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Membrane-free intracellular biocondensates are enclosures of pro-
teins and nucleic acids that form by phase separation. Extensive
ensembles of nuclear “membraneless organelles” indicate their
involvement in genome regulation. Indeed, nuclear bodies have
been linked to regulation of gene expression by formation of con-
densates made of chromatin and RNA processing factors. Impor-
tant questions pertain to the involvement of membraneless organ-
elles in determining cell identity through their cell-type-specific
composition and function. Paraspeckles provide a prism to these
questions because they exhibit striking cell-type-specific patterns
and since they are crucial in embryogenesis. Here, we outline
known interactions between paraspeckles and chromatin, and
postulate how such interactions may be important in regulation
of cell fate transitions. Moreover, we propose long non-coding
RNAs (IncRNAs) as candidates for similar regulation because
many form foci that resemble biocondensates and exhibit dy-
namic patterns during differentiation. Finally, we outline ap-
proaches that could ascertain how chromatin-associated mem-
braneless organelles regulate cellular differentiation.

Introduction
Eukaryotic cells are scattered with micrometer-scale intra-
cellular bodies that are held together by multivalent inter-
actions of nucleic acids and proteins (Shin and Brang-
wynne, 2017). As their name implies, “membraneless
organelles” differ from classical organelles by forming
macromolecular assemblies that are not enclosed by lipid
bilayers (Figure 1A). The function of membraneless organ-
elles is thought to be connected to the regulation of
biochemical processes by spatiotemporal cellular control
of their components. The peculiar behavior of membrane-
less organelles relies on phase separation; namely, entropy-
driven “demixing” of components, which produces
distinct liquid droplets coined “condensates” (Shin and
Brangwynne, 2017). Evidence of the stable liquid-like state
of membraneless organelles include their round shape, de-
formability, and the ability to exchange components with
the surrounding environment (Boeynaems et al., 2018; Hy-
man et al., 2014). Some membraneless organelles can also
adopt viscous gel- or solid-like state depending on the con-
centration of components and their intermolecular con-
nections (Boeynaems et al., 2018).

In recent years, a growing list of cellular structures has
been associated with phase separation behavior, including
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P granules in Caenorhabditis elegans (Brangwynne et al.,
2009), germ granules in Drosophila melanogaster (Kistler
et al., 2018), the nucleoli (Brangwynne et al., 2011; Feric
et al., 2016), stress granules (Mateju et al., 2017), and the
centrosome (Raff, 2019). Furthermore, an ensemble of nu-
clear membraneless organelles has been identified through
biochemical analyses, including OPT domains, histone
body locus, polycomb group (PcG) bodies, splicing
speckles, paraspeckles, and nuclear stress bodies (Table 1).
Advancements in fluorescent microscopy and photo-
bleaching techniques have expanded the list with an addi-
tional set of condensed domains, including heterochro-
matin, the nuclear pore complex, transcriptional puffs,
super enhancers, and clusters of transmembrane receptors
(Gomes and Shorter, 2019). It is therefore apparent that a
multitude of vastly different membraneless organelles
reside in the nucleus, which raises intriguing questions
about their relationship with the chromatin, nuclear archi-
tecture, and gene expression. Of particular interest are
questions pertaining to the amount and composition of
nuclear membraneless organelles in different types of cells,
and how their cell-type-specific functions are thereby
determined.

The regulation of the chromatin is highly dynamic in
development as it determines cellular identity in multicel-
lular organisms. Zygotic genome activation marks the first
event that is accompanied by chromatin rearrangements,
including the exchange of paternal protamine proteins
by maternal nucleosomes that contain the histone variant
H3.3 (Perino and Veenstra, 2016). The first cell fate deci-
sions (namely, of trophectoderm progenitors and pluripo-
tent cells of the inner cell mass [ICM]) are accompanied
by de novo DNA methylation (Santos et al., 2002) and his-
tone H3 arginine and lysine methylation (Paul and Knott,
2014). Important rearrangements of the chromatin also
take place in the differentiation of pluripotent stem cells
(PSCs). In the undifferentiated state, PSCs exhibit tran-
scriptionally active “open” chromatin that is maintained
by ATP-dependent chromatin-remodeling complexes of
the SWI/SNE, CHD, ISWI, and INO80 family. Perturbations
of these complexes generally lead to severe differentiation
defects (Gaspar-Maia et al., 2011). PSCs also harbor biva-
lent histone domains, which serve as a priming mechanism
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Figure 1. Hypothesized Modes of Regulation That Could Affect the Functions of Nuclear Membraneless Organelles

(A) A schematic illustration of paraspeckle assembly and disassembly as an example of a nuclear membraneless organelle that forms by
nuclear liquid-liquid phase separation (LLPS). Paraspeckle assembly relies on IncRNA NEAT1_2, chromatin factors, and RBPs, such as SFPQ,
and NONO. The figure illustrates that the RNA-binding protein TDP-43 undergoes LLPS in paraspeckles during the differentiation of PSCs,
which thereby affects its function. Nucleus of human fibroblast on top to illustrate phase-separated IncRNA complexes with RBPs and
chromatin factors. NEATI_2 probe is depicted in red and DAPI DNA stain in blue. Scale bar: 10 um.

(B) Principal modes of regulation that affect nuclear membraneless organelles with possible functional cell-type-specific outcomes: left,
the interactions of membraneless organelles with chromatin factors expressed and positioned in the genome in a cell-specific manner;
middle, the number of condensates formed in a cell-type-specific manner; and right, the cell-type-specific composition of membraneless

organelles.

for developmental genes during differentiation (Blanco
etal., 2020). Acting together, patterns of histone modifica-
tions that promote and repress transcription, de novo DNA
methylation, and chromatin remodeling, configure the
chromatin landscapes to govern the specification of
numerous types of differentiated cells (Argelaguet et al.,
2019; Xiang et al., 2020). Furthermore, extensive topolog-
ical restructuring of chromatin interactions that takes place
at megabase scale is important for the productive differen-
tiation (Dixon et al., 2015). Considering the intricate re-
structuring of the chromatin and the vast expanses of intra-
nuclear domains, the association of the chromatin with
membraneless organelles is therefore likely to play a key
role in the regulation of cellular differentiation (Figure 1B).

Phase separation has been shown to take place exten-
sively in the chromatin. Histone tails, the cohesin com-
plex, and insulator CTCC-binding factor (CTCF) com-
plexes (Gibson et al., 2019; Ryu et al., 2020; Zirkel et al.,
2018) exhibit the characteristic attributes. Importantly,

the heterochromatin also exhibits features of phase separa-
tion mediated by the aggregation of heterochromatin-
binding protein HP1 (Strom et al., 2017), although the
latter is not instructive for formation of heterochromatin
foci in living cells (Erdel et al., 2020). Moreover, distinct nu-
clear membraneless organelles, including nucleoli (Birch
and Zomerdijk, 2008), paraspeckles, splicing speckles
(West et al., 2014), and promyelocytic leukemia protein
(PML) bodies (Wang et al., 2004) have been found to asso-
ciate with the chromatin, either by interactions mediated
by long non-coding RNAs (IncRNAs) in the case of splicing
speckles and paraspeckles, or by chromatin-binding pro-
teins in the case of nucleoli and PML bodies. Another com-
mon feature of these nuclear domains, namely para-
speckles, splicing speckles, nucleoli, and Cajal bodies, is
their association with RNA-binding proteins (RBPs) that
regulate the assembly of ribonucleoprotein complexes (Ba-
Bler and Hurt, 2019; Stanek, 2016) and post-transcriptional
processes such as splicing and polyadenylation (Modic
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Table 1. Properties of Nuclear Membraneless Condensates

Macromolecular Complex

LncRNA

Protein Interactions

Developmental Process

Chromatin Interactions

Literature Describing
Phase Separation

Nucleolus

OPT domain/DNA repair
compartments

PcG body

PML body

Paraspeckle

Splicing speckle

Nuclear stress body

Histone locus body

Cajal body

Gem

XIST foci

PRNA, PAPAS, IGS16 RNA,
1GS22 RNA, IGS28 RNA,
PNCTR (perinucleolar
compartment), LoNA,
SLERT

none reported

TUG1

none reported

NEAT1, lincRNA-p21

MALAT1, 7SK RNA

HSATIII

Y3/Y3** RNA

TERC RNA

none reported

XIST

fibrillarin, nucleolin,
dyskerin

Oct1, PTF, 53BP1

RING1, BMI1, CBX2

PML, Sp100, p53

SFPQ, PSPC1, NONO TDP43,
FUS, BRG1

SC35, SRSF1, SRSF3

SAFB, SRSF1, SRSF7, HSF1

FLASH, NPAT

Coilin, SMN1

SMN1, GEMIN2-8

Spen

chromatin organization in
embryonic gene
activation

none reported

organization of genome
architecture in ESCs

telomeric chromatin
integrity and self-renewal
in ESCs

regulation of PSC
differentiation

none reported

none reported

none reported

small nuclear
ribonucleoprotein particle
assembly during
embryogenesis

none reported

X-chromosome
inactivation during female
development

chromatin organization of
rRNA genes

contain gamma-H2AX, a
marker of DNA damage

repressive function on
gene clusters

associated with gene-rich,
transcriptionally active
genomic regions

NEAT1 binding to actively
transcribed genes; co-
localization with
H3K4me3

MALAT1 binding to
actively transcribed
genes; co-localization
with H3K36me3

assembled on specific
pericentric
heterochromatic regions

assembled at replication-
dependent histone genes

dynamic shuttling
between chromatin and
interchromatin space;
contribute to genome
organization of CB-
associated genes

none reported

Spread along condensed
X-chromosome

Brangwynne et al. (2011);
Feric et al. (2016); Weber
and Brangwynne, (2015)

Kilic et al. (2019)

Plys et al. (2019);
Tatavosian et al. (2019)

Banani et al. (2016)

Yamazaki et al. (2018)

Greig et al. (2020)

none reported

Hur et al. (2020)

none reported

none reported

Cerase et al. (2019)
(hypothesis)
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et al., 2019; Spector and Lamond, 2011). This raises the
intriguing possibility that membraneless organelles could
be involved in cell-type-specific functions through associa-
tion with chromatin factors and RBPs.

In this review, we discuss nuclear membraneless organ-
elles in development and cell-type-specific context, and
their interactions with chromatin. We focus on para-
speckles as a leading example of a membraneless organelle
that has been implicated in the regulation of differentia-
tion states and that has a multifaceted interplay with
chromatin. Biochemical modes of membraneless organ-
elle assembly, paraspeckle-associated RBPs, and their dis-
ease associations have been covered in detail in other re-
views (Alberti and Dormann, 2019; Fox et al.,, 2018;
Hyman et al., 2014; Knott et al.,, 2016). We emphasize
the relevance of IncRNAs for deepening the understand-
ing of nuclear membraneless organelles and chromatin
because many nuclear IncRNAs can produce foci that
resemble condensates, and they associate with RBPs
with phase separation properties. RBPs and IncRNAs also
exhibit striking lineage and differentiation stage patterns,
which further indicate important connections to the
chromatin in the context of phase separation. Finally,
we outline directions for future research of novel connec-
tions between membraneless organelles, chromatin, and
cell fate.

Nuclear Membraneless Organelles in Developmentally
Regulated Chromatin Interactions

Current understanding of nuclear membraneless organ-
elles indicates that some are ubiquitous across different
types of cells. This includes the nucleolus (Brangwynne
et al., 2011; Feric et al., 2016; Weber and Brangwynne,
2015), splicing speckles (Greig et al., 2020), PcG bodies
(Plys et al., 2019; Tatavosian et al., 2019), OPT domains
(Kilic et al., 2019), histone locus bodies (Hur et al., 2020),
and PML bodies (Banani et al., 2016) (Table 1). Despite their
constitutive appearance, considerable phenotypic vari-
ability has been documented between different types of
cells, and between cells within populations. For example,
light microscopy revealed that tumor cells tend to exhibit
large nucleoli (Derenzini et al., 1998), and the rate of prolif-
eration of tumor cells has been shown to rely on the abun-
dance and the size of nucleoli to enhance overall protein
synthesis (Farley et al.,, 2015). Similarly, hepatocytes
exhibit large nucleoli (Boyer et al., 2012) that support their
proliferation and high protein synthesis rates (Sayegh and
Lajtha, 1989). Further indications include changes of
nucleolar size, which are associated with cellular stress tak-
ing place during viral infection and DNA damage (Tiku
et al., 2018; Weeks et al., 2019). Moreover, the function
of PcG bodies seems to be tightly connected to cell fate as
these domains exhibit transitions from large to small foci

by restructuring the chromatin; for example, during
neuronal differentiation (Ren et al., 2008). This indicates
that despite being ubiquitous, membraneless organelles
can have cell-type-specific functions.

Additional membraneless organelles exhibit an even
higher degree of cell-type-specific features. For example,
Cajal bodies are apparent in embryonic and fetal tissues
and neuronal cells, but not in many other types of somatic
cells (Sawyer et al., 2016). In the case of paraspeckles, this is
very pronounced. Formerly, the appearance of paraspeckles
was thought to be random, because their abundance in
cancer cells is highly variable. However, recent studies
implicated paraspeckles in embryonic development, PSC
differentiation, and cell-type-specific regulation (Grosch
et al., 2020; Hupalowska et al., 2018; Modic et al., 2019;
Wang et al., 2018). Paraspeckles were found to disappear
prior to the formation of the pluripotent ICM of embryos
and reappear upon the differentiation of PSCs. It was
shown that paraspeckles cluster the histone methyltrans-
ferase CARM1 in the chromatin, an association that is
required for embryonic development (Hupalowska et al.,
2018). Germ layer differentiation is accompanied by para-
speckle formation, which is regulated by the RBP TDP-43,
and depletion of paraspeckles impairs human PSC differen-
tiation and mouse embryonic development (Grosch et al.,
2020; Modic et al., 2019). Moreover, different cell types
exhibit a vast range in the number of paraspeckles (Grosch
et al., 2020). It is therefore apparent that investigating
mechanisms by which the cell-type-specific appearance
of paraspeckles is regulated, and the interactions of para-
speckles with chromatin in different types of embryonic
cells, can serve to dramatically expand the understanding
of the connections between developmental processes,
chromatin, and attributes of membraneless organelles.

Paraspeckles in Chromatin Interactions

The functions of membraneless organelles are often diffi-
cult to discern from their components in free form. In
this context, paraspeckles provide a unique opportunity
to interrogate the biology of biocondensates, because their
scaffold is encoded by a IncRNA gene called Nuclear Para-
speckle Assembly Transcript 1 (NEAT1), which can be
manipulated with relative ease (Yamazaki et al.,, 2018).
NEAT1_2 is the long isoform of the gene, and it serves as
an anchor of over 40 proteins that have been shown in tu-
mor cell lines to co-localize with the IncRNA (Figure 2).
Importantly, most of the interacting proteins have anno-
tated functions that are independent of paraspeckles. For
example, SFPQ (PSF), NONO (p54nrb), and PSPC1 belong
to the multifunctional Drosophila behavior/human
splicing (DBHS) factors that produce homo- and hetero-
dimer complexes that can directly bind DNA and RNA
and regulate transcription and post-transcriptional
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Figure 2. The Interactome of Para-
speckles and NEAT1_2

NEAT1 is predominantly associated with
transcription start and termination sites
(West et al., 2014), and it interacts with a
network of RBPs and chromatin factors.
NEAT1 binding to dsDNA is likely mediated
via the formation of sequence-specific

CORE RNA:DNA triple-helix structures (Sentiirk
] ® P300 —>» H3K27ac Cetin et a)l., 2919). Proteins that are known
SFPQ ® WDR5 —>» H3K4me3 to localize in paraspt.e§kles' (Nagar?uma
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corner of the figure. Hypothesized connec-
tions between chromatin factors that are
known to localize to paraspeckles, known
effects of NEAT1/paraspeckles on the chro-
matin, and the functions of the respective

3’ chromatin factors are shown.

DLX3, RUNX3, TAF15, HNRNPAT,
RBM14, AKAP8L, SS18L1, ZNF335

TDP-43, EWSR1, HNRNPK

MEXS3A, AHDCT, FIGN, FAM98A,
RBM12, PCED1A, UBAP2L, ZC3H6

CPSF6, CPSF7, NUDT21

DAZAP1, SRSF10, RBM7, CELF6, RBMX,
HNRNPATL2, HNRNPHT1, HNRNPH3,

HNRNPUL2, HNRNPF

Translation:

processes (Knott et al., 2016). The fact that two of these pro-
teins, namely SFPQ and NONO, are also required for the as-
sembly of paraspeckles (Sasaki et al., 2009) means that they
have functions that are related and some that are unrelated
to paraspeckles. For example, NONO has been shown to
promote pluripotency by enhancing Erk signaling in
mouse PSCs (Ma et al., 2016), a role that is clearly unrelated
to paraspeckles owing to the fact that undifferentiated PSCs
donotexpress Neatl_2 (Chen and Carmichael, 2009). Also,
PSPC1 exhibits a paraspeckle-independent function in
PSCs by recruiting the TET2 DNA methyltransferase to
transcriptionally active loci (Guallar et al., 2018). More-
over, SFPQ mediates cytoplasmic mRNA transport in axons
of motor neurons (Cosker et al., 2016), which exhibit only
very few paraspeckles (Shelkovnikova et al., 2018). Simi-
larly, additional proteins that are essential for paraspeckle
formation, namely HNRNPK, BRG1, and RBM14, have
functions that are unrelated to paraspeckles in the self-
renewal of mouse PSCs (Chen et al., 2018a; Lin et al.,
2014; Zhang et al.,, 2014). Because essential paraspeckle
proteins are engaged in multifaceted regulation across the
genome, it is apparent that primary functions of para-
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speckles are connected to spatiotemporal regulation of
the chromatin.

Many studies have linked paraspeckles to modulation of
histones and nucleosomes, although the question of
whether paraspeckles actually determine the genomic loca-
tions of histone-modifying complexes and in what cell
types is still largely open. Genome-wide crosslinking and
pull-down assays using complementary oligonucleotides
showed that hundreds of genomic regions are associated
with NEAT1 RNA in a tumor cell line. NEAT1 RNA was en-
riched primarily in actively transcribed genes with highest
peaks close to the transcription start and termination sites
(Figure 2). Many of these loci also exhibited H3K4me3
enrichment, a marker of actively transcribed genes, and
interestingly many were co-occupied by another IncRNA
named MALAT1 (West et al., 2014). Further evidence for
the connection between paraspeckles and histone modifi-
cations is the knock-down of NEAT1 in murine neuroblas-
toma cells, which led to a significant reduction of the
H3K4me2 mark (Butler et al., 2019). The question therefore
is whether enzymes that catalyze di- and trimethylation of
H3K4 are localized by paraspeckles in the first place, or
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whether paraspeckles are recruited to actively transcribed
regions. Several studies indicate that NEAT1 RNA regulates
the positioning of histone marks that promote transcrip-
tion. For example, the acetylase transferase complex
P300/CBP, which catalyzes H3K27 acetylation (Wang
et al.,, 2019b), and WDRS, a subunit of an H3K4 methyl-
transferase complex (Ahmed et al., 2018), have been shown
to interact with NEAT1, and BRG1, BRM, and BAF155, all
subunits of the SWI/SNF complex chromatin-remodeling
complex, form foci that co-localize with paraspeckles (Ka-
waguchi et al., 2015).

Contrarily, additional studies indicate that paraspeckles
can regulate gene repression. It was shown in glioblastoma
(Chen et al., 2018b; Wang et al., 2020) and murine myo-
blasts (Wang et al.,, 2019a), that NEAT1 RNA interacts
with EZH2, a member of the polycomb repressive complex
2 (PRC2). Moreover, a link has been established in glioblas-
toma between NEAT1, EZH2, and H3K27me3, the latter be-
ing a marker of transcriptional silencing (Chen et al,,
2018a; 2018b; Wang et al., 2020). Whether interaction
with EZH2 leads to similar outcomes in different cell types
remains an open question. Also, it is self-evident that the
activity of EZH2 in undifferentiated PSCs is not mediated
by paraspeckles because NEAT1 is not expressed in this
state. Collectively, these data indicate the possibility that
paraspeckles are involved in positioning of repressive his-
tone marks.

Evidence of interactions and positioning of histone-
modifying enzymes by paraspeckles raise the question of
the mode(s) of interaction between DNA and paraspeckles.
Mounting evidence points to direct interaction by binding
to double-stranded DNA (dsDNA). First, many DNA-bind-
ing domains were identified in NEATI_2 (Kuo et al,
2019) and in vitro mobility shift assays showed direct bind-
ing of NEAT1 RNA to target DNA by formation of
dsDNA:RNA triple-helix structures (Sentiirk Cetin et al.,
2019). Second, as we showed, DNA intercalating small mol-
ecules rapidly dissolve paraspeckles in vivo, indicating that
the molecules perturb the tethering of NEAT1 RNA in the
dsDNA (Grosch et al., 2020). Third, the putative locations
of the interactions were shown to be sequence-dependent

their nuclei.

and cell-type-specific (Sentiirk Cetin et al., 2019; Katsel
et al.,, 2019; Zhang et al., 2019). Taken together, this evi-
dence indicates that paraspeckles participate in the regula-
tion of chromatin in a manner that determines cell-type-
specific functions. Moreover, it is evident that paraspeckles
have complex modes of interaction with the chromatin, as
well as a dynamic composition in different types of cells,
which as a result can determine their cell-type-specific
functions. To further substantiate the roles of paraspeckles
in chromatin regulation, it is important to analyze the
composition, genomic locations, and functions of para-
speckles in a cell-type-specific manner.

Paraspeckle Regulation in Stem Cell Differentiation
and Development

To overcome limitations of orthogonal cell line models in
paraspeckle research, we recently established an atlas of
differentiated cells from human PSCs for the purpose of
characterizing developmental and general modes of para-
speckle regulation. By analyzing over 20 human differenti-
ated cell types, we observed highly dynamic developmental
patterns of paraspeckles in the multipotent progenitors of
the three germ layers and their differentiated progeny (Fig-
ure 3). For example, we found that motor neurons and astro-
cytes, which are derived from a common neural progenitor
population, exhibit vastly different numbers of para-
speckles, namely about 15 on average per cell in astrocytes
and ~2 in motor neurons (Grosch et al., 2020). Intriguingly,
it seemed that developmental trajectories and duration of
differentiation did not explain the dynamic patterns of para-
speckles, but rather the size of the nucleus correlated with
the amount. We noted that the size of the nucleus varies
considerably between different types of cells and that the
number of paraspeckles is scaled accordingly, although
some exceptions exist; e.g., of low numbers of paraspeckles
in hepatocytes. Moreover, we noted that the number of par-
aspeckles is correlated to the nucleus size distribution in in-
dividual cells (Figure 3). Since depletion of NEAT1 did not
lead to overt changes in nuclei size, we concluded that it is
the size of the nucleus that determines the number of para-
speckles and not vice versa.
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How the nucleus regulates the number of paraspeckles
according to its size is an open question. The answer may
lie in chromatin factors. Since the overall transcriptional
activity of cells is regulated by the size of the nucleus in
many cases (Marguerat and Bahler, 2012), one explanation
might be that the transcription of NEATI relies on the
global upregulation of RNA polymerase II activity, a
connection that was demonstrated between nucleoli and
nucleus size (Weber and Brangwynne, 2015). However, in
the case of paraspeckles, this mechanism is less plausible,
at least for certain types of cells, because RNA polymerase
IT in PSCs is very active (Efroni et al., 2008) and these cells
do not exhibit paraspeckles. However, it is important to
consider that PSCs might be a special case for downregula-
tion of paraspeckles in transcriptionally active cells, since
alternative polyadenylation (APA) of NEAT1 by the RBP
TDP-43 in undifferentiated cells maintains the low number
of paraspeckles in these cells (Modic et al., 2019). Despite
that, we could show that the number of paraspeckles in
mouse cells is smaller and proportional to a nucleus size dif-
ference of approximately 40% between mouse and human
cells (Figure 3) but not to the difference in genome size,
which amounts to ~14% (Chinwalla et al., 2002). Collec-
tively, these observations provide an enticing indication
that paraspeckles are scaled by the volume of the nucleus.
It is therefore important to consider the possibility that
the associations of paraspeckles with chromatin are being
determined by and have functions connected to the size
of the nucleus, such as global protein synthesis.

The complex functions associated with paraspeckles in
development support a notion that their interactions in
the chromatin are involved in the regulation of cellular
plasticity and differentiation. Analysis of morula-stage em-
bryos in the mouse has shown that paraspeckles accumu-
lated the arginine methyltransferase CARM1, which drives
the development of the embryo proper but not extra-em-
bryonic tissues. In this context, downregulation of Neat1,
or a different gene essential for paraspeckles, namely
Nono, has led to the abnormal upregulation of Cdx2, and
formation of trophoblasts as a result (Hupalowska et al.,
2018). Paraspeckles have also been implicated in the differ-
entiation of PSCs; downregulation of NeatI in murine PSCs
slowed the exit from pluripotency, and embryos from a 2n-
4n aggregated complementation assay using Neatl knock-
down embryonic stem cells (ESCs) exhibited defects in
primitive streak formation (Modic et al., 2019). Contrarily,
human ESCs lacking NEAT1 exhibited accelerated differen-
tiation. The phenotypic difference of mouse and human
PSCs lacking NEAT1 is intriguing, but it is not unusual
that the functions of mouse and human gene orthologues
diverged in evolution (Liao and Zhang, 2008). Perhaps the
different phenotypes are connected to the substantially
larger nuclei in human cells and the higher number of para-
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speckles in human cells in general (Grosch et al., 2020).
Furthermore, unexpectedly, the knockout of Neatl did
not uncover overt developmental aberrations in newborn
mice, but fewer parturitions of Neatl~ females with
smaller litter size were observed (Nakagawa et al., 2014).
Collectively, these results encompass significant advance-
ments that were recently made using stem cell systems
and embryological studies with respect to understanding
the molecular basis of the developmental phenotypes asso-
ciated with paraspeckles, a research direction that should
expand to resolve gaps in understanding the diverse and
species-specific functions of paraspeckles.

Developmentally Regulated IncRNA Foci and Their
Connection to Phase Separation in the Chromatin

A key question about condensates of chromatin factors is
whether their tethering to the genome is mediated by
IncRNAs. Despite little being known about phase separa-
tion of IncRNAs other than NEATI, several lines of evi-
dence raise the possibility that chromatin factors, IncRNAs,
and phase separation could be regulated in concert and in a
cell-type-specific manner. The development of several
genome-wide techniques in recent years has helped to
map the locations of RNA-DNA interactions, although
few experiments have dealt with cell-type-specific aspects.
Mapping RNA-Genome Interactions (MARGI) (Sridhar
etal., 2017), Capture Hybridization Analysis of RNA Targets
(CHART) (West et al., 2014), Chromatin Isolation by RNA
Purification (ChIRP) (Chu et al., 2011), RNA Antisense Pu-
rification (RAP) (Engreitz et al., 2015), and Global RNA In-
teractions with DNA by Deep Sequencing (GRID-Seq) (Li
et al., 2017) have produced extensive evidence for direct
interplay between IncRNAs and the chromatin. These
studies revealed the existence of hundreds of chromatin-
bound IncRNAs that were mapped to numerous sites in
the genome, but they left open the question of whether
IncRNAs build macromolecular structures. Nevertheless, if
considered together with a screening study showing that
dozens of IncRNAs form nuclear foci (Cabili et al., 2015),
and evidence that nuclear IncRNAs are associated with
chromatin factors and RBPs (Jonas et al., 2020; Saxena
and Carninci, 2011), one could conclude that the phenom-
enon of membraneless foci is quite likely very broad.
Indeed, evidence that IncRNAs might be involved in phase
separation of membraneless organelles was recently pro-
vided by Pitchiaya et al. (2019), who showed that RNAs
localize in distinct domains of mammalian cytoplasmic
P-bodies where they interact with P-body proteins.

The cell-type-specific expression of IncRNAs has been
demonstrated in comprehensive studies of mouse tissues
(Ravasi et al., 2006) and human tissues (Werner et al.,
2017), and high cell-to-cell variation was demonstrated
by single cell sequencing (Gawronski and Kim, 2017).
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Furthermore, we showed recently that many IncRNAs that
form nuclear foci in addition exhibit highly dynamic and
diverse expression patterns during the differentiation of
hPSCs toward multiple cell types (Grosch et al., 2020).
This could mean that membraneless IncRNA granules
and their interactions with chromatin play key roles in
developmental regulation. In line with this possibility,
other studies have shown that PSCs express thousands
of IncRNAs (Guttman et al.,, 2009), and dozens have
been shown to affect pluripotency (Guttman et al.,
2011). The transcription of some of these IncRNAs is regu-
lated by OCT4 and NANOG, including, for example, MIAT
and AK141205, which participate in maintenance of plu-
ripotency (Sheik Mohamed et al., 2010). Moreover, in
mESCs, the IncRNA TUNA maintains pluripotency by in-
teracting with RBPs that bind to the promoters of plurip-
otency factors Nanog, Sox2, and Fgf4 (Lin et al., 2014). In
human PSCs, IncRNA IncPRESS1 was shown to interact
with the histone H3 deacetylase SIRT6 to prevent its ac-
cess to chromatin, thus maintaining histone acetylation
at promoters of pluripotency genes (Jain et al., 2016).
Other IncRNAs, namely IncRNA-ES1 and IncRNA-ES2, are
highly expressed in hPSCs, where they interact with the
repressive Polycomb protein SUZ12 and the pluripotency
factor SOX2 to block neural differentiation (Ng et al.,
2012). Additional developmentally regulated IncRNAs
such as DIGIT and TERRA are up- and downregulated dur-
ing differentiation, respectively (Daneshvar et al., 2016;
Xu et al., 2018), however their functions in this process
have not been fully elucidated. Taken together, these
studies indicate the possibility that IncRNAs could form
nuclear membraneless organelles that regulate develop-
ment in mammals by determining the localization of
chromatin factors (Figure 1 bottom).

The roles of RBPs in connection to the chromatin and
IncRNAs might also be important. A notion with increasing
credence is that RBPs can directly interact with the chro-
matin and interact with transcription factors. For instance,
the RBP RBM25 associates with the transcription factor YY1
to regulate its chromatin association (Xiao et al., 2019).
Other examples of RBPs that take part in regulating tran-
scription include HNRNPL (Kuninger et al., 2002), SRSF2
(Ji et al., 2013), and the paraspeckle core protein NONO
(Knott et al., 2016). Moreover, the aggregation of RBPs is
often driven by intrinsically disordered domains (IDDs)
of RBPs, such as SR splicing factors (Haynes and Iakou-
cheva, 2006). Therefore, IncRNAs could serve to facilitate
associations of RBPs with chromatin to induce phase sepa-
ration at specific sites of the genome, and thereby to regu-
late gene expression. Validation of IncRNAs in conjunction
to RBPs partaking in nuclear phase separation is therefore
important in the context of chromatin-mediated regula-
tion of development.

Determining the Cell-Type-Specific Phase Separation
Properties of IncRNAs

The formation of nuclear IncRNA foci and the dynamic
expression patterns of IncRNAs are strong indicators for
widespread occurrence of nuclear liquid-liquid phase sepa-
ration (LLPS) with site-specific developmental functions.
However, it has not been shown yet that IncRNA aggregates
indeed exhibit liquid-like behavior in living cells. Investi-
gating LLPS of numerous IncRNAs represents a dual chal-
lenge; namely, the systematic application of structural
and biochemical techniques to numerous IncRNAs, and
to a diversity of cell types. Common techniques used in
the characterization of LLPS droplets include fluorescence
recovery after photo bleaching (FRAP), time-lapse imaging,
and digital holographic microscopy (Yoshizawa et al.,
2020). Furthermore, analysis of IDDs of RBPs involves nu-
clear magnetic resonance (NMR), electron paramagnetic
resonance (EPR), and high-speed atomic force microscopy
(AFM). Because these workflows are complex and laborious,
they are best suited for in-depth analysis of prime candi-
dates, rather than the high-throughput characterization
of cell-type-specific IncRNAs that can give rise to LLPS
droplets.

In this respect, an opportunity may lie in evidence that
IncRNA tethering to the genome via triple-helix
DNA:RNA structure can be perturbed by small molecules
that intercalate into dsDNA. We have shown recently
that the treatment of live cells by small DNA-binding mol-
ecules such as Hoechst, Actinomycin D (ActD), and Mi-
thramycin (Grosch et al., 2020) induce the genome-wide
disintegration of paraspeckles in minutes. According to
earlier x-ray crystallography and NMR of B-DNA and these
molecules (Kamitori and Takusagawa, 1992; Sastry et al.,
1995; Sriram et al., 1992), we speculate that the molecules
disrupt the conformation of B-DNA leading to dissolution
of DNA:RNA contacts mediated by the IncRNA NEATI
(Figure 3). Alternative explanations, such as that ActD
and other intercalators promote disintegration of IncRNAs
by stalling RNA polymerase II or by inducing the translo-
cation of paraspeckle proteins to perinucleolar caps, are
less likely because (1) a similarly rapid disintegration ef-
fect was also observed with IncRNA MALATI foci, and
(2) alpha-Amanitin, a direct inhibitor of RNA polymerase
11, did not induce a disintegration of NEAT1 and MALAT1
IncRNA foci. Taken together, it is therefore plausible that
analysis by next-generation sequencing of RNAs released
from the chromatin following treatment of cells by
ActD or other intercalators could help to systematically
identify those IncRNAs that are tethered to the chro-
matin. It is also plausible that rearrangements of chro-
matin factors and RBPs that undergo LLPS by their associ-
ation with IncRNAs, as is the case with paraspeckles
(Figure 2), could be analyzed systematically by proteome
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techniques after the depletion of scaffold IncRNAs. Pull-
down studies of chromatin-associated proteins in cells
with and without candidate IncRNA of interest could be
a way to address this question.

Open Questions About the Cell-Type-Specific
Functions of Membraneless Organelles in the
Chromatin

The nucleolus and paraspeckles are forerunners in the
research of membraneless organelles because they are
involved in embryonic development (Hupalowska et al.,
2018; Ogushi et al., 2008). A chief question is how these
condensates, which are associated with the chromatin
and influence gene expression, participate in the organiza-
tion of the genome. The fact that nuclear membraneless or-
ganelles have a diameter approximately one or two orders
of magnitude larger than nucleosomes and dsDNA
(500 nm compared with 11 and 2 nm respectively) indi-
cates that individual membraneless organelles associate to-
pologically with a multitude of genes. In line with this idea
are observations that hundreds of loci are bound to NEAT1
and PcG bodies (Pirrotta and Li, 2012; West et al., 2014).
Despite our limited knowledge about these structures, it
is reasonable to assume that biocondensates could produce
macromolecular expanses of chromatin factors in a droplet
form. Whether this serves to create reservoirs of chromatin
factors or to sequester them, and how dynamic is the ex-
change of the condensed factors with their environment,
are open questions. Advances in live-cell super-resolution
imaging recently revealed the first indications that liquid
droplets of the transcriptional regulator protein YAP1 could
serve as depositories in open chromatin regions (Cai et al.,
2019). Based on the indications that paraspeckles associate
with nucleosome remodeling and histone-modifying en-
zymes (Figure 2), a reasonable assumption is that para-
speckles and possibly other membraneless organelles are
important in the establishment of repressive and active
transcriptional environments. Evidence that SWI/SNF en-
zymes and Carm1 are integral components of paraspeckles,
and that both in fact are essential for the formation of para-
speckles (Hupalowska et al., 2018; Kawaguchi et al., 2015),
strongly support this notion. On the other hand, other his-
tone-modifying proteins, such as EZH2, do not exhibit
overtly granular distribution patterns, indicating that
NEATI and/or paraspeckles generally associate with the
predetermined locations of some chromatin factors. Taken
together, to better understand the connections between
membraneless organelles, topological organization of the
chromatin, and cell identity, it is important to resolve the
order of events in the association of nucleosome remodel-
ing and histone-modifying complexes with paraspeckles.
The fact that up to 20 foci of different species of membrane-
less organelles are found in cells (Grosch et al., 2020; Pir-
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rotta and Li, 2012) indicates how intricate and important
this form of regulation is.

In view that the genomic locations and numbers of nu-
clear condensates often seem to vary within populations
of cells, and between different cell types, it is important
to systematically analyze the genomic locations of mem-
braneless organelles in cells representing different tissues
and stages of the cell cycle. The use of PSC-derived cell
types could be particularly useful for this purpose since
all cell types can be produced from a single source. The
generic editing of hPSCs is also highly useful for creating
molecular tracking tools and dissecting mechanisms in
this regard with a common genetic background. Ulti-
mately, methods that detect the locations of DNA:RNA in-
teractions on the single cell level could greatly advance the
understanding of mechanisms that determine the loca-
tions of membraneless organelles by analyzing the
genomic locations of NEAT1 in a variety of cell types.

Finally, a key question is how the regulation of chromatin
factors is connected to RBPs and to what end. RBPs often
harbor IDDs with liquid-like properties that have been
implicated in neurodegenerative diseases, such as Parkinson
disease, Huntington disease, and amyotrophic lateral scle-
rosis (ALS) (Elbaum-Garfinkle, 2019). This points to connec-
tions with mechanisms of condensed nuclear structures
with RNAs and RBPs. The formation of nuclear granules is
often associated with cellular stress factors such as hypoxia
and acidosis, and nuclear stress bodies, paraspeckles, and
the nucleolus are leading examples (Biamonti and Vourc’h,
2010; Fox et al., 2018; Weeks et al., 2019). The purpose of
their formation in stress conditions, and whether exagger-
ated accumulation of canonical nuclear condensates could
promote disease, are therefore key questions. Importantly,
as we review here, the discovery of basic mechanisms per-
taining to membraneless organelles could be facilitated by
analysis of developmental systems where the number and
functions of membraneless aggregates seem to be tightly
regulated, as in the case of paraspeckles. The research of
developmental membraneless organelles, chromatin fac-
tors, and IncRNAs, in particular paraspeckles, which can be
readily manipulated and have been connected to neurode-
generation, should therefore serve to advance understand-
ing disease mechanisms and therapy.
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