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ABSTRACT

Polycomb complexes have traditionally been pre-
scribed roles as transcriptional repressors, though
increasing evidence demonstrate they can also acti-
vate gene expression. However, the mechanisms un-
derlying positive gene regulation mediated by Poly-
comb proteins are poorly understood. Here, we show
that RING1B, a core component of Polycomb Repres-
sive Complex 1, regulates enhancer—promoter inter-
action of the bona fide estrogen-activated GREB1
gene. Systematic characterization of RNA:DNA hy-
brid formation (R-loops), nascent transcription and
RNA Pol Il activity upon estrogen administration re-
vealed a key role of RING1B in gene activation by reg-
ulating R-loop formation and RNA Pol Il elongation.
We also found that the estrogen receptor alpha (ER«)
and RNA are both necessary for full RING1B recruit-
ment to estrogen-activated genes. Notably, RING1B
recruitment was mostly unaffected upon RNA Pol
Il depletion. Our findings delineate the functional
interplay between RING1B, RNA and ERa to safe-
guard chromatin architecture perturbations required
for estrogen-mediated gene regulation and highlight
the crosstalk between steroid hormones and Poly-
comb proteins to regulate oncogenic programs.

INTRODUCTION

RINGIB is a core component of Polycomb Repressive
Complex 1 (PRC1) and mono-ubiquitinates histone H2A
at lysine 119 (H2AK119ubl). Mechanistically, PRCI halts
RNA Polymerase II (RNA Pol II) elongation and modu-
lates 3D chromatin architecture by compacting chromatin,
leading to gene repression maintenance (1-3). Notably,
PRCI1 and RINGIB can also be recruited to active en-
hancers and gene promoters (4). We recently showed that
RINGIB is a critical regulator of the estrogen receptor al-
pha (ERa) transcriptional regulatory circuit in ER+ breast
cancer (5). However, the molecular mechanisms behind
RINGI1B-mediated enhancer and gene activation remain a
mystery. Indeed, the determinants underpinning the recruit-
ment of Polycomb proteins to transcriptionally active genes
and enhancers are largely unknown.

Estrogen (17-B estradiol, E2) binds to its receptor, es-
trogen receptor alpha (ERa) and regulates many biolog-
ical processes such as bone growth, reproductive matura-
tion and energy homeostasis (6). Moreover, liganded-ER«
drives proliferation of ER+ breast cancer cells, which ac-
counts for ~80% of all breast cancer cases (7). Liganded-
ERa activates transcription of E2-responsive genes primar-
ily by binding to chromatin at sites containing consen-
sus DNA sequences known as estrogen response elements
(ERESs) (8). At sites lacking EREs, ER« can indirectly bind
chromatin by tethering to other transcription factors (TFs)
(e.g. SP1, FOS and ¢cJUN) (9). Pioneer TFs such as FOXAI,
GATA3 and AP-2v bind to their cognate DNA sequences
in condensed chromatin and facilitate ERa chromatin bind-
ing (10). Liganded ERa« recruits a large cohort of coacti-
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vators to coordinate changes to the local chromatin envi-
ronment. These changes include histone modifications, en-
hancer activation and enhancer—promoter looping at active
ERa target genes, ultimately leading to transcription via
RNA Pol II (11). A plethora of studies characterized the
coordinated physical and functional interactions between
liganded ER« and its large cohort of coactivators. Detailed
genome-wide examination of the E2 signaling pathway not
only revealed multiple ERa-mediated mechanisms of gene
regulation but also highlighted significant gaps in our mech-
anistic understanding of this key physiological and onco-
genic pathway (12-14). Indeed, filling this gap in knowledge
is crucial for developing the next generation of therapeutic
approaches targeting ER+ breast cancer.

Here, we elucidated the role of RINGIB in promoting
ERa target gene expression and explored how RINGIB
is recruited to chromatin in response to estrogen. Circu-
larized chromatin conformation capture followed by mas-
sively parallel sequencing (4C-seq) revealed RINGIB as a
key orchestrator of E2-induced enhancer—promoter loop-
ing. Additionally, our results show that RINGIB is di-
rectly involved in the transcription of ER« target genes and
that its depletion handicaps the formation of nascent tran-
scripts as well as R-loops at key RING1B/ERa co-target
genes. RNA-seq analysis coupled with genome-wide assess-
ment of E2-induced RNA Pol II recruitment demonstrates
that RINGIB is a molecular sensor of E2 responsiveness.
We also found that RING1B recruitment to chromatin is
dependent on ERa and RNA. Interestingly, depletion of
RNA Pol II did not abrogate the E2-induced chromatin re-
cruitment of RINGI1B and ERa. Instead, binding of both
was increased at promoters, demonstrating that despite the
lack of transcription, increasing ER« recruitment was suf-
ficient to increase binding of RING1B.

MATERIALS AND METHODS
Cell lines

T47D and MCF7 (ATCC HTB-133 and HTB-22) were
maintained at 37°C with 5% CO, and split every 3 days
(T47D) or 4 days (MCF7) according to ATCC recom-
mendations. Culture media were supplemented with 1x
penicillin/streptomycin and 1x glutaMAX, and complete
culture media for each cell line were as follows: T47D,
RPMI 1640 with 10% FBS and insulin (10 wg/ml); MCF7,
EMEM with 10% FBS and insulin (10 pwg/ml). Prior to
adding estrogen (10 nM, Sigma-Aldrich E2758), cells were
maintained in media without phenol red and 10% char-
coal:dextran stripped FBS (GeminiBio 100-119) for 72 h
before treating with ethanol (vehicle) or E2. Cells were rou-
tinely tested to be free of mycoplasma infection.

Generation of stably transduced cells

HEK293T cells (ATCC CRL-3216) were maintained
at 37°C with 5% CO, in DMEM with 10% FBS
supplemented with 1x penicillin/streptomycin and 1x
glutaMAX. To produce shRNA lentiviruses, 2 x 10°
HEK293T cells were plated on to a 10 cm? plate for
at least 8 h before transfection with calcium phosphate
and 8 pg of pLKO-shRNA vectors (Control, Addgene
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10879; RNF2, Sigma-Aldrich TRCNO0000033697; ESRI
#1, Sigma-Aldrich TRCNO0000010774; ESRI #2, Sigma-
Aldrich TRCN0000003301), 2 pg of pPCMV-VSV-G and 6
g of pPCMV-dR8.91. The transfection media were removed
following overnight incubation and replaced with 8.5 ml of
HEK293T cell culture media for 48 h. The viral supernatant
was then collected, passed through a 0.45 wM polyether-
sulfone filter and used to transduce T47D and MCF7 cells.
Specifically, 5 x 10° T47D or MCF?7 cells were plated on to
a 15 cm? plate. The next day, the media were removed, and
the cells were incubated with a mixture of viral supernatant
and cell culture media at a ratio of 50:50 in a total volume
of 5 ml, with the addition of polybrene (1 wg/ml, Sigma-
Aldrich TR-1003-G). After 16 h of incubation, viruses were
removed and complete culture medium corresponding to
each cell type was added for cell recovery. Cells were se-
lected 24 h after recovery with puromycin (2 pg/ml, Bio-
gems 5855822) and were maintained in selection. All exper-
iments were performed within 2 weeks after transduction.

Western blotting

Cells were lysed in high-salt buffer (300 nM NaCl,
50 mM Tris-HCI pH 8, 10% glycerol, and 0.2% NP-
40) supplemented with protease inhibitors (Sigma-Aldrich
04693132001) and sonicated 5 min at 4°C with a Bioruptor
in 30 s on/off cycles. After centrifugation at 16 000 x g for
15 min, soluble material was quantified by Bradford assay
(Bio-Rad 5000006). Western blotting was performed using
standard protocols and imaged on an Odyssey CLx imaging
system (Li-COR), and various exposures within the linear
range were captured using Image Studio software. Images
were rotated, resized and cropped using Adobe Photoshop
CC 2019 and imported into Adobe Illustrator CC 2019 to
be assembled into figures.

ATAC-seq library preparation and analysis

ATAC-seq experiments were performed as previously
described (15). FASTQ data were processed with de-
fault parameters using the ATAC-seq/ENCODE pipeline
from the Kundaje lab (https://github.com/kundajelab/
atac_dnase_pipelines) and aligned to the hgl9 genome. Big-
Wig file output from the pipeline was visualized in the
UCSC genome browser.

4C-seq library preparation

4C-seq was performed following Brouwer et al. (16). Specif-
ically, 8-10 x 10° cells from each experimental condition
were resuspended in 10 ml of culture media and 1 ml of
16% methanol-free formaldehyde (Thermo Fisher Scientific
28908) was added to the cell suspension for a final concen-
tration of 1.45% to crosslink the cells at room temperature
for 10 min. The crosslinking reaction was quenched with
575 wl of 2.5 M glycine (Sigma-Aldrich G8898). The cells
were then centrifuged for 8 min at 340 x g at 4°C before be-
ing lysed 10-15 min on ice in 5 ml of prechilled lysis buffer
(10 mM tris-HCI pH 8, 10 mM NacCl, 0.2% NP-40) sup-
plemented with protease inhibitors (Sigma-Aldrich S8830).
Nuclei from the lysed cells were pelleted by centrifuging
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at 650 x g at 4°C for 5 min, washed with 1x PBS, and
aliquoted into 4-5 x 10° nuclei pellets before flash freez-
ing and storing at -80°C. One aliquot of each experimen-
tal condition was resuspended in 0.5 ml of 1.2x buffer B
(Thermo Fisher Scientific BB5) followed by incubation with
15 pl of 10% SDS then with 50 wl of 20% Triton X-100,
each for 1 h at 37°C with gentle agitation at 900 rpm. A 10
wl aliquot was removed and stored at -20°C prior to chro-
matin digestion with 400U of CviQI (Thermo Fisher Scien-
tific ER0211) overnight at 37°C and gentle agitation at 900
rpm. A 10 pl aliquot was removed prior to decrosslinking
with 10 pl of proteinase K (NEB P8107S) and 10 mM tris-
HCI pH 8 at 37°C for 1 h in a final volume of 100 wl. Di-
gestion efficiency was determined by running 20 pl of the
pre- and post-digestion samples on a 0.6% agarose gel. If
a smear was observed, CviQI was heat inactivated by in-
cubating at 65°C for 20 min. To finish generating the 3C
library, the samples were transferred to a 50 ml tube for lig-
ation overnight at 16°C with 6.125 ml of 1.15x T4 ligation
buffer (NEB B0202S) and 100U of T4 DNA ligase (NEB
MO0202L). Next, samples were decrosslinked with 30 pl of
proteinase K at 65°C for at least 4 h and treated with 30 .l
of RNase A (10 mg/ml, Thermo Fisher Scientific AM9780)
for 30 min at 37°C. After cooling the samples down to room
temperature, 7 ml of phenol/chloroform/isoamyl alcohol
(Thermo Fisher Scientific 15-593-049) was added and sam-
ples were shaken vigorously then centrifuged at 3200 x g for
15 min. The upper aqueous layer was transferred to a new 50
ml tube to which 7 ml of water, 1.5 ml of 3M sodium acetate
(pH 5.4) and 35 ml of 100% ethanol were added. The sam-
ples were frozen at -80°C for 2 h then centrifuged at 3200 x
g at 4°C for 45 min and washed with 10 ml of 70% ethanol.
After air drying the pellets, they were resuspended in 150
wl of 10 mM Tris-HCI, pH 8. Ligation efficiency was deter-
mined by running 5 .l of 3C material on a 0.6% agarose gel,
and a significant upward shift in the digested DNA should
be observed. To generate the 4C library from the 3C mate-
rial, the 3C library was digested with 50U of Mbol (NEB
RO147L) in a 500 p.l reaction overnight. A 10 pl aliquot was
removed from the reaction to determine digestion efficiency
ona 1.5% agarose gel. If digestion was successful (the DNA
appears as a smear of fragments <1000 bp), the reaction
was heat inactivated for 20 min at 65°C. Next, samples were
transferred to a 50 ml tube to which 1.4 ml of 10x T4 DNA
ligase buffer, 200U of T4 DNA ligase, and water up to 14
ml were added before ligation at 16°C overnight. The sam-
ples were then precipitated with 14 w1 of glycogen (Thermo
Fisher Scientific R0561), 1.4 ml of 3M sodium acetate (pH
5.4), and 35 ml of 100% ethanol at -80°C for 2 h. The sam-
ples were pelleted at 3200 x g for 45 min and washed with
10 ml of 70% ethanol before air drying and resuspending
in 150 pl of 10 mM Tris-HCI, pH 7.5. The DNA sam-
ples were purified using the QIAquick PCR Purification Kit
(Qiagen 28106) following the manufacturer’s protocol, and
the concentration was measured via nanodrop. To amplify
the DNA template and generate the 4C library, 3 equiva-
lent PCR reactions with 200 ng of input 4C material were
ran simultaneously using the Expand Long Template PCR
System (Sigma-Aldrich 11681842001) and 5 pl from each
reaction was ran on a 1.5% agarose gel to verify the suc-
cess of the reaction. All successful reactions were combined

and purified using the High Pure PCR Product Purification
Kit (Sigma-Aldrich 11732676001) and analyzed on an Agi-
lent Tapestation using the D5000 ScreenTape, reagents, and
ladder (Agilent 5067-5588, 5067-5589, 5067-5590, respec-
tively). The 4C libraries were sequenced (75 bp, single-end)
on an Illumina NovaSeq 6000 instrument for a total of 1
million reads per sample.

RT-qPCR and nascent transcript RT-qPCR

RNA was extracted from cell pellets with Trizol (Thermo
Fisher Scientific 15-596-018) following the manufacturer’s
protocol and the concentration measured using nanodrop.
The qScript cDNA Synthesis Kit (VWR 101414-098) was
used to convert 1 pg of RNA to cDNA for all mature tran-
script RT-qPCRs experiments performed. For nascent tran-
script RT-qPCR experiments, mock cDNA was synthesized
in the same manner but without the addition of reverse tran-
scriptase to ensure identify any genomic DNA contamina-
tion. To perform the qPCR, the cDNA from 1 pg of RNA
was first diluted 1:10. A reaction master mix was then pre-
pared consisting of 5 pl of SYBR Green Supermix (Bio-
Rad 1725124), 2 pl water and 1 pl of primer mix (10 pM
each of forward and reverse primer) per sample. Total vol-
ume of mastermix was calculated for two technical repli-
cates per sample per gene queried. The RT-qPCR reaction
was carried out in a 96-well plate (Bio-Rad MLL9601) on a
Bio-rad CFX96 using 8 wl of mastermix and 2 wl of diluted
c¢cDNA. The thermocycling protocol adapted from Bio-rad
is as follows: 1 cycle for 2 min at 95°C, 40 cycles of 15 s at
95°C followed by 30 s at 60°C, finishing with a melt curve
cycle where the temperature is increased from 55°C to 95°C
in 0.5°C increments for 30 s. Relative enrichment of each
queried gene was measured against the RPLP0 gene.

DRIP-qPCR and DRIP-Seq library preparation

DNA:RNA immunoprecipitation was performed following
Sanz et al. (17). Specifically, 5 x 10° cells per experimen-
tal condition were harvested and washed with 1x PBS. The
cells were resuspended in 1.55 ml of TE buffer with 100 w1 of
10% SDS and 5 wl of 20 mg/ml proteinase K (NEB P8107S)
were added before incubation overnight at 37°C. DNA was
extracted with 1.6 ml of phenol/chloroform/isoamyl alco-
hol (Thermo Fisher Scientific 15-593-049) in a 15 ml high-
density Maxtract phase-lock gel tube (Qiagen 129065), cen-
trifuged at 1500 x g for 10 min and precipitated with 4
ml of 100% ethanol and 160 w1 of 3M sodium acetate (pH
5.4). The DNA was washed 3 x with 80% ethanol, air dried
and resuspended in 125 ul of TE buffer. Next, 100 wl of
DNA was digested overnight at 37°C using an enzyme cock-
tail consisting of 30U each of EcoRI-HF (NEB R3101L),
Xbal (NEB R0145L), BsrGI-HF (NEB R3575L), HindIII
(NEB RO0O104L) and Sspl (NEB RO0132L) along with 1.5
wl of BSA (NEB B9000S), 15 wl of 10x Cutsmart buffer
(NEB B7204S), 1.5 pl of spermidine (Sigma-Aldrich 05292)
and water up to 150 pl. The DNA mixture should be dras-
tically reduced in viscosity. To the digested DNA, 100 pl
of water and 250 wl of phenol/chloroform/isoamyl alco-
hol were added and the mixture transferred to 2 ml phase-
lock gel light tubes (VWR 10847-800) and centrifuged at



16 000 x g for 10 min followed by incubation for 1 h at
-20°C with 1.5 pl of glycogen (Thermo Fisher Scientific
R0561), 25 pl of 3M sodium acetate (pH 5.4) and 625 .l
of 100% ethanol. DNA was precipitated by centrifuging at
16 000 x g for 35 min at 4°C and washed with ice cold
80% ethanol before air drying and resuspending in 50 .l
of TE buffer. DNA concentration was measured using a
nanodrop and 10 pg was digested with 4 wl of RNase H
(NEB M0297L), 20 nl of RNase H buffer and water up
to 200 wl for 4 h at 37°C to produce the RNase H treated
negative control. For each sample, 8 g of DNA was di-
luted in 500 wl of TE buffer and 50 wl was aliquoted at
-20°C as input. R-loops were immunoprecipitated using 10
wl of 89.6 antibody (Sigma-Aldrich MABE1095) and 51 p.l
of 10x DRIP binding buffer (100 mM sodium phosphate,
pH 7; 1.4M NacCl; 0.5% Triton X-100) in a 500 wl reac-
tion for 14-16 h at 4°C. Protein G Dynabeads (Thermo
Fisher Scientific 10004D) were washed 2x with 700 wl of
1x DRIP binding buffer and the immunoprecipitation re-
action was added to 50 pl of beads for 2 h at 4°C to pull
down the DNA. The beads were separated from the solu-
tion on a magnetic rack and washed 2x with 700 .l of 1x
DRIP binding buffer. DNA was eluted from the beads with
300 pl of DRIP elution buffer (50 mM Tris-HCI, pH 8.0;
10 mM EDTA, pH 8.0; 0.5% SDS) and 7 ul of proteinase
K was added to the samples, inputs, and negative controls
then incubated at 55°C for 45 min. After incubation, the
eluted DNA was extracted using a phase-lock gel tube with
300 wl of phenol/chloroform/isoamylalcohol centrifuged
at 16 000 x g for 10 min. The aqueous layer was transferred
to a new 1.5 ml tube and the DNA was precipitated with
1.8 wl of glycogen, 30 wl of 3 M sodium acetate (pH 5.4),
and 750 pl of 100% ethanol. The precipitated DNA was
washed 1 x with 80% ethanol, air dried and resuspended in
50 pl of nuclease-free water. To perform DRIP-qPCR, the
precipitated DNA, the RNase H-treated negative control,
and input for each sample were diluted 1:4, followed by RT-
qPCR as described. For DRIP-seq, the DNA samples, neg-
ative controls, and inputs were diluted to a total volume of
100 plin TE buffer and transferred into Diagenode Biorup-
tor NGS 0.65 ml microtubes (Diagenode C30010011) then
sonicated on a Bioruptor Pico Sonication Device (Diagen-
ode B01060010) for 19 total 30 s on/off cycles (with a 10 min
break after the first 10 cycles) to generate fragment sizes of
around 250 bp. Sonication efficiency was verified on an Ag-
ilent Tapestation using High Sensitivity D1000 screentapes
and reagents (Agilent Technologies 5067-5584 and 5067-
5585, respectively). DRIP-seq libraries were prepared with
at least 2 ng of DNA starting material using the NEBNext
Ultra DNA library prep kit for [llumina (NEB E7370). Li-
braries were purified using Agencourt AMPure XP beads
(Beckman Coulter A63881) and library fragment sizes were
measured again then sequenced on an Illumina Novaseq
6000 instrument.

ChIP /rChIP and ChIP/rChIP-seq library preparation

ChIP experiments were performed as previously described
(5). rChIP was performed by incorporating the methodol-
ogy from Long et al. into our ChIP protocol (18). Specif-
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ically, 2 wg of RNase A (10mg/ml, Thermo Fisher Scien-
tific AM9780) was added to the sample during the immuno-
precipitation step. The immunoprecipitated DNA was used
to either perform ChIP-qPCR or generate libraries using
the NEBNext Ultra DNA library prep kit for [llumina
(NEB E7370) as previously described then sequenced (75
bp, single-end, on an Illumina NovaSeq 6000 instrument.

LC-MS/MS

RINGIB and IgG pull-downs were performed as a ChIP
assay. Before mass spectrometry analysis the proteins were
alkylated with 20 mM iodoacetamide in the dark for 30 min.
Afterward, phosphoric acid was added to the sample at a fi-
nal concentration of 1.2%. Samples were diluted in six vol-
umes of binding buffer (90% methanol and 10 mM ammo-
nium bicarbonate, pH 8.0). After gentle mixing, the protein
solution was loaded to an S-trap filter (Protifi) and spun at
500 g for 30 s. The sample was washed twice with binding
buffer. Finally, 1 pg of sequencing grade trypsin (Promega),
diluted in 50 mM ammonium bicarbonate, was added into
the S-trap filter and samples were digested at 37°C for 18
h. Peptides were eluted in three steps: (i) 40 wl of 50 mM
ammonium bicarbonate, (i) 40 pl of 0.1% TFA and (iii)
40 pl of 60% acetonitrile and 0.1% TFA. The peptide so-
lution was pooled, spun at 1000 g for 30 s and dried in
a vacuum centrifuge. Prior to mass spectrometry analysis,
samples were desalted using a 96-well plate filter (Orochem)
packed with 1 mg of Oasis HLB C-18 resin (Waters). Briefly,
the samples were resuspended in 100 wl of 0.1% TFA and
loaded onto the HLB resin, which was previously equili-
brated using 100 w1 of the same buffer. After washing with
100 wl of 0.1% TFA, the samples were eluted with a buffer
containing 70 wl of 60% acetonitrile and 0.1% TFA and
then dried in a vacuum centrifuge. Samples were then re-
suspended in 10 pl of 0.1% TFA and loaded onto a Dionex
RSLC Ultimate 300 (Thermo Scientific), coupled online
with an Orbitrap Fusion Lumos (Thermo Scientific). Chro-
matographic separation was performed with a two-column
system, consisting of a C-18 trap cartridge (300 pum ID, 5
mm length) and a picofrit analytical column (75 pm ID,
25 cm length) packed in-house with reversed-phase Repro-
Sil Pur C18-AQ 3 wm resin. Peptides were separated using
a 120 min gradient from 4-30% buffer B (buffer A: 0.1%
formic acid, buffer B: 80% acetonitrile + 0.1% formic acid)
at a flow rate of 300 nl/min. The mass spectrometer was set
to acquire spectra in a data-dependent acquisition (DDA)
mode. Briefly, the full MS scan was set to 300-1200 m/z
in the orbitrap with a resolution of 120 000 (at 200 n1/z)
and an AGC target of 5 x 10°. MS/MS was performed in
the ion trap using the top speed mode (2 s), an AGC tar-
get of 10e4 and an HCD collision energy of 35. Raw files
were searched using Proteome Discoverer software (v2.4,
Thermo Scientific) using SEQUEST search engine and the
SwissProt human database (updated February 2020). The
search for total proteome included variable modification
of N-terminal acetylation, and fixed modification of car-
bamidomethyl cysteine. Trypsin was specified as the diges-
tive enzyme with up to two missed cleavages allowed. Mass
tolerance was set to 10 pm for precursor ions and 0.2 Da
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for product ions. Peptide and protein false discovery rate
was set to 1%. Each analysis was performed with three bi-
ological replicates. Prior statistics, proteins were log2 trans-
formed, normalized by the average value of each sample
and missing values were imputed using a normal distribu-
tion two standard deviations lower than the mean. Statis-
tical regulation was assessed using homoscedastic one-tail
t-test (if P-value < 0.05). Data distribution was assumed to
be normal but this was not formally tested.

DRIP/ChIP /rChIP-seq analysis

FASTQ data were processed using the ENCODE-
DCC/chip-seq-pipeline2 pipeline from the Kundaje lab
(https://github.com/ENCODE-DCC/chip-seq-pipeline2)
with default parameters and aligned to the hgl9 genome.
Peaks with signal (fold enrichment over input generated
from MACS2) > 4 and a ¢-value < 0.05 were used to
downstream analysis. Homer annotatePeaks was used for
peak annotation and gene assignment while findMotif-
sGenome was used for motif analysis. Bedtools v2.29.0
was used to determine peak overlaps and NGS Plot v2.63
was used to generate density plots and heatmaps. BigWig
file output from the pipeline was visualized in the UCSC
genome browser.

RNA-seq analysis

FASTQ data were processed with the LSF RNAseq
Pipeline (https://github.com/diderote/LSF-RNAseq).
Briefly, cutadapt v2.3 (-nextseq-trim = 20 -m 18) was
used to remove low-quality reads. Expected gene counts
were obtained using RSEM v1.3.0 and STAR v2.6.1a was
used to align the reads to the human hgl9 transcriptome
(GENCODE V19 annotation). RUVseq v1.12.0 was used
to adjust gene counts by removing unwanted variance
using exogenous ERCC spike-in RNA. Differential ex-
pression was determined using DESeq2 v1.18.1 and R
(version 3.4.1) with a g-value < 0.05 and an FC > 1.5
(Wald test). Heat maps were generated using variance
stabilized gene counts from DESeq2. For GSEAs, the Wald
statistic of each time point compared to hormone-deprived
conditions was used as input for the Preranked module
of GSEA v3.0 on Hallmark gene sets (-scoring_scheme
weighted —nrom meandiv). Analysis of Figure 2C: The
RNA-seq data were analyzed by the DESeq?2 differential
gene expression analysis pipeline, which normalized the
transcript counts by median of ratios. Normalization
via median of ratios considers sequencing depth as well
as RNA composition, thereby optimizing comparisons
between samples and for differential gene expression
analyses. The dark blue and the white colors used for the
color code in Figure 2C are scaled to the highest and the
lowest normalized counts detected for each gene within
all ten samples, respectively. For example, the highest level
of FMNI1 expression was detected in the 24 h WT rescue
sample at normalized count of 6309.075 while the lowest
was detected in the HD shRINGI1B sample at normalized
count of 1077.12. Therefore, the dark blue is scaled to
represent 6309.075 while the white is scaled to represent
1077.12.

4C-seq analysis

FASTQ files were trimmed to a fixed length of 36
bps. The trimmed reads were analyzed using the 4Cse-
gpipe pipeline (http://compgenomics.weizmann.ac.il/tanay/
Ipage_id=367) along default parameters to generate do-
mainograms (19). The first step in the pipeline converted the
trimmed reads in fastq files to raw files for extracting the ap-
propriate sequences. The second step mapped the sequences
from the step 1 to the fragmented hgl9 genome. The last
step generated the domainograms around the viewpoint of
GREBI promoter, centered around the following genomic
coordinate: chr2:11,679,794-11,680,120.

Statistical analysis

Significance was determined by Student’s 7 test (one tailed,
paired) and paired Mann—Whitney U test. Error bars in fig-
ures represent SD of at least two independent experiments.
The ggbloxplot function of the ggpubr package (https:
/[cran.r-project.org/web/packages/ggpubr/index.html) was
used to generate boxplots for data visualization. All other
bar graphs were plotted using Graphpad Prism Version 8.

RESULTS

RINGI1B coordinates estrogen-induced enhancer-promoter
interactions

In pluripotent stem cells, PRC1 compacts chromatin which
regulates distal and local chromatin architecture to main-
tain repression of developmental genes (3). However, in
ER+ breast cancer cells, RINGIB promotes E2-induced
gene expression (5). It is unknown whether RING1B reg-
ulates dynamic chromatin architecture perturbations to ac-
tivate gene transcription upon E2 stimulation. We recently
showed that RINGIB and ERa are co-recruited to en-
hancers and promoters following E2 stimulation. Therefore,
we assessed whether RING1B was important for enhancer—
promoter interactions of genes activated in this context.
As a proof of principle, we investigated GREBI, a well-
characterized ERa and RINGI1B target gene that is rapidly
induced by E2. To characterize the 3D chromatin archi-
tecture around the GREBI locus, we conducted a virtual
4C-seq (v4C-seq) using data from Hi-C experiments per-
formed on T47D cells cultured in media containing phys-
iological levels of E2 (Figure 1A, top) (20). Hi-C is of-
ten used to determine genome-wide chromatin organiza-
tion while v4C-seq identifies potential interactions between
one locus and regions elsewhere in the genome. Within the
CTCF and SMC3 (cohesin complex) marked boundary of
the topologically-associated domain (TAD) encompassing
the GREBI locus, we observed five putative regulatory re-
gions based on H3K27ac ChIP-seq signal (Figure 1A, panel
labeled ‘H3K27ac’). Centering the viewpoint around the
GREBI promoter (purple v4C-seq track), we detected po-
tential interactions between the promoter and two distal en-
hancers (distal enhancer #1 and #2), an upstream enhancer
and a downstream enhancer of the promoter (Figure 1A).
To further strengthen this observation, we also used as a
viewpoint the two distal enhancers (green and blue v4C-seq
tracks) and the upstream enhancer (red v4C-seq track). No-
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tably, all three potential regulatory sites likely also interact
with the GREBI promoter (Figure 1A).

Using our ChIP-seq and ChIP-exo data, we found that
E2 induced the recruitment of RING1B and ERa to the
second distal enhancer (site 2), the proximal enhancer
(site 3), and the GREBI promoter (site 4) (Figure 1B).
To confirm these interactions and to determine the role
of RINGIB in enhancer—promoter interactions, we ap-
plied high-resolution 4C-seq to the GREBI promoter. We
used its promoter as a viewpoint for the assay. 4C-seq
was performed in control (shCTR) and RING1B-depleted
(shRINGI1B) cells that were hormone deprived (HD) and
stimulated with E2 for 45 min (Figure 1C). E2 stimula-
tion increased the interaction (shown as contact intensity,
see figure caption) between the GREBI promoter and the
distal enhancer#2 in shCTR cells; however, RINGI1B de-
pletion prevented these interactions (Figure 1C and Sup-
plementary Figure S1A). Importantly, although 45 min of
E2 induced enhancer—promoter interactions concomitant
with RING1B and ERa co-recruitment to both the pro-
moter and enhancers, the chromatin accessibility of these
sites remained unaffected until after 4 h of E2 treatment
(Figure 1D and Supplementary Figure S1B). Notably upon
RINGIB depletion, these sites remain inaccessible until af-
ter 8 h of E2 stimulation, at which point a modest increase
in chromatin accessibility was observed (Figure 1D). Alto-
gether, these results show that RING1B plays a major role
in mediating E2-induced 3D chromatin architecture and ac-
cessibility at the GREBI locus in ER+ breast cancer cells.

RINGI1B promotes R-loop formation at ER« target genes
via direct participation in their transcription

We previously demonstrated that RINGIB is crucial for
global E2-induced expression of ER« target genes. How-
ever, it was unclear whether RINGI1B is directly involved in
the transcription of ER« target genes. RNA-seq of T47D
cells before and after 45 min of E2 stimulation revealed
upregulation of only 11 genes (Figure 2A). Upregulation
of bona fide E2-induced genes such as GREBI, FMNI,
FKPB4 and TFFI was not detected by RT-qPCR of to-
tal RNA (Supplementary Figure S2A) even though ERe,
RINGI1B and RNA Pol IT were recruited to their promot-
ers as early as 20 min after E2 stimulation (Supplemen-
tary Figure S2B). These results suggest that although ma-
ture RNA was not detected, 45 min of estrogen stimula-
tion initiates the transcription of ER«a target genes. There-
fore, we performed RT-qPCR using primer pairs spanning
intron—exon junctions to determine the levels of nascent
transcripts of the RING1B/ERa co-target genes, GREBI,
FMNI and FKBP4, before and after 45 min of E2. In both
T47D and MCF7 ER+ breast cancer cell lines, RING1B
depletion attenuated E2-induced transcriptional increase
(Figure 2B and Supplementary Figure S2C) indicating that
RINGIB is directly involved in the transcription of ERa
target genes in response to E2 stimulation. Importantly, ex-
pression of these genes was rescued upon ectopic expres-
sion of wild type (WT) RINGI1B. Expression of catalyti-
cally dead (RING1B'534) and nucleosome-binding deficient
(RING1BR%A) mutants in RING1B depleted cells only re-
stored expression of FM N1 (Figure 2C). Specifically, within

the 109 RINGIB/ERa co-targeted genes at 45 min of E2
that are upregulated after 24 h of E2, 44 and 30 genes
were upregulated in rescued cells expressing RING1B!334
and RING1BR%A | respectively. These results indicate that
both the catalytic and the nucleosome-binding abilities of
RINGIB are important for proper E2-induced transcrip-
tion of many ER« target genes such as GREBI and FKBP4.
To test if RING1B deposited mono-ubiquitination of his-
tone H2A on lysine 119 (H2AK119ubl) at these sites, we
performed H2AK119ubl ChIP-qPCR before and after 45
min of E2 administration. We did not detect significant
H2AK119ubl enrichment either before or after E2 stim-
ulation (Supplementary Figure S2D). Therefore, we con-
clude that RING1B may mono-ubiquitinate non-histone
substrates.

We next asked whether RING1B was recruited to E2-
responsive genes in a PRC1 dependent or independent fash-
ion. We recently showed estrogen stimulation induced a
strong recruitment of a canonical PRCI (cPRCI1) com-
plex containing CBX4 and PCGF2 only after prolonged
(24 h) estrogen administration. Because residency of PRC1
complexes is highly dynamic and only a small fraction
(~20%) of complexes are stably interacting with chro-
matin (21), we performed CBX4 ChIP assays from double
crosslinked chromatin. We reasoned that double crosslink-
ing would increase the likelihood of capturing CBX4 bind-
ing at RINGIB/ERa co-sites upon 45 min of E2 ad-
ministration. Results in Figure 2D show CBX4 occu-
pancy was strongly detected under this experimental con-
dition, indicating that a cPRCI1 complex is recruited to E2-
induced genes. To further strength this observation, we per-
formed co-immunoprecipitations of endogenous RING1B-
associated protein complexes from crosslinked nuclear ex-
tracts followed by Liquid Chromatography with tandem
mass spectrometry (LC-MS/MS) (Figure 2E). Notably, af-
ter 45 min of E2, RINGI1B mainly associates with cPRC1
subunits (CBX4/7/8, PCGF2/4, PHC2/3) and only with
one non-canonical PRC1 (ncPRC1) subunit (RYBP). More-
over, we also found association of RING1B with novel part-
ners such as STAT3, SI00A8/A9 and DHX9. These new
RINGIB-associated proteins functionally link cPRCI1 to
the estrogen pathway as the transcription factor STAT3 is
recruited to ERa sites (22), and the calcium-binding pro-
teins SI00A8/A9 are transcriptional activators recruited to
STAT3 and AP-1 binding sites in breast cancer cells (23). In-
terestingly, the RNase helicase DHX9 has been implicated
in many cellular processes including DNA replication, tran-
scription and genome stability, and more recently in R-loop
formation (24).

We then asked whether RING1B was involved in R-loop
formation. Gene transcription is highly regulated in many
cellular contexts by R-loops (25). R-loops are DNA:RNA
hybrid structures that form when the nascent transcript an-
neals with the template DNA strand, leaving the comple-
mentary strand exposed. R-loops formed directly down-
stream of promoters can promote gene expression by en-
hancing the deposition of active histone marks, while those
formed at terminator sites facilitate RNA Pol II pause and
release (26). Nevertheless, transcription is necessary for for-
mation of R-loops that mediate higher-order chromatin ar-
chitecture and are docking sites for chromatin-associated
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machinery such as Polycomb complexes (27). Recently, it
has been shown that E2-induced R-loops in ER+ breast
cancer cells exposed to E2 for 24 h (28). Whether acute ad-
ministration of E2 induces R-loop formation and whether
Polycomb proteins play a role in R-loop formation and
resolution are not known. To address these questions, we
performed DNA-RNA immunoprecipitation followed by
massive parallel sequencing (DRIP-seq) using the R-loop-
specific S9.6 antibody in parental T47D cells before and af-
ter 45 min of E2 stimulation (17). Notably, we found an in-
crease in R-loop formation at ERa and RING1B co-bound
sites as well as within the bodies of ERa and RING1B co-
regulated genes. Importantly, RNAse H treatment elimi-
nated the R-loop signal (Figure 2F). Moreover, we stably
expressed a doxycycline (dox)-inducible Flag-tagged R Nase
H and observed a dramatic dose- and time-dependent R-
loops resolution upon RNase H expression (Supplemen-
tary Figure S2E and F), further confirming that R-loops
are formed after 45 min of E2 administration. We then per-
formed DRIP-qPCR in shCTR and shRING1B T47D and
MCF7 cells before and after 45 min of E2 stimulation at pre-
viously characterized ERa and RING1B co-bound genes.
Notably, RING1B depletion attenuated the E2-induced for-
mation of R-loops at these sites while having no impact on
R-loop formation at RPLI3A, a gene not targeted by ERa
nor RINGI1B (28). Additionally, in agreement with a previ-
ous study, no R-loops were detected at a previously char-
acterized negative control region ‘83/84 (Supplementary
Figure S2G) (28). RING1B depletion impaired E2-induced
R-loop accumulation at the FMNI and ADAMTSLS loci,
both of which are co-targeted by ERa and RINGI1B (Fig-
ure 2G). Notably, global levels of R-loops remained unaf-
fected by E2 stimulation and RINGI1B depletion (Figure
2H). However, at sites and genes co-bound by both ER«
and RING1B, E2-induced R-loop formation was abrogated
by RINGIB depletion (Figure 2I), while R-loop forma-
tion was not affected at genes regulated only by ERa but
not RINGI1B (Supplementary Figure S2H). Altogether, our
data indicate that RINGI1B affects E2-induced expression
of ERa« target genes and R-loop accumulation, specifically
at RING1B/ERa co-targets.

RINGI1B genomic localization predicts whether ER« target
genes are transcriptionally responsive to E2

Given that RINGIB directly participates in the E2-induced
transcription of ERa target genes, we next sought to ex-
amine the behavior of RNA Pol II at these genes in re-
sponse to E2 stimulation. We performed ChIP-seq of ERa
and RINGI1B in parental T47D cells with two biological
replicates before and after 45 min of E2, then performed a
clustering analysis with combined replicates (Figure 3A and
Supplementary Figure S3A,B). ERa recruitment was di-
vided into four clusters with RING1B binding overlapping
with sites from clusters I and II (Figure 3A). The strongest
ERa and RINGI1B co-bound sites were found in cluster |
followed by cluster II (Figure 3B), reinforcing the notion
that RINGIB is a key regulator of ERa-mediated gene reg-
ulation. Of note, of all the R-loops detected genome-wide,
249 sites contained both RINGIB and ERa while 1,100
sites contained only ERa. About 92% of the R-loop sites

containing both RING1B and ER« were found at cluster 1
ERa peaks, while only 41% of R-loop sites containing only
ERa were found at cluster 1 ER«a peaks.

Next, we performed ChIP-seq of total RNA Pol II in
T47D cells before and after 45 min of E2 to determine
its E2-induced occupancy dynamics with respect to ER«a
and RINGIB. As expected, RNA Pol II binding accumu-
lated (cluster I), decreased (cluster II) and remained unaf-
fected by E2 stimulation at thousands of sites (Figure 3C).
Notably, we only detected accumulation of RNA Pol II
binding within the gene bodies at RING1B and ERa co-
target genes (cluster I) (Figure 3D). Regardless of whether
ERa was recruited to the intergenic regions, gene bod-
ies (introns/exons) or promoter/TSS regions of genes, E2
induced higher levels of RNA Pol II occupancy within
the body of the genes only if they were co-occupied by
RINGIB, indicating that the localization of RING1B to an
ERa target gene is predictive of its transcriptional activity
after 45 min of E2 stimulation (Figure 3D). Importantly,
E2-induced recruitment of RNA Pol II was abolished in
RINGIB depleted cells (Supplementary Figure S3C). Ge-
nomic annotation of cluster I and IT RNA Pol II sites, which
exhibited changes in RNA Pol II binding upon E2 treat-
ment, showed that these sites were primarily located within
the promoters and gene bodies, with some located at inter-
genic regions (Supplementary Figure S3D). TF motif and
gene ontology (GO) analyses (29) revealed, as expected, that
cluster I genes were significantly enriched for EREs and the
early estrogen response pathway, respectively (Supplemen-
tary Figure S3E,F), while cluster 2 genes did not reveal any
significant enrichments (data not shown). Furthermore, E2
treatment induced significant upregulation of genes bound
by both ERa and RINGI1B detectable as early as at 4 h
while genes bound by ERa alone were not significantly
upregulated (Figure 3E). Specifically, RNA Pol II elonga-
tion was observed at GREBI and FKBP4 (RING1B/ER«
co-targets) but not at genes lacking RINGI1B recruitment
(TPD52L2 and LPARI) (Figure 3F,G and Supplementary
Figure S3G). Notably, 24 h of E2 administration induced
activation (Fold change > 2, g-value < 0.05) of 835 genes in
control cells, while only 224 of these genes was upregulated
in RINGI1B depleted cells (Supplementary Figure S3H).
Our results indicate that RINGIB occupancy is a molec-
ular sensor of E2 induced ERa target gene expression, fur-
ther affirming RING1B as a key factor directly involved in
the transcription of ER« target genes.

RINGI1B recruitment to chromatin is dependent on ERa and
chromatin-associated RNA

Elucidating the molecular determinants targeting RING1B
and Polycomb proteins to specific genomic locations is cru-
cial to better understanding of how epigenetic factors de-
termine cell fate, homeostasis and cellular response to stim-
uli. We previously found that after 45 min of E2 induction,
RINGIB is recruited to chromatin in a PRC1-independent
fashion and it is required for full ERa recruitment to spe-
cific loci (5). Given that RING1B and ER« exhibit such ex-
tensive functional interaction and genomic co-localization,
we reasoned that RINGI1B recruitment to chromatin may,
at least partially, be dependent on ERa.
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before and after 4 h of E2 stimulation, from an intergenic site (left), within the gene body (middle), or at a promoter/TSS (right). (F and G) ERa, RING1B,
RNA Pol II and H3K27ac signal before and after 45 min of E2 at the RING1B and ER« co-regulated genes GREBI and FKBP4 (F) and at TPD52L2
(G), which is regulated by ER« alone.
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As expected, upon ER« depletion, E2 stimulation did not
induce ERa-target gene expression (Supplementary Fig-
ure S4A,B). We then performed RING1B and ERa ChIP-
gqPCR at RINGIB/ERa co-targets and found that upon
ERa depletion, RING1B recruitment was abolished (Fig-
ure 4A and Supplementary Figure S4C). Our previous
ChIP-exo studies revealed that RING1B is recruited to sites
within 10 bp of EREs rather than to a discrete cognate se-
quence. Therefore, we assessed whether RINGI1B recruit-
ment was also dependent on other factors that are not
TFs such as single-stranded RNA molecules (mRNA and
non-coding RNAs). Interestingly, a previous study showed
that depletion of enhancer RNA (eRNAs) abrogated re-
cruitment of ERa co-factors to enhancers (30). To this
end, we performed two replicates of ERa and RINGIB
ChIP-seq with RNase A treatment (rChIP) (18) in which
RNase A is added during the immunoprecipitation step to
resolve protein-chromatin interactions that are dependent
on chromatin-associated RNA. We found that treatment
with RNase A did not affect the global stability of ER«
chromatin binding (Figure 4B and Supplementary Figure
S4D). However, RNase A treatment decreased the stabil-
ity of RINGI1B at chromatin at all RING1B-bound sites
~50% genome-wide (Figure 4C-E and Supplementary Fig-
ure S4D). These results were further confirmed by rChIP-
qPCR (Supplementary Figure S4E,F). We then tested if R-
loops were a determinant for RING1B stabilization at chro-
matin. To test this, we performed rChIP assays with RNase
H treated chromatin. We found that RNase H did not affect
RINGI1B-chromatin interaction, suggesting that R-loops
are not required for stability of RING1B at chromatin (Sup-
plementary Figure S4G). In line with the lack of evidence
supporting direct binding of RING1B to RNA (31), elec-
trophoresis mobility shift assays (EMSA) did not detect
direct RING1B interaction with either RNA or R-loops
(Supplementary Figure S4H). These results indicate that
the association between RING1B and chromatin is partially
dependent on chromatin-bound single-stranded RNA and
ERa.

Transcriptional inhibition increases ERa and RING1B re-
cruitment to promoters but not enhancers

Since depletion of chromatin-bound RNA decreased the as-
sociation of RING1B with chromatin, we decided to deplete
RNA transcripts with triptolide. Triptolide inhibits global
transcription by inducing proteasome-dependent degrada-
tion of RNA Pol I1 (32). Treatment with 10 uM of triptolide
for 9 h depleted RNA Pol II and inhibited the transcrip-
tion of ER« target genes without affecting the expression
of ERa and RING1B (Supplementary Figure S5A,B). ERa
and RING1B ChIP-seq in triptolide and E2 treated cells
revealed four distinct clusters of ERa binding sites (Fig-
ure 4F and Supplementary Figure S5C). Cluster I sites ex-
hibited the greatest overlap with RING1B ChIP-seq fol-
lowed by cluster II while almost no RING1B occupancy
was observed in clusters III and IV (Figure 4F), but in-
duced de novo ERa binding sites (cluster I11) and decreased
(cluster 1V) E2-induced ER«a binding. Given that cluster
I overlapped with RINGI1B the most, genes assigned to
this cluster exhibited the highest expression levels compared

to genes assigned to other clusters (Supplementary Figure
S5E). Interestingly, HOMER motif analysis (33) revealed
that cluster III sites were the least enriched for FOXAI,
a pioneer TF indispensable for the chromatin recruitment
of ERa and RINGIB (Figure 4F), a result we further con-
firmed by FOXA1 ChIP-seq (Supplementary Figure S5G).
This observation suggests that RNA Pol II depletion may
create a novel dependency on another pioneer TF for ERa.
Importantly, this result further highlights RING1B’s de-
pendency on ERa for targeting to chromatin. Clusters I
and II were further annotated and classified into intergenic,
gene body and promoter/TSS regions. On average, trip-
tolide treatment did not affect E2-induced ER« recruitment
to intergenic regions and gene bodies (Figure 4G, 4H and
Supplementary Figure S5D, SS5F). However, depletion of
RNA Pol II increased E2-induced recruitment of ERa and
RINGI1B to promoter/TSS sites (Figure 4G-1 and Supple-
mentary Figure S5D, SSF). Together, these results suggest
that despite RING1B being dependent on RNA for binding
to chromatin, inhibiting transcription of RNA via RNA Pol
II depletion did not result in decreased RING1B binding
upon an increase in ER« recruitment.

DISCUSSION

Here we show that RING1B regulates enhancer-promoter
interaction of GREBI, a classic E2-responsive gene, con-
comitantly with promoting the transcription of ERa tar-
get genes. R-loops generated upon acute E2 stimulation are
also dependent on RING1B. We found that RINGI1B is a
molecular sensor for ER« recruitment and the E2 response.
Moreover, the RINGI1B recruitment to chromatin is de-
pendent on ERa and is partially regulated via chromatin-
associated RNA. These results suggest a potential posi-
tive feedback loop between RINGI1B and ERa wherein
RINGI1B promotes the transcription of ER«a target genes.
Interestingly, chromatin accessibility was dispensable for
both the enhancer—promoter looping of GREBI and gene
activation following 45 min of E2 stimulation. In fact, chro-
matin accessibility at these sites was only observed after 4—
8 h after E2 treatment. Taken together, these results show
that an increase in chromatin accessibility (i) does not nec-
essarily correlate with changes in enhancer—promoter inter-
actions and (ii) is not required for a gene to be transcription-
ally active. Indeed, we suggest that chromatin accessibility
can be required to maintain gene activity rather than tran-
scriptional initiation.

Canonical and non-canonical PRC1 complexes, defined
by the presence or absence of CBX subunits respectively,
can be recruited in a PRC2-dependent and independent
manner (34). Recently, R-loops have also been found to re-
cruit RINGIB to a sub-set of repressed Polycomb target
genes in stem cells (27). How RING1B is targeted to active
enhancers and promoters is largely unknown. Here we show
for the first time that a cPRC1 complex can be also recruited
to sites prone to R-loop formation upon stimulation of gene
transcription and that RING1B is indispensable for R-loop
accumulation. Moreover, we recently showed that RING1B
promoted: (i) the deposition of H3K27ac, (i) eRNA tran-
scription at RING1B/ERa co-target enhancers, (iii) full
ERa engagement with the chromatin and (iv) expression
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Figure 4. RINGIB recruitment to chromatin is dependent on ERa and chromatin-associated RNA. (A) RING1B ChIP-qPCR in shCTR and 2 shESR1
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of E2-responsive genes. As to how RINGIB is recruited
to chromatin, our studies provided several clues. First, we
found that RINGI1B is dependent on FOXAL1 as a pioneer
factor, just like ERa. Upon FOXA1 depletion, RINGIB
was not recruited to chromatin. Moreover, RING1B chro-
matin binding was dependent on RNA. However, previ-
ously published studies, as well as our EMSA experiment,
indicate that RING1B does not physically interact with
RNA (31). Interestingly, macromolecules such as RNA are
known to be included into phase-separated condensates
with ribonucleoproteins through liquid-liquid phase sepa-
ration (35,36), which occurs when two distinct phases form
within a homogeneous mixture. Formation of these conden-
sates, which some refer to as membrane-less organelles, are
required for many biological processes, and dysregulated
phase separation has been implicated in a variety of patho-
logical processes (37). E2 is known to stimulate the phase
separation of ERa (38). Furthermore, ERa can coordi-
nate the formation of these phase-separated condensates at
E2-responsive active enhancers, which are characterized by
high levels of eERNA transcription upon E2 stimulation (30).
Within these condensates are important ERa co-factors
such as GATA3 and AP-2y which mediate the activation of
ERa-containing enhancers, reflected by an increase in eR-
NAs. Chemical disruption of condensate formation at these
enhancers significantly decreased the recruitment of ER«
co-factors to these enhancers as well as abrogated enhancer
activation. eRNA also plays an indispensable role in pro-
moting the formation of phase-separated transcriptional
complexes at ERa target enhancers. The binding of ERa,
however, is not affected in either of these scenarios since
ERa binds directly to DNA. Importantly, the recruitment
of ERa and cofactors to constitutively active enhancers is
also not affected by disrupting phase separation, suggesting
that phase-separated condensates only form upon E2 stim-
ulation (30). These findings draw many similarities to ours.
We demonstrated that not only RINGIB chromatin asso-
ciation is dependent on RNA but also that ERa chromatin
association is not affected by RNA resolution. In addition
to this positive feedback loop between RING1B, ER« and
RNA, RINGIB is also recruited to ER« target enhancers
to mediate their activation. This recruitment is specific to
de novo enhancers that are formed upon E2 and not at
pre-existing E2-independent enhancers, which parallels the
finding that phase separated condensates are only formed at
E2-responsive enhancers. Disruption of phase separation,
and therefore, the recruitment of ERa coactivators, abro-
gates E2-induced gene transcription, which is highly similar
to the attenuation we observed upon RING1B depletion.
A recent study tracking PRC1 occupancy on the chro-
matin revealed that the majority of RING1B and PRCI are
not stably bound (21). This result suggests a high degree of
turnover in condensate components that is consistent with
the observation that proteins within phase-separated con-
densates can diffuse in and out with ease (39), such as those
at ER« target enhancers. It is plausible that RING1B is re-
cruited to active, E2-responsive ER« target enhancers and
genes by being included into phase-separated condensates,
whose stability and formation is dependent on the pres-
ence of RNA. As the exact stoichiometry of RNA to pro-
tein is crucial for the formation of RNA-containing conden-

sates, we theorize that RNA resolution with RNase A in our
RINGI1B rChIP disrupted the integrity of the crosslinked
RNA-based condensate structures on the chromatin (40).
Since RING1B may be part of the crosslinked condensate
structure, a proportion of chromatin-associated RING1B is
thus released upon RNase A treatment.

Nevertheless, it is important to note that RNase A treat-
ment reduced RINGI1B binding to chromatin by about
50%, therefore showing that RINGI1B depends on other
ERa-related mechanisms for chromatin binding. In fact,
upon depletion of RNA Pol II via triptolide treatment,
RINGIB binding increased at ERa-bound promoters, con-
comitant with an increase in ERa binding. Upon E2 stim-
ulation, ER« is poly-ubiquitinated and targeted for protea-
somal degradation (41). This mechanism is important for
maintaining proper E2-responsive gene expression (42,43).
Inhibiting proteasomal function, poly-ubiquitination or
ERa transcriptional activity increases the amount of ER«
in the cell (44). Transcriptional inhibition via the depletion
of RNA Pol II, therefore, is likely to prevent the degradation
of ERa upon E2 stimulation and lead to accumulation of
ERa. Interestingly, we only observed an overall increase in
ERa at promoters and not at purported enhancers located
within intergenic regions and gene bodies. This suggests that
proteasomal degradation may be specific to ER« involved
in gene transcription and not in enhancer activation. Ad-
ditionally, the increased RINGI1B binding upon RNA Pol
IT depletion suggests that ERa plays a more important role
in recruiting RING1B to the chromatin than does RNA.
So far, the depletion of ERa is the only known mecha-
nism in ER+ breast cancer cells to block the recruitment of
RINGIB to the chromatin. However, it is unclear whether
ERa acts solely as an estrogen sensor, as a recruitment scaf-
fold, or both, for targeting RING1B to the chromatin. Fur-
ther exploration is warranted to determine the exact mech-
anism underlying E2-induced and ERa-dependent recruit-
ment of RING1B to chromatin.
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