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This work reviews nuclear compartments, defined broadly to include distinct nuclear
structures, bodies, and chromosome domains. It first summarizes original cytological obser-
vations before comparing concepts of nuclear compartments emerging from microscopy
versus genomic approaches and then introducing new multiplexed imaging approaches
that promise in the future to meld both approaches. I discuss how previous models of
radial distribution of chromosomes or the binary division of the genome into A and B com-
partments are now being refined by the recognition of more complex nuclear compartmen-
talization. The poorly understood question of how these nuclear compartments are estab-
lished and maintained is then discussed, including through the modern perspective of phase
separation, before moving on to address possible functions of nuclear compartments, using
the possible role of nuclear speckles in modulating gene expression as an example. Finally,
the review concludes with a discussion of future questions for this field.

The Oxford Language definition of compart-
ment is “a separate section of a structure in

which certain items can be kept separate from
others.” In addition to their diffuse localization
throughout the nucleoplasm,many proteins and
RNAs concentrate within distinct nuclear bod-
ies, or within less distinct, but still spatially con-
centrated, condensates. The cumulative volume
of all these nuclear bodies and condensates, still
unknown, likely occupies a significant fraction
of the total interchromosomal nuclear space,
suggesting that a large portion of the genome
lies within small distances frommultiple nuclear
compartments with distinct functional proper-
ties. Meanwhile, different types of chromatin

domains position differentially but specifically
near these different nuclear nonchromosomal
compartments, while also compacting to form
discrete chromosome structures that may them-
selves function as a distinct kind of nuclear
compartment. A classic example would be the
inactive mammalian X chromosome, which is
positioned preferentially adjacent to either the
nuclear or nucleolar periphery while also com-
pacting into a condensed “Barr body” (Barr and
Bertram 1951; Barr and Carr 1962; Belmont
et al. 1986; Zhang et al. 2007; Rego et al. 2008).
Recently, the Barr body has been proposed to
function as a phase-separated condensate that
would exclude specific proteins and macro-
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molecular complexes based on additional mo-
lecular properties beyond simply size (Cerase
et al. 2019; Pandya-Jones et al. 2020).

Here, I first survey over 100 years of cytolo-
gy, describing this multitude of nuclear bodies
and structures. I then discuss previous imaging
approaches to studying chromosome nuclear
compartmentalization and compare this with
modern genomic methods for describing the
same. Briefly, I review recent new imaging ap-
proaches that promise to meld genomic and im-
aging approaches. This is followed by bringing
in themodern perspective of phase separation to
the discussion of nuclear compartmentalization.
I then address the currently poorly understood
question of how these nuclear compartments are
established and maintained, before discussing
how to approach the functions of nuclear com-
partments, using recent experiments examining
the possible contribution of nuclear speckles to
gene regulation as an example. Finally, I com-
ment on challenges in addressing the role of
nuclear compartments in nuclear genome orga-
nization and function before concluding with a
discussion of outstanding questions in the field.

AN INCOMPLETE SURVEY OF NUCLEAR
BODIES AND NUCLEAR COMPARTMENTS

The Usual Suspects

One definition of nuclear bodies describes them
as “nonmembrane-bound structures that can be
visualized as independent domains by transmis-
sion electronmicroscopywithout antibody label-
ing” (Spector2006).Butdecadesbefore the inven-
tion of transmission electronmicroscopy (TEM),
four major nuclear bodies/compartments—the
nuclear periphery/lamina, nucleoli, nuclear
speckles, and Cajal bodies—were either inferred
from (nuclear envelope and lamina) or specifi-
cally stained and visualized by light microscopy
(nucleoli, nuclear speckles, andCajal bodies) (La-
farga et al. 2009).

Nucleolus

The nucleolus is the largest nuclear body and the
“factory” for ribosome transcription, represent-

ing ∼60% of total transcription within the nu-
cleus, and assembly (Schöfer andWeipoltsham-
mer 2018). In tumors, larger nucleoli correlate
with higher tumor growth and ribosomal RNA
(rRNA) synthesis rates (Derenzini et al. 2000).
Numbers and intranuclear positioning of nucle-
oli vary from a centrally located, single nucleolus
to multiple nucleoli located at noncentral loca-
tions in different cell types. Although appearing
interiorly located in many typical light micros-
copy images (Fig. 1A), nucleoli typically are at-
tached either directly to the nuclear lamina or
indirectly through association with peripheral
heterochromatin; frequently, these attachments
are associated with invaginations of the nuclear
envelope (Bourgeois et al. 1979; Bourgeois and
Hubert 1988). TEM revealed the nucleolus’s
characteristic structure (Fig. 1E,F): a large gran-
ular component (GC) within which are embed-
ded dense fibrillar components (DFCs) sur-
rounding fibrillar centers (FCs) (Bernhard
et al. 1952; Yasuzumi et al. 1958; Smetana and
Busch 1964). With cell stress, FC/DFCs locate
more toward the nucleolar exterior (Frottin et al.
2019; Latonen 2019). A consensus has emerged
that transcription occurs at the interface be-
tween the DFC and FC, and possibly also within
the DFCs, with initial rRNA processing occur-
ring in the DFC followed by posttranscriptional
processing in the GC (Raška et al. 2006; Boisvert
et al. 2007; Schöfer andWeipoltshammer 2018).
In many cell types, condensed chromatin coats
some of the nucleolar periphery.

On reformation of the nucleus inG1 phase of
the cell cycle, many components of the GC colo-
calize within a number of “prenucleolar bodies”
(PNBs) (Hernandez-Verdun 2011), which some-
times localize nearer to the nuclear periphery,
and also show chromatin juxtaposed to the
PNB periphery (Ochs et al. 1985; Zatsepina
et al. 1997). Originally, PBNs were conceptual-
ized as being precursors to nucleolar assembly,
with PNBs imagined as migrating and fusing
with chromosome nucleolar organizing regions
(NORs) early in G1 phase to form the nucleolus.
The advent of live-cell imaging using green fluo-
rescent protein (GFP) instead revealed GC com-
ponents diffusing at different rates out of PNBs
and accumulating within reforming nucleoli,
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Figure 1. Varied nuclear bodies occupy significant fraction of cell nucleus. (A) Mouse NIH 3T3 fibroblast cell
stainedwithDAPI (blue) to highlight DNA-dense bodies, including chromocenters, and expressing fluorescently
labeled proteins to identify nuclear lamina (green, lamin B1), nucleoli (green, fibrillarin), and nuclear speckles
(Magoh, red) (Zhao et al. 2020). (Image courtesy of Dr. Pankaj Chaturvedi.) (B) Same nucleus as Awas used to
outline nuclear lamina (black), nucleoli (green), and nuclear speckles (red) and then superimpose typical
numbers for NIH 3T3 cells of additional nuclear bodies: Cajal bodies (brown), paraspeckles (orange), and
promyelocytic leukemia (PML) bodies (purple). Scale bar, 5 μm (A,B). (C,D) Nucleoli stained for granular
compartment (GC) (blue, B23), fibrillar center (FC) (purple, RPA194), and dense fibrillar component (DFC)
(fibrillarin, FBL). Scale bars, 3 µm (C); 500 nm (D). (PanelsC andD from Figure 1C in Yao et al. 2019; reprinted,
with permission, from Elsevier © 2019.) (E,F) Electron microscopy (EM) visualization of nucleoli showing GC
(g), DFC (arrows), FC (f). Conventional uranyl and lead staining were used in E, and silver staining for NOC
proteins used in F. (Panels E and F from Penzo et al. 2019; reprinted under the Creative Commons Attribution
License CC BY 4.0.) (G) 3D SIM microscopy showing nuclear speckles with partial spatial separation between
anti-“SC35” (actually anti-SRRM2, see text) staining (blue) and MALAT1 (red) and U2 RNA (green). (Legend
continues on following page.)
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with different GC components shifting from
PNBs to nucleoli with different kinetics during
G1 phase (Dundr et al. 2000; Hernandez-Verdun
2011). PNBs also appear to be sites of resumed
processing of precursor rRNAs present during
mitosis (Carron et al. 2012).

Although nucleoli are sites of rRNA tran-
scription, they also have been implicated in a
multitude of additional processes ranging from
gene silencing to assemblyand regulationof other
non-ribosomal nucleoproteins (RNPs), includ-
ing telomerase, regulation of protein activity, in-
cluding p53, and more generally in biological
processes, such as development, organismal ag-
ing, and stress responses (Boulon et al. 2010; Pe-
derson 2011; Tiku andAntebi 2018; Iarovaia et al.
2019; Latonen 2019; Weeks et al. 2019).

Nuclear Speckles

Ramon y Cajal in 1910 described “hyaline
grumes” as a distinct nuclear body using a mod-
ified silver-staining procedure (Lafarga et al.
2009). These nuclear speckles were rediscovered
in the mid-twentieth century using TEM as in-
terchromatin granule clusters (IGCs) consisting
of ∼20–25-nm-diameter RNP particles (gran-

ules) lying between and adjacent to chromatin
domains (Swift 1959; Bernhard andGranboulan
1963; Monneron and Bernhard 1969). These
granules frequently align forming linear chains
or apparent rods (Fig. 1H). They were rediscov-
ered yet again as bodies enriched in splicing
factors, snRNAs, polyA-RNAs, and immuno-
staining by an antibody to a phosphorylated epi-
tope tied to several splicing factors, including
SC35 (SRSF2) (Fig. 1A,G), but recently revealed
to primarily immunostain a different protein,
SRRM2 (Ilik et al. 2020). In fibroblasts, nuclear
speckles are largely excluded from near the
nuclear lamina and concentrated within the
equatorial plane of the nuclear interior (Fig.
1A; Carter et al. 1993); exclusion from the nucle-
ar periphery and concentration toward the nu-
clear interior appears common in many cell
types. A recent tyramide signal amplification
(TSA)-proximity-labeling proteomics study re-
vealed both SRRM2 and SON,with similar levels
of enrichment, as the most highly enriched pro-
teins in nuclear speckles (Dopie et al. 2020).
Double SRMM2 and SON RNAi knockdown
caused significant dissolution of nuclear speckle
staining using multiple speckle markers, sug-
gesting that either protein is sufficient for nucle-

Figure 1. (Continued) (Panel G from Fei et al. 2017; reprinted, with permission, from Company of Biologists ©
2017.) (H ) EM visualization of interchromatin granule cluster (IGC)/nuclear speckle in rat adrenal cortex cell;
granules sometimes appear in linear chains (arrows). (Panel H from Monneron and Bernhard 1969; reprinted,
with permission, from Elsevier © 1969.) (I) EM visualization of large Cajal (accessory) bodies in neuronal cells
showing “coiled thread” internal structure using conventional (left) or silver (right) staining. Scale bar, 200 nm.
(Panel I from Lafarga et al. 2017; reprinted, with permission, from Taylor & Francis © 2017.) (J ) Model of
paraspeckles showing proposed scaffolding role of NEAT1_2 long noncoding RNA (lncRNA) (red and yellow
lines) recruiting/binding different paraspeckle proteins over 50 and 30 ends (outer shell regions) versus internal
sequences (core region). (Panel J from McCluggage and Fox 2021; reprinted, with permission, from John Wiley
and Sons © 2017.) (K ) EM visualization of round or elliptical paraspeckles (arrows). Scale bar, 0.5 μm. (Panel
K is from Fox and Lamond 2010; image courtesy of Sylvie Souquere and Gerard Pierron, Villejuif, France.)
(L) Model for PML body structure showing PML protein outer shell and an inner cavity containing many PML
proteins, including chromatin factors and, in some cases, chromatin. (Panel L from Corpet et al. 2020; reprinted,
with permission, from Oxford University Press © 2020.) (M) EM visualization of PML body showing immu-
nogold-labeled PML protein outer shell. Scale bar, 0.5 μm. (Panel M from Lallemand-Breitenbach and de Thè
2018; reprinted, with permission, from Elsevier © 2018.) (N) Immunostained nucleus from human K562 cell
showingRNAPol II CTDSer5p foci (red) clustered around nuclear speckles (SON,white) aswell as other nuclear
interior regions but depleted fromperiphery of nucleus counterstained forDNAwithDAPI (blue). (PanelN from
Chen et al. 2018b; reprinted under the Creative Commons License CC BY-NC-SA 4.0.) (O) Live-cell imaging of
Mediator (MED1) condensates (green) visualized in mouse embryonic stem cell (mESC) nucleus stained with
Hoechst for DNA (blue). (Panel O from Sabari et al. 2018; reprinted, with permission, from The American
Association for the Advancement of Science © 2018.)
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ar speckle formation (Ilik et al. 2020). Immuno-
electron microscopy staining tied these variably
named structures (nuclear speckles, polyA-is-
lands, SC-35 islands) to the previously described
IGCs, and, in turn, these IGCs to the hyaline
grumes identified by Cajal through specific
silver-staining protocols (Lafarga et al. 2009;
Spector and Lamond 2011).

Local concentrations of splicing factors, vi-
sualized by light microscopy, are still conflated
with “nuclear speckles”, a namenow reserved for
the light microscopy analog of the IGCs visual-
ized by electron microscopy (EM). Whereas all
IGCs show accumulation of various splicing fac-
tors, not all splicing factor local accumulations
represent IGCs, as clearly revealed by analysis of
transgene arrays (Hochberg-Laufer et al. 2019).

Nuclear speckles form rapidly after mitosis,
beginning in late telophase (Ferreira et al. 1994;
Thiry 1995; Tripathi and Parnaik 2008). Analo-
gous perhaps to PNBs, discrete bodies contain-
ing thenuclear speckle proteinMFAB1appear in
the reforming telophase nucleus even while the
SON and SRRM2 proteins are still cytoplasmic
in mitotic interchromatin granules (MIGs)
(Dopie et al. 2020). Whether theseMFAB1 bod-
ies nucleate nuclear speckles or instead accumu-
late nuclear speckle proteins that then diffuse
and concentrate into nuclear speckles remains
unknown. Even after SC35 staining (SRRM2),
nuclear speckles first appear in late telophase/
early G1 nuclei; SR proteins accumulate first
near NORs before then accumulating through
an apparent RNA Pol II transcription-depen-
dent mechanism in nuclear speckles (Bubulya
et al. 2004).

Nuclear speckles have alternatively been
proposed to serve as storage sites for factors in-
volved in RNA Pol II transcription and RNA
processing or as gene expression “hubs” for a
subset of highly active genes (Hall et al. 2006;
Spector and Lamond 2011). These two models
are not mutually exclusive. RNA processing
factors were proposed to transit from nuclear
speckles to active genes and then recycle back
to nuclear speckles to be “recharged” for another
cycle of RNA processing; this cycling between
nuclear speckle and adjacent transcription sites
was proposed to be linked to cycles of posttran-

scriptional modifications, particularly phos-
phorylation and dephosphorylation, providing
“recharging” of these factors for another RNA
processing cycle (Misteli and Spector 1997). A
unified model then was proposed in which the
positioning of a subset of active genes adjacent to
nuclear speckles would facilitate this recycling of
RNAprocessing factors fromnuclear speckles to
transcription, thus supporting high rates of gene
expression for these nuclear-speckle-adjacent
genes (Hall et al. 2006).

Cajal Bodies

Similar to nuclear speckles, Cajal bodies were
first identified as a distinct nuclear body in neu-
rons by Cajal using combinations of histochem-
ical stains or silver-staining procedures (Lafarga
et al. 2009). They were rediscovered and named
by electron microscopists as “coiled bodies,”
∼0.2–2 µm in diameter (Cioce and Lamond
2005), owing to their appearance after heavy-
metal staining (Fig. 1I; Monneron and Bernhard
1969). They were then identified again through
their immunostaining against the marker pro-
tein, coilin (Andrade et al. 1991; Raška et al.
1991; Lafarga et al. 2009). Cajal bodies were pre-
viously known as nucleolar accessory bodies be-
cause of their location close to nucleoli in some
cell types. Several Cajal bodies (up to ∼10) per
nucleus are present in cells associated with high
transcriptional activity and/or growth rates, in-
cluding rapidly dividing embryonic cells, cancer
cells, and neurons, but present in fewer numbers
or even less than one Cajal body per cell in non-
transformed cell types (Ogg and Lamond 2002;
Cioce and Lamond 2005; Strzelecka et al. 2010;
Machyna et al. 2013).

Cajal body formation is dependent both on
the presence of coilin and SMN; Cajal bodies are
enriched in RNPs and factors involved in RNP
maturation, including spliceosomal snRNPs,
scaRNPs, snoRNPs, and the telomerase RNP.
Spliceosomal snRNPs are both assembled and re-
cycled within Cajal bodies, and thus Cajal bodies
have been proposed as sites of accelerated assem-
bly andmodification ofmultiple small RNA-con-
taining RNPs (Machyna et al. 2013; Meier 2017).
Cajal bodies associate with active gene loci, most
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notably the tandem U2 snRNA gene locus (Ma-
chyna et al. 2013; Sawyer et al. 2016).

Nuclear Pores and Nuclear Lamina

Both nuclear pores and the nuclear lamina have
been reviewed extensively elsewhere (de Leeuw
et al. 2018; Lin and Hoelz 2019; Briand and Col-
las 2020; Cho and Hetzer 2020; also see Mirosh-
nikova and Wickström 2021; Pawar and Kutay
2021). TEM visualized the nuclear lamina as a
fibrous layer lying between the inner nuclear en-
velope and the peripheral, condensed chromatin
(Fawcett 1966). The intermediatefilament lamin
proteins—lamins A and C, both encoded by the
LMNA gene, lamin B1, and lamin B2 in mam-
malian cells—comprise the major constituents
of the nuclear lamina. Recent superresolution
light microscopy reveals that these various lam-
ins are concentrated differentially within spa-
tially distinct meshworks, separated by several
hundred nanometers, within the lamina (Shimi
et al. 2015; Xie et al. 2016). Previous TEM to-
mography had shown local attachments of chro-
matin to the nuclear periphery underlying re-
gions of high lamin B concentration within this
meshwork (Belmont et al. 1993). A small frac-
tion of lamin A is nucleoplasmic, where it may
playdiverse roles separate from its functionat the
nuclear lamina (Briand and Collas 2020). Muta-
tions in laminA are associatedwith∼15 diseases
collectively termed laminopathies, including
one type of premature aging disease (Hutch-
inson-Gilford progeria syndrome), Emery-
Dreifuss and other muscle dystrophies, lipo-
dystrophies, and peripheral neuropathies
(Kang et al. 2018; Osmanagic-Myers and Fois-
ner 2019; Briand and Collas 2020).

The nuclear lamina contains hundreds of
additional proteins, many of which interact di-
rectly or indirectly with lamins (Wilson and
Foisner 2010; Mehus et al. 2016; Wong et al.
2021). This includes inner nuclear membrane
(INM) proteins as well as proteins concentrated
near the lamina and peripheral chromatin.
INM proteins notably include LEM-domain
proteins (Wilson and Foisner 2010), which in
mammals include LAP2 (α, β, and other iso-
forms), emerin, MAN1, and LEM2/NET25.

The INM also includes lamin B receptor (LBR),
which combines chromatin-binding and sterol
reductase domains, SUN domain proteins that
link to KASH domain proteins in the outer nu-
clear membrane that interact directly with cyto-
skeleton, centrosome, and organelle proteins (de
Leeuw et al. 2018), as well as many other trans-
membrane proteins thatmayprovide cell-specif-
ic links of specific chromosome regions to the
nuclear periphery (Robson et al. 2016). These
proteins togetherwith lamins interactwith chro-
matin as well as various transcription factors,
chromatin modifying, and signaling proteins.
At least in some postmitotic cell types, lamin
A/C and LBR together anchor peripheral chro-
matin to the nuclear lamina; their knockout
results in “inverted nuclei”with peripheral chro-
matin now located in the nuclear interior (Solo-
vei et al. 2013).

Proposed functions of the nuclear lamina
include imparting mechanical stability to the
nucleus, the anchoring of specific chromatin do-
mains (lamin-associated domains [LADs]) to
the nuclear periphery (discussed later in this
article), repression of gene activity of these
LADs and possibly maintenance of epigenetic
gene silencing, and cell signaling (Wilson and
Foisner 2010; van Steensel and Belmont 2017;
de Leeuw et al. 2018; Briand and Collas 2020).

The nuclear envelope is perforated by thou-
sands of nuclear pores. These large protein com-
plexes were first visualized by early EM as ∼30
nm holes in the nuclear membrane (Callan and
Tomlin 1950). Early observations on sectioned
nuclei visualized ∼150 nm diameter annuli and
already made observations of chromatin-free
channels extending from these nuclear pores
well into the nuclear interior (Watson 1959).
The physiological relevance of nuclear pores to
transport in and out of the nucleus was realized
immediately and thus they have been a focus of
extensive biochemical, molecular, structural,
and biophysical research ever since. Cryo-EM
reconstructions now provide the highest resolu-
tion imaging of intact nuclear pore structure,
which includes a central inner pore ring between
outer and inner rings, all with eightfold symme-
try, plus filaments extending into the cytoplasm
on one side and a “fish-trap”-shaped nuclear
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basket extending into the nucleoplasm (Lin and
Hoelz 2019).

Molecular cloning of nuclear pore proteins,
or nucleoporins, revealed a subset of NUPs with
intrinsically disordered, FG repeats that together
create the permeability barrier of the nuclear
pore and interact with exportin and importin
transport factors (Beck and Hurt 2017; Lin and
Hoelz 2019). Biophysical studies suggest the lo-
cal concentration of these FG repeatNUPs in the
nuclear pore channel induce either a liquid–liq-
uid phase separation or hydrogel accounting for
this barrier. This type of barrier, involving a high
frequency of low-affinity interactions, may ac-
count for the combined high selectivity plus
high rates of nuclear pore traffic (Schmidt and
Görlich 2016; Frey et al. 2018; Celetti et al. 2020).
Thenuclear basket, comprised largelyof the pro-
tein TPR, has been implicated in helping to
maintain a chromatin-free channel facing the
nucleoplasmic side of the nuclear pore. The
loss of peripheral heterochromatin during onco-
gene-induced cell senescence was correlated
with increased nuclear pore density and reversed
by knockdown of TPR (Boumendil et al. 2019).

Beyond nuclear import and export of proteins
and RNPs, nuclear pores and NUPs likely have
additional functions. Both gene activation and
transcriptional memory and gene silencing have
been linked todirect contactsof geneswithnuclear
pores across a wide range of species from yeast to
human (Randise-Hinchliff and Brickner 2018;
Cho and Hetzer 2020). Additionally, a subset of
NUPs shuttle between nuclear pores and the nu-
clear interior and contribute to gene regulation
(Cho and Hetzer 2020). DNA break repair has
been linked as well to chromosome movement to
and contactwith nuclear pores (Seeber andGasser
2017). Conversely, certain nuclear compartmen-
talization, including association with the nuclear
lamina,may restrain chromosomemovement and
the available molecular pathways for DNA repair
(Lemaître et al. 2014; Schep et al. 2021).

Given these diverse functions, nuclear pores
and/or NUPs have been implicated in a wide
range of biological processes ranging from con-
trol of differentiation and cell identity, viral in-
fection, cancer, cell senescence and organismal
premature and pathological aging, and neuro-

degenerative diseases (Boumendil et al. 2019;
Cho and Hetzer 2020).

Other Well-Known Suspects

Many additional nuclear bodies have been de-
scribed through imaging of the distribution of
specific proteins and/or RNAs. In some cases,
TEM has recognized these as distinct domains
that can be recognized subsequently without an-
tibody staining. Like Cajal bodies, some of these
bodies may be present in only a small fraction of
cells and a subset of cell types—for example,
cancer cells, rapidly growing normal cell types,
and/ormetabolicallyactive cells suchasneurons.

Paraspeckles

Paraspeckles were first recognized through im-
munostaining against a protein, PSPC1 (Para-
speckle Protein 1), identified in a nucleolus pro-
teomics screen (Fox et al. 2002; Fox and Lamond
2010). Unexpectedly, PSPC1 localized in distinct
nuclear bodies away from nucleoli but near or
adjacent to nuclear speckles; however, PSPC1
did localize in perinucleolar “caps” in early G1
nuclei before theonset of significant transcription
(Fox et al. 2002, 2005). Core paraspeckle proteins
include the threemembers—PSF/SFPQ,NONO/
P54NRB, and PSPC1—of the DBHS family and
RNA-bindingmotif protein 14 (RMB14) (Fig. 1J;
Nakagawa et al. 2018). In most mammalian cul-
tured cells, ∼5–20 paraspeckles are present,
appearing as ellipsoidal, ∼0.5–1 μm diameter
bodies (Fig. 1K; Clemson et al. 2009; Fox and
Lamond 2010). Paraspeckles are now known to
be nucleated by the NEAT1_2 long noncoding
RNA (lncRNA) (Fig. 1J; Hutchinson et al. 2007;
Clemson et al. 2009) and to concentrate cer-
tain nuclear-retained mRNAs containing long
30UTRs with A-I edited stretches of inverted re-
peats (Chen and Carmichael 2009). Regulated
cleavage of the 30UTR of such mRNAs, as de-
scribed first for Ctn mRNA, can lead to rapid
nuclear export and a rapid increase in protein
expression (Prasanth et al. 2005). Whereas nor-
mal paraspeckles are not required forCtn nuclear
retention, they do regulate the nuclear compart-
mentalization of Ctn, may modulate its A-I edit-
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ing, and have been reported to regulate the export
of other structured RNAs (Anantharaman et al.
2016). In mice, only a few tissues normally con-
tain paraspeckles, but they can be induced under
special conditions, includingaftervarioustypesof
cell stresses (McCluggage and Fox 2021). Para-
speckles have been proposed to act in gene regu-
lation through protein and RNA sequestration,
thereby possibly playing a role inmodulating var-
ious stress responses, including the hypoxic re-
sponse, the circadian rhythm, and cell prolifera-
tion, among other pathways, and may play a role
in miRNA processing (Pisani and Baron 2019).

PML Bodies

PML (promyelocytic leukemia) protein bodies
are enigmatic nuclear compartments (Fig. 1L)
implicated in a wide range of cell responses and
processes, with PML body number and size reg-
ulated by various cellular stresses, including viral
infections, and implicated in chromatin remod-
eling, DNA repair, apoptosis, cell senescence,
stem cell renewal, antiviral activity, and inhibi-
tion of neurodegenerative diseases (Lallemand-
Breitenbach anddeThé2018;Corpet et al. 2020).
They were discovered originally through immu-
nostaining of the PML tumor suppressor gene
product, and then connected to heterogenous-
type spherical objects visualized previously by
EM (Fig. 1M; Lallemand-Breitenbach and de
Thé 2010). PML bodies are round, ∼100–1000
nm in diameter, and are present in most mam-
malian cells at copy numbers of ∼1–30 (5–15 in
typical cell lines). They are nucleated through a
spherical shell assemblyofPMLprotein subunits
and appear to transiently recruit a wide range of
seemingly unrelated proteins, including the his-
tone chaperone DAXX, the HIRA H3.3-specific
histone chaperone complex, SETDB1, the tran-
scriptional coactivator CBP, and PTEN, perhaps
at least in part through SUMO conjugation of
PML and recruited proteins. Protein sequestra-
tion within PML bodies and enhanced protein
modifications and/or degradation within PML
bodies may all be related to PML function.
PML bodies have been observed to interact
with particular gene loci, including the MHC
gene cluster (Shiels et al. 2001; Gialitakis et al.

2010), the TP53 locus (Sun et al. 2003), active
histone genes in S-phase, and transcriptionally
active genes in general (Wang et al. 2004; Corpet
et al. 2020). In at least one case, this gene as-
sociation was correlated with transcriptional
memory, in which repeated gene induction is
associated with a faster response and a higher
level of gene induction (Gialitakis et al. 2010).
Specialized PML bodies are associated with telo-
meres undergoing alternative lengthening of
telomeres (ALTs) (Lallemand-Breitenbach and
de Thé 2018; Corpet et al. 2020).

Perinucleolar Compartment (PNC)

These appear as ∼250–4000 nm diameter caps,
containing 80–180 nm electron-dense threads
as visualized by EM, on the nucleolar surface in
many cancer cells but not nontransformed cells
or tissues (Pollock et al. 2011). Their prevalence
and number per nucleus correlates with meta-
static potential of primary tumor cells and in-
versely correlates with patient survival. PNCs
contain a subset of RNA Pol III transcribed
small, noncoding RNAs and RNA-binding pro-
teins associated with RNA processing of RNA
Pol II transcribed transcripts plus nucleolin, a
nucleolar-localized protein involved in rRNA
processing. In mice, metarrestin, a drug selected
for its ability todisassemblePNCs inhibitedmet-
astatic development and extended survival in
several cancer models (Frankowski et al. 2018).

Histone Locus Body (HLB)

These bodies appear similar to Cajal bodies,
sharing some components, but appear specifi-
cally adjacent to histone genes and contain
many additional components related to histone
gene transcription and processing including co-
activator NPAT and FLASH, involved in 30 end
processing of histone transcripts (Yang et al.
2009; Machyna et al. 2013).

Cleavage Bodies

Numbering one to several per nucleus, these are
bodies ranging from ∼0.3 to 1 μm in diameter
and enriched in factors involved in 30 cleavage
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and polyadenylation of nascent transcripts; they
often are found in spatial proximity or overlap
with Cajal bodies, HLBs, and GEMs, which are
bodies containing the SMN protein (Li et al.
2006). Note that GEMs, HLBs, and cleavage
bodies frequently lie adjacent to each other or
overlap; they have been proposed to represent
“sub-Cajal” bodies that are precursors to Cajal
bodies (Machyna et al. 2013), perhaps as multi-
layered condensates that then fuse into one
merged condensate, analogous to what has
been proposed for the different nucleolar com-
partments (Lafontaine et al. 2021).

Less Conventional Suspects

A number of nuclear structures do not meet the
traditional definition of nuclear bodies that can be
recognized by EMwithout specific staining but fit
the definition of nuclear compartments that con-
centrate factors. One example would be “tran-
scription factories,” defined by immunostaining
against RNA Pol II carboxy-terminal domain
(CTD) amino acid repeats phosphorylated at spe-
cific sites (Ser2, Ser5) in both fixed and living cells
(Fig.1N;XieandPombo2006;Uchinoetal. 2021).
Several hundred to thousands of punctate foci,
∼80–130 nm in diameter, are present per nucleus
(Jackson et al. 1998; Cook 1999; Eskiw and Fraser
2011), localizing adjacent tomany active gene loci
(Osborneet al. 2004, 2007;Ferrai et al. 2010).They
were speculated to represent small clustersofRNA
Pol II throughwhichDNAis “reeled”during tran-
scriptional elongation (Iborra et al. 1996; Jackson
et al. 1998; Cook 1999). Their functional signifi-
cance—as storage sites for initiating or elongating
RNAPol II polymerases or actual active polymer-
ases engaged on DNA—remains unknown, but
they are found clustered around nuclear speckles
and other active nuclear regions (Chen and Bel-
mont 2019), show increased numbers adjacent to
more active Hsp70 genes (Kim et al. 2020), and
show high contact frequencies with many highly
active gene loci (Takei et al. 2021).

Condensates of subunits of the transcription-
al Mediator complex are a second example of
these unconventional nuclear compartments
that donot form anuclear bodyor structure iden-
tifiable by TEM without immunostaining. Medi-

atoraggregates formboth invitro and invivo (Fig.
1O; Cho et al. 2018; Guo et al. 2019) and super-
enhancers inmouse embryonic stem cell (mESC)
nuclei frequently associate adjacent to these con-
densates (Sabari et al. 2018). In vitro, Mediator
subunit condensates excluded RNA Pol II with
phosphorylated CTDs but were miscible with
condensates formed from splicing factors (Guo
et al. 2019). Thus, RNA Pol II CTD phosphory-
lation was proposed to transfer RNA Pol II en-
gaged genes fromMediator condensates involved
in transcriptional initiation to condensates en-
riched in splicing factors involved in transcrip-
tional elongation (Guo et al. 2019).

Additional examples would include special-
ized chromatin domains—for example, chro-
mocenters and polycomb bodies formed in cer-
tain species and/or cell types by coalescence of
pericentric, constitutive heterochromatin or
polycomb-silenced regions, respectively. Both
form long-distance contacts in both cis and
trans with other chromatin regions correlating
with their gene silencing (Csink and Henikoff
1996; Dernburg et al. 1996; Brown et al. 1999;
Bantignies et al. 2011; Pirrotta and Li 2012).

More broadly, chromatin domains in gen-
eral, and entire chromosomes such as the mam-
malian inactive X chromosome, are increasingly
being thought of as discrete compartments that
may interact in cis and trans with other similar
chromatin compartments as discussed below.

CHROMATIN COMPARTMENTS—INSIGHTS
FROM IMAGING

Early Cytology

Key features of metazoan nuclear chromosome
were first recognized roughly a century ago. Fold-
ing of chromatin into largely discrete, localized
interphase chromosomes territories, as reviewed
elsewhere (Cremer and Cremer 2010), was first
inferred by early cytologists. Decades later, the
concept of chromosome territories was resurrect-
ed by the Cremer laboratory’s observation that
microirradiation of local nuclear regions caused
DNA damage and repair in only a small number
of interphase chromosomes (Cremer andCremer
2010). With the continued evolution of fluores-
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cence in situ hybridization and light microscopy,
chromosome territories were then directly visu-
alized by whole chromosome “paints.” Similarly,
the existence in many species and cell types of a
variant “Rabl” interphase chromosome configu-
ration, in which centromeres and telomeres lo-
calize to opposite poles of the nuclear periphery,
was observed by early cytologists examining
chromosomes exiting and reentering mitosis
(Rabl 1885). Recent Hi-C and molecular analysis
has revealed that this Rabl configuration likely
has appeared inmultiple species through conver-
gent evolution driven by condensin II reduced
activity through mutations in condensin II sub-
units (Hoencamp et al. 2021).

The original definition of heterochromatin as
chromosome regions that remain condensed after
mitosis during interphasewasmadebyEmilHeitz
in the 1920s (Heitz 1928; Passarge 1979). Heitz
defined heterochromatin as chromosome regions
that remained condensed throughout most of the
cell cycle, loosening only briefly before mitosis,
and condensing again before the mitotic conden-
sation of euchromatin, the chromatin that did de-
condense during interphase (Heitz 1928; Brown
1966; Passarge 1979). Heitz later made the associ-
ation between heterochromatin and gene-poor
chromosome regions. Subsequently, heterochro-
matin was divided into constitutive heterochro-
matin, which remains heterochromatic in all
developmental stages and all tissues, and faculta-
tiveheterochromatin,whichdoesnot.Constitutive
heterochromatin is foundinmanyspeciesflanking
centromeres, near telomeres, adjacent to theNOR,
in sex chromosomes, and scattered in blocks
throughout the euchromatin chromosome arms.

In the 1960s, TEM revealed the tight apposi-
tion of a chromatin layer adjacent to the nuclear
laminaaswell asadjacentat thenucleolarperiph-
ery and in the nuclear interior (e.g., Fawcett
1966). This early TEM also led to the textbook
labeling of heterochromatin and euchromatin in
which the darkly stained chromatin after heavy
metal staining is considered heterochromatin,
whereas the lightly stained regionswith apparent
finely fibrillar and granular texture is considered
euchromatin.

This textbook model is almost assuredly in-
correct. Most “heterochromatin” regions visual-

ized by EMwould fall under the original euchro-
matin definition of chromosome regions that
decondense during interphase, forming “chro-
momeres,” or granular-type structures, and
“chromonema,” or fiber-type structures, viewed
by histological staining and light microscopy and
later by EM (Zatsepina et al. 1983; Belmont et al.
1989). Notably, Sklar andWhitock used lightmi-
croscopy of living cells containing polytene chro-
mosomes to show the fixation-induced appear-
ance of structure in the nuclear “sap” during
fixation and then showed that a similar “euchro-
matin” TEM-staining pattern filled the chromo-
some-free nucleoplasm in Drosophila salivary
gland nuclei between the clearly distinguished
polytene chromosomes and also in mammalian
liver nuclei after centrifuging chromatin to the
opposing half of the nucleus (Skaer andWhytock
1976; Skaer and Whytock 1977). Meanwhile,
multiple methods suggest that chromatin in
many somatic cell types exists in large-scale do-
mains that are likely comparable to the chromo-
meres visualized by early cytologists; these meth-
ods include a variety of alternative DNA staining,
sample preparation, and light and electron mi-
croscopy imaging approaches (Belmont et al.
1989; Olins et al. 1989; Testillano et al. 1991; De-
renzini et al. 1993; Bohrmann and Kellenberger
1994; Biggiogera et al. 1996; Bazett-Jones and
Hendzel 1999; Nozaki et al. 2017; Hoffman et al.
2020;Miron et al. 2020). Thus, the textbook “het-
erochromatin” inheavy-metal stainedEMimages
likely represents the bulk of genomic DNA, with
smaller differences between active and inactive
genomic regions than suggested by the typically
used labeling of “heterochromatin” and “euchro-
matin.” Further confirmation of the existence of
stable folding of early DNA replicating, euchro-
matin into chromonema fibers extending over
micron distances comes from combined live-cell
visualization and immunogold staining of engi-
neered chromosome regions (Kireev et al. 2008;
Hu et al. 2009; Deng et al. 2016).

Emergence of Radial and Binary Models of
Nuclear Compartmentalization by Imaging

Distinct, large blocks of heterochromatin, as de-
fined by Heitz, were seen to preferentially associ-
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atewith the nuclear andnucleolar periphery. This
included the Barr body, the mammalian inactive
X chromosome that was visualized associated
with the nucleolar periphery in neurons and the
nuclear periphery, and/or nucleolus in other cell
types (Barr and Bertram 1951; Belmont et al.
1986; Zhang et al. 2007). The development of
immunostaining, labeled nucleotides, and in
situ hybridization (ISH) methods rapidly ad-
vanced ourappreciation for distinct spatial nucle-
ar compartmentalization to the entire genome.

Early fluorescence in situ hybridization
(FISH) experiments exploiting repetitive DNA
probes showed preferential association of telo-
meres and centromeres with the nuclear periph-
ery and nucleoli as a function of cell type and cell-
cycle stage and proliferation (Vourc’h et al. 1993;
Solovei et al. 2004). The later development of
whole chromosome FISH paints revealed the
gene-poor human chromosome 18 frequently
juxtaposed to the nuclear periphery and more
peripheral than the more centrally located, and
nucleolar-associated, gene-rich chromosome 19
(Croft et al. 1999). Analysis of all human chromo-
somes revealed varying distributions relative to
theperipheryversusnuclearcenter,withageneral
dependence both on chromosome size and on
gene density, with increasing gene density/activ-
ity associated with a more central location
(Cremer et al. 2003; Bolzer et al. 2005). This was
observed inmultiple cell types, althoughsomecell
types, especially with flatter nuclei, also showed a
dependence on chromosome size, with smaller
chromosomes more central and larger chromo-
somes more peripheral (Bolzer et al. 2005).
Analysis of individual gene locations by many
laboratories also revealed a correlation between
gene activity and radial positioning of gene loci
(Takizawa et al. 2008; Bickmore 2013); this rela-
tionship between gene activity and radial posi-
tioning more recently has been attributed to the
gene density and activity of ∼Mbp chromosome
regions (Kölbl et al. 2012).

These results led to a radial positioning
model of genome organization with more active
chromosomal loci located more interiorly and
more silent chromosomal loci located more
peripherally in the nucleus. Notably, this is a
statistical, correlative model and there is a large

variability in radial positioning for any particu-
lar chromosome locus, as well as a large variabil-
ity in radial positioning among different genes
with similar expression levels (Takizawa et al.
2008). Bias in radial positioning could simply
be the indirect result of association of chromo-
some loci with different nuclear compartments,
which themselves are distributed with a radial
bias (Chen et al. 2018b; Misteli 2020).

Meanwhile, other imaging observations led
instead to an approximately binary model of
genome nuclear organization. LINE-1 repeats,
enriched in gene-poor, mitotic chromosome G-
bands, concentrate in a thin rim adjacent to the
nuclear and nucleolar periphery, whereas Alu re-
peats, enriched ingene-rich,mitotic chromosome
R-bands, distribute through much of the nuclear
interior (Fig. 2A; Korenberg and Rykowski 1988;
Bolzer et al. 2005; Solovei et al. 2009; Lu et al.
2021). Similarly, labeling of DNA replication re-
vealed two main replication patterns—early rep-
licatingDNAdistributed overmost of the nuclear
interior but excluded from the nuclear and nucle-
olar periphery versus middle to late replicating
distributed similarly to the LINE-1 repeats in a
rim adjacent to the nuclear and nucleolar periph-
ery (Fig. 2B)—plus a minor, late-replicating pat-
tern in a small number of large domains distrib-
uted in the nuclear interior (O’Keefe et al. 1992).
Whereas the first two patterns were each estimat-
ed to occupy several hours of S-phase, the late
replicating stage, thought to correspond to con-
stitutive heterochromatin, was estimated to occur
in a shorter timewindow (Dimitrova and Gilbert
1999). Later, visualization of the redistribution of
LADsaftermitosis revealed their concentration at
both thenuclearandnucleolar periphery (Fig. 2C;
Kind et al. 2013).

Both the radial genome positioning and bi-
narymodels of genome organization clearly rep-
resent approximations. Indeed, beyond the bina-
ry division of early and late DNA replication
patterns, a third, very late DNA replication pat-
tern shows large, condensed, and likely hetero-
chromatic regions in the nuclear interior. Chro-
mocenters and the Y chromosome, representing
constitutive heterochromatin, as well as the fac-
ultative heterochromatic Barr body can be found
in the nuclear interior as well as the nuclear and
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Figure 2. Both imaging and sequencing-based genomics methods suggest binary model for nuclear genome orga-
nization as a first approximation to a more complex organization. (A–C) An approximately binary nuclear genome
organization revealed by imaging L1 repeat enriched chromatin, late-replicating DNA, and lamina-associated do-
mains (LADs) largely at the nuclear and nucleolar peripheries with B1/Alu repeat enriched chromatin, early-
replicating DNA, and intervening LADs (iLADs) in the nuclear interior. (A) Mouse embryonic fibroblast, early
(green) versus late (red)DNAreplication pulse labeling (5 h chase between early and late labeling). (PanelA fromWu
et al. 2006; reprinted, with permission, from The Rockefeller Press © 2006.) (Legend continues on following page.)
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nucleolar periphery. More prevalent, however,
are the hundreds to thousands of foci located
in the nuclear interior with inactive chromatin
marks, for example, H3K27me3 (Fig. 2F) or
H3K9me3, interspersed with foci located in the
nuclear interior with active chromatin marks
(Fig. 2D) or even foci of nascent RNA (Fig. 2E).

In an early, unusually insightful study, Shop-
land and colleagues FISH labeled a 4.3 Mbp
chromosome region, painting several, 400–
1000 kbp gene-poor domains green and inter-
spersed, 280–890 kbp gene-rich domains red
(Shopland et al. 2006). As expected, a “barber-
striped” pattern along a linear interphase chro-
mosome trajectory was observed, but only in
∼20% of G1 chromosomes. Instead, alternate
conformations emerged with red domains and
green domains self-segregated with like do-
mains. This included clusters of red adjacent to
the nuclear periphery with green domains locat-
edmore interior, clusters of green surrounded by
red domains, and zigzag patterns in which linear
arrays of red domains abutted a parallel array of
green domains. Thus, gene-poor versus gene-
rich chromatin domains, segregated at this light
microscopy resolution through apparent prefer-

ential interactions of like-domains with each
other, independent of treatment with the tran-
scriptional inhibitor, DRB. In contrast, a chro-
mosome paint of a uniformly active, ∼4 Mbp,
gene-rich region showed a higher percentage of
striped patterns and decreased percentages of
alternative clustered or zigzag patterns (Shop-
land et al. 2006).

An analogous self-organization of active ver-
sus inactive DNA sequence was revealed in the
folding of engineered, large BAC (bacterial arti-
ficial chromosome) transgene arrays 10s to 100s
of Mbp consisting of multiple copies of single,
∼200 kbp BACs (Sinclair et al. 2010). The plas-
mid backbone and a 10 kb 256mer lac operator
repeat inserted within the human DNA BAC
inserts from multiple BACs came together into
separate heterochromatin foci enriched in the
histome modification H3K9me3 and the archi-
tectural heterochromatin proteinHP1—the vec-
tor backbone in one set of clusters and the lac
operator repeat in another set of clusters. In con-
trast, active gene sequences and polycomb-
repressed regions within α-globin BAC trans-
gene arrays arrange toward the periphery of the
BAC transgene array “territory” but in separate

Figure 2. (Continued) (B)Mouse C2C12 cell. L1 (green) or B repeat (red) FISHwith nucleoli stained by nucleolin
(purple). Scale bar, 5 μm. (Panel B from Lu et al. 2021; reprinted under the terms of the Creative Commons CC
BY license.) (C) LADs, whose DNA was methylated by contact with lamin B1 fused to Dam methylase in the
preceding interphase, stochastically redistribute early in the next interphase to the nuclear lamina, periphery of
the nucleoli (red, NPM1), and nuclear interior (blue, DAPI), as visualized by the binding of the m6A-Tracer
protein (green) that binds methylated DNA. (Panel C from Kind et al. 2013; reprinted, with permission, from
Elsevier © 2013.) (D–F ) Signs of a more complex nuclear genome organization emerge after staining for nuclear
speckles and various marks of active versus repressive chromatin. (D) Hyperacetylated histones (red) are dis-
tributed nonuniformly within nuclear interior (DNA, blue), including concentrations adjacent to nuclear speck-
les (green). Scale bar, 10 μm. (Panel D from Hendzel et al. 1998; reprinted, with permission, from the American
Society for Cell Biology © 1998.) (E,F ) Local concentrations of EU pulse-labeling of nascent transcripts (red)
revealing transcriptionally active chromosome regions dispersed nonuniformly through nuclear interior (DAPI,
blue), including surrounding nuclear speckles (SON, green) (E); in contrast, repressive H3K27me3mark (green)
for facultative heterochromatin also is present in foci distributed throughoutmost of the nucleus from the nuclear
periphery to the edge of nuclear speckles (F ). (PanelsE and F fromChen et al. 2018b; reprinted under theCreative
Commons License CC BY-NC-SA 4.0.) (G) Genome browser view showing how largely binary division of
nuclear genome organization based on lamin B1 DamID, Hi-C compartment (EV1) score, or RNA Pol II
CTD Ser5p TSA-seq is further subdivided into chromosomal regions with varying distances to nuclear speckles
or from nuclear lamina, as seen by varying location and heights/depths of SON/SC35 TSA-seq peaks/valleys,
varying depths of lamin A/C and B TSA-seq valleys, as well as Hi-C subcompartments (note correlation of A1
subcompartment with SON/SC35 TSA-seq peaks and varied localization of B1 [enriched in H3K27me3 mark]
along chromosome). (Panel G from Chen et al. 2018b; reprinted under the Creative Commons License CC BY-
NC-SA 4.0.)
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apparent clusters. Nascent transgene RNA and
RNA Pol II concentrated in an outer rim sur-
rounding the BAC transgene “territory.” The
segregation of H3K27me3-modified, poly-
comb-repressed α-globin genes from the GFP-
lac repressor stained lac operator repeats was
maintained even in mitotic chromosomes. This
tendency of self-sorting and self-association of
like sequences was particularly enhanced in un-
differentiated mESCs (Sinclair et al. 2010).

This observed clustering of ectopic lac oper-
ator and vector backbone repeats, described
above, may be revealing mechanisms acting on
endogenous genomic repeats to shape chromo-
some folding. Indeed, homotypic clustering of
L1 and Alu repeats driven by repeat RNA tran-
scription was proposed recently to contribute to
nuclear compartmentalization (Lu et al. 2021).
More generally, computer polymer-folding sim-
ulations have suggested that this self-association
of active with active and inactive with inactive
chromatin regions, together with their affinity
for different nuclear compartments, is likely a
major driver of nuclear genome folding, as re-
viewed recently (Misteli 2020).

A different question is how compartmental-
ization of DNA into large-scale chromatin
domains might be stable during interphase pro-
gression and particularly during DNA replica-
tion. Similar to the transcription “factory”mod-
el, discussed previously, combined live-cell
imaging plus light and electron microscopy
imaging of pulse-chased replicated DNA sug-
gested large-scale chromatin domains remain
condensed during DNA replication, with DNA
instead pulled out of these chromatin domains
and into adjacent PCNA-enriched “replication
foci” and then “snapping back” into the chroma-
tin domain after replication (Deng et al. 2016).

GENOMIC ANALYSIS OF GENOME
NUCLEAR ORGANIZATION

Binary Compartment Model Based on
Genome-Wide Mapping of Genomes

More recently developed genome-wide map-
ping methods are complementary to the imag-
ing methods that generated these initial concep-

tual frameworks for genome organization. The
first genomic method to suggest an ap-
proximately binary division of the genome
was the measurement of DNA replication tim-
ing (Schübeler et al. 2002; White et al. 2004;
Hiratani et al. 2008). A two-fraction assay using
early versus late pulse-labeling suggested a
largely binary division of the genome into early
versus late replicating domains with transition
zones, possibly corresponding to single, elon-
gating replication forks, connecting early with
late regions. In Drosophila, constitutive hetero-
chromatin regions were, as in imaging studies,
detected as replicating even later (Schübeler
et al. 2002).

The subsequent development of molecular
proximity mapping methods revealed a striking
division of the genome into discrete domains.
One early genome-wide proximity-mapping
method was DamID, which relies on methyla-
tion of DNA regions that interact with a protein
of interest (van Steensel and Henikoff 2000; van
Steensel et al. 2001). DamID showed differential
molecular interaction of genome regions with
nuclear lamina proteins such as lamin B1 (Fig.
2G) or emerin (Guelen et al. 2008; Peric-Hupkes
et al. 2010). Thus, DamIDmapping provided an
approximately binary division of the genome
into LADs and intervening domains (iLADs),
with small genomic regions connecting the
LADs and iLADs. Constitutive (cLADs) are
LADs in most or all cell lines tested, while facul-
tative LADs (fLADs) convert to iLADs in some
cell lines orduringdifferentiation (Peric-Hupkes
et al. 2010; Meuleman et al. 2013; Robson et al.
2016).

The development of chromosome capture
conformation (3C) methods, and ultimately
Hi-C, led to the third independent suggestion
of a similar binary genome division (Lieber-
man-Aiden et al. 2009). Hi-C interaction maps
across chromosomes showed higher than ex-
pected cross-linking between particular genome
regions that were classified as “A” or “B” “com-
partments”: Both A and B compartments across
a chromosome interacted at a higher frequency
with other like compartments than expected
from the averagedecrease in interaction frequen-
cy observed as a function of genomic distance.
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This division into A and B compartments
emerges as principal component 1 in a principal
component analysis (PCA) of Hi-C interaction
frequencies, measuring the division of the ge-
nome into A (positive eigenvector 1, EV1) and
B (negative EV1) compartments (Fig. 2G, “com-
partment score”).

This genome binary division into LADs ver-
sus iLADs closely parallels B and A compart-
ments (Fig. 2G; van Steensel and Belmont
2017), and, with the addition of transition zones,
late and early DNA replicating domains (Ryba
et al. 2010). LAD/B/late genomic regions have
lower gene density, lower transcriptional activi-
ty, and epigenetic marks associated with gene
silencing, whereas iLADs/A/early regions have
higher gene density, higher transcriptional activ-
ity, and epigenetic marks associated with active
chromatin (deWit and van Steensel 2009; Peric-
Hupkes and van Steensel 2010; van Steensel and
Belmont 2017; Zhao et al. 2017).

Beyond A and B Compartments

Improved Hi-C methods combined with much
greater read depth further divided the original
Hi-C A and B compartments into A1 and A2
active and B1, B2, and B3 major subcompart-
ments in the G12878 lymphoblastoid cell line
(Fig. 2G; Rao et al. 2014). Whereas the B1 sub-
compartment was enriched in epigenetic mark-
ers related to polycomb silencing, B2 and B3
subcompartments overlapped extensively with
LADs. These subcompartments are assumed to
correspond to spatially distinct active (A1 and
A2) and repressive (B1,B2, andB3)nuclearcom-
partmentalization. The B2 subcompartment re-
gions are enriched on smaller chromosomes and
acrocentric chromosomes containing NORs, as-
sociating the B2 subcompartment with a more
nucleolar localization.

Sequencing of residual DNA associated with
biochemically purified nucleoli better identify
nucleolar-associated domains (NADs) (Németh
et al. 2010; van Koningsbruggen et al. 2010; Biz-
hanova and Kaufman 2021). NADs show exten-
sive overlap with LADs, with B2 Hi-C subcom-
partment genomic regions overrepresented
relative to B3 regions. Overlap between LADs

and NADs was expected from live-cell imaging
experiments showing a stochastic shuffling of
LADs between associationwith the nuclear lam-
ina versus nucleolar periphery after mitosis
(Kind et al. 2013). NAD-seq revealed additional
H3K27me3-enriched “type 2” NADs, distinct
from LADs, as confirmed by FISH (Vertii et al.
2019).

Several newer, non-3C-related genomic
methods, have suggested further assignment of
Hi-C-defined compartments to specific nuclear
bodies, such as nucleoli and nuclear speckles.

SPRITE (split-pool recognition of interac-
tions by tag extension), using a series of dilutions
and pooling of complexes, adds unique sequenc-
ing barcodes to multiple DNA and RNA frag-
ments associated with the same individual
complexes produced by sonicating chemically
cross-linked cells (Quinodoz et al. 2018). In
this approach, high-throughput DNA sequenc-
ing of sequencing libraries produced from large
numbers of complexes can produce two-way
“interaction frequencies” analogous to Hi-C,
but corresponding instead to DNA/RNA frag-
ments colocalizing in the same complex. But
SPRITE also yields frequencies of simultaneous
“interactions” from larger numbers of fragments
all colocalizing in the same complex. In mESCs,
SPRITE identified “active” and “repressive” ∼1
Mbp regions defined through their interaction
frequencies with a small number of either highly
active or inactive “hubs”—chromosome regions
with unusually high numbers of interchromo-
somal contacts in sonicated complexes. Sub-
sequent FISH validation showed that the hub
contact frequencyof SPRITE-defined active chro-
mosome regions correlated with the frequency of
colocalization of these regions with nuclear
speckles; instead, the hub contact frequency
SPRITE-defined repressive chromosome regions
correlated with the colocalization of these regions
with nucleoli (Quinodoz et al. 2018).

More recently, RD-SPRITE, an improved
version of SPRITE with greatly improved RNA
detection, has provided more direct mapping of
DNA sequences interacting with specific RNAs
enriched in different nuclear bodies and also
mapped imprinted chromosomal domains
showing domain-wide interactions with specific
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lncRNAs associatedwith their silencing (Quino-
doz et al. 2020).

A different mapping method, MARGI, li-
gates nearby RNA and DNA fragments in
cross-linkednuclei to provide a sequencing read-
out of RNA colocalizing near DNA sequences
(Chen et al. 2018a). Cross-linking of ncRNAs
(snRNAs and MALAT1) enriched in nuclear
speckles revealed large domains corresponding
approximately to the entire Hi-C A compart-
ment. However, given that MARGI reads out
molecular-scale interactions, this colocalization
may simply reflect the known local enrichment
of snRNAs and Malat1 at actively transcribing
gene bodies, rather than proximity of the chro-
mosome region to nuclear speckles (Engreitz
et al. 2014; Chen and Belmont 2019).

Genomic regions interacting with nuclear
speckles were measured more directly using a
new genomics method, TSA-seq (Chen et al.
2018b). TSA uses indirect immunofluorescence
using a secondary antibody coupled to horse-
radish peroxidase (HRP). HRP catalyzes the
generation of tyramide (phenol)–biotin free
radicals. The sustained generation of tyramide–
biotin free radicals combined with their diffu-
sion from the site of generation, and an approx-
imately constant probability over time and space
in their quenching, creates an exponentially de-
creasing free-radical concentration gradient that
can be used to measure the distance of a DNA
region from the staining target.

Nuclear speckle and lamin TSA-seq showed
that in K562 erythroleukemia cells the previous-
ly identified A1 Hi-C subcompartment corre-
sponded to the ∼20% of the genome closest to
nuclear speckles and far from the nuclear lam-
ina, the A2Hi-C subcompartment instead local-
ized at intermediate distance to nuclear speckles,
whereas the inactive B2 and B3 Hi-C subcom-
partments were distant from nuclear speckles
and close to the nuclear lamina (Fig. 2G; Chen
et al. 2018b).

TSA-seq suggested several additional con-
cepts deviating further from both the binary and
radial models of genome organization. Speckle-
associated domains (SPADs), corresponding to
the∼5%of the genomeclosest tonuclear speckles,
wereneardeterministically locatedadjacent tonu-

clear speckles (∼95% or more of alleles). These
SPADsplusflanking LADs,Mbps distant to these
SPADs, defined anchor points for predicting sev-
eral Mbp chromosome trajectories extending
from nuclear lamina to nuclear speckles and
back. More generally, gene-dense expression
“hot zones” are located at the apexes of predicted
chromosome trajectories projecting from the nu-
clear lamina variable distances into the nuclear
interior. Inferred distances to either the nuclear
lamina or nuclear speckles were proposed to rep-
resent better metrics for describing genome orga-
nization than radial distance to the nuclear center
(Chen et al. 2018b).

Further division of the genome into multiple
stateswithvaryingnuclear spatial localizationwas
achieved for K562 cells by combining TSA-seq,
DamID, and Hi-C data using a hidden Markov
random fieldmodel, SPIN (spatial position infer-
ence of the nuclear genome), to identify multiple
states, eachpredicted to share adistinctivenuclear
localization (Wang et al. 2021). SPIN further di-
vided LADs into lamina-associated, two near-
lamina, and lamina-like states and divided iLADs
into speckle-associated, three interior active, and
two interior repressive states, eachwithdistinctive
histone modifications, DNA replication timing,
and gene expression levels.

APEX (enhanced ascorbic peroxidase
[APX]), a related proximity labeling method im-
plemented typically in live cells (Rhee et al. 2013),
recently has been applied to mapping genome
organization relative to PML bodies (Kurihara
et al. 2020). APEX uses expression of a fusion
protein between an engineered, monomeric
ascorbate peroxidase and a cellular protein local-
izing in the target cellular compartment; labeling
of chromatin by the phenol–biotin free radical is
subsequently detected by ChIP-seq. Although a
region of the Y chromosomewasmapped consis-
tently near PML bodies, no other chromosomal
region was detectable as preferentially lying near
PML bodies. The APEX tagged PML protein
mapped locally to a large number of promoter
and enhancer regions, at well below the expected
diffusion radius of the phenol–biotin free radical.
This labeling may be an artifact caused by APEX
labeling of DNA-specific regulatory proteins in-
side of PML bodies followed by their rapid diffu-
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sion out of the PML bodies and their subsequent
binding to distant regulatory DNA sequences
(Kurihara et al. 2020).

Finally, the ligation-independent genome ar-
chitecturemapping (GAM)genomicmethodno-
tably detects a significantly higher number of
long-distance and trans chromosomal interac-
tions as compared with Hi-C (Beagrie et al.
2017, 2020). GAM involves sequencing DNA
from thin sections cut randomly from many cell
nuclei;DNAsequences colocalizingwithinnucle-
ar space are more likely to be present within
randomly sampled nuclear cross-sections. Long-
distance, “multi-way” interactions involving si-
multaneous colocalization of different DNA se-
quences detected by GAM were suggested to be
the consequence of chromosomal interactions
with nuclear bodies such as nuclear speckles
and/or “transcription factories” or other conden-
sates associated with active gene expression (Bea-
grie et al. 2017).

BACK TO THE FUTURE—MELDING
GENOMICS WITH MULTIPLEXED
NUCLEIC ACID AND PROTEIN
IMAGING

All sequence-based, genomicmapping approach-
es, and especially those performed on ensembles
of cells, face the challenge of relating their results
and predictions to actual nuclear and chromo-
somal structures. New, multiplexed FISH ap-
proaches using bar-coded oligonucleotide probes
are promising to bring genomics to single-cell
imaging (Cardozo Gizzi et al. 2019; Mateo et al.
2019; Nguyen et al. 2020). Two new studies point
to a future in which near genome-wide coverage
of chromosome loci, and eventually chromosome
trajectories, will be visualized relative to immu-
nostained nuclear structures and bodies. Both
mapped ∼1000–3000 chromosome loci, plus
large numbers of nascent pre-RNAs, relative to
the nuclear lamina, nucleoli, and nuclear speckles
in IMR90 human fibroblasts (Su et al. 2020) and
to the same nuclear compartment markers plus
additional chromatin marks in mESCs (Takei
et al. 2021), using multiple rounds of FISH hy-
bridization, combinatorial labeling, anddecoding
schemes.

Chromosome loci showed variable contact
frequencies between nuclear lamina, nucleoli,
andnuclear speckles that correlatedwithprevious
genomic data. Both studies showed increased and
decreased gene expression levels for loci associat-
ed with nuclear speckles and the lamina, respec-
tively. Takei et al. identified chromosomal loci
with unusually high contact frequency with spe-
cific nuclear structures, including specific chro-
matin marks, RNA Pol II foci, heterochromatin
defined byDNA staining, or nuclear bodies (lam-
ina, nucleoli, nuclear speckles) (Fig. 3A). Su et al.
described reducedpercentages of transcriptional-
ly active gene alleles with detectable nascent
transcripts for alleles associated with the nuclear
lamina, whereas slightly higher active allele fre-
quencieswere observed for gene alleles associated
with nuclear speckles. Takei et al. inferred a pre-
positioning of highly active genes near nuclear
speckles and/or regions of high active chromatin
marks, regardless of on/off status of alleles in par-
ticular cells.

THE ELEPHANT IN THE ROOM: NUCLEAR
COMPARTMENTS, PHASE SEPARATION,
AND CONDENSATES

Liquid–liquid phase separation (LLPS) has gath-
ered momentum as a major paradigm change in
cell biology today (Hyman et al. 2014; Shin and
Brangwynne 2017). LLPS refers to the demixing
of liquids into spatiallyseparatephases, analogous
to the separation of oil and water. Many nuclear
bodies show at least a subset of LLPS characteris-
tics; these include fusion,fission,dripping, round-
ing, viscoelastic behavior, and rapid diffusion of
proteinswithin bodies and exchangeof thesepro-
teins out of the bodies, but with reflection at the
nucleoplasmic/body boundary. Moreover, many
nuclear body proteins, either individually or in a
mixturewith other proteins orRNAs, form liquid
phase-separated droplets in vitro. An excellent
example in which LLPS properties play a likely
role in establishing nuclear body structure and
function is the nucleolus, as reviewed recently
(Lafontaine et al. 2021).

As a result, LLPS is commonly invoked as a
universal mechanism for the organizing princi-
ple of nearly all nuclear bodies. Yet, the “ele-
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phant in the room” that many are reluctant to
discuss is that there are few instances where
“classic” liquid-like behavior, involving the
phase-separation of pure liquid states, has been
shown definitively in vivo (McSwiggen et al.
2019). If one defines condensates as local con-

centrations of subunits in the absence of a sep-
arating lipidmembrane enclosure, then conden-
sates would include many additional types of
matter besides liquids such as liquid crystals,
gels, and solids; condensates would also include
the concentrated binding of proteins to localized
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Figure 3.Challenges for the future. (A) The nucleus is crowded with many internal nuclear bodies and structures
as revealed bymultiplexed imaging ofDNA loci relative to nuclear speckles (pink), nucleoli (blue), orH3K9me3-
enriched heterochromatin, including chromocenters, in mouse embryonic stem cells (mESCs). A number of
specific chromosome loci appear as “fixed” relative to these nuclear structures, meaning they show statistically
unusually high frequency of colocalization for particular structures—pink dots for nuclear speckle-associated,
green dots forH3K9me3-associated, and blue dots for nucleolar-associated—as comparedwith chromosome loci
that do not show elevated association frequencies with any of these structures (gray dots). (Panel A from Takei
et al. 2021; reprinted, with permission, from Nature Publishing © 2021.) (B) Small movements matter: relative
movements closer or further to specific nuclear bodies/structures, even of several hundred nm, can be highly
correlated with changes in gene expression. (C) Delayed response: greatly complicating analysis of the possible
causal relationship between nuclear localization and changes in DNA functional output is that the change in
output—i.e., transcription (nascent transcripts represented as green dot)—may show a delayed response. Here, a
gene locus starts at 5 min after gene induction a small distance from a nuclear speckle, touches the speckle at 6
min, and in a delayed response, turns on to higher levels at 8 min when it is again away from the nuclear speckle.
Examination in fixed cells would instead lead to the inference of a high level of transcription evenwithout nuclear
speckle contact. (D) An integrated view: Traditionally, our field has focused solely on individual chromosome loci
and their nuclear position. However, movements of chromosome loci toward or away from specific nuclear
bodies/structures could be associated with coordinated changes in nuclear localization, large-scale chromatin
compaction, and even biochemical changes to flanking chromatin regions, possibly Mbps in size. Here, an active
chromosome movement of a speckle-associated chromosomal locus toward a nuclear speckle, followed by its
attachment to the speckle, combined with the anchoring of a neighboring LAD to the nuclear lamina could
differentially alter the chromatin compaction of the intervening several Mbp of DNA between these two chro-
mosome loci, possibly even leading to differential gene expression (nascent transcripts, green dots) as a function
of differential chromosomal stretching.
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RNA aggregates or condensed chromatin do-
mains (Boeynaems et al. 2018; Lyon et al.
2021). Moreover, some characteristics of LLPS
may be shared by these other types of conden-
sates, although a given cellular body might tran-
sition between liquid and gel or gel and solid.
Moreover, these transitions might occur either
uniformly or heterogeneously within the body
(Boeynaems et al. 2018; Lyon et al. 2021).

Indeed, by two criteria for a true liquid-like
condensate—the absence of internal structure
and the surface tension induced rounding of
the condensate—several nuclear bodies clearly
deviate. Cajal bodies show a distinctive coiled
structure (Fig. 1I); paraspeckles are now being
modeled as block copolymer micelles with a
characteristic cylindrical shape and an ordered
interior organized by the nucleating and re-
quired lncRNA NEAT1_2 (Fig. 1J; Yamazaki
et al. 2021); PML bodies show an outer core shell
formed by the PML protein (Fig. 1M; Yamazaki
et al. 2021); IGCs/nuclear speckles show non-
round shapes formed by clusters of 20–25 nm
RNP granules, which often align linearly as
chains of granules (Fig. 1H; Bernhard andGran-
boulan 1963). Moreover, the actual functional
nuclear speckle likely includes the interchroma-
tin granules together with additional proteins
and RNAs, including the lncRNA MALAT1,
which fill space between these granules and/or
surround the outside of the granule cluster, as
visualized by superresolution light microscopy
(Fig. 1G; Fei et al. 2017).

These features of many nuclear bodies devi-
ate from the typically round foci formed by in
vivo overexpression of many nuclear body pro-
teins that frequently contain intrinsically disor-
dered regions (IDRs) favoring LLPS. Indeed,
some nuclear body proteins appear under nor-
mal physiological conditions to be in anonliquid
condensate state, which may be poised to un-
dergo LLPS during cell-cycle progression or af-
ter physiological perturbation. For example,
MFAP1 and PRPF38A reenter nuclei and form
round, droplet-like bodies ∼10–20 min before
the entryof the nuclear speckle putative scaffold-
ing proteins SON and SRRM2 and their colocal-
ization with nuclear speckles (Dopie et al. 2020;
Ilik et al. 2020). TheseMFAP1/PRPF38A bodies

either represent nucleation sites for the reform-
ing nuclear speckles or instead are local conden-
sates of proteins that later will concentrate in
nuclear speckles forming elsewhere. RNA Pol
II inhibition during interphase causes the same
MFAP1 and PRPF38A proteins to exit nuclear
speckles and form round bodies adjacent to and
away from nuclear speckles (Dopie et al. 2020).
Meanwhile, RNA Pol II inhibition also causes
nuclear speckle rounding, as expected for a tran-
sition to a more liquid-like condensate.

For these reasons, more complex models be-
yond LLPS likely will be required to understand
the full range of behaviors shown by many nu-
clear bodies.

This also holds true for chromatin domains,
which recently have been suggested to form via
LLPS (Maeshima et al. 2020). In vitro, nucleo-
some oligomers form aggregates as a function of
polycation concentration, and similar drop-like
structures were observed after injection into nu-
clei of live cells (Gibson et al. 2019). This aggre-
gation of nucleosomes can be enhanced by bind-
ing of HP1 through an HP1-induced change in
the histone octamer structure (Sanulli et al.
2019).

However, numerous mechanical measure-
ments and live-cell imaging experiments instead
have shown elastic behavior of whole chromo-
somes, nuclear chromatin, and interphase chro-
mosome regions. The first suggestion of chro-
mosome regions behaving with liquid-like
properties was for HP1-enriched Drosophila
and mouse chromocenters, based on the dem-
onstrated formation ofHP1 droplets in vitro and
observation of fusion and fission of groups of
pericentric heterochromatin regions in live cells
(Larson et al. 2017; Strom et al. 2017). Recent
studies, however, now show that the HP1/DNA
“droplets” behave more like a cross-linked gel
against short-duration mechanical impulses,
with mobile HP1 acting as a cross-linker of im-
mobile DNA fragments (Keenen et al. 2021). In
vivo, HP1 is not essential to the maintenance of
chromocenter compaction and the concentra-
tion ofHP1 in the nucleoplasm and chromocen-
ter shows concentration-dependent behavior
different than expected for LLPS (Erdel et al.
2020). Meanwhile, in vivo experiments reveal
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that whereas proteins mix rapidly within chro-
mocenters, DNA from individual pericentric
heterochromatin regions do not, suggesting a
model in which solid/elastic chromosome struc-
tures serve as “scaffolds” on which LLPS might
occur for chromatin-associated proteins (Strick-
faden et al. 2020).Meanwhile, older experiments
using photoactivation fluorescently labeled
DNA had clearly established very non-liquid-
like and stable interphasepositioningof chroma-
tin through cell-cycle progression throughmuch
of interphase (Walter et al. 2003).

More complex models beyond LLPS—likely
combining polyelectrolyte electrostatic interac-
tions, fiber–fiber interactions, protein and ncRNA
cross-linking, and active enzymatic processes such
as cohesin and condensin-mediated loop extru-
sion—will be needed to understand how elastic
chromosomes can coexist with clearly visualized
compartmentalization of different heterochroma-
tin and euchromatic chromosome regions.

ESTABLISHMENT, MAINTENANCE, AND
CHANGES IN NUCLEAR
COMPARTMENTALIZATION

Although an extensive literature exists describ-
ing the reformation aftermitosis of major nucle-
ar bodies and compartments, we still have a sur-
prisingly poor grasp of the larger picture of how
thesedifferent compartments are established rel-
ative to each other and the forces and mecha-
nisms that drive these rearrangements. In some
cell types, nucleoli have been described as fusing
and moving to the nuclear center during cell-
cycle progression (Amenta 1961; González and
Nardone 1968; Savino et al. 2001).More broadly,
what forces lead to a single, centrally located nu-
cleolus in one cell type (e.g., certain neurons
[Manuelidis 1984]) versus multiple, scattered
nucleoli in other cell types? What controls the
variable sizes andnumbers of nuclear speckles in
different cell types, their restriction to the nucle-
ar equatorial plane in fibroblasts, and their ex-
clusion from the nuclear periphery and concen-
tration in the nuclear interior in multiple cell
types? What forces and mechanisms effect
changes in nuclear compartments during cell-
cycle progression or cell differentiation?

Both Cajal bodies and nuclear speckles are
mobile, in some cases moving up to several mi-
crons through the nucleus at velocities up to∼1
µm/min (Platani et al. 2000; Kim et al. 2019). In
response to several cell stresses (heat shock,
heavy metal, transcriptional inhibition) or dur-
ing entry into prophase, nuclear speckles show a
“follow-the-leader”movement with smaller nu-
clear speckles moving in DNA-depleted chan-
nels to fuse with larger speckles; new nuclear
speckles then nucleate and move along a similar
path to fuse with the same nuclear speckle (Kim
et al. 2019).

In the case of chromosomal compartmental-
ization, early pulse-chase experiments showed
that the differential spatial localization of early
versus late replicating chromosomal regions to
the nuclear interior versus periphery, respective-
ly, is established during the first few hours of G1
phase (Ferreira et al. 1997). These and related
experiments (Walter et al. 2003) suggested the
idea that chromosome position becomes rela-
tively fixed early in G1 phase and that cells
need to passage through mitosis to rearrange
their chromosome compartmentalization.

More recently, Hi-C of cells synchronized in
their progression from mitosis into G1 showed
establishment of A/B compartments within the
first few hours of G1, agreeing with earlier mi-
croscopy work (Abramo et al. 2019; Zhang et al.
2019). However, changes in Hi-C A/B compart-
mentalization occur both during differentiation
(Miura et al. 2019) or after physiological stimu-
lation within a single cell cycle (Amat et al. 2019;
Zhou et al. 2019).

Indeed, more than 70 years ago, the specific
movement of the inactive X chromosome away
from the edge of the nucleolus into the nuclear
interior and then back again was observed dur-
ing the several week period of wound healing of
crushed motor neurons, permanently arrested
in the cell cycle in G1 (Barr and Bertram
1951). In addition, several examples of stereo-
typed, long-range chromosome movements
without an intervening mitosis or change in dif-
ferentiation have been reported (Chuang and
Belmont 2007).

Recent development of a new DamIDmeth-
od, pA-DamID, with greatly increased time res-
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olution has suggested progressive changes in the
magnitude of subsets of lamin pA-DamID LAD
signals during cell-cycle progression, suggesting
that a set of LADs at the ends of chromosome
arms decrease their interactionswith the nuclear
lamina after early G1, whereas a different set of
LADs toward the middle of the chromosomes
increase their interactions (van Schaik et al.
2020). Similar results were independently re-
ported using lamin cTSA-seq, a modified form
of TSA-seq in which chromatin pulldown re-
places DNA pulldown (Tran et al. 2021).

As an early model system to study chromo-
somemovements tied to changes in gene expres-
sion, inducible tethering of the acidic activation
domain of VP16 resulted in the directional
movement of a peripherally located plasmid
transgene over distances up to several microns
and at average velocities of ∼0.4 μm/min
(Chuang et al. 2006). These movements toward
the nuclear interior were directly or indirectly
related to actin and nuclear myosin 1c. Similar,
actin-dependent movements were reported after
induction of a transgene array of U2 genes to-
ward Cajal bodies (Dundr et al. 2007).

More recently, a directional, linear move-
ment, in some cases up to 4 μm and at velocities
of 1–2 μm/min, was visualized for a large
plasmid HSPA1A transgene array from the nu-
clear periphery to nuclear speckles after heat
shock (Khanna et al. 2014). Similar linear, direc-
tional movements were seen for BAC Hsp70
(HSPA1A/HSPA1B/HSPA1L) transgenes to-
ward nuclear speckles after heat shock (Khanna
et al. 2014; Kim et al. 2020).

The most detailed molecular dissection of
the possible mechanism of interphase chromo-
some movements toward specific nuclear com-
partments has been done in budding yeast in the
context of the INO1 gene movement toward nu-
clear pores in response to transcriptional activa-
tion (Wang et al. 2020). Based on these studies, a
model has been proposed for long-range, pro-
cessive chromosome movement by a one-head-
ed myosin recruited by the Put3 transcription
factor binding to a DNA “zipcode.” This model
suggests that binding of the one-headed myosin
to F-actin is stabilized by a second, chaperone-
dependent interaction of INO80, recruited to

nearby H2A.Z-modified nucleosomes, with F-
actin. The motor activity of the one-headed my-
osin, at least an in vitro actin filament gliding
assay, was also dependent on the presence of the
Hsp90 chaperone and a cochaperone (Wang
et al. 2020).

FUNCTION OF NUCLEAR
COMPARTMENTALIZATION

The extensive compartmentalization of the nu-
cleus is evident, but what function does it serve?
Two traditional explanations of nuclear com-
partmentalization have been proposed. The first
is the idea of compartments increasing local
concentrations of key components for enzymat-
ic reactions and/or assemblies of macromolecu-
lar complexes. The second is the idea of com-
partments acting as local sites for storage or
sequestration of components whose activities
are normally elsewhere. With the new paradigm
of condensates and phase separation, these older
models have been further refined to include the
idea that condensatesmayact as selective filters to
pass through and/or concentrate certain classes
of proteins or RNAs while excluding others.

However, experimentally probing the func-
tion of nuclear bodies and compartmentaliza-
tion has been challenging. As just one example,
many of the same proteins responsible for rRNA
transcription, processing, and assembly into ri-
bosomes are implicated in phase separation and
formation of nucleolar structure. Thus, experi-
mentsmanipulating the levels of these samepro-
teins to perturb nucleolar assembly and then as-
saying effects on ribosome synthesis would be
difficult to interpret. Indeed, although principles
of phase separation derived from equilibrium
thermodynamics are instructive, normal nucle-
olar assembly and structure is driven by the non-
equilibrium transcription, RNA processing, and
assembly of rRNA into ribosomes (Lafontaine
et al. 2021), and it is challenging to uncouple
the functional output of nucleoli from their or-
ganization. Moreover, release of the many addi-
tional proteins and RNAs that concentrate in
nucleoli by induced nucleolar disassembly
would lead to pleiotropic effects potentially
causing significant indirect effects that again
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would complicate interpretationof experimental
results.

Similarly, recent simultaneous knockdown
of SON and SRRM2 was shown to “dissolve”
nuclear speckles, raising the concentrations of
their components in the nucleoplasm (Ilik et al.
2020). But both SONand SRRM2bind near pro-
moters and gene bodies at most active genes,
including away from nuclear speckles. Indeed,
most nuclear speckle proteins are present and
likely playing important functional roles at or
near genes away from these speckles. Thus, ma-
nipulation of nuclear speckles followed by assay-
ing effects on gene expression also are compli-
cated by the likely indirect effects induced by
changing the concentrations of speckle compo-
nents in the nucleoplasm.

One promising new approach has been to
induce nucleation of condensates locally using
optogentic tools (Kichuk et al. 2021). At the very
least, this approach allows exploration and test-
ing of proposed models for the effects of
condensates on biochemical andmolecular pro-
cesses. To the extent that these induced conden-
sates approximate the true behaviors of themore
complex, actual nuclear bodies, these optoge-
netic approaches should provide a productive
means to probe the functions of nuclear bodies
(Zhu et al. 2019; Wei et al. 2020; Zhang et al.
2020a; Ma et al. 2021).

Nuclear Speckles as a Model to Probe
Compartment Structure and Function
Relationship

Numerous reviews have focused on the function
of various nuclear compartments and struc-
tures. Here, we focus on recent experiments in
nuclear speckles that have used temporal order-
ing of events, in addition to perturbation of nu-
clear bodies, as a tool for probing nuclear body
function.

TSA-seq mapping reveals several features of
speckles: First, ∼5% of the genome is near de-
terministically positioned within <500 nm of
nuclear speckles; second, inferred average dis-
tances to nuclear speckles are largely conserved
between different cell types, with ∼90% of the
genome not statistically different in position in

pairwise cell line comparisons; and third, small-
to-moderate shifts of the remaining 10% of the
genome are highly correlated with changes in
gene expression, with shifts relatively closer
(further) to speckles associated with a strong
bias toward significantly increased (decreased)
gene expression (Chen et al. 2018b).

As described previously, mechanism(s) exist
to move specific transgenes—for example,
HSPA1A—directionally to nuclear speckles in
just several minutes (Khanna et al. 2014). A
more direct link between nuclear speckle prox-
imity and gene expression was suggested by the
temporal sequence between contact of these
HSPA1A plasmid transgenes with nuclear
speckles and HSPA1A gene expression, as re-
vealed by live-cell imaging. Increased nascent
HSPA1A transcripts appeared always after first
contact, but never before contact with nuclear
speckles. The time lag between first appearance
of the nascent transcript signal was several min-
utes shorter if the transgene array first contacted
a larger versus smaller nuclear speckle. Contact
with a smaller speckle led to an initial increase in
nuclear speckle size above a certain size before
the appearance of a nascent transcript signal
above background. Later, both nascent tran-
script signals and nuclear speckle size increased
in parallel. This increased size and coordinate
growth of both speckles and nascent transcript
signals is intriguing in light of the proposed
model, described previously, of cycles of PTMs
for splicing factors trafficking between speckle to
gene and then back to speckle (Misteli and Spec-
tor 1997;Hall et al. 2006). Blockingmovement to
nuclear speckles by blocking actin polymeriza-
tion resulted in reducedHSPA1Aheat-shock in-
duction of plasmid transgenes away from nucle-
ar speckles but no reduction in expression for
plasmid transgenes associated with nuclear
speckles (Khanna et al. 2014).

Using HSPA1B BAC transgene arrays,
which more completely recapitulate the heat-
shock-induced expression behavior of the en-
dogenous locus, produced similar results and
showed the phenomenon of “gene expression
amplification” (Kim et al. 2020). Although the
BAC transgenes showed 100% induction within
several minutes after heat shock, regardless of
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speckle association, transgenes in contact with
nuclear speckles showed a several-fold increased
production of nascent transcripts, whichmay be
at least partially explained by reduced exosome
degradation of nascent transcripts near nuclear
speckles. This was also seen for the endogenous
Hsp70 locus and several HSPA1A flanking
genes at both the endogenous locus and the
BAC transgenes at normal temperature. Again,
live-cell imaging showed that these BAC trans-
genes did not show jumps in nascent transcript
production until after nuclear speckle contact;
reduced gene expression occurred within several
minutes of loss of contact with nuclear speckles
(Kim et al. 2020).

In light of the observed movement of plas-
mid and BAC transgenes toward nuclear speck-
les after heat shock, it was surprising that about
half of all heat-shock genes, including HSPA1A,
are near 100% localized adjacent to nuclear
speckles even before heat shock, as revealed by
TSA-seq and DNA FISH inmultiple human cell
lines (Zhang et al. 2020b). The remaining half of
expressed heat-shock gene loci are near or at
moderate distance (HSPH1A) from nuclear
speckles but move closer after heat shock. The
HSPH1 gene locus was the furthest of all heat-
shock loci from nuclear speckles at 37°C (∼50%
genomic percentile) and showed the slowest in-
duction kinetics. FISH experiments revealed a
gene amplification as well after nuclear speckle
contact for the endogenous HSPH1A gene
(Zhang et al. 2020b).

Finally, comparing four cell types, no large
differences in relative nuclear speckle position
were observed (Zhang et al. 2020b). Genes that
are positioned closer to nuclear speckles in one
cell type are positioned just a few hundred nano-
meters in average distance further from nuclear
speckles in other cell types. This suggests a level
of “prewiring” of gene loci relative to nuclear
speckles such that genes move only small dis-
tances to or from nuclear speckles during differ-
entiation or physiological stimuli (Zhang et al.
2020b).

Such a prewiring is further suggested by re-
cent analysis of p53-responsive genes (Alexan-
der et al. 2021). Approximately half of ∼20 sur-
veyed p53-responsive genes moved closer to

nuclear speckles after p53 induction and, inter-
estingly, these were the genes that were already
positioned close to nuclear speckles even before
p53 activation. This induced association with
nuclear speckles was dependent on a different
region of the p53 protein from the known trans-
activating or DNA-binding domains of p53.
FISH analysis again revealed a gene expression
amplification phenomenon, with faster and
higher induction of increased gene expression
for alleles within ∼0.5 μm of nuclear speckles.
Perturbation of nuclear speckles by SON knock-
down perturbed this increased gene expression
observed with nuclear speckle proximity. TSA-
seq revealed several hundred inferred p53-re-
sponsive genes that moved closer to nuclear
speckles after p53 activation and again showed
increased expression, and these were the ∼30%
of p53-responsive genes that were prepositioned
near nuclear speckles before p53 activation
(Alexander et al. 2021).

These p53 experiments suggest that the phe-
nomenon of gene expression amplification may
be seen for large numbers of genes beyond heat-
shock loci. Further experiments should reveal
whether this is a general phenomenon of
stress-responsive genes, as well as genes moving
closer to nuclear speckles as a function of other
physiological stimuli and/or development.

A very different theory has been proposed
recently in which nuclear speckles rather than
simply serving as storage sites for RNA process-
ing factors instead act to actively regulate the
nucleoplasmic levels of key RNA processing
and splicing factors (Hasenson and Shav-Tal
2020). This produces an “action-at-a-distance”
regulation in which changing nucleoplasmic
levels of limiting factors by concentration or re-
lease by nuclear speckles can change the RNA
processing and alternative splicing of genes
throughout the nucleus. This model was
promptedbyobservations from live-cell imaging
of a transgene array with transgenes containing
varying numbers of intron/exon junctions
(Hochberg-Laufer et al. 2019). Accumulation
of nascent RNA transcripts near the site of tran-
scription was observed only for transgenes con-
taining larger numbers of introns and this was
modeled as a delay in splicing occurring after
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transcription but before release of the nascent
transcripts into the nucleoplasm. This delay in
release of nascent transcripts could be rescued
either by overexpression of a subset of splicing
factors or, much more interestingly, after “dis-
solving” of nuclear speckles by overexpression of
the Clk1 kinase, which has been proposed to
cause release of splicing factors from nuclear
speckles after their phosphorylation (Hoch-
berg-Laufer et al. 2019).

In summary, these recent experiments sug-
gest a closer than previously appreciated rela-
tionship between nuclear speckles and regula-
tion of gene expression. In retrospect, this close
relationship had been concealed by what ap-
pears to be a very precisely controlled yet dy-
namic prepositioning of many endogenous
genes close to nuclear speckles. Likewise, we
may be underappreciating the role of nuclear
speckles in buffering nucleoplasmic levels of fac-
tors involved in RNA processing, and how var-
iations in nuclear speckle protein fluxes and dy-
namics between cell types may have global
influence on patterns of gene expression. Dis-
secting the mechanisms underlying this prepo-
sitioning of gene loci near nuclear speckles, as
well as the dynamics of nuclear speckle compo-
nents, may be required to appreciate the full
extent of this influence of nuclear speckles on
gene expression.

FUTURE CHALLENGES AND QUESTIONS

The nucleus—and more specifically the inter-
chromosomal space—is crowded (Fig. 3A). Im-
munostaining and fluorescent microscopy may
give us a “tunnel vision” picture owing to the
difficulty of visualizing more than three or four
components simultaneously.On the other hand,
genome-widemappingmethods are an oversim-
plification of reality because they only present
the average over millions of cells and do not
take into account cell-to-cell variability. We
now realize that any given interphase chromo-
some domain is likely within a short distance to
multiple nuclear “locales” with distinctive func-
tional properties (Fig. 3B). New imaging
approaches have made this conceptualization
concrete with their visualization of many chro-

mosome loci appearing “fixed” relative to differ-
ent nuclear interior “environments” defined by
proximity to specificnuclear bodies and/orchro-
matin marks (Fig. 3A; Su et al. 2020; Takei et al.
2021). Newly identified phase-separated nuclear
condensates, in addition to previously described
nuclear bodies, are only adding to this complex-
ity. Given the number of nuclear proteins with
IDRs prone to phase separate above a critical
concentration, we likely are still just seeing only
the tip of the iceberg in terms of further subdi-
vision of nuclear interchromosomal space.
Meanwhile, chromatin domains themselves are
assuming characteristics of compartmentalized
units in terms of limiting diffusion of large, mac-
romolecular complexes involved in DNA func-
tions.

Previous models emphasizing nuclear radial
gene positioning or binary division into iLAD/
early replicating/A or LAD/late replicating/B
compartments can now be seen as underlying
fundamental, yet oversimplified, features of nu-
clear genome organization. Statistical trends of
radial positioning are likely the indirect result of
the organization of chromosomes relative to spe-
cificnuclearbodies andcompartmentsthat them-
selves are distributed as a function of radial posi-
tion. Meanwhile, the apparent binary division of
the genome conceals an emerging reality that
both the nuclear interior, and likely the nuclear
periphery, are further divided into functionally
distinct locales. Different alleles of the same chro-
mosomelocusmaydistributeamongdifferentbut
related spatial regions and move between them
overphysiological timescales. Forexample, recent
high-throughput,multiplexed imaging revealed a
maximum of∼40% of LAD alleles in actual con-
tact with the nuclear lamina in IMR90 human
fibroblasts, with most LAD alleles not associated
with the nuclear lamina but instead localizing
near the nucleolar periphery or elsewhere in the
nuclear interior (Su et al. 2020). Still unknown is
what fraction of LAD alleles will localize to eu-
chromatic versus heterochromatic local environ-
ments. Similarly, a large fraction of certain speck-
le-associated chromosome loci localizes very near
nuclear speckles, butwhat fraction of these speck-
le-associated alleles instead localize away from
nuclear specklesbutclose toother typesofnuclear

A.S. Belmont

24 Cite this article as Cold Spring Harb Perspect Biol 2022;14:a041268



local environments associated with active gene
expression?

Not only do “small distances matter”—sep-
arating nuclear compartments with distinct
functional properties—but chromosomal do-
mains may be “prepositioned” near the appro-
priate nuclear compartments required for their
full and/or more robust activation or silencing.
Hi-C defined nuclear compartments are ∼Mbp
in size and contain many genes showing uncor-
related changes in gene activity. Therefore, it was
inferred that smaller units of genome organiza-
tion such as TADs and sub-TADs would be
more intimately connected to gene regulation.
However, a newer generation of genomic meth-
ods are showing statistically significant changes
in positioning of genomic regions that can be
comparable or even smaller in size than TADs.
In the case of nuclear speckles, these small shifts
in relative positions strongly correlate with
changes in gene expression (Zhang et al.
2020b; Alexander et al. 2021).

Complicating matters further, functional
consequences of small nuclear movements can
be masked by subsequent movements and de-
layed functional outcomesof contactwithnuclear
compartments (Fig. 3C). This was seen over a
timescale of minutes in the case of Hsp70 trans-
genes contacting nuclear speckles but then turn-
ing on even after nuclear speckle detachment
(Khanna et al. 2014) and also taking several min-
utes to turn off after detaching from a nuclear
speckle (Kimet al. 2020). But timedelays between
nuclearcompartment contact and functional out-
put might extend in other contexts to entire cell
cycles or longer. For example, in fission yeast,
several cell cycles were required for full loss of
epigenetic silencing of a gene after knockdown
of a protein required for its anchoring to the nu-
clear periphery (Holla et al. 2020).

Finally, we may need a more integrated view
of nuclear organization in which we not only ex-
amine the location of specific chromosomal re-
gions, and the possible functional consequence of
these localizations, but also extend our analysis to
larger chromosome trajectories and examine the
possible coupling between changes in chromo-
some positioning within the nucleus simultane-
ouswith changes in chromatin conformation and

biochemicalmarks (Fig. 3D).Relativemovements
of one chromosome region within the nucleus
might not only cause coordinated movements of
∼Mbp-scale flanking regions but also lead to
changes in chromosome stretching and chroma-
tin compaction, which have been shown to
change gene expression (Tajik et al. 2016; Sun
et al. 2020). This could create an “action-at-a-dis-
tance”mechanism bywhich theremight be coor-
dinated changes in nuclear position, chromatin
folding, and gene expression over Mbp-linked
chromosomal regions.

Thus, new multiplexed imaging approaches
to visualize multi-Mbp chromosome trajecto-
ries, guided by genome-wide genomics methods
providing readouts of nuclear position, DNA
topology, and chromatin packing, will need to
be complemented by live-cell imaging to estab-
lish temporal ordering of events linking nuclear
position, chromosome folding, biochemical
modifications, and, finally, functional output.
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