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Several recent studies have revealed that nucle and cilia share molecular components
implicated in DNA damage response, splicing, gene expression and sub-
compartmentalization of the cell. We review evidence that exchange of components
between the nucleus and ciliais facilitated by the centrosome, which contributes both to the
mitotic apparatus of the nucleus and to cilia structure. Moreover, the centrosome and the
pericentriolar material form condensates that share components with stress granules and
P-bodies, membrane-less organelles enriched in RNA and RNA-processing proteins. These

features may largely explain the origin of smilar molecular mechanismsin nuclei and cilia.

Cilia are finger-like protrusions that extend frahe surface of most vertebrate cells. Their
formation is intimately associated with centroges, which consist divo centrioles surrounded
by pericentriolar material. Centrioles sharethwcilia the 9-fold rotational symmetry of
microtubule cytoskeleton. The behaviour of botfa@nd centrosomes is closely related to the
cell cycle. For example, the timing of centriothuplication and centrosonmeigration to the cell
surface are associated with agjcle phase: the synthesis of new centrosomes begins during S-
phase and they translocate te ttell surface during G1/GO. Inetttourse of migration to the
cell surface, centrosomal microtubules extend apidatiying the main structural feature of the
cilium, the axoneme. During GO, the centrosommaies attached to the cell membrane at the
ciliary base and continues prding support for the cilium, theby acting as the ciliary basal
body at this stageF{gure 1A). Following re-entry into the dlecycle, the ciliary axoneme is
resorbed and the basal body no longer providestatal support for the cilium. It moves away

from the cell surface into the cytoplasm, ahaling mitosis localizes to a spindle pole.

The idea that nucleic acids reside and fucin the centrosome, and mediate centriolar
duplication, is at least haHd century old (reviewed in Mdrall and Rosenbaum, 1999). More
recently, centrosomes isolated frahe oocytes of the surf clapisula solidissima were found
to contain unigue RNAs, termed centrosomal RNAs (cnRNA) (Alliegro et al., 2006), although it
was feasible that these RNAs were unintentignzdirried over into the centrosome preparations.
These and other findings have led to the umaltx propositions that, evolutionarily, centrioles
arose from the integration of RNA viruses kmcterial endosymbionts (Chapman et al., 2000;
Went, 1977). While such views may be overleagative, various lines of puzzling evidence
continue to link centrosomes and cilia to nucka metabolism and nuclear functions. Here we
discuss the recent evidence that ciliary protenesliate processes in the nucleus such as DNA

damage response (DDR) and gene exprassitonversely, proteins commonly thought to
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mediate core nuclear functions, such as splicing factors, appear to also function in cilia.
Furthermore, the molecular machinery thatdrates sub-compartmentalization, and regulates

selective trafficking at sub-ogpartment boundaries, is alsaséd between nuclei and cilia.

Rolesfor cilia and centrosomal proteinsin DNA damage response

Several recent studies demonstrated thaéxpectedly, some centrosomal proteins re-
localize to nuclear foci in response to DIdRlucing genotoxic stress. The best-described
example is the centrosomal protein CEP164, whieldiates the assembly of distal appendages
in the mature mother centriole, initiating safaent ciliogenesis (Gajek and Nigg, 2014). For
the purposes of definition and clarity, the acmosyand recommended full names of all proteins
discussed in the text are listedTiable 1, in addition to brief descrifns of their localizations
and functions. Interestingly, CEP16&#0 re-localises to sites of UV-induced DNA damage (Pan
and Lee, 2009) and is phosphorylataditro andin vivo by the ataxia telangiectasia-mutated
(ATM) and ATM/Rad3-related (ATR) DDR-associated kinases in response to DNA damage
induced by UV, replication stress and mng radiation (Sivasubramaniam et al., 2008).
CEP164 phosphorylation is associated with ¢lseablishment of a G2/M damage checkpoint.
However, although there is concomitant activatid the checkpoint kinases CHK1 and CHK2
(Pan and Lee, 2009; Sivasubramaniam et al.,, 2008), it remains unclear if CEP164
phosphorylation is causal in matihg a specific DDR signalingathway or, indeed, is even
required for DDR (Daly et al., 2016).

In addition to CEP164, several other cermroal/centriolar proteins that mediate
ciliogenesis, including CEP298nd SDCCAGS8 (also known d&8PHP10), can re-localize to
nuclei Figure 1A) in response to DNA damage-induced replicative stress (Chaki et al., 2012;
Slaats et al., 2015). Furthermore, the core cdatrjgrotein centrin-2 appes to re-localize and
directly interact with XPCthe key recognition component of the nucleotide excision repair
system, at specific UV-induced DNA repair foci (Nishi et al., 2013; Renaud et al., 2011). These
observations suggest the existent@ general mechanism that oe#dlizes centriolar protein in
response to DNA damage. Several other cdatrjgroteins (CEP131/AZI1, CEP290 and PCM1)
are dispersed from the centriolsatellites (but do not appe#s re-localizein nuclei) under
conditions of DNA damage such as expostardJV, which promote cilia formation through
mechanisms that remain unclear (Villumsen et al., 2013). Similarly, centrosomal protein CEP63
has been identified as an ATM and ATR substnaitty phosphorylation caing dispersion from
the centrosome (Smith et al., 2009). Sincehbibie DDR kinases (ATM and ATR) and the

checkpoint kinases (CHK1 and CHK2) localitte centrosomes in response to DNA damage
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(reviewed in Mullee and Morr, 2016), it seems likely thathar centrosomal proteins are
dispersed or re-localized in response to the RRjRaling mediated by these kinases. However,
it remains to be determined if centrosomalfdetar proteins, other than CEP164 and CEPG63,
are direct substrates of these kinases. Howpdtarglation could regulatprotein re-localization
into different subcellular compartments, and veetre-localization of these proteins this has

any direct functional relevancerfDDR, also still needs to be teéemined in mechanistic detail.

Splicing factors, RNA processing and trandlation at the ciliary appar atus?

Even more puzzling are recent observatitimst spliceosomal proteins, specifically a
group of pre-RNA processing factors (PRPFs) this expected to localize to nuclei, also
localize to the ciliary bsal body or the centrosomé&igure 1A) and promote ciliogenesis
(Wheway et al., 2015). Mutations in severatlidse PRPFs (PRPF6, PRPF8, and PRPF31), and
other PRPFs for which cilia association isdeclear (PRPF3, PRBFRand SNRNP200), cause
autosomal dominant forms of retinitis pigmentosa (RP), a comparatively common inherited
retinal blindness often asso@dt with ciliary deécts (Mordes et al.2006). All RP-related
PRPFs stabilize or mediate the incorporation of the U4/U6.U5 tri-snRNP (small nuclear
ribonucleoprotein) subunit into the activated spliceosome, the RINP complex that catalyses
pre-mRNA splicing and produces protein isofodiversity by alternative splicing (Tanackovic
et al., 2011). However, spliceosome componerisrathan RP-retad PRPFs do not appear to
localize to the ciliary basabody (Wheway et al., 2015), implying that PRPFs may have

cytoplasmic roles that are spatyatestricted to the ciliary appdues but are unrelat to splicing.

Extra-nuclear ciliaryfunctions of PRPFs are also supged by the dual functions of
another splicing factor, polyglutane-binding protein 1 (PQBP1in both RNA processing and
ciliogenesis. PQBP1, a nuclear protein mutated esuse of X-linked intkectual disability and
neurodegenerative disorders, interacts withny splicing factors (including the U2 snRNP
component SF3B1, as well as PRPF6, PRIEF8F19 and PRPF31) and regulates neuronal
alternative splicing programmes that are specifically associated with neurite outgrowth (Wang et
al., 2013). Interestingly, PQBP1 alucalizes at the Is® of neuronal cilia and is required for

ciliogenesis in post-mitotic meons (Ikeuchi et al., 2013).

Further evidence for cytoplasmic roles RP-related PRPFs is provided by studies of
stress granules, dynamic cytoplasmic structw@staining mRNPs stalieduring translation
initiation (Protter and Parker, 2016). PRP&&8d SNRNP200 (also known as BRR2 or U5-

200KD) interact with SND1 (staphylococcaliclease and tudor domecontaining 1, also
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known as p100) (Yang et al., 200@)major component of stresagules (Shao et al., 2017). By
analogy with other splicing factar such as the serine-argieiiSR) family of RNA binding
proteins (Twyffels et al., 2011)he cytoplasmic functions of FHEs at stress granules and the
ciliary base Figure 1A) may include roles in ribostasis (transcriptome homeostasis), specifically

the surveillance of unspliced pre-mRNAs anel tontrol of mMRNA stabty and translation.

In an interesting set of parallel obsdrgas, P-bodies (cytoplasmic bodies that
participate in mRNA processing and degradatem] share components with stress granules)
appear to co-localize with either centrosomez€Aiet al., 2008) or lkary basal bodies (Moser
et al., 2011) Figure 1A). A recent proteomics study has also identified centrosomal proteins
(including CEP192, OFD1, PCM1 and CEP134/R in P bodies (Youn et al., 2018ifure
1A). It remains to be seen whether the RIdAcessing functions of P bodies are spatially
restricted to the ciliary apparatus or hawey gunctional role in ciliogenesis. Even more
speculative is the possibility thdocalized protein translatioms also associated with the
centrosome. Recent work has demonstrated dba¢ral translation indtion factors (elF3B,
elF3G, elF4A1l, elF4E and elF4G) localizethe centrosome, and, conversely, the centrosomal
protein OFD1 interacts with components of greinitiation and elF4 complexes (laconis et al.,
2017). An attractive function for centrosomal tratisin would be to fattate localized “on-
demand” translation of ciliary proteins durindiagenesis, but this hypothesis has still to be

tested.

Ciliaand nuclear transport: from the unexpected to the predictable?

A striking connection between cilia and the nuslare similarities between the transport
mechanisms that translocate proteins from ¢hoplasm into either the nuclear or ciliary
compartments. The idea of similgrbetween the nuclear pore and the base of cilia, the so-called
“flagellar pore”, was originally inspired by eéhsimilarity in the shape and size of the two
structures (Rosenbaum and Witman, 2002). Onéheffirst pieces of evidence that nuclear
transport mechanisms function in cilia came frobservations that a nuclear localization signal
(NLS), importinp2 and a gradient of Ran-GTP mediaties ciliary entry of the kinesin KIF17
(Dishinger et al., 2010). Ran, a small GTPase, keyamediator of nucleatransport and this
study suggested that GTP-bound Ran releaspsrtn cargo in both the nuclear and ciliary
compartmentsHigure 2). Furthermore, nucleopiois (NUPs) were alstound at the cilia base
(Figure 1A, Figure 2) and appeared to co-localize withe centrosomal/centriolar protein,
CEP290 (Kee et al., 2012). NUP® aubunits of the nuclear ggra doughnut-shaped transport
channel with 8-fold symmetry that connedt®e cytoplasm and nucleus (Bui et al., 2013;
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Kosinski et al., 2016). The kewrictional element of the nucleaore is formed by so-called FG-
NUPs, named after intrinsically disordered domaiobk in phenylalanine-glycine (FG) repeats.
The FG domains project into tleentre of the nuclear pore, whkdhey are thought form a stable
condensate or hydrogeFigure 1B; see below). The seemingly amorphous tangle of FG
domains appears to confer sizéestvity of the nuclear pore (rexved in Schmidt and Goérlich,
2016). Although the nuclear pore diameter of 60-80omnthe outside and 40 nm in the centre is
substantially smaller than ¢h250-300 nm width of the l@ry axoneme (Hezwani and
Fahrenkrog, 2017), it is tempting to imagine ciesudssemblies of nucleoporins at the cilia base
that also confer selectivity during ciliary protein transport. Two configurations have been
proposed: a single nucleoporin ritigat surrounds microtubule doeld at the ciliary base or,
alternatively, nine small rings inserted betwdles Y-shaped links of the ciliary transition zone
(Kee and Verhey, 2013).

Analysis of nucleoporin architecture atetltilia base has, however, proved to be
challenging and the most sigmidint difficulty in building a modeof nucleoporin function at the
ciliary base is the lack afound understanding of where IN&Ps localize. Unlike some sub-
complexes of the nuclear pore (Bui et al., 20E8mponents of the ciliary transition zone have
not been purified and cryoelectron tomograpgtas not yet been successfully performed on
structures that contribute to the cilia base. $uesolution microscopy is perhaps the best route
to analyse structures at the base of the ygiletoneme. Indeed, the digation of 4Pi single-
molecule localization microscopy revealddat NUP188 localizes to two barrel-shaped
cylinders, large enough to encapsulate the bashl bnd the daughter centeqdel Viso et al.,
2016) Figure 1A). This localization is, however, inconsat with the models discussed above.
The picture is complicated further by lack oériy as to which nucleopims localize to cilia.
Whilst several groups localizedtoplasmic FG (214), outer rin@7, 85), inner ring (35, 188),
linker (93), and central FG (62, 9B)UPs to the ciliary base (d®iso et al., 2016; Endicott and
Brueckner, 2018; Kee et al., 20IPakao et al., 2017), others failéal detect some of the same
molecules in cilia (Breslow et al., 2013; del Viebal., 2016). Furthermore, to function as a
diffusion barrier, FG domains would most likelyoprct into a transport channel at the ciliary
base, but this is inconsistent with the barrel-shaped localizations observed by super-resolution

microscopy (del Viso et al., 2016).

However, evidence continues to accumul#it@at nucleoporins contribute to ciliary
transport. In the iniéll study, interference using an antligoagainst the FGnotifs of NUPs
impaired KIF17 transport into cilia (Kee et,a012). Subsequently, a more sophisticated assay
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that involved clogging of the presiptive ciliary transport entrsoute by forced dimerization of
NUP62, also impaired transport of cytosoloteins, including KF17, into the ciliary
compartment (Takao et al., 2014). Consisteith whis observation, iockdowns of NUP98 and
NUPS85 increased the permeability of the diftusibarrier that gates entry into the ciliary
compartment (Endicott and Brueckner, 2018).dntrast to these studiesiliary compartment-
directed trafficking was unaffected by eitheclohexanediol, a compound that disrupts nuclear
pore FG hydrogel (see below), aitruncated form of importiffi (Breslow et al., 2013). As both
of these methods can be effectively usednnipulate nuclear trapsrt, these observations
suggest that nuclear transporachinery functions differently igilia. Even if FG-NUPs do not
form a diffusion barrier, they could still funoh in other ways. Recent studies have confirmed
that importin contributes to the transport dfacy cargoes GLI2 and KIF17 (Funabashi et al.,
2017; Han et al., 2017). As importin interactionith FG-NUPs are well-documented (reviewed
in Christie et al., 2016), iseems reasonable that NUPs could function in cilia as importin
docking sites. This could facilitate interactiongh the ciliary transport machinery rather than

contribute to the diffusion barrier.

Why are NUPs and other nuclear transpodtgins found at the cilia base? This is
perhaps not entirely surprising consideritigat nuclei and cilia are two cellular sub-
compartments that disassemble during cellisthn, a characteristicnot shared by other
membrane-bound organelles such as mitochondgasgmes or the Golgpparatus, which may
undergo morphological transformations but rethim status of cellulasubcompartments during
cell division. Disassembly facilitates the eaolge of components between the nuclear and
ciliary compartments and, mareer, the centrosome functioms both nuclear division and
ciliogenesis. As outlined above, during GO, the centrosome migrates to the cell surface and
provides the template for ciliary axoneme eldiaya whereas during misis it interacts first
with the nuclear envelope arttien with nucleic acids by contributing to mitotic spindle
formation. Given its dual role, is easy to imagine that the course ofwlution the centrosome
may have facilitated exchange fafnctional elements betweenetimucleus and l&a. This is
supported by observations that several rambeins localize to centrosomes during mitosis
(Figure 2), where they appear to haveegulatory functions. NUP62, NUP188 and
NUP358/RanBP2 all translocate tbe centrosome during mitgsand affect mitotic spindle
formation (Hashizume et al., 2013a; Hashieuet al., 2013b; Itoh «l., 2013). Depletion of
NUPG62 results in the appearance of centrosaroesaining abnormally shaped supernumerary
centrioles associated with the formation ofltipolar spindles duringell division (Hashizume
et al., 2013b). NUP188, on the othenfiaco-localizes with NUMA, protein that tethers mitotic
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spindle microtubules to spindfmles, and its knockdown results chromosome misalignment
(Itoh et al., 2013)Two other nucleoporins, Tpr and Aladiogcalize Aurora A kinase to spindle
poles during mitosis (Carvalhat al., 2015; Kobayaslet al., 2015). As NuMA is an Aurora A
kinase substrate, these nucleap®rmay also contribute tepindle formation by enhancing
NuMA activity. Furthermore, irG2 and early in mitosis, NUBB8 mediates the association of

the centrosome with the nucleavelope (Splinter et al., 2010).

Other components of the nuclear transpogichinery also localize to the centrosome.
These include importins, exportins and theagulator Ran, which appears to be tightly
associated with the centrosortigoughout the cell cycle (reviewed Lavia, 2016). Together
with importins and exportins, which are also &egl to spindle poles, Ran regulates several
aspects of centrosome function, includingcroiubule nucleation by NuMA (Lavia, 2016). In
addition to centrosomal functions, Ran, impatemd NUPs are key mediators of kinetochore
assembly during mitosis (reviewed in Forbeslet 2015). Since Ran localizes to centrosomes
throughout the cell cycle, its presenin the ciliary bsal body and cilia is not only unsurprising
but to be expected. The same point can béenadoout NUPs and other nuclear pore components
that localize to centrosomes during cell divisidm evolutionary terms, the centrosome may
therefore provide a bridging mechanism that exgjes functional elements between the ciliary
and nuclear compartments. In tlugntext, it is wotht noting that some ciliated eukaryotes, for
example trypanosomes, undergo closed mitosiwhith the nuclear envelope does not break
down (Zhou et al., 2014). Further irstigations are needed toteemine how this affects the

sharing of molecular machinery between the nuclear envelope and cilia.

Phase transitions and biomolecular condensatesin the nucleus and cilium

A notable common feature that unites molecwh dual roles in the nucleus and cilia is
that they invariably contributi® various types of membranesseorganelles (MLOs) (Protter and
Parker, 2016; Uversky, 2017), some of whicave already been mentioned. MLOs often
comprise homogeneous and dynamic supramole@dsemblies of RNA, RNPs and proteins
(Figure 1B) that form biomolecular condensates witkeytoplasmic or nucleoplasmic granules
(Uversky, 2017). Stress granules, P bodies, osoimes and centriglasatellites (small
cytoplasmic granules in the pericentrosomalaeyican all be classified as cytoplasmic MLOs
(Figure 1C). Nuclear MLOs are equally diversenda include the nucleolus, Cajal bodies
(implicated in snRNP biogena3j nuclear speckles (pre-mRNgplicing) and paraspeckles
(regulation of gene expssion). Nuclear pored=igure 1C), although embedded in the nuclear
membrane, also share some similarities with MLOs since they abundantly contain disordered FG
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domains.

The key characteristic of MLOs is that thegntain significant aounts of intrinsically
disordered proteins (often interacting wittNR molecules), as welhs proteins with both
ordered domains and disordered, low comipfexegions. Many of te nuclear and ciliary
proteins mentioned above seetm share these characteristias, particular intrinsically
disordered and coiled-coil regions. Theselude: RP-related PRPFs (PRPF6, SNRNP200 and
PRPF8) in nuclear speckles; nucleoporins in thdeangore; elF3 and elF4 in stress granules;
and CEP290, centrins and pericentrin in the centrosome/centriolar satellite compartments. The
condensation of proteins and RNAs into a biaoalar condensate oftéeads to the formation
of dynamic, liquid-like MLOs that enable thiapid exchange of metules between the MLO
and either the cytoplasm or nucleoplasihiggre 1B). Rapid phase transitions between the
dispersed proteins and RNAg)datheir condensation into MLObave recently emerged as a
fundamental and conserved strategy to concensaecific cellular functions in a small volume.
This ensures rapid “on-demand” control of, éample, gene expressi (Boulay et al., 2017),
signal transduction (Li et al., 2012; Su et aQ1@) and stress responses (Wheeler et al., 2016).
RNA often acts as a scaffoldrfprotein binding (Boeynaems ak, 2018; Uversky, 2017), but
recent evidence suggests that RNA can both pmrmaot prevent phase transitions, as well as
cause aberrant phase transitions suggesting sopi@sticated regulatory functions (Maharana et
al., 2018).

Some recent evidence has begun to emerge for a direct role of MLOs in mediating
ciliogenesis. In an interestingfudy, so-called “dynein assemlharticles” (DynAPs) form in
multiciliated cells and appear to concentrat@alys, their assembly factors, chaperones and
components of stress granulesu{tar et al., 2017). However, iemains unclear if DynAPs are
directly required for “on demand” ciliogenesitmotile cilia. This study does not examine other
possibilities, for example if these particles asiske as an indirect consequence of stress
responses. A more convincing examjpdethe pericentriolar material i€. elegans embryo,
described as a condensate that organiaesrotubules through thdocalized, selective
concentration of tubulin (Woodruff et al., 201%). this system, the coiled-coil protein SPD-5
(Spindle-defective protein 5) appears to be resmgsand sufficient for concentrating tubulin and
microtubule assembly proteins (such as SRDhe orthologue of mammalian centrosomal
protein CEP192) thus promoting subsequent &iiom of microtubule aste (Woodruff et al.,
2017). This view of pericentrialamaterial as an MLO is not necessarily incompatible with

earlier work suggesting a mooenventional organization intorgttural domains (Mennella et
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al., 2012), since the pericentriolaraterial that is peripheral tthe centriole appears to be

organized in a matrix.

Extended coiled-coil interaction motifs, duas those in the Cajal body components
SMN and coilin/p80, are implicated in phase traoss of key proteins in several distinct
nuclear MLOs (Sleeman et al., 2003). In addificoiled-coil domainsppear to mediate homo-
and heterodimerization between splicing factifrthe DBHS family, such as SFPQ and NONO,
within paraspeckles (Lee et al., 2015). By agglavith nuclear coiled-coil proteins, as well as
SPD-5 function, could intra- ointermolecular interactions tveeen centrosomal coiled-coll
proteins such as CEP290 mediate phaseragpa into a condensate with size selective
properties at either the centriolar satellitesciliary transition zone? S a scenario predicts
that a hydrogel at the “ciliary pore” wouldomfer size selectivityduring ciliary protein
trafficking. This is supported by the similariof the overall permeability kinetics for both the
nuclear and ciliary pores (Lin at., 2013; Timney et al., 2016).

Summary

The cilium and the nucleus share composa@itmechanisms involved in DNA damage
response, RNA processing, translation, and cellsld-compartmentalization. This is perhaps
not as surprising as it seems at first glance. The cilium and the nucleus cease to exist as
subcellular compartments during cell division, whiabilitates the intermixg of their contents.
Significantly, the centrosome is liketg play a key role in this pcess since ituinctions during
both ciliogenesis and nuclear division. Whilste tltentrosome is an essential structural
component at the cilium base and contributeséatlary diffusion barrier during quiescence, in
the course of mitosis it physily interacts withthe components of nuclear pore transport
machinery, including NUPs, Ran GTPase and itiper On evolutionary time scales, it is
therefore likely to facilitate the exchangemoblecular machinery between the nucleus and cilia.
Equally important is the fact that the centwo® and surrounding pericentriolar material have
characteristics of a membrares$ organelle or sub-compartrheéhat shares and exchanges
components with other structures of this typech as stress granules and P-bodies. This may
explain why proteins involved inbostasis are frequently locaéid at centrosomes, where they
are also likely to acquire me functions. The significance of membrane-less condensates
surrounding the centrosome and the ciliary bbaedly remains largely unknown, and an exciting
area of future research will be studies on dlgaamic compartmentalization of the cytosol in

relation to the cell cycle andlie@-mediated signal transduction.
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Figure Legends

Figure 1. Membrane-less organelles mediate the exchange of proteins and functions
between the ciliary and nuclear compartments. (A) Schematic of protai exchange between
the cytoplasmic (top) and nuclear (bottomingartments, and between colour-coded organelles
or functions, indicated by coloedl arrows. P-bodies co-localizeith either centrosomes or
ciliary basal bodies (green), and interact an@hange material with stress granules (grey
double-headed arrow). Membranedeorganelles, or hydrogel cenfing size seldwity within

the nuclear pore (red), are indted by oval tangled mesh stiwres. Abbreviations: crRNA,
centrosomal RNA; DDR, DNA damage pemse; MLO, membrane-less organgli). Examples

of intracellular proteinphases. Top panel: soluble molesuléor example, protein and RNA)
diffuse freely and are dispersed in the cyasph or nucleoplasm, irchted by the long green
arrows. Middle panels: specific proteins with intrinsicatlisordered domains can undergo
liquid-liquid phase transitions to form a concentrated droplet-like state (pale blue sphere
containing tangled mesh). In ayliid droplet, the molecules withthe phase can still diffuse
(short green arrows) and exchange with soluhddecules outside of the droplet. In a hydrogel
(dark blue sphere), both diffusion and exchaagemuch slower (white arrows). Bottom panel:
under pathogenic conditions, condensates can foswiuble fibrillar structures with loss of
dynamic behaviour of all molecules. Fibridgge indicated by cross-hatched short lin@3)
Examples of membrane-less organelles discugsetie main text, stained for the indicated
marker proteins and visualized by immunoflucessce confocal, or 3D structured illumination
microscopy for nuclear pores and nuclear épe (NPC in red, lamin B in green; image
courtesy of Lothar Schermelleh). All other ineagwere obtained from the Human Protein Atlas

(www.proteinatlas.org).

Figure 2. Nucleoporins and other components of nuclear transport machinery are
associated with the centrosome throughout the cell cycle. Left panels:in early mitosis, the
centrosome migrates to the nuclear envelopeprocess facilitated by the nucleoporins,
NUP358/RanBP2 and NUP133. Later, during mgaster the nuclear envelope breaks down,
NUPs contribute to a variety déinctions in the mitotic spind| both at the centrosome and
kinetochores. Right panels: in GO of thell ceycle, entry into tle ciliary and nuclear
compartments is thought to be selectivedgilitated, in part, by Ra GTPase, importins and
NUPs.
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protein name function

Aladin aladin WD repeat nucleoporin component of nuclear pore complex; WD-repeat protein regulating nucleocytoplasmic transport

ATM ataxia telangiectasia-mutated serine/threonine kinase master regulator of cell cycle checkpoint signaling pathways; required for DNA damage responses and genome stability

ATR ATM/Rad3-related serine/threonine kinase master regulator of cell cycle checkpoint signaling pathways; required for fragile site stability and centrosome duplication

Aurora A kinase | alias: AURKA, Aurora A cell cycle-regulated serine/threonine kinase; required for mitotic spindle assembly and centrosome duplication/separation
centrin-2 alias: CETN2, caltractin MTOC function, centriole duplication and correct spindle formation, component of the XPC complex during hucleotide excision repair
CEP63 centrosomal protein 63 centriole replication and spindle assembly, DNA damage checkpoint during G2/M transition of mitotic cell cycle

CEP131 centrosomal protein 131, alias: AZI1 Component of centriolar satellites; regulation of G2/M transition of mitotic cell cycle, Centrosome maturation, Cilium Assembly
CEP164 centrosomal protein 164 centriole distal appendage-specific protein involved in microtubule organization, DNA damage response, and chromosome segregation
CEP192 centrosomal protein 192 regulator of pericentriolar material recruitment, centrosome maturation and centriole duplication

CEP290 centrosomal protein 290 localizes to the centrosome, cilium and centriolar satellites; required for cilium assembly, G2/M transition of mitotic cell cycle
CHK1 checkpoint kinase 1, alias: CHEK1 serine/threonine kinase required for checkpoint mediated cell cycle arrest in response to DNA damage

CHK2 checkpoint kinase 2, alias: CHEK2 serine/threonine kinase required for checkpoint mediated cell cycle arrest in response to DNA damage

cailin alias: p80 component of nuclear Cajal bodies involved in the modification and assembly of nucleoplasmic sShRNPs

elF3 eukaryotic translation initiation factor 3 complex complex required for initiation of protein synthesis; associates with the 40S ribosome to form the 43S pre-initiation complex

elF4 eukaryotic translation initiation factor 4 complex complex involved in cap recognition required for mRNA binding to the ribosome

GLI2 glioma-associated oncogene family zinc finger 2 transcription regulator of the Sonic hedgehog signaling pathway

importin-p2 alias: karyopherin subunit beta 1 binds to nuclear localisation signals at the nuclear pore complex, mediating nucleocytoplasmic protein import

KIF17 kinesin family member 17 plus-end-directed ATP-dependent microtubule motor activity, intraciliary transport involved in cilium assembly

NONO non-POU domain-containing octamer-binding protein RNA-binding nuclear protein involved in transcriptional regulation and pre-mRNA splicing

NuMA nuclear mitotic apparatus protein 1 structural component of the nuclear matrix, interacts with microtubules and regulates mitotic spindle formation

NUP35 nucleoporin 35 inner ring component of the nuclear pore complex

NUP37 nucleoporin 37 outer ring component of the nuclear pore complex, required for normal kinetochore-microtubule interaction and mitosis

NUP62 nucleoporin 62 central component of the nuclear pore complex, associates with importins during nucleocytoplasmic transport

NUP85 nucleoporin 85 outer ring component required for nuclear pore complex assembly and maintenance, RNA export and mitotic spindle assembly
NUP93 nucleoporin 93 linker component required for assembly and maintenance of the nuclear pore complex

NUP98 nucleoporin 98 central component of the nuclear pore complex; mediates nuclear import, nuclear export and mitotic progression

NUP188 nucleoporin 188 inner ring component forming a scaffold for the central channel of the nuclear pore complex

NUP214 nucleoporin 214 cytoplasmic nucleoporin involved in nucleocytoplasmic receptor-mediated import across the nuclear pore complex

NUP358 nucleoporin 358, alias: RAN binding protein 2 nucleoporin implicated in the Ran-GTPase cycle, component of the nuclear export pathway

OFD1 oral-facial-digital syndrome 1 protein component of centrioles and centriolar satellites required for ciliogenesis

PCM1 pericentriolar material 1 component of centriolar satellites, required for protein localisation and anchoring of microtubules to centrosomes

pericentrin alias: PCNT component of the pericentriolar material, organizes microtubule arrays during mitosis and meiosis at the centrosome

PQBP1 polyglutamine-binding protein 1 nuclear protein involved pre-mRNA splicing, transcription regulation and cytoplasmic stress granule assembly

PRPF3 pre-mRNA processing factor 3 U4 component of the U4/U6-U5 tri-snRNP complex required for spliceosome assembly; mutations cause RP type 18

PRPF4 pre-mRNA processing factor 4 component of the U4/U6-U5 tri-snRNP complex required for spliceosome assembly

PRPF6 pre-mRNA processing factor 6 component of the U4/U6-U5 tri-snRNP complex involved in pre-mRNA splicing; mutations cause RP type 60

PRPF8 pre-mRNA processing factor 8 U5 component of the U4/U6-U5 tri-snRNP complex; positions U2, U5 and U6 snRNAs at splice sites; mutations cause RP type 13
PRPF19 pre-mRNA processing factor 19 ubiquitin-protein ligase that stabilizes the U4/U5/U6 tri-snRNP spliceosomal complex

PRPF31 pre-mRNA processing factor 31 U4 component of the U4/U6-U5 tri-snRNP complex required for spliceosome assembly; mutations cause RP type 11

RAN Ras-related nuclear protein small GTP binding protein required for nucleocytoplasmic transport through the nuclear pore complex

SFPQ splicing factor, proline- and glutamine-rich pre-mRNA splicing factor required for early spliceosome formation, forming a heteromer with NONO

SMN survival of motor neuron 1 component of the SMN complex required for assembly of SnRNPs

TPR translocated promoter region protein forms intranuclear filaments that interact with nuclear pore complexes, mediating nucleocytoplasmic export of mMRNAs and proteins
SDCCAGS8 serologically defined colon cancer antigen 8, alias: NPHP10 centrosomal protein required for MTOC organisation, G2/M transition of mitotic cell cycle and interphase microtubule organization
SF3B1 splicing factor 3b subunit 1 component of the splicing factor 3b protein complex, contributing to U2 snRNP formation

SND1 staphylococcal nuclease and tudor domain-containing 1 transcriptional co-activator, regulates mRNAs involved in G1-to-S phase transition

SNRNP200 small nuclear ribonucleoprotein U5 subunit 200, alias: BRR2 | RNA helicase component of the U5 snRNP and U4/U6-U5 tri-snRNP complexes; mutations cause RP type 33

XPC XPC subunit, DNA damage recognition and repair factor component of XPC (xeroderma pigmentosum complementation group C) complex; mediates early steps of nucleotide excision repair

Table 1. Summary of proteinsdiscussed in thetext, listing their localizations and functions. Abbreviations: MTOCmicrotubule organizing
center; RP, retinitis pigmentosusnRNAs, small nuclear RNAs; snRNRmall nuclear ribonucleoproteins




