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Genomic imprinting gives rise to parent-of-origin dependent allelic gene expression. Most imprinted genes cluster in domains where differentially methylated regions (DMRs)-carrying CpG methylation on one parental allele-regulate their activity. Several imprinted DMRs bind CTCF on the non-methylated allele. CTCF structures TADs ("Topologically Associating Domains"), which are structural units of transcriptional regulation. Recent investigations show that imprinted domains are embedded within TADs that are similar on both parental chromosomes. Within these TADs, however, allelic sub-domains are structured by combinations of mono-and bi-allelic CTCF binding that guide imprinted expression. This emerging view indicates that imprinted chromosomal domains should be considered at the overarching-TAD level, and questions how CTCF integrates with other regulatory proteins and lncRNAs to achieve imprinted transcriptional programs.

Introduction

Genomic imprinting, the process whereby parental origin dictates mono-allelic gene expression in the offspring, is amongst the best-studied epigenetic phenomena in mammals [START_REF] Khamlichi | Parallels between Mammalian Mechanisms of Monoallelic Gene Expression[END_REF]. It is controlled by CpG methylation marks that are inherited from the mother, via the oocyte, or from the father, via the sperm. These epigenetic "imprints", and the associated balancing of transcriptional output, is essential for development, growth, metabolism and behavior [START_REF] Tucci | Genomic Imprinting and Physiological Processes in Mammals[END_REF].

Several hundred imprinted genes have been identified in humans and mice, which include many non-coding RNAs (ncRNAs) including several well-characterized regulatory long ncRNAs (lncRNAs) [START_REF] Andergassen | Mapping the mouse Allelome reveals tissue-specific regulation of allelic expression[END_REF][START_REF] Babak | Genetic conflict reflected in tissue-specific maps of genomic imprinting in human and mouse[END_REF][START_REF] Bassett | Considerations when investigating lncRNA function in vivo[END_REF].

A majority of imprinted genes clusters in chromosomal domains of up to several mega-bases in size. Each domain contains a CpG island that is marked by a parent-of-origin DNA methylation imprint in the germline, a so-called germline "Differentially Methylated Region" (gDMR) or "Imprinting Control Region" (ICR). These gDMRs are maintained in the developing embryo where they are essential for mono-allelic gene expression in the entire domain [START_REF] Sanli | Chromatin mechanisms in the developmental control of imprinted gene expression[END_REF]. A plethora of nuclear proteins contribute to the somatic stability of gDMRs, which shows considerable overlap with chromatin repression at endogenous retroviruses [START_REF] Pathak | Environmental effects on chromatin repression at imprinted genes and endogenous retroviruses[END_REF].

How imprinted DMRs instruct mono-allelic gene expression is less well understood. At some domains, the gDMR encompasses a gene promoter, which may directly induce allelic repression of the linked gene. At most imprinted domains however, more complex mechanisms are involved that can affect genes at considerable distances from the gDMR [START_REF] Andergassen | Mapping the mouse Allelome reveals tissue-specific regulation of allelic expression[END_REF][START_REF] Babak | Genetic conflict reflected in tissue-specific maps of genomic imprinting in human and mouse[END_REF][START_REF] Sanli | Chromatin mechanisms in the developmental control of imprinted gene expression[END_REF]. These observations have raised the question if methylation imprints regulate their target genes through long-range chromatin interactions. In this review, we focus on this aspect of imprinted domain organization.

Binding dynamics of the CTCF insulator protein at imprinted domains

A key finding after the discovery of gDMRs was the allelic recruitment of the "CCCTCbinding factor" (CTCF) to a subset of gDMRs [START_REF] Prickett | Genome-wide and parental allele-specific analysis of CTCF and cohesin DNA binding in mouse brain reveals a tissue-specific binding pattern and an association with imprinted differentially methylated regions[END_REF][START_REF] Kurukuti | CTCF binding at the H19 imprinting control region mediates maternally inherited higher-order chromatin conformation to restrict enhancer access to Igf2[END_REF][START_REF] Bell | Methylation of a CTCF-dependent boundary controls imprinted expression of the Igf2 gene[END_REF]. This zinc-finger protein, whose DNA binding is inhibited by CpG methylation, was initially recognized for its chromatin boundary function [START_REF] Bell | The protein CTCF is required for the enhancer blocking activity of vertebrate insulators[END_REF][START_REF] Kanduri | Functional association of CTCF with the insulator upstream of the H19 gene is parent of origin-specific and methylation-sensitive[END_REF][START_REF] Wang | Widespread plasticity in CTCF occupancy linked to DNA methylation[END_REF]. At the imprinted Igf2-H19 (Insulin-like growth factor-II) domain, the gDMR ("H19 ICR") is intergenic and methylated on the paternal allele (Figure 1a). Within this 2-kb ICR, multiple CTCF sites are bound on the (non-methylated) maternal allele. Various studies have revealed that this maternal CTCF binding insulates the Igf2 gene from enhancers located on the other side of the domain. Consequently, Igf2 is expressed from the paternal chromosome predominantly [START_REF] Webber | The absence of enhancer competition between Igf2 and H19 following transfer into differentiated cells[END_REF][START_REF] Murrell | Interaction between differentially methylated regions partitions the imprinted genes Igf2 and H19 into parent-specific chromatin loops[END_REF][START_REF] Yoon | Analysis of the H19ICR insulator[END_REF][START_REF] Eun | Promoter cross-talk via a shared enhancer explains paternally biased expression of Nctc1 at the Igf2/H19/Nctc1 imprinted locus[END_REF]. In mouse cells, perturbation of CTCF binding at the H19 ICR causes bi-allelic (and increased) Igf2 expression [START_REF] Ideraabdullah | Tissue-specific insulator function at H19/Igf2 revealed by deletions at the imprinting control region[END_REF]. In human patients, similarly, maternally transmitted micro-deletions that affect CTCF binding increase IGF2 activity, which leads to the congenital overgrowth syndrome Beckwith-Wiedemann Syndrome (BWS) [START_REF] De Crescenzo | A novel microdeletion in the IGF2/H19 imprinting centre region defines a recurrent mutation mechanism in familial Beckwith-Wiedemann syndrome[END_REF].

Allelic binding of CTCF has also been identified at other imprinted domains, including the growth-related Dlk1-Dio3, Kcnq1 and PEG13 domains (Figure 1b-d) [START_REF] Lin | Nonallelic transcriptional roles of CTCF and cohesins at imprinted loci[END_REF][START_REF] Court | The PEG13-DMR and brain-specific enhancers dictate imprinted expression within the 8q24 intellectual disability risk locus[END_REF][START_REF] Battistelli | Functional interplay between MyoD and CTCF in regulating long-range chromatin interactions during differentiation[END_REF][START_REF] Lleres | CTCF modulates allele-specific sub-TAD organization and imprinted gene activity at the mouse Dlk1-Dio3 and Igf2-H19 domains[END_REF]. Similar to the Igf2-H19 domain, CTCF is recruited to imprinted DMRs at these domains, where it controls the activity of distant promoters. At the Dlk1-Dio3 domain, recruitment occurs not at the gDMR though, but within a secondary DMR that is established in the pre-implantation embryo (Figure 1b) [START_REF] Lin | Nonallelic transcriptional roles of CTCF and cohesins at imprinted loci[END_REF][START_REF] Lleres | CTCF modulates allele-specific sub-TAD organization and imprinted gene activity at the mouse Dlk1-Dio3 and Igf2-H19 domains[END_REF]. At the Kcnq1 and PEG13 domains, CTCF recruitment occurs at the nonmethylated (paternal) copy of the gDMR (Figure 1c,d). Mutations in the gDMR of the human KCNQ1 domain can give rise to BWS upon paternal transmission, by affecting the distant, growth-related, CDKN1C gene [START_REF] Demars | Genetic variants within the second intron of the KCNQ1 gene affect CTCF binding and confer a risk of Beckwith-Wiedemann syndrome upon maternal transmission[END_REF].

A different CTCF binding dynamic has been described in a non-allelic study of the imprinted Zdbf2 domain (Figure 1e) [START_REF] Greenberg | Dynamic enhancer partitioning instructs activation of a growth-related gene during exit from naive pluripotency[END_REF]. In a model for early embryonic development, loss of CTCF binding at a single site in the domain perturbs the essential switch between two alternative promoters of the Zdbf2/Liz transcription unit.

These examples highlight the importance of allelic and dynamic CTCF recruitment on imprinted gene regulation, and prompted the interest in their underlying structural mechanisms.

First snapshots of CTCF-structured chromatin architecture at imprinted domains

After the development of Chromosome Conformation Capture (3C) in 2002 [START_REF] Dekker | Capturing chromosome conformation[END_REF], the imprinted Igf2-H19 domain proved an attractive model to explore whether allelic CTCF recruitment mediates differential chromatin organization. The paternally-expressed Igf2 is positioned about 100-kb from the maternally-expressed H19 lncRNA gene. Although limited in the number of interactions that were probed, these 3C studies yielded the valuable conclusion that H19 and the nearby enhancers had a reduced propensity for contacts with Igf2 on the maternal chromosome, as compared to the paternal chromosome (Figure 1a and2, and e.g. [START_REF] Yoon | Analysis of the H19ICR insulator[END_REF][START_REF] Eun | Promoter cross-talk via a shared enhancer explains paternally biased expression of Nctc1 at the Igf2/H19/Nctc1 imprinted locus[END_REF]).

Combined, these studies suggested that the H19 ICR -bound by CTCF on the maternal chromosome-acts as a chromatin boundary that blocks interactions between regions located on opposite sides of this gDMR (further discussed in [START_REF] Lleres | CTCF modulates allele-specific sub-TAD organization and imprinted gene activity at the mouse Dlk1-Dio3 and Igf2-H19 domains[END_REF]). In a similar fashion, 3C detected DNA interactions, including promoter-enhancer loops, linked to differential CTCF binding at the paternal copy of the Kcnq1 and PEG13 gDMRs (Figure 1c,d) [START_REF] Court | The PEG13-DMR and brain-specific enhancers dictate imprinted expression within the 8q24 intellectual disability risk locus[END_REF][START_REF] Battistelli | Functional interplay between MyoD and CTCF in regulating long-range chromatin interactions during differentiation[END_REF][START_REF] Korostowski | Enhancer-driven chromatin interactions during development promote escape from silencing by a long noncoding RNA[END_REF][START_REF] Fitzpatrick | Allele-specific binding of CTCF to the multipartite imprinting control region KvDMR1[END_REF]. Although these 3C-based studies were instrumental in instigating the first structural models of imprinted domains, their non-comprehensive nature prevented a comprehensive view of differential chromatin organization on the parental chromosomes (Figure 2).

The genomics era: global views of CTCF binding, 3D chromatin architecture and imprinted gene expression

The ever-expanding toolbox of genomics assays increasingly allows the study of chromatin structure and function without prior selection of genomic regions of interest. A first finding with major implications for imprinted domains was the genome-wide co-localization of the ring-shaped Cohesin complex at CTCF-bound sites during interphase [START_REF] Wendt | Cohesin mediates transcriptional insulation by CCCTC-binding factor[END_REF][START_REF] Parelho | Cohesins functionally associate with CTCF on mammalian chromosome arms[END_REF]. Based on the observation that Cohesin rings keep the sister chromatids together during mitosis, the colocalization with CTCF was hypothesized to anchor DNA loops. Indeed, depletion of Cohesin ablated CTCF-structured loops at the human IGF2-H19 domain [START_REF] Nativio | Cohesin Is Required for Higher-Order Chromatin Conformation at the Imprinted IGF2-H19 Locus[END_REF].

The subsequent discovery of "Topologically Associating Domains" (TADs), which appear as discrete triangles in Hi-C matrixes, drastically changed models for genome structure and transcriptional regulation [START_REF] Dixon | Topological domains in mammalian genomes identified by analysis of chromatin interactions[END_REF][START_REF] Bonev | Multiscale 3D Genome Rewiring during Mouse Neural Development[END_REF]. TADs are chromatin domains, generally of several hundred kb in length, with about two-fold increased interactions over surrounding regions [START_REF] Chang | TADs and Their Borders: Free Movement or Building a Wall?[END_REF]. Within TADs, genes and their associated regulatory elements cluster, whereas CTCF binding is strongly enriched at their boundaries [START_REF] Dixon | Topological domains in mammalian genomes identified by analysis of chromatin interactions[END_REF][START_REF] Shen | A map of the cis-regulatory sequences in the mouse genome[END_REF]. Within TADs, additional DNA loops and domains may be observed, resulting in nested sub-TAD structures (e.g. [START_REF] Phillips-Cremins | Architectural Protein Subclasses Shape 3D Organization of Genomes during Lineage Commitment[END_REF][START_REF] Weinreb | Identification of hierarchical chromatin domains[END_REF]). Depletion of CTCF or Cohesin components results in the loss of domain organization, confirming their essential roles in structuring (sub-)TADs [START_REF] Nora | Targeted Degradation of CTCF Decouples Local Insulation of Chromosome Domains from Genomic Compartmentalization[END_REF][START_REF] Rao | Cohesin Loss Eliminates All Loop Domains[END_REF].

Genes within imprinted domains all depend on the gDMR in cis for their regulation, and thus it may be expected that these domains reside within overarching TADs. Moreover, the identification of differential CTCF binding at gDMRs may suggest the presence of allelespecific (sub-)TAD structures. Intersection of the Igf2-H19, Dlk1-Dio3 and Zdbf2 domains with Hi-C data revealed that they are indeed embedded within much larger TADs. 4C-seq experiments confirm that the imprinted domains focus their contacts within the TADs, with no difference in the position of the boundaries between the parental chromosomes or during cellular development (Figure 3) [START_REF] Lleres | CTCF modulates allele-specific sub-TAD organization and imprinted gene activity at the mouse Dlk1-Dio3 and Igf2-H19 domains[END_REF][START_REF] Greenberg | Dynamic enhancer partitioning instructs activation of a growth-related gene during exit from naive pluripotency[END_REF][START_REF] Bonev | Multiscale 3D Genome Rewiring during Mouse Neural Development[END_REF].

In contrast, major allelic differences in 3D contacts can be observed within the Igf2-H19 TAD (Figure 2) [START_REF] Lleres | CTCF modulates allele-specific sub-TAD organization and imprinted gene activity at the mouse Dlk1-Dio3 and Igf2-H19 domains[END_REF]. The CTCF-bound maternal H19 ICR interacts with four bi-allelic CTCF sites elsewhere in the locus. As a result, the domain is split into two sub-TADs that physically insulate Igf2 from the enhancers that located near the H19 gene. In contrast, the absence of CTCF binding at the paternal H19 ICR allows Igf2 to outcompete H19 for regulatory interactions (Figure 1 and 2) [START_REF] Lleres | CTCF modulates allele-specific sub-TAD organization and imprinted gene activity at the mouse Dlk1-Dio3 and Igf2-H19 domains[END_REF]. Interestingly, the bi-allelic CTCF sites that interact with the H19 ICR on the maternal allele extend their loops on the paternal allele towards another biallelic site near Igf2. A first level of sub-TAD organization is therefore present on the paternal chromosome, which is further subdivided by absence of DNA methylation and CTCF binding to the H19 ICR on the maternal allele (Figure 2) [START_REF] Lleres | CTCF modulates allele-specific sub-TAD organization and imprinted gene activity at the mouse Dlk1-Dio3 and Igf2-H19 domains[END_REF].

A similar allele-specific sub-TAD organization was detected at the Dlk1-Dio3 domain (Figure 1) [START_REF] Lleres | CTCF modulates allele-specific sub-TAD organization and imprinted gene activity at the mouse Dlk1-Dio3 and Igf2-H19 domains[END_REF], which precedes the activation of the protein-coding Dlk1 gene at this imprinted locus.

Compartmentalization of imprinted domains by allelic binding of CTCF at DMRs may thus be a commonly employed strategy to facilitate the setting and maintenance of imprinted transcriptional programs. How other imprinted loci are embedded within TADs, and if allelic CTCF binding implements further structural differences, remains largely to be determined.

In parallel, powerful transcriptome studies allowed the systematic assessment of allele-specific gene expression in embryonic and extra-embryonic tissues, and at different developmental stages [START_REF] Andergassen | Mapping the mouse Allelome reveals tissue-specific regulation of allelic expression[END_REF][START_REF] Babak | Genetic conflict reflected in tissue-specific maps of genomic imprinting in human and mouse[END_REF]. These comprehensive data-sets identified many new imprinted genes located near known ICRs, thus providing more accurate estimates of the size of these domains. Some imprinted domains-including the Kcnq1 and Igf2r (Igf2-receptor) loci-are likely much larger than previously thought [START_REF] Andergassen | Mapping the mouse Allelome reveals tissue-specific regulation of allelic expression[END_REF][START_REF] Babak | Genetic conflict reflected in tissue-specific maps of genomic imprinting in human and mouse[END_REF]. Intersection with TADs may be instrumental to further delineate the maximum span of imprinted domains.

A mechanistic outlook: integrating the multiple levels of imprinted gene regulation

Multi-omics approaches have started to reveal how allele-specific and bi-allelic chromatin features, including 3D genome organization, CTCF binding, DNA methylation and histone modifications, establish imprinted transcriptional programs (e.g. [START_REF] Andergassen | Mapping the mouse Allelome reveals tissue-specific regulation of allelic expression[END_REF][START_REF] Sanli | Chromatin mechanisms in the developmental control of imprinted gene expression[END_REF][START_REF] Lleres | CTCF modulates allele-specific sub-TAD organization and imprinted gene activity at the mouse Dlk1-Dio3 and Igf2-H19 domains[END_REF][START_REF] Greenberg | Dynamic enhancer partitioning instructs activation of a growth-related gene during exit from naive pluripotency[END_REF][START_REF] Sanli | Meg3 Non-coding RNA Expression Controls Imprinting by Preventing Transcriptional Upregulation in cis[END_REF]). How all these mechanisms intersect with CTCF remains interesting to further explore. Moreover, little is known with which proteins CTCF interacts at imprinted domains and how CTCF itself is modified. At the H19 ICR, CTCF can acquire high levels of poly(ADP-ribosylation) through interaction with PARP1. Like perturbation of CTCF binding at the H19 ICR, prevention of this modification of CTCF directly influences Igf2 expression [START_REF] Ideraabdullah | Tissue-specific insulator function at H19/Igf2 revealed by deletions at the imprinting control region[END_REF]41]. At all DMRs where CTCF is allele-specifically recruited, a lncRNA is transcribed from the same chromosome (Figure 1). For instance at the Dlk1-Dio3 domain, the maternal CTCF binding occurs in the first intron of the lncRNA gene Meg3, whose maternal expression is essential for the imprinting of nearby protein-coding genes [START_REF] Lin | Nonallelic transcriptional roles of CTCF and cohesins at imprinted loci[END_REF][START_REF] Lleres | CTCF modulates allele-specific sub-TAD organization and imprinted gene activity at the mouse Dlk1-Dio3 and Igf2-H19 domains[END_REF][START_REF] Sanli | Meg3 Non-coding RNA Expression Controls Imprinting by Preventing Transcriptional Upregulation in cis[END_REF]. For now, it remains unexplored whether these lncRNAs are mechanistically linked to CTCF, or whether they contribute independently to imprinted regulation. A recently characterized RNA binding domain (RBD) within the CTCF protein controls its recruitment to many binding sites in the genome [42,43]. Moreover, at the Igf2-H19 domain, CTCF interacts with the RNA binding protein p68, which regulates boundary function [44]. The domain-structuring function of CTCF may thus directly or indirectly be guided by RNA-binding.

Another major challenge will be to unravel how these mechanisms act at the individual alleles in single cells, either in isolation or within the integrated framework of regulatory mechanisms.

It remains for instance to be determined if regulatory DNA interactions occur in "hubs" or rather in a pair-wise fashion. At the cell population level, the maternal H19 ICR is observed to interact with four CTCF-bound regions (Figure 2), but if these regions concurrently interact on individual chromosomes has not been established. To tackle this issue, "multi-contact" 3C approaches like Multi-contact 4C and Tri-C may be promising, as they can pinpoint simultaneous interactions between gene promoters and pairs of enhancers [45,46]. C. At the Kcnq1 domain, the intragenic gDMR (ICR, acting as the promoter for the Kcnq1-ot1 lncRNA) binds CTCF on its unmethylated paternal allele, which prevents activation of the Cdkn1c gene [START_REF] Fitzpatrick | Allele-specific binding of CTCF to the multipartite imprinting control region KvDMR1[END_REF]. On the opposite end of the domain, a DNA loop is formed between the Kcnq1 promoter and its enhancers [START_REF] Battistelli | Functional interplay between MyoD and CTCF in regulating long-range chromatin interactions during differentiation[END_REF][START_REF] Korostowski | Enhancer-driven chromatin interactions during development promote escape from silencing by a long noncoding RNA[END_REF]. The activity and the DNA contact of the Kcnq1 enhancer have not been determined in an allelic manner.

D.

At the PEG13-KCNK9 domain, CTCF binds to the unmethylated allele of the gDMR (ICR, acting as the promoter for the PEG13 lncRNA), which prevents activation of KCNK9 [START_REF] Court | The PEG13-DMR and brain-specific enhancers dictate imprinted expression within the 8q24 intellectual disability risk locus[END_REF]. For the chromatin loop interactions, parental alleles were not told apart.

E.

At the developmentally regulated mouse Zdbf2 locus, CTCF binding in embryonic stem cells (mESCs) activates Liz, an extended Zdbf2-isoform that shares characteristics with lncRNAs. Upon differentiation into epiblast-like cells (mEpiLCs), loss of CTCF binding allows Zdbf2 to interact with its enhancers [START_REF] Greenberg | Dynamic enhancer partitioning instructs activation of a growth-related gene during exit from naive pluripotency[END_REF]. CTCF binding and chromatin loops were not distinguished in an allele-specific manner. A. Non-allelic Hi-C experiments revealed that the H19 and Igf2 genes are located in a TAD that spans 450 kb [START_REF] Bonev | Multiscale 3D Genome Rewiring during Mouse Neural Development[END_REF].

Finally, several

  genomics studies have shown that TADs overlap with domains of DNA replication timing, with replication early in S phase being associated with increased gene activity[47][48][49]. Such a link is particularly intriguing for imprinted domains, where genes are differentially expressed between the parental chromosomes. Indeed, at the Igf2-H19, Dlk1-Dio3 and other imprinted domains, imaging detected differential timing of replication between the parental chromosomes[50][51][52][53]. The extent of these replication domains, and how they originate, remains undetermined. Their integration in future multi-omics studies will add an important functional component to the sub-TAD structure of imprinted domains.ConclusionsAt in-depth characterized imprinted domains, CTCF creates sub-domains that act as a structural framework for enhancer-promoter contacts. Allelic CTCF binding to DMRs structures sub-* Production of the Meg3 lncRNA at the Dlk1-Dio3 domain is essential for imprinted gene expression in cis, suggesting a role of this lncRNA in gene regulation. 41. Farrar D, Rai S, Chernukhin I, Jagodic M, Ito Y, Yammine S, Ohlsson R, Murrell A, Klenova E: Mutational Analysis of the Poly(ADP-Ribosyl)ation Sites of the Transcription Factor CTCF Provides an Insight into the Mechanism of Its Regulation by Poly(ADP-Ribosyl)ation. Molecular and cellular biology 2010, 30:1199-1216. 42. Saldana-Meyer R, Rodriguez-Hernaez J, Escobar T, Nishana M, Jacome-Lopez K, Nora EP, Bruneau BG, Tsirigos A, Furlan-Magaril M, Skok J, et al.: RNA Interactions Are Essential for CTCF-Mediated Genome Organization. Molecular cell 2019, 76:412-422. ** Like [43**], this study shows that binding of CTCF to RNA determines its binding to a subset of sites along the genome, which influence 3D genome organization. 43. Hansen AS, Hsieh THS, Cattoglio C, Pustova I, Saldana-Meyer R, Reinberg D, Darzacq X, Tjian R: Distinct Classes of Chromatin Loops Revealed by Deletion of an RNA-Binding Region in CTCF. Molecular cell 2019, 76:395-411. ** Like [42**], this study shows that binding of CTCF to RNA determines its binding to a sub-set of sites along the genome, which influence 3D genome organization. 44. Yao HJ, Brick K, Evrard Y, Xiao TJ, Camerini-Otero RD, Felsenfeld G: Mediation of CTCF transcriptional insulation by DEAD-box RNA-binding protein p68 and steroid receptor RNA activator SRA. Genes & development 2010, 24:2543-2555. 45. Oudelaar AM, Davies JOJ, Hanssen LLP, Telenius JM, Schwessinger R, Liu Y, Brown JM, Downes DJ, Chiariello AM, Bianco S, et al.: Single-allele chromatin interactions identify regulatory hubs in dynamic compartmentalized domains. Nature genetics 2018, 50:1744-1751. * Similarly as [46*], this study presents a new 3C-based technology ('TriC') to detect simultaneous chromatin interactions on a single allele. 46. Allahyar A, Vermeulen C, Bouwman BAM, Krijger PHL, Verstegen MJAM, Geeven G, van Kranenburg M, Pieterse M, Straver R, Haarhuis JHI, et al.: Enhancer hubs and loop collisions identified from single-allele topologies. Nature genetics 2018, 50:1151-1160. *Similarly as [45*], this study present a new 3C-based technology (MC-4C) to monitor concomittant chromatin interactions at a single allele. 47. Rivera-Mulia JC, Kim S, Gabr H, Chakraborty A, Ay F, Kahveci T, Gilbert DM: Replication timing networks reveal a link between transcription regulatory circuits and replication timing control. Genome research 2019, 29:1415-1428. * This study overlaps Hi-C compartments (TADs) with domains of replication timing (RT) and reports that asynchronous RT is more common in ES than differentiated cells. 48. Miura H, Takahashi S, Poonperm R, Tanigawa A, Takebayashi S, Hiratani I: Singlecell DNA replication profiling identifies spatiotemporal developmental dynamics of chromosome organization. Nature genetics 2019, 51:1356-1368. 49. Pope BD, Ryba T, Dileep V, Yue F, Wu WS, Denas O, Vera DL, Wang YL, Hansen RS, Canfield TK, et al.: Topologically associating domains are stable units of replication-timing regulation. Nature 2014, 515:402-405. 50. Gribnau J, Hochedlinger K, Hata K, Li E, Jaenisch R: Asynchronous replication timing of imprinted loci is independent of DNA methylation, but consistent with differential subnuclear localization. Genes & development 2003, 17:759-773. 51. Kota SK, Lleres D, Bouschet T, Hirasawa R, Marchand A, Begon-Pescia C, Sanli I, Arnaud P, Journot L, Girardot M, et al.: ICR Noncoding RNA Expression Controls Imprinting and DNA Replication at the Dlk1-Dio3 Domain. Developmental cell 2014, 31:19-33. 52. Guibert S, Zhao ZH, Sjolinder M, Gondor A, Fernandez A, Pant V, Ohlsson R: CTCF-binding sites within the H19 ICR differentially regulate local chromatin structures and cis-acting functions. Epigenetics 2012, 7:361-369. 53. Bergstrom R, Whitehead J, Kurukuti S, Ohlsson R: CTCF regulates asynchronous replication of the imprinted H19/Igf2 domain. Cell cycle 2007, 6:450-454.
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 1 Figure 1: Examples of dynamic chromatin structures and domains at imprinted domains.

Figure 2 :

 2 Figure 2: Allelic CTCF binding to the H19 ICR structures allelic sub-TADs at the imprinted Igf2-H19 domain.
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TADs at the Igf2-H19 and Dlk1-Dio3 domains, thus restricting enhancer-promoter contacts and modulating imprinted gene activation (Figure 1a, b and 2). Despite similar patterns of CTCF binding at other imprinted loci, additional characterization will be required to determine if CTCF structures sub-TADs here as well (Figure 1c,d). At the Zdbf2 domain, CTCF-mediated restructuration contributes to the developmental dynamics of imprinted gene expression [START_REF] Greenberg | Dynamic enhancer partitioning instructs activation of a growth-related gene during exit from naive pluripotency[END_REF] (Figure 1e). In contrast, at the Dlk1-Dio3 locus the structure precedes imprinted gene activation [START_REF] Lleres | CTCF modulates allele-specific sub-TAD organization and imprinted gene activity at the mouse Dlk1-Dio3 and Igf2-H19 domains[END_REF], raising the question if imprinted domains are commonly reorganized during differentiation.

The underlying mechanisms that guide the CTCF-structured reorganization between alleles and cell types remain mostly to be identified. Locus-specific integration of CTCF binding with lineage-specific (transcription) factors, histone modifying complexes, lncRNAs and larger structures like replication domains may be essential. Such integration at imprinted domains may also provide new avenues for exploring gene expression defects in BWS and other human imprinting disorders.
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B. 4C-seq interactions (H19 ICR viewpoint) and CTCF ChIP-seq signal on the maternal (red) and paternal (blue) chromosomes within the Igf2-H19 TAD. Genes and enhancers are indicated as in Figure 1. Maternal-allele CTCF binding to the H19 ICR (red arrow) coincides with the formation of four DNA loops towards four bi-allelic CTCF binding clusters at the left part of the TAD. Without CTCF binding to the ICR, on the paternal chromosome, these loops are absent. Relative to the overarching TAD structure, a single sub-TAD is present on the paternal chromosome that contains the active Igf2 gene, the inactive H19 gene and the nearby enhancers (blue ovals). CTCF binding at the maternal H19 ICR splits this organization into two sub-TADs (red ovals) [START_REF] Lleres | CTCF modulates allele-specific sub-TAD organization and imprinted gene activity at the mouse Dlk1-Dio3 and Igf2-H19 domains[END_REF]. In-between the maternal and paternal 4C data, results from two 3C studies are plotted [START_REF] Yoon | Analysis of the H19ICR insulator[END_REF][START_REF] Eun | Promoter cross-talk via a shared enhancer explains paternally biased expression of Nctc1 at the Igf2/H19/Nctc1 imprinted locus[END_REF]. Blue arches indicate paternal-specific DNA loops and red arches maternal-specific loops. The 3C data support the notion that DNA contacts are contained within sub-TADs, but the investigated region probed in all 3C studies (white domain) was too restricted to detect this overarching organization.