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Abstract

Background: The Mediator complex is an evolutionarily conserved multi-subunit protein complex that plays major
roles in transcriptional activation and is essential for cell growth, proliferation, and differentiation. Recent studies
revealed that some Mediator subunits formed nuclear condensates that may facilitate enhancer-promoter
interactions and gene activation. The assembly, regulation, and functions of these nuclear condensates remain to

be further understood.

Results: We found that Med15, a subunit in the tail module of the Mediator complex, formed nuclear condensates
through a novel mechanism. Nuclear foci of Med15 were detected by both immunostaining of endogenous
proteins and live cell imaging. Like Med1 foci and many other biomolecular condensates, Med15 foci were sensitive
to 1, 6-Hexanediol and showed rapid recovery during fluorescence recovery after photobleaching. Interestingly,
overexpressing DYRK3, a dual-specificity kinase that controls the phase transition of membraneless organelles,
appeared to disrupt Med1 foci and Med15 foci. We identified two regions that are required to form Med15 nuclear
condensates: the glutamine-rich intrinsically disordered region (IDR) and a short downstream hydrophobic motif.
The optodroplet assay revealed that both the IDR and the C-terminal region of Med15 contributed to intracellular

phase separation.

Conclusions: We identified that the Mediator complex subunit Med15 formed nuclear condensates and
characterized their features in living cells. Our work suggests that Med15 plays a role in the assembly of
transcription coactivator condensates in the nucleus and identifies Med15 regions that contribute to phase

separation.
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Background

Membraneless organelles are specialized subcellular
compartments that enrich an ensemble of macromole-
cules and play important roles in cell physiology. Some
well-characterized examples of membraneless organelles
include the nucleolus, nuclear speckles, Cajal bodies,
and stress granules. Assembly of membraneless

* Correspondence: zhangxd39@mail.sysu.edu.cn; jieyao@alleninstitute.org
"Molecular Cancer Research Center, School of Medicine, Shenzhen Campus
of Sun Yat-sen University, Sun Yat-sen University, Shenzhen, China

Full list of author information is available at the end of the article

K BMC

organelles often involves liquid-liquid phase-separation
(LLPS), a process that is regulated by multivalency and
weak interactions among the protein and RNA constitu-
ents and is concentration-dependent [1, 2]. Recent stud-
ies have started to reveal the underlying principles of
LLPS and suggested that LLPS may serve as a funda-
mental mechanism linking cell physiology and disease
[3-5]. Proteins that undergo LLPS often contain intrin-
sically disordered regions (IDRs) consisting of low-
complexity amino acid sequences [6—8]. Many membra-
neless organelles are dissolved during mitosis through
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actions of protein kinases including DYRK3 [9]. Despite
many previous studies, much remains to be discovered
on the formation, regulation, and functions of membra-
neless organelles in cells.

Recent findings on biomolecular condensates formed
by eukaryotic transcription machineries suggested a role
of phase separation in gene expression [10]. For ex-
ample, biomolecular condensates were observed to form
in vitro and in vivo by the C-terminal domain of RNA
polymerase II (Pol II) [11, 12], the Mediator complex
[13, 14], or by multiple sequence-specific transcription
factors (TFs) containing disordered amino acid regions
at their activation domains [6, 15]. Furthermore, diverse
TFs can form phase-separated condensates with Medi-
ator, suggesting that nuclear condensates may function
in gene activation [15]. These new findings complement
the conventional view of eukaryotic gene regulation that
Mediator transduces signals from enhancer-bound TFs
to the core transcriptional machinery [16]. Further stud-
ies are needed to better understand the mechanisms of
condensate formation and their proposed functions in
gene expression.

The Mediator complex is an evolutionarily conserved
multi-subunit transcription coactivator complex that is
essential for growth and survival of all cells [16]. Medi-
ator has a flexible structure and is organized into head,
middle, tail, and Cdk8 modules [17]. Recent studies
found that the Mediator subunit Medl formed nuclear
foci in mouse embryonic stem cells [13] and yeast
Med15 protein could form condensates with transcrip-
tion activator GCN4 in vitro [15]. Medl and Med15 be-
long to the middle module and the tail module of the
Mediator complex, respectively. Medl5 contains a
glutamine-rich IDR and interacts with multiple tran-
scription activators through its structured or unstruc-
tured domains [18-20]. Previous work indicated that
Med3 and Med15 could form amyloid-like aggregates in
yeast cells upon H,O, stress [21], but whether Med15
forms condensates in mammalian cells is unclear.

In this work, we provided experimental evidence
that Med15 forms nuclear condensates in mouse and
human cells. Med15 foci mimicked Medl foci in the
sensitivity to 1, 6-Hexanediol and rapid FRAP recov-
ery. Medl foci and Med15 foci were largely abolished
in mitotic cells and upon overexpressing DYRK3 kin-
ase. Interestingly, formation of Med15 nuclear con-
densates required both its glutamine-rich IDR region
and a short sequence of hydrophobic amino acids.
Upon blue light induction, either the N-terminal IDR
or the C-terminal region of Medl5 was sufficient to
form optodroplets in living cells. We also found
concentration-dependent effects of 1, 6-Hexanediol on
the activation of immediate early genes upon serum
stimulation.
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Results

Med1 nuclear foci are sensitive to 1, 6-Hexanediol and
are dissolved during mitosis

Immunofluorescence staining revealed that Medl
formed numerous, well-distinguishable nuclear foci in
U20S cells (Fig. 1a), consistent with results with imaging
GFP-Med1 in CRISPR knock-in mouse embryonic stem
(ES) cells [13]. The specificity of this antibody against
endogenous Medl proteins was confirmed by western
blot (Additional file 1: Fig. Sla). Next, we performed
Medl immunostaining in cells treated with 1, 6-
Hexanediol, an aliphatic alcohol that has been frequently
used to study biomolecular condensates in cells. Distinct
Med1 foci became invisible in most cells after 1 min of
Hexanediol treatment (Additional file 1: Fig. S1b). Med1
foci reappeared in most cells at 10 min and 30 min after
Hexanediol withdrawal (Additional file 1: Fig. S1b). Be-
cause Medl foci could be distinguished as individual
fluorescence spots in a 3D image stack (Fig. 1a), we used
the AirLocalize program [22] to obtain the number of
Med1 foci in cells. The median number of Medl foci
per nucleus decreased from ~ 150 in untreated cells to
less than 50 in Hexanediol-treated cells and increased to
200-300 in cells recovered for 10 min and 30 min (Add-
itional file 1: Fig. S1c). We note that fluorescence inten-
sities of Medl foci were generally higher in recovered
cells than in untreated cells (Additional file 1: Fig. S1b),
which might explain the higher number of Med1 foci in
recovered cells because the same intensity threshold was
used for quantification.

Many well-known membraneless organelles, such as
nuclear speckles, nucleoli, and Cajal bodies, are dissolved
during mitosis [23—25]. Nonetheless, the status of Med1
nuclear foci in mitotic cells has not been described. By
immunofluorescence staining, we found a more homo-
geneous localization of Medl in mitotic cells than in
interphase cells (Fig. 1b). The median number of Med1
foci decreased from ~ 150 in interphase cells to less than
50 in mitotic cells (Fig. 1c). Thus, Med1l nuclear foci re-
semble other membraneless organelles in their ability to
dissolve during mitosis.

Characterization of nuclear condensates formed by
Med15

The Mediator complex consists of over 30 protein sub-
units, many of which contain IDR sequences [26] that
might contribute to phase separation. Thus, it would be
interesting to study whether additional Mediator sub-
units might participate in the formation of nuclear con-
densates. In this study, we focused on a single subunit,
Med15, which contains a large IDR including multiple
Glutamine (Q) residues (Additional file 1: Fig. S2a). First,
we found that GFP-tagged human Med15 or RFP-tagged
mouse Medl5 formed multiple nuclear foci in U20S
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Fig. 1 Distributions of Med1 nuclear foci in interphase and mitotic human cells. a Wide-field fluorescence images of a human U20S cell nucleus
stained with an anti-Med1 antibody. The z-interval between individual images is 0.3 um. Scale bar: 5 um. b Interphase and mitotic U20S cells co-
stained with an anti-Med1 antibody (green) and Hoechst33342 (blue). Scale bar: 10 um. The yellow arrow indicates a cell undergoing mitosis.
Insets 1 and 2 show the enlarged images of Med1 foci in interphase and mitotic cells, respectively. Scale bars: 5 um. Similar results were obtained
from three independent experiments. ¢ The number of Med1 foci quantified in individual interphase or mitotic U20S cells by AirLocalize program
[22] (Intensity threshold: 450). The numbers of analyzed cells were 46 and 17, respectively. Student's ¢ test: p < 0.001 (indicated by ***)

cells, respectively (Fig. 2a, Additional file 1: Fig. S2b).
Consistently, immunofluorescence staining using a
Med15 antibody revealed numerous nuclear foci in
U20S cells (Fig. 2b), and Med15 foci detected by im-
munofluorescence were colocalized with TagRFP-
mMed15 (Additional file 1: Fig. S2b). We performed
western blot to confirm the specificity of this antibody
in detecting endogenous Med15 proteins in U20S cells
(Additional file 1: Fig. S2c). To further characterize the
properties of Med15 nuclear condensates, we generated
a T24 stable cell line expressing GFP-hMed15. GFP-
tagged human Medl5 formed multiple nuclear foci
(Additional file 1: Fig. S2d) and were colocalized with
Med15 foci detected by immunofluorescence (Additional
file 1: Fig. S2e). Furthermore, we found that all promin-
ent GFP-hMed15 foci were colocalized with nuclear foci
formed by endogenous Medl1 in this stable cell line (Fig.
2¢). Therefore, we concluded that both endogenous and
overexpressed Med15 formed nuclear condensates in
human cells.

We attempted to determine the state of Medl5 foci
in mitotic cells but did not obtain conclusive results.
Med15 immunofluorescence staining revealed multiple
foci in mitotic U20S cells (Additional file 1: Fig. S3a)
and Med15 foci numbers per cell were higher in mi-
totic cells than in interphase cells (Additional file 1:
Fig. S3b). In the stable T24 cell line expressing GFP-
Med15, however, prominent Medl5 foci observed in
interphase cells were absent in most mitotic cells
(Additional file 1: Fig. S3c, d). We suggest that prom-
inent GFP-Med15 foci in the stable cell line that were
colocalized with anti-Medl (Fig. 2c) may be more
consistent markers of Mediator condensates reported
in previous studies [13, 14].

Next, we examined the state of Mediator conden-
sates in U20S cells where Med15 was depleted by
RNAi. Both Med15 and Medl protein levels appeared
to be reduced in Medl5 knockdown cells (Additional
file 1: Fig. S4c), and Med15 mRNA level was substan-
tially lower (Additional file 1: Fig. S4d). Anti-Med15
staining was reduced to background levels in Medl15
knockdown cells (Additional file 1: Fig. S4a), confirm-
ing the specificity of this antibody in immunostaining
experiments. Notably, anti-Medl staining intensity
was diminished and the numbers of Medl nuclear
foci were significantly decreased in Med15 knockdown

cells (Additional file 1: Fig. S4a, b). Our results thus
suggested Med15 was important for both maintaining
Medl protein level and forming Medl nuclear foci.
Additionally, GFP-hMedl5 expressed in Medl5
knockdown cells formed nuclear foci similarly as in
control cells (Additional file 1: Fig. S4e).

Furthermore, we examined the response of GFP-
Med15 nuclear foci to Hexanediol treatment by live
cell imaging. Because high concentrations of Hexane-
diol likely introduce non-specific effects to cells [27],
we tested Hexanediol concentrations lower than pre-
viously used to examine nuclear condensates in the
GFP-Med15 stable cell line. Interestingly, application
of 0.5% 1, 6-Hexanediol resulted in rapid and sub-
stantial decrease of fluorescence intensities of GFP-
Med15 nuclear foci (Fig. 2d, Additional file 1: Fig.
S5, Additional file 2: Video S1), and withdrawing
Hexanediol from the growth media resulted in the
reassembly of GFP-Medl5 foci that plateaued in
about 15min (Fig. 2d, Additional file 1: Fig. S5,
Additional file 2: Video S1). Therefore, rapid disrup-
tion/reassembly upon 1,6-Hexanediol treatment/with-
drawal is a property shared between Medl5 foci and
Med1 foci. Our results indicated that low concentra-
tions of Hexanediol (i.e., 0.5%) could dissolve nuclear
condensates that have small sizes (such as GFP-
Med15 foci).

Dynamics of Med15 foci in living cells

A characteristic feature of liquid-like nuclear con-
densates is the rapid exchange of their molecular
components with the nucleoplasm [13, 14]. We next
examined the association of Med15 with nuclear foci
in living cells by fluorescence recovery after photo-
bleaching (FRAP). In NIH3T3 cells expressing
AcGFP-Med15, we observed that fluorescence inten-
sities of nuclear foci recovered to approximately ini-
tial levels within 10s after initial photobleaching
(Fig. 3a, b). Similar results were obtained from
NIH3T3 cells expressing TagRFP-Med15 (Additional
file 1: Fig. S6). Furthermore, we observed fusion
events and fission events of GFP-Medl5 foci on the
timescale of several minutes (Fig. 3¢, Additional file
1: Fig. S7, Additional file 3: Video S2, Additional file
4: Video S3). Therefore, our results indicated that
Med15 exchanged between nuclear condensates and
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Fig. 2 Med15 forms nuclear foci that are disrupted by Hexanediol treatment. a Fluorescence image of a U20S cell transfected with AcGFP-
hMed15. b Fluorescence images of U20S cells stained with Hoechst33342 (blue) and an anti-Med15 antibody (green). Similar results were
obtained from three independent experiments. ¢ Fluorescence images of a human T24 cell line stably expressing GFP-hMed15 (green) and co-
stained with an anti-Med1 antibody (red) and Hoechst33342 (blue). Yellow arrowheads indicate sites of colocalization. Similar results were
obtained from three independent experiments. d Time-lapse fluorescence images of a cell from human T24 stable cell line expressing AcGFP-
hMed15 during treatment with 0.5% 1, 6-Hexanediol and subsequent recovery. Yellow arrows indicate the time points of Hexanediol addition
and withdrawal. Noted time points on the images are in mm:ss format. Similar results were obtained from three independent experiments. All
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the nucleoplasm at a rate comparable with that mea-
sured on Med1 [13], and suggested that Med15 mol-
ecules within these nuclear condensates were in a

liquid-like phase.

DYRK3 overexpression disrupts Med1 nuclear foci and
Med15 nuclear foci.

Recent studies revealed that the dual-specificity tyrosine
kinase DYRK3 played a key role in dissolving multiple,
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Fig. 3 Dynamics of Med15 nuclear foci in living cells. a Time-lapse images of an NIH3T3 cell nucleus expressing AcGFP-mMed15 during a FRAP
experiment. Yellow boxes indicate the photobleached area. t = 0.00 s indicates the time point immediately after photobleaching. b Plot of GFP-
mMed15 fluorescence intensity at the photobleached area within 42 s after photobleaching. Time intervals between individual frames in the first
20 cycles and the last 20 cycles of post-bleach were 655 ms and 5 s, respectively. Data are presented as the mean + SEM, n = 3. ¢ Time-lapse
images of GFP-mMed15 foci that exhibited fusion and fission events (highlighted in yellow boxes and enlarged at upper-right insets). All scale
bars: 5um

but not all membraneless organelles during mitosis [9].  might play a role in the dissolution of Med1 foci during
Moreover, overexpressing DYRK3 disrupted several nu-  mitosis. As expected, Medl foci were mostly dissolved
clear organelles (such as nuclear speckle and Cajal body) in cells synchronized at mitotic stage by thymidine-
in interphase cells [9]. We hypothesized that DYRK3 nocodazole block (Additional file 1: Fig. S8a). Notably,
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Med1 foci reappeared in a portion of mitotic cells upon
treatment with GSK626616, a small molecule inhibitor
of DYRK3 (Additional file 1: Fig. S8b-d), suggesting that
DYRKS3 kinase activity plays a role in dissolving Med1
foci in mitotic cells.

Next, we examined the effects of DYRK3 overexpression
on Medl and Med15 nuclear foci in interphase cells. We
expressed mCherry or mCherry-NLS*-DYRK3 (NLS*:
SV40 nuclear localization signal) in U20S cells and per-
formed immunofluorescence staining against Medl. Most
cells overexpressing DYRK3 showed diffuse Medl
localization in the nucleoplasm, in which the numbers of
Med1 nuclear foci were substantially decreased (Fig. 4a, b,
e). The same results were obtained in NIH3T3 cells (Add-
itional file 1: Fig. S9). In the T24 cell line stably expressing
GFP-Med15, most cells transfected with TagRFP-NLS*-
DYRK3 lost prominent GFP-Med15 foci that were ob-
served in untransfected interphase cells (Fig. 4c, d, f).
Interestingly, dissolution of GFP-Med15 foci was affected
by relative expression levels of TagRFP-NLS*-DYRK3.
The mean intensity of TagRFP-NLS*-DYRK3 in
lentivirus-infected cells was ~7 fold lower than that in
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transfected cells (Additional file 1: Fig. S10b), and GFP-
Med15 foci were still present in most lentivirus-infected
cells (Additional file 1: Fig. S10a, c). Likewise, transfected
cells containing GFP-Med15 foci had significantly lower
mean intensity of TagRFP-NLS*-DYRK3 compared to
those without visible GFP-Med15 foci (Additional file 1:
Fig. S10d). Taken together, our work revealed that Med1
foci and GFP-Med15 foci can be dissolved by overexpress-
ing DYRKS3 kinase, which provides a likely explanation for
the dissolution of Med1 foci and GFP-Med15 foci in mi-
totic cells.

Because the Serine-rich IDR region of Medl was shown
to mediate its phase separation in vitro [13], we tested
whether overexpressing DYRK3 could affect nuclear con-
densates formed by Med1 IDR in cells. Interestingly, when
GFP-tagged Medl IDR region (amino acid residues 948-
1568) was expressed in NIH3T3 cells, it was enriched in
the nucleolar regions and colocalized with Nucleophosmin
(NPM1), an abundant nucleolar protein (Additional file 1:
Fig. S1la). Notably, expressing TagRFP-NLS*-DYRK3 re-
sulted in the redistribution of GFP-Med1 (948-1568) to the
nucleoplasm (Additional file 1: Fig. S11b).
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Fig. 4 DYRK3 overexpression disrupts Med1 foci and Med15 foci. a, b Fluorescence images of U20S cells transfected with mCherry (a) o

¢, d Fluorescence images of human T24 cells that stably expressed GFP- I\/led]S
(green) and were transfected with TagRFP (c) or TagRFP-NLS*- DYRK3 (d). All scale bars are 10 um. In b and d, red arrowheads indicate the
transfected cells. Similar results were obtained from three independent experiments. e The number of Med1 clusters quantified in individual
U20S cells after transfection with mCherry (n = 29) or mCherry-NLS*-DYRK3 (n = 44) (Intensity threshold: 600). Student’s t test: p < 0.001
(indicated by ***). f The percentage of cells displaying clusters of GFP-Med15 or diffuse localizations in the nucleoplasm after transfection with
TagRFP (n = 28) or TagRFP-NLS*-DYRK3 (n = 57). Fisher's exact test: p < 0.001 (indicated by ***)
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The Q-rich IDR and a hydrophobic amino acid region of
Med15 are both required to form nuclear condensates
Next, we sought to identify the amino acid regions respon-
sible for the formation of Med15 nuclear condensates. We
generated a series of mouse Medl5 truncation mutants
fused to TagRFP at its C-terminus and compared their
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abilities to form nuclear foci (Fig. 5a). Med15 contains a
KIX domain at its N-terminus, followed by a long
glutamine-rich IDR (71-617) and a structured C-terminal
domain that also contains its NLS (661-670). Surprisingly,
Med15 (100-600) and Medl5 (1-617) fragment fused to
TagRFP and SV40 NLS (NLS*) were diffusely localized in

a mMed15 truncation mutants Localization of mMed15 mutants
KIX IDR NLS 100-600 1-617 1-636
WT(1-789) --——I—
100-600
1-617 —-—
1-636 — -
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Fig. 5 Formation of Med15 nuclear foci is mediated by its IDR and a hydrophobic amino acid sequence. a Diagrams of mouse Med15 truncation
mutants examined in this study. TagRFP was fused to the N-terminus of each protein fragment. SV40 NLS (NLS*, orange) was inserted before the
coding regions of several Med15 truncation mutants at their N-termini. The endogenous NLS (blue) of mouse Med15 is located at amino acid
residues 661-670. b Representative images of NIH3T3 cells expressing each mouse Med15 truncation mutant fused to TagRFP. Scale bar: 5 um. ¢
Percentages of NIH3T3 cells that display no nuclear clusters, small nuclear clusters (diameter < 1 um), and large nuclear clusters (diameter > 1 um)
of mouse Med15 (WT) or truncation mutants. The numbers of analyzed cells were 90, 88, 96, 117, 92, and 85, respectively. The numbers of cells
without clusters and the numbers of cells with clusters (including small and large) were obtained for each construct and subject to Fisher's exact
test: *** indicates p < 0.001. d Percentages of cells that display no clusters or nuclear clusters among NIH3T3 cells expressing GFP-mMed15 (WT)
(n = 73) or GFP-mMed15 (mutant) (n = 164). This Med15 mutant contains eight point mutations within the 639-660 region which convert
hydrophobic amino acids into hydrophilic amino acids (shown in the sequence comparison above the plot). Fisher's exact test: p < 0.001
(indicated by ***). e Representative images of NIH3T3 cells expressing AcGFP-tagged mMed15 (WT) protein and the Med15 mutant described in
d. The right columns contain the enlarged images of cells marked with dashed white borders. Scale bars: 5 um. Similar results were obtained
from two independent experiments
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the nucleus (Fig. 5b, ¢). Med15 (100-600) and Med15 (1-
617) fused to TagRFP only were localized in the cytoplasm
and formed several large aggregates (Fig. 5b) distinct from
numerous small nuclear foci formed by full-length Med15
(Fig. 2a, Fig. 3c). These results suggested that the
glutamine-rich IDR of Medl5 was not sufficient to form
condensates in the nucleus. These observations were also
consistent with previous findings on several prion-like
RNA-binding proteins that formed condensates in the cyto-
plasm while remained soluble in the nucleus [28].

Interestingly, both Med15 (1-670) and Med15 (1-680)
formed multiple small nuclear foci (Fig. 5b, c) resembling
those formed by full-length Med15. Because the 661-670
amino acid region is the native NLS of Med15, we exam-
ined TagRFP-NLS*-Med15 (1-660) and found that it also
formed multiple nuclear foci (Fig. 5b, c). Importantly, both
TagRFP-NLS*-Med15(1-660) and TagRFP-Med15(1-680)
were colocalized with GFP-Med15 foci (Additional file 1:
Fig. S12a). Thus, Med15 (618-660) region likely plays a role
in condensate formation. Meanwhile, a C-terminal trunca-
tion of Med15 (amino acid 618-789) failed to form nuclear
foci (Fig. 5b), suggesting that the N-terminal region (1-617)
containing the Q-rich IDR also contributed to nuclear con-
densate assembly. Furthermore, we generated human
Med15 truncation mutants according to the alignment be-
tween human and mouse Med15 protein sequences and
observed a strong effect of the 616-659 amino acid region
in condensate assembly in both wild-type cells (Additional
file 1: Fig. S13a, b) and in Med15 knockdown cells (Add-
itional file 1: Fig. S13c, d). Therefore, the mechanisms
underlying nuclear condensate formation are likely con-
served between mouse and human Med15 proteins.

We next sought to identify the motifs within this region
that contribute to the formation of Med15 nuclear con-
densates. We noticed that mouse Med15 (637-660) region
contained eight hydrophobic amino acid residues (Fig.
5d), raising the possibility that hydrophobic interactions
may in part mediate the formation of Med15 nuclear con-
densates. Seven out of the eight hydrophobic amino acid
residues are conserved in human Med15. To test this hy-
pothesis, we mutated all eight hydrophobic amino acids in
AcGFP-mMed15 to their hydrophilic mimics and found
that the mutated protein formed visibly fewer nuclear foci
than wild-type Med15 and that a lower fraction of cells
showed Med15 foci (Fig. 5d, e). Taken together, although
either the glutamine-rich IDR or the hydrophobic amino
acid region (637-660) of Med15 was insufficient to form
nuclear condensates, synergistic functions from both re-
gions likely resulted in condensate formation.

Both IDR and C-terminal domain of Med15 contribute to
phase separation in optodroplet assays

Determining the capacity of Med15 IDR or Medl15 C-
terminal region (618-789) in promoting phase separation
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in vivo would benefit from a cellular assay that can
visualize condensate formation in real time. We applied
the optodroplet assay to analyze how Medl5 IDR,
Med15 C-terminal domain, or Medl IDR contribute to
phase separation in cells. In this assay, protein domains
of interest were fused to a fluorescent protein and the
coding sequence of cryptochrome2 (Cry2), a blue light-
sensitive protein from Arabidopsis thaliana, and the for-
mation of optodroplets after blue light stimulation was
visualized in real time [29]. First, we transiently
expressed mCherry-Cry2 in NIH3T3 cells and did not
observe optodroplet formation after illumination with
blue light for 90s (Fig. 6a). In contrast, mCherry-Cry2
fused to a Serine-rich IDR region of Medl (amino acid
948-1157) formed optodroplets within 30 s of blue light
stimulation (Fig. 6b), consistent with a previous study
[13]. Next, we generated constructs of mCherry-Cry2
fused to NLS*-Medl5 IDR (amino acid 71-617) or
Med15 C-terminal region (amino acid 618-789) and ex-
amined optodroplet formation in living cells. Optodro-
plets formed by Med15 IDR appeared in spherical shape
but were smaller in size than those formed by Medl
IDR after the same duration of blue light stimulation
(Fig. 6b, c¢). Remarkably, Medl5 C-terminal region
formed optodroplets within 5s after blue light stimula-
tion (Fig. 6d), considerably faster than Medl or Med15
IDR. The apparently lower efficiency of Medl IDR in
optodroplet formation (Fig. 6e) could arise from the
shorter length of Medl IDR or from our experimental
conditions. Therefore, the optodroplet assay confirmed
that both Med15 IDR and Medl5 C-terminal region
contributed to phase separation in cells.

FRAP revealed that optodroplets formed by Med1 IDR
or Med15 IDR rapidly recovered with ¢, < 10 s, and
about 80% recovery was reached at 60 s after photo-
bleaching (Additional file 1: Fig. S14a, b, d), consistent
with measurement on optodroplets formed by Medl
IDR in a previous study [13]. In contrast, only about
20% FRAP recovery was observed on optodroplets
formed by Med15 C-terminal region at 60 s after photo-
bleaching (Additional file 1: Fig. S14c, d). Thus, Med15
C-terminal domain appeared to drive phase separation
more efficiently than Med15 IDR or Medl IDR in the
optodroplet assay and might provide a strong adhesive
force for maintaining the Mediator condensates.

Testing the effects of Hexanediol treatment in
transcriptional activation of immediate early genes (IEGs)
during the serum response.

Although recent studies have revealed phase separation
phenomena of multiple key components of transcrip-
tional machineries [6, 11, 15], roles of these nuclear con-
densates in transcriptional regulation were less well
understood. We explored the roles of nuclear
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Fig. 6 Med1 and Med15 regions induce the formation of
optodroplets upon illumination by blue light. a-d Representative
images during optodroplet activation in NIH3T3 cells expressing the
following constructs: mCherrry-Cry2 (a), Med1g4g-1157-mCherry-Cry2
(b), NLS*-Med1571.417-mCherry-Cry2 (c), and Med151g.759mCherry-
Cry2 (d). t = Os indicates the starting point of blue light illumination.
Time intervals between illuminating blue light and image acquisition
are noted on each image. All scale bars are 5 um. Similar results
were obtained from three independent experiments. e Percentage
of cells forming optodroplets after 30 s blue light stimulation at the
same intensity. Numbers of cells observed were the following:
mCherry-Cry2: 19; Med1 g4g.1157): 42; Med15¢.617): 18; Med15 (515789):
6. * and *** indicates p < 0.05 and p <0.001 in Fisher's exact
test, respectively

condensates during rapid gene activation by examining
the effects of Hexanediol treatment and withdrawal on
IEG expression during the serum response. IEGs re-
spond very rapidly to a variety of cell-extrinsic and cell-
intrinsic signals, including serum, growth factors, cyto-
kines, and UV radiation [30, 31]. Given that Hexanediol
treatment at high concentrations leads to inhibition of
kinase and phosphatase activities [27], we compared the
effects of 0.5% and 10% Hexanediol on IEG activation.
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We examined a few well-characterized IEGs (c-Fos, c-
Jun, and Egr-1) in this study. NIH3T3 cells were ana-
lyzed in two groups. In Group I, cells were serum
starved for 24 h and treated with media containing 20%
serum. In Group II, cells were serum starved for 24 h,
treated with 0.5% or 10% Hexanediol diluted in serum
starvation media for 1min and then stimulated with
media containing 20% serum but no Hexanediol. IEG
expression at distinct time points was analyzed by RT-
qPCR (Fig. 7a, Additional file 1: Fig. S17a). By immuno-
staining, we found that Medl and Medl5 nuclear foci
were both abolished after 1min treatment with 10%
Hexanediol and were restored to pre-treatment levels
after 30 min serum induction (Additional file 1: Fig.
S15). In a T24 cell line stably expressing GFP-Med15,
Med15 foci were rapidly diminished upon 0.5% Hexane-
diol treatment and restored upon serum induction/Hex-
anediol withdrawal (Additional file 1: Fig. SI16,
Additional file 5: Video S4).

We found that transcriptional activation of c¢-Fos, c-
Jun, and Egr-1 genes was significantly delayed in cells
pretreated with 10% Hexanediol but minimally affected
in cells pretreated with 0.5% Hexanediol. Highest levels
of IEG expression were found at about 30 min after
serum induction in Group I cells but instead at 60 min
or 120 min after serum induction in cells pretreated with
10% Hexanediol (Additional file 1: Fig. S17b-d). How-
ever, disruption of Mediator condensates by 0.5% Hexa-
nediol prior to serum induction (Additional file 1: Fig.
S16, Additional file 5: Supplementary Video S4) did not
result in a delay in IEG expression (Fig. 7b—d). Whether
the presence of 0.5% Hexanediol during serum stimula-
tion can affect IEG activation remains to be tested.
Ideally, molecular reagents with improved specificity
would help to better understand the functions of Medi-
ator condensates in inducible gene expression.

Importantly, Med15 knockdown attenuated IEG acti-
vation. We found that expression of c-Fos and Egr-1 in
Med15 knockdown cells after 30 min serum induction
was 2-3 fold lower than wild-type U20S cells (Add-
itional file 1: Fig. S18a, c). Most substantial decrease in
expression levels of all three IEGs upon Med15 knock-
down was found at 60 min serum induction (Additional
file 1: Fig. S18a-c). Thus, Med15 knockdown impairs the
functions of the Mediator complex in regulating IEG ac-
tivation upon serum induction.

Discussion

Our study revealed several common features of nuclear
condensates formed by Medl and Medl15 (Fig. 8). Nu-
clear condensates formed by Medl and Med15 were dis-
solved wupon treatment with 1,6-Hexanediol and
reassembled upon withdrawal (Fig. 2d, Additional file 1:
Fig. S1, S5, S15, S16). Both Med1 foci [13] and Med15
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foci showed a rapid FRAP recovery (Fig. 3a, b). Like
many nuclear organelles, Medl foci and GFP-Med15
foci were dissolved in mitotic cells (Fig. 1b, ¢, Additional
file 1: Fig. S3c, d) and presumably reassembled as cells
exit mitosis. This was consistent with the notion that
intracellular organelles were dissolved in mitosis by in-
creased DYRK3 kinase activities and with the findings
that DYRK3 overexpression dissolved some nuclear or-
ganelles [9], Medl foci and GFP-Med15 foci in inter-
phase cells (Fig. 4, Additional file 1: Fig. S9). We also
found that dissolution of GFP-Med15 foci was affected
by the expression levels of TagRFP-NLS*-DYRK3 (Fig.
4d, Additional file 1: Fig. S10). Additional insights may
be obtained by measuring subcellular concentrations of
Mediator subunits and DYRK3.

Our study revealed interesting new insights on nuclear
condensate formation. The Q-rich IDR of Medl5 was
unable to form condensates when expressed in the nu-
cleus alone, while a short hydrophobic motif was re-
quired to assist in condensate assembly (Fig. 5). This
finding was consistent with the notion that hydrophobic
residues could serve as adhesive elements in phase-
separating IDR and promote condensate formation [3].
Moreover, C-terminal region of Medl5 could rapidly
form optodroplets, which had a much slower FRAP re-
covery compared with optodroplets formed by Med15 or
Med1 IDRs (Additional file 1: Fig. S14a-d) and appeared
as irregular shapes in some cases (Additional file 1: Fig.
S14e), suggesting that Med15 C-terminal domain could
drive formation of condensates “deep” in the phase
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Fig. 8 Characteristics of Med1 foci and Med15 foci. Formation of
Med1 foci is mediated by the serine-rich IDR (blue circle). Formation
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and a short hydrophobic motif (orange dot). Shared and distinct
features between Med1 foci and Med15 foci are described

diagram that could transition from a fully mobile liquid-
like state into a less mobile gel-like state [29].

Both Medl and Med15 foci exhibited features shared
by many biomolecular condensates, such as sensitivity to
1,6-Hexanediol and rapid FRAP recovery. Nonetheless,
these are not definitive diagnostics that a cellular struc-
ture was formed by LLPS [3]. As a thermodynamic
principle, phase separation is exhibited by unmixing of
components due to biomolecular interactions within two
distinct phases that outweigh the increase in entropy by
mixing the two phases and result in a lower free energy
state [1]. Modulating interaction modules or protein
concentrations clearly altered phase separation outcomes
in vitro [32]. Consistent with these principles, interac-
tions within the Mediator complex, between Mediator
subunits, or between Mediator and TFs might lead to
phase separation. Nonetheless, formation of Mediator
condensates does not necessarily exclude affinity-based
macromolecular assembly as an alternative explanation.
It is of interest to note that DNA-mediated
compartmentalization distinct from LLPS occurred dur-
ing viral infection [33]. As recently discussed [34], the
roles of LLPS vs other biochemical processes in nuclear
condensate formation would need to be further studied.

The tail module of the Mediator complex interacts
with multiple transcription activators and participates in
various signal-induced gene expression programs [16,
19]. As expected, Med15 knockdown by RNAi substan-
tially reduced IEG activation during the serum response
(Additional file 1: Fig. S18). Med15 knockdown reduced
Med15 and Medl protein levels (Additional file 1: Fig.
S4a, c¢) and abolished both Med15 foci and Medl foci
(Additional file 1: Fig. S4a, b). Surprisingly, Med15 C-
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terminal domain exhibited higher efficiency than Med15
IDR or Med1 IDR in promoting phase separation in the
optodroplet assay (Fig. 6, Additional file 1: Fig. S14).
Thus, Med15 exhibits several interesting features and
might provide clues for better understanding the forma-
tion and regulation of transcription coactivator conden-
sates in mammalian cells.

Formation of nuclear condensates provides potential
explanations for interactions between Mediators and ac-
tivation domains of multiple TFs [15] or between RNA
Pol II C-terminal domain and splicing machineries [12].
These microenvironments formed within the cell nu-
cleus were thought to facilitate cooperative interactions
between transcription components and might enable
rapid gene activation upon environmental signaling [35].
We explored the roles of Mediator condensates in rapid
IEG activation by treating cells with Hexanediol prior to
serum stimulation. The effects of Hexanediol on IEG ac-
tivation during the serum response were concentration-
dependent and could not be unambiguously associated
with Mediator condensates (Fig. 7, Additional file 1: Fig.
S17). For better understanding the roles of Mediator
condensates in gene expression, it would be helpful to
develop new perturbation approaches and to examine
genomic regions closely associated with these
condensates.

Conclusions

Understanding the formation, regulation and functions
of nuclear condensates has become an exciting research
field. We have revealed the Mediator complex subunit
Med15 formed nuclear condensates in mammalian cells
and characterized their features using multiple imaging-
based approaches. Med15 condensates shared several
features with Medl condensates, such as sensitivity to
Hexanediol, rapid FRAP recovery, and dissolution by
DYRK3. Interestingly, the formation of Med15 conden-
sates requires not only the glutamine-rich IDR but also a
hydrophobic amino acid motif. Both IDR and C-terminal
region of Medl15 contributed to phase separation in the
optodroplet assay. Our work has therefore reported mul-
tiple novel features of Med15 nuclear condensates and
identified a bipartite formation mechanism.

Methods
Cell culture and transfection
NIH3T3 cells and U20S cells were obtained from Chin-
ese Academy of Sciences, Kunming Cell Bank (www.
kmcellbank.com). T24 (ATCC HTB-4) human urinary
bladder cancer cells were kindly provided by Prof. Tie-
bang Kang (Sun Yat-sen University Cancer Center).
HEK 293 T cells were obtained from ATCC.

NIH3T3 cells were cultured in high-glucose
Dulbecco’s modified Eagle’s medium (DMEM, Thermo
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Fisher, C11995500) supplemented with 10% newborn
calf serum (NCS, Thermo Fisher, 16010-159) and 100
U/ml penicillin-streptomycin (Thermo Fisher, 15140-
122) at 37°C with 5% CO, in a humidified incubator.
U20S cells were cultured in low glucose Dulbecco’s
modified Eagle’s medium (DMEM, Thermo Fisher,
C11885500) supplemented with 10% fetal bovine serum
(FBS, Hyclone), 1x GlutaMAX supplement (Thermo
Fisher, 35050-061), 100 U/ml penicillin-streptomycin at
37 °C with 5% CO, in a humidified incubator. T24 cells
were cultured in RPMI-1640 medium (Gibco,
C11875500BT) supplemented with 10% FBS (AusgeneX,
FBSSA500-S) and 100 U/ml penicillin-streptomycin at
37°C with 5% CO, in a humidified incubator. HEK
293T cells were cultured in high-glucose DMEM (Gibco,
C11995500BT) supplemented with 10% FBS (AusgeneX,
FBSSA500-S). Transfection was performed using Lipo-
fectamine 3000 Transfection Kit (Thermo Fisher, L3000-
015) following the manufacturer’s instructions.

Western blot

U20S cells were lysed in cold lysis buffer (150 mM
NaCl, 1% NP-40, 0.5% Sodium deoxycholate, 0.1% SDS,
25mM Tris, and 1 mM PMSE). Cell lysates were then
prepared by a sonicator (Fisher Scientific, FB120) at 35%
power for 1 min and cleared by centrifugation at 12,000g
for 20 min. 1/4 volume of SDS-PAGE loading buffer was
added to the supernatant and boiled for 10 min in a dry
thermostat. Cell lysates were separated on an 8% poly-
acrylamide gel by SDS-PAGE and transferred to a nitro-
cellulose membrane. The membrane was then blocked
with 5% non-fat milk and incubated with an anti-
TRAP220/MEDI1 antibody (Abcam, ab64965) at 1:1000
dilution or an anti-PCQAP/Med15 antibody (Abcam,
ab181158) at 1:1500 dilution overnight at 4°C. The
membrane was then incubated with a goat anti-rabbit
IgG (H + L) horseradish peroxidase secondary antibody
(Invitrogen, A16110) diluted by 1:10,000 in 1x PBST
with 5% non-fat milk at room temperature for 1h.
Chemiluminescence signals were detected by Super-
Signal West Pico PLUS Chemiluminescent Substrate
(Thermo Fisher, 34577) and visualized on a Tanon-5200
Chemiluminescence Imaging System (Tanon Science
and Technology, Shanghai, China). Original western blot
images are provided in Additional file 1: Fig. S19.

Immunofluorescence staining

NIH3T3 and U20S cells were cultured as described
above. Prior to immunostaining experiments, cells were
plated on Lab-Tek CC2 chamber slides (Thermo Fisher,
154852) at approximately 50% confluency. 12-20h after
plating or after transfection, cells were subject to treat-
ment and fixed for 15 min at room temperature using
4% paraformaldehyde (Thermo Fisher, 28908) in 1x
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PBS. Fixed cells were washed with 1x PBS, perme-
abilized with 0.05% Triton X-100 in PBST (1x PBS +
0.05% Tween-20) for 10min at room temperature,
washed with 1x PBS again, and blocked with 2% BSA
(Sigma, B2064) in PBST. Cells were then incubated with
an anti-TRAP220/MED1 antibody (Abcam, ab64965) di-
luted by 1:1000, an anti-GFP antibody (Cell Signaling
Technology, 2956) diluted by 1:500, or an anti-PCQAP/
MED15 antibody (Abcam, ab181158) diluted by 1:75 in
PBST with 2% BSA at 4 °C overnight. The next day, cells
were washed three times with PBST for 30 min at room
temperature and were then incubated with Alexa Fluor
488 goat anti-rabbit IgG(H+L) (Invitrogen, A11008) di-
luted by 1:1000 in PBST with 2% BSA. Cells were then
washed three times with PBST for 30 min at room
temperature and stained with 1 pg/mL Hoechst33342
(Novon Scientific, China, SS0160) for 5 min at room
temperature in the dark. Cells were mounted with
Vectashield antifade mounting medium (VectorLabs,
Burlingame, CA, USA) and slides were stored at a
-20°C freezer until image acquisition. Z-stack images
were acquired at a Nikon Eclipse Ti2-E wide-field
fluorescence microscope using a 60x oil-immersion
objective (numerical aperture 1.4) and a DS-Qi2
CMOS camera. The Z-interval was 0.3-0.5pm. A
1.5x magnifier lens was placed in the light path
during imaging.

Image and statistical analysis

All images were post-processed using Image]J (https://
imagej.net/Fiji). Changes in fluorescence intensities at
Med15 nuclear foci during FRAP were measured by
Image]. The numbers of nuclear foci per cell were gener-
ated by the AirLocalize program in MATLAB (The
Mathworks Inc., Natick, MA). For statistical analysis,
Fisher’s exact test was performed using GraphPad Prism
9 (https://www.graphpad.com/quickcalcs/contingencyl.
cfm) and Student’s ¢ test was performed using GraphPad
Prism 7.0.4. p <0.05 was considered to be statistically
significant.

Molecular cloning

Mouse Medl15, human Medl5, and human DYRK3
¢DNA were amplified by RT-PCR from total RNA ex-
tracted from NIH3T3 cells and U20S cells, respectively.
cDNAs were synthesized by RevertAid First Strand
c¢DNA synthesis kit (Thermo Fisher, K1266) and ampli-
fied by Phusion DNA polymerase (Thermo Fisher,
F530L). Amplified Med15 full-length ¢cDNA and trun-
cated cDNA fragments were then digested by EcoRI and
Kpnl restriction enzymes and cloned into pAcGFP-C1
or pTagRFP-C vectors. DYRK3 ¢cDNA was linked to the
DNA sequence encoding SV40 nuclear localization sig-
nal (CCGAAGAAGAAGCGAAAGGTC) at its N-
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terminus and cloned into pAcGFP-C1, pTagRFP-C, or
pmCherry-C1 using EcoRI and BamHI restriction en-
zymes. The IDR region (amino acid 948-1568) of mouse
Medl cDNA was amplified by RT-PCR and inserted into
PACGFP-C1 vector using EcoRI and Apal restriction en-
zymes. Cry2 cDNA was synthesized by Genscript (Nan-
jing, China). mCherry-Cry2 and Med1 (945-1157)-mCherry-
Cry2 optodroplet constructs were generated by PCR of
Cry2 c¢DNA and cloning into mCherry-C1 vector. NLS*-
Med1571.617)-mCherry-Cry2 and Med1515-789)-
mCherry-Cry2 optodroplet constructs were generated
with ClonExpress MultiS One Step Cloning Kit (Vazyme
Biotech, C113) according to the manufacturer’s instruc-
tions. Primers used to clone each ¢cDNA and mutants
are provided in Additional file 6: Table S1, S2.

The 8-amino acid point mutant of mouse Med15 was
generated by Phusion Site-Directed Mutagenesis Kit
(Thermo Fisher, F541) following the manufacturer’s in-
structions. Multiple rounds of mutagenesis were per-
formed to obtain the Med15 mutant with 8 hydrophobic
amino acids mutated to hydrophilic ones (Fig. 5d). The
resulting colonies were then screened by sequencing to
identify the correct mutants.

Lentivirus production and stable cell line generation
GFP-human Med15 and TagRFP-human DYRK3 fusion
protein were subcloned into the lentiviral expression
vector pSin-EF2 [36] by ClonExpress II One Step Clon-
ing Kit (Vazyme Biotech, C112). Primers used to clone
lentiviral vectors are provided in Additional file 6: Table
S3. The human embryonic kidney 293T cell line was
used as a host for virus packaging. The recombinant
plasmid pSin-EF2-GFP-hMed15 or pSin-EF2-TagRFP-
NLS*-DYRK3 was mixed with psPAX2 and pMD2.G
plasmids (at a mass ratio of 3: 2: 1) and co-transfected
into HEK 293T cells at 50-60% confluency in a 6-well
plate using Lipofectamine 3000 Transfection Kit follow-
ing the manufacturer’s instructions. Lentivirus was har-
vested 48 h post-transfection and used to transduce T24
cells. Then, 48 h after transduction, T24 cells were se-
lected with RPMI-1640 medium containing 10% fetal
bovine serum and 0.5 pug/mL puromycin (InvivoGen,
ant-pr-1) for 2 weeks.

RNAi

Small interfering RNA (siRNA) sequences targeting hu-
man Med15 were designed and synthesized by Gene-
pharma Company (Shanghai, china). To obtain a
transient Med15 knockdown, U20S cells were trans-
fected with 200 nmol/L siRNA targeting Med15 for 72
hours using Lipofectamine 3000 Transfection Kit follow-
ing the manufacturer’s instructions. Sequences for hu-
man Med15 siRNA pool were as follows: 5'—~ CCAAGA
CCCGGGACGAAUA-3’, 5'—
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GGGUGUUGUUAGAGCGUCU-3', 5'-GGUCAGU-
CAAAUCGAGGAU-3’, and 5-CCGGACAAGCA-
CUCGGUCA-3". A non-targeting scrambled siRNA was
used as the negative control: 5'-UUCUCCGAACGU-
GUCACGUTT-3".

Live cell imaging

For all live cell imaging experiments, cells were plated
onto 35 mm glass bottom dishes (Cellvis, D35-20-1-N).
Time-lapse images of each GFP- or TagRFP-fusion pro-
tein in NIH3T3 cells were acquired using a Nikon
Eclipse Ti2-E Inverted Microscope equipped with a stage
top incubator (Tokai Hit model STX) at 37 °C, 5% CO,,
and humidity control. All live cell images were acquired
with a 60x oil-immersion objective (CFI Plan Apochro-
mat Lambda, numerical aperture 1.4) while using the
TI2-N-ND-P perfect focus unit (Nikon) to maintain
image focus during acquisition. A 1.5x magnifier lens
was placed in the light path to obtain the pixel size of
81.4nm. A 32x neutral density filter was applied after
the fluorescence mercury lamp (C-HGFI, Nikon) to at-
tenuate the excitation light. GFP or mCherry/TagRFP
fluorescence was collected through a C-FL-C FITC filter
cube (MBE44725, Nikon) or a C-FL-C Texas Red filter
cube (MBE46105, Nikon), respectively.

Hexanediol treatment and withdrawal

We prepared a stock solution of 30% 1, 6-Hexanediol
dissolved in ultrapure water and filtrated with 0.22 um
microporous membrane. For immunofluorescence stain-
ing, the old culture medium was first removed, and cells
were washed three times with 1x PBS. We then carefully
added 10% Hexanediol (diluted with the old culture
media) along the side wall of the dish and immediately
placed in a 37°C incubator for 1min. Finally,
Hexanediol-containing medium was replaced with nor-
mal growth medium after gently washing the cells twice
with 1x PBS and once with culture medium. Cells were
fixed at each described time point and processed for im-
munostaining. For live cell imaging of Med15 foci, the
culture medium was replaced with growth medium con-
taining 0.5% Hexanediol by a custom-made injection de-
vice after acquiring baseline images for about 5 min.
Cells were then imaged in 0.5% Hexanediol for about 10
min. Hexanediol-containing medium was replaced by
normal growth medium and image acquisition was con-
tinued until Med15 foci visibly recovered. Time interval
between each frame was 10 s and the exposure time was
200 ms. All images were analyzed with Image].

Fluorescence recovery after photobleaching (FRAP)

NIH3T3 cells were plated on 35 mm glass bottom dishes
and transfected with GFP-Medl5 or TagRFP-Med15
plasmid for 24h before imaging. Next, FRAP was
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performed at a Leica SP8 STED confocal microscope
with a 93x glycerol-immersion objective (numerical
aperture 1.3). Cells were maintained at 37°C and 5%
CO, in a humidified stage top incubator during experi-
ment. Five iterations of bleaching were performed with a
488 nm laser or a 561 nm laser at 100% laser power and
images were collected every 655 ms. Two and four im-
ages were acquired before bleaching for GFP-Med15 and
TagRFP-Med15, respectively. Forty images were ac-
quired after bleaching, and the time intervals for the first
20 cycles and the last 20 cycles were 655 ms and 5, re-
spectively. Imaging settings were as follows: 8-bit image
depth, x 4 zoom (122.55 nm pixel size), 256 x 256 frame
size. Fluorescence intensities at the bleached locus (I;),
unbleached nuclear area (I) and at area without cells
(Ip) were measured at each time point using Image].
Pre-bleaching fluorescence intensities at the locus
I;(pre), unbleached area Iy(pre), and area without cells
Ip(pre) were determined by averaging first two image
frames. Normalized fluorescence intensities of Med15
foci during FRAP were determined using the following
equation:

_ u(6)-15(t)]/ 1L (pre)-I5(pre)]
[In(2)-15(2)]/[In(pre)-Is(pre)]

F(t) was measured from multiple cells in each FRAP
experiment, and comparable results were obtained from
three independent experiments.

E(2)

Cell synchronization and DYRK3 inhibition

U20S cells growing at log phase were plated at ap-
proximately 30% confluency. 16 h after plating, Thy-
midine was added at a final concentration of 2 mM to
block the cell cycle for 24 h. Cells were then washed
three times with pre-warmed 1x PBS and were re-
placed with complete growth medium to release the
block. After 4h, Nocodazole (dissolved in DMSO)
was added at a final concentration of 25 ng/mL to the
medium and cells were incubated for 12h. 1uM
GSK626616 (dissolved in DMSO) was added to the
media at 6h after starting the Nocodazole block and
incubation was continued for 6 h.

Optodroplet assay

NIH3T3 cells were grown on 35 mm glass bottom
dishes and  transfected  with  mCherry-Cry2,
Med1 (945-1157)-mCherry-Cry2, NLS*-Med1571-617)-
mCherry-Cry2, and Med15;5.759)-mCherry-Cry2 plas-
mid for 24'h using Lipofectamine 3000 Transfection Kit.
Live cell imaging was performed as described above with
the following modifications. Cells were illuminated in
the GFP channel for Cry2 activation by blue light and
imaged in the TxRed channel to monitor optodroplet
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formation. Before activation, we took images at the
TxRed channel at 10 s intervals for 2 min. We then
switched to the GFP channel and illuminated cells with
blue light for 30s, 60s, and 90s or 2s, 5s, and 10s, as
indicated in Fig. 6. After each noted duration of illumin-
ation, we acquired images of mCherry-fusion proteins in
the TxRed channel.

FRAP of optodroplets was performed at an Olympus
FV3000 confocal microscope with a 100x oil-immersion
objective. Medl1gag 1157-mCherry-Cry2 and NLS*-
Med1571.617-mCherry-Cry2 optodroplets were induced
with blue light for 2 min, while Med15;5.759)-mCherry-
Cry2 optodroplets were induced with blue light for 30s.
Optodroplets were photobleached with a 561 nm laser
at 3% laser power for 1s and post-bleach images were
acquired at 3.22 s intervals for 30—40 cycles in the ab-
sence of 488 nm laser stimulation. Imaging settings were
as follows: 12-bit image depth, 1024 x 1024 frame size.

Gene expression analysis of IEGs during serum starvation
NIH3T3 cells under serum starvation were obtained by
replacing the normal culture medium with DMEM
medium containing 0.2% NCS and culturing for 24 h.
Serum-starved cells were treated with 10% or 0.5% 1, 6-
Hexanediol diluted in the starvation media for 1 min.
Serum-starved cells with or without Hexanediol treat-
ment were stimulated with DMEM medium containing
20% NCS for 15 min, 30 min, 60 min and 120 min. For
Med15 knockdown experiment, U20S cells were plated
on 6-well plates at a density of 1 x 10° cells/well and
transfected with 200 nmol/L control siRNA or Medl15
siRNA for 48h. Transfected cells were incubated in
growth medium containing 0.2% FBS and cultured for
24 h, and then stimulated with growth medium contain-
ing 20% FBS for 30 min or 60 min.

Total RNA was collected from about 5 x 10° cells at
each time point using the ReliaPrep RNA Miniprep Sys-
tem (Promega, Z6011). RNA was reverse transcribed
using RevertAid First Strand c¢DNA Synthesis Kit
(Thermo Fisher, K1622) following the manufacturer’s in-
structions. Quantitative real-time PCR was performed
using SYBR Green master mix. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) mRNA was used as
an internal control and IEG expression was measured
before serum induction and at 15 min, 30 min, 60 min,
and 120 min after serum induction. Primer sequences
used for real-time PCR are described in Additional file 6:
Table S4.

Abbreviations

FRAP: Fluorescence recovery after photobleaching; IDR: Intrinsically
disordered region; IEG: Immediate early genes; LLPS: Liquid-liquid phase
separation; NLS: Nuclear localization signal; Pol II: RNA polymerase II;

TF: Transcription factor
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Additional file 1: Fig. S1-S19. Fig. S1 Med1 nuclear foci were disrupted
by Hexanediol treatment and restored upon withdrawal. Fig. $2
Characterization of Med15 nuclear foci. Fig. $3 Med15 foci in mitotic
cells. Fig. S4 Response of Med1 and Med15 nuclear foci to Med15 deple-
tion. Fig. S5 Time lapse images of a T24 cell stably expressing GFP-
hMed15 upon Hexanediol treatment and withdrawal. Fig. $6 Dynamics
of TagRFP-Med15 at nuclear foci in living cells. Fig. S7 Time lapse images
of GFP-hMed15 foci undergoing fusion and fission events. Fig. S8 DYRK3
inhibition restores Med1 foci in some mitotic cells. Fig. S9 Effects of
DYRK3 overexpression on Med1 nuclear foci in NIH3T3 cells. Fig. S10 Ex-
pression levels of TagRFP-DYRK3 affect the dissolution of GFP-Med15 foci.
Fig. S11 Displacement of overexpressed Med1 IDR from nucleolar re-
gions upon expressing DYRK3. Fig. $12 Representative images of NIH3T3
cells displaying nuclear foci formed by Med15 mutants. Fig. $13 Forma-
tion of nuclear condensates by human Med15 truncation mutants in
U20S cells. Fig. S14 Dynamics of optodroplets formed by Med1 and
Med15 regions. Fig. $15 Response of Med1 and Med15 nuclear foci to
10% Hexanediol treatment and withdrawal in the serum response experi-
ment. Fig. S16 Time lapse images of serum-starved T24 cells stably ex-
pressing GFP-hMed15 upon 0.5% Hexanediol treatment followed by 20%
serum stimulation without Hexanediol. Fig. $17 Effects of 10% Hexane-
diol treatment on IEG activation during serum response. Fig. S18 Effects
of Med15 knockdown on IEG activation during serum response in U20S
cells. Fig. $19 Original western blot images.

Additional file 2: Video S1. Time lapse images of a cell from T24
stable cell line expressing GFP-hMed15 that was treated with 0.5% 1,6-
Hexanediol and upon Hexanediol withdrawal. Images were taken every
10s. Time points on the video are in mm:ss format. 0.5% Hexanediol was
added at 3:40 and was replaced with fresh growth media at 12:40.

Additional file 3: Video S2. Time lapse images of a T24 cell transfected
with GFP-Med15 in which Med15 foci were observed to undergo fusion
events. Images were taken every 10s. Time points on the video are in
mm:ss format.

Additional file 4: Video S3. Time lapse images of a T24 cell transfected
with GFP-Med 15 in which Med15 foci were observed to undergo fission
events. Images were taken every 10s. Time points on the video are in
mm:ss format.

Additional file 5: Video S4. Time lapse images of a cell from T24
stable cell line expressing GFP-hMed15 that was treated with 0.5% 1,6-
Hexanediol followed by 20% serum stimulation. Images were taken every
10 s. Time points on the video are in mm:ss format. 0.5% Hexanediol was
added at 4:00 and was replaced with growth media containing 20%
serum at 16:10.

Additional file 6: Table S1-S4.Table S1 Primer sequences used to
clone cDNA and mouse Med15 truncation mutants. Table S2 Primer
sequences used to clone human Med15 and truncation mutants. Table
S3 Primer sequences used to clone the lentiviral vectors. Table S4
Primer sequences used for real-time PCR.
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