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Mammalian genomes have distinct levels of spatial organization and structure that have been
hypothesized to play important roles in transcription regulation. Although much has been
learned about these architectural features with ensemble techniques, single-cell studies are
showing a new universal trend: Genomes are stochastic and dynamic at every level of orga-
nization. Stochastic gene expression, on the other hand, has been studied for years. In this
review, we probe whether there is a causative link between the two phenomena. We specif-
ically discuss the functionality of chromatin state, topologically associating domains (TADs),
and enhancer biology in light of their stochastic nature and their specific roles in stochastic
gene expression. We highlight persistent fundamental questions in this area of research.

Gene expression varies from cell to cell
through programmed and stochastic pro-

cesses (Elowitz et al. 2002; Swain et al. 2002;
Raj and van Oudenaarden 2008). This phenom-
enon has been shown extensively based on ob-
servations of RNA and protein copy number per
cell. Live-cell imaging of RNA production from
single genes reveals the dynamic nature of this
process in human cells (Rodriguez et al. 2019),
and single-cell RNA sequencing shows the per-
vasiveness of copy number variations (Chen
et al. 2018b; Larsson et al. 2019). At the molec-
ular level, many genes toggle between active and
inactive states, and the resulting “transcriptional
bursting” is indeed often described by a two-
state model, although more complicated models
are sometimes needed to quantitatively describe
gene expression at the single-cell level (Fig. 1;
Shahrezaei and Swain 2008; Tantale et al.

2016; Rodriguez and Larson 2020; Tunnacliffe
and Chubb 2020). Heterogeneous gene expres-
sion has been linked to changes in cell pheno-
type, cancer, and aging (Raj and van Oudenaar-
den 2008). Additionally, transcription variation
can serve as a readout of the underlying bio-
chemistry: The characterization of specific per-
turbations on transcription with mathematical
modeling can lead to a deeper understanding of
the mechanism. Therefore, understanding the
mechanisms that control the properties of a
transcriptional burst is vital. For example, labo-
ratories have used the bursting paradigm to dis-
sect the role of trans-acting factors, noncoding
RNA (ncRNA), and cis-acting motifs in modu-
lating transcription (Suter et al. 2011; Hornung
et al. 2012; Donovan et al. 2019; Stavreva et al.
2019). Recent studies have also begun to probe
the connection between enhancers and tran-
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scriptional bursting in cell lines and even
whole organisms (Fukaya et al. 2016; Chen
et al. 2018a; Lim et al. 2018; Alexander et al.
2019). More broadly, a study in single cells ob-
served a distinct multimodal distribution of
burst frequencies that was directly correlated
with chromatin “state” (heterochromatin or eu-
chromatin) (Su et al. 2020). Thus, an emerging
theme in the study of stochastic gene regulation
is the potential role of nuclear architecture for
modulating transcription dynamics. This link
between genomic structure and transcriptional
regulation as revealed through single-cell studies
is the subject of this review.

Although much has been learned about ge-
nomic organization and functionality at the
ensemble level using methods such as Hi-C,
ChIA-PET, ATAC-seq, etc., single-cell Hi-C and
imaging studies are revolutionizing our under-
standing of these structures and how they vary
between cells. Specific properties of the genome
have been shown to play a pivotal role in directing
transcription. From 10 kb bacterial DNA loops
causing the temporal buildup and release of su-

percoiling leading to transcriptional bursts
(Chong et al. 2014) to the variousways chromatin
is able to regulate the binding of transcription
factors (TFs) to direct transcription (Bulger and
Groudine 2010)—the importance of understand-
ing chromatin structure and its regulatory mech-
anismshas beenclearly shownwithourenhanced
comprehension of disease (Krijger and De Laat
2016). A new trend is that genomic structures are
probabilistic at almost every level of organization,
and this stochasticity is suggestively linked to
gene expression (Finn and Misteli 2019). Here
we discuss some of the methodologies for deci-
phering single-cell genomic structurewhile high-
lighting possible links to stochastic gene expres-
sion. Specifically, we review both the evidence for
genomic structure in single cells at the level ofA/B
“compartments” and “topologically associating
domains (TADs)” and also the potential for
such structures to regulate transcription. Similar-
ly, we highlight what our knowledge of stochastic
gene expression might reveal about the function-
ality of genomic structures and highlight critical
questions for the field.
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Figure 1. Transcription varies in time. (A) The two-state model for transcription in which a gene can switch
between an inactive state and active state leading to bursts of RNA. (B) Illustration of a gene with a low burst
frequency and a high burst frequency. The colors underneath each time trace indicate the underlying state of the
gene through time. (C) A multistate model of transcription in which a gene can switch between states with
different burst frequencies. The gene can occupy one of four different states illustrated with the different colors.
(D) The diverse time traces produced by amultistatemodel of transcription dynamics. The colors underneath the
time traces show the actual state of the gene.
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ENSEMBLE STUDIES OF GENOME
STRUCTURE

Nonrandom nuclear organization is visible
at multiple length scales. At the highest level
of organization, individual chromosomes occu-
py chromosomal territories within the nucleus
(Fig. 2A; Bolzer et al. 2005; Stevens et al. 2017;
Tan et al. 2018), and chromatin is separated into
twomajor conformations or states: euchromatin
and heterochromatin. Euchromatin is predom-
inantly made up of “open” gene rich fibers (Ste-
vens et al. 2017) and is often enriched in the
center of the nucleus (Gilbert et al. 2004). Het-
erochromatin fibers have a condensed structure
(Ricci et al. 2015), a low density of genes with
little expression, and often make direct contact
with the nuclear lamina (Guelen et al. 2008;
Kind and van Steensel 2010). These chromatin
states are enriched in particular histone modifi-
cations, DNA modifications, and proteins (Je-
nuwein and Allis 2001; Janssen et al. 2018), all
of which play a role in the formation and prop-
agation of the compartments; the driving forces
behind these compartments are still an active
area of investigation (Ganai et al. 2014; Strom
et al. 2017; van Steensel and Belmont 2017;
Abramo et al. 2019; Falk et al. 2019; Wang
et al. 2019).

With ensemble Hi-C contact maps, chro-
mosomal regions can also be classified into
two compartments (A and B), defined by their
propensity to have higher contact frequencies
between DNA segments within the same com-
partment than with loci in the other compart-
ment (Lieberman-Aiden et al. 2009). These A
and B compartments were shown to directly
correspond to the euchromatin (A) and hetero-
chromatin (B) states (Bickmore and Van Steen-
sel 2013), allowing one to correlate a particular
ensemble chromatin state to segments of DNA.
However, as we discuss below, these compart-
ments have a different interpretation in single
cells.

On a smaller scale, another prominent fea-
ture of ensemble Hi-C contact maps are ∼1 Mb
regions that show an enrichment in pairwise
contacts termed topologically associating do-
mains (TADs) (Fig. 2C,D). For clarity, here we

refer to these structures as eTADs (ensemble
TADs) when derived from ensemble techniques.
eTADs have an average size of 1 Mbwith a range
of 100 kb to 5 Mb (Dixon et al. 2012; Nora et al.
2012; Sexton et al. 2012; Rao et al. 2014), with a
twofold enrichment in pairwise contacts within
an eTAD compared to interactions with regions
outside of eTADs (Dixon et al. 2012; Hou et al.
2012; Nora et al. 2012; Sexton et al. 2012; Naga-
no et al. 2013). The difference in contact fre-
quency is also reflected in the distances between
loci, with smaller distances between loci that
share an ensemble domain (Bintu et al. 2018;
Szabo et al. 2018; Finn et al. 2019; Mateo et al.
2019). Whereas some eTADs are invariant
throughout various cells and tissues, others
have been shown to form in a tissue-specific
manner (Rao et al. 2014; Bintu et al. 2018;Mateo
et al. 2019), and can also be correlated with cell
fate (Bonev et al. 2017).

The central mechanism behind the forma-
tion of eTADs is “loop extrusion,” an active pro-
cess in the cell that occurs through the interplay
between the architecture proteins CTCF and co-
hesin (Mizuguchi et al. 2014; Nora et al. 2017;
Rao et al. 2017). Originally believed to be specific
to vertebrates, this mechanism has now been
shown to also be at work in Drosophila (Mateo
et al. 2019). Note fly embryos lacking CTCF are
still able to develop (Gambetta and Furlong
2018), suggesting that CTCF-mediated eTADs
may not be necessary for function, at least in
these organisms (Rowley et al. 2017). The sim-
plest form of the loop extrusionmodel posits the
following: The Nipbl-Mau4 complex loads co-
hesin rings onto specificNipbl sites and extrudes
the chromatin (using energy from ATP) until
coming into contact with a pair of CTCF-bind-
ing sites in a convergent orientation, forming a
“stable” complex (Rao et al. 2014; Sanborn et al.
2015; Fudenberg et al. 2016; Gassler et al. 2017;
Vian et al. 2018). The cohesin release factor,
WAPL, can aid in the dissociation of cohesin at
all stages (Haarhuis et al. 2017), and certain TFs
likely influence this process, especially for cell-
type-specific eTADs (Phanstiel et al. 2017). Sup-
port for this model comes from many different
studies, which describe the fusion of neighbor-
ing eTADs with the deletion of a CTCF-binding
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Figure 2. (See following page for legend.)
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site (Lupiáñez et al. 2015; Sanborn et al. 2015;
Mateo et al. 2019) and the elimination of eTADs
upon the depletion of cohesin or CTCF (Fig. 2C,
D; Nora et al. 2017; Rao et al. 2017; Bintu et al.
2018). Inversions of CTCF sites likewise “flip”
the topological structure in regard to the favor-
able convergent CTCF orientation (Guo et al.
2015). There are also interdependencies be-
tween CTCF sites, evidenced by the observation
that deletion of one site will influence the bind-
ing occupancy of neighboring CTCF sites (Na-
rendra et al. 2015). Last, the extrusion process
has nowbeen directly visualized in vitro (Fig. 2E;
Davidson et al. 2019; Kim et al. 2019), solidifying
a central concept of the model.

Variations on these general architectural
motifs have also been reported. Most studies
have focused on pairwise interactions between
segments of DNA, but even at the ensemble level
a more complicated picture is emerging. Coop-
erative three-way interactions between three
CTCF-binding sites have been shown to take
place, leading to the formation of complex topo-
logical structures (Narendra et al. 2015). At an

evenfiner scale (as small as that of a single locus),
small compartments (sub-eTADs) have been
shown to form within the eTADs (Rowley et al.
2017; Hsieh et al. 2020).

Taken together, nuclear organization is evi-
dent at almost any length scale that can be ex-
perimentally interrogated, but the function of
these architectures remains an enduring ques-
tion in cell biology.

SINGLE-CELL STUDIES OF GENOME
STRUCTURE

Possible clues to the function of nuclear architec-
ture might come from observing these same
structures in single cells. Two main methodolo-
gies allow one to quantify heterogeneous chro-
mosomal structure in individual cells: single-cell
Hi-C and DNA fluorescence-based in situ hy-
bridization (DNA-FISH). The number of labeled
DNA segments for traditional DNA-FISH is lim-
itedby thenumberof colors one can image, great-
ly limiting the technique. This limitation can be
partially overcome with multiple rounds of hy-
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Figure 2. (Continued) Hierarchical nuclear organization. (A) Individual chromosomes occupy distinct territories.
(Panel A reprinted from Bolzer et al. 2005 under the terms of a Creative Commons Attribution License.) (B)
Superresolution imaging of chromatin (labeled H2B) showing a wide distribution of densities, with Crest and
TALE_MajSat (heterochromatin markers), showing that dense clusters of chromatin correspond to heterochro-
matin. (Panel B fromRicci et al. 2015; reprinted, with permission, from Elsevier © 2015.) (C) CTCF is needed for
ensemble topologically associated domain (eTAD) formation in ensembleHi-Cmaps. Here, CTCF is degraded in
the presence of auxin illustrated with the ChIP-seq data. (Panel C from Nora et al. 2017; reprinted, with
permission, from Elsevier © 2017.) (D) Cohesin is needed for eTAD formation in ensemble Hi-C maps. Here,
auxin eliminates functional cohesion. (PanelD from Rao et al. 2017; reprinted, with permission, from Elsevier ©
2017.) (E) Direct visualization of loop extrusion with cohesion. (Panel E from Davidson et al. 2019; reprinted,
with permission, from the American Association for the Advancement of Science © 2019.)
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bridization, leading to chromatin-tracing tech-
niques that rely on determining the positions of
many different chromosomal positions inside
each cell after each iterative hybridization. Addi-
tionally,DNA-FISH-basedmethodologies can be
augmented with RNA-FISH, allowing one to si-
multaneously quantify how transcriptional state
relates to chromosomal structure.

Both single-cell Hi-C and DNA-FISH have
revealed that the higher-order organization of
the chromatin varies from cell to cell in the over-
all folding of the chromosome and the specific
interfaces between chromosomes (Nagano et al.
2013; Stevens et al. 2017; Tan et al. 2018). A
seminal study in this area came from Boettiger
et al., which was the first to show that compart-
ment-folding patterns are fundamentally differ-
ent from each other and that the volumes of
specific chromosomal regions can vary among
cells (Boettiger et al. 2016). More recently, Su
et al. showed that global chromosomal structure
takes on a variety of different conformations
(Fig. 3A; Su et al. 2020). Moreover, they extend-
ed the technique by looking at nascent RNA in
parallel, imaging more than 1000 different ge-
nomic loci and more than 1000 genes in indi-
vidual cells (Su et al. 2020). Similar approaches
(but on a smaller scale) have also been per-
formed in Drosophila (Cardozo Gizzi et al.
2019; Larson 2019; Mateo et al. 2019). In gene-
ral, sequencing-based approaches and micros-
copy-based approaches are in rough agreement.
However, it is now clear that the static picture of
chromosomal structures as distinct, well-sepa-
rated, stable features is an oversimplification.
In reality, these structures are dynamic and these
structures relate to transcriptional activity (Car-
dozo Gizzi et al. 2019).

First, truly quantifyingwhether a locus is in a
heterochromatin or euchromatin state in indi-
vidual cells is still a central goal of the field. Spe-
cifically, in terms of chromatin state, assigning a
locus to an A or B compartment in single cells
can only be performed with additional assump-
tions. For example, the DNA sequences of eu-
chromatin are CpG-rich (Xie et al. 2017), and,
consequently, the local density of CpG has been
used as a proxy of chromatin state in single-cell
Hi-C studies (Tan et al. 2018). Nonetheless, in

individual cells, Wang et al. (2016) showed that
the loci assigned to the ensemble-A compart-
ments and ensemble-B compartments, on aver-
age percell, do generally separate fromeachother.
This separation was also apparent in Su et al.
where they were able to trace an entire chromo-
some. However, large variations were observed in
the arrangement of ensemble-A and -B loci in
individual cells (Fig. 3A; Su et al. 2020). Further-
more, even when averaged over entire chromo-
somes, the separation between the two types of
loci (assigned at the ensemble level) showed over-
lap with the randomized control, suggesting that
the level of intermixing at the single locus level is
substantial (Fig. 3B). With additional assump-
tions, the single-cell Hi-C work of Tan et al. was
able to show that chromosomal regions could
occupy either A and B compartments (Tan
et al. 2018). This result is also supported with
the superresolution work of Szabo et al. (2018)
where heterogeneity was seen in the higher-order
structure: “ranging fromacompact conformation
to rarer unfolded chromosomes.” Interestingly,
autosomal alleles varied in their compartments
to the same extent as that between cells, suggest-
ing thenoise is intrinsic, that is, not attributable to
the varying amounts of specific proteins between
cells (Tan et al. 2018).

Second, a major question that the first sin-
gle-cell Hi-C experiments sought to investigate
was whether TADs in individual cells were con-
sistently formed in the locations of the eTADs
(Nagano et al. 2013). Specifically, the enrich-
ment of contacts at the eTAD locations in indi-
vidual cells was quantified and compared with
that of the ensemble. Interestingly, they found
no difference, suggesting that the TADs that
form eTADs were consistently formed in indi-
vidual cells. Herewe should note that the limited
number of contacts per cell in single-cell Hi-C
data often lead to the use of additional assump-
tions to reach conclusions. The logic of this par-
ticular analysis was dependent on the formation
(or absence) of complete TADs (at the locations
of the eTADS) in individual cells. Interestingly,
with further single-cell Hi-C experiments
(Flyamer et al. 2017; Stevens et al. 2017; Tan
et al. 2018), various superresolution DNA-
FISH methodologies (Bintu et al. 2018; Szabo
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et al. 2018; Cardozo Gizzi et al. 2019; Finn et al.
2019; Mateo et al. 2019; Su et al. 2020), and now
with high-resolution electron microscopy tech-
nologies (Peddie and Collinson 2014; Trzas-
koma et al. 2020), the formation of TADs and
their barriers were found to be extremely sto-
chastic in individual cells. For example, a 1.7
Mb genomic region observed at the single-cell
level clearly showed one domain in 25% of cells,
two domains in 39% of cells, three domains in
31% of cells, and four or five domains in 5% of
cells. Furthermore, even for the individual chro-
mosome regions that had the same number of
domains there were clearly different folding
patterns (Fig. 3C; Trzaskoma et al. 2020), sug-
gesting again a very dynamic and stochastic
structure. Additionally, TAD formation at dif-
ferent alleles in individual cells was shown to be
independent (Finn et al. 2019), indicating that
the noise in TAD formation is also intrinsic.

These probabilistic structures do still have
structural properties that emerge with different
analyses. Of particular note, the eTADs were
found to result from cohesin introducing biases
in which boundaries could form (Bintu et al.
2018). Surprisingly, even in the absence of cohe-
sin, TADs were still formed, but with no bias in
boundary formation (Fig. 3D). This result could
be interpreted as suggesting that the forces direct-
ing the chromatin to A and B compartments do
not play a significant role in the formation of
TADs. Furthermore, TADs can have both ensem-
ble-A loci and ensemble-B loci, again suggesting
the ensemble compartmentalization may not
play a dominating role in TAD formation (Fig.
3E; Su et al. 2020). Individual TADs appear to
show globular structures (Bintu et al. 2018; Szabo
et al. 2018) andDrosophila PolycombTADs have
been shown to be extremely compact and orga-
nized like that of a random coil (Mateo et al.
2019). Notably, Polycombproteins are important
for propagating and maintaining chromatin
modifications, and these modifications were
shown to play a role in “strong long-range” chro-
mosomal contacts (Bonev et al. 2017) and form
“loops” with “patches” of the Polycomb chroma-
tin forming the contact (Hsieh et al. 2020; see
Aranda et al. 2015 for information on Polycomb
proteins and their influence on TAD formation).

Last, the fact that TADs are probabilistic struc-
tures causes theirDNA to frequently contact their
neighboring eTADs; stochastic boundary forma-
tion can cause DNA segments within neighbor-
ing eTADs to be located within the same TAD
(Bintu et al. 2018; Finn et al. 2019).

In summary, it appears that there is a great
deal of heterogeneity in the overall conforma-
tion of chromosomes, chromatin state, and TAD
structure. Understanding how this heteroge-
neous structural genomic landscape influences
transcription and cellular decisions thus be-
comes a central question of future studies (Mis-
teli 2020).

TRANSCRIPTION IN THE LIGHT OF
STOCHASTIC GENOMIC STRUCTURES

Doesthe stochasticnatureof thegenomehaveany
influence on transcription or vice versa? This is
still a very much open question, and the answer
ultimately lies in the functionality of genomic
structure. Here we focus primarily on compart-
ment- and TAD-level organization andwhat new
methodologies reveal about this question.

The role of the local surroundings of a
gene on transcriptional regulation has a long
history, starting first with the suggestion that
location of a gene in a physically compact region
of chromatin might be indicative of low activity
(Schultz 1947; Raser and O’Shea 2004; Raj et al.
2006). Studies hoping to investigate how the lo-
cal chromatin state influences transcription
sought to investigate perturbations to nuclear
position. Multiple experiments have redirect-
ed/tethered specific chromosomal regions to
the different regions of the nucleus and have
quantified its impact on transcription. Interest-
ingly, whether or not transcription was influ-
enced was context specific; repositioning an in-
terior gene to the periphery of the nucleus did
not always lead to its inactivation (Williams et al.
2006; Finlan et al. 2008; Kumaran and Spector
2008; Reddy et al. 2008; Therizols et al. 2014;
Wijchers et al. 2016). In terms of chromosomal
territories, regions of active transcription are en-
riched in trans-chromosomal contacts (Lieber-
man-Aiden et al. 2009; Yaffe and Tanay 2011),
owing to active transcription at the interfaces of
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chromosomes (Nagano et al. 2013; Stevens et al.
2017). To date, to the best of our knowledge, it is
unclear whether general rules can be inferred
about the role of chromosome interfaces or the
nuclear periphery in influencing transcriptional
state or bursting behavior.

Moreover, even within the context depen-
dence and nondeterministic role of nuclear
position on transcription, the higher-order
structure could have a long timescale impact
on the variation of transcription owing to the
constraints on chromatin mobility. The diffu-
sion of DNA-bound fluorescently tagged TFs
(Robinett et al. 1996) has shown that the major-
ity of chromatin exhibit confined diffusion
(Chubb et al. 2002). Memory of past positions
and specific dynamics are evident well beyond
20 min with the dynamic behavior specific to
individual cells (Alexander et al. 2019), suggest-
ing it would take a long time for specifically
bound TFs to reach a new location through
chromatin diffusion. Here we should also note
that with transcriptional activation, chromatin
was able to move directionally from the periph-
ery to the center of the nucleus (Chuang et al.
2006). Last, the repositioning of chromatin to
different nuclear positions was shown to largely
depend on mitosis (Kumaran and Spector
2008). It is therefore tempting to state that if
changing nuclear position does change the
chromatin state, the characteristic timescales of
switching between different transcriptional
states would be on the order of the cell cycle.

At the compartment/euchromatin/hetero-
chromatin level, global methodologies found
that the influence of ensemble heterochromatin

on bursting was noisy expression resulting from
a low burst frequency (Dey et al. 2015). This
result was reemphasized by the finding that
genes that occupied the two ensemble chromatin
states had a bimodal distribution of burst fre-
quencies (Fig. 4A). The power of this recent
work is the ability to directly quantify how the
stochastic nature of the chromatin state at the
single-cell level influences transcription. Specif-
ically, instead of assigning loci to A and B com-
partments in individual cells, they quantified the
density of trans-ensemble-A loci relative to
trans-ensemble-B loci for each gene, excluding
the ensemble chromatin state of the gene in
question, and investigated whether there was a
link to its transcriptional state. This “trans A/B
density” can be thought of as an approximation
for whether or not a gene is in an A or B state in
individual cells. Importantly, there was a strong
correlation between the trans A/B density and
transcription, where 86% of genes showed an
enrichment in trans A/B density when they
were transcribing and 89% showed a higher
burst frequency with a higher trans A/B ratio
(Fig. 4B,C; Su et al. 2020).

These results suggest the modulation of
burst frequency through chromatin state could
be the mechanism leading to correlations in the
steady-state RNA levels between genomically
co-located genes (Raj et al. 2006; Sun and Zhang
2019; Ibragimov et al. 2020), and should be fur-
ther quantified in terms of specific mechanism.
Nonetheless, these results suggest a transcrip-
tional model with multiple burst frequencies
for genes that stochastically switch between
chromatin states (Fig. 4D). A potential mecha-

Figure 3. Chromosome organization varies in single cells. (A) Diverse structures of whole individual chromo-
somes with the loci that occupy the ensemble-A and -B compartments shown in red and blue. (Panel A from Su
et al. 2020; reprinted, with permission, from Elsevier © 2020.) (B) The degree of separation of chromatin for
individual chromosomes in the two ensemble-A and -B states compared with a random control. (PanelB from Su
et al. 2020; reprinted, with permission, fromElsevier © 2020.) (C) Direct visualization of chromatin with electron
microscopy showing the large amount of stochasticity of individual topologically associating domains (TADs)—
each assigneddomain is color-coded. (PanelC is reprinted fromTrzaskoma et al. 2020underaCreativeCommons
Attribution 4.0 International License.) (D) Individual TADs still form in the absence of cohesin. The first row
shows the ensemble median distances with (no auxin) and without cohesin (auxin). (Panel D from Bintu et al.
2018; reprinted, with permission, from the American Association for the Advancement of Science © 2018.) (i)
TADs in individual cells with cohesion, and (ii) without cohesin. (E) TADs in individual cells can contain loci
assigned to the ensemble-A and -B compartments. (Panel E from Su et al. 2020; reprinted, with permission, from
Elsevier © 2020.)

The Stochastic Genome and Gene Expression

Cite this article as Cold Spring Harb Perspect Biol 2021;13:a040386 9



nism where the stochasticity of the chromatin
state could be propagated through to transcrip-
tion could be enhancer activation and deacti-
vation (see below), possibly through specific his-
tone modifications/chromatin conformations
that are concomitant with activation of enhanc-
ers (Krijger and De Laat 2016). Last, if the chro-
matin state is what drives burst frequency, could
one use transcriptional bursts as a monitor of
single-cell chromatin state?

FUNCTIONALITY OF TOPOLOGICALLY
ASSOCIATING DOMAINS (TADs) AND
ENSEMBLE TADs (eTADs)

Topological domains arise through the interplay
between cohesin and cis- and trans-acting
boundary elements. CTCF is perhaps the best
characterized of these trans-acting factors

(Ghirlando and Felsenfeld 2016), consistent
with its role as an insulator (Bell and Felsenfeld
2000). Thus, in relation to the previously dis-
cussed higher-order structure of the genome,
the transcriptional states of individual eTADs
are often believed to be partitioned into either
heterochromatin or euchromatin (Le Dily et al.
2014;Wang et al. 2016;Wijchers et al. 2016) and
correlated with chromatin state (Sexton et al.
2012; Rao et al. 2014; Ulianov et al. 2016). The
functionality of eTADs is believed to be in (1)
promoting specific intracontacts such as specific
enhancer–promoter interactions, and (2) limit-
ing the contacts between adjacent eTADs, avoid-
ing enhancer cross talk. Indeed, the expression
of tissue-specific expression is correlated with
eTAD structure (Symmons et al. 2014) and per-
turbations of individual eTADs lead to the dys-
regulation of expression (Northcott et al. 2014;
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Lupiáñez et al. 2015; Flavahan et al. 2016; Franke
et al. 2016; Hnisz et al. 2016; Krijger and De Laat
2016; Weischenfeldt et al. 2017; Mateo et al.
2019) providing strong support for this view.

Yet, experiments that have globally eliminat-
ed eTAD structure through cohesin (Rao et al.
2017; Vian et al. 2018) or CTCF (Nora et al.
2017) depletion have shown minimal ensem-
ble transcription changes. Similarly, although
eTADs might be expected to constrain the
spread of chromatin state, the compartmentali-
zation of chromatin into the ensemble-A and -B
states was maintained and even strengthened
with the depletion of eTADs (Nora et al. 2017;
Rao et al. 2017; Vian et al. 2018). Also, the con-
cept of eTADs directing specific DNA contacts
and preventing others is a difficult model to
grasp, considering TADs have been shown to
be stochastic structures with ill-defined bound-
aries in individual cells. Furthermore, as pointed
out in the work of Ghavi-Helm et al., most stud-
ies that found a strong correlation of pertur-
bations to eTAD structure and transcription
generally started with a phenotype (like cancer)
and “worked backward to explain themisexpres-
sion” (Northcott et al. 2014; Lupiáñez et al. 2015;
Flavahan et al. 2016; Franke et al. 2016; Hnisz
et al. 2016;Weischenfeldt et al. 2017). Therefore,
the general influence of eTAD structure on tran-
scription appears minimal. Indeed, in their
work, they were able to quantify the effects of a
large number of unbiased chromosomal pertur-
bations using balancer chromosomes in Dro-
sophila and found that only a small fraction of
genes was sensitive to disruptions in chromo-
some topology (Ghavi-Helm et al. 2019).

Indeed, recent data suggest a more nuanced
view. Within TADs, one observes smaller “sub-
TADs.” The boundaries of these sub-eTADs
are enriched in TFs, coactivators, and RNA poly-
merase II (RNAP II), and the boundary strengths
of sub-TADs are directly proportional to tran-
scription activity (Hsieh et al. 2020). Importantly,
RNAP II inhibition (elongation and initiation)
did not perturb these structures, suggesting it is
the other factors involved in transcription direct-
ing the formation of these sub-eTAD structures
(Hsieh et al. 2020). Here, we should note that
there is a similar relationship between eTADs

and active transcription (Du et al. 2017; Hug
et al. 2017; Ke et al. 2017; Hsieh et al. 2020) and
some TFs have been shown to form eTAD
boundaries (Hug et al. 2017; Weintraub et al.
2017). Additionally, recent investigations showed
that active transcription within an eTAD seemed
to unfold the region (evident at the ensemble
level) (Cardozo Gizzi et al. 2019), directly linking
eTAD structure to transcription, likely attribut-
able to the unfolding of chromosomal domains
with supercoiling (Naughton et al. 2013).

Distinguishing the role of compartments ver-
sus TADs as the primary determinant of tran-
scriptional regulation is emerging as a central
concept in the field. The interesting recent
work of Luppino et al. (2020) was able to show
that cohesin is responsible for the intermixing of
neighboring eTADs and through this intermix-
ing, cohesin modulates the burst frequency of
genes near the borders of eTADs, suggesting an
interesting direction of research. Also, the
strengthening of A and B compartmentalization
seen with cohesin depletion (Rao et al. 2017; Vian
et al. 2018) could indicate that eTADs play a role
in the stochasticity of A and B compartmentali-
zation and the higher organization of the genome.
However, modeling studies of Nuebler et al.
(2018) suggest that it is the activity of loop
extrusion that leads to the active mixing of the
chromatin and the weakening of A and B com-
partmentalization, potentially leading to this sto-
chasticity and bringing into question the specific
role of eTADs. Still, this stochasticity in A and B
compartmentalization would not necessarily lead
to changes in mean expression levels but could in
turn influence the noise and (potentially) the
correlations between certain genes, but this re-
mains to be seen. Overall, much needs to be
probed in terms of TAD and eTAD structure as
a general process controlling gene expression and
whether their stochastic nature influences en-
hancer biology.

ENHANCER-DEPENDENT TRANSCRIPTION
ACTIVATION

An appealing connection between genomic
structure and transcription centers on the con-
cept of the enhancer. Enhancers were initially
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discovered in 1981 on plasmids with the obser-
vation that DNA elements “far” from the pro-
moter greatly influenced transcription (Banerji
et al. 1981; Benoist and Chambon 1981; Schaff-
ner 2015). Enhancers were then shown in meta-
zoans (mouse) in 1983 (Banerji et al. 1983) and
are now believed to be a central mechanism of
transcription regulation. Mammalian genomes
are predicted to have hundreds of thousands of
enhancers (The 1000 Genomes Project Consor-
tium et al. 2012; Shen et al. 2012), and the
majority of genes have more than one enhancer
(Fishilevich et al. 2017) presenting an enor-
mous challenge for dissecting their mechanism
of action. Enhancers can act synergistically,
thus raising expression to a higher extent than
their sum, repress the action of neighboring
enhancers, and can show a degree of “hierar-
chical logic” (Long et al. 2016); for example, the
activation of one enhancer is necessary for the
activation of others. Additionally, some en-
hancers seem to act on any gene, while some
show specificity (Furlong and Levine 2018).
Still, given their dominant role in regulation,
the variations within the steps of enhancer-me-
diated transcriptional activation are a clear
knob for the cell to control the timescales of
transcriptional bursting and the extent of noise
within expression (Larsson et al. 2019).

At the molecular level, the “parts list” of
enhancers has been well characterized. DNA se-
quences of enhancers are enriched in accessible
DNA (Buenrostro et al. 2013) and theH3K4me1
and H3K27ac histone modifications (Rada-
Iglesias et al. 2011). A majority of enhancers
are cell/tissue specific, in which the expression
of specific TFs and chromatin modifications are
believed to lead to the specific activation of the
enhancer. Coactivators (Mediator, BRG1, and
p300), TFs (Spitz and Furlong 2012), enhancer
RNA, and RNAP II binding are all characteris-
tics of active enhancers (Long et al. 2016). The
confluence of these factors has engendered a
view that for proper enhancer activation, mul-
tiple different TFs bind cooperatively and dis-
place the nucleosomes. An alternative first step
is that pioneer factors can bind and modify spe-
cific chromatin sites paving the way for the fu-
ture factors to bind and work (Zaret and Carroll

2011), although it is unclear whether pioneer-
ing activity is a unique activity reserved for cer-
tain proteins (Voss et al. 2011). Nevertheless,
the majority of experiments have indeed shown
that coactivators trigger transcription through
guided recruitment (Hilton et al. 2015; Stamp-
fel et al. 2015).

ENHANCER–PROMOTER PROXIMITY:
THE QUESTION OF “RANGE
OF ACTION”

If there is a general mechanism of enhancer
transcription activation, it has yet to be clearly
shown. A variety of different models have been
proposed, but given a lack of direct experimental
evidence, we do not exhaustively discuss them
here (Bulger and Groudine 2010; Furlong and
Levine 2018). However, enhancer-activated
transcription does seem to be dependent on
the physical proximity of a promoter and its
enhancer; whether or not direct contact between
a promoter and an enhancer is needed for tran-
scription activation is still a matter of debate.
Proximity is believed to lead to an increase in
coactivators and TFs around the promoter, in-
creasing the likelihood of a transcriptional burst
(Rodriguez and Larson 2020). Indeed, the dom-
inating mechanistic role of enhancers in sto-
chastic gene expression has been shown in living
cells, where the major effect of enhancer func-
tion is modulating burst frequency (Bartman
et al. 2016; Fukaya et al. 2016; Larsson et al.
2019; Rodriguez et al. 2019). Different mecha-
nisms have different degrees of proximity need-
ed for activation; regardless of the exact mecha-
nism, the degree of proximity (or “range of
action” for the enhancer) needed for transcrip-
tionmust be relatively small (hundreds of nm) to
ensure precision as argued in Furlong and Le-
vine (2018).

This simple model has been quite useful,
as enhancer–promoter proximity has been
extremely important for our understanding of
oncogene dysregulation. Specific examples in-
clude, but are not limited to (Fang et al. 2020)
(1) A single chromosomal rearrangement that
moves the GATA2 enhancer proximal to EVI1
(a stem-cell regulator) directly results in leuke-
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mia (Gröschel et al. 2014); (2) The up-regulation
of MYC in some forms of Burkitt lymphoma is
attributable to the repositioning of immunoglo-
bin heavy chain enhancer (Dalla-Favera et al.
1982); (3) Mutations within the superenhancer
of the LMO1 oncogene was shown to modulate
its TF-binding sites leading to neuroblastoma
(Oldridge et al. 2015); and (4) Copy number
variations of superenhancers around various
oncogenes (KLF5, USP12, PARD6B, and MYC)
lead to their dysregulation in 12 different tumor
types, providing strong evidence that perturba-
tions to enhancer biology is a common driving
force behind cancer.

The genomic distances between enhancers
and their target genes can be very large,
such as the Shh limb enhancer (ZRS), which is
>1 Mb away from the target gene (Lettice et al.
2003). Therefore, understanding how chromo-
somal rearrangements direct/limit enhancers to
a particular promoter and which conformations
actually trigger transcription have become cen-
tral questions. eTADs are believed to play a role
in directing enhancers as perturbations in indi-
vidual eTAD structures can lead to large changes
in gene expression and disease (Northcott et al.
2014; Lupiáñez et al. 2015; Flavahan et al. 2016;
Franke et al. 2016; Hnisz et al. 2016; Krijger and
De Laat 2016; Weischenfeldt et al. 2017; Mateo
et al. 2019). Additional support for the previous
statement is clearly shown in the pivotal work of
Symmons et al. where they monitored the ex-
pression level of a minimal promoter with the
lacZ gene randomly inserted into hundreds of
different positions within the mouse genome
(Symmons et al. 2014; developed in Ruf et al.
2011). Notably, a large majority of these inser-
tions showed tissue-specific expression similar
to that of the neighboring genes’ tissue-specific
expression. Further investigation found the re-
gions over which the reporter gene showed sim-
ilar expression was directly correlated with the
eTADs, suggesting that the “region of action” for
the enhancers directing the tissue-specific ex-
pression was confined to eTADs (Symmons
et al. 2014).

Directed looping is an attractive model for
modulating proximity through chromosomal
conformation. For example, in the work of

Guo et al. (2015), ∼50% of their identified en-
hancers had a CTCF-binding site nearby, sug-
gesting that upon TAD formation, the CTCF-
adjacent enhancer could be repositioned for
transcription activation. Looping between a pro-
moter and its enhancer has been shown to di-
rectly increase mean expression levels (Deng
et al. 2012, 2014;Williamson et al. 2016;Morgan
et al. 2017), attributable to an increase in burst
frequency (Bartman et al. 2016). Also, the oscil-
latory expression of circadian genes was shown
to correlate with promoter–enhancer contacts
(Mermet et al. 2018). Similar to a looping mech-
anism, cohesin could promote a direct enhanc-
er–promoter contact through loop extrusion,
which has been proposed as a mechanism to
constrain enhancer–promoter interactions to
the same eTAD (Dixon et al. 2012). Last, in
ensemble Hi-C experiments, enriched contacts
of enhancer–promoters have been observed,
suggesting looping could promote direct contact
(Rao et al. 2014). However, themajority of active
enhancer–promoters did not show an enrich-
ment in contact frequency (Rao et al. 2014;
Long et al. 2016), suggesting that for the most
general form of enhancer regulation, direct con-
tact is not needed. Theworkof Benabdallah et al.
2019. clearly demonstrated this phenomenon by
showing the exact opposite. Expression of Shh
was correlated with its promoter–enhancer dis-
tances increasing, bringing into question this
general model. Thus, obstacles to a unified
view of eTAD functionality may be the gaps in
our understanding of enhancer biology.

CONNECTIONS BETWEEN ENHANCER–
PROMOTER PROXIMITY AND
BURSTING REVEALED IN SINGLE-CELL
STUDIES

Ideally, an experimentalist would want to mon-
itor DNA conformation and nascent RNA
production in living cells with millisecond
time resolution and nanometer spatial preci-
sion. Current microscopy technology does not
yet allow these experiments. However, the pro-
gress in recent years in simultaneously imaging
both DNA and RNA has been substantial. Piv-
otal live-cell experiments have provided invalu-

The Stochastic Genome and Gene Expression

Cite this article as Cold Spring Harb Perspect Biol 2021;13:a040386 13



able information about the dynamics of chromo-
somal enhancer transcription regulation (Larson
et al. 2011). Two studies have now shown that a
single enhancer is able to activate two adjacent
genes at the same time, arguing against direct
enhancer–promoter contact for activation (Fu-
kaya et al. 2016; Lim et al. 2018). In the work of
Chen et al. (2018a) (Drosophila), it was clearly
shown that loop formation was needed to allow
for enhancer–promoter proximity activation.
Upon loop formation, the enhancer–promoter
distances showed a Gaussian distribution with a
mean of∼375 nm, whereas the unlooped confor-
mation showed a Gaussian distribution with a
meanof∼720 nm. Interestingly, for transcription
activation, the promoter–enhancer distances
showed a Gaussian distribution with a slightly
smallermean of∼330 nm, suggesting once a pro-
moter is within this distance the enhancer could
trigger transcription. Note, the investigators at-
tributed this observation to DNA compaction
with transcriptional activation, which is opposite
to the finding of CardozoGizzi et al. (2019). Sim-
ilarly, high-resolution work within embryonic

stem cells partially supports this result, where
they investigated the placement of an enhancer
close to a promoter. This experiment resulted in
an enhancer–promoter distance distribution
with a mean of 300 nm and an extended tail up
to 750 nm. Importantly, they found that there
was no dependence between transcription and
enhancer–promoter distance (Fig. 5A), suggest-
ing that for this system the promoter is always
within the range of action of the enhancer (Alex-
ander et al. 2019). Yet, the bursting behavior of
the genewas still extremely variable, in which the
majority (>65%)of the cellswere nontranscribing
for a period of >60 min (Fig. 5A). If the bursts
within individual cells were independent events,
it is clear that the transcribing cells and nontran-
scribing cells did not show the same bursting
frequency. Taken together, these results suggest
that a large proportion of the variation observed
within transcription is not dependent on the
modulation of enhancer–promoter proximity
and is likely governed by other mechanisms,
such as enhancer activation, local variations in
TF concentrations, etc.
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In addition to the live-cell studies, the sin-
gle-cell imaging work of Mateo et al. (2019) was
able to directly visualize the 3D structure of a
local region of the chromosome as well as the
nascent RNA from the different genes within
the region, providing the experimental means
of investigating enhancer–promoter proximity
and chromosomal structure. The enhancer–
promoter distances between the two were pre-
dictive of nascent transcription, but only weakly.
Importantly, the DNA segments that were pre-
dictive of transcription were not specific to the
enhancer location but seemed to be confined to
certain domains of the chromosome. Addition-
ally, genes were activewhen separated from their
enhancers and inactive when in proximity to
their enhancers (Mateo et al. 2019). Again, we
offer the interpretation that a large amount of
the stochasticity is not directly dictated by en-
hancer–promoter proximity as long as the pro-
moter is within the range of action of the en-
hancer.

OUTLOOK

In summary, the genome is stochastic at every
level of organization. Stochastic A and B com-
partmentalization in individual cells is propa-
gated through to transcription, but the specifics
of this process are unclear. Enhancers seem to
have a range of action around 300 nm potential-
ly related to local ensemble chromosomal
domains. Even so, enhancer-regulated tran-
scription has a large amount of variation that
is not dependent on fluctuations in enhancer–
promoter proximity. In Figure 5B, we provide a
hypothetical model of transcription to show
these findings.

In terms of the higher-order structure of the
chromosome, the lack of studies investigating A
and B compartmentalization in individual cells
and transcription clearly indicates the need for
further work. A primary experimental impedi-
ment is that there is still no clear way to define
the chromatin state in individual cells. Addi-
tionally, the conflicting results surrounding the
importance of TADs and eTADs indicate that
understanding what they do and how they work
is still a central question within the field. For

instance, how do these probabilistic structures
convey the range of action of enhancers to the
ensemble domains? There have been proposals
that enhancers are able to nucleate “phase-sep-
arated” droplets, suggesting that maybe some of
the probabilistic structures could create or limit
this phenomenon. Although, even this recent
idea has to be questioned as the expression of
Shh was shown to be extremely resistant to per-
turbations of the eTAD structure (Williamson
et al. 2019).

Overall, it should be noted that our under-
standing of stochastic genomic organization is
dependent on very new technologies, and only
time will tell whether our current model of the
stochastic genome is attributable to real biolog-
ical variability or experimental noise. Still, we
have shown here that there are plausible links
between the stochastic chromosome and sto-
chastic transcription. Presently, single-cell stud-
ies are much better at visualizing proteins such
as TFs and RNA than the high-resolution struc-
ture of the chromatin fiber. Future efforts should
be aimed at dissecting the contributions of the
myriad factors involved in transcriptional regu-
lation as they work in the dynamic milieu of the
nucleus.
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