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ABSTRACT

ABSTRACT

The establishment of cell type specific gene expression programs during vertebrate development
is largely dependent on distal cis-regulatory sequences known as enhancers. An important
question in enhancer biology is to understand how activating regulatory cues from enhancers are
communicated specifically to their correct target gene and not others. It is widely assume that
insulator elements can regulate enhancer specificity by restricting their search space to regions
located within their same topological associated domain (TAD). However, recent evidences have
identified examples in which genes do not respond to enhancers placed into their same TAD.
Therefore, we hypothesize that genetic and/or biochemical compatibilities must further regulate
how promoters respond to enhancers. Here, we uncover a novel role for CpG islands (CGIs) in
dictating the compatibility between genes and distal enhancers. By using a CRISPR/Cas9 knock-
in strategy, we inserted poised enhancers (PEs) within topological associated domains (TADs)
containing genes with different promoter types. Analysis of the resulting cell lines revealed that
developmental genes with CGl-rich promoters are particularly responsive to PEs, and that such
responsiveness depends on the presence of an orphan CGI in proximity to the PE sequence. We
report here that CGls can amplify the regulatory activity of PEs by conferring them a permissive
topological configuration that increases the responsiveness of target genes with CGl-associated
promoters. Our results provide major insights into fundamental and unresolved questions of cis-
regulatory control during cell differentiation including: (i) the genetic factors controlling the
topological features of enhancers; (ii) the regulatory rules dictating the compatibility and
responsiveness between genes and enhancers. Moreover, our data will help to understand the

pathomechanisms of human congenital diseases involving structural variants.
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ZUSAMMENFASSUNG

ZUSAMMENFASSUNG

Die Etablierung zelltypspezifischer Genexpressionsprogramme wihrend der
Wirbeltierentwicklung hangt weitgehend von distalen cis-regulatorischen Sequenzen ab, die als
Enhancer bekannt sind. Eine wichtige Frage in der Biologie von Enhancern besteht darin, zu
verstehen, wie aktivierende regulatorische Hinweise von Enhancern spezifisch an ihr richtiges
Zielgen und nicht an andere {ibermittelt werden. Es wird allgemein angenommen, dass
Isolatorelemente die Enhancer-Spezifitit regulieren konnen, indem sie ihren Suchraum auf
Regionen beschrianken, die sich innerhalb ihrer gleichen topologischen assoziierten Doméne
(TAD) befinden. Jiingste Beweise haben jedoch Beispiele identifiziert, in denen Gene nicht auf
Enhancer reagieren, die in ihr gleiches TAD eingebracht werden. Daher stellen wir die
Hypothese auf, dass genetische und/oder biochemische Kompatibilititen das Ansprechen des
Promotors auf Enhancer weiter regulieren miissen. Hier entdecken wir eine neue Rolle von CpG-
Inseln (CGlIs) bei der Bestimmung der Kompatibilitidt zwischen Genen und distalen Enhancern.
Mit einer CRISPR/Cas9-Knock-in-Strategie fiigten wir balancierte Enhancer (PEs) in
topologisch assoziierte Dominen (TADs) ein, die Gene mit unterschiedlichen Promotortypen
enthalten. Die Analyse der resultierenden Zelllinien zeigte, dass Entwicklungsgene mit CGI-
reichen Promotoren besonders auf PEs ansprechen und dass eine solche Reaktionsfahigkeit von
der Anwesenheit eines verwaisten CGI in der Néhe der PE-Sequenz abhéngt. Wir berichten hier,
dass CGlIs die regulatorische Aktivitdit von PEs verstirken konnen, indem sie ihnen eine
permissive topologische Konfiguration verleihen, die die Reaktionsfdhigkeit von Zielgenen mit
CGlI-assoziierten Promotoren erhoht. Unsere Ergebnisse liefern wichtige Einblicke in
grundlegende und ungeloste Fragen der cis-regulatorischen Kontrolle wéhrend der
Zelldifferenzierung, einschlieBlich: (i) die Bedeutung von Enhancer-Promotor-Pre-Looping, um
einheitliche und préazise Genexpressionsprofile wihrend Entwicklungsiibergiingen zu etablieren;
(i1) die genetischen Faktoren, die die topologischen Merkmale von Enhancern kontrollieren; (iii)
die regulatorischen Regeln, die die Kompatibilitdt und Reaktionsfahigkeit zwischen Genen und

Enhancern diktieren. Dariiber hinaus werden wunsere Daten dazu beitragen, die
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Pathomechanismen angeborener Erkrankungen des Menschen mit strukturellen Varianten zu

verstehen.
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INTRODUCTION

1- INTRODUCTION

1.1 Regulatory elements in development

Development is a complex process involving an enormous amount of molecular reactions to
generate functional organisms, yet needs to be very precise and robust to avoid pathogenic
phenotypes. For this, the genome utilizes different regulatory elements, which work together to
ensure that genes are expressed at specific time, locations and levels. Our current knowledge of
the genome identifies three main regulatory elements: (i) promoters, (ii) enhancers and (iii)

insulators:

(1) Promoters (further discussed in section 1.2) are cis-regulatory elements which overlap
transcription start site (TSS) of coding and non-coding genes (Figure 1.1) (Haberle & Stark,
2018; Lenhard et al., 2012; Shlyueva et al., 2014). They served as a recruitment platform for the
transcriptional machinery, which is responsible for a fundamental biological process: the
transcription of the DNA sequence into a complementary RNA transcript. These transcripts will
then be used as a template to build proteins (protein-coding transcripts) or to regulate other

cellular functions (non-coding transcripts).

TS’§> - N insulator /\BTSSJIJ- Enhancer B
- —4& @ 9 =

Promoter Silencer Enhancer A Promoter I\/

Figure 1.1. The role of regulatory elements in transcription regulation. Promoters are DNA
sequences located next to the TSS of a gene, which recruit the RNA polymerase II (Pol II) and general
transcription factors (GTFs). Enhancers are cis-regulatory sequences that contain binding sites for TFs

that can upregulate the transcription of a target gene. Silencers are cis-regulatory elements that contain
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INTRODUCTION

binding sites for proteins that can repress the transcription of a target gene. Insulators are sequences bind
by architectural proteins, which can insulate a DNA region from other regulatory elements.

(i) Enhancers (further discussed in section 1.3) are cis-regulatory elements that contain cognate
sequences for DNA-binding proteins, referred as transcription factors (TFs) (Figure 1.1) (Levine,
2010; Muller & Lindmark, 1976; Shlyueva et al., 2014). The union of TFs to enhancers leads to
the recruitment of coactivators, which are enzymes that can recruit or activate the transcriptional
machinery located at the promoter (e.g. p300, Mediator) (Reiter et al., 2017; Serebreni & Stark,
2021; Spitz & Furlong, 2012).

(i11) Insulators (further discussed in section 1.4) are DNA elements that serve as scaffold for
architectural proteins that participate in regulating the 3D configuration of the genome (Figure
1.1) (Bonev & Cavalli, 2016; Rowley & Corces, 2018). One of the main roles of insulators is to
partition the genome into topological associated domains (TADs), which reduce the physical
distance of co-regulated elements and insulate them from elements with different spatio-temporal

activities (Bonev & Cavalli, 2016; Rowley & Corces, 2018).

1.2 Promoters

Promoters recruit the pre-initiation complex (PIC), consisting in RNAP2 and general TFs, and
drive transcription initiation at a precise nucleotide position and direction (Haberle & Stark,
2018; Lenhard et al., 2012; Shlyueva et al., 2014). Promoters can initiate transcription on their
own but only at low levels (Haberle & Stark, 2018). This basal transcription is usually regulated
by other cis-regulatory elements, known as enhancers and silencers, which can further activate

gene expression or repress it, respectively (Long et al., 2016; Shlyueva et al., 2014).

1.2.1 Promoter types
On the basis of their genetic composition, transcription pattern initiation and their chromatin

marks, metazoan promoters were classified into three main groups (Haberle & Stark, 2018;
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INTRODUCTION

Lenhard et al., 2012) (Table 1.2.1): Type I (i.e. promoters of tissue-specific genes), Type II (i.e.

promoters of housekeeping genes) and Type III (i.e. promoters of developmental genes). In

vertebrates, the main genetic feature that differentiates these promoters is the presence and

density of sequences containing concentrated CpG dinucleotides, referred as CpG islands

(CGIs). Type I promoters do not contain CGIs and Type II promoters only contain a single and

narrow CGI close to the TSS, while Type III promoters usually contain several CGlIs, usually

extending into the coding sequence of their associated genes.

Table 1.2.1. Properties of vertebrate promoter types.

. Transcription . sl
Associated gene . .. . Genetic composition in .
Type . initiation Chromatin marks
function vertebrates
pattern
- When active, they contain
Singl I - Do not contain CGIs. H3K4me3 and H3K27ac
issue-speci ingle-we
Typel Tissue-specific deﬁgned TSS - Contain TATA-box and - When inactive, they usually
Inr motifs do not contain specific
chromatin marks
Multiol - Contain a single CGI. -  H3K4me3 and
Housekeeping ultiple . - They contain me3 an
Typell dispersed TSS - Do not contain TATA- y3K57ac
box motif.
- Contain CGI clusters,
usually overlapping the . .
Developmental coding sequence. - When active, they contain
Tvne 1] transcription Multiple TSS X . H3K4me3 and H3K27ac
e ) :
P factors Typically encountere - When inactive, they are

in TADs containing a
high number of
enhancers.

enriched H3K27me3
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1.2.2 CpG islands

Among vertebrate genomes, the main distinctive feature to classify promoters is the presence of
CGIs (Bajic et al., 2006; Deaton & Bird, 2011; Lenhard et al., 2012). CGIs are genetic elements
with high content of hypomethylated CpG dinucleotides. Originally, CGI were identified by
using the restriction enzyme Hpall (A. Bird et al., 1985; D. Cooper et al., 1983). After digesting
genomic DNA with Hpall, a small portion of the genome was found to resist the enzymatic
digestion. Characterization of these sequences revealed that they were rich in guanine and
citocine (GC) and with a particularly high CpG content, in contrast with the rest of the genome
(A. Bird et al., 1985). Faced with the need of a working definition, Gardiner-Gardner defined
CGIs as DNA sequences with a CG% average of ~50%, an observed/expected ratio CpG ratio of
over 0.6 and more than 200bp of length (Gardiner-Garden & Frommer, 1987). Then, whole-
genome studies were complemented with the identification of individual CGIs in gene loci and it
was found that many genes with known hypomethylated promoters were highly enriched in CGls
(McKeon et al., 1982; Stein et al., 1983). This correlation put CGI in the focus of many
researchers, who still today try to explain the functionality that CGIs might have in the regulation

of their associated genes.

One of the functions of CGIs is to protect DNA from CpG methylation, which, in the context of
promoters, might prevent gene silencing (A. P. Bird & Wolffe, 1999). This observation is
compatible with the idea that a key function of CGIs it to provide CGl-associated genes with a
transcriptional permissive landscape. Several findings support this hypothesis: (1) RNAP2 is
bound to inactive CGI-rich promoters (Ferrai et al., 2017; Guenther et al., 2007), (ii) several TF
binding sites (TFBS) are over-represented in CGIs (S. A. Jaeger et al., 2010; Landolin et al.,
2010), (ii1)) CGI chromatin is intrinsically more accessible than non-CGI chromatin (Ramirez-
Carrozzi et al., 2009), (iv) they are enriched in H3K3me3, a histone mark that favor the
recruitment of the transcriptional machinery and protects DNA from methylation (van Ingen et

al., 2008; Vermeulen et al., 2007), (v) they are depleted in H3K36me2, a histone mark that
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inhibits transcription by recruitment of a DNA methyltransferase (Dhayalan et al., 2010), and (v)
they bind chromatin remodellers (Wysocka et al., 2006) and coactivators (Saksouk et al., 2009).
The sum-up of these epigenetic features might facilitate the rapid induction of CGI-rich genes
during developmental transitions. Interestingly, as mentioned before, most CGl-rich genes are

developmental transcription factors (Haberle & Stark, 2018; Lenhard et al., 2012).

Since CGI do not share common and recurrent motifs, how is it possible that all CGIl-rich
promoters share the similar epigenetic profiles? This can be explain by the fact that many
chromatin remodellers contain a zinc finger CxxC (CxxC) domain that specifically recognized
non-methylated CpG dinucleotides (Table 1.2.3) (Long, Blackledge, et al., 2013). The CxxC
domain-containing protein KDM2B is one of particular importance since it was suggested to be
involved in the recruitment of the very well studied polycomb group complexes (PcGs)
(Blackledge & Klose, 2021; Farcas et al., 2012; He et al., 2013; Wu et al., 2013). PcGs are sub-
classified into two main complexes, Polycomb repressive complex 1 (PRC1) and Polycomb
repressive complex 2 (PRC2), which mark inactive CGl-rich promoters with H2AK119ub and
H3K27me3, respectively (Blackledge & Klose, 2021). The highly overlapping occurrence of
both PRC1 and PRC2 with CGIs is explained in a model where non-canonical PRC1 complexes
are recruited to CGI via KDM2B, where they deposit the H2AK119ub mark (Farcas et al., 2012;
He et al., 2013; Wu et al.,, 2013). Subsequently, this histone modification modulates the
recruitment and activity of PRC2 complexes through interaction with the JARID2 subunit
(Blackledge et al., 2014; Blackledge & Klose, 2021; S. Cooper et al., 2014). Finally, enzymatic
activity of PRC2 leads to deposition of H2K27me3 mark, which in turn serve as a docking site
for canonical PRC1 binding (Blackledge & Klose, 2021; Zhen et al., 2016). Moreover, PRC2
can also be directly recruited to CGls via the MTF2 subunit (Perino et al., 2018). Together, this
feedback recruitment mechanism between both complexes allow the spreading of PcGs
alongside CGI forming the so-called PcG-domains. Although the functional role of PcG-domains
is still under debate, it was proposed that they help to protect inactive genes against low-level

premature transcription (Akasaka et al., 2001; Blackledge & Klose, 2021).
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Table 1.2.3. CxxC domain-containing proteins and their molecular functions

rotein Molecular function
KDM2A Removal of H3K26me3 mark(Tsukada et al., 2006)
Recruitment of non-canonical PRC1 and protection from DNA
KDM2B methylation(Boulard et al., 2015; Farcas et al., 2012; He et al., 2013; Wu et al.,
2013)
MLLI1 Implementation of H3K4me2 and H3K4me3(Hu et al., 2017)
MLL2 Implementation of H3K4me2 and H3K4me3(Hu et al., 2017)
Demethylation of 5-methylcytosine (5mC) and oxidation of SmC into 5-
TET1 . .
hydroximethylcitosine
Demethylation of 5SmC and oxidation of 5SmC into into 5-hydroximethylcitosine
TET3 . .
(restricted expression in ocyte and zygote)
CFP1 Part of SET1 complexes, implicated in the deposition of H3K4me3 at CGIs

(Clouaire et al., 2012)

Bird and colleagues made use of the binding specificity of the CxxC domain to biochemically

detect CGIs by a method referred as CAP (R. Illingworth et al., 2008). Briefly, they applied

fragmented gDNA to a chromatography system with a sepharose matrix linked to a CxxC

domain. This matrix can enrich the DNA fragments for unmethylated CpG rich sequences, which

can then be interrogated by a microarray. CAP was simplified by Klose and colleagues by

replacing the chromatography step by a streptavidin-biotin purification (Blackledge et al., 2012).

These techniques allowed the identification of a larger fraction of CGIs than what presumed by

computational predictions, including CGIs from from other vertebrate species beyond mammals

(Gardiner-Garden & Frommer, 1987). Interestingly, many of these newly discovered CGI were

found to be located outside of mouse and human gene promoters (R. S. Illingworth et al., 2010).
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These CGIs were termed as orphan CGIs (0oCGlIs) and, although they correspond to about half of
all CGls, their functional role remains enigmatic (Bell & Vertino, 2017; R. S. Illingworth et al.,
2010; Maunakea et al., 2010).

1.2.3 Promoter responsiveness

The genetic diversity of promoters (e.g. CGI content and motif composition) suggest the
possibility that each promoter type have a preference to specific enhancers. That is, that there
might be genetic rules which regulate compatibility between promoters and enhancers. This was
firstly assessed by Butler and Kadonaga in 2001, who generated Drosophila lines with random
integrations of reporter genes containing a DPE- and TATA-motif promoter (Butler &
Kadonaga, 2001). By a selective excision of either one or the other promoter motif, they revealed
that some enhancers were able to induced the expression of the reported gene only when they
contain a specific promoter type. That is, the responsiveness of the reported genes was
influenced by the compatibility between the locus of integration and the promoter type. More
than 10 years later, the development of a multiplexed ectopic assay referred as self-transcribing
active regulatory region sequencing (STARR-seq) allowed to test the activity of millions of
Drosophila enhancer candidates towards housekeeping and developmental promoters (Zabidi et
al., 2015). Strikingly, the enhancer candidates showed a preference towards one or the other class
of promoters. Similarly, a variant of the STARR-seq, referred as self-transcribing active core
promoter-sequencing (STAP-seq), determined a wide-range of responsiveness for thousands of
candidate core promoters tested against fixed enhancer sequences (Arnold et al., 2016).
Moreover, STAP-seq was also used to test how different coactivators induce thousands of
different Drosophila promoter types (Haberle et al., 2019). In line with the previous results, they
found distinct coactivators-promoter compatibilities. Altogether, these results suggest that
promoters have specificities towards some activation signals. That is, there are genetic and

biochemical compatibility rules that regulate promoter responsiveness to enhancers. However, it
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is important to note that in reporter assays enhancers are placed at small distances from reporter

genes and in a non-chromatinized environment.

1.3 Enhancers

Enhancers bind tissue-specific TFs that regulate the transcription from genes independently of
their relative distance and orientation (Levine, 2010; Long et al., 2016). This enables a gene to be
regulated by multiple enhancers with different spatiotemporal activities, which in turn allows a
vast amount of cellular transcriptional states with a minimal set of genes (Figure 1.3A). This
concept is well exemplified by the even skipped (eve) enhancers, which are activated in the early
Drosophila embryo in an alternating stripe manner (Stanojevic et al., 1991). In this example,
seven eve-expressing stripes are created along the embryo by the activity of five enhancers,
being each enhancer responsible for the expression of eve in one or two stripes (Figure 1.3B).
Eve enhancers contain cognate sequences for activating and repressing TFs referred as gap
proteins, which form opposing gradients along the embryo anteroposterior axis. Depending on
the relative abundance of activating and repressing gap proteins and their corresponding cognate
sequences in the enhancers, each enhancer will become active in a specific axis of the embryo

(Figure 1.3B).
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Figure 1.3. Enhancers can function through complex and combinatorial mechanisms of actions. (A)
Enhancers are able to confer different spatiotemporal gene expression patterns for the same target gene.
(B) Expression of eve in Drosophila early embryo is controlled by the action of different enhancers.
Concentration gradients of Gap activator (blue) and Gap repressor proteins (red) determine the specific
activation of each enhancer in different parts of the anteroposterior axis of the embryo. (C) Enhancers
from the same gene can interact in different ways: (left panel) they can function independently where
each enhancer module produces a transcriptional output; (center panel) they can interact in a synergistic
way to drive more expression than the sum of each enhancer module; or (right panel) they can have a
redundant effect on the expression of their target gene.

As more cis-regulatory elements are discovered, it is becoming clear that enhancers usually
function in an even more complex combinatorial way (Kvon et al., 2021). As a matter of fact,
most genes are regulated by multiple enhancers with often overlapping spatiotemporal activities
(Figure 1.3C). The Drosophila enhancers that control knirps are a classical example illustrating
this scenario (Bothma et al., 2015). During late stages of development, the knirps enhancers act
in an additive manner. That is, the activity of each enhancer independently sum towards knirps
expression levels. Interestingly, during early stages, both enhancers produce more knirps

expression levels than what would be predicted from the sum of both. This transcriptional effect
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is known as superadditive. This example particularly shows that multiple enhancers can interact
in different manners over their target gene depending on the cellular context. It was also shown
that many genes, both in mammals and insects, use multiple enhancers with redundant effects
(Frankel et al., 2010; Montavon et al., 2011; Osterwalder et al., 2018; Perry et al., 2010,
2011) (Figure 1.3C). As an example, serial deletion of Hoxdl3 enhancers in the developing
mouse limb have little effects on Hoxd/3 (Montavon et al., 2011). The lack of transcriptional
changes upon deletion of some enhancers (Montavon et al., 2011; Osterwalder et al., 2018) raises
the question of what is the functionality of these seemingly dispensable enhancers. One proposed
answer is that enhancer redundancy serves as a mechanism for improving transcriptional
robustness and precision (Kvon et al., 2008; Lagha et al., 2012). That is, having multiple
redundant enhancers might increase the probability of cis-activation, which in laboratory
conditions might only be noticeable under physiological or genetic stress (Osterwalder et al.,

2018).

1.3.1 Identification of enhancers

Since enhancers can be located far-away from their target genes, identification of enhancer
sequences in the genome has been a significant challenge. The first attempts to localize
enhancers were made by placing sequential DNA fragments upstream of a reporter gene and
testing their ability to activate this gene, an assay referred as “enhancer bashing” (Halfon, 2019;
Schaffner, 2015) (Figure 1.3.1A). This principle has been adapted to the next-generation
sequencing era and massive parallel reporter assays are now able to test enhancer activities in a

huge number of DNA sequences (Arnold et al., 2016; Neumayr et al., 2019).
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Figure 1.3.1. Enhancers can be identified by different approaches. A) A large set of DNA sequences
is introduced into a reporter vector and transfected into embryos. The animals can then be screen for
enhancer activity by reading the reporter output. B) Enhancers can be identified by their chromatin
landscape. Active enhancers (left panel) present binding of tissue-specific TFs, coactivators and the
histone marks H3K27ac and H3K4mel. Poised enhancers (right panel) present binding of pluripotency
TFs (e.g. Oct4, Nanog), coactivators, PcG and the histone marks H3K27me3 and H3K4mel.

Although reporter assays might be useful for identifying new regulatory elements, enhancers are
placed in a non-native environment and their context dependent information is neglected (i.e.
distance between enhancer and promoter, promoter type and presence of other regulatory
elements, chromatin context). However, enhancers sequences can be predicted in their native
genomic context by their chromatin signatures (Bonn et al., 2012; Heintzman et al., 2007; Rada-
Iglesias et al., 2011; Zentner et al., 2011). Active cis-regulatory elements are typically
nucleosome depleted, marked with certain histone modifications and bound by coactivators.
Accordingly, transcriptionally active regulatory elements can be identified by ATAC-seq, a
method that assess for accessible chromatin sites (Buenrostro et al., 2013), or by ChIP-seq data
from histone marks or transcription factors (Heintzman et al., 2007; Rada-Iglesias et al., 2011;

Visel et al., 2009). In particular, active enhancer regions are enriched in the monomethylation of
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histone 3 lysine 4 (H3K4mel), acetylation of histone 3 lysine 27 (H3K27ac) and binding of p300
(Figure 1.3.1B).

Although enhancers become active only in specific cellular context, some enhancers can also be
identified by its chromatin marks before becoming active (Rada-Iglesias et al., 2011; Zentner et
al., 2011). Such is the case of Poised enhancers (PEs) (further discussed in section 1.5), which,
like active enhancers, display an accessible chromatin, binding of p300 and the H3K4mel mark
(Cruz-Molina et al., 2017; Rada-Iglesias et al., 2011) (Figure 1.3.1B). However, PEs are not
marked with H3K27ac but with H3K27me3, a histone modification mediated by PcGs (Cruz-
Molina et al., 2017; Rada-Iglesias et al., 2011).

1.3.2 Mode of action of enhancers

When tissue-specific TFs are expressed, their binding to cognate TF binding sites (TFBS) in
enhancer regions result in the recruitment of coactivators (Reiter et al., 2017; Serebreni & Stark,
2021; Shlyueva et al., 2014; Spitz & Furlong, 2012). Coactivators influence the RNAP2
recruitment, initiation or elongation (Shlyueva et al., 2014; Spitz & Furlong, 2012). Therefore,
they serve as a functional bridge between the TFs and the transcriptional machinery located at

the enhancer and at the promoter, respectively.

Some coactivators mediate post-translational modifications of target proteins, like the
acetyltransferase p300. Recruitment of p300 by a TF could result in the acetylation of histone
tails, loosen of histones interactions with DNA and consequently favor the binding of other TFs
(Lee & Workman, 2007). In addition, it was shown that p300 can directly acetylate the RNAP2
(Schroder et al., 2013), which promotes the conversion of the RNAP2 into an active state that
transcribes RNA. Another well studied coactivator recruited by active enhancer elements is the
Mediator complex. Mediator can stimulate the phosphorylation of the RNAP2 carboxy-terminal
domain (CTD) and, consequently, in the release of the RNAP2 from a transcriptional initiation
state towards a productive-elongation state (Kim et al., 1994). Interestingly, depletion of
Mediator not only results in the general downregulation genes, but also in the disassembly of

nuclear structures containing large clusters of RNAP2 condensates (M. G. Jaeger et al., 2020;
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Zamudio et al., 2019). This findings lead to a model that implicates Mediator subunit MED1
with its intrinsically disordered regions in the formation of phase-separated condensates that

positively influence transcriptional reactions (Mir et al., 2019).

Altogether, transcriptional regulation is achieved by integrating the input from TF-DNA
interactions at the enhancer elements and the transcriptional machinery. Importantly, the
transcriptional machinery is positioned not only at the gene promoter but also at the enhancer.
Therefore, its activation results in RNAs transcribed from the TSS and from the enhancer, which
are referred as the mRNA and enhancer RNA (eRNA), respectively. Whereas mRNAs are
translated into proteins, the functional role of eRNA is less clear. There is still a debate whether
the production of eRNAs merely reflects transcriptional noise, or whether it has a regulatory
function. In support of the latter, the insertion of RNAP2 terminator within the enhancer region
that controls the expression of the human growth hormone gene cluster blocks eRNA production
and represses the expression of the adjacent gene (Ho et al., 2006). Similarly, using small
interfering RNAs to knock-down the eRNA expression of an enhancer that regulates the mouse
gene KLK3 resulted in specific down-regulation of target genes (Hsieh et al., 2014; Melo et al.,
2013). Other studies, have also suggested that eRNAs might regulate the RNAP2 binding at
target promoters (Mousavi et al., 2013) or enhancer-gene looping (Li et al., 2013; Pnueli et al.,
2015). However, these studies are still under debate and were challenged by other studies, which
contrary show that some eRNAs do not affect target gene expression (Engreitz et al., 2016;

Lloret-Llinares et al., 2018; Paralkar et al., 2016).

eRNA might or might not have a regulatory role towards mRNA production, but both processes
seem to be coupled (Andersson et al., 2014; Fitz et al., 2020; Henriques et al., 2018) and
independent of the local chromatin activation (Fitz et al., 2020). In support of this, depletion of
the elongation factor Spt5 in mouse B cells results in enhancer and gene loss of transcription, but
do not affect histone acetylation, chromatin accessibility or Mediator binding (Fitz et al., 2020).
Thus, enhancer-gene activation could involve two independent steps: (i) the TF binding to
cognate sequences at the enhancer, which bring coactivators and open up the chromatin; and (i1)

the transfer of the regulatory information to the promoter, which will activate the transcriptional
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machinery at both sites. It is tempting to predict that for the transition from step (i) to (ii) a
physical communication between enhancers and promoters must happen. However, recent
studies using super-resolution microscopy revealed a lack of correlation between transcription
and enhancer-gene contacts (Alexander et al., 2019; Benabdallah et al., 2019; Mateo et al.,
2019). In light of these findings, new models for contact-mediated cis-regulation of gene
expression were proposed (Xiao et al., 2020; Zuin et al., 2021). These models postulate that a
small increase in enhancer-promoter contact could produce a larger change in gene expression by
an hysteretic reaction from the promoter. That is, regulatory steps will be occurring at a specific
rate when the enhancer is in close contact with the promoter. After an accumulation of # contacts
in a short time, the occurring rate will pass a threshold barrier and the transcriptional machinery
will switch to an active state, where it can maintain transcription for some time without the

contact of the enhancer.

1.4  Genome organization

The conclusion of the previous sections is that transcriptional regulation is achieved by the
transfer of activating cues from the enhancer to the target gene promoter. But how do enahncers
specifically communicate with their target genes and not others? A key insight into this question
came from studies using chromatin conformation capture (3C) technologies, which enable the
detection of physically interacting loci in a cell population (Dekker et al., 2002; Denker & De
Laat, 2016; Schmitt et al., 2016). The genome-wide profiles of these interactions revealed the
existence of spatially restricted chromatin domains, referred as topological associated domains
(TADs) (Dixon et al., 2012; Nora et al., 2012). TADs are characterized by high intra-domain
interactions and low interactions with sequences in their neighbouring domains (Figure 1.4.1A)
(Dixon et al., 2012; Nora et al., 2012). The boundaries sequences that delimit TADs are
determined by the probability of the sequence to act as a chromatin insulator in a population
level and are enriched in cognates motifs for the insulator protein CCCTC-binding factor

(CTCF). So far, the best mechanistic explanation of TAD formation is the loop-extrusion model
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(Fudenberg et al., 2016). This model postulates that the architectural complex, Cohesin, is loaded
into chromatin and progressively extrudes a loop, until it encounters a chromatin-bound CTCF
anchor loop formed by convergent CTCF binding sites (CBS) (Fudenberg et al., 2016;
Merkenschlager & Nora, 2016; Sanborn et al., 2015) (Figure 1.4.1A,B). Consequently, the
looping extrusion will bring together loci from the same TAD, but rarely loci from adjacent

TAD:s.
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Figure 1.4.1. TAD formation by loop extrusion. A) Hi-C profiles from mESC (Bonev et al., 2017),
showing a representative locus containing 4 TADs. CTCF ChIP signals(Pope et al., 2014) are pictured as
peaks with black arrows below representing the orientation of the CTCF. B) Diagram representing the
structure of the TAD according to the loop extrusion model: Cohesin rings form loops while “scanning”
the chromatin, but are stalled by convergent CTCF anchor loops.

TAD boundaries have been postulated to demarcate the enhancer search space to sequences that
are located inside the domain (Dowen et al., 2014; Hanssen et al., 2017). This scenario is
supported by the studies of genomes with structural variations involving TAD boundaries (i.e.
deletions, duplications, inversions or translocations) (Lupiafiez et al., 2016; Smith & Shilatifard,
2014; Spielmann et al., 2018). Deletion of TAD boundaries can result in the extension of TADs,

which can lead to the new enhancer-gene interactions and consequently to ectopic gene
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activation (i.e. enhancer adoption or hijacking) (Franke et al., 2020; Grdschel et al., 2014;
Hanssen et al., 2017; Lupiafnez et al., 2015) (Figure 1.5A). One case is the removal of a CTCF
binding site (CBS) at the a-globin locus, which drives the fusion between two neighbouring
TADs, ectopic interactions of the a-globin enhancers and upregulation of genes present in the
extended TAD (Hanssen et al., 2017). On the other hand, inversions can “shuffle” TADs, which
can lead to gaining of gene expression by enhancer adoption and/or loss of gene expression by
enhancer disconnection (Laugsch et al., 2019; Mehrjouy et al., 2018; Redin et al., 2017) (Figure
1.4.2A). For example, an inversion found in patients with abnormal limb development relocates
the enhancers from EPHA4 into the TAD of WNT6 (Lupiaiiez et al., 2015). Consequently, this
leads to the ectopic activation of WNT6 in a EPHA4-like pattern and loss of EPHA4 expression.

The above mentioned examples suggest that TAD boundaries prevent enhancers from activating
non-target genes. Therefore, if TAD boundaries are disrupted there should be a drastic genome-
wide effect in gene expression (by a massive enhancer rewiring). However, when CTCF or
Cohesin are depleted, only a minor set of genes suffer changes in their expression levels (Nora et
al., 2017; Rao et al., 2017b). The same prediction is also challenged by experiments using highly
rearranged chromosomes in Drosophila (i.e. chromosomes with large and small inversion,
duplications and deletions), where only a few genes display significant expression changes
(Ghavi-Helm et al., 2019). Consistent with these findings, we have also found a case where
genes do not respond to enhancers located in their same TAD after an inversion (Laugsch et al.,
2019). This example correspond to an inversion found in a patient with Branchio-oculo-facil
syndrom (BOFS) which places the TFAP2A4 gene into a novel TAD. Because of a physical
disconnection from its cognate enhancers, TFAP2 is not properly induced in neural crest cells
(Figure 1.4.2B). Interestingly, this inversion also places novel genes in the same “shuffled” TAD
with TFAP2A neural crest enhancers. However, none of these genes is responsive to 7FAP2A4

enhancers (Figure 1.4.2B).

29



INTRODUCTION

! _C; XX, 55K Deletion RS O TAD boundary

L @ Gene A

’ @ Gene B
. @ Enhancer B
____________ Inversion "}
KN

X _aeens  Bad | - O'amt 0
Control TFAPZ allele Inverted TFAP2 allele
5770 KK
@ O 74 - - [ /|
omancars 17AP2 6q16.2 ormancers 09162 TFAP2
No enhancer adoption Enhancer disconection
by 6G16.2 genes and loss of TFAP2 expression

Figure 1.4.2. Structural variants and enhancer rewiring. A) Structural variants spanning TAD
boundares can induce ectopic gene expression by enhancer adoption and/or gene silencing by enhancer
disconnection. In the upper panel scheme, a deletion compromising a TAD boundary located between the
TADs of Gene A and Gene B can induce the fusion of both TADs. Consequently, Enhancer B, which in
WT conditions specifically regulates Gene B, is now able to contact and drive ectopic expression of Gene
A. In the lower panel scheme, an inter-TAD inversion compromising Gene A and Gene B can cause
enhancer adoption of Gene A. At the same time, the inversion disconnects Gene B from Enhancer B and
this causes its silencing. B) Example of a structural variant including a TAD boundary which does not
result in enhancer adoption (Laugsch et al., 2019). The inversion places one of the TFAP2A alleles into a
novel TAD and impairs its normal expression in neural crest cells due to the physical disconnection from
its enhancers. Moreover, this inversion also places novel genes originally found within the 6q16.2 locus
in proximity of the 7FAP2A4 neural crest enhancers within a shuffled TAD. Surprisingly, none of the
6q16.2 genes is responsive to the TFAP2A neural crest enhancers (i.e. no enhancer adoption in neural
crest cells).

Altogether, these findings suggest that placing enhancers and genes in the same TAD is not
sufficient for generating productive transcription. TAD boundaries might only play a partial role
in regulating enhancer specificity, presumably by restricting enhancer search space, but other

mechanisms also have to be taken into consideration. In support of this idea, enhancer reporter
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assays in Drosophila revealed that core promoter from developmental and housekeeping genes
display a differential responsiveness to enhancers (Zabidi et al., 2015). Thus, genetic elements
found in promoters (and/or enhancers) might contribute to control enhancer-gene compatibility.
Deciphering these rules is fundamental to better understand the pathogenic potential of structural

variants.

1.5 Poised Enhancers

As previously mentioned, PEs are inactive cis-regulatory elements that are bookmarked with
specific chromatin signatures, including H3K27me3, DNA hypomethylation and binding of p300
(Cruz-Molina et al., 2017; Rada-Iglesias et al., 2011). PEs were first described in human and
mouse embryonic stem cells (hESC and mESC, respectively) as a small set of highly conserved
enhancers associated to the genes which are inactive in ESC but that become induced in the
anterior neural linage (Rada-Iglesias et al., 2011; Zentner et al., 2011). A recent study from our
lab further demonstrate that PEs are also present in vivo and their features are commonly found
in other vertebrates (Crispatzu et al., 2021). The functional relevance of PEs was assessed by loss
of function experiments, both in vitro and in vivo (Crispatzu et al., 2021; Cruz-Molina et al.,
2017). Deletion of PEs in mESC did not result in transcriptional changes of their target genes
(Cruz-Molina et al., 2017). However, when these cell lines where differentiated into anterior
neural progenitor cells (AntNPC), PEs target genes failed to get induced (Cruz-Molina et al.,
2017). Similar results where shown when some PEs were deleted in mouse and chicken embryos
(Crispatzu et al., 2021). Together, these experiments demonstrate that PEs are essential

regulatory elements for the proper establishment of the anterior neural program.

PEs most distinctive feature is that they are bound by PcG complexes (i.e. PRC1 and PRC2) and
enriched in its associated histone marks (i.e. H2AK119ub and H3K27me3). Since these
complexes are commonly associated to transcriptional repression (Blackledge & Klose, 2021),

one could expect that the role of PcG in PEs is to maintain these elements inactive. However,
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disruption of PRC2 by deletion of the EED subunit did not result in activation of PEs neither
their target genes in mESC (Cruz-Molina et al., 2017). Contrary, the induction of these genes
was severely hampered after differentiation of EED”- mESC into AntNPC. Thus, PcG is not
necessary to maintain PEs or their target genes inactive in mESC but it might rather act as a
facilitator of the induction of these genes (as seen in other contexts (Cohen et al., 2018, 2019;
Creppe et al., 2014; Frangini et al., 2013; Gao et al., 2014; Kondo et al., 2014; Loubiere et al.,
2020)). The facilitator role of PcG in the context of PEs function might be explained by the
topological role of PcG (Pachano et al., 2019). Namely, the disruption of PRC2 or PRC1 impairs
the physical association that PEs and their target genes have before activation, referred to as
prelooping (Crispatzu et al., 2021; Cruz-Molina et al., 2017). Therefore, PcG-PcG contacts
between PEs and their target genes (whose promoters are also enriched in PcG binding) bring
together both elements in close proximity and this configuration might facilitate the cis-
activation capacity of the enhancer (Figure 1.5). However, it is important to note that this model
is based on global loss of PcG, which can elicit genome-wide transcriptional and topological

changes and consequently indirectly alter PEs loci.
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Figure 1.5. PcG as topological facilitator of PE cis-activation. A) In ESC, PcG is present at PEs and
their target gene promoters. This probably mediates the physical interaction between both elements. Upon
differentiation of ESC into AntNPC, this permissive topology might favour the cis-activation capacity of
the PE to activate the physically proximal promoter. B) When PcG are disrupted, the prelooping between
PE and their target genes is lost. Consequently, PE target gene induction is reduced.
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2- AIM

The aim of this project is to dissect the regulatory logic of poised enhancers in order to
understand how these elements can specifically communicate with their target genes. Namely,
we want to answer: (i) how different types of promoters respond to PEs; (ii) how the different
genetic elements from PEs influence the cis-activation capacity, (ii) the local activation and (iii)
the topological properties of the PEs. This Thesis provide major insights into how enhancers
specifically control the induction of their target genes, which we anticipate will help to better

understand pathomechanisms of human structural variants.
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3- MATERIAL AND METHODS

3.1 Equipment

Table 3.1. Equipment

MATERIAL AND METHODS

Equipment Company Catalog number
Bacteria Incubator Infors HT Ecotron s00120638

Cell culture Incubator Sanyo 8070263
Inverted microscope Leica DMILED 376977
Fluorescent microscope Olympus IX2-UCB 9A01123
Electrophoretic chamber Biorad 1704502 and 1704406
Electrophoretic power supply Biorad 041BR110323
Cell culture centrifuge Hermle 311001101
Centrifuge for falcon tubes Hermle 31130026
Centrifuge for Eppendorftubes ~ Hermle 61150064
Centrifuge for bacteria culture Labscience 7.601.314.101
Tissue Culture hood Kojair 22198

EpiShear Probe Sonicator Active motif 53051

g-PCR LightCycler 480 11 Roche 5662

c1000 Touch PCR cycler Biorad ct024292
Spectrophotometer Nanodrop Thermo Scientific F673

Automated cell counter Biorad 508BR05586
Thermo Block Ditabis 980052301
ChemiDoc MP Biorad 731br01726
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3.2  Chemicals and reagents

3.2.1 Chemicals
Table 3.2.1. Chemicals

Reagent Company Catalog number
2-Propanol Roth 9866.5
fsso‘ityll %‘Zﬁ%&cmomphom Sigma Aldrich P2069
4-(2-hydroxyethyl)-1- 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid piperazineethanesulfonic acid HN78.2
(HEPES) (HEPES)

Adenosine triphosphate (ATP) Sigma Aldrich A2383
Agarose Life Technologies 16500100
Bovine Serum Albumina (BSA) Roth 3737.2
Chloroform Sigma Aldrich 366919
DAPI Sigma Aldrich D9542-5MG
Dithiothreitol (DTT) Roth 6908.3
Ethanol Roth 5054.3
?]‘;}g}l?zc)iiaminetetraacetic acid Roth R043.1
ethylene glycol-bis(p-aminoethyl

ether)-N,N,N',N'-tetraacetic acid) Roth 3054.2
EGTA

Formaldehide solution 37% Sigma Aldrich 252549
Glycerin Sigma Aldrich 68898
Gycerol Roth 3783.2
Hydrochloric acid (HCI) Roth 281.1
Litium Chloride (LiCl) Roth 3739.2
Magnesium Chloride (MgCl12) Roth KK36.2
Methanol Sigma Aldrich 494437
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Mounting medium Southern Biotech 0100-01
N-Lauroylsarcosine Sigma Aldrich 61743
Na-Deoxycholate Sigma Aldrich D678
NP-40 Sigma Aldrich 13021
Phosphate buffered saline (PBS) Sigma Aldrich D8537
Potasium Chloride (KCI) Roth HNO02.3
Sodium Acetate (C2H3NaO2) Roth 6773.2
Sodium Chloride (NaCl) Roth 3957.2
Sodium dodecyl sulfate (SDS) Roth 183.3
Triton X-100 Roth 3051.4
Trizma Base Sigma Aldrich T1503
Tween-20 Roth 9127.2
3.2.2 Buffers and solutions
Table 3.2.2. Buffers
Solution Composition
. . PBS (1x)
Blocking Solution 0.5% BSA (w/v)
50 mM Hepes(pH 7,5)
140 mM NacCl
1 mM EDTA
Lysis Buffer 1 (LB1) 10% glycerol
0.5% NP-40
0.25% TX-100
dH20
10 mM Tris pH 8
200 mM NaCl
Lysis Buffer 2 (LB2 ) 1 mM EDTA
0.5 mM EGTA
dH20
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Lysis Buffer 3 (LB3)

10 mM Tris pH 8

100 mM NaCl

1 mM EDTA

0.5 mM EGTA

0.1% Na-Deoxycholate
0.5% N-lauroylsarcosine
dH20

RIPA Wash Buffer

50 mM Hepes pH 7.5
500 mM LiCl

1 mM EDTA

1% NP-40

0.7% Na-Deoxycholate
dH20

Elution Buffer

50 mM Tris pH 8
10 mM EDTA
1% SDS

dH20

PBST washing buffer

PBS
1% Tween

Permeabilizing solution IF

0.3% Triton X-100
dH20

4C Lysis Buffer

50 mM Tris—HCI pH 7.5
150 mM NaCl

5mM EDTA

0.5% NP-40

1% TX-100

1X protease inhibitors
dH20

4C Ligation Buffer

50 mM Tris-HCI pH 7.6
10 mM MgCI2

1 mM ATP

ImM DTT

dH20

TE Buffer

10 mM Tris pH 8.0
1 mM EDTA
dH20

TAE buffer (1X)

OmM Tris pH 8.6
20mM Acetate
ImM EDTA
dH20
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3.2.3 Kits

Table 3.2.3. Kits

MATERIAL AND METHODS

Reagent Company Catalog number
Innuprep RNA mini kit Analytic Jena 845-KS-2040250
EZ DNA Methylation-Direct Kit Zymo Research D5020

PCR purification column QIAgen 28104

ProtoSc.rlpt ‘H First Strand cDNA NEB E6560L

Synthesis Kit

Nucleospin Plasmid MiniPrep, Macherey-Nagel 740588-250

250 rxn

3.2.4 Cell culture reagents

Table 3.2.4.1. Cell culture reagents

Reagent Company Catalog number
Tryple Express Thermo Fisher 25200072
Xav939 Sigma Aldrich x3004
Puromicine Thermo Fisher A2856,0025
Optimem medium Thermo Fisher 51985026
Fugene HD Transfection reagent Promega E2313
Table 3.2.4.2. Cell culture medium
Medium Component Catalog
Serum + LIF 15% Fetal Bovine Serum Life Technologies 16141-061
1% A5955-100ML

Antimycotic/Antibiotic

Sigma-Aldrich
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0.02% Beta-

mercaptoetanol 55 mM Life Technologies 21985-023
1 %Glutamax Life Technologies 35050-038
1 % MEM NEAA Life Technologies 11140-035
Knock-out DMEM Life Technologies 10829-018
LIF N/A N/A
40% Serum+LIF
medium

Freezing medium 40% FBS Life Technologies 16141-061
10% DMSO Sigma Aldrich D2650
50% DMEM/F-12 Invitrogen 21041-025
N2 suplement Invitrogen 17502-048

0

1% o . Invitrogen 15070
penicillinstreptomycin
2 mM I-glutamine Invitrogen 25030-081

N2B27 .
30% Neurobasal Invitrogen 12348-017
medium
B.27 spplement - Invitrogen 12587-010
vitamin A
0.1 mM Beta- Sigma Aldrich M6250
mercaptoethanol

3.2.5 Molecular Biology reagents

Table 3.2.5.1. Molecular Biology reagents

Reagent Company Catalog number
Proteinase K Sigma Aldrich P2308

RNAse A Peqlab 12-RA-03

Turbo DNAse Thermo Fischer AM1907M
Proteinase Inhibitors Roche 5892953001
Glycogen Peqlab 37-1810
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QuickExtract DNA Extraction

Solution Biozym QE09050
dNTPS Promega UI515
SYBR&reg; Safe DNA gel stain  Invitrogen S33102
Dynabeads Protein G Thermo Fisher 1004D
S;gg?ruler 1 kb Plus DNA Peqlab 25.2240
Table 3.2.5.2. Enzymes

Enzyme Company Catalog number
Nlalll NEB RO125L
DpnlI NEB R0543M
Spel NEB RO133L
Miul NEB RO198L
Clal NEB RO197S
Notl-HF NEB R3189S
Ndel NEB RO111S
T4-Ligase Invitrogen 15224-041
T4-Ligase NEB M0202M
fy"sft’:;‘ld long template PCR Roche 11681842001
ORA gPCR Green ROX HighQu QPDO0150
}E}c?l?l?r?fafez Hot Start Promega M7406
AccuPrime™ GC-Rich DNA )

Polymerase Thermo Fisher 12337016
TaKaRa EpiTaq HS Takara R110A
KAPA HiFi HotStart Kapa Biosystems KK2601
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3.2.6 Bacteria culture reagents

All vectors were cloned using Top10 E. Coli bacteria strain (gift from Kuran Lab).

Table 3.2.6. Vectors

Vector Source Identifier
pX330-hCas9-longchimeric- Kurian Lab N/A
grna-g2p

AttB-GFP Addgene 65521
pGEM-T Promega A1360

3.3 Cell culture methods

Cell culture was performed under sterile conditions using a laminar flow cell culture hood, which
was disinfected after every use with UV light. The solutions used during cell culture were
previously autoclaved and the medium used was supplemented with antibiotics and antimitotics.

Cell were kept in an incubator at 37°C and 5% CO..

3.3.1 Cell lines
For all cell culture methods, WT (E14) mESC were used (gift from Wysocka Lab). In addition,

several genetic deletions, insertions and inversions were made using CRISPR-Cas9 (Table

3.3.1).

Table 3.3.1. mESC lines

Cell lines Identifier

PE Sox1 (+35)" Cruz-Molina et al., 2017
PE Sox1 (+35)CGI™” N/A

PE Sox1 (+35)TFBS insertion in Gata6-TAD N/A

PE Sox1 (+35)CGI insertion in Gata6-TAD N/A
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PE Sox1 (+35)TFBS+CGI insertion in Gata6-TAD N/A
PE Sox1 (+35)TFBS insertion in FoxA2-TAD N/A
PE Sox1 (+35)CGI insertion in FoxA2TAD N/A
PE Sox1 (+35)TFBS+CGI insertion in FoxA2-TAD N/A
PE Wnt8b (+21)TFBS insertion in Gata6-TAD N/A
PE Wnt8b (+21)CGI insertion in Gata6-TAD N/A
PE Wnt8b (+21)TFBS+CGI insertion in Gata6-TAD N/A
PE Sox1(+35)TFBS insertion in Grial-TAD N/A
PE Sox1 (+35)CGI insertion in Grial-TAD N/A
PE Sox1 (+35)TFBS+CGI insertion in Grial-TAD N/A
artificial CGI insertion in Gata6-TAD N/A
artificial CGI+PE Sox1 (+35)TFBS insertion in Gata6-TAD N/A
PE Sox1(+35)TFBS insertion in Grial-TAD + pCGI in Grial-TSS N/A
PE Sox1(+35)TFBS+CGI insertion in Grial-TAD + pCGI in Grial-TSS ~ N/A
PE Sox1 (+35)TFBS insertion in Grial-TSS N/A
PE Sox1 (+35)TFBS+CGI insertion in Grial-TSS N/A
PE Sox1 (+35)TFBS insertion in Sox7/Rp111-TAD N/A
PE Sox1 (+35)TFBS+CGI insertion in Sox7/Rp111-TAD N/A
Deletion of Six3/Six2 TAD boundary N/A
Inversion of Six3 and Six2 genes N/A
Inversion of Lmx1la and PE Lmx1la (+113) N/A

3.3.2 Culture of mESC

All mESC (WT and engineered cell lines) were grown on gelatin-coated tissue-culture plates

using Serum + LIF medium (Table 3.6).
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3.3.3 Differentiation of mESC into AntNPC

Differentiation of mESC in AntNPC was done following a previously described protocol with
minor modifications (Gouti et al., 2014). mESC were plated at a density of 6000 cell/cm2 on
plates previously coated with Geltrex (Life Technologies) and grown for two days in N2B27
medium supplemented with 10ng/ml of b-Ffg (Table 3.6). Next, cells were grown for one day
with 10ng/ml of b-Ffg + 5SuM Xav939 and then were grown for two more days only with 5uM
Xav939.

34  Genetic engineering of mESC using CRISPR-Cas9

Genetic engineering of mESC was performed using CRISPR guide RNAs (gRNAs) and the Cas9
nuclease. Genetic deletions or inversions were performed using two gRNAs flanking the locus of
interest. Genetic insertions were performed using one gRNAs targeted to the region of

integration and a DNA template with the sequence of interest flanked by homology arms.

3.4.1 Design and annealing of gRNAs

Design of gRNAs was performed with Benchling CRISPR toolkit (www.benchling.com) and
only gRNAs that displayed on-target scores >60 and off-target scores <1 were used. Selected
gRNAs were synthesized (https://eu.idtdna.com/) as two complementary oligos with the BbsI
restriction site overhang at both ends (Table 3.4.1). For the annealing, 1 pl of 100 uM of each
oligo were resuspended in 8 pul of water and incubated at 95°C for 5 minutes and subsequent

cooling to 25°C at a rate of 5°C per minute.

Table 3.4.1.gRNAs

Oligo Fwd (5°-3 Coordinates

Name ) Oligo Rev (5-3") gRNA (mm10)
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PE-Sox1 deletion  caccGGCCGGCCTCC aaacTGGGGCCAAGG GGCCGGCCTCCTTG chr8:12,430,502-
left TTGGCCCCA AGGCCGGCC GCCCCA 12,430,521
PE-Sox1 _deletion  caccTGGCCCCCGCA  aaacCTAGGTTCTTGC TGGCCCCCGCAAGA chr8:12,431,547-
right AGAACCTAG GGGGGCCA ACCTAG 12,431,566
Gata6- caccCTCATAACTCA  aaacGGAGCGTCGTG CTCATAACTCACGA chr18:11,148,342-
TAD insertion CGACGCTCC AGTTATGAG CGCTCC 11,148,361
FoxA2- caccGCTCTATGATA  aaacCAGTGATCTTAT GCTCTATGATAAGA chr2:147,926,131-
TAD insertion AGATCACTG CATAGAGC TCACTG 147,926,150
Grial- caccCTAGGCATCAG aaacCATGGGGTTCT CTAGGCATCAGAAC chr11:56,909,884-
TAD insertion AACCCCATG GATGCCTAG CCCATG 56,909,903
Grial- caccCCGTGCCTCTCC aaacCATCTTTAGGA CCGTGCCTCTCCTA chrl1:57,010,989-
TSS insertion TAAAGATG GAGGCACGG AAGATG 57,011,008
Sox7- caccACTTCCAGGAG  aaacCGGTTGTGTCTC ACTTCCAGGAGACA chr14:63,968,221-
TAD insertion ACACAACCG CTGGAAGT CAACCG 63,968,240
Six3/Six2 boundary caccCCCTGTAGTCA aaacAAGGGCAAGTG CCCTGTAGTCACTT chrl7:85,629,769-
deletion_left CTTGCCCTT ACTACAGGG GCCCTT 85,629,788
Six3/Six2 boundary caccCGTAGCATCAA aaacTGGCCTTTGTTG CGTAGCATCAACAA chrl7:85,666,678-
deletion_right CAAAGGCCA ATGCTACG AGGCCA 85,666,697
Six3/Six2 boundary caccCGAAGTGTATC aaacATAAAAAACGA CGAAGTGTATCGTT chrl7:85,587,234-
inversion_left GTTTTTTAT TACACTTCG TTTTAT 85,587,253
Six3/Six2 boundary caccCAGGATGATAT aaacGCACGGCAGAT CAGGATGATATCTG chrl7:85,697,725-
inversion right CTGCCGTGC ATCATCCTG CCGTGC 85,697,744
Lmxla caccGTGTTCAGGTA aaacCTCAGGCTATA GTGTTCAGGTATAG chrl:167,597,604-
inversion_left TAGCCTGAG CCTGAACAC CCTGAG 167,597,623
Lmxla caccACAACACACCA aaacCAGGCATAGTG ACAACACACCACTA chrl:167,859,246-
inversion_right CTATGCCTG GTGTGTTGT TGCCTG 167,859,265

3.4.2 Generation of gRNA-CRISPR Cas9 expressing vector

Annealed gRNAs were diluted 1:200 and ligated using T4 ligase for 30 minutes with 50 ng of

pX330-hCas9-long-chimeric-grna-g2p vector (Table 3.9), previously digested with Bbsl

restriction enzyme. Then, 30 pl of chemically competent E. coli were thaw on ice and mixed

with 2.5 pl of the ligation reaction. The bacteria was then incubated for 1 minute at 37°C and
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another minute on ice. Next, 1 ml of LB medium was added to the bacteria, incubated for 1 hour
at 37°C with shaking. Subsequently, 300 ul of bacteria was plated in LB-ampiciline plates and
incubated overnight at 37°C. The next day, a bacteria colony was picked with a micropipette tip,
transferred into a tube with 4 ml of LB-ampiciline medium and grown overnight at 37°C. The
vector was purified from the bacteria using a commercial kit (Table 3.4) and validated by Sanger

sequencing.

3.4.3 Generation of donor template for genetic insertions

The donor template was generated by the PCR amplification of the donor-cassette vector. The
later was generated by ligating: (i) 300 bp homology arms flanking the recognition site of the
gRNA (methods 3.5.8.2); (ii) the cassette of interest (methods 3.5.8.2); and (iii) a previously
modified attB-GFP vector (Table 3.9) (Figure 3.4.3). The PCR amplification of the donor vector
was performed using a forward primer located at the 5° end of the left homology arm and a
reverse primer located at the 3" end of the right homology arm (methods 3.5.8.3). The resulting

reaction was purified using a commercial kit (Table 3.4).

donor-cassette vector
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Figure 3.4.3. Diagram of the donor-cassette vector. Left homology arm (LHA) was amplified by PCR
of WT (E14) and inserted into the backbone vector with Ndel and Spel restriction enzymes. Right
homology arm (RHA) was amplified by PCR of WT (E14) and inserted into the backbone vector with
Mlul and Notl restriction enzymes. The sequence of interest was amplified by PCR of WT (E14) and

inserted between both homology arms using the Spel and Mlul restriction enzymes.

3.4.4 Generation of mESC clones with genetic deletions, inversions or integrations

For generating genetic deletions and inversions, mESC were transfected with 250 ng of each
gRNA-CRISPR Cas9 expression vector. For genetic integrations, mESCs were transfected with
250ng of a single gRNA-CRISPR Cas9 expression vector plus 500 ng of the donor template. All
transfections were performed with Lipofectamine 3000 following the kit manufacturer protocol.
The day after transfection, cells were selected using 1.7pug/ml puromycin for 48 hrs. Surviving
cells were then isolated in 96-well plates by serial dilution and grown for 10 days in Serum~+LIF
medium. Single colonies were then trypsinized and plated into 48-well plates. Subsequently,
gDNA extraction was performed in each clone and the genetic modifications were identified by
PCR (methods 3.5.8.1; Table 3.12). Candidates clones with the desired deletions were then

confirmed by Sanger sequencing.

Table 3.4.4. Primers used for genetic screenings.

Primer name Sequence

PE Sox1 CGI deletion

P1 TAATAACTGCCCTCCCCTCCCT
P2 ACAGGCCTGTTTCCTTCCTCTC
P3 CTCGAGGAAAACTGGCCGGCTG
P4 ACCTGCGGCTGGATTAATCGCT
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P5 ACCAGGTTGTCCAGTGCACCCT
P6 TGGCGTTACTCGTGCTGTGCTG
PE Sox1 modules in Gata6-TAD

P1 TGCTCAAGGGGGATTTGCAGA
P2 ATCCTGTGGGGCATGACTGT
P3 ACCGGGGTTAGCTGTTTGTT
P4 GAGCCCCTTATCCCGGTGAC
P5 CTTCGCTACCCTCCTTCTCC
P6 ACGAGTAACGCCAGCCTAGA

PE Sox1 modules in FoxA2-TAD
P1 TGGGCTTGGGATATGCTATGCA
P2 TTCAAGACACCACTGAAGGGGG
P3 ACCGGGGTTAGCTGTTTGTT
P4 GAGCCCCTTATCCCGGTGAC
P5 CTTCGCTACCCTCCTTCTCC
P6 ATCCGGCTCCGTAGGCTGCC

PE Wnt8b modules in Gata6-TAD
Pl TGCTCAAGGGGGATTTGCAGA
P2 ATCCTGTGGGGCATGACTGT
P3 TTTCTCCTCCAGGAATGTGG
P4 GAAGCATCCAATCCAGACCCACAATA
P5 CCTACCTCCCGGAACTCTG
P6 CTGGGTCGCTGGGAGCGCCGC

aCGI+TFBS insert in Gata6-TAD
Pl TGCTCAAGGGGGATTTGCAGA
P2 ATCCTGTGGGGCATGACTGT
P3 ACCGGGGTTAGCTGTTTGTT
P4 GCTAGGCTGGACGTTCGGAGGT

aCGlI insert in Gata6-TAD
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Pl TGCTCAAGGGGGATTTGCAGA
P2 ATCCTGTGGGGCATGACTGT
P3 AACAGGTAGGCCTAGGTGGG
P4 GCTAGGCTGGACGTTCGGAGGT
PE Sox1 modules in Grial-TAD
P1 TCTGCATTCCTAAGTGGGTGCT
P2 CGTGTGTATGGGGTAGGTGTGT
P3 ACCGGGGTTAGCTGTTTGTT
P4 GAGCCCCTTATCCCGGTGAC
P5 CTTCGCTACCCTCCTTCTCC
P6 ACGAGTAACGCCAGCCTAGA
pCGI in Grial promoter
P1 TCTGCATTCCTAAGTGGGTGCT
P2 ACCGGGGTTAGCTGTTTGTT
P3 TGAGTGAATCCCAGGAGCCATG
P4 CTGACTCCTGCCTGGCCAGC
P5 AAGATGCTTTTGGGAATGCGGG
P6 TCAGTCAAGGCCATCCACTGTC
PE Sox1 modules in Sox7/Rp111-TAD
Pl GCCTCTGGCAGTGTCATCGGTG
P2 ACCCACAGCCAGCCACTTACCT
P3 ACCGGGGTTAGCTGTTTGTT
P4 GAGCCCCTTATCCCGGTGAC
P6 ACGAGTAACGCCAGCCTAGA
PE Sox1 modules in Grial promoter
P1 TGAGTGAATCCCAGGAGCCATG
P2 AAGATGCTTTTGGGAATGCGGG
P3 ACCGGGGTTAGCTGTTTGTT
P4 GAGCCCCTTATCCCGGTGAC
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P6 ACGAGTAACGCCAGCCTAGA
del36
P1 ACACCATTAGCACCCACACACT
P2 CTTGCCCCATCAGGAGATTGGA
P3 CTGTCACCTCTCTCTGCGATGT
P4 GATGCCCGTCCATTTTCTGCAA
P5 GATGGTGGGACTGGAAATGGGA
P6 CCTGTCAATCTGTCTGGGCTGA
invl10
P1 GCCTCACTTTGAACTTCTGGCC
P2 AGCCCCCAATGTCCTTTAGCTT
P3 ACCCAGCCAAGAACTCACATCA
P4 ATTGGAGAACAGGTGGGGACAG
inv260
P1 TGTGTCAGGGGAAAACAACA
P2 CCAACCAACTCACAGTGGAA
P3 CTGGGGCTCCCTTACTAACC
P4 TTTGCATTTGCTTGTGGACT

3.5  Molecular biology methods

3.5.1 gDNA isolation

gDNA was extracted by resuspending cells in a solution of 10 mM Tris (pH 8.0), 10 mM EDTA,
0.5% SDS and 200 pg/ml of Proteinase K. Then, cells were incubated at 55°C for 2hrs and 1 hr
at 37°C with 25 pg/ml of RNAse.
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3.5.2 RNA isolation, cDNA synthesis and RT-qPCR

MATERIAL AND METHODS

Total RNA was isolated using Innuprep RNA kit (Table 3.4) following manufacturer’s protocol.
Before cDNA synthesis, 5 ug of RNA were DNAse treated with Turbo DNAse. Then RNA was

transcribed into cDNA using ProtoScript II First Strand cDNA Synthesis Kit and random primers

(Table 3.5.2).

Table 3.5.2. Primers used for RT-qPCR analysis

Name Fwd Rev

Eefla TAGACGAGGCAATGTTGCTG AGCGTAGCCAGCACTGATTT
Six3 CCTCACCCCCACACAAGTAG CTGATGCTGGAGCCTGTTCT
Wnt8b CAGCCATGAATCTGCACAAC GCCGCATGATACTTCTCCTT
Sox1 TCGAGCCCTTCTCACTTGTT CAACCCAAAAGAGCGGTAAC
Foxa2 AGCACCATTACGCCTTCAAC CCTTGAGGTCCATTTTGTGG
Gata6 CTACACAAGCGACCACCTCA TGTAGAGGCCGTCTTGACCT
Hptr CAAGGGCATATCCAACAACA GCCCCAAAATGGTTAAGGTT
Six2 GCAAGTCAGCAACTGGTTCA CTGATGCTGGAGCCTGTTCT
Grial CCCGGAACTACAGGAAGCTCTC GCGGCTGTATCCAAGACTCTCT
Sox7 CAGAACCCGGACCTGCACAACG AGCCGCTCTGCCTCATCCACAT
Rplll GGGGAGGTCAGCATCTGCCTCA TCGTGTCTCCTGGGGTGCTGTT
Lmxla GACACCACCTGCTTCTACCG ACGCATGACAAACTCATTGG
Mgst3 TAGCAAGCGGTATCGAGGAG CGTAGCCTAAGCCTGGTCTG
Aldh9al TTAAGCCTTCTCCCTTCACG TTCCGGTGAAGGAGATTTTG
Lrrc52 GGATTCCTCAGTGACCTCGT CCTCAAAGACGTGGTGTTGG
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3.53 ChIP-qPCR

10 million cells for histone ChIPs or 50 million cells for the rest of the ChIPs were crosslinked
with 1% of formaldehyde for 10 minutes at RT and then quenched with 0.125M glycine for 10
minutes. Crosslinked cells were washed two times with PBS, resuspended in 5 ml of Lysis
Buffer 1 (Table 3.2.2) and incubated 10 minutes with agitation at 4°C. Next, cells were
resuspended in 5 ml of Lysis Buffer 2 (Table 3.2.2), incubated 10 minutes with agitation at RT
and then resuspended in 500 upl of Lysis Buffer 3 (Table 3.2.2). The isolated nuclei were
sonicated for 20 cycles for histone ChIPs or 7 cycles the other ChIPs using EpiShear sonicator at
25% amplitude. After sonication, the 10% of the chromatin solution was saved as input control
and the rest of the chromatin was incubated overnight at 4°C with 1% Triton and 3 pg of
antibody for histones or 10 pg of antibody for the rest of the ChlPs (Table 3.5.3.1). The next day,
the chromatin was incubated for 4 hrs with 50 pl of Protein-G magnetic beads, previously
blocked with 0,5% BSA. Subsequently, beads were washed 5 times with RIPA buffer (Table
3.2.2), the chromatin was eluted at 65°C with Elution buffer (Table 3.2.2) and decrosslinked,
together with the input samples, overnight at 65°C. DNA was purified using ChIP DNA Clean &
Concentrator (Table 3.4). ChIP samples were analyzed by qPCR using primers shown in Table
3.53.2.
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Table 3.5.3.1 Antibodies used for ChIP-qPCR

Antibody Company Reference
H3K27me3 Active Motif 39155
H3K27ac Active Motif 39133
H3K4me3 Active Motif 39159
H3K4mel Active Motif 39297
p300 Active Motif 61401
RNAP2 Active Motif 39097
MED1 abcam A300-793A
PHCI1 Cell signalling Technologies 13768S
RINGI1B Active Motif 39663
SUZ12 abcam ab12073
CBX7 abcam ab21873

Table 3.5.3.2. Primers used for ChIP-qPCR analysis

Name Fwd Rev

Chr6_neg CTGGACTGAGGACCTTCTGC AGGAAGGCAGATGAGGGATT
Chr2 neg CCTGAGGCTGGAAGTTTCTG CTCCTGGGATTAAAGGCACA
Gata6_promoter CCGCACCCAGCAGCTTGTAGAG TCTGCCGGAAAACTGCAGCCTG
Grial promoter GCCCCCTTTGGAGAAAGCACCC AACCCATCACCCCTGCCTCTCC

Gata6_ TAD P1

CCTAATTCAGTTAGGTGACTGC

CCTTGAGCATAGTCAAGCTTTC

Gata6_ TAD P2

TCAAGGGGAAGACAGAATTTGA

TATCTTCTTGGAGGCAGTCACA

Grial_TAD P1 TAGAATGGGATGGGGGTTGAGC ACAAACACCCCAATGCCAACAG
Grial TAD P2 TCCCAAGGCAAATGATTGGTCA TGGAGCTGTTTTGTCCTCTAAGCT
PE_Soxl ACCTGCGGCTGGATTAATCGCT GAAGCTTCCGTGTTCCCACCCG
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3.5.4 Immunofluorescence

mESC and AntNPC were grown in microscopic slides and fixed for 10 minutes with 3,7%
paraformaldehyde at RT. Fixed cells were permeabilized with 0.1% Triton X-100 for 15 minutes
and blocked in PBS with 5% BSA for 1 hour at RT. Next, cells were incubated with primary
antibodies (Table 3.16) in 5% BSA overnight at 4°C. The next day, cells were rinsed with PBS
and incubated with secondary antibodies (Table 3.16) in 5% BSA for 30 minutes at RT. Nuclei

were stained with DAPI for 10 minutes at RT and cells were mounted with Mounting medium.

Table 3.5.4. Antibodies used for Immunofluorescence

Antibody Company Reference
GATA6 R&D systems AF1700
SOX1 R&D systems AF3369
anti-Goat Alexa Fluor 488 Invitrogen A32814
anti-Goat Alexa Fluor 594 Invitrogen A32758

3.5.5 Bisulfite sequencing

400 ng of gDNA was bisulfite converted using the EZ DNA Methlation Kit (Table 3.4)
following manufacturer instructions. The sequence of interest were then amplified by PCR using
EpiTaq polymerase (xxx) using primers described in Table XXX. Finally, PCR products ere

clones into pGEM-T vector (Table xxx) and sequenced with the M 13 reverse primer.

Table 3.5.5. Primers used for bisulfite-converted sequences.

Name Fwd Rev

Gata6 TAD BS TTTGATTATGTTTAAGGAGTAGGTTG TCAACTTTATAAAACCATTAAATACAC

TCAAAAATAATACATAATTTCAAAAATAA

Grial TAD BS TTTTTTTGTTTGTTAGTATTTAAAAAG T
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3.5.6 Formaldehyde-assisted isolation of regulatory elements (FAIRE)

10 M cells were crosslinked with 1% of formaldehyde for 10 minutes at RT and lysated with
subsquent washes with Lysis Buffer 1, 2 and 3 (Table xxx). Then, chromatin was sonicated for 4
cycles at 25% amplitude using EpiShear Sonicator. 10% of the total chromatin fragments were
saved as input control and the rest was enriched for regulatory elements by three rounds of
phenol/chloroform purification followed by ethanol precipitation (Giresi et al., 2007). The
FAIRE and input DNAs were analysed by qPCR using two negative controls and primers P1 and
P2 from Gata6-TAD and Grial-TAD (Table X).

3.5.7 Circular chromatin conformation capture (4C-seq)

4C-seq was performed following a previous described protocol (Stadhouders et al., 2013) with
minor modifications. Briefly, 10 M cells were crosslinked with 1% of formaldehyde for 20
minutes at RT and quenched with 0.125M glycine for 10 minutes. Then, cells were washed with
PBS and incubated in 4C Lysis Buffer (Table X) for 10 minutes on ice. Nuclei were then
resuspended in 500 pl of 1.2X Cutsmart restriction buffer (NEB) with 0.3% SDS and incubated
at 37°C for 1 hour. Triston x-100 was added to a concentration of 2% and incuated for 1 hour at
37°C. Chromatin was then digested overnight at 37°C with 400 U of Nlalll restriction enzyme.
The next day, Nlall was inactivated with SDS to a concentration of 1.6% and incubated for 20
minutes at 65°C. The chromatin fragments were then resuspended in 6 ml of 1X 4C ligation
buffer plus 1% Triton x-100, incubated for 1 hour at 37°C while shaking at 300 rpm and then
ligated with 100 U of T4 ligase for 4 hours at 16°C. Ligated chromatin was treated with RNAse
A for 45 minutes at 37°C and then de-crosslinked with 300 mg of Proteinase K at 75°C
overnight. DNA was then purified by phenol/chloroform extraction and ethanol purification,
resuspended in 100 pl of water and digested overnight with 50 U of Dpnll at 37°C. The next
day, DNA was purified by phenol/chloroform extraction and ethanol purification, resuspended in

15 ml of water and ligated overnight with 200 U of T4 ligase at 16°C. DNA samples were then
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subjected once more to phenol/chloroform extraction and ethanol purification, resuspended in

100 ul of water and purified by column.

4C DNA was amplified by 4C inverse PCR (xxx) using primers located within the selected
viewpoints (Table X) and sent for Illumina sequencing to the Erasmus Medical Center in
Rotterdam. Resulting reads were mapped and analyzed with r3C-seq to identify contacts between

the selected viewpoints and the rest of the genome.

3.5.8 PCRs

3.5.8.1 PCR for genotyping mESC clones

In order to determine the genotype of CRISPR-engineered mESC clones, gDNA was extracted
with QuickExtract DNA Extraction Solution (Table xxx) and subjected to a PCR with GoTaq

polymerase using the following conditions:

Component Volume

5X Green buffer 2.5 ul 95°C — 2minutes

dNTPs 10mM each 0.25 wl 95°C — 30 seconds

MgCI2 25mM 2ul 59°C — 30 seconds 30 cycles
gDNA 2 ul 72°C — 1 minute/kb

Primer Fwd 100 uM 0.125 72°C — 5 minutes

Primer Rev 100 pM 0.125

GoTaq 0.07

H20 10 ul
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3.5.8.2 PCR for amplification of bisulfite-converted DNA

PCR amplification of bisulfite-treated template DNA was performed using EpiTaq polymerase

under the following conditions:

Component Volume

EpiTaq 12.5 pl 95°C — 10 seconds

10X Buffer 0.75 ul 55°C —30 seconds | 35 cycles
MgC12 0.75 ul 72°C — 30 seconds

dNTPs 1l

gDNA (50 ng/ul) 1 ul

Primer Fwd (100 uM) 0.25 pl

Primer Rev (100 pM) 0.25 pl

H20 to 25 ul

3.5.8.3 PCR for amplification of homology arms and PE modules

In order to amplify the homology arms used for CRISPR insertions, KAPA PCR was performed
in WT (E14) mESC gDNA using the following conditions:

Component Volume 95°C — 3 minutes

2X KAPA Master Mix 12.5 ul 98°C — 20 seconds

100uM primer fwd 0.75 ul 68°C — 15 seconds 35 cycles
100uM primer rev 0.75 ul 72°C — 15 seconds

gDNA 100 ng/pl 1wl 72°C — 1 minute

H20 to 25 ul
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3.5.8.4 PCR for amplification of donor template

MATERIAL AND METHODS

Donor template was amplified from the cassette-vector (xxx) using the KAPA HiFI PCR system

under the following conditions:

Component Volume
2X KAPA Master Mix 12.5 ul
100uM primer fwd 0.75 ul

100uM primer rev 0.75 Wl

vector 1 ng/ul 1l
H20 to 25 ul
3.5.8.54C PCR

95°C — 3 minutes

98°C — 20 seconds

70°C — 15 seconds 35 cycles
72°C — 30 seconds/kb

72°C — 1 minute

4C DNA was amplified by inverse PCR using primers located in the viewpoint loci as previously

described (Stadhouders et al., 2013). Briefly, for each vewipoint a primer p5 was designed in

close proximity to the Nlalll restriction site and a primer p7 was designed close to the Dpnll

restriction site. [llumina adaptors were added in the 5° end of both primers together with a

specific barcode sequence for each sample. The PCR was performed with the Expand Long

Template PCR system (Table xxx) using the following conditions:

Component Volume
10X PCR buffer Sul
dNTPs 10mM each 1 ul

35 pmol/ul p5 primer 1ul
35 pmol/pl p5 primer 1wl
Expand Long polymerase 0.7

4C DNA 50ng/pl 1wl
GoTaq 0.07
H20 To 50 pl

94°C — 2minutes

94°C — 10 seconds

60°C — 1 minute 30 cycles
68°C — 3 minutes

68°C — 5 minutes
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Table 3.5.8.5. Primers used for 4C DNA amplification

Name Viewpoint Sequence (adaptor+barcode+primer)
5WT Gatab vromoter AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGCTCTTCCG
p ata6 promote ATCTGCCAATGGACTTACTAAAAGGGTAGACTGTC
5 TFBS Gata6 promoter AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGCTCTTCCG
p p ATCTACAGTGGGACTTACTAAAAGGGTAGACTGTC
5 CGI Gatab promoter AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGCTCTTCCG
p p ATCTGTGAAAGGACTTACTAAAAGGGTAGACTGTC
AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGCTCTTCCG
p5 TFBS+CGI  Gata6 promoter ATCTCTTGTAGGACTTACTAAAAGGGTAGACTGTC
p7 Gata6 promoter CAAGCAGAAGACGGCATACGAGGACTTACTAAAAGGGTAGACTGTC
. . .. AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGCTCTTCCG
p5S WT Gata6-TAD insertion site 11 A ATCTGTTAGCTCTCTCTACTGGCA
. . .. AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGCTCTTCCG
p5 TFBS Gata6-TAD insertion site 11, AGTGCTGTTAGCTCTCTCTACTGGCA
. . .. AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGCTCTTCCG
p5 CGI Gata6-TAD insertion sit€ 111G AACTGTTAGCTCTCTCTACTGGCA
. . .. AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGCTCTTCCG
p5 TFBS+CGI Gata6-TAD insertion Sit€ 111G 1ACTGTTAGCTCTCTCTACTGGCA
p7 Gata6-TAD insertion site CAAGCAGAAGACGGCATACGATCGATGGCACTGTTATTCTGAC
. . . .. AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGCTCTTCCG
p5 WT Grial-TAD insertion sit€ 1160 ATCAGACTACATCATAACAAGGAGCA
. . . . AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGCTCTTCCG
p5 TFBS Grial-TAD insertion site 17, cAGTGCAGACTACATCATAACAAGGAGCA
. ) . .. AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGCTCTTCCG
p5 CGI Grial-TAD insertion sit€ 111G AACAGACTACATCATAACAAGGAGCA
. . . .. AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGCTCTTCCG
p5 TEBS+CGI Grial-TAD insertion site 1117 TACAGACTACATCATAACAAGGAGCA
p7 Grial-TAD insertion site CAAGCAGAAGACGGCATACGATCGAGTATGACCAATCATTTGCC
5 WT PE Six3 AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGCTCTTCCG
p ATCTACAGTGATTAACACCCAAACGCCTGC
5 del36 PE Six3 AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGCTCTTCCG
p X ATCTGTGAAAATTAACACCCAAACGCCTGC
5 iny PE Six3 AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGCTCTTCCG
p ATCTCTTGTAATTAACACCCAAACGCCTGC
p7 PE Six3 CAAGCAGAAGACGGCATACGAAATGTAAGTGGAGCTCGTACTG
5 WT PE Sox] AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGCTCTTCCG
p ATCTACAGTGCTCTCCAGCAGCGAAAGCAAA
5 PE Soxl-/- PE Soxl AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGCTC
p TTCCGATCTGTGAAACTCTCCAGCAGCGAAAGCAAA
p7 PE Sox1 CAAGCAGAAGACGGCATACGAAATGTAAGTGGAGCTCGTACTG
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3.6  Statistical analysis

3.6.1 RT-qPCR analysis

Gene expression levels were calculated using the 2ACt method and normalize to the average
signal of two housekeeping genes (Eefla and Hptr from Table 3.5.2). Standard deviations were

calculated from technical triplicates reactions.

3.6.2 ChIP-qPCR analysis

ChIP levels were calculated as percentage of input and normalized to the average signal of two
negative regions (Chr2 and Chr6 from Table 3.5.3.2). Standard deviations were calculated from

technical triplicates reactions and represented as error bars.

3.6.3 Hi-C analysis

The Hi-C analysis was done in collaboration with Victor Sanchez-Gaya. He did the

computational analysis and I contributed to the design and interpretation of the data.

For the analysis, we used the .hic files for two Hi-C replicates (GSM3752487, GSM3752488)
generated in ESCs, and the .cool format files from GSE98671 (GSM2644945, GSM2644946) at
a 20-kb matrix resolution. The .hic files were converted to .cool format using a 5-kb matrix
resolution with the hic2cool software (https://github.com/4dn-dcic/hic2cool). For both datasets
the corresponding replicates in .cool format were merged and normalized (Abdennur & Mirny,

2020).

When a PE-distal was found in a TAD with a devTSS that contain a CAP-CGI within <3 kb,
both coordinates were selected to define a PE—gene pair of the group “Developmental genes with

CGI+ promoters”. On the other hand, when a PE-distal was found in a TAD with TSS that do not
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contain a CAP-CGI within <3 kb, both coordinates were selected to define a PE—gene pair of the
group “Genes with CGI- promoters). In addition, we applied the following filters: (i) PE—gene
pairs were balanced to compare groups of PE—gene pairs without significant differences in their
linear genomic sizes. PE—gene pairs with similar lengths were selected by applying the nearest
neighbor matching method (without replacement and ratio=1) using Matchlt (https://cran.r-
project.org/web/packages/Matchlt/Matchlt.pdf) and considering Group “Developmental genes
with CGI+ promoters” as the treatment condition; (i1) only TSSs of genes with expression <1
FPKM were considered. We used TADs defined in mESC_Dixon2012-raw_TADs.txt (Dixon et
al., 2012).

The pile-up plots for the GSE130723 and GSE98671 Hi-C datasets were generated with
coolpup.pyc106 using a padding of 50 kb or =100 kb, respectively.

3.6.4 TF motif analysis

The TF motif analysis was done in collaboration with Victor Sanchez-Gaya. He did the

computational analysis and I contributed to the design and interpretation of the data.

The genomic coordinates of PEs and AEs were defined by p300 peaks identified in ESCs (Cruz-
Molina et al., 2017) and located >2.5 kb away from any RefSeq TSS. Among the PEs, we
considered only those with a CAP-CGI within <3 kb and that did not overlap with the p300
peaks defining the PEs. Motif analyses were performed separately for the CAP-CGIs and the
p300 peaks associated with the selected PEs using Homer (Heinz et al., 2010) (using as
parameters: -size given -mset vertebrates) and SeqPos (Liu et al., 2011) (using a mouse and

human curated motif database and de novo motif searches)
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3.6.5 Whole-genome bisulfite sequencing (WGBS) analysis

The WGBS analysis was done in collaboration with Tore Bleckwehl. He did the computational

analysis and I contributed to the design and interpretation of the data.

For WGBS analyses we used public data from ESCs cultured with MEK and GSK3 inhibitors
(21) (Habibi et al., 2013), epiblast-like cells (EpiLCs) (Zylicz et al., 2015), epiblast stem cells
(EpiSCs) (Zylicz et al., 2015), serum + LIF ESCs (GSE82125) and neural progenitor cells
(GSES82125). The adapters were trimmed with Trim Galore and mapped to the mm10 reference
genome using Bismark-v.0.16.1 (Krueger & Andrews, 2011) and bowtie2 v.2.2.9 (Langmead &
Salzberg, 2012). For each cell type, the CpG methylation levels were estimated with the Bismark
methylation extractor, considering only CpGs with a coverage of 3—100 reads. For visualization
of CpG methylation levels around pCGlIs and oCGls, the average CpG methylation signal was
visualized with deeptools v.3.3.1 (Ramirez et al., 2016).

3.6.6 ChIP-seq profile plots

The ChIP-seq profile plots were done in collaboration with Victor Sanchez-Gaya. He did the

computational analysis and I contributed to the design and interpretation of the data.

PE-distal were separated into four groups: (i) PEs with overlapping TFBS/p300 and CAP-CGls;
(i1) PEs with TFBS/p300 separated by 1 bp to 1 kb from a CAP-CGI; (iii) PEs with TFBS/p300
separated by 1-3 kb from a CAP-CGI; and (iv) PEs without CAP-CGIs within 3 kb. The
coordinates of AEs without CAP-CGI in <3 kb were also considered. mESC datasets from
GSE157748 and GSE89209 (H3K27me3), GSE104067 (TET1) and GSE126862 (KDM2B) were
used. Profiles plots were generated using computeMatrix and plotProfile from deepTools

(Ramirez et al., 2016).
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3.6.7 Genetic analysis of 0CGIs

The genetic analysis of 0CGIs was done in collaboration with Victor Sanchez-Gaya. He did the

computational analysis and I contributed to the design and interpretation of the data.

For the analysis, we used PE coordinates from (Cruz-Molina et al., 2017) and filtered the list for
PEs that were more than 2.5kb away from any TSS (PE-all). We sub-filtered the list for PEs that
were at least 10kb away from any TSS (PE-distal). CAP-CGI coordinates were obtained from
(R. S. Illingworth et al., 2010). NMI coordinates were obtained from (Long, Sims, et al., 2013).

In mESCs, developmental genes commonly contain broad H3K27me3 domains. Therefore, to

A relevant feature for many important cell-identity genes is that they are frequently embedded
within broad domains of H3K27me3 when they are not expressed (Rehimi et al., 2016).
Therefore, we processed H3K27me3 ChIP-Seq and its corresponding input data generated in
mESC (GSE89209; H3K27me3 ID: SRR4453259, Input ID: SRR4453262). Next, H3K27me3
peaks with respect to the Input were called with MACS2102 using the broad peak calling mode.
Only those peaks with a fold-enrichment > 3 and q value < 0.1 were maintained. Subsequently,
peaks closer than 1kb were merged using bedtools, and associated with a protein coding gene if
they overlapped a TSS. Lastly, the size distribution of the H3K27me3 peaks associated with
genes was studied and developmental genes were defined as those genes with the largest peak
sizes. To do so, the knee of the size distribution was determined with findiplist() (inflection R
package; [https://cran.r-project.org/web/packages/inflection/vignettes/inflection.html]). Upon
curvature analysis, a threshold of 6 Kb was defined and, thus, all genes with a H3K27me3 peak

length larger than 6kb were considered as developmental genes (devTSS).

CAP-CGIs were associated with PE-distal or devTSS if located less than 3kb away from them. In
addition, to get a representation of the bulk genome composition, a third group of random

regions was created. To create this random group, each of the regions associated with a PE-distal
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was randomly relocated along the genome 1000 times, maintaining its size. Finally the set of all

randomized regions constituted the random group.

To retrieve the DNA sequences of the studied regions, the BSgenome package was used (Pages,
2020), using as reference the unmasked mouse mm9 genome. For each region: its length, the
percentage in G+C, the percentage in CpG and the CpG observed/expected ratio was calculated.
The %CpG was calculated as the ratio of CpG dinucleotide counts with respect to half the total
region length. The ratio of observed to expected CpG is calculated according to the formula

presented in (Gardiner-Garden & Frommer, 1987).
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4- RESULTS

4.1  Genes with CGI-rich promoters respond to PEs

To investigate the rules dictating the compatibility between enhancers and genes, we
implemented a genetic engineering approach consisting on insertions of a PE into different
TADs (Figure 4.1.1). By selecting TADs whose genes are inactive and devoid of active
enhancers both in mESC and AntNPC, we reasoned that any transcriptional effect in these genes
should only be attributed to the PE insertion. To implement this approach, we used a CRISPR-
Cas9 knock-in system (Yao et al., 2018) to insert the PE SoxI(+35) at approximately 100kb
from Gata6-, FoxA2-, Grial-TSS (Figure 4.1.2). The inserted PE SoxI(+35) sequence contains a
highly conserved TFBS and a nearby oCGI. The three loci were selected because they contain
genes with different promoter types according to a previous classification (Lenhard et al., 2012).
As PE-target genes, Gata6 and FoxA2 contain type III promoters, which correspond to
developmental genes with large CGI extending to the body of the gene (Figure 4.1.2). In
contrast, Grial contain a type I promoter, which is a promoter without CGIs (Figure 4.1.2).
Using this strategy, we obtained two homozygous clones for each insertion site (Figure 4.1.3).
To study the transcriptional effect of the inserted PE, we did RT-qPCR in mESC and AntNPC
engineered cell lines and measured the expression of Gata6, FoxA2 or Grial. In addition, Sox!
expression was measured as a positive control for proper differentiation. As expected, the
insertion of the PE Sox1(+35) did not affected Gata6, FoxA2 or Grial expression in mESC
(Figure 4.1.4A-D). However, in AntNPC, Gata6 or FoxA2 expression was induced by ~50- or
~13-fold with respect to WT cells, respective (Figure 4.1.4A-D). In contrast, the PE SoxI(+35)
insertion did not had any transcriptional effect on Grial-TAD engineered AntNPC. This result

suggest that some genes are responsive to PEs, albeit they are normally expressed in a different
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cellular states than the one in which the PE is active. Interestingly, not all the genes respond to

PEs, which also suggest that there might be genetic rules regulating PE responsiveness.
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Figure 4.1.1. Knock-in of PEs in mESC. (A) The left panel shows ChIP-seq data (Cruz-Molina et al.,
2017) from mESC (P300, H3K27me3) and AntNPC (H3K27ac) at the Sox/ locus. PE SoxI(+35) is
highlighted in yellow. The right left panel shows, highlighted in blue, the PE Sox(+35) sequence used
for knock-in insertions and its associated ChIP-seq (Cruz-Molina et al., 2017) data from mESC (p300,
H3K27me3, H3K4mel, H3K27ac) and AntNPC (H3K27ac). (B) Strategy used to insert PE Sox1(+35) at
different TADs. TAD boundaries are represented as dotted lines. A PCR product containing the PE
Sox1(+35) sequence and 300 bp homology arms (LHA and RHA) specific for each targetted locus was
used for as template for CRISPR-Cas9 mediated homology-dependent recombination.
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Figure 4.1.2. Selected TADs for Knock-in of PEs in mESC. Hi-C profiles (Bonev et al., 2017) of the
Gata6-, FoxA2- and Grial-TAD. TAD boundaries are denoted with dotted lines. H3K27me3 ChIP-seq
signals in mESC are shown in green (Cruz-Molina et al., 2017) and CGlIs are indicated as yellow
rectangles. The red triangle indicates the integration site of the inserts.
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Figure 4.1.3. Genotyping of inserted PEs in mESC. For the identification of the PE SoxI(+35)
insertions, primer pairs flanking the insertion borders (1+3, 4+2, 1+5 and 6+2), amplifying potential
duplications (3+2 and 6+1) and amplifying a large or small fragment depending on the absence or
presence of the insertion (1+2), respectively, were used. The PCR results obtained for WT ESCs and for
two ESC clonal lines with homozygous insertions of the PE Sox(+35) in the different TADs (i.e. Gata6-,
FoxA2- and Grial-TAD) are shown.
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Figure 4.1.4. Not all genes are responsive to PE insertions. RT-qPCR experiments showing the
expression levels of SoxI and Gata6 (A), FoxA2 (B) or Grial (C) in mESC and AntNPC cell lines that
were either WT (grey) or homozygous for the insertion of PE Sox/(+35) in the Gata6- (A), FoxA2-TAD
(B) or Grial-TAD (C) (red). For the cells with the PE insertions, two different clonal cell lines (circles
and diamonds) were studied in each case. For each cell line, two technical replicates of the AntNPC
differentiation were performed. The plotted expression values for each clone correspond to the average
from three RT-qPCR technical replicates. Expression values were normalized to two housekeeping genes
(Eefla and Hprt). Grial expression values are presented as arbitrary units (R.U.) since it was not
detectable (ND) except in the mouse adult brain.

The above result suggest that genes with CGI-rich promoters (i.e. Gata6 and FoxA?2) are able to
respond to PEs (i.e. Gata6 and FoxA2), in contrast to genes with CGI-poor promoters (Lenhard
et al., 2012). To experimentally assess whether developmental genes with large CGI clusters in
their promoters are particularly responsive to PEs, we inserted the PE Sox/(+35) into the
Sox7/Rp1l1-TAD, between Sox7 and Rpl/l (24 kb from Sox7 and Rpl1l1 TSSs) (Figure 4.1.5A
and B). Sox7 and Rplll are both inactive in ESCs and AntNPCs, but differ in their type of
promoter: Sox7 contain a type III promoter (i.e. a CGI cluster that extends from its promoter

region to part of its 5° coding region), while Rpl/] contain a type I promoter (i.e. a CGI-poor
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promoter). Differentiation of this cell line into AntNPC and subsequent RT-qPCR assay showed
that PE SoxI(+35) is not able to induce Rplll (Figure 4.1.5C). In contrast, Sox7 was strongly
induced by the PE insertion. Altogether, these results suggest that genes containing CGI-rich

promoters might be particularly responsive to PEs.
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Figure 4.1.5. CGl-rich gene, but not CGI-poor, respond to PE induction. (A) Hi-C profiles (Bonev et
al., 2017) of the Sox7/Rp1l1-TAD. TAD boundaries are denoted with dotted lines. H3K27me3 ChIP-seq
signals (Cruz-Molina et al., 2017) in mESC are shown in green and CGIs are indicated as yellow
rectangles. The red triangle indicates the integration site of the insert. (B) For the identification of the PE
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Sox1(+35) insertions, primer pairs flanking the insertion borders (1+3, 4+2, 1+5 and 6+2), amplifying
potential duplications (3+2 and 6+1) and amplifying a large or small fragment depending on the absence
or presence of the insertion (1+2), respectively, were used. The PCR results obtained for WT ESCs and
for two ESC clonal lines with homozygous insertion of the PE SoxI(+35) in the Sox7/RpllI-TAD are
shown. (C) RT-qPCR experiments showing the expression levels of Sox/, Sox7 and Rp1/l in mESC and
AntNPC cell lines that were either WT (grey) or homozygous for the insertion of PE SoxI(+35) in the
Sox7/Rp1l1-TAD (red). For the cells with the PE insertions, two different clonal cell lines (circles and
diamonds) were studied in each case. For each cell line, two technical replicates of the AntNPC
differentiation were performed. The plotted expression values for each clone correspond to the average
from three RT-qPCR technical replicates. Expression values were normalized to two housekeeping genes
(Eefla and Hprt).

4.2  Role of CGIs in PE-target genes pre-looping

Before becoming active, PEs are already bookmarked in ESCs with preformed contacts with
their target genes (Cruz-Molina et al., 2017). To further investigate these preformed topologies
between PE and genes containing CGls, we analysed Hi-C public data from mESC to assess the
frequency of contacts between PEs and genes that are CGI-rich or CGI-poor. Interestingly, PEs
commonly establish physical contacts with CGI-rich promoters from genes located their same
TAD, in contrast to genes containing CGI-poor promoters (Figure 4.2.1A). To experimentally
test this correlation, we did 4C-seq experiments in Gata6- and Grial-TAD engineered mESC
using as a viewpoint the insertion site or the target gene promoter (i.e. Gata6 or Grial promoter).
We observed a strong interaction between the PE Sox1(+35) inserted at the Gata6-TAD and the
Gata6 promoter, but no interaction between the PE SoxI(+35) inserted at the Grial-TAD and
the Grial promoter (Figure 4.2.1B).
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Figure 4.2.1. CGIl-rich genes physically interact with PEs located at their same TAD. (A) Hi-C data
previously generated in ESCs was used to generate pile-up plots showing the average interaction between
PEs and either developmental genes with CGl-rich promoters (upper panel) or genes with CGI-poor
promoters (lower panel). For each of the considered PE-gene pairs, both the PE and the gene were located
within the same TAD. (B and C) 4C-seq experiments were performed using the Gata6- (B) or the Grial-
TAD insertion site (C) as viewpoints in ESCs that were either WT (grey) or homozygous for the
insertions of the PE Sox1(+35) (red) within Gata6- (B) or the Grial-TAD insertion site (C).

Our lab has previously suggested that the pre-looping between PEs and their target genes is
dependent on PcG complexes located at both sites (Crispatzu et al., 2021; Cruz-Molina et al.,
2017). Therefore, we reasoned that impairing PcG binding at a PE should abolish its interaction
with the target gene. Since CGI act as PcG responsive elements in vertebrate genomes, we tested
this hypothesis by using CRISPR-Cas9 to delete the endogenous CGI of PE SoxI(+35) (PE
Sox1(+35)CGI”"; Figure 4.2.2A). ChIP-qPCR for the H3K27me3 mark in WT mESC and in two
PE Sox1(+35)CGI " clones showed that the deletion of the CGI severely reduce H3K27me3
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levels at the PE SoxI(+35) (Figure 4.2.2B). To study the effect of the CGI deletion in the
looping between PE SoxI(+35) and Soxi, we did 4C-seq experiments in WT mESC and PE
Sox1(+35)CGI™". In agreement with our hypothesis, the deletion of PE SoxI(+35)CGIresulted in
reduced physical contacts with the Sox/ promoter (Figure 4.2.2C).
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Figure 4.2.2. CGIs recruit PcG at PEs and regulate their physical interactions with target genes. (A)
The left panel shows ChIP-seq data from ESCs (p300 and H3K27me3) and AntNPCs (H3K27ac) at the
Sox1 locus (Cruz-Molina et al., 2017). The PE SoxI(+35) is highlighted in yellow. CGIs are represented
as yellow rectangles. The right panel shows a close-up view of the PE SoxI(+35) with additional
epigenomic and genomic data. The represented CGIs correspond to those computationally defined in the
UCSC browser according to the following criteria: GC content > 50%; Length > 200 bp; CpG Observed
to expected ratio > 0.6. Vert. Cons.= vertebrate PhastCons. The right panel shows the PCR screening for
detecting the PE Sox1(+35)CGI deletion. Primer pairs flanking each of the deletion breakpoints (1+3 and
4+2), located within the deleted region (5+6) or amplifying a large or small fragment depending on the
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absence or presence of the deletion (1+2) were used. The PCR results obtained for WT ESCs and for two
ESC clonal lines with homozygous deletions of the PE Sox/(+35)CGI (PE SoxI(+35)CGI’”) are shown.
(B) H3K27me3 levels at PE Soxi(+35) were measured by ChIP-qPCR in WT ESCs (gray), and in two
PE Sox1(+35)CGI’~ ESCs clones using primers adjacent to the deleted region. ChIP-qPCR signals were
normalized against two negative regions. Error bars correspond to standard deviations from three
technical replicates. (C) 4C-seq experiments were performed using the PE SoxI1(+35) as a viewpoint in
ESCs that were either WT (gray) or homozygous for the deletion of PE Sox1(+35) CGI (PE Sox1 CGI ™
(red)). H3K27me3 ChIP-seq signals in ESCs are shown in green. The genomic location of PE Sox1(+35)
and Sox/ are highlighted in gray.

In order to further study the contribution of CGIs to the topological function of PEs, we now
dissected PE Sox1(+35) into two elements (i.e. the TFBS and the CGI) and inserted them alone
or together into the same TADs studied above (i.e. Gata6-, FoxA2-, Grial- and Sox7/Rplll-
TAD) (Figure 4.4.1A). We assume that this approach will be more adequate to study the effect of
CGI in individual PEs than loss-of-function approaches (i.e. deletion of CGls), because of two
main reasons: (i) CGI are close to and commonly overlapping TFBS, which complicates the
deletion of specific PE components; (ii) other regulatory elements (i.e. redundant enhancers)
present in the target gene landscape could mask the regulatory function of CGls. Using this
strategy, we obtained two homozygous clones for each insertion (i.e PE SoxI(+35)TFBS,
Sox1(+35)CGI or PE Sox1(+35)TFBS+CGI) in each locus (i.e. Gata6-, FoxA2-, Grial- and
Sox7/Rp1l1-TAD) (Figure 4.4.1B).
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Figure 4.4.1. Generation of cell lines with knock-in of different PEs modules within different TADs.
(A) The left panel shows ChlP-seq data from ESCs (p300 and H3K27me3) and AntNPCs (H3K27ac) at
the SoxI locus (Cruz-Molina et al., 2017). The PE SoxI(+35) is highlighted in yellow. CGIs are
represented as yellow rectangles. The right panel shows a close-up view of the PE SoxI(+35) with
additional epigenomic and genomic data. The represented CGIs correspond to those computationally
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defined in the UCSC browser according to the following criteria: GC content > 50%; Length > 200 bp;
CpG Observed to expected ratio > 0.6. Vert. Cons.= vertebrate PhastCons. (B) For the identification of
the PE SoxI(+35) insertions, primer pairs flanking the insertion borders (143, 4+2, 1+5 and 6+2),
amplifying potential duplications (3+2 and 6+1) and amplifying a large or small fragment depending on
the absence or presence of the insertion (1+2), respectively, were used. The PCR results obtained for WT
ESCs and for two ESC clonal lines with homozygous insertion of each of the PE SoxI(+35) insertions
(TFBS, CGI and TFBS+CGI) in the Gata6-, FoxA2-, Grial- or Sox7/Rp1l1-TAD are shown.

Next, to evaluate whether the inserted CGI was able to recruit PcG, we performed ChIP assays
for PcG associated histone marks (i.e. H3K27me3 and H2AK199ub) and PcG subunits (i.e.
SUZ12 and RINGI1B) in ESC lines containing the different PE SoxI(+35) components within
the Gata6- or Grial-TAD (Figure 4.4.2). PRC2 associated mark H3K27me3 and its subunit
SUZ12 were enriched around all the inserts containing the CGI (PE SoxI(+35)CGI and PE
Sox1(+35)TFBS+CGI in Gata6- and Grial-TAD) (Figure 4.4.2). Intriguingly, PRC1 associated
mark H2K119ub and its subunit RING1B were more around the Sox/(+35)TFBS+CGI insert
than in the PE SoxI(+35)CGI in both the Gata6- and Grial-TAD (Figure 4.4.2). This suggest
that the binding of PRC1 is increased by the combination of TFBS and oCGls. Since previous
research suggest that PRC1, but not PRC2, is involved in PcG-mediated long-range contacts
(Isono et al., 2013), we hypothesized that only the combination of TFBS+CGI and a CGI-rich
promoter would generate a loop. To test this, we did 4C-seq experiments in Gata6-and Grial-
TAD engineered mESC using as a viewpoint the insertion site or the target gene promoter (i.e.
Gata6 or Grial promoter). Indeed, we observed a strong interaction between the PE
Sox1(+35)TFBS+CGI and the Gata6 promoter, while the PE SoxI(+35)TFBS or the PE
Sox1(+35)CGI did not show any specific interaction with this gene (Figure 4.4.3A). Contrary,
neither the Sox1(+35)TFBS+CGI nor the other components inserted in the Grial-TAD showed
interaction with Grial (Figure 4.4.3B). Together, these results suggest that CGI at PEs are
necessary for PcG loading and pre-looping between PEs and their target genes.
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Figure 4.4.2. oCGls are necessary for the recruitment of PcG to PEs. PRC1 (H3K27me3 and SUZ12)
and PRC2 (RING1B and H2AK119ub) levels at PE Sox1(+35), the insertion site (P1 and P2) or the target
gene promoter (Gata6 or Grial promoter) were measured by ChIP-qPCR in WT ESCs (gray), and cell
lines with the different PE SoxI(+35) insertions at the Gata6- (upper panel) or Grial-TAD (lower panel)
(TFBS (blue), CGI (yellow) and TFBS+CGI (red)). ChIP-qPCR signals were normalized against two
negative regions.
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Figure 4.4.3. 0oCGls regulate the looping between PEs and their target genes in ESC. (A) 4C-seq
experiments were performed using the Gata6 promoter (upper panel) or the insertion site as viewpoints in
ESCs that were either WT (grey) or homozygous for different insertions at the Gata6-TAD (TFBS (blue),
CGI (yellow) and TFBS+CGI (red)). (B) 4C-seq experiments were performed using the Grial promoter
as viewpoint in ESCs that were either WT (grey) or homozygous for different insertions at the Grial-
TAD (TFBS (blue), CGI (yellow) and TFBS+CGI (red))

43 Role of CGIs in PE-target gene activation

Our lab previously suggested that pre-looping between PEs and their target genes might be
important for the cis-activation capacity of the enhancer (Crispatzu et al., 2021; Cruz-Molina et
al., 2017). Therefore, we reason that PE-associated CGIs can influence the induction of target
genes, by at least regulating their topological configuration. Therefore, to investigate the
regulatory role of CGIs in PEs, we differentiated WT mESC, two PE SoxI(+35)CGI " clones
and one cell line where the complete Sox/(+35) was deleted (PE Sox1(+35)") (Cruz-Molina et
al., 2017) into AntNPC and measured Sox/ expression by RT-qPCR. In mESC, the deletion of
the CGI did not affected Sox! expression (Figure 4.3.1A). In AntNPC, PE Sox1(+35)CGI " and
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PE Sox1(+35)” clones showed a reduced Sox! induction by >2- and >4-fold compared to WT,
respectively (4.3.1A). This result suggest indeed a positive role of PE-associated CGI to the cis-

activation capacity of the enhancer.
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Figure 4.3.1. oCGlIs have regulatory functions in PEs. The expression of Sox/ (was measured by RT-
gPCR in ESCs (left panels) and AntNPCs (right panels) that were either WT (grey), homozygous for the
deletion of the PE SoxI(+35)CGI (PE SoxI(+35)CGI”) or homozygous for the deletion of the PE
Sox1(+35) ( PE Sox1(+35)”). For PE SoxI(+35)CGI", two different clonal cell lines (circles and
diamonds) were studied. For each cell line, two technical replicates of the AntNPC differentiation were
performed. The plotted expression values for each clone correspond to the average and standard deviation
(error bars) from three RT-qPCR technical replicates. Expression values were normalized to two
housekeeping genes (Eefla and Hprt) and are presented as fold-changes with respect to WT ESCs.

To validate these results, we studied the transcriptional effect of CGls in the engineered PE
sequences by doing RT-qPCR in mESC and AntNPC with the different PE modules insertions
(i.e. PE Sox1(+35)TFBS, PE Sox1(+35)CGI and PE SoxI(+35)TFBS+CGI) in Gata6-, FoxA2-,
Grial- or Sox7/Rp1l1-TAD and measure the expression of the respective genes. In addition, Sox/
expression was measured as a control. As expected, none of the PE Sox(+35) insertions induced
gene expression in mESC (Figure 4.3.2A-D). However, in AntNPC, the Sox1(+35)TFBS+CGI
insertion strongly induced the expression of CGl-rich genes (i.e. Gata6, FoxA2 and Sox7) with
respect to WT cells, but did not affected the transcription of CGI-poor genes (i.e. Grial and
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Rplll) (4.3.2A-D). In contrast, the Sox/(+35)TFBS insertion only led to a weak induction of
Gata6 or Sox7 (4.3.2A-D). Lastly, the PE Sox1(+35)CGI had no effect in any of the AntNPC
engineered cell lines (4.3.2A-D).
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Figure 4.3.2. oCGIs boost the cis-activation capacity of PEs. (A-D) The expression of Gata6 (A),
Foxa2 (B), SoxI (A-D), Grial (C), Sox7 (D) and Rplll (D) was measured by RT-qPCR in ESCs (left
panels) and AntNPCs (right panels) that were either WT (grey) or homozygous for the insertions of the
different PE Sox1(+35) modules (i.e. TFBS (blue), CGI (yellow), TFBS+CGI (red)) in the Gata6- (A),
Foxa2- (B), Grial- (C) or Sox7/RpllI-TAD (D). For the cells with the PE module insertions, two
different clonal cell lines (circles and diamonds) were studied in each case. For each cell line, two
technical replicates of the AntNPC differentiation were performed. The plotted expression values for each
clone correspond to the average and standard deviation (error bars) from three RT-qPCR technical
replicates. Expression values were normalized to two housekeeping genes (Eefla and Hprf) and are
presented as fold-changes with respect to WT ESCs. The expression differences between AntNPCs with
the TFBS+CGI module and either WT AntNPCs or AntNPCs with the different PE modules were
calculated using non-paired t-tests (***: fold-change>2 & p<0.0001; ns: not significant; fold-change<2 or
p>0.01).
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Finally, to asses if the previous results are consistent with other PEs, we generated new cell lines
containing modules from the PE Wnt8b(+21) (i.e. PE Wnt8b(+21)TFBS, PE Wnt8b(+21)CGI
and PE Wnt8b(+21)TFBS+CGI) in the Gata6-TAD (Figure 4.3.2A). Like SoxI, Wnt8b is
associated to a PE (i.e. PE Wnt8b(+21)), which controls Wnt8b expression in AntNPC (Cruz-
Molina et al., 2017). RT-qPCR experiments in mESC and AntNPC of these engineered cell lines
showed again that the combination of TFBS and CGI (i.e. Wnt8b(+21)TFBS+CGI) strongly
induce Gata6 in AntNPC, while the TFBS and CGI modules do not affect Wnt8h expression
Figure 4.3.2B).
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Figure 4.3.2. Modular knock-in of PE Wnt8b(+21) within the Gata6-TAD. ChlP-seq data (Cruz-
Molina et al., 2017) from mESC (P300, H3K27me3, H3K4me, H3K27ac) and AntNPC (H3K27ac) at the
PE Wnt8b(+21) locus. The represented CGls correspond to those computationally defined in the UCSC
browser according to the following criteria: GC content > 50%; Length > 200 bp; CpG Observed to
expected ratio > 0.6. Vert. Cons.= vertebrate PhastCons. The lower left panel shows the combinations of
PE Wnt8b(+21) elements inserted into the Gata6-TAD (i.e. (i) PE Wnt8b(+21)TFBS; (ii)) PE
Wnt8b(+21)CGI; (ii1) PE Wnt8b(+21)TFBS+CGI). (B) Hi-C profiles of the Gata6-TAD (Bonev et al.,
2017). TAD boundaries are denoted with dotted lines. H3K27me3 ChIP-seq signals in mESC are shown
in green (Cruz-Molina et al., 2017) and CTCF binding sites in ESC are shown as black rectangles. CGls
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are indicated as yellow rectangles. The red triangle indicates the integration site of the PE Wnt8b(+21)
modules. (C) PE Wnt8b(+21) modules insertions at the Gata6-TAD were evaluated by PCR using
primers flanking the insertion borders (1+3 and 4+2; 1+5 and 6+2; or 143 and 6+2), amplifying potential
duplications (4+3, 342 and 4+1; or 6+5, 5+2 and 6+1) and amplifying a large or small fragment
depending on the absence or presence of the insertion (1+2), respectively, were used. (D) RT-qPCR
experiments showing the expression levels of Wnt8bh and Gata6 in mESC and AntNPC cell lines that
were either WT or have the different PE Wnt8b(+21) insertions (i.e. TFBS, CGI, TFBS+CGI) in the
Gata6-TAD. For the cells with the PE module insertions, two different clonal cell lines (circles and
diamonds) were studied in each case. For each cell line, two technical replicates of the AntNPC
differentiation were performed. The plotted expression values for each clone correspond to the average
from three RT-qPCR technical replicates. Expression values were normalized to two housekeeping genes
(Eefla and Hprt).

44  Genetic and epigenetic properties of CGIs associated to PEs

Having identified a role for PE-associated CGI as topological and transcriptional regulators of
PEs, we decided to study the genetic and epigenetic properties of CGIs associated to PEs. First,
to identify CGI associated to PEs, we used coordinates from CAP-identified CGIs (CAP-CGls)
(R. S. Illingworth et al., 2010), computational-identified CGIs (cCGIs) (Gardiner-Garden &
Frommer, 1987) or Bio-CAP-identified CGIs (non-methylated islands (NMIs)) (Long, Sims, et
al., 2013) and overlapped them with previously determined PE coordinates (Cruz-Molina et al.,
2017). CAP-CGlIs and NMIs were included in the analysis since computational models are not a
precise methods for identifying promoter-distally located CGI, also referred as orphan CGls
(oCGIs) (Long, Sims, et al., 2013). We found that over 60% of PEs are within 3 Kb of
biochemically identified oCGIs (i.e. CAP-CGIS and NMIs), while this percentage is significantly
lower for computational-identified CGIs (Figure 4.4.1A). As stated before, this could be
explained by the fact that this algorithm underestimates the abundance of CGI, especially those
that are distal to TSS (Long, Sims, et al., 2013). In addition, we found that PEs are commonly
associated with only 1 CAP-CGI, while developmental genes usually contain clusters of CAP-

CGIs in their promoters (Figure 4.4.1B). Next, we genetically compared CAP-CGls associated to

81



RESULTS

PE (PE-CAP-CGlIs) with those found in proximity of developmental gene TSSs (devTSS-CAP-
CGIs) and random regions. In line with previous characterization of oCGls (Bell & Vertino,
2017), PE-CAP-CGIs are shorter in length and present a lower CpG density than devTSS-CAP-
CGlIs (Figure 4.4.1C and D). Here, I we will use the term oCGI for cCGls, CAP-CGIs and NMIs

that are located at least 3kb from a PE.
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Figure 4.4.1. 0oCGIs associated to PEs are a genetically distinct subgroup of CGIs. (A) Percentage of
PEs that are found within 0.25 or 3 Kb from: a CGI identified by CAP assay (R. S. Illingworth et al.,
2010) (CAP-CGI), a CGI identified by Bio-CAP assay (Long, Sims, et al., 2013) (NMIs) or a
computationally-defined CGI (Gardiner-Garden & Frommer, 1987). PE list was filtered to include only
PEs that are at least 10 Kb from TSS (light blue, PE-distal). (B) Percentage of CAP-CGI block sizes with
1 (blue), 2 (grey) or more than 3 CAP-CGIs (red) found within 3 Kb from a PE-distal or a TSS with at
least 1 CAP-CGI. TSS list was subdivided into two groups: TSS with H3K27me3 domains of more than 6
Kb or 10 Kb of length. (C and D) Comparison of the CpG percentage, observed/expected CpG ratio, GC
percentage and sequence length between random regions and biochemically identified CGls associated to
PEs or to TSS of genes with at least 1 CGI. On top of each plot, the asterisks indicate P-values calculated
using unpaired Wilcoxon tests with Bonferroni correction for multiple testing (** = p.val < 1e™'%; * p.val <
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0.05); the numbers in black indicate the median fold changes between the indicated groups; the green
numbers indicate non-negligible Cliff Delta effect sizes. CAP-identified CGIs coordinates (-CAP-CGI)
were used in (C) and Bio-CAP identified CGIs coordinates (NMIs) were used in (D).

Our data suggest that oCGI boost the TFBS cis-activation capacity, although they are not able to
induce the expression of the target genes when they are inserted alone. This suggest that the
boosting capacity of oCGls is not attributed to binding sites for TFs. We test did by doing an in
silico motif analysis using Homer and SeqPos for CAP-CGIs or TFBS (defined by p300
enrichment peaks) from PEs in which both elements do not overlap (Figure 4.4.2). This analysis
showed a high enrichment for pluripotency TFs motifs in TFBS but not specific enrichment for

any factors in CAP-CGlIs, which were mostly enriched in CpG-rich motifs instead.
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Figure 4.4.2. oCGlIs associated to PEs do not contain TF cognate motifs but serve as docking site for
CxxC-domian containing proteins. (A) TF motif analyses using Homer and Seqpos for PEs with a
CAP-CGI located in less than 3kb and that do not overlap with the p300 peaks defining the PEs (Cruz-
Molina et al., 2017). Motif analyses were performed separately for the CAP-CGIs and the p300 peaks
associated with the selected PEs. (B) ChIP-seq levels for KDM2B (upper panel) and TET1 (lower panel)
are shown around: (I) PEs with overlapping TFBS/p300 peaks and CAP-CGIs, (ii) PEs with TFBS/p300
peaks separated by 1bp-1kb from CAP-CGls, (iii) PEs with TFBS/p300 peaks separated by 1-3kb from
CAP-CGIs and (iv) PEs without CAP-CGIs within 3kb. ChIP-seq profile plots were generated using
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3kb from its p300 peak (violet). (D) Percentage of CpG methylation around CAP-CGI associated to PE
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(blue) or CAP-CGI associated with developmental gene TSS (green) in different cellular states: 2i
cultured mESC (2i ESC), Serum~+LIF cultured mESC (S+L ESC), Epiblast like cells (EpiLC), Epiblast
stem cells (EpiSC) and neural progenitor cells (NPC).

The genetic features of promoter-associated CGIs (pCGls) allow them to be bound by proteins
containing CxxC-domains (e.g. KDM2B, TET1), which also have additional domains and/or are
part of complexes that can modify chromatin (e.g. PcGs). Consequently, pCGI are typically
hypomethylated and enriched in PcG associated histone marks (e.g. H3K27me3). Having
showed that oCGI might not contain TF motifs, we reasoned that the boosting capacity of oCGls
could be attributed to its CG-rich density. To investigate if oCGI also bind proteins containing
ZF-CxxC domains, we used public ChIP-seq data sets to measure the levels of KDM2B and
TET]1 in subsets of PEs which contain CAP-CGls at different distances from their central region
(i.e. the highest P300 ChIP-seq peak signal): (i) PE overlapping CAP-CGls; (ii) PEs with CAP-
CGIs between 0 and 1kb; (iii) PEs with CAP-CGIs between 1 and 3kb and (iv) PEs without
CAP-CGlIs in their proximities. Both KDM2B and TET are highly enriched around the center of
the CAP-CGI in all the subset of PEs, but their binding is reduced at the center of the PE when
the CAP-CGI is more distal (Figure 4.4.2B). Interestingly, H3K27me3 ChiP-seq data shows that
even those PE with CAP-CGI at 3kb are highly enriched in PcG binding (Figure 4.4.2C). In
addition, analysis of publically available whole genome bisulfite data demonstrate that oCGls

share a similar hypomethylation pattern as pCGls (Figure 4.4.2D).

Together, these results suggest that the high density of CpGs might be the required genetic
information necessary for effecting their regulatory role. To investigate this, we designed an
artificial CGI (aCGI) and inserted it alone or together with the PE SoxI(+35)TFBS at the Gata6-
TAD (PE Sox1(+35)TFBS+aCGI; Figure 4.4.3A). Notably, RT-qPCR experiments in AntNPC
showed that SoxI(+35)TFBS+aCGI cells expressed considerably higher levels of Gata6 than
Sox1(+35)TFBS cells (Figure 4.4.3B), whereas the insertion of the aCGI alone did not induced
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Gata6 expression (Figure 4.4.3C). In conclusion, this data suggest that the CpG-richness of

oCGIs might be sufficient to boost the cis-activation capacity of PEs.
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Figure 4.7. Modular knock-in of an artificial oCGI and the PE SoxI(+35) within the Gata6-TAD.
The upper left panel shows ChIP-seq data (Cruz-Molina et al., 2017) from mESC (P300, H3K27me3,
H3K4me, H3K27ac) and AntNPC (H3K27ac) at the PE SoxI(+35) locus. The represented CGls
correspond to those computationally defined in the UCSC browser according to the following criteria: GC
content > 50%; Length > 200 bp; CpG Observed to expected ratio > 0.6. Vert. Cons.= vertebrate
PhastCons. The lower left panel shows the elements inserted into the Gata6-TAD (i.e. PE
Sox1(+35)TFBS alone or together with the artificial oCGI (PE SoxI(+35)TFBS+aCGI)). The right panel
shows Hi-C profiles of the Gata6-TAD (Bonev et al., 2017). TAD boundaries are denoted with dotted
lines. H3K27me3 ChIP-seq signals in mESC are shown in green (Cruz-Molina et al., 2017) and CBS in
ESC''"® are shown as black rectangles. CGls are indicated as yellow rectangles. The red triangle indicates
the integration site of the inserts. (B and C) Insertions of the PE SoxI(+35)TFBS and PE
Sox1(+35)TFBS+aCGI (B) or the artificial oCGI alone (aCGI) (C) were evaluated by PCR using primers
flanking the insertion borders (1+3 and 4+2), amplifying potential duplications (4+3, 3+2 and 4+1) and
amplifying a large or small fragment depending on the absence or presence of the insertion (1+2),
respectively, were used. (D and E) RT-qPCR experiments showing the expression levels of Sox/ and
Gata6 in mESC and AntNPC cell lines that were either WT or have the following insertions: PE
Sox1(+35)TFBS and PE Sox1(+35)TFBS+aCGI (D); or aCGI alone (E). For the cells with knock-ins, two
different clonal cell lines (circles and diamonds) were studied in each case. For each cell line, two
technical replicates of the AntNPC differentiation were performed. The plotted expression values for each
clone correspond to the average from three RT-qPCR technical replicates. Expression values were
normalized to two housekeeping genes (Eefla and Hprt).

4.5 oCGI do not increase the local activation of PEs but rather increase the

functional communication of PEs with their target genes

The boosting effect of oCGIs could be attributed to other factors besides its topological role.
Based on the notion that CGIs are commonly protected from DNA methylation and display a low
nucleosomal density, we reasoned that oCGI could also provide PEs with a permissive
environment for TF binding. Therefore, to explore the mechanistic role by which oCGI could
potentially facilitate TF binding, we studied the CpG methylation status and the accessibility of
the inserted PE Sox1(+35) components within Gata6-TAD. Bisulfite-qPCR experiments showed
that the PE SoxI(+35)TFBS insertion is ~40% CpG methylated and the PE
Sox1(+35)TFBS+CGI is completed hypomethylated in mESC (Figure 4.5.1A). On the other
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hand, FAIRE-qPCR experiments in mESC showed that the oCGI only have a mild effect in
increasing the chromatin accessibility of their surrounding locus (Figure 4.5.1B). To
simultaneously study the chromatin accessibility and CpG methylation levels of the TFBS, we
performed NOME-seq assays in mESC with the Sox(+35)TFBS or the Sox1(+35)TFBS+CGI
insertions. This experiment confirmed that oCGIs can protect the nearby TFBS from CpG

methylation but do not have major effects in chromatin accessibility (Figure 4.5.1C).
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Figure 4.5.1. oCGI protect PEs from CpG methylation but have a mild effect on chromatin
accessibility. (A) Bisulfite sequencing analyses during ESCs (Day0) differentiation into AntNPCs (Day5)
from cell lines with the PE Sox1(+35)TFBS or PE Sox1(+35)TFBS+CGI modules inserted in the Gata6-
TAD. DNA methylation levels were measured using a forward bisulfite primer upstream of the insertion
site and a reverse primer inside the TFBS module. (B) Chromatin accessibility at the endogenous PE
Sox1(+35) and the Gata6-TAD insertion site (primer pairs P1 and P2) were measured by FAIRE-qPCR in
ESCs (left panels) and AntNPC (right panels) that were either WT (gray) or homozygous for the
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insertions of the different PE SoxI(+35) modules (i.e. TFBS (blue), CGI (yellow), TFBS+CGI (red)).
FAIRE-qPCR signals were normalized against two negative control regions. The location of the primer
pairs P1 and P2 around the Gata6-TAD insertion site is represented as red arrows in the diagram shown
to the right. (C) DNA methylation and nucleosome occupancy at the TFBS module were simultaneously
analysed by NOME-PCR in ESC lines with the PE SoxI(+35)TFBS (left panel) or PE
Sox1(+35)TFBS+CGI modules (right panel) inserted in the Gata6-TAD. In the upper panels, the black
and white circles represent methylated or unmethylated CpG sites, respectively. In the lower panels, the
blue or white circles represent accessible or inaccessible GpC sites for the GpC methyltransferase,
respectively. Red bars represent regions large enough to accommodate a nucleosome and are
consequently considered as inaccessible. The dotted line represents the region where the TFBS sequence
starts. The primers used to amplify the TFBS sequences are shown as red arrows in the schematic
diagrams, with one of the primers being located within the inserted TFBS and the other one immediately
outside. The grey shaded area represents a nucleosome depleted region. (D) Scatter plots showing
population-averaged nucleosome occupancy (red) and DNA methylation (black) levels within the TFBS
sequence in cells with either the PE Sox1(+35)TFBS (left panel) or PE Soxi(+35)TFBS+CGI (right
panel) modules inserted within the Gata6-TAD. The grey shaded area represents a nucleosome depleted
region.

Importantly, we noticed that the PE SoxI(+35)TFBS without the oCGI gets progressively
hypomethylated during differentiation into AntNPC (Figure 4.5.1A). This suggest that TFs could
still bind to these regions even in a (partially) methylated state and that they might contribute to
their demethylation (Grand et al., 2021; Stadler et al., 2011). To test this prediction, we did
ChIP-qPCR experiments using antibodies against hallmarks of active enhancers (i.e. p300 and
H3K27ac) in the inserted PE Sox1(+35) components within Gata6-TAD or the Grial-TAD. In
the Gata6-TAD, PE Sox1(+35)TFBS and PE SoxI(+35)TFBS+CGI elements showed a similar
enrichment for p300 and H3K27ac in AntNPC (Figure 4.5.2A). Notably, in the Grial-TAD,
although this gene was not induced by any of the insertions, PE SoxI(+35)TFBS and PE
Sox1(+35)TFBS+CGI elements also gained H3K27ac and p300 binding in AntNPC. Together,
these results suggest that the boosting effect of oCGIs do not seem to involve a local effect in the

enhancer chromatin.
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Figure 4.5.2. oCGIs do not influence the local activation of the PE. H3K27ac and p300 levels at the
endogenous PE SoxI(+35) site, the insertions site (P1 and P2) or the target gene (i.e. Gata6(A) or
Grial(B)) were measured by ChIP-qPCR in ESCs (left panels) and AntNPC (right panels) that were either
WT (gray) or homozygous for the insertions of the different PE SoxI(+35) modules (i.e. TFBS (blue),
CGI (yellow), TFBS+CGI (red)) at the Gata6- (A) or the Grial-TAD (B). ChIP-qPCR signals were
normalized against two negative control regions. The location of the primers P1 and P2 around the Gata6-
or the Grial-TAD insertion site are represented as red arrows in the diagram shown in the middle panel.

Another hallmark of enhancer activation is the production eRNAs, which are short bidirectional
transcripts generated from the enhancer locus. To investigate whether the oCGIs regulate eRNA
production, we did RT-qPCR analysis in ESC and AntNPC using primers flanking the different
insertion sites (i.e. PE SoxI(+35)TFBS, PE Sox1(+35)CGI and PE SoxI(+35)TFBS+CGI) in
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Gata6-TAD or Grial-TAD. In contrast to what we observed for the H3K27ac mark, eRNAs
levels in the Gata6-TAD were >20-fold higher for the Sox/(+35)TFBS+CGI in comparison with
the Sox1(+35)TFBS insert, while the Sox1(+35)CGI did not produce any eRNA (Figure 4.5.3A).
In Grial-TAD, neither of the inserted produced eRNAs (Figure 4.5.3A). Additional ChIP-qPCR
experiments in AntNPC revealed that the strong production of eRNAs correlates with a higher
enrichment of RNAP2 and the Mediator complex in the Sox!(+35)TFBS+CGI in comparison
with the PE Sox1(+35)TFBS (Figure 4.5.3B). Interestingly, this was only seen in the Gata6-TAD
insertions, since in Grial-TAD the enrichment of both complexes were very weak (Figure
4.5.3B). Moreover, the SoxI(+35)CGI did not recruit neither of these factors (Figure 4.5.3B).
These results suggest that oCGIs might increase the functional communication between PEs and

genes with CGI-rich promoters.
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Figure 4.5.3. oCGIs increase the functional communication between PEs and their target genes. (A
and C) RNAP2 and MEDI1 levels at the endogenous PE Sox[(+35) site, the insertions site (P1 and P2) or
the target gene (i.e. Gata6(A) or Grial(C)) were measured by ChIP-qPCR in ESCs (left panels) and
AntNPC (right panels) that were either WT (gray) or homozygous for the insertions of the different PE
Sox1(+35) modules (i.e. TFBS (blue), CGI (yellow), TFBS+CGI (red)) at the Gata6- (A) or the Grial-
TAD (C). ChIP-qPCR signals were normalized against two negative control regions. The location of the
primers P1 and P2 around the Gata6- or the Grial-TAD insertion site are represented as red arrows in the
diagram shown in the middle panel. (B and D) eRNA levels at the endogenous PE SoxI(+35) and the
Gata6-TAD (B) or Grial-TAD (D) insertion sites (primers P1 and P2) were measured by RT-qPCR in
ESCs (left panels) and AntNPCs (right panels) that were either WT (gray) or homozygous for the
insertions of the different PE Sox(+35) modules (i.e. TFBS (blue), CGI (yellow), TFBS+CGI (red)) in
the Gata6- (B) or Grial-TAD (D). The plotted expression values correspond to the average and standard
deviation (error bars) from three RT-qPCR technical replicates. Expression values were normalized to
two housekeeping genes (Eefla and Hprf) and are presented as fold-changes with respect to WT ESCs.

4.6 oCGI boost PEs cis-activation capacity by increasing the physical

communication with their target genes

Altogether, our results suggest that the main regulatory function of oCGlIs is to facilitate the
establishment of long-range contacts between PEs and CGlI-rich genes. This topological
configuration might in turn facilitate the establishment of a functional communication between
PE and their target gene promoters. In support of this scenario, 4C-seq experiments in AntNPC
with the different PE SoxI(+35) insertions at the Gata6-TAD showed a strong interactions
between TFBS+CGI insert and the Gata6 promoter (Figure 4.6.1). Next, to test the relative
contribution of topology to the boosting effect, we inserted PEs modules (i.e. PE
Sox1(+35)TFBS and PE Sox(+35)TFBS+CGI) in the proximity to Grial-TSS and measure
Grial mRNA levels after differentiation into AntNPC (Figure 4.6.2A and B). We reasoned that
Grial-TSS is a more appropriate candidate than Gata6-TSS, since Gata6-TSS already contain
CGIs which could mask the contribution of inserted oCGlIs. Remarkably, RT-qPCR analysis of
the mentioned cell lines demonstrate that both PE SoxI(+35)TFBS+CGI and PE
Sox1(+35)TFBS inserts are able to induce Grial (Figure 4.6.2C). Moreover, the expression of
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Grial is not boosted by the presence of oCGI. Thus, the contribution of 0oCGI modules in the cis-

activation capacity of PEs might be mainly topological.
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Figure 4.6.1. oCGlIs increase the looping between PEs and their target genes in AntNPC. 4C-seq
experiments were performed using the Gata6 promoter as a viewpoint in AntNPC that were either WT
(black) or homozygous for the insertions of the different PE Sox1(+35) modules (i.e. TFBS (blue), CGI
(yellow), TFBS+CGTI (red)).
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Figure 4.6.2. 0CGlIs do not have a boosting effect for TSS-proximal enhancers. (A) Insertions of the
PE Sox1(+35)TFBS or PE SoxI(+35)TFBS+CGI at 380bp upstream the Grial-TSS were evaluated by
PCR using primers flanking the insertion borders (1+3 and 6+2), amplifying potential duplications (4+3,
3+2 and 4+1) and amplifying a large or small fragment depending on the absence or presence of the
insertion (1+2), respectively, were used.. (B) RT-qPCR experiments showing the expression levels of
Sox1 and Grial in mESC and AntNPC cell lines that were either WT or have the following insertions at
380bp upstream the TSS: PE Sox1(+35)TFBS or PE Sox1(+35)TFBS+CGI. For the cells with knock-ins,
two different clonal cell lines (circles and diamonds) were studied in each case. For each cell line, two
technical replicates of the AntNPC differentiation were performed. The plotted expression values for each
clone correspond to the average from three RT-qPCR technical replicates. Expression values were
normalized to two housekeeping genes (Eefla and Hprt).

4.7  CGls and TAD boundaries control gene expression specificity
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Our data suggest that intra-TAD homotypic interactions between CGls located at enhancers and
promoters confer a permissive regulatory topology that facilitates gene induction. We
hypothesized that the uncovered genetic rules controlling PE-gene compatibility can provide
major insights in the understanding of pathomechanisms of human structural variants. To test
this prediction, we decided to genetically engineer two loci: the Six3/Six2 locus and the
Lmxla/Lrre52/Mgst3 locus. These loci contain a strong TAD boundary that separates a PE and
its target gene from genes having different promoter types (Lenhard et al., 2012) (Figure 4.7.1A
and 4.7.2A).
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Figure 4.7.1. oCGI and TAD boundaries regulate PEs specific induction of developmental genes.
(A) The TADs in which Six3 and Six2 are located (i.e. Six3-TAD and Six2-TAD) are shown according to
publically available Hi-C data (Bonev et al., 2017). The TAD boundary separating Six3 and Six2 is
denoted with a dotted line. Below the Hi-C data, several epigenomic and genetic features of the Six3-TAD
and the Six2-TAD are shown. CAP-CGls (Illingworth et al., 2010) are represented as yellow rectangles.
ChIP-seq profiles for the indicated proteins and histone modifications were obtained from (Cruz-Molina
et al., 2017). The dotted rectangles indicate the location of the 36 Kb deletion (red) and 110 Kb inversion
(blue) engineered in ESCs. (B) The expression of Six3 (blue) and Six2 (red) was measured by RT-qPCR
in ESCs and AntNPCs that were either WT (left panel), homozygous for the 36 Kb deletion (del36;
middle panel) or homozygous for the 110 Kb inversion (inv110; right panel). For each of the engineered
structural variants, two different clonal cell lines were generated and independently differentiated into
AntNPCs. The plotted expression values for each clone correspond to the average from three RT-qPCR
technical replicates. Expression values were normalized to two housekeeping genes (Eefla and Hprt) and
represented as fold-changes with respect to WT ESCs. (C) 4C-seq experiments were performed using the
PE Six3(-133) as viewpoint in ESCs that were either WT (grey), homozygous for the 36 Kb deletion
(del36; blue) or homozygous for the 110 Kb inversion (inv110; red). ChIP-seq profiles of H3K27me3 are
shown in green (Cruz-Molina et al., 2017). (D) For the identification of ESC lines with the Six3/Six2
TAD boundary deletion, primer pairs flanking the deleted region (1+3 and 4+2), amplifying the deleted
fragment (5+6) and amplifying a large or small fragment depending on the absence or presence of the
deletion (1+2), respectively, were used. The PCR results obtained for two ESC clonal lines with 36Kb
homozygous deletions (del36) are shown. (E) For the identification of ESC lines with the Six3/Six2
inversion, primer pairs flanking the inverted region (143, 4+2, 1+4 and 3+2) and amplifying potential
duplications (4+3, 3+3 and 4+4) were used. The PCR results obtained for two ESC clonal lines with 110
Kb homozygous inversions (invi10) are shown.
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Figure 4.7.2. Housekeeping and tissue-specific genes are not responsive to PE cis-activation. (A) The
TADs in which Lmx/a, Lrrc52 and Mgst3 are located are shown according to publically available Hi-C
data (Bonev et al., 2017); the TAD boundaries are denoted with a dotted line. Below the Hi-C data,
several epigenomic and genetic features of the corresponding TADs are shown. CAP-CGls (Illingworth et
al., 2010) are represented as yellow rectangles. ChIP-seq profiles for the indicated proteins and histone
modifications were obtained from (Cruz-Molina et al., 2017). The dotted rectangle indicates the location
of the 260 Kb inversion (blue; inv260) engineered in ESCs. (B) The expression of Lmx/a, Mgst3, Lrrc52
and Aldh9al was measured by RT-qPCR in ESCs and AntNPCs that were either WT (left panel) or
homozygous for the inv260 (right panels). For the inv260, two different clonal cell lines were generated
and independently differentiated into AntNPCs. The plotted expression values for each clone correspond
to the average from three technical replicates. Expression values were normalized to two housekeeping
genes (Eefla and Hprt) and represented as fold changes with respect to WT ESCs (C) For the
identification of ESC lines with the LmxIa-TAD boundary inversion, primer pairs flanking the inverted
region (143, 4+2, 1+4 and 3+2) and amplifying potential deletions (1+4) or duplications (4+3, 3+3 and
4+4) were used. The PCR results obtained for three ESC clonal lines with 260 Kb homozygous inversions
(inv260) are shown.

97



RESULTS

We first focused on the Six3/Six2 locus, which was selected due to several reasons: (i) Six3 and
Six2 are next to each other, yet they are contained within two neighboring TADs separated by a
conserved TAD boundary; (ii) Six3 and Six2 display mutually exclusive expression patterns
during embryogenesis (e.g. Six3 in brain; Six2 in facial mesenchyme); (iii) the Six3 TAD
contains a PE (i.e. PE Six3(-133)) that controls the induction of Six3 in AntNPC without any
effects on Six2; (iv) in mESC, the PE Six3(-133) strongly interacts with Six3 but not with Six2
although both genes contain multiple pCGI. Taking all this information into account, we
generated mESC with two different homozygous genomic rearrangements: (i) a 36 Kb deletion
spanning the Six3/Six2 TAD boundary (de/36) and (ii) a 110 Kb inversion that places Six3 within
the Six2 TAD and vice versa (invi10) (Figure 4.7.1A and B). Interestingly, upon differentiation
into AntNPC, Six2 expression strongly increased in del36 and invI 10 cells; while the expression
of Six3 expression was dramatically reduced in inv/10 cells and mildly affected in del36 cells
(Figure 4.7.1C). Furthermore, and in agreement with the previous gene expression changes, 4C-
seq experiments in WT, del36 or invi10 ESC showed that both the deletion of the Six3/Six2
boundary and the inversion of Six3 and Six2 resulted in increased interactions between Six2 and
the PE Six3(-133) (Figure 4.7.1D). In addition, Six3 decreased its interaction with PE Six3(-133)
in invl 10 ESC.

Next, we focused on the Lmxla/Lrrc52/Mgst3 locus, which was selected due to the following
reasons (Figure 4.7.2A): (i) LmxIa and Lrrc52/Mgst3 are located in neighboring TADs separated
by a strong TAD boundary; (ii) the three genes have different types of promoters (Lenhard et al.,
2012) (i.e. LmxIa has a type III promoter, which contains a large CGI cluster; Lrrc52 has a type
I promoter, which does not contain any CGlIs; and Mgst3 has a type Il promoter that contains a
single and short CGI centered on its TSS); (iii) the Lmxla-TAD contains a PE (i.e. PE
Lmxla(+113)) that becomes strongly activated in AntNPC and that presumably contributes to
Lmxla induction in these cells. Considering this information, we generated two mESC
homozygous clones with a 260 Kb inversion that places the Lmxla gene and the PE
Lmxla(+113) within the Lrrc52/Mgst3-TAD (inv260) (Figure 4.7.2A and B). In this case,
differentiation of inv260 into AntNPC did not result in ectopic gene induction (Figure 4.7.2C).
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That is, neither Lrrc52 nor Mgst3 were induced by PE Lmxla(+113), which suggest that tissue

specific genes and housekeeping genes are not responsive to distal PEs.

Overall, these results indicate that PEs can specifically execute their regulatory functions due to
the combined effects of TAD boundaries, which provide insulation, and the long-range
homotypic interactions between oCGIs and pCGlIs, which confer enhancer responsiveness

(Figure 4.7.3).
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5-  DISCUSSION AND FUTURE WORK

by Quino (1983).

Understanding how genome 3D structures organizes regulatory domains and how enhancers
specifically refine this interaction towards their target genes is still an ongoing challenge.
Addressing this questions would require novel approaches than the classical enhancer-reporter
assays, in which enhancers and promoters are placed close to each other. Here, we satisfy this
requirement by using a genetic knock-in approach to identify genetic elements that dictate the

topological and regulatory compatibility between PEs and their target genes.
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The current model of enhancer-gene regulation assumes that enhancers can regulate genes
regardless of their distance or sequence composition as long as there are located within the same
TAD (Galupa & Crocker, 2020; Ibrahim & Mundlos, 2020; Kragesteen et al., 2018; Lupiafiez et
al., 2016; Nora et al., 2012). That is, TAD boundaries are the main regulatory element that
prevents ectopic communication between enhancers and non-target genes. However, this model
has been challenged by several recent studies, which demonstrate that placing enhancers and
genes into the same TAD is not always sufficient for productive transcription (Ghavi-Helm et al.,
2019; Laugsch et al., 2019; Rao et al., 2017a). This suggests that there must be additional genetic
and biochemical factors that could contribute to regulate the compatibility between genes and
enhancers. In agreement with this scenario, massive-parallel report assays in Drosophila showed
that core promoter motifs separate genes to independently be responsive to either housekeeping
or developmental enhancers (Arnold et al., 2016; Zabidi et al., 2015). Here, we showed that
homotypic genetic elements, located both at distal enhancers and promoters, can also affect the
responsiveness of target genes. Namely, oCGIs and pCGI can engage into long-range
interactions that facilitate the topological and functional communication between enhancers and
genes. This configuration in turn make CGl-rich genes particularly responsive to PEs, in

opposition to CGI-poor genes.

The remaining question is whether CGI elements are the solely responsible for regulating the
compatibility between PEs and their target genes. Our attempt to make a tissue-specific gene (i.e.
Grial) responsive to PEs by inserting a single pCGI was not sufficient (data not shown). Thus,
additional sequences should be inserted into the promoter of this gene to test which combination
of genetic elements could make a tissue-specific gene responsive to a distal enhancer. It is
important to note that PEs can activate a tissue-specific gene when placed in close proximity.
Therefore, the missing promoter genetic elements necessary for enhancer responsiveness should
probably regulate enhancer-promoter physical communication. We argue that a promising
candidate for making Grial responsive to the distal PE would be the insertion of more than one

pCGl, since developmental genes usually contain clusters of pCGI (Lenhard et al., 2012).
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Moreover, by doing an inversion that places a PE into the TAD of a housekeeping gene, we
demonstrate that promoters from housekeeping genes are also not responsive to PEs. The fact
that housekeeping genes do not respond to PEs, but usually contain a CGI in its promoter
(Lenhard et al., 2012) could be explain by different reasons: (i) housekeeping genes contain core
promoters that are not compatible to developmental enhancers (Arnold et al., 2016; Haberle et
al., 2019; Zabidi et al., 2015); (ii) housekeeping genes are actively transcribed across different
cellular states, including ESC, and therefore might not be able to engage into PcG-dependent
interactions with PEs; (ii1) the presence of a single pCGI at housekeeping promoters (Lenhard et
al., 2012) might not be sufficient to respond to PEs; (iv) the housekeeping genes are already
expressed at high levels that enhancers can not increase any further. It would be exciting to test
these hypothesis by engineering housekeeping gene promoters and then test their ability to

respond to distal PEs.

From a mechanistic point of view, our data suggest that the boosting capacity of oCGI might be
mainly attributed to its topological functions. That is, physical interactions between oCGI and
pCGI located at PE target genes. In ESC, these interactions are mediated by long-range PcG-PcG
interactions (Cruz-Molina et al., 2017; Entrevan et al., 2016; Pachano, Crispatzu, & Rada-
iglesias, 2019), likely via the polymerization capacity of the PRC1 subunit PHC1 (Isono et al.,
2013). Therefore, the lack of responsiveness of tissue-specific genes to PEs could be
mechanistically explain by the fact that they are not enriched in PRC1 and consequently they do
not physically interact with PEs. Interestingly, insertion of a single pCGI at Grial promoter did
not recruit PRC1 levels as the same extend as usually found in developmental genes. We
hypothesize that the insertion of an additional pCGI could result in greater PRC1 levels that
could mediate a more stable interactions between the PE and the tissue-specific gene. However,
it is important to note the fact that an oCGI element was not sufficient to recruit PRC1 when
inserted alone. The recruitment of PRC1 by the oCGI required the presence of a nearby TFBS.
Therefore, we can not dismiss the possibility that additional genetic elements apart from CGlIs

would be require to enrich tissue-specific promoters in PRCI.
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Independently from the facilitator role of PcG (Cruz-Molina et al., 2017), the boosting capacity
of oCGI could also attributed to transcriptional activators that specifically recognize CGIs. In
agreement, pCGlIs can also be bound by CxxC-domain containing protein involved in
transcriptional activation, like MLL1/2, CFP1 and KDM2A (Farcas et al., 2012; Wu et al.,
2013). It would be interesting to asses for the presence of these factors in active PE and test

whether they also contribute to the boosting effect of oCGls.

Our data suggest that the boosting capacity of oCGIs might not be attributed to an increase in TF
binding, but rather in facilitating the functional communication between TFs and target genes.
By engaging into homotypic interactions with pCGI, oCGI could keep PEs and their target genes
in close proximity as the time the TFs binds their cognate sequences at the PE. This would
ensure a precise and uniform induction of target genes upon differentiation. Accordingly, we
showed that oCGI increase the binding of Mediator and RNAP2 upon PE activation. Since these
complexes have the ability to form phase-separated condensates (Boija et al., 2018; Cho et al.,
2018; Sabari et al., 2018), oCGIs might facilitate the inclusion of PEs and their target genes into
phase-separated condensates by bringing both elements into close proximity by the time the
activation cues appear. It would be important to test whether oCGls also contribute to enhancer
function after the cis-activation of the target gene. That is, oCGIs could be necessary to maintain

gene expression.

In conclusion, we propose a model whereby the specific induction of developmental genes is
achieved through the combination of CGI-mediated long-range chromatin interactions and the
insulation provided by TAD boundaries (Figure 5.1).We anticipate that our findings can help to
better understand pathomechanisms of human congenital diseases caused by structural variants.
For example, a heterogeneous inversion found in a patient with Branchio-oculo-facial syndrome
(BOFS) (Laugsch et al., 2019). This inversion places one of the TFAP2A alleles into a novel
TAD and impairs its normal expression in neural crest cells due to the physical disconnection
from its cognate neural crest enhancers (Figure 5.2A). The TFAP2A gene is an archetypical
developmental gene with a promoter containing a large CGI cluster and marked with H3K27me3

in ESC. Moreover, some of its cognate neural crest enhancers are associated with oCGI and are
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also marked with H3K27me3. Interestingly, this inversion also places novel genes whose
promoters contained a short CGI centered on their TSS (a typical feature of housekeeping
genes(Lenhard et al., 2012)) in proximity of the TFAP2A4 neural crest enhancers within a shuffled
topological domain. In agreement with our findings, none of these genes is responsive to the
TFAP2A neural crest enhancers (i.e. no enhancer adoption in neural crest cells). Another
example corresponds to a deletion found in families with brachydactyly (Lupiaiez et al., 2015).
This deletion includes EPHA4, a gene highly expressed in the developing limb, along with a
TAD boundary located between EPHA4-TAD and PAX3-TAD (Figure 5.2B). As a result,
enhancers active in the developing limb and that control EPHA4 expression in this tissue,
establish ectopic interaction with PAX3 (i.e. enhancer adoption) and strongly induce its
expression in the limb, a tissue in which this developmental gene is normally inactive. Notably,
PAX3 is a gene whose promoter is marked with H3K27me3 in ESC and that contains a large CGI
cluster, while one of the major EPHA4 enhancers is associated with an oCGI and is also mark
with H3K27me3. Here again the high responsiveness of PAX3 to the EPHA4 enhancers is in

agreement with our findings.
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Figure 5.1. Proposed model for oCGI function in PEs. oCGIs increase the physical and functional
communication of PEs with their target genes due to homotypic interactions between oCGI and proximal
pCGI clusters. Consequently, developmental genes with CGI-rich promoters will be preferentially
responsive to PEs, in comparison with tissue-specific or housekeeping genes that lack pCGI clusters. In
addition, TAD boundaries add another layer in the regulation of PE specificity by restricting interactions
between oCGI and pCGI from neighboring TADs.
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Figure 5.2. Two examples of human congenital diseases caused by structural variants that disrupt
developmental loci with PE-associated oCGlIs. (A) Upper panel: diagram of a heterozygous inversion
found in a patient with Branchio-oculo-facial syndrome (BOFS) involving the TFAP2A locus *&ch ¢ -
19 TLower panel: epigenomic and genetic features of TFAP2A neural crest cognate enhancers (left),
6q16.2 genes (middle) and 7TFAP2A (right). In the lower left panel, enhancer reporter assays for two
representative 7FAP2A4 enhancers are shown in stage HH14-16 chick embryos. Computational and
biochemically identified CGI (CGI and NMIg ® S Hingvorth et al. 2010) * regnectively) are represented as green
rectangles. The CGIs were defined in the UCSC browser according to the following criteria: GC content
> 50%; Length > 200 bp; CpG Observed to expected ratio > 0.6. The inversion places one of the TFAP2A
alleles into a novel TAD and impairs its normal expression in neural crest cells due to the physical
disconnection from its enhancers. TFAP2A is a developmental gene with a promoter containing a large
CGI cluster and marked with a broad H3K27me3 domain in ESCs. Some of the TFAP2A neural crest
enhancers are associated with oCGI/NMI and are also marked with H3K27me3 in ESCs. Moreover, this
inversion also places novel genes originally found within the 6q16.2 locus in proximity of the TFAP2A
neural crest enhancers within a shuffled topological domain. The promoters of these 6q16.2 genes (i.e
GPR63 and NDUFAF4) contained only a short CGI centered on their TSS. In agreement with our
findings, none of the 6q16.2 genes was found to be responsive to the 7FAP2A neural crest enhancers (i.e.
no enhancer adoption in neural crest cells). (B) Upper panel: diagram of a deletion found in families with
brachydactyly involving a TAD boundary located between the EPHA4 and the PAX3 loci (Lupiafez et al.,
2015). Lower panel: epigenomic and genetic features of the Epha4 cognate enhancers in the mouse E11.5
limb (left) and in human ESCs (right). In addition, a representative E11.5 transgenic embryo with limb-
specific expression of a reporter gene driven by the As/507 element is shown in the middle. CGIs and
NMIs are defined as in (A). This deletion includes EPHA4, a gene highly expressed in the developing
limb, along with a TAD boundary separating the EPHA4-TAD and PAX3-TAD. As a result, enhancers
that control EPHA4 expression in the limb establish ectopic interactions with PAX3 (i.e. enhancer
adoption) and strongly induce its expression in the limb, a tissue in which this developmental gene is
normally inactive. Notably, PAX3 is a gene whose promoter is marked with H3K27me3 in ESCs and that
contains a large CGI cluster, while one of the major EPHA4 enhancers (hs1507) is associated with an
oCGI/NMI and is marked with H3K27me3 in ESCs. Here again the high responsiveness of PAX3 to the
EPHA4 enhancers is in agreement with our findings.
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