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ASPL couples the assembly of stress granules with 
their VCP-mediated disassembly
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Joseph L. Basalla4, Tharun Selvam Mahendran4, Anurag Singh4, Amanda Nourse5,  
Honghu Quan1‡, Ravi Kalathur5, Mitra S. Rana5, Brian Maxwell1, Yong-Dong Wang1,  
James Messing1, Yonghui Ni6, Stanley Pounds6, Rachayata Dharmat1, Jingjun Lu1,  
Xiujie Li-Harms1, Alexandre F. Carisey1, Shondra M. Pruett-Miller1,7, J. Paul Taylor1,  
Priya Banerjee4, Hong Joo Kim1, Mondira Kundu1*

Stress granules (SGs) are dynamic RNA-protein assemblies that form in response to cellular stress and must be ef-
ficiently disassembled to restore normal cell function. Valosin-containing protein (VCP), an enzyme implicated in 
neurodegenerative diseases, is essential for SG disassembly, but whether and how this process is coordinated 
with SG assembly remains unclear. Here, we identify the VCP cofactor, Alveolar soft part sarcoma locus (ASPL) as a 
key regulator linking SG assembly and disassembly. ASPL promotes SG assembly by facilitating biomolecular con-
densation of Ras guanosine triphosphatase–activating protein-binding protein (G3BP) and stabilizing its interac-
tions with other SG proteins. ASPL also facilitates phosphorylation and activation of VCP by UNC-51-like kinases 1 
and 2 (ULK1/2), enabling G3BP extraction and efficient SG disassembly. Pathogenic VCP mutations that disrupt 
ASPL binding impair SG disassembly, a defect rescued by phosphomimetic mutations or ASPL depletion. Our find-
ings suggest that disruptions in the ASPL-VCP interaction uncouple SG assembly and disassembly, representing a 
potential mechanism underlying VCP-associated neurodegenerative diseases.

INTRODUCTION
Stress granules (SGs) are transient ribonucleoprotein (RNP) assem-
blies that form in response to acute cellular stresses that stall transla-
tion (1, 2). Removal of stress typically leads to resolution of SGs by 
disassembly (3–6). SGs are among a growing number of biologically 
relevant condensates whose formation depends on liquid-liquid 
phase separation (LLPS), a type of phase transition in which mole-
cules in a single diffuse phase demix into a dense phase and a dilute 
phase (7–9). The SG itself constitutes the dense phase, where RNA 
and proteins are concentrated, and the surrounding cytoplasm cor-
responds to the dilute phase, where these molecules are relatively 
depleted. As prototypical RNP assemblies, SGs are composed of 
RNAs and proteins that engage in weak and multivalent protein-
protein, protein-RNA, and RNA-RNA interactions (10–16). Once 
the sum of these interactions breaches a particular threshold (e.g., 
the condensation threshold), a system-spanning network is formed 
and gives rise to a phase transition by separating the granule from its 
surroundings (8, 17, 18). Conversely, when the network of interac-
tions falls below this threshold, the granule disassembles in a reversal 
of LLPS. Among the key factors influencing condensation thresholds 
are the concentration of relevant biomolecules (e.g., nucleic acids 

and proteins), the number of interactions per molecule, the strength 
of interactions between the molecules, and the diffusion timescales 
of the molecules. In the context of SG assembly, two such relevant 
biomolecules are G3BP1 (Ras guanosine triphosphatase–activating 
protein-binding protein 1, hereafter referred to as G3BP) and G3BP2, 
redundant RNA binding proteins that occupy nodes with the highest 
centrality in the SG interaction network (14). The RNA-dependent 
condensation of G3BP is a major driver of SG assembly, and G3BP-
interacting partners can influence SG dynamics by altering the SG 
condensation threshold (14–16).

Although the precise functions of SGs are still not fully under-
stood, recent studies have shown that the composition and interac-
tion networks of individual RNP granules including SGs can influence 
their roles and dynamic behaviors (19–25). Notably, several proteins 
found in SGs are encoded by genes that are frequently mutated in 
patients with multisystem proteinopathy (MSP) and related disorders 
such as amyotrophic lateral sclerosis, frontotemporal dementia, and 
inclusion body myopathy (IBM) (10–13). When expressed in cul-
tured cells, these mutated proteins can slow the dynamics of SGs and 
other RNP assemblies, leading to persistent TDP43+ granules and/or 
the formation of rigid, amyloid-like solids reminiscent of those ob-
served in affected tissues of patients with MSP and related disorders 
(26–31). Similarly, animal models expressing these disease-associated 
mutations develop TDP43+ pathology (26, 32–38). These observa-
tions have contributed to the prevailing view that MSP and related 
disorders arise from perturbations in protein homeostasis and RNA 
metabolism, often linked to aberrant phase transitions that contrib-
ute to the abnormal accumulation of inclusions that stain positive for 
ubiquitin, SQSTM1, TDP43, and other RNP granule components 
(26, 39–43).

Mutations in the gene encoding VCP (valosin-containing pro-
tein) are the most common cause of MSP, a pleiotropic disorder di-
agnosed when patients or families exhibit symptoms of at least two 
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of the following conditions: amyotrophic lateral sclerosis, fronto-
temporal dementia, IBM, or Paget’s disease of bone. VCP is a multi-
functional AAA adenosine triphosphatase (ATPase) that forms a 
hexamer and participates in various cellular processes, including 
endoplasmic reticulum–associated protein degradation and autoph-
agy (44–47). Its activity is regulated by a validated suite of inter-
acting proteins, which function either as adapters linking VCP to 
specific substrates or as direct modulators of its activity (3–5, 48). 
Among VCP’s cofactors is ASPL (alveolar soft part sarcoma locus), 
also referred to as ASPSCR1 (alveolar soft part sarcoma chromo-
somal region candidate gene 1), TUG [tether containing UBX (ubiq-
uitin regulatory X) domain for GLUT4 (glucose transporter type 4)], 
and UBXD9 (UBX domain–containing protein 9) (48–51). ASPL is 
thought to negatively regulate VCP’s activity by disrupting its hexa-
meric structure (52). Beyond its role as a VCP cofactor, ASPL is also 
involved in glucose metabolism, where it regulates the insulin-
stimulated translocation of GLUT4 from intracellular storage vesi-
cles to the plasma membrane, a process crucial for glucose uptake in 
adipose tissue and muscle cells (53). ASPL dysfunction has been im-
plicated in cancer, where it forms a characteristic fusion with tran-
scription factor E3 (51, 54). However, the extent of the functional 
overlap between ASPL and VCP-related functions is not clear; it is 
not known whether ASPL regulates specific subsets of VCP-related 
functions, and, conversely, VCP’s role in functions ascribed to ASPL 
has not been delineated.

Although not considered a core SG constituent, VCP is recruited 
to SGs, where it contributes to their disassembly by extracting SG 
proteins, such as G3BP (3, 4). Furthermore, expression of MSP-
associated mutations in VCP leads to the accumulation of dynami-
cally arrested SGs (27). Certain disease-associated VCP mutations 
that drive the accumulation of poorly dynamic SGs may also influ-
ence VCP’s interaction with ASPL (55, 56); however, whether ASPL 
or its interaction with VCP contributes to SG dynamics has not been 
examined. In this study, we aimed to define the functions of ASPL in 
SG dynamics and their relevance to MSP. We found that ASPL has a 
direct role in regulating RNP granule dynamics by coupling the as-
sembly and disassembly of SGs. Specifically, we found that ASPL 
promotes SG assembly by stabilizing interactions among core SG 
proteins, including G3BP, thus reducing the threshold for condensa-
tion. Conversely, we found that ASPL supports efficient SG disas-
sembly by facilitating the phosphorylation and activation of VCP by 
the serine-threonine kinase ULK1/2. These findings provide key 
insights into the molecular mechanisms governing SG dynamics 
and shed light on how specific VCP mutations may lead to the aber-
rant persistence of RNP granules, which are thought to underlie the 
pathogenesis of MSP and related disorders. Our improved under-
standing of the assembly and disassembly of SGs will lay the ground-
work to pursue meaningful therapeutic treatments for MSP and 
related disorders in the future.

RESULTS
ASPL is required for the efficient assembly and 
disassembly of SGs
To determine whether ASPL is involved in regulating SG dynam-
ics, we first examined the subcellular distribution of ASPL before 
and after subjecting cells to heat shock (HS) or sodium arsenite 
(SA) treatment, both of which are potent inducers of SG forma-
tion (14). To facilitate the detection of endogenous ASPL, we used 

CRISPR-Cas9 to tag the N or C terminus of endogenous ASPL 
with 3×-FLAG. Using these knock-in cell lines, we found that 
ASPL colocalized with the SG marker TIAR (T cell intracellular 
antigen 1–related protein) in cells subjected to either treatment 
(fig. S1, A to D).

Next, we tested the effects of altering ASPL expression on SG dy-
namics. First, we found that transiently overexpressing wild-type 
(WT) green fluorescent protein (GFP)–tagged ASPL (to levels >3-
fold higher than endogenous ASPL) in HeLa cells grown under 
standard culture conditions (i.e., without any additional treatments) 
increased the percentage of cells harboring G3BP+ and TIAR+ 
granules (Fig. 1, A and B, and fig. S1E). These granules were also 
positive for GFP-ASPL and several other SG markers, such as eIF3η, 
TDP43, TIA1, and PABP1 (Fig. 1A). This increase in spontaneous 
SG-like assemblies may result from promoting their formation and/
or impairing their disassembly. Given that ASPL has been implicat-
ed as a negative regulator of VCP (52) and VCP activity is required 
for SG disassembly (3, 4), we hypothesized that the disruption of 
VCP function contributes to the accumulation of spontaneous SG-
like assemblies. To test this hypothesis, we overexpressed mutant 
forms of GFP-ASPL containing alanine substitutions of aspartate-
351 (D351A) or proline-437 and proline-438 (PPAA), key residues 
involved in mediating the interaction with VCP (52). These mutant 
forms of ASPL not only failed to interact with VCP (fig. S1F) but 
also failed to disrupt VCP hexamers when overexpressed in cells 
(fig. S1G), as previously described (52). Nevertheless, when overex-
pressed at levels comparable to WT GFP-ASPL in transiently trans-
fected HeLa cells, these VCP binding–defective forms of ASPL were 
as effective as WT GFP-ASPL in promoting the spontaneous accu-
mulation of SG-like assemblies (Fig. 1B and fig. S1H), indicating 
that this function of ASPL does not rely on its ability to interact with 
and/or disrupt VCP hexamers.

We next investigated the role of endogenous ASPL in SG forma-
tion using RNA interference (RNAi)–mediated silencing in cells 
subjected to HS or SA. Compared to cells treated with a nontarget-
ing control siRNA (siCtrl), silencing of endogenous ASPL by siRNA 
(siASPL) reduced the area of puncta occupied by various SG pro-
teins, including G3BP, TIAR, eIF3η, and PABP1 (Fig. 1, C and D, 
and fig. S1, I to K). We further analyzed ASPL’s role in SG dynamics 
using live-cell and static imaging in U2OS cells expressing endoge-
nous G3BP tagged with tdTomato (14). ASPL depletion again caused 
defects in SG assembly under both HS (Fig. 1, E to G) and SA (Fig. 1, 
H and I) stress conditions. These defects were rescued in cells stably 
expressing RNAi-resistant WT GFP-ASPL at levels similar to endog-
enous ASPL (Fig. 1, E to I; fig. S1, L and M; table S1A; and movie S1). 
We also examined the ability of the stably expressed VCP binding–
defective mutants to rescue the defect in SG assembly caused by 
RNAi-mediated ASPL knockdown. Immunoblot and fluorescence-
activated cell sorting analyses confirmed comparable expression 
of WT ASPL and VCP binding–defective mutants in U2OS cells 
(fig. S1, M to P). Although cells expressing D351A or PPAA ASPL 
mutants showed normal SG assembly in response to HS or SA treat-
ment, they exhibited impaired disassembly (Fig. 1, E to I; table S1A; 
and movie S1), similar to that caused by pharmacologic or genetic 
inhibition of VCP (3–5, 57). This indicates that ASPL is required for 
both the efficient assembly and disassembly of SGs. Moreover, al-
though interaction with VCP is not essential for ASPL’s role in SG 
assembly, it is crucial for the efficient disassembly of SGs upon re-
moval of inciting stressors.

D
ow

nloaded from
 https://w

w
w

.science.org at SU
N

Y
 B

uffalo on June 03, 2026



Pareek et al., Sci. Adv. 11, eady3735 (2025)     8 October 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

3 of 23

G

GFP GFP GFP-ASPL GFP-D351A GFP-PPAA

0-
m
in
H
S

30
-m

in
H
S

30
-m

in
re
co
ve
ry

siCtrl siASPL

****

****

***

1-h SA 2-h recoveryNo treatment

si
C
trl

si
A
S
P
L

DAPI G3BPTIAR eIF3η

No treatment HS SA DC

GFP GFP GFP-ASPL GFP-D351A GFP-PPAA

0-
m
in
 S
A

60
-m

in
 S
A

2-
h 
re
co
ve
ry

siCtrl siASPL

0.01

0.02

0.03

0.04

****

30-min HS 30-min recoveryNo treatment

0.00

0.01

0.02

0.03

****
****

 siCtrl
siASPL

GFP
GFP-ASPL W

T
D351A

PPAA

+ - - - -
- + + + +
+ + - - -
- -

siCtrl
siASPL

G3BP TIAR

SA

PABP1eIF3η

S
tr
es
s 
gr
an
ul
e
ar
ea
/c
yt
op
la
sm

ic
 a
re
a

0.2

0

0.4

0.8

0.6

1 ** ** * *

S
tr
es
s 
gr
an
ul
e
ar
ea
/c
yt
op
la
sm

ic
 a
re
a

0.2

0

0.4

0.8

0.6

1

G3BP TIAR PABP1eIF3η

** **** *** **

siCtrl
siASPL

HS

siCtrl
+GFPsiASPL

+GFP 
siASPL
+GFP-ASPL

siASPL
+GFP-D351A ASPL

siASPL
+GFP-PPAA ASPL

HS RecoveryFE

H

0.00

0.01

0.02

0.03

0 50 6040302010 908070
Time (min)

100

****

W
T
D351A

PPAA

+ - - - -
- + + + +
+ + - - -
- - W

T
D351A

PPAA

+ - - - -
- + + + +
+ + - - -
- -

0.00
 siCtrl

siASPL
GFP

GFP-ASPL W
T
D351A

PPAA

+ - - - -
- + + + +
+ + - - -
- - W

T
D351A

PPAA

+ - - - -
- + + + +
+ + - - -
- - W

T
D351A

PPAA

+ - - - -
- + + + +
+ + - - -
- -

***
***

G
FP

G
3B

P
TIA

R

GFP-ASPL/G3BP/TIAR

TD
P
43

eIF3η
G
FP

GFP-ASPL/eIF3η/TDP43

TIA
1

P
A
B
P
1

G
FP

GFP-ASPL/TIA1/PABP1 BA

10

20

25

0

***
***

PPAAD351AWTGFP

C
el
ls
 w
ith
 s
po
nt
an
eo
us
 

S
G
-li
ke
 a
ss
em

bl
ie
s 
(%

)

GFP-ASPL

15

5

****

I

S
tr
es
s 
gr
an
ul
e
ar
ea
/

  c
yt
op
la
sm

ic
 a
re
a

S
tr
es
s 
gr
an
ul
e
ar
ea
/

  c
yt
op
la
sm

ic
 a
re
a

S
tr
es
s 
gr
an
ul
e
ar
ea
/

  c
yt
op
la
sm

ic
 a
re
a

***

Fig. 1. ASPL regulates SG assembly and disassembly in cells. (A) HeLa cells were transfected with plasmid expressing GFP-ASPL and stained. Images highlight colocal-
ization of GFP-ASPL with SG markers. (B) Percentage of HeLa cells containing SG-like assemblies in cells expressing indicated constructs. n > 100 cells from three biologi-
cal replicates. ***P ≤ 0.001 by analysis of variance (ANOVA) with Tukey’s test. (C and D) U2OS cells transfected with nontargeting small interfering RNA (siRNA) (siCtrl) or 
siASPL were subjected to 60-min HS treatment at 43°C or 500 μM SA treatment for 60 min and then stained for SG markers. (C) Merged images. (D) Ratio of SG area to cy-
toplasmic area for each antibody. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001 by Student’s t test. (E) Live-cell imaging of G3BP-tdTomato knock-in U2OS cells 
stably expressing GFP, siASPL-resistant GFP-ASPL, GFP-D351A ASPL, or GFP-PPAA ASPL, along with siCtrl or siASPL. Cells were subjected to HS, followed by 1-hour (h) re-
covery at 37°C. (F) Area occupied by SGs normalized to cytoplasmic area as shown in (E). (G) Area occupied by SGs normalized to cytoplasmic area in cells, as shown in (E), 
before HS, after 30 min of HS, and after 30 min of recovery. n > 60 cells from a representative experiment. ****P ≤ 0.0001 by ANOVA with Tukey’s test. (H) Fixed cell im-
ages of G3BP-tdTomato knock-in U2OS cells stably expressing GFP, siASPL-resistant GFP-ASPL, GFP-D351A ASPL, or GFP-PPAA ASPL along with siCtrl or siRNA against ASPL 
after 1-hour 500 μM SA treatment, followed by 2-hour recovery at 37°C. (I) Area occupied by SGs normalized to cytoplasmic area in cells as shown in (H) before SA treat-
ment, after 1-hour SA treatment, and after 2-hour recovery. n > 100 cells from two biological replicates. ***P ≤ 0.001 and ****P ≤ 0.0001 by ANOVA with Tukey’s test. Scale 
bars, 20 μm. Data are presented as means ± SEM.
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ASPL lowers the threshold concentration of G3BP required 
for condensation in cells and lysates
SG formation can be promoted or inhibited by modulating the core 
SG interaction network, where G3BP1/2 occupies the central node 
and plays an essential role in the assembly of SGs in response to cer-
tain stressors (14–16, 58). As reported previously (14), SGs are com-
pletely absent from SA-treated G3BP1/2 double-knockout (DKO) 
cells but are occasionally noted in DKO cells subjected to HS (fig. S2A). 
Nevertheless, the area occupied by SGs (marked by TIAR or eIF3η) 
in DKO cells treated with either stressor was markedly and signifi-
cantly (P < 0.0001) reduced compared to that in WT cells (fig. S2, A 
and B), highlighting the importance of G3BP in the efficient assem-
bly of SGs under both conditions. Given G3BP’s central role in SG 
assembly, intracellular phase separation thresholds relevant for SG 
assembly can be measured by determining the threshold concentra-
tion of G3BP required for SG formation. Reexpressing G3BP1 in 
G3BP1/2 DKO cells leads to the formation of SGs that are positive for 
a variety of different SG proteins in a manner that is dependent on 
the amount of G3BP expressed in each cell (14). By relating the ex-
tent of SG assembly to the amount of G3BP expressed per cell, one 
can determine the probability of SG formation at a given G3BP con-
centration (Fig. 2A). We used this system to assess whether ASPL 
promotes SG assembly by influencing the threshold concentration of 
G3BP required for SG formation.

First, we transiently transfected GFP-G3BP into G3BP1/2 DKO 
cells with either siCtrl or siASPL. We then quantified the total amount 
of G3BP in the transfected cells with or without SGs to determine the 
probability of SG formation in untreated cells or cells treated with 
SA. Under basal conditions, the probability of SG formation in rela-
tion to G3BP concentration was only minimally affected by ASPL 
knockdown (Fig. 2B and fig. S2C). However, in cells treated with SA, 
ASPL knockdown significantly (P < 0.001) decreased the probability 
of SG formation as a function of G3BP concentration (Fig. 2C and 
fig. S2D). These findings suggest that decreased levels of ASPL re-
duced the likelihood of stress-induced SG formation by increasing 
the threshold concentration of G3BP required for condensation.

Just as the overexpression of G3BP drives the formation of SGs in 
cells, condensates with protein compositions akin to SGs can be re-
constituted in cellular lysates by adding recombinant G3BP (59). To 
determine whether ASPL promotes G3BP condensation, we intro-
duced increasing concentrations of purified recombinant ASPL into 
lysates prepared from cells stably expressing G3BP-GFP and moni-
tored droplet formation using microscopy (Fig. 2D). This led to the 
formation of G3BP-GFP+ phase-separated droplets at ASPL concen-
trations as low as 10 μM, with the total droplet area increasing in a 
concentration-dependent manner (Fig. 2, E and F, and fig. S2, E and 
F). Using lysates spiked with fluorescently labeled ASPL or oligo(dT) 
primers, we detected the enrichment of ASPL and mRNA signals in 
the ASPL-induced G3BP-GFP+ droplets (fig. S2G). We also observed 
the recruitment of other SG components (e.g., TIA1, caprin 1, and 
TDP43) into ASPL-induced droplets using lysates from cells express-
ing fluorescently tagged versions of those proteins generated through 
CRISPR-Cas9–mediated knock-in (fig. S2H). The staining patterns 
were similar to those observed with the droplets induced by the addi-
tion of G3BP (59).

To further investigate the protein composition of ASPL-induced 
droplets, we analyzed and compared the proteins in condensates 
formed by recombinant ASPL or G3BP to those in an unseeded U2OS 
lysate using liquid chromatography–tandem mass spectrometry 

(LC-MS/MS). We identified 556 proteins enriched in ASPL-induced 
granules and 310 proteins enriched in G3BP-induced granules, with 
239 proteins showing more than threefold enrichment in both types 
of droplets (fig. S2I and table S1B). Gene ontology (GO) analysis 
revealed that proteins common to both ASPL- and G3BP-induced 
droplets were highly enriched for constituents of RNP complexes, 
including those found in cytoplasmic SGs (fig. S2J and table S1C). 
This suggests that when introduced into cellular lysates, ASPL can 
promote the formation of phase-separated condensates enriched in 
G3BP and other SG-associated proteins.

Given the central role of G3BP in SG assembly, we next investi-
gated whether ASPL’s ability to induce condensates enriched in SG 
proteins depends on the presence of G3BP. We observed droplets 
upon the addition of 10 μM ASPL to lysates prepared from both 
G3BP-GFP–expressing cells and G3BP1/2 DKO cells (fig. S2K). 
Therefore, we used LC-MS/MS to analyze the proteins in conden-
sates formed by ASPL in each of these lysates and compared them to 
those in unseeded lysates. We identified 70 proteins uniquely enriched 
in ASPL-induced droplets isolated from G3BP-GFP–expressing ly-
sates and 78 proteins from G3BP1/2 DKO lysates, with 291 proteins 
similarly identified in both lysates (Fig. 2G and table S1D). GO anal-
ysis showed that proteins identified exclusively in ASPL-induced 
droplets from G3BP-GFP–expressing lysates were significantly en-
riched for factors involved in SG assembly [false discovery rate 
(FDR) = 3.24 × 10−7]. In contrast, proteins found in ASPL-induced 
droplets from both G3BP-GFP–expressing and G3BP1/2 DKO ly-
sates were predominantly enriched for factors involved in translation 
(Fig. 2H and table S1E). The enrichment of SG proteins in ASPL-
induced droplets prepared from G3BP-GFP–expressing lysates but 
not from G3BP1/2 DKO lysates suggests that ASPL’s ability to pro-
mote condensates enriched in SG constituents depends on G3BP.

As ASPL’s ability to induce SG-like condensates in lysates relied 
on the presence of G3BP, we sought to determine whether ASPL in-
fluences G3BP’s ability to nucleate the formation of condensates. To 
test this hypothesis, we prepared lysates from U2OS cells stably ex-
pressing G3BP-GFP treated with either siCtrl or siASPL. Increasing 
concentrations of purified G3BP were added to the lysates, and drop-
let formation was monitored using microscopy. Although G3BP+ 
droplets were observed in cell lysates derived from Ctrl cells and 
ASPL-depleted cells after the addition of recombinant G3BP (Fig. 2I), 
the total area occupied by the droplets (a product of their number 
and size) was reduced in ASPL-depleted lysates (Fig. 2J and fig. S2, L 
and M). Together, these findings suggest a direct relationship be-
tween the ASPL level and the probability of G3BP condensation, an 
indicator of the SG condensation threshold, in cells and lysates, with 
depletion of ASPL resulting in less condensation and higher levels of 
ASPL promoting condensation.

ASPL stabilizes G3BP interactions to lower the condensation 
threshold for SG formation
The SG condensation threshold is heavily influenced by the hetero-
typic interactions of G3BP with other SG constituents (14–16). 
Therefore, we used a semiquantitative LC-MS/MS approach to ana-
lyzing proteins that coimmunoprecipitated with G3BP and deter-
mined whether ASPL influences the G3BP interactome. To that end, 
we transfected G3BP1/2 DKO human embryonic kidney (HEK) 293T 
cells with GFP-G3BP and treated them with either siCtrl or siASPL 
before subjecting them to HS. As expected, the G3BP interactome 
from siCtrl cells showed a substantial overlap with established SG 
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parentheses indicate mobile fraction of G3BP-tdTomato. ****P ≤ 0.0001 by ANOVA with Tukey’s test. Scale bars, 10 μm. Data are presented as means ± SEM.
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proteins (https://rnagranuledb.lunenfeld.ca) (fig. S3A and table S1F). 
In siCtrl cells, we also detected the expected HS-induced increases in 
the number of interactions between G3BP and several SG-localized 
proteins that promote SG assembly, such as caprin 1 (fig. S3, B and C) 
(58). The expected increase in the G3BP-VCP interaction was also 
observed (fig. S3, B and C, and table S1G) (4). As indicated by the LC-
MS/MS analysis and confirmed by immunoprecipitation-immunoblot 
analyses, many of these stress-induced changes were not observed 
in ASPL-depleted cells treated with HS or SA (fig. S3, D to F, and 
table S1G). Approximately one-third of G3BP binding partners had 
reduced interaction with G3BP upon ASPL depletion in HS-treated 
cells (Fig. 2K and fig. S3G), with minimal differences observed under 
baseline conditions (fig. S3H and table S1G). Proteins whose interac-
tions with G3BP were reduced by depletion of ASPL in HS-treated 
cells were enriched with ribosomal proteins (P < 0.0001), helicases 
(P < 0.0001), Tric/CCT components (P < 0.0001), and other RNA 
binding proteins (P < 0.0001) (fig. S3G and table S1G).

Last, reasoning that a change in G3BP’s interactions with other SG 
components might alter the material properties of G3BP+ SGs and 
influence G3BP mobility, we assessed ASPL’s effect on this process 
with fluorescence recovery after photobleaching (FRAP) assays in 
G3BP-tdTomato knock-in U2OS cells. The mobile fraction of G3BP 
in similarly sized G3BP-tdTomato+ SGs increased upon RNAi-
mediated depletion of endogenous ASPL in cells treated with HS or 
SA, but not in those stably expressing an RNAi-resistant form of 
ASPL (Fig. 2, L and M). Together, the results of the proteomics and 
FRAP analyses suggest that ASPL stabilizes G3BP’s interaction with 
other SG components in response to stress, which could, in turn, 
lower the condensation threshold required for SG assembly.

ASPL promotes condensation of recombinant G3BP via its 
C-terminal UBX+ region
ASPL contains two ubiquitin-like (UBL) domains, a UBX domain, 
and two intrinsically disordered regions with nonuniform charge 
distributions as shown previously (52) and predicted by AlphaFold 
(60) (Fig. 3A and fig. S4A). The extended UBX region (UBX+; ami-
no acids 377 to 553) encompasses the UBX and C-terminal intrinsi-
cally disordered regions. Because we observed a direct relationship 
between ASPL level and the probability of G3BP condensation in 
cells and lysates, we used a reductionist system that allows direct 
assessment of condensation behavior of purified proteins in vitro to 
determine whether ASPL is recruited to G3BP condensates and/or 
influences the LLPS behavior of G3BP. We generated a series of bac-
terial expression constructs and used them to purify recombinant 
full-length ASPL (“WT”) and rationally designed deletion mutants, 
lacking either the first UBL domain (ΔUBL) or the UBX+ region 
(ΔUBX+) or containing only the UBX+ region (Fig. 3B).

Recombinant WT ASPL alone phase-separated under physiologi-
cal salt concentrations (150 mM NaCl), in the presence of RNA (50 ng/
ml) or in the presence of 10% Ficoll; however, this process required 
high concentrations (i.e., ≥100 μM ASPL) (fig. S4, B to E). Once 
formed, droplets composed of fluorescently labeled recombinant ASPL 
were dynamic and exhibited liquid-like properties (fig. S4F). We ob-
served diminished LLPS with ΔUBX+; in contrast, droplets with 
UBX+ formed at lower concentrations than they did with WT ASPL 
(fig. S4G), suggesting that the phase separation potential of ASPL is 
restricted by intramolecular interactions.

After establishing baseline parameters for ASPL LLPS, we next 
assessed the ability of ASPL to be recruited into G3BP+ droplets. 

Fluorescently tagged ΔUBX+ showed less localization within G3BP+ 
droplets than did WT ASPL, whereas UBX+ was recruited more 
efficiently than WT ASPL (Fig. 3, C and D). Given the recruitment 
of ASPL into G3BP+ droplets in vitro, we next tested whether ASPL 
and G3BP interact directly. Using recombinant WT ASPL, ΔUBL, 
or ΔUBX+ with glutathione S-transferase (GST)–tagged full-length 
G3BP in GST pull-down assays, we found a weak interaction be-
tween ASPL and G3BP that was mediated by the UBX+ region 
(Fig. 3, E and F).

We next sought to determine whether ASPL influenced the LLPS 
behavior of G3BP. When combined, WT ASPL and G3BP underwent 
LLPS at lower concentrations than either protein alone in the pres-
ence of RNA or Ficoll (Fig. 3, G to I, and fig. S4H). Although ΔUBL 
enhanced G3BP condensation in a manner similar to WT ASPL, 
ΔUBX+ failed to do so. Combining UBX+ with full-length G3BP 
also promoted the formation of droplets at lower concentrations than 
either protein alone (Fig. 3, G to I, and fig. S4H). Considering the 
critical role of the UBX+ domain in promoting G3BP condensation 
and enhancing the formation of SG-like assemblies, it was expected 
that recombinant ΔUBX+ showed an impaired ability to seed G3BP 
condensation in lysates (fig. S4, I and J).

C-terminal UBX+ region of ASPL alters the material 
properties of G3BP condensates
At higher concentrations of UBX+ (or with greater incubation times 
at lower concentrations), we observed that the droplets were some-
what irregular in shape and, upon closer examination, seemed to be 
formed by the clustering of smaller droplets (fig. S5A). Given this 
irregular morphology, we used thioflavin T (ThT) as a fluorescence 
probe and found unexpectedly that droplets prepared from full-
length ASPL and UBX+ (but not ΔUBX+) were ThT+ (fig. S5B). 
This suggests either that the conformation of the UBX+ region in 
droplets includes β sheet–rich structures or that the droplets have a 
high macromolecular packing density (61, 62). Droplets with a high 
packing density tend to show arrested fusion (61), which may help 
to explain the clustering of small droplets observed with high con-
centrations of UBX+. We also observed that, unlike droplets com-
posed of G3BP alone (which were negative for ThT), those generated 
by mixing G3BP with WT ASPL (but not ΔUBX+) showed enhanced 
ThT fluorescence (fig. S5C), raising the possibility that ASPL alters 
the material properties of condensates.

To quantify the effects of ASPL and the UBX+ region on material 
properties of condensates formed by G3BP, we used viscoelastic par-
ticle tracking (VPT) nanorheology (63, 64). The ensemble-averaged 
mean square displacement (MSD) profiles obtained from VPT us-
ing 200-nm fluorescently labeled probe particles revealed distinct 
differences in the viscoelastic properties of phase-separated conden-
sates formed upon mixing G3BP with WT ASPL, ΔUBX+, and 
UBX+. First, we noted that the viscosity of condensates containing 
G3BP alone was higher than those formed from combining G3BP 
with ASPL (Fig. 3, J and K), suggesting that ASPL fluidizes G3BP 
droplets by introducing heterotypic buffering to the homotypic 
G3BP interaction network (65), resulting in a more fluid-like micro-
environment within the condensate. G3BP condensates with UBX+ 
exhibited increased viscosity compared to those with full-length 
ASPL, whereas those containing ΔUBX+ displayed decreased vis-
cosity (Fig. 3, J and K).

In addition to VPT, we calculated the partition coefficients of 
ASPL and G3BP in the condensates to quantify the extent of protein 
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enrichment within the phase-separated droplets. The partition coef-
ficient is calculated as the ratio of the concentration of ASPL or G3BP 
within the condensates to its concentration in the surrounding solu-
tion. Partition coefficients report on the transfer free energy of a 
macromolecule from the dilute phase to the dense phase, which is 
determined by intermolecular interactions between the condensate-
forming components (66). The partition coefficients for both ASPL 
and G3BP were highest for UBX+, followed by WT ASPL, and lowest 
for ΔUBX+ (Fig. 3, L and M, and tables S1, H and I), consistent with 
the UBX+ region of ASPL mediating its interaction with G3BP. These 
values indicate that UBX+ promotes greater enrichment of ASPL and 
G3BP within the condensates, likely contributing to the observed in-
crease in viscosity by facilitating more stable interactions. Converse-
ly, the lower partition coefficient for ΔUBX+ suggests reduced 
enrichment and more fluid-like, dynamic condensates.

We also calculated the mobile fraction of each component in the 
condensates formed by mixing G3BP with ASPL (WT, UBX+, or 
ΔUBX+) using FRAP analysis. In contrast to nanorheology, which 
characterizes the time-dependent viscoelasticity of condensates by 
tracking the thermal motion of 200-nm beads, FRAP measures the 
recovery kinetics of fluorescently labeled proteins within a larger 
bleached region (>400 nm), reflecting not only viscous resistance 
but also the effects of biomolecular interactions in the dense phase 
and network viscoelasticity (67). We observed that the mobility 
of G3BP was increased in condensates formed in the presence of 
ΔUBX+ compared to WT ASPL and was slightly reduced in those 
formed by mixing G3BP with the UBX+ region alone (fig. S5D). 
Similarly, the mobile fractions of WT ASPL and UBX+ in G3BP+ 
condensates were comparable to each other and decreased relative 
to ΔUBX+ (fig. S5E). These results highlight the importance of the 
UBX+ domain when engaging in stable heterotypic interactions with 
G3BP, as this domain restricts the mobility of G3BP in condensates. 
The mobility of G3BP was higher in condensates containing ASPL 
than those formed from G3BP alone, consistent with the results of 
the VPT experiments.

Together, these results suggest that ASPL’s UBX+ domain, which 
mediates its interaction with G3BP, alters the material properties of 
G3BP droplets and increases bulk condensate viscosity. The relative 
fluidization of G3BP condensates and increased mobility of G3BP 
upon addition of ASPL in vitro contrasts with the increased mobile 
fraction of G3BP observed in cells upon ASPL knockdown, highlight-
ing the complex regulatory mechanisms governing G3BP condensa-
tion and mobility in different contexts. The endogenous G3BP:ASPL 
molar ratio in whole cell lysates ranges from 34:1 to 50:1 (fig. S5F); in 
contrast, a 2:1 ratio was used in our in vitro studies. This lower ratio 
more closely reflects the conditions present in cells overexpressing 
ASPL, as observed in our transfection experiments (Fig. 1B and 
fig. S1E), where ~50% of cells were transfected and ASPL-induced 
SGs were observed in cells expressing higher levels of ASPL. Thus, 
while the in vitro stoichiometry does not match endogenous levels, it 
is representative of cellular contexts in which ASPL is functionally ac-
tive and capable of inducing SG formation.

ASPL’s UBX+ region facilitates SG assembly
The results of our in vitro LLPS studies prompted us to investigate 
the importance of ASPL’s UBX+ region in SG assembly. We gener-
ated a series of mammalian expression vectors containing full-
length ASPL (WT) and deletion mutants (analogous to those used 
to produce recombinant proteins) fused in-frame to GFP; upon 

confirming their expression, we assessed their ability to promote the 
formation of spontaneous SG-like assemblies after transient overex-
pression. Whereas UBX+ showed an enhanced ability to promote 
the spontaneous formation of SG-like assemblies compared to ΔUBL 
and WT ASPL, ΔUBX+‘s ability was impaired (Fig. 4, A and B, and 
fig. S6A). As expected, the UBX+ and ΔUBX+ mutants failed to in-
teract with VCP (fig. S6B). We next used lentiviral vectors to stably 
express RNAi-resistant GFP-tagged WT ASPL or truncation mu-
tants in G3BP-tdTomato knock-in U2OS cells and used live-cell im-
aging to assess SG formation in response to HS. We found that the 
assembly defect caused by siASPL was rescued by expression of 
RNAi-resistant WT ASPL and ΔUBL, but not by ΔUBX+ (Fig. 4, C 
and D; fig. S6, C to F; table S1A; and movie S2). We next examined 
the mobility of G3BP in SGs by FRAP after exposing these cells to HS 
or SA. Although expression of ΔUBL decreased the mobile fraction 
of G3BP similar to WT ASPL, expression of ΔUBX+ failed to do so, 
consistent with the UBX+ region mediating heterotypic interactions 
with G3BP and reducing the threshold for G3BP condensation 
(Fig. 4, E and F). These results suggest that the interaction between 
G3BP and ASPL’s UBX+ region enhances G3BP condensation, alters 
the material properties of the SG condensate, and stabilizes the inter-
action of G3BP with other SG constituents, ultimately reducing the 
exchange rate between SG-localized G3BP with cytosolic G3BP and 
promoting SG formation.

ASPL forms a stable complex with VCP hexamers at 
physiological molar ratios
VCP-mediated extraction of G3BP helps maintain the dynamic 
liquid-like properties of SGs, facilitating their disassembly upon the 
removal of inciting stressors (3, 4). Prior studies, confirmed by our 
own, have shown that when ASPL and VCP are combined at a 1:1 
molar ratio in vitro or upon overexpression of ASPL in cells, ASPL’s 
interaction with VCP promotes the disassembly of VCP hexamers 
and stabilizes VCP:ASPL heterotetramers (52) (fig. S1G). Given that 
the hexameric structure of VCP is essential for its function, our 
finding that ASPL’s interaction with VCP is required for the efficient 
disassembly of SGs seemed to be at odds with these prior results. 
Therefore, we sought to investigate the nature of the interaction be-
tween ASPL and VCP hexamers under physiological conditions.

First, we examined the migration patterns of ASPL and VCP in 
3×-FLAG–ASPL cells generated by CRISPR-Cas9–mediated knock-
in using blue native gel electrophoresis, followed by immunoblot anal-
yses (fig. S6G). We observed multiple bands using an anti-FLAG 
antibody, including one near the 720-kDa marker. The intensity of this 
band decreased upon RNAi-mediated knockdown of VCP (fig. S6, G 
and H), suggesting that its formation depended on VCP. We also de-
tected a band near the 720-kDa marker using an anti-VCP antibody, 
presumably corresponding to intact hexamers, with or without addi-
tional proteins (fig. S6G). To more definitively identify complexes 
containing both ASPL and VCP, we immunoprecipitated endogenous 
ASPL from the 3×-FLAG–ASPL cells using anti-FLAG antibody. Im-
munoprecipitates were analyzed via blue native gel electrophoresis, 
followed by immunoblot analysis. Immunoblot analyses using anti-
FLAG antibody revealed multiple bands ranging in size from ~146 to 
720 kDa, indicating that ASPL is present in complexes of varying 
molecular sizes (Fig. 5A). Bands near the 720-kDa marker were de-
tected using both anti-FLAG and anti-VCP antibodies. The intensi-
ty of these bands decreased upon RNAi-mediated knockdown of 
VCP (Fig. 5A). We did not detect VCP in lower–molecular weight 
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complexes corresponding to the VCP-ASPL heterotetramers formed 
when the proteins are mixed at 1:1 molar ratios (52) in either the ly-
sates or ASPL immunoprecipitates, suggesting that endogenous ASPL 
exists in a complex with intact VCP hexamers.

Next, we compared the molar ratio of endogenous ASPL and 
VCP in cell lysates and found that VCP levels were ~90-fold higher 
than ASPL levels under physiological conditions (fig. S6I). This dif-
ference in concentration underscores the importance of studying the 
ASPL-VCP interaction at relevant molar ratios in vitro. To evaluate 

the nature of the ASPL-VCP interaction, we used a combination of 
fluorescence-detected sedimentation velocity analytical ultracen-
trifugation (FDS-SV-AUC) and interference SV-AUC experiments 
with a 1:84 ratio of ASPL to VCP monomers [0.2 μM Alexa Fluor 488 
(AF488)–ASPL to 16.8 μM VCP] to approximate physiological con-
ditions. FDS-SV-AUC was chosen for its sensitivity in detecting fluo-
rescently labeled molecules, allowing us to specifically track ASPL in 
the presence of excess VCP. Interference SV-AUC was used to pro-
vide a comprehensive analysis of all protein species in the mixture, 
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regardless of labeling, ensuring accurate measurement of VCP and 
its complexes.

When analyzed alone, AF488-labeled ASPL (AF488-ASPL) dis-
played two predominant species corresponding to monomeric and 
dimeric forms (Fig. 5B). Upon mixing with VCP, the FDS-SV-AUC 
revealed a notable peak at 14.56 S with a molecular weight approxi-
mating the theoretical mass of a VCP hexamer bound to an ASPL 
monomer (599,698 Da), indicating complex formation (Fig. 5C and 
table S1J). This was further corroborated by the two-dimensional 
size-and-shape distribution analysis, which confirmed the presence 
of a major species with a sedimentation coefficient of 14.44 S and a 
molecular weight of 594,438 Da, consistent with an ASPL-VCP hex-
amer complex (fig. S6J and table S1K).

In contrast, the interference SV-AUC analysis showed a domi-
nant peak at 14.13 S, corresponding to the VCP hexamer, reflect-
ing its excess concentration in the mixture (fig. S6, K to N, and 
table S1L). The height of this dominant VCP peak in the interference 
data was much higher than the corresponding peak in the fluores-
cence data. The difference in peak size between the fluorescence and 
interference data indicates that while VCP predominantly remains 
in its hexameric form due to its high concentration, the fluorescence 
data specifically highlight the ASPL-VCP hexamer complex. To-
gether, the results of the SV-AUC analyses suggest that ASPL binds 
to VCP in a 1:6 ratio, forming a stable complex. The chosen molar 
ratios for the SV-AUC experiments were crucial in elucidating these 
interactions and facilitated the detection of the ASPL-VCP hexamer 
complex, corroborating the results of the ASPL immunoprecipita-
tion analyses.

ASPL is required for efficient VCP-mediated extraction of 
G3BP from SGs
Our studies demonstrating interactions between ASPL and VCP hex-
amers and between recombinant ASPL and G3BP, combined with our 
unbiased proteomics data suggesting that ASPL stabilizes the G3BP-
VCP interaction in stressed cells, led us to hypothesize that ASPL 
helps catalyze the extraction of G3BP by VCP. To test this hypothesis, 
we first performed immunoprecipitation assays to determine whether 
the ASPL-G3BP interaction could be detected in cell lysates. We de-
tected an interaction between ASPL and GFP-G3BP but only after 
subjecting cells to HS or SA (Fig. 5D). Using both WT and ASPL KO 
cells, we found that the stress-induced interaction between endoge-
nous VCP and G3BP was absent in cells lacking ASPL (Fig. 5E). We 
next assessed the levels of VCP recruited to G3BP+ SGs within cells 
after RNAi-mediated knockdown of ASPL. We observed a small but 
significant (P < 0.0001) decrease in the level of VCP localizing to SGs 
in siASPL cells compared to siCtrl cells, while the total levels of VCP 
remained unchanged (Fig. 5F). These observations suggest that al-
though ASPL may be one of many factors contributing to the recruit-
ment of VCP to SGs, it is a key factor in recruiting VCP to G3BP.

To assess ASPL’s role in facilitating the VCP-mediated exchange 
of SG-localized G3BP with its cytoplasmic pools in stressed cells, we 
performed FRAP assays in siASPL cells stably expressing G3BP-
tdTomato and either WT ASPL or the VCP binding–defective ASPL 
D351A mutant. We found that expression of the D351A mutant in 
cells treated with HS (Fig. 5G) or SA (Fig. 5H) resulted in a reduc-
tion in the mobile fraction of G3BP compared to that in cells ex-
pressing WT ASPL. This result was similar to the reduction in the 
mobile fraction of G3BP observed in cells treated with the VCP in-
hibitor CB-5083 in stressed cells (fig. S6, O and P).

ASPL is required for ULK-mediated phosphorylation and 
activation of VCP
We previously demonstrated that the serine-threonine kinases ULK1 
and ULK2, independent of their roles in autophagy, play a key role 
in the efficient disassembly of SGs by phosphorylating VCP at serine-
13, serine-282, and threonine-761 (3). Moreover, the conditional dis-
ruption of Ulk1/2 expression in skeletal muscle causes a vacuolar 
myopathy with SQSTM1+, ubiquitin+, and TDP43+ inclusions in 
mice (3), similar to that caused by the expression of pathogenic VCP 
mutations (3, 33, 35, 68, 69). Notably, using an unbiased proteomics 
approach, we previously found the presence of ASPL (in addition to 
VCP) within the ULK1 interactome (3). To follow up on this observa-
tion, we immunoprecipitated overexpressed or endogenous ASPL and 
performed immunoblot analyses to define the relationship among 
ULK1/2, VCP, and ASPL. We found that interactions between ASPL 
and ULK1 or ULK2 were stabilized in the presence of either HS-
induced (fig. S7, A and B) or SA-induced stress (Fig. 6A and fig. S7, C 
and D). In addition, we found that the ULK1-VCP interaction was 
reduced in stressed cells after knockdown or KO of ASPL (Fig. 6, B 
and C, and fig. S7E), whereas the ULK1-ASPL interaction was mini-
mally affected by VCP knockdown (fig. S7E). To confirm the impor-
tance of ASPL in the stabilization of the ULK1-VCP interaction, we 
used a split luciferase-based NanoBiT (NanoLuc Binary Technology) 
assay (70), in which ULK1 was fused to the large BiT (LgBiT; 18 kDa) 
subunit of luciferase and VCP was fused to the small BiT (SmBiT). 
We used this system in ASPL-depleted HEK293T cells coexpressing 
ULK1-LgBiT and VCP-SmBiT. We observed an eightfold increase in 
luminescence of cells upon coexpression of ASPL-GFP (but not GFP 
alone) upon SA treatment (Fig. 6D), indicating that ASPL was re-
quired to mediate the ULK1-VCP interaction. We next tested the ef-
fect of expressing the ASPL mutants D351A and PPAA, which are 
defective in binding VCP but retain the ability to interact with ULK1 
(fig. S7F), and found that these ASPL mutants did not support the 
stress-induced increase in luminescence (Fig. 6D), highlighting the 
importance of ASPL in bridging ULK1 and VCP.

We next sought to determine whether the ability of ASPL to sta-
bilize the ULK1-VCP interaction also influenced the ability of ULK1 
to phosphorylate VCP (3). We generated an antibody against phos-
phorylated serine-13 of VCP (pVCP) and confirmed that it detected 
ULK1/2-dependent VCP phosphorylation (fig. S7G). This antibody 
detected the stress-induced increase in VCP phosphorylation in 
WT U2OS cells treated with HS or SA but not in ASPL KO U2OS 
cells under similar conditions (Fig. 6, B and C). VCP phosphoryla-
tion was restored in siASPL cells stably expressing WT ASPL but not 
the VCP binding–defective ASPL mutants (Fig. 6E). We also used 
the generated antibody to examine VCP phosphorylation in skeletal 
muscle collected from adult mice. The serine-13–phosphorylated 
VCP was detected in skeletal muscle from WT but not Aspl KO mice 
(Fig. 6F). These results indicate that the phosphorylation of VCP 
relies on the presence of ASPL in skeletal muscle and in cultured 
cells subjected to stress.

To assess the functional relevance of ASPL in ULK-mediated 
phosphorylation of VCP, we next performed live-cell imaging assays 
using G3BP-tdTomato knock-in U2OS cells stably expressing WT 
GFP-ASPL or D351A GFP-ASPL and either WT VCP or a phospho-
mimetic VCP mutant in which all three ULK-dependent phosphory-
lation sites (serine-13, serine-282, and threonine-761) were mutated 
to aspartates (3SD). Our previous study demonstrated that the 3SD 
VCP mutant rescues SG disassembly defects in cells depleted of both 
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VCP and ULK1, whereas WT VCP is unable to do so (3). As described 
above, SG disassembly was delayed in cells expressing the D351A 
ASPL mutant. The aberrant disassembly process was rescued in cells 
expressing 3SD VCP but not in those expressing WT VCP (Fig. 6, G 
and H; fig. S7, H and I; table S1A; and movie S3). This result is consis-
tent with our hypothesis that ASPL facilitates ULK-mediated phos-
phorylation of VCP, which is required for efficient SG disassembly.

SG disassembly defect associated with pathogenic VCP 
mutations can be rescued by mimicking ULK-mediated 
phosphorylation or ASPL knockdown
Mutations affecting the R155 position of VCP account for almost 
50% of cases of MSP (41, 71). These mutations affect the nucleotide-
driven allosteric regulation of VCP and, more specifically, the cou-
pling between the D1 and N-terminal domains of VCP (72). When 

− − +
ASPL IP IgG

ASPL KOWT

− + − + − +

ASPL

GAPDH

ULK 1

VCP

Lysate

pVCP

SA:

B

G

ULK1-LgBiT + VCP-SmBiT

- + - + -- + +
GFP WT D351A PPAA

Lu
m
in
es
ce
nc
e 
un
it 

i
it 

×
 1
0

2

4

6

8

10

0
SA:

VCP

ULK1

pVCP

- + - +- +- +- +

GFP

VCP

ULK1

GAPDH
V
C
P
 IP

Lysate

VCP IPIgG
GFP WT D351APPAA

SA:

F

WT

GFP-ASPL

E

VCP

pVCP

+/- -/-Aspl: +/+

ASPL

Muscle

V
C
P
 IP

Lysate

DA

− + − + − +HS:

WTU2OS:

C

A
S
P
L IP

Lysate

ASPL

ULK1

VCP

GAPDH

SA:

ULK1

VCP

ASPL

GFP

n.s.
n.s. n.s.

180

82

115

115
180

82

115
49

82

82

115
49

115

115

82

115
180

115

115
180

115

115

49

37

VCP IP 

GFP-ASPL

RecoveryHS

GFP-D351A ASPL
+ EV

GFP-D351A ASPL
+ WT VCP

GFP-D351A ASPL
+ 3SD VCP 

GFP-ASPL
+ WT VCP

GFP-ASPL
+ 3SD VCP 

GFP-ASPL
+ EV

0.00

0.01

0.02

0.03

0 50 6040302010 908070
Time (min)

100

0.00

0.01

0.02

0.03

****

****

****

siASPL
GFP-ASPL WT

+ + + + +
- -

+ + + + + + ++ + + + + +
+ + + - - -+ + + - - -+ + + -

GFP-ASPL D351A -- +++- -- +++- -- +++-
VCP -WT W

T
3SD -

3SD - -W
T W

T
3SD

3SD
-WT W

T
3SD -

3SD

H

V
C
P
 IP

Lysate

GFP-ASPL 

GFP-ASPL:

IgG VCP IP 

ULK1

ASPL

VCP

V
C
P
 IP

ASPL

GAPDH

ULK1

VCP

pVCP

ULK1

ASPL

VCP

IgG

ASPL KO

115

180

180
115

****

82

49

115

180

82

180

115

30-min HS 30-min recoveryNo treatment

S
tr
es
s 
gr
an
ul
e
ar
ea
/

  c
yt
op
la
sm

ic
 a
re
a

S
tr
es
s 
gr
an
ul
e
ar
ea
/

  c
yt
op
la
sm

ic
 a
re
a

U2OS:

t ×
 1
0

Fig. 6. ASPL mediates ULK-VCP interaction to facilitate VCP phosphorylation. (A) Representative immunoblots of endogenous ASPL immunoprecipitated from 3×-
FLAG ULK1 mouse embryonic fibroblasts (MEFs) subjected to 60-min 500 μM SA treatment. (B and C) WT and ASPL KO U2OS cell lines were transfected with VCP plasmid 
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expressed in cultured cells, the most common MSP-causing VCP 
mutant, R155H, impairs the disassembly of HS-induced SGs (4). The 
R155H VCP mutant has also been hypothesized to have a reduced 
interaction with ASPL (55). To determine whether altered interac-
tion between R155H VCP and ASPL contributes to the SG disassem-
bly defect associated with R155H, we first examined its interactions 
with ASPL and ULK1 by coimmunoprecipitation. We found a reduc-
tion in interaction between R155H VCP and ASPL compared to that 
with WT VCP. This was accompanied by a reduction in the R155H 
VCP-ULK1 interaction and in VCP phosphorylation at serine-13 in 
cells treated with SA (Fig. 7A) or exposed to HS (Fig. 7B). We ob-
served similar defects in the ASPL-VCP and ULK1-VCP interac-
tions and in ULK-mediated phosphorylation of another N-terminal 
VCP mutant, R159H VCP, which also causes MSP (Fig. 7B) (73–77). 
On the basis of these results, we hypothesized that impaired ULK-
mediated phosphorylation of certain VCP mutants (secondary to the 
weaker interaction with ASPL) contributes to the associated SG dis-
assembly defect.

To test this hypothesis, we introduced phosphomimetic serine/
threonine to aspartate substitutions at serine-13, serine-282, and 
threonine-761 of R155H (or R159H) VCP to bypass the need for 
ULK-mediated phosphorylation. The SG disassembly defects ob-
served in cells expressing R155H or R159H were rescued in cells 
expressing R155H or R159H VCP with the phosphomimetic 3SD 
substitutions (Fig. 7, C to F; table S1A; and movies S4 and S5), high-
lighting the importance of the ability of ASPL to facilitate ULK-
mediated VCP phosphorylation during SG disassembly.

Despite ASPL’s role in enabling ULK-mediated phosphorylation 
of VCP and maintaining G3BP mobility, cells depleted of ASPL had 
impaired SG assembly only, with no observed defects in disassembly 
(Fig. 1F). Therefore, we considered the balance between ASPL’s role 
in assembly, where ASPL stabilizes interactions between G3BP and 
other SG constituents, and ASPL’s role in disassembly, where the 
ASPL-VCP interaction is required for the efficient extraction of 
G3BP from SGs. We hypothesized that decreasing levels of ASPL 
might alter SG dynamics such that the requirement of VCP for SG 
disassembly might also be affected. When ASPL was depleted from 
cells expressing R155H or R159H VCP, they not only showed de-
fects in SG assembly but also no longer showed defects in SG disas-
sembly (Fig. 7, G to J; table S1A; and movies S6 and S7). This suggests 
that SGs formed in the absence of ASPL do not rely on the ASPL-
VCP interaction for disassembly, reinforcing the hypothesis that the 
ability of ASPL to induce SG formation in cells is counterbalanced 
by its ability to recruit and activate VCP for SG disassembly.

DISCUSSION
This study reveals a previously unknown function of ASPL in regu-
lating RNP granule dynamics, specifically as a factor that couples 
the assembly and disassembly of SGs. We first demonstrated that 
ASPL, independent of its interaction with VCP, facilitates SG assem-
bly. As the aberrant persistence of SGs and related RNP granule as-
semblies may contribute to the pathologic fibrillization of TDP43 
(26, 30, 32, 78–81), factors that lower the threshold for RNP granule 
assembly may pose a threat to cells if left unchecked. We found that 
ASPL’s role in SG assembly is counterbalanced by stabilizing interac-
tions between G3BP and VCP and promoting ULK-mediated phos-
phorylation of VCP, which helps maintain the mobility of G3BP and 
the dynamic fluid-like properties of SGs that are required for the 

disassembly of SGs upon the removal of the inciting stressors (3, 4, 14). 
Thus, by modulating various protein-protein interactions, ASPL links 
G3BP condensation with the disassembly activity of VCP.

The observation that ASPL enhances the interactions of G3BP 
with other SG components and promotes SG assembly fits well into 
the working model of RNP granule assembly via percolation-coupled 
phase transition (65, 82, 83). In this model, phase transition and SG 
assembly occur when the sum and duration of localized protein-
protein interactions are sufficient to create a system-spanning network. 
We found that the interaction of ASPL with G3BP, via its UBX+ re-
gion, alters the material properties of droplets by restricting G3BP 
mobility and increasing viscosity within the condensates. In cells, this 
may strengthen the SG network of interactions, thereby reducing the 
SG condensation threshold and promoting SG assembly. These find-
ings support a central role for G3BP in facilitating a percolation-like 
process in SG formation, where ASPL accelerates assembly by promot-
ing critical interactions between G3BP and other SG components.

Although ASPL also stabilizes the G3BP-VCP interaction, it is not 
the sole cofactor that recruits VCP to SGs. For instance, ZFAND1 
(zinc finger AN1-type containing 1) recruits VCP to SGs induced by 
SA and is critical for the disassembly of SGs induced by SA but not 
HS (5). In contrast, FAF2 (Fas-associated factor family member 2) 
interacts with ubiquitinated G3BP under HS treatment and is es-
sential for SG disassembly following HS but not SA treatment (4). 
However, unlike ZFAND1 and FAF2, which function in a stress-
specific manner, by stabilizing the G3BP-VCP and ULK1-VCP in-
teractions, ASPL promotes ULK-mediated phosphorylation of VCP 
and SG disassembly under both conditions, thus providing a mech-
anism for the spatiotemporal regulation of VCP activity. Although 
the HS-induced ubiquitination of G3BP is required for its efficient 
extraction by VCP and the rapid disassembly of SGs upon restora-
tion of normal temperature (4), ubiquitination of G3BP is less pro-
nounced in SA-treated cells, and ubiquitination of G3BP or other 
SG proteins is not essential for the relatively slower disassembly of 
SGs formed in response to this stress (4,  84,  85). Although many 
VCP substrates are ubiquitinated, there are examples of VCP sub-
strates that are not (86, 87). Therefore, our observations of both the 
reduced mobility of G3BP in cells expressing the VCP binding–
defective mutant and the ASPL-mediated stabilization of the G3BP-
VCP interaction in cells subjected to either SA or HS suggest a role 
for the ASPL-VCP interaction in the VCP-mediated extraction of 
G3BP independent of G3BP’s ubiquitination status. Future in vitro 
reconstitution and in vivo studies are required to determine the 
relationship(s) between the ubiquitination status of G3BP, different 
VCP cofactors, and their relative contributions to condensate and 
SG dynamics.

Our results provide the first evidence that endogenous ASPL can 
form a stable complex with VCP hexamers in cells and in vitro when 
present at physiological molar ratios. These findings illustrate how 
ASPL functions as a bridge between ULK1 and VCP. ASPL is also 
thought to promote VCP methylation by serving as a bridge be-
tween the methyltransferase METTL21D and VCP (55, 88, 89), but, 
in that case, the binding of ASPL is thought to promote structural 
remodeling of VCP hexamers, exposing lysine-315 to facilitate its 
trimethylation by METTL21D (88, 89). Although certain disease-
causing VCP mutants (R155H, R159G, and R191Q) are resistant to 
the methylation-promoting effects of ASPL, the physiologic conse-
quences of this posttranslational modification (which reduces VCP 
activity) and how it relates to disease remain unclear (55).
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Fig. 7. Reduced VCP–ASPL interaction underlies SG disassembly defect associated with VCP mutants. (A and B) FLAG-tagged WT or mutant VCP variants were 
transfected into U2OS cells. After 48 hours, cells were treated with 500 μM SA for 60 min (A) or 60-min HS at 43°C (B). VCP was immunoprecipitated using FLAG antibody 
and immunoblotted. Mouse preimmune immunoglobulin G (IgG) was used as a control. (C to F) Live-cell imaging of U2OS cells stably expressing GFP-G3BP and indicated 
blue fluorescent protein (BFP)–tagged VCP R155H (C) and R159H (E) expressing plasmids. Area occupied by SGs normalized to cytoplasmic area in R155H (D) and in R159H 
(F) expressing cells after 60-min HS treatment, followed by recovery at 37°C. n > 60. Bar graph illustrates the area occupied by SGs normalized to cytoplasmic area in cells 
before HS treatment, after 60 min of HS treatment, and after 30 min of recovery. *P ≤ 0.05 and ****P ≤ 0.0001 by ANOVA with Tukey’s test. (G to J) Live-cell imaging of 
U2OS cells stably expressing GFP-G3BP and BFP-tagged VCP R155H (G) or R159H (I) was transfected with siCtrl or siASPL. Area occupied by SGs normalized to cytoplasmic 
area in cells expressing R155H (H) and R159H (J) VCP variants after 60-min HS treatment, followed by 1-hour recovery at 37°C. n > 60 cells. Bar graph shows the area oc-
cupied by SGs normalized to cytoplasmic area in cells before HS treatment, after 60 min of HS treatment, and after 30 min of recovery. ****P ≤ 0.0001 by ANOVA with 
Tukey’s test. Scale bars, 20 μm. Data are presented as means ± SEM.
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In contrast, a role for ASPL in enabling ULK-mediated VCP 
phosphorylation in the pathogenesis of IBM is suggested by several 
observations. First, our study shows that disease-causing VCP mu-
tants have an impaired ability to interact with ASPL and an associ-
ated decrease in phosphorylation by ULK. As mentioned previously, 
ULK-mediated VCP phosphorylation is required for efficient SG 
disassembly (3). Second, mouse strains expressing disease-causing 
VCP mutants and those lacking ULK1/2 expression in muscle both 
develop a vacuolar myopathy with ubiquitin+/SQSTM1+/TDP43+ 
inclusions, similar to that observed in patients with IBM (33, 35–
37). The similar phenotypes caused by the expression of VCP mu-
tants and ULK1/2 deficiency can be explained by the functional 
overlap between ULK and VCP in SG disassembly. The expression 
of VCP mutants or ULK1/2 deficiency that results in IBM-like pa-
thology in mice impairs SG disassembly in cultured cells, resulting 
in the accumulation of poorly dynamic TDP43+ SGs (4, 27). The 
functional importance of the ASPL-VCP interaction in mediating 
VCP phosphorylation by ULK is further supported by our observa-
tion that the SG disassembly defects in cells expressing disease-
causing VCP mutants or VCP binding–defective ASPL mutants, 
both of which disrupt the ASPL-VCP interaction, were rescued by 
introducing phosphomimetic residues to bypass ULK-mediated 
phosphorylation. In light of this, the pathophysiological relevance of 
the ASPL-VCP interaction warrants further investigation in more 
physiologically relevant systems, such as patient-derived neurons, 
animal models, or chronic stress paradigms, which may better reca-
pitulate the characteristic pathological accumulations of ubiquitin 
and SQSTM1 observed in MSP and related disorders.

One of the most intriguing results from our study was that despite 
the role of ASPL in SG disassembly, defects associated with the ex-
pression of pathogenic VCP variants, which failed to interact stably 
with ASPL, were negated by reducing endogenous levels of ASPL. 
Although the impaired SG assembly may have contributed to the 
neutralizing effect of ASPL knockdown, the SGs that did form failed 
to show a delay in resolution. This suggests that ASPL’s role in pro-
moting SG assembly is proportionally counterbalanced by its recruit-
ment of ULK-activated VCP for SG disassembly, again highlighting 
the role of ASPL in coupling the assembly and disassembly of SGs. 
Further, our findings suggest that the uncoupling of these processes 
may reflect the mechanism by which a subset of pathogenic VCP mu-
tations leads to the accumulation of poorly dynamic RNP granules 
and IBM-like disease. These observations lay the groundwork for ex-
ploring the therapeutic potential of manipulating ASPL levels and/or 
ULK activity in the treatment of MSP and related disorders.

Limitations of the study
While our study provides notable insights into ASPL’s role in SG dy-
namics and regulation of VCP function, we acknowledge several 
limitations. First, although we validated certain findings using skele-
tal muscle from mice, most of our conclusions are based on in vitro 
and cell culture models. Future studies using additional cell types 
(e.g., primary cells and differentiated induced pluripotent stem cells), 
other stress conditions, and in vivo models should provide a more 
comprehensive understanding of ASPL’s role in the dynamic regula-
tion of SGs and other RNP granules.

Second, although our findings demonstrate that ASPL acts as a 
VCP cofactor for the disassembly of SGs, additional mechanisms like-
ly contribute to this process, as SG disassembly is delayed but not 
completely abolished in cells with a disrupted ASPL-VCP interaction. 

ZFAND1 and FAF2 have been shown to regulate VCP-mediated SG 
disassembly under different stress conditions (4, 5). Additional stud-
ies are required to determine the relative contributions of other VCP 
cofactors in the regulation of SG disassembly (in response to various 
stressors and in different cell types) and to what extent their functions 
are spatiotemporally related.

Last, this manuscript is focused on ASPL’s role in SG disassembly 
and does not address its role(s) in other pathways involved in the 
resolution of SGs. Whereas disassembly is the primary mechanism 
responsible for the resolution of SGs formed in response to relatively 
short periods of exposure to stressors (e.g., 30- to 60-min HS or SA 
treatment) as were used in this study, autophagy has been implicated 
in the clearance of persistent SGs formed in response to more pro-
longed stresses (e.g., 90- to 120-min HS treatment) (3, 4, 27). ULK 
and VCP are required for the disassembly of SGs, a process that does 
not rely on other autophagy-related proteins. Nevertheless, as ULK 
and VCP are both involved in autophagy-related processes and au-
tophagy has been implicated in the clearance of persistent SGs, our 
finding that ASPL is required for ULK-dependent activation of VCP 
warrants future studies examining the role of ASPL in autophagy-
related processes.

MATERIALS AND METHODS
Experimental model and subject details
Animals
The Aspl−/− (also known as Aspscr1−/−) mouse model was created 
using CRISPR-Cas9 technology and direct zygote microinjection in 
the Center for Advanced Genome Engineering (CAGE) at St. Jude 
Children’s Research Hospital (St. Jude). Before embryo injection, 
chemically modified single guide RNAs (sgRNAs) were tested for 
editing efficiency in mouse Neuro-2A cells [American Type Cul-
ture Collection (ATCC)] stably expressing Streptococcus pyogenes 
(SpCas9) and assayed by targeted next-generation sequencing as 
previously described (90, 91). For animal model generation, C57BL/6N 
female mice (the Jackson Laboratory), aged 3 to 4 weeks, were su-
perovulated via gonadotrophin injections 1 and 2 days before the 
experiment: First, 5 U of gonadotrophin isolated from pregnant 
horses’ serum was injected; then, 48 hours later, 5 U of human cho-
rionic gonadotrophin was injected. Females were then mated to 
C57BL/6J males (the Jackson Laboratories). Fertilized zygotes were 
collected the following morning in M2 medium, and cumulus cells 
were stripped from the zygotes with hyaluronidase. Each zygote’s 
pronucleus was microinjected with a mixture of SpCas9 mRNA 
(Trilink) at 10 ng/μl, sgRNA at 5 ng/μl (Synthego), and ssODN 
(single-stranded oligodeoxynucleotides) donors at 5 ng/μl (Inte-
grated DNA Technologies) diluted in IDTE (a tris-EDTA buffer at 
pH 7.5). After maintenance in culture for 1 to 4 hours in M16 me-
dium, the injected zygotes were transferred into the oviducts of day 0.5 
pseudopregnant fosters (7- to 10-week-old CD-1 females from 
Charles River Laboratories mated to vasectomized CD-1 males). At 
7 to 10 days of age, pups were sampled for genotyping, which was 
performed at the St. Jude CAGE. Positive animals were weaned at 
21 days of age and bred to homozygosity. Aspl−/−mice were back-
crossed to C57BL/6 mice at least six generations before the experiments. 
Genome-editing reagents and primers used to create the Asp1−/− 
model are listed in table S2. All animal experiments were approved 
by the Institutional Animal Care and Use Committee (IACUC# 601-
100574) at St. Jude Children’s Research Hospital.
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Cell culture
All cell lines used in this study are reported in table S2. U2OS (HTB-
96) and HeLa (CCL-2) cells were purchased from ATCC. Geneti-
cally modified cells were generated using CRISPR-Cas9 technology 
in the St. Jude CAGE. Briefly, 300,000 to 400,000 HeLa or U2OS cells 
were transiently cotransfected with precomplexed RNPs consisting 
of 100 to 150 pmol of chemically modified sgRNA (Synthego), 33 to 
50 pmol of 3× NLS SpCas9 protein (St. Jude Protein Production 
Core), 300 ng of pMaxGFP (Lonza), and, if required, 3 μg of ssODN 
donor or 1 μg of plasmid donor. The transfections were performed 
via nucleofection (4D-Nucleofector X Unit, Lonza) using the SE so-
lution with the CN-114 (HeLa) program or the P3 solution with the 
CM-104 (U2OS) program in a 20-μl cuvette, according to the manu-
facturer’s recommended protocol. Cells were sorted 5 days postnu-
cleofection for GFP+ (transfected) or mRuby+ (tagged) single cells 
into 96-well plates containing prewarmed medium at the Flow Cy-
tometry and Cell Sorting Shared Resource (St. Jude) and were clon-
ally expanded. Clones were screened and verified for the desired 
modification with polymerase chain reaction–based assays and/or 
targeted deep sequencing. Resulting sequences were analyzed with 
CRIS.py as previously described (90, 91). Selected clones were tested 
negative for mycoplasma by the MycoAlert Plus Mycoplasma Detec-
tion Kit (Lonza) and authenticated using the PowerPlex Fusion Sys-
tem (Promega), performed at the Hartwell Center (St. Jude). Editing 
construct sequences and screening primers are listed in table S2. The 
G3BP-tdTomato knock-in, enhanced GFP (EGFP)–TIA1 knock-in, 
G3BP1-mRuby3/TDP43 EGFP dual knock-in U2OS cells, and U2OS 
cells stably expressing GFP-G3BP and G3BP-GFP have been described 
previously (3, 14, 59, 90, 91).

To generate G3BP-tdTomato knock-in U2OS cells that stably ex-
press WT or mutant forms of ASPL, HEK293T (CRL-3216) cells 
were first transfected with the N174 lentiviral vector (Addgene, 
#31822) containing different ASPL cDNAs along with packaging vec-
tors PSPAX2 and PMD2.g using Lipofectamine 2000 (Thermo Fisher 
Scientific). Supernatants were collected from the HEK293T cultures 
48 hours after transfection. U2OS cells were then incubated with cell-
free lentiviral supernatants containing polybrene (8 μg/ml; Santa 
Cruz Biotechnology); positively transduced cells were sorted on the 
basis of GFP expression. A similar protocol was used to generate 
GFP-G3BP U2OS cells stably expressing WT or mutant forms of 
VCP (cloned in SJL12 MND-mTagBFP vector). Positively transduced 
cells were sorted by blue fluorescent protein (BFP) fluorescence and 
expanded further for subsequent experiments. All cells were cultured 
in Dulbecco’s modified Eagle’s medium (DMEM) (Thermo Fisher 
Scientific) supplemented with 10% fetal bovine serum (FBS; HyClone 
Laboratories Inc.), penicillin/streptomycin (Thermo Fisher Scien-
tific), and GlutaMAX (Thermo Fisher Scientific) at 37°C (5% CO2), 
unless otherwise stated.
Plasmid, siRNA, and transfection
All plasmids used in this study are reported in the table S2. Plasmids 
expressing ULK1-DDK (FLAG) and VCP were described previ-
ously (3). pCMV-DDK-mouse Aspscr1 was purchased from Origene. 
EGFP-ASPSCR1 was a gift from R. Hartmann-Petersen, Department 
of Biology, University of Copenhagen, Copenhagen, Denmark (92). 
Constructs carrying point mutations were generated using the New 
England Biolabs Q5 Site-Directed Mutagenesis Kit or Agilent Tech-
nologies QuikChange II site-directed mutagenesis kit per the manu-
facturers’ instructions. To generate lentiviral constructs, the cDNA of 
WT or mutant ASPL was amplified using Phusion high-fidelity DNA 

polymerase and cloned into an N174 vector (Addgene, #31822) using 
the standard restriction digestion/ligation procedure. The cDNA of 
VCP was amplified using Phusion high-fidelity DNA polymerase 
(New England Biolabs) with T2A sites in the reverse primer and 
cloned into an SJL12 MND-mTagBFP vector (St. Jude Vector Labora-
tory) by restriction digestion/ligation.

For transient overexpression of plasmids carrying cDNA, cells 
were transfected with Lipofectamine 2000 (Thermo Fisher Scientific) 
according to the manufacturer’s instructions, and experiments were 
performed at 48 hours posttransfection. Knockdown experiments 
were performed using Lipofectamine RNAiMax (Thermo Fisher 
Scientific) via standard reverse transfection procedures with the 
nontargeting pool, ASPL, VCP, ULK1, and ULK2 siRNA constructs 
(Horizon Discovery).

The plasmid for expressing recombinant G3BP protein in bacteria 
was described previously (14). The plasmids for expressing recombi-
nant WT or truncated ASPL were cloned into a pGEX-2T-TEV (to-
bacco etch virus) vector using standard cloning procedures.

Live-cell imaging and FRAP assays
Live-cell imaging and FRAP assays were performed as described 
previously (4). Cells were cultured in glass bottom dishes (ibidi, 
Gräfelfing), and multipoint images over 10 XY fields were acquired 
every 1 min using a 60× Plan Apo 1.4 numerical aperture (NA) Nikon 
oil objective (Nikon) and Perfect Focus 2.0 engaged on the CSU W1 
Confocal Scanner Unit (Yokogawa) attached to a Nikon ECLIPSE 
Ti2 microscope with a Photometrics Prime 95B camera (Teledyne 
Photometrics). Nikon NIS-Elements 5.21 was used to acquire time-
lapse live-cell imaging and FRAP. The cells were maintained at 37°C 
and 5% CO2 using a Bold Line Cage Incubator (Okolab) and an ob-
jective heater (Bioptechs). The cells were heat shocked at 43°C for 
30 min (G3BP-tdTomato knock-in cell line) or 1 hour (G3BP-GFP 
overexpression cell line) by raising the temperature of the objective 
heater and were then allowed to recover at 37°C for 1 hour. The im-
ages were acquired every 1 min for 1.5 to 2 hours. The experiment 
was performed in two biological replicates. After thresholding the 
images using the Fiji software (93), SG area was normalized to cyto-
plasmic area and plotted using GraphPad Prism 9.

To perform FRAP assays, time-lapse images were acquired every 
100 ms, over the course of 35 s, using a 488-nm FRAP laser for 2 s to 
photobleach the SGs. Measurements were taken from at least 15 SGs 
from 15 different cells for each condition. The mean fluorescence 
intensity in the regions of interest (ROIs) of the photobleached region, 
a nonphotobleached region, and the background for each time-
lapse were extracted using NIS-Elements 5.21. Single SGs were 
bleached and analyzed. The experiment was performed in two bio-
logical replicates. The values retrieved from the ROIs were exported 
into Igor Pro 7.0 (WaveMetrics), and individual fit curves were gen-
erated, with means ± SEM displayed.

Immunofluorescence microscopy
Cells (HEK293T, U2OS, or HeLa) grown in glass-bottom dishes (ibidi) 
were fixed using 4% formaldehyde (Polysciences) and permeabilized 
using 0.5% Triton X-100 (Sigma-Aldrich). After blocking in 2% goat 
serum (Thermo Fisher Scientific), the cells were incubated with pri-
mary antibodies overnight. The next day, cells were washed three 
times with phosphate-buffered saline with Tween (PBS-T) and then 
incubated with secondary antibodies conjugated to AF488, AF555, 
or AF647 (Invitrogen) before being mounted with ProLong Gold 
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Antifade Mountant with 4′,6-diamidino-2-phenylindole (DAPI; 
Thermo Fisher Scientific). The images were then captured using a 
60× Plan Apo 1.4 NA Nikon oil objective (Nikon) on a Nikon A1R 
point scanning confocal attached to a Nikon ECLIPSE Ti2 stand.

Immunoblot assay
HEK293T/U2OS/mouse embryonic fibroblast (MEF) cells were washed 
in 1× PBS buffer, followed by lysis in radioimmunoprecipitation as-
say buffer (Thermo Fisher Scientific) supplemented with protease 
inhibitor cocktail (Roche Diagnostics) and phosphatase inhibitor 
cocktail (Roche Diagnostics). After incubation for 20 min on ice, ly-
sates were centrifuged at 20,000g for 20 min at 4°C. Then, 4× Laemmli 
SDS buffer (Thermo Fisher Scientific) was added to the supernatant, 
and samples were boiled at 95°C for 10 min. The samples were 
then loaded onto SDS–polyacrylamide gel electrophoresis (PAGE) 
(NuPAGE 4 to 12%, bis-tris, Thermo Fisher Scientific) and then, after 
transfer to polyvinylidene difluoride (PVDF) membranes (Thermo 
Fisher Scientific), incubated overnight at 4°C with primary antibodies. 
The next day, membranes were washed three times with PBS-T (0.05% 
Tween) and further incubated with anti-rabbit or anti-mouse second-
ary antibodies at a dilution of 1:10,000 for 1 hour at room temperature 
(20° to 25°C). The blots were developed using a chemiluminescence 
reagent (Cytiva) and quantified using Fiji software (93) .

Coimmunoprecipitation assay
HEK293T/U2OS/MEF cells were lysed in an immunoprecipitation 
buffer (Thermo Fisher Scientific) supplemented with a protease in-
hibitor cocktail (Roche Diagnostics) and a phosphatase inhibitor 
cocktail (Roche Diagnostics). After incubation for 30 min on ice, the 
lysates were centrifuged at 20,000g for 20 min at 4°C, and the super-
natants were incubated with the indicated rabbit or mouse immuno-
globulin G (IgG) antibodies, along with protein G beads (Cytiva). 
The next day, after three washes with the same immunoprecipitation 
buffer, the beads were boiled at 95°C for 20 min in a 2× Laemmli 
SDS buffer. The samples were then loaded onto SDS-PAGE gel, fol-
lowed by immunoblot analysis.

Blue native PAGE assay
The blue native PAGE assay was performed according to a previously 
published protocol (94). HEK293T cells overexpressing GFP, GFP-
ASPL, GFP-D351A ASPL, or GFP-PPAA ASPL were washed in PBS 
and solubilized in an 8:1 ratio of protein/digitonin (Thermo Fisher 
Scientific). After centrifugation, the supernatants were mixed with 
Coomassie G-250 (SERVA) and loaded onto a native PAGE gel 
(Thermo Fisher Scientific). After transferring the native PAGE gel to 
a PVDF membrane (Thermo Fisher Scientific), the PVDF mem-
brane was immunoblotted with VCP antibodies. HeLa cells express-
ing the C-terminal Flag knock-in of ASPL, along with the siRNA 
targeting VCP or nontargeting control siRNAs, were washed and 
solubilized according to the procedure described above and subject-
ed to immunoprecipitation using anti-Flag M2 beads (MilliporeSig-
ma). The immunoprecipitants were eluted using the 3×-Flag peptide 
(MilliporeSigma), mixed with Coomassie G-250, and loaded on to 
the native PAGE gel. After transfer, the PVDF membrane was probed 
with Flag and VCP antibodies. The experiment was repeated twice.

NanoBiT assay
The NanoBiT assay (Promega) was performed according to the man-
ufacturer’s instructions. HEK293T cells were transfected with siRNA 

against ASPL and with plasmids expressing ULK1-LgBiT, VCP-SmBiT, 
GFP, WT GFP-ASPL, or mutant GFP-ASPL using Lipofectamine 2000. 
After treatment with SA (Sigma-Aldrich) for 1 hour, the luminescence 
reagent (25 μl) was added to the wells, and readings were recorded us-
ing an EnSpire multimode plate reader with a 2-s integration time.

Protein purification
Full-length and mutant G3BP were expressed in Escherichia coli 
Rosetta 2(DE3) cells (Millipore) and purified under native conditions, 
as described previously (14). Full-length human ASPL and its dele-
tions were expressed and purified from recombinant bacterial BL21 
gold (DE3) cells. E. coli cells were then grown to an optical density 
at 600 nm of 0.8 and induced with 0.6 mM IPTG (isopropyl-β-d-
thiogalactopyranoside) at 16°C overnight. The bacterial pellets were 
resuspended in buffer [50 mM tris (pH 7.5), 500 mM NaCl, 2 mM 
2-mercaptoethanol, and 30 mM imidazole]. After sonication, the su-
pernatant was centrifuged at 17,000g for 30 min at 4°C. Supernatants 
were applied to packed Ni–nitrilotriacetic acid resin equilibrated with 
resuspension buffer. Proteins were eluted by adding an elution buffer 
[50 mM tris (pH 7.5), 500 mM NaCl, 2 mM 2-mercaptoethanol, and 
500 mM imidazole]. The eluted proteins were incubated with TEV 
protease with a cleavage buffer [50 mM tris (pH 7.5) and 5 mM 
2-mercaptoethanol] at 4°C overnight. Proteins were treated with ribo-
nuclease A (RNase A) (0.1 mg/ml; Thermo Fisher Scientific) to re-
move RNA. The proteins were then purified using a Superdex 200 
16/200 column (GE Healthcare) equilibrated in size exclusion chro-
matography buffer [25 mM sodium phosphate (pH 7.5), 50 mM NaCl, 
1 mM EDTA, and 2 mM TCEP]. Last, the fractions were analyzed via 
SDS-PAGE, pooled, concentrated, filtered, flash frozen in liquid nitro-
gen, and stored at −80°C.

Liquid-liquid phase separation
In vitro LLPS experiments were conducted according to previously 
published procedures (14). The assays were carried out at room tem-
perature (20° to 25°C), unless specified otherwise. To induce LLPS of 
G3BP, indicated concentrations of either Ficoll 400 or RNA were 
added. The samples were combined in low-binding tubes (COSTAR 
3206) and transferred to a sandwiched chamber formed by a cover-
slip and a glass slide with a double-sided spacer (Sigma-Aldrich, 
GBL654002). We observed the samples using differential interference 
contrast (DIC) settings on a Leica widefield microscope equipped 
with a 20× objective. All images were captured within 5 min after 
LLPS induction. When RNA was included in the trial, we isolated 
total RNA from U2OS cells using TRIzol and determined the RNA 
concentration using a NanoDrop spectrophotometer (Thermo Fisher 
Scientific). Proteins were labeled using the Invitrogen Alexa Fluor 
protein labeling kits as per the manufacturer’s instructions.

Cell lysis and induction of LLPS from lysates
The reconstitution of SGs in mammalian cell line lysates was per-
formed as described previously (59). U2OS cells stably expressing 
G3BP1-GFP or U2OS cells in which TIA1, caprin 1, TDP43, or 
G3BP1 had either GFP or mRuby3 stably encoded into their endog-
enous C-terminal loci using CRISPR-Cas9 were cultured in DMEM 
(Invitrogen, 11995-065) supplemented with 10% FBS, penicillin/
streptomycin (Invitrogen), and GlutaMAX (Invitrogen) at 37°C (5% 
CO2). Cells were treated with either siCtrl or siASPL. After 48 hours 
of transfection, cell pellets were lysed gently in 250 μl of lysis buffer 
[50 mM tris-HCl (pH 7.0), 0.5% NP-40, protease inhibitor cocktail 
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(Roche Diagnostics), and 2.5% murine RNase inhibitor]. The lysates 
were centrifuged at room temperature (20° to 25°C) for 5 min at 
21,000g. The supernatants from the lysates were transferred to a new 
tube and combined with various concentrations of purified proteins 
[G3BP/ASPL/bovine serum albumin (BSA)] to induce LLPS. Im-
mediately after mixing, samples were placed into imaging vessels, 
and LLPS was observed using a 60× Plan Apo 1.4 NA Nikon oil 
objective (Nikon) on a CSU W1 Confocal Scanner Unit (Yokogawa) 
attached to a Nikon ECLIPSE Ti2 microscope with a Photometrics 
Prime 95B camera (Teledyne Photometrics).

Determination of protein concentrations in cell lysates
The HeLa and U2OS cells were grown on a 60-mm dish and were 
lysed using 200 μl of lysis buffer (Thermo Fisher Scientific). Increas-
ing amounts of purified ASPL, G3BP, and VCP were loaded onto 
SDS-PAGE gels alongside lysates prepared from HeLa and U2OS 
cells. After electrophoresis, proteins were transferred to PVDF mem-
branes, which were then probed with antibodies specific to ASPL, 
G3BP, and VCP. To determine protein concentrations, a standard 
curve was generated by quantifying the band intensities of the re-
combinant proteins using Fiji software (93). The intensity values were 
fitted to a linear equation to calculate the concentrations of the target 
proteins in the cell lysates. The experiment was performed in tripli-
cate, and the average protein concentrations from the three replicates 
were reported in figs. S5F and S6I.

GST pull-down
GST control and GST-G3BP proteins were mixed with full-length 
ASPL, ASPLΔUBL, or ASPLΔUBX+ in a 500-μl final reaction vol-
ume at a final concentration of 100 nM. This mixture was then in-
cubated for 1 hour at room temperature (20° to 25°C) in a pull-down 
buffer [50 mM Hepes (pH 7.5), 150 mM NaCl, 0.1% Triton X-100, 
and 1 mM dithiothreitol (DTT)]. Complexes were pulled down 
using Glutathione Sepharose 4B resin (Cytiva) for 2 hours at 4°C.  
They were then washed three times with a wash buffer [50 mM 
Hepes (pH 7.5), 150 mM NaCl, 0.1% Triton X-100, and 1 mM 
DTT] and analyzed via immunoblot using anti-GST and anti-
ASPL antibodies.

ThT staining
Purified recombinant proteins (G3BP, BSA, WT ASPL, and ASPL 
truncations) were incubated with a final concentration of 5 μM 
ThT at room temperature (20° to 25°C). All images were cap-
tured within 5 min using the 488-nm channel on a Leica wide-
field microscope.

Modeling the probability of SG formation as a function of 
G3BP-GFP levels
U2OS G3BP1/2 DKO cells were transfected with WT GFP-G3BP1. 
Cells were exposed to 300 μM SA for 30 min, fixed with 4% parafor-
maldehyde, and imaged using the BioTek Cytation C10 Confocal 
Imaging Reader (Agilent). SG formation and GFP intensities were 
assessed in individual cells. Ordinary logistic regression was used 
to model the probability of SG formation in each cell as a func-
tion of GFP intensity and estimate the GFP intensity at which the 
probability of SG formation was 50%. Confidence intervals and P 
values were computed by repeating these calculations for each 1000 
bootstrap datasets obtained by randomly resampling cells with re-
placement (95).

Proteomics and analysis
Sample preparation and MS
Proteins in gel bands were reduced with DTT (Sigma-Aldrich) and 
alkylated using iodoacetamide (Sigma-Aldrich). The gel bands were 
then excised, washed, dried, and rehydrated with a buffer containing 
trypsin (Promega). Samples were digested overnight and acidified, 
and then the peptides were extracted. The extracts were dried and 
reconstituted in 5% formic acid. The peptide samples were loaded 
on a nanoscale capillary reverse-phase C18 column using a high-
performance LC (HPLC) system (Thermo Fisher Scientific Ulti-
Mate3000) and eluted by a gradient. The eluted peptides were ionized 
and detected by an inline mass spectrometer (Thermo Fisher Scien-
tific Orbitrap Exploris 480). The MS and MS/MS spectra were col-
lected over a 75-min LC gradient.

For analyses of protein compositions in lysate granules, lysate 
granules were induced as previously described (59) by increasing the 
concentration of indicated lysate by either 20 μM purified G3BP or 
20 μM purified ASPL. Mock purifications without the addition of 
purified protein were used as controls. SGs were allowed to form for 
40 min, and granules were isolated from the lysate by centrifugation 
at 2000g for 5 min. The resulting granules were collected in 2× LDS 
sample buffer and separated by SDS-PAGE. Proteins were isolated 
from the gel and digested with trypsin overnight. Samples were load-
ed on a nanoscale capillary reverse-phase C18 column by an HPLC 
system (Thermo Fisher Scientific Ultimate 3000) and eluted by a gra-
dient (∼90 min). Eluted peptides were ionized by electrospray ion-
ization and detected by an inline mass spectrometer (Thermo Fisher 
Scientific Orbitrap Fusion). Database searches were performed using 
SEQUEST search engine using an in-house SPIDERS software pack-
age. MS/MS spectra were filtered by mass accuracy and matching 
scores to reduce protein FDR to ∼1%. The total number of spectral 
counts for each protein identified was reported by sample. Pro-
teins were determined to be present in lysate granules if they were 
found to be enriched at greater than threefold in the granule ver-
sus mock samples and had at least two separate peptides identified 
by LC-MS/MS.
Database searches and analyses
Database searches were performed using the JUMP (96) search en-
gine against a composite target/decoy UniProt human protein data-
base (97). All matched MS/MS spectra were filtered by mass accuracy 
and matching scores to reduce the protein FDR to <1%. Spectral 
counts matched to individual proteins reflect their relative abun-
dance in one sample after the protein size was normalized. The spec-
tral counts between samples for a given protein were used to calculate 
the P value, which was derived using a G test (98). GO analyses were 
conducted using the DAVID (Database for Annotation, Visualiza-
tion, and Integrated Discovery) Bioinformatics Resource. Table S1C 
presents the FDRs for selected GO terms within each Venn diagram 
subset. Table S1E summarizes the GO biological process, cellular 
component, and molecular function terms with the lowest FDR for 
each Venn diagram subset.

FRAP of G3BP condensates and ASPL variants in vitro
All in vitro FRAP measurements were carried out on the FRAP mod-
ule installed on LAS X software, using a STELLARIS 5 confocal mi-
croscope platform configured on a DMi8 inverted microscope (Leica). 
All samples were prepared in 50 mM Hepes (pH 7.5), 150 mM NaCl, 
and 10% Ficoll 70 at the indicated protein concentrations with the 
addition of 100 nM G3BP labeled with AF488 or 100 nM of the 
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indicated ASPL variant labeled with AF555. Bleaching was per-
formed on a circular ROI ~1 μm in diameter with 100% laser pow-
er at peak excitation wavelength for the given fluorophore to result 
in bleaching to ~10% of prebleached fluorescence intensity. Recov-
ery of the bleached region was monitored every 0.745 s for a total 
of 90 s. Intensity values were normalized by dividing by values of an 
unbleached condensate in the same field of view to account for gen-
eral photobleaching and then dividing by the resulting maximum 
value to set the highest intensity to 1. Plots were generated in 
GraphPad Prism 10 and represent means and SDs from three tech-
nical replicates.

Partition coefficients of G3BP and ASPL variants within 
G3BP condensates
All images used to calculate partitioning were captured on a STEL-
LARIS 5 confocal microscope platform configured on a DMi8 in-
verted microscope, controlled through LAS X software (Leica). All 
samples were prepared in 50 mM Hepes (pH 7.5), 150 mM NaCl, 
and 10% Ficoll 70 at the indicated protein concentrations with the 
addition of 100 nM G3BP labeled with AF488 and 100 nM of the 
indicated ASPL variant labeled with AF555. Partitioning of AF488-
labeled G3BP and AF555-labeled ASPL variants was calculated as 
the ratio of intensity values within condensates divided by the aver-
age background intensity determined from five randomly chosen 
background regions. Plots were generated in GraphPad Prism 10 
and represent means and SDs of partitioning within 10 condensates 
from each of three technical replicates.

Viscosity estimation from video particle tracking–based 
nanorheology of ASPL-treated G3BP condensates
Video particle tracking–based nanorheology was performed to esti-
mate the viscosity of the G3BP condensates treated with WT ASPL, 
ΔUBX+ ASPL, and UBX+ alone variants of ASPL. Ten percent of 
Ficoll 70 was used to induce the phase separation of G3BP conden-
sates under 50 mM Hepes (pH 7.5) and 150 mM NaCl buffer condi-
tions. To understand the dose-dependent changes in the material 
properties of G3BP condensates upon the addition of ASPL vari-
ants, heterotypic condensates of G3BP-ASPL variants were formed 
by adding 5 and 25 μM of the ASPL variants during the sample prep-
aration. Yellow-green fluorescent carboxylate-modified 200-nm beads, 
mixed during the sample preparation, were used as probe particles 
for nanorheology. For measurements, the samples were drop casted 
on Tween 20–coated coverslips and were subsequently sandwiched 
with a glass slide chamber using double-sided tape.

The motion of the beads diffusing inside the condensates was ac-
quired in the form of videos using epifluorescence microscopy per-
formed with a Zeiss primovert inverted microscope with a 100× 
oil-immersion objective lens. Teledyne FLIR blackfly S USB3 com-
plementary metal-oxide semiconductor camera was used to capture 
videos having 1000 frames with 100-ms exposure time resulting in 
an acquisition rate of 10 frames/s. The details of the analysis per-
formed to obtain the MSD of the beads are described elsewhere 
(64). Briefly, these videos were used to get the trajectories in two 
dimensions of each bead inside the condensate using the TrackMate 
plugin of Fiji software (93,  99). The intensity filters in TrackMate 
were used to ensure that only single beads were tracked, and aggre-
gates were avoided during tracking.

These trajectories were used to estimate the center of mass (COM) 
vector R at each time point using

Here, R0 is the initial COM vector, vi,k is the velocity of the particle i 
in frame k , and Nk is the number of particles in the frame k . This 
COM vector R is then subtracted from the individual bead trajecto-
ries to correct any possible sample drift during data acquisition. The 
COM vectors at each time point were then used to compute the 
ensemble-averaged MSDs of the beads inside the condensates using

where τ is the lag time between the frames. The representative 
ensemble-averaged MSDs for G3BP1 condensates and the conden-
sates formed from G3BP1 and ASPL variants mixtures are shown 
in Fig. 3 (J and K). Fitting the time-averaged MSDs to a power law

we estimated the diffusion coefficients of the beads inside the con-
densates. In Eq. 3, D is the diffusion coefficient, α is the diffusivity 
parameter characteristic of the diffusion type of the beads, and N is 
a correction factor accounting for the noise during tracking. The 
case α → 1 at long lag times signifies that the fluid is terminally 
viscous. After assuring this characteristic for the extracted MSDs for 
the beads, the Stokes-Einstein equation (64)

was used to estimate the terminal viscosity of the beads diffusing 
inside the condensates, where r is the radius of the particle, kB is the 
Boltzmann constant, and T is the temperature in kelvin. We reported 
the average of the terminal viscosities determined over six different 
condensates from two independent sample preparations in Fig. 3J.

Fluorescence-detected sedimentation velocity 
analytical ultracentrifugation
Purified ASPL protein was buffer exchanged in 50 mM Hepes and 
200 mM NaCl and concentrated to 2.5 mg/ml. Dimethyl sulfoxide 
(50 μl) was added to 1 mg of AF488 (AF488 carboxylic acid, succinimi-
dyl ester from Invitrogen). The AF488 solution was then added to the 
protein, and the mixture was incubated at room temperature (20° to 
25°C) for 1 hour. After incubation, the mixture was passed over a PD 
MiniTrap G-25 column (Cytiva) to separate the labeled protein from 
the excess dye. Labeling efficiency was determined by measuring the 
ratio of protein concentration to fluorescein concentration measured at 
495 nm. The labeling efficiency of AF488-ASPL was measured at ≥80%.

FDS-SV experiments were conducted in a ProteomeLab XL-I ana-
lytical ultracentrifuge (Beckman Coulter, Indianapolis, IN) with an 
An-50 Ti eight-hole rotor with the fluorescence detective system 
(AVIV Biomedical), following standard protocols unless mentioned 
otherwise (100–102). Two samples, AF488-ASPL alone (final concen-
tration of 0.2 μM) and AF488-ASPL (final concentration of 0.2 μM) in 
a mixture with VCP (final concentration of 16.8 μM), in 50 mM 
Hepes, 200 mM NaCl, 2 mM adenosine 5′-triphosphate (ATP), 2 mM 
MgCl2, and 0.5 mM sodium vanadate buffer were loaded into cell as-
semblies with double-sector 12-mm charcoal-filled centerpieces and 
quartz windows. The cell assemblies, containing sample volumes of 
~320 μl, were placed in the rotor. For the FDS-SV experiments, radial 
calibration and the setup of focusing depth and photomultiplier tube 
(PMT) voltage were performed at 3000 rpm. The focal depth was set 

RCOM(k) = R0 +
∑k

k=0

(
1

Nk

∑N

i=1
vi,k

)
Δk (1)

MSD(τ) = ⟨R(t+τ)−R(t)⟩t,N (2)

MSD(τ) = 4Dτα + N (3)

η =
kBT

6πDR
(4)
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at 4.696 mm. Sufficient fluorescent signal for the samples with similar 
concentration of the fluorescent-labeled protein was obtained with 
a PMT setting of 40 to 65% and gain at 1. The concentration of 
fluorescent-labeled protein, AF488-ASPL, at 0.2 μM, did not require 
BSA as carrier protein as is customary for concentration in the nano-
molar range. The temperature equilibrium was carried out at 20°C for 
2 hours at rest, followed by acceleration from 0 to 45,000 rpm. Fluo-
rescence scans were collected continuously for 10 to 12 hours.

The fluorescence-detected velocity data were analyzed with the 
diffusion-deconvoluted sedimentation coefficient distribution model 
c(s) in SEDFIT (http://sedfitsedphat.nibib.nih.gov/software) using 
algebraic noise decomposition (100–102). The signal-average fric-
tional ratio and meniscus position were refined with nonlinear 
regression, and maximum entropy regularization was applied at a 
confidence level of P = 0.68.

Buffer density and viscosity at 20°C were calculated using the 
software SEDNTERP (www.jphilo.mailway.com/download.htm) (103). 
The density and viscosity of the buffer at 20°C were also measured 
using a densitometer model DMA 5000 M and a microviscometer 
model AMVn, respectively (both from Anton Paar Inc., Ashland, 
VA). The partial specific volumes and molecular masses of the pro-
teins were calculated on the basis of their amino acid compositions 
in SEDFIT (http://sedfitsedphat.nibib.nih.gov/software).

The same sedimentation velocity (sv) profiles (fluorescence inten-
sity) of AF488-ASPL (final concentration of 0.2 μM) in a mixture with 
VCP (final concentration of 16.8 μM) in 50 mM Hepes, 200 mM 
NaCl, 2 mM ATP, 2 mM MgCl2, and 0.5 mM sodium vanadate buffer 
were also fitted to a two-dimensional size-and-shape distribution, 
c(s,f/f0) (with one dimension representing the s distribution and the 
other the f/f0 distribution) model. The linear s grid from 1 to 20 S with 
100 s values and an equidistant f/f0 grid of 0.25 steps from 0.5 to 3.0 
were calculated. Tikhonov-Phillips regularization at 1 SD. The veloc-
ity data were also transformed to c(s,f/f0), c(M,f/f0), and c(s,R) distri-
butions with M as the molar mass (in daltons), R as the Stokes radius 
(in nanometers), f/f0 as the frictional ratio, and s as the sedimentation 
coefficient (in siemens) and plotted as contour plots. The color tem-
perature of the contour lines indicates the population of species. These 
distributions were not normalized (100, 104). All plots were created in 
GUSSI (www.utsouthwestern.edu/labs/mbr/software/) (105).

Statistical methods and analysis
All quantitative data are shown as means ± SEM, unless otherwise 
specified. Statistical significance was determined by a two-tailed Stu-
dent’s t tests for two-component comparisons and by an analysis of 
variance (ANOVA) with post hoc Tukey’s, Sidak’s, or Dunnett’s test, 
as appropriate for multicomponent comparisons using GraphPad 
Prism 9. The significance of the curves showing the area occupied by 
SGs normalized to the total cytoplasmic area was determined by com-
paring the area under the curves using an unpaired t test in GraphPad 
Prism 9. The exact value of n is indicated in each figure legend. Differ-
ences were considered statistically significant if *P ≤ 0.05, **P ≤ 0.01, 
***P ≤ 0.001, and ****P ≤ 0.0001. All statistical parameters are also 
reported in each figure and figure legend.

Supplementary Materials
The PDF file includes:
Figs. S1 to S7
Legends for tables S1 and S2
Legends for movies S1 to S7

Other Supplementary Material for this manuscript includes the following:
Tables S1 and S2
Movies S1 to S7
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