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Abstract

Epigenomic analysis gives a molecular insight into cell-specific genomic
activity. It provides a detailed functional plan to dissect an organism, tissue by tissue.
Therefore comparative epigenomics may increase understanding of human-acquired
traits, by revealing regulatory changes in systems such as the neurological,
musculoskeletal, and immunological.

Enhancer loci evolve fast by hijacking elements from other tissues or rewiring
and amplifying existing units for human-specific function. Promoters by contrast
often require a CpG dense genetic infrastructure. Specific interplay occurs between
the two, but also a shared modality of function, with coordination from global
chromatin-modifying enzymes. Changes in specific transcription factor binding sites
also facilitate the local epigenetic state. In the case of CTCF, these may further
influence 3-dimensional structure and interaction.

How these mechanistic units are modulated between tissue and species
enables more comprehensive understanding of human processes and pathology.
With this, precise therapeutic targeting of these epigenetic modifications may

become possible.
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Introduction

Our understanding of the evolution of our species, Homo sapiens, will be
transformed in the coming decades [1]. Genomic tools are now able to uncover
molecular mechanisms not only comparatively across primate species [2], but also to
peer into the past as demonstrated by the recent insights into Neanderthal,
Denisovan, and still other unknown extinct hominins [3, 4]. These ancient DNA
studies reveal that incorporated or ‘introgressed’ archaic DNA is found within the
non-African modern human populations of today. This has both potential adaptive
and disease susceptibility legacies [5-7], for example, evidence that the Denisovan
genetic inheritance within the Tibetan population has aided their extreme
environment adaptation [8].

Additionally, it is not only archaic genomes that are being explored, but also
the computational reconstruction of the ancestral epigenetic state in hominins. The
archaic DNA methylome can be indirectly estimated by quantifying the known
degradation of methylated and unmethylated cytosines to thymine and uracil,
respectively [9]. This has instigated a fascinating intersection of the fields of
epigenetic, comparative and archaic genomics.

Epigenetic factors are principally the devices that each cell requires to
regulate specialised functioning of its genome. They are the chemical marks and
packaging of a genome that control the expression of the correct genes, at the
appropriate time or under a particular condition. These include chemical
modifications of DNA, post-translational modifications or variants of the histone
proteins that DNA wraps around, and the complex interplay of certain non-coding
RNA species [10]. This co-ordinated mechanism enables the cell to be propelled
through development and into the specialised niche required for its synergistic role
within the human body. The precise co-ordination of these mechanisms is therefore
critical. Consequently, controlling the trajectory of global epigenetic modifiers is
proposed to play a significant role in evolutionary change [11].

Epigenomic investigations may therefore lead to powerful functional insights,
for example into the hidden complexity of the human brain [12]. A longstanding

proposition is that epigenetic marks are a mechanism of molecular memory [13].



Decoding neuronal epigenomes and furthermore quantifying the plasticity of cellular
states that enable complex higher functioning will help illuminate these biological
processes. Therefore, primate comparison of local epigenetic factors as well as
genetic changes in global modifying enzymes that mould the epigenome, will
increase our understanding of human development and cognition [14, 15]. However,
it is not only neurological disorders but all aspects of our evolutionarily-acquired
vulnerabilities that may be informed by these comparative studies, including
metabolic, immune and musculoskeletal [16]. This review will survey recent insights
into the function of the human epigenome from comparative primate studies. The
importance of sequence variation in facilitating the epigenetic machinery will be a

major focus.

Chromatin Modifications

Chromatin comprises the dynamic packaging of DNA that also includes
regulatory cues [17]. Evidence from yeast models indicate the proteins involved,
histones, can themselves maintain their epigenetic state through somatic mitosis
independently of associated DNA sequences [18, 19]. Canonical histone
modifications involve the modification of lysines (K) present in the tail of the histone
3 subunit (H3). These include signatures within latent promoter (H3K4me3) and
enhancer regions (H3K4mel); an activity mark within both these regions (H3K27ac
[20]); constitutive (H3K9me3) and facultative (H3K27me3) heterochromatin
repressed regions [21]; as well as a combination of active and repressed marks
indicating bivalent promoters [10]. Assaying a range of these chromatin marks has
enabled combinatorial segmentation of the genome into demarcated tissue-specific
functional regions [22]. These enhancer predictions [23], can be further functionally
supported with associated expression of short enhancer-RNA (eRNA) [24].

The epigenetic machinery includes writers, erasers, readers and remodellers
of the epigenome. It has been identified that there is a high mutational load in
chromatin-modifying genes in developmental disorders [25]. These monogenic

disorders strongly indicate the importance of chromatin dynamics and the



associated phenotypes commonly including significant behavioural and intellectual
disabilities [26]. It is also of note that these genes have also been observed as
somatic hotspots in cancers [27]. This indicates their critical function in a time-
independent fashion [28] and further underlines the importance of the accurate

orchestration of the cellular epigenome.

DNA Modifications

Epigenetic modifications of DNA include the most common epigenetic mark,
methylation of the 5’ carbon of cytosine (5mC) [29]. In differentiated cells this occurs
predominately in a CpG dinucleotide context, although non-CpG methylation is more
prevalent in the brain. The default state of CpGs throughout the genome is
methylated [30], the notable exceptions being dense clusters of CpGs termed ‘CpG
islands” (CGls) that are predominately unmethylated. The low density and
methylated CpGs are at an increased risk of loss over evolutionary time due to
hypermutability and lack of recognition for repair [31]. Inversely, small increased GC
clusters, including CpGs, can be generated as a by-product of recombination-
associated Biased Gene Conversion (BGC) [31]. However, some lower density regions
may possess an average low but not completely unmethylated DNA methylation
state, previously identified as Low Methylation Regions (LMRs). These regions co-
locate with enhancer evidence including H3K4mel and the enhancer-related co-
activator p300 [32].

The CpG dinucleotide is proposed to act as a genome-wide signalling
molecule in its own right, recruiting factors dependent upon its methylation state
[33]. Furthermore distinct genetic motifs influence methylation state, particularly
with CpG dense regions. These Methylation Determining Regions (MDR) include
particular transcription factor binding site (TFBS) motifs, such as SP1, CTCF and
members of the RFX family [34]. Additionally, other short sequences including AT
motifs are suggested to also direct and influence the epigenome [35].

The active removal of the DNA methylation mark occurs via an oxidative

process catalysed by the TET enzymes [36]. This leads to the formation of



hydroxymethylated cytosine (5hmC) with further oxidative steps deriving 5-
formylcytosine (5fC) and 5-carboxylcytosine (5caC), and then finally onto the
unmodified cytosine base. The enzyme TDG may also be involved in these later
changes. These modifications of DNA are recognised by particular readers [33].
Those that recognise 5mC include the methyl-CpG-binding protein (MECP2) and the
methyl-CpG-binding-domain proteins (MBD1, MBD2 and MBD4), which enlist further
molecules to create complexes that interact with chromatin remodellers [37].

The severe post-natal developmental decline that occurs in females with Rett
syndrome is caused by mutation within the X-linked MECP2 gene. It clearly
demonstrates the importance of this epigenetically-selective 5mC binding protein in
the maturation of the central nervous system [38]. Furthermore, evidence in mice
indicates it is required even in adulthood for correct neurological function [39] and
additionally overexpression of MECP2 leads cynomolgus monkeys to display autistic
behaviours [40]. Data has accrued that the MECP2 protein may also bind 5hmC in
neuronal cells [41], as well as non-CpG methylated cytosines as the neuron matures
[42, 43], indicating the potential epigenetic complexity in brain disorders [44].

The plasticity of DNA methylation enhances the gene transcriptional
repertoire of neurons and is proposed to influence the synaptic wiring implicated in
memory [45]. In post-mitotic neurons widespread active DNA methylation removal
occurs, with TET enzymes playing a prominent role in synaptic activity and
downstream consequences on gene expression [46]. Additionally, allele-specific
parent-of-origin DNA methylation, termed imprinted loci, leads to allelic expression
biases in brain tissue that can vary through different anatomical regions and over

time. This thus further displays the intricacy of these epigenetic mechanisms [47].

Contribution of Chromatin Modifications to Transcriptional Variation in Species

One of the first epigenomic primate comparative studies was performed by
Cain et al. [48]. This study compared the promoter chromatin mark H3K4me3
genome-wide, across human, chimpanzee and rhesus macaque in lymphoblastoid

cell lines (LCLs) by ChlIP-seq (Chromatin Immunoprecipitation Z”d-generation



sequencing) (and see Table 1 for Comparative Studies). Although H3K4me3 is found
at promoters, it is not definitely indicative of their activity but merely their
permissive potential. Cell line derived data is also subject to stochastic epigenetic
variation due to its generation by immortalisation [49]. Despite these limitations this
study estimated that ~7% of the comparative expression differences could be
attributed to detected species-specific chromatin variation.

A more comprehensive analysis was performed later by the same research
group in Zhou et al. [50], including now the combination of RNA polymerase Il (Pol I1)
binding, and four histone modifications; H3K4me3, H3K4mel, H3K27ac and
H3K27me3 [20]. This was in eight samples from each species. Whilst again suffering
from the potential drawbacks of epigenomic analysis in LCLs, a combination of marks
explained ~40% of the gene expression differences between the species. Although
chromatin mark abundance measures are imprecise, this study found that it was not
just Pol Il co-localisation that was the sole determinate. The combinations
preformed ~5% better than any individual mark alone and the well-known
configuration of H3K4me3, H3K27ac, and Pol Il was consistent with promoter
transcription. However, pinpointing causality in these highly correlated regulatory
interactions is difficult [51]. Comparative TFBS motif sequence changes within these
regions were not implicitly explored but acknowledged as a potential driving
influence. As expected, less difference was identified between human and
chimpanzee than comparison of either of these species to the more distantly related

rhesus macaque.

Shared Features and Connections Between Promoters and Enhancers

A comparative analysis of promoter associated chromatin mark H3K4me3
was performed in prefrontal cortex (PFC) neurons, again between human,
chimpanzee and rhesus macaque [52]. This is the cortical region associated with
higher functioning, personality, and the evolution of the primate brain. H3K4me3
changes within this region have previously been associated with autism [53]. This

study from Shulha et al. identified 410 human-specific gains out of a total of 34,639



human H3K4me3 peaks through comparative analysis and a further 61 loci where
there was a human-specific loss. Of these 410 gains of H3K4me3, there was a
twofold enrichment for peaks that reside within 0.5-1 Mb of each other with a
proposed role in co-regulation through promoter-enhancer interactions. Whilst
H3K4mel is the predominate modification identified at enhancers, H3K4me3 is also
found within defined strong enhancer regions and is seen within 75% of ChromHMM
state 4 Strong Enhancers [54]. These data also support the architectural
commonality that is becoming increasingly recognised between promoter and
enhancers, with operative interchangeability and role switching between tissues or
time-course [55] (see Figure 1). Both functional units share many features, including
core promoter sequence elements, similar transcription factor binding and divergent
RNA transcription [56]. Chromosome conformation capture data identified
interaction between two peaks within DPP10, a gene previously associated with
disorders such as autism [57] and bipolar disorder [58]. Of note, a neuronal
antisense RNA, LOC389023, was also identified to originate from here. These same
human-specific chromatin regions within DPP10 had been previously identified to be

enriched for human-specific CpG dinucleotides [59].

Influence of CpG Clusters on Chromatin Structure

A six primate comparative sequence comparison identified human-specific
CpGs (termed CpG ‘beacons’) [59] (See Figure 2). A dramatic increase in CpG
‘beacons’ was also shown to be strongly predictive of the human-specific H3K4me3
state from the above Shulha et al. dataset [60]. This is consistent with the influence
of clustered unmethylated CpGs, as shown experimentally by Thomson et al., to lead
to the formation of H3K4me3 by the binding of the lysine trimethyltransferase CFP1
via its CxxC domain [61]. Additionally, these CpG ‘beacon’ related human-specific
H3K4me3 peaks were found to be enriched within the chromosome 2qg fusion
(2gfus) region, including the above mentioned locus of DPP10 [60]. This is the
historic site of the fusion of the two separate chromosomes comprising human

chromosome 2 that are present in other primates. This 2qgfus finding was also later



supported by Giannuzzi et al., who also showed human-specific H3K4me3
enrichment in other human-specific cytogenic structures; the chromosome 1 and 18
pericentric inversion breakpoints [62]. In further analysis of PFC neurons, Dincer et
al. identified that the broadest H3K4me3 domains (> 10 kb) related to synaptic
function and interestingly were the most conserved across human and other
primates [63]. Broad H3K4me3 peaks are also more predictive for cell-specific

identity [64].

Functional Rerouting and Up-regulation for Species-Specific Enhancer Formation

The evolution of mammalian enhancers was traced across 20 mammals by
analysing liver tissue from these species for promoters and enhancers, via H3K4me3
and H3K27ac peaks [65]. Thus, the change of these genomic functional features
could be examined over 180 million years of divergence. This identified far more
rapid evolution in enhancers compared to promoters over this time course. Newly
acquired enhancers were enriched for proximity to positively-selected protein-
coding genes and were derived from ancestral DNA that had been functionally
rerouted, not newly acquired DNA sequence.

Humans have evolved distinctive variation between our sets of limbs, with
long legs and short arms, that distinguishes us even from other primates. This is due
to independent adaptation including manual dexterity, bipedalism and endurance
running [66]. The molecular mechanisms influencing this change were explored by
ChIP-seq analysis of embryonic limb tissue through developmental stages in human,
rhesus macaque and mouse, by comparison of the location of the activating histone
modification H3K27ac [67]. Of the total promoters and enhancers, approximately
13% and 11% respectively, revealed a significant human-specific increase. The vast
majority (~91%) of human limb gain-of-enhancer function was via the modification
of enhancers that were also present in both rhesus macaque and mouse limbs.
Whereas a small proportion (~¥6%) were recruited in human from other tissues in the
other species. The small remainder (~¥3%) represented new enhancers found only in

human. The highly conserved essential regulators of limb development, such as



PITX1 and TBX5, showed no significant change in promoter or enhancer profiles
across the species. Candidates for potential human-specific change were ARHGAPS,
which has a markedly increased expression in human. In mouse, a mutation within a
regulatory region in the orthologous locus is associated with polydactyly, as well as
thickening and elongation of digit one in the hindlimb [68]. Sixteen regions that
show human-specific genetic acceleration (HARs: Human Accelerated Region [69] or
HACNS: Human Accelerated Conserved Noncoding Sequence [70]) also co-located

with significant human-specific H3K27ac increase, including the HACNS1 locus [71].

Non-Neuronal Regulatory Mechanism Hijacking in the Cortex

When comparing human to other mammals, development differences in the
cerebral cortex begin within the first trimester with an increase in number, range,
and migration trajectories of neurons [72]. A comparative study of cortical
development performed by Reilly et al. [73], analysed promoter and enhancer
profiles in human, rhesus macaque, and mouse by H3K27ac and H3K4me2 (a co-
locating signal within both promoter and enhancers). This was implemented through
stages 7, 8.5, and 12 post-conception weeks where human-specific changes in layers
and features begin to develop. This was compared with developmentally equivalent
time points in the rhesus macaque and mouse embryo. Approximately 85% of
human promoters possessed collocating H3K4me2 and H3K27ac peaks but this was
only 45% at enhancers, as these two marks separately recognised distinct enhancer
loci [54]. Of this total set of 52,317 enhancers identified in a least one of the
developmental stages, 16,473 were found to be potentially cortex-specific and
enriched for proximity with genes associated with its development. 8,996 enhancers
and 2,855 promoters were identified with human-specific gains and highlighted 301
genes with gain-enrichment hotspots. Of these gain regulatory loci, 48 showed
overlap with previously genetically identified human-accelerated regions (HARs or
HACNSs). Enrichments for gene co-expression networks included neuronal
progenitor proliferation, homeobox genes, and the extracellular matrix (aiding

progenitor cell renewal and neuronal migration). The enriched TFBS motifs in
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common pathways implied that non-neuronal regulatory mechanisms had been
harnessed, or older mammalian regulatory mechanisms in cortex developmental
were hijacked, for human-specific adaptation. The co-ordinated changes needed to
generate the human cortex therefore used and modified known developmental

regulatory regions, in similar fashion to those identified above in the human limb.

Critical Transcription Factor Modifications in Enhancer Loci

Human and chimpanzee facial structures have evolved distinct species-
specific differences and in order to explore this, in-vitro derived human and
chimpanzee cranial neural crest cells were compared [74]. Epigenomic analysis was
performed by ChlIP-seq for H3K4mel, H3K4me3, and H3K27ac. Also the enhancer
related co-activator p300 was examined, as well as the cranial neural crest cell
transcription factors (TFs) TFAP2A and NR2F1. Genome accessibility was assessed by
a genome-wide assay for transposase-accessible chromatin (ATAC-seq). Employing
these multiple strains of evidence, divergent facial enhancers were identified
between the species. Although only small sequence variation was seen in divergent
enhancers, with ~3—6 substitutions per 500 bp, it was suggested that change in
critical key sequence-dependent TFs can considerably modify enhancer activity.
Losses of the TFAP2A consensus motif as well as TFBSs for ALX homeobox factors
were associated with a loss of H3K27ac. Changes in repressive TFs, where reduced
motif strength is associated with increased H3K27ac peaks, included the known
transcriptional repressors SNAI2 and the TBX family. The role of repeat classes within
these species-specific enhancers was also noted, with endogenous retroviruses
(ERV1, ERVL-MaLR, and ERVK) as well as L1 elements (LINE-1 retrotransposons)
particularly enriched within these loci. Evidence of variation in the regulation of the
primate-active L1s in pluripotent stem cells between humans and other apes is

proposed to have differentially shaped these genomes [75].

Sequence Redundancy In Enhancers
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To explore cis-regulatory elements Vermunt et al. analysed H3K27ac ChlP-seq
within eight anatomical regions of the brain in human, chimpanzee and rhesus
macaque [76]. They identified that the location of the majority of peaks (~93%) had
been conserved since the last common ancestor (LCA) of these three species ~25
million years ago (MYA). Thus supporting previous data that regulatory unit
positioning is predominately conserved. As expected, likely promoter regions (co-
locating Transcription Start Sites and H3K4me3) were consistent across the different
areas of the brains, in contrast to potential enhancers that were more likely to be
area-specific. Furthermore, co-locating enhancers were not highly conserved at the
sequence level although they shared potential functionality. This lack of sequence
constraint is consistent with data that enhancers do not require precise base-pair
maintenance to retain function, and can be dynamic and rapid in their evolution [65]
as long as critical TFBSs are maintained. As expected, on average only ~22.5% of the
differences between human and rhesus macaque in the various tissues, were also
seen between human and chimpanzee due to evolutionary distance. In fact, in this
study only a small number of loci were defined to be novel in the human brain, 1,399
enhancers and 89 promoters. Each change localised predominately within one brain
area, thus supporting the ability for enhancers to change more readily due to their
less ubiquitous activity [77]. Although HAR sequences showed enriched overlap with
the identified brain regulatory elements, they were not more prevalent at the
human-specific enhancers. In another study by Boyd et al., a previous identified
accelerated non-coding genetic locus [78] was implicated as a Human-specific
enhancer, termed Human-Accelerated Regulatory Enhancer 5 (HARE5S) of the FZD8
gene [79]. This is a receptor in the Wnt pathway involved in neural progenitor

proliferation and implicated in brain development and size.

Sequence Influence on the DNA Methylome

The close interplay between genome sequence and CpG methylation may

bring further insights into human evolution [80]. Classically, DNA methylation at CGI

promoters is a repressive mechanism. However, the now recognised potential
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functional role of CGI shores (2 kb either side of CGI) and the tidal nature of
methylation changes that occur here [35], make CpG density changes within these
regions of interest. Through genetic gain and loss of CpGs, permanent accretion and
erosion of islands and change in their demarcated shores can occur. Also in low-
density enhancer LMRs there is a potentially disproportionate importance of genetic
CpG fluctuations due to the paucity of CpG sites.

Whilst CpG density is important in defining the DNA methylome, the
influence of critical MDR TFs in instigating the local DNA methylation state is
increasingly acknowledged. These mechanisms will affect the potential for CpGs to
be lost due their hypermutability when methylated in the germline. The Influence of
the TF Sp1 was documented by Macleod et al. in 1994 [81] and recent genome-wide
data further supporting this and other significant TFs [34, 82]. Thus in studying the
evolutionary divergence of the DNA methylome, investigating the underlying
intertwined genetic changes in critical TFBSs and CpGs themselves is also required.

In comparative studies, array analysis, dependent upon probe affinity
hybridisation, needs strong awareness of the confounding influence of sequence
variation. Known variation can help excluding probes, however non-human primate
polymorphic information is less complete. An inter-primate analysis was performed
with the Illlumina 450k DNA methylation array in peripheral blood [83]. Only less
than a quarter of the probes (99,919) were assessed as complementary across five
primate species, with 289,007 shared between human and chimpanzee. This
identified ~9% of probes between human and chimpanzee were significantly
different in methylation state, including 184 genes that were completely conserved
at the protein level between the two species. Although the additional limitations of
array targeted CpGs must also be recognised, in that they disproportionally lack
coverage of the most dynamic CpGs [84].

A peripheral blood study across human, chimpanzee, and rhesus macaque by
Wilson et al. [85] was performed genome-wide with MeDIP-seq (Methylated DNA
Immunoprecipitation Z”d-generation sequencing). This observed that species-specific
Differentially Methylated Regions (s-DMRs) were more prevalent in CGI shores, in a
similar fashion to previously recognised tissue-specific and cancer-specific changes

[86]. Within orthologous CGls, this study also showed increased human CTCF motif
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strength in human hypomethylated s-DMRs when compared to both other primates,
and the inverse in human hypermethylated s-DMRs. A strong human specific s-DMR
in the promoter of the Leukotriene B4 receptor (LTB4R) gene was further examined.
It showed consistent strong hypomethylation across the blood-cell sub-fractions that
was also accompanied by human-specific H3K4me3 peaks and increased expression.
The hypomethylated state of the human promoter CGI was likely caused by the RFX1
motif, an MDR [34], that was only present in humans not other primates (See Figure
3). This motif existed within both Neanderthal and Denisovan sequences, thus dating
it to prior to ~0.6 MYA.

Martin et al. explored comparative neutrophils between three primates,
human, chimpanzee, and orang-utan via the enzymatic method Methyl-seq[87]. This
study estimated that ~10% of the CGl regions differed significantly between human
and chimpanzee. A recent paper was performed with whole-genome bisulphite
sequencing (BiS-seq) generating data for ~6 million well-covered CpGs, in peripheral
blood across human, chimpanzee, gorilla, and orang-utan [88]. This identified that s-
DMRs were also enriched for species-specific nucleotide changes and
hypomethylated s-DMRs were specifically enriched twofold for endogenous
retroviruses (ERVs). The potential facilitative role of transposable elements
particularly ERVs was also seen in a multi-tissue examination of human epigenomes
by Leung et al.[89] and is discussed recently by Lowdon et al. [90]. The PFC was
compared between three humans and three chimpanzees by BiS-seq in Zeng et al.
[91]. They reported in fact a small but discernable level of methylated non-CpG
cytosine sites (1.3%—2.2%). Additionally, hundreds of gene promoters were found
hypomethylated in human compared to chimpanzee and s-DMRs were enriched for

neurological, psychological, and cancer disease loci.

Germline Influences on the Evolution of DNA Methylation

The methylation state within the germ-line is very important in the evolution

of the DNA methylome, as this is where the effect of 5mC hypermutability can lead

to loss of CpG dinucleotides in subsequent generations [92]. Molaro et al
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investigated the sperm DNA methylome by BiS-seq between human and
chimpanzee, and identified extended hypomethylation around CGIl regions in
comparison to embryonic stem cells, analogous to CGl shore regions [93]. A
subsequent tidal reduction in size of these hypomethylated regions was observed
with differentiation. A high proportion of hypomethylated human s-DMRs
overlapped with the hominid-specific SVA repeats, that consist of an SINE, a VNTR
and an Alu repeat [94]. This was particularly in the youngest members of this SVA
repeat family. The lack of repressive DNA methylation and the mobilisation ability of
these repeats enables germline insertions and indicates their significant potential in

species-specific variation.

Clustering of Species-Specific CpGs

With regard to evolutionary change in CpG dinucleotide itself, Tanay et al.
identified that hyperconserved CpG domains between human and chimpanzee were
enriched loci for Polycomb repressive complex 2 and were co-located near genes
related to embryoic development [95]. The first estimation of the subset of human-
specific CpGs, termed CpG ‘beacons’ mentioned above, was calculated by sequence
comparison with five other primates, chimpanzee, gorilla, orang-utan, rhesus
macaque, and marmoset [59], thus encapsulating a divergence time of ~35 MYA (see
Figure 2). This estimated that ~1.19 million CpGs that are also non-polymorphic in
1,000 genomes data are human-specific from the total of ~28 million in the human
genome. Twenty-one significant clusters of these CpG ‘beacons’ were determined by
permutation and these loci were enriched for neurological disease due to co-location
with monogenic neurological and developmental disorders. CpG ‘beacons’
individually were enriched within SVA repeats, the class that is enriched for sperm
hypomethylation from Molaro et al.[93]. Furthermore, using primate comparative
DNA methylome data, CpG density gain indicated by CpG ‘beacons’ correlated with
reduced methylation in orthologous CGls in these species over evolutionary time.

DNA methylome profiling across seven diverse vertebrates revealed a

reasonably high level of conservation in hypomethylated loci from human to
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zebrafish [96]. Although when taken to this range of species, these hypomethylated
regions were in fact poorly captured by predicted CGI locations. However where
broad non-methylated regions did exist, these were associated with polycomb-
regulated developmental genes, consistent with the earlier findings of Tanay et al.

[95].

Evolutionary Role of Chromatin Modifiers and Readers

Chromatin modifying enzymes are potentially important in evolution due to
their multilocus effects [11]. These include zinc finger proteins that have the ability
to interact with cytosines in CGl specificity due to a CxxC domain that can ‘read’ CpG
dense regions [97] (see Table 2). These comprise CFP1, the lysine methyltransferase
that trimethylates H3K4 at unmethylated CGIs [61] and Lysine (K) demethylases
KDM2A and KDMZ2B, the later of which protects Polycomb-bound genes from
hypermethylation [98]. The Methyl Binding Domain 1 (MBD1) also contains this
unmethylated cytosine sense unit as well as its Methyl-Binding Domain, although it
is not required for its recruitment to methylated loci. It is postulated this CxxC
domain may enable targeting when methylation levels are dramatically reduced,
such as in pre-implantation embryos [99]. Other proteins in this group include the
maintenance DNA methylator DNMT1, Lysine methytranferases MLL1 (KMT2A), and
MLL2 (KMT2D). MLL1 is a significant modifier in both cortical and hippocampal
development and has been proposed to play a role in neurobiology [100, 101]
including working memory through prefrontal synaptic plasticity [102]. The TET
enzymes (TET1, TET3) involved in the active demethylase process and subsequent
formation of 5hmC and further derivatives, also use their CxxC domain to bind to
unmethylated and hydroxymethylated CpGs [103]. It has also been recently
identified that the CxxC domain protein IDAX binds unmethylated DNA, recruits its
ancestral partner TET2 that now lacks this ability, and then down-regulates it
consequently influencing the level of 5mC oxidation [104].

Other important chromatin modifiers in neurodevelopment include the lysine

demethylase, KDM5C, with mouse evidence that mutations are involved in X-linked
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intellectual disability [105]; the lysine methyltransferase of H3K9, EHMT1 (KMT1D),
involved in the developmental disorder Kleefstra syndrome [106]; and CHDS, a
chromodomain helicase that binds to H3K4me3, which is autism-associated [107].
Accurate control in the sculpting and interpretation of the epigenome is
required for normal development and these factors controlling this process are
therefore able to have considerable effects in this process. One clear example of the
influence of comparative species change in an epigenomic modifier is the major
recombination regulator PRDM9 [108, 109]. In humans, it was first identified to
recognise a 13bp motif that designates the location of hotspots of recombination via
its zinc finger DNA-binding domain. PRDM9 is also a meiosis-specific histone
methyltransferase catalysing the trimethylation of H3K4. This leads to nucleosome
depletion and thus facilitates the subsequent double strain breaks required for
recombination [110]. A comparison across 18 primates, revealed a high level of
diversity in the zinc-finger domain due to rapid positive-selection driven evolution.
This enables significant hotspot location variation both within and between species
[111]. Differential hotspot use can lead to hybrid sterility and is therefore a proposed
mechanism in the speciation of primates. Furthermore, PRDM9 degradation of its
own binding sites occurs by meiotic drive, the process whereby mutations in
hotspots are preferentially transmitted [112]. Biased Gene Conversion (BGC) is
implicated in this self-destructive drive [113]. Human hotspots are identified to be
young, having only been active 10% of the time since Denisovan divergence (~0.7 to
1.3 MYA) [114]. Comparative analysis of 29 mammalian genomes identified that
~15% of an expanded set of 563 HARs showed evidence of BGC GC-biased gene
conversion and 9.4% overlapped chromatin enhancer evidence [115]. These
recombination-associated genetic increases in GC [116] can also in cases help build

local CpG density for potential promoter epigenetic function [60].

Insights from the Interplay of the Epigenome and Long Non-Coding RNA

Epigenomic control is exerted by the co-ordinated modifications of the

multiple intermeshed mechanisms, chromatin structure, DNA modifications, and
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non-coding RNA that act to reinforce each other. As such, the inactivated X-
chromosome in females is not reactivated on the administration of the
demethylating drug azacytidine [117]. Regulatory factors including TFs and long non-
coding RNA (Inc-RNA) are proposed to play a significant role in human evolution
[118]. There is extensive RNA binding to chromatin-associated proteins and
complexes [119]. These include Inc-RNAs that act as controllers of locus dynamics
and molecular scaffolds for chromatin. p53-induced Inc-RNAs are shown to increase
enhancer activity with recognised amplification of eRNA expression [120].
Furthermore, Inc-RNA are significantly involved in the regulation of development
and fine-tuning of gene networks controlling organogenesis and as such are critical
in the evolution of complex organisms [121]. For example, the WD repeat-containing
protein 5 (WDRS5) is required as a critical subunit by the MLL1 complex for H3K4me3
formation and thereby necessary for vertebrate development [122]. WDRS5 itself
needs the binding of specific Inc-RNAs essential to maintain this active chromatin
state [123]. Recently, a primate-specific Inc-RNA HPAT5 was identified to be an
integral regulator of pluripotency in preimplantation development [124]. Further
untangling of the relationship of non-coding RNA and the epigenomic machinery will

undoubtedly reveal detailed molecular mechanisms in species-specific function.

Future Directions

The long-standing hypothesis of King and Wilson states that due to their
strong coding sequence similarity, gene regulatory differences are the driver in the
evolutionary divergence between humans and other closely related primates [125].
These regulatory genetic changes may facilitate epigenetic functional differences as
well. Exploring comparative change in both genome and epigenome provides
uniquely powerful instruments to understand their integrated function in biology, as
well as their defects in pathophysiology. This will bring insights for the future field of
epigenomic medicine, where the precise epigenetic modulation of genome activity

has much potential for the treatment of human disorders, such as age-related
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degenerative diseases [126]. Additionally, synthetic biology has also noted the
possibilities of chromatin regulatory modification [127].

Further comparative analyses over more epigenomic mechanisms will
undoubtedly deliver new insights, such as the role of histone variants. H3.3 is
involved in the establishment of silenced chromatin states and maintenance of
genome stability by silencing retrotransposons [128]. Also accumulating analyses
indicate that 5hmC is not just a transitional state in the demethylation process, but
an active operator in its own right [129]. Dynamic readers of 5hmC [130, 131] as well
as 5caC [132] can influence TF binding. Current data indicate that 5hmC almost
exclusively occurs within a CpG context [133]. Therefore within LMR enhancers the
potential importance of the small number of CpGs where this hydroxymethylation
occurs is of definite epigenetic interest.

Epigenetic modifications of RNA is an active field of research that would also
be of relevance in comparative analyses. Recent Drosophila data on RNA
hydroxymethylation implicated this mark in mRNA translation and blocking its
catalyst, the TET enzyme, lead to impaired brain development [134]. Another recent
finding requiring further comparative investigation, is the importance of the
transcription factor NRF1. Its binding significantly influences nearby expression but it
is strongly inhibited by DNA methylation [135]. Also, exploration of primate
comparative CTCF differences may reveal insights particularly due to its orientation-
specific influence on 3-Dimensional genome structure and looping [136].

Due to recent work on the epigenetic changes with age, ancient DNA
methylation data from a 4000-yr-old Palaeolithic human was even able to estimate
his age at death [137]. Human ageing DNA methylation changes are shown to have
consistency with chimpanzees with small-scale array analysis [138], but any
comparative differences that could be identified would be of great curiosity as to the
cause for the divergence.

Future comparative analysis in homogeneous cells of the intertwined role of
transcription factors, both drivers of the epigenomic state and those that are
repelled or sensitive to it, will enable further species-specific discoveries.
Mechanisms identified in the evolution of cancer cells can also be highly informative

with respect to longer time frames[28]. The potential of factors such as CTCF to
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modify long-range genomic interactions indicate that comparative analysis of
chromatin neighbourhoods, by techniques such as ChIA-PET, may lead to new
understanding [139].

Recent epigeneomic insights into neurological disease have come from
analysis of the DNA methylation changes [140] as well immune enhancer signatures
in Alzheimer’s disease [141]. This later use of conserved enhancer signatures across
species from human to mouse, was highly informative in identifying the pathogenic
role of the immune system. This again demonstrates how these novel epigenomic
tools, now and increasingly in the future, can be used to decipher the human

condition.
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Figure Legends

Figure 1: Construction of active promoters and enhancers is dependent upon many
factors. This includes genetic sequences appropriate to facilitate the correct
epigenetic state, such as dense non-5mC CpGs in promoters, enabling H3K4me3
formation by CxxC-domain protein CFP1. Intermediate 5mC but also 5hmC in low
density (but above baseline) CpGs present in enhancer loci is observed.

Figure 2:
Identification of Human-specific CpGs (CpG ‘Beacons’) indicated by arrows through
Primate Comparative sequence analysis.

Figure 3: Significant differences in Methylation Determining Region (MDR)
Transcription Factor Binding Sites (TFBSs) can lead to Human-specific Differentially
Methylated Regions (DMRs). Here human-specific variation in the binding affinity for
the RFX1 motif in the promoter of LTB4R is shown from the TRAP algorithm[142].
This results in a human-specific hypomethylated DMR[85]. Comparative primate
sequence for this RFX1 motif in this location is shown below.
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Tables

Analysis Target Tissue Species Study

H3K4me3 Lymphoblastoid Cell Hs, Pt, Mm Cain et al. [48]
Lines

Pol Il, H3K4me3, Lymphoblastoid Cell Hs, Pt, Mm Zhou et al. [50]

H3K4mel, H3K27ac, Lines

H3K27me3

H3K4me3 Prefrontal Cortex Hs, Pt, Mm Shulha et al. [52]

Neurons

H3K4me3, H3K27ac

Liver Hepatocytes

20 Mammals including
Hs, Mm, Csab, Cjac

Villar et al. [65]

H3K27ac

Embryonic Limb

Hs, Mm and Mouse

Cotney et al. [67]

H3K4me2, H3K27ac

Embryonic Cortex

Hs, Mm and Mouse

Reilly et al. [73]

H3K4mel, H3K4me3,
H3K27ac, p300,
TFAP2A, NR2F1

Cranial neural crest
cells

Hs, Pt

Prescott et al. [74]

H3K27ac

Brain Regions (8)

Hs, Pt, Mm

Vermunt et al. [76]

DNA methylation

Peripheral Blood

Hs, Pt, Pp, Gg, Pa/p

Hernando-Herraez et
al. [83].

DNA methylation

Peripheral Blood

Hs, Pt, Mm

Wilson et al. [85]

DNA methylation

Neutrophils

Hs, Pt, Pa

Martin et al.[87]

DNA methylation

Peripheral Blood

Hs, Pt, Gg, Pa

Hernando-Herraez et
al. [88].

DNA methylation Prefrontal Cortex Hs, Pt Zeng et al. [91]
Neurons
DNA methylation Sperm Hs, Pt Molaro et al. [93]

Table 1: Comparative Epigenomic Studies. Primate species analysed: Hs = Homo
sapiens; Pt = Pan troglodytes (Chimpanzee); Pp = Pan paniscus (Bonobo); Gg = Gorilla
gorilla; Pa/p = Pongo abelii/pygmaeus (Orang-utan); Mm = Macaca Mulatta (Rhesus
macaque); Csab = Chlorocebus aethiops sabaeus (Vervet); Cjac = Callithrix jacchus

(Marmoset).

22




Gene Also Known As CxxC nomenclature
CFP1 CGBP, PHF18 CXXC1
CXXC5 CXXC5
DNMT1 MET1 CXXC9
FBXL19

IDAX CXXC4
KDM2A FBXL11, JHDM1A, NDY2 CXXC8
KDM2B FBXL10, JHDM1B, NDY1 CXXC2
MBD1 PCM1 CXXC3
MLL1 ALL1, HTRX1, KMT2A CXXC7
MLL2 WBP7, KMT2B

TET1 LCX CXXC6
TET3 CXXC10

Table 2: Zinc Finger - CxxC domain containing genes (adapted from Long et al.) [97].
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Abbreviations

5caC: 5-carboxylcytosine

5fC: 5-formylcytosine

5hmC: 5-hydroxymethylcytosine

5mC: 5-methylcytosine

ATAC-seq: Assay for Transposase-Accessible Chromatin Z"d-generation sequencing
BiS-seq: Bisuphite 2”d—generation sequencing

BGC: Biased Gene Conversion

CGl: CpG islands

ChlP-seq: Chromatin Immunoprecipitation Z”d-generation sequencing
eRNA: enhancer-RNA

ERV: endogenous retrovirus

HAR: Human Accelerated Regions

HACN: Human Accelerated Conserved Noncoding

KDM: Lysine Demethylase

KMT: Lysine Methytransferases

LCA: Last Common Ancestor

LCL: Lymphoblastoid Cell Lines

LMR: Low Methylation Region

MBD: Methyl Binding Domain

MDR: Methylation Determining Region

MeDIP-seq: Methylated DNA Immunoprecipitation Z“d—generation sequencing
PFC: Prefrontal Cortex

Pol Il: RNA Polymerase Il

TF: Transcription Factor

TFBS: Transcription Factor Binding Site

s-DMR: Species-specific Differentially Methylated Region
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Figure(s)

Part of EMILIN2 EPO sequence l l

Homo sapiens GCAchTCCC-GcgCAGAAGGCTT-cgGGchACCAGGTGAGGCchGG
Pan troglodytes GGACcgTACCCAGcgCAGAAGGCTTTGcgGGcgCACCAGGTGAAGCCCAGG
Gorilla gorilla GGACcgTACCCAGcgCAGAAGGCTTTGcgGGcgCACCAGGTGAGGCCCAGG
Pongo abelii ATAAAATCCCCAGcgCAGAAGGCTTTGcgGGcgCACCAGGTGAGGCCTAGG
Macaca mulatta GGAchTCCCCAGcg-GAAGGCTTTGcgGGchACCAGGTGAGGCCCAGG
Callithrix jacchus GGTCcgTCCCCAGcgCAGAAGGCTTTGcgGGcgCACCAGGTGAGGCCcgaGa

| Shared between Human & Another Primate |

~7 MYA

~35 MYA

~25 MYA

~4-5 MYA |

,i'j o

Homo sapiens  Pan troglodytes Gorilla gorilla Pongo abelii Macaca Callithrix
mulatta jacchus
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*Research Highlights

Highlights

e Epigenomic analysis reveals functional insights to cell-specific genomic activity

e Comparative primate epigenomics may give molecular understanding of human
acquired traits

e Human-specific enhancers commonly redeploy existing regulatory elements

e Chromatin modifying enzymes may be important in evolution

e Transcription factors play a significant role in defining local epigenetic states



