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BIOCHEMISTRY

ENL initiates multivalent phase separation of the super
elongation complex (SEC) in controlling rapid

transcriptional activation
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Release of paused RNA polymerase Il (Pol Il) requires incorporation of the positive transcription elongation factor b
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(P-TEFDb) into the super elongation complex (SEC), thus resulting in rapid yet synchronous transcriptional activation.
However, the mechanism underlying dynamic transition of P-TEFb from inactive to active state remains unclear.
Here, we found that the SEC components are able to compartmentalize and concentrate P-TEFb via liquid-liquid
phase separation from the soluble inactive HEXIM1 containing the P-TEFb complex. Specifically, ENL or its in-
trinsically disordered region is sufficient to initiate the liquid droplet formation of SEC. AFF4 functions together
with ENL in fluidizing SEC droplets. SEC droplets are fast and dynamically formed upon serum exposure and re-
quired for rapid transcriptional induction. We also found that the fusion of ENL with MLL can boost SEC phase
separation. In summary, our results suggest a critical role of multivalent phase separation of SEC in controlling tran-

scriptional pause release.

INTRODUCTION

A general feature of metazoan transcription is that RNA polymerase II
(Pol IT) is paused 30 to 40 nucleotides downstream from the tran-
scription start site of the immediate early genes (IEGs) and many of
the developmentally controlled genes (1, 2). Promoter-proximal paus-
ing of Pol II is currently believed to be the prerequisite for rapid yet
synchronous transcriptional induction (3, 4). Acute stress or devel-
opmental stimuli can act as a trigger signal for paused Pol II to escape
into productive elongation stage (2, 5). The positive transcription
elongation factor b (P-TEFb), a heterodimer of the kinase CDK9 and
CCNT1, is required for releasing Pol II from promoter-proximal
pausing into productive elongation stage (5, 6). The molecular bases
and regulatory mechanisms of P-TEFb in stimulating pause release
have been extensively explored over the past decades.

In cells, both active and inactive forms of P-TEFb coexist and
dynamically cycle between each other reacting to cellular needs
(6, 7). Most of the P-TEFb is sequestered in the catalytically inactive
HEXIM1/2-containing complex, together with a 7SK small nuclear
ribonucleoprotein particle (snRNP) (8). It has long been thought
that, upon growth signal stimulation or stress, P-TEFD is freed from
the inactive complex and recruited to the chromatin by the active
complexes to stimulate transcription (5, 6, 9). However, recent
genome-wide studies revealed a broad colocalization of HEXIM1
and CDK9 at gene promoters (10). The mechanism behind the
inactive-to-active transition of P-TEFb remains an open question.

The super elongation complex (SEC) is one of the most active
P-TEFb complexes required for rapid transcriptional induction of
the IEGs and many of the developmentally control genes in the
presence, or even absence in certain cases, of paused Pol II (4, I11).
SEC was originally identified from in-depth biochemical purifications
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of some of the most frequently occurring chimera proteins encoded
by mixed lineage leukemia (MLL) fusion oncogenes (12). SEC is a
large protein complex about 1.5 mDa in size. In addition to P-TEFb,
SEC also contains the RNA Pol II elongation factors ELL1-3 and MLL
translocation partners including AF4/FMR2 family member 1/4
(AFF1/4), eleven nineteen leukemia (ENL), and ALL1-fused gene
from chromosome 9 (AF9) (12). The transcription-activating function
of SEC is vital for stress response and normal development (4, 13).
Misactivation of SEC by stabilizing SEC components, via either MLL
fusion or gain-of-function point mutations, plays a major role in
leukemogenesis and the congenital CHOPS syndrome (cognitive
impairment and coarse facies, heart defects, obesity, pulmonary
involvement, and short stature and skeletal dysplasia) (12, 14). The
critical roles of SEC in development and disease pathogenesis exerted
from its transcription regulatory activity have been well accepted
(5, 15). However, the mechanistic and biophysical bases that deter-
mine the assembly of a functional SEC for rapid transcriptional
induction still remain unknown.

Heterogeneous mixtures can be partitioned into different im-
miscible phases via liquid-liquid phase separation (LLPS) (16-18).
Increasing evidence showed that formation of membraneless bio-
molecular condensates through intracellular LLPS provides an effi-
cient way for compartmentalizing bioreactions (19-21). This leads
to the proposal that dynamic and multivalent interactions among
molecules promoted by LLPS within a biocondensate permit rapid
assembly and action of a functional complex, such as SEC, in response
to cellular needs. It has been reported recently that a histidine-rich
domain in the P-TEFb subunit, CCNT1, promotes LLPS of CCNT1
in vitro (22). Here, we find that LLPS underlies the transition of
P-TEFb from the HEXIM1-containing complex to SEC. The SEC
components, ENL and AFF4, are able to compartmentalize and con-
centrate P-TEFb into the LLPS-formed droplets, while P-TEFb together
with its inactive partner HEXIM1 is soluble. In addition, we show in
real time that SEC fast assembles into phase-separated droplets upon
serum exposure, which is required for rapid transcriptional induction
of IEGs by SEC. In summary, our results offer a new insight on the
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mechanism underlying the trigger of rapid gene activation program
by SEC and that the functional state of a stable protein complex is
related to its physicochemical status on whether the protein com-
plex is multivalent phase separated or not.

RESULTS

The SEC components compartmentalize CCNT1

from HEXIM1 to form a liquid-like droplet

We first asked whether P-TEFb undergoes phase transition when it
switches between the inactive and active states through interacting
with different factors. Consistent with the previous data, ectopically ex-
pressed CCNT1 was displayed as phase-separated droplets (Fig. 1A)
(22). However, CCNT1 became ubiquitously diffused once coexpressed
with HEXIM1 (Fig. 1A and fig. S1, A and B). Their direct interaction
was important for HEXIMI1 to dissolve CCNT1 (Fig. 1B). To further
explore the effect of HEXIM1 on the cellular pattern of CCNT1, we
performed CCNT1 immunofluorescence (IF) staining before and after
HEXIM1 knockdown. IF analysis revealed that CCNT1 appeared as
large amorphous condensates in control cells, which could reflect the
steady-state levels of inactive and active P-TEFb-containing com-
plexes (Fig. 1C) (5). Upon HEXIM1 knockdown, the number of
CCNT1 puncta per cell was substantially increased, while the size of
individual punctum was reduced (Fig. 1C and fig. S1, C and D).

We then asked whether the SEC components could function
as scaffolds to concentrate P-TEFDb from the inactive HEXIM1-
containing complex via phase separation. AFF4 is the central com-
ponent of SEC (12). We transfected enhanced green fluorescent
protein (eGFP)-AFF4 into the enhanced cyan fluorescent protein
(eCFP)-CCNT1 and HEXIM1-monomeric red fluorescent protein
(mRFP) coexpressing cells and observed that CCNT1 was incorpo-
rated into the AFF4-containing spherical and micrometer-sized
condensates, whereas HEXIM1 still remained diffuse (Fig. 1D).
Furthermore, HEXIM1 was able to dissolve CCNT1 in a dosage-
dependent manner, without affecting CCNT1 expression (Fig. 1E).
In contrast, the increase in AFF4 expression led more soluble
CCNT1 to be extracted to liquid droplets but had no effects on the
expression levels of both CCNT1 and HEXIM1 (Fig. 1F).

The direct interaction between CCNT1 and AFF4 was required
for formation of the heterotypic phase-separated droplets, which can
fuse and exhibit typical liquid-like property of viscous relaxation to
a larger spherical shape to minimize surface areas (Fig. 1, G and H,
and fig. S1, E to I). Similarly, ENL, one of the core components of
SEC, can also concentrate CCNT1 from HEXIM1 through phase
separation (Fig. 1I). In summary, our data demonstrated that CCNT1
could phase separate in the presence of the SEC components but
not HEXIMI.

Differential capabilities of the SEC components to

phase separate

We then further examined the phase separation kinetics of the SEC
components both in vivo and in vitro. Coimmunostaining of AFF4
with ENL, CDKO9, or ELL2 revealed nuclear puncta for these tested
colocalized SEC components (Fig. 2A). Live cell images also showed
that cells with eGFP-AFF4 or eGFP-ENL contained micrometer-sized,
spherically shaped, dynamic fluorescent condensates, which exhib-
ited liquid-like fusion behavior (Fig. 2, B and C). In contrast, cells
transfected with CDK9-mRFP or ELL2-mRFP mostly displayed a
dispersed fluorescent pattern (Fig. 2B). These results suggested the
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differential capabilities of the SEC components to phase separate
in vivo. ENL and AFF4 are capable of functioning as scaffolds that
drive the formation of the liquid-like SEC droplets.

Unstructured intrinsically disordered region (IDR) within a pro-
tein can promote the formation of phase-separated droplets (23, 24).
AFF4 belongs to the AF4/FMR2 family, members of which function
as an intrinsically disordered scaffold in recruiting cofactors through
their dispersed hydrophobic sites (5). The 760 to 901-amino acid IDR
of AFF4 is serine enriched, containing a transcriptional activation
domain (Fig. 2A). The YAF9, ENL, AF9, TAF14, SAS5 (YEATS) family
member ENL also bears IDRs (fig. S2B). We, therefore, examined
whether these IDRs in AFF4 and ENL could phase separate in vitro
(fig. S2C). Fluorescence microscopy revealed that both AFF4-IDR-
eGFP and ENL-IDR-eGFP fusion proteins were able to form spherical
droplets in the absence of the crowding agent polyethylene glycol 8000
(PEG-8000) and that addition of PEG-8000 led to increased droplet
numbers and sizes (Fig. 2D and fig. S2D). Both AFF4 and ENL IDR
droplets can be observed even when 200 nM purified proteins were
added in the reaction system (fig. S2E). Increasing NaCl concentrations
in the droplet formation buffers affected the efficiency in forming the
AFF4-IDR and ENL-IDR droplets in the presence and absence of
PEG-8000 (Fig. 2E and fig. S3, A to C). Furthermore, 1,6-hexanediol,
a compound interfering with weak hydrophobic interactions that
are essential for assembling these liquid-like condensates, completely
inhibited the droplet formation (Fig. 2F and fig. S3D). These drop-
lets were also disrupted when the temperature was increased to 65°C
(fig. S3E). Together, our results suggested that both hydrophobic and
electrostatic interactions might be important for phase separation of
the IDRs of AFF4 and ENL.

Further aspect ratio analysis demonstrated that the newly fused
AFF4-IDR and ENL-IDR droplets tended to adopt spherical shapes
(Fig. 2, G and H). We also plotted the aspect ratio versus droplet
fusion time to determine the relaxation time. Compared with the
AFF4-1IDR, ENL-IDR droplets had a faster coalescence rate, suggest-
ing that the SEC subunits AFF4 and ENL exhibit different liquid-like
viscous relaxation behaviors (Fig. 2H). Furthermore, ENL-IDR only,
but not AFF4-IDR, was able to compartmentalize CCNT1 into phase
droplets (Fig. 2I). Deletion of IDR from ENL abolished the capability
of ENL in forming droplets (fig. S3F). In summary, our results indi-
cated that AFF4-IDR and ENL-IDR are able to phase separate into
liquid-like droplets with different kinetics in vitro.

ENL promotes the multivalent phase separation of SEC

We noticed that CDKY, the kinase module of P-TEFb, when over-
expressed alone, was not able to form condensates in cells (Fig. 2B).
We next examined whether CDK9 can be incorporated into the
CCNT1 droplets. Unexpectedly, in addition to HEXIM1, CDK9
is also able to dissolve CCNT1, as shown by live image analyses
(Figs. 1 and 3A). This result further suggests that the HEXIM1-
containing P-TEFb complex is soluble in cells and that a dynamic
phase transition of P-TEFb might occur during its release from the
HEXIM1-containing complex into SEC.

We further examined whether ENL or AFF4 could incorporate
CDKO9 into droplets in vitro. Albeit not able to form droplets alone,
purified CDK9 can be absorbed by either AFF4-IDR or ENL-IDR
and form heterotypic droplets in vitro (Fig. 3B). Notably, the ENL-
IDR and CDK9 heterotypic droplets had a recently described core/
shell structure (25, 26), with a heterotypic core of CDK9 and ENL-
IDR surrounded by a shell of ENL-IDR (Fig. 3B) (27). Live image
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Fig. 1. The SEC components AFF4 and ENL compartmentalize CCNT1 from HEXIM1 through forming heterotypic phase-separated droplets. (A) Live cell imaging of
Hela cells expressing mCherry-CCNT1 only or together with HEXIM1-eCFP. (B) Live cell imaging of HeLa cells coexpressing eCFP-CCNT1 together with wild-type HEXIM1
or HEXIM1-A260-310 AA-mRFP. (C) IF imaging (left) of CCNT1 in control or HEXIM1 knockdown HCT 116 cells. DNA was counterstained using DAPI (4',6-diamidino-2-
phenylindole). Box plot (right) showing that the number of CCNT1 puncta per nucleus is significantly increased after shRNA-mediated HEXIM1 knockdown. Each n >
20 nuclei; error bars represent the distribution between the 90th and 10th percentiles. Results are representative of three biological replicates. (D) Live cell imaging of
Hela cells coexpressing HEXIM1 and CCNT1 (left), HEXIM1 and AFF4 (middle), or the three proteins together (right) with different fluorescence tags. N.D., not detected. (E) Per-
centage of cells with eCFP-CCNT1 phase-separated droplets (upper) and Western analyses (lower) are shown after cotransfecting Hela cells with eCFP-CCNT1 and increasing
amount of the HEXIM1-mRFP construct. Error bars represent SDs. Results are representative of three biological replicates. (F) Percentage of cells with eCFP-CCNT1 phase-separated
droplets (upper) and Western analyses (lower) are shown after cotransfecting Hela cells with eCFP-CCNT1, HEXIM1-mRFP, and increasing amount of the eGFP-AFF4 con-
struct. Error bars represent SDs. Results are representative of three biological replicates. (G) Live cell imaging of HelLa cells coexpressing eGFP-AFF4 and mCherry-CCNT1
(left), and eGFP-AFF4-AN and mCherry-CCNT1 (right). (H) Time-lapse fluorescence images of the nucleus of a HelLa cell expressing mCherry-CCNT1 and eGFP-AFF4
subjected to illuminate every 10 min for the times indicated. The two CCNT1 and AFF4 heterotypic droplets underwent spontaneous fusion as indicated by arrows. (l) Live
cellimaging of HelLa cells coexpressing HEXIM1 and CCNT1 (left), HEXIM1 and ENL (middle), or the three proteins together (right) with different fluorescence tags.
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Fig. 2. The SEC components exhibit differential phase separation capabilities. (A) Confocal images (left) showing colocalization of AFF4 with ENL, ELL2, and CDK9in
nuclear puncta in HelLa cells. DNA was counterstained using DAPI. Histogram (right) showing the Pearson correlation coefficient of colocalization ratio. Each n > 20; error
bars represent SDs. Results are representative of three biological replicates. (B) Live cell imaging of Hela cells expressing eGFP-AFF4, eGFP-ENL, CDK9-mRFP, or ELL2-
mRFP only. eGFP was used as a negative control. (C) Time-lapse fluorescence images of the nucleus of a HeLa cell expressing eGFP-AFF4 subjected to illuminate every 15 s
for the times indicated. The two AFF4 droplets underwent spontaneous fusion as indicated by arrows. (D) Fluorescence microscopy images (left) showing phase-separated
droplets formed in 37.5 mM NaCl containing buffer with 20 uM AFF4-IDR-eGFP or ENL-IDR-eGFP in the absence or presence of PEG-8000. Purified eGFP was used as a
negative control. Droplet area (middle) and number (right) are also shown. Error bars represent SDs. Results are representative of three biological replicates. (E) Fluores-
cence microscopy images (left) showing the AFF4-IDR-eGFP or ENL-IDR-eGFP droplets in buffers containing 20 uM purified proteins and different concentrations of NaCl.
Droplet area (middle) and number (right) are also shown. Error bars represent SDs. Results are representative of three biological replicates. (F) Fluorescence microscopy
images (left) showing that the AFF4-IDR-eGFP or ENL-IDR-eGFP droplets in buffer containing 20 uM purified proteins and 37.5 mM NaCl are sensitive to 3% 1,6-hexanediol.
Droplet number (right) is also shown. Error bars represent SDs. Results are representative of three biological replicates. (G) Time-lapse fluorescence images showing that
the homotypic AFF4-IDR-eGFP (upper) or ENL-IDR-eGFP (lower) droplets rapidly fuse upon contact into one spherical droplet. The AFF4-IDR-eGFP (upper) and ENL-IDR-
eGFP (lower) were subjected to illuminate every second or 200 ms, respectively. The droplet formation buffer contains 10% PEG-8000 and 37.5 mM NaCl. (H) Aspect ratio
versus time for droplet fusion of AFF4-IDR-eGFP (green) and ENL-IDR-eGFP (purple). T designates relaxation time of the fusion events, and the blue line indicates nonlinear
fitting curve. (1) Live cell imaging of HelLa cells coexpressing eCFP-CCNT1, HEXIM1-mRFP with either eGFP-ENL-IDR (left) or eGFP-AFF4-IDR (right).

analyses revealed that only ENL, but not AFF4, was capable of droplets in live cells was less efficient after ENL knockout, which
compartmentalizing and concentrating CDK9 in live cells (Fig. 3C).  can be rescued by the overexpression of ENL (Fig. 3, H and I, and
Furthermore, ENL can absorb ELL2 into the phase-separated drop-  fig. S5C). Furthermore, we observed obvious disruption of the
lets in live cells, although ELL2 per se, similar to CDKO9, lacked the  heterotypic eGFP-AFF4/mCherry-CCNT1 droplets in ENL knock-
ability to phase separate (fig. S4). Together, these results demon-  out cells (Fig. 3]). Therefore, ENL could be critical for the formation
strated that ENL is critical for compartmentalizing and concen-  of SEC droplets.
trating P-TEFb and ELL2 via phase separation. ENL is frequently translocated to MLL in infant leukemia (28). We
To further evaluate the impact of ENL on SEC phase separation,  costained the tested SEC components in cells overexpressing either
we generated ENL knockout cell lines (fig. S5, A and B). IF analysis ~ wild-type ENL or MLL-ENL fusion protein. Consistent with previous
revealed that the deletion of ENL substantially reduced the number  studies showing that the SEC components also exist outside SEC (5),
of the nuclear CDK9 puncta, without affecting the protein levels of  our data demonstrated that the tested SEC components did not fully
CDK9 and CCNT1 (Fig. 3, D and E, and fig. S5B). Despite the fact  overlap (Fig. 3K). We also found that the translocation of ENL to MLL
that AFF4 can phase separate by itself, we found that the number of  led to an increase in the number of the nuclear puncta containing the
nuclear AFF4 puncta was also remarkably decreased in ENL knockout  tested SEC components (Fig. 3, K and L). This observation may pro-
cells (Fig. 3, F and G). Consistently, the formation of eGFP-AFF4  vide a biophysical mechanism for MLL-ENL fusion in leukemogenesis.
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Fig. 3. ENL promotes the multivalent phase separation of SEC. (A) Live cell imaging of HelLa cells coexpressing eCFP-CCNT1 and CDK9-mRFP. (B) Fluorescence micros-
copy images showing that the purified mCherry-CDK9 proteins can form heterotypic droplets together with AFF4-IDR-eGFP or ENL-IDR-eGFP. The purified eGFP protein
was used as a negative control. Purified proteins (10 uM) were used, and the droplet formation buffer contains 10% PEG-8000 and 50 mM NaCl. (C) Live cell imaging of
Hela cells expressing CDK9-mRFP together with eGFP-AFF4 or eGFP-ENL. (D) IF imaging of CDK9 in wild-type and ENL knockout HCT 116 cells. DNA was counterstained
using DAPI. (E) Box plot showing that the number of CDK9 puncta per nucleus is significantly decreased after ENL knockout. Each n > 30 nuclei; error bars represent the
distribution between the 90th and 10th percentiles. Results are representative of three biological replicates. (F) IF imaging of AFF4in wild-type and ENL knockout HCT
116 cells. DNA was counterstained using DAPI. (G) Box plot showing that the number of AFF4 puncta per nucleus is significantly decreased after ENL knockout. Each n >
30 nuclei; error bars represent the distribution between the 90th and 10th percentiles. Results are representative of three biological replicates. (H) Live cell imaging of HCT
116 wild-type and ENL knockout cells expressing eGFP-AFF4. (1) Box plot showing that the number of eGFP-AFF4 droplets per nucleus is significantly decreased after ENL
knockout, which can be rescued by overexpression of mCherry-ENL. Each n > 20; error bars represent the distribution between the 90th and 10th percentiles. Results are
representative of three biological replicates. (J) Live cell imaging of HCT 116 wild-type and ENL knockout cells coexpressing eGFP-AFF4 and mCherry-CCNT1. (K) IF imaging
showing costaining of AFF4 with ENL, CDK9, or ELL2 in HeLa cells transfected with MLL-ENL (left) or ENL (right). DNA was counterstained using DAPI. (L) Box plot showing
that the number of AFF4/ENL (left), AFF4/CDK9 (middle), and AFF4/ELL2 (right) colocalized puncta per nucleus is significantly increased after transfection with MLL-ENL.
Each n > 20; error bars represent the distribution between the 90th and 10th percentiles. Results are representative of three biological replicates.
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AFF4 and ENL function together in promoting the fluidity

of the SEC puncta

To further shed light on the biophysical properties of the heterotypic
droplets formed by P-TEFb and ENL, we performed fluorescence
recovery after photobleaching (FRAP) analysis to determine the
dynamics within the droplets (29, 30). The eGFP-ENL and CDK9-
mRFP heterotypic droplet had a slow FRAP recovery rate, indicating
the droplet in a static solid-like state (Fig. 4, A and B). Reacting to
environmental stimuli or stress, SEC rapidly activates the transcription
of IEGs within minutes (4, 12). It is likely that the SEC droplets will
require faster internal reorganization kinetics in vivo. We then asked
whether AFF4 could confer a dynamic fluid-like state on SEC. Once
AFF4 was overexpressed, eGFP-ENL with CDK9-mRFP or ELL2-
mRFP in the heterotypic droplet exhibited faster, liquid-like recovery
kinetics (Fig. 4, A and B, and fig. S6, A to C). In addition, cotrans-
fection of AFF4, but not CCNT]I, led to a notable increase in the
number of eGFP-ENL, and CDK9-mRFP heterotypic droplets formed
but reduced in droplet size (Fig. 4, C and D). A possible explanation
is that AFF4 might also prevent excessive coalescence of liquid drop-
let. The eGFP-ENL and CDK9-mRFP droplets exhibited defective

liquid-like behaviors, such as irregular shape and incomplete coales-
cence, after knockdown of AFF4 by short hairpin RNA (shRNA)-
mediated RNA interference (RNAi) or inhibition of AFF4 by the small
molecule KL-1 (Fig. 4, E and F, and fig. S6, D and E). In summary,
our results suggested that AFF4 could function in maintaining proper
behaviors of the ENL and P-TEFb heterotypic droplets.

We also determined the liquid-like condensate features of the
AFF4 droplets by FRAP assay. Unexpectedly, eGFP-AFF4 formed
droplets with a slow recovery rate after photobleaching, similar
to eGFP-ENL (fig. S6, F and G). In contrast, the ENL and AFF4
heterotypic droplet exhibited a much faster recovery rate, even after
multiple rounds of photobleaching, with apparent diffusion coeffi-
cients of ~0.18 + 0.018 and 0.075 + 0.007 um?/s, respectively (fig. S6,
F to H). In addition, when bleaching the entire droplets, we found
that the recovery rate of the ENL and AFF4 heterotypic droplet
remained unchanged, indicating that the exchange of molecules
within the droplets was as fast as that happened between the drop-
lets and the surrounding solution (fig. S7, A to C). These results
suggested interdependence between ENL and AFF4 in promoting
their own fluidity. Note that AFF4 also promotes the fluidity of
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Fig. 4. Fluidity of the ENL heterotypic droplets depends on AFF4. (A) Normalized FRAP recovery curves for eGFP-ENL (green) and CDK9-mRFP (red) in the heterotypic
droplet in the presence or absence of FLAG-AFF4. The bleaching events occurred at 0 s. Results shown are from six biological replicates. (B) Live cell confocal images
showing FRAP of the heterotypic eGFP-ENL and CDK9-mRFP droplet in the presence or absence of FLAG-AFF4. (C) Live cell imaging of Hela cells coexpressing ENL and
CDK9 together with CCNT1 (left) or AFF4 (right) with different fluorescence tags. (D) Box plot showing the number of the indicated heterotypic droplets per nucleus. Each
n> 20; error bars represent the distribution between the 90th and 10th percentiles. Results are representative of three biological replicates. (E) Live cell imaging of control
and AFF4 knockdown HCT 116 cells coexpressing eGFP-ENL and CDK9-mRFP. (F) Live cell imaging of HCT 116 cells coexpressing eGFP-ENL and CDK9-mRFP in the pres-
ence or absence of KL-1. (G) Normalized FRAP recovery curves (left) for mCherry-CCNT1 (pink or red), eGFP-ENL (light green), and eGFP-AFF4 (green) in the CCNT1/ENL
and CCNT1/AFF4 heterotypic droplets, respectively. The bleaching events occurred at 0 s. Live cell confocal images (right) showing FRAP of the CCNT1/ENL and CCNT1/
AFF4 heterotypic droplets. Results shown are from six biological replicates. (H) Normalized FRAP recovery curves (left) for eGFP-AFF4 (green) and mCherry-CCNT1 (red) in
the heterotypic droplet in the presence of FLAG-ENL. The bleaching events occurred at 0 s. Live cell confocal images (right) showing FRAP of the heterotypic AFF4/CCNT1
droplet in the presence of FLAG-ENL. Results shown are from six biological replicates.
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CCNT1, although AFF4 per se remained rigid in the droplet (Fig. 4G
and fig. S7D). However, when ENL was coexpressed, fluidity of both
eGFP-AFF4 and mCherry-CCNT1 in the heterotypic droplet was
significantly enhanced, with D,;, of ~0.18 and 0.16 um?/s, respec-
tively (Fig. 4H and fig. S7E). Likely, as a large disordered scaffold
protein, although AFF4 can promote the FRAP recovery rate of
CCNT1, the full behavior of AFF4 per se requires other SEC com-
ponents, such as ENL. Together, our results suggested that AFF4
promotes fluidity of the SEC component droplets and that the dy-
namics of AFF4 requires ENL. Therefore, AFF4 and ENL are both
required for nucleating and fluidizing SEC phase droplets.

Phase separation of SEC is required for its function in rapid
gene induction

We further asked if the ability of SEC to phase separate is critical for
its function in rapid gene induction. Live imaging analyses indicated
that the number of the AFF4 and ENL heterotypic droplets was
substantially reduced after serum starvation, while new AFF4-ENL
and AFF4-CCNT1 heterotypic droplets formed within 30 min of
exposure to serum (Fig. 5A and fig. S8A). Consistently, the increase
in the number of endogenous AFF4 puncta after serum treatment
was also observed, suggesting a dynamic formation of SEC droplets
in vivo (Fig. 5, B and C).
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We then examined whether phase separation is required for the
function of SEC. We first performed IF with concurrent nascent
RNA fluorescent in situ hybridization (FISH) for FOS proto-oncogene
(FOS) to determine whether SEC exists in puncta in the vicinity of
this gene. The results revealed that the tested SEC components co-
occurred in the same puncta at the FOS gene, but not the XIST gene
(Fig. 5, D and E, and fig. S8B). We also noticed a rare phenomenon
that the FOS and JUN loci could spatially overlap with the same AFF4
puncta (fig. S8, C and D). Further average image analysis revealed
that these SEC components’ fluorescence intensities (ENL/AFF4 or
CDKY9/AFF4) are most enriched at the center of the FISH foci on aver-
age (Fig. 5, D and E). The randomly selected nuclear positions were also
calculated as a control, and no similar trend was observed (fig. SSE).

We also challenged the cells with 1,6-hexanediol. The results in-
dicated that treatment with 1,6-hexanediol disrupted the AFF4/ENL
and AFF4/CCNT1 heterotypic droplets and caused notable reduc-
tions in the occupancies of AFF4, CDK9, and Pol II at the FOS gene,
which was accompanied by impaired transcription induction of the
IEGs including FOS (Fig. 5, F to 1, and fig. S9, A to E). In line with
the essential role of ENL in SEC liquid droplet formation, we found
that the AFF4 and CDK9 puncta were detached from the FOS FISH
foci in ENL knockout cells (Fig. 6, A and B). Single-molecule ex-
pression analysis by FISH further revealed that the ENL knockout
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Fig. 5. SEC puncta localize to immediate-response genes in vivo upon serum treatment. (A) Live cell imaging of HCT 116 cells coexpressing eGFP-AFF4 and
mCherry-ENL in control, serum-starved, and serum-treated conditions. The newly formed eGFP-AFF4 and mCherry-ENL heterotypic droplets after serum treatment
are indicated by arrows. (B) IF imaging of AFF4 in serum-starved or serum-treated HCT 116 cells. DNA was counterstained using DAPI. (C) Box plot showing that the
number of AFF4 puncta per nucleus is significantly increased after serum treatment. Each n > 20 nuclei; error bars represent the distribution between the 90th and
10th percentiles. Results are representative of three biological replicates. (D) Confocal imaging of FOS RNA FISH with concurrent ENL and AFF4 IF showing that ENL and
AFF4 co-occupy the FOS loci after serum treatment. DNA was counterstained using DAPI. Zoomed-in views of the white arrow-indicated regions are shown. The three
columns on the right show average FOS FISH signal and average ENL (or AFF4) IF signal centered on the FISH foci (see Materials and Methods). Data shown were analyzed
from at least four biological replicates. (E) Confocal imaging of FOS RNA FISH with concurrent CDK9 and AFF4 IF showing that CDK9 and AFF4 co-occupy the FOS loci
after serum treatment. DNA was counterstained using DAPI. Zoomed-in views of the white arrow-indicated regions are shown. The three columns on the right show
the average FOS FISH signal and average CDK9 (or AFF4) IF signal centered on the FISH foci (see Materials and Methods). Data shown were analyzed from at least
four biological replicates. (F and G) ChIP-qPCR showing the occupancies of AFF4, CDK9 (F), and Pol Il (G) at the promoter and 3"-end of FOS under the indicated conditions.
The HEMO gene serves as a negative control for ChIP-qPCR. (H and I) RT-gPCR showing the RNA levels of FOS (H) and JUN (I) under indicated conditions. (F to ) Error bars
represent SDs. Results are representative of three biological replicates.
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substantially slowed down the transcriptional induction rate of the
FOS gene upon serum treatment, as revealed by the statistical anal-
yses of the averaged FISH intensities over the serum treatment time
periods (Fig. 6, C to E, and fig. $9, F and G). Furthermore, only wild-
type ENL, but not the ENL IDR deletion mutant, can rescue the defect
in FOS transcriptional induction caused by the ENL knockout (Fig. 6,
C to E, and fig. S9, F and G). In summary, our data indicated that
the capability of ENL to phase separate is key to the function of SEC
in rapid transcriptional activation and that SEC could exert its rapid
gene induction function in the form of phase-separated droplets.

DISCUSSION

SEC is essential for release of paused RNA Pol II into productive
transcription elongation in both developmental and disease contexts
(6,31, 32). Yet, the nature of SEC that drives its rapid yet synchronous
response to cellular needs remained unknown. In this study, we found
that the transition of P-TEFb from the inactive into the active form
involves phase separation. Our data demonstrated that HEXIM1/
P-TEFb is widely distributed and soluble in the nucleus, while the
multisubunit complex SEC exists and functions in the form of phase-
separated droplets. The kinase module P-TEFb and the Pol II pro-
cessivity stimulator ELL2 are unable to phase separate on their own
but can be compartmentalized and fluidized by the intrinsically
disordered SEC subunits ENL and AFF4. Reacting to extracellular
stimuli, the LLPS-formed SEC droplets are promptly assembled in
close proximity to the IEGs, leading to rapid transcriptional induc-
tion (Fig. 6F). SEC subunit mutations, such as fusion with MLL,
might affect the phase separation of SEC, contributing to disease
pathogenesis (Fig. 6F).

Weak and dynamic multivalent protein-protein interactions are
believed to be the main driving force in forming the phase-separated
biocondensates (33-35). One of the intriguing observations in our
study is that the stable protein complex SEC undergoes phase sepa-
ration within cells. Deletion of direct protein-protein interaction
domains in SEC components does not affect phase separation of
individual factor but impaired the formation of heterotypic droplets.
Thus, phase separation might be dispensable for the SEC assembly,
but required for its full function. On the basis of our observations,
we propose that phase separation occurs broadly, not limited to fac-
tors that weakly and fuzzily interact, within cells to grant phase
components high dynamics or establish a functional environment.
In the case of SEC, phase separation could provide a physicochemical
basis for it to coalesce with its substrate, the phosphorylated Pol I
C-terminal repeat domain, which has also been found to phase sepa-
rate in vivo, to induce rapid yet synchronous transcriptional response
(36-39). The transcriptional induction rate of IEGs after serum ex-
posure was greatly slowed down once phase separation of SEC is
disrupted by ENL knockout. In addition, we observed the incorpo-
ration of two IEGs into the same phase-separated SEC droplet by
combined single-molecule RNA FISH and IF analyses (fig. S8E),
possibly providing a partial explanation for simultaneous activation
of multiple IEGs within minutes of serum exposure.

As a critical part of immediate accommodation to acute stress,
rapid transcriptional activation allows immediate, selective, and re-
versible change of cellular transcriptional capacity for maximizing
cell viability and fitness (40). SEC uses multivalent phase separation
to ensure its fast response to acute stress at the transcriptional level.
ENL, the driver of the phase separation process of SEC, exists in
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multiple protein complexes, such as SEC-like 2 and 3 (SEC-L2 and
SEC-L3), and the DOT1L-complex (DotCom) (11, 41). Furthermore,
AFF4 belongs to the AFF family, which also contains AFF2 and
AFF3 as the central factors of SEC-L2 and SEC-L3, respectively
(11). Thus, phase separation might be a theme common to these
transcription- or epigenetics-related protein complexes. It has been
demonstrated that these protein complexes have their specific
targets and play unique functions in cells (37). Future phase sepa-
ration exploration on these closely related, but functionally distinct,
protein complexes could facilitate to reveal the general mechanisms
underlying the specific partition of protein-protein interactions by
specific types of phase-separated biocondensates in vivo.

MATERIALS AND METHODS

Cell culture

HeLa, HCT 116, human embyronic kidney (HEK) 293T, and HEK293
Flp-In TRex cells were cultured in Dulbecco’s modified Eagle’s medium
(HyClone) supplemented with 10% fetal bovine serum (Ex-Cell Bio)
and 1% penicillin and streptomycin (HyClone), at 37°C with 5% CO,
in a humidified incubator. HEK293T cells were used for the lentiviral
packaging used in shRNA-mediated knockdown and single-guide
RNA (sgRNA)-mediated knockout experiments. For confocal imaging
and FRAP experiment, HeLa and HEK293 Flp-In Trex (FLAG-ENL)
cells were grown on glass-bottom cell culture dishes (NEST).

Cell treatments

Transfection

Cells were transfected with Lipofectamine 2000 (Invitrogen) follow-
ing the manufacturer’s instruction with following modifications.
One million cells in 1 ml or 500 pl of growth media were plated in
1 well of a 6- or 12-well plate, Lipofectamine-DNA mix was imme-
diately added on top of the cells, and media containing transfection
mix were replaced with fresh growth media 12 hours after transfec-
tion. Cells were imaged 24 to 36 hours after transfection.

HCT 116 cell serum stimulation

For serum stimulation, cells were first starved by washing three times
with 1xphosphate-buffered saline (PBS) and culturing for 40 hours
in serum-free media, and then either left untreated or treated with
serum for indicated time before harvesting.

1,6-Hexanediol (Sigma) treatment for live imaging

HCT 116 cells were grown on a glass-bottom culture plate with 1 ml
of media, and cells were imaged every 30 s. After the second acqui-
sition, 1 ml of 6% 1,6-hexanediol was added to the plate.

KL-1 treatment for live imaging

After transfection for 24 hours, HCT 116 cells were treated with 20 uM
SEC inhibitor KL-1 for 6 hours (42).

Lentivirus-mediated RNAi

Human AFF4 (Sigma, clone ID: TRCN0000015823) and HEXIM1
(Sigma, clone ID: TRCN0000245064) shRNA oligos were cloned into
the pLKO.1 vector. Nontargeting shRNA construct (SHC002) was
purchased from Sigma. Lentiviral particle preparation and infection
were performed as described previously (12). Briefly, around 60%
confluent HEK293T cells in 15-cm tissue culture plate were cotrans-
fected with 8 ug of the shRNA construct or nontargeting control
shRNA, 6 ug of psPAX2 packaging plasmids, and 2 pg of pMD2.G
envelope plasmids using Lipofectamine 2000. The media were re-
placed with fresh culture media after 16 hours of transfection. The
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lentiviral supernatants were collected 48 and 72 hours after trans-
fection, filtered through the 0.45-um filters. Cells were infected with
the filtered lentiviral supernatants containing polybrene (8 pug/ml;
Sigma). Twenty-four hours after infection, cells were subjected to
selection with puromycin (2 pg/ml) for an additional 48 hours.

CRISPR-Cas9-guided knockout

ENL sgRNA oligos were cloned into the lentiCRISPR v2. Lentiviral
particle preparation was performed as described above. HCT 116 cells
were infected and selected with puromycin (2 pg/ml) for 48 hours
in culture media. The infected cells were maintained in the absence
of puromycin until cell clones were ready to be picked. The clones
were screened with polymerase chain reaction (PCR) and confirmed
by TA cloning plus DNA sequencing and Western blot.

Generation of FLAG-ENL-expressing cell line

pcDNAS5/FRT FLAG-ENL expression plasmid was transfected into
HEK?293 Flp-In TRex cells and selected with hygromycin (100 pug/ml).
Expression of FLAG-ENL protein was induced with doxycycline
(2 pg/ml) for 48 hours.

Live cell imaging

Cells were grown in a 6- or 12-well plate and imaged using the
AxioCam MRm detector on Axio Observer Z1 (Zeiss) in an incuba-
tion chamber to maintain culture condition (37°C, 5% CO,). ZEN
black edition version 2.3 (Zeiss) was used for acquisition. Images
were acquired with the AxioCam MRm Camera with 20x objective.
Raw images were processed using ZEN 2.3 (Zeiss). In detail, phase-
separated droplets of fluorescence-tagged proteins were imaged and
analyzed using the Fiji Is Just Image] (FIJI) (43). All images were
equally thresholded, and droplet number was identified using the
“Analyze Particles” function of FIJI. At least three biological repli-
cates were performed for each experiment.

Recombinant protein purification

pET16b expression vector was first modified to include either eGFP
or mCherry following the 10x HIS tag in frame. cDNA encoding
AFF4-IDR, ENL-IDR, or full-length CDK9 was inserted to the mod-
ified pET16b vectors. All expression constructs were sequenced to
ensure the sequence accuracy. The fluorescence-tagged fusion pro-
teins were expressed using the E. coli BL21 expression system. Briefly,
recombinant plasmids were transformed into BL21. Mid-log phase
of the transformed BL21 cells was induced by 1 mM isopropyl-B-p-
thiogalactopyranoside (IPTG) for 4 hours to express the proteins of
interest. Cells were harvested by centrifugation and stored at —80°C
until needed. To purify the recombinant proteins, cell pellets from
500 ml of culture were resuspended in 40 ml of lysis buffer [50 mM
NaH,PO; (pH 8.0), 300 mM NaCl, 10 mM imidazole, and 0.05% Tween
20] in the presence of the protease inhibitor phenylmethanesulfonyl
fluoride and homogenized using a high-pressure homogenizer for
five cycles at 10,000 mPa. The crude lysate was cleared by centrifu-
gation at 20,000¢ for 1 hour at 4°C. Ni-nitrilotriacetic acid (NTA)
agarose (1 ml; QIAGEN) preequilibrated with lysis buffer was then
added to the cleared lysate. After overnight incubation at 4°C, the
lysate agarose slurry was washed five times with 10 ml of wash buffer
[50 mM NaH,PO, (pH 8.0), 300 mM NaCl, 30 mM imidazole, and
0.05% Tween 20]. Protein was eluted with 5 ml of elution buffer [50 mM
NaH,PO, (pH 8.0), 300 mM NaCl, 250 mM imidazole, and 0.05%
Tween 20]. The purified recombinant proteins were analyzed by
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Coomassie-stained SDS-polyacrylamide gel electrophoresis (PAGE)
and dialyzed against droplet formation buffer [50 mM tris-HCl (pH 7.5),
10% glycerol, and 1 mM dithiothreitol].

In vitro droplet assay

Recombinant proteins were concentrated and desalted using Amicon
Ultra centrifugal filters (Millipore). Recombinant proteins (10 uM)
were then added to droplet formation buffer containing indicated
concentration of salt in the presence or absence of the crowding
agent PEG-8000. The protein solution was immediately loaded onto
a coverslip and imaged with a Zeiss microscope with a 20x objective.
For exploring the effects of temperature on in vitro droplet forma-
tion, the protein solution containing 10% PEG-8000 was allowed to
incubate for 1 hour at the indicated temperature before imaging.
Droplets were imaged and analyzed using FIJI. Results shown are
representative of two biological replicates.

In vitro droplet quantification

FIJI was used to identify droplets and characterize their number, size,
and shape. All images were equally thresholded (>5 pixel minimum
droplet size), and droplet area and number were identified using the
Analyze Particles function of FIJI. Droplets shape were also identi-
fied using the Analyze Particles in the same threshold condition
(>20 pixel minimum droplet size); the circularity was analyzed
using the function: circularity = 47 (area/perimeter?), and the calcu-
lated value 1 being a perfect circle. Hundreds of droplets identified in
three independent technical replicates of view were quantified. Re-
sults shown are representative of at least two biological replicates.

Droplet aspect ratio analysis

The aspect ratios of AFF4-IDR-eGFP and ENL-IDR-eGFP droplets
were determined by ellipse fitting and then calculating the ratio of
the long and short axes of the ellipse. For the fusing droplet analysis,
the time evolution of the aspect ratio was fit to a function of the
form: Ar (f) = 1 + (Arp - 1) exp. (—t/7), in which ¢ is time, 7 is the
relaxation time, and Ary is the initial aspect ratio (44). The nonlinear
curve fitting of aspect ratio data was performed using custom-written
MATLAB (R2016a) scripts.

Western blot

Cells lysates were resolved in SDS-PAGE gels and transferred to
polyvinylidene fluoride membrane. Membrane was then incubated
with 1:2000 anti-HEXIM]1, 1:5000 anti-AFF4, 1:1000 anti-B-tubulin,
1:5000 anti-FLAG, 1:5000 anti-CCNT1, 1:5000 anti-CDK9, and 1:2000
anti-ENL antibody diluted in TBST (tris-buffered saline with Tween 20)
and incubated overnight at 4°C. Horseradish peroxidase-conjugated
secondary antibodies (Sigma) were used at a dilution of 1:5000. En-
hanced chemiluminescence substrate (Millipore) was applied to the
membrane for imaging by autoradiography.

Immunofluorescence

Cells grown on coverslips were fixed with 4% paraformaldehyde in
PBS for 10 min at room temperature. After three washes in PBS for
5 min, cells were permeabilized with 0.2% Triton X-100 in PBS for
5 min at room temperature. Following rinses with PBS, cells were
blocked in blocking buffer (2% bovine serum albumin and 0.3%
Triton X-100) for at least 1 hour at room temperature and incubated
with diluted primary antibodies (1:800 anti-CCNT1, 1:600 anti-ENL,
1:200 anti-AFF4, 1:600 anti-ELL2, 1:800 anti-CDK9, and 1:800
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anti-HEXIM1) in blocking buffer overnight at 4°C. After three
washes in PBS, coverslips were incubated at room temperature with
secondary antibodies (1:2000 goat anti-rabbit IgG Alexa Fluor 488,
1:2000 goat anti-rabbit IgG Alexa Fluor 647, 1:2000 goat anti-mouse
IgG Alexa Fluor 488, and 1:2000 goat anti-mouse IgG Alexa Fluor
555) in the dark for 1 hour, followed by three washes with PBS.
Coverslips were mounted on slides using the VECTASHIELD
Mounting Medium with DAPI (4',6-diamidino-2-phenylindole).
Three-dimensional images were acquired using a Zeiss LSM 700
confocal microscope with 63x, 1.4 numerical aperture (NA) oil im-
mersion objective lens using Zen Light Edition acquisition software
and charge-coupled device (CCD) camera. Images were postprocessed
using Zen Light Edition and FIJI. For cell puncta counting, focus
calling was performed using the “Object Counter 3D” plugin (see
below). For colocalization analysis, the phase-separated puncta were
analyzed using “Colocalization_Finder” plugin on FIJI (https://
imagej.nih.gov/ij/plugins/colocalization-finder.html). Results shown
are representative of at least three biological replicates.

Antibodies

AFF4, ENL, CDK9, and CCNT1 rabbit polyclonal antibodies were
described previously (4, 12, 41). AFF4 mouse monoclonal was pur-
chased from Santa Cruz Biotechnology (sc-390310), B-tubulin from
Abcam (ab7291), FLAG from Sigma (F1804), and Pol II from Santa
Cruz Biotechnology (N20). HEXIM1 rabbit polyclonal was generated
in-house. Human HEXIM1 (1 to 140 amino acids) was expressed
as His-tag fusion proteins in PET-16b, purified on NTA agarose
according to QIAGEN’s protocol and sent to Wuhan Bioyeargene
Biotechnology Co. Ltd. for immunization into rabbits. Human
Rpb1 antibody was raised in rabbits against the synthetic peptide
ERALRRTLQEDLVKDVLSNGC conjugated via cysteine to KLH.

RNA FISH and data analysis

Stellaris RNA FISH probes targeting FOS, JUN, and XIST were de-
signed and generated by Biosearch Technologies. RNA FISH was
performed according to Stellaris’ RNA FISH protocol (Biosearch
Technologies). Briefly, cells were grown on 12-mm round coverslips
in a 12-well plate, fixed by 3.7% formaldehyde for 10 min, and
permeabilized by 70% ethanol for at least 1 hour. Cells were then
washed with Wash Buffer A (Biosearch Technologies) and hybrid-
ized with 50 pl of hybridization buffer (Biosearch Technologies)
containing Stellaris FISH probes for at least 4 hours at 37°C in a
humidified chamber. Coverslips were mounted using VECTASHIELD
Mounting Medium with DAPI. Images were acquired using a Zeiss
LSM 700 confocal microscope with 63x, 1.4 NA oil immersion ob-
jective lens using Zen Light Edition acquisition software and CCD
camera. Images were postprocessed using Zen Light Edition and
FIJI. The distribution fitting of RNA FISH foci intensity data was
analyzed using custom-written MATLAB (R2016a) scripts. Results
shown are representative of at least three biological replicates.

RNA FISH combined with IF

Immunostaining was performed as described above in ribonuclease
(RNase)-free environment. After immunostaining, cells were post-
fixed with 3.7% formaldehyde in PBS for 10 min at room tempera-
ture, and then washed twice with RNase-free PBS. Cells were washed
once with wash buffer (20% Stellaris RNA FISH Wash Buffer A,
10% deionized formamide in RNase-free water) for 5 min at room
temperature. Cells were hybridized with hybridization buffer (90%
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Stellaris RNA FISH Hybridization Buffer, 10% deionized formamide)
containing Stellaris FISH probes overnight at 37°C. Cells were then
washed with wash buffer for 30 min at 37°C. After washing with
Stellaris RNA FISH Wash Buffer B at room temperature for 5 min,
coverslips were mounted using VECTASHIELD Mounting Medium
with DAPI. Images were acquired at Zeiss LSM 700 confocal micro-
scope with 63x, 1.4 NA oil immersion objective lens using Zen
Light Edition acquisition software and CCD camera. Images were
postprocessed using Zen Light Edition and FIJI. Results shown are
representative of at least three biological replicates.

Focus calling (RNA FISH and IF)

The “Object Counter 3D” plugin (https://imagej.nih.gov/ij/plugins/
track/objects.html) in FIJI was used for puncta and foci focus calling.
The “Threshold” parameter was set such that puncta or foci in close
vicinity could be recognized as individual objects. The “Min number
of voxels” parameter for RNA FISH foci was set to at least 100. Two
adjacent slices were imaged (0.21-pm thickness each) to estimate the
number of FOS and JUN RNA FISH foci, or CCNT1, AFF4, ENL,
CDK9, and ELL2 IF puncta in fixed cells.

Average image analysis (RNA FISH and IF)

Custom Python scripts were written to analyze 3D images of areas
surrounding the local maxima of RNA FISH intensities. RNA FISH
foci were manually annotated using the Vaa3D triview mode by tra-
versing Z slices (45). Image blocks were then cropped from the XY
plane to get the maximum Z projections of size 101 x 101 pixels.
These blocks were aligned by the center, and pixel-wise average was
calculated for each IF channel. For negative controls, 200 “pseudo”
RNA FISH foci were randomly generated for each imaging experi-
ment. We used Python package matplotlib to generate plots by setting
25 and 99.9% percentiles as minimum and maximum intensities. For
RNA FISH combined with IF experiments, at least three indepen-
dent imaging fields were acquired and performed at least four bio-
logical replicates. The exact number of FISH foci analyzed, and the
fraction of these foci that overlapped with IF puncta, and the relevant
comparative statistics for experiments for which these comparisons
were made, are as follows. For Fig. 5D, ENL and AFF4, n = 86 FOS
foci; for Fig. 5E, CDK9 and AFF4, n = 69 FOS FISH foci.

FRAP and data analysis

Cells were seeded on glass-bottom cell culture dishes (NEST) and
transfected with indicated plasmids. Thirty-six to 48 hours after trans-
fection, fluorescence images were acquired on an inverted Leica
TCS SP8 confocal microscope with a 63%, 1.4 NA oil immersion
objective lens using LAS V4.4 software and a CCD camera. A 488-nm
laser was used for excitation of eGFP-fusion proteins, while a 552-nm
laser was used to image the mRFP or mCherry fusion proteins.
Imaging conditions were prebleached using 0.5% laser power such
that the intensity of the laser did not induce significant bleaching.
Bleaching was performed over r (=1.5 to 2.5 um; for in-liquid FRAP,
r = 1.5 um; for entire-liquid FRAP, r = 2.5 um) using 100% laser
power, and images were collected every 1.29 s. Fluorescence inten-
sity was measured using LAS V4.4 and was normalized to prebleach
intensity.

The nonlinear curve fitting of normalized fluorescence recovery
data was performed using custom-written scripts in MATLAB
(R2016a). For nonlinear curve fitting and quantitative analysis, data
representing the mean fluorescence intensity of the monitored
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regions were background subtracted and normalized to prebleach
intensity. Postbleach FRAP recovery data were averaged over six
biological replicates for each experiment.

The FRAP recovery curve was fit to a function of the form: FRAP
(t) = a exp (- t/b) + ¢, where FRAP (¢) is the normalized FRAP re-
covery from the average curve. a, b, and ¢ were inferred through
in-built MATLAB functions with 95% confidence intervals. Three
independent variables, namely, k*on, koft, and D,pp were extracted
from the fitting. The rate of FRAP recovery depends only on the
off-rate according to the reaction dominant model (46). So 7o = b,
where koff = 1/7,f. The fourth parameter, Ceq (or the bound fraction),
is derived using the recovered values for k*,, and ko, using the re-
lationship Ceq = —a/c = k*on/(K*on + kof). As diffusion is critical for
FRAP recovery, an apparent diffusion coefficient was estimated:
Dapp = rzbleach/T-

RNA isolation and reverse transcription quantitative PCR
Total RNA was isolated using the E.Z.N.A. Total RNA Kit accord-
ing to the manufacturer’s protocol, and residual DNA was treated
with RNase-free DNase I (New England Biolabs) before reverse
transcription quantitative PCR (RT-qPCR). cDNA was generated
using RT reagent mix. Real-time qPCR was performed using SYBR
Green mix on Bio-Rad CFX96-Real Time System according to the
manufacturer’s instructions. Human HEXIM1 RT-qPCR primers
were as follows: HEXIM1-F, GCTCGCGTTTCTTTAGCGAG;
HEXIMI1-R, AAGGGTTAAATCCCCTGCCG, and AFF4, FOS, JUN,
JUNB, EGR1, and EGR2 RT-qPCR primers were previously de-
scribed. The relative expression levels of genes of interest were
normalized to the expression of the housekeeping gene GAPDH.
Relative fold changes in gene expression were calculated using the
AACT (threshold cycle) method. Results shown are representative
of at least three biological replicates.

Chromatin immunoprecipitation

Approximately 1 x 10° HCT 116 cells were cross-linked in PBS
containing 1% formaldehyde to the cell culture media at room tem-
perature for 10 min, and cross-linking was quenched by glycine.
Fixed chromatin was sonicated into 200- to 800-base pair fragments
(Bioruptor, Diagenode) in chromatin immunoprecipitation (ChIP)
lysis buffer [10 mM tris-HCI (pH 8.0), 100 mM NaCl, 1 mM EDTA,
0.5 mM EGTA, 0.1% Na-deoxycholate, and 0.5% N-lauroylsarcosine]
supplemented with protease inhibitor cocktail (Sigma). Chromatin
extracts were incubated with a specific antibody and protein A agarose
beads at 4°C overnight. Immunoprecipitates were washed with radio-
immunoprecipitation assay buffer [50 mM Hepes-KOH (pKa 7.55),
500 mM LiCl, 1 mM EDTA, 1.0% NP-40, and 0.7% Na-deoxycholate]
for five times and TE once. After the final wash, DNA was eluted and
reverse cross-linked at 65°C. DNA was then purified and used as a
template for gPCR. Results shown are representative of at least three
biological replicates.

Reproducibility and quantification

To ensure data quality and reproducibility, all the live imaging ex-
periments were biologically repeated at least three times, and at least
five independent imaging fields were acquired from each biological
replicate. For Fig. 1 (E and F), at least 20 independent fields of view
from three biological replicates were acquired, quantified, and ana-
lyzed. For Figs. 3 (Hand I) and 4 (C and D), at least 15 independent
fields of view from three biological replicates were acquired, quan-
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tified, and analyzed. For all the in vitro droplet experiments, at least
10 independent fields of view from at least two biological replicates
were acquired, which totally contained about 50 to 2500 droplets.
Quantified imaging areas were approximately 30 um by 20 um, and
droplet data were displayed as droplet area (um?) and droplet number
(per 10 um®). For all the RNA FISH and IF experiments, at least
nine independent fields of view from at least three biological repli-
cates were acquired and analyzed. For all the RNA FISH combined
with IF experiments, at least 12 independent fields of view from four
biological replicates were acquired. For Fig. 5D and fig. S8E, 86 FOS
FISH foci were counted and analyzed; for Fig. 5E and fig. S8E, 69
FOS FISH foci were counted and analyzed. For all the imaging ex-
periments, data were obtained, analyzed, and averaged from different
areas in each biological replicate. Data shown in the figures are rep-
resentative images of the biological replicates.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/14/eaay4858/DC1

View/request a protocol for this paper from Bio-protocol.
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