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The stochastic nature of genome organization and function
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Abstract

Genomes have complex three-dimensional structures. High-resolution population-based
biochemical studies over the last decade have painted a mostly static picture of the genome
characterized by universal organizational features, such as chromatin domains and compartments.
Yet, when analyzed at the single cell level, these architectural elements are highly variable. The
heterogeneity in genome organization is in line with the inherent stochasticity of transcription
that shows high variation between individual cells. We highlight recent findings on single-cell
variability in genome organization and describe a framework for how the stochastic nature of
chromatin organization may relate to transcription dynamics.

Keywords
Genome organization; transcription; gene expression; heterogeneity; stochastic bursting

Introduction

Much progress has been made in mapping genomes in space and time (**Misteli 2020).

In particular, biochemical ensemble studies using chemical crosslinking methods and single-
cell imaging have over the past decade elucidated the organizational structure of genomes

at unprecedented resolution and have uncovered several ubiquitous architectural features
associated with gene regulation (Kempfer and Pombo 2020; Misteli 2020; Bohrer and
Larson 2021).

At the lowest level of organization, the negatively supercoiled DNA is wrapped around
a histone octamer to form nucleosomes, which have recently been shown to organize
into tightly associated regularly phased arrays of 3-10 “clutches’ arranged in a zig-zag
pattern that maximizes local interactions (**Hsieh et al. 2020; **Krietenstein et al.
2020). These nucleosomal arrays loop to bring distal elements in close vicinity and often
occur within self-interacting regions of the genome, referred as topologically associating
domains (TADs) (Nora et al. 2012; Sexton et al. 2012; Rao et al. 2014; **Hsieh et al.
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2020; **Krietenstein et al. 2020) (Fig. 1). Various methods to detect chromatin-chromatin
interactions, either using chemical ligation of proximal DNA regions, such as Hi-C

and micro-C, or ligation-independent techniques, have defined TADs as largely tissue
invariant structures that promote by ~ 2-fold the enrichment of chromatin contacts within
100Kb-2Mb regions defined by insulating borders relative to adjacent domains (Akdemir

et al. 2020; Kempfer and Pombo 2020; McArthur and Capra 2021) (Fig. 1). TADs are
functionally and evolutionarily conserved units of genome organization that often coincide
with epigenetically marked regions and are thought to promote interactions between distal
regulatory elements with target genes within their boundaries (**Hoencamp et al. 2021;
McArthur and Capra 2021). When mapped at higher resolution, TADs are subdivided

into locally interacting sub-TADs that are variable across cell types and are related

to transcriptional states (**Hsieh et al. 2020; **Krietenstein et al. 2020). On a larger

scale, regions of active and inactive chromatin, even located on distinct chromosomes,
self-associate into mutually exclusive A and B compartments, respectively (Nora et al.
2017; Brown et al. 2018; **Su et al. 2020) (Fig. 1). However, compartments form mostly
independent of TADs as indicated by the fact that compartmental changes do not corelate
with TAD alterations during differentiation and intra-compartmental interactions increase
upon loss of TADs (Nora et al. 2017; Rao et al. 2017; Chathoth and Zabet 2019). Ultimately,
at a global level, genomes are organized in chromosomes territories which are non-randomly
positioned with respect to nuclear landmarks such as the nuclear periphery (**Misteli 2020;
Takei et al. 2021) (Fig. 1).

The organization of genomes is evolutionarily conserved in eukaryotes (**Hoencamp

et al. 2021; McArthur and Capra 2021) and has functional implications as suggested

by the observation that structural reorganizations correlate with /in7 vivo transcriptional
changes during development in mouse (Williamson et al. 2019; Winick-Ng et al. 2020),

in Drosophila (Mateo et al. 2019) and during differentiation processes (Oudelaar et

al. 2020). Furthermore, disruption of genome architecture can lead to disease-specific
repositioning of genes, congenital defects associated with deletion of regulatory boundary
and ectopic activation of proto-oncogene upon loss of insulated neighborhoods (Krumm
and Duan 2019). Finally, /n silico models that incorporate both compartmentalization and
the formation of domains are sufficient to recapitulate the /n7 vivo genome organization and
structural changes associated with mutations of architectural proteins (Nuebler et al. 2018).
Thus, it seems that organizational features of the genome are linked to genome function.

The stochasticity of genome organization

The series of well-defined structural features of the genome might give the impression that
transcription regulation occurs in the context of a rigid and static genome organization.
However, recent findings have made it clear that all aspects of genome organization

and function are dynamic and stochastic. Cryo-EM (Trzaskoma et al. 2020), single cell
biochemical mapping (Tan et al. 2018), high-throughput imaging (**Finn et al. 2019) and
high-resolution light microscopy (Bintu et al. 2018; Szabo et al. 2018; Mateo et al. 2019;
**|_uppino et al. 2020; **Takei et al. 2021) have revealed extensive heterogeneity of nuclear
organization between single cells (Fig. 1). These methods find that chromosomes occur

in territories but show variation in structure, position and levels of frans-chromosomal
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contacts, even between the two homologs, amongst individual cells (**Su et al. 2020;
**Takei et al. 2021) (Fig. 1A). Similarly, the segregation between ensembledefined A and

B compartments also varies amongst single cells (**Johnsone et al. 2020; **Su et al. 2020)
(Fig. 1B). Notably, extensive single-cell heterogeneity exists for the occurrence of loops and
the precise location of TAD boundaries (Bintu et al. 2018; **Finn et al. 2019; Mateo et

al. 2019; **Luppino et al. 2020; Szabo et al. 2020), subTADs (Rao et al. 2014; Tan et al.
2018) and interactions between enhancers and promoters (**Rodriguez et al. 2019) (Fig. 1C,
D). Thus, variation in architectural features of the genome seems to be the rule rather than
the exception and, as a result, the study of the stochastic nature of genome organization, its
origin and implications for genome function have recently come into focus.

Several studies across different cell types in human (Bintu et al. 2018; **Finn et al. 2019;
**|_uppino et al. 2020; **Su et al. 2020), mouse (Szabo et al. 2020) and Drosophila (Mateo
et al. 2019) show that TADs reflect a probabilistic structure rather than a stable domain.
While, single cells have sharp TAD boundaries, widespread heterogeneity in the boundary
position concomitant with intermingling across population defined boundaries, is seen
between individual cells (Bintu et al. 2018; **Finn et al. 2019; Mateo et al. 2019; **Luppino
et al. 2020; Su et al. 2020; Szabo et al. 2020) (Fig. 1C). Indeed, high capture frequency in
ensemble HiC may not accurately reflect the actual variation in 3D distances between locus
pairs in single cells. For example, the top 20% of HiC interactors show perfect overlap in
<10% of alleles in single cell FISH assays capable of resolving loci separated by 250kb

at 200nm resolution. Furthermore, genomic loci with similar HiC capture frequencies may
show several fold differences in the frequency of physical overlap (**Finn et al. 2019). In
addition, TADs vary in their physical size and end-to-end distance across single cells and
show heterogeneity in contact frequency depending on gene density (**Cardozo Gizzi et

al. 2019; **Finn et al. 2019; **Su et al. 2020). Variations in TAD structures are even also
apparent in some population-based biochemical crosslinking assays that map interactions at
high resolution, such as Micro-C, to uncover low frequency structures around the ensemble
average (**Hsieh et al. 2020; **Krietenstein et al. 2020). Reassuringly, averaging the single
cell-derived structures recapitulates both the ensemble TAD structure and the typically
observed 2-fold enrichment of contacts within TADs compared to the surrounding chromatin
regions (Bintu et al. 2018; **Finn et al. 2019; **Su et al. 2020). Taken together, these
observations document extensive variability in the most prominent features of genome
organization and raise the question how these variations are generated.

Heterogeneity in TADs seems to be driven by the opposing actions of the two major
architectural proteins, CTCF and cohesin, which are involved in the formation of TADs
(Mirny et al. 2019). Cohesin, which is a ring-shaped complex that holds sister chromatids
together, drives the extrusion of chromatin loops to form a TAD, and CTCF, which binds
to boundary elements and genetic insulators, hinders looping across its binding sites (Nora
etal. 2012; Rao et al. 2014; **Luppino et al. 2020; Szabo et al. 2020). In line with the
well-established dynamic nature of many chromatin proteins (**Misteli 2020), CTCF and
cohesin, form a dynamic complex with residence times of 1-2min and ~22min, respectively,
and widely different reloading kinetics (Hansen et al. 2017). The transient fluctuations of
these binding events likely generate heterogeneity in boundary positions between single
cells. Indeed, ensemble TADs are lost upon depletion of CTCF as chromatin interactions
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become more promiscuous whereas upon depletion of cohesion, with or without CTCF,
interactions decreased overall (**Luppino et al. 2020; Szabo et al. 2020). However, TAD-
like structures are still observed in single cells depleted of the cohesin complex but their
boundary positions show more variations and lack a preference for CTCF sites (Bintu et al.
2018). Thus, the inherently stochastic nature of the coupled CTCF- and cohesion-binding
kinetics are a likely source of variability in TAD structure.

Single cells also show widespread variation in both the arrangement and the segregation of
A and B compartments (**Su et al. 2020). Super-resolution imaging and ultra-deep Hi-C
shows that the A compartment is often split, diffusely spread within the B compartment
(**Gu et al., 2021; **Su et al. 2020), consistent with higher strength of B-B interactions
than A-A interactions (Falk et al. 2019) (Fig. 1B). Furthermore, the distinction between A
and B compartments is not complete, with full segregation in only ~80% of single cells
(**Su et al. 2020). This heterogeneity is partly reflected in bulk measurements that detect
an intermediate compartment between the A and B compartments, particularly in cancer
cells (**Johnsone et al. 2020). Since compartments are, at least in part, driven by the
transcriptional states of the genome regions they contain (Cavalli and Misteli 2013; Luo et
al. 2020; **Muisteli 2020), the heterogeneity in compartmentalization is likely a reflection of
single-cell variability in gene expression programs (see below).

Taken together, single cell imaging and biochemical studies have highlighted pervasive
variation across all levels of genome organization around the ensemble structure seen in
population-based studies (Fig. 1). The observed variability in genome structure is intriguing
in the light of the stochastic nature of gene expression and transcription (Rodriguez and
Larson 2020).

Transcription bursting and stochastic enhancer interactions

Heterogeneity in transcription has been appreciated and studied for decades (Rodriguez

and Larson 2020). A major source of intrinsic heterogeneity arises from stochastic pulses

of transcription called transcriptional bursts (Elowitz et al. 2002). During transcriptional
bursts, RNA polymerases engage to generate RNA for a while (On-time), but transcriptional
activity then ceases for a period of time (Off-time). Stochasticity in bursting is a
fundamental aspect of transcription that can push gene expression in single cells away from
the population average. The transcriptional heterogeneity arising from bursting can impact
critical functions such as cell fate and development (Abranches et al. 2014), responses to
environmental stimuli (Fritzsch et al. 2018) and diseases (Shaffer et al. 2020). Bursting
heterogeneity can be regulated at the level of the duration of the On-time, the frequency of
the burst, which is reflected in the Off-time, or the size of the burst (Rodriguez and Larson
2020). Based on live cell analysis of 770 genes, modulation of the burst frequency appears
to be the major source of heterogeneity (**Wan et al. 2021). While average off-times for
genes can vary from 20 min to 100 min for slow and fast bursting genes, respectively,
(**Wan et al. 2021) in extreme cases individual allele can stay in the “Off” state for days
(**Rodriguez et al. 2019) and the combination of slow bursting and small burst size can lead
to apparent monoallelic expression (Symmons et al. 2019). Alleles in the same nucleus often
show coupled bursting (**Rodriguez et al. 2019; Stavreva et al. 2019) further increasing
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the heterogeneity between cells. Thus, the stochastic nature of gene bursting makes gene
expression inherently heterogeneous.

Mechanisms that regulate bursting operate via two modes: One, proximal regulation via
dynamic binding of transcription factors and coactivators to the promoters and two, distal
regulation involving enhancer elements at large genomic distances (**Donovan et al. 2019;
Stavreva et al. 2019; Rodriguez and Larson 2020). Transcription factor binding at promoters
strongly correlates with bursting in both yeast and humans in real time (**Donovan et al.
2019; Stavreva et al. 2019). Burst duration and burst sizes are regulated by transcription
factor dwell times, which in turn are determined by the binding affinities and nucleosome
occupancy (**Donovan et al. 2019; Stavreva et al. 2019). Burst frequency on the other
hand is regulated by the binding rates of transcription factors as demonstrated in both
single-gene live cell-studies (**Donovan et al. 2019; Stavreva et al. 2019) and sequencing-
based genome-wide measurements (Larsson et al. 2019). Distal regulation by enhancers
however primarily modulates burst frequency, which has been shown in both single-cell
studies where enhancer deletions increased the Off-time and in genome-wide studies where
single nucleotide polymorphisms in enhancers from different mice strains were associated
with changes in burst frequencies (Fukaya et al. 2016; Larsson et al. 2019; **Rodriguez et
al. 2019). Thus, transcriptional bursting is a result of stochasticity in factor binding at the
promoter and gene interactions with distal regulatory elements.

How enhancers modulate target expression over large genomic distance in the context

of stochastic fluctuations in architecture is still unclear. The traditional view suggests

that an enhancer must physically contact a target promoter. Indeed, looping to juxtapose
enhancers and promoters has been shown to be necessary for gene activation, observed

to be concordant with global expression changes, and in some cases, to be sufficient for
activation of expression (Weintraub et al. 2017; Williamson et al. 2019; **Johnsone et

al. 2020). However, several recent studies have challenged the need of a direct chromatin-
chromatin interaction for transcriptional activation (Alexander et al. 2019; Benabdallah et al.
2019; Oudelaar et al. 2020; ****Espinola et al. 2021). Both /n situ hybridization and live
cell imaging show widespread heterogeneity in the enhancer-promoter distances amongst
individual cells (Alexander et al. 2019; **Rodriguez et al. 2019), highlighting the stochastic
nature of these interactions. Even the classic looping model, based on the alpha-globin locus,
shows multiple interactions within its self-interacting domain (Davies et al. 2016). It now
appears that enhancers interact with a broad range of target sites rather than a single locus
and often explore a subset of conformational space over short time scales (Symmons et al.
2016; Alexander et al. 2019; Symmons et al. 2019). This search process may be aided by

the formation of phase separated aggregates of transcriptional activators, such as Mediator or
BRD4, around enhancers, which may serve to concentrate relevant transcription factors near
the target promoter (Hnisz et al. 2017; Feric and Misteli 2021).

The stochastic nature of enhancer-promoter interactions is consistent with gene bursting.
Active bursting occurs for a short fraction of the total time (<5%) (Alexander et al. 2019)
and it is possible that the stochastically occurring proximity events trigger the individual
bursts. Alignment of bursts with enhancer-promoter proximity has shown both strong and
weak correlations depending on the experimental system used (Chen et al. 2018; Alexander
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et al. 2019). For example, the even-skipped enhancer in Drosophila showed sustained
proximity to the target promoter around bursting events (Chen et al. 2018), whereas bursting
of Sox2in mouse ES cells did not necessarily require physical proximity of the Sox2
promoter to its control region (Alexander et al. 2019). A recent hypothesis potentially
reconciles these discrepancies in a model where each enhancer interaction event leaves a
‘tag’ that contributes towards activation of a gene and repeat interactions over time lead

to the accumulation of enough ‘tags’ to reach a threshold for gene activation (Xiao et al.
2020). It has been postulated that these tags could be chromatin modifications or buildup

of coactivators that promote transcription (Xiao et al. 2020). In line with this interpretation,
induction of the 7FF1 gene in MCF7 cells increased the burst frequency by two-fold,
however, the enhancer interaction did not scale proportionally (**Rodriguez et al. 2019).
Instead, the interactions became more focused around the target gene, which resulted in
decreased local entropy for chromatin organization that was proportional to the strength of
the induction (**Rodriguez et al. 2019). These observations suggest that transient enhancer-
promoter proximity and interactions contribute to stochastic transcriptional bursts but are not
the sole determinants of bursting.

Stochasticity in gene expression in the context of heterogeneous TADs

TADs have been suggested to contribute to control of gene expression programs (van
Steensel and Furlong 2019). Given the structural heterogeneity of chromatin domains and
the stochastic nature of transcription, it is important to understand whether, and how, the
structure of a TAD relates to the activity of the genes it contains.

The primary proposed mode of action for TADs in regulating gene expression has been via
promoting chromatin-chromatin interactions, such as enhancers and target promoters, within
their boundaries but disfavoring promoter enhancer interactions across TAD boundaries
('Yokoshi et al. 2020) (Fig. 2). Indeed, enhancer-promoter interactions are less sensitive

to alterations in linear distances within TADs as opposed to inversions across boundaries
(Symmons et al. 2016). TADs also deter interactions across boundaries as indicted by the
fact that deletion or inversion of CTCF sites at TAD boundaries can promote crosstalk
between neighboring TADs and rewire enhancer-promoter contacts in Drosophila and
humans (Despang et al. 2019; Arzate-Mejia et al. 2020) (Fig. 2). Deletion of TAD
boundaries can also result in ectopic gene regulation that occasionally leads to diseases

in humans (Krumm and Duan 2019). Furthermore, concordant changes between TADs and
gene expression are seen during early development in flies (Mateo et al. 2019) and during
brain development in mouse (Winick-Ng et al. 2020).

However, accumulating observations challenge this role for TADs. Gene expression patterns
do not appear to strictly dependent on TAD structure since loss of TADs upon depletion

of CTCF and cohesin leads to minimal changes in genome wide expression with very few
genes, enriched for cell type specific transcription factors, showing more than two-fold
change (Nora et al. 2017; Rao et al. 2017, Hsieh et al. 2021). In addition, TAD structures
are both largely invariant across different germ layers despite differing in chromatin
modifications and expression profiles and are formed after the enhancer-promoter loops

are established during Drosophila development (**Espinola et al. 2021; **Ing-Simmons et
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al. 2021). Strikingly, synthetic or pathological alterations of TADs do not lead to widespread
changes in gene expression (**Ghavi-Helm et al. 2019; Akdemir et al. 2020). In flies,
nested inversions, deletions, and recessive lethal mutations showed very limited expression
changes during embryonic development (**Ghavi-Helm et al. 2019). Along the same lines,
structural variations that affect TAD boundaries across 2658 cancers, showed that only 14%
of boundary rearrangements were associated with changes in gene expression (Akdemir

et al. 2020). Furthermore, it has been observed in both gene specific and genome wide
studies that some enhancers can activate gene expression across TAD boundaries, in some
cases up to 20% of all enhancer-promoter interactions (Beccari et al. 2021, Hsieh et al.
2021). Orthogonally supporting these results is the observation of largely invariant TAD
structures despite global changes in gene expression between normal and tumor cells
(**Johnsone et al. 2020). Finally, early gene activation can precede TAD formation upon
mitotic exit (Zhang et al. 2019) and TAD reorganization does not alter transcription for
hours to days after differentiation or reprogramming of somatic cells to iPCS (Brown et al.
2018). These results suggest that tissue-specific chromatin conformation is not necessary for
tissue-specific gene expression but rather the domain structure merely provides a structural
framework to promote gene expression when enhancers become active (Misteli and Finn
2021). This interpretation is in line with the notion that the primary effect of chromatin
structure is to facilitate and amplify functional states by increasing the probability of
transcriptional events to occur, but not to acts as a binary regulator (Misteli 2020).

Transcription by itself, on the other hand, does not generally have a major impact on

TAD structure or alter TAD boundaries (van Steensel and Furlong 2019). Indeed, ectopic
expression of repressed genes is not sufficient to create new TAD boundaries (Bonev et al.
2017) and TADs form mostly independent of zygotic gene activation during development

in Drosophila, mouse and zebrafish (Vallot and Tachibana 2020). Furthermore, while early
zygotic genes serve as nucleation sites for TAD boundaries in Drosophila, the appearance of
TAD boundaries is independent of transcription (Hug et al. 2017). However, more locally, at
the sub-TAD level, transcription can lead to changes in intra-TAD subdomains to stabilize
enhancer—promoter interactions in human and mouse embryonic cell lines (**Hsieh et al.
2020; **Krietenstein et al. 2020). Subdomain boundaries are enriched for transcriptional
activity, invariably depleted of nucleosomes and centered around promoters, enhancers and
architectural proteins like CTCF and YY1 (**Hsieh et al. 2020; **Krietenstein et al. 2020).
Thus, it appears that fine-scale genome organization and transcription are able to mutually
modulate and reinforce each other (**Misteli, 2020).

Given the relatively small effect of TAD structure on enhancer-promoter interactions and
the probabilistic nature of TADs, how does the variation in TAD structure relate to

bursting in single cells? One scenario is that stochastic enhancer-promoter interactions

are superimposed over the heterogeneity in TAD organization (Fig. 2). In this scenario,
enhancer-promoter pairs within TADs still have a higher likelihood of interacting relative

to adjacent TADs, but variations in TAD boundaries may expose promoters to regulatory
elements from neighboring TADs (Fig. 2B, E)). Intriguingly, the few genes with altered
bursting properties upon depletion of cohesin, which leads to loss of TAD boundaries,

are enriched at TAD boundaries (**Luppino et al. 2020), suggesting that stochastic
intermingling might have a regulatory role for this subset of genes. Unlike TADs, stochastic
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fluctuations in the local chromatin environment may play a more dominant role in
transcriptional bursting. In support, the ratio of A/B compartment around the transcription
start site in single cells, which serves as a proxy for local chromatin environment, predicts
bursting with >80% accuracy (**Su et al. 2020). The relatively stronger contribution of

the chromatin environment over genome architecture in regulating transcription is further
supported by the transcriptional and architectural dynamics upon mitotic exit. Genes marked
for early expression during cytokinesis are bookmarked with acetylation of H3K27 and form
short enhancer promoter loops (Pelham-Webb et al. 2021), while TADs are formed much
later (Kang et al. 2020). Thus, heterogeneity in TADs likely affects the interaction of the
regulatory regions with target genes, but it is the fluctuations in the chromatin environment
in single cells that guides heterogeneity in compartmentalization and plays a dominant role
in stochastic bursting.

Summary

The foundational principles of genome organization and gene expression are now well
established (**Misteli, 2020). How genome structure relates to function, however, remains
one of the central open questions in the field. The recent realization that both are stochastic
adds a new dimension to relating genome organization to function. Many of the insights
into the stochastic nature of the genome have come from single cell analysis and although
these methods are sufficient to probe individual processes, such as organization or gene
expression, exploring their interplay will require the simultaneous monitoring of structural
and functional fluctuations in living cells all while controlling for the chromatin states and
trans-factors associated with genes to track events leading to transcriptional bursts. While
challenging, these approaches should make it clearer how accurately the current view of
gene function, which is strongly based on ensemble analysis, reflects true genome behavior.
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Figure 1: Extensive heterogeneity across all levels of genome organization:
(A) Within the eukaryotic nucleus the chromosomes occupy non-random territories but show

variation their overall folding and their location between single cells. (B) Chromosomes
are organized into mutually exclusive active and inactive compartments, referred as
compartments A and B, respectively. Compartments across both the same and different
chromosomes self-associate but vary in conformation and both the levels of compaction and
segregation. (C) Compartments are further organized into loop domains that are driven by
loop extrusion using the DNA motor protein, cohesin, and usually flanked by the insulator
protein, CTCF, at their boundaries. These loops, referred as topological associated domains
(TADs), show variation in loop size and boundary position between single cells. (D) TADs
encompass smaller regulatory sub-loops that promote interactions of a gene with its distal
enhancers. Such loops show high variability in size and anchor positions, resulting in
variations in three-dimensional distances between enhancers and promoters amongst single
cells.
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Figure 2. Distal regulation of gene activity in the context of heterogeneity in TAD structure:
A gene may experience various types of interactions with enhancers leading to a gradient of

gene activation. (A) Enhancers from a neighboring TAD infrequently interact with a gene
resulting in weak transcriptional activation. (B) Stochastic variations in the TAD boundary
or a deletion of boundary element can transiently extrude enhancers from adjoining TADs
into a single TAD to transiently increase the activation from such enhancers. (C) When TAD
boundaries are stable, an enhancer within the same TAD interacts frequently with the gene
and strongly upregulates its expression. (D) Simultaneous interaction with enhancers on both
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same and adjacent TADs can additively contribute to gene activation that is modulated by
variation in TAD structure (D and E).

Curr Opin Genet Dev. Author manuscript; available in PMC 2023 February 01.



	Abstract
	Introduction
	The stochasticity of genome organization
	Transcription bursting and stochastic enhancer interactions
	Stochasticity in gene expression in the context of heterogeneous TADs

	Summary
	References
	Figure 1:
	Figure 2

