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Summary

Enhancers instruct spatio-temporally specific gene expression in a manner tightly linked to higher-

order chromatin architecture. Critical chromatin architectural regulators condensin I and condensin 

II play non-redundant roles controlling mitotic chromosomes. But aspects of interphase condensin 

loading and function, or in transcription regulation remain unclear. Here we report that both 

condensin complexes exhibit an unexpected, dramatic estrogen-induced recruitment to estrogen 

receptor α (ER-α)-bound eRNA+ active enhancers in interphase breast cancer cells, exhibiting 
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non-canonical interaction with ER-α via its DNA-binding domain (DBD). Condensins positively 

regulate ligand-dependent enhancer activation, at least in part, by recruiting an E3 ubiquitin ligase, 

HECTD1, to modulate the binding of enhancer-associated coactivators/corepressors, including 

p300 and RIP140, permitting full eRNA transcription, formation of enhancer:promoter looping 

and the resultant coding gene activation. Collectively, our results reveal an important, 

unanticipated transcriptional role of interphase condensins in modulating estrogen-regulated 

enhancer activation and coding gene transcriptional program.

Graphical abstract

INTRODUCTION

Enhancers empower the genome with a precise control of temporally and spatially necessary 

gene expression patterns (Plank and Dean, 2014). The recent discovery of pervasive 

transcription of enhancer RNAs (eRNAs) revealed enhancers themselves as transcription 

units (Kim et al., 2010). eRNA levels correlate highly with enhancer activities (Andersson et 

al., 2014; Hah et al., 2013; Kim et al., 2010; Melgar et al., 2010; Wang et al., 2011; Wu et 

al., 2014), and both enhancer transcription and transcripts were found to contribute to 
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enhancer function (Hsieh et al., 2014; Kaikkonen et al., 2013; Lai et al., 2013; Lam et al., 

2013; Li et al., 2013a; Melo et al., 2013; Mousavi et al., 2013; Pnueli et al., 2015; 

Schaukowitch et al., 2014), adding an important layer of understanding into the fundamental 

mechanisms underlying enhancer action (Lam et al., 2014). However, the molecular 

mechanisms control the appropriate transcriptional output of enhancers and subsequent 

activation of coding genes remain elusive.

The long-range nature of enhancer functions tightly connects their regulation to chromatin 

architectures (Plank and Dean, 2014). Cohesin has recently been shown to positively 

regulate transcription by modulating enhancer function and enhancer-promoter looping 

(Kagey et al., 2010; Li et al., 2013a; Schmidt et al., 2010), raising the possibility that other 

architectural complexes important in mitosis/meiosis, particularly condensins, might as well 

assume critical roles on enhancers and/or in transcription regulation (A.J. et al., 2010; 

Hirano, 2012). Condensins are highly conserved multi-subunit complexes containing 

structural maintenance of chromosome (SMC) proteins. Together with two other such SMC-

containing complexes - cohesin and SMC5/SMC6 complexes, they contribute to the 

formation, maintenance and dynamics of eukaryotic chromosome architecture (A.J. et al., 

2010; Hirano, 2012; Jeppsson et al., 2014). In vertebrates, two related condensin I and II 

pentameric complexes (Figure 1A), exhibiting similar topological structures (A.J. et al., 

2010; Hirano, 2012), play non-overlapping but critical roles for chromosome packing in 

mitosis (Green et al., 2012; Hirano, 2012; Ono et al., 2003). Compared to roles in mitosis, 

less is known about condensin functions in interphase. Condensin I was originally 

considered mainly cytoplasmic during interphase, whereas condensin II has been recognized 

to exhibit a nuclear localization, thought to concentrate on chromatin until prophase (Hirano, 

2012; Ono et al., 2003). In particular, it remains largely unclear where condensin I and 

condensin II are localized in the interphase chromatin, how do they get recruited and exert 

their functions, if any, in transcription regulation.

In this study, we found that, surprisingly, multiple condensin I and condensin II subunits are 

rapidly, specifically and strongly recruited to ER-α-bound functionally active enhancers in 

response to estrogen stimulation in human breast cancer cells. The loading of interphase 

condensins to these active enhancers was likely achieved by interaction with ER-α via the 

DNA-binding domain (DBD) of the latter. Mechanistically, condensins were required for full 

ligand-activated eRNA transcription, at least in part based on its recruitment of an E3 

ubiquitin ligase HECTD1, which modulates proper recruitment of transcriptional 

coactivators and corepressors via ubiquitinating and dismissing a specific corepressor 

RIP140. This hierarchical control then licenses RNA polymerase II (Pol II) loading to 

enhancers, eRNA transcription and enhancer:promoter chromosomal interactions, together 

lead to up-regulation of target coding genes. Our current data has thus identified an 

unexpected, enhancer-based important function of condensin complexes in regulated 

transcriptional control, which is likely to be required for at least some other classes of DNA 

binding transcription factors in diverse cell types.
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RESULTS

Loading of interphase condensin I and II to ER-α binding sites in breast cancer cells

About 10–30% and ~50% of condensin I and condensin II proteins, respectively, were found 

as chromatin-associated in MCF-7 breast cancer cells, consistent with findings in other cell 

types (Heale et al., 2006; Ono et al., 2003) (Figure 1B). Following 3–4 days of culture in 

serum-deficient ”stripping” medium, MCF-7 cells were largely (~80–95%) blocked in the 

G0/G1 phase(Villalobos et al., 1995) (Figure S1A), in contrast to the status without stripping 

(~42% G0/G1, Figure S3A). Even double thymidine block did not further enrich cells in 

G1/S (Figure S1A), providing an ideal cell line model to study potential interphase functions 

of condensins. ChIP-Seq with an antibody against the NCAPG subunit of condensin I 

identified 2,916 peaks genome-wide in cells cultured in the absence of estrogen treatment 

(i.e. 100nM of 17-β-estradiol or E2), strikingly increasing to 7,292 peaks 1hr after E2 

treatment (Figure 1C and Figure S1C). NCAPG in majority bound to intergenic (55%) and 

intronic regions (36%), with only ~4.6% located on RefSeq gene promoters (Figure S1B). 

Remarkably, ~77% (5,623/7,292) of all NCAPG binding peaks overlapped with those of ER-

α (Figure 1C); and ESR1/ERE was the most enriched motif for all the NCAPG binding sites 

by HOMER motif analysis (Heinz et al., 2010) (Figure S1D). Analogous experiments for 

condensin II (i.e. NCAPH2), revealed similar enrichment to intergenic/intronic regions 

(Figure 1C), remarkable gain of peaks after E2 treatment (3,636 to 10,192) (Figure S1E) and 

high overlap with ER-α binding (Figure 1C and Figure S1F). Specificity of the antibodies 

was confirmed as the knockdown of the mRNAs encoding these two proteins by small 

interfering RNAs (siRNAs) resulted in dramatic reduction of their binding (Figure S1G). 

ChIP-Seq by a specific antibody against NCAPH, another subunit of condensin I (Figure 

1A), despite being less robust, also yielded predominantly intergenic and intronic locations, 

consistent with NCAPG results (Figure S1B), overlapping ER-α binding sites (Figure 1D,E 

and Figure S1H). E2 treatment caused a switch of the motif enriched on NCAPH-bound 

intergenic sites to ERE (Figure S1I). These ChIP-Seq results were yet further confirmed by 

using a second antibody from independent source against NCAPG (NCAPG (Y.K.), a 

generous gift from K. Yokomori) (Figure 1D,E). A representative UCSC browser screenshot 

is shown in Figure 1E, with the results confirmed by ChIP-qPCRs on several regions (Figure 

S1G,J,K).

Interphase condensins preferentially enrich to ER-α-bound, eRNA+ active enhancers

Previous work from our lab (Li et al., 2013a) and others (Hah et al., 2013) established that a 

subgroup of ER-α/H3K27Ac co-bound enhancers (n=1,248, Table S1), exhibiting E2-

upregulated eRNAs, high intensity of ER-α binding and close proximity to estrogen target 

genes, constitute the major E2-activated functional enhancers in MCF-7 cells, referred to as 

E2-induced "active enhancers" or “eRNA+ enhancers” (Figure S2A). Besides these active 

enhancers (n=1,248), ER-α/H3K27Ac co-bound sites contained another group, which we 

referred to as non-active/“ primed" enhancers, displaying no significant eRNA induction, a 

lower ER-α binding intensity and lack of Pol II or p300 increase in response to E2 (n=5,763, 

Figure S2A); these "primed" enhancers also exhibited higher levels of H3K27me3 (data not 

shown).
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ChIP-Seq analyses showed that both condensin I (NCAPG) and condensin II (NCAPH2) 

were strongly induced by E2 to bind the active enhancers (Figure 1D,E,F and Figure S2B), 

but not the primed cohort (Figure S2A and Figure 1G), and their binding on active enhancers 

was highly correlated with that of ER-α (Figure S2C). By analysing published ChIA-PET 

datasets, we found that the ER-α binding sites involved in chromosomal looping (Fullwood 

et al., 2009) exhibited stronger recruitment of NCAPG and NCAPH2 than those without 

looping (Figure S2D), further suggesting condensins’ enrichment on functional enhancers. 

When we compared the binding of condensins at active enhancers to that of other 

transcription factors/cofactors and histone marks (listed in Supplemental Experimental 

Procedures), we found that NCAPG and NCAPH2 exhibited the most dramatically induced 

recruitment in response to E2, similar to that of SRC2 and SRC3, the classical ER-α 
coactivators (CoA), and ER-α itself (Figure S2E). A hierarchical cluster analysis (HCA) of 

the E2-induced binding of these factors indicated that condensins exhibited the highest 

correlation with ER-α (Figure 1H). Together, these data reveal that both condensin I and II 

complexes are preferentially recruited to ER-α-regulated, functionally active enhancers upon 

E2 treatment; and exhibited the most dramatic induction in response to ligand.

As a comparison, we also examined NCAPG recruitment in mitotic MCF-7 cells. The 

binding of NCAPG to ER-α-bound sites was partially diminished in asynchronized MCF-7 

cells that contain ~30% mitotic cells (Figure S3A vs. Figure S1A), as exemplified by TFF1 
locus (Figure S3B, purple peaks, vs. Figure 1E), which further decreased to very minimal 

levels in mitosis-enriched cells (Figure S3B, pink peaks). This was observed on most of the 

active enhancers (Figure S3C vs. Figure 1D, indicating that the observed binding of 

condensins to active enhancers represent interphase events.

Condensins are loaded by ER-α to active enhancers in response to E2

To test for potential interactions between condensin complexes and ER-α, we first 

performed gel filtration using MCF-7 nuclear extract and found highly-overlapped co-

fraction profiles of them in majority between ~1–1.5MDa, noting that some subunits (e.g. 

SMC2 and NCAPH2) and ER-α itself also present in additional fractions (Figure 2A). Co-

immunoprecipitation (IP) experiments revealed that specific condensin subunits co-

precipitate with ER-α (Figure 2B,C and Figure S3D). Reciprocally, both the endogenous 

and overexpressed ER-α can pull-down multiple condensin subunits (Figure 2D and Figure 

S3E), and these interactions were unlikely bridged by DNA (Figure 2C). ChIP-Western 

result suggests that NCAPG/ER-α interaction takes place on chromatin (Figure 2E). 

Importantly, condensin/ER-α interaction was not disrupted when lysine 539 of ER-α was 

mutated to alanine (i.e. L539A, Figure 2D), a mutation that precludes ligand-dependent 

binding of LxxLL-containing nuclear receptor coactivators (CoAs) and corepressors (CoRs)

(Ruff et al., 2000), as exemplified by its failure to bind SRC3 or RIP140 (Figure 2D). By 

contrast, the DNA binding domain (DBD) of ER-α exhibited the strongest association with 

condensins (Figure S3F). These data suggested that condensins interact with ER-α in a non-

canonical manner, very distinctive from those “LxxLL”-containing coregulators. ICI 182780 

(ICI), a down-regulator of ER-α, completely abolished E2-induced condensin recruitment to 

active enhancers, suggesting the recruitment depends on ER-α, likely via their direct 

interaction (Figure 2F). Condensin protein levels were not obviously altered by E2 or ICI 
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(Figure 1B). No direct interaction between condensin I and II complexes was detected in our 

co-IP experiments (Figure S3G). Consistent with this, a mass spectrometry experiment 

following NCAPG IP showed that NCAPG pulls down condensin I subunits and SMCs, but 

not condensin II constituents (Figure S3H and Table S2). Interestingly, several E3 ubiquitin 

ligases, as well as ubiquitin itself, were found to co-IP with NCAPG (Figure S3H and Table 

S2), suggesting that condensins may associate with unappreciated partners in breast cancer 

cells.

Condensin I and II co-localized on 5,253 sites in the genome (Figure 2G), and most of these 

co-bound regions are occupied by ER-α (~94%). This high overlap differs from their largely 

non-overlapping chromatin localization in mitosis (Green et al., 2012; Hirano, 2012; Ono et 

al., 2003). Two-step ChIP experiment followed by qPCR revealed that ER-α co-occupied 

chromatin regions were simultaneously bound by condensins (Figure 2H). Interestingly, 

NCAPH2 and NCAPG also reciprocally re-ChIP each other (Figure 2H). These data 

suggested that, although condensin I and II do not directly interact (Ono et al., 2003) (Figure 

S3G), they simultaneously co-occupy ER-α-bound active enhancers. But these data could 

not prove if both condensin I, II and ER-α all bind the same regions simultaneously. 

Knockdown of NCAPH subunit reduced the binding of NCAPG to ER-α binding sites 

(Figure S3J), suggesting that the binding of condensins happens as a complex; it also 

decreased the protein levels of the whole condensin I complex (Figure S3I). Condensin I 

knockdown (i.e. siNCAPG) did not apparently affect either the binding or complex stability 

of condensin II (Figure S3I,K). These data together suggested that it is unlikely to have a 

mix-and-match condensin complex recruited to enhancers in MCF-7 cells, but we could not 

exclude the possibility of any sub-stoichiometric condensin complex formed in the MCF-7 

cells, and/or only present in certain genomic regions.

Condensins are required for E2-activated gene and eRNA transcriptional program

We used at least two different siRNAs to effectively knockdown multiple condensin subunits 

(Figure S3I and S4A–C), which resulted in significantly dampened E2 activation of multiple 

coding genes interrogated, as shown by RT-qPCR results of TFF1, FOXC1, SMAD7, SIAH2 
and PGR (Figure 3A and Figure S4D) expression. This did not involve any changes of ER-α 
mRNA or protein levels (Figure S4E,F). Results from global run-on sequencing (GRO-Seq) 

confirmed this inhibition (Figure 3B,C). Upon depletion of either NCAPG or NCAPD3, the 

E2-induced fold-change (E2-FC) of all E2-upregulated coding genes is significantly reduced 

(Figure 3C). E2 target genes exhibited a dramatic transcriptional attenuation upon NCAPG 
knockdown, as shown by their whole-gene profiles (red vs. purple line, Figure S4G). 

Correspondingly, RNA Pol II loading was also decreased over their gene bodies (Figure 

S4H). Either NCAPG or NCAPD3-activated gene groups showed a high overlap with E2-

upregulated targets (Figure 3D), suggesting that condensins are widely involved in E2-

dependent gene activation program. In support of this, ESR1 appeared as a top Gene 

Ontology (GO) term for NCAPG-activated gene cohorts (Figure S4I). In addition, the two 

condensin complexes regulated a partially overlapping category of coding genes (Figure 

3D), consistent with their partially overlapped chromatin localization (Figure 2G). 

Representative browser images of GRO-Seq and Pol II ChIP-Seq are shown for TFF1 locus 
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(Figure 3B). Together, these data indicate that condensins play an important role in 

activating the expression of estrogen target genes, acting at the level of transcription.

Flow cytometry experiment revealed no significant change of cell cycle after condensin 

depletion in MCF-7 cells (Figure S5A), excluding the possibility that the observed 

transcription inhibition was caused by indirect effects. This is consistent with previous 

results that single condensin knockdown did not obviously impact mitotic index (Ono et al., 

2003).

Condensins regulate full eRNA activation and enhancer:promoter looping

Promoter binding was a rare event for either condensin I, II or ER-α, for the coding genes 

they regulate (Figure 4A). This made us to focus on their possible roles acting on enhancers, 

given their strong enrichment there. We first tested if condensins have any roles in 

controlling eRNA transcription, a key mark of active enhancers (Andersson et al., 2014; Hah 

et al., 2013; Kim et al., 2010; Lam et al., 2014; Wang et al., 2011; Wu et al., 2014). RT-

qPCR results revealed clear inhibition of eRNAs when specific condensin subunits were 

knocked down (Figure 4B), accompanied by reduced Pol II loading (Figure S5B). Genome-

wide analyses of GRO-Seq (Figure 4C and Figure S5C) and RNA Pol II ChIP-Seq (Figure 

4D) confirmed the quantitative but significant inhibition of enhancer transcription upon 

depletion of condensins. Screen shoots of these data for TFF1 and FOXC1 enhancers are 

shown (Figure 3B and Figure S5D). Interestingly, eRNA levels are higher from enhancers 

neighbouring to genes regulated by condensin I or II, or both, as compared to those next to 

genes only regulated by E2 (Figure S5E), consistent with the possibility that condensins 

function through modulating highly transcribing enhancers.

In accord with the role/contribution of eRNA to the formation of enhancer:promoter looping 

(Hsieh et al., 2014; Lai et al., 2013; Li et al., 2013a; Pnueli et al., 2015), we found that the 

knockdown of a condensin subunit (siNCAPH2) inhibited enhancer:promoter (E:P) contact 

frequency in the TFF1 locus by 3D-DSL assays (Figure 4E, Supplemental Experimental 

Procedures). The effect is specific for the interrogated E:P looping (solid lines, Figure 4E), 

as there is no clear change of other interactions surrounding the acceptors sites (dotted lines, 

Figure 4E). The reduced E:P looping was confirmed by 3C-PCR assays using another 

restriction enzyme SacI (Figure 4F). A PCR product migrating at the predicted size (i.e. 

~1.1kb) was detected only in ligated samples (Figure 4G), and exhibited clear reduction 

upon depletion of a condensin subunit (Figure 4G, lane 4 vs. 8). Sanger sequencing 

confirmed the identity of this PCR product (Figure 4H). Similar reduction of specific E:P 

looping was found in the FOXC1 locus by both 3D-DSL and 3C-PCR (Figure S5F–I), with 

concomitant decrease of the eRNA (Figure 4B and Figure S5D). As a control, a condensin-

independent gene GATA3 did not exhibit obvious change of its E:P looping (Figure S5J). 

These data suggest that condensins play an important role during estrogen-induced enhancer 

activation, including allowing Pol II recruitment, eRNA transcription and E:P looping.

Condensins maintain appropriate CoA:CoR binding on active enhancers

Previous studies have revealed sequential/dynamic cofactor recruitment to classical ER-α-

bound sites (Metivier et al., 2003; Shang et al., 2000), preceding Pol II loading. To examine 
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at which step condensins act, we performed ChIPs for pioneer factor FOXA1, several 

conventional CoAs and CoRs, and ER-α itself, upon knockdown of condensin subunits. This 

resulted in no significant change of either FOXA1 or ER-α binding at active enhancers 

(Figure 5B and Figure S6A–C). However, E2-induced increment of p300 binding was 

markedly inhibited, as indicated by both ChIP-qPCR and ChIP-Seq (Figure 5A,B). 

Reduction was also observed for recruitment of other CoAs including SRC1, SRC3 and 

TIP60 (Figure S6D–F). As many of these CoAs possess histone acetyltransferase activity, it 

is consistent that the histone H3 lysine 27 acetylation (H3K27Ac) displayed a significant 

decrease on the active enhancers, corroborating the conclusion that enhancer activation was 

compromised (Figure 5C). The consequence also included quantitative decrease of MED1 

binding, consistent with its role in both transcription activation and E:P looping (Hsieh et al., 

2014; Kagey et al., 2010; Lai et al., 2013)(Figure S6G). Interestingly, loading of condensins 

seems to be a downstream event during enhancer activation subsequent to the trans-

recruitment/assembly of the “MegaTrans” complex (Liu et al., 2014), as demonstrated by the 

reduction of condensin binding upon dual knockdown of RARα/RARϒ (Figure S6I), while 

RARα binding was unaltered when condensin was knocked down (Figure S6H). A 

representative genome browser image of aforementioned ChIP-Seq results is shown for the 

TFF1 locus (Figure 5D). To appreciate the extend of condensin effects, transient knockdown 

of p300 and NCAPG followed by RT-qPCR were performed, which revealed comparable 

inhibition of E2-target coding genes and eRNAs (Figure S6J), although partial effect of p300 

knockdown could be attributed to the reduced level of ER-α itself (Figure S6J). We also 

tested condensins knockdown on binding of two CoRs, RIP140 and CtBP1 (Watson et al., 

2012; White et al., 2005). Interestingly, while RIP140 displayed an E2-induced binding on 

several ER-α/condensin co-bound sites (Figure 5E), its recruitment became further 

augmented when condensin was depleted (Figure 5E). Knockdown of RIP140 increased 

transcription of several interrogated eRNAs by RT-qPCR (Figure S6K), confirming its role 

as a CoR. Intriguingly, a concomitant increase of CtBP1 binding was detected (Figure S6L). 

These observed changes of CoA and CoR binding should not be attributed to alterations of 

their protein amounts (Figure S6M). These data together suggest that condensins license 

enhancer activation by maintaining a fine balance of E2-dependent recruitment of CoAs and 

CoRs.

Condensin-dependent recruitment of HECTD1 licenses enhancer activation

We next explored the finding that some E3 ubiquitin ligases co-immunoprecipitated with 

NCAPG in mass spectrometry (Figure S3H). We were particularly intrigued by a potential 

importance of HECTD1 (Sarkar and Zohn, 2012; Zhou et al., 2012), a member of the HECT 

family, which possesses several cofactors for nuclear receptors (Nawaz et al., 1999; Sun et 

al., 2014). Co-IP experiments confirmed the interaction between condensin subunits and 

HECTD1 in MCF-7 cells (Figure 6A and Figure S7A). Like condensins, HECTD1 

interacted with the DBD of ER-α, and the interaction was independent of the ER-α L539 

residue (Figure 6B and Figure S7B). HECTD1 elution profile in gel filtration coincided well 

with those of condensins (Figure 2A). Mapping of interacting domains showed that the C 

terminus and a central fragment of HECTD1 interact with condensin subunit NCAPH 

(Figure S7C,D). ChIP-qPCR using two different commercial antibodies against HECTD1, 

despite different affinities, both revealed an E2-induced binding to several condensin/ER-α 
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binding sites (Figure S7E and data not shown). ChIP-Seq using one of these HECTD1 

antibodies identified 3,274 peaks genome-wide in liganded MCF-7 cells, about ~45% and 

~41% of which overlapping the sites of ER-α and NCAPG, respectively (Figure S7F). 

Heatmap analysis revealed the presence of HECTD1 and its E2-induction on the eRNA+ 

active enhancers (Figure 6C), as exemplified by the TFF1 locus (Figure 6D). Furthermore, 

HECTD1 and NCAPG binding exhibited high correlation (Figure 6E). This is an interesting 

observation consistent with the finding that active ubiquitination and protein proteolysis 

events are enriched on active enhancers (Catic et al., 2013). When we knocked down 

NCAPG, the binding of HECTD1 on interrogated ER-α/condensin co-bound sites was 

significantly reduced (Figure 6F), but the HECTD1 protein level was not affected (Figure 

S6M), suggesting that HECTD1 was recruited in a condensin-dependent manner. Similar to 

condensin knockdown, depletion of HECTD1 caused an inhibition of p300 recruitment and 

increase of RIP140 binding to ER-α-regulated sites (Figure 6G,H). This was accompanied 

by reduced transcription of eRNAs and coding genes in response to E2 (Figure 6I). To 

elucidate if the E3 ligase activity is important for HECTD1 function, a “rescue” experiment 

were performed, which showed that an HA-tagged mouse wild-type HECTD1 (mHECTD1-

WT) expression plasmid could rescue, at least in part, the eRNA inhibition resulted from 

HECTD1 knockdown in MCF-7 cells (Figure 6J and Figure S7G, H). In contrast, a 

HECTD1 mutant (C2579G) that is defective of E3 ligase activity (Sarkar and Zohn, 2012) 

failed to produce rescue (Figure 6J and Figure S7G,H). These results together indicate that 

the condensin-dependent recruitment of HECTD1 is needed for full activation of eRNA 

transcription.

HECTD1 polyubiquitinates and dismisses RIP140 from active enhancers

Previously, RIP140 was found polyubiquitinated in macrophages for proper inflammatory 

gene transcription (Ho et al., 2012). Considering that the absence of HECTD1 augmented 

RIP140 binding on active enhancers, we sought to test if RIP140 might be dismissed by, or a 

direct substrate of HECTD1. Polyubiquitination (Ubn) of RIP140 could be detected in 

MCF-7 cells after E2 treatment, and was enhanced by MG-132, a proteasome inhibitor 

(Figure 7A,B). E2 treatment did not alter the total protein levels of RIP140 in MCF-7 cells, 

until the addition of translation inhibitor cycloheximide (CHX) during E2 stimulation 

(Figure 7C). A likely explanation for this is that E2 induced polyubiquitination of RIP140 

and hence its degradation, but this was counteracted by new RIP140 synthesis. When 

HECTD1 was knocked down in presence of CHX, the E2-triggered RIP140 reduction was 

disrupted (Figure 7D), suggesting HECTD1 is the enzyme responsible for RIP140 turnover. 

In vivo ubiquitination assays were performed in 293T cells by ectopically co-expressing 

Flag-tagged RIP140 and HA-tagged wild-type HECTD1 or C2579G mutants, together with 

either wild-type or K48R mutant ubiquitin. Wild-type but not C2579G mutant of HECTD1 

promoted RIP140 polyubiquitination (Figure 7E) in the presence of wild-type ubiquitin but 

not K48R mutant (Figure 7F). Functionally, the reduced activation of E2 target genes and 

eRNAs due to siHECTD1 could be at least partially rescued by RIP140 knockdown (Figure 

7G). These data together suggest that RIP140 could be one of the functional substrates of 

HECTD1 during E2-induced enhancer activation. A model diagram is shown in Figure 7H to 

depict the role of condensins and HECTD1 in regulating the E2-regulated coactivator/

corepressor recruitment and enhancer activation.
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DISCUSSION

Enhancer binding of condensin I and condensin II

Where are interphase condensin I and condensin II on the chromatin? Our current study 

reveals a previously unsuspected interphase chromatin loading of condensin I and condensin 

II to the ER-α-bound active enhancers, in a rapid, simultaneous manner in response to 

estrogen stimulus in human cancer cells. Their binding represents probably the most robust 

signature of the eRNA+ active enhancers than other interrogated factors or marks, distinctive 

from other chromatin structural molecules (e.g. cohesin). This dramatic enhancer enrichment 

is quite surprising especially for mammalian condensin I as it was considered to display low 

nuclear/chromatin abundance in interphase (Hirano, 2012). Intriguingly, chromatin-

associated proteins levels of condensins do not change by E2 treatment, implying that the 

enhancer-bound portion was re-distributed from other regions, reminiscent of the relocation 

of cohesin on yeast chromatin after initial loading (Lengronne et al., 2004).

The quite high co-localization between the two condensin complexes in interphase is distinct 

from their "non-overlapping" localization in mitosis (Hirano, 2012; Ono et al., 2003), thus 

extending observations in other organisms (D'Ambrosio et al., 2008; Kim et al., 2013; Kranz 

et al., 2013) or a recent study in murine stem cells reporting the presence of condensin II on 

(super-) enhancers (Dowen et al., 2013). Interestingly, condensin II is not enriched at 

enhancers in Drosophila (Van Bortle et al., 2014), raising a possibility that their enhancer-

based roles represent evolved functions. Importantly, our data provide insight into the poorly 

understood process of condensin loading to chromatin, that they are recruited to regulatory 

elements by interacting with a transcription factor (i.e. ER-α). Of course, it is also possible 

that this initial recruitment by ER-α allows subsequent direct association of condensin with 

enhancer DNA by other strategies, such as topological entrapment (Piazza et al., 2014).

Condensins activate eRNAs and coding genes

Functionally, GRO-Seq data reveal that condensins activate gene expression, and that they 

act at the level of transcription. These results are rather unexpected as condensins were long 

considered to "condense" chromatin, which supposedly might attenuate transcription, as 

exemplified by the roles of condensin-like dosage compensation complex (DCC) in X 

chromosome gene repression in C.elegans (A.J. et al., 2010). Interestingly, even in DCC-

defective mutant worms, while expression of X genes increases, many autosomal genes 

seem to be reduced (Jans et al., 2009). Mechanistically, condensins modulate the activation 

of ER-α-bound enhancers by regulating the balanced recruitment of coactivators vs. 

corepressors. In turn, these events license RNA Pol II binding, eRNA transcription and 

enhancer full activation. The effects of condensin knockdown on eRNA transcription were 

comparable to those observed with sip300, but appeared quantitative, likely suggesting 

certain redundancy or yet unknown mechanisms underlying eRNA transcription. On the 

basis of a role of eRNA in enhancer:promoter looping formation and gene activation (Hsieh 

et al., 2014; Lai et al., 2013; Li et al., 2013a), we suggest that, the modulation of eRNAs by 

condensins is an important component of the full activation of coding target genes in 

response to regulatory signals. Consistent with this, condensin depletion reduces the 

intensity/stability of interrogated enhancer:promoter loopings. But our data could not clearly 
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define if the looping defect is completely or partially a consequence of reduced eRNA 

levels. Indeed, there could well be a possibility that condensins directly control higher-order 

chromatin architecture, potentially by regulating topological domain borders (Hirano, 2012; 

Jeppsson et al., 2014; Van Bortle et al., 2014). This role is actually reported for Drosophila 

NCAPH2 by a recent study (Li et al., 2015).

Condensins and ubiquitination machinery

Mitotic condensins are thought to play structural roles in regulating chromatin, possibly 

through ATPase or DNA super-coiling activities (Hirano, 2012; Hudson et al., 2008; St-

Pierre et al., 2009), or topological entrapment of chromosomes (Cuylen et al., 2013; Hirano, 

2012). But in interphase, their regulatory mechanism on gene expression/transcription is 

rather elusive. Our data suggest that, at least in part, condensins exert interphase actions via 

recruiting specific ubiquitination machinery to control enhancer activation. These data 

provide insight into the long-observed dynamic/cyclic recruitment of CoAs (e.g. p300 and 

SRC3) and CoRs (e.g. RIP140) to nuclear receptors (Foulds et al., 2013; Metivier et al., 

2003; Shang et al., 2000). In accord with this finding, a recent genome-wide study of 

transcription factor ubiquitination revealed that active protein turnover by ubiquitination is 

required for gene regulation and often takes place on active enhancer regions (Catic et al., 

2013).

Condensins/HECTD1 and cancer

Finally, the functions of condensins reported here in breast cancer cells have important 

disease implications. Indeed, mutations or altered expression of condensin subunits are 

associated with several cancer types (Emmanuel et al., 2011; Leiserson et al., 2014; 

Murakami-Tonami et al., 2014; Ryu et al., 2007); HECTD1 expression is elevated in ER-α-

positive breast cancer patients in Oncomine databases (Figure S7I), and is important for ER-

α-negative breast cancer cell invasion and metastasis (Li et al., 2013b). Given the important 

roles of condensins acting on tightly regulated specific genomic regions (e.g. enhancers), we 

are tempted to propose that dysregulated temporal or spatial loading of interphase 

condensins may lead to aberrant gene expression, possibly underlies human cancers.

The current study therefore serves to support an enhancer-based important function exerted 

by interphase condensins on a specific ligand-activated transcriptional program, and extend 

our knowledge of eRNA transcription and enhancer function.

EXPERIMENTAL PROCEDURES

Cell culture, RNA extraction and RT-qPCR

These experiments were carried out as previously described (Li et al., 2013a). For RT-

qPCRs, primer sequences are listed in Table S3. More details can be found in Supplemental 

Experimental Procedures.
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Antibodies and siRNAs

Information of antibodies and siRNAs are included in Supplemental Experimental 

Procedures. Generally, two rounds of siRNA transfection were performed (Figure S4A), 

with efficiency of knockdown tested for every experiment performed.

3C and 3D-DSL

The procedures of 3C and 3D-DSL followed previous methods (Li et al., 2013a). 3C-PCRs 

were performed using SacI restriction enzyme, using primers pre-tested for their efficiency 

and linearity (primers listed in Table S3). For results presented, 30 cycles of PCR were 

performed, and lower cycles gave similar results. 3D-DSL was performed using BamHI (for 

3C step), and followed by DSL using oligonucleotides listed in Table S4. More details can 

be found in Supplemental Experimental Procedures.

ChIP-qPCR, two-step ChIP, ChIP-Seq and GRO-Seq

Two-step ChIP was conducted following a published method (Ross-Innes et al., 2010). Other 

ChIP, ChIP-Seq and GRO-Seq experiments were performed as previously reported (Li et al., 

2013a). More details can be found in Supplemental Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Estrogen-induced loading of condensins to ER-α-bound active enhancers
(A) A cartoon diagram showing the subunit constituents of the condensin I and condensin II 

complexes. (B) Chromatin fractionation followed by Western blots showing the localization 

of condensin subunits in MCF-7 cells upon E2 or ICI treatment. (C) Venn diagram showing 

the genome-wide ChIP-Seq peak numbers of NCAPG and NCAPH2, and their overlap with 

that of ER-α in E2-treated MCF-7 cells. (D) Heatmaps showing ChIP-Seq data of condensin 

I (NCAPG, NCAPH, NCAPG (Y.K.)) and condensin II (NCAPH2) together with p300, 

RNA Pol II, active histone marks H3K4me2 and H3K27Ac on active enhancers (n=1,248) in 

MCF-7 cells (−/+E2, with scales indicated. The map was sorted vertically by the binding 
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intensity of ER-α. (E) A snapshot of the UCSC genome browser (hg18) showing the ChIP-

Seq tracks of condensins subunits, ER-α, input control, and GRO-Seq (+ and − denote the 

transcription of two strands) in TFF1 locus (signals under ±E2 treatment are represented by 

two colours). (F,G) Profile plots showing normalized ChIP-Seq or GRO-Seq tag intensities 

(±E2) of ER-α, NCAPG, NCAPH2, p300, RNA Pol II and eRNAs on the active enhancer 

group (n=1,248) compared to "primed enhancers" (n=5,763), see Figure S2A for other 

features of these two groups. TFF1e: TFF1 enhancer (an intronic enhancer localized in the 

TMPRSS3 gene). (H) Hierarchical cluster analysis showing the correlation between the E2-

induced recruitment of the interrogated transcription factors and histones modifications on 

the 1,248 active enhancers. Pairwise Pearson correlation coefficients (PCC, scaled on top of 

the heatmap) between samples are shown. The heatmap with red-green gradient denotes the 

fold (log2) of induction in response to E2 (scale indicated). All heatmaps and profiles are 

centered on ER-α binding sites in +E2 situation. Also see Figures S1 and S2, Table S1.
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Figure 2. ER-α interacts with condensins
(A) Gel filtration of E2-treated MCF-7 nuclear extracts followed by Western blots showing 

the elution profiles of target proteins as indicated, with Histone H4 as a control. Red 

asterisks denote irrelevant bands. (B) Co-IP in the whole cell lysate followed by Western 

blots showing that endogenous condensin subunits co-precipitated with ER-α (without 

Benzonase). (C) The presence of Benzonase or Ethidium Bromide (EB) did not cause 

detectable change of condensin/ ER-α interaction. (D) Co-IP followed by Western blots 

showing that overexpressed FLAG-tagged ER-α pulls down condensin subunits (Benzonase 

added). The L539A mutant of ER-α interacts with condensin subunits, but not with 

canonical coregulators SRC3 and RIP140. (E) ChIP-Western data showing that two 

antibodies against NCAPG pull-down ER-α. (F) ChIP-Seq profile plots (centered on ER-α 
binding peaks in +E2 situation) showing the binding to active enhancers of both condensin I 

(NCAPG) and condensin II (NCAPH2) in presence of E2 or ICI treatments. (G) Venn 

diagram showing the genome-wide overlap of ChIP-Seq peaks of condensin I (i.e. NCAPG) 

and condensin II (i.e. NCAPH2) in E2-liganded MCF-7 cells. (H) Two-step ChIP-qPCR 

results are shown using antibodies against condensin I and II (NCAPG and NCAPH2) and 

ER-α in liganded cells; experiment was repeated 3 times; "p" and "e" after gene names 

denote promoter and enhancer, respectively; Data are represented as mean ± s.d.. *p<0.05, 

**p<0.01, ***p<0.001, (Two-tailed students' T-test). IP/Co-IP experiments were performed 

in MCF-7 cells unless otherwise indicated. Also see Figure S3.
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Figure 3. Condensin I and condensin II control ER-α-regulated gene activation in a partially 
overlapping manner
(A) RT-qPCR data showing the expression of TFF1 and FOXC1 mRNA levels in the wild-

type or in cells with condensin I or condensin II knockdown ("m"" after gene names denotes 

mRNA). (n=5). KD, knockdown. Data are represented as mean ± s.d.. *p<0.05, **p<0.01, 

***p<0.001, (Two-tailed students' T-test). (B) Genome browser image showing the results of 

GRO-Seq and Pol II ChIP-Seq at TFF1 locus in the presence of condensin knockdown 

(siNCAPG or siNCAPD3) vs siCTL transfected cells. (TFF1e, highlighted area). (C) 

Boxplots showing the E2-induced fold changes (E2-FC) of all the E2-upregulated coding 

genes in the siCTL group and siNCAPG or siNCAPD3 groups. P values were calculated by 
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two tailed students' T-test. (D) Venn diagram showing the overlap of gene groups regulated 

by condensin I, condensin II, and E2, as calculated from GRO-Seq data. Also see Figures S4 

and S5.
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Figure 4. Condensins are needed for full eRNA activation and enhancer:promoter looping
(A) Bar graphs showing the percentage (green colored) of the RefSeq genes up-regulated by 

condensin I, II or ER-α that possesses direct promoter-binding of the respective factor. (B) 

RT-qPCR data indicating the levels of representative E2-induced eRNAs when either 

condensin I or condensin II subunit was knocked down ("e"" after gene names denotes 

eRNA). (n=5). KD, knockdown. Data are represented as mean ± s.d.. *p<0.05, **p<0.01, 

***p<0.001, (Two-tailed students' T-test). (C) Boxplots of normalized GRO-Seq tags 

showing levels of E2-induced eRNAs on the active enhancers in siCTL or siNCAPG 
transfected cells, from both sense and antisense directions. (Two-tailed students' T-test). (D) 

Boxplot of normalized ChIP-Seq tags showing RNA Pol II recruitment to active enhancers 

in same group of cells as in panel C. (Twotailed students' T-test). (E) Results from 3D-DSL 

assay showing detected chromatin interactions in the displayed region of TFF1 locus in the 

presence of either siCTL or siNCAPH2 (blue) (plotted by GGbio, see methods). The 

normalized intensities of interaction counts are plotted on the y-axis, and the x-axis depicts 

coordinates from UCSC browser (Hg19). Interaction data are overlaid with positions of the 

Donor (D, yellow) and Acceptor (A, green) BamHI sites. The pertinent E:P interactions are 

shown in solid lines and other interactions are shown in dotted lines. The interactions are 

quantitatively coded by height. Highlighted areas denote E: enhancer, P: promoter. More 

details can be found in the Supplemental Experimental Procedures. (F,G) A 3C-PCR assay 
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showing the intensities of a specific E:P looping in the TFF1 locus upon either siCTL or 

siNCAPG treatment (±E2). The positions of SacI sites and the 3C primers are indicated in 

panel F. The arrow in panel G points to specific PCR product. Control 3C samples without 

T4 ligase are shown in G. More details can be found in the Supplemental Experimental 

Procedures. MW, molecular weight. (H) Sanger sequencing of the 3C-PCR product from 

panel G (arrow) showing that the ligated fragment comprises regions from TFF1 promoter 

and enhancer. Also see Figure S5 and Table S4.
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Figure 5. Condensins license appropriate coactivator (CoA) and corepressor (CoR) recruitment 
during enhancer activation
(A,B) ChIP-qPCR (n=3) and ChIP-Seq profile data showing the effects of condensin 

knockdown on binding of p300 or ER-α. (C) ChIP-Seq profile plots showing the levels of 

H3K27Ac histone modification on active enhancers in control or knockdown conditions as 

indicated. (D) Genome browser image showing the binding of p300 and deposition of 

H3K27Ac, as well as ER-α in TFF1 locus in the presence or absence of NCAPG or 

NCAPD3. (E) ChIP-qPCR results of RIP140 showing its levels of recruitment to indicated 

ER-α binding sites upon siCTL or siNCAPG treatment. (n=3). Profiles in panels B and C 
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are centered on ER-α binding sites in +E2 situation. Experiments were repeated as indicated; 

Data are represented as mean ± s.d.; *p<0.05, **p<0.01, ***p<0.001, (Two-tailed students' 

Ttest). Also see Figure S6.
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Figure 6. Condensin-dependent recruitment of HECTD1 is required for E2-induced eRNA 
activation
(A) Endogenous co-IP followed by Western blots showing condensin and HECTD1 

interaction using indicated antibodies. (Long Expo and Short Expo represent exposure time). 

Long and Short Expo indicate the lengths of exposure time. (B) Similar to experiment in 

Figure 2D, this panel shows the Western blots of HECTD1 following co-IPs in 293T cells 

transfected with FLAG-tagged ER-α or its L539A mutant. Benzonase was added. (C) A 

heatmap showing HECTD1 ChIP-Seq result centered at ER-α-binding active enhancers with 

a scale as indicated. (D) A representative genome browser image from TFF1 locus showing 

HECTD1 binding to ER-α binding sites (TFF1e, TFF1 enhancer). (E) ChIP-seq intensity 

plots ranked by NCAPG peaks showing the binding of NCAPG (red) and HECTD1 (green) 

at active enhancers, with the Pearson correlation coefficient shown. (F) ChIP-qPCR results 
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showing the binding of HECTD1 with and without siNCAPG treatment (+E2); (n=3). (G,H) 

ChIP-qPCR results showing the recruitment of p300 and RIP140 to interrogated regions in 

control cells or siHECTD1 transfectants. (n=3). (I) RT-qPCR data showing the expression 

levels of interrogated mRNAs and eRNAs in cells with and without siHECTD1 knockdown 

(n=4). (J) RT-qPCR data showing the levels of interrogated eRNAs upon HECTD1 

knockdown and/or rescues by overexpression of wild type mouse HECTD1 (mHECTD1-

WT) or its catalytically defective mutant (mHECTD1-C2579G) (Sarkar and Zohn, 2012); 

(n=3). Experiments were repeated as indicated; Data are represented as mean ± s.d.; 

*p<0.05, **p<0.01, (Two-tailed students' T-test). Also see Figure S7.
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Figure 7. Evidences suggesting RIP140 as a polyubiquitination substrate of HECTD1
(A,B) Immunoblotting with indicated antibodies showing IP results using a native RIP140 

antibody in wild type MCF-7 cells (A) or cells transfected with a HA-Ub plasmid (B), 

revealing the poly-ubiquitination ((Ub)n) of RIP140. (C) Western blots showing total protein 

levels of HECTD1, NCAGP and RIP140 in MCF-7 cells upon different lengths of E2 

treatment with or without cycloheximide (CHX, 10ug/ml) or MG132. Red boxes highlight 

the changes of RIP140. (D) Western blots showing that knockdown of HECTD1 in MCF-7 

cells blocked the reduction of RIP140 protein levels after E2 treatment, in the presence of 

CHX. Levels of other interrogated proteins are shown, too. (E,F) Western blots with 
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indicated antibodies showing results from in vivo ubiquitination assays by ectopically co-

expressing FLAG-tagged RIP140 and HA-tagged HECTD1 or C2579G mutants in the 

presence of wild-type or K48R mutant ubiquitin. (Long Expo and Short Expo represent 

exposure time). (G) RT-qPCR data showing the expression levels of interrogated mRNAs 

and eRNAs upon HECTD1 knockdown with or without co-depletion of RIP140. (n=3). Data 

are represented as mean ± s.d.; *p<0.05, **p<0.01, (Two-tailed students' T-test). 

Biochemical experiments were performed in MCF-7 cells unless otherwise indicated. (H) A 

proposed model of the role(s) of condensins on estrogen-regulated active enhancers.
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