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NLS-binding deficient Kapβ2 reduces
neurotoxicity via selective interactionwith
C9orf72-ALS/FTD dipeptide repeats
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Arginine-rich dipeptide repeat proteins (R-DPRs) are highly toxic proteins found in patients with
C9orf72-linked amyotrophic lateral sclerosis and frontotemporal dementia (C9-ALS/FTD). R-DPRs
cancause toxicity by disrupting the natural phasebehavior of RNA-bindingproteins (RBPs).Mitigating
this abnormal phase behavior is, therefore, crucial to reduce R-DPR-induced toxicity. Here, we use
FUS as amodel RBP to investigate themechanism of R-DPR-induced aberrant RBP phase transition.
We find that this phase transition can be mitigated by Kapβ2. However, as a nuclear import receptor
and phase modifier for PY-NLS-containing RBPs, the function of WT Kapβ2 could lead to undesired
interaction with its native substrates when used as therapeutics for C9-ALS/FTD. To address this
issue, it is crucial to devise effective strategies that allow Kapβ2 to selectively target its binding to the
R-DPRs, instead of the RBPs. We show that NLS-binding deficient Kapβ2W460A:W730A can indeed
selectively interact with R-DPRs in FUS assembly without affecting normal FUS phase separation.
Importantly, Kapβ2W460A:W730A prevents enrichment of poly(GR) in stress granules and mitigates
R-DPR neurotoxicity. Thus, NLS-binding deficient Kapβ2 may be implemented as a potential
therapeutic for C9-ALS/FTD.

Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD)
are two neurodegenerative diseases which are considered to belong to a
common spectrum. Pathologically they are both characterized by the
cytoplasmic mislocalization and aggregation of RNA-binding proteins
(RBP) with low complexity domains (LCDs), including TARDNA-binding
protein of 43 kDa (TDP-43) and Fused in sarcoma (FUS)1. The most
common genetic cause of ALS and FTD is an aberrant G4C2 (GGGGCC)
hexanucleotide repeat expansion present in the first intron of the C9ORF72
(C9) gene2,3. RNA transcripts containing the sense and antisense expanded
sequence are translated through repeat-associated non-AUG translation
(RAN-T), resulting in 5 different dipeptide repeat proteins (DPRs; poly-GP,
poly-GA, poly-GR, poly-PA, and poly-PR)4. Accumulation of DPRs is one
of the three non-mutually exclusivemechanisms proposed forC9-mediated
toxicity, besides loss-of-function due to reduced expression of the C9orf72
protein andgain-of-functionof toxicC9-RNArepeat foci5. AllfiveDPRs are
found in aggregates in C9 patients, whereas arginine-containing poly-GR

and poly-PR peptides (hereafter referred to as R-DPRs) are the most toxic
DPRs based on studies in different cellular and animal models4,6–10. There-
fore, it is important to develop therapeutic strategies to mitigate R-DPR-
induced neuronal toxicity.

Onemechanism throughwhichR-DPRs induce toxicity is by engaging
LCD-containingRBPs to disrupt their normal phase behavior. For example,
R-DPRs can promote liquid-liquid phase separation (LLPS) of LCD-
containing RBPs, including FUS11, TIA112, NPM113, and TDP-4314,15, and
thus disturb the dynamics and functions of the membrane-less organelles
formed by these RBPs, such as stress granules (SGs) and nucleoli11–13.
Another mechanism for R-DPR-induced toxicity is through induction of
nucleocytoplasmic transport defects, which could result from (1) R-DPRs
being phasemodifiers of the FG-Nups in the nuclear pore, (2) sequestration
of the nuclear transport machinery and cargo through direct binding to
R-DPRs or aberrantly formed SGs, or (3) both15–17. It is proposed that the
combined effect of dysregulated nucleocytoplasmic transport and RBP
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phase behavior leads to the mislocalization and co-aggregation of TDP-43
with R-DPRs, which is a key pathological feature in C9-ALS/FTD4,14.
However, the molecular mechanism by which R-DPRs induce LLPS and
aggregation of TDP-43 and other RBPs is unclear.

Because aberrant aggregation and phase transition of RBPs is a hall-
mark of ALS and FTD, an attractive therapeutic approach would be to
mitigate these transitions. Indeed, restoring the functional phase of an RBP
bynuclear import receptors (NIRs) or bait RNAoligonucleotides can rescue
the toxicity causedbyRBPaggregates18–22. For example,Kapβ2, aNIRof PY-
NLS-containing proteins, can mitigate FUS aggregation and associated
toxicity. Therefore, we hypothesize that mitigating aberrant RBP phases
induced by R-DPRs could also rescue R-DPR toxicity. Interestingly, a large
subset of the R-DPR interactome consists of RBPs with nuclear localization
signals (NLSs), which also represent cargos of nuclear import receptors4,12,23.
Moreover, another large subset of the R-DPR interactome is nuclear import
receptors4,12,23. In addition, several genetic screens have identified nuclear
import receptors as modifiers of R-DPR toxicity12,24–26. Indeed, we recently
demonstrated that the nuclear import receptorKapβ2 can rescue poly(GR)-
induced neurotoxicity in CNS tissue27, suggesting that nuclear import
receptors are prime candidates to mitigate aberrant RBP phase transitions
caused by R-DPRs. However, the mechanism underlying these rescue
activities of Kapβ2 against poly(GR)-induced neurotoxicity remains to be
elucidated. In addition to its role as a nuclear import receptor, wild type
(WT) Kapβ2 is a potent phase modifier of FUS and other PY-NLS-
containing RBPs. However, this could lead to unintended interactions with
its physiological substrates when developed as therapeutics for C9-ALS/
FTD. Therefore, it is essential to developKapβ2 variants that do not interact
with native substrates of Kapβ2. These variants have the potential to be used
as therapeutics for C9-ALS.

In this study, using a model RBP (i.e., FUS), whose LLPS and aggre-
gation can be induced and enhanced by R-DPR, we investigated the
mechanism of R-DPR-induced RBP aggregation and LLPS. We aimed to
understand the mechanism behind the R-DPR-induced aberrant RBP
phase transition and develop strategies to mitigate the aberrant phase
transition caused by R-DPRs. Our results show that Kapβ2 potently pre-
vents and reverses R-DPRs-induced aggregation of FUS and TDP-43.
However, due to its localization to SGs through binding to SGproteins such
as FUS, Kapβ2 does not prevent R-DPR’s interaction with SGs. To develop
R-DPRs specific chaperone, we demonstrated that NLS-binding-deficient
Kapβ2W460A:W730A selectively extracts R-DPRs from FUS assemblies
without affecting normal FUS LLPS in vitro, and prevents recruitment of
poly(GR) in SGs in cells. More importantly, Kapβ2W460A:W730A counteracts
neuronal toxicity caused by poly(GR). Based onourfindings, Kapβ2 lacking
NLS-binding has the potential to be utilized as a therapeutic option for the
treatment of C9-ALS/FTD. Notably, this alternative approach would avoid
anyunintended interferencewith thenative transport cargoes ofWTKapβ2
in cells.

Results
R-DPRs enhance aggregation and liquid-liquid phase
separation of FUS
Previous studies have shown that R-DPRs can enhance the phase separation
of the PrLD (Prion-like domain) of FUS11. To understand how R-DPRs
affect the aggregation and LLPS of full-length FUS, we added R-DPRs into
assays that favor formation of FUSfibrils (Fig. 1A–E) or FUS liquid droplets
(Fig. 1F)18. To promote fibril formation, 5 µM of GST-tagged FUS (GST-
TEV-FUS) was incubated with 1.6 µg TEV protease, which cleaved off the
GST, eliciting rapid assembly of fibrils that are resistant to SDS treatment at
a concentration of 0.01% or Sarkosyl treatment at a concentration of 0.04%
(Supplementary Fig. 1A) andbear close ultrastructural resemblance to those
that accumulate in disease (Fig. 1A)18,28. Under these conditions, fibrilliza-
tion is the dominant pathway and is detectable as an increase in turbidity
after a lag time. The addition of 10 µM of (GR)20 or (PR)20 reduced the lag
time before aggregation and increased turbidity at the end of the aggrega-
tion, while the arginine-free DPR (GA)20 had no effect (Fig. 1B). Moreover,

in the presence of (GR)20 or (PR)20, the size of FUS aggregates was sig-
nificantly increased (Fig. 1C, D). We found that the concentration of
R-DPRs is critical in promoting aggregation. For example, for 5 μM FUS,
5 μM or 10 μM, but not 1 μM R-DPRs, enhanced its aggregation (Fig. 1B
and Supplementary Fig. 1B). Moreover, the effect of R-DPRs also depends
on their length. For example, the addition of (GR)8 or (PR)8 also shortens
the lag time of FUS aggregation, but to a lesser extent as compared to (GR)20
or (PR)20 (Fig. 1E and Supplementary Fig. 1C). Thus, poly(GR)or poly(PR),
but not poly(GA), promotes full length FUS aggregation.

Interestingly, immediately upon the addition of (GR)20 or (PR)20,
before the formation of FUS aggregates, we observedan increase in turbidity
and formation of FUS assemblies that have similar morphology to FUS
liquid droplets (T = 0 in Fig. 1B, C), suggesting that R-DPRsmight promote
FUS LLPS. To test whether R-DPRs promote FUS LLPS, we initiated FUS
self-assembly under conditions that favor the formation of FUS liquid
droplets by omitting TEV protease and increasing FUS concentration18.
While (GR)20 and (PR)20 did not form liquid droplets under this buffer
condition (SupplementaryFig. 1D), theR-DPRs significantly enhancedFUS
LLPS, evidenced by the increased droplet size and overall phase-separated
area (Fig. 1F–H). To rule out the possible effect of the GST tag, we also
performed the experiment using MBP-tagged FUS-GFP, where the for-
mation of FUS droplet was initiated by cleavage of the MBP tag29 (Sup-
plementary Fig. 1E). Similarly, (GR)20 and (PR)20 induced an increase in
droplet size and integrated phase-separated area of FUS-GFP (Supple-
mentary Fig. 1E–G). Moreover, these FUS droplets are enriched with het-
erogeneously distributed R-DPRs (Supplementary Fig. 1E). In contrast, the
distribution of FUS-GFP signal inside FUS droplet is homogeneous (Sup-
plementary Fig. 1E). Interestingly, FRAP analysis of FUS droplets indicates
that the presence of (GR)20 does not change the dynamics of FUS-GFP
inside thedroplet (SupplementaryFig. 1H-I).However, thephase formedby
(GR)20 is less dynamic than FUS-GFP in the droplets, indicated by a longer
half-time of recovery (Supplementary Fig. 1J, K). Anisotropy assays showed
that both R-DPRs bind strongly to FUS with similar affinity (Fig. 1I).
Therefore, our results show that (GR)20 and (PR)20 enhance the LLPS and
aggregation of FUS by tightly binding to FUS, similar to R-DPRs binding
induced LLPS of other RBPs that are stress granule components12.

R-DPRs engage the N-terminal PrLD to promote FUS LLPS and
the C-terminal RGGs to promote FUS aggregation
To better understand how R-DPRs promote the aggregation or LLPS of
FUS, we generated and tested a series of FUS deletion mutants (Fig. 2A).
These mutants include the FUS PrLD (FUS1-214), FUS PrLD-RRMwith the
C-terminal RGGs deleted (FUS1-371), FUS ΔPrLD (FUS215-526), and FUS
RRM-RGGs (FUS267-526). Consistent with previous results that interaction
between N-terminal PrLD and C-terminal RGGs is important for FUS
assembly28, these FUS variants did not assemble into either aggregates or
liquid droplets even 100minutes after cleaving the GST tag (Fig. 2B–E).

Interestingly, in the presence of R-DPRs, the N-terminal and
C-terminal fragments of FUS show different assembly behavior. For the
N-terminal fragments lacking the two C-terminal RGG domains (i.e.,
FUS1-214 and FUS1-371), the addition of (GR)20 and (PR)20 induces an
immediate increase in turbidity (Fig. 2B, C, top). However, no further
aggregation is observed, even at 100minutes (Fig. 2B, C, top). When the
FUS assembly was observed under the microscope, only small round con-
densates were present, indicating the formation of liquid droplets induced
byR-DPRs (Fig. 2B-bottom,C-bottom,F, andG).On theotherhand, for the
C-terminal fragments (i.e., FUS215-526 and FUS267-526), the addition of
(GR)20 and (PR)20 promoted aggregation by shortening the lag time and
increasing thefinal turbidity of the aggregation (Fig. 2D,E). Imaging showed
larger and more irregularly shaped FUS assemblies with low circularity in
the presence of (GR)20 and (PR)20, indicating that R-DPRs induced these
FUS constructs to formaggregates insteadof liquiddroplets (Fig. 2D–G).To
determine whether R-DPRs can promote LLPS of C-terminal fragments in
other conditions, we also imaged FUSC-terminal fragments in the presence
of R-DPRs under droplet-forming conditions (i.e., without TEV), but did
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not observe any assembly, even after three hours (Supplementary
Fig. 2A, B). To determine whether co-purified RNA (Supplementary
Table 1) mediates the interaction between R-DPRs and FUS C-terminal
fragments, we addedRNaseA into the assay and observed that evenwithout
RNA, R-DPRs promoted formation of FUS215-526 and FUS267-526 aggre-
gates, although smaller than the aggregates formed without RNase A

(Supplementary Fig. 2C). Therefore, these results indicate that R-DPRs
interact with the N-terminal PrLD to promote FUS LLPS and the
C-terminal RGGs-containing domains to promote FUS aggregation.

Next, we investigated whether the different effects of R-DPRs on the
assembly of N-terminal and C-terminal FUS fragments were a result of
different binding affinity. We used fluorescence anisotropy to measure the
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binding affinity of (GR)20 and (PR)20 todifferent FUS fragments.Our results
showed that binding affinity of FUS fragments toR-DPRs seems to correlate
with the length of the FUS fragment as shorter fragments show weaker
binding (higherKd) (Supplementary Fig. 2D–G). However, the effect of the
R-DPRs on FUS assemblies does not correlate with their binding affinity.
For example, both FUS1-371 and FUS215-526 bindR-DPRswith affinity in the
50-65 nM range (Supplementary Fig. 2E, F) but have different effects in
promoting FUS assembly. While promoting LLPS but not aggregation of
FUS1-371 (Fig. 2B), R-DPRs enhanced aggregation of FUS215-526 (Fig. 2D).
Therefore, differences in binding affinity between R-DPRs and FUS regions
cannot account for the disparate impact that R-DPRs have on FUS LLPS
and aggregation.

Kapβ2 prevents and reverses the aggregation and liquid-liquid
phase separation of wild-type FUS in the presence of arginine-
rich dipeptide repeats
R-DPR-induced aberrant phase transition and aggregation of RBPs was
proposed to be a mechanism of pathogenesis for C9-ALS/FTD4. Therefore,
strategies that mitigate R-DPR-induced aberrant phase transition and
aggregation of RBPs could rescue R-DPR toxicity. We and others have
shown that nuclear import receptors function as potent chaperones and
disaggregases to prevent and reverse LLPSand aggregation of theRBPswith
the corresponding nuclear localization signal (NLS)18–22. Specifically, Kapβ2
(TNPO1) mitigates LLPS and aggregation of FUS by engaging the PY-NLS
at its C-terminus. Therefore, we tested whether Kapβ2 mitigates FUS
aggregation in the presence of R-DPRs.

For WT FUS, the addition of Kapβ2 effectively inhibited aggregation,
even in the presence of (GR)20 or (PR)20 (Fig. 3A, B). Sedimentation analysis
also confirmed the activity of Kapβ2 in preventing the self-assembly of FUS
and R-DPRs (Supplementary Fig. 3A–D). In the absence of Kapβ2, after
TEV cleavage, both FUS and R-DPRs are assembled into aggregates, which
accumulate in the pellet fraction (Supplementary Fig. 3A–D). Addition of
Kapβ2 leads to FUS and R-DPRs being retained in the supernatant fraction
(Supplementary Fig. 3A–D). To investigatewhetherKapβ2 can disassemble
preformed co-aggregates of FUS andR-DPRs, we initiated FUS aggregation
in the presence of (GR)20 or (PR)20, and then addedKapβ2 after aggregation
had reached plateau. When added to pre-formed aggregates, Kapβ2
potently reversed FUS aggregation and reduced turbidity to baseline level
(Fig. 3C, D).

Although co-aggregation of FUS andR-DPRshas not been observed in
ALS/FTD patients, expression of R-DPRs can disrupt the dynamics of
membrane-less organelles such as stress granules, which contain phase-
separated FUS12. Therefore, we next investigated whether Kapβ2 maintains
its activity in regulating FUS phase behavior in the presence of R-DPRs.

Kapβ2 completely inhibited the formation of FUS droplets in vitro both in
the presence and absence of R-DPRs, as indicated by the significant
reduction of phase-separated droplet area (Fig. 3E).

Next, we tested whether Kapβ2 can disassemble FUS/R-DPR co-
condensates after R-DPRs had induced an aberrant FUS phase transition.
Remarkably, the addition of Kapβ2 completely disassembled FUS/R-DPR
co-droplets and restored both FUS andR-DPR to a diffusive state, indicated
by reduceddroplet area (Fig. 3F). Therefore, additionofKapβ2prevents and
reverses aberrant FUS phase transition induced by R-DPR. It is unclear
whether Kapβ2 dissolves R-DPR or FUS first. To address this experimen-
tally, we imaged the disassembly of FUS/R-DPR droplets at various time
points. At the initial time point (T = 10minutes), we observed that some of
the FUS phase was dissolved first (Supplementary Fig. 3E, F). Interestingly,
the portion of the FUS phase that remained undissolved at 10minutes
colocalizedwith the R-DPRphase (Supplementary Fig. 3E, F). This suggests
that FUS interacts with R-DPR in the secondary aberrant phase, disrupting
normal FUS liquid-liquid phase separation (LLPS). We propose that in the
presence of R-DPR, FUS-R-DPR interactions facilitate the formation of this
secondary aberrant phase, which may act as a scaffold to recruit additional
FUS protein. Consequently, when Kapβ2 is added, the recruited FUS is
dissolved first, while the FUS that directly interacts with R-DPR in the
secondary phase is dissolved later, at 2 hours, along with the
R-DPRs (Fig. 3F).

Since impaired dynamics of membrane-less organelles, such as stress
granules, has been proposed to be one of the mechanisms for R-DPR
toxicity30, we next tested if Kapβ2 can prevent (GR)20 from entering the
stress granules (SGs) to impair their dynamics. To this end, we employed a
SG recruitment assay in semi-permeabilized HeLa cells31. To our surprise,
Kapβ2 did not prevent recruitment of (GR)20 into SGs (Supplementary
Fig. 3G).We reasoned it is because Kapβ2 itself is recruited into the SGs via
binding to SG components such as FUS30. Indeed, immunofluorescence of
Kapβ2 showed SG localization (Supplementary Fig. 3H). Therefore, to
eliminate this unwanted interaction of Kapβ2 with its native substrates in
cells, it is important to develop Kapβ2 variants that specifically engage
R-DPR only. To do this, we investigated the mechanism and interaction of
Kapβ2 with FUS and R-DPRs.

Kapβ2’s interaction with FUS and R-DPRs is tunable
The functionofKapβ2 as a phasemodifier of FUSdepends on its interaction
with the PY-NLS18,20. To understand if this mechanism is preserved in the
presence of R-DPRs, we tested Kapβ2 against FUSP525L which has a
mutation in PY-NLS that disrupts Kapβ2 binding32,33. In the absence of R-
DPRs, the activityofKapβ2 inpreventingFUSP525Laggregationwas reduced
(Fig. 4A, B), but not eliminated, with ~70% of FUSP525L remaining soluble

Fig. 1 | Poly(PR) and poly(GR) enhance FUS aggregation and phase separation.
A Schematic of the fibrillization and imaging assay. At 0 h, GST-TEV-FUS was
incubated with 10 µMDPRs (i.e., (GA)20, (GR)20, or (PR)20) in the presence of TEV
protease. Turbidity measurement at 395 nm was used to assess fibrillization. At the
endpoint, 20 nM of TAMRA-(GR)20 or TAMRA-(PR)20 were added for visualiza-
tion and image quantification purpose. Images were taken in both the DIC channel
and the fluorescence channel. B GST-TEV-FUS (5 μM) was incubated with buffer,
10 μM of (GA)20, (GR)20, or (PR)20, in the absence or presence of TEV protease
(16 μg/ml). Aggregation was assessed by turbidity measured at 395 nm. Solid lines
are normalized mean. Dotted lines of corresponding colors represent ± SEM (n = 3
independent experiments).CRepresentative images of FUS aggregates formed in the
presence or absence of the indicated R-DPR at T = 0 and T = 3 h of aggregation.
Samples were supplemented with 20 nM of TAMRA-(GR)20 or TAMRA-(PR)20
before imaging for visualization and quantification. Scale bars, 5 μm.
D Quantification of the images collected in (C) showing the integrated area of FUS
aggregates. Data shown are mean ± SEM.N = 10 images per condition. An unpaired
Student’s t-tests were used to compare different conditions, ****p ≤ 0.0001. EGST-
TEV-FUS (5 μM) was incubated with different concentrations (1 μM, 5 μM, and
10 μM) of (GR)8 or (PR)8 in the absence or presence of TEV (16 μg/ml). Turbidity at
395 nmwas used to assess aggregation. Solid lines are normalizedmean.Data shown

are mean ± SEM (n = 3 independent experiments). F Representative images of FUS
droplets acquired using DIC and fluorescence microscopy. GST-TEV-FUS (10 μM)
was incubated with buffer or 10 μM(GR)20 or (PR)20 in the absence of TEV protease
for 3 h. Samples were supplemented with 20 nM of TAMRA-(GR)20 or (TAMRA)-
(PR)20 for quantification of the fluorescence channel. Scale bars, 5 μm.
GQuantification of the fluorescence images collected in (F) showing the distribution
of FUS droplet size. Number of droplets quantified in each condition (n) is indicated
in the figure. The bar represents the average droplet size ± SEM. An unpaired
Student’s t-tests were used to compare different conditions, ****p ≤ 0.0001.
HQuantification of the fluorescence images collected in (F) showing the integrated
area of the FUS droplets in each condition. Data shown are mean ± SEM. N = 10
images per condition. An unpaired Student’s t-tests were used to compare different
conditions; *p ≤ 0.05, **p ≤ 0.01. I Change of TAMRA anisotropy when 100 nM
TAMRA-(GR)20 or TAMRA-(PR)20 binds to increasing concentrations of GST-
TEV-FUS (0 μM to 7 μM) in assembly buffer (50 mM Tris-HCl pH 8, 20 mM Tre-
halose, 1 mMDTT, and 20 mM glutathione). Values represent means ± SEM (n = 4
(TAMRA-(GR)20), and 6 (TAMRA-(PR)20) independent experiments). Binding
curves were fitted by Prism. The solid line represents the fit, and the fitted Kd was
reported in the figure.
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Fig. 2 | R-DPR binds to N-terminal fragments of FUS to promote phase
separation and C-terminal fragments of FUS to promote aggregation. A A dia-
gram illustrating the domain structure ofWT FUS and truncation constructs used in
this study. (B-E) Top: 5 μMGST-TEV-FUS1-371 (B), GST-TEV-FUS1-214 (C), GST-
TEV-FUS215-526 (D), or GST-TEV-FUS267-526 (E), was incubated with buffer, 10 μM
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of aggregation was determined by turbidity measured at 395 nm. Solid lines are the
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of corresponding colors represent ± SEM (n = 3-4 independent experiments). Bot-
tom, the correspondingDIC and fluorescencemicroscopy images taken at the end of
the reaction. R-DPR containing samples were supplemented with 20 nM of
TAMRA-(GR)20 or (TAMRA)-(PR)20 for quantification of thefluorescence channel.
Scale bars, 5 μm. F, G Quantification of the fluorescence images collected in (B–E,
bottom) in the presence of R-DPRs showing the distribution of FUS assembly size
(F), or circularity (G). The bar represents average ± SEM. The number of droplets
quantified in each condition (n) is indicated in (G).
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(Fig. 4C, D, Supplementary Fig. 4A). Surprisingly, in the presence of (GR)20
or (PR)20, Kapβ2 is completely unable to inhibit FUSP525L aggregation
(Fig. 4A, B), as almost 100%of FUSP525Lwas assembled in the pellet fraction
(Fig. 4C, D). Instead, Kapβ2 inhibits the co-aggregation of R-DPRs into
FUSP525L aggregates and chaperonesR-DPRs, as ~85%of (GR)20 and (PR)20
remained in the soluble fraction (Fig. 4C, E). Similar results were observed

when Kapβ2 was added to preformed R-DPR/FUSP525L co-aggregates,
where Kapβ2 brought most (~80%) of R-DPR into the soluble fraction
without reducing the portion of FUSP525L in the aggregated fraction (Sup-
plementary Fig. 4B–D). These results indicate that in the presence of R-
DPRs, Kapβ2 activity toward FUSP525L aggregation is further diminished,
which could be explained by the combined impact of the PY-NLSmutation
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and the competitive binding of R-DPRs toKapβ2. Indeed, anisotropy assays
revealed that Kapβ2 binds to (GR)20 and (PR)20 with similarly strong
binding affinity compared to its binding to WT FUS (Supplementary
Fig. 4E–G).

The further loss of Kapβ2 activity toward PY-NLS mutant FUS in the
presence of R-DPRs is intriguing and indicates that R-DPRs influence
Kapβ2 interactionwith its native substrate by acting as a competitive binder.
We hypothesized that by tuning the interactions between Kapβ2, R-DPRs,
andWTFUS to favorKapβ2 binding toR-DPRs, one could tune the activity
of Kapβ2 to selectively engage R-DPRs in FUS/R-DPR droplets without
affecting FUS LLPS. Indeed, when (GR)20 concentration was increased to
4-fold that of WT FUS in FUS/R-DPR droplets, which should promote
Kapβ2:(GR)20 interaction, the addition of Kapβ2 selectively extracted
(GR)20 frompreformed FUS/(GR)20 droplets, whereas FUSdroplets remain
intact throughout the assay and the enrichment of FUS inside the droplet
was not affected by the addition of Kapβ2 (Fig. 4F–G, Supplementary
Movies 1–3). This selective activity is useful, as it is advantageous to preserve
the functional phase separation of RBPswhile depleting R-DPRs from these
condensates in diseased conditions. Therefore, we next sought to achieve R-
DPR-selective activity by designing a Kapβ2 variant that favors binding to
R-DPRs but has a weakened binding affinity for FUS.

Kapβ2W460A:W730A shows enhanced R-DPR binding
To identify a Kapβ2 variant that can chaperon R-DPRs without interacting
with FUS, we utilized the GalaxyPepDock docking server to identify the
interacting surface between Kapβ2 and R-DPRs34. GalaxyPepDock predicts
the 3D structure of protein-peptide complexes by combining information
from structural databases and energy-based optimization34. Docking
revealed that the bindingpocket of poly(GR) andpoly(PR)partially overlaps
with the PY-NLS binding surface in Kapβ2 (Supplementary Fig. 5A–E),
similar to a previous docking study26. This finding is also consistent with
NMR data indicating that the poly(PR) binding site on Kapβ2 partially
overlaps with the region of Kapβ2 that is responsible for PY-NLS
recognition35. It is worth noting that the PY-NLS binding pocket can only
accommodate a short stretch of GR/PR repeats (Supplementary Fig. 5C–E).
For longer repeats, interactions with other regions of Kapβ2, such as the
outer surface, should also be considered36. In addition, the unstructured
acidic loop ofKapβ2, which is not included in the crystal structure (PDB ID:
4FDD) used for docking, could interact with RG-rich sequence31. Indeed,
when we repeated the docking with an AlphaFold generated structure of
full-lengthKapβ2 (ID:AF-Q92973-F1),while bothR-DPRs still docked into
the PY-NLS binding pocket with slightly different orientation (Supple-
mentary Fig. 5F–H), multiple interactions with the acidic loop were
observed (Supplementary Fig. 5I–K). Interestingly, although both poly(GR)
and poly(PR) occupy the PY-NLS-binding pocket, they engage different
residues than those involved in FUS PY-NLS binding, making it possible to
design mutations that specifically interrupt PY-NLS but not R-DPR

binding. For example, Kapβ2W460A:W730A is a PY-NLS binding deficient
mutant that is also inactive in chaperoning and transporting FUS (Sup-
plementary Fig. 6A)18,37. Binding energy calculated using the docked
structure of Kapβ2W460A:W730A:PY-NLS showed a 10% increase in binding
energy compared to WT Kapβ2:PY-NLS (Supplementary Table 2). In
contrast, binding energy only increased by 2% for poly(PR) and 5% for
poly(GR) when Kapβ2W460A:W730A was used for docking instead of WT
Kapβ2 (SupplementaryTable 2). A smaller change in binding energy for the
R-DPRs indicates that the W460A:W730A mutations disrupt the PY-NLS
bindingmore thanR-DPRbinding38.We thenmeasured thebinding affinity
between R-DPRs and Kapβ2W460A:W730A, as well as FUS and
Kapβ2W460A:W730A. Interestingly, while FUS showed a reduced binding
affinity for Kapβ2W460A:W730A compared to WT Kapβ2, both (GR)20 and
(PR)20 showed enhanced binding affinity to Kapβ2W460A:W730A compared
to WT Kapβ2 (Fig. 4H–J). As a result, while FUS and R-DPRs bind WT
Kapβ2 with similar affinities, the affinity of R-DPRs for Kapβ2W460A:W730A

is ~1.5 times that of FUS for Kapβ2W460A:W730A.

Kapβ2W460A:W730A preferentially removes R-DPR from co-
aggregates and co-condensates of FUS/R-DPR
Next, we tested whether Kapβ2W460A:W730A exhibits selective binding
activity toward R-DPRs in assemblies that have both FUS and R-DPRs.We
first used a sedimentation assay to monitor the assembly of R-DPRs and
FUS in the presence ofKapβ2W460A:W730A.UnlikeWTKapβ2,which retains
both R-DPRs and FUS in the soluble fraction in this assay (Supplementary
Fig. 3A–D), Kapβ2W460A:W730A selectively retains R-DPRs in the soluble
fraction, whereas FUS remained in the pellet (Fig. 5A–D, Supplementary
Fig. 6B–C). In addition, Kapβ2W460A:W730A remains in the soluble fraction
with R-DPR, rather than binding to FUS in the pellet, confirming its
selectivity for R-DPR (Fig. 5A, B).

We then tested the selective activityofKapβ2W460A:W730A inpreventing
R-DPRs from forming FUS/R-DPRs co-condensates. Compared to the
phase separation condition used in Fig. 3E, we increased the salt con-
centration from 50mM to 150mM to reduce non-specific interactions
between proteins. Indeed, under this physiological salt concentration, the
Kd of Kapβ2W460A:W730A to FUS-GFP (124.4±58.5 nM) shows a greater
decrease compared to the Kd of Kapβ2 WT to FUS-GFP (39.6±17.7 nM)
(Supplementary Fig. 6D), while both (GR)20 and (PR)20 showed enhan-
ced binding affinity to Kapβ2W460A:W730A compared to WT Kapβ2 (Sup-
plementary Fig. 6E, F). As a result, under physiological salt conditions,
the affinity of R-DPRs for Kapβ2W460A:W730A is ~3 times that of FUS
for Kapβ2W460A:W730A. The decrease in binding affinity for
FUS:Kapβ2W460A:W730A is still less pronounced compared to the over 100-
fold drop in hnRNPDPY-NLS binding whenW460A orW730Amutation
was introduced in Kapβ237, possibly due to the remaining interaction pro-
vided by the Kapβ2 acidic loop to the RGG rich region in full-length FUS31.
Similar to our observation in 50mMNaCl (Fig. 3E), in the presence ofWT

Fig. 3 | R-DPR-enhanced aggregation and phase separation of WT FUS can be
prevented and reversed by WT Kapβ2. A Schematic of the fibrillization inhibition
reaction. At 0 h, GST-TEV-FUS fibrillization was initiated with or without R-DPRs,
in the presence or absence ofWT Kapβ2. Turbidity measurement was used to assess
fibrillization. B GST-TEV-FUS (5 μM) fibrillization was initiated by adding TEV
protease (16 μg/ml). The fibrilization reaction was incubated with 10 μM (GR)20 or
(PR)20 in the presence or absence of 5 μMWT Kapβ2. Aggregation was assessed by
turbidity measured at 395 nm. Solid lines are normalized mean. Dotted lines of
corresponding colors represent ± SEM (n = 3-4 independent experiments).
C Schematic of the fibrillization disaggregation reaction. GST-TEV-FUS was
incubatedwithR-DPRs in the presence of TEVprotease, and turbidity wasmeasured
to assess fibrillization. After 100 mins of aggregation, an equal volume ofWTKapβ2
or buffer was added, and turbidity was continually measured. D GST-TEV-FUS
(5 μM) fibrillization was initiated as described in (C). After 100 mins, an equal
volume of WT Kapβ2 (5 μM) or buffer was added, and turbidity was continually
measured at 395 nm. Solid lines are normalizedmean.Dotted lines of corresponding
colors represent ± SEM (n = 3-4 independent experiments). E FUS-GFP LLPS was

initiated by adding 3 C protease (18 μg/ml) into MBP-FUS-GFP (3 μM) incubated
with buffer (50 mM KCl, 50 mM Tris pH 7.4, 0.5% Glycerol, and 1 mM DTT) or
3 μM (GR)20 or (PR)20, in the presence or absence of 6 μMWTKapβ2. All R-DPRs-
containing samples were supplemented with 100 nM labeled TAMRA-(GR)20 or
TAMRA-(PR)20. Droplets were visualized after 2 hours of incubation. Scale bars, 5
μm. The figure on the right quantifies the fluorescence signal of the GFP channels
and shows the integrated area of FUS droplets in each condition. Data shown are
mean ± SEM. The number of images quantified in each condition (n) is indicated in
the figure. An unpaired Student’s t-tests were used to compare different conditions;
****p ≤ 0.0001. F FUS-GFP LLPS was initiated as in (E). At 2 hours, 6 µM WT
Kapβ2 was added to preformed FUS-GFP droplets, and the samples were imaged
2 hours later. All R-DPRs-containing samples were supplemented with 100 nM
TAMRA-(GR)20, or TAMRA-(PR)20. Scale bars, 5 μm. The figure on the right
quantifies the fluorescence signal of the GFP channels and shows the integrated area
of FUS droplets in each condition. Data shown are mean ± SEM. The number of
images quantified in each condition (n) is indicated in the figure. An unpaired
Student’s t-tests were used to compare different conditions; ****p ≤ 0.0001.
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Kapβ2, co-condensation of FUS andR-DPRswas completely inhibited, and
FUS could not formdroplets (Fig. 5E). In contrast, whenKapβ2W460A:W730A

was added to FUS/R-DPRs co-condensates, LLPS of WT FUS was main-
tainedwith the total integrated phase separated area comparable to the non-
R-DPR condition (Fig. 5E, F). In addition, the enlarged size of FUS-GFP
droplets caused by the addition of R-DPRwas not observed in the presence
of Kapβ2W460A:W730A (Fig. 5G). Remarkably, the preferred binding of

Kapβ2W460A:W730A toward R-DPRs enabled it to selectively block R-DPRs
from affecting FUS-GFP droplets, indicated by the disappearing of the
heterogeneousphase formedbyR-DPRs inFUS/R-DPRco-droplets and the
decreased enrichment of TAMRA-DPR signal in these samples (Fig. 5E,H).
For example, when quantified, the enrichment factor for (GR)20 in FUS-
GFP droplets was significantly decreased from 7.8 ± 2.5 to 2.3 ± 0.5
(Fig. 5E,H). In contrast, the enrichment factor for FUS-GFP in the droplets
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remains unchanged with and without Kapβ2W460A:W730A (Fig. 5H). The
selectivity of Kapβ2W460A:W730A toward (PR)20 in FUS/(PR)20 co-
condensates is even more pronounced, as the enrichment factor for
(PR)20 under this condition was 1.3 ± 0.1, indicating almost no enrichment
of (PR)20 and near complete extraction from the FUS droplet by
Kapβ2W460A:W730A (Fig. 5H). Thus, Kapβ2W460A:W730A binding to R-DPRs
effectively inhibits the recruitment of R-DPRs into FUS droplets without
affecting the normal phase separation of FUS. This effect is in stark contrast
to WT Kapβ2, which completely inhibits normal phase separation of FUS
(Fig. 5E-H).

We next investigated the ability of Kapβ2W460A:W730A to solubilize
R-DPRs that have already assembled into FUS-GFP condensates. Unex-
pectedly, even with reduced binding to FUS, Kapβ2W460A:W730A was able to
disassemble preformed FUS/R-DPR co-condensate completely (Supple-
mentary Fig. 6G). It is possible that instead of simply being recruited into
FUS droplets, R-DPR forms an important scaffolding structure for FUS/R-
DPRco-condensates (Supplementary Fig. 3E, F). Therefore, whenR-DPR is
extracted by Kapβ2W460A:W730A, the droplets disassemble.

Kapβ2W460A:W730A effectively inhibits and reverses R-DPR-
induced TDP-43 aggregation
In ALS/FTD patients, R-DPRs co-localize with TDP-43 aggregates39. A
recent study showed that WT Kapβ2 can prevent poly(GR)-induced TDP-
43 aggregation, even though TDP-43 is not a substrate for Kapβ215,18. We
tested whether mutant Kapβ2 can also mitigate R-DPR-induced TDP-43
aggregation. Consistent with previous results, turbidity assays show that the
addition of R-DPRs induces TDP-43 aggregation, with (PR)20 having a
stronger effect than (GR)20 (Fig. 6A–D). Kapβ2W460A:W730A has a similar
effect in inhibiting R-DPR-induced TDP-43 aggregation compared to WT
Kapβ2 (Fig. 6A–D). Fluorescence images of TDP-43/R-DPR co-aggregates
showed that the addition of R-DPRs induced the formation of largeTDP-43
assemblies that co-localize with R-DPRs (Fig. 6E). When equimolar WT
Kapβ2 was added, the size of TDP-43/R-DPR co-condensates was reduced
relative to the aggregates that form in the absence of Kapβ2 (Supplementary
Fig. 7A).WhenKapβ2was added at a ratio of 2:1 (Kapβ2:R-DPR), TDP-43/
R-DPR co-condensates were inhibited entirely, and both TDP-43 and
R-DPR remained diffuse (Fig. 6E). Kapβ2W460A:W730A showed similar
results to WT Kapβ2 in these assays (Fig. 6E and Supplementary Fig. 7A).
We then asked whether Kapβ2 can reverse R-DPR-induced TDP-43
aggregation by extracting R-DPRs from their co-aggregates. We found that
even at a ratio of 2:1 (Kapβ2:R-DPR), Kapβ2 was not able to disassemble
preformed R-DPR/TDP-43 co-aggregates (data not shown). To test whe-
ther a higher ratio of Kapβ2:R-DPR is more effective, we tested at a ratio of
4:1, but with lower concentrations of R-DPR (1 μM) and TDP-43 (1 μM),
due to the limitation of the highest Kapβ2 concentration we can achieve
without losing the protein. Even at lower concentrations, R-DPRs can
induce aggregation of TDP-43 and co-aggregates with TDP-43 (Fig. 6F).
Interestingly, at a ratio of 4:1 (Kapβ2:R-DPR), Kapβ2 WT and
Kapβ2W460A:W730Awere able to extract R-DPR into the soluble phase and at

the same time, restore TDP-43 into a diffusive state (Fig. 6F). This activity of
Kapβ2 is specific as BSA at the same concentration did not have an effect on
R-DPR-induced TDP-43 aggregates (Supplementary Fig. 7B).

Kapβ2W460A:W730A is more efficient in preventing poly(GR)
recruitment into stress granules
Having demonstrated that Kapβ2W460A:W730A selectively engages R-DPRs
and effectively mitigates R-DPR-induced aberrant phase transition of FUS
and TDP-43, which are both SG components, we next tested if
Kapβ2W460A:W730A can prevent (GR)20 from entering SGs and impairing
their dynamics. Compared to cells treated with WT Kapβ2, concomitant
addition of Kapβ2W460A:W730A with (GR)20 resulted in reduced association
of (GR)20with SGs (Fig. 7A, B). This is consistentwith a previous report that
WT Kapβ2 is recruited into SGs, whereas Kapβ2W460A:W730A has a reduced
tendency to be recruited30. Thus, Kapβ2W460A:W730A specifically prevents
R-DPRs from interacting with SGs, while preserving physiological RBP
granules.

We extended our study to primary cortical neurons to investigate the
selective interaction of Kapβ2W460A:W730A with polyGR in a disease relevant
model. To achieve specific neuronal expression of the protein, we used
constructs which express V5-tagged WT Kapβ2 or Kapβ2W460A:W730A

under a human synapsin promoter. Upon viral transduction of V5-WT
Kapβ2 or V5-Kapβ2W460A:W730A constructs, the two proteins were
expressed at similar level in primary cortical neurons (Supplementary
Fig. 8A, B). Exogenously expressed Kapβ2 localized both in the nucleus and
in the cytoplasm as expected (Supplementary Fig. 8C)16. We then co-
transduced the neurons with V5-WT Kapβ2 or V5-Kapβ2W460A:W730A,
along with (GR)50-GFP or (GA)50-GFP as a control, all under the same
human synapsin promoter and investigated their interaction in neurons.
Both Kapβ2 variants co-immunoprecipitated with (GR)50-GFP, but not
(GA)50-GFP (Fig. 7C and Supplementary Fig. 8D), consistent with our in
vitro measurement. To investigate if Kapβ2 variants modulate the locali-
zation of poly(GR) in SGs, we stressed the primary neurons with sodium
arsenite, which induced formation of SGs that contained (GR)50-GFP
(Fig. 7D). Without (GR)50-GFP, expression of Kapβ2W460A:W730A does not
change the SG dimension, number, and TIAR content per SG, compared to
cells expressing WT Kapβ2 (Supplementary Fig. 8E–H). When co-expres-
sed, the expression level of (GR)50-GFP is similar in WT Kapβ2- and
Kapβ2W460A:W730A-expressing cells (Supplementary Fig. 8I), indicating that
Kapβ2W460A:W730A does not influence (GR)50-GFP synthesis or degradation
dynamics. Remarkably, Kapβ2W460A:W730A reduced the enrichment of
(GR)50-GFP in TIAR-positive SGs, consistent with our observation inHeLa
cells (Fig. 7D, bottom panel, and 7E). On the other hand, WT Kapβ2 failed
to reduce the (GR)50-GFP SG enrichment (Fig. 7D, top panel, and 7E).

Kapβ2W460A:W730A reduces (GR)100 aggregation and counteracts
neuronal toxicity of poly(GR)
Finally, we asked whether by selectively engaging poly(GR),
Kapβ2W460A:W730A can solubilize poly(GR) and reduce its neuronal toxicity.

Fig. 4 | In the presence of R-DPRs, Kapβ2 activity against PY-NLSmutant FUS is
abolished. A, B GST-TEV-FUSP525L (5 μM) fibrillization was initiated by adding
TEV protease (16 μg/ml). Fibrilization reaction was incubated with 10 μM (GR)20
(A), or 10 μM (PR)20 (B), in the presence or absence of 5 μMWT Kapβ2. Aggre-
gation was assessed by turbidity at 395 nm. Solid lines are normalized mean. Dotted
lines of corresponding colors represent ± SEM (n = 3 independent experiments).
C GST-TEV-FUSP525L (5 μM) fibrillization was initiated by adding TEV protease
(16 μg/ml). Fibrilization reactionwas incubatedwith buffer, 10 μM(GR)20, or 10 μM
(PR)20, in the presence or absence of 5 μMWTKapβ2. After 100 min of incubation,
fibrillization was assessed by sedimentation assay. Pellet and supernatant fractions
were resolved by SDS-PAGE and stained with Coomassie Brilliant Blue. A repre-
sentative gel is shown. Quantification of the sedimentation gels in (C). The amount
of FUS P525L (D), and R-DPR (E) in the pellet fraction was determined by densi-
tometry. Values represent means ± SEM (n = 4 independent experiments).
Unpaired Student’s t-tests were used to compare different conditions;

****p ≤ 0.0001. F FUS-GFP (3 μM) liquid droplets were formed in LLPS buffer
(50 mMKCl, 50 mMTris pH 7.4, 0.5% Glycerol, and 1 mMDTT) in the presence of
12 μM (GR)20. At 2 hours, 3 µM WT Kapβ2 was added, and the sample was then
imaged continuously for 135 seconds. Representative images were shown. 100 nM
TAMRA-(GR)20 was added for visualization of (GR)20. Scale bars, 5 μm. See also
Supplementary Movie 1-3. G Quantification of images collected in (F) showing the
changes in the enrichment factor (ratio of mean fluorescence intensity in liquid
droplet to themeanfluorescence intensity in bulk) of FUS-GFP andTAMRA-(GR)20
after addition of Kapβ2. Values representmeans ± SEM. 31 droplets were quantified.
Change of anisotropy when 100 nM FUS-GFP (H), 100 nM TAMRA-(GR)20 (I), or
100 nM TAMRA-(PR)20 (J) binds to increasing concentrations of WT Kapβ2 or
Kapβ2W460A:W730A (0 μM to 7 μM) in assembly buffer (50 mM Tris-HCl pH 8,
20 mM Trehalose, 1 mM DTT, and 20 mM glutathione). Values represent
means ± SEM (n = 3-5 independent experiments). Binding curves were fitted by
Prism. Solid line represents the fit and the fitted Kd was reported on the figure.
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Because viral transduction of (GR)50-GFP does not lead to aggregation of
(GR)50 without stress, we elected to transfect our primary neuron culture
with (GR)100-mCherry, which spontaneously forms aggregates when
expressed in absence of external stress (Fig. 8A). When Kapβ2W460A:W730A

was co-expressed with (GR)100-mCherry, we observed localization of
Kapβ2W460A:W730A to aggregates containing (GR)100 (Fig. 8A, arrow).

Interestingly, co-expressing GFP-Kapβ2W460A:W730A with (GR)100-
mCherry leads to a significant reduction in the number of (GR)100 aggre-
gates (Fig. 8A, B). In the remaining (GR)100 aggregates in GFP-
Kapβ2W460A:W730A expressing cells, although the size of the (GR)100
aggregates does not change (Fig. 8C), the mean mCherry fluorescence
intensity in these aggregates is significantly reduced compared to the
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aggregates observed in GFP expressing cells, indicating less (GR)100 is
assembled into aggregates. Finally, wemonitored the survival of neurons by
live cell imaging, which displayed overt survival deficits when expressing
(GR)100, consistent with published results (Fig. 8E)

10,40. Co-expressing GFP-
Kapβ2W460A:W730A with (GR)100-mCherry leads to a modest, although
significant, increase (9.76±1.61%) in neuronal survival rate after 5 days of
transfection (Fig. 8E). To confirm the rescue of poly(GR) toxicity by
Kapβ2W460A:W730A in an independent neuronal model of R-DPR toxicity,
we treated primary neurons with synthetic (GR)20, which robustly induces
neuronal death, compared to the nontoxic DPR (GR)8 (Fig. 8F, G). While
additionofWTKapβ2orKapβ2W460A:W730Adoesnot change the viability of
cells treated with (GR)8, suggesting that addition of both Kapβ2 does not
affect neuronal viability, it significantly increased neuronal survival in
(GR)20 treated cells (Fig. 8F). DIC images of the treated neurons confirmed
the protective effect of Kapβ2W460A:W730A against neuron degeneration
(Fig. 8G). For example, (GR)20 treated neurons exhibited retracted and
fragmented neurites compared to (GR)8 treated neurons. Notably, when
neurons were co-treated with (GR)20 and Kapβ2W460A:W730A, longer
neurites were observed (Fig. 8G), indicating rescuing of neurodegeneration.
Together, these data demonstrate that Kapβ2W460A:W730A can engage
poly(GR) in neurons to reduce their aggregation formation and rescue their
neuronal toxicity.

Discussion
A proposed mechanism for R-DPR toxicity is by binding to LCD-
containing RBPs, inducing their aberrant phase transition and
aggregation11–13. Therefore, it is important to understand the mechanism of
R-DPR induced RBP aberrant phase transition to develop strategies to
mitigate this toxic effect.Here,we show that R-DPRs bind to theN-terminal
LCD of FUS (i.e., PrLD) to induce its LLPS, whereas binding to the
C-terminal LCD (i.e., the RGG domains) induces FUS aggregation. While
WT Kapβ2 is effective in mitigating R-DPR-induced FUS aberrant phase
transition, it also completely inhibits FUS LLPS which is important for FUS
function in cells. Furthermore, FUS binding resulted in stress granule
localization of Kapβ2 in cell, thus Kapβ2 could not prevent interaction of
R-DPRs with stress granules. To eliminate this undesired Kapβ2 activity
against FUS, we took advantage of the tunable interactions amongst Kapβ2,
FUS, and R-DPRs, and used a known Kapβ2 mutant (i.e.,
Kapβ2W460A:W730A) with weakened binding to FUS. Interestingly, we find
that Kapβ2W460A:W730A retains strong binding to R-DPRs (Fig. 4H–J and
Supplementary Fig. 6E, F). As such, Kapβ2W460A:W730A selectively inhibits
R-DPRassembling intoFUSdropletwithout affecting normal FUSLLPS. In
cells, Kapβ2W460A:W730A efficiently prevents the recruitment of (GR)20 into
stress granules. Moreover, Kapβ2W460A:W730A reduced (GR)100 aggregate
formation and counteracted poly(GR) toxicity in primary neurons. Our
results demonstrate that nuclear import receptors are attractive candidates
formaintaining functionalRBPphase separation in thepresenceofR-DPRs.
More importantly, the property of Kapβ2W460A:W730A to selectively inhibit
R-DPRs from partitioning into FUS droplets without affecting normal FUS

phase separation, and from enrichment into stress granules, makes it an
ideal tool to mitigate toxicity induced by R-DPR in C9-ALS/FTD without
the potential undesired interaction ofWT Kapβ2 toward its native cargoes,
such as FUS. The development of Kapβ2W460A:W730A extended the ther-
apeutic potential ofKapβ2 beyond its initially proposed application onFUS-
ALS/FTD, and demonstrated the potential of R-DPR-specific variant of
Kapβ2 against the most common genetic form of ALS/FTD: C9orf72-
ALS/FTD.

Although interactingwith numerous LCD-containingRBPs, including
FUS and TDP-43, R-DPRs have been found to co-aggregate with TDP-43,
suggesting that R-DPRs affect LCD-containing RBPs differently. Indeed,
our results showed thatR-DPRs interact differentlywith theN-terminal and
C-terminal LCDs of FUS. R-DPRs bind the N-terminal LCD of FUS, a
PrLD, to promote phase separation. Conversely, R-DPRs interact with the
C-terminal LCD, theRGGdomains to promoteFUSaggregation.Under the
sticker-and-spacermodel, LLPS of FUS is driven by the cation-π interaction
between arginine and tyrosine stickers from the C-terminal RGG domains
and N-terminal PrLD, respectively41. Indeed, without the C-terminal RGG,
FUS PrLD has a low tendency to phase separate (Fig. 2C)41. R-DPRs could
act as additional arginine stickers and thus re-establish the interaction
between arginine and tyrosine to facilitate the LLPS of PrLD (Fig. 2B, C).On
the other hand, a FUS construct containing the C-terminal two RGG
domains (i.e., FUS267-526) are soluble on their own but aggregate rapidly in
the presence of R-DPR, without forming droplets (Fig. 2E). TDP-43 also
aggregates rapidly in the presence of R-DPRs (Fig. 6). Whereas the FUS
PrLD is enrichedwith uncharged polar residues (e.g., tyrosine), the TDP-43
LCD is unique in that it is also enriched with hydrophobic residues42.
Moreover, in contrast to the FUS PrLD which contains only 2.3% aspartic
acid and glutamic acid residues, the full-length TDP-43 protein exhibits a
higher abundance of negatively charged residues (11% consisting of aspartic
acid and glutamic acid) (Supplementary Fig. 9A). These negatively charged
residues could be shielded by arginines in R-DPRs, which could then
increase the hydrophobicity of TDP-43 and induce aggregation43,44. Simi-
larly, C-terminal fragments of FUS (i.e., FUS267-526) are more enriched in
negatively charged residues than the N-terminal PrLD (Supplementary
Fig. 9B). As a result, FUS267-526 has the tendency to form aggregates in the
presence of R-DPRs (Fig. 2E). Alternatively, FUS267-526 aggregation in the
presence of R-DPRs could be mediated or enhanced by the co-purified
RNA. Indeed, the addition of RNase A reduced the size of the FUS267-526
aggregates formed, highlighting the contribution of RNA in the interaction
between FUS and R-DPR. Further experiments are needed to understand
the exact roleplayedbyRNAandwhether the small aggregates are causedby
remaining FUS-bound RNA that wasn’t digested by RNase A.

Kapβ2 is a potent chaperone and protein disaggregase for PY-NLS-
containingproteins suchasFUS, and it functionsby interactingwith thePY-
NLS and arginine residues of the RGG domains of these proteins18,20–22,45. In
thepresence ofR-DPRs,Kapβ2 is still able to completely prevent and reverse
FUS aggregation. In this situation, Kapβ2 functions by binding to both PY-
NLSand theR-DPRs, keepingbothFUSandR-DPRs in the soluble fraction.

Fig. 5 | Kapβ2W460A:W730A selectively extracts R-DPR from co-aggregates and co-
condensates of FUS/R-DPR.A, BGST-TEV-FUS (5 μM) fibrillization was initiated
by adding TEV protease (16 μg/ml). Fibrilization reactions were incubated with
buffer, 10 μM (GR)20 (A), or 10 μM (PR)20 (B), in the presence or absence of 5 μM
Kapβ2W460A:W730A. After 100 minutes of incubation, fibrillization was assessed by
sedimentation assay. Pellet and supernatant fractions were resolved by SDS-PAGE
and stained with Coomassie Brilliant Blue. A representative gel is shown. Quanti-
fication of the gel images in (A) and (B). The amount of FUS (C), or R-DPR (D) in
the pellet fraction was determined by densitometry. Values represent means ± SEM
(n = 3 independent experiments). Unpaired Student’s t-tests were used to compare
different conditions. E FUS-GFP LLPS was initiated by adding 3 C protease (18 μg/
ml) into MBP-FUS-GFP (3 μM) incubated with buffer (150 mM KCl, 50 mM Tris
pH 7.4, 0.5% Glycerol, and 1 mM DTT), 3 μM (GR)20, or 3 μM (PR)20, in the
presence or absence of 6 μM indicated Kapβ2 variant. All R-DPRs containing
samples were supplemented with 100 nM TAMRA-R-DPR. Droplets were

visualized after 2 hours of incubation. Scale bars, 5 μm. FQuantification of the GFP
channel of the fluorescence images collected in (E) shows the integrated area of FUS
droplets in each condition. Data shown are mean ± SEM. n = 29 images per con-
dition. Unpaired Student’s t-tests were used to compare different conditions.
(G) Quantification of the GFP channel of the fluorescence images collected in (E)
shows the size of the droplets in each condition. Data shown are mean ± SEM. The
number of droplets (n) quantified in each condition is indicated in the figure.
Conditions withWTKapβ2 were N/A because there were not enough droplets to be
quantified. (H) Quantification of images collected in (E) showing the enrichment
factor (ratio of mean fluorescence intensity in liquid droplets to the mean fluores-
cence intensity in bulk) of FUS-GFP and TAMRA-(GR)20 in each droplet. Data
shown are mean ± SEM. The number of images (n) quantified in each condition is
indicated in the figure. Conditions withWTKapβ2were N/A because there were not
enough droplets to be quantified. Unpaired Student’s t-tests were used to compare
different conditions; ****p ≤ 0.0001.
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Fig. 6 | Kapβ2W460A:W730A prevents and reverses R-DPRs-induced TDP-43
aggregation as efficiently as WT Kapβ2. His-SUMO-TDP-43 (5 μM) incubated
with buffer, 5 μMWTKapβ2 or Kapβ2W460A:W730A, in the presence of 10 μM(GR)20
(A), or 10 μM (PR)20 (C). Aggregation was assessed by turbidity measured at
395 nm. Solid lines are normalized mean. Dotted lines of corresponding colors
represent ± SEM (n = 3 independent experiments). Quantification of the area under
the curve for the curves in (A) and (C) for (GR)20 (B), and (PR)20 (D), respectively.
Color code is the same as in (A) and (C). Unpaired Student’s t-tests were used to

compare different conditions.E Fluorescence images of His-SUMO-TDP-43 (2 μM)
condensates formed in the presence or absence of the indicated R-DPR (2 μM) and
the indicated Kapβ2 variant (4 μM). 200 nMHis-SUMO-TDP-43-GFP and 100 nM
TAMRA-R-DPR were added for visualization. Scale bar: 25 μm. F Indicated Kapβ2
variant (4 μM) was added into His-SUMO-TDP-43 (1 μM) condensates performed
in the presence of the indicated R-DPR (1 μM). 2 hours after the addition of Kapβ2,
fluorescence images of the samples were taken. 200 nM His-SUMO-TDP-43-GFP
and 100 nM TAMRA-R-DPR were added for visualization. Scale bar: 25 μm.
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Fig. 7 | Kapβ2W460A:W730A is more efficient in preventing poly(GR) recruitment
into stress granules. A Representative images showing recruitment of TAMRA-
(GR)20, in the presence of WT Kapβ2 or Kapβ2W460A:W730A, to G3BP1-positive
stress granules in semi-permeabilized HeLa cells that were treated with sodium
arsenite. Scale bar as indicated in the figure. B Quantification of the mean fluores-
cence intensity of TAMRA-(GR)20 in stress granules in the presence ofWTKapβ2 or
Kapβ2W460A:W730A. The number of stress granules (n) quantified in each condition is
indicated in the figure. Unpaired Student’s t-tests were used to compare different
conditions; ****p ≤ 0.0001. C Co-immunoprecipitation (Co-IP) of (GR)50-GFP or
(GA)50-GFP with V5-tagged WT Kapβ2 or Kapβ2W460A:W730A, from lysate of pri-
mary cortical neurons transducedwith hsyn::(GR)50-GFP or hsyn::(GA)50-GFP, and
hsyn::WT Kapβ2 or hsyn::Kapβ2W460A:W730A. Antibodies used for Co-IP and

western blots are indicated. The intensity of the V5 and GFP bands was quantified,
and the ratio of the IP band intensity to the input band intensity (normalized to
vinculin) is shown in the bottompanel.DRepresentative confocal images of primary
cortical neurons transduced with hsyn::(GR)50-GFP alone, or hsyn::(GR)50-GFP
with hsyn::WT Kapβ2 or hsyn::Kapβ2W460A:W730A and treated with 0.5 mM sodium
arsenite for 30 minutes. GFP signal is shown in green, TIAR signal is shown in Red,
and nuclei are shown in blue. Scale bar = 10 µm. Shown on the right are the intensity
profiles along the indicated lines across the stress granule. E Quantification of the
confocal images collected in (D) showing relative fluorescence intensity of (GR)50-
GFP in stress granules marked by TIAR. n = 3, m = 10. Parametric, unpaired Stu-
dent’s t-tests were used to compare different conditions.
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Interestingly, Kapβ2 binds to FUS and (GR)20/(PR)20 with similar Kd

(Fig. 1I, Supplementary Fig. 4E–G). As a result, the equilibrium of binding
can be shifted to favor Kapβ2-R-DPR interactions by either increasing
R-DPR concentration (Fig. 4F, G, SupplementaryMovie 1–3) or by using a
FUS mutant (i.e., FUSP525L) with disrupted Kapβ2 binding (Fig. 4A–E, and
Supplementary Fig. 4). In cells, this could be further regulated by other

factors that disrupt FUS-Kapβ2 binding such as methylation of FUS RGG
domains46, which could drive binding of Kapβ2 to R-DPRs, potentially
sequestering Kapβ2 and subsequently leading to a nucleocytoplasmic
transport defect. It is important to emphasize that the role of Kapβ2 as a
chaperone and disaggregase is influencedby the delicate balance between its
interaction with its substrate, FUS, and with R-DPRs. Even minor
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alterations can lead to the specific targeting of Kapβ2 towards R-DPRs,
resulting in selectivity in activity. For example, theKd of Kapβ2 for FUS PY-
NLSP525L is only ~6–9-fold higher compared to WT FUS PY-NLS45,47, yet
Kapβ2 activity against FUSP525L aggregation is more significantly impaired
in the presence of R-DPRs (Fig. 4A–D and Supplementary Fig. 4A–D)18.
Factors other than the Kd might also contribute to selective Kapβ2 activity
toward R-DPR in co-aggregates of R-DPR and FUS. One factor is that FUS
is more aggregation-prone than R-DPRs, and, thus, more challenging to
solubilize. The combined effect of lowered binding affinity and stronger
aggregation tendency results in the selective activity of Kapβ2 toward
R-DPR in these aggregation and disaggregation assays.

In the current study, we took advantage of this tunable activity of
Kapβ2 in the presence of R-DPR by utilizing a Kapβ2 variant that pre-
ferentially engages R-DPRs without affecting the normal LLPS function of
FUS. Kapβ2 has been identified as a potent modifier of R-DPR toxicity in
several genetic screen studies using differentmodel organisms. For example,
deletion of the fly homolog of Kapβ2 (Trn) enhances R-DPR toxicity in fly
models of C9-ALS12. Furthermore, overexpression of the yeast homolog of
Kapβ2 (Kap104) in DPR-expressing yeast acts as a potent suppressor of
toxicity24. Most recently, we showed that expressing Kapβ2 in poly(GR)-
expressing primary mouse neurons reduces poly(GR) toxicity in these
cells27. Therefore, Kapβ2 represents a potential therapeutic for C9-ALS.
However, the function ofWTKapβ2 as a nuclear import receptor and phase
modifier of PY-NLS-containing RBPs could result in potential unintended
interaction with its native cargoes when considering its development as
therapeutics for C9-ALS. Kapβ2W460A:W730A is a PY-NLS binding deficient
mutant whose activity in transporting PY-NLS cargo and regulating FUS
LLPS is abolished18,38,48. Interestingly, this critical role played byTrp residues
in NLS cargo binding is shared by other nuclear import receptors. For
example, W342/W864 are essential to stabilize the helical conformation of
the IBB in the cargo-binding groove of Importin β149. However, our study
showed that the critical Trp residues in Kapβ2 are not required for R-DPR
binding (Fig. 4I, J). Further, we demonstrated that Kapβ2W460A:W730A can
selectively inhibit the participation of R-DPR into FUS liquid droplets
without affecting the assembly of FUS droplets. This selectivity of
Kapβ2W460A:W730Amakes it more advantageous as therapeutics for C9-ALS
than WT Kapβ2. It is desired to inhibit the deleterious effect of R-DPR on
the dynamics of phase separated RBP condensates, while preserving the
functional LLPS of FUS and other PY-NLS containing RBP as it is beneficial
for the cell. To this end, we showed that Kapβ2W460A:W730A ismore efficient
than WT Kapβ2 in preventing poly(GR) recruitment into G3BP1-marked
stress granules. Since the interaction between Kapβ2W460A:W730A and
R-DPRs is strong in different environments, we expect that the activity of
Kapβ2W460A:W730A ismore general and should also extend to stress granules
marked by other markers such as TIA1 and FMRP, which often colocalize
withG3BP1. Importantly, Kapβ2W460A:W730A has similar activity compared
to WT Kapβ2 in inhibiting and reversing R-DPR-induced TDP-43

aggregation (Fig. 6), as it maintains strong binding to R-DPR. Thus, its
function as an R-DPR sink/sponge is preserved.

Although WT Kapβ2 can rescue neuronal toxicity of R-DPR, the
mechanism of this rescue is not well understood. Several proposed
mechanisms of R-DPR toxicity are relevant to the function of Kapβ2,
including disrupted nucleocytoplasmic transport and disrupted phase
separation of LCD-containing RBP. By abolishing Kapβ2 function as a
nuclear import receptor and RBP chaperone but preserving its function as
R-DPR sink/sponge, Kapβ2W460A:W730A serves as a valuable tool to
understand which function of Kapβ2 is important for it to be a toxic
modifier of R-DPR, and which one of the pathways contribute more to
R-DPR toxicity. The study conducted has revealed that the mutant
Kapβ2W460A:W730A can save cells from the harmful effects of certain disease
related proteins. This indicates that the ability of Kapβ2 to act as a sink or
sponge for these proteins is a crucial factor in modifying their toxicity.
However, further research is needed to completely comprehend howKapβ2
and its mutants’ function in the complex environment of neurons. For
example, a full dose-response experiment would be helpful to understand
whether higher expression levels of Kapβ2 can work better. In the future,
combining Kapβ2W460A:W730A with other therapeutic strategies, such as the
importin α/β complex against TDP-43 aggregation, could lead to more
effective treatments for neurodegenerative disorders. Additionally, deci-
phering the structure of Kapβ2 in complex with toxic proteins could assist
researchers in designing Kapβ2 variants that are more precise in their
binding to these proteins.

Materials and Methods
Cells culture
HeLa cells were cultured in 4.5 g/L glucose Dulbecco’s Modified Eagle
Medium(Corning) supplementedwith10% fetal bovine serum(Cytiva) and
1% penicillin/streptomycin (Corning) in a humidified incubator (37°C, 5%
CO2/95% air).

Primary culture
Primary neurons were obtained fromE16 rat pups’ cortices. Briefly, cortices
were dissected, cleaned from the meninges and treated with 0.25% trypsin
for 45minutes at 37 °C under gentle shaking. The tissue was then homo-
genized and strained through a 70mmstrain. Cells were counted andplated
on PDL-coated plates.

Nucleic acid constructs
Full-length wild-type FUS protein, and its mutants including FUSP525L,
N-terminal fragments FUS1-214, FUS1-371, and C-terminal fragments
FUS215-526, FUS267-526 were expressed from GST fusion constructs using
pDuet vector containing a TEV cleavage site. N-terminal fragments
FUS1-214 and FUS1-371 constructswere created by inserting stop codons into
a GST-TEV-FUS plasmid using the following primers:

Fig. 8 |Kapβ2W460A:W730A reduces (GR)100 aggregation and counteracts neuronal
toxicity of poly(GR). A Representative images of primary cortical neurons co-
transfected with (GR)100-mCherry and GFP or GFP-Kapβ2W460A:W730A. GFP signal
is shown in green,mCherry is shown in red, Tuj1 is shown inmagenta, and nuclei are
shown in blue. Scale bar = 10 μm. B Quantification of the number of (GR)100
aggregates per neuron in primary cortical neurons co-transfected with (GR)100-
mCherry and GFP or GFP-Kapβ2W460A:W730A. The number of neurons quantified
(n) in each condition is indicated in the figure. Data shown are mean ± SEM.
Unpaired Student’s t-tests were used to compare different conditions; ***p ≤ 0.001.
C Quantification of the size of (GR)100 aggregates formed in primary cortical neu-
rons co-transfected with (GR)100-mCherry and GFP or GFP-Kapβ2W460A:W730A.
The number of aggregates quantified (n) in each condition is indicated in the figure.
Data shown are mean ± SEM. Unpaired Student’s t-tests were used to compare
different conditions; ns: p > 0.05. D Quantification of the mean mCherry fluores-
cence intensity in each (GR)100 aggregates formed in primary cortical neurons co-
transfected with (GR)100-mCherry and GFP or GFP-Kapβ2W460A:W730A. The

number of aggregates quantified (n) in each condition is indicated in the figure. Data
shown are mean ± SEM. Unpaired Student’s t-tests were used to compare different
conditions; ***p ≤ 0.001. E Analysis of percentage of survival neurons 5 days after
co-transfected with (GR)100-mCherry and GFP or GFP-Kapβ2W460A:W730A. N = 3.
Unpaired Student’s t-test was used to compare different conditions. FViability assay
of primary cortical neurons treated with indicated R-DPR alone or with Kapβ2WT
or Kapβ2W460A:W730A. 5μMofDRAQ7, 2.5μMof the indicated R-DPRs and proteins
were added into the culture media of treated cortical neurons. Cells positive for
DRAQ7 fluorescence (observed in Cy5 channel) were counted 18 hours after
treatment to assess the viability of the neurons. Data are represented as median ±
S.E.M., n = 3, m (fields of view) = 5. Nested Student’s t-test was used to compare
different conditions, ****p ≤ 0.0001. G The indicated R-DPRs (2.5μM) and Kapβ2
WT or Kapβ2W460A:W730A (2.5 μM) were added into the culture media of treated
primary cortical neurons. DIC images of the treated primary cortical neurons were
taken 18 hours after treatment to assess the morphology of the neurons. Scale
bar = 20 μm.
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FUS1-214: CTATGGAGAGCAGGACCGTGGATAAT
FUS1-371:
Forward: CAAGGTCTCATTTGCTACTCGCTAGTAAGACTTTAA
TCGGGGTGGTGGC
Reverse: GCCACCACCCCGATTAAAGTCTTACTAGCGAGTAGC
AAATGAGACCTTG
C-terminal fragments FUS215-526 and FUS267-526 were created by
quikchange mutagenesis using the following primer:
FUS215-516:
Forward: AGAATCTTTATTTTCAGGGAGGCCGCGGCAGGGGT
GGCAGT
Reverse: TCCCTGAAAATAAAGATTCTCGCTAGCCAG
FUS267-526:
Forward: AGAATCTTTATTTTCAGGGAGGCCCTCGGGACCAA
GGA
Reverse: TCCCTGAAAATAAAGATTCTCGCTAGCCAG

Wild-type Kapβ2, TDP-43, and TDP-43-GFP proteins were expressed
as his-SUMO fusion construct using pE-SUMOpro Amp vector (Life-
Sensors). NLS-binding deficient variant Kapβ2W460A:W730A protein was
expressed as GST fusion construct using pGEX-TEV vector. FUS-GFP
protein was expressed as MBP fusion protein using pMAL vector. All
constructs were confirmed by DNA sequencing.

Protein expression and purification
All recombinant proteins were expressed and purified from E. coli BL21-
CodonPlus (DE3)-RIL cells (Agilent). GST-TEV-FUS, GST-TEV-
FUSP525L, GST-TEV-FUS1-214, GST-TEV-FUS1-371, GST-TEV-FUS215-526,
and GST-TEV-FUS267-526 were purified as described previously28. Briefly,
for all recombinant GST-TEV-FUS proteins, E. coli cells were induced with
1mM isopropyl-β-D-1-thiogalactopyranoside (IPTG) for 18 h at 15 °C.
Bacterial cells were then harvested and lysed with sonication in PBS buffer
(pH 7.4) supplemented with protease inhibitors (cOmplete, EDTA-free,
RocheApplied Science).Cell lysateswere clarified by centrifugation, applied
to glutathione sepharoseTM 4 fast flow beads (Cytiva, Sweden), and then
eluted in a buffer containing 20mM Tris pH 8, 20mM trehalose, and
20mM reduced glutathione. Purified FUS proteins were flash frozen and
stored at −80 °C.

Wild type Kapβ2 protein was expressed and affinity purified using
previously published methods with minor modifications48. Briefly,
Kapβ2 expression was induced with 1 mM IPTG for 18 h at 15 °C.
Subsequently, the cells were harvested, resuspended, and lysed by
sonication in a buffer containing 50 mM Tris (pH 7.5), 100 mM NaCl,
20% glycerol, 10 mM imidazole, 2.5 mM β-mercaptoethanol, and pro-
tease inhibitors (cOmplete, EDTA-free, Roche Applied Science). Cell
lysates were clarified by centrifugation, and the supernatant was incu-
bated with HisPur™ Ni-NTA resin (Thermo Scientific, USA) pre-
equilibrated in lysis buffer. The bound Kapβ2 protein was eluted with
buffer containing 50 mM Tris (pH 7.5), 100 mM NaCl, 20% glycerol,
200 mM imidazole, and 2.5 mM β-mercaptoethanol. The eluted Kapβ2
protein was buffer exchanged into buffer A containing 20 mM imida-
zole, 75 mM NaCl, 20% glycerol, and 2.5 mM β-mercaptoethanol and
cleaved with Ulp1 protease. Cleaved Kapβ2 was further purified by ion-
exchange chromatography (HiTrap Q HP, GE Healthcare). Purified
Kapβ2 protein was snap frozen and stored at −80 °C.

Kapβ2W460A:W730A was purified as described18. Kapβ2W460A:W730A

proteinwas induced inBL21 (DE3)RILE. coli cells using 1mMIPTGfor 18-
20 hat 25 °C.Cellswereharvested, resuspended, and lysedwith sonication in
a buffer containing 50mM Tris pH 7.5, 100mM NaCl, 1mM EDTA, 20%
glycerol, 2mM DTT, 5mM pepstatin and protease inhibitors (cOmplete,
EDTA-free, Roche Applied Science). Kapβ2W460A:W730A was purified using
glutathione sepharoseTM 4 fast flow beads (Cytiva, Sweden) pre-equilibrated
in the lysis buffer. Subsequently, bound Kapβ2W460A:W730A protein was
eluted inabuffer containing20mMimidazole (pH6.5), 75mMNaCl, 1mM
EDTA, 2mM DTT, 20% glycerol, and 20mM reduced glutathione. The

elutedKapβ2proteinwas cleavedwithTEVprotease, and further purifiedby
ion-exchange chromatography (HiTrap Q HP, GE Healthcare).

His-SUMO-TDP-43 and His-SUMO-TDP-43-GFP protein was pur-
ified as described50. E. coli cells were induced with 1mM IPTG for 18 h at
15°C. The cells were then harvested, resuspended, lysed, and sonicated in a
lysis buffer containing 50mMHEPES (pH 7.5), 2% TritonX-100, 300mM
NaCl, 30mM imidazole, 5% glycerol, 2mM β-mercaptoethanol, 5uM
pepstatin, and protease inhibitors (cOmplete, EDTA-free, Roche Applied
Science). Cell lysates were clarified by centrifugation and the supernatant
was then incubated with HisPur™Ni-NTA beads (Thermo Scientific, USA)
pre-equilibrated in lysis buffer. TDP-43 and TDP-43-GFP proteins were
eluted using an elution buffer containing 50mMHEPES (pH 7.5), 500mM
NaCl, 300mM imidazole, 5% glycerol, and 5mMDTT. The eluted proteins
were dialyzed against a buffer containing 50mMHEPES (pH 7.5), 500mM
NaCl, 5% glycerol, 5mM DTT.

To overexpress and purify MBP-FUS-GFP protein, E. coli cells were
induced with 1mM IPTG for 18 h at 15 °C and harvested by centrifugation
at 4000 rpm for 20mins at 4 °C. The cell pellet was resuspended, lysed, and
sonicated in lysis buffer containing 50mMHEPESpH7.4, 1.5MNaCl, 10%
glycerol, 2 mM DTT, 30mM imidazole and protease inhibitor tablets
(cOmplete, EDTA-free, Roche Applied Science). After lysis, the precleared
and filtered supernatant was passed through a HisTrap FF Crude Column
(Cytiva, Sweden) pre-equilibrated with lysis buffer using AKTA pure
(General Electric company, USA). Further, FUS-GFP was eluted using a
buffer containing 50mMHEPES (pH 7.4), 1M NaCl, 10% glycerol, 2mM
DTT, and 500mM imidazole, using a linear gradient. The eluted protein
was further purified over a Heparin column (Cytiva, Sweden).

Recombinant GST-Prescission Protease was expressed in Escherichia
coli cells and induced with 0.5mM IPTG for 18 h at 30 °C. Bacterial cells
expressing Prescission Protease were harvested by centrifugation, resus-
pended in a buffer containing 20mM Tris (pH 8), 250mM NaCl, 1mM
EDTA, 5mM BME, 1mM DTT, and protease inhibitors (cOmplete,
EDTA-free, Roche Applied Science). Then, resuspended cells were lysed
with sonication. Cell lysates were clarified by centrifugation, applied to
glutathione sepharoseTM 4 fast flow beads (Cytiva, Sweden) pre-equilibrated
in resuspension buffer, and then eluted in a buffer containing 25mM Tris
pH8, 250mMNaCl, 1mMEDTA, 1mMDTT, 0.2 mMPMSF, and 20mM
reduced glutathione. Purified Prescission Protease were then dialyzed
overnight at 4 °C into abuffer containing25mMTris (pH8), 200mMNaCl,
1mM EDTA, and 0.2 mM PMSF, then stored in 20% glycerol.

Reagents
Twenty repeats of PR/GR/GA peptides were synthesized by Peptide 2.0
(Chantilly, VA). Also, TAMRA-(PR)20 and TAMRA-(GR)20) were syn-
thesized by peptide 2.0 (Chantilly, VA). Lyophilized powder was recon-
stituted in 1× PBS and snap frozen and stored at -80 °C.

FUS turbidity assay
To measure the assembly kinetics of WT and mutant FUS, the purified
GST-TEV-FUS proteins (wild-type FUS, FUSP525L, FUS1-214, FUS1-371,
FUS215-526, and FUS267-526) were thawed on ice and centrifuged at
15000 rpm for 10min at 4 °C to preclear aggregates. FUS assembly was
initiated by addition of 1.6 µg TEV protease to 5 μM GST-TEV-FUS in
the presence of the indicated peptide or equivalent volume of 1× PBS as a
control in FUS assembly buffer (50mM Tris-HCl (pH 8), 20mM tre-
halose, 1 mM DTT, and 20mM glutathione) for a total reaction volume
of 100 μL. Aggregation was monitored via turbidity measurements at
395 nm (OD395nm) using a Tecan Spark plate reader for 100min. To
examine the inhibitory potential of WT Kapβ2 toward R-DPRs-
enhanced aggregation of wild-type FUS and FUSP525L, aggregation
reactions were performed as described above with 5 μM WT Kapβ2 or
with an equivalent volume of Kapβ2 buffer as a control. Turbidity data
were normalized by first subtracting FUS+buffer only condition. The
resulting absorbance was then normalized to the maximum turbidity of
FUS aggregation in the presence of TEV alone to determine the relative
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extent of aggregation. The lag time of the aggregation turbidity assay was
obtained by extrapolating the maximum derivative down to the intercept
with the pre-transition base-line51.

Disaggregation assays were performed similarly, where GST-TEV-
FUS or GST-TEV-FUSP525L was incubated with or without R-DPRs in the
presence of TEV protease, and turbidity was measured to assess fibrilliza-
tion. After 100min of aggregation, an equal volume ofWTKapβ2 or buffer
was added, and turbidity was continually measured. The absorbance was
normalized to that of the fully assembled FUS fibrils before addition of
Kapβ2 to determine the relative extent of disaggregation.

Sedimentation assay to measure FUS aggregation
For sedimentation analysis, samples were sedimented by centrifugation for
10min at 15,000 rpmat 4 °C after aggregation or disaggregation assayswere
completed. Pellet and supernatant fractions were separated immediately.
The pellet was resuspended in 100 µL of FUS assembly buffer, and both
samples were mixed with 4X Laemmli reducing sample buffer. SDS-PAGE
was performedon equal volumes of each fraction. Coomassie stainwas used
to visualize proteins. The relative abundance of the protein in each fraction
was quantified using ImageJ software.

Detergent solubility assay
FUS aggregation was initiated by the addition of 1.6 µg TEV protease to
5 μMGST-TEV-FUS in assembly buffer (50mM Tris-HCl (pH 8), 20mM
trehalose, 1 mMDTT, and 20mM glutathione) for a total reaction volume
of 100 μL. After 100minutes, aggregates were incubated with SDS or
N-Lauroylsarcosine (sarkosyl; Sigma-Aldrich, 61747) for 2minutes at room
temperature. The insoluble fraction was separated by centrifugation for
10minutes at 21,130 g at room temperature. The supernatant (soluble)
fraction was transferred to a clean tube and denatured by adding 4x Sample
Buffer and heating 5minutes at 99°C. The SDS or sarkosyl-insoluble pellet
was resuspended in 4x Sample Buffer, heated, and analyzed by gel electro-
phoresis and Coomassie staining.

Phase separation of GST-FUS
All the proteins usedwere centrifuged at 15,000 rpm for 10min at 4 °Cprior
to the reaction to remove any preformed aggregates. Protein concentration
was then measured via Bradford assay (Biorad). To image WT FUS liquid
droplets, GST-TEV-FUS (10 µM) was incubated in the presence or absence
of R-DPR (10 µM) in FUS assembly buffer (50mMTris-HCl pH 8, 20mM
Trehalose, 1 mM DTT, and 20mM glutathione) for 3 hours at room tem-
perature. Before imaging, 20 nM of TAMRA-(GR)20 or TAMRA-(PR)20
were added for visualization and image quantification purposes. The con-
centration of the added TAMRA-(GR)20 or TAMRA-(PR)20 (20 nM) was
carefully chosen to make sure they do not affect FUS condensate. Protein
samples were imaged at 0 and 3 hours by differential interference contrast
(DIC) and fluorescence microscopy.

Phase separation of MBP-FUS-GFP
Purified wild-type MBP-FUS-GFP was thawed on ice and centrifuged for
10min at 15000 rpm at 4 °C to preclear aggregates. Phase separation of
MBP-FUS-GFP (3 µM) was initiated by the addition of 3 C protease (Pre-
scission Protease, 18 μg/ml) to cleave off theMBP tag in LLPS buffer (50 or
150mM KCl, 50mM Tris pH 7.4, 0.5% Glycerol, and 1mM DTT). Phase
separation of FUS-GFP was performed in the presence or absence of the
indicated R-DPR (3 µM).

To examine the inhibitory and reversal effects of WT Kapβ2 or
Kapβ2W460A:W730A on R-DPR-enhanced LLPS of FUS-GFP, WT Kapβ2 or
Kapβ2W460A:W730A (6 µM) was added to reactions containing FUS-GFP
(3 µM) and R-DPR (3 µM) at the time 3 C was added (for inhibition), or
2 hours after 3 C was added (for reversal). Droplets were visualized by DIC
and fluorescence microscopy at indicated times. Each droplet experiment
was performed with three separate batches of purified protein. All R-DPR
containing sampleswere supplementedwith 100 nMof TAMRA-(GR)20 or
TAMRA-(PR)20 for visualization. Droplets were visualized by DIC and

fluorescence microscopy at 0 and 2 hours. The integrated droplet area,
droplet size, and enrichment factor was measured using ImageJ.

Fluorescence recovery after photobleaching (FRAP)
FRAP experiments of the FUS-GFP/TAMRA-DPR co-droplets were con-
ducted using a Nikon Ti Microscope with a Galvano scanner and with an
60Xobjective. Imageswere taken every second. Bleachingwas performedby
applying 25% 488 laser power to the selected ROI and fluorescence was
recorded for 180 seconds.Datawerenormalizedon theunbleachedarea and
on the background using the online tool easyFRAP43 and then plotted using
GraphPad Prism 9.0. A one-way ANOVA test was applied to analyze the
differences between the curves.

TDP-43 turbidity assay
Purified His-SUMO-TDP-43 was thawed and precleared of aggregates by
spinning at 15000 rpm for 10minutes at 4 °C beforemeasuring aggregation
kinetics. Protein concentrationwasmeasured byBradford, andTDP-43was
thendiluted to afinal concentrationof 5 μMinPBS (pH7.4), in thepresence
or absence of 5 μM indicated R-DPR, and 5 μM WT Kapβ2 or
Kapβ2W460A:W730A. Aggregation was monitored via turbidity measure-
ments at 395 nm (OD395nm) using a Tecan Spark plate reader.

Formation of TDP-43 condensates
Purified His-SUMO-TDP-43 protein was thawed on ice and precleared of
aggregates by centrifuging for 10mins at 15,000 rpm at 4 °C. For inhibition
assay, TDP-43 (2 μM)was combinedwith 2 μMunlabeled (GR)20 or (PR)20,
and 4 μMor 2 μMofWT Kapβ2 or Kapβ2W460A:W730A in PBS. All samples
were supplemented with 100 nM of TAMRA-(GR)20 or TAMRA-(PR)20
and 200 nMofHis-SUMO-TDP-43-GFP.After 1 hour of incubation, all the
samples were imaged using DIC and fluorescent microscopy. For reversal
assay, 4 μMWTKapβ2, Kapβ2W460A:W730A, BSA, or buffer was added into
His-SUMO-TDP-43 (1 μM) condensates preformed in the presence of the
indicated R-DPR (1 μM). 2 hours after the addition of Kapβ2, fluorescence
images of the samples were taken. 200 nM His-SUMO-TDP-43-GFP and
100 nM TAMRA-R-DPR were added for visualization.

Fluorescence anisotropy
All fluorescence anisotropy experiments were conducted in FUS assembly
buffer orLLPSbuffer as indicated in theFigure legend,with a total volumeof
100 μL. Both TAMRA-R-DPR and FUS-GFP concentrations were fixed at
100 nM and anisotropy measurements were run in a Nunc MicroWell 96-
well plate (Thermo Scientific, USA) using a TECAN Spark plate reader. For
TAMRA fluorescence, excitation and emissions were set at 520 nm/20 nm
and 580 nm/20 nm, respectively. For GFP fluorescence, excitation and
emissions were set at 450 nm/25 nm and 510 nm/25 nm, respectively.

Computational analyses of protein structure and docking
In previous studies, several structures of human Kapβ2 in complex with
different proteins have been solved20,38,47,52–56. In this study, we used a 2.3-
Å crystal structure of Kapβ2 bound to the PY-NLS of FUS (PDB ID:
4FDD)47. The different chains in the 4FDD structure have been labeled
from A to B, where chain A is Kapβ2 and chain B is PY-NLS of FUS47.
Using PyMol, we removed the PY-NLS of FUS (chain B) from the 4FDD
structure and saved separately the chain A of WT Kapβ2. Next, chain A
of WT Kapβ2 was redocked with PY-NLS of FUS, as well as two test
peptides (i.e., (GR)15 and (PR)15) using GalaxyPepDock docking server,
which performs protein-peptide docking based on interaction
similarity34. As this server only allows docking of peptides of up to 30
amino acids in length, we used (GR)15 and (PR)15

34. GalaxyPepDock
predicts 3D protein-peptide complex structures from an input protein
structure (as a PDB file) and peptide sequence (in FASTA format) by
combining information from structural databases and energy-based
optimization34. The top tenmodels were downloaded, and the topmodel
was used to generate the docking pose and analyzed for energy calcu-
lations using the HawkDock web server34,57.
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Next, we introduced two point mutations, W460A and W730A, in
Kapβ2 (chain A of the 4FDD structure) by using the Swiss PDB viewer58 to
generate 4FDD-WWAA. Similar to the previous steps, PY-NLS of FUS
(chain B) was removed from the 4FDD-WWAA structure and saved
separately as chain A of Kapβ2W460A:W730A. Chain A of Kapβ2W460A:W730A

was redocked with PY-NLS of FUS, as well as two test peptides (i.e., (GR)15
and (PR)15) using GalaxyPepDock docking server

34 and the top one model
was used for energy calculations using the HawkDock web server57.

This crystal structure ofWTKapβ2 (PDB ID: 4FDD) does not include
the region of AA 337-36747. Therefore, we repeated docking using an
AlphaFold predicted structure of full-length Kapβ2 (ID: AF-Q92973-F1).
AlphaFold is anAI systemdeveloped byGoogleDeepMind and EMBL-EBI
that predicts a protein’s 3D structure from its amino acid sequence59. It
regularly achieves accuracy competitive with experiments. AF-Q92973-F1
structure was used to dock PY-NLS of FUS and test peptides (GR)15 and
(PR)15 using GalaxyPepDock docking server as described previously.

Semi-permeabilized cell assay
Semi-permeabilized cell assays were conducted as previously described60,
with slight modifications. HeLa cells were grown on coverslips coated in
poly-D lysine (PDL). Cells were stressed with 500mM sodium arsenite for
1 hour at 37 °C followed by permeabilization for 10minutes with 25 μg/mL
digitonin diluted in permeabilization buffer (20mM HEPES, pH 7.5,
110mM KOAc, 5mM Mg(OAc)2, 0.5mM EGTA, 250mM sucrose, and
protease inhibitors (Halt Protease Inhibitor Cocktail, EDTA-Free, Thermo
Scientific)) on ice. Cells were washed several times in transport buffer
(20mM HEPES (pH 7.3), 110mM KOAc, 2mM Mg(OAc)2, 5mM
NaOAc, 0.5mM EGTA, 250mM sucrose, and protease inhibitors (Halt
Protease Inhibitor Cocktail, EDTA-Free, Thermo Scientific)) prior to
blocking the nuclear pore with 0.2 mg/mL wheat germ agglutinin (WGA)
incubation for 15minutes on ice. TAMRA-(GR)20 (100 nM), recombinant
WT Kapβ2 (200 nM) or Kapβ2W460A:W730A (200 nM) were diluted in
transport buffer and directly added to permeabilized cells for 30minutes
following WGA treatment. Cells were fixed with 4% paraformaldehyde
(PFA), immunostained against G3BP1 (rabbit anti-G3BP1; 1:500, Invitro-
gen #PA5-29455) overnight at 4°C. Secondary antibodies (goat anti-rabbit
AlexaFluor 647 (1:1000, Invitrogen#A-21245))were incubated for 1 hour at
roomtemperature. Fixed cellswere imagedwith aLEICADMI8microscope
using a 40X objective. Images were processed and quantified using Image J.

Viral production and cortical neurons transduction
HEK293T were seeded at 8×106 cells per 15 cm plate using normal
HEK media (DMEM, 10% FBS, Penn/Strep/Glutamine). On the next day,
cells were transfected with 8 μg of transfer plasmid (pLenti_hsyn::(GR)50-
GFP, pLenti_hsyn::(GA)50-GFP, pLenti_hsyn::WT Kapβ2, or
pLenti_hsyn::Kapβ2W460A:W730A), 16 μg of psPAX2, and 4 μg of pMD2.G
using 84 μL PEI MAX (1 μg/μL). The mixture was incubated in 1mL
OptiMEM for 15minutes at room temperature and then added to the cells.
After 4 hours of incubation, cell media was replaced with fresh media.
48 hours after transfection, cellmediawas collected and centrifuged at 500 g
for 10minutes at room temperature to remove cell debris. Viral particles
were then concentrated using Lenti-X Concentrator. Viral particles were
resuspended in PBS, aliquoted, snap frozen and stored at -80 °C. Cortical
neurons at 7 DIV were treated with 2 μL/125,000 cells of each virus.
Transduction efficiency was assessed though epifluorescence microscope
48 hours after transduction.

Co-Immunoprecipitation and Western blot
5 million cortical neurons at 7 DIV were treated with indicated viruses.
48 hours after transduction, cells were then treated for 30minutes with
2mM DSP, washed twice with PBS, and harvested in lysis buffer. Lysates
were then incubated with magnetic beads that were pre-coupled with GFP
antibody (Abcam, catalog#: ab5449). After overnight incubation, beads
were washed twice after which the protein was eluted, boiled, and loaded

into the polyacrylamide gel (10%). After electrophoresis run, proteins were
transferred on nitrocellulose membrane and probed for Vinculin (Ther-
moFisher, catalog#: 700062, 1000), GFP (Abcam, catalog#: ab5449, 1:1000)
and V5 (Cell Signaling Technology, catalog#: 13202, 1:1000).

Stress treatments and analysis
48 hours after transduction with the indicated viruses, neurons were treated
with 0.5mMof sodium arsenite for 30minutes (water was used as control),
fixed with 4% PFA immediately, and immunostained against TIAR (BD,
catalog#: 610352, 1:750) and V5 (Cell Signaling Technology, catalog#:
13202, 1:1000)overnight at 4 °C.Theday after, twoPBSwasheswere applied
and cells were incubated with secondary antibody (Goat anti-Mouse IgG
(H+ L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 647, Thermo
Fisher, A-21235, 1:1000) diluted in 0.1% BSA. After two additional washes,
cells were incubated with Hoechst (1:3000) for 10minutes. Cells were then
left in PBS and imaged with Nikon A1R confocal microscope with a 60X
objective. To quantify enrichment of (GR)50-GFP in TIAR marked stress
granules, mean green ((GR)50-GFP) and red (TIAR) fluorescence intensity
weremeasured inside eachSGs and then the ratio of themean green and red
fluorescence intensity was calculated. For all SGs analysis region of interests
(ROI) were designed around each SGs based on red fluorescence. Area,
TIAR content and GR content were calculated inside each ROI. Number of
SGs was manually counted using maximum intensity projection of Z-Stack
images. Profile intensity of green and redfluorescencewas calculated along a
line crossing the SGs from side to side. More than 10 cells per experiment
were analyzed and 3 independent experiments were conducted and ana-
lyzed. GR intensity inside Kapβ2+ cells was calculated inside ROIs traced
based on Kapβ2 fluorescence in neurons.

Primary culture transfection and live imaging
After 7 days in culture, cells were transfected using lipofectamine (Invi-
trogen) following manufacturer instructions. The following quantities of
plasmids were used: pCDNA3_hU6_Flag_GR100_mCherry (400 ng)10;
pCDNA3_CMV_eGFP (400 ng); pCDNA3_CMV_eGFP_Kapβ2WWAA

(400 ng).After transfection, cellswere imaged eachdaywith aNikonEclipse
epifluorescence microscope at 20X. Cells that were double positive for GFP
and mCherry were counted in each experiment. Data were graphed and
analyzed with Prism GraphPad 9.0.

Immunofluorescence
Primary neurons plated on glass bottom plates were fixed with 4% PFA for
20min at 37 °C. Permeabilization and blocking steps were performed using
a permblock buffer (1% BSA, 10% FBS, and 0.01% Triton X100). Primary
antibody was incubated overnight at 4 °C with gentle rocking (Tuj1, Pro-
teintech, 1:2000). The day after, two PBSwashes were applied and cells were
incubated with secondary antibody diluted in 0.1% BSA (Goat anti-Mouse
IgG (H+ L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 647,
Thermo Fisher, 1:1000). After two additional washes, cells were incubated
with Hoechst (1:3000) for 10minutes. Cells were then left in PBS and
imaged with Nikon A1R confocal microscope with a 60X objective. 20
neurons per condition were imaged using Z-Stacks of 1um. Images were
composed as maximum intensity projections and ROIs on the red channel
(GR100) were automatically detected through by the Nikon software. Each
ROI is an aggregate since the detection method used the brightest spots to
detect ROIs. The software then gives mean brightness, dimension and
number of the ROIs. Results were plotted with Prism GraphPad 9.0. and
statistical analysis was also carried out through Prism GraphPad 9.0.

Viability assay of cortical neurons treated with (GR)20 peptide
Cortical neurons at 7 DIV were treated with 5 μM of DRAQ7 and 2.5 μM
(GR)20, in the presence or absence of 2.5 μM of the indicated Kapβ2 pro-
teins. DRAQ7 fluorescence was acquired by epifluorescence microscopy
18 hours after treatment.DRAQ7fluorescencewas then semi-automatically
quantified in each cell and graphed using Prism GraphPad 10.0.3.
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Statistics and reproducibility
All experiments were performed at least 3 times (n ≥ 3). Quantification and
statistics are described in the figure legends. Statistical analyses were per-
formed using the GraphPad Prism (GraphPad Software, Inc.; La Jolla, CA,
USA) as described in figure legends.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All data generated in this study are available in the Article, Supplementary
Information, and SourceDatafiles. Source data are providedwith this paper
in “Supplementary Data”.
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