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Abstract

T2D is a complex disease with evidence of a strong genetic basis. Studies of the human pancre-
atic islets have provided valuable insight into the islet regulatory landscape and identified en-
richment of T2D-associated variants in islet enhancers. The relationship between cis-regulatory
variation and changes in gene expression, however, remains unclear. This question is challeng-
ing to address in human, as it calls for a systematic analysis of cis-regulatory variation and
the impact it has on gene expression in the native genomic context. While a mouse model
can be used for this purpose, the regulatory landscape of the mouse pancreatic islets has been
poorly characterized. This thesis addresses the questions of genetic and epigenetic regulation
of gene expression in pancreatic islets in two parts. First, a genome-wide map of several hi-
stone modifications and transcription factor binding sites is created for the mouse pancreatic
islet. This enabled identification of the mouse islet regulatory elements and characterization
of enhancer clustering, transcription factor occupancy and conservation. A systematic compar-
ison of enhancer clustering between mouse and human islets identified species-common and
species-specific subsets of the islet regulatory program, each associated to a distinct biological
function of the pancreatic islet. Second, a hybrid mouse was used as a model where naturally
occurring genetic variation drives changes in gene expression. High-density mapping of allelic
regulatory activity, chromatin accessibility and transcription provided insight into the properties
of both genes subject to cis-regulatory variation and the regulatory elements driving the change
in expression. As a result, tissue-specific genes associated to clustered enhancers were shown
to be most influenced by cis-regulatory variation. Additionally, enhancer clustering emerged as
the dominant property of regulatory elements associated to changes in gene expression. Over-
all, this thesis advanced our knowledge of the mouse islet regulatory landscape and provided

novel insight into the properties of functional cis-regulatory variation.
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Chapter 1

General Introduction

1.1 Chromatin structure and transcription regulation

Genomic DNA of the eukaryotic cell is organised into a compact protein-DNA structure called
chromatin (Kornberg, 1975). The structure of chromatin is condensed in a hierarchical manner.
The basic unit is the nucleosome - a 146bp long stretch of DNA that forms a superhelix around
a protein octamer made of four core histones. The nucleosomes, separated by approximately
200 bp intervals along a DNA molecule, form a nucleosomal array or a bead-on-a-string 10nm
fibre (Luger et al., 1997). The fibres are coordinated by a linker histone (H1 or H5) into a
hypothetical 30nm chromatin fibre (Fussner et al., 2011; Robinson et al., 2006). Further fold-
ing creates a highly organised structure that is accurately replicated in daughter cells upon cell
division (reviewed in Groth et al., 2007). However, chromatin structure is far from static -
its architecture is dynamic, highly regulated, and has a close relationship with the transcrip-
tional activity of the genomic region (Berger, 2007; Lorch et al., 1987). Transcriptionally
active regions of non-dividing chromatin with more relaxed nucleosomes are historically re-
ferred to as euchromatin. The transcriptionally inactive chromatin can be roughly divided into
two functional compartments — constitutive and facultative heterochromatin. Constitutive het-
erochromatin contains invariably transcriptionally silenced regions and includes centromeres,
pericentric DNA, telomeres and silenced mobile elements. Facultative heterochromatin, on the
other hand, is conditionally silenced and includes genes subject to tissue-specific regulation,
inactive X chromosomes, imprinted genes and perinucleolar DNA. (Passarge, 1979; Saksouk

et al., 2015).

1.1.1 Chromatin modifications

Chromatin structure and transcriptional activity must be responsive to developmental or exter-

nal stimuli, yet the defined patterns should be maintained through cell divisions. This complex
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behaviour is regulated not only by the DNA sequence, but also through another layer of con-
trol that includes histone modifications and variants, DNA methylation and hydroxymethyla-
tion and some classes of small RNAs (Bernstein et al., 2007; Margueron and Reinberg, 2010).
Some of these modifications may be transmissible through mitosis or meiosis, in which case

they are termed epigenetic modifications (Bird, 2007; Holliday and Pugh, 1975).

1.1.1.1 Histone variants

The classic nucleosome histone octamer is made of two copies of four core histones - H2A,
H2B, H3 and H4 (Kornberg and Lorch, 1999; Luger et al., 1997). The histone genes are present
in multiple copies in most organisms and their sequences and expression patterns are deeply
conserved from yeast to human (Marino-Ramirez et al., 2006; Marzluff et al., 2002; Thatcher
and Gorovsky, 1994). However, the canonical histones are not universally present in nucleo-
somes and can be replaced with alternative variants that differ in structure and/or time of expres-
sion (Marzluff et al., 2002). The core histone H3, for example, has one alternative (H3.3) that
differs in only 4 amino acids and is associated with activation of transcription (Schwartz and
Ahmad, 2005). In contrast, H2A has four alternatives (H2AZ, H2ABbd, H2A.X, macroH2A)
associated with transcriptional activation/repression, transcriptional activation, repression and
X chromosome inactivation, respectively (Freeman et al., 1980; Thatcher and Gorovsky, 1994).
Presence of alternative histones impacts nucleosome stability and represents an important reg-

ulatory mechanism of transcriptional activity.

1.1.1.2 Histone post-translational modifications

The globular regions of the nucleosome core histones are tightly packed, but their amino-
terminal tails are extended and exposed to histone modifying enzymes (Allfrey et al., 1964;
Luger et al., 1997). These enzymes introduce a variety of post-translational modifications
(PTMs), including methylation of arginine, methylation, acetylation, ubiquitination, ADP-
ribosylation, and sumoylation of lysine and phosphorylation of serine and threonine (reviewed
in Bannister and Kouzarides, 2011). The PTMs are introduced by enzymes called writers, re-
moved by erasers and recognized by readers, with every modification having a dedicated set

of such protein complexes (Minguez et al., 2012; Seet et al., 2006).

Histone modifications are proposed to affect chromosome structure and function via two main

17



mechanisms. The first mechanism includes the direct effect these modifications have on the
inter-nucleosomal interactions. Histone acetylation, for example, disrupts electrostatic interac-
tions between histones and DNA, effectively leading to a more open chromatin state (Gorisch
et al., 2005). Acetylation occurs on numerous histone tail lysines (H3K9, H3K14, H3K18,
H4KS5, H4K8 and H4K12) and was proposed to promote accessibility of chromatin to DNA-
binding proteins and transcriptional complexes (Grunstein, 1997). The second mechanism of
PTM activity includes recruitment of chromatin remodelers, protein complexes that are capa-
ble of mobilizing and ejecting nucleosomes and thus changing accessibility to nucleosomal
DNA (Saha et al., 2006). Mobilization of histones as well as proper replication of their PTMs
is controlled and promoted by chromatin chaperons, a diverse family of proteins that can act

independently or cooperatively with chromatin remodelers (Falbo and Shen, 2010).

One histone can be modified by more than one type of PTM or multiply modified by the same
PTM at different residues. In the year 2000, the histone code hypothesis was introduced, where
the combination of PTMs on one or multiple histone tails specifies a unique downstream func-
tion (Strahl and Allis, 2000). It has since been documented that PTMs have dynamic and
context-dependent effects, with particular combinations of PTMs occurring at different regula-
tory regions (Figure 1.1). Patterns of chromatin modifications across cis-regulatory elements

will be discussed in more detail in Section 1.1.3.

1.1.1.3 DNA modifications

The genomic DNA itself can also acquire chemical modifications. DNA methylation is the
covalent addition of a methyl group to the 5-position of the cytosine ring (SmC) (Bird, 1992).
It was the first epigenetic modification to be described (Avery et al., 1944; Holliday and Pugh,
1975) and the best characterized one to date. In differentiated mammalian cells, DNA methy-
lation occurs predominantly in the context of individual CpG dinucleotides, the majority of
which are methylated (Ehrlich et al., 1982). In contrast, CpG islands (CpG clusters approxi-
mately 1,000 bp long), are thought to be typically unmethylated (Bird, 1992; Bird et al., 1985).
CpG islands tend to be associated with promoters (Gardiner-Garden and Frommer, 1987) and
can be subject to methylation, as observed in imprinting, X chromosome inactivation or tissue-
specific silencing (Ferguson-Smith et al., 1993; Riggs, 1975; Schilling and Rehli, 2007; Sharp
et al., 2011). It has long been established that DNA methylation of gene promoters is closely

linked to silencing of gene transcription (Deaton and Bird, 2011; Jones, 1985). In contrast,

18



methylation of the gene body was demonstrated to actively increase gene expression levels

(Yang et al., 2014).

Methylated cytosine can undergo enzymatic oxidation that produces 5-hydroxymethylcytosine
(5hmC) - a residue that was recognized not only as an intermediary product of a putative active
DNA demethylation pathway, but an epigenetic mark in it is own right. In contrast to 5SmC,
ShmC of regulatory elements is positively correlated with gene expression (Ficz et al., 2011;

Tahiliani et al., 2009; Wu and Zhang, 2011).

A Active Gene

H4K20me1
H3K9ac H3K9me1
[ HeK27ac | HaK79me?2
H3K4me1 H3K4me2/3 H3K36me3
5hmC ., I 5mC
7/
Enhancer 1-1000 kb Promoter Gene body

B Repressed Gene

| H4K20me3
[ H3Kome2:3 | H3Kome2:s |
[ H3K27me3 |
5mC R 5mC |
7/
Enhancer 1-1000 kb Promoter Gene body
Cc Bivalent / Poised Gene
H3K4me1 H3K4me2/3
| H3K27me3 | [ H3K27me3 |
5hmC » 5hmC |
7/
Enhancer 1-1000 kb Promoter Gene body

Figure 1.1 Distribution of epigenetic modifications across gene regulatory regions. Specific
combinations of DNA and histone modifications are associated with a) active, b) repressed or
¢) bivalent/poised state of proximal and distal regulatory elements, as well as expression of the
associated gene. Figure reproduced from Layman and Zuo (2015).
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1.1.2 Regulation of RNA Polymerase II mediated transcription

Transcription in eukaryotes is achieved by three different types of RNA polymerase - RNAPI,
RNAPII and RNAPIII (Carter and Drouin, 2009). These polymerases are responsible for tran-
scription of different classes of RNAs. RNAPI transcribes ribosomal RNAs (rRNAs), RNAPII
transcribes RNAs that will become messenger RNAs (mRNAs) as well as other regulatory
RNAs, and RNAPIII transcribes small RNAs such as transfer RNAs (tRNAs) (Cramer et al.,
2008).

RNAPII mediated transcription is the major transcription event of the eukaryotic cell and has
been extensively studied since it was first described (Kornberg, 1999; Lopata et al., 1986; Weiss
and Gladstone, 1959). This highly complex event consists of a series of several precisely timed
steps, each one regulated by a large number of specialized sequence-specific DNA binding

proteins (transcription factors) (Davidson et al., 1983; Shandilya and Roberts, 2012).

RNAPII recruitment takes place on the core promoter - a regulatory element that positions
the transcriptional machinery and directs unidirectional transcription (Danino et al., 2015; Ver-
rijzer et al., 1995). Typically, binding of activator transcription factors (TFs) distal from the
core promoter leads to the recruitment of adaptor complexes (Green, 2005). Adaptors help
activators to recruit Mediator (Leroy et al., 2006) and facilitate sequential binding of the sub-
units of the basic pre-initiation complex (PIC); five general transcription factors (GTFs) TFIIB,
TFIID, TFIE, TFIF, TFIIH, and RNAPII itself (Roeder, 1996; Thomas and Chiang, 2006).
The basic PIC is sufficient for accurate start-site selection and initiation of basal transcription
in vitro (Das et al., 1995; Hampsey, 1998). However, PIC components in vivo are assembled
around the Mediator complex, which is necessary for responding to transcriptional activators

and achieving active levels of transcription (Allen and Taatjes, 2015; Holstege et al., 1998).

Transcription initiation starts with ATP hydrolysis powered structural remodeling of PIC and
directing the DNA template strand to the active site of RNAPII for DNA-templated RNA chain
synthesis (Treutlein et al., 2012; Wang et al., 1992).

Transcription initiation is a discrete stage of transcription (Dvir, 2002; Pal et al., 2001) dur-
ing which the transcription machinery often goes through abortive transcription - synthesis of
multiple short abortive RNA products (Dvir, 2002; Holstege et al., 1997). Once RNAPII is
phosphorylated and dissociated from Mediator, the escape is complete. TFIID, TFIIE, TFIIH

and the Mediator complex remain on the core promoter (now making the scaffolding complex),

20



enabling rapid re-initiation of the subsequent cycle of transcription. (Dahmus, 1996; Sggaard

and Svejstrup, 2007; Wong et al., 2014).

Promoter-proximal pausing occurs at the end of the promoter escape, while the transcription
complex is still not fully prepared for elongation. Once released, the transcription machinery
associates with a number of elongation factors, many of which have apparently redundant
functions (Jonkers and Lis, 2015; Pokholok et al., 2002). Through the elongation process,
factors involved in capping, splicing, and cleavage/polyadenylation are recruited and act in

parallel with transcription (Bentley, 2014; Kornblihtt et al., 2004; McCracken et al., 1997).

Transcription termination commences after the successful completion of mRNA synthesis
and dissociation of RNAPII from the DNA template. Once termination is completed, RNAPII
is recycled and used in new rounds of transcription, though not much is known about the mech-

anisms of recycling (Cho et al., 1999; Svejstrup, 2004; Zawel et al., 1995).
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Figure 1.2 Overview of RNAPII transcription initiation. The unbound promoter recruits
TFIID via its TATA box-binding protein (TBP) subunit and TBP-associated factors (TAFs).
Addition of TFIIB and TFIIA creates the upstream promoter complex, which together with
RNAPII (Pol IT) and TFIIF makes the core pre-initiation complex (PIC). Subsequent binding
of TFIIE and TFIIH complete the closed PIC formation. Transcription is initiated with ATP-
powered structural remodelling, opening of PIC and creation of the transcription bubble. The
nascent RNA goes through several rounds of abortive transcription. Once prepared for elonga-
tion, the transcription machinery associates with a number of elongation factors, forming the
elongation complex. Factors involved in capping, splicing, and cleavage/polyadenylation may
be recruited to act in parallel with transcription. Figure adapted from Sainsbury et al. (2015).
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1.1.3 Cis-regulatory elements

Stretches of DNA known as cis-regulatory elements control transcription from close proximity
or great distance. Cis-regulatory elements usually harbour binding sites for trans-regulatory
proteins and carry a particular combination of chromatin modifications. Several types of cis-
regulatory elements have been defined so far, including core promoters, proximal promoters,
enhancers, silencers and insulators (Figure 1.3) (Hardison and Taylor, 2012; Mathelier et al.,

2015; Symmons and Spitz, 2013).
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Figure 1.3 Cis-regulatory elements. A schematic representation of the transcription regu-
latory input. Cis-regulatory elements can be proximal or distal to the transcription start site
(TSS). They are embedded into open chromatin and contain sequence-specific transcription
factor binding sites (TFBSs). TFBSs can form clusters, often called cis-regulatory modules
(CRMs). The transition between the compact and open chromatin may be marked by insula-
tors. The regulatory input of enhancers and proximal promoters converges into the target gene
core promoter that directs transcription. Figure adapted from Lenhard et al. (2012).

1.1.3.1 Core promoter

The core promoter is the central component of the regulation of gene transcription (Butler and
Kadonaga, 2002; Sandelin et al., 2007). It is often defined as the minimum sequence necessary
for accurate initiation of gene transcription (Smale and Kadonaga, 2003; Struhl, 1987). Its
basic function is to properly position the RNAPII and the components of the PIC and direct
the synthesis of mRNA from the DNA template (Kadonaga, 2004; Verrijzer et al., 1995; Weil
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et al., 1979). Typically, the core promoter overlaps the gene transcription start site (TSS) and
then extends for approximately 35bp upstream or downstream from it (Smale and Kadonaga,
2003). A gene, however, is not restricted to a single TSS. Instead, one core promoter can span
several TSSs in a 50-100 bp region (Carninci et al., 2006; Haberle et al., 2014). Interestingly,
some promoters show differences in preferential use of a TSS in different tissues, indicating a

regulated TSS selection (Kawaji et al., 2006).

The sequence underlying the core promoter region harbours a series of motifs that bind PIC
factors (overview in Danino et al., 2015). The TATA box was the first core promoter element
to be identified (Gannon et al., 1989) and was once considered to be present at all core pro-
moters. Today, it is estimated to be present in 10-20% of metazoan core promoters (Carninci
et al., 2006; Kim et al., 2005). In fact, no motif is universal for all core promoters. Different
combinations of these motifs are associated with different modes of transcription initiation and
represent an important layer of gene regulation (Butler and Kadonaga, 2002; Lenhard et al.,
2012; Sandelin et al., 2007). An overview of the major core promoter elements, their DNA
sequence, ability to bind particular proteins and co-occurrence in the same core promoter is

adapted from Sandelin et al. (2007) and summarized in Table 1.1.

Table 1.1 An overview of major core promoter elements. An overview of major core pro-
moter elements. Abbreviations; TATA box (TATA), initiator (INR), downstream promoter ele-
ment (DPE), TFIIB recognition element (BRE), 5’-C-phosphate-G-3’ (CpG).

Element | Sequence | ohudiolss | Gndng | Freuestyoo | Genetype
TATA TATA -25 TEIID INR Tissue-specific
INR YYA+INWYY +30 TFIID TATA, DPE Housekeeping
DPE DSWYVY -20 TFIID INR Housekeeping
BRE SSRCeCeC! -35,-20 TFIIB TATA Tissue-specific
ae | we | s | / /

Immediately upstream of the core promoter lies a region termed the proximal promoter (Allen
et al., 1992; Maston et al., 20006). It is typically only a few hundred bases away and contains
multiple binding sites for activators (Sandelin et al., 2007; Soravia et al., 1995). Interestingly,
regions further upstream (-1,000 to -500 bp) tend to contain elements for negatively regulators

of transcription (Cooper et al., 2006).
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Recent advances in NGS technology gave rise to a series of genome-wide assays for identifi-
cation of TSSs, for example; capped analysis of gene expression (CAGE Shiraki et al., 2003);
global run-on and sequencing (Gro-Seq Core et al., 2008) and paired-end analysis of tran-
script start sites (PEAT Ni et al., 2010). In combination with open chromatin assays, such
as; formaldehyde-assisted isolation of regulatory elements (FAIRE Giresi et al., 2007); De-
oxyribonuclease I (DNasel Workman and Kingston, 1992) and chromatin immunoprecipitation
(ChIP Furey, 2012), these assays enabled the identification of large number of core promoter
and in-depth dissection of their characteristics. Comparative analysis of these characteristic
across metazoans revealed classes of promoters that differ according to enrichment of motifs,
their size and directionality, nucleosome arrangement and histone signatures (Carninci et al.,
2006; Sandelin et al., 2007). Nonetheless, there is no firm consensus on the number of classes
of promoters. The prevalent classification separates promoters to sharp and broad promoters,
based on the preferential use of one or several TSSs for transcription initiation (Carninci et al.,
2006; Sandelin et al., 2007; Schug et al., 2005). Nucleosome configuration was shown to be
one of the most prominent differences between sharp and broad promoters with nucleosomes
in sharp promoters flanking the TSS in a less ordered fashion (Rach et al., 2011). However,
other classifications of promoters exist, such as the tripartition (Types I - III) suggested by

Lenhard et al. (2012).

Type I (“adult””) promoters are described as sharp and often have a combination of a TATA
box and the Inr element (Ponjavic et al., 2006). These promoters generally have a low CpG
content (Yamashita et al., 2005) and a specific pattern of H3K4me3 which is only present
downstream of the TSS (Ernst and Kellis, 2010). The TSSs within these promoters show re-
laxed evolutionary constraint and are generally less conserved than the broad promoter TSSs
(Forrest et al., 2014). The TATA-containing subset of these promoters, however, were shown to
have more conserved sequence than the broad promoter classes (Carninci et al., 2006; Taylor
et al., 2006). Type I promoters are associated with tissue-specific genes expressed in fully dif-
ferentiated adult tissues. These genes tend to be regulated predominantly with enhancers and
show less diversity across promoter states (Andersson et al., 2014; Forrest et al., 2014; Schug

et al., 2005).

Type II (“ubiquitous’) promoters, a subcategory of broad promoters, harbour either a DNA
replication-related element (DRE) or an array of novel, less defined motifs (Matsukage et al.,

2008). Usually only one short CpG island is present, overlapping the strongly conserved TSS
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(Forrest et al., 2014). The H3K4me3 follows the short CpG island and overlaps only the 5’
end of the gene (Deaton and Bird, 2011; Lenhard et al., 2012). The genes controlled by type
IT promoters are typically active in all cell types, have few associated enhancers and receive

the majority of their regulatory input from the promoter (Andersson et al., 2014; Forrest et al.,

2014).

Type III (““developmental’’) promoters are a subcategory of the broad promoters, but are
somewhat less “broad” than type II promoters. They have a higher number of TSS and typically
contain several large CpG islands that extend into the gene body (Akalin et al., 2009). This
class of promoters caries an Inr element alone or in combination with DPE. H3K4me3, follows
the CpG islands and extends to gene body and a strong H3K4me3 signal indicates an actively
transcribed gene. Moderate H3K4me3 in combination with H3K27me3 (so called “bivalent”
state), however, indicates a poised or Polycomb silenced gene. Absence of any of the two
histone modifications on the flanking nucleosomes indicates an inactive gene (Akalin et al.,
2009; Bernstein et al., 2006; Lenhard et al., 2012; Schwartz et al., 2010). Type III promoters are
associated with developmental genes. These genes have a high number of associated enhancers
contributing to their regulation at the same level as the diverse state promoters (Akalin et al.,

2009; Andersson et al., 2014; Forrest et al., 2014).

A striking number of promoters, 10-22%, are coupled with an independent promoter located
less than 1,000 bp on the opposite strand (Trinklein et al., 2004; Uesaka et al., 2014). These
“bidirectional” promoters are often rich in CpG islnds and conserved between human and
mouse (Lavia et al., 1987). Genes regulated by the bidirectional pairs are often (though not

exclusively) co-expressed (Trinklein et al., 2004).

1.1.3.2 Silencers

On the opposite side of the regulatory spectrum lie silencers. Silencers are defined as sequence
elements that bind negative transcription factors and convey a repressive effect on the promoter
activity in an orientation- and position-independent fashion (Brand et al., 1985; Donnelly et al.,
1999; Rusche et al., 2003; Shei and Broach, 1995). Elements with described properties are
considered to be classical silencers and make the largest group of silencing elements described
in the genome (Ogbourne and Antalis, 1998). An example of a classical silencer is the AT-rich,

Octl-binding region found 128-480 bp upstream of the transcription initiation site of the human
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thyrotropin-beta gene (Kim et al., 1996).

The non-classical, position-dependent silencers (NREs) generally act passively by physically
inhibiting the activation of a positive transcription signal. They can act through blocking the
binding of a neighbouring activator (Harris et al., 2005), directly competing for the activator
binding site (Chin et al., 1995), establishing a repressive chromatin structure (Bi et al., 1999;
Srinivasan and Atchison, 2004) or inhibiting PIC assembly (Chen and Widom, 2005).

1.1.3.3 Enhancers

Enhancers are a major category of regulatory elements, usually defined as cis-acting DNA se-
quences that can increase the transcription of target genes (Banerji et al., 1983, 1981; Khoury
and Gruss, 1983; Ong and Corces, 2011). They act independently of their orientation, though
exceptions to this rule have been described (Swamynathan and Piatigorsky, 2002; Wei and
Brennan, 2000). Enhancers are found in intergenic regions (Bulger and Groudine, 2010), in-
trons (Kowalczyk et al., 2012), and even exons of genes (Birnbaum et al., 2012; Ritter et al.,
2012), with approximately 51% of them located within the gene body (Heintzman et al., 2007).
As such, they can be situated upstream, downstream or within the target gene at distances that
range from a few kilobases to over a megabase away from the target gene promoter (Lettice,
2003; Sanyal et al., 2012). Consistent with that, enhancers do not necessarily regulate the clos-
est gene and can “skip” several genes before reaching their target promoter (Sanyal et al., 2012;

Waszak et al., 2015).

1.1.3.3.1 Models of enhancer action

Enhancers are usually several hundred base pairs long and contain clusters of short, degenerate
nucleotide sequence patterns - motifs - recognized by multiple transcription factors. Tran-
scription factors themselves are modular in nature and have regions with specialized functions;
a DNA-binding domain that ensures binding to a specific DNA sequence, a multimerization
domain that allows protein-protein interactions, and one or more effector domains that can ac-
tivate or repress the rate of transcription (Pabo and Sauer, 1992; Tjian and Maniatis, 1994).
Binding of TFs to the enhancer can be additive, where the concentration of the bound TFs
is proportional to the transcriptional activation (Giorgetti et al., 2010), or cooperative, where

the transcription is “switched on” once TF concentration reaches a certain threshold (Lebrecht
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et al., 2005). Cooperative binding is often associated to developmental enhancers and could
be important for buffering variation in the concentrations of individual TFs (Karczewski et al.,

2011; Spivakov et al., 2012).

The relative order, orientation and spacing of TF motifs within an enhancer is often referred to
as motif grammar and can be critical for ensuring proper regulatory activity of the enhancer,
even though different grammar can have the same regulatory output (Reményi et al., 2004;
Swanson et al., 2010; Zinzen et al., 2009). Three models of TF binding to enhancers have
been described so far (Figure 1.4) (reviewed in Spitz and Furlong, 2012). In the enhanceosome
model, the recruitment of TFs is highly cooperative, the motif grammar and protein-protein-
DNA interaction is fixed and the integrated activity of all TFs is required for achieving the
regulatory output (Merika and Thanos, 2001; Thanos and Maniatis, 1995). This leads to rapid
activation of transcription, which was shown to be important for immune related genes (Senger
et al., 2004). In the billboard model, the motif grammar is flexible, the TF binding cooper-
ative and/or additive and the regulatory output can be achieved with only a subset of bound
TFs (Kulkarni and Arnosti, 2003; Swanson et al., 2010). As demonstrated in vivo Drosophila
embryos, an enhancer can serve to “display” both active and repressed signals, and the tran-
scriptional machinery can actively interpret those signals (Kulkarni and Arnosti, 2003). The
TF collective describes a model where flexible motif grammar ultimately achieves binding
of the same TFs, some of which are recruited via protein-protein interactions (Junion et al.,

2012).

1.1.3.3.2 Pioneering transcription factors

Enhancers have to be primed for binding of TFs by a select subset of TFs capable of access-
ing their designated binding sites, irrespective of nucleosomes that may be occluding these
sequences - pioneering TF. This phenomenon was first described in yeast (Almer et al., 1986)
but was since recognized as a general mechanism of establishing transcriptional competence in
development and cell reprogramming (Cirillo and Zaret, 1999; Zaret and Carroll, 2011). The
propensity of Oct4, Sox2, and Klf4 to bind and displace nucleosomes was recently attributed
to the ability of their DNA-binding domains to recognize a part of their canonical motif that is
displayed on the nucleosome surface (Soufi et al., 2015). Other TFs, such as FoxAl, have a

histone-like structure and are proposed to open chromatin via modifying or replacing the nu-
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Figure 1.4 Models of transcription factor recruitment to enhancers. There are currently
three accepted models of TF-mediated enhancer activation. a) The enhanceosome model de-
scribes a highly cooperative TF recruitment to the enhancer. b) The billboard model describes
a more flexible recruitment of TFs, with few constraints on their relative positioning, or the
type of TF recruited. c) In the TF collective model, activation of enhancers can be achieved by
different combinations of TFs, some of which might bind indirectly to the DNA. Information
presented in this figure was adapted from Spitz and Furlong (2012).

cleosome (Caravaca et al., 2013; Cirillo et al., 2002). Nucleosome displacement is followed
by demethylation of DNA and, in some cases, deposition of an active histone modification (Xu

et al., 2007).

Enhancers bound only by pioneering TFs are usually not capable of activation of transcription
(Xu et al., 2009). Two scenarios can lead to enhancer activation. Following priming, the
pioneering TFs may remain bound to be appropriately used in different subsequent lineages,
as demonstrated in the hematopoietic cells (Mercer et al., 2011). Alternatively, they can be
replaced by other TFs, as was described for members of the Sox family in the neural lineage
(Bergsland et al., 2011). These other TFs are developmentally regulated and expressed in a
specific spatio-temporal window, resulting in time and tissue specific activity of the enhancer
(Zinzen et al., 2009). Binding of developmentally regulated factors to primed enhancers is
followed by the recruitment of co-activators (Mediator, p300/CREB-binding protein (CBP))
that mediate contacts between enhancers and general transcription factors at the promoters
and/or function as chromatin remodelers (Brown et al., 2000; Kuras et al., 2003). Apart from
the chromatin remodelers, cooperative TF binding (Adams and Workman, 1995; Workman and
Kingston, 1992), chromatin structure remodeling (RSC) complex (Cairns et al., 1996; Lia et al.,
2006; Lorch et al., 2001) and actively transcribing RNAPII (Kireeva et al., 2002; Kulaeva et al.,

2010) were all shown to mediate histone displacement.
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1.1.3.3.3 Chromatin properties of enhancers

Priming and activation of enhancers is associated with nucleosome mobility and changes in
histone modifications, even so the precise timing of acquiring unique chromatin signatures has
been under investigated. H2A.Z and H3.3, alternative and less stable histone variants that mark
open chromatin, were found to be enriched at both active and poised enhancer and promoter
regions of multiple cell-types (Chen et al., 2013; Creyghton et al., 2010b). H2A.Z was demon-
strated to promote binding of both activators and repressors as well as chromatin modifiers at
regulatory elements during embryonic stem cell differentiation, indicating a mutually depen-

dent relationship between the nucleosomes and TFs (Hu et al., 2013).

The same might hold true for histone modifications. H3K4mel, H3K9mel, and H3K27mel
were shown to be present at the enhancers of genes poised for later activation in the hematopoi-
etic lineage (Cui et al., 2009). Concordantly, mono- and di-methylation of H3K4 was shown
to coincide with the binding of pioneering TFs FoxA1l and PU.1 (Heinz et al., 2010; Sérandour
et al., 2011). However, H3K4mel and H3K4me2 were also shown to mark nucleosomes that
are not yet, but about to be bound by pioneering factor FoxA1l, hence pre-determining a set
of lineage-specific transcriptional enhancers (Lupien et al., 2008). Presence of H3K4mel on
enhancers prior to their activation was documented in multiple developmental model systems,
from the fruit fly and zebrafish to human (Bogdanovié et al., 2012; Bonn et al., 2012; Rada-
Iglesias et al., 2010). H3K4mel is maintained on enhancers during activation and even after

they loose their activating properties (Bogdanovi¢ et al., 2012).

Many of the co-activators recruited by pioneering TFs have histone acetyltransferase activity
(Brown et al., 2000; Brownell et al., 1996). A major product of the p300/CBP co-activator is
acetylation of H3K27 (Jin et al., 2011; Tie et al., 2009). H3K27ac is now established as a mark
characteristic for active enhancers and promoters, acquired almost exclusively in the context of
pre-existing H3K4mel regions (Bonn et al., 2012; Cui et al., 2009). This residue is recognized
by bromodomain proteins, ATP-dependent remodelers, TFIID components, and factors regu-
lating transcriptional pause release, all of which might contribute to the transcription process
(Yun et al., 2011). H3K27ac is particularly highly correlated with enhancer activity and the
expression of the closest proximal gene (Rada-Iglesias et al., 2010). As such, it is perhaps the
best studied histone modification, although it is not the only acetylation mark that is found at

enhancers. H3K18, for example, was found to be present in over 20% of enhancers where it is
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associated with gene activation (Jin et al., 2011; Wang et al., 2008c).

A particular subset of enhancers, poised enhancers, was found marked by H3K4mel, H3K27me3
and bound by the Polycomb complex PRC2, while lacking H3K27ac (Rada-Iglesias et al.,
2010; Zentner et al., 2011). These enhancers are bound by CBP/p300, but the lack of H3K27ac
distinguishes them from active enhancers (Creyghton et al., 2010a). Poised enhancers are lo-
cated in the vicinity of key early developmental genes and, surprisingly, were found to already
be in contact with their target promoters (Sanyal et al., 2012). A subset of enhancers marked by
H3K4mel was found to lack both H3K27ac and H3K27me3 (Creyghton et al., 2010a; Rada-
Iglesias et al., 2010; Zentner et al., 2011) and may represent a separate class of inactive en-

hancers.

Tri-methylation of H3K4, a modification primarily associated with RNAPII occupied promot-
ers, may also be present on active enhancers and was reported to be proportional to enhancer
activity (Pekowska et al., 2011). However, most enhancers do not acquire H3K4me3 and a
high ratio of H3K4mel to H3K4me3 is considered a feature that distinguishes enhancers from
promoters (Heintzman et al., 2007; Koch and Andrau, 2011). Some less mentioned methyla-
tion residues, H3K9mel and H4K20mel, were also reported on activated enhancers (Cui et al.,

2009).

Methylation of DNA is also associated with enhancers and was shown to be inversely correlated
with active enhancer histone marks, TF occupancy and binding of co-activator proteins (Thur-
man et al., 2012). Enhancer SmC is dynamic and can be introduced upon biding of repressors
or removed upon loss of activators (Stadler et al., 2012). In contrast, hydroxymethylation at
enhancers coincides with H3K4mel and H3K27ac and activation of nearby genes (Ficz et al.,
2011; Pastor et al., 2011; Wu and Zhang, 2011). While it can be found in promoters, ShmC is

more abundant in poised and active enhancers (Yu et al., 2012).

Upon recognizing specific chromatin signatures of enhancers, profiling of open chromatin,
chromatin modifications and TF binding sites has been extensively been used for their predic-
tion across different tissues and cell lines (Heintzman et al., 2009; Kim et al., 2010; Visel et al.,
2009). In the latest such endeavour, The NIH Roadmap Epigenomics Mapping Consortium
identified over 399,000 putative enhancer elements, covering 8.1% of the non-coding genome
across 147 different tissue or cell types, demonstrating the power of this approach (Kundaje

et al., 2015).
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1.1.3.3.4 Functional organisation of enhancers

Activity of many single enhancers has been tested and confirmed by in vivo and in vitro ex-
perimental approaches. This implies that these enhancers are able to act independently of the
chromosomal context. However, in endogenous loci, enhancers are embedded in a complex
regulatory environment with multiple enhancers and other cis-regulatory sequences present. In
fact, metazoan genes have been shown to be typically regulated by more than one enhancer

(Levine and Tjian, 2003).

Developmental genes, in particular, are known to have loci that can be fragmented into ele-
ments that each drive a different portion of total gene expression (Visel et al., 2007). This
property, often termed enhancer modularity enables enhancers to regulate transcription in a
strict spatio-temporal window, independently of each other and of the basal promoter, creating
complex patterns of expression (Frankel, 2012). An example of modular regulation is APOE,
a human gene expressed in seven different tissues, in each tissue driven by an exclusive set of

cis-regulatory elements (Simonet et al., 1991; Zheng et al., 2004).

Enhancers can also have mutually overlapping activity, whether partially or completely. In that
scenario, shadow enhancers drive the same pattern of transcription and bind the same TFs as
the primary enhancer (which is more proximal to the target promoter) (Barolo, 2012). Shadow
enhancers are proposed to provide robustness to genetic and environmental perturbations and
are generally associated with developmental genes (Barolo, 2012; Khoueiry et al., 2016). They
are, therefore, not necessarily redundant, but might be advantageous in conditions not tested
in experimental settings. A classic example of such regulation is the shavenbaby (svb) gene in
Drosophila. Whereas three enhancer elements are sufficient for recapitulating svb expression in
vivo, presence of two more distal regulatory elements is necessary for achieving a robust tran-
scriptional output, impervious to temperature fluctuation (Frankel et al., 2010). A very recent
study concluded shadow enhancers to be much more pervasive than originally thought, with
64% of examined Drosophila developmental loci harbouring two or more partially redundant

enhancers (Khoueiry et al., 2016).

In the linear genomic space, enhancers can be located in close proximity of one another. This
phenomenon was recognized in enhancer clusters (Pasquali et al., 2014), open regulatory el-
ements (COREs) (Gaulton et al., 2010), genomic regulatory blocks (Akalin et al., 2009), en-

hancer stretches (Parker et al., 2013) and super-enhancers (Lovén et al., 2013; Whyte et al.,
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2013). These terms are considered related, but were each defined with their own set of criteria.
super-enhancers, for example, were originally defined as groups of enhancers less than 12.5kb
apart and with an unusually strong enrichment of the Mediator complex (Whyte et al., 2013).
In contrast, stretched enhancers were described as H3K27Ac-rich chromatin regions over 3kb
in length (Parker et al., 2013). The number of elements described by these studies differs, sug-
gesting that the terms they are describing are not equivalent (Pott and Lieb, 2015). However,
all of them were found to be associated with tissue-specific transcription. Moreover, several
studies found enrichment of disease-associated variants at these loci (Hnisz et al., 2013; Parker
et al., 2013; Pasquali et al., 2014), further emphasising the importance of this novel concept
in transcription regulation. There is very little explanation to why these enhancers cluster or
what is the relationship between individual enhancers within the unit. Recently, a functional
dissection of one super-enhancer in an in vitro model of human erythropoiesis suggested that,
despite the indistinguishable chromatin features and TF occupancy between the individual en-
hancers, there is a functional hierarchy within the super-enhancer (Huang et al., 2016). Further
studies are needed to see if this is a general characteristic of clustered enhancers and/or super-

enhancers.

1.1.4 3D organisation of cis-regulation

Interactions between linearly separated cis-regulatory elements must be viewed in the context
of the three-dimensional organisation of the genome. Formation of DNA loops in the Es-
cherichia coli lac operator (Oehler et al., 1990) led to the idea that the same concept can been
extrapolated to the much more complex architecture of the eukaryotic chromatin. A hypothe-
sis has been proposed where the cis-regulatory elements are in physical contact via formation
of chromatin loops (Bulger and Groudine, 1999; Kleinjan and van Heyningen, 2005). This
hypothesis has since been tested with two independent approaches - fluorescence in situ hy-
bridization (FISH Ronshaugen and Levine, 2004) and chromosome conformation capture based
methods (Dekker et al., 2002; Kleinjan and van Heyningen, 2005). Although FISH experiments
do not always support the physical interactions found in cross-linking experiments (Williamson

et al., 2012), this model of long-range regulation in cis is now widely accepted.
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1.1.4.1 Spatial interactions between enhancers and promoters

Enhancer-promoter interactions are considered central to the current view of transcriptional reg-
ulation. It is unclear what the mechanism is that enables this interaction and whether the mech-
anism is universal for all types of promoters/enhancers or whether there are multiple mecha-
nisms. Two models of promoter-enhancer communication are currently under consideration.
The looping model implies a direct contact between the two chromosomal regions by looping
out the intermediate DNA sequence (Rippe et al., 1995). The tracking model, describes a grad-
ual progress of enhancer-bound proteins along the chromatin towards the promoter, potentially
“scanning” the chromatin on the way, and ultimately forming a loop between the enhancer
and the target promoter (Blackwood, 1998; Louie et al., 2003). This model is consistent with
the long-distance and orientation-independent properties of enhancer activity and insulators,

though it is unlikely to be feasible in the case of larger enhancer-promoter distances.

A number of proteins have been found to mediate the enhancer-promoter loop formation, in-
cluding GATA1 (Vakoc et al., 2005), EKLF (Drissen et al., 2004), Brgl (Bayer et al., 2003),
Mediator (Kagey et al., 2010), CTCF (Mishiro et al., 2009), SATB1 (Cai et al., 2006) and co-
hesin (Haering and Jessberger, 2012; Kagey et al., 2010). Mediator, in particular, seems to be
important for loop formation. This large protein complex is a general target of TF activation
domains and multiple TFs may bind to the same or different Mediator subunits simultaneously
(Allen and Taatjes, 2015). A study in murine embryonic stem cells demonstrated that Mediator
interacts with cohesin, a protein complex which can form rings that connect two DNA regions

(Kagey et al., 2010).

The purpose of looping is generally considered to be increasing the concentration of relevant
factors at the promoter (Figure 1.5). Enhancers were demonstrated to recruit both RNAPII and
GTFs and thus could serve as centres for PIC assembly and delivery to the promoter (Koch
et al., 2011). Furthermore, enhancer-promoter looping and gene activation was shown to cor-
relate with RNAPII transcription of enhancer DNA itself (De Santa et al., 2010; Kim et al.,
2010; Wang et al., 2011a). This transcription is bi-directional and generates low-level tran-
scripts of various length, stability and polyadenylation status, termed eRNAs (enhancer RNAs)
(Sambasivarao, 2014). Induction of eRNAs was suggested to be a robust indicator of functional
enhancer-promoter looping and a better predictor of enhancer activity than any enhancer-bound

transcription activator or chromatin mark (Wang et al., 2011a; Zhu et al., 2013). eRNAs interact
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directly with the Mediator complex (Lai et al., 2013) and were proposed to to serve as a scaffold
for protein-mediating looping (Hsieh et al., 2014). There are indications that eERNAs can act
through different mechanisms. For example, eRNAs production occurs prior to appearance of
H3K4mel in some cases (Kaikkonen et al., 2013) and post-transcription of the target genes in
others (Arner et al., 2015). Moreover, some studies reported eRNA production to depend on the
target gene transcription (Kim et al., 2010), while others did not find that type of dependence
(Yoo et al., 2012). In addition to initiation, ERNAs were shown to affect elongation by binding
to the NELF (negative elongation factor) and destabilizing its association with paused RNAPII
(Schaukowitch et al., 2014).

Enhan
/ ancer oRNA
{ N

Sequence-specific TF

Mediator
! QS
Target mRNA
promoter
L
Non-target
promoter

Figure 1.5 Illustration of enhancer-promoter looping. A simplified representation of ele-
ments involved in enhancer-promoter looping. Sequence-specific TFs bind to enhancers and
enable recruitment of the Mediator complex. This complex facilitates the assembly of PIC and
mediates the formation of an enhancer-promoter loop. The loop, further stabilized by cohesin,
increases the concentration of PIC proteins at the core promoter of the target gene. Upon ini-
tiation, the RNAPII machinery is present at both enhancer and promoters, generating eRNAs
and mRNAs, respectively. Anti-sense IncRNAs are also often generated.

An independent line of research discovered that a subset of long non-coding RNAs (/ncRNAs)
possesses enhancer-like properties. These transcripts were called ncRNA-activating (ncRNA-
a) and they also act through a Mediator recruiting mechanism (@rom et al., 2010; Wang et al.,
2011b). Other IncRNAs acting through different mechanisms have also been implicated in
transcription activation, for example LUNARI1 (Trimarchi et al., 2014), HOTTIP (Wang et al.,
2011b), NeST (Gomez et al., 2013). Considering their similarities, it is quite possible that
some of the transcripts annotated as ncRNA-as can also be defined as eRNAs (Vuciéevic et al.,

2015).
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The enhancer-promoter tissue specific interactions are enriched within topologically associ-
ating domains (TADs Dixon et al., 2012), which will be discussed in more detail in Section

1.1.4.4.

1.1.4.2 Target promoter selection

It was established very early on that immediate proximity of an enhancer to a gene does not
indicate functional relation between those two elements (Choi and Engel, 1988). In fact, the
percentage of enhancers that are not associated to the neighbouring gene is currently estimated
to be 21-25% (Kvon et al., 2014; Mifsud et al., 2015), including 21% of intragenic enhancers
that do not regulate their host genes (Kvon et al., 2014). The hypothesis of promoter speci-
ficity stipulates that some inherent properties of promoters and enhancers might favor certain
combinations of the two (Merli et al., 1996). This inherent property was demonstrated to lie
in the underlying sequence elements. For example, Butler and Kadonaga discovered a set of
Drosophila enhancers specific for promoters that contain either DPE or TATA box elements
(Butler and Kadonaga, 2001). A more recent study in Drosophila used a genome-wide screen-
ing of enhancer activity (STARR-seq) (Arnold et al., 2013) and clearly demonstrated motif-
based enhancer-promoter specificity (Zabidi et al., 2014). The authors established that thou-
sands of enhancers exhibit a marked specificity either to promoters associated to developmen-
tally regulated genes which are enriched in TATA, Inr, MTE, and DPE motifs or promoters char-
acteristic for housekeeping genes enriched for the polypyrimidine initiator (TCT) motif. This
could indicate that housekeeping and developmental genes use different enhancer-promoter
recognition mechanisms or reflect independent evolution of the two types of enhancers (Lor-

berbaum and Barolo, 2015).

1.1.4.3 Predicting target genes

Given the large range of distances across which enhancers can act and the propensity to skip the
closest neighbouring gene, pinpointing the exact gene regulated by an enhancer has proven to
be challenging. Further hindering this already complex task, genes are often regulated by more
than one enhancer and one enhancer can regulate more than one gene (Link et al., 2013). There
are three general approaches for linking distal regulatory elements to target genes: predictions

based on physical interaction, predictions based on association of enhancer sequence/activity

36



to gene/promoter activity, and experimental approaches.

1.1.4.3.1 Chromatin interaction maps

Over the past decade, a series of methods was developed for studying the physical interaction
of different genomic regions. These chromosome conformation capture (3C) based methods
rely on formaldehyde crosslinking of interacting chromatin fragments, thus capturing pairs of
loci in sufficient proximity to be crosslinked (approximately 10—100 nm) (Dekker et al., 2002).
Several versions of this approach have been developed, focusing on individual loci (3C, 4C)
or genome-wide testing (5C, Hi-C, and TCC) (Dekker et al., 2002; Sanyal et al., 2012; Wit
and Laat, 2012). Chromatin interaction analysis by paired-end tag sequencing (ChIA-PET)
is a ChIP-based method which recruits antibodies to a specific protein in order to enrich for
protein-bound interacting fragments (Rusk, 2009). Capture Hi-C (CHi-C) is a recently devel-
oped approach that uses sequence capture technology to enrich a Hi-C library for annotated
promoters (Jiager et al., 2015). When interpreting results from these assays, it is important to
have in mind that they represent a physical interaction, not a functional one. It remains to be
seen how many enhancers that are in contact with a promoter contribute to regulation of the

gene transcription.

1.1.4.3.2 Association of enhancer sequence to gene activity

Expression quantitative trait loci (eQ7L) is one of the most commonly used methods for de-
termining the effects of genetic variants on gene expression levels (Westra and Franke, 2014).
When those variants are located within a distal regulatory element, this method can infer a func-
tional connection between the regulatory element and the affected gene. This approach looks
for association between a genetic polymorphism and variation of gene expression across many
different individuals (Cookson et al., 2009; Montgomery and Dermitzakis, 2011). A disadvan-
tage of this approach is that not all enhancers have a genetic variant necessary to determine
these associations. Another caveat is that associations between genomic loci and gene expres-
sion predicted by eQTL represent a mixture of direct and indirect regulation which are often
not easy to distinguish (Li et al., 2013; Westra and Franke, 2014). eQTL approach is primarily
used for studies of genetic variation in gene expression and will be further discussed in Section

1.2.2.2.1.
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1.1.4.3.3 Association of enhancer activity to gene activity

Enhancer targets can also be predicted by matching changes in enhancer activity to changes in
gene expression across tissues and/or developmental stages. PresSTIGE, for example, is an al-
gorithm that predicts enhancer-gene linkages using H3K4me1l or H3K27ac in combination with
RNA-seq data (Corradin et al., 2014). Any enhancer associated signal could be used instead of
H3K4mel/H3K27ac, such as TF binding or chromatin accessibility. For example, a study by
Sheffield et al. used DNase I hypersensitive sites (DHSs) as markers of regulatory elements and
interrogated correlations between distal DNase I hypersensitive sites (DHSs) and gene expres-
sion across 72 cell types, predicting genes targeted by 530,000 regulatory regions (Sheffield
et al., 2013). Another large-scale study by ENCODE used DHSs to identify 578,905 putative
couples of distal regulatory elements and promoters across 125 cells and tissue types. These
pairs were overrepresented in regions identified by 3C-based methods, confirming the validity
of both types of approaches (Thurman et al., 2012). Although this approach is based on statis-
tical associations and limited by the number of samples available for a study, the abundance of
genetic and epigenetic profiles for various cell lines and tissues released by big consortia often

makes it time and cost efficient.

1.1.4.3.4 Experimental approaches

Regardless of the prediction method, experimental validation of enhancer target selection is
necessary for confirmation of such interactions in vivo or in vitro. For the target gene to be
revealed, enhancer activity must be modified within its natural chromosomal context. A se-
ries of genomic-editing tools is now available for disrupting the activity of an enhancer. This
can be done through deletion or introduction of a deleterious mutation with zinc finger nucle-
ases (ZNFs) (Durai, 2005), transcription activator-like effector nucleases (TALENSs) (Joung and
Sander, 2013) or clustered regularly interspaced short palindromic repeat (CRISPR/Cas9 sys-
tem) (Sander and Joung, 2014). The most recent of these methods, CRISPR/Cas9, is perhaps
the most commonly used one today. Apart from disruption of sequence, enhancer activity can
be modified through introduction of an arteficial chromatin modification. This can be achieved
by targeting the region with a genomic-editing enzyme fused with a chromatin-modifying do-
main (Hilton et al., 2015). Although powerful, genomic-editing tools are labor intensive and,

at this point, only suitable for validation of limited number of loci at a time.
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1.1.4.4 Topologically associating domains

Genes often require protection from the unintended influence of adjacent positive or nega-
tive transcription signals. Studies in Drosophila identified insulators - orientation-independent
sequence elements involved in establishing or maintaining discrete genomic boundaries (Cai
et al., 1996; Udvardy et al., 1985). In vertebrates, insulators are associated with the binding
of CTCF - an essential, highly conserved and ubiquitously expressed zinc-finger protein (Bell
etal., 1999; Moon et al., 2005). CTCF molecules were shown to form complexes with itself and
other target proteins in distal loci, resulting in formation of discrete genomic domains (Splinter
et al., 2006; Wallace and Felsenfeld, 2007; Yusufzai et al., 2004). These fopologically associ-
ating domains (TADs), as described in Drosophila, mouse and human, were found to be very

stable across species and cell types (Dixon et al., 2012; Nora et al., 2012).

Positioning the enhancer and promoter in separate functional expression domains is proposed
to be the basis of enhancer-blocking insulators activity (Handoko et al., 2011). In line with
that, loss of TAD boundaries leads to partial fusion of the adjacent TADs, formation of ec-
topic contacts and long-range transcriptional miss-regulation (Lupidfiez et al., 2015; Nora et al.,
2012). Apart from CTCF and cohesin, TAD boundaries were found enriched for housekeeping
genes, tRNAs and short interspersed elements (SINEs), indicating that high levels of transcrip-
tion might be involved in the creation of topological boundaries (Dixon et al., 2012). TADs
consist of variable number of smaller 3D structures. While TAD boundaries are remarkably
stable, sub-TAD structures were found to be dynamic and cell-type specific (Dixon et al., 2015;
Phillips-Cremins et al., 2013).

Taken together, these studies shed light on long-range genome organisation and provide insight
into the 3D context for enhancer-promoter interactions. The mechanisms behind establishing
TADs are still not well understood. Further characterization of this level of genome organisa-
tion is necessary for understanding the functional impact that regulatory elements have on gene

expression.
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1.2 Genetic variation and phenotype variability

Genetic variation drives evolutionary adaptation and creates diversity. Evolutionary biologists
King and Wilson first suggested that small regulatory changes in the genome may be the driving
force behind speciation (King and Wilson, 1975). Genetic variation results from genetic drift
and selection and is abundant within the human species. The latest large-scale whole genome
sequencing project by the 1000 Genomes Project Consortium analyzed 2,504 genomes from
26 populations characterized 84.7 million variants, 3.6 million short insertions/deletions, and
60,000 structural variants (Auton et al., 2015; Sudmant et al., 2015). Genetic variability be-
tween populations and individuals reflects on their disease susceptibility, disease progress and
response to treatment, highlighting the importance of understanding the relationship between

genotype and phenotype.

1.2.1 Major types of sequence variation

There are five major types of sequence variation (Figure 1.6). Single nucleotide variants
(SNVs) are single-nucleotide substitutions of one base for another between members of one
species. A subset of SN'Vs that occurs in at least 1% of the general population are termed sin-
gle nucleotide polymorphisms (SNPs) (Antonarakis, 2010). SNPs are the most common form
of sequence variation in the human genome, estimated to make 90 % of all human sequence
variants (Ke et al., 2008). SNPs may have two or more alleles, meaning that there are two or
more occurring base-pair possibilities within a population. Every SNP can be assigned a minor
allele frequency (MAF) - the frequency at which the least common allele occurs in a given pop-
ulation. SNPs with MAF >5% are considered common and the rest of them rare. SNP allele
frequencies vary between human populations, so an allele common in one population may be

rare in another (Nielsen et al., 2012; Sachidanandam et al., 2001; Wakeley et al., 2001).

Structural variants (SVs) can be broadly defined as changes in the DNA sequences that are
not single base-pair substitutions (Antonarakis, 2010; Mills et al., 2006; Weber et al., 2002).
These encompass INDELs (insertions and deletions), block substitutions, inversions of DNA
sequences and copy number differences (Khaja et al., 2006; Kidd et al., 2008). SVs have
been less explored than SNPs, as their discovery was long impeded by technical limitations.

Large (>100 kb), intermediate (500 bp-100 kb) and fine-scale (1-500 bp) structural variants
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single nudleotide variant ATTGGCCTTAACCECCGATTATCAGGAT
g ATTGGCCTTAACCICCGATTATCAGGAT

. . . ATTGGCCTTAACCCGATCCGATTATCAGGAT
Insertion-deletion variant 1.6 CCTTAACCCESSCCGATTATCAGGAT
I ATTGGCCTTAACECCCGATTATCAGGAT

Block substitution ATTGGCCTTAACEGTGGATTATCAGGAT
ATTGGCCTTRACCCCCGATTATCAGGAT

Inversion variant ATTGGCCTTCGGGGGTTATTATCAGGAT

Structural variants

i
Copy number variant ATT CCCCCGATTATCAGGAT

Figure 1.6 Major classes of genetic variants. Five classes of major genetic variants can be de-
scribed. Single nucleotide variant (SN'V) is an alteration of a single nucleotide. Insertion/dele-
tion variants (INDELSs) occur when one or more base pairs are present in some genomes but
absent in others. Block substitutions occur when a string of adjacent nucleotides varies be-
tween two genomes. Inversions are cases in which the order of the base pairs is reversed in
a defined section of a chromosome. Copy number variants describe repetitions of identical or
nearly identical sequences in some chromosomes, but not others. The figure is reproduced from
(Frazer et al., 2009).

have now been described in the human genome (Khaja et al., 2006). The first high-resolution
sequence map of human structural variation demonstrated that they were more abundant in
the genome than originally presumed, with 40% of them assigned to copy number variations
(CNVs) (Kidd et al., 2008). SVs involve both intergenic and intragenic sequences and are

created predominantly by non-allelic homologous recombination (Kidd et al., 2008).

Association of alleles at different loci is not random, constituting a phenomenon called linkage
disequilibrium (LD) (Lewontin and Kojima, 1960; Slatkin, 2008). In other words, individuals
who carry a particular allele at one site often predictably carry specific alleles at other nearby
variant sites (Altshuler et al., 2005). LD arises from shared ancestry of contemporary chromo-
somes and is influenced by natural selection, rate of recombination, rate of mutation, genetic
drift and genetic linkage (Altshuler et al., 2005). A set of variants that tend to be inherited
together are called a haplotype. Patterns of LD across the genome revealed haplotype blocks
that vary in size from a few kb to more than 100 kb (Slatkin, 2008; Wall and Pritchard, 2003).
Characterizing the patterns of LD is of great importance for studies of both genetic association

and demographic history.
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1.2.2 Genotype to phenotype

The connection between a genotype and phenotype was established as early as 1911 (Jo-
hannsen, 2014). Although many genetic variants are neutral, others determine phenotypic
traits, from appearance and behaviour to predisposition to certain diseases. Monogenic traits
formed the basis of “classic” genetics. They are strongly influenced by variation within a single
gene and follow Mendelian laws of inheritance (Peltonen, 2006; Weatherall, 2000). Complex
traits are much more common and are believed to result from variation of multiple genes and
their interaction with environmental factors (Relton and Smith, 2010; Teperino et al., 2013).
These two categories are not always mutually exclusive as complex diseases predominantly
influenced by one gene have been reported (Stefansson et al., 2007; Weatherall, 2000). Al-
though the polygenic nature of complex traits is generally accepted, the relative contribution of
common variants and rare variants to complex traits is still under debate (Frazer et al., 2009;

Kilpinen and Dermitzakis, 2012).

Genetic dissection of complex traits has proven challenging. Over the years, several approaches
have been employed for this purpose, including linkage analysis and allele-sharing methods
(based on studying relatives in a pedigree), studies of experimental crosses (of mouse and rat)
and association studies that compare genotypes of affected and unaffected individuals (Lander
and Schork, 1994). The development of high-throughput genotyping technologies allowed
genome-wide characterization of large number of individual genomes and led to the rise of

genome-wide association studies (GWAS).

1.2.2.1 Genome-wide association studies

Genome-wide association studies (GWAS) examine a large number of genetic variants in dif-
ferent individuals, looking for association with a particular trait. This approach was designed in
1996 (Risch and Merikangas, 1996), yet only became possible upon the release of the Interna-
tional HapMap resource, availability of dense genotyping chips and existence of large and well
characterized sample cohorts (Altshuler et al., 2005; WTCCC, 2007). A typical GWAS has a
case-control design that compares genotypes of two groups looking for SNPs that occur more
frequently in individuals with a particular phenotype (case) compared to individuals without it
(control) (Frazer et al., 2009). Given that the number of possible SNP variants in the human

genome surpassed 149 million (as of June 2015, Sherry et al. (2001)), the GWA studies exploit
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the haplotype structure of the genome and generally use customizable arrays to genotype only

a subset of the variants identified as tag SNPs.

Since these first landmark GWAS (Ozaki et al., 2002) to August 2014, 1569 GWAS publica-
tions reported 11,115 hits for 866 diseases (Welter et al., 2014), with the numbers rising since.
Although GWA studies were successful in robustly identifying common trait associated vari-
ants, those variants managed to capture only a small fraction of the heritability estimated for
these complex traits (Gibson, 2010). The classical example of missing heritability is height,
which has a heritability of 80-90%, but with common SNPs identified by GWAS explaining
only 5% of it (Visscher, 2008; Weedon and Frayling, 2008). This spoke against the premise
GWA studies were based on, the common disease - common variant hypothesis, which pos-
tulated that common genetic variants with small to modest effect sizes underlie susceptibility
to most common traits (Reich and Lander, 2001). Several explanations were offered for this
phenomenon. The first was that the effect sizes of individual SNPs are so small that they do
not reach genome-wide significance in GWAS. This hidden heritability view was supported by
Yang et al. who demonstrated that considering all SNPs simultaneously in one model can ac-
count for 45 percent of the variance in height (Yang et al., 2010). The second explanation was
that causal variants (with presumably much lower MAF) are not in sufficient LD with SNPs on
the commercial arrays that contain common tag SNPs (Cirulli and Goldstein, 2010; Eyre et al.,
2012; Trynka et al., 2012a). Finally, current methodologies might not account for genotypic,
environmental and epigenetic interactions (Gibson, 2012). Some of the mentioned scenarios
may be resolved with larger sample sizes, more narrowly defined phenotypes, improved mod-

eling and denser, whole genome sequencing-based genotyping.

Considering that the genotyped SNPs are “tagging” haplotypes on which the directly functional
variants reside, fine-scale mapping is usually necessary for identifying the strongest candidate
causal variants in the risk loci (Gaulton et al., 2015). The following task, pinpointing the actual
causal variant(s) and elucidating the mechanism by which it influences the expression of its

target gene(s), represents a major challenge of the post-GWAS era.

1.2.2.2 Genetic variation of gene expression

One approach to inferring a connection between a SNP and activity of a protein is to associate

the SNP with changes in an intermediary phenotype - expression levels of the coding gene.
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Several genome-wide methods address this question, including eQTL studies and allele-specific

analysis.

1.2.2.2.1 eQTL

As described in Section 1.1.4.3.2, the eQTL approach looks for association between a genetic
polymorphism and variation of gene expression across many different individuals (Cookson
et al., 2009; Montgomery and Dermitzakis, 2011). GWAS SNPs are more likely to predict
gene expression levels than MAF-matched SNPs, an observation valid across a range of com-
plex traits (Nicolae et al., 2010). Considering the spatio-temporal specificity of many regulatory
elements, integration of GWAS and eQTL analysis is expected to be informative if the eQTL
was performed in the disease-relevant tissue. The Genotype-Tissue Expression (GTEx) pilot
analysis encompassed nine different tissues and observed enrichment of eQTLs in SNPs asso-
ciated with traits relevant for the underlying tissue. Whole blood eQTLs, for example, showed
enrichment for autoimmune disease associated SNPs, but not for bipolar disorder or Type 2 dia-
betes (GTExConsortium, 2015). Several studies demonstrated that a limited number of eQTLs
are shared across multiple tissues (20-50%) (Dimas et al., 2009; Emilsson et al., 2008). Further-
more, even if they are shared, the fold difference in expression can vary substantially between
tissues (Nica et al., 2011). The GTEX pilot study, however, reported 50% of all detected eQTLs
to be common to all analyzed tissues, suggesting that eQTL sharing across tissues might be
more frequent than previously described. Overall, these findings demonstrate the power of the
eQTL approach in prioritizing candidate GWAS SNPs, as well as the utility of an multi-tissue

eQTL catalogue in pinpointing the disease-relevant tissue.

One of the surprising discoveries by GWAS was that approximately 88% of GWAS tag SNPs
lie in intergenic or intronic regions (The ENCODE Project Consortium et al., 2012; Welter
et al., 2014). Assuming the same is true for the linked causal SNPs, one can infer that in
many cases these SNPs influence cis-regulatory elements. GWAS-derived SNPs falling into
regulatory elements are thus often considered candidate causal variants. Large consortia have
generated extensive catalogues of regulatory elements in various cell types and tissues (Ro-
manoski et al., 2015; The ENCODE Project Consortium et al., 2012), supplemented by various
studies performed in additional cell types (for example Ernst et al., 2011; Gaulton et al., 2010;
Reilly et al., 2015). Numerous studies found GWAS SNPs to be enriched within non-coding
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functional elements(Dimas et al., 2009; Myers et al., 2007; Stranger et al., 2007; The ENCODE
Project Consortium et al., 2012). eQTLs shared across several tissues were shown to be more
restricted to the TSS and have larger effect sizes while tissue-specific eQTLs were distal, more
abundant and exhibited weaker effects (Dimas et al., 2009). In addition, a recent eQTL study
on both SNPs and INDELs found that, for both types of variants, tissue-specific associations
are more likely to act in frans (Huang et al., 2015). Together, these findings highlight the

importance of enhancers and tissue-specific gene regulation in complex traits.

1.2.2.2.2 Allele-specific analysis

An alternative approach to eQTL is allele specific analysis of the transcriptome. This method
estimates the abundance of transcripts coming from each allele within an individual and looks
for allelic imbalance - difference in transcriptional activity between the alleles (Pastinen, 2010).
The main advantage of this type of analysis is the “internal control” - the fact that the impacted
and the control allele are located in the same cell and exposed to the same environmental and
trans effects. For that reason, presence of allelic imbalance implies the existence of a regulatory
variant driving the changes in transcription in cis (Figure 1.7). The main limitation, compared
to GWA and QTL studies, is that it can not include homozygous individuals in the analysis
and only genes/regions that have a polymorphism themselves are “informative” of their allelic

status (Pastinen, 2010; Rozowsky et al., 2011).

The rise of single-base resolution NGS technologies enabled genome-wide assessments not
only of allele-specific gene expression (RNA-Seq Pickrell et al., 2010; Rozowsky et al., 2011),
but also DNA methylation (bisulfite sequencing Fang et al., 2012), DNA-protein interactions
and histone modifications (ChIP-Seq Rozowsky et al., 2011; Waszak et al., 2015), chromatin
states (DNasel-Seq, FAIRE-Seq, ATAC-Seq Buenrostro et al., 2013; Degner et al., 2012) and
more recently, chromatin conformation (3C-based methods Dixon et al., 2015; Visser et al.,

2015).

Reports on the prevalence of allele-specific activity vary greatly between studies. Early reports
of allele-specific expression suggested that a great majority of genes is expected to have allele-
specific expression differences in at least some individuals (Buckland, 2004). Other studies
reported 6.5% to 24% of informative genes to be imbalanced, per individual (Dixon et al.,

2015; Lappalainen et al., 2013; Reddy et al., 2012; Rozowsky et al., 2011). Similarly, reported
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Figure 1.7 Allele-specific expression and transcription factor binding. Allele-specific ex-
pression is an imbalance in the amount of transcript generated by the two alleles in the genome.
For allele-specific expression of a gene to be detectable, the gene must harbour a genetic vari-
ant that will enable assigning transcripts to their genome of origin. This informative variant
could also be the cause of allelic imbalance, through modifying transcript stability or splicing
efficiency. Alternatively, allele-specific expression can occur as a result of imbalanced activity
in a cis-regulatory element, enhancer or promoter. A trans-acting protein has equal opportunity
to bind to each of the regulatory alleles, yet binding in one of the alleles may be impacted by a
motif-disrupting variation, causing allelic imbalance.

allelic imbalance in TF binding ranged from 2% to 25% (Kasowski et al., 2010; McDaniell
et al., 2010; Rozowsky et al., 2011) 6 to 30% for histone modifications (Kilpinen et al., 2013).
Despite the variation in their estimations, these studies suggest that allelic effects on activity of

regulatory elements and gene expression are common across the genome.

While QTL and allele-specific analysis studies allow a direct evaluation of the impact cis-
regulatory polymorphisms have on both gene expression and chromatin states, they do not
explain the mechanism behind it. Genetic variation in sequences targeted by sequence-specific
proteins presumably leads to disruption of TF binding, leading to disruption of regulatory ac-
tivity. However, several studies found that the majority of allele-specific TF binding is not
triggered by TF-motif disruption (Kasowski et al., 2010; Kilpinen et al., 2013; Lappalainen
et al., 2013; Reddy et al., 2012). Furthermore, the majority of motif-disrupting SNPs do not
show significant allelic effects (Kilpinen et al., 2013). Even though this phenomenon can be

partially contributed to collaborative TF binding (Karczewski et al., 2011; Kasowski et al.,
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2010; Stefflova et al., 2013), it was observed that there is a strong correlation between allele-
specific events across several hundreds to few thousands of base pairs, suggesting that activity
of regulatory elements might be coordinated across a larger genomic space (Kilpinen et al.,
2013; McVicker et al., 2013). Following this, Waszak et al. (2015) recently described variable
chromatin modules (VCMs) which harbour promoters and/or enhancers with coordinated chro-
matin states. Grubert et al. (2015) concurrently demonstrated that this genetically coordinated
variation occurs through physical contacts between the coordinated regulatory elements and
takes place within TADs. These studies emphasise the complexity of the cis-regulatory mech-
anisms and highlight the importance of dissecting the properties of regulatory elements within

their native chromosomal context.

1.3 Pancreatic islets of Langerhans

The pancreas is a glandular organ present in all vertebrate species in functionally similar forms.
Anatomically, the human pancreas is divided into four parts, all situated in a particular orienta-
tion within the abdominal cavity and refereed to as the head, neck, body and tail (Figure 1.8).
Functionally, the pancreas is separated into endocrine tissue dedicated to production of several
important hormones and exocrine tissue that secretes digestive enzymes (Ellis, 2007; Henry

Gray, 1918).

The exocrine pancreas makes up about 99% of the human pancreas by weight. It secretes
the pancreatic fluid which is a mixture of enzymes that digest fats (pancreatic lipase) proteins
(trypsinogen and chymotrypsinogen) and to some extent sugars (pancreatic amylase). It also
secretes phospholipase A2, lysophospholipase, and cholesterol esterase. These enzymes are
produced and secreted by acinar cells organised into small clusters known as acini. Acini are
surrounded with small ducts that connect and ultimately converge to the large pancreatic duct
(Figure 1.8). The ductal cells secrete bicarbonate ions which help neutralize the acidic content
arriving to the duodenum from the stomach (Ellis, 2007). The part of the tissue dedicated to en-

docrine function is made of cell clusters called pancreatic islets or islets of Langerhans.
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Figure 1.8 Anatomy of the human pancreas. The anatomy of a) the whole pancreas, b) the
exocrine pancreas, c) a single acinus, d) a pancreatic islet embedded in exocrine tissue. Figure
adapted from Bardeesy and DePinho (2002).

1.3.1 Pancreatic islet cell types

Islets are composed of five cell types, each one specialized for production of different hor-

mones.

Alpha cells produce glucagon, a catabolic hormone that targets mainly liver and some kidney
cells. It mobilizes glucose, fatty acids and amino acids into the blood which elevates blood

glucose levels (Rutter, 2009; Suckale, 2008).

Beta cells are the most abundant cell type in the pancreatic islet and are dedicated to production

of insulin, C-peptide and amylin (IAPP) (reviewed in Rutter, 2001).

Insulin is the major hormone produced by the pancreas and has a central role in glucose home-
ostasis. Insulin targets skeletal muscles and fat tissue (where it promotes absorption of glucose),
liver (where it inhibits production of glucose) and hypothalamus (where it influences food in-
take) (Kulkarni, 2004; Rutter, 2001). Insulin receptors are found in almost all types of cells and

trigger a PIP3-dependent signalling cascade when activated (Kido et al., 2001).

Insulin secretion is biphasic and is regulated by a variety of stimulatory and inhibitory glucose
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metabolism-related factors (Komatsu et al., 2013; Newgard et al., 2002). Glucose is the primary
modulator of insulin secretion and changes in blood glucose levels can be directly “sensed” by
beta cells (MacDonald et al., 2005; Schuit et al., 2001). The glucose-sensing mechanism is
essential for maintenance of glucose homeostasis and is enabled by several properties of the
beta cell. First, a high capacity transporter ensures a high rate of glucose influx, proportional to
blood glucose concentrations up to 10 mmol/L. Following, gluckokinase mediates glycolysis
in a rate proportional to the influx of glucose. The intracellular ATP: ADP ratio is increased via
the citrate cycle, which causes suppression of ATP-sensitive potassium channels. This leads
to membrane depolarization and an influx of extracellular calcium through voltage dependent
calcium channels (VDCCs) which finally triggers exocytosis of insulin-containing secretory

granules (MacDonald et al., 2005; Rutter, 2001).

Insulin secretion is the immediate response beta cells have to rise in blood glucose levels.
The short-term response is mainly translational and besides insulin includes boosting produc-
tion of insulin granule component proteins (Hou et al., 2009; Kulkarni et al., 2011; Leibiger
et al., 1998). Long-term adaptations of beta cells to the environment might involve changes in
transcriptional regulation of genes involved in control of ER load, granule counting, and cell

cooperation (Ishikawa et al., 2015; Suckale, 2008).

Delta cells produce stomatostatin (SST), a hormone with inhibitory properties secreted by
several tissues in the body. SST secretion is also stimulated by increased extracellular glucose,
although the threshold concentration is higher than the one for insulin (Hauge-Evans et al.,

2009; Rutter, 2009; Woods et al., 2006).

Gamma cells (or PP cells) are responsible for production of the pancreatyc polypeptide (PP).
Secretion of PP is stimulated by food intake and acts to reduce it, presumably via hypothalamus

(Batterham et al., 2003; Koska et al., 2004).

Epsilon cells producing ghrelin, also known as the “hunger hormone”. As its name implies,
ghrelin stimulates appetite by acting on hypothalamus and also by preparing the gastrointestinal

system for food intake (Inui et al., 2004; Klok et al., 2007).

Taken together, the cell of the pancreatic islet form a nutrient sensing network and have a
major role in the homeostasis of energy. The hormone secretion is regulated via paracrine and
autocrine mechanisms and requires cooperation with the nervous and digestive system (Aronoff

et al., 2004; Caicedo, 2013; Kiba, 2004).
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Figure 1.9 Paracrine and autocrine regulation of islet cells. Apart for their system-wide
roles, pancreatic islet hormones also serve as local signalling molecules. Here is a schematic
representation of putative paracrine and autocrine pathways between three major types of pan-
creatic islet cell types. The arrows represent the direction of the signalling pathway.

1.3.2 Transcription factors and pancreatic development

The pancreas develops from the endoderm, the innermost of the three germ layers formed
during gastrulation. It originates from the gut tube, where the endodermal epithelium thickens
and forms buds. These buds grow, branch and eventually form the liver, the gallbladder, and

the pancreas (Gittes, 2009; Spooner et al., 1970).

The development of the pancreas can be described in a series of steps, each one characterized
by a particular set of regulators (Figure 1.10). As studies of pancreas development are limited
in human, much of the knowledge we have today comes from studies done in mice. Mouse
pancreatic organogenesis, differentiation and maturation can be described in three major stages:
primary transition (embryonic day 9.5 [E9.5] - E12.5), secondary transition (E12.5 - birth)
and the postnatal period (from E16.5 to weaning, coinciding with the onset of adolescence in

human).

1.3.2.1 The primary transition

Pancreatic development from the endoderm is triggered by signalling from neighbouring mesoderm-
derived tissues around embryonic day 9.5 in mouse (E9.5) which corresponds to the 4th week

of human gestation. The dorsal and ventral pancreatic buds emerge from the subregion of the
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foregut with repressed Sonic hedgehog, followed by expression of Pdx1 and Ptf1a that together
define the primordial pancreatic endoderm (Burlison et al., 2008; Chiang and Melton, 2003;
Hebrok et al., 1998). Few endocrine cells are generated at this time, with the majority of cells
formed being alpha cells (Herrera et al., 1991). At E11.5, the gut tube begins to rotate, which

leads to proximity and fusion of dorsal and ventral buds later on at E12.5.

1.3.2.2 The secondary transition

At E12.5, the pancreatic epithelium begins to evaginate and branch into the neighbouring mes-
enchyme, creating a tubular structure organised into tip and trunk regions. The trunk contains
progenitors that will give rise to endocrine and ductal cells, while the tip gives rise to acinar cells
(Seymour, 2014; Villasenor et al., 2010). Further dedication to endocrine or exocrine lineage
is decided by notch signalling (Apelqgvist et al., 1999). Absence of notch signalling permits ex-
pression of Ngn3, presumably via Hnfa6 (Jacquemin et al., 2000), which is both necessary and
sufficient to give rise to unipotent endocrine precursors (Apelqvist et al., 1999; Schwitzgebel
et al.,, 2000). Ngn3 then directly activates Pax4, NeuroD1 and Nkx2.2 (Schwitzgebel et al.,
2000). Ngn3 negative cells that express HES-1 and p48 adopt the exocrine fate (Apelqvist
et al., 1999).

Following the initiation of the endocrine program, additional transcription factors are necessary
to differentiate Ngn3 expressing cells into one of the five islet cell types, such as Arx (for alpha
cells) and Pax4 (for beta/delta cell fate) (Collombat, 2005; Collombat et al., 2003). Beta cell
differentiation is activated by a coordinated action of Pax4 and Nkx2.2 (Wang et al., 2004).
Downstream of Nkx2.2 lies Nkx6.1 whose expression during differentiation becomes restricted
to beta cells only (Sander et al., 2000). Similarly, cells expressing both Pax4 and Pax6 become
beta, gamma and delta cells, whereas cells expressing only Pax6 assume alpha cell identity

(St-Onge et al., 1997).

Yet another array of TFs is involved in late differentiation and/or maintenance of islet cell
subtype identity. Isll and Pdx1, for example, are active in several developmental stages, but
also vital for production of endocrine hormones and the maintenance of endocrine cell mass
(Ahlgren et al., 1997; Du et al., 2009; Serup et al., 1995). Pax6, originally present in all en-
docrine cells, may play a role in maintaining a hormone expressing phenotype of the alpha cell

(Ashery-Padan et al., 2004). Mouse MafB was proposed to have a role in differentiation of
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both alpha and beta cells, with preference of expression in alpha cells upon maturation. MafA
becomes active in late differentiation of beta cells upon deactivation of MafB (Kataoka et al.,

2004; Stalvey et al., 2006).

1.3.2.3 Postnatal period

Upon birth, the mouse endocrine pancreas undergoes remodeling through a process that in-
volves apoptosis and beta cell replication (Bonner-Weir, 2001). In the adult pancreas, under
normal conditions, the beta cell turnover is slow and apoptosis is balanced with replication of
existing cells (Dor et al., 2004; Georgia and Bhushan, 2004). However, beta cell mass can
be increased to compensate for increased metabolic demands that occur with pregnancy and
obesity (Linnemann et al., 2014; Rieck and Kaestner, 2010). New beta cells are thought to
derive predominantly by proliferation of preexisting beta cells (Dor et al., 2004; Georgia and
Bhushan, 2004), although other studies have also suggested neogenesis from various cell types
(Hao et al., 2006; Rosenberg, 1999; Xiao et al., 2013). Pdx1 emerged as a crucial regulator of
beta cell maintenance and proliferation (Johnson et al., 2003; Kulkarni et al., 2004), although
a number of TFs are implicated, such as CREB, NFAT, FoxM1, Pax4 and PPARa (Bernardo
et al., 2008). Glucose, insulin and prolactin are just some of the factors that stimulate beta cell

proliferation (Heit et al., 2006).

1.3.3 Diabetes Mellitus

Diabetes Mellitus is a group of metabolic diseases characterized by chronic hyperglycemia
resulting from defects in insulin secretion, insulin action, or both. Long-term effects of diabetes
include damage, dysfunction and failure of various organs. In 2014, 9% of adults 18 years and
older were diagnosed with diabetes (World Health Organization, 2014b). In 2012 diabetes was
reported as the direct cause of 1.5 million deaths. More than 80% of diabetes deaths occur
in low- and middle-income countries (World Health Organization, 2014a). Without a doubt,

diabetes is a disease of worldwide epidemic nature.

There are two main types of diabetes, termed Type 1 and Type 2.
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Figure 1.10 Transcription factors and beta cell development. Expression of transcription
factors during development of pancreatic beta () cells in mouse and human. The time-line
shows relative time-points in mouse (embryonic days, E) and human (weeks gestation, W).
Transcription factors are listed under each time-point where their expression is first observed, or
lost. Transcription factors with arrows extending denote expression that persists into postnatal
and/or mature beta cells. (*) Expression of the transcription factor was derived from whole
pancreas mRNA, thus cell type-specificity was not determined. The figure is reproduced from
Conrad et al. (2014).

1.3.3.1 Type 1 diabetes

Type 1 diabetes (T1D, insulin-dependent Diabetes Mellitus) is a consequence of organ-specific
autoimmune destruction of insulin-producing beta cells. Loss of blood glucose control can lead
to both acute (ketoacidosis, severe hypoglycemia) and secondary complications (heart disease,
blindness and kidney failure) (Gubitosi-Klug, 2014; Maahs and Rewers, 2006). The onset
of T1D was once thought to typically occur in childhood, yet more recent numbers report a
large number of adult onset T1D cases (Bluestone et al., 2010; Harjutsalo et al., 2008). T1D re-
sults from a combination of genetic predisposition, environmental factors, and stochastic events
(Lorenzen et al., 1994; Pociot and McDermott, 2002; Reddy et al., 2011). Human leukocyte
antigen (HLA) encodes cell surface proteins that interact with immune cells was estimated to
contribute up to 40% of T1D risk (Erlich et al., 2008; Risch, 1987). The latest T1D GWA stud-
ies identified 44 risk loci with a strong enrichment of SNPs in enhancers of immunologically
relevant tissues (Onengut-Gumuscu et al., 2015). Several immunological cell types were im-
plicated in T1D pathogenesis, but the primary mediators of beta cell destruction were identified

to be T lymphocytes (Roep, 2003; Wallet and Tisch, 2006).
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1.3.3.2 Type 2 diabetes

Type 2 diabetes (T2D), also known as non-insulin-dependent Diabetes Mellitus (NIDDM) is
an array of diseases characterized by chronic insulin resistance and loss of beta cell mass and
function (DeFronzo, 1992; Stumvoll et al., 2005). Over 90% of all diabetes cases are T2D. In
the early stage of Type 2, insulin resistance is manifested as an inappropriate response to insulin
by cells in the body which leads to increase of blood glucose, impairment of metabolism and
eventually causing increased intracellular fat content in several tissues. As a response to high
blood glucose, beta cells increase the production of insulin, leading to high blood insulin level.
In some individuals, the beta cell mass adapts and compensates for the increased metabolic
load. In others, they are not able to keep up with the rising demand for insulin. In those
individuals, this leads to a reduction in insulin secretion which marks the onset of mild and

progression to severe T2D (DeFronzo, 1992).

Beta cell failure has been proposed to result from increased beta cell apoptosis (Butler et al.,
2003; Rhodes, 2005), possibly induced by a combination of chronic hyperglycemia (Donath
et al., 1999), hyperlipidemia (Alonso et al., 2014), and inflammatory cytokines (Donath et al.,
2009) that disrupt beta cell growth and survival signalling pathways. T2D is a multiorgan
disease, with defects in muscle tissue (Minokoshi et al., 2003), liver (Michael et al., 2000), fat
and the central nervous system (Sandoval et al., 2009) contributing to disease pathophysiology.
It is also a complex disease with a genetic and lifestyle component. Obesity is a major factor in
T2D pathophysiology, followed by lack of physical activity, poor diet, stress, and urbanization
(Cheema et al., 2014; Salas-Salvad¢ et al., 2011). Food high in sugar, saturated fats and trans
fatty acids is also associated with increased risk of T2D (Imamura et al., 2015; Riserus et al.,

2009).

The strong genetic basis of T2D is supported by multiple lines of evidence. The concordance
of T2D is 20-30% in dizygotic twins and reaches 70% in monozygotic ones (Kaprio et al.,
1992). The lifetime risk of developing the disease is approximately 40% in offspring of one
Type 2 diabetic parent and approaching 70% if both parents have diabetes (Groop et al., 1996;
Lyssenko et al., 2005). In fact, properties reflecting the pancreatic function (insulin sensitivity
and insulin secretion) were shown to be heritable in non-diabetic individuals, as well (Elbein
et al., 1999; Vaag et al., 1995). A number of T2D relevant loci emerged through linkage or

candidate gene approach studies, such as CAPNI0 (related to glucose transport in muscle),
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HNF4a, PTPNI (negative regulator of insulin signalling), CASQI, AMPI1, TCFL7 (related to
Wnt regulation of proglucagon), PPARgamma (target of of insulin sensitizers), KCNJI11, SURI,
ENPPI and WFS1 (Ridderstrale and Groop, 2009; Thomsen and Gloyn, 2014).

Throughout the GWAS era, T2D diabetes was the centre of numerous studies across popula-
tions (Cho et al., 2012; Cornelis et al., 2009; Dupuis et al., 2010; Hara et al., 2014; Imamura
et al., 2012; Kooner et al., 2011; Locke et al., 2015; Long et al., 2012; Mahajan et al., 2014;
Morris et al., 2012; Palmer et al., 2012; Parra et al., 2011; Saxena et al., 2012, 2013; Scott
et al., 2006; Shu et al., 2010; Sladek et al., 2007; Steinthorsdottir et al., 2014; Thompson, lan
M, Lucia et al., 2006; Voight et al., 2010; Zeggini et al., 2007). GWA studies confirmed many
of previously identified loci and highlighted new ones, such as fat mass and obesity associated
FTO (Scott et al., 2007). To date, these studies combined have identified T2D-associated vari-
ants mapping to more than 80 loci. Broad functional characterization of Type 2 diabetic human
islets suggested that many of these variants have a role in regulation of glucose levels, insulin
secretion and/or action, demonstrating that they impact primarily beta cell function rather than
insulin sensitivity (Grarup et al., 2010; Rosengren et al., 2012). Understanding the biologi-
cal mechanisms behind T2D has been impeded by difficulties in defining the precise causal
variant and effector transcripts. This is largely due to the fact that the vast majority of asso-
ciation signals map to non-coding regions, whose architecture we are only starting to unravel.
This warrants the need for a detailed characterization of the cis-regulatory landscape and the

transcriptional programme of pancreatic beta cells.

1.3.3.3 Gestational diabetes

Gestational diabetes (GDM) is diagnosed when the blood glucose of a pregnant women falls
in the upper 5-10% of the population distribution. The hyperglycemia originates from an au-
toimmune beta cell dysfunction (a minority of the cases), a genetic predisposition to impaired
insulin secretion or a beta cell dysfunction associated with chronic insulin resistance (Metzger
et al., 2007). The women that suffered through GDM are in high risk from developing postpar-
tum T1D or T2D (Bertoni et al., 2010; Xiang et al., 1999). These consequences extend to the
offspring, as well. Children and young adults that were exposed to GDM in utero have a higher
prevalence of obesity, diabetes, and impaired glucose tolerance (Dabelea, 2007; Malcolm et al.,

2006; Pettitt et al., 1985).
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1.3.3.4 Monogenic forms of diabetes
1.3.3.4.1 Maturity onset diabetes of the young

Maturity onset diabetes of the young (MODY) is a group of monogenic disorders characterized
by autosomal, dominantly inherited, non-insulin dependent form of diabetes. MODY makes
1% of all diabetes, though this might be an underestiamtion as it is frequently misdiagnosed
as T1D or T2D. It typically manifests before the age of 25 and in some rare cases as late as
the age of 50. The described forms of MODY are all due to insults in insulin production or
release which occur as a result of mutations in beta cell-relevant genes (Table 1.2). About half
of patients classified as MODY have no mutation in the known MODY gene (Clearinghouse,
2014).

Table 1.2 Forms of maturity onset diabetes of the young (MODY).

MODY1 HNF4a Yamagata et al., 1996

MODY2 GCK Froguel et al., 1993, 1992

MODY3 HNFla Frayling et al., 1997, Ellard, 2000; Vaxillaire et al., 1997
MODY4 PDX1 Stoffers et al., 1997

MODY5 HNF1p Lindner et al., 1999; Horikawa et al., 1997
MODY6 NEUROD1 Kristinsson et al., 2001; Gonsorc¢ikova et al., 2008
MODY7 KLF11 Bonnefond et al., 2011

MODY8 CEL Johansson et al., 2011

MODY9 PAX4 Sujjitjoon et al., 2015; Jo et al.,2011; Plengvidhya et al., 2007
MODY10 INS Edghill et al., 2008

MODY11 BLK Bonnefond et al., 2013; Borowiec et al., 2009

1.3.3.4.2 Neonatal diabetes

Neonatal diabetes is a form of diabetes that occurs in the first 6 months of life. It is very rare and
occurs in 100,000 to 500,000 live births. It can be permanent (caused my mutations in KCNJ11
(~30%), ABCC8 (~19%), INS (~20%), GCK (~4%), and PDX1 (<1%)) (Nicolino et al., 2010;
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Njglstad et al., 2003; Polak and Cavé, 2007; Sagen et al., 2004) or transient (brought on by mu-
tations in ABCC8 or KCNJ11 gene or disruption of imprinting in ZAC/HYMAI locus) (Ioannou
et al., 2011; Shim et al., 2015; Temple and Shield, 2002).

1.4 Mouse as an experimental model

A major part of our knowledge about fundamental properties of living cells, organisms and dis-
ease has come from studies conducted in models. A wide range of models include in vivo (in a
whole, living organism), in vitro (in a controlled environment outside of a living organism) and
in silico models (performed on computer or via computer simulation). When it comes to in vivo
studies, invertebrate organisms, including the fruit fly and the nematodes are excellent models
for examining the signalling pathway or protein interactions. Vertebrates such as the mouse,
zebrafish, frog, chicken and in some cases primates, provide insight into human development

and disease (Bier and McGinnis, 2008).

The mouse, a small mammal of the order Rodentia, is the most commonly used mammalian
research model. Several reasons propelled this organism to the top of the biomedical research.
As a mammalian species, mice share the developmental overview, cell types and tissue organ-
isation with humans. Mice-derived material is easily accessible across developmental points
and can serve as a source for primary culture cells. Mice are small, have a short reproductive
cycle (20 day gestation), a large number of offspring (3-12 pups) and a life span of two to
three years. They are fairly easy to handle, nourish and maintain in a controlled environment.
Furthermore, mice succumb to a range of Mendelian and polygenic and complex diseases that

impact humans, including diabetes.

1.4.1 The mouse model in genetic research

The mouse model is particularly relevant for the field of genetics and complex diseases. Mouse
genetics started over a century ago and has since accumulated a wealth of resources and tools

for dissecting the basis of human development and disease (Eppig et al., 2015).

The mouse genome is well characterized, with the first genome draft released in 2002, shortly
after the human genome (Waterston et al., 2002), Comparison of the two genomes revealed

that the mouse one is somewhat smaller (2.5Gb vs 2.9Gb), but surprisingly well conserved.
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Approximately 80% of the mouse coding genes have a direct 1:1 orthologue in human. Fur-
thermore, more than four out of five conserved human/mouse elements appear to reside in non-
coding DNA. The conservation was also evident in the linear organisation of the DNA, with

217 conserved syntenic blocks identified (mean length 23.2 Mb) (Waterston et al., 2002).

Traditional mouse genetics was based on inbred strains which are derived by generations of
inbreeding and are homozygous at all loci. The first inbred strain of mice was generated by
Abbie Lathrope in 1910 (Steensma et al., 2010). Today, hundreds of inbred strains are available,
accompanied by catalogues of exhaustive phenotypic information. Existence of these strains,
combined with the syntenic conservation of the mouse and human genomes, gave weight to

extensive QTL mapping in mouse (McPeek, 2000).

Several types of inbred-derived strains can be used for this purpose (Peters et al., 2007). Coiso-
genic strains, for example, come from inbred strains that develop spontaneous mutations. A
classic example of coisogenic strains are ob/ob and db/db mice that linked the leptin (0b) and
leptin receptor genes (db) genes with obesity and diabetes before the exact mutations underly-
ing the phenotype were discovered (Chen et al., 1996; Coleman, 1978, 1982). Other inbred-
derived strains are generated through complex breeding pattern and include recombinant inbred
(have a fixed combination of the original parental genomes), congenic strains (control for dif-
ferences in phenotype due to strain background), consomic strains, genome tagged mice, and

advanced intercross strains (Flint and Eskin, 2012; Peters et al., 2007).

Most commonly used laboratory strains of mice are classical inbred strains - hybrids gener-
ated by breeding between several subspecies of the Mus musculus species (Figure 1.11), pre-
dominantly of Mus musculus domesticus origin (92%) (Wade et al., 2002; Yang et al., 2007).
C57BL/6J (the “black” mouse) is the mouse reference genome strain and one of the more
commonly used laboratory strains (Dejager et al., 2009; Yoshiki and Moriwaki, 2006). Wild-
derived strains are were established from progenitors of either Mus musculus musculus, Mus
musculus castaneus or Mus spretus, which were trapped in the wild. These strains are smaller
than classical laboratory strains, and have retained features of their behaviour from the wild
(Dejager et al., 2009; Yoshiki and Moriwaki, 2006). More importantly, these strains contain
more genetic diversity (Frazer et al., 2007). Whole genome sequences of 17 inbred strains were
reported in 2011, including four wild-derived inbred strains; CAST/EiJ, PWK/PhJ, WSB/EiJ
and SPRET/EiJ (Keane et al., 2011), creating a catalogue of great use for studies focused on

exploring the relationship between genotype and phenotype.
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The genetic diversity combined with the reduced genome complexity makes mice a useful sur-
rogate for GWA studies. Compared to the studies done in human, mouse GWA studies require a
much smaller number of samples and were found to describe a greater percentage of the pheno-
typic variance for a particular trait (Burke et al., 2012). However, GWA studies are based on the
assumption of independence of individuals. This is not the case with mice strains whose popu-
lation structure reflects their breeding history and must be addressed with appropriate statistical

methods (Flint and Eskin, 2012; McPeek, 2000; Wade et al., 2002).
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Figure 1.11 Origin of classical inbred mouse strains. Classical inbred strains were generated
from several evolutionary distinct subspecies of Mus musculus. a) Mus musculus musculus,
castaneus and domesticus diverged from a common ancestor approximately one million years
ago. b) Mus musculus molossinus is a more recent hybrid between musculus and castaneus.
c) East Asian “fancy mouse” was bred in the 18th century from various Asian Mus musculus
subspecies. d) European “fancy” mice derived from the Asian “fancy” mouse and local Mus
musculus domesticus. €) Modern classical inbred strains are a result of inbreeding programs,
with various relative contributions of the Mus musculus subspecies to their haplotypes. The
figure is reproduced from Frazer et al. (2007).

An array of techniques available for manipulation of genetic material opened a way for mice to
be used for functional testing of loci identified in human GWAS. Genetically modified animals
can carry knockout alleles, overexpressed alleles, dominant-negative alleles and point muta-
tions (Doyle et al., 2013). For example, one such study focused on a common SNP associated
with cancers of the prostate, large bowel, and thyroid. Sur et al. (2012) generated a mouse
in which an entire conserved enhancer element was conditionally deleted to confirm a direct
functional effect of the enhancer on tumorogenesis. In another example, a recent study from

Multhaup et al. took an interesting approach to identifying 30 candidate genes involved in obe-
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sity and T2D through epigenetic mechanisms. In short, they examined the DNA methylation
changes in adipocytes induced by high-fat diet in both mouse and human and then overlapped
the conserved implicated regions with GWAS loci, linking obesity-derived phenotypes with
human T2D (Multhaup et al., 2015). While the utility of the mouse model is clear, there are
several caveats to its use. Firstly, studies using genetically modified mice are restricted to the
phenotypic spectrum of 129 and C57BL/6 background, as embryonic stem cells for homolo-
gous recombination are only available for those strains (van der Weyden et al., 2011). Secondly,
and more importantly, species-specific aspects of tissue function between mice and human do
exist. Therefore, interpretation of results observed in the mouse model and extrapolation to

human must be made with these differences in mind.

1.4.2 The mouse model in diabetes research

Through the years, the mouse has been a major source of knowledge about pancreas biology.
Mouse models have been extensively used in dissecting the pancreatic development (reviewed
in Benitez et al., 2012; Jgrgensen et al., 2007), transcription regulation (Bramswig and Kaest-
ner, 2014), diabetes (Atkinson and Leiter, 1999; King, 2012) and other pathological processes
(Bardeesy and DePinho, 2002; Herreros-Villanueva, 2012).

1.4.2.1 Comparison of mouse and human pancreatic islets

Core developmental processes and the function of mature pancreatic islets - the stimulus cou-
pled secretion of endocrine hormones - are well conserved between the mouse and human
(King, 2012). However, the islets of these two species differ in a number of aspects, includ-
ing cellular composition and organisation, vasculature, innervation, glucose sensing, insulin

secretion and the proliferative capacity of the beta cell.

1.4.2.1.1 Cellular composition and organisation

The differences in organisation of hormone secreting cells between mouse and human islets
have long been acknowledged (Brissova et al., 2005; Cabrera et al., 2006; Eizirik et al., 1994).
Mouse islets are composed of 70-80% beta cells, 10-20% alpha cells, and <10% delta cells as
opposed to 50-60% beta cells, 20-40% alpha cells, and <10% delta cells that make the human
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islet. Mouse islets are organised in a core-to-mantle fashion where beta cells are clustered
in the islet centre, surrounded by a mantle of the remaining cell types. Human islets, on the
other hand, lack this structure and have beta cells dispersed between other cell types. However,
human islets also tend to vary in size and smaller islets were recently described to have cellular
composition and structure similar to the one found in mouse (Bonner-Weir et al., 2015; Bosco

et al., 2010; Farhat et al., 2013).

1.4.2.1.2 Vasculature and innervation

Both islet vasculature and innervation are considered to play a vital role in beta cell survival
and function. Early reports tend to emphasise differences between these aspects in the two
species. Mouse, unlike human, was reported to have an increased vascular and nerve density
in islets compared to the exocrine pancreas (Dai et al., 2013; Rodriguez-Diaz et al., 2011).
Furthermore, sympathetic neurovascular contacts were originally found only in human islets
(Rodriguez-Diaz et al., 2011), even though this is disputed by a later study (Chiu et al., 2012).
Similarly, reported differences between vascular patterns (Bosco et al., 2010) were contradicted
by findings of others (Bonner-Weir et al., 2015) that report blood vessels reaching beta cells in

both mouse and human, not just human.

1.4.2.1.3 Glucose sensing and insulin secretion

The kinetics of glucose-stimulated insulin secretion was shown to be similar in mouse and
human islets (Henquin et al., 2006). The threshold and magnitude of insulin secretion, however,
is much higher in mouse than in human islets (Dai et al., 2012; Henquin et al., 2006; Rorsman
and Braun, 2013). The differences go down to transcriptional and protein level. The principal
glucose sensing protein in mouse is proposed to be GLUT2. In human, however, GLUT?2 is
not highly expressed and it is unclear if that role belongs to GLUT2 or GLUT1 (De Vos et al.,
1995; Ferrer et al., 1995; McCulloch et al., 2011; Schuit, 1997). Finally, mice have two genes
encoding for insulin (Ins/ and Ins2), while humans have one (Bell et al., 1980; Wentworth

etal., 1986).
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1.4.2.1.4 Beta cell proliferative capacity

As loss of beta cells is a hallmark of both T1D and T2D, understanding the mechanisms behind
beta cell proliferation is one of the major aims of diabetes research. Proliferation of beta cells
in both mouse and human was shown to be a function of age, with the peak of proliferation
at neonatal period (Chen et al., 2011; Halter and Chang, 2003; Tschen et al., 2009). However,
while in humans the maximum rate of proliferation is 2%, in mice it reaches 20% (Finegood
et al., 1995; Meier et al., 2008). Additionally, islets of aged mice retain detectable proliferative
capacity and will proliferate if exposed to the right cue (Stolovich-Rain et al., 2012). A wide
array of mitogenic agents and small molecules that induce proliferation of beta cells in mouse,
fail to do so in human (reviewed in Wang et al., 2015), calling for further research on the
subject. However, an important thing to have in mind when interpreting results or designing
new studies is that most research is performed on mice aged 8-12 weeks (young adult) whereas
the human islet samples generally come from individuals over 40 years of age (Ihm et al., 2006;
Wang et al., 2015). Together, these considerations create a need to understand the pathways
that define species-specific competence for beta cell proliferation, as they could signal targets

to induce human beta cell growth.

1.4.2.2 The mouse model and interpretation of diabetes GWAS

Mice may be a useful model for following up on GWAS loci found to be associated to pancreas-
related diseases. Although numerous previously unknown susceptibility loci emerged from
T2D association studies, only a handful were followed up by functional studies in the mouse

model (reviewed in Cox and Church, 2011).

Thus far, the most extensive research has been performed on the TCF7L2 loci, a gene encoding
for a component of TCEF, a factor involved in the control of cell growth downstream of Wnt sig-
nalling with context dependent activator/repressor function (Jin and Liu, 2008). TCF7L2 loci
harbours SNPs with the one of the strongest and consistent associations with T2D ever reported
(Dupuis et al., 2010; Grant et al., 2006; Kooner et al., 2011; Mahajan et al., 2014; Morris et al.,
2012; Zeggini et al., 2007). The risk allele is associated with impaired insulin secretion, insulin
processing and decreased sensitivity to incretin in T2D patients (Lyssenko et al., 2007; Villareal
et al., 2010). In vitro studies linked TCF7L2 silencing to impaired function and apoptosis of

beta cells (da Silva Xavier et al., 2009; Shu et al., 2008). Mouse models have been extensively
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used to further elucidate the role of TCF7L2 in vivo. Tcf712 is not considered to have a role
in pancreatic development, as whole body knockout mice (Tcf712 -/-) have apparently normal
pancreas upon birth (Boj et al., 2012; Korinek et al., 1998). A pancreas-specific Tcf712 -/-
demonstrated a glucose intolerance phenotype that was exacerbated upon exposure to high-fat
diet (da Silva Xavier et al., 2012). A beta cell-specific knock out of Tcf712, however, casted
doubt in beta cells being the tissue of interest when it comes to glucose homeostasis (Boj et al.,
2012), a discrepancy that could be the result of a heterogeneous role of Tcf712 across tissues
and developmental time points. Savic et al. opted for a transgenic approach and designed a
mouse containing human TCF7L2 regulatory sequences in a copy-number allelic series. With
this model, they demonstrated a direct, dose-dependent role effect of altered Tct712 expression
on glucose metabolism (Savic et al., 2011). They also found that the introduced enhancers are
active in intestine and neonatal islets, but not in adult islets, supporting the heterogeneous role

of Tcf712 in glucose homeostasis (Savic et al., 2011).

The example of Tcf712 demonstrates the versatility of the mouse model in diabetes research.
This model facilitates assessing different phenotypes associated with diabetes, such as obesity,
hyperglycaemia, hyperinsulinaemia and insulin resistance. Whole body or tissue-specific KO
can reveal a developmental role of the investigated transcript or its involvement in a particular
signalling pathway. At the same time, the KO models enable the identification of potential
pleiotropic effects of the knockout mutations. The mouse model enables the study of interaction
between the genetic sequence and the environment, such as high-fat diet. In conclusion, despite
the differences addressed in Section 1.4.2.1, the mouse model has a major and meaningful place

in diabetes research.
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1.5 Thesis aims

This thesis addresses the questions of genetic and epigenetic regulation of gene expression in

pancreatic islets in two chapters.

The specific aims of the first chapter are:

1. To map the chromatin signatures and target sites of representative beta cell transcription

factors in the mouse pancreatic islets
2. Characterize the mouse islet cis-regulatory elements and their underlying sequences

3. Identify common and species-specific aspects of the mouse and human islet regulatory

architecture

The specific aims of the second chapter are:

1. To construct a pipeline for allele-specific analysis of RNA-Seq, ChIP-Seq and ATAC-Seq

focused on allelic events driven by cis-regulatory variation
2. Create a genome-wide map of allelic expression and chromatin states in pancreatic islets
3. Characterize genes susceptible to cis-regulatory variation

4. Define properties of cis-regulatory variation associated with allelic expression
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Chapter 2

General Methods

2.1 Animal work

2.1.1 Mouse maintenance

C57BL/6J mice originated from Charles Rivers (#000664) and the CAST/Ei from MRC Har-
well (#E1510). Local mouse colonies were established and housed two to seven animals per
cage, in a specific pathogen free facility (SPF) with 12 hour (h) light/dark cycle and free access
to standard mouse diet (Global 14% Protein Rodent Maintenance Diet, #2014 Teklad). F1 mice
generated for the purposes of research in Chapter 4 (Figure 4.1) were randomly exposed to ei-
ther control (20% protein, #D10123103, Research Diets Inc.) or low-protein diet (8% protein,

#D10123102, Research Diets Inc.) in utero and during lactation period.

C57BL/6J, commonly referred to as the black mouse, is a classical inbred mouse strain. In
contrast, CAST/Ei is a strain derived by inbreeding wild Mus musculus castaneus mice (dis-
cussed in Section 1.4.1). CAST/Ei is characterised by aggressive behaviour and stress response
to changes in the environment, such as light, noise levels, diet or manipulation. In addition,
CAST/Ei is a poor breeder with tendencies of infanticide. In order to generate the number
of mice sufficient for performing the assays described in Chapter 4, crosses were performed

through three years, ultimately yielding 180 male F1 mice.

2.1.2 Islet isolation

The mouse pancreatic islet isolation was preformed following the protocol developed by Mae-
stro et al. (2001), with minor modifications. For the purposes of the reference mouse regulome
(Chapter 3) the islets were isolated from 12-14 weeks old male C57BL/6J mice, in groups of 3-
8 animals. For the purposes of the experiments performed in Chapter 4, the islets were isolated

from 16 weeks old male mice, in groups of 3-8 animals of the same cross.
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The mice were anesthetized by inhalation of 2% isoflourane (Forane isofluranum, Abbott Lab-
oratories Ltd) and sacrificed by decapitation. 1X Cold Hanks’ balanced salt solution (HBSS)
was prepared from 10x HBSS (Invitrogen, #14060-040) and 10mM HEPES (Sigma, #H7523-
50G), with the pH adjusted to 7.4 with 1 molar (M) NaHCO3. Following, 1 milligram per
millilitre (mg/mL) of Collagenase P (Roche, #11-213-865 001) was prepared in 1 x HBSS and
left to solubilise on ice. The mouse pancreas was canulated via the main pancreatic duct and
perfused with 2.5mL of cold Collagenase P solution, removed from the mouse and digested
for 10 minutes (min) at 37 °C, with continuous agitation. The samples were placed on ice
and washed with 15mL of ice cold HBSS-BSA (1x HBSS, 10mM HEPES, 0.5% BSA, pH7.4
adjusted with 1M NaHCO?3) and resuspended by a 20 gauge (G) needle (Beckton Dickinson,
#305175). The cell suspension was washed 4x with ice cold HBSS-BSA, each time sedimented
for 3min. The samples were resuspended in 15mL of ice cold HBSS-BSA and centrifugated
at 650xg for 15min at 4 °C. The histopaque mix was prepared by mixing Histopaque 1077
(#11191 Sigma) and Histopaque 1119 (#11191 Sigma) in the ratio of 7:3. The islets were puri-
fied by a discontinuous gradient of 7mL of the histopaque mix as the bottom phase and 7mL of
HBSS-BSA as the top phase. The gradients were separated with centrifugation at 1000xg for
20min at room temperature, with deceleration breaks removed. The islet-containing interphase
was collected, washed in ice cold HBSS-BSA and pelleted by centrifugation at 1000xg for
4min at 4 °C. The islets were hand picked under a stereoscopic zoom microscope (SMZ1500
Nikon) and cultivated in nonadhesive plates in Roswell Park Memorial Institute medium (RPMI
1604, #bel2-702F, Lonza) supplemented with 10% Fetal Bovine Serum (FBS #14-801, Cam-
brex), 2mM L-glutamine and penicillin and streptomycin to final concentrations of 0.5U/mL
and 0.5pg/mL, respectively (#17-745E, Lonza). Approximately 100 islet equivalent number
(IEQ) were plated in SmL of medium. On the third day, the islets were collected, pooled and
used fresh for ATAC or stored for RNA isolation or ChIP-Seq, as described in 2.2.

All experiments were conducted in the August Pi i Sunyer Biomedical Research Institute
(IDIBAPS) in Barcelona, Spain, according to the guidelines for animal care and handling ap-
proved by the Ethics Committee on Animal and Human Research of the University of Barcelona

and Generalitat de Catalunya (DARP: 8624).
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2.2 Molecular biology methods

2.2.1 RNA isolation

Isolation of RNA was preformed from pools of approximately 300 IEQ, derived from minimum
three mice, that were collected and snap frozen upon cultivation (described in Section 2.1.2).
The isolation was done with TRIzol (Life Technologies, #15596), following the guidelines rec-
ommended by the manufacturer. In short, the islet pellet was resuspended in 1mL of the TRIzol
reagent, vortexed and incubated on ice for Smin. The cell suspension was passed through a 30G
needle (Beckton Dickinson, #304000) until no trace of islet tissue was visible. 200 microlitre
(ul) of chloroform (Sigma-Aldrich, #288306) was added, vortexed and incubated for 3min on
ice. The phases were separated by centrifugation at 13400xg for 15min at 4 °C, the water phase
was collected and mixed with an equivalent volume of 2-propanol. After 10min incubation on
ice, the samples were centrifugated at 13400xg for 15min at 4 °C, the supernatant discarded
and the pellet rinsed with 1mL of ice cold 75% EtOH. The washed pellets were air dried and
dissolved in 10ug of nuclease-free HoO. The concentration was determined using Qubit (RNA
BR Assay Kit, #Q10210) and the quality was checked with the Eukaryote Total RNA Nano
assay on the Agilent Bioanalyzer 2100 Expert (Agilent Technologies). Samples with RINs >8

were considered suitable for sequencing.

2.22 ChIP

The chromatin immunoprecipitation protocol described here was based on the protocol used by
Maestro et al. (2001) and optimized for use with lower starting amount if islets. Optimisation
included prolonging the thawing of frozen islets from 10min to 30min and passing the lysate
through a needle to make sure chromatin is fully solubilised, modifying sonication conditions
and introducing tRNA to the immunoprecipitaton reaction as a carrier nucleic acid. The number
of islets and the amount of antibody used per reaction depends on the protein targeted for

immunoprecipitation and are listed in Section 3.2.1.
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2.2.2.1 Islet fixation

After cultivation (as described in Section 2.1.2), islets from a minimum of three mice were
hand picked and pooled into aliquots approximately 300 islet equivalents IEQ). The islets were
washed 3x with 1mL of cold phosphate-buffered saline (PBS) (centrifugation done at 100xg for
Imin at 4 °C), and fixed at room temperature for 10min in a total volume of 1mL of PBS with
1% (w/v) formaldehyde (37% HCHO-10% methanol stock solution; Merck). The reaction was
quenched by adding glycine to the final concentration of 0.125M and incubating for Smin. The
islets were then pelleted by centrifugation at 1000xg for 2min in 4 °C and washed 3x with cold
PBS containing 1x proteinase inhibitor (PI) (cOmplete EDTA-free Protease Inhibitor Cocktail
Tablets, Roche #4693132001). Supernatant-free pellets of fixed islets were snap frozen in

liquid nitrogen and stored in -80 °C.

2.2.2.2 Chromatin preparation

A total amount of 300-1200 IEQ was re-suspended in 300ul of the ChiP Lysis Buffer (2%
Triton X-100, 1% SDS, 100mM NaCl, 10mM Tris-HCI pH 8.0, ImM EDTA, 1x freshly added
protease inhibitor cocktail) and lysed on ice for 30min with gentle shaking. The lysed islets
were passed through a 30G needle until there was no visible pieces of islets left. In order to
obtain chromatin of fragment sizes 150-400bp long, the lysate was sonicated in ice cold water
(Bioruptor UCD-200, Diagenode), for a total of 15min, with 1 minute cycles of 40sec ON +
20sec OFF and strength setting “HIGH”. The debris were cleared by centrifuging at 13400xg

for Smin in 4 °C and the supernatant containing sonicated chromatin was collected.

2.2.2.3 Chromatin pre-clearing

The sonicated chromatin was diluted with 4 volumes of the ChIP Dilution Buffer (50mM
HEPES (pH8.0), 140mM NaCl, ImM EDTA (pHS8.0), 0.75% Triton X-100, 0.1% Na-deoxycholate,
Ix freshly added protease inhibitor cocktail). The sepharose beads were prepared by mixing
equal volumes of sepharose A and sepharose G beads (Protein A Sepharose CL-4B and Pro-
tein G Sepharose 4 Fast Flow from GE) and washing 3x in ImL of cold ChIP Working Buffer
(prepared by mixing the Lysis Buffer and 5x Dilution Buffer in the ratio 1:4). The beads were

pelleted by centrifugation at 400xg for 2min in 4 °C and the final bead slurry was prepared
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by mixing beads and the Working Buffer in the ratio 1:1. The diluted sonicated chromatin was

pre-cleared with 10ul1 of the bead slurry and incubating for 1h at 4 °C with gentle mixing.

2.2.2.4 Immunopreciptitation

An aliquot of 10% of the pre-cleared chromatin was taken and saved as Input. The rest of the
pre-cleared chromatin was supplemented with bovine serum albumin (BSA) to a final concen-
tration of 0.5% and Escherichia coli tRNA to a final concentration of 0.5..g/¢1. The chromatin
was incubated with the primary antibody overnight at 4 °C and with the secondary antibody
for 1h at 4 °C, if the secondary antibody was required. 10ul of washed beads was added per
reaction and incubated for 2h at 4 °C. The beads were washed three times, each wash being
for Smin with 1mL of the following ice cold buffer: Low Salt Inmune Complex Wash Buffer
(1% Triton X-100, 150mM NaCl, 20mM Tris-HCI (pH8.0), 0.1% SDS, 2mM EDTA (pH8.0));
High Salt Immune Complex Wash Buffer (500mM NaCl, 1% Triton X-100, 20mM Tris-HCI
(pH8.0), 0.1% SDS, 2mM EDTA (pHS8.0)); LiCl Immune Complex Wash Buffer (0.25M LiCl,
1% deoxycholate sodium, 10mM Tris-HCI (pHS8.0), 1% IGEPAL CA-630 (Sigma-Aldrich),
ImM EDTA (pHS.0)). This was followed by 3x washes with cold TE buffer (10mM Tris-HCI
(pH8.0), ImM EDTA (pHS8.0)). Elution from the beads was done with 2 x 150ul of Elution
Buffer (1% SDS, 0.1M NaHCO3), incubating with shaking for 2 x 15min at room tempera-

ture.

2.2.2.5 DNA isolation

The precipitated chromatin and Input were treated in parallel from this point on. The samples
were treated with 1.5pg of RNAseA (Qiagen, #19101) for 1h at 65 °C, followed by reverse-
crosslinking with 90ug of Proteinase K (Roche, #03 115 852 001) at 65 °C overnight. The
DNA was isolated using the Phenol Cholorofom protocol. Briefly, two extractions were done,
one with 450u1 of phenol chloroform and one with 45041 of chloroform, each time vortexing
vigorously, centrifuging for Smin at 13400xg at room temperature and saving the top aqueous
phase. The DNA was precipitated by adding 1/10 volume of Na Acetate, 2.5 volume of ice-cold
100% EtOH and 5ug of glycogen (Invitrogen, #10814-010), inverting the tube several times
and incubating at -20 °C overnight. The samples were then centrifugated 13400xg for 20min

at 4 °C and washed with 1mL of ice-cold 70% EtOH. The pellet was dried using a speedvac
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concentrator (Savant SVC-100H, Thermo Scientific) for 10min at room temperature. The DNA
was re-suspended in 151 of nuclease-free H,O (#10977 Gibco). The DNA concentration was
checked with Qubit (dsSDNA HS Assay Kit #Q32854) and the fragment size with the DNA
1000 assay on the Agilent Bioanalyzer 2100 Expert (Agilent Technologies).

223 ATAC

ATAC-Seq is arelatively novel method for measuring chromatin accessibility across the genome.
It is based on the action of the Tn5 transposase that preferentially cuts nucleosome-free DNA
and simultaneously ligates adaptor sequences (Buenrostro et al., 2013). The original ATAC
protocol was optimised for use in cell lines with a quick nuclei isolation step from a single-
cell suspension. The pancreatic islets, however, are a compact structure of approximately 1000
islets cells, making isolation of clean nuclei more challenging. For that reason, the nuclei
preparation step described in the original protocol was modified by increasing the volume of
the ATAC lysis buffer, prolonging the lysis time, releasing the nuclei from the cells by syringe
re-suspension and introducing an additional nuclei washing step. The details of the protocol

are described below.

2.2.3.1 Nuclei preparation

50 IEQ were picked from a plate of cultivated islets (isolated and cultivated as described in
Section 2.1.2), pooled from a minimum of three different mice. The islets were washed in
500u1 of cold PBS, centrifuged at 100xg for Imin at 4 °C and the supernatant was removed.
The islets were lysed in 300ul of cold ATAC lysis buffer (10mM Tris-HC1 (pH7.4), 10mM
NaCl, 3mM MgClI2 and 0.1% IGEPAL CA-630) for 20min on ice, with gentle shaking. The
nuclei were recovered by passing the islets 3x through a 27G syringe and centrifugation at
500xg for 10min at 4 °C. The nuclei were then washed with 10041 of cold ATAC lysis buffer at
500xg for 10min at 4 °C.

2.2.3.2 Transposition reaction

The transposase reaction mix was prepared at room temperature by mixing 25ul 2xTD Buffer

and 2.5u1 transposase enzyme from the Nextera DNA Sample Preparation Kit (Illumina Inc,
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#FC-121-1030) and 22.5u1 nuclease-free water. Supernatant free nuclei were re-suspended in
the transposase reaction mix and incubated for 30min at 37 °C, with gentle shaking. After
30min, the reaction mix was put on ice and the tagmented DNA was purified using the Qiagen
MinElute Reaction Cleanup Kit (Qiagen, #28204), following the kit instructions. The DNA
was finally eluted in 2 x 10ul of elution buffer (EB).

2.2.3.3 Library preparation

The ATAC libraries were amplified on the 7900HT Fast Real-Time PCR System, using 1 x
NEBnext PCR master mix (NEB, #M0541S) and 1.25uM of Primers 1 and 2 (primers designed
by Buenrostro et al. (2013) and described in Table 2.1), under the following PCR conditions:
72 °C for 5 min; 98 °C for 30s; 12 cycles of 98 °C for 10s, 63 °C for 30s and 72 °C for Imin. The
libraries were purified with Qiagen MinElute PCR Purification Kit (Qiagen, #28004), following
kit instructions and eluting in 2 x 10u1 of EB. The libraries were quantified with Qubit (dsDNA
HS Assay Kit #Q32854) and the fragment size was checked with the DNA 1000 assay on the
Agilent Bioanalyzer 2100 Expert (Agilent Technologies).

Table 2.1 List of primers used for amplification of ATAC libraries.

Primer name and index Primer sequence

Primer 1 | Adl_nolndex AATGATACGGCGACCACCGAGATCTACACTCGTCGGCAGCGTCAGATGTG
Ad2.1_TAAGGCGA CAAGCAGAAGACGGCATACGAGATTCGCCTTAGTCTCGTGGGCTCGGAGATGT
Ad2.2_CGTACTAG CAAGCAGAAGACGGCATACGAGATCTAGTACGGTCTCGTGGGCTCGGAGATGT
Ad2.3_AGGCAGAA CAAGCAGAAGACGGCATACGAGATTTCTGCCTGTCTCGTGGGCTCGGAGATGT
Ad2.4_TCCTGAGC CAAGCAGAAGACGGCATACGAGATGCTCAGGAGTCTCGTGGGCTCGGAGATGT
Ad2.5_GGACTCCT CAAGCAGAAGACGGCATACGAGATAGGAGTCCGTCTCGTGGGCTCGGAGATGT

) Ad2.6_TAGGCATG CAAGCAGAAGACGGCATACGAGATCATGCCTAGTCTCGTGGGCTCGGAGATGT

Primer2 Ad2.7_CTCTCTAC CAAGCAGAAGACGGCATACGAGATGTAGAGAGGTCTCGTGGGCTCGGAGATGT
Ad2.8_CAGAGAGG CAAGCAGAAGACGGCATACGAGATCCTCTCTGGTCTCGTGGGCTCGGAGATGT
Ad2.9_GCTACGCT CAAGCAGAAGACGGCATACGAGATAGCGTAGCGTCTCGTGGGCTCGGAGATGT
Ad2.10_CGAGGCTG CAAGCAGAAGACGGCATACGAGATCAGCCTCGGTCTCGTGGGCTCGGAGATGT
Ad2.11_AAGAGGCA CAAGCAGAAGACGGCATACGAGATTGCCTCTTGTCTCGTGGGCTCGGAGATGT
Ad2.12_GTAGAGGA CAAGCAGAAGACGGCATACGAGATTCCTCTACGTCTCGTGGGCTCGGAGATGT
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Chapter 3

Regulatory Architecture of

Mouse Pancreatic Islets

3.1 Introduction

3.1.1 The pancreatic islet regulome

Understanding how gene transcription is regulated in pancreatic islets is of central importance
for diabetes mellitus. Pancreatic islets are clusters of hormone-producing cells that play a cen-
tral role in glucose homeostasis. Impaired function of the insulin producing beta cells, the major
islet cell type, is one of the hallmarks of type 2 diabetes (T2D) (discussed in Section 1.3.3.2).
Understanding the mechanisms underlying islet-cell function is thus a major focus of diabetes
research (Ashcroft and Rorsman, 2012; Kahn, 2001). Regulation of gene transcription is a
highly complex process directed by non-coding elements and mediated by sequence-specific
transcription factors (discussed in Section 1.1.3). Tissue specificity of this process calls for
characterization of the regulatory elements and transcription factor target sequences in every

tissue of interest (The ENCODE Project Consortium et al., 2012).

3.1.1.1 The human islet regulome

Availability of human pancreatic islet tissue for research is generally scarce, given that the islets
can be harvested only from deceased donors and that the islet isolation procedure is technically
demanding (Kulkarni and Stewart, 2014). For this reason, the characterization of the human

pancreatic islets transcriptome and regulome started relatively recently.

The first comprehensive study of regulatory elements in the human pancreatic islets was per-
formed by Gaulton et al. (2010) who defined ~80,000 open chromatin sites and 3,348 islet-

selective clusters of open chromatin sites (COREs) using FAIRE. These chromatin maps were
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later refined by Pasquali et al. (2014) and Bhandare et al. (2010) who generated ChIP-Seq data
of several histone modifications (H3K4mel, H3K4me3, H3K27ac, H3K27me3, H3K79me?2),
two chromatin defining proteins (H2A.Z and CTCF) and five transcription factors essential for
mature beta cell function (FoxA2, MafB, Nkx2.2, Nkx6.1 and Pdx1). Pasquali et al. (2014)
also integrated the histone modifications and TF binding with FAIRE and characterized five
different classes of accessible chromatin in pancreatic islets - promoters (C1), poised/inactive
enhancers (C2), active enhancers (C3), CTCF-bound sites (C4) and other accessible chromatin
lacking active histone modifications (C5) (Pasquali et al., 2014). The authors found that the
driving force behind the pancreatic islet cell identity is the combined binding of TFs within
enhancer clusters. Furthermore, both Pasquali et al. (2014) and Parker et al. (2013) found that
enhancer clusters (or stretched enhancers) were enriched in T2D and fasting glycemia asso-
ciated variants, providing a direct link between islet cis-regulatory networks and T2D-related
traits. Together, these findings significantly advanced the understanding of the regulatory land-

scape of the human beta cells and pancreatic islets.

3.1.1.2 The mouse islet regulome

Considering the widespread use of the mouse model in pancreas research, efforts were made
early on to annotate mouse islet regulatory regions. Before whole-genome approaches were
available, findings of regulatory elements of individual genes were often based on analysis
of sequence conservation of regulatory elements. Comparison of mouse and human gene-
proximal and distal sequences led to successful characterization of conserved enhancer regions
associated to Pdx] (Marshak et al., 2000), Pax4 (Brink et al., 2001) and NeuroD genes (Huang
et al., 2000). Hoffman et al. (2010) provided the first characterization of genome-wide binding
maps of TF binding in mouse pancreatic islets, where they defined the binding sites of Pdx1 and
FoxA?2. Khoo et al. (2012) later redefined the Pdx1 sites. The first characterization of regulatory
elements in murine pancreatic islets resulted in a list of 22,223 enhancers, 1,799 of which were
identified as islet-specific (Tennant et al., 2013). This study was based on H3K4mel and four
TFs (Pdx1, NeuroD1, MafA and FoxA2), but was limited by the inability of four TFs to capture
all open chromatin sites. Furthermore, lack of H3K27ac, the histone mark that was found
to correlate with enhancer activity, prevented distinguishing active from inactive enhancers.
A comprehensive genome-wide identification and characterization of mouse islet regulatory

elements is, thus, still pending.
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3.1.2 Evolutionary conservation of the cis-regulatory landscape

Conservation of sequence across species is considered to be indicative of functional importance
and is often used for identification of regulatory regions in the non-coding genome (Pennacchio
et al., 2006, 2007; Visel et al., 2008; Woolfe et al., 2005). Cis-regulatory regions harbour short
stretches of DNA targeted by transcription factors and whose sequence is considered to be
the major determinant of TF binding (Wilson et al., 2008). Conservation of TF binding in
mammals, however, seems to be more complex and goes beyond simple sequence conservation
of the TF binding motif. Individual TF binding events are rapidly lost and gained across species,
and the conservation of a binding event in the vicinity of a particular gene is not necessarily
coupled with sequence constraint (Blow et al., 2010; Hare et al., 2008; Schmidt et al., 2010).
Combinatorial binding of key TFs tends to be more conserved than individual binding events,
as shown by human to mouse comparisons, as well as studies in different strains of mice (Cheng
et al., 2014; Goke et al., 2011; Stefflova et al., 2013). Furthermore, comparison of mouse and
human regulatory networks found the overall architecture of TF networks to be overwhelmingly
conserved (Cheng et al., 2014; Stergachis et al., 2014). Together, these studies describe the
general principles of conservation of TF binding, where flexibility of cis-regulatory regulation

is enabled by conservation of higher-level organisation of TF networks.

Enhancers harbouring the TF target sequences vary in their level of conservation. Enhancers
associated to developmental genes, for example, have long been known for their particularly
conserved sequences (Bejerano et al., 2004; Woolfe et al., 2005). However, looking at the
regulatory elements of terminally differentiated liver tissue, a recent large scale analysis of
regulatory elements across 20 mammalian species found that enhancers generally evolve quite
rapidly (Villar et al., 2015). The authors also found that recently evolved enhancers seem to
be equally important as the conserved ones and are overrepresented in the vicinity of posi-
tively selected genes. Differences in the non-coding genome were long thought to underlie
species-specific phenotypes (King and Wilson, 1975), a hypothesis now supported by numer-
ous studies (Cotney et al., 2013; McLeanl et al., 2011; Shibata et al., 2012). A genome-wide
study of enhancer activity performed in several Drosophila species recently demonstrated that,
even between closely related species, differences in enhancer activity can translate into signif-
icant differences in transcriptional phenotypes in-vivo (Arnold et al., 2014). Such differences

between mouse and human pancreatic islets were recently described in a study that identified a
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subset of beta cell genes differentially expressed between the two species (Benner et al., 2014).
This poses the question whether a species-specific subset of pancreatic islet regulatory archi-
tecture can be identified between human and mouse and opens the possibility of revealing the

mechanism behind the differences in biology of mouse and human islets.

3.1.3 Summary

Despite the widespread use of the mouse as the model for pancreas development and diabetes
patophysiology, the regulatory landscape of the mouse pancreatic islets has been poorly char-
acterized. While investigating the non-coding part of the genome, sequence conservation has
often been utilized as a predictor of functional regulatory elements. Recent studies, however,
have shown major rewiring of individual regulatory elements between genomes of different
species. It is clear that extensive functional annotation of genomes in disease-relevant tissues
of model organisms is crucial for proper design and interpretation of functional studies per-
formed in those models. At the same time, establishing the particularities of species-specific
aspects of regulatory architecture provides insight into the mechanisms behind the biology of

differences in tissue function.
Thus, the specific aims of this chapter are:

1. To map the chromatin signatures and target sites of representative beta cell transcription

factors in the mouse pancreatic islets
2. Characterize the mouse islet cis-regulatory elements and their underlying sequences

3. Identify common and species-specific aspects of the mouse and human islet regulatory

architecture
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3.2 Methods

3.2.1 ChIP-Seq

The chromatin immunoprecipitations for histone modifications were performed as described
in General Methods, Section 2.2.2, using 150-300IEQ per pull-down, with islets coming from
minimum three animals. Each reaction was performed in biological duplicate, using the fol-
lowing antibodies: H3K4me3 (Upstate, 05-745; 1ug/reaction), H3K27ac (ab4729, Abcam;
1pug/reaction), H3K4mel (ab-8895, Abcam; 1ug/reaction). The ChIPs performed against tran-
scription factors in general require a much higher starting amount of chromatin, due to lower
number of epitopes available for a pull down. The optimization of the ChIP protocol de-
scribed in General Methods enabled only 1,000-1,500IEQ to be used per reaction. Each CHiP
was performed once and the following antibodies were used: Nkx2.2 (HPA003468, Sigma;
1pg/reaction), Nkx6.1 (HPA036774, Sigma; 1ug/reaction), FoxA2 (sc-6554, Santa Cruz Biotech-
nology; 0.8 pg/reaction).

Each ChIP yielded 1.5 - 3ng of DNA, 25% of which was used for quality control (as described
in General Methods, Section 2.2.2.4), and 1-2ng was used for constructing the sequencing
libraries using Nugen Ovation Kit (Nugen, Part No. 0330). The libraries were sequenced using

50 single-end (SE) reads to the depth of 30-60 million (M) reads per library.

3.2.2 ATAC-Seq

ATAC libraries were prepared in duplicate, using the ATAC-Seq protocol optimized for pancre-
atic islets, as described in General Methods, Section 2.2.3. The sequencing of the libraries was

performed using 100PE reads to the depth of 100-150M fragments per library.

3.2.3 Processing of raw sequenced reads

The ChIP-Seq (both in-house and data published by Tennant et al. (2013) and Khoo et al. (2012)
and ATAC-Seq reads were processed in a similar manner, the differences accounting for the fact
that the ATAC-Seq was performed using PE reads, and ChIP-Seq using SE reads. PrinSeq was

used for checking the quality of the raw reads (adapters removed by the sequencing facility) and
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filtering out the low quality reads (Schmieder and Edwards, 2011). The reads were aligned to
the mm9 genome (NCBI build 37) using bowtie2 with default settings (Langmead and Salzberg,
2012) and accounting for SE or PE reads. Uniquely aligned reads were selected and used for

identifying read-enriched regions (peak calling).

3.2.4 Peak calling

Peak calling programs use different algorithms to determine regions in the genome where the
enrichment of ChIP-Seq reads are indicative of binding of the protein of interest. A similar
logic can be applied to ATAC-Seq, where the enrichment of reads would indicate regions of
open chromatin, bound by unknown proteins. The choice of the peak calling algorithm de-
pends on the properties of the peaks one expects to see, as some algorithms are more suitable
for detecting wide peaks (for example, SICER Zang et al., 2009) and others for narrow, well
defined peaks (for example, MACS Zhang et al., 2008).

For H3K27ac, H3Kmel and H3K4me3 peaks were called with SICER, using the following

parameters:

SICER.sh output_folder chip_file.bed input_file.bed . mm9 1000 200 150 0.74
200 0.01

For all the TFs, the peaks were called with MACS, calling:

macs2 callpeak —t chip_file.bam —c input_file .bam —f BAM —g 2150570000 —n
outfile_name —B —q 0.01

For ATAC-Seq, the peaks were called using MACS with the following parameters:

macs2 callpeak —t atac_file.bed —f BED —g 2150570000 —n outfile_name —

nomodel —extsize 200

Input (a sample of sonicated pre-cleared chromatin, described in General Methods), was se-
quenced to the depth of 40M 50SE reads and was used as a control for peak calling of all

histone modifications and TFs, but not ATAC.

Consistent peaks were defined as the intersect of the peaks called on the two replicates for the

histone modifications, or the intersect of the ChIP and ATAC peaks for transcription factors.
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The intersection was performed with the help of bedfools (Quinlan and Hall, 2010), a suite
of tools that allows easy manipulation of genomic coordinates, using default settings. Con-
sistent peaks overlapping blacklisted regions were filtered out from the final list (Bailey et al.,

2013).

3.2.5 Defining cis-regulatory elements

The regulatory elements were defined by overlapping consistent peaks for the three histone
modifications available and consistent ATAC peaks (schematic representation of overlaps (Fig-
ure 3.2 in Section 3.2). Using the ATAC peaks as the base, three general types of regulatory
elements were defined; active promoters (AP) enriched in H3K4me3 and H3K27ac with ab-
sence of H3K4mel, active enhancers (AE) enriched in H3K27ac and H3K4me1l with absence
of strong H3K4me4 and inactive enhancers (IE) enriched in H3K4mel but absence of H3K27ac
or H3K4me4. Weak H3K4me3 signals were defined as signal weaker than the 25th percentile
of the H3K4me3 signal located in RefSeq promoters. The overlap between the genomic co-
ordinates of the histone marks and ATAC regions was performed with bedtools, using default

settings (Quinlan and Hall, 2010).

3.2.6 Defining highly occupied active enhancers

Enhancers highly occupied by the five assayed TFs (FoxA2, Nkx2-2, Nkx6-1, Pdx1, NeuroD1)
were defined following an approach used by Whyte et al. (2013) and Hnisz et al. (2013) for
defining super-enhancers. Enhancers were ordered according to the sum of MACS-derived
ChIP signal scores for all five TFs. The ordered sum signal scores formed a curve (bottom
panel of Figure 3.5a in Section 3.3.4.1). Enhancers falling beyond the point where the slope of
the tangent to the values of ranked enhancers reached 1 were classified as highly occupied. The
enhancers occupied by TFs, but not classifying as highly occupied were considered moderately

occupied. The rest of the enhancers were not occupied by neither of the assayed TFs.

3.2.7 Defining enhancer clusters

The enhancer clusters were defined using an approach adapted from Pasquali et al. (2014). A

cluster is defined as a group of minimum three enhancers separated by a maximum of 24110bp,
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which represents the median of the inter-enhancer distance thresholds defined for each chromo-
some in Pasquali et al. (2014). To enable a direct comparison of mouse and human enhancer
clusters, the human clusters were here redefined, using the same minimum distance for all

chromosomes.

3.2.8 Transcription factor motif analysis

A de novo motif analysis of the islet regulome elements was performed with Homer (Heinz
et al., 2010), a tool that looks for enrichment of sequence motifs against a custom made set
of background genomic sequences normalized for length and GC-content. The computational
demands of the motif search increase greatly with increasing the target size of the motif (Heinz
et al., 2010). One way of maximising the efficiency of the analysis is to provide the algorithm
with a narrow range of motif lengths. As the majority of annotated motifs are 6-20bp long
(Mathelier et al., 2014), motif discovery was performed in three rounds, looking for motifs

6-10bp, 12-16bp and 18-20bp long. For example;

findMotifsGenome . pl regulatory_elements.bed mm9 regulatory_elements_6 —10 —
size 250 —homer2 —p 6 —len 6,8,10

The motifs were later converted to meme format, and compared to each other using TomTom
(Gupta et al., 2007), a tool from the MEME tool suite (http://meme.nbcr.net/meme), using the
parameters below. If redundant, motif with the lowest p-value would be chosen. Finally, a set

of non-redundant motifs with p-values > 1e-50 was obtained.

tomtom —thresh 0.01 —text —verbosity 1 homerMotifs.meme homerMotifs . meme >

homerMotifs . compared . tomtom

In parallel with de novo motif discovery, Homer performs motif annotation to Jaspar database
(Mathelier et al., 2014). To ensure exhaustive motif annotation, additional comparison to the
Jaspar database was performed with TomTom. First, genomic locations of the de novo motifs
were mapped with FIMO, another tool from the MEMO tool suite. Second, for each motif, the
sequences underlying the motif locations were extracted and used for construction of the motif
count matrix. The new count matrices were then converted to meme format and compared with

the Jaspar database, using TomTom and the same parameters as above.
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The comparison of mouse and human motifs was done on the final list of curated de novo mouse
motifs and human pancreatic islet active enhancer motifs taken from Pasquali et al. (2014). The

motifs were compared using TomTom, with a significance threshold of 0.05

3.2.9 Gene ontology analysis

Two closest genes were assigned to each enhancer using GREAT, a tool for functional interpre-
tation of genomic regions (McLean et al., 2010). The genes were required to be less then 250kb
away from the enhancer, and were further filtered for residing in the same TAD as the enhancer.
The mouse ES cell topological domains were taken from Dixon et al. (2012) and extended for
40kb in each direction (40kb being the size of bins used for the TAD definition). Molecular
Signatures Database (MSigDB) categories were used as representative gene ontology terms

(Subramanian et al., 2005).

3.2.10 Conservation analysis

Mouse enhancer coordinates were translated from mm9 to hgl/9 with bnMapper using default
settings (Denas et al., 2015). A chain file that allows 1-to-many mapping was used to ensure

exhaustive mapping of mouse sequences to human genome.

bnMapper.py mouse_regulatory element.bed mm9ToHgl9.over.chain —f BEDI2 —o

mouse_regulatory_element.hgl9.bed

Human pancreatic regulatory regions were taken from Pasquali et al. (2014). A mouse active
enhancer would be classified as sequence conserved if the coordinates were mappable to the
human genome and overlapped a “C3” element in human (an element with a chromatin signa-
ture of an active enhancer). A mouse cluster was characterized as syntenically conserved if its
enhancers were associated to a gene that was also associated to clustered enhancers in human.
Genes were associated to enhancers by proximity, using GREAT and applying the same criteria

as for the gene ontology analysis.
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3.2.11 Quantification of gene expression

Gene expression in mouse pancreatic islets was quantified by RNA-Seq of the samples pro-
cessed as described in General Methods, Section 2.2.1 and Chapter 4, Section 4.2.1.1.1. The
aligned reads falling into Ensembl catalogued transcripts were counted with HTSeq (Anders
et al., 2014) and Reads Per Kilobase of transcript per Million mapped reads (RPKM) values
calculated with the RSeQC tool (Wang et al., 2012). Gene expression levels for human pan-
creatic islets were taken from Morén et al. (2012). After compiling a list of genes present in
both species and expressed > 0.1 RPKM in at least one of them, the percentile values of gene

expression were calculated separately for both mouse and human genes.
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3.3 Results

3.3.1 Defining cis-regulatory elements of mouse pancreatic islets

Different types of cis-regulatory elements have been shown to be marked by particular com-
binations of chromatin modifications (Barski et al., 2007). Therefore, in order to define these
elements in mouse pancreatic islets, ChIP-Seq was performed on three relevant histone modi-
fications: H3K4me3 (found in active promoters), H3K27ac (found in active promoters and en-
hancers) and H3K4mel (characteristic for all enhancers) (Creyghton et al., 2010a; Heintzman
et al., 2007) (Figure 3.1). While histone modifications generally tend to cover relatively broad
genomic regions (Barski et al., 2007), the functional part of regulatory elements is hypothe-
sized to be much more narrow. Nucleosome displacement at regulatory elements leaves the
chromatin open, which marks the more narrow, protein-binding sites (Thurman et al., 2012).
Thus, in order to refine the regulatory regions of the mouse islets, an additional assay was
used to identify regions of open chromatin - assay for transposase-accessible chromatin us-
ing sequencing (ATAC-Seq). This method, described by Buenrostro et al. (2013), maps open

chromatin, TF and nucleosome occupancy (discussed in Section 2.2.3).

All assays were performed in biological duplicates. The number of signal-enriched regions of
H3K4me3 (28,215) and H3K4mel (95,398) was similar to the number of regions obtained with
the same antibody in human pancreatic islets by Pasquali et al. (2014) (23,541 for H3K4me3
and 78,165 for H3K4mel, Figure 3.1). The H3K27ac analysis, however, yielded more regions
in mouse (58,848) than in human (28,592, Figure 3.1). The increased number of H3K27ac-
enriched regions in mouse islets could reflect differences in the approach to defining enriched
regions (different settings of the peak-calling algorithm, for example). However, given that
H3K27ac marks both active promoters and active enhancers, it is plausible that the increase
of the number of H3K27ac-enriched regions reflects a higher quality of the ChIP assay and

capture of a larger number of regulatory regions.

Although the correlation of signal intensities was high for H3K4me3 and ATAC (0.889 and
0.779, respectively), it was fairly modest between replicates of H3K27ac and H3K4mel (0.360
and 0.527, respectively, Figure 3.1). These two assays yield broad regions with a dispersed
signal, unlike H3K4mel and ATAC that produce narrow, peak-like enriched regions. Discrep-

ancies in the signal intensities skewed towards one of the axis indicate that the assay was of
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higher quality in one of the replicates. The high overlap, however, indicates that the quality of

the assay in both replicates was sufficiently good for accurate calling of enriched regions.

The final set of regulatory elements was obtained by intersecting consistent peaks of appropri-
ate histone modifications with the consistent ATAC peaks (Figure 3.2a). This approach resulted
in a compendium of 78,921 regulatory elements, carrying chromatin signatures of active pro-

moters (AP, n=20,303), active enhancers (AE, n=30,259) and inactive enhancers (IE, n=28,359)
(Figure 3.2b).

Histone modification, ATAC and TF sequencing data, as well as the regulatory regions, were
visualised in the UCSC browser and can be accessed through "User; Nikolina" and "Session

name; NNakic_PanclsletRegulome_mm9".
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Figure 3.1 Enrichment and consistency of ChIP-Seq and ATAC-Seq signal. The top panel
shows the overlap between regions found to be enriched for histone modification or ATAC
signal in individual replicates. The bottom panel shows correlation of signal intensities (Sicer
peak scores) between the two biological replicates in the consistently enriched regions. The
correlation is expressed as goodness of fit (R2 value).
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Figure 3.2 Utilizing chromatin properties for identifying regulatory elements in mouse
pancreatic islets. a) A schematic representation of the intersection-based approach to identify-
ing the regulatory elements in mouse pancreatic islets. The empty bars represent the consistent
peaks of ChIP-Seq/ATAC-Seq. The striped bars represent the final regulatory elements obtained
by intersecting the respective chromatin-marked regions. The weak H3K4me3 peaks were de-
fined as peaks with intensity scores below that of the 25th percentile of the intensity scores of
peaks located in RefSeq promoters. b) The chromatin signatures of the active promoters (AP),
active enhancers (AE) and inactive enhancers (IE) identified by the approach described in a).

3.3.2 Mapping genome-wide binding of five islet transcription factors

To define binding patterns of lineage-selective TFs in mouse islets, five representative tran-
scription factors were studied: FoxA?2, Nkx2-2, Nkx6-1 (in house ChIP-Seq) and Pdx1 and
NeuroD1 as published by Tennant et al. (2013) and Khoo et al. (2012), respectively. These
factors play an essential role in beta cell differentiation or maturation and are all expressed
in the adult insulin-producing beta cell (discussed in Section 1.3.2 and summarised in Figure
1.10). High quality ChIP-grade antibodies are available for all five TF. Furthermore, binding of
four out of five of these factors was previously mapped in the human pancreatic islets (Pasquali

et al., 2014), allowing for a direct comparison of their binding profiles.

To enrich for TF bindings sites that are likely to be important for gene regulation, final sets
of TF-bound sites were obtained by overlapping the TF peaks with open chromatin regions
(ATAC peaks). This yielded sets of 3,573 - 33,425 enriched sites per transcription factor (Figure
3.3a), reflecting differences in number of genomic regions occupied by the proteins in vivo,
although some differences likely stem from variability in the quality between assays. The

distribution of TF binding events and signal intensities is not uniform across different regulatory
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elements (Figure 3.3b,c). Pdx1 and Nkx2-2, for example, have a higher average number of
peaks located in active promoters while the rest tend to be bound in active enhancers (Figure
3.3b). However, the strongest overall TF signal intensity, apart from Pdx1, was observed in
active enhancers, further reinforcing the central role of lineage-selective TFs in active enhancers

(Figure 3.3c).

Earlier studies of the human islet regulome revealed auto- and cross-regulatory interactions
between the interrogated TFs (Pasquali et al., 2014). The same pattern now emerged in the
mouse islets, with TFs binding to the regulatory regions in the vicinity of their own gene and
genes of the other assayed TFs (Table3.1). Nkx6-1 is the only TF that did not bind to it’s own
promoter, although it did bind to enhancers associated to its own gene, as all other TFs (Figure
3.4). Together, these findings define general features of lineage-selective transcription factors

binding in mouse islets.
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Figure 3.3 Binding of five islet transcription factors across the regulatory regions of the
mouse pancreatic islets. a) ChIP-Seq signals of five islet transcription factors. Final sets of
regions enriched for TF binding were defined by the overlap between the TFs peaks called in
one replicate (represented by the light coloured circles) and the previously identified consistent
ATAC-Seq peaks (represented by the dark blue circles). The numbers represent the number of
the final intersected regions. b) The average peak strength of the assayed transcription factors
across active promoters (AP, red), active enhancers (AE, green) and inactive enhancers (IE,
yellow). c¢) The average number of binding peaks per regulatory element.
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here as representative. The “Regulatory elements” track displays the genomic locations of

50Mb

_.__A dodn b .4 a Jo A‘A
AA - h
A_l s S abdee ados
LJ e . e aa ,__,A_JL oo oa . DU S
O Y T P | Ala Aa LA i
A A i A Aoa - A
J ‘112 PR Y ' | du J. L Ao F

active promoters, active enhancers and inactive enhancers.

Table 3.1 Binding of TFs in regulatory elements of TF genes. Presence (+) or absence (-) of
a TF peak at the active promoter (AP) or active enhancer (AE) less than 100kb away from the

gene TSS.
Binding site
Pdx1 Nkx2-2 FoxA2 Nkx6-1 NeuroD1
AP AE AP AE AP AE AP AE AP AE
Pdx1 + + + + + + + + + +
g Nkx2-2 + + + + + + + + + +
E FoxA2 + + + + + + - + + +
" Nkx6-1 - + + + + + - + + +
NeuroD1 + + + + - + - + + +
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3.3.3 De novo annotation of mouse islet regulatory motif sequences

To expand the analysis and identify additional putative transcriptional regulators binding to the
mouse islet active enhancers, a motif analysis was performed on their underlying sequences.
This revealed enrichment of 25 non-redundant motifs, including motifs of an array of known
beta cell regulators, such as FoxAl, Nkx6-1, Hnfla/b and MafA (Table 3.2). Furthermore,
many of those motifs were novel and could not be matched to known Jaspar motifs under

stringent settings.

To assess the conservation of the regulatory code between mouse and human, a comparison of
islet enhancer-enriched motifs was performed between the 25 mouse motifs identified here and
the motifs found enriched in human active enhancers by Pasquali et al. (2014). The majority of
sequences found enriched in the mouse islet matched a human islet-enriched motif, including
known and novel motifs (Table 3.2). As the comparison between mouse and human motifs
was done with a more relaxed similarity threshold, some novel mouse motifs were assigned
to known human motifs. The CTCF motif was found enriched in mouse active enhancers but
not in human C3 elements. This reflects the differences in definition of regulatory elements, as
Pasquali et al. eliminated CTCF-binding regions from their active enhancer elements. Overall,
motif similarities between mouse and human active enhancers reveal a general conservation of

islet enhancer transcriptional regulators.
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Table 3.2 Motifs enriched in mouse pancreatic islet active enhancers. De novo motif analy-
sis on active enhancer sequences was performed with HOMER, in comparison with length and
GC-content matched background sequences. Curated motifs with a p-value < le — 50 were
considered significantly enriched. The motifs were assigned to TFs using HOMER and Tom-
Tom. If the two algorithms assigned the motif to different TFs, both matches are shown. Novel
motifs did not match any motif catalogued in the JASPAR database under stringent settings
(significance values threshold less than 0.01). Comparison of mouse and human motifs was
performed with less stringent settings (significance values threshold less than 0.05).
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3.3.4 Categorizing active enhancers

3.3.4.1 Defining highly occupied active enhancers

Level of occupancy by TFs varies greatly across biding sites. Studies in Drosophila indi-
cated that the low-occupied sites lack functionality (Bradley et al., 2010; Fisher et al., 2012;
MacArthur et al., 2009), while strong combinatorial binding predicts expression of target genes
(Dogan et al., 2015). In order to identify a subset of active enhancers highly occupied by the
five assayed TFs, an approach described by Whyte et al. was here adapted for use with multiple
transcription factors (Whyte et al., 2013). MACS derived peak intensity values were used as
proxy of TF occupancy and peak intensity scores of all TFs were combined across enhancers
as an indicator of total TF occupancy (Figure 3.5a, bottom panel). A geometrical point de-
termined the intensity signal cutoff above which enhancers were considered highly occupied
by TFs (Figure 3.5a, bottom panel). Three categories of active enhancers emerged; enhancers
not occupied by assayed TFs, enhancers moderately occupied by assayed TFs and enhancers
highly occupied by assayed TFs. Even though highly occupied enhancers made only 4.5% of
total number of enhancers, they harboured 33.5% of TF signal, indicating highly imbalanced
distribution of TF binding across the regulome. The same enhancers have shown a high de-
gree of combinatorial TF binding, with an average of 4 heterotypic TFs bound (Figure 3.5b).
H3K27ac and ATAC signal intensities generally followed the cumulative TF intensities (Figure
3.5a, top panel). The three occupancy-based categories of enhancers showed a dramatic differ-
ence of enrichment for all histone modifications and ATAC signal, indicating major differences
in enhancer activity between the three categories (Figure 3.5¢). Overall, these results suggest
great heterogeneity between active enhancers and demonstrate the relevance of TFs used for

this analysis.
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Figure 3.5 Categorizing active enhancers according to occupancy by the five assayed tran-
scription factors. Categorizing active enhancers according to occupancy by the five assayed
TFs. a) Active enhancers are sorted on the x-axis according to the cumulative TF intensity
scores. Geometrical properties of the intensity score (bottom panel, black line) separate three
categories: enhancers not occupied, moderately occupied and highly occupied by the assayed
TFs. The top panel shows the normalized intensities of H3K27ac and ATAC signal for the same
enhancers. b) The number of heterotypic binding events in moderately occupied vs. highly oc-
cupied enhancers. The p-value is calculated with the Wilcoxon rank sum test. ¢) Chromatin
signatures of TF occupancy-based categories of enhancers. Distribution of the average ATAC
and histone modification signal is shown relative to the centre of the enhancer.
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3.3.4.2 Defining clustered active enhancers

Enhancers that form clusters were found to be of particular importance for islet cell identity
(Parker et al., 2013; Pasquali et al., 2014). In order to define enhancer clusters in mouse pan-
creatic islets, the approach by Pasquali et al. was adapted and enhancer clusters were defined as
groups of minimum three enhancers, each of which is separated by maximum 24,110bp from
the nearest enhancer in the cluster. This distance represents the median of distances defined

separately for each chromosome in Pasquali et al. (2014).
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Figure 3.6 Categorizing active enhancers according to clustering. a) Overlap between hu-
man pancreatic islet enhancer clusters originally identified by Pasquali et al. (n=3,677) and
number of clusters identified in this study (n=3,705). b) Total length and enhancer content of
enhancer clusters in mouse and human. ¢) Chromatin signatures of clustered and orphan mouse
active enhancers.

In total 3,252 enhancer clusters were identified in mouse islets, harbouring 19,539 enhancers
(64.6% of total number of active enhancers). To enable a fair comparison between the mouse
and human enhancer clusters, the human clusters were here redefined, starting from the list of

individual enhancers from Pasquali et al. (2014) and following the same approach used for the
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mouse. Here, 3,705 clusters were identified in the human pancreatic islets, capturing 98.4% of
the clusters identified in the original study (Figure 3.6a). This overlap made it possible to com-
pare the findings described in Pasquali et al. (2014) with the results found in mouse. The size
and number of enhancers that formed clusters were similar between mouse and human (Fig-
ure 3.6b). Clustered enhancers showed overall higher levels of H3K27ac, suggesting stronger
activity, even if ATAC-Seq did not indicate that chromatin was more accessible in compari-
son with orphan enhancers (Figure 3.6c). Furthermore, following the finding that clustered
enhancers drive islet-specific transcription (Parker et al., 2013; Pasquali et al., 2014), gene on-
tology analysis demonstrated that, unlike orphan enhancers, clustered enhancers associate with
genes involved in the core programme of pancreatic beta cells (Figure 3.7). Together, these re-
sults demonstrate the differences in chromatin properties and type of proximal genes between

clustered and orphan enhancers.
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Figure 3.7 Gene ontology analysis of clustered and orphan mouse active enhancers.
Molecular signatures of genes associated with clustered and orphan enhancers. Ten most en-
riched MSigDB ontologies are shown, ranked according to the enrichment binomial p-value.
The colour code applies to both bars and the points.
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3.3.5 Conservation of cis-regulation by enhancer clusters in mouse and

human

3.3.5.1 Categorizing active enhancer clusters according to syntenic and sequence con-

servation

Enhancer clusters were shown to associate with genes essential for beta cell identity in both
mouse and human pancreatic islets, suggesting conservation of the regulatory landscape be-
tween the two species. To further characterize these commonalities and explore species-specific
aspects of islet gene regulation, clustered enhancers were compared between the two species.
Taking mouse active enhancers as the starting point of the analysis, both syntenic conservation
(association of a cluster to the same gene in both mouse and human) and sequence conservation
(alignment of mouse sequence to human) were considered. As a result, five mutually exclusive

categories of regulatory conservation were described (Figure 3.8a);

1. C-C-S (Cluster - Cluster with Sequence conservation) - a gene is associated with a cluster

in both mouse and human, at least one of the enhancers is sequence conserved.

2. C-C (Cluster - Cluster without sequence conservation) - a gene is associated with a clus-

ter in both mouse and human, none of the enhancers are sequence conserved.

3. C-0O-S (Cluster - Orphan with Sequence conservation) - a gene is associated with a cluster
in mouse and with an orphan enhancer in human, at least one of the enhancers is sequence

conserved.

4. C-O (Cluster - Orphan without sequence conservation) - a gene is associated with a clus-
ter in mouse and with an orphan enhancer in human, none of the enhancers are sequence

conserved.

5. C-A (Cluster - Absence of any regulatory element) - a gene is associated with a cluster

in mouse, but is not associated to a regulatory element in human.
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Figure 3.8 Categories of mouse enhancer clusters based on conservation between mouse
and human. a) Schematic representation of the cluster categories. The enhancers were asso-
ciated to the closest expressed gene located within the same topologically associating domain
(TAD) and maximum 250kb away from the gene TSS. The numbers represent the number of
clusters falling into each category. b) Fractions of clusters falling into each category. Abbre-
viations: C-C-S (cluster is associated to the same gene in both mouse and human, harbouring
a sequence conserved enhancer), C-C (cluster is associated to the same gene in both mouse
and human, not harbouring a sequence conserved enhancer), C-O-S (mouse cluster is associ-
ated to orphan-associated gene in human, harbouring a sequence conserved enhancer), C-O
(mouse cluster is associated to orphan-associated gene in human, not harbouring a sequence
conserved enhancer), C-A (mouse cluster is associated to a gene that is not associated to an
active enhancer in human).

The majority of the clustered enhancers showed evolutionary flexibility - a total of 32.5% of the
clusters in mouse had orphan enhancers associated to the same genes in human (Figure 3.8b).
These enhancers overwhelmingly lacked sequence conservation, with only 0.7% of enhancers
in total falling into C-O-S category. As a result, the latter category was excluded from further

analysis.

Compared to the C-O-S category, sequence conservation was much more abundant in clusters
that were associated to the same genes in both species. Almost half of these clusters contained
sequence conserved enhancers (C-C-S), making 20.9% of all clusters (Figure 3.8b). This se-
quence conservation goes beyond the mouse-human comparison and extends across the verte-

brate species (Figure 3.9b). Analysis of chromatin signatures revealed that the same category,
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C-C-S, distinguishes itself from all other categories by stronger enrichment of both ATAC sig-
nal and all chromatin modifications (Figure 3.9¢). This difference was particularly noticeable
for H3K27ac, the mark that reflects enhancer activity level. Additionally, over 10% of C-C-S
enhancers belonged to the category of enhancers highly occupied by TFs (as defined in Section
3.3.4.1) (Figure 3.9c). Together, these results suggest that C-C-S clusters play an important

role in pancreatic islets.

Remarkably, absence of an active enhancer in human (C-A) occurred for 22.2% of the mouse
clusters (Figure 3.8b). To assess the functional consequences of these events, expression levels
of genes associated to the categorized enhancer clusters were compared between mouse and
human. The results show that the absence of a cluster in human is indeed correlated with a
significant loss of expression levels in human (Figure 3.10). The difference in expression is
subtle in the case of C-O events, but quite prominent in the event of complete absence of a

regulatory element in human (C-A).

Taken together, these results characterize the commonalities and differences between the regu-
latory landscapes of enhancer clusters in mouse and human pancreatic islets. While the overall
landscape showed great flexibility between the species, clustered enhancers with both syn-
tenic and sequence conservation emerged as highly active and often highly occupied by islet
TFs. Furthermore, the results identify a species-specific subset of enhancer cluster regulatory
events and demonstrate that it is often associated with changes of gene expression between

species.
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3.3.5.2 Enhancer cluster conservation and biology of pancreatic islets

To correlate the changes in the regulatory landscape of enhancer clusters to biology of pan-
creatic islets, gene ontology analysis was performed on the cluster-associated genes. Remark-
ably, the analysis revealed that the four categories of clustered enhancers regulate biologically
distinct categories of genes. The C-C-S clustered enhancers were shown to control the core
programme of pancreatic beta cells (Figure 3.11). Genes regulating beta cell development, in-
sulin signalling and genes associated with ChREBP, a glucose-regulated transcription factor,
were all present in the top 10 enriched ontologies for clustered enhancers strongly conserved
between mouse and human. These results are consistent with previous reports of high sequence
conservation of enhancers associated to genes with tissue-specific functions (Villar et al., 2015;

Visel et al., 2009).

The C-C category of clusters was surprisingly enriched for several immune-related ontologies
(Figure 3.11). This enrichment was partially driven by genes involved in transforming growth
factor-beta/Smad3 signalling, a pathway essential for both T-cells and pancreatic islets (Delisle
et al., 2013; El-Gohary et al., 2008). The largest category, C-O, showed enrichment for an
array of ontologies, from immune-related to trans-membrane and small-molecule transport.
For example, genes involved in Wnt-signalling pathway were associated with this category of
clusters. This is another pathway well characterized in immune cells, but also essential for

regulating beta cell mass in mouse islets (Rulifson et al., 2007; Staal et al., 2008).

C-A, the category of enhancers that has shown the most dramatic change in expression between
mouse and human, revealed the most interesting set of gene ontologies. These genes, that are
apparently deprived of association to active regulatory elements in human islets, are highly
enriched in ontologies related to growth factors and cell survival signalling pathways (Figure
3.11). Some of these pathways were already implicated in beta cell survival and proliferation

(Hart et al., 2000; Navarro-Tableros et al., 2004).

An example of a gene associated to clustered enhancers in mouse but not human is Ghr. As
previously reported by Benner et al. (2014), this gene is highly expressed in mouse, but lowly
expressed in human islets. Ghr encodes for a receptor of the the growth hormone (GH), a
factor involved in beta cell proliferation (Sun and Bartke, 2015; Wu et al., 2011), a property
that greatly differs between mouse and human islets (discussed in Section 1.4.2.1.4). The Ghr

locus is syntenically conserved between the two species, with sequence conservation of 23 out
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of 26 of the mouse enhancers in the human locus (Figure 3.12). The chromatin properties of
those regions, however, differ between species. While mouse Ghr harbours a large cluster of
active enhancers, the corresponding regions in the human genome exhibits very low levels of
H3K27ac. This particular scenario demonstrates that conservation of sequence does not nec-
essarily lead to a conservation of function, opening the question of the mechanism underlying

the differences in enhancer activity.
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Figure 3.11 Gene ontology analysis for genes associated to conservation-based categories
of clustered enhancers. Molecular signatures of genes associated with all four categories
of clustered enhancers. Ten most enriched MSigDB ontologies are shown for each category,
ranked according to the enrichment binomial p-value. The colour code applies to both bars and
the points. Abbreviations are explained in the main text.
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Figure 3.12 Enhancer and transcription maps of the Ghr gene locus in mouse and human.
Genomic locus of the Ghr gene is syntenically conserved between mouse and human. a) Mouse
Ghr gene is well expressed and the gene locus harbours a large number of active clustered en-
hancers, as reflected in levels of H3K27ac. b) Human GHR gene is poorly expressed. Genomic
regions corresponding to the mouse active enhancers exhibit low levels of H3K27ac and are
not characterized as active enhancers in human islets.
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3.4 Discussion

3.4.1 Mouse pancreatic islet regulation resource

In this study, I present the most comprehensive characterization of mouse islet regulatory re-
gions to date. Combination of H3K4me3, H3K27ac and H3K4mel histone marks with open
chromatin regions enabled me to create a reference catalogue of 78,921 islet regulatory ele-
ments and classify them as active promoters, active enhancers and inactive enhancers (Figure
3.1 and Figure 3.2 in Section 3.3.1). Additionally, I annotated genome-wide binding of five
representative islet transcription factors, two of which (Nk2-2, Nkx6-1) were never previously
assayed in mouse islets, to my knowledge (Figure 3.3 in Section 3.3.2). I further focused my
analysis on active enhancers, elements that are thought to control time- and cell-specific pat-

terns of gene expression.

Identification of active enhancers allowed me to examine the sequences underlying these regu-
latory elements and identify 25 non-redundant enriched sequence motifs (Table 3.2 in Section
3.3.3). These sequences reflected current knowledge of islet transcription and were highly en-
riched for target sequences of known islet regulators, such as FoxAl, Nkx6-1, Hnfla/b and
MafA. Motif degeneration, together with similarity of motifs targeted by different members
of the same family of proteins, however, sometimes leads to imprecise matching of de novo
motifs to motifs in annotated databases. Enriched motif matched to MyoD1, for example, is
most likely targeted by NeuroD1 - a transcription factor that belongs to the same bHLH protein
family, yet unlike MyoD1, plays an essential role in beta cell development and function (Gasa
etal., 2004). Similarly, a motif was assigned to Rfx5, a factor with a known role in lymphocyte
function and no known associations to pancreatic islets (Steimle et al., 1995). However, other
members of the Rfx family, Rfx3 and Rfx6, have a well documented role in islet formation and
production of hormones (Smith et al., 2010; Soyer et al., 2010). Overall, this analysis provided
insight into the sequences directing gene regulation in mouse pancreatic islets. The compilation
of transcription factor target sequences described in this chapter may be used in mouse model

studies of genetic variation in pancreatic islets.

Not all active enhancers have the same properties. In this chapter, active enhancers were further
categorized considering their organisation in the linear genome and occupancy by transcription

factors. A number of studies demonstrated that the number and strength of TF binding is highly
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predictive of enhancer activity (Chen et al., 2008; Dogan et al., 2015; He et al., 2011; Vanhille
etal., 2015; Xu et al., 2012). Therefore, to identify highly active enhancers in mouse pancreatic
islets, the combinatorial signal of the five islet TFs was used to categorize active enhancers as
highly occupied, moderately occupied or not occupied by TFs (Figure 3.5 in Section 3.3.4.1).
This approach of identification of highly occupied enhancers was adapted from Whyte et al.
(2013) who based their categorization on the levels of occupancy by the Mediator complex.
Similarly to the super-enhancers identified by Whyte et al. (2013), the highly occupied en-
hancers were shown to be an exclusive category, making only 4.5% of all active enhancers.
Furthermore, these elements were characterized by strong activity and chromatin accessibility,
indicating an important role in pancreatic islets. This analysis, however, was limited to the five

TFs analyzed in this study, potentially missing additional islet-relevant enhancers.

Several approaches for defining groups of adjacent regulatory elements have been described
(Gaulton et al., 2010; Parker et al., 2013; Pasquali et al., 2014; Whyte et al., 2013). Clustered
enhancers in this chapter were defined following the approach of Pasquali et al. (2014), while
the rest of the active enhancers were considered orphans. Clustered enhancers make the major
group of islet active enhancers (64.6%). In line with the findings described in Pasquali et al.
(2014), they are highly active and associate with genes involved in core processes of the pancre-
atic beta cell (Figure 3.7 in Section 3.3.4.2). These results open an interesting question of the
identity of orphan active enhancers. While they carry histone signatures of active enhancers,
they apparently do not associate with genes involved in tissue-specific processes. Although it
is possible that some of them might be miss-annotated inactive enhancers, alternative expla-
nations should be explored. A more detailed comparison of their properties with the clustered
enhancers, such as as a comparative motif analysis or assessment of the functional impact they

have on gene expression, might shed light on the results presented here.

Overall, this study produced a compendium of information on mouse islet regulatory elements
and sequences, which will be of great use in study of pancreatic islet physiology and dis-

€ase.

3.4.2 Patterns of mouse-human islet regulatory conservation

Integrative analysis of chromatin states revealed 30,259 open chromatin regions that carried

chromatin marks characteristic for active enhancers (Figure 3.2 in Section 3.3.1). This number
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is very similar to the number of putative active enhancers described in human pancreatic islets
(30,816) by Pasquali et al. (2014). Considering that both genomes hold a similar number of
genes, 80% of which are estimated to be orthologous (Waterston et al., 2002), this would sug-
gest that a similar average number of enhancers controls expression of each gene in both mouse

and human islets.

Analysis of mouse islet transcription factor regulatory networks (Figure 3.3 in Section 3.3.2)
echoes the properties already described in human islets. In both species, the binding of lineage-
specific transcription factors was shown to be confined to open chromatin sites and unequally
distributed across the types of regulatory elements. In line with the binding patterns observed
in humans, Pdx1 and Nkx2.2, were found to bind more frequently to promoters. The binding
signal of all analyzed TFs apart from Pdx1, however, is strongest in active enhancers. This
property is particularly highlighted in Nkx6.1 and NeuroD1, the two TFs with an expression
profile most specific for mature islet beta cells (Itkin-Ansari et al., 2005; Taylor et al., 2013).
This finding is consistent with the currently accepted view of enhancers as drivers of tissue-
specific gene expression (Heintzman et al., 2009; Visel et al., 2009). Mirroring the binding
patterns in humans, the five analyzed TFs form a self- and inter-regulatory network by binding
to regulatory regions associated with their own other TF genes (Figure 3.1 in Section 3.3.2).
Together, these results reveal an overall conservation of transcription factor binding patterns

between mouse and human islets.

Analysis of the enhancer sequences discovered similarities between motifs found enriched in
mouse and human, indicating a conservation of the regulatory language between the two species
(Table 3.2 in Section 3.3.3). The similarities extended beyond the sequences of known tran-
scription factors. For example, a novel mouse motif (NovelMotif10) was best matched with
a novel motif identified in human (IEFE.5). This strong motif could thus potentially bind a yet
unknown, but evolutionary conserved, regulator of pancreatic islet function. Identification of
the exact protein binding to this motif would require further investigation. Comparing the Nov-
elMotif10 with databases of known TF motifs using a more relaxed similarity cut-off could
provide information about the protein family the target TF belongs to. This can be followed up
on by investigating which members of that family are expressed in pancreatic islets. In addition,
complexes bound to the NovelMotif10 sequence can be isolated and further dissected by mass
spectrometry, identifying candidate target proteins (as described in Lee et al. (2015)). Once

candidate proteins are selected, the target protein can be identified by an mobility super-shift
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assay (Pares-Matos, 2005) using antibodies for all candidate proteins and establishing which

one leads to a super-shift.

The number and overall properties of larger regulatory structures - clustered enhancers, was
also very similar between the two species. Almost half of the clusters were associated with the
same gene in mouse and human, reflecting syntenic and functional conservation (Figure 3.8 in
Section 3.3.5). Recent work from Yang et al. demonstrated that sequence conservation is not
necessary for conservation of function in a syntenic environment (Yang et al., 2015). Support-
ing that notion, more than half of syntenically conserved clusters in mouse islet did not harbour
sequence conserved elements. Interestingly, approximately 4% of enhancers in those clusters
were shown to be highly occupied with islet transcription factors, despite lacking sequence
conservation. This suggests that the motif grammar of those enhancers diverged in a way that
still allowed binding of the same transcription factors. As discussed in Section 1.1.3.3.1, dif-
ferences in enhancer sequence that would impact the motif grammar (order, orientation and
spacing of TF motifs) may still result in the same regulatory output. In addition, although bind-
ing of one TF is conserved, co-binding factors (and their target sequences) may differ between
mouse and human (Yang et al., 2015). The traditional approach of using sequence conservation
for identification of orthologous regulatory elements would not have identified these regions as
relevant. However, lack of sequence conservation does not seem to impair the functionality of
these elements, as there was no difference in expression of genes associated to these enhancers

between mouse and human.

It is conservation of sequence that was shown to underlie the enhancers associated with genes
crucial for islet and beta-cell development and function (Figure 3.9 in Section 3.3.5). While
strong sequence conservation of developmental enhancers has long been documented (Bejerano
et al., 2004; Woolfe et al., 2005), high conservation of mature tissue-specific enhancers was
described more recently (Villar et al., 2015). In line with that, even though relaxed criteria
for sequence conservation were used for this analysis, enhancers composing these clusters are
not only conserved between mouse and human, but across vertebrates. Compared to other
cluster categories, this particular subset of clustered enhancers displayed chromatin properties
indicating very high activity and occupation with assayed islet transcription factors, further

reinforcing their central role in beta cell function.

Overall, the results presented here demonstrate that the regulatory mechanisms of mature

mouse and human pancreatic islets share the general architecture and transcription factor net-
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works. Moreover, the regulatory landscape of central tissue-specific genes is conserved in both
function and sequence, affirming mouse as a valid model in studies of pancreatic islet gene

regulation.

3.4.3 Species-specific subset of islet regulatory architecture

Comparative analysis of regulatory elements suggests that the divergence between mouse and
human species resulted in reorganisation of the majority of the pancreatic islets active enhancer
regions. This is to be expected, as changes in regulatory regions were found to be the major
determinant of intra- and inter-species differences (Varki and Altheide, 2005; Wray, 2007).
In fact, Villar et al. (2015) discovered that recently evolved enhancers are often associated
with positively selected genes and may point to regulatory elements behind species-specific
adaptation. In this study, I focused on enhancer clusters and characterized a species-specific

subset of the mouse pancreatic islet regulome.

The mouse-specific regulatory regions are associated with genes that are apparently not related
to beta cell function (Figure 3.11 in Section 3.3.5). Interestingly, the gene ontology revealed en-
richment of growth-factor signalling and survival genes. Nerve growth factor (NGF) signalling,
the top ontology enriched for genes associated to mouse-specific enhancers, was identified as
essential in beta cell survival and apoptosis evasion in both rat islets and human insulinoma
cell lines (Navarro-Tableros et al., 2004; Pierucci et al., 2001). Fibroblast growth factor (FGF)
signalling in mature mouse islets was implicated in T2D-like characteristics, including reduced
number of beta cells, and suggested that FGF might be a key factor for the stimulation of beta
cell expansion (Hart et al., 2000). Differences in beta cell proliferative capacity between hu-
man and rodent islets have long been acknowledged (Chandrasekera and Pippin, 2013; Eizirik
et al., 1994). Results described in this chapter suggests that these species-specific differences

in phenotype can at least partially be explained by changes in cis-regulation.

Beta cell destruction and incapacity to raise a proliferative challenge, such as gestation or obe-
sity, are considered hallmarks of diabetes. Great efforts have thus been directed into research
that would discover ways of preserving or expanding beta cell mass (Ashcroft and Rorsman,
2012; Donath and Halban, 2004). Due to difficulties in obtaining human pancreatic tissue and a
lack of appropriate in vitro human model, a large part of this research is performed in the mouse

model. Differences in mouse and human islet biology, however, often make that research not
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translatable to human (Chandrasekera and Pippin, 2013; Chatzigeorgiou et al., 2009; Vetere
et al., 2014). Growth hormone (GH), for example, is an important factor involved in both in-
sulin synthesis and beta cell proliferation (Sun and Bartke, 2015; Wu et al., 2011). Growth
hormone receptor (Ghr) forms a part of the JAK-STAT pathway and is implicated in beta cell
proliferation during gestation in mice (Lindberg et al., 2005; Nielsen et al., 2001). However,
beta cell mass increase during human gestation is not as drastic as in mice, nor is it mediated
through beta cell proliferation (Butler et al., 2010). Furthermore, growth factor stimulation
successfully induces in vitro proliferation of murine beta cells while the same treatment fails to
elicit a response in human cells (Parnaud et al., 2008). Ghr was recently found to be differen-
tially expressed between mouse and human islets (Benner et al., 2014). In this study, I reveal
species-specific activity of the Ghr cis-regulatory landscape, suggesting that the differences in
phenotype might arise from differences in the cis-regulatory landscape (Figure 3.12 in Section

3.3.5).

Sequence conservation of a large number of clustered enhancers associated to the Ghr gene
raises the question of the mechanism behind the cluster loss of function. As this study did
not seek to identify ultra-conserved elements (with 100% sequence identity), it is possible that
the variation in sequence present between mouse and human was sufficient to disrupt crucial
TF binding sites leading to failure of enhancer activation. A further possibility is that the
enhancer key for activation of the whole enhancer cluster was not conserved between the two
species. Out of 26 clustered enhancers associated with Ghr in mouse, 23 were successfully
mapped to human, making this scenario possible (Figure 3.12 in Section 3.3.5). The loss of
enhancer activity could be a consequence of appearance of a novel transcriptional repressor. An
example of this scenario was described by Ochi et al. (2012), who reported that a difference in
activity of pax4 and pax8, two paralogs with well conserved non-coding regulatory elements,
was a consequence of a new silencer motif present in the proximal promoter of pax8. Further
research will be necessary to answer these questions, including a more detailed comparison of
sequences underlying the enhancers inactive in human and investigating whether the human

GHR locus is subject to trans-silencing processes.

The results described in this chapter contribute to our understanding of the differences in biol-
ogy between mouse and human islets. Further in-depth analysis of chromatin and underlying
sequence changes between mouse and human could provide insight into the mechanism be-

hind species-specific enhancers activity and gene regulation. Moreover, the same approach has
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the potential of revealing regulatory mechanisms driving beta cell proliferation, which would

greatly contribute to the research efforts made by the diabetes community.
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Chapter 4

Dissecting cis-regulatory Variation in

Pancreatic Islets of a Hybrid Mouse Model

4.1 Introduction

Regulation of gene expression includes a wide range of mechanisms that define and maintain
cell types and shape higher level phenotypes in health and disease. These mechanism are sub-
ject to genetic variation, much of which is harboured in the non-coding regulatory sequences
of the genome. Understanding the relationship between genetic variation and gene expression
is challenging, particularly for complex traits which are believed to result from the interac-
tion of multiple genetic events and the environment. T2D is a complex disease with evidence
of a strong genetic basis (discussed in Section 1.3.3.2). To date, GWA studies successfully
identified statistical association between T2D and approximately 80 loci across the genome.
The transition between identification of these genetic association to elucidating the molecu-
lar mechanisms behind them has been very slow. The majority of T2D-associated variants
were associated with beta-cell function and map to non-coding regions (discussed in Section
1.3.3.2), urging for better understanding of the cis-regulatory networks of the pancreatic islet

beta cells.

4.1.1 Cis-regulatory variation

Genetic variation within a cis-regulatory element has a potential of disrupting the interaction
between a transcription factor (TF) and the target sequence. Several studies have demonstrated
genetically variable binding of RNA polymerase II and tissue-specific transcription factors,
as well as their correlation with gene expression (Birney et al., 2010; Kasowski et al., 2010;
Kilpinen et al., 2013; Musunuru et al., 2010; Reddy et al., 2012). McVicker et al. (2013) and

Kilpinen et al. (2013) further identified a subset of disrupted TF sites correlating to changes in
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histone modifications and chromatin accessibility. Together, these studies propose a chain of
events where changes in TF binding modify the activity of regulatory elements, which in turn

impact gene expression.

Open chromatin sites, particularly enhancers, tend to be enriched for disease-associated variants
(Ernstet al., 2011; Farh et al., 2014; Maurano et al., 2012). Several recent studies have reported
that enhancers displaying allele-specific activity generally tend to be located in the vicinity of
allelically imbalanced genes (Dixon et al., 2015; Leung et al., 2015) and are in more frequent
contact with the target promoter (Dixon et al., 2015). However, it is not clear if changes in
activity of regulatory elements always lead to changes in gene expression. Kasowski et al.
(2013), for example, reported enhancers to be the most variable regulatory element between
individuals, but observed that only a small subset of variable enhancer activity correlates with
changes in gene expression. Taken together, these studies raise questions about what determines
the functional impact of enhancers on gene expression and which genes tend to be susceptible

to variation in regulatory elements.

To address these questions, it is necessary to conduct a systematic assessment of the effect
genetic variation has on both enhancer activity and associated gene expression. In the last
few years several high-throughput reporter assays have been designed for this purpose (Arnold
et al., 2014; Melnikov et al., 2012; Patwardhan et al., 2012; White et al., 2013). Although these
studies provided valuable insight into the principles of regulatory variation, they are limited to
assessing the activity of regulatory elements outside of their genomic context. This calls for an

approach that allows high-throughput assessment of cis-regulatory effects in vivo.

4.1.2 Allele-specific analysis in a hybrid mouse model

In this study, a mouse hybrid is used as a model of in vivo mutagenesis. The genetic diversity in
the hybrid mouse is ensured by breeding two evolutionary distinct strains of mice - C57BL/6J,
the most commonly used laboratory strain, and CAST/Ei, a wild derived strain (use of mice in
genetic research discussed in Section 1.4.1). The naturally occurring genetic variation between
these two strains serves two purposes. A SNP or an INDEL may disrupt a functionally impor-
tant sequence and drive differences in activity of a regulatory element and/or gene expression
between the two genomes. At the same time, a genetic variant can act as a genetic marker and

allow assignment of transcripts or chromatin marks to one genome or the other. In combination
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with transcriptome and chromatin assays, this model enables an assessment of the differences

in gene expression and chromatin states driven by genetic variation.

Differential activity between alleles of genes or regulatory regions is measured by allele-specific
analysis (ASA) (discussed in Section 1.2.2.2.2). Single-base resolution of high-throughput se-
quencing technology makes allele-specific analysis a powerful tool for genome-wide detection
of genetic effects on gene regulation. The advantages of ASA compared to the more commonly
used quantitative trait loci (QTL) approaches lie in elimination of environmental and trans ef-
fects on gene expression within an individual, given that both maternal and paternal genome
are exposed to the same trans-acting factors and environmental conditions (Pastinen, 2010).
While allele-specific analysis can be, and has been performed in human tissues (Dixon et al.,
2015; Kasowski et al., 2013; Kilpinen et al., 2013; Leung et al., 2015; McVicker et al., 2013),

there are a number of advantages to using a hybrid mouse model.

Allele-specific analysis is restricted to informative genes and regulatory regions - regions that
carry at least one heterozygous SNP. Compared to many species, humans have a relatively
low level of intraspecies sequence diversity (Chen and Li, 2001). An average human genome
differs from the standard reference genome in approximately 4.1 million to 5.0 million sites
(Auton et al., 2015). Furthermore, single nucleotide polymorphisms (SNPs) are inherited in
linkage disequilibrium (LD) blocks, which often hinders identification of the variant causing
the allele-specific activity. In contrast, the genomes of C57BL/6J and CAST/Ei differ in 17.6
million SNPs and 2.5 million INDELSs (Keane et al., 2011). In addition, these two strains are
inbred, ensuring extensive linkage disequilibrium and facilitating integration of allele-specific

expression with allele-specific activity of regulatory regions.

The majority of studies using allele-specific analysis performed to date aimed to estimate al-
lelic imbalance within individual samples. However, allelic imbalance detected in an individual
sample may be a result of artefacts related to inaccurate or incomplete genotyping or library
preparation and sequencing (DeVeale et al., 2012). In addition, allele-specific analysis reveals
imbalance driven not only by cis variation, but also monoallelic activity that is parent-of-origin
(Reik and Walter, 2001), X-inactivation related (Marks et al., 2015) or stochastic (Reinius and
Sandberg, 2015). This study was designed to enrich for allelic imbalance resulting from cis-
acting variants. To reduce technical and stochastic noise, an allele-specific analysis pipeline
was developed to detect allelic imbalance consistent across multiple samples. Furthermore, to

remove parent-of-origin effects, samples were derived from hybrid offspring from both recip-
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rocal crosses of pure-strain mice.

Finally, a general advantage of using a mouse model is facilitated accessibility to the tissue
of interest. Pancreatic islets are central to diabetes pathogenesis, but are often hard to obtain
from human in sufficient number or quality. As established in Chapter 3, the cis-regulatory
architecture of mouse and human islets is generally well conserved, making mouse islets a

valuable source of knowledge on cis-regulation in pancreatic islets in general.

Although allele-specific analysis of next generation sequencing data was first implemented al-
most a decade ago (Babak et al., 2008; Serre et al., 2008; Wang et al., 2008b), there is no well
established pipeline for such analysis. Numerous approaches have recently been published,
applicable to RNA-Seq and/or ChIP-Seq data derived from human or animal models (Ander-
gassen et al., 2015; Harvey et al., 2015; Le6n-Novelo et al., 2014; Romanel et al., 2015; van de
Geijn et al., 2015). Approaches developed for use on human samples generally aim to establish
allelic imbalance on a per-sample basis, while approaches developed for use in animal models
often aim to detect parent-of-origin effects. In order to focus on allelic events driven by cis-
regulatory variation, a new approach to allele-specific analysis was taken in this study, aiming

to remove biases of technical origin, as well as stochastic and parent-of-origin effects.

Ultimately, a comprehensive survey of allelic activity of regulatory elements, chromatin acces-
sibility and gene expression conducted in this study provides insights into gene regulation of

pancreatic islets that may be relevant to human genetic variation and disease.

4.1.3 Summary

Genetic variation in the non-coding genome is thought to explain the majority of both inter-
species and a large part of intraspecies differences in phenotypes, including an array of heritable
disease-related traits. Identifying the principles of cis-regulatory variation would therefore pro-
vide insight into how regulatory elements control gene expression, as well as how noncoding
variants alter disease risk. It is unclear, however, if all cis-regulatory variants have a functional
impact and what are the properties of the variants that do lead to changes in gene expression. To
answer these questions, a genome-wide analysis of cis-regulatory variation must be performed
in its native genomic context. While this type of analysis is challenging to perform in human,
a hybrid mouse model provides the naturally occurring genetic variation which can be used for

dissecting the properties of functional cis-variation that acts in the tissue of interest.
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The specific aims of this chapter thus are;

1.

To construct a pipeline for allele-specific analysis of RNA-Seq, ChIP-Seq and ATAC-Seq

focused on allelic events driven by cis-regulatory variation

. Create a genome-wide map of allelic expression and chromatin states in pancreatic islets

. Characterize genes susceptible to cis-regulatory variation

Define properties of cis-regulatory variation associated with allelic expression
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4.2 Methods

4.2.1 Allele-specific analysis pipeline

A customized analysis pipeline was developed for assessing allelic imbalance in the transcrip-
tome, open chromatin and H3K27ac (see Section 4.3.1.1, Figure 4.2). The pipeline is able to
process RNA-Seq, ChIP-Seq and ATAC-Seq reads. The choice of the read alignment algorithm

depended on the assay and read type. The pipeline consists of two major parts, aiming to;
1) Determine the allelic ratios of regions in individual samples

2) Establish consistent and statistically significant allelic imbalance in regions of interest

across multiple samples

4.2.1.1 Allele-specific analysis in individual samples

This part of the analysis aims to estimate allelic imbalance across regions in an individual
sample, while accounting for possible artefacts originating from alignment biases, clonality

and mis-genotyping.

4.2.1.1.1 Unbiased alignment

In order to avoid alignments biases, the NGS reads were aligned independently to the genomes
of both C57BL/6J (mm9, the reference mouse genome) and CAST/Ei. The compiled CAST/Ei

genome is not yet available and had to be constructed from data available.

1) Constructing the CAST genome
CAST/Ei pseudogenome was compiled using vcftools (Danecek et al., 2011). The mm9
genome was used as the backbone, while CAST/Ei SNPs and INDELs were filtered
for a Phred score >20 (released by the Sanger Institute, Keane et al., 2011). In total,
17,673,726 SNPs and 2,534,008 INDELSs were incorporated, calling:

java —Xmx16000m —jar vcf2diploid.jar —id CAST —chr mm9.fa —vcf
cast_SNPs_filtered.vcf cast_INDELs_ filtered. vcf

115



2)

3)

Incorporation of INDELs resulted in a shift in coordinates between the new CAST/Ei
pseudogenome, cast, and the reference mm9. Coordinates were tracked in a “chain file”
created by vcfrools. This file was used in the analysis downstream together with liftOver
(Hinrichs et al., 2006) to translate regions, SNPs or INDELSs from cast to mm9 genome
coordinates.
Alignments
Two independent alignments were performed for each NGS data set, one to the mm9
genome, and the other to the cast pseudogenome. The RNA-Seq was aligned in a non-
strand-specific manner using Tophat2 (Kim et al., 2013), and the chromatin data by
bowtie2 (Langmead and Salzberg, 2012), accounting for single (SE) or paired-end (PE)
reads.
RNA-Seq;

tophat —p 8 —-N 4 —read—gap—length 3 —read—edit—dist 4 —g 1 —no—

coverage—search —segment—length 22 ——Ilibrary —type fr—firststrand

—b2—N 1 genome reads_1.fastq reads_2.fastq

ChIP-Seq, SE reads;

bowtie2 —p 8 —x genome reads.fastq —S outfile .sam

ATAC-Seq, PE reads;

bowtie2 —p 8 —x genome —X2000 —1 reads_1.fastq —2 reads_2.fastq —S

outfile .sam

Compiling a non-redundant read set

Reads from alignments to the two genomes were compared and combined as a non-
redundant set of reads, using an in-house Perl script. As each read was aligned to both
mm9 and cast genomes, alignment scores were compared between the two alignments.
The aligned read with a higher alignment score (reflecting less mismatches) was selected
for the final non-redundant set of reads. If the alignment score was identical between the

two alignments, one of the aligned reads was picked randomly.
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4.2.1.1.2 Read counts

Numbers of reads originating from C57BL/6J or CAST/Ei genomes were derived from count-
ing the number of reads covering a heterozygous SNP that carry the nucleotide found in mm9 or
cast genome. The reads were first piled up over SNP locations separately for the two genomes
using samtools (Li et al., 2009). Only reads with a Phred score greater than 20 at the base

covering the SNP were taken into account.

samtools mpileup —B —Q20 —f genome —1 snp_list.bed aligned_reads.bam >

outfile . pileup

samtools output format was converted into read counts and the counts coming from the two

genomes were combined using in-house Perl scripts.

4.2.1.1.3 Filtering

In order to ensure the reliability of information provided by each SNP and remove biases intro-
duced by library preparation or alignment, extensive filtering was done. This was implemented

using a series of in-house Perl and Bash scripts:

1) Clonality
To remove biases caused by preferential PCR amplification of reads derived from one of
the two genomes, two criteria were used for identifying whether the SNP will be kept for
further analysis;
* A minimum number of 20 non-clonal reads covering the SNP. Clonal reads were
defined as reads aligned to identical coordinates and harbouring identical sequences.
* Preservation of the allelic ratio after the removal of clonal reads. Ratio of the num-
ber of mm9-derived reads to the total number of reads covering a SNP (allelic ratio
to reference) was calculated before and after removal of clonal reads. The difference
between the allelic ratios (delta) was calculated across all SNPs within a sample.
The SNPs with a delta value below the 25th percentile of the sample distribution
was considered unchanged.
2) Read independence
One read can span multiple SNPs. Therefore, to ensure that one read provides informa-

tion about the allelic imbalance of the region only once, SNPs were filtered for inter-SNP
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distance. In the case multiple SNPs were separated by a distance smaller than the read
length (90 or 100bp) only one SNP was kept for downstream analysis - the SNP with the
highest total read coverage.

3) Presence of non-genotyped variance
Incomplete/inaccurate genotyping or sequencing errors lead to presence of read nucleotides
that match neither mm9 nor cast genomes. SNPs covered with more than 10% of such
read nucleotides were removed from the analysis.

4) Allelic ratio in pure strains
In the case of a true unbiased read alignment, the allelic ratio of reads derived from
pure-strain C57BL/6J and CAST/E]i, processed in the allele-specific way, are expected
to be 1 and 0, respectively. In the case of preferential alignment of reads to one of the
genomes, one of the ratios would be distorted. Therefore, for the purpose of removing
SNPs located in regions with biased read alignment, pure-strain derived datasets were
processed with the allele-specific pipeline (as described up to this point) and allelic ratios
of the SNPs were assessed on a per-sample basis. SNPs with allelic ratios smaller than
0.98 (in C57BL/6J) or greater than 0.2 (in CAST/Ei datasets) in more than two datasets

were removed from the analysis.

4.2.1.1.4 Allelic ratios of informative regions

Final allelic ratios were expressed at the level of regions - genes (for the transcriptome) or
regulatory elements (for the chromatin data). For each sample, the read counts covering filtered
SNPs falling into the region of interest were summed. The allelic ratio (AR, cgion) Was then
expressed as the number of reads covering all informative SNPs in exons of a gene/regulatory
element derived from mm9 (r™™°) over the number of reads derived from both mm9 and cast
(rmm9 4 peasty,

ZNSNP mm9

r
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Regions containing SNPs with inconsistent allelic ratios that deviated from 0.5 in opposite
directions were removed from the analysis. The statistical significance of the deviation from

0.5 was tested with a two-tailed binomial test and reported as p-values.
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4.2.1.2 Determining consistent and statistically significant allelic imbalance across sam-

ples

In order to detect cis-regulatory driven allelic imbalance in the hybrid mouse islets, the allelic
information was combined across all hybrid samples. For regions that were informative in 3
or more samples, information from individual samples was combined in the following manner,

using a series of in-house R scripts;

* The representative allelic ratio was calculated as the median of allelic ratios in individual

samples

* Imbalance of combined allelic ratio was tested with a weighted Z-method (Whitlock,

2005).

n
i=1 Ziw;d,;

n n
\ 2ui=1 W;

Each individual sample : was tested for allelic imbalance with a binomial test. p-values ob-

Ty =

tained that way were transformed back to Z-statistic, Z;. To take into account differences in
number of reads in each sample, that is, statistical power of the test, each Z-statistic is assigned
a weight, w;. The median number of informative reads across a region in a sample was used
as a weight. The median allelic ratio of the region was used as a direction, d; (1 for allelic
ratios greater than 0.5 and -1 for allelic ratios smaller than 0.5). n denotes the number of in-
dividual hybrid samples in the region. p-value for the weighted Z-statistic, Zy,, was based on
normal distribution where parameters (mean and standard deviation) were permutation based.
The regions were grouped to 5 quantile bins according to read coverage and 1,000 permutations
were performed by shuffling region names within a bin. p-values were corrected for multiple-
hypothesis testing using the Benjamini-Hochberg method (Benjamini and Hochberg, 1995),
implemented as p.adjust function in R. Regions with adjusted p-values smaller than 0.05 were

considered to show statistically significant allelic imbalance.

Finally, to ensure parent-of-origin effects are not represented, regions with standard deviation
of the allelic ratio between samples greater than 0.15 were removed from the downstream

analysis.
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4.2.2 Control set of regions without allelic imbalance

For the purposes of comparing properties of regions showing consistent and statistically signifi-
cant allelic imbalance across samples with regions where such imbalance is absent, a control set
of regions was constructed. The control regions were matched to the significantly imbalanced
on total number of regions, number of informative reads covering the regions and standard de-
viation of allelic ratios across samples. This was achieved in two steps, using an in-house R

script:

1) The significantly imbalanced regions (previously filtered for standard deviation (SD) of
allelic ratios smaller than 0.15) were grouped to 10 quantile bins according to read cov-

erage.

2) Regions with adjusted p-values greater than 0.05, filtered for SD of allelic ratios smaller
than 0.15, and grouped to bins determined by read coverage of significantly imbalanced
regions (in step 1). One region was randomly selected from each bin until the number
of regions reached the number of significantly imbalanced regions or until there were no

more regions left in either of the bins.

4.2.3 Quantification of transcription factor motif disruption

In order to assess potential differences between transcription factor (TF) binding strength be-
tween the sequences present in mm9 and cast genome, a customized version of sTRAP algo-
rithm was used (Manke et al., 2010; Thomas-Chollier et al., 2011). In short, this algorithm
looks into pairs of genomic regions (sequences of the same region from two genomes), scans
it for known TF motifs (Jaspar database, Mathelier et al., 2014), predicts the binding affinities
of scanned TFs for both sequences and normalizes them to the affinity distribution of random
background sequences (Manke et al., 2008). The log-ratio of the binding affinities p-values is
used to rank all TFs according to their change in binding affinity for a particular region. Here,

the algorithm was customized in the following manner;

1) A comprehensive and non-redundant set of de-novo motifs enriched in regulatory ele-
ments of the mouse pancreatic islet was added to the motif models already present in
the Jaspar database. The de-novo motif discovery process is described in the Methods

section of Chapter 3.
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2) A custom set of background sequences was used for calculating the background motif
affinity distribution. To account for differences in GC content, two sets of 5,000 back-
ground sequences (200-1,000bp long) were created using HOMER - one for active en-
hancers and another for active promoters. The affinity distributions were calculated using

sTRAP function fit-gev.ed.R.

The customized sTRAP algorithm was run separately on enhancer and promoter sequences,
using corresponding background affinity distributions. Affinity changes with log-ratio greater

than 1.2 and corresponding p-value smaller than 0.01 were considered significant.

4.2.4 Tissue specificity

4.2.4.1 Genes

To assess tissue specificity of genes transcribed in mouse pancreatic islets, their expression
levels were compared to expression levels in 19 non-pancreatic adult and fetal tissues (Shen
et al., 2012). Tissue specificty was also calculated for pancreatic beta cells, using expression
values obtained from FACS purified mouse beta cells published by Benner et al. (2014). The
RNA-Seq derived expression levels were obtained as FPKM values, and the mean FPKM value
was used when replicates for a tissue were available. Gene expression levels across all genes
were quantile normalized and the tissue specificity was expressed as a Z-score of the normalized
values. The Z-score was calculated for both pancreatic islets (pure strain C57BL/6J) and FACS

purified beta cells.

4.2.4.2 Active enhancers

In order to establish the level of tissue specific activity of mouse pancreatic enhancers, en-
richment of H3K27ac across those regions was examined in 23 non-pancreatic mouse tissues
(Shen et al., 2012). The data from each tissue was obtained as ChIP-Seq-derived sets of MACS
peaks. The overlap between the peaks and islet enhancers (n;) was determined with inter-
sectBed (Quinlan and Hall, 2010), asking for minimum 1bp overlap. Finally, for each enhancer
(7), tissue specificity was expressed as a score 71'S; ranging from 0 (no overlap in any of the

tissues) to 1 (overlap found in all tissues):
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where n represents the number of tissues with an overlapping H3K27ac peak.

4.2.5 GLM analysis of properties associated to imbalanced genes

4.2.5.1 Gene and promoter properties

Several gene and promoter-associated properties were tested for association with allelic im-
balance of gene expression; islet and beta cell tissue specificity scores (TSfi and T'S?, re-
spectively); promoter coverage by H3K4me3 (K4;); average GC content (GC?) and average
PhastCons score (PC?). Average RNA read coverage of informative SNPs across samples
was introduced as an internal control of gene expression (RN AY). For each gene (i), these
properties were used as independent variables in a generalised linear model (GLM) while the
imbalance of the gene was the response variable (y;). Logit link function was used as response
variable was binary, either balanced (coded as 0) or imbalanced gene (coded as 1). Full speci-

fication was the following

logit(y;) = Bo + BTSSP + BTSS! + B3 K4; + BIGC? + B5 PCY + B RN Af

where [, is the intercept and (3;_g represent the independent effect sizes of each property on
the log odds of allelic expression. This GLM model was implemented in R through function

glm.

4.2.5.2 Enhancer properties

Several enhancer properties were tested for association with allelic expression of genes located
within 60kb from the enhancer; enhancer location (L;, intergenic versus intronic or exonic);
clustering (C;, orphan versus clustered); TF occupancy (7'F;, not occupied versus highly occu-
pied or moderately occupied); the strength of H3K27ac and ATAC signal (K275 and AT ACY);

tissue specificity (7'Sy), GC content (GCY) and sequence conservation (PCY). To ensure that
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the results are not biased by variation in expression of the associated gene, coverage of the
associated gene was also included in the analysis (RN A;Y). The described properties were
characterized for every H3K27ac-imbalanced enhancer (¢) and used as independent variables
associated with the presence of an allelically imbalanced gene in the region, which represented

a binary predicted variable in the generalised linear model (y;).

logit(y;) = Bo+P1Li+PaCi+ BT Fi4 Py K27+ P5 AT ACE+ 36T Si+ B:GCE+ Ps PCS+ 59 RN AS?

where [, is the intercept and (3;_9 represent the independent effect sizes of each property on
the log odds of allelic expression. This GLM model was implemented in R through function

glm.
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4.3 Results

4.3.1 Mapping allele-specific expression and activity of regulatory ele-

ments in mouse pancreatic islets

In order to profile allele-specific events in adult pancreatic islets, the tissue was isolated from
16 week old male F1 progeny of both reciprocal crosses and pure strain controls (Figure 4.1).
Genomes of C67BL/6J (C57) and CAST/Ei1 (CAST) differ approximately every 140bp, pro-
viding a base for high-density mapping of allele-specific events in hybrid mice. Several assays
were performed in multiple replicates, each replicate containing a pool of pancreatic islets de-
rived from a minimum of three animals, following the protocols described in Sections 2.2 and
3.2.1. The islet transcriptome was quantified by RNA-Seq (Wilhelm et al., 2008), chromatin
accessibility with ATAC-Seq (Buenrostro et al., 2013) while H3K27ac ChIP-Seq signal served
as a proxy for the level of activity of regulatory elements (Zhu et al., 2013). Finally, analysis
of motif disruption was performed in order to determine the allele-specific events potentially
driven by changes in binding affinity for canonical TF motifs. Together, this model provides a
comprehensive insight in the sequence-driven changes of allele-specific transcription and reg-

ulatory elements in pancreatic islets.

Histone modification, ATAC and RNA sequencing data were visualised in the UCSC browser

and can be accessed through "User; Nikolina" and "Session name; NNakic_HybridExperimental_mm9".

4.3.1.1 Allele-specific analysis pipeline

The approach to allele-specific analysis (ASA) designed for this study aims to remove biases
of technical origin, as well as stochastic and parent-of-origin effects, thus enriching for allelic
events driven by cis-regulatory variation. The ASA pipeline presented here is applicable to
both transcriptome and chromatin-derived NGS data sets. It can be separated into two analysis

modules (Figure 4.2).
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Figure 4.1 Schematic overview of the experimental design. The F1 hybrid offspring of
two evolutionary distinct strains of mice, C57BL/6J (C57) and CAST/Ei (CAST), was utilized
as an in vivo mutagenesis model for assessing allele-specific activity driven by cis-regulatory
variation. Pancreatic islets were isolated from male hybrid and pure-strain mice at the age of
16 weeks and assayed for gene expression (RNA), enhancer activity (H3K27ac) and chromatin
accessibility (ATAC). Pancreatic islets pooled from a minimum of three animals were used for
each replicate of every assay. RNA-Seq was performed on 8 pure-strain and 11 hybrid-strain
samples and sequenced to approximately 125 million paired-end reads (PE). ATAC-Seq was
performed on 4 pure-strain and 11 hybrid-strain samples and sequenced to approximately 125
million PE reads. ChIP-Seq was performed on 4 pure-strain and 11 hybrid-strain samples and
sequenced to approximately 40 million single-end (SE) reads. High density of genetic variants
(17.6 million SNPs and 2.5 million INDELSs) and high-depth sequencing of the assays enabled
comprehensive mapping of allele-specific events throughout the pancreatic transcriptome and
regulatory elements.
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4.3.1.1.1 Removing artefacts of technical origin

The first module establishes the degree of allelic bias across regions of interest in an individual
sample. In this module, published approaches for addressing known sources of technical arte-

facts are adapted for use in the hybrid mouse model and extended with novel solutions.

Reference bias effect is a consequence of the alignment bias that occurs when the reference
genome is used as the backbone for alignment of reads derived from a heterozygous organism.
SNPs or INDELS present in the reads originating from the non-reference allele hamper align-
ment of those reads to the reference genome. This results in fewer non-reference reads being
aligned, creating an arteficial allelic imbalance in the direction of the reference genome. To
avoid the reference bias effect, the cast genome was reconstructed by incorporating CAST/Ei
SNPs and INDELs into the reference genome. The hybrid reads were then aligned indepen-
dently to each genome (Rozowsky et al., 2011). Allelic ratios across SNPs derived from the
unbiased alignment resulted in a distribution of allelic ratios that centres on 0.5 (Figure 4.3,
Pre-filtering SNPs). However, the distribution of ratios varied across samples, particularly for
RNA-Seq, which indicated the need for filtering out SNPs impacted by other sources of tech-

nical artefacts.

Preferential alignment of reads derived from one pure strain to the genome of the other strain
indicates an alignment artefact. This can be caused by unannotated variants not captured in
the genome assembly and it is expected to happen more frequently for reads produced from
the CAST genome, considering that the reference genome is better annotated. To remove such
artefacts, reads derived from pure-strain mice were aligned to both genomes. SNPs with allelic
ratios that showed major deviation from expected (1 in the case of aligning reads from C57, 0
when aligning reads from CAST) marked loci with alignment biases and were filtered out from

the datasets.

Further steps were taken to ensure that the allelic ratio was not impacted by poor read diversity,
while maintaining the maximum number of reads. Preparation of the NGS libraries generally
includes PCR amplification of fragments prior to sequencing. Preferential amplification of a
fragment, which can be sequence-driven or stochastic, may cause arteficial allelic imbalance in
a locus. To avoid artefacts caused by poor read diversity, a minimum of 20 non-clonal reads
(reads identical by mapping coordinates and sequence) was required for each SNP. The high

depth of sequencing resulted in high read coverage of SNPs, allowing this threshold, higher
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than the one used by Kilpinen et al. (2013), to be set while still retaining a representative
number of informative SNPs. As this still permitted for distortions of allelic ratios caused by
clonality of one of those reads, the allelic ratio was calculated before and after removal of all
clonal reads. If the two allelic ratios showed major differences, the SNP was removed from
analysis. A SNP that was kept after all the filtering steps was considered informative of its
allelic ratio. The filtering process resulted in a more uniform distribution of allelic ratios across
samples, which was most evident in the case of RNA-Seq, which had the least uniform starting

distribution of ratios (Figure 4.3, Post-filtering SNPs).

Considering the high density of SNPs between the genomes, one region of interest often har-
boured more than one informative SNP. To obtain a singular allelic ratio for a region and in-
crease the statistical power, counts derived from each SNP in a region were merged (Figure
4.3, Regions). The ratios obtained in this manner and the corresponding p-values were used as

input for the second module of the ASA pipeline (Figure 4.2).
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Figure 4.2 Schematic overview of the allele-specific analysis pipeline for determining al-
lelic imbalance consistent across samples. Allele-specific analysis (ASA) pipeline developed
for this study aims to detect allele-specific events driven by cis-regulatory variation. The first
module receives NGS reads derived from a single sample and returns allelic ratios and asso-
ciated p-values of all informative regions. The second module combines information derived
from individual samples and assesses allelic ratios and the significance of allelic imbalance
consistent across multiple samples.
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Figure 4.3 Estimates of allelic ratios across different stages of the allele-specific analysis
pipeline. Allelic ratios estimated in individual samples across SNPs (Pre-filtering SNPs) were
uniformed by the filtering process that accounted for artefacts of technical origin (Post-filtering
SNPs). Ratios originating from individual SNP were then combined across regions, resulting
in a unique allelic ratio for every gene and regulatory region in the mouse genome (Regions).

129



4.3.1.1.2 Removing stochastic and parent-of-origin effects

The second module of the ASA pipeline aimed to remove stochastic allelic imbalance across
samples and allelic imbalance that is parent-of-origin (Figure 4.2). In order to measure allelic
imbalance that is significant and consistent across samples, the p-values derived from individual
samples were combined with a weighted Z-test (Whitlock, 2005). This method had been used
for meta-analysis in evolutionary biology and GWAS (Willer et al., 2010), but was here adapted
for assessment of consistent allelic imbalance, as described in 4.2.1. The resulting allelic ratios
and assigned significance reflected consistence across samples while giving more weight to
samples with more informative reads. ASA of RNA-Seq found 22.8% of informative genes to
be consistently and significantly imbalanced (Figure 4.4a). This percentage is notably lower
from the average 65% found significantly imbalanced in individual samples, indicating that the
majority of allelic imbalance detected in individual samples comes from stochastic biological

events or sample-related artefacts.

Allelic imbalance that is parent-of-origin goes in opposite directions between samples coming
from opposite reciprocal crosses. As samples derived from all crosses were assessed together,
parent-of-origin imbalance resulted in a final non-significant Z-test derived value. Efficiency
of this approach was demonstrated by checking the allelic status of known imprinted genes.
Although approximately 80% of informative imprinted genes were significantly imbalanced in
individual samples, none of them tested significant in the combined ASA, demonstrating an

effective removal of parent-of-origin effects (Figure 4.4b).

Allele-specific analysis of RNA-Seq, H3K27ac ChIP-Seq and ATAC-Seq enabled genome wide
mapping of allele-specific events across the genomic loci of the mouse genome. The results
of the analysis are illustrated in the example of the Adhl locus (Figure 4.5). Allele specific
analysis revealed strong allelic bias of Adhl expression towards the reference genome (Fig-
ure 4.5a), consistent with the differences in expression levels detected between the pure-strains
(Figure 4.5b), where the gene was strongly expressed in C57 but not expressed in CAST mice.
Furthermore, several enhancers and promoters surrounding Adhl display allelic imbalance of
H3K?27ac and ATAC signal in the same direction as Adhl expression, suggesting a functional
link between them (Figure 4.5a). Systematic assessment of allelic events in genes and regu-
latory regions across the genome will provide insight into the principles of cis regulation in

pancreatic islets.
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Figure 4.4 Allelic imbalance of transcripts across individual and combined samples. Num-
ber of genes found informative and significantly imbalanced in individual samples and com-
bined samples, considering a) all informative genes or b) informative genes known imprinted
genes. For individual samples, significance of deviation of allelic ratios from 0.5 was esti-
mated by a two-tailed binomial test. The combined allele specific analysis (ASA) was based on
weighted Z-score across minimum three samples and the significance of the Z-score was calcu-
lated against a permutation-based background distribution. Both binomial and Z-score-derived
p-values were adjusted for multiple-hypothesis testing using the Benjamini-Hochberg method
and reported significant if less than 0.05.
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Figure 4.5 Illustration of the allele-specific events mapped across a genomic locus. a)
Allele-specific activity in the Adhl locus. The Adhl gene shows strong allelic bias towards
the reference genome. The gene is surrounded by a large number of enhancers and promoters,
some of which display allelic imbalance of H3K27ac and ATAC signal in the same direction.
Systematic assessment of such events across the genome will provide insight into the principles
of cis-regulatory regulation in pancreatic islets. Coordinates of RefSeq-annotated genes in the
region are displayed in the top track. Coordinates of regulatory elements defined in Chapter
3 are displayed in the second track, colour coded according to the legend. The main plot
represents allelic imbalance of RNA, H3K27ac and ATAC-Seq signal, colour coded according
to the legend. Only events with a Z-score smaller than 3 are represented and the size of the
circle is proportional to the Z-score. b) Expression levels of Adhl in the pure-strain mice.

4.3.2 Properties of genes subject to cis-regulatory variation in pancreatic

islets

To understand what kind of genes tend to be impacted by cis-regulatory variation, genes derived
from allele-specific analysis of RNA-Seq data were further characterized. The ASA pipeline
captured the allelic status of 32.2% of Ensembl annotated genes, out of which 22.8% were
significantly imbalanced (Figure 4.6a). A great majority of imbalanced genes were moderately
imbalanced, with ratios ranging from 0.1 to 0.9, indicating that cis-regulatory variants rarely
cause complete inactivation of one of the alleles (Figure 4.6b). Future work (for example,

confirmation of allelic ratios in hybrid mice by comparison with gene expression levels in pure
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parental strains) may establish if the allelic ratios of extremely imbalanced genes are artefactual

or if these genes represent a group of biological interest.

Allele-specific analysis is powered by the number of informative reads, resulting in a bias for
highly expressed genes. Furthermore, some genes displayed a higher variation of allelic ra-
tios across individual samples than others (Figure 4.6c). To enable a fair comparison between
imbalanced genes and genes not displaying significant imbalance, a control gene set was cre-
ated. This control set contained genes that are not significantly imbalanced, but match the

imbalanced genes by coverage and dispersion of allelic ratios across replicates.

To understand what kind of genes are subject to variation in cis, several gene and promoter-
associated properties were tested for association with allelic imbalance. Islet and beta cell
tissue specificity scores were calculated by comparing the level of expression of genes in islets
and FACS purified beta cells to 19 non-pancreatic adult and fetal tissues. Promoter proper-
ties included coverage by H3K4me3, a histone mark that is associated with TF binding at
the TSS of genes (Cheng et al., 2012), average GC content, a property that differs between
tissue-specific and ubiquitously expressed genes (Roider et al., 2009; Schug et al., 2005; Ya-
mashita et al., 2005) and average PhastCons score, reflecting sequence conservation across 30
vertebrate species (Siepel et al., 2005). These properties were used as independent variables
in a generalised linear model (GLM) where the imbalance of the gene was a binary response
variable, as described in Section 4.2.5.1. RNA read coverage of informative SNPs was in-
troduced as an internal control of gene expression. The results indicate that tissue specificity
and promoter conservation are significantly associated to imbalanced genes, independently of
each other (Figure 4.7a). While higher tissue specificity was positively associated with imbal-
ance, the association of promoter conservation with imbalanced genes was negative. A direct
comparison of those properties between imbalanced genes and the control gene set further con-
firmed that imbalanced genes do have higher tissue specificity scores but lower conservation
of promoters (Figure 4.7b,c). Interestingly, while increased conservation of promoters was ac-
companied with a lower rate of canonical motif disruption (Figure 4.7¢), there was no such
trend when it came tissue specificity (Figure 4.7d). Overall, this suggested that tissue spe-
cific genes are more impacted by cis-regulatory variation. Furthermore, this impact can not be

attributed to the frequency of motif disruption occurring in their promoters.
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Figure 4.6 Allelic imbalance of gene expression and generation of the control gene set. a)
Allele-specific analysis (ASA) of gene expression. ASA-derived p-values were adjusted for
multiple-hypothesis testing using the Benjamini-Hochberg method and considered significant
if smaller than 0.05. Allelic ratios were considered extreme if smaller than 0.1 or larger than
0.9, or moderate if between 0.1 and 0.9. b) Distribution of individual sample-derived allelic
ratios for genes that were found significantly imbalanced across all samples. c) Distribution of
coverage across informative SNPs and allelic ratios across samples for the three categories of
genes (significantly imbalanced genes, all imbalanced genes and the matched control gene set).
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Figure 4.7 Properties of imbalanced genes and their promoters. a) Association of gene
and promoter properties with allelic expression was estimated with a generalised linear model
where the properties were independent variables and allelic imbalance the binary response vari-
able. b) Comparison of tissue specificity scores between the imbalanced and the control gene
set. Significance was calculated using the Wilcoxon rank-sum test. c¢) Distribution of sequence
conservation expressed as PhastCons scores (based on 30 vertebrate genomes) around the TSS
of imbalanced and control genes. The full line represents the median value and the shaded
areas mark the 95% confidence intervals. The figure legend refers to both b) and c). Fraction
of genes with a motif disruption in a promoter, calculated for genes falling into quantile-based
groups according to d) gene beta cell tissue specificity or e) sequence conservation of the pro-
moter. The R2 values in d) and e) represent the goodness of fit of the linear regression between
the fraction of genes with a motif disruption in a promoter and the median PhastCons scores of
promoters in each quantile.
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To investigate if imbalanced genes are associated with a particular type of regulatory architec-
ture, the density of genes and regulatory elements was inspected within the same TAD, in the
region +/- 250kb from the TSS of a gene. The most noticeable difference was the increased
number of enhancers in regions around imbalanced genes (Figure 4.8a). This increase was not
driven by the number of genes in the area, as density of genes and active promoters was slightly
lower in the same regions (Figure 4.8b,c). These results suggest that imbalanced genes might be
associated to clustered enhancers. To confirm this hypothesis, the distribution of ASA-derived
p-values was compared between genes associated to clustered enhancers, orphan enhancers or
not associated to enhancers. These three categories of genes, however, differ in levels of ex-
pression (Figure 4.8d). Therefore, to ensure that a comparison of allelic imbalance between
them is not biased by coverage, a subset of genes with matching distribution of reads covering
informative SNPs was selected from each category (Figure 4.8d). Distribution of the p-values
for coverage-controlled cluster associated genes deviates from the one of orphan enhancers
and even more from the one of genes not associated to enhancers (Figure 4.8e). These results
indicate that genes associated to clustered enhancers tend to be impacted by cis-regulatory

variation.

Overall, the results described here indicate that genes whose expression is influenced by cis-

regulatory variation tend to be tissue-specific and associated to clustered enhancers.

4.3.3 Effects of genetic variation on enhancer chromatin properties

In order to assess if a genetic variant in a regulatory region can drive changes in gene ex-
pression, one must first assess if the variant is associated with a change of the regulatory region
itself. Therefore, to investigate the changes in activity and chromatin accessibility driven by ge-
netic variation, allelic imbalance of H3K27ac and ATAC signal was estimated across pancreatic
regulatory regions defined in Chapter 3. As shown in (Figure 4.9a), 30,539 regulatory regions
were informative of their H3K27ac allelic status, capturing 60.4% of active enhancers and pro-
moters (regulatory elements marked by H3K27ac). ATAC was informative for 48,002 regions,
which represents 60.8% of all islet regulatory regions (Figure 4.9b). For both assays, most of
the imbalanced regions showed moderate allelic ratios (0.1-0.9). Overall, allele-specific anal-
ysis of the chromatin properties captured the majority of regulatory regions defined in mouse

pancreatic islets.
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Figure 4.8 Allelic expression and properties of gene-associated regions. Number of a) active
enhancers b) TSS of annotated genes and c) active promoters was counted in a space of 250kb
upstream or downstream from the gene TSS, or less if interjected with a TAD border. Active
promoters and active enhancers were defined in Chapter 3. d) Coverage-controlled genes are
a subset of all informative genes, matched for the distribution of the number or reads across
informative SNPs. p-values were calculated with the Wilcoxon rank-sum test. ) A two-way
qq-plot was created using the distribution of the ASA-derived p-values of the genes not asso-
ciated to enhancers as a reference (on the x-axis) and then plotting the distributions of all three
gene categories on the y-axis.

137



H3K27ac ChIP-Seq ATAC-Seq
30,539 informative regions 48,002 informative regions
—— No significant imbalance —— No significant imbalance
(76.4%) (70.6%)
——==m— Imbalanced with extreme allelic == Imbalanced with extreme allelic
ratios (3.3%) ratios (3.1%)
—— Imbalanced with moderate allelic —— Imbalanced with moderate allelic
ratios (20.4%) ratios (26.6%)
c) d) _
ATAC ATAC n=2.873
informative imbalanced
regions regions
n=26,405
N
H3K27ac H3K27ac
informative imbalanced
regions regions
e) Regions with significantly f) Regions with significantly
imbalanced ATAC imbalanced H3K27ac
Q] <
- R2=0.380 -
(] o (O]
g | e «
E o 9 o
L o o
¢ 8 o e ., @
o ° o g°
= X 2 E
g P < 2 <«
g8~ S g8 o
L o Q o
2 o 2 o
< y - <
I . ' <
© T T T T T T © T T T T T T
00 02 04 06 08 1.0 00 02 04 06 08 1.0
Allelic ratio to reference Allelic ratio to reference
ATAC H3K27ac
Significantly imbalanced H3K27ac Significantly imbalanced ATAC
B No significant imbalance of H3K27ac B No significant imbalance of ATAC

Figure 4.9 Genome-wide allelic imbalance of H3K27ac and ATAC signal. Allele specific
analysis was performed on a) H3K27ac ChIP-Seq and b) ATAC-Seq in the same manner as
described for RNA-Seq, across regulatory element defined in Chapter 3. A subset of those
regions was found c) informative for both assays or d) significantly imbalanced for both assays.
e) Allelic ratios of ATAC and H3K27ac across regions with significantly imbalanced ATAC. f)
Allelic ratios of H3K27ac and ATAC across regions with significantly imbalanced H3K27ac.
The lines in e) and f) represent the linear fit between the plotted values. The R2 values reflect
the goodness of fit. The R2 value for allelic ratios significantly imbalanced for both H3K27ac
and ATAC is 0.642 (green/purple points).
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To explore the relationship between enhancer activity and chromatin accessibility, regions that
were informative for both H3K27ac and ATAC allelic status were further analyzed. Even
though 86.6% of H3K27ac-informative regions were also informative for their ATAC allelic
status (Figure 4.9¢c), the overlap of significantly imbalanced regions was modest (Figure 4.9d).
This indicated that not all allelically active H3K27ac regions are underlined with significant
changes in open chromatin. Furthermore, allelic ratios of H3K27ac across imbalanced ATAC
regions (Figure 4.9¢) demonstrated greater dispersion than the distribution of ATAC across im-
balanced H3K27ac regions (Figure 4.9f). This leads to the conclusion that changes in chromatin
accessibility are not necessarily accompanied with significant changes in enhancer activity. Ad-
ditionally, changes in H3K27ac are more often, although not always, coupled with coordinated

changes in chromatin accessibility.

Together, these results demonstrate the impact of genetic variation on the regulatory landscape
of pancreatic islets. Furthermore, they show that changes in enhancer activity and chromatin

accessibility are not always coupled.

4.3.4 Relationship between allelic expression and chromatin state of as-

sociated regulatory regions

To determine if there is a connection between the allelic status of the regulatory regions and
allelic imbalance of gene expression, enrichment of the enhancer allelic signal was determined
in a function of distance from the target gene TSS (Figure 4.9¢). More specifically, the oc-
currence of an imbalanced enhancer within a particular distance window from TSS was esti-
mated around imbalanced and control genes. The enrichment of imbalanced enhancers was
calculated over a background created by permutations of p-values across all enhancers, thus
controlling for number of enhancers associated with each gene. A separate background was
created in the same manner for the promoters. The analysis revealed a significant enrichment
of H3K27ac-imbalanced enhancers within 20kb from the TSS of imbalanced genes (Figure
4.10a). Furthermore, these enhancers were depleted up to 60kb from the control gene TSSs. In
parallel, ATAC-imbalanced enhancers showed a more modest correlation with the allelic status
of the gene, with the only enhancer signal being enrichment within 20kb of imbalanced genes
(Figure 4.10b). Promoters followed the same trend, with H3K27ac-imbalance of promoters

of imbalanced and control genes being significantly over and underrepresented, respectively.
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Overall, these results suggest that allelic imbalance of H3K27ac is better associated to the al-
lelic status of the gene than ATAC signal, with an effect observable up to 60kb from the target
gene TSS.
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Figure 4.10 Enrichment of imbalanced H3K27ac and ATAC signal in the vicinity of im-
balanced and control genes. Enrichment of imbalanced promoters and enhancers in the vicin-
ity of imbalanced and control genes. The imbalance of a) H3K27ac and b) ATAC signal in
promoters and enhancers was estimated against a background distribution obtained by 1,000
permutations of allelic activity derived p-values across all enhancers. Fractions of genes as-
sociated to an imbalanced enhancer/promoter were calculated for the empirical and permuted
data sets. Deviation of the empirical fraction from the permutated distribution was tested using
a one-sample Z-test. The Z-test derived p-value was considered significant if less than 0.05.
Enrichment was calculated separately for every bin. The significant Z-statistic threshold is
represented by the red line.

To further dissect the relationship between allelic expression and enhancer activity, enhancers
were assigned to imbalanced and control genes, based on proximity (distance to TSS less than
60kb). The results indicate that, even though there is an enrichment of H3K27ac-imbalanced
enhancers in the vicinity of allelically expressed genes, not all changes in gene expression are
associated with changes in enhancer activity (Figure 4.11a). In fact, only 29% of allelically ex-
pressed genes had an H3K27ac-imbalanced enhancer within 60kb from their TSS. A subset of
enhancers that act on genes from a distance larger than 60kb is missed by this approach, which

is expected to account for some of the remaining imbalanced genes. Additionally, some im-
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balanced enhancers might not have been captured due to low coverage, or were removed in the
filtering process. However, this result may also suggest that other mechanisms are responsible
for allelic expression of a fraction of these genes, such as changes in promoter activity or allele-

specific splicing or polyadenylation (summarised in Figure 1.7 in Section 1.2.2.2.2).

To investigate the relationship between allelic states of genes, enhancers and promoters, genes
with an H3K27ac-informative promoter were categorized according to allelic activity of the
gene and associated enhancers. The fraction of genes without an imbalanced enhancer in their
vicinity was significantly higher for imbalanced genes than control, suggesting that allelic pro-
moter activity does underlie some cases of allelic expression. However, H3K27ac imbalance
was more frequent for promoters of genes that also have an associated H3K27ac-imbalanced
enhancer. This result suggests that allelic promoter activity is more frequently a result of allelic

enhancer activity, rather than an independent event.
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Figure 4.11 Fraction of genes associated with imbalanced enhancers and promoters. a)
Fraction of all imbalanced or control genes that have an H3K27ac-imbalanced enhancer within
60kb from their TSS. The 60kb window was selected based on the previous analysis that
showed a relationship between allelic imbalance of gene expression and allelic activity of en-
hancers within that distance. b) Fraction of all imbalanced or control genes, with or without an
H3K27ac-imbalanced enhancer within 60kb from their TSS, that have an H3K27ac-imbalanced
promoter. Significance of the difference between fractions was calculated with Fisher’s exact
test.
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Interestingly, approximately 17% of control non-imbalanced genes also had an H3K27ac-
imbalanced enhancer in their vicinity. Although many of these enhancers might regulate an-
other gene in the region, this result indicates that some allelically active enhancers are not

associated with allelic expression.

Overall, these results show enrichment of allelically active enhancers in the vicinity of allel-
ically expressed genes, which is often associated with allelic activity of the gene promoter.
Furthermore, the results show that some genes associated to an allelically active enhancers do

not show significant allelic expression.

4.3.5 Properties of imbalanced enhancers associated to imbalanced genes

The presence of allelically active enhancers in the vicinity of non-imbalanced genes suggests
that not all enhancers are capable of changes in gene expression. Following the hypothesis that
not all enhancers are equal, a number of enhancer properties was examined in order to assess
what kind of imbalanced enhancers are associated to allelic gene expression. For this purpose,
an enhancer-centric approach was taken, where genes were assigned to enhancers if their TSS

was within the same TAD and closer than 60kb.

Regarding their location, enhancers can be categorized as intronic (the majority), intergenic
or exonic (the least frequent category). Regarding their organisation, enhancers can be found
forming enhancer clusters (as described in Chapter 3) or can remain orphan. The number and
strength of TF binding can also vary between enhancers. This property was represented by the
TF occupancy categories defined in Chapter 3 and based on the combined ChIP-Seq signal of
five islet TFs. Enhancer strength and chromatin accessibility were represented by the strength
of H3K27ac and ATAC signal. Tissue specificity was estimated in comparison to the H3K27ac
signal derived from 23 non-pancreatic tissues. Enhancer sequence properties were also ex-
amined, including average GC content and sequence conservation. The described enhancer
properties were characterized for every H3K27ac-imbalanced enhancer and used as indepen-
dent variables associated with allelic status of the gene, which represented the binary predicted
variable of a generalised linear model (described in Section 4.2.5.2). To ensure that the results
are not biased by variation in expression of the associated gene, coverage of the associated gene
was also included in the analysis. Together, these categories provided an extensive overview of

the properties of enhancers of interest.
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Several properties of imbalanced enhancers showed significant independent association to the
allelic status of the gene (Figure 4.12). Exonic enhancers, for example, showed the strongest
positive association with allelic imbalance. These enhancers are a rare type of regulatory ele-
ments and make only 1.4% of all enhancers defined in pancreatic islet. Intergenic enhancers
showed stronger association to allelic expression than intronic, in line with Keane et al. (2011).
Clustered enhancers, who are a major enhancer category, showed strong association to im-
balanced genes in comparison with orphan enhancers. These results are consistent with the
finding that cluster-associated genes tend to be more imbalanced, as presented earlier (Figure
4.8d). In addition, presence of an ATAC signal imbalanced in the same direction as H3K27ac
was positively associated with the imbalance of the gene. The same was true for the strength
of H3K27ac and ATAC signal (Figure 4.12). Interestingly, higher enhancer GC content also
showed significant, though small, association with gene imbalance. Sequence conservation of
enhancers showed strong negative association with gene imbalance and was the only property
negatively associated with gene imbalance. Overall, these results demonstrate that certain types
of imbalanced enhancers have a stronger association with imbalanced genes. Clustering of en-
hancers has emerged as a property with a strong positive association with coordinated allelic

expression of nearby genes.
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Properties of H3K27ac-imbalanced enhancers
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Figure 4.12 Properties of H3K27ac-imbalanced enhancers associated with allelic expres-
sion. Properties of enhancers were used as independent variables in a generalised linear model
in which the imbalance of the gene in the same direction as enhancer represented the binary
predicted variable. The p-values are represented as following; p-value > 0.05 as ns, p-value <
0.05 as *, p-value < 0.01 as **, p-value < 0.001 as *** and p-value < 0.0001 as ****,

To confirm that the differences established between clustered and orphan enhancers are not
co-founded by differences in sequence conservation, the enrichment of imbalanced genes was
examined in their vicinity, over a range of PhasCons scores (Figure 4.13a). Remarkably, imbal-
anced clustered enhancers were consistently enriched for occurrence of local genes imbalanced
in the same direction, but not for control genes. This enrichment was significant across Phast-
Cons values, even thought the fold enrichment was falling as the sequence conservation was
rising. In contrast, there was an overwhelming lack of enrichment of imbalanced genes in the
vicinity of significantly imbalanced orphan enhancers (Figure 4.13a). Furthermore, apart from
the most conserved category, there was no differences in the rate of motif disruption between
clustered and orphan enhancers (Figure 4.13b). Together, these results indicate that clustered
enhancers have a stronger cis-regulatory impact on gene expression. Moreover, this difference
between clustered and orphan enhancers is independent of other properties, such as sequence

conservation, and is not driven by rates of canonical motif disruption.
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Figure 4.13 Clustering and conservation of H3K27ac-imbalanced enhancers associated to
allelic expression. a) Clustered and orphan enhancers were separated in quantile-based cat-
egories according to their average PhastCons score (based on 30 vertebrate genomes). Fold
enrichment of imbalanced/control genes occurring within the same TAD and less than 60kb
from an imbalanced enhancer was calculated separately for each category of enhancers, over a
background distribution obtained by permuting allelic expression p-values across genes. Sig-
nificance was calculated using a one-sample Z-test and considered significant if less than 0.05.
b) The fraction of imbalanced enhancers harbouring a disruption of a canonical motif, esti-
mated separately for every category of enhancers presented. The p-value was calculated with
a Wilcoxon rank-sum test. The p-values are represented as following; p-value > 0.05 as ns,
p-value < 0.05 as *, p-value < 0.01 as **, p-value < 0.001 as *** and p-value < 0.0001 as
##%%  The R2 values represent the goodness of fit of the linear regression between the frac-
tion of clustered/orphan enhancers with a motif disruption and the median PhastCons scores of
clustered/orphan enhancers in each quantile.

145



4.3.6 Allelic expression in T2D GWAS loci

In order to explore if the results presented in this study are directly informative of T2D biology,
allelic imbalance was assessed in mouse orthologues of human genes with T2D-associated
variants in their loci. A list of 84 putative T2D-associated genes reported by Cho et al. (2012),
Kooner et al. (2011), Ma et al. (2013), Mahajan et al. (2014), Morris et al. (2012), Voight
et al. (2010) and Steinthorsdottir et al. (2014) was assembled. Out of those, 56 genes had an
mouse orthologue informative for their allelic status, 19 of which were significantly allelically
imbalanced (Table 4.1). The fraction of T2D-associated allelically imbalanced genes was not
significantly higher than the average percentage of imbalanced genes (33.9% versus 22.8%
respectively, Fisher’s exact p-value=0.0551). This result, however, does not necessarily reflect
an accurate representation of allelic expression in T2D-associated genes as it is possible that
allelic expression of genes differs between species. Thus, future work might include assessing

allelic expression of genes in human pancreatic islets.

Table 4.1 Allelically expressed genes associated with T2D in humans. Allelically expressed
genes with T2D-associated SNPs reported in the loci of their human orthologues. SNP coverage
is the average number of reads aligning over the informative SNPs across replicates.

Gene name SNP coverage Allelic ratio Adjusted p-value
Pdx1 17033 0.43 1.364e-5
Slc30a8 61854 0.56 1.364e-5
Ccnd2 11825 0.61 1.367e-5
Ap3s2 3610 0.42 1.281e-4
Kcnk16 5248 0.55 1.501e-4
Pepd 1493 0.41 1.802e-4
Fitm2 5077 0.43 2.100e-4
Wfs1 2821 0.43 4.107e-4
Pparg 170 0.79 6.064e-4
Tspan8 992 0.59 9.277e-4
Hnf1iB 376 0.63 1.814e-3
Psmd6 649 0.41 4.381e-3
Maea 2067 0.44 4.814e-3
PAM 2158 0.61 5.062e-3
Klhdc5 665 0.61 7.725e-3
Tcf19 196 0.35 1.256e-3
Irs1 534 0.41 2.040e-3
Ankrd55 52.5 0.02 2.579%e-3
Ssrl 17780 0.47 4.103e-3
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4.4 Discussion

4.4.1 Allelic expression in pancreatic islets

In this study, I utilize a hybrid mouse rich in naturally occurring genetic variation as a model for
studying the relationship between gene expression, enhancer activity and chromatin accessibil-
ity in pancreatic islets. By using mice derived from both reciprocal crosses and assessing allelic
states consistent across all samples, I filtered out stochastic and parent-of-origin effects and en-
riched for cis-acting variation. When applied to high-depth RNA-Seq, H3K27ac ChIP-Seq and
ATAC-Seq data, this approach yielded 11,210 genes informative for their allelic expression,
30,539 regulatory regions informative for their allelic activity and 48,002 regions informative
for allelic chromatin accessibility (Figure 4.6 in Section 4.3.2 and Figure 4.9 in Section 4.3.3).
Together, these results provide a high-resolution genome-wide map of regions impacted by

genetic variation in mouse pancreatic islet.

Several studies have explored allelic expression in hybrid mice using transcriptome sequencing.
The majority of them, however, used allele specific analysis to investigate parent-of-origin
effects (DeVeale et al., 2012; Gregg et al., 2010a,b; Wang et al., 2008b). The results derived
from these studies have shown very little overlap, even if performed in the same tissue and
developmental stage (DeVeale et al., 2012). These inconsistencies highlight the importance of
controlling for technical artefacts and stochastic events that can potentially inflate the findings

of allelic imbalance.

Studies that have used the hybrid mouse model for exploration of cis-regulation have been
less numerous, but equally inconsistent in their reports. In this chapter, I report that 22.8%
of informative mouse pancreatic islet genes vary in expression as a result of cis-regulatory
variation (Figure 4.6 in Section 4.3.2). In comparison, a recent study by Crowley et al. (2015),
reported 80% of mouse genes having cis-regulatory variation. This number, however, was
estimated across three different strains of mice and four different tissues, capturing much more
variation than the analysis preformed in this chapter. Another study, performed across six
different tissues, estimated 43% of informative genes to be significantly imbalanced (Keane
et al., 2011). Goncalves et al. (2012), used the same hybrid model described in this chapter
and had a similar number of informative genes. The authors attributed approximately 31%

of differences in gene expression in liver to variation in cis, which is more in line with the
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number reported here. However, apart from the differences in the statistical methods used,
Goncalves et al. used fewer biological replicates than were analyzed in this chapter, which
would impact their signal to noise ratio. Overall, it is clear that the number of genes reported to
be allelically imbalanced depends heavily on the study design, analysis method and significance

thresholds.

Analysis of genes with T2D-associated variants in their loci did not show a significant over-
representation of allelic imbalance in their mouse orthologues (Section 4.3.6). This analysis,
however, has several limitations. Firstly, genes allelically expressed in mouse pancreatic islets
may not necessarily be allelically expressed in human islets. Secondly, the genes reported
by GWAS are generally genes that are closest to the GWAS reporter SNP. The reporter SNPs
tagging the loci are not necessarily the causal variants. Furthermore, the gene closest to the
SNP of interest is not necessarily the gene that is driving the GWAS signal. Future work thus
may include assessing allelic expression in human islets and relating the results to all genes in

GWAS loci.

4.4.2 Tissue-specificity of genes susceptible to cis-regulatory variation

While numerous studies reported allele specific expression, it is still not clear if there is a par-
ticular subset of genes that tends to vary in expression due to genetic variation in cis. The
results presented in this chapter demonstrate that allelically expressed genes tend to be more
tissue specific than non-imbalanced genes. The first report of tissue-specific characteristics of
allelically expressed genes came from a small microarray-based study in hybrid mice (Camp-
bell et al., 2008). Next, Keane et al. (2011) found allelically imbalanced genes to be related
to the function of the tissue where the imbalance is detected, in line with tissue-specific gene
expression. Soon after, a study in human lymphoblastoid cell lines found allelically imbalanced
genes to be expressed in fewer tissues than the genes not impacted by cis variation (Reddy et al.,
2012). While these studies lead to the same conclusion, they were based on a relatively low
number of informative genes and did not control for differences in coverage or signal variation
between the imbalanced and non-imbalanced genes. A more comprehensive analysis presented
in this chapter confirms the tissue specific nature of genes that are subject to cis-regulatory

variation.

Evolutionary genetics provides a possible explanation to why tissue specific genes tend to be
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more variable in expression. Several studies reported that tissue-specific genes have a less con-
strained expression patterns both within species as well as between species (Blekhman et al.,
2008; Khaitovich, 2005; Yang et al., 2005; Zheng-Bradley et al., 2010). The proposed hypoth-
esis is that variation of tissue-specific genes results in fewer, potentially harmful, pleiotropic
effects. Other studies, however, have reported higher constriction of tissue-specific expression,
leaving this hypothesis open to debate (Liao and Zhang, 2006; Yang et al., 2005). Evolu-
tion of coding sequences was found to be positively correlated with tissue specificity of genes
(Duret and Mouchiroud, 2000; Kryuchkova-Mostacci and Robinson-Rechavi, 2015; Winter
et al., 2004). This could have led to tissue specific genes being over-represented in the sub-
set of genes informative of their allelic expression. However, the analysis of tissue specificity
was conducted within the informative gene-set, alleviating the potential bias caused by this

phenomena.

Interestingly, the tissue specificity of allelically imbalanced genes was shown to be independent
from promoter properties such as GC content or sequence conservation (Figure 4.7 in Section
4.3.2). While promoter sequence conservation itself did show a significant association to allelic
gene expression, this association could be attributed to a decreased rate of motif disruption oc-
curring in highly conserved promoters. Tissue specificity, by contrast, was not correlated with
changes in promoter motif disruption rates, suggesting that allelic expression of tissue specific
genes is caused by alternative mechanisms, such as distal regulatory elements or changes in

transcript stability or splicing efficiency.

In line with their expression pattern and promoter properties, allelically imbalanced genes were
shown to be embedded in genomic regions with increased enhancer density, despite somewhat
smaller gene density (Figure 4.8 in Section 4.3.3). Together, these results suggest that it is
variation in distal regulatory regions that is driving changes in gene expression. Enhancers are
considered to provide the key regulatory input responsible for tissue-specific gene expression
(Heintzman et al., 2009; Visel et al., 2009). Additionally, numerous studies have shown en-
richment of cis-regulatory variation in enhancer regions (Akhtar-Zaidi et al., 2012; del Rosario
et al., 2015; Ernst et al., 2011; Gutierrez-Arcelus et al., 2015; Kasowski et al., 2010; The EN-
CODE Project Consortium et al., 2012; Trynka et al., 2012b). These findings are thus con-
sistent with a model where a disruption of enhancer activity leads to changes in associated
tissue-specific genes. Remarkably, clustered enhancers demonstrated an even more extreme

distribution of allele-imbalance p-values than orphan enhancers. This suggests that some types
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of enhancers might be more associated with allelic expression, a question that is addressed later

in this chapter.

4.4.3 Allelic chromatin states in pancreatic islets

The next step in understanding the connection between regulatory elements and gene expres-
sion was investigating allele specific activity of the regulatory elements themselves. Thus, I
have described genome-wide allelic differences of enhancer activity and chromatin accessibil-
ity in mouse pancreatic islet (Figure 4.9 in Section 4.3.3). The analysis captured approximately
60% of regulatory regions defined in mouse islets, enabling a genome wide comparative anal-

ysis of the enhancer activity and chromatin accessibility.

Approximately 45% of regions informative for their ATAC allelic state were not informative
for H3K27ac (Figure 4.9 in Section 4.3.3). This is not surprising, considering that ATAC also
marks inactive enhancers which are characterized by absence of H3K27ac (Creyghton et al.,
2010a; Zentner et al., 2011). Although inactive enhancers were not in the focus of this study,
they represent an interesting category of regulatory elements. A study by Ostuni et al. (2013)
demonstrated that inactive enhancers in differentiated tissue may activate upon exposure of the
tissue to external stimuli. Pancreatic islets are a tissue with a strong transcriptional response to
changes in environment, such as changes in glucose concentration (Schuit et al., 2002; Webb
et al., 2000). Failure to open chromatin due to genetic variation could thus underlie an aberrant

response to stimuli, leading to a phenotype related to glucose homeostasis.

Regions with significant imbalance of both H3K27ac and ATAC signal generally showed a
good correlation of their allelic ratios (Figure 4.9 in Section 4.3.3). This is consistent with
the findings of del Rosario et al. (2015), Dixon et al. (2015) and McVicker et al. (2013) that
suggested that a single genetic variant may simultaneously affect histone modifications and
chromatin accessibility of a region. Interestingly, some regions were imbalanced exclusively
for H3K27ac or ATAC, demonstrating that the signal captured by the two assays can be in-
dependent. While these cases may be a result of lack of statistical power for testing allelic
imbalance of one of the assays, it is possible that they reflect the true nature of regulatory
events. Allelic changes of H3K27ac that are not coupled with a coordinated change in ATAC
signal indicate that some changes in enhancer activity are not dependent on nucleosome or TF

occupancy. Several studies proposed a model in which variants in one region generate allelic
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changes of histone modifications across a larger number of regulatory elements (Kilpinen et al.,
2013; McVicker et al., 2013; Waszak et al., 2015). It is possible that the suggested model acts
through mechanisms that do not involve changes of the chromatin structure , such as activation

of proteins already present in the region rather than recruitment of new ones.

4.4.4 Enhancer variation and changes in gene expression

Upon further investigation of the relationship between allelic activity, chromatin accessibil-
ity and gene expression, I found allelically expressed genes to be enriched in allele-specific
changes of H3K27ac and ATAC signal in local regulatory elements (Figure 4.10 in Section
4.3.4). Accordingly, allelically imbalanced regulatory elements were underrepresented in the
vicinity of control non-imbalanced genes. This result is consistent with the recent findings of
the Roadmap Epigenomics Program (Dixon et al., 2015; Leung et al., 2015), and suggests that

allelic expression might be driven by allele-specific changes in enhancer activity.

The enrichment of both allelically imbalanced H3K27ac and ATAC signal was stronger at pro-
moters rather than enhancers (Figure 4.10 in Section 4.3.4). This could indicate that the allelic
imbalance of promoters themselves is often driving allelic expression. However, imbalanced
promoters are overrepresented in genes that have an imbalanced enhancer in vicinity, suggest-
ing an alternative mechanism for most of these cases (Figure 4.11 in Section 4.3.4). Con-
sidering the currently accepted model of gene regulation, where the regulatory input of distal
regulatory elements converges into the core promoter, allelic activity of the enhancer may drive
the changes in the promoter activity and, consequently, gene expression levels. Additionally,
some instances of allelic expression are expected to result from events other than disruption of
the promoter activity, such as allele-specific changes in splicing or transcript stability (Li et al.,

2012; Nembaware et al., 2008, 2004; Wang et al., 2008a).

Although there is an enrichment of allelically active enhancers in the vicinity of allelically
expressed genes, H3K27ac-imbalanced enhancers can also be found in the vicinity of non-
imbalanced genes (Figure 4.11 in Section 4.3.4). This finding might be partially attributed to
mis-assignment of enhancers to genes, which is to be expected when assigning enhancers to
genes based on proximity only. Alternatively, not all enhancers might have the capacity to drive
changes in expression. Understanding the mechanisms behind functional cis-variation is one

of the major goals of functional genomics today and was further explored in this chapter.
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4.4.5 Properties of allelic enhancers associated with allelic expression

In order to understand what characterizes enhancers that drive allelic expression, I took an
enhancer-centric approach and compared properties of imbalanced enhancers associated to im-
balanced genes versus control genes (Section 4.3.5). This analysis revealed several properties
distinguishing active enhancers that potentially drive allelic expression from the enhancers that

do not.

Enhancer sequence conservation was found to be in strong negative association with allelic ex-
pression (Figure 4.12 in Section 4.3.5). According to the neutral theory of molecular evolution,
majority of sequence changes between species arise though mutations with poor functional
impact (Ohta, 1992). Mutations in functional elements, by contrast, impact fitness and are
eliminated by purifying selection. Sequence conservation, thus, implies function and is often
used for identification of biologically relevant non-coding regions (Berman et al., 2004; Goode
et al., 2003; Pennacchio et al., 2007; Visel et al., 2008; Woolfe et al., 2005). Results presented
in this chapter, however, indicate that changes of activity of highly conserved enhancers often
do not lead to changes in gene expression. Although not intuitive, the idea that some conserved
enhancers do not dictate gene expression has been presented before, by Ahituv et al. (2007).
In their study, the authors deleted four ultraconserved enhancer elements, active in transgenic
assays and located in the vicinity of developmental genes, yet found no detectable changes
in the mouse phenotype. There are several possible explanations for these results. Expres-
sion of genes associated to these particular enhancers might be too robust to be impacted by
a change in activity of one enhancer or small number of enhancers. For example, Jeong et al.
(2006) reported that expression of sonic hedgehog (Shh) in some tissues is disrupted only af-
ter a deletion of two enhancers, both of which are conserved across most vertebrates. While
redundancy implies weaker evolutionary constraint, such regulators might appear redundant in
a basal state, yet lose the ability to complement each other in different environmental condi-
tions (Frankel et al., 2010; Perry et al., 2010). Finally, it is possible that this result is driven
by mis-assignment of target genes. In this chapter, genes were assigned to enhancers if located
within the same TAD and less than 60kb away. As many enhancers act across distances much
larger than 60kb, it is possible that the real target genes are not accounted for. However, to my
knowledge, there is no evidence to support the premise that highly conserved enhancers tend

to be located further away from their target genes than less conserved enhancers. Nevertheless,
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implementing more reliable approaches of enhancer-gene coupling, such as 3C-based methods,

would help to confirm these findings.

The enhancer-centric approach once more exposed enhancer clustering as a property strongly
associated with allelic imbalance. Essentially, this result suggests that, compared to an orphan
enhancer, a change in activity of an clustered enhancer is more likely to have a functional impact
on gene expression. Clustered enhancers were initially defined by Pasquali et al. (2014) and
are conceptually similar to stretched enhancers (Parker et al., 2013) and super-enhancers (Hnisz
etal., 2013; Lovén et al., 2013; Whyte et al., 2013). The same studies found these enhancers to
be associated to expression of tissue-specific genes and enriched for disease-associated genetic
variations. In fact, Whyte et al. (2013) suggested that perturbations of TF binding in super-
enhancers might have a stronger impact on the expression of the associated genes than binding
changes in typical enhancers. While the results presented in this chapter support a central role
of clustered enhancers in cell identity and disease, they do not explain what differentiates them
from orphan enhancers. It is possible that these two types of regulatory elements have a funda-
mentally different role in gene regulation. While clustered enhancers tend to be associated with
tissue specific genes, orphans might be associated to genes that are under a stronger regulatory
directive from promoters and receive modest input from associated enhancers. These features
are consistent with the characteristics of ubiquitously expressed genes which are associated
to fewer enhancers and primarily controlled by highly conserved promoters (Andersson et al.,
2014; Forrest et al., 2014). Furthermore, the stronger functional impact of clustered enhancers
might come from their capacity to propagate their regulatory signal from one enhancer to many,
a novel mechanism recently proposed by Waszak et al. (2015) and Grubert et al. (2015). To
understand the functional differences between these two types of regulatory elements, a more
detailed analysis of their properties is needed. Future work might include an analysis of their
motif composition, capacity to produce eRNA, recruitment of Mediator and frequency of phys-

ical contact with target genes.

153



Chapter 5

Final Remarks

The overall aim of the work presented here was to dissect the genetic and epigenetic com-
plexities of gene expression in pancreatic islets. This was carried out in the mouse model by
exhaustive characterization of the islet cis-regulatory landscape and relaying changes in cis-

regulatory activity to changes in gene expression.

In Chapter 3, I created genome-wide maps of chromatin accessibility, H3K4me3, H3K4mel
and H3K?27ac as well as binding of five transcription factors, two of which were not profiled
before in mouse islets. I used the described datasets to defined three general classes of cis-
regulatory elements - active promoters, active enhancers and inactive enhancers. I further fo-
cused on active enhancers and compiled a list of 25 non-redundant transcription factor binding
motifs enriched in these regulatory regions, some of which were previously uncharacterized.
Moreover, I defined enhancers that are highly, moderately or not occupied by the five assayed
TFs. In addition, I sub-classified active enhancers to clustered and orphan, according to their or-
ganisation in the linear chromosome. Furthermore, I utilized the clustered enhancers to identify
species-common and species-specific subsets of active enhancers. I found that these subsets are
associated with distinct categories of genes and reflect on the level of gene expression between

mouse and human.

The datasets presented in Chapter 3 provide a valuable resource for future studies of the mouse
islet epigenome. Furthermore, my characterization of regulatory elements provides the basis
necessary for studies of cis-regulatory variation in mouse islets, such as the one conducted in
Chapter 4. This compendium of information may be expanded in the future. For example, addi-
tion of repressive histone modifications, such as H3K9me3 or the Polycomb protein-associated
repressive H3K27me3 mark, would enable identifying poised enhancers with bivalent histone
marks (Rada-Iglesias et al., 2010; Zentner et al., 2011). Furthermore, although H3K27ac is
considered to be a good predictor of enhancer activity, assessing Mediator occupancy or pro-
duction of eRNA would give a more accurate readout of the enhancer activity levels (Wang

et al., 2011a; Whyte et al., 2013; Zhu et al., 2013).
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While the analysis of gene expression performed in this chapter focused on transcription of
annotated genes, a portion of transcripts, largely non-coding, remains to be described (Kashi
et al., 2016). A systematic de novo annotation of IncRNAs in human islets exposed a large
number of transcripts, some of which exhibited dynamic expression, dependent on develop-
mental stage or glucose stimulation (Morén et al., 2012). So far, two studies have described
novel non-coding transcripts in mouse islets and beta cells (Benner et al., 2014; Ku et al., 2012).
Neither of them, however, used an independent estimation of promoter activity. The catalogue
of active promoters I described in Chapter 3 presents an opportunity for an integrative analysis
of the mouse islet promoters and transcriptome, which would result in a more comprehensive

and accurate annotation of novel IncRNA transcripts.

Identification of a species-specific subset of the mouse active enhancer clusters provides a novel
perspective on the differences in mouse and human islet biology. Mouse-specific activity of
clustered enhancers was associated to genes that are expressed more in mouse than in hu-
man and tend to be involved in cell proliferation signalling. As discussed in 1.4.2.1, beta cell
proliferative capacity is one of the major differences between mouse and human islets. The
results described in Chapter 3 suggest that some of these differences are driven by changes
in cis-regulatory landscape. These findings provide a framework for future work necessary to
understand if the changes in enhancer activity are driven by divergence of sequence or active
silencing of the corresponding sequences in human. This will require an in-depth comparison
of mouse-human sequences and the extent of motif disruption introduced by sequence diver-
gence. In addition, this calls for a search for repressor-targeted motifs as well as analysis of
repressive marks in the corresponding loci of human pancreatic islets. The inability of human
beta cells to replicate the proliferative response of murine beta cells to mitogens is one of the
major obstacles in the search for T2D therapies (Chandrasekera and Pippin, 2013; Chatzige-
orgiou et al., 2009; Vetere et al., 2014). Therefore, these results are of great interest for the

diabetes research community.

I employed the knowledge acquired in Chapter 3 to investigate the relationship between cis-
regulatory variation and gene expression in Chapter 4. First, I developed an approach that fo-
cuses on allele-specific imbalance resulting from cis-regulatory variation and estimated its sig-
nificance across replicates while accounting for consistency of the imbalance. Next, I employed
the allele-specific analysis pipeline to map allelic imbalance of transcription, enhancer activ-

ity and chromatin accessibility. This enabled me to investigate the relationship between allele
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specific expression and chromatin states. I determined that genes subjected to cis-regulatory
variation tend to be tissue-specific and associated to clustered enhancers. Moreover, the results
described in Chapter 4 suggest that clustered enhancers have a stronger functional impact on
gene expression. This is consistent with the findings of Pasquali et al. (2014) and Parker et al.
(2013) who reported an enrichment of T2D-associated variants in clustered enhancers. In ad-
dition, I find that the differences of clustered and orphan enhancers are independent of their

genomic location, sequence conservation or rate of motif disruption.

I assigned enhancers to putative target genes based on proximity, which is a frequently used ap-
proach of target gene assignment, albeit an imprecise one (McLean et al., 2010). Therefore, this
analysis does not provide evidence of a direct functional impact that individual enhancers have
on a gene. Future studies would greatly benefit from information on chromatin interactions
between the functional elements of the mouse islet regulome, provided by a 3C-based method.
Chromatin maps would enable including more distal regulatory elements in the analysis, while
focusing on enhancer-target gene couples that have a physical connection, thus improving the
signal to noise ratio. The same maps would serve to better understand the nature of the dis-
parity between clustered and orphan enhancers by providing information about the frequency
of contacts with their target genes and each other. In parallel, a comparative analysis of the
sequences underlying clustered and orphan enhancers would clarify if these characteristics are
driven by differences in motifs and/or motif combinations. In addition, in order to directly
confirm functional differences of these two classes of active enhancers, future studies might
employ CRISPR technology for disrupting the activity of a select group of clustered and or-
phan enhancers, matched for other properties such as sequence conservation, TF occupancy or

genomic location.

Gene expression and chromatin states described here represent a snapshot of the pancreatic islet
transcriptome and regulome in mice of a particular age and assessed under certain conditions.
Gene regulation, however, is a dynamic process that responds to queues from the environment.
It is quite possible that the effect of some cis-regulatory variants becomes detectable only under
particular conditions. These questions are essential for the field of complex diseases and partic-
ularly difficult to answer in humans. The mouse model can be subjected to controlled changes
in the environment at any age and monitored throughout the mouse lifespan. Such studies
would greatly benefit from the characterization of cis-regulatory elements provided here, and

are likely to contribute new insights into the mechanisms behind complex diseases. This once
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more highlights the importance of the mouse model in diabetes research and the utility of the

results presented in this thesis.

Allelic activity mapped in mouse pancreatic islets may not be directly translated to allelic ac-
tivity in human pancreatic islets (discussed in Section 4.4.1). The basic mechanisms behind
cis-regulatory variation, however, are likely to be conserved across species. The hybrid mouse
provided an opportunity to dissect these basic principles in a healthy viable model with abun-
dance of naturally occurring genetic variation. The results presented in Chapter 4 of this study
suggest that genetic variation harboured by clustered enhancers and enhancers that are not ex-
tremely conserved often have functional consequences for gene expression. These findings
suggest a new set of criteria to take into consideration when searching for the causal SNPs
within the GWAS loci. It would, therefore, be of great interest to investigate which genes in
T2D-associated loci are allelically expressed and which T2D-associated SNPs fall into clus-

tered enhancers and/or enhancers that are not extremely conserved.

Although extensive analysis of motif disruption was outside of the scope of this thesis, the
hybrid mouse model has a great potential for exploring the properties of sequence motifs that,
when disrupted, have a strong functional impact on gene expression. Considering the overall
conservation of transcriptional networks between the mouse and human islets, as demonstrated
in Chapter 3, such work would likely be translatable to human and would thus greatly contribute

to the efforts of decoding the mechanisms behind T2D associated variants.
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