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Abstract

The control of gene expression is fundamental to mammalian cell life. Although much of this
control occurs at transcriptional and post transcriptional level. Gene expression is controlled
by cis regulatory elements along with numbers of transcription factors combinatorial in
mammals. The transcription can only be initiated by the assembly of RNAPII machinery
around transcription start site of a gene which is also known as core promoter. Other cis
regulatory elements like enhancers, silencers and insulators along with several transcription
factors are also involved in gene regulation.

There has been increasing number of studies relating enhancer and promoters but silencer has
not been studied as much. Previous findings have suggested that some gene is regulated by
silencers in T cell differentiation. The stagnation of silencer studies raises several questions
whether silencers represent a major genomic strategy of gene regulation. There is lack of high
throughput screening technique to identify silencers.

My project has carried out aiming to answer these above questions. Firstly, | have repurposed
the CapSTARR seq technique to identify activity silencer elements; previously this technique
has developed in the lab, which used as an approach to exploiting a high-throughput enhancer
activity. Performing CapStarr-seq in mouse p5424 cell line, | found a substantial proportion
of regions displaying silencer activity. They display silencer activity in dual luciferase assay.
The REST motif found to be enriched in several silencer elements. Moreover, by using
comprehensive CRISPR/Cas9 genomic deletion approach, | demonstrated that silencer is
generally involved in the regulation of nearby genes. Taken together, our results identify a
new high throughput reporter assay to identify silencer element.

My thesis is structured into 7 chapters. In chapter 1, | summarize the current understanding
about gene regulation in mammals and the important factors contributing to transcriptional
regulation. In chapter 2, | focus particularly on the regulatory role of silencer elements on
gene expression. Here, the classical view of silencer and the classical reporter assays to
identify silencer elements are discussed. There is an overview about silencer found in the
hematopoietic system specifically during T cell differentiation. In chapter 3, | discussed
respectively about the High throughput techniques that can be used to study regulatory
elements. Chapter 4 is focused on the T cell differentiation. The results are organized in
chapter 5. This chapter tells about how we identify silencer elements using CapSTARR-Seq
technique, and functional validation of silencer elements. In Chapter 6, | give general
discussion about results. Finally, in chapter 7, perspectives are mentioned. My work continues
to identify silencer elements in different cell lines.



Résumé

Le controle de l'expression des genes est fondamental pour la vie des cellules des
mammiferes. La majeur partie de ce contrdle se produisant au niveau de la transcription puis
la transcription. Chez les mammifeéres, 1'expression des geénes est controlée par des €léments
cis-régulateurs ainsi que des combinaisons de facteur de transcription. La transcription ne
peut étre initiée que par I’assemblage de la machinerie RNAPII autour du site d’initiation de
la transcription du geéne également appelé région promotrice. D'autres éléments cis-
régulateurs tels que les enhancers, les silencers et les insulateurs associés a plusieurs facteurs
de transcription sont également impliqués dans la régulation des genes.

Alors que les enhancers et les promoteurs sont largement étudiés par la communauté
scientifique, les mécanismes d’actions des silencers restent a I’heure actuelle méconnue. Des
recherches antérieures ont suggéré que certains génes sont réprimés par des silencers dans la
différenciation des lymphocytes T. Le manque de connaissance sur les silencers souléve
plusieurs questions sur le importance au sein de la régulation génomique. A ’heure actuelle,
peu de techniques permettent 1’identification et 1’étude des éléments silencers.

Mon projet a été réalisé dans le but de répondre a ces questions. Premiérement, j'ai réutilisé la
technique du CapSTARR-seq afin d’identifier des éléments silencers; Cette technique avait
¢té mise au point dans le laboratoire. Cette technique était utilisée pour I’étude des éléments
enhancers. En réalisant le CapStarr-seq dans la lignée cellulaire p5424 de souris, j'ai pu
identifier une proportion non négligeable de régions montrant une activité répressive. Des
résultats similaires ont ét¢ démontrés via un reporter de luciférase. Le motif REST s’est révélé
enrichi de plusieurs régions silencers. De plus, en utilisant 1’approche de la suppression
génomique CRISPR / Cas9, j’ai démontré que les silencers sont généralement impliqués dans
la régulation des génes proches. L’ensemble de nos résultats nous ont permis d’identifier une
nouvelle technique de séquence a haut débit pour 1’identification d’éléments silencers.

Ma these est structurée en 7 chapitres. Au chapitre 1, je résume les connaissances actuelles sur
la régulation des geénes chez les mammiferes et les facteurs importants contribuant a la
régulation de la transcription. Dans le chapitre 2, je me concentre particulierement sur le role
régulateur des éléments silencers dans 1’expression des genes. Dans ce chapitre, nous
discutions du mode d’action « classique » des silencers ainsi que les techniques existant afin
de les étudier. On y trouve également un résumé sur les silencers trouvés dans le systéme
hématopoiétique, lors de la différenciation des cellules T. Au chapitre 3, j'aborde les
différentes techniques de séquencage a haut débit pouvant étre utilisées pour étudier les
¢léments de régulation génomique. Le chapitre 4 est consacré a la différenciation des cellules
T. Les résultats sont présentés au chapitre 5. Ce chapitre explique comment nous identifions
les régions silencers avec la technique du CapSTARR-Seq et sur la validation fonctionnelle
des silencers. Au chapitre 6, discute d’une fagon globale les différents résultats obtenus. Les
perspectives sont exposées dans le chapitre 7. Mon travail d’identifications des régions
silencers dans différentes lignées cellulaires continue.
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Chapter 1

Transcriptional regulation in mammals

I. The importance of transcriptional regulation

Regulated gene expression is crucial to ensure normal cellular and organismal function.
Studies on transcriptional regulation are perhaps the most investigated field in the
understanding of the complexity of mammalian gene expression. Today, we know that the
unique molecule of DNA contains the genetic and vital data within its bases as constitutional
structures of nucleotides. Both eukaryotic and prokaryotic chromosomes are made up of DNA
molecules. In addition to DNA, the role and importance of RNA is also important. It is
thought that its informational functions were subsequently devolved to the more stable and
easily replicable DNA, and its catalytic functions to the more chemically versatile
polypeptides (Kohler et al., 2017).

However, each individual is constructed by a hundred specialized cell types and many organs
with that shared genome. In the attempts to understand what makes this variety, researchers
found that the basis of diversity throughout differentiation and development is by differential
gene expression. According to the center dogma of biology, the genetic information hidden in
the format of the gene can be expressed through two vital processes of transcription
(production of coding molecules of mMRNA) and translation (in which nucleotides are replaced
by amino acids). RNA molecules are not only temporal and transient transcripts that are
obtained from the genes, but also they act as pivotal modulators that mediate pre-
transcriptional and posttranscriptional steps and have a direct affect on gene regulation and
gene expression processes (Bunch, 2018).

Transcription in mammalian cells is regulated at multiple stages and several protein factors
and cofactors are involved at each stage. In general, a transcriptionally active gene is
controlled by a stretch of DNA sequence mostly situated at the upstream of the transcription
start site (—500 bp to —1000 bp) defined as the promoter, which is a docking site of several
proteins termed as transcription factors (TF). Mammalian cells synthesize around 3000
transcription factors (Baatar et al., 2002), and each one harbors a specific DNA sequence
binding motif. In short, several steps can be described in the pathway from DNA to RNA to
protein, including the modulations of chromatin states, transcription initiation and elongation,
MRNA processing, transport, translation and stability (Fig. 1.1). This chapter aims to give an
overview of the factors contributing to transcriptional regulation.
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Figure 1.1|Different levels of transcriptional regulation. Chromatin structure decides
whether gene is available for transcription. The specific binding of transcription factors (TFs)
and other protein complexes at promoters controls the transcription initiation. Transcription
elongation is regulated by RNA polymerase Il (RNAPII). The primary transcripts are then
going through splicing regulation. The stability of mRNA within cytoplasm is defined by
degradation frequency.

I1. Transcription regulatory factors

1. Chromatin structure, histone modifications, DNA methylation
Chromatin structure

In eukaryotes, the modification of chromatin structure provides unique transcription
regulatory mechanisms. Chromatin is a dynamic structure that not only helps to package the
entire eukaryotic genome into the confines of the nucleus but also regulates the accessibility
of DNA for transcription, recombination, DNA repair and replication. Although the structure



of nucleosomes appears rigid at the cytological level, these repeating subunits of chromatin
are very dynamic (Luger et al., 2012).

Furthermore, Nucleosome consists of a protein core of basic histone proteins, around which
the DNA is wound 1.65 times. The core is an octamer that comprises two copies of each of
the canonical histones: H3, H4, H2A and H2B. The four proteins interact in an ordered
manner during nucleosome assembly, giving rise to the modular nature of the nucleosome.
There are variants for the core histones H3, H2A and H2B, and for the linker histone H1.
These variants may differ from the core histones either by the alteration of a few amino acids
or by the addition of larger domains. The regulation of transcription is a result of the
combined effects of structural properties and the interaction of transcription factors (TFs) to
the regulatory elements. The state of chromatin is a key player that can limit or facilitate the
accessibility of TFs and RNA polymerase to reach the regulatory sequences. Chromatin
accessibility is influenced by several factors, including the interaction of chromatin with
DNA-binding proteins (activators and repressors), DNA methylation, histone variants, histone
modifications and the presence of non-coding RNAs. The combination of these factors
determines the different states of chromatin that are open, closed or poised. In order to initiate
gene transcription, gene’s regulatory sequences must be exposed, thus, the chromatin must be
unwrapped.

Histone posttranslational modification

Posttranslational modification of histone proteins is one of the very well-studied epigenetic
modifications. As described above, mammalian chromosomes are compacted into the nucleus
by forming the primary and several higher order structures by the building block of
nucleosomes. Posttranslational modifications affect nucleosome stability by altering the
chemical interactions within nucleosomes (Williams et al., 2008) or with neighboring
nucleosomes, resulting in open chromatin or closed chromatin. Posttranslational
modifications may also prevent proteins from binding to chromatin (Venkatesh et al., 2012).
Depending on their effect on transcription, most marks are classified as activating or
repressing (Smolle and Workman, 2013). As each nucleosome comprises a histone octamer
surrounded by 146 base pairs of DNA, so the amino terminal (N-terminal) part of histone
protein protrudes out of the histone-DNA assembly. The N-terminal modification of the core
histone proteins is very common and those modifications are acetylation, phosphorylation,
methylation, sumoylation and ubiquitination.

All these modifications are unique in a sense because each one of them introduces a specific
change in the secondary and higher order structure of the chromatin, which in turn contributes
to gene expression. Lysine acetylation correlates with chromatin accessibility and
transcriptional activation. The acetylation of lysine 27 (H3K27ac) has shown to mark at active
promoters and distal regulatory elements (Creyghton et al., 2010; Rada-Iglesias et al., 2011).
Tri-methylation of histone H3 lysine 4 (H3K4me3) and H3 lysine 36 (H3K36me3) are both
associated with transcribed chromatin, however, H3K4me3 marks mainly promoter regions
whereas H3K36me3 is found along gene body of transcribed genes (Barski et al., 2007;
Mikkelsen et al., 2007). In contrast to these active marks, tri-methylation of H3 lysine 9
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(H3K9me3), H3 lysine 27 (H3K27me3) and H4 lysine 20 (H4K20me3) are generally related
to gene repression (Mikkelsen et al., 2007; Zhu et al., 2012). Posttranslational histone
modifications associated with their location and functions are shown in (Table 1.1).

Table 1.1: Post-translational histone modifications associated with their location and
functions. Figure partly adapted from (Lawrence et al., 2016).

Modification Position Associated effects

H3IK4mel Cis-regulatory elements activation

H3IK4me2 Ciz-regulatory elements Permissive euchromatin

H3IK4me3 Cis-regulatory elements Transcriptional elongation; active enchromatin
H3IK9me3 Heterochromatin Transcriptional repression; imprinting; DNA

methvlation

H3K%ac Cis-regulatory elements Histone deposition; transcriptional activation
H3K2T7ac Cis-regulatory elements Transcriptional activation
H3IK27me3 Cis-regulatory elements Transcriptional silencing; X-inactivation;

bivalent genes/gene poising
H3K36me3 Gene body Transcriptional elongation

H3IK79me3 Gene body activation

Most histone posttranslational modifications are reversible, as the cell contains separate
enzymes that add and remove these marks (known as ‘writers’ and ‘erasers’, respectively).
This separation not only regulates the genomic localization of these marks, which ensures the
removal of aberrantly added marks, but also controls how long a Posttranslational
modification remains at a particular genomic location. For example, acetylation of the variant
H2A.Z by promoter bound acetyltransferases and prevents its removal from promoter regions
by the inositol requiring protein 80 (INO80) remodeler complex (Papamichos-Chronakis et
al., 2011). The Addition of Posttranslational modifications on histones may be the
consequence of the activity of histone-modifying enzymes at a specific location rather than
the cause of their genomic localization. The H3.3 variant-containing nucleosome is enriched
for active chromatin marks (such as H4 acetylation, and H3 lysine 4 (H3K4) and H3K36
methylation) owing to its localization to regions undergoing active transcription (McKittrick
et al., 2004). Epigenetic and transcriptional features associated with protein-coding genes,
enhancers, and long intergenic noncoding RNAs (lincRNAs) are mentioned in (Fig 1.2).
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Figure 1.2 |Epigenetic and transcriptional features associated with protein-coding
genes, enhancers, and long intergenic noncoding RNAs (lincRNAs). Based on the
literature, the main features of protein-coding genes (both promoters and gene bodies), active
and poised enhancers, and lincRNAs are indicated on each line. In general, H3K4mel
nucleosomes are more spread around the boundaries of promoters and cover larger areas than
does H3K4me3 on both promoters and enhancers. The amount of H3K4mel relative to
H3K4me3 is also higher on enhancers, irrespective of their poised/active status. The concept
of poised enhancers carrying H3K27me3, and eventually shifting to H3K27ac in the active
state, was developed mainly in embryonic stem cells and remains to be verified in other
systems. Initiating Pol Il (Ser5P), H3K27ac and bidirectional paused transcription in
combination with H3K4mel high/H3K4me3 low are the best indicators of active enhancers in
various systems, whereas the occurrence of H3K4me3 followed by H3K36me3 regions
corresponds to lincRNAs and protein-coding genes. It remains to be established if
transcription elongation, as determined by Pol 11-Ser2P, is similar at lincRNAs and protein-
coding genes. Combinatorial assembly of transcription factors (TFs) and coactivators is also
likely distinct at the various regulatory elements presented here. Transcription initiation
platforms (TIPs) represent large arrays of initiating Pol 1l transcription (larger than 400 bp
and up to 10 kb) that were characterized at both active and tissue-specific promoters and
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enhancers. Finally, CpG islands are mainly associated with promoters. Although they are also
found at lincRNA promoters, they are not found at enhancers. Abbreviations: GTFs, general
transcription factors; Med, mediator complex; TFs, transcription factors; TSS, transcription
start site. Figure adapted from (Natoli and Andrau, 2012)

Histone acetylation occurs at the lysine residue by the enzyme histone acetyl transferases
(HATSs) and it is associated with transcription activation. However, the histone deacetylases
(HDACs) remove the acetyl group and thereby suppresses the transcription. Dynamic
regulation of acetylation and deacetylation of chromosomes have been shown to play a very
important role in the regulation of gene expression and propagation of disease.

Like histone acetylation, the phosphorylation of histones is highly dynamic and is controlled
by kinases (RPS6KAS5, RPS6KA4 and BAZ1B) and diphosphatases (serine/threonine protein
phosphatase, PPPs) that add and remove the modification, respectively. The phosphatase
group readers are BRCT domain-containing proteins (BRCTS).

Ubiquitination has also been shown to be involved in transcriptional activation in vivo.
H2BK120 ubiquitination has been associated with the transcribed regions of highly expressed
genes (Minsky et al., 2008). The role of this modification seems to function through multiple
mechanisms to enhance transcription. For example, H2BK120ub increases the methylation
state of H3 associated with sites of active transcription (Dover et al., 2002). This modification
is also associated with increases in transcriptional elongation through a mechanism involving
H2A/H2B displacement (Pavri et al., 2006). In addition, H2B ubiquitination has been
suggested to be involved in chromatin condensation during DNA repair (Moyal et al., 2011).

There are two main ways of how histone modifications can affect transcriptional regulation.
Firstly, histone modifications may directly change the chromatin structure or its dynamics.
For example, acetylation of a lysine neutralizes its positive charge and reduces the affinity of
positive charge on histone to the negative charge on DNA, therefore loosen the chromatin
(Choi and Howe, 2009). Secondly, histone modifications can act indirectly as signals to be

recognized by “readers” who translate these modifications into transcriptional outcome
(Strahl and Allis, 2000).

DNA Methylation

The DNA of vertebrate animals can be covalently modified by methylation of the cytosine
base in the dinucleotide sequence 5'CpG3’. In mammals, 5-methylcytosine (5mC) is the major
form of DNA modification, and it has important roles in development and disease. CpG is an
abbreviation for cytosine and guanine separated by a phosphate, which links the two
nucleotides together in DNA. In mammals, DNA methylation patterns are established during
embryonic development by de novo methylating enzymes called DNA methyltransferase 3a
(Dnmt3a) and DNA methyltransferase 3b (Dnmt3b) (Ooi and Bestor, 2008). They are
maintained by a Dnmtl-mediated copying mechanism when cells divide. The heritability of
DNA methylation pattern provides an epigenetic marking of the genome that is stable through
multiple cell divisions and therefore constitutes a form of cellular memory (Fig. 1.3). For this

13



reason, historically, DNA methylation has represented the archetypal mechanism of
epigenetic inheritance.

Molecular and genetic studies in mammals have shown that DNA cytosine methylation
(abbreviated to 5mC, for 5-methyl cytosine) is associated with gene silencing (Wu and Zhang,
2011). About 60-80% of the CpG sites in the mammalian genome are modified by 5mC
(Tahiliani et al., 2009). It also plays an important role in developmental processes such as X-
chromosome inactivation and genomic imprinting. The methyl moiety of methyl cytosine
resides in the major groove of the DNA helix where many DNA-binding proteins make
contact with DNA. The methylation, therefore, likely exerts its effect by attracting or
repelling various DNA-binding proteins. A family of proteins, known as methyl-CpG binding
domain proteins (or MBDs), are attracted to and bind DNA-containing methylated CpG
dinucleotides and have been shown to recruit repressor complexes to methylated promoter
regions, thereby contributing to transcriptional silencing (Wu and Zhang, 2011). Conversely,
regions of CpG methylation are known to prevent protein binding of certain transcription
factors, thereby preventing transcription.

Certain regions of the genome contain clusters of CpG sequences, termed CpG islands, and
are mostly found directly upstream of gene promoters. In general, CpG islands are DNA
methylation-free. Certain transcription factors have been discovered to bind to nonmethylated
CpG-containing DNA sequences via a CXXC binding domain motif and contribute to
creating a transcriptionally competent chromatin configuration, preventing DNA methylation
from occurring at these regions (Blackledge et al., 2010).

Although DNA methylation patterns can be transmitted from cell to cell, they are not
permanent. In fact, changes in DNA methylation patterns can occur throughout the life of an
individual. Some changes can be a physiological response to environmental changes, whereas
others might be associated with a pathological process such as oncogenic transformation or
cellular aging. DNA methylation marks can be removed by either an active demethylation
mechanism involving a family of DNA hydroxylases called Tet proteins or a passive
demethylation process by inhibition of the maintenance methyltransferase, Dnmt1, during cell
divisions (Fig. 1.3). DNA methylation patterns fit into an epigenetic framework directly, but
also indirectly through their intimate link to other epigenetic mechanisms such as histone
lysine methylation and acetylation.

14
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Figure 1.3 | De novo methylation and maintenance methylation of DNA. A stretch of
genomic DNA is shown as a line with self-complementary CpG pairs marked as vertical
strokes. Unmethylated DNA (top) becomes methylated ‘de novo’ by Dnmt3a and Dnmt3b
to give symmetrical methylation at certain CpG pairs. On semiconservative DNA
replication, a progeny DNA strand is base-paired with one of the methylated parental
strands (the other replication product is not shown). Symmetry is restored by the
maintenance DNA methyltransferase, Dnmt1, which completes half-methylated sites, but
does not methylate unmodified CpG (Li and Zhang, 2014).

2. Transcription factors

Historically, the term transcription factor has been applied to describe any protein
involved in transcription and/or capable of altering gene-expression levels. In the current
vernacular, however, the term is reserved for proteins capable of (1) binding DNA in a
sequence-specific manner and (2) regulating transcription (Fig. 1.4)(Fulton et al., 2009).
Transcription factors (TFs) directly interpret the genome, performing the first step in
decoding the DNA sequence. Many function as “master regulators” and ““selector genes”,
exerting control over processes that specify cell types and developmental patterning (Lee
and Young, 2013) and controlling specific pathways such as immune responses (Singh et
al., 2014). Mutations in TFs and TF-binding sites underlie many human diseases. Their
protein sequences, regulatory regions, and physiological roles are often deeply conserved
among metazoans (Carroll, 2008), suggesting that global gene regulatory “networks”
may be similarly conserved. And yet, there is high turnover in individual regulatory
sequences (Weirauch and Hughes, 2010), and over longer timescales, TFs duplicate and
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diverge. The same TF can regulate different genes in different cell types (e.g., ESR1 in
breast and endometrial cell lines (Gertz et al., 2012), indicating that regulatory networks
are dynamic even within the same organism. TFs can have 1,000-fold or greater
preference for specific binding sequences relative to other sequences (Gertz et al., 2012).
Because TFs can act by occluding the DNA-binding site of other proteins (e.g., the
classic lambda, lac, and trp repressors (Ptashne, 2011)), the ability to bind specific DNA
sequences alone is often taken as an indicator of ability to regulate transcription.
Schematic of a prototypical TF is shown in (Fig 1.4)
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Figure 1.4 | Schematic of a prototypical TF (Lambert et al., 2018).

During transcription, transcription initiation by RNA Polymerase Il (RNApIl) minimally
requires the basal initiation factors TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH (Thomas
and Chiang, 2006). These so-called general transcription factors (GTFs) mediate promoter
recognition and unwinding, and together with RNAplI and promoter DNA comprise the Pre-
Initiation Complex (PIC) (Sikorski and Buratowski, 2009). The mediator complex works as a
co-activator that bridges regulatory factors and the basal machinery to allow high levels of
activator-dependent transcription (Thomas and Chiang, 2006). Mediator is not required for
basal transcription in purified systems but can stimulate transcription in these systems even in
the absence of activators (Kornberg, 2005). Mediator may also directly stabilize PIC assembly
intermediates (Baek et al., 2006). Two transcription repressors, Mot1l/BTAF1 and NC2, act
through direct interactions with TBP. Motl/BTAFL1 is a Snf2 family ATPase that removes
TBP from promoters. It also behaves genetically as a repressor. NC2 is a heterodimer that
blocks TFIIA and TFIIB from associating with the TBP-TATA complex. Its genetic
properties are also consistent with transcription repression (Auble, 2009). To explain the
apparent paradox of inhibitory complexes binding to active promoters, it has been proposed
that these repressors (particularly Motl) displace TBP from cryptic TATA sequences or other
inappropriate genomic locations in order to make it available to weaker promoters (Dasgupta
et al., 2002; Spedale et al., 2012). Several recent reports support this model. NC2 alters the
conformation of the TBP/DNA complex, allowing it to slide away from the TATA boxes
(Schluesche et al., 2007). TBP mutants with a decreased ability to form PICs suppress the
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gene expression defects seen in a motl mutant (Sprouse et al., 2009). FRAP experiments
show that the rapid exchange of TBP associated with chromatin is dependent upon Motl
(Sprouse et al., 2008).

The most crucial property of TFs is that they contain DNA binding domains (DBDs)
which attach to specific sequences of DNA when conformed. Factors that lack DBDs are
not classified as transcription factors. In addition, TFs possess activation or repression
domains that function either to up- or down-regulate the expression of adjacent genes by
binding to their regulatory elements. TFs recognize DNA sequences by a short DNA
binding motif (6-12 bp) which is called transcription factor binding site (TFBS). TFBS is
a consensus sequence in which certain positions are relatively constrained (4 to 6 bp) and
others are more variable.

TF DNA-binding specificities are frequently summarized as “motifs” models
representing the set of related, short sequences preferred by a given TF, which can be
used to scan longer sequences (e.g., promoters) to identify potential binding sites. There
are various mechanisms by which TFs regulate gene expression. For example, TFs can
recruit and stabilize the binding of RNAPII, or catalyze the acetylation or deacetylation
of histone proteins or recruit coactivator or corepressor proteins through protein-protein
interactions to the transcription factor DNA complex.

3. Cis-regulatory elements

Cis-regulatory elements (CREs) are regions of non-coding DNA which regulate the
transcription of neighboring genes. CREs is found in the vicinity of the genes that they
regulate. CREs typically regulates gene transcription by binding to transcription factors. A
single transcription factor may bind to many CREs, and hence control the expression of many
genes (pleiotropy). CREs consists of enhancer, promoter, silencer and insulators. These
elements act in cooperation with one another to govern a coordinated expression pattern of a
gene. They are summarized in (Fig 1.5).
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Transcription unit

Figure 1.5 | Landscape of cis-acting DNA regulatory elements. Depending on the context,
the promoter may be activated by the enhancers or kept in a repressed state by a silencer. In
the other case, enhancers or silencers cannot influence activity due to the shielding effect of
insulator.
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3.1. Promoters

Transcription of a gene in eukaryotes is a highly complex process that requires precise
coordination in the assembly of trans-acting factors through the recognition of various
types of regulatory DNA sequences. The promoter and the enhancer represent DNA
regulatory regions responsible for ensuring proper spatiotemporal expression patterns of
eukaryotic genes. The promoter generally refers to a DNA region that allows accurate
transcription initiation of a gene (Smale and Kadonaga, 2003). The core promoter is a
minimal stretch of DNA sequences (e.g., the TATA box, initiator, and downstream core
promoter element) surrounding the transcription start site that directly interacts with the
components of the basal transcription machinery, including RNA polymerase Il
(RNAPII). Although the DNA sequences or motifs comprising the core promoter region
for individual genes can be structurally and functionally diverse, its universal role is
thought to drive accurate transcription initiation (Smale and Kadonaga, 2003).
Transcription factors that bind ~100-200 bp upstream of the core promoter can increase
the rate of transcription by facilitating the recruitment or assembly of the basal
transcription machinery onto the core promoter or by mediating the recruitment of
specific distal regulatory DNA sequences to the core promoter (Akbari et al., 2008).

The promoter of an active gene is commonly located in a nucleosome free region (NFR)
flanked by two well-positioned nucleosomes (+1 and -1 nucleosomes). This nucleosome-
free region makes the promoter more accessible and facilitates transcription machinery
assembly. These promoter-associated nucleosomes display specific histone variants and
histone modifications. Particularly, in mammals, the two adjacent nucleosomes are
enriched for histone variants H3.3/H2A.Z (Jin et al., 2009). Another important feature of
nucleosome flanking promoters is that they are marked by specific histone modifications,
which have been shown to correlate with promoter activity. While the H3K4me3 mark is
associated with active promoters, H3K27me3 is associated with repressed promoters
(Barski et al., 2007; Lenhard et al., 2012). The other well studied mark is H3K27ac
which is also associated with active promoters. In mammals, the vast majority of
promoters overlap with CpG islands (Lenhard et al., 2012). The advent of high-
throughput sequencing has allowed us to map transcription initiation with an
unprecedented sensitivity and resolution. This has revealed that cis-regulatory elements
are commonly associated with transcriptional initiation sites flanking the regulatory
sequences (Fig. 1.6).
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Figure 1.6 | Chromatin Structure at Active Regulatory Elements. Unidirectional
promoters (top) have a main TSS (arrow) and are associated with high levels of H3K4me3
and H3K27ac. Bidirectional promoters (middle) have two unbalanced TSSs defining a larger
promoter region than unidirectional promoters and allow the recruitment of a higher number
of transcription factors. They are also associated with H3K4me3 and H3K27ac, but the
upstream region is also enriched in H3K4mel. The ePromoters belong to this category.
Abbreviations: ePromoter, enhancer-like promoter; RNAPII, RNA polymerase II; TF,
transcription factor; TSS, transcription start site; uRNA, upstream RNA; eRNA, enhancer
RNA. Figure adapted from (Medina-Rivera et al., 2018).

3.2. Enhancers

Enhancers are regulatory elements that activate transcription over large distances and
independently of orientation. These cis-regulatory elements are generally located distally
with respect to the 5° end of genes(Medina-Rivera et al., 2018). They can positively
regulate spatiotemporal gene expression during development through either cis- or trans
interaction manner (Fig. 1.7) (Ong and Corces, 2011). In 1981, enhancer was first
described as a 72-bp repeated sequence in simian virus 40 (SV40) genome, which could
increase the ectopic expression of a reporter gene by ~200-fold (Banerji et al., 1981;
Benoist and Chambon, 1981). In 1983, enhancer was discovered within a mouse
immunoglobulin heavy chain gene in mammals (Schaffner, 2015). Subsequently,
different enhancers in various cells and tissues have been reported (Shlyueva et al.,
2014a).
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Enhancer activity is usually linked with certain properties of chromatin. Active enhancers
are typically bound with transcription factors (TFs) (Spitz and Furlong, 2012). The
flanking of enhancers are commonly marked by histone modifications such as histone H3
lysine 4 monomethylation (H3K4mel) and H3K27 acetylation (H3K27ac) (Calo and
Wysocka, 2013). Active enhancers are marked by both H3K4mel and H3K27ac, with
depletion of histone H3 lysine 4 trimethylation (H3K4me3) (Calo and Wysocka, 2013);
inactive, poised enhancers are marked only with H3K4mel (Rada-Iglesias et al., 2011).
In addition, enhancers are typically depleted of nucleosomes and sensitive to DNase |
digestion (Thurman et al., 2012). Distal enhancers are brought into close proximity with
their target promoters through chromatin looping (Shlyueva et al., 2014a), which is
facilitated by mediators and cofactors (Spitz and Furlong, 2012). Moreover, active
enhancer can recruit RNAPII and produce RNAs that contributes to its function and gene
regulation (Natoli and Andrau, 2012).

H3K4mel and H3K27ac are commonly used hallmarks to identify putative enhancers
genome-wide (Buecker and Wysocka, 2012). H3K4mel and H3K27ac are conferred by
the mixed lineage leukemia (MLL) family of methyltransferase (MLL2/3/4) and the
CREB-binding protein (CBP)/P300 acetyltransferases, respectively (Buecker and
Wysocka, 2012). Knocking out H3K4 methyltransferases MLL3 and MLL4 resulted in a
global loss of H3K4mel binding, and subduction of H3K27ac, mediators and RNAPII
bindings as well (Hu et al., 2013a). It has been found that H3K4mel can facilitate
recruitment of the cohesion complex to chromatin, which provides a potential mechanism
for MLL3/4 to promote chromatin interactions between enhancers and promoters (Yan et
al., 2018). In addition, a recent study has suggested that H3K4mel might play a fine-
tuning role in enhancer activity by facilitating the binding of the BAF complex and
possibly other chromatin regulators (Yan et al., 2018). Meanwhile, active enhancers in
both flies and mice are not necessarily marked by H3K27ac, but H3K27ac has been
supposed to affect enhancer activity through destabilizing nucleosomes or recruiting
H3K27ac-binding proteins (Catarino and Stark, 2018). All these evidences imply that
H3K4mel and H3K27ac themselves are not required for enhancer activity. However, it is
demonstrated that the presence of H3K4me3 is fully compatible with enhancer activity (Core
et al., 2014; Ernst et al., 2011; Koch et al., 2011; Pekowska et al., 2011; Wang et al., 2008b);
the level of H3K4me3 is actually positively correlated with the enhancer strength (Andersson
et al., 2014; Core et al., 2014; Henriques et al., 2018; Vanhille et al., 2015b). Thus, the current
view postulates that similar regulatory mechanisms are at play at enhancers and promoters,
but differences in H3K4 methylation patterns simply reflect differences in transcription levels
between the two types of elements (Andersson, 2015; Medina-Rivera et al., 2018) (Fig 1.6).

Super-enhancers have emerged as clusters of enhancers that are densely occupied by the
master regulators and mediators, which is speculated to act as switches to determine cell
identity and fate (Hnisz et al., 2013). This notion was first described as genomic regions
with high levels of five master transcription factors (Oct4, Sox2, Nanog, Klf4, and Esrrb)
and the Mediators in mESCs (Whyte et al., 2013). Subsequent studies have extended the
concept of super-enhancers as genomic regions densely occupied by high levels of
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H3K4mel, H3K27ac, p300 or master transcription factors in multiple cell types and
tissues (Hnisz et al., 2013).
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Figure 1.7 | (A) Enhancers are cis-regulatory elements that can increase expression of target
genes in cis and trans-acting manner; (B and C) Enhancer regulate spatiotemporal gene
expression (Peng and Zhang, 2018).

Enhancer-promoter interactions can be commonly found to determine spatiotemporal
gene expression patterns in eukaryotes (Novo et al., 2018). This has been well presented
by studies of the globin locus control region (LCR) and its target gene (Snetkova and
Skok, 2018). During erythroid development, LCR activates distinct globin genes in a
stage specific manner through the formation of DNA looping. LCR-B-globin interactions
are established dependent on gene-specific transcription factors, including the
hematopoietic-specific factors GATAL and FOG1, KLF, and the widely expressed factor
LDB1 (Song et al., 2007). The depletion of LDB1 has been previously reported to disrupt
long-range LCR loop formation, and thus affect gene transcription (Song et al., 2007).
There are other examples of specific gene regulation involving enhancer-promoter
looping. The Satbl gene is silent when its promoter does not contact with enhancers in
the brain, whereas it is highly expressed when enhancer-promoter looping has been de
novo formed in the thymus (van de Werken et al., 2012).

The protein yin and yang (YY1) has been recognized as a structural mediator of DNA
looping (Weintraub et al., 2017). YY1 could globally mediate enhancer-promoter
interactions by binding to DNA and facilitate the formation of chromatin loops, probably
through its dimerization (Weintraub et al., 2017). In addition, YY1 has been further
indicated to positively regulate transcription by targeting promoters and enhancers
through the BAF complexes in embryonic stem cells (Weintraub et al., 2017).

Despite the conventional distinction between them, promoters and enhancers share many
genomic and epigenomic features (Andersson, 2015; Medina-Rivera et al., 2018). One
intriguing finding in the gene regulation field comes from the observation that many core
promoter regions display enhancer activity. Recent high throughput reporter assays along
with clustered regularly interspaced short palindromic repeats approaches have indicated
that this phenomenon is common and might have a strong impact on our global
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understanding of genome organization and gene expression regulation (Dao et al., 2017;
Diao et al., 2017; Medina-Rivera et al., 2018). Several independent studies using CRISPR
genome editing demonstrated that some promoters function as enhancers in their
endogenous context (Fig 1.8).
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Figure 1.8 | Role of Enhancer-like Promoters in Gene Regulation. (A) ePromoter
(red) interacts with one or more distal promoters (green) and activates the expression of
neighbor genes (top). A given gene might be regulated by several ePromoters located in
the neighborhood (middle). Promoters of InNcRNAs (purple) can also have enhancer-like
activity and positively regulate the expression of a nearby gene (bottom). (B) The
enhancer and promoter activities of ePromoters could be dissociated (inverse
correlation); in this case the same regulatory element displays enhancer activity in one
cell type and promoter activity in another cell type. In contrast, the enhancer and
promoter activities could be linked (positive correlation); in this case the ePromoter
exhibits both enhancer and promoter activities in the same cell type. The later model
might results in the coordinated regulation of neighbor genes upon stress or cell-type
specific signaling. (C) Genetic variants (e. g. eQTL or genome-wide association study
single nucleotide polymorphism) lying with in an ePromoter might influence the
expression of neighbor genes. It is plausible that the physiological impact (trait or
disease) of the variant could rely on the deregulation of a distal gene. Abbreviations:
ePromoter, enhancer-like promoter; eQTL, expression quantitative trait locus; INCRNA,
long noncoding RNA; P-P, promoter—promoter. Figure adapted from (Medina-Rivera et
al., 2018).
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3.3. Silencers

An understanding of transcriptional repression is also essential for a complete understanding
of promoter structure and the regulation of gene expression. Transcriptional repression in
eukaryotes is achieved through “silencers', which are sequence-specific elements that induce a
negative effect on the transcription of its particular gene (Ogbourne and Antalis, 1998).
There are two main types of silencers, namely "~ silencer elements’ and "negative regulatory
elements’ (NRESs). Silencer elements are classical, position-independent elements that direct
an active repression mechanism, and NREs are position dependent elements that direct a
passive repression mechanism. Silencers form an intrinsic part of many eukaryotic loci. The
knowledge of their interactive role with promoters and enhancers, as well as other
transcriptional elements, is essential for our understanding of gene regulation in eukaryotes.
In Chapter 2, | provide a detailed description of silencer functions and mechanisms of action.

3.4. Insulators

Insulators (also known as boundary elements) function to block genes from being
affected by the transcriptional activity of neighboring genes. They thus limit the action of
transcriptional regulatory elements to defined domains and partition the genome into
discrete realms of expression. Insulators have two main properties: (a) they can block
enhancer-promoter communication (i.e., enhancer-blocking activity), and (b) they can
prevent the spread of repressive chromatin (i.e., heterochromatin-barrier activity). For at
least some insulators, these two activities can be separable (Recillas-Targa et al., 2002).
Typically, insulators are ~0.5-3 kb in length, and function in a position dependent or
orientation independent manner. In vertebrates, the most well characterized insulator
element is the chicken B-globin insulator, 5’HS4 (Felsenfeld et al., 2004); a homologous
element resides in the human B-globin gene locus (Li et al., 1999). Insulator elements
have also emerged as a recurrent feature of a number of imprinted loci in the human
genome; the most well-characterized example is the imprinting control region (ICR)
located upstream of the H19 gene that modulates allele-specific transcription of
H19andanother gene, Igf2 (Ling et al., 2006). The number of insulator elements in the
human genome is not known. It is now thought that genuine insulator elements may be
less common than initially envisaged, and found only in regions with a high density of
coding or regulatory information (Fourel et al., 2004). Although a number of transacting
factors that mediate insulator activity have been identified in Drosophila, the only known
protein to mediate such activity in vertebrates is CTCF (CCCTC-binding factor). CTCF
has been implicated to play a role in many different loci, including chicken globin 5'"HS4
(Parelho et al., 2008); and the mammalian H19/1gf2ICR (Bell and Felsenfeld, 2000). The
activity of CTCF can be regulated by a number of means, including DNA methylation,
post-translational modification, and interaction with cofactors (West and Fraser, 2005).

Moreover, the predominant models of how insulators work are the looping model and the
decoy model (Herold et al., 2012). The looping model explains that two or more insulator
sites physically interact with each other, thereby establishing loops that alter the 3D
conformation of the chromatin fiber in a manner that affects the interaction between
enhancers and promoters. In the decoy model, insulators interact directly with an
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enhancer or promoter, thus, interfering with their communication. The insulating function
is thought to depend on the binding of the CTCF factor to these regions.

Notably, experiments and mathematical models suggested that enhancer-promoter
interactions could be sufficiently reproduced by a topological domain model wherein the
topological domains were assumed to be formed by chromatin loop forming protein
binding to insulator sequences (Gohl et al., 2011). In particular, the promoter could
associate with the enhancer in the same chromatin domain more frequently than with that
in the neighboring chromatin domain even if the genomic distances from both enhancers
to the promoter were identical (Mukhopadhyay et al., 2011). To function as chromatin
domain boundaries, it is necessary for the insulator sequences to associate with other
insulator sequences via their binding proteins, such as the CTCF-cohesion complex
(Merkenschlager and Nora, 2016). Alternatively, some nucleosomeexcluding sequences
such as (A)nor (CCGNN)n repeat sequences and the core 182 bp region of Ars insulator
sequences (ArsInsC) found in sea urchin genome have been shown to independently
exhibit insulator activities (Bi et al., 2004). For these sequences, the specific binding of
proteins such as CTCF to form chromatin loops was not identified. Moreover, the
insulator activities of CTCF binding sequences are highly dependent on their intra-
genomic direction (Rao et al., 2014), whereas those of nucleosome excluding sequences
are robust (Bi et al., 2004). This indicates the possibility that such nucleosomeexcluding
sequences may exhibit insulator activities without the formation of chromatin loops;
herein these are therefore termed as nucleosome excluding non-looping insulator
sequences (NENLIS). However, the physical mechanism of the NENLIS-mediated
insulator activities remained unknown.

Furthermore, the Ars insulator sequence was demonstrated as showing insulator activities
not only in sea urchin cells but also in cells of various organisms including humans and
plants (Yajima et al., 2007). This suggested that NENLIS might be distributed in various
chromosomal regions and exhibit insulator activities across different organisms.
However, despite the exhaustive epigenome and 3D chromosome structure data obtained
via Hi-C experiments from various research projects, little progress has been made
regarding the genome-wide analysis of such sequences (Bernstein et al., 2010).

An important issue is that there can be a potential overlap between Insulators and
Silencers, especially when tested in reporter assays, as both types of elements are
predicted to negatively influence gene expression. To overcome this problem, it is
essential to consider the relative position of the tested elements with respect to the
enhancers and promoters. For examples, Qi et al., used a reporter assay strategy to
distinguish between enhancer-blocking and silencer activity (Fig.1.9). The reporter
plasmid used for this assay contains an expression cassette for the bacterial drug
resistance gene neo transcribed by an erythroid promoter from the y-globin gene HBG1
and terminated with the SV40 polyadenylation signal. An erythroid HS2 enhancer from
the B-globin locus control region is located 3’ of this cassette. Candidate elements are
inserted 5° of the expression cassette and 3’ between the expression cassette and the
enhancer. After being linearized, the plasmid is transfected into erythroid K562 cells,
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which are then analyzed for the frequency of colony formation under selection with the
neomycin drug analog G418. Both enhancer-blocking insulator and silencers are
expected to reduce the rate of G418 resistant colony formation (Fig.1.9A). The reporter
plasmid is the same as for the enhancer-blocking assay, except that candidate elements
are inserted 5° of the neo expression cassette and 3" of the HS2 enhancer in a manner that
brackets both elements and allows the enhancer to interact with the promoter. As above,
the plasmids are linearized and transfected into K562 cells, which are then analyzed for
the frequency of drug resistant colony formation. In this case, only silencers are expected
to reduce the rate of G418-resistant colony formation (Fig.1.9B) (Qi et al, 2015).
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Figure 1.9 | Schema for drug-resistant colony assay. (A) Enhancer-blocking and silencer
assay. (B) Silencer-only assay (Qi et al, 2015).

4. Long non-coding RNAs

IncRNAs are long RNA transcripts that do not encode proteins and longer than 200 nt.
Many IncRNAs are very much like mRNAs: they are transcribed by RNA polymerase 11
(Pol 11) from genomic loci with similar chromatin states to mRNAs (Guttman et al.,
2009); they are often 5’-capped, spliced and polyadenylated; in most instances, they lack
any biochemical distinction from mRNAs besides the absence of a translated ORF. But
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there are also general trends that discriminate INCRNAs from mRNAs: IncRNAs tend to
be shorter than mRNAs, have fewer but longer exons, be expressed at relatively low
levels and exhibit poorer primary sequence conservation (Derrien et al., 2012). Of course,
exceptions to all of these trends abound. As a class, INCRNAs run the gamut from
MRNA-like to truly exotic, such as chemically circular RNAs (Salzman et al., 2012),
INcRNAs spanning 100 kb and abundant IncRNAs with a restricted subnuclear
localization (Hutchinson et al., 2007).

Transcriptome wide studies showed that IncRNAs in general exhibit more specific
expression profiles than mRNAs (Derrien et al., 2012); that is, they are expressed in a
cell type, tissue, developmental stage or disease state specific manner (Yang et al., 2014).
This trend is true even after correcting for the markedly lower expression levels of
INcRNAs (Derrien et al., 2012). Furthermore, INCRNA expression patterns are often
correlated with  mRNA expression patterns both in cis (neighboring genomic
environment) and in trans (distant sites of action), suggesting that certain IncRNAs may
be co-regulated in expression networks (Guttman et al., 2009).

From the perspective of the chromatin state, it appears that IncRNAs follow the same
rules as protein-coding genes (Derrien et al., 2012). That is to say, expressed InCRNA
promoters are enriched for active histone modifications (for example, H3K4me3,
H3K9ac and H3K27ac) similar to their protein-coding counterparts, and histone
modification patterns can be used to identify IncRNAs (Derrien et al., 2012). However,
recent work has revealed that certain transcription factors and chromatin remodeling
enzymes globally regulate IncRNA expression.

In addition, from a genetic RNA interference screen in yeast, four mechanistically
distinct chromatin remodeling complexes (Swrl, Isw2, Rsc, and Ino80) were identified as
global repressors of ncRNA transcription, particularly of INcRNAs that overlap protein-
coding genes (Alcid and Tsukiyama, 2014). Disruption of these complexes led to the
derepression of antisense INCRNAs and resulted in a marked decrease in levels of their
overlapping mRNAs. Therefore, in yeast, these chromatin remodelers may repress such
INcRNAs in order to activate the sense-strand mRNAs in cis. Other studies using
different reporter-based screens in yeast also identified chromatin remodeling and
nucleosome assembly factors as key regulators of intragenic cryptic unstable transcripts
(CUTs) and divergent IncRNAs (Cheung et al., 2008).

To reach their mature forms, nascent RNA transcripts undergo extensive co-
transcriptional and post-transcriptional processing events, such as 5’-capping, splicing,
polyadenylation and chemical base modification. During this impressionable period in
the life of RNA, some IncRNAs experience alternative forms of processing that
distinguish them from other transcripts (Wilusz, 2016).

Many IncRNA species have very well defined subcellular localizations, including XIST
(on the inactive X), Gomafu (also known as MIAT; subnuclear domains) (Tsuiji et al.,
2011), BORG (restricted to the nucleus) (Costantini et al., 2007) and GAS5 (exported to

26



the cytoplasm) (Liu et al., 2018). More generally, compared to mRNAs, IncRNAs are
more enriched in the nucleus relative to the cytoplasm (Derrien et al., 2012).

Studies on the function of INCRNA expression showed that they are differentially
expressed during differentiation, development or in response to stimuli (Dinger et al.,
2008). Many IncRNAs have found to be involved in a wide variety of cellular processes,
cell differentiation and implicated in many diseases, reviewed in (Batista and Chang,
2013). IncRNAs might mediate epigenetic modifications of DNA by acting as modular
scaffolds for recruiting chromatin remodeling complexes to specific loci (Wang et al.,
2011). Many IncRNAs seem to bind to specific combinations of regulatory proteins,
potentially acting as scaffold elements within ribonucleoprotein complexes (Batista and
Chang, 2013). Homology between the IncRNA and its target promoter region can elicit
transcriptional silencing. LncRNA transcripts can have critical functions on expression
and repression of nearby genes. For instance, the transcription of ncRNA from the
upstream promoter region involves both a direct interaction with transcription factor
binding and promoter-specific interference (Patil et al., 2014). Some enhancer-associated
INcRNAs that are expressed during embryonic stem cell differentiation to form
cardiomyocytes (Di Salvo et al., 2015). Enhancer LncRNA-HIT (Hotchon) regulates the
expression of nearby genes (H3K27ac and 5'HoxA) by recruiting chromatin-modifying
proteins(CMPs) (p100 and CBP) to increase the accessibility of the chromosomal region
to gene-regulatory factors (Carlson et al., 2015). IncRNAs can compete with miRNA for
their binding to mRNA, thus, act as miRNA sponge (Cesana et al., 2011) (Fig 1.10).
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Figure 1.10| Regulation of gene expression by INcCRNAs. Figure adapted from (Mathieu et
al., 2014).

5. Long-range chromatin interactions

In living cells, chromosomes are well-organized in three dimensions inside the nucleus
forming separated chromosome territories (CTs) (Cremer and Cremer, 2001). In each
territory, the interchromosomal interaction of particular chromosomes and long-range
interactions between genomic regions is often occurred. The position of CTs is thought to
correlate with transcriptional activity. Transcriptionally inactive regions are located at nuclear
periphery (nuclear lamina) (Padeken and Heun, 2014), while regions with similar
transcription activity are co-localized in the nuclear space called transcription factories where
they are likely sharing transcription machinery (Edelman and Fraser, 2012; Papantonis and
Cook, 2013). At increasing resolution, each chromosome is comprised of many distinct
chromatin domains which referred to as topological associating domains (TADs) (Dixon et
al.,, 2012; Nora et al., 2012). A TAD can expand a few hundred kilobases to several
megabases region of high local contact frequency and separated from other TADs by sharp
boundaries. At the level of genes, transcription is regulated by cis-regulatory elements such as
enhancers and promoters. Remarkably, enhancers can communicate their defined activities
across large genomic distances by physically contacting distal promoters via chromatin
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folding. To achieve this, regulatory landscapes are highly organized in 3D nuclear space at a
number of scales, each of which differently influences enhancer-promoter communication
(Fig 1.11).
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Figure 1.11 | The Hierarchical 3D Organization of the Genome Schematic (left) and Hi-
C (right) views of genome organization. Upper panel: at higher-order scales, chromatin with
a transcriptionally active or repressive signature separates into A (red) and B (blue)
compartments, respectively. B compartments frequently overlap with nucleolar-associated
domains (NADs) and LADs (L) but are distant from speckles (D). Compartments are
coincident with non-LADs (N) and are speckle-proximal (P). Lower panel: at smaller scales,
enhancers transmit regulatory information to genes by physical proximity within, but not
between, TADs. Separated by insulating boundaries, TADs preferentially internally self-
associate to create discrete functional and structural blocks. Figure adapted from (Robson et
al., 2019).

To fully understand genome function, studying the linear genome map as well as the spatial
map chromosome organization is extremely critical. There are increasing evidences that
looping of chromosomes is important for transcriptional regulation and gene activation
mechanisms by distant regulatory elements (Lomvardas et al., 2006; Tolhuis et al., 2002). It
has been demonstrated that transcriptionally active genes contact enhancer-like elements,
whereas transcriptionally inactive genes interact with elements marked by repressive features
that may act as long-range silencers (Mifsud et al., 2015).

In order to better understand the physical organization of chromosomes in the native cellular
state, the chromosome conformation capture (3C) and its derivative techniques have been
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developed as valuable tools for uncovering functional elements in the whole genome. The
most advantage of 3C is converting the physical chromosomal interactions into specific DNA
ligation products bearing information of interacted genomic sequences that can be detected by
PCR. Only over the past decade, a series of related techniques have been developed from 3C
with an increase in throughput and resolution, the later the fancier name than the last.
Variations of the 3C-based techniques include 4C, 5C, Hi-C, Capture-C, and ChlA-PET
which are capturing the interactions in different scales and address different biological
questions. (See Fig. 1.12 for the methodology summary of 3C based techniques).

Data from 3C-derived technologies have allowed researchers to answer the questions about
genome organization that were previously beyond reach. A rich landscape of interactions
between specific genomic loci is readily detectable. The first demonstration of long range
interaction at B globin gene clusters using 3C technique reveals that promoter of active gene
interacts with an upstream LCR (Tolhuis et al., 2002). Subsequently, a number of studies have
shown similar interactions between cis-regulatory elements (Handoko et al., 2011; Li et al.,
2012; Sanyal et al., 2012). By using different 3C-based technology approaches, these studies
consistently demonstrated that reproducible interactions are common in mammalian genomes
and interacting loci are often enriched between cis-regulatory elements. It is noted that the
vast majority of these interactions are within a TAD, consistent with the role of TAD
boundary in constraining 3D interactions (Dixon et al., 2012; Nora et al., 2012).

Altogether, 3C and 3C variants generate comprehensive and genome-wide interaction maps
for studying higher-order chromatin structure. As the evolution of chromosome conformation
capture is continuing, the C methods become more refined and their use expands, they will be
a valuable tool in the understanding of how chromatin structure, protein interactions and DNA
sequence all work together to control gene expression for years to come.
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Chapter 2

Silencer elements

Eukaryotic transcription is controlled by the combined activities of gene promoters and distal
cis-regulatory elements, such as enhancers and silencers. Whereas the biological functioning
of promoters and enhancers is relatively well understood, the understanding of the function
and importance of silencer elements have remained elusive.

Silencers were initially defined as sequence elements which are capable of repressing
promoter activity in an orientation and position independent fashion, in the context of a native
or a heterologous promoter (Brand et al., 1985). More recently it has become clear that many
different types of silencers exist that are capable of affecting many aspects of gene regulation,
such as activity of positive acting TFs, chromatin structure, intron splicing, 3’ upstream
untranslated signal recognition, as well as GTF assembly, to ultimately down-regulate gene
expression (Ogbourne and Antalis, 1998).

Regulatory elements capable of silencing gene expression have also been described in
several species (Maston et al., 2006). However, the number of silencers identified in the
mammalian genomes has been very limited, resulting in a lack of information regarding
silencer-specific chromatin profiles and mechanisms of action. They include silencer
elements derived from humans, mouse, rats, chickens, and yeast. A list of representative
silencers identified in mouse and human is provided in (Table 2.1).

A survey of the published literature on transcriptional repression sheds the light on the
different subclasses of silencer elements. Initially silencers were sub classified as classical,
position-independent element that directs an active repression mechanism (generally by
interfering with GTF assembly) should be referred to as a “silencer element’, and that a non-
classical, position-dependent element directs a passive repression mechanism (generally by
interfering with upstream elements) be referred to as an "NRE', and that the associated TF be
known as a “repressor' (Ogbourne and Antalis, 1998).

1. Historical Overview

In 1985, the yeast mating type loci revealed that distal silencer elements could control
gene expression from afar (Brand et al., 1985). The role of distal silencer elements in
mammals was demonstrated shortly thereafter through a silencer element located several
kilobases upstream of the rat insulin gene (Laimins et al., 1986). A decade later, a series
of key experiments identified a silencer in the intron of the mouse and human CD4 genes,
and revealed the important role that silencers can play in lineage specificity and cell fate
determination, as this silencer represses CD4 expression in CD8+ T cells (Donda et al.,
1996; Taniuchi and Littman, 2004). Later, several studies identified genomic sequences
with silencer properties that are the opposite of enhancers across many species
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(Ogbourne and Antalis, 1998). Although many silencers were identified in the late 80’s
and 90’s (Table 2.1), the silencer field has been somehow hampered in the last years by
the lack of high-throughput functional assays, as reflected by a PubMed survey between
the literature related to silencers and other cis-regulatory elements (Fig 2.4).

Table 2.1: Examples of silencer elements validated by reporter assays in mouse and
human. Adapted from (Ogbourne and Antalis, 1998; Qi et al., 2015).

Target gene Size(bp) References

Human plasminogen activator inhibitor type-2 302 (Antalis et al., 1996)
Human sperm histone H2b-1 28 (Barberis et al., 1987)
Human apolipoprotein A-II 100 (Bossu et al., 1996)
Human papilloma late mRNA 79? (Dietrich-Goetz et al., 1997)
Human Y'D promoter 17 (Dirks et al., 1996)
T-cell receptor Vb2.2 39 (Dombret et al., 1996)
Human CD4 15 (Donda et al., 1996)
Human neuronal al-chimaerin 30 (Dong and Lim, 1996)
Human insulin 21 (Goodman et al., 1996)
Human collagen type 4 21 (Haniel et al., 1995)
Human c-Fes 13 (He et al., 1996)
Human thyrotropin 3 352 (Kim et al., 1996)
Human platelet-derived growth factor A-chain 30 (Liu et al., 1996)
Human Pi Class glutathione S-transferase 7 (Moffat et al., 1996)
Human T-cell activation gene 3 19 (Ohetal., 1997)
Human hypoxanthine phosphorylase transferase 59 (Rincon-Limas et al., 1995)
Human synapsin | 36 (Schoch et al., 1996)
Human c-myc 9 (Takimoto et al., 1989)
Human platelet-derived-growth-factor A-chain 25 (Wang et al., 1994)
Human interleukin-2 9 (Williams et al., 1991)
Human interleukin-8 7 (Wu etal., 1997)
Human interferon-Y 25 (Yeetal., 1996)
CCND1 953 (French et al., 2013)
MECP2F3 985 (Liu and Francke, 2006)
TSHB 353 (Kim et al., 1996)
PDGFA 31 (Liu et al., 1996)
PPARD 500 (Yadav et al., 2018)
Mouse bone morphogenetic protein 4 1230 (Feng et al., 1995)
Mouse mammary-tumour-virus long terminal repeat 13 (Giffinetal., 1994)
Mouse thyroid HR 1 14 (Nagasawa et al., 1997)
Mouse thyroid HR 1 8 (Nagasawa et al., 1997)
Mouse major inducible Hsp70 1044 (Shimokawa and Fujimoto, 1996)

2. Models of silencer function

Typically, silencers function independently of orientation and distance from the
promoter, although some position-dependent silencers have been encountered. They can
be situated as part of a proximal promoter, as part of a distal enhancer, or as an
independent distal regulatory module; in this regard, silencers can be located far from
their target gene, in its intron, or in its 3’-untranslated region. Finally, silencers may
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cooperate in binding to DNA (Harris et al., 2005), and they can act synergistically (Sertil
et al., 2003).

To study silencer elements a number of models have been proposed for repressor
function. In some cases, repressors appear to function by blocking the binding of a
nearby activator (Harris et al., 2005). Alternatively, a repressor may prevent activators
and/or GTFs from accessing a promoter by establishing a repressive chromatin structure
through the recruitment of histone-modifying activities or chromatin-stabilizing factors
(Weintraub et al., 2017).

Studies on transcriptional repression in the Drosophila embryo suggest that there may be
two basic forms of repression, namely long-range and short-range repression
(summarized in Fig. 2.1). Short-range repressors work over distances of less than 100-
150 base pairs (bp) to inhibit upstream activators in a local fashion. Long-range
repressors function over distances of at least 500 bp to silence the transcription complex
or to inhibit upstream activator(s) that are bound to promoter-proximal regions. In
principle, long-range repressors can function in a dominant fashion to block multiple
enhancers in a complex modular promoter reviewed in (Gray and Levine, 1996).
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Figure 2.1] Quenching versus direct repression models for short-range and long-range
repression. (a) Short-range quenching. A short-range repressor (SRI bound to enhancer 1
interferes with the function of a nearby activator (A). Activators bound to enhancer 2 are out
of the range of the SR and can therefore contact the transcription complex (represented by an
arrow within an oval). (b) Short-range direct repression. When enhancer 1 loops into the
transcription complex, the repressor interferes with the neighboring activator by competing
with common components of the transcription complex. As the interaction of the repressor
with the transcription complex is weak and transient, activators bound to enhancer 2 are
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unaffected. (c) Long-range quenching. This differs from short-range quenching in that the
long-range repressor (LR) can interfere with the function of activators that are bound kilobase
distances away from, in addition to nearby, the LR. This interference could involve the
recruitment of one or more corepressors, or perhaps changes in chromatin structure. (d) Long-
range direct repression. Here, the LR functions as a dominant repressor by stably interacting
with one or more components of the transcription complex (Gray and Levine, 1996).

Johnson et al., shown how a transcriptional silencer that participates in the sexually dimorphic
patterning of gene expression has experienced repeated inactivation events that increased its
target gene’s expression (Fig. 2.2). Despite highly varied male pigmentation phenotypes
in D. auraria, two genes that often correlate with pigment pattern (yellow and tan) were
expressed similarly among light and dark strains. In contrast, ebony expression uniquely
correlated with pigmentation, it was showed that the correlation between expression and
pigmentation phenotypes were due to cis-regulatory mutations within ebony. Mapping
the ebony regulatory region of D. auraria established the conservation of a silencer element
with male-specific activity that carves out sexually dimorphic expression from a ubiquitously
activating enhancer. Within this conserved silencer, functional changes were localized
responsible for allelic differences in expression. Moreover, it is showed that the secondary
loss of male-specific pigmentation in D. serrata occurred through the parallel inactivation of
this upstream silencer element of ebony (Fig. 2.2). These findings highlight the under-
appreciated role of silencers in the evolution of gene expression and morphology (Johnson et

al., 2015).

A3 A3 : ; ;
Interspecific silencer loss
A4 A4 (D. serrata)
A5 AS A3
ST A6 A4
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— (ACD A6
Ancestral activation Evolution of a spatially Diversification of a spatially
throughout abdomen restricted silencer element restricted silencer element

Intraspecific silencer loss
(D. auraria)

Figure 2.2| Model for the parallel loss of the ebony upstream silencer element.

Within the ancestral ebony gene, a silencer element evolved that adopted a repressive role in
in the male posterior abdomen. Within the montium subgroup, this silencer’s activity was
modified through changes in cisthat altered the silencer’s spatial domain of activity.
Within D. serrata, this silencer was inactivated, leading to increased ebony expression. In
contrast, this silencer was maintained in the species D. auraria, in which intraspecific
variation exists for an allele that inactivated this element (Johnson et al., 2015).
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Limited information suggests there are two general categories of silencers (Fig 2.3):
elements that only function in a specific context to repress promoter activity (termed
negative regulatory elements (Ogbourne and Antalis, 1998); and elements that function in
an autonomous, context-independent manner. Negative regulatory elements function by
recruiting proteins that disrupt or inactivate the formation of functional Pol 1l
transcription complexes at otherwise accessible promoters. This is accomplished by
recruiting repressor proteins, blocking the nearby binding of activator proteins, or
competing directly with activator proteins for the same binding site (Maston et al., 2006).
Autonomous silencers function by establishing a repressive chromatin state that can be
stably inherited (Dean, 2011). This is typically accomplished by recruiting proteins
capable of modifying DNA (e.g. methyltransferases) or histone tails (e.g. histone
deacetylases) in a manner that supports the formation of heterochromatin, or proteins that
help stabilize and propagate heterochromatin (e.g. polycomb group proteins,
heterochromatin protein 1). This in turn prevents activators and transcription factors from
accessing gene promoters. Other types of silencers might interfere with additional cis-
regulatory elements. For example, the CD4 silencer has been shown to interfere with the
enhancer-promoter interactions at this locus (Taniuchi et al., 2002b).
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Figure 2.3 |Two possible mechanisms of silencer action

The availability of a very limited number of autonomous mammalian silencer elements
described in the scientific literature has made it difficult to identify common mechanisms
of action, as well as common chromatin profiles. Advances toward identifying and
characterizing autonomous silencer elements have also been hampered by the lack of
independently-validated functional assays. A question even remains as to whether
silencer activity determined by transient transfection of reporter constructs can accurately
predict whether a particular sequence is capable of providing silencer activity in the
setting of intact chromatin.

Later, using drug-resistant colony assays and the GFP expression assay the T39 human
silencer element has been identified. The T39 silencer exhibits a distinct chromatin
profile, including high occupancy by CTCF and DHS formation in multiple tissues (Liu
et al., 2015; Qi et al., 2015). This silencer is located in the first intron of the ARHGAP6
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gene. It has been suggested that silencers located in introns could suppress transcription
by blocking transcriptional elongation, by preventing recognition of intronic splice sites
or by abrogating basal transcriptional apparatus assembly (Ogbourne and Antalis, 1998).
Publicly available CTCF interactome data indicate that the T39 element physically
interacts with other CTCF sites located at the terminus of the ARHGAPG6 gene and within
the neighboring gene MSL3, but not with the promoters of these genes. It is of interest to
speculate that the T39 silencer may modulate the expression of MSL3, a gene
contributing to the X-inactivation complex of Drosophila and humans (Kadlec et al.,
2011).
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Figure 2.4 | Number of PubMed citations per year associated with the different cis-
regulatory elements (July 2019).

3. Repressors

The role of repressors and repressor complexes are obviously paramount in this area. There
are several groups of repressor complexes and how they regulate gene expression, as well as
several examples of TFs which can behave as activators or repressors. One of them i.e. REST
is detailed below.

3.1 REST

RE-1 silencing transcription factor (REST), which is also known as neuron-restrictive silencer
factor (NRSF), is a transcription repressor that binds to the 21-bp RE1 sites in the regulatory
regions of its target genes (Ooi and Wood, 2007). REST is known to have a central role in
regulating neurogenesis, neural differentiation, and preservation of the unique neural
phenotype (Song et al., 2015). In addition to neuronal development, NRSF/REST may have
other roles in cardiac development (Kuwahara et al., 2003), pancreatic islet development
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(Abderrahmani et al.,, 2001), and perhaps B- or T-cell lineages (Scholl et al., 1996).
Downregulation of REST during neural differentiation is necessary for the correct
development of certain classes of neurons (Terry and Beltran, 2014). REST is known to
repress its target genes by interacting with subunits of several transcription regulatory
complexes, including CoREST and mSin3 corepressor complexes, the SWitch/Sucrose Non-
Fermentable (SWI/SNF) complex, and polycomb repressive complex 1 (PRC1) and PRC2
(Dietrich et al., 2012; Ooi and Wood, 2007). Another isoform, REST4, is thought to act in a
dominant negative fashion (Hersh and Shimojo, 2003) These REST-interacting proteins were
independently identified using yeast two-hybrid screening or co-immunoprecipitation under
different experimental conditions.

In pluripotent stem cells and neural progenitors, REST actively represses a large array of
coding and noncoding neuron-specific genes important to synaptic plasticity and structural
remodeling including miR-132 (Ballas and Mandel, 2005; Ooi and Wood, 2007). A subset of
microRNAs including miR-9, miR-124a, and miR-132 contains RE-1 sites within their
promoter regions in mouse and humans and are functionally validated targets of REST in
mammalian cell lines (Conaco et al., 2006). Hwang et al demonstrate that ischemic insults
trigger activation of REST and REST-dependent silencing of miR-132 in selectively-
vulnerable CA1 neurons and that REST-dependent repression of miR-132 is critical to
ischemia-induced neuronal death in a clinically-relevant model of ischemic stroke in vivo
(Hwang et al., 2014).

In another repression role of REST was shown by Zhang et al, 2012 repress CART
expression. They found that NRSF utilizes a dual NRSE pattern to efficiently repress CART
expression. They proved that both the promoter NRSE (pNRSE) and the intron NRSE
(INRSE) are bona fide regulatory elements of CART that play equivalent roles in CART
regulation. NRSF recruits co-repressor complexes to the NRSE sites to ensure repression
efficiency. The complexes include HDAC1, mSin3, and CoREST, which is the first time
shown to bind to the CART gene. They noted that similar but not identical co-repressors were
recruited to the pNRSE (pNRSE) and iNRSE (iNRSE), i.e. (a) NRSF and CoREST displayed
stronger affinity to the INRSE than to the pNRSE (about 8-folds); (b) mSin3A was
specifically recruited to pNRSE but not to iINRSE (Zhang et al., 2012).

4. Silencers in the hematopoietic system and specifically during T cell differentiation

It is noticeable that among the few silencers that have been described in the literature, many
are associated with the regulation of T cell specific genes (Table 2.3). Several of these
silencers have been shown to play an important role in cell lineage restriction and their study
has allow a better understanding of the mechanisms underlying silencer function during
development and cell differentiation (Fig 2.5).
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differentiation genes

4.1 CD4 silencer

During the development of T lymphocytes, differential regulation of expression of the CD4
and CD8 glycoproteins is coupled to the choice of one of two pathways of differentiation.
Thymocytes that express both of these coreceptors commit to either the helper lineage,
shutting off CD8, or the cytotoxic lineage, shutting off CDA4. In earlier work, a T cell specific
enhancer was identified and characterized located at a DNAase | hypersensitive site 13 kb
upstream from the transcriptional initiation site of the mouse CD4 (mCD4) gene (Sawada et
al., 1994). It was shown that this enhancer and the homologous human element are required
for the correct expression of the CD4 gene during T cell differentiation in transgenic mice
(Killeen and Littman, 1993). Several lines of evidence suggested that the CD4 gene has
additional elements required for its negative regulation in CD8 SP lineage T cells. In transient
transfection assays, combinations of the CD4 enhancer and promoter were functional in both
CD4 SP and CD8 SP T cell lines (Sawada et al., 1994). In transgenic mice, the CD4
enhancer/promoter linked to a human CD4(hCD4) cDNA/genomic chimeric gene, lacking
introns 1-4, directed expression in both CD4 and CD8 SP cells, in contrast, a similar construct
containing the hCD4 gene, with intact introns 1, 2, and 4, was correctly regulated, with
expression detected in mature CD4 SP but not in CD8 SP T cells (Killeen and Littman,
1993).

To localize the negative regulatory element in the CD4 gene, a transgenic system using the
hCD2 cDNA as a reporter was developed (Sawada et al., 1994). Analysis of hCD2 expression
in T cell subsets in the transgenic animals has permitted to identify a short intronic sequence
that coincides with a DNAase | hypersensitive site and that promotes repression of the hCD2
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transgene in CD8 SP cells as well as in immature thymocytes that express neither CD4 nor
CD8 (double negative or DN cells). This negative regulatory region functions in an
orientation and position independent manner and combination with heterologous cis-acting
regulatory elements, indicating that it is a developmentally regulated transcriptional silencer
(Sawada et al., 1994).

4.2 Runxl1 and Runx3 at the CD4 silencer

Binding of Runx1 and Runx3 to the Cd4 silencer element located in the first intron of the Cd4
gene serves as an instructive example of the ability of Runx proteins to mediate repression by
two different mechanisms at different stages of thymocyte development (Taniuchi et al.,
2004). The CD4 silencer confers lineage-specific expression of Cd4 in thymocytes by
repressing the CD4 promoter and enhancers twice during T-cell development in the thymus.
In DN cells this repression is transient and reversible (as thymocytes have to upregulate CD4
in the subsequent stage of development to DP cells) and depends on the continued presence of
the silencer; on the other hand, during DP to SP transition, the silencer mediates heritably
stable (irreversible) silencing in CD8SP cells (as these cells must not express CD4 at
subsequent stages of differentiation in the periphery), and silencing persists even if the
silencer element is removed in mature CD8 SP cells. Runx1 and Runx3 bind to the CD4
silencer in DN and CD8SP cells, respectively, and loss of Runx-binding sites in the CD4
silencer causes Cd4 derepression in both DN and CD8SP cells (Taniuchi et al., 2002b).

A mechanism for how Runx1 transiently represses CD4 was proposed (Jiang and Peterlin,
2008) (Fig 2.6). In DN cells, Runx1 bound at the CD4 silencer interacts with the positive
elongation factor, P-TEFb at the CD4 enhancer. This interaction is thought to prevent
polymerase Il preloaded at the CD4 promoter from engaging with P-TEFb and initiating
productive transcription (Jiang and Peterlin, 2008). On the other hand, in mature CD8+ T
cells, the silent CD4 promoter is associated with both of the repressive histone modifications,
H3K9me3 and H3K27me3 (Yu et al., 2008). The presence of these modifications at the CD4
locus is likely to depend on Runx3, given its crucial role in CD4 silencing in CD8SP cells.
Thus, changes of chromatin structure at the level of histone modifications are likely to be a
part of the mechanism by which Runx3 mediates long-term gene repression. However,
whether the epigenetic modifications of the CD4 locus are mediated by direct recruitment of
Polycomb proteins and/or HP-1 by Runx3 is currently unknown.
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Figure 2.6 | A model for active repression by Runxl. In DN and ISP thymocytes, the
interaction between Runxl1 and P-TEFb brings the enhancer (E) into the close proximity of
the silencer (S) and prevents P-TEFb from activating RNAPII, which is arrested at the
promoter (P), thus actively repressing transcription elongation. In DP and CD4 SP
thymocytes, the lack of Runxl binding to the CD4 silencer frees P-TEFb to interact with
RNAPII and to activate transcription elongation. Only RNAPII on the CD4 promoter is
depicted in the model. Figure adapted from (Jiang and Peterlin, 2008).
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4.3 ThPOK silencer promotes CD4 commitment

Identification by Kappes et al., in the late 1990s, of a spontaneous mutant mouse line (helper
deficient, or HD) that lacked CD4+ helper cells due to a single recessive mutation was the
first step in identifying ThPOK as the master regulator of CD4 lineage choice (Dave et al.,
1997). Subsequent backcrossing of HD mice to an MHC class I-deficient background
revealed that lack of CD4 T cells in HD mice was not due to a block in the development of
MHC class ll-restricted thymocytes but rather to their redirection to the CD8 lineage. This
finding led to the conclusion that lineage choice and positive selection were two
mechanistically distinct processes. Finally, in 2005 the mutation was mapped to a point
mutation in the gene encoding the transcription factor ThPOK (T helper-inducing POZ
Krueppel factor), which resulted in a single amino acid substitution (R to G) in its DNA
binding domain (He et al., 2005).

These and later studies from another group established that ThPOK functions as a “master
regulator” of lineage commitment, whose presence or absence is necessary and sufficient to
drive the development of immature thymocytes to the CD4 or CD8 lineages, respectively
(Kappes et al., 2005). The structure and expression pattern of the ThPOK gene appears to
have been conserved since the divergence of bony fish from other vertebrate lineages.
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4.4 Key role for ThPOK silencer

Given that ThPOK functions as the master regulator of CD4 lineage commitment and is
regulated primarily at the level of transcription, it became critical to elucidate the molecular
mechanism of its transcriptional regulation. A 20kb region surrounding the ThPOK locus and
bounded by CTCF insulators is sufficient to reconstitute normal lineage commitment when
introduced as a transgene into HD mice. Further investigation of this region identified six
DNase hypersensitivity (DHS) sites, including two promoters and four other putative cis
regulatory elements (He et al., 2008a), which collectively seem necessary and sufficient for
the stage-specific regulation of ThPOK expression during thymopoiesis. Of the six DHS sites,
a 400 bp silencer element at DHS site A (Sil ThPOK) gained prominence, as its deletion from
a ThPOK GFP reporter transgene abolished lineage-specific regulation, leading to
promiscuous expression in both CD4 and CD8 T cells. Furthermore, knockout mice lacking
the Sil ThPOK exhibit complete derepression of ThPOK in class I-restricted thymocytes,
resulting in a severe reduction in the number of CD8 T cells due to redirection of class I-
restricted thymocytes to the CD4 lineage. Interestingly, conditional deletion of the Sil ThPOK
in mature CD8 T cells does not derepress ThPOK expression, indicating that CD8 lineage
commitment entails permanent epigenetic silencing of the locus (Sun et al.,, 2005).
Collectively these results indicate that Sil ThPOK function is controlled in part by stage- and
lineage-specific chromatin modifications and by sequential recruitment of DNA binding
proteins. The precise transcription factors that control Sil ThPOK function remain
incompletely characterized. One important factor is Runx3, which has previously been shown
to be essential for CD8 differentiation. The Sil ThPOK region has two putative Runx binding
sites, and deletion of these motifs impairs silencer activity (He et al., 2008a). Interestingly,
chromatin immunoprecipitation (ChIP) assays revealed that Runx complexes are bound to Sil
ThPOK at all stages of thymic T cell development, indicating that Runx binding is not
sufficient to account for stage specific regulation of the Sil ThPOK. Hence, the molecular
basis by which differential TCR signals specifically modulate the activity of the Sil ThPOK
has yet to be established.

4.5 Opposing effects of Runx and ThPOK on CD4/CD8 on lineage specification

Several lines of evidence support that ThPOK functions as a master transcriptional regulator
of CD4 lineage specification and as an antagonist of Runx3. ThPOK has been implicated in
the regulation of multiple genes involved in CD4 lineage specification, including CD4 and
ThPOK, at least in some cases via direct binding to the target locus. Direct binding of ThPOK
to CD4 and ThPOK silencers antagonizes their function and initiates positive-feedback loops
that support CD4 surface expression and increased transcription of ThPOK itself. Induced
expression of ThPOK in DN and CD4+CD8lo thymocytes mediates derepression of CD4
expression, and in peripheral CD8 T cells causes activation of several CD4 lineage-restricted
genes including GATA-3 (Wildt et al., 2007). Further, ectopic ThPOK expression leads to
severe functional defects by peripheral CD8 T cells, due to down modulation of many CD8
specific genes including CD8, Perforin, Granzyme B, and Eomes (Kundu et al., 2005).
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ThPOK has also been shown to bind to its own silencer and antagonize its function, indicative
of a positive feedback regulatory loop. Diminished ThPOK expression in mature CD4 T cells,
on the other hand, results in downregulation of CD4 lineage-specific genes including CD4,
upregulation of cytotoxic lineage genes such as Runx3 and Eomes, acquisition of high IFN-y
production capacity and transdifferentiation into CD8 T cells upon transfer into T cell
deficient mice. In vitro, cotransfection assay showed that ThPOK antagonizes Runx-mediated
repression of a reporter gene controlled by the CD4 silencer (Wildt et al., 2007). Furthermore,
ThPOK represses Runx3 distal promoter activity during the differentiation of class Il-
restricted cells; although it is not clear whether the effect is direct (Cruz-Guilloty et al., 2009).
Interestingly, the antagonistic effect of ThPOK on Runx-mediated silencing can be effectively
ablated by the histone deacetylase inhibitor TsA, suggesting that antagonism depends on
transcriptional repression by ThPOK of an unknown factor that acts in conjunction with
Runx, a repressor-of repressor model (Rui et al., 2012). In summary, current data indicate that
ThPOK and Runx3 antagonize each other’s functions by supporting CD4 and CD8 lineage-
specific gene expression programs, respectively. Regulatory loops initiated by ThPOK
explain in part how the initial lineage specification signals that induce limited expression of
ThPOK at the CD4+CD8lo stage are amplified to drive full CD4 commitment.

4.6 L2a silencer CD8 gene

The mechanism underlying CD4 and CD8 T cell lineage commitment has been the subject of
intense investigation over many years. ldentification of cis-acting regulatory elements and
factors controlling CD4 and CD8 gene transcription has been critical to the understanding of
CD4/CD8 lineage differentiation. DHS measurements and transgenic reporter assays of the
~80 kb region spanning the murine genomic CD8a and CDS8p locus identified four clusters
(CI-CIV) of DHS. Subsequently, four enhancers (E8I-E81V), which overlap DHS between
CD8a and CDS8p, were shown to be involved in CD8 gene expression in CD8afj+ T cells
(Kioussis and Ellmeier, 2002). Each enhancer is CD8 lineage-specific and is active at a
defined T cell developmental stage.

Targeted disruption of E8I (CllI-1,2) in vivo had no effect on CD8a and CD8P expression in
thymus derived T cells, but CD8 expression in IELs was eliminated, suggesting that other cis-
acting elements could compensate for the loss of E8I in thymus-derived T cells (Ellmeier et
al., 2002). Combined deletion of E8I and E8II resulted in variegated expression of CD8SP
and DP thymocytes as well as in reduced CD8 expression on mature CD8+ T cells (Ellmeier
et al., 2002). Further studies demonstrated that E8I and ES8II deletion led to impaired
chromatin remodeling during T cell development (Bilic et al., 2006). Combined targeted
deletion of E8II and ES8III did not significantly alter expression levels of CD8a and CDS8P in
thymocytes or T cells. DH cluster Il was inactive in transgenic reporter analysis, but as
observed in E8I-E8II double deletion mice, cluster Il deletion led to impaired CD8SP
frequencies with a small % of variegated expression observed in peripheral CD8+ T cells
(Garefalaki et al., 2002).
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The L2a element is located ~4.5 kb upstream of the CD8a gene where it resides within the
first DHS of cluster 1l (CllI-1), a short distance upstream of two GATA-3 binding sites
(Landry et al., 1993). L2a was defined by in vitro nuclear matrix binding assays as a nuclear
matrix attachment region (MAR) (Banan et al., 1997). MARs frequently reside in close
proximity to promoters and enhancers and have been shown to be important transcriptional
regulators during chromatin remodeling (Hart et al., 1997). In stable transfection studies,
inclusion within constructs of a 900 bp fragment that spanned L2a significantly reduced the
frequency of CD8+ T cells, suggesting that L2a may negatively regulate CD8 transcription
(Lee et al., 2004). This interpretation is consistent with the observations that deletion of the
DHS cluster 11/CII-1,2 region (which spans L2a) results in variegated CD8 expression
(Garefalaki et al., 2002), and that inclusion of a fragment spanning DHS cluster Il enables E8I
to activate reporter gene expression in DP thymocytes (Erman et al., 2002).

4.7 Silencer and anti-silencers regulate Ragl and Rag2 genes

There are two developmental windows of Ragl and Rag2 (hereafter, Rag) gene expression
during T and B lymphocyte development (Kuo and Schlissel, 2009). In developing
thymocytes, the Rag genes are first expressed at the CD4°'CD8" double-negative (DN) stage to
promote recombination of the Tcrb, Tcrg, and Tcrd genes. Productive Tcrb recombination
causes Rag gene downregulation, cellular proliferation, and differentiation to the CD4"CD8"
double-positive (DP) stage. Rag genes are then reexpressed in DP thymocytes to promote the
recombination of Tcra genes. After productive Tcra gene assembly and positive selection of
TCR-expressing DP thymocytes, Rag genes are silenced during differentiation to the
CD4'CD8 or CD4 CD8" single-positive (SP) stage.

The intergenic region between Ragl and Rag2 contains a silencer that strongly represses
expression of Rag2 in DP T cells and attenuates expression in DN T cells (Yannoutsos et al.,
2004). The interval between 71 kb and 86 kb 5’ of Rag2 contains a cis element named anti-
silencer (ASE) required to suppress the activity of the intergenic silencer in DP thymocytes
(Yannoutsos et al., 2004). The intergenic silencer suppresses both Ragl and Rag2 expression
in the DP stage of thymocyte development and the ASE has no apparent effect on gene
expression in the absence of this silencer (Yannoutsos et al., 2004). Ragl and Rag2 gene
expression in CD4"CD8" double-positive (DP) thymocytes depends on the activity of a
distant anti-silencer element (ASE) that counteracts the activity of an intergenic silencer
(Yannoutsos et al., 2004) (Hao et al., 2015).

Similar to the Cd4 silencer, the sequence of Rag silencer has little conservation between
mouse and human, however the location of Runx binding sites are conserved in both
species(SCHLUTER and MARCHALONIS, 2003). Thus, Rag silencing resembles Cd4
silencing in the way that Runx is essential for negative regulation. However, the Cd4 silencer
has a dominant effect that prevents gene expression, whereas the positively acting ASE is
dominant over the silencer in the Rag locus (Yannoutsos et al., 2004).
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Rag gene expression in DP thymocytes depends on the assembly of a multi-component
chromatin complex, or hub, containing the ASE and both Rag gene promoters. The chromatin
organizer SATB1 plays an important role in the assembly of this complex and in Rag gene
transcription, functioning at least in part by stimulating RNA pol Il loading to the Rag
promoters (Hao et al., 2015).

Table 2.2: VValidated silencers in T cells

Target gene Species Methods Associated Mechanism References
Repressor
Luciferase and CAT Al f.|r!ger The NRE-A element inhibit 112 activation (Williams et al.,
112 Human containing . .
reporter assay . upon T cell stimulation 1991)
protein
Vb2.2 CAT assay, Gel Sh'ﬂ The downstream part of the Vb2.2 gene
assay, Electrophoretic . A
segment Human  mobility shift assa sequence exerts a dominant silencing (Dombret et al.,
from the Y Y activity in the Jurkat and MOLT4 cell lines,  1996)
TCRDb locus Methylatlon . but not in the immature HSB2 cell line
interference analysis '
CAT reporter assay, .
The NRE element control the expression of
TCA3/CCL1 Mouse EMSA, [_)NAse TCA3 in activated mast cells (Ohetal., 1997)
footprinting
Adlam and Siu
Differential looping mediate active (2003); (Collins et
repression of the CD4 gene during al., 2011; Jiang
Transgenic mice; thymocyte development. Deletion of the and Peterlin,
CD4 Mouse Knock-out mice Runxl CD4 silencer resulted in stochastic CD4 2008; Leung et
expression in immature and CD8+ al., 2001; Sawada
thymocytes etal., 1994; Xing
etal., 2018)
Runx-dependent intergenic silencer suppress
Transgenic mice Ragl and Rag2 expression in developing T (Hao et al., 2015;
Ragl and Dual-Luciferase cells. An anti-silencer element (ASE) N '
Mouse Runx1 ; . . " Yannoutsos et al.,
Rag? Reporter Assay, physically interacts with the distant Ragl 2004)
and Rag2 promoters in DP thymocytes,
overcoming the silencer effect
Electrophoretic . .
Mobilty Shift Assay nhibit the expression of ranserptsencoding (COUTES €l
TAL1 Human UV Cross-linking, in ~ PU.1 pressio P amng 2000; Le Clech et
. L the TAL-1 proteins in cells from erythroid
vivo Footprinting and megakaryocytic lineages al., 2006)
LMPCRs, EMSAS gakaryocy ges.
Transgenic mice, SATB1 and The L2A element is CD8 silencer that
CDs8 Mouse = EMSA, DNase | CDP interacts with MAR-binding proteins (Yao et al., 2010)
footprinting SATB1 and CDP
A distal regulatory element (DRE) is
necessary for suppression of ThPOK
GFP reporter ,Flow expression in clasg | _restrlcFed fthymocytes (Collins et al.,
and sufficient for its induction in class |- .
Cytometry, DNase | . 2011; He et al.,
e Runx1 restricted thymocytes. .
ThPOK Mouse  Hypersensitivity - . . . 2008a; Tanaka et
. Tle/Groucho  Silencer-mediated alterations of chromatin o
Analysis. al., 2013; Xing et

Knock-out mice

structures in cytotoxic-lineage thymocytes
establish a repressive state that is
epigenetically inherited in peripheral CD8+
T cells even after removal of the silencer

al., 2018)
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Chapter 3

High-throughput reporter assays

1. Overview

With the increasing awareness of the important role of cis-regulatory elements in normal
development as well as in disease, there is strong scientific interest in identifying and
characterizing these elements. This is a challenging task because some of the cis-regulatory
elements do not have to be located directly adjacent to the gene it regulates. With recent
technological advances, these can be identified across entire genomes by many techniques
such as DNase-seq, which detect the DNase | accessible regions; ATAC-seq, detects
transposase accessible sites or ChIP-seq for sites enriched in histone modifications or
transcription factors. However, it is also crucial to test whether these genomic regions are
actually functioning in living cells or tissues. Traditional approaches for testing cis-regulatory
elements, specially enhancer activity, rely on functional assays of individually transfected
reporter plasmids harboring putative regulatory regions for a gene of interest or in vivo testing
by generating transgenic animals, reviewed in (Dailey, 2015). In recent years, various
powerful techniques that incorporate high-throughput sequencing into reporter assays enabled
quantitative and straightforward measures of enhancer activity for thousands for regulatory
elements. This chapter will summarize the recent powerful assays for functional testing of cis-
regulatory element activity.

2. Classical reporter assays

The classical reporter assays remain one of the most frequently used methods to validate
Enhancer and silencer activity. In these assays, the tested candidate region is placed upstream
or downstream from a minimal promoter and a reporter gene (GFP, LacZ, luciferase or
others). The reporter construct is then introduced into living cells/fembryos of interest. If the
candidate sequence acts as an enhancer, it will activate the promoter and lead to the
transcription of the reporter gene. If the candidate sequence acts as a silencer, it will
deactivate the promoter and lead to the repression of the reporter gene. The levels of reporter
gene product (MRNA or protein) can be detected by LacZ staining, fluorescence or in situ
hybridization or quantified using bioluminescence such as in the luciferase assays.
Traditionally drug-resistant colony assay was also used to detect silencer and insulator
activity. The expression level of reporter products reflects the strength of the element used
(Fig 3.1).

The traditional reporter assay serves as a simple, fast and efficient method to test the enhancer
or silencer activity and is still used. However, they are considered as low throughput method
and time consuming because every single candidate has to be cloned into reporter construct
and tested one-by-one.
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Expression Level

Promoter p»  Luciferase gene

[ i | Promoter-control 1X

Enhancer B
M 2 | ] Enhancer-control 10-100X

Silencer B
(TN i ] Silencer detection <1X

Silencer Enhancer B
i | Silencer detection <1X

Figure 3.1 | Traditional reporter assays for enhancer or silencer discovery. The tested
DNA fragment is cloned into a construct which contains a reporter gene encode for a gene
product which is easily detected and quantified transcriptional activation after transfect/inject
into living cells. Expression levels are high for enhancer driven expression (10-100x) and
low for repressive activity (1x). Figure adapted from (Petrykowska et al., 2008).

3. High-throughput reporter assays

High-throughput strategies have been developed to study mammalian enhancers (Santiago-
Algarra et al., 2017), permitting the simultaneous analysis of hundreds of thousands of
reporter plasmids at once (Table 3.1). These have been the focus of several comprehensive
reviews (Dailey, 2015; Inoue and Ahituv, 2015; White, 2015). These methods can be either
qualitative (usually based on cell sorting) or quantitative (based on RNA-seq) and designed to
test enhancer or promoter activity. A general concern about the episomal reporter assays is
that they may not accurately reflect the function of regulatory elements in their endogenous
context. These limitations include lack of proper chromatin context, lack of interaction with
other regulatory elements, no target gene involved in the assay and no TAD structures.
However, it provides valuable information about the intrinsic properties of the sequence itself,
which is essential for the initial assessment of any cis-regulatory element. Here, we will focus
on recent quantitative methods aiming to characterize enhancers.

3.1. Massively Parallel Reporter Assays (MPRAS)

The MPRA method consists of the generation of a library of reporter constructs based on
microarray synthesis of DNA sequences (generally, tested sequences are cloned upstream of a
basal promoter) and unique sequence tags or barcodes (placed in the 3’ UTR of the reporter
gene). To increase the sensitivity and reproducibility, several barcodes could be added to any
given sequence. The reporter library is then transfected into cell lines of interest and RNA
sequencing of the barcodes is performed, thus providing a quantitative readout of the
regulatory activity of the tested regions (Fig 3.2).

MPRAs have been used to investigate a number of biological questions. Initially, MPRA was
designed to dissect the functional components of previously identified enhancers at single-
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nucleotide resolution (Melnikov et al., 2012; Patwardhan et al., 2009). Subsequently, a similar
approach (also named CRE-seq) was used to functionally test ~2,000 genomic segments
predicted by ENCODE to be enhancers, weak enhancers, or repressed elements (Kwashieski
et al., 2014), as well as test synthetic enhancers to model grammatical rules of regulatory
sequences (Nguyen et al., 2016; Smith et al., 2013). MPRA can be used to systematically
assess the relevance of predicted regulatory motifs within enhancers. Kheradpour et al. tested
~2,000 predicted enhancers along with engineered enhancer variants containing targeted
motif disruptions for key transcription factors (TFs) (Kheradpour et al., 2013). In a follow-up
study, Kellis’ lab developed a high-resolution MPRA approach (also named Sharpr-MPRA)
that allowed genome scale mapping of activating and repressive nucleotides in regulatory
regions (Ernst et al., 2016). Here, by synthesizing dense tiling of overlapping MPRA
constructs, they managed to infer the regulatory effects of functional regulatory nucleotides
with either activating or repressive properties (Ernst et al., 2016; Nguyen et al., 2016).
Finally, MPRA can be used to test the impact of single nucleotide polymorphisms (SNPs) in
order to identify functional regulatory variants linked to human traits or diseases. Two recent
studies from the Broad Institute provide proof-of-concept for such approaches. Tewhey et al.
used an improved version of the MPRA to analyze thousands of human expression
quantitative trait loci (eQTL) to identify alleles that impact gene expression in lymphoblastoid
cell lines (Tewhey et al., 2016). Ulirsch et al. used MPRA to test 2,756 variants linked to 75
genome wide association studies (GWAS) loci involved in red blood cell traits (Ulirsch et al.,
2016). In both cases, CRISPR-mediated genetic engineering confirmed the relevance of the
MPRA findings (Ulirsch et al., 2016).

Most MPRA approaches have used massive oligonucleotide synthesis (Fig 3.2), which allows
the precise definition of tested regions as well as custom modifications of underlying
sequences. However, there are currently two limitations to this approach. On the one hand, the
size of the tested fragment is limited to ~200 bp (including the adaptors), which might prevent
testing the full regulatory regions. On the other hand, there is a limitation in the number of
oligonucleotides that can be synthesized (currently <100,000). These constraints are expected
to be overcome in the near future with the improvement of oligonucleotide synthesis
technologies.

3.2. Self-Transcribing Active Regulatory Region Sequencing (STARR-seq)

An innovative method named STARR-seq was introduced by Alexander Stark and colleagues
(Arnold et al., 2013)(reviewed (Muerdter et al., 2015)). STARR-seq aimed to identify and
quantify transcriptional enhancers directly based on their activity in entire genomes (Fig 3.3).
In brief, a bulk of DNA fragments from arbitrary sources is cloned downstream into the 3’
UTR of a GFP reporter gene. Once in a cellular context, active enhancers will activate the
upstream promoter and transcribe themselves, resulting in reporter transcripts among cellular
RNAs. Thus, each reporter transcript contains the reporter gene and the “barcode” of itself.
These reporter transcripts can be isolated separately by targeted PCR and eventually detected
by high-throughput sequencing. In this way, the activity of millions of putative enhancers can
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be measured simultaneously without being affected by the location of the candidate sequences
and their orientation. The main advantage over the classical MPRA is that the tested sequence
itself is used as a “barcode”, substantially simplifying the whole procedure to quantify
enhancer activity. Stark’s lab used the STARR-seq approaches to ask several basic
mechanistic questions of enhancer biology in Drosophila, including (i) identification and
characterization of cell-type-specific (Arnold et al., 2013; Yanez-Cuna et al., 2014), and
hormone-responsive enhancers (Shlyueva et al., 2014b), (ii) the impact of cis-regulatory
sequence variation on enhancer activity and evolution (Arnold et al., 2014), and (iii)
dissecting the basis of enhancer core-promoter specificity (Zabidi et al., 2015).
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Figure 3.2 | Overview of massively parallel reporter assay (MPRA). The test sequences
(wild-type, variants, etc.) are generally synthesized in silico by massive oligonucleotide
synthesis with unique barcode tags and cloned into the plasmid backbone. Tags can be
synthesized along with the test sequences or added after synthesis by polymerase chain
reaction (PCR) amplification. A basal promoter and a reporter open reading frame (ORF) are
inserted between the tested element and tag sequences. The reporter library is then transfected
into cultured cells. Subsequently, mRNA is isolated and cDNA synthesized. The tags are
sequenced before (plasmid library pool, for normalization) and after the transfection. The
difference in the enrichment of each barcode is proportional to the enhancer activity of the
test sequence. In the case of post-synthesis addition of barcodes, an additional sequencing
step is required at the first cloning step. Figure adapted from (Santiago-Algarra et al., 2017).

STARR-seq has been applied to human cells by utilizing selected bacterial artificial
chromosomes (BACs)(Arnold et al., 2013); however, with the complexity and size of
mammalian genomes, this technique is not easily implemented, making the formulation of
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representative libraries a challenge and a very high sequencing depth a necessity. To avoid
this issue, a capture-based approach (named CapSTARR-seq) to assess a subset of mouse
DNase | hypersensitive sites (DHSs) found in developing thymocytes was developed
(Vanhille et al., 2015b). Here, the regions of interest are captured using custom designed
microarrays and cloned into the STARR-seq vector, thus providing cost-effective and
accurate quantification of enhancer activity in mammals. Similar approaches have been
published by other labs, including capture of natural genomic variants (Vockley et al., 2015),
and test of DHSs from the central nervous system using a capture approach with oligo-baits
(Shen et al., 2016). Alternatively, it could be possible to directly clone open chromatin
regions, as described in the functional identification of regulatory elements within the
accessible chromatin (FIREWACh) method (Murtha et al., 2014).

In the STARR-seq approach, the DNA fragments are cloned within the transcribed region,
which is very convenient because their sequences provide direct information about enhancer
activity. However, it also introduces a source of potential artifacts, as some sequences might
influence transcript stability instead of enhancing transcription. This potential bias could be
avoided by comparing the results of tested regions on both orientations, allowing one to filter
out the effects of strand-specific transcript-stabilizing effects.
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Figure 3.3 | Overview of self-transcribing active regulatory region sequencing (STARR-
Seq). A genomic or bacterial artificial chromosome (BAC) library is cloned in the reporter
plasmid, downstream of the ORF and upstream of the polyadenylation site (pAS).
Alternatively, the regions of interest might be enriched by a capture approach. The reporter
library is transfected into cultured cells. Subsequently, mRNA is isolated and cDNA
synthesized. The cloned regions are sequenced from the plasmid library pool (input) and the
cDNA. Differences in the enrichment with respect to the input are proportional to the
enhancer activity. Figure adapted from (Santiago-Algarra et al., 2017).
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3.3. ChIP-STARR-seq

Application of STARR-seq to explore mammalian genomes is hindered by genome size
which means that enhancer sequences would be infrequently sampled. This issue can be
alleviated by combining ChIP with STARR-seq (Vockley et al., 2015). Using a similar
approach (refer to as ‘‘ChIP-STARR-seq’’), generates a resource of genome-wide activity
maps of functional enhancers in ESCs. This identified highly active enhancers with major
changes in activity patterns between primed and naive ESCs. Moreover, some transposable
element (TE) families are enriched at highly active enhancers. It also identified the functional
components within super enhancers (SEs) and uncovers a previously unidentified set of
enhancers, including some associated with housekeeping functions. This resource
encompasses an extensive collection of functional enhancer sequences in ESCs, providing a
knowledge base for systematic analysis of the transcriptional circuitry underlying ESC
maintenance and differentiation (Fig. 3.4). By using ChIP-STARR-seq, Barakat et al,
assessed the ability of sequences bound by OCT4, NANOG, or marked by H3K4mel and
H3K27ac to function as enhancers (Barakat et al., 2017).
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Figure 3.4| ChIP-STARR-Seq in Human Embryonic Stem Cells. Outline of the ChlIP-
STARR-seq approach combining antibodies against TFs or histone modifications (colored
balls) with the STARR-seq plasmid. Figure adapted from (Barakat et al., 2017).
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Table 3.1: Examples of high-throughput functional assays of mammalian enhancers.
Table adapted from (Santiago-Algarra et al., 2017)

Original - DNA — 0 No. of Size 0 0
technique Specific Name origin Application Specific features regions'  (bp) Cell lines Promoter  Species Ref.
MPRA Synthetic g?grt%céti?gﬁsi‘iﬁztggnenhaﬂcers Centered on TF sites 2104 145 K562, HepG2 SV40 Human gvlihezﬁda;;our et
Characterize genomic regions
MPRA CRE-seq Synthetic  with predicted function as Mutation of TF binding sites 2,100 130 K562 Hsp6d Human  (Kwasnieski et
enhancers al., 2014)
Identification of enhancers L -
FIREWACh Genomic  from restricion nzyme soalion of GFP-positive gy 40 154 ESC pinmal  Mouse  (Murtha etal
accessible regions g P 2014)
ST | (e ey | B | Cel I EETE TS | o 7542 30 pogsy am3 SCP1 aoss | (MEDr Bael,
from DHS 430 2015)
Characterize genetic variants
STARR-seq Genomic  in regulatory elements from Capture of DHS 104 402  HepG2 5CP1 Human (Vockley etal.
95 subjects 2013)
. ldentification of regulatory . Minimal .
MPRA CRE-seq Genomic Capture of DHS 4,000 464 Retina Mouse  (Smithetal,
elements Rho 2013)
Characterize nucleotides as Tiled oligonuclectide Minimal
MPRA Sharpr-MPRA  Synthetic  activators or repressors in synthesis (30 or 5bp 15,720 145 HepG2, K562 T;FLm%. 140 Human (Emstetal,
regulatory elements resolution) H SR 2018)
. Identification of regulatory ) Lymphoblastoid, Minimal
MPRA Synthetic TP FreE e T AT Centered on eQTL variants 3,642 150 HepG2 TATA Human Eli]e‘l\c;?ey etal,
Identification of regulatory . . L (Ulirsch et al.,
. Three slidingwindows with K562, Minimal 2016
MPRA Synthetic  variants associatedwith red respect to fhe GWAS variants 2,756 145 KBE2+GATA TATA Human )
blood cell traits
STARR-seq CapSTARR-seq Genomic |denfification of promater e R e e sCP1 Human  (Daoetal
4 P a regions with enhancer activity coding genes . . 2017) -
Identification of enhancers by~ Centered on several ChIP- pGL4.23
MPRA LentiMPRA Synthetic chromosomal integration seq peak signals 2,236 171 HepG2 promater Human  (Inoue and |
Ahituv, 2015)
. Identify endogenous enhancers Target p53 binding site in
CRISPR-Cas9 Synthetic bound by p53 and ER«.TFs putative enhancers 685 N/A  BJ-RASgi2v MNIA Human g(ugg)maz et a\.,g

3.4. Survey of regulatory elements (SURE)

SURE provides a genome wide map of promoter activity. Instead of short synthetic promoter
sequences, SURE queries random genomic fragments ranging in size from 0.2 to 2 kb, which
is long enough to include most elements that constitute fully functional promoters. Moreover,
with SURE, it is possible to achieve a throughput of >10° fragments, which is sufficient to
redundantly scan the entire human genome at an average base coverage of ~55-fold.

SuRE data can be interpreted as maps of promoter ‘autonomy’, that is, the degree to which
sequences across the genome can act as promoters in the absence of other regulatory
elements. Additionally, because each promoter is represented by many partially overlapping
random fragments, it is possible to delineate the regions that contribute to its activity. The
SURE maps provide unique opportunities to gain new insights into the biology of human
promoters and enhancers. Schematic representation of the SURE experimental strategy is
shown in (Fig. 3.5). Functional screens based on reporter assays have previously been of
insufficient throughput to test the vast space of SNPs for possible effects on regulatory
element activity. In a subsequent work, the same team used the SuRE approach to
systematically assess the regulatory effect of 5.9 million human SNPs, including 57% of the
known common SNPs (van Arensbergen et al., 2019).
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3.5. High-Definition Reporter Assay (HIDRA)

HiDRA, is a novel high-resolution global screen for transcriptional regulatory activity in
accessible regions, building on several key ideas from previous technologies to overcome
their limitations and combine their advantages, enabling high-efficiency, high-throughput, and
high-resolution inference of regulatory activity. HIDRA overcomes these limitations by
combining components of Sharpr-MPRA (Ernst et al., 2016) and STARR-Seq (Arnold et al.,
2013) with genome-wide selection of accessible regions from ATAC-Seq (Buenrostro et al.,
2013). The accessible DNA regions from ATAC-Seq were extracted (Buenrostro et al., 2013),
size-select for constructs 150-500nt long, and insert them downstream of episomal reporter’s
genes to test their activity and exploit their overlapping nature for high-resolution inferences.
This approach overcomes the construct-length and region count limitations of synthesis-based
technologies, and the ATAC-seq selection of open chromatin regions concentrates the signal
on likely regulatory regions and enables high-resolution inferences.
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HiDRA was applied to infer genome-wide regulatory activity across ~7 million DNA
fragments preferentially selected from accessible chromatin in the GM12878 lymphoblastoid
cell line, resulting in ~95,000 active fragments clustering in ~65,000 regions showing
significant regulatory function. These are enriched for endogenous active histone marks
(including H3K9ac, H3K27ac), regulatory sequence motifs, and regions bound by immune
regulators. The ATAC-based selection approach resulted in highly-overlapping fragments,
with up to 370 fragments per region, enabling to pinpoint driver regulatory nucleotides. So,
~13,000 high-resolution driver elements were discovered, which are enriched for regulatory
motifs and evolutionarily conserved nucleotides, and help predict causal genetic variants
underlying disease from genome-wide association studies. Overall, HIDRA provides a
general, scalable, high-throughput, and high-resolution approach for experimental dissection
of regulatory regions and driver nucleotides in the context of human biology and disease. The
overview of HiDRA library preparation is shown in (Fig. 3.6).
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Figure 3.6 | Overview of HiDRA library preparation. The Tn5 transposase preferentially
fragments genomic DNA at regions of open chromatin. Fragments are then size-selected on
an agarose gel and mtDNA contamination is removed by selective CRISPR-Cas9 degradation.
The fragment library is amplified by PCR and cloned into enhancer reporter vector. Figure
adapted from (Wang et al., 2018).
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Table 3.2: Recent studies using high-throughput reporter assays

Tech. DNA Application Specific features No. of Size Cell lines |Promoter Species |Ref.

origin regions |(bp)

Sharpr- Synthetic  |Characterize nucleotides as| Tiled oligonucleotide 15,720 |145 HepG2, Minimal Human |(Emstetal,

MPRA activators or repressors in | synthesis (30 or 5 bp K562 TATA, 2016)
regulatory elements resolution) pSV40

SuRE Genomic |Mapping autonomous Assays more than 107 >10° 200-  |Ks562 Svd0 Human |(van
promoter activity DNA fragmenis for their 2000 mme
genome wide ability to derive 20 m"

autonomous transcription

STAP-seq |Genomic |Assessing the sequence- |Finding TSS-proximal or 100- |82 Minimal D. (Amold et
intrinsic enhancer TSS-overlapping 250 promoter, melanoga |al» 2017)
responsiveness of enhancer. pGL3 Sv40 | ster
millions of candidate
sequences at single base-
pair resolution

ChIP- Genomic |Generate a resource of 350000 |~221 |H9 ECSs SCP1 Human  ((Barakat et

STARR- genome-wide activity cells al., 2017)

seq maps of functional
enhancers in ESCs

MPRA Synthetic  |Systematic dissection of | Systematically evaluate |32115 145- |3T3-L1 Minimal Mouse  |(Grossman
genomic features the factors that govern 150 promoter etal, 2017)
determining transcription | PPARy binding and
factor binding and regulation in adipocytes
enhancer function

CERES Synthetic | Targeting DHSs Loss- and gain- of- 433, 281 K562, PGK, HBEI, |Human [(Klannet

(CRISPR/ surrounding genes of function epigenome A431, HER2 al,, 2017)

Cas9) interest to identify editing HEK293T
endogenous regulatory
clements

WHG- Genomic  |Obtain an assessment of | Whole human genome |[94,527 |350- |LNCaP SCP1, Human |(Liuetal,

STARR- enhancer activity STARR-seq 650 miniCMV 2017)

seq

methyl- Genomic  |Assay the causal relationship | Identify thousands of 300- |KS62 CpG -free Human |(Leaetal,

STARR- between initial differences in| MD regulatory elements 700 EF1 promoter 2018)

seq DNA methylation and in the human genome
subsequent regulatory
activity in high-throughput,
within the cellular
environment

SNPs-seq |Genomic [Simultaneously screen |Examine SNP dependent 161 LNCap,22R |minimal Human |(Zhanget
hundreds to thousands of | transcriptional regulation vl, VCaP |promoter, al.,, 2018)
SNPs for their allele- at candidate SNP regions RGS17, pGL4
dependent protein-
binding differences

BiT- Synthetic  |characterization of Different categories of | 50,609 |230 Lels Plasmid pGL4|Human  |(Kalita et

STARR- genetic effects on DNA~ | regulatory variants al., 2018)

seq protein binding and gene | including eQTLs,
transcription CentiSNPs, ASB SNPs,

variants associated with
complex traits in GWAS

MPRA Synthetic  |assess the enhancer Enhancer capacity of 22,000 |100- [C2C12 Minimal Mouse  |(Groffetal.,
capacity across lincRNA | lincRNAs tested on their loci 500 promoter 2018)

mRN : at 50-bp resolution. Full
and A loct gene body of each locus and
1000 bp upstream.

HiDRA Genomic |High-resolution genome- | Assay the regulatory 65,000 [169- |GM12878 Human [(Wanget
wide functional activity of millions of 477 al., 2018)
dissection of open chromatin-derived
transcriptional regulatory | fragments located
regions in human genome-wide

STARR- |Genomic |Whole genome STARR- | ORI is an optimal core- |9,613 1000- |HeLa-S3, |[ORI Human |(Muerdter

seq Seq promoter for STARR-seq| 1500 etal, 2018)

and luciferase assays

STARR- |Synthetic |Functionally screen Conventional episomal |2,236 192- |HepG2, Minimal Human |(Kleinetal,

seq thousands of sequences 678 HEK293T |promoter, 2019)
for regulatory activity in pGL4.23,0R1,
parallel HSS
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4. Other High throughput reporter assays

Several other high-throughput assays have also been developed for example for performing
genome-scale tests of methylation dependent regulatory activity; mSTARR-seq (Lea et al.,
2018) was developed. To characterize variants associated with complex traits in noncoding
regions that contribute to phenotypes by disrupting regulatory sequences, Biallelic Targeted
STARR-seq (BiT-STARR-seq) assay was developed (Kalita et al., 2018). To generate the
first whole-genome-scale enhancer mapping and activity quantification in human cell lines
whole human genome STARR-seq (WHG-STARR-seq) (Liu et al., 2017), was developed.
Functional characterization of disease causing variants at risk loci has been a significant
challenge. A high-throughput single-nucleotide polymorphisms sequencing (SNPs-seq)
(Zhang et al., 2018), technology to simultaneously screen hundreds to thousands of SNPs for
their allele-dependent protein-binding differences have been also developed. Weingarten et
al., devised a high-throughput assay to quantify the activity of approximately 15,000 fully
designed sequences that were integrated and expressed from a fixed location within the
human genome (Weingarten-Gabbay et al., 2019). This method is used to investigate
thousands of native promoters and preinitiation complex (PIC) binding regions followed by
in-depth characterization of the sequence motifs underlying promoter activity, including core
promoter elements and TF binding sites.

5. Medium and High-throughput approaches to identify silencers

Here are some of the medium and high throughput techniques used to identify silencer
elements (Table 3.3). Petrykowska et al., examined 47 sequences from a 1.8-Mb region
encompassing the CFTR gene of human chromosome 7 for silencer and enhancer blocker
(EB) activities using luciferase reporter assay. The majority of functional elements displayed
directional and promoter-specific activities. A limited number of sequences acted in a dual
manner, as both silencers and EBs. (Petrykowska et al., 2008). While using an enhancer-
blocking assay, Qi et al. identified T39 human autonomous silencer in ARHGAPG6 gene and
validated by Drug-resistant colony assay and GFP reporter assay (Qi et al, 2015). Later,
Capture Hi-C (CHi-C), an adapted genome conformation assay was used, to examine the
long-range interactions of almost 22,000 promoters in 2 human blood cell types. Over 1.6
million shared and cell type-restricted interactions spanning hundreds of kilobases between
promoters and distal loci were identified. Transcriptionally active genes contact enhancer-like
elements, whereas transcriptionally inactive genes interact with previously uncharacterized
elements marked by repressive features that may act as long-range silencers (Mifsud et al.,
2015). Then Sharpr-MPRA technique was used to test 4.6 million nucleotides spanning
15,000 putative regulatory regions tiled at 5-nucleotide resolution in two human cell types.
Known cell-type-specific regulatory motifs and evolutionarily conserved nucleotides, and
distinguished known activating and repressive motifs were recovered. In the same study Ernst
et al., demonstrated that endogenous chromatin state and DNA accessibility are both
predictive of regulatory function in reporter assays, identified retroviral elements with
activating roles, and uncovered ‘attenuator' motifs with repressive roles within active
chromatin regions (Ernst et al., 2016). Similarly, a simple but powerful computational
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approach to identify putative silencers genome-wide was used (Jayavelu et al 2018). Jayavelu
et al., used a series of consortia data to predict silencers in over 100 human and mouse cell or
tissue types. Motif enrichment analyses on putative silencers determined that motifs
belonging to known transcriptional repressors are enriched, as well as overlapping known
transcription repressor binding sites. Next, silencer activity was validated using massively
parallel reporter assays (MPRAS) (Jayavelu et al 2018). Recently, Huang et al. 2019 utilized
H3K27me3-DNase | hypersensitive site (DHS) peaks with tissue specificity negatively
correlated with the expression of nearby genes across 25 diverse cell lines. These regions are
predicted to be silencers since they are physically linked using (Hi-C loops) or associated
using (expression quantitative trait loci (eQTL) results) with a decrease in gene expression
much more frequently than general H3K27me3-DHSs. Also, these regions are enriched for
the binding sites of repressors (such as CTCF, MECOM, SMAD4, and SNAI3) and depleted
of the binding sites of transcriptional activators. Using sequence signatures of these regions, a
computational model was constructed they identified that silencers commonly interact with
enhancers to affect the transcriptional dynamics of tissue-specific genes and to facilitate fine-
tuning of transcription in the human genome (Huang et al., 2019).

Table 3.3: Identification of silencers using medium and high-throughput approaches

Experimental approach Validation Target gene Reference
Tested 47 sequences from a 1.8-Mb
region surrounding the human CFTR None CFTR PemienEE et

- 2008)
locus by Luciferase Reporter Assay
Testing of CTCF binding sites using an ~ Drug-resistant colony ARHGAPS, (Liu et al., 2015; Qi et
enhancer-blocking assay assay, GFP reporter assay  (T39 silencer) al., 2015)
Genomic regions interacting with . .
inactive genes by Capture Hi-C Luciferase Reporter Assay BCL6 (Mifsud et al., 2015)
CRISPRI screening of the genomic
region surrounding the MYC locus None MYC (Fulco etal., 2016)
Massively parallel reporter assays
(MPRAS) using the SV40 promoter None (EmEEEEEl, A0
simple subtractive analysis (SSA)
approach and ENCODE consortium to (Jayavelu et al, 2018;
get silencer from open chromatin data MPRA Not described  http://dx.doi.org/10.110
either from DNase-seq or ATAC-seq, 1/252304)

ChlP-seq for any cell type or organism

H3K27me3-DHS peaks with tissue
specificity negatively correlated with Luciferase Reporter Assay  Not described  (Huang et al., 2019)
the expression of nearby genes

HCST, Nfkbid
(Sdhafl
silencer)

CapSTARR-seq using the PGK Luciferase assay,
promoter CRISPR/Cas9

This study
(see results section)
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Chapter 4

T cell differentiation

The thymus is the organ specialized to make T cells. T cells originate from hematopoietic
stem and precursor cells in the bone marrow or fetal liver, which migrate to the thymus and
acquire T-cell identity. Relatively small numbers of T-cell progenitors migrate into the
thymus per day, but they respond to the new environment by undergoing multiple rounds of
proliferation while initiating the T-cell differentiation program (Petrie and Zuniga-Pflucker,
2007; Rothenberg, 2014). They then undergo T-cell lineage commitment, begin T-cell
receptor (TCR) rearrangements, and thus generate afTCR- or ydTCR-expressing T cells. The
afy T cells further diverge into different sublineages, as CD4 T cells, CD8 T cells, natural
Killer T (NKT) cells and regulatory T (Treg) cells, ultimately to act as key players of cell-
mediated immunity. T-cell differentiation is subjected to several developmental checkpoints
that are controlled by either pre-TCR or TCR complexes and can be followed by the
expression of surface markers, such as CD4 and CD8. In particular, (pre)-TCR downstream
signaling triggers complex intracellular pathways resulting in wide changes in the
transcriptional and epigenetic program of genes associated with cell survival, proliferation
and differentiation (Carpenter and Bosselut, 2010). Therefore, T cell differentiation provides
an excellent model for the study of gene regulatory programs

Thymocytes are divided into multiple phenotypically distinct stages that are defined by the
expression of CD4, CD8, and other markers (Hayday and Pennington, 2007; Rothenberg,
2014; Rothenberg et al., 2008) (Fig 4.1). T-cell development is initiated from the
subpopulation that lacks the expression of both CD4 and CD8, thus called double-negative
(DN) cells, which then become CD4" CD8" double-positive (DP) and subsequently
differentiate into mature CD4 or CD8 single-positive (SP) cells. The earliest T-cell precursors
in the thymus, called early thymic progenitor (ETP) or Kit-high double-negative 1 (KIT*"
DN1; CD44" CD25), still harbor the potential to gain access to non-T-alternative fates. These
cells start expressing T-cell markers in the next stage, DN2a (KIT™ CD44" CD25%), but
commitment to the T-cell lineage occurs only at the following stage, DN2b (Kit"CD44"
CD25%). Then in the DN3a (KIT" CD44 CD25") stage, TCRpP gene rearrangement begins.
This process enables some cells to express either a pre-TCR (TCRp with invariant pre-TCRa)
or a y0TCR. Pre-TCR mediated signal transduction triggers the transition of DN3a cells
through DN3b into DN4 (Kit" CD44" CD25’), followed by progression to the DP stage. DP
thymocytes undergo TCRa gene rearrangement and begin to express fully assembled afTCR.
Then, they are subjected to a selection process, which is known as positive selection, to
identify cells that express TCR with potentially useful ligand specificities. Positively selected
thymocytes are allowed to differentiate into either CD4 helper T cells or CD8 cytotoxic T
cells, known as CD4/CD8-lineage choice.

58



Positive and negative selection of aff lineage cells

The differentiation of of lineage cells, emerge from B-selection as DP thymocytes and are the
precursors of conventional CD4 and CD8 cells. Three key events mark the developmental
progression of these cells: (i) positive selection, the rescue from programmed cell death of DP
thymocytes whose TCRaf productively interacts with self MHC peptide complexes (MHCp)
expressed by the thymic epithelium (or with other MHC or MHC-like molecules (Starr et al.,
2003) (ii) negative selection, the elimination of self-reactive cells, and (iii) acquisition of
functional competence, notably marked by the termination of either CD4 or CD8 expression
(‘lineage differentiation’) and its matching to MHC specificity.

The need for positive selection is a direct consequence of the random nature of TCR
rearrangement and of the high diversity of MHC alleles. As a result, most DP thymocytes in a
given individual fail to productively interact with MHCp and die by ‘neglect’ within a few
days, even though evolutionary pressure has resulted in a ‘germline-encoded” MHC reactivity
of TCR variable regions, thereby increasing the yield of positive selection (Feng et al., 2007).
CD4 and CD8 molecules provide an additional guard against the selection of non-MHC
reactive cells, as they sequester the tyrosine kinase Lck required to initiate TCR signaling,
thereby restricting its activity to TCRs engaged by MHCp, which, unlike non MHC-ligands,
co-engage CD4 or CD8 (Van Laethem et al., 2007).

In addition to being rescued from cell death (positive selection per se) TCR signaled
thymocytes undergo functional differentiation into mature T cells. One key aspect of this
process is the differentiation into the CD4 or CD8 lineage. This includes the termination of
expression of either coreceptor, and the initiation of gene expression programs characteristic
of helper (CD4) or cytotoxic (CD8) cells, two events that have long been recognized as being
mechanistically coupled (Corbella et al., 1994). Because a functional immune system requires
that this lineage ‘decision’ be matched to MHC specificity, so that MHC Il-restricted
thymocytes become helper CD4 cells, and MHC I-restricted thymocytes cytotoxic CD8 cells,
its mechanisms have attracted much attention over the last two decades. The last few years
have seen significant progress in the elucidation of the transcriptional circuits that promote
CD4 or CD8 differentiation.
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Figure 4.1 | Schematic representation of T cell development in the thymus. Progenitor
(PG) cells from the bone marrow colonize the thymus where they commit to natural Killer
cells (NK) or T cell lineage. Here they undergo progressive differentiation from double-
negative (DN) to double-positive (DP) to single-positive CD4 or CD8 thymocytes. The
immature DN thymocytes can be further divided into DN1 to DN4 based on their expression
of CD44 and CD25. The gd lineage diverge from the ab at the DN2/DN3 stage. Progression
from DP stage to SP can occur through an immature CD8+ single positive (ISP) cell
intermediate. Figure adapted from (D'Acquisto and Crompton, 2011).

Two transcription factors, Thpok and Runx3, specifically expressed in CD4 and CD8
differentiating thymocytes, respectively, are important for this process (Taniuchi et al.,
2002a). Thpok is required for CD4 commitment and acts at least in part by repressing
expression of CD8 lineage genes, including Runx3 (Taniuchi et al., 2002a). Runx3 is
important for the silencing of Cd4 in CD8 cells (Woolf et al., 2003), and the complete
disruption of Runx activity (that is of Runx3 and the partly redundant factor Runx1) prevents
CD8 cell development (Wang et al.,, 2008a). While this effect is due in part to
unrestrained Thpok expression in Runx-deficient thymocytes (Setoguchi et al., 2008), cells
lacking both Runx and Thpok activities fail to become CDS8, indicating a specific role of Runx
proteins in CD8-lineage differentiation (Egawa and Littman, 2008). These findings have led
to the proposal that a dual negative regulatory loop involving Thpok and Runx3, which
mutually prevent expression of each other, results in lineage commitment (Fig 4.2).
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Figure 4.2 | CD4-CD8 lineage differentiation: Components of the transcriptional circuitry
that promotes CD4-CD8 differentiation are schematically depicted and interconnected at three
stages of T cell development. In preselection cells, Runxl-nucleated activities
repress Thpok expression. In CD4-differentiating cells, Runx1-mediated Thpok expression is
relieved, although Runxl is still expressed in CD4 cells in which it binds the Thpok gene.
Gata3 promotes both Thpok expression and additional developmental events required for CD4
cell differentiation. Thpok prevents Runx3 up-regulation and CD8 differentiation. In CD8-
differentiating cells, Thpok repression is maintained, presumably through Runx3. Etsl
promotes Runx3 expression, and binds the Runx3 locus, whereas Stat5 has been reported to
relay IL-7 signaling to Runx3 (Park et al., 2010). Grey lettering indicates factors not
expressed at a particular stage. Other factors (including Tox) are omitted for clarity. Arrows
or block signs do not imply direct effects. Figure adapted from (Carpenter and Bosselut,
2010).
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Chapter 5

Results

1 Objective

Like other cis-regulatory elements, silencers activity can be assessed by reporter assays where
a DNA fragment is tested for its ability to reduce the activity of a promoter element associated
with a reporter gene. While several high-throughput reporter assays have been developed to
systematically assess enhancer function, no massive reporter strategy for silencers has been
published. Our team has previously set-up a high-throughput approach, named CapSTARR-
seq (Vanhille et al., 2015), to quantitatively assess enhancer activity in mammals coupling
capture of regions of interest to massive paralleled Starr-seq reporter assay. Using a mouse
leukemic cell line it was demonstrated that this technique provides accurate quantification of
enhancer activity from hundreds of thousands of DNA fragments in parallel. Therefore, we

repurposed the CapStarr-seq technique in order to quantify the silencer activity.

Identification and characterization of silencer elements along with their actual biological
functions have become the central focus of my study. There are some outstanding questions
that I will address in this chapter.

a) Could the High throughput screening identify silencer elements?
b) Do silencers represent a major genomic strategy of gene regulation?

c) What are the main genomic and epigenomic features of silencers?

2. Main results

Using the captured DHS genomic library in CapSTARR-seq technique with four different
promoters we identified a substantial number of putative silencers in p5424 cell line.
Performing luciferase reporter assay of twenty-eight silencer candidates, twenty-two showed
silencer activity. The motif analysis studies showed enrichment of REST motif in pPGK and
pSCP1 based silencers, which is validated through luciferase reporter assay after site specific
mutagenesis. Our lab performed RNA-seq experiments with control and PMA/lonomycin
treated P5424 cells. Analyses of this dataset reveal the regulation of key T cell factors

suggesting PMA/lonomycin mimic T cell differentiation and beta-selection. Using

62



CRISPR/Cas9 technique, we try to delete four silencer elements, but only Dpp9 and Sdhafl
silencers got homozygous clones (see Annex). However, Dpp9 homozygous cloned were lost
upon culture.The Sdhafl silencer is associated with two genes Hcst and Nfkbid, which are
highly regulated during T cell differentiation and involved in T cell activation and function.
Deletion resulted in up-regulation of Hcst in unstimulated condition and Nfkbid in stimulated
condition. These results show CapSTARR-seq is a better high through-put approach to screen
silencer elements and silencer are a major component of gene regulation with important

transcription factors enrichment.
3. Contributions

Experimental contribution: To carry out this project, my supervisor and | routinely discuss

conceptual and experimental designs and | performed almost all experimental work,
which includes:

- Performing CapSTARR-seq with four distinct promoter-based reporter vectors in mouse
p5424 cell line (Fig 5.1).

- Cloning, Luciferase assay
- Design and perform CRISPR/Cas9-mediated knock-out strategies and screening.
- RT-gPCR analysis, gene expression analysis.

Manuscript contribution: Contribute to write the manuscript and editing figures
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Figure 5.1 CapSTARR-seq experimental scheme.
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Introduction

The precise regulation of gene expression during normal development and cell
differentiation underpins the action of cis-regulatory elements with either activation or
repression functions (Chatterjee and Ahituv, 2017; Maston et al., 2006; Ogbourne and
Antalis, 1998). Gene activation by the combined activities of promoters and distal enhancers
has been extensively studied in normal and pathological contexts. In sharp contrast, gene
repression by cis-acting silencers, defined as genetic elements that negatively regulate gene
transcription in a position independent fashion, is less well understood. Silencers were first
described more than 3 decades ago in yeast and vertebrates (Brand et al., 1985; Kadesch et al.,
1986; Steiner et al., 1987). Since then, several silencers have been discovered to control the
expression of key developmental and immunological model genes, and some progress has
been made to characterize various features of a few of these individual silencers (e.g.
(Ogbourne and Antalis, 1998; Setoguchi et al., 2008; Taniuchi et al., 2002a). Nevertheless,
despite the widely-held belief that silencers likely represent important and critical general
regulators of gene expression, this view is still largely conjectural, and their genome-wide
distribution, mechanisms of action and involvement in oncogenic transformation are largely

unknown.

A breakthrough in the analysis of distal cis-regulatory elements was made several years ago
by the identification of chromatin ‘signatures’ which are predictive of enhancer activity

genome wide (Natoli and Andrau, 2012). Similarly, the discovery of CTCF protein as an
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essential factor of Insulator function leads to the comprehensive mapping and characterization
of these regulatory elements (Ong and Corces, 2014). These findings have enabled a
multitude of functional studies of enhancers and insulators, and led to an explosion of
discoveries, including their roles in the regulation of many disease-related genes and their
involvement in the development of diverse pathologies and cancer (Herz et al., 2014; Robson
et al., 2019; Smith and Shilatifard, 2014). So far, no chromatin ‘signature’ or mark has been
identified which could predict potential silencers. As a result, we have neither a global map of
silencers nor any rough estimate of their abundance in the genome or of the extent of gene

regulation by silencers.

Noticeable, among the few silencers that have been described in the literature, many are
associated with the regulation of T cell specific genes. These included silencer associated with
the expression of TCA3/CCL1 (Oh et al., 1997), 112 (Williams et al., 1991), CD4 (Sawada et
al., 1994), TCRb (Dombret et al., 1996), ThPOK (He et al., 2008a), Rag1l-Rag2 (Yannoutsos
et al., 2004) and CD8 (Yao et al., 2010) loci. Several of these silencers have been shown to
play an important role in cell lineage restriction: for instance, the CD4 and CD8 silencers
repress the expression of the associated genes in CD8+ and CD4+ T cells, respectively. T cell
differentiation thus provides an excellent model for the implementation of a high-throughput

strategy to identify silencers.

In line with their operational definitions, assays for enhancers and silencers measure their
ability to enhance or silence gene expression in cis, when driven by an independent promoter
(Chatterjee and Ahituv, 2017; Petrykowska et al., 2008; Qi et al., 2015). Episomal reporter
assays have been widely used to characterize putative regulatory regions; however, their
implementation has been traditionally expensive, laborious, low-throughput, and low
resolution. Several recent high-throughput reporter assays for enhancer function enable
testing of thousands of distinct DNA sequences simultaneously, by cloning variable DNA
fragments into common reporter constructs, and using high-throughput sequencing to quantify
fragment activity (Santiago-Algarra et al., 2017). In particular, the Self Transcribing Active
Regulatory Region Sequencing (STARR-seq) approach allows direct genome-wide
investigation of enhancer activity using DNA fragments directly collected from genomic
DNA (Arnold et al., 2013). We recently developed CapStarr-seq (Vanhille et al., 2015b), a

high-throughput reporter strategy coupling capture of regions of interest to massive paralleled
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Starr-seq reporter assay, providing a cost-effective method to assess cis-regulatory functions

in mammals.

Here we repurposed the CapStarr-seq approach to identify active silencers from isolated
genomic regions. We systematically tested DNase hypersensitive sites (DHS) from
developing T cells, using four distinct promoter-based reporter vectors. We compared the set
of silencers identified with the different vectors and evaluated their association with genomic
and epigenomic features. The robustness of the approaches was extensively assessed by
independent episomal end integrative reporter assays. Finally, CRISPR-Cas9 genomic
manipulation demonstrated the involvement of one silencer in the concomitant repression of
two key T cell genes. Overall, we provide a general, scalable, and high-throughput approach
for the high-resolution experimental dissection of silencer elements in the context of human

biology and disease.

Results

Experimental design to identify silencers

To test the silencer activity we repurposed the CapStarr-seq technique, a novel approach
coupling capture of defined regions to the previously developed Starr-seq technique (Arnold
et al., 2013) (Figure 1a; see also Methods section). We replaced the basic pPSCP1 promoter
present in the enhancer-STARR-seq vector by two ubiquitous promoters from the human
Efla and Pgk genes (Qin et al., 2010) and a tissue-specific promoter enhancer pairs pRag2-Ea
(Wei et al., 2005) (Figure 1A). Analyses of GFP expression by FACS validated all the
promoter vectors (Supplemental figure 1A). Although little is known about the general
biochemical properties of silencers, it seems reasonable to assume that the majority of
silencers may be occupied by sequence-specific transcription factors and/or lie within
nucleosome-depleted genomic regions, and consequently may overlap with DNAsel
Hypersensitive Sites (DHS). Indeed, several known silencers have been identified as laying
within DHS sites (e.g. (Donda et al., 1996; He et al., 2008b; Qi et al., 2015)). Therefore, to
isolate silencer elements genome-wide, we designed a captured library (Agilent) containing
28055 DHSs from developing thymocytes (DP), plus 437 randomly selected non-DHS

regions (as negative controls).
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In brief, DNA fragments of ~400 bp were captured on a custom-designed microarray covering
all the DHS and cloned by homologous recombination into the four different Starr-seq
vectors. The CapStarr-seq libraries were transfected in triplicate into the mouse T-cell line
P5424 and sequenced by targeted RNA-seq. The P5424 cell line is originated from early
developing T cells and resembles DP thymocytes at phenotypic and transcriptomic levels and
have been previously used in CapStarr-seq experiments (Mombaerts et al., 1995; Vanhille et
al., 2015b). As controls, we sequenced the cloned DHS libraries obtained before transfection
(hereafter, input). Cis-regulatory activity was assessed by computing the log2 fold change
between the targeted RNA-seq and the input signals for each library (hereafter referred to as
CapStarr-seq signal) after normalization and filtering (See Methods section; Supplemental
Table 1). A good correlation was obtained between the replicates of the same library, with
Spearman’s correlation coefficient (p) ranging between 0.45 and 0.82 (Figure 1B). The
pPGK vector provided the highest reproducibility; however, correlation between different
libraries was relatively poor, with pPGK and pEFla libraries providing the best cross-
correlation. For subsequent analyses, the signals from the replicates of the same library were

merged.

To assess the meaningfulness of the CapSTARR-seq results obtained with the different
libraries, we associated the signals with the expression of the surrounding genes using
available RNA-seq data from P5424 cells (Saadi et al., 2019) (Figure 1C). CapStarr-seq
signal obtained with the pSCP1 library was positively correlated with gene expression,
suggesting that the pSCP1 vector is able to detect both enhancer and silencer activity. The
opposite was observed with the T cell-specific pRag2-Ea vector, suggesting that the presence
of the Ea enhancer strongly interfere with additional cis-regulatory sequences. The pPGK and
pEFla vectors provided an intermediate situation whereby lower CapStarr-seq signals
correlated with reduced gene expression, but there was no correlation between high CapStarr-
seq signals and gene expression. Consistent results were obtained when subdividing the DHS
regions in function of the log2(FC) of the CapStarr-seq signal (Figure 1D). Therefore, the
two strong ubiquitous promoters (pPGK and pEFla) appeared to be suitable to assess for

silencer, but not for enhancer, activity.

Based on the previous results, we defined the putative silencers as either the DHS regions
with the lowest CapStarr-seq signal (bottom 500) or with a log2(FC) lower than or equal to -
1. The later definition resulted in a set of 136, 564, 333, 1372 putative silencers for the

67



pEFla, pPGK, pRag2-Ea and pSCP1 libraries, respectively. Comparison of the putative
silencers obtained with each library is provided in Figure 1E. The highest overlap was
obtained between the pPGK and pEF1a libraries (Figure 1G), consistent with the overall
correlation between the two data sets (Figure 1B) and the similar association with gene
expression (Figure 1C). Few regions displayed consistent silencer activity in all the libraries

(e.g. Figure 1F).

To assess whether there were biases on the genomic location of silencers, we computed the
specific enrichment of putative silencers obtained with each library with respect to the whole
set of DHS (Figure 1H, Supplemental Figure 1B). While pSCP1 and pEF1a based silencers
were not biased with respect to the DHS, the pPGK and pRag2-Ea based silencers were
significantly depleted on genic regions and enriched on promoter and intergenic regions.
Importantly, none of the silencer sets were enriched for terminator sequences, which could
represent a potential bias of the approach by artificially interfering with the quantification of
the Starr-seq vector-derived transcripts.

Chromatin features associated with silencers

To initially explore whether CapStarr-Seq results reflect the epigenetic status of endogenous
silencers, we analyzed several epigenomic features from the P5424 cell line and primary DP
thymocytes. pSCP1-based silencers were associated with lower levels of active histone marks
(H3K4mel, H3K4me2, H3K4me3 and H3K27ac) (Figure 2; Supplemental figure 2A) and
RNA polymerase 1l (Pol Il) (Supplemental figure 2B-C), as compared with putative
enhancers and DHS with intermediated CapStarr-seq signals. On the contrary, the repressive
mark H3K27me3, but not H3K9me3, was highly enriched at putative silencers (Figure 2;
Supplemental figure 2A), along with a higher density of nucleosome occupancy and similar
levels of DNAsel accessibility (Supplemental figure 2B-C). The pEFla and pPGK-based
silencers displayed more variable but consistent profiles, while pRag2-Ea-based silencers
were generally not correlated with the chromatin features (Figure 2; Supplemental figure 2),
consistent with the lack of association with gene expression observed previously (Figure 1 C-
D). Overall, our results suggested that silencer elements are found in a relatively open

chromatin configuration associated with Polycomb-mediated silencing.
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Validation of CapStarr-seq identified silencers

To independently evaluate the accuracy of CapStarr-seq to identify silencers, we have
selected at least five individual candidates and five overlapped silencer candidates from each
promoter strategy used. In total, we tested 39 DHS in a classical luciferase reporter assay in
the P5424 cell line (Figure 3A). 78.6% (22 out of 28) putative silencers and 36.3% (4 out of
11) control regions, displayed significant silencer activity in the luciferase assay. Overall,
CapStarr-seq identified silencers displayed a statistically higher silencer activity in the
luciferase assay as compared with the control DHS set (Figure 3B). Importantly, several
CapsStarr-seg-defined silencers (Cfdpl, Jkamp, Dirc2, Rbfox3, Dpp9, and Sdhafl) displayed a
strong silencer effect resulting in luciferase expression close to background levels, while this
was not observed for any of the control regions. Moreover, reporter assays of CapStarr-seg-
defined silencers confirmed that the silencer activity was independent of their orientation
(Figure 3C). To more quantitatively assess the silencer activity we cloned one of the
validated silencers (Dpp9) into a GFP-containing reporter vector. As shown in Figure 3D, the
Dpp9 silencer almost completely repressed the GFP expression. As an additional validation,
16 CapStarr-seg-defined silencers were assessed in a retroviral reporter assay. Of these, 56%
(9 out of 16) putative silencers displayed significant silencer activity in the Beko T cell line
(Supplemental Table 2). Thus, consistency between the two independent reporter assays
indicates that high-throughput assessment of silencer activity by CapStarr-seq is highly

accurate.

Transcription factors associated with silencers

To assess whether putative silencers were enriched for transcription factor binding sites
(TFBS) we performed motif enrichment analyses using Homer tool (Heinz et al,
2010)(Figure 4A). All four sets of defined silencers were enriched in TFBS commonly found
at promoters such as Sp1, KLF and NFY binding sites, reflecting the enrichment in promoter
elements at DHS. Strikingly, the pPGK and pSCP1 based silencers were enriched in binding
sites for the RE1-Silencing Transcription factor (REST), which is a transcriptional repressor
mainly involved in the repression of neural genes in non-neuronal cells (Chong et al., 1995a;
Coulson, 2005; Schoenherr and Anderson, 1995). On the other hand, the pRag2-Ea based
silencers were specifically enriched in binding sites for the ETS family of lymphoid-specific

factors, consistent with the tissue-restricted activity of this vector.
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To explore the biological significance of REST motif-containing silencers, we mutated the
REST binding site at two REST-containing silencers and tested the silencer activity by
luciferase assay. In both cases, mutation of the REST site resulted in derepression of
luciferase expression (Figure 4B-C), suggesting that the silencer activity of these elements is
mediated by the REST transcription factor. Note, however, that the Rbfox3 silencer contains
two REST sites, but only the most upstream (REST#1) display strong silencer activity. This
may be due to the fact that the second REST site partially overlapped with other TFBS and

therefore the mutation might also affect the overall activity of the regulatory element.

To further explore the role of REST in the activity of identified silencers, we tested by the
retroviral reporter assay a set of 36 CapStarr-seq defined silencers containing or not a REST
binding site (Supplemental Table 2). As shown in figure 4D, REST-containing silencers
systematically displayed silencer activity in both a T cell derived cell line (Beko) and mouse
fibroblasts (NIH-3T3). However, putative silencers without REST site preferentially
displayed silencer activity in the Beko cell line. These results strongly suggest that REST-
containing silencers might work as ubiquitous silencers, while the other REST-deprived

silencers identified by CapStarr-seq might display more tissue-restricted silencer activity.

We next explored whether silencer activity was linked to the occupancy of lymphoid TFs
using ChlP-seq data for six TFs in DP thymocytes (Supplemental Figure 4). All TFs were
enriched at active enhancers found in the pSCP1-based CapStarr-seq experiment (Top 500),
but not consistent association was found between these TFs and the silencers identified with
the different CapStarr-seq settings. In addition, CapStarr-seq-defined silencers were not
enriched in CTCF binding (Supplemental Figure 2B-C), indicating that CTCF does not

contribute significantly to the silencer activity detected by CapStarr-seq.

Transposable elements associated with silencers

Large portions of mammalian genomes are derived from TEs which are linked to TF binding
sites (Barakat et al., 2017; Glinsky, 2015; Kunarso et al., 2010). TE elements have been
associated with both enhancer (Barakat et al., 2017; Wang et al., 2018) and repressive
activities (Adoue et al., 2019), but whether these elements are linked to silencer activity
genome-wide have not been determined. To assess CapStarr-seq silencers for the occurrence
of TE sequences, we used the RepeatMasker annotation (Kent et al., 2002). The number of

TE-derived sequences in silencer regions was compared to the number detected in all DHS
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regions (Supplemental Figure 4B-C). pSCP1-based silencers were mainly enriched in LTR
while pEF1a-based silencers were enriched in small RNA and simple repeats. These results
indicate that certain families of TEs are overrepresented at silencers. However, different TEs
are enriched depending on the library used to identify the silencers.

The Sdhafl_silencer regulates two genes involved in T cell function

To start exploring the role of silencers in normal T cell development, we searched for
CapStarr-seg-based silencers associated with relevant genes. We reasoned that lymphoid
genes regulated by silencers might have a high expression variance across T cell populations.
We isolated the top 5% of highly variable genes based on available RNA-seq from different
stages of thymic and peripheral T cell differentiation (Hu et al., 2013b)(Figure 5A). We then
retrieved the variable genes located in a window of 200kb around the CapStarr-seg-defined
silencer (Figure 5B). We obtained 309 genes associated with 544 silencers. Of these, we
identified the Sdhafl_silencer (named accordingly to the neighbour gene) associated with
Hcst (Hematopoietic cell signal transducer, also known as DAP10) and Nfkbid (Nuclear factor
of kappa light polypeptide gene enhancer in B-cells inhibitor, delta), two genes involved with
T cell maturation and activation. The Hcst gene encodes for a transmembrane signaling
adaptor which forms part of the immune recognition receptor complex (Diefenbach et al.,
2002; Wu et al., 1999). This receptor complex has a role in cell survival and proliferation by
activation of NK and T cell responses. The Nfkbid gene encodes for a member of the atypical
inhibitors of NF-kB TF and is particularly involved in the regulation of T cell activation and
development of regulatory T cells (Schuster et al., 2013; Schuster et al., 2012). Strikingly, the
expression of both genes is anticorrelated through T cell differentiation. In particular, Hcst is
induced during T helper (Th) maturation, while Nfkbid is repressed (Figure 5C).

Importantly, both genes are located within the TAD containing the Sdhafl_silencer (Figure
6A; Supplemental Figure 5), suggesting that they could be directly regulated by this
silencer. Luciferase reporter assay demonstrated a strong silencer activity for the
Sdhafl_silencer (Figure 6B). To explore the in vivo function of the Sdhafl silencer we
deleted this element in the P5424 cell line using the CRISPR/Cas9 technology (Figure 6C).
We analyzed the expression of all genes contained in the same TAD as the Sdhafl silencer
(Figure 6D; only genes with detectable expression are shown). Only the Hcst gene appeared
to be significantly up-regulated in two independent Sdhafl_silencer-deleted clones. We
previously showed that PMA/ionomycin stimulation of P5424 cells partially mimic early T

cell differentiation (Saadi et al., 2019). Interestingly, we observed that Nfkbid was specifically
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upregulated by the PMA/ionomycin stimulation (Figure 6A), consistent with its induction
between the DN and DP stages (Figure 5). Analyses of expression in wild-type and mutated
P5424 cells stimulated by PMA/ionomycin revealed a role of Sdhafl_silencer in repressing
the Nfkbid gene (Figure 6E). Therefore, the Sdhafl_silencer appears to regulate both Hcst
and Nfkbid genes in different stimulatory context. However, the effect on the gene expression
has appears to be mild (~2 fold) in comparison with the expression changes that the target
genes display during T cell differentiation. This, might be due to the presence of additional
repressive elements or that the Sdhafl_silencer not being responsible for complete repression

of these genes but rather modulate their transcription levels.

We next looked for genomics and epigenomics features associated with the Sdhafl_silencer
(Supplemental Figure 6A) in DP thymocytes. The Sdhafl_silencer was not associated with
active histone marks or lymphoid TFs, but was surrounded by H3K27me3 enriched regions.
Interestingly, the Sdhafl_silencer was found to be associated with CTCF in different tissues,
including thymus (Supplemental Figure 6A-B). To look for other potential regulators with
explored TFBS sites overlapping the Sdhafl_silencer (Supplemental Figure 7). In addition
to CTCF, we found two potentially relevant factors. GFI1 (Growth Factor Independent 1
Transcriptional Repressor) is a nuclear zinc finger protein that functions as a transcriptional
repressor and is essential for haematopoiesis and involved in Th2 differentiation pathway and
T-cell receptor signalling (Anguita et al., 2017; Chiang and Ayyanathan, 2013; Ebihara and
Taniuchi, 2019; Moroy and Khandanpour, 2011). ZNF263 is a C2H2 ZNF that contains 9
finger domains and a KRAB repression domain (Frietze et al., 2010), and is expressed in T
cells. Strikingly, the Sdhafl_silencer contains a tandem repeat of 13 ZNF263, which is
reminiscent of a previous study showing that high density of identical motifs of ZEB1 in
tandem repeats can make them suitable platforms for recruitment of transcriptional repressors
(Balestrieri et al., 2018).

Methods

Cell culture

Mouse P5424 T cells (Mombaerts et al., 1995) (kindly provided by Dr. Eugene Oltz,
Washington, USA) were cultured in RPMI medium (Life technologies) supplemented with
heat-inactivated 10% FBS (PAA) at 37 °C, 5% CO,. The P5424 Cells were passaged every 2-
3 d and frequently tested for mycoplasma contamination.
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Stimulation of P5424 cells

P5424 cells were grown at density of 3 x 10° cells/ml. Cells were treated by DMSO or PMA
at 10 ng/ml (P1585, Sigma) and ionomycin at 0.5 pg/ml (13909, Sigma) for 4 hours in
triplicates as previously described (Saadi et al., 2019).

Cloning of the STARR-Seq vectors

Construction and capture of the genomic library is described previously (Vanhille et al.,
2015a). The STARR-Seq mammalian screening vector (Arnold et al., 2013) has been kindly
provided by Alexander Stark (Vienna, Austria). The synthetic SCP1 promoter present in the
enhancer-STARR-seq vector was replaced by the ubiquitous promoters of the human EFla
and PGK genes as defined in (Qin et al., 2010) and a tissue-specific promoter/enhancer pair
(Rag2-Ea) as defined in (Wei et al., 2005) using In-Fusion homologous recombination. In the

Rag2-Ea construct the TCRa enhancer was cloned downstream the GFP cassette.

CapStarr-seq library cloning

The principle of CapStarr-seq was explained earlier (Vanhille et al., 2015a). In-Fusion, a
cloning technology developed by Clontech was used for insertion of promoters in STARR-
Seq vector. The detailed step-by-step protocol is accessible on Protocol Exchange (Dao et al.,
2015). The four screening vectors were linearized with Agel-HF and Sall-HF (New England
Biolabs) by 6 h digestion, followed by agarose gel electrophoresis, extracted by QlAquick gel
extraction (Qiagen) and cleaned-up with Qiagen Minelute PCR purification Kit (Qiagen).
After, 500 ng of amplified captured DNA was recombined by (Clontech In-Fusion HD) with
500 ng of linearized screening vectors (Qiagen) in a total of ten 10-ul reactions (each having
50 ng of captured DNA and 50 ng of screening vector). All the recombination reactions were
pooled together and purified with Agencourt AMPureXP DNA beads and then eluted in 29 ul.
Thirteen aliquots (20 ul each) of MegaX DH10B Electrocompetent Bacteria of Life
technologies were transformed with 2 ul of DNA each, according to manufacturer’s
recommendation. After 1 h recovery at 37°C, the transformations were pooled together and
transferred to 2 | of LB overnight for each specific promoter vector. An aliquot of each
transformation was plated on LB AMP medium to estimate the number of cloned fragments.
Usually, a total of 6-8 million colonies are achieved by library. Finally, plasmid libraries were
extracted using Qiagen Plasmid Plus Maxi Kit (Qiagen).
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CapStarr-seq library transfection

Using Neon Transfection System (Life technologies) the library transfection of (5ug/1x10°
cells) was performed. For each experiment, total of 50x10° cells were transfected. The P5424
cells were transfected with 1600v-20ms-1 pulse. After transfection, cells were transferred to
complete growth medium and incubated for 24 h before isolation of RNA, 3 replicates (except
pSCP1).

CapStarr-seq RNA and plasmid isolation from transfected cells

RNA extraction was done using RNeasy miniprep kit (Qiagen) with the on-column DNasel
treatment. The PolyA RNA fraction was isolated by mMMACS mRNA isolation kit (Milteny)
following the manufacturer’s recommendations. PolyA RNA treatment was done with
Ambion turboDNase (Ambion) and purified with RNeasy Minelute kit (Qiagen). Finally,
using Qubit RNA HS Kit (Life technologies) mMRNA was quantified. Later, using the
QIAGEN plasmid plus mini kit (Qiagen), the Plasmid DNA was extracted from 5x10° cells.

CapStarr-seq reverse transcription and sequencing library preparation

cDNA first strand synthesis was performed with superscript 111 (Life technologies) using a
reporter- RNA specific primer (5’-CAAACTCATCAATGTATCTTATCATG-3’) and polyA
RNA 0.2 to 0.3 ug of per reaction for a total of 10 reactions. After the reverse transcription,
RNaseH 1 ul was added and incubated at 37°C for 1 h). The cDNA was then purified with
QIAquick PCR purification kit and using Qubit ssDNA Kit (Life technologies) concentration
was determined. The cDNA was amplified using the KAPA Hifi Hot Start Ready Mix in a 2-
step nested PCR. In first PCR (98°C, 2min; followed by 15 cycles of 98°C for 20 s, 65°C for
20 s, 72°C for 30 s), cDNA of 5 ng per reaction was amplified using two reporter-specific
primers  (fw:  5’-GGGCCAGCTGTTGGGGTG*T*C*C*A*C-3> and rw: 5’-
CTTATCATGTCTGCTCGA*A*G*C-3"), one of which spans splice junction of synthetic
intron, in total of 10 reactions. Purification of PCR products were done on gel using
QIAquick gel extraction Kit (Qiagen) followed by a clean-up with QlAquick mini elute PCR
purification kit (Qiagen), to remove any residual contamination of plasmid or cDNA.
Generating lon Torrent libraries, purified PCR product was used as a template for the second
PCR (5 ng/PCR, for a total of 10 PCR reactions; 98°C, 2min; followed by 10 cycles of 98°C
for 20 s, 65°C for 20 s, 72°C for 30 s) with KAPA Hifi Hot Start Ready Mix and lon Torrent
library amplification primer mix (Life technologies, T PCR_A: 5’-CCA TCT CAT CCC
TGC GTG TC-3” and Plamp: 5’-CCA CTACGC CTC CGC TTT CCT CTC TAT G-3°).
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Generating the INPUT control, 10 reactions with 5 ng of reporter constructs (library) per
reaction were amplified using same conditions as mentioned above, at the exception of
forward primer in first PCR (fw: 5’-GGGCCAGCTGTTGGGGTG*A*G*T*A*C-3’). To
assess potential biased in library composition caused by electroporation, 10 reactions with 5
ng per reaction of the reporter constructs isolated from transfected cells were amplified as
explained above. For sequencing the libraries, the sequencing indexes are added to the
libraries by one simple PCR reaction using Multiplex oligos for Illumina (NEBNext). So, the
non-transfected (plasmid input) and transfected libraries were single-end sequenced on the

[llumina NextSeq 500 platform, and reads were mapped using standard procedures.

CapStarr-seq data processing

Row CapStarr-seq data processing was described previously (Dao et al., 2015; Vanhille et al.,
2015a). To quantify the coverage of each captured region, we intersected the elongated
mapped reads (that is, fragments) with the DHS using BedTools (v2.28.0) ((Quinlan and Hall,
2010)) and calculated FPKM values (Fragment Per Kilobase per Million mapped reads). All
conditions and replicates were processed separately. To filter out low represented regions, all
regions with a FPKM lower than 10 in the input sample were excluded, thereby removing
13,687 regions for pEFla, 14,349 for pPGK, 15,283 for pRag2-Ea and 12,096 for pSCP1. A
total of 14,805, 14,143, 13,209, 16,396 regions were then retained for pEFla, pPGK, pRag2-
Ea and pSCP1, respectively, for further analyses. We pooled all replicates and computed the
FPKM mean values for all subsequent analyses. The enrichment of CapStarr-seq samples
over input was computed by calculating the log2 ratio of FPKM and centered on 0 for all
conditions (denoted CapStarr-seq signal; Supplementary figure 1B; Supplementary Table 1
CapStarr-seq data). To assess reproducibility, we generated a correlogram using ggplot2 and

corrplot package (https://cran.r-project.org/web/packages/corrplot) with a Spearman non-

parametric test. The log2 (FC) was used to determine the silencer activity of each DHS. A
search for between conditions was performed. Venn diagram comparing the shared silencers
was made using the online tool (http://bioinformatics.psb.ugent.be/webtools/VVenn). All the
regions were annotated with the two nearby genes using GREAT. To visualize the CapStarr-
seq signal per individual cloned fragments we generated a bed file with a color code

proportional to the activity.
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Definition of silencers

Putative silencers were defined as DHS regions displaying a CapStarr-seq signal (Log2(FC))
lower than or equal to -1 or belonging to the bottom 500 signal in any of the CapStarr-seq
experiments In order to compare putative silencers, other groups were created based on the
log2(FC). We clustered other DHS which have log2(FC) included between ]-1;0] and DHS
with log2(FC)>0. Based on the rank, we selected the inactive regions (500 regions around the
log2 (FC) median) and the top 500 regions with the highest log2(FC).

Epigenomic analyses

ChlP-seq datasets from P5424 cells and MNase-seq, DNasel-seq and ChlIP-seq datasets from
mouse DP thymocytes were downloaded from Gene Expression Omnibus (GEO) database as
detailed in (Supplementary Table 3). ChIP-seq data were processed in the same way as in
(Vanhille et al., 2015a). For average profiles, Wiggle files were converted to BigWiggle files
using wig to BigWig (Kent et al., 2010). Average profiles were generated with deepTools
(Ramirez et al., 2014) using MNase-seq, DNasel-seq and ChlP-seq signal from bigwig files
around DHS center (+/- 5kb for histone modifications, +/- 1kb for TFs and chromatin

features).

RNA-seq data

Public RNA-seq data from P5424 cells (Saadi et al., 2019) and mouse T cell differentiation
(Hu et al., 2013b) were downloaded from GEO database (accession numbers GSE120655 and
GSE48138, respectively). The row RNA-seq data was processed as described in (Saadi et al.,
2019).

Motif research analysis.

The HOMER (Heinz et al., 2010) software was used to perform research motif analysis with
the option “findMotifsGenome.pl input.file.bed mm9 output.file.bed —len 6,8,10,12,15 —size
given —bg dhs”. We choose as background all the DHS sites in order to isolate the silencer’s
specific binding sites. Then we used the known motifs output to create a heatmap using

Matplotlib and Seaborn libraries (https://ieeexplore.ieee.org/document/4160265)

Genomic enrichment of candidates regions
Genomic distribution was analyzed using a new homemade program : OLOGRAM, included

in pygtftk toolkit (Lopez et al., 2019). OLOGRAM, performs overlap statistics between sets
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of genomic regions described in BEDs or GTF. It uses Monte Carlo simulation, taking into
account both the distributions of region and inter-region lengths, to fit a negative binomial
model of the total overlap length. Exclusion of user-defined genomic areas during the
shuffling is supported in order to compare with a specific set of sequence. We decided to
exclude all the regions which are not DHS to compare our candidates with the DHS
distribution. Mm9 GTF files from Ensembl was provided to assess the genomic distribution of
our candidates. We plot with ggplot2
(https://onlinelibrary.wiley.com/doi/abs/10.1002/wics.147) the logl0(p-value) with a factor

+/- 1 depending on whether it is enriched or depleted to get the enrichment score.

Repetitive element analysis

Repetitive elements were retrieved from the UCSC repeat masker files for mm9. A
hypergeometric test was computed from the overlap between silencers candidates and each
class of repetitive elements. We then plotted the -log10(p-value) using ggplot2 with a factor
+/- 1 depending on whether there was enrichment or depletion.

Association of silencers with variable genes

RefSeq genes in a window of 200kb around the all silencers candidates (log2(FC)<-1 or
bottom 500) were retrieved using bedtools. In the different conditions were annotated, using
mma9 file from UCSC. To retrieve the top 5% most variable genes, the variance though T cell
differentiation was computed for each gene using merged replicates of the RNA-seq dataset
from (Hu et al., 2013b).

Luciferase reporter assays

Silencer candidates or control regions were amplified from mouse genomic DNA or
synthetized in vitro and cloned downstream of the luciferase gene at the BamHI site in the
pGL3-Promoter vector (Promega) (Supplementary Table 4) and verified by Sanger
sequencing. A total of 1 x 10° P5424 cells were cotransfected with 1 pg of the tested
construct and 200 ng of Renilla vector using the Neon Transfection System (Thermo Fisher
Scientific). Electroporation conditions for P5424 cells were maintained at 1600v-20ms-1
pulse. After Twenty-four hours of transfection, luciferase activity was measured using the
Dual-Luciferase Reporter Assay kit (Promega) on a TriStar LB-941 Reader. For all
measurements, firefly luciferase values were first normalized to Renilla luciferase values

(controlling for transfection efficiency and cell number). Data are represented as the fold
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decrease in relative luciferase signal over the pGL3-Promoter vector (pSV40). All

experiments were performed in triplicates.

Site-Specific Mutagenesis

Mutagenesis was performed using Q5 Site-Directed Mutagenesis Kit (New England biolabs).
For the Rbfox3 and Dpp9 silencers, the REST motifs were mutated. The mutagenesis primers
were designed using NEBaseChanger tool and are shown in Supplementary Table 5.

CRISPR-Cas9 genome editing

For the CRISPR—Cas9 experiments of targeted silencer regions, two gRNAs were designed
for each end of targeted region using CRISPRdirect tool (Naito et al., 2015). The designed
gRNAs were cloned into a gRNA cloning vector (Addgene, 41824) as described previously
(Mali et al., 2013). One million cells were transfected with 1 ug of the each gRNA and 1 pg
of hCas9 vector (Addgene, 41815) using Neon Transfection System (Thermo Fisher
Scientific). After three days of transfection, the transfected cells were plated in 96-well plates
at limiting dilution (0.5 cells per 100 pl per well) for the clonal expansion. Individual cell
clones were screened for homologous allele deletion after 10-14 d, by direct PCR using Phire
Tissue Direct PCR Master Mix (Thermo Fisher Scientific) according to manufacturer’s
protocol. Allowing the detection of knockout or wild-type alleles, forward and the reverse
primers were designed bracketing the targeted regions. The clones were considered to have
undergone homologous allele deletion if they had no wild-type band and at least one deletion

band of expected size. All the gRNASs and primers are listed in Supplementary Table 5.

Gene expression analyses

Total RNA from P5424 from wt and deleted clones in unstimulated or PMA/lonomycin
treated conditions was extracted using Rnaeasy mini kit (Qiagen). Three micrograms of RNA
was treated with DNase | (Ambion) and was quickly reverse transcribed into cDNA using
Superscript VILO Master Mix (Thermo Fisher Scientific). The Real-time PCR was performed
using Power SYBR Master Mix (Thermo Fisher Scientific) on a QuantStudio 6 Flex (life
technology) instrument. Primer sequences are listed in Supplementary Table 5. Expression of
the gene was normalized to that of RIp32. Relative expression was calculated by the ACy
method, and all the data shown are reported as fold change over the control. For each of the
cell clone, from the three independent RNA/cDNA preparations, the Student’s t test was

performed (unpaired, two-tailed, 95% confidence interval). Data are represented with s.d. For
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the conventional RT-PCR, one-twentieth of the synthesized cDNA was used as template for

one reaction.
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Legends

Figure 1. CapStarr-seq for silencer assessment.

(A) Schematic of the CapSTARR-seq strategy to assess the silencer activity in the P5424
mouse T cell line.

(B) Correlogram of CapStarr-seq signal between all conditions and replicates. The
Spearman's correlation coefficient is displayed. Samples are clustered using Hierarchical
Clustering.

(C) Smoothed data using Generalized Additive Model (GAM) to visualize the correlation
between CapStarr-seq signal for each DHS and expression of the two closest genes in the
P5424 cell line. In X-axis regions are sorted ascending by CapStarr-seq signal (Log2(FC).
RNA-seq data of associated genes are represented in Y-axis using TPM value.

(D) Violin plot comparing the expression in the P5424 cell line of genes associated with DHS
subgroups based on the indicated categories of CapStarr-seq signal (log2(FC)). Statistical
analysis was performed using Wilcoxon test, P-values are displayed.

(E) Venn diagrams of silencer candidates identified with the indicated promoter-based
CapStarr-seq strategy. The threshold used was based either on the DHS with the bottom lower
CapsStarr-seq signal (left panel) or a log2(FC) lower or equal than -1.

(F) Example of a putative silencer identified with the 4 promoter-based CapStarr-seq
strategies. The signal for each promoter-based CapStarr-seq and the corresponding Input are
showed.

(G) Bar plot showing the percentage of shared silencer candidates (bottom 500) between each
pair of CapStarr-seq conditions.

(H) Genomic distribution of silencer candidates (bottom 500) compare to the whole set of
DHS. Bar plots represent the -log10(p-value) of negative binomial test. If the silencers are

depleted in a particular feature compared to the DHS region, we multiplied by a factor 1.

Figure 2. Epigenetic profiles of silencers

(A-B) Average profiles of H3K27ac, H3K4me3 in the mouse P5424 cell line (A) and
H3K4mel, H3K4me3, H3K27ac, H3K27me3, H3K9me3 in the mouse DP thymocytes (B) for
captured regions identified as putative silencers (bottom 500, red), inactive regions (Middle

500, black) and putative enhancers (Top 500, green).

80



Figure 3. Validation of the CapStarr-seq approach.

(A) Luciferase silencer assays in P5424 cells of DHSs defined as putative silencers by
CapStarr-seq(green bars) or with CapStarr-seq signal (log2(FC)) close to zero (black plots).
The promoter-based CapStarr-seq where the silencer was identified is indicated in the bottom
panel. Data represent the normalized fold change over the vector control. Error bars show s.d.
from three independent transfections (***P < 0.001, **P < 0.01, *P < 0.1; two-sided
Student’s t test). Rbfox3 and Dpp9 silencers are enriched in REST motif indicated by an
arrow.

(B) Comparison of luciferase activity between silencer candidates and control regions. The
two-sided Student’s t test is shown(C) Assessment of orientation dependent silencer activity
for a subset of identified silencers.

(D) FACS analysis for GFP expression using Dpp9_silencer element in a GFP reporter

construct.

Figure 4. TFBS associated with silencers.

(A) Heatmap showing the enrichment (-Logl0(p-value)) of known motifs obtained with
HOMER software for each set of silencers (bottom 500).

(B, C) The UCSC genomic track of Mouse NCBI37/mm9 around the Rbfox3 (A, top panel)
and Dpp9 (B, top panel) DHS sites (black) indicating the CapStarr-seq signal obtained for
each captured region (the color scale is indicated) and the Jaspar motifs. The REST motifs are
indicated. The effect of REST mutation was assessed by Luciferase assay (A-B, bottom
panels. Data represent the normalized fold change over the wild type vector. Error bars show
s.d. from three independent transfections (***P < 0.001, **P < 0.01, *P < 0.1; two-sided
Student’s t test). D: Experimental validation of silencer activity using a retroviral system. A
total of 36 and 16 regions were tested in NIH-3T3 and Beko cell lines, respectively. Silencer

effect was determined by significant decrease of a reporter marker assessed by FACS.

Figure 5. Identification of Sdhafl silencer regulating Hcst and Nfkbid during T-cell
differentiation

(A) Variance of genes ranked by the expression variance during mouse T-cell differentiation
using RNA-seq data from (Hu et al., 2013b). The top 5% variable genes are highlighted in
blue. Nfkbid and Hsct genes associated with the Sdhafl_silencer are indicated.

(B) All genes associated with silencers candidates (880) in a window of +/- 100kB were

retrieved. The overlap between silencer’s associated genes and top 5% variable genes is

81



shown as well as the number of corresponding silencers. The genes associated with the
Sdhaf_silencer are indicated. (C) Log2 of the relative expression of Nfkbid and Hcst genes
during T-cell differentiation. Level of expression were normalized regarding to the DN_01

sample.

Figure 6. Sdhafl_silencer functions as a bona fide silencer.

(A) Genomic tracks for Hi-C in mouse ES cells and RNA-seq and ChlIP-seq from P5424 cells
around the Sdhafl locus.

(B) Luciferase reporter assays testing the silencer activity of the Sdhafl_silencer in both
orientations.

(C) Sdhafl_silencer knockout by CRISPR—Cas9 system. The homozygous and heterozygous
genomic deletion of the Sdhafl silencer is detected by PCR using primers P1 and P2. Details
on the gRNA sequences, PCR primers and expected PCR fragments are provided in
(Supplementary Table 5).

(D) gPCR analysis of gene expression of genes around the Sdhafl locus in wild-type, Asil S26
and Asil S70 p5424 clones.

(E) qPCR analysis of gene expression of Nfkbid in wild-type, Asil S26 and Asil S70 p5424
clones stimulated or not with PMA and lonomycin. Error bars, s.d.: ***P < 0.001, **P <
0.01, *P < 0.1, two-sided Student’s t test.

82



Genomic Capture
library enrichment Gq'-* o-q’-'" ér& o o
& &L ] <
—a S F S o_,\_ﬂ'-” é_q- qrﬂ-{"er P
PR Nl S S S M s
QL ¢ 9 Q¥ Q 5
PSCP1 R1 Lo eamr
.4 0.9
Repc:rterlibrar;.r DHST cell pSCP1 Rz
T 0.8
- GFP | Cgon” | pAS |sTARR-seq pRag2-Ea R1
pgf;ﬁ:g pRag2-Ea r2 0.7
pl
pEF1a Transfection pRag2-Ex Rz 0.6
in pb424
pRag2-Ea
= cellline pPGK R3 o o 0.5
5
=2 Targeted RNA—Sequencmg PPGK R1 0.4
g ' PPGK R2 03
EFla Rz hee o
A PN .] Fold change P 0.2
— — — pEFla m1
Patential Potential 0.1
enhancer silencer PEFla R2 0
D
pEFla PPGK pRag2-Ea pSCPI
15- Sdenn <2216 <2216 <2916
00018 1 00011 M1 ==
3
10-
g g SIRS 7Aka SER1 edio 4
H pEF1a 3 s
%2 — pPGK z
& == pRag2-Ea
= pSCP1 04
5a
1
1000 £000 12000 =1 po s0 s1 10 >0 =1 0 =0 1 0] >0
DHS Ranked by Log2(FC)
F
Bottom 500 Log2(FC) < -1 -
pSCP1
Rag2- o =
> put |
o p-Tm
& pPGK —
n': p-1m
o Input .
€L =)
Ec; pEF1a - o
N
pRag2-Ea .
input A
Dirc2 DHS
2 )
o 75
@ z EF1
S 50 PEF1x
F 15 5
& 10 g = .pPGK
5 =
2 5 S o — =l T L
‘g ' l— .pRagZ—Eu
’ @ & N @ -
LN =
é @5’&9/ {3‘?@ Qﬁ’& @9& é =0 .pscm
X = m w
ﬁf&oq\é \\ S 2§ £ g 2 ¢ 5 5 5 E
& § € ° 4 3 B £ 23 0§ OL ¢
. g~ fg5 g5l
- A A

Figure 1

83



pPGK

pSCP1

H3K27ac

H3K4me3

— Bottom 500

— Middle 500

84

—Top 500

H3K4mel

H3K4me3

H3K27ac

H3K27me3

H3K9me3

150
8 8 8 125
100
6 6 6
75
4 4 4 50
2 » 2 25
5.0 DHS 5.0k 5.0 DHS 5.0kb 50 DHS 5.0kb 50 DHS 5.0k
30
30 2
2% 30
25 2
20 e " 2
15 5 15
10 10 10 10
5 5 5
0 T 0 0 T
B 5.0 DHS 5.0k 5.0 DHS 5.0kb 50 DHS 5.0kb 5.0 DHS 5.0k
5
35 4 ¢
30 ¢
3 3
25 3
20 2 2
2
15
10 T ! T ! 1 T
50 DHS 5.0k 5.0 DHS 5.0Kb 50 DHS 5.0kb 50 DHS 5.0k
%
2
2 2 20
15
15 15 15
10 10 10 10
5 5 5 5
0 0 0 0
5.0 DHS 5.0K0 5.0 DHS 5.0Kb 50 DHS 5.0kb 50 DHS 5.0k
25
25 Bottom 500 40
2%
20
2 2 30
15
15 15 0
10 10 10
10
5 5 5
5.0 DHS 5.0K0 5.0 DHS 5.0Kb 50 DHS 5.0kb 50 DHS 5.0k
06
05
05
04
04
03 03
02 02 .
5.0 DHS 5.0k 50 DHS 5.0k
12
AL
M\
e," 1Y, 10
Wl
[ 08
“ {“}l
J
w 06
} T . 1 T 0.4 .
50 DHS 5.0Kb 5.0 DHS 5.0Kb 5.0kb 50 DHS 5.0kb

Figure 2

P5424

DP Thymocyte



GFP
35,7%

pGL3_GFP-Silencer

— Empty
pGL3_GFP

GFP —————>

Figure 3

85

[
L s D\Amw\
opAsd [l eev
q1sEeq o
+0
ZISE %,
0s1) m_o.m@
8 EEleS) \x@
5 ¢ zna g A
= 13z %,
B = el e
z2 o =3}
2 E gdio m_k_u
°q plaex mo@
gpLLL 4 \“\o
LapN .@0&%
Iy @K\
Lieyps = o, %
gddg é@
o]
£xojqy [¢]
zona w&
dueyp \\&%
2 Ldpy0 %
S == £
g GLUBLL ] T . . . . @@nv
© Eraey 2 - 2 & Z &
M oLodw ofAsd o) pelejsl sBueys pjo4
JyatoN
slqzsig
wdiz
Ldeoy
1dpp
8pSZPHIE] g
Zopity 2
BALIS @
g
2PN a
[0 =
= L =.2
mv_cmwmz m " ®E = mm f.- (] — m S
} i m -
ZIUN = T ) B3
o L1 [ ] ==
dadu L] [] o e _|-5¢C
mw:om * m. 1 mm
LU
olou3 [ T T T T
1BgLI00 w9 v 9 w 9
PEESZRIS ™ ™ - - =} o
9 o | - 9 o = % LI opAsd o1 pajejas abueys plo4
= L
OpA\Sd 0} pajejal abueys pjo4 ecw T
4 o (]




s [ B
v [0
KIfsZh
S
HoeaS(Homeobox)
KImEzh 80
il _E 70 w\Without Rest mWWith Rest
=2z s 60
SpSEh - % 50
e s - 40
e g ‘3 30
NFYVICCAST) » g @
REST(ZR - 20
E graZh 10
MaziZf 0
NRF1NRF} T cells (Beko) Fibroblast (3T3)
EIK4ETS) o
UsB(BHLH)
EIETS)
EWSFLIETS) i

pEF1a pPGK pRag2-Ea pSCP1

seake } { i saa B | R ————
orits | u e ae 108 o020 0800030 10 00880 0 hn 000 018,008 80 100,448, 000 008 000 108, 408 000 118,448,080 seim| || || e WA | | MIRLES | e T Wi | L | | e, e
- 04 3 . —
5 0 e
w
o
Wy POAE e O B ] S
R vor il BL il sec il ol
O e ermm Seum e m
o L £ Rt e SR B TR
e s il -;x'l wl
REST#1 dom Ik e
S et ‘
REST#2  2ru
o 5........... REST
- +
o Log2(FC)  +5
24
Egl |
P
] wxe 1
T
—
94 7- rrn
—
N E 6
2 7 2 7
o
‘5 =) 5 4
[ 6 4 =]
= 3
R i 47
= s
» 4 s 3
@
o 34 =
5 _f:: 2
5 24 =
= R
O H m
0 . . . . R
basic WT mRest#1 mRest#2 mRest# basic Wr mRest
| 12|
Rbfox3_Sil Dppd_Sil
(ID. capR_1362) (ID.capR_3021)

Figure 4

86



log2(variance)

100kB

A~ n=2014
w\-ﬁf
100kB
Nfkbid ) Silencers L 13:\4{ Top 5%
Sdhaf1_Sil associated © variable
Hest genes genes
5000 10000 15000 20000 25000 30000 35000 544 Silencers

Ranked genes

Sdhaf1_Sil: Nfkbid, Hest

Expression of NFKBid and HCST during T-cell differenciation

Early ITR Th1 Th17 Th2
T 1.25-
o
w
w
L 100~
o
>
U gene
o 0.75- v
>
= ~— Hest
«©
g 050- ~®— Nifkbid
~
g o025-
-
0.00~-
Py h sl sy £ 2L L 2L L L Lopd
555355888 588 084 DR CRE
zzzzoao Yt 2'0: = _|I -~ q—r_‘|r-. = . o
DGODDD%%QIZEE N‘Eﬁ N =T NIEE
Z - = NEF ook
= = =
T-cell differenciation
Figure 5

87



O
Gonow

I 5 = Im
fwwes mtranc (=)
v w3

21 /1D0O /000

TRl Arooes ','»:'-'W, s )

o
REZE5hom

-
- .g + " A
g el o
g % B ] Jowa - P
gl =|- i ; . A , I
g .'»'t
F BT D = : woaldily
— (2]
2| rawames A A A Fy - A _
Slwzrec " - - ok o o ko ah AR
§ H3k4me3m A A A A " A AR
E| H3Kk27ac _ , & sl s Uit o oo PR A . e
[ P —M L] : T ._04-.—'. = o - - . HHEH H:I»{H
Refseq genes cjip3 Syned Lrfn3 Tyrobp Nfkbid
Silencer candidate Alkbh6 Sdhaft Sdhlaﬁ Hest
gRNASs Y
B C
1kb plus Asil $26-/- Asil S70-/-Asil S80+/- WT H20
o 12
%‘1 10
o
5 08
]
= 06
@
2 04
5
S 02 . wxx
2 o |
pSV40 basic sdhaf1 F sdhaf1 R
E
D ) 140 Nfkbid .
s 120 &
16 S 100 * \
8 14 ¢ < §
%12 . =WT F S §
2 . = §\ s WT
2 = Asil 526 E 60 S \ \\\
E 08 2 N Asil
E 0. ) = \ \ = Asil 526
5 06 mAsils70 40 N\ § \
oe §§§ mAsil S70
. 20
N
02 NI\ N
Alkb6 Sdhaf1 Hest Nfkbid buso PMAI
Figure 6

88



A Tcra enhancer

[ GFP_] [PA site | [GFP ] ‘1'_ [pA site |
PPGK. pRagz
P
- Negative control - Negative control
- pPGK - pRag2
- pEF1a w. pRag2-Tcraenhancer
N
\-7 "~
GFP GFP

Distribution CapSTARR-seq data

pEFIa

— a2 €
— ST

Log2(FC)

Genomic distribution of Silencer

mpl
o0 Sample

pEF1a

0 — - — e i
20
40 - N

Log10(summed bp overlaps pvalue)

CDS
2xon
gene
Intergenic
Introns
transcript

Terminator

Promoters
start_codon

slop codon

Genomic Regions

Supplementary figure 1: (A) Validation of the CapStarr-seq vectors by FACS analysis of GFP expression (B)
Distribution of normalized CapStarr-seq data. (C) Genomic enrichment of captured region with a log2(FC) < -1
(putative silencers).

89



5.0Kb 50 DHS

5.0Kn 5.0 oHS 50

ors

A0 DHS

30K 50 DHS 50k

50 5.0Kb 3.06h 54 DH
" '™
5.0 n;is 5,06k 50 DHS 5060

DHS

5.0 DHS

— log(FC) < ~1

90

S.0Kb 30 DHS S0k

— logy(FC) >0

H3K27ac

H3K4me3

H3K4mel

H3K4me3

H3K27ac

H3K27me3

H3K9me3

P5424

DP Thymocyte



pEF1a pPGK pRag2-Ea pSCP1
150 " = us
= = 00
® N . DNase |
:o A A 3 A 3 A o >
1 =z - d;‘
1o 1 ) 1 3]
10 =2 100 10 oE 100 10 oE 100 10 oE 100 o
£
>
= = il
= ==
z ) = o
,/k ‘5 A ‘s A B -A e
® 10 ]
: ” 9 A %ﬁ . ﬁ! MNase
45 4
— Bottom 500 — Middle 500 Top 500
C pEF1a pPGK pRag2-Ea pSCP1
mi mi w_j M .ADNaSEI
@ 5 4
‘ A A LA\ A AT
1 2 15 —
10 " 2
1 1 (&)
° 10 o= 100 -0 oE 100 -0 (= 2 1000 -10 = 2 100 0
£
P
Z
= = - F) =
= 15 z B D-
. ) . i CTCF |2
&QA‘;}@ A%EA}?"G \?%;ﬂ v%“ ” ;?_.MNase
4.
— g (FC) < —1 —_— 1 g (FC) <0 —_— loga(FC) >0

Supplementary figure 2. : (A) Average ChlP-seq profiles of different histone marks based on CapStarr-seq
signal log2(FC). (B-C) Average profiles of ChiP-seq and chromatin features based on CapStarr-seq signal
rank (B) or log2(FC) (C).



pEF1a

o
O
W
a

Conditions

o
Ll
I~
5 9
o o
O o
J umouyun
L WNY [lews
I- aNIS
l- jeadal adwig
-_ ayllleIeS
[ ]
|

18410

log2(FC)=<-1
Bottom 500

Enrichment of repeated element in Silencer candidates

o1

Alxa|dwoo moT

¥Nd

. N
|

O O O TTOONTO N <
-— 1 1

< (enjea-d)Q L bo7-/ + 81008 m

pEF1a

Conditions

umouMU N
VYNY llews

ANIS

(@]
Lt
—
v 9 o
O © O
o o N
o o o
_ jeadal aidwis
n ST

| PYI0

|- Y17
- Kuxa|dwoo mo

" N0

l— vNa

o O 0 O OO O <
— T LI

(enjea-d)p | B6o7-/+ 21008

92



93



pEF1a pRag2-Ea pSCP1

ETS1

s

a5

=
7]

E B B
L=
-~

3
g
3
8
3

10

&
&
B

5
4
5 :
El
3 ]
4
) GATA3
2
2 H
1 1
0 oS 10K 40 13 100 440 13 10k 40 1 100
4
oz 25 30
" 23 3
TCF7
: 15 2
15
10 10 .
o 10K -0 o 1m0 BT e 10k 1 o 10
2m 55
20 i
- 175 #
15 #
8 s . 20 HEB
125
y - 15
10
s
s
oS 10K -0 13 100 41 13 10k -0 s 100

RUNX1

[ I BT R
=R T = B = R T
e pa pE m ge
=R T = R = A T
— ke e m

8
g
8
8
3

10

g
b
B

Tp IO

IKAROS

= - — a
kg = I &
= - - 2
n o o =1
= - FE
o = =

3
g
8
8
8

10

g
3
3

Bottom 500  — Middle 500 Top 500

94

DP Thymocyte




ETS1
10 D\IIS 10k 10 D\IIS LOKb -0 D:‘S 1.0¢0
GATA3
10 ml"s 1L0kh 10 mus 10Kb <10 DHS 10¥0
TCF7
]
P
>
&}
o]
£
z
g :
150 m
HEB a
15
140
o
10 oS 108 10 e 108t 10 s 10K ) e Lo
in
RUNX1
-0 OHS 10Kk A [ 1.0k
18 0
IKAROS

-0 OHS 10Kp 10 DHS 1.0Kn

— log(FC) < 1 — 1 < logs(FC) <0 — logs(FC) >0

Supplementary figure 4. (A-B). Enrichment of repetitive elements at putative silencers based
on CapStarr-seq signal rank (A) or log2(FC) (B). (C-D) Average ChIP-seq profiles of lymphoid
transcription factors in DP thymocytes based on CapStarr-seq signal rank (C) or log2(FC) (D).

95



Refsec Genes 1 1@ HEM  HIBGG IR L IHEAERY T aeE. e
Sdhaf1_sil
TADs m— ]

)

L IR

HIHA S A

{

— PP 1111 11111 ARl b o
“ v e “- W o | a I Beka L] [ L
RefseqGenes "' ¥ PP, PR S I T " T R T
> » » - - .~ .
Sdhaf1_sil ~
TADS sy ey — ey
i-]
" i il e et il i

Supplementary figure 5. (A) Hi-C matrix at 1 kb resolution in ESCs using juicebox tool. (B)
Virtual 4C at 1 kb resolution, surrounding the silencer regions. TADs coordinates are from Bonive
et al. data.

96



PR Y Y I .
VR WS 'O PO U RN TUREPUIS EPUIIOUON TV S
ETS1_”I ) . . ) . = i 2 Lo
GATA3" ™
HEB:.-_;....A..A.. it e s ot e e s atbacile 40 6 B dan bild bbb D onsdibitode Bascins it b wh Bdesntndd, B .od FYNIR TR RPN ST PR pe—
o | KAROS™" A , : , "
[ "o
% RUNX1 =
2 TCF1"" _ . i i L
>| L]
= POLZH A I od U
g K36me3 ) T
Hokime 2 7 S S N Ml Al e caa kel
Hakéme2, i b . _ . ' T |
Hakdmea "™ N L i : u oy |
H3k27ac”' o a4 oh v
H3k27m63.; P TR PTT ST PRy T | e S PR VL P T AP
Hakgmea'_., B TN N PP ) PSR —— FUNIN SEIPRTS DR S and s s i
Ref genes m "“' u.:iil’:tl ,‘, '"' z bt oo s
Silencer candidate .'r

B Scale 1 ko} | g

e 31,137,000 31,137,500] 31,138,000 31, 130500[ 31,139,000 31,139,500 31,140,000 31,140,500 31,141,000

OHS Site
OHS site =
cetiea:ou RefSeq Genes
a Genes e
o Transcription Factor Binding Sites by ChIP-seq from ENCODE/LICR
2 -
2 —' . '
£ cort - |
3] Heart 8w CTCF I
» B
o [ S
= Lung 8w CTCF e
[ " CTCF [
o )
£ 01fa =
T - .
= .
a Test - I
w ]
ript i ndl i i) -t

3] Transcription Factor a‘mi ng Sites by ChIP-seq from ENCODE/PSU
5 GIE CTCF E 3

R &

R

GIE-ER CTCF 24hr

Supplementary figure 6: (A) Genomic tracks for Histone marks and TFs from DP thymocytes around the
Sdhafl locus. All the tracks scale is fixed using the TCRa enhancer. (B) Tracks from UCSC genome
browser (NCBI37/mm9) of CTCF Chip-Seq from ENCODE/LICR and PSU.

97



e 200 bases | { nent
e’ 31,138 200 31,130 30| 31,130 400 31,130 500 31,130 00| 31,130, 700| 3,130 000 31,130 000 31,130 000|
DMS Bite
DMS e _
' | ¥ &

-

FOXK! M 287818
FOXP2 P2 INF26)

Ax| 82 02 INF143 TFAP28 a2l e 2681 EGA4
Foxo! §P2 ' $ POLBF2 INF25) §P2 HNF4G FAP2B Jun-sune i USF1 GLIS2
Gie B GCaeps §P2 Dist P2 P73 CICF Y | ey | Seofi(vae 2)ll  ZNF740
=0y | E2F8 Diet INF263 N2f6 P4 MITF Srevfi(ver 2)l  ZNF740
:arml ‘ P2 RXAG TBX1S MITF SREBF2(var 2)
ELKA INF253 Nfe22 5P8 TFEB PBI3 KLF14
INF2%3 EMX! 8 RXRG TFEC SREBF2(var 2) INFI40
INF283 EMX2 INFE3 SCRT! rers | e PEN2 KLF16
INFE3 EMX2 GRHL2 TFAP2C INF283
Pparg R EN2 INF2% GRHL! TFAP2C 8p2
‘ EN2 ; GAML! Gatal- 1ALl [ INF263
INF263 ESX) INFS3 Ppwg R TFEC INF263
2 EWX! RARA AXRA UsF1 I PLAG!

INF263 £ INF) RARA AXAA soxio @ KLF14

V2 892 423 oSt 2) INFI40

V2 INF253 KLF14 KLF18

Gax1 SP2 KLP9 INF740

Gax1 INF25) KLF16 KLFI6

GoxX2 SP2 SP3 SF8

GBR INF263 KLFS INF740

HESX! §P2 > q] KLF16

HESX) INF263 RELA 2ich

HOXA2 INF263 NAIC.TLX! C3

HOXA2 INF263 NAC:TLXI 2ICA

HOXB2 ] TFAP2N v 2) INF2E3

HOXE2 PPARA RXRA TFAP2B(vr 2) INF740

HOXB) Powg R FAP2CIv 2) CICA

Pegaatrs) Dlements Dy Papeat Maskse
S INE
LINE
LTA
ONA
Sk —

Low Comgienity
Satelite
ANA
Othwr
Fhrowen

HoodS Rtx!

Jaspu TF
P2

sche @ @ an MYBLI

rara 1xra Il

|
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Supplementary Table 2:CapSTARR-Seq silencers with or without REST binding sites
validated by Retroviral reporter assay in fibroblastand T cell .

Fibroblast Tested Validated percentage
cells (3t3)

Total 36 10 27.7
Without 27 2 7.4

Rest

With Rest 9 8 88.9

T cells Tested Validated percentage
(Beko)

Total 16 9 56.2
Without 12 5 41.6

Rest

With Rest 4 4 100
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Supplementary Table 3: Chipseq data

Sample Cell type GEO ID | Reference
GATA3 DP Thymocytes GSE20898 Wei, et al. (2011). Immunity 35(2): 299-311
Ikaros DP Thymocytes GSE32311 Zhang, et al. (2012). Nat Immunol 13(1): 86-94
CTCF DP Thymocytes GSE27214 Ebert, et al. (2011). Immunity 34(2): 175-187
RUNX1 DP Thymocytes GSE44578 Lepoivre et al. (2013). BMC genomics 14: 914
ETS1
H3K4mel DP Thymocytes
H3K4me3 GSE29362 Koch, et al. (2011). N. S. M. B. 18(8): 956-963
Polymerase Il
H3K27mes3 DP Thymocytes Fenouil, et al. (2012). Genome Res 22(12): 2399-
GSE38577
MNase 2408
H3K27ac DP Thymocytes GSE63732 Lepoivre et al. (2013). BMC genomics 14: 914
HEB
TCF1 DP Thymocytes GSE63732 Vanhille, L et al. (2015). Nature communications,
DNase 6, 6905.
H3K9me3
H3K4me3 Saadi, W. et al. Leukemia & lymphoma, 60(8),
P5424 GSE120655 | 2002-2014.
H3K27ac
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Supplementary Table 4: All tested silencers and coordinates of Luciferase

experiments

Name corres. to Condition Captured coordinates Coordinates cloned Tested Control

nearest genes du_al _ region
orientation

Slc25a24 pPGK, pEF1la, pSCP1 chr3:109126760-109126943 chr3:109126487-109127016

Coll5al pEFla, pSCP1 chr4:47332572-47332788 chr4:47332325-47333037

Emc10 pRag2- Ea chr7:51751911-51752094 chr7:51751549-51752373

Actléa pPGK, pEFla, pSCP1 chr3:32607416-32607599 chr3:32607203-32607749

Dnpep pPGK chr1:75314205-75314388 chrl:75313899-75314437

Nmt2 pPGK chr2:3201204-3201387 chr2:3201023-3201576

Errfil pEFla, pSCP1 chr4:150183355-150183538 chr4:150183112-150183779 Yes

Cdk8 pPGK, pEFla, pSCP1 chr5:147072539-147072842 chr5:147072368-147073047

Hexim1 pEFla, pSCP1 chr11:102977482-102977591 | chr11:102977319-102978009

Add3 pPGK, pSCP1 chr19:53216896-53217079 chr19:53216801-53217392

Nr1d2 pEF1la, pSCP1 chr14:19071668-19071851 chr14:19071510-19072076

Gm2a pRag2- Ea, pSCP1 chr11:54910998-54911181 chr11:54910870-54911645

Arrdc2 pRag2- Ea, pSCP1 Chr8:73363529-73363712 Chr8:73363329-73363956 Yes

D3Ertd254e pPGK, pEF1la, pSCP1 chr3:36049917-36050026 chr3:36049670-36050132

Qdpr pRag2-Ea, pSCP1 chr5:45841471-45841654 chr5:45841156-45841896 Yes

Acapl pRag2-Ea, pSCP1 chr11:69709004-69709187 chr11:69708824-69709410

Zfpm1 pPGK, pEFla, pSCP1 chr8:124805512-124805695 chr8:124805225-124805869 Yes

Ets2bis pPGK, pSCP1 chr16:96037720-96037903 chr16:96037479-96037989

Notchl pPGK, pSCP1 chr2:26359460-26359643 chr2:26359168-26359723 Yes

Myo 10 pRag2-Ea, pSCP1 chr15:25552136-25552319 chr15:25551850-25552510 Yes

Rab43 pEF1a, pSCP1 chr6:87761975-87762158 chr6:87761650-87762305 Yes

Tmem5 pPGK, pSCP1 chr10:121534331-121534514 | chr10:121534224-121534717 Yes

Cfdpl pPGK, pEF1la, pSCP1 chr8:114345202-114345407 chr8:114345003-114345643 Yes

Jkamp pPGK, pEFla, pSCP1 chr12:73186582-73186765 chr12:73186314-73186796 Yes

Dirc2 pPGK, pRag2-Ea, pEF1a chr16:35770112-35770295 chr16:35769967-35770422

Rbfox3 gig;lpRagZ—Ea, pSCP1 | chr11:118446322-118446505 | chr11:118446148-118446659 Yes

Dpp9 pPGK, pSCP1 chrl7:56381533-56381716 chr17:56381335-56381900 Yes

Sdhafl pPGK chr7:31138596-31138779 chr7:31138157-31138782 Yes

Abr chr11:76307697-76307880 chr11:76307509-76308239 Yes

Ndel chrl6:14162950-14163133 chrl6:14162696-14163563 Yes

Frmd8 chr19:5803071-5803254 chr19:5802822-5803654 Yes

Rab14 chr2:35070226-35070409 chr2:35070052-35070766 Yes

Clpb chr7:108828346-108828529 chr7:108828010-108828682 Yes

Taf3 chr2:9515681-9515868 chr2:9515498-9515991 Yes

ZEB1 chr18:5591575-5591816 chr18:5591070-5591573 Yes

Dus2 chr8:108541315-108541498 chr8:108546558-108547042 Yes

GATA3 chr2:9486202-9486517 chr2:9486049-9486550 Yes

Ctso chr3:81736747-81736930 chr3:81736409-81737152 Yes

Mast2 chr4:116121226-116121409 chr4:116120898-116121544 Yes
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Supplementary Table 5: Guide RNA and primer sequences for genome editing

Guide RNA | Sequence (5'-3") Coordinates Expected deleted
sequences region (bp)
Sdhafl_G1 | TATCATATGCCGTTCCATGT chr7:31138272-31138291 696
Sdhafl_G2 GAGAAGCTACTTGCATGGGG chr7:31138989-31139008

Primer sequences for detection of genome editing

Name Sequence (5'-3") Coordinates Expected band size
(bp)

With Without
editing | editing

Sdhafl_del_F GAATGGAATCCTCCCTCCTC | chr7:31138131- 338 1034
31138150

Sdhafl_del R GCCTCATGTCTTTCCTGAGC | chr7:31139145-
31139164
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Chapter 6

Discussion

A definitive assay for the silencer function of a genetic element is to isolate it and measure its
ability to repress promoter activity in different cell types (Petrykowska et al., 2008; Qi et al.,
2015). To screen for silencers in a manner optimizing throughput and functional information,
we adapted a high throughput reporter assay based on the CapStarr-seq approach developed
previously (Vanhille et al., 2015). Here we identified DNA fragments capable of negatively
regulating their own transcription in a minimal, episomal context in transfected cells, allowing
for genome-wide screening of putative silencers from several tens of thousands of genomic
regions. As an initial assessment of our approach, we analyzed a set of 28055 DHS from
primary developing mouse thymocytes in a T cell line previously used in CapStarr-seq
(Vanhille et al., 2015). We tested 4 reporter vectors containing 4 different promoters. This
suggests that the presence of the Ea enhancer might interfere with the silencer activity. We
extensively assessed the accuracy of CapStarr-seq to quantify silencer activity and
demonstrated its robustness to identify bona fide silencers. Overall, the basic pScpl vector
performed well in the identification of both enhancers and silencers, while the ubiquitous
promoters-harboring vectors pEFla and pPGK allowed only identifying silencers. In contrast,
the tissue specific vector pRag2-Ea failed to identify neither silencer nor enhancers. We need
to finish the bioinformatic analyses (specially the new pipeline) to be able to fully conclude
that which promoter system is the most reliable. Initial results suggest that SCP1 and PGK
promoter systems might be the most reliable. pSCP1 library signals were positively correlated
with gene expression of available RNA-seq data from P5424 cells and the highest number of
silencer candidates were also identified using SCP1 and PGK promoter as compare to others.
In particular, the silencer candidates with the highest luciferase activity (Cfdp1, Jkamp, Dirc2,
Rbfox3, Dpp9, Sdhafl) were identified by the pSCP1 and pPGK-based vectors. Furthermore,
pSCP1 and pPGK based silencers candidates were enriched in REST motif.

Several previous works have identified silencers using indirect high-throughput approaches.
Fulco et al. performed CRISPRi (KRAB-dCas9) to tile gRNAs across a large region around
GATAL and MYC in K562 cells and measured the effects using a proliferation assay (Fulco
et al., 2016). They identified two repressive elements associated with Myc locus. Subsequent
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work by the same team. A study using Capture Hi-C (Chl-C) technology suggested that
transcriptionally inactive genes interact with previously uncharacterized elements marked by
repressive features that may act as long-range silencers (Mifsud et al., 2015). They further
showed that a genomic region located 1.2 Mb from the BCL6 promoter and associated with
Polycomb complex displayed silencer activity when tested in a reporter assay. The
Stamatoyannopoulos team developed a genomic approach for the identification of compact
sequence elements that function as insulators (Liu et al., 2015). They found that some of these
regions have silencer activity instead of enhancer-blocking insulation. The same team further
reported the characterization and functional validation of a constitutive autonomous silencer
element, named T39 (Qi et al., 2015). A recent study identified a genetic variant associated
with vascular diseases (Gupta et al., 2017). Interestingly, the deletion of the genomic region
surrounding the genetic variant resulted in the overexpression of the EDN1 gene located 600
kb from the variant, suggesting this region might work as a silencer element. However, none
of these studies directly focused on the study of silencer, nor provided global epigenomic or
genomic features associated with these elements.

A recent study performed a systematic high-resolution activation and repression profiling
with reporter tiling using Massively Parallel Reporter Assay (MPRA), and provided a
genome-scale high-resolution mapping of activating and repressive nucleotides (Ernst et al.,
2016). Interestingly, one of the major features associated with repression was found to be the
REST motif. However, in this study the authors did not identify silencer elements per se
neither provide in vivo validation of their findings. In a recent study, putative silencers were
identified by isolating H3K27me3-DHS peaks with tissue specificity negatively correlated
with the expression of nearby genes across 25 diverse cell lines (Huang et al., 2019).
However, experiments luciferase reporter assay did not demonstrate increased silencer
activity over randomly selected DHS regions. Another, unpublished study (Jayavelu et al.;
http://dx.doi.org/10.1101/252304), have also attempted to identify silencer across several

human and mouse cell types. The authors developed a computational pipeline to infer putative
silencers. Subsequently, they performed Starr-seq with a subset of predicted silencers, but the
overall signal obtained with the putative silencers was not significantly different to the signal

obtained with randomly selected regions.

Our results suggested the existence of two main types of silencer elements. One type of

silencers contains the binding site for the REST repressor and appears to have ubiquitous
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silencer activity. This is in agreement with the wide spread role of REST. REST is expressly
involved in the repression of neural genes in non-neuronal cells (Chong et al., 1995b;
Coulson, 2005; Schoenherr and Anderson, 1995). However REST function is not restricted to
repression of neuronal genes and might be involved in the regulation of distinct
developmental pathways (Kuwahara et al., 2003; Martin et al., 2003). Moreover, the REST-
containing putative silencers displayed a very low rate of false positive in the retroviral
validation assay, indicating that the presence of REST binding site provide universal silencer
activity (Figure 6.1). The other type of silencers does not contain a REST binding site and
appears to have more tissue-restricted silencer activity. Some known silencers have been
shown to recruit tissue specific transcription factors with repressive activities (Collins et al.,
2009), but the overall set of proteins which collaborate to impart silencer function are
essentially unknown. In particular, members of the Runx family have been shown to mediated
silencer in T cell specific genes, such as CD4 and ThPOK (Jiang and Peterlin, 2008; Jiang et
al., 2005; Setoguchi et al., 2008; Taniuchi et al., 2002a; Telfer et al., 2004; Wildt et al., 2007).
However, we did not observed significant enrichment for Runx motifs in our set of putative
silencers. Although, we cannot exclude that some of the identified silencers might harbour
RUNX-dependent silencer activity, it is plausible that RUNX-mediated silencing is not
detected with the reporter assay. For instances, the RUNX-dependent CD4 silencer work by
quenching the CD4 enhancers and therefore interfering with the enhancer-promoter looping
(Jiang and Peterlin, 2008), such “indirect” mechanism might be difficult to reproduce in the

reporter assay.

DHS region

GEP
Promoter
CapSTARR-Seq

Putative silencers

RN

REST Tissue-specific repressar
Ubiguitous silencer T cell restricted silencer

Figure 6.1 | A scheme showing REST-dependent and tissue-specific silencers.
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Although reporter assays, either episomal or integrative, are capable of demonstrating the
potential of a test region to positively- or negatively-regulate transcription, they do not alone
prove that the endogenous copy is active, or even required, in any particular cellular setting.
Similarly, there are some limitations using reporter assays already discussed in Chapter 3.
This is why we performed genetic engineering using CRISPR/cas9 technology to know the
functional role of the element in vivo and an integrative reporter assays using a retroviral
system. Another alternative approach is to develop a site-specific integrative reporter based
on a recently described strategy discussed in perspective (Weingarten-Gabbay et al., 2017,
Weingarten-Gabbay et al., 2019). While this has been successfully undertaken for many
enhancers (Bauer et al., 2013; Canver et al., 2015; Diao et al., 2016; Huang et al., 2016; Zhou
et al., 2014), it has only seldom been performed for a silencer (e.g. (Leung et al., 2001;
Tanaka et al., 2013). This is however a critical issue because silencers might be highly stage
specific or function only under given cellular context, and in view of the many-to-one
relationship between distal regulatory elements and genes, some degree of redundancy is also
expected. Therefore, to increase the chances of isolating in vivo functional silencers, we
crossed our set of putative silencers with the most highly variable genes during T cell
differentiation and maturations. We identified the Sdhafl_silencer which was associated with
two genes Hcst and Nfkbid, both highly regulated during T cell differentiation and involved in
T cell activation and function. Deletion of the Sdhafl_silencer resulted in up-regulation of
both genes, either in unstimulated (Hscst) or stimulated (Nfkbid) conditions. Given the fact
that the two genes are anti-correlated during T cell maturation and that they might play
antagonist roles, it is tempting to speculate that the Sdhafl_silencer might control the extend
of T cell maturation and/or activation by regulating the relative balance of Hcst versus Nfkbid

genes (Figure 6.2).
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Figure 6.2 | Coordianted regulation of Hcst and Nfkbid gene expression by the

Sdhaf1_silencer during T cell maturation.

Examination of TF binding at the Sdhafl_silencer revealed the presence of a CTCF binding
site which appears to be occupied in several cell types. Interestingly, in a previous study, the
T39 region bound by CTCF has been shown to function as a strong silencer, but is devoid of
insulator activity, thus suggesting that in some cases CTCF might be specifically required for
silencer activity (Liu et al., 2015; Qi et al., 2015). The precise mechanisms of repression

mediated by Sdhafl_silencer will need to be investigated in the near future.

Overall, we provided experimental evidence that at least one of the CapStarr-seq identified
silencers function in the endogenous context as a bona fide silencer element and might play a

key physiological role in the regulation of T cell function.

Our study represents an initial step toward the understanding of molecular basis driving
silencer activity, including epigenetic features and binding of transcription factors. Together
our findings illustrate how the CapStarr-seq technique will further help to the functional
assessment of mammalian silencers that are active in different cellular systems. This approach
will be also useful for thorough characterization of silencer subsets involved in specific

pathways or induced by specific stimuli.
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Chapter 7

Perspectives

1. Identifying functional silencers

An important milestone of our study will be to identify several bona fide silencers that
regulate endogenous genes. Combining our set of silencers with highly variable genes
throughout T cell differentiation has led to the identification of a silencer (Sdhafl_silencer)
which might have functional in vivo relevance. Attempts to generate other silencer deletions
by CRISPR/Cas9 have currently failed.

Huang et al. have developed a pipeline whereby silencers are predicted by negative
correlation between H3K27me3-(DHS) peaks and the expression of nearby genes across
several tissues (Huang et al., 2019). On the other hand, silencers might be identified by
searching for genomic elements marked by repressive features and involved in cell type-
restricted interactions as determined by Capture Hi-C (Mifsud et al., 2015). We propose that
these approaches could be improved by integrating the correlation between putative silencers
identified by CapStarr-seq with epigenetic profiles, gene expression and genome-wide 3D
interactions. To this end, Capture HIiC will be performed with our selection of putative
silencers in collaboration with the team of Tom Sexton (IGBMC, Strasbourg). Another
alternative strategy is to search for silencers associated with repressor-depending genes. This
approach has been undertaken by our collaborators from IRCAN (Simona Saccani). They
have crossed our list of putative silencers with a list of REST-depending genes and

experimentally validated a REST-dependent silencer in its endogenous context.

2. Exploring the function of Sdhafl_silencer

Our experimental results have provided solid evidences that Sdhafl_silencer regulates the
expression of two key genes involved in T cell activation, Hcst and Nfkbid. However, several
questions remain regarding the mechanism of action of this silencer and its physiological
function.

First, is the Sdhafl_silencer directly contacting the HCST and Nfkbid promoters or if the

silencer function mediated by an indirect mechanism? For example, by interfering with
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another cis-regulatory element or the TAD border. The presence of CTCF binding within the
silencer as well as its proximity to a TAD boundary suggests that the effect of Sdhafl_Sil
deletion on gene expression might be due to an enhancer adoption mechanism due to the
disruption of the TAD boundary (Fig 7.1A). Our preliminary observations using available Hi-
C data suggest that Sdhafl_silencer might interact in vivo with the two regulated genes. To
investigate this possibility we should explore the 3D topology of the locus in the presence or
absence of the Sdhafl_silencer. Current collaboration with the team of Tom Sexton (IGBMC,

Strasbourg) aims to perform 4C experiments in P5424 wild-type and Sdhafl knock-out cells.

A B
Boundary X Boundary
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Figure 7.1 Model (A) showing the enhancer adoption mechanism due to deletion of an
insulator after performing Hi-C experiment in p5424 wild type and Sdhafl_silencer knockout
cells. Model (B) showing the effect of Sdhafl_silencer on gene expression before and after

site directed mutagenesis of potential repressors.

Second, what are the factors required for the silencer activity? We have observed that CTCF
binds to Sdhafl_silencer, which could mediate silencer activity as previously shown (Qi et
al., 2015). We have observed a reproducible and consistent silencer effect using CapStarr-seq
and luciferase reporter assays, which suggest that the Sdhafl_sil harbor intrinsic silencer
properties which are not dependent on the 3D organization of the locus (Fig 7.1B). However,
we have also identified other potential repressors such as ZNF263 and GFI1 which could also
be involved in the silencer function of Sdhafl_silencer. To better explore the sites required
for the silencer activity a directed mutagenesis should be performed to interrogate the effects

of disrupting each of the aforementioned sites.
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Third, what is the function of Sdhafl_silencer in vivo? Given the important roles play by
Hcst and Nfkbid in T cell function it is plausible that modulating their expression by the
Sdhafl_silencer might be essential to proper T cell activation. To address this issue, the effect
of Sdhafl_silencer deletion might be studied in a more physiological context by generating
knock-out mice models. Finally, it is tempting to speculate that genetic alteration of
Sdhafl_silencer (if conserved in humans) might be associated with immune diseases. It will
be worth to assess whether any GWAS associated SNP overlap with the human counterpart
of the Sdhafl_silencer.

3. Developing an improved pipeline to identify silencers

Identifying putative silencers based on the CapStarr-seq signal is not a trivial issue, because
the selection might be influenced by several confounding parameters, including the setting of
the signal threshold, the representation of the region in the input library, consistency between
replicates and strand orientation biases due to the presence of RNA-stabilization or
destabilization sequences. In the present study, we employed two empirical threshold based
either on the ranked signal (bottom 500) or the fold change (<-1). Although somehow
arbitraries, these threshold have allow to already gain new insides on the epigenomics and

genomics features of silencers and to perform a series of experimental validations.

To account for the aforementioned issues, we aim to develop a new analytical pipeline for a
robust identification of silencers. The pipeline will associate a strong statistical test based on
the comparison of individual DHS fragments with the random captured fragments and
account for consistency between strand orientation and experimental replicates. The pipeline

is currently being developed in collaboration with the lab of Simona Saccani (IRCAN, Nice).

4. Future experiments

Once we have fully validated our strategy, it will be worth to perform a similar approach to
identify silencer in different human cell lines. Instead of capturing DHS sites, it will be more
convenient to directly clone the ATAC fragments into the Starr-seq vector, as recently
published (Wang et al., 2018). This will provide a comprehensive dataset of silencers, which
will allow to better assess the genomic and epigenomics features associated with silencers by
taking advantage of the wealth of genomic data available in human cell lines (e.g.

ENCODE). This will also allow to identify silencers associated with specific diseases by
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crossing the list of silencers with GWAS SNPs or studying the alteration of silencers in

cancer samples.

A potential issue with our study is that silencers might not be generally present within DHSs
site, or that at least some silencers are not within open chromatin regions. Therefore to test
for candidate regions that might not being within DHSs, and to be able to estimate the
abundance of silencers across the whole genome, we will use pool(s) of BACs covering large
genomic intervals. Our aim is to cover up to 1% of the mouse genome (30 Mb, or
approximately a collection of =384 BACs [contained in a single library plate]). The BACs
will be fragmented by sonication and cloned directly into the Starr-seq vectors. We have
already performed such experiments in collaboration with the team of Simona Saccani
(IRCAN, Nice), but we need to wait for the development of the new analytical pipeline to
properly process the data. If our initial study led to the conclusion that a substantial number
of silencers might be located outside DHS, we might envision the possibility of performing

Starr-seq with the whole genome.

Another general concern about the episomal reporter assays is that they may not accurately
reflect the function of silencer elements in their endogenous context. Certainly, an equally
valid argument is that episomal reporter assays allow the unbiased study of enhancer function
independently of any “perturbing” chromatin or genomic context. In any case, it will be of
interest to compare episomal and integrative reporter assays, using for instances retroviral
vectors. Another alternative approach is to develop a site-specific integrative reporter based on a
recently described strategy (Weingarten-Gabbay et al., 2017; Weingarten-Gabbay et al.,
2019). Briefly, a genomic library such as the one generated for the CapStarrseq, could be
integrated into the “safe harbor” AAVSI1 site by inducing a double strand break using
specific Zinc Finger Nucleases (ZFNs) followed by genomic integration of a reporter cassette

by homologous recombination.

5. Remaining questions
No general picture has yet emerged of a common mechanism of silencer function. Our study

will open new avenues for further interrogation of several aspects of silencer biology.

How do silencers interact with surrounding genomic regions to regulate distant genes? it is

not known if silencers form loops to directly contact their target promoters (analogously to
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enhancers; (Bergeron et al., 2015; Dean, 2011; Tiwari et al., 2008), if they act by repressing
the activities of enhancers, either by directly repressive effects, or by inhibiting enhancer-
promoter contact (Jiang and Peterlin, 2008), or if they nucleate larger-scale domains of
repressive chromatin by recruitment of chromatin modifiers such as Polycomb complexes
(Dietrich et al., 2012; Li and Arnosti, 2011; Tiwari et al., 2008). Indeed, it remains possible

that each of these mechanisms may be utilized by distinct silencer classes.

-What are the molecular factors and pathways that are functionally utilized by silencers?
Some silencers recruit transcription factors with repressive activities, such as REST/NRSF
and members of the Runx family (Chong et al., 1995b; Collins et al., 2009), but the overall

set of proteins which collaborate to impart silencer function is essentially unknown.

-Are silencers fully independent regulatory elements? Whether silencers function as
autonomous regulatory elements independent of enhancers or whether the same regulatory
elements can display silencer or enhancer activity depending on the cellular context will need
to be investigated (Figure 7.2). Recent studies aimed at dissecting functional subsequences
within selected enhancers have revealed that some enhancers can be bound by a spectrum of
activating and repressing transcription factors, depending on the cellular context (Canver et
al., 2015; Ernst et al., 2016; Kheradpour et al., 2013). Thus, it even remains possible that
some enhancers and silencers may comprise an overlapping set of genetic elements, which

exhibit divergent behaviours under different biological conditions (Li et al., 2014).

/N /N
Cell type A _.—i _._._E_

SlLfenh SIL enh
Cell type B —Q—E— —O—Em—g—

sil/EMH % sil

Figure 7.2 | Models of silencer versus enhancer function. Capital letters indicate active
regulatory element.
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-Could promoter overlapping silencers regulate distal genes? Our study has identified many
silencers close (or overlapping to) to gene promoters. Our laboratory has recently identified a
subset of core promoters (named Epromoters) that also display enhancer function to regulate
distal genes (preliminary results from the lab (Dao et al.,, 2017). Thus, similar to the
Epromoters, some promoter overlapping silencers might concomitantly regulate distal genes.
Preliminary results from the group of Pascal Rihet at the TAGC suggest that this might be the

case.

-Is deregulation of silencers a mechanism of oncogenic activation? Functional disabling of
regulatory elements required for expression of key cancer-related genes, by direct mutation or
impaired function of regulatory factors, is emerging as a major oncogenic mechanism (Bradner et al.,
2017; Flavahan et al., 2016; Flavahan et al., 2017; Hnisz et al., 2016). Ectopic expression of master
oncogenes might similarly arise from disruption of silencer elements. For instances, a silencer
element located downstream of TAL1 proto-oncogene has been suggested to play a role in T cell
leukemia (Le Clech et al., 2006). Although perturbation of silencer elements has been proposed as a
potential mechanism for proto-oncogene activation (Teitell and Pandolfi, 2009), to our knowledge no

published study have formally demonstrated such mechanism.
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An NEX:. crispPRricas9 Screening

CRISPR/cas9 screening table: Numbers of tested clones

Silencer candidates | Tested clones | Heterozygous Homozygous
Sdhafl 135 6 (4.44%) 2

Dpp9 141 7 (4.96%) 2%

Midn 102 4 (3.98%) 0

Kif27 138 0 0

*Clones lost.
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