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The nucleus is unique amongst cellular organelles in that it contains a myriad of discrete
suborganelles. These nuclear bodies are morphologically and molecularly distinct entities,
and they host specific nuclear processes. Although the mode of biogenesis appears to
differ widely between individual nuclear bodies, several common design principles are
emerging, particularly, the ability of nuclear bodies to form de novo, a role of RNA as a struc-
tural element and self-organization as a mode of formation. The controlled biogenesis of
nuclear bodies is essential for faithful maintenance of nuclear architecture during the cell
cycle and is an important part of cellular responses to intra- and extracellular events.

he mammalian cell nucleus contains a mul-

titude of discrete suborganelles, referred to
as nuclear bodies or nuclear compartments
(reviewed in Dundr and Misteli 2001; Spector
2001; Lamond and Spector 2003; Handwerger
and Gall 2006; Zhao et al. 2009). These bodies
are an essential part of the nuclear landscape
as they compartmentalize the nuclear space
and create distinct environments within the
nucleus (reviewed in Misteli 2007). Many
nuclear bodies carry out specific nuclear func-
tions, such as the synthesis and processing of
pre-ribosomal RNA in the nucleolus, the stor-
age and assembly of spliceosomal components
in nuclear speckles, or the retention of RNA
molecules in paraspeckles. The mechanisms
by which nuclear bodies contribute to func-
tion are highly diverse. In some cases, a nuclear
body may be host to a particular activity such
as transcription; in other cases, a nuclear body

seems to act indirectly by regulating the local
concentration of its components in the nucleo-
plasm.

In many ways, nuclear bodies are similar
to conventional cellular organelles in the cy-
toplasm. Like cytoplasmic organelles, they con-
tain a specific set of resident proteins, which
defines each structure molecularly. Although
many nuclear bodies are spherical in shape,
most can be characterized based on their unique
morphology, particularly when analyzed by
electron microscopy and by their nuclear distri-
bution patterns. However, in stark contrast to
conventional cytoplasmic organelles, nuclear
bodies are not delineated by lipid membranes,
and their structural integrity appears to be
entirely mediated by protein—protein and pos-
sibly protein—RNA interactions. The absence of
a demarcating lipid membrane points to unique
mechanisms of biogenesis.
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The mechanisms of nuclear body biogenesis
are physiologically important for two reasons.
First, proper biogenesis is essential for their
faithful inheritance during cell division. Many
nuclear bodies disassemble as cells enter mitosis
and must then efficiently and rapidly reassem-
ble at the end of mitosis to ensure full function-
ality of the daughter nuclei. Second, nuclear
bodies may form in response to specific cellular
activities. Coordinated disassembly and effi-
cient biogenesis of nuclear bodies is thus critical
for maintenance of cellular integrity, homeosta-
sis, and responsiveness.

NUCLEAR BODIES ARE DYNAMIC
STEADY-STATE STRUCTURES

Nuclear bodies are a morphologically and
molecularly highly diverse group of cellular
structures (Table 1; Fig. 1A—C). At one end of
the spectrum is the nucleolus, which is often
found in less than 3 copies, and often as a single
organelle, and may reach a size up to several
micrometers. At the other end of the spectrum,
Cajal bodies are rarely larger than 1.5 pm, and
as many as 10 can be found in a cell. Size, shape,
and number of a given nuclear body are often
dependent on cell type, are variable between tis-
sues, and may change in response to cellular
conditions. Despite their diverse morphological
appearances, nuclear bodies share several com-
mon features of organization (reviewed in Mis-
teli 2001, 2007; Lamond and Spector 2003;
Handwerger and Gall 2006; Bernardi and Pan-
dolfi 2007; Pederson and Tsai 2009).

A common property of nuclear bodies is
their overall structural stability. When followed
by time-lapse microscopy, individual nuclear
bodies persist during the entire interphase
between entry into G1 phase and exit from G2
phase. During this time, the bodies undergo
dynamic motions within the nucleus, whose
extent is generally inversely proportional to
their size (Platani et al. 2000; Muratani et al.
2002; Dundr et al. 2007). The large bodies
such as nucleoli and nuclear speckles, typically
2-3 pm in diameter, are largely immobile and
only undergo limited local motion (Misteli
et al. 1997a; Kruhlak et al. 2000; Olson and

Dundr 2005). The smaller bodies such as Cajal
bodies or PML nuclear bodies, with an average
size of 500 nm—1 pm, undergo more extensive
intranuclear motion and frequent fusion and
fission events (Platani et al. 2002; Dellaire
et al. 2006; Dundr et al. 2007; Chen et al. 2008).
Despite the overall structural stability, nu-
clear bodies are, however, intrinsically highly
dynamic structures (Phair and Misteli 2000;
Handwerger and Gall 2006). The vast majority
of nuclear body components are proteins that
are enriched in a nuclear body but they are
also present, albeit at lower concentration, in
the surrounding nucleoplasm (reviewed in
Dundr and Misteli 2001). Key insights into the
nature of nuclear bodies comes from photo-
bleaching experiments that have demonstrated
rapid dynamic exchange of a large number
of the major nuclear body components with
the surrounding nucleoplasm (Kruhlak et al.
2000; Phair and Misteli 2000; Snaar et al.
2000; Chen and Huang 2001; Weidtkamp-
Peters et al. 2008). For example, the major
nucleolar component fibrillarin or the marker
Cajal body component coilin have residence
times on the order of tens of seconds and several
minutes, respectively, and it can be calculated
that the entire pool of a given nuclear body pro-
tein is completely replaced within a few minutes
(Phair and Misteli 2000; Dundr et al. 2004).
The absence of a delineating lipid boundary
to distinguish nuclear bodies from their envi-
ronment indicates that nuclear bodies are accu-
mulations of proteins and RNAs and that the
morphological appearance of a given nuclear
body is largely determined by the sum of inter-
actions of its components within the body. At
present, no strictly architectural protein com-
ponents of nuclear bodies are known. However,
a role for dedicated protein—protein interac-
tions in the structural maintenance of nuclear
bodies is hinted at by the fact that several
prominent nuclear body proteins have self-
association properties (Hebert and Matera
2000). The major Cajal body protein coilin con-
tains a self-interacting N-terminal domain, the
PML protein forms homo-oligomers and the
SMN protein, which is a major constituent of
the gem nuclear bodies, oligomerizes readily
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Table 1. Biogenesis and inheritance of nuclear bodies.

Typical  Typical Activity Nucleation ~ De novo
Putative functions Defining components Size (um) Number dependence  template formation  Mode of Inheritance
Nucleolus Ribosome biogenesis RNA pol I machinery 3-8 1-4 + DNA/RNA  + disassembly, persist
rRNA processing/ as mitotic nucleoli
ribosome assembly derived foci
factors
Nuclear Storage and recycling of Pre-mRNA splicing 2-3 20-50 + DNA/RNA  + Disassemble/
speckles splicing factors factors reassembly
Nuclear stress ~ Regulation of transcription HSFI, HAP 1-2 2-6 + RNA Unknown  Unknown
bodies and splicing under stress
Histone locus ~ Histone gene synthesis NPAT, FLASH,U7 0.2-1.2 2-4 + DNA/RNA  Unknown Disassemble in
body snRNP metaphase,
reform in G1/
S-phase
Cajal body Biogenesis, maturation and Coilin, SMN 0.2-1.5 1-10 - DNA/RNA  + Disassembly into
recycling of small RNAs mitotic CBs
PML nuclear Regulation of genome stability, PML protein 0.1-1 10-30 - DNA/RNA  + Mitotic PML
body DNA repair, control of accumulations
transcription, viral defense
Paraspeckles mRNA regulation, RNA editing NEAT1/MENe/ 0.2-1 2-20 + RNA Unknown  Mitotic paraspeckles
BncRNAs PSP1,
p54™™®/NONO
Perinucleolar ~ Post-transcriptional regulation PTB 0.2-1 1-2 + RNA Unknown  Disassembly/
compartment  of a subset of pol III RNAs reassembly
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Figure 1. Structure and maintenance of nuclear
bodies. The appearance and number of nuclear
bodies is highly variable. Prominent examples in-
clude (A) the nucleolus (RNA polymerase I sub-
unit RPA43 in green, rRNA processing enzyme
fibrillarin in red); (B) nuclear speckles (splicing fac-
tor SC35 in red; DNA in blue); and (C) Cajal bodies
(coilin in red) and histone locus bodies (histone
genes transcription factor NPAT in green), which
are closely associated with each other (arrow). Inset:
higher magnification view. Scale bars: 2 um. (D)
Nuclear bodies are dynamic, steady-state structures
exposed to a continuous flow of material in and
out. The ratio of on/off rate determines the size,
and possibly the shape, of the body. Minor changes
in on/off-rate ratio can strongly influence nuclear
body morphology.

with itself (Hebert and Matera 2000; Kentsis
et al. 2002; Dundr et al. 2004; Morse et al.
2007). No covalent interactions between nuclear
body components have, however, been identi-
fied to date as determinants of nuclear body
structure, and it seems likely that most intra-
body interactions are noncovalent and weak.
Taken together, the overall structural stability
and the rapid exchange of individual compo-
nents make nuclear bodies dynamic steady-state

protein/RNA structures, which form by dy-
namic interactions of their components in the
nucleoplasm (Fig. 1D).

NUCLEAR BODY MAINTENANCE

The steady-state appearance of nuclear bodies
is maintained by the continuous flow of mole-
cules into and out of the body (Fig. 1D). The
size, and possibly shape, of nuclear bodies
is likely determined by the balance of on-rate
relative to the off-rate of its components. An
increase in on-rate or a drop in the off-rate
will lead to an increase in size, whereas a
decrease in on-rate or an increase in off-rate
will lead to shrinkage (Fig. 1D). The molecular
mechanisms that determine on/off rates of in-
dividual nuclear body components are poorly
understood but likely involve post-translational
modifications. This is best exemplified by SR
protein splicing factors, which are major con-
stituents of the nuclear speckles, which serve
to store and assemble pre-mRNA splicing com-
ponents. Several speckle components undergo
a cycle of phosphorylation that coincides with
their association with speckles (reviewed in
Misteli 1997b). Many SR protein splicing fac-
tors exist in a hypo-phosphorylated state in-
side of speckles, where they are the target for
speckle-resident SR-protein kinases of the Clk
family. Hyper-phosphorylation of SR proteins
then makes them competent to participate in
the splicing reaction and at the same time leads
to their dissociation from speckles. During the
splicing reaction, the SR proteins are dephos-
phorylated, re-establishing their affinity for
speckles, where they are recycled for a new round
of splicing (reviewed in Misteli 1997b). A simi-
lar cyclical mechanism to control nuclear body
association has been characterized for the nuc-
leolar protein nucleostemin, which contains a
GTP-binding domain that mediates nucleolar
retention (Tsai and McKay 2005; Pederson and
Tsai 2009). It is likely that similar, yet uncharac-
terized, mechanisms play key roles in control-
ling the association and dissociation, and thus
shape and size, of many other nuclear bodies.
Control of nuclear body number is poorly
understood. Even the number of nucleoli, which
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form around a fixed number of nucleolar organ-
izing regions consisting of constant numbers of
rDNA repeats on a defined number of chromo-
somes, varies greatly in different tissues and cell
types. Some initial insight into number control
comes from analysis of the Cajal body, where the
marker protein coilin is capable of regulating
the number of Cajal bodies per cell. This in-
volves C-terminal phosphoserine residues that
regulate its self-interaction activity (Shpargel
et al. 2003; Hearst et al. 2009). Truncation or
mutation of these phosphorylation sites leads
to alteration in the number of Cajal bodies. In
addition, expression of heterologous coilin pro-
teins in different cellular backgrounds results
in deregulation of Cajal body numbers. For ex-
ample, mouse coilin forms numerous foci in
human HeLa cells, but when expressed in
mouse cells, the number of Cajal bodies does
not increase. When frog coilin is expressed in
either cell type, the number of Cajal bodies is
highly up-regulated. In contrast, human coilin
is unable to form foci in cells derived from coilin
knockout mice (Shpargel et al. 2003).

Size and number of nuclear bodies are not
fixed but are dependent on physiological condi-
tions. The number of nucleoli correlates posi-
tively with cell proliferation. For example, in
lymphocytes with high proteosynthetic activity,
and thus a high requirement for ribosomal RNA
(rRNA), nucleolar size increases (Hernandez-
Verdun 2006). Cellular stress, such as inflam-
mation and oncogenic stimulation, cause an
increase in the number and size of PML nuclear
bodies along with increased expression of PML
protein (reviewed in Bernardi and Pandolfi
2007). Coilin in primary cells is hyperphos-
phorylated on C-terminal phosphoserine resi-
dues that reduce its self-interaction activity,
and these cells lack Cajal bodies. In contrast,
in transformed cells, which have a large number
of Cajal bodies (CBs), coilin is hypo-phosphor-
ylated and able to self-associate (Hearst et al.
2009). It seems that the phosphorylation status
of coilin has an impact on Cajal body forma-
tion, and coilin is likely a target of a yet un-
characterized signal transduction pathway that
might control Cajal body formation (Hearst
et al. 2009).

Nuclear Body Biogenesis

ACTIVITY-DEPENDENT AND
ACTIVITY-INDEPENDENT
NUCLEAR BODIES

Nuclear bodies may be divided into two classes
based on their mode of formation: activity-
dependent nuclear bodies and activity-inde-
pendent nuclear bodies. This classification is
at this point somewhat tenuous, since unknown
nuclear activities may be responsible for forma-
tion of a nuclear body assumed to form in an
activity-independent fashion (Fig. 2). The for-
mer class includes bodies that form at sites of
a particular nuclear function, such as transcrip-
tion, and whose morphological appearance is
strictly dependent on this activity (Table I).
The prototypical example for activity-depen-
dent bodies is the nucleolus, which forms in
response to transcriptional activity of clustered
ribosomal DNA genes located on multiple chro-
mosomes that cluster in the nucleolus (Shaw
and Jordan 1995; Boisvert et al. 2007). The strict
dependence of the morphological appearance
of the nucleolus on ongoing transcription is
evident by its rapid structural reorganization
upon inhibition of rDNA transcription (Olson
and Dundr 2005). Conversely, introduction of
exogenous rDNA genes on plasmids into the
nucleus is sufficient for the formation of new
nucleoli (Oakes et al. 1998). Other activity-de-
pendent nuclear bodies include the histone
locus body, which forms around histone gene

A Activity dependent B Activity independent
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Figure 2. Classification of nuclear bodies based on
activity. Nuclear bodies may either form (A) associ-
ated with a nuclear function, such as transcription
(vellow), making their appearance dependent on
the ongoing activity or (B) they may form independ-
ently of a function and subsequently associate with a
particular nuclear site, such as an active gene locus
(yellow).

On site
formation
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clusters in response to transcriptional activation
of replication-dependent histone genes during
S-phase (Bongiorno-Borbone et al. 2008), nu-
clear stress bodies that form at sites of satellite
I repeat transcription in response to heat shock
(Jolly et al. 2002), and nuclear speckles that
undergo dramatic morphological changes by
rounding up upon inhibition of transcription
and they rapidly re-form at sites of heat shock-
activated genes (reviewed in Misteli 2007; Hu
et al. 2009).

On the other hand, there are nuclear bodies
that seem to form without the requirement fora
particular nuclear activity. Such apparently
activity-independent bodies form in the nucle-
oplasm and may subsequently associate with
particular nuclear locations (Table 1). Activ-
ity-independent bodies include PML nuclear
bodies and Cajal bodies. Just like activity-de-
pendent bodies, these structures are often asso-
ciated with particular locations in the nucleus
and sometimes with specific gene loci; however,
these bodies probably do not form at these sites
but rather are either recruited to them or acti-
vated genes are repositioned to associate with
the preformed bodies (Carmo-Fonseca 2007).
The clearest example of such recruitment comes
from analysis of the interactions of the U2
snRNA gene cluster with the Cajal body (Dundr
et al. 2007). Upon activation of the U2 snRNA
genes, they undergo directed, actin-dependent
motion to associate with a preformed Cajal
body in the vicinity (Dundr et al. 2007).

NUCLEAR BODY TEMPLATES AND
NUCLEATORS

Formation of a nuclear body requires an initial
nucleation event. Nucleation serves to immobi-
lize some of the freely diffusible key compo-
nents of the body and to provide a template to
recruit additional building blocks. In the case
of activity-associated nuclear bodies, this func-
tion is carried out by the activities that drive
the nuclear body formation. Examples for
well-defined nucleation events are the nucleo-
lus, where accumulation of nucleolar proteins
on ribosomal DNA and pre-ribosomal RNA
leads to the formation of the nucleolus or the

recruitment of the histone pre-mRNA 3’-end
processing factors in histone locus bodies. Im-
mobilization of proteins in this way likely leads
to recruitment of some of their interaction part-
ners and to increased concentration of these
proteins at the site of activity, ultimately result-
ing in the formation of a morphologically dis-
tinct suborganelle.

In the case of activity-independent bodies,
other nucleators must exist. These architec-
tural elements may either be structural scaffold
proteins or RNAs. Such nucleators are likely
fairly abundant components of a given nuclear
body, and they should be necessary and suffi-
cient for the formation of a nuclear body. No
such nucleators of activity-independent nuclear
bodies have been identified to date. A possibility
is that putative nucleators of activity-independ-
ent bodies are part of an immobile nuclear
matrix. However, this scenario is unlikely since
most nuclear bodies are mobile and thus not
permanently tethered to an underlying struc-
ture (Platani et al. 2002; Muratani et al. 2002;
Gorisch et al. 2004). The identification of nu-
clear body nucleators will be critically impor-
tant for a full understanding of nuclear body
biogenesis and function.

DE-NOVO FORMATION OF NBs

A critical test for whether a cellular structure is
autonomous and self-sustaining is whether it
can form de novo. Several nuclear bodies form
de novo either under physiological or experi-
mental conditions.

The nucleolus can be formed de novo by
introducing extra rDNA minigenes on plasmids
into a cell (Nierras et al. 1997; Oakes et al. 1998).
Apparently functional mini-nucleoli with a ten-
dency to coalesce into a single, larger nucleolus
rapidly form around the ribosomal genes
(Oakes et al. 1998). In addition, a large number
of small nucleoli are formed in Xenopus oocytes
as thousands of extrachromosomal rDNA gene
copies are amplified during oogenesis (Mais
et al. 2002). Similarly, nuclear speckles can
form de novo upon re-activation of global
transcription after inhibition. After reversal of
a global transcription block, speckles expand
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from a condensed state and take on their typical
irregular shape and new speckles form, associ-
ated with re-activated genes (Misteli et al.
1997; Shopland et al. 2003).

De novo formation is not limited to activ-
ity-dependent nuclear bodies. During viral
infection, PML nuclear bodies form rapidly.
Upon entry of a viral genome into the nucleus,
several major components of the PML nucle-
ar body, including PML protein, Sp100, and
Daxx, rapidly associate with the foreign genome
and form what appears to be fully function-
al PML nuclear bodies (Everett and Murray
2005). The formation of PML nuclear bodies
at sites of viral transcription has been proposed
to be a first-line antiviral defense, possibly via
PML-mediated modulation of the interferon
response (Everett and Chelbi-Alix 2007). A sim-
ilarly physiological and possibly protective de
novo formation event occurs in response to
acute cellular stress. Heat shock induces the
transcription of the normally silent satellite III
repeats on human chromosome 9 (Jolly et al.
2002). Transcriptional activation of these se-
quences leads to accumulation of various RNA-
binding proteins and several SR protein splicing
factors to form de novo a morphologically dis-
tinct nuclear stress body (Denegri et al. 2001;
Metz et al. 2004)

The strongest evidence for de novo for-
mation of nuclear bodies comes from studies
on the Cajal body. Transient overexpression of
Cajal body components or the SMN protein,
which is enriched in Cajal-body-associated
structures called gems, leads to formation of
Cajal bodies in cells that usually do not contain
them (Sleeman et al. 2001). More direct evi-
dence for de novo formation of Cajal bodies
comes from tethering experiments in which
components of the Cajal body were artificially
immobilized on chromatin. Immobilization of
individual Cajal body components invariably
resulted in formation of a fully functional and
morphologically intact Cajal body (Kaiser et al.
2008). Since the site of tethering was random
and did not represent an active gene locus, these
results demonstrate the capacity of Cajal bodies
to form de novo and in a DNA sequence-inde-
pendent manner in vivo.

Nuclear Body Biogenesis

A ROLE FOR RNA IN NUCLEAR BODY
FORMATION

RNA is emerging as an important structural
component of nuclear bodies. It may serve
two roles in their biogenesis. For one, nascent
RNAs may act as templates for the formation
of nuclear bodies. Most activity-dependent
nuclear bodies form around sites of transcrip-
tion such as the nucleolus around rDNA, the
histone locus bodies near histone gene clusters,
or nuclear stress granules in response to activa-
tion of satellite III repeats upon heat stress.
The nascent RNA transcripts generated at these
loci act as a template to attract and retain
RNA-interacting proteins, leading to the forma-
tion of a nuclear body.

An additional role of RNA in nuclear
body biogenesis is its function as a dedic-
ated architectural element. Many non-coding
RNAs (ncRNAs) play important functions
in nuclear RNA metabolic complexes such as
tRNAs, snRNAs, or rRNAs. It had long been
hypothesized that ncRNAs may also contribute
to nuclear architecture (Huang and Spector
1996; Prasanth et al. 2005). This proposal was
based on the finding that poly(A)-RNAs are
retained for extended periods of time in nuclear
speckles after inhibition of transcription, at a
time when all exported RNAs should have left
the nucleus (Huang and Spector 1996). The
recent identification of the first architectural
RNAs confirms the role of ncRNAs as structu-
ral elements of the nucleus. The NEAT1 (also
known as MEN-g/B), a long stable nuclear-
retained polyadenylated ncRNA (Chen and
Carmichael 2009; Clemson et al. 2009; Sasaki
et al. 2009; Sunwoo et al. 2009; reviewed in
Bond and Fox 2009), was found to be essential
for the formation of paraspeckles. While other
protein components of paraspeckles are also
located diffusely throughout the nucleoplasm,
NEAT1 is found almost exclusively in para-
speckles. Knockdown of these ncRNAs by
antisense or RNAi induces the disruption
of paraspeckles. Interestingly, knockdown of
paraspeckle-specific proteins, p54™°/NONO
and PSE which interact with NEAT1, induce
similar paraspeckle disintegration, indicating
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that NEAT1—paraspeckle protein interactions
are crucial for paraspeckle integrity (Chen and
Carmichael 2009; Clemson et al. 2009; Sasaki
et al. 2009; Sunwoo et al. 2009). Interestingly,
paraspeckles are not present in human em-
bryonic stem cells (hESCs) due to the lack of
NEAT1 expression (Chen and Carmichael
2009). Expression of NEAT1 is activated when
hESCs are induced to differentiate into tropho-
blasts, which is accompanied by the appearance
of paraspeckles. Thus, it seems that paraspeckle
formation is linked to the loss of pluripotency
in hESCs. Moreover, NEAT1 is strongly up-
regulated during muscle differentiation con-
comitant with an increase in the number of
paraspeckles in differentiated myotubes, possi-
bly pointing to a role in physiological control
of paraspeckle number (Sunwoo et al. 2009).
These findings make it likely that ncRNAs play
a key role as structural components in nuclear
bodies and open the door for identification of
architectural ncRNAs in other nuclear bodies.

NUCLEAR BODY ASSEMBLY PATHWAYS

In theory, NBs can be assembled by two distinct
mechanisms: (1) The biogenesis may involve a
tightly controlled sequence of assembly steps
or (2) it may occur via the largely stochastic
and random interaction of individual compo-
nents without a strict hierarchical order of
assembly (Fig. 3). Recent experiments in which

Sequential ordered assembly

Cajal body components were irreversibly teth-
ered to chromatin to assess their ability to
nucleate a Cajal body have tested these possibil-
ities and the results support a stochastic assem-
bly model. Immobilization of individual CB
components to an engineered random site in
the genome was shown to be sufficient to ini-
tiate the formation of morphologically normal
and functional Cajal bodies de novo (Kaiser
et al. 2008). De novo Cajal bodies formed after
tethering of structural components such as coi-
lin or SMN, which are required for formation,
since their depletion by RNAi abolishes Cajal
body biogenesis. Importantly, Cajal body for-
mation can also be initiated by other functional
groups of Cajal body components, including
spliceosomal snRNPs, the SMN protein com-
plex, small nucleolar RNPs, and small Cajal-
body specific RNPs, indicating the absence of a
requirement for a strict sequence of assembly
events. While these experiments used the activ-
ity-independent Cajal body as a model system,
it remains to be seen whether formation of
activity-dependent nuclear bodies have a stricter
requirement for sequential assembly steps.

A ROLE FOR SELF-ORGANIZATION IN
NUCLEAR BODY BIOGENESIS

Several features of nuclear bodies point to a role
for self-organization in their biogenesis (review-
ed in Misteli 2001, 2007). First, the intrinsically

s ‘F\J

Stochastic self-organization

‘:-?.4‘°

’ / Nuclear body

Figure 3. Theoretical nuclear body assembly pathways. Assembly of nuclear bodies may either involve a hierarch-
ical and ordered assembly pathway in which assembly occurs by association of nuclear body components in a
strictly defined sequence of steps or, alternatively, in a stochastic manner in which components assemble in ran-
dom order.
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dynamic nature of all nuclear bodies in which a
stable structure is formed by the dynamic ex-
change and interplay of multiple factors is a
hallmark of self-organized structures. The dy-
namic nature of interactions within the body
permits the rapid, combinatorial exploration
of various binding partners to achieve the most
stable network of interactions. The nature of
this network ultimately determines the size and
possibly the shape of the structure. The exis-
tence of nuclear bodies as dynamic steady-state
structures combines two opposing needs of a
nuclear body: the requirement for a stable, per-
manent structural entity and the requirement
to respond rapidly to changing environmental
conditions by changing its architecture. The dy-
namic nature of interactions facilitates rapid
reorganization of the nuclear body structure,
for example in response to environmental cues,
by altering the interactions of a few nuclear body
components. These relatively small changes have
the potential to lead to large changes in structure.

A second indicator of the self-organizing
nature of nuclear bodies is the finding that de
novo assembly of Cajal bodies does not follow
a strict and linear assembly pathway but rather
that many, in fact the majority, of Cajal body
components can trigger full assembly of the
body (Kaiser et al. 2008). Although this obser-
vation alone does not demonstrate a role for
self-organization, it is consistent with it. Despite
the absence of experimental data to test the
assembly pathways for other nuclear bodies, it
is very likely that most activity-dependent
nuclear bodies follow similar assembly princi-
ples once they are nucleated by an upstream
component, often a nascent RNA such as the
case for the nucleolus or the histone locus body.

A further hallmark of the self-organizing
nature of nuclear bodies is their limited size.
Self-organizing systems often are characterized
by size criticality in which a structure does not
grow beyond a certain size. This limiting size
is set by intrinsic properties of the system, such
as the combination of interactions within
the structure or the flow of material through
the structure, but it is generally independent
of concentration. Concentration-independent
size regulation is found in at least some nuclear

Nuclear Body Biogenesis

bodies. Cajal bodies do not grow beyond a
certain size when nucleated by overexpression
of large amounts of components; neither do
de novo-formed Cajal bodies nucleated by teth-
ering grow beyond their typical size despite an
excess of building components in the nucleus
(Sleeman et al. 2001; Kaiser et al. 2008). Simi-
larly, the size of most other nuclear bodies falls
within awell-defined range and may only change
in response to cellular cues, which likely affect
the flow and the interactions of proteins within
the structure, thus changing the intrinsic critical
size of the body.

Self-organization is likely a driving force in
nuclear body biogenesis. Similar properties
such as a high rate of flow, size-criticality, and
a high degree of plasticity are also hallmarks
of other cellular compartments defined by
membranes, such as the Golgi complex or the
endosomal system, as well as of other cellular
structures, such as the actin cytoskeleton. It is
therefore likely that the self-organizing nature
of nuclear bodies is not the exception but rather
the rule in cellular biogenesis, and insights from
nuclear body biogenesis will be applicable to
understanding cellular biogenesis in general.

MITOTIC INHERITANCE OF
NUCLEAR BODIES

The assembly and disassembly of nuclear bodies
is of critical relevance for their inheritance
during cell division. Some nuclear bodies that
are present in high copy number persist through
cell division in the form of mitotic bodies lead-
ing to the equal segregation of their compo-
nents between daughter cells based on their
stochastic distribution throughout the cell
volume. Other nuclear bodies, including the
activity-associated bodies, disassemble during
cell division and must be rapidly re-assembled
as cells enter G1 phase.

Nucleolus

At the onset of mitosis, when transcription is
blocked by the mitosis-dependent phosphory-
lation of RNA polymerase I transcription fac-
tors and processing components, the nucleolus
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breaks down (Gautier et al. 1992; Leung et al.
2004; Boisvert et al. 2007). By the time cells
reach prophase, processing of pre-rRNA is also
inhibited, leading to accumulation of unpro-
cessed and partially processed pre-rRNAs with
many rRNA processing components in the
periphery of condensed chromosomes and dis-
persed throughout the cytoplasm (Dundr and
Olson 1998; Van Hooser et al. 2005). During
anaphase, pre-rRNA processing intermediates
with associated processing components appear
in numerous highly mobile nucleolus-derived
foci (NDFs) scattered throughout the cyto-
plasm (Dundr et al. 2000). These structures
are the mitotic remnants of the interphase nu-
cleolus. Once transcription resumes in early
telophase, pre-rRNA intermediates with associ-
ated processing components are released from
disintegrating NDFs and the surface of chromo-
somes. After the release they accumulate in the
prenucleolar bodies (PNBs) in the nucleoplasm
of newly formed daughter nuclei. As chromo-
somes decondense in late telophase, these com-
ponents are sequentially released from PNBs to
re-build nucleoli around transcriptionally ac-
tive nucleolar organizing regions (NORs). Thus,
pre-rRNA intermediates and processing com-
ponents are recycled from one cell cycle to the
next (Dundr et al. 2000; Savino et al. 2001; Bois-
vert et al. 2007; Prieto and McStay 2008). More-
over, the re-formation of nucleoli after mitosis
is associated with resumption of RNA polymer-
ase I transcription since microinjection of anti-
RNA polymerase I antibodies into mitotic cells
blocks nucleolus re-formation (Benavente et al.
1987). In addition, nucleolar re-formation de-
pends on resumption of pre-rRNA processing.
Inactivation of phosphorylation activity of cy-
clin B/Cdk1 in metaphase by the specific inhib-
itor roscovitine leads to reactivation of RNA
polymerase I transcription but not pre-rRNA
processing (Sirri et al. 2000). This strongly indi-
cates that these two events are reactivated in a
coordinated manner. Thus, NORs at the end
of mitosis need to sequester components of
both the transcription and processing machi-
neries prior to the onset of transcription. This
conclusion is supported by analysis of pseudo-
NORs, engineered arrays containing multiple

enhancer elements of ribosomal gene stably in-
tegrated in human cells (Prieto and McStay
2008). These pseudo-NORs are capable of
triggering the formation of a nuclear structure
without RNA polymerase I transcription but
they only accumulate the RNA polymerase 1
transcription machinery plus factors required
for early events in pre-rRNA maturation, but
not later processing factors (Prieto and McStay
2007; 2008). The differential effects of early
and late steps in rRNA synthesis on nucleolus
morphology indicate that they make inde-
pendent and additive contributions to nucleo-
lar structure.

Nuclear Speckles

During early mitosis, nuclear speckles disassem-
ble and their components scatter throughout
the cytoplasm. Reassembly of nuclear speckles oc-
curs in telophase when components aggregate
into cytoplasmic speckles, referred to as mito-
tic interchromatin granule clusters (Ferreira
et al. 1994; Prasanth et al. 2003). Once the
nuclear envelope is formed in telophase, the
RNA polymerase II transcription machinery
enters the nucleus followed by pre-mRNA splic-
ing components and other pre-mRNA process-
ing factors (Prasanth et al. 2003; Bubulya et al.
2004). In late telophase, SR splicing factors
accumulate briefly in nucleolus associated
patches (NAPs) around active nucleolar organ-
izing regions, whereas spliceosomal snRNPs
are enriched in other regions of newly formed
daughter nuclei. NAPs form very transiently
and disintegrate when newly formed nuclear
speckles appear in G1 phase. SR splicing pro-
teins are hypo-phosphorylated in NAPs, which
may be necessary for SR protein modifica-
tion for their activation to a splicing-competent
state, prior to their targeting to newly formed
nuclear speckles (Bubulya et al. 2004). These
findings indicate that the pre-mRNA splicing
machinery is recruited to transcription sites
upon its entry into daughter nuclei, and nuclear
speckles form in an activity-dependent manner
in early G1 phase in response to the establish-
ment of a steady level of RNA polymerase II
transcription.
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Paraspeckles

Formation of paraspeckles is initiated after cell
division. Once paraspeckles are formed, they
remain stable throughout the cell cycle and per-
sist in mitosis until anaphase, when they scatter
throughout the cell (Fox et al. 2005). Disappear-
ance of cytoplasmic paraspeckles in early telo-
phase, when daughter nuclei are formed, is
coordinated with the nuclear entry of PSP, a
marker protein of paraspeckles. Individual par-
aspeckles begin to form in early G1 phase until
approximately 1 hour after RNA transcription
is initiated (Fox et al. 2005). Importantly, block-
ing the initiation of RNA polymerase II tran-
scription by the inhibitor DRB at the end of
mitosis prevents formation of paraspeckles, sug-
gesting that these structures are dependent on
ongoing transcription (Fox et al. 2005; Clemson
et al. 2009). The earliest paraspeckles are often
positioned next to the NEAT1 gene locus and
an increase in NEAT1 expression by ectopic
plasmids leads to a corresponding increase in
the number of paraspeckles, which is essentially
unchanged upon PSP1 overexpression (Clem-
son et al. 2009). However, eventually addition-
al paraspeckles form, and they appear to be
nonrandomly distributed throughout the nu-
cleoplasm, suggesting their association with
specific, yet unidentified, gene loci.

Histone Locus Body

Histone locus bodies are nuclear bodies that
form around the replication-dependent histone
gene clusters, which are only active in S phase
(Marzluff et al. 2008). Histone locus bodies per-
sist until early prometaphase and disintegrate in
metaphase until telophase. When diploid cells
enter G1 phase, two histone locus bodies are
formed and in S phase their number increases
to four, reflecting the number of histone gene
clusters (Zhao et al. 2000; Bongiorno-Borbone
et al. 2008). It is neither known in mammalian
cells whether histone locus bodies form syn-
chronously with Cajal bodies, nor, whether his-
tone locus bodies and Cajal bodies form as
distinct nuclear bodies and then fuse or whether
they assemble as a joint structure.

Nuclear Body Biogenesis

Cajal Body

The number of Cajal bodies differs during the
cell cycle and is maximal in G1/S phase. Cajal
bodies are frequently associated with snRNA
genes and histone genes in a transcription-
dependent manner (Frey and Matera 1995,
2001; Cioce and Lamond 2005; Matera and
Shpargel 2006). At the onset of mitosis, Cajal
bodies remain intact, and they scatter through-
out the cytoplasm without physical contact with
condensed chromosomes. The number and size
of mitotic Cajal bodies remain approximately
unchanged from metaphase to telophase. Im-
portantly, mitotic Cajal bodies contain spliceo-
somal snRNPs through the course of mitosis
even without transcription. Once the nuclear
envelope is formed in daughter cells during
early telophase, mitotic Cajal bodies disinte-
grate and coilin rapidly enters the nuclear inte-
rior, where it is initially diffusely distributed.
Newly re-formed Cajal bodies appear in daugh-
ter cells later in G1 phase once transcription is
fully established (Carmo-Fonseca et al. 1993;
Ferreira et a. 1994).

PML Nuclear Body

As cells enter mitosis, the number of PML
nuclear bodies decreases by aggregation into
larger Mitotic Accumulations of the PML Pro-
tein (MAPPs) (Dellaire et al. 2006; Chen et al.
2008). The PML protein, a structural compo-
nent of PML nuclear bodies, is de-SUMOylated
during mitosis, which affects its ability to re-
cruit PML nuclear body components and likely
influences MAPP formation (Dellaire et al.
2006). MAPPs become more mobile by relaxing
their tethering to chromatin regions, and they
progressively lose key components such as
Sp100, Daxx or SUMO-1, from prophase to
telophase. A subset of MAPPs physically inter-
acts with mitotic chromosomes, which likely
provide a source of PML protein for PML
nuclear body formation in newly forming
daughter nuclei. Upon exit from mitosis, after
the nuclear envelope is fully reformed, Sp100
and Daxx enter daughter nuclei first before
their targeting into newly formed PML nuclear
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bodies in early G1 phase (Chen et al. 2008). The
loss of MAPPs from the cytoplasm and the
increase in PML nuclear body number indi-
cates that components of MAPPs are being in-
corporated into PML bodies even though a
large portion of PML aggregates persist in the
cytoplasm during G1 phase, slowly decreasing
in number over time (Dellaire et al. 2006;
Chen et al. 2008).

PHYSIOLOGICAL BIOGENESIS OF
NUCLEAR BODIES

Biogenesis of nuclear bodies is important dur-
ing various physiological responses. The de
novo biogenesis of heat-shock bodies is a dra-
matic example of formation of nuclear bodies
as part of a specific cellular response. Cells re-
spond to stressful conditions by widespread
inhibition of transcription and activation of
specific heat-shock gene expression programs.
One of the cellular events during heat shock is
the transcriptional activation of tandem arrays
of repetitive noncoding satellite III (sat III)
repeats located on chromosome 9q12 (Val-
gardsdottir et al. 2008). Upon induction, the
sat III transcripts remain associated with the
locus and act as scaffolds for recruitment of sev-
eral transcription and splicing factors to form
nuclear stress bodies (Denegri et al. 2001; Alas-
talo et al. 2003). Their formation is strictly
dependent on the presence of sat III transcripts,
and they rapidly disassemble upon return to
physiological temperature (Metz et al. 2004). It
has been proposed that formation of nuclear
stress bodies provides a dynamic means to
sequester and release specific protein factors in
normal and/or stressed cells and that sat IIT
transcripts may be involved in modulating epi-
genetic changes during the heat-shock response
(Biamonti 2004).

PML nuclear body formation has been im-
plicated in responses to viral infection (Everett
and Chelbi-Alix 2007). DNAviruses commonly
localize and replicate their genomes in proxim-
ity to PML nuclear bodies (reviewed in Maul
1998). In addition, PML bodies form de novo
at the sites of viral genome deposition in the nu-
cleus (Everett and Murray 2005). Association of

sites of viral DNA replication with PML nuclear
bodies indicates that these nuclear bodies may
enhance viral DNA replication (Sourvinos and
Everett 2002). The fact that many viral proteins
accumulate in PML nuclear bodies and then
mediate PML nuclear body disruption suggests
antiviral activity associated with these domains.
In fact, failure to disrupt PML nuclear bodies
during infection with HSV-1 virus inhibits viral
DNA replication (Burkham et al. 2001). In line
with an antiviral role of PML nuclear body bio-
genesis, exogenous expression of PML isoform
III or PML VI can impede infection by a num-
ber of RNA and DNA viruses (Everett and
Chelbi-Alix 2007) and upon treatment of cells
with interferon, which is produced in response
to viral infection. PML nuclear bodies undergo
a dramatic increase in size and number (Lavau
et al. 1995), possibly as a consequence of inter-
feron induced expression of several PML-nuclear
body components, including PML itself (Chelbi-
Alix et al. 1995; Fabunmi et al. 2001).

Although not well-characterized for most
nuclear bodies, their appearance also changes
during development. For example, in Droso-
phila, nurse nuclei of the youngest egg chambers
contain a single HLB and a single CB, but as the
egg chamber grows, the number of HLBs increa-
ses to 8—16 HLBs with one or two prominent
CBs (Liu at al. 2009). In older egg chambers,
CBs break up into multiple small bodies that
eventually disappear, but the number and size
of HLBs remain the same and they start to accu-
mulate coilin. Thus, at the end of oogenesis,
nurse cell nuclei contain prominent HLBs pos-
itive for coilin but lack typical CBs. It seems
likely that most nuclear bodies undergo changes
in shape and size as organisms develop.

CONCLUSIONS

Nuclear bodies are prominent features in the
nuclear landscape. They carry out important
nuclear functions and contribute to cellular
responses. While their functions are gradually
being uncovered, their biogenesis is poorly
understood. Elucidation of the molecular me-
chanisms for the maintenance and formation
is of great interest not only as part of ongoing
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efforts to understand the role of nuclear archi-
tecture in genome function, but also because
nuclear bodies are unique amongst cellular
organelles in that they are devoid of defining
membrane, yet they are distinct and stable struc-
tures. Insights into their biogenesis will likely
reveal how higher-order protein aggregates
form in cells and might have implications for
the assembly of large macromolecular com-
plexes and other cellular organelles.

It is highly probable that the next few years
will bring dramatic progress in our still rudi-
mentary understanding of nuclear body bio-
genesis. The availability of new experimental
tools promises to explore the molecular basis
of nuclear-body architecture. Proteomic analy-
sis of nuclear bodies will yield a thorough
understanding of the composition of each body.
Using these component lists, the role of each
can be systematically probed by RNAi-based
approaches, which will identify the components
necessary for nuclear body establishment and
maintenance. Conversely, the recently devel-
oped tethering approaches allow for the first
time testing of what protein, and possibly
RNA, components are sufficient to form nu-
clear bodies. The combination of these tools
should yield a thorough picture of the mecha-
nisms and principles involved in nuclear body
formation. In parallel, an even greater challenge
is the full understanding of the physiological
role of nuclear bodies and their formation.
This question is now also amenable to experi-
mental investigation using similar tools in sys-
tems of differentiation and disease. Although
the biogenesis of nuclear bodies is still mysteri-
ous, there is little doubt that this area is likely
one with the most potential for future discov-
eries—and surprises.
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