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Karyopherin-fis play a key role as a phase separation regulator
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Recent studies have revealed that cells utilize liquid-
liquid phase separation (LLPS) as a mechanism in
assembly of membrane-less organelles, such as RNP
granules. The nucleus is a well-known membrane-
bound organelle surrounded by the nuclear envelope;
the nuclear pore complex on the nuclear envelope
likely applies LLPS in the central channel to facili-
tate selective biological macromolecule exchange.
Karyopherin-f family proteins exclusively pass
through the central channel with cargos by dissolving
the phase separated hydrogel formed by the
phenylalanine-glycine (FG) repeats-containing nucleo-
porins. Karyopherin-fis also exhibit dissolution activ-
ity for the phase separation of cargo proteins. Many
cargos, including RNNA-binding proteins containing in-
trinsically disordered regions (IDRs), undergo phase
separation; however, aberrant phase separation is
linked to fatal neurodegenerative diseases. Multiple
weak interactions between karyopherin-fs and phase
separation-prone proteins, such as FG repeats-
containing nucleoporins or IDR-containing karyo-
pherin-f cargos, are likely to be important for pass-
ing through the nuclear pore complex and
maintaining the soluble state of cargo, respectively.
In this review, we discuss how karyopherin-fis regu-
late phase separation to function.
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Nuclear import system and nuclear pore
complexes

Cells organize their components by using organelles.
Genomic DNA is encapsulated and protected by the
double-lipid bilayer nuclear envelope. The nucleus
enables an efficient and accurate transcription and
replication by regulating biological macromolecules
traverse. The nucleus utilizes a nuclear pore complex
(NPC) to form an octagonal structure using multiple
copies of 30 different types of nucleoporins (Nups).
The central channel surrounded by layered inner/
outer/transmembrane rings is buried in the nuclear
membrane. The rings are sandwiched by cytoplasmic
ring with cytoplasmic filaments and nuclear ring with
nuclear basket. The rings are constructed by struc-
tured nucleoporins. To understand structure and func-
tion of NPC, integrative structural and biophysical
techniques have been applied for many decades (/—4).
The nucleoporins with phenylalanine-glycine sequen-
ces, called phenylalanine-glycine (FG)-nucleoporins,
construct a permeability barrier to prevent passive
molecular exchange between the nucleus and cyto-
plasm (Z, 5, 6). FG-repeat regions are intrinsically dis-
ordered and likely phase separated in the central
channel (7, 8). Molecules weighing over 40-kDa can-
not pass through the NPC except when bound to nu-
clear transport receptors that are also known as the
karyopherin-ff family. The karyopherin-f proteins
shuttle in and out of the nucleus through the NPC to
carry cargo substrates, which are mainly nuclear pro-
teins with signal sequences that can be recognized and
bound by karyopherin-f§ proteins. Karyopherin-fs are
classified into nuclear import receptors (also known as
importin-fs) and nuclear export receptors (also
known as exportins) based on the direction of the
transport of cargos. Nuclear import receptors carry
their cargo from the cytoplasm to the nucleus, while
the opposite is true for the nuclear export receptors
(9). Approximately 10 family members of karyo-
pherin-fs have been identified as nuclear import
receptors in humans. Generally, karyopherin-fis have
an alpha solenoidal structure that is composed of ~20
HEAT repeats (Fig. 1A). The name of HEAT is given
from four structural similar proteins, Huntingtin,
elongation factor 3, protein phosphatase 2A and the
yeast kinase TORI.

Each nuclear import receptor recognizes a nuclear
localization signal (NLS), which is a consistent pattern
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Fig. 1. Karyopherin-s and FG-repeats. (A) Crystal structures of importin-f (Impf) in complex with Importin-f1 binding domain of
Importin-o (IBB) (PDB ID: 1QGK) and karyopherin-f2 in complex with proline-tyrosine nuclear localization signal (PY-NLS) of hnRNPA1
(PDB ID: 2H4M). (B) Import cargos can pass through phase separated central channel exclusively with karyopherin-f. (C) Model of interac-
tions between FG-repeats and karyopherin-f (Kapf). Multiple weak and transient interactions dissolve phase separated FG-repeats while

traversing.

of the import cargo sequence or motif (/0—13). For ex-
ample, Importin-f1 (Impp1, also known as karyo-
pherin-f1) binds to the classical NLS (cNLS), a
lysine/arginine-rich sequence, through the adapter
protein importin-o. (Impa). Impo binds to both the
monopartite and bipartite basic clusters of the NLS.
Moreover, it employs an auto-inhibitory system, that
is, the importin-f binding (IBB) domain of the impor-
tin-o fills ¢cNLS binding groove in the absence of
c¢NLS. In contrast to Impf1, nuclear import receptor
karyopherin-f2 (Kapf2) directly binds to its NLS,
proline-tyrosine NLS (PY-NLS), which contains a C-
terminal conserved proline-tyrosine sequence (/4).
PY-NLS consists of a basic or hydrophobic patch and
a conserved arginine residue, which is followed by a
proline-tyrosine sequence. The binding modes of IBB
and NLS by Impfl and Kapp2, respectively, have
been structurally uncovered and summarized in other
review articles (9, 10, 15). Not only Impo/f1 and
Kapf2 but also other karyopherin-fs that are capable
of binding to multiple cargos contain conserved
sequences or motifs. This broad recognition facilitates
the binding and transport of a variety of cargos. The
mutations in a cargo, especially in the NLS, lead to
mislocalization in the cytoplasm, which cause diseases
(described in the later section).

Several cargos are exclusively imported into the nu-
cleus by specific karyopherin-fis; however, exceptions
exist; for instance, histones. Histones H1, H2A-H2B
complex and H3-H4 complex are mainly imported
into the nucleus by Imp-f1/Importin-7 heterodimer,
Importin-9 and Importin-4, respectively; however,
other importins can also support the transfer (9, 16).
The imported cargo is released upon binding to the
small GTPase RanGTP in the nucleoplasm.
Expression patterns of karyopherin-fis in the tissues
or organs are summarized in the review by Kimura
and Imamoto (/7). They also mapped the relationship
between import cargos and karyopherin-fs using the
high-throughput mass spectrometry technique (/3). In
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terms of Kapf2, hnRNP family proteins and tran-
scription factors are main import cargos, suggesting
that karyopherin-f32 plays a key role in transcription
and mRNA maturation. Expression of Kapf2 in
brain is likely important in neurogenesis and/or circa-
dian rhythms in mammals (/7). Interestingly, nuclear
import of transcription factor NSY-7 by IMB-2,
which is the Kapf2 homologue in Caenorhabditis ele-
gans, determines the olfactory neuronal cell type (/8).
Thus, karyopherin-f2 regulates multiple cellular sys-
tems through nuclear import of cargos (/9).

Phase separation of the FG-repeats

One-third of the nucleoporins are classified as FG-
nucleoporins. They have intrinsically disordered FG-
repeat regions with folded domains. The folded
domains mainly form rings in the nuclear membrane,
and FG-repeats mainly protrude to the inside of cen-
tral channel. The concentration of FG repeats in the
central channel has been estimated as 10-300 mg/ml
(20). Furthermore, conserved sequence patterns of
FG-repeats have been identified, such as FxFG,
GLFG, PxFG and SxFG. A mesh-like network of
FG-nucleoporins provides a molecular sieve for facili-
tating selective nuclear transport (Fig. 1B) (6, 7).

The purified FG-repeat region of one of the yeast
homolog of FG-nucleoporins, Nspl, undergoes phase
separation and forms hydrogels at high concentrations
(8). Upon substitution of phenylalanine with serine
residues, the hydrogel formation is impaired, which
suggests that pi—pi interactions between phenylalanine
residues are important for driving the phase separ-
ation. The saturated FG-hydrogel prevents the influx
of large macromolecules, like the tetrameric red fluor-
escent protein (MW > 100kDa), while karyopherin-
fs can permeate the hydrogel barrier (27). In addition
to Nspl, a species-wide study of Nup98 across various
organisms, including fungi, plants, insects and mam-
mals, revealed that the purified FG-repeat region of
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Nup98 rapidly forms droplets through phase separ-
ation. The droplets exclude macromolecules; however,
the entry of karyopherin-fs and karyopherin-f cargo
protein complexes is allowed (22, 23). Many major
FG-nucleoporins, including Nup62, Nup98, Nupl53
and Nup214, form droplets via liquid-liquid phase
separation (LLPS) (24). Thus, a permeability barrier
of the NPC is formed by the FG-repeat sequence of
nucleoporin undergoing phase separation. The phase
state of FG-repeats has been optimized for nuclear
transport receptors. Amyotrophic lateral sclerosis
(ALS)-causing C9orf72-derived proline-arginine poly-
dipeptides (20 repeats of PR) bind to the central chan-
nel of NPC and block nuclear transport (295).
Additionally, the phase separation property of FG-
repeats of nucleoporins is important for the stability
and assembly of the NPC (26, 27). FG-repeats recruit
both scaffold nucleoporins and FG-nucleoporins.

Cross-f§ polymers, continuous intermolecular f-
sheets formed by the same fragment of the protein
and stack perpendicular to the fibre axis, are resulted
from self-templated aggregation. Phase separation
and cross-f polymer formation are closely related to
each other. The NQTS-rich spacer sequence of Nspl
forms an amyloid-like cross-f structure, which is im-
portant for formation of a selective molecular sieve
(28). The cross-f-forming region contains multiple
aromatic residues because of FG-repeats. The cross-f
structure tends to form kinked structures, which are
called low-complexity aromatic-rich kinked segments
(29). These findings concur with those of a recent
study on the aromatic-rich cross-f§ structure of RNA-
binding proteins under phase separation. The toxicity
of cross-f structures is still unclear; however, cells
could possibly utilize functional cross-f§ structures
that are different from those in irreversible aggregates.
It should be noted that in vitro phase separation prop-
erties of FG-repeats using purified proteins may differ
from the central channel of NPC in vivo. In vivo ana-
lysis of phase separation of NPC is technically difficult
(30). Advanced biophysical and structural biological
approaches will proof the state of FG-repeats in cen-
tral channel in the feature.

Nuclear import receptors pass through the
phase-separated central channel of the
NPC

The mechanism by which phase-separated FG-repeats
facilitate karyopherin-fis has been discussed for many
decades (30). The surface properties of mobile species,
including karyopherin-fis and cargos, are likely to be
important (3/). Hydrophobic residues, cysteine, histi-
dine and arginine residues facilitate translocation,
while lysine, aspartic acid and glutamic acid residues
impede translocation. By using many GFP mutants
with different surface properties, it was revealed that
mutants with high passage rates exhibited high affinity
for phase-separated droplets formed by purified FG-
repeats. Interestingly, arginine and lysine residues
exhibited opposite effects. This could be attributed to
the property of planar guanidinium group of arginine

Karyopherin-fs are potential phase regulators

residues preferably make contact with phenylalanine
residues via cation-z interactions compared to lysine
residues. Acidic residues on molecular surface nega-
tively contribute to pass through NPC. Although kar-
yopherin-fis have acidic isoelectric points, acidic
regions are located inside the solenoidal structure,
which are utilized for binding NLS or IBB. Two
hydrophobic pockets on the surface of Impf1 binding
FG-repeats were identified by X-ray crystallography
(32). These findings suggest that karyopherin-fs tran-
siently interact with FG-repeats using multiple bind-
ing sites and partially dissolve the phase-separated
gel-like structure to traverse NPC (Fig. 1C). The gel-
like form was self-healing after karyopherin-fs treat-
ment (33).

Karyopherin-fis pass through a 30-nm thick NPC
within 5ms. This fast traversing may be facilitated by
multivalent and weak interactions. Multiple FG units
can bind multiple sites on karyopherin-fs. Global af-
finity (i.e. interaction between single karyopherin-f8
molecule and multiple FG-repeats) increases, and the
dissociation rate constant decreases, thereby increas-
ing the number of binding sites (7, 34). Thus, individ-
ual interactions between single FG unit and single
FG binding site on karyopherin-fs should have a low
affinity to achieve faster traversing. Although the
sequence identity among karyopherin-fs is approxi-
mately 15% or less, karyopherin-fis represent spring-
like solenoidal structures using HEAT repeats. The
solenoidal structures of Kapf2 slightly shrink upon
binding to RanGTP or NLSs (35), and allosteric regu-
lation and/or fluctuation may also facilitate traversing
the phase-separated central channel by FG-repeats
(36, 37).

Phase separation of the cargo proteins

Intrinsically disordered regions are frequently
observed in the cargo proteins of karyopherin-fs,
namely nuclear proteins. The reason why nuclear pro-
teins are enriched with the intrinsically disordered
regions had been largely unknown. Biological phase
separation studies shed new lights on the function of
intrinsically disordered region. Numerous intrinsically
disordered proteins form functional membraneless
organelles (also known as biomolecular condensates)
through LLPS. Various membraneless organelles are
found in the nucleus including nucleoli, nuclear speck-
les, paraspeckles and Cajal bodies (38).

RNA-binding protein Fused in sarcoma (FUS), one
of the most extensively studied in the field of phase
separation, is nuclear imported by Kapp2 (39) and is
essential for the formation of the nuclear body para-
speckles (40). Under normal conditions, FUS localizes
in the nucleus where it plays roles in DNA repair and
transcriptional regulation (47, 42). Under stress condi-
tions, FUS is export to the cytoplasm and is recruited
into the cytoplasmic membraneless organeclle stress
granule (43). Therefore, LLPS of FUS is important
for several cellular processes. FUS is composed by
N-terminus Prion-like domain (PrLD) [also known
as low complexity domain or Prion-like domain
(PrLD), three RGG repeats, RNA recognition motif
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Fig. 2. Karyopherin-fs as phase regulators. (A) Generic model of a karyopherin-ff cargo protein that can undergo liquid-liquid phase separ-
ation, depicting a Prion-like Domain (PrLD), low-complexity domain (LCD), or intrinsically disordered region (IDR) and an RNA-recogni-
tion motif (RRM), a Zinc-finger domain (ZnF), an RGG/RG domain, and a nuclear localization signal (NLS). (B) Karyopherin-fs (Kapp)
can prevent the phase separation and aberrant phase transition of RBP by engaging the NLS. (C) For RBPs without NLS, karyopherin-fis

can prevent their phase separation by engaging the RGG.

(RRM), zinc finger (ZnF) and PY-NLS (Fig. 2A)].
Except for RRM and ZnF, FUS is composed of in-
trinsically disordered regions (IDRs). PY-NLS can
only form alpha helix when it bound to Kapf2 (44).
FUS protein phase separation is driven by multiple
weak and promiscuous interactions (45). The PrLD,
which is required for FUS LLPS, forms a reversible
labile cross-f polymer (46). The cross-f structure of
the fibril-forming part of SYGQ-rich region was
determined by solid-state NMR. The folded fibril
core composed by polar residues, which is different
from the highly stable cross-f structures of the
pathogenic fibril including amyloid fs and w«-synu-
clein (46). The unstructured RGG domains also me-
diate FUS LLPS by cation—n interactions between
the arginine residues in the RGGs and the tyrosine
residues in the PrLD, which governs the saturation
concentration of LLPS (47, 48). The material
property of the phase separated FUS droplets are
further regulated by the glycines, glutamines and
serines in the PrLD (47).
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The other two FET proteins, EWSR1 and TAF15,
which are also nuclear imported by Kapf2 through
binding of their C-terminal PY-NLS, share the do-
main structure and sequence features with FUS (Fig.
2A) (43). Similar to FUS, they possess the requisite se-
quence features to drive phase separation at low-pro-
tein concentrations and physiologically relevant salt
concentrations (47). HnRNPA1 and hnRNPA2 are
two other Kapf2 cargos that can undergo LLPS.
Similar to the FET proteins, hnRNPAI1 and
hnRNPA2 are RBPs with PrLD, RBDs (RNA-
Binding domains) and PY-NLS. However, instead of
a C-terminally localized basic-PY-NLSs (bPY-NLSs)
which is characterized by a basic patch in the N-ter-
minal region of the PY-NLS, hnRNPA1l and
hnRNPA2 have hydrophobic-PY-NLSs (hPY-NLSs)
that locate in the PrLD, which could directly mediate
LLPS (14, 49, 50).

cNLS-containing karyopherin-f§ cargos can also
undergo LLPS. For example, TDP-43, which is nu-
clear imported by Impa/fl complex, forms
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membraneless organelles in both the nucleus and the
cytoplasm (43, 51, 52). In addition to the C-terminal
PrLD, LLPS of TDP-43 is also mediated by the oligo-
merization of N-terminal domain (53). Moreover,
NLS of TDP-43 is also a PAR-Binding domain, which
mediates TDP-43 LLPS thought interactions with
PAR (54).

The nuclear import of several of the SR-rich pro-
teins, including ASF/SF2 and SC35 (SRSF2), is medi-
ated by a specific karyopherin-f, termed transportin-
SR (55). The arginine/serine (RS)-rich domains in
these proteins function as NLS that is important for
their localization to the nucleus, as well as the nuclear
speckles, which are phase separated nuclear conden-
sates that functions in RNA splicing.

Dysregulation of phase separation in neu-
rodegenerative diseases

While LLPS is essential for the formation of beneficial
condensates, dysregulated phase separation can be
detrimental. Indeed, the natural tendency of PrLD-
containing RNA-binding proteins to engage in pro-
miscuous interactions promotes LLPS and also ren-
ders them prone to aberrant phase transition. During
aberrant phase transition, phase separated conden-
sates with dynamic liquid-like property mature into a
less dynamic gel-like state, and eventually forms solid-
like fibrillary aggregates, which is a key pathological
feature in several devastating neurodegenerative dis-
eases (50, 56-60). For example, TDP-43 was identified
as the major component of the proteinaceous inclu-
sions present in ~97% ALS and ~45% FTD patients
(61). Noteworthy, TDP-43 pathology has also been
observed in an increasing spectrum of other neurode-
generative disorders, including Alzheimer’s disease,
Huntington’s disease and Parkinson’s disease. FUS is
present in the cytoplasmic aggregates of ~1% ALS
and ~9% FTD cases (6/). And in all FTD-FUS sub-
types, FET (FUS, EWSRI1 and TAF15) proteins were
found to co-accumulate in FUS-positive cytoplasmic
inclusions (62, 63). hnRNPA1 is a predominantly nu-
clear RBP that can mislocalize to cytoplasmic inclu-
sions in the degenerating tissues of multisystem
proteinopathy (MSP) patients (64).

Several mechanisms were proposed that could lead
to dysregulation of phase transition of karyopherin
cargoes in neurodegenerative diseases. First of all,
genetic mutations in the PrLD can alter phase behav-
iour of the RBP. In fact, ALS/FTD-causing mutations
are clustered in the PrLDs of TDP-43, FUS, EWSRI1,
TAF15, hnRNPA1 and hnRNPA2. These mutations
affect different aspects of phase behaviour of these
proteins (65). For example, G335D in TDP-43
increases the LLPS propensity by enhancing the o-hel-
ical forming propensity of residues 320-343 in the dis-
ordered region (66). On the other hand, GI156E
mutation in FUS PrLD does not change the LLPS
propensity of FUS. Instead, it alters the physical
properties of the condensates by promoting gelation
(67). In addition, D262V mutation in hnRNPAT1 and
D290V in hnRNPA2 accelerates the aberrant phase

Karyopherin-fs are potential phase regulators

transition and fibrillization of these RBPs by introdu-
ces a potent steric zipper into the PrLD (64). Second,
nucleocytoplasmic transport defects, which have been
observed in many neurodegenerative diseases, can
lead to accumulation and alleviated concentration of
karyopherin-f cargoes in the cytoplasm, which pro-
motes phase separation and aberrant phase transition
of these cargo proteins (68, 69). For FUS and
EWSRI1, the nucleocytoplasmic transport defects can
be caused by many of the disease-causing mutations
clustered in the PY-NLS (65). In addition to altering
the localization of the karyopherin-f§ cargoes, these
mutations can also alter the material state of the phase
separated condensates, which further promote aber-
rant phase transition (44). Even in cases where no ap-
parent mutations in RBP NLSs are observed,
cytoplasmic mislocalization of karyopherin-fi cargoes
has been observed. For example, mislocalization and
aggregation of WT TDP-43 in the cytoplasm is a
pathological hallmark of C9orf72-mediated ALS and
FTD, which is the most common genetic cause in
both familial ALS and FTD (70, 71). C9orf72-medi-
ated ALS and FTD are characterized by a GGGGCC
(G4C2) hexanucleotide repeat expansion in the gene
CY9orf72, which can be translated via repeat-associated
non-AUG translation into five distinct dipeptide
repeats (poly-GA, -GP, -GR, -PA and -PR). Multiple
evidence suggests that R-rich DPRs (i.e. poly-GR and
-PR) may impair nucleocytoplasmic transport and
hence cause karyopherin-f§ cargo mislocalization in
C9-ALS/FTD to the cytoplasm and promote their
LLPS and aberrant phase transition (70, 71). Finally,
LLPS and aberrant phase transition of TDP-43 and
other karyopherin-f§ cargoes can be promoted by dir-
ect binding of the R-rich DPRs to these intrinsically
disordered proteins with PrLD/LCD (72).

Karyopherin-fs as a phase regulators

Phase separation of RBPs can be modulated by pH,
temperature, crowding agent and salt concentration.
In cell, phase separation of RBPs can be regulated by
ATP, RNA, PAR and chaperone proteins, such as
hsp104 and hsp70 (73). Recently, we and others
reported that in addition to their canonical function
as nuclear transporters, karyopherin-fis can also func-
tion as chaperones and protein disaggregases to
modulate the phase separation of RBPs (43, 74-76).
Because of self-association tendency, the purified
RBPs were difficult to handle in solution; however, we
found that the RBPs became soluble in the presence
of karyophrin-fs. Then, we sought beyond the nuclear
import function of karyopherin-fs. It has been shown
that nuclear import factors can function as molecular
chaperones to prevent the aggregation of basic nuclear
proteins in the cytoplasm (77), our results further
demonstrated that they can also regulate phase separ-
ation of RBPs and reverse aberrant RBP phase transi-
tion. For example, Kapf2 can prevent the phase
separation and aberrant phase transition of PY-NLS
containing RBPs, including FUS, EWSRI1, TAFI15,
hnRNPA1 and hnRNPA2 (43, 76). In addition,
Kapf2 can also reverse the formation of liquid
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droplets, solid-like hydrogel, and fibrils of FUS,
hnRNPA1 and hnRNPA2. Mechanistic studies of the
chaperone and disaggregase activity of Kapf2 against
FUS phase separation revealed that tight binding be-
tween Kapp2 and the PY-NLS is essential for its ac-
tivity (Fig. 2B) (43, 76). As a result, disease-causing
mutations in FUS PY-NLS that disrupt NLS-Kapf2
binding, such as P525L and R495X, impair nuclear
transport, as well as the chaperon function of Kapp2,
leading to dysregulation of FUS LLPS in cell. Kapp2
also engages other regions across FUS, including the
PrLD and RGG domains that mediate FUS LLPS
(43, 76). Therefore, Kapf2 can also modulate FUS
LLPS by directly blocking residues that are important
for FUS LLPS, such as tyrosines in the PrLD, and
arginines in the RGG domains. Kapp2 also weakly
engages the RNA-binding domains in FUS, such as
the RRM and ZnF, and competes with RNA for FUS
binding. Combining with the observation that RNA
concentration can regulate FUS LLPS, these results
indicate that Kapf2 could also regulate FUS LLPS by
altering  FUS-RNA interaction. In addition, arg-
methylation in the FUS RGG also suppresses FUS
LLPS and SG partitioning, and Kapf2 has higher af-
finity for hypomethylated FUS (74, 75), adding an-
other layer of regulation for FUS LLPS through post-
translational modification. Interestingly, in FTD-FUS
patients, arg-methylation of FUS is lost and Kapp2 is
observed in cytoplasmic FUS inclusions, indicating
that the chaperone activity of Kapf2 is impaired (74,
75).

The activity of Kapf2 as a chaperon in cell has
been demonstrated in different cellular model of FUS
and hnRNPAT1 proteinopathy. Kapf2 expression pre-
vents and reverses FUS accumulation in stress gran-
ules and increases cell viability (43). Kapf2 expression
also restores the nuclear localization of FUS, and the
nuclear function of FUS in RNA processing (43).
Moreover, even modest overexpression of Kapp2
restores the liquid property of FUS RNP granule and
rescues the impaired protein synthesis in axon termi-
nals caused by hypomethylated FUS assemblies (75).
In addition, in a Drosophila model of FUS-ALS,
where lifespan is reduced by expressing FUS R521H
in the motor neuron, co-expression of Kappf2 sup-
pressed FUS toxicity (43). Similar rescue activity was
reported in a Drosophila model where muscle degen-
eration was induced by MSP-linked hnRNPA2
D290V (43). Thus, Kapf2 can suppress RBP toxicity
in diverse settings.

For RBPs with cNLS, such as TDP-43, the phase
separation and aggregation can be prevented and
reversed by its cognate import receptor Impa/f (43).
Recent studies also demonstrated that karyopherin-fs
can regulate the LLPS of arg-riched proteins without
NLS. For example, Kapf2 can still interact with
ALS-causing FUS mutant FUS R495X, which lacks
the PY-NLS, and inhibits the LLPS of FUS R495X
(39). This interaction is mediated by the RGG2-ZnF-
RGG3 segment of FUSR495X binding to the PY-
NLS binding site of Kapp2 (Fig. 2C) (39). Similarly,
Kapp2 recognizes an RG/RGG-rich region in the
cold-inducible RNA-binding protein (CIRBP) and
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regulates the nuclear localization, phase separation
and stress granule recruitment of CIRBP (78). Kapf2
uses the overlapping sites to engage the RG/RGG re-
gion of CIRBP and FUS PY-NLS. Another R-rich re-
gion, the RSY-rich region of CIRBP is recognized by
both Kapf2 and karyopherin-f TNPO3 (transportin-
SR?2), which also regulates CIRBP phase separation
and localization (78). Similarly, Kapf2 or Impf1 sup-
press poly(GR)-induced formation of TDP-43 con-
densates by sequestering poly(GR), instead of direct
interacting with TDP-43 (72). Interaction of Kapp2
and Imppf1l with R-rich DPRs also suppresses RNA-
mediated condensation of poly(GR) in vitro (72).
Given the highly abundant of RG/RGG rich region in
human proteome and their contribution in RBP
LLPS, these studies suggest that karyopherin-fs likely
function broadly to regulate LLPS of RBP.

Perspective

We discussed karyopherin-fis beyond the nuclear im-
port function. Phase separation study of biological
macromolecules provided a new point of view for pro-
tein regulation. Phase regulation by karyopherin-fs is
important in both passing through NPC and main-
taining soluble state of cargos. karyopherin-ffs can be
developed as a new category of chaperon. Multiple
weak interactions promote unwinding phase separated
proteins. The interactions seem competing while pass-
ing through NPC as karyopherin-f and cargo com-
plex. It remains unclear how karyopherin-fis manage
the interactions. It also remains unclear whether chap-
erone activity for phase separated proteins is common
in other karyopherin-f families. Further molecular
basis study may pave the way to understand the
mechanisms.
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