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Abstract  24 

Cytosine DNA methylation is a highly conserved epigenetic mark in eukaryotes. While the role 25 
of DNA methylation at gene promoters and repetitive elements has been extensively studied, 26 
the function of DNA methylation in other genomic contexts remains less clear. In the nucleus 27 
of mammalian cells, the genome is spatially organized at different levels, and strongly 28 
influences myriad genomic processes. There are a number of factors that regulate the 3D 29 
organization of the genome, with the CTCF insulator protein being among the most well-30 
characterized. Pertinently, CTCF binding has been reported as DNA methylation sensitive in 31 
certain contexts, perhaps most notably in the process of genomic imprinting. Therefore, it 32 
stands to reason that DNA methylation may play a broader role in regulation of chromatin 33 
architecture. Here we summarize the current understanding that is relevant to both the 34 
mammalian DNA methylation and chromatin architecture fields, and attempt to assess the 35 
extent to which DNA methylation impacts the folding of the genome. The focus is in early 36 
embryonic development and cellular transitions, when the epigenome is in flux, but we also 37 
describe insights from pathological contexts such as cancer, when the epigenome and 3D 38 
genome organization are misregulated.  39 
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Introduction 40 

Proper chromosome organization within the nucleus of eukaryotic cells is critical for genome-41 
associated processes, including transcription, gene regulation, DNA replication, 42 
recombination and repair and cell division. Ever-improving genomics and imaging assays 43 
have revealed that chromosomal DNA in the mammalian cell nucleus adopts an intricate 44 
hierarchical organization (Fig. 1). Most coarsely, chromatin is organized into chromosome-45 
scale territories, resulting in a strong preference for intra- over inter-chromosomal contacts1–46 
3. These territories are further subdivided into multi-megabase (Mb) compartments that are 47 
defined by their transcriptional activity3: the more active “A compartments” that are typically 48 
gene rich, transcriptionally active and located in the interior of the nuclear space, and the less 49 
active “B compartments” that are gene poor and frequently associated with the nuclear lamina 50 
and the nucleolus4–8. Using Hi-C, a sequencing-based assay to quantify contacts between 51 
genomic domains, these compartments were found to preferentially engage in homotypic 52 
contacts. Compartments further divide into Topologically Associating Domains (TADs), which 53 
are sub-Mb scale insulated domains that are relatively invariant between cell-types and whose 54 
position is highly conserved in mammals9. Within TADs, DNA loops can be formed, which 55 
either facilitate or insulate interactions between promoters and cis-regulatory elements, such 56 
as enhancers. Unlike TADs, these loops can vary tremendously between cell types, where 57 
they can be crucial for determining proper cell identity10. This three-dimensional (3D) 58 
conformation of the genome is not static though, with a particularly dramatic reorganization of 59 
the genome occurring during mitosis11. The plastic 3D chromosome organization is important 60 
during other time-frames as well, such as cell-state transitions, aging and in disease12,13.  61 

Understanding the processes that underpin chromosome conformation is an area of 62 
intense research interest. Perhaps the most studied factor that regulates 3D genome 63 
organization is the CCCTC-binding factor (CTCF). CTCF is conserved among bilaterians and 64 
in mammalian cells it binds tens of thousands of sites in the genome14–16. CTCF plays a key 65 
role at the boundaries between TADs where it stabilizes the residence of the Cohesin protein 66 
complex. In turn, the ring-shaped Cohesin complex regulates genome folding by creating DNA 67 
loops through a process of “loop extrusion” until CTCF boundaries are encountered17–19. In 68 
parallel, CTCF also plays a direct role in transcriptional control by regulating DNA loops 69 
between enhancers and promoters20,21. CTCF is essential in mammals, likely owing to its role 70 
in coordinating gene expression programs. Indeed, the complete knockout (KO) of CTCF in 71 
mice is lethal during early embryogenesis, and heterozygous knockouts show a predisposition 72 
to cancer22,23. 73 

What then drives the dynamic landscape of CTCF binding? While multiple mechanisms 74 
are likely at play, including co-factors, other transcription factors, chromatin remodeling 75 
complexes and RNA binding24–26, one compelling candidate is 5-methylcytosine DNA 76 
methylation (5meC). Indeed, CTCF-binding is 5meC sensitive in certain contexts27–29. In 77 
mammals, 5meC is typically found in the CpG dinucleotide context, where it is usually 78 
associated with transcriptional repression when present at regulatory elements. Outside of 79 
promoter regions, the vast majority of CpGs (approximately 80%) are methylated in somatic 80 
tissues. While 5meC is typically considered a stable epigenetic mark, key exceptions are intra- 81 
and intergenic transcription factor binding sites, where turnover of the methyl-mark is high30. 82 
Moreover, 5meC is dramatically remodeled during embryonic development and subsequent 83 
cell lineage specification. After fertilization, most gametic 5meC marks are erased, followed 84 
by a major wave of de novo methylation during implantation of the embryo via the action of 85 
the DNA METHYLTRANSFERASE 3A and 3B (DNMT3A and 3B) enzymes, after which 86 
embryonic DNA methylation is globally maintained by DNMT131. Dynamic changes in DNA 87 
methylation at certain promoters and enhancers are essential for the exit of pluripotency and 88 
lineage specification32–34. Mouse embryos deficient for DNA methylation machinery exhibit 89 
significant developmental abnormalities, which leads to embryonic lethality in the most 90 
extreme cases35,36. Notably, substantial changes in chromatin conformation are also observed 91 
during this period37–39.  92 
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How chromatin architecture and DNA methylation help to determine cellular identity has 93 
been the topic of heightened research interest40. Despite large amounts of high-resolution data 94 
across many tissue types in healthy, mutant, and pathological conditions, the broad 95 
implications of the interplay between 5meC and CTCF still remain nebulous. In this review, 96 
we will summarize direct and indirect evidence to provide the most up-to-date model of the 97 
relationship between DNA methylation and CTCF-mediated chromosome organization and its 98 
biological importance for cellular identity and function. Moreover, we will discuss how 5meC 99 
may influence genome architecture outside of the CTCF context. 100 

The molecular basis for 5meC-mediated CTCF regulation 101 

CTCF contains 11 zinc fingers (ZFs), of which ZF3-ZF7 bind to an essential but variable core 102 
motif of 15 nucleotides28. This degenerate core motif contains potential cytosine methylation 103 
sites, most prominently at positions 2 and 12 (C2 and C12) within the 15-base pair binding 104 
motif, which can be CpG dinucleotides (Fig. 2a). In vitro fluorescence-based DNA binding 105 
assays have shown that methylation of the C2 reduces the affinity in the binding of CTCF 106 
around 23 fold, whereas the methylation at C12 did not noticeably impair binding28. By 107 
concurrently analyzing bisulfite sequencing data and chromatin immunoprecipitation followed 108 
by sequencing (ChIP-Seq) data from diverse human cell types, it was observed that 109 
approximately 40% of the variability in CTCF binding is associated with differential DNA 110 
methylation. This variation is particularly concentrated at the C2 and C12 positions, which 111 
could indicate an in cellula role for C12 that was not observed in vitro, or simply could be a 112 
correlation41. In a systematic inventory of bound CTCF motifs in mouse embryonic stem cells 113 
(mESCs), roughly 10% of motifs contained a CpG at one or both positions, suggesting the 114 
possibility for direct impact of 5meC at these sites42. While this is a minority of sites, it still 115 
represents a sizeable number—upwards of 17,000—of genomic loci where 5meC may 116 
regulate the binding of CTCF, which may in turn impact gene regulation (Fig. 2b,c). Recently, 117 
single molecule footprint analysis combined with ChIP-Seq data in mESC showed that the 118 
presence of a CpG at C4 in the CTCF binding site was found to affect CTCF binding affinity 119 
as well, thereby further expanding the potential for 5meC-mediated regulation43. At a subset 120 
of sites, additional upstream and downstream motifs have also been identified, which may 121 
contain CpG dinucleotides, and thus may affect the affinity of CTCF for DNA binding or 122 
otherwise affect its binding kinetics28,29,44. Finally, CTCF binding can also be hindered by 123 
presence of 5meC outside of its binding motifs, for example through combinatorial action with 124 
other 5meC sensitive transcription factors, or through more local 5meC-dependent changes 125 
to chromatin accessibility that may impair the access of CTCF to the DNA45,46. Combined, 126 
these mechanisms can explain sequence-independent 5meC-mediated reorganization of 127 
CTCF binding during normal cellular differentiation and lineage specification and perturbed 128 
organization in developmental defects and disease. 129 

CTCF regulation of genomic imprints 130 

The antagonistic relationship between CTCF binding and 5meC was first described at gene 131 
clusters harboring genomic imprints47,48. Genomic imprinting refers to mono-allelic gene 132 
expression in a parent-of-origin-specific manner, which affects between 100 to 200 genes in 133 
human and mouse cells49. Imprinted gene clusters are subject to cis regulation by Imprinting 134 
Control Regions (ICRs), which exhibit differential 5meC marks on the parental alleles. The 135 
Igf2-H19 imprinted domain, which is conserved from mice to humans, is a prime example of 136 
how 5meC can regulate CTCF binding, genome conformation and gene expression. At this 137 
domain, the ICR known as the H19 differentially methylated region (DMR) is methylated on 138 
the paternal allele. CTCF binds to the unmethylated maternal H19 DMR, thereby blocking the 139 
activation of the Igf2 gene by upstream enhancers, which in turn allows the expression of the 140 
H19 long non-coding RNA (lncRNA). Conversely, on the paternal allele, 5meC impairs CTCF 141 
binding between the enhancer and the Igf2 promoter, thus allowing the activation of this gene 142 
(Fig. 3a)47,48. Chromosome conformation capture (3C) techniques performed in mESCs that 143 
maintain genomic imprinting have provided much greater depth of insight into how imprinted 144 
CTCF binding can regulate mono-allelic gene activity: the presence of CTCF on the maternal 145 
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chromosome creates a sub-TAD that increases the insulation between the regulatory 146 
elements near the H19 DMR and the more telomeric Igf2 gene (Fig. 3b)50–52. 147 

Although imprinted chromatin structure at the Igf2-H19 is the most well-characterized, 148 
there are other imprinted genes that are regulated by allele-specific CTCF binding, such as at 149 
the Peg13-Kcnk953 and Kcnq154 domains, where CTCF binds to the unmethylated paternal 150 
allele. It has also been shown in mESCs and mouse neural progenitor cells (NPCs) that 151 
binding of CTCF on the maternal unmethylated allele of the imprinted Meg3-Dlk1 locus is 152 
necessary for the formation of an allelic sub-TAD, which is required for the proper activation 153 
of the imprinted Dlk1 gene during neural differentiation50. Given the preponderance of 5meC-154 
mediated CTCF binding regulation at imprinted gene clusters, it would not be unreasonable to 155 
think this is a universal regulatory mechanism throughout the genome. However, the study of 156 
imprinted gene regulation is greatly facilitated by the coexistence of both imprinted alleles 157 
within the same nucleus, allowing for direct comparison. In contrast, characterizing the impact 158 
of 5meC on genome-wide CTCF binding dynamics during differentiation, development and 159 
disease remains a much more complex undertaking. 160 

5meC DNA methylation impacts CTCF occupancy at a substantial number of binding 161 
sites 162 

At least 30% of CTCF binding sites in human cells, obtained from different tissues, are cell-163 
type specific. However, the mechanisms that govern the full repertoire of differential CTCF 164 
binding at these sites remain to be identified. Nonetheless, around 40% of variability could be 165 
linked to 5meC status in the binding site27. It should be noted that this data was generated 166 
over a decade ago as of this writing, and meta-analysis of more recent data sets may arrive 167 
at a different value. Functional studies have further been carried out to demonstrate that the 168 
methyl-mark, per se, antagonizes CTCF binding in vivo. For example, deposition of 5meC in 169 
key CpG(s) of a CTCF motif by epigenome editing at specific loci caused reduced CTCF 170 
binding, with a loss of insulation mediated by enhancer-promoter interactions in human 171 
HEK293 cells55. Moreover, CTCF binding in DNMT3B/DNMT1 double knockout (DKO) 172 
HCT116 human colon cancer cells were moderately reorganized as well. In these cells, the 173 
decrease in 5meC levels had a minor effect on global CTCF occupancy, but specific binding 174 
sites were detected that either presented increased CTCF occupancy or de novo binding sites 175 
when compared to the control cells56. And thirdly, CTCF binding in mESCs with mutations in 176 
the Ten-eleven translocation 1 and 2 (Tet1 and Tet2) methyl-cytosine dioxygenases, which 177 
induce 5meC demethylation, confirmed that gain in methylation can create loss of CTCF 178 
binding46. This study showed that CTCF binding was lost at sites with low CpG density and 179 
was retained at sites with high CpG density. These findings support the idea that CTCF binding 180 
within CpG islands (regions of exceptional CpG density) remain mostly constant, while outside 181 
of CpG islands, CTCF binding is influenced by competition with nucleosomes. These 182 
experiments further demonstrated that DNA methylation can also affect CTCF binding by re-183 
positioning of nucleosomes in the vicinity of the binding site46, thereby confirming that the 184 
epigenomic context is important as well for CTCF binding. Recently, a single molecule 185 
footprinting study of cis regulatory elements (CREs) in mESCs showed that DNA methylation 186 
can either be antagonistic or neutral to CTCF depending on the locus, with a subset of binding 187 
sites bearing a nucleosomal, inaccessible signature when methylated43. 188 

These aforementioned studies come with caveats. Firstly, it is important to highlight that 189 
the 5meC-CTCF relationship is not unidirectional. The strength of CTCF binding is associated 190 
with the likelihood of a cytosine within the binding site being in a demethylated state, 191 
suggesting that CTCF occupancy can play a role in actively influencing the turnover of DNA 192 
methylation57. This observation is corroborated with the fact that mutations in the ZF8 of CTCF, 193 
affecting its chromatin residence time, have the potential to trigger extensive genome-wide 194 
hypermethylation58. 195 

Secondly, although the relationship between 5meC and CTCF has been extensively 196 
investigated, there is also interest in understanding how TET-mediated oxidation of 5meC 197 
could affect CTCF binding to DNA. TET enzymes progressively catalyze 5-198 
hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 5-carboxylcytosine (5caC), which 199 
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lead to demethylation via active and passive mechanisms46,59. However, data suggests that 200 
5hmC and 5fC, per se, could alter nucleosome stability that would facilitate CTCF binding46,60. 201 
Reinforcing this idea, enzymatic mapping of 5hmC in mESCs also showed the presence of 202 
this modification in and around CTCF binding sites61. Moreover there is evidence that 5caC 203 
leads to increased CTCF binding at normally weakly bound sites62. Collectively, these findings 204 
illustrate that oxidated derivates of cytosines are not only precursors to demethylation, but 205 
also may themselves impact the CTCF binding landscape.  206 

In sum, genomic analyses in both mouse and human cells indicate that DNA methylation 207 
can indeed act as antagonist to CTCF binding at a substantial number of binding sites. TET 208 
activity may promote CTCF binding either through DNA demethylation or oxidizing 5meC. 209 
However, the vast majority of CTCF binding sites are insensitive to 5meC, either because they 210 
are constitutively unmethylated or because CpGs are present at positions where CTCF is 211 
impervious to the mark. These differences can be due to a combined involvement of both the 212 
CTCF core motif as well as the surrounding chromatin context. Given its well-known role as a 213 
transcriptional regulator, it is reasonable to presume that at least a proportion of the subset of 214 
5meC-sensitive CTCF binding sites in the genome can impact gene expression63. Yet, given 215 
the highly confounding effects in both Dnmt and Ctcf mutants, definitively assigning changes 216 
in gene expression to 5meC dynamics and differential CTCF binding remains challenging. 217 
Continued research, possibly involving precise manipulations of selected gene loci—for 218 
instance certain imprinted loci—will be necessary to ascertain the full scope of this form of 219 
gene control. 220 

DNA methylation plays a minor role in TAD (re)organization 221 

During early mammalian embryogenesis, both 3D genome organization and DNA methylation 222 
are in flux, thereby providing an interesting system for insights into how 5meC shapes 223 
chromatin architecture. Hi-C experiments in early mouse development showed that TAD 224 
structure in zygotes is weak and diffuse. In mice throughout embryogenesis, TAD formation 225 
gradually increases, with highly resolutive organization detected in the epiblast stage after 226 
implantation (Embryonic Day 7.5 [E7.5])39,64. A similar pattern is observed in humans, where 227 
data indicate that TADs are mostly absent in 2-cell embryos, exhibit weak presence in 8-cell 228 
embryos, and become progressively more apparent in embryos during the implantation 229 
stage65. In mammals, 5meC is mostly erased after fertilization, but by E7.5, DNA methylation 230 
patterns have been reestablished, and remain high in all somatic tissues (Fig. 4). Particularly 231 
notable is the fact that at E3.5-E4.5 in mouse cells, when DNA methylation levels are at their 232 
lowest (~20% CpG methylation), the structure of TADs has essentially been established and 233 
the subsequent wave of de novo DNA methylation does not appear to grossly alter the TAD 234 
organization landscape. The occurrence of comparable chromatin architecture embryonic 235 
transitions in zebrafish, a non-mammalian vertebrate lacking 5meC reprogramming during 236 
embryo development, further strengthens the idea that de novo methylation does not 237 
significantly influence large-scale 3D chromatin structure in vertebrates66,67. 238 

Experiments in relevant cell culture systems undergird these in vivo observations. 239 
mESCs are derived from the inner cell mass of the blastocyst—the stage when the genome 240 
is DNA hypomethylated. In addition to their ability to differentiate to all embryonic tissue types, 241 
they can also withstand a complete absence of the 5meC machinery68, which is the not the 242 
case for human ESCs69. Combined, this makes these cells a convenient and widely used 243 
model to study the involvement of 5meC in developmental processes. Electron microscopy 244 
revealed that the absence of 5meC in Dnmt3A/B DKO and Dnmt1/3A/B triple KO (Dnmt TKO) 245 
cells did not affect the ultra-structure of chromatin70. Hi-C in DKO and TKO mESCs indicates 246 
a minimal, if not entirely absent, impact on global TAD organization as well71. This result is not 247 
unexpected, as the CTCF binding landscape in TKO ESCs is globally unperturbed as well30. 248 
Similarly, during differentiation of DKO/TKO mESCs towards cardiac myocytes there is 249 
virtually no effect in A/B compartment establishment or TAD formation71.  250 

Altogether, these data suggest that DNA methylation does not have a major impact on 251 
genome wide igher-order 3D genome organization and particularly TAD structure. At many 252 
TAD boundaries, multiple CTCF binding sites are grouped together72 and CTCF presence is 253 
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needed for the correct formation of TADs during embryonic development65; the combination 254 
and strength of the individual binding sites, and the potential for non-CpG containing sites to 255 
compensate, may provide most TADs with resilience to buffer 5meC changes. Instead, 5meC 256 
may influence boundaries at specific loci, like at imprinted domains, thereby having a more 257 
local impact on chromatin architecture (Fig. 2c). However, much of the data described in this 258 
section does not have the resolution to detect finer scale interactions.  259 

CTCF & DNA methylation in cancer 260 

While studies in mESCs have provided key insights into mammalian developmental dynamics, 261 
models of human disease can also reveal and illuminate aspects of 5meC- / CTCF-mediated 262 
regulation. DNA methylation is misregulated in many diseases, with cancer as a notable 263 
example. In many cancers, the promoters of cancer suppressor genes are hypermethylated, 264 
whereas hypomethylation of repeats, transposable elements and oncogenes can influence 265 
the initiation or progression of tumors, as well73. Furthermore, CTCF itself has been reported 266 
to act as a tumor suppressor74, with its haploinsufficiency in mouse cells both destabilizing 267 
DNA methylation and orienting cells towards tumour progression23. The genome-wide analysis 268 
of six types of human cancers revealed that a substantial number of changes in CTCF binding 269 
could be explained by changes in DNA methylation in the region where the factor binds75. In 270 
human gastrointestinal stromal tumors, the hypermethylation of over 600 CTCF binding sites 271 
caused a loss of binding. CRISPR-mediated excision of one of these CTCF motifs in a 272 
gastrointestinal cancer cell line (GIST-T) generated disrupted chromatin contacts around a 273 
super-enhancer, resulting in a strong transcriptional upregulation of the FGF4 oncogene76. 274 
Similarly, multiple studies have identified examples of impaired CTCF binding that are directly 275 
associated with changes in 5meC and oncogene activation (Fig. 5a). For example, in human 276 
IDH mutant gliomas, the hypermethylation of a CTCF binding site causes a reduction in CTCF 277 
binding, a loss of insulation between two TADs, and ultimately the activation of a glioma 278 
oncogene77,78. Furthermore, at the INK4B–ARF–INK4A (INK/ARF) locus—composed of three 279 
tumor suppressor genes—the gene activity is regulated by a 5meC sensitive CTCF binding 280 
site that is highly methylated in some cancer types. Treatment of such cells with the 281 
demethylating agent 5-aza-2’-deoxycytidine leads to CTCF binding and de-repression of the 282 
tumor suppressor locus79 (Fig. 5b). Based on these data, it could be argued that key genes 283 
are regulated by methyl-sensitive CTCF binding sites.  284 

Hypomethylation and loss of imprinting of the IGF2-H19 imprinted domain have been 285 
described as an important factor of tumor progression. Although there is no formal evidence 286 
yet that epimutations at this locus affect chromatin structure80,81. Nonetheless, such 287 
methylation changes have been shown to affect H19 and IGF2 expression, and the 288 
methylation status of the CTCF binding site82,83. This may indicate that 3D organization is 289 
probably also affected in these tumors. Global and local aberrations in 5meC patterns in cells 290 
can thus have an influence on chromatin contacts and gene expression, and directly affect 291 
cancer emergence and progression. 292 

CTCF-independent impact of 5meC changes on 3D genome organization 293 

Although we have mostly focused on the impact of 5meC through the key genome organizer 294 
CTCF, other DNA methylation-sensitive chromatin-associated machineries may regulate 3D 295 
chromosome organization as well. Notably, Polycomb Repressive Complex (PRC) 1 and 2 296 
modulate chromatin topology both at the local scale and over long distances84–86. Indeed, 297 
within extensive genomic regions characterized by minimal 5meC methylation, known as 298 
"DNA methylation canyons," the presence of elevated H3K27me3 levels becomes essential 299 
for preserving large-scale 3D genomic interactions87. Analysis of mESCs that lack an intact 300 
Cohesin complex reveals that DNA contacts between specific sets of genomic regions remain 301 
despite a nearly complete loss of TADs and strongly perturbed A/B compartment organization. 302 
Most of these maintained contacts correspond to loci that are marked by Polycomb group 303 
(PcG) proteins, and these contacts disappear in the absence of PRC188. In mESCs, many of 304 
the chromatin contacts that are controlled by PRC1 have a role during the naïve-to-primed 305 
pluripotency transition, where they regulate developmental genes such as the Hox cluster84,89. 306 
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Developmental genes often present unusually large hypomethylated regions—termed “DNA 307 
methylation valleys”—that are marked by the PRC2-associated histone 3 lysine 27 308 
trimethylation (H3K27me3) and that serve as a platform for PRC1 binding90. In the absence of 309 
Eed, a core PRC2 subunit, these DNA methylation valleys gain methylation and the chromatin 310 
organization of some developmental genes, such Hox clusters, is lost90. During embryonic 311 
development, broad Polycomb-marked domains recede as 5meC is deposited, likely linked 312 
with the antagonism between DNA methylation and Polycomb group (PcG) proteins91–93. This 313 
may indicate that 5meC is impacting Polycomb-mediated genomic contacts during this 314 
window. Moreover, in situations where DNA methylation is aberrant, such as in cancer, 5meC 315 
may be affecting the presence of PcG proteins in some regions and thereby affecting 316 
chromatin contacts and gene expression. Future work will be needed to formally demonstrate 317 
the extent to which DNA methylation is antagonizing PcG, and furthermore if impaired 318 
Polycomb-mediated 3D genome organization has a biologically relevant impact on underlying 319 
gene expression. 320 

Beyond the CTCF and PcG proteins, we can envision that other components of 321 
chromatin regulation can also interact with 5meC to organize the genome in 3D space. The 322 
introduction of murine DNA methyltransferases into Saccharomyces cerevisiae results in 323 
heightened chromatin condensation in peri-centromeric regions. This process reduces the 324 
overall flexibility of DNA and promotes a heterochromatin state, suggesting an involvement in 325 
chromatin condensation, even in the absence of specific protein machinery capable of 326 
recognizing methylation signals94. Bolstering this concept is nuclear lamina organization. The 327 
nuclear lamina line the nuclear envelope and are generally associated with H3K9me2-marked 328 
heterochromatic regions in the genome7,95. Although, DNA methylation is weakly associated 329 
with Lamina Associated Domains (LADs)96, there is evidence that DNA methylation 330 
misregulation is correlated with reorganization of LADs in aging and cancer97. However, it 331 
remains to be determined if the 5meC signature is a cause or consequence of this 332 
phenomenon, and the extent to which the shifting LAD landscape affects cellular processes. 333 
Moreover, other 5meC-sensitive DNA binding factors, like certain transcription factors, could 334 
also influence 3D organization, for instance through DNA looping98,99. To our knowledge, 335 
examples of such 5meC sensitive loops have not been reported but it should be stressed that 336 
this may potentially be a technical limitation, as a significant number of Hi-C datasets 337 
generated in these studies lack the resolution required for identifying loops. Suffice it to say, 338 
our knowledge of the full extent to which DNA methylation regulates the 3D genome and the 339 
underlying genes remains from complete.   340 

Conclusions and perspectives 341 

Genome-wide profiling of CTCF has identified thousands of binding sites in the mouse and 342 
human genomes. Whereas most of these binding sites are conserved among cell types, 343 
roughly 30% are cell type specific27. While DNA methylation only appears to impact a minority 344 
of CTCF binding sites, this still represents a vast number—upwards of 17,000 by some 345 
estimates72. Given the outsized role DNA methylation plays on CTCF-mediated gene control 346 
at imprinted loci, it is attractive to expand such regulation to the genome-wide scale. This 347 
sentiment is bolstered by cancer studies where methyl-sensitive binding sites can regulate the 348 
activity oncogenes and tumor suppressors76,77,79. 349 

However, in cells with induced DNA hypomethylation, no major structural changes are 350 
observed at the level of TADs or compartments70. Recently published single cell data in mouse 351 
and human neuronal tissues indicate that DNA hypomethylation is associated with stronger 352 
loop strength and boundary probabilities40. Therefore, it is likely that the effect of DNA 353 
methylation should be investigated at a finer scale, at specific sites where methyl-sensitive 354 
CTCF binding sites may be affecting shorter-range chromatin contacts. Recent refinements of 355 
chromosome conformation capture techniques, such as Hi-ChIP100, Capture-C and Capture 356 
Hi-C101,102 and (Capture) Micro-C103,104, have vastly increased both resolutive powers and 357 
signal-to-noise ratios. These assays may therefore allow for more sensitive interrogation of 358 
cis regulatory contacts, including those affected by differences in 5meC levels. 359 
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Another challenge for the study of 5meC-associated changes in 3D genome 360 
organization has been that loss-of-function studies are hampered by lethal phenotypes in most 361 
cell types. We envision two strategies that can circumvent these difficulties. Firstly, the use of 362 
genetic tools such as inducible degrons that can induce rapid degradation of DNA methylation 363 
machinery (e.g., DNMT1)105. In the window before cell death, it will be possible to understand 364 
how 5meC affects genome conformation in a cell-type specific manner. These tools have been 365 
already used with great success by researchers to understand the role of chromatin 366 
architecture proteins such cohesin106 and CTCF107. Secondly, epigenome editing tools can 367 
allow for local modulation of the 5meC state without global changes to the DNA methylation 368 
landscape and associated confounding effects108. Such tools have already been utilized at 369 
CTCF binding sites109,110, and provide an avenue to dissect novel loci uncovered from 370 
aforementioned genome-wide approaches.  371 

We believe that in the coming years, investigation using these emerging techniques 372 
will greatly bolster our understanding of how DNA methylation and the 3D genome interact 373 
and its consequences for gene regulation in development and disease. 374 
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  638 

Figure Legends 639 

 640 
Figure 1 – Hierarchical layers of 3D genome organization. DNA exists in chromosome 641 
territories, which are further divided into chromatin compartments A and B. Finer scale 642 
structures, such as TADs and the DNA loops within them, are notably regulated by cohesin 643 
and CTCF. Chromatin architecture influences many genomic processes such as transcription, 644 
DNA replication and repair. 645 
 646 
Figure 2 – CTCF, its DNA binding motif and the impact of 5meC. a. Schematic structure 647 
of the CTCF zinc fingers. The DNA binding is recognized by the zinc fingers (ZFs) 3–7. Black 648 
lollipops represent dinucleotides that may contain a CpG and thus have the potential to carry 649 
5meC that can antagonize CTCF binding. b. Representation of a potential CpG methylation-650 
sensitive CTCF binding site in a genome browser screenshot. Looping can be determined by 651 
chromosome confirmation assays, such as Hi-C. High methylation conditions tracks are 652 
represented in green and low methylation in orange. c. Potential impact of the gain of 653 
methylation on a CpG methylation-sensitive CTCF binding site. Loss of CTCF binding results 654 
in the erosion of the chromatin loop and decreased contacts between the promoter and the 655 
enhancer leads to changes in gene expression (meCpG = methylated CpG site). 656 
 657 
Figure 3 – CTCF-mediated regulation of genomic imprints. a. Classical model of Igf2-H19 658 
imprinted domain regulation, based on allele-specific promoter-enhancer loops. Figure 659 
adapted from Murrell, Heeson, and Reik 2004. Panel not drawn to scale. b. A more global 660 
view of the same locus obtained from sequencing-based chromosome conformation capture 661 
studies reveal specific TAD organization. Here, the Igf2 gene is located within a different sub-662 
TAD as the enhancers on the maternal chromosome, whereas on the paternal chromosome 663 
they colocalize within the same 3D domain. Figure adapted from Llères et al. 2019. 664 
 665 
Figure 4 – Global DNA methylation and 3D genome dynamics in early mammalian 666 
development. Over large genomic distances, chromatin architecture appears to be only 667 
minimally impacted by embryonic de novo DNA methylation.  668 
 669 
Figure 5 – Methyl-sensitive CTCF site misregulation in cancer. a. Hypermethylation of a 670 
CTCF binding site leading to oncogene overexpression. Figure adapted from Flavahan et al., 671 
2016. b. Similar CTCF regulation as in a., but leading to tumor suppressor repression. Figure 672 
adapted from Rodriguez et al., 2010. It should be noted that hypomethylated CTCF binding 673 
sites may lead to aberrant CTCF binding, and cancer-associated gene misregulation as well, 674 
although putative examples are less well-described in literature.    675 
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