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Abstract (40 words) 

Using Micro-C, Hsieh et al. (2020) and Krietenstein et al. (2020) investigated 3D chromatin 

folding in human and mouse cells at unprecedented resolution, to uncover ultra-fine-scale 

chromatin structures that provide direct links between genome architecture, gene expression and 

gene regulation.  



Main text (1056 words) 

Hi-C, a genome-wide 3C (Chromosome Conformation Capture) assay, has been instrumental to 

characterize global 3D chromosome organization in mammalian cells (Lieberman-Aiden et al. 

2009). Stepwise improvements to the resolution of Hi-C, by enhancing the protocol and by 

increasing sequencing depth, have consistently revealed new layers of genome structure. The 

first Hi-C study uncovered multi-Megabase (Mb) chromosome compartments, which separate 

the genome according to global transcriptional activity (Lieberman-Aiden et al. 2009). Next, 

sub-Mb Topologically Associating Domains (TADs) were identified (Dixon et al. 2012). TADs 

are shaped by a process of Cohesin-mediated ‘loop  x  u  o ’ which is paused by the CTCF 

insulator protein (Fudenberg et al. 2016). The resulting insulated domains, with about two-fold 

enrichment of intra-domain interactions, function as regulatory neighborhoods by restricting 

enhancer-promoter loops (see e.g. Chang et al., 2020). Subsequent studies revealed hundred-kb-

scale contact domains, associated with histone modifications, and several thousands of DNA 

loops linking various genomic elements (Bonev et al. 2017; Rao et al. 2014). The resolution of 

Hi-C, like other conventional 3C assays, is limited by the use of restriction enzymes for DNA 

fragmentation, which generates fragments of irregular size and independent of other aspects of 

chromatin structure (Figure 1A). Micro-C and its further development Micro-C XL—both 

derivatives of the Hi-C assay—overcome these limitations of fragmentation by using 

micrococcal nuclease (MNase) digestion to generate mononucleosomes (Hsieh et al. 2016). In 

this issue of Molecular Cell, two articles present the first ultrastructural Micro-C studies of 

human and mouse chromatin architecture, which constitute the currently highest-resolution 

genome-wide investigations of mammalian 3D chromosome organization (Hsieh et al., 2020; 

Krietenstein et al. 2020). 

By generating Micro-C contact matrices in human foreskin fibroblasts, as well as in human 

and mouse embryonic stem cells, both studies recapitulated the known features of mammalian 

genome organization in Hi-C maps: chromosome compartments, TADs and DNA loops. More 

importantly, the improved signal-to-noise ratio of Micro-C provided access to new levels of 

chromatin organization: an increased ability to identify chromatin loops, boundaries and self-

interacting domains, and the measurement of fine-scale structure at ultra-short distance (200 bp – 

20 kb) (Figure 1A). As a result, this allowed the identification of subtle and dynamic chromatin 

structures that appear functionally related to gene activity and genome architecture. Both studies 



identified thousands of boundaries that delimit small (5 - 10 kb) and often nested self-interacting 

domains that remained undetected in previous Hi-C studies due to their relatively moderate 

insulation (Figure 1B). These boundaries can be separated into multiple clusters based on the 

presence of TAD-associated CTCF and Cohesin (Dixon et al., 2012), the overlap with RNA 

polymerase II (Pol II), the H3K4me3 histone modification and the YY1-factor that are all 

associated with promoter activity, and the binding of both global and specific transcription 

factors that suggest links with enhancers. Large numbers of boundaries serve as anchors for so-

c ll d ‘    p  ’, wh ch were previously linked to (asymmetric) loop extrusion at TADs (Chang et 

al., 2020; Fudenberg et al., 2016). Moreover, along these stripes,      of  hou   d  of ‘do  ’ are 

visible, thereby revealing the widespread presence of chromatin loops in all three cell types 

(Figure 1B). 

The analysis of Hsieh and colleagues focused on promoter-promoter and enhancer-

promoter stripes (P-P and E-P stripes). Compared to stripes found at TAD boundaries, P-P and 

E-P stripes are smaller (10 - 50 kb), localize at active promoters and enhancers, and generally do 

not overlap with CTCF (Figure 1B). This intriguing observation suggests that active promoters 

can maintain contacts with the gene body during transcription and beyond. Large numbers of 

nested dots are visible where P-P and E-P stripes intersect, suggesting that collisions between 

proteins bound to these elements result in stabilized interactions. Short-term transcriptional 

inhibition experiments support these observations, as P-P stripes and (to a lesser extent) E-P 

stripes are reduced, whereas both P-P and E-P dots appear more stable. 

Krietenstein and colleagues instead mostly concentrated on CTCF-associated stripes and 

dots (Figure 1B). Stripes do not only emanate from the convergent CTCF-bound sites at the 

boundaries of TADs, but large numbers are detected from CTCF sites within TADs as well. Dots 

are visible where these stripes collide, albeit often with relatively weak signal enrichment. These 

interactions  h   fo    pp     o co     u     l     ly w  k ‘p u        ’ fo  loop  x  u  o , which 

provides further support to the notion that TADs and their boundaries are of a dynamic nature 

(see e.g. Chang et al., 2020). 

Both studies used Micro-C to quantitatively determine the fine-scale chromatin structure of 

nucleosomal interactions (Figure 1C). In both human and mouse cells, interaction frequencies 

show a distinctive pattern whereby decay is not gradual but rather by pairs of adjacent 

nucleosomes. Such a pattern is compatible with previous in-vitro Cryo-EM results that identified 



the organization into small ‘clutches’, where tetranucleosomes are stacked into a typical two-

start zig-zag motif (Song et al., 2014). 

The unmatched detail of these Micro-C studies raises a number of important questions. The 

identification of prevalent P-P and E-P stripes brings up the issue if Pol II actively establishes 

interactions between promoters and enhancers, and if this involves a process similar to the loop 

extrusion that shapes TADs (Fudenberg et al., 2016). Hsieh and colleagues provide several 

hypotheses, including the reeling-in of promoters and enhancers into “regulatory hubs”, a 

potential association of Pol II with the Cohesin machinery, or the physical association of 

promoters and enhancers to transcribing Pol II. Additional investigation will be required to make 

this distinction or, alternatively, if the increased sensitivity of Micro-C has unearthed other 

biological or experimental characteristics associated with loop anchors. Similarly interesting is 

the identification of thousands of self-interacting domains with links to loop extrusion. The 

demarcation of these domains by dots and stripes indicates that they are formed like TADs, albeit 

at a smaller scale and with relatively weak signal enrichment (Fudenberg et al., 2016). Their 

identification suggests that loop extrusion slows down at weak pause sites within TADs before 

arresting at the strong loop anchors at TAD boundaries (Figure 1B), which supports previous 

genomics, imaging and polymer physics modeling studies that suggest that TADs are dynamic 

structures (see Chang et al., 2020). Future Micro-C measurements after acute depletion of CTCF 

or Cohesin will be instrumental for a truly quantitative understanding of loop extrusion kinetics 

and its interference with the transcription machinery. Both these studies confirmed that the 

resolution and sensitivity of Micro-C allow the characterization of such molecular effects with 

unprecedented detail.  
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Figure legend 

Figure 1. Micro-C uncovers the ultrastructure of 3D chromatin organization and nucleosomal 

interactions. 

(A) Essential differences between Micro-C and Hi-C. Top: schematic electrophoresis image 

with size distributions of Micro-C and Hi-C material after fragmentation. In Micro-C, the 

majority of fragments are mononucleosomes (up to 90%, red arrowhead), whereas in Hi-C 

a wide range of fragments is generated (schematic pattern for the widely used MboI 

restriction enzyme). Bottom: schematic scaling of contact frequency P(s) relative to the 

genomic distance between read pairs in Micro-C and Hi-C experiments. In the range of 1kb 

to 20 kb, Micro-C signal maintains its quantitative scaling, thus allowing the measurement 

of nucleosomal interactions (left red shading). At larger distances, Micro-C has an 

improved signal-to-noise ratio, as shown by the extended range of linear decay at genomic 

separations of over than 10 Mb (right red shading). 

(B) Cartoon of a Micro-C contact matrix illustrating chromatin ultrastructure within a TAD. 

Left: stripes emanate from both enhancers (E) and promoters (P), suggesting they act as 

anchors in a process that resembles one-sided loop extrusion. At the intersection of 

convergent stripes, the stabilized interactions appear as E-P and P-P dots. Genomic regions 

encapsulated within convergent stripes display moderately increased interactions that 

appear as E-P and P-P domains. Right: loop extrusion stripes appear from CTCF sites 

located within TADs, with dots appearing where convergent stripes collide. Compared to 

the dots at the far end of TADs, which represent strong extrusion pause sites, these intra-

TAD CTCF dots have lower signal enrichment that suggests they act as weaker pause sites. 

Below the TAD, the schematic position of an enhancer, genes, and CTCF binding sites 

with their orientations are indicated. 

(C) Micro-C confirms a previously in-vitro identified two-start zig-zag model for 

tetranucleosome organization in mammalian cells (Song et al., 2014). As depicted in this 

schematic of the zig-zag model, a nucleosome (N) interacts with the two downstream N+2 

and N+3 nucleosomes at roughly the same frequency. 


