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Region Capture Micro-C reveals coalescence 
of enhancers and promoters into nested 
microcompartments

Viraat Y. Goel1,2,3, Miles K. Huseyin    1,2,3 & Anders S. Hansen    1,2,3 

Although enhancers are central regulators of mammalian gene expression, 
the mechanisms underlying enhancer–promoter (E-P) interactions remain 
unclear. Chromosome conformation capture (3C) methods effectively 
capture large-scale three-dimensional (3D) genome structure but struggle 
to achieve the depth necessary to resolve fine-scale E-P interactions. Here, 
we develop Region Capture Micro-C (RCMC) by combining micrococcal 
nuclease (MNase)-based 3C with a tiling region-capture approach and 
generate the deepest 3D genome maps reported with only modest 
sequencing. By applying RCMC in mouse embryonic stem cells and reaching 
the genome-wide equivalent of ~317 billion unique contacts, RCMC reveals 
previously unresolvable patterns of highly nested and focal 3D interactions, 
which we t er m m ic ro co mp ar tments. Microcompartments frequently 
connect enhancers and promoters, and although loss of loop extrusion and 
inhibition of transcription disrupts some microcompartments, most are 
largely unaffected. We therefore propose that many E-P interactions form 
through a compartmentalization mechanism, which may partially explain 
why acute cohesin depletion only modestly affects global gene expression.

3D genome structure regulates vital cellular processes including 
gene expression, DNA repair, genome integrity, DNA replication and 
somatic recombination1,2. Many insights into 3D genome structure 
have come from 3C assays, which have revealed structural hallmarks 
across at least three scales. First, active and inactive chromatin seg-
regates into A- and B-compartments through a poorly understood 
compartmentalization mechanism3,4. Second, the genome is folded 
into loops and local domains called topologically associating domains 
(TADs) or loop domains5–8 by loop-extruding cohesin complexes halted 
at CTCF boundaries9,10. Third, whereas A/B-compartments and TADs 
generally span hundreds to thousands of kilobases, recent work has 
hinted at finer-scale 3D chromatin interactions, including those linking 
enhancers and promoters11–17. Because enhancers are the primary units 
of gene expression control in mammals, there has been intense interest 
in resolving fine-scale E-P interactions; however, it has remained chal-
lenging to resolve fine-scale E-P interactions with current methods8,18. 

This challenge motivated us to develop a 3C method that effectively 
captures E-P interactions.

Advances in our understanding of 3D genome structure have been 
primarily driven by (1) deeper sequencing, (2) improved 3C proto-
cols and (3) perturbation studies. First, A/B-compartments, TADs and 
loops were uncovered as deeper sequencing increased the number of 
captured unique contacts in 3C experiments from ~8 million3 to ~450 
million5 to ~5 billion7, respectively. Second, Micro-C overcomes the 
resolution limits imposed by Hi-C’s dependence on restriction enzymes 
by digesting chromatin with MNase, which grants Micro-C nucleosome 
resolution and allows it to better resolve finer-scale regulatory interac-
tions, including those between enhancers and promoters8,11–13,15,19,20. 
Third, perturbation studies have yielded profound mechanistic insights 
into 3D genome structure; for example, protein-depletion studies were 
pivotal in elucidating the roles of CTCF, cohesin and associated factors 
in the formation of TADs and loops13,21–27.
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with 35–49% efficiency in a single step (Extended Data Fig. 1d). After 
paired-end sequencing and normalization30 (Extended Data Fig. 1e), we 
obtained contact maps (Fig. 1a). To validate our RCMC contact maps, 
we compared them to high-resolution Hi-C31 and Micro-C12 for the same 
regions. Our RCMC data matched both Hi-C31 and Micro-C12 data at 2-kb 
resolution (Extended Data Fig. 1f), was reproducible (Extended Data 
Fig. 1g) and gave the expected contact frequency scaling (Extended 
Data Fig. 2a). Thus, RCMC captures all information in target regions 
obtained in prior multibillion contact studies12,31.

Having validated RCMC, we next benchmarked it against other 
3C datasets. Despite capturing ~2.6–3.3 billion unique contacts, the 
deepest Hi-C31 and Micro-C12 datasets in mESCs give sparse contact 
maps at fine (subkilobase) resolutions (Fig. 1b). In contrast, because 
RCMC focuses its sequencing reads in only regions of interest, almost 
all 100-bp-sized interaction bins showed at least one interaction for 
our most deeply sequenced region (Klf1 Fig. 1b; Extended Data Fig. 2),  
and our RCMC maps matched genome-wide Micro-C12 even after 
downsampling by ~100-fold (Extended Data Fig. 2d–f). Indeed, with 
relatively modest sequencing (Extended Data Fig. 2c) we captured 
the genome-wide equivalent of ~317 billion unique contacts at the 
Klf1 region.

To visualize the improvements afforded by RCMC, we plotted con-
tact maps comparing RCMC to Hi-C31 and Micro-C12 at our 5 captured 
regions (Extended Data Figs. 3–4). While A/B-compartments, TADs, 
and CTCF and cohesin-mediated structural loops are well-resolved 
in prior high-resolution Hi-C31 and Micro-C12 studies, resolving E-P 
interactions has proven more challenging8,18. To test the ability of 
RCMC to resolve E-P interactions, we captured a region around the Sox2 
gene and its regulatory elements (Fig. 2a). Sox2 encodes a key pluripo-
tency transcription factor, whose expression in mESCs is controlled 
by a well-characterized ~100-kb distal enhancer (Sox2 control region 
(SCR))32–34. Although long-range Sox2-SCR interactions are visible in 
Hi-C and Micro-C, RCMC resolved the fine-scale substructure of the 
Sox2-SCR interactions; rather than one broad loop, Sox2 forms multiple 
individual focal interactions with subelements of the SCR marked by 
Mediator binding and ATAC peaks (Fig. 2a). Furthermore, RCMC also 
revealed previously unobservable long-range interactions between a 
~600–700 kb distal region near the Fxr1 gene and Sox2 and the SCR as 
well as strong compartmental exclusion of a ~550-kb intervening region 
(Extended Data Fig. 4a). Next, we focused on a ~300-kb segment of our 
most deeply sequenced region, the region around Klf1 (Fig. 2b). Nota-
bly, RCMC revealed patterns of highly focal and nested interactions 

Nevertheless, despite decreasing sequencing costs, sequenc-
ing remains the key bottleneck for 3C assays. For a genome with 
n linear bins, sequencing costs to populate an n2 pairwise contact 
matrix grow quadratically with n. For example, we estimate approxi-
mately $1.6 billion in sequencing costs alone to average one read per 
nucleosome-sized bin across the human genome (a total of (3.3 × 109  
bp/150 bp)2/2 = 2.4 × 1014 reads). To overcome the prohibitive cost of 
sequencing inherent to current methods and facilitate the study of 
fine-scale 3D genome structure and EP interactions at loci of inter-
est, we therefore sought to develop a 3C method that (1) strongly 
increases effective sequencing depth, (2) incorporates the latest 
advances in 3C-derived protocols and (3) is cost-effective for pertur-
bation experiments.

Here, we address these three points by combining Micro-C with a 
tiling region capture approach28,29 to enrich for entire regions of inter-
est in a method we call Region Capture Micro-C (RCMC). We use RCMC 
to generate the deepest maps of 3D genome organization reported so 
far, achieving nucleosome resolution with a fraction of the sequencing 
of other methods. By reaching the local equivalent of ~317 billion unique 
contacts genome-wide, we discover patterns of previously unseen, 
fine-scale, focal and highly nested 3D interactions in gene-dense loci 
that we call microcompartments. Microcompartments frequently 
connect enhancers and promoters, and are largely robust to the loss of 
loop extrusion and inhibition of transcription, though some microcom-
partmental loops do change. Taken together, our results suggest that 
interactions between enhancers and promoters, now highly resolved 
by RCMC, may be driven by compartmentalization mechanisms rather 
than loop extrusion.

RCMC: development and benchmarking
To develop RCMC, we optimized the regular Micro-C protocol11,12,15 to 
maximize library complexity and combined it with a tiling region cap-
ture approach28,29 (Fig. 1a). Briefly, mouse embryonic stem cells (mESCs) 
were crosslinked with disuccinimidyl glutarate (DSG) and formalde-
hyde (FA) and digested to nucleosomes with MNase (Extended Data  
Fig. 1a,b), after which fragment ends were repaired with biotin-labeled 
nucleotides and then proximity ligated. After protein removal and 
reversal of crosslinks, we size-selected and pulled down ligated dinu-
cleosomal fragments, and prepared a Micro-C sequencing library. 
Avoiding repetitive regions, we designed 80-mer biotinylated oligos til-
ing five regions of interest, each spanning between 425 kb and 1,900 kb 
(Extended Data Fig. 1c), and pulled down the tiled regions of interest 
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Fig. 1 | RCMC captures chromosome conformation at nucleosome resolution. 
a, Overview of the RCMC protocol. Cells are chemically fixed, nuclei are digested 
with MNase and fragments are biotinylated, proximity-ligated, dinucleosomes 
gel-extracted and purified, library-prepped, PCR-amplified, and region-captured 
to create a sequencing library. After sequencing, mapping and normalization, 
the data are visualized as a contact matrix. b, Benchmarking comparison of 
RCMC against the highest-resolution Tiled-Micro-Capture-C (TMCC)17, Micro-C12 

and Hi-C31 mESC datasets. Region-averaged calculations are shown for RCMC, 
TMCC, Micro-C and Hi-C, and calculations for individual captured regions are 
also shown for RCMC and TMCC. The x axis shows the fraction of all reads that 
uniquely map to the target region (both read mates fall within the captured 
region) that are structurally informative (cis contacts ≥1 kb). The y axis shows 
the fraction of all contact bins separated by 10 kb that contain at least one read at 
100-bp resolution.
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in the Klf1 region that are not visible in genome-wide Hi-C or Micro-C 
data (Fig. 2b). We name these interactions microcompartments (see 
Discussion for rationale and definition). We conclude that for mapping 
genomic interactions within specific regions, RCMC outperforms 
genome-wide Hi-C and Micro-C at a fraction of the cost.

Finally, while our studies were ongoing, the related methods 
Micro-Capture-C (MCC)16 and Tiled-Micro-Capture-C (TMCC)17 
were reported. Unlike RCMC, (T)MCC uses only formaldehyde for  
fixation35, skips the pull-down of ligation products and the gel purifica-
tion of dinucleosomes (Fig. 1a) and instead uses sonication to gener-
ate small fragments containing both ligated and unligated DNA. This 
allows (T)MCC to precisely sequence the ligation junction, which for 
RCMC requires longer-read sequencing. Thus, this affords (T)MCC 
base-pair resolution when capturing the interactions between regula-
tory elements16,17. However, by not enriching for the informative ligation 

products, (T)MCC mainly captures unligated DNA fragments, resulting 
in most sequencing reads being uninformative (Fig. 1b). Indeed, with 
only slightly deeper sequencing, RCMC captured ~200 million unique 
>1-kb cis contacts in the target regions compared to just ~9–13 million 
for TMCC, underscoring the more than one order of magnitude higher 
efficiency of RCMC (Extended Data Fig. 2c). To directly compare RCMC 
to TMCC, we designed probes against the same Nanog region used in 
TMCC17. Due to the less efficient nature of TMCC, even with almost four-
fold higher sequencing at the Nanog region, TMCC maps were noisier 
than RCMC, which became even more evident when we subsampled 
TMCC’s sequencing depth to match RCMC (Fig. 2c and Extended Data 
Fig. 4b). In summary, we conclude that RCMC is more efficient for 
general 3D genome structure mapping of a region, whereas (T)MCC 
may be applied when it is necessary to resolve ligation junctions with 
base-pair resolution.
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Fig. 2 | RCMC generates deep contact maps, reveals previously unresolved 
aspects of 3D genome structure, and outperforms other 3C methods.  
a,b, Contact map comparison of RCMC against the deepest available mESC Hi-C 
(top; Bonev et al.31) and Micro-C (middle; Hsieh et al.12) datasets at the Sox2 (a) 
and Klf1 (b) regions at 500-bp resolution. Gene annotations and ATAC, chromatin 
immunoprecipitation with sequencing (ChIP-seq) and RNA sequencing (RNA-
seq) (Supplementary Table 1) signal tracks are shown below the contact maps, 

whereas the contact intensity scale is shown to the right. The RCMC data shown 
throughout this paper were pooled from two biological replicates in wild-
type (WT) mESCs. c, Contact map comparison of RCMC against TMCC17 at the 
Nanog locus at 250-bp resolution. Full datasets are visualized in the top contact 
map, and TMCC has been downsampled to match the total number of RCMC 
sequencing reads in view in the bottom contact map.
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RCMC reveals nested focal interactions in 
gene-rich regions
RCMC data revealed highly nested and focal interactions in both the 
Klf1 and Ppm1g regions, which were not visible in multibillion con-
tact genome-wide Hi-C31 and Micro-C12 datasets (Figs. 2b and 3a,b and 
Extended Data Fig. 5a,b). We applied existing loop36,37 and compart-
ment calling algorithms36 to identify these interactions, but they did 
not reliably detect them (Extended Data Fig. 5c). We therefore manu-
ally identified 132 anchors forming a total of 1,091 focal interactions 
in the gene-rich Klf1 and Ppm1g regions (Fig. 3a,b and Extended Data  
Fig. 5d). Furthermore, we validated that these interactions were not 
due to incomplete contact map normalization30 (Extended Data  
Figs. 1e and 6a) nor an artifact of increased accessibility at the anchors 
(only about half of all ATAC peaks result in ‘dots,’ and not all dots are 
anchored by ATAC peaks; Extended Data Fig. 6b–d).

Next, we observed that these interactions resemble both loops 
and compartments. Like loops, they give rise to focal enrichments 

(dots in Fig. 3a,b) between two anchors and occasionally form con-
tact domains as small as a few kilobases (squares in Fig. 3a,b). Like 
A/B-compartments, they result in nested, tessellated interactions in a 
checkerboard-like fashion, with a mean of ~17 interactions per anchor 
(mean interaction length: ~240 kb) and the most nested anchor forming 
52 focal interactions (Fig. 3c,d). Because these highly nested and focal 
interactions (dots) resemble fine-scale compartmental interactions 
(Discussion), we refer to them as microcompartments.

To understand which genomic elements form microcompart-
ments, we investigated the chromatin states of microcompartment 
anchors (Fig. 3c and Extended Data Fig. 7). About two-thirds of the 
identified microcompartment anchors overlapped either promoter 
(~46%) or enhancer (~21%) features (Fig. 3e and Extended Data Fig. 7),  
with the remaining anchors either corresponding to CTCF and 
cohesin-bound anchors or unknowns ('other'). Notably, however, 
promoters and enhancers formed many more focal interactions  
(Fig. 3f). Specifically, promoters and enhancers formed a mean of 
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Fig. 3 | RCMC identifies highly nested focal interactions called 
microcompartments, which frequently connect enhancers and promoters. 
a,b, Contact map visualization of RCMC data and called microcompartments 
at the Klf1 (a) and Ppm1g (b) locus at 500-bp (a) and 1-kb (b) resolution (left) and 
250-bp resolution (zoom in, right). Manually annotated microcompartment 
contacts are shown below the contact map diagonal on the left, whereas 
comparisons against genome-wide Micro-C12 (a) and Hi-C31 (b) are shown on the 
right. c,d, Histograms showing distributions of the number of focal interactions 
formed by microcompartment anchors (c) and the lengths spanned by focal 
interactions in kilobases (d). e, Venn diagram of microcompartment anchor 
categories according to chromatin features overlapped by the anchor ±1 kb. 
Promoters were defined as regions around annotated transcription start 

sites51 ±2 kb, active enhancers as regions with overlapping peaks of H3K4me1 
(ENCFF282RLA) and H3K27ac (GSE90893) in ChIP-seq data that did not 
overlap promoters, and CTCF/cohesin as regions with overlapping peaks of 
CTCF (GSE90994) and SMC1A (GSE123636) in ChIP-seq data. Other regions 
are those not overlapping any of these features. f, Swarm plot of the number of 
focal interactions formed by individual microcompartment anchors divided 
according to categories in panel e, including the mean (µ) and median (Med) for 
each distribution. Anchors fitting into more than one category were excluded.  
g, Fractions of loops classified into different categories: P-P (promoter-promoter), 
E-P, CTCF-CTCF (CTCF/cohesin-CTCF/cohesin) and other (other-other interact-
ions, or any other combinations). CTCF-CTCF interactions do not include any 
anchors that overlap promoter or enhancer regions.
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24 and 18 interactions, respectively, compared to just 5.5 and 7.4 for 
CTCF and cohesin, and ‘other’ anchors, respectively (Fig. 3f). Indeed, 
74% of all annotated microcompartmental dots represented either 
P-P or E-P interactions, whereas only 4% of interactions were between 
anchors which exclusively overlapped CTCF and cohesin (Fig. 3g). 
Taken together, these observations suggest that microcompartments 
largely represent nested interactions between promoter and enhancer 
regions as well as some currently poorly understood ‘other’ regions.

Most microcompartments are robust to loss of 
loop extrusion
Having identified microcompartments as nested interactions fre-
quently linking enhancers and promoters (Fig. 3a, b), we next took 
advantage of the cost-effective nature of RCMC to test the roles of loop 
extrusion and transcription (below) in forming these interactions.

First, we explored the role of cohesin and cohesin-mediated 
loop extrusion. Acute loss of cohesin strengthens large-scale 
A/B-compartments while simultaneously causing the global loss 
of TADs, loop domains and CTCF and cohesin-mediated structural 
loops13,21,24,25,27,38. Therefore, to understand whether cohesin regulates 

microcompartments, we used our previously validated mESC line 
to acutely deplete the cohesin subunit RAD21 (mESC clone F1M 
RAD21-mAID-BFP-V5)13,38 and performed RCMC across all five regions 
with and without 3 h of cohesin depletion (Fig. 4a and Extended Data 
Fig. 8a). The cohesin depletion was ~97% efficient (Fig. 4b), dimin-
ished the well-characterized CTCF and cohesin-mediated Fbn2 loop38 
(Extended Data Fig. 8a), led to the expected change in contact fre-
quency21,23,24 (Extended Data Fig. 8b), and was reproducible between 
replicates (Supplementary Fig. 1), thus validating the cohesin deple-
tion. As expected, the small fraction of interactions between CTCF and 
cohesin-bound sites showed large reductions in strength upon cohesin 
depletion (Fig. 4a,c and Extended Data Fig. 8a). However, the strengths 
of microcompartmental interactions, including E-P, E-E and P-P13,17, were 
largely unaffected by cohesin depletion (Fig. 4c). Specifically, though 
we do see clear individual examples of especially P-P interactions  
that either slightly strengthen (Fig. 4e,i) or strongly weaken (Fig. 4e, ii-iii)  
after cohesin depletion (Fig. 4d,e), most microcompartmental interac-
tions were largely unaffected (Fig. 4c). We therefore refine the micro-
compartment definition to interactions largely robust to cohesin 
depletion (see Discussion for full definition).

Ppm1g locus (chr5)Klf1 locus (chr8)a

Control

0
0 4 8

Microcompartment strengths, control

M
ic

ro
co

m
pa

rt
m

en
t s

tr
en

gt
hs

, ∆
RA

D
21

12 16

4

8

12

16

IAA IAA

Control Control Control
Bin size = 500 bp

85.6 Mb 85.7 Mb 85.8 Mb

Bin size = 250 bp Bin size = 1 kb Bin size = 250 bp

85.7 Mb 85.8 Mb 31.3 Mb 31.4 Mb 31.35 Mb 31.40 Mbmm39mm39

AID

AID

+ IAA
(3 h)

RAD21-
AID

∆RAD21 (3 h IAA) ∆RAD21 (3 h IAA) ∆RAD21 (3 h IAA) ∆RAD21 (3 h IAA)

Promoter Enhancer CTCF/cohesin Promoter Enhancer CTCF/cohesin

cb d e

1.48

2.04

3.21

2.71

2.322.42 1.55

1.99

1.89

2.97

2.242.44

Microcompartments are largely robust to RAD21 depletion
IAA (3 h) treatment

depletes 97% of RAD21
Individual microcompartments are variably

a�ected by RAD21 depletion

2.0

1.0

0

–1.0

–2.0Lo
g 2 m

ea
n 

ob
s/

ex
p

Control
mESC F1M RAD21-mAID-BFP-V5

∆RAD21 (3 h IAA)
mESC F1M RAD21-mAID-BFP-V5

Prom
oter

Enhancer
C

TC
F/cohesin

250

150

100

37

kDa

RAD21

mESC F1M RAD21-mAID-BFP-V5

TBP

Contro
l

IAA (3
 h)

Zoom-in on microcompartments
changing upon RAD21 depletion

iii

ii

iii

i

ii

0 h 3 h

32 kb
800 bp bin size

28 kb
400 bp bin size

16 kb
200 bp bin size

10–2

10–4

10–2

10–4

10–4

10–2i

P-P
∆ ≥ 2x∆ < 2x

E-E
E-P

(5%)

(0%)
(8%)

10–2

10–3

10–2

10–3

10–3

10–1

0
70

0
37
0

70 CTCF

0
37 RAD21

0
11

0
11 RNA-seq

Genes

-
+
-
+
-
+

0
55

0
28
0

55

0
28

0
9

0
9

-
+
-
+
-
+

Dand5 CalrFarsa GcdhKlf1 Mast1 RtbdnPrdx2Hook2Get3Tnpo2 Dhps Man2b1

Fbxw9 Wdr83osDnase2a Rnaseh2a Junb Best2 TrirSyce2Rad23a
Gadd45gip1 A230103J11Rik Wdr83

Get3 Tnpo2 Fbxw9 Wdr83 Man2b1TrirBest2Hook2Prdx2Rtbdn Junb

Rnaseh2a A230103J11Rik Dhps Wdr83os

Trim54Slc30a3 Gtf3c2 Snx17 Ppm1g Ift172 Gckr

Dnajc5g Mpv17 Eif2b4 Zfp513 Nrbp1 Fndc4
Gm15469 Krtcap3

Gtf3c2 Snx17 Ppm1g Nrbp1 Ift172

Eif2b4 Zfp513 Krtcap3

Fig. 4 | Most microcompartments are robust to the loss of loop extrusion.  
a, Cohesin (RAD21) depletion does not strongly perturb most microcompart-
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treatment in clone F1M RAD21-mAID-BFP-V5 mESCs13,38. Right: Contact maps 
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performed once using cells collected simultaneously for RCMC. c, Aggregate 
peak analysis matrix of called microcompartmental contacts after RAD21 
depletion compared to their respective controls, separated by the identity 
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strength by two-fold or more are visualized as x’s, whereas interactions below 
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contact maps of microcompartment examples in panel a that strengthen (i) or 
weaken (ii,iii) relative to the control treatment and the background in response  
to RAD21 depletion.
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Most microcompartments are robust to loss of 
transcription
Second, we explored the role of transcription. We observed that 
microcompartments are largely formed between active promoter 
and enhancer regions (Fig. 3e,g and Extended Data Fig. 7), suggesting 
a relationship between active transcription and microcompartments. 
To understand if microcompartments are a downstream consequence 
of transcription, we abolished transcription by inhibiting transcription 
initiation by RNA polymerase II (Pol II) using triptolide. We chose two 
timepoints: 45 min, which was previously reported to modestly affect 
global E-P and P-P stripes12, and 4 h, which was recently reported to 
greatly reduce punctate H3K4me3 (found at active promoters) and 
H3K27ac (found at active enhancers) marks in mESCs in addition to 
inhibiting transcription39. We performed RCMC across all five captured 
regions and ChIP-seq gave the expected reduction of RNA Pol II signal, 
with the 4-h triptolide treatment more thoroughly eliminating RNA 
Pol II at promoters and throughout gene bodies (Fig. 5a, b; Extended 
Data Fig. 9). We observed both weakened and strengthened E-P and 
P-P interactions (Fig. 5c–e), as well interesting dynamically changing 
interactions (for example, Fig. 5c,i increases in strength with 45 min 
of triptolide treatment but then weakens after 4 h). Nevertheless, the 
strong majority of microcompartmental interactions were largely 
unaffected by the inhibition of transcription (Fig. 5a,c–e). Our findings 
differ somewhat from recent studies reporting global weakening of E-P 
interactions after 14 h of ~80% depletion of RNA Pol II20 or inhibition19. In 
addition to differences in cell type, treatment and treatment length, this 
difference may be due to the much lower depth (~1–1.7 billion Micro-C 
contacts)19,20 used in these studies, which cannot resolve microcom-
partmental interactions and fine-scale E-P and P-P interactions (Fig. 3a  
and Extended Data Figs. 2e,f and 5b). Alternatively, because we only 
observe microcompartments in the very gene-dense Klf1 and Ppm1g 
regions, prior findings12,19,20 may apply more to individual, isolated 
E-P/P-P interactions instead of dense and nested microcompartments.

In summary, we conclude that microcompartments generally do 
not require transcription at short timescales and are more likely either 
independent from or formed upstream of transcription rather than 
forming as a downstream consequence of transcription.

Discussion
Here, we introduce RCMC as an accessible and affordable method 
for mapping 3D genome structure at unprecedented depth. Com-
pared with Micro-Capture-C16 methods such as TMCC17, RCMC is 
much more efficient (Fig. 1b and Extended Data Fig. 2c), thus afford-
ing much higher depth with less sequencing. Another approach is 
to brute-force genome-wide Hi-C or Micro-C; by performing 150 
separate Hi-C experiments and sequencing deeper than ever before, 
a recent study by Harris et al. reached 33 billion contacts14. How-
ever, such efforts14 are expensive, not accessible to most labs, and 
poorly compatible with perturbation experiments vital to uncovering 
mechanisms of organization. Instead, with RCMC we reach the local 
equivalent of 317 billion contacts with relatively modest sequenc-
ing (Extended Data Fig. 2c). Thus, although genome-wide Micro-C 
may still be preferred for unbiased genome-wide 3D genome struc-
ture mapping, we propose RCMC as an ideal method for generating 
ultra-deep 3D contact maps and for perturbation experiments, albeit 
only for individual regions.

What molecular processes might drive microcompartment forma-
tion? Although cohesin-mediated loop extrusion is well established 
to generate focal interactions (loops)9,10, microcompartmental loops 
are largely robust to acute cohesin removal and therefore likely not 
dependent on loop extrusion (Fig. 4a,c). Furthermore, although most 
microcompartmental loops connect enhancers and promoters, micro-
compartments are also generally robust to the acute loss of RNA Pol 
II transcription initiation (Fig. 5a,e). Instead, we propose that nested, 
multiway, and focal microcompartments correspond to small, punctate 

A-compartments14,40,41 that form through a compartmentalization 
mechanism, perhaps mediated by factors upstream of RNA Pol II initia-
tion such as transcription factors and co-factors or active chromatin 
states42. Indeed, in the field of polymer physics, it is well established 
that block copolymers undergo microphase separation4,43–45 when com-
posed of distinct monomers that preferentially self-interact (Fig. 5f). 
Intuitively, if active chromatin regions at microcompartment anchors 
are selectively ‘sticky’ with each other, they will tend to co-segregate, 
resulting in the formation of nested, focal interactions (Fig. 5f).  
Microphase separation due to preferential interactions among active 
loci within a block copolymer might thus explain the formation of the 
striking pattern of interactions we observe (Figs. 3a,b and 5f). In sum-
mary, we tentatively define microcompartments as (1) highly nested, 
focal interactions that frequently connect promoters and enhancer 
regions often in gene-rich loci; (2) formed through a compartmen-
talization mechanism; and (3) for the most part independent of loop 
extrusion and transcription, at least on short timescales.

How do microcompartments compare to previously described 
3D genome features? First, previous genome-wide Micro-C studies 
uncovered widespread short-range P-P and E-P links12,13. Similarly, 
many microcompartmental interactions connect promoters and 
enhancers. RCMC now better resolves these interactions, revealing 
them to be highly nested, frequently forming dozens of microcom-
partmental loops. Second, although differences in cell type preclude a 
direct comparison, the microcompartments described here also share 
features with the fine-scale A-compartment interactions recently 
described by Harris et al. that were proposed to segregate active 
enhancers and promoters into small A-compartments14. Indeed, 
examining the Hi-C data of Harris et al. at 1-kb resolution reveals 
structures with similarities to microcompartments, suggesting that 
microcompartments may be conserved to human cells (Extended 
Data Fig. 10). Further, along the lines of Harris et al., the microcom-
partments we observe form small contact domains, and their loops 
are more punctate as compared to CTCF and cohesin-mediated loops, 
which are more diffuse14 (Figs. 4c and 5e).

Finally, our study provides insights into E-P interactions. Although 
some studies propose that cohesin is largely required for E-P interac-
tions27,46, others have suggested that cohesin is most important for 
very long-range47–49 or inducible48,50 E-P interactions or that cohesin is 
largely not required for the maintenance of E-P interactions13,17. Except 
for some CTCF and cohesin-bound enhancers and promoters, our 
data suggest that most P-P and E-P interactions are mediated by a 
compartmentalization mechanism distinct from loop extrusion. This 
may offer a mechanistic explanation for the observation that cohesin 
is not required for the short-term maintenance of most E-P interactions 
and that the effects of cohesin depletion on global gene expression 
are modest13,17,25.

We end by noting some limitations and future directions. Although 
we can detect microcompartments with RCMC, further work will be 
necessary to fully understand their function and effect on gene expres-
sion. Furthermore, although we show that microcompartments are 
largely robust to loss of cohesin and transcription, further work is 
necessary to identify perturbation(s) that disrupt microcompart-
ments. Subsequent studies will also be necessary to test our proposed 
compartmentalization mechanism of microcompartment formation, 
as well as to understand how microcompartments change during 
differentiation and across the cell cycle. Future imaging studies will 
also be required to understand the frequency and lifetime of micro-
compartmental interactions in live cells38, as well as their multiway 
nature. Additionally, new computational tools will be required for 
automated microcompartment calling and analysis. Nevertheless, 
many of these questions can now be addressed with RCMC, and RCMC 
provides an accessible method to deeply resolve 3D genome structure 
in general and E-P interactions in particular across loci, cell types and 
disease states.
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Fig. 5 | Most microcompartments are robust to the inhibition of 
transcription. a, Inhibition of transcription initiation with triptolide does 
not strongly affect most microcompartments. Left: Overview of triptolide 
treatment for WT mESCs (45 min or 4 h). Right: Contact maps comparing WT 
control (above) and transcriptionally inhibited (below) samples are shown for 
the Klf1 locus (45-min timepoint shown vs. control) and the Ppm1g locus (4-hr 
timepoint shown vs. control). RNA Pol II ChIP-seq data (RPB1) are shown below. 
b, Aggregate RPB1 RNA Pol II ChIP-seq signal at genes after triptolide treatment 
(45 min and 4 h) and a control (WT). The x axis depicts all unique mouse genes 
normalized by length and flanked by 3 kb upstream and downstream of their 
transcription start site (TSS) and transcription end site (TES), respectively. The 
first 500 bp downstream of the TSS (marked by the second x-axis tick mark) 
are not normalized to avoid normalizing the core promoter against variable 
gene body lengths. c, Left: Contact maps comparing the transcriptional 
inhibition timepoints (45 min treatment above, 4 h treatment below) are shown 
for the Klf1 locus. Right: Zoomed-in contact maps of microcompartments 

across the control and triptolide treatment timepoints that weaken (i) or 
strengthen (ii,iii) in response to transcriptional inhibition. d, Plot of individual 
microcompartment strengths in the transcriptionally inhibited (y axis) and 
control (x axis) conditions, shown for P-P (purple, n = 418), E-P (pink, n = 238) 
and E-E (gray, n = 40) loops. Interactions changing in strength by two-fold 
or more are visualized as x’s (percentages noted), and as circles otherwise. 
e, Aggregate peak analysis matrix of called microcompartmental contacts 
across the two transcriptional inhibition timepoints compared to the control, 
separated by the identity of each contact’s constituent anchors. Plots show a 
20-kb window centered on the loop at 250-bp resolution, with background-
normalized dot intensities shown in the upper right of each plot. f, Proposed 
model for the formation of microcompartments. Coalescence of multiple 
promoters and enhancer elements in a gene-dense region may occur through 
A/B-block copolymer microphase separation, resulting in variable combinations 
of multiway interactions being present in different cells and giving rise to 
tessellated focal interactions in population-averaged RCMC data.
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Methods
Experimental procedure
Overview of the RCMC experiment. RCMC was developed by merg-
ing Micro-C12 with tiling region capture of a locus28,29. An overview 
of the RCMC protocol is provided below, and a detailed protocol is 
provided as Supplementary Information. The data generated in this 
paper come from merging of two RCMC biological replicates for each 
of the five tested conditions (WT, transcriptional inhibition for 45 min 
or for 4 h, cohesin depletion and a cohesin depletion control). For 
four of the tested conditions (all except transcriptional inhibition for 
4 h), the first biological replicate is a compilation of three technical 
replicates generated from the same batch of harvested cells. Biologi-
cal replicates were generated by harvesting (culturing, crosslinking, 
aliquoting and snap-freezing) 125–200 M cells for each tested condi-
tion, after which downstream RCMC steps (Micro-C and Capture) were 
applied to five snap-frozen 5 M cell aliquots to generate one to three 
technical replicates for each biological replicate. Reaction volumes 
for performing RCMC on both 1 M and 5 M cell samples are provided 
in the Supplementary Protocol.

Cell culture. mESCs ( JM8.N4 mESCs52; Research Resource Identifier: 
RRID:CVCL_J962; obtained from the KOMP Repository at UC Davis) were 
cultured at 37 °C with 5% CO2 on plates coated with 0.1% gelatin solution 
(Sigma-Aldrich #G1890) under feeder-free conditions in medium con-
sisting of KnockOut DMEM (ThermoFisher #10829-018) with 15% FBS 
(HyClone, SH30396.03, lot no. AE28209315) and 1,000 U ml−1 LIF (home-
made53), 1 mM MEM Non-Essential Amino Acid Solution (ThermoFisher 
#11140-050), 2 mM GlutaMAX (ThermoFisher #35050061) 100 µg 
ml−1 penicillin-streptomycin (ThermoFisher #15140-122) and 0.1 mM 
2-mercapoethanol (ThermoFisher #31350010) supplemented with 2i,  
10 µM MEK inhibitor (Tocris #PD0325901) and 3 µM GSK inhibitor 
(Sigma-Aldrich #SML1046). F1M RAD21-mAID-BFP-V5 JM8.N4 mESCs 
were previously generated and validated in the laboratory38. mESCs 
were fed daily by replacing half of the medium and passaged every  
2 days with TrypLE Express Enzyme (ThermoFisher #12605036). One 
day before treatment and harvesting, cells were swapped to medium 
as described above without 2i.

HEK293T cells were obtained from ATCC (CRL-3216) and were 
cultured at 37 °C with 5% CO2 in DMEM supplemented with 10% 
FBS, 2 mM L-glutamine, 1× penicillin-streptomycin and 0.5 mM 
β-mercaptoethanol.

Depletion of cohesin. Depletion of cohesin was achieved using 
indole-3-acetic acid (IAA) treatment of the cell line clone F1M 
RAD21-mAID-BFP-V5 as previously described13,38. A 250 mM IAA  
(BioAcademia #30-003-10) stock was prepared by dissolving the drug 
in DMSO. F1M RAD21-mAID-BFP-V5 JM8.N4 mESCs38 were grown to ~80% 
confluency in medium as described above, with a swap to 2i-free medium 
24 h before treatment. Cells were washed once with PBS and fed fresh 2i- 
free medium containing either only DMSO (untreated control) or 
500 µM IAA (cohesin depleted), incubated for 3 h and then harvested.

Inhibition of transcription. Inhibition of RNA Pol II activity was 
achieved using triptolide treatment as previously described12. A 1 mM 
triptolide (Sigma-Aldrich #T3652) stock was prepared by dissolving 
the drug in DMSO. WT JM8.N4 mESCs52 were grown to ~80% conflu-
ency in medium as described above, with a swap to 2i-free medium 
24 h before treatment. Cells were washed once with PBS and fed fresh 
2i-free medium containing 1 µM triptolide, incubated for 45 min or for 
4 h and then harvested.

Crosslinking. Cells were doubly crosslinked to fix protein-protein and 
protein-DNA interactions using DSG (disuccinimidyl glutarate, 7.7 Å) 
(ThermoFisher #20593) and formaldehyde (ThermoFisher #28906), 
respectively. Crosslinking medium was prepared by diluting freshly 

made DSG stock solution (300 mM DSG in DMSO) to 3 mM in 1× PBS 
(ThermoFisher #10010031). Trypsinized cells were resuspended to sin-
gle cells, counted, washed in PBS and then resuspended in crosslinking 
medium at a concentration of 1 M cells ml−1. The crosslinking reaction 
was gently mixed at room temperature for 35 min, after which formal-
dehyde was added to a final concentration of 1%. The double crosslink-
ing reaction was mixed at room temperature for an additional 10 min 
before quenching with Tris buffer pH 7.5 (K-D Medical #RGE-3370) 
at a final concentration of 0.375 M. Treatments for non-WT samples 
(1 µM triptolide, 500 µM IAA or DMSO) were added to all harvesting 
reagents used before Tris quenching (PBS, trypsin, trypsin-quenching 
media and crosslinking medium) to avoid post-treatment rescue dur-
ing the crosslinking process. Crosslinked cells were washed twice with  
1× PBS, recounted to quantify any sample loss during fixation and then 
partitioned into 5 M cell aliquots that were pelleted and snap-frozen in 
liquid nitrogen for storage at −80 °C.

MNase titration. Digesting the crosslinked genome to the 
nucleosome-sized fragments (150–200 bp) necessary to capture 
nucleosome-resolution DNA contacts requires a titration to identify the 
ideal MNase digestion concentration and reaction conditions. Accord-
ingly, MNase titrations were performed for each batch of crosslinked 
cells before performing the RCMC protocol. The titration involved 
MNase digestion of 1 M or 5 M cell samples varying MNase concentra-
tions, reversal of crosslinks, DNA purification and gel-based separation 
to visualize the distribution of fragment sizes (see corresponding 
sections below). Ideal digestion concentrations were identified by 
samples digested to primarily (~80%) mononucleosomal fragments 
(150–200 bp), few (~15–20%) dinucleosomal fragments (250–350 bp) 
and a faint but visible band (<5%) of trinucleosomal fragments (400–
500 bp) (Extended Data Fig. 1a).

MNase digestion. Cell membranes were solubilized to extract intact 
nuclei by resuspending crosslinked 5 M cell pellets in Micro-C Buffer 
#1 (MB#1; 50 mM NaCl, 10 mM Tris-HCl pH 7.5, 5 mM MgCl2, 1 M CaCl2, 
0.2% NP-40 Alternative (Millipore Sigma-Aldrich #492018), 1× Protease 
Inhibitor Cocktail (Sigma-Aldrich #5056489001)) at 1 M cells per 100 µl 
for 20 min on ice. Following an MB#1 wash, samples were resuspended 
in 100 µl MB#1 and the ideal amount of 20 U µl−1 MNase (Worthington 
Biochem #LS004798) determined by the MNase titration was added. 
This digestion reaction was mixed at 37 °C for 20 min on a thermomixer 
before being quenched with 4 mM EGTA (bioWORLD #40520008) and 
heat inactivated at 65 °C for 10 min. Digested nuclei were washed twice 
with ice-cold Micro-C Buffer #2 (50 mM NaCl, 10 mM Tris-HCl pH 7.5, 
10 mM MgCl2 and 100 µg ml−1 BSA (Sigma-Aldrich #B8667)).

End repair and labeling. To generate blunt ends on digested DNA 
fragments before proximity ligation and add biotinylated nucleo-
tides, a series of enzymatic processing steps were performed. First, 
to catalyze the addition of 5’-phosphate groups and the removal of 
3’-phosphate groups, digested samples generated from 5 M cell inputs 
were incubated in end-repair reactions (50 U T4 Polynucleotide Kinase 
(New England BioLabs #M0201), 50 mM NaCl, 10 mM Tris-HCl pH 7.5, 
10 mM MgCl2, 100 µg ml−1 BSA, 2 mM ATP (ThermoFisher #R1441) 
and 5 mM DTT (Sigma-Aldrich #10197777001), in water) at 37 °C for 
15 min while mixing. To create 5’ fragment overhangs for end-blunting 
and labeling, 50 U DNA Polymerase I Klenow Fragment (New Eng-
land BioLabs #M0210) was added to the reaction and incubated at 
37 °C for 15 min while mixing. Next, a mixture of dNTPs in end-labeling 
buffer (66 µM each of dTTP ( Jena Bioscience #NU-1004), dGTP ( Jena  
Bioscience #NU-1003), biotin-dATP ( Jena Bioscience #NU-835-BIO14), 
and biotin-dCTP ( Jena Bioscience #NU-809-BIOX), 1× T4 DNA Ligase 
Buffer, 100 µg/ml BSA, in water) was added to the reaction. This reac-
tion was incubated at room temperature for 45 min with interval mix-
ing before being quenched by 30 mM EDTA (Invitrogen #15575020) 
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and heat inactivated at 65 °C for 20 min. Finally, end-blunted and 
biotin-labeled nuclei were washed once with Micro-C Buffer #3 (50 mM 
Tris-HCl pH 7.5, 10 mM MgCl2 and 100 µg ml−1 BSA).

Proximity ligation and removal of unligated biotin. Proximity 
ligation was performed by incubating labeled chromatin in a ligation 
reaction (10,000 U T4 DNA Ligase (New England BioLabs #M0202),  
1× T4 DNA Ligase Buffer, 100 µg ml−1 BSA, in 500 µl water) at room 
temperature for at least 2.5 h with gentle mixing. To remove bioti-
nylated dNTPs from all unligated fragment ends, samples were 
digested by 1,000 U Exonuclease III (New England BioLabs #M0206) 
in reaction buffer (1× NEBuffer #1 in water) at 37 °C for 15 min with 
interval mixing.

DNA purification and size-selection. To prepare ligated DNA for 
library generation, DNA was reverse crosslinked and proteins and 
RNA were digested by adding 1% SDS (Sigma-Aldrich #L3771), 2 mg 
ml−1 Proteinase K (Viagen Biotech #501-PK), 250 mM NaCl and 100 µg 
ml−1 RNaseA (ThermoFisher #EN0531) to the samples and incubating at 
65 °C overnight. DNA was extracted using phenol:chloroform:isoamylic 
alcohol (Sigma-Aldrich #P2069) in a 1:1 volumetric ratio using 5PRIME 
Phase Lock Gel Light tubes (Quantabio #2302820). The aqueous phase 
was further purified using the Zymo DNA Clean & Concentrator kit 
(Zymo Research #D4034) according to the kit manual.

Dinucleosome-sized DNA fragments (250–350 bp) were isolated 
by extraction from a 1% agarose gel (VWR #97062) (Extended Data 
Fig. 1b). Gel extracts were purified using the Zymo Gel Purification kit 
(Zymo Research #D4008), and samples were quantified by Qubit 1× 
dsDNA High Sensitivity Assay (Invitrogen #Q33231). Sample ends were 
polished and blunted again using the End-It enzyme reaction (Lucigen 
#ER81050) at 25 °C for 45 min, followed by reaction inactivation at 
65 °C for 10 min.

Ligated DNA contact fragments were isolated by pulling down 
biotin-bound fragments using Dynabeads MyOne Streptavidin T1 
(Invitrogen #65601). DNA samples were bound to beads in a Binding 
and Wash Buffer (1 M NaCl, 5 mM Tris-HCl pH 7.5, 500 µM EDTA, 0.1% 
Tween-20 (Sigma-Aldrich #P8074)) at room temperature for at least 
30 min with mixing. After two washes with the Binding and Wash Buffer, 
the bead-bound samples were washed once with 10 mM Tris-HCl pH 7.5 
before library preparation.

Library preparation. Illumina library preparation was performed using 
the NEBNext Ultra II kit (New England BioLabs #E7645) to end-repair, 
A-tail, and adaptor ligate the bead-bound samples. All steps were per-
formed as directed by the manual, except that incubations included 
interval shaking (1 min on, 3 min off) at 1,000 rpm. Sample washes were 
performed using Binding and Wash Buffer and 10 mM Tris-HCl pH 7.5 
washes. To determine the minimum number of PCR cycles to meet input 
material guidelines for capture or sequencing, a test library amplifica-
tion was performed with 5% or less of the prepped library to quantify 
the yield. The test PCR reaction mixture was run on an agarose gel and 
yield was quantified using image quantification software Image Studio 
Lite (LI-COR Biosciences). Ten or fewer PCR cycles to meet capture 
input requirements is optimal to reduce PCR duplicates, and the RCMC 
replicates in this paper used seven to eight PCR cycles for final library 
amplification. All library amplifications were done using sequenc-
ing indices from the NEB Multiplex Oligos for Illumina Primer Set 1 
(New England BioLabs #E7335) and the KAPA HiFi HotStart ReadyMix 
enzyme (Roche #07958927001). Following library amplification, the T1 
Dynabeads containing the original bead-bound samples were removed 
and the amplified libraries were purified to remove adaptor dimers, 
primers and contaminants using AmPure XP beads (Beckman Coulter 
#A63880). Purified libraries were quantified via Fragment Analyzer and 
qPCR at the MIT BioMicro Center to determine library concentrations 
for pooling before capture.

Capture probe design. Target loci of interest were identified based 
on genomic features or E-P relationships of interest. Klf1 and Ppm1g 
were selected as gene-rich loci, Fbn2 was selected as a gene-poor 
control with a well-established CTCF- and cohesin-mediated loop38, 
and Sox2 and Nanog were later selected as loci for comparing RCMC 
against TMCC (Extended Data Fig. 3). Using the UCSC Genome Browser 
and HiGlass visualization of existing mESC 3C datasets, locus bounds 
were selected to include visible local structures and genomic features 
in roughly 1-Mb-sized regions. Once loci had been selected, 80-mer 
probes were designed to tile end-to-end without overlap across the 
capture loci through Twist Bioscience (Extended Data Fig. 1c). Probes 
with high predicted likelihoods of off-target pull-down (for example, 
such as those in high-repeat regions) were masked and removed from 
the probe tiling, and probe coverage was double-checked to ensure 
the inclusion of key genomic features (for example, all promoters 
and CTCF sites in the locus) before finalization. Probe panels were 
synthesized and purchased as Custom Target Enrichment Panels from 
Twist Bioscience.

Capture of target loci. Capture was performed in accordance with 
Twist Bioscience’s Standard Hybridization Target Enrichment Protocol. 
Briefly, pooled sample libraries were dried and mixed with Hybridiza-
tion Mix (Twist Bioscience #104178), Custom Panels (Twist Bioscience 
#101001) and Universal Blockers (Twist Bioscience #100578), as well 
as Mouse Cot-1 DNA (Invitrogen #18440016). The library pool was 
hybridized to the biotinylated probe panel overnight, after which 
streptavidin beads (Twist Bioscience #100983) were used to pull down 
probes with hybridized ligated fragments and then washed (Twist 
Bioscience #104178) to remove unbound fragments. Another round 
of PCR amplified the target-enriched library using the Equinox Library 
Amplification Mix (Twist Bioscience #104178), including a test PCR (as 
described above) to identify the number of amplification cycles neces-
sary to meet sequencing requirements. With 2–4 µg input library for 
capture, the RCMC samples generated in this paper needed five to six 
cycles of post-capture PCR amplification. Following PCR amplification, 
the captured library was purified (Twist Bioscience #100983) and then 
quantified via both Fragment Analyzer and qPCR at the MIT BioMicro 
Center in preparation for sequencing submission.

Three technical replicates of the pre-capture Micro-C library were 
generated for each of the four initially tested conditions (WT, 45 min 
transcriptional inhibition with triptolide, RAD21 depletion and a RAD21 
depletion control), after which each replicate was simultaneously 
captured for the Klf1, Ppm1g and Fbn2 loci. After the publication of 
TMCC17, additional probes for the Sox2 and Nanog loci were designed 
and a single additional capture experiment was conducted pooling all 
three pre-capture Micro-C libraries for simultaneous Sox2 and Nanog 
capture. Subsequently, a biological replicate was generated for each of 
the initially tested conditions, with the inclusion of the additional per-
turbation of 4 h transcriptional inhibition with triptolide. Pre-capture 
Micro-C libraries were constructed for each of the five conditions, 
after which each library was simultaneously captured for all five target 
loci. Finally, a biological replicate of the 4 h transcriptional inhibition 
perturbation was generated; once a pre-capture Micro-C library for it 
was generated, it was pooled with the WT library from the first technical 
replicate of the first biological replicate, and the pooled libraries were 
simultaneously captured for all five target loci.

Sequencing. Following qPCR quantification, post-capture libraries 
across samples (WT, transcriptionally inhibited, cohesin depleted 
and DMSO-treated control) were pooled in a 1:1 molar ratio. Pooled 
libraries were sequenced by paired-end 2 × 50 cycle sequencing kits 
with Illumina NovaSeq SP or S1 flow cells on a NovaSeq 6000 system 
by the Broad Institute of MIT and Harvard’s Walk-Up Sequencing ser-
vices. Basecalls for NovaSeq output were performed using bcl2fastq 
v2.20.0.422.
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Data analysis
Mapping and normalizing RCMC. RCMC paired-end reads gener-
ated by the Illumina NovaSeq sequencers were downloaded as .fastq 
files for each sample, pair mate, and flow cell lane. Read quality was 
verified using FastQC (v0.11.9). Paired end reads were aligned to the 
UCSC mm39 genome using bowtie2 (v2.3.5.1) with —local —reorder 
—very-sensitive-local. Aligned paired-end reads were then parsed 
with pairtools (v0.3.0) parse with —add-columns mapq —walks-policy 
mask —min-mapq 2. Parsed reads were filtered for PCR duplicates 
and unmapped/multiple mapping reads with pairtools dedup with 
—max-mismatch 1. Remaining reads were indexed (pairix v0.3.7) and 
filtered (pairtools select) to retain only those reads where both read 
mates lay in a locus of interest. These filtered reads were subsequently 
converted to .cool format using cooler (v0.8.11) cload pairs, creating 
binned read counts across the genome for 50-bp bins. Finally, .cool 
files were converted to the .mcool format with cooler zoomify includ-
ing the —balance option, compiling read counts for bins from 50 bp 
up to 10 Mb in size.

Contact matrices were balanced using iterative correction and 
eigendecomposition (ICE)30, which normalizes all rows and columns 
of a contact matrix sum to the same value. Applying ICE balancing to 
all mapped reads generated subpar normalization and generated an 
artifact where ‘stripes’ containing no capture probe coverage appeared 
to have greater contact densities than adjacent probe-covered regions 
(Extended Data Fig. 1e). ICE balancing to .mcool files containing data 
only within captured regions of interest (ROIs) did not result in these 
artifacts, and was therefore used in for all RCMC data in this study. 
The success of ICE balancing applied to these ROI-only .mcools was 
evaluated against published whole-genome Hi-C31 and Micro-C12 data-
sets in mESCs (Extended Data Fig. 6a). The sum of each row of each 
of the RCMC, Micro-C and Hi-C balanced contact matrices at 250-bp 
resolution within capture ROIs was calculated, plotted as a histogram 
distribution of row sums and verified to match the distribution of col-
umn sums. The subset of RCMC rows containing microcompartment 
anchors was also plotted to confirm that they match the distribution of 
row sums across the whole locus, ruling out that microcompartments 
are an artifact of incomplete ICE normalization30.

Visualizing RCMC. RCMC contact maps were visualized alongside 
genomic annotations, published ChIP-seq, RNA-seq and ATAC-seq 
datasets using the HiGlass54 browser (http://higlass.io/) and software 
(v0.8.0). Contact maps shown in figures were generated using cooltools 
(v0.5.0) (https://cooltools.readthedocs.io/). Genomic tracks (that is, 
ChIP-seq, RNA-seq and ATAC-seq) and gene annotations in figures were 
generated using CoolBox55 (v0.3.3). In generating our genomic tracks, 
we analyzed 27 public datasets (Supplementary Table 1) using pro-
cessed bigWig files that were CrossMapped56 (v0.6.1) (http://crossmap. 
sourceforge.net/) to the mm39 reference genome. Tracks were visual-
ized using the Integrative Genomics Viewer57 (v2.10.3) to scale tracks 
by identifying local maxima and minimizing noise.

All other bioinformatic and data analyses are provided as Sup-
plementary Methods.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The data generated in this study can be found at NCBI Gene Expres-
sion Omnibus under accession number GSE207225. Source data are 
provided with this paper.

Code availability
All custom code and scripts used for data analyses in this paper are avail-
able on GitHub at https://github.com/ahansenlab/RCMC_analysis_code 

and on Zenodo at https://zenodo.org/record/7641852. Source data are 
provided with this paper.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | RCMC efficiently and reproducibly captures 
ligated dinucleosomal fragments, giving rise to deep contact maps. (a) 
Representative MNase titration DNA gel indicating the ideal level of digestion 
by MNase, based on the ratio of fragment sizes, for the RCMC protocol. 
(b) Representative size-selection gel for the RCMC protocol showing the 
dinucleosomal band that is extracted to obtain ligated fragments. (c) Overview 
of the capture probe design workflow for RCMC. 80-mer probes tiling the 
region of interest are designed, removing those which overlap highly repetitive 
regions. (d) Summary of the capture efficiency for each of the five regions for 
which probes were designed. The locations and sizes of the regions, the number 
of ligated fragments which mapped at single loci at both ends in total and in 
the region, and the capture efficiencies are given. Because different capture 
probe sets were used for Biological Replicates 1 (two separate sets of capture 
probes) and 2 (simultaneous capture for all five loci), numbers are separately 
provided for each Biological Replicate. (e) Contact maps comparing raw, 

unbalanced data (upper panel, lower triangle), ICE-balanced30 to all aligned 
reads (lower panel, lower triangle) and ICE-balanced to reads in captured 
loci only (both panels, upper triangle). Balancing only to data entirely within 
captured loci was necessary to remove artifacts due to capture bias. (f) Contact 
maps comparing the entire Fbn2 TAD in RCMC and in Hi-C31 and Micro-C12. Gene 
annotations and ChIP-seq signal tracks are shown below the contact maps. (g) 
Measurement of reproducibility between WT replicates across all five capture 
loci, with reproducibility scores determined using HiCRep58 at 10 kb resolution, 
clustered according to similarity. Three technical RCMC replicates (denoted by 
‘TR#’) comprise Biological Replicate 1, while ‘BR2’ denotes Biological Replicate 
2. TR3_WT is noted in blue text at the Sox2 and Nanog loci because very little 
TR3_WT pre-Capture library remained for input to Sox2 & Nanog capture after the 
initial Ppm1g, Klf1 and Fbn2 capture experiment; accordingly, relative to all other 
replicates, TR3_WT has much lower sequencing depth (0.5–2.4% the number of 
unique contacts) at the Sox2 & Nanog loci.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Benchmarking of RCMC against other 3C methods. 
(a) Contact probability curves comparing RCMC against the highest resolution 
Tiled-Micro-Capture-C (TMCC)17, Micro-C12, and Hi-C31 mESC datasets across 
contact distances. (b) Benchmarking comparison of RCMC’s ability to fill 
out high-resolution contact matrices against TMCC17, Micro-C12, and Hi-C31. 
Region-averaged calculations are shown for all methods, and calculations for 
individual captured regions are also shown for RCMC and TMCC. The x axis 
shows the contact distance in bp, and the y axis shows the fraction of all bins at a 
given contact distance within the captured locus that contain at least one read at 
100 bp resolution. (c) Summary of read counts across RCMC, TMCC17, Micro-C12, 
and Hi-C31. The number of mapped sequencing reads, the fraction of unique 
reads, and the fraction of structurally informative (defined as cis contacts > =1 kb) 
unique reads are given for each method. Two versions of quantification 
are provided for TMCC. In black are numbers processed using the same 
bioinformatic pipeline as for RCMC. Capture region-specific quantifications 

(defined here as all reads with at least one of two read mates mapped to the locus) 
are also provided for all RCMC loci and the Sox2 and Nanog TMCC loci; the Oct4 
and Prdm14 TMCC loci are not considered in this manuscript. In blue are numbers 
kindly provided by Dr. A Marieke Oudelaar, obtained using the custom TMCC-
specific bioinformatic pipeline from Aljahani et al.17. Values with asterisks denote 
quantifications of all unique contact pairs mapped to captured loci (not filtered 
to be > = 1 kb in size). (d) Contact map comparisons of RCMC data generated 
in this manuscript, starting from the full dataset (topmost) and successively 
downsampled by orders of two down to 1/128th of the data (bottommost), shown 
for the Klf1 locus at 500 bp resolution. (e) As in (b), benchmarking comparison 
of successively downsampled RCMC’s ability to fill out high-resolution contact 
matrices against Micro-C12 at the Klf1 locus. (f) Contact map comparisons of  
1/64th and 1/128th downsampled RCMC (left) against the highest-resolution 
available mESC Micro-C12 (right; Hsieh 2020) dataset, shown for the Klf1 locus  
at 500 bp resolution.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | RCMC generates deeper contact maps than other 
3C methods across all 5 captured loci. Contact map comparisons of RCMC 
against the highest-resolution available mESC Hi-C31 (top; Bonev et al. 2017) and 
Micro-C12 (bottom; Hsieh et al. 2020) datasets at the Klf1, Ppm1g, Sox2, Nanog, 
and Fbn2 loci. Full captured regions are shown for each locus at resolutions 

ranging from 1–5 kb, as well as Klf1 and Ppm1g zoom-ins at 800 and 1000 bp, 
respectively. Gene annotations and ATAC, ChIP-seq, and RNA-seq tracks 
(Supplementary Table 1) are shown below the contact maps, while the contact 
intensity scales are shown next to the maps.
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Extended Data Fig. 4 | RCMC maps the Sox2 locus more deeply and efficiently 
than sister methods, uncovering previously unseen interactions. (a) Contact 
map comparisons of RCMC against Hi-C31 (top) and Micro-C12 (bottom) at the 
Sox2 locus at 1.6 kb resolution. Arrows mark contacts between Sox2, the SCR, and 
Fxr1 not mapped by Hi-C and Micro-C. (b) Contact map comparisons of RCMC 

against Tiled-Micro-Capture-C17 (TMCC) across the whole TMCC-Captured 
locus (left, 1600 bp resolution) and in the Sox2 and SCR regulatory cluster (right, 
500 bp resolution). Full datasets are visualized in the top contact maps, and 
TMCC has been downsampled to match the total number of RCMC sequencing 
reads in view in the bottom contact maps.
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Extended Data Fig. 5 | RCMC identifies microcompartments, which are not 
visible in other methods and not reliably called by existing algorithms. (a, b) 
Contact maps comparison of RCMC (top) against Hi-C31 (bottom, a) and Micro-C12 
(bottom, b) at the Klf1 locus at 500 and 250 bp resolutions and at the Ppm1g locus 
at 1000 and 250 bp resolutions. (c) Contact maps of the Klf1 and Ppm1g loci at 

1 kb resolution with loop calls by Mustache37 overlaid on the bottom half of the 
map and compartment calls by cooltools59,60 shown below the map. (d) Contact 
maps of the entire Klf1 (3.2 kb resolution) and Ppm1g (5 kb resolution) captured 
loci with manually called loops (see Methods) overlaid on the bottom halves  
of the maps.
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Extended Data Fig. 6 | Microcompartments are not artifacts resulting from 
incomplete ICE balancing nor chromatin accessibility. (a) Comparison of 
ICE balancing across methods and captured loci. Distributions of the sums of 
ICE-balanced contact matrix rows at 250 bp resolution are shown at the Klf1, 
Ppm1g, Fbn2, and Sox2 loci for RCMC, Micro-C12, and Hi-C31, as well as for the 
subset of RCMC rows containing microcompartment anchors. A sharp unimodal 
peak is consistent with ICE’s baseline assumption that all contact matrix rows 
and columns must sum to the same value. (b) Metaplots (above) and heatmaps 
(below) depicting ATAC signal at microcompartment anchors (left, separated 
by whether anchors coincide with an ATAC peak) and at all ATAC peaks in the 
Klf1 and Ppm1g capture loci (right, separated by whether peaks coincide with a 
microcompartment anchor). Signals are plotted in a 2 kb window centered on 
the anchor (left) or the ATAC peak (right). (c) RCMC contact maps at the Klf1 

(left, 250 bp resolution) and Ppm1g (right, 1.6 kb resolution) loci indicating 
ATAC peaks that do not form microcompartments (left, magenta arrows) and 
a microcompartment anchor that does not coincide with an ATAC peak (right, 
cyan arrow). Black arrows (right) indicate microcompartmental loops involving 
the ATAC-negative microcompartment anchor. (d) Venn diagram breakdown 
of the overlap between all manually annotated microcompartment anchors 
and all ATAC peaks across the Klf1 and Ppm1g capture loci. Of 132 annotated 
microcompartment anchors, 12 do not coincide with ATAC peaks (cyan) while 
120 do (purple, *). Of 353 called ATAC peaks, 187 do not form microcompartment 
anchors (magenta) while 166 do (purple, **). The apparent discrepancy of 120 
microcompartment anchors being anchored by 166 ATAC peaks is due to two 
close ATAC peaks occasionally anchoring a single microcompartment.
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Extended Data Fig. 7 | Categories of microcompartment anchors can be defined by their chromatin features. Metaplots (above) and heatmaps (below) depicting 
ATAC, ChIP-seq, and RNA-seq (Supplementary Table 1) signal at microcompartment loop anchors for classes of microcompartment anchors as defined in Fig. 3e. 
Features are plotted in a 2 kb window centered on the anchor.
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Extended Data Fig. 8 | Cohesin depletion disrupts CTCF/Cohesin loops, but 
generally not most microcompartmental loops. (a) Contact maps comparing 
a DMSO control (above) and RAD21-depleted samples (below) are shown for the 
Klf1, Ppm1g, Sox2, Nanog, and Fbn2 loci at resolutions spanning 800 bp – 5 kb 
in F1M RAD21-mAID-BFP-V5 mESCs13,38. Arrows mark contacts lost upon RAD21 
depletion. ChIP-seq data from Hsieh et al.,13 is shown below the maps before and 
after the IAA treatment (500 µM, 3 hours). Two versions of the Fbn2 locus are 

shown, with the left using logarithmic contact frequency scaling and the right 
using linear scaling. Loss of the Fbn2 loop38 is most clearly seen on linear scale.  
(b) Contact probability curves comparing RAD21-depleted RCMC samples 
against a DMSO control (top) and RAD21-depleted Micro-C samples against a 
DMSO control (bottom). Arrows indicate the contact frequency ‘bump’ lost upon 
RAD21 depletion.
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Extended Data Fig. 9 | Inhibition of transcription does not significantly alter 
genome organization in captured loci. Contact maps comparing control data 
against 45 min (top) and 4 hr (bottom) transcriptional inhibition data (from 1 µM 

triptolide treatments) are shown for the Klf1, Ppm1g, Sox2, Nanog, and Fbn2 loci 
at resolutions spanning 800 bp – 5 kb in mESC WT cells. RNA Pol II ChIP-seq data 
is shown below the maps for each treatment condition.
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Extended Data Fig. 10 | Microcompartment-like structures are also visible 
in ultra-deep Hi-C data. (a–d) Contact maps of ultra-deep Hi-C data in human 
lymphoblastoid cells Harris et al.,14 showing loci with structures sharing 
many microcompartmental features. Maps were generated using Juicebox’s 

web interface61 kindly provided by Dr. Jordan Rowley. Maps are shown at 1 kb 
resolution, with GM12878 gene annotations, CTCF (ENCFF364OXN) and H3K27ac 
(ENCFF180LKW) ChIP-seq, and RNA-seq (ENCFF604VIC) signal tracks shown 
below the contact maps.
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