
Perspective

Phase separation, transcriptional elongation
control, and human diseases
Chenghao Guo 1, Zhuojuan Luo 1,2,

*, and Chengqi Lin1,2,
*

1 School of Life Science and Technology, Key Laboratory of Developmental Genes and Human Disease, Southeast University, Nanjing 210096,
China

2 Co-innovation Center of Neuroregeneration, Nantong University, Nantong 226019, China
* Correspondence to: Zhuojuan Luo, E-mail: zjluo@seu.edu.cn; Chengqi Lin, E-mail: cqlin@seu.edu.cn

Precise regulation of gene transcription
is of great importance to development
and diseases. Promoter-proximal tran-
scriptional pause is a key and general
mechanism to precisely control transcrip-
tion in metazoans. Subsequent to tran-
scription initiation and synthesis of a
short RNA, RNA polymerase II (Pol II) usu-
ally pauses at the promoter-proximal
regions, standing by for further signals to
be released into the productive elonga-
tion stage. Fine regulation of Pol II paus-
ing and release is achieved by the
concerted action of many negative and
positive elongation factors, including the
super elongation complex (SEC). Recent
studies suggested that phase-separated
assemblies of transcription regulatory
complexes could provide a general bio-
physical basis for the dynamic regulation
of transcription in response to various
cellular needs, though direct evidence at
endogenous level in living cells is still
largely lacking. Here, we summarize and
discuss latest advances in understanding
how phase separation contributes to RNA
polymerase II-mediated transcription,
with a focus on transcriptional pause and
release.

Promoter-proximal pausing of RNA Pol II
RNA Pol II-mediated transcription

begins with the assembly of the pre-

initiation complex (PIC), which contains
polymerase, general transcription factors
(TFs), and a large number of coactiva-
tors. The final essential step in the as-
sembly of PIC is the recruitment of
transcription factor IIH (TFIIH), which not
only initiates transcription by opening
the double-stranded DNA but also phos-
phorylates Ser5 and Ser7 residues of Pol
II C-terminal domain (CTD) through its
catalytic subunit cyclin-dependent ki-
nase 7 (CDK7) (Kwak and Lis, 2013).
Ser5-phosphorylated Pol II CTD can re-
cruit capping enzymes to modify the 5

0

end of the nascent RNA as well as recruit
negative transcription elongation factors
to arrest Pol II in the proximal region of
the promoter (Kwak and Lis, 2013).

The phenomenon of promoter-proxi-
mal Pol II pausing was first described in
Drosophila melanogaster. A large
amount of Pol II was detected between
nucleotides �12 and þ65 of the HSP70

gene under the nonheat shock condition
(Gilmour and Lis, 1986). Subsequently,
promoter-proximally paused Pol II was
also found in the proto-oncogenes FOS
and MYC (Plet et al., 1995). With the
maturation and wide application of ge-
nome-wide profiling approaches, more
evidences have shown that promoter-
proximal pausing of Pol II is a common
event during gene transcription, particu-
larly for the genes related to develop-
ment and stress response (Kwak and Lis,
2013). Promoter-proximal Pol II pausing
is the rate-limiting step and check point
during early transcription elongation, at

which transcription is halted until the
proper assembly of elongation
machinery.

The promoter-proximal pausing step is
mainly mediated by the negative elonga-
tion factor (NELF) and 5,6-dichloro-1-b-D-
ribofuranosylbenzimidazole (DRB) sensi-
tivity-inducing factor (DSIF). NELF com-
prises four subunits: NELF-A, NELF-B,
NELF-C/D, and NELF-E, while DSIF is com-
posed of SPT4 and SPT5. Similar to Pol II
CTD, the C-terminal region of SPT5 has a
repeat region that can be phosphory-
lated by both TFIIH and positive tran-
scription elongation factor b (P-TEFb).
The release of paused Pol II into produc-
tive elongation is triggered by P-TEFb-
containing complexes (Adelman and Lis,
2012). By interacting with TFs and cofac-
tors, P-TEFb is directly or indirectly
recruited to promoter region to phos-
phorylate Ser2 residue of Pol II CTD,
NELF, and DSIF. Upon phosphorylation,
NELF dissociates with Pol II, while DSIF
promotes transcription elongation (Kwak
and Lis, 2013).

Regulation of transcriptional pause and
release

In vitro transcriptional elongation
assays showed that the DSIF and NELF
complexes can arrest Pol II around the
promoter. In the presence of DSIF, NELF
can effectively inhibit transcription
in vitro (Wada et al., 1998; Yamaguchi
et al., 1999). Biochemical and structural
biology studies have suggested that
DSIF and NELF can directly interact with
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Pol II, upstream template DNA, and
newly synthesized RNA, thereby helping
in maintaining the pause stage of Pol II
as well as inhibiting premature termina-
tion of transcription (Vos et al., 2018). A
recent study has demonstrated that de-
struction of the NELF complex can cause
Pol II to shift downstream from the pause
site, resulting in early termination of
transcription. This finding indicates the
importance of NELF in maintaining Pol II
pause at the correct position (Aoi et al.,
2020). In addition, the transcription
elongation factor ELL3, which plays a
key role in the activation of the develop-
mentally regulated gene during embry-
onic stem cell (ESC) differentiation, can
function in establishing Pol II pause
from the enhancers of these genes (Lin
et al., 2013).

In response to developmental signals
or environmental cues, paused Pol II can
be released by P-TEFb, which is com-
posed of CDK9 and its regulatory subu-
nits CCNT1/2 (Ni et al., 2008). P-TEFb
mainly exists in three different com-
plexes: the SEC family members (Lin
et al., 2010; Luo et al., 2012a), the bro-
modomain-containing protein 4 (BRD4)–
P-TEFb complex (Jang et al., 2005; Yang
et al., 2005), and the inactive 7SK small
nuclear ribonucleoprotein–P-TEFb com-
plex (Nguyen et al., 2001; Yang et al.,
2001). P-TEFb shuttles between the inac-
tive and active states based on cellular
transcriptional demand. SEC, one of the
most active P-TEFb-containing complexes,
is essential for rapid gene activation in
response to stress or developmental sig-
nals (Lin et al., 2011; Luo et al., 2012b).
The multisubunit macromolecular protein
complex SEC was originally discovered
through identification of the complexes
containing mixed lineage leukemia (MLL)
fusion protein. Besides the transcription
elongation factors P-TEFb and ELL family
members, SEC also contains the AF4/
FMR2 family member 1/4, ELL binding
factor EAF1/2 (Lin et al., 2010), and
YEATS domain protein family member
ENL or AF9. It has been shown recently
that SEC is assembled as the phase-sepa-
rated droplets in vivo, and that its capa-
bility in phase separation is required for

extracting and concentrating P-TEFb from
the inactive complex (Guo et al., 2020).

Phase separation in transcription
Numerous studies have shown that

biological macromolecules, including
proteins and RNAs, can self-assemble
into nonmembrane cellular compart-
ments via liquid–liquid phase separa-
tion (LLPS). These phase-separated
biocondensates allow biomolecules to
rapidly move inside and exchange with
outside factors, enabling effective bio-
reactions (Shin and Brangwynne,
2017). Transcription is highly regulated
to ensure proper temporal and spatial
gene expression pattern. Transcription
regulation involves concerted actions
from various TFs and chromatin regula-
tors, some of which have been recently
demonstrated to function in phase-
separated condensates (Figure 1). It
has been reported that homologous
mammalian proteins YAP and TAZ, two
key TFs in the Hippo signaling pathway,
are activated by LLPS to regulate gene
transcription upon hyperosmotic stress
(Franklin and Guan, 2020). Studies us-
ing live-cell high-resolution microscopy
have also shown that Pol II and
Mediator are dynamically concentrated
in phase-separated droplets in a tran-
scription inhibitor-sensitive manner to
regulate genes controlled by super-
enhancers (SEs) in murine ESCs (Cho
et al., 2018; Sabari et al., 2018).
Inhibition of transcription by small-
molecule inhibitors leads to disruption
of transcriptional condensates. For
examples, JQ1, the selective inhibitor
of the bromodomain and extraterminal
domain protein family, can dissolve
the condensates containing Pol II and
Mediator, which co-condenses with
BRD4 at SE clusters (Cho et al., 2018;
Sabari et al., 2018). In contrast, DRB
specifically inhibits stable Pol II con-
densates without affecting the
Mediator clusters (Cho et al., 2018;
Sabari et al., 2018).

Weak and multivalent interactions
among proteins bearing low-complexity
domains (LCDs) or intrinsically disor-
dered regions (IDRs) are believed to be
one of the main driving forces for phase

separation (Shin and Brangwynne,
2017). Many eukaryotic TFs consist of
fixed structured DNA-binding domains
and LCDs or IDRs containing transacti-
vation domains (ADs). Although it
remains unclear whether phase separa-
tion is absolutely required for the func-
tion of LCD or AD-containing TFs in
living cells at their endogenous levels
(Chong et al., 2018), the ability of LCD
or AD to form phase-separated droplets
could be one of the key features of TFs
and important for the interaction of TFs
with the Mediator coactivator (Boija
et al., 2018). In addition, Pol II forms
condensates at active genes through its
low-complexity CTD that undergoes co-
operative LLPS to concentrate transcrip-
tion regulators to initiate transcription
(Kwon et al., 2013; Boehning et al.,
2018; Lu et al., 2018). It will be interest-
ing to see, as more definite experiments
are carried out to address the functional
role, if any, of phase separation in RNA
Pol II, TFs, and coactivators forming at
cis-regulatory elements that activate
transcription under physiologically rele-
vant conditions.

Phase separation in transcriptional
pause and release

Phase separation is also involved in
the release of paused Pol II into produc-
tive elongation stage through dynamic
exchange of related factors at the pro-
moter-proximal regions. The histidine-
rich domain of CCNT1, a subunit of P-
TEFb, forms phase-separated conden-
sates to enrich RNA Pol II, thereby lead-
ing to Pol II CTD hyperphosphorylation
and enhancing transcriptional elonga-
tion activity (Lu et al., 2018). In addition,
the transcription elongation complex
SEC executes its rapid transcriptional ac-
tivation function in the form of phase-
separated droplets. Upon serum expo-
sure, SEC can rapidly assemble into
phase-separated droplets at the immedi-
ate early genes, triggering rapid tran-
scription induction from pausing state
(Guo et al., 2020; Figure 2). ENL and
AFF4, as the scaffolds of SEC, can dy-
namically extract and concentrate the ki-
nase module P-TEFb from the inactive
HEXIM1–P-TEFb complex by LLPS, so as
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Figure 1 The milestones of phase separation in transcriptional regulation.

Figure 2 Phase separation in promoter-proximal pause and release. RNA Pol II and its regulatory factors can form dynamic phase-separated
condensates within cells, regulating transcription. P-TEFb can be extracted from the inactive 7SK/HEXIM1 complex by the SEC core compo-
nent ENL via LLPS, and thus is incorporated into the SEC droplets to activate transcription. Unblending of transcriptional condensates via
the expansion of amino acid repeats in HOXD13 may cause the disease synpolydactyly. Mutations of SEC components, such as fusion with
MLL in leukemia and mutations of the ENL YEATS in Wilms tumor, increase the capability of SEC to phase-separate.
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to promote the rapid assembly of SEC
(Guo et al., 2020; Figure 2). Disruption
of SEC or SEC droplets by ENL depletion
significantly reduces the efficiency of
transcripts synthesis, resulting in the in-
ability of cells to response to stress (Guo
et al., 2020). It would be worthy further
examining whether changes in SEC
phase-separation capabilities or droplet
properties will directly affect pause
release.

Pol II CTD is intrinsically disordered
and lowly complex. A recent study has
shown that the switch from hypophos-
phorylated to hyperphosphorylated state
of Pol II CTD drives the transition of Pol II
from transcription initiation to RNA splic-
ing condensates (Guo et al., 2019). RNA
splicing occurs during transcription elon-
gation. Promoter-proximal pausing of Pol
II is the intermediate stage between tran-
scription initiation and elongation.
However, it remains unclear how paused
Pol II is released into the elongation con-
densates. What are the differences of
these stage-different Pol II condensates?
These intriguing aspects regulating Pol II
behaviors during transcription need to
be further investigated. Single molecule-
based imaging approaches could pro-
mote the research in this regard (Steurer
et al., 2018).

Mutations, abnormal phase separation,
and diseases

Misregulation in promoter-proximal
Pol II pause and release can lead to de-
velopmental abnormalities and human
diseases, including cancers. A recent
study has suggested that unblending of
transcriptional condensates via the ex-
pansion of amino acid repeats in TFs
may cause the disease synpolydactyly
(Basu et al., 2020; Figure 2). Fusion of
the SEC core component ENL to MLL can
greatly augment the capability of SEC to
phase-separate, which might contribute
to misactivation of leukemic genes (Guo
et al., 2020; Figure 2). In Wilms tumor,
mutations in the ENL YEATS domain can
promote the self-assembly of ENL via
phase separation, resulting in the re-
cruitment of SEC to promote oncogene
expression and tumorigenesis (Wan
et al., 2020; Figure 2). Thus, disease-

related mutations in transcriptional regu-
lators may be linked to phase separation
models by changing their properties and
functional activity.

Concluding marks
Transcriptional regulation is a highly

complex process. It is challenging to
fully understand the regulatory pro-
cesses of transcriptional pause, release,
and productive elongation. The phase
separation model helps in understand-
ing how different factors, including Pol
II, TFs, coactivators, chromatin regula-
tors, and RNA-binding proteins, are
recruited to maintain the homeostasis of
gene expression, and how cells rapidly
change their gene expression programs
in response to signaling. However, we
have to be aware that direct measure-
ments are still lacking regarding the ca-
pabilities and properties of phase-
separated condensates under endoge-
nous conditions and also the causal re-
lationship between LLPS and
transcriptional regulation (McSwiggen
et al., 2019). Deciphering the self-orga-
nization of transcriptional regulatory
complexes via phase separation under
physiological condition would help fur-
ther understanding the complicated
gene expression program as well as pro-
vide potential accurate targets for thera-
peutic strategies in related human
diseases.
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