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The importance of 3D genome topology in the control of gene expression is becoming
increasingly apparent, while regulatory mechanisms remain incompletely understood.
Several recent studies have identified architectural elements that influence
developmental gene expression by shaping locus topology. We refer to these elements
as topological regulatory elements (TopoREs) to reflect their dual roles in genome
organisation and gene expression. Importantly, these elements do not harbour
autonomous transcriptional activation capacity, and instead appear to facilitate
enhancer-promoter interactions, contributing to robust and precise timing of
transcription. We discuss examples of TopoREs from two classes that are either
dependent or independent of CTCF binding. Importantly, identification and
interpretation of TopoRE function may shed light on multiple aspects of gene
regulation, including the relationship between enhancer-promoter proximity and
transcription, and enhancer-promoter specificity. Ultimately, understanding TopoRE
diversity and function will aid interpretation of how human sequence variation can
impact transcription and contribute to disease phenotypes.
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Response to Reviewers

Response to comments for article “Topology regulatory elements: from shaping
genome architecture to gene regulation”

We thank the reviewers for their comments and suggested edits which we believe have
improved the manuscript. We have updated the text to incorporate these suggestions and
have outlined our changes below.

Reviewer 1: | read with great interest the manuscript by Chen et al. entitled "Topology
regulatory elements: from shaping genome architecture to gene regulation”. In this manuscript
and based on recent publications, the authors proposed the existence of a set of regulatory
elements (topology regulatory elements (TopoRE)) that contribute to gene regulation by
controlling 3D chromatin architecture and facilitating enhancer-gene communication. The
manuscript is very well written and illustrated with clear and informative figures. The concept
of TopoRE is timely and helps understanding a recent body of work that has changed the
current understanding of gene regulation and enhancer function. Overall, | fully support
publication of the manuscript and | only have a couple of comments/suggestions:

- The authors should consider commenting on the fact that there are many enhancers, even
distal ones, that seem to be able to faithfully control the expression of their target genes
independently of both CTCF and tethering elements (e.g. CGI). The authors could comment
on how these enhancers might be able to execute their regulatory function: (i) binding of TF
(e.g. YY1) or cofactors (LDB1) that promoter enhancer-gene contacts (Deng et al, 2012;
Weinstraub et al, 2017); (ii) non-linear relationship between gene expression and enhancer-
gene contact frequency enabling high gene expression despite low enhancer-gene contact
frequency (Zuin et al, 2022); (iii) enhancers controlling gene expression without physical
contacts, etc (Karr et al., 2022).

We agree that it is valuable to comment upon other non-TopoRE based mechanisms for
enhancer function. We have noted this point in the final section of the manuscript:

“‘Of note, a number of mechanisms have been proposed for enhancer-promoter
communication which are independent of CTCF or TopoRE function, including transcription
factor mediated interactions or diffusion of modified factors from an active enhancer to a
promoter (Deng et al., 2012; Weintraub et al., 2017; Furling and Levine, 2018; Karr et al.,
2022].

- From a disease point of view, the authors focused on the potential involvement of TopoRE
in loss-of-function mechanisms. However, it is also conceivable that TopoRE might play an
important role if gain-of-function pathomechanisms by enabling the establishment of strong
contacts between enhancers and non-target genes upon loss of TAD boundaries/insulators
(for example due to structural variants).

We agree that this is an interesting consequence to discuss, which we have incorporated into
the manuscript, highlighting an example from Pachano et al.

“In the context of TAD boundary perturbations (due to a structural variant for example), a
TopoRE could drive a gain-of-function pathological phenotype by forming novel contacts
between enhancers and a non-target gene promoter (e.g. Figure 2A, lower)”

Reviewer 2: In the short Review "Topology regulatory elements: from shaping genome
architecture to gene regulation” Chen and Long discuss recent advances in our understanding
of a class of cis-regulatory elements whose primary role is shaping the 3D folding of the
genome and what their influence on gene expression might be.
This is a timely and interesting topic as such type of regulatory elements might be of some
importance for genome function/gene regulation. However, they have not been extensively



investigated, likely due to the difficulty to assess their function with common methods
developed for enhancer/promoter function.

| find the proposal of a distinct term, "TopoRE," for a class of elements that might assist
enhancers quite appealing. Nonetheless, caution is needed, particularly due to their strong
connection with CTCF-binding. There's a risk of blurring the lines between TopoREs and TAD
boundaries, a concern that is particularly evident in the discussion of the Pitx1 paragraph.

The dual role of CTCF, acting as both an insulator and a facilitator of enhancer-promoter
interactions, further complicates the distinction between TopoREs and boundaries. For
instance, a TopoRE might serve as a boundary, and vice versa. To bolster the clarity of their
manuscript, the authors should make a concerted effort to differentiate between these
concepts and avoid muddling the terminology.

Maijor:

TAD boundaries/borders and TopREs at the Pitx1 locus

The authors adopt Hung et al.'s perspective, suggesting that loop stacking at the Pitx1 locus
enables the Pen enhancer to transcend TAD boundaries. However, this interpretation is
problematic, as the features in question are not true TAD boundaries. In fact, aligning with
Hung et al.'s terminology contradicts the very essence of the TopoRE concept presented in
this review.

Based on my understanding of the Pitx1 locus, the work of Kragesteen et al indicates that the
locus does "not show the presence of tissue- or species-invariant TADs or contact domains
encompassing the entire Pitx1 regulatory landscape." (I double-checked). Yet the locus has
sub-domains with regulatory anchors (which are the "TAD boundaries" Hung et al refer to).

| think it is very important for the logic of TopoRESs not to use TAD boundary terminology when
it is not appropriate. CTCF sites can insulate enhancers from promoters (as they would do at
a TAD boundary) or they can facilitate enhancer-promoter interaction (as they would do at a
TopoRE). The Regulatory Anchors of the Pitx1 locus act more like CTCF-sites (TopoREs!)
within the Sox9 domain that facilitate enhancer activity and less like CTCF-boundaries at the
flanks of a TAD (such as at the Sox9 locus). | think emphasizing such similarities would
strengthen the argumentation instead of confusing less expert readers with
ambivalent/imprecise terminology.

We thank the reviewer for their careful argumentation surrounding the concept of domain-
stacking at the Pitx1 locus. Our intention with this section of the manuscript was to discuss the
proposal that some boundary elements can facilitate long-range interactions, while also
insulating inter-domain interactions.

In our view, our ability to define TADs versus sub-domains is somewhat challenging, and the
variability among TAD-calling algorithms has proven to be substantial (Zufferey et al., 2018).
TADs have been broadly defined as self-interacting domains of chromatin, comprised of
regions of greater intra-region compared to inter-region contact. We agree that there is
ambiguity at the Pitx1 locus whether the ‘triangles on the diagonal’ domains of self-interacting
chromatin constitute a TAD or a sub-domain. There do appear to be regions of insulation
between the three self-interacting domains of chromatin spanning the Pitx1-Pen locus
however ((Kragesteen et al., 2018) — see Figure 4). Therefore, the CTCF sites between these
domains appear to confer both insulation and long-range enhancer-promoter interactions via
the stacking mechanisms proposed in (Hung et al., 2023).

This contrasts with the SOX9 locus in CNCCs, where we see uniform domain-spanning
interactions between the two stripe-associated structural elements (SSESs), in addition to the
two strong stripes emanating from the SSEs ((Chen et al., 2023) — see Figure 1E, lower).



Therefore, the TopoRE elements at the SOX9 locus appear to behave differently from those
at the Pitx1 locus. It is an interesting question to follow up why some CTCF sites act as
TopoREs while some exhibit boundary/insulator function.

We have revisited the Pitx1 paragraph and reworded to avoid ambiguity between TADs and
sub-domains, using self-interacting domain instead. We believe our edits have addressed the
reviewer’s concerns about conflating TAD boundaries with proposed TopoRE function.

Changes to the text in this paragraph are highlighted in green in the revised manuscript. We
have also updated Figure 1Di to replace “TAD boundaries” with “CTCF binding sites”, and
“Contacts across multiple TADs” to “Contacts across multiple domain boundaries”.

Minor:

"These single-fibre topologies further allowed us to determine that SSEs promote the central
positioning of both, the SOX9 gene and extremely distal ECs, thus facilitating the interaction
of the promoter with the entire TAD."

Consider revising as this is unclear if one is not deep into the project/locus. Maybe split the
sentence; refer to the geometric center; are ECs enhancers?

We have split and re-worded the sentence below following this suggestion. We believe this
improves readability and clarity.

Original: “These single-fibre topologies further allowed us to determine that SSEs promote the
central positioning of both the SOX9 gene and extremely distal ECs, thus facilitating interaction
of the promoter with the entire TAD.”

Updated: “The ORCA single-fibre topologies further allowed us to determine that SSEs
promote the positioning of the SOX9 gene in the geometric centre of the domain. We propose
that this locus topology facilitates interaction of the promoter with the entire TAD.”

While the author's focus on their previous work on the Sox9 locus is logical and delivers a fine
line of argumentation, it might be beneficial be more inclusive of other research. For instance,
we (Despang et al (2019)) deleted CTCF sites (likely TopoRE-CTCF sites) at exactly this
locus, with little effect on gene expression in the limb bud. Exploring this discrepancy, which
can possibly be explained by the differential importance of TopoRE for NCC-specific
enhancers versus limb enhancers, would poride a more well-rounded discussion.

We agree that it will be interesting to the reader to be aware of dissection of CTCF function at
the Sox9 locus during mouse limb development. We agree that it’s currently not clear what
drives the disparity in phenotypes between human CNCC single CTCF site deletion and
mouse combinatorial CTCF site and boundary deletion. In CNCCs, we only observed a 20%
reduction in SOX9 expression upon single CTCF site ablation, which was detectable by allele-
specific ddPCR. This level of perturbation may not see easily detectable by LacZ reporter
assays, and qRT-PCR. Another possibility for the disparity may be due differences in cell-type
tested, or evolutionary divergence between human and mouse.

To highlight the work in mouse limb buds, we have added the following text:

“Interestingly, similar stripe-like features were previously noted from Capture Hi-C in E12.5
mouse limb buds (Despang et al., 2019). Future singular deletion of the orthologous SSE1.35
element in mouse development will help to reveal cell-type specificity and evolutionary
conservation of SSE1.35 function.”



Of note, we have also updated Figure 3C to remove the unnecessary heading “LOF mutation”,
and to add a “?” to “Sub-phenotypic?” to indicate that this is speculative that loss of function
mutations in the distal SOX9 TopoRE (SSE1.35) may not show an overt morphological
phenotype.
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Abstract

The importance of 3D genome topology in the control of gene expression is becoming increasingly
apparent, while regulatory mechanisms remain incompletely understood. Several recent studies
have identified architectural elements that influence developmental gene expression by shaping
locus topology. We refer to these elements as topological regulatory elements (TopoRES) to
reflect their dual roles in genome organisation and gene expression. Importantly, these elements
do not harbour autonomous transcriptional activation capacity, and instead appear to facilitate
enhancer-promoter interactions, contributing to robust and precise timing of transcription. We
discuss examples of TopoREs from two classes that are either dependent or independent of
CTCF binding. Importantly, identification and interpretation of TopoRE function may shed light on
multiple aspects of gene regulation, including the relationship between enhancer-promoter
proximity and transcription, and enhancer-promoter specificity. Ultimately, understanding TopoRE
diversity and function will aid interpretation of how human sequence variation can impact
transcription and contribute to disease phenotypes.

Diverse non-coding functional elements regulate gene expression

Regulatory elements within the non-coding portion of the genome play important roles in
mediating the timing, location and levels of transcription from target genes. The importance of
these elements is highlighted both by Mendelian genetic disorders driven by non-coding
mutations that disrupt regulatory elements [1,2] and genome-wide association studies for complex
traits which find that most contributing variants are in the non-coding genome [3,4]. One of the
most well-studied classes of regulatory elements are enhancers, autonomous cis-regulatory
sequences that encode for clusters of transcription factor binding sites that can activate gene
expression at a distance in a tissue-specific manner [5—7]. Enhancers can function outside of their
native context to drive expression of a reporter gene, therefore one strategy for identifying
enhancers has been to use episomal reporter assays including luciferase assays, in vivo
transgenic reporters or massively parallel reporter assays (MPRAS) [8,9]. However, it is becoming
increasingly apparent that regulatory elements lacking autonomous activity, that would be
overlooked in these assays, can also act to facilitate or boost classical enhancers (for example,
[10-13]), or can regulate gene expression by altering 3D genome topology.

In this review, we will focus on an emerging class of architectural elements with a proposed direct
function in facilitating enhancer-promoter interactions and gene expression. We refer to these
regions as topological regulatory elements (TopoREs), genetically encoded sequences that
facilitate regulation of gene expression without having autonomous enhancer activity, by
supporting enhancer-promoter communication or otherwise impacting 3D chromatin folding (see
Box 1). These TopoREs can be within, close to, or 10s of kilobases away from enhancers or
promoters, and their function can span across topologically associated domains (TADs). We will
explore in detail several recent examples of TopoREs that shape 3D genome architecture, and
impact gene expression, categorised by their dependence on one patrticular trans-acting factor,
CTCF. Finally, we discuss how these elements update our view of the importance of genome
structure for gene expression and human disease.



CTCF-dependent topological regulatory elements facilitate long-range gene regulation

CCCTC-binding factor (CTCF) is an 11-zinc finger DNA-binding protein that plays a number of
important functions including in VDJ recombination and organising 3D chromatin architecture
[14,15]. CTCF modulates chromatin organisation together with cohesin, a ring-shaped complex
that compacts chromatin through the active process of loop extrusion [16] (Figure 1A). In this
process, cohesin is loaded onto chromatin and processively extrudes loops of DNA until stalled
through collision with a barrier, such as CTCF bound to DNA in a convergent orientation [17,18].
Through its interactions with cohesin, CTCF has been implicated in a range of topological
functions, for example in the formation of topologically associating domains (TADs) and insulated
neighbourhoods, which broadly act to constrain regulatory activity to within a given locus [19].

CTCF binding within gene regulatory elements has been further implicated in playing a more
direct role in facilitating interactions between promoters and enhancers. For example, in mouse
Th2 cells, CTCF-binding at enhancers conferred an increased tendency for interaction with
promoters, and buffered transcriptional noise [20]. Furthermore, in mouse embryonic stem cells
(mESCs), CTCF bound at promoters was shown to facilitate enhancer-mediated gene regulation,
especially across long distances for genes without many enhancers in close proximity [21].
Mechanistically, CTCF sites adjacent to or within these regulatory elements may facilitate loop
extrusion-dependent scanning across the regulatory domain. Transcription factors [22,23] or RNA
polymerase Il [24] at another distal regulatory element could then stall cohesin to facilitate long-
range linking between the enhancer and promoter to promote gene expression. Together, for a
subset of genes, CTCF binding at either the promoter or distal enhancer element can provide
robustness to gene activation across long-range.

In our recent work, we took an in-depth single-locus approach to explore mechanisms of extreme
long-range gene regulation at the SOX9 locus where craniofacial enhancer clusters (ECs) lie over
1.2 megabases upstream of the SOX9 gene [25,26]. Using optical reconstruction of chromatin
architecture (ORCA) imaging [27] (Figure 1B), and plotting ensemble-average interaction
frequencies across the domain, we identified two stripes of domain-spanning interactions
emanating from the SOX9 promoter and EC locus (Figure 1C-i). These elements, which we
named “stripe associated structural elements” (SSEs), were dependent on CTCF binding sites for
both topological function and for maintaining normal expression levels of SOX9 [25]. The single
chromatin fibre nature of the ORCA imaging enabled us to observe hugely dynamic and variable
locus topologies for cell states across our in vitro differentiation time course, from human
embryonic stem cells to cranial neural crest cells (Figure 1C-ii). We identified that the differences
between averaged SOX9 domain structures for these cell states arose from alterations of sampled
frequencies in domain topologies rather a shift between two static preferred structures. The ORCA
single-fibre topologies further allowed us to determine that SSEs promote the positioning of the
SOX9 gene in the geometric centre of the domain. We propose that this locus topology facilitates
interaction of the promoter with the entire TAD. While a number of mechanisms may be at play to
drive SSE function, we explored the role of loop extrusion through polymer simulations and
determined that a multi-loop structure was consistent with the chromatin fibre topologies we



observed, where multiple extruded loops stack across the domain, bridging the long distance
between the distal enhancers and the SOX9 gene (Figure 1C). Ultimately, we propose that this
conformation facilitates gene regulation by promoting sampling of the regulatory domain by the
SOX9 promoter. Interestingly, similar stripe-like features were previously noted from Capture Hi-
C in E12.5 mouse limb buds [28]. Future singular deletion of the orthologous SSE1.35 element in
mouse development will help to reveal cell-type specificity and evolutionary conservation of
SSE1.35 function.

Stacking of loops as a mechanism for extreme long-range regulation has been further extended
recently to span across multiple TADs or contact domains [29]. TADs or contact domains have
been broadly defined as a domains of higher intra-region contact with reduced inter-region
contact, seen as a triangle on the diagonal in HiC heatmaps [30,31]. Boundaries between
these domains have been considered to both facilitate intra-domain interactions and insulate
genes from the regulatory influence of enhancers from adjacent domains. Indeed, patient
mutations perturbing these boundary elements are associated with disease through the resultant
mis-regulation of target genes [2,32,33]. Controverting this paradigm, there are examples of
enhancer action spanning across domain boundaries. For example, a distal super enhancer
at the Hoxa locus important for ear development that functions across a TAD boundary [34].
Additionally, at the Pitx1 locus, erthe Pen enhancer regulates Pitx1 gene expression across
long-distance in mouse hindlimb development, traversing three self-interacting contact
domains [35]. In this second example, ORCA imaging revealed multi-
way interactions between boundary elements in a single chromatin fibre. This boundary hub is
thought to bring the boundary-proximal enhancer and promoter into close proximity. Therefore,
while the intervening domain boundaries between Pitx1 and the Pen enhancer
insulate contacts between the self-interacting domains, they are also proposed to facilitate
long-range enhancer function through domain boundary-stacking
(Figure 1D).

Given that

these elements facilitate enhancer-promoter interaction
through modulation of 3D genome folding, we propose that in this case the Pitx1 locus
domain boundaries are behaving as TopoREs. While many boundary elements may not
meet our criteria as a TopoRE, a prediction of this model is that enhancers and promoters located
near to domain boundaries are more likely to be subject to this type of regulation.
These observations therefore lay the ground for other extremely-distal enhancer-promoter pairs
to be identified, and provides a framework for understanding other examples of domain-
spanning enhancer action.

CTCEF plays diverse roles in the control of 3D chromosome topology and gene regulation, however
it remains poorly understood how different CTCF sites act in a distinct manner to shape local
chromosome topology. For example, at the SOX9 locus there are many more sites bound by
CTCF than those required for SSE function [25]. Possible contributing factors influencing CTCF
topological function at distinct sites include co-binding of other trans-regulatory factors [37,38],



location of extruder loading, proximity of regulatory elements to the CTCF bound region, and the
affinity of CTCF binding to the element itself. It is conceivable that these properties could then be
regulated across diverse tissue-types and developmental stages to change the nature of a
topological regulatory element, for example from an insulator to a structural element facilitating
enhancer-promoter interactions. It remains to be seen therefore whether CTCF sites involved in
mediating enhancer-promoter interactions play a pleiotropic regulatory role across all tissues
where active gene regulation is occurring, or whether TopoRE elements exhibit cell-type
specificity as is seen for enhancers.

Interplay between boundary elements and CTCF-independent topological regulatory
elements provide specificity and precise timing for developmental gene expression

While many enhancer-promoter interactions have been shown to be mediated by CTCF and
cohesin, there are several studies reporting that a distinct group of TopoREs can shape genome
structure and regulate gene expression in a CTCF-independent manner. Indeed, the majority of
genes are able to recruit enhancers and initiate transcription normally in the face of acute
degradation of CTCF [21,39-42]. In mESCs, CpG islands (CGIs) have been shown to promote
long-range communication between promoters with large CGls and poised enhancers (PES)
associated with an orphan CGI (oCGl) [43]. In total, around 60—-80% of PEs in mouse ESCs are
located within 3 kilobases (kb) of an oCGI and deleting oCGls at PEs reduces the expression of
their target genes. However, these oCGlIs do not increase the transcriptional activity of PEs.
Instead, they facilitate PE interactions with target genes, and only promoters with large CGI
clusters show a transcriptional responsiveness to PEs. These CGl-mediated interactions can be
blocked by TAD boundaries and thus it was proposed that the combination of CGl-mediated long-
range communication and the insulation from TAD boundaries provides specificity in the induction
of certain genes during development [43] (Figure 2A).

A similar interplay between boundary elements and TopoREs has also been shown to shape the
specificity and timing of developmental gene expression during Drosophila development.
Leveraging high-resolution Micro-C data, Batut et al. identified two distinct classes of architectural
elements that shape genome structure and regulate gene expression during a critical 60 minutes
of development prior to gastrulation [44]. Insulators act to prevent spurious interactions, while
distal tethering elements (DTESs) foster appropriate enhancer-promoter interactions. One third of
all focal contacts detected by Micro-C connect promoters of protein-coding genes to DTEs,
typically spanning tens of kilobases. Tethering elements identified at the Scr-Antp region
overlapped with regions previously identified as facilitating enhancer-promoter selectivity for the
Scr gene [45,46]. Overall, DTEs were observed at many critical developmental loci reflecting a
potentially broad mechanism for mediating enhancer-promoter interactions important for
transcriptional timing. DTE elements display no autonomous enhancer activity in the early
embryo. However, using live cell imaging of transcription, the authors demonstrated that DTEs
foster fast activation of transcriptional kinetics required for appropriate developmental
progression, while boundaries prevent interference of cis-regulatory elements between
neighbouring TADs. Therefore, DTES meet our criteria as topological regulatory elements and the



interplay between boundaries and DTEs is proposed to confer the specificity and timing of
developmental gene transcription in the developing Drosophila embryo (Figure 2B).

Orthologous to CTCF-dependent TopoRES, diverse transcription factors/ cofactors bind to CTCF-
independent TopoREs and can regulate their functions in different cell types or developmental
stages. While the dynamics of locus topology, and constant re-establishment of TAD structure is
becoming apparent [25,47,48], Pachano et al observed that PEs/oCGls are already in close
proximity on average to their target promoter/CGI before gene activation. These interactions are
dependent on polycomb complexes in mESCs [49] and are proposed to be maintained by
transcription factors and co-factors once the PEs become active in anterior neural progenitor cells
[43]. Similarly, DTEs in Drosophila are bound by pioneer factors Trithorax-like (Trl), grainyhead
(grh), and zelda (zId) [44] which appear to mediate enhancer-promoter interactions prior to gene
activation. Indeed, zelda has been shown to mediate cis-regulatory chromatin interactions that
arise before the formation of TADs and gene activation during early Drosophila development [50].
Importantly, this binding of CTCF-independent TopoREs by different transcription
factors/cofactors appears to shape genome structure for subsequent gene expression during
development. These TopoREs therefore promote the frequent sampling of permissive regulatory
topologies whereby enhancers are already in proximity to their target genes prior to gene
activation to ensure precise timing of developmental gene expression once the enhancer is turned
on (Figure 3A). Of note, this is reminiscent of the observed proximity seen to link the Shh gene
to the distal ZRS limb enhancer in non-expressing cell-types [51-53]. Together, TopoRES provide
an extra layer for gene regulation, with the interplay between TopoREs and boundary/insulator
elements providing specificity and precision of timing for developmental gene expression.

The importance of 3D chromatin organisation for gene expression and human disease

Above, we have described a breadth of topological regulatory elements that influence
developmental and homeostatic gene expression through an influence on 3D genome folding and
enhancer-promoter communication. At the SOX9 and Shh regulatory loci, loss of CTCF binding
sites leads to a general increase in pairwise distances across the domain [25,53]. Therefore, a
key role of TopoREs may be also to compact a regulatory locus to promote frequency of
enhancer-promoter interactions. This role of TopoREs may be most relevant for the activity of
distal enhancers, as recent studies have revealed a differing requirement for cohesin for activation
from proximal versus distal enhancers [54,55]. This suggests a distinct requirement for enhancer-
promoter tethering or locus compaction for enhancer function across different genomic distances.
In this context, TOpoRES may play a greater role in facilitating gene regulation for more distal
regulatory interactions, while enhancer-promoter proximity is less of a limiting feature for proximal
regulatory elements. Of note, a number of mechanisms have been proposed for enhancer-
promoter communication which are independent of CTCF or TopoRE function, including
transcription factor mediated interactions or diffusion of modified factors from an active enhancer
to a promoter [5,23,56,57].

An understanding of the role of TopoREs in development is of great importance in the context of
a full appreciation of the impact of non-coding mutations on human disease. Increasing evidence



points to a critical role of 3D chromatin organisation during organismal development and cell
differentiation, and gross deregulation of chromatin topology and TAD architecture is associated
with development of human diseases [33,58]. In the context of TAD boundary perturbations (due
to a structural variant for example), a TopoRE could drive a gain-of-function pathological
phenotype by forming novel contacts between enhancers and a non-target gene promoter (e.g.
Figure 2A, lower) [43]. Furthermore, it is likely that disruption of TopoRE function could also
deregulate gene regulation to such an extent to cause developmental defects and disease. For
example, the importance of CTCF for facilitating enhancer-promoter interactions is underlined by
the discovery that patients with acheiropodia harbour mutations ablating a cluster of CTCF sites
upstream of the Shh limb enhancer, ZRS, which facilitate interaction with the Shh gene [59]. In
addition, deletion of tethering elements at the Scr locus in Drosophila caused a delay of precisely
timed developmental gene expression. While the levels of transcription ultimately catch up, this
delay impacts sex comb development proportional to the degree of transcriptional impact [44,60—
62] (Figure 3A and B). At the SOX9 locus, ablation of extreme long-range enhancers has a
tissue-specific effect on lower jaw development likely due to a combination of tissue-specific
dosage sensitivity to SOX9 perturbation and spatially restricted domains of enhancer activity.
While no patients have yet been identified with SSE perturbation alone, ablation of either of the
SOX9 locus structural elements perturbs expression levels in CNCC cell culture models. Loss of
SSE function could therefore be sub-phenotypic but sensitise facial development to other genetic
or environmental perturbations (Figure 3C). As discussed above, it remains to be seen whether
TopoRE loss would have pleiotropic effects in disease or have tissue-specific functions. Future
work will be required to determine the topology and SSE-status of other SOX9 expressing cell
types.

Due to the lack of autonomous regulatory activity, and in many cases a lack of uniquely bound
trans-acting factors that distinguish them from non-regulatory elements, there are currently limited
ways to identify TopoREs genome wide. Reporter assays are dependent on autonomous
regulatory capacity, and without a uniqgue molecular signature, ChiP-seq based methods cannot
identify these elements in a high throughput manner. However, as our understanding and
discovery of these elements increases, greater in-depth exploration of the genomic and trans-
acting determinants of chromatin looping and topological regulatory element activity will further
illuminate TopoRE function. As an example, the Sox2 locus has been intensively studied, and
highlights how focussing on a single locus can uncover fundamental features of cis-regulatory
landscapes which can then be explored genome-wide. Both mutational screening or synthetic
engineering of the Sox2 locus in MESC have started to uncover the grammar of CTCF binding
sites for CTCF function, as well as other factors that modulate chromatin architecture
[12,40,63,64]. These single-locus studies together with CRISPR-based genome editing [65,66]
and high-throughput screens for co-factors of CTCF [37] will greatly increase our understanding
of TopoREs more broadly. Another way to identify architectural elements in the genome is in silico
discovery of DNA sequence features that mediate distal interactions by deep learning (DL) models
coupled with genome-wide 3C based sequencing data. Many recent studies have been able to
apply DL models to train sequence-based predictors of chromatin looping and to identify specific
sequence features that may facilitate physical contacts between distal genomic regions (see
reviews from [67,68]). Extending this analysis to identify features unique to TopoREs, combined



with experimental validation, will be a powerful tool to study the DNA sequence grammar
underlying TopoREs.

In concert with additional features of genome structure such as domain boundaries and insulators,
TopoREs confer robustness and specificity in gene transcription. Ultimately, an improved
understanding of how TopoREs are regulated during development will shed light on how alteration
of these elements can impact gene expression and contribute to disease phenotypes.

Acknowledgments

We thank Professor Alistair Boettiger, Professor Joanna Wysocka and Dr Kirsty Uttley for their
critical reading and comments on this manuscript. We would like to apologise to colleagues whose
work we could not reference due to space constraints. HL is supported by a Medical Research
Council (MRC) UK University Unit grant (MC_UU_00035/12).



Annotated references
Outstanding interest (**)

Chen, L.-F., Long, H.K., Park, M., Swigut, T., Boettiger, A.N., and Wysocka, J. (2023).
Structural elements promote architectural stripe formation and facilitate ultra-long-range
gene regulation at a human disease locus. Mol. Cell. 10.1016/j.molcel.2023.03.009.

Using optical reconstruction of chromatin architecture (ORCA) and polymer simulations, this work
uncovered stripe-associated structural elements that mediate a 3D multi-loop topology and
facilitate enhancer-promoter interactions at the SOX9 locus in human cranial neural crest cells.

Batut, P.J., Bing, X.Y., Sisco, Z., Raimundo, J., Levo, M., and Levine, M.S. (2022). Genome
organization controls transcriptional dynamics during development. Science 375, 566—
570. 10.1126/science.abi7178.

This work identified tethering elements that promote enhancer-promoter interactions and control
the timing of developmental gene expression in the developing Drosophila embryo.

Kubo, N., Ishii, H., Xiong, X., Bianco, S., Meitinger, F., Hu, R., Hocker, J.D., Conte, M.,
Gorkin, D., Yu, M., et al. (2021). Promoter-proximal CTCF binding promotes distal
enhancer-dependent gene activation. Nat. Struct. Mol. Biol. 28, 152-161. 10.1038/s41594-
020-00539-5.

This work uncovered promoter-proximal CTCF binding and provided evidence that CTCF directly
promotes enhancer-promoter and promoter-promoter interactions for lineage-specific genes.

Hung, T.-C., Kingsley, D.M., and Boettiger, A. (2023). Boundary stacking interactions
enable cross-TAD enhancer-promoter communication during limb development.
2023.02.06.527380. 10.1101/2023.02.06.527380.

These authors revealed a TAD boundary stacking mechanism for cross-TAD enhancer-promoter
communication and demonstrated that TAD boundaries can both facilitate and prevent cis-
regulatory interactions.

Pachano, T., Sanchez-Gaya, V., Ealo, T., Mariner-Fauli, M., Bleckwehl, T., Asenjo, H.G.,
Respuela, P., Cruz-Molina, S., Mufioz-San Martin, M., Haro, E., et al. (2021). Orphan CpG
islands amplify poised enhancer regulatory activity and determine target gene
responsiveness. Nat. Genet. 53, 1036-1049. 10.1038/s41588-021-00888-x.

This study showed that there are orphan CpG islands adjacent to most of the poised enhancers
in mouse embryonic stem cells (MESCs) and that these oCGls promote permissive regulatory
topologies for developmental genes in mESC.

Special interest (*)



Ortabozkoyun, H., Huang, P.-Y., Cho, H., Narendra, V., LeRoy, G., Gonzalez-Buendia, E.,
Skok, J.A., Tsirigos, A., Mazzoni, E.O., and Reinberg, D. (2022). CRISPR and biochemical
screens identify MAZ as a cofactor in CTCF-mediated insulation at Hox clusters. Nat.
Genet. 54, 202-212. 10.1038/s41588-021-01008-5.

This study used CRISPR and biochemical screens to identify CTCF cofactors in mESCs and
neurons.

Brosh, R., Coelho, C., Ribeiro-dos-Santos, A.M., Ellis, G., Hogan, M.S., Ashe, H.J., Somogyi,
N., Ordofiez, R., Luther, R.D., Huang, E., et al. (2023). Synthetic regulatory genomics
uncovers enhancer context dependence at the Sox2 locus. Mol. Cell 83, 1140-1152.e7.
10.1016/j.molcel.2023.02.027.

This study used synthetic regulatory genomics to repeatedly rewrite the Sox2 locus in mESC,
dissecting its overall architecture and delineating roles for individual regulatory elements.

Taylor, T., Sikorska, N., Shchuka, V.M., Chahar, S., Ji, C., Macpherson, N.N., Moorthy, S.D.,
de Kort, M.A.C., Mullany, S., Khader, N., et al. (2022). Transcriptional regulation and
chromatin architecture maintenance are decoupled functions at the Sox2 locus. Genes
Dev. 36, 699-717. 10.1101/gad.349489.122.

Parallel work to Charkraborty 2023 and Huang 2021, this study investigated the role of CTCF
mediated loops in chromatin topology and transcriptional regulation at Sox2 locus in mESCs.

Chakraborty, S., Kopitchinski, N., Zuo, Z., Eraso, A., Awasthi, P., Chari, R., Mitra, A., Tobias,
I.C., Moorthy, S.D., Dale, R.K., et al. (2023). Enhancer—promoter interactions can bypass
CTCF-mediated boundaries and contribute to phenotypic robustness. Nat. Genet. 55, 280-
290. 10.1038/s41588-022-01295-6.

Parallel work to Taylor 2022 and Huang 2021, this study investigated the role of CTCF mediated
loops in chromatin topology and transcriptional regulation at Sox2 locus in mESCs.

Huang, H., Zhu, Q., Jussila, A., Han, Y., Bintu, B., Kern, C., Conte, M., Zhang, Y., Bianco, S.,
Chiariello, A.M., et al. (2021). CTCF mediates dosage- and sequence-context-dependent
transcriptional insulation by forming local chromatin domains. Nat. Genet. 53, 1064-1074.
10.1038/s41588-021-00863-6.

Parallel work to Charkraborty 2023 and Taylor 2022, this study investigated the role of CTCF
mediated loops in chromatin topology and transcriptional regulation at Sox2 locus in mESCs.

Espinola, S.M., Gotz, M., Bellec, M., Messina, O., Fiche, J.-B., Houbron, C., Dejean, M., Reim,
I., Cardozo Gizzi, A.M., Lagha, M., et al. (2021). Cis-regulatory chromatin loops arise before
TADs and gene activation, and are independent of cell fate during early Drosophila
development. Nat. Genet. 53, 477-486. 10.1038/s41588-021-00816-z.

10



This study demonstrated that many cis-regulatory chromatin interactions arise before the
formation of TADs and gene activation in a zelda-dependent manner during early Drosophila
development.

Box 1 - Proposed definition and criteria for a topological regulatory element (TopoRE)

We suggest the following features for defining a topological regulatory (TopoRE) element:
I. aregion of DNA that lacks autonomous enhancer activity (by reporter assay in a relevant
cell-type);
Il.  genetic ablation leads to an alteration of 3D genome topology (e.g. E-P distance);
lll.  genetic ablation impacts target gene expression either in the current cell-state or during
developmental progression.

Figure Legends

Figure 1 - Loop extrusion, CTCF and loop-stacking promote enhancer function across
extreme distances

A) Schematic of loading of cohesin onto chromatin followed by loop extrusion. Loop extrusion is
halted when cohesin collides with loop extrusion barriers or another cohesin complex. B) Tracing
chromatin conformation by optical reconstruction of chromatin architecture (ORCA). A locus of
interest is labelled with primary probes, with each probe-set marking desired segments along the
locus distinguished with a unique barcode. Each barcode is imaged by sequentially introducing a
readout oligo carrying a fluorophore. The 3D structure of the locus then reconstructed after rounds
of imaging. C) i) Chen et al imaged the SOX9 locus in human cranial neural crest cells and
observed stripes at two stripe-associated structural elements (SSEs). ii) These stripes are
proposed to form through a multi-loop model whereby loops stack wherever extruding cohesins
happen to collide into one another across the domain, anchored at the SSEs. SSEs compact the
TAD, draw the SOX9 promoter into the centre of the 3D domain, and thereby facilitate the
promoter interacting with enhancers across the domain. D) i) At the Pitx1 locus in mouse
hindlimbs, Hung et al observed contacts of the Pitx1 gene spanning across two TAD boundaries
to the distal Pen enhancer. ii) This TAD-spanning interaction is proposed to occur through
stacking of TAD boundaries that bring the distal enhancer and promoter that are adjacent to TAD
boundaries into close proximity. EC = enhancer cluster.

Figure 2 — Interplay between topological regulatory elements and boundary elements
drives gene expression specificity

A) In mouse embryonic stem cells, orphan CpG islands (0CGls) help to bridge poised enhancers
to target promoters embedded within CGls, as detected by 4C-seq. This is mediated by polycomb
in MESC and proposed to be bridged by transcription factors upon transcriptional initiation after
differentiation to anterior neural progenitors (AntNPCs). Loss of oCGI elements cause a reduction
in this interaction, and a reduction of target gene expression during differentiation to anterior
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neural progenitors (AntNPCs). While loss of TopoRE (0oCGIl) leads to a reduction in gene
expression, loss of the TAD boundary can drive mis-expression of another gene embedded within
a CGl in the adjacent TAD due to interaction compatibility with the nearby oCGI/PE. B) During
Drosophila development, a tethering element (TE) at the Scr gene interacts with a distal tethering
element (DTE) near an enhancer, as detected by Micro-C, bypassing an intervening self-
interacting domain. Ablation of the DTE leads to a delayed developmental expression of Scr, while
ablation of an intervening insulator element enables a regulatory element (Rep, AE1) to interact
with the Scr gene also leading to transcriptional downregulation of Scr.

Figure 3 - Transcriptional and phenotypic consequences of topological regulatory element
perturbation

A) Perturbation of a TopoRE can impact absolute expression levels (left, example of SOX9 locus
Chen et al), transcriptional timing (middle, Batut et al, Pachano et al) or can lead to loss of
transcriptional precision (right, Ren et al). B) In wildtype Drosophila embryos, developmental
expression of Scr is required for a normal number of sex comb bristles (a mean of 9.5), and
heterozygous loss of Scr reduces this to an average of 6.3. Heterozygous loss of the distal Scr
enhancer element (EE) reduces Scr expression, leading to fewer sex comb bristles (6-8 on
average). Perturbation of a distal tethering element (DTE) adjacent to the EE enhancer leads to
a delay in Scr induction (see A) and a subtle reduction in sex comb number. C) At the SOX9
locus, stripe-associated structural elements (SSEs) facilitate SOX9 expression in cranial neural
crest cells. Heterozygous loss of SOX9 function impacts all SOX9 expressing tissues (simplified
here to show face and limb expression) leading to severe phenotypes in both tissues. Loss of
craniofacial distal enhancer elements (for example EC1.45) reduces SOX9 expression only in the
face, leading to phenotypes in PRS patients restricted to the lower jaw. Mutation of the SSE
elements have a milder impact on SOX9 expression in CNCCs, and it is predicted this may have
sub-phenotypic consequences during development but may sensitise embryonic development to
other environmental or genetic perturbations. Whether the SSE elements are tissue-specific in
their function remains to be determined.
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