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Abstract

Chromatin is a dynamic structure composed of DNA, RNA, and proteins, regulating storage and
expression of the genetic material in the nucleus. Heterochromatin plays a crucial role in driving
the three-dimensional arrangement of the interphase genome, and in preserving genome stability
by maintaining a subset of the genome in a silent state. Spatial genome organization contributes to
normal patterns of gene function and expression, and is therefore of broad interest. Mammalian
heterochromatin, the focus of this review, mainly localizes at the nuclear periphery, forming
Lamina-associated domains (LADSs), and at the nucleolar periphery, forming Nucleolus-associated
domains (NADs). Together, these regions comprise approximately one-half of mammalian
genomes, and most but not all loci within these domains are stochastically placed at either of these
two locations after exit from mitosis at each cell cycle. Excitement about the role of these
heterochromatic domains in early development has recently been heightened by the discovery that
LADs appear at some loci in the preimplantation mouse embryo prior to other chromosomal
features like compartmental identity and topologically-associated domains (TADs). While LADs
have been extensively studied and mapped during cellular differentiation and early embryonic
development, NADs have been less thoroughly studied. Here, we summarize pioneering studies of
NADs and LADs, more recent advances in our understanding of ¢/l trans-acting factors that
mediate these localizations, and discuss the functional significance of these associations.

2. Introduction: Heterochromatin

The terms euchromatin and heterochromatin were coined by Emil Heitz in 1928, when he
observed that some chromosome regions were poorly stained with acetocarmine after
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telophase (euchromatin), while other regions were strongly stained throughout the cell cycle
(heterochromatin) [1]. Currently, we more commonly differentiate between euchromatin and
heterochromatin using DNA dyes such as 4”,6-diamidino-2-phenylindole (DAPI), which has
a higher affinity for AT-rich heterochromatic regions [2]. Although the terms “euchromatin”
and “heterochromatin” were coined based on the microscopy described above,
“heterochromatin” has come to be defined as loci that are condensed and transcriptionally
less active, whereas “euchromatic” regions are decondensed and display more active gene
expression. These classifications generally correlate with several other characteristics. For
example, euchromatic regions are generally accessible to DNase | cleavage, while
heterochromatic regions are more resistant [3]. Likewise, euchromatic regions replicate in
early S-phase, and heterochromatin regions replicate in mid to late S-phase [4,5].
Heterochromatin in general is also characterized by global hypoacetylation, which
contributes to its condensation [6]. Covalent addition of an acetyl group to the terminal e-
amino group on lysine side chains neutralizes that amino acid’s positive charge. For histone
residues, this reaction eliminates electrostatic bonds between histones and DNA, reducing
the strength of these interactions (reviewed in [7,8]). This can result in increased
accessibility for transcription factors and RNA polymerases [8]. Additionally,
bromodomains of transcription-promoting factors and nucleosome remodeling complexes
can specifically recognize and bind acetylated histone lysines [7,8]. Conversely, removal of
acetyl groups by histone deacetylases (HDACS) facilitates decreased chromatin accessibility,
as found in heterochromatic regions [7,9]. Also, lysine deacetylation can do more than
restore the positive charge on lysine. For example, deacetylation of histone H3 lysine 9
(H3KO9) is a prerequisite for methylation of this residue, which then can serve as a binding
site for the chromodomain of heterochromatin protein 1 (HP1), a key protein for the
formation, maintenance and propagation of heterochromatin [10]. HDACs also regulate
heterochromatin via other histone residues, such as H3K14 [11,12], (reviewed in [13]).

Heterochromatin is largely divided into two subcategories: constitutive and facultative.
Constitutive heterochromatin is generally unchanged in its genomic location across the cell
cycle or during differentiation [14], generally adopts characteristic sub-cellular localizations
[15,16], tends to include repeat-rich loci, and is generally gene-poor [6]. Constitutive
heterochromatin is mainly found at telomeres, centromeres, and adjacent silent regions
(subtelomeres and pericentric regions, respectively) [13]. These regions are highly
condensed, highly repetitive, constitutively repressed and enriched in repressive H3K9me2/3
and H4K20me2/3 histone modifications, cytosine methylation at CpG dinucleotides, and are
often bound by HP1 [2]. HP1 directly binds to histone H3 methylated at lysine 9 [17-19],
providing the foundation of constitutive heterochromatin organization [6,20].

In contrast to constitutive heterochromatin, facultative heterochromatin is defined as
transcriptionally inactive loci that are less condensed [21] and become transcriptionally
active at specific developmental stages, or during nuclear relocalization, or in a heritable
context such as monoallelic gene expression [22]. Polycomb group (PcG) proteins play
important role in facultative heterochromatin formation, and the H3K27me3 modification
created by the Ezh2 methyltransferase subunit of the Polycomb Repressive Complex 2
(PRC?2) is the signature mark of facultative heterochromatin [22].
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Heterochromatin is spatially concentrated for the most part in two regions in the nucleus
(reviewed in [23,24]: 1) loci enriched at the perinucleolar region are termed nucleolus-
associated domains (NADs) [25,26]; and 2) loci enriched at the nuclear periphery are termed
lamina-associated domains (LADs) [27-30]. We will review these spatial domains
separately, with a special focus on NADs.

3. Chromatin at the nuclear lamina: LADs

LADs are genomic regions that frequently associate with the nuclear lamina (NL) [31].
LADs have been mapped in several species, including Caenorhabditis elegans, Drosophila
melanogaster, mouse, and human cells [27-30,32,33]. Similarly, a recent study in the plant
Arabidopsis thaliana identified interactions between lamin-like protein CRWN1 and
chromatin-associated protein PWQO1 at the nuclear periphery, which regulate nuclear
morphology and expression of target genes [34]. Localization of heterochromatin to the
nuclear periphery is also observed in budding and fission yeasts [35,36], and therefore is
widely observed throughout eukaryotes. However, in the absence of nuclear lamins in yeast,
the silencing at their nuclear periphery is executed through the action of the inner nuclear
membrane proteins [37,38].

Many studies of LADs were performed using DNA adenine methyltransferase identification
(DamID). DamID utilizes bacterial adenine methyltransferase (Dam) fused to a protein of
interest, in this case a NL protein such as lamin B. This results in genomic regions that
interact with the NL protein becoming methylated on adenines, which is a mappable
modification normally absent in metazoan cells [27]. This method provided genome-wide
maps of LADs, as well as tools to visualize LADs by microscopy via the use of a GFP-M8A-
Tracer protein that binds adenine-methylated regions [39]. Additionally, LADs have been
mapped by ChlP-seq protocols using anti-lamin antibodies [40-42].

Mammalian LADs are typically 10 kb-10 Mb long, with median size ~0.5 Mb, covering
~40% of the genome [28,30]. LADs generally display low gene density and expression, and
are mostly late-replicating [28,30,43]. LADs include pericentric heterochromatin and a
subset of telomeric regions [28] and are enriched for heterochromatic marks H3K9me2/3
and H3K27me3 [28,32,44,45]. Studies of mouse ESC differentiation led to the identification
of constitutive LADs (cLADSs), which remain invariant during differentiation, in contrast to
cell type-specific facultative LADs (fLADSs), and to constitutive interLADs (ciLADSs), which
are regions outside of LADs in all cell types investigated [30,46]. cLADs are the most gene-
poor subset of LADs, and are enriched in LINE transposable elements and AT-rich DNA
[46]. Comparing mouse and human syntenic regions, cLAD genomic positions and sizes are
strongly conserved [46]. Therefore, cLADs are suggested to be a “structural backbone” of
chromatin organization and folding in interphase nuclei [47].

DamID methods have been extended to single cells in order to detect heterogeneity that is
masked in studies of cell populations [32]. Comparison of data from hundreds of individual
cells allowed genome-wide calculation of contact frequencies (CF), a measure of the
fraction of cells in a population in which a locus contacts the NL [32]. About 15% of
genomic regions exhibited high CF (>80%), whereas approximately 30% of genomic
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regions showed intermediate (~20-80%) CFs. Consistent with population-based DamID
data, single-cell DamID results showed that cLADs tended to have high CFs, and fLADs
mostly had intermediate CFs [32]. Regions with high CFs exhibited about 20-fold lower
gene densities compared to regions with no NL contact, and single-cell mMRNA expression
levels negatively correlated with CF values [32]. CF values positively correlated with the
presence of H3K9me3, but not H3K27me3, consistent with the idea that high CF regions are
composed predominantly of constitutive heterochromatin [32]. Additionally, the mean CF
value across LADs positively correlated with length (plateauing above ~6 Mb), suggesting
that LADs are attached to NL via multivalent interactions distributed across them [32].
Supporting this idea, individual cell data included greater than expected frequencies of long,
contiguous stretches of both NL-contacting and non-contacting sequences, suggesting
coordinated switching between bound and unbound states. Thus, these single cell
experiments allowed detection of intrachromosomal coordination of NL association that
could not be detected in population experiments.

NL is generally a repressive nuclear compartment [47,48]. During the differentiation of
mESCs to neural precursor cells (NPCs) and astrocytes, many genes detach from the NL,
frequently accompanied by gene activation; conversely, regions that increase their frequency
of NL interactions often display decreased gene expression [30]. Likewise, the NL-tethering
of a hygromycin resistance-LacO reporter gene in mouse fibroblasts using Lacl-emerin, an
inner nuclear membrane (INM) protein, resulted in decreased H4 acetylation levels and
transcriptional repression [49]. A more recent study from the van Steensel laboratory
showed that LADs are generally repressive but can be heterogeneous with respect to
transcription [50]. Leemans et al. demonstrated that although many promoters become
silenced when they were inserted into LAD regions, a subset of promoters were less
sensitive to the repressive effect of LADs. These escaper promoters were locally detached
from the NL despite being located inside LADs, but they did not display significant
differences in their histone modification patterns compared to promoters that were repressed
in LADs. The authors speculate that the insensitivity of these escaper promoters could be
due to their recruitment of transcription factors (TFs) that are more efficient in resisting
LAD repression [50]. Notably, the authors demonstrated that escaper enhancers displayed
enriched association with pioneer factors, which are defined as TFs capable of activating
promoters in regions with high nucleosome occupancy [51]. The authors also suggested that
TFs that bind escaper promoters are likely to function in a combinatorial manner, where they
act synergistically to counteract the silencing effect of NL tethering [50]. Importantly,
compared to earlier studies [52,53] that analyzed a small number integration sites for NL
localization arrays, the recent studies [50,54] tested numerous integration sites. Thus, these
recent studies favor the view that LADs generally are repressive but can in some cases be
overcome by strong TFs.

There are several models of how LADs can promote repression. LADs could inactivate
genes by the virtue of repressive enzyme activities in the NL, e.g. histone deacetylase 3
(HDAC3) [47] (See Figure 1). Emerin, an integral INM protein that is found to be attached
to lamins, binds and catalytically activates HDAC3, which then facilitates gene repression at
the nuclear periphery [55]. Another study showed that HDAC3, complexed with
transcriptional repressor cKrox and INM protein Lap2p, binds to lamina-associated
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sequences (LASs; 4-6 kb DNA sequences that are sufficient to tether chromatin to the NL)
and promotes NL localization and gene repression [56]. Thus, LAD repression appears to
include spatial regulation of histone modification.

An alternative model, not exclusive with the one above, suggests that genes in LADs are
inactive because they are shielded from transcriptionally active “A”-type nuclear
compartments [47]. Nuclear “A” and “B” compartments were identified in early Hi-C
studies. Hi-C measures physical interactions of genomic loci based on frequency of ligation
events that follow nuclear fixation and restriction enzyme digestion, detected via deep
sequencing [57,58]. Loci within a compartment have higher contact frequencies with regions
of the same compartment type (A-A, B-B), and lower contact frequencies with regions of a
different compartment type (A-B) [58,59]. The A compartment corresponds to active
chromatin, and is characterized by chromatin accessibility, transcriptional activity and
H3K36me3 enrichment. In contrast, the B compartment is associated with an inactive
chromatin; it is less transcriptionally active and more densely packed than compartment A,
and enriched for heterochromatic marks H3K9me3 and H3K27me3 [58,60,61]. A study
from the Zheng group integrated Hi-C and DamID data and demonstrated that LADs
correspond to an inactive B compartment, and showed that lamin depletion leads to
relocalization of a subset of LADs from compartment B to A [62]. Those data are also
consistent with other recent studies of the self-association of heterochromatin in the B
compartment described in section 6¢ (“Phase Separation”). Together, these data suggest that
physical segregation of LADs from the more active A-compartment contributes to limiting
TF access to LADs [63].

Major questions remain regarding the hierarchy and kinetics of forming different levels of
chromosome organization, including chromosomal compartments, LADs and topologically-
associated domains (TADs). TADs are self-associating domains on the megabase size scale,
which were discovered in Hi-C data as regions which display more interactions in cis within
each domain and significantly fewer interactions with outside loci [64,65]. TADs are
significant because they represent regions permissive for local promoter-enhancer
interactions, which form much less frequently between loci found in different TADs
[64,66,67].

A recent study from the Torres-Padilla and Kind groups has explored the kinetics of genome
organization during early mouse embryonic development. Specifically, they measured
compartment identity, LADs and TADs, from prior to fertilization through the early pre-
implantation cell divisions [33]. They found that LADs were already established in murine
zygotes after fertilization but prior to the first cell division; in contrast, the boundaries of
(TADs) were not well-defined at this stage [33]. Additionally, in some genomic regions, 2-
cell stage LADs predated the formation of B-compartments. Thus, these results indicate that
LAD establishment can precede TAD formation and full establishment of compartmental
identity. These studies suggest that chromatin attachment at the NL is a foundational event in
shaping a mammalian genome, instructing the formation of multiple aspects of higher-order
chromosome organization during early embryonic development [33]. Therefore, future
studies of the molecular mechanisms of LAD establishment in zygotic cells and the 2-cell
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embryo will be of particular importance for understanding development of mammalian gene
expression programs.

4. Cis and trans-acting factors mediating the NL-LAD interactions

4a. Lamin proteins.

Several studies have investigated the proteins and genomic sequences that are responsible for
NL-LAD interactions. The NL is a meshwork of proteins associated with the inner nuclear
membrane (INM) that is attached to chromatin (See Figure 1). NL is mainly composed of
type V intermediate filaments that consist of nuclear lamin proteins [68]. Mammalian lamins
include lamin B1 and B2, encoded by the LMNBI and LMNBZ2 genes, respectively, and
lamins A and C, derived from a single gene, LMNA, by alternative splicing [69].

There are multiple interactions between the lamin network and chromatin. First, the C-
terminal tail domain of lamins interacts with N-and C-terminal tail domains of core histones
[70-74]. Additionally, it has been reported that lamins can bind directly to DNA sequences
[75-77] (reviewed in [68,78]).

Lamins are important for NL-tethering throughout multicellular animals including
Drosophilaand C. elegans [87,88]. In mammalian cells, there is a division of labor among
lamin proteins. In murine fibroblasts, depletion of both the lamin A/C isoforms, but not
lamin A alone, led to the loss of NL association with LAS-containing regions that are
normally targeted to nuclear periphery [45]. These findings have been supported by a recent
study, in which microscopy of individual mouse fibroblasts detected reduced LAD
attachments to the NL in cells specifically depleted of lamin C, but not lamin A or lamin B1
[89]. Notably, lamin C was particularly important for the normal kinetics of reforming NL-
LAD associations after exit from mitosis, and for self-association of both LAD and non-
LAD clusters. Remarkably, lamin C preferentially associates with euchromatin and not LAD
regions prior to NL association in early G1, disfavoring a simple model in which lamin C
would serve as a guide that brings heterochromatin to the NL [89]. Instead, the authors
propose that lamin C governs self-association properties of different genomic subsets. This
could be part of a complex set of phase-separation-based associations (see section 7c).

In addition to somatic cell studies, several experiments have explored the roles for lamins in
mouse embryonic stem cells (MESCs). In one study, triple knockout of lamin B1, lamin B2
and lamin A/C in mESCs did not cause dramatic changes in LADs, as measured by DamID
analysis of emerin [90]. A different study of triple lamin knockout mESCs showed that the
overall TAD structure was largely similar to that observed in wild-type cells, and many
LADs remained unperturbed [62]. However, at specific loci the more recent study detected
changes in inter-TAD interactions, decondensation of cLADs, and detachment of fLADs
from the NL in lamin-null mESCs [62]. This study extended previous Hidden Markov
Model-based analyses combining lamin B1-DamID, histone modification, and linker and
core histone occupancy data to subclassify the genome into six histone-lamin landscapes
(“HiLands”), including two distinct LAD states [91]. Specifically, the HiLands-P LAD
subset covers longer stretches of chromatin with higher lamin B1-DamID values, but lower
abundance of H3K27me3-modified regions, and thus generally corresponds to constitutive
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LADs [91]. In contrast, the HiLands-B subset generally corresponds to facultative LADs
that display reduced NL interaction (measured by emerin-DamID) upon lamin B deletion
[62,91]. Therefore, the general consensus is that lamins make important contributions to NL
associations, and that distinct subsets of LADs can have different characteristics. Likewise,
distinct subclasses of nucleolar-associated domains will be discussed below in section 5.

4b. Lamin B receptor.

Lamin B receptor (LBR) is an integral membrane protein found in the INM, which together
with lamin A/C mediates chromatin attachment to the nuclear periphery (Figure 1) [15].
Solovei et al. demonstrated that the absence of both LBR and lamin A/C in mouse cells
results in inverted nuclei, where the heterochromatin cannot bind to the nuclear lamina but
maintains its self-association within the nuclear interior [15]. Indeed, a more recent study
combined Hi-C, microscopy and polymer simulations to suggest a model in which the
interactions between lamina and heterochromatin are necessary to obtain the conventional
nuclear organization, i.e. when heterochromatin segregates at the nuclear periphery [16].
Together, these results are consistent with the view that lamins, LBR, emerin and possibly
other INM proteins act redundantly to promote chromatin attachment to the NL [47].

4c. Histone modifications.

H3K9 methylation is a central component of heterochromatin (reviewed in [6,14,20]).
H3K9me2-enriched domains largely overlap with LADs in mammalian cells [39,44].
Several groups investigated whether H3K9me2 contributes to recruitment of chromatin to
the NL. Indeed, depletion of H3K9 methyltransferase G9a resulted in decreased frequencies
of NL-LAD interactions [39], or in some cases dissociation of LADs from the NL [45]. In C.
elegans, H3K9me1/2 promotes the NL attachment of repeat-rich chromosome arms, whereas
H3K9me3 reinforces this attachment and establishes silencing at these regions [92]. In
mouse fibroblasts, a prominent study of H3K9 methylation involved integrated bacterial
artificial chromosomes (BACs) containing human g-globin (HBB) [93]. Suv39H1/2
knockdown (i.e. H3K9me3 depletion) decreased BAC association with the NL, and G9a
knockdown (i.e. H3K9me2 depletion) resulted in the lamina dissociation of the LAD region
adjacent to the HBB locus. However, only combined G9a and Suv39H1/H2 knockdown led
to the detachment of the entire HBB BAC with the adjacent LAD region [93]. Together,
these investigations indicated overlapping roles for multiple H3K9 methylation states in NL
association in diverse eukaryotes.

H3K27me3 marks are enriched at LAD borders [28]. The Reddy group showed that
inhibition of H3K27me3 either via RNAIi knockdown or chemical inhibition of the Ezh2
histone methyltransferase led to relocalization of ectopically integrated LASs and
endogenous LADs away from the lamina [45]. In section 7a we will explain that H3K27me3
is important not only for NL localization but also for perinucleolar localization of
heterochromatin.

4d. Cis-acting DNA sequences.

Lamina-associating sequences (LASs) were defined as genomic sequences within LADs that
conferred NL association when inserted ectopically [56]. The LASs analyzed were enriched
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for the GAGA motif, which promotes NL attachment via binding a complex composed of
transcription factor cKrox, nuclear membrane protein Lap2f and histone deacetylase
HDACS3 (Figure 1) [56]. However, cKrox knockdown in mouse fibroblasts did not alter the
peripheral localization of an integrated HBB-BAC transgene that included GAGA motif
clusters adjacent to HBB [93]. The Belmont group defined peripheral targeting regions
(PTRs) that can confer peripheral targeting to the HBB-BAC, whereas the same sequence
confers pericentric heterochromatin targeting to another BAC, suggesting that PTR targeting
is likely to be epigenetic [93]. Together, these types of data suggest that multiple factors can
contribute to localization of loci. It will be of great interest to determine how cis-acting
targeting sequences might in some cases act in a cell-type or context-specific manner.

5. Chromatin at the nucleolar periphery: NADs

NADs are genomic regions enriched at the nucleolar periphery in interphase cells [25,26].
The nucleolus is the largest nuclear substructure, best known as the site of rRNA synthesis
and ribosome assembly. Ribosomal DNA (rDNA) tandem repeats (also known as 45S
rDNA) are the templates for formation of nucleolus organizer regions (NORs), which cluster
and initiate assembly of the nucleolus [94,95]. rDNA repeats each contain a ~14 kb RNA
Pol I-transcribed region that encodes the 47S pre-rRNA; these are separated by ~30 kb
intergenic spacers (IGS) [96,97]. 47S pre-rRNASs are processed into 18S, 5.8S and 28S
rRNAs, which, together with the RNA pol Ill-transcribed 5S rRNA that is encoded at
separate loci, constitute the RNA backbone of the ribosome [96]. 45S rDNA and 5S rDNA
occur in tandem repeats in several hundred copies per genome, with the distinction that 45S
rDNA repeats are found on the acrocentric ends of five NOR-bearing chromosomes, whereas
5S rDNA repeats are mostly arrayed at a single locus [98].

The nucleolus lacks a membrane and is composed of three layers: a large granular
component (GC), with one or a few dense fibrillar components (DFC), each of which
possesses a fibrillar center (FC) [99] (Figure 2). Transcription of 47S pre-rRNA occurs in
the FC or at the border between FC and DFC, whereas processing of rRNA happens in the
DFC, and the first steps of ribosome assembly occur in the GC [100]. The rDNA outside of
the nucleolus is usually inactive, whereas the active and poised rDNA genes are generally
found within the nucleolus, close to the DFC and FC [101]. However, recent fluorescence in
situ hybridization (FISH) experiments combined with super-resolution microscopy showed
that inactive rDNA can also be found inside the nucleolus, where they co-localized with HP1
staining [102]. Another recent super-resolution microscopy study of nucleolar structure
revealed that transcriptionally active rDNA form ring-shaped loops, with each active rDNA
unit consisting of one or two transcribed rRNA genes [103]. Importantly, all these structures
are regulated during the cell cycle: nucleoli disassemble when cells enter mitosis and begin
reassembling in early telophase [104].

Due to the proximity of centromeres and rDNA repeats, centromeres of NOR-bearing
chromosomes often cluster near nucleoli [107]. Additionally, centromeres of non-NOR
chromosomes have also been shown to frequently localize near nucleoli [108,109]. Thus,
perinucleolar heterochromatin is enriched in centromeres and pericentric heterochromatin,
and includes other regions both from NOR and non-NOR bearing chromosomes (reviewed
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in [2,110]). Prior to the generation of genome-wide NAD maps, some genomic regions
besides rDNA repeat-containing NORs were found to associate with the nucleolar periphery
(reviewed in [111]), including centromeres of human chromosomes 1 and 9 [112], transfer
RNA (tRNA) gene families in Saccharomyces cerevisiae [113], and the mammalian inactive
X chromosome (Xi) [114]. In some cases, such associations were shown to limit the
mobility of the loci involved. For example, telomeric repeats in S. cerevisiae were shown via
Chromosome Conformation Capture-based (3C) methods to associate frequently with
rDNA, and this has been suggested to limit the movement of chromosomes and define the
nuclear chromatin architecture [115]. Similarly, chromatin in human cells was reported to be
limited in mobility at nucleolar and nuclear peripheries based on live cell tracking of GFP-
tagged genomic regions [116].

5a. Methods for NAD identification.

NADs have been analyzed in multiple eukaryotic species via several distinct methods
(recently reviewed in [117]). NADs in mammalian cells have primarily been identified via
deep sequencing of DNA associated with biochemically-purified nucleoli (NAD-seq). These
experiments depended on sonication of whole cell or nuclear extracts, in order to break
covalent connections between the nucleolus-associated DNA and the non-associated portion
of chromosomes [25,26,118-121]. Two main variations of this technique have been
employed. Some experiments used formaldehyde to crosslink nucleic acids and proteins,
followed by sonication of whole cells to release nucleoli [25,118-120], a method developed
by the McStay group [122]. Alternatively, a non-crosslinked method was originally
developed by Muramatsu et al. [123] and optimized by the Lamond group [124]. In the non-
crosslinked [26,119,121] experiments, cells were first swollen in hypotonic buffer, plasma
membranes were broken with a Dounce homogenizer, nuclei were isolated by centrifugation
and further cleaned away from cytoplasmic material on sucrose cushion [124,125], and
nucleoli were then released from nuclei by sonication. Both methods rely on the fact that
nucleoli are the fastest-sedimenting components of nuclei, and thus can be separated via
centrifugation in a high-density sucrose medium [122,126]. The sonication buffers contain
Mg?2* ions, which promote formation of compact nucleolar structures that are resistant to
disruption during sonication, which disintegrates the nuclear membranes [123]. These
techniques therefore require the optimization of sonication burst intensities and durations,
solution volumes, and Mg2* concentrations for each specific cell type, as these parameters
affect the purity and integrity of isolated nucleoli [123,124,126,127]. Differences in
sonication equipment, or the age of sonication tips could also contribute to experimental
differences among experiments.

Our laboratory compared mouse embryonic fibroblast (MEF) NADs generated by both
crosslinked and non-crosslinked nucleoli isolation methods [119]. One of the possible
advantages of non-crosslinked NAD identification is that nuclei are purified first before
isolating nucleoli, possibly resulting in cleaner and more intact nucleoli. It has been
suggested that purifying nucleoli from whole cells without isolating nuclei might result in
nucleoli contacting cytoplasmic or lysosomal degrading enzymes [128]. However, we
observed that the genome coverages of crosslinked and non-crosslinked NADs in MEFs
were 41% and 30%, respectively, and almost all peaks in the non-crosslinked data set were
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present in the crosslinked data set, suggesting that crosslinking improves the recovery of
some loci that may associate transiently or less avidly. One of the concerns about
crosslinking is whether it generates false-positive DNA-nucleolus contacts. However, 3D
immuno-FISH assays in MEFs and F121-9 ESCs validated the NADs predicted by NAD-
seq in these cells. Nevertheless, the classical DNA-FISH assay using BAC probes is labor-
intensive, thereby limiting the number of probes that can be tested. To this end, innovative,
high-throughput live-cell imaging of chromosomal regions has been accomplished using
fluorescent CRISPR/Cas9-based systems [129-133]. Alternatively, repetitive hybridization-
based approaches, e.g. Oligopaint [134,135] have revolutionized the analysis of chromosome
structures in cells. Such approaches have been recently reviewed elsewhere [136-139].

Another variable among the different NAD-seq studies has been the bioinformatic analysis
of the data. Most studies identified NAD peaks by separately sequencing total genomic and
nucleolar DNA, and determining regions with high nucleolar/genomic DNA ratios [26,118—
120]. Dillinger et al. [118] successfully used two-state hidden Markov model (HMM)-based
analyses to assign regions as either NADs or interNADs, as had been done in previous LAD
analyses [32,39,46,140]. Our group developed software named NADfinder that uses
nucleolar/genomic DNA ratio and local background correction to identify NADs, increasing
the sensitivity for weak peaks far from centromeres (discussed in [119,120], see also section
5d). A different normalization sample was used by Lu et al., who sequenced nucleolar DNA
from cells treated with nucleolus-disrupting transcription inhibitors (ActD and DRB) as
samples for normalization [121], followed by peak analysis using MACS [121]. The
differences in both the sample preparation and bioinformatics tools likely contribute to the
large differences between the percentage of the genome identified in mouse ESC NADs in
ESCs in the Lu et al. study (7.5%) [121] and our study (31%) [120] (see also section 5d).
Comparison of these data sets revealed that some NADs confirmed by immuno-FISH
analysis of F121-9 mESCs [120] were not designated as NADs in the non-crosslinked
experiment [121].

In contrast to the methods used for mammalian cells involving purification of nucleoli via
sedimentation, NADs were mapped in transgenic Arabidobsis thaliana [141] plants with the
aid of a genetically-encoded yellow fluorescent protein (YFP) tag on fibrillarin (FBL), a
nucleolar protein found in the DFC layer of the nucleolus [142]. A. thaliana leaves were
fixed with formaldehyde and homogenized, and nuclei containing FBL-YFP were then
purified by FACS sorting. The purified nuclei were either used in their entirety to obtain
genomic DNA as the input for normalization, or sonicated to release nucleoli, which were
isolated via an additional round FACS-based sorting [141].

Other techniques for NAD analyses have included innovative genomic analyses. The
Guttman lab pioneered the Split-Pool Recognition of Interactions by Tag Extension
(SPRITE) method [143], in which crosslinked extracts are subjected to repeated rounds of
split-pool barcoding, in which material is tagged with oligonucleotides followed by dilution
and subdivision into separate populations. After many rounds, deep sequencing identifies
DNA [143] and RNA species [144] that co-associated over the course of the experiment. The
resulting data provide Hi-C-like maps of genome-scale DNA-DNA contacts. In addition, this
technique can detect multiple tagged nucleic acids per complex and is therefore not limited
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to the detection of pair-wise interactions. Therefore, this method has provided detailed maps
of DNA interactions at some nuclear bodies, including the transcription-associated nuclear
speckles, the clustered histone gene loci, and at the nucleolar surface [143]. Conclusions
from these studies are discussed in section 6a.

Another alternative view of nucleolar interactions starting with crosslinked samples came
from the Lemaos laboratory [145,146]. They mined Hi-C data sets for paired reads that
contained covalent links between rDNA and the rest of the genome (results discussed in
section 7b; we will also discuss a 4C-based analysis of rDNA contacts in section 6c). It has
been noted that not all NADs necessarily overlap with rDNA-contacting genomic regions
[117], another example of interactions detected being affected by the experimental method.

Additional alternative NAD mapping methods exist, including Dam-ID, which relies on a
genetically-encoded Dam methylase fusion to the marker protein gene [27], or tyramide
signal amplification sequencing (TSA-seq), an antibody-based proximity labeling method
[147,148]. Indeed, DamID analysis of nucleoli was recently obtained by fusing Dam to a
nucleolus-targeting peptide repeat [149]. Results from these studies are discussed in section
6a. Because DamID and TSA-seq do not rely on the biochemical isolation of nucleoli, they
could serve as a powerful orthogonal set of experiments to verify NAD peaks identified via
NAD-seq. For these techniques, the marker protein in question must be very specifically
localized to nucleoli, whereas proteins that shuttle among multiple nuclear locations would
be expected to mark DNA in non-nucleolar sites, thereby obscuring nucleolar-specific
signals. A strong advantage of these techniques is that they could in principle be extended to
single-cell based analyses, which would not be feasible for biochemistry-based methods.

5b. Human NADs

Two seminal studies identified the first genome-wide map of NADs in human cells [25,26].
The L&ngst group used formaldehyde-crosslinked HeLa cells, whereas the Lamond group
utilized non-crosslinked HT1080 fibrosarcoma cells as the source for biochemical
purification of nucleolus-associated DNA. Nucleolar enrichments were then measured via
DNA microarrays [25] or DNA sequencing [26]. Both studies reported significant nucleolar
enrichment of gene-poor and transcriptionally silent regions, including satellite repeats.
Additionally, many classes of repeats enriched in NADs could not be localized to specific
regions because of the ambiguity inherent in their mapping [26]. Both studies showed that
genes encoding zinc finger proteins, olfactory receptors, immunoglobulins and 5S rRNA
were highly enriched in NADs. NADs were found to be enriched for repressive histone
marks H3K9me3, H3K27me3 and H4K20me3 [25]. Although these early studies identified
some regions in common with NADs, the datasets diverged in many cases, e.g. regarding
whether tRNA genes were present and the degree of overlap with LADs. In retrospect, most
of these differences likely arose because of the relatively sparse nature of the data from that
era.

Subsequent to the initial papers identifying NADs, a more recent study from the Nemeth
group analyzed human IMR90 embryonic fibroblasts, a diploid human primary cell line,
obtaining higher-resolution microarray-based maps of NADs in young proliferating and old
senescent cells [118]. In this study, approximately 38% of human non-repetitive genome was
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designated as NAD regions in the proliferating cells. The median length of IMR90 NADs
was 361 kb. The identified NADs were enriched in heterochromatic features including late
replication, high levels of DNA methylation, low DNasel accessibility, low gene density, and
low gene expression. The authors noted that the great majority of NADs are in the
heterochromatic type “B” chromosome compartment. They also compared their data to
subcompartments first defined in earlier Hi-C experiments [61]. The B1 subcompartment
contains regions resembling facultative heterochromatin, in that they correlate positively
with H3K27me3 marks and negatively with H3K36me3, and replicate at the end of mid-S
phase [61]. In contrast, the B2 and B3 subcompartments resemble constitutive
heterochromatin: they are not enriched for either H3K27me3 or H3K36me3 and replicate in
late S-phase [61]. Furthermore, the B2 subcompartment is enriched at the nuclear lamina
and nucleolar periphery, whereas the B3 subcompartment is more specifically localized to
the nuclear lamina [61]. In the IMR9O0 cells, 74% of the identified NADs are in B2/B3-
subcompartment constitutive heterochromatin, and 15% of NADs overlap B1-
subcompartment facultative heterochromatin. Therefore, nucleolar-associated domains are
largely, but not exclusively, constitutive heterochromatin.

Surprisingly, in this study the senescent IMR90 cells yielded NAD maps highly similar to
young IMR90 cells. These results were unexpected because of the documented effects of
senescence on nucleolar morphology: senescent cells generally exhibit one large nucleolus,
whereas non-senescent cells have several smaller nucleoli [150]. Additionally, according to
the rDNA theory of aging proposed by Kobayashi (2008), rDNA is the region most sensitive
to genome instability and its instability is the driving force of cellular senescence [151]
(reviewed in [152]). Another model suggests that chromatin relocalization during DNA
repair promotes senescence [153]. Thus, rDNA instability in senescent cells might be
expected to cause large-scale chromatin alterations [154]. However, in contrast to
expectations of large differences between NADs in young and senescent IMR90 cells, the
observed changes had a median size less than 20 kb, and they usually reflected altered
borders of otherwise conserved NADs [118]. However, these restricted alterations did
correlate with functional consequences. For example, the NAD regions unique to either
young or senescent cells were enriched in protein-coding genes. Furthermore, the loss of
nucleolar association in either young or senescent cells correlated with higher gene
expression; conversely, the gain of NAD status correlated with decreased gene expression.
Additionally, 3D immunoFISH experiments showed that the satellite repeats at centromeric
and pericentric regions displayed decreased association with nucleolar periphery,
accompanied by decreased H3K9me3 signal intensity at perinucleolar regions in senescent
cells. Therefore, the authors speculated that the nucleolus safeguards the maintenance of
NADs and 3D genome organization during senescence [118].

Another functional consequence of nucleolar association has been discovered in a new study
from the Cheeseman group, which revealed that nucleolus-centromere interactions repress
the RNA pol Il-mediated transcription of a-satellite repeats [155]. Specifically, in a variety
of human cell lines the number of nucleolus-associated centromeres was inversely related to
the number of a-satellite RNA foci. The functionality of nucleolar association was
established upon demonstration that inhibition of RNA pol | or inducible deletion of genes
encoding the nucleolar proteins Ki-67 or FBL increased transcription of a.-satellite repeats.
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Therefore, these studies demonstrate that nucleolar association negatively regulates
centromeric transcription. Because the satellite transcripts are not stably associated with
centromeres, the authors hypothesize that the act of transcription itself is the important
regulatory event, perhaps affecting centromeric protein dynamics [155].

5c. Plant NADs

5d. Mouse

As mentioned above, NADs were also sequenced in plant Arabidopsis thaliana [141]. As in
mammalian cells, these were shown to be enriched in pseudogenes, tRNA genes, and
heterochromatic marks H3K27me3 and H3K9me2, whereas they were depleted of actively
transcribed genes [141]. However, human and mouse NADs (see section 5d below), cover
approximately one third of their genomes and are distributed widely across all chromosomes
[118-120]. In contrast, NADs in A. thaliana are found only on the short arm of NOR-
bearing chromosome 4, and at telomeric regions from all five pairs of chromosomes,
representing approximately 4% of the genome [141]. As we learn more about the
mechanisms governing perinucleolar localization of chromatin (see section 7 below), it will
be of interest to discover which of these might explain the distinct NAD distributions
between plants and mammals.

NADs

The first genome-wide maps of NADs in mouse cells have been published by our group
[119]. Of note, mouse chromosomes are acrocentric, i.e. the centromeres are found at one
telomeric end of chromosomes [156], and these experiments detected a gradient of nucleolar
enrichment across the length of most mouse chromosomes. Our group developed software
called NADfinderthat uses local background correction during the identification of NAD
peaks ((https://bioconductor.org/packages/release/bioc/html/NADfinder.html). This aspect of
NADfinderhelped in identifying peaks at chromosome ends distal from the centromere
[119].

However, a more problematic issue was whether valleys in the nucleolus-association scores
(termed “NAD-splitting regions™) [119] represent NAD regions or not (Figure 3). It was
clear that such valleys had distinct functional characteristics (e.g. higher levels of gene
expression than the surrounding strong NAD peaks that were largely transcriptionally
silent). However, DNA-FISH analyses suggested that these valleys indeed can be associated
with nucleoli, even in regions where so few reads were obtained that they were not identified
as nucleolus-associated regions by a variety of software packages [120] (Figure 3). One
possibility consistent with these data is that some of these “valleys” represent loops of
transcriptionally active, nucleolus-associated chromatin that are sensitive to the sonication
steps inherent in the biochemical method used here to isolated nucleoli (Fig. 3B).

As a whole, MEF NADs exhibited heterochromatic features: they often overlapped with
MEF LADs [30] and late-replicating regions [157], were enriched in heterochromatic marks
H3K9me3 and H3K27me3, and displayed low gene expression levels. However, there were
distinct subsets within the NADs: Type | NADs that associated with both nucleolar and
nuclear peripheries, and Type 11 NADs that associated with nucleolar periphery, but not the
nuclear periphery [119]. Type Il NADs displayed higher abundance of facultative
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heterochromatic mark H3K27me3 and lower levels of constitutive heterochromatic mark
H3K9me3 than do Type | NADs. Additionally, Type Il NADs were often early-replicating,
with higher gene density and expression levels than Type | NADs [119].

For comparison to the mouse fibroblast NADs, we recently generated a high-resolution map
of NADs in formaldehyde-crosslinked F121-9 hybrid mouse ESCs [120]. NADs comprised
31% of the genome in F121-9 mESCs, less than observed in crosslinked MEFs (41%) [119],
consistent with the presence of less condensed chromatin and a higher ratio of euchromatin
to heterochromatin in stem cells compared to differentiated cells [157-159] (reviewed in
[38,160]. As was observed in MEFs [119], the large Type | subset of NADs in mMESCs
exhibited features of constitutive heterochromatin: low gene expression and gene density
and late replication timing. In contrast, Type Il NADs, which are found only in the nucleolar
periphery and not at the nuclear lamina, were a smaller subset of total NADs in F121-9
mESCs compared to MEFs (Figure 4A). Additionally, F121-9 NADs were less enriched for
H3K27me3-modified regions [120] than were NADs in MEFs [119] (Figure 4B-C). These
data suggest that Polycomb Repressive Complex 2 (PRC2)-mediated formation of
facultative heterochromatin during stem cell differentiation is reflected in Type 11 NAD
expansion.

As observed for NAD-localized genes in general, genes within conserved and cell type-
specific NADs display low levels of gene expression. For example, NADs conserved in both
F121-9 mESCs and MEFs were highly enriched for olfactory and vomeronasal receptor
genes [119,120], genes that are not expressed in stem cells and fibroblasts. Similarly,
developmentally-regulated genes tend to be nucleolus-associated when poorly expressed.
For example, chemotactic cytokines are frequently in NADs in the F121-9 ESCs, and genes
responsible for differentiation along the anterior-posterior axis are enriched in MEF NADs
[119,120].

A major remaining question is whether silencing is the cause or consequence of nucleolar
association. A recent study from the van Steensel group showed that forced activation of
genes within LADs leads to their local detachment from the NL; vice versa, inactivation of
genes found in fLADs resulted in their increased association with the lamina [54]. Similar
studies are needed to investigate whether transcription has a similar causative effect on
nucleolar localization of genomic regions.

In sum, recent years have established maps of murine NADs in fibroblasts and ES cells.
These will provide the baseline for future exploration of developmental dynamics of these
genomic regions. This will be particularly important in the murine system, because it has
been shown that perturbation of perinucleolar chromatin disrupts early development ([163];
see also Conclusion section).

6. Functional significance of NADs

6a. Silencing hub and chromatin organization.

Genome-wide maps of NADs [25,26,118-120,141] and studies of frans-acting factor-
mediated localizations at the nucleolar periphery [114,164-168] suggest that the
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perinucleolar space is a heterochromatic region. Comparison of NADs with Hi-C data
revealed that NADs mostly overlap B2/B3-type constitutive heterochromatin and B1-type
facultative heterochromatin subcompartments [61,118]. A study based on the SPRITE
technique (introduced in section 5a) from the Guttman group also implicated the nucleolar
periphery as a silencing hub [143]. This study determined that both mouse and human cells
contain two prominent, distinct hubs of frequent genomic interactions. The “active” hub was
enriched for transcriptionally active genes and localized around nuclear speckles, whereas
the “silencing” hub was enriched for inactive genes and located around the nucleolus.
Interestingly, genomic DNA showed preference either for nucleolar periphery, or nuclear
speckles, i.e. regions found in these two hubs were mutually exclusive [143].

A newly developed computational method named SPIN (Spatial Position Inferences of the
Nuclear genome) was developed to integrate different types of data for enhanced analysis of
three-dimensional genome organization, in order to derive domain compartmentalization
patters [149]. Here, SPIN was used to combine data from Hi-C experiments, DamID
analysis of lamina and nucleoli, and TSA-seq analysis of lamina and transcription-related
nuclear speckles. In this case, 10 spatial compartmentalization states were described in
human K562 leukemia cells [149]. In addition to regions adjacent to two nuclear landmarks
(Speckles and Lamina), eight other states were recognized: Interior Active 1, 2, 3; Interior
Repressive 1, 2; Near Lamina 1, 2; and Lamina-like. These SPIN states correlated with
genomic functions such as transcriptional activity, replication timing and histone
modifications more accurately than subcompartments that are based solely on Hi-C data
[61]. Interestingly, DamID analysis of a nucleolus-localized peptide repeat suggested that
several SPIN states displayed elevated nucleolar localization. As expected because of the
high degree of LAD and NAD overlap, these included the Near Lamina 1, 2, Lamina-like
and Lamina states. However, the Interior Repressive 2 state also had high nucleolus DamID
scores yet had low lamin B-DamID and lamin B TSA-seq signals compared to the SPIN
states near the NL [149]. Interior Repressive 2 SPIN state was also highly enriched for
H3K27me3 marks compared with all other SPIN states. Hence, Interior Repressive 2
resembles nucleolar-specific Type 11 NADs [119,120]. As a wider variety of genomic data
becomes available for additional nuclear bodies, the SPIN classification software will
become ever more useful in the identification of functionally distinct genomic subclasses.

A recent study from the Dekker group used a “liquid Hi-C” technique to determine the
strength of chromatin interactions in a genome-wide manner [169]. This technique involves
extensive chromatin fragmentation via restriction enzyme digestion /7 situ in the nucleus,
followed by fixation and Hi-C analysis to identify the kinetics of chromatin dissociation.
Regions around the nucleoli exhibited one of the most stable interactions based on half-life
of chromatin interactions upon digestion, with heterochromatin in general showing the most
stable chromatin associations in the genome [169]. This is in agreement with the hypothesis
that stable interactions in heterochromatin drive the A-B compartmentalization [16].

Together, the SPRITE, SPIN and liquid Hi-C data support the notion that the nucleolar
periphery serves as heterochromatin docking site, thereby limiting chromatin movement and
influencing chromatin organization, as it has been shown in human and yeast cells
[115,116].
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6b. Developmental regulation.

The existence of cell type-specific NADs in F121-9 mESCs and MEFs suggests that NADs
are likely to be involved in developmental regulation of genomic regions. For example, the
Pcské6 gene, important for anterior-posterior axis establishment in early embryogenesis
[170], is part of a NAD in MEFs, but not in F121-9 cells [119,120]. Correspondingly, this
gene has higher transcriptional activity in F121-9 mESCs (FPKM value 22.2; [120]) than in
MEFs (FPKM value 6.6; [162]); thus, reinforcing nucleolar localization as a possible
repressive mechanism in developmental regulation.

A landmark paper from the Torres-Padilla group revealed the importance of nucleolar
localization in early embryonic development [163]. Instead of tripartite nucleoli, mammalian
oocytes and early preimplantation embryos contain transcriptionally inactive nucleolus
precursor bodies (NPBs) that consist of homogenous fibrillar material (reviewed in [171]).
Pericentric heterochromatin forms a ring-like structure around these NPBs. This
configuration is maintained until the late two-cell stage, after which pericentric
heterochromatic regions (major satellites in mouse cells) cluster together and form
chromocenters, the characteristic dense DNA structures also observed in adult mouse cells
[172,173]. Jachowicz et al. artificially tethered pericentric heterochromatic regions to the NL
immediately after fertilization and analyzed the resulting two-cell stage embryos [150]. NL
tethering caused high transcriptional activity at major satellite repeats and decreased staining
for H3K27me3 and Polycomb Repressive Complex 1 (PRC1) subunit Ringlb. Strikingly,
about half of the embryos with NL-tethered major satellites halted their development
between the two- and eight-cell stages [163]. These results suggest that the nucleolar
precursors play a crucial role in generating a repressive environment for major satellite
repeats at these critical early cell divisions, that this repression is important for normal
development, and this role cannot be substituted by the environment at the nuclear periphery.

6c. Roles for nucleoli and NADs in health and disease.

Studies in several species have linked nucleolar biology to organismal health and longevity.
For example, small nucleolar size was correlated with longevity in C. elegans, D.
melanogaster and mice, and long-lived C. efegans displayed reduced FBL expression,
ribosomal protein synthesis, and rRNA levels, in a manner dependent on the nucleolar
protein nucleolin [174]. Furthermore, muscle biopsies from humans on calorie restriction
diets in conjunction with increased exercise regimes also exhibited reduced nucleolar size
[174]. Conversely, Buchwalter et al. observed a positive correlation between human aging
and increased nucleolar size and activity [175]. These authors also detected enlarged
nucleoli in fibroblasts from Hutchinson-Gilford progeria syndrome (HGPS) patients, in
which protein translation, ribosome synthesis, and rRNA transcription were elevated and
rDNA methylation was decreased. Remarkably, induced expression of progerin, a mutant
form of lamin A that causes HGPS [176], led to increased nucleolar size [175]. Levels of
lamin A appeared to be pivotal, because depletion of this protein also resulted in nucleolar
expansion. Together, these data indicate that lamin A is important not only for NL
organization, but also affects nucleolar size and function. This role may be related to its
localization within the nucleoplasm in addition to its canonical placement at the lamina
[41,42], (reviewed in [63]). Evidence linking rDNA epigenetics to aging came from the
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Lemos group, who determined that rDNA CpG methylation increases with aging in mice,
canids and humans, leading to the proposition that rDNA methylation can serve as an
evolutionarily conserved clock of aging [177]. In sum, data from multiple organisms
indicates that nucleolar physiology and epigenetics correlate with aging phenotypes.
Exploration of the molecular mechanisms involved will therefore be a high priority, and it
will be of much interest to determine if formation and silencing of perinucleolar
heterochromatin contributes to these processes in aging and HGPS, extending existing NAD
studies in senescent cells (see section 5b) [118].

A recent study by the Hannan and Poortinga groups showed that genomic regions change
their interaction with rDNA repeats during Myc-driven malignant transformation of mouse
pre-B cells [178]. The transition from pre-malignant to malignant pre-B cells was
accompanied by UBF-mediated switching of a significant fraction of pseudo-silenced, i.e.
hypomethylated but transcriptionally inactive rDNA promoters [179] to active, i.e.
transcriptionally competent and hypomethylated rDNA promoters. In contrast, the transition
from wild-type to pre-malignant cells did not exhibit similar phenomenon [178].

Psoralen more readily incorporates into accessible DNA [180], and thus Diesch et al. were
able to distinguish active and inactive rDNA via psoralen crosslinking. The authors termed
changes in rDNA chromatin during malignant transformation as rDNA class switching,
however, this switching was not associated with increased rRNA transcription [178]. Diesch
et al. performed 4C-seq, a modification of 3C and Hi-C technique [181,182], to map the
genomic regions that interact with rDNA, which the authors equated to NADs [178]. The
major changes in genome-rDNA interactions occurred between pre-malignant and malignant
cells, concomitant with rDNA class switching, and these perturbations were accompanied by
changes in gene expression levels. Increased rDNA interactions correlated with decreased
expression of rDNA-interacting genes, and vice versa [178]. Gene Ontology analysis
revealed that genes which were found in regions exhibiting increased rDNA interaction and
decreased transcript levels were enriched for B-cell differentiation and lineage specification
genes [178], which are often dysregulated in hematological cancers [183]. Genes located in
regions that showed diminished rDNA interaction and increased expression were enriched
for genes in ribosome function, RNA processing and mitochondrial function pathways [178].
Indeed, it has been shown that Myc drives increased rRNA transcription RNA processing
and mitochondrial biogenesis [184] (reviewed in [111,185]). The authors suggested that
since Myc drives many human cancers, rDNA class switching might be a common
occurrence in human malignant transformations [178]. It would be of special interest to
determine whether changes in NADs are common in diseases where perturbations in
nucleolar morphology or rDNA repeat number or chromatin state occur. More intriguingly,
investigation of mechanisms by which NAD alterations might possibly contribute to human
malignancies is an exciting and unexplored avenue in the field of genome organization.

7. Factors and mechanisms regulating nucleolar association

7a. Protein factors

There are multiple studies that implicate various c/sand trans-acting factors in tethering
genomic regions to the perinucleolar space. The breadth of these factors suggest multiple
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mechanisms for perinucleolar association exist, and in some cases the mechanisms provide
for aspects of locus specificity. We also note that many of these factors have other cellular
functions besides the nucleolar tethering.

CTCF—CTCF is a DNA-binding protein that binds insulator elements in vertebrates and
aids in blocking an enhancer of one gene from activating a promoter of another gene [186].
This insulating activity of CTCF is achieved through loop formation at topologically-
associated domain (TAD) boundaries [61,64,65]. Regarding its role at the nucleolus, the
Felsenfeld group showed that human cell CTCF co-purifies with nucleophosmin (NPM-1);
furthermore, CTCF- and NPM-1-bound insulators on transgenes preferentially localized to
nucleolar periphery in a CTCF binding site-dependent manner [187].

Nucleophosmin—Nucleophosmin (NPM-1) is a histone chaperone enriched in the GC
layer of the nucleolus [104]. NPM-1 plays important roles in various cellular processes,
including ribosome biogenesis, chromatin remodeling, and DNA damage responses [188].
Its Drosophila homolog, nucleoplasmin-like protein (NLP), along with CTCF and Modulo
(Drosophila homolog of the nucleolar protein nucleolin) mediate centromere clustering
around the nucleolar periphery [189]. Depletion of either NLP, or Modulo, or CTCF causes
de-clustering of centromeres and relocalization of heterochromatin away from the nucleolar
periphery. This was accompanied by derepression of centromeric repeats and mitotic
defects, such as lagging chromosomes and anaphase bridges [189]. In human and mouse
cells, depletion of NPM-1 resulted in altered nucleolar morphology and decreased levels of
H3K9me3 and HP1+y foci at perinucleolar regions [190], suggesting that NPM-1 is
important for tethering HP1vy to the nucleolus. These studies highlight the challenges in the
analysis of nucleolar association, as depletion of proteins such as nucleolin and NPM-1 lead
to changes in nucleolar morphology, heterochromatin organization and mitotic defects,
confounding the direct and indirect functions of these factors.

CAF-1—CAF-1 (chromatin assembly factor-1) is a histone chaperone complex that deposits
newly synthesized H3/H4 tetramers onto replicating DNA [191]. Depletion of CAF-1
subunit p150 in human cells causes partial dispersal of several nucleolar proteins: NPM-1,
Ki-67, nucleolar phosphoprotein 140 (Nopp140), upstream binding factor (UBF),
transcription termination factor 1 (TTF1), and nucleolin [192]. Additionally, depletion of
CAF-1 p150 reduces nucleolar association of NADs, as demonstrated for the chromosome
10q telomere, the 5S rDNA array, and centromeric a-satellite DNA. The activity that
localizes nucleolar proteins and NADs was mapped to a p150 domain that is not required for
the histone deposition activity of CAF-1. Specifically, a Sumo-interaction motif (SIM)
within this domain was essential [192]. Notably, this p150 domain also regulates the extent
of recruitment of Ki-67 to the periphery of mitotic chromosomes [193].

One possible explanation for the role of p150 in NAD localization is its effect on cell
proliferation marker Ki-67. This is because depletion of Ki-67 results in decreased nucleolar
association of the centromeric histone CENP-A, reduced nucleolar staining of H3K9me3
and H4K20me3 in human and mouse cells [194], and leads to decreased association of a-
satellite DNA with the nucleolar periphery [193] and elevated a-satellite transcript levels
[155]. Ki-67 is not only required for NAD interactions in interphase cells, but it is also
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essential for recruitment of proteins to the surface of the mitotic chromosome [195]
(reviewed in [196,197]). Furthermore, Ki-67 shapes the morphology of the mitotic
chromosome [198,199] and is important for avoiding checkpoint-mediated cell cycle delays
at the G1/S boundary of the cell cycle [200]. Therefore, Ki-67 is of high interest as a
chromosome architectural protein across the cell cycle.

A recent study implicated a ribonucleoprotein complex termed MiCEE in nucleolar
tethering and silencing of genes expressed from bidirectionally-oriented promoters [168].
MICEE contains Mirlet7d, a let-7 miRNA family member, and protein subunits of both
PRC2 and the nucleolytic exosome. Many of Mirlet7d'targets are non-coding RNAS
(ncRNAs) encoded near promoters of adjacent coding RNAs (cCRNAs) [168]. Of these
Mirlet7d target ncRNA and cRNAS, 20% are bidirectionally transcribed from shared
promoter regions. MiCEE is targeted to these bidirectionally-transcribed loci by Mirlet7d-
based recognition of locally-transcribed ncRNAs, triggering exosome-mediated degradation
of the ncRNAs and PRC2-mediated transcriptional silencing of adjacent cRNAs. The loss of
Mirlet7d, the exosome complex, or PRC2 subunits (EZH2, SUZ12, or EED), led to
derepression of Mirlet7d targets in mouse and human cells. Furthermore, the effects of
deleting one Mirlet7d ncRNA target locus was tested. Remarkably, this resulted in the
relocalization of a Mirlet7dtarget cRNA-encoding locus away from the nucleolar periphery
to the nuclear periphery [168]. Therefore, this study illustrates how ncRNAs can initiate
nuclear body-specific tethering and silencing of specific loci. Furthermore, MiCEE supports
localization of a locus to the perinucleolar chromatin, preventing what appears to be a
default localization among LADs. It will be of great interest to see how many such
mechanisms exist across the genome.

Additional studies confirm that PRC2 contributes broadly to NAD localization, because
small molecule Ezh2 inhibitors led to decreased nucleolar association of Type | & Type Il
NADs [119]. However, PRC2 is not a nucleolus-specific frans-acting factor, because Ezh?2
inhibition also led to decreased nuclear lamina association of LADs and Type | NADs
[45,119]. These data are consistent with a role for H3K27me3 in heterochromatin
association with both lamina and nucleoli. High resolution microscopy studies have
indicated that H3K27me3-rich heterochromatin is spatially distinct from and has a different
density than euchromatin or H3K9me3-rich chromatin [21]. Therefore, defining the factors
that generate this distinct identity is of major interest to chromatin researchers.

TIP5—TIP5 (TTF-1-interacting protein-5), together with the ATPase SNF2h, are the protein
subunits of the nucleolar remodeling complex (NoRC) [201,202]. NoRC represses rDNA
transcription through its interactions with DNA methyltransferases DNMT1 and DNMT3b,
histone deacetylase 1 (HDAC1), and the small RNA transcribed from the rDNA Intragenic
Spacer (IGS) region, known as promoter-associated RNA (pRNA) [201-205]. In MEFs,
TIP5 depletion also led to coalescence of CENP-A-bound centromeres and DAPI-intense
heterochromatin into a smaller number of more-intensely stained nucleolar foci [206].
Notably, electron microscopy revealed the disappearance of densely-staining perinucleolar
heterochromatin upon TIP5 depletion. These changes were accompanied by reduced levels
of DNA methylation and gene silencing at rDNA repeats, and reduced heterochromatic
marks H3K9me3 and H4K20me3 at centromeric minor satellite and pericentric major
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satellite repeats [207,208], accompanied by a shift from late to early DNA replication at
these satellites and rDNA [206]. Additionally, TIP5 depletion reduced the DNA copy
number of rDNA and major and minor satellite repeats, suggesting increased recombination
[206]. Together, these data indicate TIP5 is a master regulator of heterochromatin at rDNA
and satellite repeats, which impacts genome stability at these loci. Furthermore, given its
role in silencing of satellite repeats, it is tempting to speculate that TIPS may also be
important for silencing of these repeats at the perinucleolar region during early mouse
embryogenesis. This is of critical importance because in the absence of efficient silencing
there are defects in later development [163].

A crucial partner of TIP5 is the short, structured pPRNA molecule [204,205]. Normally,
mMESCs do not express mature pRNA, however, ectopic expression of pRNA in stem cells
resulted in the formation of electron-dense perinucleolar heterochromatin-like structures, as
well as increased occurrence of H3K9me2/3 marks at repetitive regions within mESCs,
similar to the nuclear heterochromatin observed in NPCs, which were differentiated from
these mESCs [209]. Conversely, depletion of TIP5 impaired mESC differentiation [209].
Therefore, NoRC-mediated rRNA silencing seems to promote not only nucleolar, but also
nuclear heterochromatin condensation that is critical for exit from pluripotency.

7b. Nucleic acid factors

Unlike the nucleolar arrays of RNA Pol I-transcribed rDNA genes, the genes encoding
ribosomal 5S rRNA are transcribed by RNA polymerase 111 and are found in distinct 5S
rDNA arrays. These frequently localize to the nucleolar periphery, as do 5S rRNA
transgenes, accompanied by transcriptional silencing [166]. Surprisingly, Hi-C maps did not
reveal direct 5S-45S rDNA interactions, although they shared many common interaction
sites [145,146]. Yu and Lemos [146] proposed a competitive exclusion model in which these
anchoring sites are bound either by 5S or 45S arrays at any given time. Alternatively, 5S and
45S rDNA might interact within large protein complexes but fail to be captured via
crosslinking as directly interacting entities in Hi-C experiments, which involve short
formaldehyde-based crosslinks [146].

The enrichment of centromeric repeats within NADs suggests that the repeats have
important functional roles in nucleolar association [25,210]. For example, human
centromeric RNA has been implicated in the nucleolar association of centromeric proteins
INCENP and CENP-C1 during interphase, prior to their release into the nucleoplasm for
kinetochore assembly in mitosis [211].

A study from the Shen group suggests that L1 repeat RNAs, encoded by L1 non-long
terminal repeat (non-LTR) retrotransposons, can facilitate localization of L1-enriched genes
at nuclear and nucleolar peripheries [121]. Specifically, depletion of L1 RNA transcripts
resulted in relocalization of L1-rich DNA sequences away from these regions. Indeed L1
RNA is a hub for structural interactions, because it mediates the binding of nucleolar protein
nucleolin to rDNA [121,212]. Conversely, nucleolin preferentially binds to L1 repeats
relative to other classes of repeats [121], indicating the importance of nucleolin-L1 RNA
interactions for tethering nucleolus-associated genomic regions. These interactions are
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functionally important, because depletion of either L1 RNA transcripts or nucleolin led to
upregulation of L1-enriched genes [121].

The nucleolar association of Xi is facilitated by the activity of long non-coding RNAs
(IncRNAs, defined as ncRNAs longer than 200 nucleotides). During random X chromosome
inactivation (XCI) in early female embryos, the X chromosome-linked X inactivation center
(Xic) locus produces the InNcRNA Xist (X-inactive specific transcript), which binds in c/sto
the X chromosome of origin and initiates silencing, generating the Xi [213-215]. Xistalso
targets Xi to the perinucleolar space during S-phase in mouse cells [114]. Loss of Xist
causes detachment of Xi from the nucleolar periphery, reduced levels of H3K27me3, and
some gene derepression on the Xi, suggesting that the Xi’s nucleolar association helps
maintain its repressed state. One possibility to explain how this localization relates to
silencing is based on the observation that the nucleolar periphery is enriched for Snf2h
[114]. This is the catalytic subunit of the ACF1-ISWI chromatin remodeling enzyme
complex that is needed for efficient DNA replication fork progression through
heterochromatin [216]. These observations suggest that the nucleolar periphery could
contribute to silencing in part by maintaining the fidelity of heterochromatin replication
[114].

Another X-linked IncRNA named Firre escapes XCI and is encoded far (54 Mb) from the
Xic [217]. Of note, CTCF binds Firre IncRNA, and together Firre and CTCF contribute to
the nucleolar association and H3K27me3 enrichment of the Xi. However, depletion of Firre
does not reactivate X-linked genes, consistent with overlapping mechanisms that prevent
their reactivation [217,218]. Firreand Ctcfknockdown also led to the reduced nucleolar
association of another X-linked INCRNA Dxz4[167], but Dxz4 deletion did not result in
changes in nucleolar association of Xi, or its H3K27me3 enrichment [219]. However, Firre
depletion did not affect Xist IncRNA levels, or the shape of Xist RNA clouds [218],
suggesting that interactions between CTCF and Firre IncRNA contribute to nucleolar
association of the Xi, independent of the role XistIncRNA plays in tethering Xi to the
nucleolus.

LncRNA Kcngloti regulates the ~1 Mb Kcngl-imprinted domain on mouse chromosome 7
by being paternally expressed and silencing neighboring genes in ¢/s[220-222]. Insertion of
a silencing domain found at the 5’ end of the Kcnglot1 transcript into an episomal vector
led to the nucleolar association of this vector and silencing of a flanking reporter gene [164].
This silencing occurs with some tissue specificity, because the Kcnglotl domain was more
enriched for H3K9me3 and H3K27me3, as well as for histone methyltransferases G9a and
PRC2, in mouse placenta than in fetal liver cells [165]. This correlated with increased
nucleolar association of Kcngl in placenta, but not in liver cells [164]. However, a study by
Magnuson group showed that mouse trophoblast stem cells deleted for PRC2 subunit Eed
still exhibited frequent nucleolar association of Kcnglotl IncRNA, despite derepression of
Kcngl-imprinted domain genes [223]. Hence, the nucleolar localization can be maintained
even when transcriptional repression and PRC2 are lost, at least in specific cell types
investigated. These results reinforce the idea that multiple pathways can contribute to
nucleolar association and gene silencing.
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7c.

Phase separation

Recent studies have revealed that phase separation is an important mechanism regarding
the formation and function of membraneless cellular bodies. Perhaps most importantly for
this discussion, nucleoli form as a result of liquid-liquid phase separation [224], and NPM-1
and FBL form immiscible phases within nucleoli /n vitro, recapitulating the distinct tripartite
structure of nucleoli /n vivo [225]. FBL and NPM-1 are proteins with intrinsically
disordered regions (IDRs) that drive their liquid droplet formation, whereas RNA binding to
these low complexity proteins drives them to their respective subcompartments [225,226].
Another study used temperature dependence and reversibility parameters to discern two
distinct mechanisms of nucleolar protein assembly: IDR-driven phase separation of FBL and
Nopp140, and active recruitment of nucleolin homolog Modulo and Nucleostemin 1 via
rDNA [227].

Therefore, it is tempting to speculate that genomic regions might also be driven to associate
with nucleolar periphery through combinations of phase separation and active recruitment.
Examples might include the CTCF-NPM-1-Firre complex or the 5S rDNA arrays discussed
above. Another possible phase separation-related example includes A/u repeat-derived
RNAs, which contribute to nucleolar structure and perinucleolar associations through their
specific interactions with nucleolin and NPM-1 [228]. Consistent with a role for phase
separation, hexanediol treatment, which disrupts liquid-liquid phase separation, reduces the
nucleolar association levels of NADs in mouse fibroblasts [119].

8. Overlap between NADs and LADs

Genome-wide mapping of NADs in human and mouse cells revealed extensive overlap
between NADs and LADs [25,26,118-120]. One of these early studies also included a key
experiment demonstrating that NADs labeled via a photoactivatable fluorescently-tagged
histone protein would either be distributed around the nuclear periphery or the nucleolar
periphery in the next interphase after progression through mitosis [26]. These results,
consistent with experiments following the fate of LADs after mitosis [39], led to the
conclusion that the bulk of NAD and LAD sequences are stochastically distributed to either
the nuclear or nucleolar periphery at each mitotic exit. One proposed mechanism is that
lamin A found at both the nuclear and nucleolar peripheries could tether these interactions
[229]. Additionally, lamin B2 localizes at the nucleolar border in close proximity to
nucleolin, and depletion of lamin B2 leads to disruption of both nuclear and nucleolar
morphologies [230]. Together, these observations suggest that lamins are central to multiple
heterochromatin localizations.

Apart from reshuffling during mitosis, evidence for plasticity in nuclear localization of
mammalian heterochromatin comes from nucleolus perturbation studies in human
lymphoblastoid cells [109]. This study focused on late-replicating regions, which are
distributed among the NL, pericentric regions, and the nucleolar periphery. In general, the
late-replicating regions on large chromosomes were frequently found at the nuclear
periphery, whereas those on small chromosomes were more often associated with nucleoli.
Treatment of cells with actinomycin D, which inhibits RNA Pol | and disrupts nucleoli,
drastically decreased association of heterochromatic regions with the nucleolar periphery,
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Conclusion

but increased association of these regions with the NL [109]. Similarly, our group also
showed that Ki-67-depleted cells exhibited reduced Xi association with the nucleolar
periphery, and increased association of Xi with the nuclear periphery [200]. Hence, when
one of the heterochromatic nuclear subcompartments is disrupted, the heterochromatic
regions tend to relocalize to other intact subcompartments. This suggests that some common
mechanisms operate at each location.

Indeed, the majority of human and mouse NADs overlap with LADs [118-120]. Both
nuclear and nucleolar peripheries are enriched for centromeric and pericentric
heterochromatin [231], and for repetitive elements such as LINEs and LTR retrotransposons
[118,121]. However, the overlap between LADs and NADs is incomplete. About one third of
human NADs are non-overlapping with LADs [118], and likewise there is a subset of mouse
NADs found only at the nucleolar periphery, i.e. Type Il NADs [119,120]. As discussed
above, a full understanding of the mechanisms and functional significance of each type of
nuclear localization remains to be elucidated. For example, decoding the biology of
nucleolar localization will require systematic investigation of the molecular determinants
and examining whether silencing is a cause or consequence of nucleolar tethering.

Interest in the nucleolar periphery as a heterochromatin hub was sparked ten years ago with
the initial sequencing of human NAD DNA [25,26]. This interest has only increased with
subsequent, more detailed analyses in animal and plant cells [118-121,141] and the advent
of novel genomic techniques, such as Hi-C [58,61]; SPRITE [143] and SPIN [149], which
reinforced the importance of the nucleolar periphery as a site for heterochromatin
localization. Many insights into the biology of perinucleolar heterochromatin have been
made by comparisons to nuclear lamina-associated domains (LADs), which have been more
extensively characterized. The similarity among NADs and LADs arises because many
constitutive heterochromatic loci adopt a nucleolar or laminar localization stochastically
each time cells exit mitosis [26,39]. Self-interaction mechanisms including phase separation
will be important for understanding the localizations of these loci [16].

However, some heterochromatic regions appear to be localized by less general mechanisms.
For example, because Type Il NADs are found only in the perinucleolar space, but not at the
nuclear periphery [119,120], it is tempting to speculate that specific trans-acting factors will
be required for such localizations. Indeed, positioning of some perinucleolar chromatin is
known to be disturbed in the absence of the MiCEE and NoRC complexes [168,209].
Because both of those complexes contain small RNAs (let7d and pRNA, respectively)
required for targeting, it will be of great interest to determine how general RNA-based
mechanisms for nucleolar targeting will be.

It is clear that progress in our understanding of NAD biology requires the dissection of the
different mechanisms of nucleolar association. Future studies of the dynamics and cell-to-
cell variability of nucleolar association could be particularly aided by methodologies that
can be extended to single-cell analyses, such as DamID and TSA-seq, as well as high-
throughput imaging. Finally, it will be of great interest to extend to techniques to
understanding the mechanisms underlying perinucleolar chromatin localization during early
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mammalian embryogenesis. This is of particular importance because perturbation of this
localization by dragging mouse pericentric heterochromatin to the lamina via a zinc finger-
emerin fusion protein not only impaired silencing of satellite repeats, but also greatly
impaired formation of blastocysts [163]. Therefore, how perinucleolar chromatin is formed
in the embryo, and how these mechanisms might differ across development, are major
questions in mammalian developmental biology.
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Highlights
. We review the spatial organization of eukaryotic genomes, with particular
emphasis on heterochromatin in mammalian cells.

. Heterochromatin is largely localized to the nuclear and nucleolar peripheries.

. Localization to these regions occurs by a variety of molecular mechanisms,
some being region specific.

. Mechanisms of heterochromatin localization are important for normal
patterns of gene expression, cellular differentiation, and organismal
development.

. We review multiple technologies being applied to the study of chromatin
localization.
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Figure 1. Molecular interactions at the Inner Nuclear Membrane (INM).
We emphasize here molecules discussed in this review, omitting many interactions at the

nuclear lamina for clarity, including lamin-DNA interactions [72,75,79]. Individual lamin
protein molecules form dimeric coiled coils, which in turn form polar head-to-tail polymers.
These polymers make antiparallel interactions to form a network of intermediate filaments
[80-82]. The INM proteins Emerin and LAP2p [83] both have “LEM” (LAP2-Emerin-
MANZ1) domains (not depicted), and bind lamins and HDAC3 (histone deacetylase 3).
Emerin also contacts chromatin via its interaction with Barrier-to-Autointegration Factor
(BAF) [84]. LAP2B binds to HDAC3 together with cKrox, a DNA-binding protein that
contacts LAS elements [56]. The Lamin B receptor (LBR) binds not only to Lamin B, but
also to DNA, histones H3/H4 and Heterochromatin Protein 1 (HP1) [85], which binds
methylated histone H3K9 residues [17-19]. Additionally, the LBR Tudor domain binds
H4K20me3-marked heterochromatin [86]. The contributions of H3K9 methylation by Suv3-
9 enzymes and H3K27 methylation by Ezh2 are discussed in the text but not depicted here.
Created with BioRender.com.
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Figure 2: Nucleolar tripartite structure.
Shown is an electron microscopy image of a nucleolus. Nucleoli possess a tripartite structure

consisting of Fibrillar Center (FC), Dense Fibrillar Component (DFC) and Granular
Component (GC). The FC appears as a less-well labeled region surrounded by the more
darkly stained DFC. The GC comprises the area outside of the DFC. Ribosomal DNA
transcription occurs in the FC or at the interface between FC and DFC, this is where the
rRNA-encoding Nucleolar Organizer Regions (NORs) are located. Processing of ribosomal
RNA takes place in the DFC, and ribosomal subunit assembly occurs in the GC [105]. On
the periphery of this nucleolus is darkly stained heterochromatin, illustrated by asterisks.
These regions are where NAD loci are located. This image is from Schofer and
Weipoltshammer, Histochemistry and Cell Biology 150:209-225 (2018) [106], under the
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Figure 3: Genomic locations of BACs that correspond to NAD Splitting Regions (NSRs).
“NAD-splitting regions” (NSRs) have distinct attributes: early replication timing, increased

transcriptional activity, and low numbers of reads in nucleolus DNA samples from NAD-seq
experiments. These features led us to speculate that NSRs are not associated with nucleoli
[119]. However, one example of an NSR which is nucleolus-associated in F121-9 mESCs in
immuno-FISH assays is illustrated here [120]. These data suggested that NSRs can be
systematically lost during the sonication-based purification during the NADseq protocol.
(A) A genome browser view of the NSR region around BAC probe pPK1007. This overlaps
a constitutive interLAD (ciLAD, cyan), which is early-replicating (cyan portion of
replication timing track) and displays elevated transcript levels (RNA-seq) compared to the
neighboring NADs (black). The region between the two NADs was designated an NSR
based on the low read numbers in the nucleolus DNA sample. The BAC location is indicated
with a red horizontal bar above the top track, and the red box higlights the region between
the neighboring NADs. ciLAD and mESC LAD tracks are from [30]. mMESC DNA
replication timing data are from [157]. mMESC NAD-seq analyses of nucleolus and genomic
DNA (gDNA), and also RNA-seq, are from [120].

(B) Graphical hypothesis. NSRs (purple) and non-NAD regions (green) are released from
nucleoli during sonication steps of NAD-seq protocols (sonication-mediated breaks
indicated by red arrows). However, in intact cells, NADs (black) and NSRs, but not non-
NAD:s, are closely associated with the nucleolar periphery.
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Figure 4. Comparison of NADs in mouse embryonic stem cells (mMESCs) and embryonic
fibroblasts (MEFs).

Numbers indicate the size of regions in Mb.

A) Venn diagram showing the overlaps between mESC NADs [120], MEF NADs [119] and
constitutive LADs (cLADs) and constitutive interLADs (ciLADs) [30].

B) Venn diagrams illustrating the overlaps among mESC NADs [120], cLADs, ciLADs [30]
and mESC H3K27me3-enriched domains [161].

C) As in B, except here the indicated overlaps are between crosslinked MEF NADs [119]
and MEF H3K27me3-enriched domains [162]. Note that the overlap between H3K27me3-
rich loci is much larger with the NADs from MEFs (panel C) than with the NADs from
mMESCs (panel B).

License 4882511241435. Reprinted by permission from [the Licensor]: [Springer Nature]
[Chromosoma] (Distinct features of nucleolus-associated domains in mouse embryonic stem
cells. Bizhanova, Yan, Yu, Zhu, Kaufman) [120] [Copyright] (2020)
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