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Abstract: In eukaryotic cells, gene transcription typically occurs in discrete periods of promoter
activity, interspersed with intervals of inactivity. This pattern deviates from simple stochastic events
and warrants a closer examination of the molecular interactions that activate the promoter. Recent
studies have identified transcription factor (TF) clusters as key precursors to transcriptional bursting.
Often, these TF clusters form at chromatin segments that are physically distant from the promoter,
making changes in chromatin conformation crucial for promoter-TF cluster interactions. In this
review, I explore the formation and constituents of TF clusters, examining how the dynamic interplay
between chromatin architecture and TF clustering influences transcriptional bursting. Additionally, I
discuss techniques for visualizing TF clusters and provide an outlook on understanding the remaining
gaps in this field.
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1. Introduction

Regulating gene transcription is central to life. This process involves copying the
genetic instructions from a gene’s DNA into a molecule known as messenger ribonucleic
acid (mRNA). These mRNA molecules are later translated into proteins [1]. The proper
regulation of transcription is crucial for cells to maintain cellular identity during differen-
tiation and homeostasis, and for cell functioning. Eukaryotic transcription involves the
recruitment of RNA polymerase II (Pol II) at the promoter region of the DNA. Follow-
ing transcription initiation [2,3], Pol II facilitates the synthesis of the mRNA molecule by
adding RNA nucleotides complementary to the DNA template of the gene. This process is
known as transcription elongation [4-7]. A gene stochastically alternates between states of
active transcription (“on” states) and inactive phases (“off” states) where transcription is
repressed [8]. The “on” states are frequently marked by “bursts” of activity [9-11], during
which transcription initiation occurs rapidly, with multiple Pol II molecules simultane-
ously engaged in transcription elongation [12,13]. Bursting affects the noise in mRNA
production within cells, and thus reproducible cell fate and consistent responses to stim-
uli require additional buffering mechanisms and the spatiotemporal averaging of gene
outputs [13-15]. Despite the stochastic nature of switching between “on” and “off” states,
there are indications of modulation in burst characteristics such as burst duration and burst
frequency [13,16,17]. Studies on Drosophila developmental genes revealed that a key param-
eter of regulation comes from the fraction of “on” states [18,19]. This suggests the presence
of a shared regulatory mechanism governing the transcription patterns of these genes [19].
Until recently, research predominantly focused on time- and population-averaged rela-
tionships between regulatory factors and transcriptional outputs [20]. However, recent
discoveries regarding the temporal dynamics of transcription call for efforts to quantify
and model dynamic regulatory mechanisms.

The components underlying transcription regulation can be broadly categorized into
two factors: cis factors, comprising DNA regulatory elements known as enhancers [21], and
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trans factors, which consist of protein molecules that interact with these enhancers [22]. The
trans factor proteins, such as transcription factor (IF) molecules, bind to enhancer binding
sites specifically [23-25]. The bound proteins form a complex with other proteins, effectively
resulting in the formation of a protein cluster at the enhancer [26,27]. In eukaryotes,
DNA base pairs wrap around histone proteins to form nucleosomes, which constitute the
fundamental units of chromatin fiber. This chromatin fiber undergoes intricate folding
processes, leading to the formation of hierarchical structures [28].

Often, multiple enhancers drive a gene, and these enhancers can be located at
various genomic distances, ranging from tens of base pairs to a few megabase pairs of
nucleotides away from the promoters [29,30]. Chromatin folding facilitates the formation
of loops [31,32], bringing distant enhancers into close proximity, enabling interactions
among enhancer-associated protein clusters [33,34]. This complex, comprising enhancers
and protein clusters, diffuses [35-37] and encounters the gene promoter [38]. Upon
encountering it, the protein cluster activates the promoter, inducing a transcriptionally
active state [39-42]. Such a state is marked by the binding of general transcription factors
(GTFs) at specific promoter regions, recruiting Pol II to form an assembly of molecules
called the transcription pre-initiation complex (PIC) [43,44]. This assembly occurs in
steps, leading to the formation of conditions conducive for Pol II to synthesize mRNA
molecules [12].

The physical state of interacting enhancer—promoter (E-P) regions along with the
protein clusters that govern these interactions [45] is collectively referred to as a “transcrip-
tion hub” [46-48]. Protein molecules such as transcription factors (TFs), cofactors, and
mediator molecules [49-51] assemble in high concentrations within these hubs, effectively
creating a membrane-less organelle [52,53]. When this hub interacts with the promoter, and
recruits Pol II, a Pol II cluster may also coincide with this hub [45,54-56]. The mechanism
of formation of the transcription regulatory cluster, as well as understanding the dynamic
regulation of transcription by clusters, has drawn interest for both scientific understanding
and therapeutic applications [57-61].

The biochemical assays developed to study the interaction among proteins and nu-
cleotides [62—-65] often fail to capture the dynamics of the clusters resulting from such
interactions. Additionally, these assays are typically designed for in vitro analysis and
often lack the complexity of physiological conditions of a live cell nucleus [66]. The dy-
namics of molecules and molecular clusters within the nuclear space unfold at a timescale
that microscopy techniques can capture [47,55,67,68]. Hence, biochemical assays are be-
ing complemented with fluorescence microscopy-based visualization [56,69,70] as well as
light-based probing and perturbation techniques [71-75] in live samples. These techniques
entail visualizing fluorescently labeled proteins within live cell nuclei using high-resolution
microscopy methods. Through these studies, protein clusters and condensates relevant
to transcription were imaged in yeast cells, fruit-fly embryos, and mammalian cell cul-
tures [67,69,76]. Moreover, labeling nascent mRNA transcripts enables the real-time visual-
ization of the transcription process [77-79]. Combining these techniques, TF clusters and
transcriptional output generation were simultaneously observed in live cells [76,80]. Live
quantitative imaging techniques have extended microscopy’s capabilities beyond visual-
ization, revealing the fundamental principles of transcription dynamics [9,18]. Imaging
with high spatio-temporal resolution has allowed for the characterization of chromatin
dynamics in 3D [81-83], enabling the generation of biophysical models that link chromatin
folding to transcriptional output [36,82]. Concurrently, researchers have quantified the
biophysical properties of TF clusters, such as size, concentration, and total molecular count
in live samples [84]. This characterization has shown that the molecular content of the
clusters might encode information about the cell’s position within the embryo.

The key to understanding how genes are regulated in real-time is conducting a single-
cell study that simultaneously observes cluster dynamics, chromatin dynamics, and tran-
scriptional dynamics for a specific gene. To conduct this real-time analysis, we would need
to track various elements, including a chromatin marker indicating the gene promoter,
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another marker for an enhancer, clusters of assembled transcription factor molecules, and
the nascent mRNA at the transcription hotspot. Using high-sensitivity quantitative imag-
ing to observe these labeled species within a gene locus can provide a comprehensive
understanding of the temporal relationship among the main components of transcriptional
regulation. The beauty of quantitative measurements lies in the insights they yield, which
often go beyond empirical causalities and delve into the realm of fundamental relationships
rooted in first principles [85,86]. One such fundamental question is how information is
transmitted from the transcription factor molecules to the gene promoter [87] via inter-
mediate clustering. While it is evident that clustering dynamically amplifies signals from
the nuclear environment at the gene locus, a general model for the comprehension of the
spatiotemporal flow of information in gene expression remains elusive.

This review summarizes recent findings on transcriptional regulation through pro-
tein clustering in a straightforward language. Despite their various names, all clusters
share protein sequestration and compartmentalization characteristics. I will use the term
“clustering” to describe this phenomenon and reserve the term “transcriptional hub" for
clusters of multiple proteins and chromatin segments that coincide to regulate transcription.
The review covers transcription-relevant protein clustering, the interplay of chromatin
dynamics and TF clusters in transcriptional bursts, the microscopy techniques enabling
these studies, and future research directions in temporal transcriptional regulation.

2. Overview of Cluster Formation

TF cluster formation is a complex multi-step process that usually begins when the TF
molecules encounter a binding sequence on the DNA. Typically, a DNA binding domain
(DBD) of the TF molecule identifies the cognate DNA sequences, spanning 6 to 20 base
pairs (bp), within the target enhancers [26,88].

2.1. Interaction between TF Molecules and TF Binding Sites in the DNA

The TF molecules undergo stochastic diffusion in the 3D nuclear space and occasionally
collide with the DNA (Figure 1A). Upon encountering an accessible DNA region, the TF
molecule may transiently bind (<1 s) nonspecifically to the DNA. The TF molecule can
then scan the DNA for the cognate binding sites by sliding, effectively reducing the search
dimension and hence the search time [89,90] (Figure 1B). The weak nature of nonspecific
binding facilitates rapid scanning along the DNA [91]. A successful search would result in
specific binding, with possibly longer dwell times (>10 s) [89,92]. Overall, the affinities of
TF-DNA binding range from low to high [93], with reported binding times spanning from
0.2 to 200 s [94]. It can be argued that only the long-lived bound states have the potential to
act as functional bindings leading to cluster formation [95].
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Figure 1. DNA binding site search by the transcription factor (TF). (A) Cartoon showing a TF
protein undergoing 3D diffusion in the nuclear space to encounter a DNA element. The DNA
segment that the TF encounters can be a random site, resulting in an unspecific TF-DNA interaction.
(B) Representation of a TF protein sliding along the DNA (one-dimensional search) to “find” a cognate
binding site.
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Typically, enhancers consist of several contiguous binding sites [96] that can be cognate
to multiple protein species [23]. While such crowding of contiguous binding sites may seem
detrimental to binding new molecules, often TFs synergistically assist in recruiting other
TF molecules [97] (Figure 2A). Yet another class of transcription factors, known as pioneer
factors, aid TF binding by interacting directly with the nucleosomal DNA and facilitate the
opening of compacted chromatin [98-100]. How pioneer factors access chromatin remains
an open question. A theoretical study suggested that pioneer factors accelerate target search
more effectively on condensed nucleosomal DNA than on open DNA [47,101]. Additionally,
it has been demonstrated that pioneer factors need to bind more transiently than other
transcription factors to be effective [102] and that local enrichment might enhance the
effectiveness of such transient binding [47].
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Figure 2. TF cluster formation. (A) TF molecules bound to contiguous DNA binding sites in an
enhancer may interact cooperatively. (B) TF molecules bound to the binding sites in the DNA interact
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with unbound proteins through their activation domains. (C) TF molecules bound to the DNA
binding sites in an enhancer interact with each other and with other proteins via their activation
domain. (D) Interacting proteins in (C) form a cluster at the site of the enhancer (Top). Protein
clusters seeded at two distal DNA segments fuse, creating a bridge between two distant chromatin
segments (Bottom).

2.2. Interaction of DNA Bound TF with Cofactor Molecules

The simultaneous occupation of neighboring binding sites in the enhancer results
in the “trapping” of protein molecules within a confined region (~100 nm). Distinct
from the DBD, TFs typically have an activation domain (AD) [103,104], which frequently
contains an intrinsically disordered region (IDR) [104,105]. The IDRs are small motifs
that enable the protein to interact with other proteins with high specificity but weak
affinity. This characteristic facilitates spontaneous dissociation, allowing for dynamic
protein—protein interactions [70,105]. This allows DNA-bound TFs to recruit other proteins,
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such as coactivators, through interactions mediated by the AD (Figure 2B) [45,106]. The
concentration boost reduces the time required for successful searches, resulting in a higher
frequency of TF molecules binding to the cognate binding sites in the enhancer [52,107].
Recently, it was proposed that IDR could also influence the TF-DNA binding [108,109].

Thus, regardless of the bound-state dwell time of the TF molecule, the high frequency
of binding events would result in a significantly high fraction of enhancer binding site occu-
pation. This stands in stark contrast to scenarios where there is no cooperative interaction
among molecules, leading to a lack of local concentration amplification. Such functional
synergism has been proposed as a mechanism to explain the potency of low-affinity en-
hancer targets in driving gene expression [46,67].

The network of self-interactions as well as multivalent interactions among the IDRs
within the ADs of the proteins in the neighborhood of enhancers can lead to cluster
formation (Figure 2C,D) [110,111] by liquid-liquid phase separation (LLPS) [112,113]. Tran-
scriptionally relevant phase separation has also been observed to be mediated by RNA
molecules [114], including long non-coding RNAs [115] Such phase-separated complexes
can be distinctly observed at active super-enhancers. Super-enhancers are a group of
enhancers that are efficient in recruiting a broad spectrum of cofactors, such as tran-
scriptional activators, chromatin remodelers, and chromatin architectural proteins, and
share a common transcription hub among themselves through a network of interact-
ing molecules [116,117]. Indeed, cofactors such as BRD4 and Mediator were found to
form phase-separated condensates, stably associated with multiple enhancers simultane-
ously [118]. Mediator was found to form fairly stable condensates in mouse embryonic
stem cells (mESCs), which coincided with Pol II clusters in a transcription-dependent
manner [54,69]. This suggests that within a single transcription hub, multiple protein
species might be condensed by phase separation.

However, not all proteins that cluster within a transcription hub are necessarily phase-
separated [119]. Clusters can also result from an increased local concentration, due to
the constrained motion of molecules in the vicinity of enhancers, without undergoing
LLPS [97,110]. This phenomenon may arise due to the availability of a high density of
binding sites within a short DNA segment in an enhancer [120], often simultaneously
activated by chromatin modifiers and pioneer factors [121]. Once bound, the reaction
kinetics of TF molecules might also be influenced by cooperative interactions among the
TFs, often assisted by nucleosomes [122-124]. In such cases, not all molecules interacting
with the enhancer may form stable complexes. This is exemplified by the TF Bicoid [125,126]
and the pioneer factor Zelda in Drosophila embryos. The target enhancers of Bicoid contain
Zelda binding sites interspersed with Bicoid binding sites [127-129]. However, through
cooperative binding [130,131], Bicoid can form stable clusters seeded at the enhancers,
while Zelda only transiently enriches the enhancer sites [47], even though the absence of
Zelda significantly impacts Bicoid dependent gene expression [47]. Similar findings were
observed in the Zelda-mediated activation of Dorsal-dependent gene expression [132]. In
another study, Capicua, which acts as a transcriptional repressor in Drosophila by interacting
with the DNA, was observed to form stable clusters [133], whereas Groucho, which interacts
with Capicua in Drosophila [134], does not (unpublished). Thus, the constituent molecules
in a cluster can have different residence times.

2.3. Clusters Confer Information in Nuclear TF Concentration

The significance of a cluster as a non-stoichiometric assembly holds profound implica-
tions for precise transcriptional regulation, particularly for developmental patterning genes.
These genes depend on enhancers that directly interpret information from the nuclear con-
centration of transcription factor (TF) molecules. For instance, Bicoid drives transcription
in a concentration threshold-dependent manner, with its target gene expressed only in
nuclei where Bicoid concentrations exceed a certain threshold [135]. The non-stoichiometric
clustering resulting from cooperativity among Bicoid molecules is believed to facilitate this
threshold-based action [130,136].
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Subsequent research showed that the nuclear concentration of Bicoid is an extremely
precise function of the cell’s position in the embryo [85]. Intriguingly, the quantification
of Bicoid-dependent gene transcription also revealed remarkable precision in the position
dependence of the target gene output [85]. This suggests that enhancers driving target
genes can interpret Bicoid concentration with very high accuracy.

A recent study demonstrated that the number of molecules within an average Bicoid
cluster accurately represents Bicoid’s nuclear concentrations [84]. A simple explanation
for this observation could be that the rate at which Bicoid molecules approach the cluster
boundary increases with higher concentration, while the rate at which the molecules escape
from the cluster remains constant. This would result in denser clusters, which might
facilitate the sustenance of longer transcriptional bursts.

Since Bicoid interacts with several target genes simultaneously, the concentration
dependence of an average cluster reflects all such genes, each with varying levels of depen-
dence on Bicoid. How Bicoid clusters related to individual genes interpret concentrations
remains to be seen. Nevertheless, TF clustering can serve as an efficient mechanism for
the rapid dissemination of nuclear concentration information to the gene locus, which is
particularly important for development.

3. Interplay of 3D Chromatin Architecture and TF Clusters

The three-dimensional architecture and dynamics of chromatin play a crucial role in
the formation of TF clusters. The chromatin is often classified as a polymer, and within short
scales, the motion is satisfactorily defined by subdiffusive processes [137,138]. In higher
eukaryotes, it is common for multiple genomically distant enhancers to simultaneously
regulate a single gene. There have also been observations of the same enhancer regulating
multiple genes [29]. In order for enhancers to interact with each other and with the
promoter, the chromatin must fold in a way that brings the relevant but distant DNA
sections into physical proximity. Folding is the essence of chromatin architecture, and the
chromatin folds into hierarchical, unknotted structures, which can be modeled as a fractal
globule [139,140]. Genome folding in eukaryotes is not merely a means to pack genetic
material of a great linear span into the small 3D space of the cell nucleus. The compaction
rather results in the highly organized compartmentalization of the genome, with significant
functional implications.

3.1. Overview of High-Level 3D Chromatin Architecture

Classically, the chromosomes are thought to be organized into two distinct territories,
heterochromatin and euchromatin. Heterochromatin is the less accessible, transcriptionally
inactive region, which is also highly condensed, whereas euchromatin is more accessible,
shows histone marks different than heterochromatin, is gene-rich, and is more readily tran-
scribed [141-143]. Heterochromatin is predominantly positioned at the nuclear periphery
and in the vicinity of nucleoli, whereas euchromatin is located within the nucleus’s interior
(Figure 3A) [142]. The compartmentalization results from genome folding and results in
the clustering of regions with active genes (A compartments), distinctly separated from
regions of inactive genes (B compartments) [144]. Long-range and short-range compart-
mentalization (Figure 3B) have both been observed to correlate with interacting domains
sharing similar transcriptional activity states [145]. Phase separation has been suggested to
drive such compartmental segregation [146], among other competing mechanisms [32,147].
The underlying feature of genome organization is the spontaneous folding of the chromatin
fiber, and the direct and indirect interaction of chromatin segments with cross-linking
proteins [28,148].
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Figure 3. Chromatin organization and topology. (A) A schematic of chromatin segregation within
the cell nucleus into euchromatin and heterochromatin. The white blob represents a nuclear
body. (B) Both heterochromatin and euchromatin comprise chromatin compartments (enclosed
in grey, dashed circles), which are mutually separated heavily folded sections of the chromosomes.
(C,D) Chromatin conformations within a chromatin domain can include multiple interacting seg-
ments regardless of boundary element (insulator) contact. (E) Interdomain (inter-TAD) interaction
between enhancer and promoter, via a TF cluster.

3.2. Organization of Chromatin Domains

The ensemble average, statistically inferred from cell population data, suggests that
the genome is organized into domains characterized by largely the same chromatin and
transcriptional state [28]. While the elements within such domains seem to have a high
propensity to interact with each other (self-association), interactions with elements outside
the domains are generally inhibited (insulation), providing transcriptional regulatory
specificity to the domains [149-151]. Such domains are often called topologically associated
domains (TADs) and can range from a few tens of kilobases to more than a megabase
in length [150]. TADs were found to be flanked by distinct boundary elements, which
are sometimes referred to as insulators, for their perceived role in insulating the TAD
from interaction with neighbors [152,153]. The insulators are characterized as architectural
elements, due to the presence of binding sequences for architectural proteins, such as
CTCF [154,155]. The precise mechanism by which these boundary elements provide
insulation remains unclear, as does the conformation or topology of the chromatin within
a TAD. In Drosophila, there is evidence of direct pairing between the insulators flanking
a TAD, mediated by a bridge of interacting architectural proteins (Figure 3C) [156,157].
A widely accepted model, particularly in vertebrates, proposes that molecular motors
load and process along the DNA [158], extruding a loop, that eventually anchors at the
boundaries of the TADs [159-161]. Microscopy-based single locus studies suggested the
existence of multiple extruded loops as the basis of compaction, and hence long-range
DNA interactions (Figure 3D) [162], even though live experiments suggest that loops can
be both rare and dynamic [82,163].

3.3. Long-Range Enhancer—Promoter Association

In addition to intra-TAD loops, loops spanning multiple TADs and connecting specific
DNA elements have also been identified [164-166]. These loops are typically associated
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with contacts between enhancers and promoters and are believed to initiate transcriptional
activity and thus are functional contacts (Figure 3E) [166,167]. Such focal contacts require
the presence of tethering elements that can stabilize long-range stochastic encounters of
DNA elements and cannot be solely explained by loop extrusion mechanisms [168]. This
can, however, be explained by the Strings and Binders Switch (SBS) model, which treats
chromatin as a string with binding sites for molecules. The binding of diffusing molecules
to their cognate sites on the string, combined with self-interactions, can lead to the tethering
of distant DNA elements and give rise to various stable chromatin architectures [169,170].
Regardless of the model, contacts between DNA elements can serve as loop anchors.
However, it is important to note that the apparent contacts observed in population data from
sequencing studies do not necessarily indicate real physical contact between DNA elements.
Physical contact between DNA segments is untenable as it increases the electrostatic free
energy, driven by Coulombic repulsions between the segments [171,172]. To offset this, the
charge screening effect, such as that accomplished by the binding of protein molecules,
like the TFs, must be attained first [173]. Once the charge has been screened, individual
DNA segments can come into close proximity. Indeed, the sustained separation of the
Eve enhancer and a synthetic promoter (140 kb away), rather than direct contact, was
sufficient to trigger transcription in Drosophila embryos [83]. Interestingly, this separation
distance (~0.35 um) was also the closest recorded in the study, suggesting a limitation
on how closely an enhancer can approach the promoter. It raises speculation that this
closest approach distance may be constrained by the size of an intervening protein cluster.
For instance, Bicoid, a key TF in the Eve gene regulation, was found to form clusters
approximately 400 nm in size [84]. TF binding has also been associated with long-range
inter-TAD interactions and with the switching of genome compartments from inactive to
active as well [34].

4. The Relationship between Clustering and Gene Transcription

Studies on gene loci where the promoter is genomically distant from the enhancer
have consistently shown that the upregulation of transcriptional bursts is anti-correlated
with E-P or condensate-promoter distance [54,83,164,174,175]. Although these results
indirectly suggest the role of TF clusters in transcriptional bursting, the added complexity
of chromatin dynamics complicates the understanding of how TF clusters temporally
regulate transcriptional bursting when studying such distal constructs. Conversely, in
constructs where the enhancer is genomically proximal to the promoter, an enhancer-seeded
TF cluster will consistently be in close physical proximity to the promoter. Hence, temporal
fluctuations in cluster intensity can be directly correlated with fluctuations in transcriptional
intensity (Figure 4B). Such dynamic relationships between TF cluster fluctuations and
transcriptional output were studied in Drosophila and yeast [76,80], indicating that TF
cluster formation precedes transcriptional bursts.

Understanding transcriptional burst regulation by TF clusters at a molecular level
necessitates a deeper comprehension of the phenomenon of bursts (Figure 4A). A transcrip-
tional burst involves the recruitment of multiple Pol II molecules at the gene promoter
in rapid succession. This accelerated recruitment facilitates the formation of a Pol II
cluster [55,56]. TF clusters can mediate the formation of Pol II clusters through interactions
with other molecules [55,118]. Once the promoter accesses the Pol II cluster, the TF cluster
seeded at the enhancer no longer needs to actively interact with the promoter during
transcriptional elongation. Transcription proceeds as multiple Pol II molecules within the
cluster are utilized in succession. When the Pol II molecules in the cluster are depleted,
transcription halts, and this “off” state persists until the promoter accesses another Pol
II cluster (Figure 4B). This dynamic results in transcriptional bursting, whereby multiple
copies of the gene are transcribed rapidly, followed by a period of inactivity [11]. Without a
Pol II cluster, stochastic loading of Pol II is expected, leading to the sporadic transcription
events rather than sustained bursts.
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Figure 4. Transcriptional burst regulation by TF clusters. (A) Representation of transcriptional burst

frequency and duration. The y-axis represents an “on” or “off” state of bursting, while the x-axis
denotes time. (B) Cartoon showing how the presence or absence of a proximal TF cluster may affect
transcriptional bursts. (C) Schematic showing how the proximity of a TF cluster bearing enhancer
triggers a transcriptional burst. Loss of the TF cluster contact turns the bursting off.

The impact of the number of molecules in the Pol II cluster on Pol II loading remains
unclear. Similarly, the correlation between the number of molecules in the TF cluster and
the number of molecules in a Pol II cluster remains uncertain. Therefore, comprehending
the temporal regulation of transcriptional bursts by a TF cluster is intricately linked to un-
derstanding the precision of information transfer between the TF cluster and the promoter
(Figure 4C). We need high-sensitivity quantitative studies of transcribing loci in live cells to
delve deeper.

5. Studying TF Cluster Dynamics and Transcriptional Bursts

Unraveling the temporal relationships between TF clusters and transcription kinetics
and moving beyond mere correlation to establish causation presents a significant challenge.
This pursuit requires the incorporation of quantitative live imaging at an extremely high
spatio-temporal resolution.

5.1. Labeling Proteins and RNA

For imaging, the protein of interest must be labeled with a chromophore that preserves
its structural and functional integrity [176,177]. The chromophores must possess suitable
photophysical and photochemical properties for the in vivo environment. To achieve an
optimal signal-to-noise ratio and minimize photobleaching, the chromophore must exhibit
excellent photostability and brightness. Additionally, the excitation/emission spectrum
should be carefully selected according to the imaging scheme [178,179]. In recent years,
notable advancements have been made in the development of chromophores and molecular
tagging technologies [180-183]. For labeling nascent mRNAs, a commonly employed strat-
egy involves the use of genetically engineered RNA stem-loops, strategically inserted into
the non-translating regions of the mRNA [184]. Concurrently, a fluorescent fusion protein,
selectively binding to the stem-loops, is genetically introduced. Upon the transcription
of the target gene, these stem loops are also transcribed, thereby attracting the labeled
fusion proteins. Typically, a series of stem-loops, such as 24 or 48, are incorporated [77,185],
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allowing for the detection of several fluorescent labels for each nascent mRNA. During a
transcriptional burst, multiple nascent mRNAs occupy the transcriptional site, creating a
distinct fluorescent hotspot. This transcriptional hotspot serves a dual purpose by marking
the relevant transcription sites in the nucleus and facilitating the study of transcriptional
dynamics [18,39]. Similarly, proteins of interest can be tagged for live imaging either by
genetically fusing a fluorophore to the protein [186] or by genetically expressing protein
tags that bind to a ligand introduced into the cells [181,187]. This labeling method allows for
the use of fluorescent dyes that are often more photostable and have higher quantum yields
compared to traditional fluorescent molecules like green fluorescent protein (GFP) [188].

5.2. Imaging Clusters

Microscopy and photo-sensing technologies have developed tremendously over the
years [25,189-194]. Confocal microscopy, known for its exceptional optical sectioning capa-
bilities compared to traditional widefield microscopes, has provided valuable insights into
transcriptional regulation. Recently, the incorporation of a proprietary detector modifica-
tion, known as the Airyscan detector, into Zeiss brand confocal microscopes has enhanced
its spatial resolution [195].

Unlike confocal microscopy’s pinhole-based sectioning, two-photon (2P) excitation
achieves inherent optical sectioning. This arises from the nonlinear dependence of fluo-
rophore excitation on light intensity, which results in a tightly confined excitation volume
at the focal spot of the laser beam. This confined volume minimizes out-of-focus exci-
tation, leading to superior sectioning capability. Utilizing 2P absorption to illuminate
samples represents a strategy for confining photon absorption within a small volume.
The inherently low absorption cross-section of the 2P signal significantly enhances the
signal-to-background ratio, rendering 2P systems advantageous over conventional confocal
microscopes for imaging deep tissue signals [196]. When coupled with a high quantum
yield photodetector like Gallium Arsenide Phosphide (GaAsP) [197], the signal sensitivity
is highly augmented, enabling quantitative studies. This highly localized excitation vol-
ume also minimizes photobleaching and phototoxicity within the sample. Despite these
advantages, the use of 2P microscopy in the quantitative measurement of transcriptional
clusters has been rather limited. Two critical challenges facing two-photon (2P) microscopy
are the necessity for highly costly femtosecond infrared lasers and the limited availability
of suitable fluorophores compatible with 2P excitation [198].

Frequently, in the pursuit of high-speed volumetric imaging with a high signal-to-
background ratio, planar illumination is preferred over point illumination [191-193]. The
adoption of a scanning “light sheet” instead of a scanning point facilitates accelerated
volumetric image acquisition. Moreover, the dispersion of laser power across a plane, rather
than its concentration at a point, helps alleviate both phototoxicity and photobleaching.
With the advancement of high numerical aperture and high-resolution options [189,199,200],
light-sheet microscopes have emerged as invaluable tools in recent inquiries into in vivo
protein clusters [69,201].

Various methodologies have been utilized to indirectly investigate protein dynamics
by examining the population behavior of proteins and extracting cluster-like features
through mathematical fitting and statistical inference. While techniques like Fluorescence
Correlation Spectroscopy (FCS) [202,203] and Fluorescence Recovery After Photobleaching
(FRAP) [73,204] offer valuable insights into the diffusion characteristics of molecules in
cells, they often encounter challenges in accurately capturing the dynamics of molecules
within small confined spaces, such as TF clusters. Moreover, the mobility of TF clusters,
which diffuse alongside chromatin, poses an additional challenge to their accurate study
using these techniques. Single particle tracking has been frequently employed to study the
dynamics of molecules within the nuclear environment, providing direct measurements of
molecular motion [205]. However, assigning context to the observed characteristics remains
a challenge [206]. Super-resolution-based localization microscopy, reliant on the stochastic
activation of dye molecules upon exposure to light, furnishes valuable information on
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cluster lifetime and kinetics [207]. Such techniques have been widely used for cluster
studies and have been yielding valuable information.

5.3. Application Examples

The optimal microscopy technique should be chosen based on the specific require-
ments of the study, although in practice, the most readily available option is often uti-
lized. Nevertheless, selecting a superior chromophore can alleviate some of the stringent
instrumentation requirements. However, since TF clusters are submicron, often diffraction-
limited structures, the spatial resolution requirement for imaging them is extremely high.
Another critical consideration is the timescale of the events to be observed. For instance, to
correlate TF binding at the gene locus with transcriptional output in yeast, Donovan et al.
used HiLo microscopy [76]. To achieve a similar correlation in intact Drosophila embryos,
Kawasaki et al. employed Airyscan microscopy, which also enabled them to track TF
clusters relative to transcriptional hotspots [80]. Additionally, Chen et al. utilized confo-
cal microscopy for the tracking of two chromatin markers relative to the transcriptional
hotspot [83]. To study the relative dynamics of protein clusters and chromatin markers
together with the transcriptional dynamics, Du et al. employed lattice light sheet mi-
croscopy [69]. A two-photon scanning microscope was used by Chen et al. to image
GFP-tagged nascent transcripts in live Drosophila embryos, enabling the extraction of tran-
scriptional burst parameters at an unprecedented resolution [18]. Mir et al. utilized a lattice
light sheet microscope to detect the kinetics and distribution of GFP-tagged TF molecules
in Drosophila embryos [67,201]. Using stochastically photoactivatable dyes, Cho et al. char-
acterized the lifetimes of clusters and molecular content of Pol II clusters [55].

6. Outlook

Technical advancements in understanding DN A—protein interactions [208], protein
complex structures [209], chromatin accessibility [210], and chromatin conformation [211]
are being increasingly adapted and applied in tandem to unravel the complexities of
transcriptional regulation. Among all technical advancements, a significant responsibility
for unraveling the complexities of transcriptional regulation by protein clusters falls on
optical imaging. The synergistic progression and broad adoption of light microscopy
have revealed unprecedented details of dynamic biological processes across scales. The
further democratization of imaging systems, combining high spatiotemporal resolution,
should be achieved through the commercialization of complex cutting-edge microscopes,
which are currently designed, assembled, and operated primarily by specialized optics
groups. Such efforts would truly unlock the potential of light microscopes as tools for
quantitative measurements rather than merely visualization mediums. Combined with
sophisticated protein, RNA, and chromatin tagging techniques, these improvements would
greatly enhance our understanding of transcriptional regulation at the molecular level.
Each new discovery, while likely to raise further questions visible only at higher resolutions,
brings us closer to unraveling the mysteries of the central dogma.
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Abbreviations

The following abbreviations are used in this manuscript:

DNA  Deoxyribonucleic acid
RNA  Ribonucleic acid

TF Transcription factor
DBD  DNA binding domain
AD Activation domain
PIC Pre-initiation complex

GTF General transcription factor

IDR Intrinsically disordered region
LLPS Liquid-liquid phase separation
TAD  Topologically associated domain
SBS Strings and binders switch

2P Two-photon

FCS Fluorescence correlation spectroscopy

FRAP  Fluorescence Recovery After Photobleaching
GFP Green fluorescent protein
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