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SUMMARY

Recent studies have advanced understanding of chromosomal organization and its role in gene regulation, 

yet most analyses focus on short-range interactions (<2 Mb), limiting insight into broader architecture. The 

relationships between topologically associating domains (TADs), sub-TAD loops, cross-TAD interactions, 

and chromosomal compartmentalization remain poorly understood. Here, using high-resolution Hi-C anal

ysis, we identify extensive multi-megabase and interchromosomal interactions (metaloops) in T lymphocytes 

that organize into meta-TAD associations (metadomains). These metaloops connect distal promoters and 

regulatory elements of genes functionally important in T cells, including Ctla4, Ikzf2, Il2ra, Ets1, and Foxo1. 

Reanalysis of mouse and human datasets confirms their reproducibility and dependence on superenhancers. 

Genome-wide clustering reveals three distinct interchromosomal hubs, including a superenhancer-enriched 

hub linked to T cell-specific gene activation. Integrative analysis of regulatory genomics data identifies fac

tors associated with short- versus long-range interactions. This study introduces a broadly applicable 

computational framework and reveals features of T cell genome organization.

INTRODUCTION

Advances in genomic, imaging, biochemical, and computational 

methods have provided crucial insights into the spatial organiza

tion of chromatin.1–6 Chromosomal architecture in mammalian 

cells spans multiple scales. Chromatin contacts ranging from a 

few to several hundred kilobases (Kb) capture enhancer-pro

moter (E-P) interactions, CCCTC-binding factor (CTCF)- and 

cohesin-mediated loops, and interactions between tethering el

ements. Topologically associating domains (TADs), spanning 10 

Kb to over a megabase (Mb), are regions where chromatin inter

actions are more frequent within the domain than with regions 

outside the domain, thereby constraining local genomic interac

tions and regulatory specificity. At the largest scale, A/B com

partments segregate the genome into transcriptionally active 

(A compartment) and inactive (B compartment) regions, and 

chromosomes organize into territories.7 While these hierarchical 

features have been extensively described, an integrative model 

that links them across scales remains elusive, limiting our 

ability to dissect the relative contributions of local versus global 

chromatin organization to gene regulation. Recent findings 

further challenge the canonical hierarchy of genome architec

ture. In Drosophila, specific functional E-P metaloops spanning 

multiple Mbs have been shown to cross TADs and compartment 

boundaries.8 In mammalian olfactory neurons, a specialized 

interchromosomal hub enables stochastic activation of a single 

olfactory receptor gene from among ∼20 ‘‘Greek island’’ loci 

dispersed across the genome.9,10 These examples suggest 

that E-P contacts can defy local topological constraints and 

assemble into large-scale spatially organized hubs, particularly 

in differentiated cells with stringent regulatory demands, such 

as neurons.8,11–16 However, data capturing such intermediate- 

and long-range interactions in physiologically relevant primary 

cells remain scarce, owing to cellular and tissue heterogeneity, 

limited cell numbers, and other confounders. Although several 

studies have characterized selected examples of functionally 

important long-range genomic interactions,17–22 there is a lack 

of data and tools for comprehensive genome-wide characteriza

tion of such features in functional primary cells within a spectrum 

of differentiation states and biological contexts.
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Cells of the adaptive immune system offer unique opportu

nities for studying fundamental principles of gene regulation 

and chromosomal organization in vivo.23,24 Immune cells un

dergo activation, expansion, and diversification upon their differ

entiation into distinct, yet related and well-defined functional 

states, and undergo profound changes in gene expression dur

ing these processes. Additionally, they are amenable to highly 

efficient and stringent subset-specific isolation, aided by a rich 

armamentarium of genetic markers. In this study, we focused 

on two functionally opposing subsets of CD4+ T cells, ‘‘conven

tional’’ T (Tcon) cells that facilitate multifaceted pro-inflammatory 

immune responses, and regulatory T (Treg) cells, a specialized 

lineage with immunosuppressive function. The identity and func

tion of Treg cells are defined by the highly restricted and stable 

expression of their lineage-specifying transcription factor (TF) 

Foxp3. Numerous studies have explored the regulatory geno

mics of Tcon and Treg cell differentiation and function.25–28 While 

recent studies have reported Treg cell-specific looping and chro

matin remodeling and suggested a role of Foxp3 alongside other 

TFs in Treg chromatin organization,29–33 precise roles of these 

factors across different layers of chromatin organization remain 

incompletely understood, in part due to the limited resolution 

of existing Hi-C and HiChIP data and the lack of computational 

tools suited to characterizing intermediate- and large-scale 

chromatin structures.

To address this, we developed a computational pipeline for 

the analysis of Hi-C data at large genomic scales and applied 

it to the Hi-C data in Tcon and Treg cells. We first identified 

shared and cell-type-specific TADs and local (<2 Mb) genomic 

interactions at 5 Kb resolution and observed their association 

with gene expression. To investigate global features of chro

matin architecture, we analyzed Hi-C data at 250 Kb resolution. 

We found that TADs surrounding certain cell-type-specific genes 

had differential Hi-C interactions across entire chromosomes. To 

estimate the functional relevance of these interactions, we 

generalized the activity-by-contact (ABC) model of E-P regula

tion and found that including long-range (>2 Mb) and interchro

mosomal interactions significantly improved the prediction of 

cell-type-specific gene expression.34,35

Thus, we set out to investigate features of chromosomal orga

nization across different scales beyond conventional analysis 

of local loops, TADs, or A/B compartments. Our systematic 

analysis revealed thousands of multi-Mb-long and interchromo

somal interactions between 250 Kb genomic regions, anchored 

by specific focal contacts between 5 Kb regulatory sites, similar 

to recently described metadomain and metaloop genomic inter

actions in Drosophila and the Greek islands in neurons.8,9 These 

interactions frequently connect promoters and enhancers of 

genes with a well-established functional importance in Treg and 

Tcon cells, including Ikzf2, Ctla4, Cd28, Icos, Il2ra, Lef1, Ets1, 

Runx1, Bach2, Foxo1, and others. Reanalysis of published Hi-C 

and HiChIP data confirmed reproducibility of the metadomain in

teractions across studies in both mouse and human. Many meta

domains linked T cell superenhancers (SEs), although not all SEs 

engaged in interactions with equal strength.

Genome-wide clustering of these interactions revealed multi

ple chromosome-wide and three distinct interchromosomal 

metadomain hubs. Each interchromosomal hub was enriched 

for specific active and repressive histone marks, suggesting 

they represent functionally and physically distinct subnuclear 

structures.36–38 While one active metadomain hub was associ

ated with broad gene activation across many cell types, the other 

active hub was highly enriched for T cell-specific SEs and 

genes.28,39 Reanalysis of published Hi-C data following SE dele

tion demonstrated that this T cell-specific hub depended on SEs, 

suggesting that SEs may mediate long-range metadomain inter

actions.18 By building a compendium of the Hi-C data across 

T cell subpopulations, we achieved 5 Kb resolution and identified 

E-P metaloop interactions spanning Mbs. Integrative multi-omic 

analysis further implicated distinct regulatory factors in short- 

range looping versus long-range metalooping.

Together, these results suggest a heterogeneous landscape of 

functional chromatin interactions in primary T cells, with a high 

prevalence of focal E-P loop and metaloop interactions and 

higher-order metadomain interactions occurring at all distance 

scales and between chromosomes. This work bridges our un

derstanding of compartmentalization, transcriptional hubs, and 

local sub-TAD E-P interactions. Our analytic approach is gener

ally applicable to the analysis of datasets across different cell 

types and experimental systems, and the associated software 

and results are shared via public repositories to facilitate future 

research using these methods.

RESULTS

Cell-type-specific local and global chromatin 

organization in Tcon and Treg cells

To study chromatin architecture in T cells, we generated Hi-C 

data for Tcon and Treg cells isolated from the secondary 

lymphoid organs of healthy unchallenged female Foxp3GFP/LSL 

mice (Figures 1A, S1, and S2).40,41 The Hi-C data were of high 

complexity, reproducibility, and depth (Figure S2; Table S1), al

lowing us to identify 13,323 high-confidence local loops (<2 

Mb-long) at 5 Kb resolution (Figures S2C and S2D; Table S2). 

Of these, 10,636 loops were shared between Treg and Tcon cells, 

while 1,008 loops were significantly enriched in Treg cells (FDR 

<.05) and 1,679 in Tcon cells (Figures S2E–S2G). Many of the 

cell-type-specific loops overlapped well-characterized genes 

differentially expressed in Treg cells, such as Ikzf2, Il2ra, 

Lrrc32,19,42–44 as well as Tcon genes Tgfbr3 and Themis45–48

(Figures 1B, S2H, S2I, and S3). Thus, extensive differential chro

matin looping occurs at many cell-type-specific genes, under

scoring the role of chromatin folding in regulating T cell identity 

and gene expression.

To assess how local genomic structural features relate to global 

chromosomal organization, we performed genome-wide A/B 

compartment analysis.36,49 We observed that anchors of Treg- 

and Tcon-specific loops had significantly different A/B compart

ment scores (Figure S2J), suggesting that differential local looping 

was associated with large-scale chromatin reorganization.

To further explore global chromosomal organization, we per

formed an unbiased genome-wide differential analysis of normal

ized Hi-C signal at 250 Kb resolution within each chromosome, 

approximating TAD-to-TAD interaction analysis (Figures 1C 

and S4; Table S3). This analysis identified specific 250 Kb re

gions with significant reproducible differential Hi-C interactions 
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across entire chromosomes (Figures 1C and S4C–S4E). For 

example, the Ikzf2 locus had 281 differential interactions across 

chromosome 1, including 157 interactions at distances >20 Mb 

(Figures 1G and 1H). Genome-wide, 213 genomic loci, including 

Lrrc32 and Pde3b, had more than 100 differential Hi-C interac

tions, and 46 loci, including Ikzf2 and Tgfbr3, had more than 

100 differential Hi-C interactions at distances >20 Mb 

(Figure S4E). Remarkably, the Treg-specific gene Ikzf2 formed 

many Treg-specific interactions with Treg-specific genes, 

including Ctla4, Fasl, and Arl4c, which resided in the A 

A

D E

C

B

Figure 1. Cell-type-specific local and global chromatin organization in Tcon and Treg cells 

(A) Schematic of the experimental design. Hi-C (n = 3) was performed on Treg (TCRb+ CD4+ Foxp3(GFP)+) and Tcon (TCRb+ CD4+ Foxp3(GFP)- CD44lo CD62Lhi) 

cells isolated from the spleen and lymph nodes of healthy unchallenged female Foxp3GFP/LSL mice. 

(B) The Ikzf2 locus exhibits distinct, cell-type-specific looping architecture. Balanced Hi-C chromatin contact frequency and epigenomic tracks are shown at the 

Ikzf2 locus. Red circles: Treg-specific loops; blue circles: Tcon-specific loops (not present on this plot); gray circles: shared loops. 

(C) The Ikzf2 locus exhibits chromosome-wide differential Hi-C interactions. Differential Hi-C analysis (DESeq2, see STAR Methods) for 250 Kb genomic bins 

across chromosome 1. Top: Wald statistic for Treg vs. Tcon comparison. Blue and red indicate significant differences (FDR <0.05), otherwise white. Bottom: total 

number of significant Treg- (red) and Tcon-specific (blue) interactions. 

(D) Significant differential Hi-C interactions of Ikzf2 along chromosome 1 (red and blue arcs) as in (C), along with the A/B compartment scores in Treg cells 

(principal component loadings at 50 Kb resolution, see STAR Methods), and Treg H3K27ac ChIP-seq signal aggregated over 50 Kb bins. 

(E) A Treg-specific interaction between key immune genomic regions at a distance of 9 Mb. (Left) Balanced Hi-C contact map (25 Kb resolution) showing an 

interaction between Ikzf2 and the locus encoding genes Cd28, Ctla4, and Icos in our mouse Hi-C data. (Right) Balanced contact map (25 Kb resolution) of human 

CD4+ T cell H3K27ac HiChIP data17 for interaction between IKZF2 and the CD28/CTLA4/ICOS locus.
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compartment and were enriched for the active histone mark 

H3K27ac (Figure 1D). In addition, Ikzf2 also engaged in many 

Tcon-specific interactions, particularly with regions less strongly 

associated with the A compartment and depleted of H3K27ac 

(Figure 1D). Notably, Ikzf2 had a Treg-specific interaction, likely 

involving its promoter and enhancers, with a region 9 Mb away 

on chromosome 1 containing the genes Cd28, Ctla4, and Icos, 

which encode T cell co-stimulatory and co-inhibitory receptors 

(Figure 1E). Reanalysis of published Hi-C and HiChIP data from 

both mouse and human confirmed reproducibility of this Treg- 

specific distal interaction (Figures 1E and S5A). Overall, our 

analysis revealed a rich landscape of differential long-range in

teractions at 250 Kb resolution in Treg and Tcon cells, suggestive 

of TAD-to-TAD associations likely anchored by focal contacts 

between regulatory elements. These include cell-type-specific 

interactions between functionally important T cell genes such 

as Ikzf2, Ctla4, and others, highlighting the link between global 

3D genome organization and cell-type-specific gene regulation.

Therefore, we next sought to assess the relationship between 

distal chromatin interactions and gene activity in Tcon and Treg 

cells. For this, we turned to the ABC model of E-P regulation.34,35

In this model, the regulatory potential of a putative enhancer is 

estimated as the product of its activity (e.g., H3K27ac ChIP-seq 

signal) and its contact frequency with a transcription start site 

(TSS) (measured by Hi-C) (Figure 2A). Despite its simplicity, the 

ABC score is a strong predictor of enhancer activity for a 

gene.34,35 Therefore, we reasoned that summing ABC scores 

over multiple regulatory elements of a gene could provide a mea

sure of their collective regulatory potential. To investigate the 

relevance of distal chromatin interactions to gene expression, 

we developed a straightforward extension of the ABC model. 

For each gene, we calculated the cumulative ABC (cABC) score 

by summing ABC scores across all genomic positions located 

beyond 10 Kb from the TSS, within defined genomic windows 

around the TSS (e.g., 50 Kb, 1 Mb, entire chromosome, or 

genome-wide) (Figure 2A). We found that a substantial fraction 

of the cABC signal was conferred by distal and interchromosomal 

elements (Figure 2B). Importantly, cABC scores were signifi

cantly correlated with gene expression across chromosomes, 

with the correlation strength increasing as the genomic distance 

cutoff expanded (Figure 2C). The strongest correlations were 

observed when cABC was calculated over entire chromosomes 

or the whole genome, indicating that incorporating longer-range 

interactions improves the accuracy of the ABC model. Differential 

cABC scores between Tcon and Treg cells also significantly 

correlated with differential gene expression (Figure 2D), suggest

ing that cell-type-specific gene expression is closely associated 

with distinct landscapes of long-range interactions. Only weak 

correlations were observed when using a computationally per

turbed control (shifted H3K27ac signal), confirming the biological 

relevance of the cABC scores (Figures 2C and 2D). Together, 

these results suggest an association between gene activity and 

long-range and interchromosomal interactions.

An algorithm InterDomain identifies Mb-scale 

metadomain chromatin interactions

Having demonstrated the regulatory relevance of both local and 

global chromatin organization in Tcon and Treg cells, we next 

sought to systematically investigate specific long-range (>2 

Mb) interactions such as those between Ikzf2 and the Cd28/ 

Ctla4/Icos locus (Figure 1E). For this, we developed an algorithm, 

InterDomain, by adapting and extending the HiCCUPS loop call

ing procedure38 to enable the detection of long-range contacts 

(Figure 3A). InterDomain is designed for chromosome-wide 

Hi-C analysis at coarse resolution (e.g., 50 Kb genomic bins), 

and identifies regions with enriched contact frequency relative 

to their local background. After merging the signal across adja

cent 50 Kb bins, the algorithm reports specific interactions 

at 250 Kb resolution. This approximates TAD-to-TAD metado

main interactions, or metadomains, a term we adopt given their 

structural resemblance to features recently characterized in 

Drosophila,8 though we do not imply that the specific molecular 

mechanisms are conserved. This analysis is analogous to how 

high-resolution local binned Hi-C loop calling approximates 

CTCF-mediated or E-P loops. Using InterDomain, we identified 

26,375 metadomain interactions between 250 Kb bins in the 

Treg and Tcon cell Hi-C data, representing 0.04% of all possible 

intrachromosomal 250 Kb bin pairs (Figures 3A–3D, S5, and S7; 

Table S4). These metadomains captured interactions between 

many genes important for T cell function, such as between 

Ikzf2 and the Cd28/Ctla4/Icos locus (9 Mb apart); Ikzf2 and 

Bcl2 (37 Mb); Bcl2 and Irf6 (86 Mb); Izumo1r and Ets1 (18 Mb); 

and Tox and Tgfbr1 (40 Mb) (Figures 1I, 3B, and S5). The meta

domains spanned distances from 2 to 180 Mb (median 30 Mb, 

Figure 3C), and 80% of metadomains involved interactions 

within the A compartment (Figure S7E). Metadomains were 

reproducible across biological replicates (Figures S7F and 

S7G). Overall, our algorithm detected thousands of reproducible 

Mb-scale intrachromosomal metadomain interactions in T cells, 

largely within active (A compartment) chromatin and involving 

numerous functionally important T cell genes.

InterDomain algorithm identifies interchromosomal 

metadomains

Given the substantial correspondence between interchromo

somal contacts and gene activity (Figures 2B–2D), we extended 

the InterDomain algorithm to interchromosomal Hi-C analysis 

and applied it to Tcon and Treg cell data. This analysis identified 

23,003 reproducible interchromosomal metadomain interac

tions between 250 Kb genomic regions (Figures 3E, S6, and 

S7; Table S4). These interactions connected many important 

T cell genes, such as Ikzf2 (chromosome 1) and Ets1 (chr9), 

Lef1 (chr3) and Bach2 (chr4, a known cohesin-dependent 

gene50), Cxcr5 (chr9) and Ptprcap (chr19), and Jak1 (chr4) and 

Itpkb (chr1), and many of these interactions were likely centered 

at specific promoter-enhancer contacts, rather than reflecting 

broad compartmental colocalization (Figures 3F and S6). Some 

loci were especially prolific, participating in 50 or more interchro

mosomal metadomain interactions (Figure S7B). While the num

ber of inter- and intrachromosomal metadomains per bin was 

highly concordant between Treg and Tcon cells (Figures 3G 

and S7C), distinct sets of bins were preferentially involved in 

intra- or interchromosomal interactions. These categories were 

associated with intermediate and high levels of H3K27ac signal, 

respectively (Figures 3G and S7D). For instance, on chromo

some 1, both Ly96 and Ikzf2 were involved in numerous 
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Figure 2. Cumulative activity-by-contact analysis reveals the relevance of distal chromatin interactions in predicting gene activity in Tcon 

and Treg cells 

(A) Schematic of the activity-by-contact (ABC) and cumulative activity-by-contact (cABC) score calculations. The ABC score of regulatory activity of a genomic 

site S for a transcription start site (TSS) is calculated as the product of the normalized Hi-C contact frequency between S and the TSS, and the activity of S 

represented by H3K27ac ChIP-seq signal. The cABC score for a TSS is calculated as the sum of ABC scores for this TSS over all genomic sites farther than 

10 Kb from the TSS and within a defined distance window, e.g., within 50 Kb, 100 Kb, etc., or the entire chromosome, or the entire genome, including inter

chromosomal contacts. 

(B) Stacked barplot of cABC scores conferred by interactions at varying distance cutoffs. 

(C) Increasing correlation between cABC and gene expression at expanding genomic distances. Pearson correlation between normalized gene expression (RNA- 

seq RPKM, reads per kilobase million) and cABC scores across genes on each chromosome, calculated at different distance cutoffs. As a control, the same 

calculation was performed for the H3K27ac ChIP-seq signal shifted 200 Kb to the right. Boxplots show the distribution of correlation values across chromosomes 

for 11,114 genes expressed in Tcon or Treg cells. *p < 0.05; **p < 0.01; ***p < 0.001. Boxplots: center line, median; box limits, upper and lower quartiles; whiskers, 

1.5× interquartile range. 

(D) Pearson correlation between log2 fold change (LFC) in gene expression (Treg/Tcon) and LFC in cABC scores, calculated as in (C). *p < 0.05; **p < 0.01; 

***p < 0.001. Boxplots: center line, median; box limits, upper and lower quartiles; whiskers, 1.5× interquartile range.
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Figure 3. An algorithm InterDomain identifies multi-Mb-scale and interchromosomal metadomain chromatin interactions in T cells 

(A) InterDomain identifies 26,375 significant interactions in Tcon and Treg cells between 250 Kb genomic regions at distances greater than 2 Mb, called met

adomains. The algorithm is applied to balanced Hi-C data at 50 Kb resolution. Shown are two examples of metadomains in Treg cells involving the genomic region 

near the Treg-specific gene Il2ra. 

(B) Example metadomain interactions. Balanced Hi-C contact maps (upper triangle, Treg; lower triangle, Tcon) showing a metadomain triplet spanning ∼120 Mb 

on chromosome 1, linking Ikzf2, Bcl2, and Irf6. 

(C) Histogram of genomic distances between genomic regions linked by metadomains. The median distance is 30 Mb (dotted vertical line). 

(D) Aggregate pileup analysis confirming the metadomain signal across statistical thresholds. Pileup of log2(observed/expected) (log(O/E) balanced Treg Hi-C (25 

Kb resolution) for metadomains, stratified by InterDomain p value (shown on top). 

(E) Interchromosomal metadomains are widespread across the T cell genome. Circos plot displaying interchromosomal metadomain interactions identified by 

InterDomain (250 Kb bins; 50 Kb resolution Hi-C data input). The H3K27ac ChIP-seq signal and A/B compartment score are plotted along the periphery. 

(F) An example interchromosomal metadomain. Balanced Hi-C data (50 Kb resolution) showing an interchromosomal interaction between Ets1 and Ikzf2 in Treg 

cells. 

(G) Regions with high interchromosomal connectivity have the strongest H3K27ac signal. Number of interchromosomal and intrachromosomal metadomains per 

250 Kb genomic region. Clustering was performed using K-means clustering (K = 3). The average H3K27ac ChIP-seq signal is shown on the left (not used in 

clustering). 

(legend continued on next page) 
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intrachromosomal metadomains, but only Ikzf2 showed exten

sive interchromosomal interactions (Figures S6C and S6D). Thus, 

in addition to intrachromosomal metadomains, InterDomain 

enabled systematic identification of interchromosomal metado

main interactions at 250 Kb resolution, many of which connected 

genes critical for T cell activation and function.

In sum, our analysis revealed that metadomains, representing 

a previously underappreciated feature of chromosomal organi

zation in T cells beyond local TADs and global A/B compart

ments, are widespread throughout the genome with potential 

for gene regulatory function.

Interchromosomal metadomains segregate into one 

repressed and two distinct active hubs

To investigate higher order genome organization and functionally 

characterize different classes of metadomains, we clustered 

all intra- and interchromosomal metadomains identified at 

250 Kb resolution. Although most clusters were intrachromoso

mal, eight of the clusters were predominantly interchromosomal, 

involving from 14 to 20 different chromosomes (Figure 3I; 

Table S4). Some interchromosomal clusters were enriched 

for specific histone marks, including H3K27ac, H3K4me1, 

H3K4me3, and H3K27me3, while intrachromosomal clusters 

showed no such enrichment (Figure S8A). Thus, we identified 

multiple intra- and interchromosomal metadomain clusters with 

distinct active and repressed epigenetic signatures, with meta

domain analysis providing a framework for defining higher order 

features of chromosomal organization.

Based on the prevalence of metadomains between clusters, we 

computationally merged interchromosomal metadomain clusters 

into three distinct groups, which we refer to as interchromosomal 

‘‘hubs.’’ Based on chromatin and transcriptional features, we an

notated these hubs as active constitutive, active dynamic, and 

repressed (Figures 4, S8, and S9). Both active hubs were highly en

riched for SEs, together encompassing ∼50% of all T cell SEs 

(Figure S8E). The active constitutive hub was specifically enriched 

for the active promoter mark H3K4me3 and for housekeeping 

genes broadly expressed across many cell types, including 

T cells (Figures 4D, 4E, and 4G). In addition, it was also associated 

with nuclear speckles, as evidenced by significant proximity to 

speckles in mouse embryonic stem cells (mESCs), and had a 

high gene density, and these genes were often short and exon- 

dense, consistent with speckle-associated genomic regions 

(Figure S9E).51,52 The analysis of mESC Hi-C data53 confirmed 

the presence of this hub in mESCs (Figures S8B and S9K), sug

gesting that it represents a constitutive feature of genome organi

zation. Notably, although broadly constitutive, the hub also 

included several T cell-specific genes such as Id3, Lck, Lag3, 

Cxcr5, and Il10, indicating potential cell-type-specific plasticity.

In contrast, the active dynamic hub was enriched for 

enhancer-associated histone marks such as H3K4me1 and 

H3K27ac, suggestive of dynamic regulatory activity at these 

sites (Figures 4B–4D). While the constitutive hub genes were 

broadly expressed across cell types, the dynamic hub genes 

showed predominant expression in lymphocytes and T cells, 

and included many well-established T cell-specific genes such 

as Ikzf2, Ikzf1, Lef1, Ets1, Tox, Runx1, Irf2, Irf6, Bcl2, Foxp1, 

and Ctla4 (Figures 4E–4H). Notably, this hub did not form even 

weak contacts in mESCs, confirming its cell type specificity 

(Figures S8B and S9K). Although ATAC-seq peaks in the consti

tutive hub were broadly accessible across tissues and organs, 

those in the dynamic hub showed spleen- and thymus-specific 

accessibility and were enriched with TF motifs with a prominent 

activity in T cells, including Ets, Stat, Irf, and Tcf (Figures 4H and 

S9J), suggesting establishment during thymic T cell differentia

tion. Among the three hubs, only the dynamic hub was enriched 

for ATAC-seq peaks differentially accessible between Treg and 

Tcon cells, underscoring its role in cell-type-specific gene regu

lation within the T cell lineage (Figure S9H). Unlike genes in the 

constitutive hub, genes within the dynamic hub were longer on 

average and had lower exon density, features that are inconsis

tent with those typically associated with nuclear speckles 

(Figures 4F and S9D). Thus, we identified two distinct active 

interchromosomal hubs, each marked by unique epigenomic 

signatures and spatially segregated into specialized nuclear do

mains, potentially reflecting unique regulatory and organizational 

requirements. The active constitutive hub is associated with 

constitutive gene expression across cell types and organs, and 

the active dynamic hub with T cell-specific gene regulation.

The repressed hub was enriched for the polycomb-associated 

repressive histone mark H3K27me3. While the active hubs 

showed some degree of inter-hub contact, the repressed hub 

was markedly depleted for interactions with either active hub, 

suggesting spatial segregation into a distinct nuclear compart

ment (Figures 4C and S8B). Genes within the repressed hub 

were consistently lowly expressed across multiple cell types 

(Figures 4E–4G), indicative of constitutive transcriptional repres

sion. Interestingly, the repressed hub was also associated with 

nuclear speckles in mESCs, suggesting that it represents a 

repressive subset of nuclear speckles physically segregated 

from active speckle-associated regions (Figure S9E).51 Although 

all three interchromosomal hubs resided in the A compartment, 

the repressed hub had significantly lower A compartment scores 

than either active hub, suggesting a partial or intermediate A 

compartment state (Figures 4D and S9B). Moreover, the majority 

of A-compartment bins, many with strong A scores, were 

not part of any of the interchromosomal hubs (Figure S8F). 

Clustering of the normalized Hi-C signal at the same 250 Kb 

resolution, but without metadomains, recovered these hubs, 

demonstrating the robustness of our classification (Figure S8D). 

Previously defined subcompartments are substantially broader 

than metadomain hubs and exhibit distinct patterns of epige

netic enrichment (Figures 4D and S9I).54 Thus, the interchromo

somal metadomain hubs represent a robust feature of global 

(H) Scatterplot for 250 Kb bins with more than 10 intra- or interchromosomal metadomains. The x axis shows Treg H3K27ac ChIP-seq signal; the y axis shows the 

difference between the number of inter- and intrachromosomal metadomains per bin in Treg cells. 

(I) Identification of interchromosomal metadomain hubs. The 250 Kb bins with a large number of intrachromosomal or interchromosomal metadomains are 

clustered using hierarchical clustering. Interchromosomal clusters are selected using metadomain density and Shannon entropy of representation across 

chromosomes (see STAR Methods). Clusters that share metadomains are then merged into interchromosomal hubs.
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chromosomal organization in T cells, distinct from classical A/B 

compartments or subcompartments.

Cell type specificity of metadomain hubs and 

association with SEs

Having established the existence of distinct interchromosomal 

hubs in Tcon and Treg cells, next we sought to further investigate 

their functional properties, dynamics, and cell type specificity.

Given that the active dynamic hub appeared T cell specific, we 

asked when during thymic development this hub first emerged. 

To address this, we reanalyzed published staged Hi-C data 

across thymic differentiation29 and quantified aggregated con

tact strength within each of the three hubs, as well as the A 

compartment (Figure S8B). All three hubs showed a general in

crease in contact strength over the course of differentiation 

(Figure 5A). Notably, the dynamic hub was largely absent at 

the double-negative (DN) stage, showing contact levels com

parable to the baseline levels of other bins with similar A 

compartment strength (Figures 5A and 5B). In contrast, signifi

cant enrichment relative to these baseline levels was observed 

beginning at the double-positive (DP) stage and persisted 

through later stages (Figures 5A and 5B). These results sug

gested that the T cell-specific active dynamic hub is established 

at the DP stage and continues to strengthen as T cells transition 

from a quiescent to a more transcriptionally active state during 

thymic differentiation.55

While metadomain hubs were established at least as early as 

during thymic differentiation and were broadly shared between 

Tcon and Treg cells (Figures 4C and S7C–S7F), they were also 

differentially associated with Tcon-specific and Treg-specific 

SEs (Figure S10F), suggesting potential cell type specificity. 

Certain loci, such as Ikzf2 or Tgfbr3, also showed focal cell- 

type-specific interactions (Figure 4B). Therefore, we wanted to 

explore the level of plasticity and cell type specificity of metado

mains in Treg and Tcon cells and their association with gene 

expression.

Focusing only on the interchromosomal Hi-C signal, we 

identified genomic regions with differential aggregate contact 

with each metadomain hub in Treg compared to Tcon cells 

(Figures S8B and S10A). Genomic regions with cell-type-specific 

interactions with the active constitutive and active dynamic hubs 

were associated with increased gene expression in the corre

sponding cell type, whereas genes with stronger contact with 

the repressed hub showed decreased gene expression 

(Figure S10B). Some loci gained Treg- or Tcon-specific contacts 

in a hub-specific manner. For example, Ikzf2 and Ctla4 both 

had vdifferential contact with the dynamic hub, but not the 

constitutive hub (Figures S10C and S10D). Among these, Ikzf2 

demonstrated the strongest Treg-specific involvement in the dy

namic hub (Figure S10C). These findings highlight that, despite 

the overall similarity of metadomains and metadomain hubs be

tween Tcon and Treg cells, substantial cell-type-specific differ

ences in hub connectivity exist, with Ikzf2 serving as a prominent 

example of a Treg-specific locus engaging in the active dy

namic hub.

T cells require coordinated upregulation of gene expression 

during activation in response to immunological challenges, and 

interchromosomal hubs may support this regulation. To assess 

this, we analyzed gene co-expression within the three hubs us

ing published Treg scRNA-seq data.56 Genes within the same 

active hub were significantly more co-expressed than genes 

outside the hub, indicating coordinated expression of genes 

that are distal in genomic coordinates but share interchromo

somal environments (Figure S10E).57,58 Notably, while the active 

constitutive hub showed modest but significant co-expression, 

the T cell-specific active dynamic hub exhibited substantially 

Figure 4. Interchromosomal metadomain interactions segregate into three hubs with distinct epigenomic profiles 

(A) Interchromosomal metadomains form three distinct hubs. Visualization of inter-chromosomal hubs formed by 250 Kb genomic bins involved in metadomain 

interactions identified by InterDomain. Purple in the heatmap indicates that a metadomain is present between the corresponding bins in either Treg cells, Tcon 

cells, or both. Hubs are categorized as active 1 (constitutive), active 2 (dynamic), and repressed. Hub assignments and chromosome identities (indicated by 

unique colors) are shown on the right. 

(B) Example metadomain interactions from the active dynamic hub. Balanced Hi-C contact maps (50 Kb resolution; upper triangle, Treg; lower triangle, Tcon) for 

selected genes within the active 2 (dynamic) interchromosomal hub. 

(C) Aggregate pileup analysis confirming segregation between the three interchromosomal hubs. Aggregate interchromosomal Hi-C signal (25 Kb resolution) in 

Treg cells within (left) and between (right) the metadomain hubs. 

(D) Epigenomic characterization of the interchromosomal metadomain hubs. A/B compartment score (left) and normalized ChIP-seq signal (right) aggregated 

over 250 Kb bins within each metadomain hub. The A compartment bins serve as a control (statistical comparisons against the A compartment bins, Mann- 

Whitney U test). Boxplots: center line, median; box limits, upper and lower quartiles; whiskers, 1.5× interquartile range. 

(E) Distinct expression levels of genes from the three hubs. Cumulative distribution function (CDF) plot for the normalized gene expression values (Treg RNA-seq 

RPKM) for genes in interchromosomal metadomain hubs, A compartment, and other genomic regions (statistical comparisons against ‘‘others,’’ Mann-Whitney U 

test). 

(F) Distinct lengths of genes from the three hubs. CDF plot of the gene lengths for genes in interchromosomal metadomain hubs, A compartment, and other 

genomic regions (statistical comparisons against ‘‘others,’’ Mann-Whitney U test). 

(G) The active dynamic hub has the highest T cell-specific gene expression. Aggregated normalized gene expression across immune cell types (ImmGen 

Consortium data) for genes in interchromosomal metadomain hubs. RNA-seq log(RPKM) values were z-scored across genes within each cell type; the 

z-scores for hub-associated (or A compartment) genes were then averaged to calculate hub-level activity. (Selected cell types are labeled: Tgd, gamma-delta 

T cells; CD4, CD4 T cells; CD8, CD8 T cells; NK, natural killer cells; ProB, progenitor B cells; B, B cells; Bmem, memory B cells; DC, dendritic cells; Alv, alveolar 

macrophages; ILC, innate lymphoid cells; Stem/Prog, stem and progenitor cells.) 

(H) The active dynamic hub has T cell-specific chromatin accessibility. Aggregated chromatin accessibility (ATAC-seq) across tissues and cell types51 for genes in 

interchromosomal metadomain hubs. ATAC-seq values were Z-scored per cell type, and hub- or A-compartment-associated gene values were averaged to 

calculate gene activity for each hub. Selected tissues and cell types are labeled. Tissues enriched for T cells (thymus, spleen) show the highest accessibility for the 

active dynamic hub, while the active constitutive hub has high chromatin accessibility broadly across tissues.
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Figure 5. Cell type specificity of metadomain hubs and association with superenhancers 

(A) Metadomain hubs are established dynamically during T cell differentiation. Average interchromosomal log2(observed/expected) Hi-C contact frequencies for 

metadomain hubs across thymic differentiation. (DN, double-negative CD4– CD8– T cells; DP, double-positive CD4+ CD8+ T cells; CD4SP, single-positive 

CD4+CD25− CD8– T cells; CD25+ tTregP, CD4+ CD8− CD25+ Foxp3- T cells; Foxp3lo tTregP, CD4+ CD8− CD25+ Foxp3lo T cells; tTreg, CD4+ CD8− CD25+ Foxp3+ 

cells. Data from Liu et al. 2023.29) 

(B) Quantification of signal in image A for DN, DP, and tTreg cells for both active hubs and the A compartment. (****p < 1e− 5, Mann-Whitney U test, with 

ΔLog(Obs/Exp) > 0.2). 

(legend continued on next page) 
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stronger coordination. These findings suggest that interchromo

somal hub formation may facilitate regulation of T cell gene 

programs.

To further examine the relationship between interchromo

somal hubs and T cell activation, we generated Hi-C data sepa

rately for activated (CD44hi CD62Llo) and resting (CD44lo 

CD62Lhi) Treg (aTreg, rTreg) and Tcon (aTcon, rTcon) cells 

(Figure 5C).40,41,59 Within both lineages, metadomain hubs were 

more pronounced in activated cells compared to resting cells 

(Figures 5D and S10G). Notably, this increased contact strength 

was observed for both the active constitutive and active dynamic 

hubs, suggesting that chromatin architecture is modulated to 

support both the housekeeping and T cell-specific functions 

required for rapid cell division and activation. Interestingly, 

even in the resting state, Treg cells exhibited stronger hub 

interactions than Tcon cells, suggesting a continuum of cell- 

type-specific and immune activation-dependent chromatin or

ganization. Moreover, Treg-specific involvement of Ikzf2 in the 

active metadomain hubs was observed both for resting and acti

vated Treg cells, whereas in Tcon cells, this interaction between 

Ikzf2 and the active dynamic hub was only observed in the 

activated state (Figure S10H and S10I). Together, these results 

suggest that metadomains are both cell type specific and asso

ciated with T cell activation.

To better understand the regulatory mechanisms of cell type 

specificity and plasticity of metadomains and metadomain 

hubs, we examined the potential role of SEs in mediating their 

formation, given the established involvement of SEs in transcrip

tional hubs.60–62 We already demonstrated that both active 

metadomain hubs were enriched for SEs, and that metadomains 

were differentially associated with Tcon-specific and Treg-spe

cific SEs (Figures S8E and S10F). To further explore this, we clas

sified all T cell SEs based on whether they were shared with 

mESCs or T cell-specific. While both the active constitutive 

and active dynamic hubs were enriched for SEs, the dynamic 

hub exhibited significantly higher enrichment for T cell-specific 

SEs (Figure 5E). We therefore hypothesized that different classes 

of SEs may selectively mediate interactions with the dynamic 

and constitutive hubs. To test this, we reanalyzed recently pub

lished Hi-C data from CD4 Th1 cells in which an SE near the 

T cell-specific gene Ets1 was partially deleted (Figure 5F).18

Both Ets1 and Ets1-SE reside in the active dynamic metadomain 

hub (Figure 4A). Aggregate contact analysis revealed that 

the Ets1-SE deletion selectively impaired the interactions 

between the Ets1-SE locus and the active dynamic hub, while 

the contacts with the active constitutive hub remained un

changed (Figures 5G and 5H). Notably, the disruption extended 

beyond the precise site of Ets1-SE deletion, indicating that the 

Ets1-SE was required to maintain broader regional interactions 

within the hub, although the Ets1 locus itself was not significantly 

affected. These findings indicate that the T cell-specific active 

dynamic hub depends on the Ets1-SE, suggesting that SEs 

may contribute to the formation of interchromosomal metado

main hubs.

Overall, our analysis reveals that metadomain hubs are dy

namic, cell-type- and immune activation-specific features of 

genome organization in T cells. We propose that these struc

tures, established in part during thymic differentiation, support 

two modes of gene regulation via distinct higher order nuclear 

structures: constitutive expression of broadly active genes in 

the active constitutive hub, and coordinated activation of 

T cell-specific programs in the active dynamic hub. In particular, 

we identified a previously undescribed interchromosomal hub 

that is associated with T cell-specific gene activation and depen

dent on T cell-specific SEs. These findings, together with the 

observed enrichment of cell-type-specific SEs and plasticity in 

hub connectivity, suggest the importance of regulatory elements 

in organizing interchromosomal architecture.

Comprehensive T cell Hi-C data compendium reveals 

E-P interactions at 5 Kb resolution

We have shown that long-range metadomain interactions, likely 

anchored at specific E-P contacts, are closely associated with 

SEs, and our cABC analysis suggested that long-range interac

tions correlate with gene activity (Figures 1E, 2, 3F, 5E–5H, and 

S5B). However, the inability to enhance the resolution of meta

domain analysis beyond 250 Kb for a single dataset impedes a 

detailed understanding of the regulatory features of metado

mains. To overcome this limitation, we reasoned that resolution 

could be enhanced by aggregating related datasets. Given the 

high degree of similarity in chromatin architecture between 

Tcon and Treg cells and their thymic precursors (Figures 4B, 

5A, S2B, S2E, and S7C–S7F), we expected that many T cell sub

populations would share features of chromosomal organization 

across scales. Therefore, we aggregated 51 published T cell 

Hi-C datasets, as well as the high-quality Tcon, Treg, CD4, and 

CD8 T cell Hi-C data generated for this study, to create a high- 

resolution T cell Hi-C compendium of unprecedented depth 

(C) Schematic of Hi-C experiments (n = 3) performed in activated (CD44hi CD62Llo) and resting (CD44lo CD62Lhi) Tcon and Treg cells. 

(D) Aggregated interchromosomal Hi-C signal (25 Kb resolution) in activated and resting Tcon and Treg cells for the active constitutive and active dynamic 

metadomain hubs. 

(E) The active dynamic interchromosomal metadomain hub is enriched for T cell-specific superenhancers (SEs). Frequency of common SEs (shared between 

mouse embryonic stem cells and T cells) or T cell-specific SEs overlapping 250 Kb genomic bins in each interchromosomal hub. (**p < 1e− 3, Fisher’s Exact Test). 

(F) Schematic of Hi-C experimental design from Chandra et al. 2023.18 Wild-type (WT) and partial Ets1-SE knockout (Ets1-SE KO) CD4 Th1 cells were profiled by 

Hi-C. We reanalyzed this dataset to assess the impact of Ets1-SE deletion on metadomains in T cells. 

(G) The active dynamic metadomain hub is significantly affected by Ets1-SE deletion. Aggregate interchromosomal Hi-C signal (25 Kb resolution) between the 

Ets1 locus and the active dynamic hub in WT (left) or Ets1-SE-KO (middle) Th1 cells, as well as the difference between these signals (right). The Ets1-SE overlaps a 

single 25 Kb bin, highlighted in red. 

(H) Scatterplot showing the metadomain score for interactions between each 250 Kb genomic bin and the active constitutive (top) or active dynamic (bottom) hub. 

A modified flanking region was used to calculate the differential signal, accounting for global signal reduction following Ets1-SE KO (see STAR Methods). The 

single genomic region including Ets1-SE with a significantly altered interaction score (FDR <0.05) is shown in red.
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with 19 billion Hi-C contacts (Figure S11; Table S4). Visualization 

of these data confirmed punctate Mb-spanning interactions at 5 

Kb resolution (Figure 6A). To identify specific genomic sites 

driving metadomain interactions, we applied InterDomain to 

this compendium at 5 Kb resolution, searching within the long- 

range metadomains detected in Tcon/Treg cells at 50 Kb resolu

tion. We identified 26,037 focal interactions within metadomains, 

similar to recently described metaloops8 (Figures 6A, 6B, S11, 

and S12). These metaloop interactions were significantly more 

frequent in metadomains than in the flanking regions 

(Figure S11D). By definition, these metaloops connected 5 Kb 

genomic regions separated by Mbs, and included striking exam

ples of E-P and promoter-promoter (P-P) loops between T cell- 

specific genes: for example, an 8Mb-long E-P contact 

between Il2ra and an intronic enhancer of Fam107b, and metal

oops linking Ikzf2 and Idh1, Cd28 and Stk16b, and Izumo1r and 

Birc3 (Figures 6B and S12). Most metaloop anchors overlapped 

short-range loop anchors identified in Tcon and Treg cells, indi

cating that many long-range metaloops involved the same regu

latory loci that mediate local E-P contacts (Figure S11E). These 

anchors frequently overlapped TSSs of highly expressed genes 

and were enriched for H3K27ac, consistent with high regulatory 

activity (Figures S11G and S11H). Metadomains within the active 

hubs harbored significantly more metaloops than those in the 

repressed hub, suggesting that polycomb-associated repres

sive domains may primarily reflect compartmentalization rather 

than direct looping (Figure 6C). To further connect this high-res

olution T cell Hi-C map with Treg- and Tcon-specific regulatory 

activity, we leveraged published Treg single-cell ATAC-seq 

data, which offer finer resolution than Hi-C. While co-accessi

bility primarily reflects synchronized chromatin opening, previ

ous work has shown that it is frequently associated with 3D 

A

CB

Figure 6. A comprehensive T cell Hi-C compendium reveals high-resolution metaloop interactions underlying metadomains 

(A) Hi-C data from T cells were combined into a compendium (51 samples, 19 billion processed contacts). This enabled the identification of distal focal in

teractions at 5 Kb resolution within intrachromosomal metadomains, called metaloops. 

(B) Examples of Mb-scale metaloops linking genomic sites involved in local looping. (Center) balanced T cell Hi-C compendium data at 5 Kb resolution for the 

interactions between the Il2ra and Fam107b genomic regions that are separated by 8 Mb. Metaloops are indicated by circles. (Bottom and right) balanced Treg 

Hi-C data at 5 Kb resolution for the Il2ra (bottom) and Fam107b (right) genomic regions. Local loops at 5 Kb resolution are indicated with squares. 

(C) Metadomains from the active hubs have more metaloops. Boxplot of the distribution of the number of metaloops per metadomain for different categories of 

genomic regions. Boxplots: center line, median; box limits, upper and lower quartiles; whiskers, 1.5× interquartile range. *p < 0.05, ***p < 0.001, Mann-Whitney U 

test.
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chromosomal interactions.63,64 Consistent with this, metaloop 

anchors within metadomains showed significantly greater 

co-accessibility than random pairs of matched anchors, indi

cating that these physically linked loci are also functionally coor

dinated (Figure S11I). Thus, our T cell Hi-C compendium analysis 

revealed that metadomains harbor punctate 5 Kb metaloops, 

many of them likely E-P contacts, analogous to short-range reg

ulatory loops.

Integrative ChIP-seq, CUT&RUN, and ATAC-seq data 

analysis implicates metaloop-associated regulatory 

elements and TFs in Tcon and Treg cells

After refining metadomains to putative 5 Kb focal metaloops, 

we wanted to search for regulatory drivers of metalooping. 

Therefore, we collected a regulatory genomics compendium 

combining 201 ChIP-seq, CUT&RUN, and ATAC-seq datasets 

spanning eight different Tcon and Treg cell studies (Figures 7A 

and 7B; Table S5). This resource enabled a systematic compar

ison of differential TF binding and histone modifications between 

anchors of long-range metaloops and short-range loops 

(Figures 7C and 7D). We observed that Stat5, Tet2, H3K4me3, 

and H3K27ac ChIP-seq signals were the most strongly enriched 

in long-range metaloop anchors, while H3K27me3, CTCF, and 

cohesin (Smc1) were most strongly enriched in anchors of 

short-range loops (Figures 7D and 7E). Thus, known chromatin 

looping factors CTCF and cohesin were unlikely to be associated 

with long-range chromatin interactions, consistent with an esti

mated processivity of cohesin of 1–2 Mb.65,66 Notably, Foxp3 

binding was not associated with Treg-specific looping, and 

was only weakly associated with loop anchors compared to 

other genomic regions, consistent with the finding that Foxp3 

binds primarily to pre-existing T cell enhancers (Figures S13B– 

S13D).26 As expected, H3K27ac, a mark of active enhancers 

and promoters, was enriched at long-range contact anchors, in 

line with prior results showing an association between long- 

range interactions and active regulatory elements, including 

SEs (Figure 3A). We therefore hypothesized that TFs associated 

with H3K27ac marks could mediate metadomains and metal

oops. Among all factors examined, Treg Stat5 binding was 

most strongly correlated with Treg-specific H3K27ac signal 

(Figures 7F and 7G), Treg-specific looping (Figures S13C and 

S13D), and Stat5 motifs were among the most enriched motifs 

in Treg-specific H3K27ac peaks (Figures 7H and S13A). More

over, Stat5 binding was among the top correlates of Treg-spe

cific contact with the active interchromosomal hubs (Figure 7I). 

Thus, our analysis suggested that Stat5 may be associated 

with long-range genomic interactions in Treg cells. Overall, the 

analysis of our Tcon/Treg cell epigenomic compendium, in 

conjunction with the T cell Hi-C data, implicated TFs associated 

with short-range looping and ultra-long-range metalooping in the 

T cell genome.

DISCUSSION

In this study, we uncovered principles of the 3D genome organi

zation in primary mammalian T cells by generating T cell Hi-C 

data of the highest resolution to date and developing ap

proaches to analysis of chromatin organization data across 

scales. We identified long-range and inter-chromosomal 

metadomain interactions between genomic regions of the size 

50–250 kb, encompassing one or several genes. Our analysis 

revealed three major interchromosomal hubs in T cells, each 

encompassing dozens of genes and characterized by unique 

histone modification patterns and gene expression profiles, 

including two distinct active hubs and one repressed hub. The 

active constitutive hub, enriched for the promoter-associated 

histone mark H3K4me3, contains genes that are broadly ex

pressed across immune cells and other tissues. In contrast, 

the active dynamic hub, enriched for the active enhancer-asso

ciated marks H3K4me1 and H3K27ac, predominantly contains 

T cell-specific genes and progressively strengthens during 

thymic differentiation. These observations suggest two distinct 

modes of gene activation occurring in spatially segregated nu

clear compartments, likely governed by different molecular 

mechanisms. The increased strength of the active dynamic 

hub in activated T cells further suggests a role in facilitating the 

rapid transcriptional activation that is characteristic of immune 

responses. The spatial clustering of genomic loci with shared 

epigenetic features may also contribute to transcriptional 

robustness, as proposed in recent theoretical models.57 The 

repressed hub, characterized by the polycomb-associated 

mark H3K27me3, included genes with lower expression, indi

cating a specialized regulatory role within repressed genomic re

gions. Interestingly, the active interchromosomal hubs exhibited 

substantially higher enrichment for active histone marks (e.g., 

H3K27ac) than intrachromosomal metadomains. We hypothe

size that establishing trans-chromosomal interactions requires 

overcoming a higher entropic barrier compared to polymer-teth

ered cis interactions, thereby necessitating a greater ‘‘critical 

mass’’ of biochemical activity for stabilization.

Our characterization, while consistent with prior definitions of 

transcriptional hubs and factories and condensate-like nuclear 

structures,38,60 extends beyond conventional models of genome 

compartmentalization such as A/B compartments and subcom

partments. In particular, we describe metadomain hubs as 

higher order assemblies of metadomains, focal cell-type- 

specific interactions between distal TADs, organized through 

punctate E-P contacts rather than diffuse compartmental segre

gation. While the active constitutive hub appears broadly 

conserved across cell types and is associated with nuclear 

speckles and housekeeping gene activation, the active dynamic 

hub is highly T cell-specific and has not been previously 

described. However, it is reminiscent of canonical specialized 

transcriptional hubs, such as histone locus bodies and the olfac

tory receptor interchromosomal hubs in mouse neurons.67,68 It 

also parallels more recently described phenomena, such as 

the TTN-specific interchromosomal hub mediated by RBM20 

and inducible interchromosomal contacts between heat shock 

protein loci.69,70 Furthermore, in previously defined subcompart

ments A1 and A2, the subcompartment A2 showed lower levels 

of activity with respect to a broad range of epigenetic marks, as 

indicated by lower levels of H3K4me1 and H3K4me3 and higher 

levels of H3K9me3.38,71,72 In contrast, the dynamic and constitu

tive hubs show similar levels of activity, but distinct profiles of 

epigenomic marks associated with activation: the Dynamic 

hub is enriched for H3K4me1, while the constitutive hub is 
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Figure 7. Integrative analysis of ChIP-seq, CUT&RUN, and ATAC-seq data implicates metaloop-associated regulatory elements and tran

scription factors in Tcon and Treg cells 

(A) Construction of a comprehensive Tcon/Treg epigenomic compendium. An epigenomic compendium of 201 ChIP-seq, CUT&RUN, and ATAC-seq datasets 

was collected from eight Tcon and Treg cell studies. Each dataset was aggregated over 5 Kb bins tiling the genome, and then Z-score normalized. 

(B) The genome-wide landscape of epigenomic signatures. Uniform Manifold Approximation and Projection (UMAP) embedding of the Tcon/Treg epigenomic 

compendium, where each point represents a 5 Kb genomic bin. Normalized Treg H3K27ac (left) and H3K27me3 (bottom) ChIP-seq signals are shown. 

(C) Long-range metaloops and short-range loops have distinct epigenomic signatures. UMAP visualization of 5 Kb anchors of long-range metaloops (distance >2 

Mb) identified in Treg and Tcon metadomains (top), and anchors of short-range chromatin loops (<2 Mb, bottom). These sets of genomic bins were used for 

differential epigenomic analysis. 

(D) Differential epigenomic analysis comparing long-range metaloop anchors vs. short-range local loop anchors (as in C). (Top) All factors ranked by enrichment at 

long-range vs. short-range loops, calculated as the difference in median ChIP-seq, CUT&RUN, or ATAC-seq signal. (Bottom) boxplots showing the most enriched 

factors at short-range (left) and long-range (right) interactions. Boxplots: center line, median; box limits, upper and lower quartiles; whiskers, 1.5× interquartile range. 

(E) Stat5 binding is associated with long-range metalooping, whereas CTCF is associated with local looping. UMAP visualizations of CTCF and Stat5 ChIP-seq 

signals in Treg cells. 

(F) Stat5 binding strongly correlates with the H3K27ac signal in Treg cells. Correlation between H3K27ac and TF ChIP-seq signals in Treg cells (normalized signal 

in Treg, left; log(Treg/Tcon), right) over all 5 Kb genomic bins. For Foxp3, log(Treg/Tcon) was replaced by log(Treg) since Foxp3 is not expressed in Tcon cells. 

(G) Scatterplot comparing Stat5 and H3K27ac ChIP-seq signals in Treg cells across 5 Kb genomic bins. 

(H) Genomic regions with a larger number of Stat5 motifs have a higher H3K27ac signal in Treg cells. Differential H3K27ac ChIP-seq signal between Treg and Tcon 

cells in the H3K27ac ChIP-seq peaks, stratified by the number of Stat5 motifs per peak. 

(I) Correlation between differential hub metadomain score (Treg/Tcon) and differential ChIP-seq LFC signal (Treg/Tcon) for TFs and histone marks from (F).
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enriched for H3K4me3. Notably, although previously reported 

H3K27me3-enriched subcompartment B1 was placed within 

the B compartment, we find that the repressed hub, also marked 

by H3K27me3, remains largely within the A compartment. 

Nevertheless, further research is needed to better characterize 

physical properties and spatial positioning of the distinct nuclear 

structures associated with the metadomain hubs, e.g., through 

approaches such as TSA-seq, SPRITE, GAM, ORCA, or seq

FISH+.51,73–76 In particular, future multi-way interaction assays 

(e.g., SPRITE or GAM) could shed light on how interchromo

somal hubs relate to higher order organization into chromosome 

territories. Specifically, such data could reveal whether the loci in 

question transcend territorial boundaries through joint co-local

ization in a separate nuclear body, or whether the observed hubs 

represent a network of pairwise interactions occurring at the in

terstices of otherwise well-demarcated territories.

By aggregating many T cell Hi-C datasets to achieve substan

tially increased resolution, we identified thousands of ultra-long- 

range metaloops occurring within metadomains. Metaloops 

connect 5 Kb genomic regions at distances of many Mbs and 

frequently link promoters and enhancers. Using a straightfor

ward extension of the ABC model of enhancer activity, we 

demonstrate that ultra-long-range and inter-chromosomal 

genomic interactions are significantly correlated with gene 

expression. Therefore, metaloops present an additional mode 

of gene regulation, distinct from classical short-range pro

moter-enhancer interactions and CTCF- and cohesin-mediated 

loops. Through integrative analysis of ChIP-seq, CUT&RUN, 

and ATAC-seq data, we implicate several enhancer-associated 

TFs in ultra-long-range metalooping and confirm that CTCF 

and cohesin are depleted at anchors of these interactions. This 

is consistent with previous observations in cell culture models 

and neutrophils, where cohesin deactivation has been associ

ated with the emergence of long-range interactions.11,14 Future 

studies are needed to determine whether metaloops drive meta

domain formation or whether metadomains facilitate specific 

long-range pairing of regulatory elements. Further dissection of 

metaloops and identification of factors that distinguish sub

classes, such as active dynamic vs. active constitutive, may 

help explain how E-P specificity is achieved across vastly 

different genomic distances. The analytical framework and 

algorithms we developed for Hi-C data analysis, applied both 

to individual datasets and at different levels of aggregation, will 

enable future discoveries of the regulatory principles underlying 

metaloops, metadomains, and other features of chromosomal 

organization across scales and across biological systems.

Limitations of the study

Our long-range interaction analysis was primarily performed at 

coarse resolutions (50 Kb). While such analysis identifies large- 

scale structures of chromosomal organization, it precludes the 

direct detection of E-P interactions, necessitating the generation 

and analysis of data with deeper coverage and depth for finer 

structural dissection. In particular, these resolution limits, com

bined with signal dilution from the inactive X chromosome in 

our female mouse datasets, prevented us from robustly 

resolving the long-range interactions of Foxp3, a relatively short 

gene embedded in a gene-dense region on the X chromosome. 

Additionally, the relationship between gene expression and 

metadomain interactions remains correlative. Establishing 

causality will require acute perturbations of nuclear architecture 

coupled with time-resolved transcriptional profiling. Finally, our 

study focused on steady-state Treg cells; future studies are 

needed to explore the dynamic plasticity of the large-scale chro

mosomal structures during T cell lineage commitment and 

activation.
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Muench, G.R., López-Casillas, F., Raman, C., Garcı́a-Zepeda, E.A., and 

Soldevila, G. (2017). TβRIII is induced by TCR signaling and downregu

lated in FoxP3+ regulatory T cells. Biochem. Biophys. Res. Commun. 

494, 82–87.

46. Hill, J.A., Feuerer, M., Tash, K., Haxhinasto, S., Perez, J., Melamed, R., 

Mathis, D., and Benoist, C. (2007). Foxp3 transcription-factor-dependent 

and -independent regulation of the regulatory T cell transcriptional signa

ture. Immunity 27, 786–800.

47. Duguet, F., Locard-Paulet, M., Marcellin, M., Chaoui, K., Bernard, I., An

dreoletti, O., Lesourne, R., Burlet-Schiltz, O., Gonzalez de Peredo, A., 

and Saoudi, A. (2017). Proteomic Analysis of Regulatory T Cells Reveals 

the Importance of Themis1 in the Control of Their Suppressive Function. 

Mol. Cell. Proteomics 16, 1416–1432.

48. Yan, D., Farache, J., Mingueneau, M., Mathis, D., and Benoist, C. (2015). 

Imbalanced signal transduction in regulatory T cells expressing the tran

scription factor FoxP3. Proc. Natl. Acad. Sci. 112, 14942–14947.

49. Lieberman-Aiden, E., van Berkum, N.L., Williams, L., Imakaev, M., Ra

goczy, T., Telling, A., Amit, I., Lajoie, B.R., Sabo, P.J., Dorschner, M.O., 

et al. (2009). Comprehensive mapping of long-range interactions reveals 

folding principles of the human genome. Science 326, 289–293.

50. Viny, A.D., Bowman, R.L., Liu, Y., Lavallée, V.-P., Eisman, S.E., Xiao, W., 

Durham, B.H., Navitski, A., Park, J., Braunstein, S., et al. (2019). Cohesin 

Members Stag1 and Stag2 Display Distinct Roles in Chromatin Accessi

bility and Topological Control of HSC Self-Renewal and Differentiation. 

Cell Stem Cell 25, 682–696.e8.

51. Bhat, P., Chow, A., Emert, B., Ettlin, O., Quinodoz, S.A., Strehle, M., Takei, 

Y., Burr, A., Goronzy, I.N., Chen, A.W., et al. (2024). Genome organization 

Cell Reports 45, 117341, May 26, 2026 17 

Resource
ll

OPEN ACCESS

http://refhub.elsevier.com/S2211-1247(26)00419-5/sref19
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref19
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref19
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref19
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref20
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref20
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref20
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref21
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref21
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref21
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref22
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref22
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref22
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref22
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref23
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref23
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref24
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref24
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref24
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref25
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref25
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref25
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref25
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref25
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref26
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref26
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref26
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref26
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref27
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref27
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref27
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref28
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref28
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref28
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref28
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref29
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref29
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref29
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref30
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref30
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref30
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref31
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref31
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref31
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref31
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref32
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref32
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref32
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref33
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref33
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref33
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref33
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref33
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref34
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref34
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref34
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref34
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref34
https://doi.org/10.1101/2023.11.09.563812
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref36
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref36
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref36
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref36
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref37
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref37
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref38
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref38
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref38
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref38
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref39
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref39
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref39
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref39
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref40
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref40
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref40
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref40
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref41
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref41
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref41
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref42
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref42
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref42
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref42
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref43
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref43
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref43
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref43
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref43
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref44
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref44
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref44
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref44
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref45
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref45
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref45
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref45
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref45
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref45
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref46
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref46
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref46
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref46
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref47
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref47
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref47
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref47
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref47
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref48
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref48
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref48
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref49
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref49
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref49
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref49
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref50
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref50
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref50
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref50
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref50
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref51
http://refhub.elsevier.com/S2211-1247(26)00419-5/sref51


around nuclear speckles drives mRNA splicing efficiency. Nature 629, 

1165–1173.

52. Wu, J., Xiao, Y., Liu, Y., Wen, L., Jin, C., Liu, S., Paul, S., He, C., Regev, O., 

and Fei, J. (2024). Dynamics of RNA localization to nuclear speckles are 

connected to splicing efficiency. Sci. Adv. 10, eadp7727.

53. Bonev, B., Mendelson Cohen, N., Szabo, Q., Fritsch, L., Papadopoulos, 

G.L., Lubling, Y., Xu, X., Lv, X., Hugnot, J.-P., Tanay, A., and Cavalli, G. 

(2017). Multiscale 3D Genome Rewiring during Mouse Neural Develop

ment. Cell 171, 557–572.e24.

54. Yin, Z., Cui, S., Xue, S., Xie, Y., Wang, Y., Zhao, C., Zhang, Z., Wu, T., Hou, 

G., Wang, W., et al. (2023). Identification of Two Subsets of Subcompart

ment A1 Associated with High Transcriptional Activity and Frequent Loop 

Extrusion. Biology 12, 1058.

55. Shin, B., Chang, S.J., MacNabb, B.W., and Rothenberg, E.V. (2024). Tran

scriptional network dynamics in early T cell development. J. Exp. Med. 

221, e20230893.

56. Hemmers, S., Schizas, M., Azizi, E., Dikiy, S., Zhong, Y., Feng, Y., Altan- 

Bonnet, G., and Rudensky, A.Y. (2019). IL-2 production by self-reactive 

CD4 thymocytes scales regulatory T cell generation in the thymus. 

J. Exp. Med. 216, 2466–2478.

57. Owen, J.A., Osmanovi�c, D., and Mirny, L. (2023). Design principles of 3D 

epigenetic memory systems. Science 382, eadg3053.

58. Gupta, A., Martin-Rufino, J.D., Jones, T.R., Subramanian, V., Qiu, X., 

Grody, E.I., Bloemendal, A., Weng, C., Niu, S.-Y., Min, K.H., et al. 

(2022). Inferring gene regulation from stochastic transcriptional variation 

across single cells at steady state. Proc. Natl. Acad. Sci. 119, 

e2207392119.

59. Kim, J.M., Rasmussen, J.P., and Rudensky, A.Y. (2007). Regulatory T cells 

prevent catastrophic autoimmunity throughout the lifespan of mice. Nat. 

Immunol. 8, 191–197.

60. Sabari, B.R., Dall’Agnese, A., Boija, A., Klein, I.A., Coffey, E.L., Shrinivas, 

K., Abraham, B.J., Hannett, N.M., Zamudio, A.V., Manteiga, J.C., et al. 

(2018). Coactivator condensation at super-enhancers links phase separa

tion and gene control. Science 361, eaar3958. https://doi.org/10.1126/ 

science.aar3958.

61. Hnisz, D., Day, D.S., and Young, R.A. (2016). Insulated neighborhoods: 

structural and functional units of mammalian gene control. Cell 167, 

1188–1200.

62. Schede, H.H., Natarajan, P., Chakraborty, A.K., and Shrinivas, K. (2023). A 

model for organization and regulation of nuclear condensates by gene ac

tivity. Nat. Commun. 14, 4152.

63. Pliner, H.A., Packer, J.S., McFaline-Figueroa, J.L., Cusanovich, D.A., 

Daza, R.M., Aghamirzaie, D., Srivatsan, S., Qiu, X., Jackson, D., Minkina, 

A., et al. (2018). Cicero predicts cis-regulatory DNA interactions from sin

gle cell chromatin accessibility data. Mol. Cell 71, 858–871.e8.

64. Gao, V.R., Yang, R., Das, A., Luo, R., Luo, H., McNally, D.R., Karagianni

dis, I., Rivas, M.A., Wang, Z.-M., Barisic, D., et al. (2024). ChromaFold pre

dicts the 3D contact map from single-cell chromatin accessibility. Nat. 

Commun. 15, 9432.

65. Guo, Y., Al-Jibury, E., Garcia-Millan, R., Ntagiantas, K., King, J.W.D., 

Nash, A.J., Galjart, N., Lenhard, B., Rueckert, D., Fisher, A.G., et al. 

(2022). Chromatin jets define the properties of cohesin-driven in vivo 

loop extrusion. Mol. Cell 82, 3769–3780.e5.

66. Fudenberg, G., Abdennur, N., Imakaev, M., Goloborodko, A., and Mirny, 

L.A. (2017). Emerging Evidence of Chromosome Folding by Loop Extru

sion. Cold Spring Harb. Symp. Quant. Biol. 82, 45–55.

67. Zhao, J., Kennedy, B.K., Lawrence, B.D., Barbie, D.A., Matera, A.G., 

Fletcher, J.A., and Harlow, E. (2000). NPAT links cyclin E-Cdk2 to the regu

lation of replication-dependent histone gene transcription. Genes Dev. 14, 

2283–2297.

68. Lomvardas, S., Barnea, G., Pisapia, D.J., Mendelsohn, M., Kirkland, J., 

and Axel, R. (2006). Interchromosomal interactions and olfactory receptor 

choice. Cell 126, 403–413.

69. Bertero, A., Fields, P.A., Ramani, V., Bonora, G., Yardimci, G.G., Reinecke, 

H., Pabon, L., Noble, W.S., Shendure, J., and Murry, C.E. (2019). Dy

namics of genome reorganization during human cardiogenesis reveal an 

RBM20-dependent splicing factory. Nat. Commun. 10, 1538.

70. Chowdhary, S., Kainth, A.S., and Gross, D.S. (2017). Heat Shock Protein 

Genes Undergo Dynamic Alteration in Their Three-Dimensional Structure 

and Genome Organization in Response to Thermal Stress. Mol. Cell Biol. 

37, e00292-17.

71. Xiong, K., Zhang, R., and Ma, J. (2024). scGHOST: Identifying single-cell 

3D genome subcompartments. Nat. Methods 21, 814–822.

72. Xiong, K., and Ma, J. (2019). Revealing Hi-C subcompartments by 

imputing inter-chromosomal chromatin interactions. Nat. Commun. 

10, 5069.

73. Zhang, L., Zhang, Y., Chen, Y., Gholamalamdari, O., Wang, Y., Ma, J., and 

Belmont, A.S. (2021). TSA-seq reveals a largely conserved genome orga

nization relative to nuclear speckles with small position changes tightly 

correlated with gene expression changes. Genome Res. 31, 251–264.

74. Quinodoz, S.A., Ollikainen, N., Tabak, B., Palla, A., Schmidt, J.M., Detmar, 

E., Lai, M.M., Shishkin, A.A., Bhat, P., Takei, Y., et al. (2018). Higher-Order 

Inter-chromosomal Hubs Shape 3D Genome Organization in the Nucleus. 

Cell 174, 744–757.e24.

75. Takei, Y., Yang, Y., White, J., Goronzy, I.N., Yun, J., Prasad, M., Ombelets, 

L.J., Schindler, S., Bhat, P., Guttman, M., and Cai, L. (2025). Spatial multi- 

omics reveals cell-type-specific nuclear compartments. Nature 641, 

1037–1047.

76. Beagrie, R.A., Scialdone, A., Schueler, M., Kraemer, D.C.A., Chotalia, M., 

Xie, S.Q., Barbieri, M., de Santiago, I., Lavitas, L.-M., Branco, M.R., et al. 

(2017). Complex multi-enhancer contacts captured by genome architec

ture mapping. Nature 543, 519–524.

77. Li, H., and Durbin, R. (2009). Fast and accurate short read alignment with 

Burrows–Wheeler transform. Bioinformatics 25, 1754–1760.

78. Abdennur, N., Abraham, S., Fudenberg, G., Flyamer, I.M., Galitsyna, A.A., 

Goloborodko, A., Imakaev, M., Oksuz, B.A., Venev, S.V., and Xiao, Y. 

(2024). Cooltools: enabling high-resolution Hi-C analysis in Python. 

PLoS Comput Biol. 20, e1012067.

79. Lee, S., Bakker, C.R., Vitzthum, C., Alver, B.H., and Park, P.J. (2022). Pairs 

and Pairix: a file format and a tool for efficient storage and retrieval for Hi-C 

read pairs. Bioinformatics 38, 1729–1731.

80. Abdennur, N., and Mirny, L.A. (2020). Cooler: scalable storage for Hi-C 

data and other genomically labeled arrays. Bioinformatics 36, 311–316.

81. Xu, W., Zhong, Q., Lin, D., Zuo, Y., Dai, J., Li, G., and Cao, G. (2021). Cool

Box: a flexible toolkit for visual analysis of genomics data. BMC Bioinf. 

22, 489.
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STAR★METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell isolation

Treg/Tcon

A cell suspension was made from pooled secondary lymphoid organs (spleen, pLNs and mLNs) of Foxp3loxP-Thy-1.1-STOP-loxP-GFP 

(Foxp3GFP/LSL) mice40,41 by meshing the organs through a 100-μm strainer (Corning, 07-201-432) with a syringe plunger. CD4+ T cells 

were enriched with the Dynabeads Flowcomp Mouse CD4 Kit (Thermo Fisher, 11461D) according to the manufacturer’s instructions, 

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD45-FITC BioLegend 103108

CD3-Alexa700 Invitrogen 56-0032-82

CD4-PE-Cy7 Invitrogen 25-0042-82

CD8-BV510 BioLegend 100752

Chemicals, peptides, and recombinant proteins

Formaldehyde (disuccinimidyl glutarate) Thermo Fisher Scientific Cat #20593

EGS (ethylene glycol bis(succinimidyl succinate)) Thermo Fisher Scientific Cat #21565

Critical commercial assays

Arima HiC+ kit Arima PN A510008

Deposited data

Hi-C for Treg/Tcon cells This manuscript GEO: GSE276057

Hi-C for CD4/CD8 T cells This manuscript GEO: GSE276749

Experimental models: Organisms/strains

Foxp3loxP-Thy-1.1-STOP-loxP-GFP Fontenot et al. 200541 MGI Cat#3574978; RRID: MGI:3574978

C57BL/6J Jackson Laboratory RRID:IMSR_JAX:000664

Software and algorithms

FACSDiva BD Biosciences https://www.bdbiosciences.com/en-us/products/ 

software/instrument-software/bd-facsdiva-software

MA900 Sony Biotechnology https://www.sonybiotechnology.com/

BWA Li and Durbin77 https://github.com/lh3/bwa

pairtools Open2C et al.78 https://pairtools.readthedocs.io/en/latest/

pairix Lee et al.79 https://github.com/4dn-dcic/pairix

cooler Abdennur et al.80 https://cooler.readthedocs.io/en/latest/datamodel.html

Cooltools Open2C et al.78 https://cooltools.readthedocs.io/en/latest/index.html

Coolbox Xu et al.81 https://github.com/GangCaoLab/CoolBox

Snakemake Mölder et al.82 https://snakemake.readthedocs.io/en/stable/

MACS2 Zhang et al.83 https://github.com/macs3-project/MACS

FAN-C Kruse et al.84 https://github.com/vaquerizaslab/fanc

Mustache Ardakany et al.85 https://github.com/ay-lab/mustache

DESeq2 Love et al.86 https://bioconductor.org/packages/ 

release/bioc/html/DESeq2.html

FIMO (MEME-Suite) Grant et al.87 https://meme-suite.org/meme/doc/fimo.html

Leiden Traag et al.88 https://leidenalg.readthedocs.io/en/stable/intro.html

Scipy Virtanen et al.89 https://scipy.org/

Code to reproduce analysis This manuscript GitHub (https://github.com/pritykinlab/InterDomain; 

https://github.com/pritykinlab/metadomain_paper); 

Zenodo (https://doi.org/10.5281/zenodo.18452305).
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stained with antibodies, washed extensively, resuspended in isolation buffer (PBS with 2% FBS, 10 mM HEPES buffer, 1% l-glutamine 

and 2 mM EDTA), and sorted on a FACSAria (BD) instrument. Treg cells were sorted as TCRβ+CD4+CD8− NK1.1− Foxp3-GFP+Thy- 

1.1− , and naive conventional CD4+ T cells as TCRβ+CD4+CD8− NK1.1− Foxp3-GFP− Thy-1.1− CD44loCD62Lhi.

Resting/active Treg/Tcon/LSL

A cell suspension was made from pooled secondary lymphoid organs (spleen, pLNs and mLNs) of female Foxp3GFP/LSL and Foxp3DTR 

mice40,41 by meshing the organs through a 100-μm strainer (Corning, 07-201-432) with a syringe plunger. CD4+ T cells were enriched 

with the Dynabeads Flowcomp Mouse CD4 Kit (Thermo Fisher, 11461D) according to the manufacturer’s instructions, stained with 

antibodies, washed extensively, resuspended in isolation buffer (PBS with 2% FBS, 10 mM HEPES buffer, 1% l-glutamine and 

2 mM EDTA), and sorted on a FACSAria (BD) instrument. Wannabe Treg cells were sorted from Foxp3GFP/LSL mice as follows: naive 

wannabe Treg cells: TCRβ+CD4+CD8− NK1.1− Foxp3-GFP− Thy-1.1+ CD44loCD62Lhi; activated wannabe Treg cells: TCR 

β+CD4+CD8− NK1.1− Foxp3-GFP− Thy-1.1+CD44hiCD62L− ; Treg cells and conventional CD4+ T cells were sorted from Foxp3DTR 

mice as follows: naive Treg cells: TCRβ+CD4+CD8− NK1.1− Foxp3-DTR+ CD44loCD62Lhi; activated Treg cells: TCR 

β+CD4+CD8− NK1.1− Foxp3-DTR+ CD44hiCD62L− ; naive conventional CD4+ T cells: TCRβ+CD4+CD8− NK1.1− Foxp3-DTR 

− CD44loCD62Lhi; activated conventional CD4+ T cells: TCRβ+CD4+CD8− NK1.1− Foxp3-DTR− CD44hiCD62L− . 100,000 cells 

were sorted for each population per replicate.

Experiments using Foxp3GFP/LSL and Foxp3DTR mice conform to the relevant regulatory standards, and were approved by the 

MSKCC Institutional Animal Care and Use Committee under the protocol 08-10-023.

CD4 and CD8 T cells

Mice: 6-week-old female C57BL/6J mice were obtained from The Jackson Laboratory (Bar Harbor, ME). Experiments using C57BL/ 

6J mice conform to the relevant regulatory standards, were performed in accordance with protocols reviewed and approved by the 

Institutional Animal Care and Use Committee (IACUC) of Princeton University (protocol number 3063).

Isolation and preparation of CD4 and CD8 T cells from mouse spleen: Mice were euthanized by intraperitoneal injection of keta

mine/xylazine at a supratherapeutic dose. Spleens were collected and placed into 5 mL of serum-free Dulbecco’s Modified Eagle 

Media (DMEM, Thermo Fisher Scientific, Waltham, MA, 11995081). Individual spleens were placed on 100-μm strainers then me

chanically dissociated using the plunger of a 3 mL syringe. The strainer was washed with 5 mL of serum-free DMEM in which the 

splenocytes were subsequently resuspended. The single cell suspension was centrifuged at 1,300 rpm for 5 min at 4◦C, then the 

pellet was resuspended in 1x BD Pharm Lyse lysis buffer (BD Biosciences, Franklin Lakes, NJ, 55599) and incubated at room tem

perature in the dark for 15 min. Lysis was quenched using DMEM supplemented with 10% (v/v) FBS and 1% (v/v) penicillin-strep

tomycin. The splenocyte suspensions were spun at 1,300 rpm for 5 min at 4◦C, then washed with FACS buffer (1% (v/v) FBS in 

PBS). The cells were counted using 0.4% trypan blue solution (Thermo Fisher Scientific, 15250061) and a hemocytometer, then re

suspended at a concentration of 1 × 107 cells/mL. An aliquot of cells was set aside as an unstained control. Another aliquot of cells 

was set aside to generate the live/dead control in which half of the cells are heat shocked at 95◦C for 5 min, set on ice for 2 min, and 

combined with the live cells.

Antibody staining and fluorescence-activated cell sorting: The following fluorophore-conjugated antibodies were used for flow cy

tometry: CD45-FITC (clone 30-F11, 1.25 μg/mL, BioLegend, San Diego, CA 103108), CD3-Alexa700 (clone 17A2, 1 μg/mL, Invitro

gen, Waltham, MA, 56-0032-82), CD4-PE-Cy7 (clone RM4-5, 1 μg/mL, Invitrogen, 25-0042-82), CD8-BV510 (clone 53–6.7, 1 μg/mL, 

BioLegend, 100752). The antibody cocktail was prepared in FACS buffer, then incubated with cells for 30 min at 4◦C in the dark. The 

splenocyte suspensions were washed 2x in FACS buffer. To serve as a viability marker, DAPI (1 μg/mL, Sigma-Aldrich, St. Louis, MO, 

D9542) was directly added to antibody-stained cells and the live/dead control 15 min prior to FACS acquisition. Compensation con

trols were prepared using AbC Total Antibody Compensation Bead Kit (Invitrogen, A10497). The FACSAria Fusion Flow Cytometer 

(BD Biosciences) or the MA-900 cell sorter (Sony Biotechnology, San Jose, CA) was used to perform cell sorting and acquired data 

were analyzed using BD FACSDiva or MA900 software. For collection of each T cell subset, the samples were gated as follows: for 

CD3+ T cells, CD45+ CD3+; for CD4+ T cells, CD45+ CD3+ CD4+ CD8− ; and for CD8+ T cells, CD45+ CD3+ CD4− CD8+. Cells were 

sorted into FACS buffer and maintained at 4◦C.

METHOD DETAILS

Hi-C for Tcon/Treg and CD4/CD8 T cells

Hi-C was performed as previously described.64 Briefly, sorted T cell populations (approximately 1 × 105) were cross-linked in 1% 

formaldehyde for 10 min and quenched in 125mM glycine. Cross-linked cells were lysed and chromatin was digested using the 

Arima HiC+ kit (Arima Genomics, San Diego, CA) using protocol adaptations for low cell input. Digested and reverse crosslinked 

DNA was eluted in 100 μL and fragmented to 350 bps using a Covaris LE220Rsc sonicator (Covaris, Woburn, MA). Sheared 

genomic material was enriched for biotinylated DNA using streptavidin beads followed by library preparation using Arima protocol 

modifications for Accel-NGS 2S DNA plus library kit (IDT, Coralville, IA). After end repair and ligation, libraries were quantified 

using the KAPA library quantification kit (Roche, Indianapolis, IN) and PCR amplified for the number of cycles required to generate 

>4nM per library. Hi-C libraries were sequenced on an Illumina NovaSeq and raw sequencing data in the FASTQ format were 

obtained.
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Hi-C data preprocessing

Hi-C reads were aligned to the mouse UCSC mm10 GRCm38 genome (chromosomes 1–19, X, Y) downloaded from the 4DNucleome 

(4DNFI2493SDN) using bwa mem version 0.7.17, with settings –SP5M. Pairs files were generated using pairtools parse version 0.3.0 

with a min-mapq cutoff of 30 and –walks-policy 5unique, followed by pairtools dedup with default parameters, and pairtools select for 

the following pair types: UU, UR, and UR. Pairs files were mapped into cool files using cooler version 0.8.11. Hi-C data in these cool files 

was normalized using cooler80 balance with default parameters for each sample separately and for merged biological replicates of each 

condition across all conditions. This way, balancing normalization was applied to both intrachromosomal and interchromosomal Hi-C signal.

Loop and TAD calling

Loops were called using Mustache85 version 0.1.9 at 5 Kb resolution with the following parameters: r = 5,000, FDR = .02, st = .85, sz = 

1.2. Loops were called in three different ways to maximize the number of loop calls: (1) merged Treg replicates, (2) merged Tcon rep

licates, and (3) merged Treg and Tcon replicates. Loops from these three calls were merged into a single loop atlas (n = 18,098). To 

avoid redundancy, we selected only a single representative among the loops from the three loop calls which were ≤2 bins in distance 

at both anchors. In other words, for example if a loop from Treg or Tcon cells was close to a loop from the merged Tcon/Treg data, 

only the loop from the merged data was retained. This was done iteratively in the following order: Merged > Treg > Tcon. This merging 

procedure yielded 13,225 loops. TADs were called using cooltools78 version 0.5.4 using the diamond-insulation function, with win

dow_bp = 16. Loops crossing TAD boundaries were defined using Bedtools pairToBed with type = ‘ispan’, so that a loop crossing a 

TAD boundary was only defined if the span between (but not including) the loop anchors overlapped one or more TAD boundaries.

Differential looping analysis

Using the loop atlas described above, we obtained read counts for each Tcon and Treg replicate using Cooler. DESeq286 was used to 

identify loops with statistically significant differential read counts between Treg and Tcon cells. To account for both sample-specific 

sequencing depth and distance decay, we used scaling factors calculated separately for loops of different genomic distances. Spe

cifically, for each chromosome, we binned loops into 5 groups, equidistant on a log scale based on genomic distance between loop 

anchors (a max length of 2Mb), and calculated separate size factors for all loops in each group using DESeq2 estimateSizeFactors(). 

Then DESeq2 was called jointly for all groups. Loops with |LFC| > 0 and FDR <.05 were called significantly differential, yielding 1,679 

Tcon-specific loops and 1,008 Treg-specific loops (LFC; log2 fold change). Treg-specific loop anchors were defined as all anchors of 

Treg-specific loops, i.e., with significantly higher Treg Hi-C reads, and similarly for Tcon-specific loop anchors. This yielded 3,023 

Tcon-specific loop anchors, 1,839 Treg-specific loop anchors, 66 genomic regions that were anchors of both Tcon- and Treg-spe

cific loops, and 15,945 genomic regions that were anchors of loops that were not significantly differential between Tcon and Treg.

Hi-C and other epigenomic data visualization

Balanced Hi-C data was plotted using Coolbox.81 Gene annotation plotting was performed using pygbrowse90 for GTF annotations 

from Ensembl version GRCm38.93. ChIP-seq data were preprocessed and normalized using MACS2,83 and bigWig files produced 

(see section below for details). BigWig tracks were plotted with custom code (see Github repository).

Gene expression analysis

RNA-seq data (read count matrices) for resting Tcon and resting Treg cells were obtained from NCBI GEO (accession number 

GSE154680). Differential gene expression analysis was performed using DESeq2. Genes with |LFC| > .25 and FDR <.05 were called 

significantly differentially expressed. Protein-coding genes with an average read count of ≥ 4 were kept for subsequent analysis. This 

yielded 12,527 genes, of which 1,583 were significantly overexpressed in Tcon and 554 were significantly overexpressed in Treg 

cells. RNA-seq RPKM (reads per kilobase million) values were calculated by multiplying all read counts by the same factor so that 

they sum to 1e6 and dividing by gene lengths (in Kb). Gene lengths were calculated using the FeatureCounts ‘Length‘ column.

Comparison of differential gene expression and differential looping

For each gene, we considered all loops with an anchor within 10 Kb of the gene TSS, defined as the start of the transcript with the 

highest support level in annotations from Gencode mouse release M23. Then, all DESeq2-estimated Hi-C read count LFC values for 

those loops were averaged for each gene. Genes which did not intersect any loop anchor were not considered for this analysis.

ABC score analysis

Activity-by-contact (ABC) score for a TSS and a distal region R on the same chromosome was calculated as the product between 

MACS2-normalized H3K27ac ChIP-seq signal at R and the balanced Hi-C signal for the interaction between the TSS and R, both 

binned at 5 Kb resolution (ChIP-seq bigWig averaged over a bin). The analysis was performed separately in Tcon and in Treg cells. 

ABC values for genomic regions within 10 Kb from a TSS were set to zero to avoid local confounding effects. To calculate the cumu

lative ABC score for a single TSS, we summed all ABC scores for genomic regions within a certain distance from the TSS. We consid

ered the distance cutoffs of 50 Kb, 100 Kb, 1 Mb, 10 Mb, and without the cutoff, i.e., for the entire chromosome. As a control, we per

formed the same calculation, but with two modifications. To control for contribution from the H3K27ac ChIP-seq signal, we shifted the 

H3K27ac ChIP-seq signal by 200 Kb (and with intact actual Hi-C signal). To control for contribution from the Hi-C signal, we randomly 
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shuffled intrachromosomal Hi-C along each diagonal within each chromosome. For interchromosomal Hi-C, we shuffled all values 

within each bin. For each chromosome, for all genes expressed in Tcon or Treg cells, we calculated Pearson correlation between 

RNA-seq RPKM for a gene and the cumulative ABC score for the TSS of that gene, both log-transformed. This correlative analysis 

was done separately for Tcon and Treg cells. We also calculated Pearson correlation between RNA-seq LFC values (between Treg 

and Tcon) for a gene and the LFC in cumulative ABC scores (between Treg and Tcon) for the TSS of that gene. These calculations 

were done for the cumulative ABC scores defined using different distance cutoffs. We also generalized definitions of ABC and cumu

lative ABC to interchromosomal analysis in a straightforward manner, applying it to balanced interchromosomal Hi-C signal.

Observed/expected (O/E) matrix

The intrachromosomal Hi-C observed vs. expected (O/E) matrix was calculated by taking the balanced Hi-C matrix and dividing each 

diagonal (set of matrix elements corresponding to interactions at the same fixed genomic distance) by the average Hi-C value along 

that diagonal. This was done for each chromosome separately. A pseudocount of 1e− 4 was added to both the observed and the 

expected matrices to account for sparsity. Lastly, the logarithm of the O/E was taken to compute the Log(O/E) matrix. For interchro

mosomal contacts, the balanced Hi-C matrix corresponding to each pair of chromosomes was divided by the average contact, and 

the logarithm was taken. A pseudocount of 1e− 4 was added to both the observed and the expected matrices to account for sparsity. 

O/E was calculated at 250 Kb, 50 Kb and 25 Kb resolution.

A/B compartment analysis

Intrachromosomal A/B compartment score was called as previously described.49 First, the pairwise Pearson correlation matrix of the 

Log(O/E) matrix was calculated. Then, we calculated the PCA decomposition of the Pearson correlation matrix using sklearn version 

1.3.0, and the compartment score was set to the first principal component. The sign of the compartment score was aligned with the A 

compartment using H3K27ac ChIP-seq signal. To make compartment scores comparable between chromosomes, compartment 

vectors were normalized to have an L2 norm of N, where N is the number of bins in that chromosome. Compartments were calculated 

at both 50 Kb and 250 Kb resolutions.

Chromosome-wide differential Hi-C analysis over 250 Kb bins

We aggregated read counts for each replicate of each biological condition at 250 Kb resolution for each chromosome separately. 

DESeq2 was used to identify interactions between 250 Kb genomic regions with statistically significant differential Hi-C read count 

between Treg and Tcon cells. Interactions with an average read count of less than two were discarded. To account for both sample- 

specific sequencing depth and distance decay, we used scaling factors calculated separately for interactions of different genomic 

distances. Specifically, for each chromosome, we binned interactions into 50 groups, equidistant on a log scale based on genomic 

distance between 250 Kb interaction anchors, and calculated separate size factors for all interactions in each group using DESeq2 

estimateSizeFactors(). Differential Hi-C was then calculated using DESeq2 with cutoffs |LFC| > 0 and FDR <.05. This yielded 114546 

Treg-specific interactions and 91415 Tcon-specific interactions. Wald statistic for differential Hi-C signal accounting for both the 

magnitude and variance, as calculated by DESeq2 in this analysis, was used for visualization.

InterDoman algorithm for metadomain calling

We developed an algorithm, InterDomain, to identify metadomain interactions genome-wide. InterDomain adapts and extends the 

HICCUPS loop calling algorithm38 to enable detection of long-range and interchromosomal interactions at coarse resolution (e.g., 

50 Kb), which standard loop callers are not designed to handle. Unlike HICCUPS, InterDomain scans the entire contact map rather 

than a narrow band near the diagonal, and removes short-range specific filters (such as the lower-left neighborhood filter) that are not 

relevant for long-range interactions. Metadomains were defined as interactions between large genomic regions (e.g., of length 250 

Kb) that have statistical read count enrichment and prominence. For this, InterDomain was applied to normalized intrachromosomal 

Hi-C data at coarse resolution, e.g., 50 Kb. First, InterDomain identifies prominent pixels in the 2D Log(O/E) matrix. Prominent pixels 

are local maxima whose topographic prominence in both the X and the Y direction exceeds a cutoff of 4. Topographic prominence is 

defined as the lowest drop in height along the path from one local maximum to the nearest larger local maximum. After identifying 

prominent pixels, InterDomain computes read count enrichment at each prominent pixel relative to a neighborhood of nearby pixels 

serving as the local control. InterDomain assumes that reads are drawn from a Poisson distribution parameterized by the average 

signal of the local control. Prominent peaks with a read count enrichment p-value < 1e− 20 are designated as metadomains. Lastly, 

to prevent double-counting and redundancy, all immediately adjacent pixels which are called as metadomains are collapsed into one 

call where the pixel with the greatest Log(O/E) signal is selected as a representative of the metadomain. For interchromosomal anal

ysis, InterDomain is run with the following modifications. Identification of prominent pixels is done on a smoothed O/E matrix. 

Smoothing was performed using scipy.ndimage.Gaussian_filter with sigma = .75. This is done to overcome the sparsity and lower 

read count of the interchromosomal matrix. Then read count enrichment is calculated using a pseudocount of .5 to prevent high 

sensitivity in highly sparse regions. Finally significant metadomain calls are identified using a less stringent p-value cutoff of 

1e− 5, due to the lower statistical power from lower read counts. For both inter- and intrachromosomal analysis, InterDomain was 

run on 50 Kb resolution Tcon and Treg cell Hi-C data to generate metadomain calls. These 50 Kb metadomains were then analyzed 

at 250 Kb resolution by overlapping them with the 250 Kb bins that had been used for Hi-C analysis.
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Intrachromosomal metadomain analysis

For metadomain triplet enrichment analysis, a metadomain triplet was defined as three 250 Kb bins in which each pair of bins is con

nected by a metadomain. For each chromosome, triplet calculation was performed on the intrachromosomal metadomain matrix as 

well as a randomly shuffled matrix as a control. 500 permutations were performed to determine statistical significance. For compar

ison of metadomains between mouse and human, genomic regions of length 50 Kb (corresponding to the original 50 Kb metadomain 

calls) in mouse genome mm10 were lifted over to human genome hg38 using the online web tool UCSC LiftOver with the following 

procedure. For n = 52,685 50 Kb metadomain anchors, 121,731 corresponding regions were identified using LiftOver due to individ

ual regions being split. To disambiguate, we first discarded results in hg38 that were less than 10 Kb or greater than 200 Kb. Second, 

for bins which lifted over to multiple genomic locations, we chose the genomic location with the largest length in human as the unique 

representative of this bin. This allowed mapping of the mouse Tcon and Treg metadomain 50 Kb bins to human. Out of 52,685 

metadomain bins, 45,451 lifted over (including intra-chromosomal and inter-chromosomal). For analysis of intra-chromosomal meta

domains, we required that both metadomain anchors map over successfully, and to the same chromosome. For analysis of inter- 

chromosomal metadomains, we only required that both metadomain anchors map over successfully. For analysis of superenhancers 

(SEs) in metadomains, SEs were obtained from a publication28 and then lifted over from mm9 to mm10 using UCSC LiftOver. For 

analysis and visualization of ChIP-seq signal in metadomains, MACS2-normalized ChIP-seq signal was aggregated over 250 Kb 

genomic bins. Specifically, ChIP-seq signal was averaged over 250 Kb bins using the Python package pybbi (v0.3.2) and then 

log-transformed. Intrachromosomal metadomains were clustered for each chromosome separately using hierarchical clustering 

from scipy (scipy.cluster.hierarchy) (v1.11.2) with method = ‘ward’ and metric = ‘euclidean’ and n_clusters = 10.

Genome-wide metadomain clustering and interchromosomal metadomain hubs

First, inter- and intra-chromosomal metadomains were combined across Treg and Tcon to create a matrix representing all de

tected metadomains. Second, bins which had more than either at least 20 inter-chromosomal or at least 20 intra-chromosomal 

metadomains were included. Third, the metadomain matrix was transformed using sklearn PCA version 1.3.0 with 20 components. 

Scipy’s hierarchical clustering with method = ‘ward’ and metric = ‘euclidean’ was applied to the PCA loadings of each bin to 

generate 24 unique clusters. Clusters with a high concentration of just one chromosome were removed and clusters with low 

(<5%) metadomain density (defined as the fraction of all interchromosomal pairs containing a metadomain) were removed, pro

ducing a final list of metadomain clusters. Genome-wide metadomain clustering identified very fine-grained metadomain clusters. 

To aggregate these results and merge similar clusters, we can calculate the average number of metadomains between clusters, 

creating an adjacency matrix between clusters. Louvain clustering algorithm (python-louvain v0.16) can be run on this adjacency 

matrix to define groups of metadomain clusters sharing many metadomains. For our Tcon and Treg Hi-C data, we performed this 

analysis and ran the Louvain clustering at resolution 1 and thus defined three groups of metadomain clusters that formed three 

interchromosomal hubs.

Comparison of metadomain clustering with Hi-C clustering

To confirm the robustness of clusters formed by metadomain clustering, we formed a matrix of the same bins using Log(O/E) Hi-C 

data as the input, instead of binary metadomain as input. For this matrix, we ran an identical clustering procedure to the one that was 

run on our metadomains and compared the resulting clusters with metadomain clusters.

ImmGen data analysis

We reanalyzed RNA-seq gene expression data for different immune cells from the ImmGen consortium.39 Processed RNA-seq read 

counts were obtained from NCBI GEO (accession number GSE109125). RPKM values were calculated and Z-scored across all genes 

within each cell type. Z-scores were then averaged for all genes overlapping each metadomain hub or an equivalently strong set of 

bins in the A compartment (distinct from bins in hubs) to generate ‘‘hub activity’’ scores. Hub activity scores were clustered using 

hierarchical clustering.

Mouse sci-ATAC-seq atlas data analysis

Processed ATAC-seq matrices were downloaded from.91 ATAC-seq signal was pseudo-bulked by annotated cell type and peaks 

were Z score normalized across cell types. Peaks overlapping hub annotations were averaged and compared across cell types 

and different hubs.

Housekeeping gene data analysis

A list of housekeeping genes were downloaded from a published source92 and the fraction of housekeeping genes in each hub was 

calculated.

Functional term enrichment analysis

Functional enrichment analysis was performed by taking all genes overlapping all bins within a metadomain hub. These genes were 

passed into the Python package gprofiler v1.0.0 with the following sources: GO MF, GO BP, GO CC, KEGG, REAC, WP. All genes 

passing previously described filtering steps were used as a control.
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Metadomain score calculation (hub level)

To calculate metadomain scores for an entire hub, we generated interchromosomal pileups at 50 Kb or 25 Kb resolution between 

groups of bins, such as the Active Constitutive or Active Dynamic hubs. These pileups were run on the Log(O/E) matrices. Specif

ically, to calculate the Metadomain Score, we calculated the average Log(O/E) signal between all interchromosomal pairs of bins 

in a hub (‘‘inside’’ values), and subtracted the average Log(O/E) signal of flanking regions (‘‘outside’’ values). A Mann-Whitney U 

test between inside and outside values was run to compute a p-value.

Metadomain score calculation (individual bin)

To calculate metadomain scores for an individual bin of interest, we followed the same protocol as above. Specifically, to calculate 

the Metadomain Score (MS), we calculated the average Log(O/E) signal between that bin and all bins in the hub from a different chro

mosome than the bin of interest (‘‘inside’’ values). We then subtracted the average Log(O/E) signal of regions flanking the bin of in

terest (‘‘outside’’ values). A Mann-Whitney U test between inside and outside values was run to compute a p-value.

Analysis of SE metadomain scores

Metadomain scores were calculated for each SE and the Active Constitutive and Active Dynamic hubs. SEs with an MS p-value less 

than 1e− 20 and an MS score greater than .03 with either of the Active hubs were designated as having a recovered ‘‘pileup’’ meta

domain and included in the plot in Figure 4F.

Differential metadomain scores

To determine differential metadomain scores, we calculated metadomain scores in each condition (Treg/Tcon) separately and calcu

lated the difference between the two metadomain scores. A p-value was calculated using a Mann-Whitney U test comparing inside- 

outside enrichment between the two conditions. This calculation was performed both at the hub level (i.e., all pairs of contacts in a 

hub) and for bin-hub contacts (i.e., all contacts between one bin and the hub).

Single-cell RNA-seq co-expression analysis for metadomains and metadomain hubs

Single-cell RNA-seq data for Treg cells (GSM3978655) and their precursors (GSM3978654) was obtained from NCBI GEO (accession 

number GSE134902). The data was read into Scanpy (v1.9.4), aggregated into metacells (n = 72, precursors; n = 69, Treg) using Leiden 

clustering to reduce sparsity, and normalized using Pearson residual normalization. Then, Pearson correlations were calculated for all 

pairs of genes. We examined enrichment in correlations between genes in metadomains (‘‘baseline co-expression’’), as well as Treg- 

specific enrichment in correlations for genes that have Treg-specific metadomains (‘‘differential co-expression). To determine baseline 

co-expression, we took correlations between pairs of genes where both genes were in a metadomain hub and compared this with cor

relations between pairs of genes where only one gene was in a metadomain hub. Mann-Whitney U test was used for statistical com

parison. For differential co-expression, we examined all genes which were not originally in the hub but which displayed Treg-specific 

hub contact (‘‘hub-up’’ genes). We then took correlations in Treg cells between hub-up genes and other genes in the hub and compared 

this with correlations between hub-up genes and non-hub genes. We performed the same comparisons in precursor cells as a control.

Graph embedding of differential metadomains in a metadomain hub

To generate a graphical embedding of a hub based on differential metadomaining patterns, we subtracted the Treg metadomain 

hubs from the Tcon metadomain hubs to create a matrix representing differential metadomaining. Then, we computed pairwise Pear

son correlations of the differential metadomain matrix. A high correlation means that two bins have similar differential metadomains, 

whereas a negative correlation means that the two bins have opposite differential metadomains. To prevent numerical instability in 

the graph layout, negative correlations were clipped to − .00001 while positive correlations were clipped at .5, and self-correlation 

was set to zero. This matrix was used as input to the NetworkX version 3.1 spring layout embedding algorithm, which was run 

with default parameters to calculate a 2D graph spring layout corresponding to differential metadomaining patterns. The 2D graph 

hub embedding was visualized with the following settings. Nodes, representing each bin, had a size that was proportional to the num

ber of Treg-specific or Tcon-specific metadomains for that bin (whichever was larger). Nodes were connected by edges if the two 

bins were connected by a differential metadomain. Edge color was blue for Tcon-specific metadomains and red for Treg-specific 

metadomains. Shared metadomains were not plotted as edges. Bins with fewer than 25 Treg-specific or Tcon-specific metadomains 

with the hub were pruned and their edges were removed.

T cell Hi-C compendium

Hi-C datasets generated in T cells were identified using SRA Explorer by searching for terms such as Hi-C, HiC, T cell, and Tcell. In 

total, we identified 60 datasets from 17 studies (Table S4). Hi-C was aligned and processed as described above. To identify Hi-C 

datasets with similarity to our Treg/Tcon Hi-C data, we analyzed all Hi-C datasets at a resolution of 250 Kb and calculated O/E 

matrices for each dataset. Datasets with a correlation greater than .7 with the Treg Hi-C dataset were selected, resulting in 51 data

sets from 15 studies. The selected datasets were merged to form a ‘‘mega’’ Hi-C dataset that contained 19 billion processed read pair 

contacts. This dataset was normalized through balancing as described above. A comprehensive list of included Hi-C datasets can be 

found in Table S4.
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Metaloop calling algorithm

A modified version of InterDomain was used to refine 50 Kb metadomains identified in Treg or Tcon cells by identifying 5 Kb focal 

interactions in the T cell Hi-C compendium dataset. Metadomain refinement was performed only at metadomains that had been iden

tified at 50 Kb resolution in the Treg or Tcon data. For each 50 Kb metadomain, Hi-C data at the metadomain and in a 100 Kb radius 

was analyzed at 5 Kb resolution in the T cell compendium dataset. Intrachromosomal InterDomain was then run on this data matrix 

with the following modifications. First, read count enrichment was thresholded with a p-value cutoff of 1e− 15 instead of 1e− 20. Sec

ond, unlike intrachromosomal InterDomain, we did not limit the analysis to ‘‘prominent peaks’’ since we had already restricted our 

analysis to previously called metadomains. The same process was run at metadomains shifted by 250 Kb in both anchors as a 

control.

Single-cell ATAC-seq co-accessibility analysis

Single-cell ATAC-seq data for splenic Treg cells93 was obtained from NCBI GEO (accession number GSE156112; GSM4724883; 

GSM4724889). The count matrices were read into Scanpy94 (v1.9.4). Metacells were formed to reduce sparsity according to the pre

viously described protocol used for the Cicero algorithm.63 Pearson residuals were calculated on metacell data. Then, Pearson cor

relations were calculated for different pairs of 5 Kb bins.

ChIP-seq, ATAC-seq and CUT&RUN data analysis

SRA Explorer and a literature search were used to identify published ChIP-seq, ATAC-seq and CUT&RUN data for Tcon and Treg 

cells. In total, we identified 201 experiments from 8 studies (Table S1). Reads were aligned to the mouse genome mm10 using bow

tie295 (v2.5.0) with parameters –very-sensitive –no-unal –no-mixed –no-discordant. For ChIP-seq and ATAC-seq, bigWig files were 

generated using macs2 callpeak and macs2 bdgcmp. For ChIP-seq, inputs were passed into MACS2 when available. For CUT&RUN, 

bigWig files were generated using deeptools bamCoverage (v3.5.2) with parameters -bs 10 –normalizeUsing RPGC, since MACS2 

assumptions were not appropriate for normalization of CUT&RUN data. Only tracks profiling Treg cells, Tcon cells, Treg precursor 

cells, or Foxp3-GFPKO cells were included in the final analysis. ChIP-seq, ATAC-seq and CUT&RUN signal from the bigWig files 

generated above was averaged over each 5 Kb genomic bin and log1p-transformed. Then, Z-scores were calculated within each 

experiment across all bins. Then bins intersecting the ENCODE blacklist were removed (n = 57,944; 11% of all 5 Kb bins),96 and 

bins with low levels of signal across all sites (Z score <1.5 for every measured track, n = 78,085; 16% of remaining 5 Kb bins) 

were excluded, leaving 487,666 bins. Scanpy (v1.9.4) was used to read in the Z-scored data, and a kNN graph was constructed 

in PCA space using 20 components, 30 neighbors, and cosine similarity as the metric. UMAP coordinates were generated using 

default Scanpy parameters. To calculate differential epigenomic signal (ChIP-seq, ATAC-seq or CUT&RUN) across two sets of 

genomic bins of interest (e.g., corresponding to peaks, loop anchors, or other annotations), we subset the epigenomic signal only 

to these bins, and then recalculated Z-scores of the epigenomic track along these subsets jointly. For calculation of epigenomic 

signal in metaloop anchors, we restricted to those metaloop anchors which overlapped short-range loop anchors. Then, we calcu

lated the difference in Z-scores across the two sets of bins for each factor using a Mann-Whitney U test to calculate p-values. The 

difference of the median Z score across each set of bins was used to rank factors.

Motif calling and enrichment analysis

Motifs were called using FIMO (v5.5.0) with the JASPAR2022 CORE non-redundant vertebrates motif database and a p-value cutoff 

of 5e− 5. Motifs were called at H3K27ac ChIP-seq peaks (n = 42,179) or ATAC-seq peaks (n = 93,417) identified in Treg and Tcon cells 

using MACS2. For motif enrichment analysis in loop anchors, we subset analysis to motifs in ATAC-seq peaks overlapping loop an

chors. To compare motif enrichment between different sets of loop anchors, we calculated the fold change in the fraction of ATAC- 

seq peaks with each motif, for ATAC-seq peaks between the different sets of anchors. For metaloop analysis, we restricted to metal

oop anchors overlapping short-range loop anchors. To calculate p-values, we used a Fisher exact test for each motif; these were 

corrected for multiple hypothesis testing using the Benjamini-Hochberg procedure. For motif enrichment in hubs, we used all 

ATAC-seq peaks overlapping the 250 Kb metadomain hub bins. To identify motifs associated with differential H3K27ac between 

Treg and Tcon cells, we compared the H3K27ac ChIP-seq LFCs for peaks containing a motif compared to all other peaks. Specif

ically, we calculated the mean difference in H3K27ac LFC and calculated p-values using a Mann-Whitney U test.

MACS2 Peak calling for H3K27ac and ATAC-seq

Peaks were called in H3K27ac ChIP and ATAC-seq datasets by running macs2 callpeak on individual replicates with a p-value 

threshold of .01 and filtering to reproducible peaks (IDR <.1).97 Then, reads mapped to ATAC-seq peaks were quantified using Rsu

bread98 and DESeq2 was used to identify differentially accessible or acetylated peaks.

QUANTIFICATION AND STATISTICAL ANALYSIS

All details of data quantification, statistical and computational analyses used in this study can be found in the main and supplemen

tary figures, the corresponding figure legends, results and method details section of STAR Methods.
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Document S1: Supplementary Figures S1-S13 
 
 

 
Figure S1: Flow cytometry gating strategy. Related to Figures 1 and 5. Treg and 
Tcon cells were isolated from Foxp3GFP/LSL mice. Activated and resting Treg and Tcon 
cells were isolated from Foxp3DTR mice. See Methods for details. 

 
 

 



 

2 

 

 
Figure S2: Quality, reproducibility and differential loop calling in Tcon and Treg Hi-C 

data. Related to Figure 1. 
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(A) Number of contacts in our Tcon and Treg cell Hi-C data compared to data from Liu et 
al. 2023 (PMID: 36865315). 

(B) Correlation of Hi-C contacts within Treg replicates (red), within Tcon replicates (blue) 
and between Treg/Tcon replicates (gray), at different distances from the diagonal. 

(C) Histogram of Mustache FDR values for loops and inclusion criterion (FDR < .02). 
(D) Fraction of TSSs, binned into five quantiles by RPKM, overlapping a loop anchor. 

Mann-Whitney U test (***, p < .001). 
(E) MA plot for differential Hi-C analysis in loops using DESeq2. 
(F) Venn diagram of loop anchors for loops that were Treg-specific, Tcon-specific or not 

significantly differential (NS) between Tcon and Treg, at a log2 fold change (LFC) 
threshold of 0. 

(G) Pileups of Tcon-specific (left), non-differential (center), or Treg-specific (right) loops, in 
Treg Hi-C data (top) or Tcon Hi-C data (bottom). 

(H) Scatter plot of log2 fold change (LFC) of gene expression (RNA-seq) and LFC of 
chromatin looping (Hi-C) aggregated over all loops for each gene. Blue, red; significant 
differential expression (FDR < .05). Pearson correlation calculated over all expressed 
genes. 

(I) CDF plot of RNA-seq LFCs (Tcon / Treg) for genes overlapping NS, Treg-specific or 
Tcon-specific loop anchors. Mann-Whitney U test was performed between Treg- or 
Tcon-specific anchors and the NS anchors. 

(J) CDF plot of difference in A/B compartment scores between Treg and Tcon bins 
overlapping Treg-specific, Tcon-specific, and non-differential loop anchors. Mann-
Whitney U test was performed between Treg- or Tcon-specific anchors and the NS 
anchors. 
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Figure S3: Examples of Treg- and Tcon-specific loops and TADs. Related to 

Figure 1. 
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Balanced Hi-C chromatin contact frequency and epigenomic tracks at the (A) Il2ra 
locus, (B) Lrrc32 locus (C) Tgfbr3 locus, and (D) Themis locus. Red arcs: Treg-
specific loops, blue arcs: Tcon-specific loops, gray arcs: shared loops. 
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Figure S4: Chromosome-wide differential Hi-C analysis at 250 Kb resolution. 

Related to Figure 1. 
(A) Scatter plot of median LFC (left) and DESeq2 Wald statistic (right) for all Hi-C 

interactions at a fixed genomic distance (x-axis), for genome-wide 
intrachromosomal differential Hi-C analysis at 250 Kb resolution between 
Tcon and Treg cells.  

(B) Number of genes contained in each 250 Kb bin (excluding bins with no 
genes). 

(C) Differential Hi-C analysis (using DESeq2) for 250 Kb genomic bins across 
chromosome 2. Analogous to Figure 1C. 

(D) Differential Hi-C analysis (using DESeq2) for 250 Kb genomic bins across 
chromosome 5. Analogous to Figure 1C. 
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(E) Manhattan-style plot of the number of statistically significant differential Hi-C 
interactions between Tcon and Treg cells for each 250 Kb bin for all 
interactions (left) or for interactions at distances > 20 Mb (right). 
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Figure S5: Distal metadomain genome interactions in Tcon and Treg cells. 

Related to Figure 3. 
(A) Balanced HiChIP contact maps at 50 Kb resolution for the interaction between 
Ikzf2 and the Cd28/Ctla4/Icos locus for data from Ramirez et al. 2022 (PMID: 
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35030035) (left) or data from Liu et al. 2023 (PMID: 36865315) (right). (B) 
Balanced Hi-C contact maps at 50 Kb resolution between Ets1 and Izumo1r, (C) 
Ldlrad4 and Nfatc1, (D) Tox and Tgfbr1, (E) Hivep2 and Btg1, (F) Themis and Fyn, 
and (G) Itgb2 and Stat6. (H). Pileup of log2(observed / expected) (log(O/E)) 
balanced Tcon Hi-C (25 Kb resolution) for metadomains, stratified by InterDomain 
p-value (shown on top). 
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Figure S6: Interchromosomal metadomains in Tcon and Treg cells. 
Related to Figure 3. 

(A) Balanced Hi-C data at 50 Kb resolutions for the metadomains linking Lef1 
and Bach2, Ptprcap and Cxcr5, and Itpkb and Jak1. Multiple genes were 
omitted from genomic tracks for clarity. 

(B) Pileup of interchromosomal Treg metadomains, by replicate, at different 
InterDomain p-value cutoffs. 

(C) Hi-C signal for intrachromosomal (left) and interchromosomal (right; 
chromosome 3) interactions for the bin containing Ikzf2. Metadomains are 
annotated with a black arrow. 

(D) Hi-C signal for intrachromosomal (left) and interchromosomal (right; 
chromosome 3) interactions for the bin containing Ly96. Metadomains are 
annotated with a black arrow. 
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Figure S7: Additional metadomain analysis. Related to Figure 3. 
(A) Histogram of the number of intrachromosomal metadomains called in Treg 

cells. 
(B) Histogram of the number of interchromosomal metadomains called in Treg 

cells. 
(C) Scatterplot of the number of interchromosomal metadomains per 250 Kb bin 

in Treg vs Tcon cells, for bins with more than 10 intra- or interchromosomal 
metadomains. Pearson correlation calculated over all bins. 

(D) Scatterplot of the number of intrachromosomal metadomains per 250 Kb bin 
versus the number of interchromosomal metadomains per 250 Kb bin for all 
bins, in Treg cells (left) or Tcon cells (right). Pearson correlation calculated 
over all bins. 
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(E) Scatter plot of the A/B compartment score (at 250 Kb resolution) in Treg cells 
for genomic regions involved in metadomains. 

(F) Venn diagram of intra-chromosomal metadomains called in separate 
replicates of Treg Hi-C. 

(G) Clustermap of Jaccard coefficients calculated from intra-chromosomal 
metadomains called in separate replicates of Treg and Tcon Hi-C. 
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Figure S8: Metadomain hubs. Related to Figure 4. 
(A) Boxplots for normalized ChIP-seq signal and A/B compartment scores for 

250 Kb bins in metadomain clusters. 
(B) Schematic for the definition of the metadomain score (MS) representing the 

degree of interaction between all genomic bins within a metadomain hub, or 
between a single genomic bin and a metadomain hub. For this analysis, the 
corresponding interactions are selected (between all bin pairs in the hub, top; 
or between a single bin and the hub, bottom), and the balanced Log(O/E) Hi-
C signal is calculated for each interaction (250 x 250 Kb centered at the 
interaction, “inside” values) and a flanking region (here, 900 x 900 Kb 
excluding the 250 x 250 Kb centered at the interaction, “outside” values). 
Distributions of these values (purple, gray) are then compared using the 
Mann-Whitney U test, and the metadomain score is defined as the difference 
of the means of these distributions. This analysis is visualized as a Hi-C 
pileup signal. 

(C) Balanced Hi-C data (50 Kb resolution; upper triangle, Treg; lower triangle, 
Tcon) for selected genes from the Constitutive hub (left) and the Repressed 
hub (right). 

(D) Robustness analysis for the definition of metadomain hubs. Clustering of the 
same 250 Kb bins as in panel B with the same procedure and number of 
clusters, but using all pairwise Obs/Exp Hi-C, instead of presence/absence of 
metadomains. Bins corresponding to the three interchromosomal 
metadomain hubs from Figure 4 were selected, and their cluster assignments 
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in the Obs/Exp Hi-C clustering were visualized. Shown is the fraction of each 
new cluster overlapping with each metadomain cluster. 

(E) Number of SEs overlapping bins in each hub. (**, p < 1e-3, Fisher’s Exact 
Test). 

(F) Fraction of all bins in interchromosomal metadomain hubs, grouped by 
compartment score. 
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Figure S9: Properties of metadomain hubs in Tcon and Treg cells. Related to Figure 4. 
(A) Fraction of housekeeping genes in each metadomain hub. Housekeeping gene annotations 

are from He and Williams 2020. Fisher’s exact test. 
(B) Violin plot for the distribution of the A/B compartment score in 250 Kb bins in metadomain 

hubs, compared to all other bins. Mann-Whitney U test (***, p < .001). 
(C) Cumulative distribution function (CDF) plot for the number of genes per 250 Kb bin in 

metadomain hubs, compared to all bins in the A compartment. Mann-Whitney U test. 
(D) CDF plot for the number of exons per Kb of transcript for genes in metadomain hubs, 

compared to genes in other bins. Mann-Whitney U test. 
(E) CDF plot for speckle scores from Bhat et al. 2024 (PMID: 38720076) for bins in metadomain 

hubs, compared to other bins. Mann-Whitney U test. 
(F) Barplot showing metadomain interactions from each metadomain hub to itself, to other 

metadomain hubs, and to bins outside of metadomain hubs. 
(G) Differential accessibility analysis in metadomain hubs for ATAC-seq data for Tcon and Treg 

cells from van der Veeken et al. 2020 (PMID: 33176163)). CDF plots for ATAC-seq LFCs 
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(Treg / Tcon) for all peaks in each metadomain hub vs. all other peaks (Kolmogorov-
Smirnov test).  

(H) Quantification of the number of significantly differentially accessible (FDR < .05, |LFC| > .5) 
ATAC-seq peaks in each metadomain hub (The enrichment is significant in the Dynamic 
hub, Fisher’s exact test). 

(I) Fraction of each subcompartment overlapping each interchromosomal hub. 
Subcompartments called according to Rao et al. 2014 (PMID: 25497547).  

(J) Motif enrichment for all ATAC-seq peaks in each metadomain hub. Motif enrichment is 
calculated as the LFC in frequency of the motif for peaks in the hub compared to the 
frequency of the motif in all other peaks. Non-significant motifs (Fisher’s exact test, p > .05) 
are shown in grey. The ten most significant motifs were taken from each metadomain hub 
for visualization. 

(K) Pileup of mESC Hi-C data from Bonev et al. 2017 (PMID: 29053968) for the three 
metadomain hubs defined in the Tcon/Treg cell Hi-C data. Tick marks are in Mb. 
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Figure S10: Cell type specificity and differential gene expression in 
metadomain hubs. Related to Figure 5. 

(A) Pileup of Tcon and Treg Hi-C (25 Kb resolution) for 250 Kb genomic bins 
detected as involved in metadomain hubs in Treg- or Tcon-specific manner 
using differential metadomain score analysis. 

(B) LFC (Treg vs. Tcon) of RNA-seq signal at 250 Kb bins with Treg- and 
Tcon-specific contact with the metadomain hubs. Mann-Whitney U test. 

(C) A scatterplot of differential metadomain scores for interactions of 250 Kb 
genomic regions with the Active Constitutive and Active Dynamic 
metadomain hubs. Pearson correlation calculated over all bins. 

(D) Differential Hi-C signal (25 Kb resolution) for interactions of Ikzf2 and Ctla4 
with the active metadomain hubs. Boxplots (right) show quantification of the 
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metadomain scores for these interactions. Boxplots: center line, median; 
box limits, upper and lower quartiles; whiskers, 1.5x interquartile range. 

(E) CDF plots of Pearson correlation in Treg scRNA-seq gene expression data 
from Hemmers et al. 2019 (PMID: 31434685) for pairs of genes in the 
same metadomain hub (solid lines), or pairs of genes where one gene is in 
a metadomain hub and the other gene is not in the hub (dashed lines). 
Mann-Whitney U test. 

(F) Differential metadomain scores between Treg and Tcon cells for Treg-
specific SEs (red), Tcon-specific SEs (blue), or shared SEs (gray) taken 
from Kitagawa et al. 2017 (PMID: 27992401). 

(G) Boxplot quantification showing metadomain scores for all bins in the 
metadomain hubs in rTcon, aTcon, rTreg and aTreg cells. Mann-Whitney U 
test (***, p < .001, **, p < .01). 

(H) Boxplot quantification of metadomain scores between Ikzf2 and all other 
bins in the metadomain hubs in rTcon, aTcon, rTreg and aTreg cells. 
Mann-Whitney U test (***, p < .001, **, p < .01). 

(I) Interchromosomal Hi-C pileups (25 Kb resolution) in active and resting 
Tcon and Treg cells showing interactions between Ikzf2 and the Active 
Dynamic hub. 
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Figure S11: T cell Hi-C compendium preprocessing and analysis of metaloop calls. Related 

to Figure 6. 
(A) Balanced CD8 and CD4 T cell Hi-C chromatin contact frequency and epigenomic tracks at 

the Cd8a/Cd8b1 locus for the newly generated Hi-C data. 
(B) Balanced CD8 and CD4 T cell Hi-C chromatin contact frequency and epigenomic tracks at 

the Cd4 locus for the newly generated Hi-C data. 
(C) Total sequencing depth as a function of Pearson R threshold used for including relevant Hi-

C datasets. 
(D) Fraction of metadomains in which metaloops could be detected at 5 Kb resolution in the T 

cell Hi-C compendium, compared with flanking regions (shifted by 250 Kb) (****, p < 1e-5, 
Fisher’s Exact test). 
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(E) Fraction of anchors of metaloops called in the T cell Hi-C compendium that overlapped 
short-range loop anchors at 5 Kb resolution in Treg and Tcon data, compared with flanking 
regions (shifted by 50 Kb). (****, p < 1e-5, Fisher’s Exact test). 

(F) Boxplot of the Treg (left) or Tcon (right) -log10 InterDomain p-value for the original 
metadomain (y-axis) as a function of the number of metaloops recovered in that 
metadomain after metaloop identification in the T cell Hi-C compendium (x-axis). Spearman 
rho calculated over all points (not just boxplot medians). 

(G) Fraction of TSSs engaging in metaloops, as a function of gene expression (RPKM). 
(H) H3K27ac ChIP-seq signal as a function of the number of metaloops formed by each 

H3K27ac peak. (***, p < 1e-3; *, p < .05; Mann-Whitney U test). 
(I) Single-cell ATAC-seq co-accessibility between metaloop anchors, compared to random 

pairs of the same anchors. The analysis was performed for metaloops genome-wide (left) 
and for metaloops in the Active Dynamic hub metadomains (right). Mann-Whitney U test. 
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Figure S12: Examples of metaloops in the T cell Hi-C compendium. Related 

to Figure 6. 
(A) Balanced Hi-C data at 5 Kb resolution in the T-cell Hi-C compendium for 

metadomains linking Ikzf2 and Idh1, Mettl25 and the Socs2 locus, Stk17b 
and Cd28, Izumo1r and Birc3, Cd38 and Kcnjp4, and Emsy and Chd2. Blue 
circles denote metaloops detected using InterDomain. 
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(B) (top) Balanced Hi-C data at 50kb resolution in Treg cells for metadomains 
linking bins in each metadomain hub. (bottom) Balanced Hi-C data at 5 Kb 
resolution in the T-cell Hi-C compendium for the same sites. Blue circles 
denote metaloops detected using InterDomain. 
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Figure S13: T cell epigenomic compendium and TF motif analysis. Related to 

Figure 7. 
(A) Motif enrichment in Treg-specific vs. Tcon-specific H3K27ac peaks. LFC is 

calculated from the motif frequency in Treg-specific peaks / Tcon-specific 
anchors. FDR calculated using Fisher’s exact test. 

(B) Mean ChIP-seq signal in 5 Kb loop anchor loci vs. non-loop-anchor 5 Kb loci. 
(C) Mean difference in ChIP-seq signal between Treg-specific loop anchors and 

Tcon-specific loop anchors. Upward arrows represent ChIP-seq data 
generated for Treg cells, while downward arrows represent ChIP-seq data for 
Tcon cells. 

(D) Balanced O/E Hi-C pileup at 5 Kb resolution for loops whose anchors contain 
a Treg-specific Stat5 peak, Foxp3 peak, all Stat5 peaks, or a CTCF motif. 
Tick marks are in Kb. 
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