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ABSTRACT

Macroscopic membraneless organelles containing RNA such as the nucleoli, germ granules, and the Cajal body have been
known for decades. These biomolecular condensates are liquid-like bodies that can be formed by a phase transition.
Recent evidence has revealed the presence of similar microscopic condensates associated with the transcription of genes.
This brief article summarizes thoughts about the importance of condensates in the regulation of transcription and how
RNA molecules, as components of such condensates, control the synthesis of RNA. Models and experimental data suggest
that RNAs from enhancers facilitate the formation of a condensate that stabilizes the binding of transcription factors and
accounts for a burst of transcription at the promoter. Termination of this burst is pictured as a nonequilibrium feedback
loop where additional RNA destabilizes the condensate.

Keywords: RNA; transcription; transcription factors; condensate; phase separation; intrinsically disordered domains

RNA functions as the messenger of the genetic code, can
catalyze numerous transesterification reactions, and binds
specifically to diverse small and large molecules. Added to
this list now is the role of RNA in the formation and regula-
tion of biomolecular condensates. This brief article
summarizes recent thoughts about the importance of con-
densates in the regulation of transcription and how RNA
molecules, as components of such condensates, may con-
trol the synthesis of RNA.

Membraneless subcellular organelles, termed conden-
sates or biomolecular condensates, are formed by phase
transitions (Banani et al. 2017). Two examples of conden-
sate prototypes, germ cell granules in Caenorhabditis ele-
gans and nucleoli, consist of both proteins and RNA. If a
condensate has liquid-like properties, its protein compo-
nents can dynamically exchange with those in the sur-
rounding environment in seconds. The RNA components
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concentrated in the condensate can exchange with those
in the external environment as well, but typically do so
more slowly (Aumiller et al. 2016). At equilibrium, phase
transitions leading to the formation of a condensate occur
when the energetic advantage of concentrating compo-
nents that interact favorably with each other outweighs
the entropic cost of confining these components in a con-
densate. Many proteins found in condensates in vivo will
associate and form droplets when concentrated in vitro.
This reflects favorable weak, cooperative, multivalent inter-
actions between amino acids in intrinsically disordered do-
mains (IDRs), and in small modular interacting domains
(MIDs) (Banani et al. 2017; Hnisz et al. 2017). Long RNAs
can also generate condensates when concentrated in vitro,
but these are less dynamic than IDR droplets. Itis likely that
in condensates containing both RNA and proteins, RNA
provides a negatively charged scaffold bound by positive
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RNA in control of transcriptional condensates

charges in the proteins. In many cases, these proteins with
IDRs and MIDs also have domains that associate, with high
affinity, with specific sequences, or folded domains of RNA
(Roden and Gladfelter 2021). Thus, proteins and RNAs
could be concentrated in condensates containing RNA
and proteins through various types of favorable RNA—pro-
tein interactions as well as IDR or MID-mediated, protein—
protein interactions.

Regulation of transcription is central to both normal and
abnormal physiology. In mammalian systems, DNA se-
quence-specific transcription factors (TFs) are the primary
source of specificity for gene activation or suppression
(Lambert et al. 2018). These factors function within the con-
text of the continuous life cycle of cells and organisms and
their specificity and activity are dependent upon the cell
state. Thus, the binding of a transcription factor to a high-af-
finity site is influenced by the chromatin status of the site. In
any specific cell, only a very small fraction of a TF's cognate
high-affinity genome sites are bound by a TF. A combination
of properties is thought to determine the subset of sites oc-
cupied by a TF: its affinity, its ability to bind to sequences in
contact with the nucleosome, and the nature of other factors
or processes mediated by flanking sequences (Spitz and
Furlong 2012). TFs possess two domains—a structured se-
quence-specific binding domain and an IDR commonly
named the activation domain (AD). The AD facilitates down-
stream processes resulting in the initiation of transcription
through association with IDRs of complexes such as
Mediator (bound to Pol ll), the Pol Il holocomplex, BRD-
type complexes, and components of the preinitiation com-
plex (PIC) including basal transcription factors such as
TFIID. As we shall describe, the AD also plays a key role in
forming condensates involved in transcription.

TFs regulate the transcription of genes by binding to
multiple short sequences (4-12 bp) in two types of ele-
ments—promoters and enhancers. Promoters encompass
the transcriptional start sites for genes, and TFs bound to
promoter-proximal regions can promote a basal level of
transcription. Enhancer elements are generally bound by
multiple cell-type-specific TFs, can be found at various dis-
tances from a gene, and can function in orientations inde-
pendent of the promoter. Enhancer-bound TFs and their
bound coactivator complexes contact promoter-bound
complexes through DNA looping. Multiple enhancers
can stimulate a promoter simultaneously. In fact, genes ex-
pressed at high levels in specific cell types commonly have
clusters of enhancers ranging over 5-20 kbs called super
enhancers (SEs), which can cooperatively stimulate tran-
scription from a promoter (Whyte et al. 2013).

A property shared by enhancers and promoters is that
both are sites of divergent transcription (Core et al. 2008;
Seila et al. 2008; Sigova et al. 2013; Field and Adelman
2020). Enhancers produce short RNAs (eRNAs) radiating
from their center that are generally degraded over minutes,
although a small fraction is more stable, falling into the class

of long noncoding RNAs (IncRNAs). Promoters are also
sites of divergent transcription, producing unstable up-
stream antisense-transcripts (uaRNAs), and pre-mRNAs.
Hence, the RNA environment of an active gene may consist
of eRNAs, uaRNAs, IncRNAs, and both un-spliced and par-
tially spliced RNA from gene sequences. Some of these
RNA species have been shown to contribute to gene regu-
lation (Kaikkonen and Adelman 2018), but the functions of
most of these have yet to be deciphered.

RNA molecules are key components of well-studied bio-
molecular condensates, including the nucleolus, nuclear
speckles, paraspeckles, and stress granules (Fay and
Anderson 2018; Roden and Gladfelter 2021). RNA mole-
cules produced by RNA polymerase | and Il are summa-
rized in Figure 1. RNA polymerase | transcribes the rRNA
precursor, which becomes a key component of the nucle-
olus, a well-studied multiphase biomolecular condensate.
Similarly, RNA polymerase Il transcribes both genes and
their regulatory elements, producing eRNAs, uaRNAs,
IncRNAs, and pre-mRNAs, all of which can become com-
ponents of transcriptional and splicing condensates.

Figure 2 illustrates a simplified model of activation of an
enhancer by a TF. In this model, a TF interacts with a high-
affinity site, recruiting factors that mobilize nucleosomes
such as the SWI/SNF complex, and factors that modify his-
tones such as HAT/p300. This event likely occurs in concert
with other TFs, which through their AD IDRs interact with
coactivators such as Mediator and BRD4, and can be
present in numbers sufficient to produce an assembly of
molecules that, through weak multivalent interactions,
can form a condensate (Boija et al. 2018; Cho et al. 2018;
Sabari et al. 2018; Shrinivas et al. 2019). A subset of TFs is
cell-type-specific master transcription factors that occupy
SEs with their coactivators and are especially prone to the
formation of large assemblies capable of undergoing
phase separation. The genes encoding master transcrip-
tion factors are themselves also controlled by SE-bound
master transcription factors, creating auto-regulatory net-
works for feed-forward and backward regulation, thus reg-
ulating the gene expression programs that define cell state
(Boyer etal. 2005). Although the study of SEs has provided
much of the evidence for transcriptional condensate forma-
tion, the same principles should apply to any regulatory
DNA element that effectively crowds sufficient numbers
of transcription factors.

The model in Figure 2 posits that a condensate consist-
ing of enhancer DNA bound by TFs, together with cofac-
tors, forms a dynamic condensate prior to transcription
of eRNA, and that subsequent eRNA transcription then
contributes to the composition and behavior of the con-
densate. The dynamic stability of this complex is pictured
as being dependent upon the stability of the eRNA that
typically has a half-life of minutes. The total activity of
the enhancer might then reflect the composition and life-
time of the condensate, which provides the reservoir of

www.rnajournal.org 53



Sharp et al.

A Transcribed by RNA Pol Il Transcribed by RNA Pol |
e N N N\ A
eRNA IncRNA rRNA
—
A\ W\ W
-— —_
promoter gene enhancer long noncoding RNA ribosomal DNA
\ J \ J \ J \ J
(3 RNA Polymerase Il @ RNA Polymerase |
B
gene enhancer IncRNA gene rDNA
Estimated number | 14954 4065000  ~30,000  ~200-600
of genomic loci
Number of RNAs/cell 1-10,000 <1-10 1-10 3,500,000
RNA halfdife | Minutes o tes minutes days
to hours to hours

FIGURE 1. RNA molecules produced by RNA polymerase | and RNA polymerase Il. (A) Various types of RNA molecules synthesized by either RNA
polymerase | or RNA polymerase Il ([uaRNA] upstream antisense RNA, [eRNA] enhancer RNA, [IncRNA] long noncoding RNA, [rRNA] ribosomal
RNA). (B) Properties of various RNA species—numbers and properties were derived from the following sources (McStay and Grummt 2008; Li et al.

2016; Schwalb et al. 2016; Hon et al. 2017; Frankish et al. 2019).

RNA polymerase Il molecules that engage in a burst of
transcription (Rodriguez and Larson 2020).

With this model in mind, we can delve more deeply into
the contribution of DNA sequences and DNA-associated

proteins to the formation of condensate assemblies and
then return to the subject of RNA. Modeling of TF binding
to the IFN beta core enhancer suggests that a 50-bp por-
tion of an enhancer element can be bound cooperatively
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FIGURE 2. Amodelforenhancer-driven condensate formation and gene activation. (A) Initial stages of transcription factor binding, which recruits
chromatin remodelers, chromatin modifiers, and transcriptional coactivators. (B) Formation of transcriptional condensates by the concerted inter-
action of transcription factors, coactivators (BRD4, Mediator), RNA polymerase I, and modified chromatin. Compartmentalization and concentra-

tion of these factors promotes the assembly of the PIC.
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by half a dozen TF molecules (Kim and Maniatis 1997).
Several mechanisms have been proposed to contribute
to this cooperativity. A canonical model is that the binding
of a single TF molecule can alter the structure of adjacent
DNA and create a higher affinity binding site for another
TF molecule (Lambert et al. 2018). Furthermore, coopera-
tivity can be obtained when the ADs of multiple TFs bind
to coactivator complexes. Recent studies argue that the
binding of multiple TFs to a cluster of cognate binding
sites on DNA and interactions of their ADs with each other
and IDRs of Mediator can result in favorable interactions
that are sufficient to outweigh the entropic cost of concen-
trating these molecules relative to their surroundings, and
thus push the assembly across a threshold for condensate
formation (Boija et al. 2018; Shrinivas et al. 2019). In es-
sence, the role of the enhancer is to crowd transcription
factors to enable the favorable interactions required to ex-
ceed the threshold required for condensation. Such con-
densates, in turn, can facilitate further recruitment of TFs
and other transcriptional machinery into the condensate
compartment, even when these components are not
bound directly to DNA. In this manner, condensate forma-
tion provides a general mechanism to account for the
binding and clustering of transcription factors.

How might the enhancer condensate cause the burst of
transcription from the promoter of a target gene?
Interaction between an enhancer-associated and a pro-
moter-associated condensate might occur through tran-
sient condensate interactions or fusion of the two
condensates. We do not quite understand how an enhanc-
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Nonetheless, such interactions could provide the levels
of active transcriptional apparatus needed to assemble
multiple RNA polymerase Il molecules on promoter DNA
in rapid succession (Rodriguez and Larson 2020).

RNA can be a powerful regulator of condensates that
are formed by electrostatic forces because of its high
negative charge density (Maharana et al. 2018;
Boeynaems et al. 2019). We have described evidence
that transcriptional regulation involves a nonequilibrium
feedback mechanism mediated by electrostatic forces
whereby low levels of RNAs transcribed from enhancers
initially stimulate transcription by promoting transcrip-
tional condensate formation, whereas bursts of transcrip-
tion of the enhancer-associated gene ultimately arrest the
process through RNA-mediated condensate dissolution
(Fig. 3; Henninger et al. 2021). The mechanism underly-
ing this phenomenon is nonequilibrium regulation of
complex coacervation, a type of liquid-liquid phase sep-
aration mediated by electrostatic interactions between
oppositely charged polyelectrolytes (Overbeek and
Voorn 1957; Srivastava and Tirrell 2016; Sing 2017; Lin
et al. 2019). In the context of transcription, one of the
polyelectrolytes is negatively charged RNA, and the other
is comprised of transcriptional molecules with IDRs con-
taining a net positive charge. Low levels of RNA can
enhance condensate formation because of favorable
interactions between oppositely charged species.
Addition of RNA beyond the point where the opposite
charges compensate each other, results in an excess of
negatively charged RNA molecules that repel each other.
Thus, high RNA levels can cause condensate dissolution

Transcriptional burst
long RNAs, high [RNA]

Condensate dissolution

FIGURE 3. A nonequilibrium feedback mechanism for transcription mediated by RNA. Early stages of transcription produce low levels of RNA
that help stimulate transcriptional condensate formation. Upon a burst of RNA synthesis during transcription elongation, the high levels of local
RNA promote condensate dissolution. The stimulation and dissolution of transcriptional condensates by RNA define an auto-regulatory nonequi-

librium feedback loop for transcription initiation and arrest.
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(Banerjee et al. 2017; Milin and Deniz 2018). Condensate
formation and subsequent dissolution with increasing
RNA concentration is an example of reentrant phase
behavior. The condensed fraction of protein peaks at
the RNA concentration at which the charges between
protein and RNA are balanced, while alteration of this
charge balance in either direction decreases the con-
densed fraction. The low levels of short-lived RNA mole-
cules transcribed from regulatory regions by RNA
polymerase Il at early times can enhance the formation
of condensates controlling initiation. In contrast, the
much higher local density of RNA produced by a tran-
scriptional burst can later dissolve condensates. In this
model, transcription is a nonequilibrium process that pro-
vides dynamic feedback through its RNA product, doing
so by altering the charge balance in transcriptional con-
densates (Henninger et al. 2021).

RNA binding proteins are found associated with en-
hancers and promoters and are likely to further influence
condensate behaviors. For example, the methyl-adeno-
sine reader protein YTHDC1 promotes condensate forma-
tion at enhancers by binding enhancer RNAs, which
harbor high levels of mé6A methylation (Lee et al. 2021).
Some transcription factors can bind RNA as well as
DNA, and the presence of nascent RNA molecules ele-
vates their occupancy of gene regulatory elements
(Weintraub et al. 2017).

In this article, we have made the case that DNA elements
crowd transcription factors to a threshold for condensate
formation, creating a compartment that concentrates these
and additional TFs and transcriptional molecules, and this
is a general mechanism that is superimposed on other spe-
cific factors that have been described before. The RNA
molecules transcribed from regulatory regions can facili-
tate the formation of condensates controlling initiation.
Enhancer condensates can fuse or pair with promoter sites
and produce the burst in transcription. RNA-mediated
feedback can account for the termination of the burst in
transcription.

Although the RNA-mediated feedback model warrants
further investigation, it has implications for possible roles
of IncRNAs near enhancers or promoters (Guttman et al.
2009; Ulitsky and Bartel 2013; Bhat et al. 2021).
Interactions of such RNAs with enhancers could stimulate
the rate of formation of a condensate resulting in an in-
crease in the frequency and possible size of the associated
transcriptional burst. Alternatively, accumulation of IncRNA
in the vicinity of a gene could dissolve or limit the size of
such a condensate by the feedback process outlined
above. Finally, not discussed here, IncRNA could also influ-
ence transcription through interaction with CTCF bound to
insulators, thus helping to stabilize boundaries, and limit-
ing the genomic territory over which an enhancer or su-
per-enhancer can operate (Hansen et al. 2019; Saldafia-
Meyer et al. 2019).
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