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Abstract

A crucial feature of differentiated cells is the rapid activation of enhancer-driven transcriptional 

programs in response to signals. The potential contributions of physicochemical properties of 
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enhancer assembly in signaling events remain poorly understood. Here we report that in human 

breast cancer cells, the acute 17β-estradiol-dependent activation of functional enhancers requires 

assembly of an enhancer RNA-dependent ribonucleoprotein (eRNP) complex exhibiting properties 

of phase-separated condensates. Unexpectedly, while acute ligand-dependent assembly of eRNPs 

resulted in enhancer activation sensitive to chemical disruption of phase separation, chronically 

activated enhancers proved resistant to such disruption, with progressive maturation of eRNPs to a 

more gel-like state. Acute, but not chronic, stimulation resulted in ligand-induced, condensin-

dependent changes in spatial chromatin conformation based on homotypic enhancer association, 

resulting in cooperative enhancer-activation events. Thus, distinct physicochemical properties of 

eRNP condensates on enhancers serve as determinants of rapid ligand-dependent alterations in 

chromosomal architecture and cooperative enhancer activation.

Reporting Summary.

Further information on research design is available in the Nature Research Reporting Summary 

linked to this article.

Enhancers serve as critical regulatory elements for transcrip tional programs by directing 

development, homeostasis and disease states1,2. Clusters of enhancers located in a relatively 

small genomic region, known as super enhancers3,4 or stretch enhancers5, exhibit more 

regulatory potential than individual enhancers by acting in a cooperative fashion6–8. The 

underlying mechanism for the enhancer function and cooperativity of super enhancers has 

been proposed to be the physical process of liquid-liquid phase separation (LLPS)9,10. LLPS 

is characterized by spontaneous demixing of a homogenous solution into two phases of high 

and low concentrations, and has been attributed to the assembly of several membrane-less 

organelles11–13. In support of this model, intrinsically disordered regions (IDRs) of 

transcriptional cofactors associated with clustered enhancers in embryonic stem cells are 

capable of liquid phase condensation at active super enhancers14,15. Key tissue-specific 

transcription factors also undergo phase separation in vitro and condensate formation in vivo 

on super enhancers16. Recent studies have also linked low complexity activation domains of 

transcription factors, cofactors and RNA polymerase II, with gene regulation17–21.

Other characteristics of enhancers that may be explained by LLPS model of enhancer 

assembly are the extent and rapidity of their response to specific signals. For example, 17β-

estradiol (E2) can coordinate genome-wide transcriptional programs through acute, signal-

induced activation of enhancers that exhibit minimal basal activity22,23. In response to E2, 

robust enhancers bound to estrogen receptor a (ERα) transcribe high levels of enhancer 

RNAs (eRNAs)23–26, which are a class of long noncoding RNA transcribed from the core of 

functionally active enhancers27,28. A key feature of the most robust E2 responsive enhancers 

is the recruitment of an ERα-dependent, megadalton-scale protein complex, referred to as 

the MegaTrans complex25. This complex is characterized by trans-recruitment of DNA-

binding transcription factors such as GATA3, RARα/γ, AP2γ, c-Jun, c-Fos, STAT1 and 

FOXA1, and enzymatic machinery including DNA-dependent protein kinase. Many 

components of this complex harbor IDRs, consistent with the overrepresentation of low 

complexity sequences in the activation domains of transcription factors29,30. The resulting 

high local concentration of eRNA together with a complex composed of several transcription 
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factors would appear to provide a conducive microenvironment for the assembly of eRNP 

condensates that effectively regulate signal-inducible transcription.

Assembly of transcription machinery as biomolecular condensates on most active enhancers 

raises several interesting questions. For example, is there a distinction in the biophysical 

properties of the transcription complex condensates assembled at enhancers with respect to 

the duration of ligand and/or signal activation? Do phase-separated condensates facilitate 

alterations of three-dimensional chromosomal architecture? What is the functional 

implication of this process in signal-induced transcriptional programs? Here, we report that 

the most robust E2-responsive enhancers recruit several proteins harboring IDRs that can 

undergo LLPS both in vitro and in vivo. Unexpectedly, the acutely activated enhancers, but 

not those exposed to chronic stimulation by ligand or constitutively activated enhancers, 

exhibit assembly of eRNP condensates with physicochemical properties of dynamic liquid 

droplets. The dynamic nature of eRNPs is linked to signal-induced proximity and 

cooperative activation of enhancers separated by vast genomic distances.

Results

MegaTrans enhancer proteins form phase-separated liquid droplets.

Estrogen signaling activates 7,000–8,000 enhancers genome-wide, out of which 1,248 are 

exceptionally active, on the basis of eRNA transcription and regulatory potential23,25,31. 

These exceptionally active enhancers are characterized by E2-dependent recruitment of high 

levels of ERα, RNA PolII, MegaTrans components (for example, GATA3, FOXA1 and 

AP2γ)25,31,32, MED1 and P300 (schematics in Fig. 1a, Supplementary Fig. 1a and 

Supplementary Table 1) and by higher induced chromatin openness when compared to weak 

ERα-bound enhancers (Supplementary Fig. 1b). These robustly E2-activated enhancers are 

referred to here as MegaTrans enhancers. Sequence analysis of protein components of the 

complex bound to MegaTrans enhancers (termed the MegaTrans complex) revealed that 

several components (namely, GATA3, ERα, RARA, FOXA1, AP2γ, SMC4) contain 

stretches of amino acids predicted to form IDRs (Supplementary Fig. 2a). Consistently, these 

MegaTrans components were precipitated from nuclear lysates in the presence of 

biotinylated isoxazole (b-isox), a compound known to precipitate proteins containing low 

complexity domains or IDRs33 (Fig. 1b). GATA3, a central component in the assembly of 

the MegaTrans complex25, harbors the highest percentage of disorder among the analyzed 

proteins (Supplementary Fig. 2a) and was consistently precipitated with the lowest 

concentration of b-isox (Fig. 1b).

The presence of IDRs in MegaTrans components suggests that they may form phase-

separated condensates. To investigate this possibility using prototypic MegaTrans 

components, we purified ERα and GATA3 as holoproteins fused to MBP and mixed each 

protein with 5% polyethylene glycol (PEG), a crowding agent. Confocal microscopy 

imaging of these mixtures revealed the formation of micron-sized droplets (Supplementary 

Fig. 2b). In contrast, such droplets were not observed with MBP alone under identical 

experimental conditions. Both GATA3 and ERα condensates exhibited typical 

characteristics of phase-separated liquid droplets, such as spherical aspect ratio 

(Supplementary Fig. 2c) and propensity to coalesce (Supplementary Videos 1 and 2).
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To further probe the fluid properties of the condensates, we employed fluorescence recovery 

after photobleaching (FRAP)34 as a tool to study protein diffusion in droplets. For FRAP 

experiments, we used a total protein concentration of 7–10 μM, ~1% of which was labeled 

with a fluorescent dye35. Both GATA3-MBP and ERα-MBP droplets showed almost full 

recovery (≥90%) of bleached fluorescence within 100–400 s, suggesting that the condensed 

protein phases are viscous liquids36 (Fig. 1c,d). The difference in recovery kinetics between 

GATA3-MBP and ERα-MBP droplets (t1/2 of 100 ± 6 s versus 24 ± 2) is probably due to the 

distinct nature and strength of weak multivalent interactions37, as the two proteins possess 

very different amino acid sequences and structures. Additionally, when GATA3-MBP and 

ERα-MBP were mixed together in vitro, two-color confocal microscopy analysis revealed 

that they are enriched and coexist in a single, phase-separated condensate, with the 

concentration of ERα considerably higher in the interior of the GATA3 droplet than at the 

dispersed phase (Supplementary Fig. 2d).

To examine the in vivo phase separation capability of the IDRs of GATA3 and ERα, we 

employed the optodroplet assay, a light activated system to study IDR mediated 

condensation in cells38. IDRs of both GATA3 and ERα fused to mCherry-Cry2 

demonstrated efficient clustering and droplet formation on blue light stimulation and 

exhibited liquid droplet fusion behavior in HEK293 cells (Supplementary Fig. 2e–g and 

Supplementary Videos 3 and 4). Cry2-mCherry alone showed no clustering activity under 

the same exposure settings (Supplementary Fig. 2e and Supplementary Video 5). These 

results support the notion that the IDRs of GATA3 and ERα are capable of forming phase-

separated droplets in vivo.

Because GATA3 and ERα are robustly recruited to MegaTrans enhancers on stimulation by 

E2, we asked whether enhancer-bound MegaTrans holoproteins could also undergo 

clustering in vivo. To visualize such clusters, we fused ERα with monomeric-mCherry at the 

N terminus and expressed the fluorescently labeled protein in MCF7 cells. Live-cell imaging 

revealed acute assembly of nuclear ERα foci within 1 min after E2 treatment in ~80% of the 

cells (Fig. 1e and Supplementary Video 6), with an average of 121 ± 25 distinct foci per 

nucleus, whereas no ERα foci were observed before E2 treatment. We obtained identical 

results using ERα labeled with mTurquoise, a different monomeric fluorophore 

(Supplementary Video 6). To examine the physical association of these E2-dependent ERα 
condensates with MegaTrans enhancer targets, we carried out RNA fluorescence in situ 

hybridization (FISH) experiments on cells displaying ERα-mCherry foci. RNA FISH using 

probes targeting TFF1 introns, which is ~9 kb from the corresponding MegaTrans enhancer, 

appeared in close proximity to ERα foci (Supplementary Fig. 3a,b). In contrast, the 

transcribing loci of DYRK1A, which does not depend on E2, appeared at a much greater 

distance from ERα foci (Supplementary Fig. 3a,b). These data support the hypothesis that at 

least a subset of ERα foci develops in proximity to MegaTrans enhancers. We next 

examined the physical properties of ERα foci that formed after 1 h E2 treatment, with a 

median radius of ~0.96 μm. FRAP experiments revealed fluorescence recovery with half-life 

of 15.6 ± 1.07 s (Fig. 1f and Supplementary Fig. 3c) and apparent diffusion coefficient Dapp 

of ~0.04 μm2 s. The Dapp value is an order of magnitude lower comparable to previously 

reported in vivo FRAP data on transcription related proteins that form biomolecular 
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condensates15,39, potentially reflecting the difference in the dynamics with which ERα binds 

directly to consensus motifs in chromatin.

We next explored the possible involvement of IDRs in the function of MegaTrans enhancers 

in vivo. To probe the role of the IDR in GATA3, we expressed either the wild type protein or 

a mutant form lacking the IDR (aa 2–250, a length characteristic of transcription-factor 

IDRs) in MCF7 cells where endogenous GATA3 had been depleted by targeting its 3′ UTR 

with shRNA (Supplementary Fig. 3d,e). The E2-dependent activation of MegaTrans 

enhancers was then observed by measuring the expression of their eRNAs by quantitative 

PCR with reverse transcription (qRT-PCR). We found that the loss of E2-mediated activation 

of MegaTrans enhancers and their target genes was effectively rescued by expression of wild 

type GATA3, but not by the mutant protein lacking the IDR (Fig. 1g and Supplementary Fig. 

3f).

Together, our data demonstrate that GATA3 and ERα, two key components recruited to the 

MegaTrans enhancers, are capable of phase separating in vitro and in vivo, forming 

functional condensates with distinct fluid dynamics at MegaTrans enhancer loci.

Phase separation underlies enhanceosome assembly at acutely induced enhancers.

The association of MegaTrans enhancers with functional phase-separated condensates led us 

to wonder whether such condensates play a role in enhanceosome assembly and thus 

enhancer activity.

To address this question, we first examined eRNA transcription in the presence of 1,6-

hexanediol (1,6-HD), an aliphatic alcohol that disassembles phase-separated 

ribonucleoprotein (RNP) granules and membraneless structures by disrupting weak 

hydrophobic interactions40,41. qRT-PCR analysis revealed that 1,6-HD considerably reduced 

E2-induced eRNA expression from selected MegaTrans enhancers, while no effect was 

observed by the similar aliphatic alcohols 2,5-hexanediol (2,5-HD) or 1,4-butanediol (1,4-

BD), which have minimal impact on the phase behavior of disordered proteins40,41 

(Supplementary Fig. 4a).

To gather genome-wide data, we carried out global run-on sequencing (GRO-seq) analysis 

on MCF7 cells that were treated first with 1,6-HD or 2,5-HD for 5 min and then with E2 for 

30 min. The inhibitory effect of 1,6-HD on eRNA transcription was almost exclusively 

limited to the MegaTrans enhancers, with no effects on transcription from weak ERα 
enhancers or non-ERα-bound enhancers (Fig. 2a), in agreement with MegaTrans enhancers 

ranking amongst the most active enhancers in E2-treated cells23,24. These results suggest that 

1,6-HD inhibited the functional assembly of the MegaTrans complex. To examine whether 

1,6-HD could also disrupt the function of preassembled MegaTrans complex, the cells were 

treated first with E2 for 1 h, thus ensuring MegaTrans assembly25, and then with 1,6-HD for 

5 min. This experimental design also resulted in specific suppression of MegaTrans-bound 

enhancer transcription (Supplementary Fig. 4b), suggesting that 1,6-HD may disrupt the 

function of fully assembled MegaTrans complex. Suppression of E2-activated transcription 

was also evident at target coding genes of MegaTrans enhancers (Supplementary Fig. 4c).
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To examine the impact of 1,6-HD on assembly of MegaTrans on chromatin, we carried out 

ChIP-seq experiments. While ERα was still effectively recruited to MegaTrans enhancers 

following 1,6-HD treatment (Fig. 2b), other MegaTrans component assembly was 

substantially disrupted, as evidenced by impairment of GATA3 and AP2y recruitment to the 

complex (Fig. 2c,d). Therefore, 1,6-HD specifically disrupted the assembly of the trans-

recruited complex. Similar results were also observed for RARα on two examined 

MegaTrans enhancers (Supplementary Fig. 4d). Western blot analysis on control and 1,6-

HD-treated samples, both stimulated with E2, revealed no impact of these treatments on 

cellular levels of ERα, GATA3 or AP2γ (Supplementary Fig. 4e). Exposure to 1,6-HD for 5 

min also resulted in dramatic reduction in the number and signal intensity of induced ERα-

mTurquoise foci (Fig. 2e), suggesting that these assemblies are also disrupted in parallel 

with transcriptional impact. These results indicate that phase separation dependent on 

hydrophobic interactions plays a role in the assembly of the MegaTrans complex and in 

acute activation of E2-stimulated enhancers.

The inferred involvement of phase separation with MegaTrans enhancers suggests the 

possibility that 1,6-HD sensitivity and LLPS are general properties of rapidly induced, 

signal-dependent enhancers. To test this hypothesis, we examined two other signaling 

programs that induce rapid activation of enhancers on stimulation: TNFα-mediated 

activation of NF-kB-bound enhancers in MCF7 cells42 and Kdo2-lipid A (KLA)-stimulated 

Tlr-4 enhancers in mouse macrophage RAW264.7 cells43. TNFα-induced activation of NF-

kB-dependent enhancers in MCF7 cells was sensitive to 1,6-HD, which affected only the 

most active NF-kB-dependent enhancers, with no effects on other enhancers, including those 

regulated by E2-stimulation (Fig. 2f). Similarly, the rapid, KLA-mediated activation of 

potent enhancers in mouse macrophage RAW264.7 cells was abrogated by treatment with 

1,6-HD (Fig. 2g). eRNA transcription from other robust enhancers that are basally active 

was actually elevated in response to 1,6-HD (Fig. 2a,f,g and Supplementary Fig. 4b, third 

group in each panel). Together, these data reveal that the initial, signal-dependent nucleation 

of enhanceosome complexes on potent, acutely activated enhancers, but not on basally active 

enhancers, represents an assembly process that is sensitive to 1,6-HD and is thus probably 

driven by phase separation.

Phase separation underlies long-distance interactions and cooperative activation of 
acutely induced enhancers.

Since phase-separated condensates are prone to interacting through coalescence44,45, we 

asked whether the putative phase-separation events affecting MegaTrans enhancers might 

promote spatial interactions between those enhancers. We investigated E2-induced changes 

in chromosomal architecture by examining potential long-range intra-chromosomal 

interactions of enhancers located on human chromosome 21, which harbors multiple 

MegaTrans enhancers (Fig. 3a). We first performed Hi-C on ERα-positive MCF7 cells. 

Contact maps at 1 Mb resolution with ~500 M assignable sequence reads revealed no effect 

of E2 on A/B compartments or boundaries of topologically associated domains (TADs) 

(Supplementary Fig. 5a), but suggested an enrichment of interactions between broad and 

genomically distant regions on chromosome 21 (Supplementary Fig. 5b). To study enhancer 

interactions with greater precision, we carried out 4C-seq experiments using a viewpoint on 

Nair et al. Page 6

Nat Struct Mol Biol. Author manuscript; available in PMC 2020 March 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



TFFle. These experiments revealed E2-induced interaction between the TFF1 and the 

DSCAM-AS enhancer regions, which are separated by 1.9 Mb and located in two different 

TADs (Supplementary Fig. 5c), suggesting that homotypic long-distance interactions may be 

a feature of MegaTrans enhancers.

We systematically examined other E2-induced changes in chromosome conformation along 

chromosome 21 using DNA FISH to quantitate pairwise distances between multiple 

enhancer regions. E2 treatment for 50 min resulted in a subtle (5–17%) but consistent 

decrease in median spatial distances between several MegaTrans enhancer loci on 

chromosome 21, separated by 1.9–27 Mb, as evidenced by comparing cumulative distance 

distributions and median spatial distances (Fig. 3b,c, Supplementary Fig. 6a,b,c and 

Supplementary Table 2). In contrast, no E2-induced proximity was observed between 

MegaTrans enhancers and genomic regions devoid of ERα binding (CP26 and TFF1, CP26 
and NRIP1, in Supplementary Fig. 6c), suggesting that E2 specifically affects the spatial 

proximity of MegaTrans enhancers.

To examine the kinetics of such changes, we assessed the proximity of two regions by 

comparing their spatial distance to a cutoff value that depends on the genomic separation of 

those regions (Supplementary Fig. 6d and Supplementary Note). There was a roughly three-

fold increase in the fraction of TFF1 and NRIP1 enhancer regions, separated by a genomic 

distance of27 Mb, reaching spatial proximity (<600 nm) within 5 min of E2 stimulation (Fig. 

3d). The rapid kinetics observed for E2-induced proximity of specific ERα enhancers 

separated by vast genomic distances suggests a model of homotypic enhancer association 

driven by coalescence of ligand-induced enhancer condensates. Our experiments also 

revealed an asynchrony of transcriptional responses within 15 min of E2 treatment, as RNA 

FISH data using intronic and exonic probes of TFF1 and NRIP1 demonstrated that only 20–

30% of cells have active transcription (intronic probe) of these genes at a given time point, 

but roughly 55–75% of cells showed mature transcript (exonic probe) over the 15-min 

period of stimulation (Supplementary Fig. 7a–c). This supports the notion that the small 

changes in spatial proximity could be functionally relevant and is consistent with the 

relatively lower frequency of active transcriptional events observed.

Functional consequences of E2-induced proximity of MegaTrans enhancers.

To assess the functional consequences of the E2-induced proximity between MegaTrans 

enhancers, we investigated the relationship between spatial proximity and transcriptional 

activity of their targets. The transcriptional activation of NRIP1, as quantified by measuring 

the fluorescence signal intensity of intronic RNA FISH probes, was inversely related to its 

spatial distance from TFF1 (Fig. 3e,f). A similar relationship was observed for other ERα 
target pairs, such as NRIP1-DSCAM-AS1 and DOPEY2-TFF1 (Fig. 3f, Supplementary Fig. 

7d,e and Supplementary Table 3), suggesting that E2-induced proximity of MegaTrans 

enhancers is correlated with cooperative activation of coding targets. To explore whether this 

induced proximity might require LLPS at the enhancers, we tested the impact of 1,6-HD on 

their spatial proximity. Indeed, 1,6-HD effectively attenuated the E2-induced proximity of 

NRIP1 and TFF1 enhancer regions (Fig. 3g), suggesting that the spatial proximity between 
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MegaTrans enhancers depends on cooperative homotypic interactions requiring eRNP 

complexes with the properties of phase-separated condensates.

Previous observations have suggested that such functionally important interactions between 

loci might involve their colocalization in subnuclear structures46,47. For example, enhancer 

and gene activation in cell lineage determination require interaction of a POU domain 

lineage-determining factor with the Matrin3 network48 and possibly with the interchromatin 

granule (ICG)46,47,49, which is also a phase-separated RNP condensate50,51. Accordingly, 

we investigated the relation between ICGs and MegaTrans enhancers. RNA FISH using 

intronic probes revealed that the actively transcribed NRIP1 and TFF1 alleles associated 

with ICGs were roughly three times more active than the alleles not associated with ICGs 

(Supplementary Fig. 8a,b). Moreover, the transcriptional robustness of NRIP1 was 

significantly higher when both NRIP1 and TFF1 were associated with the same ICG 

(Supplementary Fig. 8c,d), suggesting that association through ICGs may facilitate the 

cooperative activation of MegaTrans enhancers. Knockdown of SRSF1 or U2AF1 
(Supplementary Fig. 8e), two ICG-associated splicing proteins52,53, resulted in attenuated 

transcription of eRNAs from MegaTrans enhancers (Supplementary Fig. 8f,g). Next, we 

evaluated the association of E2-induced ERα foci with ICGs by co-expressing SC35 

(SRSF2)-RFP and ERα-mTurquoise in MCF7 cells and inducing the formation of ERα foci 

by E2 stimulation. Microscopic analysis revealed that, among the observed ERα 
condensates, roughly 80% were located within 400 nm of an ICG (Fig. 3h and 

Supplementary Fig. 8h), providing evidence for the spatial proximity of E2 induced ERα 
foci and MegaTrans enhancers with ICGs.

These results indicate that phase-separation events at enhancers, coupled with proximity to 

ICG condensates, underlie E2-induced alterations to chromosomal architecture and 

cooperative activation of distant MegaTrans enhancer loci.

eRNA and condensin recruitment are required for E2-induced MegaTrans enhancer 
proximity.

A key feature of active regulatory enhancers, as exemplified by E2-stimulated enhancers, is 

production of eRNAs that are functionally important for target gene regulation23,28,54,55. 

Because a large proportion of phase-separated biomolecular condensates are assembled as 

RNP complexes13,51,56, we asked whether the observed phase-separation events at 

MegaTrans enhancers involve the formation of eRNA-containing RNPs. To test whether 

MegaTrans eRNAs affect the assembly of MegaTrans components, we carried out ChIP 

experiments in E2-treated cells after knocking down TFF1e eRNA with an antisense 

oligonucleotide (ASO) (Supplementary Fig. 9a). Depletion of TFF1e eRNA abolished 

recruitment of MegaTrans components GATA3, RARα and AP2γ to TFF1 enhancer region 

in response to E2, with no impact on the primary transcription factor, ERα (Fig. 4a). This 

result is reminiscent of the disruption of the assembly of trans-recruited MegaTrans 

components, but not direct DNA binding of ERα, by 1,6-HD (Fig. 2b–d) and supports a role 

for eRNAs in recruiting MegaTrans components. Moreover, E2 stimulation of the eRNA-

depleted cells failed to induce proximity between the NRIP1 and TFF1 regulatory regions 
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(Fig. 4b and Supplementary Fig. 9b), suggesting that MegaTrans eRNAs are also required 

for E2-induced proximity of MegaTrans enhancers.

To test whether eRNAs affect MegaTrans enhancers by altering the properties of phase-

separated protein droplets, we mixed in vitro transcribed, fluorescently labeled TFF1e eRNA 

with purified ERα-MBP or GATA3-MBP fusion proteins, in the presence of 5% PEG and 

200 mM NaCl. FRAP experiments revealed that TFF1e eRNA, but not control RNA, 

shortened the recovery time (t1/2) of GATA3-MBP fusion protein droplets by roughly 50% 

(100 ± 6 s to 52 ± 6 s, comparable bleaching regions of interrogation, ROI) (Fig. 4c and 

Supplementary Fig. 9c,d). FRAP kinetics for ERα-MBP droplets also was reduced in the 

similar conditions (Fig. 4d and Supplementary Fig. 9e). These results suggest that the 

diffusion properties of phase-separated MegaTrans components are specifically affected by 

eRNAs transcribed from MegaTrans enhancers.

To further elucidate the interplay between eRNAs and MegaTrans enhancers, we directed 

our attention to condensins. This choice was motivated by previous reports that both 

condensin I and II complexes, but not cohesin, are robustly recruited to ERα enhancers in an 

E2-dependent manner in interphase MCF7 cells31. Here, analysis of ChIP-Seq data revealed 

a strong E2-dependent recruitment of both NCAPG (a condensin I subunit) and NCAPH2 (a 

condensin II subunit) to MegaTrans enhancers, but only minimal recruitment to weak ERα-

bound enhancers and non-ERα-bound enhancers (Supplementary Fig. 9f). Moreover, ChIP 

of condensin components following depletion of eRNAs from TFF1 and NRIP1 enhancers 

(Supplementary Fig. 9g) significantly reduced the recruitment of NCAPG and NCAPH2 to 

those enhancers (Fig. 4e), indicating that their recruitment to the MegaTrans enhancers is 

eRNA-dependent. Thus, we asked whether condensins might serve as components of a 

phase-separated eRNP complex that induces proximity of MegaTrans enhancers on E2 

stimulation. SMC4, a component of the condensin complex, harbors an evolutionarily 

conserved IDR at its N terminus (Supplementary Fig. 2a) and was precipitated by 

biotinylated isoxazole (Fig. 1b), supporting the potential participation of the condensin 

complex in phase-separation events at MegaTrans enhancers. Moreover, following depletion 

of NCAPG or NCAPH2 (Supplementary Fig. 9h), FISH analysis revealed a significant 

reduction in E2-induced proximity between NRIPIe and TFFIe (Fig. 4f and Supplementary 

Fig. 9i). In contrast, depletion of cohesin subunit RAD21 produced only minimal effects 

(Fig. 4f and Supplementary Fig. 9i), suggesting that selective condensin recruitment to 

MegaTrans enhancers may be required for long-distance homotypic association. These 

results are consistent with the recently established ability of condensin to multimerize57. 

Furthermore, analysis of previously reported GRO-seq data after depletion of either NCAPG 

or NCAPD331 revealed that eRNA synthesis was specifically reduced at MegaTrans 

enhancers (Fig. 4g), suggesting a feed-forward effect of condensins on eRNA expression. 

Thus, in addition to their known roles in mitosis and meiosis58, gene regulation59–61 and 

chromatin architecture61,62, condensins also appear to facilitate long-distance homotypic 

enhancer association and cooperative activation of eRNP complexes at robust E2-regulated 

enhancers.
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Chronic stimulation by E2 alters visco-elastic properties of MegaTrans enhancers and their 
effects on chromosomal architecture.

The observation that disruption of transcription by 1,6-HD was restricted to signal-induced 

enhancers and did not affect constitutively active enhancers (Fig. 2a,f,g and Supplementary 

Fig. 4b, third group in each panel) suggested a possible distinction in physicochemical 

properties between acutely and chronically activated enhancers. To investigate this 

possibility, we reasoned that continuous stimulation of MegaTrans enhancers by E2 for a 

prolonged period of time might impart those enhancers with biophysical properties 

resembling those of RNP complexes at constitutively active enhancers. We thus chronically 

activated MCF7 cells by culturing them in E2-containing medium for 14–16 h. GRO-seq 

meta-analysis of cells treated with 2,5-HD or 1,6-HD after prolonged treatment with E2 

indicated that the active MegaTrans enhancers were no longer sensitive to 1,6-HD (Fig. 5a). 

Thus, chronic enhancer activation would appear to alter the biophysical properties of eRNPs 

at MegaTrans enhancers, compared to acute activation. These data, along with the lack of 

impact of 1,6-HD on constitutively active enhancers, also argue against an indiscriminate 

inhibition of transcription by 1,6-HD.

ChIP assays revealed a comparable level of recruitment of MegaTrans component RARα at 

TFFle and NRIPle enhancers after short-term (30 min) and long-term (14 h) E2 treatment 

(Supplementary Fig 10a). In contrast, GRO-seq data revealed that the level of induction of 

E2 target genes by chronic E2 treatment, although significantly higher than basal level, was 

lower than the induction by acute treatment of the ligand (Supplementary Fig. 10b). This 

suggests that 1,6-HD-insensitive MegaTrans assembly was not as transcriptionally 

competent as the complex assembled on acute stimulation. To test the ligand responsiveness 

of complexes after long-term treatment, we treated the 14 h E2-stimulated cells with one 

more dose of E2 for 1 h. GRO-seq analysis between these two conditions revealed only 

minor differences in the transcription level (Supplementary Fig. 10c). These data further 

support the idea that MegaTrans enhancers after long-term activation are not as 

transcriptionally competent as short-term activated enhancers.

This finding motivated us to explore the effects of prolonged E2 stimulation on the 

biophysical properties of eRNP assembly. We induced ERα-Turquoise foci in MCF7 cells 

by short-term (30 min) and long-term (16 h) treatment with E2. FRAP analysis revealed a 

significantly slower recovery of photobleached foci after long-term treatment in comparison 

to short-term treatment with E2 (Fig. 5b and Supplementary Fig. 10d). The time constants 

derived from these two conditions were also significantly different (Fig. 5c), suggesting 

distinct physicochemical properties imparted by different activation regimen. We further 

examined the distinction between acute and chronic phase-separation events in vitro by 

mixing GATA3, ERα and in vitro transcribed TFF1e eRNA. The FRAP kinetics of the 

resulting droplets were then measured at 5, 90 and 180 min after the assembly. Consistent 

with the in vivo observations, the rapid FRAP kinetics observed on immediate droplet 

formation of this ternary mixture in vitro was diminished at 90 min and dramatically slowed 

at 180 min (Fig. 5d). In addition, immediately assembled droplets were more sensitive to 

1,6-HD when compared to the mature droplets (Supplementary Fig. 10e). These data are 

consistent with an alteration in the visco-elastic properties of eRNP condensates at 
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MegaTrans enhancers after long-term E2 treatment and support a model in which the eRNP 

complex progressively transitions from a fluid to a more viscous gel-like or solid state.

We asked whether chronic E2 stimulation might also affect induced enhancer proximity 

observed after acute stimulation. We determined the spatial proximity of MegaTrans 

enhancer loci using DNA FISH probes targeting two different enhancer pairs, TFF1e/
NRIP1e and TIAM1e/DSCR3e. We found that the spatial proximity observed after 50 min 

of E2 treatment was no longer observed after 16 h treatment (Fig. 5e), indicating that chronic 

activation abolishes E2-induced proximity of MegaTrans enhancers. This is consistent with 

the GRO-seq data indicating the attenuated transcriptional response after long-term E2 

stimulation (Supplementary Fig. 10c).

These data indicate the importance of the physicochemical properties of MegaTrans 

condensates in the functional behavior of ERα enhancers, highlighting the distinction 

between acute and chronic E2 stimulation with respect to transcriptional activation and 

chromosomal architecture.

Discussion

Here, we provide evidence that acute enhancer activation by E2 ligand and other signaling 

pathways results in eRNA-mediated RNP assembly displaying properties of phase-separated 

condensates at the most robust ERα enhancers. This assembly is apparently required for 

cooperative activation of these enhancers on the basis of homotypic enhancer interactions 

spanning multiple TADs, altering chromosomal architecture. It has recently been discovered 

that phase-separated condensates can exert forces on their associated chromatin, causing two 

distal telomere loci to be brought into close proximity45. We propose that the strongest 

MegaTrans enhancers such as NRIP1e and TFF1e can bring their genomic loci into 

proximity with other MegaTrans enhancers using a similar mechanism. Optimal cooperative 

activation of these enhancers is further augmented by the ability of the enhancer loci to 

interact with ICGs, which are also membraneless RNP condensates50,51 (Supplementary Fig. 

8a,b), thereby potentially increasing local cofactor concentration and retention time. The 

observed effect of 1,6-HD on disruption of ligand-induced MegaTrans enhancer proximity 

and activation strongly suggests that the MegaTrans eRNP complex is also a condensate 

organized by hydrophobic interactions.

A striking observation in this context is that constitutively active enhancers or MegaTrans 

enhancers chronically stimulated by E2 did not show comparable sensitivity to inhibition by 

1,6-HD. This reduced sensitivity is consistent with less dynamic ERα foci in vivo and eRNP 

condensates in vitro after prolonged stimulation, suggesting an ‘aging’ mechanism that is 

reminiscent of the time- and concentration-dependent physicochemical transition observed 

with RNA-binding proteins63,64. The consequence of such an altered state is that chronically 

stimulated enhancers no longer exhibit ligand-induced spatial proximity and cooperativity 

across the chromosome. At a functional level, these enhancers are transcriptionally less 

active compared to the acutely activated state, and are not responsive to further stimulation.
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Drawing a parallel from recent findings on the surface tension driven coalescence of 

genomic loci45, we speculate that the physical force driving the long-distance signal-induced 

enhancer proximity is the liquid surface tension of the MegaTrans condensates, a property 

that might be lost as condensates undergo transition to a more solid and less dynamic state 

over time. The liquid-to-solid transition of the RNA-binding protein FUS has been compared 

to the process of protein crystallization, whereby the metastable liquid phase triggers 

nucleation of a higher order assembly64. We also consider the possibility of a 

conformational transition or the sampling of different conformations and interactions of the 

protein and RNA components over time. We therefore propose that ligand-activated, newly 

formed eRNP structures behave as metastable liquid droplets, governed by weak protein-

protein, RNA-RNA and protein-RNA interactions, which, on prolonged activation, may 

mature to a thermodynamically favorable, less fluid, ‘hydrogel-like’ state33,63–65 (Fig. 6).

An issue that has remained unresolved is how eRNAs might alter the physical properties of 

condensates assembled on enhancers. In addition to its requirement for full assembly of 

MegaTrans enhancers, we have found that eRNA promotes a more dynamic liquid-like state 

in GATA3 condensates in vitro (Fig. 4c). We propose that this eRNA-dependent increase in 

fluidity may assist in the coalescence of phase-separated enhancer condensates, not only 

across multiple TADs, but also with subnuclear structures such as ICGs. In summary, our 

model (Fig. 6) features temporal changes for the physicochemical properties of ligand-

dependent MegaTrans eRNP condensates: at first, these condensates exhibit dynamic 

cooperative spatial association, capable of altering chromosomal architecture at a global 

level, but they eventually solidify into independent, autoregulatory transcriptional crucibles 

that have lost their homotypic interaction properties.

Methods

Antibodies, cell culture, molecular biology procedures, sequencing-based assays.

Antibodies, cell culture, molecular biology procedures (qRT-PCR, ChIP-seq and analyses; in 

vitro transcription; run-on sequencing; vector constructs), bioinformatics of enhancer 

characterization, generation of cell lines, protein purification, proximity calculation using 

microscopy data, In situ Hi-C, Hi-C data analysis, 4C-seq and ATAC-seq are described in 

detail in the Supplementary Note. Oligos, BAC and Fosmid clones are listed in 

Supplementary Tables 4 and 5.

Treatment of cultured cells.

Cells were cultured as described in the Supplementary Note. For hexanediol treatment, cells 

were treated with 7.5–8.5% 1,6-Hexanediol (1,6-HD) (Sigma, catalog no. 240117), 2,5-

hexanediol (2,5-HD) (Sigma, catalog no. H11904) or 1,4-butanediol (1,4-HD) (Sigma, 

catalog no. 493732) in phenol-red free DMEM with 5% charcoal stripped fetal bovine serum 

(FBS) (White medium) for 5 min. The chemical was washed away with white medium and 

was incubated with estrogen (100 nM) or vehicle for another 30 min at 37 °C before fixing 

with formaldehyde (for FISH), collecting RNA or nucleus for GRO-seq. In E2 pretreatment 

experiments, MCF7 cells were stimulated with E2 for indicated time periods followed by 

treatment with 2,5-HD or 1,6-HD for 5 min before the collecting nucleus for GRO-seq. For 

TNFα stimulation, MCF7 cells were grown as described for E2 stimulation and were treated 
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with 8% 1,6-HD or 2,5-hexanediol for 5 min followed by stimulation by 100 nM TNFα for 

30 min before collecting the nucleus for GRO-seq. For KLA treatment, RAW264.7 cells 

were grown in DMEM media with 10% FBS. Cells were grown in medium with 0.5% serum 

overnight before KLA stimulation. Cells were treated with 8.5% 1,6-HD for 5 min before 

stimulation with 100 nM KLA for 30 min.

Biotinylated isoxazole-mediated precipitation.

This assay was carried out as described previously33 with following modifications. MCF7 

cells cultured in phenol-red free media with charcoal stripped serum were stimulated with E2 

(100 nM) for 50 min. Roughly 15 million cells were scraped off with cell lifter and washed 

with ice cold PBS. Cell pellets were resuspended in 1 ml lysis buffer (20 mM Tris-HCl (pH 

7.4), 300 mM NaCl, 5 mM MgCl2, 1% NP40, 10% glycerol, 20 mM P-mercaptoethanol, 1× 

Halt protease/phosphatase inhibitor cocktail (Thermo Fisher, catalog no. 78440), 2 mM 

ribonucleoside vanadyl complexes (Sigma, catalog no. R3380), 0.1 mM 

phenylmethylsulfonylfluride (PMSF), 1:20 SuperaseIn (Thermo Fisher, catalog no. 

AM2696). Sonicated briefly on Bioruptor Pico (30 s on, 30 s off, five cycles) and incubated 

with rotation at 4 °C for 30 min. Protein supernatant was collected by centrifugation at 4 °C, 

16,500g for 15 min. Then, 5% lysates were saved for whole cell extract control and 

remaining were aliquoted equally and incubated with various concentrations (10, 30 and 100 

μM) biotinylated isoxazole (Sigma, catalog no. 900572) at 4 °C for 1 h with rotation. 

Precipitates were isolated by centrifugation at 16,500g for 15 min at 4 °C. Supernatant was 

saved and pellets were washed with lysis buffer with protease and RNAse inhibitor. Protein 

was denatured by heating at 98 °C for 5 min with Laemmli buffer with 0.1 M dithiothreitol. 

Western blotting was carried out by standard protocol.

Protein sequence analysis.

The protein sequence from the Uniprot database was analyzed using Predictor of Natural 

Disordered Region (PONDR), online analysis software (v.VL3).

In vitro fluorescence labeling of proteins.

The ERα-MBP and GATA3-MBP were fluorescently labeled with either Alexa488 or 

Alexa594 dyes (C5-maleimide derivative, Molecular Probes) using Cys-maleimide 

chemistry as described previously35. Both ERα (C381, C417, C447, C530) and GATA3 

(C85, C183, C249, C375) contain four free cysteins, respectively, that were targeted for 

fluorescence labeling. The proteins containing the MBP fusion tag, which lacks cysteine, 

and the dye mixtures (1:4) were incubated in 25 mM Tris buffer, 50 mM NaCl, pH 7.5 at 

4 °C for ~12 h. The unreacted dye was removed using a 30 kDa molecular weight cut-off 

(MWCO) spin filter. The labeling efficiency for all samples were observed to be ≥50% 

(ultraviolet-visible absorption measurements) and no additional attempt was made to purify 

them further, given that only labeled protein is observed in the fluorescence microscopy 

experiments. For control experiments with MBP-alone sample, we used the same 

fluorescently tagged proteins for fluorescence microscopy experiments. Simultaneously, we 

used bright-field microscopy to check droplet formation. Our results revealed that the MBP-

alone sample did not become phase-separated under similar experimental conditions, which 

is consistent with a recent report17.
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Sample preparation for phase-separation measurements.

All of the protein samples were buffer exchanged in phase-separation buffer (25 mM Tris 

HCl, pH 7.5 containing 200 mM NaCl) unless otherwise noted. Concentration 

measurements were made using a NanoDrop oneC ultraviolet-visible spectrophotometer at 

room temperature. Variable amount of salt (NaCl) and PEG 8000 were added from 

concentrated stocks as indicated. For microscopy experiments using the MBP fusion 

proteins, buffer containing either 5 or 8.75% PEG was used.

Confocal fluorescence microscopy.

Fluorescence and DIC imaging were performed using a Zeiss LSM 710 laser scanning 

confocal microscope, equipped with a ×63 oil immersion objective (Plan-Apochromat 

×63/1.4 oil DIC M27) and a Zeiss Primovert inverted microscope. Samples were prepared 

and imaged using tween-coated (20% v/v) Nunc Lab-Tek Chambered Coverglass (Thermo 

Fisher Scientific Inc.) at room temperature (22 ± 1 °C) unless otherwise noted, with ~1% 

labeled protein samples within the mixture of unlabeled materials. All the samples were 

allowed to equilibrate in the chambered coverglass for 15–30 min before imaging. For 

Alexa488-labeled samples the excitation and emission wavelengths were 488 nm or 503–

549 nm, and for Alexa594-labeled samples the excitation and emission wavelengths were 

595 nm or 602–632 nm. FRAP experiments were carried out using the same confocal set up. 

The bleaching ROI was ~1.0 μm2 unless otherwise noted. The samples were bleached using 

either five or ten iterative pulses of a total time ~3.0–6.5 s using 100% laser power. Analyses 

were carried out using average fluorescence intensities from three ROI corresponding to 

photobleaching, reference and background. The fluorescence signal of the protein droplet 

undergoing active photobleaching was corrected using the reference droplet signal to 

account for passive photobleaching during imaging. The fluorescence data were normalized 

and fitted with a two-exponential model66. Half-time of recovery was then obtained 

graphically. The images and data were analyzed using Fiji software67 and the FRAP curves 

were plotted and analyzed using origin software (OriginPro 2016).

ERα foci formation assay.

MCF7 cells were plated at 75% confluency 1 day before transfection. Then, 0.75 μg of 

pmCherry-ESR1 (ERα) plasmid was transfected using Lipofectamine 2000 (Thermo Fisher) 

per 24 wells, and the cells were incubated in the transfection mixture for 6 h. The cells were 

then washed and cultured in phenol-red free DMEM white medium (Life Technologies) 

supplemented with 5% charcoal stripped FBS. Transfected cells were re-plated into glass-

bottom 96-wells (MatTek) the following day and cultured in DMEM white medium with 5% 

charcoal stripped FBS for another 24 h before imaging. Zeiss LSM 880 Airyscan was 

equipped with a CO2 regulated incubation chamber (Incubator XL S1) where the ambient 

temperature was held at 37 °C. mCherry was excited using a diode-pumped sold state laser 

(Laser Line) at 561 nm and images were acquired in FAST Airyscan mode. A Z-stack of 

fluorescent MCF7 cells transfected with pmCherry-ESR1 were first imaged for 15 min at 5-

min intervals to acquire a baseline readout of ERα expression. The cells were then 

immediately treated with 100 nM 17β-estradiol (E2) for estrogen stimulation and imaged 

consecutively for 1 h at 5-min intervals. Images acquired were compiled, processed and 
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edited with ZEN software (Zeiss). Intensity thresholds were set manually and uniformly to 

display nuclear signal and minimize background noise.

FRAP assay and analysis in live cells.

MCF7 were transfected with pmTurqoise2-ESR1 and prepared for microscopy in identical 

conditions to those of the ERα Foci Formation Assay, with pmTurqoise2-ESR1 being used 

in place of pmCherry-ESR1. Before performing FRAP, cells were either untreated, 

pretreated with 16 h of 100 nM E2, or were treated with 100 nM E2 immediately before 

FRAP. FRAP data for each condition was acquired over the course of approximately 1 h, 

with the results being combined for each condition as no trend was observed between FRAP 

data acquired at the beginning versus the end of the hour. FRAP was performed on the Zeiss 

LSM 880 Airyscan, under the same incubation conditions as before. Bleaching of the 

pmTurqoise2-ESR1 signal was carried out using the 405 nm laser at maximum strength, 

with two identical size regions selected for bleaching per cell. Fluorescence signal was 

acquired through excitation using laser line Argon at 458 nm, and mTurqoise2-ESR1 

intensity was acquired in ZEN Black at the bleached regions, a control non-bleached region 

of the nucleus, a control region outside of the cells and over the entirety of each cell. Two 

baseline images were taken 3 s apart, which was followed by approximately 0.4 s of 

bleaching. Afterward, an image was taken immediately and then every 3 s until either a total 

of 60 images were acquired or the cell shifted planes dramatically.

Analysis of in vivo FRAP data.

Analysis was carried out by first normalizing the intensity of each bleached spot’s average 

intensity at each time point to the maximum intensity of that spot at any point in the time 

series. This point of maximum intensity was one of the baseline points, and each time point 

was converted to a proportion of the original intensity. The total intensity of each cell at each 

time point was normalized as a proportion of the maximum intensity of the total cell at any 

time point, thereby providing a value for the proportion of photobleaching of the total cell at 

each time point. The maximum-intensity normalized value of each bleached region at each 

time point was then divided by the total cell photobleaching proportion at its respective cell 

and time point. These maximum-intensity and photobleaching normalized values were then 

either plotted or used to generate time constants. Mean graphs with error bars for these 

normalized values were generated by calculating mean and standard error over all 

overlapping time points for all traces for each condition. Exponential rise curve plots contain 

each time point from all traces combined for each condition, time 0 was set as the time point 

acquired immediately after photobleaching and the average intensity value of this new time 

point 0 was subtracted from all intensity values for this condition to set the intensity offset to 

zero. These pooled points were fitted to an exponential rise curve with the formula FRAP(t) 
= A(1 – e−t/τ), where FRAP(t) is the fluorescent intensity at time t after photobleaching, A is 

the amplitude, τ is the time constant and t is the time after photobleaching. The time 

constant and amplitude were optimized to fit the curve by subtracting the formula values 

from the actual values of each point, squaring this error value, summing the error of all the 

points for each condition and optimizing for amplitude and the time constant using the 

Solver add-in in Microsoft Excel. Box plots comparing between FRAP time constants of 

short versus long-term 100 nM E2 treatment of ER-mTurqoise2 MCF7 cells were generated 
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by calculating time constants for each individual trace. These calculations were performed 

as in the above plot, except traces were not pooled for each condition and the intensity offset 

value subtracted from each intensity value for each trace was the intensity value of each 

trace immediately after photobleaching. A P value comparing between the short and long-

term FRAP constants was generated by performing a two-tailed z-test between the two 

samples for means. The apparent diffusion coefficient was calculated by the formula Dapp = 

r2
bleach/τ, where Dapp is the apparent diffusion coefficient, r2

bleach is the radius of the 

bleached region in each FRAP experiment and τ is the time constant calculated in the 

previous experiment. The radius of each bleached region for every FRAP experiment was set 

uniformly to 0.964 μm.

SC35 colocalization calculation.

MCF7 were co-transfected as before in the ERα foci formation assay, except 0.375 μg 

pDsRed2-SC35 and 0.375 μg pmTurquoise2-ESR1 were used in place of 0.75 μg pmCherry-

ESR1. These transfected cells were prepared for and imaged under similar conditions as the 

ERα foci formation assay, with the 561 laser line being used for imaging pDsRed2-SC35 

and 461 laser being used to visualize pmTurquoise2-ESR1. Imaging was begun on stripped, 

live, MCF7 cells and was continued on the same live cells 30 after addition of 100 nM E2. 

After imaging, the FAST Airyscan images were again processed in the ZEN Black software 

package, but quantification of overlap was done by exporting the processed.czi from ZEN 

Black into Volocity software (Perkin Elmer, v.6.0.1). In Volocity, these image stacks were 

cropped to each cell and objects were identified using the identical Automatic’ setting for 

each cropped image in both the red (SC35) and green (ERα) channel. A representative 

single slice of a representative cell before and 30 min after 100 nM E2 treatment was 

presented, as extended focus of all z-slices would fail to show the distinct patterning present 

on each slice. Distances between the centroid of each ERα foci object and the nearest SC35 

object edge was calculated, as well as whether the ERα foci object had any overlap with any 

SC35 object. These ‘nearest distance’ measurements for all ERα foci in all cells were then 

pooled together and plotted as the proportion of all ERα foci objects at or below the listed 

distance. The overlap measurements were similarly pooled for all ERα foci in all cells.

1,6-hexanediol (1,6-HD) treatments with ERα foci.

MCF7 were transfected with pmTurqoise2-ESR1 and prepared for microscopy in identical 

conditions to those of the ERα foci formation Assay. MCF7 were pretreated with 100 nM 

E2 for 16 h before imaging. Cells were then imaged before 1,6-HD treatment to establish a 

baseline. 1,6-HD was then added to cells at a final concentration of 5% in normal media, and 

images were again taken after 2 min of continuous treatment. A single representative and 

consistent slice of these image stacks were presented, as extended focus of all z-slices would 

fail to show the distinct ERα foci patterning on each slice.

DNA FISH.

MCF7 cells were fixed with freshly made 4% paraformaldehyde in PBS for 8 min. Excess 

formaldehyde was quenched with 0.1 M Tris-HCl (pH 7.4) for 5 min. Coverslips were 

washed with PBS and stored at 4 °C until used. Before hybridization, coverslips were 

incubated in 0.1 N HCl for 5 min at room temperature and then washed twice with PBS. 
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Coverslips were incubated in PBS containing 100 μg ml−1 RNAse A for 1 h at 37 °C, 

followed by equilibration in 50% formamide/2× SSC for 1 h. Then, 125 ng of probe in equal 

volume mixture of formamide and 2× hybridization buffer mix (4× SSC/40%dextran sulfate) 

was used per coverslip. Coverslips on glass slides were heated for 6 min on a hotplate with 

temperature set at 80 °C followed by overnight hybridization at 37 °C in a humidified dark 

chamber. The coverslips were then washed twice with pre-warmed buffer containing 50% 

formamide/2× SSC and twice with 2× SSC before being finally mounted with Vectashield 

antifade mounting medium with 4,6-diamidino-2-phenylindole (Vector Laboratories). For 

Immuno-DNA FISH, cells were incubated first with PBS containing 0.5% Triton X-100 and 

5% BSA for 15 min at room temperature. Primary antibodies were used at a dilution of 1:50 

in blocking buffer (0.1% Triton-100/5% BSA in PBS) for 1 h at 37 °C, then washed three 

times in PBST (PBS containing 0.1% Triton X-100). Incubated with appropriated 

fluorescent conjugated secondary antibody (1:1,000) dilution for 30 min at room 

temperature. Cells were fixed for a second time with freshly prepared 2% paraformaldehyde 

for 10 min at room temperature followed by treatment with 0.1 M Tris-HCl (pH 7.4) for 5 

min. They were then washed twice in PBS and DNA FISH protocol described above was 

resumed. All the probes used for the DNA FISH experiment are provided in Supplementary 

Table 5.

RNA FISH.

Cells containing coverslips were fixed in 4% freshly prepared paraformaldehyde. They were 

washed twice with PBS with freshly added 2 mM ribonucleoside vanadyl complexes 

(Sigma-Aldrich). Cells were permeabilized and stored in 70% ethanol at 4 °C. Before probe 

hybridization coverslips were incubated with wash buffer (10% formamide/2× SSC) for 30 

min at room temperature. RNA FISH probes were resuspended in hybridization buffer (10% 

formamide and 10% dextran sulfate in 2× SSC). Coverslips were incubated with probes 

overnight at 37 °C in a humidification chamber. Post incubation washes were done using a 

pre-warmed wash buffer twice at 37 °C. Immuno RNA FISH was performed using the 

protocol described above with addition of primary antibody mixed along with the RNA 

FISH probes and incubated overnight. Probes and primary antibody was washed off using 

wash buffer at 37 °C followed by fluorescent conjugated secondary antibody incubation. 

Nuclei were counterstained by incubating in wash buffer containing Hoechst 33342 at a 

concentration of 1 μg ml−1 for 15 min.

DNA and RNA FISH probes.

All the BAC based probes for DNA FISH were purchased in the fluorescent labeled from 

Empire Genomics. Fosmids were obtained from CHORI. Fosmid based hybridization probes 

for DNA FISH were generated from 1 μg fosmid using Nick Translation kit (Abbot 

Molecular), Green 496 or Orange 552 conjugate dUTP following manufacture 

recommended protocol. Then, 125 ng of each labeled probes, 4 μg human Cot1 DNA 

(Thermo Fisher Scientific) and 10 μg salmon testis DNA (Sigma-Aldrich) were used per 

coverslip. They were co-precipitated in ethanol and were resupsended in equal volume 

mixture of formamide and 2x hybridization buffer mix (4× SSC/40% dextran sulfate) before 

the hybridization reaction. BAC and Fosmid clone IDs used in this study are in 

Supplementary Table 5.
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RNA FISH probes were designed using Stellaris Probe Designer tool (Biosearch 

Technologies). Repeat masked intronic sequences of TFF1, NRIP1 and DOPEY2 were used 

as template for probe design. The entire mRNA sequence was used for generation of exonic 

probes. Probes were labeled with FAM, Quasar 570 or Quasar 670 dyes.

Microscopy for DNA and RNA FISH.

Images were acquired using a Perkin Elmer Spinning Disk Confocal Microscope (×100 

Nikon Plane Apochromatic oil immersion objective, numerical aperture: 1.40). The 

microscope was equipped with a Piezo-Z drive and EMCCD Hamamatsu 14-bit 1Kx1K 

camera. Z-stack data was acquired at a step size of 150 nm.

Image analysis.

Three-dimensional image stacks were initially analyzed using Volocity software (Perkin 

Elmer, v.6.0.1). The functions ‘Find Object’ and ‘Exclude Objects by Size’ were combined 

for automatic detection of the FISH probe signals. For accurate and automated calculation of 

spatial distances between the probed loci, the three-dimensional coordinates and raw 

intensity sums (without background subtraction) of FISH probe signals were exported to 

CSV files using the Volocity software and were analyzed using custom software 

implemented with Python, NumPy and SciPy. To estimate the three-dimensional distance 

distribution between any two genomic loci, the centroids of the FISH signals from those loci 

were used to calculate a number (see below) of shortest distances for each nucleus and those 

distances were then pooled from all examined nuclei. This procedure assumed that each of 

the shortest distances obtained from each nucleus corresponded to loci located on the same 

chromosome. For experiments probing one diploid and one aneuploid locus, up to two 

shortest distances were obtained per nucleus. For experiments probing two aneuploid loci, 

the maximum number of shortest distances obtained per nucleus was equal to the smallest 

known copy number between the two loci in MCF7 cells. The median distances between 

control and test conditions were compared using the Wilcoxon rank sum test with continuity 

correction. The empirical cumulative distributions of distances were compared using the 

Kolmogorov-Smirnov test. To assess how the RNA FISH signal from a given locus varied 

with three-dimensional distance between that locus and a second locus, the raw intensity 

sums measured by Volocity software at the first locus were separated into two groups 

corresponding to distances ranging from 0 to 2 μm and from 2 to 8 μm. The median 

distances of the two groups were then compared using the Wilcoxon rank sum test with 

continuity correction. For calculation of median distances between RNA FISH foci and ERα 
cluster or ICG (SON antibody signal), distances calculated by Volocity, between edges of 

the closest of each signal, were used. Custom software used for this study is available on 

request.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 |. Acutely active E2-responsive MegaTrans enhancers concentrate a protein complex that 
can undergo phase transition.
a, Schematic representation of the ERα/MegaTrans complex recruited to E2-activated 

enhancers, which transcribe eRNAs and recruit the condensin I/II complexes. b, Western 

blot analyses showing that ERα, several MegaTrans components and condensin component 

SMC4 are precipitated by biotinylated isoxazole (b-isoxazole). FUS and GAPDH proteins 

are used as a positive and negative control for the assay, respectively. WCL, whole-cell 

lysate. c,d, FRAP data on phase-separated droplet formed in vitro by purified recombinant 
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GATA3-maltose binding protein (MBP) (c) and ERα-MBP (d). Top, charts show individual 

data points represented by dots, lines represent fitting to an exponential model to estimate 

the half-time of recovery. Bottom, representative images of in vitro droplets before and after 

photobleaching. e, Fluorescence microscopy images of a representative nucleus from MCF7 

cells transfected with ERα-mCherry, before (−E2) or after (+E2, 5 or 15min) E2 treatment. 

Scale bar, 2 μm. f, Mean intensity and photobleaching normalized fluorescence of ERα-

mTurquoise foci in E2 treated MCF7 cells relative to pre-bleaching signal. Error bars 

represent s.e.m. of n≥10 cells per time point. g, Levels of eRNA from indicated enhancers, 

measured by reverse transcription PCR, from MCF7 cells depleted of endogenous GATA3 

and expressing either wild type or IDR-deleted GATA3 (GATA3-IDR mut), after 1 h E2 

stimulation. shCTL indicates non-targeting control shRNA. The IDR (aa 2–250) is shown in 

the schematics on top. Results are shown as individual data points (circles), mean±s.d. 

(lines). P values were calculated with an unpaired Student’s t-test. Data are representative of 

three independent experiments.

Nair et al. Page 24

Nat Struct Mol Biol. Author manuscript; available in PMC 2020 March 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2 |. Effect of phase-separation inhibition on acute enhancer transcriptional activation.
a, Meta-analysis of genome-wide GRO-seq data for enhancer activity in cells treated with 

2,5-HD or 1,6-HD and E2. Enhancers are classified as MegaTrans, weak ERα and non-ERα-

bound enhancers. b-d, Meta-analysis of chromatin immunoprecipitation-(ChIP)-seq data 

representing the effect of 1,6-HD on chromatin recruitment of ERα (b), AP2y (c) and 

GATA3 (d) on MegaTrans enhancers. e, Left, representative fluorescence microscopy 

images from MCF7 cells expressing ERα-Turquoise, showing loss of E2-induced ERα foci 

on 1,6-HD treatment. Scale bars, 5μm. Right, quantification of foci number and intensity on 
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1,6-HD treatment. Foci number data are shown in bar graphs, as mean and s.e.m. of n = 3 
cells. Foci intensity data are shown as box plots, in which boxes represent interquartile 

ranges (IQRs); the whisker represents points in lower and upper quartiles within 1.5 IQR 

from lower and upper edges of IQR. The data are for n = 539, 446 and 436 estrogen-receptor 

foci for pre-, post-2 min and post-4min 1,6-HD time points, respectively. P values calculated 

with a two-tailed z-test. f, Meta-analysis of GRO-seq data showing impact of 1,6-HD on 

TNFα (1 h) activation of p65-bound enhancers in MCF7 cells. g, Meta-analysis of GRO-seq 

data showing impact of 1,6-HD on KLA-stimulated (30 min) enhancers in RAW264.7 cells.
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Fig. 3 |. Rapid ligand-induced interactions between distant MegaTrans enhancers.
a, Schematic diagram of human chromosome 21 showing enhancers with the highest levels 

of ERα binding and transcriptional activation in MCF7 cells following 1 h E2 

stimulation25,31. Active transcription units are listed below. *, >1 enhancer. b, 

Representative DNA FISH images showing the E2 induced proximity of indicated 

MegaTrans enhancer loci. Arrowhead points to the pair of loci in proximity. The TFF1 and 

DSCAM-AS1 loci are aneuploid in MCF7 cells, hence >2 FISH signals. Scale bars, 2 μm. c, 

Cumulative distribution of distances between indicated MegaTrans enhancers, with and 

without E2 stimulation. Data pooled from >200 nuclei from at least two independent 

experiments. P values were calculated using the Kolmogorov-Smirnov test. d, Time course 

quantifying the fold changes in fractions of TFF1/NRIP1 allele pairs with spatial separation 

<600 nm. Error bars are theoretical standard deviations and P values were calculated using a 

bootstrap method (see Methods). For each time point, more than 650 distances were pooled 

from at least two independent experiments. e, RNA FISH using NRIP1 and TFF1 intronic 

Nair et al. Page 27

Nat Struct Mol Biol. Author manuscript; available in PMC 2020 March 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mRNA probes after 15min of E2 treatment, showing increased transcription from NRIP1 
allele in proximity to TFF1 (indicated by arrows) compared to a allele that is spatially 

distant from TFF1 (indicated by arrowhead). f, Quantitation of RNA FISH signal intensity in 

relation to spatial distances between three different pairs of loci: NRIP1 in relation to TFF1 
and to DSCAM-AS1; DOPEY2 in relation to TFF1. a.u., arbitrary unit. Boxes represent 

IQRs; whiskers represent points in lower and upper quartiles within 1.5 IQR from lower and 

upper edges of IQR. For each pair of loci, at least 76 data points were pooled from two 

independent experiments. P values were calculated using a Wilcoxon rank sum test with 

continuity correction. g, Cumulative distribution of distances between NRIP1 and TFF1 
enhancers in MCF7 cells after 50 min E2 stimulation, treated with 2,5-HD or 1,6-HD. P 
values calculated using the Kolmogorov-Smirnov test. h, Cumulative frequency distribution 

of distances between E2-induced ERα-Turquoise foci and SC35-RFP (ICG marker).

Nair et al. Page 28

Nat Struct Mol Biol. Author manuscript; available in PMC 2020 March 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4 |. Role of enhancer RNAs and condensins in E2 induced chromosomal dynamics and eRNP 
assembly.
a, ChIP data showing effect of TFF1e eRNA knockdown on recruitment of ERα, GATA3, 

RARα and AP2γ to the TFF1e enhancer following E2 treatment. CTL-ASO indicates non-

targeting oligo used as control. Data shown as individual values (circles), mean and s.d. 

(lines). P values calculated with an unpaired Student’s t-test. Data are representative of three 

independent experiments. b, Fold changes in fractions of NRIP1/TFF1 allele pairs with 

separation below the cut-off distance, showing that TFF1e eRNA knockdown abolishes E2 

induced proximity between TFF1 and NRIP1 enhancer loci. Error bars show theoretical 

sample standard deviations and P values were calculated using a bootstrap method (see 

Methods). CTL-ASO indicates a non-targeting oligo used as a control. c, d, FRAP kinetics 

showing the effect of TFF1 eRNA (0.20 mgml) on GATA3-MBP (c) or ERα-MBP or (d) 

fusion protein droplets in vitro. Data points are shown as circles, lines represent fitting to an 

exponential model to estimate the half-time or recovery. e, ChIP data showing effect of 

knocking down TFF1 eRNA or NRIPIe eRNA on recruitment of condensin II subunit 

NCAPH2 (top) or condensin I subunit NCAPG (bottom) to the TFF1e and NRIPIe loci. 
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CTL-ASO indicates a non-targeting oligo used as a control. Data shown are individual 

values (circles), mean and s.d. (lines). P values were calculated with an unpaired Student’s f-

test. Data are representative of three independent experiments. f, Fractions of NRIP1/TFF1 
allele pairs with separation below the cut-off distance in cells with knockdown of the 

indicated proteins. Error bars indicate theoretical sample standard deviations and P values 

were calculated using a bootstrap method (see Methods). For each time point, more than 290 

distances were pooled from at least two independent experiments. g, GRO-seq analyses 

showing effects of knockdown of NCAPG (condensin I) or NCAPD3 (condensin II) on E2-

activated enhancer transcription. siCTL represent scrambled oligos used as control; results 

are grouped for MegaTrans, weak ERα enhancers and non-ERα-bound enhancers.
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Fig. 5 |. Chronic stimulation with E2 causes a fluid to hydrogel-like transition at enhancers and 
prevents ligand-induced enhancer proximity.
a, Box plots of GRO-seq analysis MCF7 cells not stimulated with E2 and not treated with 

1,6-Hexanediol (1,6-HD) or E2 stimulation for 14h with or without treatment with 1,6-HD 

for 5 min. Central line shows median; boxes represent the 25th and 75th percentiles; 

whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles. P 
values were calculated using two-tailed Student’s t-test. b, Fluorescent recovery of ERα-

mTurquoise foci in MCF7 cells after short-term (30 min) or long-term (16 h) E2 treatment. 

Each point represents the mean intensity of the photobleaching normalized fluorescence 

relative to pre-bleaching signal. Error bars represent s.e.m. of n = at least 10 cells per time 

point. c, Box plots showing time constants of FRAP recovery of ERα-mTurquoise foci in 

MCF7 cells treated with E2 for long term (n = 28) and short term (n = 26). Boxes represent 

IQRs; the whiskers represent points in lower and upper quartiles within 1.5 IQR from lower 

and upper edges of IQR. P values were calculated with a two-tailed z-test. d, FRAP analysis 

of in vitro droplets formed by a ternary mixture of GATA3-MBP (7μM), ERα-MBP (7μM) 

and TFF1 eRNA (0.20 mgml−1), and incubated for 5, 90 or 180 min. Data show a less rapid 
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fluorescence recovery with increasing time of incubation. Data points are represented by 

dots, lines represent fitting to an exponential model e, Cumulative distribution of distances 

between indicated MegaTrans enhancer pairs after short-term (50 min) and long-term (16 h) 

E2 treatment, demonstrating that the E2-induced spatial proximity is lost on prolonged 

treatment. Data pooled from >150 nuclei examined in two independent experiments. P 
values were calculated using the Kolmogorov-Smirnov test.
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Fig. 6 |. Model summary.
MegaTrans enhancers are minimally active under unstimulated conditions. E2 stimulation 

results in ERα dependent recruitment of MegaTrans complex, condensin complex and 

eRNA transcription, forming ‘megaloops’ between these enhancers. This results in an 

eRNA-dependent RNP (eRNP) assembled by phase separation. Chronic stimulation alters 

the physicochemical properties of this complex to a ‘gelsol state’ thus making them less 

sensitive to 1,6-HD. Maximal enhancer activation occurs with colocalization of the enhancer 

in the ICG, apparently resulting in increased concentration of transcriptional machinery and 

increased transcriptional robustness of component enhancers. Association with other nuclear 

structures such as the nucleolus and nuclear lamina represent a speculative model based on 

A/B compartments and rDNA locus in human chromosome 21.
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