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Abstract

We describe here phase-separated subnuclear organelles in the nematode Caenorhabditis elegans, which we term NUN (NUclear
Nervous system-specific) bodies. Unlike other previously described subnuclear organelles, NUN bodies are highly cell type specific. In
fully mature animals, 4–10 NUN bodies are observed exclusively in the nucleus of neuronal, glial and neuron-like cells, but not in other
somatic cell types. Based on co-localization and genetic loss of function studies, NUN bodies are not related to other previously
described subnuclear organelles, such as nucleoli, splicing speckles, paraspeckles, Polycomb bodies, promyelocytic leukemia bodies,
gems, stress-induced nuclear bodies, or clastosomes. NUN bodies form immediately after cell cycle exit, before other signs of overt neu-
ronal differentiation and are unaffected by the genetic elimination of transcription factors that control many other aspects of neuronal
identity. In one unusual neuron class, the canal-associated neurons, NUN bodies remodel during larval development, and this remodeling
depends on the Prd-type homeobox gene ceh-10. In conclusion, we have characterized here a novel subnuclear organelle whose cell
type specificity poses the intriguing question of what biochemical process in the nucleus makes all nervous system-associated cells differ-
ent from cells outside the nervous system.
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Introduction
The interphase nucleus of a eukaryotic cell contains a large num-
ber of distinct, membraneless organelles. Best studied among
these is the nucleolus, which transcribes and processes rRNAs to
form ribosomes (Lamond et al. 2016). Other subnuclear mem-
braneless organelles include splicing speckles (Galganski et al.
2017), Cajal bodies (Sawyer et al. 2016), paraspeckles (Fox et al.
2018), promyelocytic leukemia (PML) bodies (Sahin et al. 2014),
histone locus bodies (Duronio and Marzluff 2017), clastosomes
(Lafarga et al. 2002), and Polycomb bodies (Entrevan et al. 2016).
Some subnuclear organelles only form under specific circum-
stances, such as nuclear stress bodies, which appear in response
to heat stress (Biamonti and Vourc’h 2010). Others are develop-
mentally regulated, such as paraspeckles which are absent dur-
ing very early embryonic development (Chen and Carmichael
2009).

Most subnuclear organelles have been studied in cell lines,
and few studies have systematically addressed the question of
the cellular specificity of subnuclear organelles. For example,
PML bodies, characterized by punctate expression of PML in the
nucleus, have been assessed in an assortment of human tissues
and are not found in brain and testis tissues (Gambacorta et al.
1996). Additionally, though Cajal bodies have been documented
in yeast, plant, insect, amphibian, and mammalian nuclei (Gall
2000), Cajal bodies are not ubiquitously in all cell types (Ogg and

Lamond 2002; Matera 2003). Also, expression of NEAT1, a long
non-coding RNA required for paraspeckle formation, is restricted
only to a subpopulation of cells within a given tissue type
(Nakagawa et al. 2011). However, to the best of our knowledge, no
subnuclear organelle has presently been found to be restricted
solely to one specific tissue type.

The limited number of diverse cell types present in
Caenorhabditis elegans offers an intriguing opportunity to investi-
gate potential tissue specificities of nuclear bodies. In his first
classic C. elegans cell lineaging paper, John Sulston noted that
nerve cells and their support cells are more compact than the
nuclei of other somatic cells and contain a “granular nucle-
oplasm” (Sulston 1976). This granular nucleoplasm can readily
be visualized with differential interference contrast (DIC) mi-
croscopy, also known as Nomarski microscopy. Before the ad-
vent of molecular markers, the compact, granular appearance
of neuronal nuclei has served as an important indicator to as-
sess the fate of cell lineages in specific mutant backgrounds
(Chalfie et al. 1981; Ambros and Horvitz 1984). However, the cel-
lular specificity of these granular structures has never been sys-
tematically explored and their molecular composition has
remained unknown.

We became interested in analyzing these structures for two
reasons. First, as stated above, the tissue specificity of any subnu-
clear organelles has never been systematically analyzed on a
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whole organism level. Second, other than the existence of long
thin processes (i.e. axons and/or dendrites), there are few other
morphological features that are truly panneuronal (i.e. present in
all neurons), but absent in other cell types. If some subcellular or-
ganelle would indeed be tightly restricted to the nervous system,
it would suggest that neurons and glia cells are unique in some
aspect of nuclear biology as well. We, therefore, set out to charac-
terize these granular structures in more detail in this study. We
find that these granular structures, which we term NUN (NUclear
Nervous system-specific) bodies, are phase-separated novel sub-
nuclear organelles that are indeed entirely restricted to the ner-
vous system and do not correspond to any previously described
subnuclear organelle that we were able to examine. The function
of NUN bodies—like those of many other subnuclear organelles—
remains unresolved, but their cellular specificity points to an as-
pect of nuclear function that is nervous system-specific.

Materials and methods
Caenorhabditis elegans mutant, transgenic, and
genome-engineered strains
Strains were maintained by standard methods (Brenner 1974).
Mutant alleles used in this study were ceh-10(ct78), ceh-10(gm127),
fib-1(ok2527), hlh-3 (tm1688), hpl-1(n4317), hpl-2(tm1489), lin-
4(e912), mes-2(bn11), met-2(n4256), ncl-1(e1865), nono-1(gk1206),
set-11(ok1691), set-25(n5021), smn-1(ok355), smo-1(ok359), ubc-
18(tm5426), unc-3(e151), and unc-86(m846), which we all acquired
from the CGC strain repository. The rsp-4(tm837) allele was ac-
quired from the National Bioresource Project for the Nematode.
In addition, SunyBiotech generated a deletion allele, wac-1.1,
wac-1.2(syb2587), that eliminates the wac-1.1 and wac-1.2 loci.

Previously described transgenes used in this study are:

ccIs4251 [(pSAK2) myo-3p::GFP::LacZ::NLS þ (pSAK4) myo-

3p::mitochondrial GFP þ dpy-20(þ)] I (Fire et al. 1998)

drSi13 [hsf-1p::hsf-1::GFP::unc-54 3’UTR þ Cbr-unc-119(þ)] II

(Morton and Lamitina 2013)

lqIs4 [ceh-10p::GFP þ lin-15(n765)] X (Lundquist et al. 2001)

mcIs17 [lin-26p::GFP þ rol-6(su1006)] (Bosher et al. 1999)

nsIs213 [egl-6::gfp] X, kindly provided by Shai Shaham

nsIs698 [mir-228p::NLS::RFP] (Katz et al. 2019)

osEx240 [bet-1p::bet-1::GFP þ unc-76(þ)] (Shibata et al. 2010)

otEx1028 [lin-49::gfp þ rol-6(su1006)] (Chang et al. 2003)

otEx1325 [lsy-2::gfp þ rol-6(su1006)] (Johnston and Hobert 2005)

otIs33 [kal-1::gfp; pBX] IV (Bülow et al. 2002)

otIs107 [ser-2p::GFP þ lin-15(þ)] (Tsalik et al. 2003)

otIs355 [rab-3p::NLS::RFP] IV (Stefanakis et al. 2015)

otIs396 [ace-1prom2::NLS::tagRFP] (Serrano-Saiz et al. 2013)

vrEx6 [nst-1p::nst-1::GFP::nst-1 3’ UTR þ unc-119(þ)] (Kudron and

Reinke 2008)

Previously described CRISPR engineered endogenously tagged
protein alleles used in this study are:

smn-1(rt280[smn-1::gfp]) I (O’Hern et al. 2017)

exc-7(ot970[exc-7::gfp::3xflag]) II (Pham and Hobert 2019)

mes-2(ax2059[mes-2::gfp]) II (Paix et al. 2014)

hpl-2(ot860[hpl-2::mKate2]) III (Patel and Hobert 2017)

met-2(gw1419[met-2::FLAG::TEV::mCherry]) III (Delaney et al.

2019).

unc-86(ot893 [unc-86::mNeonGreen::AID]) III (Serrano-Saiz et al.

2018)

pgl-1(gg547[pgl-1::3xflag::tagRFP]) IV (Wan et al. 2018)

dmd-4(ot934 [dmd-4::gfp]) X (Bayer et al. 2020)

hpl-1(ot841[hpl-1::mKate2]) X (Patel and Hobert 2017)

Additionally, CRISPR/Cas9-mediated modification of the ge-
nome was used to generate endogenously tagged protein strains
using hybrid PCR-based donors (Dokshin et al. 2018). Briefly, L4
hermaphrodites were used for gonad injection of a mix contain-
ing: Streptococcus pyogenes Cas9 protein (250 ng/ml, IDT, Coralville,
IA, USA), tracrRNA (100 ng/ml, IDT), locus-specific crRNA (56 ng/
ml, IDT), dsDNA donor cocktail (300 ng/ml), and PRF4::rol-6(su1006)
plasmid (40 ng/ml). The following alleles were generated for this
study:

rpt-3(ot1017[rpt-3::gfp::3xflag]) III

nono-1(ot1018[nono-1::gfp::3xflag]) III

fib-1(ot1036[fib-1::gfp::3xflag]) V

ama-1(ot1037[gfp::3xflag::ama-1]) IV

smo-1(ot1038[smo-1::gfp::3xflag]) I

fust-1(ot1039[fust-1::gfp::3xflag]) II

rpc-1(ot1041[rpc-1::gfp::3xflag]) IV

fox-1(ot1081[fox-1::gfp::3xflag]) X

rsp-4(syb2575[rsp-4::gfp]) II. This strain was generated by

Sunybiotech.

set-11(syb3003[set-11::gfp]) II. This strain was generated by

Sunybiotech.

Additionally, for a canal-associated neuron (CAN)-specific
reporter strain, pKP1 was made by subcloning 541-bp pks-1 pro-
moter fragment (�541 to �1 from ATG) (Shou et al. 2016;
Lorenzo et al. 2020), into pNS2, a TagRFP containing plasmid.
The construct (200 ng/ml) was injected into OH16460 (fib-
1(ot1036[fib-1::gfp])/þ V) hermaphrodites along with and
PRF4::rol-6(su1006) plasmid (70 ng/ml) as injection marker. From
this, three lines were generated. Images presented in this study
were from otEx7584.

Microscopy and imaging
Worms were anesthetized using 50 mM of sodium azide (NaN3) in
M9 and mounted on 5% agarose on glass slides. Images were ac-
quired using an Axio Imager.Z1 microscope and a LSM880 confo-
cal microscope (Zeiss, Thornwood, NY, USA).

Micrographs of single nuclei were enlarged using the Scale
function with bicubic interpolation in Fiji/Image J.

For long-term imaging of neuronal nuclei, worms were
mounted on 5% agarose on glass slides and anesthetized with
0.01% levamisole (Sigma-Aldrich, St. Louis, MO, USA) as previ-
ously described (Wong et al. 2011).

NONO-1::GFP intensity was measured using Zen 3.1 Blue soft-
ware (Zeiss). The acquisition parameters were maintained con-
stant among all samples (same pixel size and laser intensity). For
this experiment, head hypodermal nuclei were measured.
Fluorescence intensity was measured in the focal plane of the hy-
podermal nuclei with the strongest NONO-1::GFP expression
within the z-stack. Four circular regions of interest per nucleus
were used to sample intensity of NONO-1::GFP in the nucleo-
plasm where puncta were absent. For each worm, a single, circu-
lar region of interest was also used to measure the background
intensity of the worm’s autofluorescence in an adjacent area
where there were no nuclei.

Surface plot generation
Surface plots of the interiors of the neuronal and hypodermal nu-
clei were generated drawing a square within the nucleus and
plotting the gray levels from the DIC channel using the built-in
function in Fiji/Image J.
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Hypertonic exposure
rol-6(su1006) worms were placed in a 225 mM solution of NaCl
and 25 mM of sodium azide (NaN3) in M9, mounted on 5% aga-
rose on glass slides and imaged as described in Microscopy and
imaging.

Temperature sensitivity test
Synchronized L4 worms were grown at 20�C. Plates were moved
to a 35�C incubator for an hour and then subsequently imaged as
described in Microscopy and imaging.

a-Amanitin treatment
a-amanitin treatment protocol was adapted from a previously
published protocol (Lee et al. 2016). Briefly, synchronized L4
worms were incubated in 100 mg/ml a-amanitin (Cayman
Chemical Company, Ann Arbor, MI, USA) in M9 for 4 h on a rota-
tor. Then, worms were imaged as described in Microscopy and
imaging.

Live DNA and RNA staining
Worms were incubated at 20�C in 100 mg/ml Hoechst 33342
(Thermo Fisher Scientific, Waltham, MA, USA) in M9 or 10 mM
SYTO RNASelect Green Fluorescent Cell Stain (Thermo Fisher
Scientific) in M9 for 3 h for DNA and RNA staining, respectively.
Then, worms were imaged as described in Microscopy and imag-
ing.

Data analysis and availability
Strains are available at the Caenorhabditis Genetics Center or
upon request. The authors state that all data necessary for con-
firming the conclusions presented in the article are represented
fully within the article. Data were analyzed and presented with
the R programming environment. Two-sample Student’s t-tests
were used along with post hoc Bonferroni corrections when more
than two pairwise statistical tests were performed, except in
Figure 5C comparing the count of NONO-1::GFP(þ) foci. There,
Wilcoxon signed-rank test was used.

Supplementary material is available at figshare DOI: https://
doi.org/10.25386/genetics.13235102.

Results
Cellular specificity of a granular nucleoplasm
We first set out to comprehensively examine and document the
cell type specificity of granular nucleoplasm in adult animals. In
accordance with Sulston’s (1976) original observation that neuro-
nal and glial nuclei have a granular nucleoplasm, we find that all
examined neuronal and glial nuclei (with the exception of the
amphid sheath glia, an unusual glial cell type with a very large
nucleus) have a granular nucleoplasm in the adult animal but
other cell types, such as muscles, intestine, or epidermal cells, do
not (Figure 1A and B).

Outside of the nervous system, Sulston (1976) also noted
that muscle nuclei have a granular nucleoplasm only during
the L1 stage. Prompted by that observation, we examined nuclei
of various cell types at the L1 stage. Other than for intestinal
nuclei, we broadly observed a granular nucleoplasm in nuclei
of many cell types (Figure 1C). However, at the L1 stage, the oc-
currence of a granular nucleoplasm is variable and inconsistent
in most cell types, but there is always a granular nucleoplasm
in neuronal and glial nuclei (Figure 1D). By the second larval
stage, nuclear granules have completely disappeared from all

non-neuronal and non-glial cells. In addition to neurons and
glia, nuclear granules are also consistently observed in the
head mesodormal cell (hmc), which is a neuron-like cell in the
head of the worm with many small projections and is positive
for the neurotransmitter GABA (Gendrel et al. 2016). However,
hmc contains fewer granules than other neuronal or glial cells
(Figure 2).

We examined different cell types within the nervous sys-
tem, covering distinct neuron and glia types, marked with gfp
or rfp, throughout the entire nervous system (Figure 2A). We
find that there is no more variability in the number of nuclear
granules between different cell types in the nervous system
than there is variability between animals (Figure 2B).
Moreover, the granule counts do not obviously correlate with
the lineage, neurotransmitter type, or functional type of the
neurons (Figure 2, A and B). Furthermore, the nervous system
specificity of these nuclear granules is not simply a relation to
the relatively small size of neurons. While soma size of neu-
rons is indeed much smaller than that of other somatic cell
types, nuclei size is remarkably similar across somatic cell and
tissue types, averaging about 2.5 mm in diameter (the only ex-
ception is intestinal nuclei which are 50% larger) (Long et al.
2009). The notably smaller number of nuclear granules in the
pharyngeal M4 neurons compared to non-pharyngeal neurons
does not positively correlate with nuclear size. For example,
hermaphrodite-specific neuron (HSN) contains about twice as
many nuclear granules as M4 (Figure 2), but the HSN nucleus
is not larger than the M4 nucleus (as assessed by measuring
nuclear size with the NeuroPAL landmark strain; Yemini et al.
2021).

Time lapse imaging reveals that the number of nuclear gran-
ules in neuronal nuclei varies over time (Figure 3A). We have not
been able to observe fusion nor fission events and therefore be-
lieve that these granules can dynamically assemble and disas-
semble. To study the nuclear granules’ genesis, we live imaged
developing embryos. We first observed nuclear granules minutes
after the terminal division of cells of whatever lineaging history
in the embryo (Figure 3B and C). We conclude that nuclear gran-
ules rapidly assemble after the cells exit the cell cycle, but, as
stated above, are maintained exclusively in neurons and glia cells
past the L2 stage.

Neurons that arise by transdifferentiation from other cell
types also contain nuclear granules. During development, the ep-
ithelial cell, Y, becomes to a motor neuron, PDA, and upon trans-
differentiation to PDA, nuclear granules emerge (Jarriault et al.
2008). Ectopic transdifferentiation of germs cells to neurons is
also accompanied by the appearance of characteristic granular
nucleoplasm (Ciosk et al. 2006; Tursun et al. 2011). Furthermore,
in mutants where a neuron, I4, adopts a muscle fate, the nuclear
granules are no longer present (Luo and Horvitz 2017). Thus, the
granular nucleoplasm is a distinguishing characteristic of neu-
rons.

Nervous system-specific nuclear granules behave
like membraneless organelles
We sought to biophysically assay the integrity of these nervous
system-specific nuclear granules. We find that the nuclear gran-
ules of L4 animals are liable to dissolution minutes upon expos-
ing animals to a hypertonic salt solution (Figure 4A), a common
feature of phase-separated membraneless organelles (Berry et al.
2015; Gibson et al. 2019; King and Petry 2020). Furthermore, heat-
ing the animals by incubation at 35�C for an hour, resulted in a
decrease in nuclear granules number as well as an increase in
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average nuclear granule size, reminiscent of Ostwald ripening or

growth by coalescence as a result of increased Brownian motion

(Berry et al. 2015) (Figure 4, A and B, C). These sensitivities to per-
turbations in salt concentration and temperature taken with the

visibility of these granules with DIC microscopy are consistent

with the nuclear granules existing as coacervate droplets within

a dilute nucleoplasm phase.
To further analyze the phase-separated nature of these gran-

ules, whole animals were immersed in 1,6-hexanediol solution, a

treatment known to disrupt phase-separated membraneless

organelles, including nucleoli (Kroschwald et al. 2017; Abraham
et al. 2020). Treatment with hexanediol indeed resulted in the dis-

solution of the nucleoli in intestine and germ cell nuclei, but only

in a rare proportion of animals. However, the nucleoli of hypoder-

mal and muscle remained unaffected, and therefore the lack of

an effect that we see on neuronal nuclear bodies is not interpret-

able. Presumably, different tissue types differ in their ability to

absorb 1,6-hexanediol.

NUN bodies are not nucleoli
Nucleoli are phase-separated membraneless organelles that are
easily visualized by Nomarski microscopy in non-neuronal cell
types, such as hypodermal cell nuclei, where nucleoli form a sin-
gle large subnuclear structure (Figures 1A and 5A). We considered
the possibility that nervous system-specific nuclear granules
may be fragmented nucleoli and that such fragmentation may be
a nervous system-specific process. We tested this possibility in
two different ways. First, we examined two distinct nucleolar
markers, a CRISPR/Cas9-genome engineered fib-1::gfp allele that
we generated and an nst-1::gfp transgene (Kudron and Reinke
2008). We find that in each nucleus of L4 stage animals, there is
one GFP(þ) nucleolus. In neurons, only one of the nuclear gran-
ules co-localizes with GFP signal from the nucleolar markers
(Figure 5A). Second, we used ncl-1(e1865) mutants, in which nu-
cleoli become significantly enlarged (Hedgecock and Herman
1995). We found that each neuronal nucleus had one enlarged
nucleolus, but other nuclear granules remained (Figure 5, A and
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Figure 1. A persistent, granular nucleoplasm is a nervous system-specific feature. (A) Nomarski micrographs of an adult animal and its nuclei. Glia
were identified with the fluorescent transgene nsIs698 [mir-228p::NLS::RFP], muscle with ccIs4251 [myo-3p::GFP; dpy-20(þ)], hypodermal marker mcIs17 [lin-
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quartiles, and vertical lines show range. Number of animals observed included.
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B). We compared the count of the nuclear granules in two neuron

classes in wild-type and ncl-1 mutant animals. For the wild-type

count, we subtracted one from the number of nuclear granules to

account for the nucleolus. The number of nuclear granules was

not statistically significant different in the AIY or RID neurons of

wild-type and ncl-1 mutant animals (Figure 5B). We conclude that

one nuclear granule is the nucleolus. As other nuclei outside of

the nervous system only have one nuclear granule, the one nu-

cleolus, in their nuclei, we call the remaining nervous system-

specific nuclear granules NUN (NUclear Nervous system-specific)

bodies.

Analysis of the existence of other
well-characterized subnuclear organelles in
C. elegans and their relationship to NUN bodies
Moving beyond nucleoli, we considered other well-

characterized subnuclear organelles. We assembled a list of

well-characterized subnuclear organelles and asked whether

(1) the C. elegans genome encodes homologous constituents of

such subnuclear organelles and (2) if so, whether they co-

localize with NUN bodies (Supplementary Table S1). Reciprocal

BLAST searches reveal that C. elegans does not encode the core

constituents to a number of distinct subnuclear organelles

(Supplementary Table S1). For example, there is neither easily

recognizable sequence homolog of coilin, the core constituent

of Cajal bodies, nor a PML protein homolog, the core constitu-
ent of PML bodies. There are also no C. elegans homologs of
the three core components of histone locus bodies (FLASH, U7
snRNP, and NPAT). However, as summarized in
Supplementary Table S1, there are C. elegans orthologs of the
nuclear gem constituent SMN1 (encoded by C. elegans smn-1),
of the core constituents of splicing speckles (e.g. SC35/SRSF2,
encoded by rsp-4, or SRF1, encoded by rsp-3) and of para-
speckle proteins (NONO/PSPC1/SFPQ, and RBM14, encoded by
nono-1 and rnp-1, respectively). We examined the subnuclear
localization of these orthologs and further examined the sub-
nuclear localization of a number of additional candidate pro-
teins, as listed in Supplementary Table S1. To this end, we
used available reporter lines or generated our own CRISPR/
Cas9-genome engineered reporter alleles. We found essentially
three categories of expression and localization: we observed
no nuclear expression of the C. elegans protein, diffuse nuclear
localization, or localization to subnuclear foci. However, when-
ever we found such focal localization, it did not overlap with
NUN bodies. The detailed results are described in the next few
sections.

Caenorhabditis elegans have NONO-1(1)
paraspeckles, but they are not NUN bodies
The clearest example of a subnuclear localization pattern, but
lack of overlap with NUN bodies was observed with NONO-1, the
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Figure 2. Number of granules in the nuclei of the nervous system . (A) Schematic localization of neurons in which we quantified the occurrence of
nuclear granules. (B) The number of nuclear granules does not show any specific correlations across neuronal cell types or glia observed at the L1 and
L4 larval stages. Each dot represents one nucleus examined. Neurons and glia were identified with the following gfp markers in the background:

RID and AIY neurons—lqIs4 [ceh-10p::GFP þ lin-15(n765)] X

ALM, HSN, PVD, and PML neurons—unc-86(ot893 [unc-86::mNeonGreen::AID]) III

DA8 neuron—otIs107 [ser-2p::GFP þ lin-15(þ)]

ILsh and Ilso gia—nsIs698 [mir-228p::NLS::RFP]

GLR glia—nsIs213 [egl-6::gfp] X, kindly provided by Shai Shaham

hmc—dmd-4(ot934 [dmd-4::gfp]) X

Thick bars show median, boxes represent quartiles, and vertical lines show range.
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C. elegans ortholog of the key constituent of paraspeckles (Knott
et al. 2015; Fox et al. 2018). Through endogenous GFP tagging of
NONO-1 through CRISPR/Cas9 genome engineering, we found

that NONO-1::GFP localizes to discrete nuclear foci in nuclei, but
the NONO-1::GFP puncta do not overlap with NUN bodies
(Figure 6A). Nuclear NONO-1::GFP foci are also not restricted to
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Figure 3. Dynamic nature of nuclear granules. (A) Count of nuclear granules in 24 tail neurons at three time points, over 2 h. (B) Stills from a recording
of RIM terminal division. White arrows point to nuclear granules. Nuclei outlined with dashed lines. (C) Stills from a recording of RIA terminal division.
White arrows point to nuclear granules. Dashed squares indicate nuclei.
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neuronal nuclei, but are observed in many nuclei of other cell

types, including gland, muscle, intestine, hypodermis, and germ

cells (Figure 6, B, D, and E). We find that these foci are present

neither in one-cell and two-cell embryos in utero (data not shown)

nor in early embryos of 26–44 cells (Figure 6C, top panel). Foci

form in prebean embryos during gastrulation (Figure 6C, bottom

panel); and by the twofold stage, foci are broadly observed in the

nuclei of many cell types (data not shown).
We find these NONO-1(þ) speckles to be dependent on RNA

polymerase II transcription as treatment with a-amanitin dis-

perses the majority of NONO-1::GFP puncta (while leaving NUN

bodies unaffected), leading to an increased diffuse NONO-1::GFP

signal in the nucleoplasm (Figure 5, D–F). In line with other stud-

ies of mammalian paraspeckles (Sasaki et al. 2009; Sunwoo et al.

2008), this result is consistent with the integrity of the NONO-

1::GFP foci being dependent on transcription of a non-coding

RNA. We conclude that contrary to previous assertions about the

restriction of paraspeckles to mammals (Nakagawa et al. 2011), C.

elegans contains paraspeckles.

PML bodies, clastosomes, nuclear gems,
Polycomb bodies, and splicing speckles are not
NUN bodies
Even though there is no PML protein ortholog encoded in the C. ele-
gans genome, we nevertheless analyzed the localization pattern of
C. elegans SMO-1, which codes for the SUMO protein which in verte-
brates localizes to PML bodies (Shen et al. 2006). We GFP-tagged
SMO-1 through CRISPR/Cas9 genome engineering. We did not de-

tect any expression in neuronal nuclei, but detected very dim SMO-
1::GFP expression in head and bright expression in the gonad of
adult animals (Figure 7A and Supplementary Figure S1A).

Clastosomes are a subnuclear organelle identified through
staining against a component of the 26S proteasome, RPT3/PSMC4

(Lafarga et al. 2002). We tagged the C. elegans ortholog RPT-3 using
CRISPR/Cas9 genome engineering and detected no RPT-3::GFP ex-
pression in neuronal nuclei (Figure 7A). Instead, RPT-3::GFP shows
cytoplasmic expression in neurons and cytoplasmic and nucleo-
plasmic expression in other cell types in the adult animal

(Supplementary Figure S1B).
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Figure 4. Nuclear granules behave as phase-separated subcompartments of the nucleus. (A) Nomarski micrographs of the granular nucleoplasm of
neurons disrupted upon changes to the ionic strength and temperature. Bar indicates 1 lm. White and red arrows point to nuclear granules. (B)
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We used an available CRISPR/Cas9-generated reporter allele of
SMN-1 (O’Hern et al. 2017), whose vertebrate ortholog SMN marks
nuclear gems (Liu and Dreyfuss 1996), and found SMN-1::GFP to
be absent from the nuclei of neurons (Figure 7A). SMN-1::GFP
localizes to the cytoplasm in various cells (Supplementary
Figure 1C, left panel). In germ cells, SMN-1::GFP localizes to foci
(Supplementary Figure S1C, right panel), which are likely to be P
granules based on a previous report (Barbee et al. 2002).

Similarly, we used a CRISPR/Cas9-generated GFP-tagged allele
of the H3K27 histone methyltransferase complex component
MES-2 (Paix et al. 2014) to assess for the presence of Polycomb
bodies which contain repressed chromatin (Cheutin and Cavalli
2019; Loubiere et al. 2019; Tatavosian et al. 2019). We found that
MES-2::GFP displays diffuse localization throughout the nucleo-
plasm (Figure 7A).

Splicing speckles, also called nuclear speckles, have classically
been identified by staining against the splicing factor SC35 (Fu
and Maniatis 1990). We tagged the C. elegans SC35 ortholog, RSP-4
with GFP using CRISPR/Cas9 genome engineering, to test whether
NUN bodies are splicing speckles. We observed that RSP-4::GFP
displays diffuse nucleoplasmic expression (Figure 7B). In addi-
tion, we GFP-tagged two alternative splicing factors, EXC-7, the
C. elegans ortholog of Elav, and FOX-1, the C. elegans ortholog of
the Rbfox family of splicing factors. Homologs of these two pro-
teins in other organisms are expressed in a panneuronal manner
[Drosophila Elav (Campos et al. 1987; Robinow and White 1988);
Rbfox3/NeuN (Mullen et al. 1992)]. EXC-7::GFP and FOX-1::GFP fac-
tors are nuclear localized, but they display a diffuse expression
throughout the nucleoplasm (Figure 7B). Moreover, we note that

unlike their orthologs in other organisms, neither EXC-7 nor FOX-
1 is ubiquitously expressed throughout the nervous system
(Pham and Hobert 2019) (Supplementary Figure 1D).

NUN bodies are unlikely to be heterochromatin
We assessed the possibility that NUN bodies may relate to het-
erochromatin. Heterochromatin-associated proteins, human
HP1a and Drosophila HP1, have been found to phase separate into
liquid droplets in human cell lines (Larson et al. 2017) and in
Drosophila embryos (Strom et al. 2017), respectively. Endogenously
reported-tagged C. elegans heterochromatin-associated proteins,
HPL-1 and HPL-2, show diffuse nucleoplasm expression and,
therefore, no enrichment in NUN bodies (Figure 7C and data not
shown).

We also considered H3K9 histone methyltransferases impli-
cated in heterochromatin formation or spreading. We used a
mCherry-tagged allele of met-2/SET1DB, generated by CRISPR/
Cas9 genome engineering (Delaney et al. 2019) but observed
that MET-2::mCherry diffused throughout the nucleoplasm but
concentrated at a focus on the nuclear periphery, in accordance
with a recent report (Delaney et al. 2019). We also considered
another H3K9 histone methyltransferase, the C. elegans ortholog
of Clr4, called SET-11 (Engert et al. 2018). This protein was of
specific interest because previous smFISH analysis had shown
that set-11 transcripts are restricted to the nervous system
(Engert et al. 2018), thereby matching the occurrence of NUN
bodies. We GFP-tagged SET-11 by CRISPR/Cas9 genome engi-
neering, but we did not detect any expression of the fusion
protein.
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Figure 6. Caenorhabditis elegans has paraspeckles, but NUN bodies are not paraspeckles. (A) NUN bodies are not NONO-1::GFP(þ) bodies (“paraspeckles“).
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We also tested whether mutations in the proteins described

above affect the presence of NUN bodies. We found no effects on

NUN bodies in hpl-1, hpl-2 single and double mutants; mes-2

mutants; met-2, set-25 double mutants; and set-11 mutants

(Supplementary Table S2). We also note that NUN bodies are not

located toward the periphery of the nucleus, where repressed

chromatin is preferentially localized (Ahringer and Gasser 2018).
To be able to simultaneously visualize DNA and the NUN bod-

ies, we used Hoechst 33342 which stains heterochromatin more

intensely (Imai et al. 2017). Though there was a small proportion

(7.5%) of neuronal and glial nuclei that showed localization of the

DNA dye to the NUN bodies, the NUN bodies in about two-thirds

of nuclei examined did not show any co-localization with the

DNA dye (Supplementary Figure S2, A and B).
We also used a SYTO RNA dye to probe the relationship of nu-

clear RNAs to the NUN bodies. We validated the protocol for this

staining procedure by successfully staining the large, rRNA-

containing nucleolus of the excretory gland cell (Supplementary

Figure S2C). In the nervous system, however, the RNA dye local-

ized to the NUN bodies only in very small proportion (2.5%) of
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Figure 7. Co-localization studies of constituents of other nuclear bodies. (A) Nomarski micrographs of neuronal nuclei (outlined with dotted, white line)
with expression of various orthologous proteins that constitute nuclear bodies in mammalian systems, SMO-1 (marked with smo-1(ot1038[smo-
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10 | GENETICS, 2021, Vol. 217, No. 1

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/217/1/iyaa016/6104726 by C

olum
bia U

niversity user on 26 July 2021

https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyaa016#supplementary-data


neuronal and glial nuclei, while in nearly 80% of nuclei observed,
NUN bodies and RNA staining did not co-localize (Supplementary
Figure S2, D and E). We were unable to draw any definitive con-
clusions from the live staining of DNA or RNA because (1) a sig-
nificant proportion of nuclei were unstained for DNA (�25%) and
for RNA (�18%) (Supplementary Figure S2, B and E), (2) the ability
of a successful live stain may depend on staining conditions, and
(3) the phase-separated nature of NUN bodies could interfere
with their ability to be stained with a live stain.

Relationship of NUN bodies to other
phase-separated structures
Core transcriptional machinery has recently been reported to lo-
calize to phase-separated transcriptional condensates, and those
condensates contain RNA polymerase II (Cho et al. 2018; Sabari
et al. 2018) and other factors, such as TAF15 (Shin et al. 2019; Wei
et al. 2020). We used CRISPR/Cas9 engineering to endogenously
tag an RNA polymerase II subunit, AMA-1, and the EWS/FUS/
TAF15 ortholog, FUST-1. We found that neither of these proteins
were enriched in NUN bodies. Rather, they both showed a diffuse
nuclear localization (Figure 7D). FUST-1 also showed diffuse cyto-
plasmic localization in somatic nuclei (Supplementary Figure
S1G). Unexpectedly, we observed that in the germ line FUST-1
localizes to P granules (Supplementary Figure S1F).

We also used CRISPR/Cas9 to endogenously tag a RNA poly-
merase III subunit, RPC-1, with GFP. Animals carrying this re-
porter allele displayed diffuse nuclear localization in neuronal
nuclei (Figure 7D) with occasional nuclear foci in hypodermal
and germ cell nuclei (Supplementary Figure S1E).

Acetylated chromatin can also phase-separate, encompassing
acetylated histone-binding bromodomain proteins (Gibson et al.
2019). We examined the localization of two C. elegans bromodo-
main proteins, LIN-49 (Chang et al. 2003) and BET-1 (Shibata et al.
2010), but both show a diffuse localization throughout the nucle-
oplasm (Figure 7E and data not shown).

Even though not explicitly shown to be a phase-separated
structure, the Zn finger protein LSY-2 was previously shown to
localize to subnuclear foci (Johnston and Hobert 2005). We find
that these foci do not overlap with NUN bodies (Figure 7E).

NUN bodies are not affected by mutations in
constituents of subnuclear biomolecular
condensates
Lastly, we also tested whether mutations in the factors whose lo-
calization we examined above will have any effect on NUN body
appearance. We examined animals carrying loss of function
mutations in fib-1/Fibrillarin, mes-2/EZH2, nono-1/NONO, rsp-4/
SC35, smn-1/SMN, and smo-1/SUMO1-3 and found NUN bodies to
be unaffected (Supplementary Table S2).

In yeast, a nuclear condensate comprised a Bre1 shell and a
Lge1 core has been shown to promote H2B ubiquitination
(Gallego et al. 2020). To test whether the NUN bodies are these
orthologous condensates, CRISPR/Cas9 genome engineering was
used to generate a double null allele of the C. elegans orthologs of
Lge1, the adjacently located wac-1.1 and wac-1.2 loci
(Supplementary Figure S3A). We observed no changes in NUN
body appearance in wac-1.1, wac-1.2(syb2587) mutant animals
(Supplementary Figure S3B).

NUN bodies are different from stress-induced
nuclear granules
The heat shock protein HSF1 has been found to respond to stress
by forming subnuclear structures termed nuclear stress granules,

both in vertebrates (Biamonti and Vourc’h 2010) and in C. elegans
(Morton and Lamitina 2013). We wondered whether NUN bodies
may relate to such a stress response and perhaps be an indica-
tion of neurons being in a more “stressed state” than other cells.
Using a previously described hsf-1::gfp reagent that reveals nu-
clear stress granules (Morton and Lamitina 2013), we find that
the HSF-1::GFP does not localize to the NUN bodies (Figure 7A).

We noted that under conditions of stress, such as heat stress,
non-neuronal cells also form granular structures in their nucleus
that are visible by Nomarski (DIC) microscopy and appear to re-
semble NUN bodies observed in neurons (Figure 8A).
Unexpectedly, these granules do not overlap with HSF-1::GFP
granules (Figure 8B). Moreover, while previously described stress-
induced nuclear granules are known to depend on ubc-18, a ubiq-
uitin conjugating enzyme (Sampuda et al. 2017), these DIC-
visualized, stress-induced granules still form in non-neuronal
cells in ubc-18 mutants (Figure 8A). Using the nucleolar marker
FIB-1::GFP, we find these non-neuronal stress-induced granules
to be nucleoli (Figure 8C). Given that neither the FIB-1::GFP nor
HSF-1::GFP stress granules overlap with NUN bodies as deter-
mined by DIC microscopy (Figure 8, A and D), we infer that NUN
bodies are not a reflection of stress-induced responses in neuro-
nal nuclei.

NUN body formation in relation to neuronal
differentiation programs
We asked whether and how NUN body formation relates to the
execution of specific neuronal differentiation programs. As the
NUN bodies are a panneuronal feature, we asked whether they
are regulated by proneuronal factors that control panneuronal
gene expression. The bHLH transcription factor hlh-3 acts as a
proneural factor in HSNs, i.e. hlh-3 does not only affect neuron-
type specific features of HSN, but also controls the induction of
panneuronal features (Lloret-Fernandez et al. 2018). Examining
HSN by DIC microscopy in hlh-3 mutant worms, we found that
the NUN bodies are unaffected (Figure 9A), suggesting that for-
mation of NUN bodies is genetically uncoupled from the induc-
tion of panneuronal gene expression features.

The HSNs are an unusual neuron class because of a long lag
between their birth and adoption of terminal differentiated fea-
tures (Desai et al. 1988). The HSNs are born in embryo (Sulston
et al. 1983) but only acquire terminal differentiation features,
such as the expression of panneuronal markers (Figure 9B) or
cell-type-specific markers (such as their serotonergic identity) in
the fourth larval stage (Desai et al. 1988). We observe NUN bodies
to be clearly visible at the first larval stage (Figure 9B), much
before other markers of terminal differentiation of the HSNs be-
come expressed. Similar to the HSNs, the male-specific CEM neu-
rons are born in the embryo but express neuronal marker genes
only at late larval stages (Sulston et al. 1983; Pereira et al. 2015);
we find that these neurons also already contain NUN bodies at
the L1 stage (data not shown). These observations again argue
that NUN body formation can be uncoupled from other generic
aspects of neuronal differentiation programs.

We also examined animals lacking specific terminal selector-
type transcription factors, unc-3 and unc-86, which control the
cell-type-specific differentiation programs of a number of distinct
neuron types throughout the nervous system (Kratsios et al. 2012;
Leyva-Diaz et al. 2020). We find that in these neuron types, NUN
body formation is unaffected by loss of these genes (Figure 9A).
This is consistent with previous observations in ADL neurons of a
hlh-4 mutant (Masoudi et al. 2018) or the AIY neurons in ttx-3
mutants (Altun-Gultekin et al. 2001). Taken together, these
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experiments demonstrate that the formation of NUN bodies can
be genetically uncoupled from the induction of panneuronal as
well as cell-type-specific differentiation programs.

CANs remodel NUN bodies during larval
development
The nuclei of CANs have long been noted to have an unusual nu-
clear morphology (G. Giarriga, personal communication). We ex-
amined nuclear morphology of CANs at different developmental
stages and observed morphological changes during larval devel-
opment. At the first larval stage, CAN nuclei resemble other neu-
ronal nuclei , displaying five to nine NUN bodies (Figure 10, A and
B). However, by the L4 stage, the appearance of CAN nuclei has
dramatically changed. There are on average only three nuclear
granules, and they are larger than NUN bodies were in earlier
stages (Figure 10A). We find that one of them is FIB-1::GFP-
positive and hence a nucleolus, while the other two may repre-
sent enlarged NUN bodies (Figure 10C). Hence, the CAN cells un-
dergo a transition in enlarging two subnuclear compartments, for
reasons currently unknown.

We investigated the timing of this transition in more detail
and found that in the L2 stage CANs still show NUN body appear-
ance as in the L1 stage (data not shown). Within the first hour of
the L3 stage, animals show the transition to the enlarged nuclear
granules (79% of CAN nuclei transitioned, n¼ 19). In lin-4 mutant
animals, in which developmental timing decisions in multiple tis-
sue types are maintained in the early juvenile stage (Ambros and
Horvitz 1984), this transition was not affected (75% of CAN nuclei
transitioned normally, n¼ 20; Figure 10D). Additionally, we won-
dered whether entry into dauer development would affect this
transition because the timing of this transition aligns with the de-
velopment into dauers after an alternate L2 stage. However, CAN
cells retain their neuron-like NUN body appearance in the dauer
stage (Figure 10D). Upon recovery from dauer, the NUN bodies of

the CANs transition normally (Figure 10D). Thus, we conclude
that the heterochronic and dauer pathways do not influence the
transition in the NUN bodies of CAN.

Previous work has established that the Prd-type homeobox
gene ceh-10 is involved in CAN cell migration and differentiation
(Forrester et al. 1998; Wenick and Hobert 2004). We examined
whether ceh-10 mutant animals display defects in the NUN body
transformation of CANs. As null alleles of ceh-10 cause animals
to arrest and die at the L1 stage (Forrester et al. 1998), we used
two different hypomorphic alleles of ceh-10. In both alleles , ex-
pression of a terminal differentiation marker, kal-1, normally
expressed in a number of neurons including CAN (Bülow et al.
2002) is unaffected (Figure 10E). However, in both alleles, CAN
subnuclear remodeling was abrogated. The CAN nuclei retained
their NUN body appearance of early larval stages and the nucleo-
lus did not enlarge (Figure 10, A and B). We conclude that ceh-10
controls the remodeling of NUN bodies through as-yet unknown
means.

Discussion
We report here that NUN bodies are subnuclear organelles with
an unprecedented cell type specificity. NUN bodies are tightly
linked to nervous system and represent, at least to the best of our
knowledge, the only feature common to all fully mature neurons
and most glia. We found that NUN bodies behave as phase-
separated membraneless organelles within the nucleus. We visu-
alized components of known nuclear bodies but did not identify
any fluorescently tagged proteins that localized to NUN bodies.
In fact, we observe very few focal structures in the C. elegans nu-
cleus. For example, we expected that GFP-tagging of the sole
SC35 ortholog in C. elegans would reveal splicing speckles ob-
served in other species, but we did not find this to be the case.
This may reflect the much smaller size of the C. elegans neuronal
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nucleus (�2.5mm) compared to vertebrate nuclei which can be an
order of magnitude larger. The need to compartmentalize func-
tions into dedicated subcompartments or organelles may not
manifest in nuclei of this relatively small size.

As a note of caution, we realize that GFP tagging may affect
proper nuclear localization. Loss of function of the loci that we
tagged displays strong phenotypes (e.g. smo-1 or mes-2 null
mutants or RNAi against rpt-3 results in lethality and/or steril-
ity). For all of the endogenous GFP tags created with CRISPR/
Cas9 genome engineering except two, we do not observe that
GFP tagging resulted in obvious mutant phenotypes, leading us
to infer that protein tagging does at least not affect protein
function for the majority of our tagged proteins. As for the two
exceptions, animals homozygous for the RPT-3::GFP allele have
markedly reduced fertility, and those homozygous for the FIB-
1::GFP allele are not fertile. However, our FIB-1::GFP localizes
properly to the nucleolus as confirmed with an independent
marker of a different nucleolar protein and as confirmed by
their enlargement in ncl-1 mutant animals. Additionally, limita-
tions in the resolution of our microscopy may interfere with
our ability to observe higher concentrations of tagged protein
within NUN bodies. However, the discrete nature, size and ease
by which NUN bodies can be observed make such a possibility
unlikely.

We also tested the hypothesis that the NUN bodies are reflec-
tive of heterochromatin, but we have found no evidence to sup-
port that hypothesis. However, our experiments are limited in
their ability to rule out that NUN bodies are related to hetero-
chromatin as a recent study has shown that the removal of
H3K9me3 and HP1a did not abolish heterochromatin compart-
mentalization at chromocenters (Erdel et al. 2020).

As we tried to define the subnuclear compartments though gfp
tagging of candidate components, we serendipitously discovered a
few notable vignettes. First, we observed that the FUST-1 protein,
the C. elegans homolog of a prominent human disease gene FUS1
(Zhang et al. 2018), localizes to P-granules, RNA/protein condensates
in the germline (Seydoux 2018). Second, we found that the C. elegans
ortholog of the vertebrate Rbfox proteins, one of which a commonly
used panneuronal marker (Conboy 2017), is not panneuronal in
C. elegans. Third, we found that a key component of the 26S protea-
some complex, RPT-3, displays distinct subcellular localization pat-
terns in distinct cell types. RPT-3 is excluded from the nuclei of
neurons but not from the nuclei of other cell types, e.g. muscle and
hypodermal cells. Fourth, despite the paucity of conserved nuclear
bodies, we found that contrary to previous assumptions, C. elegans
does contain paraspeckles. While the structure of the C. elegans
ortholog of NONO/SFPQ/PSPC1, core constituents of paraspeckles,
has previously been reported (Knott et al. 2015), the absence of clear
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sequence homolog of the long non-coding RNA, NEAT1, in non-
mammalian vertebrates and invertebrates such as C. elegans had
led to the suggestion that paraspeckles are mammalian specific
(Fox et al. 2018; Nakagawa et al. 2018). Such argument has to be
taken with caution as homologs of non-coding RNAs can be notori-
ously difficult to identify. We observe clear NONO-1(þ) foci in the
nucleus and describe behaviors of these foci that match those of ca-
nonical, mammalian paraspeckles.

As their constituents still remain undefined, NUN bodies remain
a mystery, much alike many other nuclear bodies whose function
has remained unknown. The most interesting aspect of NUN bod-
ies is that they represent a unique aspect of nuclear biology that is
restricted only to the nervous system. As known regulators of neu-
ronal identity, i.e. terminal selectors and proneuronal factors, do

not regulate the formation of NUN bodies, they present an unex-
plored facet of nervous system identity and fate acquisition. Even
though we failed to identify molecular components of NUN bodies,
our detailed description of their specific features poses a fascinat-
ing riddle: What makes nuclei of cells of the nervous system differ-
ent from those of cells outside the nervous system? As nuclear
granules exist in all cells after they exit the cell cycle and start to
differentiate, but are maintained exclusively within the nervous
system, we speculate that NUN bodies are reflective of cellular dif-
ferentiation events that may require increased gene expression
and regulation (e.g. increased transcription or splicing), which ini-
tially occurs in all cells. The rapid appearance of NUN bodies after
terminal cell division argues against the possibility that their for-
mation requires novel protein synthesis, but NUN bodies may
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assemble as conduits to enable the increased gene regulatory

demands of differentiating cells as gene expression can be regu-

lated through concentration of factors in distinct subnuclear

microenvironments (Tsai et al. 2020). After an initial wave of differ-

entiation, neurons and glia cells may retain the clustering of gene

regulatory machinery as a reflection of a sustained regulatory de-

mand. Such a sustained gene regulatory demand may be a unique

feature of the nervous system.
The robust developmental appearance of the NUN bodies in

the nervous system and their reorganization in the CANs offer at-

tractive paradigms to interrogate the factors that control and

modulate nuclear architecture. Ultimately, the most elegant way

to gain further insights into the nature of NUN bodies may be ge-

netic screens for mutants in which NUN bodies fail to form.
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