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The nucleolus is a prominent nuclear condensate that plays a central
role in ribosome biogenesis by facilitating the transcription and
processing of nascent ribosomal RNA (rRNA). A number of studies
have highlighted the active viscoelastic nature of the nucleolus,
whose material properties and phase behavior are a consequence of
underlying molecular interactions. However, the ways in which the
material properties of the nucleolus impact its function in rRNA
biogenesis are not understood. Here we utilize the Cry2olig optogenetic
system to modulate the viscoelastic properties of the nucleolus.
We show that above a threshold concentration of Cry2olig protein,
the nucleolus can be gelled into a tightly linked, low mobility
meshwork. Gelled nucleoli no longer coalesce and relax into spheres
but nonetheless permit continued internal molecular mobility of
small proteins. These changes in nucleolar material properties
manifest in specific alterations in rRNA processing steps, including
a buildup of larger rRNA precursors and a depletion of smaller rRNA
precursors. We propose that the flux of processed rRNA may be
actively tuned by the cell through modulating nucleolar material
properties, which suggests the potential of materials-based approaches for therapeutic intervention in ribosomopathies.
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ene expression within the eukaryotic cell nucleus remains a
fundamental and poorly understood problem. Membraneless subnuclear condensates are ubiquitous structures that are
intimately associated with nuclear RNA, DNA, and proteins and
play key roles in cellular processes. Biomolecular condensates
such as the nucleolus, Cajal bodies, and speckles concentrate
molecules in order to spatiotemporally facilitate the information
flow from DNA to RNA (1). Condensates are biophysically interesting because while lacking an enclosing membrane their
overall shape and size may be stable on the timescale of hours,
even as their constituent biomolecules dynamically exchange
over tens of seconds (2). Over the last decade, a host of studies
have shown that these structures often exhibit behaviors consistent
with condensed liquid phases and assemble above a concentration
threshold, a hallmark of liquid–liquid phase separation (3–6).
The most prominent condensate in the nucleus is the nucleolus,
a structure that despite being first described over 150 years ago (7)
remains not fully understood (8). The nucleolus forms around
regions of chromosomes containing stretches of tandem ribosomal
DNA (rDNA) gene repeats, known as nucleolar organizer regions
(NORs). The transcription of ribosomal RNA (rRNA) is comparable to the overall process of gene transcription elsewhere in
the nucleus, with key differences arising from the demand for
producing large quantities of the multisubunit ribosome complex.
In most eukaryotes, a precursor 47S rRNA transcript is transcribed by RNA polymerase I (Pol I) and contains each of the
cotranscribed 18S, 5.8S, and 28S rRNAs (9). By locally concentrating various processing factors, the nucleolus appears to facilitate the cleavage, chemical modifications, and key protein subunit
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assembly required to generate precursor ribosomal particles from
the nascent rRNA transcript.
A host of recent studies have examined the nature and biomolecular origins of the rich phase behavior of the nucleolus
(5, 10–14). Diploid human cells contain 10 NORs, but they are
not all active at the same time. A human cell generally contains
between 2 and 6 nucleoli and the number of nucleoli per cell
tends to decrease over time due to fusion events, consistent with
the liquid behavior of nucleoli (15, 16). As with other condensates, the phase behavior of nucleoli is largely driven by weak
multivalent interactions, often involving segments of intrinsically
disordered regions (IDRs) of proteins (regions that are able to
sample a wide range of conformations) (4, 17). Two key nucleolar proteins that have received the most attention are nucleophosmin (B23/NPM1) and fibrillarin (FBL). NPM1 is a highly
expressed nucleolar protein that is particularly enriched in the
granular component (GC), the outer layer of the nucleolus that
is associated with assembling ribosomal proteins together with
processed rRNA into mature preribosomal particles. Purified
NPM1 undergoes phase separation in vitro in an rRNAdependent manner (18–20). FBL is a nucleolar protein that is
enriched in the dense fibrillar component (DFC) of the nucleolus. The DFC is an internal core of proteins and RNAs that
serves as an enzymatic crucible for rRNA modifications including methylation by FBL as part of the C/D box snoRNPs,
and pseudouridylation by H/ACA box snoRNPs (21). FBL also
undergoes phase separation in vitro, in a manner also promoted
by the presence of RNA (10). NPM1 and FBL droplets have
been shown to be relatively immiscible with one another, and
Significance
The nucleolus is an organelle in the nucleus that plays a key role
in the transcription and processing of ribosomal RNA (rRNA).
While many studies have highlighted the viscoelastic material
state of the nucleolus, how the material properties of the nucleolus affect its function in rRNA biogenesis is not understood.
Here we use an optogenetic protein system to tune the material
state of the nucleolus. Our experiments show that above a
certain concentration of light-activated protein, the nucleoli gel
into a tightly linked meshwork and are no longer able to fuse.
These material property changes lead to changes in rRNA processing, providing insight into how rRNA flux and processing
may be natively tuned through the material state of nucleolus.
Author contributions: L.Z., D.L.J.L., and C.P.B. designed research; L.Z., T.M.R., and L.W.
performed research; L.Z., M.F., G.W., and D.L.J.L. contributed new reagents/analytic tools;
L.Z., T.M.R., L.W., M.W., and D.L.J.L. analyzed data; and L.Z. and C.P.B. wrote the paper.
The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
Published under the PNAS license.
1

To whom correspondence may be addressed. Email: cbrangwy@princeton.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1903870116/-/DCSupplemental.

PNAS Latest Articles | 1 of 6

BIOPHYSICS AND
COMPUTATIONAL BIOLOGY

Edited by Herbert Levine, Rice University, Houston, TX, and approved July 17, 2019 (received for review March 6, 2019)

their phase separation can recapitulate the core-shell architecture of the nucleolus in vitro (22).
The same weak molecular interactions that promote the
condensation of nucleolar proteins also dictate nucleolar material properties. Coalescence and other liquid behavior of nucleoli, as well as microrheology and other direct measurements of
nucleolar protein droplets formed in vitro, can be used to estimate values for its surface tension and viscosity (11, 22, 23).
Interestingly, these material properties likely reflect nonequilibrium internal dynamics, as ATP depletion has been seen
to increase the apparent viscosity, and purified nucleolar proteins exhibit time-dependent hardening. Indeed, the material
state of the inner compartment of the nucleolus has been suggested to age in the intestinal nuclei of Caenorhabditis elegans
worms (22). It is likely that the cell itself tunes molecular interaction parameters and thus nucleolar assembly and material
properties through posttranslation modifications such as phosphorylation and methylation (24). Understanding the nucleolus
as a material is key, since its material properties have been
shown to play a central role in its internal organization (22).
Furthermore, material properties are expected to impact internal
diffusivity and thus rates of ribosome biogenesis and potential
downstream biological function, particularly cell growth rates.
However, direct tests of the links between the nucleolar material
state and function have been lacking.
A primary factor hindering studies to date is a lack of tools for
directly modulating material states within living cells. However,
recent studies have begun to exploit optogenetics to tune molecular interactions and the resulting phase behavior in living cells
(25–28). Cry2 is a photolyase homology region of Arabidopsis
thaliana CRY2 protein, that upon blue light exposure exhibits
enhanced interactions (29), and when combined with weak IDRmediated interactions was shown to drive light-dependent phase
transitions of “optoDroplets” (27). The material state of these
optoDroplets appears to depend on the degree of supersaturation
(i.e., the degree to which the intracellular concentration is driven
to exceed the threshold for phase separation) (27). Moreover, a
mutant Cry2olig has been shown to display disassociation times
correlated with enhanced interaction strength (30), which can be
utilized for tuning optoDroplet material properties. These optogenetic tools offer a set of approaches for dynamically tuning
material properties of intracellular condensates and probing the
link between material state and function.
Here we use an optogenetic gelation strategy to show that the
material state of the nucleolus affects its ribosome biogenesis
function. A Cry2olig optogenetic module is used to tune specific
protein interactions in the nucleolus, thereby modulating its
material properties. We show that by adding a light-tunable interaction domain to nucleolar molecules we can affect the material state of the nucleolus as well as its ability to process
ribosomal RNA. The implications of these findings likely extend
beyond the nucleolus to other condensates whose internal dynamics are tuned by cells to perform diverse biological functions.
Results
To modulate the interaction of proteins within the nucleolus, we
fused proteins found in each nucleolar compartment (GC–NPM1,
DFC–FIB1, and FC–RPA16) with Cry2olig; we refer to these
variants as “opto-” (e.g. opto-NPM1) and expressed them in
NIH3T3 cells at a range of concentrations using lentiviral transfection. The fused proteins localize to their respective nucleolar
compartment (Fig. 1B and SI Appendix, Fig. S1), with colocalization
and fluorescent recovery after photobleaching (FRAP) dynamics
similar to green fluorescent protein (GFP)-tagged versions of the
proteins in the absence of blue light (Fig. 1D). However, when these
cells are exposed to blue light, FRAP results show that mobility of
the Cry2olig-tagged protein is severely diminished, with a decrease
in the mobile fraction and an increase in the recovery timescale
(Fig. 1 B–D and SI Appendix, Fig. S1).
To understand how blue light exposure can alter molecular
dynamics within the nucleolus, we examined the impact on the
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Fig. 1. Fusing Cry2olig to nucleolar proteins: localization and FRAP dynamics. (A) Schematic of opto-nucleolar constructs. (B, Left) Schematic of
three compartments of the nucleolus. (B, Right) FRAP images before, during,
and after bleach for opto-NPM1 before and after blue light activation in the
same cell. (Scale bars, 10 μm.) (C) Normalized FRAP curves for opto-nucleolar
constructs before and after blue light activation. (D) Normalized fraction
recovery at t = 300 s for nonopto GFP-tagged protein, unactivated optoproteins (488 OFF), and blue light-activated (488 ON) opto-proteins. Error
bars are SEM of 15 to 20 cells.

self-association strength of these proteins before and after blue
light exposure. We used fluorescence correlation spectroscopy
(FCS) to estimate the values of the apparent second virial coefficient B2 in the nucleoplasm of the mammalian cell. For concentrations that are below the condensed droplet concentrations,
the diffusivity of a protein is influenced by interactions with other
proteins (31, 32). A positive B2 is associated with repulsive protein
interactions and can lead to larger effective protein diffusion coefficients. Conversely, a negative B2 is associated with attractive
protein interactions and leads to smaller effective protein diffusion
coefficients. Here, we estimated an effective second virial coefficient, which we refer to as β, by measuring protein diffusivity as
a function of protein concentration and analyzing the data using
the relation D ≈ D0(1 + βC), where D is protein diffusivity, D0 is
the diffusivity at infinite dilution, and C is the protein concentration of the opto-construct (33).
In the absence of blue light, NPM1-mCherry-Cry2olig (optoNPM1) diffusivity is weakly dependent on protein concentration,
with a low, but nonzero, slope β (Fig. 2 A, black symbols). This
slope is similar to that observed with a nonopto NPM1-mCherry,
suggesting that in the dark state Cry2olig contributes little to the
inherent NPM1-mediated interactions; consistent with this, dark
state β values for mCh-Cry2olig are close to zero (Fig. 2 B, open
red bar, 488 Off). However, in the presence of high-intensity blue
light, the diffusivity of opto-NPM1 becomes more strongly dependent on protein concentration, yielding more strongly negative
β values (Fig. 2A). These more negative β values are a direct
consequence of light-dependent Cry2olig interactions, since β for
NPM1-mCh exhibits no significant light dependence, while β for
mCh-Cry2olig is significantly more negative upon blue light activation (Fig. 2 A and B). Taken together, these results show that we
can successfully tune the molecular mobility of opto-NPM1 with
Zhu et al.

Zhu et al.

A

B

C

1.0

0.6
0.4

0.2

1

0.6

10

Conc.( M)

0.2

0

60 120 180

488nm power (nW)

strongly
slowed

1
2.7nW T50s
60nW T15s
100nW T15s
0 200nW T15s

0.1

1

10 100

Act. Conc.( M)

Fig. 3. Mobile fraction of Opto-NPM1 measured at 300 s after bleach as a
function of (A) opto-NPM1 concentration and (B) 488-nm power. (C) Mobile
fraction of Opto-NPM1 collapsed by plotting against activated Opto-NPM1
concentration. Error bars are SE of 5 to 10 cells.
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the Cry2olig optogenetic system, by modulating light-dependent
Cry2olig interactions.
We next sought to determine how these light-dependent interactions give rise to collective changes in molecular dynamics
within the nucleolus. As with other optogenetic proteins, Cry2olig
switches between an active and inactive state. We reasoned that
the observed molecular dynamics should strongly depend on the
concentration of activated opto-proteins that results from this
light-dependent conversion. Consistent with this expectation, for a
given set of activation conditions we find that the normalized
fraction recovery (mobile fraction) of photobleached opto-NPM1
exhibits a strong dependence on the total concentration of optoNPM1 expression (Fig. 3A). Moreover, for cells with similar optoNPM1 expression (∼5 to 10 μM), we find a strong dependence of
the mobile fraction on blue light intensity (Fig. 3B). Indeed, cells
activated with very low laser power, and at long intervals between
activation, exhibit nearly complete recovery, suggesting only a
small fraction of activated opto-NPM1 proteins contribute to decreased mobility (Fig. 3 C, open squares). To quantify these lightdependent dynamics, we use a simple kinetic model (27), with an
overall activation rate proportional to light intensity, k1 = kact*
[blue], and a light-independent deactivation rate, k2 (27). Cells
were activated with different activation intervals (T) and blue
light intensities (27) (SI Appendix, Fig. S2), yielding fitted values
of kact = 1.1 ± 5.6 μW−1·s−1 and k2 = 0.002 ± 0.005 s−1, which are
comparable to previous measurements (27). Consistent with model
predictions, the fraction of inactivated molecules, Finact, increases
with either longer time in between intervals (T) or weaker blue light
intensity (SI Appendix, Fig. S3). Remarkably, FRAP recovery data
for cells spanning 2 orders of magnitude in expression levels, and 4
different activation conditions (2.7, 60, 100, and 200 nW), can be
collapsed by plotting the data against the calculated concentration
of activated opto-NPM1 (Fig. 3C and SI Appendix, Fig. S3 for
uncollapsed data).
This ability to collapse the molecular mobility data (Fig. 3C) is
consistent with a light-dependent oligomerization of Cry2olig
inducing a transition in collective molecular dynamics within the
nucleolus. To determine if these changes are associated with
alterations in the mesoscale material properties of the nucleolus,
we take advantage of mature Xenopus laevis oocytes, which
contain a ∼500-μm-diameter nucleus (germinal vesicle) (Fig. 4A),
whose large nuclear bodies have previously been exploited to examine nucleolar material properties (12, 15, 22, 34). As shown
previously, we find that when actin is disrupted using latrunculin A
(Lat-A) the nucleoli coalesce with one another and sediment due
to gravity (15, 35) (Fig. 4 B and D, 488 Off). Without exposure to
blue light, these nucleoli fuse and round up to a nearly perfect
sphere, exhibiting an exponential relaxation to a single large
droplet, with a ratio of droplet viscosity to surface tension, η/γ, of

Mobile Fraction

Fig. 2. Opto-NPM1’s average protein interactions are tunable by blue light.
(A) Diffusion vs. concentration in the nucleoplasm measured by FCS for optoNPM1 unactivated (black) and with increasing levels of [488] intensity (red is
70 nW and blue is 175 nW). Error bars are the SDs of 3 to 5 cells (binned by
concentration). (B) β (effective second viral coefficient) measured for 488 Off
(open bars) and 488 On (closed bars) opto-NPM1 (green), NPM1-mCh (blue),
and mCh-Cry2olig (red). Error bars are error of the linear fit (i.e., dotted line
in A). P values < 0.05 as indicated by asterisks.

∼30 s/μm, consistent with previous measurements (15, 22). Strikingly, in Lat-A–treated X. laevis nuclei expressing opto-NPM1,
exposure to blue light results in nucleoli that no longer coalesce
into spherical droplets (shown in Fig. 4C and SI Appendix, Fig. S4)
but rather clump onto each other much like hard sticky beads (see
aspect ratio, Fig. 4D); even after more than 2 h, these nucleoli are
not able to relax and round up to a sphere (aspect ratio > 1).
While an apparent η/γ cannot be reliably determined from these
very slow dynamics, the coalescence timescale for opto-NPM1
nucleoli appears to be at least 10 times longer upon activation,
implying that the value of η/γ is at least 10 times higher.
To examine how this light-dependent change in material state
impacts mobility of other molecules within the nucleolus, we
used dextran of varying molecular weight, injected into the nucleolus prior to blue light activation (Fig. 5 A–E). Dextrans ≥70
kDa are mostly excluded from nucleoli, while 10-kDa dextrans
are able to partition into nucleoli, as described previously (33).
The concentration of large dextrans is very low within the nucleolus, hindering reliable FRAP measurements on this population. However, we noticed that often there are nucleoplasmic
pockets of dextrans that are trapped within the GC of nucleoli.
By using FRAP on the population of dextran molecules within
these nucleoplasmic pockets, we could examine the transport of
dextran through the GC with both the opto-NPM1 construct and
an NPM1-Cerulean control. For 70 kDa, we see the same relatively full recovery of dextran regardless of whether opto-NPM1
has been exposed to blue light or not (Fig. 5D), which suggests
that small dextran can diffuse across the GC from the nucleoplasm and replenish the pool of molecules in the pocket. However, in the case of a very large dextran, 500 kDa, we find that for
opto-NPM1–expressing nucleoli exposed to blue light (Fig. 5C)
the final fraction of dextran is significantly lower (0.7 vs. ∼1, as
shown in Fig. 5 D and E). Taken together, these data are consistent with an opto-NPM meshwork formed after exposure to
blue light, with an effective mesh size that is sufficient to hinder
the motion of other large biomolecules in the nucleolus.
To interrogate this mesh size effect in tissue culture cells, we
activate opto-NPM1 and examine whether non–Cry2olig-tagged
proteins are able to diffuse freely. Interestingly, we find that the
mobility of NPM1-GFP within opto-NPM1 nucleoli is essentially
unchanged before and after blue light activation (Fig. 5F).
Moreover, other proteins of comparable size exhibit a similar
activation-independent mobility, even in the presence of a variety of different opto-constructs (SI Appendix, Fig. S5). However,
we find that the diffusivity of RPA16, a subunit of the large
[∼550 kDa (36)] protein complex RNA Pol I, is significantly
affected by activation of a range of different opto-constructs
(Fig. 5 F–J and SI Appendix, Fig. S5). These data suggest that
the presence of a blue light-dependent meshwork gives rise to an
effective gelation of the nucleolus, with molecular-size–dependent
changes in internal dynamics.
We next asked whether the size-dependent mesh of the optogenetically gelled nucleolus impacts processing of precursor ribosomal RNA subunits. Pre-rRNAs undergo processing in a directional
manner, from the innermost DFC region to the outermost GC region
(Fig. 6A). In budding yeast, early precursor ribosomes are
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Discussion
The molecular interactions which dictate the material properties
of biocondensates and the way those material properties and associated molecular dynamics in turn determine biological function
have received much recent attention (22, 38–44). Previous studies
have illustrated how the cell may modulate protein interaction
strength or interaction valency through posttranslational modifications (e.g., phosphorylation) or through oligomerization domains (e.g., NPM1 pentamerization), respectively (13, 19, 20, 45).
However, these studies have relied on correlative changes between
material properties and biological function, and our understanding
of the causal relationships remains poor. In this paper, we used an
optogenetics approach to tune the strength of protein–protein
interactions and thus the material state of the nucleolus with light.
FCS and kinetic modeling allowed us to examine the way in which
strong light-meditated interactions control the fraction of activated
molecules, which allow tuning of the bulk material properties of the
nucleolus. This gives rise to strong functional perturbations, in
particular hindering the flux of newly transcribed and partially
processed rRNA molecules.

Fig. 4. X. laevis nucleolar coalescence dynamics shows changes in bulk
properties. (A) Images of the X. laevis oocyte and nucleus. (Scale bar, 1 mm.)
(B) Nonactivated nucleolar fusion under actin disruption at 0, 20, and 125
min and (C) 488-nm activated nucleolar fusion under actin disruption at 0,
20, and 125 min. (Scale bars, 20 μm.) (D) Aspect ratios after 2 h of nucleoli in
unactivated and activated nuclei expressing opto-NPM1. P value < 0.005.

∼30 nm (37) but are expected to be even larger in human cells
due to the large number of processing factors. These particles
are thus similar in size or even larger than RNA Pol I, and thus
may be larger than the apparent mesh size of opto-activated
nucleoli. We thus reasoned that nucleolar gelation could lead
to changes in their mobility and processing.
To test the impact on rRNA processing, NIH 3T3 cells with
mCh-Cry2olig tagged at the endogenous C-terminal locus of
NPM1 were generated using CRISPR-Cas9 and exposed to blue
light for 0, 24, 48, and 72 h. Total RNA was extracted, separated
on denaturing gels, and analyzed by Northern blotting using
probes that detect major pre-rRNA intermediates (Fig. 6A). We
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These changes to the material properties and molecular mobility depend strongly on the concentration of light-oligomerized
molecules. Our FRAP data show that only when the nucleolar
concentration of activated opto-NPM1 molecules becomes
greater than ∼1 μM is there a significant decrease in molecular
mobility (Fig. 3). This threshold concentration is significantly
smaller than reported cellular concentration of endogenous
(untagged) NPM1 (46), suggesting that the transition does not
simply reflect an excess of activated opto-NPM1 compared with
endogenous NPM1. If activation caused isolated opto-NPM1
clusters to form, they could potentially decrease the collective
mobility within the nucleolus. However, in soft matter, true
gelation is known to occur only beyond a “percolation” threshold, which describes the critical level of molecular connectivity
required for solid-like material response (47); a percolated network scaffolded through opto-NPM1 activation likely underlies
our findings of a strong concentration dependence of internal
mobilities, and associated impact on bulk material properties.
While here we have focused on controlling interaction strength,
the geometry of interactions is likely also to be used by the cell to
control condensate material state. For instance, NPM1 pentamerization leads to a radial set of interactions, while oligomerization on nucleic acid scaffolds could yield more extended
interaction networks. Future work is needed to explore the interplay between interaction strength, geometry, and the connectivity transitions underlying gelation.
These changes in the mobility of opto-nucleolar components
manifest as changes in the material state of the nucleolus. Fusion
experiments showed slowed fusion tendency, which is expected
as the effective viscoelasticity of droplets is increased (17, 22).
However, if these changes can be understood as a light-induced
nucleolar gelation, the gel must exhibit a large effective mesh
size. Indeed, while our opto-tagged nucleolar proteins are
strongly impacted, such that their apparent mobile fraction is
decreased to as low as 20%, many nontagged nucleolar proteins
are relatively unaffected (Fig. 5). The high mobility of GFPtagged NPM1 in activated opto-NPM1–expressing cells is surprising and suggests that mixed NPM1 hetero-pentamerization
may not be occurring with these tagged constructs, possibly due
to interference from the tag. In any case, while opto-components
appear to be forming a partially connected network, the network
is capable of allowing relatively unhindered mobility of smaller
nontagged proteins. We interpret this as proteins smaller than
the pore size of the mesh diffusing through unhindered, while
proteins/complexes larger than the pore size of the mesh are
hindered. This appears to explain our findings that RPA16, a
protein component of the large (∼10 nm) multisubunit complex
of RNA pol I, is significantly hindered in gelled nucleoli. While
this is interpreted as a size effect, we cannot rule out possible
interactions of RNA pol I with the opto-NPM1 mesh, which
could potentially also contribute to hindered mobility. However,
the size dependence of nucleolar proteins is consistent with
the hindered diffusion we measure for 500-kDa dextran, whose
Zhu et al.

radius of gyration is expected to be similarly large, ∼15 nm (48).
These findings are reminiscent of the apparent mesh size determined for other phase-separated condensates (33, 34).
The primary function of the nucleolus is in facilitating ribosome biogenesis, through the processing and assembly of rRNA
into preribosomal particles. This is a multistep process, which
occurs through a steady-state flux of newly transcribed 47S
rRNA, through steps which involve a series of cleavage and
chemical modifications that result in production of mature segments of 18S, 5.8S, and 28S rRNA (49). We found that by using
light to gel the nucleolus the flux of rRNA was significantly altered. Notably, we found a buildup of 46S and 45S rRNA (Fig. 6)
and a depletion of downstream processing intermediates (e.g.,
43S and 36S). The 46S and 45S rRNAs are two of the very first
precursors produced from the 47S transcript and thus appear to
be sufficiently large that their mobility is hindered by nucleolar
gelation, leading to their buildup and associated decrease in
downstream products. Future work may utilize approaches such
as those commonly employed to understand metabolic flux, to
more precisely link these spatiotemporal changes in pre-RNA
flux with altered nucleolar material properties and internal
mobility.
Various diseases of ribosome biogenesis, known as ribosomopathies, are associated with a number of different genetic mutations (50). In many cases, these defects could reflect an unbalanced
flux of rRNA out of the nucleolus that arises from changes in the
viscoelasticity of the nucleolus. Indeed, similar perturbations in
rRNA flux could also be at play in repeat expansion diseases such
as amyotrophic lateral sclerosis caused by C9orf72 trinucleotide
expansion, which results in dipeptide repeats that bind to NPM1,
localize to the nucleolus, and lead to slowed mobility (51). Another
example where rRNA flux may be at play is in premature aging
disorders such as Hutchinson–Gilford progeria syndrome where
ribosome biogenesis is elevated and nucleoli are enlarged (52).
Indeed, it has been suggested that smaller nucleoli can be a hallmark of longevity in flies, mice, and humans (53). The development of optogenetic approaches to engineer the assembly of de
novo condensates (25–28), and now to modulate the properties of
endogenous ones, promises to have an enormous impact on our
understanding of these emerging links between the material
properties and (dys)function of the nucleolus. These insights will
suggest new therapeutic approaches for tackling ribosome disorders by modulating nucleolar assembly and material properties,
adding novel options to the developing arsenal targeting the nucleolus for anticancer intervention (54).
Our finding that altering the material properties of the nucleolus impacts the flux of nascent rRNA processing is likely
relevant beyond this specific aspect of transcription. Indeed, we
propose a similar causal link is at play throughout the genome,
where the material properties of nanoscale transcriptional condensates likely dictate subsequent downstream RNA modifications.
Moreover, condensates comparable in size to the nucleolus,
such as nuclear speckles and Cajal bodies, which play key roles in
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Fig. 6. Opto-nucleolus gelling leads to specific inhibitions of early pre-rRNA processing. (A) Mouse pre-rRNA processing pathway. The probes used are
shown. (B) Quantification of 6 early pre-RNA species as a function of time exposed to blue light (0, 24, 48, and 72 h). Raw band intensities of NPM1-CRY2 cells
were first normalized to the initial time (t = 0) for each transcript and then to control 3T3 cells (Materials and Methods). Schematic of native, nonactivated (C)
and blue light-activated (D) opto-NPM1 effect on rRNA processing.

splicing and other RNA processing steps, have functions likely to
be tightly linked to their material properties. Future studies will
build on the present study as well as other recently developed
optogenetic approaches (25–28) to quantitatively map intracellular phase behavior and its link to underlying molecular function and associated phenotype.

were exposed to blue light (Teleopto LED array system, LED array model
LEDA-X with driver LAD-1, setting 7.05) for 1, 2, or 3 d. Total RNA was extracted
and Northern blot was performed as in ref. 55. Experiment was done in a 37 °C
incubator. See SI Appendix, Supplementary Information Text for FRAP, actin
disruption, FCS, dextran experiments, and RNA methods in detail.

Preparation of Mammalian and X. laevis Nucleoli. Mammalian NIH 3T3 cell lines
were maintained and imaged at 37 °C using standard conditions. Frog experiments were approved by the Princeton Institutional Review Board and
nuclei were injected with plasmid constructs, manually dissected in mineral
oil, and subsequently imaged. For actin disruption and coarsening in X.
laevis, to disrupt actin Lat-A (Sigma) treatment was performed for 1 to 2 h.
Nuclei were then dissected in mineral oil and imaged. For RNA analysis, cells
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