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Abstract

ABSTRACT

Chromosome conformation capture assays provided important insights into the 3D spatial
organization of mammalian genomes. In particular, Hi-C technique allowed the
identification of the so called topologically associated domains (TADs), specific structures
that subdivide the genome into discreet genomic units, providing the physical proximity
between CREs and their target genes, which is required for transcription. Different studies
demonstrated that several human diseases can result from perturbations of the TAD
structure as a consequence of structural variations, such as duplications, deletions and
inversion. These structural rearrangements can lead indeed to disruption or alterations of
proper contacts between a gene and its regulatory elements.

Several tandem duplications on chromosome 10q24 at the FGF8 locus have been linked to
the Split-Hand/Foot Malformation type 3 (SHFM3), a limb malformation affecting
predominantly the central digits of hands and feet, in some cases also associated with
intellectual disability, mental retardation, or craniofacial abnormalities, and whose precise
molecular mechanism is still unknown. In this study CRISPR/Cas9 genome editing was used
to reengineer SHFM3 duplications at the FGF8 locus in mice, to try to understand the
pathomechanism underlying this disease. Additionally, capture Hi-C (cHi-C) approach was
used to investigate the spatial and functional organization of the FGF8 locus in wild-type
and mutant mice in order to evaluate the impact of these duplications on local chromatin
architecture and on gene regulation. cHi-C analysis in wild-type mice revealed that the Fgf8
locus is characterized by the presence of two TADs (referred to as LBX1 TAD and FGF8 TAD),
each comprising specific genes and regulatory elements, whose interactions are
constrained by TAD boundaries. Comparison of the SHFM3 duplications position relative to
the TAD structure at the FGF8 locus classified these duplications as inter-TAD duplications,

as they encompassed the TAD boundary between the LBX1 TAD and the FGF8 TAD.
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This type of duplications can lead to the formation of new TADs (neo-TADs) around the
breakpoint of the duplication. Within these neo-TADs new ectopic interactions between
regulatory elements and genes normally located in separate TADs can occur, resulting in
aberrant gene expression and pathological phenotypes. Indeed, we observed that SHFM3
duplications were responsible for relocation of duplicated genes and regulatory elements
to a new interactive context, leading to the onset of ectopic interactions between
sequences brought in close proximity as a consequence of the rearrangement.

Despite the generated mutant mice did not completely recapitulate the SHFM3 phenotype
and the whole project is not over yet, this study already offered important insights regarding
gene regulation at the FGF8 locus and the consequences that derive from perturbations of

the local chromatin structure.
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Introduction

1. INTRODUCTION

1.1 Gene regulation

The sequencing of the human genome by the Human Genome Project (HGP) estimated
approximately 25,000 protein coding genes in our genome (International Human Genome
Sequencing Consortium 2004), a lower number compared to the one found in corn
(Schnable PS et al. 2009) and nearly twice the one in Drosophila melanogaster (Adams MD
et al. 2000). Surprisingly, those 25,000 genes are encoded in only 2% of the genome, while
the other 98% contain non-coding sequences, previously referred to as "junk DNA".
However, international efforts to functionally annotate the genome revealed that the
majority of non-coding sequences contain regulatory RNAs and regulatory elements that
can control and instruct the expression of genes (The ENCODE Project Consortium 2012).
Precise and coordinated gene expression of thousands of genes is a fundamental task for
multicellular organisms. During embryonic development, cells receive multiple inputs from
signalling cascades, which requires an elaborate regulatory system able to process the huge
number of signals in different cells of the embryo (Davidson EH et al. 2002). Especially
developmental genes, involved in pattern formation and cell fate specification, are strictly
regulated in a spatial and temporal fashion (Busser WB et al. 2008). Consequently,
perturbations of their precisely adjusted expression patterns are often associated with
congenital disease (Pfeifer D et al. 1999; Lettice LA et al. 2003) or cancer (Hatton BA et al.
2006).

The regulation of genes is achieved at multiple levels, ranging from the control of
transcriptional initiation to mMRNA processing and post-transcriptional modifications of the
mRNA and proteins (Phillips T 2008). However, a major mechanism of regulation, especially
for the majority of developmental genes, is the control at the genomic level via cis-

regulatory elements (Howard ML and Davidson EH 2004).
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1.1.1 Transcriptional control by cis-regulatory elements

In order to achieve organized gene expression patterns, multiple transcriptional regulatory
elements that act in cis are required. These cis-regulatory elements (CREs) provide binding
sites for trans-regulators, represented by general transcription factors (TFs) and tissue-
specific TFs. The composition of recognition motifs in CREs and subsequent recruitment of
co-factors can initiate or terminate transcription (Istrail S and Davidson EH 2004). In
eukaryotes, transcription is initiated at the promoter by the recruitment of RNA Polymerase
Il (RNA Pol 1l), a DNA dependent RNA polymerase (Fuda NJ et al. 2009). Promoter and
specific distal regulatory elements represent two distinct groups of CREs of protein-coding
genes transcribed by RNA Pol Il (Fuda NJ et al. 2009; Maston GA et al. 2006) (Figure 1).

Control elements at promoters are non-coding sequences located close to the protein-
coding region of a gene. They are classically defined as the core promoter and the proximal
promoter elements. The core promoter, located near the transcription start site (TSS),
represents the anchor point for the basic transcriptional machinery and RNA polymerase I
(Javahery R et al. 1994). The first eukaryotic core promoter motif identified was the TATA
box (Goldberg ML, 1979). The proximal promoter represents instead a region a few hundred
base pairs upstream of the core promoter characterized by the presence of multiple binding
sites for transcriptional activators that can initiate transcription by release of Poll Il from the

promoter (Wu CH et al. 2003).

Distal regulatory elements

| |
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Figure 1. Schematic overview of cis-regulatory elements controlling gene expression. The
promoter encompasses a region smaller than 1 kb and consists of two main components: the
core promoter and the proximal promoter elements. Up to 1 Mb away from the promoter we
can find the distal regulatory elements, including enhancers, silencers, insulators and locus
control regions. These distal elements are able to contact the core promoter or the proximal

promoter through DNA looping (Maston GA et al. 2006).

1.1.2 Distal cis-regulatory elements

A key feature of the vertebrate genome is the relative large distance of additional regulatory
elements from the classical defined promoter elements. Distal regulatory elements can be
located up to 1 Mb from the gene they control (Lettice LA et al. 2003). There are different
classes of distal CREs depending on the factors binding and their effect on transcription.
Enhancers promote activation of genes (Heintzman ND et al. 2007), while silencers are
responsible for transcriptional repression, since they are bound by negative TFs called
repressors (Ogbourne S and Antalis TM 1998). Insulators, also known as boundary elements,
control the transcriptional activity of a gene preventing any kind of influences from
regulatory elements of the neighbouring genes, therefore creating defined domains of

expression (Recillas-Targa F et al., 2002).

1.1.2.1 Distal enhancers

Enhancers can be found several hundred kilobase pairs downstream or upstream of the
transcription unit, in the intergenic regions and sometimes also in the introns of the
neighbouring genes (Heintzman ND et al. 2007). Their function, concerning precise
spatiotemporally and quantitatively gene activation, is totally independent of their
orientation and the distance relative to the promoter (Zabidi MA et al. 2015; Bulger M and
Groudine M 2011).

11
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The physical contact between these distal elements and the core promoter or the proximal
promoter occurs through a mechanism that involves the looping of DNA (Tolhuis B et al.
2002; Wang Q et al. 2005). In response to a signal, DNA-binding sites of enhancers are bound
by pioneer TFs in condensed chromatin (Xu J et al. 2007), leading to the recruitment of ATP-
dependent chromatin remodeling complex and histone-modifying enzymes. Histone-
modifying enzymes can, for instance, acetylate, methylate, phosphorylate the histone
components of the nucleosome, influencing transcriptional activity (Bannister AJ and
Kouzarides T 2011), whereas ATP-dependent chromatin remodeling complex are able,
through mobilization of the nucleosome, to increase the access to DNA sequences for more
tissue- or stimulus-specific TFs (Hargreaves DC and Crabtree GR 2011; Clapier CR and Cairns
BR 2009). These specific TFs can interact with cofactors, protein complexes without DNA-
binding property involved in activation (coactivators) or repression (corepressors) of gene
transcription; examples of coactivators are the Mediator complex, the histone
acetyltransferase p300 and some general transcription factors (Heintzman ND et al. 2007;
Maston GA et al. 2012; Lee Tl and Young R 2013). In some cases, TFs bound to enhancers
can interact also with each other forming stable complexes called “enhanceosomes”, also
involved in activation (Pan Y and Russinov R 2011). The cascade of events described above
brings to the recruitment of the preinitiation complex (PIC), which directs the RNA Pol Il to
the TSS. RNA Pol Il binds to general transcriptions factors and the loop structure between
the TSS and enhancers is stabilized by the Mediator complex and cohesin. RNA Pol Il starts
the transcription process from the TSS (Fromm G et al. 2013). Several human diseases and
syndromes associated with mutations in transcriptional regulatory elements and/or in the
transcriptional machinery have been reported (Kleinjan DA and van Heyningen V 2005; Lee

Tl and Young RI 2013).

Enhancers are the key regulatory elements of gene expression, that results from the sum of
all the specific spatiotemporal activities of each single enhancer. The higher the complexity

of expression patterns, the higher is the expected number of enhancers and the longer the

12
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intergenic and intronic regions of a gene. This is especially true for the majority of
developmental control genes which are characterized by large regulatory regions with
numerous enhancers (Nelson CE et al. 2004). Recent studies also revealed a certain
redundancy of these regulatory elements, showing the presence of more than one
enhancer with overlapping activity (Perry MW et al. 2010) and of which one can be deleted
without significant phenotypic effect (Cannavo E et al. 2016). These so called redundant

J

enhancer, or “shadow” enhancer, are thought having an important role in the spatio-
temporal precision and robustness of gene expression during the complex developmental
processes (Perry MW et al. 2011; Perry MW et al. 2012; Dunipace L et al. 2011; Frankel N et

al. 2010).

1.1.3 Identification of functional enhancers

Among all the CREs, enhancers are the best characterized because of their determining role
in gene transcription and several strategies and tools have been developed for their
identification.

Traditionally, candidate enhancers are predicted by evolutionary conservation. Wide-
ranging vertebrate genome sequence comparisons revealed a strong conservation of many
non-coding sequences that often contain CREs, therefore one common feature of CREs is
the significant association with ultra-conserved elements and the high conservation of
genomic location between species (Hardison RC 2000; Woolfe A et al. 2005). However,
sequence conservation is not sufficient to predict all enhancers as there are also cases of
transcription factor binding sites that are not conserved between species. For instance,
comparison of tissue-specific enhancers has revealed varying evolutionary constraints in
sequence conservation, depending on the tissue type (Blow MJ et al. 2010). To overcome

these limitations other strategies have been developed for identification of enhancers.

13
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A powerful advantage is given by chromatin immunoprecipitation (ChIP) techniques, which
allow to detect enhancers using specific antibodies against the TFs binding these non-coding
sequences. DNA-protein interactions are captured by cross-linking with formaldehyde,
which creates covalent bonds between DNA and proteins bound to it. Chromatin
immunoprecipitation  followed by deep sequencing (ChIP-seq) identifies
those genomic regions bound by a specific factor genome-wide (Johnson DS et al. 2007).
ChIP antibodies can be directed not only against TFs, but also against protein-factors that
are associated with active enhancers. P300, a histone acetyltransferase that co-bind with
tissue-specific TFs, has been shown to be a powerful predictor of enhancers in different
tissues (Visel A et al. 2009). Furthermore, antibodies against histone modifications
representative of active enhancers, such as histone-3 lysine-27 acetylation (H3K27ac) and
histone-3 lysine-4 mono-methylation (H3K4mel), are widely used to detect these CREs
(Heintzman ND et al. 2007; Creygton MP et al. 2010). Transcription factors binding sites can
be also identified through DNase | hypersensitive site mapping, a technique based on the
fact that TF binding produces an open chromatin conformation, that is more accessible to
the DNase | digestion (Crawford GE et al. 2003).

The function of candidate enhancers is usually tested in reporter-gene assays, which
involves the cloning of the potential enhancer sequence into a plasmid upstream of a
reporter gene with a minimal promoter, such as the green fluorescent protein (GFP), the B-
galactosidase, or the luciferase gene (Figure 2A). The construct is subsequently transfected
in cultured cells or injected into embryos of model animals and the activity of the reporter
is measured throughout growth and development (Heintzman ND et al. 2007). Alternatively,
reporter genes have been also used to detect the regulatory activity along chromosome or
at selected loci (Ruf S et al. 2011; Uslu VV et al. 2014). Reporter constructs, consisting only
of a reporter gene and the minimal promoter are integrated throughout the genome by
transposition in order to investigate the regulatory activity directly from the endogenous

genomic context (Figure 2B); the position of the integration of the reporter gene determines
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a specific expression based on the activity of an enhancer or cluster of enhancers in the

regulatory domain where the construct is integrated (Ruf S et al. 2011).

A B :

[Teronce [mpamee] ]

—>

Integration in the genome Endogenous enhancers

invivo
transposition

Min promoter

Endogenous enhancers

Figure 2. Reporter-gene assays. (A) The construct containing the candidate enhancer is
randomly integrated in the genome and its activity is tested. (B) The construct does not contain
a candidate enhancer, but only a reporter gene and the minimal promoter. The position of the
integration defines a specific gene expression pattern based on the enhancers acting on the
gene-reporter. The construct is flanked with transposon sites for integration throughout the

genome (Kathiriya IS et al. 2015).
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1.1.4 The role of 3D genome organization in gene regulation

Chromatin conformation capture (3C) assays combined with high-throughput sequencing
provided important information regarding the structural organization of the genome. In
particular they allowed the detection of genomic contacts, including long distance
regulatory interactions as those between enhancers and promoters. The 3C approach is
based on formaldehyde crosslinking of DNA-proteins contacts within the intact nucleus of
a cell, followed by fragmentation of the chromatin with restriction enzymes in order to
create free ends of the cross-linked DNA. The subsequent ligation creates chimeric DNA
molecules of DNA sequences that are in close proximity (de Laat W and Dekker J 2012)
(Figure 3A). Various methods have been developed to identify these ligation products and
to determine their interaction frequency in the genome. The original developed 3C method
measures the interactions between a single pair of genomic loci (one vs. one) using
polymerase chain reaction (PCR) (Dekker J et al. 2002) (Figure 3B). The 4C-seq (circular
chromosome conformation capture) involves a second round of digestion and ligation
followed by inverse PCR with locus-specific primers and deep sequencing in order to detect
all the possible interactions of a locus of interest and their frequency (one vs. all) (Zhao Z et
al. 2006) (Figure 3B). Finally, the Hi-C method detects all the possible interactions
throughout the entire genome (all vs. all) (Lieberman-Aiden E et al. 2009) (Figure 3B).
Furthermore, Capture-Hi-C, a combination of Hi-C with the use of biotin-labelled probes
complementary to a specific genomic region, uncover all the interactions occurring in the

region of interest (Hughes JR et al. 2014; Mifsud B et al. 2015).
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Cross-linked chromatin Fragmentation with restriction enzyme
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3C: one-to-one 4C: one-to-all Hi-C: all-to-all
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Figure 3. Chromatin conformation capture techniques. (A) This technology consists of
chromatin-proteins crosslinking with formaldehyde, followed by digestion with restriction
enzymes, re-ligation of chromatin fragments that are in close proximity, crosslinking removal
and purification. PCRs or deep sequencing reactions are performed to detect ligation products.
(B) Methods to determine one-to-one, one-to-all, or all-to-all chromatin interactions. Coloured
rectangles represent cis-regulatory elements, black arrows indicate the TSSs, while the curved
coloured arrows show the interactions obtained from each strategy (Wijchers PJ and de Laat W

2011).
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Hi-C techniques revealed a non-random nuclear organization, which is strictly related to the
transcriptional status and has an important role in gene regulation (Rao SSP et al. 2014). At
the highest level of organization, interphase chromatin is organised in chromosome
territories, one for each chromosome, that rarely interact with each other, as the Hi-C data
showed a greater frequency of interactions between loci on the same chromosome
compared to those located on different ones (Lieberman-Aiden E et al. 2009) (Figure 4A).
At the mega-base scale chromosome territories are organized into two types of
compartments, called A and B, determined by the transcriptional state. The A compartment
is associated with euchromatin and active transcription, whereas B compartment
corresponds to the gene poor, condensed and transcriptionally inactive heterochromatin
(Rao SSP et al. 2014; Lieberman-Aiden E et al. 2009; Rowley MJ et al. 2017) (Figure 4B). The
active A compartments are usually located in the nucleus and tend to interact preferentially
with other type A domains, while the inactive B are predominant close to the nuclear
envelope and tend also to interact with compartments of the same type (Lieberman-Aiden
E et al. 2009). At the sub-megabase scale topologically associated domains (TADs) further
subdivide the chromatin into domains with an average size of 800kb in mammals (Dixon JR
et al. 2012) (Figure 4B). TADs are separated by TAD boundaries, and sequences inside TADs
interact with each other more frequently than with sequences of neighbouring TADs (Dixon
JR et al. 2012; Nora EP et al. 2012). The subdivision of chromatin into TADs, in which DNA
sequences are in close proximity, as well as the fact that the majority of DNA contacts occur
within TAD structures (Dixon JR et al. 2012), are of great importance for contacts between
genes and CREs and are therefore crucial for gene regulation. Additionally, the chromatin
organization and TAD structure have been shown to be conserved across cell types, human
and mice (Dixon JR et al. 2012; Rao SSP et al. 2014). TAD boundaries also exhibit a strong
enrichment of an architectural protein known as CCCTC-binding factor (CTCF) (Dixon JR et
al. 2012). The interaction of two CTCF proteins, bound at different CTCF-binding sites with

convergent motif orientation, is involved in chromatin loop formation, together with a ring
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of cohesin that stabilizes the structure (Figure 4C) (Rao SSP et al. 2014; de Wit E et al. 2015;
Gbémez-Marin C et al. 2015). Additionally, cohesin is associated with the Mediator complex
(Kagey MH et al. 2010), which brings enhancers and promoters in close proximity (Figure
4C), further supporting the idea of a correlation between chromatin loops and transcription
(Rao SSP et al., 2014).

Structural variations such as inversions (Guo Y et al. 2015) or deletions (Sanborn A et al.
2015) of CTCF-binding sites result in loop alteration, leading to changes or reduction in intra-
TAD contacts and increasing of inter-TAD interactions. Thus, compartmentalization into
TADs provides a structural context for gene regulation by safeguarding promoters and

corresponding CREs efficiently finding each other (Shen Y et al. 2012).

B

A compartment
(active genes) ™

Chromosome
territories

B compartment
" .
(inactive genes)

TAD

Chromatin Loop

Enhancer—— Promoter

Mediator
Cohesin CTCF

Figure 4. Hierarchical organization of chromatin. (A) The highest level of 3D architecture is
represented by chromosome territories. (B) The transcriptionally active A compartment and the
inactive B are the second level of organization, whereas at the sub-megabase scale we find

structures called TADs. (C) Typical structure of a chromatin loop (Fujita Y and Yamashita T 2017).
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1.2 Limb development: a model system for gene regulation

Limb formation represents an excellent system for studying and understanding
developmental biology and also gene regulation, since its genesis results from a fine and
well-coordinated regulatory network (Niswander L 2002; Williamson | et al. 2016). The limb
starts as a small bud emerging from the lateral side of the body and composed of
undifferentiated mesenchymal cells covered by a layer of ectoderm (Niswander L 2003).
The three-dimensional development and growth occurs along three axes and is regulated
by specific interactions and interconnections between three different signalling centres and
their respective secreted molecules (Niswander L 2002) (Figure 5).

The proximal-distal axis is controlled by the apical ectodermal ridge (AER), localized along
the distal limb bud tip at the interface between dorsal and ventral ectoderm (Casanova JC
et al. 2011). The AER produces the fibroblast growth factors (FGFs), which are responsible
for maintaining the mesenchymal cells in a proliferative state allowing the growth of the
limb from the shoulder to the fingers (Niswander L 2002). FGFs signalling molecules are
encoded by members of the Fgf gene family. Among the four Fgf genes (Fgf4, Fgf8, Fgf9
and Fgf17) specifically expressed in the AER, Fgf8 is the only one expressed from early AER
formation. Fgf4, Fgf9 and Fgf17 are activated later in the posterior AER (Lewandoski M et
al. 2000). It has been demonstrated that Fgf4, Fgf9 and Fgf17 individual loss of expression
in the AER has no effect on limb development (Mariani FV et al. 2008), contrary to Fgf8 loss
alone (Lewandoski M et al. 2000; Moon AM and Capecchi MR 2000) or in combination with
Fgf4 (Sun X et al. 2002), underlining that Fgf8 plays an important role in the proper limb
outgrowth. Fgf8 expression in the AER is induced by another gene of the Fgf family, Fgf10,
which is expressed in the mesenchyme. The establishment of a positive feedback loop
between the epithelial Fgf8 and mesenchymal Fgf10 is determinant to maintain the
proliferation of mesenchymal cells and, consequently, limb outgrowth along the proximal-

distal axis (Sekine K et al. 1999; Ohuchi H et al. 1997).
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The anterior-posterior axis is mainly defined by the zone of polarizing activity (ZPA), which
locates at the posterior limb bud mesenchyme and secrets the sonic hedgehog (SHH)
signalling molecule, responsible for digits formation from V to Il (Riddle RD et al. 1993). SHH
diffuses across the limb bud generating a spatio-temporal gradient in terms of SHH
concentration in different parts of the limb bud and time of exposure to its signalling. This
specify the anterior-posterior identity and number of the digits from V to Il. Digit | is SHH-
independent (Harfe BD et al. 2004). Shh expression is activated and restricted to the
posterior limb bud mesenchyme by several transcriptional regulators, including for instance
HAND?2 and GLI3 (Zeller R et al. 2009). Furthermore, SHH and FGFs mutually regulate each
other as part of an important feedback loop, which involves also the bone morphogenic
protein 4 (BMP4) and gremlin 1 (GREM1) and operates throughout the development of the
limb (Bénazet JD et al. 2009).

The proximal-distal and the anterior-posterior axes are also related to skeleton formation,
which results from mesenchymal cells condensation, differentiation into cartilage and,
finally, into bone (Storm EE and Kingsley DM 1996). Three elements are specifically involved
in the definition of the skeletal limb components: the stylopod defines humerus and femur,
the zeugopod gives rise to radius/ulna and tibia/fibula, and the autopod generates the
carpal/metacarpal, tarsal/metatarsal and phalanges bones (Chiang C et al. 2001; Zeller R et
al. 2009) (Figure 6).

Finally, the dorsal-ventral axis is governed by several molecules, that promote the correct
formation from the external to the internal side of the limb bud. WNT family member 7a
(WNT7a) signalling from the dorsal ectoderm promotes the dorsal pattern formation
inducing the activity of the transcription factor LMX1B in the dorsal mesenchyme.
Transcription factor Engrailedl (EN1), induced in the ventral ectoderm by bone
morphogenic protein (BMP), determines instead the ventral pattern formation and, at the

same time, inhibits Wnt7a expression in the ventral ectoderm (Ahn K et al. 2001).
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Figure 5. Limb formation axes. Three axes are involved in limb development: proximal-distal,
anterior-posterior and dorsal-ventral, that are controlled by the apical ectodermal ridge, the
zone of polarizing activity and the dorsal/ventral ectoderm signalling centers, respectively. Each

area secrets key molecules involved in the regulation of the limb bud formation (adapted from

Petit F et al. 2017 and Niswander L 2003).

Stylopod Zeugopod Autopod
T T

/

Metacarpals
e / Phalanges

Figure 6. Skeletal components of the arm. Three specific segments give rise to the different
elements of a arm skeleton. Humerus derives from the stylopod, radius and ulna from the

zeugopod, and carpal, metacarpal and phalanges bones from the autopod. (Tanaka M 2016).
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1.3 Structural variations and their impact on gene regulation

Structural variations (SVs) including duplications, deletions and inversions have been shown
to contribute to human genetic diversity (Sebat J et al. 2004), consequently supporting
evolution and adaptation of organisms to environmental changes. On the other hand, SVs
have been linked to several human genetic disorders, affecting genes as well as parts of
noncoding regions of the genome where multiple cis-regulatory elements are located
(Mundlos S and Klopocki E 2011). Therefore, such SVs can lead to disruption or alterations
of proper contacts between a gene and its regulatory elements. For instance, duplications
encompassing SHH enhancer ZPA regulatory sequence (ZRS) have been linked to
polysyndactyly or triphalangeal thumb-polysyndactyly syndrome (Klopocki E et al. 2008; Sun
M et al. 2008). Additionally, SVs can relocate genes or enhancers in a different cis-regulatory
environment leading to new spatio-temporal expression patterns, which can result in
disease. This mechanism, through which a gene is positioned under the control of different
enhancers, has been called “enhancer adoption” (Lettice LA et al. 2011).

The discovery of the three-dimensional organization of the genome further helped to
understand and to study the impact of SVs on gene regulation. Different studies
demonstrated that several human diseases can result from perturbations of the TAD
structure as a consequence of SVs (Hnisz D et al. 2016; Lupiafiez DG et al. 2015; Franke M
etal. 2016). In particular, deletions that overlap a TAD boundary are associated with ectopic
interactions and gene misregulation, causing the activation of a proto-oncogene (Hnisz D et
al. 2016), or limb malformations such as brachydactyly (Lupiafiez DG et al. 2015).
Duplications that include part of two TADs and TAD boundary can lead to the formation of
a new chromatin domain (neo-TAD) comprising genes and cis-regulatory elements normally
located in separate TADs. This can promote ectopic interactions between these genes and
cis-regulatory elements, which can have consequences on gene regulation and cause

disease (Franke M et al. 2016; Weischenfeldt J et al 2017).
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1.3.1 Structural variations at the FGF8 locus are associated with

Split-Hand/Foot Malformations type 3 (SHFM3)

Split-Hand/Foot Malformation (SHFM) is a clinically and genetically heterogeneous
congenital limb defect affecting mainly the central rays of the autopod and presenting with
clefts of the hands and the feet, often accompanied by syndactyly and aplasia or hypoplasia
of the phalanges, metacarpals and metatarsals (Kano H et al. 2005). It occurs with an
incidence of 1 in 8.500-25.000 newborns and accounts for 8-17% of all limb reduction
defects (Elliott AM et al. 2006; Calzolari E et al. 1990; de Mollerat XJ et al. 2003). Seven
chromosomal loci have been linked so far to different types of SHFM: SHFM1 on 7qg21
(Crackower MA et al. 1996; Shamseldin HE et al. 2012), SHFM2 on Xqg26 (Faiyaz ul Haque M
et al. 1993), SHFM3 on 10q24 (Gurrieri F et al. 1996; de Mollerat XJ et al. 2003), SHFM4 on
3927 (van Bokhoven H et al. 2001; Celli J et al. 1999), SHFM5 on 2g31 (Goodman FR et al.
2002), SHFM6 on 12q13 (Ugur SA and Tolun A 2008) and SHFM with long bone deficiency
(SHFM/SHLD) on 17p13 (Klopocki E et al. 2012).

In particular, Split-Hand/Foot Malformation type 3 (SHFM3), which is inherited as an
autosomal dominant trait (Evermann DB et al. 2006), has been associated with tandem
duplications spanning a region of at least 500 kb on chromosome 1024 (de Mollerat XJ et
al. 2003; Kano H et al. 2005; Dimitrov Bl et al. 2010). Patients usually present the typical
absence of the central digits on hands and/or feet. Some cases are characterized by mental
retardation, intellectual disability or craniofacial abnormalities, such as micrognathia, which
can manifest concurrently, or not, with the limb phenotype (de Mollerat XJ et al. 2003; Elliot
AM and Evans JA 2006; Dimitrov Bl et al. 2010). These identified duplications span a region
centromeric to FGF8 and include LBX1, BTRC, POLL, DPCD and part of FBXW4 (de Mollerat
XJ et al. 2003; Kano H et al. 2005; Dimitrov Bl et al. 2010). LBX1 and BTRC are specifically
involved in developmental processes. LBX1 is expressed in the central nervous system and

in the early myogenic cells of the limb bud (Brohmann H et al. 2000; Fernandez-Jaén A et al.
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2014; Jagla K wt al. 1995) and Lbx1 knock-out mice show an extensive loss of limb muscles
(Gross MK et al. 2000). BTRC is involved in the NF-kB (Nuclear Factor kB) signaling
transduction pathway, which has been shown having an important role in limb
development by stimulating Shh expression and repressing Bmp4 in limb mesenchyme
(Bushdid PB et al. 1998).

Although the SHFM phenotype is thought to result from a failure in maintaining the AER
during the development of the autopod (Duijf PH et al. 2003), a specific gene and a precise
molecular mechanism by which the duplications cause the SHFM3 and other phenotypic
features in humans have not been found so far (Lyle R et al. 2006; Dimitrov Bl et al. 2010;
Kano H et al. 2005). An accepted model for the human SHFM3 is Dactylaplasia (Dac) in mice.
The Dac limb phenotype, characterized by missing phalanges and reductions or fusions of
metacarpals and metatarsals in each foot, is highly similar to SHFM3 human phenotype and
the Dac alleles map at the region syntenic to the human duplications (Kano H et al. 2007).
However, no duplications were detected in the Dac mice. Instead, two insertions of a
retrotransposon element either within or upstream of the Fbxw4 gene, a member of the F-
box WD-40 gene family involved in ubiquitin-dependent degradation processes (Sidow A et
al. 1999), were linked to the observed phenotype. However, the mechanism of how the
insertions lead to the phenotype is still not known (Kano H et al. 2007; Friedli M et al. 2008).
Furthermore, Kano H et al. (2005) suggested that the probability of Fbxw4 involvement in
SHFM3 is very low as, for instance, the gene is not even completely involved in the
duplication.

Interestingly, a recent study in mice (Marini¢ M et al. 2013) uncovered a region of 220 kb
between the Btrc gene and the region telomeric of Fbxw4 characterized by the presence of
multiple enhancers responsible for the proper spatio-temporal expression of Fgf8. At
embryonic stage 10.5, Fgf8is expressed in the AER of the limb buds, the midbrain-hindbrain
boundary, the forebrain commissural plate, the first brachial arch ectoderm, the nasal pit

epithelium and the somites.
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In particular, five of the identified enhancers are specific for Fgf8 expression in the AER
(Marini¢ M et al. 2013) and four out of these five are contained in the region synthenic to
the human SHFM3 duplication. Therefore, rearrangements of these regulatory elements
could be responsible for an altered spatio-temporal expression and eventually leading to

the SHFM3 phenotype.

1.3.2 Engineering structural variations in the mouse genome

The mouse model is often used to study gene function and regulation and to investigate the
pathomechanism of human diseases, as mice and humans are very similar in terms of
development, physiological processes and genetics (Demetrius L 2005). Various genome
editing techniques have been developed over the past decades to engineer targeted
rearrangements in the mouse genome.

One in vivo method to generate SVs is known as TAMERE (Trans-Allelic targeted Meiotic
Recombination), a site-specific recombination system derived from the Escherichia coli
bacteriophage P1. It consists of a Cre recombinase enzyme and two short DNA sequences,
named loxP sites, that are engineered to flank the target region. Cre recombinase enzyme
is able to recognize the loxP sites, leading to excision of the target sequence and
subsequently recombination (Hérault et al. 1998). Two mouse lines, each containing one
loxP site either upstream or downstream of the target region, are required for this
technique and, furthermore, a third mouse line carrying the Cre transgene. Then, triple-
transgenic mice carrying the two different loxP sites and the Cre transgene can be obtained
by multiple breedings. The Cre-recombinase is designed to be active in the germline, thus
recombination events occur in gametes only. Therefore, triple-transgenic mice are crossed
with wild-type to generate chromosomal rearrangement involving the targeted region in

the offspring (Hérault et al. 1998).
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Other approaches, such as the zinc-finger nucleases (ZNFs) and TALENs (Transcription
Activator-Like Effector Nucleases), are mainly based on the generation of double strand
breaks (DSBs), that are subsequently repaired by two cellular DNA repair mechanisms: the
non-homologous end joining (NHEJ) and the homologous recombination (HR) (Peng Y et al.
2014). NHEJ is an error-prone mechanism, therefore it can result in deletions or insertions
of a few bases at the cut site, while HR is more precise but requires the presence of a
homologous repair template (Bibikova M et al. 2002). ZFNs are the result of the fusion of a
zinc-finger DNA binding domain with the DNA-cleavage domain from the restriction
endonuclease Fokl. The zinc finger domains can be engineered to target a specific DNA
sequence (Miller JC et al. 2007; Urnov FD et al. 2005). TALENS also derives from the fusion
of a DNA-cleavage domain with, in this case, a TAL effector DNA binding domain from
Xanthomonas bacteria, which can be modified to guide the nuclease to the sequence of
interest that needs be rearranged (Miller JC et al. 2011; Christian M et al. 2010).

A revolutionary and extremely efficient alternative strategy to ZFNs and TALENSs is the
CRISPR/Cas9 genome editing. CRISPR-Cas (Clustered Regularly Interspaced Short
Palindromic Repeats — CRISPR associated) systems are genetic hallmarks of adaptive
immunity in bacteria, evolved to target and eliminate invading genetic elements such as
viruses and plasmids (Makarova KS et al. 2011). These systems consist of a cas gene cassette
and a CRISPR array that encodes a series of direct repeats, interspaced with short unique
“spacer” sequences from foreign DNA, important for genetic memory (Jansen R et al. 2002;
Kunin V et al. 2007; Bolotin A et al. 2005; Barrangou R et al. 2007). Spacer precursor foreign
DNA sequences are referred to as “proto-spacers” (Mojica FJIM 2009). After acquisition of
foreign DNA, the following transcription and maturation of the CRISPR locus lead to the
CRISPR RNAs (crRNAs) that form RNA-Cas nuclease complexes. These complexes are able to
detect and eliminate any foreign DNA through target recognition by crRNA and removal by

Cas nuclease cleavage (Makarova KS et al. 2011; Wang J et al. 2015).
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There are three types of CRISPR-Cas system and each uses distinct molecular mechanisms
for interference: type | and Ill use a large complex of Cas proteins for crRNA-guided
targeting, whereas type Il system requires only the Cas9 protein for RNA-guided DNA
recognition and cleavage (Makarova KS et al. 2011), a property that proved to be extremely
useful for genome engineering applications (Cong L et al. 2013; Wang H et al. 2013; Mali P
et al. 2013).

In the Streptococcus pyogenes type Il system, the Cas9 endonuclease is guided by two non-
coding RNAs, the CRISPR RNA (crRNA) and the trans-activating crRNA (tracrRNA) (Anders C
et al. 2014; Sternberg SH et al. 2014). Different adaptations of this system for the
mammalian cells have been performed (Cong L et al. 2013). For instance, the two RNAs have
been reengineered into a chimeric single-guide RNA (sgRNA) to optimize genome editing
processes (Jinek M et al. 2012). The Cas9 enzyme has two active sites, each cleaving one
strand of a target double-stranded DNA molecule demarcated by a Protospacer Adiacent
Motif (PAM) sequence, which helps the recognition by the sgRNA complementary to the
target DNA (Charpentier E and Doudna JA 2013). RNA-guided Cas9 activity creates site-
specific double-stranded DNA breaks (DSBs), which can be repaired either by the NHEJ
repair or HR. However, it has been observed that DSBs generated by Cas9 are usually
repaired by NHEJ (Li J et al. 2015) and, when two sgRNAs are simultaneously used, small up
to very large deletions, inversions and duplications can be efficiently obtained (Kraft K et al.
2015; LiJ et al. 2015). Additionally, Kraft K et al. (2015) applied CRISPR/Cas9 technology to
generate SVs directly in mouse embryonic stem cells. All these aspects, together with the
fact that sgRNA sequences can be simply ordered as oligonucleotides and cloned into a
vector with the Cas9 transgene, underline the great advantages of CRISPR-Cas9 genome
editing in terms of time and effort, offering a significant improvement for the study of SVs

in human diseases.
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Figure 7. CRISPR-Cas9 genome editing. (A) The endonuclease Cas9, guided by a sgRNA, is able to
create DSBs in a targeted genomic region demarcated by a PAM sequence. DSBs are then usually
repaired by the NHEJ mechanism (Charpentier E and Doudna JA 2013). (B) Concurrent use of two
sgRNAs can lead to the generation of small up to very large deletions, inversions and duplications

(Kraft K et al. 2015).
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2. AIMS OF THE RESEARCH

Fibroblast Growth Factor 8 (FGF8) gene codes for a signalling molecule that plays an
important role during patterning, development, growth and organogenesis of many
structures and organs throughout embryonic development like the kidney, brain and limb
bud. To achieve correct development of these structures it is essential that FGF8 is
expressed in a timely and precise manner. The expression of this factor is regulated by an
array of cis-regulatory elements that act as an integrated unit and are located in the
genomic neighbourhood of the FGF8 gene. This FGF8 regulatory region with its numerous
enhancers interspersed with other genes was conserved throughout the evolution hinting
at the importance of the internal structure of this region for the FGF8 regulation.

In this study we focus on overlapping tandem duplications encompassing this regulatory
region and causing limb malformations in human patients. Most notably, duplications in this
region are linked to the Split Hand/Foot Malformation 3 (SHFM3), which is characterized by
absence of the central digits on hands and feet, variably associated with mental retardation,
craniofacial findings and intellectual disability. So far, the molecular pathomechinsm
through which these overlapping duplications cause the SHFM3 and other phenotypic
features, as well as how they affect the organisation of the FGF8 regulatory region, is still
unknown. Therefore, we first aim to remodel these structural variations in mice to
investigate the molecular pathomechanism underlying these malformations. Second, we
aim to uncover the spatial and functional organization of the FGF8 locus in mice in order to
evaluate the impact of these duplications on local chromatin architecture of the FGF8 locus
and on gene regulation.

To investigate these questions this study utilized a combination of state-of-the-art genetics
and genomics approaches like CRISPR/Cas9 genome editing, locus specific chromatin

interaction mapping in high-resolution (cHi-C) and phenotypic functional analyses.
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3. MATERIALS

3.1 Chemicals

Unless stated otherwise, chemicals were obtained from Merck (Darmstadt), Roth
(Karlsruhe) or Sigma-Aldrich (Hamburg, Seelze, Schnelldorf and Steinheim) in analytical

grade quality.

3.2 Buffers

Common buffers and solutions were prepared according to Sambrook J and Russel DW

(2001) and Green MR and Sambrook J (2012).

Table 1: Buffers for Capture Hi-C.

50 mM Tris pH7.5; 150 mM NaCl; 5 mM EDTA; 0.5 %
Nonidet P-40; 1.15% Triton X-100; 1x proteinase
inhibitors (Roche, #04693116001); prepare fresh and
store on ice

0,555g PFA in 1050 pl 10 % FCS/PBS and 15 pl 1N NaOH,
dissolve at 99 °C for ~10 min with vortexing every 2-3 min
0.4 M Tris-HCl pH=7.8; 0.1 M MgCI2; 0.1 M DTT; 8,3 mM
ATP

Lysis buffer

37 % Formaldehyde

10x Ligation buffer
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Table 2: Buffers for Whole Mount In Situ Hybridization

Alkaline phosphatase

0.1 M NaCl, 50 mM MgCl2, 0.1 % TWEEN-20, 0.1 M Tris
pH 9.5, 0.5 mg/ml tetramisole hydrochloride, in H20

10x PBS (DEPC)

1.37 M NaCl, 27 mM KCl, 100 mM Na2HPQO4, 20mM
KH2PO4, adjust pH to 7.4 with HCI, in DEPC- H20,
autoclave

4% PFA/PBS

Dissolve 40 mg/ml PFA in 1x PBS (DEPC), heat to 55°C
until PFA is dissolved, adjust pH to 7.4 with HCI

PBST 0.1 % TWEEN-20 in 1x PBS(DEPC)
Use DEPC treated reagents, 0.01 % SDS, 0.15 M Nacl,
RIPA buffer 0.01 % Nonidet-P40, 5 mg/ml deoxycholate, 1 mM

EDTA pH 8.0, 50 mM Tris pH 8.0, in DEPC- H20

Hybe buffer

2.5 x10-5 % v/v formamide, 0.0025 mg/ml heparin,
0.005% TWEEN-20, in 0.25x SSC (DEPC)

SSC/FA/T

50 % v/v formamide, 0.1 % TWEEN-20, in 1x SSC (DEPC)

RNase solution

0.5 M NaCl, 0.1 % TWEEN-20, in H20

5x MABT

0.5 M maleic acid pH 7.5, 0.75 M NaCl, 0.5 % TWEEN-
20, in H20

PBST/ levamisole

0.5 mg/ml tetramisole hydrochloride in PBST

Proteinase K buffer

20 mM Tris pH 7.0, 1 mM EDTA, in DEPC-H20

3 M NaCl, 300 mM Na3Citrate x 2H20, adjust pH to 4.5

20x SSC (DEPC) with 1M citric acid, 0.1 % DEPC, incubate o.n. at 37°C,
autoclave
DEPC-H20 0.1 % DEPC, incubate o.n. at 37°C, autoclave

32



Materials

3.3 Cell culture

Table 3: Cell culture ingredients.

100x Glutamin

Lonza BE17-605E

1x PBS

Lonza BE17-512F

100x Penicillin/Streptomycin

Lonza DE17-603

Beta-Mercaptoethanol

Sigma M-7522

Bicarbonate free Media

Gibco 52100

DMEM Lonza BE12-733
DMSO Sigma Aldrich D-2650
FCS for feeders Biochrome

FCS for ESCs PAN Biotech P122011
Fugene Promega TM-238
Gelatine Sigma G-1393
KO-DMEM Gibco 10829-018

Non-essential Amino acids

Gibco 11140-35

LIF

Chemicon ESG1107

OptiMEM

Gibco

Trypsin

Gibco 25300-054
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3.4 Kits

Standard procedures were conducted following manufacturer’s instructions using kits in
Table 4.

Table 4: Molecular biology kits used in this study.

Plasmid DNA purification NucleoSpin Plasmid Macherey-Nagel, Diiren

. . . Applied Biosystems, Foster
Sanger Sequencing BigDye Terminator v3.1 City, USA
qRT-PCR GoTaq qPCR Master Mix Promega

3.5 Enzymes

If not stated otherwise, restriction enzymes, T4 DNA ligase and other DNA-modifying
enzymes were obtained from Thermo Fisher Scientific (St. Leon-Roth), New England Biolabs
(Frankfurt) and Promega (Mannheim). Tag and Pfu DNA polymerases for standard
genotyping PCR were produced in house (A.C. Stiege). RNase A (Cat.-No. R4875) and
Proteinase K (Cat.-No. P2308) were purchased from Sigma-Aldrich.

3.6 Bacterial strains

General cloning steps were performed in the E. coli Top10 (Invitrogen) strain.

3.7 Vectors

The vector pX459 vector (pSpCas9(BB)-2A-Puro, Addgene) was used for the CRISPR/Cas9
genome editing.
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3.8 Primers

All primers were synthesized by Eurofins MWG Biotech AG (Ebersberg) and using HPSF (High
Purity Salt Free) purification. All primer sequences are shown in 5’ to 3’ orientation in Table

5.

Table 5: Primers for single guides RNA generation and for guides RNA recognition in the pX459
vector.

Guide RNA for Dupl
CR-1-187-f1 CACCGTCTTCATCTGAGGATCAGCG (centromeric

breakpoint)

Guide RNA for Dupl
CR-1-1L87-r1 AAACCGCTGATCCTCAGATGAAGAC (centromeric

breakpoint)

Guide RNA for Dupl
CR-1-2-R77-f1 CACCGTTAAATTTCTCCAAGATAAG and 2 (centromeric

breakpoint)

Guide RNA for Dupl
CR-1-2-R77-r1 AAACCTTATCTTGGAGAAATTTAAC and 2 (centromeric
breakpoint)
Guide RNA for Dup2

MS guide CACCGCTGACATTTAGCTGTGATCG (centromeric
gFGF8_5pF .
breakpoint)
. Guide RNA for Dup2
MS guide .
AAACCGATCACAGCTAAATGTCAGC (centromeric
gFGF8_5pR .
breakpoint)
CR-Seq-f1 GAAAGTAATAATTTCTTGGGTAGTTTGCAG RNA guide in pX459
CR-Seq-r2 GCTCTAAAACAAAAAAGCACCGACTC RNA guide in pX459
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Table 6: Primer sequences for genotyping PCR of clones and mice and for qPCR

genoCR-1-L87-f1 TCAGGCGATGTCCTTCCTAC Genotyping PCR Dup1 (T1)
genoCR-1-L87-r1 CCTGAGGCCATGCTAAGGTA Genotyping PCR Dup1 (T2)
genoCR-1-2-R77-f1 TTGATCAGGGGGTATGGTGT (GTZ';Otyp'"g PCR Dupland 2
genoCR-1-2-R77-r1 TCTGTTATTGGCGTGCAGTC (GTir)’Otyp'"g PCR Dupland 2
genoCR-2-MS-f1 ACTGCCCACATTTTGTAGCC Genotyping PCR Dup2 (T1)
genoCR-2-MS-r1 CCTCCCAATCCTAGGGCTAC Genotyping PCR Dup2 (T2)
?IPCR-CRl-SfIankmg- GGCCCTGATAGTCCCTCAAT gPCR Dup1 centromeric out
?:CR-CRI-SfIanklng- GACGGTCACCACATCTTCCT gPCR Dup1l centromeric out
qPCR-CR1-5in-f1 CACAAATCGTTTTCTTTGTCCA gPCR Dup1l centromeric in
qPCR-CR1-5in-r1 TTAGCATCATTGAACGACATCC gPCR Dup1l centromeric in
qPCR-CR1-2-Cel-f2 TCATAGCCGCCAGAATAAGG gPCR Dupl and 2 Center 1
qPCR-CR1-2-Cel-r2 GCAGACTTTGGCCTGTTTGT gPCR Dupl and 2 Center 1
qPCR-CR1-2-Ce2-f2 TTCCCTGGGTGTTGTGTTGT gPCR Dup1l and 2 Center 2
qPCR-CR1-2-Ce2-r2 TGGGGCTGCAGCTATAACTC gPCR Dupl and 2 Center 2
qPCR-CR1-2-Ce3-f2 CCATCCCAGAGGCATACACT gPCR Dupl and 2 Center 3
qPCR-CR1-2-Ce3-r2 CTACAGACAGACGGCAACCA gPCR Dupl and 2 Center 3
qPCR-CR1-2-3in-f1 GTCTGTCGCACAGGACACAG gPCR Dupl telomeric in
qPCR-CR1-2-3in-r1 AACTTCCGGAGAGCATTCCT gPCR Dupl telomeric in
14.:11PCR-CR1-2-3fIankmg- TCCAGCTCCAGACACTGAAC SESR Dupl and 2 telomeric
:1:CR-CR1-2-3fIank|ng- CGAAGCCTGTGACACTTGTT gthR Dup1 and 2 telomeric
:{IPCR-CRZ-SfIankIng- ATAACAATGACCGCCCTGAC gPCR Dup?2 telomeric out
::{:CR-CRZ-SfIanklng- TGTGTTTCAGGTCCCTTTCC gPCR Dup?2 telomeric out
qPCR-CR2-5in-f1 GACCGGGGAGAGTCTAAGGT gPCR Dup?2 telomeric in
qPCR-CR2-5in-r1 CCTCCCAATCCTAGGGCTAC gPCR Dup?2 telomeric in
Control region 672 AGCTAGATTACCCTGAGTCCA Control region

Control region 673 TTCAAGTAGGCTCGGTCACC Control region

36



Materials

3.9 Instruments

Table 7: Instruments.

Table Top centrifuge

5414D/ Eppendorf, Hamburg

Cooling centrifuge

5417R/ Eppendorf, Hamburg

Cooling centrifuge

Avanti J-E Beckman-Coulter, Palo Alto,
USA

Rotor

JLA16.250 Beckman-Coulter, Palo Alto,
USA

Thermocycler

GeneAmp PCR System 2700, 2720 and
9700/ Applied Biosystems, Foster City,
USA

Real-time Thermocycler

ABIPrism 7900 HT/ Applied Biosystems,
Foster City, USA

Stereomicroscope

MZ12/ Leica, Bensheim

Camera

Axiocam MRc5/ Zeiss, Géttingen

Light source

KL1500 LCD/ Leica, Bensheim

Photometer

NanoDrop 2000/ Thermo Scientific,
Wilmington, USA
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3.10 Software and Internet resources

Table 8: Software and internet resources used in this study.

mer3_www.cgi

AxioVision Zoiss Microscopy, digital

Rel.4.8 photography

SDS 2.2.1 Applied Biosystems Analysis of GPCR
data

UCSC browser http://genome.ucsc.edu/ Data visualization

Primer3 http://biotools.umassmed.edu/bioapps/pri Primer design

CRISPR Design

http://www.genome-
engineering.org/crispr/

RNA guides design

Ensembl Genome
Browser

http://www.ensembl.org/index.html

Primer analysis

MGI — Mouse
Genome
Informatics

http://www.informatics.jax.org/marker/

Resource for
mouse data

Bin Ren Hi-C data

http://yuelab.org/hi-c/database.php

Resource for
mouse and
human Hi-C data

ApE - A plasmid
Editor

en.bio-soft.net/plasmid/ApE.html

Construct design
and Sequence
analysis
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4. METHODS

4.1 Molecular biological methods

Standard molecular biological procedures, such as cloning of DNA fragments,
transformation of chemically competent E. coli, gel electrophoresis, were conducted

according to Sambrook J and Russel DW (2001) and Green MR and Sambrook J (2012).

4.2 DNA isolation

4.2.1 Isolation of plasmid DNA

Isolation of plasmid DNA was performed with Nucleospin Plasmid kit (Macherey-Nagel)

according to the instructions of the manufacturer.

4.2.2 Isolation of genomic DNA

DNA from embryonic material was isolated by conventional DNA precipitation procedures.
Briefly, tissue was lysed in 300 pl Tissue-Lysation Buffer (17 mM Tris, pH 7.5; 17 mM EDTA;
170 mM NacCl, 0.85 % SDS) with freshly added 0.2 pug/ml proteinase K at 55°C for 1 to 12
hours under agitation in a Thermomixer. To remove any insoluble components, the lysate
was centrifuged at full speed at room temperature for 10 min. Supernatant was transferred
to new Eppendorf tube and mixed with 350 pl Isopropanol for precipitation. After
centrifugation for 10min at full speed at room temperature the supernatant was removed
and the DNA pellet was washed twice with 70% Ethanol. The DNA was air dried for 5 min,

dissolved in water and stored at -20°C.

39



Methods

4.3 Cloning of single guide RNAs for CRISPR/Cas9 genome
editing

Single guide RNAs were designed using the CRISPR Design Tool by Feng Zhang lab
(http://www.genome-engineering.org/crispr/), which implements in silico quality tests and
off-target predictions (Hsu PD et al. 2013). Only guide RNAs with a quality score above 70%
and an off-target potential in exonic regions below 1 were chosen. Guide sequences used
in this study are listed in Table 5. Two oligonucleotides containing the guide specific
sequence and Bbs/ recognition site overhangs (Oligo 1: 5’-caccgNNNNNNNNNN-3’; Oligo 2,
reverse complement: 5-aaacNNNNNNNNNNc-3’) were annealed, phosphorylated (T4
Polynucleotide Kinase, Thermo Fisher Scientific, #£K0032) and cloned into the pX459 vector
(pSpCas9(BB)-2A-Puro, Addgene).

The vector contains the Cas9 and the ampicillin and puromycin resistance genes. The vector
was digested with the Bbsl/ restriction enzyme, dephoshorylated (FastAP Thermosensitive
Alkaline Phosphatase, ThermoFisher Scientific, #£F0654) and purified. The chosen guide
RNAs were cloned into the linearized pX459 vector and transformed into chemical
competent E.Coli Top10 bacteria. Finally, the plasmid DNA was purified from 5 ml cultures
and successful cloning was validated by Sanger sequencing using vector specific primers

(CR-Seq-f1 and CR-Seq-r2 in Table 5).
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4.4 Cell culture

4.4.1 Culturing and manipulation of mouse embryonic stem cells
(mESCs)

The ES cell culture protocol in the laboratory was established by Katerina Kraft in
cooperation with Heiner Schrewe and Lars Wittler (Department Developmental Genetics,
Max Planck Institute for Molecular Genetics, Berlin) following standard procedures
described in detail in Behringer R et al. (1994), Wassarman PM and Soriano PM (2010),
Robertson EJ (1987) and Kraft K et al. (2015).

4.4.2 Culturing feeder cells/ primary embryonic fibroblasts

Feeder cells were cultured in regular Dulbecco's Modified Eagle's Medium (DMEM)
containing 4,500 mg/ml glucose, without sodium pyruvate (Lonza, #BE12-733F),
supplemented with 10% regular fetal calf serum (FCS Superior, Biochrom, #50615), 1x
glutamine (100x, Lonza, #BE17-605E) and 1x penicillin/streptomycin (100x, Lonza, #DE17-
603). Feeder cells were prepared from E13.5-14.5 CD1 (Rice MC and O’Brien S 1980) and
DR4 mouse (Tucker KL 1997). Fibroblasts were expanded until passage 5 and tested for
Mycoplasma contamination using the Mycoalert detection kit (Lonza, #LT07-118) and the
Mycoalert assay control set (Lonza, #LT07-518). The feeder cells were treated with
mitomycin C (Sigma, #M-4287 or M-0503) for mitotic inactivation and frozen in cryovials at
a density of 2,5 x 10° cells/vial. The freezing medium consisted of regular feeder medium

containing 20% FCS and 20% DMSO (Sigma, #D-2650).
4.4.3 Culturing mouse embryonic stem cells (mESCs)

G4 ES cells (129/Sv x C57BL/6 F1 hybrid, (George SHL et al. 2007)) were cultured onto feeder

plates or wells. In detail, the culturing dishes or wells were coated with 0.1% gelatin (Sigma,

41



Methods

#G-1393). After 30 min incubation at 37°C the gelatin was aspirated and feeder cells were
plated at a density of 3-4 x 10* cells/cm?. After at least 6 hours, ES cells were seeded on top
of the feeder layer and grown in Knockout Dulbecco's Modified Eagle's Medium (DMEM)
containing 4,500 mg/ml glucose, supplemented with sodium pyruvate (Gibco, #10829-018)
containing 15% FCS (PANSera ES, #P30-2600, Lot 130407ES), 1x glutamine (100x, Lonza,
#BE17-605E), 1x penicillin/streptomycin (100x, Lonza, #DE17-603), 1x non-essential amino
acids (100x, Gibco, #11140-35), 1x nucleosides (100x, Chemicon, #ES-008D), 0.1 mM pB-
mercaptoethanol (Gibco, #3150-010) and 1000 U/ ml LIF (Murine Leukemia Inhibitory
Factor ESGRO™ (107 U/ ml, Chemicon, #ESG1107). ES cell medium was changed every 24
hours and cells were frozen at a density of 1 x 10° cells/ vial in freezing medium, consisting

of regular ES cell medium supplemented with 20 % FCS and 20% DMSO (Sigma, #D-2650).

4.4.4 Transfection of G4 ES cells for CRIPR/Cas9 induced genome
editing

CD1 feeder cells were seeded out on 6-well plates. The next day, 0.35 x 10° G4 ES cells/well
were plated onto the feeder cells. The following day, 8 ug of each pX459-Vector containing
a guide RNA were transfected using FUGENE HD reagent (Promega, #E2311) according to
manufacturer’s instructions. In particular, two pX459 sgRNAs were co-transfected for each
desired mutation. After two days, ES cells were split onto four 6 cm dishes with puromycin
resistant DR4 feeder cells with medium containing 2 pg/ml Puromycin (Sigma-Aldrich,
#P8833). After two days of antibiotic selection, the medium was replaced by regular ES cell
medium. Cells were grown until single clones could be visible. These clones were manually
picked in PBS (Lonza, #BE17-512F) with sterile pipette tips and transferred to U-bottom 96-
well plates, containing 1x trypsin-EDTA (Gibco, #25300-054). After 12 min incubation at
37°C, clones were disaggregated and transferred to a new 96-well plate with regular ES cell
medium and CD1 feeder cells. Cells were grown for two days, trypsinized and two thirds

were frozen in 96-well plates containing ES cell freezing medium. The remaining cells were
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further grown for DNA isolation. Confluent cells were lysed in lysis buffer (10 mM Tris pH
7.5,10 mM EDTA pH 8.0, 10 mM NaCl, 0.3 % Sacrosyl, 1 mg/ml ProteinaseK) and processed
for DNA precipitation. After genotyping by PCR, clones with appropriate mutations were
expanded and used for generating mouse embryos and live animals from ES cells by di- or

tetraploid complementation (Artus J and Hadjantonakis AK 2011).

4.5 Genotyping of clones and mutant murine embryos

Clones and mutants were genotyped by standard PCR procedures using Taq and Pfu
polymerases produced by Asita Stiege in the research group. Reagents were pipetted on ice
into a 1.5 ml reaction tube and DNA was amplified in a thermocycler. PCR conditions for 25
ul reaction were the following: 2.5 ul 10x Taqg buffer (750 mM Tris/ HCI pH 8.8; 200 mM
(NH4)2 S04; 0.1% Tween 20; 15 mM MgCl2), 0.25 pul dNTPs (12.5mM), 0.5ul forward primer
(10 uM), 0.5 pl reverse primer (10 uM), 0.2 ul Tag enzyme, 0.05 pl Pfu enzyme, 1 pl template
(~20 ng), 20 ul H20 bidest. The following PCR program was used: step 1: 95°C, 3 min; step
2:95°C, 30 sec; step 3: 61°C, 45 sec; step 4: 72°C, 2 min; step 5: go to step 2 for 34x; step 6:
72°C, 7 min; step 7: 4°C, pause. Primer sequences for conventional genotyping are listed in

Table 6. The PCR products were analysed on a 1% agarose gel.

4.5.1 Quantitative Real-Time PCR (qRT-PCR)

Copy number analysis from genomic DNA (gDNA) was performed with the SYBR Green |
chemistry (Promega) on an ABIPrism 7900 HT thermocycler. Primers were designed with
the Primer3Plus online tool with an average product size of 100 bp. The qRT-PCR reaction
was set up in a 12 ul reaction on a 384-well plate with the following components: 6 pl of 2x
SYBR mix, 1 ul primerpairs (2.5 uM each) and 5ul gDNA (10ng). Each reaction was performed
in triplicates. A standard curve for each primer pair was generated from gDNA that

contained the target sequence. Each point corresponded to a different step of 1:5 dilution
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series (1—0.2—-0.04 —0.008 — 0.0016). Only primers with an efficiency of >95% were used.
Relative values for each target (primers within the duplicated region) were then normalized

to the reference (primers outside the duplicated region). Primers are listed in Table 6.

4.6 Capture Hi-C

4.6.1 SureSelect design

The library of SureSelect enrichment probes was designed over the genomic interval
chr19:44,440,000-46,400,000 (mm?9) for mouse using the online tool of Agilent: SureDesign.
Probes are covering the entire genomic region and were not designed specifically in

proximity of Dpnll sites.

4.6.2 Crosslinking and nuclei extraction

Embryonic tissue (limb buds) was prepared from E11.5 mouse embryos in 1x PBS. The tissue
was dissociated by trypsin treatment for 10 min at 37°C, pipetting every 2 minutes to obtain
a single-cell suspension. Treatment was stopped by adding 5x volume of 10% FCS/ PBS. To
remove cell debris, the solution was filtered through 40 um cell strainer (Corning, #352340).
Cells were centrifuged at 1100 rpm for 5 min and the obtained pellet was then resuspended
in 5 ml 10% FCS/ PBS. Crosslinking was initiated by adding 5 ml of freshly prepared 4%
formaldehyde in 10% FCS/ PBS (final concentration 2%). After incubation for 10 min at room
temperature while rotating, the crosslinking reaction was stopped by adding 1 ml 1.425M
glycine on ice. Another centrifugation step at 1500 rpm and 4°C for 8 min was followed by
resuspension in 5 ml freshly prepared, cold lysis buffer and incubation for at least 10 min
onice. To confirm cell lysis, a 3 pl aliquot was mixed on a microscope slide with 3ul of methyl
green pyronin staining solution (Waldeck, Pappenheim, #2C-186), which stains pink the
cytoplasm and blue the nuclei indicating complete lysis. The number of nuclei was

determined using a standard counter chamber for cell culture.
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Nuclei were pelleted by centrifugation at 2000 rpm at 4°C, washed with 1x PBS and
aliquoted in tubes with 2.5-5 x 10° nuclei. After centrifugation at 2600 rpm for 2 min, nuclei
were snap-frozen in liquid nitrogen. Samples were stored at -80°C until further processing

for a maximum of 6 months.

4.6.3 Preparation of 3C library

The nuclei pellet was resuspended in 360 ul of water and mixed with 60 pl of 10x restriction
buffer. Samples were placed at 37°C in a thermomixer at 900 rpm. Next, 15 ul of 10% SDS
was added and incubated for one hour with occasional pipetting to dissolve the nuclei
aggregates. Remaining SDS was separated from the solution by adding 150ul of 10% Triton
X-100. After one hour of incubation, 600 pl of 1x restriction buffer and 400 units of
restriction enzyme Dpnll were added. Additional 200 units of restriction enzyme were
added after four hours and again, after overnight incubation at 37°C with shaking at 900
rom. Meanwhile, a digestion control was tested by agarose gel electrophoresis. For this, a
5 ul aliquot was mixed with 90 pul 10mM Tris pH 7.5 and 2 pl RNase A (10 mg/ml) and
incubated for one hour at 37°C. Chromatin was decrosslinked by adding 5 ul proteinase K
(10 mg/ ml) and incubation at 65°C for four hours. The DNA was then extracted by adding
100 pl phenol-chloroform. Samples were mixed by inverting the tubes and centrifuged for
10 min at 13200 rpm at room temperature. The upper water phase was transferred into a
new tube and analysed on a 1% agarose gel. Restriction enzyme was heat-inactivated
according to manufacturer's instructions. The samples were transferred to 50 ml Falcon
tubes and 700 ul 10x ligation buffer was added. The volume was filled up to 7 ml with water
and 50 units of T4 DNA ligase (Thermo Fisher Scientific, #£L0013) were added. The ligation
mix was incubated overnight at 16°C. A 100 pl aliquot of de-crosslinked DNA was analysed

on an agarose gel check for successful ligation.
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The preparation of this ligation control was done as described for the digestion control. DNA
of final 3C library was de-crosslinked by adding 30 ul of proteinase K (10 mg/ml) and
incubating overnight at 65°C. Then, 30 pl RNase A (10 mg/ml) was added and the sample
was incubated for 45 min at 37°C. The DNA was then extracted by adding 7 ml phenol-
chloroform. The solution was mixed by inverting the tube and the water phase was
separated by centrifugation at 3750 rpm for 15 min at room temperature. DNA was
precipitated by adding the following reagents to the water phase: 7 ml water 1.5 ml 2M
NaAc pH 5.6, 140 pg glycogen, 35 ml 100 % ethanol. All reagents were mixed and placed at
-80°C, until the sample was completely frozen. The sample was thawed and centrifuged for
20 min at 8350 g and 4°C. DNA pellet was washed with 30 ml cold 70 % ethanol and
centrifuged 15 min at 3300 g at 4°C. Dried pellet was dissolved in 150 pul 10mM Tris pH 7.5.

The 3C library was subsequently used for capture Hi-C.

4.6.4 Capture Hi-C library preparation and sequencing

3C libraries were sheared using a Covaris sonicator. Adaptors were added to the sheared
DNA and amplified according to Agilent instructions for [llumina sequencing. The library was
hybridized to the custom-designed SureSelect beads and indexed for sequencing (50 bp
paired-end) following Agilent instructions. Samples were sequenced with Illumina Hi-Seq
technology according to standard protocols. Sequencing was done by the sequencing core

facility at the Max Planck Institute for Molecular Genetics (Bernd Timmermann)

4.6.5 Capture Hi-C data analysis

Data analysis was performed in cooperation with Robert Schopflin (Department
Computational Molecular Biology, Max Planck Institute for Molecular Genetics, Berlin). Pre-
processing and mapping of paired end sequencing data, as well as filtering of mapped

paired-end di-tags was performed with the HiCUP pipeline v0.5.8 (Wingett S et al. 2015).
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The pipeline used Bowtie2 v2.2.6 (Langmead B and Salzberg SL 2012) for mapping short
reads to reference genome (NCBI37/mm9). Filtered di-tags were further processed with
Juicebox (Rao SSP et al. 2014) command line tools to bin di-tags (10 kb bins) for normalizing
by KR normalization. For this, only reads with a quality score MAPQ >= 30 were considered.
The DNA-capturing step enriches the genomic region chr19:44,440,000-46,400,000 on mm9
leading to three different regimes in the cHi-C map: (i) enriched vs. enriched, (ii) enriched
vs. non-enriched, and (iii) non-enriched vs. non-enriched regions. For binning and
normalization, only di-tags in regime (i) were considered. Therefore, ditags were filtered for
the enriched region and a custom chromosome file containing only the enriched region on
chr19 was used for the Juicebox tool (Rao et al. 2014; Durand et al. 2016). Hi-C maps and
subtraction maps were visualized with the HiC2-Viewer browser (licensed by Robert

Schopflin).

4.6.6 CTCF motif analysis

For analysis of CTCF motif orientation in ChIP-seq peaks (E14.5 mouse embryonic limbs for
CTCF ChIP-seq from ENCODE/LICR), the FIMO algorithm of the MEME suite (Bailey TL et al.
2009) was used with default parameters. The genomic region of 100-200 bp underlying a
CTCF peak was used as input sequence. The CTCF motif matrix used as input corresponds to
the position weight matrix (PWM) of Barski et al. 2007, downloaded from the Jaspar

database (http://jaspar.genereg.net).

4.7 Whole mount In Situ Hybridization (WISH)

Wild-type and mutant embryos at E11.5 were subjected to whole mount in situ
hybridization using Fgf8 and Lbx1 probes to detect mRNA expression. After labelling the
RNA probe complementary to the target mRNA with Digoxigenin, tissue-specific mRNA

expression was visualized by a DIG-specific antibody, coupled to a reporter enzyme.
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All solutions used for whole-mount in situ hybridization are listed in Table 2. Buffers and
solutions were treated with DEPC to inactivate RNase enzymes. Embryos were dissected in
1x PBS and fixed overnight in 4% PFA/ PBS at 4°C. Fixed embryos were washed twice with
PBST and dehydrated in increasing serial Methanol dilutions in PBST (25%, 50%, 75%
Methanol/ PBST, 2x 100% Methanol) and stored at -20°C.

Prior to hybridization, embryos were rehydrated in 75%, 50% and 25% Methanol/PBST and
washed twice with PBST. Subsequently, embryos were bleached in 6% hydrogen
peroxide/PBST for 1 hour on ice and washed in PBST. Embryos were further treated with
Proteinase K for 3 to 5 min, washed with PBST/glycine, PBST and RIPA buffer, and fixed for
20 min in 4% PFA/0.2% glutaraldehyde in PBS/0.1% Tween 20. Embryos were washed in
PBST, hybe buffer and incubated in hybe buffer at 65°C for 1.5 hours. The RNA probe was
diluted 1:100 with hybe buffer, and 100ug/ml tRNA was added. The probe was denatured
at 85°C for 5 min prior to hybridization and then added to the embryos for hybridization
overnight at 65°C.

The following day all unbound probe was removed by washing twice with hybe buffer at
65°C for 30 min. After cooling down to room temperature, the embryos were washed in 1:1
hybe buffer/RNase solution for 5 min. They were then incubated twice for 30 min in RNase
solution containing 100 pg/ml RNaseA and moved to 1:1 RNase solution: SSC/FA/T for 5
min. In the next step, the embryos were incubated in SSC/FA/T for 2x 5 min, 3x 10 min and
6x 20 min at 65°C, cooled down to room temperature and washed in 1:1 SSC/FA/T: 1x MABT
and twice in 1x MABT for 10 min. The embryos were then incubated for 1 h in 10%
Boehringer’s Blocking Reagent in 1x MABT prior to antibody incubation. The antibody anti-
Digoxygenin-AP (Roche, #11093274910) was diluted 1:5000 in blocking solution, added to
the embryos and incubated at 4°C overnight. Unbound antibodies were removed by
washing with PBST levamisole 3x 5 min, 8 30 min and an overnight incubation at 4°C.
Embryos were washed 3x 30 min in alkaline phosphatase buffer and antibody detection was

carried out in BM Purple AP-substrate (Roche, #1442074) until a clear signal appeared.
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Embryos were then washed twice in alkaline phosphatase buffer and fixed in 4%

PFA/PBS/0,2% glutaraldehyde and 5mM EDTA and stored at 4°C.

4.8 Histology

4.8.1 Skeletal preparations

Embryos at E18.5 were sacrificed and kept in water for 1 hour. Skin was removed manually
after heat treatment for 1 min at 65°C. Animals were skinned, emptied of all the inner
organs and incubated overnight in 100% Ethanol at room temperature. The cartilage was
stained blue by incubating the animals in Alcian Blue staining solution (150 mg/| Alcian Blue
8GX (Sigma-Aldrich, #A5268), dissolved in 80% ethanol/20% acetic acid) for up to 24 hours.
The animals were rinsed and post-fixed in 100% Ethanol overnight at room temperature.
For initial clearing, animals were incubated for up to 24h in 0.2% KOH/ bidest H20.
Membranous bones were stained red using Alizarin Red staining solution (50 mg/| Alizarin
Red (Sigma-Aldrich, #A5533) in 0.2% KOH/ bidest H20). This staining was performed for up
to 2 days with visual inspection of each sample until proper red staining was reached.
Subsequently, remaining tissue was digested for up to 3 days with 0.2% KOH/bidest H20.
Clearing was stopped by placing preparations to increasing glycerin solutions (30%, 60%,

and 80% glycerin/bidest H20, for 24 hours each) and then stored in 80% glycerin.
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5. RESULTS

5.1 Chromatin organization and structural variations at the FGF8
locus

5.1.1 Using capture Hi-C to determine the TAD structure at the Fgf8 locus

Fgf8 is located in a gene dense region that contains several enhancers working as an
integrated unit, regulating Fgf8 expression (Marini¢ M et al. 2013). Additionally to the cis-
regulatory elements, chromatin organization has been shown to contribute to the
establishment of preferential enhancer-gene promoter contacts. Such specific enhancer-
promoter contacts are often constrained to the same unit of preferential interactions, the
so-called topologically associated domain (TAD) (Dixon JR et al. 2012; Phillips-Cremins JE et
al. 2013). In order to investigate the TAD structure and interactions at the Fgf8 locus,
capture Hi-C (cHi-C) was performed over a 2 Mb region (chr19:44,440,000-46,400,000,
mm9) in E11.5 murine limb buds (forelimbs and hindlimbs collected together), where Fgf8
is normally expressed. Using cHi-C, a high-resolution heat map was obtained, where each
point in the triangular matrix represents the interaction between two DNA fragments over
the linear locus (Figure 8a). The shades of red correspond to the frequency of interaction:
the higher the interaction frequency, the darker the shade of red. Therefore, light red and
white areas corresponded to low and absence of interactions, respectively.

The cHi-C map at the Fgf8 locus revealed the presence of two TADs (black dashed lines in
Figure 8a), that showed high intra-TAD interaction frequency and low or no contacts
between the two TADs. One TAD, centromeric to the captured region and hereafter referred
to as Lbx1 TAD, contains Lbx1 and Btrc. The second TAD, telomeric to the LbxI1 TAD,
encompasses Poll, Dpcd, Fbxw4 and Fgf8 itself (hereafter referred to as Fgf8 TAD).
Additionally, the boundary regions of both TADs exhibited high interaction frequencies,

which appeared as red dots in the interaction matrix (black arrows in Figure 8a).
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Interestingly, these interactions correlated with CTCF binding in the limb tissue at E11.5
(Figure 8b). CTCF, together with cohesin, is important for the formation of TAD structure
(Rao SSP et al. 2014; Nora EP et al. 2017; Schwarzer W et al. 2017), while the Mediator
complex facilitate long-range interactions between enhancers and promoters (Kagey MH et
al. 2010). Furthermore, the directionality of the CTCF binding motifs has been shown to
have an important role, as they are required to have convergent orientation for the proper
formation of chromatin loops, meaning that one motif has to be in forward orientation and
the other in a reverse orientation (Rao SSP et al., 2014; de Wit E et al. 2015; Guo Y et al.
2015). Since several CTCF-binding sites at TAD boundaries have been observed at the Fgf8
locus (Figure 8b), their relative orientation was investigated (Bailey et al. 2009). This analysis
uncovered that for each of the two TADs at least one couple of recognition motifs is present
in a convergent orientation (Figure 8c).

Furthermore, the centromeric Lbx1 TAD boundary and the telomeric Fgf8 TAD boundary
appeared to strongly contact each other (green arrow in Figure 8a), resulting in the
formation of an additional loop encompassing the Lbx1 and Fgf8 TADs. However, the
amount of interactions between the Lbx1 and Fgf8 TADs did not increase, as seen instead
for each TAD individually. According to the loop extrusion model (Sanborn AL et al. 2015),
strong CTCF binding sites can lead to the formation of further loops, but overlapping loops
cannot coexist within the same cell. Rather, they represent an alternative folding
characteristic of a subset of cells within the examined tissue (Sanborn AL et al. 2015;
Giorgetti L et al. 2014), as it is probably the case for the overlapping loop observed between

the centromeric Lbx1 and telomeric Fgf8 TAD boundaries.
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Figure 8: Spatial organization at the Fgf8 locus. (a) cHi-C interaction map over the Fgf8 locus
from wild-type E11.5 limb buds is shown. The interaction profile revealed the presence of two
TADs (triangular matrices indicated with black dashed lines), which are characterized by a high
level of interactions. The interactions are restricted by TAD boundaries (black arrowheads),
which highly interact as shown by the red dots in the interaction matrix (black arrows). A
schematic representation of the genes below the map indicate that the one TAD on the
centromeric side includes Lbx1 and Btrc genes (referred to as Lbx1 TAD), while the TAD more
telomeric encompasses Poll, Dpcd, Fbxw4 and Fgf8 genes (referred to as Fgf8 TAD). Further
contacts between the centromeric Lbx1 and telomeric Fgf8 TAD boundaries were also detected
(green arrow). (b,c) ChIP-seq signals for CTCF from limbs at E11.5 (dataset produced by Ivana
Jerkovi¢ in the Mundlos laboratory) and orientation of CTCF-binding sites (green arrows indicate
forward orientation, red arrows indicate reverse orientation). CTCF peaks and the convergent
orientation of some binding sites correlate with the observed TAD boundary interactions in the

cHi-C map.

5.1.2 TAD structure conservation between mouse and human

Previous studies demonstrated that TAD organization is conserved between species and
across cell types (Dixon et al. 2012; Vietri Rudan M et al. 2015). In order to investigate the
conservation of chromatin interactions at the Fgf8 locus, a comparison of murine and
human TAD structure was performed. Hi-C data derived from the human lymphoblastoid
cell line GM12878 was obtained from publicly available database (http://yuelab.org/hi-
c/database.php) and compared to the generated high-resolution cHi-C heat map of mouse
limb buds at E11.5. The GM12878 dataset was chosen as it contains a sufficient number of
pairwise interactions for comparing interaction matrices at 5 kb resolution. Despite
differences in the genomic size between mouse and human, a high level of synteny between
the two loci was observed (Figure 9). Furthermore, the TAD structure previously described
in mouse, as well as the regions corresponding to TAD boundaries (arrowheads in Figure 9)
and their interaction frequency (arrows in Figure 9), showed a similar structure and

positions in human.
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Figure 9: TAD structure at the Fgf8 locus is conserved between humans and mice. Comparison
between the cHi-C heat map at the Fgf8 locus from E11.5 limb buds from wild-type mice (top)
and the Hi-C heat map at the FGF8 locus from human lymphoblastoid cell line GM12878
(bottom). A high degree of synteny between the two loci and conservation of the TAD structure
was observed between humans and mice, as indicated by the conservation of the TAD

boundaries (black arrowheads) and relative interaction frequency (black arrows).

5.1.3 Inter-TAD duplications at the FGF8 locus

Several tandem duplications on chromosome 10g24 at the FGF8 locus have been linked to
the Split-Hand/Foot Malformation type 3 (SHFM3) by previous studies (de Mollerat XJ et al.
2003; Kano H et al. 2005; Dimitrov Bl et al. 2010). SHFM3 is a limb malformation mostly
characterized by absence of the central digits on hands and/or feet. Some patients, in
concomitance or not with the limb phenotype, also exhibit mental retardation, intellectual
disability and/or craniofacial abnormalities, such as micrognathia (de Mollerat XJ et al. 2003;
Elliot AM and Evans JA 2006; Dimitrov Bl et al. 2010).

Tandem duplications largely overlapping the FGF8 locus were identified in several patients
at Charité Universitdtmedizin Berlin and University of Pavia, characterized through array-
CGH (Microarray-based Comparative Genomic Hybridization) and the breakpoints
confirmed by sequencing. All duplications overlap to a large extent (green dashed lines in
Figure 10) and all include the entire LBX1, BTRC, POLL and DPCD genes. In some cases, they
also encompass FBXW4 or part of it, and/or TLX1, but none cover FGF8 (Figure 10). For all
duplications, except one, patients exhibited the classical SHFM phenotype with aplasia of
the central digits on hands and/or feet (yellow and black bars in Figure 10). The patient
without classical split-hand/foot phenotype was characterized by mild intellectual disability
only, despite the complete overlap with the duplications of the other patients (grey bar in
Figure 10). Analysis of duplications position in the context of TAD structure organization
revealed that the identified duplications are inter-TAD and all encompass the TAD boundary

between FGF8 and LBX1 TADs (light blue arrowhead in Figure 10).
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The majority of these inter-TAD duplications include regions of the FGF8 TAD and almost
the entire LBX1 TAD (Figure 10). As shown by recent studies (Franke M et al. 2016;
Weischenfeldt J et al 2017), inter-TAD duplications can be responsible for changes and
reorganization of the chromatin structure, creating new chromatin domains (neo-TADs)
that include genes and cis-regulatory elements normally located in different and separate
TADs, therefore promoting their interactions. This can have consequences on gene
regulation and cause disease (Franke M et al. 2016; Weischenfeldt J et al 2017). Thus, the
here identified inter-TAD duplications could induce rearrangements of the TAD structure
leading to the formation of a neo-TAD containing elements from both LBX1 and FGF8 TADs.
Consequently, alteration of the proper gene regulation could eventually lead to the
phenotype observed in SHFM3, whose precise mechanism is still unknown (Lyle R et al.
2006; Dimitrov Bl et al. 2010). In order to understand the molecular mechanism underlining
the identified SHFM3 malformations at the FGF8 locus and to determine the impact of these
structural variations on TAD structure and gene regulation, one of the duplications (yellow
bar in Figure 10) was reengineered in mice. As the TAD structure at the FGF8 locus is well
conserved between mouse and human, reengineering duplications in mice is an adequate

and compelling approach to study structural variations occurring in humans.
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Figure 10: Duplications at the FGF8 locus encompassing regions of the LBX1 and FGF8 TADs.
Schematic representation of the identified SHFM3 duplications relative to the TAD structure at
the locus. Arrowheads at the bottom of the heat map indicate TAD boundary positions,
illustrating that duplications span parts of the FGF8 TAD, LBX1 TAD and, especially, the TAD
boundary between FGF8 and LBX1 TADs (light blue arrowhead). The grey bar represents the
duplication carried by the patient affected only by mild intellectual disability and no split-
hand/foot phenotype. The yellow bar indicates the duplication reengineered in mice. The green

dashed lines delimit the largest area of overlapping of duplications.
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5.2 Generation of structural variations in mice using CRISPR/Cas9

genome editing

As mentioned in the previous section, one of the identified SHFM3 duplications (yellow bar
in Figure 10), of approximately 485 kb and also spanning the largest overlap of all
duplications (green dashed lines in Figure 10), was chosen to be reengineered in mice using
CRISPR/Cas9 genome editing. Figure 11 illustrates the corresponding region of the
duplication on murine chromosome 19 (yellow bar with black outlines in mm9). Due to the
smaller size of the mouse genome, the duplication on chromosome 19 corresponds to a
region of approximately 450 kb. To engineer this duplication two guide RNAs were designed
to target the murine duplication breakpoints. One guide RNA targeted the centromeric
breakpoint, which was almost identical to the human breakpoint, close to Lbx1 gene (Figure
11). The second guide RNA targeted instead the telomeric breakpoint, which, however, was
extended further telomeric, towards the Fgf8 gene (Figure 11), to avoid the disruption of
Fbxw4 and cis-regulatory elements close to Fbxw4. Therefore, the engineered duplication,
hereafter referred to as Dupl (yellow bar in figure 11), resulted slightly larger
(approximately 500 kb) than the original duplication. Furthermore, a second duplication,
hereafter referred to as Dup2 (red bar in Figure 11), was generated to exclude Lbx1 from
the duplication, as one of the genes comprised in all the rearrangements and therefore
potentially involved in the pathomechanism. Dup2 was generated using the same telomeric
guide RNA as in Dup1, while a new centromeric guide RNA was designed to exclude Lbx1
from the duplication (red scissor in Figure 11). Design, cloning and mouse embryonic stem
cells (mESCs) transfection of the single guide RNAs were done as described previously in
section 4.3 and 4.4.4, following the CRISPR/Cas9 genome editing protocol according to Kraft

K et al. 2015. The guide RNAs used for genome editing are listed in Table 5.
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Figure 11: CRISPR/Cas9 genome editing at the Fgf8 locus. Schematic representation of the

SHFM3 duplication in the human genome and at the corresponding murine locus (yellow bars

with black outlines at the top and at the bottom of the schematic locus representation,

respectively). Yellow scissors represent the Cas9 enzymes for which two guide RNAs were

designed to reengineer the corresponding human duplication breakpoints in mice (CRISPR/Cas9

Dup1 yellow bar). The same telomeric breakpoint was used also for Dup2 (CRISPR/Cas9 Dup2

red bar), while the centromeric breakpoint was shifted more telomeric compared to Dup1l to

exclude Lbx1 from the duplication Dup2 (red scissor).
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Approximately 500 clones were collected for both Dupl1 and Dup2. Several rearrangements,
such as duplications, deletions and inversions were detected by conventional PCR using a
combination of primers at the centromeric and telomeric breakpoints (Figure 12). PCR

primers for genotyping are listed in Table 6.
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Figure 12: Genotyping PCR for CRISPR/Cas9 clones. A couple of primers is designed around
each breakpoint in the wild-type sequence (T1+T2 and T3+T4). Then, using different
combinations, deletions (T1+T4), inversion (T1+T3 and T2+T4) and duplications (T3+T2) can be

detected. GuideRNA/Cas9 enzyme complexes are depicted in yellow (Kraft K et al. 2015).

Table 9 summarizes the total number of screened clones and the frequency of the detected
rearrangements. Pure duplications, where pure indicates the presence only of one type of
rearrangement, were found only in 1% of the clones for Dup1 and in 0.6% for Dup2. Clones
carrying a pure deletion were 2% for Dupl and 2.6% for Dup2, while the percentage of
clones with pure inversion was 4% and 7.6%, respectively. Furthermore, a certain
percentage of clones was characterized by multiple rearrangements. Specifically, 0.4% of
Dup1 clones carried a duplication on one allele and a deletion or an inversion on the second
allele. Or a deletion on the first allele and an inversion on the second allele. Similar or higher

percentages were detected also among Dup2 clones.
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Coordinates Screened | pyp | pel | Inv | Dup/ | Dup/ | Del/
(mm9) clones Del Inv Inv
Dupl | chr19:45,290,982- 500 1% | 2% | 4% | 0.4% | 0.4% | 0.4%
45,792,742
Dup2 | chr19:45,332,272- 500 0.6% | 2% | 7.6% | 0.6% | 0.4% | 1%
45,792,742

Table 9: CRISPR/Cas9 results and frequency of several structural rearrangements. The
genomic coordinates for Dupl and Dup?2 are indicated. The table depicts the total number of
screened mESC clones and the percentage/frequency of different rearrangements obtained for

each screen.

5.2.1 Validation of the copy number using Real-Time PCR

Dupl and Dup2 clones positive for pure duplications based on the conventional PCR
screening were further analysed with quantitative real-time PCR (gPCR) to confirm the
genotype. To investigate the copy number, seven regions were selected for qPCR primer
design (qPCR primers are listed in Table 6). In particular, five regions were chosen within
the duplicated sequence (two closer to the centromeric and telomeric breakpoints, three
more in the center). In addition, two flanking regions, one centromeric and one telomeric
to the duplicated area, were selected as negative controls. Copy number analysis of Dup1l
revealed no changes in the copy number compared to the wild-type, which was in contrast
to the conventional PCR screening. This result suggested that the Dup1 ESC clones carried a
deletion on one allele and a duplication on the other. In Figure 13a an exemplary qPCR of
one of the clones is reported. Conversely, the analysis of Dup2 clones indicated changes in
the copy number of the duplicated region with values up to 1,5 or more (Figure 13b
illustrates one of the Dup2 clones analysed), suggesting that these clones carried the

duplication in a heterozygous state and confirming the conventional genotyping.
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Therefore, Dup2 ESC clones seemed to be characterized, based on both qualitative and
guantitative PCR, by a pure duplication, while for Dupl only clones carrying multiple
rearrangements (duplication/deletion) were available. Thus, one of the Dupl
(duplication/deletion) and one of the Dup2 (pure duplication) clones were used for
tetraploid complementation and embryos were then collected at different developmental
stages to investigate changes in gene expression, to monitor the duplication-induced
changes on the 3D organization and to investigate the phenotypic changes induced by these

genomic rearrangements, particularly in the form of skeletal malformations.
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Figure 13: Copy number analysis of selected ESC clones. Clones positive for duplications were
screened for copy number variation in order to confirm the genotyping observed in the
conventional PCR analysis. Copy number detected in wt gDNA was set to 1. Seven regions were
screened in total. Five within the duplicated area (Centromeric in and Telomeric in, closer to
the centromeric and telomeric breakpoint, respectively. Center 1, Center 2 and Center3,
localized more in the central part of the duplicated region) and two outside of the centromeric
and telomeric breakpoints of the duplication (Centromeric out and Telomeric out) (a) Dupl
gPCR revealed the presence of a deletion on one allele and of a duplication on the other, as the
bars of the graph regarding the duplicated area (Centromeric in, Center 1, Center 2, Center3
and Telomeric in) were all approximately at the same level as the wild-type bars, indicating no
changes in the copy number. (b) Dup2 appeared to be a heterozygous duplication from the
observation of the graph, as the bars relative to the duplicated area were characterized by

values up to 1,5 or more.

5.3 Using Capture Hi-C to identify and characterize complex SVs

To study the effect of the inter-TAD duplications generated at the Fgf8 locus, limb bud cells
originating from Dup1 (duplication/deletion) and Dup2 (pure duplication) E11.5 embryos
were processed for the cHi-C analysis. Generated interaction matrices were then compared
to the wild-type map described earlier in section 5.1.1, as the cHi-C analysis in Dup1 and
Dup2 embryos was performed over the same 2 Mb region (chr19:44,440,000-46,400,000,
mm39). The comparison revealed major differences in the TAD structure for both Dup1 and
Dup2.

The cHi-C heat map generated from Dupl animals (Figure 14b) showed new interactions, as
indicated by a strong red dot (black arrow in Figure 14b). Specifically, this new interaction
represented a gain of contact between the breakpoint centromeric to Lbx1 and the
breakpoint centromeric to Fgf8. This result confirmed the duplication breakpoint position

previously identified by the conventional PCR screening (T3+T2 in Figure 12).
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To better visualize the effect of the rearrangement, a subtraction map was generated where
the signal from the wild-type matrix was subtracted from the signal in the mutant matrix
(Figure 14c). The subtraction analysis further revealed ectopic interactions of the regions
involved in the duplication, i.e. parts of the Lbx1 TAD, including Lbx1, and regions of the
Fgf8 TAD (red rectangular zone dense of interactions under the black arrow in Figure 14c
and highlighted by dashed black lines). These observations confirmed that the mutant mice
for Dupl indeed carried a duplication, which recapitulates the inter-TAD duplication
identified in patients. The duplication breakpoint and the pattern of ectopic chromatin
interactions further suggest that a new chromatin domain (neo-TAD) was formed (Franke
M et al. 2016). In this neo-TAD configuration Lbx1 from Lbx1 TAD is positioned closed to cis-
regulatory region of Fgf8 TAD. This regulatory region is located between Btrc and the area
telomeric to Fbxw4 (Marini¢ M et al. 2013) and, in the wild-type configuration, is usually
separated from the Lbx1 TAD by a TAD boundary (arrowhead in Figure 14a).

The cHi-C map additionally revealed the presence of a deletion allele, since the mutant Dupl
mice were generated from a ESC clone carrying a duplication and a deletion. This was
evident by an additional breakpoint and a gain of interactions between the regions flanking
the deletion breakpoint (arrowheads in Figure 14b). In the subtraction map this gain
appeared as a dense red region (arrowheads in Figure 14c), indicating increased ectopic
interactions of sequences surrounding the deletion. This gain of interactions was
accompanied by a loss of contacts compared to wild-type chromatin configuration (intense
blue areas depicted by asterisks in Figure 14c). For instance, the Fgf8 gene showed a strong

loss with sequences in the Fgf8 TAD (blue area indicated by one asterisk in Figure 14c).
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Figure 14: cHi-C from Dup1 mice and comparison to wild-type. (a) cHi-C from E11.5 limb buds
of wild-type embryos. Black arrowhead indicates the TAD boundary between Lbx1 and Fgf8
TADs. (b) cHi-C from E11.5 limb buds of Dup1 mutants. Schematic of the allele is shown below
the map and the duplication is indicated by an overlap. The dashed vertical yellow lines mark
the duplication breakpoints in the linear genome. The black arrow highlights the ectopic
interactions induced by the duplication breakpoint engineered by CRISPR/Cas9 genome editing.
cHi-C also revealed the breakpoint and ectopic contacts of a corresponding deletion on the
second allele (arrowheads). (c) Subtraction of wild-type cHi-C interactions from Dupl mutants
revealed ectopic interactions of regions of the Lbx1 TAD (including Lbx1) and sequences of the
Fgf8 TAD that are involved in the duplication. Ectopic interactions induced by the duplication
are depicted by the red rectangular area (indicated by dashed black lines) below the duplication
breakpoint (black arrow). The deletion on the second allele is characterized instead by ectopic
contacts above the deletion breakpoint, i.e. ectopic contacts (arrowheads) between the regions
flanking the deleted sequence. In addition, the deletion is accompanied by a loss of interactions
(blue areas indicated by asterisks), e.g. loss of interactions between the Fgf8 gene and regions
in the Fgf8 TAD. The yellow bar indicates the genomic region involved in the duplication and

deletion.
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For the Dup2 mutant mice, the cHi-C map clearly indicated a gain of interaction (arrow in
Figure 15b), which arose from the duplication and showing, in the subtraction map, a
pattern similar to the one observed for Dupl (red rectangular zone dense of interactions
under the black arrow in Figure 15c and highlighted by dashed black lines). However, the
duplication allele in Dup2 mutant mice excludes Lbx1 from the tandem duplication and
therefore from a neo-TAD around the breakpoint. Unexpectedly and in stark contrast with
the genotyping results, cHi-C analysis revealed an additional strong gain of interactions and
breakpoint in Dup2 mice (arrowhead in Figure 15b). The subtraction map showed that a
deletion of part of the sequence of the Lbx1 TAD and Fgf8 TAD (green arrowheads indicate
the centromeric and telomeric deletion breakpoints in Figure 15c and 15b) is responsible
for this gain in interactions as it brings in close proximity the flanking regions that are
normally separated by a TAD boundary. Indeed, for instance, Fgf8 showed a loss of
interactions with the deleted region in the Fgf8 TAD (asterisks in Figure 15c) and a gain of
interactions with sequences of the remaining Lbx1 TAD (red dense area indicated by an
arrowhead in Figure 15c). This result led to the conclusion that the selected Dup2 ESC clone
carried a deletion allele in addition to the duplication allele. Surprisingly, the deletion and
the breakpoint did not correspond to the size and position of the duplication. Whereas the
telomeric breakpoint was the same as in the duplication, the centromeric breakpoint was
shifted towards the Btrc gene. This unexpected configuration of the deletion allele could
explain why the deletion was not detected in the PCR screening and by the copy number

analysis.
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Figure 15: cHi-C from Dup2 mice and comparison to wt map. (a) cHi-C from E11.5 limb buds of
wild-type embryos. Black arrowhead indicates the TAD boundary between Lbx1 and Fgf8 TADs.
(b) cHi-C from E11.5 limb buds of Dup2. Schematic of the allele is shown below the map and the
duplication is indicated by an overlap. The dashed vertical red lines mark the duplication
breakpoints in the linear genome and is evident that Lbx1 is excluded from the duplication. The
black arrow highlights the ectopic interactions induced by the duplication breakpoint
engineered by CRISPR/Cas9 genome editing. cHi-C also revealed an additional breakpoint and
ectopic contacts resulting from a deletion (black arrowheads). Green arrowheads indicate the
centromeric and telomeric breakpoints of the deletion. The telomeric breakpoint is the same
as in the duplication, while the centromeric breakpoint is shifted towards Btrc gene. (c)
Subtraction of wild-type cHi-C interactions from Dup2 mutants revealed ectopic interactions of
regions of the Lbx1 TAD (excluding Lbx1) and sequences of the Fgf8 TAD that are involved in the
duplication. Ectopic interactions induced by the duplication are depicted by the red rectangular
area (indicated by dashed black lines) below the duplication breakpoint (black arrow). The
deletion on the second allele is characterized instead by ectopic contacts above the deletion
breakpoint, i.e. ectopic interactions (black arrowhead) between the regions flanking the deleted
sequence. In addition, the deletion is accompanied by a loss of interactions (blue areas indicated
by asterisks), e.g. loss of interactions between the Fgf8 gene and regions in the Fgf8 TAD. Green
arrowheads indicate the centromeric and telomeric breakpoints of the deletion. The red bar

indicates the genomic region involved in the duplication.
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5.4 Phenotypic analysis of structural variations at the Fgf8 locus

5.4.1 Correlation of gene expression patterns and cHi-C identified

genotypes

Although Dupl and Dup2 mutant mice showed different structural rearrangements on both
alleles, they were subjected to gene expression analysis. Murine embryos were collected at
developmental stage E11.5 and the whole mount in situ hybridization was performed, to
visualize the expression patterns of Fgf8 and Lbx1 in the whole embryo and to examine
differential expression. In E11.5 wild-type embryos, Fgf8 was primarily expressed in the
AER, in the mandibular/maxillary region, in the midbrain-hindbrain boundary and in the
nasal pit epithelium (arrowheads on Fgf8 wild-type embryo in Figure 16b), while Lbx1
resulted expressed in the early myogenic cells (arrowheads on Lbx1 wild-type embryo in
Figure 16a). Analysis of Dupl and Dup2 embryos revealed some differences in the
expression of Fgf8 and Lbx1 genes compared to wild-type embryos. These differences were
in strong concordance with the genotype determined by the cHi-C analysis.

Dupl mutant embryos exhibited a smaller body size and shorter forelimbs and hindlimbs at
E11.5 compared to the wild-type (Dupl E11.5 embryos in Figure 16a and b). Lbx1 was
ectopically expressed in the AER and in the mandibular/maxillary region, resembling Fgf8
specific expression patterns (arrowheads on Lbx1 Dup1 embryo and Dup1 limb bud in Figure
16a). This misexpression was in agreement with the observed ectopic interactions between
the sequence where Lbx1 is located and the regulatory region of the Fgf8 TAD in the cHi-C
analysis (red area dense of interactions highlighted by dashed black lines in the cHi-C
subtraction map in Figure 16a). The duplication induced a new chromatin domain at the
Fgf8 locus, in which Lbx1 adopted Fgf8 specific cis-regulatory information. Consequently,

Lbx1 misexpression likely arose from the duplication in Dup1 mutant mice.
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Conversely, whole mount in situ hybridization of Fgf8 revealed a reduced expression in the
AER (arrowhead on Fgf8 Dup1l limb bud in Figure 16b), which was most likely due to the
deletion on the second allele. This was clearly visible in the cHi-C subtraction map as a loss
of interactions, specifically the ones between Fgf8 and its regulatory region in the Fgf8 TAD
(blue area highlighted by dashed black lines in the cHi-C subtraction map in Figure 16b).
However, Fgf8 expression in E11.5 Dup1 embryos was only reduced but not completely lost,

as the duplication allele still retained a functional copy of the Fgf8 TAD.
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Figure 16: Whole mount in situ hybridization and correlation with cHi-C in Dup1l. (a) Whole-
mount in situ hybridization for Lbx1 in E11.5 wild-type and Dupl mutant embryos. The cHi-C
subctraction map on the right correlates the observed ectopic contact with the observed
misexpression of Lbx1. Mutant embryos showed a misexpression of Lbx1 in the AER and in the
mandibular/maxillary region, as a consequence of the gain of interactions with the Fgf8
regulatory region observed in the cHi-C subtraction map (red area highlighted by dashed black
lines). (b) Whole-mount in situ hybridization for Fgf8 in E11.5 wild-type and Dupl mutant
embryos. The cHi-C subtraction map on the right correlates the observed loss of contacts with
the reduced Fgf8 expression observed in the AER. This reduction is a consequence of the
deletion on the second allele, that involves the regulatory region of Fgf8 and, therefore, leads
to the loss of interactions between the regulatory region and Fgf8 (blue area highlighted by
dashed black lines).

In the case of Dup2 mutant mice, no significant changes in the expression of Lbx1 were
observed (Lbx1 Dup2 embryo and Dup2 limb bud E11.5 in Figure 17a), which was in
concordance with the absence of ectopic interaction of Lbx1 in the cHi-C analysis (area with
no interactions highlighted by dashed black lines in the cHi-C subtraction map in Figure 17a).
Lbx1, indeed, was not involved in the duplication and, therefore, was excluded from the
rearranged neo-TAD around the breakpoint (black arrow in Figure 17a).

The deletion detected in the cHi-C map of Dup2 mutant mice resulted in the misexpression
of Fgf8 in a Lbx1 specific expression pattern (arrowheads on Fgf8 Dup2 embryo and Dup2
limb bud E11.5 pictures in Figure 17b). The mutants clearly showed Fgf8 expression in the
myogenic cells of the limb bud, reflecting the gain of interactions between Fgf8 and a
potential Lbx1 regulatory region of the remaining Lbx1 TAD (red area dense of interactions

highlighted by dashed black lines in the cHi-C subtraction map in Figure 17b).
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Figure 17: Whole mount in situ hybridization and correlation with cHi-C in Dup2. (a) Whole-
mount in situ hybridization for Lbx1 in E11.5 wild-type and Dup2 mutant embryos. The cHi-C
subtraction map on the right correlates the absence of ectopic contacts (area with no gain or
loss of interactions highlighted by dashed black lines) with no misexpression of Lbx1. This is due
to the fact that Lbx1 is not involved anymore in the duplication, as it was instead in Dup1. (b)
Whole-mount in situ hybridization for Fgf8 in E11.5 wild-type and Dup2 mutant embryos. The
cHi-C subctraction map on the right correlates the observed ectopic contact with the observed
misexpression of Fgf8. Mutant embryos showed a misexpression of Fgf8 in the early myogenic
cells, as a consequence of the gain of interactions with the remaining sequences of Lbx1 TAD
after the deletion, potentially containing Lbx1 regulatory regions, observed in the cHi-C
subtraction map (red area highlighted by dashed black lines). Green arrowheads indicate the

centromeric and telomeric breakpoints of the deletion.
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5.4.2 Phenotypic analysis of Dupl and Dup2 mutant mice

Skeletal preparation and staining of embryos at E18.5 were performed to assess the
structure of every bone for an overview of the possible phenotype related to the generated
structural variations. Specifically, Dupl embryos were characterized by microcephaly and
micrognathia, shorter forelimbs due to the absence of the humerus and the radius in both
right and left forelimbs, smaller hindlimbs due to the shorter tibia and fibula, and absence
of the thumbs (Figure 18). Micrognathia is part of the array of SHFM3 related phenotypes.
In the here generated Dupl mutants micrognathia could be a consequence of Lbx1
misexpression in the mandibular/maxillary area, observed in section 5.4.1, due to the inter-
TAD duplication. However, despite the presence of the duplication on one allele in Dup1l
mutant embryos, no split hand/foot phenotype was detected, as none of the central digits
on hands and/or feet were affected. Missing thumbs, humerus and radius were instead a
consequence of the deletion carried by the other allele and involving the regulatory region
of Fgf8. Indeed, this observed phenotype resembled the Fgf8 conditional knockout
phenotype (Moon AM and Capecchi MR 2000; Lewandoski M et al. 2000). The phenotype
of the Dupl mutants, in particular the presence of the micrognathia, did not allow the
generation of live animals. Dup2 embryos showed a normal skeletal phenotype compared
to Dupl embryos (Figure 18). However, an abnormal aspect was represented by a hole in
the scapula, which was likely a consequence of the deletion carried by one allele. Dup2 live
animals were generated, but they all died shortly after birth of unknown cause.

Therefore, the classical split-hand/foot phenotype observed in our patients could not be
recapitulated in Dupl mutants. However, the differences observed between the Dup1 and
Dup2 embryos, in term both of phenotype and gene misexpression, offered new insights
for the study of the pathomechanism of SHFM3 phenotype associated with duplications at
the FGF8 locus. Additionally, this brought us to a further experiment described in section

5.5.
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Figure 18: Skeletal phenotype of Dupl and Dup2 mutants. Skeletal preparations at E18.5 are
shown in comparison to the wild-type. Dup2 exhibit a largely normal phenotype, except for a
hole in the scapula. Dupl mutants, in contrast, showed a severe phenotype characterized by
microcephaly, micrognathia, missing humerus and ulna, absence of the thumbs, and also

shorter hindlimbs.

5.5 Inversion at the Fgf8 locus to further study gene misexpression

The Dupl tandem duplication positioned the Lbx1 gene in close proximity to the Fgf8
regulatory region, which was evident by the ectopic interactions between these two
sequences. To further provide evidence that ectopic interaction of Lbx1 with the Fgf8
regulatory region is involved in Lbx1 misexpression, we considered creating an inversion of
the region between Lbx1 and Fgf8. Indeed, this inversion would relocate the Fgf8 regulatory
region, normally positioned between Btrc and the area telomeric to Fbxw4 (Marini¢ M et al.
2013), in close proximity to Lbx1 gene and also away from Fgf8. Since the Dup2 CRISPR/Cas9
edited region overlaps the region between Lbx1 and Fgf8 (red bar in Figure 19), Dup2 ESC
clones harbouring a pure inversion based on the conventional PCR screening (Table 9) were

selected (Figure 19).
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Figure 19: CRISPR/Cas9 inversion at the Fgf8 locus. Schematic representation of the Fgf8 locus
and Dup2 inversion are shown. Dashed red lines and curve black arrows indicate the

centromeric and telomeric breakpoints of the inversion.
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Selected clones, hereafter referred to as Inv2 clones, were used for tetraploid
complementation and embryos were collected at E11.5 to perform whole-mount in situ
hybridization and at E18.5 for skeletal preparations. Whole-mount in situ hybridization
analysis at E11.5 revealed a partial or complete loss of Fgf8 expression and a strong gain of
Lbx1 expression in the AER (arrowheads on Fgf8 Inv2 embryo and Inv2 limb buds in Figure
20b and arrowheads on Lbx1 Inv2 embryo and Inv2 limb bud E11.5 in Figure 20a), as
observed for the Dupl mutants harbouring the duplication and the deletion allele. Lbx1
misexpression in the AER clearly derived from the interaction of Lbx1 with Fgf8 regulatory
elements. This confirmed the possibility for Fgf8 regulatory elements to interact with Lbx1
when they are in close proximity, which is exactly what occurs in Dupl mutants as a
consequence of the duplication and in Inv2 mutants when the sequence containing the
regulatory elements is inverted.

Skeletal preparations of Inv2 mutants were characterized by microcephaly, absence of
thumbs and ilium, partial formation of the scapula and malformation of the fibula (Figure
20c). Missing thumbs, underdeveloped scapula and leg bones were likely the consequence
of Fgf8 loss of expression. Furthermore, despite E11.5 Inv2 mutants did not show such a
strong misexpression of Lbx1 in the mandibular/maxillary region as in Dup1 embryos, E18.5
Inv2 skeletal preparations exhibited the presence of micrognathia, as in E18.5 Dupl
mutants. This further supported a possible correlation between ectopic interactions

induced by the duplication and SHFM3-like phenotype.
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Figure 20: Whole mount in situ hybridization and skeletal phenotype of Inv2 mutants. (a)
Whole-mount in situ hybridization for Lbx1 in E11.5 wild-type and Inv2 mutant embryos.
Mutant embryos show misexpression of Lbx1 in the AER, due to a gain of interactions with the
Fgf8 regulatory region. (b) Whole-mount in situ hybridization for Fgf8 in E11.5 wild-type and
Inv2 mutant embryos. Mutant embryos exhibit a partial or complete loss of Fgf8 in the AER, as
the regulatory region of Fgf8 is moved away from Fgf8 itself with the inversion. (c) Skeletal
preparations at E18.5 of Inv2 mutants and wild-type are shown. Inv2 embryos exhibit
microcephaly, micrognathia, missing thumbs and ilium, underdeveloped scapula and deformed

fibula.

80



Discussion

6. DISCUSSION

6. Spatial and functional organization at the FGF8 locus

Chromosome conformation capture assays provide important insights into the 3D spatial
organization of mammalian genomes. In particular, Hi-C technique allows the identification
of the so called topologically associated domains (TADs). TADs are specific structures that
subdivide the genome into discreet genomic units, providing physical proximity between
CREs and their target genes, which is required for transcription (Dixon JR et al. 2012; Deng
W et al. 2012; Shen Y et al. 2012). Capture Hi-C (cHi-C) methodology detects all interactions
occurring in a region of interest by combining Hi-C with the use of biotin-labelled probes
complementary to a targeted genomic region (Hughes JR et al. 2014; Mifsud B et al. 2015).
In this study, cHi-C was applied to investigate TAD structure at the Fgf8 locus in limb buds
of wild-type mice and mutant mice carrying structural variations generated by CRISPR/Cas9

genome editing.

6.1.1 Locus subdivision into two chromatin domains

cHi-C analysis in wild-type mice revealed that the gene dense region at the Fgf8 locus is
partitioned into two main TADs. Lbx1 and Btrc genes are included in the Lbx1 TAD located
at the centromeric side of the captured region, while Poll, Dpcd, Fbxw4 and Fgf8 are
positioned in the telomeric Fgf8 TAD. Increased interactions were observed within each
TAD, while contacts between them were low or completely absent. This goes along with
previous studies demonstrating that sequences located within the same TAD contact each
other with a much higher frequency than sequences of neighbouring TADs (Nora EP et al.

2012; Dixon JR et al. 2012).
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TAD structure is determined largely by CTCF proteins together with cohesin (Rao SSP et al.
2014; Nora EP et al. 2017; Schwarzer W et al. 2017) and the Mediator complex, which
facilitate long-range interactions between enhancers and promoters (Kagey MH et al. 2010).
The high resolution of the Hi-C data showed high interaction frequencies between boundary
regions of the Lbx1 TAD and between boundary regions Fgf8 TAD. Looping of TAD
boundaries correlated with CTCF binding sites, whose sequence analysis revealed that loops
are formed between CTCF sites with a convergent motif orientation. These observations are
consistent with previous studies proposing that convergent motif orientation is required for
loop formation (Rao SSP et al. 2014; de Wit E et al. 2015; Guo Y et al. 2015; Gémez-Marin C
et al. 2015). Therefore, the strength of interactions between CTCF binding sites, associated
with specific CTCF sites orientation, represent a good predictor of TAD structure. Indeed,
CTCF depletion in mouse embryonic stem cells leads to disruption of the TAD structure with
loss of proper insulation and increased interactions between neighbouring TADs (Nora EP
et al. 2017).

Interestingly, across different mammals, CTCF binding sites and CTCF motif orientation are
generally more conserved at TAD boundaries than within TADs (Vietri Rudan M et al. 2015).
Additionally, between species and across cell types, TAD boundaries and TAD structures
were shown to be highly conserved (Dixon JR et al. 2012; Rao SSP et al. 2014). In the present
study, murine and human TAD structures were compared and, although there are
differences in the genomic size, the spatial TAD organization was preserved between mouse
and human. Especially, CTCF binding sites at the TAD boundaries regions demonstrated a
high level of conservation. Therefore, this comparison suggests a conserved and similar
gene regulation between mouse and human at the FGF8 locus.

Furthermore, strong chromatin interactions were observed between the centromeric Lbx1
TAD boundary and the telomeric Fgf8 TAD boundary, forming an additional loop overlying
the Lbx1 and Fgf8 TADs. However, this overlapping loop is not characterized by increased

inter-TAD interactions between the Lbx1 and Fgf8 TAD. Considering the loop extrusion
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model (Sanborn AL et al. 2015), overlapping loops can arise between strong CTCF binding
sites, but only consecutive loop domains can occur simultaneously in the same cell.
Therefore, overlapping loops represent alternative folding states within a cell population
(Sanborn AL et al. 2015; Giorgetti L et al. 2014). Additionally, the here performed cHi-C
experiments were carried out on the whole limb bud of embryos at E11.5. At this stage,
limb bud contains multiple different cell types, i.e. cells of the AER or limb mesenchyme.
The observed overlapping loop could, therefore, represent alternative folding patterns,
which could be specific for a particular cell type. These aspects have to be carefully
considered when interpreting cHi-C experiments that are based on measurements of

chromatin interactions across a large cell population and tissues.

6.1.2 TAD structure organizes the cis-regulatory information

required for Fgf8 expression

Genes with complex expression patterns, such as developmental genes, are regulated by
numerous enhancers (Cannavo E et al. 2016; Perry MW et al. 2010). Additionally, enhancers
that regulate specific genes can also be somewhat redundant, which is thought to provide
spatio-temporal precision and robustness to gene expression. This way, proper execution
of regulatory processes during the course of development is ensured and, in case of
mutations, this robust mechanism is supposed to buffer the mutation effect (Perry MW et
al. 2011; Perry MW et al. 2012; Dunipace L et al. 2011; Frankel N et al. 2010).

Arecent study identified a 220 kb region centromeric to Fgf8 containing multiple regulatory
elements necessary to drive Fgf8 expression during embryonic development (Marini¢ M et
al. 2013). In contrast to other developmental genes often located in gene desert regions,
Fgf8 is located in a gene dense genomic location. Its cis-regulatory elements are
interspersed in the introns of the neighbouring genes, or in the regions between one
neighbouring gene and another one, and many are located more than 90 kb away from the

Fgf8 promoter.

83



Discussion

Using LacZ reporter gene assay the authors demonstrated that single enhancers showed
specific, and in several cases overlapping, Fgf8 expression patterns. Altogether these cis-
regulatory elements recapitulate most of the known Fgf8 expression domains. Interestingly,
despite overlapping tissue-specific activities, they are all required to ensure precise control
during development and they act as an integrated unit (Marini¢ M et al. 2013). These cis-
regulatory elements are specifically located between the Btrc gene and the region telomeric
to Fbxw4, which corresponds to the centromeric region of the here determined Fgf8 TAD.
Therefore, the observed Fgf8 TAD and loop ensure the proximity of the multiple cis-
regulatory elements to the target promoter of Fgf8 and the TAD boundaries prevent any
contacts with other regulatory elements in neighbouring TADs, ensuring the correct gene

regulation during development.

6.2 Duplications associated with SHFM3 at the FGF8 locus are

classified as inter-TAD duplications

Tandem duplications involving the regulatory region of the FGF8 gene have been associated
with the Split-Hand/Foot Malformation type 3 (SHFM3) (de Mollerat et al. 2003; Dimitrov
Bl et al. 2010). The typical feature of this limb malformation is the absence of one or more
central digits on hands and feet. In some cases, this phenotype can manifest together with
intellectual disability, mental retardation, or facial dysmorphisms. Interestingly, there are
also some patients carrying the same duplications showing only the neuro-facial features
(de Mollerat et al. 2003; Elliot AM and Evans JA 2006; Dimitrov Bl et al. 2010).

Comparison of the duplications position of our patients relative to the TAD structure at the
FGF8 locus revealed that these duplications are classified as inter-TAD duplications. In
particular they encompass parts of the LBX1 TAD, all including LBX1, and parts of the FGF8
TAD, all excluding FGF8. Recent studies reported that this type of duplication, encompassing

a TAD boundary, can lead to the formation of new TADs (neo-TADs) around the breakpoint
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of the duplication (Franke M et al. 2016; Weischenfeldt J et al. 2017). Within these neo-
TADs new ectopic interactions between cis-regulatory elements and genes normally located
in separate TADs can occur, resulting in aberrant gene expression and pathological
phenotypes (Lupiafiez DG et al. 2015; Franke M et al. 2016; Weischenfeldt J et al. 2017).
Therefore, considering the configuration of the identified duplications at the FGF8 locus, we
hypothesized these inter-TAD duplications could interfere with the TAD structure at the
locus, creating a new chromatin domain including genes and cis-regulatory elements from

the FGF8 and LBX1 TADs.

6.2.1 Inter-TAD duplications are associated with gene misregulation

In this study CRISPR/Cas9 genome editing was used to create duplications at the Fgf8 locus
in mouse embryonic stem cells (MESCs). One aim of the thesis was to reengineer human
SHFM3 inter-TAD duplications in mice (Dupl) in order to understand the molecular
mechanism underlying this disease. Furthermore, an additional duplication (Dup2) was
generated to exclude Lbx1 from the rearrangement, as one of the genes potentially involved

in the pathomechanism of SHFM3 at the locus.

When two double strand breaks (DSBs) simultaneously occur, each on one of the two
homologous chromosomes, trans-allelic recombination between the two chromatids,
involving the two cut sequences, can lead to the formation of a tandem duplication on one
allele and a consequent deletion on the second allele (Lee HJ et al. 2012). Recent studies
demonstrated that this type of rearrangements can be obtained in mice with CRISPR/Cas9
genome editing when using a pair of sgRNAs simultaneously (Li J et al. 2015; Kraft K et al.
2015). However, it has been shown that duplications can also arise without the deletion
allele (Franke M et al. 2016), but the mechanism leading to pure duplications without a

deletion on the second allele has not been clarified yet.
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The screening of our ESC clones after CRISPR/Cas9 genome editing revealed only clones
harboring the duplication together with the deletion allele. Despite the clones not carrying
a pure duplication, the cHi-C and gene expression analysis revealed interesting insights into
the possible effects of the rearrangement. cHi-C analysis in murine limb buds of Dupl
(duplication/deletion) showed ectopic interactions of Lbx1 with regions of the Fgf8 TAD.
This is likely the consequence of the inter-TAD rearrangement, where the duplicated copy
of Lbx1 is relocated close to the regulatory region of Fgf8, with formation of a new
chromatin domain that facilitates novel chromatin interactions. The observed ectopic
interaction resulted in a misexpression of Lbx1 in Fgf8-like expression patterns, specifically
in the AER and in the mandibular/maxillary region, as observed in E11.5 Dup1 embryos. This
misexpression was not observed in Dup2 mutants, which exclude Lbx1 from the duplication.
Additionally, the inter-TAD inversion involving the sequences between Lbx1 and Fgf8 (Inv2)
also leaded to misexpression of Lbx1 in an Fgf8-like expression pattern as in Dupl mutants,
in particular in the AER, as a consequence of the relocation of the regulatory region of Fgf8
in close proximity to Lbx1 promoter. Although the Dupl engineered mice carried a
duplication and deletion allele, observed novel interactions and expression patterns
induced by the duplication could still be involved in the SHFM3 phenotype. Gain of contacts
between the regulatory region of Fgf8 and Lbx1, and consequently misexpression of Lbx1,
confirmed that Fgf8 cis-regulatory can act on a new target gene.

Similar tandem duplications, involving the Fgf8 regulatory region, have been shown to
activate a GFP reporter in Fgf8 expression domains, in particular in the AER (Marini¢ M et
al. 2013). The authors could not detect the expression in the mandibular/maxillary process
as they performed experiments in E10.5 mutant embryos and Fgf8 expression in this area

starts at E11.5 (Bachler M and Neubiiser A 2001; Bei M and Maas R 1998).
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6.2.2 Generated duplication only partially recapitulates the SHFM3

phenotype

The skeletal analysis of E18.5 murine embryos generated from tetraploid complementation
of Dup1 (duplication/deletion) clone only partially recapitulated the SHFM3 phenotype, as
they did not show any split hand/foot malformations, but the micrognathia. Micrognathia
is part of the clinical presentation of SHFM3 and, despite the patients of this study did not
show this specific phenotype, it was previously reported in the Decipher database
(https://decipher.sanger.ac.uk/) in two patients with no split hand/foot phenotype, but
carrying a duplication, part of which overlapping the duplicated region of our patients.

The micrognathia phenotype in Dupl mutants could be derived from the misexpression of
Lbx1 in the mandibular/maxillary area. This phenotype was also recapitulated by E18.5 Inv2
embryos. Lbx1 is normally expressed during neuronal and especially muscular development,
where it ensures the correct migration of myogenic precursors along the rising limb
(Brohmann H et al. 2000; Fernandez-Jaén A et al. 2014; Jagla K wt al. 1995). In principle,
Lbx1 could be taken into consideration as potentially disease-causing gene, but possible
misexpression of the other genes involved in the SHFM3 duplication has to be taken into
consideration, as it could interfere as well with physiological processes during development
and consequently affect morphology. For instance, Btrc, another gene with a role in
development and involved in all the duplications, has not been tested yet for expression
analysis in Dupl and Dup2 mutants. In general, several cases of developmental genes
misexpression in limb are known to affect patterning and/or morphology. For instance,
when PAX3 is misexpressed in the distal part of the autopod, patients present brachydactyly
(Lupiafiez DG et al. 2015). Similarly, the misexpression of KCNJ2, a gene coding for a
potassium channel (Tristani-Firouzi M et al. 2002), can also cause brachydactyly and nail

aplasia (Franke M et al. 2016).
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Furthermore, it is noteworthy that, in contrast to null mutations of genes or mutations
involving single cis-regulatory elements (Dathe K et al. 2009; Lettice LA et al. 2011), the
consequences of large SVs involving developmental genes and numerous regulatory
elements are not so easy to interpret and to link to the phenotype observed in patients.
However, three-dimensional chromatin structure helps to identify gene and regulatory
regions that are potentially involved in the pathomechanisms.

Mice are commonly used as a model organism to study human disease because of the
similarities in genetics, physiology and organ development. However, some inter-species
differences, such as life span, morphometry and some aspects of the physiology (Demetrius
L 2005), could account for genotype-to-phenotype divergences between mouse and
humans. Several factors could explain why the Dupl mutants did not display the split
hand/foot phenotype. First, a potential dosage effect could be the reason why heterozygous
duplications, causing the SHFM3 phenotype in humans, do not lead to the human-like
phenotype in Dupl mutants. It is possible that a higher dosage is required to obtain the
SHFM3 phenotype in mice. However, we were not able to generate a homozygous
duplication by breeding of the animals as the observed phenotype in Dupl mutant embryos
did not allow the generation of live animals.

Second, the presence of the deletion on the second allele could interfere with the
duplication effects in mutants. Normally, in the case of a pure heterozygous SHFM3
duplication, the Fgf8 TAD is maintained on both alleles and Fgf8 expression is not disrupted.
However, the deletion affecting one allele caused a phenotype resembling the Fgf8
conditional knockout phenotype (Moon AM and Capecchi MR 2000; Lewandoski M et al.
2000), displaying no humerus, radius and toes, instead of a phenotype that should have
been similar to that observed in heterozygous Fgf8 loss of function (Moon AM and Capecchi
MR 2000). The co-occurence of the Lbx1 misexpression in the AER could be responsible for

this aggravation of the deletion phenotype, but at the same time the deletion effects could
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buffer the real phenotypic consequences of the duplication. In order to prove the real

effects of the inter-TAD duplication, a pure duplication is clearly required.

6.3 Off-target effects and complex rearrangements induced by

CRISPR/Cas9 genome editing

The efficiency of CRISPR/Cas9 approach is partly related to the accessibility of the Cas9
enzyme to the chromatin at the locus of interest (Kuscu C et al. 2014; Li J et al. 2015).
Therefore, sgRNAs were designed to target the Cas9 enzyme to open chromatin regions
that are characterized by DNase | hypersensitivity sites (Crawford GE et al. 2006). Moreover,
the efficiency in generating SVs is largely determined by their size. In particular, an inverse
relationship between the size and the frequency of the targeted rearrangement has been
described previously (Canver MC et al. 2014). Additionally, deletions and inversions occur
much more frequently than duplications (Li J et al. 2015). Deletions and inversions are
immediately generated by NHEJ ligation at the breakpoints, whereas duplications require a
translocation and re-ligation of sequences from different alleles (Lee HJ et al. 2012).
Furthermore, NHEJ events are usually more frequent than HR, since the latter requires the
presence of a repair template (Carroll D 2014; Jiang F and Doudna JA 2017). These
observations correlated with the frequency of the detected rearrangements for Dup1 and
Dup?2 alleles. Due to large size of the targeted region, approximately 500 kb for Dupl and
460 kb for Dup2, the total number of detected positive clones for the desired
rearrangements was relatively low. Only 1% and 0.6% of the total number of ESC clones
were represented by clones carrying pure duplications in Dupl and Dup2, respectively
(Table 9). Furthermore, ESC clones carrying deletions and especially inversions were more
frequent than duplications (Table 9).

CRISPR/cas9 genome editing requires also precise genotyping because of the error prone
DNA repair machinery, which often leads to unpredictable deletion at the targeted genomic

site.
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Therefore, clones were first screened with qualitative PCR that detect rearrangement-
specific breakpoints. Subsequently, the breakpoints were confirmed using Sanger
sequencing and quantitative RT-PCR was used to verify the genomic copy number.
Quantitative analysis revealed that in several cases the CRISPR-targeted ESC clones were
characterized by rearrangements on both alleles as detected by conventional PCR. All
identified duplication alleles for Dupl and Dup2 carried a deletion on the second allele.
Therefore, only clones carrying more than one rearrangement were available for the
generation of the mutant animals. Mouse mutants generated by tetraploid
complementation using a clone characterized by different rearrangements can be breed
with wild-type mice in order to promote the segregation and separation of the two mutated
alleles. However, the phenotype of Dupl (duplication/deletion) did not allow the
generation of live animals, while mice generated from Dup2 died few days after birth for
unknown causes.

Interestingly, the genotype of the heterozygous duplication and deletion allele in the Dup2
clone was only detected by cHi-C analysis and not with conventional methods described
above. cHi-Cidentified all possible chromatin interactions and therefore all rearrangements
at the targeted locus that occurred in the Dup2 mutants. This underlies the efficiency and
specificity of the capture Hi-C approach to identify changes in chromatin. Furthermore, the
deletion and duplication in Dupl mutants had the same breakpoints, whereas the
centromeric breakpoint of the deletion in Dup2 did not correspond to the breakpoint of the
duplication. This observation underlines another important aspect that has to be taken into
consideration when performing genome editing using CRISPR/Cas9. The difference in the
breakpoint locations could potentially result from off-target effects induced by the
CRISPR/Cas9 system as demonstrated in several studies. Mismatches between the guide
RNA and the complementary target DNA can be tolerated depending on their position,

quantity and distribution (Hsu PD et al. 2013; Cong L et al. 2013; Fu Y et al. 2013).
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Several strategies have been developed to reduce the frequency of off-target effects. For
instance, the CRISPR/Cas9 nickase uses a modified nuclease domain of the Cas9 enzyme to
introduce a single-strand cut. Using the nickase activity, double strand breaks can be
created using two Cas9 nickases, each guided by sgRNAs binding to adjacent sites on
opposite DNA strands (Shen B et al. 2014; Ran FA et al. 2013; Mali P et al. 2013). Large SVs
can be obtained using two pairs of Cas9 nickases, one working on the left breakpoint and
the other on the right breakpoint of the desired rearrangement (Ran FA et al. 2013). As for
the classical CRISPR/Cas9 approach, deletions, duplications and inversions can occur when
the DSBs are repaired by NHEJ. However, the Cas9 nickase method does not prevent the co-
occurrence of a deletion allele and a duplication allele.

Despite the incredible advantages of CRISPR/Cas9 approach for the generation of SVs, the
combination of duplication/deletion on the two alleles in one clone and unpredictable
breakpoint position represented a major challenge in this study. Alternatively, other
methods could be used to generate duplications, such as the previously described TAMERE
approach (Hérault Y et al. 1998) and ZNFs (Miller JC et al. 2007; Urnov FD et al. 2005).
TAMERE is a precise method, but extremely time-consuming, as it requires cloning of
targeting constructs and multiple breeding steps to generate duplications or deletions
alleles. Therefore, CRISPR/Cas9 genome editing still represents the best choice to
reengineer SVs in mice, as the time required to get mutant mice is not comparable to any
other approach. Moreover, as already mentioned, in some cases CRISPR/Cas9 can directly
generate pure duplications (Franke M et al. 2016). Additionally, in the absence of a lethal
phenotype, mice carrying different rearrangements on the two alleles can still be breed with
wild-type mice to get pure SVs. Furthermore, the screening of ESC targeted clones could be
improved by using the powerful cHi-C approach. As shown in this study, Chi-C analysis
allowed an exhaustive assess to SVs at the locus of interest detecting rearrangements not

previously identified by conventional and quantitative PCR.
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6.4 cHi-C and Hi-C as diagnostic tools to detect structural

variations

In this study cHi-C represented a powerful tool to detect structural variations and therefore
to determine the correct genotype from CRISPR/Cas9 engineered mutant mice. Structural
rearrangements, such as deletions and duplications, were detected by prominent ectopic
interactions at the breakpoint as well as by new contacts established between regions that
are normally separated by TAD boundaries. These observations suggest the use of CHi-C
and Hi-C for systematic screening of CRISPR/Cas9 targeted clones or in diagnostic settings
to identify SVs. As already proposed in the previous section, cHi-C could be an excellent tool
for the screening of mouse ESCs after the CRISPR/Cas9 targeting and before their use to
generate mutant mice. This would allow the confirmation of the correct rearrangement of
interest and the detection of additional rearrangements within the same ESC clone. The
present study demonstrated the limit of qualitative and quantitative PCR screenings.
Unpredictable rearrangements induced by the error prone CRISPR/Cas9 system or by the
repair mechanisms of the cells cannot be detected by pre-set primer combinations. cHi-C
does not require prior knowledge of the rearrangement at the locus. Structural variations,
including deletions, duplications and inversions can be detected by ectopic interactions in
the interaction matrix when compared to wild-type. Indeed, the here presented results for
deletions and duplications demonstrated that the most prominent contacts originated from
ectopic interactions at the breakpoint and from recombined regions. Therefore, a screening
of potential ESC clones would not require high sequencing depth. Moreover, costs could be
further reduced by the application of a multiplex approach to label individual samples prior
the hybridization to the capture probes (Misfud B et al. 2015; Hughes JR et al. 2014; Gnirke
A et al. 2009).

Furthermore, cHi-C and especially Hi-C could be applied in diagnostic settings. The

implementation of these techniques for the screening of patient cells could help clinicians
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and human geneticists to identify SVs and to determine the possible mechanisms through
which specific SVs cause a certain pathological phenotype. The great advantage of cHi-C and
Hi-C is the possibility to identify the breakpoints of a SV. Furthermore, each SV, especially
large SVs, can be identified through a specific pattern of interactions, which is represented
by strong ectopic interactions close to the breakpoint in the interaction matrix. These
patterns reflect the impact of a specific rearrangement on the structure and on gene
regulation (Figure 21). For instance, sequences flanking a deletion are brought in close
proximity at the breakpoint, which results in ectopic interactions pointing upward relative
to the breakpoint (Figure 21c). Ectopic interactions can be also gained as a consequence of
a duplication. Tandem duplications can relocate duplicated genes and CREs to a new
interactive context, which is represented by ectopic interactions pointing downward
respect to the breakpoint (Figure 21b). Finally, inversions can also change the relative
position of genes and CREs. In this case, the new interactions are detected left and right to
the breakpoint (Figure 21d).

Therefore, cHi-C and Hi-C represent powerful approaches to detect SVs, which are
frequently identified in human diseases (Burton JN et al. 2013; Rickman DS et al. 2012).
Additionally, Hi-C is not restricted to copy-number variations such as deletions and
duplications. Inversions, as wells also translocations, can be detected (Chakraborty A and
Ay F 2017), which represents a great advantage over other methods, such as the array-CGH
(Microarray-based Comparative Genomic Hybridization) (Theisen A 2008) that is routinely
used to detect SVs. However, in contrast to array-CGH or whole genome sequencing (WGS),
Hi-C approaches require patient cells and usually millions of cells for a single experiment.
Nevertheless, TAD structures have been described as largely stable across cell types (Dixon
JR et al. 2012; Rao SSP et al. 2014), suggesting that cHi-C and Hi-C analysis can be easily
performed using, for instance, cultured fibroblasts from skin biopsies, as well as leukocytes

isolated from blood samples (Franke M et al. 2016), limiting availability problems.
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Additionally, improvements of the Hi-C technique leaded to a decrease in the number of
cells required to generate high-resolution interaction maps (Bonev B et al. 2017).

Furthermore, Hi-C provides information not only about SVs, but also about the overall
landscape of interactions occurring within each chromosome. As already mentioned, Hi-C
allows the identification of both balanced and unbalanced chromosome rearrangements.
Since inter-chromosomal interactions (trans-chromosomal contacts) are far less frequent
than intra-chromosomal interactions (cis-chromosomal contacts), the probability to
observe ectopic trans-chromosomal interactions is very high. Even a low sequencing
coverage would allow to detect trans-chromosomal rearrangements, with a reduction of
the sequencing costs compared to deep WGS (Harewood L et al. 2017; Belton JM et al.
2012). In summary, Hi-C provides a useful tool in diagnostic settings, that could complement
existing technologies such as WGS to identify complex genomic rearrangements and to
disentangle disease causing mechanisms. Duplications and deletions are generally thought
to have an effect on gene dosage (Rice AM and MclLysaght A 2017). However, this
interpretation is not sufficient when other elements, such as the non-coding sequence of
the genome, are involved and the phenotype cannot be explained as a consequence of an
altered gene dosage (Kurth | et al. 2009). The discovery of the TAD structures, their role in
gene regulation and their alterations due to SVs (Lupiafiez DG et al. 2015; Franke M et al.
2016) offer clinicians and researchers the great opportunity to identify new disease-causing
mechanisms and genes and also to uncover the regulatory elements and interactions

controlling specific gene expression.
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Figure 21: SVs induce characteristic ectopic interaction patterns in Hi-C data. (a) Wild-type
configuration of a region characterized by two TADs with specific CRE-gene interactions. (b)
Characteristic ectopic interaction patterns induced by tandem duplications spanning a TAD
boundary (inter-TAD). The regulatory elements R4 and R5 are brought in close proximity to gene
A, generating new interactions as illustrated by the red area and arrows. (c) Inter-TAD deletion
of the region between the regulatory element R2 and gene B, brings these two elements, and
also R1, in close proximity, defining new contacts pointing upwards from the breakpoint (red
dot). (d) Inter-TAD inversion changes the location of regulatory elements R3, R4 and R5, which
are normally positioned into two different and separate TADs. After inversion they are relocated
close to and interact with different genes, as shown by ectopic interactions areas right and left
of the breakpoint. (R = Regulatory element; B = boundary; Del = Deletion; Dup = Duplication;

Inv = Inversion).
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Composition and dosage of a multipartite enhancer
cluster control developmental expression of Ihh (Indian

hedgehog)

Anja ] Will'2, Giulia Coval:2, Marco Osterwalder*®, Wing-Lee Chan'24, Lars Wittler®, Norbert Brieske!,
Verena Heinrich®, Jean-Pierre de Villartay”, Martin Vingron®®, Eva Klopocki®, Axel Visel>%100,

Dario G Lupidfiez»>411® & Stefan Mundlos"24110

Copy number variations (CNVs) often include noncoding
sequences and putative enhancers, but how these
rearrangements induce disease is poorly understood. Here
we i igate CNVs involving the latory landscape of
IHH (encoding Indian hedgehog), which cause multiple,
highly localized ph ypes including craniosy is and
synpolydactyly'2. We show through transgenic reporter
and genome-editing studies in mice that Ihh is regulated by

T sadisad

1 with app or overlapping functions remain
elusive. CNVs generally include noncoding regions of the genome
and can thus interfere with the composition and dosage of regulatory
elements, but the effects of such al are poorly und: d

We investigated the effects of deletions and duplications upstream
of IHH, a master gene of skeletal development involved in chondro-
cyte differentiation, joint formation and osteoblast differentiation.
Accord Ihh inactivation in mice results in extreme shortening of

a constellation of at least nine enhancers with individual
tissue specificities in the digit anlagen, growth plates, skull
sutures and fingertips. Consecutive deletions, resulting in
growth defects of the skull and long bones, showed that these
enhancers function in an additive manner. Duplications, in
contrast, caused not only dose-dependent upregulation but
also misexpression of /hh, leading to abnormal phalanges,
fusion of sutures and syndactyly. Thus, precise spatiotemporal
control of devel. | gene expression is achieved by
complex multipartite enhancer ensembles. Alterations in the
composition of such clusters can result in gene misexpression
and disease.

Work by the Encyclopedia of DNA Elements (ENCODE) Consortium
and others has helped to characterize a wide catalog of regulatory
elements, also referred to hancers, that control develop | gene
expression in many species’-5. One of the most intriguing characteristics
of these elements s their tendency to arrange in clusters, displaying
redundancy in reporter assays and similarities in transcription factor
occupancy®”. Previous studies in Drosophila melanogaster showed that
the observed redundancy may provide the system with robustness and
spatiotemporal precision®-'°. However, how the complex patterns of
gene expression during development are achieved and why this involves

bones, joint fusions and almost absent ossification, ultimately causing
early lethality!!. Interestingly, patients carrying duplications at this
locus display completely different phenotypes, including craniosyn-
ostosls, syndactyly and polydactyly2, indicating alternative patho-
mechanisms. To define the regulatory landscape of Ihh, we performed
circular chromosome conformation capture and sequencing (4C-seq)
in embryonic day (E) 14.5 developing limbs and compared our find-
ings to published data sets'2. Our data show that the Ihh promoter
interacts preferentially with the third intron of the upstream neigh-
boring gene Nhejl (Fig. 1 and Supplementary Fig. 1), in a genomic
region affected in all reported disease-associated duplications. The
region contains multiple sites positive for H3K4mel and H3K27ac
(indicative of active enhancers) and binding sites for CTCF, an archi-
tectural protein involved in facilitating enhancer-promoter contact
by looping. The convergent CTCF motif orientation observed across
the locus might facilitate the interactions measured in the 4C-seq
experiments (Fig. 1 and Supplementary Fig. 2)!3-16,

In mice in which a lacZ reporter cassette (Sleeping Beauty)'” was
inserted to capture the regulatory capacity of the region, a pattern con-
sistent with Ihh expression was observed, that Is, activity in condensing
digits, growth plates, fingertips and skull sutures. Using a combina-
tion of H3K27ac and H3K4mel ChIP-seq signal in E14.5 limbs'8,
evolutionary conservation'? and our 4C-seq Interaction profiles, we
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defined nine regions with enhancer potential and validated them in  and bone growth (skull sutures and growth plates), respectively. Five
mouse transgenic enhancer activity assays? (Fig. 1). Embryos were  of the tested elements showed activity at both stages (Fig. 1), whereas
analyzed at two time points, E14.5 and E17.5, to capture Ihh expression ~ additional elements were active only at E17.5 (Supplementary Fig. 3).
domains during digit development (fingertips and cartilage anlagen) ~ We scored the activity of each element in the previously identified
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Figure 1 A cluster of enhancers interacts with the /hh promoter during mouse development. Top, close-up view of the /hh genomic region. Genes and
their i start sites are indi black boxes, exons; gray boxes, introns. The position of the /acZ reporter insertion is shown (SB). Black bars
indicate the size and position of previously described human duplications!+? converted to mouse genome coordinates. Findings from 4C-seq performed
in E14.5 limbs using the /hh promoter as the viewpoint are shown below. Note increased interactions with intron 3 of the adjacent Nhejl gene (see
also Supplementary Fig. 1). The results of CTCF ChIP-seq performed in E14.5 limbs are shown (ENCODE)3, where blue and red arrows indicate motif
orientation. Additional tracks below show H3K4mel and H3K27ac, as well as ion. This il ion was used to predict enhancers
i1-i9, indicated by light blue and gray bars. Bottom, transgenic reporter assay (LacZ) of elements positive at E14.5 and E17.5 (marked in light blue;
for each enhancer, an embryo and handplate at E14.5 and a dorsal view of a forelimb and a top view of the skull at E17.5 are shown). The regulatory
activity of the region, as indicated by the activity of the inserted /acZ reporter (SB; black outline), is shown on the left. The lower panel shows scoring
of each element for tissue specificity. Elements negative at E14.5 but with positive staining at E17 5 are marked in gray and shown in Supplementary
Figure 3. Scale bars: 2,000 um (embryos and skulls), 500 um and 1,000 um
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regions (Fig. 1, y Table 1).
This analysis highlighted th y of the cluster,
where almost every individual element displayed a unique pattern of
activity. All elements gave a positive signal in growth plates, whereas
other domains, like fingertips, were covered only by a small subset of
enhancers (15 and 17). This suggests that the enhancers in this cluster
act in a modular fashion and that the degree of overlapping activity
varles between tissues and developmental time points.

To evaluate the functionality of these elements, we deleted intron 3
of Nhej1 (Fig. 2), which contains eight of the nine enhancers identi-
fied, using CRISVarZ’ Nhejl encodes a DNA repair protein essential
for the h d-joining p y d for double-
strand break repair. ln humans, homozygous mutations in NHEJ1
result in severe combined immunodeficiency (SCID) with micro-
cephaly, growth retardation and sensitivity to ionizing radiation,
reflecting a deficiency in DNA repair (MIM 611291)?2, In contrast,
Nhejl-knockout mice are viable and do not display any morpho-
logical phenotype?*24. uCT scans of Nhejl~/~ skulls did not iden-
tify any abnormalities, indicating that NhejI does not have a major
role in skull and suture development (Supplementary Fig. 4). Mice
homozygous for the Nejl intronic deletion (Del(2-9)) displayed very

ppl y Fig. 3 and Supp
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short limbs, absent cortical bone and fused joints, as well as reduced
skull ossification, very similar to the phenotypes observed upon Ihh
inactivation'!. Whereas Nhej1 transcription levels remained basically
unchanged (Supplementary Fig. 5), we observed a drastic reduction
in Thh mRNA levels in E13.5 limbs and E17.5 skulls (98% and 99%
reduction, respectively), consistent with the observed phenotypes.
Therefore, this genomic region contains most of the regulatory ele-
ments required for Ihh skeletal expression.

Next, we generated a series of specific deletions to assess the func-
tional redundancy within this enhancer cluster (Fig. 2). Homozygous
deletion of the enhancers located in the telomeric part of the intron
(Del(4-9)) resulted in a lethal growth defect almost as severe as that
observed with deletion of the entire intron, confirming that the most
relevant enhancers are located in this telomeric region. Deletion of
only the three central enhancers (Del(4-6)) reduced Ihh expression by
approximately 70% in all tissues tested, whereas deletion of the three
more telomeric enhancers (Del(7-9)) resulted in a 60% reduction
in expression (Fig. 2). Both mutants were viable and phenotypically
normal, but they showed a delay in skull osslflcatlon (Fig. 2) and a
10% reduction in bone length ( ! g. 6). All del
except Del(7-9) resulted in loss of Ihh ﬂngemp expr&sslon indicating

Ihh mRNA

04 06 08 1 12

g | &

Figure 2 Deletions of regulatory elements highlight additive control of /hh expression. (a) Deletions generated by CRISVar?! at the Ihh locus. Ihh

knockout (KO) is shown for comparison (stop sign). Findings from CTCF ChIP-seq performed in E14.5 limbs are shown (ENCODE)3, where blue and red
arrows indicate motif orientation. Each deleted chromosomal region is represented as a dashed lrne Note that Del(4-9) and Del(7-9) delete only one
intronic CTCF-binding site, maintaining another intact. (b) /n situ hy shows Ihh exp in p (E13.5). Note ion in digit
tips and condensing digits in wild-type embryo and loss of expi in all deleti enhancer i5. FL, forellmb Scale bars, 200 pm
(handplates). (c) Skeletal staining of forelimbs, autopods and skulls (E17.5). Mutants di: by asterisks. Both
Del(2-9) and Del(4-9) result in massive reduction of limb size and reduced ossification similar to Ihh knockout whereas Del(4-6) and Del(7-9) mice
did not show noticeable limb abnormalities. All mutants studied displayed skull defects (delayed ossification), an effect that was less prominent in
Del(7-9) mutants (arrowhead). Scale bars: 2,000 um (forelimbs), 500 um (autopods) and 1,000 um (skulls). (d) /hh qPCR analysis in E13.5 forelimb,
E17.5 growth plate (elbow) and skull. Deletion of intron 3 of NhejI encompassing enhancers i2-i9 results in almost complete loss of /hh expression in
all tissues, whereas smaller deletions partially reduce expression. Bars represent the mean of n > 3 different individuals (circles). Two-sided Student’s
ttest, **P<0.01; ***P<0.001; ****P< 0.0001.
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Figure 3 Duplications of enhancer elements result in /hh over- and (a) D by CRISVar?!. The duplicated fragments are shown
in blue and pink. (b) Left, forelimb morphology (postnatal day (P) 7). Dup(mt) and Dup(csp) mice (homozygous) are normal, but Dup(syn)/+ mice display 2/5
syndactyly. Right, skeletal staining at E17.5. Staining shows short and broad terminal phalanges in Dup(syn)/+ mice (arrow). Scale bars: 1,000 um (P7) and
200 um (E17.5 handplates). (c) /n situ hybridization shows increased and ion of /hh and its effectors Ptchl and Gil in the
mutants (Dup(csp) < Dup(int) < Dup(syn)/+). Expression domains in Dup(syn)/+ mice extend into distal interdigital space (arrows). Note the increased /hh

in digit in Dup(int) as to Dup(syn)/+ mice (small arrow), also observed across the entire handplate. Scale bars, 200 um.
(d) Apoptosis in interdigital space (red signal). Note the lack of signal in the distal region in the Dup(syn)/+ mutant (arrow). Scale bar, 200 um. (e) Hindlimb
morphology of Dup(syn)/+ mice. Note the preaxial and 2/5. In situ i shows increased /hh expression (arrows) in the preaxial
region (insets). HL, hindlimb. Scale bars: 1,000 um (P7) and 200 um (E12.5 and E13.5). (f) /hh qPCR analysis. Duplications increase /hh expression. High
levels in Dup(csp) forelimbs (no result from digit while moderate upregulation in Dup(syn)/+ forelimbs (syndactyly) derives from
fingertips. Bars represent the mean of n > 3 different individuals (circles). Two-sided Student's ¢ test, *P < 0.05; **P<0.01; ***P<0.001; ****P< 0.0001;
ns, not significant. (g) uCT skull analysis (P70). The red square indicates enlargement of the metopic suture region (right). Below, cross-sections of metopic sutures
(red amowheads). All mutants display complete suture fusion (maximum effect in Dup(int)). Scale bars: 2 mm (skull), 1 mm (enlargement), 0.5 um (cross-section).

4 ADVANCE ONLINE PUBLICATION NATURE GENETICS

124



Publications

© 2017 Nature America, Inc., part of Springer Nature. All rights reserved.

that element i5 acts as a major regulator for this region. These results
demonstrate that Ihh expression is controlled by a cluster of redun-
dant enhancers, which appear to act in an additive manner.

To understand the mechanisms underlying pathogenic duplications
in the IHH locus, we duplicated the entire NhejI intron (Dup(int)),
equivalent to the sequence deleted in Del(2-9). In addition, we reengi-
neered two of the previously described human duplications: Dup(csp)

LETTERS

with the syndactyly observed. To investigate the effect of increased Ihh
expression on skull development and suture formation, a detailed uCT
analysis was performed (Fig. 3g). This analysis identified fusion of the
metopic suture (craniosynostosis) in all mutants, but this phenotype
was most pronounced in Dup(int) mice. The phenotypes observed
in our mouse mutants (syndactyly, polydactyly and craniosynostosis)
accurately recapitulate previous observations in human patients"?

encompassing the region between enhancers i1 and i5 (reengj

human duplication causing craniosynostosis Philadelphia type'2),
and Dup(syn), which includes Ihh and the upstream region up to
enhancer 15 (reengineered human duplication causing syndactyly
Lueken type?) (Fig. 3a). Dup(int) and Dup(csp) mutants did not show
gross morphological alterations in the heterozygous or homozygous

PP y Fig. 8). Thus, the induced changes in enhancer
composition and dosage resulted in a disturbance of the levels and
precision of gene expression, thereby causing abnormal development
and disease. Interestingly, the observed phenotypes did not always
correlate with the number of duplicated elements but appeared to be
influenced by other factors such as the position of the duplication and
thear of individual el relative to the cluster.

state. In contrast, Dup(syn)/+ mice showed complete ¢ syn-
dactyly of digits 2/5 in fore- and hindlimbs (Fig. 3b), thus recapitulat-
ing the human phenotype.

Skeletal staining showed that the syndactyly of Dup(syn) mutants
did not involve bony fusions. Digits and joints developed normally,
but terminal phalanges were broad and short. In situ hybridization
experiments in E13.5 limbs identified major changes in fingertips,
where Ihh expression was not only increased but also broadened.
These effects were weak in Dup(csp) mice, more pronounced in
Dup(int) mice and most prominent in Dup(syn)/+ mice, in which
Ihh expression extended into the distal interdigital space (Fig. 3c).
Accordingly, the exp d of the hedgehog downstream tar-
gets Glil and Ptch1 were broadened, and fusion of the normally sepa-
rate domains was observed that was most pronounced in Dup(syn)/+
mutants. Except for Bmp4 and Nog, we did not observe abnormali-
ties in other genes or pathways involved in syndactyly and interdig-
ital cell death (Supplementary Fig. 7), suggesting that hedgehog
signaling alone is sufﬂclem to induce this type of syndactyly Next,
we quantified g p which is d for digit
separation®®. Consistent wlth the observed phenotypes, we detected
strong signal in the interdigital space in wild-type, Dup(csp) and
Dup(int) embryos, but an absence of signal in the distal region in
Dup(syn)/+ embryos (Fig. 3d). Thus, upregulation and misexpression
of Ihh in fingertips beyond a certain threshold resulted in abnor-
malities of the distal phalanges, most likely by interfering with the
phalanx-forming region?, and syndactyly due to suppression of inter-
digital apoptosis.

In addition, Dup(syn) mutants displayed preaxial polydactyly on
hindlimbs (50% penetrance; Fig. 3e). One major cause of polydactyly
is ectopic activation of hedgehog signaling at the anterior developing
limb bud?7:28, Interestingly, Dup(syn)/+ embryos showed a prominent
increase in Ihh in the distal zeugopod during hindlimb
development starting at E12.5 (expresslon was absent at E10.5 and
E11.5). As IHH is a potent diffusibl we hypoth that
the increased expression might interfere with the anterior-posterior
hedgehog gradient. Thus, the observed phenotype seems to be the
result of a loss of precision in spatiotemporal expression, indicating
that, similar to the syndactyly, an increase in enhancer dosage can
have site-specific effects.

P profiling by ive RT-PCR (qPCR) was used to
quantify the effect of the duplications on gene expression (Fig. 3f).
‘Whereas Nhej1 and other nearby genes showed no alteration in expres-
sion (Supplementary Fig. 5), all mutants analyzed displayed increased
Ihh expression in the skull and limbs, with the highest expression levels
observed in Dup(int) mutants (up to fivefold upregulation).
In situ hybridization of Dup(int) forelimb autopods (Fig. 3¢) showed
increased expression mainly in digits, whereas in Dup(syn) mutants
the expression increase was most prominent in fingertips, consistent

To lnv:stlgale a possible effect of spatial configuration on the dupli-
cated alleles, we performed 4C-seq experiments in E14.5 limbs (view-
point at Ihh; Fig. 4a). In Dup(int)/+ mutants (with duplication of
enhancers 12-19), we observed increased interactions across the entire
duplicated region. In contrast, Dup(syn)/+ mutants (with duplica-
tion of Ihh and enhancers 11-15) only showed increased contact with
the centromeric region of the enhancer cluster, suggesting that the
centromeric Thh copy created its own regulatory domain containing
only the duplicated regulatory elements 11-15 (Fig. 4b). The presence
of two divergently oriented CTCF-binding sites near the promoter
of the telomeric Ihh copy might explain this domain separation by
limiting chromatin interaction beyond these elements. Moreover, the
larger contact areas in Dup(int)/+ mutants correlate with the observed
levels of Ihh upregulation as compared to Dup(syn)/+ mutants. As
illustrated in Figure 4c, the syndactyly in Dup(syn)/+ mice Is likely
due to two types of interactions between the major fingertip enhancer
i5 and the two coples of Ihh: one type involves long-range interactions
and the other the presence of the i5 enhancer in direct proximity to
Ihh. Together, these interactions result in localized upregulation of
Ihh expression in the fingertips. Increased expression mediated by
disconnection from a repressor element is unlikely, as none of the
deletions studied resulted in any observable upregulation of Ihh. To
further evaluate whether the observed limb phenotypes in the Ihh-
containing duplication (Dup(syn)) merely corresponded to a gene-
dosage effect, we crossed Dup(syn)/+ mice with Ihh*/~ mice or with
mice lacking the enhancer cluster (Del(2-9) mice). In both cases,
double-h mice displayed the same syndactyly and poly-
dactyly as was observed in Dup(syn)/+ mice (Supplementary Fig. 9),
indicating that misexpression was due to the specific, partially dupli-
cated regulatory landscape.

Our study shows that a multipartite enhancer ensemble regulates
Ihh expression in fingertips, digit condensations, growth plates and
skull sutures. The described functional redundancy appears to be a
common phenomenon of these types of enhancers, as was recently
shown for the a-globin and Wap super-enhancers?®3°. At the Ihh
locus, we observed a complex scenario, as no( all enhancers dis-
played the same ¢ ion of exp aph
non also described for the HoxD cluster and Fgf8 (refs. 31 ,32). This
modular nature and, in particular, correct dosage appear critical in
conferring the required precision of gene expression. This is sup-
ported by our finding that an increase in enhancer number resulted
in an increase in gene expression. However, this effect was site
specific and dependent not only on enhancer number but also on
enhancer position. CNVs, and in particular duplications, may affect
this delicate balance, thereby causing over- and/or misexpression
resulting in disease. The reported duplications do not interfere with
topologically associating domain (TAD) boundaries, as reported at
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Figure 4 4C-seq identifies specific regulatory i i in icati (a) ic of the wild-type /hh locus. The continuous arrow indicates

interaction between /hh and enhancers i4-i6, while the discontinuous arrow indicates interaction of /hh with i7-i9. CTCF ChlP-seq findings (E14.5
limbs; ENCODE)3 are shown below, where blue and red arrows indicate motif orientation. 4C-seq results (viewpoint at the /hh promoter) show the
interaction pmflle inE14.5 handpla!es A schematics of limb morphology is shown on the right. (b) Duplication of intron 3 of NhejI (Dup(int); top)
and a human causing (Dup(syn); bottom). Duplicated regions are shown in blue and pink. The 4C-seq profile
(viewpoint at the /hh promoter) and the ratio to wild-type E14.5 handplates control are shown for each duplication. Brackets indicate regions with gain
of interaction. Note that there is no gain of i with the region enhancers i6-i9 (dashed bracket) in Dup(syn)/+ mice, indicating that
the duplicated /hh copy does not interact with this region. Observed phenotypes are schematlcally shown on the right. An asterisk indicates increased
interactions with the Cnppdl and Fam134a genes, which do not have Fig. 5). (c) Model of the regulatory
interactions of the duplicated alleles. In Dup(int), /hh can interact with the entire duplicated Iandscape‘ including two copies of the main digit
enhancer (i5). In Dup(syn), both /hh copies interact with a downstream copy of the i5 enhancer (long continuous arrows) but only the telomeric /hh copy
has access to i7-i9 (discontinuous arrows) because of the presence of the divergent CTCF cluster (bracket). Additionally, the duplicated i5 enhancer
interacts with the telomeric /hh copy because of its genomic proximity (short continuous arrow). Duplicated regions are shown in blue and pink.
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the Epha4 and Sox9 loci*?34, thus highlighting alternative mech-
anisms that should be considered when interpreting genomic
duplications. Our study demonstrates the importance of analyzing
regulatory elements in the complex setting of their native genomic
environment, as reductionist approaches relying on reporter assays
and deletions of individual enhancers insufficiently capture the
multifaceted redundant and complementary functions of enhancer
clusters.
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METHODS

Methods, including of data availability and any associated
accession codes and references, are available in the online version of
the paper.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Experimental design. No statistical methods were used to predetermine sam-
ple size. All experiments and analyses were performed using samples from at
least three different animals and were repeated at least two times in the labo-
ratory. Samples/animals were included or excluded according to genotype by
PCR. E were not and were not blinded
to all during exp and outcome

ES cell targeting and transgenic mouse strains. Mouse embryonic stem (ES)
cell culture was performed as described previously?'. ES and feeder cells were
tested for mycoplasma contamination using a Mycoalert detection kit (Lonza)
and the Mycoalert assay control set (Lonza).

D and deletions in G4 ES cells (129/Sv x C57BL/6
F, hybrid) using CRISVar as described previously?'. Target regions, sizes and
guide are listed in Supp y Table 2. Embryos and live ani-

mals derived from ES cells were generated by diploid or tetraploid comple-
mentation®. Genotyping was performed by PCR analysis.

A Sleeping Beauty (SB) cassette'” was inserted in G4 ES cells at the center
of the third intron of the Nhejl gene (chr. 1: 75,060,87; mm9), by homologous
recombination using standard protocols*. The Sleeping Beauty transgene car-
ries a single lacZ reporter gene with a minimal human B-globin promoter and
a neomycin-resistance cassette, flanked I:ry transposzble elements. Coordinates
and primer for are provided in
Supplementary Table 3. Posmve ES cell clones were injected into donor blas-
tocysts to generate chimeras. The neomycin-resistance cassette was removed
by crossing chimaeric animals with a Flpe-deleter line. Genotyping was per-
formed by PCR analysis.

M were by crossing th ins with C57BL/6] mice.

For 4C-seq data analysis, reads were preprocessed and mapped to a cor-
responding reference (mm9) using BWA-MEM?; coverage was normalized as
reported p 4. The point and adjacent 1.5 kb up- and
downstream were mmoved and a window of two fragments was chosen to nor-
malize the data per million mapped reads (RPM). To compare the interaction
profiles of different samples, we obtained the log,-transformed fold change for
each window of normalized reads. To obtain ratios, duplicated regions were
excluded for calculation of the scaling used in RPM 1|
Code is available upon request.

CTCF motif orientation analysis. Orientation of the motifs within conserved
CTCF peaks was obtained using FIMO (see URLs) with standard parameters®.
The CTCF motif* was obtained from the JASPAR database (see URLSs).

Phenotypic analysis. Phenotypic analysis for mutant mouse lines was carried
out for at least three animals per analysis and developmental stage (E17.5, P7
and P70), in homo- and h: animals. The of ph: P
was determined by analyzing n > 20 animals, and a genotype was considered
fully penetrant if all mutants were similarly affected.

Skulls and autopods of control and mutant mice
(n > 3) were scanned using a Skyscan 1172 X-ray microtomography system
(Brucker microCT, Belgium) at 10 um resolution. 3D model reconstruction
and length measurements were performed with the Skyscan image analysis
software CT-Analyser and CT-volume (Brucker microCT, Belgium). Cross-
sections were performed at 10 um resolution. Relative length was determined
relative to wild-type controls.

‘Whol ‘Whol. t

All animal procedures were conducted as approved by the local
(LAGeSo Berlin) under license numbers G0368/08 and G0247/13.

Invivo enhancer validation. Putative enhancer regions were amplified by PCR
from mouse genomic DNA and cloned into a Hsp68 promoter-lacZ reporter
vector as previously described® y Table 4). Tr embryos

tin situ hy and skeletal
in situ hybridization was performed in wild-type and mutant E13.5 embryos
(n = 4) according to standard procedures. All probes were generated by PCR
amplification using mouse limb bud cDNA. For skeletal preparations, wild-
type and mutant E17.5 embryos (n 4) were stained with Alcian blue/Alizarin
to standard

were generated and tested for LacZ reporter activity at E14.5 and E17.5. All
animal work performed at the Lawrence Berkeley National Laboratory was
reviewed and approved by the institutional Animal Welfare and Research
Committee (AWRC). Sample sizes were selected empirically on the basis of
our previous experience of performing transgenic mouse assays for >2,000
total putative enhancers. A summary of all transgenic mice can be found in
Supplementary Table 1. As all transgenic mice were treated with identical
experimental conditions, and as there were no groups of animals directly com-
pared in this section of the study, randomization and experimenter blinding

LacZ staining. E14.5 and E17.5 mouse embryos (n > 5) were dissected in cold
PBS, fixed in 4% paraformaldehyde (PFA)/PBS on ice for 30 min, washed
twice with ice-cold PBS, washed once at room temperature (19-24 °C) and
then stained overnight for B-galactosidase activity in a humid chamber at
37 °C as previously described!”. After staining, embryos were washed in PBS
and stored at 4 °C in 4% PFA/PBS.

Statistical analyses. Results are presented as the mean + s.d. of at least three

were y and were not p independent biological replicates (n 2 3). Statistical differences between the
means were examined by two-sided Student’s f test. P < 0.05 was considered

Qi itati I-time PCR. H: 1 (E13.5), forelimb and hindlimb A presp d effect size was not defined.

growth plates (E17.5) and cranium (E17.5) were dissected from wild-

type and mutant embryos (n 2 3) in ice-cold PBS/DEPC and diatel Code Custom p codes used to generate results reported

frozen in liquid nitrogen. RNA isolation was performed using the RNeasy kit
(Qiagen), and cDNA was transcribed using the TagMan Reverse Transcription
kit (Roche) according to the specifications of the manufacturer. QPCR
was performed using SYBR Green (Qiagen) on an ABI Prism HT 7900
Real-Time Cycler. GAPDH was used as an internal control, and fold changes
were calculated by relative quantification (2-3A%Y). Primers are summarized
in Supplementary Table 5.

4C-seq. 4C-seq libraries were generated from microdissected E14.5 mouse
forelimb tissue (digits 2-5) as described previously?”. The starting material for
all 4C-seq libraries was 5 x 10% to 1 x 107 cells. All 4C-seq experiments were
carried out in heterozygous animals, and results were compared to those in
wild-type controls. 4-bp cutters were used as primary (Csp6]) and secondary
(Bfal) restriction enzymes. A total of 1 to 1.6 ug of DNA was amplified by PCR
(primer sequences in Supplementary Table 6). All samples were sequenced
with Illumina HiSeq technology according to standard protocols. 4C-seq

were carried out in two replicates in wild-type, Dup(int)
and Dup(syn)/+ mutants. A representative result is shown in Figure 4.

in the manuscript will be made available upon request.

Data availability. Sequencing data are available from the Gene Expression
Omnibus under accession GSE95062.
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