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Materials and Methods

Cell culture

V6.5 murine embryonic stem cells (mESCs) were a gift from the Jaenisch lab. Cells
were grown on 0.2% gelatinized (Sigma, G1890) tissue culture plates in 2i media,
DMEM-F12 (Life Technologies, 11320082), 0.5X B27 supplement (Life Technologies,
17504044), 0.5X N2 supplement (Life Technologies, 17502048), an extra 0.5mM L-
glutamine (Gibco, 25030-081), 0.1mM b-mercaptoethanol (Sigma, M7522), 1%
Penicillin Streptomycin (Life Technologies, 15140163), 0.5X nonessential amino acids
(Gibco, 11140-050), 1000 U/ml LIF (Chemico, ESG1107), 1uM PD0325901 (Stemgent,
04-0006-10), 3uM CHIR99021 (Stemgent, 04-0004-10). Cells were grown at 37°C with
5% CO; in a humidified incubator. For confocal, deconvolution and super-resolution
imaging, cells were grown on glass coverslips (Carolina Biological Supply, 633029),
glass bottom dishes (Thomas Scientific, 1217N79) or 8-chambered coverglass (Life
Technologies, 155409PK or VWR, 100489-104) or glass dishes (Mattek Corporation
P35G-1.5-20-C) coated with 5 pg/ml of poly-L-ornithine (Sigma-Aldrich, P4957) for 30
min at 37°C and with S5pg/ml of Laminin (Corning, 354232) for 2hrs-16hrs at 37°C. For
passaging, cells were washed in PBS (Life Technologies, AM9625), 1000 U/ml LIF.
TrypLE Express Enzyme (Life Technologies, 12604021) was used to detach cells from
plates. TrypLE was quenched with FBS/LIF-media, DMEM K/O (Gibco, 10829-018), 1X
nonessential amino acids, 1% Penicillin Streptomycin, 2mM L-Glutamine, 0.1lmM b-
mercaptoethanol and 15% Fetal Bovine Serum, FBS, (Sigma Aldrich, F4135). Cells were
spun at21 000rpm for 3 min at RT, resuspended in 2i media and 5x10° cells were plated in
152 cm”.

HEK293T cells (ATCC, CRL-3216) were used for generation of virus used in
optoIDR experiments. HEK293T cells were cultured in DMEM (GIBCO, 11995-073)
supplemented with 10% FBS (Sigma Aldrich, F4135), 2mM L-glutamine (Gibco, 25030)
and 100 U/mL penicillin-streptomycin (Gibco, 15140), at 37°C with 5% CO; in a
humidified incubator.

NIH 3T3 cells (ATCC, CRL-3216) were use in optoIDR experiments. NIH 3T3 cells
were cultured in DMEM (GIBCO, 11995-073) supplemented with 10% FBS (Sigma
Aldrich, F4135), 2mM L-glutamine (Gibco, 25030) and 100 U/mL penicillin-
streptomycin (Gibco, 15140), at 37°C with 5% CO; in a humidified incubator.

Endogenously-tagged cell line generation

CRISPR/Cas9 was used to generate endogenously-mEGFP-tagged BRD4 and
MEDI. Oligos coding for guide RNAs targeting the N-terminus of both proteins were
cloned into a px330 vector expressing Cas9 and either mCherry (gift from R. Jaenisch) or
BFP (Addgene #64323). The sequence that was targeted for BRD4 was 5’
TGGGATCACTAGCATGTCTA 3’ and the one for MED1 was 5’



TGTCAGGATGAAGGCTCAGG 3°. Repair templates were cloned into a pUC19 vector
(NEB) containing mEGFP, a GS linker and 800 bp homology arms flanking the insert.
750K mouse ES were transfected with 1.25 ng px330 vector and 1.25 pg repair templates
using lipofectamine. Cells were sorted 2 days after transfection for mCherry and 1 week
after first sort for mEGFP. 40K cell were serially diluted in a 6 well plate and colonies
were picked 4 days after seeding into a 96 well plate. 2-4 days after colony picking, cells
were passaged into 3 plates. 1 plate was used for genotyping and the other 2 were frozen
down at -80°C in 10% DMSO, 10% FBS and 80% 1x DMEM. The primer pairs that were
used for genotyping were the following:

For BRD4:
5> GCTGTCTTCAGACCCTCCAG 3’
5" GGCATGCACTCTACCACTGA 3’

For MED1:

5" GGTACCCGGGGAGTATCGTCCACTTTGCTA 3’
5’ TGCCTGCAGGGGCTGCCCTCATACTCAGAG 3°

Cell treatments

Transfection: cells were transfected with Lipofectamine 3000 (Life Technologies,
L3000008) following manufacture’s instruction with the following modifications. 1x10°
cells in 1ml of FBS/LIF-media were plated in one gelatin-coated well of a 6-multiwell
dish and during plating, Lipofectamine-DNA mix was immediately added on top of the
cells. After 12hrs, FBS/LIF-media was replaced with 2i media. Cells were imaged 24-48
hrs post transfection.

Nuclei visualization in live cells: cells were treated with Hoechst 33342 for 5min at
37°C in 21 media. Hoechst solution was replaced with fresh 2i media.

1,6-hexanediol treatment for live imaging: cells were grown on glass plates in 1ml
of 2i media and cells were imaged every 30s. After the second acquisition, 1ml of 6%
1,6-hexanediol was added on the plate in 10s.

ATP depletion: 2i media was exchanged with glucose free media DMEM (Gibco,
11966025), 0.5X B27 supplement, 0.5X N2 supplement, an extra 0.5mM L-glutamine,
0.ImM b-mercaptoethanol, 1% Penicillin Streptomycin, 0.5X nonessential amino acids,
1000 U/ml LIF, 1uM PD0325901, 3uM CHIR99021) and cultured for 2 hours. SmM 2-
deoxy-glucose (Sigma, D6134) and 126nM Oligomycin (Sigma, 75351) was added and
cells were cultured for an additional 2 hours. Cellular ATP levels were measured using a
bioluminescence assay (Invitrogen, A22066) following manufacturer’s instructions.
Control cells were cultured for 4 hours in glucose-containing DMEM (Gibco, 11965-
092), 0.5X B27 supplement, 0.5X N2 supplement, an extra 0.5mM L-glutamine, 0.l mM
b-mercaptoethanol, 1% Penicillin Streptomycin, 0.5X nonessential amino acids, 1000
U/ml LIF, 1uM PD0325901, 3uM CHIR99021.



Western blot

Cells were lysed in Cell Lytic M (Sigma-Aldrich C2978) with protease inhibitors
(Roche, 11697498001). Nuclear lysate was run on a 3%—8% Tris-acetate gel or 10% Bis-
Tris gel or 3-8% Bis-Tris gels at 80 V for ~2 hrs, followed by 120 V until dye front
reached the end of the gel. Protein was then wet transferred to a 0.45 pm PVDF
membrane (Millipore, IPVH00010) in ice-cold transfer buffer (25 mM Tris, 192 mM
glycine, 20% methanol) at 300 mA for 2 hours at 4°C. After transfer the membrane was
blocked with 5% non-fat milk in TBS for 1 hour at room temperature, shaking.
Membrane was then incubated with 1:1,000 anti-BRD4 (Bethyl A301-985A), 1:1,000
anti-MED1 (Abcam ab64965), anti-lamin B1 (Abcam ab16048), anti-RPB1 (Abcam
ab817) antibody diluted in 5% non-fat milk in TBST and incubated overnight at 4°C,
with shaking. In the morning, the membrane was washed three times with TBST for 5
min at room temperature shaking for each wash. Membrane was incubated with 1:10°000
secondary antibodies for 2 hrs at RT and washed three times in TBST for 5 mins.
Membranes were developed with ECL substrate (Thermo Scientific, 34080) and imaged
using a CCD camera or exposed using film or with high sensitivity ECL.

Live imaging

Cells were grown on glass plates (Mattek Corporation P35G-1.5-20-C) and before
imaging cells culture media was replaced with phenol red-free 2i media and imaged using
the Airyscan detector on an LSM880 confocal microscope (Zeiss, Thornwood, NY).
Cells were imaged on a heated stage (37°C) and supplemented with warmed (37°C),
humidified air. Additionally, microscope was enclosed in an incubation chamber heated
to 37°C. ZEN black edition version 2.3 (Zeiss, Thornwood NY) was used for acquisition.
Images were acquired with the Airyscan detector in super-resolution (SR) mode with a
Plan-Apochromat 63x/1.4 oil objective. Raw Airyscan images were processed using ZEN
2.3 (Zeiss, Thornwood NY).

Immunofluorescence

Immunofluorescence was performed as previously described with some
modifications (70). Briefly, cells grown on coated glass were fixed in 4%
paraformaldehyde, PFA, (VWR, BT140770) in PBS for 10min at RT. After three washes
in PBS for 5min, cells were stored at 4°C or processed for immunofluorescence. Cells
were permeabilized with 0.5% triton X100 (Sigma Aldrich, X100) in PBS for 5 min at
RT. Following three washes in PBS for 5 min, cells were blocked with 4% IgG-free
Bovine Serum Albumin, BSA, (VWR, 102643-516) for at least 15min at RT and
incubated with primary antibodies (anti-BRD4 Abcam ab128874 1:500 dilution, anti-
MED1 Abcam ab64965 1:500 dilution) in 4% IgG-free BSA O/N at RT. After three
washes in PBS, primary antibody was recognized by secondary antibodies (Goat anti-
Rabbit IgG Alexa Fluor 488 Life Technologies A11008 1:500 dilution, Goat anti-Rabbit



IgG Alexa Fluor 568 Life Technologies A11011 1:500 dilution) in the dark. Cells were
washed three times with PBS, 20pum/ml Hoechst 33258 (Life Technologies, H3569) was
used to stain nuclei for 5 min at RT in the dark. Glass slides were mounted onto slides
with Vectashield (VWR, 101098-042). Coverslips were sealed with transparent nail
polish (Electron Microscopy Science Nm, 72180) and stored at 4°C. Images were
acquired at the RPI Spinning Disk confocal microscope with 100x objective using
MetaMorph acquisition software and a Hammamatsu ORCA-ER CCD camera (W.M.
Keck Microscopy Facility, MIT). Images were post-processed using Fiji Is Just ImageJ
(FLIT) (71) or Imaris v9.0.0 Bitplane Inc. (W.M. Keck Microscopy Facility, MIT),
software available at http://bitplane.com.

DNA-FISH combined with immunofluorescence

Immunofluorescence was performed as previously described. After incubating the
cells with the secondary antibodies, cells were washed three times in PBS for Smin at RT,
fixed with 4% PFA in PBS for 10min and washed three times in PBS. Cells were
incubated in 70% ethanol, 85% ethanol and then 100% ethanol for 1min at RT. Probe
hybridization mixture was made mixing 7ul of FISH Hybridization Buffer (Agilent
G9400A), 1ul of FISH probes and 2ul of water. Sul of mixture was added on a slide and
coverslip was placed on top (cell-side toward the hybridization mixture). Coverslip was
sealed using rubber cement. Once rubber cement solidified, genomic DNA and probes
were denatured at 78°C for 5 min and slides were incubated at 16C in the dark O/N.
Coverslip was removed from slide and incubated in pre-warmed Wash buffer 1 (Agilent,
G9401A) at 73°C for 2 min and in Wash Buffer 2 (Agilent, G9402A) for 1 min at RT.
Air dry slides and stain nuclei with Hoechst in PBS for Smin at RT. Coverslips were
washed three times in PBS, mounted on slide using Vectashield and sealed with nail
polish. Images were acquired at the RPI Spinning Disk confocal microscope with 100x
objective using MetaMorph acquisition software and a Hammamatsu ORCA-ER CCD
camera (W.M. Keck Microscopy Facility, MIT).

DNA FISH probes were custom designed and generated by Agilent to target Nanog
super enhancer.

Design Input Region — mm9 chr6 122605249 — 122705248

Design Region — mm9 chr6: 122605985-122705394

Coverage 54.56%

RNA-FISH combined with immunofluorescence

Immunofluorescence was performed as previously described with the following
modifications. Immunofluorescence was performed in a RNase-free environment,
pipettes and bench were treated with RNaseZap (Life Technologies, AM9780). RNase-
free PBS was used and antibodies were diluted in RNase-free PBS at all times. After
immunofluorescence completion. Cells were post-fixed with 4% PFA in PBS for 10 min
at RT. Cells were washed twice with RNase-free PBS. Cells were washed once with 20%



Stellaris RNA FISH Wash Buffer A (Biosearch Technologies, Inc., SMF-WA1-60), 10%
Deionized Formamide (EMD Millipore, S4117) in RNase-free water (Life Technologies,
AM9932) for 5 min at RT. Cells were hybridized with 90% Stellaris RNA FISH
Hybridization Buffer (Biosearch Technologies, SMF-HB1-10), 10% Deionized
Formamide, 12.5 uM Stellaris RNA FISH probes designed to hybridize introns of the
transcripts of SE-associated genes. Hybridization was performed O/N at 37°C. Cells were
then washed with Wash Buffer A for 30 min at 37°C and nuclei were stained with
20um/ml HOESCH in Wash Buffer A for 5 min at RT. After one 5-min was with
Stellaris RNA FISH Wash Buffer B (Biosearch Technologies, SMF-WB1-20) at RT.
Coverslips were mounted as described for immunofluorescence. Images were acquired at
the RPI Spinning Disk confocal microscope with 100x objective using MetaMorph
acquisition software and a Hammamatsu ORCA-ER CCD camera (W.M. Keck
Microscopy Facility, MIT).

RNA FISH probes were designed and generated by Biosearch Technologies Stellaris

RNA FISH to target introns of K/f4, Nanog, Mir290, Trim28, Faml68b and Zfp606.
Please see Table S3 for the sequences of RNA-FISH probes.

Focus Calling (RNA FISH, DNA FISH, Immunofluorescence)

Foci were called using the “Object Counter3D” plugin in F1JI
(https://imagej.nih.gov/ij/plugins/track/objects.html). For each image analyzed, the
“Threshold” parameter was set such that punctate bodies in close proximity to one
another could be seen as individual objects. For RNA FISH foci of SE-associated genes,
the “Min number of voxels” parameter was set to at least 100. For DNA FISH foci the
“Min number of voxels” parameter was set to at least 4.

To estimate the number of BRD4 and MEDI foci in live cells, two adjacent nuclear
slices were imaged (0.190 um thickness each, total of 0.38 um) and BRD4/MEDI foci
were called as described above. We divided the number of puncta identified by the
volume of the nucleus imaged (area in um” measured with Fiji multiplied by the thickness
0.38 um) to have an estimate of the number of foci per um’. We then multiplied the
number of foci per um’ by the average volume of nuclei determined by Hoechst staining.

Average image and radial distribution analysis

Custom in-house MATLAB™ scripts were written to process and analyze 3D image
data gathered in FISH (RNA/DNA) and IF channels. FISH foci were identified in
individual z-stacks through intensity thresholds, centered along a box of size [ = 2.9 um,
and stitched together in 3-D across z-stacks. The called FISH foci are cross-referenced
against a manually curated list of FISH foci to remove false positives, which arise due to
extra-nuclear signal or blips. For every DNA or RNA FISH focus identified, signal from
the corresponding location in the IF channel is gathered in the [ x [ square centered at the
DNA or RNA FISH focus at every corresponding z-slice. The IF signal centered at FISH



foci for each FISH and IF pair are then combined and an average intensity projection is
calculated, providing averaged data for IF signal intensity within a [ x [ square centered
at FISH foci. The same process was carried out for the FISH signal intensity centered on
its own coordinates, providing averaged data for FISH signal intensity withina [ x [
square centered at FISH foci. The number of replicates per average intensity projection is
provided for each image set within the text or figure legends. As a control, this same
process was carried out for IF signal centered at randomly selected nuclear positions.

Randomly selected nuclear positions were identified for each image set by first
identifying nuclear volume and then selecting positions within that volume. Nuclear
volumes were determined from DAPI staining through the z-stack image, which was then
processed through a custom CellProfiler pipeline (included as auxiliary file). Briefly, this
pipeline rescales the image intensity, condenses the image to 20% of original size for
speed of processing, enhances detected speckles, filters median signal, Otsu thresholds
bodies, removes holes, filters the median signal, dilates the image back to original size,
watersheds nuclei, and converts the resulting objects into a black and white image. This
black and white image is used as input for a custom R script that uses readTIFF and im
(from spatstat (72)) to select 40 random nuclear voxels per image set.

These average intensity projections were then used to generate 2D contour maps of
the signal intensity or radial distribution plots. Contour plots are generated using in-built
functions in MATLAB™. The intensity radial function (/(7)) is computed from the
average data.

For the contour plots, the intensity-color ranges presented were customized across a
linear range of colors (n. = 15). For the FISH channel, black to magenta was used. For
the IF channel, we used chroma.js (an online color generator) to generate colors across 15
bins, with the key transition colors chosen as black, blueviolet, mediumblue, lime. This
was done to ensure that the reader’s eye could more readily detect the contrast in signal.
The generated colormap was employed to 15 evenly spaced intensity bins for all IF plots
shown in Fig. 1 and Fig S4. The averaged IF centered at FISH or at randomly selected
nuclear locations are plotted using the same color scale, set to include the minimum and
maximum signal from each plot.

For the radial distribution plots, the spearman correlation coefficients p are
computed and reported between the FISH and IF (centered at FISH) signal, as well as
FISH and the IF (centered at random) signal, for all FISH-IF pairs. A two-tailed student's
t-test, comparing the spearman correlation calculated for all pairs, was used to generate p-
values.

Fluorescence Recovery After Photobleaching (FRAP)

FRAP was performed on LSM880 Airyscan microscope with 488nm laser.
Bleaching was performed over a 140, = 1um using 100% laser power and images were
collected every two seconds. Fluorescence intensity was measured using F1JI.



Background intensity was subtracted and values are reported relative to pre-bleaching
time points.

Custom MATLAB™ scripts were written to process the intensity data, accounting
for background photobleaching and normalization to pre-bleach intensity. Post bleach
FRAP recovery data was averaged over 9 replicates for each cell-line and condition. The
FRAP recovery curve was fit to:

FRAP(t) = M(1 — exp (— £>)
where FRAP(t) is the normalized FRAP recovery from the average curve. M and t were
inferred through in-built MATLAB functions with 95% confidence intervals. We note
that in previous studies (73, 74) of typical transcriptional proteins, the role of diffusion on
FRAP recovery has been critical. Following (73), we estimate an apparent diffusion
coefficient:

— .2
Dapp - rbleach/T

RNA-Seq analysis

RNA-Seq was performed in untreated mouse embryonic stem cells and used to
determine expressed genes. Sequencing reads were aligned to the mm9 revision of the
mouse reference genome using Tophat (75) with —no-novel-juncs and -G set to a list of
known RefSeq transcripts downloaded 2/1/17. Per-transcript expression was quantified as
RPKMs using RPKM count from the RSeQC package (76). Expressed transcripts were
defined as those with RPKM>1 in at least one of two replicates.

Chromatin immunoprecipitation-sequencing (ChIP-Seq)

mES cells were plated at a density of 0.25 million cells/ml in 2i media and cultured
for 24-36 hours. Cells were treated with 2i media with 1.5% 1.6 Hexanediol or 21 media
only for 30 minutes. 1% formaldehyde in PBS was used for crosslinking of cells for 10
minutes, followed by quenching with Glycine at a final concentration of 125mM on ice.
Cells were washed with cold PBS and harvested by scraping cells in cold PBS. Collected
cells were pelleted at 1500 g for 5 minutes at 4°C, resuspended in LB1 (50mM Hepes-
KOH, pH7.9, 140mM NaCl, ImM EDTA 0.5mL 0.5M, 10% glycerol, 0.5% NP40, 1%
TritonX-100, 1x protease inhibitor) and incubate for 20 minutes rotating at 4°C. Cells
were pelleted for 5 minutes at 1350 g, resuspended in LB2 (10 mM Tris pH 8.0, 200 mM
NaCl, 1 mM EDTA, 0.5 mM EGTA, 1x protease inhibitor) and incubated for 5 minutes
rotating at 4°C. Pellet was resuspended in LB3 (10 mM Tris pH 8.0, 100 mM NacCl, 1
mM EDTA, 0.5 mM EGTA, 0.1% sodium-deoxycholate, 0.5% sodium lauroyl
sarcosinate, 1% TritonX-100, 1x protease inhibitor) at a concentration of 30-50 million
cells/ml. Cells were sonicated using Covaris S220 for 12 minutes using the
manufacturer’s instructions followed by spinning at 20 000g for 30 minutes at 4°C.
Dynabeads pre-blocked with 0.5% BSA were incubated with Brd4 A301-985A Bethyl,
Med1 A300-793A-4 Bethyl or Pol I SWG16 (Abcam ab817) antibody for 2 hours.
Chromatin was added to antibody-bead complex and incubated rotating overnight at 4°C.



Beads were washed three times with each Wash buffer 1 (50mM Hepes pH7.5, 500mM
NaCl, ImM EDTA, ImM EGTA,1% Triton, 0.1% NaDoc, 0.1% SDS) and Wash Buffer
2 (20mM Tris pH 8, ImM EDTA, 250mM LiCl, 0.5% NP40, 0.5% NaDoc) at 4°C,
followed by washing one time with TE at room temperature. Chromatin was eluted by
adding Elution buffer (50 mM, Tris pH 8.0, 10 mM EDTA, 1% sodium dodecyl sulfate,
20ug/ml RNaseA) to the beads and incubated shaking at 60°C for 30 minutes. Reversal of
crosslinking was performed for 4 hours at 58°C. Proteinase K was added and incubated
for 1-2 hours at 37°C for protein removal. DNA was purified using Qiagen PCR
purification kit and resuspended in 10mM Tris-HCL.

ChIP Libraries were prepared with the Swift Biosciences Accel-NGS® 2S Plus
DNA Library Kit according to kit instructions with an additional size selection step on
the PippinHT system from Sage Science. Following library prep, ChIP libraries were run
on a 2% gel on the PippinHT with a size collection window of 200-600 bases. Final
libraries were quantified by qPCR with the KAPA Library Quantification kit from Roche
and sequenced in single-read mode for 40 bases on an Illumina HiSeq 2500.

ChIP-Seq analysis

ChIP-Seq data were aligned to the mm9 version of the mouse reference genome
using bowtie with parameters —k 1 —-m 1 —best and —I set to read length. Wiggle files for
display of read coverage in bins were created using MACS (77) with parameters —-w —S —
space=50 —nomodel —shiftsize=200, and read counts per bin were normalized to the
millions of mapped reads used to make the wiggle file (78). Reads-per-million-
normalized wiggle files were displayed in the UCSC genome browser (79).

Super-enhancer identification

Super-enhancers were identified as described in Whyte et al. with minor
modifications (74). Peaks of enrichment in MED1 were identified using MACS with —p
le-9 —keep-dup=1 and input control. MED]1 aligned reads from the untreated condition
and corresponding peaks of MED1 were used as input for ROSE
(https://bitbucket.org/young_computation/) with parameters -s 12500 -t 2000 -g mm9 and
input control. A custom gene list was created by adding D7Ertd143e, and removing
Mir290, Mir291a, Mir291b, Mir292, Mir293, Mir294, and Mir295 to prevent these
nearby microRNAs that are part of the same transcript from being multiply counted.
Stitched enhancers (super-enhancers and typical enhancers) were assigned to the single
expressed RefSeq transcript whose promoter was nearest the center of the stitched
enhancer. Expressed transcripts were defined as above. Super-enhancers and typical
enhancers identified in this approach and their assigned genes are included as
Supplemental Table S2.

ChIP-Seq signal after 1,6-hexanediol treatment




Log? fold-changes of BRD4, MED1, or RNAPII ChIP-Seq signal were calculated
by determining coverage of super-enhancers, typical enhancers, or gene bodies
(transcription start site to transcription end site) using bedtools intersect (80). PCR
duplicates were removed using samtools rmdup (87) and used as input. Read counts
were normalized to the millions of mapped, duplicate-removed reads. Both ChIP and
input control samples were analyzed similarly, and the input control values were
subtracted in corresponding regions in corresponding treatments. A pseudocount of 1 was
added to the RPM-normalized, background-subtracted values in each treatment, and a
log2 fold-change was calculated and plotted. Per-super-enhancer fold-changes in RPM-
normalized, background-subtracted values of BRD4 and MEDI are compared with a
Spearman correlation coefficient.

Sequence data has been uploaded to GEO under the following accession number:
GSE112808

Gene Set Enrichment Analysis

RefSeq genes were ranked by their loss of RNAPII signal upon 1,6-hexanediol
treatment and used as input for GSEA pre-ranked (82). Super-enhancer associated genes
were used as the gene set.

Comparing BRD4 and MED1 ChIP-Seq colocalization

To compare BRD4 and MEDI1 colocalization on the genome, we analyzed read
counts of untreated BRD4 and MED1 ChIP-Seq in 10000 bp bins that tile the genome.
Non-PCR-duplicate reads were quantified in 10000 bp bins using bedtools intersect.
Bins were subsetted for those that overlapped super-enhancers by at least 1 bp using
bedtools intersect.

ChIA-PET analysis

For each ChIA-PET dataset, raw reads were processed to identify a set of putative
interactions that connect interaction anchors for further statistical modeling and analysis.
First, paired-end tags (PETs), each containing two paired reads, were analyzed for the
presence of the bridge-linker sequence and trimmed to facilitate read mapping. PETs
containing at least one instance of the bridge-linker sequence in either of the two reads
were kept for further processing and reads containing the bridge-linker sequence were
trimmed immediately before the linker sequence using cutadapt with options

“n3 03 -m 15 -a forward=ACGCGATATCTTATCTGACT -a
reverse=AGTCAGATAAGATATCGCGT”’ (http://cutadapt.readthedocs.io/en/stable/).
PETs that did not contain an instance of the bridge-linker sequence were not processed
further. Trimmed reads were mapped individually to the mm9 mouse reference genome
using Bowtie with options ““-n 1 -m 1 -p 6’°(77). After alignment, paired reads were re-
linked with an in-house script using read identifiers. To avoid potential artifacts arising



from PCR bias, redundant PETs with identical genomic mapping coordinates and strand
information were collapsed into a single PET. Potential interaction anchors were
determined by identifying regions of local enrichment in the individually mapped reads
using MACS with options ‘‘-g mm -p le-9—nolambda—nomodel—shiftsize=100"(78).
PETs with two mapped reads that each overlapped a different potential interaction anchor
by at least 1 bp were used to identify putative interactions between the overlapped
interaction anchors. Each putative interaction represents a connection between two
interaction anchors and is supported by the number of PETs (PET count) that connect the
two interaction anchors.

Protein purification

cDNA encoding the BRD4-IDR or MED1-IDR were cloned into a modified version
of a T7 pET expression vector. The base vector was engineered to include a 5’ 6xHIS
followed by either mEGFP or mCherry and a 14 amino acid linker sequence
“GAPGSAGSAAGGSG.” NEBuilder® HiFi DNA Assembly Master Mix (NEB E2621S)
was used to insert BRD4-IDR or MED1-IDR sequence (generated by PCR) in-frame with
the linker sequence. Vectors expression mEGFP alone contain the linker sequence
followed by a STOP codon. The MEDI-IDR_S-to-A mutant was synthesized as a
geneblock (IDT) and was inserted into the same base vector as described above. All
expression constructs were sequenced to ensure sequence identity.

Plasmids containing the protein of interest fused to mEGFP or mCherry were
transformed into LOBSTR cells (gift of Chessman Lab). A fresh bacterial colony was
inoculated into LB media containing kanamycin and chloramphenicol and grown
overnight at 37°C.

Cells containing the BRD4-IDR construct were diluted 1:30 in 500ml room
temperature LB with freshly added kanamycin and chloramphenicol and grown 1.5 hours
at 16°C. IPTG was added to ImM and growth continued for 18 hours. Cells were
collected and stored frozen at -80°C. Cell containing all other constructs were treated in a
similar manner except they were grown at 37 °C for 1.5 hours prior to IPTG addition and
then for 5 hours at 37 °C after addition of IPTG. Cells were collected and stored frozen at
-80°C.

Pellets from 500ml cells were resuspended in 15ml of Buffer A (50mM Tris pH7.5,
500 mM NacCl) containing 10mM imidazole, cOmplete protease inhibitors (Roche,
11873580001) and sonicated (ten cycles of 15 seconds on, 60 sec off). The lysate was
cleared by centrifugation at 12,000g for 30 minutes at 4°C and added to 1ml of Ni-NTA
agarose (Invitrogen, R901-15) pre-equilibrated with 10X volumes of buffer A. Tubes
containing this agarose lysate slurry were rotated at 4°C for 1.5 hours. The slurry was
poured into a column, and the packed agarose washed with 15 volumes of Buffer A
containing 10mM imidazole. Protein was eluted with 2 X 2ml Buffer A containing 50mM
imidazole, 2 X 2ml Buffer A with 100mM imidazole, followed by 4 X 2ml Buffer A with
250mM imidazole.



Elutions containing protein as judged by coomassie stained gel were combined and
dialyzed against Buffer D (50mM Tris-HCI1 pH 7.5, 500mM NacCl, 10% glycerol, ImM
DTT).

In vitro droplet assay

Recombinant mEGFP fusion proteins were concentrated and desalted to an
appropriate protein concentration and 125mM NacCl using Amicon Ultra centrifugal
filters (30K MWCO, Millipore). Recombinant protein was added to solutions at varying
concentrations with indicated final salt and molecular crowder concentrations in Buffer D
(50mM Tris-HCI1 pH 7.5, 10% glycerol, ImM DTT). The protein solution was
immediately loaded onto a homemade chamber comprising a glass slide with a coverslip
attached by two parallel strips of double-sided tape. Slides were then imaged with an
Andor confocal microscope with a 100x objective. Unless indicated, images presented
are of droplets settled on the glass coverslip.

For droplet assay within the in vitro transcription reaction, activator (HNF4a, 100
ng per reaction), template (pAsMLA53, 50 ng per reaction), and HeLa cell nuclear extract
(3mg/ml, final concentration) were incubated with mEGFP or mEGFP fusion proteins
with wild-type or mutant MED1-IDR at the indicated concentrations, followed by
imaging as described above.

For experiments with fluorescently labeled dextrans, droplets were formed with
indicated concentration of protein in Buffer D with 125mM NaCl and 10% Ficoll-400,
followed by addition of TRITC-labeled dextrans with average molecular weights of 4,400
(Sigma T1037), 10,000 (Invitrogen D1816), or 40,000 (Invitrogen D1842). Dextrans and
droplets were allowed to mix for 5 minutes at room temperature followed by imaging as
described above.

OptolDR assay

The optoIDR assay was adapted from Shin, Y et al Cell 2017 (44). For cloning of
IDRs, DNA segments encoding intrinsically disordered domains were amplified using
Phusion Flash (Thermo Fisher F548S). Segments were cloned into generation II lentiviral
backbone containing the mCherry-Cry2 fusion protein (obtained from the Brangwynne
laboratory) using Hi-Fi NEBuilder (NEB E2621S). Cloned opto-droplet plasmids were
co-transfected with psPAX (Addgene 12260), and pMD2.G (Addgene 12259) viral
packaging plasmids using PEI transfection reagent (polysciences 23966-1).Virus was
produced in HEK293T cells, and was either used directly or concentrated using Takara
Lenti-X Concentrator (631232). For transductions, 3T3 Cells were plated 1 day prior to
transduction, seeded at 400,000 cells per 35mm tissue culture well. Viral media was
added to cells for 24 hours, at which point cells were expanded in normal media for either
imaging or propagation. For imaging, 35mm MatTek glass-bottom dishes (MatTek
P35G-1.5-20-C) were coated for with 0.1mg/ml fibronectin (EMD-Millipore FC010) for
20 minutes at 37°C and washed twice with PBS prior to plating. Cells were plated at



400,000 cells per 35mm dish one day before imaging. Imaging was performed on Zeiss
LSM 710 point scanning microscope. Unless otherwise indicated, droplet formation was
induced with 488nm light pulses every 2 seconds for the duration of imaging, with
images also taken every 2 seconds. Duration of imaging as indicated. mCherry
fluorescence was stimulated with 561nm light. For FRAP experiments, droplet formation
was induced with 488nm light for 40 seconds, at which point foci were bleached with
561nm light and recovery was imaged every 2 seconds in the absence of 488nm
stimulation.

In vitro transcription

In vitro transcription reactions (25 ul) were assembled as previously described (69)
with slight modifications. Briefly, the activator (HNF4a, 100 ng per reaction) was pre-
incubated with the template (pAsixMLA53, 50 ng per reaction) on ice for 10 min. mEGFP
or mEGFP fusion proteins with wild-type or mutant MED1-IDR at the indicated
concentration and HeLa cell nuclear extract were then added (final concentration of
3mg/ml). Following a 40 min incubation at 30°C, a nucleotide triphosphate mix
formulated for G-free templates and containing [o->"P]CTP was added and transcription
was allowed to take place for 30 min at 30°C. Reactions were stopped, processed for
electrophoresis on 5% denaturing polyacrylamide gels and visualized by autoradiography
as described (69).

Droplet pelleting

Activator (HNF4a, 100 ng per reaction), template (pAsxMLA53, 50 ng per reaction),
and HeLa cell nuclear extract (final concentration 3mg/ml) were incubated with mEGFP
or mEGFP fusion proteins with wild-type or mutant MED1-IDR at the indicated
concentrations for 10 minutes at room temperature. For immunoblots of pelleted
fractions, solutions were centrifuged at 10,000xg for 10 minutes. Sups were removed and
pellets were resuspended in XT sample buffer (Biorad).

Constructs
Source

mCherry-Cry2WT Brangwynne laboratory
pET-mEGFP-BRD4-IDR This manuscript
pET-mEGFP-MEDI1-IDR This manuscript
pET-mEGFP This manuscript
pET-mCherry-MED1-IDR This manuscript
pET-mEGFP-MEDI1-IDR_S-to-A | This manuscript
OptoIDR-MED1-fragl This manuscript




Fig S1
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Fig. S1. Generation and validation of endogenously tagged mEGFP-BRD4 and
mEGFP-MED1 mESC lines.

(A) Schematic of knock-in strategy. V6.5 mouse embryonic stem cells (parental line) were
transfected with a plasmid expressing Cas9, guide, and a repair vector with 800bp homology
arms. 20bp guide RNAs were designed to span the insertion site (start codon) adjacent to a PAM
sequence (NGG). (B) Agarose gel of genotyping PCR for clonal lines of mEGFP-BRD4 (top) and
mEGFP-MEDI1 (bottom). (C) Immunoblot validation of endogenous levels of expression for
mEGFP-BRD4 and mEGFP-MEDI cell lines. Cell lysates from parental mESCs (V6.5) and the
indicated engineered cell line were subject to immunoblots with the indicated antibodies. The
shift in molecular weight is of the size expected for mEGFP fusion. The asterisk designates a
non-specific band in the BRD4 immunoblot.
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Fig. S2
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Fig. S2. Super-enhancer constituents are occupied by both BRD4 and MED1 and are in close
spatial proximity.

(A) Genome browser view of SMC1A ChIA-PET data indicating the regions with high contact
frequency and BRD4 and MEDI1 ChIP-seq at the Mir290 and Kif4 loci. (B) Scatter plot
representation of ChIP-seq reads per million mapped reads (rpm) within 10kb bins tiled over the
genome that contain super-enhancers (SE bins) for MED1 versus BRD4. Spearman correlation
r-value is presented.
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Fig. S3
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Fig. S3. Radial distribution analysis of the average IF images centered at FISH foci

Radial distribution functions of averaged IF images centered at indicated DNA-FISH, RNA-FISH, or randomly
selected nuclear position (random). The far left panel shows information for DNA-FISH for the Nanog locus
combined with IF for BRD4 or MEDI1. The radial distribution of averaged fluorescence intensity as a function
of distance from the center of FISH foci is shown for FISH signal (magenta) and BRD4 or MED1 signal (green)
or of averaged fluorescence intensity of BRD4 or MED1 as a function of distance from the center of randomly
selected nuclear location (dashed green). Spearman correlation analysis comparing the radial distributions of
average FISH at FISH foci (FISH, magenta) to average IF at FISH foci (IF at FISH, green) or to average IF at
randomly selected nuclear locations (IF at random, dashed green) were performed, Spearman coefficient (p) and
the p-value of a two-tailed student's t-test are presented for each comparison. The remaining panels show radial
distribution functions and statistics for RNA-FISH probing Nanog, Kif4, Mir290 or Trim28 combined with IF
for BRD4 or MED1, as described for DNA-FISH. Nascent RNA FISH probes designated “Mir290” are designed
to probe the precursor RNA which codes for the cluster of microRNAs Mir290-295.
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Fig. S4
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Fig. S4. Extended analysis of IF and nascent RNA FISH

(A) Representative images of co-localization between BRD4 or MED1 and the nascent RNA of SE-associated gene
Mir290 by IF and FISH in mESC. Samples were imaged using spinning disk confocal microscopy. A single z-slice is
presented. Co-localization region highlighted in a yellow box is blown-up in the “Merge (zoom)” column. (B) Average
fluorescence centered at either Mir290 RNA-FISH foci (N = 212 for BRD4, N =290 for MED1) or randomly selected
nuclear position with +/- 1.5 microns in X and Y. Color scale bars present arbitrary units of fluorescence intensity. (C)
same as (A) for SE-associated gene KIf4. (D) Same as (B) for Kif4 (N = 58 for BRD4, N = 127 for MED1). (E) same as
(A) for SE-associated gene Trim28. (F) Same as (B) for Trim28 (N = 271 for BRD4, N = 230 for MED1). (G) BRD4
puncta do not overlap with Fam168b or Zfp606 RNA-FISH foci. Same as (B) for either Fam168b RNA-FISH foci (N

=111) (left) or Zfp606 (N = 50) (right). .



Fig. S5
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Fig. S5. 1,6-hexanediol treatment leads to a loss of BRD4, MED1, and RNAPII
preferentially at super-enhancers

(A) Genome browser view of BRD4, MED1, and RNAPII ChIP-seq data in untreated and
1,6-hexanediol treated cells (1.5%, 30 minutes) at the super-enhancers associated with
either Mir290-295 (top) or Klf4 (bottom). (B) Correlation between the loss of BRD4 or
MEDI1 at super-enhancers. Scatterplot representation of all super-enhancers plotted as
log2(fold-change) of BRD4 by log2(fold-change) of MED1.
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Fig. S6
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Fig. S6. Extended analysis of MED1-IDR and BRD4-IDR droplets

(A) Box plots showing the distribution of aspect ratios for droplets of BRD4-IDR and MED1-IDR.
The numbers of droplets examined and the mean aspect ratios are shown. Box plot represents
10-90th percentile. (B) Dot plot showing the relationship between protein concentration and droplet
size for BRD4-IDR (left panel) or MEDI-IDR (right panel). Protein concentration (M) is shown
on the x-axis and droplet size as a function of area in a 2-D image is shown on the y-axis. (C) Image
showing the presence of small droplets at low protein concentrations. (D) Dot plot showing
relationship between salt concentration and droplet size for BRD4-IDR (left panel) or MED1-IDR
(right panel). Salt concentration (mM) is shown on the x-axis and droplet size as a function of area
in a 2-D image is shown on the y-axis.

20



Fig. S7
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Fig. S7. Densitometry analysis of BRD4-IDR and MED1-IDR droplets under various conditions
(A) Normalized densitometry upon incubation with 10% 1,6-hexanediol. Absorbance measurements at
395nm (A395) were taken for BRD4-IDR or MED1-IDR droplets (10uM protein, 125mM NaCl) with
or without 10% hexanediol in the presence of 10% PEG-8000. Absorbance measures were normalized to
untreated samples. Data are presented as averages +/- SD of three independent experiments measured in
technical triplicate. (B) Normalized densitometry in reversibility assay. Absorbance measurements at
395nm (A395) were taken for droplets formed of either BRD4-IDR or MED1-IDR, as indicated, (20 uM
protein, 75 mM NaCl) (initial) or followed by a 1:1 dilution (diluted 1/2) or a 1:1 dilution with an
increase to 425mM NaCl (diluted 1/2 + NaCl), in presence of 10% PEG-8000. Data are presented as
averages +/- SD of three independent experiments measured in technical triplicate.
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Fig. S8

MED1 mCh

948-1157

Fig. S8. Blowup of individual nucleus under blue light-stimulation

Zoom in on the nucleus of cells expressing either mCherry-Cry2 or
MED1-IDR-mCherry-Cry2 after the indicated duration of blue light stimulation,
selected from Fig. 5B and 5C. Scale bar, 10gm
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Fig. S9

lllumination: mEGFP mCherry Merge

mEGFP-BRD4-IDR

mCherry-MED1-IDR

Fig. S9. BRD4-IDR does not form droplets in 10% Ficoll-400.

The indicated mEGFP or mCherry fusion proteins were mixed at 10uM each in
droplet buffer containing 10% Ficoll-400 and 125mM NaCl. Individual
fluorescence channels are presented, 488nm (left), 561nm (middle) and the merge
of the two channels (right).
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Fig. S10

Dextran mEGFP-MED1-IDR Merge

Fig. S10. Apparent mesh size of MED1-IDR droplets

MEDI-IDR droplets exclude 40kDa dextrans. mEGFP-MEDI-IDR droplets (10uM
protein, 125mM NaCl, 10% Ficoll-400) were incubated with fluorescently labeled
dextrans of the indicated average molecular weight. Representative images are presented
Individual fluorescence channels are presented, 488nm (left), 561nm (middle) and the
merge of the two channels (right).

4 kDa Dextran

10 kDa Dextran

40 kDa Dextran
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Table S1.

Number of mEGFP-BRD4 or mEGFP-MED1 puncta per nucleus

mEGFP-BRD4 puncta
per nucleus

mEGFP-MED1 puncta
per nucleus

1 689 1 787

2 1483 2 819

3 1662 3 731

4 724 4 1310

5 1301 5 1102

6 735 6 815

7 1534 7 1754

8 874 8 884

9 703 9 775

10 634 10 851
Mean: 1033.87 Mean: 982.81
SEM: 129.82 SEM: 102.41

Table S2. (separate file)
Stitched enhancers in mESCs

Table S3. (separate file)
Sequence of RNA FISH probes
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