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Abstract

One of the most defining characteristics that sets individuals apart from each other is the shape of
their face. Craniofacial morphogenesis is a fascinating and highly complex process that involves
the coordination of multiple genetic, cellular, and environmental factors. A central component
of this process are cranial neural crest cells (CNCCs), a population of cells that temporarily pos-
sess stem cell-like characteristics, with the potential to differentiate into various types of cells.
Furthermore, growing evidence suggests that distal cis-regulatory elements called enhancers are
major contributors to craniofacial development. In particular, large clusters of enhancers known
as super-enhancers have been associated with genes that play crucial roles in differentiation and
cell identity determination. However, while many putative craniofacial enhancers have been iden-
tified, only a few have been functionally validated. Furthermore, the role of super-enhancers (SEs)
in craniofacial morphogenesis has not been explored so far. Thus, we decided to focus on the
identification of putative craniofacial super-enhancers.

Using a combination of ChIP-seq and Promoter-Capture Hi-C (PCHi-C) data we iden-
tified 2,322 putative long-range SEs of which 177 specifically interact with transcription factor
genes involved in the establishment of CNCCs’ positional identity in craniofacial development.
Out of this list of SEs, five SEs targeting Hoxa2, a master regulator of second pharyngeal arch
(PA2) CNCC:s fate, specifically in PA2-derived CNCCs stood out due to their extremely long ge-
nomic distance to Hoxa2 and their ability to interact with Hoxa2 across a topologically associating
domain (TAD) boundary. This configuration struck us since TADs are known to spatially insulate
regulatory elements and preferentially show interactions within themselves, thereby creating dis-
crete functional and structural blocks that promote intra-domain enhancer-promoter interactions,
while limiting contacts between regulatory elements across TADs. According to their genomic dis-
tance to each other and the distribution of H3K27ac, we separated the Hoxa2 SEs into Hoxa Inter-
TAD Regulatory Element 1 and 2 (HIRE1 and HIRE2). Both of these large regulatory elements
are highly conserved within eutherian mammals and upon deletion in mice, we observed varying
phenotypes. Homozygous deletion of HIREI resulted in a phenocopy of the full homeotic Hoxa2
knock-out phenotype and abnormalities in PA3- and PA4-derived structures, which correlated a
strong downregulation in gene expression of Hoxa2 and Hoxa3 in CNCCs and hindbrain rhom-
bomeres. On the other hand, deletion of HIRE2 only caused mild alterations of CNCC-derived

skeletal structures and a small external ear on a Hoxa2 haploinsufficient sensitized background.



These phenotypes are particularly striking because both Hoxa2 and Hoxa3 were previously be-
lieved to be regulated by proximal enhancers in CNCCs and the hindbrain. A transcription factor
motif analysis in combination with the analysis of PCHi-C data of PA2 CNCCs from Hoxa2 knock-
out mice and published ChIP-seq data for Hoxa2, Pbx, and Meis from PA2 CNCCs suggest that
Hoxa?2 is at least partially involved in its own regulation together with its co-factors Meis and Pbx.

Taken together, the findings presented in this thesis give new insights into the importance
of long-range SEs in controlling key developmental transcription factors in craniofacial morpho-
genesis, which could have implications for the study of disease and rare congenital disorders.
Additionally, they change our understanding of the regulation of Hoxa2 in CNCCs from a model
that solely relies on multiple proximal enhancers, to a model that is based on multiple long-range

inter-TAD SEs.
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Introduction

How an organism, made up of hundreds to billions of cells, is formed from just a single cell has
fascinated scientists for many years now. In mammals, this process begins with the exponential
cell division of the zygote into two, four, eight, and so on cells, until the zygote has formed a sphere
of cells known as the blastocyst. Post implantation into the uterine wall, the development of the
various tissues and organs of the body starts through a combination of cell division, cell migration,
and cell differentiation.

One of the most intricate processes in embryogenesis is the development of the face.
Across different species of vertebrates, there is a wide range of facial shapes, facilitating different
ways of feeding, communicating, and performing specialized functions. The process of craniofa-
cial morphogenesis begins early in embryonic development and is a highly complex, multi-step
process precisely controlled at the genomic, molecular, and cellular level. Central to this process
is a transient population of cells with stem cell-like properties known as neural crest cells (NCCs),
capable of giving rise to a wide range of cell types. The precise coordination of transcription in
both time and space is crucial for this process and plays a vital role in the development of the
whole organism. Such spatiotemporal gene expression programs are established by the coordi-
nated action of cis-regulatory elements known as enhancers that engage in physical contact with
their target promoters. Additionally, transcription is intimately linked to the three-dimensional
(3D) chromatin landscape, which is heavily influenced by epigenetic mechanisms, such as DNA
methylation and histone modifications. It is believed that morphological intra- and inter-species
variability of structures such as the vertebrate head are caused by changes in the enhancer sequence
and activity. Moreover, disruption of these programs by genomic alterations, including deletions,
duplications, inversions, insertions, and translocations, not only in genes but also in cis-regulatory
elements have been shown to cause malformations and disease. Thus, the study of craniofacial
enhancers would provide major new insights into the regulation of the morphogenesis of facial
structures and could help in determining the etiology behind facial abnormalities and congenital

diseases.



Introduction

1.1 Mechanisms of gene expression regulation in development

Over the course of development, a single genome produces diverse cell types with unique char-
acteristics and functions mediated by differential gene expression patterns that are critical for cell
fate decisions, lineage commitment, organ formation, and the development of the overall body
plan. The 3D genome organization as well as transcriptional and epigenetic regulation are key
mechanisms that control robust and precise regulation of transcription in space and time in order
to facilitate these intricate gene expression changes in cells throughout embryogenesis and organo-
genesis. Transcriptional regulation involves the binding of transcription factors (TFs) to specific
DNA sequences called cis-regulatory elements, such as promoters and enhancers, which then re-
cruit the RNA polymerase II (Polll) machinery to transcribe the DNA into RNA. 3D chromatin
folding mediates the positioning of the chromosomes in the nucleus and is required for enhancer-
driven long-range gene regulation. Epigenetic regulation refers to changes in gene expression that
occur without changes to the underlying DNA sequence, but rather through modifications to the
structure of chromatin, such as DNA methylation and histone modifications.

Promoters are regulatory elements in close proximity to the transcription start site (TSS)
of the gene they regulate and are sufficient to initiate transcription, containing binding sites for
the Polll enzyme and TFs. On the other hand, enhancers are cis-acting DNA elements that can be
located up to several megabases (Mb) away from their target gene promoter. They play a key role
in the regulation of precise and robust gene expression by physically interacting with the promoter
region of their target genes via a process called loop extrusion. Taken together, gene promoters and
their enhancers form gene regulatory landscapes that shape the complex and dynamic patterns of
transcriptional activity required for development. Such regulatory landscapes specifically fold in
the nucleus, forming complex 3D structures that influence enhancer-promoter communication and
drive cell type-specific gene expression. As such, the 3D organization of the genome also plays a
crucial role in the regulation of gene expression by mediating the physical proximity of enhancers
and promoters. Nevertheless, how exactly enhancers find their target genes over large genomic
distances in the nuclear space and what prevents them from aberrantly activating other genes in
their immediate vicinity remains poorly understood and is an active field of research (Andrey &
Mundlos, 2017; Long et al., 2016; Robson et al., 2019; Schoenfelder & Fraser, 2019; Shlyueva
et al., 2014). Disruptions in the enhancer-promoter circuitry through chromosomal rearrangement,
genetic variation within enhancers, or epigenetic modulation have been linked to an increasing

number of diseases and developmental malformations, highlighting the key role of enhancers in
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Introduction

regulating transcription (Claringbould & Zaugg, 2021; Spielmann et al., 2018; Zaugg et al., 2022).

In addition, epigenetic modifications can influence gene expression by controlling the
accessibility of promoters and enhancers to the transcription machinery (e.g. TFs and Polll). Most
of these modifications are dynamic, as they can change over time in response to environmental
cues and internal signals. For example, different cell types have distinct epigenetic signatures
that reflect their specific gene expression patterns. Certain epigenetic marks have been associated
with active or inactive chromatin, and thus are commonly used to predict the location of putative

promoters and enhancers.

1.1.1 The Epigenome

The epigenome refers to the complete set of epigenetic modifications that occur on the genome,
including chemical modifications to the DNA molecule such as DNA methylation, and modifica-
tions to the histone proteins around which the DNA is wrapped, such as acetylation and methy-
lation. By regulating the organization of chromatin and the accessibility of DNA, these chemical
modifications affect how the genome functions in various developmental stages, tissue types, and
disease states (Bernstein et al., 2007; Zhou et al., 2011). Therefore, it is of importance to shortly
review some of the organizational layers of chromatin as well as the techniques to detect them
(Fig. 1a): Epigenetic modifications of nucleosomes mapped by ChIP-seq (chromatin immuno-
precipitation followed by sequencing), chromatin accessibility identified by ATAC-seq (Assay for
Transposase-Accessible Chromatin with high-throughput sequencing) and DNA methylation iden-
tified by bisulfite sequencing.

Nucleosomes are fundamental building blocks of eukaryotic chromatin, which is formed
by coiling approximately 146 base pairs of DNA around a core made up of a histone octamer
(Luger et al., 1997). Chromatin is divided into two main structural domains, euchromatin and het-
erochromatin. Euchromatin is an open and accessible structure that allows for the expression of
genes, while heterochromatin is a tightly packed structure that represses gene expression. Histone
modifications such as acetylation and methylation can influence the formation of these domains
and in turn, the accessibility of genes to the transcription machinery (Tamaru, 2010). These mod-
ifications can be mapped genome-wide by ChIP-seq. These ChIP-seq maps have linked specific
modifications with either the activation or repression of genes, as well as different genomic features
such as promoters, transcribed regions, enhancers, and insulators (Fig. 1b)(Zhou et al., 2011). For
instance, acetylation of Histone 3 (H3) and methylation of H3 lysine 4 (H3K4me) are associated

with chromatin accessibility and transcriptional activity and are consequently found at most active
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Figure 1. Epigenetic layers of chromatin involved in transcription regulation. a There are multiple
epigenetic features at different levels of chromatin organization associated with inactive (off) or active (on)
transcription. Inactive chromatin is characterized by DNA methylation, tightly packed nucleosomes, and
repressive histone modifications. Active chromatin is open and accessible, allowing the transcription ma-
chinery to access the DNA, and marked by histone modifications associated with active transcription. b
Promoters, enhancers, and boundary elements are indicated on a schematic genomic region. Active promot-
ers are commonly marked by histone H3 lysine 4 dimethylation (H3K4me2), H3K4me3, histone H3 lysine
27 acetylation (H3K27ac), and H2A.Z. Enhancers are marked by H3K4mel, H3K4me2, and H3K27ac and
are often bound by the histone acetyltransferase p300. Repressed genes are generally embedded in domains
of histone H3 lysine 9 methylation (H3K9me2/3) or histone H3 lysine 27 tri-methylation (H3K27me3).
CTCEF binds many sites in convergent orientation to act as boundary element for cohesin-mediated loop ex-
trusion, thereby creating insulated regulatory domains called topologically associated domains (TADs). The
histone variant H2A.Z is colored in brown and the different histone modifications in a and b are indicated
by colored dots. Figure adapted from Zhou et al., 2011.
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promoters and enhancers. Specifically, H3K4 trimethylation (H3K4me3) mainly occurs at active
promoters, H3K4 monomethylation (H3K4me1) at active enhancers, whereas H3K4 dimethylation
(H3K4me?2) and H3 lysine 27 acetylation (H3K27ac) marks both active promoters and enhancers
(Bernstein et al., 2007; Zhou et al., 2011). In contrast, methylated H3 lysine 9 (H3K9me) has
a clear role in heterochromatin formation and gene silencing (Bernstein et al., 2007; Zhou et al.,
2011). The Trimethylation of H3 lysine 27 (H3K27me3) is probably one of the most well-studied
histone modifications and has been associated with a wide range of mostly repressive regulatory
mechanisms, including chromatin compaction, bivalency, and 3D genome architecture (Blanco et
al., 2020). The mark is catalyzed by the Polycomb repressive complex 2 (PRC2) and often cov-
ers expansive genomic regions (Bernstein et al., 2007; Zhou et al., 2011). The term bivalency or
bivalent domain was introduced by Bernstein and colleagues (Bernstein et al., 2006) to describe
the seemingly contradictory co-occurrence of H3K4me3 and H3K27me3 at highly conserved non-
coding elements associated with promoters of developmentally expressed TFs in mouse embryonic
stem cells (mESCs). In addition, they proposed that promoter bivalency represses gene expression
and keeps them poised for activation upon differentiation (Bernstein et al., 2006). Bivalent pro-
moters are frequently located in CpG-rich regions, which are believed to play a role in recruiting
both Polycomb group (PcG) and Trithorax group proteins in ESCs (Blanco et al., 2020). Later it
was found that also at enhancers H3K4mel1/H3K4me?2 and H3K27me3 marks co-occur in mESCs
and human ESCs (hESCs) (Rada-Iglesias et al., 2011; Zentner et al., 2011). Similar to promot-
ers, bivalent enhancers are poised for activation during development and lack the active H3K27ac
mark (Blanco et al., 2020). Promoter and enhancer bivalency is not a feature specific to ESCs.
For example, it has been shown in mice that bivalency at promoters and enhancers of positional
genes, involved in craniofacial development, is required for proper craniofacial morphogenesis
(Minoux et al., 2017). It should be pointed out that, despite the presence of PcG proteins, bivalent
domains are situated in regions of open chromatin and are associated with the active euchromatin
(Blanco et al., 2020). Finally, PcG-bound regions have been found to form a spatial network
in ESCs, which consists of both inter- and intra-chromosome interactions including genes with
bivalent promoters that are poorly expressed, such as the HOX cluster genes, which are among
the most strongly Polycomb-occupied and H3K27me3-enriched regions in ESCs (Denholtz et al.,
2013; Freire-Pritchett et al., 2017; Kundu et al., 2017; Schoenfelder, Sugar, et al., 2015). Upon
differentiation, bivalent genes that become active lose bound PcG proteins and consequently leave
the repressive Polycomb network (Bonev et al., 2017; Joshi et al., 2015). In addition, it has been

proposed that interactions between bivalent promoters and poised enhancers, which depend on PcG
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binding, are pre-formed in ESCs in order to provide robust gene activation during differentiation
(Cruz-Molina et al., 2017).

Chromatin accessibility is the extent to which nuclear macromolecules, such as TFs, can
make physical contact with DNA that is packaged in chromatin and is determined by the presence
and organization of nucleosomes and other chromatin-binding factors that restrict access to DNA.
The arrangement of nucleosomes across the genome is not uniform; while densely located within
facultative and constitutive heterochromatin, histones are less present at regulatory loci, including
enhancers, insulators, and the gene body of transcribed genes (Klemm et al., 2019). Accessibility
of chromatin is regulated by various modifications to the DNA and associated histone proteins,
such as methylation and acetylation, which can either compact or loosen the chromatin struc-
ture. The majority of TFs bind to open chromatin and actively compete with histones and other
chromatin-binding proteins to regulate nucleosome occupancy, thereby promoting local access to
DNA (Klemm et al., 2019). In turn, the accessibility of DNA in a specific cell type influences TF
binding (Klemm et al., 2019). On the other hand, a special class of TFs, called pioneer factors,
have the unique ability to open closed chromatin to activate gene expression (Balsalobre & Drouin,
2022). Thus, chromatin accessibility is a reflection of the combined TF binding and thereby the
regulatory capability of a specific genetic location. Techniques such as ATAC-seq(Buenrostro et
al., 2015) can be used for establishing genome-wide enhancer footprints.

DNA methylation is the process by which a methyl group is added to the cytosine of
a CpG dinucleotide in DNA and is typically associated with transcriptional repression and hete-
rochromatin (Isbel et al., 2022). In vertebrates, this CpG methylation is essential and covers most
CpGs in the genome except active regulatory elements (Isbel et al., 2022). Gene regulation can
be affected by DNA methylation, specifically at CpG islands, which are a class of CpG-rich re-
gions that constitute the majority of promoters in vertebrate genomes (Bird et al., 1985). DNA
methylation represses transcription by directly or indirectly preventing the binding of transcription
factors to promoters and enhancers (Isbel et al., 2022). This epigenetic mark can be experimentally

detected at base pair resolution by bisulfite sequencing.

1.1.2 3D genome organization

The chromatin is organized within the 3D nuclear space into hierarchical layers, which are thought
to be structural and functional building blocks of genome organization. These include compart-
ments, topologically associating domains (TADs), and chromatin loops (Fig. 2). Our current

knowledge of the 3D genome structure is mainly derived from experiments based on microscopy
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and 3C (chromosome conformation capture) based techniques, such as 4C, 5C, and Hi-C (high-
throughput chromosome conformation capture)(Lieberman-Aiden et al., 2009; McCord et al.,
2020). 3C-type methods are proximity-ligation assays, meaning they rely on formaldehyde fix-
ation to crosslink chromosomal regions in close spatial proximity, followed by restriction enzyme
digestion of the crosslinked chromatin. After this step, proximal overhangs created by the restric-
tion enzymes are ligated. The interaction rate between two genomic loci can be determined by the
frequency at which the ligation product resulting from that interaction is observed, which can be
measured by sequencing. The more regular the interaction between two loci, the more frequent
the resulting ligation product will be. Each of the 3C techniques can be used to address different
scientific questions: 3C measures the interaction between two specific genomic loci (referred to
as ‘one-to-one’), while 4C maps all interactions that one locus has with the surrounding linear
genome ("one-to-many’). 5C is known as the many-to-many’ technique giving a two-dimensional
contact map of all interactions within a region, which then was extended by high-throughput se-
quencing to Hi-C (Call-to-all’)(Schoenfelder & Fraser, 2019). In particular, Hi-C has enabled the
genome-wide measurement of physical contacts within and across chromosomes at high-resolution
(McCord et al., 2020; Pachano et al., 2022; Rowley & Corces, 2018; Spielmann et al., 2018).

On a large scale, chromosomes are spatially segregated into two compartments called A
and B compartments. The A compartment is generally associated with accessible, transcriptionally
active euchromatin, whereas the B compartment is associated with condensed, transcriptionally
silent heterochromatin (Lieberman-Aiden et al., 2009; Spielmann et al., 2018). Furthermore, A
compartments are positioned near nuclear speckles, known to be favorable for transcription, while
B compartments are mainly located at the nuclear envelope or nucleolus, which are unfavorable
for transcription (S. S. Rao et al., 2014; Robson et al., 2019). These compartments are further
subdivided into submegabase-sized regions called topologically associated domains (TADs) that
preferentially interact within themselves to create discrete functional and structural blocks (Dixon
etal., 2012; Nora et al., 2012; Sexton et al., 2012). Many TAD structures are conserved throughout
cell differentiation and across cell types (Dixon et al., 2012; Zhan et al., 2017), and a very promi-
nent model for their formation is by the loop extrusion activity mediated by CTCF and cohesin
(de Wit et al., 2015; Guo et al., 2015; S. S. Rao et al., 2014). The cohesin complex, which forms
a ring structure, is able to extrude DNA loops until it reaches a barrier, which usually consists of
CTCF bound to DNA in opposing orientation (I. F. Davidson et al., 2019; 1. F. Davidson et al.,
2022; Fudenberg et al., 2016; Sanborn et al., 2015). Indeed CTCF binding sites are enriched at

TAD boundaries (Rowley & Corces, 2018; Spielmann et al., 2018) and depletion of either cohesin
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Figure 2. Layers of chromatin organization - from the 3D nucleus to the linear genome. At the level
of the nucleus each chromosome resides in a specific territory and interactions across chromosomes are rare
occurrences. At the chromosomal level, open and closed chromatin separates into multi-megabase-sized A
(yellow) and B (blue) compartments associated with transcriptionally active and inactive genomic regions,
respectively. B compartments are predominantly located at the nuclear lamina and A and B compartments
preferentially interact with other A and B compartments, respectively, as illustrated in the schematic Hi-C
heatmap. At shorter genomic length scales, high-resolution Hi-C revealed that chromatin folds into topo-
logically associating domains (TADs) and subTADs which preferentially interact within themselves (indi-
cated by darker shades on schematic Hi-C heatmaps) and arise from cohesin-mediated interactions between
paired CTCF proteins. Within each TAD, dynamic cohesin-mediated loops contribute to chromatin folding.
Promoter-enhancer (P-E) contacts occur via loop formation mainly within TADs (indicated by dark spots
on schematic Hi-C heatmap) at varying genomic distances. Figure adapted from Boltsis et al., 2021.



Introduction

or CTCEF disrupts TAD structure and favors interactions within the active and repressive compart-
ments (Nora et al., 2017; S. S. P. Rao et al., 2017; Schwarzer et al., 2017), highlighting the impor-
tance of these two factors in TAD and loop formation. TADs can be further subdivided into smaller
subTADs and loops, all of which bring distant cis-regulatory elements, such as promoters and en-
hancers, in physical contact (Furlong & Levine, 2018; McCord et al., 2020; Rowley & Corces,
2018; Spielmann et al., 2018). Similar to TADs the formation of subTADs and enhancer-promoter
loops is believed to be mainly facilitated by proteins such as CTCF, cohesin, and Mediator (Spiel-
mann et al., 2018). However, in contrast to TADs, which are mostly conserved across cell types,
most enhancer-promoter loops dynamically change during differentiation and are cell type-specific
(Javierre et al., 2016).

Changes in the 3D genome structure are believed to play a key role in gene expression
regulation by altering contact frequencies between promoters and enhancers. The majority of en-
hancer—promoter interactions occur within TADs (Spielmann et al., 2018). In this regard, TADs
have been proposed to spatially insulate regulatory elements, thereby promoting intra-domain
enhancer-promoter interactions, while limiting communication between regulatory elements across
TADs to prevent abnormal gene activation (Robson et al., 2019; Schoenfelder et al., 2018). This
idea is supported by several lines of evidence: For instance, enhancers located in one TAD prefer-
entially interact with promoters within the same TAD, as opposed to those in neighboring TADs
(Symmons et al., 2014). Furthermore, perturbations of TADs by deletion, inversion, or duplication
of TAD boundaries in mice have been shown to result in ectopic promoter-enhancer interactions
causing developmental defects (Franke et al., 2016; Guo et al., 2015; Lupidfiez et al., 2015), activa-
tion of oncogenes (Hnisz et al., 2016), or loss of developmental robustness (Despang et al., 2019).
However, some studies do not see great effects on gene expression upon deletion of CTCF sites or
TAD boundaries (Ghavi-Helm et al., 2019; Kane et al., 2022; Williamson et al., 2019) and upon
global depletion of CTCF or cohesin only a fraction of genes exhibit changes in expression despite
the loss of TAD structure (Nora et al., 2017; S. S. P. Rao et al., 2017; Schwarzer et al., 2017).
A more detailed analysis employing promoter-capture Hi-C found that the relatively mild effects
of CTCEF or cohesin depletion on steady-state transcription can be attributed to the fact that many
interactions between promoters and active enhancers are maintained, and only a small number of
new promoter-enhancer contacts are formed in these conditions (Thiecke et al., 2020). In addition,
cohesin-mediated loop extrusion was recently found to be only necessary for gene activation from
long-range (>400kb) enhancers, but not to facilitate close (100 kb) enhancer-promoter contacts

at the Shh locus (Kane et al., 2022). Thus, CTCF/cohesin-mediated TADs and loops appear to
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be particularly important for long-range gene regulation of a subset of genes and compaction of
large regulatory domains, while cohesin-independent promoter-enhancer loops must be regulated
by alternative mechanisms (Furlong & Levine, 2018; Kane et al., 2022; McCord et al., 2020;
Schoenfelder & Fraser, 2019; Thiecke et al., 2020).

In addition, it should be noted that TAD boundary insulation is not absolute. Interac-
tions within a TAD may be favored by loop extrusion (Dekker & Mirny, 2016), but TADs and
CTCF loops dynamically fold and unfold (Gabriele et al., 2022; Mach et al., 2022) and inter-TAD
contacts may occur, depending on boundary strength and chromatin composition (Bonev et al.,
2017; Paulsen et al., 2019; Szab6 & Mayor, 2018). In human hematopoietic cells about one-third
of significant interactions between promoters and putative enhancers have been shown to cross a
TAD boundary, which however is less than expected to occur at random (Javierre et al., 2016).
Moreover, expression quantitative trait loci (eQTLs) have been found to interact with genes across
TADs (Javierre et al., 2016). In fact, a recent study proposed that TAD boundaries and CTCF
interactions do not mediate absolute transcriptional insulation, instead, the level of transcriptional
insulation varies based on factors such as the strength of enhancers, the strength of the boundary,

and the linear genomic distance of an enhancer to the promoter (Zuin et al., 2022).

1.1.3 Enhancers

Enhancers are defined as 100 - 2,000 bp long non-coding DNA sequences with the ability to control
cell-type specific spatiotemporal gene expression programs largely independent of their relative
distance, location, or orientation to their cognate promoter (Furlong & Levine, 2018; Kvon et al.,
2021; Long et al., 2016; Schoenfelder & Fraser, 2019). Additionally, they are believed to play
a significant role in causing phenotypic variation, driving evolutionary changes, and contributing
to the development of disease (Claringbould & Zaugg, 2021; Pachano et al., 2022; Zaugg et al.,
2022). They are known to activate their target gene through physical contact via loop formation,
mediated by direct contact between factors bound to the regulatory sequences, as has been shown
by studies engineering artificial loops between a gene and distal enhancer sequences (Bartman et
al., 2016; Chen et al., 2018; Deng et al., 2012; Fukaya et al., 2016; Kim et al., 2019). Moreover,
enhancers are characterized by concentrated clusters of TF binding motifs, which mediate the
cooperative binding of multiple TFs in close proximity. These, in turn, recruit co-factors, such
as p300, Mediator, and BRG] to activate or increase transcription of the target gene (Kvon et al.,
2021; Long et al., 2016; Schoenfelder & Fraser, 2019).

The functional status of an enhancer can be classified through their DNA accessibility
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status, determined by techniques such as ATAC-seq or DNAse-seq, and post-translational histone
modifications on nucleosomes in the vicinity of the enhancer via ChIP-seq: active (H3K4mel/H3K4me?2
and H3K27ac), poised (marked by H3K4mel/H3K4me2 and H3K27me3), and primed/neutral
(marked by H3K4me1/H3K4me?2 only) (Creyghton et al., 2010; Rada-Iglesias et al., 2011; Shlyueva

et al., 2014). Hence, it has become common practice to use histone marks, DNA accessibility,

and co-factor binding for genome-wide predictions of putative enhancers in various cell types
(Shlyueva et al., 2014). To prevent the wrongful assignment of an enhancer to its target gene, it

is recommended to validate their interaction using advanced microscopy techniques or 3C-type
methods (Schoenfelder & Fraser, 2019).

Predictions of putative enhancers have revealed that enhancers by far outnumber genes in
mammalian genomes (Anderson et al., 2014; Gorkin et al., 2020; Kundaje et al., 2015; Shen et al.,
2012). As such, it does not come as a surprise that in the majority of cases multiple enhancers with
overlapping or partially overlapping spatiotemporal activities cooperate to regulate their target gene
(Andrey & Mundlos, 2017; Kvon et al., 2021). This is a fundamental feature in gene regulation, as
it adds multiple layers of regulatory complexity. This allows for a wide range of gene expression
patterns and in turn a broad range of cellular states using a relatively small set of genes (Long et al.,
2016). For example, the combined actions of at least 11 enhancers control the expression of the
Sonic hedgehog (Shh) gene in various tissues, such as the central nervous system, epithelial linings,
and limbs, during the development of mouse embryos (Anderson et al., 2014). In rare cases, the
loss of a single enhancer can lead to the loss of gene expression selectively in the tissue, where
the enhancer is active, causing severe phenotypes (Fig. 3a) (Anderson et al., 2014; Kragesteen
et al., 2018; Lettice et al., 2003; Sagai et al., 2005; Yanagisawa et al., 2003). More often than
not, deletion of a single enhancer results in no or fairly mild phenotypes due to minimal effects on
target gene expression (Attanasio et al., 2013; Long et al., 2020; Osterwalder et al., 2018). On the
other hand, double enhancer deletions often result in severe phenotypes, mimicking complete gene
loss in the related tissues (Antosova et al., 2016; Dickel et al., 2018; Hay et al., 2016; Osterwalder
et al., 2018). These findings suggest that there is a redundancy between both enhancers, as under
normal conditions one of them is sufficient to drive gene expression. However, in a sensitized
genetic background, the deletion of a single enhancer can lead to abnormal phenotypes, suggesting
that enhancer redundancy can provide robustness against genetic disruptions (Long et al., 2020;
Osterwalder et al., 2018). This suggests that although enhancers can be redundant in terms of their

activity pattern, they are not necessarily functionally identical.
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Enhancer Redundancy

In recent years the term ’shadow enhancer’ has increasingly been used to describe such sets of
redundant enhancers targeting the same gene with overlapping or partially overlapping activities
(Fig. 3b)(Kvon et al., 2021). They have been found to be associated especially with develop-
mentally regulated genes and act as a safeguard for crucial developmental processes, mitigating
the risks of severe outcomes caused by genetic or environmental factors (Antosova et al., 2016;
Frankel et al., 2010; Gorkin et al., 2020; Osterwalder et al., 2018). The exact mechanisms by which
shadow enhancers confer resistance against genetic perturbations are not fully understood and are
the subject of ongoing research. One proposition is that each enhancer can independently drive
gene expression to levels adequate for normal development, meaning multiple shadow enhancers
increase the probability that the target gene is properly activated (Kvon et al., 2021). However, a
study in D. melanogaster points towards another potential mechanism, where each enhancer re-
sponds to a different set of TFs (Wunderlich et al., 2015). The independent regulation of shadow
enhancers via different combinations of TFs could be a widespread mechanism to confer robust-
ness (Cannavo et al., 2016; Kvon et al., 2021).

Various modes of interaction between shadow enhancers have been proposed to be re-
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sponsible for fine-tuning their target gene’s expression pattern. The classical mode of enhancer
interaction is described as them being arranged in a highly modular and functionally autonomous
fashion, where each enhancer within the regulatory landscape of a gene individually adds to the
total expression pattern of a gene (Kvon et al., 2021; Long et al., 2016; Schoenfelder & Fraser,
2019; Visel et al., 2009). For instance, Indian hedgehog (Ihh) is regulated by a multi-component
enhancer ensemble that comprises at least nine enhancers with specific tissue combinations that
act in an additive way (Will et al., 2017). Furthermore, the -globin gene locus, which is regu-
lated by a cluster of enhancer elements known as a super-enhancer, has shown that each enhancer
acts independently and additively without any clear evidence of synergistic or higher-order effects
(Hay et al., 2016). In contrast, in Drosophila embryos it has been shown that in addition to the
additive mode of interaction, shadow enhancers can also behave in a synergistic manner, signif-
icantly increasing target gene expression beyond what would be expected from their individual
activities, or sub-additively, resulting in lower target gene expression than expect (Bothma et al.,
2015; Scholes et al., 2019). Sub-additivity between enhancers suggests that there is competition
among shadow enhancers for promoter occupancy (Kvon et al., 2021; Long et al., 2016). Further-
more, a very recent study discovered that four individually weak enhancers, of which three form a
super-enhancer, collaborate in a super-additive fashion to regulate Fgf35 expression in mESCs upon
exit from naive pluripotency (Thomas et al., 2021). In other cases, shadow enhancers have been
shown to repress each other’s activity fully or in part, resulting in a reduction or loss of target gene
expression (Bothma et al., 2015; Dunipace et al., 2011; Perry et al., 2011). Taken together, these
findings indicate that gene regulatory landscapes composed of multiple enhancers are regulated in

an extremely complex manner with many case-to-case variations.

Enhancer-Promoter cross-talk

The functional importance of enhancers has been recognized more than 30 years ago. Nev-
ertheless, how enhancers target genes over extremely large distances, sometimes up to several
megabases, within the nucleus and the mechanisms that prevent enhancers from activating other
nearby genes remain largely unknown. Major technological advances within the last couple of
years have lead to a better understanding of enhancer function and spatial genome organization,
including genome-wide mapping of enhancer-promoter contacts at high resolution in various cell
types (Freire-Pritchett et al., 2017; Javierre et al., 2016; Mifsud et al., 2015; Novo et al., 2018;
Rubin et al., 2017; Schoenfelder, Furlan-Magaril, et al., 2015; Siersbaek et al., 2017; Wilson et al.,

2016), large-scale transgenic reporter assays (Kvon, 2015; Pennacchio et al., 2006; Visel et al.,
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2007), genome and epigenome editing techniques (Diao et al., 2017; Fulco et al., 2016; Klann
et al., 2017; Sanjana et al., 2016; Simeonov et al., 2017), engineering of enhancer-promoter in-
teractions (Bartman et al., 2016; Deng et al., 2012; Deng et al., 2014) and advanced microscopy
techniques (Bintu et al., 2018; Boettiger et al., 2016; Chen et al., 2018; Gu et al., 2018). These tech-
niques not only enabled researchers to accurately assign enhancer-promoter pairs but also brought
forward various theories to explain how enhancers and promoters interact, including tracking, link-
ing, looping, phase-separated condensates, and combinations of these mechanisms, as reviewed in
various sources (Furlong & Levine, 2018; Hnisz et al., 2017; Robson et al., 2019; Schoenfelder
& Fraser, 2019; Zabidi & Stark, 2016). Out of these different models, cohesin-driven loop forma-
tion has become the most supported one within the field (Furlong & Levine, 2018). In support of
this, recent studies suggest that long-range regulation by distal enhancers might rely on transient
interactions within the constraints of a TAD (Gabriele et al., 2022; Mach et al., 2022). Another set
of recent studies has further demonstrated that enhancer function is not independent of the linear
distance to their target gene promoters, instead, gene expression levels and distances between a
promoter and enhancer are anti-correlated in a non-linear fashion (Rinzema et al., 2022; Zuin et
al., 2022). For instance, a developmental enhancer is only able to activate the tissue-specific gene
Grial, which has a CpG-poor promoter, if it is placed in close proximity to the gene (Pachano
et al., 2022). In contrast, cohesin-mediated loop extrusion appears to be able to negate the effects
of linear distance between enhancers and promoters (Kane et al., 2022).

Interestingly, it has been reported that tissue-specific genes with CpG-poor promoters are
regularly located in close proximity to their cis-regulatory elements, whereas developmental genes,
most of which have CpG-rich promoters in vertebrates, are often regulated by distal enhancers over
quite long distances of up to over 1 Mb (Bahr et al., 2018; Benko et al., 2009; Herranz et al., 2014;
Lettice et al., 2003; Long et al., 2020). Thus, the ability of distal enhancers to act on their target
genes despite their linear distance in the genome may be due to specific additional mechanisms
(Batut et al., 2022; Kane et al., 2022; Rinzema et al., 2022). In Drosophila short DNA sequences
located in enhancers and/or promoters with the ability to facilitate interactions between both have
been defined as tethering elements (Pachano et al., 2022). These tethering elements mediate long-
range enhancer-promoter contacts and thereby ensure the specific timing of developmental gene
transcription during the early stages of Drosophila embryogenesis (Batut et al., 2022). Similar ele-
ments with the ability to facilitate long-range enhancer-promoter interactions have been described
in mammals (Pachano et al., 2022). For example, CTCF has recently been shown to be responsible

for the tethering of certain promoters to their distal enhancers, but it remains unclear if CTCF has
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to be bound to both of the regulatory elements or just one of them (Kubo et al., 2021; Oh et al.,
2021). Apart from CTCF binding sites, CpG islands (CGlIs) have recently been identified as potent
tethering elements that aid in both physical and functional communication between developmental
genes and enhancers that are rich in CpG (poised enhancers)(Pachano et al., 2021). The interac-
tions between poised enhancers and their target genes in pluripotent cells are likely facilitated by
PcG complexes, which are brought to CGIs found at both enhancers and target gene promoters
(Crispatzu et al., 2021; Cruz-Molina et al., 2017; Pachano et al., 2022). Lastly, specific TFs such
as YY1 may be able to act as tethering elements and promote long-range enhancer-promoter con-
tacts (Pachano et al., 2022). It is likely, that there are further tethering elements that still need to be
identified. Moreover, the different types of tethering elements may collaborate in order to increase
specificity and/or gene expression levels (Pachano et al., 2022).

High-resolution Promoter-Capture Hi-C technology at varying developmental time points
and in different cell types has revealed that certain enhancer-promoter contacts are pre-formed
while others are gained de novo in an activity-dependent manner (Andrey et al., 2017; Robson
et al., 2019; Schoenfelder & Fraser, 2019). Pre-formed interactions in ESCs are mediated by
PRC1 and PRC2 complexes, which keep the enhancer-promoter pair in a poised state, allowing
enhancers to readily activate their target genes during differentiation (Cruz-Molina et al., 2017). In
other cases, pre-established looping between enhancers and promoters appears to be mediated by
CTCF and cohesin, as is the case for the contact between the Shh promoter and the ZRS enhancer
(Paliou et al., 2019). Consequently, spatial proximity between enhancers and promoters does not
necessarily lead to induction of gene expression, instead proteins like CTCF and cohesin, or PRC1
and PRC2, keep inactive enhancers and promoters in close proximity to “prime” genes for acti-
vation (Robson et al., 2019; Schoenfelder & Fraser, 2019). While some contacts are pre-formed
during development, cell fate changes often involve dynamic changes in enhancer-promoter in-
teractions linked to active transcription and chromatin modifications (Andrey et al., 2017; Bonev
et al., 2017; Javierre et al., 2016). For instance, via a topological switch the Pen enhancer, active
in both embryonic hind- and forelimbs, specifically activates Pitx/ only in the hindlimb (Krages-
teen et al., 2018). In conclusion, these data indicate that both pre-formed and facultative contacts
are present in regulatory landscapes to accommodate the diverse and specific demands of gene
functions (Robson et al., 2019).

3C experiments demonstrated that shadow enhancers are regularly in physical contact
with each other and their target gene (Allahyar et al., 2018; Beagrie et al., 2017; Hay et al., 2016;
Hughes et al., 2014; Jiang et al., 2016; Madsen et al., 2020; Proudhon et al., 2016), providing
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evidence for simultaneous promoter activation. On the other hand, a study in D. melanogaster
using quantitative live imaging demonstrated that a single enhancer can simultaneously activate
two proximal promoters, resulting in synchronized transcriptional bursts (Fukaya et al., 2016).
Collectively, the studies indicate that multiple shadow enhancers can work together to regulate the
expression of a single target promoter and that enhancer-promoter interactions can involve multiple
DNA eclements (Kvon et al., 2021).

In contrast to the enhancer-promoter looping model stands the concept of dynamic “tran-
scriptional hubs” or phase-separated “transcriptional condensates”, which could potentially explain
the regulation of one promoter by multiple enhancers (J. M. Alexander et al., 2019; Benabdallah et
al., 2019; Cho et al., 2018; Hnisz et al., 2017; Montavon et al., 2011; Sabari et al., 2018; Tsai et al.,
2019; Zabidi & Stark, 2016). Very high concentrations of TFs, co-activators such as Mediator and
BRD4, and Polll have been found to be involved in the formation of such hubs (Cho et al., 2018;
Hnisz et al., 2017; Sabari et al., 2018). The hub model may also explain why an enhancer does not
always need to be physically connected to its target promoter to activate it (J. M. Alexander et al.,
2019; Benabdallah et al., 2019). Furthermore, transcriptional co-activators have been shown to
form phase-separated condensates at super-enhancer associated genes (Hnisz et al., 2017; Sabari
et al., 2018), which supports the idea that multiple shadow enhancers and their target promoter can
exist together in the same microenvironment, creating a multi-enhancer hub (Kvon et al., 2021).
In conclusion, not one single model applies to all enhancer-promoter interactions, instead, each of
the different mechanisms contributes to varying degrees to the cross-talk between enhancers and

promoters.

Super-Enhancers

Over the years, genomic regions that spread out over large distances containing multiple enhancers
in close proximity have been recognized by several studies as substantially different from a sin-
gle/typical enhancer and were thus given their own terminology. The term most used today is
”super-enhancer” and was coined in 2013 by the Young lab (Hnisz et al., 2013; Loven et al., 2013;
Whyte et al., 2013). They defined a super-enhancer (SE) as a cluster of enhancers that have an
exceptionally strong enrichment of the active chromatin mark H3K27ac, much denser binding of
transcriptional co-activators like Mediator, BRD4 and cell type—specific master TFs, and a stronger
ability to activate transcription in comparison to typical enhancers (Hnisz et al., 2013; Loven et
al.,, 2013; Whyte et al., 2013). Moreover, they created an algorithm, named rank ordering of

super-enhancers (ROSE) to identify SEs on a genome-wide scale using ChIP-seq data from active
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chromatin marks like H3K27ac, co-activators, or binding of cell type—specific TFs (Hnisz et al.,
2013; Loven et al., 2013). In short, the location of enhancers in a given cell type is predicted using
e.g. H3K27ac or Mediator complex ChIP-seq data. Single putative enhancers with a distance of
less than 12.5 kb from each other are grouped together, generating larger genomic fragments. All
enhancers and grouped fragments are ranked according to their H3K27ac enrichment, a cut-off is
mathematically defined and all regions above this point are defined as super-enhancers. Called SEs
that are located within a £2000 bp window flanking an annotated TSS are excluded (Hnisz et al.,
2013; Loven et al., 2013; Whyte et al., 2013). This same algorithm has recently been used to pre-
dict SEs in early human craniofacial development and found that developmental genes are enriched
near these SEs (Wilderman et al., 2018). It should be kept in mind that the SE prediction algo-
rithm used in these studies does not consider any information about the physical arrangement of
chromatin, and instead assigns SEs to their target genes based solely on their location on the linear
genome, which can result in incorrect enhancer-promoter pair assignments. In addition, the 12.5
kb window deciding if two or more enhancers are grouped, is set arbitrarily. Thus, it would be ad-
visable to validate and functionally assess SE predictions with high-resolution enhancer-promoter
maps via 3C-based methods or advanced microscopy techniques and genome editing, as has been
done in various recent studies (Hay et al., 2016; Hnisz et al., 2016; Huang et al., 2018; Jiang et al.,
2016; Proudhon et al., 2016; Sabari et al., 2018; Thomas et al., 2021).

The main differences between a SE and a typical enhancer have been shown to lie in their
size, their increased capability to activate transcription, the density and composition of enhancer-
associated factors, and their high enrichment in disease-associated genetic variation (Hnisz et al.,
2013; Whyte et al., 2013). Initially, it was described in mESCs that SEs commonly occur in
proximity to important pluripotency genes, including the ESC master regulators Oct4, Sox2, and
Nanog which also bind to the SEs. The binding levels of these three factors were similar at typical
enhancers and SEs (Whyte et al., 2013). In contrast, two other TFs associated with stem cell
identity, namely KIf4 and Esrrb, had a significantly stronger presence at SEs compared to typical
enhancers (Whyte et al., 2013). Thus, the genes that code for master TFs in ESCs appear to be
controlled by SEs, which in turn are regulated by the binding of these TFs, resulting in an auto-
regulatory feedback loop where master TFs regulate their own expression (Whyte et al., 2013).

SEs are prevalent not only in stem cells but also in many other cell types, typically located
close to genes that play crucial roles in determining cell identity (Hnisz et al., 2013; Siersbzk et
al., 2014; Whyte et al., 2013). In support of the claim that SEs are cell type-specific, it has been

shown that most SEs only occur in very few or single cell types (Wang et al., 2019). Furthermore,
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multiple recent studies observed that the single enhancer elements forming a SE, called constituent
enhancers, are physically contacting each other and their target promoters to jointly control target
gene expression (Beagrie et al., 2017; Dowen et al., 2014; Hnisz et al., 2016; Huang et al., 2018;
Ji et al., 2016; Jiang et al., 2016; Madsen et al., 2020; Proudhon et al., 2016). Interestingly,
not all constituent enhancers are functionally equivalent in a given cell type and some constituent
enhancers show significantly higher TF binding density than others, referred to as “epicenters”
(Adam et al., 2015), "hotspots” (Siersbak et al., 2014), or “enhancer hubs” (Huang et al., 2018).
For example, Hnisz et al. (2015) generated deletions of single constituent enhancers, which in
most of the cases resulted in decreased expression levels of the SE-associated gene, but in at least
one case the expression of the associated gene increased. Moreover, they found that some SE
constituents have a higher regulatory potential than others, as their loss has a particularly strong
effect on the target gene transcription and additionally affects the chromatin state of the entire
SE. Similar observations were made by other studies upon deletion of single constituent enhancer
(Huang et al., 2018; Jiang et al., 2016; Proudhon et al., 2016; Shin et al., 2016; Siersbzk et al.,
2014). In addition, the loss of one constituent enhancer has also been shown to reduce the physical
contacts between the other constituents of a SE leading to reduced SE activity (Jiang et al., 2016;
Proudhon et al., 2016). Another mode of function for SEs has been presented by Thomas et al.
(2021). They found that three intergenic constituent enhancers contribute to Fibroblast growth
factor 5 (Fgf5) induction at distinct time points during exit from naive pluripotency, while a third
poised intragenic enhancer amplifies the expression of Fgf5 in a super-additive manner at each
time point (Thomas et al., 2021). Taken together, these findings suggest that there is a highly
complex functional and structural interdependence between individual enhancer elements of some
SEs, required to control the expression of their target genes. However, there are also instances
where constituent enhancers appear to act independently in an entirely additive fashion (Hay et al.,
2016) or are partially redundant without synergistic effects (Moorthy et al., 2017). Nevertheless,
this does not contradict the concept that many collaborating enhancers confer complexity and
robustness to gene regulatory landscapes mitigating the effects of the loss of single constituent
enhancers on gene expression.

Interactions between SEs and their target genes have been found to mainly occur in so-
called insulated neighborhoods formed by the looping of two convergent CTCF sites co-occupied
by cohesin (Dowen et al., 2014; Ji et al., 2016). Considering the extremely high activation potential
of SEs, it may be necessary to keep SEs and their target genes insulated to prevent SEs from

aberrantly activating other genes. Indeed, deletion of a CTCF binding site at either border of a SE
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domain resulted in a substantial upregulation of genes immediately outside the normally insulated
domain (Dowen et al., 2014; Hnisz et al., 2016; Ji et al., 2016). In contrast to the looping model, it
has been proposed that active SEs form phase-separated condensates mediated by the high density
of co-activators, including Mediator and BRD4, found at SEs (Hnisz et al., 2017). In support of
this model, two recent studies found that BRD4 and Mediator as well as Mediator and Polll form
condensates that co-localized with SEs (Cho et al., 2018; Sabari et al., 2018).

Tumorigenesis and developmental defects have been increasingly implicated with mis-
regulated SEs (Wang et al., 2019). For instance, single nucleotide polymorphisms (SNPs) that are
linked to diseases are more commonly found in SEs than in typical enhancers and cancer cells can
gain SEs driving oncogene expression (Chapuy et al., 2013; Hnisz et al., 2013; Loven et al., 2013).
One of the mechanisms that can lead to the activation of oncogenes by SEs is the disruption of
insulated neighborhoods containing SEs (Hnisz et al., 2016), and another is the establishment of

novel SEs through somatic mutation (Mansour et al., 2014).

1.2 The Neural Crest and Craniofacial Morphogenesis

The neural crest (NC) was first described in 1868 by Wilhelm His (His, 1868) as a group of cells
located between the neural tube and the non-neural ectoderm giving rise to spinal and cranial
ganglia in chicken embryos. Since then major advances in the research of this vertebrate synapo-
morphic cell population have been made, from grafting and early cell lineage tracing experiments
(e.g. N. M. Le Douarin & Teillet, 1973; Noden, 1983; P. Trainor & Krumlauf, 2000) to system-
level and genomic approaches (e.g. Gammill & Bronner-Fraser, 2002; Lignell et al., 2017; Minoux
et al., 2009; Schorle et al., 1996), and most recently next generation sequencing techniques (e.g.
Lukoseviciute et al., 2018; Minoux et al., 2017; Soldatov et al., 2019; Zalc et al., 2021), revealing
the stem cell-like properties, extensive migratory abilities and differentiation capabilities of NC
cells (NCCs) (Bronner & LeDouarin, 2012; Martik & Bronner, 2017, 2021; Murillo-Rincén &
Kaucka, 2020; Sauka-Spengler & Bronner-Fraser, 2008; Simdes-Costa & Bronner, 2015; P. A.
Trainor & Krumlauf, 2000). Being a key defining trait in the evolution of vertebrates, NCCs have
been of particular interest in evolutionary and clinical research (Green et al., 2015; Sauka-Spengler
et al., 2007). Alterations in the development of these cells are associated with a high proportion of
birth defects and a variety of syndromes termed neurocristopathies, of which many include cranio-
facial abnormalities (Bolande, 1974; Crane & Trainor, 2006; Siismets & Hatch, 2020; Takahashi
et al., 2013). Furthermore, there is a rapidly growing understanding of the cellular programs and

regulatory mechanisms that play a role in the biology of NCCs. As a result, they are also a highly
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Figure 4. Development of the neural crest. a Step-wise formation of the neural crest: 1. formation of the
neural plate border, 2. neural crest specification, 3. delamination of neural crest cells from the dorsal part of
the forming neural tube, 4. neural crest cell migration to distant locations within the embryo. b The neural
crest is divided into four segments along the anteroposterior body axis: cranial, vagal, trunk, and sacral
neural crest. The dashed line indicates the location of the schematic sections depicted in a. ¢ Migrated
neural crest cells differentiate into unique cell types, depending on their origin and final axial positioning
within the embryo. Figure taken from Martik and Bronner, 2021.

relevant system for studying gene regulatory interactions and networks (Parker et al., 2018).
Many of the molecular mechanisms driving NC development have been uncovered in re-
cent years, leading to the establishment of a gene regulatory network (GRN) that governs each step
of the developmental process (Martik & Bronner, 2017; Sauka-Spengler & Bronner-Fraser, 2008;
Simdes-Costa & Bronner, 2015). In short, GRNs are made up of modules of regulatory informa-
tion that contain the genes and interactions that function at different stages of development. The
regulatory interactions present in a cell at any given time represent its regulatory state. GRNs fur-
ther describe the regulatory interactions that occur between transcription factors and cis-regulatory
elements at different stages of development in a particular cell type (E. H. Davidson, 2010). The
formation of neural crest cells is controlled by a feedforward GRN that is based on data from nu-
merous organisms and cell types, including basal vertebrates, mice, and human pluripotent stem
cells (Martik & Bronner, 2017; Sauka-Spengler & Bronner-Fraser, 2008; Simdes-Costa & Bron-
ner, 2015). Despite some species-specific differences, the overall architecture and composition
of the GRN controlling NC development is highly similar across all vertebrates (Sauka-Spengler

et al., 2007). In recent years multiple studies have shown that next to regulation through transcrip-
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tion factors, epigenetic mechanisms are also crucial for proper NC development, particularly in
controlling the timing of gene expression at different stages of development (N. Hu et al., 2014;
Minoux et al., 2017). Knowledge about the conservation and changes in gene regulatory logic
across species is central to our understanding of how the neural crest evolves, how morphological
traits such as variable craniofacial features emerge, and how NCCs are able to differentiate in such
a wide range of cell types.

For the formation of the neural crest, a series of regulatory events have to take place early
in development: induction, specification, delamination, migration, and differentiation (Fig.4a).
The formation of the neural plate border and NC is initiated during gastrulation by environmental
signals and a cascade of transcription factors. WNT, BMP, and FGF pathways combinatorially re-
fine the border between the forming neural and non-neural ectoderm, driving the expression of neu-
ral plate border specifier genes (Garcia-Castro et al., 2002; Groves & LaBonne, 2014; Khudyakov
& Bronner-Fraser, 2009; Martik & Bronner, 2021; Monsoro-Burq et al., 2005; Stuhlmiller &
Garcia-Castro, 2012b).

After the formation of the neural plate border, the expression of NC specifier genes, in-
cluding Foxd3, Soxe, Snail/2 and Tfap2 (Martik & Bronner, 2017, 2021; Simdes-Costa & Bronner,
2015), is induced by the concerted action of neural plate border specifiers and signaling pathways
(e.g. Msxl, Zicl, Tfap2 and Pax3/7) (Basch et al., 2006; Garnett et al., 2012; Monsoro-Burq
et al., 2005; Nikitina et al., 2008; Plouhinec et al., 2014; Sato et al., 2005; Stuhlmiller & Garcia-
Castro, 2012a). Once specified, the NCCs undergo an epithelial-to-mesenchymal transition (EMT)
and separate from the dorsal part of the neural tube to migrate extensively throughout the embryo
(Szab6é & Mayor, 2018; Williams et al., 2019). Upon reaching their final location within the
embryo NCCs transition from moving streams of cells to aggregates within complex structures.
This process often involves a reverse of the EMT, called the mesenchymal-to-epithelial transition
(MET). Based on their anteroposterior (AP) location along the body axis the NCCs will differ-
entiate into distinct derivatives (Martik & Bronner, 2017, 2021; Simdes-Costa & Bronner, 2015).
While some derivatives are common between the cranial, vagal, trunk, and lumbosacral subpopu-
lations of NCCs, certain NC-derived structures are unique to a particular subpopulation (Fig. 4c).
As such the cranial NCCs (CNCCs) have the unique ability to produce chondrogenic and skeletal
tissue (N. Le Douarin & Kalcheim, 1999; Santagati & Rijli, 2003).

21



Introduction

IN

ST

Figure 5. Skeletal fate of cranial neural crest cells in human and mouse. a During development, the
cranial neural crest cells (CNCC) migrate (arrows) in discrete streams from the diencephalon (Di), anterior
and posterior mesencephalon (Ames and Pmes), and rhombomeres (R1-R8) to colonize the frontonasal pro-
cess (FNP) and anterior pharyngeal arches (PA1-PA4), as indicated by the color code. b and ¢ Depicted are
craniofacial skeletal structures in human (b) and mouse (c¢) that are derived from distinct CNCC subpopu-
lations. Structures are color-coded to match the CNCC subpopulations in panel a to indicate their origin.
Panel a and b adapted from Martik and Bronner, 2021. Panel ¢ adapted from Santagati and Rijli, 2003. AS,
alisphenoid bone; DE, dentary bone; FR, frontal bone; HY, hyoid bone; IN, incus; MA, malleus; MX, max-
illary bone; NA, nasal bone; PA, parietal bone; PM, premaxillary bone; PT, pterygoid bone; SQ, squamosal
bone; ST, stapes; ZY, zygomatic bone.

1.2.1 The Cranial Neural Crest

The development of the vertebrate head is one of the most complex processes in embryogenesis,
orchestrated by the coordinated interplay between a series of molecular and morphogenetic events
and extrinsic position-specific environmental signals (Minoux et al., 2017; Minoux & Rijli, 2010;
Santagati & Rijli, 2003). Central to this process are the CNCCs, which arise from the developing
diencephalon, mesencephalon, and hindbrain region and are the primary source of skeletogenic
head mesenchyme (Fig. 5). Accordingly, the frontonasal skeleton is formed by rostral CNCCs,
which also significantly contribute to the membranous bones of the skull. More posterior CNCCs
of the hindbrain region, which is transiently subdivided into neuroepithelial segments called rhom-
bomeres (R), colonize the pharyngeal arches (PA), paired segmental bulges that form on the lateral
surface of the head during the early stages of embryonic development (Graham & Richardson,
2012). From there they give rise to the cartilages and bones of the upper and lower jaws, middle
ear ossicles, outer ear, hyoid, and thyroid structures (Fig. 5b and c)(Gammill & Bronner-Fraser,
2003; N. M. Le Douarin et al., 2004; Minoux & Rijli, 2010; Parker et al., 2018; Santagati & Rijli,
2003). Additionally, CNCCs contribute to forming peripheral neurons and glia and the connective
tissue associated with mesoderm-derived head muscles (P. A. Trainor & Krumlauf, 2000). The

NCC subpopulations targeting the individual PAs migrate in discrete streams (Fig. 5a), which is
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of importance for proper craniofacial patterning (Minoux & Rijli, 2010). As such, specific rhom-
bomeres have different contributions to these streams. For instance, NCCs that migrate into the
first pharyngeal arch (PA1), which is subdivided into the mandibular (Md) and maxillary process
(Mx), are mainly derived from the posterior mesencephalon, rhombomere 1 (R1), and R2, while
those that migrate into the second (PA2) and third pharyngeal arch (PA3) mostly come from R4
and R6, respectively (Birgbauer et al., 1995; Kulesa & Fraser, 2002; Lumsden et al., 1991). These
CNCC subpopulations express different Hox genes along the AP axis, which is essential for their
AP patterning. As such, CNCCs that contribute to the frontonasal process (FNP) and the first pha-
ryngeal arch (PA1) do not express any Hox genes, while CNCCs of the second and more posterior
arches express different combinations of Hox genes, starting with Hoxa2 as the single Hox gene
expressed in PA2 (T. Alexander et al., 2009; Minoux et al., 2009; Minoux & Rijli, 2010; P. Trainor
& Krumlauf, 2000). An important factor defining the competence of CNCCs to form facial skeletal

elements is related to the presence or absence of Hox gene expression.

1.2.2 Cranial neural crest cell plasticity

In the past there has been a long-standing debate about the CNCC plasticity versus pre-patterning
or in other words the question of whether CNCCs are fate committed before migration, thereby
being pre-patterned, or retain multipotency throughout migration able to respond to environmental
cues at their final destination (N. M. Le Douarin et al., 2004; Santagati & Rijli, 2003; P. A. Trainor
& Krumlauf, 2000, 2001). This issue arose from the fact that the posterior and anterior cephalic
NC domains differ with regards to their expression of Hox genes, which has an impact on their
competence. The pharyngeal Hox code and its significance in craniofacial morphogenesis will be
discussed in detail in section 1.2.3. In short, the more posterior CNCCs colonizing PA2 to PA4
express a combination of Hox genes, while the anterior CNCCs populating the FNP and PA1 do
not express any Hox genes (Couly et al., 1996; Hunt, Gulisano, et al., 1991; Prince & Lumsden,
1994). Hox-negative and Hox-positive CNCCs differ in their ability to generate pharyngeal arch
skeletal derivatives and Hox expression has been demonstrated to prevent the formation of skeletal
derivatives of the frontonasal process and first pharyngeal arch (Couly et al., 1998; Creuzet et al.,
2002). In fact, only Hox-negative CNCCs can produce the membrane bones of the facial skeleton
(Couly et al., 2002), whereas both Hox-positive and Hox-negative CNCCs can produce cartilage
derivates.

In the 1980s, the concept of a pre-patterned cranial NC was prevalent, mainly due to

the results of a NC grafting experiment in the avian embryo by Drew Noden in 1983 (N. M.
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Le Douarin et al., 2004; Santagati & Rijli, 2003; P. A. Trainor & Krumlauf, 2000, 2001). In
this study, the transplantation of presumptive first arch NC primordia, which is Hox-negative, to
a more posterior position in the neural tube (roughly R4-R5), from where normally the CNCCs
of the second arch originate, led to a partial duplication of lower jaw skeletal elements (Noden,
1983). In the following years, this concept was challenged by conflicting results from different
studies (N. M. Le Douarin et al., 2004; Santagati & Rijli, 2003; P. A. Trainor & Krumlauf, 2000,
2001). For instance, contrary to Noden Couly et al. (1998) did not observe a duplication of first
arch elements upon transposition of the Hox-negative NC domain to the more posterior domain
of the presumptive second arch NC in the chick. They further found that Hox-positive neural fold
tissue transplanted into the anterior Hox-negative domain is not able to produce any skeletal tissue
(Couly et al., 1998; Couly et al., 2002). These results pointed towards a lack of pre-patterning
information in Hox-negative CNCCs progenitors, giving them a high degree of plasticity and the
ability to readily respond to local patterning cues, while expression of Hox genes appeared to
provide an AP positional identity to CNCCs pre-migration. This was supported by the finding that
the entire Hox-negative NC domain acts as a group of equivalence when it comes to building the
facial skeleton, as implantation of just small fragments of the anterior NC, following the removal
of the entire domain, leads to the formation of a complete face (Couly et al., 2002). Additionally,
a study in the mouse showed that when grafting cells from R3, R4 or R5 into R2 the majority of
the grafted cells maintained their Hox gene AP identity (P. Trainor & Krumlauf, 2000). However,
some single cells which separated from the primary transplanted tissue and mixed with the local
cell population, failed to maintain their original Hox gene expression patterns, thus losing their
identity (P. Trainor & Krumlauf, 2000). Similarly, in zebrafish moving individual hindbrain cells
from R2 to R6 or vice versa resulted in a total reversal of Hox gene expression (Schilling et al.,
2001). The movement of these cells to a new location was accompanied by changes in their
fate, which took on characteristics of their new environment. The extent to which this plastic
transformation occurred depended on the timing and size of the transplant (Schilling et al., 2001).
Moreover, in both mouse and zebrafish, the transplanted cells contributed to pharyngeal derivatives
appropriate to their new AP position (Schilling et al., 2001; P. Trainor & Krumlauf, 2000).
Coming back to the findings of Noden (1983), a later study demonstrated that the duplica-
tions of first arch derivatives observed by Noden were related to the inclusion of the isthmus in the
transplantations (P. A. Trainor et al., 2002). The isthmus expresses Fgf8 which silences Hoxa2 (Irv-
ing & Mason, 2000), so repression of HoxaZ2 in the presumptive second arch NCC was the likely

cause for the development of ectopic first arch skeletal structures. In summary, all these findings
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indicated that the AP positional identity of neither the Hox-positive nor Hox-negative CNCCs is
fixed in the progenitors or passively inherited from the hindbrain to the pharyngeal arches, and
revealed a high degree of plasticity in these cells, which is inconsistent with the pre-patterning
model. Instead, it appears that NCCs rely on specific cues in the pharyngeal arch environment as
they migrate to develop their proper regional identity. The size of the cell community also appears
to be a significant factor, suggesting that a complex interplay of genetics and cellular interactions
plays a role in hindbrain and NC patterning (Santagati & Rijli, 2003; P. A. Trainor & Krumlauf,
2000). Nevertheless, they do not fully resolve the debate over the balance between multipotency
and early restriction in neural crest cell fate

More recent studies using a wide range of experimental approaches, including chromatin
profiling via ChIP-seq, single-cell transcriptomics, single-molecule fluorescent in situ hybridiza-
tion, and modern clonal analysis tools, have given new insights regarding this matter. For instance,
Minoux et al. (2017) have demonstrated the importance of epigenetic regulation in the mainte-
nance of positional plasticity in CNCCs and in controlling axial regional identity of postmigratory
CNCCs. In pre-migratory CNCCs positional genes and enhancers are kept in a poised chromatin
state, meaning they are accessible and bivalent, ready to be activated upon receipt of the right envi-
ronmental inputs. Interestingly, promoters and enhancers remain in a poised-for-action chromatin
state in post-migratory CNCC subpopulations, in which they are not active (Minoux et al., 2017).
Hence, epigenetic poising may enable CNCCs to swiftly adjust their response to differences in
local signaling, possibly helping them handle unexpected changes in location due to migration er-
rors. Furthermore, it indicates that post-migratory CNCCs retain a certain level of plasticity. Such
a model could explain past observations such as the growth of an ectopic upper beak upon the
transplantation of the frontonasal ectodermal zone (FEZ) to a different region of the FNP (D. Hu et
al., 2003), or the formation of supernumerary jaw elements upon grafting of chick endodermal tis-
sue (Couly et al., 2002). In addition, the findings of Minoux et al. (2017) could explain differences
in facial shape between individuals. Another study in avian embryos identified a neural crest stem
cell niche in the dorsal neural tube with high expression of neural crest genes, pluripotency factors,
and lineage markers using multiplex single-molecule fluorescence in situ hybridization (Lignell et
al., 2017). In agreement with other studies, they also found that migratory CNCCs have the ability
to take on multiple fates and that cell fate commitment is a gradual process resulting from the com-
petition between gene expression programs (Baggiolini et al., 2015; Soldatov et al., 2019). In fact,
using single-cell transcriptomics and bioinformatics to analyze the branching trajectories of murine

NCC:s revealed new insights into CNCC multipotency, EMT, and fate specification (La Manno et
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al., 2018; Soldatov et al., 2019; Zalc et al., 2021). Specifically, Zalc et al. (2021) demonstrate that
during delamination CNCCs lose the expression of neuroepithelial positional genes and adopt a
uniform transcriptional signature, resulting in an equivalent CNCC population with the ability to
readily adapt to future migratory and postmigratory environments (Zalc et al., 2021). These results
could explain the previously observed ability of premigratory CNCCs to adapt to a new position
upon transplantation at a different axial level (Couly et al., 2002). It is furthermore consistent
with the presence of Polycomb-dependent bivalent chromatin at the promoters of facial patterning
genes in early CNCCs, which is resolved into transcriptionally active states in response to environ-
mental cues (Minoux et al., 2017). Moreover, CNCC progenitors appear to be able to transiently
reactive pluripotency factors suggesting that these cells are naturally reprogrammed (Zalc et al.,
2021). Complementary to these findings is the work of Soldatov et al. (2019), who also observe
the erasure of the AP neuroepithelial transcriptional signature in delaminating NCCs. Moreover,
they present a novel model for the process of cell fate commitment, defined by the progressive
limitation of cell fates through sequential phases of coactivation, biasing, and resolution of com-
peting fates (Soldatov et al., 2019). Taken together, these recent findings highlight the plasticity of
CNCCs.

1.2.3 The Role of Hox Gene Expression in Cranial Neural Crest Cells

The Hox gene family is a group of homeodomain transcription factors that are evolutionarily con-
served and play fundamental roles in the regulation of axial patterning in the development of
various tissues in animals (T. Alexander et al., 2009; Mallo et al., 2010). In mammals, these
genes are organized into four distinct clusters (Hoxa-Hoxd) that arose through duplication events
early in the evolution of vertebrates, and can be divided into 13 paralogue groups (PGs) based
on their sequence characteristics (e.g. Hoxal and Hoxbl belong to PG1). Moreover, Hox genes
exhibit temporal and spatial colinearity along their clusters, meaning that their timing and spatial
domains of expression along the anteroposterior (AP) axis are correlated with their relative gene
order within each chromosomal cluster (Deschamps & Duboule, 2017; Kmita & Duboule, 2003).
In the rhombomeres and cranial neural crest, these nested domains of Hox gene expression provide
a combinatorial code that specifies regional properties in the developing head (Hunt, Gulisano,
et al., 1991; Hunt, Whiting, et al., 1991; P. A. Trainor & Krumlauf, 2000). To understand the
functional importance of colinear Hox gene expression in the establishment of CNCCs positional
identity, it is important to consider how they pattern the AP axis of the hindbrain and pharyngeal

arches.
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Hox gene patterning in the hindbrain and cranial neural crest

For the establishment of ordered and nested gene expression domains of the nervous system, sig-
naling pathways such as retinoic acid (RA), FGF, and WNT generate opposing gradients along the
anteroposterior axis of the nervous system in the developing embryo (Parker et al., 2018). These
gradients initiate a regulatory cascade of interactions between transcription factors (e.g. Hoxal,
Krox20, Kreisler and Cdx1), which generates tightly registered stripes of gene expression that will
eventually become rhombomere boundaries (T. Alexander et al., 2009; Parker et al., 2016; Tiimpel
et al., 2009). Hox genes play a key role in this cascade. Through the presence of multiple RA re-
sponse elements (RARE) within the different Hox clusters, they are able to directly respond to RA
signaling creating nested expression domains. Additionally, they interact with other segmentally
expressed genes, in order to control rhombomere formation, and are involved in extensive auto-
and cross-regulatory circuits required for the specification of segmental identities and maintenance
of segmental gene expression (Parker et al., 2019). A key characteristic of this process is the for-
mation of lineage-restricted segments with distinct Hox gene expression patterns, leading to the

formation of an AP Hox “code” that shapes regional variations in the hindbrain (Fig. 6).
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Neural crest Hox code

Hoxal and Hoxbl are the first Hox genes to be expressed in the neuroepithelium prior to
the segmentation of the hindbrain into rhombomeres at around embryonic day 7.5 (E7.5) (Tiimpel
et al., 2009). Their early expression is driven by RA signaling, with Hoxal extending anteriorly
up to the presumptive R3 territory (Makki & Capecchi, 2010) and Hoxbl extending up to the
presumptive R4 region (Studer et al., 1994; Wilkinson et al., 1989). Neither of the two Hox genes

is expressed in migrating NCCs (Fabik et al., 2021). However, all NCCs that emanate from R4 are
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derived from the Hoxal lineage (Makki & Capecchi, 2010). Further downstream of the regulatory
cascade, between E8.0 and E8.5, other Hox genes from PG1—4 are activated, once the expression
of transcription factors Krox20 and Kreisler, which is limited to certain rhombomeres, has been
established. For instance, at first Hoxa2 and Hoxa3 are directly upregulated by Krox20 in R3 and
RS via paralogous enhancers 5° to each gene (Nonchev, Maconochie, et al., 1996), followed by
expression in R4 where Hoxa?2 is regulated by Hoxbl via an intronic enhancer and Hoxb2 by a 5’
enhancer (M. K. Maconochie et al., 1997; Tumpel et al., 2007). Hoxa2 is expressed in R2 driven
by the activity of a cis-regulatory element located in its own coding region (Tumpel et al., 2008).
Lastly, PG3 Hox gene expression is initiated in RS by Krox20 and Kreisler (Manzanares et al.,
1999; Manzanares et al., 1997; Manzanares et al., 2002), whereas PG4 Hox genes are activated
posteriorly to the R6/R7 boundary driven by RA signalling (Gould et al., 1997; Morrison et al.,
1996; Nolte et al., 2006).

The Hox code from the AP axis of the neural tube is transposed to the AP axis of the head
and pharyngeal arch mesenchyme, as the NCCs that originate from the hindbrain delaminate and
migrate in distinct dorsolateral streams (Fig. 5a and Fig. 6) (Hunt & Krumlauf, 1991; Lumsden
et al., 1991; Sechrist et al., 1993; P. A. Trainor & Krumlauf, 2001). However, the CNCCs Hox
code is not simply a copy of the expression patterns found in the neural tube. In fact, the expression
of Hox genes in migratory NCCs and developing rhombomeres is controlled by independent Hox
gene enhancers, which may cause differences in expression between NCC subgroups and their cor-
responding rhombomeres of origin (Hunt et al., 1995; Hunt, Gulisano, et al., 1991; M. Maconochie
et al., 1999; P. A. Trainor & Krumlauf, 2000; Tumpel et al., 2008). For instance, the expression
of Hoxbl is shut off in migrating R4-derived NCCs. On the other hand, R4-derived NCCs retain
the expression of both Hoxa2 and Hoxb2 upon migration to PA2, whereas NCCs derived from the
Hoxa? positive R2 domain are devoid of Hox gene expression after delamination (Hunt, Gulisano,
et al., 1991; Hunter & Prince, 2002; Prince & Lumsden, 1994). By the time that all CNCCs have
migrated to their final positions a pharyngeal Hox code of nested gene expression can be observed,
where PA1 is Hox negative, PA2-PA4 express Hoxa2 and Hoxb2, PA3-PA4 express varying levels
of Hox PG3 genes, and Hoxd4 is highly expressed in PA4 (Fig. 6).

Hox genes in craniofacial morphogenesis

The importance of accurate Hox gene expression along the AP axis of the pharyngeal arches for
craniofacial morphogenesis has been emphasized by a multitude of Hox gene knock-out and ec-

topic over-expression experiments (Chisaka & Capecchi, 1991; Chojnowski et al., 2016; Condie
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& Capecchi, 1994; Gendron-Maguire et al., 1993; Kitazawa et al., 2015; Kitazawa et al., 2022;
Manley & Capecchi, 1997; Minoux et al., 2009; Minoux et al., 2013; Rijli et al., 1993; Santagati
et al., 2005). The targeted inactivation of HoxaZ2 in the mouse (Gendron-Maguire et al., 1993; Rijli
et al., 1993) provided the first piece of evidence for the involvement of Hox genes in establishing
the AP positional identity of CNCCs, resulting in the homeotic transformation of PA2 skeletal
derivatives into a subset of PA1-like structures and death within 24h post birth (Fig. 7b). More
specifically, the lesser horns of the hyoid bone, styloid process, and stapes, PA2-derived structures,
are absent in Hoxa2-null mice and replaced by a mirror image duplication of the incus, malleus,
gonial bone, tympanic ring and part of the Meckel’s cartilage (Fig. 7b)(Gendron-Maguire et al.,
1993; Rijli et al., 1993), which are normally derived from PA1 CNCCs (Kontges & Lumsden,
1996). Additionally, the PA2-derived external ear or pinna is completely absent (Fig. 7b), whereas
the PA1-derived external auditory canal is duplicated (Minoux et al., 2013; Rijli et al., 1993; San-
tagati et al., 2005). Similar results were obtained in Xenopus (Baltzinger et al., 2005) and zebrafish
(Hunter & Prince, 2002) upon downregulation of Hoxa2. These observations suggest that Hoxa2
plays a key role across species in the specification of PA2 CNCCs identity and the morphogenesis
of PA2-derived elements. Further support for this was provided by Santagati et al. (2005) through
the temporal inactivation of Hoxa2 in mice demonstrating that Hoxa? is required for PA2 CNCC
morphogenetic program post-migration.

Conversely, ectopic expression of Hoxa2 in Hox-negative CNCCs resulted in varying
morphological phenotypes. For example, in the study of Kitazawa et al. (2015) ectopic expres-
sion of Hoxa2 in mice suppresses the formation of PA1-derived jaw structures and repatterns them
into PA2-derived structures, thereby duplicating PA2 derivatives (Fig. 7c). A range of studies in
Xenopus, zebrafish, and chick observed very similar phenotypes upon ectopic expression of Hoxa2
(Grammatopoulos et al., 2000; Hunter & Prince, 2002; Pasqualetti et al., 2000). Additionally, the
conditional ectopic expression of Hoxa2 in CNCC:s is by itself enough to transform proximal PA1
into PA2-like structures, including a duplication of the pinna (Kitazawa et al., 2015; Minoux et al.,
2013). However, another study found in their chick model system that altered expression of Hoxa?2
in Hox-negative CNCCs led to the lack of the entire facial skeleton (Creuzet et al., 2002). This
apparent discrepancy between studies has been resolved very recently by Kitazawa and colleagues
(2022) demonstrating that the severity of hypoplasia/malformation in craniofacial structures is
linked to the degree of Hoxa2 overexpression. Overall these findings further highlight the evolu-
tionarily conserved function of Hoxa2 in craniofacial morphogenesis and provide evidence for a

model in which CNCCs from PA1 and PA2 share an underlying Hox-free ground state. Interest-
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Figure 7. Effects of the loss or gain of function of Hoxa2 gene expression in cranial neural crest cells. a
Schematic representation of the CNCCs Hox code in the pharyngeal arches (PA1-PA4) at pharyngula stage
(asin Fig. 6)(left), the middle ear ossicles and hyoid bone skeletal structures at E18.5 (middle), and the pinna
at E18.5 (right) of wild-type mouse embryos. The colors of individual PAs reflect their anteroposterior Hox
code. The colors of the skeletal structures are matched with the colors of the PAs indicating from which PA
each structure is derived (for instance, the stapes is derived from PA2 CNCCs). b Schematic representation
as in a showing the effects of loss of function of Hoxa2 in CNCCs, namely a homeotic transformation of
PA2 to PA1-like skeletal structures at the level of the middle ear, loss of the lesser horn of the hyoid bone,
and loss of the PA2-derived pinna. ¢ Schematic representation as in a showing the effects of gain of function
of Hoxa2 in CNCCs (based on Kitazawa et al., 2015), namely a homeotic transformation of PA1 into PA2-
like structures at the level of the middle ear, a duplication of the hyoid bone including the lesser horn, and a
duplication of the pinna. * marks duplicated structures. Panel a taken from Parker et al., 2018.

ingly, similar severe craniofacial defects could be observed in the mouse upon conditional deletion
of Ezh2 in CNCCs, which encodes a subunit of PRC2 that catalyzes H3K27 trimethylation (Mi-
noux et al., 2013; Schwarz et al., 2014). Indeed, the four Hox clusters and positional genes are
embedded in repressive H3K27me3 domains, while their promoters are usually in a bivalent state
(Minoux et al., 2017; Schwarz et al., 2014). Upon deletion of Ezh2 in CNCCs H3K27me3 is
lost genome-wide leading to the ectopic expression of normally bivalent genes, including the Hox
genes and other positional genes, in the anterior CNCCs of the FNP and PA1 (Minoux et al., 2017;
Schwarz et al., 2014). Thus, Hox genes and other positional genes are epigenetically regulated in
CNCCs and this regulation is essential in defining the distinct positional molecular identities of

CNCCs.
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Malformations of PA3 and PA4 CNCC-derived skeletal elements, but no homeotic trans-
formations, have been described upon inactivation of single Hox PG3 and PG4 genes or combi-
nations of them (Boulet & Capecchi, 1996; Chisaka & Capecchi, 1991; Chojnowski et al., 2014;
Chojnowski et al., 2016; Condie & Capecchi, 1994; Manley & Capecchi, 1995, 1997). For in-
stance, inactivation of Hoxa3 in mice causes defects in the development of certain pharyngeal
organs and PA3-derived craniofacial structures, such as the throat cartilages (Chisaka & Capecchi,
1991; Manley & Capecchi, 1995). Namely, the lesser horns of the hyoid bone are reduced or miss-
ing and the greater horn of the hyoid is fused with the superior horn of the thyroid cartilage (Fig
x) (Chojnowski et al., 2016; Condie & Capecchi, 1994; Manley & Capecchi, 1997). Progressively
more severe phenotypes can be observed in double and triple Hox PG3 mutants (Condie & Capec-
chi, 1994; Manley & Capecchi, 1997). Remarkably, deletion of the entire HoxA cluster in mouse
NCC:s results in a partial homeotic transformation of PA3 and PA4 derivatives toward a PA1-like
morphology along with the PA2 homeosis induced by the absence of Hoxa2 (Minoux et al., 2009).
This NCC-specific HoxA cluster deletion has revealed that Hoxa2 also plays a role in the pattern-
ing of PA3 and PA4 which is only apparent in the absence of Hoxa3, supporting the idea that
Hoxa3 has a more significant role than HoxaZ2 in patterning PA3 and PA4 (Minoux et al., 2009).
Taken together, these studies strongly support the idea that a common Hox-free ground patterning
program underlies the development of pharyngeal arches and that Hox genes from different PGs
(such as Hoxa2 and Hoxa3) act synergistically to pattern the derivatives of PA3 and PA4 (Minoux
et al., 2009; Minoux & Rijli, 2010). Further phenotypic mouse data analysis indicates that the
HoxA cluster genes are key in giving CNCCs their axial identity, while the HoxB cluster helps to
fine-tune the patterning of the derivatives (Vieux-Rochas et al., 2013).

Despite all the phenotypic data on Hox mutants, there is still a lack of understanding of
the specific mechanisms through which Hox genes influence the development of the head and face.
This is a significant gap in our knowledge in the field of craniofacial morphogenesis. Studies on
the role of Hoxa2 provide an example of this lack of understanding. While it is clear that Hoxa2
expression is required in CNCCs from PA2, the exact role of Hoxa2 in this process is not fully
understood. Previous research has indicated that Hoxa2 expression is necessary for the proper
differentiation of these cells (Santagati et al., 2005), but it is not yet known if Hoxa2 also plays
a role during the migration of these cells (Parker et al., 2018). Post-migration Hoxa2 has been
shown to modulate the response of CNCCs in PA2 to the local environmental signals thereby
altering the competence of these cells (Bobola et al., 2003). Consequently, Hoxa2 directly or

indirectly represses different components of the ossification pathway which are normally active in

31



Introduction

PA1, including PitxI, Sox9, Lhx6, Alx4, Six2 and Runx2 (Bobola et al., 2003; Kanzler et al., 1998;
Kutejova et al., 2005; Kutejova et al., 2008). Furthermore, a recent study by Minoux et al. (2013)
has shown that Hoxa2 plays a role in the development of the external ear through its influence
on the BMP signaling pathway and the expression of Eyal. Even more direct targets of Hoxa2
could be identified through recent advancements in genomic technologies. As such, ChIP-seq
data from mouse PA2 cells has revealed that Hoxa2 has a positive feedback relationship with its
cofactors Meisl/2 (Amin et al., 2015), which plays a role in downstream Wnt signaling (Donaldson
et al., 2012), leads to a transient activation of Meox! (Kirilenko et al., 2011), helps specify Hmx!
expression in the lateral facial mesenchyme through an evolutionarily conserved enhancer (Rosin
et al., 2016). Besides, these ChIP-seq experiments have found that Meis, Pbx, and Hoxa2 bind
to the area upstream of Hoxa2 in PA2, which may suggest that self-regulation plays a role in its
expression in neural crest tissue (Amin et al., 2015; Donaldson et al., 2012). Lastly, Hoxa2 and
Hoxa3 have the ability to dimerize, which may play an important role in the patterning of PA3 and

PA4 derivatives (Mallen et al., 2021).

Hoxa?2 regulation in the hindbrain and cranial neural crest

Due to the fact that Hoxa?2 is one of the most important factors in specifying CNCCs AP identity,
particularly of the second pharyngeal arch, and required for proper craniofacial morphogenesis,
it is crucial to understand how Hoxa2 gene expression is regulated along the AP axis both in the
hindbrain and NCCs originating from it. However, there is limited information available on the
specific regulatory elements that control the activation and maintenance of Hoxa2 gene expression
and whether the regulatory influences from these elements are shared or distinct in both tissues. In
particular, the mechanisms that regulate Hoxa2 expression in the NC are not as well understood as
the current knowledge of rhombomeric Hox regulation (Parker et al., 2018).

Over the years a wide range of proximal enhancers likely to be involved in the regula-
tion of Hoxa2 gene expression have been identified. Mainly via transient enhancer activity assays,
most of these regulatory elements have been shown to have non-overlapping activity patterns in
different regions of the hindbrain and CNCCs, pointing towards distinct regulatory mechanisms
between these tissues. To date we have knowledge about a total of five putative NC-specific en-
hancers (NC1-NC5) for Hoxa2 (M. Maconochie et al., 1999; McEllin et al., 2016), which partially
overlap with eight separate R3/RS enhancers (RE1-RES, Krox20, Sox) (M. K. Maconochie et al.,
2001; Nonchev, Maconochie, et al., 1996; Nonchev, Vesque, et al., 1996; Tiimpel et al., 2006),
five R4 enhancers (Lampe et al., 2008; Tumpel et al., 2007) and five R2 enhancers (Frasch et al.,
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Figure 8. Hoxa2 regulatory landscape. Schematic illustration of the enhancers regulating Hoxa2 expres-
sion in neural crest cells (NCCs) and rhombomeres (R2-R5).The exons of Hoxa?2 are represented by white
boxes and the transcription start site by an arrow. The colored boxes depict the enhancers: R2 elements in
red, R4 elements in blue, R3/RS5 elements in green and NCC elements in purple (not drawn to scale). Known
direct inputs from transcription factors and transcription factor motifs in these enhancers are depicted by ar-
rows. Hoxa?2 is regulated by independent enhancers in the four different tissues. Figure adapted from Parker
et al., 2019; Tiimpel et al., 2006.

1995; Tumpel et al., 2008) in the mouse (Fig. 8 x)(Parker et al., 2019; Parker et al., 2018; Tiimpel
et al., 2009). The enhancers regulating Hoxa2 expression in R4 consist of three intronic Hox/Pbx
binding sites, one intronic Prep/Meis binding site (Tumpel et al., 2007), and one exonic Hox/Pbx
binding site (Lampe et al., 2008), required for regulatory activity. This entire R4 regulatory mod-
ule responds to the expression of both Hoxa2 and Hoxbl, indicating that Hoxa?2 is first activated
in R4 as a direct target of Hoxbl and then sustains its own expression via an autoregulatory feed-
back loop (Lampe et al., 2008; Tumpel et al., 2007). Hox proteins achieve specific binding and
transcriptional activity through interactions with the Pbx and Prep/Meis family of Hox cofactors
(Bobola & Sagerstrom, 2022; Moens & Selleri, 2006).

Hoxa? is the only Hox gene expressed in R2, where five elements embedded in the second
exon of Hoxa2 collaborate to direct its expression. Two of the enhancers contain binding sites
for Sox proteins that are essential for the activity of the enhancers (Frasch et al., 1995; Tumpel
et al., 2008). Then, in R3 and RS expression of Hoxa2 is in part mediated by multiple Krox20
binding sites in close proximity to a BoxA motif (Sox site) upstream of the Hoxa2 promoter (M. K.
Maconochie et al., 2001; Nonchev, Maconochie, et al., 1996; Nonchev, Vesque, et al., 1996). In
addition the cis-regulatory elements RE1-RES, upstream of Hoxa2, are required for the activity
of Hoxa2 in R3/R5, of which RE1 (5’ of the Krox20 motifs) and R3 contain TCT motifs crucial
for R3/R5 expression, while RE2, RE4 and RES contain no obvious motifs or shared common
elements (M. K. Maconochie et al., 2001; Tiimpel et al., 2006).

When it comes to the five enhancers (NC1-NC5) that are required for Hoxa2 expression
in NCCs, there is very little knowledge about how their activity is regulated. In the mouse, one of
the elements, NC4, contains a binding site for transcription factor AP-2a/Tfap2a that is essential

for enhancer activity (M. Maconochie et al., 1999). Furthermore, both NC2 and NC3 overlap with
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RE2-RE4 (Fig. 8) and show enhancer activity in both NCCs and R3 and RS of the hindbrain.
A recent study found Meis and Hox/Pbx binding sites in the NC3 enhancer (Parker et al., 2019).
The Meis site is involved in mediating enhancer activity in both R3/R5 and NCCs, whereas the
Hox/Pbx site only contributes to enhancer activity in NCCs (Parker et al., 2019). Taken together,
these findings suggest that Meis and Pbx, in addition to their already known fundamental functions
in tissue patterning (Machon et al., 2015; Moens & Selleri, 2006), may play an important role in
the regulation of Hoxa2 gene expression in the hindbrain and NC in concert with or independent
of Hox proteins (Parker et al., 2018). Moreover, they show that Hoxa2 expression in the hindbrain
and NCCs is largely regulated by independent enhancer elements. It should be pointed out that
none of the above studies analyzed the effect of deleting single or multiple of these enhancers on
Hoxa?2 expression in vivo. Hence, there remains a level of uncertainty regarding the regulatory

function of each of these putative enhancers on Hoxa2 gene expression.

1.3 Thesis objective

The goal of this thesis was to gain a deeper understanding of the mechanisms that control craniofa-
cial development. To address this we focused on the systematic identification of putative enhancers,
in particular super-enhancers, that might play a role in the regulation of key developmental genes
involved in face formation. To this end, we employed PCHi-C, Hi-C, ChIP-seq, ATAC-seq, and
RNA-seq leading to the discovery of multiple SEs required for the expression of Hoxa2, a master

regulator of PA2 CNCC:s fate.
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This project was a collaboration with Maryline Minoux, Onkar Joshi, Yousra Ben-Zouari, and
the other authors listed in the manuscript. My contributions included the performance of most of
the experiments, computational data analysis, and interpretation of experimental data. Namely, I
performed all experiments on pinna-derived CNCCs at E12.5 and E14.5. In addition, I carried out
all the Hi-C experiments, except in mESC which was done by Adwait Salvi, performed RNA-seq
on PA2 and PA3 of WT and homozygous HIRE1 mutant embryos, did all whole mount in-situ
hybridization experiments, and analyzed mouse skeletons with the help of Maryline Minoux and
Filippo M. Rijli. Furthermore, I checked the conservation of HIRE1 and HIRE?2 across species
and performed a transcription factor motif analysis in collaboration with Michael Stadler. Lastly, I

performed the computational quality control of ChIP-seq, ATAC-seq and RNA-seq data.
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Enhancer-promoter interactions preferentially occur within boundary-
insulated topologically associating domains (TADs), limiting inter-TAD inter-
actions. Enhancer clusters in linear proximity, termed super-enhancers (SEs),
ensure high target gene expression levels. Little is known about SE topological
regulatory impact during craniofacial development. Here, we identify 2232
genome-wide putative SEs in mouse cranial neural crest cells (CNCCs), 147 of
which target genes establishing CNCC positional identity during face forma-
tion. In second pharyngeal arch (PA2) CNCCs, a multiple SE-containing region,
partitioned into Hoxa Inter-TAD Regulatory Element 1and 2 (HIRE1 and HIRE2),
establishes long-range inter-TAD interactions selectively with Hoxa2, that is
required for external and middle ear structures. HIRE2 deletion in a Hoxa2
haploinsufficient background results in microtia. HIRE1 deletion phenocopies
the full homeotic Hoxa2 knockout phenotype and induces PA3 and PA4 CNCC
abnormalities correlating with Hoxa2 and Hoxa3 transcriptional down-
regulation. Thus, SEs can overcome TAD insulation and regulate anterior Hoxa

gene collinear expression in a CNCC subpopulation-specific manner during
craniofacial development.

The establishment of complex spatiotemporal gene expression pro-
grams, controlling appropriate patterning events during development,
involves regulatory DNA enhancer elements engaged in physical con-
tact with their target gene promoters, sometimes over long distances'.
The importance of these cis-regulatory elements during development
is highlighted by the fact that their disruption can lead to disease and
congenital disorders in humans®*. Furthermore, a number of studies
underline the relevance of enhancers in morphogenesis® ™.

Among the most complex processes during embryonic develop-
ment is the morphogenesis of the craniofacial skeleton, which derives
from the cranial neural crest cells (CNCCs), a multipotent cell popu-
lation that arises dorsally in the forming neural tube and migrates to
colonize the facial and pharyngeal prominences®™. To generate

craniofacial skeletal and cartilage structures with proper shape, size,
and orientation, CNCCs need to acquire specific positional identities
and patterning information. This is achieved through the coordinated
action of transcription factors, whose proper expression in the distinct
facial and pharyngeal CNCC subpopulations is established in response
to position-specific environmental signals>*>'¢,

Hox genes encode conserved homeodomain transcription factors
that in mammals are organized into four clusters (Hoxa-d)""°. While
the CNCCs colonizing the frontonasal process and first pharyngeal
arch (PA1) do not express Hox genes, Hox genes are required to pro-
vide rostrocaudal positional identity to the hindbrain rhombomeres
(R)***" and CNCCs of PA2-PA4, providing each CNCC subpopulation
with unique patterning information>?°. Among the four clusters,
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Hoxa genes play a predominant role in patterning skeletogenic
CNCCs*. HoxaZ is the only Hoxa gene expressed in CNCCs of PA2%*,
In the mouse, inactivation of Hoxa2 induces homeotic transformation
of the PA2-derived skeletal elements into a subset of PAl-like, Hox-
negative, structures® %, Hoxa2 is also necessary and sufficient for
external ear morphogenesis and Hoxa2/HOXA2 hypomorph/hap-
loinsufficient mutations in both mouse and humans cause microtia®* .
Moreover, Hoxa2 and Hoxa3 synergistically pattern PA3 and PA4 CNCC
derivatives®. However, very little is known about how Hoxa2 expres-
sion is regulated in PA2 CNCCs during craniofacial development, with
only a few proximal regulatory elements identified in mouse®® for
which no functional data are available to date.

At the genome-wide level, in vivo epigenomic mapping and
transgenic assays have identified putative enhancers that are active in
the craniofacial prominences of embryonic day (E) 10.5 and 11.5 mouse
embryos®'®. However, the target genes transcriptionally regulated by
these putative enhancers remain largely unknown. This is partly due to
the lack of comprehensive maps of 3D chromatin organization cou-
pling these enhancers to their target promoters. Chromosome Con-
formation Capture (3C)-based techniques® have allowed the
characterization of 3D chromatin interaction networks leading to the
identification of specific long-range regulatory elements for devel-
opmentally important genes™ . Moreover, these techniques have
revealed that enhancer-promoter interactions preferentially occur
within topologically associating domains (TADs), evolutionary and
developmentally largely invariant 3D chromatin structures*®-*%,

Very few putative long-range craniofacial enhancers have been
functionally tested by in vivo targeted deletion so far, which resulted
in quite mild variations in the shape and size of the affected
structures®”®, This indicated that regulatory redundancy may con-
tribute to buffer potentially deleterious phenotypic effects of single
enhancer mutations'. Enhancer clusters, also termed super-
enhancers (SEs), have been identified genome-wide as large, highly
active regulatory domains containing clusters of active enhancers in
close linear proximity, ensuring high expression levels of target
genes***. However, little is known about SEs and their target genes
active during craniofacial development, as well as about their
potential functional impact on in vivo gene regulation in the context
of 3D chromatin topology.

Here, we aimed to systematically identify SEs that might play a
role in craniofacial morphogenesis by controlling the transcriptional
regulation of key genes involved in establishing CNCC subpopulation-
specific transcriptional programs'®. Using Hi-C** and Promoter-
Capture Hi-C (PCHi-C)*’ assays, in association with chromatin immu-
noprecipitation followed by sequencing (ChIP-seq) and Assay for
Transposase-Accessible Chromatin using sequencing (ATAC-seq) we
identified 2232 putative SEs. 147 of these targeting transcription factor-
coding genes involved in establishing post-migratory CNCC positional
identities'. We then focused on a large genomic region containing two
subregions of 175 kb (Hoxa Inter-TAD Regulatory Element 1, HIRE1) and
39kb (Hoxa Inter-TAD Regulatory Element 2, HIRE2) composed of
multiple SEs, localized about 1.07 and 1.33 Mb away from the Hoxa2
locus, respectively. We show that HIREL and HIRE2 are highly con-
served in mammals, including humans, and establish inter-TAD long-
range interactions with Hoxa2 selectively in PA2 but not PA1 CNCCs,
skipping the 3’ (centromeric) TAD neighboring the anterior Hoxa
cluster. CRISPR-mediated targeted deletion of HIREL in the mouse
phenocopied the full homeotic Hoxa2 knockout phenotype in PA2
CNCCs and additionally induced malformations in PA3 and PA4 CNCC-
derived skeletal structures, correlating with transcriptional down-
regulation of both Hoxa2 and Hoxa3. In contrast, targeted deletion of
HIRE2 did not yield major alterations of CNCC-derived skeletal struc-
tures, suggesting functional redundancy, but nonetheless resulted in
microtic (i.e., small and malformed) pinnae in adult mice when puton a
HoxaZ2 haploinsufficient sensitized background.

Thus, a multiple SE-containing region can overcome TAD insula-
tion and provide very long-range transcriptional regulation in a CNCC
subpopulation-specific manner and ensure robust target gene
expression levels during craniofacial development.

Results

Genome-wide identification of super-enhancers in post-
migratory CNCC subpopulations

To identify SEs that might play regulatory roles in CNCC subpopula-
tions of distinct developing facial prominences, we analyzed H3K27ac
ChIP-seq datasets from E10.5 mouse CNCCs of Hox-negative fronto-
nasal process (FNP), maxillary (Mx) and mandibular (Md) components
of PAL, and of Hoxa2-expressing PA2'® (Fig. 1a). We first merged the
H3K27ac ChlIP-seq reads from these four CNCC subpopulations for
peak calling and then largely followed the workflow of the ROSE
algorithm to identify SEs***® (Methods). Briefly, individual H3K27ac
peaks within 12.5kb or less were merged into larger regions, and, in
each CNCC subpopulation, the H3K27ac signal was quantified to dis-
tinguish SEs from typical enhancers* (Supplementary Fig. 1). We
excluded merged regions that overlapped with promoters, to identify
only distal enhancer elements. In total, we found 2232 putative SEs that
were active in at least one of the four CNCC subpopulations (Supple-
mentary Data 1).

We next focused on the 237 transcription factor-coding genes
differentially expressed between FNP, Mx, Md, and PA2 CNCCs (i.e.,
“positional” transcription factors, previously identified in ref. 16) and
assessed if they were targeted by one or more SE(s). Among the
putative SEs described above, for each CNCC subpopulation, we
selected the SEs that were connected by at least one significant inter-
action to the promoters of positional transcription factor coding genes
that displayed expression levels of RPKM >2 (Methods). To this aim, we
performed PCHi-C* in duplicate for each of the four CNCC sub-
populations (Supplementary Fig. 2a). Briefly, we used biotinylated RNA
bait probes targeting promoter regions (Methods) to selectively enrich
for all distal genome-wide sequences interacting with promoters from
a pool of “all-to-all’ genomic interactions generated by Hi-C, followed
by high throughput paired-end sequencing and statistical analysis. For
CNCC collection, we micro-dissected E10.5 FNP, Mx, Md, and PA2
prominences and isolated red fluorescent protein (RFP)-expressing
CNCCs by fluorescence-activated cell sorting (FACS) (Figs. 1a, 2a and
Supplementary Fig. 3) (Methods).

In total, 62 out of 237 positional gene promoters showed, in the
CNCC(s) where they were expressed, at least one significant interac-
tion with at least one restriction fragment overlapping with a putative
SE region (Fig. 1b and Supplementary Data 2). Among these targets, we
found genes coding for transcription factors whose mutations result in
craniofacial abnormalities in humans and/or are involved in
prominence-specific CNCC patterning in mouse, including MsxI/2,
Tfap2b, Pax3, Alx4, Six1/2, Alx1, Hoxa2, Pitx1, Barxl, Meis1/2, DIx3, and
Hand2 (Fig. 1b and Supplementary Data 2). Some promoters were
linked to multiple SEs, while one SE interacted with two gene pro-
moters, namely those of Hes6 and Twist2. Overall, we found 147
putative SEs associated with a positional transcription factor-coding
gene promoter in at least one CNCC subpopulation (Fig. 1b and Sup-
plementary Data 2).

Identification of inter-TAD super-enhancers targeting Hoxa2

Hoxa?2 is the only Hoxa gene expressed in the CNCCs of PA2%*
(Fig. 2b) and is required to pattern all PA2-derived skeletal and carti-
laginous structures, including the pinna®*. Notably, PCHi-C revealed
that 5 putative SEs, SE1-5, selectively targeted Hoxa2 in E10.5 PA2
CNCCs, where this gene is highly expressed, unlike in the other CNCC
subpopulations (Figs. 1b, 3a). SE1-5 were all located in a genomic
region at a very large distance (>1 Mb) 3’ (centromeric) from the Hoxa2
promoter (Figs. 1b, 3a). To assess temporal SE targeting dynamics and
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correlate it with the Hoxa2 expression pattern in PA2 CNCCs and their
derivatives, we analyzed PA2-derived pinna CNCCs at E12.5 and E14.5,
in addition to E10.5 PA2 CNCCs. We micro-dissected E12.5 and E14.5
pinnae, isolated RFP-expressing CNCCs by FACS (Fig. 2a and Supple-
mentary Fig. 3; Methods), and processed them for Hi-C, PCHi-C (Sup-
plementary Fig. 2b), RNA-seq, ATAC-seq, and ChIP-seq assays. Hoxa2 is
highly expressed in E10.5 PA2 CNCCs'® and its expression level further
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increased in the E12.5 developing pinna (logFC=0.753; FDR = 8.89E-
07), while decreasing from E12.5 to E14.5 (logFC = —-0.455; FDR = 5.71E-
05) (Supplementary Data 3). Accordingly, the Hoxa2 locus remained
accessible and was enriched with active H3K27ac and H3K4me2 his-
tone marks from E10.5 to E14.5, while the remainder of the tran-
scriptionally silent Hoxa cluster was blanketed by the Polycomb (Pc)-
dependent repressive H3K27me3 mark (Fig. 2b)™°. In contrast, in Hox-
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Fig. 1| Super-enhancer calling and assignment to positional transcription
factor-coding genes. a (Left) Schematic of mouse facial prominences at embryonic
day 10.5 (E10.5). Cranial neural crest cells (CNCCs) of the frontonasal process (FNP),
maxillary (Mx), mandibular (Md), and second pharyngeal arch (PA2) are depicted in
yellow, green, red, and blue, respectively. (Right) Each CNCC subpopulation was
subjected to RNA-seq, H3K27ac ChiP-seq, and PCHi-C. Promoter distal ChIP-seq
peaks with a maximum distance of 12.5 kb from each other were used for super-
enhancer (SE) calling. Patterns of ChIP-seq and RNA-seq signals at one SE-promoter
pair, where both elements are active, are shown in the style of genome browser
tracks. Links of SEs to their target genes were identified with PCHi-C focusing on
positional transcription factor (TF) coding genes' and are represented as arcs.

b Heatmap of the SEs assigned to positional transcription factor-coding genes. Each
heatmap row represents a SE-promoter pair. In each CNCC subpopulation, the SEs

were linked to promoters of positional transcription factor coding genes'® if there
was at least one significant interaction between the two elements, and if the gene
was expressed (>2 RPKM). 147 SEs were linked to 62 different genes, with 148
unique pairings. The row annotation highlights transcription factor coding genes
involved in craniofacial development and/or malformations, if mutated. From left
to right, the heatmap displays the H3K27 acetylation level of each SE for each CNCC
subpopulation, the mean CHiCAGO score of all interactions from a promoter bait of
a positional transcription factor coding gene to a restriction fragment that overlaps
with a SE, the expression of the positional transcription factor coding genes and the
distance between the two elements. The interaction strength and gene expression
are given as log2 FC for each CNCC subpopulation in relation to the mean across all
four CNCC subpopulations. The rows were grouped by k-means clustering on the
gene expression levels (cluster numbers are indicated on the left).

free E10.5 Md CNCCs, the whole Hoxa cluster was embedded into a
Polycomb H3K27me3 repressive domain (Fig. 2b)'°. As in E10.5 PA2, in
E12.5 and E14.5 pinna CNCCs, SE1-5 were accessible and active, as
indicated by ATAC-seq peaks and H3K27ac enrichment (Fig. 3a and
Supplementary Fig. 4a).

Hi-C profiles of mouse embryonic stem cells (mESCs) and E10.5
Md CNCCs, and of Hoxa2-expressing PA2 and pinna CNCCs at E10.5,
E12.5, and E14.5 further showed that, in all these cell populations, the
Hoxa cluster was embedded in a dense domain spanning the border
between two adjacent 3’ and 5’ TADs" (blue box, Fig. 3b and Supple-
mentary Fig. 2¢). As assessed by CTCF binding profiles (Supplementary
Fig. 2d) and TAD separation score (black arrow, Fig. 3b and Supple-
mentary Fig. 2c; Methods), no difference among cell populations was
observed in the position of a strongly predicted boundary, segregating
the HoxaZ2 locus from the SE1-5-containing genomic region in distinct
TADs (Fig. 3b and Supplementary Fig. 2c, d). SE1 partially overlapped
this TAD boundary at its 5 end, whereas SE2-5 covered a genomic
region encompassing almost entirely the neighboring TAD across that
boundary (Fig. 3b and Supplementary Fig. 2c).

Given their profile of interactions and the relative proximity of
SE2-4 as compared to SES, we further subdivided SE2-5 into two main
regulatory subdomains. The first subdomain (chr6:50,913,170-
51,087,888), hereafter referred to as ‘Hoxa inter-TAD regulatory ele-
ment 1’ (HIRE]) is located about 1.07 Mb away from Hoxa2 and covers a
175kb region encompassing SE2-4 (excluding the SE2 most 5’ end
which does not interact with Hoxa2) (Fig. 3a, b and Supplementary
Fig. 4). The second subdomain (chr6:50,789,172-50,828,639), referred
to as HIRE2, is a 39 kb region encompassing SE5 and localized about
1.33 Mb away from HoxaZ2 (Fig. 3a, b and Supplementary Fig. 4). The
SE1-5 interaction patterns with Hoxa2 in PA2-derived CNCCs were
similar from E10.5 through E14.5 (Fig. 3a, b). However, HIRE1 interacted
more strongly with Hoxa2 in PA2 and pinna CNCCs at E10.5 and E12.5,
whereas HIRE2 had the strongest interaction in pinna CNCCs at E12.5
(Fig. 3c, d and Supplementary Fig. 5a). Notably, in Hox-negative Md,
Mx, and FNP CNCC subpopulations, even though not interacting,
HIRE1 and HIRE2 were also accessible and enriched with the active
H3K27ac mark (Fig. 3a and Supplementary Fig. 4a), whereas the Hoxa2
locus was maintained repressed by Polycomb-dependent H3K27me3
(Fig. 2b)*°.

The TAD containing HIRE1 and HIRE2 is a gene-poor chromosomal
region (Fig. 3c). Virtual 4C plots from the HIREL or HIRE2 viewpoints
confirmed the Hoxa2-specific interactions. Furthermore, they identi-
fied weak intra- and inter-TAD interactions with Npuf and
Hoxal/Hoxa3, respectively (Supplementary Fig. 5). None of these
genes are expressed in the selected CNCC subpopulations, suggesting
that these weak contacts are not functional nor specific, likely due to
physical proximity of Hoxal/Hoxa3 to Hoxa2 and Npuf to the HIRE1/2
SEs, respectively. Moreover, most Hi-C-based methods cannot resolve
very proximal interactions (typically <30 kb) from the generally high
background crosslinking frequency between genomic sequences over
these distances. Thus, very long-range inter-TAD interactions were

established between Hoxa2 and HIREI/HIRE2 in E10.5 PA2 and E12.5-
E14.5 pinna CNCCs. Remarkably, Hoxa2 inter-TAD interactions were
visible as an asymmetrical “architectural stripe”*® on low-resolution Hi-C
plots (arrowheads, Fig. 3b and Supplementary Fig. 5a) and confirmed at
higher resolution by PCHi-C (Fig. 3a). Inter-TAD interactions were
selective for PA2 and pinna CNCCs, which express Hoxa2 (Figs. 2b, 3a, b
and Supplementary Fig. 2c), as they were absent in Hox-free mESCs and
E10.5 Md CNCCs (Fig. 3a, b and Supplementary Fig. 2¢).

HIRE1 and HIRE2 are highly conserved in mammals

HIRE1 and HIRE2 sequences were highly conserved in eutherian
mammals, whereas in more phylogenetically distant species, such as
marsupials, birds, or fish, the degree of conservation was considerably
lower (Fig. 4). Nevertheless, both HIRE2 and HIRE1 contained multiple
200-1000 base pair (bp) long elements showing high conservation in
basewise analysis across 60 vertebrates. In HIREL, 22 of such elements
were conserved in bird species, with two elements notably conserved
in fish as well (Fig. 4a). In HIRE2, six elements were conserved to some
degree down to birds and two out of six showed conservation in the
coelacanth fish (Fig. 4b). Furthermore, these highly conserved ele-
ments tended to overlap with ATAC-seq peaks in developing CNCCs
and derivatives (Fig. 4, blue bars), suggesting a conserved functional
role of HIRE1 and HIRE2 in vertebrates, in particular, Eutheria.

HIRE1 deletion phenocopies the full Hoxa2 knockout pheno-
type, whereas HIRE2 deletion in a Hoxa2 haploinsufficient
background results in microtia
To assess their involvement in Hoxa2 transcriptional regulation, we
deleted HIRE1 and HIRE2 using the CRISPR-Cas9 system (Fig. 5a and
Supplementary Fig. 4b; Methods). Mice lacking one copy of HIRE2
(HIRE24"*) appeared phenotypically normal. Similarly, as compared
to wild-type (WT), E18.5 HIRE29/# homozygous mutant fetuses (1= 6)
did not display visible abnormalities of CNCC-derived pinna (Fig. 5b, c),
middle ear, or hyoid structures (Fig. 6a-f and Supplementary Fig. 6a-d).
To address the potential impact of the HIRE2 deletion on a hap-
loinsufficient Hoxa2 background, we generated trans-heterozygous
mutants (Fig. 5a) by mating HIRE2%* mice with Hoxa2™"** mice,
carrying a Hoxa2 knockout allele*’. While no clear defect of the pinna
was visible at F18.5 in HIRE29/" ;Hoxa2 """ fetuses (n=4; 8 pinnae)
(Fig. 5d), adult trans-heterozygous animals displayed microtia, i.e.,
smaller and misshapen ears (Fig. 5e-g, n=5/5; 10 pinnae). Mild skeletal
abnormalities could be observed at E18.5 (Fig. 6g-i and Supplementary
Fig. 6e, f), namely, the PA2-derived processus brevis of the malleus was
reduced (asterisk, Fig. 6g, h, n=8/8 sides) and an ectopic cartilage
nodule was inconsistently present on the PA2-derived styloid
process (white arrow, Fig. 6g, n =5/8 sides). This suggests that HIRE2 is
mostly functionally redundant, although still required to contribute
to full Hoxa2 expression levels (see below) on a sensitized Hoxa2
haploinsufficient genetic background.

HIRE2 deletion might be mainly functionally compensated by
HIREL. Heterozygous mutant mice for HIRE1 deletion (HIREI®/*)
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Fig. 2 | Chromatin state at Hoxa2 locus. a Schematic of mouse developmental pharyngeal arch; FNP, frontonasal process. b Hoxa cluster genome browser view
progression from E10.5 to E14.5. The mandibular process (Md) at E10.5 is high- with RNA (orange), chromatin accessibility (ATAC-seq, purple), and ChIP-seq pro-
lighted in red. The second pharyngeal arch (PA2) at E10.5 and the PA2-derived pinna  files for H3K27me3 (red), H3K4me2 (green), and H3K27ac (blue) from E10.5 Md and
(Pi) at E12.5 and E14.5 are highlighted in blue. Mx, maxillary process of first PA2 cranial neural crest cells (CNCCs), and E12.5 and E14.5 pinna CNCCs.
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Fig. 3 | Hoxa long-range inter-TAD regulatory elements (HIREs). a Genome
browser view of significant promoter capture Hi-C (PCHi-C) interactions (blue arcs)
for Hoxa2, chromatin accessibility (ATAC-seq, purple), and ChIP-seq profile for
H3K27ac (blue) in the mandibular process (Md) and second pharyngeal arch (PA2)
cranial neural crest cells (CNCCs) at E10.5, and in E12.5 and E14.5 pinna CNCCs in a
2 Mb region of chromosome 6 (50,502,806-52,500,000 bp). PCHi-C interactions
with a CHICAGO score >5 are visualized. The color intensity of an arc indicates the
CHiCAGO score, with a maximum value of 20 (i.e., interactions having a score >20
are shown in dark blue). Only interactions with Hoxa2 are shown. Bottom, ChIP-seq
binding sites for Hoxa2”, Pbx, and Meis™ in PA2 at F11.5. b Hi-C interaction heat-
maps at 25 kb resolution in a 2.2 Mb region of chromosome 6, including the Hoxa
cluster (50,442,417-52,636,150 bp) in Md and PA2 CNCCs at E10.5, and in pinna
CNCCs at E12.5 and E14.5. TAD separation scores are called with HiCExplorer’s
hicFindTADs (shown as blue lines). Additional gray lines show the TAD scores for

different window sizes. The blue highlight marks the domain encompassing the
Hoxa cluster and EvxI (chr6:52,145,433-52,327,518). Arrows indicate the location of
a TAD boundary between Hoxa2 and HIREI/HIRE2. Arrowheads highlight inter-TAD
interactions between Hoxa2 and HIREI/HIRE2. ¢ Virtual 4C profiles derived from
PCHi-C of E10.5 Md (black) and PA2 (green) CNCCs and pinna CNCCs at E12.5 (blue)
and E14.5 (red) on the Hoxa2 promoter bait. The same chromosomal region is
displayed for panels a, c. For better readability, genomic coordinates are only
displayed below panel ¢ and within the Hoxa cluster only show Hoxa2 genomic
position. d Zoom in on virtual 4C profiles of panel ¢ at HIREL and HIRE2
(chr6:50779503 - 51183201). Bottom, ChIP-seq binding sites for Hoxa2*, Pbx, and
Meis*® in PA2 at E1L.5. In a-d, HIRE1 and HIRE2 are highlighted by yellow boxes. The
HoxaZ2 locus is highlighted in yellow (a) or green (b). Black boxes at the top of
panels a and b show the Hoxa2 super-enhancer 1-5 (SE1-5) in PA2 CNCCs at E10.5.

appeared normal. In contrast, E18.5 HIRFI*/* homozygous mutant
(n=4) and HIRE1%*" ;Hoxa2 """t trans-heterozygous mutant (n=4)
fetuses survived up to birth but died perinatally. All HIREI“/®! and
HIRET %" :Hoxa2 ™" mutants lacked the pinna, similarly to the full
Hoxa2”~ mutant phenotype®® (Fig. 5h, i). Moreover, all HIRE]®/
(n=4/4, 8 sides) and HIREI™"* :Hoxa2 " (n = 4/4, 8 sides) mutants

displayed skeletal malformations phenocopying the full Hoxa2”
phenotype?. Namely, the PA2 CNCC-derived stapes, styloid process
and lesser horns of the hyoid bone were absent and replaced by a
mirror image homeotic duplication of PAl-like structures, including a
duplicated incus, malleus, tympanic bone, and a partially duplicated
Meckel’s cartilage (Fig. 6j-0). Like Hoxa2t ™ " mutants* (n=6/8
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both extracted from UCSC genome browser. Corresponding chromatin accessi-
bility (purple) and H3K27ac pattern (blue) in mandibular (Md) and PA2 CNCCs at
E10.5 and pinna CNCCs at E12.5 and E14.5 are depicted. The blue boxes highlight
regions with high levels of conservation between mouse and other vertebrate
species at HIRE1 and HIRE2, which also show ATAC-seq peak overlap in CNCCs at

different developmental stages.

Fig. 4 | Conservation of HIRE1 and HIRE2 in Eutheria/Placentalia. lllustration of
sequence conservation at HIRE1 (a) and HIRE2 (b). Top, combined ATAC-seq peaks
called for E10.5 second pharyngeal arch (PA2) cranial neural crest cells (CNCCs) and
E12.5 pinna CNCCs. The related sequence alignments of the indicated vertebrate

species to the mouse genomic DNA sequence by Multiz program™* are shown, as
well as the 60 vertebrates Basewise Conservation (Vert. Cons) by PhyloP (blue/red),
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Fig. 5 | Effect of HIRE1 and HIRE2 deletions on pinna morphogenesis. a CRISPR/
Cas9 mediated deletion of HIRE1 and HIRE2 in vivo. In the Hoxa2*” knockout allele,
Hoxa2is replaced by EGFP knock-in*. b-d E18.5 external ear phenotype in wild-type
(WT) (b, representative of n = 4/4 fetuses), HIRE2*/! homozygous mutant

(c, representative of n = 6/6 fetuses) and HIRE2%""":Hoxa2**"""** trans-heterozygote
mutant (d, representative of n=4/4 fetuses). e External ear phenotype in WT and
HIRE2%:Hoxa2 " adult mice. f, g Enlarged views of the pinna of WT

(F, representative of n = 4/4 animals) and HIRE2%"*:Hoxa2"*"" (g, representative of
n=5/5 animals) adult mice in e. h, i E18.5 external ear phenotype in HIRE1%/%
homozygous mutant (h, representative of n = 4/4 fetuses) and HIRE1%"*:Hoxa2 """
trans-heterozygous mutant (i, representative of n =4/4 fetuses). Arrows show the
pinna (Pi), which has no visible abnormalities in ¢ and d as compared to b but is
absent in h and i (phenocopying the Hoxa2”~ phenotype®). The vertical and hor-
izontal dashed lines of equal length in panels f and g highlight the shape and size
differences of the external ear between WT and HIRE2®/*:Hoxa2*"" adult mice.

fetuses), both HIREI“/% and HIREI*"* ;Hoxa2""* mutants also dis-
played a cleft secondary palate (n=8/10 and 14/24 fetuses, respec-
tively) (Supplementary Fig. 7). Furthermore, additional typical features
of Hoxa2”" mutant fetuses could be observed in both HIRE1“/* and
HIREI“" :Hoxa2®“""* mutants, such as partial duplications of the
pterygoid and squamosal bones, and bifurcation of the retrotympanic
process of the orthotopic squamosal bone (Supplementary Fig. 6g-j),
strongly suggesting that HIRE1 contributes to most of Hoxa2 expres-
sion in PA2 CNCCs (see below).

We nonetheless observed variability in the extent of morpholo-
gical transformation of ectopic elements, as compared to Hoxa2”
phenotype, namely in the shape of duplicated malleus and Meckel's
cartilage (Fig. 6k, n and Supplementary Fig. 8a-c; n=_8/8 sides for
HIREI*" and n=2/8 sides for HIREI/";Hoxa2?™" mutants). In
some cases, there was no fusion between the incus and its duplicated
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Fig. 6 | Middle ear and hyoid skeletal changes in HIRE1 and HIRE2 mutant
fetuses. Middle ear (a, b, d, e, g, h, j, k, m, n) and hyoid (c, f, i, I, 0) skeletal
preparations from E18.5 wild-type (WT) (a-c), HIRE2*/® homozygous (d-f),
HIRE2"Hoxa2"""* trans-heterozygous (g-), HIREI*"® homozygous (j-1), and
HIREI®*;Hoxa2""""* trans-heterozygous (m-o) mutant fetuses. HIRE2*/*! skeletal
structures appear normal (d-f). a-n are representative images of WT (n=8/8) (a, b),
HIRE2V#! (n =12/12) (d, €), HIRE2*"“*:Hoxa2"""* (n = 8/8) (g, h), HIREI“/*! (n = 8/8)
(j, k) and HIREI*"“;Hoxa2?""""* (n = 8/8) (m, n) fetus sides. ¢, f, i, I, o are repre-
sentative images of WT (n=4/4) (c), HIRE2*/®! (n = 6/6) (f), HIRE2%""*":Hoxa2*"""*¢
(n=4/4) (i), HIREI®V® (n = 4/4) (1), and HIREI""*:Hoxa2**"" (n = 4/4) (o) fetuses.
HIRE2":Hoxa2 """ mutant fetuses have a smaller processus brevis (*, h) and can
display a cartilage nodule on the styloid process (st) (white arrow, g, n=>5/8 fetus
sides) compared to WT (a, b). In HIREI®“/®! (j, k) and HIREI“’*:Hoxa2"**""* (m, n)
middle ear homeotic duplications phenocopying those of conventional Hoxa2”-
mutant® are observed. In HIRE1®/*;Hoxa2""""", the lesser horns (lh) of the hyoid
bone (h) are absent and greater horns (gh) display an abnormal location, similar to
Hoxa2”" fetuses® (o). Superior horns (sh) of thyroid cartilage (th) are elongated,
and lateral processes (Ip) of laryngeal cartilage are reduced (0). In HIRE1%/%!
mutants, lh are absent, gh extends dorsally, sh fuse with gh (I) and Ip are absent (*, I).
g and g2 represent WT and duplicated gonial bones, respectively; i and i2, WT and
duplicated incus, respectively; m and m2, WT and duplicated mallei, respectively;
mc and mc2, WT and partially duplicated Meckel’s cartilages, respectively; osq and
osq*, normal and modified retrotympanic (otic) process of squamosal bone; s,
stapes; sq, squamosal bone; sq2, ectopic squamosal bone; t and t2, WT and dupli-
cated tympanic bones, respectively; tr trachea. Scale bars represent 500 um.

counterpart (Supplementary Fig. 8a, b; n=1/8 sides for HIRE1*/ and
n=1/8 sides for HIRE1%" ;Hoxa2“"**) and/or in most cases the gonial
bone was mirror-image duplicated (Fig. 6j, k, m, n and Supplementary
Fig. 8b, ¢; n=8/8 sides for HIREI“/ and n=6/8 sides for
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HIRET *" ;Hoxa2°""**) whereas in full Hoxa2”~ mutants the duplicated
gonial bone was fused to its normal counterpart into a single element*
(Supplementary Fig. 8a). Moreover, the lesser horns of the hyoid bone
were sometimes highly reduced, instead of absent (Fig. 60 and Sup-
plementary Fig. 8d). Altogether, these mild phenotype variations could
be explained by differences from the original genetic background and/
or the presence of residual Hoxa2 transcripts (see below).

A notable difference between HIREI /! and HIRE1*"** ;Hoxa2 "
mutants concerned the ectopic atavistic palatoquadrate skeletal
structure, described in Hoxa2”~ mutants®. This structure was present
with full penetrance in HIREI®" ;Hoxa2 " trans-heterozygous,
though never in HIREI%"* mutants (Supplementary Fig. 6g—j). More-
over, in E18.5 HIREI®™" ;Hoxa2®""* trans-heterozygous mutants, the
PA3-derived greater horns of the hyoid bone made an abnormal angle
with the body of the hyoid bone, similar to the Hoxa2”~ phenotype®
(Fig. 60 and Supplementary Fig. 8d, g), the superior horns of the thyroid
cartilage were elongated, and the lateral processes of the laryngeal
cartilage were reduced (Fig. 60 and Supplementary Fig. 8d). In contrast,
in all HIRE1®“"* homozygous mutants a fusion between the superior
horns of the thyroid cartilage and the greater horns of the hyoid bone
could be observed (Fig. 61 and Supplementary Fig. 8e), a phenotype
reminiscent of Hoxa3”" knockout mutants®*. In addition, the lateral
process of the thyroid cartilage was absent (asterisk, Fig. 6] and Sup-
plementary Fig. 8e) and the greater horns of the hyoid bone extended
dorsally and fused with the dorsal part of the thyroid cartilage (n=5/8)
(Supplementary Fig. 8h, i). These malformations are reminiscent, while
not identical, of those observed upon Hoxa cluster deletion in CNCCs*.
As Hoxa4 is not expressed at significant levels in PA3 and PA4?>%, these
malformations could therefore result from simultaneous down-
regulations of both Hoxa2 and Hoxa3 expression (see below). Hence, in
addition to regulating Hoxa2 expression in PA2 CNCCs, HIREL might
be required to regulate Hoxa2 and Hoxa3 expression in PA3 and
PA4 CNCCs. This is further emphasized by the finding that the
observed malformations of PA3 and PA4-derived structures are stron-
ger in HIREI®/! than in HIREI“/* ;Hoxa2t""** mutants, where the
removal of only one allele of HIREL would result in a less severe
reduction of Hoxa3 expression.

The skeletal abnormalities in HIRE1%“/4 and HIRE1%" ;Hoxa2o"*/v
mutants were restricted to CNCC-derived structures. The axial and
limb skeletons were normal. Moreover, while the otic capsule lacked
the oval window as in full Hoxa2”~ mutants®, there was no otic skeletal
phenotype reminiscent of Hoxal 7 mutants®>**, suggesting that Hoxal
expression is not regulated by HIREL.

HIRE1 is required for Hoxa2 and Hoxa3 expression in CNCCs
To assess the decrease in Hoxa2 expression following the inactivation
of HIREL or HIRE2, we performed a qRT-PCR analysis (Methods)
in PA2 of E10.5 HIRE2 /%l HIRE2%/ -Hoxa2f, HIRE1%“/* and
HIRE1%" :Hoxa2t°"** mutant embryos (Supplementary Fig. 9). We
collected PA2 of E10.5 WT and Hoxa2®"** embryos as controls
(Supplementary Fig. 9). In Hoxa2t“""*¢ embryos, which do not display
skeletal malformations, we detected about 50% of the normal
HoxaZ2 transcript levels, as compared to WT (Supplementary Fig. 9).
HIRE2%V%l and  HIRE2%V" ;Hoxa2*°""** mutant embryos displayed
75% and 46% of the normal Hoxa2 transcript levels, as compared to
WT, respectively. This correlates with the absence of visible
malformations of PA2-derived structures in F18.5 HIRE2%/d
mutant fetuses, and the presence of mild malformations in E18.5
HIRE2 %" :Hoxa2t""** mutant fetuses (Figs. 5, 6 and Supplementary
Figs. 9, 10). By contrast, in HIREI/* and HIREI®"* ;Hoxa2tc*"*
mutant embryos, we found a drastic reduction of Hoxa2 expression,
with about 0-3% and 0-4% of Hoxa2 transcripts, respectively, as
compared to WT, thus explaining the finding that HIREL deletion
phenocopied the full homeotic Hoxa2 knockout phenotype in PA2
CNCCs (Figs. 5, 6 and Supplementary Figs. 9, 10).

Next, we carried out whole-mount and tissue section in situ
hybridization for Hoxa2 and Hoxa3 in HIREI® embryos. At E10.5,
Hoxa2 expression was undetectable in PA2, in keeping with the qRT-
PCR data (Supplementary Fig. 9), and highly reduced in more posterior
pharyngeal arches (Fig. 7a, c, d, f and Supplementary Fig. 11a, b), as well
as in the anterior hindbrain R2 to R5, as compared to WT (Fig. 7b, e).
Hoxa2 expression was, however, maintained normally in somites
(Fig. 7a, d). Hoxa3 expression was highly reduced in PA3 and more
posterior pharyngeal arches (Fig. 7g, i, j, | and Supplementary Fig. 11c, d)
but only slightly affected in the hindbrain of E10.5 HIREI“/® embryos
(Fig. 7h, k) and maintained normally in somites (Fig. 7g, j). We did not
detect changes in the expression patterns of Hoxal, which at E8.5 is
expressed in the hindbrain (Supplementary Figs. 11e-k, 8f-I).

Next, to quantify the transcriptional changes induced by HIRE1
deletion on both Hoxa2 and Hoxa3 and on their potential downstream
targets in the pharyngeal region, we dissected PA2 and PA3 in E10.5 WT
and HIREI“"* embryos and performed RNA-seq. In keeping with the in
situ hybridization results, Hoxa2 and Hoxa2/Hoxa3 transcript levels
were significantly reduced in PA2 and PA3, respectively, of HIRE] /%
embryos as compared to WT (Fig. 8 and Supplementary Data 3).
Hoxa2 downregulation was, however, more severe in PA2 than in PA3
(Fig. 8a, ¢ and Supplementary Data 3), while in PA3, Hoxa2 relative
transcript levels decreased less than Hoxa3, as compared to WT
(Fig. 8a, c, e and Supplementary Data 3). Thus, the effect of HIREL on
Hoxa gene regulation correlates with the gene linear position in the
cluster. Secondly, confirming in situ hybridization experiments, our
data indicate a stronger effect of HIREL on Hoxa2 transcriptional reg-
ulation in its anterior-most domain of expression, both in the phar-
yngeal region and hindbrain.

Furthermore, in PA2 of E10.5 HIRE1%“/® mutants, 16 genes
were upregulated and 41 downregulated, excluding HoxaZ2 itself
(FDR <0.05 and log2 CPM =1), as compared to WT (Fig. 8a, b and
Supplementary Data 3). In PA3, 8 genes were upregulated and
21 downregulated, excluding Hoxa2 and Hoxa3 (FDR <0.05 and
log2 CPM =1) (Fig. 8c, d and Supplementary Data 3). Among the
upregulated genes, we confirmed several genes known to be nega-
tively regulated by Hoxa2, including Gbx2, Pitxl, Alx4, Lhxé,
Barx1, and Rspo2”’*>%" (Fig. 8a, b and Supplementary Data 3).
Among the downregulated genes, we identified several known Hoxa2
targets, such as Meisl, Meis2, Meoxl, Fzd4, Zfp703, and Zfp503*°*°
(Fig. 8a, b and Supplementary Data 3). These data confirm the specific
role of HIRE1 for Hoxa2 and Hoxa3 transcriptional regulation in PA2
and PA3.

We next investigated if HIRE1 could also be required at the time of
emergence and early stages of CNCC migration. In the mouse, Hoxa2
expression in PA2 CNCCs is detected at an early migratory stage
around E8.25-E8.5>**¢!, Notably, in HIRE1%“/® embryos, Hoxa2 tran-
scripts were already undetectable by in situ hybridization at E8.5 in the
CNCCs arising from R4 and migrating into PA2 (Fig. 7m, q); no signal
was detected at E9.0 and E9.5 as well (Fig. 7n-p, r-t), similarly to E10.5
HIRE1%“"® embryos (Fig. 7a-f). Moreover, we observed a strong Hoxa2
downregulation in the anterior hindbrain of HIREI“/* embryos
already at E8.5, from R2 to RS (Fig. 7m, q), and even more so at 9.0 and
E9.5 (Fig. 7n-p, r-t).

Altogether, our findings strongly suggest that HIREL is required
for induction of high Hoxa2 expression levels already at the emergence
and earliest stages of CNCC migration and may also be involved in
maintaining appropriate transcript levels through later developmental
stages, in both hindbrain and CNCCs.

Identification of transcription factor binding motifs in HIRE1/
HIRE2 and involvement of Hoxa2 in its own long-range
regulation

To investigate which transcription factors may be involved in binding
HIREL and HIRE2 and potentially regulate long-range interactions with
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Hoxa2, we performed a motif enrichment analysis using the ATAC-seq
data from PA2 and pinna CNCCs at E10.5 and E12.5, respectively. We
first called the peaks from the datasets of both stages, merged them,
and extracted putative enhancer peaks to obtain a total of 106,587
peaks. Thirty-one ATAC-seq peaks overlapped the region
spanning from HIRE2 to HIRElL (mouse GRCm38/mml0
chré6:50,789,172-51,087,888) (Supplementary Fig. 12a). We then clus-
tered these 31 peaks according to their relative accessibility at E10.5
and E12.5 (cluster 1-3) (Supplementary Fig. 12b). Cluster 1 peaks were
more accessible at E12.5, cluster 2 peaks were more accessible at E10.5,
whereas cluster 3 peaks only showed minor accessibility differences
between E10.5 and E12.5.

Fig. 7 | HIREL is required for Hoxa2 and Hoxa3 expression. Whole-mount in situ
hybridization on E10.5 wild-type (WT) (a—c, g-i) and HIREI®/* (d-f, j-1) embryos
using Hoxa2 (a-f) and Hoxa3 (g-1) antisense probes (a, ¢, d, f, g, i, j, I, 0, s) lateral
and (b, e, h, k, m, n, p, q, r, t) dorsal views. a-c are representative images of E10.5
WT embryos (n = 6), d-f are representative images of E10.5 HIREI“/“ embryos
(n=6), g-i are representative images of E10.5 WT embryos (n=3), and j-1 are
representative images of E10.5 HIREI*/% embryos (n = 3). Hoxa2 expression is not
detectable in second (PA2) and third (PA3) pharyngeal arches of HIREI*/“! embryos
(d, f) and is reduced in hindbrain rhombomeres 2-5 (R2-R5) (e) compared to WT
(a-c). Hoxa3 expression is strongly reduced in PA3 of HIREI*/* embryos (j, I) and
not affected in the hindbrain (k) compared to WT (g-i). Whole-mount in situ
hybridization on WT (m-p) and HIREI“/* (q-t) ES.5 (m, q), E9.0 (n, r), and E9.5
(0, p, s, t) embryos with Hoxa2 antisense probe. m-t are representative images of
n=3 embryos for each stage and genotype. In E8.5 and E9.0 HIREI*/* mutant
embryos, Hoxa2 expression is undetectable in R2 and R4 and severely reduced in R3
and RS (q, r) compared to WT (m, n). At E9.5, Hoxa2 expression is not detectable in
PA2 of HIREI““* embryos (s) and is strongly reduced in hindbrain R2-5 (t) com-
pared to WT (o, p). *, trapped dye in the otic capsule. Md, mandibular process. In
a-i, 0, p, s, t scale bars represent 500 um. In m, n, q, r scale bars represent 250 um.

Next, assuming that the observed accessibility changes are driven
by differential transcription factor binding and that other genomic
regions bound by the same transcription factors would show similar
accessibility profiles, we ranked all ATAC peaks in E10.5 PA2 and E12.5
pinna CNCCs according to their similarity (Pearson’s correlation
coefficient) to the average accessibility profile of each of the three
clusters (Supplementary Fig. 12c). We selected the 1000 peaks with the
highest correlation to each cluster profile, resulting in three non-
overlapping peak sets (Supplementary Fig. 12d). We then used these
three sets of peaks and, as a control, a fourth set containing all residual
ATAC peaks, and ran a motif enrichment analysis® resulting in a total
of 382 significantly enriched motifs (Supplementary Fig. 12e and
Supplementary Data 4). From these, we hierarchically clustered similar
motifs and selected nine representative motifs with predicted tran-
scription factor binding sites in the 31 ATAC-seq peaks overlapping
with the HIRE2/HIREL region (Fig. 9a, Supplementary Data 5, 6, and
Supplementary Figs. 12g, 13) (Methods).

For example, among the representative motifs, there were bind-
ing sites for Tal- and NFAT-related factors, potentially bound by Twistl,
Twist2, and ZBTBI18 and Nfatcl, Nfat5, and Nfatc3, respectively (Fig. 9a
and Supplementary Fig. 12g). Each of these transcription factors is
upregulated from E10.5 to E12.5 in CNCCs (Supplementary Data 3).
Furthermore, we identified motifs for Hox-related factors, such as
Hoxa2, and TALE-type homeodomain factors, such as Pbx and Meis.
Both Meis and Pbx transcription factors are known Hox cofactors and
form heterodimers with Hox proteins to bind to DNA®*®*, Analysis of
published ChIP-seq datasets for Hoxa2, Pbx, and Meis in PA2 at
E11.5°7°%, revealed that these factors indeed showed enriched binding
at HIRE1 and HIRE2 (Fig. 3a and Supplementary Fig. 4).

These latter findings indicated that Hoxa2 may play a role in
long-range inter-TAD interactions with its own promoter. Notably,
PCHi-C on E10.5 PA2 CNCCs in Hoxa2® ™" knockout embryos*’
revealed that the strength of the interactions of Hoxa2 with HIRE2 in
E10.5 Hoxa2"“""£"" knockout embryos was reduced by 27% (indeed,
note that with CHiCAGO score =5, no arc is visible between Hoxa2
and HIRE2 in Hoxa2 "¢ ys, WT; Fig. 9d and Supplementary Fig. 3).
These data strongly suggest that Hoxa2 is partially involved in its own
long-range transcriptional regulation likely with cofactors such as
Pbx and Meis.

Discussion

Large clusters of enhancers in close genomic proximity and collec-
tively bound by arrays of transcription factors, termed SEs, have been
involved in the transcriptional control of cell identity during differ-
entiation and disease™***%, Less is known about the potential
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for the differential gene expression between wild-type and E10.5 HIRE1%/%!
embryos, in pharyngeal arch 2 (PA2) (a) and 3 (PA3) (c). Each dot represents a single
gene. Differentially expressed genes with FDR <0.05 and log2 CPM =1 are shown as
red and blue dots. Positive log2 FC values correspond to genes upregulated (red
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dots) and negative log2 FC corresponds to genes downregulated (blue dots) in
HIREI®"®! Heatmaps (b, d) of RNA levels relative to the mean over all wild-type and
HIREI/* replicates in PA2 (b) and PA3 (d) at E10.5. Differentially expressed genes
with FDR <0.05 and log2 CPM =1 are shown. (e) Genome browser view at Hoxa2 and
Hoxa3 loci showing RNA profiles (orange) in PA2 and PA3 of E10.5 wild-type (WT)
and HIRE1*/ embryos.
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Fig. 9 | Involvement of Hoxa2 in inter-TAD long-range interactions between its
promoter and HIRE2. a Representative transcription factor (TF) motifs predicted
to be associated with ATAC-seq peaks of E10.5 PA2 and E12.5 pinna cranial neural
crest cells (CNCCs) at HIRE1 and HIRE2. Each of the depicted motifs is repre-
sentative of a cluster of similar motifs (Methods, Supplementary Figs. 12g, 13).

b Significant promoter capture Hi-C interactions for Hoxa2, shown as blue arcs, in
second pharyngeal arch (PA2) CNCCs of wild-type (WT) and Hoxa2*“"¥** embryos
at E10.5, in a 1.7 Mb region of chromosome 6 (50,656,605-52,283,516). As in Fig. 3,

only interactions with a CHiCAGO score >5 are visualized. The color intensity of an
arc indicates the CHiCAGO score, with a maximum value of 20 (i.e., interactions
having a score >20 are shown in dark blue). The visualized interactions are filtered
to show only Hoxa2 interactions. Significant interactions from Hoxa2 to HIRE2 are
lost in Hoxa2"* Bottom, binding sites, identified by ChIP-seq, for Hoxa2, Pbx,
and Meis™ in PA2 at E11.5. HIRE, HIRE2, and Hoxa2 locus are highlighted by
yellow boxes.

involvement of SEs in establishing the positional identities of specific
cell populations during embryo morphogenesis. During craniofacial
development, distinct migratory CNCC subpopulations contributing
to the skeletal structures building the face acquire their positional
identities and patterning information by the differential expression of
key transcription factors induced by local signals and drive specific
transcriptional programs in the different facial and pharyngeal
prominences®”. Here, we computationally identified 2232 putative
CNCC subpopulation-specific SEs. Using PCHi-C, we found that 147 out
of 2232 SEs selectively targeted 62 positional transcription factor-
coding genes previously shown to be differentially expressed between
FNP, Mx, Md, and PA2 CNCC subpopulations during craniofacial
development’. Most interestingly, we identified very long-range
(>1Mb) inter-TAD SEs (SE1-SES) that interact with Hoxa2 in a CNCC
subpopulation-specific manner. Based on their proximity, we grouped
tandem SE2-4 into HIREL, a 175 kb geneless genomic region, while SE5
encompassed a 39 kb region, termed HIRE2. HIRE1 and HIRE2 are
highly conserved in mammals, including humans. Single (HIRE2, SES)
or multiple (HIRE1, SE2-SE4) functional deletions of inter-TAD SE ele-
ments in the mouse resulted in skeletal phenotypes with distinct
severity and penetrance, partially or fully phenocopying Hoxa2
knockout (Supplementary Fig. 10) as well as aspects of the Hoxa3
mutant skeletal phenotypes. We further show that inter-TAD SEs
selectively control the expression of Hoxa2 and Hoxa3 in neural deri-
vatives, such as CNCCs and hindbrain rhombomeres, though not in
mesoderm-derived tissues.

The putative craniofacial SEs, including Hoxa2 SEI-SES, were
identified using the ROSE algorithm***® (Methods). Similar to the ori-
ginal SE definition**, we operationally used a maximum distance of
12.5 kb between individual active enhancers to consider them as part of
a SE. This threshold is, however, arbitrary. Thus, even though SE2-SE4/
HIREL and SES/HIRE2 are separated by 84.4 kb without strong enrich-
ment in H3K27ac, they might nevertheless be considered to belong to
asingle, extremely large (spanning 300-400 kb), distant SE regulatory

region targeting Hoxa2 (and Hoxa3) in neural derivatives during
development.

During facial morphogenesis, the transcriptional output of key
genes needs to be tightly regulated, as certain structures may be
sensitive even to small perturbations of gene dosage resulting in pat-
terning abnormalities and disease (e.g., lower jaw’). Hoxa2 provides
positional identities and patterning information to all PA2 CNCCs
derivatives and its function is highly conserved in vertebrate
CNCCs»***7 In the mouse, Hoxa2 is mainly required for morpho-
genesis of external (pinna) and middle ear structures®****’2, Spatio-
temporal control of Hoxa2 expression levels is important to pattern
distinct CNCC-derived skeletal elements””’>”*, but how this is regu-
lated at the transcriptional level is poorly understood. Enhancer clus-
ters or SEs acting on a common target gene could provide a suitable
regulatory landscape to control and fine-tune transcriptional output
during the morphogenesis of facial elements. Previous work has shown
that, in the presence of multiple enhancer clusters or SEs, individual
enhancer constituents within clusters, or even individual enhancer
clusters, may have overall weak activity on the target promoter and act
in a partially redundant manner, when deleted; however, simultaneous
deletion of multiple (clusters of) enhancers may result in synergistic
combinatorial effects on target gene transcription levels’”>”’. The
finding that Hoxa2 expression is selectively regulated in the CNCCs of
PA2 and derivatives by the activity of multiple clusters of inter-TAD
long-range enhancers (SE1-SE5) prompted us to analyze their func-
tional role by CRISPR-Cas9 mediated deletion.

Due to its partial overlapping with the TAD boundary, functional
analysis of SEI1 was not further pursued to avoid the potentially con-
founding effects of its deletion. HIRE2 homozygous inactivation did
not result in a detectable Hoxa2 mutant phenotype, indicating that its
deletion could be fully compensated and redundant with other
enhancers and/or identified SEs. In humans, HOXA2 haploinsufficiency
causes microtic ears and hearing impairment” ™, indicating that
external ear morphogenesis is sensitive to HOXA2 dosage reduction
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already at 50% of its normal levels. Remarkably, when put on a sensi-
tized Hoxa2 haploinsufficient genetic background, the deletion of
HIRE2 was also associated with smaller, microtic, external ears in adult
mice (Fig. 5e-g). Accordingly, HIRE2 is more enriched with H3K27ac
and interacts more strongly with Hoxa2 in pinna CNCCs at E12.5 (i.e., at
the beginning of its formation) than in E10.5 PA2 (Fig. 3 and Supple-
mentary Fig. 4). Thus, while HIRE2 homozygous deletion causes a
modest reduction of Hoxa2 expression (Supplementary Figs. 9, 10),
which is nonetheless still compatible with full Hoxa2 function, the
HIRE2/SES5 contribution to Hoxa?2 transcription and function becomes
critical below a 50% expression threshold, affecting the morphogen-
esis of dosage-sensitive structures such as the pinna (Supplementary
Figs. 9, 10).

Strikingly, HIRE1 deletion phenocopied the full homeotic Hoxa2
knockout phenotype, including the lack of pinna, and, in addition,
resulted in Hoxa3 knockout-like phenotypes in PA3-PA4-derived
skeletal structures (Fig. 6j—o and Supplementary Figs. 6e-h, 7, 8). In
HIREI"* mutants, we confirmed strong downregulation of both
Hoxa2 and Hoxa3 in CNCCs and anterior hindbrain (Figs. 7, 8), indi-
cating that these distant SEs are involved in collinear regulation of
Hoxa2 and Hoxa3 in neural derivatives and supporting the observation
that SEs can coordinately regulate clustered genes”’®. The much
stronger effect of HIRE1, as compared to HIRE2, most likely reflects the
fact that HIRE1 comprises multiple SEs, namely SE2, SE3, and SE4, while
HIRE2 is only composed of SE5. Even though HIREL deletion results in a
complete lack of pinna, under dosage-sensitive conditions, HIRE2 does
contribute to pinna morphogenesis as well (see above). This strongly
indicates partial redundancy among SEs to achieve robustness against
genetic or environmental perturbations, as well as cooperative or
synergistic contributions to boost Hoxa2 transcription and ensure
reproducible expression patterns driving harmonious morphogenesis.
These hypotheses will need to be tested by additional in vivo deletions
and analysis.

Multiple cis-regulatory elements proximal to, or within, the Hoxa2
locus have been identified, driving reporter genes expression in R2 and
somites’” !, R3/R582°8¢ R4798586 as well as in CNCCs®.. However, the
in vivo functional role of these proximal enhancers and their con-
tribution to endogenous Hoxa2 expression and patterning activity was
not investigated. One of the major findings of this study is that most of
the Hoxa?2 transcriptional output in neural crest and rhombomeres is
dependent on multiple long-range, inter-TAD, interactions with clus-
tered regulatory elements, HIREI and HIRE2, spanning a large genomic
region of more than 1 Mb away from Hoxa2. To date, only a handful of
very long-range regulatory sequences at more than 1Mb genomic
distance from their promoters have been identified, and they are all
intra-TAD-located. Namely, these include the Shh ZRS, Myc BENC and
MNE, and SOX9 EC1.45 and EC1.25 enhancers’”*”-%, This is the first time
that an inter-TAD (super-)enhancer genomic region was identified and
shown to be critical for the regulation of a key vertebrate develop-
mental gene during face morphogenesis.

We generated E10.5, E12.5, and E14.5 CNCC subpopulation-specific
Hi-C and PCHi-C data and CTCF ChlIP-seq binding profiles and showed
that the TAD organization flanking the Hoxa cluster is similar in Md and
PA2 CNCCs at all stages analyzed and in ES cells (Fig. 3b and Supple-
mentary Fig. 2c, d). Importantly, we identified a strong invariant TAD
boundary with identical CTCF binding patterns in Md and PA2 CNCCs,
that partitioned Hoxa2 from HIRE1 and HIRE2 in distinct TADs in both
cell populations (Fig. 3b and Supplementary Fig. 2d). This prompted
the question of how these SEs can communicate in a subpopulation-
specific manner with the Hoxa2 promoter across this TAD boundary.
Even though the functional relationship between TAD topology and
gene regulation is debated’®, most of the enhancer-promoter (E-P)
interaction pairs reside within the same TAD, suggesting that CTCF-
bound TAD borders, while not absolutely required for intra-TAD E-P
interactions”, may provide intra-TAD transcriptional insulation thus

limiting inter-TAD E-P interactions**°. On the other hand, TAD identi-
fication depends on Hi-C data resolution and the algorithm used for
TAD calling®™. Based on such computational methods, inter-TAD E-P
interactions detected at a cell population level are indeed relatively
rare’”?***, However, single-cell approaches revealed greater than
expected cell-to-cell heterogeneity and dynamic behavior of TADs,
with only about 1.5-2.0-fold enrichment of intra-TAD vs. inter-TAD
interactions in single cells”. Moreover, recent work® showed that
enhancer strength, boundary strength, and distance all determine
promoter sensitivity to CTCF-mediated transcriptional insulation at
TAD boundaries. Thus, these findings suggest that TAD boundaries
may not behave as absolute barriers to E-P interaction across them.

We found here that a strong TAD boundary may be overcome
in vivo, in a cell population-specific manner, in the presence of multiple
highly active enhancer clusters or SEs in tandem located in a different
TAD than the promoter, and we further demonstrate that their SE-P
interactions have strong transcriptional and in vivo functional impact.
Intriguingly, HIRE1 and HIRE2 are active, i.e., enriched with H3K27ac,
both in Hoxa2-expressing PA2 and Hox-free Md CNCCs, yet the con-
tacts between HIRE1 and HIRE2 and Hoxa2 only occur in PA2 CNCCs
(Fig. 3a, b). In Hox-free CNCCs, the Hoxa2 promoter may not be
available for HIREI/HIRE2 interaction since, together with the whole
Hoxa cluster, it is embedded in a large repressive Polycomb domain'®
which may segregate in a repressive nuclear compartment distinct
from the active HIREI/HIRE2. Indeed, Polycomb binding at Hoxa pro-
moters in developing limbs can prevent their interaction with active
enhancers”. In PA2 CNCCs, local patterning signals may activate
proximal enhancers so that the Hoxa2 locus is “singled out” from the
Polycomb repressed Hoxa cluster and transcriptionally induced, fol-
lowed by removal of H3K27me3 and switched to H3K27ac deposition';
this might, in turn, allow rapid interaction with the inter-TAD SEs
boosting Hoxa2 expression to full transcriptional output. Similarly,
Hoxa3 might become collinearly connected to HIREI/HIRE2 in PA3
CNCCs, where Hoxa3 is transcriptionally induced and Hoxa2 is
expressed as well.

Moreover, tissue-specific 3D chromatin conformation can also
contribute to enhancer activity and specificity®. For instance, the Pen
enhancer shows activity in both developing forelimbs and hindlimbs,
but it only controls PitxI transcription in hindlimbs. This restricted
enhancer activity is associated with a 3D chromatin configuration
allowing Pen and PitxI to interact only in hindlimbs, whereas enhancer
and promoter are maintained physically separated in forelimbs®.
Structural chromatin variants can however convert the inactive into an
active 3D conformation, thereby inducing PitxI misexpression in
forelimbs®. Moreover, forced chromatin looping of strong enhancers
to developmentally silenced promoters can be sufficient to stimulate
transcription’*’. Thus, HIRE1/HIRE2-driven transcriptional regulation
of Hoxa2 may be allowed by a PA2-specific 3D chromatin configura-
tion. Furthermore, HIRE1 and HIRE2 might be brought in proximity to
the Hoxa2 locus by a mechanism similar to the domain-skipping
interactions described between Drosophila Scr and its distal enhancers
T1, whereby the formation of an intervening TAD by boundary pairing
is essential for distal, inter-TAD, E-P interaction'®. Active Hoxa2 and its
SE region HIREI/HIRE2 are both close to interacting TAD boundaries
(Fig. 3b), suggesting that pairing between boundary elements might
bring distant HIREI/HIRE2 and its target promoter in proximity by
domain-skipping chromatin folding in PA2 CNCCs.

Lastly, HIRE1 and HIRE2 could cooperate with proximal Hoxa2
enhancers to allow for strong and precise Hoxa2 expression in the
hindbrain and CNCCs. Notably, motif enrichment analysis, and PCHi-C
carried out in E10.5 HoxaZ2 full knockout embryos, showed that Hoxa2
itself is partially required to establish long-range interactions in PA2
CNCCs between its own promoter and HIRE2, likely with Pbx and Meis
cofactors (Fig. 9). These data support the idea that the Hoxa2 pro-
moter must be active to recruit HIREI/HIRE2 and are consistent with
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the observation that interconnected autoregulatory loops often exist
between SEs and their target promoters**.

Methods

Mice and ethical statement

All animal experiments were approved by the Basel Cantonal Veter-
inary Authorities under permit number 2670 and conducted in
accordance with the Guide for Care and Use of Laboratory Animals.

The generation of Wntl.::Cre, ROSA-tdRFP (Rosa®" ), and Hoxa2*"
were described elsewhere**'°'2, The HIRE1 and HIRE2 deletion lines
were generated and characterized on the C57BI/6) background as
described in Mouse genome editing using CRISPR/Cas9 section. All mice
were maintained on a mixed background (C57BI/6J; CD1). The mice
were housed in a 12 h light:dark cycle and given ad libitum access to
food and water for the duration of the study. The ambient temperature
is 22 +2°C and humidity is maintained at 45-65%.

For breeding, one or two female mice were introduced into a
cage with a single male and monitored for timed pregnancies. Noon
of the day of the vaginal plug was considered as EQ.5. All mice used
for breedings were at least 8 weeks old and not older than 6 months.
To obtain E10.5, E12.5, and E14.5 Wntl::Cre;ROSA®" embryos (deno-
ted as wild-type), we crossed Wntl::Cre transgenic mice'” with the
Rosa™ reporter'® mouse line. To generate F10.5 Hoxa2t™ mutant
embryos, Hoxa2""*“'* transgenic mice*’ were crossed. To obtain E8.5,
E9.5, E10.5, and E18.5 HIRE1“*! embryos, HIREI1“"*! mice were cros-
sed. To obtain EI8.5 HIREI®“/";Hoxa2 """ fetuses, Hoxa2t"/*
transgenic mice were crossed with HIRE1** mice. To obtain E18.5
HIRE2%V%l embryos, HIRE2"“* mice were crossed. To obtain E18.5
and adult HIRE29" :Hoxa2°""** specimen, the Hoxa2f""** trans-
genic mouse line and HIRF24/** mice were crossed.

As our study aims to uncover general molecular regulatory
mechanisms during facial morphogenesis, sex was not considered in
the study design, and findings apply to both sexes. For experiments,
cell populations from embryos of different sexes were pooled to carry
out molecular analysis, including sequencing.

All mouse lines are available upon request from the correspond-
ing author.

Mouse genome editing using CRISPR/Cas9

Guide RNAs were designed using CRISPOR'® to target upstream (Up)
and downstream (Dw) the HIRE2 or HIRE1 genomic regions at the
following protospacer sequences: HIRE2-Up: AGCACGTAGCACGTC
AGTAG; HIRE2-Dw: TGTAGGGTATACTACTAGCC; HIRE1-Up: CACCC
AGGAATAGGTGCGTC; HIREL-Dw: GTGGCCCCCGACTAAACTAT. Dele-
tions of the HIRE2 or HIRE1 genomic regions were performed by using
the Alt-R CRISPR-Cas9 system from Integrated DNA Technologies
(IDT) and ribonucleoprotein (RNP) complex delivery by mouse zygote
electroporation. The RNP complex was composed of two crRNA (Up
and Dw the HIRE2 or HIRE1 region), a tracrRNA and the Hifi Cas9
nuclease V3. Following IDT recommendations, a duplex was formed
for each guide RNA by mixing an equal volume of crRNA (200 M) and
tracrRNA (200 uM), heated to 95°C for 5min, and allowed to cool
down at room temperature for 10 min for annealing. The RNP complex
was finally prepared by combining and incubating the two crRNA:-
tracrRNA duplexes (100 uM) and the Hifi Cas9 nuclease V3 (61 uM) in
Opti-MEM medium (Gibco), respectively, at the final concentration of
3uM and 1.2uM, for 20 min at room temperature. Mouse zygotes
(C57Bl/6)) were electroporated with the RNP complex using a NEPA21
electroporator and a CUY501P1-1.5 electrode (Nepa Gene) and re-
implanted into foster females. Founder mice harboring the deletion
were identified by PCR and sequencing. The mice were genotyped by
PCR with the following primers for the HIRE2 deletion (297 bp wildtype
and 377bp deleted fragments): HIRE2-Fwl, 5-CTTGGTTGGAGGC
ATCCTTC-3; HIRE2-Fw2, 5-AGGGAGGTTAAAGTATTTAAGTAC-3;
HIRE2-Rv, 5-CGCAAATTCAGTTCCCAGTAC-3; and for the HIRE1

deletion (228 bp wildtype and 303 bp deleted fragments): HIRE1-Fw, 5’
ATAGCAGGCACTGAAGCCTG-3"; HIRE1-Rv], 5-GTCCTCGGTCCTCATC
TCAG-3’; HIRE1-Rv2, 5-ACCTTAGACAAGGCCTTATCTG-3'".

Culturing conditions

E14 mESCs, provided by L. Giorgetti’s laboratory, were cultured on
gelatin-coated culture plates in Glasgow minimum essential medium
(Sigma-Aldrich, G5154) supplemented with 15% fetal calf serum
(Eurobio Abcys), 1% L-glutamine (Thermo Fisher Scientific, 25030024),
1% sodium pyruvate (Thermo Fisher Scientific, 11360039), 1% MEM
non-essential amino acids (Thermo Fisher Scientific, 11140035) 100 uM
B-mercaptoethanol, 20 U/ml leukemia inhibitory factor (Miltenyi Bio-
tec, premium grade) in 8% CO2 at 37 °C. The cells underwent myco-
plasma contamination testing once a month, and no contamination
was found.

Isolation of cranial neural crest cells (CNCCs)

To collect WT post-migratory CNCCs, we generated E10.5
Wntl::Cre;ROSA®® embryos and micro-dissected the frontonasal pro-
cess (FNP), the maxillary (Mx) and mandibular (Md) components of the
first pharyngeal arch (PA1) and the second pharyngeal arch (PA2). To
collect CNCCs of the developing pinna, we generated E12.5 and E14.5
Wntl::Cre;ROSA®" embryos and micro-dissected the forming pinna
prominence. The WntI promoter drives Cre expression in CNCC pre-
migratory progenitors, resulting in permanent RFP reporter activity in
their post-migratory progeny'”. Fluorescence-activated cell sorting
(FACS) was used to isolate the RFP-positive cranial CNCCs. Further
processing of these cells was dependent on the downstream applica-
tion (e.g., RNA-seq, ATAC-seq, ChIP-seq, Hi-C, or promoter capture Hi-
C)—see below.

For the Hoxa2 loss of function analysis, Md and PA2 from E10.5
Hoxa2 ™ " mutant embryos were micro-dissected and the GFP-
positive CNCCs were isolated by FACS. The processing of these cells
was adapted for promoter capture Hi-C.

To collect cells from HIREI® and HIRE2?, we generated E10.5
embryos and micro-dissected PA2 and PA3. The processing of the cells
was adapted for RNA-seq.

Sample preparation, RNA isolation and sequencing (RNA-seq)
Dissected tissue from E10.5 and E12.5 embryos was kept in 1x PBS on
ice, then treated with 0.5% trypsin/1x EDTA at 37 °C for 10 min and
immediately put on ice. Dissected tissue from E14.5 embryos was kept
in 1x PBS on ice, then treated with papain digestion mix (10 mgml™
papain, 2.5mM cysteine, 10 mM HEPES (pH 7.4), 0.5 mM EDTA, and
0.9x DMEM) for 7 min at 37 °C and immediately put on ice. The tissue
was rinsed once in ice-cold 1x DMEM/10% FBS, followed by two washes
in ice-cold 1x DMEM. The tissue was dissociated by pipetting. CNCCs
from embryos with genotype Wntl::Cre;ROSA®™ were filtered and
collected by FACS. After sorting, CNCCs were pelleted by centrifuga-
tion for 5 min, 200xg at 4 °C. Total RNA was extracted using the Single
Cell RNA Purification Kit (NORGEN, 51800) with genomic DNA diges-
tion using an RNase-Free DNase | Kit (NORGEN, 25710) according to the
manufacturer’s protocol. For each sample, three independent biolo-
gical replicates were prepared.

For sequencing of total RNA, unstranded RNA-Seq libraries were
prepared using Illumina TruSeq RNA Library Prep Kit v2 according
to manufacturers’ instructions. Sequencing was performed on an
Illumina HiSeq 2500 machine (50 bp read length, single-end) or an
Illumina NovaSeq 6000 machine (50 bp read length, paired-end).

Sample preparation, chromatin immunoprecipitation and
sequencing (ChIP-seq)

Tissue from E10.5, EI12.5, and El4.5 embryos was dissociated as
described for RNA-seq. Then the dissociated cells were cross-linked
with 1% formaldehyde for 10 min at room temperature (RT) and
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quenched with glycine (final concentration 125 mM) for 5 min at RT.
Cells were spun down (500xg, 10 min, 4 °C). CNCCs with genotype
Wntl::Cre;ROSAR were filtered and collected by FACS.

ChIP experiments with anti-H3K4me2 (Millipore, Cat. #07-030),
anti-H3K27me3 (Millipore, Cat. # 07-449) anti-H3K27ac (Abcam,
ab4729), or anti-CTCF (Cell Signaling, CST 2899) antibodies were
performed as described in ref. 16.

ChIP libraries were generated using bar-coded adapters (NEB,
E7335) in combination with the NEBNext® Ultra™ DNA Library Prep Kit
for lllumina® (NEB, E7370) according to manufacturers’ instructions.
The quality of the libraries and size distribution was assessed on an
Agilent 2100 Bioanalyzer (Agilent Technologies). All ChIP-seq experi-
ments were performed with two independent biological replicates,
except for CTCF, only one biological replicate was prepared per sam-
ple. Sequencing was performed on an Illumina HiSeq 2500 machine
(50 bp read length, single-end).

Sample preparation, assay for transposase-accessible chromatin
and sequencing (ATAC-seq)
Tissue from E10.5, EI12.5, and El4.5 embryos was dissociated as
described for RNA-seq. CNCCs with genotype Wntl::Cre;ROSA®" were
filtered and collected by FACS.

To identify open chromatin regions, we used the Assay for
Transposase-Accessible Chromatin (ATAC-seq) protocol, performed
according to ref. 104. with minor modifications as described pre-
viously in ref. 16. For each sample, at least two independent biological
replicates were prepared.

Sequencing was performed on an Illumina NextSeq 500 (75 bp
read length, paired-end).

Hi-C and PCHi-C sample preparation and sequencing
Tissue from E10.5, EI12.5, and El4.5 embryos was dissociated as
described for RNA-seq. E14 mESCs were collected with Accutase
(Sigma-Aldrich, A6964) and resuspended in cold 1x PBS. Then the
dissociated cells were cross-linked with 2% paraformaldehyde for
10 min at room temperature (RT) and quenched with glycine (final
concentration 250 mM) for 5 min at RT. Cells were spun down (500%g,
10 min, 4 °C) and resuspended in cold 1x PBS. CNCCs with genotype
Wntl:Cre;ROSA®™ or Hoxa2t £ were filtered and collected by FACS.
Cells were spun down (500xg, 10 min, 4 °C), the supernatant was
removed, and cell pellets were flash-frozen and stored at —80 °C.
Promoter-capture Hi-C was performed as described previously in
ref. 105 with adaptations to our system. About 39021 biotinylated RNA
probes were designed to enrich 22,225 annotated gene promoters in
the mouse genome using PCHi-C. These probes were designed and
used as described in refs. 37, 105 and purchased from Agilent Tech-
nologies. The input material per PCHi-C experiment was 2.5-5 x10°
cells and per Hi-C experiment, 1-2 x 10° cells. Cells were incubated in
1mL (Hi-C: 500 pL) ice-cold lysis buffer (10 mM Tris-HCI pH 8, 0.2%
(vol/vol) NP-40,10 mM NaCl,1x protease inhibitor cocktail (Roche)) for
30 min with periodical mixing, followed by centrifugation to pellet
nuclei (760x%g, 5 min, 4 °C). Cell nuclei were resuspended in 358 pL (Hi-
C:179 L) ice-cold 1.25x NEBuffer 2, 11 uL (Hi-C: 5.5 uL) of 10% SDS was
added, and nuclei were incubated at 37 °C, shaking at 950 rpm, for 1 h.
Then 75 pL (Hi-C: 37.5 pL) of 10% Triton X-100 was added and cell nuclei
were incubated at 37 °C, shaking at 950 rpm, for 1 h. A 5 pL aliquot was
taken as a control for undigested chromatin (stored at —20 °C). For
Hindlll digestion, 10 uL (Hi-C: SuL) of Hindlll enzyme (NEB, cat. no.
R0104T) was added, incubated 6 h at 37 °C shaking at 950 rpm, fol-
lowed by the addition of another 10 uL (Hi-C: 5uL) of Hindlll and
overnight incubation at 37 °C shaking at 950 rpm. A 5 pL aliquot was
taken to test digestion efficiency (stored at —20°C). To fill-in and
biotinylate the restriction fragment overhangs 60 pL (Hi-C: 30 uL) of
biotinylation master mix (6 uL 10x NEBuffer 2, 2 yL H,0, 1.5uL 10 mM
dATP,1.5puL 10 mM dGTP, 1.5puL 10 mM dTTP, 37.5 pL 0.4 mM biotin-14-

dATP, and 10 pL 5 U/pl Klenow (DNA polymerase I large fragment, NEB
MO0210L)) was added, incubated for 75 min at 37 °C mixing regularly by
pipetting, and then placed on ice. Next, 454 uL (Hi-C: 227 uL) ligation
master mix (100 uL 10x ligation buffer (NEB B0202), 10 uL 10 mg/mL
BSA, 344 L nuclease-free H,0) and 25 L (Hi-C: 12.5uL) 1 U/uL T4 DNA
ligase (Invitrogen 15224-024) was added for overnight blunt end liga-
tion in a water bath at 16 °C. The next day ligated samples were incu-
bated for a further 30 min at room temperature. The re-ligated
chromatin products and test aliquots were de-cross-linked for at least
6 h by adding 100 pL (Hi-C: 50 uL) and 2.5 pL proteinase K (10 mg/mL),
incubated at 65 °C. Afterward, 12 pL (Hi-C: 6 uL) or 0.5 pL of 10 mg/ml
RNase A was added to the samples and test aliquots, respectively, and
incubated for 60 min at 37 °C. Next, chromatin was precipitated by
adding 1 volume of phenol:chloroform:isoamyl alcohol (25:24:1) (PC)
to the samples and test aliquots, vigorously shaking them, followed by
centrifugation at a maximum speed of a tabletop centrifuge
(-16,500%g) at room temperature for 5min. The upper phase con-
taining the chromatin was transferred to a new 15 mL tube. To reduce
loss of DNA, 1mL of TLE buffer (10 mM Tris-HCI (pH 8.0), 0.1mM
EDTA) was added to the tube containing PC and residual chromatin,
tube was vigorously mixed, followed by centrifugation at a maximum
speed of a tabletop centrifuge (-16,500xg) at room temperature for
5min. The upper phase containing the chromatin was transferred to
the 15 mL tube. One-tenth volume of 3 M sodium acetate was added to
the chromatin sample mixed by vortexing, followed by the addition of
3 volumes of 100% ethanol and vortexing to mix. The samples were
frozen at —80 °C for at least 2 h. The precipitated chromatin was iso-
lated by centrifugation at maximum speed for 45min at 4 °C. The
chromatin pellet was washed twice with 2 mL freshly prepared 70%
ethanol and centrifuged at maximum speed for 15min at 4°C in
between washes. Finally, the chromatin pellet was dried at room
temperature and resuspended in 100 pL TLE buffer. To check the
quality of the Hi-C library DNA, 1:50 dilution of the sample, and the
undigested and digested controls were loaded on a 1.5% agarose gel.
The DNA concentration of the Hi-C library was determined using
Qubit™ dsDNA HS assay kit.

For Hi-C, 5 ug DNA and for PCHi-C, 10 ug DNA (split into two Spg
aliquots) were used for library preparation. The next steps were per-
formed per 5pg aliquot. The DNA was sonicated using Covaris S220
(peak incidence power: 175 W; duty factor: 10%; cycles per burst: 200;
time: 120's) in a volume of 130 L in a Covaris microTUBE to obtain
100-1000 bp long DNA fragments. End repair, dATP-tailing, and
Adapter ligation was performed on beads. For this, 100 pL of Dyna-
beads™ MyOne™ Streptavidin T1 (Invitrogen) were washed twice with
400 pL Tween Buffer (TWB; 5mM Tris-HCI pH 8.0, 0.5mM EDTA, 1M
NaCl, 0.05% Tween 20) and resuspended in 400 uL 2x binding buffer
(2xBB; 10 mM Tris-HCI pH 8.0, 1mM EDTA, 2 M NaCl). The volume of
the sonicated DNA was increased to 400 uL with TLE. DNA was mixed
with washed beads (800 uL total volume) and incubated at RT for
45min rotating at 5 rpm. Beads were reclaimed on a magnetic
separation stand, the supernatant was removed, followed by a wash
with 400 pL 1xBB, then with 100 uL 1xligation buffer, and resuspended
in 50 uL 1x ligation buffer. For end repair, each aliquot was mixed onice
with 50 uL 2.5 mM dNTP mix (12.5 pL of 10 mM of each dNTP), 18 pL of
T4 DNA Polymerase (NEB M0203), 18 uL of T4 PNK (NEB M0201),
3.7 pL of DNA polymerase I large fragment (Klenow; NEB M0210), and
360.1pL of H,0, and then incubated at 20 °C for 60 min. Beads were
reclaimed on a magnetic separation stand, and the supernatant was
removed, followed by two washes with 500 uL 1XTWB, one wash with
500 pL 1xBB, one wash with 500 pL TLE and resuspended in 415 uL TLE.
For dATP-tailing, each aliquot was mixed with 50 uL 10x NEBuffer 2,
5uL 10 mM dATG, and 20 pL 5U/uL Klenow Fragment (3’ > 5 exo-)
(NEB, M0212), and then incubated at 37 °C for 30 min. Beads were
reclaimed on a magnetic separation stand, the supernatant was
removed, followed by two washes with 500 uL 1XTWB, one wash with
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500 pL 1xBB, one wash with 200 L 1x ligation buffer, and resuspended
in 100 plL 1x ligation buffer. For PCHi-C adapter ligation, 4 uL 15 uM pre-
annealed PE adapters (described in ref. 105.) and 4 uL NEB T4 Ligase
400 U/mL (NEB, M0202) were added to each aliquot and incubated 2 h
at room temperature. For Hi-C, 10 uL 15uM TruSeq DNA Sgl index
adapters (lllumina, Cat. No. 20016329) and 4L NEB T4 Ligase
400 U/mL (NEB, M0202) were added to each aliquot and incubated for
2h at room temperature. Beads were reclaimed on a magnetic
separation stand, the supernatant was removed, followed by two
washes with 500 uL 1xTWB, one wash with 500 pL 1x BB, one wash with
200 pL 1xBB, one wash with 100 uL 1x NEBuffer 2, one wash with 50 uL
1x NEBuffer 2 and resuspended in 50 pL 1x NEBuffer 2. At this point, all
aliquots per PCHi-C sample were pooled.

For on-bead PCHi-C and Hi-C library amplification, a reaction
master mix was prepared, reaction volume per PCR tube was 25 uL
(PCHi-C: 5 uL 5% Herculase Il reaction buffer (Agilent), 0.25 L 100 mM
dNTPs, 2uL PE PCR primer 1.0'%, 2L PE PCR primer 2.0'%, 0.5 L
Polymerase (Herculase, Agilent), 2.5uL Hi-C DNA on beads, 12.75 uL
nuclease-free H,0; Hi-C: 12.5 uL KAPA HiFi HotStart ReadyMix (Roche),
2.5l Illumina primer mix (contained in KAPA HiFi HotStart Library
Amplification Kit), 2.5 uL Hi-C DNA on beads, 7.5 uL nuclease-free H,0)
and PCR was run under the following conditions: 30's at 98 °C; 6-7
cycles of 10 s at 98 °C, 30 s at 65°C, 30's at 72 °C; 7 min at 72 °C. Post-
amplification PCR reactions per sample were pooled and DNA was
cleaned up using AMPure XP beads and eluted in nuclease-free H,0.
Obtained DNA was used directly for Hi-C sequencing or for promoter-
capture Hi-C as described in ref. 105. Hi-C experiments on mESC and
cells from E12.5 and E14.5 pinna were performed in biologically inde-
pendent duplicates. Hi-C experiments on Md and PA2 at E10.5 have one
replicate each. All promoter-capture Hi-C experiments have two bio-
logically independent replicates. Sequencing was performed on an
Illumina NextSeq 500 (75 bp read length, paired-end).

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from PA2 of E10.5 embryos using the Single
Cell RNA Purification Kit (NORGEN, 51800) with genomic DNA diges-
tion using an RNase-Free DNase I Kit (NORGEN, 25710) according to the
manufacturer’s protocol. cDNA synthesis was performed using
Superscript 1lI (Invitrogen, ref#18080-044) according to the manu-
facturer’s instructions and was then treated with RNAse H (NEB,
MO0297L) for half an hour at 37 °C. Samples were diluted 1:10 and qPCR
was performed using StepOnePlus real-time PCR machine (Thermo
Fisher) with SYBR Green PCR master mix (Thermo Fisher, ref#4309155)
according to manufacturer’s protocol.

The following primers were used: Hoxa2 forward primer (FW)
‘CAAGACCTCGACGC TTTCACAC, reverse primer (RV) ‘CCTTCATCC
AGGGATACTCAGGC’; Gapdh FW ‘GAGAGGCCCTATCCCAACTC, RV
‘GGTCTGGGATGGAAATTGTG'. The Hoxa2 primers were specifically
designed to only amplify from the Hoxa2 wild-type allele but not the
Hoxa2 EGFP allele. Primer efficiencies of each primer pair were eval-
uated with a standard curve, and the occurrence of primer dimers was
checked for with a melting curve and gel electrophoresis. Relative
expression levels of Hoxa2 were quantified using the AACt method,
where Hoxa2 Ct values were normalized to Gapdh levels and the
average ACt of the wild-type samples. Statistical analysis was per-
formed by one-way analysis of variance (ANOVA) followed by
Dunnett’s test.

Skeletal staining

E18.5 mouse embryos were skinned and eviscerated. Skeletal staining
of the embryos was performed according to a previously described
protocol’. Samples were fixed in 95% ethanol for 5-7 days. Subse-
quently, embryos were incubated with 0.015% alcian blue 8GS, 0.005%
alizarin red S, and 5% acetic acid for 3 days with agitation at 37 °C.
Samples were cleared in 1% KOH for several days and in 1% KOH/

glycerol series until surrounding tissues turned transparent. The
samples were stored in glycerol for a longer term.

Whole-mount in situ hybridization (WISH)
In situ hybridization on whole-mount embryos was performed as
previously described in ref. 106 with minor modifications. Embryos
were dissected free of extraembryonic membranes in 1x PBS contain-
ing 0.1% Tween 20 (PBT) and fixed in 4% paraformaldehyde in 1x PBS
for 2h at room temperature or at 4 °C overnight. Throughout the
procedure, the embryos were rocked gently on a mechanical rocking
platform unless otherwise indicated. Embryos were washed three
times with PBT, dehydrated through a methanol-PBT series into 100%
methanol, and stored at -20°C until further use. To summarize,
embryos were rehydrated through a methanol-PBT series and washed
three times in PBT, followed by a 1-h incubation in 6% hydrogen per-
oxide/PBT at room temperature and three washes in PBT. Next,
embryos were treated with 5-10 pg/ml proteinase K in PBT for 1-2 min
at room temperature (Proteinase K concentration and incubation time
must be adjusted according to embryo size and a batch of Proteinase K),
directly followed by refixation in 0.2% glutaraldehyde and 4% paraf-
ormaldehyde in 1x PBS for 20 min at room temperature and three
washes with PBT. Embryos were pre-hybridized for 3-4h at 70 °C in
hybridization buffer (50% deionized formamide, 5x saline-sodium
citrate (SSC) buffer pH 7.5, 100 ug/ml tRNA, 50 pg/ml heparin, 1%
SDS). The hybridization buffer was replaced, RNA probes labeled with
digoxigenin were added, and the embryos were incubated overnight at
70 °C. The embryos were rinsed once with Wash 1 (50% formamide, 4x
SSC pH 7.5, 1% SDS), followed by two washes for 30 min each at 70 °C in
Wash 1. The embryos were washed once at 70 °C for 10 min in a 1:1 mix
of Wash 1 and Wash 2 (0.5M NaCl, 10 mM Tris-HCI pH 7.5, 0.1% Tween
20), then three times in Wash 2 for 5min at room temperature.
The wash buffer was replaced by Wash 2 containing 100 pyg/ml RNase
A and incubated at 37 °C for 1h. The embryos were washed once for
5 min with Wash 2, then once for 5 min at 70 °C with pre-heated Wash
3 (50% formamide, 2x SSC pH 7.5, 0.1% SDS). This was followed by two
washes with Wash 3 at 70 °C for 1h each. The embryos were washed
three times with 1x maleic acid buffer containing 0.1% Tween 20
(MABT), then incubated for 2-3 h in MABT with 2% blocking reagent
(Roche-11096176001). Sufficient embryo powder was heat-inactivated
just before use in MABT with 2% blocking reagent 70 °C for 30 min,
vortexed for 5min, and placed on ice. Then, the required amount of
anti-DIG AP FAB fragment (Roche-11093274910) was preabsorbed for
1h at 4 °C with prepared embryo powder in MABT with 2% blocking
reagent, followed by centrifugation at 4 °C for 10 min. The supernatant
was diluted in MABT with 2% blocking reagent to obtain a final antibody
dilution of 1:2000. Embryos were incubated with the preabsorbed
antibody overnight at 4 °C. The embryos were washed three times at
room temperature with MABT containing 2 mM levamisole, followed
by eight washes for 1h each at room temperature. The last wash was
followed by three changes of NTMT (100 mM NaCl, 100 mM Tris-HCI
pH 9.5, 50 mM MgCI2, 0.1% Tween 20) containing 2mM levamisole.
The color reaction was initiated by placing the embryos into NTMT
containing 2 mM levamisole, 3.5 uL/mL NBT (Roche-11383213001), and
3.5 ulL/mL BCIP (Roche-11383221001). Staining was allowed to proceed
for multiple hours at room temperature in the dark. When staining was
satisfactory, the embryos were washed three times with MABT, and left
to wash in MABT at 4 °C until the background signal was sufficiently
removed.

The following RNA probes were used: Hoxal'”, Hoxa2'®, and
Hoxa3**.

Histological analysis and in situ hybridizations

Mouse embryos were collected and fixed in 4% PFA/1x PBS overnight at
4 °C. For cryostat sections, tissues were cryoprotected in 20% sucrose/
1x PBS and embedded in 7.5% gelatin/10% sucrose/1x PBS before being
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frozen at —80 °C. Cryostat sections (25 pm) were cut (CryoStar NX70)
in sagittal orientation.

Frozen sections were fixed in 4% PFA/1x PBS, and washed in PBS.
Acetylation was performed with acetic anhydride solution (1.35% (v/v)
Triethanolamine, 0.175% (v/v) HCI, 0.25% (v/v) acetic anhydride) for
10 min at RT, before being pre-hybridized with Hybridization buffer
(50% deionized formamide, 1x Salt, 10% dextran sulfate, 1 mg/ml tRNA,
1x Denhardt) for 1h 30 at room temperature. Hybridization was per-
formed with antisense riboprobes labeled with digoxigenin-11-d-UTP
diluted 1:100 in hybridization buffer, for 16-18 h at 70 °C, in a humid
chamber (humidified with 50% formamide/5x SSC). On day 2, Sections
were rinsed with 5x SSC pH 4.5, followed by washing 2 h at 70 °C in
0.2x SSC pH 4.5, and 2x 10 min at RT in MABT buffer (0.1 M Maleic
Acid, 0.15M NaCl, 2N NaOH, pH 7.5). After blocking 1h30 at RT in
MABT/2% Blocking reagent (Roche Diagnostics), sections were incu-
bated with anti-DIG antibody conjugated to alkaline phosphatase in
MABT/2% Blocking reagent (1:5,000; Roche Diagnostics) overnight at
RT. On day 3, slides were washed 8x In MABT (0.1 M Maleic Acid, 0.15M
NaCl, 2N NaOH, pH 7.5), 2x 10 min in NTMT buffer (100 mM Tris-HCl,
pH 9.5, 100 mM NaCl, 50 mM MgCl,, 0.1% Tween 20, pH 9.5). The
alkaline phosphatase activity was detected using NBT and BCIP diluted
in NTMT buffer at 4 °C. To stop the reaction, slides were washed 2x
10 min in MABT. Slides were mounted with aqueous mounting media
(Aquatex, Merck). Imaging was performed using Zeiss Axio Scan Z1,
using 5% (NA 0.25), 10x (NA 0.45), and Zeiss upright Axio imager Z1
using 5x (NA 0.25).

The following RNA probes were used: Hoxa2'*® and Hoxa3”*.

Use of previously published datasets

Some datasets have been used from our previously published work’®,
as indicated in the manuscript, and are published in the SuperSeries
GSE89437. A number of RNA-seq, ChIP-seq, and ATAC-seq samples
published in this series have been re-processed for this study (Sup-
plementary Data 7).

Computational analysis

Reference genome and annotation. The mouse GRCm38/mmil0
genome assembly was used as a reference. Gene annotation was
obtained from the TxDb.Mmusculus.UCSC.mmI10.knownGene Bio-
conductor  package  (https://doi.org/doi:10.18129/B9.bioc.TxDb.
Mmusculus.UCSC.mm10.knownGene, version 3.4.7). For RNA-seq
analysis, a single transcript start site (TSS) was selected randomly for
each gene, and promoter regions were defined as a 2 kb window cen-
tered on the TSS.

For genome browser views, the number of alignments per 100 bp
window in the genome and per million alignments in each sample were
calculated, stored in BigWig format using the gExportWig function
from the QuasR Bioconductor package (version 1.34.0)'”” and visua-
lized as custom tracks in either UCSC genome browser (http://genome.
ucsc.edu)'® or pyGenomeTracks (version 3.7)".

RNA-seq data analysis

All RNA-seq experiments used in this study were sequenced single-
end with 50 bp read length or paired-end 50 bp read length (Sup-
plementary Data 7). The dataset containing single-end reads were not
compared with the datasets containing paired-end reads. Thus,
trimming the second read of the paired-end data was not necessary.
Reads of single-end and paired-end datasets were aligned to the
reference genome using the QuasR Bioconductor package (version
1.34.0)'° by the gAlign function with parameters aligner = “Rhisat2”
(version 1.12.0) and splicedAlignment=TRUE. Alignments over-
lapping genes from the TxDb.Mmusculus.UCSC.mm10.knownGene
Bioconductor package (https://doi.org/doi:10.18129/B9.bioc.TxDb.
Mmusculus.UCSC.mm10.knownGene, version 3.4.7) were quantified
using the gCount function with parameter orientation = “opposite”.

The RNA-seq samples for E10.5 Md and E10.5 PA2 from public data-
sets (Supplementary Data 7) were processed in the same way for
illustration as genome browser tracks.

Differential RNA-seq analysis
To identify differentially expressed genes, only expressed genes in
both biological replicates are used (CPM > =1). Differentially expressed
genes are identified using edgeR (version 3.38.1)'2. Two different
models are fit for genes counts:

1/ - time point (E10.5 PA2; E12.5 Pinna; E14.5 Pinna)

2/~ genotype (PA2 WT and PA2 delta E3; PA3 WT and PA3 delta E3)

For each model, dispersions are estimated using estimateDisp
and statistical significance is calculated using glmQLFTest. Differen-
tially expressed genes are defined as genes with an FDR less
than 0.05.

ChlIP-seq data analysis

Reads were mapped to the reference genome using bowtie2 with
default settings (version 2.4.2)"*"** and converted to bam files using
samtools (version 1.2)"°,

ATAC-seq data analysis

The adapter sequence CTGTCTCTTATACACA was trimmed from the 3’
end of all samples using cutadapt (version 3.7)" with overlap =1. The
trimmed reads were aligned with bowtie2 (version 2.4.2) with the
options—fr,-minins 0,-maxins 1000,-nodiscordant and-dovetail, and
converted to bam files using samtools (version 1.2)"1,

Hi-C data analysis

The Hi-C data has been mapped and quality controlled with HiCUP
(version 0.6.1)"8, the interaction matrix was created with Juicer
(version 1.6)", and was transformed into a cool matrix'*° with hic2-
cool (https://github.com/4dn-dcic/hic2cool, version 0.8.3) and
HiCExplorer’s hicConvertFormat (version 3.7.2)"?'. For the Hi-C on
mESC, E12.5 pinna, and E14.5 pinna the cool matrices of biological
replicates were merged into one cool matrix with HiCExplorer’s hic-
SumMatrices (version 3.7.2)"*2. The merged cool matrix was normal-
ized with HiCExplorer’s hicCorrectMatrix (version 3.7.2)"* using
KR normalization. The TAD calling was applied by HiCExplorer’s
hicFindTADs (version 3.7.2)'**'%3, The Hi-C and TAD data was plotted
with pyGenomeTracks (version 3.7)",

The differential interaction maps were generated by using the
FAN-C suite of tools (Kruse et al., 2020). To derive the differential
interactions maps, the normalized scores of one matrix were sub-
tracted from the other using fanc compare tool, and the maps are
plotted using fancplot tool.

Virtual 4C plots are generated by using Virtual4CPlot tool from
FAN-C.

PCHi-C data analysis

Capture HiC libraries are first analyzed with HiCUP (version 0.6.1)"%,
then significant interactions are identified using CHICAGO (version
1.24.0)"**. CHICAGO pipeline is used with the recommended para-
meters for six cutter restriction enzymes': minFraglen =150 and
maxFraglen = 40000, maxLBrownEst = 1500000 and binsize = 20000.

Interactions with a CHICAGO score of 5 are considered as high-
confidence interactions. Significant interactions are plotted as arcs
linking baits to OE using the python api pygenometrack.

4C-like profiles of interactions are plotted using ChiCMaxima
(version 1.0) browser'?®. The PCHi-C CHiCAGO interactions with a
score >5 were plotted with pyGenomeTracks (version 3.7)".

The percentage of decrease of interactions of Hoxa2 promoter
and HIRE2 SE in the PA2 E10.5 Hoxa2“"*“** compared to PA2 E10.5 WT
is calculated using quantile normalized raw counts of Hoxa2 interac-
tions with the HIRE2 region.
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CTCF motif occurrences

To identify the orientation of CTCF motifs, we used the position fre-
quency matrix of CTCF for Mouse downloaded from Jaspar 2022'%.
CTCF motif occurrences are identified by the FIMO package (version
5.4.1)'. Only motif sites with p-values <= 1.0E-4 are included. In total,
380951 CTCF motif occurrences were identified.

SE calling

SEs were identified computationally by referring to the ROSE
algorithm***°, First, bam files of the H3K27ac ChIP-seq alignments from
all E10.5 samples (Supplementary Data 7) were merged. Then, peaks
were called using MACS2 (version 2.1.3.3)”° with the
options-nomodel,-shift  0,-extsize = 141,-keep-dup  all,-qualue
0.001,—cutoff-analysis. The extension size had been determined pre-
viously based on cross-correlation using the csaw Bioconductor
package (version 1.28.0)"°. Peaks that overlapped with promoter
regions, i.e., 2500 bp upstream or downstream of the transcription
start sites of the UCSC known genes (7TxDb.Mmusculu-
s.UCSC.mmI10.knownGene, v. 3.10.0), or peaks overlapping with
blacklisted regions™ were removed. Only peaks located on chromo-
somes 1-19 or the X-chromosome were kept. Counts per million (CPM)
were quantified for all remaining peaks for each sample individually
using QuasRs gCount function with default parameters'”. The quanti-
fied peaks were merged into larger regions if they were less than
12.5 kb apart. Subsequently, the CPMs within the individual peaks were
summed. If the resulting stitched regions overlapped with the pro-
moter regions, they were removed. The remaining regions were
ranked by their summed counts for each sample. The threshold to
distinguish between super- vs. non-SEs was determined as in ROSE.
Lastly, only regions with at least 3 individual peaks were kept to select
clusters of enhancers.

Calculation of interaction strengths between SEs and promoters
SEs were matched to differentially expressed transcription factor
encoding genes if at least one significant interaction (Chicago score >5)
was detected from the promoter bait to a restriction fragment over-
lapping with a SE region in at least one population. To ensure the
interaction occurs in a population where both elements are active, the
SE had to show acetylation levels above the relative threshold, and the
gene had to be expressed with >2 RPKM in the same population.

To obtain the interaction strengths between SEs and associated
transcription factor promoters, we quantified the mean Chicago score
for interactions between all restriction fragments overlapping with a
SE and the corresponding promoter for each sample.

To display the association between SE acetylation, link strength,
and gene expression, a heatmap was generated with the Complex-
Heatmap Bioconductor package (version 2.10.0)*>. Rows were clus-
tered using k-means clustering on the relative gene expression levels
with seven centers.

Motif enrichment analysis

For transcription factor motif analysis, ATAC-seq data from E10.5 PA2
and EI12.5 Pinna was used. Peaks were identified separately for each
dataset using MACS2 (version 2.1.3.3)"*” with options-nomodel,-shift
-100,-extsize 200, -f BED,-gsize 1.87¢9, and-qualue 0.10 and a com-
bined peak set was created by fusing peaks from E10.5 PA2 and E12.5
Pinna (n=133,466). Since each ATAC sample was a mixture of mouse
embryos of different sexes, only autosomal peaks were used for the
analysis. Peaks were classified as “promoter” peaks, when the distance
of a peak midpoint to the nearest TSS was smaller than 1kb, or else as
“non-promoter” peaks (hereon called enhancers). The ATAC-seq signal
of E10.5 PA2 and E12.5 Pinna replicates was quantified individually at
autosomal enhancers (n=106,587) using QuasR’s gCount function with
default parameters'” and normalized by dividing by the total number
of alignments in each sample and multiplying by 1e6 to obtain counts

per million (CPM). For further analysis, the CPM values were log2-
transformed with a pseudo-count of 1. Enhancers overlapping the
genomic interval between HIRE2 and HIREI (chr6:50789172-51087888,
mouse GRCm38/mm10) were extracted (n=31). The average logCPM
at each extracted enhancer was calculated and subtracted from the
individual logCPM values of each sample to obtain the relative acces-
sibility per enhancer and per sample. According to the relative acces-
sibility values for each sample, the extracted enhancers were grouped
into three clusters and heatmaps were drawn using the Complex-
Heatmap Bioconductor package (version 2.6.2)"*2. The mean accessi-
bility profile for each cluster was calculated and used to rank all
enhancers by their similarity to each cluster profile (visualized using
vioplot function from the vioplot package version 0.3.6). The top 1000
enhancers with the highest similarity in their accessibility profile
compared to each cluster profile were grouped together (visualized
using upset function from the UpSetR package version 1.4.0) and all
residual peaks were grouped together as a control set. The calcBin-
nedMotifEnr function from the monalisa package (version 0.1.40)
with method = “R”was used to identify what motifs are enriched in each
of the three cluster profiles using the vertebrate list of motifs present
in JASPAR (JASPAR2018)"*. Motifs that had an FDR less than 0.001 in
any of the three cluster profiles were selected. Heatmaps were drawn
using the ComplexHeatmap Bioconductor package. JASPAR motifs
were extracted from JASPAR2018 package (version 1.1.1) using getMa-
trixSet function from the TFBSTools package (version 1.28.0) with opts
= list(tax_group = “vertebrates”).

Selection of representative motifs

All motifs that had an FDR less than 0.001 in any of the three cluster
profiles from the motif enrichment analysis were used to scan the
sequences of the 31 putative enhancers in the region from HIRE2 to
HIREL1 for motif hits using the findMotifs function from the monalLisa
package (version 14)% with minscore=10.0 and method="“
matchPWM”. Since the enhancers/ATAC peaks differ in lengths, the
number of hits per peak per kb were calculated. For each motif, the
average motif rate per kb across all enhancers was determined. To
further summarize these motifs and select the most relevant ones,
motifs were clustered based on the average motif hit rate per kb into
two sets using k-means clustering. All the motifs in the cluster with the
higher hit rate were used to perform a motif similarity analysis using
the motifSimilarity function from the monalLisa package (version 1.4)*
with method = “R”, which compares all pairs of motifs. The results of
this analysis were grouped into ten clusters using k-means clustering
(k=10) and a heatmap was drawn using the ComplexHeatmap Bio-
conductor package (version 2.14.0)"*2. For each cluster, the motif with
the least average distance to the other motifs in the cluster was
selected as a representative motif.

Statistics and reproducibility

No statistical method was used to predetermine the sample size. No
data were excluded from the analyses. The experiments were not
randomized. The Investigators were not blinded to allocation during
experiments and outcome assessment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All raw sequencing data and processed data generated in this study
have been deposited and are publicly available in the Gene Expression
Omnibus (GEO) under GEO Series accession number GSE211904 (all
data SuperSeries), GSE211899 (ATAC-seq), GSE211900(ChlIP-seq),
GSE211901 (Hi-C), GSE211902 (PCHi-C), and GSE211903 (RNA-seq). The
following public sequencing datasets were published in ref. 16. and
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available through GEO were used in this study: ChIP-seq, RNA-seq, and
ATAC-seq data from mouse E10.5 cranial neural crest cell subpopula-
tions (GSE89437). FACS gating strategies are presented in Supple-
mentary Fig. 3. ChIP-seq peaks for Hoxa2 in PA2 at E11.5 were obtained
from ref. 57, and ChIP-seq peak data for Pbx and Meis in PA2 at E11.5
were obtained from ref. 58. Further public databases used in this study
are UCSC (mm10 reference genome assembly, gene annotation), JAS-
PAR2018 (vertebrate transcription factor motifs)**, JASPAR 2022
(vertebrate transcription factor motifs)'”, and the ENCODE Blacklist™.

Code availability

Computational analyses were performed in R and Python using the
publicly available packages described in Methods and Reporting
Summary.
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Results

Supplementary Fig. 1 Identification of craniofacial super-enhancers.

Hockey stick plots displaying the H3K27 acetylation levels within merged peaks as counts per
million on the y-axis and the according rank on the x-axis, separately for each cranial neural
crest cell (CNCC) subpopulation. The cutoff value for the SE category was determined as
described by the ROSE algorithm using the tangent (shown in black) and is indicated in the

figure. The color reflects the log2 transformed width of the merged regions.
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Results

Supplementary Fig. 2 Promoter-capture Hi-C replicates, Hi-C in mESC and Md, and
CTCF binding in PA2 and Md at E10.5.

a. Pairwise correlation scatter plots with Pearson’s correlation coefficients between promoter
capture Hi-C (PCHi-C) replicates from wild type (WT) frontonasal (FNP), maxillary (Mx),
mandibular (Md), and second pharyngeal arch (PA2) derived cranial neural crest cells
(CNCCs), as well as Hoxa2FCFPECFP pA2 derived CNCCs at E10.5. b. Pairwise correlation
scatter plots with Pearson’s correlation coefficients between PCHi-C replicates of pinna
derived CNCCs at E12.5 and E14.5. c. Hi-C interaction heatmaps at 25 kb resolution in a 2.2
Mb region of chromosome 6 including the Hoxa cluster (50,442,417-52,636,150 bp) in mouse
embryonic stem cells (MESC) and in Md derived CNCCs at E10.5. TAD separation scores are
called with HiCExplorer’s hicFindTADs and are shown as blue lines. The additional gray lines
show the TAD score for different window sizes. The blue highlight marks the polycomb
domain encompassing the Hoxa cluster and Evx1 (chr6:52,145,433-52,327,518). Arrows
indicate the location of the TAD boundary between Hoxa2 and HIRE1/HIRE2. d. CTCF ChlP-
seq tracks in Md and PA2 derived CNCCs at E10.5. CTCF motif orientation at CTCF peaks is
indicated with red (minus strand) and blue (plus strand) arrowheads. The pink box highlights
the CTCF binding sites at the TAD boundary between Hoxa2 and HIRE1 / HIRE2. A zoom in
on the TAD boundary is shown at the bottom. In panels ¢ and d, yellow boxes highlight
HIRE1/HIRE2 and a green (c) or yellow (d) line highlights the Hoxa2 locus.
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Supplementary Fig. 3 Fluorescence activated cell sorting (FACS) gating strategy.

a-p. FACS of Red Fluorescent Protein (RFP)-positive cranial neural crest cells (CNCCs) from
Wnt1::Cre;ROSARFPembryos (a-h) and FACS of Green Fluorescent Protein (GFP)-positive
cells from the second arch of E10.5Hoxa2E¢F™ECFP embryos (i-p). Living cells are first
discriminated from debris by scatter areas P1 (FSC Area versus SSC Area) (a, e, i, m). Single
cells are discriminated from doublets by firstly assessing forward scatter (FSC Width versus
FSC Height; P2) (b, f, j, n) and next by assessing side scatter (SSC Width versus SSC Height;
P3) (c, g, k, 0). Subsequently, cells were sorted based on fluorescent markers of interest, GFP
(h) or RFP (p). The baseline control fluorescent signal is from a wild-type (d, I) littermate

(negative control).
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Supplementary Fig. 4 Chromatin landscape of HIRE1 and HIRE2.

a. Genome browser view on HIRE1 and HIRE2 (chr6:50,779,104 — 51,097,965) with
chromatin accessibility (ATAC-seq, purple) from the frontonasal process (FNP), the maxillary
(Mx), the mandibular (Md) and the second pharyngeal arch (PA2) cranial neural crest cells
(CNCCs) at E10.5, and from the pinna CNCCs at E12.5 and E14.5. ChlIP-seq profiles for
H3K27me3 (red), H3K4me2 (green), and H3K27ac (blue) from PA2 CNCCs at E10.5, and
from the pinna CNCCs at E12.5 and E14.5 are also shown. At the bottom are binding sites
identified by ChIP-seq, for Hoxa2!, Pbx, and Meis? in PA2 at E11.5. Highlighted in yellow are
HIRE1 and HIRE2. b. lllustration representing HIRE1 [Chr6:50,913,170-51,087,888] and
HIRE2 [Chr6:50,789,172-50,828,639] deletions. HIRE1 and HIRE2 regions were deleted in
mutant mice using the CRISPR-Cas9 system, with regions preserved after deletion represented
in green, and regions deleted represented in black. HIRE1%' and HIRE2%' mutations were

validated using sanger sequencing.
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Supplementary Fig. 5 Interactions at HIRE1 and HIRE2

a. Differential HiC maps at 10 kb resolution are shown for a ~2Mb region of chromosome 6
including the Hoxa cluster, comparing interactions between E10.5 second pharyngeal arch
(PA2) and E10.5 mandibular (Md) cranial neural crest cells (CNCCs) (top), between E12.5
pinna CNCCs and E10.5 PA2 CNCCs (middle), and between E12.5 pinna CNCCs and E14.5
pinna CNCCs (bottom). Shown below are the positions of genes. For better readability, only
the genomic position of the Hoxa2 gene is shown within the Hoxa cluster. The yellow
rectangles show the HIREL/HIRE2 regions and Hoxa2 gene. The arrowheads on the differential
map highlight the “stripe” or “spots” of increased interactions between Hoxa2 and
HIRE1/HIRE2 (red) in E10.5 PA2 as compared to Md (top) in E12.5 pinna as compared to
E10.5 PA2 (middle) and in E12.5 pinna as compared to E14.5 pinna (bottom). A black arrow
between two TADs indicates the presence of the TAD border. b. Virtual 4C plots from HIRE1
(left side) and HIRE2 (right side) for E10.5 Md, E10.5 PA2, E12.5 pinna and E14.5 pinna
CNCC:s, derived from Hi-C data. The orange rectangles highlight the viewpoints whereas the
yellow rectangles highlight the Hoxa2 gene, HIRE2 (left side) and HIREL (right side).
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Supplementary Fig. 6 Cranial skeletal changes in HIRE1 and HIRE2 mutant fetuses.

Ventral (a, ¢, €, g, i) and ventrolateral (b, d, f, h, j) views of the cranial base of E18.5 wild-
type (WT) (a, b), HIRE2%"® homozygous mutant (c, d), HIRE2%":Hoxa2ECFP™ trans-
heterozygote mutant (e, f), HIRE1%""® homozygous mutant (g, h) and HIRE1%""t: Hoxa2ECFP/t
trans-heterozygous mutant (i, j) fetuses. a to j are representative images of n=4/4 WT (a, b),
n=6/6 HIRE2%® (¢ d), n=4/4 HIRE2%™:Hoxa2ECFPMW (g, ), n=4/4 HIRE1%®! (g, h) and
n=4/4 HIRE1%": Hoxa2FCFPML (i, j) fetuses. as represents the alisphenoid bone; bo represents
the basioccipital bone; bs represents the basisphenoid bone; o represents the cartilaginous otic
capsule; p represents the pterygoid bone; p2 represents the ectopic pterygoid bone; osq and
0sq* represent respectively the normal and modified retrotympanic (otic) process of the
squamosal bone; s represents the stapes; sq represents the squamosal bone; sq2 represents the
ectopic squamosal bone; st represents the styloid process; q represents the atavistic quadrate
bone, ectopically appearing in Hoxa2”" mutants® and in the HIRE1%":Hoxa25CFP" trans-

heterozygous mutants. Scale bars represent 500 pum.
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Supplementary Fig. 7 Cleft secondary palate in HIRE1 mutant fetuses

Skeletal preparations of the palate area after the removal of the lower jaw from E18.5 wild-
type (WT) (a), Hoxa2EFCP/ECFP (h) HIRE1%Mt: Hoxa2ECFPM (¢) and HIRE1%Ve (d) fetuses. a
to d are representative images of WT (n=4/4) (a), Hoxa2EFCP/ECFP (n=6/8) (b),
HIRE 1%t Hoxa2ECFPMt (n=14/24) (c) and HIRE1%"®! (n=8/10) (d) fetuses. The nose is
toward the top. mx represents the maxilla, pa the palatal bone, pmx the premaxilla, ppmx the
palatal process of maxilla, ps the presphenoid bone, and vo the vomer. Note that vo and ps in

(b, ¢, d) are not visible in (a) because they are underneath Mx and Pa. Scale bars represent 500

um.
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Supplementary Fig. 8 Middle ear and hyoid bone skeletal phenotypes upon deletion of
HIRE1

Middle ear (a-c) and hyoid (d-i) skeletal preparations from E18.5 wild-type (WT) (d, f),
HIRE1%" homozygous mutant (b, c, e, h, i) and HIRE1%"t: Hoxa2ECFP" trans-heterozygous
mutant (a, d, g) fetuses. In a and b, the absence of fusion between the incus and its duplicated
counterpart is representative of n=1/8 fetus sides for HIRE1%"; Hoxa2E¢FP" () and n=1/8
fetus sides for HIRE1%®! (b). g* represents the transformed gonial bone, as described in
Hoxa2-/- mutant fetuses 3. The transformed gonial bone presented in a is representative of
n=2/8 HIRE1%"":Hoxa25C "™t fetus sides. d, i and j are representative of WT (n=4/4),
HIRE1%"t: Hoxa2ECFPMt (n=4/4) and HIRE1%"! (n=4/4) fetuses._In e, the asterisk displays
the absence of the lateral process (Ip) of the laryngeal cartilage in HIRE1%"® homozygous
mutant fetuses. The black arrows in h and i display the fusion between the elongated greater
horn (gh) of the hyoid bone and the posterior border of the thyroid cartilage (th) observed in
HIRE1%"e homozygous mutant fetuses. g and g2 represent the WT and duplicated gonial
bones, respectively; h represents the body of the hyoid bone; i and i2 represent the WT and
duplicated incus respectively; Ih represents the lesser horn of the hyoid bone; m and m2
represent the WT and duplicated mallei, respectively; mc and mc2 represent the WT and
partially duplicated Meckel’s cartilages respectively; sh represents the superior horn of the
thyroid cartilage; sq2 represents the ectopic squamosal bone; t and t2 represent the WT and

duplicated tympanic bones respectively; tr represents the trachea. Scale bars represent 500 pm.
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Supplementary Fig. 9 Hoxa2 down-regulation in E10.5 second pharyngeal arch upon
HIRE1 or HIREZ2 deletion.

Relative expression levels of Hoxa2, detected by gRT-PCR analysis, in E10.5 second
pharyngeal arch (PA2) of WT and Hoxa2FCHPMt HIRE29Mt Hoxa2ECFPMWt - HIRE2deldel
HIRE1%"t: Hoxa2EC P and HIRE1%"®! mutant embryos (n = 3 per genotype). Data are
represented as means + SEM. Significance is based on a one-way ANOVA followed by

Dunnett’s multiple comparisons test with WT as the control sample.
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Supplementary Fig. 10 Morphological changes of second arch-derived skeletal and

cartilaginous structures correlate to reduction of Hoxa2 transcript levels.

(Left) Hoxa2 transcript levels in E10.5 second pharyngeal arch (PA2) of Hoxa2ECFP™t
HIRE2UeVel HIRE2%IM; Hoxa2BCFPMt | HIRE1%V%! and  HIRE1%™'; Hoxa25¢ P! mutant
embryos, as compared to wild-type (WT), and obtained by gRT-PCR analysis (see suppl. fig.
9). (Right) For each genotype, the corresponding phenotype at PA2 cranial neural crest cells
(CNCC)-derived skeletal and cartilaginous structures (blue) is represented. Note that no visible

malformations are observed in Hoxa2ECFPt fetuses.
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Supplementary Fig. 11 Effect of HIREL deletion on anterior Hoxa gene expression.
In-situ hybridization on sagittal sections of wild-type (WT) (a, ¢) and HIRE1%"®! (b, d)
embryos at E10.5 using Hoxa?2 (a, b) and Hoxa3 (c, d) antisense probes. a-d are representative
images of serial sections from n=4 WT and n=4 HIRE1%"® embryos. Hoxa2 expression is
undetectable in the second pharyngeal arch (PA2) and strongly reduced in the third pharyngeal
arch (PA3) of HIRE1%"® embryos (b) compared to WT (a). Hoxa3 expression is strongly
reduced in PA3 of HIRE1%"%® embryos (d) compared to WT (c). Whole mount in-situ
hybridization on WT (e, g, i, k; n=5 embryos) and HIRE1%"®! (f h, j, I; n=2 embryos) embryos
at E8.5 using Hoxal antisense probes. No differences in Hoxal expression could be observed
between WT and HIRE1%"®! embryos. Md represents the mandibular process. Scale bars
represent 200 pm.
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Supplementary Fig.12 Transcription factor motif enrichment analysis.

a. Schematic representation of a genomic window, depicting the locations and names of 31
merged ATAC-seq peaks overlapping HIRE1 and HIREZ2 from the second arch (PA2) derived
CNCCs at E10.5 and from pinna derived CNCCs at E12.5. b. Clustering of ATAC-seq peaks
overlapping HIRE1 and HIRE2 (chr6:50789172-51087888, mouse GRCm38/mm10) from
PA2 derived CNCCs at E10.5 and from pinna derived CNCCs at E12.5 according to their
relative accessibility levels at E10.5 and E12.5. Peaks were classified into three groups using
hierarchical clustering. ¢. Violin plot depicting the distribution of Pearson’s correlation
coefficients of the ATAC-seq signal at all ATAC-seq peaks in E10.5 and E12.5 (n = 133466
ATAC-seq peaks) to the average accessibility profile of each of the three clusters. For clusters
1 and 2, the distribution of correlation coefficients was bimodal, corresponding to peaks that
were highly correlated or anti-correlated with the profiles identified from HIRE2 to HIRE1
peaks. Plots extend from the data minima to the maxima; the white dot indicates the median,
the box shows the interquartile range and whiskers extend to the most extreme data points.d.
UpSet plot showing the top 1000 ATAC-seq peaks (ranked by their correlation coefficient) for
each of the three clusters. There is no overlap between the top 1000 peaks for each cluster. e.
Transcription factor motif enrichment heatmap. Shown are the log2-fold enrichments and -
log10 (FDR) values for all transcription factor motifs with an FDR less than 0.001 in any of
the three clusters (n = 382). Each row depicts one transcription factor motif. While there are
many significantly enriched motifs for clusters 1 and 2, no specific motifs are enriched in
cluster 3 or all residual ATAC-seq peaks. f. Histogram of the average motif hit rates per
kilobase (kb). The 31 ATAC-seq peaks overlapping HIRE1 and HIRE2 were scanned for motif
hits using all transcription factor motifs with an FDR less than 0.001 in any of the three clusters
as input (see Methods). To select motifs with a high frequency of predicted binding sites, the
average motif hit rates per kb were calculated and clustered into two sets with k-means
clustering (k=2). All motifs from the set with higher hit-rates (n = 107) were used in a motif
similarity analysis. g. Transcription factor motif enrichment heatmap. Shown are the log2-fold
enrichments for all 107 transcription factor motifs with high hit-rates from f and an FDR less
than 0.001 in any of the three clusters. The rows are ordered according to the motif similarity
analysis shown in Supplementary Fig. 13. and yellow highlights indicate the different motif

similarity clusters defined in Supplementary Fig. 13.
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Supplementary Fig. 13 Motif similarity analysis. All 107 transcription factor motifs with
high hit-rates defined in Supplementary Fig. 12f were used to perform a motif similarity

analysis using monaLisa®. See Methods for details.
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Supplementary Table 1 Genomic locations of the 2,232 identified CNCC super-
enhancers

The table contains the genomic locations (mmZ10) of all super-enhancers identified in CNCCs
at E10.5 based on their H3K27ac signal.

Supplementary Table 2 SEs interacting with genes encoding for transcription factor
genes differentially expressed in CNCCs subpopulations at E10.5.

The table contains the genomic coordinates (mmZ10) of the 147 super-enhancers (SEs) with at
least one significant interaction to an expressed positional transcription factor (TF) gene as
depicted in figure 1, including the information to which TF each SE is linked. In addition, the
mean strengths of all interactions from the positional TF promoter to restriction fragment(s)
that overlap with a SE are given for each population. The last column indicates the number of
the k-means cluster as shown on the left side of the heatmap. The rows follow the same order
as the heatmap of figure 1. Note that the table contains 148 unique SE-promoter pairs (rows)

because one SE is shared by 2 different promoters (Twist2 and Hes6), and thus appears twice.

Supplementary Table 3 Differential gene expression analysis. The table provides on five
separate sheets the differential gene expression analysis between second pharyngeal arch (PA2)
derived CNCCs at E10.5 and pinna derived CNCCs at E12.5, between PA2 derived CNCCs at
E10.5 and pinna derived CNCCs at E14.5, between pinna derived CNCCs at E12.5 and pinna
derived CNCCs at E14.5, between PA2 cells from HIRE1%% and wild-type embryos at E10.5,
and between PA3 cells from HIRE1%"e! and wild-type embryos at E10.5. Each sheet contains
the following information in the columns: Entrez gene ID, gene width, ENSEMBL gene ID,
gene symbol, log2 fold change (column name logFC), mean expression level (log2 counts per
million, column name logCPM), quasi-likehood F-test score (F), raw P value (PValue), and
false discovery rate (FDR). P-values and FDR were calculated by edgeR®. See Methods for

details on statistical analysis.

Supplementary Table 4 Transcription factor motif enrichment analysis. The table contains
the results of the transcription factor motif analysis. Each row stands for one of the motifs of
the JASPAR2018 database. The columns contain information about the motif ID, motif name,
motif family, and motif class, as well as the log2-fold enrichments and -log10(FDR) values for
each of the ATAC-seq peak clusters (as defined in Supplementary Fig. 12b-d) and all residual

peaks. P-values and FDR were calculated by monaLisa®. See Methods for details.
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Supplementary Table 5 Annotation of merged ATAC-seq peaks from PA2 derived
CNCCs at E10.5 and pinna derived CNCCs at E12.5 overlapping the region spanning
from HIRE2 to HIRE1 with predicted motifs. The number of occurrences of all transcription
factor motifs with an FDR less than 0.001 in any of the three cluster profiles (Suppl. Fig. 8D)
was predicted within each of the ATAC-seq peaks from second pharyngeal arch (PA2) derived
cranial neural crest cells (CNCCs) at E10.5 and pinna derived CNCCs at E12.5, which overlap
the region spanning from HIRE2 to HIRE1l (chr6:50789172-51087888, mouse
GRCm38/mm10). See Methods for details.

Supplementary Table 6 List of selected representative motifs clustered by motif similarity
analysis. Each row in the table stands for one of the motifs identified in the motif enrichment
analysis (see Methods). The columns contain information about the motif similarity cluster that
a motif was assigned to in Supplementary Fig. 13, the motif ID, motif name, motif family and

motif class.

Supplementary Table 7 Sample information. The type of experiments performed on the
different cell types, the protocols used for the libraries, the sample names, and for previously

published datasets the GEO accession number are indicated.
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The results presented in this dissertation give fundamental insights into the importance of long-
range SEs in controlling key developmental TFs in craniofacial morphogenesis through genetic
perturbation of two newly identified extremely long-range SE regions (HIRE1 and HIRE2) that
regulate Hoxa2 and Hoxa3 gene expression in CNCCs and hindbrain rhombomeres. Furthermore,
the list of predicted SEs that specifically target genes establishing CNCC positional identity during
facial development (Minoux et al., 2017) is a valuable resource for future research on regulatory
elements involved in craniofacial development.

Here we used the ROSE algorithm (Loven et al., 2013; Whyte et al., 2013) on H3K27ac
ChIP-seq data from four CNCCs subpopulations, namely FNP, Mx, Md, and PA2, to predict puta-
tive CNCC subpopulation-specific SEs genome-wide. By using PCHi-C profiles from these four
subpopulations, we were able to link SEs to previously identified differentially expressed posi-
tional TFs involved in craniofacial morphogenesis (Minoux et al., 2017), including five SEs that
exclusively target Hoxa2 in PA2 derived CNCCs over an extremely large genomic distance (>1
Mb). SE1 was not further pursued as it overlaps with the TAD boundary. Remarkably, these SEs
are able to interact with Hoxa2 across a strong TAD boundary that was identified based on both
TAD separation scores and visual inspection of Hi-C contact maps. Due to their linear proximity
and the distribution of H3K27ac, we grouped SE2-4 into HIREI, a 175 kb long gene-poor region,
while SE5 encompassed a 39kb region, termed HIRE2. Both of these large regulatory elements
are highly conserved within eutherian mammals and certain constituent enhancers of the SEs even
showed some sequence conservation in fish. Upon deletion of either HIRE1 or HIRE2 in mice,
we observed a range of structural abnormalities. These abnormalities partially or fully mimic
the skeletal phenotypes caused by the loss of Hoxa2 (Gendron-Maguire et al., 1993; Rijli et al.,
1993) and also resemble some aspects of the Hoxa3 mutant skeletal phenotypes (Chojnowski et al.,
2016; Condie & Capecchi, 1994; Manley & Capecchi, 1995). In addition, we show that HIRE1
and HIRE2 are selectively required for the expression of Hoxa2 and Hoxa3 in CNCCs and hind-
brain rhombomeres, and provide evidence that Hoxa2 is partially involved in the maintenance of
its own expression likely in concert with co-factors, such as Pbx and Meis.

SEs have been defined as large clusters of enhancers that exhibit an exceptionally high
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level of H3K27ac, possess an unusually high density of TF binding sites, demonstrate a greater
capacity to initiate transcription when compared to typical enhancers, and are highly enriched in
disease-associated genetic variation (Hnisz et al., 2013; Loven et al., 2013; Whyte et al., 2013).
Furthermore, they are oftentimes located close to genes that play crucial roles in determining cell
identity (Hnisz et al., 2013; Siersbak et al., 2014; Whyte et al., 2013). However, the SE concept
has been put into question by multiple researchers (Blobel et al., 2021), as their prediction via the
ROSE algorithm is based on thresholds that have been defined arbitrarily by the Young lab, such
as the maximum distance of 12.5 kb between constituent enhancers (Hnisz et al., 2013; Loven
et al., 2013; Whyte et al., 2013). Similar to other enhancer predictions based on chromatin marks
or chromatin accessibility, the ROSE algorithm does not give any information on the target gene
or enhancer function. Hence, there is a high risk of calling false positives and missing enhancers
that are non-canonically marked or exceed the arbitrary inter-enhancer distance cut-off (Blobel
et al., 2021). While the risk of missing relevant regulatory elements is certainly a limitation of the
ROSE algorithm, we show that coupling SE calling with spatial data from 3C-based techniques,
such as PCHi-C, may reduce the risk of calling false positive cis-regulatory elements, as it specif-
ically assigns SE-gene pairs. In addition, it has been debated, if SEs are indeed a specific type of
regulatory domain that is functionally different from typical enhancers, or if they are just clusters
of functionally independent enhancers targeting the same gene. There is a wide range of studies
that support the notion that SEs are functionally different from typical enhancers showing a func-
tional interdependence between individual constituent enhancers (Dowen et al., 2014; Huang et
al., 2018; Jiang et al., 2016; Loven et al., 2013; Proudhon et al., 2016; Shin et al., 2016; Siersbak
et al., 2014; Thomas et al., 2021; Whyte et al., 2013), while at other putative SEs the constituent
enhancers appear to act independently in an entirely additive fashion (Hay et al., 2016). Here we
investigated the functional role of two putative SEs of Hoxa2, HIRE1 and HIRE2, which exhibit
SE features, such as strong enrichment of H3K27ac and a high density of TF binding sites. Our
functional analysis of these two regions by CRISPR-Cas9 mediated deletion indicates that HIRE1
is indeed a regulatory region essential for the expression of anterior Hoxa genes in CNCCs and
thereby craniofacial morphogenesis, whereas HIRE2 appears to be dispensable for the morpho-
genesis of craniofacial structures under unperturbed conditions. Thus, HIRE2 may not be a SE
by function, but may be required to buffer Hoxa2 expression levels in order to mediate robustness
against environmental or genetic perturbations similar to other redundant enhancers (Kvon et al.,
2021; Long et al., 2020; Osterwalder et al., 2018). While the SE terminology may be questionable,

one should not undermine the fact that multiple studies, including ours, were able to functionally
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validate the importance of SEs for controlling gene expression of key cell identity-defining genes
(Hnisz et al., 2016; Jiang et al., 2016; Proudhon et al., 2016; Shin et al., 2016; Siersbak et al.,
2014; Thomas et al., 2021). Taken together, our findings show that the SE prediction algorithm is
able to identify functionally relevant cis-regulatory regions, although not all of them might show
SE activity. Hence, if a predicted region functions as a SE should be validated on a case-by-case
basis.

A number of cis-regulatory elements located near or within the Hoxa2 gene have been
discovered in the past, which drive the expression of reporter genes in CNCCs (M. Maconochie
et al., 1999; McEllin et al., 2016), R3/R5 (M. K. Maconochie et al., 2001; Nonchev, Maconochie,
et al., 1996; Nonchev, Vesque, et al., 1996; Tiimpel et al., 2006), R4 (Lampe et al., 2008; Tumpel
et al., 2007), and R2 (Frasch et al., 1995; Tumpel et al., 2008). However, none of these enhancers
have been functionally validated in vivo through e.g. deletion experiments. We show that Hoxa2
expression in both CNCC and most of the hindbrain rhombomeres is dependent upon the long-
range inter-TAD interaction between Hoxa2 and HIREI1, which puts into question if all of the
proximal enhancers are relevant for Hoxa2 expression. Consequently, our results significantly shift
the perspective on how Hoxa2 is regulated from a model that solely involves multiple proximal
enhancers to a model that is based on multiple long-range inter-TAD SEs.

Although we were able to identify two novel regions that regulate Hoxa2 and Hoxa3 ex-
pression in CNCCs and hindbrain, we have little understanding of how the interactions between
HIRE1/HIRE2 and Hoxa2 are mediated across such a large distance, how these contacts are oc-
curring across a TAD boundary, and why HIRE1 and HIRE2 activate Hox genes only in PA2 and
PA3, despite being enriched for H3K37ac in all CNCCs subpopulations. Different types of teth-
ering elements have been implicated with mediating long-range enhancer-promoter contacts, of
which some are depending on cohesin-mediated loop extrusion (Pachano et al., 2022; Schoen-
felder & Fraser, 2019). One such element are CTCF-binding sites which are found at many mouse
lineage-specific genes. CTCF binding to the promoter of such genes has recently been shown
to be necessary for establishing their enhancer-promoter and promoter-promoter contacts (Kubo
et al., 2021; Oh et al., 2021). Secondly, CGIs have been proposed to act as tethering elements
between CpG-rich enhancers and promoters likely mediated by PcG complexes (Crispatzu et al.,
2021; Cruz-Molina et al., 2017; Pachano et al., 2021). Thirdly, several TFs, such as YY1 (Beagrie
et al., 2017; Weintraub et al., 2017) and LDB1 (Deng et al., 2012; Song et al., 2007), have been
shown to contribute to the establishment of enhancer-promoter contacts. Firstly, the CTCF bind-

ing patterns around HIRE1, HIRE2, and the Hoxa cluster are the same in PA2 and Md, it seems
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unlikely that CTCF plays a significant role in the specific interaction between HIRE1/HIRE2 and
Hoxa2 in PA2 CNCCs. Secondly, while Hoxa gene promoters do contain CGlIs, neither HIRE1 nor
HIRE2 contains any CGIs. Hence, CGIs are unlikely to mediate the interaction between HIRE1
and HIRE2. Thirdly, one can speculate that the cooperative binding of TFs to HIRE1 and HIRE2
may be responsible for bringing Hoxa2 in contact with HIRE1 and HIRE2. Such a model could
also explain, why HIRE1 and HIRE?2 only interact with Hoxa2 in PA2, as certain TFs are differ-
entially expressed between the CNCCs subpopulations (Minoux et al., 2017). Using published
ChIP-seq data we observe a high density of Meis, Pbx and Hoxa2 (Amin et al., 2015; Donald-
son et al., 2012) binding at HIRE1 and HIRE?2 in PA2 CNCCs. Furthermore, Hoxa2 is involved
in the regulation of Meisl and Meis2 expression in PA2 CNCCs (Amin et al., 2015), both Meisl
and Meis2 are specifically highly expressed in PA2 CNCCs (Minoux et al., 2017) and we identi-
fied two PA2-specific SEs interacting with Meis/. Additionally, our TF motif enrichment analysis
gives insights into which type of TFs potentially bind at HIRE1 and HIRE?2 constituent enhancers.
TALE TFs, such as Meis and Pbx, are known co-factors of Hox proteins and have been shown
to form dimeric and trimeric complexes with Hox conferring unique sequence specificity to the
Hox proteins in vitro (Bobola & Sagerstrom, 2022). ChIP-seq analysis of Meis, Pbx, Hoxa2 and
Hoxa3 in PA2 and posterior PAs confirmed that Hoxa2 and Hoxa3 binding almost completely
coincides with regions occupied by Meis and Pbx and have been found to be enriched at active
enhancers (Amin et al., 2015; Bridoux et al., 2020; Donaldson et al., 2012). Moreover, it has been
shown that in CNCCs TALE-Hox binding specificity can be further modulated by direct or indirect
cooperativity with other tissue-specific TFs (Bridoux et al., 2020). However, TALE do not only
form complexes with Hox proteins, but also with other TFs (Bobola & Sagerstrom, 2022). In fact,
TALE TFs appear to be able to create a chromatin environment that allows for the binding of other
tissue-specific TFs, such as Hox. Hence, acting as pioneer factors (Bobola & Sagerstrom, 2022;
Iwafuchi-Doi & Zaret, 2016). This leads to the conversion of a general pool of low-affinity TALE
binding sites into tissue-restricted, high-confidence binding events associated with transcriptional
activation. This results in TALE:TF complexes being linked to active chromatin and specific gene
expression within certain tissue domains and lineages (Bobola & Sagerstrom, 2022). Considering
the dense binding of Meis and Pbx at HIRE1/HIRE2 and Hoxa2 promoter and the high expression
of Meisl and Meis2 specifically in PA2 CNCCs, it is plausible to assume that TALE TFs may be
of particular importance in mediating the interaction between HIRE1/HIRE2 and Hoxa2. Such a
model could potentially explain why HIRE1/HIRE2 and Hoxa2 only interact in PA2 CNCCs and

why we see only minor changes in the interaction frequency between HIRE1/HIRE2 and Hoxa2 in
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Hox a2EGFP/EGFP

mice. It could be of broader interest to functionally evaluate this model in the fu-
ture. This could be done by transient enhancer reporter assay, such as enSERT (Kvon et al., 2020)
since the reporter should only show activity if the required TFs are expressed. In addition, condi-
tional knock-out of Meisl or Meis2 in CNCCs using Meis1¥ (Kocabas et al., 2012) or Meis2™?
(Machon et al., 2015) and Wntl::Cre mice could be useful to investigate the potential role of these
two TALE TFs in facilitating the interactions between HIRE1/HIRE?2 and Hoxa?2.

SEs are very potent transcriptional activators and thus need to be structurally isolated
from the surrounding genomic environment. Indeed, insulated neighborhoods, formed by cohesin-
mediated loop extrusion between two convergent CTCEF sites, have been suggested to insulate SEs
and their target gene from interaction with other genomic regions (Dowen et al., 2014). In support
of this model, we found that HIRE1 and HIRE2 are enclosed in a TAD flanked by convergent
CTCEF sites, that contains only one coding gene (Npvf), which is not expressed in any of CNCC
subpopulations, and few non-coding genes. Considering, that HIRE1 and HIRE2 are strongly en-
riched for H3K27ac in all CNCCs, the spatial insulation of those two regions is likely necessary
to prevent the activation of nearby genes. Multiple studies have shown that the perturbation of the
boundaries of insulated neighborhoods containing SEs is associated with aberrant transcriptional
activation of nearby genes (Dowen et al., 2014; Hnisz et al., 2016; Ji et al., 2016). The spatial
insulation of the HIRE1 and HIRE2 may further promote the formation of structures similar to
highly interconnected enhancers (HICE), which have been shown to act as integration hubs that
coordinate differentiation by the formation of 3D enhancer communities during adipocyte differ-
entiation (Madsen et al., 2020), or phase-separated condensates (Hnisz et al., 2017). It should be
noted though that TAD boundary insulation is not absolute (Bonev et al., 2017; Javierre et al.,
2016; Paulsen et al., 2019; Szabé & Mayor, 2018). Although interactions within a TAD are fa-
vored by loop extrusion (Dekker & Mirny, 2016), TADs and CTCF loops dynamically fold and
unfold (Gabriele et al., 2022; Mach et al., 2022) and inter-TAD contacts may occur, depending
on boundary strength and chromatin composition (Bonev et al., 2017; Paulsen et al., 2019; Szabd
& Mayor, 2018). Nevertheless, TADs can functionally insulate regulatory sequences (Zuin et al.,
2022).

The novel Hoxa?2 regulatory landscape, including HIRE1 and HIRE2, that we have dis-
covered can be a useful model system to study regulatory mechanisms in vivo. For instance,
deletion of subparts, single constituent enhancers, or CTCF binding sites within HIRE1/HIRE2
could determine if there are certain elements that mediate the interaction between HIRE1/HIRE2

and Hoxa2 and if the constituent enhancers act in an additive or synergistic manner. Apart from
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deletions, enhancer reporter assay, such as enSERT (Kvon et al., 2020), could provide information
on the activity of the single constituent enhancers. Furthermore, it could be of interest to investi-
gate if the deletion of the TAD boundary between HIRE1/HIRE?2 and Hoxa2 would result in the
ectopic expression of Hoxa genes in FNP, Mx, and Md, suggesting an insulating function of the
boundary, and/or a reduction of Hoxa2 expression in PA2, indicating a role of the boundary in
mediating the contact between HIRE1/HIRE2 and Hoxa2. In order to identify so called "hotspot”
(Siersbk et al., 2014) or ”hub” (Huang et al., 2018) enhancers within the regulatory landscape,
5C-seq or enhancer-capture Hi-C could be performed. In addition, the study of constituent en-
hancers and their regulatory environment is relevant from a clinical and evolutionary perspective.
Changes in enhancer sequences, such as single nucleotide polymorphisms (SNPs), and structural
variation of the 3D genome are major drivers of regulatory innovation and morphological variation
and have high relevance for cancer genetics and rare congenital diseases (Claringbould & Zaugg,
2021; Long et al., 2016; Prescott et al., 2015; Spielmann et al., 2018). For instance, Hoxa2 hap-
loinsufficiency has been shown to cause microtia in humans (Alasti & Van Camp, 2009; Brown
et al., 2013; Piceci et al., 2017). Similar to microtia in humans, we have shown here that the
reduction of Hoxa2 expression in mice below a certain threshold is sufficient to induce morpho-
logical changes of the external ear, namely a small ear, and minimal changes in the middle ear
skeleton. Considering, the high sequence conservation of HIRE1 and HIRE2 between mice and
humans, databases of variant-to-phenotype links such as ClinVar (Landrum et al., 2014) could be
checked to look for known pathogenic variants in the region corresponding to HIRE1 and HIRE2
in humans. Similarly, this could be done for all of the here identified SEs, which could help to
determine which SEs are of functional relevance in craniofacial morphogenesis. Each of these
experiments has the potential to increase our general understanding of the mechanisms involved in
promoter-enhancer communication throughout development and could lead to the identification of
further functional SE potentially implicated in congenital disorders.

In conclusion, there are still many open questions regarding the mechanisms that regulate
the interaction between HIRE1 and HIRE2 and Hoxa2. Most of these are however difficult to
address due to the limitations of our in vivo model system. While studying the role of enhancers
in vivo has many advantages, it also sets major constraints on the depth of functional analyses that
can be performed, due to the time it takes to generate new mouse lines and the limited number of
cells that can be obtained per embryo. An in vitro system to generate mouse NCC in culture from
mESC, similar to the human NCC culture system (Bajpai et al., 2010; Rada-Iglesias et al., 2011),

would enable large-scale functional analyses of the mechanisms involved in mediating such long-
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range enhancer-promoter contacts. Especially, proteomics studies, which are largely unfeasible in
vivo due to the number of cells required, could be employed to identify which TFs bind to specific

enhancers.
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