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The nucleolus is the largest compartment of the eukaryotic cell’s

nucleus. It acts as a ribosome factory, thereby sustaining the trans-

lation machinery. The nucleolus is also the subnuclear compart-

ment with the highest transcriptional activity in the cell, where

hundreds of ribosomal RNA (rRNA) genes transcribe the over-

whelming majority of RNAs. The structure and composition of

the nucleolus change according to the developmental state. For

instance, in embryonic stem cells (ESCs), rRNA genes display a hy-

peractive transcriptional state and open chromatin structure

compared with differentiated cells. Increasing evidence indicates

that the role of the nucleolus and rRNA genes might go beyond

the control of ribosome biogenesis. One such role is linked to the

genome architecture, since repressive domains are often located

close to the nucleolus. This review highlights recent findings

describing how the nucleolus is regulated in ESCs and its role in

regulating ribosome biogenesis and genome organization for the

maintenance of stem cell identity.
Nucleolus and Ribosomal rRNA Genes

The nucleolus is the largest subnuclear compartment in the

cell’s nucleus and the place where ribosome biogenesis oc-

curs. Ribosomes are essential for protein production and

their biosynthesis in the nucleolus is a complex process

that requires the interplay of many factors. Ribosome

biogenesis is initiated in the nucleolus by the RNA poly-

merase I (Pol I)-driven transcription of hundreds of ribo-

somal RNA (rRNA) genes that generates 45S/47S pre-

rRNA. This transcript is then modified and processed to

form28S, 18S, and 5.8S rRNAs, which in turn are assembled

with ribosomal proteins in the nucleolus. This process is

mediated by small nucleolar RNAs, endonucleases, and

exonucleases, as well as ribose-modifying enzymes that

mediate the proper folding and processing of the pre-rRNAs

to give rise to the pre-40S and pre-60S subunits. Both sub-

units are then exported to the cytoplasm, where they

become competent for translation after the final matura-

tion steps (Pelletier et al., 2018).

The nucleolus is a membrane-less compartment gener-

ally surrounded by a shell of heterochromatin. Since

rRNA genes produce the overwhelming majority of RNAs,

the nucleolus is the subnuclear compartment with the

highest transcriptional activity in the cell. The nucleolus

displays a tripartite organization that consists of the

fibrillar center, the dense fibrillar component, and the gran-

ular component. These subcompartments within the
1206 Stem Cell Reports j Vol. 15 j 1206–1219 j December 8, 2020 j ª 2020
This is an open access article under the CC BY-NC-ND license (http://creativ
nucleolus represent distinct, coexisting liquid phases (Feric

et al., 2016). Importantly, the formation of the nucleolus

depends on the availability of pre-rRNAs. Accordingly,

the morphology and size of the nucleolus are linked to

rRNA gene transcriptional activity, which in turn depends

on cell growth, metabolism, and developmental state. For

example, structural changes in the nucleolus are often

observed in cancer (Hein et al., 2013). Furthermore, the

structure and composition of the nucleolus are remarkably

different between somatic cells and germ cells and during

early development (reviewed in Fulka and Langerova,

2019; Kresoja-Rakic and Santoro, 2019). As discussed later,

these structural changes mirror ribosome biogenesis activ-

ities as well as the transcriptional and chromatin states of

rRNA genes, and might have implications in genome

organization.

The detailed structure and regulation of rRNA genes have

been recently reviewed (Bersaglieri and Santoro, 2019;

Moss et al., 2019). Here, we briefly describe the chromatin

and epigenetic regulation of rRNA genes, highlighting crit-

ical factors in the control of nucleolar activities in embry-

onic stem cells (ESCs). Mammalian cells bear ~200 rRNA

genes per haploid genome, which are arranged in arrays

of tandem repeats among different chromosomes at re-

gions called nucleolar organizer regions. In differentiated

cells, not all rRNA genes are competent for transcription.

In mammalian cells, rRNA genes can be subdivided into

three major classes—silent, inactive (or pseudogenes),

and active—and this classification is mainly based on their

transcriptional state and chromatin and epigenetic fea-

tures. Silent rRNA genes belong to the class of the non-tran-

scribing and nucleosome-packed rRNA gene fraction,

which replicates inmid-late S phase and is inherited during

cell division. This class of rRNA genes displays heterochro-

matic features such asDNAmethylation, repressive histone

marks like H3K9me2 and H3K9me3, and deacetylated his-

tones (Li et al., 2005; Santoro et al., 2002; Santoro and

Grummt, 2001; Stancheva et al., 1997; Zhou et al., 2002).

CpGmethylation at the rRNA gene promoter is responsible

for transcriptional silencing since it impairs the binding of

the upstream binding factor UBF, thereby abrogating the

formation of the Pol I pre-initiation complex (Sanij et al.,

2008; Santoro and Grummt, 2001). The establishment of

rRNA gene silencing is mediated by the nucleolar
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remodeling complex NoRC, which is constituted of TIP5

(BAZ2A, TTF1-interacting protein 5) and SNF2H. NoRC as-

sociates with repressive factors such as DNA methyltrans-

ferases, which methylate rRNA gene promoter sequences

(Guetg et al., 2010, 2012; Santoro et al., 2002; Zhou et al.,

2002). The recruitment of NoRC to the rRNA gene pro-

moter occurs through a long non-coding RNA (lncRNA)-

mediated mechanism. TIP5 associates with an lncRNA

called promoter-associated RNA (pRNA). This lncRNA is

generated by the processing of the intergenic spacer (IGS)

rRNA, which is transcribed by Pol I and originates from

the rRNA spacer promoter (Mayer et al., 2006; Santoro

et al., 2010). The association of TIP5 with pRNA is required

for the interaction with the transcription terminator factor

I (TTF1), which in turn is bound at the rRNA gene promoter

(Mayer et al., 2006; Savi�c et al., 2014).

The rest of the rRNA genes that do not belong to the silent

and CpG-methylated class represent active and inactive

genes. UBF is implicated in the establishment of these two

rRNA gene classes (Hamdane et al., 2014; Herdman et al.,

2017; Sanij et al., 2008). Active genes associate with UBF

and are nucleosome free in the coding region. UBF binds

to the active rRNA genes at the spacer and main promoters,

enhancer repeats, and gene bodies and allows the formation

of the pre-initiation complex (Herdman et al., 2017). In

contrast, inactive genes donot interactwithUBF andbelong

to the nucleosome-packed rRNA gene chromatin as in the

case of silent rRNA genes. Data have also suggested that

the repressive chromatin structure of inactive rRNA genes

can be mediated by the energy-dependent nucleolar

silencing complex and the nucleosome remodeling and de-

acetylase complex in mammalian cells (Murayama et al.,

2008; Xie et al., 2012). The lack of DNAmethylation at inac-

tive genes suggests that their transcriptional state can be

potentially reversed. Accordingly, in the absence of UBF,

active genes switch into inactive genes, a process that is

accompanied by a histone H1-induced assembly of tran-

scriptionally inactive chromatin. Importantly, the re-expres-

sion of UBF was shown to restore the active gene number,

indicating that the switch from the active to the inactive

state is indeed a reversible process (Sanij et al., 2008).

Accumulating evidence in several systems suggests that,

even under conditions of highmetabolic activity, the num-

ber of genes competent for transcription remains the same

(Conconi et al., 1989; French et al., 2003; Muscarella et al.,

1985). Accordingly, changes in DNA methylation state of

rRNA genes (i.e., silent rRNA genes) were reported only in

specific cases, such as the comparison between ESCs and

differentiated cells or between some cancer types and

healthy cells and during aging (reviewed in Bersaglieri

and Santoro, 2019). Thus, it appears that the epigenetic

regulation of silent rRNA genes is not always directly impli-

cated in the control of ribosome biogenesis.
Increasing evidence indicates that the role of nucleolus

and rRNA genes might go beyond the production of ribo-

somes to sustain protein synthesis. This particular aspect

of the nucleolus is starting to emerge in the study of

ESCs. In this review, we will discuss recent results on the

regulation of nucleolar activities in ESCs and highlight

their structural and functional consequences in stem cell

properties that are not necessarily linked to protein

synthesis.

Regulation of the Nucleolus in ESCs

ESCs derive from the pre-implantation epiblast cells and

have the unrestricted potential to develop into all cells of

the adult body (Nichols and Smith, 2009). ESCs are charac-

terized by a state of hypertranscription (i.e., global eleva-

tion in nascent transcription relative tomore differentiated

cells) and an open chromatin conformation (Gaspar-Maia

et al., 2011; Percharde et al., 2017). The majority of chro-

matin in ESCs is homogeneously spread and largely devoid

of compact heterochromatin blocks. In contrast, chro-

matin in differentiated cells appears heterogeneous, with

clustering of highly condensed heterochromatin at the nu-

clear periphery and nucleolus (Efroni et al., 2008; Savi�c

et al., 2014) (Figure 1). Whereas the open chromatin state

of ESCs has been proposed to facilitate transcriptional pro-

grams to switch rapidly upon induction of differentiation

(Meshorer and Misteli, 2006), the role of the hypertran-

scription in ESCs is less clear. Interestingly, however, recent

data pointed to a dynamic positive feedback loop between

chromatin and translation by showing that acute inhibi-

tion of translation rapidly depletes euchromatic marks in

mouse ESCs (mESCs) and blastocysts (Bulut-Karslioglu

et al., 2018).

The hypertranscription and active chromatin state of the

ESC genome are mirrored in the nucleolus of ESCs due to

the lack of heterochromatic and silent rRNA genes and

the higher rRNA transcription levels relative to differenti-

ated cells (Savi�c et al., 2014; Schlesinger et al., 2009) (Fig-

ure 1). DNA hypomethylation of rRNA genes and their

lack of silencing was reported in both ground-state plurip-

otent and developmentally primed mESCs (Dalcher et al.,

2019; Savi�c et al., 2014; Schlesinger et al., 2009). These

ESC types are known to have distinct epigenetic signatures,

such as a low DNA methylation content in ground-state

pluripotent cells and high CpG methylation in primed

mESCs (Ficz et al., 2013; Habibi et al., 2013; Leitch et al.,

2013; Marks et al., 2012). Thus the lack of rRNA gene

silencing seems to be a general feature of pluripotency, at

least in mESCs.

It was shown that in mESCs, de novo establishment of

heterochromatin at a fraction of rRNA genes (ca. 30%–

40%) occurs only upon exit from pluripotency, with the

acquisition of CpG methylation and an increase in
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Figure 1. Chromatin States of rRNA Genes in ESCs and Differentiated Cells
The hyperactive state of the nucleolus in ESCs is characterized by the lack of silent rRNA genes and elevated ribosome biogenesis. In
contrast, upon exit from pluripotency, a fraction of rRNA genes acquire epigenetic silencing, ribosome biogenesis is reduced, and clusters
of heterochromatin blocks surround the nucleolus and the nuclear periphery. The red arrows indicate the link between the nucleolar
chromatin state and the rest of the genome. Representative electron microscopy images show the distinct chromatin organization between
an mESC and a neural progenitor cell (NPC) 8 days after differentiation. Generally, ESCs display a single, large nucleolus (Nu), whereas
differentiated cells have more nucleoli of smaller size compared with ESCs. The contrast procedure reveals in dark large and condensed
heterochromatic structures (Het) particularly evident close to the nucleolus of the NPC.
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repressive histone marks such as H3K9me2 and H3K9me3

(Savi�c et al., 2014). This process is concomitant with the

downregulation of rRNA transcription upon differentia-

tion of mESCs and human ESCs (hESCs), indicating that

the reduction in nucleolar transcription is an early event

once cells exit pluripotency (Savi�c et al., 2014; Watanabe-

Susaki et al., 2014; Woolnough et al., 2016). The elevated

rRNA transcriptional activity in ESCs is also evidenced by

the structure of the nucleolus, since ESCs generally contain

one large nucleolus, whereas differentiated cells have more

nucleoli with reduced size (Meshorer and Misteli, 2006)

(Figure 1). Studies in mESCs showed that the lack of rRNA

gene silencing is due to the impairment of NoRC recruit-

ment to rRNA genes (Savi�c et al., 2014). The abrogation

of TIP5 binding to rRNA genes in ESCs was caused by the

impairment of IGS-rRNA processing into mature pRNA, a

reaction that is critical for TIP5 recruitment. In differenti-

ated cells, the RNA helicase DHX9 efficiently processes

IGS-rRNA into the mature pRNA, which promotes TIP5

interaction with TTF1, leading to the formation of rRNA

gene silencing (Leone et al., 2017). In contrast, IGS-rRNA

processing is inhibited in ESCs and abrogates TIP5 interac-

tion with TTF1, thereby impairing the establishment of

silent rRNA genes (Figure 2). Importantly, targeting of het-
1208 Stem Cell Reports j Vol. 15 j 1206–1219 j December 8, 2020
erochromatin in the nucleolus of mESCs was shown to

affect pluripotency (Savi�c et al., 2014). On the other

hand, the impairment of heterochromatin formation at

rRNA genes during ESC differentiation abolished the exit

from pluripotency (Leone et al., 2017). Therefore, these re-

sults suggest that the balance between euchromatin and

heterochromatin at rRNA genes has a role in cell fate

specification.

Data indicated that rRNA gene hypertranscription sup-

ports self-renewal. For example, stable expression of fibril-

larin, which has an important role in pre-rRNA processing,

prolongs the pluripotency of (m)ESCs cultured in the

absence of leukemia inhibitory factor. On the other hand,

fibrillarin knockdown or treatment with the Pol I inhibitor

actinomycin D promotes stem cell differentiation (Wata-

nabe-Susaki et al., 2014). Similarly, the reduction of rRNA

synthesis in (h)ESCs by the Pol I inhibitor CX-5461 induces

the expression of markers for all three germ layers, reduces

the expression of pluripotency markers, and displaces UBF

from rRNA genes (Woolnough et al., 2016). Another

example linking rRNA hypertranscription and elevated

ribosome biogenesis activities is provided by Nucleophos-

min (NPM1), a regulator of rRNA gene transcription and

ribosome processing. Indeed, NPM1 downregulation was
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Figure 2. Mechanisms Contributing to the Establishment of the Hyperactive State of the Nucleolus in ESCs
Hypertranscription of rRNA genes was shown to be favored by the binding of CHD1 (chromodomain helicase DNA-binding protein 1)
(Guzman-Ayala et al., 2015) and LINE1-nucleolin RNA complex (Percharde et al., 2018) with rRNA genes. On the other hand, mechanisms
for rRNA gene repression are impaired. The recruitment of TIP5 (TTF1-interacting protein 5) to rRNA genes is abrogated by the impairment
of IGS-rRNA processing and consequent lack of formation of mature pRNA (promoter-associated RNA). The association of TIP5 with IGS-
rRNA impairs TIP5 recruitment to rRNA genes and their epigenetic silencing (Leone et al., 2017; Savi�c et al., 2014). DDX18 (DEAD-box
helicase 18) was shown to sequester PRC2 (polycomb repressive complex 2) in the outer layer of the nucleolus and impairs its formation
(Zhang et al., 2020). This mechanism prevents the deposition of the repressive H3K27me3 mark onto rRNA genes. Hyperactivation of rRNA
genes promotes ribosome biogenesis. However, ESCs require a low global protein synthesis rate. The enhanced ribosome biogenesis in ESCs
might result in a surplus of free ribosomes, which can be used to allow rapid elevation of translation rate in response to differentiation
signals (Golob et al., 2008; Sampath et al., 2008).
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shown to induce the expression of genes involved inmeso-

derm and ectoderm differentiation pathways (Johansson

and Simonsson, 2010; Murano et al., 2008) (Figure 2). A

role of NPM1 in pluripotency is also supported by its inter-

action with Mki67ip, a nucleolar phosphoprotein that is

required for mESC maintenance (Abujarour et al., 2010).

However, the mechanism of this process remains unclear.

A role for the establishment of rRNA hypertranscription

in ESCs has also been proposed for chromodomain helicase

DNA-binding protein 1, a key mediator of the open chro-

matin state in ESCs and required for transcriptional output

and development of themouse epiblast (Gaspar-Maia et al.,

2009). Chd1 inactivation in both epiblast cells and mESCs

was shown to cause downregulation of rRNA gene tran-

scription and alterations in nucleoli structure, so that

they become smaller and more elongated (Guzman-Ayala

et al., 2015) (Figure 2). rRNA hypertranscription state in

ESCs has also been recently linked to the retrotransposon

long interspersed element 1 (LINE1), which constitutes
19% and 17% of the genome inmouse and human, respec-

tively, and is highly expressed during early development

(Bodak et al., 2014; Fadloun et al., 2013). In mESCs,

LINE1 transcript was shown to act as a nuclear RNA scaffold

for the interactionwith nucleolin, a regulator of rRNA tran-

scription and processing, and the co-repressor tripartite

motif-containing protein 28 (TRIM28/Kap1) (Rowe et al.,

2010). The assembly of this RNA-protein complex was

shown to play an important role in repressing a transcrip-

tional program specific to the two-cell stage and promoting

rRNA synthesis and self-renewal in ESCs (Percharde et al.,

2018) (Figure 2). All these results indicated that the hyper-

transcription state of rRNA genes in ESCs supports the

maintenance of the pluripotency state.

Several studies have also suggested that ESCs require

rRNA hypertranscription to sustain elevated protein syn-

thesis due to their high proliferative state. The RNA bind-

ing protein HTATSF1 was shown to control differentiation

of bothmESCs and hESCs by regulatingmultiple aspects of
Stem Cell Reports j Vol. 15 j 1206–1219 j December 8, 2020 1209
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ribosome biogenesis, including rRNA transcription and

processing and splicing of ribosomal protein transcripts,

thereby controlling the 60S ribosomal abundance and pro-

moting protein synthesis (Corsini et al., 2018). Further-

more, it was reported that HTATSF1 and protein synthesis

levels decreased upon ESC differentiation, whereas

HTATSF1 overexpression prevented differentiation. These

observations led to the proposal that reduced rates of

rRNA transcription and processingmight cause a reduction

in protein synthesis to facilitate the transition toward the

post-implantation epiblast stage of mammalian develop-

ment. Along the same line, recent results highlighted a

role for the DEAD-box RNA helicase 18 (DDX18) in safe-

guarding the chromatin and transcriptional integrity of

rRNA genes by counteracting the epigenetic silencing ma-

chinery to promote pluripotency (Zhang et al., 2020) (Fig-

ure 2). Specifically, it was shown that in mESCs DDX18

binds and sequesters polycomb repressive complex 2

(PRC2) in the outer layer of the nucleolus. This action pre-

vents the deposition of the repressive H3K27me3 mark

onto rRNA genes, thereby promoting hyperactive rRNA

transcription, ribosome biogenesis, and global protein syn-

thesis. However, the link between rRNAhypertranscription

and protein synthesis in ESCs appears more complex than

predicted (Tahmasebi et al., 2018). Several studies indicated

that ESCs require a low global protein synthesis rate to

maintain their overall homeostasis (Li and Wang, 2020).

Accordingly, it was demonstrated that the global transla-

tion in ESCs is lower than in early differentiated cells (Ingo-

lia et al., 2011; Sampath et al., 2008). Similar results were

also observed in adult stem cells such as hair follicle stem

cells, hematopoietic stem cells, and muscle stem cells

(Blanco et al., 2016; Signer et al., 2014; Zismanov et al.,

2016). Furthermore, upregulation in translation through

inactivation of pseudouridine synthetase PUS7 in hESCs

was shown to cause ESC differentiation defects (Guzzi

et al., 2018). Thus, it appears that the enhanced ribosome

biogenesis does not mirror an increase in protein synthesis

in ESCs compared with differentiated cells. Instead, this

might result in a surplus of free ribosomes, which can be

used to allow rapid elevation of translational rate in

response to differentiation (Golob et al., 2008; Sampath

et al., 2008) (Figure 2). These results suggest that the trans-

lational control is a key modulator of stem cell mainte-

nance and differentiation. Furthermore, they indicated

that rRNA hypertranscription and high ribosome biogen-

esis in ESCs do not necessarily drive an increase in protein

synthesis.

All the results described so far indicated that rRNA hyper-

transcription and the active chromatin state of rRNA genes

are features of ESCs and required tomaintain pluripotency.

However, the hyperactive state of rRNA genes in ESCs does

not correlate with protein synthesis levels, suggesting a role
1210 Stem Cell Reports j Vol. 15 j 1206–1219 j December 8, 2020
that goes beyond ribosome biogenesis and protein synthe-

sis in ESCs. In recent years, increasing evidence has started

to highlight additional roles of the nucleolus in several bio-

logical processes, including genome stability, regulation of

cell cycle in response to stress, and nuclear architecture

(Bersaglieri and Santoro, 2019; Boisvert et al., 2007). In

the next section, we will discuss recent evidence pointing

to the role of the nucleolus in the context of genome archi-

tecture and its role in ESCs.

Nucleolus and Genome Organization of ESCs

The recent advancements in chromatin conformation cap-

ture and high-resolution microscopy have started to un-

ravel important details of the genome architecture in

many cell types, including ESCs. Chromosomes are folded

into hierarchical domains at different genomic scales,

which likely enable the organization of the genome into

functional compartments (Kempfer and Pombo, 2019).

These structures comprise multiple levels of spatial fea-

tures, including the distinct occupancy of chromosomes

within the nucleus, called chromosome territories, active

and repressive chromosomal compartments, topologically

associating domains, and chromatin loops. An important

observation initially emerging from Hi-C studies is that,

at the megabase scale, chromosomes are largely segregated

into two compartments, called A and B (Lieberman-Aiden

et al., 2009). Compartment A is highly enriched in open

and active chromatin, whereas compartment B is enriched

in closed and repressed chromatin. This genome compart-

mentalization can change between cell types. For example,

mESCs undergo a global reorganization in chromatin inter-

actions during differentiation (Bonev et al., 2017). In

particular, the interaction strength between A-type do-

mains decreased in differentiated cells compared with

mESCs, whereas contacts within the B compartment

became stronger. These results are consistent with previous

studies showing that the chromatin in ESCs is in a more

plastic and open state than in differentiated cells (Meshorer

et al., 2006).

Subnuclear compartments, including the nucleolus,

have also emerged as important regulators of large-scale or-

ganization of chromosomes and function during inter-

phase. Studies have started to suggest that the location of

defined genes in specific subnuclear compartments might

allow the concentration of factors (e.g., repressor or activa-

tors) and thereby facilitate functions that rely on proteins

found in limiting concentrations (Gonzalez-Sandoval and

Gasser, 2016).

In mammalian cells, genomic regions in close contact

with the nuclear lamina at the nuclear periphery are

termed lamina-associated domains (LADs) (van Steensel

and Belmont, 2017). LADs mainly display features typical

of heterochromatin since they mainly contain genes in a



Table 1. Features of NADs

Material Organism Method Genome Coverage Representative Sequences in NAD

HeLa, IMR901 Homo sapiens biochemical purification 4% ZNF, olfactory receptor, defensin,

immunoglobulin, 5S RNA, tRNA genes,

alpha-,beta-, (GAATG)n/(CATTC)n satellite repeats

HT1802 H. sapiens biochemical purification NA ZNF, olfactory receptors, immunoglobulin,

5S RNA, satellite repeats, LADs

Arabidopsis

thaliana3
Plant biochemical purification and FANoS 4.2% subtelomeric regions; short arm of

chromosome 4; transposable elements

Mariner, Pogo, and Tc1; pseudo-LINE

elements; tRNA; and pseudogenes.

IMR904 H. sapiens biochemical purification 38% satellite repeats, LTR elements, ZNF, 5S RNA,

defensin, olfactory receptor genes, LADs

MEFs5 Mus musculus biochemical purification 30%

XL: 41%

NA

ESCs6 M. musculus biochemical purification 7.5% LINE1-enriched genes

ESCs7 M. musculus biochemical purification XL: 31% NA

ESCs8 M. musculus genomic contacts with rRNA transcripts

(SPRITE)

NA centromere-proximal regions, DNA in linear

proximity to rRNA genes, inactive chromatin

K562 and LCL9 H. sapiens recovery of reads containing rRNA gene

contacts from Hi-C

NA repressed and late-replicating chromatin,

CTCF binding sites, ribosomal- and

mitochondrial-related genes

Methodologies, genome coverage relative to the annotated genome, and representative sequences identified as NADs are listed. Numbers refer to the NAD

published works: 1Nemeth et al., 2010, 2van Koningsbruggen et al., 2010, 3Pontvianne et al., 2016, 4Dillinger et al., 2017, 5Vertii et al., 2019, 6Lu et al.,

2020, 7Bizhanova et al., 2020, 8Quinodoz et al., 2018, 9Yu and Lemos, 2018. FANoS, fluorescence-activated nucleolar sorting; ZNF, zinc-finger proteins; XL,

nucleoli purified from cross-linked cells.
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transcriptionally silent state or with low expression levels.

Furthermore, LADs have a low overall gene density, corre-

spond to late-replicating DNA, and are typically enriched

for repressive histone marks (Guelen et al., 2008; Peric-

Hupkes et al., 2010; Pope et al., 2014). Changes in LAD

composition have also been observed during mESC differ-

entiation (Peric-Hupkes et al., 2010). This reorganization

of genomic interactions with the nuclear lamina was

shown to affect many genes implicated in cellular identity,

suggesting an important role in the control of gene expres-

sion programs during lineage commitment and terminal

differentiation.

In recent years, the nucleolus has also started to emerge

as a subnuclear compartment with an important role in

the organization of genome architecture. Genomic regions

positioned in close proximity to the nucleolus are known

as nucleolar-associated domains (NADs) (Figure 3). Consid-

ering that the size and the number of nucleoli change ac-

cording to cell state and developmental stage, it is expected

that NAD composition might also change. Although the

nucleolus is the subnuclear compartment with the highest

transcriptional activity in the cell, increasing evidence in-

dicates that it also attracts repressive chromatin regions
(Bersaglieri and Santoro, 2019; Guetg and Santoro, 2012;

Padeken and Heun, 2014). For example, centromeres and

telomeres often associate with nucleoli in many cell types

(Carvalho et al., 2001; Weierich et al., 2003; Zhang et al.,

2004). Similarly, the repressed Kcnq1-imprinted domain

on the paternal allele is frequently localized to the nucle-

olar periphery in mouse trophoblast stem cells and

placenta tissue (Pandey et al., 2008). However, its spatial

proximity to the nucleolus was shown not to be sufficient

to preclude transcriptional reactivation (Fedoriw et al.,

2012a). Another example of repressive domains localizing

close to the nucleolus is the inactive X chromosome (Xi)

of female cells. During X-chromosome inactivation (XCI),

Xi forms a compact heterochromatic structure that is

frequently localized close to the perinucleolar region dur-

ing the S phase (Zhang et al., 2007). However, how Xi is

tethered to nucleoli remains to be elucidated. A role in

this process has been proposed for the lncRNA Firre, which

is one of the genes found to escape XCI in humans and

mice (Hacisuleyman et al., 2014). The Firre locus on the

Xi was found to be located adjacent to the nucleolus.

Importantly, knockdown of Firre in mouse fibroblasts dis-

rupted its perinucleolar location and led to a decrease in
Stem Cell Reports j Vol. 15 j 1206–1219 j December 8, 2020 1211
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H3K27me3 on the X chromosome, suggesting a role in the

maintenance of this repressive chromatin feature of Xi

(Yang et al., 2015). However, similar to the Kcnq1-im-

printed domain, Firre knockdown was not sufficient to re-

activate X-linked genes, suggesting that perinucleolar

localization is not sufficient to establish transcriptional

silencing. Thus, at least in these particular cases, the loca-

tion of genes close to the nucleolar compartment does

not lead to transcriptional silencing. A similar observation

has also been reported for LADs, since targeting of a gene at

the nuclear periphery does not necessarily lead to transcrip-

tional inactivation (Finlan et al., 2008; Kumaran and Spec-

tor, 2008; Wang et al., 2018). However, examples also exist

where targeting of genetic loci to the nuclear periphery can

induce transcriptional silencing. MiCEE is a multicompo-

nent ribonucleoprotein complex composed of the micro-

RNA mir-let-7d and factors of the exosome and PRC2. It

was shown that in several human cell lines MiCEE tethers

loci of bidirectionally active genes to the perinucleolar re-

gion, leading to transcriptional silencing (Singh et al.,

2018). Another example can be found in mESCs, where

LINE1 RNA was suggested to tether LINE1 DNA loci close

to the nucleolus and be required for the transcriptional

silencing of genes containing LINE1 (Lu et al., 2020).
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Another example showing a functional relationship be-

tween nucleolar localization and gene expression was the

integration of a 5S rDNA gene into a new genomic location

that could significantly influence the association of the

host region with the nucleolus and cause transcriptional

inhibition of neighboring genes transcribed by RNA poly-

merase II (Fedoriw et al., 2012b).

All the results described above suggest that the interac-

tion of chromosomes with the nuclear periphery and

nucleolus should contribute to a basal chromosome archi-

tecture and genome function. However, while the role of

the nuclear periphery in the genome organization has

been well documented, the function of the nucleolus re-

mains yet underinvestigated. A major obstacle in studying

NADs is that the nucleolus is a membrane-less compart-

ment, thereby challenging the establishment of technolo-

gies for the identification of NADs as has been done for

LADs (Feric et al., 2016). Attempts in the identification of

NADs at the genome-wide level were mainly based on the

biochemical purification of nucleoli, a method that relies

on sonication of nuclei, adjusting the power so that

nucleoli remain intact while the rest of the nuclei is frag-

mented (Muramatsu et al., 1963). To date, using this

method, NADs have been characterized in mESCs
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(Bizhanova et al., 2020; Lu et al., 2020), mouse embryonic

fibroblasts (MEFs) (Vertii et al., 2019), a few human somatic

cell lines (Dillinger et al., 2017; Nemeth et al., 2010; van

Koningsbruggen et al., 2010), and the plant Arabidopsis

thaliana (Pontvianne et al., 2016) (Table 1). Although this

is the only method that until now can be used for the map-

ping of NADs at the genome-wide level, some limitations

should be taken into consideration. First, the biochemical

purification of nucleoli can vary between cell types, mak-

ing a direct comparison between NADs from different cells

problematic. Furthermore, the identification of NADs

upon sequencing of purified nucleoli can be biased toward

the selection of repressive chromatin domains, since het-

erochromatin is generally more resistant to sonication

than euchromatin (Becker et al., 2017). The difficulty in a

precise mapping of NADs from biochemically purified

nucleoli is also evident from two recent analyses of NADs

in mESCs that showed several discrepancies, including a

substantial difference in NAD genome coverage (7.5% in

Lu et al., 2020, and 31% in Bizhanova et al., 2020). This

discrepancy could also be due to the different methods

applied for the purification of nucleoli of mESCs. Indeed,

while in one work nucleoli were purified from cross-linked

mESCs (Bizhanova et al., 2020), in other study this step was

omitted (Lu et al., 2020). The two initial independent par-

allel studies that mapped NADs from biochemically puri-

fied nucleoli of HeLa, IMR90, andHT1080 human cell lines

revealed that NADs contain repressive histone modifica-

tions and are enriched in olfactory receptor genes, zinc-

finger genes, immunoglobulin gene families, and 5S RNA

genes (Nemeth et al., 2010; van Koningsbruggen et al.,

2010). Furthermore, centromeric and pericentromeric sat-

ellites and subtelomeric regions were also identified as

NADs, confirming previous microscopy studies. However,

the conclusions of these two studies were not always over-

lapping. While one work highlighted that NADs were en-

riched in tRNA genes and differed markedly from LADs

(Nemeth et al., 2010), the other showed that NADs have

a high density of AT-rich sequence elements and low

gene density, and there was a clear overlap between NADs

and LADs (van Koningsbruggen et al., 2010). A positive cor-

relation betweenNADs and LADs has also been reported by

imaging analyses. Tracing of LADs in the human fibrosar-

coma cell line HT1080 during the cell cycle revealed that

LADs from themother cell after completion of cell division

can be positioned to the nucleoli of the daughter cells (Kind

et al., 2013). Similarly, NADs can relocate from nucleoli in

close proximity to the nuclear envelope after mitosis (van

Koningsbruggen et al., 2010) (Figure 3). Interestingly,

both LADs and NADs contain significantly higher levels

of LINE1 and they are depleted of short interspersed nu-

clear elements, which are instead enriched in euchromatic

regions (i.e., compartment A) (Lu et al., 2020). Recent
studies using the biochemical purification of nucleoli to

map NADs revealed that the genome coverage of NADs in

mESCs (31% in Bizhanova et al., 2020 or 7.5% in Lu

et al., 2020) is lower than in MEFs (41%) (Vertii et al.,

2019), a result that might reflect the low heterochromatic

content of the ESC genome compared with differentiated

cells (Gaspar-Maia et al., 2011).

Genomic analyses revealed that NADs can be divided

into two main categories: one can associate with the nu-

clear periphery or nucleolus (type I NAD), the other can

interact exclusively with nucleoli (type II NAD) (Bizhanova

et al., 2020; Vertii et al., 2019). Type I NADs in MEFs were

shown to generally display characteristics of constitutive

heterochromatin, including late DNA replication and low

gene expression levels as found in LADs (Vertii et al.,

2019). Furthermore, type I NADs were enriched in the het-

erochromatic mark H3K9me3, a result that is consistent

with a previous report (Dillinger et al., 2017). In contrast,

type II NADs in MEFs were found to share many features

with facultative heterochromatin (Vertii et al., 2019).

Indeed, this class of NAD displays greater gene expression,

is enriched in H3K27me3, and contains genes implicated

in differentiation and development processes. Interest-

ingly, it was also reported that type II NADs were less abun-

dant in mESCs than in MEFs (Bizhanova et al., 2020), sug-

gesting a distinct genome organization around the

nucleolus between ESC and differentiated cells.

The recent development of ligation-capture Hi-C

sequencing technology has provided alternative method

for the identification of NADs. Specifically, these technolo-

gies allowed the identification of genomic contacts with

the rRNA genes or rRNA transcripts (Figure 3). However,

this class of genomic region has to be considered as a sub-

class of NADs, since not all genomic domains associating

with the nucleolus must necessarily interact with the

rRNA genes and their corresponding transcripts. A new

technique, known as split-pool recognition of interactions

by tag extension (SPRITE), identified genomic contacts in

close proximity to the nucleolus by taking into account

the interaction with rRNA transcripts (Quinodoz et al.,

2018). Genomic sequences in contact with rRNA inmESCs

are frequently found close to nucleoli and linearly close to

the centromeres, a result that is consistent with previous

observations showing that centromeres often co-localize

on the periphery of the nucleolus. These results also pro-

vided further evidence that genomic DNA regions that

are closer to the nucleolus tend to correspond to inactive

chromatin. Furthermore, this method identified a class of

interchromosomal DNA contacts between chromosomes

containing rRNA genes, mirroring the coalescence of

rRNA genes from different chromosomes in the same

nucleolus (Figure 3). In contrast, however, LAD interac-

tions generally occur between regions that are linearly close
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to each other rather than between chromosomes, high-

lighting a distinct 3D organization of NADs and LADs.

Recently, the recovery of reads containing rRNA gene con-

tacts from a published Hi-C dataset from human lympho-

blastoid (LCL) and erythroleukemia (K562) cells revealed

enrichment in genomic regions belonging to the chromo-

somal compartment B with features of repressed and late-

replicating chromatin as well as CTCF binding sites (Yu

and Lemos, 2018). Circularized chromosome conforma-

tion capture sequencing (4C-seq) has also been used to

identify genomic contacts with defined rRNA gene se-

quences. A 4C-seq analysis in HEK293T cells revealed that

IGS-rRNA sequences often form contacts with specific re-

gions of different chromosomes, including the pericentro-

meric regions as well as regions that are characterized by

H3K27ac and H3K4me3 marks and CTCF binding sites

(Tchurikov et al., 2015). A recent work employed 4C-seq

to identify genomic contacts with rRNA genes using an

Em-Myc mouse model of spontaneous MYC-driven B cell

lymphoma (Diesch et al., 2019). The analysis of the nucle-

olus in cancer is of particular interest since the increased

number and/or size of nucleoli has historically been used

by pathologists as a prognostic indicator of cancerous le-

sions (Weeks et al., 2019). The results revealed that during

the progression from premalignancy to malignancy, UBF

associates with a fraction of inactive genes and remodels

their chromatin into an active state (Diesch et al., 2019).

This process co-occurs with the establishment of contacts

between rRNA genes and defined genomic loci and corre-

lates with changes in the expression of genes that belong

to pathways involved in B cell differentiation. Remarkably,

the establishment of some contacts between rRNA genes

and genomic domains during malignant progression de-

pended on the formation of active rRNA genes but not

on rRNA transcription, suggesting a role of the chromatin

structure of rRNA genes in shaping genome organization.

Consistent with these results, targeting of heterochromatin

at rRNA genes in mESCs was found to induce the remodel-

ing of the open and euchromatic genome into a condensed

heterochromatic form (Savi�c et al., 2014). These changes

included a global increase in the repressive histone mark

H3K9me2 and the appearance of highly condensed hetero-

chromatic blocks outside the nucleolus, a structure resem-

bling the genome organization found in differentiated cells

(Figure 1). The link between the rRNA gene chromatin state

and the genome architecture was also found in MEF

NIH3T3 cells, which display a large fraction (ca. 50%) of si-

lent rRNA genes (Santoro and Grummt, 2001). The knock-

down of TIP5 induced not only a decrease in the number of

silent rRNA genes but also the reduction of silent histone

marks at pericentric heterochromatin, which is often

located close to the nucleolus (Guetg et al., 2010; Postep-

ska-Igielska et al., 2013). These results suggest that the
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nucleolus not only is the compartment where repressive

chromatin tends to be located, but also is implicated in

the establishment of repressive chromatin states, an action

that is luckily mediated by the chromatin state of rRNA

genes.

The results using different technologies for the measure-

ment of genomic regions localizing within the nucleolus or

interacting with rRNA genes or rRNA transcripts agree in

describing the nucleolus as a compartment where repres-

sive domains are located. However, precise identification

of all NADs for each cell state is still a technical limitation

to fully understanding how the nucleolus regulates

genome architecture and function. Furthermore, it is not

yet clear how these genomic regions are tethered to the

nucleolus and whether tethering to the nucleolus is the

cause or a consequence of repressive chromatin states.

Recent studies implicated p150, a subunit of chromatin as-

sembly factor 1 (CAF-1), and the proliferation antigen Ki-

67 in nucleolar targeting. Ki-67 depletion decreased the

nucleolar association of a LacO array proximal to the

rRNA repeats on chromosome 13 (Booth et al., 2014) and

a-satellite DNA from chromosome 17 in HeLa cells (Math-

eson and Kaufman, 2017). Similarly, the p150 subunit of

CAF-1 was shown to regulate the association of the 10q-

telomere, 5S rDNA array, and a satellites with the nucleolus

(Smith et al., 2014). The recent implication of phase sepa-

ration in the formation of nucleoli (Feric et al., 2016) and

heterochromatin (Larson et al., 2017; Strom et al., 2017)

might also represent an attractive model to explain the as-

sembly of repressive domains at the nucleolus. An impor-

tant example is provided by studies in Drosophila showing

that deletion of NPM1, which forms liquid-like droplets in

the presence of RNA (Mitrea et al., 2016), is required for

centromere clustering and anchoring to the nucleolus (Pa-

deken and Heun, 2014). Recently, treatment of MEFs with

1,6-hexanediol, which is thought to perturb phase separa-

tion by abrogating liquid-like condensates through the

disruption of weak hydrophobic interactions, was shown

to reduce the nucleolar associations of two different type

II NADs (Vertii et al., 2019). However, further studies are

required to dissect how phase separation might contribute

to targeting of genomic domains to the nucleolus and how

these interactions are modulated during development and

in disease.

Conclusions

The nucleolus is now recognized to serve essential func-

tions in several processes in addition to ribosome synthesis.

In this review, we summarized recent results showing how

the regulation of nucleolar activities can influence cell fate

determination. We provided examples of nucleolar regula-

tion in ESCs, where the hyperactive state of the nucleolus

was shown to be required for the maintenance of
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pluripotency. The fact that ESCs require low translation

rates suggests that nucleolar hyperactivation is probably

not required for an immediate supply of ribosomes for pro-

tein synthesis and, consequently, might serve other func-

tions. One such important, "non-conventional" function

of the nucleolus that has emerged in recent years is its

connection with the regulation of genome architecture.

Since the size of nucleoli increases in proportion to the

amount of synthesized rRNA (Hernandez-Verdun et al.,

2010), it can be assumed that the enlarged nucleolus of

ESCs should reduce the nuclear volume occupied by the

chromosomes and probably affect some features of the

genome organization. Furthermore, the typical clustering

of heterochromatin blocks at nucleoli observed in the large

majority of differentiated cells is absent in ESCs. The

impact of the chromatin state of rRNA genes, the genetic

component of the nucleolus, on the rest of the genome

and its role in the maintenance of pluripotency suggest

an active role of the nucleolus in the regulation of chro-

matin states at a genome-wide level. The recent develop-

ment of sophisticated methods for the analysis of genome

organization has contributed to providing first insights

into the identification of genomic regions surrounding

the nucleolus. However, the full understanding of this layer

of genome compartmentalization is still in its infancy due

to the technical difficulties arising from the lack of a mem-

brane that separates the nucleolus from the rest of the nu-

cleus. Although there is a certain agreement that some

repressive domains can switch in their localization be-

tween the nuclear periphery and the nucleolus, it remains

uncertain whether only repressive chromatin domains

associate with the nucleolus. Furthermore, we still ignore

howNADs are tethered to the nucleolus and whether prox-

imity to the nucleolus affects chromatin state and gene

expression. Finally, the establishment of novel methodolo-

gies that preserve and catch most of the genomic contacts

with the nucleolus and their adaptation for the analysis of

genome-nucleolus interactions in single cells, as done in

the case of LADs (Kind et al., 2013), would be essential to

understand nucleolar dynamics during development and

disease. This will provide novel insights into basic princi-

ples of genome organization and its role in gene expression

and cellular function that yet remain elusive.
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