut sites were conducted in hg19 (human)
space.

Figure 26: A quantitative comparison of DHS sequence counts at human DHS
gains. X-axis is showing each of the human DHS regions and the Y-axis is showing
the normalized sequence counts for each of the 3 individuals of their respective
species.

122

3.3 Results
3.3.1 Human-specific and chimpanzee-specific DHS gains are more
likely to be the result of a single recent event
We found that 90% of human DHS gains do not overlap a DHS site in the
orthologous region of the mouse genome, which supports a single event on the human
branch that results in the DHS gain. The remaining 10% of human DHS gains did
overlap a DHS site in mouse, indicating that a second event possibly occurred. The
limited number of species makes it difficult to determine where exactly the second
occurrence happened. One possible explanation would be an ancient DHS site that was
lost on the primate lineage, but then gained again on the human lineage. Another
possibility would be an independent gain on both the human and mouse branches. The
long evolutionary distance between the mouse and primates makes it difficult to
delineate these possibilities, which highlights the need to perform these types of studies
on additional non-primate mammalian species (e.g., rat, dog, cow, horse, etc.).
Regardless, the results showing that human gains are likely primarily due (90%) to a
single event on the human branch indicates that the majority of human gains are
unlikely to detected in other distantly related species. We find similar findings for
chimpanzee DHS gains. In these cases, 85% of chimp DHS gains are not present in the
mouse, supporting that most gains are a result of a single event on the chimpanzee
genome. The small number of human DHS gains (10%) and chimpanzee DHS gains
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(15%) that overlap a DHS site in mouse indicates that a small fraction of DHS sites were
gained multiple times across highly unrelated species.
Next, when we compared the human- and chimpanzee- DHS gains to differential
DHS regions determined to be significantly more open or closed by edgeR analysis, we
saw the same exact trends as we did in the binary comparison described above. For
example, at a false discovery significance threshold of less than 1 percent (FDR<0.01),
57% (305 out of 537) of the human DHS gains intersected DHS regions with significantly
lower mouse-vs-human DHS signals; regions likely to be due to a single branch change.
This is compared to only an 1.3% (7 out of 537) overlap with DHS regions with
significantly higher mouse-vs-chimpanzee DHS signals; regions likely to be due to
changes on multiple species branches. Similar percentages were seen in chimpanzee
DHS gains and losses when comparing to peaks identified via this quantitative method.
Importantly, these percentages did not add up to 100% because these comparisons were
limited to only the most significantly different DHS regions at a specified FDR level.

3.3.2 Human-specific and chimpanzee-specific DHS losses are less
likely to be the result of a single evolutionary change events.
Surprisingly, species-specific DHS losses identified in Chapter 2 do not show the
same degree of skewing toward a single event on a single branch. For example, 43% of
human DHS losses (DHS is present in chimpanzee and macaque) also display a mouse
DHS site, while the remaining 57% of human DHS losses also display a closed
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chromatin state in mouse. A similar trend was seen in chimpanzee DHS losses, where
only 27% of these regions were also a DHS region in mouse, indicating that 73% of
chimpanzee DHS losses are likely to be a result of changes that occurred on multiple
branches. As with DHS gains, comparing only significantly differential mouse-vshuman or mouse-vs-chimpanzee DHS regions revealed consisted trends as above
(Figure 25). This indicates that while there are fewer DHS losses than DHS gains, DHS
losses are also more likely to be lost on multiple branches compared to DHS gains. The
reasons for this discrepancy between gains and losses are unclear, but human- and
chimpanzee-specific DHS losses may represent sites critically important in many
divergent species. It is possible that purifying selection may have worked against the
maintenance of new DHS losses. Consistent with this idea, PhastCons conservation
levels at DHS loss locations were found to be higher than DHS gain locations (see
chapter 2).

3.3.3 Majority of human DHS gains are not DHS sites in orangutan.
We confirmed that for binary DHS peak calls in orangutan, the majority (69%) of
human DHS gains are not detect in orangutan. However, the overlap of 31% of human
DHS gains with DHS sites in orangutan indicates these regions may have resulted from
changes that occurred over multiple branches (e.g., independent gain in both human
and chimpanzee). In addition, 68% of human DHS losses overlap DHS sites in
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orangutan, supporting that some losses also occurred across multiple lineages. A
similar percentage (64%) of chimpanzee DHS gains are not detected as an orangutan
DHS site, while 61%of chimpanzee DHS losses overlap an orangutan DHS site.

3.3.4 Confirming that species-specific link between AP-1 motif
changes and chromatin changes are consistent with expectations
garnered from the cross-species study
In chapter 2, we predicted that sequence changes that are directly affecting AP-1
binding affinity are likely the mechanistic cause of about 10% of all human DHS gains.
This is discussed further in chapter 4, but, we also wanted to confirm that this
phenomena is consistent in the orangutan DHS data. Previously we reported that 93 of
the 836 human DHS gains were likely driven by a more favorable AP-1 binding motif on
the human branch, when we tested these 93 regions in orangutan, we found in (~80%?)
of the cases, the orthologous orangutan sequence had a worse AP-1 binding motif than
the human.

3.4 Discussion
Extending the DNase-seq analysis to orangutan and mouse has allowed us to
strengthen the original primate study findings presented in chapter 2. First, we saw that
an overwhelming number of human and chimpanzee DHS gains are not shared with
mouse DHS regions. This indicates that, of the regions that we could test, DHS gains are
more likely (85-90%) to be a result of a single change that occurred recently on either the
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human or chimp branch. This was not the case for DHS losses, where the percentage of
DHS regions that were lost due to a single event was considerably lower (27-43%). In
terms of selective pressures that may have been acting on DHS gains versus DHS losses,
the differences are consistent with the explanation that positive selection at DHS gains
and relaxed negative selection at DHS losses have shaped these evolutionary changes.
This is further supported with higher level of PhastCon conservation scores at DHS
losses than gains.
Looking at more closely related primate species, we found that over 69% of both
human- and chimpanzee- DHS gains were not present in orangutan. This largely
supports the mouse results that most DHS gains occurred recently on a single branch.
However, this also indicates that there are instances (31%) where some DHS gains are
not completely lineage-specific, with apparent changes observed on multiple species
branches (e.g., human and orangutan). When we consider the most parsimonious
explanation for how DHS gains arose, it is becoming clearer that the vast majority were
the result of a DHS site gained in only one species. But for the minority of these DHS
gains that were seen in both human and orangutan, there are a number of possible
explanations as to how these came about. Here are 3 potential pathways that could
explain the results that we report, in increasing complexity: One - these DHS gains may
have not existed in the ancestral mammalian state but independently gained on both the
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human and orangutan branches but not on the macaque or chimpanzee. Two – these
gains could have been gained on the primate branch but then subsequently lost on the
chimpanzee and macaque branches. Three – these gains could have been an ancestral
mammalian DHS site that was lost on the primate lineage but gained on the great ape
lineage, then subsequently lost on the chimpanzee branch. Obviously, there are other
combination of events that could explain the results, and not all of the 31% of
overlapped DHS gains between human and orangutan were due to any one pathway
presented above, but with the inclusion of more primate and non-primate species, we
can gain an understanding of what changes occurred on which species-branch. When
expanding this analysis to include gorilla, we expect to be able to fill in more of these
specific DHS change event details. We might expect the true number of human- or
chimpanzee- DHS gains to decrease as we include more species, and perhaps when we
start to level off on the number of new shared DHS gained sites that we see with
additional species additions, we may have then reached the true set of human-specific
DHS gains. Interestingly, with the report that orangutans have had the least amount of
genome sequence change since splitting from our common great ape ancestor, we might
speculate that the 31% overlap we see between human DHS gains and orangutan DHS
sites, are marking DHS site evolution described in the third and most complicated
scenario above. The gorilla genome, however, has had a higher rate of sequence change,
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so it will be interesting to see if gorilla DHS sites will overlap the human- or
chimpanzee- DHS gains less often than what we saw with the orangutan.
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4. Exploring a cis-based mechanism that contributes to
species-specific chromatin accessibility changes
4.1 Introduction
Analysis of the underlying DNA sequences of the human- and chimpanzeespecific DHS gains and losses revealed that there could be changes to transcription
factor binding affinity to DNA that ultimately impacts the differences in DHS signal
between human, chimpanzee, and macaque skin fibroblasts (Shibata, Sheffield et al.
2012). For example, we searched in the 836 human DHS gain regions for any
transcription factors that had a better TF binding score, or position weight matrix
(PWM) score, on the human sequence compared to either the orthologous chimpanzee
or macaque sequences. Similarly, for chimpanzee gains, we looked for TFs that had a
better PWM score on the chimp sequence compared to human or macaque. We did the
same thing for human losses (better score on chimp and macaque compared to human)
and chimpanzee DHS losses (better score on human and macaque compared to human).
This analysis identified AP-1 (Activating Protein 1) as a clear outlier, with 93 of
the 836 human DHS gain regions having a better AP-1 motif match on the human
sequence. Similarly, about 10% of chimpanzee DHS gains also contained a better AP-1
motif match on the chimpanzee genome. We also found a correlation in the expected
motif enrichment for both human and chimpanzee losses. In other words, whenever a
variant occurred within an AP-1 motif, whatever species had a better match to the PWM
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displayed a more accessible DHS site. The trend for AP-1 variants and chromatin
accessibility were consistent for every comparison (human gain, human loss, chimp
gain, and chimp loss) suggested the need for further confirmatory functional tests.

4.1.1 Overview of Activating Protein 1 (AP-1)
AP-1 has been implicated in many aspects of cellular function ranging from
proliferation, transformation, differentiation, oncogenesis, apoptosis, hormone
activation, to tumor suppression (Shaulian and Karin 2002; Eferl and Wagner 2003;
Karamouzis, Konstantinopoulos et al. 2007; Biddie, John et al. 2011). AP-1 is a
heterodimeric transcription factor composed mainly of JUN gene family encoded
proteins (c-Jun, Jun-B, Jun-D) dimerized to FOS gene family encoded proteins (c-Fos,
Fosb, Fosl1, Fosl2) but has also been identified in complex with activating transcription
factors (ATFs) as well as a repressive Jun dimerization proteins (JDPs) (Shaulian and
Karin 2002; Eferl and Wagner 2003).

4.1.2 Digital DNase footprinting identifies TF binding sites with base
pair precision
DNaseI footprinting assays were first used to identify locus-specific DNA
sequences that were bound by DNA binding proteins (Galas and Schmitz 1978). Early
studies showed radioactively end-labeled DNA bound by protein factors are protected
from DNaseI digestion, resulting in a “footprint” of DNA fragments (Galas and Schmitz
1978; Wu 1980). DNase-seq identifies the exact base cleaved by DNase, and therefore
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can be used to identify locus-specific digital footprinting analysis across the genome
(Hesselberth, Chen et al. 2009; Boyle, Song et al. 2011; Neph, Vierstra et al. 2012). Briefly,
this method works by looking within larger DHS sites to find small regions (6-10 bases)
of depleted signal. This depleted signal is indicative of a transcription factor binding
site that protects the DNA from local DNase cleavage. The detection of individual locus
specific DNase footprints is often challenging, possibly due to some transcription factors
binding with higher affinity to DNA than others. Therefore, often times a more robust
way to detect binding is using aggregate plots of combined DNase signal around a set of
specific transcription factor binding motifs.
Within the 836 Human DHS gained regions, identified in Shibata et al (2012), we
found that in about 10% of those regions, the AP-1 motif was a better match to the
consensus motif in the human sequence than either chimp or macaque orthologous
sequences. We wanted to know if these AP-1 binding sites associated with human DHS
gains display any indication of a footprint compared to the weaker versions of the motif
present in other species. We tested this by using aggregate footprinting plots described
in Boyle et al (2011).

4.1.3 Chromatin Immunoprecipitation
In addition to footprints, we will confirm interaction of DHS gains with speciesspecific transcription factor binding using chromatin Immunoprecipitation (ChIP),
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which is a common method used to identify the binding DNA sequences of individual
transcription factors as well as various histone modifications (Johnson, Mortazavi et al.
2007; Kim, Lee et al. 2008; Lee, Bhinge et al. 2011). The readout for DNA enrichment is
by qPCR (ChIP-qPCR), hybridization to microarrays (ChIP-chip), or by high throughput
sequencing (ChIP-seq). Using ChIP-qPCR, we wanted to confirm that AP-1 is bound at
species-specific AP-1 DHS sites. As described earlier, AP-1 can be composed of different
combinations of Jun and Fos proteins. We chose to use antibodies for c-Fos and c-Jun,
which have been previously used for ChIP-seq experiments (ENCODE_Consortium
2011).

4.2 Materials and Methods
4.2.1 Digital footprinting
For the 93 human DHS gains with a predicted stronger AP-1 binding motif
specifically on the human branch (but not the macaque or chimpanzee), we extracted the
exact cut ends from the DNase-seq raw data from all 9 individuals - from human (3x),
chimpanzee (3x) and macaque (3x). For non-human data, these sequences were
previously converted to human (hg19) coordinates. The footprinting analysis for AP-1
was limited to a 407 bp total size, which included the 7bp AP-1 motif and 200bp flanking
regions on both sides of the motifs. All count totals were normalized to the total
sequence counts in each library. Next, we took the aggregate sum of the DNase cut
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DNA ends (1bp) and combined them for each species. The plot figures were created
using standard R package functions.

4.2.2 Cell types and tissue culture used for generating ChIP material.
We used human (GM02185) and chimpanzee (S003649) primary skin fibroblasts
cell culture samples from Coriell for the ChIP assays. Importantly, these were the
identical samples used for DNase-seq analysis, which allows for direct comparison
between the methods. Cells from all species were grown in standard growth media.
Fibroblast growth media consisted of Gibco’s MEM (10370-021), 2 mM L-Glutamine
(25030-081), 1x (100 units/mL) Penicillin, 1x (100ug/mL) Streptomycin (100x Pen Strep
15140-122), and 10% FBS (Hyclone SH30070). Cells were grown to approximately 2 x
10^7 cells, and were fixed with 1% formaldehyde for 10 minutes before quenching with
125 mM glycine. Once fixed, the adherent fibroblast cells were rinsed with PBS then
scraped in chilled 8mL Lysis buffer (5mM PIPES pH8.0, 85mM KCl, 0.5% NP-40)
containing protease inhibitor cocktail (Roche “complete Mini” #04693124001). The cells
were transferred to a 15mL conical tube then centrifuged at 800 rcf for5minutes at 4°C.
Next, the Lysis buffer was removed and the cell chromatin pellet was snap frozen in
liquid nitrogen and stored at -80°C.
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4.2.3 Chromatin Immunoprecipitation and qPCR
We used a modified version of the ChIP protocols described in Johnson et al
(2007) and from the Iyer lab (Kim, Barrera et al. 2005; Lee, Bhinge et al. 2011). Briefly,
frozen formaldehyde fixed chromatin pellets were thawed on ice, then sonicated to
shear the chromatin size to less than 1kb. We added sonication buffer (RIPA buffer: 1%
SDS, 0.5% sodium deoxycholate, 1% NP-40, 1x PBS) and used the Diagenode UCD-200
water bath sonicator for a duration of 60 cycles of 30sec ON and 30sec OFF at the “high”
setting. Sonicated samples were pre-cleared with protein A beads (Invitrogen
Dynabeads Protein A #10002D) to reduce the capture of non-specific protein
interactions. Next, chromatin was immuno-bound overnight with antibody. For AP-1,
we used antibodies for c-Jun (Santa Cruz, H-79: sc-1694) and c-Fos (Santa Cruz, H125:
sc-7202). After capturing immuno-bound chromatin with protein A beads, the samples
were washed multiple times with LiCl Wash Buffer (100mM Tris ph7.5, 500mM LiCl, 1%
NP-40, 1% sodium deoxycholate) and TE buffer (10mM Tris pH8.0, 1mM EDTA pH8.0).
The immuno-bound chromatin was eluted away from the protein A beads in SDS
elution buffer (1% SDS, 0.1M sodium bicarbonate) incubating at 65°C for 1hr. Finally,
20mM NaCl was added to the buffer and the formaldehyde crosslinking was reversed
by incubating at 65°C overnight. DNA was subsequently precipitated using Qiagen’s
PCR cleanup kit (28004).
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Quantitative real-time PCR (qPCR) was used to check for enrichment of specific
DNA regions thought to be differentially bound in human versus chimpanzee. PCR
primers were designed to amplify orthologous ~80bp regions centered around AP-1
motif targets in both human and chimpanzee samples, so that the same primer set could
be used for both human and chimpanzee. Specifically, primers were designed for AP-1
on human DHS gains (6 sets) and human DHS losses (5 sets). A list of human gain and
human loss AP-1 qPCR primer sets are listed in Table 14. PCR reactions were carried
out using Applied Biosystem’s Step One Plus Real-Time PCR System with Sybr green
reagents.
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Table 14: Human gain/loss AP-1 ChIP PCR primer sets.
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4.3 Results
4.3.1 AP-1 has a DNA binding footprint in human DHS gain regions
We find that for the 93 human DHS gains with stronger AP-1 binding motif on the
human branch, there is a strong DNaseI footprint directly overlapping the AP-1 motif in
DNase-seq data from human. No corresponding footprint was detected in DNase data
from either chimpanzee or macaque (Figure 27). The extremely localized “trough” of
DNase signal in the human DHS gain provides evidence that AP-1 binding is
contributing to the accessibility in the human genome, and is likely the reason why there
is no DNase signal in either chimpanzee or macaque. The evidence of a footprint also
makes it less likely that non-AP-1 TF binding within these DHS regions are the
contributing factor for these DHS site differences.

138

Figure 27: Aggregate DNase-seq footprinting at strong AP-1 motifs in the
human sequence but not the orthologous chimpanzee or macaque sequence of human
DHS gains.

4.3.2 ChIP-qPCR reveals AP-1 binding enrichment for DHS gain
regions
We confirmed with c-Jun ChIP that AP-1 binding is likely to be higher in humans
than chimpanzees at human DHS gains and lower in humans than chimpanzees at
human DHS losses (Figure 28). For 6 AP-1 regions, predicted to have a better motif in
the human, the relative enrichment over input is strikingly higher than the enrichment
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of 5 AP-1 regions predicted to have a worse motif in the human. Conversely, in
chimpanzee, the same set of primer sets revealed a reverse trend, where the AP-1
regions predicted to have a worse motif in human, showed a higher level of relative
enrichment over inputs compared to the AP-1 regions predicted to have a better binding
motif in humans. Unlike the qPCR enrichment values seen when using c-Jun ChIP
DNA, PCR reactions for c-Fos ChIP samples showed only minimal enrichment over
input DNA for AP-1 primer sets designed around human DHS gains and human DHS
losses and were not not used in testing further primer sets and focus was directed solely
towards using c-Jun for AP-1 ChIP analysis.
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Figure 28: c-Jun ChIP-qPCR shows stronger enrichment for human sequences
at human DHS gain regions with an AP-1 motif predicted to be provide better
binding on the human branch. Conversely, there is stronger enrichment for
chimpanzee sequences at human DHS loss regions with AP-1 binding motifs
predicted to provide a worse AP-1 motif on the human branch.
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4.3.3 At least one DHS gain containing an AP-1 variant is a dsQTL
When we looked at sequence variation present specifically at AP-1 motifs in
human DHS gain regions, we observed a greater difference in the number of sequence
variation between humans and other primates (chimpanzee and macaque) versus the
number of unfixed sequence variation (SNPs) seen among human individuals from the
1000 genomes project (Figure 29a). We also checked all of our human DHS gains that
contain a AP-1 variant with DNase sensitive quantitative trait loci (dsQTL) identified in
lymphoblastoid cells isolated from 70 Yoruban individuals (Degner 2012). We found
that at least one DHS gain identified in skin fibroblast was marked by a lymphoblastoid
dsQTL (Figure 29b). This indicates that not all human DHS gains are fixed in the human
population.
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Figure 29: (a) Cross-species comparisons provided more sequence variation
(24x) for AP-1 motifs at 836 human DHS gains than in SNPs found at the same 836
regions among human individuals (1000 genomes project). (b) Overlap with
previously identified dsQTL was found for one human DHS gain region.
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4.4 Future Directions: Further exploring a cis-based mechanism
that contributes to species-specific chromatin accessibility
changes
As introduced and discussed earlier in chapter 4, confirmatory functional tests
are necessary to assess the possible mechanisms that contribute to species-specific
chromatin accessibility changes. Going forward, we plan to extend the functional
analysis to include Zeb1 chromatin immunoprecipitation and AP-1 in vitro luciferase
assays.
We observed a positive association with the stronger species-specific AP-1 motif
and species-specific DHS sites, and likewise also observed enrichments of other
transcription factors (TFs) linked to a species-specific change in DHS site accessibility.
One such TF was Zeb1. In contrast to AP-1 binding trends, we observed a negative
association between the optimal binding motif for Zeb1 (zinc finger E-box binding
homeobox 1) and higher DHS signal. In these cases, whenever a species had a variant in
a Zeb1 motif, the species with the worse match to the PWM displayed a more accessible
DHS site. As with AP-1 variants, the trends for Zeb1 variants and chromatin accessibility
were consistent for every comparison (human gain, human loss, chimp gain, and chimp
loss) suggesting the need for further confirmatory functional tests.
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4.4.1 Overview of Zinc finger E-box-binding homeobox 1 (Zeb1)
Zeb1 contains 2 separate zinc finger domains that have shown to be important
for binding as well as repression activity by site competition (Zhao, Subramanian et al.
2006). In addition, Zeb1 contains 3 repression domains that are thought to interact with
co-repressors to act to silence enhancer activity (Kuppuswamy, Vijayalingam et al. 2008).
Zeb1 has been implicated as a major player in the epithelial-to-mesenchymal transition,
and has been heavily studies in the context of tumor invasiveness (Graham, Zhau et al.
2008; Deep, Gangar et al. 2011; Sanchez-Tillo, de Barrios et al. 2011). Interestingly, both
c-Jun and Zeb1 have been implicated in lytic stage of Epstein-Barr virus infection (Feng,
Kraus et al. 2007).
4.4.1.1 Method: Additional Chromatin Immunoprecipitation assays
We will confirm interaction of DHS gains with species-specific transcription
factor binding using Chromatin Immunoprecipitation (ChIP) as described in Chapter
4.1.3. All experimental conditions will be similar to AP-1 ChIP, except we will use an
antibody against Zeb1 (Santa Cruz H102: sc-25388). Using ChIP-qPCR, we want to
confirm that Zeb1 is bound at species-specific Zeb1 DHS sites. Primers were designed to
query human DHS gains (7 sets) and human DHS losses (4 sets); Zeb1 qPCR primers can
be found in Table 15.
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Table 15: Zeb1 qPCR primer design for human DHS gains and losses.

146

Table 16: AP-1 qPCR primer design for chimpanzee DHS gains and losses.
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In addition to human DHS gain and loss regions tested for AP-1 binding,
chimpanzee DHS gain and loss regions that are associated with AP-1 motif changes will
also be analyzed via ChIP-qPCR. This further analysis will confirm that AP-1 gains can
also be associated with chimpanzee-specific DHS gains but not chimpanzee-specific
DHS losses. PCR primer designs for 5 chimpanzee AP-1 gain regions and 5 chimpanzee
AP-1 loss regions are shown in Table 16.

4.4.2 In vitro luciferase assay to test for enhancer activity
In vitro enhancer testing has been widely used to analyze the effect of short DNA
sequences on the expression of reporter genes such as luciferase. Along with in vivo
methods that utilize mouse or zebra fish to determine timing (during development) and
topography (targeted tissue types) of the enhancer activity, in vitro luciferase assays
performed in human cell culture can provide a means to functionally measure general
enhancer activity. In vitro luciferase assays are highly accessible methods for
laboratories without direct access to large colonies of mouse or zebra fish, with the
added benefit of testing enhancer activity in human cells. However, an unknown
variable in most in vitro enhancer assays is the complication of choosing the right celltype due to potential cell-type-specific enhancer activity. This confounding issue makes
it important to consider the balance between the need to use an appropriate cell-type
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and the characteristics inherent in the selected cell-type, such as transfection efficiency
and ease of growing large quantities of cells, important when choosing between using
adherent or suspension cells.
4.4.2.1 Method: In vitro enhancer reporter assay
Total of 9 genomic regions (~1kb) orthologous between human and chimpanzee
have been targeted for cloning into luciferase expression plasmids and will be tested in
an in vitro enhancer reporter luciferase assay (Table 17). The selected regions include 8
regions that are differentially more open (DHS) in the human and 1 region that is less
open in the human when compared to the chimp. PCR primers for all 9 regions were
designed to amplify DNA product from both the human and chimpanzee genome. The
regions selected for analysis contained species-specific variants in the AP-1 motif that
corresponded to species-specific gains and losses. Footprinting of AP-1 motifs found in
Human-specific DHS gains/losses as well as ChIP analysis of c-Jun (AP-1) suggest that
the DHS changes that we observed are likely driven by the binding of AP-1 at these sites
(Figure 12). Luciferase reporter assays will indicate whether a single nucleotide
substitution within the AP-1 motif is driving this functional change.
We will use the In-Fusion cloning kit (Clonetech cat# 639646) using a strategy of
homologous recombination to swap in the cloned region into a pGL4 plasmid vector.
Specifically, we will use pGL4.23, which contains a minimal promoter vector and a
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multiple cloning site upstream to test for putative enhancer activity. The cloning
method is as follows: First cut the pGL4 vector with restriction enzyme Sfil. Second,
DNA fragments from the 9 different regions will be amplified by PCR from human and
chimpanzee genomic DNA. Fragments will be purified by agarose gel and cloned into
the reporter vector by the In-Fusion cloning system.
Once cloned, we will transiently co-transfect the luciferase vector into cells (K562
and Fibroblasts) along with a vector containing Renilla luciferase to control for
transfection efficiency. Differences or similarities in enhancer activity will be measured
between the human and chimpanzee sequences. If species-specific enhancer activity is
detected, we will conduct PCR mutagenesis in human DNA targeting specific changes in
the AP-1 motif to reflect the sequence of the unfavorable AP-1 binding site seen in
chimpanzee (for human DHS gains). This will let us separate the effects of the motif
sequence change from the unknown effects contained within the other sequence
differences among the entire cloned regions.
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Table 17: AP-1 in vitro enhancer reporter assay cloning primers.

151

At the time of this thesis writing, three orthologous DNA regions were amplified from
both human and chimpanzee and were cloned into pGL4, but luciferase activity
measurements were not yet completed.

4.5 Discussion
We provide functional evidence that changes in TF binding site sequence is likely
to be one of the mechanisms driving biological change. We showed through digital
DNaseI footprinting and c-JUN ChIP that changes in AP-1 binding is likely to be driving
a significant fraction (10%) of the species-specific DHS changes. Completion of the
proposed in vitro enhancer reporter assay may give further support to this proposed
mechanism of cis-regulatory element change. The functional characterization described
in this Chapter provided an even stronger link between single species-specific noncoding variants that create optimal transcription factor binding sites, detected by
increased chromatin accessibility. The association of these species-specific DHS sites
with changes in gene expression (Chapter 2) indicates that these AP-1 sites are likely
enhancer sites.
While we have made progress in functionally characterizing the role of AP-1
variants, much work is still needed to characterize Zeb1 variants that are associated with
closed chromatin. We expect that ChIP-qPCR results will support that variants
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associated with an optimal Zeb1 binding site will show increased binding to a more
closed chromatin structure. While it was previously assumed that most transcription
factors bind exclusively accessible chromatin, it has been recently shown that this is not
always the case, especially for known repressors (Thurman 2012).
The overlap with a human DHS gain with a dsQTL is supportive of primate
chromatin studies such as the ones described here have direct relevance for studying
functional non-coding variation that occurs within the human population. We showed
in Chapter 2 that most human DHS gains are highly cell type specific, and are not
shared with other human cell types. Therefore, it is not surprising that there is only one
instance where a human DHS gain identified in skin fibroblasts overlapped with a
lymphoblastoid dsQTL. However, even one overlap is highly non-random. Identifying
human specific DHS gains in matched cell types to dsQTL studies will be an important
future endeavor to understanding the extent to how species-specific chromatin changes
can inform common and rare human non-coding polymorphisms.
While this Chapter identifies only about 10% of all species-specific changes as a
result of AP-1 variants, the vast majority of species-specific DHS sites remain
uncharacterized. We believe that by using additional species such as orangutan, gorilla,
and mouse described in Chapter 3 will give us more power to identify other
transcription factors involved in this process. The fact that no other TFs stand out
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alongside AP-1 (and perhaps Zeb1) indicates that a large number of other cis-variants
may all contribute a small portion to the remaining species-specific DHS sites. We have
a long way to go to understand differences in gene regulation across species, but general
methods like DNase-seq to identify regions in large numbers of species (and in multiple
tissues from each species), coupled with follow-up ChIP experiments, will be an
important part of this process.
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Appendix A – DNase-chip book chapter and summary of
collaborations
A.1 Mapping Regulatory Elements by DNaseI Hypersensitivity
chip (DNase-chip). Methods in Molecular Biology, “Microarray
Analysis of the Physical Genome”
Historically, the simplest method to robustly identify active gene regulatory
elements has been enzymatic digestion of nuclear DNA by nucleases such as DNaseI.
Regions of extreme chromatin accessibility to DNaseI, commonly known as DNaseI
hypersensitive sites, have been repeatedly shown to be markers for all types of active
cis-acting regulatory elements, including promoters, enhancers, silencers, insulators, and
locus control regions. However, the original classical method, which for over 25 years
relied on Southern blot, was limited to studying only small regions of the genome. Here
we describe the detailed protocol for DNase-chip, a high-throughput method that allows
for a targeted or genome-wide identification of cis-acting gene regulatory elements.

A.1.1 Introduction
Genomic DNA sequence by itself provides relatively little information regarding
identifying the location of gene regulatory elements. However, understanding how and
where eukaryotic DNA is packaged into nucleosomes and higher order structures of
chromatin provides much more detailed information regarding the process of gene
regulation (1). While the majority of the genome is sequestered from regulatory
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proteins, there are regions within chromatin where nucleosomes are displaced by
transcription factors within noncoding functional elements. For almost 3 decades,
DNaseI hypersensitivity (HS) assays have been used to successfully identify the location
of these open chromatin regions within the genome. These regions have been shown to
be associated with all types of regulatory elements, including promoters, enhancers,
silencers, insulators, and locus control regions (2-6). The selectivity of DNaseI to
enzymatically cleave at these regulatory regions is thought to be an order of magnitude
higher than in regions of transcriptionally active genes and two orders of magnitude
higher than other regions of bulk chromatin (4).
Before the availability of whole genome sequences as well as high throughput
genomic tools, individual DnaseI HS sites within small regions of the genome (10-20 kb)
were identified using Southern blot assays (7). However, this labor-intensive method
was not readily scalable to study large chromosomal regions and entire genomes. With
the availability of high-resolution tiled microarrays, DNase-chip method was developed
to identify DNaseI HS sites within any region of interest, including the entire genome (810).
Even as the availability of next generation high throughput sequencing
technologies continue to become more widespread, the DNase-chip method continues to
be a valuable tool to both compliment and validate sequence data gathered from DNase-
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seq studies (10). We have found that both DNase-chip and DNase-seq have similarly
high sensitivity and specificity to identifying valid DNaseI HS sites (10). An added
advantage of DNase-chip is that it can be used to directly interrogate smaller targeted
regions of the genome.

A.1.2 Materials
A.1.2.1 Cell Collection and Nuclei Prep
1.

Phosphate Buffered Saline (pH 8.0)

2.

Puregene Core Kit A (Gentra/Qiagen)

3.

Trizol Reagent (Invitrogen)

4.

RSB Buffer: 10 mM Tris-HCl pH 8.0, 10 mM NaCl, 3 mM MgCl2

5.

NP40 (Igepal CA-630, Sigma). Prepare a 10% solution.

6.

Wide-bore pipet tips (or use clean razor blade to clip off pipet tip)

7.

Trypan blue (Gibco)

A.1.2.2 DNaseI Digestion
1.

1% InCert low melt agarose (Lonza) in sterile 50 mM EDTA pH 8.0. Aliquot into
1.5ml tubes and store at 4 degrees.

2.

50 mM EDTA pH 8.0

3.

LIDS Buffer: 1% (w/v) Lauryl sulfate lithium salt (Sigma), 10 mM Tris-Cl pH 8.0,
100 mM EDTA pH 8.0.

4.

DNaseI (Roche)

5.

Plug molds (Bio-Rad)

6.

Screened Plug Caps to fit 50mL conical tubes (Bio-Rad)

A.1.2.3 Pulsed-field Gel Electrophoresis (CHEF)
1.

Yeast Chromosome PFG molecular weight marker (NEB)

2.

0.5 x TBE buffer

3.

Agarose (Invitrogen)
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A.1.2.4 Blunt End Randomly Sheared DNA and DNased DNA
1.

DNA Polymerase Buffer: 50 mM NaCl, 10 mM Tris-HCl pH 8.0, 10 mM MgCl2, 1
mM dithiothreitol (DTT). Prepare 1 liter.

2.

T4 DNA Polymerase (NEB)

3.

Glycogen (Roche)

4.

Ethyl Alcohol (100% and 70%)

5.

Phenol

6.

Phenol:Chloroform:Isoamyl Alcohol

7.

Chloroform

A.1.2.5 Ligation of Biotinylated Linkers
1.

T4 Ligase (NEB)

2.

Annealed linker set A: Oligos #1/#2 (Integrated DNA technologies, HPLC
purified)

3.

Oligo #1: 5’ /5Bio/ GCG GTG ACC CGG GAG ATC TGA ATT C –3’

4.

Oligo #2: 5’ /5Phos/GAA TTC AGA TC/3AmM/ -3’

5.

5x Ligase Buffer (Invitrogen)

A.1.2.6 Shear DNA
1.

Branson Sonicator

2.

TE Buffer: 10mM Tris-HCl pH 8.0, 1mM EDTA pH 8.0

A.1.2.7 Bind to Streptavidin Beads
1.

Dynal Streptavidin beads (Invitrogen Dynal M-280)

2.

Dynal magnet (MPC-S)

3.

Binding buffer: 10 mM Tris-HCl pH 8.0, 1 mM EDTA pH 8.0, 1 M NaCl

A.1.2.8 Blunt End Sheared DNA Ends
1.

T4 DNA Polymerase (NEB)

2.

dNTP, 10 mM (Roche)
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A.1.2.9 Ligation of Non-biotinylated Linkers to Sheared DNA Ends
1.

T4 Ligase (NEB)

2.

Annealed linker set B: Oligos #3/#4 (Integrated DNA technologies, HPLC
purified)

3.

Oligo #3: 5’ GCG GTG ACC CGG GAG ATC TGA ATT C –3’

4.

Oligo #4: 5’ GAA TTC AGA TC -3’

5.

5 x Ligase Buffer (Invitrogen)

A.1.2.10 Ligation Mediated PCR (LM-PCR)
1.

Taq DNA Polymerase (Invitrogen)

2.

dNTP, 10 mM (Roche)

3.

10 x ThermoPol Buffer (NEB)

4.

Oligo #3

A.1.2.11 Purify LM-PCR Product
1.

ArrayIT Microarray Probe Purification Kit (#FPP)

A.1.3 Methods
The DNase-chip method is outlined in Fig. 1. Before starting the protocol, cool
centrifuge and buffers to 4°C. Melt 1% Incert Low Melt agarose (in 50mM EDTA) at
75°C and keep melted at 55°C using heat block. Set water bath to 37°C. Make DNaseI
dilutions in cold RSB, mix thoroughly, and aliquot into appropriate number of 1.5 ml
tubes to be used for the DNaseI digestion step (keep on ice) (see Note 1).
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Fig. 1. Overview of the DNase-chip method. (9)
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A.1.3.1 Cell Collection and Nuclei Prep
1.

Harvest 5 x107 cells and centrifuge at 160 x g for 5 minutes at 4°C; carefully
vacuum or pipet off the supernatant (do not pour off).

2.

Separate 5-10 x 106 cells from the total harvest, and isolate genomic DNA
(Gentra/Qiagen Puregene Core Kit A). This will be used for the randomly
sheared genomic DNA Control.

3.

Wash remaining cells 2 x with 50 ml cold PBS. Resuspend final cell pellet in 500
µl cold RSB by gentle flicking and transfer to a 15 ml conical tube on ice. Wash
the 50 ml tube with 500 µl cold RSB and combine with the first 500 µl cell
suspension.

4.

Slowly pour cold RSB + 0.1% NP40 into the 15 ml conical containing the cell
suspension (total of 14 ml) to gently lyse the cells (see Note 2). Invert tube 5-10
times (do not pipet).

5.

Spin down immediately at 500 x g for 10 minutes at 4°C to pellet nuclei.
Completely remove supernatant using vacuum.

6.

Resuspend nuclei pellet in 900 µl cold RSB buffer and mix (by flicking). Pellet
should appear white and fluffy and should resuspend completely. Check a small
sample of cells to confirm >99% of cells are Trypan blue positive (see Note 3).

A.1.3.2 DNaseI Digestion
1.

Make DNaseI dilutions in RSB buffer and mix thoroughly. Add 12 µl of DNaseI
dilutions to 1.5 ml eppendorf tubes and keep on ice. Always make fresh DNaseI
dilutions (see Note 4).

2.

Typical DNaseI Working Concentrations:
Amount DNaseI

Dilution (in RSB)

1

0

0

0 (keep at 4°C on ice)

2

0

0

0 (37°C)

3

0.12 U

1/1000

12 µl

4

0.4 U

1/300

12 µl

5

1.2 U

1/100

12 µl

6

4.0 U

1/30

12 µl

7

12.0 U

1/10

12 µl

Tube#
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Add to digestion reaction

3.

Pipet 120 µl of resuspended nuclei into the 7 eppendorf tubes that contain the
various DNaseI concentrations. Any pipeting from this point to the end of the
protocol must use wide-bore pipet tips (or tips clipped with a clean razor blade)
to minimize random shearing (see Note 5). Mix nuclei with DNaseI
concentrations by gentle, but thorough, flicking (do not pipet).

4.

Incubate in a 37°C water bath for 10 minutes (keep tube #1 on ice to monitor
endogenous nuclease activity).

5.

Add 330 µl of 50 mM EDTA to stop the reaction – total volume is now
approximately 450 µl. Invert 5 times to mix (do not pipet), keep at room temp,
and immediately embed DNA.

6.

Confirm the InCert low melt gel agarose is completely melted and at 55°C.
Equilibrate the DNaseI treated DNA to 55°C for 1 minute.

7.

Using a wide-bore pipet tip (or tip cut with razor), pipet 450 µl of InCert low
melt gel agarose to nuclei/DNaseI tubes and invert 4 times to mix (do not pipet).
Using same wide bore pipet tip slowly pipet ~80 µl of DNaseI-treated
nuclei/agarose mixture into Bio-Rad plug molds. Let set at 4°C for 5 minutes to
solidify.

8.

Release plugs into 50 ml conical tubes containing 50 ml of LIDS Buffer. Cover
tubes with CHEF Screened Plug Caps before placing tube caps. Incubate 1-2
hours at room temp while gently shaking at ~60 RPMs (keep tubes on their side).

9.

Incubate with fresh LIDS buffer overnight at 37°C (not shaking, but lay tubes on
their side).

10.

Wash plugs in 50 mM EDTA pH 8.0, 5 times 50 ml for 1 hour each (room temp,
shaking at ~60 RPMs). Wash the plug caps and tube caps with distilled water at
the 4th and 5th washings to remove excess detergent. No bubbles caused by
residual detergent should be detected after 5th wash.

11.

Store indefinitely at 4°C in 50 mM EDTA.

A.1.3.3. Pulsed Field Gel Electrophoresis (CHEF)
1.

These instructions assume the use of a Bio-Rad CHEF gel system, but any pulsed
field gel apparatus may be used. It is important to run the DNaseI treated
samples on a pulsed field gel to determine the optimal levels of DNaseI
digestion.
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2.

Prepare 3 liters of 0.5 x TBE and circulate and chill to 16°C in the CHEF system.

3.

Prepare a 1% Agarose gel in 0.5 x TBE for PFG electrophoresis.

4.

Dry load 1/3 of the plugs into the wells of each lane. Use two small metal
spatulas to help slide the plugs into the wells. Also load NEB Yeast
Chromosome PFG marker to determine relative size of the fragments.

5.

Pulse field conditions: 20-60 second switch time for 18 hours, 6 Volts/cm, Pump
setting = 60 (~0.65 L/min), Buffer temp =16°C.

6.

There should be a gradual and consistent change in fragment sizes (smears)
reflecting the increase in concentrations of DNaseI. Plugs from optimally
digested samples will be used in the next steps. Examples of optimally digested
samples are shown in Fig. 2a.

A.1.3.4. Blunt End Randomly Sheared DNA
1.

Randomly sheared genomic DNA is a necessary control required for microarray
analysis to determine the baseline level of hybridization of non-DNase-enriched
DNA fragments.

2.

Isolate genomic DNA following the protocol from the Gentra/Qiagen kit.

3.

Add water to bring total volume to 600 µl.

4.

Extract DNA using 600 µl of Phenol/Chloroform/Isoamyl Alcohol and vortex on
high for 5 minutes to shear the DNA. Collect the aqueous layer.

5.

Add 600 µl Chloroform to the aqueous layer and vortex again for 5 minutes at
high speed to further shear the DNA.

6.

Ethanol precipitate DNA. Add 1/10 volume 3 M NaOAc, 2 volumes 100% EtOH,
and 1 µl glycogen and place in -20°C for 30 minutes. Spin for 15 minutes at >
15,000 x g at 4°C. Wash DNA pellet with 1 ml 70% EtOH and spin again for 5
minutes.

7.

Remove supernatant, quick spin, and remove all traces of liquid. Let dry for no
more than 4 minutes to ensure DNA will go back into solution. Resuspend pellet
in 40 µl of 10 mM Tris-HCl pH 8.0.

8.

Blunt end 40 µg of randomly sheared DNA for 1 hr at room temp, following the
recipe:
10 x Polymerase Buffer
dNTPs (10 mM)
BSA (10 mg/ml, 100 x)

20 µl
5 µl
2 µl
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T4 DNA Polymerase
Randomly sheared DNA
H2O
9.

1 µl
(40 µg)
(to 200 µl)

Phenol/Chloroform/Isoamyl: Chloroform extract (using wide bore p1000 tips
trimmed with razor). Ethanol precipitate DNA and resuspend in 25 µl 10 mM
Tris-HCl pH 8.0.

A.1.3.5. Blunt End DNased DNA in-gel
1.

Wash optimal DNaseI-digested DNA plugs in 3 x 50 ml (1 hour each wash) T4
DNA Polymerase Buffer to remove EDTA.

2.

Use screened plug caps and vacuum to carefully remove all traces of liquid

3.

Blunt end the in-gel DNaseI-treated DNA for 3-4 hours (gently mix every hour)
at room temp, following the recipe:
DNA plug (low melt gel)
10 x Polymerase Buffer
dNTPs (10 mM)
T4 DNA Polymerase
BSA (10 mg/ml, 100 x)
H2O

4.

~80 µl (volume of plug)
12 µl
5 µl
6 µl
2 µl
100 µl

Transfer plugs to 1.5 ml eppendorf tubes and adjust volume to 600 µl with TE
Buffer.

5.

Heat to 65°C for 10 minutes. Monitor and flick tubes hard every couple of
minutes to help dissolve agarose.

6.

Phenol: Phenol/Chloroform/Isoamyl: Chloroform extract DNA (use wide-bore
pipet tips).

7.

Ethanol precipitate DNA, and air-dry pellet no longer than 4 minutes to ensure
high molecular weight DNA will go back into solution. Resuspend in 25µl 10
mM Tris-HCl pH 8.0.
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Fig. 2. (A) A Pulsed Field Gel showing a series of digested genomic
DNA from various DNaseI concentration digestions obtained from HeLa
cells. Note that DNaseI concentrations of 0.12U, 0.4U, and 1.2U produced
optimal smearing patterns and will be processed further to make the DNasechip microarray hybridizing library. (B) A 2% agarose gel showing lm-pcr
products that range between 200-700 bases. Lanes 1-3 were loaded with 10 µl
from independent lm-pcr reactions.
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A.1.3.6. Ligation of Biotinylated Linkers
1.

Anneal oligos to create linkers. Mix 10 µl 1 M Tris-HCl pH 8.0, 10 µl 5 M NaCl, 2
µl 0.5 M EDTA, 375µl of 40µM oligo #1, 375µl of 40µM oligo #2, and 238µl sterile
water. Put mix in beaker full of boiling water for 2 minutes, remove beaker from
heat, and let oligos slow-cool in water bath until room temp is reached. Cool
overnight at 4°C and aliquot/store at -20°C. To prevent primers from becoming
un-annealed, always thaw annealed linkers on ice.

2.

Ligate biotinylated linker set A to blunt ended DNA (both DNaseI-treated and
randomly sheared DNA):
DNA
5 x Ligase Buffer
Annealed linker set A
T4 Ligase
H2O

3.

(5 µg)
10 µl (viscous: use wide bore tips)
6.7 µl (thaw linker on ice)
0.5 µl
(up to 50 µl)

Incubate overnight at 16°C.

A.1.3.7. Shear DNA
1.

These instructions assume the use of a Branson Sonicator using a setting of 3.

2.

Transfer ligated DNA/linker to a 15 ml conical tube and bring total volume to 1.5
ml with TE Buffer and place on ice.

3.

With the tubes placed in an ice bath, sonicate each sample 8 x 25 seconds.
Sonicator tip should almost touch the bottom of the tube and should be cooled
after each round in an ice bath.

A.1.3.8. Bind to Streptavidin Beads
1.

Use 100 µl of Dynal Streptavidin bead suspension per reaction.

2.

In 1.5 ml eppendorf tube wash beads 3 x 1 ml in Binding Buffer (TE + 1 M NaCl)
using the Dynal magnet to capture the beads after each wash. Resuspend after
last wash in appropriate amount of Binding Buffer.

3.

Add 300 µl 5 M NaCl to sonicated DNA to make a final NaCl concentration of 1
M and transfer to a 1.5 ml eppendorf tube.
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4.

Add 100 µl of Dynal beads to sonicated DNA and rock at room temp for 15
minutes.

5.

Wash 3 x 1 ml in Binding Buffer, and finish with 1 x 1 ml wash in TE. Use pipet
to carefully remove wash buffer after each wash step/bead capture – beads will
be very loose on magnet.

6.

After final wash, carefully remove traces of liquid with vacuum manifold.

A.1.3.9. Blunt End Sheared DNA Ends
1.

Add to Beads:
H2O
10 x Polymerase Buffer
dNTP (10 mM)
BSA (100 x)
T4 DNA Polymerase

97.3 µl
11 µl
1 µl
1 µl
0.2 µl

2.

Incubate for 1 hour at 16°C and resuspend beads once during incubation.

3.

Wash 3 x 1 ml in Binding Buffer, and 1 x 1 ml in TE.

4.

After last wash, carefully remove traces of liquid with vacuum manifold.

A.1.3.10. Ligation of Non-biotinylated Linkers to Sheared DNA Ends
1.

Add to Beads:
H20
5 x Ligase Buffer
Annealed linker set B
T4 Ligase

32.8 µl
10 µl (viscous: use wide bore tips)
6.7 µl (thaw linker on ice)
0.5 µl

2.

Resuspend beads and incubate overnight at 16°C.

3.

Wash 3 x 1 ml in Binding Buffer , and 1 x 1 ml in TE.

4.

Resuspend beads in 50 µl 10 mM Tris-HCl pH 8.0.

A.1.3.11. Ligation Mediated PCR (LM-PCR)
1.

Depending on the amount of desired PCR reaction product, prepare the
appropriate number of PCR reactions.

2.

Prepare PCR reaction:
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H2O
10 x ThermoPol Buffer
dNTP (10 mM)
Oligo #3 (40 µM)
Beads
Taq DNA Polymerase
3.

41 µl
5 µl
1.25 µl
1.25 µl
1 µl
0.5 µl

Cycling Conditions:
95°C x 2 minutes
95°C x 30 seconds \
60°C x 30 seconds }>>>>>25 cycles
72°C x 1 minute /
72°C x 5minutes
4°C x ∞

4.

Run 5-10 µl of the PCR product on a 2% agarose gel to confirm product sizes
range between 200-700 bases (Fig. 2b).

A.1.3.12. Purify LM-PCR Product
1.

Add TE Buffer to PCR product to bring volume up to 500 µl.

2.

Phenol/Chloroform/Isoamyl: Chloroform extract DNA.

3.

Ethanol precipitate DNA and resuspend pellet in 25 µl of TE Buffer.

4.

Clean up DNA on ArrayIt columns.

5.

Elute final product in 50 µl sterile water.

6.

Combine lm-pcr products from multiple DNase concentrations (see Note 4).

A.1.3.13. Label and Hybridize to Arrays
1.

Use standard dual color ChIP-chip labeling (Cy5 for DNase-treated material and
Cy3 for randomly sheared material) and hybridization protocols. We often send
purified lm-pcr product to NimbleGen (Madison, WI) for labeling, hybridization,
and scanning of tiled arrays (full service ChIP-chip).

2.

Regions enriched for DNase signals can be identified using tiled array peak
calling algorithms such as ACME or ChIPOTle (11, 12).
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A.1.4 Notes
1.

The varying degrees of endogenous nuclease activity in different cell and tissue
types may complicate the quality of DNase-chip data. Therefore it is important
to keep samples and buffers on ice.

2.

Optimization of NP-40 concentration: Care must be taken to avoid overlysing
the cells while preparing cell nuclei prior to DNaseI digestion. NP-40 is a
detergent that disrupts the cytoplasmic membrane but does not easily break the
nuclear membrane. The nuclei pellet should appear white and should completely
resuspend in RSB Buffer with modest agitation. When cells are overlysed, the
lysate appears viscous and will not resuspend evenly. If this happens, the NP-40
concentration should be reduced to 0.05% or 0.01%. Trypan blue staining can be
used to determine the minimal amount of NP40 necessary to achieve > 99% lysis.

3.

This protocol has been optimized for using 50 million cells. However, this
number may be difficult to obtain for rare or difficult to grow cell types. We
have found that as low as five million cells produces data comparable to studies
using 50 million cells. If using a smaller number of starting cells (<50 million),
several variables should be adjusted. First, consider reducing the number of
plugs for the “No DNase” controls from 10 plugs down to 1 plug since these
controls are usually only used to monitor endogenous nuclease activity. Second,
adding more diluted DNaseI concentrations and eliminating the highest
concentrations of DNase I from the digestion series will further reduce the
required amount of nuclei. Third, one may reduce the number of plugs made for
each DNase concentration. Reflecting these adjustments, the volume of nuclei
resuspension buffer (RSB) in step 3.1.6 can be reduced.

4.

DNaseI HS sites are not binary, but instead represent a continuum of openness.
Therefore, to capture both weak and strong DNaseI HS sites, we often pool
material from 2-3 different DNaseI concentrations. It is often difficult to predict
the optimal DNaseI concentrations, due to variations in cell heterochromatin, cell
density, enzyme activity, incubation time, and inconsistent pipetting. Optimally
digested samples can only be distinguished after running out a sample from each
of the different DNaseI concentrations on PFG gel (Fig. 2a). Using material that
is over-digested or under-digested results in low signal-to-noise ratios.
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5.

Care must be taken to avoid mechanical shearing of the samples anytime before
the embedded DNA is blunt ended. Unwanted shearing of chromatin can
introduce random breaks within chromatin and falsely introduce sites in the
genome that may appear to be DNaseI HS sites. As noted in the protocol, only
pipet when necessary, and always use wide-bore pipet tips. At least 2 biological
replicates are suggested to confirm DNaseI HS sites are real.

A.1.5 Figure Legends
Fig. 1. Overview of the DNase-chip method (9).
Fig. 2. (A) A Pulsed Field Gel showing a series of digested genomic DNA from
various DNaseI concentration digestions obtained from HeLa cells. Note that DNaseI
concentrations of 0.12U, 0.4U, and 1.2U produced optimal smearing patterns and will be
processed further to make the DNase-chip microarray hybridizing library. (B) A 2%
agarose gel showing lm-pcr products that range between 200-700 bases. Lanes 1-3 were
loaded with 10 µl from independent lm-pcr reactions.
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A.2 Epigenetic Instability of Cytokine and Transcription Factor
Gene Loci Underlies Plasticity of the T Helper 17 Cell Lineage
In a collaborative capacity, I used DNase-chip to decipher the cis-regulatory
changes during T cell differentiation in mice. The following is the abstract for the
published work:
Phenotypic plasticity of T helper 17 (Th17) cells suggests instability of chromatin
structure of key genes of this lineage. We identified epigenetic modifications across the
clustered Il17a and Il17f and the Ifng loci before and after differential IL-12 or TGF-b
cytokine signaling, which induce divergent fates of Th17 cell precursors. We found that
Th17 cell precursors had substantial remodeling of the Ifng locus, but underwent critical
additional modifications to enable high expression when stimulated by IL-12.
Permissive modifications across the Il17a-Il17f locus were amplified by TGF-b signaling
in Th17 cells, but were rapidly reversed downstream of IL-12-induced silencing of the
Rorc gene by the transcription factors STAT4 and T-bet. These findings reveal
substantial chromatin instability of key transcription factor and cytokine genes of Th17
cells and support a model of Th17 cell lineage plasticity in which cell-extrinsic factors
modulate Th17 cell fates through differential effects on the epigenetic status of Th17 cell
lineage factors.

A.3 Modular Utilization of Distal cis-Regulatory Elements
Controls Ifng Gene Expression in T Cells Activated by Distinct
Stimuli
In collaboration, I provided the necessary DNase-chip data to link the
importance of changes in cis-regulatory to T cell activation changes. The following is the
abstract from the published work:
Distal cis-regulatory elements play essential roles in the T lineage-specific
expression of cytokine genes. We have mapped interactions of three trans-acting
factors—NF-kB, STAT4, and T-bet—with cis elements in the Ifng locus. We find that
RelA is critical for optimal Ifng expression and is differentially recruited to multiple
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elements contingent upon T cell receptor (TCR) or interleukin-12 (IL-12) plus IL-18
signaling. RelA recruitment to at least four elements is dependent on T-bet-dependent
remodeling of the Ifng locus and corecruitment of STAT4. STAT4 and NF-kB therefore
cooperate at multiple cis elements to enable NF-kB-dependent enhancement of Ifng
expression. RelA recruitment to distal elements was similar in T helper 1 (Th1) and
effector CD8+ T (Tc1) cells, although T-bet was dispensable in CD8 effectors. These
results support a model of Ifng regulation in which distal cis-regulatory elements
differentially recruit key transcription factors in a modular fashion to initiate gene
transcription induced by distinct activation signals.
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Appendix B - Scripts used for analysis
Example of permutation analysis to empirically determine the
significance of the number human overexpressed genes to the
number of human DHS gains (in R)
hGainF.final_gene.bed VERSUS Fh_up_exp_vsCQ_1183
setwd("/nfs/central/home/ys43/crossSpecies/analysis/expVSdnase")
hGain_dnase<-read.delim("/nfs/furey_sata3/NCS/crossSpecies/results/2011-03-29-refineRegions1/HumanUpFibroblast.final_gene.bed", header=F)
H_up_exp<-read.table("/home/ys43/crossSpecies/Expression/on_hg19/4-2911_calcNormFactors_noExcel/Fh_up_exp_vsCQ_1183.csv")
hGain_dnase_uniq<-unique(hGain_dnase[,5])
trueMatches = intersect(H_up_exp[,1], hGain_dnase_uniq)
length(hGain_dnase[,5])
length(hGain_dnase_uniq)
length(trueMatches)
all_H_exp<-read.table("/home/ys43/crossSpecies/Expression/on_hg19/4-2911_calcNormFactors_noExcel/chINTqh.F.13684.all.csv")
expList<-all_H_exp[,1]
numToSample = length(H_up_exp[,1])
n_dist = vector()
for (i in 1:100000) {
geneSample = sample(expList, numToSample)
n_dist[i] = length(intersect(geneSample, hGain_dnase_uniq))
}
pdf("5-9-11_noExcel_hGain_dnase_699_INT_random_hUP1183_100000.pdf")
hist(n_dist, main="hGainF.final_gene.bed 699 VERSUS Fh_up_exp_vsCQ_1183")
abline(v=length(trueMatches),col="red")
sum(n_dist < length(trueMatches))
dev.off()
write.table(trueMatches, file="5-9-11_noExcel_61_hGain699_int_hUpExp1183.csv")
> length(hGain_dnase[,5])
[1] 836
> length(hGain_dnase_uniq)
[1] 699
> length(trueMatches)
[1] 61
> sum(n_dist < length(trueMatches))
[1] 99976

.
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