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Although many features of active transcriptional enhancers have been defined by genomic assays, we lack a clear
understanding of the order of events leading to enhancer formation and activation as well as the dynamics of co-
regulator interactions within the enhancer complex. Here, we used selective loss- or gain-of-function mutants of
estrogen receptor a (ERa) to define two distinct phases of ligand-dependent enhancer formation. In the first phase (0-
20 min), p300 is recruited to ERa by Mediator as well as p300’s acetylhistone-binding bromodomain to promote
initial enhancer formation, which is not competent for sustained activation. In the second phase (20-45 min), p300 is
recruited to ERa by steroid receptor coregulators (SRCs) for enhancer maturation and maintenance. Successful
transition between these two phases (“coregulator switching”) is required for proper enhancer function. Failure to
recruit p300 during either phase leads to abortive enhancer formation and a lack of target gene expression. Qur re-

sults reveal an ordered and cooperative assembly of ERa enhancers requiring functional interplay among p300,
Mediator, and SRCs, which has implications for hormone-dependent gene regulation in breast cancers. More
broadly, our results demonstrate the unexpectedly dynamic nature of coregulator interactions within enhancer
complexes, which are likely to be a defining feature of all enhancers.
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Transcription factors (TFs) control cell type-specific gene
transcription by binding to their cognate DNA motifs in
chromatin and nucleating enhancer formation by recruit-
ing a set of transcriptional coregulators (Reiter et al. 2017).
In many cases, enhancer formation and activation occur
as an endpoint of cellular signaling pathways, allowing in-
tegration of extracellular cues with intracellular responses
(Heinz et al. 2015). Despite wide variation in the types of
TFs that may be expressed in a given cell, the enhancers
that they form share several common features (Shlyueva
et al. 2014; Heinz et al. 2015). For example, enhancers
are enriched with a common set of histone modifications
or “marks,” including histone H3 Lys4 monomethylation
(H3K4mel) and H3K27 acetylation (H3K27ac) (Heintz-
man et al. 2009). Enhancers are also enriched with a
common set of coregulators, such as the bromodomain-
containing lysine acetyltransferases p300 and CBP (re-
ferred to collectively as p300/CBP), the RNA polymerase
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II (Pol I1)-binding Mediator complex, and the ATP-depen-
dent chromatin-remodeling complexes Swi/Snf (Heintz-
man et al. 2009; Visel et al. 2009; Reiter et al. 2017).
While some of these features may be found at enhancers
prior to full activation, others are further enriched or oc-
cur only in response to cellular signaling events (Heinz
et al. 2015).

Recent studies have focused on additional enhancer fea-
tures that generally correlate with enhancer activity, such
as enhancer transcription and looping to target gene pro-
moters. Genomic assays have revealed that many enhanc-
ers bound by Pol II are actively transcribed, producing
enhancer RNAs (eRNAs) (De Santa et al. 2010; Kim
et al. 2010; Hah et al. 2011), and loop to nearby target
genes (Kulaeva et al. 2012). While looping may provide a
logical framework for enhancer-promoter communication,
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the function of enhancer transcription is less clear. Three
models have been proposed: (1) The act of enhancer tran-
scription may help to open the chromatin and allow en-
hancer formation, (2) the eRNAs may act in cis at the
enhancer from which they were transcribed to regulate
enhancer function, or (3) the eRNAs may act in trans as
regulatory RNAs to control promoter function (Kim and
Shiekhattar 2015). Regardless of what the function is,
enhancer transcription represents a robust mark of active
enhancers that can be used to track enhancer activity
(Wang et al. 2011; Hah et al. 2013; Kim and Shiekhattar
2015). Although the features noted above (i.e., TF binding,
enrichment of histone marks, coregulator recruitment,
enhancer transcription, and looping) are readily identifi-
able, they provide only cryptic clues to enhancer biology.
We lack a clear and detailed understanding of (1) the order
of events leading to enhancer formation and activation, (2)
the specific roles of each coregulator and feature enriched
at an enhancer, and (3) the functional interrelationships
among them.

Estrogen receptor a (ERa), a member of the nuclear re-
ceptor superfamily, is a ligand-regulated TF that is activat-
ed by binding to estrogenic ligands, including 17p-
estradiol (E2) (Nilsson et al. 2001; Burns and Korach
2012). Within minutes of ligand-dependent activation,
ERa dimerizes, binds to genomic DNA in chromatin,
and promotes the formation of enhancers at the ERa-bind-
ing sites to rapidly and transiently induce the transcrip-
tion of target genes (Nilsson et al. 2001; Hah et al. 2011).
Like the enhancers formed by other TFs, ERa enhancers
are associated with the shared enhancer features noted
above, including coregulators that associate with ERa in
response to estrogen (Hah et al. 2013; Dasgupta et al.
2014). Mediator and the steroid receptor coregulators
(SRCs) are two of the best-studied ERa coregulators,
both of which interact directly with ERa through a-helix
12 in the major transactivation domain (i.e., activation
function 2 [AF-2]) of the ligand-binding domain (LBD)
(Shiau et al. 1998; Kang et al. 2002; Malik and Roeder
2010; Dasgupta et al. 2014).

The Mediator complex, which binds to ERa through
the Med1 subunit, interacts with Pol IT and may interact
with regulatory RNAs to promote enhancer-promoter
looping (Malik and Roeder 2010; Chen and Roeder
2011; Lai et al. 2013). In contrast, the SRCs serve as
scaffold proteins to recruit additional coregulators
(many of which possess protein-modifying activities) to
ERa-binding sites, including p300/CBP (Dasgupta et al.
2014; Yi et al. 2015). The interactions of p300/CBP
with ERa are mediated through the SRC proteins (Kim
et al. 2001; Dancy and Cole 2015; Yi et al. 2015). p300/
CBP acetylates histones, TFs, and other coregulators
and have also been used as a mark of active enhancers
(Visel et al. 2009; Dasgupta et al. 2014; Dancy and
Cole 2015). Amplifications, mutations, and aberrant
functions of Mediator, SRCs, and p300/CBP have been
implicated in some types of cancers, including hor-
mone-dependent cancers (Anzick et al. 1997; Barbieri
et al. 2012; Dasgupta et al. 2014). Indeed, p300 is one
of the most commonly mutated genes across cancer
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types, including breast cancers (Kandoth et al. 2013;
Chang et al. 2016).

Understanding the dynamics of enhancer formation and
function is a critical component of our overall understand-
ing of enhancer biology. In the studies described here,
we used selective loss- or gain-of-function ERa mutants
combined with genomic and molecular biology assays to
dissect the order of assembly and activation of ERa en-
hancers as well as the downstream biology.

Results

ERa L540Q (ERaLQ) selectively recruits Mediator,
but not SRCs, to ERa-binding sites

To gain a better understanding of the molecular mecha-
nisms that lead to the assembly and activation of enhanc-
ers at TF-binding sites across the genome, we used ERa as
a model signal-regulated TF. We applied a set of comple-
mentary sequencing-based genomic assays and quantita-
tive PCR (qPCR)-based locus-specific molecular assays
in time-course experiments designed to explore the kinet-
ics of ERa enhancer assembly. We hypothesized that a
selective loss-of-function ERa mutant defective in one ac-
tivity, but not others, might provide unique insights into
the order of enhancer assembly. ERaLQ is one such mu-
tant, which retains ligand, DNA, and Mediator binding
but is impaired in SRC binding, as determined by bio-
chemical and cell-based assays (Ince et al. 1993; Schodin
etal. 1995; Acevedo et al. 2004). As a result, ERaLQ exhib-
its reduced E2-dependent transcription (Ince et al. 1993;
Schodin et al. 1995; Acevedo et al. 2004).

For our studies with this mutant ERa, we used previous-
ly described ERa-negative MDA-MB-231 breast cancer
cells expressing either ERa wild type (ERaWt) or ERaLQ
(231/ERaWt and 231/ERaLQ cells, respectively) (Acevedo
et al. 2004). To examine the selective loss of function of
ERaLQ at ER-binding sites genome-wide, we performed
ChIP-seq (chromatin immunoprecipitation [ChIP] com-
bined with high-throughput sequencing) for ERa, Medl,
SRCs (using a “pan” SRC antibody), and p300 in both
231/ERaWt and 231/ERaLQ cells after 45 min of E2 treat-
ment (note that Medl, SRCs, and p300 are expressed to
similar levels in both cell types) (Supplemental Fig. S1).
As expected, we observed E2-dependent binding of both
ERaWt and ERaLQ to genomic loci, with considerable
overlap between the sites of ERa binding between the
two cell lines (Fig. 1A,B; Supplemental Figs. S2A B, S3A,
B). In addition, we observed E2-dependent recruitment
of Mediator (i.e.,, Medl) by both ERaWt and ERalLQ
when filtered for common sites with similar levels of
ERa binding (Fig. 1A,B; Supplemental Fig. S3A,B). ERaWt
also exhibited robust E2-dependent recruitment of SRC
and p300, whereas ERaLQ exhibited significantly reduced
recruitment of SRC and p300 (Fig. 1A,B; Supplemental
Fig. S3A,B). Similar results were observed for individual
SRC proteins (i.e., SRC1, SRC2, and SRC3) and CBP in
ChIP-qPCR assays (Supplemental Figs. S4, S5). Thus,
ERaLQ is a selective loss-of-function mutant genome-
wide.
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Figure 1. Reduced SRC recruitment at ERaLQ-binding sites impairs enhancer formation and target gene transcription. (A) SRC and p300
recruitment is impaired at ERaLQ-binding sites. ChIP-seq browser tracks for ERa, Med1, SRC (pan), and p300 at the OTUB2 locus in 231/
ERaWt and 231/ERaLQ cells with or without E2 for 45 min. (B) Box plots of ERa, Med1, SRC (pan), and p300 ChIP-seq read counts with or
without 45 min of E2 treatment at ERa-binding sites shared between 231/ERaWt and 231/ERaLQ cells. Box plots marked with different
letters (a, b, and c) are significantly different from each other. P < 2.2 x 107!, Wilcoxon rank-sum test. (C) ERaLQ exhibits impaired tran-
scriptional activity. Venn diagram showing the number of genes significantly regulated by 45 min of E2 treatment in 231/ERaWt and 231/
ERaLQ cells as measured by global run-on sequencing (GRO-seq). False discovery rate = 0.05. (D) Box plots showing the read counts for 367
genes up-regulated by ERaWt, but not the ERaLQ mutant, upon E2 treatment, as shown in C. Box plots marked with different letters (a, b,
and c) are significantly different from each other. P < 1.54 x 10>, Wilcoxon rank-sum test. (E) Browser tracks of the OTUB2 locus in 231/
ERaWt (left) and 231/ERaLQ (right) cells showing ERa ChIP-seq after 45 min of E2 treatment and GRO-seq with a time-course E2 treatment.

Impaired SRC recruitment results in impaired E2- gene assays (Ince et al. 1993; Schodin et al. 1995), ERaLQ
dependent transcription has not been examined genome-wide in sequencing-based

transcription assays. To determine how the impaired re-
Although previously characterized as a transcriptionally cruitment of SRC-p300/CBP observed with ERaLQ affects
dead dominant-negative mutant in cell-based reporter E2-dependent gene transcription, we used global run-on
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sequencing (GRO-seq), a genomic assay that detects sites
of active transcription across the genome (Core et al.
2008). We treated 231/ERaWt and 231/ERaLQ cells with
E2 for 0, 20, and 45 min and then subjected them to
GRO-seq. We identified 1240 genes with significant E2-
dependent regulation (up or down) in 231/ERaWt cells af-
ter 45 min of treatment (Fig. 1C). In total, 747 genes were
uniquely regulated by E2 in 231/ERaWt cells versus 231/
ERaLQ cells, of which about half were up-regulated (Fig.
1C,D.

Surprisingly, we also identified 788 genes with signifi-
cant E2-dependent regulation in 231/ERaLQ cells (Fig.
1C; Supplemental Fig. S3C). The majority of these genes
was a subset of the genes regulated in 231/ERaW't cells, al-
though we observed some uniquely regulated genes as
well (Fig. 1C,D; Supplemental Fig. S3C,D). We considered
two sets of ERaLQ-regulated genes: (1) those regulated by
both ERaWt and ERaLQ and (2) those regulated by ERaLQ
only (Supplemental Fig. S3D). In ChIP-seq assays, we ob-
served impaired recruitment of SRCs at ERa-binding sites
located near the genes regulated by both ERaWt and
ERaLQ but not at ERa-binding sites located near the genes
regulated by ERaLQ only (Supplemental Fig. S6). These
results suggest that the ERa enhancers regulating the ex-
pression of these genes may have an alternate mechanism
for recruiting SRCs. They also suggest that SRCs are not
sufficient for the activation of these genes because ERaWt
recruits SRCs to these binding sites but does not promote
E2-dependent gene transcription.

In spite of the transcriptional activity of ERaLQ with
some genes, the extent of up-regulation was significantly
less than the extent of up-regulation with ERaWt, espe-
cially for the 45-min time point (Fig. 1D). Thus, the selec-
tive loss of SRC—p300 binding by ERaLQ results in
impaired E2-dependent transcription for a major subset
of ERa target genes. For the purposes of this study, we fo-
cused on the genes up-regulated by E2 treatment only in
the 231/ERaWt cells to compare enhancer formation by
ERaWt versus ERaLQ.

ERaLQ supports a subset of active enhancer features
in spite of impaired SRC recruitment

The selective recruitment of Mediator versus SRCs with
ERaLQ presents an interesting opportunity to dissect
the molecular mechanisms of enhancer complex forma-
tion, perhaps by producing incompletely formed en-
hancers. The initial indications of this were manifest in
reduced enhancer transcription with ERaLQ, as deter-
mined by GRO-seq, at a number of ERa enhancers (Fig.
1E; Supplemental Fig. S3A,B). To explore this in more
detail, we surveyed the status of features thought to be
indicative of active enhancers, such as Pol Il recruitment,
enhancer-promoter looping, and H3K27ac enrichment. In
ChIP-qPCR assays with five different ERa enhancers, we
found that Pol II recruitment by ERaLQ was significantly
reduced compared with ERaWt in most cases (Fig. 2A;
Supplemental Fig. S7), suggesting that the initiation of en-
hancer transcription is impaired with ERaLQ. This was
also reflected in impaired Pol I loading at target gene pro-
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moters with ERaLQ (Supplemental Fig. S8). Thus, we ex-
amined additional enhancer features likely to occur before
the initiation of enhancer transcription.

Enhancer-promoter looping is a mechanism by which
distal enhancers communicate with their target gene pro-
moters (Dekker et al. 2002; Ong and Corces 2011). We
used chromatin conformation capture (3C)-qPCR assays
with five different enhancer-promoter pairs to determine
whether ERaLQ is capable of promoting enhancer—
promoter looping. Interestingly, ERaLQ promoted E2-de-
pendent looping similar to or even better than ERaWt
(Fig. 2B; Supplemental Fig. S9). Likewise, the enrichment
of H3K27ac, a histone modification mediated by p300/
CBP and used as a mark of active enhancers (Jin et al.
2011; Tanget al. 2013), was similar for ERaWt and ERaLQ,
as determined by ChIP-seq (Fig. 2C,D; Supplemental Fig.
S3A,B). H3K27ac enrichment was maintained with
ERaLQ despite reduced p300 recruitment (Fig. 1A,B; Sup-
plemental Fig. S3A,B). H3K27ac enrichment, however,
was reduced in the presence of the p300/CBP acetyltrans-
ferase inhibitor C646 (Fig. 2E; Supplemental Fig. S10;
Bowers et al. 2010), suggesting p300 activity at an earlier
point during ERa enhancer formation. Collectively, these
initial studies indicate that ERaLQ is a selective loss-of-
function mutant that still supports some aspects of en-
hancer formation and function (Fig. 2F).

Impaired SRC-p300 recruitment leads to abortive E2-
dependent transcription at enhancers and promoters

We showed previously that only a subset of ERa-binding
sites is transcribed, indicating that ERa binding, per se,
is not sufficient to establish an active enhancer or pro-
mote target gene transcription (Hah et al. 2013). To link
impaired enhancer formation with ERaLQ to the tran-
scriptional outcomes of target genes, we mined our ERa
ChIP-seq and GRO-seq data sets from 231/ERaWt and
231/ERaLQ cells. We started with the 367 genes up-regu-
lated by E2 with ERaWt but not ERaLQ (i.e., ERaWt only)
and determined the nearest common ERa-binding site in
the regulatory region, assuming that it would control
the expression of the neighboring gene (Fig. 3A, right).
We then determined the levels of transcription at the
ERa-binding sites and the corresponding target genes in
231/ERaWt and 231/ERaLQ cells (Fig. 3A, left). Interest-
ingly, the E2-dependent transcription of the enhancer
and the nearest gene were similar for ERaWt and ERaLQ
at 20 min of treatment (Fig. 3B). However, continued up-
regulation of enhancer and gene transcription at 45 min
of treatment was observed only with ERaWt (Fig. 3B).
These results indicate a two-component response, with
impaired ERaLQ activity evident only during the second
component.

To explore the molecular underpinnings of the abortive
transcriptional response at enhancers and promoters with
ERaLQ in more detail, we monitored SRC and p300 re-
cruitment by ChIP-qPCR for five different enhancers in
231/ERaWt and 231/ERaLQ cells during the same time
course of E2 treatment. As expected, the kinetics of ERaLQ
binding to chromatin were comparable with ERaWt (Fig.
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3C, left; Supplemental Fig. S11A-F, left). Also as expected,
SRC recruitment by ERaLQ was impaired at both time
points of E2 treatment (20 and 45 min) (Fig. 3C, middle;
Supplemental Fig. S11B-E, middle). In contrast, p300 was
recruited to similar levels by both ERaWt and ERaLQ after
20 min of treatment. However, p300 recruitment by
ERaLQ was significantly impaired at 45 min of treatment
compared with ERaWt (Fig. 3C, right; Supplemental Fig.
S11B-E, right), coinciding with the two-component tran-
scriptional response described above (Fig. 3B). These tem-
poral effects with p300 recruitment were observed
genome-wide in 231/ERa cells (Supplemental Fig. S12) as
well as in ERa knockdown MCEF-7 cells re-expressing ei-
ther ERaWt or ERaLQ (Supplemental Fig. S13). Collective-
ly, these results suggest that the first phase of ERa
enhancer formation (“enhancer priming”), which is sup-

ported by ERaLQ, requires the recruitment of p300
through an SRC-independent mechanism. In contrast,
the second phase (“enhancer maintenance”), which is
not supported by ERaLQ, requires the recruitment of
p300 through an SRC-dependent mechanism. Interesting-
ly, these ERa enhancer events do not require the pioneer
factor FoxAl, since the temporal effects with p300 were
observed in both 231/ERa cells, which do not express
FoxAl, and MCF-7 cells, which do express FoxAl (Supple-
mental Fig. S14).

SRC-independent enhancer priming requires Mediator
and the bromodomain of p300

The experiments in Figure 3 suggest that p300 is recruited
to liganded ERa in an SRC-independent manner during
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Figure 3. Impaired SRC recruitment with ERaLQ causes abor-
tive enhancer formation and target gene transcription. (A) Sche-
matics of the selection pipeline for the genes and enhancers
analyzed in B. Three-hundred-sixty-seven genes up-regulated by
E2 only in 231/ERaWt cells (right) were associated with the near-
est ERaWt-binding site (left). GRO-seq data for the promoters of
the genes and the nearest ERa-binding sites were analyzed as de-
scribed in B. (B) Box plots (left and middle) and line graphs (right)
of GRO-seq-normalized read counts for 367 genes up-regulated by
ERaWt, but not by ERaLQ, upon E2 treatment (top) and the near-
est ERa enhancers (bottom). (Left and middle) In the box plots,
bars marked with different letters (a, b, and ¢) are significantly dif-
ferent from each other. P<6x 107, Wilcoxon rank-sum test.
(Right) In the line graphs, each point represents the average read
counts. Asterisks indicate significant differences compared
with wild type at each time point. P <0.05, Student’s t-test. (C)
p300 is recruited in an SRC-independent manner during the ini-
tial phase of enhancer formation (“enhancer priming”). ChIP-
gPCR assays for ERa, SRCs (pan), and p300 in doxycycline
(Dox)-inducible 231/ERaWt and 231/ERaLQ cells treated with a
time course of E2. Each point represents the mean + SEM for at
least three independent biological replicates. Asterisks indicate
significant differences compared with wild type at each time
point. (*] P <0.05; (**] P <0.0005, two-way ANOVA.

the first phase of enhancer formation (Fig. 4A). How
might this occur? Black et al. (2006) showed that p300 is
recruited by Mediator to GAL4-VP16-activated promot-
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ers to activate transcription. Since Mediator and p300
are both recruited to enhancers as well as promoters
(Stumpf et al. 2006; Heintzman et al. 2009; Visel et al.
2009), we considered the possibility that p300 is recruited
by Mediator to ERa enhancers during the first phase of
activation. We found that E2-dependent recruitment of
p300 was dramatically reduced upon knockdown of
the ERa-interacting Mediator subunit Medl in 231/
ERaWt cells (Fig. 4B,C; Supplemental Fig. SI5A-E). These
results indicate that Mediator plays a role in p300 re-
cruitment in the initial phase of enhancer forma-
tion. In addition, E2-dependent transcription of the
enhancers and the corresponding target genes was signifi-
cantly reduced by Med1 knockdown but perhaps to a less-
er extent than might be expected given the dramatic
reduction in p300 recruitment (Fig. 4D; Supplemental
Fig. S15F-I).

p300 contains a bromodomain and a plant homeodo-
main (PHD), which allow p300 to bind to chromatin
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Figure 4. SRC-independent ERa enhancer priming requires Me-
diator. (A) Schematic showing the distinct SRC-independent and
SRC-dependent phases of p300 recruitment during enhancer for-
mation. (B) Western blot showing siRNA-mediated knockdown
of Med1 in Dox-inducible 231/ERaWt cells. (C) SRC-independent
recruitment of p300 requires Mediator. ChIP-qPCR assays for
Med1 and p300 in Med1-depleted Dox-inducible 231/ERaWt cells
treated with a time course of E2. Each point represents the mean =
SEM for at least three independent biological replicates. Aster-
isks indicate significant differences compared with the siRNA
control at each time point. (*) P <0.005; (**) P <0.0001, two-way
ANOVA. (D) Mediator is required for E2-induced gene expression.
RT-qPCR assays in Med1-depleted 231/ERaWt cells treated with
a time course of E2. Each bar represents the mean + SEM for at
least three independent biological replicates. Asterisks indicate
significant differences compared with the siRNA control at
each time point. (*) P < 0.05; (**) P <0.005, two-way ANOVA.
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through acetylated and methylated histones, respectively
(Dancy and Cole 2015). Thus, we asked whether these do-
mains might also facilitate p300 enrichment at ERa en-
hancers as well as p300-dependent enhancer priming and
target gene transcription. We explored these questions us-
ing MCEF-7 breast cancer cells, which express endogenous
ERa. Treatment of the cells with the p300/CBP bromodo-
main inhibitor SGC-CBP30 (Hay et al. 2014) did not affect
ERa binding to native ERa-binding sites, as expected, as
determined on multiple ERa enhancers (Fig. 5A, left; Sup-
plemental Fig. S16A-D, left). In contrast, SGC-CBP30 re-
duced p300 recruitment to ERa-binding sites throughout
the E2 treatment time course (Fig. 5A, middle; Supplemen-
tal Fig. SI6A-D, middle), indicating that the p300 bromo-
domain is also required for p300 recruitment during
enhancer priming. Interestingly, we also observed reduced
recruitment of Mediator upon treatment with SGC-
CBP30 (Fig. 5A, right; Supplemental Fig. S16A-D, right),
suggesting a cooperative recruitment of p300 and Mediator
to the ERa-binding sites.

To further investigate the role of the p300 bromodo-
main in the recruitment of p300 during E2-dependent
enhancer priming, we expressed a fragment of p300 that
contains the bromodomain (BRP [bromo-RING-PHD])
(Delvecchio et al. 2013) fused to the Fc region of rabbit
IgG (BRP-Fc¢) in MCF-7 cells (Fig. 5B). We performed
ChIP using the Fc region for immunoprecipitation and ex-
amined the E2-dependent recruitment of BRP-Fc to native
ERa-binding sites in MCF-7 cells. BRP-Fc was enriched at
ERa enhancers at 20 min of E2 treatment but was depleted
by 45 min (Fig. 5C; Supplemental Fig. SI6E), consistent
with the time course of p300 recruitment and SRC depen-
dence determined in the experiments described above. In
follow-up experiments in MCF-7 cells, we found that inhi-
bition of both the p300 bromodomain (with SGC-CBP30)
and the p300 acetyltransferase activity (with C646) signif-
icantly reduced E2-dependent gene expression (Fig. 5D;
Supplemental Fig. S16F-I), demonstrating the critical
role of bromodomain-dependent/SRC-independent re-
cruitment of p300 as well as p300 acetyltransferase activ-
ity in ERa-mediated gene expression. Taken together,
these studies revealed a cooperative recruitment of p300
and Mediator at ERa enhancers for enhancer priming prior
to the formation of a mature and fully active ERa enhancer
complex.

Forced recruitment of p300 to inactive ERa-binding sites
increases Mediator recruitment and induces E2-
dependent gene expression

The experiments in Figures 1-5 identified critical roles for
p300 recruitment in two phases of enhancer formation
(priming and maintenance) by at least three distinct
mechanisms (Mediator-, bromodomain-, and SRC-depen-
dent recruitment). To fully test and explore this hypothe-
sis, we engineered an experimental system to examine the
function of p300 at ERa enhancers independent of recruit-
ment by other ERa coregulators. First, we deleted a part of
a-helix 12 (Glu542 through His547) in the AF-2 domain of
ERa to generate a ligand-binding- and DNA-binding
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Figure 5. The p300 bromodomain is required for ERa enhancer
priming. (A) The p300 bromodomain is required for p300 recruit-
ment during enhancer priming. ChIP-qPCR assays for ERa, p300,
and Medl in MCEF-7 cells treated with a time course of E2 in the
presence of the p300/CBP bromodomain inhibitor SGC-CBP-30
(CBP30). Each point represents the mean + SEM for at least three
independent biological replicates. Asterisks indicate significant
differences compared with the DMSO control at each time point.
(*) P<0.05; (**) P<0.005, two-way ANOVA. (B) Ectopic expres-
sion of the p300 bromo-RING-PHD (BRP) cassette in MCF-7 cells.
(Top) Schematics of p300 and the p300 BRP cassette. (KIX) CREB
interaction domain; (Bromo) bromodomain; (RING) ring domain;
(HAT) HAT catalytic domain; (SID) SRC interaction domain.
(Bottom) Western blot showing Dox-dependent expression of
the rabbit IgG Fc-fused p300-BRP cassette in MCEF-7 cells. (C)
The p300 bromodomain is recruited to ERa-binding sites during
enhancer priming. ChIP-qPCR assays for the IgG Fc-fused p300-
BRP cassette in MCF-7 cells treated with a time course of E2.
Each bar represents the mean + SEM for at least three indepen-
dent biological replicates. Asterisks indicate significant differenc-
es compared with 0 min of E2 treatment. P <0.005, one-way
ANOVA. (D) The p300 bromodomain and p300 acetyltransferase
activity are required for E2-induced gene expression. RT-qPCR as-
says in MCF-7 cells treated with a time course of E2 in the pres-
ence of the p300 HAT inhibitor C646 or the bromodomain
inhibitor SGC-CBP-30 (CBP30). Each bar represents the mean +
SEM for at least three independent biological replicates. Asterisks
indicate significant differences compared with the DMSO control
at each time point. (**) P <0.005, two-way ANOVA.
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two-way ANOVA. (D) Forced recruitment
of p300 to an inactive ERa-binding site re-

stores enhancer—promoter chromatin looping. (Top) Browser tracks for ERa ChIP-seq and GRO-seq in 231/ERaWt cells after 45 min of
E2 treatment, shown with the location of the 3C primers. (Bottom) 3C-qPCR assays showing chromatin looping from a distal ERa-binding
site to the OTUB2 promoter in 231/ERaAH12 or 231 /ERaAH12-PID cells. Each point represents the mean + SEM for at least three indepen-
dent biological replicates. Asterisks indicate significant differences compared with 231/ERaAH12 cells at each genomic location in each
condition. P <0.0001, two-way ANOVA. (E) Forced recruitment of p300 to an inactive ERa-binding site restores E2-responsive eRNA pro-
duction and gene expression. RT-qPCR assays in MDA-MB-231 cells expressing the ERas described in A over a time course of E2 treatment.
Each bar represents the mean + SEM for at least three independent biological replicates. Asterisks indicate significant differences compared
with the vehicle control in each cell line. (*) P <0.05, two-way ANOVA.

competent but transcriptionally impaired ERa (ERaAH12)
(Brzozowski et al. 1997; Shiau et al. 1998). Next, we fused
the p300/CBP-binding domain (PID [p300 interaction
domain]) of SRC2 (Li and Chen 1998; Voegel et al. 1998;
Sheppard et al. 2001) to ERaAH12 to generate ERaAH12-
PID (Fig. 6A). Note that SRC2(PID) functions as a potent
activation domain by recruiting p300/CBP (Kim et al.
2001; Acevedo and Kraus 2003). We expressed ERaWt,
ERaAH12, or ERaAH12-PID in MDA-MB-231 cells using
a doxycycline (Dox)-inducible system to generate 231/
ERaWt, 231/ERaAH12, and 231/ERaAH12-PID cells, re-
spectively (Fig. 6A).

As expected, all three ERas were similarly recruited
to chromatin after E2 treatment (Fig. 6B, left; Supplemen-
tal Fig. S17A,B, left). p300 was robustly recruited in an E2-
dependent manner by chromatin-bound ERaWt and
ERaAHI12-PID, but exhibited impaired recruitment by
ERaAH12, at three different ERa enhancers (Fig. 6B, right;
Supplemental Fig. S17A,B, middle left). Med1 recruitment
and H3K27ac enrichment occurred effectively with
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ERaAH12-PID but were impaired with ERaAH12 (Fig.
6C; Supplemental Fig. S17A,B, right panels). Likewise, en-
hancer-promoter looping and target gene activation oc-
curred effectively with ERaAH12-PID but were impaired
with ERaAH12 (Fig. 6D,E; Supplemental Fig. S17C-F). To-
gether, these results with forced recruitment of p300 to an
otherwise inactive ERa-binding site demonstrate that
p300 recruitment is sufficient for enhancer formation
(e.g., Med1 recruitment, H3K27ac, and looping) and target
gene activation.

The Mediator- and SRC-dependent functions
of p300 link ER« enhancer activity

to clinical outcomes in ER-positive breast
cancer patients

Our results identified ordered and cooperative interac-
tions among p300, Mediator, and SRCs leading to the for-
mation, activation, and maintenance of ERa enhancers.
To explore the biological outcomes of these events, we
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Figure 7. p300, Mediator, and SRCs link ERa enhancer function to cell growth and clinical outcomes for ER-positive breast cancers. (A)
Growth curve showing the combinatorial effects of p300 inhibition and Med1 depletion on E2-dependent MCE-7 cell proliferation. Pro-
liferation was measured after siRNA-mediated Med1 depletion with or without the p300/CBP HAT inhibitor C646 in the presence of E2.
Each point represents the mean + SEM for at least three independent biological replicates. Points marked with different letters (a, b, and c)
are significantly different from each other. P <0.05, two-way ANOVA. (B) SRC2 and SRC3 are frequently amplified in ER-positive breast
tumors. Bar graphs of somatic mutations and copy number variations identified for the SRC2 and SRC3 genes in ER-positive breast tumors
based on data from The Cancer Genome Atlas (TCGA). (C) Amplifications of the SRC2 and SRC3 genes lead to overexpression of their
cognate mRNAs in ER-positive breast tumors. Box plots showing SRC2 and SRC3 mRNA expression in ER-positive breast tumors binned
based on copy number variations of SRC2 and SRC3 genes, respectively. Box plots marked with different letters (a, b, and c) are signifi-
cantly different from each other. P <0.005, Wilcoxon rank-sum test. (D) Kaplan-Meier plots for Luminal A ER-positive breast cancer pa-
tients using a set of genes (signature genes) whose expression is up-regulated in samples with SRC2 or SRC3 amplification compared with
samples without amplification based on data from TCGA. The expression levels (high or low) of the signature genes determined in curated
microarray data sets stratify patients into two groups. Their overall survival rates are shown in the plots. (E) A model for two-step ERa
enhancer activation showing two distinct p300-dependent phases: (1) a “priming” phase with SRC-independent recruitment of p300
and (2) a “maintenance” phase with SRC-dependent recruitment of p300. See the text for details.

used the p300 bromodomain inhibitor SGC-CBP30, the
p300 acetyltransferase inhibitor C646, and siRNAs target-
ing Med1 in MCEF-7 proliferation assays. Each treatment
alone effectively inhibited the growth of MCF-7 cells
over a 6-d time course of E2 treatment (Fig. 7A; Supple-
mental Fig. SI8A,B). Moreover, combination treatments
with Medl siRNAs and either p300 inhibitor were even
more effective than the treatments alone (Fig. 7A; Supple-

mental Fig. S18A,B). These studies link the functions of
Mediator and p300 in ERa-dependent transcription to
downstream biological outcomes.

Our results using ERaLQ indicate an important role for
SRCs in the maintenance of ERa enhancer activity. SRC3
is frequently amplified in ER-positive breast cancers
(Anzick et al. 1997; Gojis et al. 2010). An increased dosage
of SRCs is likely to support E2-mediated mitogenic
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growth of breast cancers by promoting ERa enhancer
maintenance. Using data sets from The Cancer Genome
Atlas (TCGA), we found that 15% and 5% of ER-positive
breast tumors contain amplifications of SRC2 or SRC3,
respectively (Fig. 7B). These gene amplifications correlate
with the overexpression of the cognate mRNAs (Fig. 7C).
Next, we examined the clinical outcomes of patients
with ER-positive breast cancers with or without SRC
amplification. In this analysis, the gene expression pro-
files for the patient samples with or without SRC ampli-
fication were compared to generate a list of genes more
highly expressed in the group with SRC amplification rel-
ative to the group without SRC amplification, which we
called the “SRC signature” (Supplemental Fig. S18C).
The expression of each SRC signature gene was then
used to segregate ER-positive luminal breast cancers
into groups with “high” or “low” expression of the sig-
nature genes using curated microarray data with associat-
ed clinical outcome data that are independent of the
TCGA data. The collective clinical outcomes stratified
according to each SRC signature gene expression are rep-
resented in meta-Kaplan-Meier plots (Fig. 7D; Sup-
plemental Fig. S18D; Mihaly et al. 2013; Pongor et al.
2015). Importantly, elevated expression of both the
SRC2 and SRC3 signature genes correlates with unfavor-
able outcomes of patients with luminal breast cancers.
Collectively, these cell growth and clinical data analyses
link the Mediator- and SRC-dependent functions of p300
at ERa enhancers to clinical outcomes in ER-positive
breast cancer patients.

Discussion

In the present study, we identified a critical functional in-
terplay among p300, Mediator, and SRCs that recruits
p300 and determines its activity throughout the time
course of ERa enhancer formation and activation. Impor-
tantly, we identified two distinct mechanistic phases of
ERa enhancer assembly and function, which are defined
by the mode of p300 recruitment. Successful transition
between these two phases (“coregulator switching”) is re-
quired for proper enhancer function. Collectively, our
studies have revealed the detailed molecular and temporal
mechanisms of signal-regulated enhancer assembly and
activity that are likely to be applicable to a wide variety
of signal-regulated enhancers. Furthermore, our results
link p300, Mediator, and SRC function at ERa enhancers
to hormone-dependent gene regulation in ER-positive
breast cancers.

An ordered and cooperative assembly and function
of ERa enhancers

Previous results have suggested a critical role for SRCs
(which bind directly to ERa in a ligand-dependent manner)
in recruiting p300 to ERa-binding sites. However, our re-
sults using a selective loss-of-function ERa mutant (i.e.,
L540Q) suggest a more intricate and varied set of mecha-
nisms for recruiting p300 to ERa-binding sites in two
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distinct phases. In the first phase (0 to 20 min), p300 is
recruited through a Mediator-dependent mechanism
(perhaps through direct interactions) as well as the bromo-
domain of p300, which binds to acetylated histones like
other bromodomains (Zeng and Zhou 2002). In the second
phase, p300 is recruited though an SRC-dependent mech-
anism, which is also likely to occur through direct interac-
tions. The former is required for initial enhancer
formation and enhancer priming, while the latter is re-
quired for enhancer maturation and the maintenance of
enhancer activity (Fig. 7E). We refer to the dynamic chang-
es in the mode of p300 recruitment as “coregulator
switching.” Failure to recruit p300 during either phase
leads to abortive enhancer formation and a lack of target
gene expression. These results suggest a critical role of
SRCs in the later stages of ERa enhancer function but
not in the initiation of enhancer formation.

A number of independent lines of investigation support
the conclusions stated above. For example, siRNA-medi-
ated knockdown of Med1, the ERa-interacting component
of the Mediator complex, reduces the E2-dependent re-
cruitment of p300 to ERa-binding sites (Fig. 4C). Further-
more, a fragment of p300 containing the acetyl-lysine-
binding bromodomain but lacking the SRC-binding
domain is recruited to ERa-binding sites within the first
20 min following E2 treatment (Fig. 5C). Conversely, the
competitive p300 bromodomain inhibitor SGC-CBP-30
blocks p300 recruitment to ERa-binding sites (Fig. 5A).

Additional experiments using loss- or gain-of-function
ERa mutants also support the conclusions stated above.
For example, the selective loss-of-function ERa mutant
ERaLQ, which recruits Mediator but not SRCs, supports
enhancer formation in the first phase but is impaired in
enhancer maturation and maintenance in the second
phase (Figs. 1B, 3). Interestingly, the abortive enhancer
formation with ERaLQ results in a dramatic reduction
of enhancer transcription (Fig. 3B) but maintains a subset
of active enhancer features, including enrichment of
H3K27ac (Fig. 2D) and enhancer-promoter chromatin
looping (Fig. 2B). In contrast, forced recruitment of p300
to an inactive ERa-binding site using the selective gain-
of-function ERa mutant ERaAH12-PID promotes enhanc-
er activation, enhancer-promoter looping, and target gene
transcription (Fig. 6). Interestingly, ERaAH12-PID also
promotes the recruitment of Mediator (Fig. 6C), while
SGC-CBP-30 inhibits the recruitment of Mediator (Fig.
5A), illustrating a functional interplay between these
two coregulators at enhancers, which has been demon-
strated previously at promoters (Black et al. 2006).

Recruitment of p300 is necessary and sufficient
for enhancer formation at ERa-binding sites

Since p300 and CBP were identified in the 1980s, they
have been shown to function as key coregulators for
many TFs through dual roles as scaffolding proteins for
the recruitment of other coregulators and as enzymes for
the modification of histones and other transcription-relat-
ed proteins (Wang et al. 2013; Dancy and Cole 2015). Ge-
nome-wide analyses have shown that p300 and CBP are
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associated with active enhancers and, as such, are good
markers of active enhancers (Heintzman et al. 2009; Visel
et al. 2009). Our results with the p300 catalytic inhibitor
C646 and the p300 bromodomain inhibitor SGC-CBP-
30 indicate that p300 is required for enhancer forma-
tion at ERa-binding sites (Fig. 5D). Furthermore, our re-
sults with the selective gain-of-function ERa mutant
ERaAH12-PID, which recruits p300 to a transcriptionally
impaired ERaq, suggest that p300 recruitment is sufficient
for enhancer formation at ERa-binding sites (Fig. 6). Al-
though we cannot rule out cooperative effects with other
coregulators that may be partially or fully recruited to
ERaAH12, our results are consistent with previous studies
using the yeast Gal4 DNA-binding domain to recruit the
CBP acetyltransferase domain to activate a reporter gene
(Bannister and Kouzarides 1996). Collectively, our results
indicate an essential role for p300 in ERa enhancer forma-
tion and function. In this regard, it makes sense that
nature has devised and exploited multiple modes for
p300 recruitment to TFs, such as ERa (i.e., via Mediator,
SRCs, and the p300 bromodomain).

Successful transition between the two phases of ERa
enhancer formation, reflected in the different modes of
p300 recruitment, is required for proper enhancer
function. Failure to transition leads to abortive enhancer
formation and reduced E2-dependent gene activation.
Experimentally, this can be demonstrated by inhibiting
each of the modes of p300 recruitment using Medl
knockdown or a p300 bromodomain inhibitor in the first
phase (Figs. 4, 5A,D) or the SRC-binding mutant ERaLQ
in the second phase (Fig. 3). These results suggest that
the enhancer complex is dynamic, with different pro-
tein—protein interaction surfaces used to accomplish
distinct outcomes at specific times. This observation is
consistent with a number of studies showing rapid and
dynamic binding and exchange of coregulators at nuclear
receptor-binding sites (Stenoien et al. 2001; Voss and
Hager 2014).

As noted above, p300 and CBP have an intrinsic acetyl-
transferase activity that allows acetylation of lysine resi-
dues in substrate proteins, which include histones, TFs,
and coregulators (Dancy and Cole 2015). In fact, p300 acet-
ylates ERa, which can enhance the DNA-binding activity
of ERa (Kim et al. 2006). Studies with the p300 catalytic
inhibitor C646 indicate that p300 acetyltransferase activ-
ity is required for both phases of ERa assembly and func-
tion (Figs. 2E, 5D). Although the relevant substrates
within the enhancer complex are, at present, unknown,
it is possible that they may differ from one phase of en-
hancer activation to the next. In our assays, p300 recruit-
ment and activity track with enhancer transcription, and
impaired recruitment of p300 by ERaLQ correlates with
reduced enhancer transcription (Fig. 3B,C). In this regard,
Bose et al. (2017) have shown recently that noncoding
RNAs, including eRNAs, can stimulate CBP (and pre-
sumably p300) histone acetyltransferase activity. It is in-
teresting to speculate that p300-dependent enhancer
transcription in the first phase may have a feed-forward ef-
fect to stimulate p300 acetyltransferase activity in the
second phase through eRNA production.

Dynamic assembly and activation of ERa enhancers

p300, Mediator, and SRCs: links between ERa enhancer
activity, breast cancer cell growth, and clinical outcomes
in breast cancers

E2 signaling, which promotes p300, Mediator, and SRC re-
cruitment; ERa enhancer formation; and target gene acti-
vation, has potent mitogenic effects on the proliferation of
ER-positive breast cancer cells. In this regard, p300, Medi-
ator, and SRCs have all been linked to human diseases, in-
cluding cancers (Anzick et al. 1997; Gojis et al. 2010;
Spaeth et al. 2011; Wang et al. 2013). In cell proliferation
assays, we observed a dramatic effect of p300 inhibitors
on the growth of ER-positive breast cancer cells, which
was further enhanced by the knockdown of Med1 (Fig.
7A). These cell-based results mirror the molecular inter-
play between p300 and Mediator that we observed during
ERa enhancer formation, providing a molecular link be-
tween ERa enhancer activity, E2-dependent gene expres-
sion, and breast cancer cell growth.

The genes encoding SRC2 and SRC3 are up-regulated in
a subset of ER-positive luminal breast cancers (Fig. 7C;
Anzick et al. 1997; Gojis et al. 2010). In addition, SRC2-
and SRC3-dependent gene signatures track with clinical
outcomes in breast cancer patients (i.e., lower expression
and better outcomes) (Fig. 7D). These clinical results mir-
ror the molecular interplay between p300 and SRC that
we observed during ERa enhancer formation, providing
yet another molecular link between ERa enhancer activi-
ty, E2-dependent gene expression, and breast cancer cell
growth. Interestingly, amplification of SRCs in breast can-
cer cells may act to cause the aberrant recruitment of p300
to ERa-binding sites, which may drive spurious enhancer
formation or activation. Given the role of SRCs in ERa en-
hancer maintenance described above, amplification of
SRCs may promote sustained enhancer activation, result-
ing in prolonged mitogenic responses. Such an effect
would justify the ongoing efforts to develop drugs that in-
hibit the interactions between ERa and SRCs (Rodriguez
et al. 2004; Song et al. 2016), which can be a potent way
of inhibiting SRC-, p300-, and Mediator-dependent tran-
scription by ERa (Kim et al. 2001; Acevedo and Kraus
2003).

Materials and methods

Additional details for the Materials and Methods are in the Sup-
plemental Material.

Cell lines, cell culture, and treatments

Parental MDA-MB-231 cells were obtained from American
Type Culture Collection (ATCC). Parental MCF-7 cells were
kindly provided by Dr. Benita Katzenellenbogen (University of
Tlinois at Urbana-Champaign, IL). MDA-MB-231 cells with con-
stitutive expression of ERaWt or ERaLQ were prepared as de-
scribed previously (Acevedo et al. 2004). MDA-MB-231 cells
with Dox-inducible expression of ERaWt, ERaLQ, ERaAH12,
or ERaAH12-SRC2(PID) were generated by lentivirus-mediated
transduction using the pINDUCER20 vector. MCEF-7 cells
with simultaneous Dox-dependent shRNA-mediated knock-
down of endogenous ERa and ectopic expression of ERa were
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prepared by sequential transduction of MCF-7 cells using lenti-
viruses generated from pTRIPZ-shRNA vectors and pIN-
DUCER20-based vectors.

For experiments, the cells were treated with vehicle (DMSO) or
100 nM E2 (Sigma) for the specified amount of time. Where indi-
cated, the cells were treated with vehicle (DMSO), 25 1M p300/
CBP acetyltransferase inhibitor C646 (Sigma) (Bowers et al.
2010), or 50 M p300/CBP bromodomain inhibitor SGC-CBP30
(Sigma) (Hay et al. 2014) for 30 min prior to E2 treatment unless
noted otherwise.

siRNA-mediated knockdown

siRNA-mediated knockdown was performed using Lipofect-
amine RNAiMax reagent (Invitrogen) with siControl and siMed1
siRNAs (Sigma).

Analysis of mRNA and eRNA expression by RT-qgPCR

RNA expression analysis by RT-qPCR was performed as de-
scribed previously (Hah et al. 2013). One microgram of total
RNA was reverse-transcribed using random hexamers and M-
MLV reverse transcriptase. mRNA and eRNA expression was an-
alyzed by qPCR with SYBR Green using a LightCycler 480
(Roche) and the primers listed in the Supplemental Material.

ChIP

ChIP was performed as described previously with some minor
modifications (Hah et al. 2013). The chromatin-immunoprecipi-
tated DNA was (1) analyzed by qPCR with SYBR Green using a
LightCycler 480 (Roche) and the primers listed in the Supplemen-
tal Material or (2) subjected to ChIP-seq library preparation. Non-
specific background signals in all ChIP assays were determined
using IgG or no antibody control.

ChIP-seq

ChIP-seq library preparation ChIP-seq libraries were prepared from
chromatin-immunoprecipitated DNA as described previously
with some minor modifications (Luo et al. 2014). The quality of
the libraries was assessed using a D1000 ScreenTape on a 2200
TapeStation (Agilent) and quantified using a Qubit dSDNA HS as-
say kit (Thermo Fisher). The libraries with unique adaptor bar-
codes were multiplexed and sequenced on an Illumina HiSeq
2000 (single-end, 50 base reads).

ChIP-seq data quality control and alignment The quality of the
ChIP-seq data sets was assessed using the FastQC tool. The
ChIP-seq reads were aligned to the human reference genome
(hgl9) using Bowtie (version 0.12.7) (Langmead et al. 2009).
Uniquely mapped reads were visualized on the University of Cal-
ifornia at Santa Cruz genome browser as bigWig files prepared us-
ing BEDTools (Quinlan and Hall 2010) and custom R scripts
(available on request).

Peak calling ERa peak calling was performed using MACS soft-
ware (Zhang et al. 2008) using the default P-value and input con-
dition as a control. Peaks for ERaWt and ERaLQ were rank-
ordered separately by the number of read counts in a fixed 1-kb
window (+500 base pairs [bp]) surrounding each ERa peak.
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3C assays

3C assays were performed as described previously with some mi-
nor modifications (Dekker et al. 2002; Wang et al. 2009). The in-
teraction frequencies were determined by qPCR assays with
SYBR Green or TagMan qPCR assays with the primers and probes
listed in the Supplemental Material.

GRO-seq

Preparation of GRO-seq libraries GRO-seq libraries were prepared
as described previously with some minor modifications (Luo
et al. 2014). Library quality was assessed as described above for
the ChIP-seq libraries and then sequenced on an Illumina HiSeq
2000 (single-end, 50-bp reads) for a total of ~47 million raw reads
per biological replicate.

Quality control and alignment GRO-seq data analyses were per-
formed as described previously (Hah et al. 2013) using the
groHMM software package available from Bioconductor (http:
//bioconductor.org/packages/release/bioc/html/groHMM.html)
(Chae et al. 2015). The quality of the GRO-seq data sets was as-
sessed using the FastQC tool. Trimmed GRO-seq reads were
aligned to the human reference genome (hgl9) and one complete
copy of an rDNA repeat (GenBank ID U13369.1) using the BWA
aligner (Li and Durbin 2010).

Data analyses Differential gene expression between experimen-
tal conditions was determined using edgeR (Robinson et al.
2010). Various data analyses were performed using the groHMM
software package (Chae et al. 2015) and custom R scripts (avail-
able on request).

Cell proliferation assays

Cells were collected every 2 d, fixed in 10% formaldehyde for 10
min, and stored at 4°C. After the final time point was collected,
all samples were stained with 0.1% crystal violet in 75 mM
phosphoric acid for 30 min. The crystal violet was extracted
from the cells using 10% acetic acid and measured as absorbance
at 562 nm.

Genomic data sets

The ChIP-seq and GRO-seq data sets were deposited in the
NCBI's Gene Expression Omnibus (GEO) database under super-
series accession number GSE95123 (subseries GSE95121 and
GSE95122, respectively).
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