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ABSTRACT

Noncoding elements: evolution and epigenetic regulation

Logmane Seridi

When the human genome project was completed, it revealed a surprising result. 98% of the genome
did not code for protein of which more than 50% are repeats— later known as ” Junk DNA”. However,
comparative genomics unveiled that many noncoding elements are evolutionarily constrained; thus
luckily to have a role in genome stability and regulation. Though, their exact functions remained
largely unknown.

Several large international consortia such as the Functional Annotation of Mammalian Genomes
(FANTOM) and the Encyclopedia of DNA Elements (ENCODE) were set to understand the struc-
ture and the regulation of the genome. Specifically, these endeavors aim to measure and reveal the
transcribed components and functional elements of the genome. One of the most the striking find-
ings of these efforts is that most of the genome is transcribed, including non-conserved noncoding
elements and repeat elements.

Specifically, we investigated the evolution and epigenetic properties of noncoding elements.

1. We compared genomes of evolutionarily distant species and showed the ubiquity of constrained

noncoding elements in metazoa.

2. By integrating multi-omic data (such as transcriptome, nucleosome profiling, histone modi-
fications), I conducted a comprehensive analysis of epigenetic properties (chromatin states)
of conserved noncoding elements in insects. We showed that those elements have distinct
and protective sequence features, undergo dynamic epigenetic regulation, and appear to be
associated with the structural components of the chromatin, replication origins, and nuclear

matrix.

3. I focused on the relationship between enhancers and repetitive elements. Using Cap Analysis

of Gene Expression (CAGE) and RNASeq, I compiled a full catalog of active enhancers (a
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class of noncoding elements) during myogenesis of human primary cells of healthy donors and
donors affected by Duchenne muscular dystrophy (DMD). Comparing the two time-courses,
a significant change in the epigenetic landscape in DMD was observed that lead to global

dysregulation of enhancers and associated repetitive elements.
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Chapter 1

Introduction

The beginning of 215 century witnessed the completion of the human genome project. After more
than a decade of work and three billion dollars, the project revealed an exciting but unexpected
result: most of the DNA is “noncoding”. Unlike previous estimates of ~ 100,000 genes contained in
the human genome, the project reported only ~ 24,500 genes— accounting for < 5% of the genome
(Lander et al., 2001). Besides, repeat elements, or “junk DNA” composed > 50% of the human
genome (Lander et al., 2001).

Rapid advances in sequencing technologies reduced the cost (time and money) and improved
the quality of genome sequencing. Consequently, genomes of different species became available,
and comparing the genomes became possible. Comparative genomics revealed that many noncoding
elements are under purifying selection— and thus, are likely to be functional. Though, their functions
remained largely unknown.

To understand genome structure and regulation, many international consortiums were created.
For instance, the Functional Annotation of Mammalian Genomes (FANTOM) and the Encyclope-
dia of DNA Elements (ENCODE). The FANTOM datasets showed that > 69% of the genome is
transcribed— including repeats (Carninci et al., 2005; Faulkner et al., 2009). Few years later, the
ENCODE project assigned biochemical activities to ~ 80% of the non-repeat genome (Dunham
et al., 2012). Although, it is still unclear whether the transcriptional and biochemical activities are
indicators of function or just noise, biochemical and evolutionary approaches are complementary
and their integration is essential to identify functional elements in the genome (Kellis et al., 2014).

In this thesis, we integrated evolutionary and biochemical datasets to investigate putative reg-
ulatory roles of noncoding elements. It particularly put emphasis on the epigenetic aspect of this
regulation.

This thesis’s scientific contributions are:
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e Using comparative genomics, I showed that ultraconserved element (UCE) elements are ubiqui-

tously present in metazoa, and they are evolutionarily constrained in a lineage-specific manner

(Chapter 4).

e In this work, I conducted a comprehensive analysis of epigenetic properties of highly conserved
noncoding element (HCNE) during fruitfly development by integrating multi-omics and conser-
vation datasets (histone modifications, nucleosome profiling and transcriptome). We showed
that HCNE in insects have distinct sequence features and reside mostly in heterochromatin

but exhibit characteristics of active enhancers at specific stages of development (Chapter 5).

e Using CAGE and RNA-Seq, I compiled a catalog of active enhancers during myogenesis of
human primary cells of healthy donors and donors affected by DMD. We showed that those
enhancers are active in time specific manner. Although, they are active in both phenotypes,
they are dysregulated in DMD donors. A number of enhancers overlapped repeat elements
and were enriched for long terminal repeats (LTRs), suggesting an enhancer activity of some

LTRs during differentiation (Chapter 6).

In addition to self-contained chapters (Chapter 4, Chapter 5 and Chapter 6) that describe the
above mentioned contributions, the thesis includes: a short background chapter (Chapter 2) that
introduces concepts related to aforementioned chapters; a conclusion chapter (Chapter 6); and

appendices that include supplemental data related to Chapters 4 and Chapter 6.
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Chapter 2

Contribution to Bioinformatics and

Computer Science

Bioinformatics is a multidisciplinary field that utilizes mathematics, computer science, statistics and
other disciplines to answer interesting and complex biological questions. “Bioinformatics* can be
easily confused with other related fields such as “computational biology“ due to the considerable
overlap between these fields and their integrative nature. Here, we adopt the National Institute
of Health (NIH) definition of bioinformatics; that is the “Research, development, or application of
computational tools and approaches for expanding the use of biological, medical, behavioral or health
data, including those to acquire, store, organize, archive, analyze, or visualize such data“.

In this chapter, I will highlight my contribution to the field of bioinformatics and computer

science.

2.1 Thesis contributions

I contributed to the disciplines of bioinformatics and computer science by designing and developing
frameworks that combine algorithms to integrate, analyze and visualize large heterogeneous multi-

omics (genomic, transcriptomic and, epigenomics) datasets and answer specific biological questions.

2.1.1 Contribution to bioinformatics

e Using comparative genomics approaches, we reported for the first time the ubiquitously of

UCEs in metazoa. I showed that UCEs evolved in a lineage-specific manner (Chapter 4).

e Using integrative data approaches, I characterized epigenetic properties of HCNE during the
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development of fruitfly. I reported that HCNE in insects have distinct sequence features; they
reside repressive chromatin state; they may act as enhancers at specific stages of development

(Chapter 5).

e Using CAGE and RNA-Seq, I annotated active enhancers in myogenesis of human primary
cells of healthy donors and donors affected by DMD. I found that those enhancers are active
in time specific manner in this process; their activity is dysregulated in DMD donors. I
showed that enhancers overlapped repeats were enriched for LTRs, implying a possible role of

LTRsassociated enhancers during differentiation (Chapter 6).

2.1.2 Contribution to computer science

o I developed an unsupervised learning-based framework to examine the evolution of ultracon-
served elements. This framework used, for the first time, the Markov Cluster (MCL) algorithm

plus Minimum Curvilinear Embedding (MCE) analysis in the context of UCEs (Chapter 4).

e [ designed a framework to study time courses of gene expression from healthy and disease
samples. This framework uses mutual information variation distance, minimum spanning tree
algorithm, and multidimensional scaling. Also, it uses Non-Negative Matrix Factorization

(NMF) to estimate the number of gene expression profiles and Kmeans clustering (Chapter 6).

2.2 Overview of the frameworks

2.2.1 Evolution of UCE framework (EUCEF)

Ultraconserved elements were shown to exist between pairs of related species such as mouse and
human. In this project, we investigated the existence and the evolution of UCEs. To answer this
question, I developed an unsupervised learning framework that begins with the identification of
ultraconserved elements (UCEs) shared between pairs of distant species, and then it merges overlap-
ping UCEs are into ultraconserved regions (UCRs). To unveil the evolutionary history of UCEs, the
framework uses unsupervised learning approach by constructing a sequence-based similarity network
by comparing UCEs using BLAST and cluster UCRs by Markov cluster algorithm (MCL)(Enright
et al., 2002). To visualize UCR clusters the sequences are described in all possible pentamer feature
spaces. The feature space is then projected on two dimension space using Minimum Curvilinear

Embedding (MCE)(Cannistraci et al., 2013). The framework assigns possible functional association
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to UCEs by investigating enrichment of motifs ( with TFBS), and functional annotation of flanking

genes. More details can be found in methods section of Chapter 4.

Repeat masked
Genomes

of UCEs

c
S
)

©

1)
=
e

c

Q
T

\/
All vs All
Blastn
BitScore/Length
Network 8-mer
— Enrichment
Cluster
MCL TFBS

STAMP

Function & UCEs

Figure 2.1: Flowchart of the EUCEF.

2.2.2 Mutual information over minimum spanning tree framework for

comparing time courses (MMF)

To study the role of enhancers and repeat elements during muscle differentiation, I designed a frame-
work that exploits mutual information based distance, minimum mapping tree, and multidimensional
scaling to compare two-time course transcriptomes from samples of health and DMD affected pa-
tients. This framework was able to detect important signals that were not possible to detect when
using standard distance such as Euclidean distance, correlation and so forth. In addition, I designed
to a pipeline for detection and characterization of active enhancers during differentiation. Details of

the framework are described in the methods section of Chapter 6.
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Chapter 3

Background

This chapter contains excerpts from the following publications:

e Taewoo Ryu, Logmane Seridi and Timothy Ravasi. The evolution of ultraconserved elements with different
phylogenetic origins. BMC Ewvolutionary Biology 2012, 12:236. http://www.biomedcentral.com/1471-2148/12/
236. ©Ryu et al 2012.

e Logmane Seridi, Taewoo Ryu and Timothy Ravasi. Dynamic epigenetic control of highly conserved noncoding

elements. PLOSONE. DOI: 10.1371/journal.pone.0109326 (O)Seridi et al 2014.

3.1 Regulation of gene expression

Cell identity is beyond its DNA code. Cells in multi-cellular organisms share identical DNA but
are diverse and respond to stress differently (Holle and Engler, 2010). Cells type identity is defined
by distinct gene expression landscape that is governed by complex regulatory networks as a result
of the action of various classes of regulatory elements such as promoters, enhancer, transcription
factors ...etc.

Here, we shed some light on gene expression and different elements involved in its regulation.

3.1.1 Gene and gene transcription

Gene is a broadly used term that refers to a portion DNA sequence in the genome and associated
putative phenotype; yet as the complexity of genome output is revealed its definition is evolving.
Indeed, since its first use in 1903 by W. Johannsen, the term has been repeatedly updated to
comply with challenges imposed by new findings and significant technological advances (Gerstein
et al., 2007). For consistency, we find it necessary to use one definition of a gene in this thesis.

Skipping the long history of definitions (as it was well listed and discussed by Gerstein et al., 2007),


http://www.biomedcentral.com/1471-2148/12/236
http://www.biomedcentral.com/1471-2148/12/236
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here, we adopt the definition of a gene as ”a union of genomic sequences encoding a coherent set of
potentially overlapping functional products”(Gerstein et al., 2007).

From a gene, RNA is transcribed by an enzyme called RNA-polymerase. Eukaryotic cells have
three such enzymes: Poll, Polll, and Pollll that transcribe distinct RNA types. Poll transcribes
ribosomal RNAs (rRNAs) and transfer RNA (tRNA). Polll transcribes messenger RNA (mRNA).
PollII transcribes one rRNA.

Transcription of RNA from DNA is achieved in three steps: initiation, strand elongation, and
termination. Briefly, transcription initiation begins by recruiting and stabilizing RNA-polymerase
at transcriptional start site (T'SS) by pre-initiation complex (PIC). Then, the polymerase enzyme
moves and reads along the DNA (from 5’ to 3’) while appending bases to the 3’ of synthesized RNA.
Finally, transcription terminates by different ways depending on the type of RNA-polymerase: Poll
is stopped by a terminator factor; Polll passes through a sequence signature, the synthesized RNA
is then cleaved at the signature by a cleavage complex; Pollll stops at a particular termination

sequence signature (Clancy, 2008).

3.1.2 Promoters

Regions surrounding the transcripts’ TSSs are called promoters. Promoters usually span 100bps to
1000bps, mostly upstream of TSS. They harbor sequence motifs that are recognizable by proteins
known as transcription factors (TFs); the sequence motifs are known as transcription factor binding
sites (TFBSs). In eukaryotes, regions containing TFBSs are located tens to hundreds of bases from
TSS are know as promoter-proximal elements, whereas, regions that overlap TSS are known as core

promoters (Figure 3.1).

ATGCGATGATGATGATGACCCCTTH/| (W 1 W [¢
TFBS TSS Gene

GATGATGATGACTGCATGATGCATGCAGCGGCTGATGCATGCATC

Figure 3.1: A schematic figure shows TFs binding to a promoter.

According to Carnincis paper, core promoters are classified into three major classes. Type I
promoters associate with tissue-specific genes; they are narrow (TSS spans a short region); they are

enriched for TATA box followed by an initiator element (TATAbox/Inr) motifs. Type II promoters
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associate with genes ubiquitously expressed across tissues; they are broad (multiple T'SSs span broad
region); they are enriched for CpG islands in vertebrates, and enriched for Motifl followed by Motif6
(Motif1/6) and DNA replication element binding factor (DRE) motifs in invertebrates (Drosophila).
Type III promoters associate with genes expressed in particular developmental stages; they are
enriched for large CpG islands (which may overlap gene body) in vertebrates, and in invertebrates

(Drosophila) are enriched for downstream promoter element (DPE) in (Lenhard et al., 2012).

3.1.3 Enhancers

TFBSs are not unique to promoters; they are scattered throughout the genome. Some distal regions
which are found kilobases from TSS and harbor TFBSs are known as enhancers. Over 400,000
enhancers have been identified in the human genome (Lam et al., 2014). Enhancers’ regulation
of gene expression is unconstrained by the distance nor by the orientation (they can be located
upstream or downstream of their target genes)(Maston et al., 2006). When enhancers are active,
they become near to their targets’ promoters through DNA looping (Figure 3.2). The enhancer
activity can be suppressed by blocking the promoter-enhancer interaction through regulation of 3D

chromatin structure by CTCF binding proteins at loci called insulators.

,oee** DLYIDIYDDLYOLIDDODYIDLYD CCY1l VYICCY ovovovoIvOVOLYOVOLLIODDIVOIVDIVOLYOLYDIDIY

.
o
.
.
S
.

... ATGCGATGATGATGATGACCCCTT TATAC ¢+ A TC ATGCATGCATC
TFBS/L TSS Gene

Figure 3.2: A schematic figure shows enhancer-promoter interaction through DNA looping.

3.1.4 Chromatin

In eukaryotic cells, DNA wraps around octamers of conserved histone proteins (H2A, H2B, H3
and H4) to form nucleosomes. Nucleosomes pack DNA to form first level of compaction of the
chromatin structure (Figure 3.3). Chromatin is a dynamic structure— it switches between many
states. Chromatin states are results of combinations of biochemical changes that occur onto histone
proteins by the enzymatic action of chromatin associated protein complexes. Changes include the

exchange of one histone with its variances (like exchange of H2A by H2A.Z) (Zovkic et al., 2014)
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and hundreds of modification of their N-terminal tails (mono- di- tri-methylation, acetylation and

phosphorylation, to name a few) (Baker, 2011; Bernstein et al., 2006; Chen et al., 2012).

Nucleosome Histone Inaccessible DNA
Accessible DNA
Histone

modification

Chromosome

Figure 3.3: DNA wraps histones to create chromatin structure. Art reproduced from Environmental Health Per-
spectives.

For TFs to bind promoters or enhancers of their target genes, the DNA has to be accessi-
ble. DNA accessibility depends on the state of the chromatin. Though DNA accessibility can be
achieved by many combinations of histone modifications, active promoters and active enhancers ex-
hibit distinct histone modification signatures: promoters are enriched for H3 lysine 4 tri-methylation
(H3K4me3) and H3 lysine 9 acetylation (H3K9ac), whereas enhancers are enriched for H3 lysine 4
mono-methylation (H3K4mel) and H3 lysine 27 acetylation (H3K27ac).

3.1.5 Enhancer RNAs

Many enhancers are transcribed as eRNAs. Most eRNAs are short capped RNAs (~ 300-400 bp),
bi-directionally transcribed, unspliced, non-polyadenylated, degrade at fast rates and expressed at
low levels (Lam et al., 2014; Andersson et al., 2014). However, few eRNAs are relatively long,
polyadenylated and unidirectional (Lam et al., 2014). Although eRNAs expression is a sign of
an enhancers’ active state (eRNAs expression correlates with active enhancer marks, e.g., H3K27ac
(Lam et al., 2014)), it is not clear whether eRNAs have a function (such as mediation of transcription
or facilitation of chromatin looping for promoter-enhancer interaction) or they are just a byproduct
of the enhancer activity (transcriptional noise) (Lam et al., 2014). A conserved eRNA upstream
of the MyoD gene, core enhancer (CE), was reported to be crucial for loading the transcriptional
machinery in promoters of its target gene in trans (MyoG)— in support of the functional role of
eRNAs (Mousavi et al., 2013). However, it should be noted that CE belong to a small class of
eRNAs which are long, polyadenylated and unidirectional; therefore, it is still unclear whether other

classes of eRNAs are also functional.
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3.2 Conserved non-coding elements

Advances in sequencing technologies and bioinformatic tools enabled genomic comparisons across
species. Comparing genomes of distant species unveiled hundreds of noncoding sequences that evolve
at slow rates— even slower than that of protein coding sequences— suggesting they have essential
functions (Bejerano et al., 2004; Ryu et al., 2012). Many studies identified conserved sequences using
different similarity criteria and comparing different sets of species. As a result, conserved noncoding
elements appear under many names in the literature (Table 3.2. In this chapter, we will refer to

them as conserved non-coding elements (CNEs).

Name Acronym Criteria Species Study
against
human
Conserved noncoding Sequences CNS length > 100bp; mouse Nobrega et al., 2003
identity > 70%
Ultra-Conserved Elements UCE length> 200bp; mouse Bejerano et al., 2004
identity 100%
Highly Conserved noncoding Sequences HCNS length>100bp; pufferfish Woolfe et al., 2005

identity > 74%

Highly Conserved noncoding Elements HCNE length > 50bp; mouse, dog  Lindblad-Toh et al., 2005
P(S) > 0.95*

Long Conserved noncoding Sequences ~LCNE length > 50bp; mouse Sakuraba et al., 2008
identity > 95%

Table 3.1: Examples of names used for CNEs. * P(S): probability of selection

3.2.1 Conserved non-coding elements are found universally in metazoan

Many CNEs were found in the human genome when compared to genomes of evolutionarily distant
species that diverged 80 to 450 million years ago. These comparisons include: human-mouse (Mural
et al., 2002; Bejerano et al., 2004; Nobrega et al., 2003; Sakuraba et al., 2008), human-mouse-dog
(Lindblad-Toh et al., 2005), and human-pufferfish (Woolfe et al., 2005). Human CNEs are highly
conserved within vertebrates (Harmston et al., 2013), but lack homologous sequences in invertebrate
genomes (Woolfe et al., 2005; Vavouri et al., 2007). In addition, lineage-specific CNEs are found
among insects (Glazov et al., 2005; Siepel et al., 2005), worms (Siepel et al., 2005; Vavouri et al.,
2007; Kent and Zahler, 2000), yeast (Siepel et al., 2005) and plants (Kritsas et al., 2012; Burgess
and Freeling, 2014).

Despite the high sequence divergence between CNEs from different clades, they share various
properties: they cluster near transcriptional and developmental regulators; they are enriched in
TFBSs; they have distinct sequence properties, e.g., sharp depletion of A4+T at their boundaries
(Vavouri et al., 2007).
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3.2.2 Functions of conserved non-coding elements

CNEs are believed to modulate gene expression in cis (Boffelli et al., 2004). In vivo transgenic assays
in mouse confirmed enhancer activities of 45% of 167 tested CNEs (conserved in human-pufferfish or
ultra-conserved in human-mouse-rat) (Pennacchio et al., 2006). Similar assays in zebrafish and frog
yielded similar conclusions (Table 3.2.2). CNEs functions are diverse. For instance, out of 13 CNEs
that did not exhibit enhancer characteristics in zebrafish, 3 showed enhancer blocking function (Royo
et al., 2011). Moreover, CNEs are implicated in alternative splicing regulation; CNEs flank 77% of
conserved exon alternative splicing between human and mouse (Sorek and Ast, 2003) and every
splicing regulator (SR protein family) alternatively spliced CNEs in human and mouse (Lareau
et al., 2007). Moreover, CNEs were linked to alternative splicing regulation in Drosophila genus
(Glazov et al., 2005)

Nevertheless, some CNEs functions are yet to be determined. For instance, alteration of a
UCE sequence embedded in Dcl12 enhancer— identical in human, mouse, chicken, zebrafish and
pufferfish— had no impact on the function of the Dcl2 enhancer. Moreover, homozygote mouse
embryo knockout of a UCE yield viable mouse (Ahituv et al., 2007). Although, this may also

suggest the dispensability or functional redundancy of some UCEs.

CNEs Assay Species Number of Number tested

tested CNEs positive CNEs
human, pufferfish or UCE mouse 167 74 Pennacchio et al., 2006
(human,mouse,rat)
humane, zebrafish zebrafish 16 10 Shin et al., 2005
human, pufferfish zebrafish 25 23 Woolfe et al., 2005
human, vertebrates zebrafish 35 22 Royo et al., 2011
human, mouse, rat, zebrafish 23 16 Allende et al., 2006

chicken, frog, zebrafish,

and two pufferfishs

human, mouse, rat, frog 26 10 Allende et al., 2006
chicken, frog, zebrafish,

and two pufferfishs

Table 3.2: Summary of in vivo transgenic assays on CNEs.

3.2.3 Conserved non-coding elements and disease

Many CNEs regulate expression of key developmental genes, mostly transcription regulators, in a
tissue- and stage-specific manner. Mutations in CNEs sequences can alter binding of transcription
factors causing misregulation of their target genes. Consequently, this may lead to developmental
disorders. For example, mutations in two CNEs located in the upstream and downstream regions

of SOX9 resulted in its misregulation that caused Pierre Robin syndrome (developmental defect
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in newborns characterized by cleft palate, small jaw, malformed tongue, and breathing difficulties)
(Benko et al., 2009). Moreover, deletion of a 5777bp locus located ~ 80kb downstream of HMX1
caused its misregulation and produced rats with abnormal ears and eyes (Quina et al., 2012).
Single nucleotide polymorphisms (SNPs) within CNEs were associated to colon cancer (Lin et al.,
2012) and breast cancer (Yang et al., 2008), although the detected SNPs related to breast cancer

were specific to the investigated population (Catucci et al., 2009).
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Chapter 4

The Evolution of Ultraconserved
Elements with Different

Phylogenetic Origins

This chapter was published as:

o Taewoo Ryu, Logmane Seridi and Timothy Ravasi. The evolution of ultraconserved elements with different
phylogenetic origins. BMC' Ewvolutionary Biology 2012, 12:236. http://www.biomedcentral.com/1471-2148/12/
236. (©Ryu et al 2012.

4.1 Background

Large numbers of DNA elements (> 200 bp) exhibiting 100% similarity have been found to be
conserved across several mammalian species (Bejerano et al., 2004; Ovcharenko, 2008). Shorter
ultraconserved elements (UCEs) longer than 50 bp and 100 bp have also been identified in several
insect species and plants, respectively (Glazov et al., 2005; Zheng and Zhang, 2008).

Since the discovery of UCEs, a lot of effort has been expended on elucidating their functions and
to determine the reasons for their extreme conservation. UCEs are often located near genes impli-
cated in transcription and developmental processes, splicing, and ion flow control across membranes
(Bejerano et al., 2004; Ovcharenko, 2008; Papatsenko et al., 2006; Ni et al., 2007; Lareau et al., 2007).
In vivo analysis of the embryos of transgenic mice uncovered the transcriptional enhancer activities
of UCEs targeting developmental genes and TFs (Pennacchio et al., 2006; Visel et al., 2008). Deple-

tion of UCEs among segmental duplications and copy number variations were also reported (Derti
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et al., 2006). SNPs in UCEs have been linked to cancer risk, impaired TF binding, and homeobox
gene regulation in the central nervous system (Yang et al., 2008; Poitras et al., 2010). Nevertheless,
homozygote embryo knockout experiments in mice revealed that deletion of ultraconserved elements
can yield viable mice, suggesting the dispensability or functional redundancy of UCEs (Ahituv et al.,
2007).

The origin and evolution of UCEs have also been also investigated. There is evidence that
some UCEs originated from retroposons and stabilized in genomes after acquiring a function that
benefitted the host (Bejerano et al., 2006). Stephen et al. studied the evolution of UCEs in several
vertebrate genomes and found that they were generated and expanded on a large scale during
tetrapod evolution (Stephen et al., 2008). Other studies of the human genome showed that UCEs
experienced strong purifying selection and were not mutational cold spots (Katzman et al., 2007;
Lin et al., 2008; Sakuraba et al., 2008).

In this study, we investigated if evidence of the conservation of DNA elements could be found in
primitive species, such as sponge and hydra, and if these conserved elements have similar functions
as those previously reported for higher eukaryotes. We identified many UCEs across diverse phyla,
including Porifera, Cnidaria, Arthropoda, Echinodermata, and Chordata, as well as a new type
of short UCEs. By comparing distant species, we were able to identify new UCEs in human and
fruitfly. Clustering the UCEs based on the sequence similarity unveiled lineage specificity and
distinct functions outlined by protein domains of their flanking genes and DNA regulatory motifs.
We concluded that each UCE group arose independently on a specific lineage and was ”frozen” on

the genome as a regulatory innovation after the divergence of specific taxa.

4.2 Methods

4.2.1 Data preparation

Genome sequences, gene annotation, and protein sequences were downloaded from the UCSC database
for human (assembly version: hgl9) and fruitfly (assembly version: dm3), and each genome project
for sponge (assembly version as of 5 Aug 2010) (Srivastava et al., 2010), hydra (assembly version as
of 28 Jan 2009) (Chapman et al., 2010), sea anemone (assembly version as of 26 Oct 2005) (Putnam

et al., 2007), and sea urchin (assembly version as of 13 Oct 2006) (Sodergren et al., 2006).
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4.2.2 Phylogenetic analysis

First, we identified single copy genes from each of six species under investigation to infer their
phylogenetic relationships. This approach had been used previously in other studies to avoid the
paralogy issue (Putnam et al., 2007; Roth et al., 2008; Dessimoz et al., 2006). Inparanoid was used
to identify orthologs and paralogs between species pairs (Ostlund et al., 2010). Only the longest
peptide was used when multiple transcripts came from the same gene. We identified 472 single-copy
genes that were found to be largely involved in ribosome, spliceosome, or proteasome pathways. Gene
sequences were aligned using MUSCLE (Edgar, 2004) and the evolutionary distance and phylogenetic
tree were obtained using MEGA5 (Tamura et al., 2011). The phylogenetic tree reveals the overall
relationship between six species, which was in agreement with the known classification of these

lineages (Figure 4.1) (Sodergren et al., 2006; Ryu et al., 2011; Dunn et al., 2008).

4.2.3 Identification of ultraconserved elements

To identify UCEs for all species pairs, we masked repetitive sequences in the scaffolds of sponge,
hydra, sea anemone, and sea urchin using CENSOR (Kohany et al., 2006) and tandem repeats finder
(Benson, 1999). Repeat-masked chromosomes from the UCSC database were used for human and
fruitfly (Karolchik et al., 2003). To identify non-gapped conserved elements between two species, we
used MUMmer, which rapidly aligned long sequences and detected exact matches using the suffix
tree algorithm, with the maxmatch option to compute all maximal identical matches regardless
of uniqueness (Kurtz et al., 2004). Both forward and reverse complement matches were reported.
Identical matches equal to or longer than 50 bp were identified, and > 30 bp matches were also
identified for incidental analysis. Identified UCEs were further masked using CENSOR and tandem
repeat finder again. It should be mentioned that this stringent repeat-masking process may have
deleted potential UCEs containing repetitive elements.

Two UCEs were joined if they overlapped, and this merging process was repeated until no two
UCESs overlapped. Fifty base flanking sequences on both sides of merged UCEs were retrieved using

the custom python script.

4.2.4 Clustering of ultraconserved elements

Merged ultraconserved elements with flanking sequences were grouped by sequence similarity. Pair-
wise alignment of all sequences was computed using BLASTN (Altschul et al., 1990). The score

density, i.e. the BLAST bit-score divided by the alignment length, was used as the similarity mea-
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sure. Sequences were clustered using the Markov cluster (MCL) algorithm (Enright et al., 2002)
with default parameters (Additional file 4). In the Minimum Curvilinear Embedding (MCE) analysis
(Cannistraci et al., 2010), 5-mer compositions of the sequences were used as features. In particu-
lar, we used the new singular-value-decomposition-based algorithm to implement MCE (Cannistraci
et al., 2013), using the Matlab code provided on the author’s website

(https:/ /sites.google.com/site/carlovittoriocannistraci/home). The embedding was performed with-

out centering the minimum curvilinear kernel (non-centered MCE).

4.2.5 Nearby genes analysis

Flanking genes within 100 kb of the merged UCEs were obtained from all species under study. For
human and fruitfly, we used the gene models from RefSeq (Pruitt et al., 2009). We used the gene
models from the respective genome sequencing projects of the non-model metazoans.

Pfam domains of nearby genes were annotated using Interproscan (Zdobnov and Apweiler, 2001)
for functional analysis of UCEs. For each domain in each ultraconserved region (UCR) cluster,
the domain enrichment of nearby genes within 100 kb of UCRs was calculated using cumulative

hypergeometric distribution:

P Z (gg? (4.2.1)

where G is the total number of genes from the species pool in the cluster, g is the number of
selected nearby genes in the species pool in the cluster, D is the number of occurrences of the domain
in the species pool in the cluster, and d is the number of occurrences of the domain in the selected
nearby genes in the species pool of the cluster.

Gene ontology enrichment of the nearby genes was analyzed using DAVID (Huang et al., 2009).
Considering that human has the most comprehensive biological process terms and nearly nothing is

annotated in non-model species, only human UCRs and their nearby genes were analyzed.

4.2.6 Motif analysis

A representative sequence of each cluster was generated using MUSCLE (Edgar, 2004) and the seqinR
package in R (Charif and Lobry, 2007). To assess the statistical significance of overrepresented 8-
mers, we generated a 10 kb background sequence for each cluster. The background sequence was a
combination of segments chosen randomly from all genomes, and each genome contributed to the

background with an amount equal to the ratio of its species in the cluster composition. A cumulative
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binomial probability of observing the given number of the oligomer or more in each cluster was then

computed as follows:

z—1 n ) )
Flnp) =1- Y (1) - pr (12.2)

i=0
where x is the number of occurrences of the oligomer, n is the sample size, i.e. sequence length —
oligomer size+ 1, and p is the probability of observing such an oligomer in the random background

sequence. Related TFs for oligomers were identified using STAMP (Mahony and Benos, 2007).

4.3 Results and discussion

4.3.1 Identification of ultraconserved elements across diverse taxa

We began our analysis by asking if there is evidence of ultraconservation in primitive species and, if
so, how UCEs diverged during the process of evolution. We considered six species whose genomes
were previously sequenced including sponge (Amphimedon queenslandica) from the phylum Porifera,
hydra (Hydra magnipapillata) and sea anemone (Nematostella vectensis) from the phylum Cnidaria,
sea urchin (Strongylocentrotus purpuratus) from the phylum Echinodermata, fruitfly (Drosophila
melanogaster) from the phylum Arthropoda, and human (Homo sapiens) from the phylum Chordata.
We identified UCEs (> 50 bp) and shorter UCEs (> 30 bp) by pairwise comparison of the whole
genomic sequences across six species.

Unexpectedly, the number of identified UCEs and the size of some of them (11 UCEs > 200 bp)
were large considering the evolutionary distance between analyzed species. This result suggested the
presence of UCEs in primitive species and across distant taxa (Table 4.1 and Figure 4.1). Most of the
UCEs were found in hydra and sea anemone, which belong to the same phylum, Cnidaria. However,
the exact reason for the predominance of UCEs in these species cannot be addressed until more
genome sequences of species around this lineage become available and current genome assemblies
are improved. Interestingly, the longest UCE (796 bp) was conserved in both sea anemone and
human, two species that diverged approximately 892 million years ago (Hedges et al., 2006). We
found that the number of UCEs and the evolutionary distance (Table 4.1 and Figure 4.1) between

species are negatively correlated, an observation that is also the case for shorter UCEs.



A. queenslandica

N. vectensis

H. magnipapillata D. melanogaster S. purpuratus H. sapiens

(sponge) (sea anemone) (hydra) (fruitfly) (sea urchin) (human)
A. queenslandica - 2,135 669 43 108 9
N. vectensis 5,303 - 54,732 256 5,525 10
H. magnipapillata 1,300 97,669 - 125 400 0
D. melanogaster 75 5,440 478 - 188 27
S. purpuratus 537 43,707 5,498 1,129 - 19
H. sapiens 83 381 328 415 967 -
Table 4.1: Identification of UCEs.

the phylogeny as shown in Figure 4.1.

Columns and rows are sorted by

Upper and lower triangles show the

numbers of 100 % identical matches > 50 bp and > 30 bp between two species,

respectively.
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Figure 4.1: Evolutionary relationships between analyzed species. The JTT matrix-based method (Jones
et al., 1992) is used to compute the evolutionary distances and the phylogenetic tree is constructed using the Neighbor-
Joining method (Saitou and Nei, 1987). Bootstrapping values from 500 replicates are shown and selected taxon in-
formation is depicted on the right. Species abbreviations are as follows: AQ: Amphimedon queenslandica (sponge),
DM: Drosophila melanogaster (fruitfly), HM: Hydra magnipapillata (hydra), HS: Homo sapiens (human), NV: Ne-
matostella vectensis (sea anemone), SP: Strongylocentrotus purpuratus (sea urchin).

We noticed that a large number of conserved DNA elements that we identified overlapped in each
species because the UCE-identification program, MUMmer, reported all maximal matches regardless
of the overlap (Kurtz et al., 2004). To minimize redundancy and facilitate downstream analysis,
neighboring UCEs and short UCEs in each species were joined as non-overlapping UCRs. The
numbers of these non-overlapping UCRs (> 50 bp) were 30 for sponge, 64 for fruitfly, 673 for hydra,

56 for human, 3,807 for sea anemone, and 187 for sea urchin.

4.3.2 Novel ultraconserved elements in human and fruitfly

As a benchmark for our UCE discovery pipeline, we examined how many UCEs that had been
previously identified we were able to recover. Previously reported UCEs in human and fruitfly were
aligned to their reference genome using Bowtie (Langmead et al., 2009) to determine their exact
locations in the current genome build (hgl9 and dm3, respectively). The majority of known UCEs
(all 481 elements from the human-mouse-rat alignment (Bejerano et al., 2004), 23,695 out of 23,699
elements from the D. melanogaster Drosophila pseudoobscura alignment, and all 126 elements from
the D. melanogaster Anopheles gambiae alignment (Glazov et al., 2005)) were successfully aligned.

We then compared these elements with our UCR set. Unlike in the fruitfly where 42 out of 64 UCRs
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overlapped with data reported by Glazov et al. (Glazov et al., 2005), we could not find any UCR in
human that overlapped with previously reported UCEs (Bejerano et al., 2004).

To understand this incongruence, we tested if our pipeline could recover known UCEs of the
human-mouse-rat alignment with the same species list and length constraint (> 200 bp) of Bejerano
et al. (Bejerano et al., 2004). Our pipeline recovered 464 out of 481 known human UCEs that
are conserved both in mouse and rat. The missing 17 known UCEs overlapped with repetitive
regions, and these elements could not be recovered by our pipeline, which masks repetitive elements.
Furthermore, the human UCEs that were conserved in mouse and rat identified by our pipeline did
not also overlap with those newly identified in this study, suggesting that our pipeline works properly.
The effect of the genome assembly version used for UCE identification was also negligible as explained
above. On the other hand, our stringent repeat masking reduced the number of detectable known
UCEs. The numbers of known UCEs were 304, 20,602, and 83 for human-mouse-rat, D. melanogaster
D. pseudoobscura, and D. melanogaster A. gambiae, respectively, when we removed known UCEs
with simple and known repetitive elements by repeat-masked chromosomes (Karolchik et al., 2003),
CENSOR (Kohany et al., 2006), and tandem repeat finder (Benson, 1999), the same criteria that
we used in this study. However, the most important factor contributing to the identification of
novel UCRs was the length constraint (50 bp for human) and species compared. To test this
further, our human UCR set was divided into 50 bp sub-sequences, and then a search for these sub-
sequences in the genomes of mouse and rat was conducted. Of 28 UCRs, one sub-sequence occurred
in both the mouse and rat genomes with 100% similarity. On the other hand, the other 28 UCRs
were not conserved in both species, suggesting that those sequences were no longer under strong
selective pressure in rodents and could therefore not be identified by the traditional human-mouse-
rat alignment. Indeed, large portions of identified human UCEs are positioned in less conserved loci
in placental mammals (Figure 4.2), which further supports our findings of novel highly conserved

DNA elements in model organisms.
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Figure 4.2: UCEs in the human genome. The short conserved elements (> 30 bp) are depicted above each
chromosome and the UCEs (> 50 bp) are depicted above them. The conservation level of human DNA across primates
or placental mammals is shown below each chromosome, where the darker color indicates more conservation. Species
in which the human sequences are conserved and selected gene categories are labeled as indicated at the bottom. The

selected region for each gene category is magnified for a detailed view in the right panel.

R package quantsmooth

(Oosting et al., 2009) and the UCSC custom track (Karolchik et al., 2003) were used for the plot.

4.3.3 UCR clusters arose independently

We then sought evidence for if UCRs from the same or different species share similarity. Considering

the short length of UCRs and also assuming that distal regions of ultraconserved elements have

higher mutation rates than proximal regions (Stephen et al.,

2008; Faircloth et al., 2012; Halligan
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et al., 2011), we analyzed UCRs and their 50 bp-flanking sequences. In all, 4,817 UCRs with
flanking sequences from all species were clustered, and orthologous and paralogous UCRs were
defined. This yielded 61 clusters, of which the largest cluster consisted of 1,168 UCRs from hydra,
sea anemone, and sea urchin. Although there are large numbers of UCRs across different taxa, we
found that UCRs share sequence similarities and that each cluster of UCRs has a distinct species
composition. Moreover, Cnidarian UCRs show a tight association, while human UCRs are largely
clustered together with those of sea urchin and/or fruitfly. Gain of essential functions for the survival
of the species in ancestral sequences might contribute to the conservation of the sequence in a specific
lineage (Bejerano et al., 2006). Another possible explanation would be that even if the ancestral
sequences were not beneficial to the species, random sampling contributed to the elimination of
other alleles and the fixation of these sequences in the downsized population, creating a new lineage,
due to natural catastrophe or population migration, referred to as a ”genetic drift” ”population
bottleneck” (Gherman et al., 2007). Although further study is required to explain the immutability
of UCEs after lineage divergence and sequence fixation across a long evolutionary history, we cannot
rule out this possibility. It also should be noted that the absence of UCRs in species from the same
lineage does not necessarily mean that those UCRs disappeared in those species but rather that
they may exist as derivative sequences by mutation (Ovcharenko, 2008; Stephen et al., 2008; Wang
et al., 2009; Kim and Pritchard, 2007).

As shown in Figure 4.3A, UCR clusters are clearly separated in a Minimum Curvilinear Em-
bedding (MCE) plot (Cannistraci et al., 2010), although species is not a good factor to distinguish
UCRs (Figure 4.3B). Short UCRs ( < 30 bp) also followed a similar pattern. Interestingly, some
clusters have nearly symmetric elements on the MCE plot and it turns out that they are partially

reversed complementary sequences.
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Cluster1: HM,NV ,SP
Cluster2: AQHMNV
Cluster3: AQ HMNV SP
Cluster4: AQ HMNV SP
ClusterS: HMNV ,SP
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Cluster8: AQHMNV
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Figure 4.3: UCR clusters arose independently during evolution. A and B. The 5-mer composition of UCRs
and 50 bp-flanking sequences were taken as input for the Minimum Curvilinear Embedding analysis and the top
three dimensions are depicted here. Clusters and species are marked with different colors as indicated in the inset
on the lower right corner. C. UCR cluster relationships. Each node represents a UCR with flanking sequence. The
similarity between nodes in a same cluster is omitted to avoid extreme density. A cluster centroid is made instead
and connected to the components to show membership within the cluster (purple lines). The gray lines show sequence
similarities between nodes in different clusters. Clusters with fewer than 7 nodes are not shown. UCRs from sea
anemone predominate in this figure due to the large number (3,807 among all 4,817 UCRs).

Network topology demonstrates the relationship between these UCR clusters, where some clusters
are connected due to the sequence similarity between components, although most clusters do not
share sequence similarity with others and have unique species composition (Figure 4.3C). Thus, the

UCRs of each cluster may have their own independent origin in a specific lineage.

cessee
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4.3.4 The neighboring genes of UCR have distinct functions

UCEs are often flanked by developmental genes, TFs, ion channels, or splicing factors (Papatsenko
et al., 2006; Lareau et al., 2007). We investigated the functions of each cluster’s nearby genes.
Due to the paucity of functional annotations of genes and the short length of genome scaffolds in
non-model species, we focused our analysis on the protein domains of nearby genes within 100 kb
from UCRs. Neighboring genes to UCR clusters span a spectrum of statistically significant protein

domains. However, each cluster is enriched with a distinct set of domains (Figure 4.4).
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Figure 4.4: Protein domain enrichment of UCR flanking genes. Association of domains (rows) or clusters
(columns) is depicted in dendrograms on the right and upper side of the heatmap, respectively. Only clusters having
at least 10 genes were analyzed. Domains whose p-value < 0.05 in at least one cluster and that occurred in at least
three nearby genes are shown on the heatmap for visualization purpose.

Ton channel and transporter domains are the predominant categories; they appear in many

clusters composed of various species. Neurotransmitter-gated ion channels and sodium or calcium
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ion exchanger genes are overrepresented in clusters 13, 15, and 17, whose UCRs are conserved in
all species considered here but human (Figure 4.4). Cation transporters are identified in cluster 30,
which consists of human and fruitfly UCRs. Sugar transporters and mitochondrial carrier domains
that transport various molecules across membranes are enriched in clusters 1, 16, and 21. These
observations are probably because ion channels and transporters are crucial in all living organisms
for the maintenance of water, salt, and nutrient homeostasis as well as for electric signal transmission
in neuronal and muscle cells (Dubyak, 2004).

The homeobox domain, part of the TFs that act during the developmental process, is enriched
in five clusters. This domain is found in all six species, with three of the five enriched UCR clusters
composed of UCRs from human and fruitfly, one from fruitfly and sea urchin, and the last cluster
from hydra, sea anemone, and sea urchin. Fruit fly genes regulating developmental programs ranging
from axis patterning to molting, such as bicoid, fushi tarazu, and ecdysone receptor, are also found
in several clusters, even those without significant domains.

Histones are overrepresented in cluster 19, which consists of sea anemone and sea urchin UCRs.
Evidence that chromatin-related genes flank conserved elements in human and from other studies
(Lee et al., 2006; Bernstein et al., 2006) suggest that there is a liaison between conserved elements
and epigenetic control mechanisms.

Detoxification domains such as cytochrome p450, UDPGT, and GST are enriched in cluster 3
and cluster 35. Cluster 3 consists of UCRs from sponge, hydra, sea anemone, and sea urchin; cluster
35 consists of UCRs from fruitfly and human. These enzymes are important to catalyzing and
eliminating endogenous and exogenous substrates and therefore to providing a healthy environment
for the cellular system (Ishii et al., 2005). This remarkable linkage between UCRs and detoxification
mechanisms has not previously been reported to our knowledge.

Further analysis of UCRs (> 50 bp) and short UCRs (> 30 bp) in human reveals similar but
more interesting properties in terms of nearby gene functions and species conservation . Genes
acting in various developmental processes are highly enriched near the UCRs in human that are also
conserved in fruitfly and sea urchin. To our surprise and contrary to previous studies, few genes
related to development are enriched near the human sequences conserved in sponge, hydra, or sea
anemone. Expansion of the relationship between developmental programs and UCRs in human,
fruitfly and sea urchin (Figure 4.1) implies that the association of conserved sequences with the
regulation of developmental genes started or expanded after the divergence of the Bilateria lineage
from the metazoan stem. Our UCR clustering results bolster this hypothesis (Figure 4.4). Four

out of five UCR clusters that have overrepresented homeobox domains of nearby genes come from
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human, fruitfly, and sea urchin.

Interestingly, genes surrounding short UCRs are enriched with epigenetic program-related genes
(Figure 4.2). Short UCRs conserved in human and in fruitfly, hydra, sea anemone, or sea urchin
are located near histone gene clusters across several chromosomes. Furthermore, many important
epigenetic regulators are also found near elements conserved in sponge, hydra, sea anemone, or sea
urchin. These include histone demethylases (KDM3B, KDM4C, KDM5C, and KDM5D), histone
acetyltransferases (EP300 and KAT7), histone deacetylases (HDAC2 and HDAC10), retinoblastoma-
like protein (RBL1), polycomb ring finger oncogene (BMI1), chromodomain helicase (CHDS), and
components of the chromatin remodeling complex, SWI/SNF (SMARCA2, SMARCB1, SMARCC2,
and SMARCD3). Taken together with the previously suggested relationship between highly /ultra-
conserved elements and epigenetic control (Stephen et al., 2008; Lee et al., 2006; Bernstein et al.,
2006), our results suggest an interesting hypothesis that epigenetic control mechanisms have tight
relationships with conserved DNA sequences and that they might have coevolved from metazoan
ancestors rather than recently developed.

Genes implicated in apoptosis, olfactory reception, and defense mechanisms are also enriched
near DNA elements conserved in sponge, hydra, or sea urchin (Figure 4.2). Our analysis suggests
that genomes preserve ancestral sequences well, and these ancestral sequences might have coevolved
with a diverse set of essential genes. When and how genes and conserved elements initiated their
relationships remains unclear and the mechanism for such an association needs to be further eluci-
dated. However, our analysis expands the repertoire of conserved genomic elements that are possible

regulatory elements.

4.3.5 UCR are enriched with binding sites for developmental TF

The enhancer activities of UCEs have been reported by several studies (Pennacchio et al., 2006;
Visel et al., 2008). To investigate the possibility that these enhancer activities were also conserved
in primitive species, we identified significantly overrepresented oligomers and related TFBSs for each

UCR cluster (Figure 4.5).
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Figure 4.5: Oligomer enrichment on UCRs. Each cluster (column) shows distinct TFBS patterns. Association
of 8-mers and clusters is depicted in dendrograms. Only 8-mers with p-value<1 x 10~% are shown by the heatmap.

The most related TFBSs of each 8-mer are shown in the brackets on the right side. TFs with developmental functions
indicated by NCBI Gene (NCB) or GeneCards (Safran et al., 2010) are colored blue.

Among 31 TFs that had significant 8-mer matches, 28 were implicated in developmental processes
and many were homeobox TFs. Binding sites of homeobox TFs on UCEs near the developmental
genes in higher eukaryotes have been identified (Chiang et al., 2008; Lampe et al., 2008; Rodelsperger
et al., 2009), although our clustering results identified various nearby gene categories that were not
limited to developmental genes. Prevalent occurrence of developmental TFBSs regardless of cluster
and species may be an indication that extensive binding of developmental TFs on UCEs existed
in metazoan ancestors and these TF's regulated various nearby genes to coordinate developmental
functions. These may have contributed to the strong selective pressure on UCEs that function as

regulatory sequences.
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4.4 Conclusions

Genomes are dynamic entities and are under selective evolutionary pressure from mutation and
fixation. Beneficial or neutral mutations in the ancestors of specific lineages are maintained in the
population and vertically transferred to descendants (Gogarten and Townsend, 2005). However,
these dynamic and selective pressures are not applied uniformly across the whole genome (Katzman
et al., 2007; McLean and Bejerano, 2008; Lander et al., 2001). Deleterious mutations in essential
regions are corrected in a population (Stephen et al., 2008; Katzman et al., 2007). Sequence con-
servation thus implies that the function of the sequence is essential. Despite controversy about the
indispensability of ultraconserved elements (Ahituv et al., 2007; Gross, 2007), much work has demon-
strated various vital functions of such elements (Papatsenko et al., 2006; Ni et al., 2007; Pennacchio
et al., 2006; Visel et al., 2008; Derti et al., 2006).

As more genomes from various taxa are being sequenced, the opportunity to understand genome
conservation and usage increases. Here, we compared genome sequences ranging from primitive
aquatic to higher terrestrial species and described for the first time a number of novel UCEs present
in primitive species as well as previously uncharacterized UCEs in human and fruitfly. We observed
that UCEs cluster by sequence similarity and each cluster has distinct patterns of species composi-
tion. These UCEs also exhibited specific biases toward the function of nearby genes and oligomer
compositions of the UCE sequences, suggesting that each group of UCEs was generated in the com-
mon ancestors of specific lineages and fixed during the evolution of descendants. Although a more
detailed functional analysis of UCEs cannot currently be conducted due to the nature of the short
draft sequences and because gene functions of non-model species have been less studied, our analysis
suggests that UCEs harbor important sequence features, such as binding sites of developmental TFs
to coordinate the expression of essential genes, which is why they were readily conserved over the

long course of evolution.
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Chapter 5

Dynamic Epigenetic Control of
Highly Conserved Noncoding

Elements

This chapter was published as:

e Logmane Seridi, Taewoo Ryu and Timothy Ravasi. Dynamic epigenetic control of highly conserved noncoding

elements. PLOSONE. DOI: 10.1371/journal.pone.0109326 (©)Seridi et al 2014.

5.1 Introduction

Genomic DNA is subject to diverse mutations caused by chemicals, replication errors, and mobile
genetic elements. Coding sequences are generally under higher selective pressure than noncoding
sequences, due to the essential roles that proteins play in the cell (Pang et al., 2006). However,
some noncoding regions show extreme conservation (even more than coding sequences) over very
long evolutionary timeframes (Bejerano et al., 2004; Ryu et al., 2012). These extremely conserved
sequences are found universally in multicellular eukaryotes of the animal and plant kingdoms (Ryu
et al., 2012; Kritsas et al., 2012), indicating that such sequences have essential functions.

Indeed, many highly conserved noncoding elements (HCNEs), noncoding loci that maintain
high level of similarity across different species, function as developmental enhancers (Pennacchio
et al., 2006), enhancer-blocking insulators (Royo et al., 2011), and regulators of splicing (De Grassi
et al., 2010) and RNA editing (Daniel et al., 2012). Mutations in HCNEs have been associated
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with various diseases, including cancers and neurodevelopmental disorders (Yang et al., 2008; Lin
et al., 2012; Martinez et al., 2010). However, these functions of HCNEs reflect the activities of
the DNA-interacting proteins that bind to very short and degenerate DNA sequences within them
(Wasserman and Sandelin, 2004), and are insufficient to explain the invariability of HCNEs (> 200
bp) during evolution. Even the enhanceosome model, which requires a strict array of TFBSs over a
long sequence (Harmston et al., 2013), does not explain the observed sequence conservation between
the TFBSs. We therefore speculated that HCNEs are subjected to a higher level of protection
against mutations compared to other sequences.

In eukaryotic cells, histones pack DNA into nucleosomes to form the chromatin structure; this
protects DNA from damage, and offers an additional layer of regulation via the chemical modification
of histones (Bernstein et al., 2006; Chen et al., 2012). A few previous studies have suggested that
HCNEs may be associated with epigenetic control mechanisms. For instance, an analysis of mam-
malian stem cells found epigenetic modifications of some HCNEs, such as the bivalent methylation,
H3K27me3 + H3K4me3 (Bernstein et al., 2006; Akalin et al., 2009; Xiao et al., 2012). In addition,
11% of mammalian HCNEs co-occur with scaffold/matrix attachment regions (S/MARs), which
have been implicated in the structural organization and remodeling of chromatin (Glazko et al.,
2003). To understand the properties underlying the extreme conservation of HCNEs, however, we
need data from a systematic analysis of their potential epigenetic regulation.

Here, we performed an integrative analysis of the epigenetic properties and regulations of HC-
NEs throughout the development of Drosophila melanogaster. Our results indicate the following:
HCNEs intrinsically favor stable nucleosome occupancy at the sequence level; HCNESs reside within
nucleosome-enriched and mononucleosome- and H3.3-depleted regions in S2 cells; the chromatin
regions around HCNEs undergo significant changes in epigenetic modification during development,
and such changes are correlated with the transcription levels of flanking genes; most HCNEs fire
later in replication, however some serve as early replication origins; and HCNEs are significantly
associated with lamina-associated domains (LADs). Our results collectively indicate that HCNEs

are under special evolutionary control at the levels of chromatin and nuclear structural organization.
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5.2 Materials and Methods

5.2.1 Extraction of HCNEs and generation of background sequences

We downloaded the DM3 compilation of the D. melanogaster genome (Apr. 2006, BDGP Release
5) and extracted highly conserved elements using the ECE algorithm (Tseng and Tompa, 2009)
from the phastCons score tracks of 14 insect genomes, as obtained from the UCSC Genome Browser
(Siepel et al., 2005; Fujita et al., 2011). We set the minimum length and the phastCons conservation
score to 200 bp and 0.95, respectively. We trimmed highly conserved elements overlapping coding
regions based on the R5.46 genome annotation from FlyBase (Marygold et al., 2013), and filtered
out elements shorter than 200 bp. We used BEDTools (Quinlan and Hall, 2010) to extract HCNE
sequences and 10,000 random noncoding sequences having the same length distribution and the same
distance distribution to the nearest gene or exon, compared to the intergenic and intronic HCNEs,

respectively.

5.2.2 Analysis of HCNE sequence properties

To investigate possible TFBSs within HCNEs, we identified overrepresented heptamers in HCNEs
sequences and queried the top 50 against FlyReg motifs (Bergman et al., 2005) using STAMP
(Mahony and Benos, 2007). To identify overrepresented heptamers, we computed the binomial
probability of whether their observed frequency in HCNEs is higher than expected by chance. We
estimated the expected frequency of a heptamer by averaging its frequencies over 10,000 datasets
sampled from random noncoding backgrounds (described above); each dataset contains same number

of sequences as HCNEs.

5.2.3 Identification of HCNE-proximal genes

We downloaded a list of 1,321 genes showing conserved microsynteny in the Drosophila genus,
along with their microsyntenic blocks mapping (Sahagun and Ranz, 2012). We used FlyMine
(Lyne et al., 2007) to obtain the gene coordinates, and found that two of them were absent
from current genome annotation. We determined the coordinates of the GRBs based on the co-
ordinates of genes located at the boundaries of the microsyntenic blocks. For downstream anal-
ysis, we selected all genes within 50 kb from GRB boundaries plus genes within 50 kb from
boundaries of HCNEs that were not near a GRB. To determine the promoter type of the HCNE-

proximal genes, we download McPromoter (Ohler, 2006) predictions from the current genome release
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(http://tools.genome.duke.edu/generegulation/McPromoter006 /mcpromoter.rel5.thres0.03.gff), us-
ing a stringent threshold of 0.03. Each gene was assigned the promoter type prediction found within
500 bp upstream of the TSS and a minimum of 500 bp and the length of 5’UTR downstream of
the T'SS. When multiple predictions were made for a given gene, we chose the one with the highest
score. The 5’UTR coordinates were obtained from FlyMine (Lyne et al., 2007), which was also used

to compute the protein domains and assess GO enrichment.

5.2.4 Epigenomic data

We obtained the preprocessed nucleosome occupancy data (profiling by genome-wide tiling array) de-
posited by Henikoff et al. (Henikoff et al., 2009) from the NCBI GEO database (GSE13217): the nu-
cleosome densities were the averages obtained from GSM333835, GSM333840, and GSM333844; the
mononucleosome data were the averages obtained from GSM333837 and GSM333841; the H3.3 occu-
pancies were obtained from GSM333869; and the H3.3dN occupancies were taken from GSM333870.
The data for the six studied histone modification markers [H3 lysine 4 mono- and tri-methylation
(H3K4mel and H3K4me3), H3 lysine 9 acetylation and tri-methylation (H3K9ac and H3K9me3) and
H3 lysine 27 acetylation and tri-methylation (H3K27ac and H3K27me3)], CBP binding, and replica-
tion time were obtained from the modENCODE project. These data span 12 developmental stages,
including six embryonic stages, three larval stages, and the pupae, adult male, and adult female. The
data were downloaded from the online server (ftp://data.modencode.org/D.melanogaster/Histone-
Modification/ChIP-seq/computed-peaks gff3/). Some developmental time points were missing for
some of the histone markers. For example, the larva 3, adult male and adult female stages were
missing data for H3K9me3 and the adult female stage was missing data for H3K27me3. We ob-
tained ChIP-Seq peaks for CBPs throughout the same developmental stages, with the exceptions of
the embryonic 8 to 12 h and larva 2 stages, which were missing. Missing data were ignored in our
analysis. The histone modification and CBP binding data can be found in the modENCODE deposi-
tory under the following IDs (DCCids): modENCODE_862, modENCODE_863, modENCODE _854,
modENCODE_856, modENCODE_857 modENCODE_855, modENCODE_859, modENCODE_860,
modENCODE _861, and modENCODE_858. The data for our genome-wide replication timing char-
acterization and the early origin of replication peaks can be found under the following DCCids:
modENCODE_668, modENCODE_66 and modENCODE_670 (for replication timing) and modEN-
CODE_3441 (for the early origin of replication peaks). Due to the lack of raw data for many of

the studied epigenomic modifications (which is required for normalization across conditions), we
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analyzed the frequencies of the histone modification ChIP-Seq peaks on HCNEs rather than the
enrichment levels of these modifications. We considered a marker present in an HCNE if the overlap

between the peak and HCNE covered at least 10% of the HCNE length.

5.2.5 Gene expression data and analysis

We downloaded the normalized read counts of D. melanogaster in reads per kilobase per million
(RPKM) for 30 developmental stages and 28 tissues, as compiled in FlyBase. The utilized data are
available at FlyBase

(ftp://ftp.flybase.net /releases/FB2014_02 /precomputed _files/genes/gene_rpkm_report_fb_2014_02.tsv.gz).
We changed values greater than 100 to 100 (i.e., they were considered to be very highly expressed).

To assess the relationship between histone modification at HCNEs and the transcriptional activ-

ity of proximal genes, we downloaded files of aligned reads from the modENCODE ftp server
(ftp://data.modencode.org/D.melanogaster/mRNA /RNA-seq/alignment_sam/). We computed nor-
malized read counts (in RPKM) for each gene. We computed the Shannon entropy for the expression

of each gene using the following formula:

Entropy = — Y _ p; x loga(p:) (5.2.1)
=1

where n is the number of conditions, and

ks

n
k;
=1

pi = (5.2.2)

J

where k; is the gene expression level at condition i. We used n as the base of the log in order to
keep the value between 0 and 1. Genes with uniform distribution of expression had entropy of 1,

while those expressed under only one condition had entropy of 0.

5.3 Results

5.3.1 HCNEs in the D. melanogaster genome

Using a minimum average conservation score of 0.95 across 14 insect species that diverged 2.3 to 366
million years ago (Hedges et al., 2006), we identified 1,456 HCNEs > 200 bp in the D. melanogaster

genome. Their level of conservation was greater than that of the protein-coding sequences in this
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genome (Figure 5.1). More than half of the HCNEs (56.94%) were intergenic, while the rest were

intronic.

0.75 4
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0.25 4

exon intron intergenic

Figure 5.1: PhastCons score distributions for exons, intergenic regions, and introns

The identified HCNEs displayed distinct sequence properties. They had higher GC contents
(Figure 5.2A) (P=2.29¢-29; P-values were obtained using the Mann-Whitney test throughout this
chapter, unless otherwise specified) compared to the random noncoding sequences. Moreover, the
frequency of A and T nucleotides was found to drop sharply at the boundaries of HCNEs and
increase smoothly in the surrounding regions (Figure 5.2B), in a pattern that is conserved across
different lineages (including insects) (Walter et al., 2005; Vavouri et al., 2007). Interestingly, the
central regions of the HCNEs were slightly GC-poor, similar to the sequences of short conserved
elements (Kenigsberg and Tanay, 2013) (data not shown).

To examine the intrinsic biological roles of the conserved regions, we queried the 50 most over-
represented heptamer against FlyReg motifs (Bergman et al., 2005) using STAMP (Mahony and
Benos, 2007) and detected many putative TFBSs related to developmental TFs (Figure 5.2C and
Table A.1). This result is consistent with previous reports showing that HCNEs harbor binding sites
for developmental TFs (Ryu et al., 2012; Visel et al., 2008).

Gene regulatory blocks (GRBs) are broad genomic regions of conserved synteny that harbor
dense distributions of HCNE loci, developmental and regulatory genes. GRBs are thought to have

emerged due to evolutionary pressure to maintain HCNEs and their target genes in cis, both in
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vertebrates and in insects (Engstrom et al., 2007; Kikuta et al., 2007). To assess the amount of
overlap between the identified HCNEs and GRBs, we determined the GRB boundaries from the
coordinates of 1,319 genes that show conserved microsynteny across the Drosophila genus (Sahagun
and Ranz, 2012) and span regions of dense HCNE loci (von Grotthuss et al., 2010). We found that
51.44% of the identified HCNEs reside inside 110 GRBs, and an additional 7.35% lie within 50 kb
of a GRB boundary.

HCNEs located inside GRBs are thought to regulate genes that show conserved microsynteny
and are characterized by involvement in ”regulation of transcription” and ” multicellular-organismal
development” (Engstrom et al., 2007). Of them, 95% contain an initiator element (Inr) motif in their
core promoter, consisting of Inr only, Inr followed by a downstream promoter element (Inr/DPE),
or a TATAbox/Inr (Engstrom et al., 2007). However, 49% of insect GRBs do not contain any gene
that satisfies these characteristics, suggesting that the criteria are either insufficient to characterize
HCNE targets, or that regulation by HCNEs is not restricted to Inr-motif promoters (Sahagun and
Ranz, 2012). Moreover, around 41% of the identified HCNEs were not associated with any GRB.
Therefore, for downstream analysis, we included all genes lying within 50 kb from the boundary
of a GRB or a HCNE (for HCNEs that were not located in close proximity to a GRB). These are
henceforth referred to as "HCNE-proximal” genes. In this study, we focused on genes that had
trustworthy promoter-type predictions available; Drosophila core promoters are classified into five
types: Inr-only, Inr/DPE, TATAbox/Inr, Motif1/6 (as described in (Ohler, 2006)) and DRE core
promoters (Engstrom et al., 2007; Ohler, 2006).

We identified 7,291 HCNE-proximal genes (approximately 39% of all annotated genes in Drosophila
genome), 2,612 of which had reliable predictions available for their core promoter types. The dis-
tribution of core promoter types among the HCNE-proximal genes was significantly different from
expected (P=3.94e-5 by Chi-square homogeneity test; Figure 5.2D). The HCNE-proximal genes were
prominently enriched in genes with Inr-motif promoters and depleted in genes Motifl /6 and DRE
promoters.

Consistent with the previously detected differences in Gene Ontology (GO) enrichment between
genes of distinct promoter types (Engstrom et al., 2007), the HCNE-proximal genes with Inr-only
promoters were predominantly enriched in biological processes related to regulation and develop-
ment, such as "regulation of transcription, DNA-dependent” and ”system development”. Many GO
terms related to developmental and cell adhesion processes were enriched among genes with Inr-
only and Inr/DPE promoters. Meanwhile the genes with Motifl/6 and DRE promoters tended to

be involved in general processes such as ”"metabolic process” and ”cellular process” (Figure 5.2E
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and Table A.2). Interestingly, we detected some previously unreported differences that may reflect
updates in the GO annotations. Most notably, genes with TATAbox/Inr promoter were enriched in
terms related to developmental processes, such as ”cell fate specification” which was also enriched
among genes with Inr-only promoter, and ”mesodermal morphogenesis” and ” cuticle development”,
which were not enriched in the genes of other promoter types (Figure 5.2E and Table A.2). Protein
domain analysis suggests similar results for genes with Inr only and Inr/DPE promoters: genes with
Inr-only promoter were enriched in homeobox protein domains; genes with Inr/DPE promoter were
enriched immunoglobulin protein domains. However, genes with TATAbox/Inr promoter were en-
riched in protein domains of unknown function and no protein domains were enriched among genes

with Motif1/6 and DRE promoters (Table A.3).
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Figure 5.2: Genomic properties of HCNEs.(A) Violin plot illustrating that HCNEs have a higher GC content
versus 10,000 random sequences. (B) Per-base A+T frequencies within 200 bp of HCNE-flanking regions and 15
bp of HCNEs aligned at their boundaries (region on downstream boundaries were reversed). The faded colors show
actual frequencies, while the sharp colors represent smoothed frequencies. (C) Sequence logos of four TFBSs that
were among the most significant matches to overrepresented heptamers; red marks TFs reported to be involved in
developmental processes; for complete list of TFBSs matches to top 50 overrepresented heptamers refer to Table A.1.
(D) Bar plot showing the fraction of core promoter predictions among the HCNE-proximal genes. HCNE-proximal
genes are enriched in the Inr-motif and depleted of Motifl/6 and DRE core promoters, to a higher degree than
expected by chance. (E) GO enrichment among HCNE-proximal genes grouped by their core promoter type. The top
10 significantly enriched terms (Holm-Bonferroni adjusted P-values < 0.05) are shown for each promoter-type group.
Colors represent —logio (Holm-Bonferroni adjusted P-values).
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5.3.2 Nucleosome landscape in the proximity of HCNEs

Nucleosome occupancy and positioning is intimately related to the regulation and protection of
genetic material (Chen et al., 2012). Nucleosomes occupy coding sequences more highly than in-
tergenic regions (Westenberger et al., 2009). Regions 150 bp upstream of TSSs, which typically
harbor many TFBSs, are generally depleted of nucleosomes (Spitz and Furlong, 2012). Enrichment
of nucleosomes in a promoter region is negatively correlated with gene expression (Westenberger
et al., 2009).

To assess the intrinsic information embedded in HCNEs, we analyzed their nucleosome occu-
pancy in the D. melanogaster embryonic S2 cell line (Henikoff et al., 2009). We observed that the
nucleosome density was higher in HCNEs compared to their flanking regions (Figure 5.3A) and
slightly lower at the center of HCNEs. This pattern was similar to that previously reported for
short HCNEs (Kenigsberg and Tanay, 2013). In addition, mononucleosomes were depleted at the
centers of HCNESs, enriched at their borders and immediate flanking sequences, and showed smooth

decreases along their distal flanking regions (Figure 5.3B).
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Figure 5.3: Nucleosome landscape at HCNEs.(A) Mean nucleosome density of sequences aligned with respect
to their centers. Nucleosomes are enriched at the centers of HCNEs compared to the flanking regions. (B) Mononu-
cleosome enrichment was calculated from sequences aligned as described in (A). Mononucleosomes are depleted in
HCNESs compared to flanking regions. (C) H3.3 enrichment, calculated from sequences aligned as described in (A).
H3.3 is depleted at HCNEs compared to the flanking regions. (D) Same as (C) but for H3.3dN.

H3.3, which is a non-canonical histone that replaces H3.1 during chromatin-disrupting processes,
such as transcriptional regulation (Ahmad and Henikoff, 2002; De Koning et al., 2007; Stroud et al.,
2012; Wirbelauer et al., 2005), has been shown to be important for fruit fly fertility and mammalian
development (Bonnefoy et al., 2007; Bush et al., 2013). Therefore, we investigated the occupancy
of H3.3 and H3.3dN (an N-terminal-region-lacking H3.3 that undergoes replication-independent in-
corporation into chromatin) (De Koning et al., 2007). Similar to the pattern observed for mononu-
cleosomes, H3.3 was depleted at the center of HCNEs, while being enriched at their borders and

immediate flanking regions (Figure 5.3C and D).
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Taken together, these findings indicate that HCNEs are characterized by a high nucleosome
density, a low mononucleosome density, and a low H3.3 density in the S2 cell line. Thus, HCNEs

appear to exist in a more compact chromatin environment compared to their flanking regions.

5.3.3 Dynamic regulation of histone modification at HCNEs

Chemical modifications of histones can determine the state of chromatin and regulate gene expression
(Bernstein et al., 2006). Since HCNEs are believed to regulate developmental genes, we questioned
whether their chromatin state might change during development. We tested six histone modification
markers: H3 lysine 4 mono- and tri-methylation (H3K4mel and H3K4me3), H3 lysine 9 acetylation
and tri-methylation (H3K9ac and H3K9me3), and H3 lysine 27 acetylation and tri-methylation
(H3K27ac and H3K27me3). In addition, we examined nejire (a CREB-binding protein; CBP) for
any association with the regulation of transcription in our system.

H3K9me3 and H3K27me3, which have been associated with the repressed state of chromatin
(Negre et al., 2011), were found to cover 19-45% of HCNEs throughout development (Table 5.1).
This indicates that many HCNEs maintain a repressive chromatin state during the development of
D. melanogaster. However, H3K9me3 and H3K27me3 had broad peaks that spanned many kb while
the HCNESs covered only small parts of these regions (Figure 5.4). This suggests that the repressed
chromatin state is a property of the regions that harbor HCNEs, and does not appear to be specific
to HCNEs.

Although the histone modifications normally associated with active chromatin and CBP were
relatively depleted among HCNEs (Table 5.1), they demonstrated significant stage-specific patterns.
For example, H3K4mel and H3K9ac were predominantly enriched during the embryonic stages,
whereas the number of HCNEs with H3K27ac increased during the second larval stage and CBP
was more abundant during later developmental stages (Table 5.1). Unlike the peaks seen for the
repressive markers (see above), the peaks of these active markers were narrow, and thus appeared

to reflect the activities of HCNEs rather than their surrounding regions (Figure 5.4).



Embryonic Embryonic Embryonic Embryonic Embryonic Embryonic Larva Larva Larva Pupa Adult Adult

0-4 hours 4-8 hours 8-12 hours 12-16 hours 16-20 hours 20-24 hours 1 2 3 Male Female

CBP 0.1 1.9 - 3.8 0 0.1 0.4 - 1.6 5.0 4.5 3.6
H3K4mel 7.0 0.7 9.3 25.3 14.1 2.8 0.3 3.4 0.5 3.2 0.1 1.3
H3K4me3 1.4 0.3 1.9 5.2 4.1 0 0.6 1.3 0 0.6 0.4

H3K9ac 5.6 2.7 5.8 3.4 5.1 7.6 0 1.3 1.4 0.3 0.3 0.8
H3K9me3 19.7 19.6 23.3 30.2 28.7 26.1 25.5 30.0 - 21.9 - -
H3K27ac 5.5 3.8 4.7 10.9 6.3 4.4 0.4 23.2 3.8 2.1 0 2.7
H3K27me3 41.8 25.0 29.1 21.9 41.5 40.7 31.7 49.7 31.0 45.4 23.1 -

Table 5.1: Dynamic histone modification at HCNEs during
Drosophila development.Table shows the percentage of HCNEs that were
positive for any of the six analyzed histone modification markers or CBP bind-
ing across 12 developmental stages. A dash (-) indicates missing data. An
HCNE is considered to have a given marker when at least 10% of its length
overlapped with the marker. We observed a prominent presence of H3K27me3
and H3K9me3 among the HCNEs throughout development. Markers asso-
ciated with the active chromatin state (H3K27ac, H3K9ac, and H3K4me3)

displayed stage-specific patterns.
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Figure 5.4: Boxplot illustrates HCNE coverage for various histone modifications and CBP peaks

5.3.4 Association between the transcriptional activities of HCNE-proximal

genes and histone modification at HCNEs

We next examined the transcriptional activities of HCNE-proximal genes during 30 stages of de-
velopment and across 28 different tissues. We first assessed their stage and tissue specificities with
Shannon entropy (see Methods), and found that the stage and tissue specificities of HCNE-proximal
gene expression followed a bimodal distribution (Figure 5.5A and B). This indicates that HCNEs are
flanked by both stage/tissue-specific genes and those that are uniformly expressed across different
stages and tissues. Moreover, we noted that genes with Inr-motif promoters exhibited higher de-
grees of stage- and tissue-specific expression compared to those with Motifl/6 and DRE promoters
(Figure 5.5A and B, Table A.4). This is consistent with our observations regarding the functional
enrichment of genes of distinct promoter types (see above).

We next explored the expression profiles of the HCNE-proximal genes that showed stage/tissue-
specific expression based on a stringent cutoff inferred from their bimodal distributions (1-entropy
0.25 and 0.4 for stage and tissue specificity, respectively). Clusters of stage-specific genes with Inr-
motif promoters showed high levels of expression across most developmental stages (Figure 5.5C).

In contrast, genes with Motifl /6 and DRE promoters were predominantly expressed during later



58

developmental stages. Interestingly, many of the selected genes with Motifl /6 or DRE promoters
were male-specific (Figure 5.5C). Unlike the stage-specific genes, tissue-specific genes of different
promoter types showed similar expression profiles across tissues. Interestingly, we observed large
clusters of genes with Motifl /6 and DRE promoters expressed at high levels in ovary and testis
(Figure 5.6).

Histone modifications around genes are often correlated with their transcriptional regulation.
Thus, we studied whether histone modification and/or CBP binding at HCNEs could be associated
with the transcription levels of nearby genes. For all promoter types, we grouped the stage-specific
HCNE-proximal genes by the presence or absence of active markers (H3K4mel, H3K4me2, H3K9ac,
H3K27ac, or CBP) at the nearest HCNE (A marker is considered present at HCNEs if at least 10%
of HCNE length overlap with marker peak). Interestingly, genes with Inr only, TATA box/Inr and
DRE promoters near active HCNEs showed higher expression levels than those near inactive HCNEs
(P=1.27e-11, P=2.10e-2, and P=7.64e-7, respectively; Figure 5.5D). This suggests that HCNEs and

their histone modifications could be involved in the transcriptional regulation of adjacent genes.
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Figure 5.5: Transcriptional activity of HCNE-proximal genes and their associations with histone
modifications of HCNEs.(A) (upper) Histogram showing the bimodal distribution of stage specificity amongst
HCNE-proximal genes, measured as l-entropy; 0 indicates that genes were expressed evenly across different stages,
while 1 indicates that genes were expressed during only one stage. (lower) Violin plots showing the stage specificity
of HCNE-proximal genes grouped by their core promoter type. Genes with Inr-motif promoters are more stage-
specific than genes of the other core promoter types. (B) Same as in (A), but assessing tissue specificity. (C)
Heatmaps illustrating the expression levels of stage-specific HCNE-proximal genes across 30 developmental stages
(from FlyBase); E, L, P, AdF and AdM refer to Embryonic, Larva, Pupa, Adult Female and Adult Male stages.
Genes were grouped by their promoter type (Color key for promoter type is shown on the top of each Heatmap;
Inr only and Inr/DRE are grouped together for visualization purposes), and expression values greater than 100 were
rounded to 100. Complete linkage hierarchical clustering is performed with Euclidean distance as the distance metric.
Clusters of genes with Inr-motif promoters exhibit high levels of expression throughout development, whereas the genes
having other promoter types are predominantly expressed during the later stages. (D) Boxplot showing differences in
the expression levels of HCNE-proximal genes grouped by the presence (sharp color) or absence (faded color) of active

markers at the nearest HCNEs. Expression levels were examined for all 12 developmental stages (from modEncode).
Symbol ”*” indicates < 0.05.
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Figure 5.6: Heatmaps illustrating the expression levels of tissue-specific HCNE proximal genes across 28 different
tissues

5.3.5 Some HCNEs are initiated early in replication

DNA replication is a highly accurate process that ensures the correct transmission of genetic infor-
mation to daughter cells. The location and temporal order of replication is conserved in several yeast
species (Muller and Nieduszynski, 2012), but replication origins do not seem to be strongly conserved
among higher eukaryotes (Kritsas et al., 2012). Here, we examined the replication timing of HCNEs
in three D. melanogaster-derived cell lines: ML-DmBG3-c2 (Bg3), Ke-167 (Kc), and S2-DRSC (S2)
cells. We found that HCNEs fire later during replication compared to other genomic loci in Bg3
(P=8.9¢-9), Kc (P=1.4e-9), and S2 (P=>5.45e-21) cells (Figure 5.7A). This result is consistent with

the reported late replication of repressed and Polycomb-associated heterochromatic regions enriched
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in HCNESs (Filion et al., 2010). However, we found a subset of HCNEs that serve as early replication
origins, at percentages higher than those expected by chance: 10.09% (P=7.7e-9), 11.20% (P=1.4e-
3) and 7.42% (P=0.02) for Bg3, Kc and S2 cells, respectively (P-values computed by Fisher’s exact
test). Only 26.03% of these early-replication HCNEs were common to all three cell lines (Figure

5.7B), indicating that the activities of HCNEs as early replication origins are cell-line-specific.
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Figure 5.7: Some HCNEs fire early in replication.(A) Violin plot displaying the distributions of replication
timing at HCNEs and other genomic regions in three cell lines. HCNEs fire later in replication compared to all genomic
regions across all cell lines. (B) Venn diagram demonstrating the number of HCNEs within the early replication origin
peaks identified in the three cell lines. Approximately 10% of HCNEs are associated with early replication origins;
of them, only 26% are common to all three cell-lines, indicating that some HCNEs undergo cell-specific initiation of
early replication.

5.3.6 Association of HCNEs with nuclear structures

The nuclear lamina, which is an important part of the nuclear structure, functions in important cellu-
lar processes of metazoan cells, including chromatin organization and DNA replication (Prokocimer
et al., 2009). Several studies have identified lamina-associated domains (LADs) as genomic elements
that are capable of mediating the association between the genome and the structural framework of
the nucleus (Guelen et al., 2008; van Bemmel et al., 2010). We questioned whether the identified HC-
NEs could be associated with LADs. We downloaded the positions of LADs in the D. melanogaster
genome (van Bemmel et al., 2010) and converted the coordinates to those of the current genome
release using the FlyBase conversion tool (van Bemmel et al., 2010). Consistent with the previous
report that lamin protein binding is enhanced along HCNE-enriched repressed chromatin (Filion

et al., 2010), we found that 872 HCNEs were located within LADs (P=3.39e-32 by Fisher’s exact
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test). Our results therefore suggest that HCNEs can associate with structural components of the

nucleus, potentially contributing to their evolutionary selection.

5.3.7 Correlations among distinct properties of HCNEs

To gain new insights into the overall properties of HCNESs, we performed cluster analysis (complete-
linkage hierarchical clustering) using the identified HCNEs and the examined genomic and epige-
nomic features (Figure 5.8). To reduce the complexity of this analysis, we summed the number of

histone modifications and CBP bindings across the various developmental stages.
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Figure 5.8: Genomic and epigenomic properties of HCNEs Heatmap demonstrating the clustering of HCNEs
based on the studied features (see below). (B) Heatmap showing correlation between features. The studied features
include: the levels of nucleosomes, mononucleosomes, H3.3 and H3.3dN; the summed occurrence of each histone
modification and the CBP binding for each HCNE during development; the replication timing in the three studied cell
lines (columns labeled as RepTimeBg3, RepTimeS2 and RepTimeKc); and the LAD scores. To facilitate visualization,
the values of each feature were scaled to between 0 and 1 using the equation % , where maz and min were
the maximum and minimum values of each feature, respectively; complete linkage hierarchical clustering is performed
with Euclidean distance as the distance metric.

A number of HCNE clusters were observed. The members of the most prominent cluster were

tri-methylated on H3 during development (H3K9me3 and H3K27me3; dark red cells in the bottom
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and middle clusters of Figures 5.8A). As these markers have been associated with transcriptional
repression (Negre et al., 2011), our results may indicate that these HCNEs are silenced throughout
most of development. Although the activation markers (H3K4mel, H3K4me3, H3K9ac, H3K27ac,
and CBP) (Negre et al., 2011) were generally depleted on HCNESs, we observed a few small clusters
of HCNEs that exhibited various combinations of activation modifications throughout development.
This suggests that although HCNEs were typically maintained in a repressed state in the studied
cell lines and during most developmental stages, they may be activated in specific cell types or for
short periods during development. Similar patterns have been observed among some developmental
genes (Dolecki et al., 1988).

Other HCNEs were found to be associated with early replication origins (Figures 5.8A, dark
red cells in columns 4, 5 and 6). This suggests that replication may be tightly connected with the
mechanisms underlying the genomic conservation of some HCNEs.

Our correlation analysis further revealed the following relationships at HCNE (Figures 5.8B):
a negative correlation between mononucleosome levels and GC content/nucleosome occupancy; a
positive correlation between H3.3 and H3.3dN; a positive correlation between the repression mark-
ers, H3K9me3 and H3K27me3; positive correlations among the activation markers, CBP, H3K9ac,
H3K4mel and H3K27ac; and positive correlations among replication origins. Weak positive corre-
lations were also observed between replication markers and activation markers (Figure 5.8B). These
correlations between the different features indicate that they all act on roughly the same subsets
of HCNEs. However, this held true only between features from a given cell line or developmental
stage. HCNEs appeared to be mostly repressed in S2 cells, while being active during some of the
studied developmental stages of the fly. Thus, nucleosome occupancy and other chromatin features
from the S2 cell line do not appear to correlate with the histone modification marker data from the

various developmental stages.

5.4 Discussion

5.4.1 Local trends in GC and nucleosome density provide insights into
DNA conservation
In HCNES, elevated GC levels and associations with developmental genes appear to be universal

beyond the kingdom level (Kritsas et al., 2012; Kenigsberg and Tanay, 2013). Recent studies have

suggested that compensatory evolution may exist, as divergent sequences have been found to main-
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tain their GC contents and nucleosomal organizations in yeast (Kenigsberg et al., 2010). Short
conserved elements (30-70 bp) in D. melanogaster also showed similar patterns (Kenigsberg and
Tanay, 2013). Local GC contents have been found to exert strong effects on the flexible organiza-
tion of nucleosome spacing, with AT-rich sequences serving as repelling elements and forcing the
nucleosome to position on GC-rich areas that favor nucleosome binding. Nucleosomes suppress C to
T, G to T, and A to T mutations by about 2-fold in yeast by reducing the exposure of naked DNA
(Chen et al., 2012). These observations are consistent with our findings that HCNEs are GC- and
nucleosome-rich, and are demarcated by AT- and mononucleosome-rich sequences (Figures 5.2 and
5.3). The nucleosome data used in this study were obtained from S2 cells, which originated from
a late embryonic macrophage-like lineage (Schneider, 1972). Our results suggest that nucleosomes
remain dormant on HCNEs, at least in S2 cells. These results may be cell-specific, however, as

nucleosome occupancy can differ in various situations, including during development (Teif et al.,

2012).

5.4.2 Histone modifications suggest that HCNE may play a regulatory

role

Chromatin is not a static entity. Chemical and thermal fluctuations around chromatin can denature
the DNA (i.e., the so-called ”DNA breathing”) (Chen et al., 2012), and dynamic changes can occur
via histone modifications. Most of the previous studies of epigenetic regulation have focused on
genes and promoter regions with well-defined locations and properties. The epigenetic regulation
mechanisms of other locations, such as distal enhancers, are not yet well understood because it is
difficult to identify such elements and their long-distance relationships with target genes. Here, we
examined possible epigenetic control mechanisms at HCNEs, and identified their dominant histone
modifications, which included H3K9me3 and H3K27me3 (Table 5.1). Histone modification is often
associated with the transcriptional activation or repression of nearby target genes. Consistent with
this, many HCNE-proximal genes, most notably genes with Inr-motif and DRE promoters, showed
higher expression levels when their associated HCNEs were in the active chromatin state (Figure
5.5D). This suggests that the chromatin modification of HCNEs may modulate the transcription of
those genes, many of which are developmental regulators. Clis-regulation can control distant genes,
but it is generally difficult to discriminate between target and bystander genes due to the lack of
comprehensive transcriptomic and epigenetic data (Akalin et al., 2009) and the complications caused

by high gene density, such as that found in the D. melanogaster genome.
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5.4.3 Replication timing at HCNEs

The orchestrated and properly timed initiation of replication from multiple origins during cell division
is essential for the vertical transfer of genetic materials. Thus, most species maintain common
genomic and epigenomic features at their replication origins. Replication origins are GC-rich, but
their nascent strands are AT-rich, allowing the DNA to open easily (Cayrou et al., 2011). In addition,
they are lineage-specific, and do not appear to be related to the conservation level of DNA in higher
eukaryotes (Kritsas et al., 2012; Rowntree and Lee, 2006). Replication origins fire at different times,
and early replication origins tend to allow for fewer mutations in cancer cells (Lawrence et al., 2013).
Our results indicate that most HCNEs initiate late in replication. However, about 10% of HCNEs
co-localize with early replication start sites, at least in D. melanogaster, and thus should be under
strong negative selection. Future work is needed to identify the molecular mechanism(s) through

which the origin-recognition complex recognizes these specific sequences.

5.4.4 Crosstalk between HCNEs and the nuclear architecture

Previous studies have shown that HCNEs, including ultraconserved elements, are not mutational
cold spots (Kritsas et al., 2012; Katzman et al., 2007; Sakuraba et al., 2008), suggesting that they
are likely to have intrinsically important functions and be under strong selection pressures. However,
it is unlikely that every base of a > 200 bp HCNE plays a regulatory role, suggesting other vital
functions are likely to be involved in the negative selection of these elements. Studies have shown
that genomic elements and nuclear structures frequently undergo crosstalk and dynamic regulation.
The nuclear scaffold/matrix provides both a mechanical anchor and distinct territories for genomic
elements and proteins during various processes, such as replication and transcription (Linnemann
et al., 2009). Although we found some overlap between HCNEs and S/MARs, the amount of overlap
was not statistically significant (data not shown). This could reflect the generally poor identification
of S/MARs in insects; only a very small number of S/MARs have been experimentally verified,
and the computational prediction of such regions has been far from accurate due to their sequence
diversity (Frisch et al., 2002). However, overlap between HCNEs and S/MARs has been reported
in other lineages (Glazko et al., 2003; Tetko et al., 2006), and these elements have some common
characteristics (e.g., associations with developmental genes), seeming to indicate that they may
interact. LADs have been relatively well characterized in the D. melanogaster genome (van Bemmel
et al., 2010), which is ~ 40% covered by LADs of varying size (7 ~ 700 kb). LADs are closely related

to S/MARs and significantly overlap with S/MARs in human cells (Linnemann et al., 2009). Lamin
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B1, which is the primary component of the nuclear lamina, binds to matrix-attachment regions
(Luderus et al., 1992). Lamin also binds histones and is involved in chromatin remodeling, DNA
replication, apoptosis, and early development (Prokocimer et al., 2009). Thus, lamin could arguably
link the genome to nuclear structures. We observed a striking overlap between LADs and HCNEs
indicating possible intimate relationship between the nuclear lamina and mechanisms of genomic
conservation. The LAD data used in the present study were obtained from Drosophila Kc cells
(van Bemmel et al., 2010). The composition of the nuclear lamina changes during development; for
example, lamin B1 predominates in the early chicken embryo and decreases thereafter, whereas lamin
A shows the opposite expression pattern (Lehner et al., 1987). In the future, it will be interesting to
examine the interaction between conserved elements and various lamin proteins during development
and in different cell types. Lamins are exclusive to metazoan cells, and are not detected in plant
cells (reviewed in (Prokocimer et al., 2009; Meier, 2007)). Thus, although HCNEs have similar
properties in animals and plants, it is likely that different nuclear proteins may be involved in
their structural associations with the nuclear matrix in these two systems. Because HCNEs do not
represent mutational cold spots (Kritsas et al., 2012; Katzman et al., 2007; Sakuraba et al., 2008), any
mutations in these elements must be repaired. Very little is known regarding the binding preferences
and recruitment mechanisms of DNA-repair proteins. A few lines of evidence have indicated that
DNA repair-related proteins show weak sequence preferences in other species (Tracy et al., 1997;
Andersen et al., 1985). However, additional detailed molecular studies will be required to assess
the repair mechanisms that may be responsible for suppressing mutations in HCNEs. We also need
future studies of nucleosome territories (Cremer and Cremer, 2001) to understand how these repair
proteins gain easy access to the mutated region. Multifunctional and highly conserved chromatin-
related proteins could be considered as candidate regulators for this mechanism. One such protein is
Heterochromatin Protein 1 (HP1), which binds to the nuclear envelope, histones, replication origins,
and DNA-damage-response proteins (Cayrou et al., 2011; Lachner et al., 2001; Prasanth et al., 2010;

Dinant and Luijsterburg, 2009).
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Chapter 6

Epigenetic Dysregulation of
Human Myogenesis Affects Time

Regulated eRNA and Associated

Transposable Element Expression

This chapter will be submitted for publication.

e Logmane Seridi, Yanal Ghosheh, Beatrice Bodega, Gregorio Alanis-lobato, Timothy Ravasi and Valerio Orlando.

Profiling Enhancer RNAs during Myogenesis. . ©Seridi et al 2015.

6.1 Introduction

Transcriptional regulation is a complex process that involves the interaction of transcription factors,
promoters, enhancers, noncoding RNAs, transposable elements and chromatin states. To under-
stand the transcriptional regulome, spatiotemporal measurements of its components is necessary.
Myogenesis is a favorable model system to study transcriptional regulation because factors driving
the process are well known and evolutionary conserved (Buckingham and Vincent, 2009; Cesana
et al., 2011). However, most time-course studies of myogenesis are limited to few time points and
cell lines (Giordani and Puri, 2013). Here, using RNASeq and CAGE, we deep sequenced a high-
resolution time-course of myogenesis transcriptome from human primary cells of healthy donors and

donors affected by Duchenne muscular dystrophy an X-linked disease that causes muscle degener-
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ation. We compiled a catalog of coding and noncoding RNAs, promoters, enhancers, and active
transposable elements that are activated in a time-regulated manner during cell differentiation of
cultured myoblasts to myotubes. Comparative analysis of of healthy with DMD samples revealed
a global dysregulation of coding and noncoding genes, enhancers, and transposable elements pos-
sibly due to the epigenetic defect in HDAC2 pathway characteristic of the disease (Colussi et al.,
2008). Finally, our analysis revealed high correlation between enhancers and transposable elements

activities.

6.2 Methods

6.2.1 Relationship between donors

To explore the differences between the six donors. First, we computed the complexity-invariant
distances (Batista et al., 2014) between the expression profile of each transcript in one donor against
its profile in another. Then, a distance matrix, between all donors, was constructed by averaging the
complexity-invariant distances of all transcripts for every pair of comparison. Last, we projected the
matrix onto a two-dimensional space using multidimensional scaling (MDS). Appendix B.1c shows
that healthy donors 1 cluster with healthy donor 2 and DMD donors 1 cluster DMD donor 3; healthy
donor 3 and DMD donor 2 are outliers of their corresponding groups. We confirmed this observation
by looking at the expression profile of genes key to myogenesis: MYH2, MYH3, MYHS, MYOD1,
and MYOG (Appendix B.1d).

6.2.2 Differential expression, clustering and functional annotation

We conducted DEG analysis on RNASeq data using edgeR v3.6.8 (Robinson et al., 2010); we used
data from healthy donors 1 and 2 and DMD donors 1 and 3 as replicates and qvalue cutoff of 0.05.
To cluster dynamic genes and eRNAs. First, we averaged gene/eRNA expression over used donors.
Second, we scale expression across time (z-score). Last, we clustered scaled gene/eRNA expression
using kmeans. Functional analysis was conducted using GOstats v1.7.4 (Falcon and Gentleman,

2007) for genes and GREAT (McLean et al., 2010) for genomic loci eRNAs.

6.2.3 Relationship between time points and phenotypes

To understand how myogenesis progresses through time, and how it differs between the two phe-

notypes. First we define a condition as a combination of time and phenotype, e.g., healthy time 0,
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DMD time 0, healthy time 1, etc. Second, using RNASeq data of healthy donors 1 and 2, we deter-
mined genes implicated in myogenesis: genes that were differentially expressed between any two time
points during differentiation (qval< 0.05) using edgeR v3.6.8 (Robinson et al., 2010). Third, based
on the expression values of these genes (mean expression of consistent donors; done using RNASeq
and CAGE independently), we computed information variation (IV') distance between all possible
pairs of conditions; IV(X,Y) = H(X)+ H(Y)—2 I(X,Y), where H is entropy and I is mutual
information that were computed using ”infotheo” R package (Meyer, 2014). Fourth, we constructed
minimum spanning tree (MST) over the IV matrix and calculated distances between conditions over

MST. Last, we projected the MST distances on two-dimensional space using MDS.

6.2.4 Identification of putative active enhancers

We identified active enhancers during myogenesis as described by (Andersson et al., 2014). First,
we filtering: consensus tag clusters (CTCs) within 500bp from TSSs of annotated genes or novel
transcriptome assemblies, CTCs less than 200bp from exon boundaries, and CTCs overlapping CTCs
from opposite strands. Second, we identified the centers of divergent CTCs that are at most 400bp
apart. We measured bi-directionality score around those centers as ||FW — RV||/(FW + RV),
where FW is expression of forward transcript (downstream the center), and RV expression of reverse
transcript (upstream the center). Loci with a bi-directionality score of at most 0.8 in at least one

sample were taken as putative active enhancers

6.2.5 Association to repeat elements

We downloaded the repeat element annotation of repeatmasker (Benson, 1999) from HOMER (Heinz
et al., 2010); the annotation file includes, for every repeat element, its divergence score from, and
coverage of, its corresponding consensus full length. We used BEDTools (Quinlan and Hall, 2010)
to determine whether eRNA overlap a repeat element. eRNA is an eRNA-overlapping repeat when
its center is within repeat body. The distance, however, was measured from eRNA boundary (center

+200bp).
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6.3 Results and discussion

6.3.1 Sequencing time-course transcriptome of myogenesis

Human primary myoblasts from three healthy donors (two females and one male) and threeDMD
patient donors (all male) (Telethon Biobank Besta Institute Milan, Ttaly) were cultured and differ-
entiated to myotubes in vitro; as expected cells from DMD donors differentiated at a slower rate
and generated weaker myotube density (Figure 6.1a). We determined the differentiation time-course
transcriptome using RNASeq and CAGE (nine time points over twelve days of differentiation). The
sequencing produced over 2.5 billion reads, of which > 87% mapped to the genome (Figure 6.1a).
29,794 genes (from RefSeq annotations and novel assemblies) were expressed based on RNASeq, 72%
of them were confirmed by CAGE (Figure 6.1b). Gene expression measured by RNASeq and CAGE
were highly correlated (minimum Pearson > 0.8; Figure 6.1c and Appendix B.1 a-b). We excluded
data of two donors (one healthy and one DMD) form analysis specific to myogenesis because they
showed inconsistent gene expression profiles with other donors of the same phenotype (Appendix

B.1c-d). Throughout the manuscript, only consistent donors were used unless otherwise mentioned.
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Figure 6.1:  a) (top) shows fluorescence microscopy images taken from 3 time points of differentiation process of

health donor and DMD donor (bottom) line plot showing amount of cells that fused at each time point (error bar +/-
std); as expected healthy donors normally differentiated whereas DMD donors differentiated at much slower rate. b)
barplot showing the number of total reads (after removing bad quality reads) and the number of mapped reads to the
genome from 54 libraries. ¢) barplot shows the number of expressed transcripts during differentiation using RNASeq
and CAGE. d) scatterplot shows the amount of correlation between sequencing technologies used; a high correlation
between RNASeq and CAGE.
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6.3.2 Healthy and DMD differentiation diverge at day 2

To understand how the differentiation progresses throughout time and across phenotype, we first
identified 3,830 dynamic genes implicated in myogenesis (genes differentially expressed between any
two time points from healthy donors; gualue < 0.05): 3,717 protein-coding genes (392 TFs) and
113 noncoding genes. Using these genes, we computed the mutual information distance between
all time points and projected them by multidimensional scaling (MDS). The projection unveiled
ordered trajectories of differentiation for both phenotypes. Although the differentiation of both
phenotypes started and progressed similarly, they diverged after day two, henceforth denoted as

divergence pivot; this divergence increased rapidly over time (Figure 6.2a and Appendix 6.3a).
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Figure 6.2: a) scatterplot shows MDS projection of RNASeq time-course data; projection unveiled bifurcation
of differentiation programs b)lineplot demonstrates that dynamic genes group into 5 expression profiles; the profiles
are inconsistent between healthy and DMD donors especially after day 2. c¢) barplot showing number of differentially
expressed genes compared to healthy day 2; clear difference between number of differently up/down-regulated genes
in healthy and DMD-— consistent with observation from (a) and (b)

The dynamic genes clustered into five waves based on their expression profile in healthy donors
(Figure 6.2a and Appendix 6.3b). The clusters were enriched in biological processes consistent
with the current knowledge about myogenesis (Bentzinger et al., 2012) (Appendix 6.3c): cluster 1
is enriched in genes associated with proliferation; clusters 2 and 3, are enriched in genes involved
in adhesion and fusion stages; cluster 4 is enriched in genes involved in early muscle structure
development; cluster 5 is enriched in genes involved in development. Except for clusterl, the clusters
exhibit different expression profiles between healthy and DMD donors— most notably after day
two (Figure 6.2b-c). This result is consistent with our earlier projection results and suggests that

proliferation stage ended similarly for both healthy and DMD donors.
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Figure 6.3: a) scatterplot shows MDS projection of CAGE time-course data; a bifurcation of differentiation
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To find the genes possibly initiating the divergence between the two differentiation trajectories,
we retrieved differentially expressed genes in the day immediately following the divergence pivot
(Figure 6.1c). Many key regulators of myogenesis exclusively upregulated in healthy cells such
as MYOG, ID3, MEF2C, MYH2, NOTCH3, and SMYD1. Furthermore, we observed in DMD a

down-regulation of the interferon pathway and noncoding RNA MALAT1I.

6.3.3 Profiling active eRNAs during myogenesis

eRNA control expression of genes crucial to specific cellular conditions such as development, differ-

entiation and response to stress (Lam et al., 2014). However, their spatiotemporal dynamics during
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differentiation are not well understood (Arner et al., 2015). Putative enhancers are marked by bidi-
rectional transcription that is detectable by CAGE (Lam et al., 2014; Andersson et al., 2014). Using
12,708,419 CTSS from all CAGE libraries, we identified 4, 132 putative active enhancers which are:
bi-directionally transcribed (Figure 6.4a); distant from T'SS of known genes (RefSeq) and novel as-
semblies (Figure 6.4b); 35% intergenic; and 36% found in FANTOMs enhancer database (Andersson
et al., 2014). These putative enhancers exhibit strong occupancy of chromatin-associated markers
of enhancers (H3K4mel, H3K27ac, and DHS) in myoblast (HSMM) and myotubes (HSMMt) cell
lines (Figure 6.4c-e and Appendix 6.5a-b); ChIP-Seq data from ENCODE (Dunham et al., 2012).
Using MEME (Bailey and Elkan, 1994), de novo motif finder, we detected many motifs of general

transcription factors enriched in eRNA sequences (Appendix 6.6).
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Figure 6.4: a) mean CAGE signal shows bidirectional transcription of identified eRNAs; the signal is an aggregate
of all samples. b) histogram shows that more than 89% of eRNAs are at least 1kb from closest TSS. c)heatmaps
(rows are eRNAs and columns are genomic position relative to eRNA centers) and mean signal (blue) showing that
eRNAs have characteristic features of regulatory loci: DHS and depletion of H3K4mel and H3K27ac at eRNA centers
compare to flanking regions; for visualisation purpose, the signal of heatmap was scaled by setting outliers values
(values > 98" percentile) to the value of 98" percentile. All values were further scaled to the [0, 1] range by dividing
them by the maximum. The signal of DHS, H3K4mel and H3K27ac on muscle cell lines HSMMt and HSMM were
obtained from ENCODE repository.
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of > 98" percentile. All values were further scaled to the [0, 1] range by dividing them by the maximum.
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Figure 6.6: Sequence logo of 10 most enriched motifs within eRNAs and their TF best match.

6.3.4 Degenerate activities of eRNAs in DMD

eRNAs expression was time specific (Figure 6.7a-b). They clustered into six waves each flanked by
genes implicated in distinct biological processes (Appendix 6.5¢). 69% of eRNAs correlated with
at least one gene within 500kb (average 2.17 eRNA per gene and 1.37 gene per eRNA). The wave-
like expression profile of eRNA clusters suggests possible distinct TFs controlling the expression
of each cluster. However, discriminative motif analysis using DREME (Bailey, 2011) yielded no
discriminative motifs, except for cluster 4 (Appendix 6.6). Moreover, while most eRNAs were active
in both phenotypes, their expression profiles were inconsistent. FExcept for eRNAs of cluster 1,
eRNAs from the same cluster peaked at different times (Figure 6.7¢) and to lower expression level
in DMD compared to healthy (Figure 6.7d). The lack of discriminative motifs between clusters and
the asynchronous expression of eRNAs from the same cluster in DMD indicate that eRNA clusters
are unlikely to be controlled by specific master regulator. Thus, we hypothesize that the degenerate
activity of eRNAs in DMD may be due to a major change in the epigenetic landscape caused by
the hyperactivity of HDACs (Colussi et al., 2008), degenerate activity of SMYDI1, or other factors

in DMD.
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Figure 6.7: a) heatmap exhibits expression profile of eRNAs during differentiation; eRNAs are transcribed in time
specific manner, however, distinct from control and DMD samples (healthy and DMD are clustered independently).
b) lineplot showing expression profile of eRNAs illustrating that eRNA transcription comes in waves during muscle
differentiation in control samples and the signal is lost in DMD (clustering based on healthy samples). ¢) violin plot
illustrating that eRNAs from different waves exhibit an asynchronous shift in DMD samples. d) violin plots showing
the distribution of fold change of expression between DMD and control at their peaks; except for the first wave, eRNA
tend to peak to lower expression levels in DMD samples.

6.3.5 eRNA associate to transposon insertion sites

Recent reports indicate a role for retrotransposon ncRNA in stem cell maintenance (Fort et al., 2014).
Data from our laboratory indicate a positive correlation between L1 and SINE retrotransposon
activity and correct transcriptional activation of myogenic cell program (Bodega et al, submitted).
Notably, L1 expression is under the control of nNOS HDAC pathway and is aberrantly repressed
in DMD. While eRNAs are depleted in repeat elements (Andersson et al., 2014), 83% of eRNA are
within 100 — 1500 bases of repeat DNA (Figure 6.8a); thus we sought to investigate the association
between eRNA and repeats. Repeat element composition around eRNAs is complex— no repeat
family was enriched (Figure 6.8a). Further, most repeats flanking eRNAs are truncated (Figure
6.8c-d) and are unlikely to be active transposon. Recently, DNA double stranded break regions were
shown to share common properties with eRNAs such as bidirectional transcription of small RNAs
(Pefanis et al., 2015). We speculate that eRNA boundaries are insertion target sites of TEs. These

insertions may regulate eRNA activities. This speculation needs to be further investigated.
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Figure 6.8: a) density scatterplot shows that most eRNAs are within 1.5kb from repeat element, though, most of
them do not overlap any repeat element (it would be expected by chance that most eRNA overlap repeat elements
— boxplot on sides of scatterplot). b) barplot shows the number of most abundant repeat elements around eRNAs.
c) boxplot shows fraction of length of alignment of repeat element over the length of their corresponding full-length
consensus; with the exception of simple and low complexity repeats, repeat elements around eRNAs cover only small
a fraction of their full length consensus. d) boxplot shows the divergence of repeat elements from their corresponding
full-length consensus. e) barplot shows number of eRNAs within repeat elements at class level (left panel) and
subclass level (left panel); although eRNAs are depleted in repeats, eRNA overlapping repeats are enriched in LTRs;
(*) indicate p-value < 0.05, (**) indicate p-value < le — 05.

6.3.6 eRNAs overlapping repeats are enriched in LTRs

14% of eRNAs overlap repeat elements. Surprisingly, eRNAs overlapping repeats are enriched in
LTRs and depleted in long interspersed repeats (LINEs) and LINEs (Figure 6.8d); the enrichment is
dominated by ERVL and ERV1 subclasses of LTR. Fort et al., 2014, identified 217 LTR-associated
eRNA (annotated by FANTOM) in human stem cells; those eRNAs are suggested to maintain
cell pluripotency. We found 173 LTR-associated eRNAs, 63 of them were previously identified by
FANTOM; only five were part of Fort et al., 2014 list (Figure 6.9a). We sought to determine whether
the 63 LTR~associated eRNAs were related to stem cells. We found those eRNAs expressed in many

cell types (average 153 cells per eRNA) including stem cells (Figure 6.9b-c). The remaining 110
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LTR-associated eRNAs were exclusively expressed during myogenesis. We conclude that LTR and
perhaps L1/SINE evolve subsets of distal regulatory elements that correlate with various functions
including the maintenance of cell pluripotency and differentiation.

a

FANTOM

Myogenesis

Fort et.al

Q-

b c

40 n .
) ]
B :0.7
E 80 6 1
0 30 g .
B 30.5- . TN
n [7)] .
n 20 H 0.4 ’
o g : :
% g 0.31 vy L
o 10 qc.; 0.2, . LI
‘g o o

I E PR AT T

4 0 -30 A .
9 T T 4 T T T T
E Stem non & 0.2 0.4 0.6 0.8
2 Stem B Fraction of stem cells

Figure 6.9:  a) venn diagram showing small overlap between identified LTR-associated eRNAs and LTR-associated
eRNAs reported by (Fort et al., 2014). b) boxplot shows that LTR-associated eRNAs are expressed in many somatic
cells. ¢)LTR-associated eRNAs express similarly across stem and somatic cells.
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Chapter 7

Concluding Remarks

7.1 Summary

This work provides new insights on the properties of noncoding elements in the genome. First, we in-
vestigated the existence of ultraconserved elements (UCEs) between distant species (spanning ~ 892
million years of evolution): sponge, hydra, sea anemone, sea urchin, fruit-fly, human. Unexpectedly,
we found a prevalence of UCEs which are maintained in the genomes in a lineage-specific manner.
In addition, the newly identified UCEs showed some characteristics of regulatory element such as
enrichment of transcription factor binding sites (TFBSs) and proximity to important developmental
gene clusters. Then, we conducted the first comprehensive analysis on the epigenetic characteristics
of highly conserved noncoding elements (HCNEs) in insects. In addition to confirming and gener-
alising some previous observations about sequence features, e.g., enrichment of GC within HCNE
and enrichment of TFBSs of transcription factors (TFs) implicated in development. We showed
that HCNEs resided mostly in compact chromatin. Although the identified HCNEs did not over-
lap annotated enhancers, they also exhibit histone modifications associated with active enhancers
at specific developmental stages. This study also showed that some HCNEs served as replication
origin and associated to lamina-associated domains (LADs), suggesting possible alternative roles of
HCNE. Finally, because most investigated noncoding elements shows enhancer-like characteristics,
we sought to learn more about enhancers. Thus, we examined the activities of enhancers during
human myogenesis. In this analysis, we generate two-time course datasets from healthy donors and
donors affected with DMD using CAGE and RNA-Seq. The study annotated active, bi-directionally
transcribed, enhancers specific to human myogenesis. Interestingly, those enhancers were highly
stage-specific. Although they were active in both phenotypes (healthy and DMD), their activity was

degenerate in DMD. Our analysis suggests that chromatin remodelers such as HDAC2 and SMYD1
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may be implicated in their misregulation. Furthermore, we found a high correlation between active
enhancers and repeat elements. This correlation, combined with observations from other studies,
suggest that enhancers may be insertion sites of transposons— though this needs to be investigated

further.

7.2 Perspective future

Although a limited number of transposable elements are capable of integrating into the genome
(Cowley and Oakey, 2013), transposable element insertions make up most of the genome (de Koning
et al., 2011). This indicates high activity of transposable elements throughout evolution. Recent
studies showed dynamic transcription of full-length and truncated repeats in somatic cells in different
contexts, e.g., development and stress (Fort et al., 2014). However, the role of repeat transcription
and retrotransposition in somatic cells remains unclear.

Here, I will state some of my thoughts and speculations, based on my observation mainly from
the work reported in the last chapter of this thesis, on the possible role of somatic retrotransposition
in link to enhancer activities.

Our analysis of eERNAs during myogenesis proposes non-random spatial organization of eRNAs
and repeat elements; eRNAs are surrounded by repeat element within 200bp on average. This
exciting organization may suggest two interesting opinions: enhancers are retrotransposition hot
spots or enhancers are promoters of repeat containing noncoding RNAs. The first hypothesis is
supported partially by reported enrichment of double strand DNA break makers at eRNA loci
(Pefanis et al., 2015). The second hypothesis is backed by the fact that some repeat in some
noncoding RNAs serve as functional domains (for example, SINEUPs that regulate translation).
However, these need much more investigation.

The other hypothesis is that repeats around enhancers are markers of enhancer regions, and this
organization occurred to provide similar services (enhancement of expression of some target genes)
from distinct genomic loci ( ”available” enhancers) imposed by constraints of dynamic chromatin
structure. This hypothesis is based on the facts that: enhancers elements are active in time specific
manner; eRNA life is much shorter than that of its target; eRNAs of different time points are
enriched with similar motifs; eRNA clusters lack differential motifs between them.

Finally, although I find all these hypotheses attractive, all of them seem to suffer from the chicken

and egg problem.
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A Appendix of Dynamic

epigenetic control of highly

conserved noncoding elements

Table A.1: Table mapping the top 50 overrepresented heptamers

to known transcription factor binding sites.

Heptamer Counts Expected Dispersion Binomial Best Match Developmental
Counts Index P-value match E-value TF

CAACTGC 183 727 %100 1.19x 107! 4.33x107%" wvnd  142x107* TRUE
ACACACA 601 3.78 x 102 1.16 x 107! 3.76 x 10726 Top2 1.34x 1074
AGATACA 150 6.94 x 10* 118 x 1071 7.84 x 10717 Top2 2.15x 10~*
TGCAACA 196 8.41 x 10t 10.00 x 1072 422 x 107% suHw 2.89 x 10~*
CTGCAAC 140 5.76 x 10t 1.18 x 107t 8.00 x 1072 suHw 2.89 x 10~*
GGCAGCA 204 7.88 x 10t 1.34 x 107Y  1.41 x 1073Y  shn 8.29 x 1073 TRUE
CAACGGC 106 3.80 x 10* 7.51 x 1072 3.46 x 10~'? pho 3.62 x 1074
CAGTTGC 164 6.40 x 10! 1.27x 1071 357 x107%  ovo 748 x 107*  TRUE
CAGATAC 140 5.16 x 101 1.44 x 1071 6.75 x 1072 ovo 142 x 1072 TRUE
CAGCAGC 631 1.43x 102 1.78 x 107"  3.59 x 107196 Med  6.48 x 103 TRUE
CAGCGGC 174 468 x 100 993 x 1072 1.49x107%° Med 5.34x 107> TRUE
CGGCAGC 167 5.18 x 101 1.08 x 1071 1.99 x 10736 Mad 8.87x10~* TRUE
CGTCGTC 102 3.44 x 100 246 x 1071 3.03x 1072 Mad 148 x10~® TRUE
CGACGAC 124 4.82 x 10! 1.10x 1071 151 x 107 Mad 8.10 x 1072 TRUE
CGACGTC 67 1.85 x 10! 1.79 x 107%  1.12x 107" Mad 149 x 1073 TRUE
CGGCGAC 82 2.42 x 10! 1.33 x 107Y  9.62 x 10720 ftz-fl 3.26 x 10> TRUE
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Heptamer Occurendéxpected Dispersion Binomial Best Match Developmental
Occurences Index P-value Match E-value TF

CACACAC 596 3.58 x 102 1.26 x 107! 1.30 x 1073% ey 6.64 x 10* TRUE
ACAGCAA 261 9.44 x 10! 1.03 x 107Y  1.25 x 1074 Epi74EF8.30 x 1075
AGCGGCA 176 6.02 x 10* 833 x 1072 273 x 1073 brk 3.92x 107* TRUE
GCGGCAA 166 6.03 x 10! 8.66x 1072 1.09x 1072% brk  3.35x 107> TRUE
GGCGGCA 111 3.93 x 10! 827 x 1072  1.99 x 1072° brk 7.54 x 1075 TRUE
ACGACGA 107 3.45 x 10! 1.99 x 1071 1.44 x 10722 bin 1.09 x 1073 TRUE
AACAACG 111 4.17 x 10! 1.34 x 1071 1.21 x 107*®  bin 1.89 x 10-7  TRUE
ACAACGA 109 429 x 100 9.89x 1072 544 x 10°'7 bin 1.89 x 1077 TRUE
AGCAGCG 124 526 x 100 1.14x 107! 1.03 x 1076 bin 1.14 x 1072 TRUE
AGCAGCA 594 1.57 x 102 1.43x 1071 6.32x 107155 Aefl  1.53 x 1072
CAGCAAC 444 9.97 x 10 994 x 1072 3.39 x 107140 Aefl  5.02 x 107©
CAACAAC 516 1.48 x 102 1.26 x 1071 2,50 x 10722 Aefl  4.88 x 107!
AGCAACA 451 1.21 x 10> 818 x 1072 819 x 1076 Aefl 1.24x107°
CAACAGC 314 767 x 100 9.07x1072  7.71 x 107" Aefl  5.20 x 107
AACAGCA 322 8.96 x 100 1.07 x 107! 1.09 x 1077 Aefl  1.24x 107°
AACAACA 517 2.02x 102  1.03x 107" 7.37x1077% Aefl 1.79 x 10710
ACAACAA 499 1.93 x 102 111 x 1071 1.04 x 107™  Aefl  4.12x 1077
GCAACAA 408 1.54 x 102 8.08x 1072  4.36 x 107%%  Aefl  4.12x 1077
GCAGCAA 362 1.31 x 102 8.63x 1072 1.68 x 107%1  Aefl  2.02 x 1073
CTGTTGC 211 5.68 x 10t 1.59 x 1071 6.25 x 107°°  Aefl  3.51 x 10~*
CGACAAC 145 3.08 x 10t 2.02x 1071 217 x107% Aefl  5.02x 107
ATGTTGC 206 6.82 x 10! 142 x 1071 1.07 x 10740 Aefl  3.50 x 10~*
CGGCAAC 145 4.02 x 10t 1.09 x 107Y 891 x 10737 Aefl  9.09 x 1073
ACGACAA 133 3.49 x 101 1.46 x 107%  3.89 x 10736 Aefl  2.02x 1073
GGCAACA 213 8.85 x 101 1.04 x 107Y  7.00 x 1072 Aefl  3.51x10~*
AACGACA 106 3.31 x 10 1.55 x 1071 2.08 x 1072 Aefl  1.85x 107°
ACAACAG 146 5.79 x 10 L19x 1071 595 x 10722 Aefl  1.12x 1076
CAACATC 130 4.91 x 10! 1.52x 1071 2.12x 10721 Aefl  5.02 x 107°
CAACGAC 102 3.32 x 10! 143 x 1071 247 x 10721 Aefl  7.63 x 107°
ACAGCAG 162 7.07 x 10! 1.07x 1071 275 x 10720 Aefl  3.72x 1073
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Heptamer Occurendéxpected Dispersion Binomial Best Match Developmental
Occurences Index P-value Match E-value TF

AACATCA 127 5.21 x 101 1.84 x 107Y 356 x 10718  Aefl  1.24 x 1075
CAACATG 113 454 x 10" 1.54x 1071 6.63x 1077 Aefl  3.51x 1074
CAACAAA 301 1.78 x 102 6.67x 1072 728 x 10717 Aefl  2.12x 1077
CTGCTGC 530 1.36 x 102 1.87x 107! 275 x 10713 Adfl  1.20 x 1072

Table A.2: Table listing the Gene Ontology enrichment (biological

processes only) among the HCNE-proximal genes.
Promoter GO term Holm-Bonferroni
Type adjusted P-value
Inr-only regulation of transcription, DNA-templated 1.19 x 10716
Inr-only regulation of RNA biosynthetic process 1.19 x 10716
Inr-only transcription, DNA-templated 2.98 x 10718
Inr-only RNA biosynthetic process 3.45 x 10715
Inr-only regulation of RNA metabolic process 5.34 x 10715
Inr-only regulation of macromolecule biosynthetic process 1.32 x 10~
Inr-only regulation of cellular macromolecule biosynthetic process 1.32 x 10~
Inr-only regulation of cellular biosynthetic process 2.39 x 10714
Inr-only regulation of biosynthetic process 2.50 x 10714
Inr-only nucleobase-containing compound biosynthetic process 4.36 x 10713
Inr-only regulation of nitrogen compound metabolic process 5.82 x 10713
Inr-only regulation of nucleobase-containing compound metabolic process 6.00 x 10713
Inr-only cellular nitrogen compound biosynthetic process 9.03 x 10713
Inr-only organic cyclic compound biosynthetic process 1.39 x 10712
Inr-only aromatic compound biosynthetic process 1.45 x 10712
Inr-only heterocycle biosynthetic process 1.63 x 10712
Inr-only regulation of transcription from RNA polymerase II promoter 1.80 x 10712
Inr-only leg disc development 5.41 x 10712
Inr-only regulation of gene expression 7.96 x 10712
Inr-only imaginal disc development 6.30 x 10~ 11
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Promoter GO term Holm-Bonferroni
Type adjusted P-value
Inr-only organ development 6.44 x 10711
Inr-only regionalization 7.21 x 10~
Inr-only system development 1.11 x 10710
Inr-only transcription from RNA polymerase II promoter 1.41 x 10710
Inr-only imaginal disc-derived appendage development 2.87 x 10710
Inr-only appendage development 3.49 x 10710
Inr-only regulation of primary metabolic process 4.43 x 10710
Inr-only anatomical structure development 6.12 x 10710
Inr-only anatomical structure morphogenesis 6.34 x 1010
Inr-only pattern specification process 9.91 x 10710
Inr-only regulation of macromolecule metabolic process 1.07 x 107?
Inr-only imaginal disc-derived appendage morphogenesis 1.38 x 107
Inr-only appendage morphogenesis 1.68 x 107?
Inr-only regulation of cellular metabolic process 4.35 x 1079
Inr-only post-embryonic appendage morphogenesis 5.08 x 107°
Inr-only imaginal disc morphogenesis 7.32 x 1079
Inr-only post-embryonic organ morphogenesis 7.32 x 1079
Inr-only post-embryonic organ development 7.91 x 1079
Inr-only organ morphogenesis 8.24 x 1079
Inr-only proximal/distal pattern formation 1.51 x 1078
Inr-only leg disc pattern formation 1.94 x 1078
Inr-only RNA metabolic process 2.10 x 1078
Inr-only single-organism developmental process 3.25 x 1078
Inr-only imaginal disc pattern formation 3.89 x 1078
Inr-only biological regulation 4.41 x 1078
Inr-only tissue development 6.66 x 108
Inr-only instar larval or pupal development 6.81 x 1078
Inr-only regulation of metabolic process 7.07 x 1078
Inr-only developmental process 7.40 x 1078
Inr-only post-embryonic development 7.53 x 1078
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Promoter GO term Holm-Bonferroni
Type adjusted P-value
Inr-only cell fate specification 8.12 x 1078
Inr-only regulation of cellular process 8.52 x 1078
Inr-only proximal/distal pattern formation, imaginal disc 1.00 x 1077
Inr-only negative regulation of transcription from RNA polymerase II pro- 1.02 x 10~7
moter
Inr-only post-embryonic morphogenesis 1.24 x 1077
Inr-only regulation of biological process 1.32 x 1077
Inr-only instar larval or pupal morphogenesis 3.36 x 1077
Inr-only leg disc proximal/distal pattern formation 3.51 x 1077
Inr-only multicellular organismal development 6.13 x 1077
Inr-only metamorphosis 1.15 x 1076
Inr-only cell fate commitment 1.41 x 1076
Inr-only single-multicellular organism process 2.02 x 1076
Inr-only leg disc morphogenesis 2.56 x 1076
Inr-only negative regulation of transcription, DNA-templated 2.71 x 1076
Inr-only positive regulation of transcription, DNA-templated 3.82 x 1076
Inr-only positive regulation of nitrogen compound metabolic process 3.82x 1076
Inr-only positive regulation of nucleobase-containing compound metabolic 4.34 x 10~6
process
Inr-only negative regulation of RNA metabolic process 4.59 x 1076
Inr-only segment specification 5.08 x 1076
Inr-only positive regulation of gene expression 6.59 x 1076
Inr-only positive regulation of biosynthetic process 6.99 x 1076
Inr-only positive regulation of cellular biosynthetic process 6.99 x 1076
Inr-only negative regulation of nucleobase-containing compound metabolic 1.07 x 107
process
Inr-only positive regulation of RNA metabolic process 1.12 x 107°
Inr-only negative regulation of nitrogen compound metabolic process 1.25 x 107°
Inr-only positive regulation of macromolecule biosynthetic process 2.52 x 1079
Inr-only imaginal disc-derived leg morphogenesis 2.75 x 1079
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Promoter GO term Holm-Bonferroni
Type adjusted P-value
Inr-only negative regulation of gene expression 3.06 x 1075
Inr-only nucleic acid metabolic process 3.15 x 1079
Inr-only positive regulation of transcription from RNA polymerase II pro- 3.64 x 107>
moter
Inr-only head segmentation 3.86 x 107°
Inr-only wing disc development 3.96 x 107°
Inr-only negative regulation of macromolecule biosynthetic process 4.81 x107°
Inr-only negative regulation of cellular macromolecule biosynthetic process 4.81 x 107
Inr-only imaginal disc-derived wing morphogenesis 5.13 x 1073
Inr-only imaginal disc-derived wing vein specification 5.60 x 103
Inr-only negative regulation of biosynthetic process 6.77 x 1075
Inr-only negative regulation of cellular biosynthetic process 6.77 x 107
Inr-only wing disc morphogenesis 6.98 x 1075
Inr-only head development 7.08 x 1075
Inr-only locomotion 1.49 x 1074
Inr-only negative regulation of macromolecule metabolic process 2.10 x 1074
Inr-only negative regulation of cellular metabolic process 2,17 x 1074
Inr-only embryo development 2.32 x 1074
Inr-only positive regulation of biological process 2.57 x 1074
Inr-only segmentation 2.86 x 1074
Inr-only positive regulation of cellular process 3.79 x 1074
Inr-only cellular macromolecule biosynthetic process 6.42 x 1074
Inr-only multicellular organismal process 6.69 x 10~4
Inr-only macromolecule biosynthetic process 7.31 x 1074
Inr-only negative regulation of metabolic process 7.73 x 107
Inr-only positive regulation of cellular metabolic process 7.84 x 107%
Inr-only cell migration 8.35 x 1074
Inr-only formation of anatomical boundary 1.13 x 1073
Inr-only positive regulation of macromolecule metabolic process 1.14 x 1073
Inr-only specification of segmental identity, head 1.16 x 1073
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Promoter GO term Holm-Bonferroni
Type adjusted P-value
Inr-only positive regulation of metabolic process 1.24 x 1073
Inr-only cell adhesion 1.73 x 1073
Inr-only cell motility 1.80 x 1073
Inr-only central nervous system development 1.98 x 1073
Inr-only heart development 2.18 x 1073
Inr-only cell-cell adhesion 2.42 x 1073
Inr-only cardiovascular system development 2.95 x 1073
Inr-only circulatory system development 2.95 x 1073
Inr-only localization of cell 3.01 x 1073
Inr-only cell development 3.81 x 1073
Inr-only cellular nitrogen compound metabolic process 3.84 x 1073
Inr-only nucleobase-containing compound metabolic process 3.98 x 1073
Inr-only biological adhesion 419 x 1073
Inr-only cellular component movement 4.20 x 1073
Inr-only salivary gland boundary specification 4.41 x 1073
Inr-only respiratory system development 4.68 x 1073
Inr-only organic substance biosynthetic process 5.10 x 1073
Inr-only epithelium development 5.59 x 1073
Inr-only cellular aromatic compound metabolic process 5.85 x 1073
Inr-only ectoderm development 5.89 x 1073
Inr-only nervous system development 6.26 x 1073
Inr-only negative regulation of cellular process 7.29 x 1073
Inr-only heterocycle metabolic process 7.81 x 1073
Inr-only organic cyclic compound metabolic process 7.84 x 1073
Inr-only cellular biosynthetic process 8.63 x 1073
Inr-only single-organism process 8.89 x 1073
Inr-only open tracheal system development 1.10 x 1072
Inr-only biosynthetic process 1.15 x 1072
Inr-only muscle structure development 1.23 x 1072
Inr-only organ formation 1.39 x 1072
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Promoter GO term Holm-Bonferroni
Type adjusted P-value
Inr-only cellular developmental process 1.46 x 1072
Inr-only tissue morphogenesis 1.51 x 1072
Inr-only generation of neurons 1.67 x 1072
Inr-only cell differentiation 1.94 x 1072
Inr-only mesoderm development 1.98 x 1072
Inr-only genital disc pattern formation 2.12 x 1072
Inr-only genital disc anterior /posterior pattern formation 2.12 x 1072
Inr-only negative regulation of biological process 2.38 x 1072
Inr-only neuron differentiation 2.99 x 1072
Inr-only posterior head segmentation 3.50 x 1072
Inr-only anterior head segmentation 3.78 x 1072
Inr-only anterior head development 3.78 x 1072
Inr-only compound eye development 4.19 x 1072
Inr-only anatomical structure formation involved in morphogenesis 4.59 x 1072
Inr-only formation of organ boundary 4.65 x 1072
Inr-only homophilic cell adhesion 4.69 x 1072
Inr-only regulation of cell fate specification 4.69 x 1072
Inr-only anterior/posterior pattern specification, imaginal disc 4.69 x 1072
Inr-only trunk segmentation 4.69 x 1072
Inr/DEP organ development 2.38 x 1074
Inr/DEP system development 1.42 x 1073
Inr/DEP cell adhesion 4.56 x 1073
Inr/DEP biological adhesion 1.28 x 1072
Inr/DEP generation of neurons 1.45 x 1072
Inr/DEP response to chemical 2.82 x 1072
Inr/DEP imaginal disc development 3.35 x 1072
Inr/DEP synaptic target attraction 3.39 x 1072
Inr/DEP heart development 4.57 x 1072
Inr/DEP response to alcohol 4.57 x 1072
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Promoter GO term Holm-Bonferroni
Type adjusted P-value
TATA cuticle development 2.08 x 10~
box/Inr

TATA chitin-based cuticle development 1.10 x 10710
box/Inr

TATA body morphogenesis 5.39 x 1078
box/Inr

TATA cell fate specification 2.03 x 1073
box/Inr

TATA mesodermal cell fate commitment 3.93 x 1072
box/Inr

TATA mesodermal cell differentiation 3.93 x 1072
box/Inr

TATA mesoderm morphogenesis 4.45 x 1072
box/Inr

DRE cellular metabolic process 1.35 x 10~
DRE cellular macromolecule metabolic process 4.78 x 10710
DRE cellular process 3.13 x 107°
DRE cellular component organization or biogenesis 2.60 x 1078
DRE primary metabolic process 1.53 x 1077
DRE cellular component organization 3.99 x 107
DRE cellular nitrogen compound metabolic process 5.73 x 107
DRE metabolic process 9.96 x 10~ "
DRE regulation of biological process 7.34 x 1076
DRE regulation of cellular process 8.47 x 1076
DRE biological regulation 8.89 x 1076
DRE mitotic cell cycle 1.11 x 107°
DRE organic substance metabolic process 1.13 x 107°
DRE single-organism organelle organization 1.20 x 107°
DRE cell cycle 2.16 x 1073
DRE cellular localization 3.74 x 1075
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Promoter GO term Holm-Bonferroni
Type adjusted P-value
DRE heterocycle metabolic process 418 x 107°
DRE macromolecule metabolic process 5.26 x 1075
DRE nitrogen compound metabolic process 6.34 x 1079
DRE nucleic acid metabolic process 8.17 x 1073
DRE nucleobase-containing compound metabolic process 8.46 x 107°
DRE RNA processing 1.09 x 10~*
DRE cellular protein metabolic process 1.32 x 107*
DRE RNA metabolic process 2.39 x 1074
DRE cellular aromatic compound metabolic process 2.59 x 1074
DRE organic cyclic compound metabolic process 2.66 x 1074
DRE organelle organization 3.48 x 1074
DRE mRNA metabolic process 3.92 x 1074
DRE cellular protein modification process 4.33 x 1074
DRE protein modification process 4.33 x 1074
DRE establishment of localization in cell 5.86 x 1074
DRE macromolecule modification 7.63 x 1074
DRE neurogenesis 8.99 x 1073
DRE cell differentiation 1.32 x 1072
DRE cell cycle process 1.32 x 1072
DRE regulation of metabolic process 2.55 x 1072
DRE mRNA processing 2.89 x 1072
DRE regulation of cellular metabolic process 3.26 x 1072
DRE cellular developmental process 3.33 x 1072
DRE protein modification by small protein conjugation or removal 4.88 x 1072
Motif1/6 organic cyclic compound metabolic process 7.16 x 1075
Motif1/6 cellular metabolic process 8.95 x 107°
Motif1/6 primary metabolic process 1.18 x 107*
Motif1/6 nucleobase-containing compound metabolic process 1.33 x 10~*
Motif1/6 cellular aromatic compound metabolic process 1.36 x 107*
Motifl/6 organic substance metabolic process 2.01 x 1074
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Promoter GO term Holm-Bonferroni
Type adjusted P-value
Motif1/6 metabolic process 7.90 x 1074
Motif1/6 heterocycle metabolic process 8.04 x 1074
Motif1/6 cellular process 8.33 x 1074
Motif1/6 cellular nitrogen compound metabolic process 1.68 x 1073
Motif1/6 single-organism organelle organization 1.90 x 1073
Motifl/6 cellular macromolecule metabolic process 1.99 x 1073
Motif1/6 RNA processing 2.08 x 1073
Motif1/6 gene expression 2.30 x 1073
Motifl/6 RNA metabolic process 2.37 x 1073
Motif1/6 nervous system development 2.86 x 1073
Motif1/6 nucleic acid metabolic process 4.58 x 1073
Motif1/6 neurogenesis 1.10 x 1072
Motif1/6 mRNA metabolic process 2.01 x 1072
Motif1/6 nitrogen compound metabolic process 2.92 x 102
Motif1/6 cellular component organization or biogenesis 4.47 x 1072
Table A.3: Table listing the Protein domain enrichment among the
HCNE-proximal genes.
Promoter Protein domain Holm-Bonferroni
Type adjusted P-value
Inr-only Homeodomain-like 3.00 x 10711
Inr-only Homeobox domain 8.61 x 10710
Inr-only Homeobox, conserved site 3.58 x 1078
Inr-only Zinc finger, C2H2 2.18 x 1076
Inr-only Zinc finger C2H2-type/integrase DNA-binding domain 3.67 x 1076
Inr-only Zinc finger, C2H2-like 1.46 x 107°
Inr-only Immunoglobulin-like domain 3.98 x 1073
Inr-only Immunoglobulin-like fold 1.24 x 1072
Inr/DPE Immunoglobulin-like domain 1.93 x 10~
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Promoter Protein domain Holm-Bonferroni
Type adjusted P-value
Inr/DPE Immunoglobulin subtype 2 1.44 x 10710
Inr/DPE Immunoglobulin subtype 3.44 x 10710
Inr/DPE Immunoglobulin-like fold 1.30 x 1078
Inr/DPE CD80-like, immunoglobulin C2-set 3.39 x 107¢
Inr/DPE Immunoglobulin I-set 1.68 x 107°
Inr/DPE Immunoglobulin V-set domain 1.02 x 1073
Inr/DPE Leucine-rich repeat, typical subtype 2.50 x 1073
TATAbox/Inr Domain of unknown function DUF243 9.24 x 1077
TATAbox/Inr Protein of unknown function DUF1676 6.64 x 1075
TATAbox/Inr Insect cuticle protein 3.38 x 1074
TATAbox/Inr GYR motif 2.32 x 1072

Table A.4: Table listing P-values associated with Figures

5.5A-B. P-values obtained by comparing the stage (lower triangu-

lar) and tissue (upper triangular) specificity distributions between

genes of different core promoter types.

Promoter Type Inr/DPE  Inr-only TATAbox/Inr Motifl/6 DRE Unknown
Inr/DPE - 476 x 1072 889 x 107"  1.73x 1074 297 x 107'® 2.65 x 10713
Inr-only 2.37 x 107! - 131 x 1078 533 x 10716 4.12x1072° 9.97 x 1076

TATAbox/Inr 1.65 x 107*® 9.58 x 10712 - 1.34E-36  7.73 x 10748  4.45 x 10!

Motifl/6 1.98 x 10719 147 x 10717 1.21 x 10747 - 4.05x 1071 1.23 x 1074°

DRE 1.01 x 10730 859 x 10727 5.06 x 10790 5.69 x 1071 - 2.00 x 10792
Unknown 1.00 x 10713 1.07x 1077 456 x 1071 6.21 x 107°! 1.89 x 1080 -
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B Appendix of Dynamic eRNA
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Figure B.1:  a) b barplot shows the size of each library and number of mapped reads. b) scatterplot shows a high
correlation between RNASeq and iCAGE in all libraries. c) projection of different donors based on gene expression
reveal inconsistency of expression of donor 3 with donor 1 and 2 in healthy samples and donor 2 with donor 1 and
donor 3 in DMD samples. d)expression profile of key myogenic genes confirms observation noted in (c). d)procedure
taken to generate transcriptome profile of myogenesis.
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