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Complex, multistep biochemical reactions that routinely take place in our

cells require high concentrations of enzymes, substrates, and other struc-

tural components to proceed efficiently and typically require chemical envi-

ronments that can inhibit other reactions in their immediate vicinity.

Eukaryotic cells solve these problems by restricting such reactions into

diffusion-restricted compartments within the cell called organelles that can

be separated from their environment by a lipid membrane, or into

membrane-less compartments that form through liquid–liquid phase sepa-

ration (LLPS). One of the most easily noticeable and the earliest discov-

ered organelle is the nucleus, which harbors the genetic material in cells

where transcription by RNA polymerases produces most of the messenger

RNAs and a plethora of noncoding RNAs, which in turn are required for

translation of mRNAs in the cytoplasm. The interior of the nucleus is not

a uniform soup of biomolecules and rather consists of a variety of

membrane-less bodies, such as the nucleolus, nuclear speckles (NS),

paraspeckles, Cajal bodies, histone locus bodies, and more. In this review,

we will focus on NS with an emphasis on recent developments including

our own findings about the formation of NS by two large IDR-rich pro-

teins SON and SRRM2.

Nuclear speckles: easy to detect, difficult to define

‘What are nuclear speckles?’ is a fundamental and

seemingly simple question, but one that, as of yet,

remains without a compelling answer. Since their ini-

tial discovery by Ramon y Cajal more than a century

ago [1], definitions of nuclear speckles (NS) are

descriptive in nature, typically referring to their physi-

cal appearance in microscopy experiments such as ‘nu-

clear domains enriched in pre-mRNA splicing factors,

located in the interchromatin region of the nucleo-

plasm of mammalian cells’ [2]. Several questions

emerge from such definitions: What are NS made of?

What functional roles do they play in cells? Are NS

functionally essential for cell viability? Are NS

restricted to mammalian cells? The dichotomy between

the ease of detecting NS (with antibodies, or more

recently with live-cell imaging of prominent factors)

and their resistance to be functionally defined has led

to the accumulation of vast amounts of data around

NS and cellular processes that they might be involved

in such as splicing, termination, nuclear export of
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mRNAs, and transcription [3] but generally without

irrefutable evidence. Presumably, controlled disruption

of NS could be the key to resolve these issues; how-

ever, decades of research, including recent high-

throughput screens [4], failed to identify a single factor

without which NS do not form. Indeed, due to lack of

evidence to the contrary, it has been suggested that

NS do not require a core protein or a set of core fac-

tors and that they simply form through accumulation

of a large number of SR proteins, which could explain

their resilience to removing single factors from cells

[5]. Nevertheless, NS are highly dynamic structures,

which can respond to activation of nearby genes [6],

remodeled upon inhibition of splicing [7] and are dis-

solved during mitosis, and reform after late telophase

[3,8] (Fig. 1). Likely mimicking the dynamics of NS

during cell cycle, overexpression of CDC-like kinase 1

(Clk1) or dual-specificity tyrosine phosphorylation-

regulated kinase 3 (DYRK3) has been shown to dis-

solve NS in interphase cells [9,10]. However, with these

overexpression scenarios, potentially affecting hun-

dreds of proteins involved in transcription and splic-

ing, the utility of such dissolved states in deciphering

the role of NS is unclear.

We recently discovered that anti-splicing component

35K (SC35), an antibody raised against human

spliceosomal extracts, recognizing a phospho-epitope

[11], and identified as an antibody against SRSF2 [12],

an SR protein that can be localized at NS, is rather an

antibody primarily against serine/arginine repetitive

matrix protein 2 (SRRM2) [13], a large, mostly

unstructured SR protein that joins spliceosomes at the

Bact stage [14], that sharply localizes to NS [7,15].

While this information does not affect the usefulness

of this antibody in identifying NS in immunofluores-

cence experiments, it does affect interpretation of cer-

tain experiments that have used this reagent. Several

groups have independently identified SON, a protein

that was first identified as part of NS in a proteomic

screen by the Spector group, to be crucial for normal

nuclear speckle morphology [16–18]. Curiously, while

depletion of SON leads to the dissociation of some SR

proteins with NS, SC35 signal does not dissipate and

strongly stains what seems to be round-up NS that are

also observed in cells treated with transcription or

splicing inhibitors [13,17,18]. Codepletion of SRRM2

together with SON, or depleting SON in a cell line

where SRRM2’s extensive intrinsically disordered

region (IDR)s are genetically deleted, results in the dis-

sipation of all nuclear speckle markers that were

tested, leading to the idea that SON and SRRM2 are

essential for nuclear speckle formation [13] (Fig. 2).

Based on these results, and other recent data, we pro-

pose to operationally define NS as ‘nuclear, phase-

separated bodies formed by two large, IDR-rich proteins

SON and SRRM2’. Although more work is needed to
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Fig. 1. Dynamic nature of the NS, depicted

in green, during cell cycle is shown. NS are

dissolved just before cells enter mitosis and

remain diffuse until late stages of telophase

where many components transiently form

spherical bodies called mitotic

interchromatin granules (MIGs), in the

cytoplasm of newly divided cells. As MIGs

disappear, components of NS are imported

into the nucleus where they re-establish

NS.
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elucidate the exact mechanism of core formation, and

the roles these two proteins play in that process, the

operational definition we propose has the potential to

bring a more comprehensive, functional definition

within reach.

What are NS made of?

Understanding the role of NS, or any other cellular

body, can immensely benefit from identification of fac-

tors that are localized to them. Until 1980s, the only

information regarding the composition of NS was

derived from the analysis of interchromatin granule

clusters (IGCs) through electron microscopy, which

revealed that they are ribonucleoprotein particles [19].

Soon thereafter, the invention of monoclonal antibod-

ies led to several key discoveries in the NS field: First,

antibodies against snRNPs, essential for nuclear RNA

splicing, simultaneously showed that splicing-

associated factors are concentrated at NS and estab-

lished that IGCs in electron microscopy by and large

correspond to NS [20,21].

First systematic attempts at identifying NS-

associated proteins were carried out by Spector group

[22,23]. Using a biochemical fractionation technique,

NS were separated from nuclear lamina, nucleoli, and

other nuclear compartments and subjected to mass

spectrometry. These pioneering studies have uncovered

360 proteins, most of which are RNA-binding proteins

(RBP) associated with pre-mRNA splicing with a large

overlap with spliceosome-associated proteins [24–26]
and other RNA-processing factors involved in 30-end
cleavage/polyadenylation and nuclear export, processes

that are tightly connected with each other [27]. These

results have validated earlier hypotheses placing NS at

the center of nuclear RNA processing and formed the

basis of NS research in the following two decades.

Curiously, two of the novel NS-associated factors

identified were SRRM2 (KIAA0324 in Mintz et al.

1999) and SON (KIAA1019 in Saitoh et al. 2004),

which our group has recently shown both to be essen-

tial for NS formation [13]. A more recent work from

Belmont group has tackled the same question using

tyramide signal amplification mass spectrometry (TSA-
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Fig. 2. Maximum intensity projection obtained by confocal microscopy of SC35 (SRRM2) and SON staining is shown. Z-stacks (on right)

indicate a subtle difference between the localization of two proteins within NS.
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MS) [28], using the monoclonal antibody SC35. While

previous work utilized a biochemical purification

approach to isolate NS, TSA-MS relies on proximity-

labeling, where the target biomolecule and proteins in

close proximity to it are labeled by a functional chemi-

cal group (usually biotin, but in this case FITC),

which can then be pulled down for further analysis.

Since this method fixes the cells as the first step fol-

lowed by proximity-labeling happening in situ, it has

the potential to uncover more transient interactions

compared to biochemical purifications carried on live

cells. Reassuringly, the results are by and large in

agreement with earlier findings of the Spector group,

although novel NS-associated proteins are also identi-

fied, such as MFAP1 which was also shown to affect

NS morphology when depleted. One striking result of

this study is that the two most enriched proteins were

found to be SON and SRRM2, underscoring their

prominence in the context of NS.

Even though hundreds of proteins have been found

to localize to NS, either biochemically [23,28] or

microscopically [29], the extent of localization of indi-

vidual factors to NS is highly variable. While proteins

such as SRRM2 and SON are virtually restricted to

NS, other factors such as SRSF1, SRSF2, U1-70K,

and Magoh [16,30,31] have clear nucleoplasmic pools

in addition to their localization in NS. These observa-

tions suggest that there might be sequence motifs

within proteins that determine the strength of their NS

localization. Indeed, polyhistidine stretches were ini-

tially identified as sequence elements that can push

protein into NS [32]. Similarly, stretches of the dipep-

tide RS, lending the name to SR protein family [33],

are also shown to be NS localization signals. A recent

work has also extended these signals to mixed-charged

domains (MCDs), specifically to stretches of arginine

(but not lysine) and glutamic acid residues in low-

complexity regions which turned out to be potent NS

localization signals, underscoring the unique role of

arginine residues in this process [34]. In addition to

proteins, RNAs can also be found to be localized to

NS, and NS are known to be enriched with polyadeny-

lated RNA as evidenced by FISH experiments using

fluorescently labeled oligo-dT probes [35]. These inter-

actions can be transient, but can also be more stable,

as is the case for the abundant, nuclear long noncod-

ing RNA metastasis-associated lung adenocarcinoma

transcript 1 (MALAT1) [36]. Whether certain RNA

sequences, structures, or modifications target RNAs to

NS or whether they associate with NS through their

interactions with NS-resident RBPs remains unknown.

Two recent examples show that certain low-complexity

RNA sequences that can phase-separate in vitro

localize to NS in vivo [37]. Such RNAs can be gener-

ated in repeat expansion disorders and have been

shown to be localized to NS in cells isolated from

patients [38]; however, it is not yet clear whether the

accumulation of these RNAs in NS is harmful due to

sequestration of RBPs in the nucleus, or whether it is

a protective measure to prevent these RNAs from

reaching the cytoplasm where they can sequester RBPs

there or possibly produce toxic peptides [39]. These

observations strongly suggest that NS are multicompo-

nent systems, which require SON and SRRM2 for

their formation. The stickers-and-spacers framework

predicts that ligands interacting with a phase-

separating core can weaken or strengthen phase-

separation behavior, depending on the nature of inter-

actions [40]. The fact that overexpression of arginine-

rich MCDs, or inhibition of transcription/splicing can

change the morphology of NS supports this idea,

which can be explored further to develop tools to

manipulate NS in living cells.

Genome organization around NS

In the last decade, significant advances have been

made on how our genomes are organized in the inter-

phase nucleus [41]. Leveraging advanced proximity-

ligation methods such as Hi-C [42], it has been discov-

ered that the human genome is essentially segregated

into two compartments, called A and B, which prefer-

entially engage in interactions within but not across

each other. In its simplest form, the A compartment

corresponds to transcriptionally active loci, whereas

the B compartment corresponds to inactive chromatin,

with high-resolution Hi-C further dividing the A com-

partment into A1 and A2 subcompartments with sub-

tle differences in replication timing, GC content and

H3K9me3 enrichment [43]. Even before the era of

high-throughput sequencing, NS were linked to tran-

scriptionally active loci through FISH experiments tar-

geting a relatively small number of transcripts [44].

Three recently developed techniques, using different

experimental approaches to identify DNA–DNA and/

or RNA–DNA contacts in living cells have cemented

and expanded this view. Using MARGI (Mapping of

RNA-Genome Interactions), Zhong group has mapped

the interactions between nuclear speckle-associated

RNAs (nsaRNAs) and chromatin. This is achieved by

ligating RNA, a linker and proximal DNA to each

other, which is then converted into a sequencing

library to determine RNA–DNA contacts [45]. This

work revealed interactions with A compartments and

nsaRNAs in HEK cells, but interestingly not in embry-

onic stem cells. Split-pool recognition of interactions
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by tag extension (SPRITE) uses a unique proximity-

ligation independent method which relies on a split-

and-pool barcoding approach on formaldehyde cross-

linked samples to infer higher order structures in cells.

Reminiscent of Hi-C data, SPRITE shows that inter-

chromosomal interactions are segregated into two

hubs, which were referred to as the ‘active hub’ which

correlates with high gene density and high RNA poly-

merase II transcription and the ‘inactive hub’ which

correlates with low gene density and low transcrip-

tional activity. Interestingly, the inactive hub was

found to be enriched for rRNA–DNA contacts and

shown to be proximal to the nucleolus, which is con-

firmed by FISH experiments. In contrast, the active

hub, which is enriched with spliceosomal U1 snRNA

and Malat1, was found to be associated with NS

which was also corroborated by FISH and SC35 stain-

ings. Finally, tyramide signal amplification (TSA-seq)

from Belmont group took a more targeted approach

and used antibodies against SON (or SC35) to biotiny-

late biomolecules in the vicinity of these proteins in

formaldehyde cross-linked cells to identify DNA

regions that are proximal to NS [46]. Since labeling in

TSA-seq depends on the local diffusion of biotin-

tyramide free radicals, optimized labeling conditions

have been used to translate sequence coverage

obtained from TSA-seq into quantitative distance mea-

surements with an estimated accuracy of < 100 nm.

While the results of TSA-seq are in general agreement

with MARGI and SPRITE, in that transcriptionally

active regions tend to be closer to NS, the resolution

of the method revealed a striking enrichment of A1

subcompartment with NS. Moreover, top 5% per-

centile of SON TSA-seq was shown to be deterministi-

cally close to NS with a calculated mean distance of

< 0.32 µm leading to the terms SPADs (speckle-

associated domains) for these regions. Collectively,

these studies clearly show that actively transcribed

regions tend to be close to NS, but since they all

describe the state of the cells at the time of cross link-

ing, they cannot resolve the causality of events: do

high levels of transcription summon NS to the vicinity

of active loci, or do NS pull actively transcribed loci

in toward them? Another related open question is if

NS contribute to A/B compartmentalization, or

whether they simply follow already established higher

order chromatin structures. A recent study [47] has

addressed this very question by depleting SRRM2 in

mouse AML12 cells and characterizing chromatin

interactions using Hi-C. Their analyses show that A/B

compartments remain unaffected in SRRM2-depleted

cells; however, they report a significant reduction in A-

A contacts, which is more severe in A1-A1 contacts,

and a significant increase in B-B contacts. Since

SRRM2 depletion alone is not sufficient to dissolve

NS in human cells [13], Hi-C experiments in cells

depleted of SON and SRRM2, or SON alone will

likely be highly informative with regard to the contri-

bution of NS to chromatin compartmentalization, or

based on results of Hu et al. more likely to intracom-

partmental (A or B) interactions.

NS in evolution

Nuclear speckle biology is almost exclusively studied

in mammalian cells, where they have been first identi-

fied. In addition to mammalian cells, NS-like struc-

tures have been reported in Xenopus oocytes [48] and

Drosophila embryos [49]; however, whether or not

these structures are functionally analogous to NS of

mammals is unclear. The cytological definitions of NS

make it practically impossible to look for and verify

whether NS exists in other animals or unicellular

eukaryotes. We therefore leveraged our operational

definition of NS and looked for orthologues of

SRRM2 and SON, mainly in Metazoa. Our results

show that orthologues of these two proteins exist vir-

tually in every multicellular animal species that was

investigated, albeit with dramatic differences in protein

lengths. In yeast, where, to our knowledge, NS-like

structures have not been reported, no SON orthologue

could be found. However, several G-patch-containing

proteins in yeast [50], which are involved in splicing

and rRNA processing through their modulation of

cognate RNA helicases, show some homology at this

small stretch (~ 40 amino acids) to the C-terminal G-

patch domain of SON, potentially indicating an evolu-

tionary link to splicing. SRRM2 orthologues do exist

in yeast, though relatively small in size (150–300 amino

acids) corresponding to the N terminus of vertebrate

SRRM2 orthologues. Curiously both the yeast protein

(Cwf21p) and SRRM2 are located at exactly the same

position in cryo-EM structures of spliceosomes and

are therefore at least in this context are likely function-

ally analogous [14]. In fact, human SRRM2 has been

shown to rescue a temperature-sensitive phenotype in

complexed with CEF1 protein 21 (CWC21)/ISY1

mutants in yeast [51]. Two related frog species Xeno-

pus laevis and Xenopus tropicalis stand out in this phy-

logenetic analysis with their exceptionally long SON

orthologues (Fig. 3A,B). Amphibians are unique in

evolutionary biology as they are the closest animals to

the last common ancestors of the first terrestrial verte-

brates which needed to go through drastic physiologi-

cal changes in order to adapt to life on land, and the

dramatic length extension of SON and SRRM2 could
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be part of this process. It is however important to note

that amphibians are extremely diverse animals and

have the largest reported variation in genome size

among vertebrates [52]. A group of limbless amphib-

ians called Caecilians possess shorter SON orthologues

similar to fish, but these amphibians also have the

longest SRRM2 orthologues found in vertebrates

(> 3500 amino acids). Curiously, these length exten-

sions and possible contractions at the protein level cor-

relate almost perfectly with the length of one long

coding exon for both SON and SRRM2 (5.9 and

6.7 kb in humans, respectively, Fig. 4A,B). The mech-

anism behind these exon length changes is not clear,

but splice isoforms where the long exon is not present

in the final transcript are reported for both SON and

SRRM2 in humans. A single exon encoding most of

the IDRs of both SON and SRRM2 can therefore

provide regulation at two very different time scales: at

the fast, cellular level, biophysical properties of the NS

can be modified on-the-fly by alternative splicing,

while at evolutionary time scales, bulk changes in NS

can be achieved by increasing or shortening of these
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Fig. 3. (A) The disorder probability and the protein length of SON and SRRM2 in metazoa is shown (disorder predictions are obtained from

MobiDB-Lite algorithm with the colors scaled from dark blue to yellow. Indicating a decrease in order as the value approaches 1.0 (yellow)).

(B) Protein length and domain organization of SON and SRRM2 in yeast (S. cerevisiae), sponge (A. queenslandica), fish (L. chalumnae),

amphibians (frog X. laevis and caecillian G. seraphini), turtle (C. picta bellii), and human are shown. Depicted domains for SON are; double

stranded RNA-binding domain in blue, G-patch in green. Depicted domains for SRRM2 are; conserved N terminus in yellow, Cwf21 domain

in blue.
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critical exons. Interestingly, SRRM2, but not SON,

SRRM1, or SRRM3 is mislocalized to cytoplasmic tau

aggregates which are a hallmark of several neurode-

generative diseases including frontotemporal dementia

and Alzheimer’s disease [53]. This mislocalization is

only observed with full-length SRRM2 and not with

SRRM2 without its C-terminal IDR which is encoded

mostly by its longest coding exon (Fig. 4).

It is tempting to speculate that these length changes

are adaptive in nature and that fluctuations in IDR

lengths could alter biophysical properties of NS to

cope with diverse genomic and metabolic challenges

faced by these organisms [54]; however, cell culture

models of these species or precise genetic manipulation

of the mammalian orthologs to mimic these changes

will be essential to test these ideas in the laboratory.

The long road to function(s) of NS

Instead of directly tackling the question ‘What is the

function of NS?’, which remains without a compelling

answer, we can reformulate it as ‘What problem(s) do

the NS solve?’ which might be easier to unpack with

the data currently available. Based on the phylogenetic

data present for SON and SRRM2, the evolutionary

origins of NS seem to be deeply rooted in splicing,

which is supported by earlier and more recent studies

on their composition, and a plethora of microscopic

evidence locating, in both live and fixed cells, factors

that are crucial for splicing in NS. It has been long

assumed, and experimentally shown, that there are two

distinct mechanisms that delineate exons and introns:

one that involves recognition of intronic sequences or

‘intron definition’ and one that involves recognition of

exonic sequences or ‘exon definition’ [55]. These two

mechanisms are not completely mutually exclusive;

however simpler eukaryotes rely mostly on the ‘intron

definition’ route, whereas multicellular animals, with

an expansion of introns in both number and size, typi-

cally rely on ‘exon definition’ to delineate intron–exon
boundaries. As introns get larger through evolution,

either via new transposon insertions, repeat expansions

or other mechanisms, the distance between exons also

expands, making it more difficult for consecutive exons

to find each other in the 3D space of the nucleus,

which is essential for splicing. Therefore, a mechanism

bridging, or bringing exons close together, would be

beneficial to organisms that experience rapid intron

expansions. NS, forming a cohesive body for SR pro-

teins, are prime candidates for such a mechanism [56],

which is supported by SRRM2’s direct involvement in

catalytic stages of splicing and absence of NS-like

structures in yeast. However, this hypothesis does not

explain why a dense nuclear compartment is necessary

for such a function. It is conceivable that RBPs at

high enough concentrations could find each other and

their target exons without a phase-separated nuclear

domain nearby, and auxiliary factors such as SON

and/or SRRM2 could execute their bridging functions

without forming a large nuclear body. In this sense,

NS could be a consequence of high concentrations of

RBPs with low-complexity domains prone to phase

separation necessary to faithfully execute splicing pro-

grams, rather than a biological innovation meant to

solve a transcriptional/RNA-processing problem. In

such a scenario, the role of SON and SRRM2 might

be to passively sequester aggregation-prone RBPs into

molecular communities. The interplay between SON

and SRRM2 in human cells illustrates this point in a

very interesting way: depletion of SON leads to partial

delocalization of some NS-associated proteins (such as

SRSF1), but leaves behind spherical NS enriched with

SRRM2. At first, these experiments lend support to

the idea that NS prevent uncontrolled aggregation of

nuclear RBPs, since the removal of a critical compo-

nent leads to what appears to be nonfunctional NS.

However, simultaneous depletion of SON and

SRRM2, or depletion of SON and genetical removal

of SRRM2’s IDR-rich C terminus, leads to the dissi-

pation of all NS-like bodies [13], meaning that SR pro-

teins are able to stay soluble without NS and do not

spontaneously form visible phase-separated compart-

ments reminiscent of NS without SON and SRRM2.

Collectively, these results suggest that NS formation is

a regulated process and not a simple by-product of

high concentrations of SR proteins in the nucleus.

In addition to splicing, a direct role of NS in regu-

lating transcription has been elegantly demonstrated

by the recent study from Belmont group which shows

that spatial proximity to NS directly correlates with a

‘gene expression amplification’, which was shown by

live-cell imaging of heat-shock responsive genes [46],

and in their most recent work by comparing distance

of endogenously expressed genes to NS in four differ-

ent cell lines using TSA-Seq [57]. Remarkably, proxim-

ity of heat-shock responsive genes correlate, in real

time, with their transcriptional output, meaning that

the transcriptional boost observed for an allele close to

NS is lost if it then moves away from NS. Interest-

ingly, since the model genes used in these experiments

are intronless, this observed effect is not necessarily

linked to splicing.

Robust but dynamic partitioning of the genome into

active and inactive domains (loosely corresponding to

euchromatin and heterochromatin) is crucial not only

for executing developmental programs but for general
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homeostasis within the cell. Spreading of the active

chromatin environment into heterochromatin regions

can be detrimental to cells, for example, by activating

transposable elements. Similarly, spreading of hete-

rochromatin into actively transcribed regions can lead

to suppression of essential genes leading to cell death.

Exact mechanisms that prevent mixing of these states

are not yet elucidated; however, the role of local RNA

(coding or noncoding) together with transcription fac-

tors and RBPs with low-complexity domains are

becoming more and more clear. In addition to specific

RNAs, such as roX RNAs of fruit flies activating the

paternal X chromosome [58], and XIST of mammals

repressing one of the two maternal X chromosomes

[59], it is proposed that nascent RNAs can serve as a

platform that recruit and locally concentrate

transcription/RNA-processing factors, creating a feed-

forward loop augmenting transcriptional activity and

creating a physical barrier to spreading of heterochro-

matin. Based on the transcriptional boosting by NS,

initially pioneered by the Lawrence group and demon-

strated genome-wide by Belmont group, together with

genome-wide association of NS with active chromatin

(work of Belmont and Guttman groups), the highest

level role of NS in mammalian nuclei could to be to

create a positive-feedback loop around transcription-

ally active loci, dependent on the nascent RNA acting

as an attractant for NS-associated factors that are also

involved in transcription elongation such as SRSF1

and SRSF2 [60], and keeping these factors at high

local concentrations from forming insoluble aggre-

gates. The underlying biological problem necessitating

such a solution could be the need to concentrate tran-

scription and RNA-processing factors on islands of

transcriptionally active loci within the ever expanding

Metazoan genomes, particularly driven by bursts of

transposon activity which creates two problems for

cells: when new insertions land on intronic regions,

distance between exons increase, making cells more

reliant on ‘exon definition’ which is dependent on SR

and SR-like proteins. New insertions landing outside

of genes must be silenced through heterochromatin

formation, which needs to be kept in check and pre-

vented from spreading over euchromatic regions. Uni-

cellular eukaryotes such as yeast do not tolerate

transposons to the extent higher eukaryotes do and

thus do not have to deal with these problems, which is

in line with the lack NS-like nuclear domains, absence

of a SON orthologue, lack of A/B-type compartmen-

talization [61] and reliance on ‘intron definition’. Pend-

ing experimental validation, phylogenetic analysis of

SON also suggests that NS have originated during the

transition into multicellularity, which is accompanied

by intron expansion events [62].

In this model, transcriptional activation of genetic

loci, primarily dictated by DNA-binding transcription

factors, is stabilized and boosted by NS, which simul-

taneously bring RNA-processing machinery, just-in-

time, where they are needed. In addition to the studies

discussed above, a recent study from Young group

SON SRRM2
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showing partitioning of RNA polymerase II from tran-

scriptional condensates to splicing condensates through

CTD phosphorylation [63] are also in agreement with

this model. Nascent RNA is the most likely bridge

between chromatin and NS-associated factors, since

inhibition of transcription by small molecules leads to

retraction of NS into spherical bodies [64], which can

provide additional opportunities for transcriptional

regulation since the nucleotide composition of nascent

RNAs will dictate the RBPs they will interact with

which can attract or repel NS (Fig. 5). Testing the fun-

damentals of this model is now possible by quantifying

changes in RNA polymerase II occupancy and chro-

matin contacts by methods such as Hi-C or SPRITE

in cells depleted of SON and SRRM2. The most

important challenge remaining will be to uncouple

mitotic defects caused by SON depletion, which can be

overcome by either focusing on shorter time scales or

engineering a system where SON can be depleted in

nondividing cells.

Future perspectives

Research on NS closely follows technological advances

in studying biological systems, beginning with acid-

aniline staining techniques perfected by Cajal which

revealed hitherto unknown cellular structures such as

NS, to electron microscopy techniques that allowed

visualization of the ultrastructural organization of NS,

followed by advances in live-cell imaging techniques

that allowed investigation of biophysical properties of

NS in living cells, and finally techniques fueled by

high-throughput sequencing that brought unprece-

dented insights into interactions between NS and chro-

matin. Thanks to large-scale genome sequencing

efforts, we are now in the midst of a new era in biol-

ogy where we can trace the evolutionary history of

genes and proteins in silico, infer evolutionary origins

of biological phenomena and test hypotheses in cellu-

lar, organismal, and organoid models. Deployment of

these innovative techniques on nonmodel or under-

studied organisms, informed by evolutionary analyses,

will further demystify NS and their roles in human

cells.
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