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Abstract

Superfamily Hominoidea, includes humans and apes, is one of the two living
superfamilies of parvorder Catarrhini. Taxonomically this superfamily belongs to order primates
and is comprised of two families; Hominidae (humans and great apes) and Hylobatidae (lesser
apes). All members of this superfamily have large brains, well known for their complex social
behavior and intellectual abilities. Despite the increasing genome data, the genetic factors
underlying the phenotypic uniqueness of Hominoidea (apes) and Hominidae (great apes) have
remained elusive. Clade-specific genes and highly conserved noncoding sequences (HCNSs) are
among the high-potential evolutionary candidates involved in driving clade-specific characters
and phenotypes which are comprehensively investigated in the superfamily Hominoidea and
family Hominidae in this study. For identification of HCNSs, using the neutral evolution
thresholds, 1,658 and 679 HCNSs were identified with 100 percent sequence similarity in

Hominidae and Hominoidea, respectively.

HCNSs do have significantly lower overlap with genomic polymorphisms compared to
random coordinates and their flanking regions indicating the functionality of these conserved
elements. Derived allele frequency (DAF) analysis of HCNSs, further confirmed that the lower
evolutionary rate within these elements is not due to them being located on mutation cold
spots, but rather due to the evolutionary constraint that prevents spread of mutations occurring
within these elements in human populations. To figure out the evolutionary forces leading to
the formation of HCNSs, the properties of orthologs of HCNSs in outgroup species were
investigated. With assumption of molecular clock, it has been shown that substitution rates in
Hominidae and Hominoidea ancestral branches for HCNSs are respectively 5 and 2.3 times
higher than that under neutral evolution, suggesting that these elements may have emerged
through some kind of positive selection, and then purifying selection started to operate to keep

the functions served by these elements.

HCNSs tend to cluster around genes involved in nervous system, transcription regulation
and development. HCNS target genes were also shown to have significantly higher non-coding
portion compared to the total human protein coding genes suggesting the action of evolutionary
forces to prevent loss of conserved noncoding regions in these genes. HCNS target genes were

also shown to be located in isolation with higher absolute distance to the next protein coding



genes compared to average human genome protein coding genes. Analysis of the production of
enhancer RNA (eRNA) and the overlap with H3K4me1 and H3K27ac epigenomic marker revealed
depletion of enhancer markers in young Hominoidea- and Hominidae-restricted HCNSs that
have evolved less than 30 million years ago. Expression analysis of HCNS target genes within
human tissues also suggest inhibitory effect of HCNSs on their target genes, especially in fetal
brain tissue, the tissue in which HCNSs are supposed to be in their most active form considering

Gene Ontology data.

For identification of coding genes restricted to superfamily Hominoidea and family
Hominidae, major DNA, protein and gene orthology databases were analyzed. Setting strict
thresholds in order to avoid false positives, only one protein coding gene named Down
Syndrome Critical Region 4 (DSCR4) showed strong evidence of being bona fide Hominidae
specific gene. Evolution of DSCR4 can be mainly classified in three evolutionary periods. Period
(1): LTR79 retrotransposition, that took place in the common ancestor of mammals >100 Mya.
This transposition formed DSCR4’s exon 3 ancestral sequences. Period (2): during the evolution
of common ancestor of primates at 29— 45 Mya, three independent retrotranspositions by
MLT2C1, LTR16A and LTR9 led to the formation of DSCR4’s exon 2, exon 1 along with DSCR4/8
shared bidirectional promoter. Period (3): the final required mutation was a GC transversion that

formed the stop codon and completed the formation of DSCR4 ORF.

There are numerous computational evidences at RNA and protein levels indicating the
functionality of DSCR4 gene, however, due to the absence of known protein domains within the
DSCR4-coded protein, the function of DSCR4 within the cell could not be determined without
experimental investigations. For experimental verification of the functionality of DSCR4, |
conducted DSCR4 gene perturbation analysis followed by transcriptome profiling in non-
canceric human bone marrow cells which provided strong evidence for the involvement of this
gene in regulation of cell migration, motility and locomotion. This hypothesis, is further
supported by tissue-specific expression of DSCR4 in human cells in which migration is important

for proper functioning.

This study provides candidates of gene and regulatory elements which are expected to
hold the key to the understanding of the phenotypic uniqueness shared by Hominoidea and
Hominidae, via mechanisms majority of which are yet to be fully understood. Experimental

verification of these elements is expected to shed light on the lineage specificity of apes
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Chapter 1. Introduction

1.1 A general introduction on superfamily Hominoidea and its unique

phenotypes

The superfamily Hominoidea which include humans, chimpanzees, bonobos, gorillas
and orangutans and gibbons are a group of Old World tailless primates, native to Southeast Asia
and Africa. The sister superfamily of Hominoidea are Old World monkeys which include several
species of monkeys such as rhesus macaque, proboscis monkeys and baboons. These two
superfamilies, which have diverged at around 30 million years ago (Mya), form the Catarrhini

parvorder (Figure 1-1).
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Figure 1-1. Phylogenetic tree and divergence times of lineages in order primate.

The phylogenetic tree is constructed based on data provided by Hedges et al. (2015). Divergence

times are represented in the units of ‘million years ago’ in the tree.



The Hominoidea are the only tailless primates, the characteristic that phenotypically
separates them from the closely related Old World monkeys and New World monkeys. This
superfamily is composed of two living families: Hominidae including humans and Great Apes and

Hylobatidae including lesser apes.

The family Hominidae includes chimpanzees, bonobos, gorillas, orangutans and
humans. This family is also known as hominids. Currently, there are seven living species of
Hominidae including two chimpanzees (Pan troglodytes or common chimpanzees and Pan
paniscus or bonobos), two gorillas (Gorilla gorilla or Western gorilla and Gorilla beringei or
Eastern gorilla), two orangutans (Pongo pygmaeus or Bornean orangutan and Pongo abelii or

Sumatran orangutan) and a single extant species of humans (Homo sapiens or modern humans).

Members of superfamily Hominoidea are generally called as “apes” and this term has
been broadly used in different senses within scientific settings. Traditionally, this term was used
to name all members of superfamily Hominoidea except for human beings (Dixson 1981) but in
other resources, it is used to name all members of Hominoidea including humans; for example
in the book ‘The descent of man’ written by the pioneering evolutionary biologist, Charles
Darwin, the humans were described as “big-brained apes” (Darwin 1872). So ‘ape’ is
synonymous to ‘hominoid’ and includes all members of Hominoidea including humans (Benton

2009).

The superfamily Hominoidea, the name of which has originated from the Latin word
meaning ‘Man-like’, are well-known for their complex social behaviors and intellectual abilities
and as their name indicates, they share physiological, anatomical and behavioral similarities to

that of human. To date, there have been numerous studies reporting the unique cognitive



abilities and anatomical characteristics of Hominoidea members. Some of these studies will be

briefly introduced in here.

Understanding the relation between causal factors and their effect is an essential
feature of advanced social and physical cognition. In a study conducted on orangutans (Pongo
pygmaeus), chimpanzees (Pan troglodytes), bonobos (Pan paniscus) and gorillas (Gorilla gorilla)
by Mulcahy and Call (2006) it was shown that some great apes do possess casual knowledge
about the trap- tube task. In another study conducted by the same group, it was shown that
gorillas (Gorilla gorilla) and orangutans (Pongo pygmaeus) possess the important elements of
problem solving which are abilities to encode relevant task features and to combine multiple
actions to achieve the goals. They also showed the ape subjects are proficient at using tools to
achieve the reward (Mulcahy et al. 2005). Great apes are also shown to be able to learn how to

discriminate objects based on achromatic color and weight (Schrauf and Call 2009).

Apes were shown to possess some problem solving skills(Martin-Ordas and Call 2009).
In a study performed by Call (2007), apes were also demonstrated to know that hidden objects
can affect the orientation of other objects. These findings showed that the apes could make
some inferences about the reasons for inclined orientation of the boards they confronted, not

simply associated with the presence of the award.

The disproportionately enlarged frontal cortex is believed to be mainly responsible for
the uniqueness of human cognitive specialization. Several studies comparing human with non-
primates and non-Hominoidea primates like baboon showed unique disproportionately
enlarged frontal cortex in humans (McBride et al. 1999). However, by investigating frontal cortex
of several primate species, including all extant hominoids using magnetic resonance imaging

(MRI), Semendeferi et al. (2002) showed that human frontal cortex is not disproportionately



larger than that of other great apes. Their findings clearly showed disproportionately enlarged
frontal cortex to be a unique shared characteristic of the apes family members and a distinctive

feature compared to the rest of the species.

Phenotype is the result of a collective network of genes along with other regulatory
elements. The unique cognitive and anatomical phenotypes observed in superfamily
Hominoidea and the family Hominidae indicate the existence of unique shared coding and non-
coding functional regulatory genomic elements which underlies such characteristics. There are
two categories of high-potential evolutionary candidates underlying clade-specific phenotypes
including clade-specific genes and clade-specific highly conserved noncoding sequences

(HCNSs). These categories of genomic elements will be introduced within the next sections.



1.2 Origin of novel phenotypes

1.2.1 Novel highly conserved noncoding sequences (HCNSs)

Conserved sequences in noncoding sections of genomes have been examined for nearly
two decades for their functional importance (Babarinde and Saitou 2016; Bejerano et al. 2004;
de la Calle-Mustienes et al. 2005; Jareborg et al. 1999; Lindblad-Toh et al. 2005; Saber et al.
2016; Siepel et al. 2005). Stretches of highly conserved noncoding elements in non-repetitive
untranslated regions of protein coding genes, intergenic and intronic regions have captured the
attention of researchers to their enigmatic properties. In some cases, the levels of homology
present in these conserved elements were even higher than protein coding genes (Babarinde
and Saitou 2013; Saber, et al. 2016) so | would like to refer to such elements as ‘highly conserved
noncoding sequences’ or HCNSs in this dissertation. These highly conserved elements have been
identified spanning across various evolutionary periods. For instance, Babarinde and Saitou
(2016) documented that the conserved elements they found, shared by primates, rodents,
carnivores and cetartiodactyls, have emerged more than 300 million years ago while in another
study by the author (Saber, et al. 2016), highly conserved elements restricted to humans and

great apes which have emerged less than 20 million years ago were identified.

The conserved noncoding elements have called by different terminologies such as UCEs
-ultraconserved elements (Bejerano, et al. 2004), CNEs - conserved noncoding elements, HCNEs
highly conserved noncoding element (Lindblad-Toh, et al. 2005), HCNRs - highly conserved
noncoding regions (de la Calle-Mustienes, et al. 2005), however, the functional importance of
these conserved element are consistently shown by nearly all of the studies. In various studies
of HCNSs in vertebrates (Babarinde and Saitou 2013; Babarinde and Saitou 2016; Bejerano, et
al. 2004; Saber, et al. 2016; Takahashi and Saitou 2012), Invertebrates (Siepel, et al. 2005) and

plants (Hettiarachchi et al. 2014; Kaplinsky et al. 2002; Kritsas et al. 2012), HCNSs were reported



to have significant potential to have regulatory functions related to lineage- and clade-specific
characteristics. HCNSs have also been shown to be under strong purifying selection (Babarinde
and Saitou 2016; Drake et al. 2006; Saber, et al. 2016; Takahashi and Saitou 2012). More
recently, the functional importance of some of HCNSs have been functionally verified and
confirmed. For instance, in an investigation by Lee et al. (2011), a HCNS have been shown to be
able to drive expression of a reporter gene in mouse and zebra fish embryos. HCNSs were also
shown to have unique enrichment pattern regarding epigneomic markers. Babarinde and Satiou
(2016) reported that ancestral HCNSs shared by amniotes are associated with enriched
H3K4mel histone modification signal, especially in the tissue of fetal brain. This histone

modification is known to be strongly related with active enhancer elements.

There are dozens of examples for phenotypic changes generated by mutations in cis-
regulatory elements such as breadth and length of Darwin’s finches’ beak (Abzhanov et al. 2004)
and stickleback fish’s pelvic fins (Wray 2007). Therefore, cis-regulatory elements seem to have
played crucial roles in the evolution of phenotypic characters. This hypothesis is further
supported considering the small degree of amino acid differences between closely related
species with dramatic phenotypic differences (King and Wilson 1975). Although there is still
considerable uncertainty regarding the function of majority of HCNSs, ranging from being
enhancer elements (Babarinde and Saitou 2016) to shaping chromatin structure or structural
connections between chromosomes (Dermitzakis et al. 2005), there are convincing evidence
showing these elements to be under purifying selection probably due to their functional
importance as regulatory elements (Drake, et al. 2006; Saber, et al. 2016). Despite the difference
in the methodology used in identification of CNSs, these elements consistently share some
properties even in different phyla. One such property is general tendency to cluster around

genes involved in development and their potential role in regulation of gene expression,



especially during embryonic stage (Benko et al. 2009; Kritsas, et al. 2012). Such shared properties
suggests that HCNSs are potent candidates to be involved in emergence of order-specific

phenotypes.

1.2.2 Novel protein coding genes

Various studies investigating the nature of mutations underlying adaptive evolutionary
innovations have revealed that along with subtle genomic alterations of existing protein coding
genes which lead to differences in encoded RNA or protein activities, emergence of novel genes
with novel functions might have significantly contributed to the evolution of clade- or lineage-
specific phenotypic characteristics (Kaessmann 2010). As a result, the phenomenon of the birth
and evolution of novel genes has received much attention from evolutionary biologists in the
past several decades. In fact, investigation of the origin and fate of novel genes dates back to
the time even before identification of the structure of DNA double helix, where refashioned

copies of old genes were introduced as a method for emergence of new genes (Haldane 1933) .

The recent detailed analysis of genomes by comparative genomics after completion of
whole genome sequencing projects for humans and dozens of other species, have accelerated
the discovery of mechanisms underlying the emergence of novel genes. One of the mechanisms
of evolution of novel genes which has drawn lots of attention is origination of novel genes “from
scratch” that is from formerly non-functional genomic sequences (Wu and Zhang 2013). The de
novo origination of novel protein-coding genes from scratch was considered as extremely
unlikely for a long time. For example, it was once stated by Francxois Jacob in an essay that the
“probability that a functional protein would appear de novo by random association of amino
acids is practically zero” and thus the “creation of entirely new nucleotide sequence could not

be of any importance in the production of new information” (Jacob 1977).



In spite of this long-held belief, recent studies have identified several novel protein-coding genes
arose from formerly noncoding genomic elements. One of the cases of this phenomenon,
reported in literature, is the Morpheus gene family which emerged in Old World primate
ancestor (Johnson et al. 2001). Although the exact evolutionary mechanism underlying the
origination of coding sequence of this gene family has remained unclear, the absence of any
orthologous gene in species other than Old World primates indicates the de novo origination of
this gene family. It was also shown that ancestral protein coding gene of this gene family have
enormously expanded by segmental duplication in Old World primates, and the multiple copies
of Morpheus gene family revealed to have experienced strong positive selection within the
coding sequence, suggesting accelerated function of adaptive evolution on this gene family.
Although the functional role of Morpheus genes in Old World primates is yet unclear, the strong
purifying selection functioning on this gene family indicate the critical and rapidly evolving role

of the encoded protein within Old World primates.

In yet other studies, fourteen de novo originated genes have been identified in
Drosophila genome which are mainly expressed only in testes (Levine et al. 2006; Zhou et al.
2008). These findings suggest that a large proportion of novel genes in this genus may have
emerged through de novo gene formation. De novo originated genes have also been identified
in primates such as human and single cell eukaryotic cells such as yeast (Cai et al. 2008; Toll-
Riera et al. 2009). In a study of human de novo originated protein coding genes, three genes
were identified to have arisen from scratch in human genome, the functionality of which are
supported by evidence of translation of their coding sequences (Knowles and McLysaght 2009).
They further proceeded to estimate that 0.075% of human genes may have originated de novo

from scratch leading to a total expectation of 18 such cases in human genome containing

24,000 protein-coding genes.



Lineage-specific genes, which are often called orphan genes, have been described in a
multiple organisms, including primates, rodents, and plants. These studies have revealed that
orphan genes tend to have a simple structure, a short protein size, and are preferentially
expressed in tissue-specific manner. As orphans lack homologues in other species, many of these
genes are likely to have arisen de novo while the rest are the result of gene duplication, frame-
shift fixation, creation of overlapping genes, horizontal gene transfer, and exaptation of

transposable elements.

In conclusion, these studies indicates that de novo emergence of novel genes is more
frequent than previously expected, although the functional relevance and phenotypic
implications of the majority of de novo originated genes are yet unclear. These studies also
indicate that two key steps must precede the origination and fixation of novel protein coding
genes from an ancestrally noncoding DNA sequence, first, the DNA must turn into
transcriptionally active elements and second, it must evolve a complete and coherent open
reading frame with potential to encode a beneficial protein (Kaessmann 2010). In fact, there are
several mechanisms through which both of these steps could occur within the genome that
increase the likelihood of emergence of novel de novo originated genes. In summary, based on
recent findings, it is well-confirmed that emergence of novel genes have contributed to the
functional genomic evolution and emergence of novel phenotypes which in turn, demonstrates

the critical importance of birth and function of novel genes in the evolution of organisms.



1.3 Scope and objective of this study

Studies of lineage-specific characteristics and phenotypes, have so far emphasized on
the importance of emergence of novel regulatory elements and novel protein coding genes that
are unique to particular taxa or clade. HCNSs, in multiple studies, have been suggested to be
potential novel regulatory elements contributing to the emergence of clade- and lineage specific
phenotypes. However, previous studies of HCNSs in primates do not have the proper resolution
to identify ape-specific HCNSs (Babarinde and Saitou 2013; Keightley et al. 2005; Takahashi and
Saitou 2012) and focused mainly on potential regulatory functions of HCNSs that must have

driven lineage specific characteristics unique to primates.

There have also been multiple findings regarding the functional importance of novel de
novo originated protein coding genes in several kingdoms of species. In a study of Drosophila, it
was shown that a novel gene Xcbpl, has gained expression in specific brain structure through
adaptive evolution which in turn has led to the modifications in neural circuits, contributing to
the evolution of foraging behavior in this species (Chen et al. 2012). A novel human-specific
protein coding gene, named FLJ33706, was also shown to be involved in brain functions and

pathogenesis of Alzheimer disease (Li et al. 2010).

These evidences indicate the clade- and species- specific regulatory and coding
architecture which govern lineage specific characteristics. Comparative genomic analysis is the
primary approach for identification of such functional group-specific coding and regulatory
genomic elements. The idea of identification of Hominoidea- or Hominidae-specific coding and
conserved regulatory elements underlying unique ape-restricted phenotypes has not

comprehensively tested so far. This idea formed the foundation of this study to uncover lineage
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specific functional genomic sequences in family Hominidae and superfamily Hominoidea and to

characterize their genomic properties.

In chapters 2 and 4, | analyzed whole genome sequences along with gene orthology data
retrieved from major DNA databases to find Hominidae- and Hominoidea-specific genes and

HCNSs, respectively. The initial objectives for these parts of the study were,

» ldentification of HCNSs originated during the evolution of common ancestor of
Hominidae and Hominoidea

» Determination of the mechanisms of emergence and evolution HCNSs and novel genes

»  Functional analysis of Hominoidea- and Hominidae-restricted HCNSs and genes

»  Characterization of HCNS associated genes, their distribution and characteristics

» Identification of unique epigenomic enrichment pattern of HCNSs across human tissues

»  Determining the role of HCNSs within the genome.

As identified in Chapter 2 (Already reported as Saber et al. 2016), Down syndrome critical
region 4 (DSCR4), is a functionally unknown authentic Hominidae-specific protein coding gene
that is located on medically important region name Down Syndrome critical region of
chromosome 21. To elucidate the functional role of DSCR4, | conducted overexpression
experiments using non-canceric human bone marrow cells and deduced the regulatory networks
in which this gene is involved using differential gene expression analysis. The experimental

analysis is the subject of chapter 3 of this thesis.

All the analyses were conducted via custom made python scripts which were coded by

myself and genome and proteome data were retrieved from public genome databases.
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1.4 Thesis structure

This dissertation entails five chapters with two chapters that address multiple aspects
of HCNSs in family Hominidae and superfamily Hominoidea and a chapter that discuss the likely

functional roles of DSCR4 gene in human cells.

Chapter 1 provides a general overview over highly conserved noncoding sequences
(HCNSs) and de novo originated protein coding genes and their importance in emergence of

novel clade-specific characteristics and phenotypes.

Chapter 2 mainly deals with analysis of Hominidae-specific HCNSs and de novo
originated protein coding genes. This chapter is further subdivided into multiple sections to
handle methodology, results and discussion on the importance and functionality of HCNSs and
de novo originated protein-coding genes restricted to Hominidae. Chapter 2 has been published
as Saber et al. (2016) in the journal of Genome Biology and Evolution in 2016 June

(doi:10.1093/gbe/evw132).

Chapter 3 deals with the experimental functional analysis of DSCR4 gene. It discusses
the experimental methodology, results and discussion regarding the likely biological pathways

affected by DSCR4 gene perturbation.

Chapter 4 covers the analysis of unique characteristics of HNCSs restricted to
superfamily Hominoidea. This chapter tries to elaborate the functional role of HCNSs within

genome and compares their characteristics with those of ancestral CNSs.

Chapter 5 was written to summarize the results on chapter 2, 3 and 4 and provides
description on future directions to further corroborate and extends the results generated in this

study.
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Chapter 2. Hominidae-specific coding and highly
conserved noncoding genomic sequences

2.1 Introduction

Family Hominidae which includes humans and Great apes, is one of the two living
families of ape superfamily Hominoidea (See Appendix Al for phylogenetic representation).
Taxonomically, this family belongs to the order Primates. All members of this family have large
brains, well-known for their unique complex intellectual abilities. Apart from humans, other
species of this family have also shown signs of problem solving (Volter and Call 2012), the

phenotype which have not been observed in other closely related monkeys.

Despite the increasing genome data in the past decade, the genetic factors that
contribute to the phenotypic uniqueness of Hominidae have remained elusive. Phenotype is the
result of a collective network of genes along with other regulatory elements. Recent completion
of the whole genome sequencing and gene annotation projects for a diverse variety of species,
including the Hominidae family members and their closely related species has provided a strong

foundation for comparative genomics analysis of lineage-specific characteristics.

So far, to identify the sequences underlying lineage specific phenotypes within the
Hominidae family, the majority of the studies have focused on detecting signatures of positive
selection on humans using comparative genomics or genetic variation data produced by the
International HapMap Project, Perlegen or 1000 Genomes Project. More than 20 genome-wide
scans for positive selection have been performed on the human genome. Although the signals
are not generally consistent, strongest signatures of positive selection were found to be on

genes involved in host-pathogen interaction, immune response, reproduction (especially
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spermatogenesis), and sensory perception (Sabeti et al. 2006). Kosiol et al. (2008) studied
signatures of positive selection on human-chimpanzee common ancestor as well as the common
ancestor of Catarrhini, in which only 7 and 21 genes showed signs of positive selection,
respectively. Positively selected genes in that study were also involved in immune response,
reproduction and sensory perception. To date, positive selection on protein-coding genes has
received the most attention as potential drivers of unique properties observed across the family
Hominidae. However, there are other important aspects of the evolution of lineage specific

phenotypes which have so far been undervalued in Hominidae studies.

Clade-specific conserved noncoding sequences and clade-specific novel genes are high-
potential evolutionary candidates, which may have been involved in driving clade specific
phenotypes. New genes have been revealed to be involved in the evolution of new molecular
and cellular functions, developmental processes, sexual dimorphism and phenotypic diversity
across species (Chen et al. 2013). Examining the evolutionary period of vertebrates provided
evidence for accelerated new gene origination in the recent evolution of hominoids (Zhang et
al. 2010). By analyzing expression profiles of human, chimpanzee and macaque, Bleckman et al.
(2008) reported that taxonomically restricted genes may play a role in enabling organisms to
adapt to changing environmental conditions. If the same scenario holds for clade-specific genes,
it implies that the acquisition of new genes by the common ancestor of a particular clade may
have played an important role in the development of adaptive novel clade-specific complex

biochemical processes.

In addition to genes, conserved noncoding sequences (CNSs) have also been reported
to determine lineage specific characteristics. Eight percent of the human genome is speculated
to be presently subject to negative selection and likely to be functional (Rands et al. 2014). CNSs

are regions within the genome that are evolutionarily conserved despite not coding for proteins.
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To date, there have been numerous studies on the general features (Babarinde and Saitou 2016;
Harmston et al. 2013; Mikkelsen et al. 2007; Pennacchio et al. 2006) and evolutionary dynamics
(Faircloth et al. 2012; Lowe et al. 2011; Pennacchio, et al. 2006) of conserved noncoding
sequences, nearly all of which have proceeded to assign regulatory functions to these conserved
genomic elements. CNSs have been reported to be linked to human disease (Visel et al. 2009).
In stickleback, loss of a conserved noncoding sequence containing a transcriptional enhancer
regulating the pleiotropic Pitx1 gene led to major phenotypic change (loss of pelvic spines)(Chan
et al. 2010). In several studies in animals (Babarinde and Saitou 2013; Hiller et al. 2012;
Takahashi and Saitou 2012) and plants (Hettiarachchi, et al. 2014), CNSs are also proposed to be

involved in lineage specific phenotypes.

Here | explored the unique genomic elements underlying phenotypes restricted to the
family Hominidae by identifying Hominidae-specific de novo originated genes and Hominidae-
specific (HS) highly conserved noncoding sequences. | analyzed whole genome sequences along
with gene expression and orthology data retrieved from multiple databases to identify
Hominidae specific genes. | also analyzed Hominidae members’ whole genomes along with those
of gibbon, rhesus macaque and marmoset to discover Hominidae-specific highly conserved
noncoding sequences. Because of the short divergence time between Hominidae members and
other closely related species, | used stringent thresholds for identifying HS novel genes and
HCNSs to minimize type | error. | found that there is a low proportion of HS protein-coding gene
to HS highly conserved potential regulatory HCNSs, suggesting a likely stronger contribution of

regulatory elements than novel genes in defining Hominidae-clade specific phenotypes.
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2.2 Materials and methods

2.2.1 Retrieving genome sequences and annotations

The human genome annotation was obtained from Gencode 19 (Encyclopedia of genes
and gene variants) project (Harrow et al. 2012). For the rest of the species, genomic gene sets
were retrieved from Ensembl release 75 FTP website. The repeat masked genome sequences of
simians were retrieved from the Ensembl genome database. The genome nucleotide count used
for identification of HCNSs in chimpanzee, gorilla and orangutan genomes are 2,902,322,413,
2,860,568,349 and 3,091,708,170, respectively. All the genomes are at least 5.6X coverage. The

genomic coding coordinates were masked from genome sequences.

2.2.2 Homology search for detection of homologous genes

Phylostratigraphic analysis of gene age has been shown to be prone to erroneous gene
age underestimation and substantially influenced by length of the encoded protein and its rate
of evolution (Moyers and Zhang 2015). Young genes have been shown to be subject of weaker
purifying selection (Cai and Petrov 2010) and encode shorter proteins (Wolf et al. 2009). Such
characteristics of young genes have made accurate identification of Hominidae specific genes
challenging. In the study of Hominoid-specific de novo genes by Xie et al (2012) six novel genes
were found to be restricted to human, chimpanzee and orangutan, however, none of them could
be identified as ape-specific protein coding gene using phylostratigraphic analysis of current
DNA, protein and orthology databases (See Appendix A2-a). To minimize false positive results
due to BLAST software limitations (Moyers and Zhang 2015) strict thresholds were used for

identification of young genes restricted to family Hominidae.

Experimentally verified human genes derived from Gencode project version 19 were

selected as reference and searched against the other three Hominidae members’ genes using
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Ensembl Compara pipeline. Intersection of these three groups represents Hominidae shared
genes. Using the same strategy, pairwise orthologous genes were identified between human
and all non-Hominidae species available in Ensembl (See Appendix A3 for list of outgroup species
and the build of their genomes). The genes shared by Hominidae that are not present in
outgroup species were searched in INPARANOID (Ostlund et al. 2010), TreeFam (Schreiber et al.
2014), PhylomeDB (Huerta-Cepas et al. 2011) and OrthoDB (Waterhouse et al. 2013) orthology
prediction databases and the genes with orthologs in non-Hominidae members were discarded.
NCBI MegaBlast was recruited to search the remaining gene sequences in Genbank, EMBL, DDBJ,
PDB and RefSeq database. NCBI BlastP was also used to search HS protein-coding genes in
UniprotKB database. Any of the gene queries with hits more than 70% coverage and 50% identity
in non-Hominidae members was discarded. Summary of Hominidae specific gene detection

pipeline is depicted in Figure 2-1.
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Figure 2-1. Hominidae specific gene identification pipeline.

Human was used as focal species and its genes were searched against the rest of Hominidae
members’ genome to identify Hominidae shared genes, indicated by group I. Using the same
strategy, pairwise orthologous genes were identified between human and outgroup species,
indicated by group Il. Intersection of Group | and Group Il were omitted from Hominidae shared
genes which gives rise to Hominidae-specific genes based on CCDS and Rfam databases. Group
Il genes were searched in orthology prediction databases (Inparanoid, Treefam, OrthoDB,
PhylomeDB) along with DNA and protein databases (Genebank, EMBL, DDBJ, PDB, RefSeq, NCBI
and Uniprot KB) and any of the gene queries with significant homology (coverage >70%, identity

>50%) in non Hominidae members were discarded.

18



2.2.3 ldentifying the evolutionary origins of Hominidae-specific genomic
elements

To identify evolutionary processes leading to the emergence of Hominidae-specific
protein coding gene, its orthologous sequences in Hominidae closely related species, namely
gibbon, rhesus macaque and marmoset, along with mouse were retrieved from pairwise whole
genome lastZ alignments. The whole gene multiple sequence alignment of HS protein-coding
gene was constructed using a combination of MISHIMA (Kryukov and Saitou 2010) and Mcoffee
(Notredame et al. 2000). Neanderthal sequence homologous to HS protein coding genes were
retrieved as short read alignments (Prufer et al. 2014) and were analyzed using SAMtools. At
each position the nucleotide with highest average mapping quality and base quality score were
chosen to construct HS protein coding gene in Neanderthal. Shotgun sequencing data of bonobo
and baboon genome homologous to HS protein coding were respectively retrieved from NCBI
(Prufer et al. 2012) and The Baylor College of Medicine Human Genome Sequencing Center

(BCM-HGSC) and analyzed using Biopython.

To understand whether transposable elements have been involved in the evolution of
Hominidae-specific gene, its exonic sequences were searched against transposable elements
alignments and hidden Markov models of such elements using Repeatmasker and Dfam
database (Wheeler et al. 2013). Analysis of the contribution of transposable elements in
formation of human’s whole-genome protein coding exons (retrieved from Pfam database) was

done using UCSC Galaxy.
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2.2.4 Analysis of selection

Codon-wise and nucleotide-wise analysis of selection using the method described by
Haygood et al. (Haygood et al. 2007) was performed using HyPHY software (Pond et al. 2005).
Analysis of selection in human populations was conducted on the 1000 genomes data (Pybus et
al. 2014). EDAR and SLC24A5 genes were used as reference for measuring the significance of
positive selection. Ectodysplasin A receptor coded by EDAR gene has been shown to be under
positive selection in Asian populations (Bryk et al. 2008). Solute carrier family 24 member 5
coded by SLC24A5 affects skin pigmentation and has undergone positive selection in European
populations (Lamason et al. 2005). Analysis of selection on these two genes using three classes
of population variation based tests, namely allele frequency spectrum (Tajima’s D test), linkage
disequilibrium structure (EHH test) and population differentiation (XP-CLR test) (Chen et al.

2010) showed evidence of positive selection within these genes along with their flanking regions.

We measured signals of positive selection on Hominidae-specific protein coding gene
along with its upstream and downstream flanking region using Tajima’s D test, EHH test and XP-
CLR test. Signals of positive selection on EDAR and SLC24A5 genes were used as positive control

and were compared with that of Hominidae-specific protein-coding gene.
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2.2.5 Setting the percent identity threshold of sequences under purifying
selection and neutrally evolving sequences

Since the main objective of this study is to identify Hominidae-unique genomic elements
evolved in Hominidae common ancestor ~ 16-19 million years ago (mya) (See Appendix Al), it is
quite important to accurately differentiate between sequences that are under actual selective
constraint and those that just did not have sufficient time to accumulate mutation. This fact is
quite important due to the short evolutionary distance of 3.1 mya between the emergence of
the closest outgroup species used in this study which is gibbon and the emergence of the most
distant member of Hominidae family, orangutan. To minimize the probability of false positives
due to short divergence time, | set the threshold as 100% identity in conservation and 100bp in

length for the identification of sequences under purifying selection.

For accurately determining the threshold for neutral evolution, | compared protein
coding sequences’ synonymous site variation rate with that of noncoding genomic divergence
rate between species; | considered the former as the depiction of neutral evolution rate in
coding sequence and the latter as the neutral evolution rate in noncoding sequences. We
retrieved the ds values of one2one (with one to one correspondence in Ensembl biomart)
orthologous protein coding genes for the human genes against gibbon, rhesus macaque and
marmoset. To deal with the issue of unreasonably high ds values we discarded 1% of outliers at
the high end and constructed the distribution plot of ds values. Mode of the plot was considered
as the neutral evolution threshold in coding sequences. For setting the neutral evolution rate
within noncoding sequences, after running pairwise noncoding blast search, | constructed the
distribution plot of sequence divergence values. Mode of the plot was considered as the

threshold of neutrally evolving sequences within noncoding sequences.
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2.2.6  Homology search for identification of highly conserved noncoding

sequences

After masking coding sequences in each genome, | searched for sequences that are
under selective constraint in the Hominidae family. To this end, | used human genome as
reference query because of its high quality and availability of genome information, and used
BLASTN 2.2.25+ (Altschul et al. 1997) to run whole genome pairwise homology search. The
thresholds used were E-value of 10 and database size of 3 x 10°. The E-value cutoff of 10 with
100bp size minimum length was proven to be efficient thresholds for identification of conserved
noncoding sequences within primates (Babarinde and Saitou 2013). Non-chromosomal
sequences (such as mitochondrial genome, unmapped DNA and variant DNA) were excluded. In
the case of overlapping hits, only the longest hit was retained. Sequences under purifying
selection within Hominidae family which had no homologs with conservation level above the
neutral evolution threshold in outgroups were assigned as Hominidae-specific HCNS. In order to
prevent erroneous identification of HS HCNSs as a result of repeatmasker software errors, UCSC
netted chained files were used to map each HS HCNS in gibbon, rhesus macaque and marmoset
unmasked genomes. Hominidae-specific HCNSs with conserved orthologous in interspersed

repeats were also discarded.
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2.2.7 Evolutionary origin of Hominidae-specific HCNSs

To investigate the evolutionary origins of HS HCSNs, we mapped each of human HS
HCNSs to gibbon and rhesus macaque genome sequences and aligned using ClustalW
(Thompson et al. 1994). These alignments were concatenated and blocks with gaps were

removed. Genetic distances were calculated using MEGA version 6 (Tamura et al. 2013).

2.2.8 Single nucleotide polymorphism and derived allele frequency

analyses

| retrieved the final release of phase 3 variant set of 1000 Genomes project. For
chimpanzee, gorilla and orangutan, genome variation data were retrieved from the Great Ape
Genome Project (Prado-Martinez et al. 2013). Pyliftover and UCSC netted chain files were used
to lift chimpanzee, gorilla and orangutan’s HCNS coordinates to the corresponding human hgl18
coordinates. For each species | retrieved and combined Single Nucleotide Polymorphism (SNP)
and insertion/deletion variation data and since the variations were mapped to human genome,
| filtered out all variations with allele frequency of 1.0. For each of the three Great Apes, |
generated random sequences with the same number and size as Hominidae-specific HCNSs in
each species and investigated the coverage of variation in HCNSs and random sequences. For
derived allele frequency analysis, | retrieved SNP frequency data of the Yoruba population of
Nigeria, from the International HapMap project. The ancestral alleles of SNPs overlapping the
Hominidae-specific HCNSs or random sequences were determined using pyliftover and

chimpanzee sequence.

| also extracted Hominidae-specific HCNSs along with 2000bp upstream and
downstream flanking sequences and aligned the sequences using ClustalW. For each alignment,

I made sliding windows of 50bp and step size of 20bp starting from 30bp inside the CNSs and
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calculated the percent identity in each window. Afterwards, | calculated the average of the

percent identity for each window.

2.2.9 Nucleosome occupancy probability analysis

Kaplan et al. (2009) developed a probabilistic model of sequence nucleosome
preferences. Considering dinucleotide signals along with favored and disfavored pentamer
sequences in known nucleosome, this model produces a nucleosome occupancy score for each
nucleotide of the subject sequence. Using version 3 of the nucleosome position prediction
program, nucleosome occupancy probability for Hominidae-specific HCNSs were calculated
considering 4000 bp region at upstream and downstream starting from the center of the HS
HCNSs. The average nucleosome occupancy probability was calculated for each nucleotide site
of the total 8,000 bp along the length of sequences. The same procedure was carried out for
random sequences of the same number and same size. Statistical significance was calculated

using t-test for HCNS sites scores.

To confirm lower nucleosome occupancy of HS HCNSs, | retrieved genome
binding/occupancy profiling data derived by high throughput sequencing and MNase-seq
nucleosome  positioning  experiments from  ENCODE/Stanford/BYU using UCSC
(ftp://hgdownload.cse.ucsc.edu/goldenPath/hg19/encodeDCC/wgEncodeSydhNsome/Gm1287
8Sig.bigWig). Average nucleosome occupancy score for Hominidae-specific HCNSs and flanking
regions were calculated considering 4000 bp region at upstream and downstream starting from

the center of the HS HCNSs.

H3K9 methylation is the mark of heterochromatin regions. To further confirm the

underrepresentation of HS HCNSs within heterochromatin regions, | retrieved H3K9me mapping
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data from ENCODE project and analyzed Hominidae-specific HCNS overlap with H3K9me histone

mark compared to random sequences.

2.2.10 Genome distribution and Gene ontology analysis

| retrieved the annotations of the human genome from Gencode project and parsed
each gene into regions, intersecting over alternative transcripts and splices, so that what are
termed ‘UTR’ and ‘intronic sites’ are such sites with respect to all known transcripts and splices.
We defined promoter region as the region within 1000bp upstream of a transcription start site.
| then found HCNSs that are located on UTR, promoter, intronic and intergenic regions. | also
calculated the fractions of UTRs, introns, promoters and intergenic sequences in the human

whole-genome. Chi square test was used to analyze the significance of fraction differences.

| retrieved the coordinates of protein-coding genes from Gencode project. For
Hominidae-specific HCNSs, | retrieved the list of genes found upstream and downstream of each
HCNS. The gene that lies closest to a particular HCNS was considered as the likely target gene. If
a HCNS was found inside a gene (including introns and UTR), the gene in which it resides was
considered as the likely target gene. The likely target gene is with respect to the human
reference genome. | checked the functional analysis of Hominidae-specific HCNSs using Panther
9.0 (Mi et al. 2010). P-value corrected for multiple testing using Bonferroni correction was

calculated.
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2.2.11 Tissue specificity of Hominidae-specific HCNSs

To investigate whether Hominidae-specific HCNSs do have unique properties in tissue-
specific manner, | retrieved Dnase, chipseq and histone modification data for all tissues from
Epigenome roadmap project (http://www.roadmapepigenomics.org/data/). The average score
was calculated for each 400-bp window along the length of Hominidae-specific HCNS and
flanking regions for the total of 18,500 bp. Standard error value for each window was calculated

using SciPy (http://www.scipy.org/).
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2.3 Results

2.3.1 Down syndrome Critical Region of 4, Hominidae-specific orphan

gene

By analyzing the DNA, protein and orthology databases, Down syndrome critical region
of 4 (DSCR4) gene, on chromosome 21 discovered by Nakamura et al. (1997) via EST mapping,
was found to be the only annotated Hominidae-specific protein coding gene. DSCR4 is an
experimentally known gene, present in Ensembl, VEGA and consensus CDS protein set (CCDS)
databases, and codes one known 117 amino-acid residue long polypeptide, one putative 127
amino-acid residue long polypeptide and a single 79 nonsense mediated decay transcript.
However, although the 117 known amino acid long transcript is annotated in chimpanzee and
orangutan, this transcript is missing in gorilla genome annotation. Close examination of the
gorilla genome sequence revealed that the 117 amino acid long transcript could be constructed
using gorilla-human orthologous sequences (See Appendix Ada); but it is not annotated due to
limitations in the annotation algorithm. Analysis of Neanderthal and bonobo genome sequence
homologous to human DSCR4 sequence showed that the complete ORF could be successfully
constructed in these two genomes indicating potential expression of DSCR4 in all members of
Hominidae whose genomes have been sequenced (See Appendix Ada);. Although the expression
data for placental tissue where DSCR4 is mainly expressed is not available for Great apes,
expression analysis has detected DSCR4 polyadenylated RNA in bonobo and chimpanzee testis

as well as gorilla testis and heart (Brawand et al. 2011).

Proteins are generally composed of one or more functional domains. Combination of
existing domains within a protein provides insights into the function of the protein. PFam
database (Finn et al. 2014) contains high quality, manually curated protein domain entries

named PFam-A along with automatically generated domain entries produced by Automatic
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Domain Decomposition Algorithm (ADDA) named Pfam-B. Searching DSCR4 protein sequence
within PFam showed no signs of homology to any known or predicted protein domain family.
Examining uniprotkKB database also revealed no homology to any existing protein sequence in
any species other than Hominidae family. However, significant homology was found with yet

uncharacterized proteins in all other members of Hominidae.

No experimental 3D structure analysis has been undertaken for DSCR4 protein, nor were
there any experimental structure with >90% sequence identity to DSCR4 in protein 3D
databases. However, the secondary structure of DSCR4 based on Chou and Fasman algorithm
(1974) suggests the existence of potential a-Helices and B-Sheets (See Appendix A5a).
Constructing the 3D structure by protein model portal (Arnold et al. 2009) and I-TASSER (Zhang
2008) also showed evidence for the existence of a helices and 8 sheets in the protein coded by

DSCR4 (See Appendix A5b).

Analyzing High coverage short-read data of gibbon genome (Carbone et al. 2014)
revealed that DSCR4 exon 3 coding sequence is partially missing in all sequenced gibbon
individuals. This result indicates the possibility of lineage-specific deletion in gibbon genome
sequence orthologous to human DSCR4 gene. This observation is the sole reason for my shift to

macaque genome as template for evolutionary analysis of the origin of DSCR4 gene (Figure 2-2a).
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Figure 2-2. Evolutionary origin of DSCR4 gene.

(a) Multiple sequence alignment of DSCR4 homologous sequences in Hominidae family
members along with gibbon and rhesus macaque. Multiple sequence alighnment for the

sequences was undertaken using combination of Mishima, ClustalW and T-coffee. Identical and
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variant sites are defined based on Human genome reference sequence. (b) Schematic
representation of the evolution of DSCR4/8 genes and their shared promoter. Green arrows
represent functional protein coding exons, yellow arrows represent exons coding only UTR,
brown rectangles represent exons’ nonfunctional ancestral sequences and cross marks
represent absence of homologous sequences for corresponding exon. Divergence times
represented in phylogenetic tree are in units of ‘million years ago’ (c) Evolution of genomic
region located between KCNJ6 and KCNJ15 genes and contribution of transposable elements in

formation of DSCR4/8 genes along with their shared promoter.
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DSCR4 is separated by a 92 bp sequence from the DSCR8 gene. The 92-bp separator
sequence is part of a bidirectional promoter which initiates transcription from both of these
genes. While DSCR4 is limited to family Hominidae, DSCR8 is present in Hominidae, Old World
and New World monkeys. Multiple sequence alignment of DNA sequences corresponding to
DSCR4/DSCRS8 gene and their shared promoter in family Hominidae along with closely related

species and mouse suggests multi-step evolution of DSCR4.

Movement and accumulation of transposable elements (TE) have been a major force
shaping the genes of almost all organisms (Feschotte and Pritham 2007). Investigating the role
of TEs in evolution of human protein coding genes revealed 1.1% of all human protein coding
exons to be at least partly derived from TEs (See Appendix A7b). TEs also played a major role in
the evolution of DSCR4/DSCR8 genes. The first three exons of both DSCR4 and DSCRS8 genes have

been derived at least partly from transposons (Figure 2-2c).

By analyzing pairwise whole genome alignment data of Amniote lastZ
(http://www.ensembl.org/info/genome/compara/analyses.html), evolution of DSCR4 could be
mainly classified in three evolutionary periods. Period 1) LTR79 retrotransposition that took
place in the common ancestor of mammals more than 100 million years ago. This transposition
formed DSCR4’s exon 3 ancestral sequences. Period 2) During the evolution of common ancestor
of primates at 29-45 million years ago, three independent retrotranspositions by MLT2C1,
LTR16A and LTR9 led to the formation of DSCR4’s exon 2, exon 1 along with DSCR4/8 shared
bidirectional promoter (See Appendix A6a). Analysis of the core promoter region of DSCR4/8
bidirectional promoter also reveals that the DSCR4/8 bidirectional promoter region has
retrotransposed and activated at this period (See Appendix A8). Period 3) The final ORF-enabling

mutation was a GC transversion at DSCR4 exon 3 that formed the stop codon TGA (Appendix
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A4). This transversion, which took place in the common ancestor of Hominidae 15-19 million

years ago, completed the formation of the DSCR4 gene.

2.3.2 Analysis of selection

The 117 amino acid long, experimentally known transcript of DSCR4 along with its
orthologous sequences in other Hominidae species were used to examine signatures of
selection. Codon-wise analysis of selection using Hyphy package showed no statistically
significant signs of selection on any of the codons. Nucleotide-wise examination of selection also
did not reveal any positively selected sites in promoter region. Population-based tests of
selection (Tajima’s D, XP-EHH and XP-CLR) also showed no consistent sign of selection in any of
European, Chinese or African populations (See Appendix A9a). Although analysis of the
nonsynonymous and synonymous substitution rates indicate the action of purifying selection on
DSCR4 in human and chimpanzees, the dn/ds ratios do not show selection constraint on this
gene in gorilla or orangutans (See Appendix A9b). These results are consistent with previous

findings stating that young genes are subject to weaker purifying selection (Cai and Petrov 2010).

2.3.3 Highly conserved noncoding sequences

Gorilla diverged from the common ancestor of Homo and Pan Genera 9.2 mya and Homo
and Pan diverged about 6.7 mya. The common ancestor of Hominidae diverged from
Hylobatidae 19.2 mya and 3.1 million years later at 16.1 mya, orangutan, the most distant
member of Hominidae family emerged (Fig. 1-1). Such short divergence times within family
members and between family Hominidae and phylogenetically close species have made
discerning Hominidae-specific functional noncoding sequences under purifying selection from

neutrally evolving sequences a challenging objective.
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The crucial parameter for identifying linage-specific HCNSs in closely related species is
the nucleotide identity thresholds of the sequences evolving neutrally and sequences evolving
under purifying selection. Due to short divergence times, false positive results are of high
concern and thresholds are set in a way that takes special care of type | errors. Since the majority
of noncoding DNA sequences are assumed to be under neutral evolution (Kimura 1983; Saitou
2014), | considered the mode of the noncoding sequence alignment plot as the neutral evolution
threshold. To verify the authenticity of this threshold, | also analyzed the neutral substitution
rate in protein coding sequences. | constructed the synonymous substitution rate plot between
human and three closest outgroup species, namely, gibbon, rhesus macaque and marmoset. In
several studies, a number of synonymous sites in protein coding genes have been shown not to
be strongly following neutral fashion. Some of these synonymous sites have been shown to be
under weak selection constraint (Chamary et al. 2006) and may affect mRNA stability or splicing.
On this premise, it is expected that protein coding’s ds-based neutral divergence plot to have
similar distribution as the noncoding sequence identity-based plot but with a weak skew
towards the conserved end. This pattern was indeed observed in pairwise comparison of human
and all three outgroups (See Appendix A10a-b) which suggests that the determined thresholds
for neutrally evolving sequences are accurate. | filtered out all Hominidae-specific HCNS with
orthologous sequences in any outgroups with divergence levels lower than neutral evolution
threshold. Using this strategy | identified 1,658 Hominidae-specific HCNSs (The sequences and
alignments  of the  discovered HS HCNSs  are available  online  at:

http://gbe.oxfordjournals.org/content/early/2016/06/10/gbe.evw132/suppl/DC1). Length

distributions of Hominidae specific HCNSs are shown in Appendix A11. Probability analysis using
whole genome blast hits frequency data (See Appendix A12) showed that the frequency of

sequences meeting all these conditions by chance is 3.88 x 10%. Since the total nhumber of
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pairwise blast hits in each of reference genomes pairs are much less than 3.88 x 108, it is
extremely unlikely for Hominidae-specific HCNSs to be only cases of the outliers of neutral

evolution or in other words, false positives.

2.3.4 Functional analysis of Hominidae-specific HCNSs

Genetic variation is a suitable indicator of selective constraint on a sequence. |
investigated the frequency of SNPs, deletions and insertions overlaid on the Hominidae-specific
HCNSs in human and Great apes using 1000 genome and great apes genome project data. The
frequency of polymorphisms (SNP density per site: 2.4E-2, 8.6E-3, 5.3E-3 and 5.0E-3 for human,
chimpanzee, gorilla and orangutan, respectively) in HCNSs are significantly lower than that of
random sequences of the same number and same size (2.9E-2, 1.2E-2, 8.5E-3 and 7.5E-3) in all

members of the Hominidae family (Figure 2-3a).

Derived allele frequency (DAF) analysis is another test of functionality of a sequence.
Purifying selection is considered as the main evolutionary force to prevent conserved noncoding
sequences from accumulating mutations. | found a higher proportion of Hominidae-specific
HCNSs having lower derived alleles than random expectation. This suggests that Hominidae-
specific HCNSs are under purifying selection (Figure 2-3b). At the level of DAF<0.1, HCNS showed
a significant excess of rare-derived polymorphisms compared to random expectations (fisher
test p-value: 0.004) and by comparing all categories | noticed a significant shift in Hominidae-
specific HCNS polymorphisms’ allele frequency toward rare allele frequencies (chi squared

p=0.001).
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Figure 2-3. The polymorphism coverage and DAF analysis of HS HCNSs.

(a) The average number of polymorphisms (SNP and INDEL) in 114 bp (average length of HS
HCNSs) of HS HCNS along with HS HCNS flanking regions. Complete polymorphism data of 1000

genome project along with polymorphisms with frequency less than one from great apes
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genome project were used. Polymorphisms are significantly underrepresented in HS HCNSs

compared to random sequences (t-test p value<107® for all members). (b) DAF distribution for
Yoruba from Nigeria. Error bars were estimated using binominal distribution as o=4/ (p@)/N,

where p represents the fraction of polymorphisms in a particular bin, q represents (1-p), and N
represented the total number of polymorphisms.(c) Conservation levels of HS HCNSs' flanking
regions. Point O is the average percent identity of 100 bp at the center of the HCNSs, whereas
other points are the average of 50-bp windows moved at 20-bp steps starting from 30 pb inside

the HCNSs. The standard error of the mean for each window is represented as error bars.
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Are HS HCNSs located on local mutation cold spot regions in all the Hominidae family?
To address this question, | checked the conservation level of the HCNS flanking regions.
Figure 2-3c shows the pattern of conservation within HCNSs with up to 1770bp up- and down-
stream flanking regions. For random sequences, unfiltered alignments of at least 2000 bp long
were used. The conservation plot indicates that only the HCNSs are highly conserved, indicating
that they are under the strong constraints, relative to their flanking regions. | also investigated
genetic variation frequency at upstream and downstream regions within the same length of
each HCNS that do not overlap with known coding sequences. The genetic variations at HCNS
up- and down-stream flanking regions are not significantly different from random noncoding
sequences. However, their variation was significantly higher than that in HS HCNSs (Figure 2-3a).

These results indicate that Hominidae-specific HCNSs are not located on mutation cold spots.

2.3.5 Evolutionary origins of Hominidae-specific HCNSs

How did Homindae-specific HCNSs emerge? It was needed to compare outgroup species
sequences of HS HCNSs to answer this question. Using whole genome mapping data, 32% (527)
of Hominidae-specific HCSNs were mapped to gibbon and rhesus macaque genomes while the
rest could not be mapped to both of these outgroup species genomes. | thus examined 527
multiple alignments of three sequences. Length size distribution analysis revealed that average
length difference of the mapped sequences in gibbon and rhesus macaque genomes from HCNSs

is significantly higher than that of random sequences (See Appendix A13).

| also estimated substitution rates (/site/year) at three branches (a, B, y) of Figure 2-4A
for Hominidae-specific HCNSs orthologous and ancestral sequences using mapped gap-removed
alignments. Divergence time estimates shown in Appendix Al are used for rate estimations. |

particularly focused on branch on branch a of the phylogenetic tree shown in Figure 2-4A,
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because this branch corresponds to the common ancestor of Hominidae after divergence of the
common ancestor of Hominidae and Hylobatidae (gibbons). The mean rate of nucleotide
substitution at branch a was 5.5 x 10~ (Figure 2-4a), which is five times higher than that (1.1
x107% ) of the neutrally evolving genomic regions. Interestingly, the substitution rates for
branches pand y (2 x 107% and 1.9 x 10~?, respectively) were also higher than the neutral rate

(Figure 2-4a).

A very high mean substitution rate for branch a of Figure 2-4a suggests the existence of
positive selection at this branch followed by purifying selection in the later Hominidae lineages.
| therefore examined the distribution of substitution numbers at branch a for those 527
Hominidae-speicifc HCNSs, as shown in blue bars of Figure 2-4B. Red bars of Figure 2-4b are
corresponding to distribution of 1,658 randomly chosen sequences, which are considered to be
under pure neutral evolution. Distribution patterns of blue and red bars are clearly different,
and a total of 97 (18% of 527) HCNSs showed the rates higher than 0.02, the largest branch
length value observed for some purely neutral genomic regions. This suggests that at least 18%
of Hominidae-specific HCNSs experienced positive selection which enhanced their substitution

rates.
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Figure 2-4. Hominidae-specific (HS) HCNS substitution rate across catarrhini phylogenetic tree.

(a) catarrhini phylogenetic tree color-coded based on the substitution rate per million year in
Hominidae-specific HCSNs orthologous sequences. Nucleotide substitution rates in rhesus
macaque, gibbon and Hominoidea common ancestor in HCNS orthologous sequences are
significantly higher than that of neutral evolutionary rate. Strongest accelerated mutation rate
was observed in Hominidae common ancestor. (b) Comparison of genomic divergence in 32 %
of HS HCNS's ancestral sequences in Hominidae common ancestor (represented as a) along with
(c) 60% of HS HCNS's orthologous and ancestral sequences in Hominidae common ancestor and
gibbon (represented as B) with that of random sequences under pure neutral evolution reveals
signature of accelerated evolution in Hominidae-specific HCNS orthologous and ancestral

sequences.
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| found that 527 Hominidae-specific HCNSs were orthologous both to gibbon and rhesus
macaque sequences. However, there were 1,001 HS HCNSs whose orthologs were found only in
gibbons. In this case, without rhesus macaque, we cannot distinguish branches a and B. Yet, if
the average of these two branches again showed elevated substitution rates, the finding based
on only 527 HCNSs can be strengthened. In fact, the mean substitution rate for branches a and
B combined for 1,001 Hominidae-speicifc HCNSs was 2.3 x10~%/site/year (Figure 2-4C). If we
subtract the contribution of branch B from this rate, we obtain the new substitution rate
estimate (3.9 x10~?/site/year ) for branch a. This value is slightly lower than that 5.5 x 10~°
for 527 Hominidae-specific HCNSs, but still more than three times higher than the neutral rate.
This confirms an elevated nucleotide substitution rate at branch a. Branch length distribution of
those 1,001 HCNSs is shown as blue bars in Figure 2-4C with random regions shown in red bar.
In Figure 2-4C, the mode of genetic distance for neutrally evolving sequences is 0.02 while the
mode of HCNSs’ genetic distance is equal to 0.04 which clearly indicate branch lengths for
Hominidae-specific HCNSs to be shifted toward larger ones compared to neutrally evolving

sequences.

These results indicate that insertions and deletions along with accelerated evolution in
the common ancestor of Hominidae are the main evolutionary changes leading to the formation
of Hominidae-specific HCNSs. | examined neighboring genes (protein coding genes with
minimum distance to HCNSs) of these HCNSs with very high substitution rate for branch a of
Figure 2-4A. Appendix A13b lists these genes. NADPH oxidase (NOX) 3 is a member of the
NOX/dual domain oxidase family with 50 fold overexpression in inner ear. Nox3 is indispensable
gene in formation of otoconia within inner ear (Paffenholz et al. 2004). Sall3 is a member of splat
gene family. Mutations in members of this family have been associated with several congenital

disorders (Sweetman and Munsterberg 2006). ABCD4 is a member of the superfamily of ATP-
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binding cassette (ABC) transporters involved in peroxisome biogenesis and
adrenoleukodystrophy (ALD) disorder. The cocaine- and amphetamine-regulated transcript
peptide (CARTPT) is involved in reward and feeding behavior and function as a psychostimulant
(Lohoff et al. 2008). TPRXL and MAGEA1 which are involved in embryonic development are
among the likely target genes of highly conserved Hominidae-specific HCNSs. The genomic
coordinates and sequences of HCNSs under strong accelerated evolution in Hominidae common

ancestor are presented in Appendix A13b.

2.3.6  Genomic distribution of Hominidae-specific HCNSs

| investigated the genomic location of each HCNS to examine whether there is any
general trend in the distribution of HS HCNSs. HS HCNSs were categorized into four classes:
intergenic, intronic, UTR and promoteric. Distribution of HCNS within these categories is shown
in Table 2-1. Their distribution significantly differs between Hominidae-specific HCNSs and rest
of the genome (P value = 2.2E-16, Chi Square test). The fraction of HCNSs residing in introns,
UTR and promoter regions of the human genome are significantly higher than those of the whole
genome. The fractional increments are especially prominent in UTR (more than three times
higher than the whole genome fraction) and promoter regions (almost two times higher than
the whole genome). The increased proportions of HCNSs within UTR and promoter regions are
consistent with previous findings of the genomic distribution of CNSs in primates (Babarinde and
Saitou 2013; Takahashi and Saitou 2012) who reported the notably increased fraction of HCNSs

in UTR and promoter regions.

41



Table 2-1. Fractions (%) of genomic categories in Hominidae-specific HCNSs and the human
genome

HS HCNS*  Human genome

Intergenic 59.5 (1102) 74.4
Intronic 38.0 (703) 24.6
Promoter 1.1(21) 0.6
UTR 1.4 (26) 0.4

* Absolute numbers are given in parentheses.
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2.3.7 Prediction of nucleosome positioning

Nucleosome positioning with respect to DNA plays a crucial role in transcription
regulation. Packing DNA in nucleosomes can limit the accessibility of the sequences and low
nucleosome occupancy is considered as an important feature of transcription factor binding site
(TFBS) (Miele et al. 2008; Schones et al. 2008). | computed the nucleosome position probability
of Hominidae-specific HCNSs and their flanking regions using the nucleosome prediction
probability algorithm developed by Kaplan et al. (2009), 4000bp region from the center of each
HCNS at both upstream and downstream. A clear drop in nucleosome occupancy was observed
directly overlapping with the center of HCNSs indicating the possibility of nucleosome depletion
within the Hominidae-specific HCNS regions (Figure 2-5a). The nucleosome occupancy
probability within HCNS regions was significantly lower than the random expectations (p value
= 4.149E-40, t-test). This result was further confirmed using experimental genome occupancy
profiling data derived by high throughput sequencing and MNase-seq nucleosome positioning
experiments (Figure 2-5b). Analysis of H3K9me heterochromatin mark also revealed significant
underrepresentation of HCNSs within H3K9me-marked heterochromatin regions (Figure 2-5c).
Babarinde and Saitou (2013) discussed the possibility of the association of their low-GC
mammalian HCNSs, as also found for Hominidae-specific HCNSs (See Appendix 13C) to
nucleosome occupancy, and Kenigsberg and Tanay (2013) found a similar nucleosome

positioning pattern in Drosophila HCNSs.
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Figure 2-5. Nucleosome occupancy probability for Hominidae-specific HCNSs including flanking
regions.

Zeroth nucleotide position represents the center of HCNSs and also the center of the random
samples. Blue and red graphs show nucleosome occupancy probabilities of the HS HCNSs and
random samples respectively. (b) HS HCNS average nucleosome occupancy score derived from
genome occupancy profiling generated by ENCODE/Stanford/BYU. HS HCNSs do have
significantly lower nucleosome occupancy compared to flanking regions. (c) HCNS overlap with
H3K9me histone mark compared to random sequences. H3K9 methylation is the mark of
heterochromatin. Hominidae-specific HCNSs are significantly underrepresented in H3K9me

marked regions defined by ENCODE project.
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2.3.8 Gene ontology analysis

| considered the closest genes to Hominidae-specific HCNSs as the likely target gene on
the premise that regulatory elements reside in close proximity with the gene they regulate, and
examined the enrichment of biological process of HCNSs using PANTHER. Ninety seven percent
of HS HCNSs are located within 1Mb of their nearby protein coding gene, the range in which
most of gene regulatory elements are located (See Appendix A14A). This observation is
significantly different from the random expectation (p value: 1e-05, empirical chi-square test).
However, growing number of human genetic conditions are being found resulting from
mutations in regulatory elements located more than 1 Mb away from the gene they regulate
(Ghiasvand et al. 2011; Symmons and Spitz 2013). As a result, the possibility of the remaining
3% of Hominidae-specific HCNSs being regulatory elements of their nearby genes could not be

ruled out.

Table 2-2 shows the top categories in which Hominidae-specific HCNSs are enriched.
The gene enrichment analysis for the HCNS target genes indicate that sensory perception of
sound has the highest fold enrichment among significantly overrepresented biological function
categories. PCDH15 and cdh19 are two auditory critical genes located in close proximity of HS
HCNSs. Protocadherin 15 (PCDH15) mutations in which causes inherited deafness called usher1F
syndrome (Sotomayor et al. 2012) is the likely target gene of two HCSNs found in this study.
PCDH15 plays a crucial role in mechanotransduction that is important for sound characterization
inthe inner ear. Cadherin 19 (cdh19) is another likely target gene of two HCSNs, down-regulation
of which has been linked to the development of cholesteatoma, an expanding destructive
epithelial lesion within the middle ear (Klenke et al. 2012). Analysis of the gene ontology of

random sequences did not show any enriched category of biological functions.
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Table 2-2. Gene Ontology of HS HCNS-Associated Genes

Biological Process Fold
Enrichment
sensory perception of sound 3.40
cell-cell adhesion 1.76
mesoderm development 1.68
cell adhesion 1.68
biological adhesion 1.68
system process 1.58
neurological system process 1.57
system development 1.53
multicellular organismal process 1.48
single-multicellular organism process 1.48
developmental process 1.42
cell communication 1.28
cellular process 1.25

46



Consistent with previous analysis of conserved noncoding sequences, genes involved in
developmental process are also mainly enriched as likely target genes of Hominidae-specific
HCNSs (Table 2-2). Fox and Sox gene families play critical roles in the process of development.
The FOX gene family genes are involved in developmental processes, organogenesis and speech
acquisition (Hannenhalli and Kaestner 2009). Several members of this family, including FOXD4L2,
FOXDAL5, FOXDA4L4, FOXK1, FOXE1, FOXR2, FOXI2, FOXG1 and FOXN3 are in close proximity with
Hominidae-specific HCNSs. Among the other likely target genes of HCNSs are SOX1, SOX5 and
SOX11. These genes are members of the SOX gene family that is also involved in regulating

several crucial aspects of development.

Brawand et al. (2011) analyzed the evolution of gene expression in mammalian organs
and identified numerous genes with expression switch on the branch connecting Great apes and
macaque. These reported genes are the target of 158 Hominidae-specific HCNSs (See Appendix
A14B) with enrichment of the expression in cerebellum that is associated with language
processing, learning, addiction and motor functions (Strick et al. 2009). This result is significantly
different from random expectation (p value: 0.00767, empirical chi-square test). These results
indicate the possibility of the evolution of Hominidae-specific HCNSs as the regulatory elements
responsible for gene expression switches contributing to specific organ biology of Hominidae

family.

Analysis of tissue-specificity of Hominidae-specific HCNSs also revealed that HCNSs have
respectively intensified average chromatin immunoprecipitation signal and H3K4me3 epigenetic
mark within fetal brain and placenta compared to flanking regions (See Appendix A14C).
H3K4me3 is associated with active promoter regions. These data are in line with
overrepresentation of Hominidae-specific HCNSs in promoter regions and enrichment of

developmental process in Gene ontology analysis of likely target genes of HCNSs. These results
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give evidence for the likely role of Hominidae-specific HCNSs as regulatory elements mainly
involved in development which have been suggested to play key roles in phenotypic diversity

across species (Carroll 2000).

Comparing properties of Hominidae-specific HCNSs with human genome regions under
accelerated evolution (HARs) identified by Pollard et al. (2006) and conserved noncoding
sequences under accelerated evolution in human (HACNs) identified by Prabhakar et al.
(Prabhakar et al. 2006) revealed no significant overlap (See Appendix A14C). These results were
expected due to significant difference not only in the direction of evolutionary changes but also
in the time intervals in which HARs, HACNs and Hominidae-specific HCNSs were under action of
evolutionary forces, indicating age-dependent properties of conserved noncoding sequences, as

also suggested by Babarinde and Saitou (2013).

Analysis of lincRNA from Ensembl, enhancer sequences from Fantom project

(http://fantom.gsc.riken.jp/data/) and GWAS-tagged SNPs from NHGRI-EBI

(http://www.ebi.ac.uk/gwas/) also showed neither significant overrepresentation of

Hominidae-specific HCNSs in lincRNA or enhancer sequences nor enrichment of GWAS-tagged
SNPs suggesting that the mode of action of the majority of these elements under strong

purifying selection are yet to be fully understood.
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2.4 Discussion

Unraveling the molecular mechanisms underlying unique cognitive specialization shared
by humans and great apes such as language learning and problem solving ability has been of
particular interest to researchers from a broad range of scientific fields and so far, several
comparative genomic studies have been conducted to explore the genomic sequences
underlying human-specific phenotypes (Pollard, et al. 2006; Prabhakar, et al. 2006; Sumiyama
and Saitou 2011). However, due to unavailability of high throughput sequencing technology and
whole genome data for apes until the first decade of new millennium, molecular evolutionary
genetics has not progressed as much in deciphering underlying genomic components of
Hominidae-specific unique phenotypes. Emergence of novel genes has been linked to
appearance of novel developmental and behavioral phenotypes in several species. Examples
include dry-nosed primate-specific insulin-like 4 (Arroyo et al. 2012), Arabidopsis-specific
CYP84A4 (Weng et al. 2012)and Drosophila-specific Xcbpl genes (Chen, et al. 2012) which
respectively affect fetal development, pollen development and foraging behavior. Although
emergence of lineage-specific genes have been shown to be a major contributor to adaptive
evolutionary innovation, there are still gaps in evolutionary genomics in explaining lineage
specific characteristics and phenotypes which could not be answered by mere presence or
absence of a particular set of genes. Within several kingdoms of species, lineage specific
conserved noncoding sequences have been suggested to be involved in spatiotemporal
regulation of gene expression (Babarinde and Saitou 2013; Hettiarachchi, et al. 2014; Janes et
al. 2011). Although the specific functions of these conserved elements are mainly unknown,
functional analyses have shown HCNSs to be under purifying selection and enriched in close
proximity of genes involved in developmental process in mammals and amniotes (Babarinde and

Saitou 2013; Janes et al. 2011; Takahashi and Saitou 2012). Since phenotypic evolution has been
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suggested to be primarily mediated by genes involved in developmental process (Nei 2007; Nei
2013), HCNSs could be considered as a high-potential candidate for filling the knowledge gap in

elucidating the molecular basis of phenotypic diversity across lineages.

In this study | identified one Hominidae-specific protein-coding gene and 1,658 HCNSs
originated in the common ancestor of Hominidae. Since comprehensive analysis of gene
expression has not yet been uniformly accomplished for Hominoids and monkeys, projection of
human’s experimentally verified genes in great apes and monkeys were used as the sets of
existing genes. | defined HS HCNSs as homologous regions with at least 100 bp length and
conservation level of 100% within Hominidae members with no orthologous sequence with
conservation level above neutral evolution threshold in non-Hominidae simians. Although it is
possible that some putative genes with undetected expression or conserved noncoding
sequences with less degree of conservation are functional, | assume that my conservative
approach for Hominidae-specific novel gene and Hominidae-specific HCNS identification screens

only genomic elements that are functionally important to Hominidae.

Down syndrome critical region (DSCR) has long been known to include genes involved
in higher brain functions. This region has also been proposed to be responsible for the mental
retardation phenotype observed in Down syndrome which is characterized by verbal short-term
memory, spatial learning and deficits in speech and language (Olson et al. 2007). The critical
importance of this region is consistent with my discovery that the only experimentally known
Hominidae specific protein coding gene is placed in the DSCR region. Although the fact that this
protein is mainly derived from transposable elements with no homology to any family of
proteins raises doubts about the functionality of this protein, there are numerous evidences at
RNA and protein level, indicating the functionality of this gene. These evidences are: i) higher

absolute expression values compared to flanking conserved genes (See Appendix A15B), ii)
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tissue-specific expression (Uhlen et al. 2015), iii) epigenetic marks for active regulatory region
(See Appendix A15C), iv) being a binding site of several transcription factors (See Appendix
A15C), v) the likely existence of secondary structures in DSCR4-coded protein (See Appendix A5)
and vi) acting as a fetal epigenetic marker for detection of down syndrome (Du et al. 2011).
These evidences indicate active regulation and expression of DSCR4, which in turn suggests this
gene to be a functional element in humans. Further functional analysis of DSCR4 might lead to
better understanding of the genomic pathways involved in development of higher brain

functions shared by Hominidae members and affected in Down syndrome.

Spatiotemporal regulation of gene expression has long been reported to be important
in phenotypic diversity (Carroll 2000). The conservation level, coverage of polymorphism as well
as DAF analysis supports that the potential Hominidae specific regulatory elements identified as
HS HCNSs are under functional constraint and may be involved in regulatory functions restricted
to members of Hominidae family. Nucleosome positioning analysis showed low nucleosome
occupancy probability in HS HCNSs implying that these elements have lower probability to form
nucleosomes. The finding by Bai and Morozov (Bai and Morozov 2010), stating that regulatory
sequences are more nucleosome-depleted, gives additional support to the hypothesis that HS

HCNSs is functional and involved in transcriptional regulation of their target genes.

According to my finding, insertions and deletions along with accelerated substitution
rate in the Hominidae common ancestor are the main driving force for the evolution of HS
HCNSs. Lineage-specific accelerated evolution in noncoding sequences have been proposed to
be involved in evolution of species, potentially through lineage-specific changes in gene
regulation (Bird et al. 2007). Evidence of prominent accelerated evolution on mappable HS HCNS
ancestral sequences followed by strong purifying selection found in my study suggests that HS

HCNSs have played key role in the emergence of Hominidae as a unique lineage among primates.
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Gene ontology analysis carried out for HS HCNSs suggests HS HCNSs to be located close
to genes mainly involved in developmental processes. Previous genome analyses of animals and
plants have also demonstrated HCNSs to be located near genes involved in developmental
process. These findings agree with the idea that differences in the cis-regulatory elements
involved in developmental process have a central role in intraspecific variation and phenotypic
diversity across species (Carroll 2000) and gives further evidence for the contribution of HS
HCNSs to the characteristics uniquely shared by Hominidae members. One interesting feature
to note is the highest fold enrichment of likely target genes of HS HCNSs for the sensory
perception of sound. Unlike the enrichment for developmental process which is shared between
conserved elements within several lineages, sound sensory perception is uniquely
overrepresented in HS HCNSs target genes. Sensory perception of sound is defined as the series
of events required for an organism to receive an auditory stimulus, convert it to a molecular
signal, and recognize and characterize the signal (Mi et al. 2013). Considering the unique
sophisticated linguistic abilities observed within Hominidae (Patterson and Linden 1981), one
plausible reason to explain this observation is that HS HCNSs might be involved in development
of unique sound sensory systems required for recognition and characterization of intricate

communicative sounds used by humans and great apes.

Comparing genome wide analyses of primate specific genes (measured as
transcriptional unit) and primate specific gene regulatory elements (measured as primate
specific highly conserved noncoding sequences) shows that the ratio of lineage specific protein
coding genes to lineage specific highly conserved regulatory elements is only 0.007 (59/8198)
(Takahashi and Saitou 2012; Tay et al. 2009) .The Hominidae-specific protein coding gene to
Hominidae-specific HCNS ratio, 0.0006 (1/1658) found in this study, is more than 1/10 lower

than the already low primate specific gene to HCNS ratio. These results are consistent with the
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notion that the morphological diversity is mainly accounted for by differences in regulatory
elements (Carroll 2000), suggesting regulation alteration of existing protein-coding genes might

have played a more significant role in Hominidae evolution than emergence of novel genes.

Although young, tissue-specific genes are of high medical relevance, functional
characterizations of human genes have been biased against these genes (Hao et al. 2010). The
Hominoide specific protein coding gene DSCR8 and Hominidae specific protein coding gene,
DSCR4, are examples of such bias which despite being placed on medically important region,
Down syndrome critical region of chromosome 21, their structure and function are not studied
yet. In this study, HS HCNSs are shown to be under accelerated evolution in the Hominidae
common ancestor, overrepresented in promoters, untranslated regions and in close proximity
of genes involved in sensory perception of sound and developmental process. They also showed

a significantly lower nucleosome occupancy probability.
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Chapter 3. Functional analysis of Down syndrome critical
region of 4 gene

3.1 Introduction

In the past few decades, gene perturbation by overexpression, knockout or knock-down
through RNA interference technology have been extensively used to determine function of novel
genes, the results of which have significantly impacted multiple areas of medical and biological
research (Milhavet et al. 2003). So far, gene perturbation screening has been conducted for
dozens of genes in humans and multiple model organisms. Generally, these researches have
focused on identification of genes linked with specific biological and physiological phenotypes
such as growth rate, viability and cell morphology (Mohr et al. 2014). The development of high-
throughput screening methods such as CRISPR/Cas9 targeted genome editing, have further
facilitated the comprehensive and accurate identification of critical genes involved in specified
phenotypes. The gene perturbation could contribute to the modification of phenotype through
interrupting with specific biological pathways or interaction with other key molecule involved in
important biological pathways or processes. However, accurate characterization of molecular
mechanisms underlying the effects of perturbed gene and the mechanism by which perturbed

genes contribute to phenotypic changes have still remained challenging.

Considerable number of studies have conducted whole genome expression profiling by
transcriptome analysis after gene perturbation using microarray experiments in order for
functional characterization of their genes of interest and also for the identification of biological
pathways in which the perturbed genes are involved. For instance, a gene network regulated by
SOX2 was uncovered through expression profile analysis of SOX2-knocked out squamous-cell

carcionam cells (Boumahdi et al. 2014). In another study, through transcriptome profile analysis

54



of 147 lincRNA knocked-down samples, it was found that lincRNAs mainly regulate the
expression of genes involved in maintaining the pluripotency and repression of the
differentiation of embryonic stem cells (Guttman et al. 2011). These studies indicate that the
global gene expression modifications occurring due to gene perturbation could be employed to
infer the context-dependent function, regulatory networks and cellular cascades in which the

perturbed-gene is involved (Xiao et al. 2015).

As it was shown and discussed in detail in Chapter 2, Down Syndrome Critical Region of
4 (DSCR4) gene is the only one bona fide experimentally verified protein coding orphan gene
restricted to Hominidae family which is also located on medically important region called Down
Syndrome Critical (DSCR) Region. DSCR4’s location on Down syndrome critical region and its
unique existence in Hominidae lineage which is well-known for unique and novel phenotypes
along with its regulated tissue-specific expression, suggest that DSCR4 is a functional gene within

the genome of human and Great apes.

Even though the existence of DSCR4 protein is documented at RNA and protein level
(Nakamura et al. 1997; Uhlen et al. 2015), there is no experimental evidence reporting the
functionality of this gene. Overexpressing wild-type genes in wild-type background has long
been used for identification of function of unknown genes in multiple species (Halder et al. 1995;
Palatnik et al. 2003; Sokol et al. 1991; Wright et al. 1988). Considering the fact that phenotypic
effect of misregulation of Down syndrome critical region (DSCR4) in Down syndrome patient is
caused by trisomy and hence overexpression of the genes located on DSCR region; the gene
perturbation analysis through overexpression is likely the most suitable approach for functional
analysis of unknown genes located on this medically important region, hence, here | used this
approach for the identification of biological pathways in which DSCR4 is involved which will in

turn pave the way for functional characterization of this gene.
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3.2 Materials and methods

3.2.1 Identification of proper host for DSCR4 functional analysis

Overexpressing wild type genes in wild type backgrounds have been used in multiple
model organisms and have been proven to be an efficient approach for functional
characterization of novel genes. However, since the gene of interest in this study, DSCR4, do not
exist in any model organisms, the overexpression analysis of this gene at organism level is not
feasible. Human cells provide a suitable alternative host for gene perturbation studies in cases
where organism level overexpression is not feasible or investigation of tissue-restricted effect
of gene perturbation is desired. On this premise, human cells were used as the host for

functional analysis of DSCRA4.

Examining the expression profile of all human cells, for which the transcriptome data
are available at Genelnvestigator (Hruz et al. 2008), it was found that human bone marrow cells,
HS273a, is the top non-canceric cells that naturally and consistently express DSCR4 at medium to
high levels (Figure 3-1). This result indicates the cell-specific expression of DSCR4 and also
suggests the functional role of this gene in metabolism of human bone marrow cells represented

by HS27a cells.

HS27a, is papillomavirus 16 (HPV-16) E6/E7 transformed long-term human bone marrow
cells, and while it is a non-canceric cell, the regulation of cell cycle in this cell is disrupted through
amphotropic retrovirus vector, LXSN16E6E7, transformation in the presence of polybrene. It
possess epithelial morphology and it is an adherent cell type. HS27a cells were purchased from
ATCC® in frozen format and were cultured in RPMI-1640 media according to the protocols

provided by the ATCC®.
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Figure 3-1. Expression profile of DSCR4 gene in HS27a cell.

The gene, DSCR4, is consistently and uniformly expressed naturally in significant levels in all
samples of human papillomavirus 16 (HPV-16) E6/E7 transformed HS27a cells whose
transcriptome profile is available through microarray analysis. Data retrieved from

Genelnvestigator (Hruz et al. 2008).
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3.2.2 Determining the optimal selection antibiotic concentration

In order for generation of HS27a cells overexpressing DSCR4 gene, the first critical step
is optimization of the concentration of antibiotic for selecting stable cell colonies. The optimal
concentration of antibiotic is cell-type dependent and varies across different cells, based on their
origin, rate of growth and resistance. G418 (also known as G418 sulfate and Geneticin) is an
aminoglycoside antibiotic, similar in structure to gentamicin, which blocks peptide synthesis in
both prokaryotic and eukaryotic cells. This antibiotic, has so far been widely used as selection

reagent in generating stably transfected eukaryotic cells and has been proven efficient.

| conducted a kill curve assay for optimization of the concentration of G418 selection
reagent for treating HS27a cells. Kill curve assay is dose-response experiment in which the cells
are treated with increasing concentrations of selection reagent to determine the minimum
concentration of selection reagent required to kill all the cells over the course of 7 or 14 days. |
treated the cell with G418 antibiotic selection marker with concentration gradient ranging from
0 pg/ml (negative control) to 1500 pg/ml. In concentration of 1400, after two weeks, cells were
uniformly and completely killed, visible by checking under microscope (Figure 3-2a-b). To further
confirm this result, | also conducted cell cytotoxicity assay using cell counting kit-8 (Figure 3-2c-
d). Cell Counting Kit-8 (CCK-8) allows convenient kill curve assay using WST-8 (2-(2-methoxy-4-
nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt), which
produces a water-soluble formazan dye upon bio-reduction in the presence of an electron
carrier, 1-Methoxy PMS, that is present only in living cells. This property of WST-8 allows
guantitative measurement of the relative number of living cells in different samples under

investigation.
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a G418 1400 pg/ml b G418 1400 ug/ml
After 7 days After 14 days

G418 concentration (pg/mL)

Figure 3-2. Hs27a kill curve assay using G418.

(a-b) Cell cytotoxicity analysis of HS27a cells revealed that the concentration of 1400 pg/ml of
G418, is the minimum concentration of this antibiotic that kills all the HS27a cells over the course
of 14 days visible under the optical microscope, (c) cell cytotoxicity assay using cell-counting kit-
8, revealed color-gradient, from strong red in low concentrations of G418, to color-less in high
concentrations of G418 as expected due to abundance of living cells in low concentrations and
absence of living cells in high concentrations. (d) Quantitative analysis of cell-counting kit-8
results confirmed the concentration of 1400 pg/ml of G418 to be the minimum concentration

required to kill all the HS27a cells over the course of 14 days.
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3.2.3 Constructing DSCR4-containing carrier

Plasmids are self-replicating extrachromosomal circular DNAs that could contain a wide
variety of elements including the genes controlling their own replication to antibiotic resistance
genes and genes encoding various enzymes or even toxins. Plasmids are commonly found in
bacteria as small circular, double-stranded DNA molecules; however, sometimes they could also

be present in archaea and eukaryotic cells.

In the past few decades, artificially constructed plasmids have been extensively used as
efficient carries of genetic materials in genetic engineering. There are a dozen types of vectors
specifically designed for expression compatibility with different prokaryotic and eukaryotic host
cells. PTCN vectors are a class of mammalian cell vectors containing a neomycin resistance
marker, designed for expressing a cDNA from the CMV promoter and CMV enhancer in
eukaryotic cells. The enhancer and promoter of PTCN vector, derived from cytomegalovirus
(CMV), are commonly used in vectors designed for expression in mammalian host cells due to
their potent effect in driving gene expression. For construction of DSCR4-cotaining plasmid
vector, | incorporated DSCR4’s coding sequence (CDS) along with its 3" and 5" untranslated
regions (UTRs) into the PTCN plasmid (Figure 3-3a). The UTR elements were incorporated into
the vector since these elements might be involved in proper expression and localization of
DSCR4-coded protein inside the compartmentalized eukaryotic cells. An additional
Polyadenylation signal, was inserted at the end of 3" UTR for guaranteed generation of poly-
adenylated DSCR4 mRNA from the plasmid that is a requisite for mRNA translation in eukaryotic
cells. Finally, along with CMV promoter and CMV enhancers, NeoR/KanR (G418) resistance and
Ampicillin resistance genes were also incorporated into the PTCN vector which act as selection

markers in eukaryotic and prokaryotic cells, respectively (Figure 3-3a). A plasmid vector with the
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same structure and genomic contents of PTCN-DSCR4 plasmid but without DSCR4 CDS and UTR

elements were also constructed as control to minimize the confounding factors (Figure 3-3b).

The constructed PTCN plasmid were transformed into DH5a competent E. coli cells. The
transformed cells were cultured overnight in ampicillin-containing medium and then the
amplified plasmids were harvested. To confirm that constructed plasmid do possess DNA
elements with specified sequences, its nucleotide content was analyzed by sequencing which
demonstrated that both PTCN-DSCR4 and PTCN-control plasmids possess desired structure and

sequence.
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Figure 3-3. PTCN-DSCR4 and PTCN-control plasmid vector construction.
(a) PTCN-DSCR4 vector containing DSCR4 CDS and UTR elements and (b) PTCN-control vector

with the structure and genomic content identical to PTCN-DSCR4 but without CDS and UTR
elements.
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3.2.4 Determining the optimal concentration of transfection reagent

After harvesting and purification of DSCR4-cotaining PTCN plasmid, it should be
transfected into HS27a cell’s nucleus so that it could merge into the genome. Transferring DNA
vectors into eukaryotic cells is a more challenging objective compare to prokaryotic cells due to
complex structure and compartmentalized nucleus of eukaryotic cells. There are several types
of transfection reagents designed for eukaryotic cell transfection such as lipofectamine, FuGene
and omnifect. These reagents differ from each other regarding their toxicity to the host cells,
the speed and rate of transfection. According to the nature of transfection reagent and type of
host cells, various concentrations of transfection reagent are required for optimized transfection
rate. Therefore, to obtain the minimum cell cytotoxicity effect and maximum transfection
efficiency, the optimized concentration of transfection reagents should be determined for each

types of host cells.

| chose omnifect reagent for transfection of HS27a cells due to its lower toxicity which
is required for treatment of eukaryotic non-canceric cells. To measure the optimized
concentration of omnifect reagent for transfection of HS27a cells, | used a green fluorescence
protein (GFP)-containing plasmid with nearly the same size as PTCN-DSCR4 plasmid and treated
HS27a cells with this reagent with concentrations ranging between 1ul/ml to 4ul/ml. The rate of
transfection and cell cytotoxicity were determined by measuring the GFP expression using
fluorescence microscopy within 3 days. Measuring the GFP signal after 24 hours, 48 hours and
72 hours, it was revealed that Omnifect reagent has the optimized transfection efficiency on

HS27a cells at the concentration of 2ul/ml (Figure 3-4).
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Efficiency of transfection of HS27a cells by omnifect transfection reagent was measured using a

Figure 3-4. Omnifect transfection efficiency on HS27a cells.

GFP containing plasmid over the course of 3 days. The concentration of 2ul/ml of omnifect was
revealed to have the best balance regarding the cell toxicity effect and transfection rate across

all time intervals.
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3.2.5 Generating HS27a cells stably transfected with DSCR4 and

verification of DSCR4 overexpression
After construction of DSCR4-containing and control plasmid vectors and optimizing the
concentration of omnifect transfection reagent, in order for the generation of HS27a cells stably
transfected with the two prepared plasmids, the HS27a cells were transfected with DSCR4-
containing (Figure 3-3a) and control plasmid vectors (Figure 3-3b) using omnifect at
concentration of 2ul/ml (Figure 3-4) and treated with G418 at the concentration of 1400 pg/ml

(Figure 3-2) over the course of one month.

After treating the PTCN-DSCR4 transfected HS27a cells along with PTCN-control
transfected and non-transfected normal HS27a cells with G418 for a month, they were
reanalyzed by optical microscope. As expected, PTCN-DSCR4 and PTCN-control transfected cells
survived the long-term treatment of G418, indicating that they have successfully incorporated
the PTCN plasmid into their genome which encode G418 deactivating enzyme (Figure 3-5). On
the other hand, non-transfected HS27a cells were completely killed by G418 due to lack of

resistance gene in only a few days (Figure 3-5).

To ensure that PTCN-DSCR4 transfected cells are actually overexpressing the
incorporated DSCR4 carrier, the expression values of DSCR4 was measured in PTCN-DSCR4,
PTCN-control transfected and normal non-transfected HS27a cells using SYBR-green real time
PCR assay. As expected, PTCN-DSCR4 transfected cells were revealed to be overexpressing
DSCR4 gene, 3 to 6 folds more than either PTCN-control transfected or normal HS27a cells
(Figure 3-6). These results confirm that | could successfully transfect DSCR4 gene stably into the

HS27a cells and significantly overexpress it.
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Figure 3-5. Stably transfecting HS27a cells with PTCN-DSCR4 and PTCN-control plasmids.

HS27a cells were transfected with PTCN-DSCR4 and PTCN-control plasmids and treated with
G418 over a month. At the end, as expected, the transfected cells could survive the G418
treatment due to gain of G418 resistance gene from PTCN plasmids, while the normal non-

transfected cells could not.
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Figure 3-6. Confirmation of the overexpression of DSCR4 in PTCN-DSCR4 transfected cells.

(a) Expression analysis of DSCR4 gene in PTCN-DSCR4 and PTCN-control transfected HS27a cells
and normal HS27a cells consistently reveal lower C; (Threshold Cycle) for DSCR4 gene in PTCN-
DSCR4 (specified as ‘DSCR4’) compared to PTCN-control and normal HS27a cells (specified as
‘Control’) in two independent replicates. (b) After normalization of the data using the expression
values of GAPDH housekeeping gene, DSCR4 gene was shown to be significantly overexpressing
in PTCN-DSCR4 compared to both PTCN-control and normal HS27a cells. (c) Melt curve analysis
confirmed that there are no significant non-specific band nor primer dimers leading to the

erroneous measurement of the expression values of either DSCR4 or GAPDH genes.
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3.3 Results and Discussion

After confirmation of the successful overexpression of DSCR4 in PTCN-DSCR4
transfected HS27a cells, | conducted whole genome transcriptome analysis to identify what are
the molecular effects of overexpression of this gene on human cells. For this end, | purified
whole genome RNA from PTCN-DSCR4 transfected, PTCN-control transfected and normal HS27a
cells using PureLink RNA minikit. The sizing, quantitation and quality control of extracted RNAs
were measured using Agilent 2100 Bioanalyzer and also Nanodrop, which confirmed that
extracted RNAs from all three samples are of proper size and quality without any significant

degradation (See Appendix A16).

The whole genome transcriptome analysis of PTCN-DSCR4 transfected, PTCN-control
transfected and Normal HS27a cells were conducted using Agilent SurePrint G3 Human Gene
Expression v3 8x60K microarray chips which provide comprehensive coverage of genes and
transcripts using the latest annotation databases. This chip is sourced from RefSeq, Ensembl,
UniGene, GenBank, and LNCipedia databases and present full coverage of the whole human

mMRNAs and also long non-coding RNAs (IncRNAs) using over 58,000 probes.

The results of microarray data were quality checked, background noise subtracted, log-
transformed and normalized, then the differentially expressed genes (DEGs) were determined
using GeneSpring GX software. DEGs were defined as saturated features (at least 50% of the
pixels in a feature are above the saturation threshold) with differences in expression values of
more than two-fold (log, transformed fold change values of > 1 for over-expressed genes and <
-1 for under-expressed ones). Finally, Gene ontology (GO) enrichment analysis of DEGs were
conducted and biological processes enriched with DEGs were determined. The enriched

biological processes with significant modification in gene expression due to DSCR4 gene
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perturbation, are the regulatory networks where DSCR4 is likely to be actively involved, which

in turn, provide clues to the functional role of DSCR4 inside human cells.

3.3.1 Quality control analysis of microarray results

Microarrays represent a strong technology that provides the capability to measure the
expression quantities of thousands of genes simultaneously. However, it enclose several steps
that create multiple potential source of variation which if left uncontrolled, can interfere with
data analysis and interpretation. Thus, quality control protocols which examine the
reproducibility of the results via identification of abnormal or deviating trends, are mandatory

in data quality and assay performance of microarrays.

To investigate whether the microarray analysis have been conducted properly and
accurately, | conducted two types of microarray quality control analysis, first, scatter plot
analysis for verification of quantity of variation among the arrays and second, box-and-whisker

plot analysis for investigation of similarity of expression distribution among arrays.

In microarray data analysis, under most experimental conditions less than 10 percent of
all genes are expected to change in a biologically relevant way (Alizadeh et al. 2000; Bilban et al.
2002), so deviation of gene expression profile across investigated samples above this threshold
after log,-scaling, is likely to be an indicator of variation caused by artifact which would increase
the false-positive results in identification of differentially expressed genes across samples. A
scatter plot of gene expression variation across all samples was constructed which revealed that

the total significant expression variation across samples are far less than 10 percent (Figure 3-7).

PTCN-DSCR4 transfected HS27a cells and PTCN-control transfected cells show
significantly less variation to each other compared to normal HS27a cells (Figure 3-7).These

results were expected since PTCN-DSCR4 transfected HS27a cells and PTCN-control transfected
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cells have been under the same transfection process and G418 treatment over a month while

the normal HS27a was not.

Box-and-whisker plots of the un-normalized expression quantities of each chip give a
global overview of the signal intensity distributions. Ideally, all the expression distributions
across chips, in an experiment, should have comparable similar distribution even before
normalization. Constructing box-and-whisker plot for visualization of expression profile
distribution of PTCN-DSCR4 transfected, PTCN-control transfected and normal HS27a cells,
revealed highly similar distributions (Figure 3-8), indicating again the proper conduction of

microarray experiments for all samples.
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Figure 3-7. Scatter plot of gene expression variation across arrays.

Significant variations in gene expression (two fold expression change as threshold) were
observed in less than 5 percent of total genes in all pairwise comparisons indicating the absence

of artifacts in the obtained transcriptome data.

72



18 —

16 —

14 —

10 —

Normal HS27a PTCN-control PTCN-DSCR4
transfected transfected
HS27a HS27a

Figure 3-8. Box-and-whisker plot of the un-normalized expression distribution.

The similar distribution of expression quantities across un-normalized microarray results

indicate proper conduction of microarray experiments.
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3.3.2 Identification of DEGs and Gene ontology analysis

After confirmation of the proper conduction of microarray experiments through quality
check analysis, the differentially expressed genes (DEGs) were determined using Genespring GX
software which is specifically designed for analysis of Agilent array data, provided and
recommended by the Agilent Company. A gene is called differentially expressed by GeneSpring
software when it is saturated in all the samples under investigation with up-regulated and down-
regulated genes having a ratio above a pre-set threshold for significantly higher (22 fold change)

and lower expression (0.5 fold change) intensities.

As it is deducible from scatter plot analysis of array data (Figure 3-7), the treatment
processes applied for transfection and permanent incorporation of PTCN plasmids into the
HS27a genome, have partially affected the expression of HS27a cell genes. Consequently,
comparison of expression profiles of PTCN transfected HS27a cells to normal HS27a cells may
yield to identification of DEGs which are due to the processes of cell transfection and treatment
and not the overexpression of DSCR4 gene. As a result, to refrain from obtaining false positive
results, the PTCN-control transfected HS27a cell’s expression profile was only used as control
for identification of DEGS in PTCN-DSCR4 transfected HS27a cells. By this approach, of the total
human protein coding gene and IncRNA genes present in the array, 310 genes met these

prerequisites. Among them, 166 were down regulated and 144 were up regulated.

The DEGs were then further analyzed according to their attributions to known biological
functions. Functional annotation tools were used to arrange genes in associated categories
based on associated gene ontology (GO) terms and participation in biological pathways. The

significantly enriched biological pathways are represented in Table 3-1.
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Table 3-1. Gene Ontology (GO) analysis of DEGs obtained by comparing PTCN-DSCR4- and
PTCN-control transfected HS27a cells’ expression profiles. Significantly enriched categories and

enrichment values are shown.

GO ACCESSION GO Term p-value Fold-
enrichment
G0:0035413 Positive regulation of catenin import into 1.37E-05 60.58
nucleus
G0:0043508 Negative regulation of JUN kinase activity 3.24E-05 46.60
G0:0030334 Regulation of cell migration 6.12E-05 4.18
G0:2000145 Regulation of cell motility 9.22E-05 3.99
G0:0040012 Regulation of locomotion 1.51E-04 3.77
G0:0051270 Regulation of cellular component movement 1.60E-04 3.75
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Interestingly, the six GO terms which are significantly enriched in DEGs, represent
interconnected pathways in gene regulatory network of human cells (Figure 3-9). Out of the six
pathways, four of them (namely, regulation of cell migration, regulation of cell motility,
regulation of locomotion and regulation of cellular component movement) are directly involved
in the regulation of movement, migration and motility of cell or cells compartments. Regulation
of cell migration is defined as any process that modulates the frequency, rate or extent of cell
migration, regulation of cell motility is described as any process that modulates the frequency,
rate or extent of cell motility, regulation of locomotion is outlined as any process that modulates
the frequency, rate or extent of locomotion of a cell or organism and regulation of cellular
component movement is defined as any process that modulates the frequency, rate or extent
of the movement of a cellular component (Ashburner et al. 2000). The significant fold-
enrichment of DEGs related to these interconnected pathways (Table 3-1, Table 3-2) suggest the
likely role of DSCR4 gene as a regulatory factor modulating the migration and locomotion of cell

or cell compartments.

This prediction is further supported by the fact that the other two enriched pathways in
which DEGs are enriched are also indirectly involved in cell migration. The pathway, Positive
regulation of catenin import into nucleus, is defined as any process that increases the rate,
frequency or extent of the directed movement of a catenin protein from the cytoplasm into the
nucleus (Ashburner, et al. 2000). The import of B-catenin from cytoplasm to nucleus with
assistance of Wnt protein, leads to activation a signaling pathway named Wnt/B-catenin
signaling (Jang et al. 2015). It has been shown that Wnt/B-catenin signaling pathway is involved
in cell migration of breast cancer cells and metastasis (Cai et al. 2013; Jang, et al. 2015). The
other pathway enriched with DEGs by DSCR4 gene perturbation is regulation of JUN kinase

activity. Negative regulation of JUN kinase is described as any process that stops, prevents, or
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reduces the frequency, rate or extent of JUN kinase activity (Ashburner, et al. 2000). JUN N-
terminal Kinases are a group of kinase enzymes that bind and phosphorylates the c-JUN proteins.
C-junis a proto-oncogene and is the homolog of the viral oncoprotein v-jun (Wisdom et al. 1999).
In breast cancer cells, c-jun is known to play key role in migration and invasion of mammary
epithelial cells (Jiao et al. 2008; Jiao et al. 2010). In summary, all the enriched pathways and
processes with DEGs consistently indicate the functionality of DSCR4 as a regulator of cell

migration.

If DSCR4 is involved in cell migration and motility, we would expect this gene to be
expressed mainly in cells in which migration is important for functionality. To investigate this
hypothesis, | analyzed the expression of DSCR4 in all human tissues for which the transcriptome
data is available using Geneinvestigator (Hruz, et al. 2008). As expected, it was revealed that
DSCR4 is mainly expressed in human immune system cells (Figure 3-10) where cell migration is
critical for proper functioning (Madri and Graesser 2000). Moreover, the placenta, the tissue in
which DSCR4 was first identified (Nakamura, et al. 1997), is known to mediate cell migration

between mother and fetus (Dawe et al. 2007; Morgan and Wooding 1983).

In conclusion, transcriptome data of DSCR4 gene perturbation analysis along with tissue-
specific expression of this genes across human cells, imply the functional importance of DSCR4
in regulation of cell migration. Here, for the first time, | provided evidence and clues for
functional importance of DSCR4 gene in human cells, which later, could be subject of direct

investigations for further confirmation of the functional role of this mysterious gene.
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Figure 3-9. Biological processes significantly affected by over-expression of DSCR4 in HS27a cells.

Six biological processes are significantly affected by overexpression of DSCR4 in HS27a cells. All
these processes are interconnected and are mainly involved, directly or indirectly, to cell

migration.
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Table 3-2. Expression data of DEGs involved in biological processes significantly affected by

DSCR4 gene perturbation.

Gene Control cell DSCR4- Control cell DSCR4- Fold
raw overexpressing normalized overexpressing Change
expression cell raw expression cell normalized (logz)
expression expression
EGFR 228.93 40.47 0 -2.53 -2.53
PLAU 105.32 35.46 0 -1.60 -1.60
IGFBP5 78.64 28.34 0 -1.50 -1.50
SEMA4A 86.61 35.30 0 -1.32 -1.32
SEMASA 4347.68 1896.85 0 -1.22 -1.22
COL18A1 498.30 237.77 0 -1.09 -1.09
SPATA13 49.29 23.92 0 -1.07 -1.07
SFRP2 37.00 17.97 0 -1.07 -1.07
PTPRU 438.21 215.17 0 -1.05 -1.05
MMRN2 41.90 20.86 0 -1.03 -1.03
PDCD4 263.84 114.82 0 -1.23 -1.23
AIDA 46.00 23.39 0 -1.01 -1.01
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Figure 3-10. DSCR4 expression in human tissues.
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DSCR4 is mainly expressed in human immune system cells where migration is critical for

proper functioning.
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3.3.3 Evolutionary importance of DSCR4 in emergence of Hominidae-

unigue phenotypes

The embryonic evolution and development of complex organisms involves
morphogenetic cell movement and migration, during which, tremendous number of
cells migrate in a coordinated fashion to form organs and tissues. In adults, cell
migration also occurs during the processes such as tissue renewal, wound healing,
angiogenesis and is involved in cancer invasion and metastasis. Therefore, the role of
DSCR4 in regulation of cell migration could indicate the potential importance of this

gene in several aspects of the evolution of humans and great apes.

Phenotypic evolution has been suggested to be primarily mediated by genes
involved in embryonic developmental process (Nei 2013) featured by major cell
migration (Weijer CJ, 2009). One of the embryonic cell populations highly related to
emergence of unique facial characteristics of Hominidae are neural crest cells. Neural
crest cells emerge during the first five weeks of gestation from dorsal part of neutral
tube ectoderm and migrate into the branchial arches and the region which later turn
into the face, consequently, pinpointing the central plan of face morphology. Our
analysis of expression of DCSR4 in the data provided by Prescott et al. (2015), revealed
significant expression of DSCR4 in human and chimpanzee in neural crest cells. The
significant expression of DSCR4 in migrating neutral crest cells in human and
chimpanzees are interesting if we consider the non-significant expression of DSCR4
across majority of tissues in these species (Brawand et al. 2011). These results are in line
with regulatory roles of DCSR4 in migrating cells and indicate possible roles of DSCR4 as

one of regulatory components of the facial morphology of human and great apes.
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The children born with Down syndrome typically have some distinctive facial
features including almond shaped eyes (due to epicanthal folds); a small, somewhat flat
nose, a small mouth with a protruding tongue; and small ears. They may also have round
faces and somewhat flatter profiles (Stray-Gundersen K, 1995). Overexpression of
DSCR4 is one of genomic factors leading to Down syndrome which indicate the
possibility of the contribution of DSCR4 mysregulation in emergence of facial

morphology defects observed in Down syndrome patients.

T cell migration and motility is indispensable for T cell-dependent immune
response, which allows for the identification of cognate antigens at the surface of
foreign antigen-containing cells and also for interactions with other immune system
cells. Although previously it was thought that T cell migration is random, a growing
number of evidence are emerging to support the notion that T cell migration patterns
are strategic and ruled by processes which are optimized for the activation of T cells and
also for environment-specific cues (Krummel et al. 2016). Consistent and significant
expression of DSCR4 in T cells (Figure 3-10) further support the hypothesis of the
functional role of DSCR4 in the regulation of cell migration and suggests the likely role

of DSCR4 in evolution of immune system in family Hominidae.

Defective immune system is one of the medical symptoms of Down syndrome
patients. Some of the abnormalities of the immune system associated with Down
syndrome include: impaired mitogen-induced T cell proliferation, reduced specific
antibody responses to immunizations and defects of neutrophil chemotaxis (Ram and
Chinen, 2011). Significant expression of DSCR4 in immune system cells along with
association of overexpression of DSCR4 with impaired immune system in Down

syndrome patients suggest the likely role of DCSR4 in evolution and proper functioning

82



of immune system in humans and great apes through regulation of the movement of

these actively migrating cells.

The evolutionary importance of the emergence of DSCR4 in determining the
face morphology and function of immune system in humans and great apes, are in line
with gene perturbation and tissue-specific expression data; however, they are yet

speculations and need further experimental investigations for confirmation.
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Chapter 4. Unique features of highly conserved noncoding
genomic sequences in Hominoidea

4.1 Introduction

Identification of the molecular basis of phenotypic evolution has been an active area
of research in the past few decades and substantial progress has occurred in this field especially
after completion of whole genome sequencing projects for different phyla and classes of
organisms. As a general result, it has been suggested that an enormous number of different
genes are associated with the development of phenotypic characters, and modifications in the
coordination of spatial and temporal expression of these genes in developmental process play
crucial roles in the evolution of species (Nei 2007). Complex interaction of genes associated with
development forms gene regulatory networks which are involved in signaling pathways
producing phenotypes (Davidson 2006) and the number of genes involved in the network

generally increases as the phenotypic character involved becomes more complex.

The evolution of the complex systems of gene regulatory networks has occurred, at
least partly, by mutational changes of the regulatory regions which control the spatial and
temporal expression of surrounding protein coding genes. In fact, there are dozens of examples
for phenotypic changes generated by mutations in cis-regulatory elements such as breadth and
length of Darwin’s finches’ beak (Abzhanov et al. 2004) and stickleback fish’s pelvic fins (Wray
2007). Therefore, cis-regulatory elements seem to have played crucial roles in the evolution of
phenotypic characters. This hypothesis is further supported considering the small degree of
amino acid differences between closely related species with dramatic phenotypic differences
(King and Wilson 1975). Moreover, it is believed by many developmental biologists that

mutations in cis-regulatory elements are of more importance compared to changes in protein
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coding regions, since novel morphological phenotypes are often linked with changes in
expression level of genes rather than changes in the encoded protein sequences. This
evolutionary characteristic holds in many diverse animal phyla and new species in each phylum
are emerged by mutational changes of gene regulatory networks in late stages of development

(Nei 2007, 2013).

So far, several mechanisms have been proposed to explain the immense phenotypic
diversity observed among organisms. At nucleotide level, mutations including all kinds of genetic
changes are the only driving force of phenotypic evolution (Nei 2007). Theoretically, the majority
of mutations are evolving under neutral or nearly neutral evolution for which natural selection
do not affect the spread of the mutation in the population (Kimura 1983). It is possible for a
phenotype-associated mutation to be fixed in a population only through neutral evolution
(Kimura 1984). However, the genetic changes contributing to the adaptationally important
phenotypes, are mostly subject to directional selection which leads to acceleration in the speed
of fixation of the mutation in the population and later on purifying selection conserve the
beneficial mutation by eliminating disrupting deleterious mutations reversing the beneficial

ones.

To infer directional or purifying selection on a sequence, first the null model of
neutral evolution must be rejected (Kimura 1983). In protein coding sequences, the synonymous
mutations serve as a convenient proxy for estimation of the neutral evolution rate, then by
comparing accumulation rate of nonsynonymous mutations (abbreviated as Ka) to the
synonymous rate (Ks), selection can be inferred in protein coding regions. On average, 85% of
loci in protein coding sequences of human genome are evolving under purifying selection (Nei
2007). Although this approach has proven effective in analysis of protein coding regions,

however, Ka/Ks cannot be calculated for noncoding cis-regulatory elements. As alternative
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approach, many studies of evolution of noncoding sequences have used whole genome
comparative analysis in order to identify regions with unusually slow or rapid evolutionary rates.
Mainly in these studies, the sequences with significantly low nucleotide substitution rate are
considered as regions under negative selection (Bejerano et al. 2004; Babarinde and Saitou
2016; Hettiarachchi et al. 2014; Matsunami and Saitou 2013; Takahashi and Saitou 2012, Suzuki

and Saitou, 2011).

Conserved noncoding sequences (abbreviated as CNSs) are the sequences under
selection constraint that been repeatedly shown to be potential cis-regulatory modules,
regulating gene expression (Dermitzakis et al. 2004; Nobrega et al. 2003). Although there is still
considerable uncertainty regarding the function of majority of CNSs, ranging from being
enhancer elements (Babarinde and Saitou 2016) to shaping chromatin structure or structural
connections between chromosomes (Dermitzakis et al. 2005), there are convincing evidence
showing these elements to be under purifying selection probably due to their functional
importance (Drake et al. 2006; Saber et al. 2016). Despite the difference in the methodology
used in identification of CNSs, these elements consistently share some properties even in
different phyla. One such property is general tendency to cluster around genes involved in
development and their potential role in regulation of gene expression, especially during
embryonic stage (Benko et al. 2009; Kritsas et al. 2012). Such shared properties suggests that

CNSs are potent candidates to be involved in emergence of order-specific phenotypes.

The superfamily Hominoidea which includes humans and apes, is one of the two
living superfamilies of catarrhini parvorder, diverged from old world monkeys around 30 million
years ago (Mya) (Hedges et al. 2015) (See Appendix 17a). Members of Hominoidea superfamily
share unique higher brain functions (Volter and Call 2012) and structural phenotypes (Crompton

et al. 2008); however, the underlying genomic elements contributing to the shared phenotypic
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uniqueness of Hominoidea are yet mainly unclear. Setting neutral evolution thresholds using
coding and noncoding genomic sequences, | identified conserved noncoding genomic sequences
under accelerated evolution in common ancestor of Hominoidea and under strong purifying
selection within all members of this superfamily including humans, chimpanzees, gorillas,
orangutans and gibbons and showed their potential role in expression regulation of genes
mainly during embryonic brain developmental stage. It has been reported that ancestral CNSs
shared by mammals and aves which have evolved more than 300 million years ago are likely to
be functioning as enhancer elements up-regulating the close-by protein coding genes during
developmental stage (Babarinde and Saitou 2016). Investigating the differences in
characteristics of ancestral CNSs and young Hominoidea-restricted HCNSs which have evolved
less than 30 Mya, using a combination of evolutionary and statistical approaches, | found that,
in contrary to ancestral CNSs, recently evolved HCNSs in Hominoidea tend to have silencing

effects on their target protein coding genes.
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4.2 Materials and Methods

4.2.1 Setting thresholds for negative and positive selection

The thresholds of neutral evolution were determined using the same approach used in
Chapter 2 (Saber et al. 2016). In order for the identification of Hominoidea-shared negatively
evolving sequences, by comparing the human reference genome and three outgroup species,
namely rhesus macaque, marmoset and bushbaby, the nucleotide substitution rates were
determined in protein coding synonymous sites and whole genome non-repetitive noncoding
sequences. The substitution rates in protein coding synonymous sites and non-repetitive
noncoding sequences were calculated using genes with one-to-one orthology in human and
outgroup species and whole-genome noncoding DNA sequence alignments, respectively. The
mode of substitution rates in protein coding synonymous sites and non-coding DNA sequences
were respectively considered as neutral evolutionary rate in protein coding and non-coding
regions of the genome (See Appendix A17b). The rate of neutral evolution in protein coding
synonymous sites and non-coding sequences are similar with slight skew toward conservation
in protein coding synonymous sites. This slight difference is expected due to the action of
purifying selection on some of the protein coding synonymous sites since these sites are

important in mRNA stability or splicing (Chamary et al. 2006).

Sequences with no non-eliminated mutation after divergence of common ancestor of
Hominoidea with 100 percent identity in all members, were considered as Hominoidea-shared

sequences under negative selection, as in Saber et al. (2016).
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4.2.2 Dataset resources

The repeat-masked genome sequences of human, chimpanzee, gorilla, orangutan,
rhesus macaque, marmoset and bushbaby were retrieved from Ensembl database version 75.
The protein-coding sequences (CDS) and lincRNA coordinates were downloaded from Ensembl
biomart. Gene orthology data were also retrieved from Ensembl biomart. The vista enhancer
elements with verified enhancer activity were retrieved from VISTA enhancer browser (Visel et
al. 2007). Tissue expression data were retrieved from Necsulea et al. (Necsulea et al. 2014) and
Epigenome roadmap project (Kundaje et al. 2015). The chip-Seq and enhancer RNA data for 47
human primary tissues were also retrieved from Epigenome roadmap project. The genome
polymorphism data of phase 3 of 1000 Genome project were used for polymorphism coverage
and DAF analysis. For mapping HCNS coordinates in outgroup species’ genomes, the liftover

chain files were obtained from UCSC Genome browser database.

Repressor and activator elements in human were retrieved from the UniProt database
and transcription factor binding sites were retrieved from Encode project. Silencer elements
were defined as the intergenic binding site of monofunctional repressors which do not have any

overlap with any of the activator elements binding sites.

For each Hominoidae-specific HCNS, at least 10 random sequences with the same length
randomly distributed throughout the genome were picked using Mersenne Twister approach
implemented in Python random module. The random coordinates were selected so that they do
not have overlap with each other and HCNSs. The random coordinates which have overlap with

protein coding or repetitive DNA sequences were also discarded.

For extracting Chip-Seq and eRNA signals, The bigwig file of each histone modification

signal and enhancer RNA signal were downloaded from Roadmap Epigenome Project. Using
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UCSC bigWigToWig tool, the bigwig data were first transformed into wig files. The average score
of each nucleotide within HCNS and random coordinates and standard deviations were then
calculated using Python SciPy module. These series of methods essentially followed those used

in Saber et al. (2016).

4.2.3 Hominoidea-specific HCNS Retrieval

Following a similar approached used in Saber et al. (2016) for the retrieval of HCNSs,
protein coding regions and repetitive sequences of Homo sapiens, Pan Troglodytes, Gorilla
gorilla gorilla, Pongo abelii, Nomascus leucogenys, Macaca mulatta, Callithrix jacchus and
Otolemur garnettii genomes were first masked. Pairwise homology searches using human
genome as query against other four Hominoidea and three outgroup species were performed
using BLASTn with E-value threshold of 10°. The sequences with at least 100-bp length under
negative selection in all members of Hominoidea which do not have any orthologs in outgroup
species with conservation level above neutral evolution threshold were identified as
Hominoidea-restricted HCNSs. Due to availability of experimental data and annotation quality,
human HCNSs were used for further analysis. A schematic depiction of the pipeline used for

identification of Hominoidea-specific HCNSs is represented in Appendix 17c.

4.2.4 Derived allele frequency (DAF) spectrum

The frequency of genetic polymorphisms overlapping my datasets along with the state
and frequency of derived alleles were extracted from the VCF files of total human population
generated by 1000 Genomes project (Abecasis et al. 2012). The distribution of derived allele

frequencies was calculated for HCNSs and random coordinates.
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4.2.5 HCNS-gene association

For each protein-coding gene in human genome a proximal gene regulatory domain and
a distal gene regulatory domain were defined based on the methodology used by McLean et al.
(McLean et al. 2010). Proximal gene regulatory domain was defined as the region 5 kb upstream
of transcription start site (TSS) into promoter region and 1 kb downstream of TSS into
untranslated region (UTR). Proximal regulatory domain was determined regardless of other
nearby protein coding genes. For each protein coding gene also the distal gene regulatory
domain was defined as 1000 kb region extended at both upstream and downstream of TSS up
to the nearest protein coding gene's basal domain. Potential target of each HCNS were

determined upon its overlap with the calculated gene regulatory domains.

4.2.6 Selection analysis and nucleotide substitution rate estimation

Each HCNS along with randomly picked coordinates in human genome were
mapped to rhesus macaque and marmoset genome using UCSC whole genome alignment chain
files. Sequences were then aligned using Muscle software (Edgar 2004), alighment gaps caused
by insertion and deletions were discarded, phylogenetic tree was constructed using Neighbor
joining method and genetic p-distances were calculated for each branch within phylogenetic
tree for each sequence using MEGA-CC software (Kumar et al. 2012). Linear molecular clock has

been assumed and applied in calculation of nucleotide substitution rates per site per year.

Insertions and deletion rates within HCNS and random coordinates’ ancestral sequences
were calculated upon measuring the length difference between coordinates in human genome

and their mapped sites in rhesus macaque and marmoset.
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4.2.7 Gene enrichment test

Gene ontology analysis of HCNS target genes were conducted using a similar approach
used by Babarinde and Satiou (2016). First, a list of all genes with GO terms (Atotal) were
retrieved from Ensembl biomart build 75. Then a list of HCNS potential target genes with GO
terms (AHCNS) were prepared. Genes were represented in AHCNS according to the frequency
of HCNSs targeting them. For each GO term, the number of HCNS target genes (THCNS) and total

number of genes (Ttotal) associated with GO term was counted.
The GO enrichment was calculated as:

T, X A
GO Enrichment = 1S — “total

Ttotar X Ancns

Boneferroni-corrected empirical p-value was calculated based on 10° replicates using x2

test.
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4.3 Results

4.3.1 Identification of Hominoidea HCNSs

Pairwise whole-genome homology searches were conducted using NCBI BLASTN on
coding sequence masked and repeat-masked genomes of human, chimpanzee, gorilla,
orangutan, gibbon, rhesus macaque, marmoset and bushbaby to identify HCNSs shared only by
Hominoidea. Human genome was used as query. HCNSs in study of superfamily Hominoidea
were defined as noncoding sequences in human genome at least 100bp long with 100% identity
in chimpanzee, gorilla, orangutan and gibbon that do not have orthologous sequences in rhesus
macaque, marmoset and bushbaby with conservation level above neutral evolution. In order to
eliminate the erroneously identified HCNSs, happening due to occasional misalignment of HCNSs
with the non-conserved paralogs rather than conserved orthologs in outgroups species that
occurs due to blastN software errors, each HCNS in human genome was also individually mapped
to rhesus macaque and marmoset using whole genome alignment data. The HCNSs which had
conserved orthologs in rhesus macaque or marmoset regardless of being repetitive, were
discarded. This approach (Appendix 17c) identified 679 HCNSs uniquely shared by five members
of Hominoidea. (DNA sequences of the discovered HCNSs are available upon request to the

author)

4.3.2 Functional analysis of Hominoidea HCNSs

| focused on human and great apes genomes due to the availability of data for functional
analysis. Sequences under functional constraint do have lower mutations not eliminated in the
population, which otherwise would disrupt the functional genomic element. Using the genomic
polymorphisms available in phase 3 of 1000 genome project for humans, and Great apes

genome project for chimpanzee, gorilla and orangutan, the measured frequency of
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polymorphisms overlaid on HCNSs revealed that HCNSs have significantly lower non-eliminated
mutations compare to random expectations (Figure 4-1A) indicating the existence of functional

constraint on these elements.

To confirm that the lower evolutionary rate in HCNSs are not due to them being located
on mutation cold spots, | conducted derived allele frequency analysis. For regions under
purifying selection, derived alleles of mutations would not be able to fix in the population and
tend to remain at low frequencies which leads to the excess of low-frequency derived alleles.
Analysis of DAF spectra for HCNSs (Figure 4-1B), as expected, revealed HCNSs to have
significantly higher proportion of low-frequency derived alleles compare to random coordinates.
| also checked the conservation level of HCNS and their upstream and downstream flanking
regions in humans and great apes which show that conservation of HCNSs are not extended to
either upstream or downstream regions (Figure 4-1C). These results clearly demonstrate that
HCNSs are like neither their up/downstream flanking regions nor random coordinates regarding
the action of purifying selection and prove the existence of functional constraint on these

elements.
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Figure 4-1. HCNSs are under functional constraint in Hominoidea genomes.

(A) HCNSs have lower non-eliminated mutation compare to their upstream and downstream
flanking regions and random coordinates. (B) HCNSs have higher frequency of low-frequency
derived allele polymorphisms indicating the action of purifying selection (Chi square P value
<0.001). (C) Divergence in HCNS flanking regions is equal to the whole genome average (Error

bars are 95% Cl).
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4.3.3 Evolution of Hominoidea-specific HCNSs

Having confirmed that HCNSs are under purifying selection, | then asked how these
elements have evolved in the common ancestor of Hominoidea. This important question is
mostly unanswered in studies of conserved noncoding sequence. Setting and using neutral
evolution threshold for identification of HCNSs provide the opportunity for identification of
HCNS orthologs in closely related species, it also makes it feasible to analyze and characterize
the evolutionary changes occurred at HCNS ancestral sequences during the evolution of
common ancestor of Hominoideas. For this investigation, | first mapped each of Hominoidea
HCNSs in the two closest species for which whole genome sequencing data are available,
namely, rhesus macaque and marmoset. Out of 679 HCNSs, 364 (53.6%) could be mapped in
rhesus macaque genome and 352 (51.8%) could be mapped to marmoset genome. Out of the
mapped sequences in rhesus macaque and marmoset, 203 (30%) were shared. | then aligned
the sequences and calculated the genetic distances between sequences for each mapped HCNS.
By constructing phylogenetic tree using the mapped HCNSs in rhesus macaque and marmoset
the genetic distance in Hominoidea ancestral sequences were calculated. Same analysis was also
performed for random coordinates with the same size but ten times higher in number compare
to HCNSs. Deriving nucleotide substitution rate from genetic distances at Hominoidea HCNS
ancestral sequences revealed a bimodal graph with one mode at 9E-10 that is nearly identical to
the single mode of the nucleotide substitution graph for random coordinates and a second mode
at 2.8E-9 that indicates accelerated nucleotide substitution rate at HCNS ancestral sequences

for a portion of HCNSs (Figure 4-2B). The total average nucleotide substitution rate at
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Hominoidea ancestral sequences for Hominoidea-restricted HCNSs is also 2.38 times higher than

that of random coordinates (Figure 4-2A).

Accelerated nucleotide substitution rate observed at Hominoidea HCNSs ancestral
sequences was computed using 30% of total HCNSs successfully mapped in rhesus macaque and
marmoset genome. To confirm this result with higher confidence using higher proportion of
HCNSs, pairwise nucleotide substitution rate between HCNSs in human and their orthologous
sequences in rhesus macaque was computed using 53.6% of total HCNSs. Similar to nucleotide
substitution rate in Hominoidea HCNS ancestral sequences, a bimodal nucleotide substitution
rate was revealed with first mode at 1E-09 that is equal to nucleotide substitution rate at
neutrally evolving neutrally evolving random sequences (Figure 4-2C) and second mode at 1.7E-
09. These results, in total, give strong evidence for existence of accelerated nucleotide

substitution rate in HCNS ancestral sequences for at least a portion of HCNSs.

To investigate other evolutionary forces contributing to the formation of HCNSs, | also
probed the rates of insertions and deletions at HCNS ancestral sequences. To this end, the
average length difference of HCNSs and their orthologs in rhesus macaque and marmoset were
calculated. The same analysis were also performed for random coordinates of the same size and
ten times higher in number than HCNSs. Sixty percent of random sequences mapped to rhesus
macaque and marmoset genome have experienced no insertions or deletions during the
evolution of common ancestor of Hominoidea, however, only 17% of HCNSs showed the same
characteristic (See Appendix A18A). On the other hand, the proportion of HCNSs with
orthologous sequences in rhesus macaque and marmoset with length difference above ten
nucleotides is significantly higher than that of random coordinates (See Appendix A18A). In
summary, these results indicate that HCNS ancestral sequences have been under accelerated

evolution in aspects of nucleotide substitution, insertion and deletion, especially at the common
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ancestor of Hominoidea which have led to the formation of these conserved elements and then

strong purifying selection started to operate to keep these elements in Hominoidea genomes.
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Figure 4-2. Nucleotide substitution rate at Hominoidea-restricted HCNSs” ancestral sequences.

(A) Color-coded phylogenetic tree of simians, representing nucleotide substitution rate ratio to
neutrally evolving sequences in Hominoidea-restricted HCNSs’ ancestral sequences. Nucleotide
substitution rates during the evolution of common ancestor of Hominoidea (a) for HCNSs’

ancestral sequences is 2.37 times higher than neutral evolution. (B) Distribution of nucleotide
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substitution rates for HCNS ancestral sequences during the evolution of common ancestor of
Hominoidea and (C) distribution of nucleotide substitution rates during the evolution of
common ancestor of Hominoidea along with rhesus macaque compare to neutrally evolving
random coordinates provide strong evidence for accelerated evolution in Hominoidea HCNS

ancestral sequences.
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4.3.4 Examination of Hominoidea HCNSs distribution

Having established that HCNSs emerged through adaptive evolution and conserved by
purifying selection, | then analyzed their genomic distribution. | asked whether HCNSs are
preferentially located close to protein coding genes. To answer this, | defined proximal
regulatory domain (1kb downstream and 5kb upstream of TSS) and distal domain (1000 kb
downstream and upstream of TSS up to the proximal domains of close by protein coding genes)
for each protein coding gene in the human genome. Figure 4-3 shows that HCNSs are enriched
in close proximity of transcription start sites, especially at distance between 5 to 50 kb and
underrepresented at distances farther than 50 kb. There is no significant difference at distances
less than 5kb. LincRNAs have similar distribution as random coordinates and experimentally
verified enhancer elements are located at significantly farther distances compare to HCNSs,
lincRNAs and random coordinates. Conducting genomic distribution analysis using GREAT
genomic regions enrichment annotation tool (McLean et al. 2010) also revealed enrichment of
Hominidae-restricted HCNSs at distance range of 5-50 kb at upstream and downstream regions
compared to random coordinates and vista enhancers (Appendix A18B). On the other hand,
silencer elements are enriched in close proximity of TSSs at distance ranges of <50kb and
underrepresented at farther distances similar to distribution pattern of HCNSs (See Figure 4-3
and Appendix A18B). These results, confirm nonrandom distribution pattern of HCNSs within the

genome and , demonstrate similarities in genomic locations of HCNSs to silencer elements.
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Figure 4-3. Nonrandom distribution of Hominoidea-restricted HCNSs in the human genome.

Hominoidae-restricted HCNSs are enriched in close proximity of protein coding genes, especially
at distance range of 5-50 kb from transcription start sites. Random coordinates ten times the
number of HCNSs but with the same size were used. Chi square P values are <0.0001 for pairwise

comparison of HCNSs with random coordinates, vista enhancers and lincRNAs.
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4.3.5 Features of Hominoidea-restricted HCNS target genes

Proving nonrandom distribution of HCNSs, | then investigated the properties of HCNS
target genes. Conserved noncoding elements have been previously reported to be enriched in
close proximity of genes involved in development, transcription and nervous system (McEwen
et al. 2009; Saber et al. 2016). Gene ontology analysis confirmed that same enrichment pattern
holds for Hominoidea-restricted HCNSs. Hominoidea-restricted HCNSs also tend to be
underrepresented in proximity of genes involved in defense and immunity (Figure 4-4A). Unique
distribution and pattern of enrichment in gene functional categories of HCNS-associate genes
suggest that these conserved elements are likely to be involved in evolution of gene expression
especially in the tissue of fetal brain, since at this stage, genes involved in transcription

regulation, development and nervous system are mainly expressed.

To investigate the hypothesis that Hominoidea-restricted HCNSs associated genes have
unique expression pattern in human tissues following the GO enrichment prediction, RNA-Seq
data of human tissues from Roadmap Epigenome project (Kundaje et al. 2015) were retrieved
and analyzed. Average RPKM score for all HCNSs target genes along with target genes of random
coordinates and vista enhancer elements were calculated across human tissues. As expected,
Hominoidea-restricted HCNS target genes have unique expression pattern in embryonic brain,
however, surprisingly the expression of HCNS target genes in fetal brain is significantly lower
than not only compare to experimentally verified vista enhancer element but also compare to
random expectations (Figure 4-4B). For further confirmation, RNA-seq data of human tissues
provided by Necsulea et al. (2014) were also retrieved and analyzed. The results of this analysis
consistently revealed the same expression pattern across all the investigated tissues (See
Appendix A18C). These results give clear evidence for association of HCNSs with lower gene

expression in their proximal genes during the development of embryonic brain.
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Figure 4-4. Enrichment of HCNS-target genes.

(A) Gene ontology enrichment analysis of HCNS target genes. (B) Expression enrichment of HCNS

target genes across human tissues. ns (non-significant); ***P value < 0.001 (Mann-Whitney U

test).
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Do HCNS target genes have unique features in terms of genomic distribution and gene
structure? Genes associated with conserved noncoding sequences are expected to have larger
proportion of noncoding sequences due to the action of evolutionary forces to prevent loss of
these potential-regulatory elements (Babarinde and Saitou, 2016). Therefore, | would expect
HCNS target genes to have larger noncoding proportions compared to the genes not targeted
by HCNSs. Analysis of HCNS target genes’ structure indeed confirmed this hypothesis
(Figure 4-5A). HCNS target genes have considerably higher proportion of noncoding sequences

(93.79%) compared to the whole genome average of genes not targeted by HCNSs (86.56%).

To figure out whether HCNS target genes have unique distribution pattern in the
genome, | also analyzed the distance of HCNS associated genes from their proximal protein
coding genes. Analysis of distance to proximal genes demonstrates whether HCNS target genes
are located in clusters or in isolation. Calculating the median distance to upstream and
downstream flanking genes revealed that HCNS target genes are located dramatically farther
away from the nearest protein coding genes compared to the whole genome average of genes
not associated with HCNSs (Figure 4-5B). These results indicate HCNS target genes to be unique

not only in their structure but also in their location throughout the genome.
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Figure 4-5. Unique features of Hominoidea-restricted HCNS target genes.

(A) Hominoidea-restricted HCNS target genes have significantly higher proportion of noncoding
sequences (Mann—Whitney U test P values <0.0001). (B) Genes associated with HCNSs tend to
be located in isolation, far away from their upstream and downstream protein coding genes

(Mann—Whitney U test P values <0.00001).
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4.3.6 Epigenomic characterization of Hominoidea-specific HCNSs

Analyzing features of Hominoidea-specific HCNS-associated genes, | have shown that
HCNS-target genes have significantly lower expression at fetal brain, the tissue in which HCNSs
are expected to be in their most active form according to GO analysis. If HCNSs are associated
with lower expression in their target genes, | would also expect epigenomic markers for active
enhancer elements such as H3k4mel (Akhtar-Zaidi et al. 2012; Creyghton et al. 2010) to be
depleted in HCNSs, especially in fetal brain. To investigate this hypothesis, | analyzed the chip-
seq data from roadmap epigenome project. Human tissues for which chip-seq data are available,
were classified into four categories, namely, fetal brain, other fetal tissues, adult brain and other
adult tissues. As shown in Figure 4-6a, the lowest signal for H3k4mel in fetal brain was found
for HCNSs while the highest signal was found to be for vista enhancer elements. The signal
intensity difference between HCNSs, vista enhancer elements lincRNA and random coordinates
is the least in adult non-brain tissues. LincRNAs were also shown to have no significant difference

from random coordinates in any of the tissue categories (Figure 4-6a).

The pattern of signals for H3K4me3 that is the epigenomic mark for active promoter
elements (Cain et al. 2011) is similar to that of H3k4me1 in that HCNSs have the lowest signal in
fetal brain and other fetal tissues, however, for H3K4me3 the difference is also visible at adult
brain and other adult tissues (Figure 4-6b). The other main difference in signal pattern of
H3K4me3 is the signal intensity of lincRNAs which is the highest across all four categories except
fetal brain where lincRNAs and vista enhancer elements have equal intensities, both significantly
higher than random coordinates and HCNSs. The high signal intensities of lincRNAs for H3K4me3
are as expected probably due to their transcription and proximity to protein-coding genes

(Babarinde and Saitou, 2016).
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Enhancer RNAs or eRNAs represent a class of bidirectionally transcribed non-coding
RNAs transcribed from enhancer elements and the level of eRNA expression correlates positively
with expression levels of the target genes (Kim et al. 2010; Li et al. 2013) which suggest tissue-
specific expression of enhancer RNAs. Based on this hypothesis | would expect that HCNSs to
have similar tissue-specific eRNA expression pattern as that of HCNS-associated genes. To
investigate this hypothesis, uniformly processed whole-genome RNA-seq data were retrieved
for several human tissues from Roadmap epigenome project and nucleotide-wise average
expressions were computed for HCNSs, random coordinates and vista enhancer elements. Vista
enhancer sequences are expected to have high eRNA expression levels due to their verified
enhanceric function in embryonic brain, therefore, these element could be considered as
positive control in eRNA expression analysis. As expected, HCNSs have lower eRNA expression
levels compare vista enhancer elements most significantly at embryonic brain tissue (See
Appendix A19a). This result gives further evidence for likely role of Hominoidea-restricted HCNSs

as silencer elements in tissue-specific manner.
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Figure 4-6. Hominoidea-restricted HCNS are depleted in enhancer and promoter epigenomic

markers.
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(A) Hominoidea-specific HCNSs have remarkably weaker signal for H3K4mel (enhancer)
compare to random coordinates and lincRNAs. The difference is most significant in the tissue of
fetal brain. Experimentally verified vista enhancer elements were used as positive control. (B)
Hominoidea-specific HCNSs also possess weaker signal for H3K4me3 (promoter) than random
coordinates, lincRNAs and vista enhancer elements. Pattern of signals are relatively uniform
across all tissues consistent with weak tissue-specificity of promoters. The error bars show the

95% Cl.
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4.4 Discussion

The superfamily Hominoidea, literary meaning ‘Human-like’, includes humans and apes
which are well-known for their unique man-like anatomy, physiology and cognitive
characteristics. The majority of such similarities have been suggested to be result of
synapomorphies and a small fraction attributed to homoplasy (Pilbeam 1996). If synapomorphy
holds, Hominoidea-restricted functional genomic elements which have evolved in the common
ancestor of Hominoidea through adaptive evolution, would account for the majority of

Hominoidea-specific characteristics and phenotypes.

Using a computational approach, | have identified 679 highly conserved noncoding
genomic elements shared by all members of Hominoidea including humans, chimpanzees,
gorillas, orangutans and gibbons. These conserved elements are 100 percent identical in all the
investigated Hominoidea members that is significantly higher than the conservation level of
protein coding genes, without any orthologs in outgroup species namely, rhesus macaque,
marmoset and bushbaby with conservation level above neutral evolution threshold. The
stronger purifying selection acting on HCNSs further indicates the functionality of these
conserved elements as it proves the constant action of natural selection to eliminate mutations
occurring within these sequences. The potent purifying selection acting on HCNSs also
demonstrate the critical functional importance of these conserved elements in the evolution

and adaptions of Hominoidea members.

Mammalian conserved noncoding elements have been proposed to be classified into
two groups with different modes of evolution, first group, consists of HCNSs where a single
parameter, models the nucleotide substitution rate throughout the phylogeny (Kim and

Pritchard 2007) and second group which departures from the basic model with speed-ups and
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slow-downs on particular branches (Doan et al. 2016; Kim and Pritchard 2007). Hominoidea-
specific HCNSs mainly follow the evolution pattern of second group for which accelerated
nucleotide substitution rate (Figure 4-2) along with accelerated rate of insertions and deletions
(Appendix A18a) in the common ancestor of Hominoidea is followed by strong selection
constraint which has led to absolute conservation of these elements in the superfamily
Hominoidea. It has been argued that many of the reported human accelerated regions (HARs)
are likely to be simply a result of biased gene conversion (Galtier and Duret 2007). One of the
main characteristics of biased gene conversion in mammalian genome is an excess of AT>GC
transitions which leads to high contents of GC in regions affected by biased gene conversion
(Duret and Galtier 2009). GC-content analysis of Hominoidea-restricted HCNSs however
demonstrated that not only these elements are not GC-rich but in contrary they are GC-poor
sequences (See Appendix A19b). Another phenomenon which might interfere with proper
calculation of evolutionary rate in Hominoidea-restricted HCNSs ancestral sequences is that
HCNSs might occasionally align not with orthologs but with paralogs in outgroup species;
however, | have aimed to minimize this effect by using whole-genome global alignments in
addition to making use of repeat-unmasked genome sequences. These results, in total, provide
strong evidence that formation of Hominoidea-restricted HCNSs is the result of adaptive

evolution in common ancestor of Hominoidea superfamily.

Hominoidea-restricted HCNSs are overrepresented in close proximity of protein coding
genes, in distance range of 5 to 50 kb from the transcription start sites. In distances less than 5
kb there is no significant differences between Hominoidea-restricted HCNSs and random
expectations, lincRNAs or vista enhancer elements and at distances farther than 50 kb and over
500 kb, HCNSs are underrepresented. It is interesting to note that lincRNA distribution is

identical to that of random coordinates and at distances farther 5 kb from transcription start
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sites, the two of them have distribution frequency standing between HCNSs and vista enhancer
elements (Figure 4-3). The significant non-random and contradictory genomic distribution of
Hominoidea-restricted HCNSs regarding transcription start sites compare to verified enhancers
suggests that HCNSs are not enhancer elements. On the other hand, the distribution pattern of
intergenic silencer elements in human genome clearly indicates that in contrary to enhancer
elements that tend to be located far away from protein coding genes TSSs, the silencer elements
along with HCNSs tend to be located in proximity of transcription start sites. The genomic
location pattern of Hominoidea HCNSs is also contradictory to the pattern of distribution of
conserved noncoding sequence distribution shared by amniotes reported by Babarinde and
Saitou (2016). This discrepancy could be due to the difference in functionality of old CNSs which
has evolved more than 300 million years ago in amniotes serving enhanceric role in diverse
variety of species such as primates, rodents, carnivores and cetartiodactyls compare to young

HCNSs emerged less than 30 million years ago that are functional only in Hominoidea.

Hominoidea-restricted HCNSs do possess unique enrichment pattern regarding active
enhancer epigenomic marker (H3K4mel) and also active promoter epigenomic marker
(H3K4me3). Regarding enhanceric epigenomic marker, Hominoidea-restricted HCNSs show
depletion in tissue-specific manner especially in fetal brain compare to lincRNA and random
coordinates while vista enhancer elements revealed to be significantly enriched with this marker
in fetal brain as expected (Figure 4-6). Analysis of H3K4me1l promoter marker enrichment, while
again showed significant depletion for HCNSs, however, the depletion showed no tissue-
specificity (Figure 4-6a). These results are consistent with previous studies (Andersson et al.
2014; Leung et al. 2015) and reflects more tissue-restricted mode of function of enhancers
compare to promoters. Another main difference observed for H3K4me3 and H3K4mel, is the

significant enrichment of lincRNA H3K4me3 promoter marker across all tissues (Figure 4-6b)
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which may reflect overlap of lincRNA with protein coding genes promoters or their
transcriptional activity. These results indicate that Hominoidea-restricted HCNSs are not serving
their roles as lincRNA or enhancers. Analysis of transcription level of Hominoidea-restricted
HCNSs further indicates tissue-specific silenced nature of these elements in fetal brain by
showing that HCNSs produce significantly less enhancer RNAs not only compare to vista

enhancer elements but also to that of random coordinates (Appendix A19a).

Hominoidea-restricted HCNSs are likely to have suppressive silencing effects on the
expression of their target genes. Specially, Figure 4-4b shows that Hominoidea-restricted HCNSs
are associated with tissue-restricted suppressive effect on their target genes during embryonic
developmental stage in fetal brain. This result is reproducible using expression data from various
samples and various databases (Figure 4-4b and Appendix A18c) which clearly demonstrate
significantly lower expression of Hominoidea-restricted HCNSs target genes in the tissue of fetal
brain. It should be noted however that this observation is based on the assumption of target
genes of regulatory elements to be identifiable considering the closest protein-coding genes.
Although there have been few reported cases of long-range enhancers such as shh (Lettice et al.
2003) where regulatory elements are located far away from their target genes, however, other
studies (e.g. McLean et al 2010, Babarinde and Saitou 2016) demonstrated physical distance to

be a proper means for identification of target genes of regulatory elements.

It has been previously reported that Hominoidea members such as human and
chimpanzee possess heterogeneous lineage-specific immune response (Barreiro et al. 2010),
however, they share similar physiological and anatomical brain characteristics (Bailey and Geary
2009; Volter and Call 2012). These observations could be explained, at least in part, by my results
as Hominoidea-restricted HCNSs are shown to be enriched in proximity of genes involved in

nervous system but depleted for immunity and defense (Figure 4-4a). Therefore, the observed
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differences in immune response and similarities in brain characteristics of Hominoidea might be
related partly to HCNSs. It has also been suggested that modifications in temporal and spatial
gene expression during development play crucial role in the evolution of species (Nei 2013) and
minor changes in noncoding regulatory elements have been shown to have the capability to lead
to major changes in gene expression pattern (Leung et al. 2015). The results of my analysis
further corroborates this hypothesis by showing that target protein coding genes of HCNSs,
some of which show minor differences to non-Hominoidea orthologs, are enriched for
developmental process and do possess significantly modified expression pattern within the
tissue of fetal brain which could be involved in evolution of family-specific unique intellectual

characteristics observed in Hominoidea.

These results, in total, strongly suggest that Hominoidea-restricted HCNSs are imposing
tissue-restricted silencing effects on their proximal genes which are involved in embryonic brain
development. Similar properties were also found for highly conserved noncoding sequences
restricted to humans and great apes identified by Saber el al. (2016). The young Hominoidea-
restricted HCNSs which have evolved less than 30 Mya are majorly different from ancestral CNSs
which have emerged more than 300 million years in three different aspects: 1) genomic
distribution (Enrichment of young HCNSs in proximity of TSSs vs. depletion of ancestral CNSs in
vicinity of TSSs), 2) enrichment of epigenomic markers (Depletion of young HCNSs in H3K4mel
enhancer marker vs. enrichment of old ancestral CNSs in H3K4me1) and 3) expression pattern
of target genes ( Significantly lower expression of young HCNS target genes in fetal brain vs.
dramatically higher expression of ancestral CNS-associated genes in fetal brain). These results
clearly indicate heterogeneous age-dependent characteristics of conserved noncoding
sequences. It has also been shown that while ubiquitous transcription factor binding sites in

human are GC-rich, the tissue specific transcription factor binding sites are GC-poor
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(Hettiarachchi and Saitou 2016). Significantly low GC-content of Hominoidea-restricted HCNSs
suggest that these elements may be functioning as tissue-specific transcription factor binding
sites. This hypothesis is in line with my findings which suggest strong tissue-specific function of

Hominoidea HCNSs.

Although the silencing effect of Hominidae- and Hominoidea-restricted HCNSs are
deducible from their characteristics and also expression dynamics of the HCNS-associated genes,
however, the mechanism by which the repression is being implemented and the functional

importance of such effects is yet to be explored through experimental analysis.
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Chapter 5. Conclusion and future directions

The genome is an elegant but cryptic source of information. The roughly three billion
base pairs which constitutes the genomes of the superfamily Hominoidea and family Hominidae,
directly or indirectly, encodes all the instructions for synthesizing the macro molecules which in
turn lead to the emergence of unique phenotypes observed in these clades. Sequencing the
genome of all members of Hominoidea, provide accurate DNA sequences for each of the ape’s
chromosomes. However, at present, our understanding of the protein-coding and markedly
functional non-coding portions of the genomes which spatially and temporally regulate gene
expression underlying the unique phenotypes observed in apes or great apes, is far from being
complete. To have a better understanding of apes’ genomes, and by extension, the biological
events they orchestrates and the way in which they can give rise to such unique characteristics,
we need a clear overview of the novel shared genomic information they enclose and the

functional importance of these novel elements.

Comparative genomic approach for identification of novel protein-coding and functional
noncoding sections of the genome, have been shown to be susceptible for false positive errors
(Moyers and Zhang 2015). Using a strict thresholds to eliminate false positive results, here, |
identified 679 novel potential regulatory elements in Hominoidea superfamily (apes) along with
1658 novel potential regulatory elements and one novel protein coding gene in Hominidae

family (great apes) (Table 5-1).

By conducting a load of genomic, epigenomic and expression analysis, | confirmed the
action of purifying selection and unique mode of evolution of novel regulatory elements

identified here as highly conserved noncoding sequences. | also showed that the target genes of
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these regulatory elements do possess unique distribution pattern in the genome and also unique

expression pattern across human tissues.

Although, the computational evidence, provided here, gives strong evidence for the
functional importance of the identified novel regulatory elements, further experimental
verifications are required for confirmation of functionality of HCNSs. Recent advances in
targeted genome editing technologies such as CRISPR/Cas9 which has made the parallel in-vivo
investigation of the functionality of dozens of targets feasible, presents suitable approaches for
experimental verification of the potential regulatory elements introduced here and can be the

next step of this study.

In this study, | also computationally identified a protein coding gene restricted to great
apes and showed its multi-step mode of evolution within 100 million years from transposable
elements. This functionally unknown gene located on a medically important region, do not show
any sign of domain similarity to known protein coding genes, however, there are multiple
evidences of its tissue specific expression at RNA and protein level in human and great apes. To
unravel the functionality of this gene named DSCR4, | conducted gene perturbation analysis
followed by transcriptome profiling which provided evidence for the involvement of this gene in
regulation of cell migration. Due to lack of any sort of previous knowledge on functionality of
this gene, the gene perturbation approach, was the most suitable methodology feasible for
investigating the functionality of this gene and provided the likely pathways and gene regulatory
networks in which DSCR4 is involved. The identified biological processes in which DSCR4 is
involved, should be further analyzed through direct experimental approaches as the next steps

of this research.
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Since no known or putative protein domain could be identified in the protein coded by
DSCR4, the protein crystallographic experiments are yet another required steps for its full
characterization. Since the coding sequence of DSCR4, and its proximal gene, DSCR8, with which
it share a promoter, do not show any significant homology to any known protein,
characterization of the protein secondary structures and the domains existing in DSCR4 and
DSCR8 coded proteins, could lead to the introduction of a new family of functional proteins to

which these mysterious genes belong.
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Table 5-1. Novel functional coding and noncoding genomic elements identified in this study.

Clade Novel requlatory elements Novel protein-coding gene
Hominoidea superfamily 679 0
(apes)
Hominidae family 1658 1
(great apes)
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Appendix

Appendix Al. Molecular phylogeny of simians

Hominidae is one of the two living families of ape superfamily Hominoidea; Hylobatidae or lesser
apes constitute the other family. Divergence times (measured as million years ago) were
retrieved from Time tree knowledge-base. Pink, blue and red colored branches respectively

represent lesser apes (Hylobatidae), old world monkeys (Cercopithecidae) and new world

monkeys.
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Appendix A2.

a) Properties of Hominoid-specific genes identified by Xie et al. (2012) over time using Ensembl genomic database.

Ensembl 54 Ensembl 82
Gene Ensembl 75 (2014)
(2009) (2015)
Protein coding§ Protein coding Antisense gene
ENSG00000174407 L )
Cat, dolphin gibbon -
Protein coding Antisense gene Antisense gene
ENSG00000204091 .
tarsier, mouse lemur, megabat,
dolphin, alpaca
. i Do not exist Do not exist
Protein coding
ENSG00000212736
Protein coding Protein coding Protein coding
ENSG00000167747 Gibb b Gibb b
i »M t, i , M t,
Megabat, dolphin 1obon f.:ga a4 £obon, Hlegaba i
dolphin Vervet-agm, dolphin
. . Do not exist Do not exist
Protein coding
ENSG00000214112 . .
hyrax, megabat, tarsier, dolphin,
elephant, cat
Protein coding Processed Pseudogene  Processed Pseudogene
ENSG00000221891
§ Gene type.

T Species other than Hominidae in which significant conservation and coding potential identified

b) Properties of Hominidae-specific genes identified in current study over time using Ensembl genomic database.

G Ensembl 54 Ensembl 75 Ensembl 82
o (2009) 2014) 2015)
ENSG00000184029 Protein f”di"g 3 Protein coding Protein coding
§ Gene type.

T Species other than Hominidae in which significant conservation and coding potential identified
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Appendix A3. Non-Hominidae species considered for identification of Hominidae-specific

genes

Species

Atlantic Cod

Caenorhabditis
elegans

Cave fish

Chinese
softshell turtle
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Elephant

Flycatcher
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Kangaroo Rat

hedgehog
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carolinensis
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Pelodiscus
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Xenopus
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Myotis lucifugus

Microcebus
murinus

Monodelphis
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Procavia
capensis
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Appendix Ad. DSCR4 sequence alignment.

(a) DSCR4-coded protein’s multiple sequence alignment. (b) Multiple sequence alignment of
homologous DNA sequences to human DSCR4 exon 3 protein coding sequence. Common
disabler is marked in red rectangle.

Cad
Human MSLIILTRDDEPRIFTPDSDAASPALHSTSPLPDPASASPLHREEKILPKVCNIVSCLSF
Neanderthal MSLIILTRDDEPRIFTPDSDAASPALHSTSPLPDPASASPLHREEKILPKVCNIVSCLSF
Bonobo 'SLIILTRDDKPRIFTPDSDAASPALHSTSPLPDPASASPLHREEKILPKVCNIVSCLSF
Chimpanzee MSLIILTRDDEPRIFTPDSDAASPALHSTSPLPDPASASPLHREEKILPKVCNIVSCLSF
Gorilla IMSLIILTRDDEPRIFTPDSDAASPALHSTSPLPDPASASPLHREEKILPKIACNIVSCLSF
Orangutan SLIILTRDDEPRIFTPDSDAASPIJLHSTSPLPDPASASPLHREEKILPKECNIE
Human SLPASPTDSGLASPTIITREGQQFWAKCLIWKYQLYLHGLHKKSDGRRDKQIS
Neanderthal SLPASPTDSGLASPTIITREGQQFWAKCLIWKYQLYLHGLHKKSDGRRDKQISASPST)
Bonobo SLPASPTDSGLASPTIITREGQQFWAKCLIWKYQLYLHGLHKKSDGRRDKQISASPST]
Chimpanzee SLPASPTDSGLASPTIITREGQQFWAKCLIWKYQLYLHGLHKKSDGRRDKQISAS
Gorilla SLPASETDSGLASPTIITSEGQQFWAKCLIWKYQLYLHELHKKSSGRRDKQISASPST
Orangutan SLPASPHDSGLASPTIITSEG"FWAKCLIWK—QLYLHGLHKKSGGRRDK ISASPST
b2
Human AACCAGIIGAGGGGCAGCAATTTTGGGCAAAATGTCTGATTTGGAAATACC
Neanderthal 1ACCAGﬂGAGGGGCAGCAATTTTGGGCAAAATGTCTGATTTGGAAATACC
Bonobo ‘ACCAGHGAGGGGCAGCAATTTTGGGCAAAATGTCTGATTTGGAAATACC
Chimpanzee AACCAGEGAGGGGCAGCAATTTTGGGCAAAATGTCTGATTTGGAAATACC
Gorilla AACCAGTGAGGGGCAGCAATTTTGGGCAAAATGTCTGATTTGGAAATACC
Orangutan ‘ACCAGTGAGGGGCAGCAATTTTGGGCAAAATGTCTGATTTGGAAATAEC
Baboon AACCAGTGAGAGGCAGCAATTTTGGGCAAAATGTCTGATTTGGAAATACC
Macaque AACCAGTGAGAGGCAGCAATTTTG GEAAAATITCTGATTTGGAAATACC
Marmoset G G
Human
Neanderthal al
Bonobo ATGGGAGAAGGGACAAG
Chimpanzee AACTTTACCTCCATGGGCTCCACAAGAAATCAGATGGGAGAAGGGACAAG
Gorilla AACTTTACCTCCATIGGCTCCACAAGAAATCAIGTGGGAGAAGGGACAAG
Orangutan
Baboon
Macaque
Marmoset
Human
Neanderthal
Bonobo
Chimpanzee
Gorilla
Orangutan
Baboon
Macaque
Marmoset
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Appendix A5. Prediction of structures in DSCR4 coded protein.

(a) Secondary structure analysis of DSCR4 protein using chou and Fasman secondary structure
prediction algorithm. (b) DSCR4 secondary structure prediction using 2kjda protein as template.
(c) DSCR4 secondary structure prediction using I-TASSER

(a)
T e e e

113

Secondary Structure:

b * - * E 3
Query 1 MSLIILTRDDEPRIFTPDSDAASPALHSTSPLPDPASASPLHREEKILPKVCNIVSCLSF 60
Helix 1 HHHHHH HHHHHH HHHHHHHHHHHHHHHHHHHHH 6@
Sheet 1 EEEEEE EEEEEEEEEEEEE 6@
Turns 1 T 7T TTT T T T TT 60

* * * * 5

Query 61 SLPASPTDSGLASPTIITREGQQFWAKCLIWKYQLYLHGLHKKSDGRRDKQISASPST 118

Helix 61 HHHHHHHHHHHHHHHHHHHHHHHHHHH HH 118
Sheet 61 EEEEEEEEEEEEEEEEEEEEEEE 118
Turns 61 T Il TIT T T T T 118
Total Residues: H: 62 E: 42 T: 208

Percent: H: 52.5 E: 35.6 T: 16.9

(b)
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Appendix A6. Contribution of transposable elements in DSCR4 exons formation

Gene coordinate TE match in human genome TE properties
Genomic Sw .
region Chromosome  Start  Length SCORE Start End Class Family
DSCR4/
DSCR8 21 39493455 92 2102 39493281 39494097 LTR9 LTR/ERV1
promoter
DSCR4 21 39493222 233 2102 39493281 39494097 LTRY LTR/ERV]
EXON1
DSCR4
EXONI 21 39493222 233 940 39493141 39493280 LTRI6A LTR/ERVL
DSCR4

21 39492401 102 1849 39492309 39492672 MLT2CI1 LTR/ERVL
EXON2
oS 21 39426313 763 460 39426799 39426943 LTR79 LTR/ERVL
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Appendix A7. Contribution of transposable elements to human protein coding genes’ exon
formation.

400
350
300
250
200
150

100

Frequency of protein coding
exons

50

<0.1 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
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Appendix A8. Multiple alignment of DSCR4 core promoter.

Analysis of the core promoteric region of DSCR4/8 bidirectional promoter reveals that DSCR4
promoteric region has retrotransposed 43-73 million years ago in common ancestor of simians.

Human BRRNCNAEREEEAcN T RERENC-HEN~2 ANECHNTEACECE
chimpanzee NNNNENACNEEEARNEANENEECENENAATNCTNNEEAREEE
Gorilla [ ]  ae]  o f || | ERee
Orangutan R
Gibbon R
Vervet-AGM L EE

Macaque
Olive baboon
Marmoset

Tarsier

Mouse lemur
Bushbaby @ @--——----"-"""""“"-"-"-"—-—-— -
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Appendix A9a. DSCR4 Analysis of selection based on population genomic variation data.

The percentage of windows under positive selection based on Tajima D and XP-CLR as well as
percentage of SNPs under positive selection based on XP-EHH in European, Asian and African
populations for HS gene, DSCR4 along with SLC24A5 and EDAR genes which have been shown to
be under positive selection respectively in European and Asian populations, are shown as bar
chart. (CEU: Utah residents with Northern and Western European ancestry from the CEPH
collection, CHB: Han Chinese in Beijing, China, YRI: Yoruba in Ibadan, Nigeria). DSCR4 doesn’t
show signs of positive selection in any of the investigated populations.

0.9 - r
0.8 -
0.7 -
0.6 -
p
0.5 -
#DSCR4
0.4 - WEDAR
WSLC24A5
0.3 -
0.2 -
0.1 -
0 _ _ .
CHB

CEU ‘ CHB ‘ YRl | CEU ‘ CHB | YRI | CEU
Tajima D XP-EHH XP-CLR
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Appendix A9b. DSCR4 Analysis of selection of DSCR4 gene based on the ratio of non-

synonymous to synonymous site changes in humans and great apes.

Sd Sn S N ds dn dn/ds
Human-Chimpanzee 2 0 83.33 273.66 0.0244 0 0
Human-Gorilla 1 6 83 274 0.0121 0.0222 1.83471
1
Human-Orangutan 2 6 82.5 271.5 0.0246 0.0224 0.91056
9

Sd. Number of synonymous changes
Sn. Number of non-synonymous changes
S. Number of synonymous sites

N. Number of non-synonymous sites
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Appendix A10a. Neutrally evolving sequences’ conservation level in Non-coding sequences.

Human-marmoset, human-macaque and human-gibbon homologous sequences’ conservation
plot based on non-coding DNA conservation level (a, b and c, respectively).
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Appendix A10b. Neutrally evolving sequences’ conservation level in coding sequences.
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Appendix A11. Length distribution of HS HCNSs.
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Appendix A12. Noncoding identity distribution within Catarrhini infra-order.

Distributions of whole-genome noncoding sequence identities are represented for Catarahini
members.

10

= Human_chimpanzee

Human_Gorilla

Human_Orangutan
== Human_Gibbon

= Human_Macaque
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(%))

75
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Appendix Al3a. Evolutionary origin of Hominidae-specific HCNSs (HS HCNSs).

Average length difference of sequences mapped to HS HCNSs in gibbon and rhesus macaque
from human reference sequence is significantly higher than random sequences of the same
number and size.

07 1

06 1

05 1

o
~
L

W HS HCNS

Frequency

o
[F8]

B Random

02 1

01 1

<1 % S5 4 3 2 -1 0 1 2 3 4 5 6 >
Average length difference of mapped sites from human reference sequence
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Appendix A13b. Examples of Hominidae-specific HCNSs under strong accelerated evolution in

Hominidae common ancestor

HS HCNS properties Genetic Likely target gene
distance
Chromosome Start Length o Gene name Start End
distance
3 43045007 107 0.19 KRBOX1 42850938 43097363
X 152417953 165 0.12 MAGEAL 152481522 152486115
11 49108620 100 0.11 TRIM64C 49075266 49080664
2 131062944 105 0.1 CCDC115 131095814 131099922
X 119157282 110 0.1 RHOXF2B 119205848 119211707
1 13214501 116 0.1 PRAMEF26 13216356 13219581
16 33769118 101 0.09 RP11- 33647044 33647696
812E19.9
16 33744583 100 0.09 RP11- 33647044 33647696
812E19.9
16 32922979 100 0.09 TP53TG3 32684852 32688053
3 14132416 112 0.08 TPRXL 13978756 14124311
7 62537666 109 0.08 AC006455.1 62809239 62812151
5 70988362 107 0.08 CARTPT 71014990 71016875
11 104943827 124 0.08 CASPI 104896170 104972158
14 74764127 133 0.07 ABCD4 74752126 74769759
18 76749706 105 0.07 SALL3 76740275 76762677
7 62778744 123 0.06 AC006455.1 62809239 62812151
10 27618391 120 0.06 PTCHD3 27687116 27703297
2 132093021 108 0.06 PLEKHB2 131862420 132111282
7 48121826 120 0.06 UPP1 48128225 48148330
17 26048502 109 0.06 NOS2 26083792 26127525
8 21426860 107 0.06 GFRA2 21547915 21669869
2 132106021 135 0.06 PLEKHB2 131862420 132111282
6 155929553 107 0.06 NOX3 155716504 155777037
7 63149048 112 0.06 AC073188.1 62858414 62858860
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Appendix A13c. The GC content of the CNS and CNS flanking regions of CNSs.

Using sliding windows of 200bp size and sliding steps of 10bp, the percent GC contents of the
Hominidae-specific HCNS and flanking regions were computed. Position 0 is the 100bp in the
center of the CNSs.
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Appendix Al4a. Proximity of Hominidae-specific HCNSs to genes and transcription start sites
(TSSs)

(a) The proximity of the HS HCNSs to genes. The horizontal axis represents the distance of the
HCNS to the closest protein coding gene. (b) The proximity of the HCNSs to Transcription start
site (TSS) compared to random expectations using GREAT online software. Hominidae-specific
HCNSs are significantly overrepresented within range of <50 Kb from TSSs, and
underrepresented for distance ranges > 50 kb from TSSs (p-value < 2.2e-16, chi-square test).
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Appendix Al4b. Hominidae-specific HCNSs’ target genes with expression switch on the branch
connecting great apes and macaque.

Organ Gene ID HS HCNS
per target
gene
Brain ENSG00000183098, ENSG00000179163, ENSG00000105675 1
Cerebellum ENSG00000183098, ENSG00000112679, ENSG00000169851, ENSG00000169851, ENSG00000086827, 2.6

ENSG00000146938, ENSG00000169504, ENSG00000169504, ENSG00000124198, ENSG00000165194,
ENSG00000165300, ENSG00000165300, ENSG00000213949, ENSG00000162415, ENSG00000083123,
ENSG00000105675, ENSG00000184220, ENSG00000146085, ENSG00000146085, ENSG00000111261,
ENSG00000114480, ENSG00000114480, ENSG00000060718, ENSG00000143061, ENSG00000143061,
ENSG00000174989, ENSG00000165194, ENSG00000165194, ENSG00000165194, ENSG00000204262,
ENSG00000196950, ENSG00000166897, ENSG00000206052, ENSG00000166266, ENSG00000169851,
ENSG00000087502, ENSG00000133687, ENSG00000169851, ENSG00000108018

Heart ENSG00000149418 |

Liver ENSG00000183098, ENSG00000112139, ENSG00000131142, ENSG00000144028, ENSG00000140479, 1.4
ENSG00000139263, ENSG00000197766, ENSG00000172348, ENSG00000166377, ENSG00000077380,
ENSG00000122641, ENSG00000122641, ENSG00000106070, ENSG00000113273, ENSG00000110900,

ENSG00000110900, ENSG00000171714

Testis ENSG00000183098, ENSG00000184226, ENSG00000184226, ENSG00000153822, ENSG00000086827, 1.4
ENSG00000179163, ENSG00000124198, ENSG00000112996, ENSG00000215009, ENSG00000186094,
ENSG00000163528, ENSG00000141622, ENSG00000135541, ENSG00000185008, ENSG00000198597,
ENSG00000138316, ENSG00000085382, ENSG00000170417, ENSG00000071242, ENSG00000071242,
ENSG00000166377, ENSG00000197603, ENSG00000157330, ENSG00000187391, ENSG00000145439,
ENSG00000174429, ENSG00000125999, ENSG00000143222, ENSG00000169946, ENSG00000143507,
ENSG00000065325, ENSG00000141568, ENSG00000188517, ENSG00000173200, ENSG00000147202,
ENSG00000204262, ENSG00000106070, ENSG00000132842, ENSG00000164326, ENSG00000180537,
ENSG00000087502, ENSG00000184178, ENSG00000185008, ENSG00000163995, ENSG00000038532,

ENSG00000152936, ENSG00000152936, ENSG00000152936
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Appendix Al4dc. Analysis of tissue specificity of Hominidae-specific HCNSs.

(a) Analysis of the Epigenome roadmap chromatin immunoprecipitation data reveals intensified
chipseq signal within HS HCNSs compared to flanking regions in fetal brain. (b) Analysis of the
Epigenome roadmap data regarding H3K4me3 epigenetic mark showed intensified signal within
HS HCNS in placenta. H3K4me3 is associated with active promoter regions.

a Feta brain Chipseq
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Appendix A15a

(a) Gene ontology analysis of conserved noncoding sequences under accelerated
evolution in Human (HACNSs).

Biological Process Binom

Fold
Enrichment
regulation of type B pancreatic cell development 6.67
negative regulation of transcription by competitive
promoter binding 4.99
forebrain ventricular zone progenitor cell division 4.64
regulation of transcription involved in cell fate

commitment 3.48
positive regulation of filopodium assembly 3.35
neuron recognition 3.13
neuron fate specification 2.84
regulation of filopodium assembly 2.68
neural crest cell migration 2.39
forebrain neuron differentiation 2.32
cell recognition 23
cell fate specification 22
neural crest cell development 2.19
negative regulation of neuron differentiation 2.18
forebrain generation of neurons 2.18
neuron fate commitment 2.13
homophilic cell adhesion 2.08

(b) Gene ontology analysis of human genome regions under accelerated
evolution (HARs).

Biological Process Binom
Fold
Enrichment
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Appendix A15b. Absolute gene expression profiles of DSCR4 and DSCR8 genes along with their

flanking genes based on 25229 Affymetrix Human Genome U133 Plus 2.0 Array analysis.
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Appendix A15c. DSCR4 gene regulation.

Encode data suggest existence of three active regulatory elements within DSCR4gene. These
regions share three characteristics: h3k27 acylation epigenetic mark that is found near active
regulatory elements, forming open chromatin region which is a characteristic shared by several
classes of transcription factor binding sites and acting as binding site for several transcription
factors.

Icmal (az2.13) EYEETIEE ]

Scale 20 kb} { heig

chrat: | 39,440, 000| 39,450, 000] 39,460, 000| 39,470,000] 39,480, 000] 39,490, 000| 39,500,000] 39,510,000| 39,520, 000|

UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAS & Comparative Genomics)

" i
DSCRE i
DSCRS }
DSCRS i}
OSCRE i
DSCRE i

RefSeq Genes

DSCR4 o H
DSCRS
DSCR8
DSCRS
DSCRS
OSCRS

Human mRNAs from GenBank
Hunan nRNAS | H-++ + 1 + = +—itH H
Human ESTS That Have Been Spliced
Spliced ESTs 4 - HH- t

™ T
100 _ H3K27AC Mark (Often Found Near AcCtive Regulatory Elements) on 7 cell lines from ENCODE
Layered H3K27AC

®o " A

DN?‘[’[‘ Ngmrscns{ﬂviﬂ;'cllustors in 128 cell types from !NCOOEl 3
)

DNase Clusters |

Transcriptlion Factor cm-r-sea (161 factors) from znlcoo: with !'actorrook Mot ifs
i I'e I i I

Txn Factor ChIP i

¥
cenwas: | 39,492, 000! 39,493, 000] 39,494, 000l 39,495, 000l
UCSC Gones (RorSed, GenBank, CCOS, Rfam, TRNAS & COMDANAT ive Gonomics)
oS C =4} -
OSCR4 i} -
HUBAN MRNAS From GenBank
Human mRNAS | - -
Human ESTS That Have Been Spliced
Spliced ESTs = —

100 _ HIK2T7AC Mark (Often Found Near ACT ive Regulat
Lavered HIKa7nc

Elements) on 7 cell 1ines from ENCODE

ONAZeI Hupersensitivity Clusters (o 125 cell Tupes from ENCOOE ws>
=3 -

1 —
2
TraNSCr ipTioN FACtOr CHIF-seq (161 fACTOrs) from ENCODE With FACTorbook MOt ifs
ATFL e ©HD YV R OATAS I
sArso FOS ExpRcCERT POLR2A
1 rosLy -} MYC —

150



Appendix A16. Quality check analysis of extracted RNA samples from PTCN-DSR4 transfected,
PTCN-control transfected and normal HS27a cells using Agilent 2100 bioanalyzer.

Three peaks indicating a marker, 18s ribosomal RNA (rRNA) and 28s rRNA, clearly visible in all
three samples indicate the high quality of extracted total RNAs. The RNA Integrity Number (RIN)
(calculated out of 10), also confirms that there are no sign of degradation in extracted RNA
samples.
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Appendix A17a. Phylogenetic tree and divergence times of lineages in primate order.

The evolutionary relationships of Hominoidea, including humans, great apes and lesser apes
with other primate members and their divergence times are shown. Rhesus macaque
representing family Cercopithecidae (Old world monkeys), marmoset representing parvorder
Platyrrhini (New world monkeys) and bushbaby representing family Galagidae are the three
species with closest evolutionary relationships with Hominoidea and have been used as

outgroups in this study.
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Appendix A17b. Neutral evolution rates in protein coding and non-coding sequences.

Human-rhesus macaque, human-marmoset and human-bushbaby protein coding sequences’
synonymous sites substitution rate were calculated for genes with one-to-one orthology (B, D
and F respectively). Human-rhesus macaque, human-marmoset and human-bushbaby
nucleotide substitution rate in non-coding non-repetitive sequences were calculated using
whole-genome DNA sequence alignments (A, C and E, respectively). The mode of the plots
represent neutral evolution threshold. The neutral evolution rates are similar in coding and
noncoding sequences, with slight abundance of conservation in protein coding synonymous
sites, expected due to the action of negative selection on some of the coding synonymous sites.

93.8 94.5
(A) | B
M )
I

Do oo b ool uMhIL

153



Appendix A17c. Hominoidea-restricted HCNS identification pipeline.

Repeat-masked and CDS-masked human genome were used as reference and whole gnome
pairwise BlastN searched were conducted between Hominoidea. The non-coding sequences at
least 100bp long with absolute conservation across all Hominoidea were defined as Hominoidea-
shared HCNSs. In the next step, each of Hominoidea-shared HCNSs were searched using BlastN
and also mapped to outgroup genomes using whole genome alighnment data. Discarding
Hominoidea-shared HCNSs with orthologous sequences in outgroup species with conservation
above neutral evolution threshold, 679 Hominoidea-restricted HCNSs were identified.
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Appendix A18a. Rate of insertion and deletion at HCNS ancestral sequences.

Eighty three percent Hominoidea HCNSs’ ancestral sequences have experienced insertion or
deletion, however, only forty percent of sequences under neutral evolution show such
characteristic. HCNSs have significantly higher rate of insertions and deletions longer than 10
nucleotides compare to neutrally evolving random sequences. (Chi square P value: <0.0001)
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Appendix A18b. Genomic distribution enrichment analysis using GREAT tool.

HCNSs are enriched in close proximity of protein coding gene’s transcription start sites. The
enrichment is strongest at distances between 5-50 kb at upstream and downstream flanking
regions compared to vista enhancers and random coordinates and similar to intergenic silencers.
HCNSs and intergenic silencer elements are underrepresented at distances farther than 50 kb
from their target protein coding genes’ transcription start sites. Chi square P values are <0.0001
for pairwise comparison of HCNSs with random coordinates, vista enhancers and lincRNAs.
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Appendix A18c. Enrichment of HCNS-target genes’ expression across human tissues.

Analysis of the average gene expression of HCNS target genes across human tissues consistently
reveals lower expression of HCNS target genes compare to target genes of random coordinates
and vista enhancer elements in embryonic brain. No significant difference were observed across
other tissues. ns (non-significant); ***P value < 0.001 (Mann—Whitney U test).
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Appendix A19a. Enrichment of HCNS eRNA expression in human tissues.

Enhancer eRNA expression analysis across human tissues reveals that HCNSs have significantly
lower eRNA expression levels compare to vista enhancers and random sequences in fetal brain.
***p value < 0.001 (Mann—Whitney U test).
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Appendix A19b. Enrichment of HCNS eRNA expression in human tissues.

Using sliding windows of 100bp size and sliding steps of 10bp, the percent GC contents of the
Hominoidea-restricted HCNSs and flanking regions were computed. Position 0 is the 100bp in
the center of the CNSs. HCNSs have significantly lower GC levels compare to their upstream and
downstream flanking regions and also compare to whole genome average.
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Appendix A20. DNA sequence of top HCNSs under strong accelerated evolution in Hominidae
common ancestor. (The genomic locations are presented according to GRCH37 In the format
of: Chromosome | genomic start coordinate:genomic end coordinate)

>Human|X:119157282:119157391

TTACTCCAGCCCACATGGCAGCTGCCCAGGCAGCCCAGAAGGAGGCCTAAGAAAGCCCTAGAAGCAAA
GCCATAAGAATAAGTCAGTTTTCCTAGAGGTCAAACAAGGCT

>Human|X:152417953:152418117

GCAGGGATTGTGTTCTTTGGACCATCCTAATAGTCACCTCCTTGGACCTTCTTGCCTAGCAGTCTCCAGC
ATAGTAGTAATTACAGGAAGAATTGGAAAGGAGCATGGCACAGTGCCCATAGGCAGGTGCATGCTGTC
CTTACCCACCAGGAAAGTAGCCCCTTC

>Human|11:49108620:49108719

ACAGACAAATCAGGAAGACCTGCAATATCCATGAGGAATCAGAATCCTTTCAAGATGAAGCAGAGAGG
GTGAACACAATATATTATGGATTTGAGAACCC

>Human|11:78300454:78300554

GGACCAGGCTTATAAAGCTCACTAAAAGTGTGACAATGAAACATTACAGTATATGCCTCCCAGTGTGAT
GCAGCAGGACATACTTAGTATACCTAGAATAT

>Human|1:13214501:13214616

TATGAATGAATCCAGTCCAGAAATGCCCACCCTGCCCCCTGCTGGCTCCTGGGGCTCTGCTCTTTGGGG
GAATCATGATGAAATTGTGGCAGAGAGTAGAAGTTGAGCCCCATTGC

>Human|11:104943827:104943950

AAAAACTTTCTTGTGTCATTACCTTGTTATCTTTGGAGAATAAGGACCAGGAGTCACAAAAACATCCACC
TTTTGACATGTGGGCCACCAATGTTACTTCCTGTGCTCTAAGCGATGAGTTAAA

>Human|16:32922979:32923078

GTTAAGACTGAATATTTGGTGTAATGGTGCATCACATTATTCTAGCTTCCATACTAGTTGTTTTATTTGTT
TGTTTTCTCCTTTGTTGGCATTTGGTTTC

>Human|16:33744583:33744682

GAAACCAAATGCCAACAAAGGAGAAAACAAACAAATAAAACAACTAGTATGGAAGCTAGAATAATGT
GATGCACCATTACACCAAATATTCAGTCTTAAC

>Human|16:33769118:33769218
GGATCTTCAATAGAAACACTCTTGTTTACAGATTTGCTCTGTGATGTGTGATTAGAGATGATTTTCTCAT

CTCAGGAACAATAAGAATCAGAAGCTGAAAC
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>Human|[3:14132416:14132527

CACCAAAATAGCAGACTTTCAACAATCTCTGTTCTTAGGACATTGATGGGATTTAAAGTCTTTTCTCTGA
ATCCCTGAAGATAGTTATGTAGTTAAAACTCATGCCAGAAAA

>Human|3:43045007:43045113

TAGATGATAGACAGAATCAAACTCAAGTCACTCCCTGCCAGAGTCATCTGGCAGCAGAGTGGTAGCAC
ACTGGTAGCAGAGTGAAGGCAGCCTGCTACCAGATAAAA

>Human|2:131062944:131063048

AGACTCACCAGGAAATGGAGAGCCAAGTAGAGAAACCAAGGCAGCTATCCAAGAATAAGACATCATTC
AATGGGTGGAAGACTTTTGCAAAGTCAAAATTGAATA

>Human | 5:70988362:70988468

GCTAGGGTCCTCCAAGGAGTGGATGAAGTATCCTAACAGGGCATATTGGGCAATGCCAGCTGCAAAGA
AGAGGCCACCCATTGATCCATATTTAGGGAAAAGAGAAC

>Human|7:62537666:62537774

GCCCCCAAAATTCCACTCCTGGCCTGCATGGGTCCCAGTATCTGCCAGGCCTGCTGTTGACACCAAAAC
AGCCATTGCTGTGGCCCTCAGCCCTGCCTCTCAAGGCCTT

>Human|9:89404350:89404457

ATGCTGAAAAATAATATGTTGGCCTAGATAATACCTAAACAATACCTACATGTTGACCTCAACAATACCA
AATTGCATGTTGGCCTAGACAATATCTAAACAATACCT
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