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Spatial orchestration of the genome: topological 
reorganisation during X-chromosome inactivation 
Alexandra Martitz1,2 and Edda G Schulz1,*   

Genomes are organised through hierarchical structures, 
ranging from local kilobase-scale cis-regulatory contacts to 
large chromosome territories. Most notably, (sub)- 
compartments partition chromosomes according to 
transcriptional activity, while topologically associating domains 
(TADs) define cis-regulatory landscapes. The inactive X 
chromosome in mammals has provided unique insights into the 
regulation and function of the three-dimensional (3D) genome. 
Concurrent with silencing of the majority of genes and major 
alterations of its chromatin state, the X chromosome undergoes 
profound spatial rearrangements at multiple scales. These 
include the emergence of megadomains, alterations of the 
compartment structure and loss of the majority of TADs. 
Moreover, the Xist locus, which orchestrates X-chromosome 
inactivation, has provided key insights into regulation and 
function of regulatory domains. This review provides an 
overview of recent insights into the control of these structural 
rearrangements and contextualises them within a broader 
understanding of 3D genome organisation. 
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Introduction 
In higher eukaryotes, genes are embedded in cis-reg-
ulatory landscapes that govern their spatiotemporal ex-
pression. These landscapes contain cis-regulatory 
elements, such as enhancers, which are activated 

through the binding of sequence-specific transcription 
factors in defined cellular contexts. This triggers the 
assembly of the transcription machinery at their target 
gene promoters to drive gene activation. However, en-
hancer–promoter (E–P) distances in mammals can range 
up to several hundred kilobases. Therefore, dedicated 
mechanisms control their physical proximity in three- 
dimensional (3D) space [1]. In addition to these local 
mechanisms, gene activity is also modulated at the level 
of larger genomic structures, which provide tran-
scriptionally permissive or repressive environments [2]. 
For instance, gene silencing can be established through 
compact domains of heterochromatin that can even ex-
tend to an entire chromosome, as exemplified by the 
inactive X chromosome (Xi) in mammals [3]. These 
various levels of gene regulation are closely linked to the 
spatial organisation in the genome across multiple scales 
(Figure 1). 

Spatial genome organisation 
E–P contacts are primarily controlled by so-called topo-
logically associating domains (TADs), which are mega-
base-sized regions defined by insulating boundaries 
(Figure 1) [4,5]. They restrict enhancer activity to genes 
within the same TAD, thereby contributing to E–P 
specificity [6]. TAD boundaries are largely conserved 
across species and invariant across cell types [7]. Intra- 
TAD structure, by contrast, such as less insulating sub- 
TADs and cis-regulatory contacts, is dynamically formed 
or released during cell differentiation [8–12]. 

Another layer of the 3D organisation consists of so-called 
compartments, where regions with similar chromatin prop-
erties interact over large genomic distances (Figure 1), both 
in cis (intrachromosomal) and trans (interchromosomal)  
[13]. The A compartment exhibits high transcriptional ac-
tivity, active histone marks (H3K9ac and H3K27ac), early 
replication timing and frequent (homotypic) contacts with 
A compartment domains in cis and in trans [14,15]. The B 
compartment represents heterochromatin, contains tran-
scriptionally inactive genes and replicates late in S-phase  
[14,15]. Both A and B compartments can be further sub-
divided into regions with specific transcriptional and chro-
matin properties. For the B compartment in particular, 
several subcompartments (B0, B1, B2, B3, and B4) have been 
described, of which B1 and B4 are the best understood (we 
follow the nomenclature used in Ref. [15]). The B1 sub-
compartment contains regions enriched for the Polycomb 
mark H3K27me3, while the B4 subcompartment is marked 
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by H3K9me3 and HP1, associates with the nuclear lamina, 
replicates very late in S-phase and exhibits very strong 
homotypic interactions in cis (Figure 2) [15,16]. Although A/ 
B compartments were initially described to be significantly 
larger than TADs [14], more recent analyses at higher re-
solution have revealed A/B compartmentalisation also at 
smaller scales within TADs [17]. Unlike TADs, compart-
ments vary between cell types, reflecting cell type–specific 
transcriptional programmes [15]. 

Various mechanisms establish the spatial organisation of 
the genome across different scales. The most ex-
tensively studied mechanism is loop extrusion, which 
not only underlies the formation of TADs but also 
modulates intra-TAD contacts. Here, a loop-extruding 
factor, like the ring-shaped Cohesin complex, moves 
along the DNA fibre in opposite directions, gradually 
generating larger loops [18]. The process continues until 
it encounters an extrusion barrier, such as the sequence- 
specific DNA-binding protein CCCTC-binding factor 
(CTCF) [19–22]. Although less well understood, RNA 
polymerase II, the enhancer-associated Mediator com-
plex as well as R loops (RNA/DNA hybrids) have ad-
ditionally been identified as extrusion barriers [23–26]. 
Surprisingly, acute ablation of loop extrusion has little 
effect on steady-state gene expression but does affect 
gene activation when it relies on de novo contact forma-
tion over large genomic distances [27,28]. Once estab-
lished, E–P contacts might be partially maintained by 
Cohesin-independent mechanisms [28–31]. As this in-
volves the interaction of active chromatin regions (active 
enhancers and promoters), the underlying mechanisms 
might resemble those driving the formation of the A 
compartment [32]. Compartments are formed 

independently of loop extrusion [19,22,33,34] and are 
thought to arise from homotypic interactions, where 
chromatin with a similar composition engages [35]. 
Homotypic interactions may play a role in maintaining or 
strengthening transcriptional states rather than initiating 
them, as they seem contingent upon the establishment 
of the activity pattern within a region. 

An intriguing phenomenon, where an entire chromo-
some undergoes massive 3D reconfiguration at all orga-
nisational scales is X-chromosome inactivation (XCI). In 
the next sections, we will discuss recent progress in our 
understanding of the spatial organisation of the Xi and 
draw parallels with findings for other parts of the 
genome. 

X-chromosome inactivation 
XCI has evolved to ensure dosage compensation for 
X-linked genes between male and female mammals. In 
females, the genes on one randomly chosen X chromo-
some are silenced with the exception of so-called escape 
genes, which maintain some expression from the Xi [36]. 
XCI is established during early embryonic development, 
when cells are still pluripotent and can be recapitulated 
in differentiating mouse embryonic stem cells in vitro. 
Concurrently with XCI onset, a global genome re-
organisation takes place with an increase of hetero-
chromatin and A-to-B compartment changes [37–39]. 
While only a distinct set of regions on autosomes and the 
active X chromosome (Xa) are moved into the B com-
partment, almost the entire Xi undergoes hetero-
chromatisation and becomes visible as a DNA-dense 
region in the nucleus, called the Barr body (Figure 2). 

Figure 1  

AB
B4 B1

CompartmentsTerritories

Techniques

TADs E-P Contacts

Hi-C
Micro-C

Capture Micro-C
Tiled-(MC)C

Hi-C
Micro-C

E P

Cohesin
CTCF

GaM
SPRITE

Current Opinion in Genetics and Development

3D organisation of the genome across scales. Chromosomes, which occupy distinct chromosome territories in the nucleus (left), are segmented in 
compartments (A/B), where chromatin regions with similar properties preferentially interact in cis and in trans (middle left). At the megabase scale, 
chromatin is folded into TADs (middle right), within which E–P contacts preferentially occur (right). These structures can be detected by a range of 
technologies developed in the last decade (bottom). The widely used Hi-C method [13], which is increasingly replaced by higher resolution techniques 
like MNase-based Micro-C [94], as well as ligation-free methods (e.g. Genome Architecture Mapping (GaM) and Split-Pool Recognition of Interactions 
by Tag Extension (SPRITE), Refs. [95,96]) are used to detect the (sub)compartment and/or TAD structure genome-wide. Recent technological 
advancements have further revealed the fine-scale structures between short- and long-range regulatory elements by capturing specific regions or 
viewpoints through Capture Micro-C, Micro-Capture-C (MCC) or Tiled-MCC [29,32,97–99].   
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XCI is initiated by the master regulator Xist, a long non-
coding RNA (lncRNA), which is transcribed specifically 
from the Xi. The Xist RNA acts as a modular binding 
platform for numerous proteins that allow it to coat the X 
chromosome, recruit chromatin modifiers to establish gene 
silencing and compact the chromatin to a transcriptionally 
inactive structure [40,41]. The A-repeat region in Xist 
binds the transcriptional repressor SPEN, which is re-
quired to initiate gene silencing, partly by promoting his-
tone deacetylation [42,43]. Another region in Xist, the B/C- 
repeat, recruits Polycomb repressive complex 1 (PRC1), 
mediated by the RNA-binding protein heterogeneous 
nuclear Ribonucleoprotein K (hnRNPK) [44,45]. PRC1 
deposits the repressive H2AK119ub mark, which in turn 
attracts PRC2, leading to the deposition of the repressive 
H3K27me3 mark. The Polycomb pathway contributes to 
initiating gene silencing to a much lesser extent than the 
SPEN pathway [46,47]. In addition, PRC1 mediates re-
cruitment of the structural maintenance of chromosomes 
hinge domain containing 1 (SMCHD1) protein, which in 
recent years has been identified as a central player in Xi 3D 

organisation [48–51]. While the SPEN pathway is the main 
mechanism for initiating gene silencing on the Xi, Poly-
comb and SMCHD1 together with additional mechanisms, 
such as promoter DNA methylation, are primarily involved 
in XCI maintenance [3]. 

Three-dimensional organisation of the 
inactive X chromosome 
The Xi not only acquires a heterochromatic landscape 
distinct from the Xa but also undergoes a major 3D re-
organisation (Figure 2). The most prominent feature, 
when interrogating the Xi by Hi-C, is a bipartite struc-
ture, consisting of two so-called megadomains  
[14,52–54]. The megadomain boundary is formed by the 
Dxz4 macrosatellite repeat region, which contains a high 
number of CTCF-binding sites that are occupied only 
on the Xi, potentially due to their Xi-specific DNA hy-
pomethylation [52,53,55–57]. The Dxz4 region is one of 
several sites that exhibit very long-range contacts on the 
Xi (also called superloops) and are generally euchro-
matic, which include Xist and Firre as well as other 

Figure 2  
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Restructuring of the Xi during the establishment of XCI. Autosomes and the active X chromosome (top and left) are partitioned in A (euchromatin, red) 
and B (heterochromatin, green and blue) compartments and some of their chromosomal domains migrate from the A into the B compartment upon 
differentiation. In contrast, the future inactive X (right) forms a largely repressed B-like compartment. Upon upregulation of Xist, active regions are 
preferentially covered by Xist RNA (early XCI) and recruited into the B1-like subcompartment by Polycomb deposition. In the late phase of XCI, 
SMCHD1 is recruited to the Xi, promoting partial merging of the B subcompartments, allowing Xist to spread into the B4-like subcompartment, 
resulting in near-complete silencing of the chromosome. TADs are lost from the Xi due to attenuated CTCF binding. The few regions that remain 
euchromatic (e.g. escape regions) remain in the A-like compartment, thereby forming superloops.   

3D organisation of the inactive X chromosome Martitz and Schulz 3 

www.sciencedirect.com Current Opinion in Genetics & Development 2024, 86:102198 



escapees [54,58,59]. Megadomains arise from strong, 
loop extrusion-dependent insulation at the Dxz4 repeat 
since they are lost upon Cohesin depletion [60]. In 
contrast, superloops are Cohesin-independent [60] and 
might rather represent the remainder of the A com-
partment, where active regions interact. Although they 
are conserved between mice and humans, megadomains 
are not essential for proper XCI or escape. It has been 
demonstrated that a Dxz4 deletion or inversion disrupts 
the Xi bipartite structure, but is insufficient to cause 
major changes in gene expression, despite some Xi de-
condensation [52,56,61,62]. 

Because megadomains are the dominant large-scale 
structure, initial studies in mice did not observe com-
partments on the Xi [49,50,52]. Moreover, its largely 
heterochromatic state would suggest that the entire 
chromosome, with the exception of escape genes, would 
reside in the B compartment [37]. More in-depth ana-
lyses have revealed a compartment structure also on the 
Xi in both mice and humans [54,63,64]. These are dis-
tinct from the A/B compartments on the Xa since they 
are larger, less pronounced and more variable across cell 
types. We suggest that these might represent B1- and B4- 
like subcompartments since the Xi has been shown to be 
segmented into large, partially overlapping domains of 
H3K27me3 and H3K9me3 in both mice and humans, 
which align with the compartment structure [54,65,66]. 
The B1-like subcompartment exhibits strong Xist 
coating, resulting in the deposition of H3K27me3, while 
the B4-like subcompartment is covered by H3K9me3 
and HP1, has reduced Xist coating and is associated with 
the nuclear lamina [49,50]. In the absence of SMCHD1, 
the B1/B4-like subcompartment structure (then also 
called S1/S2 compartments) becomes more pronounced, 
indicating a role for SMCHD1 in merging the two sub-
compartments [49,50]. Thus, the Xi adopts a distinct 
structure largely consisting of B1/B4-like subcompart-
ments with a small number of regions that escape XCI 
and retain characteristics of the A compartment 
(Figure 2). 

The establishment of XCI and the topological re-
arrangements of the Xi occur in multiple steps, with 
distinct groups of genes being silenced in each phase  
[3,46]. In the first phase, Xist coats gene-dense regions on 
the X chromosome and recruits SPEN to establish gene 
silencing of a substantial fraction of the X chromosome. 
This results in the emergence of B subcompartments 
(also called S1/S2), with Xist residing in the B1-like do-
main [46,49]. Gene silencing is accompanied by a loss of 
binding of RNA Polymerase to chromatin, resulting in its 
depletion from the Xi territory [67]. Concurrently, Poly-
comb complexes are recruited to the Xi. Surprisingly, 
parts of the X chromosome that gain H3K27me3 now 
detach from the nuclear lamina [68]. In the second phase, 
which can only be initiated when cells differentiate, 

SMCHD1 is initially recruited to the B1-like regions 
through Xist and PRC1 and then spreads to the B4-like 
subcompartment. This is potentially mediated via its in-
teraction partner Ligand-dependent nuclear Receptor 
Interacting Factor 1 (LRIF1), which binds HP1 and is 
therefore preferentially recruited to the B4-like sub-
compartment [69,70]. Consequently, this leads to the 
SMCHD1/LRIF1-dependent partial merging of both 
subcompartments, which appears to help the Xist RNA 
diffusing from the B1-like into the B4-like domains [48]. 
Additionally, SMCHD1 might promote the spreading of 
H3K9me3 from sites that are already enriched for this 
chromatin mark on the X before its inactivation  
[48,65,71,72], thereby indirectly promoting LRIF1 re-
cruitment [65]. These SMCHD1-dependent mechanisms 
are essential for complete silencing of a specific subset of 
genes on the Xi and for preserving the silenced state of a 
broader set of genes [46,49,65]. When SMCHD1 is absent 
at the onset of XCI, a small silencing defect is observed 
during early differentiation, which becomes more promi-
nent in more differentiated cell types [46,49,50,65]. 
SMCHD1-dependent genes are normally silenced late in 
development, gain CpG island methylation with slow 
dynamics, are bound by the YY1 transcription factor and 
are located in the B1-like subcompartment [46,65,73,74]. 
The silencing defect results in female-specific embryonic 
lethality of SmcHD1 mutant mice [75]. Defective silen-
cing is associated with focal loss of Polycomb marking at 
the gene body, failure to establish late replication timing 
and enhanced 3D contacts in cis and in trans, suggesting 
that the affected genes remain in the A compartment  
[49,50,65,73,76]. SMCHD1 is however not required for 
maintenance of silencing in differentiated cells, once 
promoter methylation has been established [48,71,72]. 

Apart from the compartment structure, reorganisation 
also occurs at the submegabase level, where the Xi ex-
hibits a drastic attenuation of TADs, accompanied by 
reduced CTCF and Cohesin occupancy [49,50,52,77]. 
TADs are only maintained in regions that remain ex-
pressed on the Xi, such as the Xist locus and escape 
genes [52,78]. TAD loss is in part mediated by 
SMCHD1, since its deletion results in heightened levels 
of CTCF and Cohesin as well as partial TAD restoration  
[49,50]. Although CTCF binding can be modulated by 
DNA methylation, and SMCHD1 affects global DNA 
methylation levels at the Xi, the majority of affected 
CTCF binding sites are not methylated in wild-type 
cells. This points towards an additional DNA methyla-
tion-independent mechanism of CTCF depletion from 
the Xi [50]. In other contexts, several recent studies have 
reported CTCF loss from H3K9me3 domains, poten-
tially mediated by nucleosome exclusion [15,79,80]. 
Since SMCHD1 loss also leads to a reduction of 
H3K9me3 on the Xi, similar mechanisms might be in-
volved. Importantly, the apparent loss of Cohesin 
(peaks) from the Xi [49,50] does not necessarily indicate 
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an absence of loop extrusion, but rather a loss of extru-
sion barriers, as shown for the B4 subcompartment on 
autosomes [15]. 

Taken together, the Xi assumes a largely heterochro-
matic structure with a spatial chromatin organisation 
resembling aspects of two B subcompartments on auto-
somes. However, SMCHD1, which affects only a small 
number of autosomal regions, including protocadherins 
and Hox genes [71,81], is specifically recruited to the Xi 
and helps to condense the subcompartments into the 
characteristic dense Barr body. 

Chromatin architecture at the X-inactivation 
centre 
A locus that has provided important insights into 3D 
genome organisation is the genomic region surrounding 
the Xist gene, also called the X-inactivation centre 
(Figure 3). Its bipartite TAD structure with opposing 
regulatory states makes it an excellent model for 
studying the relationship between genome architecture 
and gene regulation [82]. One TAD, often called the 

Xist-TAD, contains the promoter and the 5′ portion of 
the Xist gene, along with a series of enhancer elements 
and lncRNA loci (Jpx, Ftx, and Xert) implicated in Xist 
activation [40]. The neighbouring TAD contains the 
promoter of Tsix, the antisense transcript and cis-re-
pressor of Xist, together with additional transcribed loci 
(Xite, Linx) that have a repressive function on Xist [40]. 
Both Xist and Tsix are transcribed across the TAD 
boundary, which contains a series of CTCF sites in their 
gene bodies. 

The two TADs ensure spatial segregation of contrary de-
velopmental expression patterns, as Tsix is highly ex-
pressed at the pre-XCI state, where Xist is silent, and is 
gradually downregulated concomitantly with Xist upregu-
lation on the Xi, when cells differentiate [83]. The first 
indication pointing towards a role of TADs in gene reg-
ulation was the observation that gene expression dynamics 
are highly correlated within each of the two TADs, as well 
as within neighbouring TADs [4]. Such intra-TAD co-
ordination of gene expression was later shown to occur 
across the genome upon progesterone stimulation [84], and 

Figure 3  
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The cis-regulatory landscape of the X-inactivation centre. The genomic region surrounding the mouse Xist gene is shown 
(chrX:103,134,000–104,034,000, mm10). At the top, the bipartite TAD structure with intra-TAD contacts is indicated, and regions with increased 
contacts upon differentiation are coloured red [87]. Red and blue vertical bars indicate activating and repressive cis-regulatory regions of Xist, 
respectively. In the middle, CTCF-binding sites (black triangles, after [100]) and genes are annotated with Xist and its regulators being labelled. All 
labelled genes except Rnf12 are noncoding RNAs. On the bottom, some genomic regions that have previously been investigated through 
transgenesis, deletion or inversion are marked [4,86,90]. 
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TADs were identified as the genome folding scale where 
gene co-regulation is most prominent [85]. This is likely 
due to the ability of enhancers to co-regulate multiple 
genes within the same TAD [6]. 

A prominent role for long-range enhancers in Xist reg-
ulation was initially suggested based on the analysis of 
large single-copy transgenes in vivo [86]. Even a 460 kb 
region containing all of the Tsix-TAD and ∼120 kb of 
the Xist-TAD did not upregulate Xist in the embryonic 
lineage. This transgene is missing the Xert region and 
part of Ftx, and deletion of these regions from the en-
dogenous locus impairs Xist upregulation [87,88], con-
firming their role as distal regulatory regions. As 
expected, the long transgene expresses Tsix in vivo, but 
a shorter ∼170 kb version, lacking most of the Tsix-TAD 
except Tsix itself and its enhancer Xite, fails to express 
Tsix [4]. This underscores the crucial role of long-range 
Tsix regulatory elements, like the distal Linx locus [89]. 

Multiple structural perturbation experiments have 
helped to further dissect the importance of TAD-in-
duced physical separation between the two cis-regulatory 
landscapes. Deletion of the TAD boundary containing 
Xist and Tsix resulted in increased inter-TAD contacts 
and premature upregulation of genes in the Xist-TAD 
before differentiation [4]. Similarly, inversion of the 
boundary, which placed the Xist promoter into the Tsix- 
TAD, led to ectopic Xist expression in undifferentiated 
cells [90]. Upon differentiation, Xist expression initially 
remained increased compared with the control, when 
Tsix is normally highly expressed, but was reduced at 
later time points, when Tsix is downregulated. This 
finding exemplifies how a gene promoter responds to the 
active enhancer landscape within the same TAD. Such 
gene missexpression due to enhancer adoption upon 
structural rearrangements at TAD boundaries has also 
been shown to underlie genetic disease phenotypes [91]. 
Although communication between the Xist- and Tsix- 
TADs is mainly mediated by Tsix transcription across 
the TAD boundary, some recent findings suggest addi-
tional Tsix-independent inter-TAD communication 
through mechanisms yet to be identified [89,92]. 

While the bipartite TAD structure is invariant across 
cellular states, the contact landscape within the two 
TADs is rewired when Xist is upregulated [4]. A sub- 
TAD appears, encompassing the Xist promoter and all its 
cis-regulatory elements (Jpx, Ftx, Xert, and enhancers), 
which might help to facilitate E–P interactions [87]. The 
sub-TAD appears concomitantly with activation of distal 
enhancers and upregulation of lncRNAs in the region, 
and is most pronounced, when both Xist promoter and its 
distal enhancers are active. Sub-TAD formation might 
thus be driven by Cohesin loading at active enhancers, 
by Cohesin stalling at transcribed loci or by the Mediator 
complex enabling E–P communication, as recently 

suggested in other contexts [24–26,93]. Whether TAD 
rewiring has a functional role in Xist regulation remains 
to be investigated. Taken together, the Xist locus has 
provided important insights into the role of 3D genome 
organisation in gene regulation. 

Conclusions and perspectives 
The intricate spatial organisation of the genome, ex-
emplified by XCI in mice, highlights the interplay be-
tween chromatin architecture, E–P communication and 
gene expression during development. Several molecular 
pathways drive the formation of a robust heterochro-
matic structure on the Xi, which silences the inner core 
but permits transcription of specific genes located at the 
periphery. The interdependencies of 3D reorganisation, 
chromatin states and gene expression make it challen-
ging to dissect whether the altered 3D structure has a 
functional role in establishing XCI, or whether it is ra-
ther a consequence of gene silencing. To address this 
challenge, we expect that the XCI field will benefit from 
future advances in our understanding of the molecular 
mechanisms that drive compartmentalisation on auto-
somes. This might eventually allow a more direct per-
turbation of the 3D structure of the Xi to study the 
functional consequences. Advancing our understanding 
of such Cohesin-independent mechanisms underlying 
3D genome organisation will also be instrumental in 
dissecting the functional role of intra-TAD changes in 
contact frequency in gene regulation. We expect that the 
Xi will continue to contribute important insights into the 
structure and function of the 3D genome. 
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