
Among numerous microscopically visible nuclear sub-
structures, the nucleolus is the most prominent and 
represents a functionally and biophysically distinct body 
or compartment. The nucleolus is, in fact, so promi-
nent that it drew the attention of early biologists over 
200 years ago, in light microscopy studies by Fontana, 
Valentin and Wagner1. Following these early descriptions 
came the understanding of the functional importance 
of the nucleolus, including its primary role as the site for 
the initial steps of ribosome biogenesis, including RNA 
polymerase I (Pol I)-driven transcription, processing and 
modification of ribosomal RNA (rRNA) and the assem-
bly of rRNA-containing complexes2 (Fig. 1). These pro-
cesses involve several hundred protein trans-acting factors 
and small nucleolar RNAs3, which serve to guide the speci-
ficity of rRNA chemical modifications, pre-rRNA folding 
and cleavage. Once precursor subunits are released from 
the nucleolar structure, they undergo further maturation 
in the nucleoplasm and cytoplasm prior to becoming 
fully functional ribosomal subunits, ready to engage in 
translating mRNA into protein. This nucleolar function 
is accompanied by organization of the nucleolus into 
distinct subcompartments. In mammalian cells, nucleoli 
display three layers, nested like Russian dolls, where suc-
cessive steps of ribosome production take place, starting 

at the inner core where rRNA transcription occurs and 
proceeding towards the periphery (Fig. 1).

In addition to the ribosome, other ribonucleoprotein 
particles are assembled, at least in part, in the nucleolus2. 
This is notably the case for the signal recognition par-
ticle, involved in protein secretion and targeting to the 
endoplasmic reticulum of transmembrane proteins, and 
for telomerase, required for the maintenance of chromo-
some ends4. There have also been reports of precur-
sors of tRNAs, and even of mRNAs, transiting through 
the nucleolus1. Although it is not entirely clear why 
non-rRNAs transit through the nucleolus during their life 
cycle, it is largely assumed that they do so to benefit from 
the abundant assembly and modification machineries 
present there.

The nucleolus is physically separated from the 
rest of the nuclear space, yet is accessible for dynamic 
exchange due to the absence of a delimiting membrane. 
Hence, it is an ideal locale for fine regulation of cell home-
ostasis, for example, through the transient sequestration 
of key regulators of the cell cycle5. The nucleolus also 
plays important roles in sensing diverse stresses, includ-
ing genotoxic and oxidative stress, heat shock, nutrient 
deprivation, oncogene activation and viral infection6. 
Although these diverse nucleolar functions have been 
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Fig. 1 | Nucleolar organization and its role in ribosome biogenesis. 

a | Schematic of a eukaryotic cell with representative cytoplasmic and 

nuclear condensates important for gene expression regulation. 

The nucleolus is represented with its three subcompartments: the fibrillar 

centre (FC), the dense fibrillar component (DFC) and the granular 

component (GC). b | Coordination of the nucleolar substructure with its 

roles in ribosome biogenesis. The main functions of the nucleolus in 

ribosome biogenesis are indicated in boxes. In cells, these steps are 

largely concomitant. The importance of the liquid–liquid phase 

separation model in understanding the connections between nucleolar 

functions and phase behaviour is illustrated with two examples: 

nascent pre-ribosomal rRNA (pre-rRNA) sorting (step 1)23 and central 

protuberance assembly (step 2)81. (1) As nascent transcripts emerge from 

the FC–DFC interface where they are synthesized, they are bound by the 

RNA binding domain (RBD) of fibrillarin (FBL). FBL self-associates through 

its Gly–Arg-rich domain (GAR domain), which consists of intrinsically 

disordered regions (IDRs). This promotes establishment of the DFC phase, 

sorting of the nascent transcript from the FC–DFC interface to the DFC 

and initial pre-rRNA processing. Note that whereas the RBD of FBL is 

located in its methyltransferase domain, this methylation function is not 

required either for rRNA sorting or for processing. (2) A complex 

consisting of the ribosomal proteins uL5 and uL18 and the 5S rRNA 

(produced in the nucleoplasm by RNA polymerase III, not shown) is 

assembled late on the maturing pre-60S subunits to form the central 

protuberance, a structure essential for ribosome function. Inhibition of 

central protuberance assembly by depletion of uL5, uL18 or factors 

important for their assembly severely disrupts the nucleolar phase 

(see Fig. 6a). Interestingly, depletion of the vast majority of the other 

78 ribosomal proteins, in particular those belonging to the small ribosomal 

subunit, has no, or little, effect on nucleolar phase behaviour. c | The three 

subnucleolar compartments detected by immunofluorescence in 

confocal microscopy: the FC detected with RNA polymerase I (Pol I) 

subunit RPA194, the DFC with FBL and the GC with the protein Pescadillo 

ribosomal biogenesis factor 1 (PES1). d | Each human nucleolus consists 

of several dozen FC–DFC modules. Interestingly, the number of these 

modules is relatively constant within a particular cell type but varies 

considerably between cell types, making it a powerful biomarker for 

cell classification. Each FC–DFC module contains two or three 

transcriptionally active ribosomal DNAs (rDNAs) at the FC–DFC interface 

where Pol I complexes are enriched and where transcription occurs 

(left panel; image of FC–DFC interface in a HeLa cell obtained with 

structured illumination microscopy (SIM)). Ribosome assembly factors, 

such as FBL (present at roughly 3,600 copies per FC–DFC unit), form a 

spherical network of 18–24 regularly spaced ‘beads’ ~130 nm in diameter 

that assemble into the DFC around the FC (right panel; 3D in silico model 

of the clustered FBL distribution in the DFC). ETS, external transcribed 

spacer; ITS, internal transcribed spacer; PC, perinucleolar chromatin; 

rRNP, ribosomal ribonucleoprotein. Images in part c are unpublished and 

a courtesy of D.L.J.L. and R.B. Part d adapted with permission from 

ReF.23, Elsevier.
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largely perceived as uncoupled from biophysical mod-
els of nucleolar assembly, they are increasingly being 
revisited through the lens of nucleolar phase behaviour, 
as discussed further below.

Consistent with the active, multifunctional nature of 
the nucleolus, nucleolar components are highly dynamic, 
exhibiting continual flux within the nucleolus and 
exchange with the surrounding nucleoplasm. Yet stud-
ies over the past several decades have revealed that the 
nucleolus is denser than the surrounding nucleoplasm 
(Box 1) and can be separated biochemically7,8. Moreover, 
it exhibits a well-defined, often roughly spherical shape, 
even in the absence of a surrounding membrane, making 
the nucleolus a paradigmatic membraneless organelle. 
Interestingly, however, the nucleolar shape, size and 
number per cell nucleus change upon stress6, and the 
morphology can be profoundly remodelled in disease. 
Upon viral infection, for example by flaviviruses such as 
Zika virus or Dengue virus, the nucleolar morphology 
may undergo substantial remodelling, as viral proteins 
reach deep inside the nucleolus to interact with nucle-
olar antigens whereas nucleolar proteins redistribute 
throughout the cell, with implications for viral replica-
tion and assembly9–11. As another example, cancer cells 
often display nucleolar abnormalities9, in addition to 
other cancer-associated nuclear changes (nuclear shape, 
size and chromatin texture12). Nucleolar structure has 
also been linked to ageing and lifespan regulation10. 
Hence, nucleolar morphology, which reflects its func-
tion, is a potent yet so far largely underrated disease 
biomarker13,14.

There is now substantial evidence that assembly of 
the nucleolus is driven by liquid–liquid phase separation 
(LLPS; Box 2), and studies of its biophysical nature 
(Fig. 2) have uncovered key principles of this biomo-
lecular condensate15–24 — a term increasingly adopted 
for describing large-scale membraneless assemblies25,26. 
In fact, owing to its large size and functional importance 
to the cell, the nucleolus is one of the most prominent 
of dozens of different types of liquid-like condensates 
found throughout the nucleus and cytoplasm. The LLPS 
model is consistent with some of the earliest cell biology 
studies on the nucleolus, which noted nucleolar coales-
cence events wherein two nucleoli would partially fuse 
into a roughly spherical shape (Fig. 2a) and discussed the 
possibility that the dynamics of nucleoli could reflect 
their coacervate nature27.

Modern light microscopy approaches enabled new 
insights into the physicochemical properties of nucle-
oli, in particular their rapid molecular exchange and 
permeability28,29. Molecular dynamics into and out 
of the nucleolus has been extensively probed using 
fluorescence recovery after photobleaching (FRAP) (Fig. 2b), 
a technique readily available and easy to implement with 
commercial fluorescence microscopes. FRAP experi-
ments with nucleolar proteins (and other nuclear con-
densates) showed that they exhibit a remarkable degree 
of exchange with the surrounding nucleoplasm: indi-
vidual biomolecules typically only spend 10–20 s within 
the nucleolus before moving to the nucleoplasm28,30. 
These seemingly incongruous features of the nucleolus 
— rapid molecular turnover and liquid-like dynamics 

yet coherent shape — are reconciled by the LLPS model, 
which provides a predictive biophysical framework 
for understanding of these and many other nucleolar 
features. Importantly, there is strong evidence that the 
layered architecture of the nucleolus arises through 
multiphase liquid immiscibility16, providing a mech-
anistic biophysical explanation for how the nucleolus 
can remain a highly structured and coherent body, even 
when most of its components are constantly turning over.

Despite the increasing support for the LLPS model as 
a principle of nucleolar organization, it must be recog-
nized that nucleoli are dynamic structures that are built 
around a steady-state flux of both substrates (for exam-
ple, nucleotides and ribosomal proteins) and products 
(mature pre-ribosomal particles). In contrast to the more 
equilibrium conditions often characterizing non-living 
matter or the typical in vitro reconstitution of biolog-
ical structures using purified biological components, 
cells are fundamentally active, non-equilibrium forms 
of complex soft matter. Much of this non-equilibrium 
behaviour arises from energy-dependent activity, which, 
in the context of the nucleolus, orchestrates the struc-
tural remodelling of maturing pre-ribosomes, as well 
as numerous other intracellular processes from protein 
synthesis and degradation to cell-cycle progression. 
Reconciling this non-equilibrium behaviour with the 
simplest version of the LLPS model remains a major 
outstanding challenge, not only for the nucleolus but 
also the entire condensate field31.

In this Review, we highlight how the LLPS model 
has begun to shed light on the rich structure and func-
tional aspects of nucleolar biology, particularly its role 
in ribosome biogenesis; we note that there are several 
other aspects of nucleolar function described in detail 
elsewhere2, but their links to LLPS remain largely unex-
plored. Here, we focus on how the LLPS model has 
begun maturing to incorporate the realities of nucleolar 
function in ribosome biogenesis, including the highly 
multicomponent and non-equilibrium nature of the pro-
cess. We also underscore key outstanding questions and 
the extent of work that remains to be done for a com-
plete biophysical picture, particularly given the incredi-
ble complexity of RNA processing reactions taking place 
within the nucleolus. Notwithstanding these remaining 
challenges, the LLPS model has begun to move the field 
of nucleolar biology away from largely descriptive cat-
aloguing of molecular players and processes towards a 
framework based on quantitative physical principles. 
Moreover, as the prototypical nuclear condensate, these 
insights into the structure and function of the nucle-
olus will continue to shed light on the nature of the 
biophysical forces driving functional compartmentali-
zation within living cells, and the role of intracellular 
condensates in physiology and disease.

Nucleolar structure

The nucleolus of interphase cells displays a particular 
internal organization comprising functionally and com-
positionally distinct subcompartments. Most eukary-
otes have only two subnucleolar compartments32. This 
is notably the case for the widely used budding yeast 
eukaryotic model. During evolution, a third nucleolar 
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subcompartment emerged at the transition between 
anamniotes and amniotes, within the class Reptilia, and 
this tripartite organization has been retained in all mod-
ern eukaryotes inspected33,34. Mammalian cell nucleoli, 
which are by far the best studied, display three internal 
phase-separated subcompartments: the fibrillar cen-
tre (FC), the dense fibrillar component (DFC) and the 
granular component (GC). The FC and the DFC form 
functional units present in multiple copies immersed 
in a single GC, which consists of maturing ribosomal 
subunits (Fig. 1). The FC–DFC modules correspond to 

the sites of rRNA synthesis and initial ribosomal subunit 
maturation steps (see below). The single fibrillar com-
partment of ancient eukaryotes diverged into the mod-
ern FC and DFC subcompartments in a transition that 
coincides with an extensive expansion of the ribosomal 
DNA (rDNA) spacers, the sequence that separates the 
rDNA units32.

The three internal layers of the nucleolus are well 
documented morphologically, and immunofluores-
cence microscopy has identified many protein com-
ponents enriched in each subcompartment. Moreover, 

Box 1 | The nucleolus by numbers

Multiple studies on the nucleolus have characterized key parameters of nucleolar structure and function. A list of these 

are outlined below (the figure schematically shows the parameters).

Nucleolar assembly

•	The number of nucleolar organizer regions (NORs): 10 in human, 12 in mouse. This includes both active and inactive NORs.

•	The number of active nucleolar organizer regions: ~6 in HeLa cells105.

Nucleolar organization and structure

•	The average number of nucleoli per cell nucleus (Nnucleoli): ~2–5 in HeLa cells106.

•	The	size	(diameter)	of	the	nucleolus	(ℓ):	~1–5	µm in HeLa cells, ~1–10 µm in Xenopus laevis15.

•	The number of fibrillar centre (FC)–dense fibrillar component (DFC) modules per nucleolus (NDFC): several dozen in 

human cells. This number is relatively constant within a particular cell type but varies considerably between cell types, 

making it a powerful biomarker23.

•	The size of the DFC: outer diameter ~630 nm and inner diameter ~360 nm in human cells23.

•	The number of different nucleolar proteins (Nprot): >1,300 in human cells35.

•	The average residency time of nucleolar protein in the mammalian nucleolus (τprot): ~10–100 s28.

•	The percentage of disorder in nucleolar proteins: the median fraction of disordered residues per protein in human cells 

is 14% (12% in mouse), 20% (22% in mouse) and 36% in cytosolic-associated, nucleolar-associated and perichromosomal 

region-associated proteins, respectively35.

Biophysical properties

•	The viscosity (η): ~10 Pa·s for the granular component (GC)16. For reference, the viscosity of water is 10–3 Pa·s.

•	The surface tension (GC–nucleoplasm interface) (γ): ~10–6 N/m16,107. For reference, the surface tension of an air–water 

interface is 0.07 N/m.

•	The density (average) (ρ): 1.155 g/ml29, estimates from the X. laevis germinal vesicle.

•	The volume fraction of biomolecules (average) (ϕ): 0.16 (ReF.29). For reference, for equal-sized spheres, the highest 

possible density of their packing in a given volume is represented by a volume fraction of 0.74.

Functional characteristics

•	The number of transcriptionally active ribosomal DNAs per FC–DFC module in human cells (NrDNA): 2–3 (ReF.23).

•	The ribosomal RNA transcription rate (krib): ~103–104 transcripts/min108–110.

•	The average nucleolar residency time of ribosomal RNA (τrRNA): ~30–60 min74.

•	The number of ribosomes per cell (Nrib): ~105 in yeast and ~106–107 in animal cells110,111.

•	The organization of ribosomal assembly factors in the DFC: in human cells, DFCs establish a spherical network  

of 18–24 regularly spaced ‘beads’ of ~130 nm in diameter, with a distance between two adjacent beads of ~180 nm 

(see Fig. 1d). Considering that early maturation-stage yeast pre-ribosomes are ~25 nm × 30 nm and human counterparts 

are likely a bit larger, each bead may correspond to multiple maturing pre-ribosomes.
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a recent systematic survey identified dozens of proteins 
exhibiting a ‘rim-like’ co-localization at the nucleo-
lar surface, which may represent a distinct quasi-2D 
nucleolar surfactant35. In addition, the nucleolus is often 

surrounded by a ring of condensed chromatin, known as 
the perinucleolar chromatin (Fig. 1a), corresponding mainly 
to inactive chromosomal regions enriched in genes 
important for sensory perception and development36. 

Box 2 | Molecular biophysics of liquid–liquid phase separation

Liquid–liquid phase separation (LLPS) is now well-established as a key process driving the formation of various intracellular 

condensates. LLPS is a simple yet powerful physical mechanism that occurs even in non-living systems, for example in  

oil–water mixtures or synthetic polymeric materials. LLPS results in the ‘demixing’ of an initially homogeneous system, such 

that a specific set of favourably interacting molecules concentrate together. Such behaviour is governed by a saturation 

concentration (‘threshold’) of biomolecules, Csat, above which they condense into the liquid form. This behaviour can be 

represented schematically in a phase diagram (see the figure), which is derived from the thermodynamic free-energy 

landscape of interacting biomolecules. In the simplest scenario of a single-component solution, phase separation results in 

fixed Csat; in other words, even if the total system concentration changes, the concentration inside and outside condensates 

is fixed. By contrast, for multicomponent mixtures like those found in endogenous cell condensates, Csat varies as a function 

of total component concentration — the phase diagram shown here represents an example of such behaviour.

Intrinsically disordered regions (IDRs), which are particularly abundant in nucleolar proteins35, have received much 

attention	as	key	motifs	driving	LLPS.	In vitro,	many	IDRs	have	been	shown	to	undergo	LLPS,	with	substantial	in vivo	
support for the role of IDR-containing proteins as building blocks for the liquid meshwork of numerous condensates42,112. 

Additional means to provide increased interaction valency, such as protein–protein and RNA–protein interactions, are 

important for promoting phase separation in cells. Accordingly, at sufficiently high valency and concentration, mixtures 

of proteins and RNA substrates can undergo LLPS. The resulting condensates are thought to allow control over the local 

molecular environment and to facilitate rapid exchange between components in and out of the condensate.

Nucleolar proteins strongly implicated in driving LLPS include the dense fibrillar component constituent, fibrillarin 

(FBL), and the scaffold protein of the granular component, nucleophosmin (NPM1). FBL displays a Gly–Arg-rich domain 

(GAR domain) that contains IDRs. In NPM1, there is a succession of acidic (A1–A3) and basic (B1 and B2) tracts in the IDR 

region. The interaction valency can be amplified when substrate binding domains, also referred to as nucleic acid or RNA 

binding domains (RBDs), are coupled to oligomerization domains (ODs), such as the pentamerization domain in NPM1.

Recent work has revealed that in addition to protein composition (presence of IDRs, Arg repeats and so on) and 

concentration, other parameters are important to drive LLPS. These include pH, temperature, protein post-translational 

modifications and the presence of an RNA seed (to promote nucleation and/or lower the saturation concentration)113–115. 
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Sometimes, projections of the perinucleolar chroma-
tin may reach deeply inside the structure of the nucle-
olus, where they appear as nucleolar interstices or 
vacuoles (Fig. 1a).

Electron microscopy, and more recently super- 
resolution microscopy, has highlighted this rich sub-
structure and linked it to nucleolar function. Indeed, 
super-resolution approaches recently revealed that each 
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human nucleolus consists of several dozen FC–DFC 
modules, the number of which can vary between cell 
types37, and confirmed that rRNA transcription occurs 
at the FC–DFC interface where Pol I complexes are 
enriched (Fig. 1d), with each FC–DFC module con-
taining two or three transcriptionally active rDNAs23. 
Ribosome assembly factors, such as the box C/D small 
nucleolar RNA-associated methyltransferase fibrillarin 
(FBL or FIB1) and others, form a spherical network of 
18–24 regularly spaced, nanoscale (100–200 nm) ‘beads’ 
that assemble into the DFC around the FC (Fig. 1d); such 
spatial distribution of ribosome assembly factors was 
previously noted for the helicase DDX21, which together 
with the long non-coding RNA SLERT regulates Pol I 
function38. Why ribosome assembly factors are arranged 
into such nanosized ‘beads’ is not yet clear, but it suggests 
that individual ribosomal maturation steps may occur 
in distinct ‘reaction chambers’, spatially segregated from 
others in order to increase the efficacy and selectivity 
of each step.

Nucleolus as an LLPS-driven body

Many nucleolar proteins harbour intrinsically disordered  

regions (IDRs), often including charged domains, which 
have been highlighted as key drivers of phase separation 
(see Box 2). It has long been known that many nucleolar 
proteins, including fibrillarin and rRNA transcription 
factor nucleolin, exhibit Gly–Arg-rich domains, some-
times referred to as GAR domains39. Within these GAR 
domains, the Arg residues in particular appear key, as 
together with similarly positively charged Lys residues 
they have been long appreciated as central to nucleo-
lar localization sequences40. Additionally, there is an 
enrichment of negatively charged acidic tracts (that is, 
Glu and/or Asp-rich IDRs) that can interact with basic 
tract-containing proteins in vitro18. Consistent with the 
importance of these charged residues, another nucleolar 
methyltransferase, TGS1, was earlier shown to contrib-
ute to the coalescence and steady-state dynamics of the 
nucleolus, through multiple weak and transient inter-
actions mediating its self-association and interaction 
with Lys and/or Arg-rich KKD/E domain-containing 
small nucleolar RNA ribonucleoproteins41. Despite these 
tantalizing hints, how these IDRs contribute to driving 
nucleolar assembly and partitioning through LLPS has 
only started to become clear, in large part through recent 
in vitro reconstitution studies.

Evidence from in vitro reconstitution approaches. As 
with many intracellular structures, approaches towards 
‘bottom-up’ reconstitution have been fruitful for under-
standing the molecular and biophysical principles gov-
erning the assembly and function of nucleoli. The first 
reconstitution approaches focused on the key nucleolar 
proteins fibrillarin and nucleophosmin.

Fibrillarin is a prominent protein within the DFC 
(Fig. 1) and in humans contains a disordered N-terminal 
Gly–Arg-rich region (Box 2), much like that found in 
known phase-separating proteins such as the P granule 
helicase Laf1 (ReF.42), among others43. This region con-
tributes to fibrillarin phase separation in vitro, in a pro-
tein and salt concentration-dependent manner16,23,44; the 

nucleolar protein GAR1, named for its two Gly–Arg-rich 
domains, exhibits a similar tendency to phase separate45.

Phase-separated emulsions coarsen over time, mean-
ing that the average size of droplets grows through 
either direct coalescence of droplets upon contact or 
ostwald ripening. Both mechanisms predict that the 
average droplet size, <R>, will increase with time, t, 
according to <R> ~ t1/3. The growth dynamics of in vitro 
nucleolar protein condensates, as well as nucleoli 
observed in developing Caenorhabditis elegans embryos, 
exhibits such t1/3 coarsening dynamics; interestingly, 
emerging evidence suggests that the surrounding 
viscoelastic chromatin can decrease the scaling expo-
nent for coarsening nuclear condensates46. Evidence 
of a saturation concentration, below which nucleolar 
phases do not assemble (Box 2) and that was shown to 
be important for several nucleolar proteins, provides 
additional quantitative support for the LLPS model in 
nucleolar organization20,44. Importantly, for fibrillarin, 
the saturation concentration also depends on the pres-
ence of RNA — higher RNA concentrations decrease 
the saturation concentration (that is, greater tendency 
to phase separate) — which led to a model whereby 
the preferential condensation of fibrillarin around 
actively transcribing rDNA arises from the high RNA 
concentration there44.

Nucleophosmin resides predominantly in the GC 
(Fig. 1) and is known to have a central role in nucleolar 
structure47,48. Nucleophosmin exhibits a domain archi-
tecture characteristic of many phase separation-prone 
proteins (for example, G3BP, PGL1 and others): an 
N-terminal oligomerization domain, an intervening 
disordered region and a C-terminal substrate (RNA) 
binding domain (Box 2). The N-terminal domain of 
nucleophosmin drives pentamerization, whereas the dis-
ordered linker region displays multiple acidic tracts that 
can interact with basic proteins, particularly Arg-rich 
proteins, which are known to have high nucleolar par-
titioning properties. In vitro experiments showed that 
nucleophosmin can phase separate either together 
with Arg-rich proteins, such as the GC scaffold pro-
tein SURF6 or ribosomal proteins such as RPL23a, or 
together with RNA17,18 (Box 2). In addition to heterotypic 
LLPS, nucleophosmin can undergo homotypic LLPS 
in vitro, which is mediated by weak basic tracts link-
ing the acidic tracts and its pentamerization domains17. 
The phase behaviour of nucleophosmin can potentially 
be regulated by phosphorylation of its oligomerization 
domain, which is dependent on its subcellular localiza-
tion and cell cycle phase. Specifically, hyperphosphoryl-
ation promotes oligomerization domain unfolding that 
impedes pentamerization49, and thereby likely weakens 
LLPS of nucleophosmin, in a manner similar to that seen 
upon truncation of the oligomerization domain16.

In vivo insights. Key insights into the biophysical prop-
erties of nucleoli in living cells have emerged from 
studies in the frog Xenopus laevis. Mature X. laevis 
oocytes contain a nucleus, commonly referred to as 
the germinal vesicle, that is roughly 600 µm in diame-
ter and contains hundreds of nuclear bodies, primarily 
nucleoli, that assemble around actively transcribing 
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extrachromosomal rDNA. An interferometric imag-
ing technique was utilized to show that Cajal bodies 
and nucleoli in the germinal vesicle are of surprisingly 
low density, allowing their penetration by fluorescent 
dextran molecules in a molecular weight-dependent 
manner29. This low-density structure was referred to 
as ‘sponge-like’, but, at least in the case of Cajal bodies, 
their highly spherical nature was described as potentially 
reflecting a ‘semi-fluid’ nature (they behave somewhat 
like liquids).

Mature X. laevis germinal vesicle nucleoli are indeed 
remarkably spherical, and can be observed to sponta-
neously coalesce and round up upon contact, and can 
also be pushed together with a microneedle, exhibiting 
the same fusion behaviour15 (Fig. 2a). Consistent with 
spontaneous coalescence events occurring through-
out oogenesis, the nucleolar volume, V, was found to 
exhibit a broad size distribution, well-characterized by 
a power law: P(V) ~ V–3/2 (corresponding to the presence 
of many smaller nucleoli and few large nucleoli). This 
–3/2 exponent is in quantitative agreement with simu-
lation and theory predictions from a slowly coarsening 
emulsion model15. The nucleolar emulsion was subse-
quently shown to require stabilization by a nuclear actin 
scaffold16,50,51, which upon destabilization, for example 
using actin depolymerizing drugs, gives rise to a small 
number of extremely large and spherical nucleoli50 
(Fig. 2c). These findings provide further support for a 
physical picture in which nucleoli can be thought of 
as RNA and protein-rich liquid condensates, which 
readily fuse within one another but are kinetically sta-
bilized against large-scale coalescence. In the case of the 
X. laevis germinal vesicle, an unusual filamentous actin 
network stabilizes the emulsion by hindering nucleolar 
motion, whereas in more typical somatic cells, the sur-
rounding chromatin would play a similar role21. Indeed, 
the shape of the nucleolus may be impacted by numerous 
factors, particularly the surrounding and the integrated 
chromatin. When considering HeLa cells versus stem 
cells versus embryos, changes in nucleolar shape may 
reflect differences in chromatin density and compaction 
state — the X. laevis germinal vesicle, for example, has 
extremely low chromatin density, whereas one expects 
HeLa cells to exhibit a higher degree of dense, com-
pacted chromatin relative to stem cells. Thus, extrinsic 
factors particular to different cell types may contribute 
to nucleolar shape and size.

Nucleolus as a multiphase condensate

As discussed above, nucleoli exhibit quantitative signa-
tures consistent with the model that LLPS is a primary 
driver of nucleolar assembly. However, nucleoli exhibit 
a complex internal substructure. The recent proposal 
that this substructure may represent multiple coexist-
ing, immiscible liquid phases16 may be surprising in the 
light of the simple LLPS model, given that we are mostly 
familiar with the phase behaviour of simple oil and water 
mixtures, with only two distinct phases and no such 
multilevel layering. However, it is well known that more 
complex mixtures of non-biological liquids — such as 
water and oils with different properties (for example, 
vegetable oil and silicone oil) — can give rise to more 

complex phase behaviour, including richly structured 
multiphase assemblies16,52 (Fig. 3a,b). Remarkably, it was 
found that key nucleolar proteins of the DFC (fibril-
larin) and GC (nucleophosmin) subcompartments, 
which were known to individually undergo in vitro 
phase separation, have disfavourable mutual interac-
tions that can drive similar multiphase immiscibility16 
(see also next section). Moreover, the resulting immis-
cible subphases recapitulate the ‘core–shell’ architecture 
of nucleoli, with fibrillarin forming a ‘core’ surrounded 
by a nucleophosmin-rich liquid ‘shell’, recapitulating the 
organization into the DFC and GC phases observed in 
cells (Box 2; Fig. 3c,d). Although the molecular origins 
of the subcompartment immiscibility are still not well 
understood, findings in this study suggest that the IDRs 
within fibrillarin and nucleophosmin may be fully mis-
cible. Instead, it appears that the RNA binding domains 
of these two proteins, which provide substrate speci-
ficity, encode the formation of mutually incompatible 
liquid phases — a conclusion that is echoed in a recent 
study on the molecular origins of stress granule–P body 
immiscibility53. Interestingly, however, it is known that 
the relative organization of two or more immiscible 
phases is dictated by the values of the surface tension 
between the phases52. Nevertheless, our understanding 
of the biomolecular determinants of condensate surface 
tensions, and the potential role of any surfactant-like 
biomolecules in modulating these interfacial properties, 
is extremely limited.

Nucleolar material properties

In addition to its interfacial material properties, the 
bulk mechanical properties (for example, elasticity and 
viscosity) of the nucleolus are thought to be important 
for its structure and function (see Box 1). For macro-
scopic materials, characterization of their mechanical 
properties is often achieved by measuring their relation-
ship between stress, or the normalized force applied to 
a material, and the resulting strain, or the normalized 
displacement. For a solid, the measured stress is propor-
tional to strain (as with a Hookian spring, for which the 
force is proportional to the displacement), whereas for 
a liquid the stress is proportional to the rate of change 
of the strain (Fig. 3e). Materials that exhibit intermediate 
properties are referred to as viscoelastic; viscoelasticity 
is common in complex fluids containing macromolecular 
(for example, polymeric) components. Although meas-
urements of microscopic materials are more difficult, 
these material properties and their impact on structure 
and molecular dynamics can be determined using spe-
cialized techniques (Fig. 3f,g). Measuring viscoelasticity 
and its link to biological function is still a largely unex-
plored aspect of nucleolar biology, but intriguing initial 
results are beginning to emerge.

The stability of a complex fluid’s viscoelastic proper-
ties over time should not be taken for granted, as many 
polymeric liquids exhibit metastability, with proper-
ties that can change with time, for example undergo-
ing a liquid-to-gel transition54 (a process also known 
as maturation or hardening). This transition towards 
more solid-like material properties results in decreased 
fusion rates and decreased molecular exchange between 
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the phases (decreased molecular dynamics). A large 
number of studies using techniques such as FRAP, 
droplet coalescence or microrheology (Fig. 3f,g) suggest 
that ribonucleoprotein condensates can indeed often 
become more solid-like over time, which could underlie 
pathology, prominently including many neurodegener-
ative diseases55–58 (see also below). Consistent with this 
possibility for the nucleolus, droplets assembled from 
purified fibrillarin have been observed to undergo rapid 
gelation16, losing nearly all molecular rearrangement 
(on the second timescale) after an hour. Experiments on 
large nucleoli in the X. laevis germinal vesicle confirmed 

many of the same liquid properties for the fibrillarin-rich 
DFC core and the nucleophosmin-rich GC shell, includ-
ing a relatively stable and low-viscosity fluidity of the 
GC, with apparently more viscoelastic and potentially 
time-dependent changes in the DFC properties16.

Studies in the X. laevis germinal vesicle suggest 
that nucleolar fluidity requires active maintenance. 
As described above, when the surrounding actin net-
work is disrupted, the nucleolar emulsion is destabilized, 
nucleoli begin contacting one another and two or more 
touching nucleoli coalesce into a single, larger spheri-
cal condensate. From studies in fluid dynamics and soft 
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Fig. 3 | Understanding nucleolar substructure and material properties. 

a | Non-biological multiphase droplets established by mixing water, vegetable 

oil and silicone oil. These non-biological liquids spontaneously form 

multiphase droplets due to their material properties, providing an illustrative 

example of how similar physical self-assembly rules may be at play in the 

nucleolus and other multiphase biomolecular condensates. b | Schematic 

organization of immiscible multiphase droplets. The more effectively 

hydrophobic liquid (green; 3) has a higher surface tension with water (1) than 

the more effectively hydrophilic liquid (red; 2) (γ13 >γ12), thus driving the 

multiphase arrangement shown, as this organization minimizes the free 

energy of the system. c | Condensates formed from the nucleolar proteins 

nucleophosmin (NPM1; scaffold protein of the granular component (GC)) and 

fibrillarin (FBL; component of the dense fibrillar component (DFC)) appear to 

be relatively immiscible with one another, with NPM1-rich condensates 

forming a ‘liquid shell’ around FBL-rich condensates. d | Example of a large 

coalesced nucleolus in the Xenopus laevis germinal vesicle. The fibrillar 

centre (FC), DFC and GC are indicated. Note how the coalesced DFC regions 

are highly spherical, underscoring their physical nature as a liquid subphase 

within the GC. e | Solid-like materials are often probed by applying a defined 

stress (force per unit area, σ) or strain (displacement, Δx, normalized by 

sample size, L) and monitoring the other. Solids exhibit a relationship in which 

the stress is directly proportional to the strain. By contrast, liquid-like 

materials exhibit a stress that is directly proportional to the rate of change of 

the strain. f | Several techniques are increasingly implemented to probe the 

material state of nucleoli and other condensates. Full recovery of the signal 

in fluorescence recovery after photobleaching (FRAP) experiments (blue) is 

consistent with liquid-like properties, whereas incomplete FRAP signal 

recovery (red) is consistent with more solid-like properties (left). Nevertheless, 

the dynamics must be carefully interpreted103. Quantifying the dynamics 

of condensate coalescence can also provide insight into bulk material 

properties: liquids tend to fully round up due to surface tension, whereas 

solid-like particles tend to exhibit arrested coalescence (right). g | Passive 

microrheology consists of tracking Brownian motions/thermal fluctuations 

of probe particles embedded within soft materials to determine the 

viscoelasticity. The graph shows the mean-squared displacement (MSD) of 

particle position, which is suppressed in materials with higher viscosity, and 

exhibits a characteristic time-dependence (slope on log–log plot, indicated 

by the triangle; a slope of 1 characterizes Brownian motion within a simple 

viscous liquid) that can indicate viscoelasticity104. Pol I, polymerase I; t, time. 

Figure adapted with permission from ReF.16, Elsevier.
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matter59, it is known that the timescale for fusion is set 
by a ratio of viscosity to surface tension (inverse capillary 
velocity; τ ∼ η/γ, where τ is the timescale of coalescence, 
η is the ratio of effective viscosity and γ is the surface 
tension). This study found that the values of η/γ for coa-
lescing nucleoli depend on ATP, as ATP depletion with 
the enzyme apyrase led to an increase of this value by 
over an order of magnitude, which was interpreted as 
an ATP-dependent viscosity. Similar approaches have 
also been recently utilized in human cells (HeLa), find-
ing that the behaviour of the nucleoplasmic–nucleolus 
interface is ATP-dependent and sensitive to changes in 
chromatin structure21. These collective findings raise 
the possibility that cells can use active processes to 
tune nucleolar dynamics and biophysical properties, 
including the interface between the nucleolus and other 
nuclear components.

Non-equilibrium nucleolar dynamics

In addition to having complex, multiphase organization, 
nucleoli also exhibit active, non-equilibrium features — 
with components subject to active modification and 
flux between the nucleolus and the rest of the nucleus. 
This contrasts with the simple picture of equilibrium 
phase-separated liquid mixtures, which exhibit molec-
ular exchange between the liquid and surrounding phase 
but are otherwise chemically inert, with no steady-state 
component flux. As increasingly sophisticated model-
ling approaches begin building from the simplest LLPS 
framework, new insights will emerge into how cells 
dynamically regulate the biomolecular interactions that 
give rise to the emergent liquid-like organization.

Nucleolar dynamics throughout mitosis. Using different 
cell biology and biochemistry techniques28,60–62 it has 
been documented that the nucleolar structure and bio-
molecular dynamics change throughout the cell cycle, 
representing a dramatic manifestation of underlying 
non-equilibrium activity of the nucleolus. During inter-
phase, nucleolar proteins are in constant flux into and 
out of the nucleolus, undergoing rapid exchange with 
the surrounding nucleoplasm. Importantly, however, 
residence of proteins within the nucleolus can occur on 
a timescale that may be tuned by actively modulating 
the weak, multivalent interactions at the heart of LLPS.

One of the best illustrations of the non-equilibrium 
aspect of nucleolar homeostasis is the major redistribu-
tion of nucleolar proteins that takes place during mitosis. 
At the onset of mitosis, the nucleolus undergoes rapid 
nucleolar breakdown, concomitant with the shutdown 
of Pol I activity, followed by slow nucleolar genesis at 
mitotic exit, which coincides with the resumption of 
Pol I function63–65 (Fig. 4a,b). Of note, in modern eukar-
yotes with open mitosis, not only the nucleolus but, 
indeed, most condensates disassemble and reassemble as 
the nucleus itself breaks down and reforms during each 
cell cycle66. Thus, whereas it is not entirely clear how 
nucleolar disassembly is promoted, nuclear envelope 
breakdown likely contributes, in part, through dilution 
of nucleolar components in the nucleoplasm.

From numerous studies in non-living matter, the for-
mation of a new liquid phase typically occurs through a 

process known as nucleation and growth (and possibly 
through spinodal decomposition). Classical nucleation 
theory describes how a new phase must overcome the 
energetic barrier associated with the creation of a new 
interface (an energetic cost parametrized by surface 
tension)67. These barriers can be lowered by nucleation 
on energetically favourable surfaces (that is, those with 
low surface tension), but it remains unclear whether 
such heterogeneous nucleation represents an accurate 
description of nucleolar genesis. In fact, the underly-
ing biophysics of nucleolar genesis appears to be con-
siderably more complicated than what can be captured 
using classical nucleation theory (Fig. 4c). For example, 
the dynamics of nucleolar breakdown and nucleolar 
genesis highlights a rich interdependence of nucleolar 
substructures. Over the course of ~5 min during nucle-
olar breakdown, the FC is dissolved first, then the DFC 
and then the GC, whereas during ~30 min of nucleolar 
genesis the FC reforms first, then the DFC and then the 
GC63–65 (Fig. 4a). After nucleolar breakdown, nucleolar 
constituents are incorporated into successive intermedi-
ate condensates that form at the expense of one another 
(often referred to as the precursor–product relationship): 
the perichromosomal region is the first to form, then the 
nucleolar-derived foci and, finally, the prenucleolar bodies 
(Fig. 4a,b). Towards the end of mitosis, nucleolar proteins 
are redistributed from the prenucleolar bodies to nucle-
olar organizer regions, which serve as nucleation sites or 
‘seeds’ for nucleolus reformation64,68. Nucleolar organizer 
regions are rDNA-bearing segments, which are located 
on the short arms of the five acrocentric chromosomes 
(human chromosomes 13, 14, 15, 21 and 22). Thus, dip-
loid human cells contain ten nucleolar organizer regions, 
but they are never all transcriptionally active at the same 
time (see Box 1).

How the formation of intermediate nucleolar con-
densates is regulated is not known. The chromosome 
surfactant protein Ki-67 was shown to be essential for 
perichromosomal region formation35,69–71, a process that 
is itself thought to be sequential35, involving at least two 
steps. The role of the intermediate condensates formed 
during nucleolar genesis is also unclear. In the case of 
the perichromosomal region, which outlines the con-
densed chromosomes like a ‘sheath’, it has been proposed 
to help partition equal amounts of nucleolar proteins 
between the two daughter cells (‘chromosome passen-
ger’ model). Of interest, nucleolar proteins in general, 
and particularly mitotic chromosome-associated ones 
(perichromosomal region), have significantly higher 
levels of disorder per residue than cytosolic proteins, 
suggesting that the perichromosomal region could also 
be liquid-like35 (Box 1).

Several studies utilizing C. elegans and Drosophila 
melanogaster embryos demonstrated behaviours of 
nucleolar components during nucleolar reformation 
that are generally consistent with classical phase sep-
aration theory, but also highlighted the limitations of 
the equilibrium framework for describing complex 
nucleolar dynamics19,44,72. The precursor structures were 
shown to be liquid-like — and referred to as ‘extranu-
cleolar droplets’ — and were shown to either coalesce 
with nucleolar organizer regions or dissolve. Notably, 
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Fig. 4 | Nucleolar dynamics in mitosis. a | Nucleolar breakdown (NoBD) is 

first apparent at prophase, when polymerase I (Pol I) function is shut down, 

with the fibrillar centre (FC) being the first subnucleolar compartment to be 

dissolved. This is soon followed by nuclear envelope disassembly (occurring 

at 2 min after the onset of NoBD), then by dissolution of the dense fibrillar 

component (DFC; at 3 min after initiation of NoBD) and, finally, by 

disappearance of the granular component (GC; at 5 min after initiation of 

NoBD) (details not shown). Nucleolar reformation (nucleolar genesis (NoG)) 

starts shortly after its dissolution. At metaphase, the nucleolar proteins 

concentrate around the chromosomes forming the liquid-like 

perichromosomal region (PR). During anaphase, nucleolar proteins 

relocalize to small foci termed nucleolar-derived foci (NDFs). At telophase, 

as the nuclear envelope reforms, nucleolar proteins are relocalized from 

NDFs to nuclear foci, the prenucleolar bodies (PNBs). Pol I is reactivated, and 

the nucleolar proteins are redistributed from the PNBs to the nucleolar 

organizer regions (NORs), corresponding to the rDNA units encoded on the 

short arms of the five acrocentric chromosomes (human chromosomes 13, 

14, 15, 21 and 22) and acting as a nucleation site for nucleolar assembly. The 

FC is the first nucleolar compartment to form at actively transcribed NORs 

(details not shown), and the nuclear envelope integrity is then restored, 

followed by formation of the DFC (at 9 min after FC assembly) and that of 

the GC (27 min after FC assembly) (see also Fig. 5b). b | Example images of 

NoBD and NoG using confocal microscopy of HeLa cells. The nucleoplasm 

(DNA) was stained with DAPI, the DFC with fibrillarin (FBL). c | Schematic 

illustration of the dynamics of nucleoli during the cell cycle, interpreted 

within the liquid–liquid phase separation framework. y axis represents 

normalized inverse interaction strength, kBT/ χ, and x axis represents the 

concentration of key nucleolar components. The value kBT/ χ (where kB 

is the Boltzmann constant, T is temperature and χ is the Flory–Huggins 

miscibility parameter) defines an effective interaction strength of nucleolar 

components, with lower values (that is, lower T and/or greater χ) implying 

a stronger propensity for phase separation. Interphase nucleoli represent a 

cell state well within the two-phase region of an effective nucleolar phase 

diagram (shaded region). Upon changes in component concentration (for 

example, through nuclear envelope breakdown) and effective interaction 

strength (for example, through post-translational modifications), the cell 

moves into the one phase region of the phase diagram and NoBD is 

accelerated. Concomitant with reformation of the nuclear envelope, the 

concentration of nucleolar components again increases, and their 

interactions become more favourable, leading to NoG. Ni, nucleolar 

interstices; PC, perinucleolar chromatin. Images in part b are unpublished 

and a courtesy of D.L.J.L. and R.B.
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these extranucleolar droplets would appear to form ran-
domly throughout the nucleus (ostensibly unseeded, 
formed via homogeneous nucleation), whereas nucleoli 
were seeded at nucleolar organizer regions and exhib-
ited lower saturation concentration requirements for 
their formation than extranucleolar droplets. Studies in 
D. melanogaster examined the temperature dependence 
of nucleolar formation, revealing that some nucleolar 
proteins exhibit enhanced condensation at decreased 
temperature, whereas others exhibit the opposite behav-
iour, suggesting a role for active processes in nucleolar 
assembly, outside the simplest LLPS paradigm19. Studies 
in D. melanogaster72 and C. elegans44 both demonstrate 
that nucleolar organizer regions at which nucleoli are 
reformed during development showed active rDNA tran-
scription, and rRNA (or, rather, pre-rRNA) appears to act 
as a ‘seed’ for nucleolus formation (Fig. 5a,b). In addition  
to the clear importance of rRNA for nucleating func-
tional nucleoli, other non-rRNAs have also been shown to  
be important for regulating nucleolar homeostasis. 
These include the nucleolar-enriched Alu RNAs encoded 
in pre-mRNA introns, whose depletion disrupts nucleo-
lar structure73. Overall, these studies reveal that nucleolar 
assembly requires active non-equilibrium processes, 
particularly rRNA transcription, which appear to effec-
tively stabilize the biomolecular interactions underlying 
phase separation.

Nucleolar compositional fluxes. Perhaps the most inter-
esting feature of the non-equilibrium nature of nucleoli 
is the steady-state flux of components into and out of 
them. In particular, rRNA at different stages of pro-
cessing progresses through the nucleolus and precursor 
ribosomal subunits constantly exit the nucleolus to con-
tinue their assembly in the nucleoplasm and cytoplasm74; 
many ribosome assembly trans-acting factors show sim-
ilarly high dynamics, constantly shuttling into and out 
of the nucleolus. This is often described as a directed 
process, also referred to as ‘vectorial’ or an ‘assembly line’. 
Although this language invokes mechanical imagery that 
belies the inherent stochasticity of biological processes, 
some steps in ribosome biogenesis (for example, tran-
scription of precursor rRNA) must occur before others 
(for example, RNA modification and folding, or binding 
by ribosomal proteins and ribosome assembly factors), 
echoing the sequential formation of nucleolar subcom-
partments at mitotic exit (see above). Although the 
mechanistic details describing how ribosome assembly 
occurs in the nucleolus are far from being fully under-
stood, recent studies have shed light on how a directional 
flux through the nucleolus may be achieved through 
driving forces inherent to the LLPS mechanism.

One recent study has shown that, as it emerges 
from the FC–DFC interface where it is synthesized, 
the 5′ end of the nascent rRNA transcript is bound 
co-transcriptionally by fibrillarin via its RNA binding 
domain23. Data support a model in which the directional 
sorting of nascent transcripts towards the DFC and its 
initial processing are promoted by phase separation, 
resulting from the self-association of fibrillarin through 
its GAR domain23 (Box 2; Fig. 1b) (of note, fibrillarin 
constructs lacking their GAR domain and the methyl 

transferase domain, which confers RNA binding, do not 
promote DFC formation). The RNA sorting mechanism 
does not require the methyltransferase activity of fibril-
larin, which is also dispensable for RNA cleavage23. Thus, 
it appears that the phase separation capacity of fibrillarin 
mediates the partitioning of nascent transcripts from the 
FC–DFC interface to the DFC and this is required for 
initial rRNA processing and DFC nucleation.

Another recent study utilized a simple biophysical 
approach to extract thermodynamic properties of the 
interactions among nucleolar components, which pro-
vide insight into the physical forces underlying LLPS and 
partitioning of nucleolar components75 (Box 2). These 
results indicated a strongly heterotypic nature of the  
underlying biomolecular interactions, which provide 
the cohesivity holding together nucleolar components. 
Particularly important for nucleolar structure are those 
interactions between nucleophosmin and nascent rRNA 
(Fig. 5c,d), as well as other nucleolar scaffold proteins, 
such as SURF6, further highlighting the importance of 
nascent rRNA for nucleolar assembly. The progressive 
assembly of ribosome subunits leads to increasingly 
large ribosomal particles, which progressively contribute 
less and less to the network of heterotypic interactions 
required for phase separation and favourable partition-
ing into nucleoli. As a consequence, partitioning into 
nucleoli of assembled pre-ribosome subunits is disfa-
voured, potentially explaining how these subunits can 
preferentially be expelled out of the nucleolus75.

Overall, the findings discussed in this section sup-
port a physical picture in which nucleoli assemble ‘on 
demand’: nascent rRNA drives nucleolar condensation 
through LLPS, and fully assembled pre-ribosomal par-
ticles are thermodynamically expelled out of the nucleo-
lus (Fig. 5d). Thus, the physical nature of the nucleolus is 
tightly coupled to its function. Additional aspects of this 
coupling between structure and function will be further 
discussed below.

Interplay of structure and function

The ribosome is perhaps the most complex macro-
molecular machine in the cell, and thus it should not 
be surprising that the assembly of ribosomal subunits 
within the nucleolus is a highly sophisticated process 
that entails thousands of reactions3,76. This complexity 
is daunting and presents a challenge for any biophysical 
modelling effort attempting to link the nucleolar struc-
ture and its function in facilitating ribosome biogenesis. 
Below, we suggest ways in which the LLPS model pro-
vides a fruitful starting point for understanding these 
links between nucleolar structure and function.

Nucleolar function supports its structure. The myriad 
ribosome biogenesis reactions that take place within the 
nucleolus encompass broadly five distinct processes: pro-
duction of three out of four rRNAs by Pol I (the fourth 
rRNA, 5S, is produced in the nucleoplasm by Pol III); 
pre-rRNA processing; pre-rRNA modification; assem-
bly of precursor ribosomal subunits; and quality control 
mechanisms, which involve the RNA exosome and cofac-
tors that in budding yeast act in a specialized nucleolar 
condensate termed the ‘No-body’ (nucleolar body) that 
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is enriched in defective ribosomal subunit precursors 
destined for degradation77,78. There is ample evidence 
for an intimate connection between these processes and 
the structure of the nucleolus. For example, there has 
been general consensus that rRNA synthesis, performed 
by Pol I, occurs at the interface between the FC and the 
DFC (see above and Fig. 1b–d). Nascent transcripts are 
believed to radiate into the DFC, where they undergo 
initial maturation steps, such as post-transcriptional 

chemical modifications, including methylation and 
pseudouridylation, before proceeding into the GC for 
further maturation. Given this intimate link between 
pre-ribosomal particle biogenesis and nucleolar 
structure, inhibiting this nucleolar function can have 
considerable consequences for nucleolar morphology.

The most emblematic case of nucleolar phase alteration 
is the treatment of cells with low doses of actinomycin D, 
which inhibits nucleolar RNA synthesis (Pol I function), 
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Fig. 5 | Dynamics of ribosome biogenesis in the nucleolus. a | Changes 

in the local concentration of ribosomal RNA (rRNA) appear to strongly 

change the location of the threshold for condensation of nucleolar 

components. This schematic phase diagram (binodal boundary) shows how 

a shift in the boundary may facilitate ‘on-demand’ assembly of nucleoli, by 

promoting nucleation specifically at transcriptionally active nucleolar 

organizer regions that are enriched in rRNA and support active transcription. 

b | Nucleoli appear to form via heterogeneous (seeded) nucleation promoted 

by transcription of rRNA at nucleolar organizer regions (NORs) (rather than 

homogeneous nucleation that would lead to nucleolar genesis randomly 

throughout the nucleus). Nucleoli form in a ‘sequential’ fashion, starting with 

the fibrillar centre (FC), followed by the dense fibrillar component (DFC) and 

finishing with the granular component (GC). Inset: interaction of fibrillarin 

with nascent transcripts has recently been shown to be important for 

establishment of the DFC23 (see also Fig. 1b). c | Maintenance of nucleoli 

requires continuous active production of rRNA and supply of ribosomal 

proteins resulting in a directional flux: rRNA is radially expelled as it is 

transcribed, processed, modified and folded with proteins into ribosomal 

subunits (left). Disruption of active processes — that is, upon inhibition of 

polymerase I-mediated transcription (for example, by treatment with 

actinomycin D (ActD)) — results in a radically altered phase structure, 

with prominent nucleolar ‘caps’ forming (right, and see Fig. 6a). d | The radial 

organization of nucleoli may reflect a fundamentally non-equilibrium 

energetic landscape, with a gradient in the effective thermodynamic 

free energy of partitioning of key nucleolar components. Recent findings 

suggest that as rRNA assembles with ribosomal proteins into ribosomal 

subunits, the valence (or number) of contacts of an rRNA with the liquid–

liquid phase separation (LLPS) GC meshwork decreases, leading to more 

unfavourable (that is, larger free energy of transfer and thus lower solubility 

in the GC) interactions within the nucleolus, giving rise to selective 

‘exclusion’ of fully processed and assembled subunits. ΔGtransfer, free energy 

of transfer; kB, Boltzmann constant; χ, Flory–Huggins miscibility parameter; 

rDNA, ribosomal DNA; T, temperature. Part d adapted from ReF.75, Springer 

Nature Limited.
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leading to ‘nucleolar segregation’, whereby DFCs segregate 
from the GC, forming ‘nucleolar caps’79 (Fig. 6a). When 
nucleolar subcompartments are segregated, they are no 
longer embedded within each other like nested Russian 
dolls but, instead, are spatially juxtaposed, in a manner 
highly reminiscent of the multiphase organization seen 
with Cajal bodies in the X. laevis germinal vesicle29 or 
stress granules studded with P bodies53. Given that multi-
phase organization of condensates is generally thought 
to reflect relative surface tension values, the structural 
reorganization of immiscible nucleolar subphases may 
reflect their rRNA transcription-dependent surface 
tensions. Knockdown of TIF1A, which is important for 
Pol I function, leads to a strikingly similar segregation of 
nucleolar components (Fig. 6a). Treating cells with other 
small-molecule inhibitors that target rRNA synthesis, 
pre-rRNA processing or yet to be identified ribosome 
biogenesis steps80 produces a wide range of highly spe-
cific disruption phenotypes where nucleolar components 

adopt novel spatial distributions (Fig. 6a), again suggest-
ing still poorly understood changes to relative surface 
tensions between nucleolar phases.

In an effort to understand which cell components are 
important for nucleolar structure maintenance, the 80 
ribosomal proteins and 625 abundant nucleolar proteins 
were depleted one by one in cells, and the nucleolar struc-
ture was carefully inspected13,81. Surprisingly, only very 
few ribosomal proteins were shown to be important for 
maintenance of the nucleolar structure, nearly all being 
late-assembling proteins of the large ribosomal subunit. 
Of these, uL5 (formerly RPL11) and uL18 (RPL5) appear 
to be the most important, with their depletion or the 
depletion of factors (RRS1 and BXDC1) regulating 
their assembly into maturing 60S subunits, leading to 
severe disruption of nucleolar organization (with nucle-
aolar markers appearing as ‘beaded necklaces’) (Fig. 6a). 
This disruption was suggested to be caused, at least in 
part, by loss of interactions between the Arginine-rich 
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motifs of uL18 and nucleophosmin13, which are known 
to be important for establishment of the GC by LLPS18. 
Interestingly, uL5 and uL18 are two ribosomal proteins 
important for nucleolar surveillance, a p53-dependent 
antitumour pathway that kills dysfunctional cells82,83. 
Their structural and functional importance for nucle-
olar organization may result from uL5 and uL18 being 
assembled together with the 5S rRNA into 60S to form 
the central protuberance (Fig. 1b), a remarkable architec-
tural landmark of the ribosome essential to its function. 
Thus, formation of an essential ribosomal feature, the 
central protuberance, appears to be deeply rooted with 
the multiphase organization of the nucleolus.

On the whole, the fundamental significance of such 
observations is that inhibition of nucleolar function can 
dramatically alter its structure. Put simply, it is evident 
that nucleolar form relies on its function. The opposite 
is also the case — changes in nucleolar structure and 
material properties will impact its function, with con-
siderable consequences for physiology. These aspects are 
discussed in the following subsections.

Impact of nucleolar liquid phase on function. To probe 
the links between changes in the nucleolar liquid phase 
and function, optogenetic tools are increasingly being 
used to modulate the biomolecular interactions under-
lying condensates with light84–88. For example, a recent 

study fused nucleophosmin to a blue light-dependent oli-
gomerization domain, which caused it to become primar-
ily immobile in the nucleolus upon blue light activation85; 
this is expected to cause gelation if sufficiently strong and 
multivalent interactions are established54. Such a transi-
tion to a gel will change the effective viscoelasticity of 
phase-separated droplets, and will affect diffusion rates 
through the condensate, in a manner dependent on the 
dynamics and effective mesh size of the gel. Indeed, fol-
lowing blue light-induced nucleophosmin oligomeri-
zation, nucleoli showed decreased fusion rates and the 
diffusion of large molecules (>10 nm; for example, Pol I) 
within them was reduced, which is consistent with gela-
tion. Importantly, this optogenetic gelation of the nucle-
olus had considerable phenotypic consequences for 
ribosome biogenesis, whereby unprocessed rRNA tran-
scripts accumulated and processed rRNA decreased85. 
These phenotypic changes occurred in the timescale 
of a day, which is compatible with the time required to 
accumulate low-abundance, short-lived pre-rRNA spe-
cies. Overall, this finding underscores how the nucleo-
lar material state, and hence its structure, can impact its 
functional activity.

Beyond the impact on ribosome assembly, the liquid 
nature of nucleoli has also been suggested to have a role 
in preventing irreversible, pathological protein aggre-
gation. Under stress, the nucleolus prevents formation 
of potentially toxic aggregates22, which appears to be a 
direct result of the intrinsic fluidity of the condensed 
nucleolar phase. Upon proteotoxic stress, such as heat 
shock, metastable and misfolded nuclear proteins are 
transiently stored in the GC compartment of the nucle-
olus. Here, they interact with nucleophosmin, and possi-
bly other nucleolar proteins, to avoid coaggregation and 
to allow access to and refolding by protein chaperones, 
such as HSP70 — which also accumulate in the nucle-
olus during stress — when stress is relieved22. Notably, 
during stress, changes in the nucleolar material state 
appear to lead to reduced mobility of nucleophosmin 
and the misfolded nuclear proteins, which is restored 
in an HSP70-dependent manner upon recovery from 
stress. Apparently, nucleolar proteins are also monitored 
by this mechanism, which is in line with the abundant 
presence of intrinsically disordered and low-complexity 
sequence-containing proteins in the nucleolus35, which 
do not fold stably and tend to aggregate upon conforma-
tional stress89. Altogether, it can be expected that a ther-
mally sensitive proteome of ~200 proteins is looked after 
by this surveillance mechanism, which could therefore 
have a substantial impact on overall protein homeostasis 
in the cell.

Interestingly, the capacity of the nucleolus to store 
unfolded proteins and prevent aggregation is limited as 
the system is saturable22. Indeed, upon prolonged expo-
sure to high heat stress or after expression of polypep-
tides associated with neurodegenerative diseases, such 
as C9ORF72-encoded dipeptide repeats (see also below) 
in combination with thermal stress, the liquid-like 
behaviour of the nucleolus was severely compromised, 
with changes in nucleolar shape and reduced protein 
mobility indicative of a transition to a hardened mate-
rial state. Importantly, this change was irreversible, and 

Fig. 6 | Links between nucleolar structure and function. a | Nucleolar condensate 

organization can be disrupted by approaches that perturb its function. Images show 

HeLa cells subject to various treatments and stained with DAPI (labelling DNA), fibrillarin 

(FBL; labelling the dense fibrillar component (DFC)) and Pescadillo ribosomal biogenesis 

factor 1 (PES1; labelling the granular component (GC)). Prominently, inhibition of 

ribosomal RNA (rRNA) transcription by actinomycin D treatment (0.2 µg/ml, 2 h), BMH-21 

treatment (1 µM, 3 h) or knockdown (small interfering RNAs (siRNAs); 10 nM, 3 days) of  

the RNA polymerase I factor TIF1A leads to the formation of ‘nucleolar caps’, whereby the 

DFC segregates from the GC. Treatment with cisplatin (3 µg/ml, 24 h), which generally 

functions as a DNA synthesis inhibitor, is associated with redistribution of the rRNA 

transcription machinery, rRNA synthesis inhibition and cell death (not shown). Similarly, 

treatment with 5-fluorouracil (5-FU; 15 µM, 24 h), which blocks rRNA processing, causes 

considerable nucleolar disruption with an appearance of ‘fragmented nucleoli’. Finally, 

depletion (siRNAs; 10 nM, 3 days) of one of the large ribosomal subunit proteins, uL18 — 

which is required for central protuberance assembly (see Fig. 1b) — leads to severe 

nucleolar phase disruption, whereby the nucleolar markers appear as ‘unfolded beaded 

necklaces’. b | The expression of disease-associated peptides, including proline– 

arginine repeat proteins (poly(PR)s) such as those encoded in C9ORF72 (implicated in 

neurodegenerative disorders)95, may interfere with establishment of the nucleolar phase. 

Specifically, the liquid-like behaviour of the nucleolus is severely compromised, with 

changes in nucleolar shape and reduced protein mobility indicative of a transition to  

a hardened material state. The disease peptides interact with nucleolar components  

and appear to compete with normal interactions between nucleolar components.  

This, in consequence, inhibits nucleolar function in ribosome biogenesis and protein 

homeostasis. c | The liquid-like properties of nucleoli are likely important for enabling 

dynamic assembly of ribosomal subunits and their flux out of the nucleolus. Studies have 

begun to suggest that altered nucleolar properties could underlie nucleoli-associated 

diseases. For example, ribosomopathies, which result from the shortage of properly 

formed ribosomes, could potentially be caused by aberrant nucleolar hardening and 

decreased rRNA and ribonucleoprotein processing. By contrast, certain types of cancer 

that can be associated with increased ribosome biogenesis (that fuels active translation 

and cell proliferation) could stem from increased flux of rRNA through the nucleolus, 

which could in turn be promoted by increased nucleolar fluidity. Thus, modulation of 

nucleolar material properties could be explored as a strategy for the development  

of novel therapeutic approaches for the treatment of devastating human diseases. FC, 

fibrillar centre; rDNA, ribosomal DNA. Images in part a are unpublished and a courtesy  

of D.L.J.L. and R.B.
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the localization of misfolded proteins that entered the 
nucleolus upon stress was not restored upon recovery 
from stress. Thus, prolonged stresses can lead to nucle-
olar phase transition towards a more solid-like state, 
which largely compromises its function in mitigating 
the aggregation of disordered proteins22. That the role 
of the nucleolus in protein homeostasis relies on its 
liquid–liquid-like properties was further exemplified 
by the observation that disruption of the nucleolar 
structure by low doses of actinomycin D (see above 
and Fig. 6a) resulted in the formation of stable aggre-
gates of stress-denatured proteins in the nucleoplasm; 
these aggregates were highly toxic as they sequestered 
bystander proteins22.

Disruption of nucleolar liquid phase in disease and 

ageing. The tight coupling between nucleolar material 
properties and function suggests that dysregulation 
of the nucleolar material state will inevitably lead to 
pathology (Fig. 6b,c). In the context of ribosome biogen-
esis, both excess and insufficient amounts of functional 
ribosomes can be detrimental, leading to cancer or 
ribosomopathies, respectively. Notably, both disease sce-
narios are associated with nucleolar morphology alter-
ations, ranging, in the case of cancer, from an increased 
number of nucleoli per cell nucleus to increased nucle-
olar size and irregular nucleolar shape90,91. Moreover, 
the nucleolus is also strongly implicated in neurode-
generative diseases, such as amyotrophic lateral sclerosis 
and frontotemporal dementia, caused by hexanucleotide 
repeat (GGGGCC or G4C2) expansions in the C9ORF72 
gene. These expansions lead to the expression of charged 
dipeptides, which, as described above, interfere with the 
nucleolar phase, resulting in increased protein aggre-
gation upon stress22 and also inhibition of ribosome 
biogenesis. Specifically, it was shown that these dipep-
tides have strong affinity for rRNA, displacing nucleo-
phosmin away from rRNA, causing its relocalization to 
the nucleoplasm and GC phase dissolution. This had 
important consequences for cell function, perturbing 
ribosome biogenesis and subsequent protein translation, 
and eventually leading to cell death92–95 (Fig. 6b).

Furthermore, the nucleolar material state may be 
linked to organism ageing. Consistent with this possibility, 
FRAP experiments in non-dividing C. elegans intestinal 
cells revealed reduction of fibrillarin dynamics — indica-
tive of gelation/hardening — in older worms as compared 
with larvae16; these findings paralleled time-dependent 
gelation of in vitro fibrillarin droplets, a phenomenon not 
observed with nucleophosmin droplets, whose lower vis-
cosity does not change with time. Given that RNA can 
impact the fluidity of various model phase-separated 
condensates42,57,96, maturation of the DFC to a gel-like 
state could potentially reflect changes in the flux of 
newly synthesized rRNA transiting through the DFC. 
Of relevance, other studies have shown that decreased 
expression of rRNA in C. elegans was associated with 
smaller nucleoli and longer-living animals97; knockdown 
of fibrillarin decreases the nucleolar size and increases 
longevity. These findings connecting the nucleolus and 
longevity are interesting in the context of earlier stud-
ies reporting that ageing yeast cells exhibit increasingly 

large and fragmented nucleoli, which are associated with 
accumulation of extrachromosomal rDNA circles98,99. It is 
tempting to speculate that each of these ageing-associated 
changes can be understood as alterations in nucleolar 
phase behaviour and material state.

Overall, the coupling between nucleolar structure 
and function opens up exciting new possibilities for 
novel biomedical strategies, for example utilizing the 
nucleolus as a disease biomarker13 and, although still a 
prospect for the future, developing therapeutics targeting 
the nucleolar material state.

Conclusions and perspective

Two hundred years after its initial discovery, the nucle-
olus still harbours many mysteries. It is a complex, 
multilayered structure, interwoven with chromatin 
and including thousands of protein and RNA compo-
nents, which are constantly moving into and out of the 
surrounding nucleoplasm and interacting specifically 
to perform dozens of highly regulated reactions. This 
structural complexity is tightly connected to nucleolar 
function as a centre for ribosome biogenesis, as well as 
several other processes essential to maintain cell home-
ostasis. Despite this complexity, the LLPS model pro-
vides a simple and powerful conceptual framework for 
explaining a diverse set of experimental observations 
regarding nucleolar behaviour and has begun to pave 
the way for a fully predictive biophysical understanding 
of nucleolar structure and function. Nevertheless, there 
are still many open questions.

To start, we need a better understanding of the mech-
anisms driving LLPS in cells. One specific area is eluci-
dating the dynamic regulation of the weak multivalent 
interactions that underlie LLPS, including the role of 
post-translational modifications (phosphorylation and 
others). Remarkably, the intracellular levels of the acetyl 
donor acetyl-CoA have recently been shown to regulate 
the internal distribution of nucleolar proteins, phase 
behaviour (fluidity) and function (rRNA synthesis), 
presumably through differential acetylation of nucleo-
lar proteins, although the precise substrates responsible 
for this regulation remain to be characterized in detail100.

Future studies will also be needed to better under-
stand how the phases in the nucleolus, and the transfer 
of molecules within and between them, mechanistically 
coordinate the assembly of rRNA-containing complexes. 
For example, the observation that ribosome assembly fac-
tors form nanometric beads that may each correspond to 
‘reaction chambers’ (Fig. 1d) suggests there may be more 
structural heterogeneity within the nucleolus than antic-
ipated from the simple view of a tripartite (FC, DFC and 
GC) nucleolar organization. Such heterogeneity, in the 
form of gradients or highly localized nanophases that 
may be akin to that described for stress granules101 and 
P granules102, could potentially be critical for directing 
the order of ribosome biogenesis assembly reactions. 
Approaches that rely on live-cell super-resolution, 
together with structural information on fine nucleolar 
organization and associated ribosome assembly inter-
mediates extracted from novel cryo-electron microscopy 
approaches, will both be key to linking nucleolar structure 
with the complexity of ribosome assembly reactions.
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the frontal and temporal  

lobes of the brain associated 

with personality, behaviour  

and language.
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Perhaps most dauntingly, these and other non- 
equilibrium steady-state aspects of nucleolar biology 
require consideration of more refined versions of the 
LLPS model. The better understanding of the nucleolus 
as a multiphase liquid condensate will be important for 
developing new approaches that modulate the material 
properties of the nucleolus, and allow probing and con-
trolling of its phase behaviour and function. These may 
include the use of novel chemical and optogenetic tools 

to change nucleolar viscoelasticity and thereby tune ribo-
some biogenesis, which are only beginning to emerge 
but likely have broad applications, for example in treat-
ing cancer and ribosomopathies. Although much work 
remains, this potential to modulate the biochemistry 
of nucleolar-based processes with material state-based 
therapeutics is an exciting direction for future research.
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