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TDP-43 in nuclear condensates: where, how, and
why
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Sheffield Institute for Translational Neuroscience (SITraN) and Neuroscience Institute, University of Sheffield, Sheffield, U.K.

Correspondence: Tatyana A. Shelkovnikova (t.shelkovnikova@sheffield.ac.uk)

TDP-43 is an abundant and ubiquitously expressed nuclear protein that becomes dys-
functional in a spectrum of neurodegenerative diseases. TDP-43’s ability to phase separ-
ate and form/enter biomolecular condensates of varying size and composition is critical
for its functionality. Despite the high density of phase-separated assemblies in the
nucleus and the nuclear abundance of TDP-43, our understanding of the condensate-
TDP-43 relationship in this cellular compartment is only emerging. Recent studies have
also suggested that misregulation of nuclear TDP-43 condensation is an early event in
the neurodegenerative disease amyotrophic lateral sclerosis. This review aims to draw
attention to the nuclear facet of functional and aberrant TDP-43 condensation. We will
summarise the current knowledge on how TDP-43 containing nuclear condensates form
and function and how their homeostasis is affected in disease.

OPEN ACCESS

Introduction: TDP-43 and its compartment-specific

condensation

TAR DNA-binding protein 43 (TDP-43) is an abundant, ubiquitously expressed RNA/DNA-binding
protein (RBP) — member of the hnRNP family involved in RNA processing/metabolism and playing
a crucial role in pre-mRNA splicing [1]. TDP-43 regulates a multitude of RNA targets, primarily
RNAs with long introns enriched in the central nervous system (CNS) [2]. By binding to UG-rich
motifs over-represented in introns, TDP-43 regulates alternative splicing [3], including cryptic exon
repression [4] and alternative polyadenylation [5]. Like many other RBPs, TDP-43 controls its own
expression at the RNA level [6]. In addition to splicing, the protein is involved in microRNA biogen-
esis [7] and RNA transport [8], as well as restricts retrotransposon activity [9].

TDP-43 is a component of multiple biomolecular condensates, or membraneless organelles (MLOs)
[10]. MLO biogenesis relies on biological phase separation, including its liquid-liquid variant (LLPS)
[11-13]. Similar to other RBPs, TDP-43 is capable of phase transitions, driven by specific structural
features such as the low-complexity domain (LCD), enabling its partitioning into MLOs [14]. High
RNA content in the nucleus creates an ideal environment for the biogenesis of MLOs — nuclear
bodies, of which most are RNA-rich assemblies [15]. Indeed, RNA is a nucleating agent for many
condensates, and the RNA-binding specificity of TDP-43 shapes/fine-tunes the properties of the con-
densates it enters [3,16]. Within the condensate, TDP-43 can engage in different intermolecular inter-
actions conferring specific material properties, in order to meet the MLO’s functional requirements
[16,17].

TDP-43 is mostly nuclear in the steady-state [18], with its active nucleocytoplasmic transport
mediated karyopherins, karyopherin-o. (KPNA) and -f1 (KPNB1) [19]. Within the nucleus, a punc-
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can shuttle out of the nucleus, and despite its low cytoplasmic levels in healthy cells, varying levels of TDP-43
are detectable in stress granules, P-bodies, axonal granules and myo-granules. Within these assembles, TDP-43
contributes to RNA triage, protection and transport, as discussed extensively elsewhere [28-30]. TDP-43’s cyto-
plasmic retention/accumulation has been linked to several common neurodegenerative diseases, having been
observed in postmortem specimens and replicated in numerous disease models [31,32]. Although a host of
studies have addressed the ( phase-separating) behaviour of TDP-43 in the cytoplasm, its higher-order assembly
in the nucleus is only now coming into the limelight. There is also a growing appreciation that the earliest
alterations to TDP-43 metabolism in neurodegenerative disease occur in the latter cell compartment.

This review will focus on the nuclear facet of TDP-43 condensation, summarising and discussing the
mechanisms and consequences of TDP-43 partitioning into nuclear MLOs in health and disease.

Molecular mechanisms of TDP-43 condensation in the
nucleus

Biological phase separation is driven by a summation of multiple weak interactions e.g. electrostatic, hydrogen
bonds and cation-w interactions, and heavily relies on the multivalency of the molecules involved in the process
[12,33]. Structurally, RNA, being a long, flexible charged polymer, is ideally suited to promote RBP condensa-
tion, and LLPS in particular [34,35]. RBPs have a modular structure also highly amenable to initiating and sup-
porting phase separation, including via multivalent RNA binding [36,37]. Many RBPs contain an RNA
recognition motif(s) (RRM) and a disordered, LCD rich in aromatic and polar amino acids and prone to self-
association [38].

TDP-43 structure

TDP-43 comprises an N-terminal domain (NTD), two RRMs and a C-terminal domain (CTD). The CTD of
TDP-43 is represented by a glycine-rich LCD, ~80% of which is intrinsically disordered [39-41] (Figure 1A).
A unique feature of TDP-43’s CTD is the presence of an evolutionarily conserved o-helix, known as ‘conserved
region’ (CR, aa. 320-343), critical for protein-protein interactions and LLPS [42,43]. In addition, four ‘LARKS’
(low-complexity aromatic-rich kinked segments), that engage in amyloid-like labile interactions and contribute
to physiological phase separation, have been identified in the CTD [41]. RNA-binding domains of TDP-43 are
represented by two tandem RRM motifs [1,44]. Each RRM can bind 5xUG repeats [45], with longer UG
stretches promoting binding cooperativity and phase separation [46,47]. On its N-terminus, TDP-43 contains a
well-folded domain essential for its multimerisation [48-50]. Finally, the nuclear localisation signal of TDP-43
adjacent to RRM1 also modulates phase separation [51].

Contribution of N-terminal and C-terminal domains

Most insights into the modes of TDP-43 condensation in the nucleus have come from in vitro studies with
purified recombinant proteins. Several key amino acid residues in the extreme TDP-43 NTD were found to
enable its dimerisation, and six point mutations abolish its NTD-driven self-assembly and CB partitioning
[23,50]. However, even a subtle structural change in this domain (two point mutations), is sufficient to com-
promise TDP-43 association with nuclear MLOs, for example, partitioning into paraspeckles or biogenesis of
stress-induced TDP-43 rich condensates [27,52]. Homotypic interactions via the CTD are equally important
for TDP-43’s higher-order assembly in the nucleus, e.g. partitioning into ‘splicing condensates’, CBs/Gems and
stress-induced assemblies [16,22,25,53]. CR specifically was found to be important for TDP-43 coalescence into
‘splicing condensates’ [16] and Gems [22]. Interactions between other CTD segments, for example via LARKS,
also contribute to association with nuclear bodies [41]. Indeed, CR deletion does not completely abolish Gem
recruitment [22]. It is plausible that the NTD of TDP-43 plays a pivotal role in initiating condensation,
whereas the CTDs brought into proximity by NTD-NTD interactions propagate phase separation and maintain
condensate growth [14,54] (Figure 1B; Table 1). For instance, the intact NTD is required for the nucleation of
TDP-43 stress-induced condensates, however they are also detected by a conformation-specific antibody that
recognises only non-NTD-oligomerised TDP-43 species [26,52]. A switch from NTD-NTD to CTD-CTD inter-
actions, alongside remodelling of CTD-CTD interactions, may enable an amyloid-like, B-sheet arrangement
and relative stability of physiological TDP-43 condensates [41,52,53,55]. Further cellular studies are warranted
to establish how the stoichiometries of different homotypic TDP-43 interactions are maintained and elucidate
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Figure 1. Molecular determinants and mechanisms of TDP-43 condensation.

(A) TDP-43 domain structure and interacting RNA species. (B) Homotypic TDP-43 interactions and their role in nuclear
condensate assembly. (C) Properties of TDP-43 containing nuclear condensates depending on the RNA content and types of
homotypic interactions. References for all figures are provided in the main text or Table 1.

their relative contribution and interplay in different nuclear condensates, both in the steady state and under
stress (Figure 1B).

RNA-nucleated condensation

RNA is the main structural component of most nuclear condensates [56] and one of the well-established
TDP-43 LLPS drivers [57]. In vitro and cellular studies have demonstrated the dynamic nature of TDP-43/
RNA complexes, where RNA acts as a molecular chaperone supporting their fluidity and liquid-like properties
[46,47,58] (Figure 1C). RNA binding is important for TDP-43 partitioning into CBs/Gems, which is attenuated
by TDP-43 RRMI deletion or point mutations [22,23]. RNA-seeded TDP-43 self-assembly in the nucleus
yields ‘splicing condensates’s — submicroscopic LLPS droplets on UG-rich intronic sequences [16]. The
UG-rich motif composition dictates the condensation patterns of TDP-43 on RNA, where ‘splicing conden-
sates’ form primarily on UG-repeat sequences dispersed within relatively long, >100 nt, regions [16]. Another
example is the RNA-nucleated TDP-43 self-assembly on UG repeats in NEAT1_2 IncRNA that enables its par-
titioning into paraspeckles [21,27,59] (Figures 1C and 2A). NEAT1_ 2 UG-repeat driven condensation of
TDP-43 also achieves its specific intra-MLO localisation — enrichment in the paraspeckle ‘shell’ [27]. Most
intriguingly, the shell localisation of TDP-43 does not depend on UG-repeat positioning in the NEAT1_2 mol-
ecule, instead, TDP-43 is displaced from the repeats after nucleation and relocated from core to shell; another
RBP, FUS, may play a role in this displacement [27] (Figure 2A). These findings implicate other factors, such
as competition between different RBPs, in the modulation of RNA-seeded TDP-43 LLPS in the nucleus.
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Figure 2. Constitutive TDP-43 containing nuclear condensates.

(A) Regulation of paraspeckles by TDP-43. (B) TDP-43 roles in Cajal body/Gem maintenance and spliceosome. (C) Regulation
of TDP-43 by PML bodies during stress. In the microphotograph of the nucleus, paraspeckles are visualised using NONO-GFP
expression; Cajal bodies and PML bodies were visualised using anti-coilin and anti-PML staining, respectively.

RNA-independent condensation

RNA-depleted nuclear condensates are on the other end of the spectrum (Figure 1C; Table 1). Loss of interac-
tions with RNA is often considered pathological for TDP-43, since in its RNA-unbound form, TDP-43 is
prone to fibrillisation, sometimes irreversibly [47,58,60]. Nuclear stress bodies (nSBs) [25] and stress-induced
de novo TDP-43 condensates [52,53] are the two examples of physiological RNA-depleted MLOs rich in
TDP-43 whose assembly is accompanied by TDP-43 dissociation from RNA. Strikingly, although the TDP-43
CTD in isolation readily undergoes LLPS [14], the full-length recombinant protein is prone to forming solid-
like assemblies under RNA-free conditions in vitro, unless solubilisation tags are utilised [47,61]. Thus, in the
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Table 1. TDP-43 containing nuclear condensates: properties and function
Properties;
Nuclear homotypic TDP-43 TDP-43 role in
condensate interactions RNA requirement/RNA type Main cellular function condensate References
Constitutive
‘Splicing Highly dynamic (1,6-HD RNA-nucleated: length- and Pre-mRNA splicing Condensate [16]
condensate’ sensitive, dynamic by  sequence-dependent, >100 nt nucleation; TDP-43
FRAP); CTD/ regions, sparse UG motifs; is main component
CR-dependent multiple target RNAs
Paraspeckle Highly dynamic (1,6-HD RNA-nucleated: UG-rich Gene expression Condensate [27,59,75,78,79,86,87]
sensitive, dynamic by regions of NEAT1_2; other regulation, including suppression:

Cajal body/Gem

PML body

Stress-induced

Stress-induced
nuclear de novo
TDP-43
condensate (TC)

Nuclear stress
body (nSB)

Interleukin
splicing activating
compartment
(INSAC)

Nucleolar cap

FRAP); NTD-dependent

Highly dynamic 1,6-HD
sensitive, dynamic by
FRAP); CR/CTD- and
NTD-dependent

Relatively dynamic
(FRAP); TDP-43 can
transition into solid-like
state with longer stress

Solid-like (1,6-HD
resistant, low dynamics
by FRAP, stains for
amyloid); NTD- and
CTD-dependent
Solid-like?
CTD-dependent

Solid-like? TDP-43 is
ubiquitinated

Both liquid- and
solid-like subdomains

RNAs — AU-rich, pri-miRNAs

Rich in RNA: snRNAs,
scaRNAs, etc.

RNA-depleted but can
sequester certain RNAs

RNA-depleted but can
sequester certain RNAs;
negatively regulated by
(UG-rich) RNA

RNA-nucleated: satellite Ill
INcRNA,; depleted of TDP-43
target RNAs

Contains interleukin-encoding
pre-mRNAs

RNA-depleted but contains
pre-rRNA transcripts

under stress; late
response to stress

Spliceosome biogenesis
(U snRNP assembly)

Stress response; RBP
protection from
misfolding and
degradation under
stress

TDP-43 sequestration/
inactivation; regulation
of TDP-43 mediated
splicing under stress

RNA processing under
stress

Immune-related RNA
processing

TDP-43/RBP protection
from degradation?
Nucleolus-related
functions

maintaining low
basal assembly;
TDP-43 is a negative
regulator

Condensate
integrity: maintaining
snRNA/sNRNP levels

N/A (regulated by
PML body)

Condensate
nucleation; TDP-43
is main component

n.d.

RNA sequestration
and processing

n.d.

[22,23,91-93,133,134]

[24,135]

[26,52,53]

(29]

[103]

[79,104]

absence of RNA chaperoning, full-length TDP-43 is prone to homotypic interactions yielding structures with
reduced liquid properties.

‘Splicing condensates” and stress-induced de novo TDP-43 condensates, being RNA-seeded liquid-like and
RNA-depleted solid-like assemblies, respectively [16,59], represent the two extremes in the continuum of RNA
enrichment and fluidity (Figure 1C). However other nuclear bodies may not be as easily classifiable into
RNA-enriched and RNA-depleted, and into LLPS-based and non-LLPS/solid-like. Instead, within different
nuclear condensates, TDP-43 may form more and less liquid subdomains composed of RNA-bound and
RNA-unbound species, respectively, which defines the properties of the condensate as a whole. The aliphatic
alcohol 1,6-hexanediol has been instrumental in probing the nature of biomolecular condensates [59,62,63]
however its use has limitations in live cells [64]. A combination of approaches, including FRAP, aliphatic
alcohol exposure and single-molecule imaging approaches [65], will be required to delineate the molecular
states of TDP-43 within nuclear condensates (Figure 1C).
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Post-translational modifications
Post-translational modifications (PTMs) represent another layer in the tight control of TDP-43 condensation
behaviour and nuclear condensate association [66]. Modification of a single amino acid residue can have a dra-
matic effect on TDP-43 phase separating properties, underscoring the importance of this regulatory mechanism
in cells. For example, serine phosphorylation both in the NTD and CTD modulates TDP-43 homotypic interac-
tions and LLPS [67]. Serine-48 is a critical residue in the TDP-43 NTD whose phosphorylation impacts the
protein’s self-assembly and phase separation [68]. Although the effects of this PTM on nuclear MLOs are yet to
be pinpointed, a negative effect on splicing suggests a disruption of condensation. CTD (hyper-)phosphoryl-
ation was found to reduce its stress-induced condensation and render TDP-43 condensates more liquid-like,
without changes in RNA binding [61]. On the other hand, lysine acetylation in RRMs (K136/145/192) is suffi-
cient to disrupt its RNA binding and induce nuclear TDP-43 aggregation [60,69,70].

Thus, TDP-43 condensation within different nuclear MLOs proceeds via different routes, where homotypic
TDP-43 interactions are modulated by RNA, PTMs and other RBPs, translating into a range of physical states
and functionalities.

TDP-43 in constitutive nuclear condensates

Splicing condensates

Earlier findings on the contribution of TDP-43 self-association to its splicing competency were contradictory.
TDP-43 autoregulation or target gene splicing were found to be compromised by NTD or CTD mutations
impacting phase separation in some reports [43,50,71,72] but not in others [73,74]. However, these results can
be reconciled within the recently proposed ‘binding-region condensate’ model, where only certain splicing
targets are affected by disruption of (CTD-driven) TDP-43 condensation [16]. The RBPchimera-CLIP
approach revealed that only the targets containing sparsely positioned YA[UG]n motifs within longer regions
(>100 nt) rely on intact TDP-43 condensation for their splicing; consistently, TDP-43 binding to such motifs
is sensitive to 1,6-hexanediol. In contrast, splicing of targets with more dense arrangement of TDP-43 binding
motifs within a shorter region does not require TDP-43 condensation. Such sub-nanometre TDP-43 conden-
sates may play roles in other nuclear RNA metabolism processes, beyond splicing, which is yet to be
investigated.

Paraspeckles

Paraspeckles are phase-separated nuclear bodies broadly involved in gene expression regulation via sequestra-
tion of RNAs and proteins [75,76]. This MLO is assembled around the ‘architectural’ nuclear-retained IncRNA
NEAT1_2 — the most reliable paraspeckle marker — and possesses an internal core-shell substructure [77].
Multiple RBPs, firstly, NONO and SFPQ, are recruited onto this RNA scaffold, to form NEAT1_2 RNPs -
paraspeckle precursors, which are then joined together into a ~350 nm spheroid by FUS protein [78,79]. FUS
plays a pivotal role in the spheroid assembly; paraspeckles spheroids as such represent FUS condensates.
Paraspeckles are absent from the majority of healthy mammalian tissues [80], and their assembly is triggered
by normal developmental programmes [21] and stress [81,82], but also by tumorigenesis [83] and neurodegen-
eration [84]. Strictly speaking, paraspeckles are stress-inducible condensates, however, they are present in nearly
all proliferating mammalian cell lines in culture, except embryonic stem cells [85], suggesting that culturing
conditions represent a type of stress state requiring their constitutive maintenance [86].

TDP-43 has been found to negatively regulate paraspeckles by promoting NEAT1 polyadenylation, thereby
preventing the production of NEAT1_2 [21]. Unlike other RBPs, TDP-43 localises to the paraspeckle outer
shell [77] in the form of micro-condensates [27] (Figure 2A). Its recruitment into NEAT1_2 RNPs is mediated
by UG-rich tracts (four repeats >8 units in humans) [21] (Figure 2A). However the functional significance of
TDP-43 binding to the paraspeckle precursors and its spheroid shell localisation remained enigmatic. Our most
recent studies have allowed to link these features to the paraspeckle regulation, downstream of NEAT1 isoform
processing. Using super-resolution imaging, NEAT1 gene editing and cell lines with different precursor-
spheroid stoichiometry, TDP-43 has been found to act in preventing FUS-mediated condensation of para-
speckle precursors into the mature spheroid. This was also recapitulated with in vitro condensates of recombin-
ant FUS protein. Furthermore, TDP-43 presence in the spheroid shell promoted the clustering of spheroids,
which may restrict their intra-nuclear mobility and decrease functionality [27] (Figure 2A). Given the constitu-
tive activity of the NEATI promoter [80], such a three-tier control mechanism is seemingly vital for ensuring
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efficient paraspeckle suppression in the steady-state. On the other hand, during stress, TDP-43 sequestration
into de novo condensates would alleviate paraspeckle inhibition and enable a burst of their assembly (Figure 3).
Of note, TDP-43 may also have other functions within paraspeckles, e.g. in miRNA processing [87] or RNA/
protein retention [75].

Cajal bodies/Gems

CBs and gemini of coiled bodies (Gems) are small, <1 wm nuclear MLOs serving as sites for assembly and
modification of small nuclear ribonucleoproteins (snRNPs) critical for pre-mRNA splicing [88]. Although their
numbers vary, they are found in nearly all cell types, representing a prototypical constitutive nuclear body. CBs
and Gems are merged into one structure in some cell types but are separate in others — a phenotype regulated
by methylation of tudor-domain proteins [89]. Coilin (p80) is a reliable CB marker, whereas anti-SMN staining
is used to visualise Gems. Unlike paraspeckles, CBs/Gems are typically dispersed during stress [90].

TDP-43 co-localisation with SMN and Gemin 8-positive structures in the nucleus was observed, with
varying co-localisation with coilin-positive CBs, depending on the cell type [22,23]. In Gems, TDP-43 was
found to interact with U snRNP proteins such as PRPF3 and U1-70K, and its depletion affected Gem integrity
[22,91] (Figure 2B). Furthermore, Gem numbers were found reduced in a TDP-43 knockout mouse model
[92], and TDP-43 loss led to abnormal U snRNA accumulation [22]. In a more recent study, TDP-43 has been
found to regulate a class of regulatory RNAs, small CB specific RNAs (scaRNAs) involved in snRNA processing
[93]. TDP-43 facilitates localisation of specific subpopulations of scaRNAs to CBs in WDR79 protein-
dependent and -independent manner [93]. By promoting the localisation of C/D-type scaRNAs to CBs,
TDP-43 indirectly regulates the site-specific 2'-O-methylation of Ul and U2 snRNAs and prevents the nucle-
olar redistribution of certain scaRNAs [93] (Figure 2B). Thus, the role of TDP-43 in RNA processing is
complex, extending into the regulation of spliceosome assembly and maintenance, and some of these roles rely
on its ability to be recruited into the nuclear condensates CBs/Gems.

(A)Nuclear stress body (nSB) Ao e~
I of RNA
e processing

@ f and stat;ility
D
Satlll IncRNA

(B)Stress-induced nuclear TDP-43  Loss of protein and Transient splicing
condensate (TC) RNA interactions alterations

Temporary TDP-43  Paraspeckle

inactivation upregulation
misfolded stress-induced nuclear paraspeckle
st RNA protein TDP-43 condensate O s spheroid

Figure 3. Stress-inducible TDP-43 containing nuclear condensates.

(A) Regulation of TDP-43 interactions and availability by nuclear stress bodies (nSBs). (B) Stress-induced TDP-43 condensation
in the nucleus leading to TC assembly, splicing alterations and paraspeckle up-regulation. In B, stresses are heat shock,
proteasome inhibition, oxidative stress, and viral infection.
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PML bodies

PML bodies are 0.1-10 wm subnuclear structures present in most cell types and tissues, although their
numbers vary significantly [94]. The general feature of the proteins recruited to PML bodies is their ability to
be sumoylated. These structures may be broadly involved in PTM regulation and protein quality control [95],
and their assembly is enhanced by cellular stress [96]. A recent study has implicated the recruitment of
TDP-43 and other RBPs into PML bodies in their protection from degradation during stress [24] (Figure 2C).
A combination of SNAP-tag labelling and phase-specific fluorophores capable of detecting compartment-
specific protein folding states have revealed that under proteotoxic stress, TDP-43 is sequestered into PML
bodies in its native conformation, together with heat shock proteins such as HSPA1A. With prolonged stress
however, TDP-43 undergoes conformational changes consistent with misfolding and potentially, loss of solubil-
ity [24] (Figure 2C). Being constitutive, PML bodies may be involved in maintaining TDP-43 homeostasis
outside acute stress conditions, which must be addressed in future studies.

TDP-43 in stress-induced nuclear condensates

During stress, the cell nucleus undergoes remodelling at all levels, including RBP redistribution, marked by
reversible assembly of de novo condensates.

Nuclear stress bodies

nSBs are granules of variable size (0.3-3 um) assembled due to activated transcription of highly repetitive satel-
lite III transcripts originating from heterochromatin, in response to a range of stressors such as thermal stress
[97]. HSF1 is recruited onto these transcripts, alongside multiple other proteins, leading to its polymerisation
and nuclear body assembly [98]. Proteomic analysis has revealed enrichment of nSBs for transcription and spli-
cing factors, e.g. from hnRNP and SRSF families, including TDP-43 [99]. nSBs provide a platform for rapid
changes in SRSF protein phosphorylation and intron retention controlled by these proteins [99]. TDP-43 con-
densates were previously detected in the nucleus of cells recovering from heat shock — identified as nSBs by
co-localisation with SAFB protein, an established nSB marker [25]. LCD-containing proteins are tightly regu-
lated by heat shock proteins, and a proteomics study confirmed TDP-43 interactions with several family
members, e.g. HSP70 isoforms [100], further validated in follow-up functional studies [101]. The steady-state
complex of TDP-43 with HSP70 and HSP40 was found to be dismantled during the recovery from heat stress,
correlating with TDP-43 recruitment into nSBs, with HSP40/70 overexpression blocking this event [25]. In the
process, TDP-43 also dissociated from another RBP — splicing factor hnRNPA1 [25]. RIP-seq analysis showed
reduced TDP-43 binding to RNA, despite increased abundance of some transcript classes, such as those related
to unfolded protein response (UPR) [25]. Collectively, these data point to a mechanism of functional TDP-43
inactivation by sequestration into nSBs under acute stress, leading to its transient loss of function in RNA pro-
cessing (Figure 3A).

Stress-induced nuclear TDP-43 condensates (TCs, TDP-43 NBs)

Earlier reports detected visible granulation of TDP-43 in response to arsenite stress and began characterising
the structure and regulation of these granules [26,60,61]. In the two recent studies from our group, it has been
demonstrated that these structures (abbreviated as “TCs’) are distinct from SAFB-positive nSBs and are critically
involved in the regulation of splicing as well as another nuclear condensate, the paraspeckle [27,52]
(Figure 3B). Mechanistically, HSP70 oxidation and loss of chaperoning function on TDP-43 may contribute to
their assembly [53]. Such condensates can also form in vivo, in the CNS of mice, upon delivery of toxic nano-
particles [53]. Proteomic profiling has revealed that TC sequestration is associated with TDP-43 loss of interac-
tions with multiple protein binding partners from the ‘gene expression’ and ‘RNA processing” pathways. Along
with the low complexity of the TC proteome, this suggested that TDP-43 transient inactivation might be their
primary function. Furthermore, their assembly is accompanied by TDP-43 dissociation from RNA, such that
TCs are depleted of (polyadenylated) RNAs, and correlates with splicing alterations consistent with TDP-43
loss of function [52]. Consistently, in another recent study, changes to TDP-43 regulated splicing were detected
in cells exposed to an approved medication ciclopirox causative of heavy-metal toxicity and oxidative stress
[102]. Importantly, stress-induced splicing changes are fully reversible, where TC dissolution coincides with res-
toration of splicing [52]. TDP-43 is a negative regulator of paraspeckles, as described above, and our detailed
studies have revealed that TDP-43 becomes depleted from paraspeckles through its TC sequestration, which
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may contribute to their augmented assembly under stress [27] (Figure 3B). Notably, unlike nSBs that are
nucleated and possibly, maintained by satellite III IncRNAs, TCs seem to be RNA-independent and are inhib-
ited by (UG-rich) RNA [52].

To conclude, TCs and nSBs transiently sequester TDP-43 during stress, with measurable effects on RNA pro-
cessing. Thus, cells employ more than one mechanism to achieve functional TDP-43 inactivation during stress,
highlighting the physiological significance of this effect. Shutdown of the activity of TDP-43 — a key factor in
RNA metabolism in the steady-state — may be essential for rerouting cellular resources to stress response pro-
grammes. In addition, these structures may serve as ‘storage’ condensates, synergising with PML bodies [24] in
preventing TDP-43 degradation during stress.

Formation of TCs (and potentially, nSBs) is a conserved response seen in different cell types, from cancer
cell lines to neurons, and for a variety of stressors [52]. However, TDP-43 can also form de novo nuclear bodies
in a context-specific manner (Table 1). For example, TDP-43 positive nuclear granules assemble in lipopolysac-
charides (LPS)-stimulated macrophages and dendritic cells [103]. These structures, termed interleukin-splicing
activating compartment (InSAC), contain interleukin pre-mRNA and snRNPs released from CBs. Interestingly,
in these InSAC bodies, TDP-43 is ubiquitinated — a PTM usually associated with its non-functional states.
Notably, formation of these foci was accompanied by CB disruption, in line with TDP-43’s role in CB/Gem
integrity [22]. Finally, transcriptional stress is associated with redistribution of RBPs including TDP-43 into
structures on the surface of the nucleolus — ‘nucleolar caps’ [79,104]. These assemblies possess both liquid-
and solid-like subdomains, contain pre-rRNA and may function as storage depots for proteins until the tran-
scription is resumed [104].

Table 1 summarises the properties of the constitutive and stress-induced TDP-43 containing condensates,
including their biophysical states and RNA content. TDP-43 containing constitutive condensates rich in RNA
tend to possess more liquid-like properties, for example splicing condensates and paraspeckles are both sensi-
tive to 1,6-hexanediol and highly dynamic by FRAP analysis [16,59]. On the other hand, stress-induced func-
tional condensates of TDP-43 display higher stability, implicating more solid-like properties. For example, TCs
contain B-sheet/amyloid structure, are resistant to 1,6-hexanediol and display slow recovery in FRAP experi-
ments [52,53]. Alterations to the core properties of constitutive condensates, abnormal assembly of
stress-induced MLOs and formation of de novo condensates are associated with TDP-43 pathological changes
in neurodegeneration, as discussed below.

Dysfunction of TDP-43 rich nuclear condensates in
neurodegeneration

TDP-43 loss from the nucleus and its mislocalisation to the cytoplasm in the CNS cell types, sometimes
accompanied by its aggregation (‘TDP-43 proteinopathy’), are observed in nearly all patients with sporadic
amyotrophic lateral sclerosis (ALS), a large proportion of familial ALS and frontotemporal dementia (FID), a
subset of Alzheimer’s disease, multisystem proteinopathy and myopathy cases [105,106]. In addition to the
CNS, abnormal TDP-43 positive structures in the cytoplasm have been detected in the muscle and neuromus-
cular junctions in ALS and multisystem proteinopathy [17,107] and in microglia in traumatic brain injury
[108]. The cytoplasmic TDP-43 pathology has been in a focus of neurodegeneration research since its discov-
ery. However, the growing appreciation of the nuclear changes as early disease hallmarks should elicit a major
shift in the TDP-43 proteinopathy studies in the upcoming years. Such refocusing is supported by the TDP-43
loss-of-function splicing signatures in postmortem tissue of ALS/FTD and Alzheimer’s disease patients
[109,110] and identification of TDP-43 nuclear granulation in ALS neurons using aptamer detection [111].
Gain of function in the nucleus by aberrant TDP-43 species, including changes to MLOs, in the absence of its
cytoplasmic mislocalisation, represents another piece in the TDP-43 proteinopathy ‘puzzle’ [112].

Altered TDP-43 condensation in disease

Although TDP-43 mutations are a rare cause of ALS (<1% of cases) [113], their studies have been highly
instrumental in dissecting the role of its condensation in neurodegenerative disease. The CTD of TDP-43 is a
hotspot of ALS mutations, and many of them map to CR [14]. CR-breaking variants disrupt TDP-43 LLPS,
decreasing the fluidity of assemblies in vitro and in cells, and impair condensation-dependent splicing
[16,42,47]. Reflecting the antagonism between LLPS and solid-like condensation, these mutations enhance
TDP-43 incorporation into more solid-like assemblies such as TCs [47,52]. Intriguingly, rare TDP-43
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NTD-affecting mutations that promote LLPS and reduce aggregation [26,114] have an opposite effect on TC
partitioning [52]. Thus, disturbing TDP-43’s ability to switch between phase separation states is detrimental
regardless of the direction of change. Decreased RNA availability driven by altered transcription rates [115]
and enhanced RNA degradation [116], mutations disrupting RNA binding [117], and aberrant PTM profiles
[60] will all impact the RNA interactome of TDP-43, thereby shifting the balance towards RNA-depleted, less
fluid assemblies (Figure 4A). Higher prevalence and prolonged maintenance of such assemblies will eventually
exhaust cellular disassembly mechanisms, increasing the likelihood of irreversible aggregation in the nucleus
[118,119]. Indeed, nuclear TDP-43 aggregates have been detected in disease [120]. Furthermore, dysfunction of
a subset of condensates can destabilise the entire condensate network [121]. For example, attenuated TC forma-
tion will affect cytoprotective paraspeckle hyper-assembly under stress [27,82].

Physiological nuclear condensates in disease
Multiple lines of evidence point to wide-spread alterations of TDP-43 containing nuclear condensates in
ALS, including studies in disease models and post-mortem tissue (Figure 4B). Paraspeckle hyper-assembly is
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Figure 4. Dysregulation of TDP-43 containing nuclear condensates in neurodegeneration.
(A) Changes to the properties of TDP-43 containing nuclear condensates in neurodegenerative disease. (B) Dysfunction of
physiological TDP-43 containing condensates and possible de novo condensate assembly in ALS.
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typical for ALS spinal cord motor neurons, irrespective of the disease subtype [122-124]. Structural varia-
tions in NEAT1_2 may enhance paraspeckle suppression by TDP-43, leading to attenuated stress response
and neuronal vulnerability and ultimately, resulting in more severe disease [27]. Being LLPS-based [59], para-
speckles are likely structurally and functionally impaired by TDP-43 mutations that modulate its phase-
separating properties, although it is yet to be proven experimentally. Diminished CB/Gem numbers were
reported in neurons of a transgenic TDP-43 mouse model [92] — a phenotype subsequently confirmed in
ALS cellular models and postmortem tissue [22,91]. Mechanistically, TDP-43 dysfunction leads to aberrant
accumulation of U snRNPs in ALS motor neurons, which is presumably responsible for spliceosome collapse
[22]. TDP-43 coexists with FUS in many RNP complexes, including U snRNPs [125], and disturbed stoichi-
ometry of the two proteins in the nucleus due to altered condensation will contribute to neuronal dysfunc-
tion. A recent study has reported loss of PML bodies in ALS spinal cord and brain neurons [126], which,
given their protective role against TDP-43 degradation during stress [24], can contribute to its depletion.
Finally, stress-inducible TDP-43 condensates are highly sensitive to TDP-43 mutations, where different var-
iants can either augment or attenuate TC assembly [26,52]. Enhanced TC formation associated with pro-
longed TDP-43 retention and inactivation would extend splicing loss-of-function and paraspeckle
hyper-assembly. In sporadic ALS cases, where external factors are contributory, chronic stress exposure may
cause recurring TC assembly and impact slowly recovering splicing targets such as STMN2, thereby phenoco-
pying the effect of TDP-43 mutations [52].

De novo TDP-43 condensation in disease

TDP-43 deficient in RNA binding, due to a mutation affecting RRM or a specific PTM(s), is prone to excessive
condensation in the nucleus [70,117,127]. Intriguingly, we found that nuclear TDP-43 granulation can be trig-
gered by the condensation of poly-PR peptide derived from ALS/FTD-linked C9orf72 gene [128]. Mutant
TDP-43 nuclear condensates can have an ‘amorphous’ appearance [117] or alternatively, ordered arrangement
[69,129]. For example, disease-linked acetylated TDP-43 can phase separate into anisotropic droplets with a
dense but dynamic shell and liquid centre — ‘anisosomes’ [69] (Figure 4B). The structures are dynamic,
ATP-dependent and enriched in HSP70 proteins in their core, however they can lose fluidity with time, solidify
and convert into an aggregate [69]. Intriguingly, our recent study has identified RNA-containing anisotropic
condensates in the nucleus as intermediates of C9orf72 poly-PR aggregation [128]. Another protein associated
with neurological diseases, DDX3X, was reported to form cytoplasmic hollow-centre condensates, potentiated
by impaired RNA binding [130]. The unstable, dynamic nature of anisotropic condensates may preclude their
detection in postmortem tissue and even in in vivo models, however they may mark the earliest disease stages
and represent a common phenotype in neurodegeneration. Further studies are warranted to establish whether
such LLPS condensates of TDP-43 and other proteins are indeed relevant to human disease and if so, whether
they are protective or pathological.

Outlook

TDP-43 is an important house-keeping protein essential for normal cell function. Selective susceptibility of
certain cell types to its dysmetabolism remains enigmatic. Neurons typically affected in TDP-43 proteinopa-
thies may be characterised by specific TDP-43 assembly states that increase their vulnerability to cellular
stress and other disease risk factors. For example, we have detected high basal levels of non-oligomerised
TDP-43 specifically in neurons, which may delay the protective TDP-43 condensation during stress [52].
Profiling the cell type-specificity of TDP-43 self-assembly patterns and condensate biophysical properties
may therefore provide clues on the differential susceptibility to TDP-43 proteinopathy. Given the non-LLPS,
amyloid-like nature of some physiological TDP-43 condensates, a crucial question remains as to how these
condensates are resolved and whether their clearance processes are impaired in disease. Finally, TDP-43
nuclear and cytoplasmic condensation are intimately linked. For example, TDP-43 binding to RNA and its
ability to assemble higher-order RNP complexes have been found to prevent its cytoplasmic efflux in the
steady-state and under stress [52,131,132]. Alterations of TDP-43 containing nuclear condensates constitute
the earliest disease pathology and with further research, should become a source of targets for timely thera-
peutic intervention.
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Perspectives

e TDP-43, a key player in neurodegeneration, is a nuclear RNA-binding protein and splicing
factor. It is a known component of phase-separated assemblies, however we are only begin-
ning to decrypt its roes in the nuclear condensates.

e Depending on the mode of its homotypic interactions and the repertoire of RNAs it binds,
TDP-43 modulates the properties and function of nuclear condensates, both constitutive and
stress-induced. Nuclear condensates, in their turn, can regulate TDP-43 availability.

e Structural alterations in TDP-43, its PTMs or stress-induced changes that compromise its
association with nuclear condensates may underlie the earliest cellular pathologies in neuro-
degenerative disease.

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Funding
We acknowledge the UKRI Future Leaders Fellowship (MR/W004615/1) and BBSRC (BB/V014110/1 and BB/
X018393/1) grants to T.A.S. R.L. is supported by MND Association PhD studentship (910-792, to T.A.S.).

Open Access
Open access for this article was enabled by the participation of University of Sheffield in an all-inclusive Read &
Publish agreement with Portland Press and the Biochemical Society under a transformative agreement with JISC.

Author Contribution
All authors contributed to the drafting, revision and final approval of the manuscript. R.E.H. and R.L. prepared all
figures.

Acknowledgements
We thank other members of the Shelkovnikova lab for helpful discussions. We apologise to the colleagues
whose work was not cited due to space limitations. Figures were prepared using BioRender.com.

Abbreviations

1,6-HD, 1,6-hexanediol; ALS, amyotrophic lateral sclerosis; CB, Cajal body; CNS, central nervous system; CR,
conserved region; CTD, C-terminal domain; FRAP, fluorescence recovery after photobleaching; FTD,
frontotemporal dementia; LARKS, low-complexity aromatic-rich kinked segments; LCD, low-complexity domain;
LLPS, liquid-liquid phase separation; IncRNA, long non-coding RNA; MLO, membraneless organelle; nSB,
nuclear stress body; NTD, N-terminal domain; PML, promyelocytic leukaemia; Poly-PR, proline-arginine
dipeptide repeat; PTM, post-translational protein modification; RBP, RNA-binding protein; RNP,
ribonucleoprotein; scaRNA, small Cajal body specific RNA; snRNP, small nuclear ribonucleoprotein; TC, stress-
induced nuclear TDP-43 condensate; UPR, unfolded protein response.

References

1 Buratti, E. and Baralle, F.E. (2001) Characterization and functional implications of the RNA hinding properties of nuclear factor TDP-43, a novel splicing
regulator of CFTR exon 9. J. Biol. Chem. 276, 36337—-36343 https://doi.org/10.1074/jbc.M104236200

2 Lagier-Tourenne, C., Polymenidou, M., Hutt, K.R., Vu, A.Q., Baughn, M., Huelga, S.C. et al. (2012) Divergent roles of ALS-linked proteins FUS/TLS and
TDP-43 intersect in processing long pre-mRNAs. Nat, Neurosci. 15, 1488—1497 https://doi.org/10.1038/nn.3230

3 Tollervey, J.R., Curk, T., Rogelj, B., Briese, M., Cereda, M., Kayikci, M. et al. (2011) Characterizing the RNA targets and position-dependent splicing
regulation by TDP-43. Nat. Neurosci. 14, 452—458 https://doi.org/10.1038/nn.2778

4 Ling, J.P., Pletnikova, 0., Troncoso, J.C. and Wong, P.C. (2015) TDP-43 repression of nonconserved cryptic exons is compromised in ALS-FTD. Science
349, 650-655 https://doi.org/10.1126/science.aab0983

1820 © 2024 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).

202 1990100 1 U0 18Sn plolays Jo Aisienun Aq Jpd oL pL-6202-1SA/S9096/608 L /7/2S/IPd-8lo1Ie/SUBLI00SWAY0IG/Woo"ssaidpueod//:diy woly papeojumod


https://doi.org/10.1074/jbc.M104236200
https://doi.org/10.1038/nn.3230
https://doi.org/10.1038/nn.2778
https://doi.org/10.1126/science.aab0983
https://creativecommons.org/licenses/by/4.0/

https://doi.org/10.1042/BST20231447

PRESS

Biochemical Society Transactions (2024) 52 1809-1825 ° . PORTLAND
[ )
(]

10
i

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

Rot, G., Wang, Z., Huppertz, I., Modic, M., Lence, T., Hallegger, M. et al. (2017) High-resolution RNA maps suggest common principles of splicing and
polyadenylation regulation by TDP-43. Cell Rep. 19, 10561067 https://doi.org/10.1016/j.celrep.2017.04.028

Polymenidou, M., Lagier-Tourenne, C., Hutt, K.R., Huelga, S.C., Moran, J., Liang, T.Y. et al. (2011) Long pre-mRNA depletion and RNA missplicing
contribute to neuronal vulnerability from loss of TDP-43. Nat. Neurosci. 14, 459-468 https://doi.org/10.1038/nn.2779

Kawahara, Y. and Mieda-Sato, A. (2012) TDP-43 promotes microRNA biogenesis as a component of the Drosha and Dicer complexes. Proc. Natl Acad.
Sci. U.S.A. 109, 3347-3352 https://doi.org/10.1073/pnas.1112427109

Alami, N.H., Smith, R.B., Carrasco, M.A., Williams, L.A., Winborn, C.S., Han, S.S.W. et al. (2014) Axonal transport of TDP-43 mRNA granules is
impaired by ALS-causing mutations. Neuron 81, 536-543 https://doi.org/10.1016/j.neuron.2013.12.018

Tam, O.H., Rozhkov, N.V., Shaw, R., Kim, D., Hubbard, I., Fennessey, S. et al. (2019) Postmortem cortex samples identify distinct molecular subtypes of
ALS: retrotransposon activation, oxidative stress, and activated glia. Cell Rep. 29, 1164—1177.e1165 https://doi.org/10.1016/j.celrep.2019.09.066
Courchaine, E.M., Lu, A. and Neugebauer, K.M. (2016) Droplet organelles? EMBO J. 35, 1603—1612 https://doi.org/10.15252/embj.201593517
Banani, S.F., Lee, H.0., Hyman, A.A. and Rosen, M.K. (2017) Biomolecular condensates: organizers of cellular biochemistry. Nat. Rev. Mol. Cell Biol.
18, 285-298 https://doi.org/10.1038/nrm.2017.7

Hyman, A.A., Weber, C.A. and Julicher, F. (2014) Liquid-liquid phase separation in biology. Annu. Rev. Cell Dev. Biol. 30, 39-58 https://doi.org/10.
1146/annurev-cellbio-100913-013325

Shin, Y. and Brangwynne, C.P. (2017) Liquid phase condensation in cell physiology and disease. Science 357, eaaf4382 https://doi.org/10.1126/
science.aaf4382

Conicella, A.E., Zerze, G.H., Mittal, J. and Fawzi, N.L. (2016) ALS mutations disrupt phase separation mediated by alpha-helical structure in the TDP-43
low-complexity C-terminal domain. Structure 24, 1537—1549 https://doi.org/10.1016/j.str.2016.07.007

Stanek, D. and Fox, A.H. (2017) Nuclear bodies: news insights into structure and function. Curr. Opin. Cell Biol. 46, 94-101 https://doi.org/10.1016/j.
ceb.2017.05.001

Hallegger, M., Chakrabarti, A.M., Lee, F.C.Y., Lee, B.L., Amalietti, A.G., Odeh, H.M. et al. (2021) TDP-43 condensation properties specify its
RNA-binding and regulatory repertoire. Cell 184, 4680-4696.e4622 https://doi.org/10.1016/).cell.2021.07.018

Vogler, T.0., Wheeler, J.R., Nguyen, E.D., Hughes, M.P., Britson, K.A., Lester, E. et al. (2018) TDP-43 and RNA form amyloid-like myo-granules in
regenerating muscle. Nature 563, 508—513 https://doi.org/10.1038/s41586-018-0665-2

Ayala, Y.M., Zago, P., D’Ambrogio, A., Xu, Y.F., Petrucelli, L., Buratti, E. et al. (2008) Structural determinants of the cellular localization and shuttling of
TDP-43. J. Cell Sci. 121, 3778-3785 https://doi.org/10.1242/jcs.038950

Doll, S.G., Meshkin, H., Bryer, A.J., Li, F., Ko, Y.H., Lokareddy, R.K. et al. (2022) Recognition of the TDP-43 nuclear localization signal by importin
alphal/beta. Cell Rep. 39, 111007 https://doi.org/10.1016/j.celrep.2022.111007

Wang, I.F., Reddy, N.M. and Shen, C.K. (2002) Higher order arrangement of the eukaryotic nuclear bodies. Proc. Natl Acad. Sci. U.S.A. 99,
1358313588 https://doi.org/10.1073/pnas.212483099

Modic, M., Grosch, M., Rot, G., Schirge, S., Lepko, T., Yamazaki, T. et al. (2019) Cross-regulation between TDP-43 and paraspeckles promotes
pluripotency-differentiation transition. Mol. Cell 74, 951-965.913 https://doi.org/10.1016/j.molcel.2019.03.041

Tsuiji, H., Iguchi, Y., Furuya, A., Kataoka, A., Hatsuta, H., Atsuta, N. et al. (2013) Spliceosome integrity is defective in the motor neuron diseases ALS
and SMA. EMBO Mol. Med. 5, 221-234 https://doi.org/10.1002/emmm.201202303

Perez-Berlanga, M., Wiersma, V.I., Zbinden, A., De Vos, L., Wagner, U., Foglieni, C. et al. (2023) Loss of TDP-43 oligomerization or RNA binding elicits
distinct aggregation patterns. EMBO J. 42, 111719 https://doi.org/10.15252/embj.2022111719

Jung, K.H., Sun, J., Hsiung, C.H., Lance Lian, X., Liu, Y. and Zhang, X. (2023) Nuclear bodies protect phase separated proteins from degradation in
stressed proteome. bioRxiv https://doi.org/10.1101/2023.04.19.537522

Udan-Johns, M., Bengoechea, R., Bell, S., Shao, J., Diamond, M.I., True, H.L. et al. (2014) Prion-like nuclear aggregation of TDP-43 during heat shock
is regulated by HSP40/70 chaperones. Hum. Mol. Genet. 23, 157-170 https://doi.org/10.1093/hmg/ddt408

Wang, C., Duan, Y., Duan, G., Wang, Q., Zhang, K., Deng, X. et al. (2020) Stress induces dynamic, cytotoxicity-antagonizing TDP-43 nuclear bodies via
paraspeckle IncRNA NEAT1-mediated liquid-liquid phase separation. Mol. Cell 79, 443—-458.e447 https://doi.org/10.1016/j.molcel.2020.06.019
Hodgson, R., Huang, W.-P., Kumar, V., An, H., Cahlakova, Z., Rayment, J. et al. TDP-43 is a master regulator of paraspeckle condensation. Available at
SSRN: https:/ssrn.com/abstract=4721338 or https://doi.org/10.2139/ssrn.4721338

Birsa, N., Bentham, M.P. and Fratta, P. (2020) Cytoplasmic functions of TDP-43 and FUS and their role in ALS. Semin. Cell Dev. Biol. 99, 193-201
https://doi.org/10.1016/j.semcdb.2019.05.023

Ederle, H. and Dormann, D. (2017) TDP-43 and FUS en route from the nucleus to the cytoplasm. FEBS Lett. 591, 1489-1507 https://doi.org/10.1002/
1873-3468.12646

Fakim, H. and Vande Velde, C. (2024) The implications of physiological biomolecular condensates in amyotrophic lateral sclerosis. Semin. Cell Dev. Biol.
156, 176-189 https://doi.org/10.1016/j.semcdb.2023.05.006

Suk, T.R. and Rousseaux, M.W.C. (2020) The role of TDP-43 mislocalization in amyotrophic lateral sclerosis. Mol. Neurodegener. 15, 45 https://doi.org/
10.1186/513024-020-00397-1

Tziortzouda, P., Van Den Bosch, L. and Hirth, F. (2021) Triad of TDP43 control in neurodegeneration: autoregulation, localization and aggregation. Nat.
Rev. Neurosci. 22, 197—208 https://doi.org/10.1038/s41583-021-00431-1

Protter, D.S.W., Rao, B.S., Van Treeck, B., Lin, Y., Mizoue, L., Rosen, M.K. et al. (2018) Intrinsically disordered regions can contribute promiscuous
interactions to RNP granule assembly. Cell Rep. 22, 1401-1412 https://doi.org/10.1016/j.celrep.2018.01.036

Roden, C. and Gladfelter, A.S. (2021) RNA contributions to the form and function of biomolecular condensates. Nat. Rev. Mol. Cell Biol. 22, 183-195
https://doi.org/10.1038/s41580-020-0264-6

Tauber, D., Tauber, G. and Parker, R. (2020) Mechanisms and regulation of RNA condensation in RNP granule formation. Trends Biochem. Sci. 45,
764-778 https://doi.org/10.1016/}.tibs.2020.05.002

Dignon, G.L., Best, R.B. and Mittal, J. (2020) Biomolecular phase separation: from molecular driving forces to macroscopic properties. Annu. Rev. Phys.
Chem. 71, 53-75 https://doi.org/10.1146/annurev-physchem-071819-113553

© 2024 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 1821

202 1990100 1 U0 18Sn plolays Jo Aisienun Aq Jpd oL pL-6202-1SA/S9096/608 L /7/2S/IPd-8lo1Ie/SUBLI00SWAY0IG/Woo"ssaidpueod//:diy woly papeojumod


https://doi.org/10.1016/j.celrep.2017.04.028
https://doi.org/10.1038/nn.2779
https://doi.org/10.1073/pnas.1112427109
https://doi.org/10.1016/j.neuron.2013.12.018
https://doi.org/10.1016/j.celrep.2019.09.066
https://doi.org/10.15252/embj.201593517
https://doi.org/10.1038/nrm.2017.7
https://doi.org/10.1146/annurev-cellbio-100913-013325
https://doi.org/10.1146/annurev-cellbio-100913-013325
https://doi.org/10.1146/annurev-cellbio-100913-013325
https://doi.org/10.1146/annurev-cellbio-100913-013325
https://doi.org/10.1146/annurev-cellbio-100913-013325
https://doi.org/10.1126/science.aaf4382
https://doi.org/10.1126/science.aaf4382
https://doi.org/10.1016/j.str.2016.07.007
https://doi.org/10.1016/j.ceb.2017.05.001
https://doi.org/10.1016/j.ceb.2017.05.001
https://doi.org/10.1016/j.cell.2021.07.018
https://doi.org/10.1038/s41586-018-0665-2
https://doi.org/10.1038/s41586-018-0665-2
https://doi.org/10.1038/s41586-018-0665-2
https://doi.org/10.1038/s41586-018-0665-2
https://doi.org/10.1242/jcs.038950
https://doi.org/10.1016/j.celrep.2022.111007
https://doi.org/10.1073/pnas.212483099
https://doi.org/10.1016/j.molcel.2019.03.041
https://doi.org/10.1002/emmm.201202303
https://doi.org/10.15252/embj.2022111719
https://doi.org/10.1101/2023.04.19.537522
https://doi.org/10.1093/hmg/ddt408
https://doi.org/10.1016/j.molcel.2020.06.019
https://ssrn.com/abstract&equals;4721338
https://ssrn.com/abstract&equals;4721338
https://doi.org/10.2139/ssrn.4721338
https://doi.org/10.1016/j.semcdb.2019.05.023
https://doi.org/10.1002/1873-3468.12646
https://doi.org/10.1002/1873-3468.12646
https://doi.org/10.1002/1873-3468.12646
https://doi.org/10.1016/j.semcdb.2023.05.006
https://doi.org/10.1186/s13024-020-00397-1
https://doi.org/10.1186/s13024-020-00397-1
https://doi.org/10.1186/s13024-020-00397-1
https://doi.org/10.1186/s13024-020-00397-1
https://doi.org/10.1186/s13024-020-00397-1
https://doi.org/10.1038/s41583-021-00431-1
https://doi.org/10.1038/s41583-021-00431-1
https://doi.org/10.1038/s41583-021-00431-1
https://doi.org/10.1038/s41583-021-00431-1
https://doi.org/10.1016/j.celrep.2018.01.036
https://doi.org/10.1038/s41580-020-0264-6
https://doi.org/10.1038/s41580-020-0264-6
https://doi.org/10.1038/s41580-020-0264-6
https://doi.org/10.1038/s41580-020-0264-6
https://doi.org/10.1016/j.tibs.2020.05.002
https://doi.org/10.1146/annurev-physchem-071819-113553
https://doi.org/10.1146/annurev-physchem-071819-113553
https://doi.org/10.1146/annurev-physchem-071819-113553
https://doi.org/10.1146/annurev-physchem-071819-113553
https://creativecommons.org/licenses/by/4.0/

.. 2 PORTLAND
00 Press
37
38

39

40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66

67

Biochemical Society Transactions (2024) 52 1809-1825
https://doi.org/10.1042/BST20231447

Wang, J., Choi, J.M., Holehouse, A.S., Lee, H.0., Zhang, X., Jahnel, M. et al. (2018) A molecular grammar governing the driving forces for phase
separation of prion-like RNA binding proteins. Cell 174, 688—699.e616 https://doi.org/10.1016/j.cell.2018.06.006

Wiedner, H.J. and Giudice, J. (2021) It's not just a phase: function and characteristics of RNA-binding proteins in phase separation. Nat. Struct. Mol.
Biol. 28, 465473 https://doi.org/10.1038/541594-021-00601-w

Johnson, B.S., Snead, D., Lee, J.J., McCaffery, J.M., Shorter, J. and Gitler, A.D. (2009) TDP-43 is intrinsically aggregation-prone, and amyotrophic
lateral sclerosis-linked mutations accelerate aggregation and increase toxicity. J. Biol. Chem. 284, 20329-20339 https://doi.org/10.1074/jbc.M109.
010264

King, 0.D., Gitler, A.D. and Shorter, J. (2012) The tip of the iceberg: RNA-binding proteins with prion-like domains in neurodegenerative disease. Brain
Res. 1462, 61-80 https://doi.org/10.1016/j.brainres.2012.01.016

Guenther, E.L., Cao, Q., Trinh, H., Lu, J., Sawaya, M.R., Cascio, D. et al. (2018) Atomic structures of TDP-43 LCD segments and insights into
reversible or pathogenic aggregation. Nat. Struct. Mol. Biol. 25, 463—471 https://doi.org/10.1038/s41594-018-0064-2

Conicella, A.E., Dignon, G.L., Zerze, G.H., Schmidt, H.B., D’Ordine, A.M., Kim, Y.C. et al. (2020) TDP-43 alpha-helical structure tunes liquid-liquid
phase separation and function. Proc. Natl Acad. Sci. U.S.A. 117, 5883-5894 https://doi.org/10.1073/pnas. 1912055117

D’Ambrogio, A., Buratti, E., Stuani, C., Guarnaccia, C., Romano, M., Ayala, Y.M. et al. (2009) Functional mapping of the interaction between TDP-43
and hnRNP A2 in vivo. Nucleic Acids Res. 37, 4116—4126 https://doi.org/10.1093/nar/gkp342

Kuo, P.H., Chiang, C.H., Wang, Y.T., Doudeva, L.G. and Yuan, H.S. (2014) The crystal structure of TDP-43 RRM1-DNA complex reveals the specific
recognition for UG- and TG-rich nucleic acids. Nucleic Acids Res. 42, 4712—4722 https://doi.org/10.1093/nar/gkt1407

Lukavsky, P.J., Daujotyte, D., Tollervey, J.R., Ule, J., Stuani, C., Buratti, E. et al. (2013) Molecular basis of UG-rich RNA recognition by the human
splicing factor TDP-43. Nat. Struct. Mol. Biol. 20, 14431449 https://doi.org/10.1038/nsmb.2698

Rengifo-Gonzalez, J.C., El Hage, K., Clement, M.J., Steiner, E., Joshi, V., Craveur, P. et al. (2021) The cooperative binding of TDP-43 to GU-rich RNA
repeats antagonizes TDP-43 aggregation. Elife 10, 67605 https://doi.org/10.7554/eLife.67605

Grese, Z.R., Bastos, A.C., Mamede, L.D., French, R.L., Miller, T.M. and Ayala, Y.M. (2021) Specific RNA interactions promote TDP-43 multivalent phase
separation and maintain liquid properties. EMBO Rep. 22, 53632 https://doi.org/10.15252/embr.202153632

Kuo, P.H., Doudeva, L.G., Wang, Y.T., Shen, C.K. and Yuan, H.S. (2009) Structural insights into TDP-43 in nucleic-acid binding and domain interactions.
Nucleic Acids Res. 37, 1799-1808 https://doi.org/10.1093/nar/gkp013

Mompean, M., Romano, V., Pantoja-Uceda, D., Stuani, C., Baralle, F.E., Buratti, E. et al. (2016) The TDP-43 N-terminal domain structure at high
resolution. FEBS J. 283, 1242-1260 https://doi.org/10.1111/febs.13651

Afroz, T., Hock, E.M., Emnst, P., Foglieni, C., Jambeau, M., Gilhespy, L.A.B. et al. (2017) Functional and dynamic polymerization of the ALS-linked
protein TDP-43 antagonizes its pathologic aggregation. Nat. Commun. 8, 45 https://doi.org/10.1038/s41467-017-00062-0

McGurk, L., Gomes, E., Guo, L., Shorter, J. and Bonini, N.M. (2018) Poly(ADP-ribose) engages the TDP-43 nuclear-localization sequence to regulate
granulo-filamentous aggregation. Biochemistry 57, 6923-6926 https://doi.org/10.1021/acs.biochem.8b00910

Huang, W.P., Ellis, B.C.S., Hodgson, R.E., Sanchez Avila, A., Kumar, V., Rayment, J. et al. (2024) Stress-induced TDP-43 nuclear condensation leads to
splicing loss-of-function and STMN2 depletion. Cell Rep. https://doi.org/10.1016/j.celrep.2024.114421

Sun, H., Yang, B., Li, Q., Zhu, X., Song, E., Liu, C. et al. (2024) Polystyrene nanoparticles trigger aberrant condensation of TDP-43 and amyotrophic
lateral sclerosis-like symptoms. Nat. Nanotechnol. https://doi.org/10.1038/s41565-024-01683-5

Tsoi, P.S., Choi, K.J., Leonard, P.G., Sizovs, A., Moosa, M.M., MacKenzie, K.R. et al. (2017) The N-terminal domain of ALS-linked TDP-43 assembles
without misfolding. Angew. Chem. Int. Ed. Engl. 56, 1259012593 https://doi.org/10.1002/anie.201706769

Jiang, L.L., Che, M.X., Zhao, J., Zhou, C.J., Xie, M.Y., Li, H.Y. et al. (2013) Structural transformation of the amyloidogenic core region of TDP-43
protein initiates its aggregation and cytoplasmic inclusion. J. Biol. Chem. 288, 19614—19624 https://doi.org/10.1074/jbc.M113.463828

Hirose, T., Ninomiya, K., Nakagawa, S. and Yamazaki, T. (2023) A guide to membraneless organelles and their various roles in gene regulation. Nat.
Rev. Mol. Cell Biol. 24, 288-304 https://doi.org/10.1038/541580-022-00558-8

Loganathan, S., Lehmkuhl, E.M., Eck, R.J. and Zarnescu, D.C. (2020) To be or not to be...toxic-is RNA association with TDP-43 complexes deleterious
or protective in neurodegeneration? Front. Mol. Biosci. 6, 154 https://doi.org/10.3389/fmolb.2019.00154

Mann, J.R., Gleixner, AM., Mauna, J.C., Gomes, E., DeChellis-Marks, M.R., Needham, P.G. et al. (2019) RNA binding antagonizes neurotoxic phase
transitions of TDP-43. Neuron 102, 321-338.e328 https://doi.org/10.1016/j.neuron.2019.01.048

Yamazaki, T., Souquere, S., Chujo, T., Kobelke, S., Chong, Y.S., Fox, A.H. et al. (2018) Functional domains of NEAT1 architectural IncRNA induce
paraspeckle assembly through phase separation. Mol. Cell 70, 1038—1053.61037 https://doi.org/10.1016/j.molcel.2018.05.019

Cohen, T.J., Hwang, A.W., Restrepo, C.R., Yuan, C.X., Trojanowski, J.Q. and Lee, V.M. (2015) An acetylation switch controls TDP-43 function and
aggregation propensity. Nat. Commun. 6, 5845 https://doi.org/10.1038/ncomms6845

da Silva, L.A.G., Simonetti, F., Hutten, S., Riemenschneider, H., Sternburg, E.L., Pietrek, L.M. et al. (2022) Disease-linked TDP-43 hyperphosphorylation
suppresses TDP-43 condensation and aggregation. EMBO J. 41, 108443 https://doi.org/10.15252/embj.2021108443

Jain, S., Wheeler, J.R., Walters, R.W., Agrawal, A., Barsic, A. and Parker, R. (2016) ATPase-modulated stress granules contain a diverse proteome and
substructure. Cell 164, 487—498 https://doi.org/10.1016/j.cell.2015.12.038

Peskett, T.R., Rau, F., O’Driscoll, J., Patani, R., Lowe, A.R. and Saibil, H.R. (2018) A liquid to solid phase transition underlying pathological huntingtin
Exon1 aggregation. Mol. Cell 70, 588—601.6586 https://doi.org/10.1016/j.molcel.2018.04.007

Duster, R., Kaltheuner, I.H., Schmitz, M. and Geyer, M. (2021) 1,6-Hexanediol, commonly used to dissolve liquid-liquid phase separated condensates,
directly impairs kinase and phosphatase activities. J. Biol. Chem. 296, 100260 https://doi.org/10.1016/}.joc.2021.100260

Streit, L., Kuhn, T., Vomhof, T., Bopp, V., Ludolph, A.C., Weishaupt, J.H. et al. (2022) Stress induced TDP-43 mobility loss independent of stress
granules. Nat. Commun. 13, 5480 https://doi.org/10.1038/s41467-022-32939-0

Buratti, E. (2018) TDP-43 post-translational modifications in health and disease. Expert Opin. Ther. Targets 22, 279-293 https://doi.org/10.1080/
14728222.2018.1439923

Sternburg, E.L., da Silva, L.A.G. and Dormann, D. (2022) Post-translational modifications on RNA-binding proteins: accelerators, brakes, or passengers
in neurodegeneration? Trends Biochem. Sci. 47, 6-22 https://doi.org/10.1016/).tibs.2021.07.004

1822 © 2024 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).

202 1990100 1 U0 18Sn plolays Jo Aisienun Aq Jpd oL pL-6202-1SA/S9096/608 L /7/2S/IPd-8lo1Ie/SUBLI00SWAY0IG/Woo"ssaidpueod//:diy woly papeojumod


https://doi.org/10.1016/j.cell.2018.06.006
https://doi.org/10.1038/s41594-021-00601-w
https://doi.org/10.1038/s41594-021-00601-w
https://doi.org/10.1038/s41594-021-00601-w
https://doi.org/10.1038/s41594-021-00601-w
https://doi.org/10.1074/jbc.M109.010264
https://doi.org/10.1074/jbc.M109.010264
https://doi.org/10.1016/j.brainres.2012.01.016
https://doi.org/10.1038/s41594-018-0064-2
https://doi.org/10.1038/s41594-018-0064-2
https://doi.org/10.1038/s41594-018-0064-2
https://doi.org/10.1038/s41594-018-0064-2
https://doi.org/10.1073/pnas.1912055117
https://doi.org/10.1093/nar/gkp342
https://doi.org/10.1093/nar/gkt1407
https://doi.org/10.1038/nsmb.2698
https://doi.org/10.7554/eLife.67605
https://doi.org/10.15252/embr.202153632
https://doi.org/10.1093/nar/gkp013
https://doi.org/10.1111/febs.13651
https://doi.org/10.1038/s41467-017-00062-0
https://doi.org/10.1038/s41467-017-00062-0
https://doi.org/10.1038/s41467-017-00062-0
https://doi.org/10.1038/s41467-017-00062-0
https://doi.org/10.1021/acs.biochem.8b00910
https://doi.org/10.1016/j.celrep.2024.114421
https://doi.org/10.1038/s41565-024-01683-5
https://doi.org/10.1038/s41565-024-01683-5
https://doi.org/10.1038/s41565-024-01683-5
https://doi.org/10.1038/s41565-024-01683-5
https://doi.org/10.1002/anie.201706769
https://doi.org/10.1074/jbc.M113.463828
https://doi.org/10.1038/s41580-022-00558-8
https://doi.org/10.1038/s41580-022-00558-8
https://doi.org/10.1038/s41580-022-00558-8
https://doi.org/10.1038/s41580-022-00558-8
https://doi.org/10.3389/fmolb.2019.00154
https://doi.org/10.1016/j.neuron.2019.01.048
https://doi.org/10.1016/j.molcel.2018.05.019
https://doi.org/10.1038/ncomms6845
https://doi.org/10.15252/embj.2021108443
https://doi.org/10.1016/j.cell.2015.12.038
https://doi.org/10.1016/j.molcel.2018.04.007
https://doi.org/10.1016/j.jbc.2021.100260
https://doi.org/10.1038/s41467-022-32939-0
https://doi.org/10.1038/s41467-022-32939-0
https://doi.org/10.1038/s41467-022-32939-0
https://doi.org/10.1038/s41467-022-32939-0
https://doi.org/10.1080/14728222.2018.1439923
https://doi.org/10.1080/14728222.2018.1439923
https://doi.org/10.1016/j.tibs.2021.07.004
https://creativecommons.org/licenses/by/4.0/

Biochemical Society Transactions (2024) 52 1809-1825 ° PORTLAND
https://doi.org/10.1042/BST20231447 ... PRESS

68  Wang, A., Conicella, A.E., Schmidt, H.B., Martin, E.W., Rhoads, S.N., Reeb, A.N. et al. (2018) A single N-terminal phosphomimic disrupts TDP-43
polymerization, phase separation, and RNA splicing. EMBO J. 37, €97452 https://doi.org/10.15252/embj.201797452

69 Yu, H., Lu, S., Gasior, K., Singh, D., Vazquez-Sanchez, S., Tapia, O. et al. (2021) HSP70 chaperones RNA-free TDP-43 into anisotropic intranuclear
liquid spherical shells. Science 371, eabb4309 https://doi.org/10.1126/science.abb4309

70  Morato, J.G., Hans, F., von Zweydorf, F., Feederle, R., Elsasser, S.J., Skodras, A.A. et al. (2022) Sirtuin-1 sensitive lysine-136 acetylation drives phase
separation and pathological aggregation of TDP-43. Nat. Commun. 13, 1223 https://doi.org/10.1038/s41467-022-28822-7

71 Koehler, L.C., Grese, Z.R., Bastos, A.C.S., Mamede, L.D., Heyduk, T. and Ayala, Y.M. (2022) TDP-43 oligomerization and phase separation properties
are necessary for autoregulation. Front. Neurosci. 16, 818655 https://doi.org/10.3389/fnins.2022.818655

72 Jiang, L.L., Xue, W., Hong, J.Y., Zhang, J.T., Li, M.J., Yu, S.N. et al. (2017) The N-terminal dimerization is required for TDP-43 splicing activity. Sci.
Rep. 7, 6196 https://doi.org/10.1038/s41598-017-06263-3

73 Schmidt, H.B., Barreau, A. and Rohatgi, R. (2019) Phase separation-deficient TDP43 remains functional in splicing. Nat. Commun. 10, 4890 https://doi.
0rg/10.1038/s41467-019-12740-2

74 Roczniak-Ferguson, A. and Ferguson, S.M. (2019) Pleiotropic requirements for human TDP-43 in the regulation of cell and organelle homeostasis. Life
Sci. Alliance 2, €201900358 https://doi.org/10.26508/Isa.201900358

75  Fox, AH., Nakagawa, S., Hirose, T. and Bond, C.S. (2018) Paraspeckles: where long noncoding RNA meets phase separation. Trends Biochem. Sci. 43,
124135 https://doi.org/10.1016/).tibs.2017.12.001

76 Wang, Y. and Chen, L.L. (2020) Organization and function of paraspeckles. £ssays Biochem. 64, 875-882 https://doi.org/10.1042/EBC20200010

77  Nakagawa, S., Yamazaki, T. and Hirose, T. (2018) Molecular dissection of nuclear paraspeckles: towards understanding the emerging world of the RNP
milieu. Open Biol. 8, 180150 https://doi.org/10.1098/rsob.180150

78  West, J.A., Mito, M., Kurosaka, S., Takumi, T., Tanegashima, C., Chujo, T. et al. (2016) Structural, super-resolution microscopy analysis of paraspeckle
nuclear body organization. J. Cell Biol. 214, 817-830 https://doi.org/10.1083/jcb.201601071

79  Naganuma, T., Nakagawa, S., Tanigawa, A., Sasaki, Y.F., Goshima, N. and Hirose, T. (2012) Alternative 3’-end processing of long noncoding RNA
initiates construction of nuclear paraspeckles. EMBO J. 31, 40204034 https://doi.org/10.1038/emboj.2012.251

80 Nakagawa, S., Naganuma, T., Shioi, G. and Hirose, T. (2011) Paraspeckles are subpopulation-specific nuclear bodies that are not essential in mice.
J. Cell Biol. 193, 31-39 https://doi.org/10.1083/jcb.201011110

81 Kukharsky, M.S., Ninkina, N.N., An, H., Telezhkin, V., Wei, W., Meritens, C.R. et al. (2020) Long non-coding RNA Neat1 regulates adaptive behavioural
response to stress in mice. Transl. Psychiatry 10, 171 https://doi.org/10.1038/s41398-020-0854-2

82  An, H, Tan, J.T. and Shelkovnikova, T.A. (2019) Stress granules regulate stress-induced paraspeckle assembly. J. Cell Biol. 218, 4127-4140
https://doi.org/10.1083/jch.201904098

83  Adriaens, C. and Marine, J.C. (2017) NEAT1-containing paraspeckles: central hubs in stress response and tumor formation. Cell Cycle 16, 137—-138
https://doi.org/10.1080/15384101.2016.1235847

84  An, H., Williams, N.G. and Shelkovnikova, T.A. (2018) NEAT1 and paraspeckles in neurodegenerative diseases: a missing Inc found? Noncoding RNA
Res. 3, 243-252 https://doi.org/10.1016/j.ncrna.2018.11.003

85  Chen, L.L. and Carmichael, G.G. (2009) Altered nuclear retention of mRNAs containing inverted repeats in human embryonic stem cells: functional role
of a nuclear noncoding RNA. Mol. Cell 35, 467-478 https://doi.org/10.1016/j.molcel.2009.06.027

86  McCluggage, F. and Fox, A.H. (2021) Paraspeckle nuclear condensates: global sensors of cell stress? Bioessays 43, €2000245 https://doi.org/10.1002/
bies.202000245

87  Jiang, L., Shao, C., Wu, Q.J., Chen, G., Zhou, J., Yang, B. et al. (2017) NEAT1 scaffolds RNA-binding proteins and the Microprocessor to globally
enhance pri-miRNA processing. Nat. Struct. Mol. Biol. 24, 816-824 https://doi.org/10.1038/nsmb.3455

88  Matera, A.G. and Wang, Z. (2014) A day in the life of the spliceosome. Nat. Rev. Mol. Cell Biol. 15, 108—121 https://doi.org/10.1038/nrm3742

89  Courchaine, E.M., Barentine, A.E.S., Straube, K., Lee, D.R., Bewersdorf, J. and Neugebauer, K.M. (2021) DMA-tudor interaction modules control the
specificity of in vivo condensates. Cell 184, 3612—3625.e3617 https://doi.org/10.1016/j.cell.2021.05.008

90  Rossi, S., Rompietti, V., Antonucci, Y., Giovannini, D., Scopa, C., Scaricamazza, S. et al. (2020) UsnRNP trafficking is regulated by stress granules and
compromised by mutant ALS proteins. Neurobiol. Dis. 138, 104792 https://doi.org/10.1016/j.nbd.2020.104792

91 Yamazaki, T., Chen, S., Yu, Y., Yan, B., Haertlein, T.C., Carrasco, M.A. et al. (2012) FUS-SMN protein interactions link the motor neuron diseases ALS
and SMA. Cell Rep. 2, 799-806 https://doi.org/10.1016/j.celrep.2012.08.025

92 Shan, X., Chiang, P.M., Price, D.L. and Wong, P.C. (2010) Altered distributions of Gemini of coiled bodies and mitochondria in motor neurons of
TDP-43 transgenic mice. Proc. Natl Acad. Sci. U.S.A. 107, 1632516330 https://doi.org/10.1073/pnas.1003459107

93 lzumikawa, K., Nobe, Y., Ishikawa, H., Yamauchi, Y., Taoka, M., Sato, K. et al. (2019) TDP-43 regulates site-specific 2’-0-methylation of U1 and U2
snRNAs via controlling the Cajal body localization of a subset of C/D scaRNAs. Nucleic Acids Res. 47, 2487—-2505 https://doi.org/10.1093/nar/gkz086

94 Lallemand-Breitenbach, V. and de The, H. (2018) PML nuclear bodies: from architecture to function. Curr. Opin. Cell Biol. 52, 154—-161 https://doi.org/
10.1016/j.ceb.2018.03.011

95  Lallemand-Breitenbach, V. and de The, H. (2010) PML nuclear bodies. Cold Spring Harb. Perspect. Biol. 2, a000661 https://doi.org/10.1101/
cshperspect.a000661

96 Niwa-Kawakita, M., Ferhi, 0., Soilihi, H., Le Bras, M., Lallemand-Breitenbach, V. and de The, H. (2017) PML is a ROS sensor activating p53 upon
oxidative stress. J. Exp. Med. 214, 3197-3206 https://doi.org/10.1084/jem.20160301

97  Biamonti, G. and Vourc’h, C. (2010) Nuclear stress bodies. Cold Spring Harb. Perspect. Biol. 2, a000695 https://doi.org/10.1101/cshperspect.a000695

98  Jolly, C., Metz, A., Govin, J., Vigneron, M., Turner, B.M., Khochbin, S. et al. (2004) Stress-induced transcription of satellite lll repeats. J. Cell Biol. 164,
25-33 https://doi.org/10.1083/jcb.200306104

99  Ninomiya, K., Adachi, S., Natsume, T., Iwakiri, J., Terai, G., Asai, K. et al. (2020) LncRNA-dependent nuclear stress bodies promote intron retention
through SR protein phosphorylation. EMBO J. 39, e102729 https://doi.org/10.15252/embj.2019102729

100 Freibaum, B.D., Chitta, R.K., High, A.A. and Taylor, J.P. (2010) Global analysis of TDP-43 interacting proteins reveals strong association with RNA
splicing and translation machinery. J. Proteome Res. 9, 1104—1120 https://doi.org/10.1021/pr901076y

© 2024 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 1823

202 1990100 1 U0 18Sn plolays Jo Aisienun Aq Jpd oL pL-6202-1SA/S9096/608 L /7/2S/IPd-8lo1Ie/SUBLI00SWAY0IG/Woo"ssaidpueod//:diy woly papeojumod


https://doi.org/10.15252/embj.201797452
https://doi.org/10.1126/science.abb4309
https://doi.org/10.1038/s41467-022-28822-7
https://doi.org/10.1038/s41467-022-28822-7
https://doi.org/10.1038/s41467-022-28822-7
https://doi.org/10.1038/s41467-022-28822-7
https://doi.org/10.3389/fnins.2022.818655
https://doi.org/10.1038/s41598-017-06263-3
https://doi.org/10.1038/s41598-017-06263-3
https://doi.org/10.1038/s41598-017-06263-3
https://doi.org/10.1038/s41598-017-06263-3
https://doi.org/10.1038/s41467-019-12740-2
https://doi.org/10.1038/s41467-019-12740-2
https://doi.org/10.1038/s41467-019-12740-2
https://doi.org/10.1038/s41467-019-12740-2
https://doi.org/10.1038/s41467-019-12740-2
https://doi.org/10.26508/lsa.201900358
https://doi.org/10.1016/j.tibs.2017.12.001
https://doi.org/10.1042/EBC20200010
https://doi.org/10.1098/rsob.180150
https://doi.org/10.1083/jcb.201601071
https://doi.org/10.1038/emboj.2012.251
https://doi.org/10.1083/jcb.201011110
https://doi.org/10.1038/s41398-020-0854-2
https://doi.org/10.1038/s41398-020-0854-2
https://doi.org/10.1038/s41398-020-0854-2
https://doi.org/10.1038/s41398-020-0854-2
https://doi.org/10.1083/jcb.201904098
https://doi.org/10.1080/15384101.2016.1235847
https://doi.org/10.1016/j.ncrna.2018.11.003
https://doi.org/10.1016/j.molcel.2009.06.027
https://doi.org/10.1002/bies.202000245
https://doi.org/10.1002/bies.202000245
https://doi.org/10.1038/nsmb.3455
https://doi.org/10.1038/nrm3742
https://doi.org/10.1016/j.cell.2021.05.008
https://doi.org/10.1016/j.nbd.2020.104792
https://doi.org/10.1016/j.celrep.2012.08.025
https://doi.org/10.1073/pnas.1003459107
https://doi.org/10.1093/nar/gkz086
https://doi.org/10.1016/j.ceb.2018.03.011
https://doi.org/10.1016/j.ceb.2018.03.011
https://doi.org/10.1101/cshperspect.a000661
https://doi.org/10.1101/cshperspect.a000661
https://doi.org/10.1084/jem.20160301
https://doi.org/10.1101/cshperspect.a000695
https://doi.org/10.1083/jcb.200306104
https://doi.org/10.15252/embj.2019102729
https://doi.org/10.1021/pr901076y
https://creativecommons.org/licenses/by/4.0/

S BRI
101
102
103
104
105
106

107

108

109

110
111
12
113

114

115
116
117
118
119

120

121

122

123
124
125
126
127
128

129

Biochemical Society Transactions (2024) 52 1809-1825
https://doi.org/10.1042/BST20231447

Francois-Moutal, L., Scott, D.D., Ambrose, A.J., Zerio, C.J., Rodriguez-Sanchez, M., Dissanayake, K. et al. (2022) Heat shock protein Grp78/BiP/HspA5S
binds directly to TDP-43 and mitigates toxicity associated with disease pathology. Sci. Rep. 12, 8140 https://doi.org/10.1038/s41598-022-12191-8
Sinha, I.R., Sandal, P.S., Burns, G.C., Mallika, A.P., Irwin, K.E., Cruz, A.LF. et al. (2024) Large-scale RNA-seq mining reveals ciclopirox triggers TDP-43
cryptic exons. bioRxiv https://doi.org/10.1101/2024.03.27.587011

Lee, S., Lee, TA,, Lee, E., Kang, S., Park, A., Kim, S.W. et al. (2015) Identification of a subnuclear body involved in sequence-specific cytokine RNA
processing. Nat, Commun. 6, 5791 https://doi.org/10.1038/ncomms6791

Shav-Tal, Y., Blechman, J., Darzacq, X., Montagna, C., Dye, B.T., Patton, J.G. et al. (2005) Dynamic sorting of nuclear components into distinct
nucleolar caps during transcriptional inhibition. Mol. Biol. Cell 16, 2395-2413 https://doi.org/10.1091/mbc.e04-11-0992

Kusters, B., van Hoeve, B.J., Schelhaas, H.J., Ter Laak, H., van Engelen, B.G. and Lammens, M. (2009) TDP-43 accumulation is common in
myopathies with rimmed vacuoles. Acta Neuropathol. 117, 209-211 https://doi.org/10.1007/s00401-008-0471-2

Taylor, J.P. (2015) Multisystem proteinopathy: intersecting genetics in muscle, bone, and brain degeneration. Neurology 85, 658660 https://doi.org/10.
1212/WNL.0000000000001862

Altman, T., lonescu, A., lbraheem, A., Priesmann, D., Gradus-Pery, T., Farberov, L. et al. (2021) Axonal TDP-43 condensates drive neuromuscular
junction disruption through inhibition of local synthesis of nuclear encoded mitochondrial proteins. Nat. Commun. 12, 6914 https://doi.org/10.1038/
s41467-021-27221-8

Zambusi, A., Novoselc, K.T., Hutten, S., Kalpazidou, S., Koupourtidou, C., Schieweck, R. et al. (2022) TDP-43 condensates and lipid droplets regulate
the reactivity of microglia and regeneration after traumatic brain injury. Nat. Neurosci. 25, 16081625 https://doi.org/10.1038/s41593-022-01199-y
Chang, K., Ling, J.P., Redding-Ochoa, J., An, Y., Li, L., Dean, S.A. et al. (2023) Loss of TDP-43 splicing repression occurs early in the aging population
and is associated with Alzheimer’s disease neuropathologic changes and cognitive decline. Acta Neuropathol. 147, 4 https://doi.org/10.1007/
500401-023-02653-2

Prudencio, M., Humphrey, J., Pickles, S., Brown, A.L., Hill, S.E., Kachergus, J.M. et al. (2020) Truncated stathmin-2 is a marker of TDP-43 pathology
in frontotemporal dementia. J. Clin. Invest. 130, 60806092 https://doi.org/10.1172/JCI139741

Fratta, P., Sivakumar, P., Humphrey, J., Lo, K., Ricketts, T., Oliveira, H. et al. (2018) Mice with endogenous TDP-43 mutations exhibit gain of splicing
function and characteristics of amyotrophic lateral sclerosis. EMBO J. 37, €98684 https://doi.org/10.15252/embj.201798684

White, M.A., Kim, E., Duffy, A., Adalbert, R., Phillips, B.U., Peters, 0.M. et al. (2018) TDP-43 gains function due to perturbed autoregulation in a
Tardbp knock-in mouse model of ALS-FTD. Nat. Neurosci. 21, 552-563 https://doi.org/10.1038/s41593-018-0113-5

Lattante, S., Rouleau, G.A. and Kabashi, E. (2013) TARDBP and FUS mutations associated with amyotrophic lateral sclerosis: summary and update.
Hum. Mutat. 34, 812—826 https://doi.org/10.1002/humu.22319

Austin, J.A., Wright, G.S., Watanabe, S., Grossmann, J.G., Antonyuk, S.V., Yamanaka, K. et al. (2014) Disease causing mutants of TDP-43 nucleic acid
binding domains are resistant to aggregation and have increased stability and half-life. Proc. Natl/ Acad. Sci. U.S.A. 111, 4309-4314 https://doi.org/10.
1073/pnas. 1317317111

Tsai, Y.L., Mu, Y.C. and Manley, J.L. (2022) Nuclear RNA transcript levels modulate nucleocytoplasmic distribution of ALS/FTD-associated protein FUS.
Sci. Rep. 12, 8180 https://doi.org/10.1038/541598-022-12098-4

Tank, E.M., Figueroa-Romero, C., Hinder, L.M., Bedi, K., Archbold, H.C., Li, X. et al. (2018) Abnormal RNA stability in amyotrophic lateral sclerosis. Nat.
Commun. 9, 2845 https://doi.org/10.1038/s41467-018-05049-2

Chen, H.J., Topp, S.D., Hui, H.S., Zacco, E., Katarya, M., McLoughlin, C. et al. (2019) RRM adjacent TARDBP mutations disrupt RNA binding and
enhance TDP-43 proteinopathy. Brain 142, 3753-3770 https://doi.org/10.1093/brain/awz313

Fang, Y.S., Tsai, K.J., Chang, Y.J., Kao, P., Woods, R., Kuo, P.H. et al. (2014) Full-length TDP-43 forms toxic amyloid oligomers that are present in
frontotemporal lobar dementia-TDP patients. Nat. Commun. 5, 4824 https://doi.org/10.1038/ncomms5824

Babinchak, W.M., Haider, R., Dumm, B.K., Sarkar, P., Surewicz, K., Choi, J.K. et al. (2019) The role of liquid-liquid phase separation in aggregation of
the TDP-43 low-complexity domain. J. Biol. Chem. 294, 6306-6317 https://doi.org/10.1074/jbc.RA118.007222

Josephs, K.A., Murray, M.E., Tosakulwong, N., Weigand, S.D., Serie, A.M., Perkerson, R.B. et al. (2019) Pathological, imaging and genetic
characteristics support the existence of distinct TDP-43 types in non-FTLD brains. Acta Neuropathol. 137, 227—238 https://doi.org/10.1007/
s00401-018-1951-7

An, H., de Meritens, C.R. and Shelkovnikova, T.A. (2021) Connecting the “dots”: RNP granule network in health and disease. Biochim. Biophys. Acta
Mol. Cell Res. 1868, 119058 https://doi.org/10.1016/j.bbamer.2021.119058

Nishimoto, Y., Nakagawa, S., Hirose, T., Okano, H.J., Takao, M., Shibata, S. et al. (2013) The long non-coding RNA nuclear-enriched abundant
transcript 1_2 induces paraspeckle formation in the motor neuron during the early phase of amyotrophic lateral sclerosis. Mol. Brain 6, 31 https://doi.
org/10.1186/1756-6606-6-31

Shelkovnikova, T.A., Kukharsky, M.S., An, H., Dimasi, P., Alexeeva, S., Shabir, O. et al. (2018) Protective paraspeckle hyper-assembly downstream of
TDP-43 loss of function in amyotrophic lateral sclerosis. Mol. Neurodegener. 13, 30 https://doi.org/10.1186/s13024-018-0263-7

An, H., Skelt, L., Notaro, A., Highley, J.R., Fox, A.H., La Bella, V. et al. (2019) ALS-linked FUS mutations confer loss and gain of function in the nucleus
by promoting excessive formation of dysfunctional paraspeckles. Acta Neuropathol. Commun. 7, 7 https://doi.org/10.1186/s40478-019-0658-x

Ling, S.C., Albuguerque, C.P., Han, J.S., Lagier-Tourenne, C., Tokunaga, S., Zhou, H. et al. (2010) ALS-associated mutations in TDP-43 increase its
stability and promote TDP-43 complexes with FUS/TLS. Proc. Nat! Acad. Sci. U.S.A. 107, 13318-13323 https://doi.org/10.1073/pnas. 1008227107
Antoniani, F., Cimino, M., Mediani, L., Vinet, J., Verde, E.M., Secco, V. et al. (2023) Loss of PML nuclear bodies in familial amyotrophic lateral
sclerosis-frontotemporal dementia. Cell Death Discov. 9, 248 https://doi.org/10.1038/s41420-023-01547-2

Necarsulmer, J.C., Simon, J.M., Evangelista, B.A., Chen, Y., Tian, X., Nafees, S. et al. (2023) RNA-binding deficient TDP-43 drives cognitive decline in
a mouse model of TDP-43 proteinopathy. Elife 12, RP85921 https://doi.org/10.7554/eLife.85921

Hodgson, R.E., Rayment, J., Huang, W.-P., Avila Sanchez, A. and Shelkovnikova, T.A. (2024) Opto-controlled C9orf72 poly-PR forms anisotropic
condensates causative of TDP-43 pathology in the nucleus. bioRxiv https://doi.org/10.1101/2024.03.05.581933

Keating, S.S., Bademosi, A.T., San Gil, R. and Walker, A.K. (2023) Aggregation-prone TDP-43 sequesters and drives pathological transitions of free
nuclear TDP-43. Cell. Mol. Life Sci. 80, 95 https://doi.org/10.1007/s00018-023-04739-2

1824 © 2024 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).

202 1990100 1 U0 18Sn plolays Jo Aisienun Aq Jpd oL pL-6202-1SA/S9096/608 L /7/2S/IPd-8lo1Ie/SUBLI00SWAY0IG/Woo"ssaidpueod//:diy woly papeojumod


https://doi.org/10.1038/s41598-022-12191-8
https://doi.org/10.1038/s41598-022-12191-8
https://doi.org/10.1038/s41598-022-12191-8
https://doi.org/10.1038/s41598-022-12191-8
https://doi.org/10.1101/2024.03.27.587011
https://doi.org/10.1038/ncomms6791
https://doi.org/10.1091/mbc.e04-11-0992
https://doi.org/10.1091/mbc.e04-11-0992
https://doi.org/10.1091/mbc.e04-11-0992
https://doi.org/10.1007/s00401-008-0471-2
https://doi.org/10.1007/s00401-008-0471-2
https://doi.org/10.1007/s00401-008-0471-2
https://doi.org/10.1007/s00401-008-0471-2
https://doi.org/10.1212/WNL.0000000000001862
https://doi.org/10.1212/WNL.0000000000001862
https://doi.org/10.1038/s41467-021-27221-8
https://doi.org/10.1038/s41467-021-27221-8
https://doi.org/10.1038/s41467-021-27221-8
https://doi.org/10.1038/s41467-021-27221-8
https://doi.org/10.1038/s41467-021-27221-8
https://doi.org/10.1038/s41593-022-01199-y
https://doi.org/10.1038/s41593-022-01199-y
https://doi.org/10.1038/s41593-022-01199-y
https://doi.org/10.1038/s41593-022-01199-y
https://doi.org/10.1007/s00401-023-02653-2
https://doi.org/10.1007/s00401-023-02653-2
https://doi.org/10.1007/s00401-023-02653-2
https://doi.org/10.1007/s00401-023-02653-2
https://doi.org/10.1007/s00401-023-02653-2
https://doi.org/10.1172/JCI139741
https://doi.org/10.15252/embj.201798684
https://doi.org/10.1038/s41593-018-0113-5
https://doi.org/10.1038/s41593-018-0113-5
https://doi.org/10.1038/s41593-018-0113-5
https://doi.org/10.1038/s41593-018-0113-5
https://doi.org/10.1002/humu.22319
https://doi.org/10.1073/pnas.1317317111
https://doi.org/10.1073/pnas.1317317111
https://doi.org/10.1038/s41598-022-12098-4
https://doi.org/10.1038/s41598-022-12098-4
https://doi.org/10.1038/s41598-022-12098-4
https://doi.org/10.1038/s41598-022-12098-4
https://doi.org/10.1038/s41467-018-05049-z
https://doi.org/10.1038/s41467-018-05049-z
https://doi.org/10.1038/s41467-018-05049-z
https://doi.org/10.1038/s41467-018-05049-z
https://doi.org/10.1093/brain/awz313
https://doi.org/10.1038/ncomms5824
https://doi.org/10.1074/jbc.RA118.007222
https://doi.org/10.1007/s00401-018-1951-7
https://doi.org/10.1007/s00401-018-1951-7
https://doi.org/10.1007/s00401-018-1951-7
https://doi.org/10.1007/s00401-018-1951-7
https://doi.org/10.1007/s00401-018-1951-7
https://doi.org/10.1016/j.bbamcr.2021.119058
https://doi.org/10.1186/1756-6606-6-31
https://doi.org/10.1186/1756-6606-6-31
https://doi.org/10.1186/1756-6606-6-31
https://doi.org/10.1186/1756-6606-6-31
https://doi.org/10.1186/1756-6606-6-31
https://doi.org/10.1186/s13024-018-0263-7
https://doi.org/10.1186/s13024-018-0263-7
https://doi.org/10.1186/s13024-018-0263-7
https://doi.org/10.1186/s13024-018-0263-7
https://doi.org/10.1186/s40478-019-0658-x
https://doi.org/10.1186/s40478-019-0658-x
https://doi.org/10.1186/s40478-019-0658-x
https://doi.org/10.1186/s40478-019-0658-x
https://doi.org/10.1073/pnas.1008227107
https://doi.org/10.1038/s41420-023-01547-2
https://doi.org/10.1038/s41420-023-01547-2
https://doi.org/10.1038/s41420-023-01547-2
https://doi.org/10.1038/s41420-023-01547-2
https://doi.org/10.7554/eLife.85921
https://doi.org/10.1101/2024.03.05.581933
https://doi.org/10.1007/s00018-023-04739-2
https://doi.org/10.1007/s00018-023-04739-2
https://doi.org/10.1007/s00018-023-04739-2
https://doi.org/10.1007/s00018-023-04739-2
https://creativecommons.org/licenses/by/4.0/

Biochemical Society Transactions (2024) 52 1809-1825 ° ot PORTLAND
https://doi.org/10.1042/BST20231447 ... PRESS

130

131

132

133

134

135

Owens, M.C., Shen, H., Yanas, A., Mendoza-Figueroa, M.S., Lavorando, E., Wei, X. et al. (2023) Mutant forms of DDX3X with diminished catalysis form
hollow condensates that exhibit sex-specific regulation. bioRxiv https://doi.org/10.1101/2023.03.19.533240

Duan, L., Zaepfel, B.L., Aksenova, V., Dasso, M., Rothstein, J.D., Kalab, P. et al. (2022) Nuclear RNA binding regulates TDP-43 nuclear localization and
passive nuclear export. Cell Rep. 40, 111106 https://doi.org/10.1016/j.celrep.2022.111106

Dos Passos, P.M., Hemamali, E.H., Mamede, L.D., Hayes, L.R. and Ayala, Y.M. (2023) RNA-mediated ribonucleoprotein assembly controls TDP-43
nuclear retention. bioRxiv https://doi.org/10.1101/2023.08.06.552215

Dundr, M., Hebert, M.D., Karpova, T.S., Stanek, D., Xu, H., Shpargel, K.B. et al. (2004) In vivo kinetics of Cajal body components. J. Cell Biol. 164,
831-842 https://doi.org/10.1083/jcb.200311121

Itoh, Y., lida, S., Tamura, S., Nagashima, R., Shiraki, K., Goto, T. et al. (2021) 1,6-hexanediol rapidly immobilizes and condenses chromatin in living
human cells. Life Sci. Alliance 4, 202001005 https://doi.org/10.26508/Isa.202001005

Corpet, A., Kleijwegt, C., Roubille, S., Juillard, F., Jacquet, K., Texier, P. et al. (2020) PML nuclear bodies and chromatin dynamics: catch me if you
can!. Nucleic Acids Res. 48, 11890-11912 https://doi.org/10.1093/nar/gkaa828

© 2024 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 1825

202 1990100 1 U0 18Sn plolays Jo Aisienun Aq Jpd oL pL-6202-1SA/S9096/608 L /7/2S/IPd-8lo1Ie/SUBLI00SWAY0IG/Woo"ssaidpueod//:diy woly papeojumod


https://doi.org/10.1101/2023.03.19.533240
https://doi.org/10.1016/j.celrep.2022.111106
https://doi.org/10.1101/2023.08.06.552215
https://doi.org/10.1083/jcb.200311121
https://doi.org/10.26508/lsa.202001005
https://doi.org/10.1093/nar/gkaa828
https://creativecommons.org/licenses/by/4.0/

	TDP-43 in nuclear condensates: where, how, and why
	Abstract
	Introduction: TDP-43 and its compartment-specific condensation
	Molecular mechanisms of TDP-43 condensation in the nucleus
	TDP-43 structure
	Contribution of N-terminal and C-terminal domains
	RNA-nucleated condensation
	RNA-independent condensation
	Post-translational modifications

	TDP-43 in constitutive nuclear condensates
	Splicing condensates
	Paraspeckles
	Cajal bodies/Gems
	PML bodies

	TDP-43 in stress-induced nuclear condensates
	Nuclear stress bodies
	Stress-induced nuclear TDP-43 condensates (TCs, TDP-43 NBs)

	Dysfunction of TDP-43 rich nuclear condensates in neurodegeneration
	Altered TDP-43 condensation in disease
	Physiological nuclear condensates in disease
	De novo TDP-43 condensation in disease

	Outlook
	Competing Interests
	Funding
	Open Access
	Author Contribution
	References


