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Outline and scope of the thesis

Eukaryotic genomes harbor the information to activate distinct gene expression programs in 
order to generate the plethora of differentiated cell types that make up an organism. While 
the genetic code is static, dynamics in the use of DNA sequences underlie development and 
are driven by transcription factors and the noncoding cis-regulatory elements that transcription 
factors bind to. These ultimately define the transcriptional output of a cell and thereby determine 
its characteristics. The field of “epigenetics” specifically focuses on the processes that influence 
gene expression without changing the genomic sequence itself. These mechanisms can attenuate 
transcription depending on cell-state and developmental stage, but also external cues. This gives 
an organism the ability to respond to its environment, which is called phenotypic plasticity.

An example of phenotypic plasticity is synaptic plasticity, which entails changes in neural 
connectivity as a consequence of environmental stimulation. The basis for this is laid during 
development when synapses get formed, and these connections can be strengthened or altered 
later in life when neuronal activity translates into learning and memory formation. The complexity 
of synaptic plasticity and the large variety of cell types within the central nervous system have 
fuelled the investigation of transcriptional programs in the brain that are responsible for these 
processes. This includes the contribution of epigenetic mechanisms to cis-regulatory elements 
such as promoters and enhancers that cooperate to initiate or boost gene expression, respectively.  
 
In the work described here, we charted active enhancers in a multiplicity of human brain 
regions to understand the contribution of enhancers to brain regionalization as well as cell type 
specialization (chapter 3). In addition, as accelerated turnover had been observed at noncoding 
sequences, enhancer evolution was studied to discover human-specific alterations that not only 
might have contributed to the emergence of the human brain, but also to the human-specific 
vulnerability to neurodegenerative disease (chapter 4). To analyze the presence and possible 
functional consequences of common and rare variation within cis-regulatory elements, an in 
depth genomic comparison was performed between a control panel and Parkinson’s disease 
patients for an intronic α-synuclein (chapter 5). Combined, these chapters underscore the 
important role of enhancers in the brain in a range of (evolutionary) processes from functional 
specialization to neurodegeneration. 
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Introduction
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1.1 Cis-regulatory elements and gene expression control

1.1.1 Genome and epigenome

The human genome comprises over three billion nucleotides in which more than 20,000 
genes are now annotated (Lander, 2011). These protein-coding sequences make up ~3% of the 
genome and while for a long time it was thought that all of the information needed to build an 
organism was encoded in genes, this turned out not to be the case. This insight came with the 
discovery of several noncoding genomic regions that were highly conserved across evolution and 
therefore likely harbored some biological function (Bejerano, 2004; Visel et al., 2008). While 
the noncoding part of the genome had previously been referred to as “junk-DNA”, these ultra-
conserved elements were found to be essential for proper development through the regulation of 
gene expression, which is why they were termed regulatory elements. In addition, a surprising 
abundance of repetitive DNA was revealed across the genome, and distinct classes of repeats are 
now known to be a source for genetic variation as well as transcriptional regulation (Kamal et 
al., 2006). Over the last years, the characteristics of different types of regulatory elements were 
uncovered, and this has strengthened the notion that the processes that determine when and 
to what extend genes are expressed are as important as the genomic blueprint of genes itself 
(ENCODE Project Consortium, 2012). The processes that dynamically control gene expression 
are now classified as ‘epigenetics’, a research field that has evolved significantly during the last 
decade. 

1.1.2 Chromatin structure and histone marks in transcriptional regulation

The genetic information of each cell is packaged into the nucleus. The basic unit for compaction 
is a nucleosome that consists of two molecules of four highly conserved histone proteins: 
histone 2A (H2A), H2B, H3 and H4.  This histone octamere is attached to 147 base pairs 
of DNA and the crystal structure of a nucleosome revealed in detail how the core particle 
and the DNA are closely interacting (Richmond and Davey, 2003). Sequential nucleosomes 
are connected through linker DNA into chromatin that can exist in different conformations. 
Tightly packed heterochromatin is overall inaccessible and not transcribed, while decondensed 
euchromatin is open to transcription factors that can start transcription (Fig. 1) (Eissenberg 
and Reuter, 2009). Regulatory cues can drive switches between closed and open chromatin 
that lead to gene expression changes involving large groups of genes within a chromosomal 
neighborhood. In fact, the dynamics between chromosome compaction and relaxation are 
the result of a complex interaction between distinct epigenetic mechanisms such as DNA 
methylation, noncoding RNAs, histone variants, three-dimensional nuclear architecture and 
histone modifications. In light of the scope of this thesis, the latter will be focused on.   
 
H2A, H2B, H3 and H4 have a N-terminal tail domain that is subject to a broad range of 
post-translational modifications (Campos and Reinberg, 2009). For example, acetylation, 
phosphorylation, methylation and ubiquitylation influence gene transcription (as well as processes 
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such as DNA repair, replication, recombination) by adjusting intra- and inter-nucleosomal 
electrostatic interactions which results in chromatin conformation changes, but also by serving as 
a docking site for effector proteins. In depth studies of histone marks at different genomic regions 
have coupled the presence of defined marks (or combinations of those) to transcriptional activity 
(Calo and Wysocka, 2013). For instance, the presence of histone 3 lysine 4 (H3K4) methylation 
and H3K27 acetylation around the transcriptional start site of genes was linked to transcriptional 
activation, while H3K27 trimethylation was found on histones around inactive genes (Fig. 1). 
Importantly, histone marks can be removed and deposited in a dynamic manner, which gives a 
cell the possibility to use its genetic code in many different ways.   

1.1.3 The role of cis-regulatory elements

Histone signatures linked to transcriptional activity in the noncoding parts of the genome are 
often indicative of cis-regulatory elements. These comprise short stretches (~200 bp) of DNA 
that contain recognition motifs onto which sequence specific binding proteins can dock (Jolma 
et al., 2013). This typically starts with the recruitment of so-called pioneer factors that loosen 
the chromatin, which increases accessibility to other transcription factors (Biggin, 2011; Smale, 
2010; Spitz and Furlong, 2012). This combinatorial co-localization ultimately results in a stable 
functional complex on the DNA that is surrounded by histones with certain epigenomic signatures 
(Fig. 1). The actual regulatory element is devoid of histone marks as it is nucleosome free to 
facilitate the binding of the machinery that affects transcription (Knezetic and Luse, 1986).   

Regulatory elements have so far been categorized into four groups based on common functionality 
and/or characteristics. Elements that are directly upstream of transcription initiation are 
mainly referred to as ‘promoters’. More distant genomic regions that either boost or suppress 
transcription are called ‘enhancers’ and ‘repressors’, respectively, and ‘insulators’ were found to 
serve as chromatin boundaries and to subdivide the genome into chromatin compartments called 
topological associated domains (TADs) (Dixon et al., 2012; Peric-Hupkes et al., 2010; Phillips-
Cremins et al., 2013). Most of the identified cis-regulatory elements are enhancers, which are now 
known to be responsible for the spatial-temporal control of gene expression. Indeed, enhancers 
are often cell type-specific and support tissue-specific transcriptional programs. By fine-tuning 
when and in which cells genes get expressed, they allow for differentiation into the multiplicity 
of cell types that an organism consists of. 

While some genes were found to be under the control of one cis-regulatory element, many 
genes are regulated by a combinatorial effect of multiple enhancers. These enhancers can be 
located hundreds of kilo bases away from their target genes (Banerji et al., 1981) and interact 
with their target promoters through the formation of chromatin loops. This allows for the 
assembly of the transcription factor complexes that drive transcriptional activation (Fig. 1) 
(Bulger and Groudine, 2011; de Wit and de Laat, 2012; Sanyal et al., 2012; Schoenfelder 
et al., 2010). The mechanism through which enhancer affinity for certain promoters is 
established remains poorly understood but certain compatibility, such as biochemical 
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compatibility or spatial proximity in the nucleus, has to underlie these interactions as 
not all enhancers regulate the closest transcriptional start site in the genome.   
 
1.1.4 Evolution of regulatory DNA

Around 40 years ago, it was first postulated that ‘the mechanisms that control gene expression will 
probably be as important,  if not more important, in evolution as coding sequences themselves’ (King 
and Wilson, 1975). Over the last decade, technological advances in sequencing approaches have 
allowed for the comparison of whole genomes between many different species greatly facilitating 
the discovery of such mechanisms. For instance, genome comparisons have led to the identification 
of conserved elements across mammals within noncoding DNA that were subsequently shown to 
harbor enhancer activity. Interestingly, some of these elements displayed elevated mutation rates 
within the primate or human lineage specifically indicating that these sequence changes may 
have preferentially been selected for (Bird et al., 2007; Lindblad-Toh et al., 2011; Prabhakar et 
al., 2006a). Multiple of these so-called primate and human accelerated regions (PARs and HARs; 
respectively) were associated with biological processes that may have been involved in evolutionary 
divergence (Bird et al., 2007; Lindblad-Toh et al., 2011; Prabhakar et al., 2006b). These 
sequence-based predictions have now been partially validated for a number of cases (Boyd et al., 
2015; Pollard et al., 2006). For instance, human-specific alterations in the noncoding accelerated 
region HACNS1 resulted in a human-specific gain of enhancer activity in the limb (Cotney et 
al., 2013; Prabhakar et al., 2006b; 2008), which was proposed to contribute to the development 
of the opposable thumb that allows humans to grip and move objects with great precision.   
 
Accelerated regions represent a specific set of elements with a sudden unusually large increase 
of sequence changes that can only be detected in extremely conserved DNA. However, only a 
fraction of the regulatory regions was found to be ultra-conserved across evolution. While genes 
and their promoters are very conserved, most noncoding enhancer elements have undergone 
many changes at the sequence level approaching conservation levels of junk DNA (Haygood 
et al., 2010). The observation that sequence variation at enhancers is overall limited can be 
explained by a number of insights. For instance, the expression of most genes is influenced by the 
activity of more than one regulatory region suggesting there is a substantial amount of redundancy 
(Cannavò et al., 2016; Hong et al., 2008; Perry et al., 2010). Similar to duplicated genes, one of 
the elements can become a source of novelty while not loosing ancestral function. An additional 
reason for the apparent lack of sequence conservation at enhancers can be attributed to their 
refined spatio-temporal activity pattern, which allows for alterations in specific cell types thus 
limiting pleiotropic effects. Finally, the degenerate nature of transcription factor binding sites 
within enhancers allows for the functional conservation of regulatory activity, sometimes in the 
complete absence of sequence conservation (Fisher et al., 2006; Hare et al., 2008).

As enhancer sequences were found to change significantly over time, genome comparisons 
were insufficient to predict regulatory activity and changes. This is why multiple studies have 
now focused on interspecies comparisons using the epigenetic signatures that characterize 
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regulatory elements. Indeed, these analyses have confirmed that while promoters are generally 
conserved, chromatin signatures at enhancers vary extensively across evolution with each 
mammalian clade deploying nearly 10,000 new enhancers in one single tissue (Villar et al., 
2015). Furthermore, many of these evolved enhancers have been linked to genes under 
positive selection, which further strengthens the connection between regulatory elements 
and evolutionary divergence (Villar et al., 2015). Therefore, while genes stay relatively 
constant across evolution, most of the regulatory landscape is subject to evolutionary change.  

1.2 Different parts of the brain and (non-) neuronal cell types

Human evolution is characterized by the gain of unique traits such as language, complex social 
behavior and conceptual learning. How these properties have evolved is largely unclear, but 
they can at least partially be attributed to an enlarged cerebral cortex, increased connectivity 

Figure 1. From nucleosome to chromatin. Nucleosomes form the basic building block of chromatin 
and contain a histone octamere around which 147 basepairs of DNA are wound. Histone tails stick out of 
the nucleosome body and can be modified in many different ways. H3K4me1 and H3K27ac are two post-
translational modifications that are now known to be present at active genomic regions. Nucleosomes are 
linked and compacted into chromatin, that can either be closed (heterochromatin) or open to transcription 
(euchromatin). Transcriptional activity is established through the assembly of a functional transcription start 
complex at the promoter of genes. Often, cis-regulatory elements (like enhancers) contribute to this by bringing 
other/more transcription factors (TFs) in the proximity of their target gene promoter through chromatin looping.
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between brain areas and/or specialized neural gene expression programs. Understanding the 
(developmental) changes that distinguish us from other mammals is thus essential when wanting 
to uncover the mechanisms that underlie the emergence of the human brain.  

1.2.1 Subdivision of the brain into anatomically and functionally distinct regions

The human brain is the most complex organ of the body and can be subdivided into three 
different parts: the brain stem, the cerebellum and the forebrain. The brain stem is the oldest 
part of the brain and forms the connection between the forebrain and the spinal cord. It changed 
least across vertebrate evolution and contains centers that control vital functions to all vertebrates 
such as heartbeat, swallowing and breathing (Sherwood et al., 2012). The cerebellum is attached 
to the top of the brainstem and has a major role in motor control. Most vertebrates have a 
cerebellum and even though it changed relatively little across evolution, it is better developed in 
flying mammals. In humans, it is essential for the fine-tuning coordination and plays a role in 
cognition (Thach, 1998). The cerebrum is the brain structure that underwent most changes over 
evolutionary time and can be subdivided into the diencephalon and the cerebrum (Sherwood 
et al., 2012). The diencephalon houses important nuclei such as the thalamus, the main relay 
station for sensory input, and the hypothalamus, which connects the nervous and endocrine 
system. The cerebrum is the outer part of the brain and there is a clear correlation between a 
larger, more convoluted cerebrum and species complexity. The cerebrum is most complex in 
humans where it comprises 80% of the total brain weight and consists of two hemispheres. The 
outer layer, the cortex, is characterized by gyri (folds) and sulci (grooves) and exerts complex 
functions through the use of different brain regions with distinct functionality. The hemispheres 
can be subdivided into the frontal lobe, the parietal lobe, the temporal lobe and the occipital lobe 
(Fig. 2) and harbor the motor cortex, five sensory cortices (primary visual, auditory, olfactory, 
gustatory and somatosensory cortex) and association cortices (Fig. 2). The motor cortex in the 
dorsal part of the frontal lobe controls voluntary movements. The (primary) sensory cortices 
receive sensory input from receptors all over the body and the association cortex contributes 
to the processing of information that arrives at the sensory cortices and aids to translate this 
into behavior. The limbic system, consisting of part of the cerebrum and the diencephalon 
controls memory and emotion. The left and right hemisphere are connected by the corpus 
callosum, a thick band of nerve fibers, and process different types of information.    
 
1.2.2. Cellular diversity within the brain

The nervous system is made up out of neurons and glial cells. While neurons are the signaling 
units, glial subtypes provide support to neurons in various ways. The human brain comprises 
around 100 billion neurons, ten to fifty times more supporting glial cells and these different 
cell types are wired into a network with an immense number (~1014 to 5 x 1014) of synaptic 
interactions (Drachman, 2005). The ratio of neuronal versus non-neuronal cells varies between 
brain regions. In the cerebral cortex, this ratio is more or less 1/1 (Pelvig et al., 2008). In the 
white matter and subcortical nuclei of the brain however, the amount of glial cells outnumbers 
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neurons by a factor 10 (Azevedo et al., 2009). On the contrary, the cerebellum is known to 
contain almost only neurons, and comprises ~80% of the total pool of neurons that is found in 
the brain (Andersen et al., 1992)

Neurons can broadly be classified into excitatory pyramidal neurons and inhibitory interneurons. 
Pyramidal cells account for most (~80%) of the cortical neurons, use glutamate as a neurotransmitter 
and connect to local circuitries as well as making long-range interactions to other parts of the 
neocortex and subcortical structures through spiny dendrites. Inhibitory interneurons comprise a 
smaller fraction (~20%) of the total pool, signal through GABA (ϒ-amino-butyric acid) mainly 
and present with aspiny dendrites that do not project down to other brain regions but stay 
local. Neurons receive input from multiple other (types of ) neurons and the sum of excitatory 
(depolarizing) and inhibitory (polarizing) signals ultimately determines brain activity and brain 
function (Petroff, 2002). 

The major glial subtypes include oligodendrocytes, astrocytes and microglia, which, in contrast 
to neurons, do not participate in the electrical signaling that occurs at synapses but rather support 
neurons. Oligodendrocytes are the myelinating cells of central nervous system and insulate 
axons to enable high velocity nerve conduction (Bradl and Lassmann, 2010). Astrocytes are star 
shaped and provide physical support to other neural cells by forming a network that also isolated 
synapses. They are characterized by GFAP (glial fibrillary acidic protein) expression and nourish 
neurons through providing them with lactate (result of glucose metabolism) that they can use 
for energy production. Recent studies reveal additional roles. Astrocytes not only get rid of waste 
to ‘clean’ the brain, but are also involved in eliminating excess factors from neuronal synapses, 
thereby fine-tuning synaptic transmission (Haydon and Carmignoto, 2006). In addition, GFAP-

Figure 2. Cerebrum of the adult human brain. The hemispheres of the human brain can be subdivided into 
lobes (frontal, parietal, temporal, occipital lobe) that can be further delineated into functionally distinct regions. 
The motor and primary sensory cortices are indicated. 
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expressing progenitors in the subventricular zone have been shown to exhibit stem cell like 
characteristics such as proliferative capacity (Gonzalez-Perez and Quiñones-Hinojosa, 2012). 
This is activated upon injury, leads to glial scar formation, and has now, in contrast to earlier 
predictions (Silver and Miller, 2004), been shown to promote axonal regeneration (Anderson et 
al., 2016). Microglia are the macrophages of the central nervous system and protect the brain 
against varies types of pathogens. Small pathological changes can activate microglia, which has 
to be controlled accurately as over-activation of microglia has been indicated in the pathogenesis 
of for example Parkinson’s disease (Long-Smith et al., 2009). The wide variety of functions of all 
glial subtypes stresses that these cells are more than supportive and that they are indispensable 
for proper brain function.

While general classifications such as neuronal versus non-neuronal or excitatory versus inhibitory 
are generally accepted, neuroscientists agree less on the recognition of more specialized populations. 
Direction of nerve impulse, neurotransmitter release, cell morphology and firing properties are 
some of the criteria that have classically been used to classify neurons and the central nervous 
system is thought to harbor ~1000 different neural cell types. Recent technological advances have 
influenced the way of categorization by separating neural cell types based on their gene expression 
program. Isolation and next generation RNA sequencing of (relatively) pure populations has 
allowed for the assembly of reference profiles that is based on the expression of multiple marker 
genes within one cell type (Cahoy et al., 2008; Zhang et al., 2014). Over the last years, single-
cell sequencing methods have enabled further dissection of neuronal diversity, but the resolution 
of the obtained molecular profiles depends on the number of cells that is used and the depth at 
which is sequenced. It has successfully been done for a number of different murine brain regions 
(Poulin et al., 2016; Zeisel et al., 2015), but also cell type populations such as dopaminergic 
neurons (Chiu et al., 2014; Poulin et al., 2014; Usoskin et al., 2015) and has provided new 
insights into the cellular diversity of the brain. For example, for the murine primary visual cortex, 
new cell types could be added to the compendium of cells that were known to be present in this 
cortical area (Tasic et al., 2016). In total, 49 transcriptomic cell types were identified of which 
most could be related to earlier described, broadly defined categories but which could be further 
subdivided based on very specific marker genes. While this shows the power of single-cell RNA 
sequencing, these analyses would preferentially be complemented with single-cell epigenomics 
and/or proteomics. Single-cell methods are starting to emerge, but remain subject to technical 
challenges until now. This is why the insights that were gained on the epigenome and proteome 
of the (human) brain mainly stem from cell ensembles (Mo et al., 2015; Roadmap Epigenomics 
Consortium et al., 2015; Sharma et al., 2015; Vermunt et al., 2014; Xin et al., 2012; Zhu et al., 
2013). Even though these analyses pave the way to uncover the true composition of the brain, 
extensive single-cell analyses will be required to reveal ‘all’ cell types of the brain.
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Abstract  
 
Over the last decade, the noncoding part of the genome has been shown to harbour thousands of 
cis-regulatory elements, such as enhancers, that activate well-defined gene expression programs. 
Driven by the development of numerous techniques, many of these elements are now identified 
in multiple tissues and cell types, and their characteristics as well as importance in development 
and disease are becoming increasingly clear. Here, we provide an overview of the insights that 
were gained from the analysis of noncoding gene regulatory elements in the brain and describe 
their potential contribution to cell type specialization, brain function and neurodegenerative 
disease.

2.1 Introduction

Cell state specification is determined by the tight control of gene expression programs that arise 
as a result of preprogrammed developmental cascades as well as environmental stimuli (Nord 
et al., 2013; Zhu et al., 2013). Transcriptional regulation is a dynamic process and is guided by 
transcription factors that occupy cis-regulatory elements (CREs) in noncoding parts of the genome. 
CREs are short stretches of DNA that contain recognition motifs onto which transcription 
factors can dock (Bulger and Groudine, 2011). These in turn recruit cofactors that modify the 
local chromatin environment and that influence the assembly of a functional transcriptional 
apparatus at the core promoter of genes. Our understanding of the basic principles of gene 
regulation and the role that transcription factors play in this process have increased substantially 
over the last 10 years (Lee and Young, 2013). Close to 1400 transcription factors have been 
identified (Vaquerizas et al., 2009) and recent advances in large-scale sequencing techniques 
are further expanding our insights of transcriptional regulation by allowing the identification 
of hundreds of thousands of CREs as well as the networks in which they operate (Roadmap 
Epigenomics Consortium et al., 2015). Small sets of master regulators have emerged as central to 
the coordination of these transcriptional networks during development (Lee and Young, 2013; 
Young, 2011). Accordingly, overexpression of such factors can initiate reprogramming of fully 
differentiated cells towards a different developmental path (Takahashi and Yamanaka, 2015). Thus, 
while studying transcription factors and their regulatory networks has provided critical insight 
into the processes of cell state specification, it has also allowed us to control these states.   
 
Numerous diseases, including most cancers, are caused by aberrant transcriptional regulation 
which is often the result of mutations in transcription factors or their associated cofactors 
(Lee and Young, 2013). Interestingly, a number of diseases have also been linked to mutations 
within CREs (Benko et al., 2009; Lettice, 2003; Smemo et al., 2014). In addition, most single 
nucleotide polymorphisms (SNPs), associated with a variety of disorders, have been identified 
in noncoding DNA (Ward and Kellis, 2016). Therefore, efforts to understand the genetic and 
epigenetic basis of pathology have significantly shifted focus from coding sequences (i.e. genes) 
towards noncoding regulatory elements. This is especially the case for complex diseases such as 
neuropsychiatric and neurodegenerative disorders, in which much of the underlying heritability 
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has remained elusive (Mitsui and Tsuji, 2014). In the current review we focus on gene expression 
control in the human brain. We summarise how large-scale identification of cis-regulatory DNA 
is starting to broaden our understanding of transcriptional programs in the brain and how this 
knowledge can be used to uncover gene regulatory alterations that contribute to complex brain 
diseases.

2.2 Unravelling transcriptional programs in the brain 

For decades, scientists have been attempting to unravel the transcriptional programs that give 
rise to the wide variety of neuronal cell types that collectively make up the central nervous 
system. Several transcription factors were shown to play key roles in neurogenesis and neuronal 
diversification (for an extensive review see (for an extensive review see (Silbereis et al., 2016)). For 
instance, the expression of Dlx1 (distal-less homeobox 1) and Dlx2 counteracts the expression 
of Olig1 (oligodendrocyte transcription factor 1) and Olig2 to promote interneuron fate over 
oligodendrocyte specification and vice versa (Petryniak et al., 2007; Silbereis et al., 2014). 
Furthermore, upregulation of the transcription factor Pax6 (paired box 6) induces neurogenesis 
through induction of Ngn2 (Neurogenin 2) (Sansom et al., 2009). Surprisingly, overexpression 
of Pax6 could also induce neurogenesis in post-natal astrocytes in vitro, representing one of the 
earliest examples of lineage conversion directed by a single transcription factor (Heins et al., 2002). 
Ngn2 as well as Ascl1 (achaete-scute homolog 1), another key factor in neurogenesis, was also 
shown to be able to drive neuronal cell fate specification in post-natal astrocytes suggesting that 
differentiation boundaries could be overcome using specific transcription factors (Berninger et al., 
2007). Following these discoveries, select combinations of transcription factors were identified 
that, when overexpressed, were able to induce major cell state changes (Takahashi and Yamanaka, 
2015). This included the direct conversion of fibroblasts into neuronal cell types (Vierbuchen et al., 
2010), which has now been achieved through overexpression of different combinations of neuronal 
transcription factors, typically using Ascl1 as a cornerstone factor (reviewed in (Ang and Wernig, 
2014)). These data demonstrate that transcription factors play a central role in determining cell 
state specification in the nervous system as well as in controlling the plasticity of these states.   
 
Following the emergence of genome-scale transcriptome analyses, spatio-temporal gene 
expression programs in the brain are now rapidly being elucidated. Large consortia, including the 
Allen Institute for Brain Science and BrainSpan, have collected gene expression data in murine 
and human tissues at different developmental stages as well as in brain tissue from humans 
suffering from neurological disorders (Hawrylycz et al., 2012; Miller et al., 2014). Furthermore,
co-expression analysis of these types of data has revealed a hierarchical structure of networks in 
which certain transcription factors present as central (hub) genes that modulate the expression 
of other genes (Kang et al., 2011; Konopka et al., 2012; Miller et al., 2014). For instance, TBR1 
(T-Brain 1) and EMX2 (Empty Spiracles Homeobox 2) have emerged as hub regulators in the adult 
human brain (Kang et al., 2011) and are well-known cortical transcription factors involved in state 
specification of cortical progenitors and adult neurons (Bayatti et al., 2008). While these analyses are 
starting to reveal the hierarchal structure of gene regulatory networks, a full grasp of their complexity 
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can only be achieved when combined with intricate knowledge of the underlying CREs to which 
these transcription factors bind. The latter analysis has until recent years been lagging behind.  

2.3 Characteristics of cis-regulatory DNA  

CREs are short stretches of noncoding DNA, typically 200–500 base pairs in length, that 
contain sequence motifs that are recognized and bound by transcription factors (Fig. 1A) 
(Hardison and Taylor, 2012; Jolma et al., 2013). The spacing, location and sequence content 
of these binding motifs can be either very relaxed or tightly determined depending on which 
enhancer is assayed (Rubinstein and de Souza, 2013). The number of potential binding motifs 
within the genome for a given transcription factor typically outpaces the number of actual 
binding events by an order of magnitude (Biggin, 2011). This is primarily explained by the 
combinatory nature of transcription factor binding (Biggin, 2011; Spitz and Furlong, 2012; 
Stampfel et al., 2015). Typically, a hierarchical sequence of binding events will start with the 
docking of so-called pioneer factors that promote the accessibility of DNA to other proteins 
(Li et al., 2008; Smale, 2010; Spitz and Furlong, 2012). This will stabilize a core complex 
that in turn recruits other, more ubiquitously expressed, cofactors through protein-protein 
interactions (Smale, 2012). These cofactors can further modify the local chromatin environment 
by adding defined epigenetic modifications to histone tails, thus creating additional docking 
sites for proteins and further altering local chromatin state (Calo and Wysocka, 2013). 
Alternatively, they may directly influence transcription initiation at the core promoter.   
 
The combined activity of different transcription factors bound to a single element ultimately 
determines its regulatory capacity as being an activator (enhancer) or repressor (silencer) 
of gene expression. CREs are considered part of the promoter when located next to a gene’s 
transcriptional start site onto which the RNA polymerase II transcription initiation complex 
is assembled. However, they can also be situated at large genomic distances (up to 1 million 
base pairs (Lettice, 2003)) and interact with the promoter of their target gene through a 
process called chromatin looping (de Laat and Duboule, 2013; Dekker and Heard, 2015). 
Several factors such as CCCTC-binding factor (CTCF), mediator and cohesin are involved in 
the establishment of these long-range interactions (Kagey et al., 2010; Phillips-Cremins and 
Corces, 2013; Seitan et al., 2013). The genomic architecture within a cell’s nucleus is further 
shaped by CTCF boundaries, called insulators, into neighbourhoods in which genes and 
their CREs are isolated (Fig. 1A) (Dixon et al., 2012; Nora et al., 2012; Phillips-Cremins and 
Corces, 2013). Target gene regulation is often restricted to these domains and dependent on 
the combined activity of CREs (Seitan et al., 2013). Genes can also be regulated by multiple 
enhancers in a modular fashion meaning that separate enhancers support gene expression 
in a particular anatomical structure or cell type (Fig. 1A) (Rubinstein and de Souza, 2013; 
Spitz and Furlong, 2012). For instance, different neural enhancers independently regulate 
the expression of proopiomelanocortin across several neuroanatomical regions (de Souza 
et al., 2005). Therefore, sets of transcription factors operate through a number of CREs to 
orchestrate the activation and repression of genes into well-defined transcriptional programs.  
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2.4 Genome-wide annotation of CREs

Early discovery of CREs relied on the careful analysis of a handful of single gene regions (Banerji 
et al., 1981). One of the most well-studied examples is the beta-globin locus (Trudel and 
Costantini, 1987). Similar efforts have led to the identification of regulatory DNA that acts 
on the Pax6 gene in the lens. Later, it became clear that Pax6 is under the control of multiple 
enhancers to strictly regulate its expression in the eye, brain and pancreas (Kleinjan et al., 2006). 
This underscored the function of enhancers as modular regulators of gene expression in a cell 
type-specific manner. Based on the fact that gene function is typically conserved across species, 
the assumption that gene regulation would be equally conserved led to the identification of 
several thousands of predicted enhancer sequences across species using comparative genomics 
(Nobrega et al., 2003; Pennacchio et al., 2006). Typically, half of these highly conserved elements 
contained measurable enhancer activity when tested in transgenic animals using reporter assays 
and a significant portion supported expression in the developing nervous system (Pennacchio et 
al., 2006; Visel et al., 2008). However, several enhancers that were found by analysing specific 
genes of interest displayed little evidence of sequence conservation, with some showing no 
sequence conservation despite being functionally conserved (Fisher et al., 2006; Hare et al., 
2008). This raised the question on how much regulatory information was still missing.  
 
The realization that cis-regulatory DNA contains specific epigenetic footprints (Heintzman et al., 
2009; Mikkelsen et al., 2007), combined with the emergence of large-scale sequencing techniques to 
measure them genome-wide (Mikkelsen et al., 2007), has significantly propelled our understanding 
of the regulatory networks that dictate gene expression. For instance, CREs typically reside in open 
chromatin and are generally characterized by low nucleosome density in combination with defined 
histone variants or histone modifications (Calo and Wysocka, 2013). The accessibility of CREs 
can be exploited to chart their location at a genome-wide level using a variety of large-scale assays 
(Buenrostro et al., 2015; Giresi et al., 2007; John et al., 2013). While most of the identified regions 
are likely enhancers, open chromatin also contains insulators bound by CTCF (Phillips-Cremins 
et al., 2013), repressors such as regions occupied by REST (RE1 Silencing Transcription Factor) 
(Chong et al., 1995) and potential other regulatory elements (Gross and Garrard, 1988).   
 
Different types of CREs are associated with distinct histone signatures and transcription factors 
(Calo and Wysocka, 2013; Heintzman et al., 2007), the location of which can be measured by 
chromatin immunoprecipitation (ChIP) followed by sequencing. Promoters are mainly marked 
by histone 3 lysine 4 mono-methylation (H3K4me1) and H3K4me3, while H3K4me1 in the 
absence of H3K4me3 selectively associates with distal regulatory regions (Heintzman et al., 2007). 
H3K4me1 may function to protect genomic regions from repressors that bind unmodified H3K4 
(Lan et al., 2007; Ooi et al., 2007) or alternatively as a docking site for factors that enhance the 
regulatory potential of the region by altering its accessibility (Jeong et al., 2011). This signature 
is found at enhancers that are active, poised or repressed and remains long after activity has seized 
(Bernstein et al., 2006; Creyghton et al., 2010; Heintzman et al., 2007; Rada-Iglesias et al., 2011). 
The presence of histone 3 lysine 27 acetylation (H3K27ac) is indicative of active promoters as 
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well as enhancers (Bonn et al., 2012; Creyghton et al., 2010; Rada-Iglesias et al., 2011; Roadmap 
Epigenomics Consortium et al., 2015; Wang et al., 2008). The acetyltransferases p300 and 
CREB binding protein (CBP) that deposit H3K27ac are similarly used to identify enhancers 
(Visel et al., 2009). Acetylated lysines direct regulatory activity by serving as docking sites for 
bromodomain containing cofactors (Filippakopoulos et al., 2012). However, they also influence 
chromatin compaction by attenuating histone-DNA interactions through the neutralization 
of electrostatic interactions (Fenley et al., 2010). Acetylation-based enhancer predictions are 
confirmed in reporter assays in ~70% of the cases presuming that a substantial fraction of the 
enhancer sequence is assayed (Hawrylycz et al., 2012; Nord et al., 2013; Smale, 2012; Spitz and 
Furlong, 2012). Furthermore, the discovery rate of enhancers using acetylated lysines is also 
relatively high (Bonn et al., 2012). Other assays to assess enhancer activity have been explored 
and were shown to be indicative of tissue-specific activity as well (Andersson et al., 2014; Arnold 
et al., 2013; Kim et al., 2010). However, as CRE identification through the use of histone 
marks is relatively easy and robust, it currently remains the most frequently used method.  
 
2.5 Emerging concepts from large-scale identification of cis-regulatory DNA

The epigenomic analysis of regulatory networks has substantially enhanced our understanding of 
how CREs operate, how these elements evolved across evolutionary time and according to which 
rules target genes are specified and controlled. For instance, the majority of distal regulatory 
elements were found to function as enhancers (over 400,000 predicted), often in a temporal and 
tissue-specific manner (Heintzman et al., 2009; Nord et al., 2013; Visel et al., 2009; Zhu et al., 
2013). In contrast, promoters, insulators and the overall topological structure of the genome were 
mostly found conserved between cell types (de Wit et al., 2013; Heintzman et al., 2009). Similar 
observations were done over evolutionary time. While enhancer activity was shown to be poorly 
conserved across species, promoters and chromatin architecture were overall similar (Odom et 
al., 2007; Reilly et al., 2015; Vermunt et al., 2016; Vietri Rudan et al., 2015; Villar et al., 2015). 
The fact that enhancers are highly tissue-specific as well as the fact that multiple enhancers can 
act together on a single gene in a redundant fashion, partially explains this lack of conservation 
(Hong et al., 2008; Perry et al., 2010). Furthermore, redundancy in recognition motifs allows 
enhancers to remain functionally conserved despite a lack of sequence similarity (Domené et al., 
2013; Fisher et al., 2006; Hare et al., 2008; McGaughey et al., 2008; Swanson et al., 2010).  
 
Different types of promoter and enhancer elements were discovered based on their activity. 
Enhancers can be active (bound by H3K27ac), while they can also exist in a poised state ready 
to be activated (Creyghton et al., 2010; Rada-Iglesias et al., 2011). A poised state is part of 
the transcriptional program that specifies cell state and gives the cell a set of transcriptional 
options to deploy rapidly in response to environmental cues. For instance, neurons are able 
to quickly integrate external stimuli and translate this into gene expression changes that can 
be either short or persist for longer periods. This signalling network, which is important 
during brain development to stabilize synapses, is also involved in synaptic plasticity and 
thus learning, cognition and memory (West and Greenberg, 2011). Recent data in mouse 
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cortical neurons, demonstrated that activity-dependent transcriptional changes are at least 
partially established through rapid epigenetic alterations in a pre-programmed poised 
enhancer network by the early response factor FOS (Kim et al., 2010; Malik et al., 2014).   
 
While these principles represent some of the emerging concepts coming from large- scale CRE 
identification, one of the most important insights gained from these analyses is that much of 
the unexplained heritability of disease phenotypes might be located in deregulated noncoding 
regulatory regions (Ward and Kellis, 2016).

2.6 Misregulation of enhancers in disease 

The importance of correct gene expression control is underscored by the misregulation or 
mutation of transcription factors in numerous diseases (Lee and Young, 2013). For instance, 
ASCL1 mutations can give rise to Ondine’s curse, a severe neurological disorder that leads to fatal 
sleep apnoea (de Pontual et al., 2003). However, the effects of mutations within transcription 
factors are often pleiotropic and thus affect multiple cell types resulting in severe developmental 
defects that are typically incompatible with life. Instead, many disorders are characterized by 
more subtle tissue-specific defects. For example, mutations in the coding sequence for sonic 

Figure 1. Cis-regulatory elements in gene expression and disease. (A) The genome is subdivided into 
chromatin neighbourhoods (upper panel). Within domains, delineated by CTCF (green) and typically analyzed 
by chromatin conformation capture techniques (hypothetical Hi-C result shown), enhancers drive target gene 
expression through long-range interactions with the promoter of their target gene (two examples shown below 
the domains). Enhancers often regulate genes in a tissue-specific manner as depicted here for brain (blue) and 
liver (red). Functional CREs comprise stretches of binding motifs that are bound by transcription factors to 
ultimately determine CRE activity (bottom). (B) The combination of enhancer identification and GWAS studies 
has revealed that many single nucleotide polymorphisms (yellow) lie within cis-regulatory DNA (blue, H3K27ac 
in brain; red, H3K27ac in liver). Variation within CREs can contribute to disease susceptibility and aid in the 
identification of relevant cell types. 
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hedgehog (SSH) lead to early termination of embryonic development while a mutation 
within an enhancer that regulates SSH expression in the limb bud specifically causes preaxial 
polydactyly (Lettice, 2003). While this phenotype arises from faulty expression of SSH, 
misregulation is restricted to the developing limb and therefore irrelevant in other tissues.   
 
Early studies targeting specific genomic loci by extensive long-range mapping have 
established a handful of enhancers as causative in very specific disorders such as the beta-
globin enhancers in Thalassemia’s (Kioussis et al., 1983; Semenza et al., 1984) and a RET 
enhancer in Hirschsprung disease (Bolk et al., 2000; Gabriel et al., 2002). After these 
observations, additional enhancer mutations were found in a variety of disorders including 
Pierre Robin syndrome (Benko et al., 2009), pancreatic agenesis (Weedon et al., 2014) 
and congenital heart disease (Smemo et al., 2012). The latter underscored the modularity 
of enhancers as mutations in TBX5 (T-box 5) result in congenital heart defects and limb 
malformations while mutations in single enhancers could decouple these phenotypes.   
 
In addition, several different modes of enhancer deregulation were uncovered. In acute lymphoid 
leukaemia, aberrant transcriptional regulation was found to result from point mutations that 
created a new enhancer in front of the TAL (Transcription activator-like) oncogene (Mansour et 
al., 2014). Enhancer driven oncogene activation was also shown to occur as a result of enhancer 
translocations including the classic example of Burkitt lymphoma in which the MYC oncogene 
falls under the control of an immunoglobulin enhancer after a t(8;14) chromosomal translocation 
(Wittekindt et al., 2000). More recently it was demonstrated that oncogene activation can occur 
after disruption of insulated chromatin neighbourhoods (Flavahan et al., 2016; Hnisz et al., 
2016). As a result, expression of proto-oncogenes was increased through newly established long-
range interactions. Finally, the epigenomic deregulation of enhancers by loss of DNA methylation 
was shown to be widespread in tumors (Aran and Hellman, 2013). These results demonstrate 
that diverse modes of enhancer misregulation can underlie a host of diseases and can explain the 
tissue-specific manifestation of such disorders. 

2.7 Enhancers as a source for common variation in disease susceptibility

With more than 400,000 potential noncoding regulatory elements identified in the human 
genome, the mutational space for disease-causing events has increased substantially. The 
inability to explain disease heritability by gene mutations alone as well as the presence of more 
than 85% of disease-associated variants in noncoding DNA (Freedman et al., 2011), have 
strengthened the notion that much of the genetic variation that is relevant to disease lies within 
regulatory DNA (Fig. 1B). This has been supported by earlier extensive investigation of the 
RET gene locus for which a common variant within a RET enhancer was found to increase 
Hirschsprung disease susceptibility (Emison et al., 2005; Grice et al., 2005). Nevertheless, 
linking the disease-associated variant to specific regulatory elements often remained challenging. 
For instance, in depth analysis of a risk haplotype in the 5’ region of SORL1 (Sortilin-related 
receptor L) provided important new insight into the pathogenesis of Alzheimer’s disease 
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while the exact polymorphism behind this effect remained elusive (Young et al., 2015).  
 
Based on these observations, the integration of genome-wide association studies with datasets 
of annotated enhancer elements has rapidly led to the discovery of potential disease- associated 
variants in predicted enhancer elements (Fig. 1B) (ENCODE Project Consortium, 2012; 
Kasowski et al., 2013; Khurana et al., 2013; Kilpinen et al., 2013; Maurano et al., 2012; McVicker 
et al., 2013). This revealed that common disease variants preferentially occurred at enhancers 
in cell types known to be affected by the disease and therefore yielded a trove of candidates 
for further study. For example, while common variants that alter susceptibility to behavioural 
disorders preferentially occurred in foetal brain CREs (Maurano et al., 2012), common variants 
associated with increased Parkinson’s disease (PD) susceptibility were found preferentially in 
CREs of the adult human brain (Fig. 1B) (Vermunt et al., 2014). In agreement with this, a 
number of neural transcription factor binding sites (e.g. Pax6 and Otx1) were disproportionally 
affected by variants associated with neuropsychiatric diseases and traits (Maurano et al., 2012). 
Several surprising observations were also made such as an unexpected link between B-cells and 
multiple sclerosis (Maurano et al., 2012). This suggested that specific cell types that are affected 
in disease could be deducted from the integration of cell type-specific enhancers and genome-
wide association (GWAS) data (Fig. 1B). Similarly, in a more recent study, common variation 
in Alzheimer’s disease was linked to the immune system suggesting that much of the regulatory 
variation underlying this disease may not be intrinsic to neurons (Gjoneska et al., 2015). This 
underscores the relevance of integrating the two data types to uncover new cell types that are 
involved in disease susceptibility, but also to prioritize the regulatory elements that are likely 
affected by genomic variation. Furthermore, it solidifies the notion that intra-individual genetic 
variation, which is most pronounced at regulatory DNA (Schaub et al., 2012; Ward and Kellis, 
2012), plays an integral role in determining disease susceptibility (Kasowski et al., 2013; Kilpinen 
et al., 2013; McVicker et al., 2013).

2.8 Parkinson’s Disease-associated variation within human brain enhancers

While genomic variation within CREs is likely to have functional consequences, the 
link between potentially relevant enhancer variants and disease has to be experimentally 
verified. This has been done for a handful of disorders such as the FTO (Fat mass and 
obesity-associated) locus in obesity (Smemo et al., 2014), LMO1 (LIM domain only 1) 
in neuroblastoma predisposition (Oldridge et al., 2015) and BCL11A (B-cell lymphoma/
leukaemia 11A) in sickle cell anaemia (Bauer et al., 2013). However, proper validation is 
difficult, especially for complex diseases such as neurodegenerative and neuropsychiatric 
disorders in which the combined activity of several regulatory elements on multiple genes 
may underlie pathophysiology. Furthermore, given the moderate effect size of common 
variations on disease susceptibility, the effect size on gene expression may also be modest.   
 
We have previously linked several genetic variants associated with altered PD susceptibility to 
enhancers of the adult brain (Vermunt et al., 2014). These included CREs in important PARK 
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loci such as the PARK16, PARK17 and the PARK8 locus, containing LRRK2 (Leucine-rich repeat 
kinase 2), a gene that is mutated in autosomal dominant PD (Zimprich et al., 2004). Similarly, 
we identified an intronic enhancer in the SNCA (α-synuclein) gene that contained two genomic 
variants rs356168 and rs3756054 (Vermunt et al., 2014) that were in perfect linkage with earlier 
described PD risk alleles rs2736990 and rs11931074. These were initially discovered in cohorts 
of European and of Asian descent, respectively (Satake et al., 2009; Simon-Sanchez et al., 2009). 
This suggested that the different common variants in two populations converged at one enhancer 
element. In support of a role for enhancer variation, we found that both of these linked variants 
altered transcription factor binding sites in the predicted enhancer. Furthermore, the regulatory 
region acted as an enhancer in transgenic mouse assays, phenocopying the expression of SNCA 
in E11 mouse embryos. Finally, the enhancer was shown to directly target the SNCA promoter 
in chromosome conformation capture experiments in human brain tissue (Vermunt et al., 2014). 
These data firmly established the newly identified CRE as a bona fide SNCA enhancer.   
 
As enhancers are mostly cell type- and context-specific, a correct model system and environment 
needs to be established to explore the functional consequences of enhancer alteration. This can 
be particularly difficult for the nervous system (Brennand et al., 2015). In addition, the effect 
size of enhancer variation is likely modest, given the fact that a 50% increase in SNCA expression 
will cause PD (Devine et al., 2011). A recent study dealt with all of these issues by employing 
an elegant experimental set up to analyse the influence of genetic variation within the intronic 
SNCA enhancer using allele-specific SNCA expression analysis in embryonic stem cell-derived 
neurons (Soldner et al., 2016). Slight, but consistent increased expression of SNCA was observed 
for the Parkinson’s variant of rs356168 but not for variant rs3756054. This suggests that the 
latter SNP may not contribute to disease susceptibility and that other variants with lower linkage 
may still have to be explored. Nevertheless, these data did confirm our previously proposed link 
between the rs356168 enhancer variant and PD susceptibility. This underscores the importance 
of rigorous validation of enhancer variants within CREs and stands as a testimony for the huge 
task ahead.

2.9 Conclusion

CREs play a pivotal role in the proper establishment of the gene expression programs that 
determine cell state. Following a decade of epigenomic exploration to chart CREs in the human 
genome, we are now starting to unravel some of the regulatory networks that contribute to 
a host of brain disorders as well as to individual variation in disease susceptibility. Since the 
start of the ENCODE project, to the more recent report of 111 epigenomes by the Roadmap 
Epigenetics Consortium, both consortia have added hundreds of datasets of different epigenetic 
footprints in a host of human tissues including 8 adult and 2 foetal brain samples (Roadmap 
Epigenomics Consortium et al., 2015). However, to capture the full complexity of the brain 
many more anatomical regions still need to be explored. Our analysis of 87 anatomically 
distinct regions in the human brain was a confirmation of this, as many specialized structures 
within the brain, that were not included in other analyses, contributed significantly to the 
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total repertoire of predicted CREs in the human brain (Vermunt et al., 2014). Follow-up 
analyses to identify regulatory changes that could be relevant to brain diseases are underway 
with consortia such as PsychENCODE focussing on neuropsychiatric diseases including 
autism and schizophrenia (Akbarian et al., 2015). These studies will have to be balanced 
between the number of epigenetic footprints analysed, the number of patients included and 
the number of anatomical regions required. Furthermore, new (single cell) methods will have to 
be optimized to tackle the investigation of rare cell types within brain tissue samples.  
 
While many potential links between neurodegenerative disease and regulatory changes have 
already been revealed, extensive validation experiments are required to confirm these in detail. 
This is challenging because of the modest effect size of sequence variation on enhancer function, 
the potential involvement of multiple genes as well as the requirement of relevant model systems 
in which activity can be properly measured. CRISPR-Cas9 mediated engineering of human 
embryonic stem cells will prove a powerful tool to analyse the effect of enhancers on their cognate 
target gene (Hockemeyer and Jaenisch, 2016), especially since these cells can be used to generate 
a host of different cell types in the brain (Brennand et al., 2015)1. However, as multiple cell types 
can be involved in complex diseases, the implementation of more complex culture systems such as 
organoid cultures, that mimic cortical development, may be of use (Eiraku et al., 2008; Lancaster 
et al., 2013). Finally, the current focus on common variation will have to be complemented 
with research on structural and rare variants, as those are also likely to affect enhancer activity 
(Khurana et al., 2013). Since transcription factor binding sites are often degenerate, allowing 
multiple variations to activate or inactivate enhancer elements, disease-causing mutations will 
likely be rare. Therefore, genetic as well as epigenetic screens to reveal rare variants and to assay 
their consequences on enhancer activity will need to be explored.
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Abstract

Understanding the complexity of the human brain and its functional diversity remain a 
major challenge. Distinct anatomical regions are involved in an array of processes, including 
organismal homeostasis, cognitive functions, and susceptibility to neurological pathologies, 
many of which define our species. Distal enhancers have emerged as key regulatory elements 
that acquire histone modifications in a cell- and species-specific manner, thus enforcing 
specific gene expression programs. Here, we survey the epigenomic landscape of promoters 
and cis-regulatory elements in 136 regions of the adult human brain. We identify a total of 
83,553 promoter-distal H3K27ac-enriched regions showing global characteristics of brain 
enhancers. We use coregulation of enhancer elements across many distinct regions of the 
brain to uncover functionally distinct networks at high resolution and link these networks to 
specific neuroglial functions. Furthermore, we use these data to understand the relevance of 
noncoding genomic variations previously linked to Parkinson’s disease incidence.  
 
3.1 Introduction

Understanding the human brain is one of the key challenges of biology. Over 100 different 
anatomical structures are connected by billions of neurons and glia into a functional network 
that regulates tissue homeostasis throughout the body while also determining our cognitive 
state (Nolte, 2008). Functionally distinct anatomical regions have evolved in a species-specific 
manner, giving rise to the defining physical and cognitive features that separate humans from 
other species (Konopka and Geschwind, 2010). Microarray analyses on distinct regions of the 
human brain have demonstrated that gene expression profiles vary significantly across adult brain 
structures (Colantuoni et al., 2011; Hawrylycz et al., 2012; Kang et al., 2011). The nature of 
these variations in gene expression and their implications in neuronal plasticity are currently 
subjects of intense investigation. 

The epigenetic landscape that imposes these gene expression programs is regulated by transcription 
factors that alter local chromatin state of the genome at functional regulatory elements (e.g., 
enhancers and promoters). During development of the brain, progressive epigenetic alterations 
of the genome are involved in establishing specific functional regions (Dulac, 2010). Indeed, 
variations in the levels of individual transcription factors that drive these epigenetic alterations 
can affect functional regionalization as well as the laminar identity of cells within a given cortical 
region (Sur and Rubenstein, 2005). As the epigenome is influenced by environmental factors, 
it functions at the intersection between the genome and its developmental and environmental 
history. Charting the epigenome has provided crucial information on how a cell uses the epigenome 
to store memories of environmental events (Ostuni et al., 2013). Furthermore, it allowed the 
stratification of inactive gene expression states into primed/poised (ready for activation) or silent 
(Bernstein et al., 2006), which provides unique information on a cell’s transcriptional potential. 
While the core promoter of a gene constitutes the site where the transcriptional initiation complex 
is formed, enhancer elements are defined as regions in the genome that regulate core promoter 
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activity independent of distance or orientation (Maston et al., 2006). The distinction between 
proximal enhancers that are often coined as part of the promoter (or proximal promoter) and 
enhancers that are more distal is vague, but both can be considered part of the promoter as a 
whole. Enhancers in particular have been shown to support core promoter activity in a tissue-
and species-specific manner, thus enforcing specific gene expression programs that shape the 
biological state of the cell (Bulger and Groudine, 2011). Enhancers can be characterized on 
a global scale using distinct epigenetic footprints that are typically found to display this cell 
type- and species-specific distribution and contain important information on how and why 
certain cellular states are reached (Creyghton et al., 2010; Heintzman et al., 2009; Rada-Iglesias 
et al., 2011; Visel et al., 2009). This information is typically missed in genome sequencing and 
transcriptomic studies. More recent efforts have also focused on the identification of enhancers 
using enhancer RNAs (eRNAs) (Andersson et al., 2014). However, this analysis underrepresents 
the total amount of enhancers found by an order of magnitude (Shen et al., 2012; Zhu et al., 
2013). 

Others have begun to annotate distal enhancers in the mouse cortex and neural cultures 
(Meissner et al., 2008; Rada-Iglesias et al., 2011; Visel et al., 2013). However, most distal 
elements identified using these epigenetic footprints are not well conserved across species 
(ENCODE Project Consortium, 2012; Odom et al., 2007; Schmidt et al., 2010; Visel et al., 
2013). Furthermore, the in vitro culturing of neuronal cells means replacing their physiologically 
relevant environment with an artificial one, which along with the unrestricted growth of cultured 
cells translates into multiple non-physiological changes in the epigenetic landscape (Baylin and 
Ohm, 2006; Meissner et al., 2008). As such, epigenomic analysis of human tissue is currently 
gaining focus. Recent analyses have included the epigenetic annotation of enhancers in seven 
areas of the human brain and one fetal cortex (Visel et al., 2013; Zhu et al., 2013). However, 
as the brain harbors many functionally distinct anatomical regions, these data sets are likely an 
underrepresentation of the total amount of enhancers that is active in the brain. 

Here we analyze the epigenome of enhancers in 136 samples covering 87 distinct anatomical 
regions of the adult human brain. We generate a large compendium of over 83,000 distal 
regulatory elements (i.e., enhancers) and use these data to analyze complex coregulated networks 
of enhancers in heterogeneous anatomical regions. This greatly increases the resolution of 
epigenomic analyses in complex tissue. Furthermore, we provide evidence for the involvement 
of enhancer elements in the α-synuclein and PARK16 loci as contributing factors to Parkinson’s 
disease (PD).

3.2 Results

3.2.1 Genome-wide epigenomic analysis of active cis-regulatory elements in the human brain

To identify distal enhancers in different anatomical regions of the human brain, we performed 
ChIP-sequencing (ChIP-seq) analysis for histone 3 lysine 27 acetylation (H3K27ac) on post 
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mortem brain tissue. This histone modification was previously shown to specifically label both 
active enhancers as well as active promoters (Creyghton et al., 2010; Rada-Iglesias et al., 2011; 
Wang et al., 2008). As the resolution of this histone mark lies within the 1–2 kb range, we 
defined enhancers as being enriched regions that completely fall outside of a 2 kb region around 
known core promoters or transcriptional start sites (TSSs), which for simplicity are just referred 
to as promoters. As individual variation of donors was recently demonstrated to account for 
significant sample to sample variation in epigenetic chromatin profiles (Kasowski et al., 2013; 
Kilpinen et al., 2013; McDaniell et al., 2010; McVicker et al., 2013), we performed most of 
our experiments using samples collected from two complete left hemispheres from two healthy 
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as samples obtained from four additional donors (two male and two female). Hemispheres 
1 and 2 were of comparable agonal state and differed only by their age and postmortem 
delay (PMD), determined as the time between death and end of abduction (Supplementary 
Table 1). The latter is unlikely to affect the analysis significantly as data sets generated here 
from frozen rat brain at different PMDs were overall very similar up to 24 hr after death 
(Fig. 1A for analysis of a 93 and 130 kb genome region; Supplemental Information).   
 
To ensure that our data set would be a good representation of distal enhancers in the entire human 
brain, we focused on sampling anatomically distinct regions (Supplementary Fig. 1). We dissected 
a total of 136 regions across our donor tissues (Supplementary Fig. 1; Supplementary Table 1). 
In total, 87 anatomically distinct regions were dissected, with several being sampled multiple 
times across different donors (Supplementary Table 1). Cortical regions and subcortical nuclei 
of the midbrain were dissected as identified anatomically (Supplementary Fig. 1; Supplementary 
Table 1). We generated 136 ChIP-seq data sets representing a combined total of 2.5 billion 
mapped reads (GSE40465). Technical replicate samples displayed close correlation (0.86–0.99, 
Supplemental Information) and were combined when needed to reach our target threshold 
of 8 million reads mapped per sample (Supplementary Table 1; Supplemental Information).  
 
Principal component analysis (PCA) of the separate data sets revealed a global stratification of 
samples based on gross anatomical location (i.e., cortex, midbrain, cerebellum [CB]) (Fig.1B; 
Supplemental Information). However, as anatomical sections of the brain are expected to 
harbor a higher degree of biological similarity to each other as compared with samples derived 
from different organs, the percentage of total variation due to biological variation between the 
data sets is relatively lower (Supplemental Information). In total, we identified ~2.9 million 
H3K27ac-enriched regions across all samples analyzed in the first hemisphere, ~1.4 million 
in the second hemisphere, and 356,747 in the additional donors. After subtracting regions 
overlapping known promoter regions and merging redundant enhancers between the different 

Figure 1. Promoter distal H3K27ac-enriched regulatory elements in regions of the human brain. (A) 
H3K27ac-enriched regions in two genomic loci of whole rat brain sampled at 0, 8, 16, and 24 hr PMD. The data 
reveal H3K27ac-enriched regions at promoters (shown for several genes in the bottom panel) as well as at putative 
upstream enhancers (upper panel 50 distal from the ZFP483 gene) (mapped using rn4). Each track is normalized 
for the number of mapped reads per total million reads. Read per million normalized scale is shown ranging from 
0 to 7. (B) PCA coordinates for each sample from the two separate hemispheres. The data show overall variation 
based on gross anatomical location. PC1 represents 23% of variation and discriminates between CB (green) and 
other samples. PC2 (15% of variation) and PC3 (11% of variation) separate cortex (blue) and nuclei (yellow). 
(C) Venn diagram showing total overlap of distal H3K27ac-enriched regions between hemisphere specimen 1 
(red) and hemisphere 2 (blue), as well as the additional donor samples (green). (D) Graph showing the increase 
in the number of unique H3K27ac-enriched regions identified per hemisphere as a function of the number of 
samples analyzed. Blue line depicts the enhancers identified in a single hemisphere. Red line depicts enhancers 
identified in biological replicates. (E) Graph indicating the number of 83,533 enhancers enriched as a function 
of the number of samples they are found enriched in (total 136). (F) Distribution of the 83,553 non-redundant 
enhancer sizes recovered in this study. (G) ChIP-seq read distribution across a 70 kb region spanning the MECP2 
gene. Two tracks display enrichment for the cerebellar region (H3K4me3 in green, H3K27ac in blue). Validated 
enhancers are indicated (F11 and F17, (Liu and Francke, 2006)). The scale of the tracks runs from 0 to 7 reads 
per million normalized. (H) Percentage of non-redundant enhancers per brain region that are recovered at least 
once in a biological replicate region analyzed in this study. Coverage for all136 brain regions analyzed is displayed 
as a distribution. 
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data sets, these corresponded to a total of 122,822; 105,558 and 87,151 non-redundant 
enriched regions, respectively (Fig. 1C). Plotting the total number of non-redundant regions 
identified per hemisphere as a function of the amount of samples analyzed revealed that we 
sampled common H3K27ac-enriched regions in the brain almost to saturation (Fig. 1D). 
Indeed, most enhancers were recovered from multiple samples with 45,687 enhancers being 
recovered from more than 10 anatomical regions (Fig. 1E). A total of 83,553 promoter distal 
H3K27ac-enriched regions were present in at least two biological replicates (Fig. 1C and 
1D; Supplementary Table 2). Of these, 6,829 were exclusively found in regions of the cortex 
(Supplementary Table 3). While these distal H3K27ac-enriched regions can be considered 
putative enhancer elements, a number of these might still represent unannotated promoters.   
 
Further analysis of these putative enhancers demonstrated an average size ~2.6 kb with 7,043 
enhancer regions (8%) being larger than 5 kb and 731 (0.9%) exceeding 10 kb, which is 
reminiscent of earlier described superenhancers (Lovén et al., 2013)(Fig. 1F). Several known 
enhancer regions in the brain were also found to be covered by the current enhancer data set 
(Fig. 1G, shown for the MECP2 gene; (Liu and Francke, 2006)), further confirming the quality 
of the data. For each distinct brain region analyzed, enhancer elements were recovered in at 
least one other sample from a different individual at an average coverage per region of ~96% 
(Fig. 1H). As multiple datasets are added, this also results in the accumulation of enhancers 
that are not covered in biological replicates (Fig. 1C). These enhancers could therefore represent 
false positive enhancers. However, a percentage of these enhancers (35% for hemisphere 
1 and 24% for hemisphere 2) was recovered from multiple samples of a single individual. 
Therefore, it is also possible that some of these represent interindividual variation.   
 
This is consistent with earlier reports describing the analysis of H3K27ac in different donors 
(Kasowski et al., 2013; Kilpinen et al., 2013; McDaniell et al., 2010; McVicker et al., 2013). 
Finally, our data sets closely match recently published records of H3K27ac enrichment in the 
brain. Strong overlap was found between the data sets described here and those previously 
analyzed for seven distinct brain regions (Zhu et al., 2013), as 96% of the enhancers recovered 
in that study was also found in the larger data set presented here. For p300 data generated from 
a single human fetal cortex (Visel et al., 2013), 67% was found back in these data sets. The latter 
was expected to be more divergent, as it involves the comparison between adult and fetal stages for 
which significant differences in gene expression patterns are also found (Colantuoni et al., 2011; 
Kang et al., 2011). Taken together, we have identified 83,533 putative enhancers, significantly 
expanding the compendium of putative enhancers that are found active in the human brain.

3.2.2 Chromatin dynamics at distal enhancers correlate with neuronal gene expression patterns in 
different regions of the brain

To further assess the validity of the putative active enhancers identified here, we correlated 
their genomic position in different anatomical regions to gene expression data from matched 
anatomical regions. The overall genomic distribution of putative enhancers mapped in the brain 
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was reminiscent of enhancers (Fig. 2A), with preferential clustering near genes (ENCODE 
Project Consortium, 2012). Of the enhancers present in the intergenic regions, most (70%) 
were located >10 kb away from coding gene sequences, and ~22% exceeded 100 kb in distance.
Using RNA-sequencing data for two regions (superior temporal gyrus (STG) compared with the 
CB), we found that genes that are upregulated specifically in one anatomical region over another 
(> 4-fold) were found to be more frequently associated with a close enhancer specific for the 
anatomical region in which the gene was upregulated (Fig. 2B and 2C). This effect was primarily 
seen within the first 10 kb of the TSS and not for >10 kb, which is possibly due to more frequent 
incorrect enhancer gene pairing at larger distances (Sanyal et al., 2012). 

To further confirm a correlation between enhancer activity and gene expression in multiple 
anatomical regions of the brain, we calculated the Pearson correlation scores between enhancers 
present in a 100 kb window around the TSSs of 1,119 genes that were previously found to be 
differentially expressed between different regions of the brain (Hawrylycz et al., 2012) (Fig. 
2D; Supplemental Information). Indeed, correlation scores for enhancers that are close to these 
differentially regulated genes were lower compared with enhancers around non-differentially 
expressed genes (Fig. 2D; P = 2.9E-5). This confirms that enhancers in regions around 
differentially expressed genes show greater variability in H3K27ac enrichment.

Gene ontology (GO) analysis on genes close to enhancers in the brain confirmed that 
these were genes involved in neuroglial processes (Supplementary Table 4), consistent 
with enhancers in the brain supporting neuronal gene expression networks. For instance, 
enhancers found in the pituitary gland were specifically associated with abnormal 
pituitary gland development (Supplementary Table 4). However, for most neuronal 
functions and disorders identified, multiple anatomical regions were found to be 
associated, suggesting the involvement of more common inter-regional regulatory circuits.  
To assess the activity of some of our putative enhancer elements experimentally, we compared 
our data with the VISTA enhancer database (Visel et al., 2007). This database comprises a large 
collection of DNA elements that were selected, based on their predicted activity as enhancers and 
tested in transgenic mouse assays. As an example, two of our newly identified enhancers were 
tested using this assay and these demonstrated reproducible staining of neural structures in E11.5 
embryos, as shown in Fig. 2E. We next focused on 231 DNA elements from the VISTA database 
selected previously by measuring ultra-conservation (Visel et al., 2007) and intersected these 
regions with our data set. We found that ultra-conserved regions that were also covered by H3K27ac 
in our data sets were more frequently active as an enhancer in transgenic experiments (61% 
compared with 50%, p < 0.05) (Fig. 2F). Furthermore, their activity also more often localized to 
forebrain, midbrain, or hindbrain structures (77% versus 62%, p < 0.05) (Fig. 2G). Collectively, 
these data provide strong support that our compendium of enhancers comprises bona fide 
enhancer sequences that support neuronal gene expression programs in the human brain.   
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Figure 2. Chromatin dynamics at distal enhancers correlate with neuronal gene expression patterns. (A) 
Distribution of identified promoter distal H3K27ac-enriched regions shared between replicates across the 
genome. (B) Heatmap of putative enhancers shared between or specific to the STG (Region_13_STGm, red) 
and CB (Region_40_CB, blue) for segments of 8 kb surrounding enhancers. Both colors represent H3K27ac 
enrichment reads normalized per million. (C) Graphs based on genes upregulated at least 4-fold with a q value 
of 1E-5 in Region_13_STGm (upper graph) over Region_40_CB or vice versa (lower graph). The closest distal 
elements found near these gene promoters are counted for both Region 40 (blue bars) and Region 13 (red bars) 
and allocated to different distance intervals shown on the x axis. (D) Four examples of comparisons between two 
given anatomical regions for differentially expressed genes between those regions (Hawrylycz et al., 2012). For 
each region (in pairs), the level of H3K27ac enrichment (from low/yellow to high/blue) is shown (displaying 
100 kb sequence centered at TSSs). Scale bars indicate read count normalized per million reads. Comparisons in 
the violin plot were done by calculating a Pearson correlation score for each enhancer between all datasets based 
on quantile normalized counts in a 2 kb window around the center of the enhancer. The violin plot shows the 
distribution of correlations found for all enhancers across all samples. (All) compared with those found within 100 
kb of a differentially expressed gene across all samples (Diff). Dissimilarity between distributions was calculated 
using a Mann-Whitney U test. (E) Two transgenic mice at E11.5 showing enhancer-driven expression of a LacZ 
reporter construct in neuronal structures. (F) The top graph indicates comparison of the human enhancer data set 
generated here to 231 ultra-conserved elements that were tested in the same transgenic assay and deposited in the 
VISTA enhancer database by others (Visel et al., 2007). The percentage of enhancers with activity in transgenic 
animals is shown for conserved elements that overlap H3K27ac in the brain (n = 49) versus those that do not. (G) 
The same analysis is shown for 115 ultra-conserved elements that were active in transgenic animals as a function 
of the percentage that was active in forebrain, midbrain, or hindbrain. Cumulative probabilities of the differences 
seen in both graphs are indicated (* p < 0.05).
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3.2.3 Enhancer patterns across anatomical regions in the brain allow the identification of coregulated 
enhancer networks across the genome

A drawback of the analysis above is that the anatomical brain regions analyzed in this study 
are typically heterogeneous and the enhancers identified here likely have different cellular 
specificities within a given anatomical region. This will amplify commonalities between the 
different cell types within the anatomical regions such as their developmental origin and will 
also dilute the signal from smaller more specific sets of enhancers that are only active in select 
cell types or in response to external cues. This is consistent with what was found in the GO 
analysis for distinct anatomical samples, in which very similar GO terms were associated with 
data sets from different anatomical areas (Supplementary Table 4). Similarly, the majority of 
DNA motifs identified at enhancer regions represented transcription factor binding sites that 
were found enriched at enhancers in most anatomical regions (Supplementary Fig. 2).   
To identify more specific sets of enhancers (networks) that are functionally linked in a cell- 
or context-specific manner, we used a new strategy to analyze the data. We aligned H3K27ac 
enrichment tracks from the different anatomical regions at fixed genomic positions (Fig. 3A) and 
searched for groups of enhancers with the same enrichment profile across the brain regions (Fig. 
3B). We used two distinct enhancer states (i.e. enriched in a single sample or enriched in multiple 
samples) as viewpoints (reference enhancers) to scan the genome in order to find enhancers that 
were closely coregulated (showing the same pattern of enrichment across samples). We identified 
distinct groups of coregulated enhancers for both separate states. For instance, two viewpoint 
enhancers that were enriched in multiple samples yielded 495 and 442 coregulated enhancers 
(Fig. 3C and 3D). In contrast to the analysis of the whole data set, these smaller networks were 
associated with very specific gene functions, supporting either neuronal or glial cell states (Fig. 
3C and 3D). Similarly, using an enhancer enriched selectively in the pituitary gland or CB as a 
viewpoint yielded coregulated enhancers (Fig. 3E and 3F) that were also found selectively enriched 
in these regions. These two networks were specifically linked to genes that function in pituitary 
and cerebellar specific processes. This demonstrates that coregulated enhancers can be identified 
and grouped into specific networks using both single sample-enriched as well as multiple sample-
enriched enhancer states as a viewpoint (Fig. 3E and 3F). Using this analysis for an enhancer 
selectively enriched in the pineal gland, we identified 334 enhancers that were enriched for the 
CRX transcription factor binding site, which is a master regulator of pineal specific gene expression 
patterns (Supplementary Fig. 3) (Rovsing et al., 2011). Thus, our analysis of coregulated enhancer 
networks over a large number of brain regions allows us to substantially increase the resolution 
of enhancer analysis in heterogeneous tissue compared with the analysis of single data sets.   
 
3.2.4 Global network analysis identifies distinct enhancer modules in the human brain

To get a sense of the total amount of networks active in the human brain, we employed a 
more global analysis that was not dependent on the prior selection of viewpoint enhancers. 
The total number of networks in the brain is both a function of the minimal correlation score 
used between its resident enhancers as well as the minimal number of enhancers allowed in the 
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Figure 3. Enhancer patterns across anatomical regions in the brain allow the identification of coregulated 
enhancer networks across the genome. (A) H3K27ac enrichment tracks for all regions from hemisphere 
1 merged into one heatmap for a 470 kb segment overlapping the RCN1 and WT1 genes. Several putative 
enhancers are present, three of which are indicated by arrows and show a distinct pattern of enrichment across all 
samples. (B) Cartoon indicating how distinct networks of enhancers can be extracted from heterogeneous samples 
by considering coregulation across the genome. (C–F) H3K27ac enrichment patterns Z score normalized across 
75 ChIP-seq samples derived from a single hemisphere ordered in a fixed position. Samples areo rdered vertically. 
Each horizontal line is an enhancer that correlates with the viewpoint enhancer. The color scale (yellow to blue) 
ranges 3 SDs above and below the mean enrichment (black) over the 75 regions per single genomic region. The 
number of lines (enhancer regions) is (C) n = 495 with 0.83 mean correlation, (D) n = 442 with 0.76 mean 
correlation, (E) n = 154 with 0.90 mean correlation, and (F) n = 1424 with 0.90 mean correlation. Distinct 
network functions are derived using GREAT analysis and are shown for each coregulated enhancer set.
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network (network size; Supplementary Fig. 4A). Further analysis showed that 77.08% of all 
enhancers was in a network of at least 100 or more enhancers following a minimal correlation 
threshold of 0.7 and using each individual enhancer as a separate viewpoint (Supplementary 
Fig. 4A). This resulted in a fraction of enhancers appearing in multiple networks potentially 
indicating clusters of enhancers active in more than one network (multimodal enhancers; 
Supplementary Fig.  4B–S4D). To assign enhancers into separate networks, we correlated 
all enhancers to each other and used a dynamic tree cutting algorithm (Langfelder et al., 
2008) to identify distinct coregulated enhancer networks on a global scale (Fig. 4A). While 
providing a more global overview of the networks present in the brain, the disadvantage of 

Figure 4. Global network analysis identifies 288 distinct enhancer modules in the human brain. (A) 
Assignment of enhancers to separate modules using average linkage followed by a dynamic tree-cutting algorithm 
(Langfelder et al., 2008). (B) Boxplot showing the distribution of module sizes bases on the number of enhancers 
present in each module. (C–F) Single modules derived from the dynamic tree-cutting algorithm in (A) showing 
H3K27ac enrichment patterns Z score normalized across 75 ChIP-seq samples from hemisphere 1 ordered in 
a fixed position. Samples are ordered vertically. Each horizontal line is an enhancer that was assigned to the 
indicated module. The color scale (yellow to blue) ranges 3 SDs above and below the mean enrichment (black) 
over 75 regions per single genomic region. A selection of functional annotations for genes linked to enhancers in a 
module is shown below each module. Enhancer-gene links were determined using GREAT (McLean et al., 2010)
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this approach is that it ignores the biological implications of overlap between the different 
networks (Supplementary Fig. 4), as these could represent clusters of different enhancers.   
 
Two hundred eighty-eight distinct coregulated enhancer networks were identified with a size of 
between 100 and 865 enhancers (average enhancer content 228; Fig. 4B). With this analysis, 
93% of all enhancers could be placed in separate modules, while a total of 5,177 enhancers was 
not assigned. These coregulated enhancer networks could again be linked to very distinct gene 
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functions that represented specific neuronal processes such as shown for module 280, 14 (Fig. 
4C and 4D), and many other examples (Supplementary Table 5). In addition, context-specific 
modules were also found such as those involved in tissue responses to external cues. For instance, 
module 34 was linked to hypoxia-related processes consistent with our samples being derived 
from a recently deceased brain (Fig. 4E), whereas module 200 was clearly linked to immune 
responses and inflammatory processes that could be associated with activity in microglial cells 
of the brain (Fig. 4F). Therefore, many of these networks could represent cell type-specific 
information within a heterogeneous tissue sample.

This functional variation between networks was also reflected in the diversity of transcription 
factor binding motifs found at the H3K27ac-enriched regions comprising a single module 
(Supplementary Fig. 4E). This is consistent with distinct transcription factors governing the 
activity of specific enhancer sets in response to external cues. Notably, enhancer networks 
linked to genes involved in diseases of the brain, such as schizophrenia, were also linked to 
synaptic transmission (Fig. 4C). Similarly networks linked to cancers of the brain were also 
associated with developmental processes in the early embryo (Fig. 4D). As over 85% of 
polymorphisms that associate with altered disease susceptibility occur in introns or intergenic 
regions of the genome, enhancers in such networks likely account for the association between 
noncoding elements and disease susceptibility (ENCODE Project Consortium, 2012; Maurano 
et al., 2012; Ward and Kellis, 2012a). This suggests that SNPs at enhancers potentially 
affect gene expression in an organ-specific fashion, leading to specific disease phenotypes.   
 
3.2.5 Noncoding PD-associated SNPs in the PARK16 and α-synuclein loci alter transcription factor 
binding sites at enhancers in the human brain

To determine whether we could identify disease associated variations at candidate enhancers 
in the human brain, we focused on the neurodegenerative disorder PD. To demonstrate the 
preferential association between PD-associated SNPs and enhancer sequences detected in the 
brain, H3K27ac-enriched enhancer regions were compared with SNPs from the HaploReg 

Figure 5. Association between cis-Regulatory DNA elements and PD-associated SNPs. (A) Percentage of 
SNPs associated with each disorder (as a function of their respective p value) is represented for SNPs mapping to 
enhancer sequences found in either nine unrelated cell lines (blue line) or the two hemispheres examined (red and 
yellow line). (B) H3K27ac enrichment tracks for all regions from brain 1 merged into one heatmap for a 140 kb 
region spanning the SNCA gene. Two different SNPs were found in separate studies as influencing PD incidence 
(red arrows). For each disease-associated SNP found on the genotyping array, an additional SNP can be found in 
perfect LD (LD = 1, purple arrows), both of which (rs3756054 and rs356168, 20 bp apart) also overlap a single 
putative enhancer region. An inset below shows the location of the SNP at higher resolution (2 kb) for all tracks 
(heatmap), being at the center of the enriched region). The bottom track of the inset (peaks) shows as an example 
H3K27ac enrichment in the temporal pole (range, 0–3 reads per million normalized). (C) Transgenic mouse  
at E11.5 showing reproducible SNCA enhancer driven LacZ expression in posterior hindbrain and midbrain 
boundary (phmb) and dorsal root ganglion (drg) (4/7). (D) Track showing 1 Mb around the SNCA gene showing 
chromosome conformation capture results using the SNCA enhancer as a viewpoint (bottom panel in red). The 
large peak shows enrichment at the viewpoint (viewpoint enhancer indicated by red arrow above H3K27ac panel). 
Enrichment at other regions demonstrates looping of the viewpoint to those regions such as the SNCA promoter 
(black arrow head) as well as the GPRIN3 and CCSER genes. H3K27ac enrichment is shown in blue above the 4C 
tracks. Genes (black boxes) are at the bottom of the panel (biological replicate 4C for hemisphere 2).
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genome-wide association database (Ward and Kellis, 2012a). Nine unrelated cell types were used 
as a control (Ernst et al., 2011). Overall, enhancer data sets represent a similar number of distal 
enriched regions, with 107,407 non-redundant putative enhancers in the nine cell types compared 
with 122,882 and 105,558 regions identified in each hemisphere separately. When comparing 
the percentage of SNPs associated with PD located within enhancers, given as a function of their 
significance, we observed an overrepresentation of highly significant SNPs located in enhancer 

Figure 6. Association between a cis-regulatory DNA element in CB and a PD-associated SNP in the PARK16 
locus. (A) H3K27ac enrichment tracks merged into one heatmap where color intensities per lane represent the 
intensity of the peaks in each sample (both hemispheres). A 140 kb region is shown for the PARK16 locus, 
where H3K27ac-enriched regions and position of a PD-associated SNP (red arrow) are represented. An inset 
below shows the location of the SNP at higher resolution (2 kb) for all tracks (heatmap), being at the center of 
the enriched region. The bottom track of the inset (peaks) shows as an example H3K27ac enrichment in the 
CB (range, 0–5 reads per million normalized). (B) Transgenic mouse at E11.5 showing reproducible PARK16 
enhancer driven LacZ expression in midbrain and neural tube (4/5). (C) Track showing 4 Mb around the PARK16 
locus showing chromosome conformation captures results using the PARK16 enhancer as a viewpoint (bottom 
panel in red). The large peak shows enrichment at the viewpoint (viewpoint enhancer indicated by red arrow 
above H3K27ac panel). Enrichment at other regions demonstrates looping of the viewpoint to those regions 
(black arrows). H3K27ac enrichment is shown in blue above the 4C tracks. Genes (black boxes) are at the bottom 
(zoom in for viewpoint for both biological replicates, see Figure S6).
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sequences from both brain specimens compared with the nine control cell types (Fig. 5A). This 
correlation was specific to the brain and not recovered when comparing SNPs associated with 
other traits not directly related to this organ (heart failure, obesity). No single brain region had 
significantly more PD-associated SNPs located within H3K27ac-enriched sequences, consistent 
with PD globally affecting many brain regions and individual neuronal types (Mattson and 
Magnus, 2006). Importantly, putative enhancer sequences were found in genetic loci spanning 
major PD-associated polymorphisms, including the PARK16 locus and a locus containing 
the α-synuclein (SNCA) gene, which is mutated in familial cases of PD (Satake et al., 2009; 
Simon-Sanchez et al., 2009). In both cases, the associated SNPs appear in noncoding sequences, 
and their functional relevance for differential susceptibility to PD is not yet understood.  
 
The α-synuclein locus contains some of the most significant PD-associated SNPs (Satake et al., 
2009; Simon-Sanchez et al., 2009), two of which were identified in separate population studies 
(one of Japanese ancestry and one of European). These span a 50 kb haplotype block on the 
distal half of the gene (Fig.5B, red arrows) (http://www.hapmap.org). Within this chromosomal 
segment, two SNPs are found 20 bp apart at a putative enhancer, with each appearing to 
be in perfect linkage disequilibrium (LD = 1) with the disease-associated SNPs of matching 
minor allele frequency derived from the two studies (Fig. 5B, purple arrow). Hence, while not 
corresponding to SNPs present on the array, this represents a clear association between sequence 
alterations within a putative enhancer and increased PD incidence. To demonstrate that this 
region can function as an enhancer in vivo, we generated transgenic mice for this enhancer using 
a LacZ reporter construct (Visel et al., 2007). Reproducible LacZ staining of the hindbrain and 
midbrain boundary and dorsal root ganglion was seen, consistent with the human sequence 
acting as an enhancer (Fig. 5C). As moderate alteration of α-synuclein expression leads to 
familial PD with high penetrance (Stefanis, 2012), these data suggest that variations at this 
particular enhancer sequence in the brain could explain the association with PD incidence.  
 
To further confirm that this region functions as an enhancer in the human brain, as well as 
to identify its target gene(s), we performed chromosome confirmation capture combined with 
sequencing (4C-Seq) analysis (van de Werken et al., 2012) using the putative α-synuclein 
enhancer as a viewpoint. This technique identifies genomic locations with which the viewpoint 
is physically connecting. As enhancers function by looping to their target promoters, this method 
therefore represents a measure of in vivo enhancer activity as well as a method to identify their 
target genes. A robust interaction between the enhancer and the α-synuclein promoter region 
was observed (Fig. 5D and S5) demonstrating that the enhancer forms a loop to its presumed 
target promoter in a relevant environment. A second interaction of the enhancer with GPRIN3, 
a nearby gene that is a subunit oft he NMDA glutamate receptor complex was also observed. 
Interestingly, these receptors are considered potential therapeutic targets for the disease (Johnson 
et al., 2009), raising the possibility that in addition to SNCA, variations in the regulation of this 
gene are also involved in altered disease susceptibility to PD.

In contrast to the SNCA enhancer that is enriched for H3K27ac in multiple regions throughout 
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the brain, we found that the enhancer in the PARK16 locus, covering the most significant disease-
associated SNP, was more selectively active in the CB (Fig. 6A). Interestingly, the CB is currently 
gaining attention as being structurally altered and directly involved in the pathophysiology of 
PD (Wu and Hallett, 2013). Analysis of this sequence in transgenic mice confirmed reproducible 
staining of midbrain and neural tube consistent with the human sequence acting as an enhancer 
element (Fig. 6B). Recent work has demonstrated that deficiency of the RAB7L1 gene, which is 
one of the genes in the PARK16 locus, can lead to neurodegeneration similar to mouse models 
of PD (MacLeod et al., 2013), and thus, this gene was believed to contribute to the association 
between PD and this locus. In order to determine whether the enhancer associated to the PARK16 
locus directly explains this by regulating the RAB7L1 gene, we performed 4C-Seq analysis 
using the PARK16 enhancer sequence as a viewpoint in human CB. The analysis demonstrated 
no clear evidence for looping between the enhancer and the promoter of the RAB7L1 gene. 
However, the resolution of the 4C analysis also does not exclude its involvement. We did find 
interactions with several other distal genes, some of which have been similarly implicated in 
neuronal degeneration but are located further away (Fig. 6C). For example, MK2 (MAPKAPK2) 
promotes neurodegeneration in PD models (Thomas et al., 2008). This suggests that the activity 
of this enhancer is much more complex than the regulation of a single gene. Altogether, with 
53 PD-associated SNPs being covered by enhancers in the brain (Supplementary Table 6), these 
results demonstrate that genomic variations within enhancer sequences could collectively explain 
variable susceptibility to PD in the human population by differentially regulating either specific 
or larger sets of genes. Furthermore, we demonstrate how these can be identified using the data 
sets generated in this study. 

3.3 Discussion

While gene expression analysis specifies active and inactive genes, mapping the epigenome provides 
important complementary information by explaining why certain genes are active or inactive and 
which genes have the potential to become activated in response to external cues. Furthermore, it 
allows the identification of the genomic elements responsible for this regulation on a large scale as 
well as the identification of the master regulatory factors that control these genomic elements. In 
this work, we have generated a large data set that allows the annotation of cis-regulatory genomic 
elements in different regions of the human brain. Given the diversity of neuronal subtypes in 
the brain and the plethora of signals a cell needs to be poised to respond to, regional variation in 
enhancer patterns reflects both changes in cellular heterogeneity in distinct anatomical regions, 
as well as technical variation inherent to ChIP-Seq. This generates noise that complicates the 
regional interpretation of specific sets of enhancers within complex heterogeneous tissues such as 
the brain. This noise is less obvious when comparing the global epigenetic state of tissues that are 
biologically distinct (i.e., whole liver and muscle), as it will uncover the common developmental 
features of its resident cells (Creyghton et al., 2010; Zhu et al., 2013). However, within a complex 
tissue with a high degree of biological similarity and a fair amount of heterogeneity, the distillation 
of select enhancer networks that follow specialized functions has been problematic. Using these 
variations as an advantage, we show how the analysis of enhancer patterns across many anatomical 
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regions of the brain can lead to the identification of coregulated enhancer networks that appear 
functionally distinct. These networks might in some cases represent cell type-specific enhancer 
networks but can also represent common enhancer networks used by several neuronal subtypes 
throughout the brain. The distinction between separate networks is of particular importance, 
as even single cell types contain separate functional networks that regulate the diverse cellular 
responses to external cues. These typically stay hidden in global analyses, especially when using 
homogeneous culture systems. These context-specific networks that are activated in response to 
external cues can either be regionalized or more widespread in nature, such as those involved 
in modulating responses to hypoxia or infection. Thus, analyzing coregulation significantly 
increases the resolution at which enhancers in complex tissues can be annotated and represents 
an important step to uncover the complexity of enhancer networks within the brain.   
 
Additionally, these data, in contrast to gene expression studies, are particularly useful for 
understanding the persistent correlation between noncoding regions in the genome and disease 
susceptibility. As such, we find indications of the involvement of noncoding genomic alterations 
at putative enhancer elements associated with increased susceptibility to PD, including a 
new enhancer at the α-synuclein gene, which is found mutated in familial forms of PD. We 
demonstrate that enhancers at PD associated SNPs can either be active in many anatomical 
regions as shown for SNCA or in more specific regions such as shown for the PARK16 locus. 
This emphasizes the importance of investigating these enhancer variations in a relevant biological 
context. We demonstrate how our analysis leads to the identification of potential target genes 
by using these distal regulatory elements for chromosome confirmation capture in post mortem 
tissue. With multiple PD-associated SNPs occurring in enhancers in the brain, these data suggest 
that fluctuations in the expression of several genes, caused by variations at multiple enhancers, 
collectively set the stage for PD penetrance. Following the identification of a large portion of 
the noncoding regulatory elements in the brain, it will now be possible to employ large-scale 
chromatin conformation assays to pair enhancer regions to their correct target promoters. This 
will be crucial to generate a complete picture of the gene regulatory landscape, as many enhancers 
are regulating genes that are not their nearest neighbor (Sanyal et al., 2012). In this light, it will 
be important to correctly match anatomical and functional regions of the brain between different 
data sets from different studies and to account for interindividual variations. Furthermore, it 
will be important to start to ascertain the role of enhancers in the regulation of gene expression 
networks the brain in the context of single cell types. Analyzing enhancers by coregulation might 
represent a step in this direction. As more specimens are processed, these experiments pave the 
way toward a full understanding of the epigenetic complexity of the human brain. 

3.4 Materials and Methods 

3.4.1 Tissue isolation

Two non-demented human left hemispheres (Supplemental Supplementary Fig. 1 and Table 1 
below) were obtained from the Netherlands Brain Bank (NBB, brainbank.nl). Informed consent 
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was given meeting all ethical and legal requirements for autopsy, tissue storage, use of tissue and 
use of clinical data for research purposes worldwide. Tissue was flash frozen in liquid nitrogen 
after a post mortem delay of 4.20 and 15.3 hours, respectively (stored at -80°C). Agonal state was 
comparable between the two hemispheres (based on pH of the liquor), indicating that a defined 
stress response was likely induced in both hemispheres (Li et al., 2004). Neuropathological 
examination revealed no significant abnormalities in either hemisphere although partial age-
related neuronal atrophy is more likely to have occurred in specimen 2 given the advanced age 
(Jagust, 2013; Mattson and Magnus, 2006), where fragile neuronal populations might be found 
in reduced numbers. The hemispheres were dissected into 11 coronal slices in a -20°C climate 
control room using a 30 cm cutting edge brain dissecting knife (Fine Scientific Tools). Further 
dissection was performed using pre-cooled scalpel blades (Fine Scientific Tools) and 3 mm biopsy 
punches (Microtech). The regions dissected are listed in Supplementary Table 1 and depicted 
in Supplemental Supplementary Fig. 1. Specific regions were identified using several resources 
(Economo and Koskinas, 1925; Mai and Paxinos, 1997; Mikula et al., 2008; Nolte, 2008) (Lau 
et al., 2008)(thehumanbrain.info), (brainmaps.org),(brain-map.org).

Table 1. Clinical characteristics of donor individuals.  

Previously, ChIP of histone 3 lysine 4 and 27 methylation were shown to be relatively stable in 
human post-mortem brain tissue up to 30 hrs PMD, suggesting that a valid comparison between 
both specimens 1 and 2 can be made as biological replicates (Huang et al., 2006). To determine 
the relative stability of the genome-wide deposition of H3K27ac in post-mortem tissue, the 
brains of Wistar rats were dissected and snap frozen at distinct time points prior to processing 
for ChIP-Seq analysis. The number of enriched regions identified as well as peak intensities were 
overall stable up to 6 hours PMD (correlation 0.93-0.95), but peak intensities started to decline 
at 8 hrs PMD (Fig. 1). By increasing sequencing depth combined with quantile normalization, 
we could compensate for this effect up to 24 hrs PMD with good overall correlations across the 
datasets (0.87-0.92 Pearson’s (see correlation of ChIP-Seq data below)). 

3.4.2 Chromatin immunoprecipitation 

Frozen tissue was dissected at -20°C (see tissue isolation), added to pre-cooled DAG medium 
(DMEM +0.2% Bovine Serum Albumin) and immediately homogenized on ice using a cold 
2 ml dounce (KontesGlass Co.). Between 20 mm3 and 0.5 cm3 was used depending on 
tissue availability, and homogenized in either one or two volumes of DAG medium (1ml for 
homogenization, final volume of 2 ml). Tissue was immediately chemically cross-linked by 
adding 10X cross-linking solution (freshly made ; 11% formaldehyde, 1 mM EDTA, 0.5 mM 
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EGTA, 100 mM NaCl, 50 mM Hepes-KOH pH=7.5) to a 1X final concentration and incubated 
for 10 minutes while rotating at room temperature (RT) in 15 ml conical tubes. Cells were 
rinsed twice in PBS, centrifuged at 2095 g at 4°C (SX4750A swing bucket rotor, Beckman 
Coulter Allegra X15R) and used for Chromatin immunoprecipitation (ChIP). Typically, 20 
mm3 - 0.5 cm3 tissue (equivalent to 3×105 to 7.5×106 cells) was resuspended in 10 ml lysis 
buffer (50 mM Hepes-KOH pH 7.5, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% Igepal, 
0.25% Triton X-100) and rocked at 4°C for 10 min. Cells were pelleted at 2095 g at 4°C, 
resuspended in wash buffer (200 mMNaCl, 1 mM EDTA, 0.5 mM EGTA, 10 mM Tris pH 
8.0) and rocked at RT for 10 min. Cells were pelleted 5min at 2095 g at 4°C and resuspended 
in 500 _l sonication buffer (1 mM EDTA, 0.5 mM EGTA, 10 mMTris pH 8.0, 100 mM NaCl, 
0.1% Na-Deoxycholate (DOC), 0.5% N-lauroyl sarcosine) per 106 cells estimated by weight. 
We used a Covaris S series sonicator at intensity 10, duty cycle 20%, 1000 cycles/burts for 10 
cycles of 60 seconds per sample at 4°C. Samples were sonicated 500 _l at a time in a 5 ml TC13 
Borosilicate glass tube (KBioscience). Triton X-100 was added to the resulting whole cell extract 
(1% final concentration) which was then cleared by centrifugation using a table top centrifuge 
(21130 g at 4°C) and supernatant was incubated overnight at 4°C with 50 _l of Dynal Protein 
G magnetic beads (Invitrogen lot# 90513840) that had been pre-incubated with 5 μg of the 
appropriate antibody for at least 3 hours in PBS/0.5% BSA at 4°C. On the next day, beads 
were washed 4 times with RIPA buffer (50 mM Hepes pH 7.6, 1 mM EDTA, 0.7% DOC, 1% 
Igepal, 0.5M LiCl) and 1 time with TE containing 50mM NaCl. Bound complexes were eluted 
from the beads and crosslinking reversed in elution buffer (50mM Tris pH 8, 10 mM EDTA, 
1% SDS) incubating overnight at 65°C. After removal of the beads, immunoprecipitated DNA 
was diluted 1:1 with TE, treated with RNAse A (0.2 μg/μl final) for 2 hours at37°C, followed 
by proteinase K (0.2 μg/μl final) treatment for 2 hours at 50°C. DNA was purified by two 
consecutive phenol:chloroform extractions using MaXtract High Density gel tubes (Qiagen) 
according to manufacturer’s protocol. The resulting DNA was further treated for analysis on the 
Solexa sequencer (HiSeq 2000 genome sequencer) using the ChIP-Seq sample preparation kit 
according to the manufacturer’s protocol. Samples were prepared and run by the MIT BioMicro 
Center (openwetware.org/wiki/BioMicroCenter) using the HiSeq 2000 genome sequencer (10 
ChIPs multiplexed per lane). Samples from the second hemisphere were prepared as described 
previously (Mokry et al., 2010) and run on the SOLiD 5500xl wildfire platform at Hubrecht 
Institute (Utrecht, NL).

3.4.3 Antibodies

IPs were performed overnight as described using antibodies previously established for ChIP-
Seq (Ram et al., 2011). Millipore/Upstate: H3K4me3 07-473 (lot# JBC1863338), H3K27ac 
ab4729 (lot# GR52136-1).

3.4.4 RNA isolation and transcriptome sequencing

Frozen tissues were dissected in parallel with tissue used for ChIP at -20°C and pulverized using a 
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mortar and pestle while submerged in liquid nitrogen. RNA was isolated using the RNeasy RNA 
purification kit (Qiagen) according to the manufacturer’s protocol and analyzed by Bioanalyzer. 
RNA Integrity Numbers (RIN) were above 7 for all samples (Schroeder et al., 2006). Samples 
were further treated using oligo dT purification and processed using the Illumina RNA TruSeq 
protocol according to the manufacturer’s instructions. Samples were processed by the MIT 
BioMicro Center (openwetware.org/wiki/BioMicroCenter) using the HiSeq 2000 genome 
sequencer (8 RNA-Seq samples multiplexed per lane).

3.4.5 Data analysis

3.4.5.1 ChIP-Seq enrichment analysis

Images acquired from the Illumina/Solexa sequencer were processed using the bundled Solexa 
imageextraction pipeline (version 1.5 or 1.6 (cassava)). Sequences were aligned using Bowtie 
software (bowtie-bio.sourceforge.net/index.shtml) on the murine (mm9), rat (rn4) and human 
(hg19) genomes (genome.ucsc.edu). Sequences were mapped using the Bowtie 2.0 aligner 
(Langmead and Salzberg, 2012), excluding reads with either more than 1 mismatch (3 for color 
space) or with multiple alignments. Illumina datasets were required to have at least 75% unique 
alignments to be incorporated. Reads that had more than two exact matches were also excluded 
to correct for sequence bias. For all analyses,between 8 to 20 million reads were successfully 
mapped for each ChIP sample in order to be included in datasets. Fragment in peak (FRiP) scores 
all exceeded the 1% threshold used by ENCODE (Landt et al., 2012). Statistically significant 
enriched regions for H3K27ac were identified using MACS2 version 2.0.8 (Zhang et al., 2008) 
(p-value threshold = 10-5, shift size = 200, local lambda = 100,000). Whole cell extract (WCE) 
controls were generated for a number of regions but not used in the analysis since the internal 
lambda control from the MACS algorithm proved a more stringent correction. For instance, at 
100,000 local lambda 31,600 regions were called enriched for pre-central gyrus (Region 1) while 
over 50,000 regions were called using a WCE control. Inspections of the additional regions called 
using WCE in the IGV genome browser raised doubts about their validity as bona fide peaks 
(settings used: midrange 0-0.5 and range 0-5 for Illumina, 0-4 for SOLiD). This is not surprising 
as WCE controls usually cover less sequence than present in the genome. Furthermore it remains 
to be seen whether the sequence in anon-random ChIP experiment is correctly represented by 
whole genome sequence in terms of PCR bias which is another feature WCE samples were 
coined to control for. Each enhancer location was defined by the peak of the enriched region. 
Such a region was required to be located at least 1000 bp away (region edge to edge) from known 
transcriptional start sites (TSS) for both protein coding and noncoding genes. TSSs within 500 
bp of each other were considered one TSS. In each separate dataset, putative enhancer peaks 
were collapsed into one larger enhancer when peak region centers were less than 1000 bp apart, 
where the center of the resulting region was used to define the enhancer location. By merging 
enhancer regions for which peaks were located within 1000 bp between the different datasets of 
each hemisphere, we found 122,822 and 105,558 candidate enhancers for the first hemisphere 
and the second hemisphere respectively (average size 2600 bp). In contrast 16,682 promoters in 
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the first hemisphere and 14,205 promoters in the second were enriched in the merged datasets. 
Overall, 83,553 putative enhancers were observed in replicate datasets. To uncover the relevant 
enhancers corresponding to common or region-specific enhancers, we compared the separate 
datasets from the first hemisphere to enriched regions from separate samples taken from the 
second hemisphere as well as the additional regions from other donors (Supplementary Table 
1). Enhancer regions from the first hemisphere were selected if they were found to overlap an 
enriched region from one biological replicate.

3.4.5.2 RNA-Seq expression analysis

RNA-Seq reads were mapped on the human genome (hg19) using Tophat aligner. To measure 
gene expression for all entries of the RefSeq-database, a list of Coding DNA Sequence (CDS) was 
made and splice variants of entries were merged. Overlap between mapped RNA-Seq sequences 
and the CDS list was calculated using coverageBed (Quinlan and Hall, 2010) (Quinlan and Hall, 
2010). The sum of each gene CDS score was taken and normalized for the total number of reads 
covering all CDS for each gene as well as gene size. Genes that were covered less than 5 reads per 
kilobase per million (RPKM) were considered as not expressed. Differentially expressed genes 
were determened by R package DEGseq (Wang et al., 2010)(qvalue= 1e-5 and fold change= 4)

3.4.5.3 PCA analysis

For all biological replicated enhancers the read coverage was determined in all sampled brain 
regions with bedtools. These read counts were RPKM normalized per brain region and z-score 
normalized per enhancer over all brain regions (75 for hemisphere 1, 51 for hemisphere 2) to 
correct for technical and or platform differences between Illumina and SOLiD. The prcomp 
function of R was used to perform the principal component analysis (PCA). (http://www.R-
project.org/).

3.4.5.4 Gene ontology

Gene ontology analysis was done using DAVID (david.abcc.ncifcrf.gov/home.jsp) (Huang et al., 
2009) or GREAT (bejerano.stanford.edu/great/public/html) (McLean et al., 2010) databases. 
Using DAVID, genes closest to the enhancers identified within one region (MACS2 p-value 
threshold 10-5) were analyzed, while GREAT analysis links enriched regions to genes using 
a window. The top disease associations (DAVID) are shown as well. For GREAT analyses, 
mouse as well as human phenotypes were recovered and manually curated as to their relevance 
(Supplementary Table 4).

3.4.5.5 Motif analysis

Enhancer regions were selected based on their distribution in networks or by separate regions 
analyzed as indicated. Enhancers were analyzed using HOMER (Heinz et al., 2010) (parameters 
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nlen=0 and noweight). De novo motifs were matched against known transcription factor motifs 
in TRANSFAC, UNIPROBE (mouse) and JASPAR (core) databases using TOMTOM (Gupta 
et al., 2007). Lists were manually curated to exclude repetitive sequences and mismatches. For 
known motifs, only mammalian motifs were considered. Only enhancer regions smaller than 
3000 bp (72% of total enhancers) were considered in the analysis.

3.4.5.6 ChIP-Seq cluster and meta-analysis

Enhancers were aligned at their peak center position and genes were aligned relative to their TSS. 
Around these positions, a region of -4 to +4k bp was selected and subdivided in 200 bp bins. 
Read density profiles were normalized per million unique reads per bin around the region center. 
These regions were either left sorted based on total read counts. Heatmaps were visualized using 
Javatreeview (jtreeview.sourceforge.net) (Saldanha, 2004).

3.4.5.7 4C analysis

Frozen cerebellum tissue was homogenized in 1 ml PBS with 10% Fetal Bovine Serum (FBS) 
using a cold 2ml dounce (Kontes Glass Co.). Single cells were cross-linked and further processed 
according to (Splinter et al., 2012). For the PARK16 viewpoint, Csp6I was used as restriction 
enzyme to generate the 3Ctemplate, which was further trimmed with NlaIII. For the SNCA 
enhancer, NlaIII and DpnII were used. Sequencing was performed on Illumina HiSeq 2000. 
After trimming primer sequences, sequencing reads were aligned to a reduced genome consisting 
of sequences that flank restriction sites of the first restriction enzyme (4C fragment-ends). The 
human genome (hg19) was used as reference genome for mapping 4C sequence captures. Non-
unique sequences (repeats) that flank a restriction site were removed from the analysis. 4C 
coverage was computed by averaging mapped reads in running windows of 21 (4 and 1 mb 
window) and 11 (500kb window) 4C fragment-ends. Quality assessment was done according 
to van de Werken et al., 2012 (van de Werken et al., 2012) (Table 2). Datasets included in the 
analysis were required to show a cis/total read ratio of at least 40% and frag end coverage in a 
window around the viewpoint needed to be 70% or higher (200 kb for 4-cutters).

Table 2. Quality assessment of 4C datasets.

3.4.5.8 Correlation of ChIP-seq data

For correlation analysis between enhancer datasets, Pearson correlations were calculated pairwise 
between all samples on the regions covered by enhancers in either of the two samples compared 
in a pair. These regions were defined by MACS2 based enrichment in one or both samples as 
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described above (p<10-5). For TSSs, H3K27ac-enriched regions observed within 2 kb in either 
one or in both samples were analyzed. For both enhancers and TSSs, the sum of the coverage of 
100 bp bins spanning -1000 bp to +1000 bp was used to calculate correlation scores. The values 
for all these regions were quantile normalized.

3.4.5.9 Gene expression analysis for enhancer-associated genes

The global expression comparison of 1119 differentially expressed genes between various regions 
of the adult human brain was previously reported by Hawrylycz and colleagues (Hawrylycz et al., 
2012).Enhancers within a 100 kb window around the TSS of differentially expressed genes were 
selected. Correlation scores for these enhancers were calculated across all samples as indicated 
above. Overall, the distribution of correlation scores between all samples was compared for all 
enhancers as well as enhancers close to genes that are differentially expressed. Similarity between 
these distributions was calculated using the Mann-Whitney U test.

3.4.5.10 SNP-enhancer correlations

We compared putative enhancer regions from our datasets with HaploReg genome-wide 
association datasets (Hindorff et al., 2009; Ward and Kellis, 2012b). Polymorphisms in linkage 
disequilibrium (LD=1.0) with the original array-specific SNPs associated were also included. 
SNP-disease association p-values were obtained from the GWAS catalog (http://www.genome.
gov/gwastudies /). Control and primary cell line datasets have been previously described 
(Ernst and Kellis, 2010), including umbilical vein endothelial cells (HUVECS), skeletal 
muscle myoblasts (HSMM), normal lung fibroblasts (NHLF), normal epidermal keratinocytes 
(NHEK), myelogenous leukemia (K562), human embryonic stem cells (H1), lymphoblastoid 
cells (GM12878), mammary epithelium (HMEC) and hepatocellular carcinoma (HEPG2).

3.4.5.11 Selection and design of enhancer assay reporter constructs

Suitable putative enhancer sequences were selected as displaying distinct H3K27ac enrichment 
patterns for numerous regions or across specific regions of the brain. Sequences were captured 
by PCR amplification using genomic DNA extracted from cerebellar tissue of the human donor. 
DNA segments between 500 to 2000 bp spanning the central position of the enrichment 
peaks observed were amplified using Phusion Polymerase (Finnzymes) (Table 3) and cloned 
directionally into pEntr/D-TOPO according to the manufacturer’s protocol (Invitrogen). 
Following Sanger sequencing, enhancer regions described above were transferred into the Hsp68-
LacZ expression vector (Pennacchio et al., 2006) using the Gateway cloning system according to 
the manufacturer’s protocol (Invitrogen).

3.4.5.12 Generation and analysis of transgenic mice for enhancer assay

Fertilized eggs were acquired from 6-10 super-ovulated females. HindIII or XhoI linearized 
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double stranded DNA was injected into the male pronucleus at a concentration of 2 ng/μl (a 
minimum of two rounds of microinjections per construct). Injected zygotes were allowed to 
proceed into the 2 cell stage in 16M medium (Sigma-Aldrich) overnight, then transferred to the 
oviduct of pseudo pregnant females and allowed to complete embryonic development. Embryos 
were extracted at day E11.5 and were genotyped by PCR using yolk sac DNA. E11.5 day whole 
embryos were fixed in a 1% formaldehyde, 0.2%glutaraldehyde solution containing 5 mM EGTA, 
0.02% Igepal and 20 mM MgCl2 for 45 minutes. They were then washed in PBS containing 
0.01% DOC, 0.02% Nonidet P40, 5 mM EGTA (pH 8.0), and 2 mM MgCl2. Staining was 
performed overnight at RT in 1 mg/ml 5-bromo-4-chloro-3-indolyl β-Dgalactopyranoside 
(X-gal) containing 2 mM MgCl2, 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6, 0.01% DOC, and 
0.02% Igepal. After washing three times in PBS, embryos were fixed a second time overnight 
in 4% formalin. Distinct regions that were stained were identified using the VISTA enhancer 
browser (Visel et al., 2007)

Table 3. Fragments amplified for enhancer reporter constructs.
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Supplementary Figure 1. Anatomical location of regions sampled for ChIP-Seq analysis in this study. For all 
figure panels the numbers indicated by yellow regions or arrows are the brain regions sampled in this study. The 
numbers correspond to Table S1 where these regions are listed. (A) Lateral view of the second brain hemisphere 
(Specimen 2). (B) Medial view of the second brain hemisphere (Specimen 2). (C) Medial view of the first brain 
hemisphere (Specimen 1). (D) Lateral view of the first brain hemisphere (Specimen 1). (E, F, G, H) Top panels 
show in black and white lateral views of the brain as dissected in the coronal plane indicated by a red line. Below 
the coronal view of the brain slice highlighted by the red line is shown. (Inset in E) Focused view of coronal slice 
shown in (E) displaying regions sampled an additional ~5mm in caudal direction in order to uncover additional 
structures (regions numbered). The anterior commissure is indicated by the white line. (I) Rostal midbrain, (J) 
caudal medulla, (K) caudal medulla (~3 mm rostal from (J)), (L) cerebellum medial part, (M) cerebellum medial 
part, (N) rostal pons and (O) caudal pons. 

3.6 Supplementary Figures
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Supplementary Figure 2. Chromatin dynamics at distal enhancers. Motif analysis of 75 regions analyzed 
from hemisphere 1 (x-axis) clustered on the transcription factor binding sites identified using HOMER (y-axis). 
A minimal threshold of p <10-200 was used. Orange indicates enrichment of a motif in a particular anatomical 
sample while yellow indicates no significant enrichment. The matrix is clustered on coregulated TF binding motifs 
within the 75 samples. Overall redundancy was found between motifs identified at enhancers in different regions 
of the brain.
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Supplementary Figure 3. Enhancer patterns across samples in the brain allow the identification of 
coregulated enhancers across the genome. (A) H3K27ac enrichment patterns z-score normalized across75 
ChIP-Seq samples ordered in a fixed position. Samples are ordered vertically. Each horizontal line is an enhancer 
that correlates with the viewpoint enhancer that was enriched only in the pineal gland. The color scale (yellow 
to blue) ranges 3 standard deviations above and below the mean enrichment (black) over the 75 regions from 
hemisphere 1 per single genomic region. The number of lines (enhancer regions) is 334. (B) Distinct network 
functions are derived using GREAT analysis and are shown for the co-regulated enhancer set in (A). The recovered 
CRX like motif is depicted below. (C) RNA-Seq count, read per kilobase normalized, of CRX mRNA in 7 distinct 
anatomical regions including pineal gland. 
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Supplementary Figure 4. Coregulated enhancer networks correlate to distinct biological functions. (A) 
Graph indicating the percentage of total enhancers that can be successfully assigned to a network as a function of 
the minimal size of the network as a function of the Pearson correlation cutoff used. Right graph is similar as the 
left one but with network size plotted at 100 enhancers intervals and network size is the actual size instead of the 
minimal size. (B) H3K27ac enrichment patterns z-score normalized across 75 ChIP-Seq samples in hemisphere 1 
vertically ordered in a fixed position. Each vertical line as indicated by the tree is a genomic region of 3kb in size 
that correlates with the viewpoint enhancer. The color scale (yellow to blue) ranges 3 standard deviations above 
and below the mean enrichment (black) over the 75 regions derived from hemisphere 1 per single genomic region. 
The number of lines (enhancer regions) is n=568 for (B) with 0.80 mean correlation and n=450 for (C) with 0.80 
mean correlation. Functional annotations using the regions indicated in GREAT are shown below each panel. (D) 
Overlap between enhancers assigned to the networks shown in Figures 4A, S4B and S4C. (E) Motif analysis of 43 
separate enhancer modules (x-axis) clustered on the transcription factor binding sites identified using HOMER 
(y-axis). Orange indicates enrichment of a motif in a particular module while yellow indicates no significant 
enrichment. The matrix is clustered on co-regulated TF binding motifs within the 43 modules.
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associated SNPs. Biological replicate of 4C-seq analysis in cerebellum of the second hemisphere. Track showing 
1megabase around the SNCA gene showing chromosome conformation capture results using the SNCA enhancer 
as a viewpoint (bottom panel in red). The large peak shows enrichment at the viewpoint (viewpoint enhancer 
indicated by red arrow above H3K27ac panel). Enrichment at other regions demonstrates looping of the viewpoint 
to those regions such as the SNCA promoter (arrow head) as well as the GPRIN3 and CCSER genes. H3K27ac 
enrichment is shown in blue above the 4C tracks. Genes (black boxes) are at the bottom of the panel. 



78

3
Supplementary Figure 6. Association between cis-regulatory DNA elements and Parkinson’s Disease-
associated SNPs in the PARK16 locus. Track showing 500 kilobases around the PARK16 locus showing 
chromosome conformation capture results using the PARK16 enhancer as a viewpoint (bottom panel in red). The 
large peak shows enrichment at the viewpoint (viewpoint enhancer indicated by red arrow above H3K27ac panel). 
Enrichment at other regions demonstrates looping of the viewpoint to those regions. H3K27ac enrichment is 
shown in blue above the 4C tracks. Genes (black boxes) are at the bottom of the panel. Two biological replicates 
are shown.
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Abstract  
 
Although genome sequencing has identified numerous noncoding alterations between 
primate species, which of those are regulatory and potentially relevant to the evolution of the 
human brain is unclear. Here we annotated cis-regulatory elements (CREs) in the human, 
rhesus macaque and chimpanzee genomes using chromatin immunoprecipitation followed 
by sequencing (ChIP-seq) in different anatomical regions of the adult brain. We found high 
similarity in the genomic positioning of rhesus macaque and human CREs, suggesting that 
the majority of these elements were already present in a common ancestor 25 million years 
ago. Most of the observed regulatory changes between humans and rhesus macaques 
occurred before the ancestral separation of humans and chimpanzees, leaving a modest set of 
regulatory elements with predicted human specificity. Our data refine previous predictions 
and hypotheses on the consequences of genomic changes between primate species and 
allow the identification of regulatory alterations relevant to the evolution of the brain.  
 
4.1 Introduction

Despite representing a scaled up primate brain (Azevedo et al., 2009), the human brain has 
several qualitative differences from closely related primate species that could underlie advances 
in cognitive function (Geschwind and Rakic, 2013; Rakic, 2009). To shed light on the genetic 
basis of these differences, genome sequencing analyses of pri mate genomes have uncovered a 
host of species-specific events includ ing gene copy number variations, insertions and deletions as 
well as specific alterations of coding sequence (O’Bleness et al., 2012; Rogers and Gibbs, 2014). 
However, given the overall similarity between coding sequences among primates, most of the 
phenotypic variation has been predicted to occur as a result of changes in the control of gene 
expression (King and Wilson, 1975). Especially in the brain, adaptive changes have been predicted 
to occur primarily in noncoding DNA (Haygood et al., 2010). In support of this, alterations in 
gene expression networks across the primate lineage have now been described, including those 
that are specific to the human brain (Konopka et al., 2012). However, linking these changes to 
spe cific gene-regulatory elements altered during evolution has proven difficult. This is primarily 
due to the fact that functional annotation of regulatory elements in the nonhuman primate 
genome is sparse.

Noncoding enhancer elements control transcription of genes from large genomic distances in a 
cell type−specific manner (Shlyueva et al., 2014). This inherent tissue-specific activity, as well as 
the presence of redundant enhanc ers (Hong et al., 2008; Perry et al., 2010), potentially renders 
these elements more amenable to changes during evolution (Rubinstein and de Souza, 2013; 
Wittkopp and Kalay, 2012; Wray, 2007). Accordingly, overall sequence conservation at enhancers 
across species is generally low, and functional conservation as determined by the location of 
transcription factors or specific his tone signatures across mammals is limited (Schmidt et al., 
2010; Villar et al., 2015). Nevertheless, specific sequence changes at enhancer elements have 
been linked to major phenotypic changes during mammalian evolution (Bulger and Groudine, 
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2011; Rubinstein and de Souza, 2013; Villar et al., 2014; Wittkopp and Kalay, 2012). Therefore, 
functional comparison of regulatory elements in relevant tissues as well as relevant species is 
required to understand their role in specia tion. In previous work, regulatory changes between 
the human and rhesus macaque embryonic cortex and limb have been analyzed (Cotney et al., 
2013; Reilly et al., 2015). However, whether these regulatory alterations are specific to humans 
or occurred earlier in primate evolution is still unclear.

Here we annotated CREs in several distinct anatomical regions of adult brain tissue from 
human, rhesus macaque and chimpanzee. We found that the overall positional conservation 
of CREs is high, but observed differences in their usage. Furthermore, we show that most 
regulatory changes occurred before the divergence of human and chimpanzee. These data are a 
substantial resource from which human-specific regulatory changes in the brain can be predicted. 
 
4.2 Results   

4.2.1 Annotation of CREs in the rhesus and chimpanzee brain

The location of active CREs in the genome can be predicted by the pres ence of histone modifications 
including histone H3 lysine 27 acetylation (H3K27ac) for promoters as well as enhancers (Creyghton 
et al., 2010; Prescott et al., 2015; Rada-Iglesias et al., 2011; Roadmap Epigenomics Consortium 
et al., 2015; Villar et al., 2015; Visel et al., 2013). Recently, we had used this modification 
to annotate CREs in the human brain in two complete donor hemispheres using ChIP-seq 
(Vermunt et al., 2014). As significant redundancy in H3K27ac enrichment existed between the 
areas that we had analyzed previously, for analysis in this study we selected eight anatomical regions 
corresponding to the major anatomical subdivisions of the brain, including cerebellum, caudate 
nucleus, thalamic nuclei, putamen, white matter, precentral gyrus, prefrontal cortex and occipital 
pole (Supplementary Fig. 1A, and Supplementary Tables 1 and 2). For comparative purposes, we 
generated additional data sets from a third human donor (Supplementary Tables 1 and 2).   
 
We analyzed the same eight anatomical structures by ChIP-Seq for H3K27ac in hemispheres 
obtained from three different rhesus macaque monkeys and two chimpanzees (Supplementary 
Fig. 1A,B, and Supplementary Tables 1 and 2). Rhesus macaques are evolutionary more distant 
than great apes, sharing the last common ancestor with humans around 25 million years ago 
(Kumar and Hedges, 1998) (Fig. 1A. In contrast, the chimpanzee is the closest related primate 
species to human, with a common ancestor that lived approximately 6 million years ago (Fig. 
1A). This enabled the identification of human-specific regulatory changes, as opposed to 
changes that occurred before the separation of the human and chimpanzee lineages.   
 
All data sets were well within quality parameters (Supplementary Table 2 and Online Methods), 
and across the eight distinct brain areas 59,786, 59,155 and 61,795 genome-scale significant 
H3K27ac-enriched regions were identified in human, chimpanzee and rhesus macaque, respectively 
(Supplementary Tables 3−5). Overlap of H3K27ac-enriched regions between the three larger 
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anatomical subdivisions of the brain (cerebellum, cortex and subcortical structures) confirmed 
substantial regulatory redundancy between anatomical brain areas (54−59% of the CREs) for each 
of the different species (random sampling, P < 0.001; Fig. 1B). Hierarchical clustering (Fig. 1C,D) 
and principal component analysis (PCA; Fig. 1E,F) for all chimpanzee and rhesus macaque data 
sets based on their predicted CREs demonstrated robust clustering according to overall anatomical 
position in the brain, similar to the human data (Supplementary Fig. 1C,D and Supplementary 
Data 1). Furthermore, 91% of the predicted CREs in the human cor tex contained enhancer 
and/or promoter states based on chromatin signatures defined by ChromHMM (Ernst and 
Kellis, 2010; 2012; 2015) in the dorsolateral prefron tal cortex24 (random sampling, P < 0.001; 
Supplementary Fig. 2). Conversely, 66−76% of the ChromHMM-predicted active enhancer 
states and 95% of the active promoter states were enriched for H3K27ac in our data (P < 0.001; 
Supplementary Fig. 2). Taken together, these data sets represent a comprehensive annotation of 
regulatory elements in the adult human, chimpanzee and rhesus macaque brains.  
 
4.2.2 Validation of putative CREs across three primate genomes

To compare predicted CREs among the three species, we combined human and rhesus 
macaque enriched regions that were reproducible in multiple specimens and could be mapped 
to both other primate genomes (Chimpanzee Sequencing and Analysis Consortium, 2005; 
Rhesus Macaque Genome Sequencing and Analysis Consortium et al., 2007). This excluded 
chimpanzee-specific regulatory DNA, which was not the focus of our study. For 93% of the 
putative cis-regulatory elements, we found sequence orthologs in the human, chimpanzee and 
rhesus genome (assemblies hg38, panTro4 and rheMac3, respectively) hg38, panTro4 and 
rheMac3. After filter ing for regions of poor genome quality and regions containing an excess 
of ambiguous reads or no reads (Supplementary Fig. 3A and Online Methods), we defined a 
final set of 60,702 H3K27ac-enriched regions with comparable mappability and size across the 
three species’ genomes (Supplementary Fig. 3B,C and Supplementary Table 6). As H3K27ac is 
enriched at promoter and enhancer CREs, the 60,702 enriched regions were intersected with 
known human transcriptional start sites (TSSs) to distinguish between them. 9,966 enriched 
regions were present at known TSSs, whereas we defined 50,736 as putative enhancers. Of 
those, 9,516 promoters and 35,157 enhancers were enriched for H3K27ac in the human brain 
(Supplementary Fig. 3A). The majority (86%) of promoters were also enriched for histone H3 
lysine 4 trimethylation (H3K4me3, random sampling, P < 0.001), a histone mark selectively 
present at promoters (Fig. 2A) (Roadmap Epigenomics Consortium et al., 2015). Similar frac tions 
of predicted promoters were enriched for H3K4me3 in rhesus macaque (86%) and chimpanzee 
(85%). Although promoter enrich ment was highly comparable between different anatomical 
subdivi sions of the human brain (89% enriched in more than one subdivision; Fig. 2A), this 
similarity was substantially lower for predicted enhancers (47%; Fig. 2B). In addition, observed 
comparable histone signatures among the three species for H3K27ac at promoters (Spearman’s 
rank correlation coefficient, ρ _= 0.93, and ρ = 0.85 for human-chimp and human-rhesus, 
respectively; Fig. 2A) and to a lesser extend at enhancers (ρ = 0.89, ρ = 0.77; Fig. 2B). These 
data thus corroborate the tissue-specific nature of these CREs (Bulger and Groudine, 2011).  
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Figure 1. Annotation of active cis-regulatory elements in the rhesus macaque and chimpanzee brain. (A) 
Schematic of 100 million years of brain evolution in mammals. Brains are drawn to approximate scale, with 
main anatomical subdivisions color-coded as indicated. (B) Overlap of H3K27ac-enriched regions between the 
main anatomical subdivisions of the brain (color-coded as in a) for human (HS), chimpanzee (Ch) and rhesus 
macaque (RM). Outer black circles are scaled to the total number of enriched regions, listed below the diagrams. 
(C,D) Hierarchical clustering of 16 chimpanzee brain samples based on normalized H3K27ac enrichment of 
59,155 predicted chimpanzee CREs (C) and of 24 rhesus macaque brain samples based on normalized H3K27ac 
enrichment of 61,795 predicted rhesus macaque CREs (D). Color scale depicts the Pearson correlation coefficient 
between samples. Bar at the bottom indicates main anatomical structures (Supplementary Fig. 1A): cortex 
(blue; prefrontal cortex (PFC), precentral gyrus (PcGm) and occipital pole (OP)), subcortical structures (yellow; 
caudate nucleus (CN), putamen (Put), white matter (WM) and thalamic nuclei (TN)) and cerebellum (CB; 
green). (E) PCA of 16 chimpanzee brain samples on normalized H3K27ac enrichment of 59,155 predicted 
CREs in chimpanzee. (F) PCA of 24 rhesus macaque brain samples on normalized H3K27ac enrichment for 
61,795 predicted CREs in rhesus macaque. Results of a similar analysis on matched human samples are shown in 
Supplementary Figure 1C,D.
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When comparing brain enhancers and co-regulated gene modules previously identified in different 
primate tissues (Brawand et al., 2011), we found a rela tive enrichment for genes coupled to brain 
enhancers in brain-specific modules as compared to genes in modules specific to other tissues (Chi-
squared test, P = 5.39x10−19; Supplementary Fig. 3D and Online Methods). Additionally, genes in 
cortical modules were significantly more often linked to putative enhancers that were exclusively 
present in cortex compared to unrelated tissues (Fisher’s exact test, for all pairwise comparisons P 
< 0.0005; Supplementary Fig. 3E). The same was true for genes in cerebellar modules that were 
linked to enhanc ers specific to the cerebellum (P < 0.0005, Supplementary Fig. 3E). Furthermore, 
genes in the vicinity of predicted brain-specific enhancers were overall linked to neural processes 
confirming a cell type−related gene regulatory function for these elements (Supplementary Fig. 
3F. Finally, the genes that were closest to an enhancer were expressed at sig nificantly higher levels 
than genes without a nearby enhancer (Wilcoxon rank-sum test, P < 0.0005; Fig. 2B). We also 
observed a similar enhance ment of gene expression for genes with their promoters enriched for 
H3K27ac, which is consistent with previous findings (Wang et al., 2008) (Wilcoxon rank-sum 
test, P < 0.0005; Fig. 2A). Thus, the genomic regions identified here represent a set of putative 
promoters and enhancers with comparable sequence content across the three primate species.  

Figure 2. Comparison of histone enrichment at human brain enhancers and promoters. (A) Heatmaps of 
H3K4me3 and H3K27ac reads per million (RPM) normalized read counts at human promoters in all three 
species (left). Spearman’s rank correlation coefficients for H3K27ac enrichment between the species are shown. 
Overlap of H3K27ac enrichment at promoters between the main anatomical subdivisions of the brain (middle). 
Normalized RNA read counts from human brain samples showing genes with and without H3K27ac enrichment 
at their promoter (right). Bottom and top of the boxes are the first and third quartiles. The line within the boxes 
represents the median and whiskers denote the interval within 1.5× the interquartile range from the median. 
Outliers are plotted as dots. Data are shown for cerebellum and cortex. Dissimilarity between distributions 
was calculated using a Wilcoxon rank-sum test; ***P < 0.0005. (B) Same analyses as in A for predicted human 
enhancers.
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4.2.3 Positional conservation of CREs across primates

As human and rhesus macaque are evolutionary most distant, we started by comparing the 
differences in active chromatin at CREs between these two species. We compared predicted 
human and rhe sus macaque enhancers and promoters by overlapping the data for each anatomical 
subdivision of the brain (shown for CB and PFC in Supplementary Fig. 4A). As direct overlap 
of enriched regions suffers from thresholding biases (Bardet et al., 2012), we also compared 
normalized read counts for each brain region between the human and rhesus macaque tripli cate 
data sets. This allowed for the quantitative pairwise assessment of ChIP-seq signals between the 
two species using DESeq2 (Love et al., 2014). A substantial amount (37−71% for enhancers, 
55−73% for promoters in CB and PFC, respectively) of the regulatory differences predicted by 
direct overlap of the data sets based on peak calling were not signifi cantly different as determined 
using DESeq2 (less than twofold-change and/or false discovery rate (FDR) ≥ _0.01), and thus 
we considered them to be false positives (Supplementary Fig. 4A). Indeed, expression of genes 
near differentially enriched CREs was overall significantly distinct between human and rhesus 
macaque brain tissue (Wilcoxon rank-sum test, P < 0.05; Supplementary Fig. 4A). We did not 
observe this effect for putative CREs that we considered false positives on the basis of DESeq2 
analysis (P > 0.05; Supplementary Fig. 4A), thus validating this refinement.

We found significant changes in regulatory chromatin at promoter regions with lower frequency 
compared to putative enhancers, which is consistent with earlier reports proposing a role for 
enhancer altera tions as a more prominent determinant of evolutionary change (Villar et al., 
2015). Nonetheless, most predicted CREs (57−86% for enhancers and 90−97% for promoters; 
Supplementary Fig. 4B) were either enriched in both species or not significantly different 
between human and rhesus macaque, demonstrating that the positional information of the 
regulatory landscape in the brain is largely conserved. Despite this overall positional conservation, 
PhastCons analysis of these regions revealed minimal sequence conservation at CREs. Although 
promoters and putative enhancers showed significant con servation as compared to random DNA 
(Wilcoxon rank-sum test, P < 0.0005 for promoters and P < 0.05 for enhancers), the magnitude 
of this effect was marginal for putative enhancers (Supplementary Fig. 4C). This is consistent 
with earlier findings demonstrating limited sequence conservation at enhancers in spite of 
functional conservation (Fisher et al., 2006; Hare et al., 2008; Villar et al., 2014). However, 
with the resolution of putative enhancers identified here, we potentially missed conservation of 
small stretches of sequence con taining transcription factor binding sites. Indeed, the fraction 
of reads in positionally conserved CREs that could map with one mismatch onto the genome 
of the other species was significantly higher in com parison to species-specific enhancers and 
promoters (Wilcoxon rank-sum test, P < 0.0005; Supplementary Fig. 4D and Online Methods). 
Thus, although sequence change associates with functional change, the overall functional 
conservation of CREs identified here cannot solely be explained by sequence conservation.  
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4.2.4 Quantitative assessment of H3K27ac enrichment at CREs

Several elements that we found enriched in both the human and rhesus macaque brain also 
demonstrated significant differences in H3K27ac enrichment (≥2-fold change and FDR <0.01; 
Supplementary Fig. 4E). Previous work has included these elements as regulatory gains of activity 
between species with evolutionary importance (Cotney et al., 2013; Reilly et al., 2015). When 
assessing expression of nearby genes in our data sets, these corresponded to the quantitative 
increase or decrease of H3K27ac enrichment at those CREs (Wilcoxon rank-sum test, P < 0.05; 
Supplementary Fig. 4E), demonstrating that quantitative changes in enrichment are overall 
functional.

Therefore, we analyzed all enriched CREs per anatomical region by quantitative assessment of 
H3K27ac regardless of differences in peak calling and found that a considerable fraction of the 
regula tory elements was significantly different between human and rhesus macaque (≥ _twofold 
change and FDR < 0.01, 16−50% for puta tive enhancers, 5−16% for promoters; Fig. 3A,B, 
Supplementary Fig. 5a,b and Supplementary Tables 7−10). Comparison of gene expression 
levels in cerebellum and prefrontal cortex between human and rhesus macaque (Brawand et al., 
2011) again demonstrated that gene expres sion changes correspond to differences in H3K27ac 
enrichment for both predicted enhancers (Wilcoxon rank-sum test, P < 0.05; Fig. 3C and 
Supplementary Fig. 5C) as well as promoters (P < 0.05; Supplementary Fig. 5D). CRE size 
changes between human and rhesus macaque were not more prominent in differentially enriched 
categories, suggesting this was unlikely to be an underlying cause for the observed changes in 
enrichment (Supplementary Fig. 5E).

Although the absolute number of changes per brain region was com parable, we found CREs in 
the cerebellum overall more frequently differentially enriched. This could have resulted from the 
fact that the cerebellum is a more homogeneous structure (>70% granule neu rons) (Andersen 
et al., 1992; Azevedo et al., 2009) resulting in better-resolved data sets, higher read counts per 
enriched region and thus more confident calling of differentially enriched regions. Skewing 
between the prefrontal cortex and cerebel lum has also been observed in gene expression data 
comparing humans and primates, with the cerebellum counting most of the changes (Brawand 
et al., 2011).
 
Across brain regions, 4.9–10.3% of the genes with an enhancer were associated with gain of 
enrichment at one element as well as a loss of enrichment at another (Fig. 3D). Observations 
in Drosophila (Arnold et al., 2014) and across mammals (Villar et al., 2014) have indicated this 
phenomenon could repre sent compensatory mechanisms to correct for genetic alterations at 
enhancers near critical genes. In agreement with this, gene expression levels in cerebellum were 
not significantly different for genes that were associated with both regulatory gains and losses 
(Wilcoxon rank-sum test, P > 0.05; Fig. 3E). We did not observe this effect when we selected 
random sets of differentially enriched enhancers (permutation test, P < 0.05). Functional analysis 
of these genes confirmed an overall association with important neuronal processes that are linked 
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Figure 3. Differences in H3K27ac enrichment between human and rhesus macaque. (A) Fraction of predicted 
enhancers per brain region that is or is not significantly differentially enriched (DE) between human and rhesus 
defined by DESeq2. The number of analyzed enhancers per subdivision is indicated below the graph. (B) RPM 
normalized ChIP-seq reads for H3K27ac (axis limit 5 RPM) for a DE enhancer (‘human gain’, purple shading) 
in cerebellum (top). Analysis (bottom) for two DE enhancers (‘human loss’, light brown shading) in prefrontal 
cortex (blue tracks) and putamen (yellow tracks). (C) Comparison of normalized RNA read counts between 
human and rhesus for cerebellar genes linked to a DE or not DE enhancer. Dissimilarity between distributions 
was calculated using a Wilcoxon rank-sum test; *** P < 0.0005, # P > 0.05. (D) Cartoon depiction of gene 
regulation by single or multiple compensatory DE enhancers. Inset, fraction of cerebellar genes linked to a DE, 
higher and/or lower enhancer. (E) Normalized RNA read counts for human and rhesus showing cerebellar genes 
with a higher and lower DE enhancer. Bottom and top of the boxes are the first and third quartiles. The line within 
the boxes represents the median and whiskers denote the interval within 1.5× the interquartile range from the 
median. Outliers are plotted as dots. Wilcoxon rank-sum test; # P > 0.05. (F) RPM normalized ChIP-seq reads for 
H3K27ac at a genomic region containing the COX7A2L gene. Blue shading highlights the repurposed enhancer. 
(G) Heatmap of z-normalized RPKM values showing 172 predicted enhancer and 18 promoter respecifications. 
Columns depict the eight different brain regions that were analyzed for enrichment and used to z-normalize 
RPKM values for each enhancer (average of the three biological replicates per species per brain region is shown).
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to the anatomical subdivision analyzed (Fig. 3E and Supplementary Table 11). Taken together, 
these data suggest that regulatory fine-tuning of existing CRE activity is widespread across 
the brain between human and rhesus macaque, and preferentially affects predicted enhancers. 
Furthermore, these results confirmed earlier observations of regulatory compensation near genes 
with critical functions (Fig. 3D,E).

4.2.5 Repurposing of CRE activity between brain structures

Repurposing of CREs has recently been shown between human and mouse using DNase 
hypersensitivity assays in different cell types (Vierstra et al., 2014). We found that enrichment 
at CREs could switch between anatomical regions of the human and rhesus macaque brain 
(Fig. 3F). 172 predicted respecifications occurred at putative enhancers and 18 involved known 
human promoters (Fig. 3G). Most of these (90.7% for enhancers and 94.4% for promoters) 
involved repurposing between the cerebellum and other anatomical regions of the brain. For 
example, repurposing at an enhancer linked to the DFNB31 gene coincided with promoter 
repurposing and a gene expression switch between cerebellum and cortex (Supplementary Fig. 
5F). Thus, although CREs displayed overall positional conservation, a subset was differentially 
enriched and several CREs were repurposed between distinct anatomical regions.  
 
4.2.6. Limited regulatory change after human-chimp divergence

As chimpanzee is evolutionary closer to human than rhesus macaque, a fraction of the observed 
regulatory changes between these two species is likely to have occurred before the split between 
human and chimpan zee. This is supported by PCA analysis for all human, chimpanzee and 
rhesus macaque samples based on all 60,702 predicted CREs in which PC2 distinguishes among 
the species (Fig. 4A and Supplementary Data 2). We obtained similar results using t-distributed 
stochastic neighbor embedding (t-SNE)-based multidimensional scaling (Supplementary Fig. 
6A). Only a fraction of the differentially enriched CREs defined between human and rhesus 
macaque showed a similar twofold H3K27ac enrichment (reads per kilobase per million; 
RPKM) difference between human and chimpanzee (Fig. 4B,C, Supplementary Fig. 6B,C and 
Supplementary Tables 12−15). Accordingly, expression levels of the genes close to these enhancers 
were more comparable between human and chimpanzee than between human and rhesus 
macaque (Fig. 4B and Supplementary Fig. 5B). However, the tests that we used to accurately 
define differential H3K27ac enrichment at enhancers between triplicate samples of human 
and rhesus macaque could not be performed with the same statistical power using duplicate 
samples for chimpanzee. Therefore, it is possible that twofold-changed differentially enriched 
regions between human and chimpanzee are slightly overrepresented. On average, 22.5% of the 
differences between human and rhesus were also present between human and chimpanzee (Fig. 
4D, and Supplementary Tables 7−10 and 12−15), demonstrating that a large proportion of the 
quantitative variation between human and rhesus macaque is absent in chimpanzee.
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Figure 4. Changes in chromatin enrichment occurred primarily before the divergence of human and 
chimpanzee. (A) PCA of all human, chimpanzee and rhesus macaque brain samples based on normalized 
H3K27ac enrichment at 60,702 predicted human and rhesus CREs with orthologs on all three genomes (left). 
Variable driving the association plotted against the PC for each component separately (right). Bottom and top of 
the boxes are the first and third quartiles. The line within the boxes represents the median and whiskers denote the 
interval within 1.5× the interquartile range from the median. Outliers are plotted as dots. (B) Scaled H3K27ac 
enrichment of DE and not DE enhancers between human and rhesus macaque in cerebellum (CB) as indicated 
(top). The heat map displays regions that are more enriched in human (purple), more enriched in rhesus (light 
brown) and similarly enriched (gray). Normalized RNA read counts from human, rhesus macaque and chimpanzee 
brain samples for genes close to DE and not DE enhancers (bottom). Dissimilarity between distributions was 
calculated using a Wilcoxon rank-sum test; *** P < 0.0005, # P > 0.05. (C) Fraction of DE and not DE enhancers 
in cerebellum between human and rhesus macaque with at least a twofold difference in normalized read counts 
(mean of replicates) is highlighted for human gains (purple) and human losses (light brown). The fraction of 
enhancers that reach to twofold threshold is specified by the percentages. The same enhancers are shown in 
chimpanzee. Boxplots show the log2 fold change in H3K27ac enrichment at enhancers between human and the 
indicated species. (D) Number of DE enhancers and promoters per brain region with a twofold difference in 
normalized read counts between human and rhesus macaque (R), and human and chimpanzee (C). Horizontal 
lines indicate the mean number of differentially enriched CREs across the eight brain regions.
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To test whether specific gene sets were overrepresented near human-specific regulatory gains 
or losses in the different brain regions, we used gene ontology analysis to search for common 
functional classifications. We found no specific functional categories clearly enriched, and the 
statistical confidence for the identified terms was generally low (Supplementary Table 16). 
Although some of the associated terms were linked to genes with neural functions, many 
apparently unrelated processes were overrepresented at similar low confidence. This is not unlike 
related analyses previously done com paring human and chimpanzee using gene expression 
profiling (Brawand et al., 2011; Konopka et al., 2012). It is possible that across the short 
evolutionary distance between human and chimpanzee, only a handful of altered elements with 
larger con sequences are the predominant drivers of phenotypical divergence. Furthermore, 
the defining characteristics that separate the adult human brain from chimpanzee (which 
are unclear) might not be clearly represented in the gene ontology databases.  

4.2.7 Rare newly introduced CREs in the human lineage

We next defined CREs predicted to be specifically active in human or rhesus macaque based on 
the strict absence of chromatin enrichment in the other species. We classified these as candidate 
enhancers and promoters for which activity was either newly introduced, or com pletely depleted 
in humans. 1,399 human enhancers and 89 promoters had enrichment levels comparable to 
the genome-wide background signal in all rhesus macaque brain regions, and we defined them 
as ‘new’ in the human brain (Fig. 5A, Supplementary Tables 17 and 18, and Online Methods). 
Only a small fraction of these putative CREs below background enrichment in rhesus macaque 
(~10%) was simi larly below background enrichment in chimpanzee, leaving only a handful of 
CREs with real predicted human-specific activity (Fig. 5A). For example, we found a newly 
induced cortex-specific enhancer close to the MYC oncogene (Fig. 5B), a pleiotropic activator of 
transcrip tional output (Lin et al., 2012; Rahl and Young, 2014). Using similar stringent metrics, 
we found 1,243 H3K27ac-enriched regions in rhesus macaque to be enriched below background 
in human (Fig. 5C, and Supplementary Tables 19 and 20). The vast majority of these candidate 
depletions (~96%) were also not enriched in chimpanzee, demonstrating the activity of those 
CREs had been lost before the separation of human and chimpanzee (Supplementary Fig. 7A,B).

To assess whether newly introduced or completely depleted CREs occurred preferentially 
in particular brain regions, we compared the distribution of those CREs with those for all 
CREs across anatomical brain regions. Although predicted human-specific differentially 
expressed elements were enriched across all three major anatomi cal subdivisions of the 
brain, they were less frequently observed in multiple brain regions (permutation test, P < 
0.001; Supplementary Fig. 7C). Depleted putative enhancers were similarly more often 
area-specific compared all enhancers (P < 0.001; Supplementary Fig. 7D). This suggests 
that the more pleiotropic effects of introducing or depleting CREs that are shared across 
multiple anatomical regions are also more often detrimental to the organism. These data 
support the hypotheses that enhancers are more amendable to evolutionary change at 
least in part because of their tissue specificity (Wittkopp and Kalay, 2012; Wray, 2007).  
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4.2.8. Enrichment of predicted CREs at human accelerated DNA

To further analyze predicted human CREs with changes in chroma tin state, we cross-compared 
them with a set of previously defined ultra-conserved genomic regions with accelerated sequence 
changes in the human lineage (Bird et al., 2007; Lindblad-Toh et al., 2011; Prabhakar et al., 
2006). These human accelerated regions (HARs) were predicted to have altered regulatory 
elements near develop mental and neuronal genes. 284 (out of 2,595) (Bird et al., 2007; Lindblad-
Toh et al., 2011; Prabhakar et al., 2006) predicted HARs were covered by an enriched region 
in human, which was signifi cant compared to random genomic regions (random sampling, P = 
0.003; Fig. 6A and Supplementary Table 21). 240 of those had comparable sequence content 
onto rheMac3 and panTro4, and were further analyzed for differential enrichment and human 
specificity. 32 CREs (13.3%) were differentially enriched in human versus rhe sus macaque and 

Figure 5. Newly introduced and specifically depleted CREs in human. (A) Heatmap of 1,488 human-specific 
CREs based on comparison with rhesus macaque. Read counts were normalized for number of reads in peaks, and 
the average value of replicates is plotted for the eight brain regions in human, chimpanzee and rhesus macaque. 
The upper section contains the human-specific gains (146 CREs) in comparison to both rhesus macaque and 
chimpanzee. The scale bar indicates RPM normalized H3K27ac enrichment. The bar plot illustrates the number 
of predicted enhancersand promoters that are specifically gained in human as defined by comparison to rhesus 
macaque only (blue), and to both rhesus macaque and chimpanzee (red). (B) RPM-normalized ChIP-seq read 
distribution (axis limit 5 RPM) for H3K27ac at a genomic region spanning 132 kilobases (kb) and containing the 
MYC gene in human (HS1), chimpanzee (Ch1) and rhesus macaque (RM1). Boxed regions highlight the cortical 
human-specific enhancer. (C) Same analysis as in (A) for human-specific depletions.
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chimpanzee in at least one brain region (Fig. 6A). This is not significantly more than a random 
set of human CREs (permutation test, P = 0.178). In addition, none of the newly intro duced 
CREs in comparison to both rhesus macaque and chimpanzee overlapped a HAR. Therefore, 
although HARs are overrepresented at regulatory elements of the adult brain, they were not 
found more often at differentially enriched enhancers. Similar results have been reported for 
the analysis of differentially enriched enhancers between human and rhesus macaque during 
embryogenesis in the brain (Reilly et al., 2015). Nevertheless, the intersection between the two 
data sets might still represent relevant evolutionary events. For instance, the 5′ _region of the 
CADM1 gene, a gene involved in synapse regulation of Purkinje cells in the cerebellum and 
ultrasonic vocalization in mice (Bird et al., 2007; Boyd et al., 2015; Fujita et al., 2012), gained 
enrichment next to an existing cerebellar enhancer in the rhe sus macaque genome (Fig. 6B). 
This putative enhancer was absent in the mouse genome, demonstrating that it emerged in the 
primate line age. We verified enhancer interaction with the promoter of CADM1 as shown by 
chromosome conformation capture (4C) sequencing (Fig. 6C) and found that the enhancer is 
likely part of a larger chromatin complex involving multiple promoter distal inter action sites 
within the region (Fig. 6C and Supplementary Fig. 8). However, despite the presence of a HAR, 
we also found the spread ing of active chromatin covering this region in our chimpanzee data 
sets. Thus, our data allow the refinement of previously made predic tions on the contribution of 
noncoding elements to the evolution of the human brain.

Figure 6. Functional alterations at accelerated DNA during primate evolution. (A) Percentage of HARs that 
lie within putative brain CREs (left). Inset, distribution of enhancers, promoters and CREs that could not be 
mapped onto rheMac3 and panTro4 with similar sequence content. Percentages of CREs that were DE and 
were not DE in human versus rhesus macaque and chimpanzee (right). (B) RPM-normalized ChIP-seq read 
distribution (axis limit 5 RPM) for H3K27ac (top). Cerebellar tracks are shown for mouse, rhesus macaque 
(RM1), chimpanzee (Ch1) and human (HS1). Gray shades highlight shared enhancers among primates; purple 
shades highlight DE enhancers higher in human between human and rhesus, of which one contains HAR87, 
indicated in red. Bottom, zoom in on both enhancers upstream of the CADM1 gene. (C) 4C-seq with the HAR87 
enhancer as viewpoint (black arrow). The red arrow (CADM1 promoter) marks a local increase in 4C-seq coverage. 
A more detailed version of this panel matched to H3K27ac enrichment is available in Supplementary Figure 8.
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4.3 Discussion

Understanding the evolutionary emergence and complexity of the human species requires the 
systematic annotation of coding as well as noncoding regulatory changes in the genome along 
the primate lineage. We used gain and loss of H3K27ac enrichment to describe differences at 
putative CREs (Cotney et al., 2013; Reilly et al., 2015) and demonstrate by gene expression 
analysis that this is relevant for both existing as well as new regulatory elements. As the presence 
of H3K27ac on a particular stretch of DNA is a binary event, the gains or losses of enrichment 
observed in this study will not necessarily translate directly into altered activity of the element 
in an episomal context. Recent single-cell chromatin accessibility data have demonstrated 
that population-based enrichment of open chromatin is best explained by the number of cells 
harboring the region in an open configuration (Buenrostro et al., 2015; Cusanovich et al., 2015). 
It is therefore reasonable to assume that H3K27ac enrichment changes are mostly a reflection of 
the number of cells that contain the CRE in a stable active state. It will be interesting to combine 
these data with large-scale episomal analysis of CREs (Arnold et al., 2014) in primates to couple 
activity to availability.

Our data, which were generated from the adult brain, are highly complementary to recently 
published data describing the changes between fetal stages of brain development using rhesus 
macaque and human samples (Reilly et al., 2015), and add complexity with the analysis of 
various functionally different anatomical regions. Comparing human and chimpanzee, we found 
no clear functional trends in the data for genes that are close to differentially enriched CREs. We 
speculate that the fraction of phenotypically defining changes in these data sets might be too low 
across such a short evolutionary distance. Small trends in gene-set analyses could be masked by 
a surplus of other alterations and/or changes with small phenotypical effects not directly linked 
to human brain function or by enhancer changes shared and selected for in different tissues. 
Indeed, alterations at individual CREs have been previously linked to significant phenotypical 
changes between species (Rubinstein and de Souza, 2013; Wittkopp and Kalay, 2012). The 
data in this study will likely be of value to further identify and prioritize such elements.  

In summary, our data allow the identification of regulatory changes that occurred in 
the brain during the final stages of human evolution. Combined with genomic and 
transcriptomic data, this work repre sents a framework from which single predicted 
regulatory elements can be further assessed using more targeted approaches.  
 
4.4 Materials and Methods
 
4.4.1 Selection of brain regions
 
In a previous study, in which 87 distinct anatomical regions of the human brain had been 
analyzed, three main subdivisions of brain regions could be distinguished by clustering and PCA 
analysis: cortex, subcortical structures and cerebellum (Vermunt et al., 2014) (Supplementary 
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Fig. 1A), suggesting most variation existed between these structures. Therefore, in the current 
analyses we selected eight brain regions corresponding to these structures. 72% of the regulatory 
elements we had identified previously (Vermunt et al., 2014), were also recovered in these human 
data sets, demonstrating that the majority of regulatory elements can be characterized using a 
smaller set of diverse anatomical regions. Throughout the figures, cortical samples are depicted in 
blue, subcortical structures in yellow and cerebellum in green.
 
4.4.2 Sample collection
 
Samples from Homo sapiens (HS) donors HS1 and HS2 have been described previously 
(Vermunt et al., 2014). Brain regions from donors HS3 and HS4 were obtained from the 
Netherlands brain bank (http://www.brainbank.nl/) (Supplementary Table 1). Informed consent 
was obtained for all donors. HS3 died from complications while suffering from a brain tumor 
that was well-defined and not invasive. We omitted dissecting near the area where the tumor 
had been removed surgically before death. As we did not obtain cerebellum from HS3, the 
third cerebellum sample stems from a different donor (HS4). This HS4 sample is referred to 
as HS3 in the paper. Rhesus macaque (RM) 1, RM2 and RM3 brains were collected at the 
Biomedical Primate Research Centre (BPRC) in Rijswijk (http://www.bprc.nl/) and represent 
rest material involving no animal experimentation for the purpose of this work as determined by 
the Animal Experimental Committee (DEC). Chimpanzee samples (Ch1, Ch2 and Ch3) were 
obtained via the BPRC after the animals died in a local zoo due to natural causes (Supplementary 
Table 1). All tissues were frozen as fast as possible after death (post mortem delays are listed in 
Supplementary Table 1). Eight brain regions, covering anatomically and functionally different 
areas, were analyzed (Supplementary Fig. 1A and Supplementary Table 2). These include the 
occipital pole (OP, primary visual cortex), precentral gyrus (PcGm, primary motor cortex) and 
prefrontal cortex (PFC). Three other dissected brain regions covered diverse midbrain nuclei: 
thalamic nuclei (TN), putamen (Put) and caudate nucleus (CN). Finally, a subcortical section of 
white matter (WM) and part of the cerebellar cortex (CB) were analyzed. Dissections were done 
in a −20 °C climate-controlled room using precooled biopsy punches (Microtech), and regions 
that were taken out are listed in Supplementary Table 2 and depicted in Supplementary Fig. 
1A,B for rhesus macaque (RM1) and chimpanzee (Ch3). For both chimpanzees (Ch1 and Ch3) 
one of the eight brain regions was not available. Therefore, replicate samples for CB and the TN 
were isolated from a third chimpanzee (Ch2) and added to complete Ch1 and Ch3. These two 
complete sets were given Ch1 and Ch2 designations throughout the manuscript.
 
4.4.3 Chromatin immunoprecipitation sequencing.
 
ChIP was carried out as described previously (Vermunt et al., 2014) with the following adaptations. 
60 mg of tissue was used per ChIP and homogenized in a glass douncer (Kontes Glass Co.) for 
further analysis. After crosslinking and washing in cold PBS, cells were lysed as described before 
(Vermunt et al., 2014). Nuclei were sonicated in 80 μl of buffer in microtubes using the Covaris 
S series. The following settings were used for 12 cycles of 60 s: intensity 3, duty cycle 20%, 200 
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cycles/bursts. After sonication, lysis buffer and Triton X-100 (to a final concentration of 1%) were 
added to a total volume of 550 μl. Samples were spun for 10 min at 21,139g at 4 °C. Supernatant 
was transferred onto DynaI Protein G beads, which were preincubated with antibody in PBS with 
0.5% BSA at 4 °C for at least 4 h, and rotated overnight at 4 °C. Antibodies used were ab4729 
from Abcam for H3K27ac and 07-473 from Millipore for H3K4me3. The next day, beads were 
washed four times with RIPA (50 mM Hepes pH 7.6, 1 mM EDTA, 0.7% DOC, 1% Igepal 
and 0.5 M LiCl) and once using TE with 50 mM NaCl. Elution and reverse crosslinking were 
done overnight at 65 °C in TE with 1% SDS. Beads were collected and supernatant was diluted 
1:1 with TE. RNase A (final concentration of 0.2 μg/μl) was added for 2 h at 37 °C. After a 
subsequent proteinase K (final concentration of 0.2 μg/μl) treatment of 2 h at 55 °C, DNA was 
extracted with phenol/chloroform in MaXtract High Density gel tubes (Qiagen) and ethanol-
purified. DNA was prepared for sequencing according to the Illumina Truseq DNA library 
protocol, and sequencing was done at the MIT BioMicro Center (http://openwetware.org/wiki/
BioMicroCenter) or at the Utrecht DNA Sequencing facility (http://www.utrecht-sequencing-
facility.nl) using the Illumina HiSeq 2000 or NextSeq 500 genome sequencer. Separate lanes, 
containing the eight different brain regions, were sequenced per primate specimen (Ch1, Ch2, 
RM1, RM2 and RM3) to avoid batch effects.
 
4.4.4 Data analysis
 
4.4.4.1 ChIP-seq enrichment analysis
 
Images acquired from the Illumina/Solexa sequencer were processed using the bundled Solexa 
image extraction pipeline (version 1.5 or 1.6 (cassava)). Sequences were aligned using Bowtie 1.1.0 
((Langmead and Salzberg, 2012); bowtie-bio.sourceforge.net) excluding reads with more than 
one mismatch (seed length 40) or with multiple alignments, unless stated otherwise. Mapping 
was done onto the following reference genomes: mouse mm10, rhesus macaque rheMac3, 
chimpanzee panTro4 and human hg38. Between 8 million and 36 million reads were mapped 
for each ChIP sample in the data sets. Fractions of reads in peaks scores all exceeded the 1% 
threshold used by the Encyclopedia of DNA Elements (ENCODE) (Landt et al., 2012), and the 
percentage of mapped and unique reads was overall high (Supplementary Table 2). Statistically 
genome-wide significant enriched regions for H3K27ac and H3K4me3 were called per sample 
using MACS2 version 2.1.0 (Zhang et al., 2008) (P = 10−5, extsize = 400, local lambda = 
100,000). Whole-cell extract input controls were generated for each brain region of every species. 
However, we used the internal lambda control in the MACS algorithm to correct for local bias 
as whole-cell extract inputs often introduce sonication biases at open chromatin (Auerbach et al., 
2009). Identified peaks smaller than 2,000 base pairs (bp) were extended to a size of 2,000 bp 
(peak center ± 1,000 bp) to match peak resolution usually observed for this histone mark (Bonn 
et al., 2012; Vermunt et al., 2014; Villar et al., 2015). Reproducible enriched regions were defined 
as enriched regions present in at least two biological replicate samples stemming from the same 
larger anatomical subdivision of the brain (CB, cortex and subcortical structures) per species. As 
only two biological samples could be obtained for chimpanzee, all called peaks were considered 
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for this species. This did not influence our analyses, as three way comparisons between species 
are based on read counts (see below). Lists of enriched regions per species (59,786, 59,155 and 
61,795 for human, chimpanzee and rhesus macaque, respectively) were obtained by merging 
enriched regions from all brain samples per species (24 for human, 16 for chimpanzee and 24 for 
rhesus macaque), with overlapping regions being stitched together (Supplementary Tables 3–5).
 
4.4.4.2 Hierarchical clustering, PCA and t-SNE
 
Duplicate reads were removed from bam files using Samtools 0.1.19 (Li et al., 2009), and read 
coverage within enhancer regions was calculated using Bedtools v2.20.0 (Quinlan and Hall, 
2010). In the analysis involving single species (Fig. 1C–F and Supplementary Fig. 1C,D and 
Supplementary Data 1), read counts were normalized for number of reads in peaks and log2 
transformed using the rlog (blind) function in DESeq2. Subsequently, values for each CRE 
were z-normalized across the eight different brain regions for every specimen (HS1, HS2, HS3, 
RM1, RM2 and RM3) individually. For hierarchical clustering (Fig. 1C,D and Supplementary 
Fig. 1C), Pearson correlations between samples were calculated. Samples were clustered based on 
Pearson distance with average linkage, and heatmaps were made using heatmap.2 from the gplots 
R package. For PCA (Fig. 1E,F and Supplementary Fig. 1D), the prcomp function in R (http://
www.R-project.org/) was used.
For the analysis involving multiple species simultaneously (Fig. 3A and Supplementary Fig. 6A 
and Supplementary Data 2), read counts were normalized for the number of reads in peaks 
and log2 transformed using the rlog (blind) function in DESeq2. PCA was then performed as 
described above, and plots were generated using scatter3D from the plot3D R package. For the 
analysis showing separate components, the variable driving the association was plotted against the 
sample value for that component. t-SNE multidimensional scaling coordinates were determined 
using the t-SNE R package (Maaten and Hinton, 2008).
 
4.4.4.3 Cross-species comparison of H3K27ac-enriched regions
 
Coordinates for rhesus macaque H3K27ac-enriched regions on hg38 were obtained using the 
UCSC liftOver tool (-minMatch = 0.5). Mapping onto the target genome and back to the 
source genome (reciprocal liftOver) had to be unique. Regions that changed more than 50% 
in size during liftOver were discarded. Rhesus macaque enriched regions mapped on hg38 were 
subsequently merged with human enriched regions with overlapping regions being combined 
into one to a total of 77,316 CREs (Supplementary Fig. 3A). To obtain three-way orthologs 
(hg38, panTro4 and rheMac3), reciprocal liftOver was performed centered from the hg38 
coordinates to rheMac3 as well as panTro4. The intersection of regions with coordinates on both 
target species was used for further analysis. To correct for variation in genome quality, selected 
enriched regions with orthologs on all genomes had to meet the following criteria: first, ≥ 90% 
of the bases had to be known in all three reference genomes (<10% overlap with UCSC Table 
Browser’s Gap Locations lists). This setting was used because unknown bases typically appear in 
short stretches rather than being scattered. Second, CREs with zero reads were discarded. Third, 



99

4

enrichment scores for the regions were not allowed to change significantly in the target genome 
when allowing reads to map to multiple locations as these could represent duplicated regions that 
are highly susceptible to poor annotation in lower-quality genomes. To analyze this, bam files for 
all samples per species were merged, and reads were mapped to unique locations (bowtie:–best–
strata -m 1) as well as multiple locations (bowtie:–best–strata -M 1). Genomic regions that were 
called as a peak after allowing multiple mapping but not with unique mapping were discarded 
as they potentially represent duplications or repeat elements that are not annotated at similar 
depth among the three genomes. 60,702 of 77,316 human and rhesus CREs were matched on 
all three genomes and passed all filters (Supplementary Fig. 3A and Supplementary Table 6). For 
most CREs (97.3%), the size change after reciprocal liftOver was below 25% (Supplementary 
Fig. 3C).
 
4.4.4.4. Promoter and enhancer analysis for human and rhesus macaque enriched regions
 
H3K27ac-enriched regions with coordinates on all genomes were grouped into enhancers and 
promoters using the hg38 RefSeq list. Enriched regions that overlapped within 1,000 bp from 
known transcriptional start sites (TSSs) were annotated as promoters, and enriched regions that 
were located more than 1,000 bp away from TSSs were considered putative enhancers. To check 
whether these sequences were indeed marked with histone signatures known to be selectively 
present at promoters, H3K4me3 ChIP-seq was performed on a subset of samples in human, 
chimpanzee and rhesus macaque (Supplementary Table 2). Duplicate reads were removed using 
Samtools 0.1.19 (Li et al., 2009) and H3K4me3 bam files were merged per species. Reads were 
counted for a region of 8 kb (80 bins of 100 bp) around the 9,516 putative human TSSs and 
around the center of 35,157 predicted human enhancers using Bedtools v2.20.0 (Quinlan and 
Hall, 2010). The same was done for the three species on merged H3K27ac bam files per species. 
Read density profiles were RPM-normalized and sorted on total read counts per promoter or 
enhancer in human. Heatmaps were visualized using Java Treeview (http://jtreeview.sourceforge.
net) (Saldanha, 2004). Spearman’s rank correlation coefficient for H3K27ac enrichment between 
the species was calculated on the total coverage per enhancer (sum of all bins).
 
4.4.4.5 PhastCons scores   
 
Scores for nucleotide conservation were calculated for each CRE using  
the PhastCons 20 mammals track. Mean values of all scored nucleotides per CRE were plotted 
for the indicated elements in Supplementary Fig. 4C. Significance for promoters and enhancers 
was calculated using a Wilcoxon rank-sum test against the same number (9,966 for promoters 
and 50,763 for enhancers) of random genomic fragments of the same size. Selection of random 
genomic DNA is further specified below.
 
4.4.4.6 Identification of positionally conserved CREs   
 
Promoters and enhancers in cerebellum, cortex and subcortical structures were compared to the 
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enriched regions of those subdivisions in the other species (human and rhesus macaque). As 
peak calling suffers substantially from thresholding artifacts (Bardet et al., 2012), read counts of 
enriched regions that were only called in one species, were compared using DEseq2 (below) for 
the eight brain regions. CREs that were not significantly DE and not DE between human and 
rhesus macaque, were assigned as false positive species-specific elements. CREs that were called 
as peak in both species were grouped with not DE CREs into positionally conserved elements.
Mappability of human and rhesus macaque reads onto the other genome. All bam files (24 
samples) were merged per species for both human and rhesus macaque. Duplicate reads were 
removed using Samtools 0.1.19 (Li et al., 2009) and read coverage within CREs was calculated 
using Bedtools v2.20.0 (Quinlan and Hall, 2010). The human reads that fell within a given 
CRE were selected and mapped onto rheMac3 using the mapping settings described above (one 
mismatch allowed). Percentages of human reads that mapped to the corresponding CRE on 
rheMac3 were plotted (Supplementary Fig. 4D). The same analysis was done for rhesus macaque 
reads within CREs onto the human genome.
 
4.4.4.7 Gene expression analysis 
 
All CREs identified here were coupled to their closest gene (TSS) using the UCSC hg38 RefSeq 
list. Previously published gene expression data from six tissues in ten species (including prefrontal 
cortex and cerebellum in human, rhesus macaque and chimpanzee) was then used for further 
comparison (Brawand et al., 2011). RPKM RNA counts for 13,035 genes with orthologs across 
primates were extracted for the female prefrontal cortex and cerebellum samples (Constitutive 
Aligned Exons, Primate1to1Orthologs). Out of those, 12,885 were traced back on hg38 
(Ensembl genes 81). Boxplots throughout the manuscript depict log2 RPKM RNA read count 
values for genes, within those 12,885 orthologous genes that were coupled to CREs based on 
proximity. Dissimilarity of RNA expression distributions was calculated using a nonparametric 
Wilcoxon rank-sum test (two-tailed) under the null hypothesis that the distributions are the 
same. For the permutation test in Fig. 3E, the difference between the median of the human and 
rhesus distribution was compared to random sets of DE enhancers.

We used gene coexpression modules, previously identified in primates in six different tissues33, 
to compare to our lists of CREs. All modules that were expressed in human, or in human and 
other primates, were selected for analysis. The percentage of genes within previously defined 
gene modules (Brawand et al., 2011) that could be coupled to a CRE was calculated. To test 
the null hypothesis, which states that genes in any of the tissue modules (multiple modules of 
a single tissue) are equally likely to be linked to the brain enhancers identified here, we selected 
the 19,560 brain enhancers that had one of the 12,885 orthologous genes as a closest partner for 
further analyses. The number of unique genes for each tissue module (for example, all unique 
cerebellar module genes) was counted and for each of those, we analyzed whether the gene was 
linked to a brain enhancer or not. By doing so, a 2 × 5 contingency table of counts was created 
in which the row variable represents whether or not a gene is linked to a brain enhancer and 
the columns correspond to the 5 different tissue modules (cortex, cerebellum, heart, kidney 
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and liver). A chi-squared test for contingency tables was performed to test the null hypothesis 
of independence between rows and columns. The enrichment of plotted genes (Supplementary 
Fig. 3D) is the square root of the contribution to the test statistic of the corresponding cell in 
the table. A comparable analysis was done to assess enrichment of cortical/cerebellar module 
genes linked to cortex/cerebellum-specific enhancers on the basis of overlap with 13 unrelated 
tissues. These include two replicates from colon crypt (Akhtar-Zaidi et al., 2012), adrenal 
gland, esophagus, gastric tissue, left ventricle of the heart, lung, pancreas, psoas muscle, sigmoid 
colon, small intestine, spleen, kidney and liver (Bernstein et al., 2010; Roadmap Epigenomics 
Consortium et al., 2015). Link counts for all genes within separate modules per tissue linked 
to cortex/cerebellum brain-specific enhancers are shown in Supplementary Fig. 3E. To make 
the comparisons more stringent, only unique genes per tissue module were considered for the 
statistical analysis of enrichment between two modules. Fisher’s exact test was used to test the 
null hypothesis that enrichment for cortex/cerebellum brain-specific enhancers was equal in pairs 
of gene modules being compared.
 
4.4.4.8 RPKM normalized and scaled H3K27ac enrichment
 
H3K27ac enrichment within CREs was normalized for the number of reads in peaks and region 
size in Fig. 5A,C and Supplementary Fig. 5A. For the analyses in Fig. 4B and Supplementary 
Fig. 6B, these values were subsequently z-normalized per sample for each species using the scale 
function in R. Average values of all replicates per species were visualized using Java Treeview.
 
4.4.4.9 Analysis of variation in enrichment at promoters and enhancers
 
Pairwise comparison for each of the eight brain regions between human and rhesus macaque was 
done for all CREs using DESeq2 based on the three independent replicates (Love et al., 2014). 
CRE size-normalized read counts of the human replicates (HS1, HS2 and HS3; human group) 
were compared to those of the rhesus macaque replicates (RM1, RM2 and RM3; rhesus group). 
For each subdivision of the brain (cortex, subcortical structures and cerebellum), peaks identified 
in that subdivision were analyzed for differential enrichment. Significantly differentially enriched 
(DE) regions were defined as regions with at least a twofold change in enrichment and an FDR 
< 0.01. DE enhancers and promoters between human and rhesus are listed for the eight brain 
regions in Supplementary Tables 7–10. For human-chimpanzee comparisons, reads in peaks 
normalized read counts were compared. The mean was calculated for all replicates per species. A 
twofold-change cutoff was used to define regions as DE between both species (Supplementary 
Tables 12–15).
 
4.4.4.10 Identification of respecifications
 
DE CREs with higher expression in human (‘gains’) were merged for all eight brain regions. 
The same was done for DE CREs with lower expression in human (‘losses’). When CREs were 
present in both lists, but not in a list containing regions that remained constant (not DE), they 
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were assigned as respecifications. Read counts within repurposed CREs were normalized to the 
number of reads in peaks and region size. Subsequently, these values were z-normalized over the 
eight different brain regions and visualized using Java Treeview (Fig. 3G).
 
4.4.4.11 Definition of high confidence human-specific gains and losses by comparison with 
genome-wide background enrichment
 
To obtain high-confidence species-specific enriched regions for both human and rhesus macaque, 
read counts within CREs were compared to the genome-wide enrichment for each sample in 
the other species. To define the background enrichment for each ChIP-seq sample, read counts 
were calculated in sliding (500-bp steps) windows of 3,000 bp (mean enhancer size) across the 
whole genome. Read count values for CREs were normalized to a 3 kb size and were considered 
background signal when they fell below the 80th percentile of the set of 3,000-bp background 
windows. In total, 1,399 human enhancers and 89 promoters were below 80th percentile 
threshold in all rhesus macaque samples. Of those, 139 and 7 were also below the background 
threshold in chimpanzee. 1,243 rhesus macaque CREs (24 promoters and 1,219 enhancers) 
were enriched below the 80th percentile of background enrichment in human. Of those, 45 
enhancers and 4 promoters were defined human-specific losses as they were significantly enriched 
(as defined by peak calling) in chimpanzee.
 
4.4.4.12 Gene ontology analysis
 
Gene ontology (GO) analysis was done using Genomic Regions Enrichment of Annotations Tool 
(GREAT; http://bejerano.stanford.edu/great/public/html)(McLean et al., 2010) with the basal 
plus extension setting. Therefore, multiple genes are potentially assigned to enhancer regions. For 
the analyses of brain-specific enhancers (Supplementary Fig. 3F), we specifically analyzed regions 
that were not found enriched in a set of 13 tissues analyzed from encode data sets described above 
(Roadmap Epigenomics Consortium et al., 2015).
 
4.4.4.13 Analysis of accelerated regions
 
To link HARs with putative brain enhancers, predicted accelerated regions from three different 
sources (Bird et al., 2007; Lindblad-Toh et al., 2011; Prabhakar et al., 2006) were merged totaling 
2,595 predicted HARs on hg38. These were compared with the 59,786 human enriched regions. 
284 human CREs covered a HAR (Supplementary Table 21). Out of those, 240 (192 enhancers 
and 48 promoters) were mappable onto panTro4 and rheMac3 with similar sequence content 
and analyzed for differential enrichment in human versus rhesus macaque and chimpanzee by 
overlap with the DE regions from all eight brain regions (Supplementary Tables 12–15).
 
4.4.4.14 Random sampling of genomic DNA
 
Significance of overlap between enriched regions throughout the manuscript was analyzed in 
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comparison to 1,000 sets of random genomic DNA of comparable size (Figs. 1b,2a,b and 6a, and 
Supplementary Fig. 2). To generate a H3K27ac-mappable reference genome, hg38, rheMac3 and 
panTro4 were divided in sliding (500-bp steps) windows of 3,000 bp and the following windows 
were excluded: windows with zero mappable reads using all H3K27ac reads of the indicated 
species, windows with more than 10% unknown bases (UCSC Table Browser’s Gap Locations 
lists) and windows overlapping regions mapping to multiple positions (see above).
 
4.4.5 4C sequencing
 
The 4C experiment on the CADM1 enhancer was performed as described previously 
(Splinter et al., 2012; van de Werken et al., 2012), on human cerebellar tissue (HS1) 
using DpnII and NlaIII as restriction enzymes. For amplification, the following 
primers were used: 5′-GTTCTGGTGTCTGAGAACCA-3′ (reading primer) and 
5′-TGTAACCAGACCCATTCTTC-3′ (non-reading primer). Sequencing was done on 
the Illumina Hiseq 2000 genome sequencer. Sequence reads were mapped onto hg19. Reads 
mapping to multiple fragment ends were removed, and 4C coverage was computed by averaging 
mapped reads in running windows of 41 fragment ends. With 71% of the total reads on the cis 
chromosome, and 77.88% of those within 200-kb of the viewpoint, quality scores met previously 
described conditions (van de Werken et al., 2012).
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4.6 Supplementary Figures

Supplementary Figure 1. Annotation of active cis-regulatory elements in distinct brain regions. (A) Schematic 
of the eight brain regions that were analyzed. Prefrontal Cortex (PFC), Precentral Gyrus (PcGm), Occipital Pole 
(OP), White Matter (WM), Caudate Nucleus (CN), Thalamic Nuclei (TN), Putamen (Put) and Cerebellum 
(CB). (B) Anatomical location of the eight regions that were sampled from two chimpanzee brains and three 
rhesus macaque brains. (C) Hierarchical clustering of 24 human brain samples based on normalized H3K27ac 
enrichment of 59,786 predicted human CREs. Color bar indicates main anatomical subdivisions. (D) PCA of 24 
human brain samples on normalized H3K27ac enrichment of 59,786 human CREs. 
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Supplementary Figure 2. Comparison of H3K27ac enrichment in the human cortex with previously defined 
enhancer and promoter states. In the upper panel, the pie chart illustrates the fraction of overlap between 
H3K27ac-enriched regions in the cortex and enhancer and/or promoter states defined in the dorsolateral prefrontal 
cortex. Bar chart further specifies exact categories that comprise more than 10%. The lower panel depicts the 
fraction of different chromatin states in the dorsolateral prefrontal cortex24 that is enriched for H3K27ac.
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Supplementary Figure 3. Characterization of putative CREs in the brain. (A) Selection strategy for human 
and rhesus macaque CREs with orthologues of comparable mappability on all three primate genomes. (B) Size 
distribution of all CREs in human and rhesus macaque. (C) Ratio of rhesus and human CRE length. The fraction 
that does not differ more than 25% in size between both species is indicated. (D) Enrichment analysis for genes 
within indicated modules for linked brain enhancers. (E) Percentage of genes within modules of a given tissue33 
as indicated below the panels, that are linked by proximity to cortical or cerebellar brain-specific enhancers, 
as compared to 13 unrelated tissues. Fisher’s exact test was used to compare enrichment for brain enhancers 
between modules; *** P < 0.0005. (F) Venn diagram showing the overlap of putative enhancers between the main 
anatomical subdivisions of the brain. Brain-specific enhancers per anatomical subdivision were analyzed for linked 
gene ontologies using GREAT.
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Supplementary Figure 4. Positional conservation of enhancers and promoters in the brain across primate 
evolution. (A) Upper panels show the fraction of enhancers and promoters in cerebellum (CB) and prefrontal 
cortex (PFC) that is enriched, as defined by peak calling, in both human and rhesus macaque (blue box) or one 
species only (red box). Species-specific CREs are further subdivided using DESeq2 into significantly differentially 
enriched (DE higher in human, purple; DE lower in human, light brown) and not DE (grey). Lower panels 
show normalized RNA read counts, indicated for human and rhesus macaque by silhouettes, for genes close to 
DE and not DE enhancers. Dissimilarity between distributions was calculated using a Wilcoxon rank-sum test; 
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*** P < 0.0005, ** P < 0.005, * P < 0.05, # P > 0.05. (B) Fraction of enhancers (left) and promoters (right) for 
each brain region that is positionally conserved between human and rhesus macaque (blue and grey). (C) Average 
PhastCons scores for all nucleotides within the indicated elements. (D) Fraction of reads within CREs that was 
mappable onto the other genome for (not) positionally conserved CREs. (E) Upper panels show the fraction of 
enhancers and promoters in CB and PFC that is enriched, as defined by peak calling, in both human and rhesus 
macaque (blue box) or one species only (red box). Shared CREs (blue) were further subdivided into DE, higher 
in human (purple), DE, lower in human (light brown) and not DE (grey) using DESeq2. Lower panels show 
normalized RNA read counts, indicated for human and rhesus macaque by the silhouettes, for genes close to (not) 
differentially enriched enhancers. Dissimilarity between distributions was calculated using a Wilcoxon rank-sum 
test; *** P < 0.0005, * P < 0.05, # P > 0.05.
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Supplementary Figure 5. Differential H3K27ac enrichment corresponds to changes in gene expression. 
(A) Heatmaps and boxplots for the eight brain regions illustrate (the ratio of ) average read counts (normalized 
for number of reads in peaks) of replicates in human and rhesus macaque. Upper panels in purple depict DE 
enhancers, higher in human. Middle panels in light brown are DE enhancers, lower in human. Lower panels 
in grey represent enhancers that are not DE. (B) Percentage of human promoters per brain region that is (not) 
DE between human and rhesus macaque as defined by DESeq2 (≥ twofold change, FDR < 0.01). The number 
of analyzed promoters per subdivision is indicated in the color bar below the graph. (C) Boxplot showing the 
comparison of normalized RNA read counts from human and rhesus macaque brain samples as indicated by the 
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silhouettes. Displayed are the closest genes to a (not) DE enhancer in the prefrontal cortex (PFC). Dissimilarity 
between distributions was calculated using a Wilcoxon rank-sum test; # P > 0.05. (D) Comparison of normalized 
RNA read counts for genes with (no) differential H3K27ac enrichment at their promoters (shown for CB and 
PFC). Dissimilarity between distributions was calculated using a Wilcoxon rank-sum test; *** P < 0.0005, ** P 
< 0.005, * P < 0.05, # P > 0.05. (E) Ratio of enhancer length between rhesus macaque and human for (not) DE 
enhancers. (F) Left panels show a RPM normalized ChIP-seq read distribution (axis limit 5 RPM) for H3K27ac 
at a genomic region spanning 115kb containing the DFNB31 gene. Eight tracks represent the different anatomical 
brain regions that were analyzed in both human (HS1) and rhesus macaque (RM1) as indicated by the silhouettes. 
Blue shade highlights the repurposed enhancer and promoter. The right panel displays RPKM normalized RNA 
sequencing reads for DFNB31 relative to the human cortex.
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Supplementary Figure 6. Changes in active chromatin at predicted CREs occurred mainly before the 
human-chimpanzee separation. (A) t-Distributed Stochastic Neighbor Embedding (t-SNE) analysis for all 
human, chimpanzee and rhesus macaque brain samples using normalized H3K27ac enrichment at 60,702 
predicted human and rhesus CREs with orthologues on all three genomes. (B) Upper panels show scaled H3K27ac 
enrichment of (not) DE enhancers as indicated between human and rhesus macaque in prefrontal cortex (PFC). 
In purple, DE enhancers, higher in human. In light brown, DE enhancers, lower in human. In grey, not DE 
enhancers. Lower panels display normalized RNA read counts from human, rhesus macaque and chimpanzee 
brain samples for genes close to (not) DE enhancers. Dissimilarity between distributions was calculated using a 
Wilcoxon rank-sum test; * P < 0.05, # P > 0.05. (D) Fraction of (not) DE enhancers in cortical and subcortical 
samples defined between human and rhesus macaque with a twofold difference in normalized read counts (mean 
of replicates) between human and the indicated species. 
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Supplementary Figure 7. Newly introduced and specifically depleted CREs in human. (A) RPM normalized 
ChIP-seq read distribution (axis limit 5 RPM) for H3K27ac at a genomic region spanning ~173kb. Eight tracks 
represent the different anatomical brain regions that were analyzed in HS1, Ch1 and RM1 as indicated by the 
silhouettes. Colored boxes highlight CREs that are significantly higher in human (purple, 3 putative enhancers 
and 1 promoter), significantly lower in human (light brown, 1 CRE) and gained in great apes (yellow, 1 CRE 
in the subcortical structures). (B) Same analysis as (a) for a human-specific depletion. (C) Left graph shows 
distributions of human enhancers over the subdivisions of the brain. Fractions of shared enhancers between 
subdivisions are plotted in diagonal stripes that are colored according to the different subdivisions. This is shown 
for all predicted human enhancers and for newly introduced enhancers in comparison to rhesus macaque (random 
sampling, P < 0.001). Right graph shows fraction of new enhancers per (shared) anatomical subdivision of the 
original set of all enhancers. (D) Similar analysis as in (C) for human-specific depletions. 



117

4

Supplementary Figure 8. Chromosome conformation capture for a CRE at accelerated DNA. In green, 
enrichment for H3K27ac in the human cerebellum for a genomic region containing CADM1. In blue, 
chromosome conformation capture (4C-seq) using the genomic region containing HAR87 as a viewpoint (exact 
location indicated by green arrow) in human cerebellum. The second CADM1 enhancer is illustrated with a green 
arrow. Black boxes represent genes. Interaction peaks with both the second CADM1 enhancer and the CADM1 
promoter are indicated using a red arrow.
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5.1 Introduction

Our current understanding of the human genome has provided insight into the genetic basis 
of health and pathology. Genetic variation between populations has been linked to disease 
susceptibility and specific genes are now known to contribute to defined disorders. For instance, 
point mutants in α-synuclein (SCNA) were linked to the autosomal dominant form of Parkinson’s 
disease (PD) (Polymeropoulos et al., 1997) and duplications of the gene were shown to result 
in increased SNCA expression and early onset PD. Following these observations, many studies 
using model systems have demonstrated that excess amounts of SNCA are sufficient to cause 
neurodegeneration and PD (Farrer et al., 2004; Singleton et al., 2003). In addition, SNCA was 
found to be the primary component of Lewy bodies. These intracytoplasmic inclusions are the 
pathological hallmark of PD and accompany neuronal death. Misfolding of the protein underlies 
the formation of SNCA aggregates, but not unlike other proteins that are known to accumulate 
in neurodegenerative diseases, the normal function of SNCA remains poorly understood.  
 
SNCA gene triplication results in more severe PD associated symptoms than genomic 
duplication (Fuchs et al., 2007). This highlights that gene dosage affects disease onset and 
severity, which is why the mechanisms that control gene expression rates of SNCA are of 
particular interest to uncover the (possible) contribution of transcriptional regulation in 
both familial and non-Mendelian forms of PD in which the protein itself is not mutated. 
Polymorphisms in the SNCA promoter were shown to increase promoter activity (Chiba-
Falek et al., 2003; Maraganore et al., 2006), and more recently, the risk variant of a common 
SNP within an intronic SNCA enhancer was found to result in a moderate, but significant 
elevation of SNCA expression (Soldner et al., 2016; Vermunt et al., 2014).   
 
Cis-regulatory elements have emerged as key players in the attenuation of transcriptional levels 
and often harbor tissue-specific activity. The integration of cell type-specific enhancer annotations 
with genome-wide association studies (GWAS) has uncovered interesting (and unexpected) links 
between altered activity of cis-regulatory elements and disease-associated variants (Bauer et al., 
2013; Gjoneska et al., 2015; Maurano et al., 2012; Oldridge et al., 2015; Schaub et al., 2012; 
Vermunt et al., 2014; Ward and Kellis, 2012). However, the results from GWAS likely only explain 
a fraction of the genetic contribution to complex traits such as neurodegenerative disorders, 
predominantly because of their small effect sizes. This is why additional focus is being put on the 
identification of rare variation, with possible larger functional consequences (Bodmer and Bonilla, 
2008). Advances in next generation sequencing techniques are greatly facilitating this effort, but a 
systemic identification of rare variants remains challenging because of the number of individuals for 
which the full genomes should be sequenced. Furthermore, the degenerate nature of transcription 
factor binding sites in enhancers suggests that many different rare variations may affect enhancer 
activity in a similar fashion. This further complicates the search for rare variation associated with 
disease and calls for a more targeted approach to identify disease-causing mutations.   
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Here, we investigate common and rare variation in a panel of ~864 control and ~864 PD 
individuals within an intronic SNCA enhancer that was previously described to be active in the 
human brain and to harbor common variation that alters PD susceptibility. 

5.2 Results

5.2.1 Cis-regulatory elements within the SNCA locus 

Chromatin Immunoprecipitation (ChIP)-sequencing for H3K27ac in the human 
brain previously identified multiple cis-regulatory regions in the SNCA locus (Fig. 1A) 
(Vermunt et al., 2014). While some elements harbored brain region-specific activity (Fig. 
1A, green arrows), others were selectively enriched for H3K27ac in the cerebellum and 
cortex (Fig. 1A, blue arrow). In addition, some elements were found active in samples 
from the cortex, subcortical structures as well as the cerebellum (Fig. 1A, dashed box). 
This indicates that multiple regulatory elements within this locus harbor activity, and that 
transcriptional output of SNCA probably depends on the interplay of several enhancers.   
 
Two PD-associated SNPs (rs356168 and rs3756054) were found within one enhancer of 
the SNCA locus (Fig. 1A, dashed box), which suggests that the risk variants may influence 
enhancer activity and therefore play a role in PD development. Earlier described chromosome 
conformation capture experiments verified the interaction between this enhancer and the SNCA 
promoter (Vermunt et al., 2014), and the risk variant rs356168 has now been shown to result 
in increased SNCA transcription when compared to the reference allele (Soldner et al., 2016). 
To further explore the effect of variation within this noncoding element on the expression of 
SNCA (Fig. 1A, dashed box), we tested the ability of this regulatory region to drive luciferase 
expression HEK293 cells. The enhancer was found enriched in this cell type and transfection 
of enhancer driven luciferase constructs resulted in a ~5-fold increase of luciferase signal when 
compared to an empty vector (Fig. 1B,C). Investigation of the regulatory region in the UCSC 
genome browser revealed that DNase hypersensitivity and transcription factor binding sites were 
restricted to the latter ~1200 base pairs (bps) of the identified H3K27ac-enriched region. Indeed, 
luciferase assays confirmed that enhancer activity resides in the second part of the enhancer, more 
specifically in the last ~600 bps (Fig. 1B, C). Interestingly, rs356168 is located in the first part of 
the enhancer, which indicates that while part two drives reporter gene expression, transcription 
factor binding sites within part one may still contribute to enhancer strength. 

5.2.2 Identification of new variants within the SNCA enhancer

In order to search for rare variation within the SNCA enhancer that may be sufficient to cause 
PD, the genomic DNA of 864 PD patients and 864 controls was obtained from Coriell Cell 
Repositories. Patients were of Caucasian ethnicity with a subset of 288 people with young onset 
PD, and the control panel consisted of 75% Caucasians, 12,5% Hispanics and 12,5% African 
Americans. To get read coverage for each nucleotide within the 1200 bps enhancer, 3 separate 
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fragments of ~450 bps were amplified (Methods) and subsequently analyzed using 300 bps paired-
end sequencing (Fig. 2A and Supplementary Fig. 1A,B). To correct for suboptimal base calling 
due to limited library complexity, which was found to result in a significant quality drop for R2 
reads after 175-200 bps (Supplementary Fig. 1B), we only considered high quality reads. Reads 
were trimmed to a length of 250 bps and the remaining nucleotides were required to have quality 
scores above 25 to be selected for further analysis (Supplementary Fig. 1B,C). Most reads did not 
meet these stringent selection criteria (~4-6% passed filtering; Supplementary Fig. 1D). However, 
due to extensive over sequencing we still managed to reach an average coverage of 500x per bp. 
The set of high confidence reads was used for further variant calling by GATK (Methods).   
 
Previously described (common) variants were recovered (n=15) and a total of 17 new 
variants (yet to be verified by Sanger sequencing) were identified, sometimes with high 

Figure 1. The SNCA locus and its intronic enhancer. (A) RPM normalized ChIP-seq reads for H3K27ac (axis 
limit 5 RPM) in functionally distinct brain regions (green: cerebellum, blue: prefrontal cortex, motor cortex and 
visual cortex, yellow: white matter, caudate nucleus, thalamus, putamen). Enhancers with distinct H3K27ac 
enrichment patterns are indicated using arrows (green: cerebellum, blue: cerebellum and cortex). Dashed box 
marks the intronic enhancer that harbors PD-associated variation. (B) The H3K27ac-enriched region that 
contains rs356186 and rs3756054. Pink boxes indicate known DNase hypersensitivity sites and purple boxes 
depict known transcription factor binding sites (ENCODE). Different parts of the enhancer that were tested in 
a reporter assay are indicated. (C) Luciferase assay of (parts of ) the SNCA enhancer in HEK293 cells. Luciferase 
values were normalized to an empty vector.
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occurrence rates (position 281, 1025, 1026 and 1036; Fig. 2B,C and Table 1). While 14 
of the observed non-references alleles were found in both control and PD individuals, 
18 variants were specific for either control or PD (Fig. 2C and Table 1). These results 
indicate that a large fraction of the variation between individuals remains to be discovered. 

5.2.3 Identification of candidate variants for functional testing 

To investigate a possible association between rare variation within the SNCA enhancer and 
PD, the co-occurrence of distinct variants was analyzed within our samples. Most individuals 
contained multiple non-reference alleles within the 1200 bp enhancer (Supplementary 
Fig. 2), which prompted us to analyze whether certain combinations would preferentially 

Figure 2. Sequencing reveals new rare variants within SNCA enhancer. (A) Experimental set up of the paired-
end strategy to sequence the cis-regulatory element (1294 bps) in the control panel and PD patients. (B) Grey 
bar indicates variation that was identified in our panel. Orange boxes highlight variation that was previously 
described; other colors depict new variants that were only observed in controls (blue) or PD patients (purple). 
(C) Fraction of control and/or PD patients that is heterozygous reference/non-reference for the indicated position 
within the enhancer. The total of number of people (control + PD) is indicated above the bars and a star highlights 
variation that was newly identified here.
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occur in PD patients when compared to the control panel. Most of the detected variation 
that was specific for either the control panel or the PD patients was restricted to a single 
person (Fig. 3A,B and Supplementary Fig. 2) and the few variant combinations that were 
present in multiple control people could be explained by ethnicity differences between the 
control and PD group (Supplementary Fig. 3A, B). Interestingly, one of the PD-specific 
variant combinations was found to occur in more than one (2/3) early onset case of PD 
(Supplementary Fig. 3C), which indicates that even though no significant association can 
be made, newly identified rare variants or combinations of these should be further explored 
for their potential role in altering the expression of SNCA, leading to spontaneous PD.  

5.3 Discussion

Exome sequencing and GWAS studies have identified many variants that contribute to disease, 
but much of the heritability of complex traits remains to be determined. In addition, when 
variation is found to be associated to disease, the underlying causal variant is almost never 
identified, which might be due to the limited effects of common variants or incomplete 

Figure 3.  Combinations of variation unique for control or PD. (A) Variant combinations that are uniquely 
observed within the control panel when compared to PD. The number of people with a specific combination is 
indicated in the bar graph and blue bars represent the fraction of control/PD subjects that carry this combination 
(100% control). (B) Similar analysis as in (A) for combinations that were only observed in PD patients.  



125

5

linkage with less common variants. Rare variation occurs at low prevalence and can alter gene 
expression significantly, resulting in predisposition to disease (Holm et al., 2011). Nevertheless, 
specific combinations of common variants may also result in greater effects on risk than one 
individual common variant. In the data obtained here, both specific rare variants as well as 
specific combinations of common variants were observed for PD patients, but the number 
of individuals per PD variant or combination was low, with 85% being present in only one 
person.  Therefore, sample sizes do not allow significant association of single variants to 
increased disease susceptibility based on sequence alone. This indicates that extensive whole-
genome sequencing in huge numbers of controls and patients will be needed to identify rare 
genetic disease variants by sequencing only. Nevertheless, the patient-specific rare variation that 
was discovered may be sufficient to cause PD. Previous studies have indicated that multiple 
single genomic alterations within an enhancer can affect enhancer activity significantly, with 
~3% of the mutations leading to a 2-fold increase of expression (Patwardhan et al., 2012). In 
addition, many other variants or combinations of those were shown to change transcription 
to a lower extent. The sum of these changes could still result in significant activity alterations. 
Functional tests such as reporter assays or more refined experiments will have to shed light on 
whether the observed variation, either rare or combinations of common SNPs, that is specific 
for PD may influence the regulatory activity of the intronic SNCA enhancer. Our results further 
emphasize that the search for rare variation in regulatory DNA with functional consequences 
will be extremely challenging. Rather than using SNP arrays, whole genome sequencing is 
indispensable to reveal the contribution of cis-regulatory elements and validation assays will 
be critical to identify the causal variants. These combined efforts may further expand our 
understanding of sequence variation in the regulatory control of PD associated genes.  
 
5.4 Materials and Methods

5.4.1 SNCA enhancer sequencing 

Genomic DNA (gDNA) of 864 controls and 864 Parkinson’s disease patients was obtained 
from Coriell Cell Repositories. Three overlapping fragments of around 450 basepairs (bps) were 
amplified using the Phusion polymerase (Thermofisher) to cover the SNCA enhancer of ~1200 bps. 
40 ng of gDNA was used for PCR with the following primers: fragment 1F caattgaaatgtgaccttcctg, 
fragment 1R ctctccagtgatttattggcatc, fragment 2F cagcacatgtgagatacccttg, fragment 2R 
gacaattacagccagatttatg, fragment 3F ggtctgttttctaactagct, fragment 3R caatttgtcatatttcagttacaaatg. 
To distinguish between individuals, barcodes were added to both forward and reverse primers, 
and an overhang was introduced to allow for second amplification using the Truseq small RNA 
adapters RP1 and indexed RPI primers. After the first round of PCR, samples were Exonuclease 
I (New England Biolabs) treated, Ampure XP (Beckman Coulter, Inc.) purified and 10 ng input 
DNA was used for the second amplification using the NEBNext DNA Library Prep Master Mix 
according to manufacturer’s protocol. Uniquely barcoded samples were pooled, purified using 
Ampure XP beads and paired-end sequenced (300 bps) on a Miseq Illumina sequencer at the 
Utrecht Sequencing Facility (http://www.utrecht-sequencing-facility.nl). 
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Table 1. Observed variation within the SNCA enhancer in our control and/or PD panel.

5.4.2 Luciferase assay

Enhancer fragment of interest was amplified from gDNA with Phusion polymerase 
(Thermofisher) and the following primers: SNCA full F gctatcaagacattatgtagc, SNCA full R 
atttgctttaacttatttccgg; SNCA part 1F caattgaaatgtgaccttcctg, SNCA part 1R ctccatcactaacttcatctg; 
SNCA part 2F ggaaatcgtgtttatcctcg, SNCA part 2R caatttgtcatatttcagttacaaatg. Amplified inserts 
were cloned into a pGL4.10 vector with minimal TATA promoter by restriction enzyme digest 
(KpnI and XhoI). HEK293 cells were transfected using lipofectamine2000 (Thermofisher) and 
luciferase signal was measured using a dual luciferase reporter assay (Promega). Firefly values 
were normalized to thymidine kinase promoter-Renilla luciferase that was cotransfected.  

5.4.3 Variant calling using GATK

Quality assessment of reads was performed using FastQC v0.11.4, and the last 50 bps of each read 
were trimmed with fastx_trimmer of the FASTX Toolkit 0.0.14. Subsequent quality filtering was 
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done using the fastq_quality_filter tool of the FASTX Toolkit 0.0.14 (-q 25, -p 80). Reads that 
passed all quality filters were mapped with Bowtie2 onto the human reference genome assembly 
hg38 using default parameters, and obtained sam files were converted to a bam format using 
Samtools. Variant calling was done using the GATK analysis toolset (version 3.6.0-g89b7209) with 
a Phred score threshold of 20 (--stand_emit_conf 20, --stand_call_conf 20 and -mmq 20).   
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5.6 Supplementary Figures

Supplementary Figure 1. Paired-end sequencing results and read quality filtering. (A) Total number of reads 
per plate (96 individuals per plate, 3 fragments per individual) with unique barcode (BC) after sequencing. (B) 
Read quality for R1 and R2 for one representative plate. (C) Total number of reads per plate after quality filtering. 
(D) Fraction of reads for all plates that was left after quality filtering. (E) Representative track of read coverage 
per nucleotide, before and after quality filtering per base in GATK. (F) Average coverage per plate per fragment.
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Supplementary Figure 2. Occurrence of variant combinations in control and PD individuals. (A) Upper 
bar chart indicates the total number of individuals with a single variant. Lower chart shows the ratio of PD and 
control individuals with this specific variant(s). Blue star highlights variant combinations that are specific for the 
control group, while purple stars indicate PD specificity. (B) Similar analysis as in (A) for 2 variant combinations. 
(C) 3 variant combinations. (D) 4 variant combinations. (E) 5 variant combinations. (F) 6 variant combinations. 
(G) 7 variant combinations. (H) 8 variant combinations.
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Supplementary Figure 3. Ethnicity and young onset analysis for combinations of variation unique for 
control or PD. (A) Variant combinations that are uniquely observed within the control panel when compared to 
PD. The number of people with a specific combination is indicated in the bar graph and colored bars indicate the 
ethnicity of individuals per genetic variant combination. (B) Similar analysis as in (A) for combinations that were 
only observed in PD patients. (C) Similar analysis as in (B) but for normal PD versus young onset PD patients.
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General discussion
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6.1 Introduction 

Acquiring skills is a learning process and as always while learning, mistakes are made and things 
could have been done differently or better. If I may quote Piet Borst in an interview with NRC 
recently: “Achteraf is alles simpel (In hindsight, everything is easy)”. Many scientists will probably 
agree on this, and because of that I would like to discuss or re-interpret some of the things that 
were described in this thesis.

6.2 Identifying regulatory elements based on a single histone mark or multiple epigenetic 
features 

Over the last decade, technical advances at the level of next generation sequencing have allowed 
for the discovery of the epigenomic signatures that characterize cis-regulatory elements. These 
reside in open chromatin, are marked by distinct combinations of histone marks and at some 
cis-regulatory elements such as enhancers, bidirectional transcription results in the production 
of enhancer RNAs (eRNAs) (Andersson et al., 2014; Kim et al., 2010). The expression of 
eRNAs was found to correlate well with enhancer activity and to be tissue-specific, which is 
why these were used to chart enhancers across different human tissues (Andersson et al., 
2014). However, as enhancer discovery rates are typically low using this approach, other 
techniques are a better choice to predict enhancer locations at a genome-wide scale. For 
instance, FAIRE-seq (Formaldehyde-assisted isolation of regulatory elements sequencing), 
DNase hypersensitivity and ATAC (Assay for transposase-accesible chromatin) sequencing 
can identify enhancers based on their open chromatin state (Buenrostro et al., 2015; Giresi 
et al., 2007; Thurman et al., 2012). Nevertheless, this also identifies potential insulators and 
silencers. Currently, chromatin immunoprecipitation followed by sequencing (ChIP-seq) is 
mostly used for the detection of regulatory elements through the histone marks and transcription 
factors in their vicinity (Johnson et al., 2007; Mikkelsen et al., 2007; Visel et al., 2009).  
 
ChIP-seq is often based on formaldehyde crosslinking that forms covalent bridges between 
proteins and DNA that are in spatial proximity in the nucleus. After cell lysis, the DNA gets 
fragmented using enzymatic digestion or sonication and subsequently a given protein or histone 
mark can be enriched for using antibodies. The DNA that was attached to this bait is pulled 
down along with the bound protein and after reverse crosslinking and proteinase K treatment, the 
DNA can be purified and sequenced. Importantly, ChIP quality, as determined by enrichment 
in comparison to other (background) regions of the genome, depends strongly on antibody 
specificity and is therefore variable between different candidate proteins or epitopes.    

The work that was described in this thesis has relied mainly on the use of H3K27ac for the 
identification of regulatory elements. The antibody against this mark has been shown to be 
reliable and specific in a large number of studies and its presence in noncoding regions is 
strongly correlated with enhancer activity (Creyghton et al., 2010; Rada-Iglesias et al., 2011). 
Nevertheless, the information gained from one histone mark is limited and adding data from 
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other (types of ) epigenetic features could lead to the discovery of additional elements and could 
further refine the predictions about the identity of the enhancers that were described in our 
work. For instance, gene promoters are highly enriched for H3K4me3, while untranscribed 
noncoding regulatory elements generally lack this mark. H3K4me3 could therefore be used 
to uncover false positive enhancers that are more likely to be unannotated transcriptional 
start sites. Nonetheless, some enhancers can have a certain degree of H3K4me3 enrichment 
possibly because of spatial proximity to promoters through looping. The amount of enrichment 
(translated into peak height) is thus expected to be lower than at start sites, which is why a 
quantitative analysis of enrichment could be used to distinguish between enhancers with low 
H3K4me3 signal and promoters with higher enrichment. As peak calling is generally error 
prone for lowly enriched regions, this distinction should be made using other metrics.   
 
To this end, multivariate Hidden Markov Model based analyses are being developed to integrate 
data from multiple types of experiments. Indeed, the transcriptional activity of a genomic region 
has been proposed to rely on the combinatorial or sequential influence of numerous marks, 
which is referred to as the ‘histone code’ (Kouzarides, 2007). Software such as ChromHMM is 
now widely used (Ernst and Kellis, 2012) and predicts the chromatin state of a genomic region in 
more detail by integrating the results of multiple histone features, possibly in combination with 
information on DNA methylation and gene expression levels. This requires the derivation of 
multiple datasets, preferably from the exact same material, which might sometimes be challenging 
because of sample or financial limitations. Nonetheless, the combined information gained from 
multiple (types of ) epigenetic features (including H3K9ac, transcription factors, bromodomain 
proteins, 5-hydroxymethylcytosine) will give better insight into the real identity and activity of 
regulatory elements. 

6.3 Disentangling platform differences and batch effects
 
To determine a set of biologically replicated enhancers, a second hemisphere was sequenced 
(~50 brain regions). For practical reasons, this was done in house on a Solid sequencer rather 
than the Illumina sequencer (at MIT, Boston) that was used to analyse the 75 brain regions 
of the first hemisphere. Out of the 87 anatomically and functionally distinct brain regions 
(Chapter 3), 44 were analyzed in at least two biological replicates (Fig. 1A). When analyzing 
Pearson Correlation Coefficients (PCCs) calculated between the corresponding brain regions 
of the two hemispheres (one versus one), it became clear that PCCs were significantly higher 
when both replicates of one brain region were sequenced on the same platform (Fig. 1B, blue 
and green). This indicates that corresponding brain regions from two non-related people are 
generally very comparable (high PCCs, green and blue), but that non-biological variation such 
as sequencing platform difference can affect this correlation score (lower PCCs, yellow).   

To uncover whether enhancers could be used to distinguish functionally distinct brain regions, 
all biologically replicated data sets from the two hemispheres were clustered (all versus all). Even 
though brain region-specific enhancers had been observed in raw data tracks, samples clustered 
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on donor rather than brain region identity (Fig. 1C, left), suggesting that either inter-individual 
variation is higher than regional variation, or that regional variation is largely masked by technical 
variation due to platform differences (brain 1 sequenced on Illumina, brain 2 sequenced on Solid). 
A previously described study, in which human and mouse expression profiles were analyzed for 
multiple tissues (Lin et al., 2014), suffered from comparable surprising results. Even though 
transcriptional programs are known to be tissue-specific and relatively conserved across species, 
samples clustered on species rather than tissue identity prompting the authors to conclude that 
species differences were larger than tissue differences. Importantly, mouse tissue samples were 
sequenced in one lane, while human tissues were sequenced in another lane. Re-analysis by Gilad 
et al. revealed that after normalization to correct for sequencing run, samples clustered on tissue 
and not species (Gilad and Mizrahi-Man, 2015) suggesting technical variation in batch handling 
can have profound effects on total sample variation. 

Figure 1. Sequencing platform differences introduce a batch-effect. (A) Pearson correlation and average 
hierarchical clustering of all samples from hemisphere 1 and 2. Left, clustering without normalization. Right, 
clustering after correcting for sequencing platform differences. Brain region super-structure, platform, donor, 
FriP score, numbers of peaks and number of mapped reads are indicated in colored columns. (B) Number of 
biological replicates for which H3K27ac enrichment was analyzed per anatomically and functionally distinct 
brain region. (C) Pearson Correlation Coefficients between biological replicates of the same brain region. Colors 
indicate sequencing platform differences (yellow) or similarity (blue and green). 
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In support of this notion, the few donor 2 samples that were sequenced on the Illumina platform 
clustered with corresponding brain regions from donor 1. This confirmed that sequencing 
platform was the confounding factor in our analysis, so we used a similar approach as Gilad et 
al. to eliminate batch-effects using ‘Combat’, an Empirical Bayes method to adjust for potential 
non-biological variation (Leek et al., 2012). After correction, brain samples clustered on region 
rather than donor identity (Fig. 1C, right), which confirms the contribution of enhancers to 
regionalization and functional specification. However, by correcting for the batch effect, we have 
likely also nullified any variation emanating as a result of inter-individual differences. Therefore, 
this analysis highlights that for a detailed analysis between different human brain regions or 
individuals, samples should be handled the same way and should be sequenced on the same 
platform. Batch effects will remain a serious confounding factor when comparing samples 
from different laboratories, sequencing runs, organs and/or species. Thus, anticipating this by 
minimizing experimental variation when deciding on study design is of utmost importance.       
 
6.4 Interspecies comparisons and the role of genome assembly quality  

While the genomic sequence of humans, chimpanzees and rhesus macaques is largely conserved 
(Fig. 2A), differences can be found (mostly in noncoding regions) and a number of those have 
been shown to alter regulatory DNA and underlie the emergence of human-specific gene 
expression patterns thus contributing to human-specific traits (Boyd et al., 2015; Cotney et al., 
2012; Kamm et al., 2013; Pollard et al., 2006). In our interspecies comparison of cis-regulatory 
elements in the brain, changes in H3K27ac enrichment could only be assessed reliably when 
genomic coordinates could be obtained for all species as well as when the underlying sequence 
was annotated to the same extent. Even though the genomic sequence of many primate species 
is now available, these genomes are generally not assembled into a continuous sequence over 
millions of bases such as the human genome (Zhang et al., 2012). The orientation of numerous 
contigs remains unsure and most nonhuman primate assemblies are left with a significant 
number of GAP regions of unknown sequence (Fig. 2B). In addition, human GAPs are large 
and mainly consist of centromeric regions, while the chimpanzee and rhesus GAP lists contain 
smaller parts of unknown sequence that are scattered across the genome (Fig. 2B). As genome 
quality impacts the quantitative comparison of reads within enhancers, we did not allow more 
than 10% GAP overlap nor did we allow significant enhancer size change between species as a 
result of deletions or insertions. In addition, active cis-regulatory elements that could be mapped 
to multiple locations, and were therefore repetitive, were also excluded from further analysis. 
Retrotransposons make up around 50% of the genome and as these mobile elements propagate 
through a ‘copy and paste’ mechanism, their sequence is found at multiple sites within the 
genome. Even though these elements have been shown to influence gene expression, mapping 
reads to non-unique sequences results in random alignments, which is why enhancers with a 
substantial fraction of repeats were not compared between species. Therefore, it is important 
to underscore that the noncoding regions that were excluded in our study could be of great 
interest and may have contributed to evolutionary divergence between the species. For instance, 
around 500 human-specific genomic deletions (hCONDELs) were previously identified and 
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found to be present mostly in noncoding DNA, often in the proximity of neural genes (McLean 
et al., 2011). One of those, a deletion within a forebrain-specific regulatory element, led to 
decreased expression of the tumour suppressor GADD45G (gene growth arrest and DNA-
damage-inducible, gamma) and was linked to the expansion of certain brain regions in humans 
specifically. Several hCONDELs (~50) were present in the brain enhancers that we identified in 
rhesus macaque and led to (partial) deletion of these regulatory elements in the human lineage 
(example in Fig. 3A). This indicates that partial or complete loss of these elements might lead to 
transcriptional inactivation and have important evolutionary consequences. Importantly, not all 
of the hCONDEL containing enhancers were eventually used for interspecies comparison as they 
sometimes led to large changes in enhancer size. Similarly, several brain enhancers overlapped 
transposable elements that may influence enhancer activity (Fig. 3B). 

Figure 2. Genome assembly differences influence interspecies comparisons. (A) Chromosome sizes for human, 
chimpanzee and rhesus macaque. Genomic sequence similarity between species is indicated by the percentages. (B) 
Number of GAPs and GAP their sizes (log2 scale) for the hg38, panTro4 and rheMac3 genome assemblies. 
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Figure 3. Genomic rearrangements alter regulatory sequence across primate evolution. (A) RPM normalized 
ChIP-seq read distribution (axis limit 5 RPM) for H3K27ac across a ~30kb spanning genomic region containing 
two hCONDELs. Eight tracks (green for CB, blue for cortical samples and yellow for subcortical structures) 
represent the different anatomical brain regions that were analyzed in both human, chimpanzee and rhesus 
macaque. Boxes depict the location of the rhesus macaque sequence that was deleted by the hCONDEL. (B) 
RPM normalized ChIP-seq read distribution (axis limit 5 RPM) for H3K27ac across a ~150kb spanning genomic 
region containing part of the PRDM4 gene. The L1HS element that is integrated in human specifically is indicated 
in red.
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The above considerations stress that the fraction of elements that remains unanalyzed possibly 
contains additional interesting regulatory regions that may be relevant for our biological 
questions. Efforts that focus on the optimisation of nonhuman primate genome assemblies 
continue, and will ultimately allow for a better investigation of the (functional) consequences 
of indels to regulatory elements. Subsequently, the effect that these alterations might have had 
during evolution can be assessed. 

6.5 Functional validation of brain enhancers 

Now that we annotated cis-regulatory elements in the brain of humans, chimpanzees and rhesus 
macaques (chapter 3 and 4), other types of experiments will have to shed light on the biological 
role of (differentially enriched) elements in the brain. 

6.5.1 Selecting the right enhancer  

Selecting the right enhancer(s) out of the thousands of changes that we have observed 
will be challenging, but could be based on the (brain-related) function of nearby genes. 
However, gene ontology (GO) analysis of human-specific brain enhancers in comparison to 
chimpanzee did not result in GO terms that were obviously linked to evolution of the brain. 
Evolutionary time between humans and chimpanzees is possibly too short for complete 
pathways to have evolved in a certain direction, but single candidate genes and cis-regulatory 
elements have successfully been associated with evolution and the development of new 
biological traits (Boyd et al., 2015; Cotney et al., 2012; Prescott et al., 2015). This suggests 
that small changes with large consequences may underlie human-specific features, which 
highlights the complexity of the search for interesting and key regulatory alterations.  
 
Selection criteria could include the brain region-specific activity of enhancers when interested in 
a certain brain structure in which a defined biological process was found to change. Alternatively, 
the presence of disease-associated SNPs within evolved regulatory sequence may hint towards 
interplay between brain evolution and pathologies such as neurodegeneration. Exploratory 
experiments might aid to get a first insight into the characteristics of an element. For instance, 
target genes could be identified by the use of chromosome conformation capture techniques and 
the background of these genes could provide a link to possibly interesting biology. Nevertheless, 
this will still leave hundreds of candidate genes and enhancers to look at, which is why boldly 
going after a handful of candidates may be the best option until further ways of prioritizing 
relevant regulatory changes are available.

6.5.2 Determining the right model system

As enhancers function in a cell type-specific manner, functional validation of these elements 
requires the establishment of appropriate model systems. This is especially difficult for the brain, 
an organ with many different cell types that require specific environmental conditions and 
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maturation times to develop (Suzuki and Vanderhaeghen, 2015). This is further complicated by 
the fact that many enhancers are species-specific and that the regulatory context of surrounding 
DNA is expected to be substantially different between humans and common animal model 
systems such as mice. Vice versa human culture systems are affected by epigenetic alterations 
that occur as a consequence of environmental change (for instance tissue culture). This leaves 
modelling enhancers in humans a challenging enterprise, but as experiments in the actual human 
brain are impossible for obvious reasons a suboptimal model system will have to be selected. 

6.5.2.1 Animal models   

Mouse models are often preferred as an animal model for human biology as they are evolutionary 
relatively close to humans (Fig. 4). However, relatively close is still over 75 million years, with 
less than 25% of the regulatory sequence being conserved (Yue et al., 2014). While studies 
in mouse have proven useful to investigate the basic biology of nervous system development 
and disease (reviewed in (Gama Sosa et al., 2012)), the large physiological differences between 
humans and this species prevent immediate translation of obtained results. Indeed, the 
developing human brain is extremely different between human and mice, and most studies that 
model neurodegenerative diseases in mice have led to a dead end (Cavanaugh et al., 2014). 
As nonhuman primates (NHP) have comparable genomes, physiological parameters, behaviour 
and brain circuitries as humans, the use of these species in research is slowly increasing. Indeed, 
NHP studies on genetics, immunology, HIV/AIDS, pharmacology and neuroscience have 
provided important insights that could not have been obtained using rodent models (Fig. 4). 
For instance, genetic manipulation of disease-associated genes and the application of toxic 
compounds have resulted in neurodegeneration related phenotypes in primates that more closely 
resemble those seen in humans. Transgenic rhesus macaque models have now successfully been 
made for Huntington‘s disease (Yang et al., 2008), Parkinson’s disease (Yang et al., 2015) as 
well as autism (Liu et al., 2016), and the observed symptoms represent human disease better as 
compared to other model organisms. The presence of human-like pathophysiological hallmarks 
could contribute significantly to the discovery of new biomarkers and to the development of 
treatments. In agreement with this, and in contrast to other species, we found that most of the 
regulatory DNA in humans, is also active as regulatory sequence in primates (chapter 3). This 
indicates that NHP models might be best suited to test the consequences of enhancer alterations 
in vivo. However, the use of primates is subject to many practical and ethical limitations, which 
indicates additional methods are required to study the role of enhancers in brain biology.   

6.5.2.2 Stem cell based models
 
In vitro differentiation of human embryonic (ESCs) as well as induced pluripotent stem cells 
(iPSCs) to neural progenitors, neurons, neural crest and glial cells is well described and allows 
for a detailed study of the neuronal lineage during early development (Denham and Dottori, 
2011). As these cells contain the entire regulatory sequence of human cells, changes that are 
relevant for evolution and disease can be studied (Fig. 4). This includes the assessment of 
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enhancer function in different neuronal subtypes, but also the role of disease-associated SNPs 
within cis-regulatory elements (Prescott et al., 2015; Soldner et al., 2016). Furthermore, this 
application can be used to model neurodegeneration when starting differentiation from patient’s 
iPSCs that harbour all genetic risk variants that could contribute and be essential to disease 
development and progression. Generation of isogenic cell lines with single genetic alterations 
could further help to uncouple the effect of specific variants from the potential effect of other 
variation that is present within the genetic background. Importantly, iPSC-based cultures can 
be generated from multiple primate species, including endangered great ape species that are 
evolutionary closest, which is extremely relevant to research on the evolution of the brain.  
Furthermore, a recent study succeeded in generating aged neurons from aged fibroblasts via 
transdifferentiation (Mertens et al., 2015). They show that the transcriptome as well as the 
epigenome of these cells resembles the ones from aged neurons more in comparison to standardly 
in vitro differentiated neurons, which generally remain embryonic-like. As neurological disorders 
often occur later in life and are clearly linked to aging, the use of such aged neuron models 
opens up new opportunities to integrate the effect of aging in iPSC-derived studies. While these 
examples highlight the advantages of in vitro differentiated neurons, monolayer cultures lack a 
comprehensive structural organization, which is required for proper maturation and layering of 
neurons especially in the cortex. Therefore, the question remains whether these cultures can really 
represent brain complexity. 

6.5.2.3 Three-dimensional culture systems

Three-dimensional (3D) organoid systems are emerging as good candidates to study tissue 
biology. These models have an architecture that resembles the spatial organization of an organ, 
allow for better crosstalk between cells and permit the establishment of gradients and subsequent 
patterning. Derived from ESCs and iPSCs, self-organizing structures are now described for 
multiple tissues, including the cortex (Eiraku et al., 2008). 3D models of the brain generally 
contain a limited number of distinct neuronal cell types, but these structures present as an 
excellent research tool to study disease pathways and drug development (Fig. 4). More recently, 
modification of existing protocols has led to the development of “mini-brains” with higher 
complexity (Lancaster et al., 2013). These cerebral organoids show layering, regionalization and 
contain a variety of neuronal cell types, which highlights the benefits of these tissue-engineered 
models for the investigation of neurological pathways. Especially the maturation of layer-specific 
neural subtypes is dependent on stepwise cortical-layer development, and these neurons could 
not yet be obtained without invoking complex layered organisation. As the importance of a 3D 
cellular microenvironment is becoming increasingly clear, these systems will probably become 
the number one choice in the study of neurological pathways, but also drug discovery and 
neurotoxicity.  

Proving causality of enhancers in brain function and/or disease will remain challenging, but 
organoids and other stem cell-derived systems certainly show promising results to assess the 
functional consequences of genomic as well as epigenomic alterations in the brain. Even though 
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there may still be issues related to culturing and maturation or aging of in vitro cultured iPSC-
derived neurons, the human genetic background as well as the scalability when using these cells 
may outweigh the concerns when investigating complex neurological diseases as well as evolution 
of cis-regulatory elements.

6.5.3 Selecting the right readout

With endpoints such as neuronal death or damage-related phenotypes such as dendrite atrophy 
or action potential changes, the biological readout of neurodegeneration may be relatively 
easy to assay. However, as it is still unclear what the exact evolutionary differences between 
human and nonhuman primate neurons actually are, the readout for evolutionary changes 
is way more difficult to establish. Nonetheless, a number of processes have been shown to 
contribute to human-specific brain features and these could be used as a reference point to 
infer possibly relevant consequences of regulatory changes. For instance, increased brain 
growth has been proposed to result from changes in cell proliferation and/or programmed 
cell death at specific developmental times, through which the pool of neural stem cell has 
become significantly larger in humans. Evolutionary new or lost enhancers close to cell cycle 
related genes could therefore be assessed for a role in (neural stem cell) cell cycle progression. 
As enhancers regulate the spatio-temporal control of transcription, they may contribute to 
additional expression of genes in certain cell types or at different developmental stages.   
 
Transcriptional alterations have also been shown to underlie the existence of new types of 
neurons. For instance, co-expression of TU-20 (neuron-specific bIII-tubulin) and TBR1 
(T-box brain gene 1) has only been observed in predecessor cells, which are large, bipolar cells 
that were found to be the earliest generated neurons in the forebrain of humans, and have 
not (yet) been observed in other species (Bystron et al., 2006). Again, cis-regulatory elements 
might establish the unique transcriptional program that characterizes this rare cell type, and 
enhancers close to TU-20 and TBR1 might thus be prioritized for follow-up. Furthermore, it 
would be interesting to see whether some of the human-specific enhancers that we identified 
are specific to this neural cell type thereby possibly explaining some of the unique regulatory 
changes in the human cortex. Other differences observed between human and chimpanzee 

Figure 4. Model systems to study the role of cis-regulatory elements in the brain. Reporter assays, such as the 
transgenic mouse assay (left), have been used extensively to evaluate enhancer activity. Closely related (primate) 
species however, allow for the analysis of enhancer evolution and human-specific elements in the brain. By the use 
of stem cell derived cultures, the role of different (epi)genetic backgrounds in differentiation and/or disease can be 
modeled. Recent advances in the development of “mini-brain” (Lancaster et al., 2013) like 3D cultures pave the 
way for high throughput analysis of neuronal function.
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neurons include subtle changes in size, dendrite number and axonal length. These phenotypic 
characteristics can be assessed in vitro and as such they could be analyzed in culture systems.   
 
Thus, assessing whether regulatory alterations result in any of the earlier described biological 
changes using ESC based model systems might be a good starting point to investigate the 
(evolutionary) role of selected enhancers. Recent advances in genome-editing technologies 
will further improve the analysis of evolutionary (single base pair) changes at both coding and 
noncoding sites. Even though these experiments are extremely laborious and the relevance of 
possible differences will remain unclear in light of human evolution, we have little choice but 
to focus our efforts on some candidate regions and hope for an outcome that will increase our 
understanding of the contribution of cis-regulatory elements to species diversity and human-
specific traits.

6.6 Concluding remarks  
 
The discovery that defined epigenetic features mark cis-regulatory regions in the 
noncoding genome has led to the identification of these elements in a variety of 
tissues and species. This has provided new insights into how gene expression is 
regulated and how enhancers play an important role in this process.  
 
First, the epigenetic landscape was found to differ substantially between tissues. Enhancers in 
particular are often cell type-specific thereby activating defined transcriptional programs, which 
ultimately allows a stem and/or progenitor cell to specify into different lineages. To investigate 
the role of cis-regulatory elements in the determination of transcriptional programs in the brain, 
we annotated active enhancers in a multiplicity of human brain regions (Chapter 3). Differences 
in enhancer usage were observed between distinct areas, and three main subdivisions with unique 
groups of enhancers could be made: cerebellum, cortex and subcortical structures. Clustering 
enhancers based on their activity across the different regions showed that, like genes, enhancers 
could be grouped into functional modules that are likely a representation of cell specificity. 
Cortical enhancers were coupled to neuronal processes, while subcortical enhancers were 
associated with glial terms after gene ontology analysis. This highlights that H3K27ac enrichment 
patterns across brain regions can be used to link enhancer activity to the cell type(s) the signal 
originates from. These analyses could further be refined by the addition of single cell type 
profiles as a point of reference. Functionally distinct neuronal cell types, such as glutamatergic 
excitatory and GABAergic interneurons, have now successfully been sorted from post-mortem 
human brain tissue. Charting enhancers in single cell types and integration of these data with 
results obtained from tissue will provide more insight into the heterogeneity of the brain and 
will further reveal the role of enhancers in defining neural gene expression programs.   
 
Second, enhancers have been shown to be involved in evolution. They are subject to higher 
mutation rates compared to the coding genome, and several studies have solidified that 
functional consequences of (epi)genetic changes at regulatory elements are biologically relevant. 



147

6

To explore the potential role of noncoding cis-regulatory elements in brain evolution, we 
charted active enhancers in eight brain regions of the chimpanzee and rhesus macaque brain 
(Chapter 4). While the majority of enhancers was found active in all three primates, considerable 
quantitative differences between species could be observed. Enhancer repurposing was found 
to occur between functionally distinct regions of the human and rhesus macaque brain, which 
suggests that new enhancers often hijack parts of enhancers that were already active in other 
tissues. Furthermore, we observed evidence for regulatory compensation, mediated through 
the gain of enhancers in genomic regions in which others were lost. Compensation was often 
found to occur near genes that were linked to key tissue functions. Importantly, ~80% of 
the differences that were found between human and rhesus macaque were not found distinct 
between human and chimpanzee. This stresses that the integration of data from closely related 
species is indispensable when wanting to uncover the genes, regulatory elements, transcriptional 
differences, splice variants, etc. that may contribute to human-specific traits. As most of the 
great apes are endangered, almost no tissue from these species is available for scientific research. 
Therefore, the integration of human, macaque and chimpanzee brain tissue samples that was 
done here is unique and has proven its value as only a handful of human-specific elements (~150) 
was left after comparison to chimpanzee. These regulatory regions were often active in only one 
brain structure suggesting that regulatory change is preferentially restricted to specific cell types, 
which is in agreement with the notion that pleiotropic effects are more often detrimental to the 
organism. Our data thus provide an interesting set of candidates for further investigation of 
the role of regulatory regions in evolution and emergence of the human brain.     
 
Third, genetic variation between humans is often situated in noncoding regions. Numerous 
single nucleotide polymorphisms (SNPs) within regulatory elements have been shown to alter 
transcription factor binding sites, thereby influencing gene expression levels. Interestingly, 
regulatory elements from select tissues were shown to overlap specific sets of disease associated 
SNPs and for several examples enhancer contribution to pathology could be confirmed. The 
human brain enhancers that were identified here (Chapter 3) were significantly enriched for 
Parkinson’s disease (PD) associated SNPs. Several putative enhancers within Parkinson’s loci were 
further investigated and could be confirmed as bona fide enhancers. For instance, an intronic 
α-synuclein (SNCA) enhancer harbored activity in a transgenic mouse reporter assay, and was 
shown to interact with the promoter of the disease-associated SNCA gene. Common variation 
within this element was found to alter SNCA transcription by Soldner et al., but expression level 
differences between reference and risk variants were marginal (~10%). Nonetheless, vulnerable 
cell types could be susceptible to small transcriptional changes and with 50% difference in 
expression leading to autosomal dominant PD, a 10% difference is likely relevant to increased 
disease susceptibility. In contrast to SNPs, rare variants within populations are now proposed 
to have larger effect sizes. To uncover possible rare variants within the intronic SNCA enhancer, 
the genomic sequence of this enhancer was compared between a panel of Parkinson’s patients 
and healthy controls (Chapter 5). We were able to discover a set of rare variants that occurred in 
patients and not controls, which highlights that whole-genome sequencing has only revealed a 
fraction of the variation between people and confirms that many variants, possibly contributing 
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to disease, remain to be discovered. In addition, it shows that zooming in on a specific region 
might be necessary when wanting to reveal the functionally relevant variants. Most (epi)genomic 
studies focus on global correlations between tissue-specific enhancers and GWAS identified 
SNPs, however disentangling the underlying mechanisms of one noncoding element to disease 
may provide crucial information on the link between variation and pathology.

The work that was described here has focused on the annotation of cis-regulatroy elements 
in the human and nonhuman primate brain. Through the identification and comparison of 
enhancer activity between brain regions and species, we were able to link cis-regulatory elements 
to functional specialization, evolution but also neurodegeneration. Now that we have uncovered 
human-specific elements in the brain, it might be interesting to overlap these with genomic 
regions that are predicted to be linked to neurological disorders. Indeed, increased vulnerability 
to neurodegeneration is observed in humans specifically, and an arising question is whether 
there could be a link between the advantages of an advanced neurocognitive system and the 
downside of being more susceptible to disease. Importantly, complex neurological disorders 
typically present at post-reproductive age, which is why they do not significantly influence 
reproductive fitness or the continuation of the human species. Uncovering and solidifying a 
link between evolution and neurodegeneration would be of great value, as it could improve the 
identification and prioritization of elements that could be targeted for therapy. Nevertheless, 
revealing the functional consequences of alterations at brain enhancers will remain challenging. 
Technical developments will facilitate these types of experiments and will allow for further in 
depth analyses of the brain, but the question is whether we will ever be able to completely 
understand the mysterious labyrinth of cells that guides us through life.
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Samenvatting in het Nederlands

Het genoom van eukaryoten bevat alle informatie om verschillende celtypen te genereren en 
uiteindelijk een compleet organisme te vormen. De genetische code bestaat uit statisch DNA, 
maar het dynamisch gebruik van deze sequentie staat aan de basis van ontwikkeling en wordt 
gedreven door transcriptiefactoren en cis-regulerende elementen in het DNA waar zij op kunnen 
binden. Dit bepaalt uiteindelijk welke genen tot expressie komen, en daarmee wat de precieze 
eigenschappen van een cel worden. 

Epigenetica is het vakgebied dat focust op de processen die genexpressie beïnvloeden, en uitgebreid 
onderzoek naar cis-regulerende regio’s, zoals promotoren en enhancers, in het niet-coderende 
genoom heeft blootgelegd dat deze elementen transcriptie in tijd en ruimte coördineren. 
Daarenboven heeft de ontdekking dat regulerende regio’s verrijkt zijn voor bepaalde markeringen, 
ertoe geleid dat ze vrij gemakkelijk geïdentificeerd kunnen worden. Deze observaties zijn in dit 
proefschrift gebruikt, en verder uitgewerkt in het kader van het brein en de evolutie daarvan. 

Ten eerste is de afgelopen jaren duidelijk geworden dat het epigenetisch profiel van verschillende 
celtypen sterk varieert. Vooral enhancers zijn vaak weefselspecifiek, wat een stamcel uiteindelijk 
in staat stelt uit te groeien tot cellen van alle kiemlagen. Om de rol van cis-regulerende elementen 
in de hersenen te bepalen, hebben we in hoofdstuk 3 actieve enhancers in kaart gebracht in 
een groot aantal breinregio’s. Het bleek dat (functioneel) verschillende hersengebieden andere 
enhancers gebruiken, en op basis hiervan hebben we het brein kunnen onderverdelen in drie 
structuren met een unieke set cis-regulerende elementen: het cerebellum, de cortex en de 
subcorticale regio’s. Daarenboven heeft het clusteren van enhancers aangetoond dat we ze, net 
als genen, kunnen groeperen in functionele modules die de verschillende celtypen van het brein 
representeren. Zo konden corticale enhancers gekoppeld worden aan neuronale processen, terwijl 
subcorticale enhancers geassocieerd konden worden met gliacel gerelateerde mechanismen. Dit 
geeft aan dat patronen van enhancer-activiteit gebruikt kunnen worden om informatie in te 
winnen over de eigenschappen van de verschillende celtypen die aanwezig zijn in het brein, en 
het bewijst dat enhancers bijdragen aan de functionele specialisatie van hersengebieden.   

Ten tweede is gebleken dat enhancers een rol spelen in evolutie. Ze veranderen vaker dan 
coderende regio’s van het genoom, en meerdere studies hebben aangetoond dat (epi)genetische 
veranderingen in cis-regulerende elementen biologisch relevant zijn en leiden tot diversificatie van 
soorten. Om de bijdrage van enhancers aan de evolutie van de hersenen te onderzoeken, hebben 
we tevens cis-regulerende elementen in het brein van chimpansees en rhesusapen geïdentificeerd 
(hoofdstuk 4). Hoewel de meerderheid van de elementen verschilde tussen de mens en de 
andere twee primaatsoorten, hebben we een groep enhancers gevonden waarvan de activiteit wel 
degelijk veranderd is. Zo zijn sommige elementen als gevolg van evolutie meer actief geworden, 
terwijl andere juist hun activiteit verloren. Ook hebben we een compensatiemechanisme 
ontdekt, inhoudende dat het verlies van een enhancer in een bepaald gedeelte van het genoom 
gecompenseerd wordt doordat een ander nabij gelegen element actief wordt. Dit zorgde er 
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uiteindelijk voor dat het expressieniveau van omliggende genen stabiel bleef, en bleek vaak het 
geval voor genen met een zeer belangrijke rol voor het desbetreffende hersengebied. Het vergelijken 
van de drie primaatsoorten heeft ook aan het licht gebracht dat 80% van de veranderingen tussen 
de mens en de rhesusaap niet verschillend zijn tussen mensen en chimpansees. Dit benadrukt 
dat nauw gerelateerde soorten cruciaal zijn voor de identificatie van humaanspecifieke genen, 
cis-regulerende elementen en veranderingen in genexpressie die mogelijk hebben bijgedragen aan 
de eigenschappen die de mens onderscheidt van andere soorten. Het is echter geen evidentie om 
(hersen)materiaal te verkrijgen van nauw gerelateerde soorten, aangezien deze vaak met uitsterven 
bedreigd worden en daarom beschermd zijn. De vergelijking met chimpansee en rhesusaap die 
wij hier hebben kunnen maken is wat dat betreft uniek en heeft zijn waarde bewezen aangezien 
er uiteindelijk slechts 150 elementen specifiek voor de mens bleken te zijn. Deze waren vaak 
actief in slechts één breinstructuur (cerebellum, cortex of subcorticale regio’s), hetgeen suggereert 
dat veranderingen van cis-regulerende elementen vaak beperkt blijven tot bepaalde celtypen. 
Dit is in overeenstemming met de overtuiging dat pleiotrope veranderingen frequenter nadelig 
of noodlottig zijn voor een organisme. Enhancers dragen dus bij aan evolutie, en de set van 
evolutionaire aanpassingen die we hier beschreven hebben, biedt een uitgangspunt voor verder 
onderzoek naar de rol van cis-regulerende elementen in het ontstaan van het humane brein. 

Tenslotte is de afgelopen jaren ontdekt dat genetische variatie tussen mensen vaak gesitueerd is in 
het niet-coderende deel van het genoom. Veel varianten zijn aanwezig in cis-regulerende elementen 
en beïnvloeden de affiniteit van transcriptiefactoren voor DNA wat uiteindelijk resulteert in een 
verandering van genexpressie. Daarenboven overlappen sommige weefselspecifieke enhancers 
genetische varianten die geassocieerd zijn met een ziekte, en de rol van verschillende enhancers in 
bepaalde pathologische processen is inmiddels opgehelderd in een aantal studies. De enhancers 
die actief werden bevonden in onze analyse van het humane brein  bleken significant verrijkt voor 
genetische variatie die gelinkt is aan de ziekte van Parkinson (hoofdstuk 3). We hebben enkele 
kandidaat-enhancers verder onderzocht, en hebben kunnen verifiëren dat ze daadwerkelijk de 
expressie reguleren van genen die een rol spelen bij de ziekte. Zo heeft alpha-synucleïne (SNCA) 
een actief cis-regulerend element in een van zijn intronen dat een reporter-gen kan aanzetten, en 
dat in de nucleus direct interacteert met de promotor van SNCA. Hierop aansluitend is inmiddels 
aangetoond door Soldner et. al dat genetische variatie in dit element effectief de transcriptie van 
SNCA beïnvloedt, en dat de variant die gekoppeld is aan Parkinsonisme zorgt voor verhoogde 
expressie van het gen. Hoewel het geobserveerde verschil relatief klein was (10%), zou deze 
bescheiden verandering tot celdood van kwetsbare celtypen kunnen leiden en daarmee de ziekte 
kunnen initiëren. Naast variatie die vaak voorkomt in populaties, wordt momenteel ook steeds 
meer gefocust op zeldzame varianten. Hiervan wordt verwacht dat ze grotere veranderingen tot 
gevolg hebben, en daarom hebben we de DNA-sequentie van de SNCA enhancer vergeleken 
tussen gezonde personen en patiënten met de ziekte van Parkinson (hoofdstuk 5). Op deze 
manier konden enkele zeldzame varianten geïdentificeerd worden die specifiek zijn voor bepaalde 
patiënten. Deze zouden kunnen bijdragen aan de ziekte, wat aangeeft dat focussen op een bepaald 
cis-regulerend element de kans op het vinden van functioneel relevante varianten verhoogt. De 
meeste (epi)genetische studies onderzoeken globale correlaties tussen variatie en ziekte, maar het 
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ontrafelen van de onderliggende mechanismes waarmee (bepaalde) niet-coderende elementen 
van invloed zijn, zal pas echt de link tussen genetische variatie en ziekte kunnen bewijzen.

Het onderzoek dat beschreven is in dit proefschrift is voornamelijk gebaseerd op het in 
kaart brengen van cis-regulerende elementen in het humane en niet-humane brein. Door de 
identificatie en vergelijking van enhancer-activiteit in verschillende hersengebieden van meerdere 
primaatsoorten hebben we cis-regulerende elementen kunnen linken aan functionele specialisatie, 
evolutie en neurodegeneratie van het brein. Nu we humaanspecifieke elementen ontdekt hebben 
wordt het interessant deze te overlappen met variatie die gelinkt is aan neurodegeneratieve 
aandoeningen. De kwetsbaarheid van de mensheid voor deze ziektes is namelijk opvallend, en 
een vraag die zich voordoet is of de voordelen van een geavanceerd neurocognitief systeem al 
dan niet direct samengaan met onze gevoeligheid voor neurodegeneratie. Het onthullen van 
een link tussen deze twee processen zou van grote waarde zijn, vooral omdat het de identificatie 
van bepaalde targets voor therapie zou kunnen verbeteren en versnellen. Het blijft echter een 
uitdaging om de functionele gevolgen van veranderingen van enhancers in het brein te bepalen. 
Technologische vooruitgang zal dit steeds beter mogelijk maken, maar de vraag is of we het 
mysterieuze labyrint van cellen dat ons door het leven leidt ooit helemaal zullen begrijpen.  
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Dankwoord

Het doen van promotie-onderzoek en het neerslaan ervan in een proefschrift vereist hulp en 
vertrouwen van anderen, en ik heb het geluk gehad beide te hebben gekregen van een heel aantal 
mensen. 

Allereerst wil ik jou bedanken Menno. Voor het feit dat ik in jouw lab aan deze interessante en 
inspirerende projecten heb kunnen werken, maar vooral voor de kansen die je mij gegund hebt. Je hebt 
me veel, zoniet alle mogelijkheden gegeven en daar ben ik je uiterst dankbaar voor. Onderdeel hiervan 
was de lobster-cabernet experience bij Seafood op het vliegveld van Boston na een CSHL meeting, 
waarbij we door de aan de bar opgelopen vertraging bijna onze vlucht hadden gemist.   
Enorm bedankt voor alles wat je me geleerd hebt. Voor je geduld in tijden dat mijn perfectionisme 
de kop opstak, en voor je ontwapenende nuchterheid in tijden dat mijn perfectionisme ziekelijke 
vormen aannam. Ik denk dat we elkaar de afgelopen jaren goed hebben aangevuld, en hoop dat 
we deze samenwerking kunnen verder zetten!

Dan wil ik graag de andere leden van de Creyghton groep bedanken. Peter en Sander, jullie 
hebben mij de beginselen van de bio-informatica bijgebracht en ik ben jullie hier zeer erkentelijk 
voor. Ook zijn jullie, ieder in één van de twee research papers, echt mijn partner ‘in crime’ 
geweest. Fouten, zaken opnieuw doen, geniale ingevingen… Samen hebben we het gebracht tot 
een niveau waar andere labs in de wereld post-docs voor inschakelen. Het was echt (bìjna altijd;)) 
een plezier met jullie samen te werken. Bedankt voor alles! Bas, met wie het begin gemaakt werd 
voor het tweede paper toen je nog mijn student was. Je bent een aanwinst voor het Hubrecht, ik 
hoop dat je de BKS- en Ardennen-tradities in stand zult houden! Blijf de mensen vooral voorzien 
van een ‘letste’ (Cornet) biertje, dan komt dat helemaal goed. Caroline, verfrissend met een niet 
brein- of evolutie-gerelateerd onderzoeksproject; en Mirna met wie ik het vijfde hoofdstuk van 
dit proefschrift in beperkte tijd in elkaar gezet heb! Last, but not least Charles. You only stayed 
a short period of time, but long enough to make a huge impression on not only me, but the 
Hubrecht as a whole… shots!

Het laatste woord van de vorige paragraaf zorgt voor een naadloze overgang naar de one and 
only Cuppen groep. Zo blij als een kind denk ik terug aan de eerste jaren van mijn promotie. 
Sebas, Roel, Wensi, Pim, jullie hebben gezorgd dat het begin van mijn PhD eigenlijk een 
tweede studententijd was! Daarnaast wil ik Edwin bedanken voor zijn bereidheid mijn officiële 
promotor te zijn, maar ook voor het fungeren als inspiratiebron die laat zien dat wetenschap, 
hard werken en gezelligheid samen kunnen gaan! Meerdere mensen hebben in de loop der jaren 
deel uitgemaakt van dit team, maar vooral Ewart dB., Ewart K., Ruben, Joep, Marieke, Nico, 
Esther, Myrthe, Francis, Sander en FP: bedankt!

Er zijn nog wat andere groepen die ik in hun geheel in het zonnetje wil zetten. Allereerst de 
Knipscheertjes. Ondanks het feit dat de focus van onze wetenschappelijke projecten niet echt 
overeenkomt, hebben we ons gedurende ruim vijf jaar jaar prima vermaakt tijdens de lunch. 
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Ik geloof dat de keren dat het over wetenschap is gegaan op één hand te tellen zijn, maar 
onze interesses voor eten, politiek, voetbal, series en nog meer eten hebben altijd voor genoeg 
gespreksstof gezorgd. Ook was onze gedeelde publicatieborrel een grandioos succes. Puck, Daisy, 
Rick, Sandrita, Pau, Anna, Wouter, Nerea, Alice, Merlijn and Koichi… you were amazing! 

Dan enkele mensen van de Ketting groep met wie we in het begin ons kantoor deelden. Roofje, 
dat we letterlijk iedere dag minstens een keer de ‘kaassouflé-sketch’ van toren C keken is natuurlijk 
geweldig, maar het Kafé Els concept is waarschijnlijk onze grootste prestatie. Legendarische 
feesten, herinneringen, foto’s, flyers en spreuken. Om er even een paar te vereeuwigen: 100% 
Duv-Elsheimer positive, Cheers to/Now is someone Els en C(afé)-Els Reports. Ik heb me rot 
gelachen met je Roof, LULUW! En Lucas, je hebt me niet alleen meer bewust gemaakt van 
allerhande zaken maar het wetenschappelijk deel van mijn PhD ook echt beïnvloed. Ik kan me 
nog herinneren dat ik in mijn eerste jaar vaak compleet uitgewoond thuiskwam omdat ik de hele 
dag geprobeerd had alles wat jij zei op te slaan. Dank voor je wijsheid en al je goede adviezen!   

Nog iemand die altijd voor me klaar stond en van wie ik veel heb opgestoken, Geert! Gedurende 
de 4C analyses en statistiek- en wiskundelessen van de afgelopen jaren, zijn we gaandeweg goede 
vrienden geworden! Een gedeelde voorliefde voor sport is denk ik de voornaamste factor hierin, 
want we hebben uiteindelijk minstens even vaak over voetbal gediscussieerd als over wetenschap. 
Dank voor je vriendschap en de grote bijdrage die je geleverd hebt aan mijn projecten! 

Verder wil ik graag iedereen bedanken die gezorgd heeft dat de afgelopen jaren voorbij zijn 
gevlogen! Het Hubrecht is een kweekvijver van excellente wetenschappers (al zeg ik het zelf…), 
en de sfeer op het instituut met zijn vrijdagmiddagborrels, de Masterclass, de PhD-retreat, het 
100-jarig bestaan, de jaarlijkse BBQ en het kerstfeest, is absoluut de sleutel tot dit succes. Het 
laatstgenoemde evenement brengt mij bij Sas en Eef. Dank voor alle hilarische momenten tijdens 
onze bijklets-, roddel-, bittergarnituur- en dus neusvleugelmomenten. Ik zal het allemaal nooit 
vergeten want gelukkig hebben we de foto’s nog! Dan mijn goede vriend Javi. Stamgast van Kafé 
Els en so much more! Thank you for all the great moments we spent together and for always being 
there! De Rauw-gangers, Oliver en Maaike, snel weer zo’n feestje! Kim (hééé + 1), dank voor 
de meestal late klets-sessies over van alles en nog wat, de lab reggaeton momenten in je Cuppen 
tijd, en je parate taalkennis wanneer ik het juiste Engelse woord niet kon vinden! Verder al de 
rest met wie het (onder het genot van een biertje) altijd even gezellig was, in het Hubrecht, op 
BKS, in Gent of in de Ardennen: Nico (mountaineer nr. 1), Onur, AK (see you in Cin-Cin-Ati), 
AJ, Luca, Tije, Britta (a.k.a. Bouwman), Erica (sure, whatever!), Miriam, Enric (Valencia club 
de fútbol!), Rob v. B., Nune, Kay, Sara (amore!), Chloe, Mauro, Lennart, Adi, Sid, Dylan, 
Susanne, Abel, Ismael, Anna, Jessica (carnaval does not start on Thursday), Arianna,  the other 
van Rheenen girls, Jimmy, Lorenzo, Euclides, Roel N., Tim, Annabel (taart-queen), Hesther, 
Charlotte, Marta, Greg, Koos, Corina, Paula, Axel, Stefan R., Maartje L., Bilge, Mark v.d. 
W., Jeroen K., Stefan v.d. E., Elroy, Thea, Dan, Eirinn, Emily, Patrick, Marjon, Christian, 
Peter K., Adrien, Valerio, Niels, Carien, Judith, Joppe, Guy, Bas M. (pieken!), Spiros (where 
my females at?) en Ajit. Thank you so much for making the Hubrecht the amazing place it is! 
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Ondanks dat mijn leven de afgelopen jaren uit niet veel anders dan werk bestaan heeft, was er 
als vanzelfsprekend ook tijd voor hockey. Ik heb veel mooie momenten beleefd op het veld en de 
TD’s van Kampong, en mijn teamgenoten hebben gedurende 4 seizoenen bijgedragen om mij de 
PhD sores (even) te doen vergeten: Jeanne, Daan, Char, Puck, Vos, Emma, Karel, Siem, Juud, 
Ghi, Laar, Do en Jor, dank voor de geweldige tijd! 

Dan de personen die me niet alleen tijdens dit traject hebben bijgestaan, maar intussen al 30 
jaar zorgen dat ik alle mogelijkheden krijg om te doen wat me goed lijkt en me uit de brand 
helpen als dat wat goed leek toch niet zo geweldig uitpakt. Allereerst mijn lieve vader, die me de 
kans heeft gegeven om allerlei (buitenlandse) ervaring op te doen. Dank je pap, voor alles. Ik 
grap wel eens dat wat er ook gebeurt, ik jou altijd kan bellen om me te komen ophalen. Stiekem 
weet ik dat het echt zo is, het is een heerlijk en geruststellend gevoel te weten dat je er altijd voor 
me bent! Dan mijn lieve moeder, die situaties en mensen als geen ander doorziet, (bijna) altijd 
gelijk heeft en daardoor vaak het advies geeft wat je nodig hebt om de juiste keuze te maken. 
Mam, je weet zowel de positieve als de pijnpunten goed bloot te leggen, en ondanks dat dit soms 
discussies te weeg brengt, staat dit absoluut aan de basis van mijn kritische blik die me zeer goed 
van pas is gekomen tijdens dit promotietraject! Dan mijn lieve broertje, Guido. Onze relatie is de 
afgelopen jaren redelijk veranderd, en dat louter in positieve zin. Daar waar we vroeger nog wel 
eens ‘op de vuist’ durfden te gaan, zijn we intussen de beste maatjes en zijn er veel situaties waarin 
jij je eerder profileert als mijn grote (sterke en pientere) broer dan als mijn jongere broertje. Ik 
leer ongelooflijk veel van jou en Lisenka, en wil je bij deze bedanken voor alles wat je voor me 
gedaan hebt en voor het feit dat ook jij altijd voor me klaarstaat!  

Om dit dankwoord af te sluiten diegene waarvoor ik het Hubrecht het meest dankbaar ben: 
Pieterjan. Dat we elkaar hier getroffen hebben zal geen toeval zijn, we delen onze liefde voor 
wetenschap en hebben daar de afgelopen jaren dan ook heel wat tijd aan besteed. Ondanks dat er 
veel meer zaken zijn die we gemeen hebben, zijn er een hoop dingen die jij hebt toegevoegd aan 
mijn leven. Zo heb je me van (goede) muziek leren houden en heb je me meegenomen naar zowel 
prachtige concerten als geweldige feesten. Ook hebben we intussen meerdere fantastische trips 
gemaakt naar verre oorden en schitterende steden. Ik kan niet wachten het volgende avontuur 
met je aan te gaan en deze reis voort te zetten met ‘your hand in mine’…  
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