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SUMMARY

Interactions between transcriptional promoters and
their distal regulatory elements play an important
role in transcriptional regulation; however, the extent
to which these interactions are subject to rapid mod-
ulations in response to signals is unknown. Here,
we use promoter capture Hi-C to demonstrate a
rapid reorganization of promoter-anchored chro-
matin loops within 4 hr after inducing differentiation
of 3T3-L1 preadipocytes. The establishment of new
promoter-enhancer loops is tightly coupled to acti-
vation of poised (histone H3 lysine 4 mono- and
dimethylated) enhancers, as evidenced by the acqui-
sition of histone H3 lysine 27 acetylation and the
binding of MED1, SMC1, and P300 proteins to these
regions, as well as to activation of target genes.
Intriguingly, formation of loops connecting activated
enhancers and promoters is also associated with
extensive recruitment of corepressors such as
NCoR and HDACs, indicating that this class of core-
gulators may play a previously unrecognized role
during enhancer activation.

INTRODUCTION

Gene regulatory elements such as enhancers are very abundant

in the genome (Thurman et al., 2012) and are often located large

distances away from their target gene promoters. Gene regula-

tory regions are known to be highly enriched for disease-associ-

ated genetic variants (Consortium et al., 2012; Maurano et al.,

2012), which underscores the importance of understanding

enhancer-driven gene regulation and accurately linking en-

hancers to their target genes.

Technological developments that allow identification of chro-

matin contacts at a genome-wide level (e.g., Hi-C (Lieberman-
420 Molecular Cell 66, 420–435, May 4, 2017 ª 2017 Elsevier Inc.
Aiden et al., 2009) and chromatin interaction analysis by

paired-end tag sequencing (ChIA-PET; Fullwood et al., 2009)

have provided unique insight into the 3D structure of chromatin

in specific cells. The unbiased but relatively low-resolution

approach of Hi-C has revealed that the genome is organized

into topologically associating domains (TADs) of several hundred

kilobases to a few megabases in size (Dixon et al., 2012; Nora

et al., 2012). Furthermore, additional domains within TADs

have been described, e.g., insulated neighborhoods (Dowen

et al., 2014; Ji et al., 2016) and sub-TADs (Phillips-Cremins

et al., 2013). The integrity of these domains has been shown to

be important for genome organization and proper control of

gene expression (Dowen et al., 2014; Ji et al., 2016; Lupiáñez

et al., 2015; Nora et al., 2012; Zuin et al., 2014). TADs and insu-

lated neighborhoods have been reported to be largely stable be-

tween cell types and in response to specific stimuli (Dixon et al.,

2015, 2012; Dowen et al., 2014; Jin et al., 2013; Nora et al., 2012),

although some studies suggest that TAD boundaries also have

plastic properties (Krijger et al., 2016; Li et al., 2015). CTCF

and cohesin are highly enriched at borders of TADs and insulated

neighborhoods (Dixon et al., 2012; Dowen et al., 2014), where

CTCF plays an important role in maintaining domain integrity

(Dowen et al., 2014; Zuin et al., 2014).

ChIA-PET has provided important insight into the 3D organiza-

tion of promoters and enhancers at much higher resolution (Full-

wood et al., 2009; Heidari et al., 2014; Li et al., 2012) than what is

currently feasible by Hi-C. Promoter-enhancer loops are largely

organized by the Mediator and cohesin complexes, and these

factors have been shown to demarcate active enhancers

(Dowen et al., 2014; Kagey et al., 2010; Phillips-Cremins et al.,

2013; Whyte et al., 2013; Yan et al., 2013), where they play

important roles in bridging enhancers and promoters in 3D

(Ing-Simmons et al., 2015; Malik and Roeder, 2010; Phillips-Cre-

mins et al., 2013; Zuin et al., 2014). Little is known about the dy-

namics of such promoter-enhancer loops at high resolution. This

is largely due to technical limitations, e.g., the complexity of Hi-C

libraries requires ultra-deep sequencing in order to obtain suffi-

cient resolution to study promoter-enhancer loops (Jin et al.,

2013). Furthermore, ChIA-PET is biased by the factor-dependent
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pull-down step and therefore cannot be used for studying

changes in interactions.

Recently, promoter capture Hi-C (PCHi-C) was developed to

allow identification of promoter-anchored chromatin loops at

high resolution in different cells in an unbiased manner (Sahlén

et al., 2015; Schoenfelder et al., 2015). Comparison of different

cell types revealed clear differences in the organization of pro-

moter-anchored chromatin loops between cell types, correlating

with cell type-specific gene expression (Javierre et al., 2016).

However, the degree to which chromatin looping is dynamically

reorganized in response to pro-differentiation signals, for

example, remains unclear. Only few studies have investigated

the plasticity of promoter-enhancer loops in response to external

stimuli so far. Based on ultra-deep sequencing of Hi-C libraries, it

has been reported that in response to TNF-a stimulation, NF-kB

is dynamically recruited to the genome, where it activates target

gene programs, but this does not seem to be associated with a

dramatic rewiring of the associated chromatin loops (Jin et al.,

2013). Similarly, transcriptional changes during Drosophila

development mainly occur in the context of pre-programmed

chromatin loops (Ghavi-Helm et al., 2014). In contrast to these

findings, studies testing a few selected binding sites of the estro-

gen receptor and the glucocorticoid receptor suggest that hor-

mone stimulation increases chromatin loop formation between

receptor-bound enhancers and target gene promoters (Fullwood

et al., 2009; Pan et al., 2008; Stavreva et al., 2015).

Here we have employed Hi-C and PCHi-C in combination with

comprehensive ChIP-seq and mRNA-seq analyses to investi-

gate the dynamics of promoter-anchored chromatin loops dur-

ing 3T3-L1 adipocyte differentiation. We demonstrate a rapid re-

wiring of these promoter-anchored loops and show that this is

coupled to changes in the activity of the connected promoters

and enhancers. Furthermore, analyses of factor recruitment at

activated enhancers connected to activated genes indicate

that corepressors may play a previously unrecognized role dur-

ing enhancer activation.

RESULTS

TADs Are Stable during Adipocyte Differentiation
To obtain detailed insight into the dynamics of chromatin organi-

zation during cell differentiation, we used the 3T3-L1 preadipo-

cyte cell line, which represents an attractive differentiationmodel

as these cells undergo a very well-characterized differentiation

process into mature lipid-laden adipocytes at a high rate

(>95%) and in a synchronous manner upon stimulation with an

adipogenic hormone cocktail. The transcriptional program
Figure 1. TADs Do Not Change during 3T3-L1 Adipocyte Differentiatio

(A) Schematic overview of the experimental approach. Peroxisome proliferator-ac

like factor, KLF; liver X receptor, LXR; glucocorticoid receptor, GR; signal transd

(B) Number of TADs identified at different time points during 3T3-L1 adipocyte d

(GEO: GSE35156).

(C) Average ChIP-seq tag density for MED1, SMC1, and CTCF around TADs ide

(D) Overlap between TAD boundaries identified at 50 kb resolution in 3T3-L1, ES

(E) Correlation of TAD boundaries found in (D) between 3T3-L1 preadipocytes an

(F) Directionality index around TAD boundaries identified in (D). Directionality ind

position based on Hi-C data (see STAR Methods for more details). Color code in

(G) Heatmap showing the interaction frequencies around different types of TADs
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driving 3T3-L1 differentiation can be divided into two waves of

pro-adipogenic transcription factors (Figure 1A, left) (Siersbæk

and Mandrup, 2011; Siersbæk et al., 2012). Activation of both

waves is associated with dramatic reprogramming of local chro-

matin features, e.g., chromatin accessibility (Siersbæk et al.,

2011) and epigenomic modifications (Mikkelsen et al., 2010;

Steger et al., 2010). We focused our analyses on three key

time points (Figure 1A, left): day 0, which represents the preadi-

pocyte state, where the expression/activity of most of these

pro-adipogenic factors is relatively low; 4 hr after induction of dif-

ferentiation, where the expression/activity of the first wave fac-

tors is high and that of the second wave factors is still low; and

day 2, which represents the start of the second wave that drives

the terminal differentiation program.

Initially, we performed regular Hi-C using in-nucleus ligation

(Figure 1A, right), which revealed >1,500 TADs with an average

size of approximately 420 kb at all three time points (see Table

S1 for overview of sequencing details). This number of TADs is

similar to that found in other cell types such as embryonic

stem cells (ESCs) (Figure 1B) (Battulin et al., 2015; Dixon et al.,

2015, 2012). Consistent with the proposed roles of the architec-

tural proteins MED1 and CTCF, ChIP-seq analysis revealed that

CTCF is enriched at TAD borders, whereas MED1 is enriched to-

ward the TAD center (Figure 1C). In contrast, SMC1 binds both in

the center of the TAD aswell as at the TAD boundaries in line with

the proposed dual role of cohesin at TAD borders and promoter-

enhancer interactions (Phillips-Cremins et al., 2013). Notably,

analyses of the direction of chromatin interactions around TAD

borders found in 3T3-L1 cells, ESCs, and cortex (Dixon et al.,

2012) revealed that the TAD borders identified in 3T3-L1 cells

are distinct from those observed in other cell types but remain

largely constant at 50 kb resolution during differentiation (Figures

1D–1G). This indicates that the higher-order chromatin organiza-

tion is preprogrammed in 3T3-L1 cells but remains relatively

invariant throughout differentiation.

PCHi-C Identifies Allele-Selective Promoter-Enhancer
Loops Regulating Allele-Selective Gene Expression
Having established that the higher-order chromatin architecture

at the level of TADs remains relatively constant during differenti-

ation, we sought to specifically delineate the dynamics of pro-

moter-anchored chromatin loops by PCHi-C. The capture array

enriched fragments containing at least one of >25,000 anno-

tated mouse promoters (Sahlén et al., 2015; Schoenfelder

et al., 2015), thereby allowing for genome-wide identification of

promoter-anchored chromatin loops at high resolution by mod-

erate sequencing depth.
n

tivated receptor g, PPARg; CCAAT/enhancer-binding protein, C/EBP; Kr€uppel-

ucer and activator of transcription, STAT; activator protein 1, AP-1.

ifferentiation and in embryonic stem cells (ESC) and cortex (Dixon et al., 2012)

ntified at day 2 of differentiation. TADs are scaled to the same size.

C, and cortex.

d later time points of differentiation/other cell types.

ex is a measure of the overall direction of the interactions at a given genomic

dicated above each heatmap is the same as in (D).

. DI, directionality index.
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Figure 2. PCHi-C Identifies Functionally Important Promoter-Anchored Chromatin Loops

(A) Example of the increase in coverage of promoter-anchored chromatin loops in PCHi-C compared to regular Hi-C at the Klf4 locus.

(B) Genome-wide differences in the number of significant promoter-anchored chromatin interactions called using Hi-C (called by HOMER; Heinz et al., 2010) and

PCHi-C (called by CHiCAGO; Cairns et al., 2016). Libraries have been subsampled to the same size.
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Two independent PCHi-C experiments with a total of 161–

236 million unique valid sequence tags involving at least one

promoter for day 0, 4 hr, and day 2 of 3T3-L1 differentiation

revealed a clear increase in the coverage of promoter-

anchored interactions compared to regular Hi-C (Figures 2A

and 2B) and allowed us to identify more than 290,000 pro-

moter-anchored chromatin loops at HindIII fragment resolution

(average size of around 4 kb). As expected, these interactions

are enriched within TADs, but many of them also span TAD

boundaries (Figure S1A). Almost all the detected promoter-

anchored interactions (98.5%) connect two HindIII fragments

on the same chromosome (cis interactions) (Figure S1B), and

50% and 80% of these cis interactions span distances of

less than 259 kb and 558 kb, respectively (Figure 2C). The

majority (181,093) of interactions involve promoters of pro-

tein-coding genes (Figure 2D).

Notably, the number of promoter-interacting regions (PIRs)

increases with the expression level of the gene (Figure 2E),

indicating an overall activating function of the identified pro-

moter-anchored chromatin loops for gene regulation. Consis-

tently, analysis of PIRs shows that these regions are enriched

for enhancer-associated features, as determined by ChIP-seq

of MED1, SMC1, and P300, compared with distance-matched

random regions (Figure 2F). This is in line with previous findings

in ESCs and liver cells (Cairns et al., 2016; Schoenfelder et al.,

2015) and indicates that many loops connect promoters and

their respective enhancers. In further support of this, PIRs are

enriched for previously identified eQTLs (Hasin-Brumshtein

et al., 2016; Javierre et al., 2016) that are functionally linked to

the same gene as the PIR compared to random distance-

matched regions (Figure 2G and examples in Figure 2H).

Importantly, by taking advantage of single nucleotide variants

(SNVs) in PIRs and their connected promoters in 3T3-L1 cells,

we demonstrate that allele-selective promoter-anchored chro-

matin loops are enriched for promoters driving allele-selective

gene expression as determined by mRNA-seq (Figure 2I and

examples in Figure 2J). Taken together, these analyses

indicate that promoters loop to functionally important enhancers

and demonstrate that differences in looping strength between al-

leles are associated with allele-selective gene expression in

differentiating 3T3-L1 preadipocytes. This supports a functional
(C) Cumulative percentage of promoter-anchored interactions spanning different

(D) All cis interactions identified by PCHi-C spanning %1 Mb are divided into g

teractions, whereas P-G denotes promoter-genome (non-promoter) interaction

genes). In these cases, all interactions associated with that bait are assigned to

(E) Average number of interactions per promoter for genes with different express

(F) Fraction of promoter-interacting regions (PIRs) and random HindIII fragments

P300. SD is indicated by error bars.

(G) Fraction of PIRs and random HindIII fragments that overlap previously identifi

(H) Two examples of previously identified eQTLs and the expression of their targ

identified in 3T3-L1 cells between the eQTL and their target gene promoters.

(I) Fraction of imbalanced promoter-anchored chromatin loops (FDR-adjusted P%

distance-matched HindIII fragments (Rand) that connect to promoters driving imb

expression). SD is indicated by error bars.

(J) Examples of the association between allele-selective formation of promoter-a

Cdkn2b locus. Numbers to the left indicate normalized read counts in input DNA

PCHi-C data for the two alleles. Bar plot to the right shows the normalized read

formation and gene expression are based on reads spanning the indicated SNPs

424 Molecular Cell 66, 420–435, May 4, 2017
gene regulatory role of the identified promoter-anchored

interactions.

PCHi-C Reveals Dynamic Rewiring of Chromatin Loops
To determine the degree of plasticity of chromatin interactions

identified by PCHi-C during differentiation, we subdivided all in-

teractions based on the change in interaction strength as deter-

mined by tag counts (Figure 3A). Interestingly, 57.6% and 25.2%

of the identified interactions change at least 1.5- or 2-fold,

respectively, during the first 2 days of differentiation, with a

similar proportion of interactions increasing and decreasing in

strength. The same degree of plasticity was found when only

analyzing promoter-interacting regions linking promoters to

distal regions with enhancer features (i.e., MED1, SMC1, P300)

as determined by ChIP-seq (Figure S1C).

To delineate the temporal dynamics of promoter-anchored

chromatin loops in an unbiased manner, we took advantage of

a recently described transformation of data series containing

three data points (Stavreva et al., 2015), which is based on the

color system hue-saturation-value (HSV) used in computer

graphics (Figure 3B). After HSV transformation of the PCHi-C

data (see STAR Methods), hue (i.e., the color tone spanning

�180� to 180�) describes the temporal profile of the interaction

strength, and the hue circle covers all possible temporal profiles

in an unbiasedmanner (Figure 3B). Saturation is ameasure of the

maximum fold change (log2), and value is a measure of the

maximum interaction strength (Figure 3B). Thus, HSV transfor-

mation makes strong and highly dynamic interactions appear

as bright, colorful points in the hue circle, whereas weak and

less dynamic interactions blend in with the background (see Fig-

ure 3 legend for more details).

The HSV transformation of PCHi-C data illustrates the rewiring

of promoter-anchored chromatin loops described above (Fig-

ure 3A) and reveals that the twomost prominent dynamic profiles

of interaction strength are: (1) interactions that are weak or

absent early in differentiation and strongest on day 2; and (2) in-

teractions with a transient profile that peaks at 4 hr (Figure 3C).

There are significantly more interactions with these temporal

profiles that change R1.5-fold in strength during differentiation

than is the case for all other interactions (Figure 3C, gray bars,

Padj % 0.05, Bonferroni corrected Z test). The promoters of fatty
genomic distances.

roups based on the type of interaction. P-P denotes promoter-promoter in-

s. Some baits contain multiple promoters (e.g., both non-coding and coding

both genes.

ion levels as determined by mRNA-seq at day 0.

(Rand) that overlap enhancers as defined by ChIP-seq of MED1, SMC1, and

ed eQTLs (Hasin-Brumshtein et al., 2016). SD is indicated by error bars.

et genes in hypothalamus (right boxplot). The arc indicates the chromatin loop

0.05) (i.e., interactions with allele-selective loop formation; Imbal.) and random

alanced genes (FDR-adjusted P% 0.05) (i.e., genes with allele-selective gene

nchored chromatin loops and allele-selective gene expression at the Mgp and

, whereas numbers on each loop indicate the normalized read counts in the

counts in the RNA-seq and input data for the two alleles. Allele-selective loop

in the PIR and an exon, respectively. Related to Figure S1.
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Figure 3. Dynamic Rewiring of Promoter-Anchored Chromatin Loops during 3T3-L1 Adipocyte Differentiation

(A) Fraction of interactions changing interaction strength as determined by tag counts during the course of differentiation.

(B) Schematic overview of hue-saturation-value (HSV) transformation. Hue spans�180� to 180� and describes the color tone in the HSV color system. In the HSV

transformation of PCHi-C data, hue assigns a specific color to each interaction that exactly describes the temporal profile of the interaction. The hue circle thus

contains all possible temporal interaction profiles in an unbiased manner. Saturation of the color is a measure of the maximum log2 fold change for the three time

points, and value is ameasure of themaximum interaction strength (based on tag counts) that determines the color brightness. In addition, the transparency of the

color was also determined by the maximum interaction strength, i.e., weak interactions have a high transparency, whereas strong interactions have a low

transparency. Strong and dynamic interactions are therefore represented as bright, colorful points, whereas weak or stable interactions are more white or black/

transparent.

(C) HSV transformation of the 181,093 cis interactions connected to protein encoding genes. Interactions are visualized in a hue circle, where the distance from

the center corresponds to the maximum log2 fold change. The histogram in the outer part of the circle shows the number of interactions in each bin that has a

maximum fold change R 1.5. *Dynamic interactions (fold change R 1.5) in the hue bin are enriched over all other hue bins, Padj % 0.05 (Bonferroni corrected

Z test).

(D and E) Examples of gene promoters enriched for transient (Id2) (D) and late (Fabp4) (E) interactions, respectively. Top left, all interactions involving the indicated

promoter are visualized in a hue circle. The number of interactions changed at least 1.5-fold in hue bins of 30� is indicated by bar plots. The number by the arrow

and the dashed line in each plot indicates the span of the y axis, which describes the number of interactions in each bin. The total number of interactions for each

gene is indicated below the gene name. Bottom left, overview of nearby interactions involving the indicated promoter. Right, virtual 4C analyses of nearby in-

teractions involving the indicated promoter. These domainograms visualize the actual strength of the identified interactions based on the tag counts connecting

the distal regions and the target promoter. Related to Figure S1.
acid binding protein 4 (Fabp4), which is a well-described adipo-

cytemarker (Bernlohr et al., 1984; Graves et al., 1991), and inhib-

itor of DNA binding 2 (Id2), which has been shown to regulate

early adipogenesis (Park et al., 2008), represent examples of

gene promoters enriched for interactions with these two major

temporal profiles (Figures 3D and 3E). Taken together, these re-

sults show a dynamic rewiring of promoter-anchored interac-

tions during adipocyte differentiation and suggest that there

are two major temporal profiles of reorganization of promoter-

anchored chromatin loops that are concurrent with the activation
of the first and second wave of adipogenic transcription factors,

respectively. The formation of transient promoter-anchored

chromatin loops at the 4 hr time point that are absent at day

2 is a particularly strong evidence of the plasticity of the 3D chro-

matin structure.

Rewiring of Chromatin Loops Is Coupled to Dynamic
Changes in Gene Expression
To investigate whether the dynamics of promoter-anchored

chromatin loops are coupled to changes in gene expression,
Molecular Cell 66, 420–435, May 4, 2017 425
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Figure 4. Gene Expression Dynamics Correlate with Changes in Strength of Nearby Interactions during 3T3-L1 Differentiation

(A) The enrichment/depletion of promoter-anchored interactions increasing and decreasing in strength (R1.5-fold), respectively, at genes induced or repressed

during the first 4 hr of differentiation is shown. Enrichment/depletion was calculated for interactions that span different genomic distances. Green and red colors

indicate significant enrichment/depletion (P % 0.05, hypergeometric test).

(B) Fuzzy c-means clustering ofmRNA-seq data fromday 0, 4 hr, and day 2 of 3T3-L1 differentiation for geneswith significant (Padj% 0.01) changes in expression.

Three of seven clusters are shown. The remaining clusters are shown in Figure S2B. Data are scaled and centered around 0. The dashed line indicates themean of

the cluster for each time point.

(C) Log2 enrichment/depletion of different interactions (spanning % 100 kb) anchored at the promoters of genes in each cluster illustrated in a hue circle. In-

teractions associated with genes in each cluster were divided into hue bins, and the enrichment/depletion of interactions was calculated as described in STAR

methods. Bins of 40� on the hue circle were moved 1� for each calculation of enrichment/depletion. The y axis spans �1 to 1 as indicated by the dashed lines.

Green and red colors indicate significant enrichment/depletion (FDR-adjusted P% 0.1, binomial test). The blue shaded window on the hue circle corresponds to

the range of dynamic changes in the gene expression cluster ± 10�, and the percentage of interactions falling in that window is indicated.

(legend continued on next page)
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we initially focused on correlating interaction dynamics with pro-

moter activity as determined bymRNA-seq during the first 4 hr of

differentiation (Figure 1A, right). We found a strong correlation

between changes in the strength of promoter-anchored chro-

matin loops and gene expression, i.e., induced genes are en-

riched for interactions that increase in strength and depleted

for interactions that decrease in strength and vice versa for

repressed genes (Figure 4A). Furthermore, changes in the

strength of promoter-anchored interactions can predict changes

in gene expression fairly well (Figure S2A), which is remarkable

given the high number of interactions that connect to each

gene promoter (Figure 2E).

To extend these findings to cover all the dynamic transitions

during the first 2 days of differentiation (i.e., day 0, 4 hr, and

day 2), we first identified the main temporal patterns of gene

expression during this time frame using fuzzy c-means clustering

of mRNA-seq data (Figures 4B and S2B). These gene clusters

are enriched for the expected GO categories, e.g., the later clus-

ter 1 and early cluster 2 are enriched for categories linked to fatty

acid metabolism and fat cell differentiation, respectively (Fig-

ure S2C). For each gene cluster, we calculated the enrichment/

depletion of dynamic interactions with different temporal profiles

(hues) spanning %100 kb compared to constitutive genes and

visualized this in a hue circle (Figures 4C and S2B). This analysis

shows that promoters in all seven clusters are significantly en-

riched and depleted for interactions with specific temporal pro-

files, demonstrating that dynamic promoters are associated

with dynamic chromatin loops in a non-random manner. Impor-

tantly, promoters in all clusters, especially promoters in clusters

1, 3, 4, and 7, are enriched for interactions with similar temporal

profiles as the gene expression in each cluster, e.g., promoters

of genes that are induced on day 2 (cluster 1) are significantly en-

riched for interactions that are strongest at that time point. This

general association between the temporal changes in gene

expression and promoter-anchored chromatin loops suggests

a functional importance of these interactions. However, all pro-

moter clusters also display enrichment of temporal interaction

profiles that do not match the gene expression pattern of the

cluster. For example, for the transient cluster 2, in addition to

observing enrichment of transient interactions, we also find

enrichment of interactions that are induced at 4 hr and main-

tained through day 2, showing that some chromatin loops persist

after the transient burst in gene activation. Taken together, this

shows that dynamic promoters are associated with a complex

but non-random repertoire of interactions, with the one general

observation that promoters in all clusters are significantly en-

riched for interactions with temporal profiles similar to the

changes in gene expression. The promoter-anchored interac-

tions for Pparg, T-Box 3 (Tbox3), and MAGE family member D2

(Maged2) provide representative examples of clusters 1 through

3, respectively (Figures 4D and 4E). The adipogenic cocktail

leads to transient induction of a wide range of transcription fac-

tors (e.g., High-mobility group AT-hook 2 [HMGA2], vitamin D re-
(D) Expression of representative genes from each cluster in (B).

(E) All interactions associatedwith the promoters of the respective genes in (D) visu

bar plots, and the span of the y axis is indicated by the number by the arrow and da

gene name. Related to Figure S2.
ceptor [VDR], c-Jun), many of which have been shown to pro-

mote or modulate adipogenesis (Siersbæk et al., 2012). The

compiled HSV plot of promoter-anchored interactions to genes

encoding transiently induced transcription factors demonstrates

enrichment for interactions with a similar profile (Figure S2D),

indicating that the transient induction of these important genes

is driven by dynamic chromatin looping. The above examples

demonstrate how HSV plots of chromatin interactions with spe-

cific promoters (Figure 4E) represent a useful visualization

method specifically highlighting the strongest andmost dynamic

interactions and their temporal profile. This can be used to pre-

dict which interactions/enhancers are likely to play the most dy-

namic role in transcriptional regulation of a given promoter in the

context of many constitutive or modestly changing interactions.

In addition to the interactions between promoters and distal

putative regulatory regions discussed above, we also identify

52,174 promoter-promoter interactions (Figure 2D), and these

also show profound dynamic changes during differentiation

similar to the interactions between promoters and non-promoter

regions (Figure S2E). Interestingly, genes that are brought into

close proximity by these promoter-promoter interactions are

more often co-regulated than would be expected by chance

(Figure S2F), indicating that these promoter-promoter interac-

tions may also be functionally important. Taken together, these

findings demonstrate that the dynamic changes in gene expres-

sion during the first 2 days of 3T3-L1 adipocyte differentiation are

linked to dynamic changes in promoter-anchored chromatin

loops with similar temporal profiles.

Rewiring of Promoter-Anchored Chromatin Loops Is
Coupled to Enhancer and Super-enhancer
Reprogramming
We showed above that PIRs are enriched for enhancers (Fig-

ure 2F). To investigate how changes in enhancer activity corre-

late with changes in interaction strength, we took advantage of

our MED1 ChIP-seq data during differentiation (i.e., day 0, 4 hr,

day 2, day 4, and day 7) (Figure 1A, right). We initially identified

a merged set of super-enhancers (Whyte et al., 2013) based on

MED1 ChIP-seq data from all time points. Interestingly, MED1

levels change significantly (P % 0.05) during differentiation at

practically all these super-enhancers (99%), and clustering of

theMED1 levels revealed five clusters with distinct temporal pro-

files (Figures 5A and 5B [clustering of day 0 through day 2] and

Figures S3A and S3B [clustering of day 0 through day 7]).

SMC1 binding shows similar dynamic changes as MED1 at all

super-enhancer clusters (Figure S3C), demonstrating a dramatic

and coordinated reprogramming of architectural proteins at su-

per-enhancers during differentiation. Importantly, all clusters

are enriched for binding of transcription factors that are active

during the stage of differentiation where the activity of the

super-enhancers peaks (Figure 5C; see Figure 1A for an over-

view of the temporal profile of transcription factor activity).

This is consistent with the finding that the reprogramming of
alized in a hue circle. The number of interactions in 30� hue bins is illustrated by

shed line. The total number of interactions for each gene is indicated below the
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Figure 5. Extensive Reprogramming of Super-enhancers Correlates with Rewiring of Associated Chromatin Loops and Dynamic Regulation

of Connected Genes

(A) Fuzzy c-means clustering ofMED1 levels in significantly (Padj% 0.05) changingmerged super-enhancers was performed (see STARMethods formore details).

Log2 fold change of MED1 binding is shown. Data are scaled and centered on 0. Dashed line indicates the mean of the cluster at each time point.

(legend continued on next page)
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super-enhancer during adipocyte differentiation is driven by the

sequential and cooperative action of multiple adipogenic

transcription factors (Siersbæk et al., 2011, 2014).

Importantly, we observe a strong correlation between the dy-

namics of MED1 binding at super-enhancers and the strength of

interaction with target promoter(s) (Figure 5D). For example, su-

per-enhancers that are established transiently at 4 hr are highly

enriched for interactions with a transient peak in interaction

strength at 4 hr, but greatly depleted for interactions with the

opposite pattern. Importantly, the expression patterns of genes

connected to super-enhancers within 100 kb from the promoter

are strikingly similar to the dynamics of MED1 binding to the

enhancer as well as the strength of the chromatin loops connect-

ing the enhancer and the promoter (Figure 5E). Genes connected

to dynamic super-enhancers include genes encoding key adipo-

genic transcription factors and metabolic enzymes, e.g., Pparg,

Cebpa,Cebpb, Fabp4, Lipoprotein lipase (Lpl), Pyruvate carbox-

ylase (Pcx), and Stearoyl-CoA desaturase 1 (Scd1). Similar

coupling of dynamic changes in enhancer activity and interaction

strength was found when analyzing all distal MED1 binding sites

(Figures S3D–S3F). Taken together, these findings indicate that

dynamic (super-)enhancers regulate their target genes, at least

in part, through dynamic formation of chromatin loops.

H3K27ac and Coactivators, but Not H3K4me1 and -2,
Are Good Predictors of Chromatin Loop Dynamics
A previous report has demonstrated that differences in

H3K4me1 levels between cell types can predict cell-type-spe-

cific chromatin loops (Dixon et al., 2015). To address the role

of different epigenomic marks in rewiring chromatin loops in

response to adipogenic hormones, we initially used a combina-

tion of DNase-seq (Siersbæk et al., 2011) and H3K4me1 and -2

ChIP-seq in preadipocytes (time point 0) and 4 hr after induction

of differentiation to define 9,505 putative enhancer regions that

are connected to a target promoter through chromatin looping

as determined by PCHi-C. These regions were further subdi-

vided based on changes in activity as determined by H3K27ac

(Figures S4A and S4B). As expected, regions with increased

H3K27ac levels (i.e., activated enhancers) in response to adipo-

genic hormones are significantly enriched and depleted at inter-

actions increasing and decreasing in strength, respectively

(Figure S4C). The opposite pattern of enrichment/depletion is

observed for regions with decreased H3K27ac levels. In

contrast, regions with constant H3K27ac levels are not signifi-

cantly associated with dynamic interactions. Interestingly, in

contrast to H3K27ac, the levels of H3K4me1 and -2 do not

change at activated or repressed enhancers engaging in pro-

moter-anchored loops (Figures S4A and S4B). This indicates
(B) The binary classification of the merged set of super-enhancers from (A) as s

during the first 2 days of differentiation.

(C) Enrichment/depletion of transcription factor (TF) binding in each super-enha

points of differentiation were obtained from Siersbæk et al. (2011), (2014), and S

(D) Log2 enrichment/depletion of promoter-anchored interactions involving the

Enrichment/depletion for each bin was calculated as described in STAR Metho

number by the dashed line in each plot indicates the span of the y axis. Green an

binomial test). The blue shadedwindow on the hue circle indicates the span of the

window is indicated.

(E) The expression profile (shown as normalized [Norm.] tags per kb) of genes co
that the H3K4me1 mark, although it has been reported to follow

cell-type-specific interactions (Dixon et al., 2015), is generally

not correlated with the rapid modulations of chromatin interac-

tions during 3T3-L1 differentiation.

These findings led us to investigate more directly how well

different factors known to play a role in transcriptional regulation

predict dynamic changes in chromatin loop formation. In addi-

tion to the epigenomic marks used above, we also included

the architecture proteins MED1 and SMC1 as well as the acetyl-

transferase P300, deacetylases HDAC2 and -3, and the core-

pressor NCoR, which is linked to recruitment of HDAC3 (Watson

et al., 2012). For each factor, we constructed a receiver oper-

ating characteristic (ROC) curve to investigate how well changes

in binding of that factor, as determined by ChIP-seq, predict

changes in chromatin loop formation (see STARMethods for de-

tails). In line with the findings above, H3K27ac is the best,

whereas H3K4me1 and -2 are the worst predictors of interaction

dynamics (Figures 6A and 6B). Consistent with this, <10% of the

dynamic interactions marked by H3K4me1 and -2 are associ-

ated with changes in the levels of H3K4me1 and -2 compared

to approximately 60% for H3K27ac (Figure 6C and Figure S4D).

Furthermore, whereas super-enhancers that are activated within

the first 4 hr of differentiation are associated with increased

levels of H3K27ac as well as coactivators and transcription fac-

tors, levels of H3K4me1 and -2 are constitutively high (Figures 6D

and S4E). Thus, although H3K4me1 and -2 may play important

roles in enhancer establishment, these marks do not seem to

play a major role in the rapid dynamic regulation of promoter-

enhancer interactions in response to pro-differentiation signals.

This suggests that rewiring of promoter-enhancer loops in

response to adipogenic hormones primarily occurs through

activation of poised enhancers that are pre-programmed by

H3K4me1 and -2 rather than through establishment of en-

hancers de novo.

Enhancer Activation, Loop Formation, and Gene
Activation Are Associated with Extensive Corepressor
Recruitment
The prediction analyses described above demonstrate that in

addition to H3K27ac, a change in binding of any of the three

coactivators (i.e., MED1, SMC1, and P300) or of any of the core-

pressors (i.e., HDAC2, -3, and NCoR) is also a fairly good predic-

tor of interaction dynamics, indicating that these factors may

play an important role in regulating promoter-enhancer loop

formation. This led us to investigate the direction of regulation

by these factors (Figure 6C). Surprisingly, the percentage of

binding sites involved in dynamic interactions, where there is

an equidirectional change in factor binding and chromatin loop
uper-enhancers (SE) or regular MED1 binding regions (RR) at each time point

ncer cluster compared to the other clusters. ChIP-seq data for different time

tep et al. (2014).

identified super-enhancers, which span %100 kb, is shown in a hue circle.

ds. Bins of 40� were moved 1� along the hue circle for each calculation. The

d red colors indicate significant enrichment/depletion (FDR-adjusted P % 0.1,

dynamic changes inMED1 binding (±10�). The percentage of interactions in that

nnected to super-enhancers in each cluster. Related to Figure S3.
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Figure 6. H3K27ac, Coactivators, and Corepressors, but Not H3K4me1/2, Can Predict Dynamic Promoter-Enhancer Interactions in

3T3-L1 Cells

(A) ROC curves for prediction of the dynamics of chromatin loops were constructed for each factor/mark by determining true and false positive rates at various

thresholds for the fold change in ChIP signal. Only interactions associated with ChIP-seq signal for the investigated factor are included in the analyses. The 4 hr

ChIP-seq samples for the histone marks (i.e., H3K4me1, H3K4me2, and H3K27ac) were published previously (Siersbæk et al., 2014), and the ChIP-seq on day

0 for these marks reported here were performed in parallel with these previously published samples.

(B) Area under the curve for the ROC curves in (A). Error bars denote the 95% confidence interval. *P % 0.05, bootstrapping.

(legend continued on next page)
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formation (i.e., binding and interaction strength change in the

same direction), is high for both corepressors and coactivators

(i.e., 40%–70%). Similarly, the percentage of sites with antidirec-

tional change is low for both classes of coregulators (i.e., approx-

imately 10%–20%). This indicates that recruitment of corepres-

sors, similar to recruitment of coactivators, is associated with an

increase in promoter-anchored chromatin looping.

To investigate the role of coregulators in rewiring promoter-

anchored chromatin interactions in more detail, we first con-

structed a composite score for changes in binding of corepres-

sors (i.e., HDAC2, -3, and NCoR) and coactivators (i.e., MED1,

SMC1, and P300). This composite score provides a general

measure of binding dynamics of these two distinct classes of

coregulators (see STAR Methods for more details). Consistent

with the findings above, when analyzing all regions bound by

at least one coregulator on at least one time point, we find a

strong direct correlation between the composite scores of core-

pressors and coactivators (Figures 7A and S5A), e.g., 20,437 out

of 20,709 (98.7%) regions that gain binding of all three coactiva-

tors also gain binding of all three corepressors (Figure S6A). This

direct correlation between the dynamics of corepressor and

coactivator binding is also evident when analyzing individual

corepressor/coactivator pairs (Figure S6B). Importantly, the dy-

namics of corepressor/coactivator binding is associated with a

similar dynamic recruitment of transcription factors known to

play important roles during early adipocyte differentiation, e.g.,

C/EBPs, KLF4, and RXR (Figure S5B). Pairwise comparison of

changes in coregulator and transcription factor binding did not

reveal any specific associations between factors (Figure S5C),

indicating that the concerted action of these transcription factors

may be important for recruiting both coactivators and corepres-

sors to chromatin.

Consistent with the prediction analyses above, regions that

gain both corepressor and coactivator binding during the first

4 hr of differentiation are associated with promoter-anchored

loops that increase in strength, and vice versa for regions that

have decreased binding of corepressors and coactivators (Fig-

ure 7B). Importantly, the target genes connected to these shared

coactivator/corepressor binding regions through looping of the

intervening chromatin tend to be regulated similarly to the chro-

matin loops, i.e., genes connected to enhancers that gain both

corepressors and coactivators tend to be induced, whereas

those that loop to enhancers that lose coactivator and core-

pressor binding are generally repressed (Figure 7C). An example

of corepressor recruitment to an activated enhancer and

concomitant formation of a promoter-enhancer loop and gene

activation is shown forCebpb in Figure 7D. Consistent with these

findings, the binding of all investigated corepressors is highly

induced at the activated enhancers linked to the formation of

chromatin loops described in Figures S4A–S4C, similar to what

is observed for coactivators and transcription factors known to
(C) Bars indicate the fraction of dynamic interactions marked by the indicated ep

signal is constant (gray) or the ChIP-seq and PCHi-C signal change in the same dir

The number of analyzed interactions is indicated above each bar.

(D) Left, the average ChIP-seq signal around super-enhancers that are significa

adjusted to the same size. Input is included as a control. Right, the distributions o

Figure S4.
play important roles during early differentiation (Figure S7).

Furthermore, corepressor binding is highly induced in response

to adipogenic hormones at early activated super-enhancers

(Figure 6D), which activate target gene expression through the

formation of promoter-enhancer loops (Figures 5D and 5E).

Taken together, this suggests that corepressors may play an

important yet unrecognized role in gene activation by regulating

enhancer activation and chromatin loop formation. Furthermore,

it indicates that in this system acute loss of gene activity mainly

occurs through decommissioning of active enhancers rather

than active repression involving recruitment of corepressors.

DISCUSSION

The degree to which promoter-enhancer loops are hardwired in

the genome or change in response to signals in a given cell type

constitutes a major question in transcriptional regulation. The

few previous studies addressing this issue (Fullwood et al.,

2009; Ghavi-Helm et al., 2014; Jin et al., 2013; Pan et al., 2008;

Stavreva et al., 2015) have not provided a clear consensus on

the plasticity of chromatin loops. Here we have used the newly

developed PCHi-C (Schoenfelder et al., 2015) to assess looping

plasticity during differentiation of 3T3-L1 preadipocytes. We

demonstrate that the promoter-anchored chromatin loops are

rapidly reorganized in response to the differentiation cocktail

(Figure 7E), which is particularly striking considering that these

cells are already committed to become adipocytes. Thus, in

contrast to the preprogramming of chromatin loops described

previously (Ghavi-Helm et al., 2014; Jin et al., 2013), this indi-

cates that many promoter-anchored chromatin loops are not

hard-wired in the genome of a given cell type, but rather respond

in a highly dynamic manner to external stimuli. Importantly, we

demonstrate that these dynamic chromatin loops are coupled

with dynamic regulation of gene expression and enhancer activ-

ity. This indicates that dynamic rewiring of promoter-enhancer

loops is an important general mechanism linking reprogramming

of enhancer activity to changes in target gene expression. This is

consistent with a recent elegant study demonstrating that forced

looping of enhancers to promoters induces gene activation

(Bartman et al., 2016) as well as the finding from the present

study that allele-selective promoter-anchored chromatin loops

are associated with allele-selective gene expression from the

connected promoters.

In general, during the first 4 hours of differentiation we did not

observe dramatic changes in H3K4me1 and -2 levels at pro-

moter-anchored enhancers in response to adipogenic inducers,

whereas H3K27ac is highly dynamic at these regions. Thus,

acute enhancer activation in response to adipogenic inducers

appears to involve deposition of H3K27ac at already poised en-

hancers (i.e., regions pre-marked by H3K4me1) rather than de

novo establishment of enhancers. This is in line with the reported
igenomic marks or bound by the indicated coregulators, where the ChIP-seq

ection (equidirectional, green) or in opposite directions (antidirectional, brown).

ntly induced at 4 hr is shown as a line plot. The super-enhancers have been

f the signals within these super-enhancers are shown as boxplots. Related to
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Figure 7. Corepressors Are Recruited to Activated Enhancers that Control Gene Activation through Chromatin Loop Formation

(A) A composite score of changes in corepressor and coactivator binding was constructed by combining Z-transformed changes in ChIP-seq binding for three

corepressors (i.e., HDAC2, -3, and NCoR) and three coactivators (i.e., MED1, SMC1, and P300), respectively (see STARMethods for more details). The changes

in this combined measure of corepressor and coactivator binding during the first 4 hr of differentiation were visualized in a smooth scatterplot (see Figure S6B for

pairwise comparison of all corepressors and coactivators individually). The slope (a) and the Pearson correlation (R) are shown. All regions identified as a binding

site for at least one coregulator on at least one time point are included in the analyses.

(B and C) The scatterplot from (A) was subdivided into bins that were colored according to the mean fold change of the promoter-anchored interactions

associated with the corepressor/coactivator binding sites in each bin (B) or the mean fold change of the expression of the genes connected to the corepressor/

coactivator binding sites through chromatin loops (C). Only coregulator binding sites involved in promoter-anchored chromatin loops are shown.

(D) WashU screenshot ofCebpb and a connected enhancer. Binding of corepressors and coactivators to the enhancer as determined by ChIP-seq (bottom right),

promoter-enhancer chromatin loop formation as determined by PCHi-C (top), and Cebpb expression as determined bymRNA-seq (bottom left) in preadipocytes

(i.e., prior to induction of differentiation) and 4 hr after stimulation with the adipogenic hormone cocktail are shown. The height of the loop as well as the thickness

of the loop line indicates the strength of the promoter-enhancer interaction (top). Fold changes for interaction strength, corepressor/coactivator binding, and

expression level are indicated in vertical orientation.

(E) Proposed model of the mechanism controlling enhancer reprogramming and 3D reorganization during adipocyte differentiation. Related to Figures S5–S7.
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mechanism of enhancer activation during differentiation of ESCs

(Creyghton et al., 2010; Rada-Iglesias et al., 2011). Importantly,

we found that dynamic rewiring of promoter-enhancer loops is

linked to dynamic changes in H3K27ac, but not H3K4me1 and

-2. This is in striking contrast to the highly predictive value of

H3K4me1 for differential looping in ESCs compared to more

differentiated progenitor cell types (Dixon et al., 2015). Thus, it

appears that H3K4me1 and -2 may prime enhancers for interac-

tion with target promoters but that other marks, such as

H3K27Ac, are more closely linked to dynamic modulation of pro-

moter-enhancer loops.

It should be noted that many of the identified interactions con-

nect promoters and distal genomic regions that do not appear to

be marked by the known enhancer-associated coregulators

investigated here (i.e., MED1, SMC1, and P300), consistent

with recently reported findings (Cairns et al., 2016; Javierre

et al., 2016; Jin et al., 2013; Sanyal et al., 2012; Schoenfelder

et al., 2015). Although it cannot be excluded that some of these

interactions are false positives, this indicates that promoter-

anchored chromatin loops may form independently of these fac-

tors. Future studies to identify additional factors and marks con-

trolling promoter-anchored interactions will be of great interest.

Corepressors are usually associated with transcriptional

repression, e.g., by modulating the epigenomic landscape to

produce a repressive chromatin signature. In contrast to this

dogma, we demonstrate that recruitment of the well-known co-

repressors HDAC2, -3, and NCoR in preadipocytes in response

to adipogenic inducers is associated with enhancer activation,

the establishment of promoter-enhancer chromatin loops, and

gene activation (Figure 7E). Conversely, transcriptional repres-

sion in early 3T3-L1 differentiation is mainly associated with

decommissioning of enhancers. These findings indicate that co-

repressors such as NCoR and HDACs may play a previously un-

recognized role at enhancers during transcriptional activation. In

line with this, we have previously demonstrated that several co-

repressors, including HDAC1 and -2 aswell as NCoR and SMRT,

co-immunoprecipitate with C/EBPb (Siersbæk et al., 2014),

which plays a key role in transcriptional activation during early

adipocyte differentiation (Siersbæk et al., 2012). Based on the

striking correlation between the binding of both corepressors

and coactivators with that of pro-adipogenic transcription

factors, we propose a mechanism where pro-adipogenic tran-

scription factors are involved in recruiting both corepressors

and coactivators to activated enhancers (Figure 7E). These find-

ings are in striking contrast to a previous report on the role of

SMRT during 3T3-L1 differentiation, which showed that SMRT

binding is high in preadipocytes and that loss of SMRT upon

induction of differentiation is associated with gene activation

(Raghav et al., 2012). The reason for this discrepancy is currently

unclear, but it clearly warrants further mechanistic studies on the

role of corepressors at enhancer regions.

The finding that corepressors are recruited to activated en-

hancers that engage in activating promoter-enhancer loops

begs the question of what their functional role is at these regula-

tory regions. The most obvious hypothesis is that the corepres-

sors function as molecular brakes that prevent ‘‘over-activation’’

of enhancers and target genes, consistent with the proposed

role of HDACs at promoters (Wang et al., 2009). Alternatively,
recruitment of corepressors may be functionally important for

establishment of some active enhancers as has been described

previously for selected enhancers (Adikesavan et al., 2014; Pe-

terson et al., 2007).

In conclusion, we demonstrate a rapid rewiring of promoter-

anchored chromatin loops in response to adipogenic hormones.

This 3D reorganization of the chromatin is coupled to changes in

gene expression as well as dramatic reprogramming of (super-)

enhancer activity, which includes changes in H3K27ac, but not

H3K4me1 and -2marks. Furthermore, our data show that activa-

tion of adipogenic enhancers is associated with extensive

recruitment of corepressors as well as coactivators.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal MED1/TRAP220 antibody

(M-255)

Santa Cruz Cat#sc-8998; RRID: AB_2144021

Rabbit polyclonal SMC1 antibody Bethyl Laboratories Cat#A300-055A; RRID: AB_2192467

Rabbit polyclonal CTCF antibody Millipore Cat#07-729; RRID: AB_441965

Rabbit polyclonal P300 antibody (N-15) Santa Cruz Cat#sc-584; RRID: AB_2293429

Rabbit polyclonal HDAC2 antibody Bethyl Laboratories Cat#A300-705A; RRID: AB_533399

Rabbit polyclonal HDAC3 antibody (H-99) Santa Cruz Cat#sc-11417; RRID: AB_2118706

Rabbit polyclonal NCoR antibody Bethyl Laboratories Cat#A301-145A; RRID: AB_873085

Rabbit polyclonal H3K27ac antibody Abcam Cat#ab4729; RRID: AB_2118291

Rabbit polyclonal H3K4me1 antibody Abcam Cat#ab8895; RRID: AB_306847

Rabbit polyclonal H3K4me2 antibody Cell Signaling Cat#9726; RRID: AB_915839

Chemicals, Peptides, and Recombinant Proteins

Insulin Sigma-Aldrich I9278

Dexamethasone Sigma-Aldrich D4902

3-Isobutyl-1-methylxanthine Sigma-Aldrich I5879

Critical Commercial Assays

TruSeq Illumina mRNA prep kit Illumina RS-122-2001

HiSeq v4 Illumina SR sequencing kit

(mRNaseq/ChIPseq)

Illumina GD-401-4001

FC-401-4002

NEB ChIPseq prep kit Nielsen and Mandrup, 2014 Section 2.3

HiSeq v4 Illumina PE sequencing kit (for

HiC and PCHiC)

Illumina PE-401-4001

FC-401-4002

Quant-iT PicoGreen dsDNA Assay Kit Thermo Fisher Cat#P7589

SureSelectXT Custom 3-5.9Mb library Agilent Technologies 5190-4831

SSEL TE Reagement Kit, ILM PE full adaptor Agilent Technologies Cat#931108

Deposited Data

Raw and analyzed data This paper GEO: GSE95533

Experimental Models: Cell Lines

3T3-L1 ATCC Cat#CL-173; RRID:CVCL_0123

Software and Algorithms

HOMER Heinz et al., 2010 http://homer.ucsd.edu/homer/

Bedtools Quinlan and Hall, 2010 http://bedtools.readthedocs.io/en/latest/

ROSE package Lovén et al., 2013;

Whyte et al., 2013

http://younglab.wi.mit.edu/super_enhancer_

code.html

STAR aligner Dobin et al., 2013 https://github.com/alexdobin/STAR

DEseq2 Love et al., 2014 https://bioconductor.org/packages/release/bioc/

html/DESeq2.html

HiCUP Wingett et al., 2015 http://www.bioinformatics.babraham.ac.uk/

projects/hicup

CHiCAGO Cairns et al., 2016 http://regulatorygenomicsgroup.org/chicago

edgeR Robinson et al., 2010 https://bioconductor.org/packages/release/bioc/

html/edgeR.html

WASP van de Geijn et al., 2015 https://github.com/bmvdgeijn/WASP/

Platypus Rimmer et al., 2014 http://www.well.ox.ac.uk/platypus
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Susanne

Mandrup (s.mandrup@bmb.sdu.dk).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
Mouse 3T3-L1 cells (obtained fromATCC) were grown in Dulbecco’sModified Eagle’s Medium (DMEM, #52-100-021, GIBCO) supple-

mented with 10% calf serum (#B15-005, PAA) and 1% pen/strep (#DE 17-602E, Lonza). Cells were induced to differentiate two days

post confluency by addition of differentiation media (DMEM supplemented with 10% fetal bovine serum (#S 01 15, Biochrom) and 1%

pen/strep) supplemented with 1 mg/ml insulin (Sigma-Aldrich, I9278), 390 ng/ml dexamethasone (Sigma-Aldrich, D4902) and

1115 mg/ml 3-Isobutyl-1-methylxanthine (Sigma-Aldrich, I5879). Two days after induction of differentiation, fresh differentiation media

supplementedwith 1 mg/ml insulin were added. Fromday four and onward, differentiated cells weremaintained in differentiationmedia.

METHOD DETAILS

Crosslinking of cells for Hi-C and PCHi-C
Two biological replicates of approximately 50-80 millions of 3T3-L1 cells were crosslinked for 10 min by 2% formaldehyde in PBS at

different time points during the first two days of differentiation (day 0 (before stimulation with the adipogenic cocktail), 4 hr, and day 2).

Crosslinking was quenched by addition of 0.125M glycine. Cells were incubated at room temperature for 5 min and then on ice for

15min. Crosslinked cells were washed once in cold PBS, and the cell pellets were flash frozen in liquid nitrogen and stored at�80�C.

Hi-C library preparation
Hi-C library generation was carried out with in-nucleus ligation as described previously (Nagano et al., 2015). Briefly, chromatin was

digested over night by HindIII enzyme in NEBuffer 2. Digested ends were filled in using biotinylated d-ATP and ligated in preserved

nuclei. Chromatin was then de-crosslinked and purified by phenol-chloroform extraction. DNA concentration was measured using

Quant-iT PicoGreen (Life Technologies), and 50 mg of DNA was sheared to an average size of 400 bp, using the manufacturer’s in-

structions (Covaris). The sheared DNAwas end-repaired, adenine-tailed and double size-selected using AMPure XP beads to isolate

DNA ranging from 250 to 550 bp. Ligation fragments marked by biotin were immobilized using MyOne Streptavidin C1 DynaBeads

(Invitrogen) and ligated to paired-end adaptors (Illumina). The immobilized Hi-C libraries were amplified using PE PCR 1.0 and PE

PCR 2.0 primers (Illumina) with 7–8 PCR amplification cycles.

Biotinylated RNA bait library design
39,021 biotinylated 120-mer RNA baits were designed to the ends of HindIII restriction fragments that overlap 25,747 Ensembl-an-

notated promoters of protein-coding, noncoding, antisense, snRNA, miRNA and snoRNA transcripts (Schoenfelder et al., 2015). A

target sequence was accepted if its GC content ranged between 25% and 65%, the sequence contained no more than two consec-

utive Ns and was within 330 bp of the HindIII restriction fragment terminus.

PCHi-C
Capture Hi-C of promoters was carried out with SureSelect target enrichment (SureSelectXT Custom 3-5.9Mb library described

above), using the custom-designed biotinylated RNA bait library and custom paired-end blockers according to the manufacturer’s

instructions (Agilent Technologies). Between 500 ng to 1 mg of Hi-C library were captured. After library enrichment, a post-capture

PCR amplification step was carried out using PE PCR 1.0 and PE PCR 2.0 primers with 4 PCR amplification cycles.

Hi-C and PCHi-C Sequencing
Hi-C and PCHi-C libraries were sequenced on the Illumina HiSeq2500 platform using HiSeq v4 Illumina PE sequencing kit according

to the manufacturer’s instructions. Different sequencing lanes per PCHi-C library and per Hi-C library were used in order to obtain

similar number of valid reads.

Hi-C and PCHi-C sequence alignment
Raw sequencing reads were processed using the HiCUP pipeline (Wingett et al., 2015), which maps the positions of di-tags against

the mouse genome (NCBIM37), filters out experimental artifacts, such as circularized reads and re-ligations, and removes all dupli-

cate reads. See Table S1 for an overview of Hi-C and PCHi-C sequencing depth.

ChIP-seq
Chromatin immunoprecipitation combined with deep sequencing (ChIP-seq) was performed essentially as described previously

(Nielsen and Mandrup, 2014). Two biological replicates (i.e., different differentiations) were done for each factor.
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Crosslinking

For MED1/TRAP220, SMC1, P300, HDAC2, HDAC3 and NCoR ChIP-seq: Cells were crosslinked by 2 mM disuccinimidyl

glutarate (DSG) for 20-30 min at RT followed by 1% formaldehyde for 10 min at RT. Crosslinking was quenched by addition

of 0.125M glycine for 10 min. For CTCF and histone mark ChIP-seq: Cells were crosslinked in formaldehyde only as described

above.

Sonication and immunoprecipitation

For MED1/TRAP220, SMC1, CTCF and histone marks: Crosslinked cells were scraped in ChIP lysis buffer (0.1% SDS, 1% Triton

X-100, 0.15M NaCl, 1mM EDTA, 20mM Tris, pH = 8) and sonicated for 40 cycles (approximately 10-12 million crosslinked cells in

1.5 mL lysis buffer was sonicated in 15 mL tubes, 30 s on, 30 s off, maximum intensity) in a Bioruptor (Diagenode). For P300,

HDAC2, HDAC3 and NCoR: Crosslinked cells were scraped in high SDS lysis buffer (1% SDS, 20mM EDTA, 50mM Tris, pH = 8)

and rotated 2h at 4�C to release nuclei. A buffer change was done on pelleted nuclei to the ChIP lysis buffer described above before

sonication for 7 cycles (nuclei from approximately 10-12million crosslinked cells in 0.3 mL lysis buffer was sonicated in 1.5 mL tubes,

30 s on, 30 s off, maximum intensity) in a Bioruptor (Diagenode). Immunoprecipitation was performed overnight using specific

antibodies as described below. After washing, IP’ed chromatin was decrosslinked overnight at 65�C, and DNA was purified by

phenol-chloroform extraction. Libraries were prepared from the purified DNA using the NEB ChIPseq prep kit, and samples were

sequenced according to the manufacturer’s instructions (HiSeq v4 Illumina SR sequencing kit).

Antibodies

The following antibodies were used: MED1/TRAP220 M-255 (Santa Cruz, sc-8998), SMC1 (Bethyl Laboratories, Inc; A300-055A),

CTCF (Millipore, 07-729), P300 (Santa Cruz, sc-584), HDAC2 (Bethyl Laboratories, Inc; A300-705A), HDAC3 (Santa Cruz, sc-

11417), NCoR (Bethyl Laboratories, Inc; A301-145A), H3K27ac (Abcam, ab4729), H3K4me1 (Abcam, ab8895), H3K4me2 (Cell

Signaling, 9726). The 4h samples for H3K4me1, H3K4me2, and H3K27ac have been published previously (Siersbæk et al., 2014).

The IP and sequencing of the corresponding day 0 samples published here were performed in parallel with the 4h samples. See Table

S1 for an overview of ChIP-seq sequencing depth.

mRNA-seq
RNA was harvested at different time points of differentiation in Isol-RNA lysis reagent (5 PRIME). Libraries were prepared from pu-

rified RNA (TruSeq Illumina mRNA prep kit) and sequenced according to the manufacturer’s instructions (HiSeq v4 Illumina SR

sequencing kit). Two different biological replicates were done (i.e., different differentiations). See Table S1 for an overview of

mRNA-seq sequencing depth.

QUANTIFICATION AND STATISTICAL ANALYSIS

Topological associating domains (TADs)
Directionality index was calculated using HOMER scoring interactions within 1Mb at a resolution of 50kb using a 5kbmoving window

(analyzeHiC –boundary 1000000 –superRes 50000 –res 5000). Biased regions were defined as stretches of at least 10 bins with either

up- or downstream bias in the entire region and higher absolute bias than 0.5 in at least one bin. Type 1 (T1) boundaries were defined

as the start of the bin that transitions between an up- and a downstream biased region, and type 2 (T2) as the start of the bin that

transitions between a down- and an upstream biased region. Topological association domains (TADs) were defined as regions

that start at a T1 boundary (T1A), crosses a T2 boundary and end at a T1 boundary (T1B). Any TAD with upstream bias between

T1A and T2, or downstream bias between T2 and T1B were discarded. The start and end of TADs were defined as the bin with

the maximal downstream bias in the region between T1A and T2 and the bin with the maximal upstream bias in the region between

T2 and T1B, respectively.

HSV transformation of PCHi-C data
All significant interactions identified by CHiCAGO (Score R 5 in at least one condition) were filtered in multiple steps. First, all trans

interactions were discarded. Second, interactions spanning more than 1Mbwere discarded. Third, baited ultra-conserved elements

were discarded. Fourth, all promoter-promoter interactions were discarded. Fifth, all interactions from non-protein-coding promoters

were discarded. Finally, interactions with one of the interacting regions located in regions on chromosome 10 that are amplified in

3T3-L1 cells (chr10:106613366-107858706 and chr10:116174799-118176364) were removed. The tag counts of the remaining

181,093 interactions were TMM normalized using edgeR (Robinson et al., 2010). This procedure yields the normalized tag count

for each time point (Xt). The value (V) was defined as the maximal Xt across all time points.

V =maxt ðXtÞ
The saturation (S) is indicative of the maximal fold change between any time points, and was defined such that S ∙ V = max – min:

S= 1�mint ðXtÞ
V
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Finally, the hue (H) is indicative of the temporal shape, and was calculated by:

H=

�
2+

X0 +X4 � X48 � V

V,S

�
,60,

X4 � X0

jX4 � X0 j
For illustration purposes, the values of V and S were scaled between 0 and 1 in steps of 0.01 based on rank.

mRNA-seq analyses
mRNA-seq readsweremapped to the genome using STAR (Dobin et al., 2013) and significantly changing genes (Padj% 0.01; P value

adjusted by FDR) were identified by DESeq2 (Love et al., 2014) after normalizing each library to number of reads in all protein-encod-

ing genes. Fuzzy c-means clustering was performed in R (R Core Team, 2013) to identify robust temporal patterns of gene expres-

sion. A gene was accepted into the cluster that provided the strongest membership score, given that each replicate also had the

strongest membership score to the same cluster and that the membership score was above 0.3 for the averaged replicates, and

above 0.2 for each replicate.

ChIP-seq analyses
50 bp reads were mapped to the genome using STAR (Dobin et al., 2013), and subsequent analyses were performed using a combi-

nation of HOMER (Heinz et al., 2010), bedtools (Quinlan and Hall, 2010) and R (R Core Team, 2013). Peak calling was done by HOMER,

and significantly changing binding sites (Padj% 0.05)were identifiedbyDEseq2 (Love et al., 2014) after normalizing each library to 10M

tags. Transcription factor ChIP-seq and input data were obtained from (Siersbæk et al., 2011, GEO: GSE27826; Siersbæk et al., 2014,

GEO: GSE56872; Step et al., 2014, GEO: GSE56745).

Calling super-enhancers based on MED1 ChIP-seq data
To only focus on robust MED1 binding sites, we filtered the MED1 binding sites that were identified by HOMER (Heinz et al., 2010)

(parameters: -center –size 200 –F 4 –L 4 –fdr 0.0001 –localSize 20000) using a tag count cutoff as previously described (Siersbæk

et al., 2014), i.e., peaks of 400 bp should have a tag count of at least 24 tags after normalization of library size to 10M tags. Further-

more, only those binding sites identified in both biological replicates were used in subsequent analyses. Filtered MED1 binding re-

gions within 12.5 kb were merged using bedtools (Quinlan and Hall, 2010), and super-enhancers were called on each time point of

differentiation (i.e., day 0, 4h, day 2, day 4, and day 7) using the ROSE package (Lovén et al., 2013; Whyte et al., 2013). Only those

regions that were called as super-enhancers in both biological replicates were kept as true super-enhancers. Overlapping super-en-

hancers from different time points were merged by bedtools (Quinlan and Hall, 2010), tag counts in these merged super-enhancers

were determined by HOMER (Heinz et al., 2010), and significantly changing enhancers (Padj% 0.05) were identified by DEseq2 (Love

et al., 2014). Read counts for these enhancers were subjected to fuzzy c-means clustering in R (R Core Team, 2013). An enhancer

was accepted into the cluster that gave the strongest membership score, given that each replicate also had the strongest member-

ship score to the same cluster and that the membership score was above 0.3 for the averaged replicates and above 0.2 for each

replicate. For clustering of super-enhancers across only D0, 4h and D2, the enhancers were further trimmed out of clusters if the

hue of the enhancer varied more than 20� from the hue of the cluster center.

Calculating enrichment/depletion of interactions at enhancers and gene promoters
Enrichment/depletion of interactions with different temporal profiles at gene promoters in the seven mRNA-seq clusters was calcu-

lated as follows. For a defined hue window, the number of interactions connected to genes in a specific cluster as well as interactions

connected to the promoters of constitutively expressed genes was determined, and the fraction of those interactions connected to

genes in the specific cluster was calculated. The same fraction was calculated for interactions outside the defined hue window.

Enrichment/depletion in the defined huewindowwas then calculated as the ratio of these fractions. This produces enrichment/deple-

tion values that indicate whether interactions for a given cluster more often have a specific temporal profile compared to other profiles

and constitutive genes. Hue windows of 40� were used, and they were moved 1� around the hue circle for each enrichment/

depletion calculation. Only interactions spanning % 100 kb were included in the analyses. The enrichment/depletion of interactions

at (super-)enhancers was calculated in a similar manner. For super-enhancers, these calculations were performed at the levels of

enhancer constituents, i.e., individual enhancers within larger super-enhancer regions. For a defined hue window, the number of in-

teractions connected to any of the clustered enhancers was determined and the fraction connected to a specific cluster was calcu-

lated. The same fraction was calculated for interactions outside the defined hue window and the enrichment/depletion in the defined

hue window was calculated as the ratio of these fractions. The rolling hue window was the same as described above for the gene

clusters and only interactions spanning% 100 kb were included in the analyses. Binomial tests and subsequent FDR correction (us-

ing fdrtool in R) was used to identify significantly enriched/depleted hue windows, i.e., interaction profiles (FDR-adjusted P % 0.1).

Prediction of dynamic chromatin loops
Corepressor or coactivator peakswere identified over input usingHOMER (findPeaks: –size 200 –F 4 –L 4 –fdr 0.0001 –localSize 20000).

Broad regions enriched for histone mark occupancy were identified and centered on the most likely nucleosome-free region using

HOMER (findPeaks: –region –size 500 –minDist 1000 –nfr –F 4 –fdr 0.0001). The centered broad regions were resized to 500 bp,
Molecular Cell 66, 420–435.e1–e5, May 4, 2017 e4



and all histone mark and cofactor peaks were merged into a master peak list. Tags were counted and normalized to a total of 10 million

tags using HOMER for all cofactors (annotatePeaks: –size 500) and all histone marks (annotatePeaks: –size 5000). The mean of repli-

cateswas calculated and log2 fold changes (LFC) (using 0.25 as a pseudo-count) were calculated for each cofactor or histonemark. The

master peak list was overlapped with all PIRs for interactions spanning 250kb or less. The interactions from each PIR fragment were

classified as either induced (LFC R log2 (1.5)), repressed (LFC % -log2 (1.5)) or constitutive (jLFCj < log2 (1.5)). All PIR fragments

with constitutive or both induced and repressed interactions were discarded. For each cofactor or histone mark, the dynamics of

the chromatin loops were predicted based on the LFC of the cofactor or mark using the pROC package in R (Robin et al., 2011).

Composite corepressor and coactivator scores
Corepressor or coactivator peaks were identified over input using HOMER (findPeaks: –size 200 –F 4 –L 4 –fdr 0.0001 –localSize

20000) and subsequently merged into a master peak list. Tags were counted and normalized to a total of 10 million tags for all co-

repressors and coactivators in these regions using HOMER (annotatePeaks: –size 500). The mean of replicates was calculated.

Weak (%20 tags / 10 million in the sample with highest occupancy) and clonal (R100 tags / 10 million in the sample with lowest oc-

cupancy) peaks were discarded. Subsequently, log2 fold changes (using 0.25 as a pseudo-count) were calculated for each cofactor.

The log2 fold changes (LFC) for each cofactor (f) were transformed by standard methods to obtain a factor-specific score (SF):

SF =
LFCF � LFCFbsLFCF

A composite score was calculated by summation of scores from cofactors belonging to each class (C) of cofactors (i.e., coacti-

vators or corepressors):

SC =
X
FHC

SF

Allele-specificity of interactions
Promoter-capture reads from the day 0 samples were aligned and quality-filtered using the standard HiCUP pipeline (Wingett et al.,

2015),butnotdeduplicated.mRNA-seq readsand input reads (owndata (GSE27826)combinedwithmanyother sources:ArrayExpress:

E-MTAB-2537 and E-MTAB-1031; GEO: GSE73432, GSE41455, GSE21365, GSE17067, GSE21898, GSE56745, GSE73434,

GSE50934, GSE33821, GSE49423, GSE48345) were mapped using the STAR aligner (Dobin et al., 2013). All reads were deduplicated

using randomselectionwithout considering themappingscore.This is tocircumvent the inherentbias frommoststandarddeduplication

programs, which keep random reads among the oneswith the highest mapping score. The highest mapping score will be found among

reads mapped to the reference genome without SNVs, thus biasing the dataset toward the reference genome. From the collapsed

PCHi-C and RNA-seq reads, we identified SNVs using Platypus (Rimmer et al., 2014). The SNVs were filtered for sufficient coverage

in input data (more than 5 reads covering the SNV). Furthermore, for PCHi-C, we only included SNVs found in either end of significant

interactions at day 0, and for RNA-seq, we only included SNVs found in exons. We used the re-mapping approach fromWASP (van de

Geijn et al., 2015) to control the mapping bias. Using WASP, we tested for allele-selective interactions by testing the allele-balance of

reads spanning each interaction and overlapping a specific SNV against the input reads overlapping the same SNV. We tested for

allele-selective gene expression by testing the allele-balance of reads spanning SNVs in exons against the input reads overlapping

the same SNV. We performed filtering based on blinded variance across both input and either mRNA-seq or PCHi-C data, and

FDR-adjusted the P values (using fdrtool in R). To test the enrichment of imbalanced interactions (FDR-adjusted P% 0.05) connected

to imbalanced genes (FDR-adjusted P % 0.05), we performed 100 permutations of selecting distance-matched (+/� 1%) random

interactions for each allele-imbalanced interaction and calculated the enrichment of these to the same set of imbalanced genes.

eQTL analysis
We extracted cis-eQTL data from the hypothalamus of mice (Hasin-Brumshtein et al., 2016) and lifted the positions from mm10 to

mm9. We filtered the eQTLs to a maximal range of 1Mb (same as the interactions included in the analysis) and kept only the most

significant eQTL for each gene. To test the enrichment of eQTLs within interactions connected to the affected gene, we performed

1000 permutations of re-assigning each interaction to a random gene and calculated the enrichment of eQTLs targeting these

randomly selected genes.

DATA AND SOFTWARE AVAILABILITY

Data availability
The accession number for the sequence data reported in this paper is GEO: GSE95533.

Code availability
Stand-alone R scripts for full reproduction of main and supplemental figures are publicly available at https://github.com/JesperGrud/

PCHiC_3T3L1/.
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