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Excessive STAU1 condensate drives mTOR
translation and autophagy dysfunction in

neurodegeneration

Ruigian Zhao'®, Shijing Huang'®, Jingyu Li'®, Aihong Gu'®, Minjie Ful®, Wei Hua'®, Ying Mao'®, Qun-Ying Lei?®, Boxun Lu*®, and

Wenyu Wen'@®

The double-stranded RNA-binding protein Staufenl (STAU1) regulates a variety of physiological and pathological events via
mediating RNA metabolism. STAU1 overabundance was observed in tissues from mouse models and fibroblasts from patients
with neurodegenerative diseases, accompanied by enhanced mTOR signaling and impaired autophagic flux, while the
underlying mechanism remains elusive. Here, we find that endogenous STAU1 forms dynamic cytoplasmic condensate in
normal and tumor cell lines, as well as in mouse Huntington’s disease knockin striatal cells. STAU1 condensate recruits target
mRNA MTOR at its 5'UTR and promotes its translation both in vitro and in vivo, and thus enhanced formation of STAU1
condensate leads to mTOR hyperactivation and autophagy-lysosome dysfunction. Interference of STAU1 condensate
normalizes mTOR levels, ameliorates autophagy-lysosome function, and reduces aggregation of pathological proteins in
cellular models of neurodegenerative diseases. These findings highlight the importance of balanced phase separation in
physiological processes, suggesting that modulating STAU1 condensate may be a strategy to mitigate the progression of

neurodegenerative diseases with STAU1 overabundance.

Introduction

Staufen (STAU) is a double-stranded RNA (dsRNA) binding
protein that was first identified in Drosophila melanogaster,
where it regulated the transport and localization of bicoid
and oskar mRNAs in oocytes and prospero mRNA during
neuroblast (NB) asymmetric division, thus controlling
embryo polarity and cell fate (Broadus et al., 1998; Li et al.,
1997; Micklem et al., 2000). STAU is highly conserved
during evolution, and two mammalian orthologs, STAU1
and STAU2, have been identified, which form distinct ri-
bonucleoprotein particles (RNPs) and regulate different
physiological pathways (Furic et al., 2008; Lebeau et al.,
2008). STAUI is ubiquitously expressed, and two major
STAU1 isoforms, STAU1%°> and STAU1°3, are generated
through alternative splicing, whereas STAU2 is mainly
expressed in brain and heart (Almasi and Jasmin, 2021). All
STAU proteins share a common domain organization con-
sisting of four to five dsRNA-binding domains (dsRBDs).
Specifically, STAU1 has four dsRBDs, two of which (dsRBD3
and dsRBD4) are responsible for dsRNA binding (Micklem

et al., 2000), followed by a microtubule-binding domain
(TBD) and a STAU-swapping motif (SSM) (Gleghorn et al.,
2013).

To date, there are no STAUI knockout mice available, im-
plying an essential role of STAUI in development. Homozygous
STAUI"™!4P2 mutant mice expressing a truncated STAUI protein
lacking dsRBD3 showed defects in locomotor activity, and neu-
rons derived from these mice displayed abnormal dendritic
mRNA transport and neuron morphology, accompanied by im-
paired synapse plasticity (Vessey et al., 2008). A similar phe-
notype was observed in cultured hippocampal neurons with
STAUI knockdown (KD) by RNA interference (Lebeau et al.,
2008). As an essential regulator of RNA metabolism, STAUL
plays diverse roles in various cellular functions, including cell
differentiation and proliferation, stress response, apopto-
sis, autophagy, and RNA virus replication (Boulay et al.,
2014; Gandelman et al., 2020; Paul et al., 2018; Ramos et al.,
2022), by controlling mRNA transport and localization, trans-
lation, Staufen-mediated mRNA decay (SMD), and splicing
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(Dugré-Brisson et al., 2005; Gleghorn et al., 2013; Kim et al.,
2005; Ravel-Chapuis et al., 2012; Ricci et al., 2014; Vessey et al.,
2008). A previous study has identified more than 260 tran-
scripts significantly up- or downregulated in STAUI-depleted
human neuroblastoma cell line SH-SY5Y cells by mRNA-seq
analysis (Oh et al., 2018). High-throughput studies have re-
vealed different classes of STAU1-binding sites (SBS) located in
double-stranded regions (Laver et al., 2013; Ricci et al., 2014;
Sugimoto et al., 2015). STAUI can enhance the translation of a
specific mRNA population that contains an SBS in the 5'UTR or
coding sequence regions with high GC content (Dugré-Brisson
et al., 2005; Ricci et al., 2014). On the other hand, STAUI re-
cruitment to the 3'UTR of target mRNA elicits the SMD path-
way to promote RNA degradation (Gong and Maquat, 2011; Kim
et al., 2005) or prevents its translation (de Morrée et al., 2017;
Elbarbary et al., 2013). It is noteworthy that STAU1 may up- or
downregulate various genes simultaneously in a single cellular
pathway, thus balancing their expression and achieving opti-
mal cell functions. However, how STAUI efficiently regulates
so many target mRNAs remains elusive.

Recently, the role of STAUl in neurodegeneration has
emerged. Most neurodegenerative diseases exhibit severe ag-
gregation of misfolded proteins in different regions of the brain
(Ross and Poirier, 2004). Such aggregates generally could only
be recognized by macroautophagy for degradation but not the
ubiquitin-proteasome system or chaperone-mediated autoph-
agy; thus macroautophagy has been regarded as an effective
neuroprotective mechanism to clear these pathogenic and toxic
proteins such as a-synuclein, TDP-43, tau, and huntingtin
(Ciechanover and Kwon, 2015; Fleming et al., 2022; Zhao et al.,
2021). However, the pathological progression of neurodegener-
ative diseases indicates that autophagy might reach a saturation
point beyond its ability to degrade the aggregate-prone mutant
proteins, or that the autophagy pathway might be defective
(Levine and Kroemer, 2008; Menzies et al., 2017). Therefore,
autophagy dysfunction is a hallmark of neurodegenerative dis-
eases in which misfolded proteins accumulate. A recent study
showed that substantial increase of STAUI level was observed in
patient fibroblasts and tissues from animal models of many
human neurodegenerative diseases, including spinocerebellar
ataxia type 2 (SCA2), amyotrophic lateral sclerosis (ALS), fron-
totemporal dementia (FTD), Huntington’s and Alzheimer’s dis-
eases (HD and AD), accompanied with hyperactivation of mTOR
signaling and autophagy dysfunction (Paul et al., 2021). More-
over, STAUI depletion was found to reduce the accumulation of
mutant ATXN2 protein and ameliorate disease phenotype in
mice model of spinocerebellar ataxia type2 (SCA2) (Paul et al.,
2018), a progressive autosomal dominantly inherited neurode-
generative disease caused by CAG repeat expansion in ATXN2
(Paulson et al., 2017). Whether STAU1 overabundance is an ac-
companied result of aberrant autophagy or it actively partic-
ipates in the development of various neurodegenerative diseases
(with unknown mechanisms) is an open question. Furthermore,
as STAUI regulates the destiny of hundreds of target mRNAs, if
it has therapeutic potential, a more specific strategy to manip-
ulate STAUI function relevant to neurodegenerative processes is
urgently needed.
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Here, endogenous STAUL is observed to undergo liquid-liquid
phase separation (LLPS) (Alberti and Hyman, 2021; Banani et al.,
2017; Chen et al.,, 2020; Lafontaine et al., 2021; Mayr et al., 2023;
Zhang et al., 2020; Zheng and Wen, 2023) to form enriched and
dynamic condensate in distinct cell lines including tumor cells
and mouse HD striatal cells. Of note, label-free protein quanti-
fication by mass spectrometry is used for the analysis of U251
human glioma cells expressed with wild type (WT) or LLPS-
deficient mutant of STAUL. The results show that a subset of
proteins including mTOR are upregulated in cells expressing
STAUI1 in a LLPS-dependent manner. 5'UTR of MTOR mRNA
could be recruited into STAU1 condensate, which further
promotes STAUI phase separation, whereas MTOR mRNA
translation efficiency is significantly enhanced within STAUI
condensate. Consequently, STAU1 condensate-induced eleva-
tion of mTOR, a master regulator of autophagy, impairs au-
tophagic flux and lysosomal function. Moreover, dampening
STAU1 LLPS reduces the mTOR activity to a normal state,
restores the autophagy-lysosome pathway, and subsequently
ameliorates the aggregation of pathological proteins in cell
models of neurodegenerative diseases.

Results

Endogenous STAU1 exhibited punctate distribution in

the cytoplasm

Essential for mRNA transport and localization, STAU1 was found
to organize RNA-containing granules destined for dendritic
spines in mature hippocampal neurons (Mitsumori et al., 2017;
Vessey et al., 2008). Several studies revealed that STAUI could
be recruited into stress granules (SGs) under stress in several
cell types including oligodendrocytes and hippocampal neurons
(Paul et al., 2018; Thomas et al., 2009). As a ubiquitously ex-
pressed RNA-binding protein, we wondered how STAUI is
subcellularly distributed in the steady state in different cell
lines. Immunostaining using anti-STAUI antibodies revealed
that discrete small STAU1 puncta could be observed in the cy-
toplasm of African green monkey kidney COS7 cells and human
cell lines including embryonic kidney HEK-293T cells, neuro-
logic tumor cells (U251, SH-SY5Y) as well as other cancer cells
(cervical Hela, liver HepG2, pancreatic SW1990, colonic Caco-2)
(Fig. 1 A and Fig. S1 A). It is worth noting that STAU1 levels in
HepG2, SW1990, as well as Caco-2 cells were dramatically higher
than those in other cells; correspondingly, the puncta sizes of
endogenous STAUL in the three cancer cells were also signifi-
cantly larger (Fig. 1, A-C). In line with the observation that
higher STAULI levels were correlated with upregulated mTOR
signal in FB cells from patients with neurodegenerative diseases
and tissues from mouse models (Paul et al., 2021; Paul et al.,
2023), mTOR and p-mTOR levels in HepG2, SW1990, and
Caco-2 cells were found to be the highest among all tested cell
lines (Fig. 1 C and Fig. S1 B).

The above observation suggests a potential connection be-
tween enlarged cytoplasmic STAUI puncta and upregulation of
STAU1 and mTOR levels. We assumed this phenomenon might
also exist in cells from mouse models of neurodegenerative
diseases with elevated STAUL To test this hypothesis, we
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Figure 1. STAUI undergoes LLPS in living cells. (A) Representative immunostaining images of 293T cells, COS7 cells, Hela cells, U251 cells, SH-SY5Y cells,
and HepG2 cells with STAUL antibody. Scale bars: 10 um. (B) Statistical data for the sizes of endogenous STAU1 puncta in A. >200 puncta were counted for
each batch. (C) Left: Representative immunoblotting images measuring the expression levels of endogenous STAU1 and mTOR in various cell lines. Right:
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Quantitative analysis of the WB assay is normalized by B-actin. Data are presented as the mean + SD of triplicate experiments. (D) Left: Representative images
of endogenous STAUL in mouse striatal WT STHdhQ”/?7 and HD STHdhQ/QIM cells. Scale bar: 10 pm. Right: Statistical data for the sizes of endogenous STAU1
puncta. >200 puncta were counted for each batch. ****P < 0.0001 using one-way ANOVA with Tukey’s multiple comparison test. (E) Left: Representative WB
assay images of STHdh cells showing the increased levels of STAUL, mTOR, and p-mTOR in STHdhQ111/Q111 cells. Protein levels were normalized to B-actin.
Right: Quantification of average fold changes for STAUL, mTOR, and p-mTOR. Data are presented as the mean & SD of triplicate experiments; **P < 0.01 using
one-way ANOVA with Tukey’s multiple comparison test. (F) Representative images showing the concentration-dependent formation of GFP-STAUL puncta in
COS7 cells. Cells were transfected with increased amounts of GFP-STAU1 plasmid (0.2, 0.4, 0.8, 1.2 ug per well in a 12-well plate). Scale bar: 10 pm.
(G) Representative WB assay images showing the expression levels of GFP-STAU1 and endogenous STAUL Increased amounts of GFP-STAU1 plasmid (0.2, 0.4,
0.8, 1.2 ug per well in a 12-well plate) were transfected into COS7 cells. (H) Representative images of STAUL condensation in COS7 cells transfected with 0.8 ug
GFP-STAUL plasmid at different transfection time points ranging from 16 to 24 h. Scale bar: 10 pm. (1) Left: Representative confocal images of the FARP
analysis of GFP-STAU1 puncta in COS7 cells. Scale bar: 10 um. Right: The purple curve represents the averaged FRAP data of 15 puncta from 15 cells. Time 0

refers to the time point of the photobleaching pulse. All data are represented as mean + SD.

investigated the localization and protein level of STAUI in
the mouse HD knockin striatal STHdhQ1/QU1 cells, a well-
established cellular model for HD (Trettel et al., 2000). HD is a
fatal progressive neurodegenerative disorder caused by an
autosomal dominant mutation with an expansion of more than
35 trinucleotide CAG repeats (which codes for polyglutamine)
in exon 1 of the huntingtin gene (HTT) (Tabrizi et al., 2019).
Thus, HD pathogenesis is frequently modeled with exon-
1 fragments containing expanded polyQ repeats, which gener-
ate neurotoxic aggregates in cell models and in vivo. In
comparison with wild type STHdhQ”/Q7 cells, STHdhQ!V/Qil
expresses full-length mHtt (the mouse homolog of human HTT)
with 111Q repeats. As expected, endogenous STAUl showed
dense and small puncta in WT STHdhQ”/?7 cells, while larger
and more obvious STAUl puncta were observed in HD
STHdhQ!/QM cells (Fig. 1 D). Consistent with a previous report
(Paul et al., 2021), levels of STAU1 proteins were significantly
elevated in HD cells (Fig. 1 E; ~twofold compared with those in
WT cells). A similar elevation of mTOR and phospho-mTOR
(p-mTOR) was observed in HD cells, implying a potential
functional correlation of STAUI puncta size with mTOR levels.

STAU1 could form dynamic condensates in cells

To characterize the biophysical property of those STAUI puncta,
green fluorescent protein (GFP)-tagged STAUl was expressed
from low to high levels in COS7 cells through transfection with
different amounts of cDNA encoding GFP-STAUL for 20 h (Fig. 1,
F and G). When GFP-STAU1 was expressed at a low level (with
0.2 pg plasmid DNA), GFP-STAU1 displayed even dispersion
within cells. A few small spherical GFP-STAUI foci formed in the
cytosol of cells expressing 0.4 pg plasmid DNA (Fig. 1 F). When
GFP-STAU1 was expressed at levels comparable with endoge-
nous STAUL (with 0.8 ug plasmid DNA), the spherical foci be-
came bigger and brighter (Fig. 1, F and G). Similarly, a longer
transfection duration of GFP-STAUL led to enhanced formation
of condensed puncta in the cytoplasm (Fig. 1 H).

We then performed fluorescence recovery after the photo-
bleaching (FRAP) analysis to examine the dynamic properties of
the above STAUI puncta. GFP-STAUL in the condensed puncta
exhibited a rapid dynamic equilibrium with the proteins in the
surrounding cytoplasm (~60% recovery within ~20 s, Fig. 1 1),
suggesting liquid-like properties for these STAU1 spherical
structures. These data indicate that STAUl might undergo
concentration-dependent LLPS in living cells.

Zhao et al.
STAU1 condensate promotes RNA translation

Phase separation of STAU1 in vitro

Next, we wondered whether STAUI1 alone is sufficient to form
dynamic condensate in vitro. When observing recombinant
STAUI proteins with various concentrations under differential
interference contrast (DIC) microscope, we noticed the appear-
ance of spherical droplets with distinct diameters, a phenome-
non characteristic of LLPS (Li et al., 2012; Liu et al., 2020) (Fig. 2,
A and B). When the protein concentration increased, the size of
liquid droplets also progressively increased (Fig. 2 B). Through
separating the condensed phase from the aqueous phase by
centrifugation, we found the liquid phase fraction of STAU1
proteins increased in a concentration-dependent manner (Fig.
S1 C). STAU1 liquid phase could be observed at a relatively low
concentration at ~0.5 uM (Fig. 2 B and Fig. S1 C). These STAUL
droplets autonomously fused into larger ones over time (Fig. 2
C). FRAP analysis further revealed the internal fluidity of STAUL
droplets (Fig. 2 D).

To map out the minimal functional unit of STAUL LLPS,
various recombinant STAUl fragments containing single or
tandem RBD domains were prepared and assessed by DIC mi-
croscope observation and sedimentation assay at the same pro-
tein concentration (Fig. 2, A and E; and Fig. S1 D). We found that
the isolated RBD domain remained in clear aqueous solutions.
RBD45 was insufficient to initiate LLPS; instead, a condensed
liquid phase robustly formed for STAU1 fragments containing
RBD23 (e.g., WT, RBD2345, RBD23). Deletion of either RBD2 or
RBD3 dramatically impaired LLPS of STAUl while deletion of
both RBD2 and RBD3 abolished the condense phase of STAUL,
demonstrating the critical role of RBD23 for phase separation of
STAUI and that the interdomain interaction of the tandem was
required for the process.

Electrostatic interaction-dependent LLPS of STAU1

Next, we evaluated the detailed molecular mechanism of STAU1
LLPS. The addition of 1,6-hexanediol (1,6-HD), an aliphatic
molecule that disrupts hydrophobic interaction-induced phase
separation (Li et al, 2023a, 2023b), only partially weakened the
STAUL droplet formation, whereas STAUI1 LLPS appeared to be
more sensitive to salt conditions and that high salt concen-
trations (500 mM NacCl) abolished the LLPS process (Fig. 2 F and
Fig. S1, E-I). Thus, STAUI phase separation seems to be driven
by both electrostatic and hydrophobic interactions from resi-
dues in RBD23, with electrostatic interaction as the dominant
force. In line with this analysis, obvious positive/negative
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Figure 2. Phase separation of STAU1 in vitro. (A) Schematic diagrams showing the domain organization of STAUL. (B) Representative images showing
protein concentration-dependent LLPS of STAUL Images were acquired at 3 min after injecting the mixture into the chamber. Scale bar: 15 um. (C) Repre-
sentative time-lapse images showing time-dependent fusion of STAU1 liquid droplets. Scale bar: 5 um. (D) Upper: Representative confocal images of the FRAP
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experiment conducted on preformed Cy5-STAU1 droplets in vitro. Scale bar: 3 um. Lower: FRAP recovery curve of Cy5-STAUL by averaging signals of 17
droplets with similar sizes each after photobleaching. Time 0 refers to the time point of the photobleaching pulse. Data are represented as mean = SD.
(E) Representative confocal images of different STAU1 fragments under a DIC microscope at 10 uM. Scale bar: 15 pm. (F) Representative DIC images of
preformed STAUL condensate (10 M) treated with 500 mM NaCl or 10% 1,6-hexanediol (1,6-HD). Scale bar: 15 um. (G) Representative DIC images of STAUL
WT and various mutants (10 uM). Scale bar: 15 um. The same sample of STAUL WT was used in evaluating STAU1 concentration-dependent condensation in B,
disruption with salt or 1,6-HD in F, and mutations in lysine residues in G. (H) Structure-based sequence alignment of STAU1 RBD23 fragment from different
species. Highly conserved residues are highlighted in red. The five key lysine residues responsible for STAUL LLPS are indicated by blue rectangles. (I) Upper:
Representative confocal images of exogenously expressed GFP-STAU1 WT and mutants in COS7 cells. Scale bar: 10 um. Lower: Statistical data of GFP-STAU1
puncta formation. White arrows indicate condensed puncta in the cytoplasm. Data were collected from three independent experimental cell culture batches,
>300 cells counted for each batch. Specimens’ statistics are presented as mean + SD; **P < 0.01 using one-way ANOVA with Tukey’s multiple comparison test.

charged clusters and hydrophobic clusters exist in RBD23 of
STAUI (Fig. S17J).

We further identified the critical residues driving the LLPS of
RBD23. STAUL RBD2 was assumed to adopt a canonical dsRBD
fold according to its high sequence similarity with STAU1 RBD3
(PDB ID: 6SDW) (Yadav et al., 2020). Based on the predicted
RBD23 structure by Alphafold (Jumper et al., 2021), alanine-
scanning mutagenesis was utilized to investigate the charged
and aromatic residues on the surface of RBD23 but outside the
RNA binding sites on their potential contribution to LLPS (Fig.
S1, J and K). Though the K86,87E mutation on RBD2 or K266-
268E mutation on RBD3 only partially weakened the level of
STAUI LLPS, combinational mutation of these two sites (re-
ferred to as SKE hereafter) dramatically impaired droplet for-
mation and reduced the condense phase fraction of STAU1
(Fig. 2 G and Fig. S1 L). Furthermore, the key residues (namely
Lys86, Lys87, Lys266, Lys267, and Lys268) identified for LLPS of
STAULI are evolutionarily conserved from Drosophila to verte-
brates (Fig. 2 H). We further verified whether the electrostatic
interaction-driven LLPS of STAUI in solution accounted for the
puncta formation in living cells. Nicely correlated with in vitro
studies of STAUI phase separation (Fig. 2, E and G), exogenously
expressed GFP-STAUI ARBD23 mutant failed to form droplets in
the cytoplasm of COS7 cells, and the 5KE mutation also caused a
dramatic decrease of STAU1 puncta formation (Fig. 2 I).

Taken together, the above LLPS results in vitro and in living
cells demonstrate that electrostatic interdomain interactions of
RBD23 were the main driving forces for STAU1 LLPS.

STAU1 condensates recruit MTOR-5'UTR

Early studies have revealed that STAUI formed membraneless
RNA granules for mRNA transport along dendrites in neurons
(Mitsumori et al., 2017; Vessey et al., 2008). Remarkably, LLPS
has been recognized as a crucial mechanism for the organization
of membraneless organelles (Banani et al., 2017). Both RNA and
RNA binding proteins are important players in bimolecular
condensates (Roden and Gladfelter, 2021), whereas their se-
lected local enrichment in certain condensates also ensures the
specificity and efficiency of cellular reactions. Thus, we sought
to investigate whether the regulatory functions of STAUL on
RNAs are dependent on its LLPS property. When mCherry-
STAUl WT or 5KE was expressed in COS7 cells, a certain
amount of endogenous RNAs (stained by a nucleic acid dye
SYTO 12) were colocalized with mCherry-STAU1 or 5KE puncta,
indicating that target RNA might be recruited into STAU1 con-
densate for further regulation (Fig. 3 A and Fig. S2 A).

Zhao et al.
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We next aimed to identify the posttranscriptional pro-
cess in which STAUl condensates participate. An over-
abundance of STAUI was found in fibroblasts from patients
with neurodegenerative diseases (Paul et al., 2021). Our
immunoblotting and immunostaining data also showed that
STAULI levels were elevated with enhanced puncta forma-
tion in mouse HD STHdhQ!V/QU! cells (Fig. 1, D and E).
Considering the essential roles of STAUI in neural devel-
opment and function (Oh et al., 2018; Vessey et al., 2008),
label-free quantification by mass spectrometry was per-
formed using lysates from U251 cells overexpressing Mock,
STAU1 WT, or LLPS-deficient 5KE mutant to screen for
target proteins. 282 proteins were found upregulated and
259 proteins downregulated in cells expressing STAU1 WT
rather than 5KE (Tables S1 and S2). mTOR, a key regulator in
autophagy (Querfurth and Lee, 2021), was found in the up-
regulated category, but the levels of mTOR transcripts re-
mained unchanged upon STAUI or STAUI 5KE overexpression
(Fig. S2 B). Consistent with the mass spectrometry data,
overexpression of STAUI significantly elevated mTOR protein
levels, whereas overexpression of STAU1 5KE only had a mi-
nor influence (Fig. 3 B), implying a potential role of STAUL
condensate in mTOR translation.

Numerous studies have shown that STAUI directly in-
teracts with the 5'UTR of target mRNAs to enhance their
translation (Dugré-Brisson et al., 2005; Ricci et al., 2014), so
we generated the 5'UTR of MTOR mRNA by in vitro tran-
scription, and electrophoretic mobility shift assay (EMSA)
results showed that STAU1 WT and the LLPS-deficient 5KE
mutant bound to MTOR 5'UTR mRNA with similar affinities
(Fig. S2 C). When mixing Cy5-tagged STAUI with MTOR-
5'UTR (stained by SYTO12), MTOR-5'UTR could be efficiently
recruited and enriched into STAU1L droplets (Fig. 3 C). In
contrast, the 3'UTR of OSKAR mRNA, one target RNA of Dro-
sophila STAU (Micklem et al., 2000), rarely bound to STAUI
and could not be enriched in STAU1 condensate (Fig. S2, D and
E), suggesting that STAUL condensates selectively recruit and
enrich target RNAs via specific interactions. Interestingly, the
addition of an increasing amount of MTOR-5'UTR into STAU1
solution significantly increased the sizes of formed STAU1
droplets (Fig. S2 F). However, mixing STAUL 5KE mutant
with MTOR 5'UTR RNA did not lead to an observable effect
on its LLPS property (Fig. 3 D).

Taken together, the above findings indicated that MTOR
5'UTR RNA can be recruited and enriched into STAUI conden-
sate, which further promotes STAU1 phase separation.
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Figure 3. Recruitment of MTOR RNA at its 5'UTR into STAU1 condensate promotes its translation. (A) Left: Representative images showing co-
localization of mCherry-STAUL (red) with RNA (green) within STAUL puncta in COS7 cells. RNA was stained with SYTO 12 Green-Fluorescent Nucleic Acid
Stain. Scale bars, 10 um; insets, 2 um. Right: Line plot of STAU1 and RNA fluorescence intensities in indicated box regions. (B) Representative WB assay images
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of COS7 cells exogenously expressing GFP vector, GFP-STAU1 WT, or 5KE mutant. (C) Representative images showing the colocalization of Cy5-STAUL (5 uM,
magenta) and MTOR 5'UTR (40 ng, green) stained by SYTO12 in the liquid droplets. (D) Representative DIC images of STAU1 WT or 5KE mutant (1 uM) with or
without MTOR 5’UTR RNA (40 ng). Images were acquired at ~3 min after injecting the mixture into the chamber. (E) Left: Representative DIC images of the
reaction mixtures with STAUL WT or 5KE mutant after the in vitro translation assay. Protein concentrations of STAU1 WT or 5KE are indicated on the top of the
panel. Scale bar, 2 um. Right: Statistical data for the relative luminescence of different samples. Statistics data are presented as the mean + SD of triplicate
experiments; **P < 0.01, ***P < 0.001 using one-way ANOVA with Tukey’s multiple comparison test. (F) Luciferase assay showing enhanced translation of
luciferase mRNA in the presence of STAU1 WT but not the 5KE mutant. The upper panel is the schematic of MTOR-5'UTR-Luciferase reporter. Statistics data
are presented as the mean + SD of four independent experiments; **P < 0.01 using one-way ANOVA with Tukey’s multiple comparison test. (G and H) Left:
Representative immunostaining images showing co-localization and enrichment (white arrows) of endogenous PABPC1 (red) (G) or RPL7a (red) (H) within
STAUL condensate (green) in HepG2 and COS7 cells. Scale bar: 10 um; zoom in: 2 um. Right: Fluorescence intensities of STAUL and PABPC1 or RPL7a were

quantified along a line drawn in the magnified boxes.

STAU1 condensate promotes target RNA translation

As STAUI has been shown to enhance the translation efficiency
of target mRNAs upon binding to their 5'UTRs (Dugré-Brisson
etal., 2005), we next tested whether LLPS of STAUI contributes
to this process using a rabbit reticulocyte lysate in vitro trans-
lation assay and luminescence was monitored as an indicator for
MTOR-5'UTR-Luciferase mRNA translation. The addition of an
increasing amount of STAUL to the reaction mixture gradually
enhanced the translation of Luciferase mRNA (Fig. 3 E). In sharp
contrast, Luciferase mRNA translation was only slightly en-
hanced in the presence of STAU1 5KE. The assay mixtures after
reaction were then subject to DIC microscopy analysis, and
larger droplets were observed in mixtures with enhanced RNA
translation, indicating a high correlation of STAU1 LLPS with its
ability to promote target mRNA translation (Fig. 3 E).

We next performed luciferase reporter assays in vivo to
further verify the effects of STAU1 LLPS on translation. We in-
serted the MTOR-5'UTR to the upstream of Luciferase (referred
to as MTOR-5'UTR-LUC) and cotransfected this construct with
EGFP-tagged STAUI, STAU1 5KE, or control EGFP vector in COS7
cells (Fig. 3 F and Fig. S2 G). Exogenous STAUI resulted in a
significant increase of luciferase activity from MTOR-5UTR-
LUC construct, while the 5KE mutation exhibited a weakened
promotion effect on translation, further demonstrating a posi-
tive role of STAU1 LLPS in promoting the translation of target
mRNAs such as -MTOR mRNA. To further confirm the effect of
STAU1 condensates in mRNA translation, we generated an RNA-
binding-deficient STAUI mutant based on the reported structure
of STAU1 dsRBD3-4 in complex with ARF1 SBS (PDB ID: 6HTU)
(Lazzaretti et al., 2018). Combinational H212,K214A mutation on
RBD3 and deletion of RBD4 (referred to as HKARBD4 hereafter)
disrupted the RNA binding capacity of STAUI without inter-
fering with its LLPS ability (Fig. S2, H-K). Noted that the RNA-
binding-deficient STAUI HKARBD4 could not promote mTOR
translation both in vitro and in vivo (Fig. S2, G and L; and
Fig. 3 F), suggesting that the recruitment of target RNAs into
STAUI condensate is essential for translation enhancement.

Given the role of STAUI condensate in promoting mRNA
translation, we next investigated whether STAUI condensate
could recruit translation factors and ribosomal subunits. It was
observed that the translation factor poly(A) tail-binding protein
C1 (PABPC1) (Passmore and Coller, 2022) and large ribosomal
subunit protein L7a (RPL7a) (Hemmerich et al., 1993) were well
colocalized with endogenous STAUI puncta in both HepG2 and
COS7 cells (Fig. 3, G and H), indicating that STAUI condensate

Zhao et al.
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promote translation of its target mRNAs by recruiting and en-
riching multiple components of the translation machinery.

Elevated STAU1 LLPS enhances mTOR activity and inhibits
autophagosome-lysosome fusion

STAU1 overabundance was found to be associated with hy-
peractive mTOR (Paul et al., 2021), a factor regulating multiple
stages of the autophagic process, resulting in the inhibition
of autophagy (Kim and Guan, 2015). We sought to investi-
gate whether excessive STAU1 LLPS-mediated translational
enhancement of mTOR ultimately resulted in autophagy
dysfunction. To assess autophagic flux, Hela cells stably ex-
pressing the RFP-GFP-LC3 reporter were generated, in which
autophagosomes were labeled with both red and green fluo-
rescence whereas autolysosomes with only red fluorescence.
Upon efficient fusion between autophagosomes and lysosomes,
exposure to the low pH of the autolysosome led to a dramatic
loss of acid-sensitive green fluorescence, causing a shift in
fluorescence to red, thus providing a marker of autophagic flux
(Fig. S3 A). Much more yellow puncta were observed in Hela
cells expressing STAU1 WT than mock cells with or without the
treatment of autophagy stimulator rapamycin (RAPA) (Bové
et al,, 2011), as well as those expressing LLPS-deficient STAU1
5KE and RNA-binding-deficient STAUI HKARBD4 mutants
(Fig. 4, A-C). These data suggest STAUI overabundance causes
defects in autophagosome-lysosome fusion and inhibition of
autophagic flux, which is dependent on its LLPS and RNA-
binding abilities.

To further demonstrate the above hypothesis, we exoge-
nously expressed comparable amounts of GFP-STAU1 WT or 5KE
mutant in SH-SY5Y cells and COS?7 cells, respectively, and ana-
lyzed the levels of mTOR and related proteins by quantitative
Western blotting (WB) analysis (Fig. 4 D and Fig. S3 B). Ex-
pression of STAULI significantly increased the protein levels of
mTOR, p-mTOR, as well as phosphorylation of mTOR down-
stream targets including eukaryotic initiation factor 4E binding
protein (4E-BP) and p70 S6 kinase 1 (S6K1) (Liu and Sabatini,
2020), implying hyperactivation of mTOR pathway. Enhanced
mTOR signaling then led to abnormal accumulation of auto-
phagic markers p62 and LC3B-II, indicative of inefficient
autophagosome-lysosome fusion. In sharp contrast, expression
of the LLPS-deficient STAUI 5KE mutant or the RNA-binding-
deficient STAU1 HKARBD4 mutant exhibited no observable
impact on mTOR and autophagic pathways (Fig. 4 D and Fig. S3,
B and C).
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Figure 4. STAUI condensate enhances mTOR signaling and autophagy dysfunction. (A) Representative images of autophagic flux measurement in Hela
cells that stably expressing the mRFP-GFP-LC3 reporter and Flag (MOCK), Flag-STAUL, Flag-STAU1 5KE, or Flag-STAU1 HKARBD4. Untransfected Hela cells
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were treated with 100 nM rapamycin as a control for effective fusion. Scale bar, 10 um. (B) Quantification of the autophagosome/autolysosome ratio
(red*green* puncta: red* green~ puncta) in A. n, number of individual cells (on the top of the batch). (C) Quantification of the LC3 dots per cell in A. Statistics
data are presented as the mean + SEM; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 using one-way ANOVA with Tukey’s multiple comparison test.
(D) Upper: Representative WB images of mTOR, p-mTOR, p62, 4EBP1, p-4EBP1, S6K1, p-S6K1, and LC3B-I levels in COS7 cells exogenously expressing control
PEGFP-C3, GFP-STAU1 WT, or 5KE. Lower: Statistic graph of quantified fold changes. The density of each band was normalized by B-actin. The phospho-
proteins were normalized to the unphosphorylated protein. Statistics data are presented as the mean + SD of three independent experiments; **P < 0.01 using
one-way ANOVA with Tukey’s multiple comparison test. (E) Left: Representative images showing the distribution of TFEB in COS7 cells expressing PEGFP-C3,
GFP-STAU1 WT, 5KE, or HKARBD4, as detected by immunoflurescence using TFEB antibody. Untransfected cells were treated with 100 nM rapamycin. White
arrows indicate the expression of TFEB in the nucleus. Scale bar, 25 um. Right: Quantification of the number of cells with nuclear TFEB localization. Data were
collected from three independent experimental batches, with >300 cells counted for each batch. Statistics data in this figure are presented as the mean + SD;
*P < 0.05 using one-way ANOVA with Tukey’s multiple comparison test. (F) Representative images and quantification of Lyso-Tracker Red staining in COS7
cells transfected with PEGFP-C3, GFP-STAU1 WT, 5KE, or HKARBDA4. Scale bars, 25 um; insets, 10 pm. >300 cells were assessed blind and quantified for each
batch. Statistics data are presented as the mean = SD of three independent experiments; *P < 0.05, **P < 0.01 using one-way ANOVA with Tukey’s multiple

comparison test.

We further showed that STAUl-overexpressed cells treated
with bafilomycin Al (BafAl, an inhibitor of autophagosome-
lysosome fusion) did not further increase LC3-1I and p62 levels
(Fig. S3 D), demonstrating that STAUI was indeed involved in
inhibiting autophagosome-lysosome fusion. An increase in
STAULI level upon BafAl treatment was observed (Fig. S3 D),
suggesting inefficient STAUI clearance by autophagy. Then we
wondered whether STAU1 condensates could be recognized by
the autophagy degradation system, thus competing for the
clearance machinery with other biomolecular condensates or
aggregates (e.g., HTT Ql11 aggregates in HD STHdhQU/QI! cells;
Fig. 1 D). We found that STAU1 condensate could not recruit
LC3B, p62, and ubiquitin with or without BafAl treatment (Fig.
S3, E-G), implying that the formation of STAUI condensate was
independent of autophagy factors, and the fraction of STAU1
degraded by autophagy was not in the condensed form.

STAU1 condensate impaired TFEB nuclear translocation and
lysosomal acidification
TFEB (transcription factor EB) is a master regulator of autoph-
agy and lysosomal function by driving the expression of genes
belonging to the Coordinated Lysosomal Expression and Regu-
lation (CLEAR) network (Sardiello et al., 2009; Settembre et al.,
2011). Inhibition of mTOR activates TFEB by promoting its nu-
clear translocation, thus leading to the activation of its target
genes required for lysosome biogenesis, autophagosome-
lysosome fusion, and lysosome function (Martina et al., 2012;
Settembre et al., 2011). We, therefore, tested whether elevation
of STAUI LLPS could impair TFEB nuclear translocation to re-
press target gene transcription. In line with our hypothesis,
STAUI overexpression reduced the percentage of cells showing
the nuclear distribution of endogenous TFEB in COS7 cells
(Fig. 4 E). In contrast, cells transfected with STAU1 5KE or
HKARBD4 mutant exhibit enhanced accumulation of TFEB
in the nucleus. Similarly, coexpression of GFP-TFEB with
mCherry-STAU1 WT but not the 5KE or HKARBD4 mutant ef-
ficiently inhibited the nuclear translocation of GFP-TFEB (Fig.
S4 A). We further precluded the possibility that cytoplasmic
STAU1 condensates recruited TFEB to inhibit its nuclear
translocation (Fig. S4, B and C).

Consistent with the above results, mass spectrometry data
analysis revealed that in U251 cells overexpressing STAUI, sev-
eral downstream target genes of TFEB were downregulated,
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including subunits of the vacuolar ATPase (v-ATPase) (Fig.
S4 D), which are essential for lysosome acidification (Wang
et al., 2024). We next used the fluorescence intensities of
LysoTracker (Hu et al., 2022) and LysoSensor (Li et al., 2015)
to indicate the degree of lysosomal acidification. Over-
expression of STAU1 WT but not the 5KE or HKARBD4 mutant
significantly decreased the fluorescence intensity of Lyso-
Tracker- or LysoSensor-labeled lysosomes (Fig. 4 F and Fig. S4
E), indicating that elevated STAUI1 LLPS impaired lysosomal
acidification.

In summary, these data demonstrate that STAUI overabundance-
induced excessive formation of STAUI condensate and the subse-
quent hyperactivation of mTOR signaling impair lysosomal function
and autophagic pathway.

STAU1 condensate suppresses the autophagic process in
mouse HD cells

We have observed significantly enhanced STAU1 LLPS in mouse
HD striatal STHdhQW/QUL cells, accompanied by elevation of
mTOR level (Fig. 1 D). We wondered whether excessive
STAUI condensates would result in autophagy dysfunction
in STHAhQW/QW cells. To test this hypothesis, we first knocked
down STAUI in the mouse HD STHdhQUVQU cells with two
different shRNAs, and the STAU1 expression levels were con-
siderably downregulated by sh-mSTAUI-1 (Fig. S4 F), which was
then used for depleting mSTAU2 in the subsequent experiments.
When expressing RFP-GFP-LC3B, more yellow puncta were ob-
served in HD cells (STHdhQ!/Q) compared with the WT cells
(STHAhQ”/?7), indicating the dysfunction of autophagy (Fig. 5 A).
Compared with WT cells, levels of STAU1, mTOR, and p-mTOR
were significantly increased in HD ones, along with an obvious
accumulation of p-4E-BP1, p-S6K1, p62, and LC3B-1I (Fig. 5 B). As
expected, depletion of STAU1 in HD STHdhQUY/QM cells reduced
the protein levels of mTOR, p62, and LC3B-II, as well as phos-
phorylation levels of mTOR, 4E-BP1, and S6K1 to normal state,
and the autophagosome/autolysosome ratio was dramatically
decreased compared with that in HD cells (Fig. 5, A and B). In
addition, impaired TFEB nuclear translocation was observed
in HD cells (STHdhQ/QM) when compared with WT cells
(STHdhQ"/Q7), while depletion of STAUI promoted the nuclear
translocation of endogenous TFEB in HD STHdhQ!V/QI! cells
(Fig. 5, C and D). We also found that lysosomal acidification
could be restored in STAU1-KD STHdhQ/Q! cells (Fig. 5 E).
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Figure 5. STAUL LLPS enhances mTOR signaling and impairs autophagy flux in HD cell line. (A) Upper: Representative images of autophagic flux
measurement in STHdh cells expressing the mRFP-GFP-LC3 reporter. Scale bar, 10 um. Lower: Statistic graph of mRFP-GFP-LC3 tandem assay showing an
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increased autophagosome/autolysosome ratio in STHdhQM1YQM! cells compared with STHdhQ”/Q7 cells, indicating low autophagic flux. STAU1 depletion re-
sulted in a decreased autophagosome/autolysosome ratio in STHdhQU/QI cells. n, number of individual cells (on the top of the batch). Statistics data are
presented as the mean + SEM; ****P < 0.0001 using one-way ANOVA with Tukey’s multiple comparison test. (B) Upper: Representative WB images showing
HD cell line (STHdhQMQI) js autophagy-defective compared to WT cells (STHdhQ7/?7) and STAUL depletion lowers protein levels of mTOR and other au-
tophagy pathway proteins. Lower: Statistic graph of quantified fold changes. (C) Representative immunofluorescence images showing the distribution of TFEB
in WT (STHdhQ”/7), HD (STHdhQM/Q11) STHhQMYQMLSTAU1-KD, and DOX-induced STHdhQ1/QULSTAU1-KD/GFP-STAU1 or GFP-STAU1 5KE cells. White
arrows indicate the expression of TFEB in the nucleus. Scale bar, 25 um. (D) Quantification of the number of cells with nuclear TFEB localization in C. Data were
collected from three independent experimental batches, with >300 cells counted for each batch. (E) Representative images and quantification of Lyso-Tracker
Red staining in WT (STHdh®”/?7), HD (STHdhQM/QI) STHJhQUY/QULSTAU1-KD, and DOX-induced STHhQ1YQUL.STAU1-KD/GFP-STAUL or GFP-STAU1 5KE
cells. Scale bar, 25 um; insets, 10 um. >300 cells were assessed blind and quantified. (F) Representative WB images of STAUL expression levels in
STHAhQUYQML cels, DOX-induced STHAhQUYQULSTAU1-KD/GFP-STAUL cells, and DOX-induced STHdhQ/Q11LSTAU1-KD/GFP-STAU1L 5KE cells. (G) Upper:
Representative WB images of mTOR, p-mTOR, 4EBP1, p-4EBP, S6K1, p-S6K1, p62, and LC3-II levels in STHAhQM/QMLSTAUL-KD cells that stably expressing
GFP-STAU1 or GFP-STAU1 5KE. Lower: Statistic graph of quantified fold changes. All statistical data in this figure except for A represent the results from three
independent batches of experiments and are presented as mean + SD; *P < 0.05, **P < 0.01 using one-way ANOVA with Tukey’s multiple comparison test.

Source data are available for this figure: SourceData F5.

These data further confirm the role of STAUI in regulating
autophagy.

To validate the involvement of STAUI phase separation in
this process, STAUI-KD STHdh@/QU cells stably expressing
GFP-STAU1 WT or the LLPS deficient 5KE mutant were gener-
ated, and exogenously expressed STAUL levels were controlled
to be comparable with the endogenous STAU1 by Doxycycline
(DOX) induction (Fig. 5 F). Notably, protein levels of mTOR,
p-mTOR, p-4E-BP1, p-S6K1, p62, and LC3B-1I were significantly
increased in STAUI-KD STHAhQMWQM cells expressing GFP-
STAUI WT but not the 5KE mutant (Fig. 5 G). Moreover, STAUI-
KD STHAhQMWQ cells expressing GFP-STAU1 WT but not the
5KE mutant showed impaired TFEB nuclear translocation and
lysosomal acidification (Fig. 5, C-E).

Taken together, STAUI overabundance-induced excessive
condensate formation in mouse HD striatal cells could lead to
enhanced mTOR signaling and autophagy dysfunction, while
disturbance of STAUI condensate might be a potential strategy
to lower the abnormal mTOR activity and restore autophagic
pathway.

Inhibition of STAU1 LLPS ameliorates HTT aggregation in the
cellular HD model

A common feature of neurodegenerative diseases is the severe
accumulation of pathogenic and aggregate-prone mutant pro-
teins due to insufficient aggregated protein clearance at least in
part by autophagy. Since overabundance of STAUI aggravates its
LLPS-mediated hyperactivation of mTOR signaling and au-
tophagy dysfunction in neurodegenerative diseases, it is of
considerable interest to find out if this situation induced by
high-level STAUI could be improved by modulating the phase
separation property of STAUL. To test this hypothesis, two dis-
tinct cell lines (human glioma U251 cells and African green
monkey kidney COS7 cells) were overexpressed with exon 1 of
HTT that contained 72 glutamine (Q) residues fused with
mCherry (mCherry-HTTexonl-Q72) to model HD (Mangiarini
et al, 1996). Cells overexpressing mCherry-HTTexonl-Q25
(modeling the WT state with repeats of CAG < 35) were used as a
control where no obvious aggregation was observed (Fig. S5 A).
Consistent with previous reports (Latoszek et al., 2022; Williams
et al., 2008), exogenously expressed mCherry-HTT Q72 formed
aggregates within U251 and COS?7 cells (Fig. 6 A and Fig. S5 B).
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Treatment with rapamycin, an autophagy enhancer via in-
hibiting mTOR, diminished the number of cells containing ag-
gregated proteins and decreased the sizes of aggregates (Fig. 6,
A-Cand Fig. S5, B-D). Notably, coexpression of GFP-STAU1 with
mCherry-HTTexonl-Q72 led to a significant increase in the
population of cells containing HTT Q72 aggregates and the sizes
of aggregates; rapamycin treatment dramatically decreased the
sizes of HTT Q72 aggregates, nevertheless, the percentage of
aggregate-containing cells remained relatively high (Fig. 6, A-C
and Fig. S5, B-D). However, in sharp contrast with STAUL WT,
coexpression of the LLPS-deficient STAU1 5KE mutant or RNA-
binding deficient STAU1 HKARBD4 mutant with HTT Q72 did
not aggravate the formation of HTT aggregates even in the ab-
sence of rapamycin treatment. As LLPS is concentration de-
pendent, we wondered whether higher protein levels of STAU1
would further promote HTT Q72 aggregation. It was found that
when the total amount of intracellular STAU1 was higher than
twofolds of that of endogenous STAUI (>0.8 ug GFP-STAUL was
transfected), the proportion of cells with HTT Q72 aggregates
would reach a saturation value, though the sizes of aggregates
slightly increased. Notably, expression of STAU1 5KE mutant
did not cause obvious promotion of HTT Q72 aggregation (Fig.
S5, E-H).

Protein levels of mCherry-HTT Q72 in the above U251/COS7
HD cells were analyzed by Western blot. In line with the imaging
data, when GFP-STAUI was coexpressed, a significant increase
in HTT-72Q protein level was detected, whereas the protein
level of HTT-72Q returned to normal in cells overexpressing
STAUI 5KE mutant (Fig. 6, D and E; and Fig. S5, I and J). Rapa-
mycin treatment decreased HTT 72Q level to a certain extent in
cells coexpressing GFP-STAUL. All these data suggest a positive
role of STAULI in promoting HTT 72Q aggregation at least par-
tially via inhibiting autophagy, and disturbing the phase
separation ability of STAUI might be a strategy to mitigate
pathological HTT 72Q aggregation.

Inhibition of STAU1 LLPS ameliorates FUS/Synphilin-1
aggregation in the cellular ALS/PD model

To further verify the effect of STAU1 LLPS on autophagy dys-
function, we sought to test whether similar mechanisms were
involved in other neurodegenerative disorders, such as ALS
and PD. ALS is a fatal neurodegenerative disease pathologically
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Figure 6. LLPS of STAU1 promotes mutant HTT aggregation in the cellular HD model. (A-C) Representative confocal images showing coexpression of
mCherry-HTTexonl Q72 with control PEGFP-C3, EGFP-STAU1 WT, or 5KE mutant in U251 cells. The mCherry-HTTexonl Q72 transfected cells were treated
with 1 pmol/l rapamycin to stimulate autophagy. Statistical data for the population of cells containing HTT Q72 aggregates or the sizes of HTT Q72 aggregates
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are presented in B and C, respectively. Data were collected from three independent experimental cell culture batches, with >200 cells counted for each batch.
(D and E) Representative WB images of HTT Q72 in U251 cells coexpressing mCherry-HTTexon1 Q72 and control GFP-vector, EGFP-STAU1 WT, or 5KE mutant.
(E) Quantification of WB bands in D for the indicated proteins using B-actin abundance for normalization and presented as fold changes. Statistics data were
collected from triplicate experiments. All statistic data are presented as mean + SD; *P < 0.05, **P < 0.01 using one-way ANOVA with Tukey’s multiple

comparison test. Source data are available for this figure: SourceData F6.

characterized by degeneration of motor neurons in the brain and
spinal cord (Hardiman et al., 2017). One genetic cause of ALS is
the mutation of the fused in sarcoma (FUS) gene, in which the
P525L mutation causes ALS cases with earlier disease onset and
more aggressive progression (Kwiatkowski et al.,, 2009). The
FUS P525L mutant protein mislocalized from the nucleus to the
cytoplasm and formed large inclusions.

COS7 cells overexpressing FUS P525L were used as the cel-
lular ALS model. In line with previous results, exogenously ex-
pressed GFP-FUS P525L robustly formed aggregates in the
cytoplasm, a substantial of which could be eliminated via
rapamycin-induced activation of autophagy (Fig. 7, A-C). When
GFP-FUS P525L and mCherry-STAU1 were co-expressed, both
the percentage of cells forming FUS aggregates and the size of
FUS aggregates increased, and this phenotype could be signifi-
cantly relieved with rapamycin treatment. In contrast, cells
cotransfected with GFP-FUS P525L and mCherry-STAU1 5KE or
mCherry-STAU1 HKARBD4 displayed much fewer and smaller-
sized aggregates even without RAP treatment, similar to the
control cells only expressing GFP-FUS P525L (Fig. 7, A-C).
Consistently, coexpression of STAU1 but not the 5KE mutant led
to a marked elevation of GFP-FUS P525L protein levels (Fig. 7, D
and E).

PD is a neurodegenerative disorder caused by a selective loss
of dopaminergic neurons and is associated with both motor and
nonmotor defects (Kalia and Lang, 2016). A major hallmark of PD
is the presence of intracellular protein deposits called Lewy
bodies in the dying neurons, which contain different proteins,
including aggregated a-Synuclein and its interacting protein
Synphilin-1 (encoded by the gene SNCAIP) (Shirakashi et al.,
2006). Overexpression of mCherry-Synphilin-1 in COS7 cells
leads to the generation of cytoplasmic aggregates resembling
Lewy bodies in PD (Fig. 7 F). Consistent with the above results,
cotransfection of GFP-STAUI but not the 5KE mutant or
HKARBD4 mutant led to an increased propensity to form larger
Synphilin-1 inclusions, with an upregulated Synphilin-1 protein
level (Fig. 7, F-J).

Taken together, these results establish the robust correlation
of overabundant STAUl with mTOR hyperactivation and au-
tophagy dysfunction via phase separation. Notably, targeting
STAUI1 LLPS might be a potential strategy to mitigate aberrant
aggregation of toxic proteins such as HTT polyQ mutant, FUS
P525L, and Synphilin-1 by restoring functional autophagy-
lysosome pathway.

Discussion

Since autophagy plays a fundamental role in maintaining
cellular homeostasis, its suppression causes deleterious
consequences in diverse cellular events. Upregulation of
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STAUL levels in patients with different neurodegenerative
diseases was found to be associated with autophagy dysfunction,
and thus might further worsen the disease symptom (Paul et al.,
2018, 2023), though the detailed molecular mechanism remains
elusive. In this study, we find that STAU1 forms concentration-
dependent dynamic condensate enriched with RNAs and
translation factors in a variety of cell lines, thereby promoting
the expression of different target proteins (e.g., mTOR) at a basal
level. However, pathologic elevation of STAUI protein level and
subsequent STAU1 LLPS will lead to excessive translation of
target mRNAs, causing an imbalance of related cellular events
including autophagy. Abnormal autophagy in turn aggravates
STAU1 overabundance in neurodegenerative diseases, thereby
promoting phase separation and further inhibition of autoph-
agy. Autophagy defects affect the clearance of toxic proteins and
consequently result in further accumulation of these patholog-
ical aggregates (Fig. 8). Though mounting evidence has dem-
onstrated that the transition from a physiological liquid phase to
a pathological solid phase may cause abnormal protein aggre-
gation related to the onset and progression of various human
diseases, including neurodegenerative disorders (Alberti and
Hyman, 2021; Ross and Poirier, 2004), this study provides a
case that excessive LLPS could exacerbate the aberrant phase
separation/transition processes of these toxic proteins. More-
over, the finding that the LLPS-deficient 5KE mutation could
efficiently reduce STAUl-induced abnormal accumulation of
pathological protein aggregates (Figs. 6 and 7; and S5) provides a
new insight for the treatment of STAUI overabundance-related
neurodegenerative disorders. On the other hand, although the
RNA-binding-deficient STAU1 HKARBD4 mutant possessed the
LLPS ability, its failure to recruit and enrich target RNA resulted
in a negligible impact on mTOR signaling and autophagy path-
way, suggesting that both the LLPS and RNA-binding properties
of STAULI are required for its function in regulating RNA
translation. Notably, small molecules that could specifically
modulate biomolecular condensates have drawn great attention
as therapeutics for neurodegenerative diseases and cancers
(Richard et al., 2019, Preprint; Wang et al., 2023). In addition to
the canonical strategies to downregulate STAU1 levels by tar-
geting STAU1 with antisense oligonucleotides (ASO) or miRNA
viral vectors, designing small molecules that specifically inter-
fere with STAU1 LLPS could be an alternative strategy to
weaken the overtranslation of MTOR mRNA in the STAU1
condensate, thereby suppressing mTOR hyperactivation and
autophagy dysfunction.

The mechanistic connection between STAU1 LLPS and au-
tophagy seems much more intricate as mTOR signaling might
not be the only pathway involved. In our cellular HD/ALS/
HD models, though LLPS-deficient STAU1 5KE mutation
could efficiently impair STAUl-induced severe aggregation
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Figure 7. LLPS of STAU1 promotes aggregation of mutant FUS/SNCAIP in the cellular ALS/PD model. (A-C) Representative confocal images showing co-
expression of EGFP-FUS P525L with control pmCherry-Cl, mCherry-STAU1 WT, 5KE mutant or HKARBD4 mutant in COS7 cells. The EGFP-FUS P525L
transfected cells were treated with 1 umol/l rapamycin to stimulate autophagy. Statistical data for the population of cells containing FUS P525L aggregates or
the sizes of FUS P525L aggregates are presented in B and C, respectively. Data were collected from three independent experimental cell culture batches, with
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>200 cells counted for each batch. (D-E) Representative WB images of FUS P525L in COS7 cells co-expressing EGFP-FUS P525L with control pmCherry-Cl,
mCherry-STAU1 WT, or 5KE. (E) Quantification of WB bands in D. The indicated proteins were normalized using B-actin abundance and presented as fold
changes. Statistics data were collected from triplicate experiments. (F-H) Representative confocal images of COS7 cells cotransfected with mCherry-Syn-
philin-1 and control PEGFP-C3, EGFP-STAU1 WT, 5KE mutant, or HKARBD4 mutant. The mCherry-Synphilin-1 transfected cells were treated with 1 pmol/l
rapamycin to stimulate autophagy. Statistical data for the population of cells containing SNCAIP aggregates or the sizes of SNCAIP aggregates are presented in
G and H, respectively. Data were collected from three independent experimental cell culture batches, with >200 cells counted for each batch. (I and J)
Representative WB images of SNCAIP in COS7 cells co-expressing mCherry-Synphilin-1 with control PEGFP-C3, EGFP-STAUL WT, or 5KE mutant. (J) Quan-
tification of WB bands in I. Statistical data were collected from triplicate experiments. All specimens’ statistics are presented as mean + SD; *P < 0.05, **P <

0.01, ***P < 0.001 using one-way ANOVA with Tukey’s multiple comparison test. Source data are available for this figure: SourceData F7.

and accumulation of pathological proteins, rapamycin treat-
ment in cells co-expressing STAUI WT seems not that effective
(Figs. 6, 7, and S5), indicating that STAU1 condensate might
promote enhanced translation of other target mRNAs that
contribute to pathological protein aggregation in an mTOR in-
dependent manner. Several autophagic factors have been found
to undergo LLPS and transition to control autophagic degra-
dation of protein aggregates (Zhang, 2022). Other factor(s)
regulated by STAUI condensate might act parallel to the mTOR
singling pathway in regulating aberrant protein accumulations.
On the other hand, as a multifunctional posttranscriptional
regulator, STAUI1 also controls the stability and thus functions
of diverse genes via SMD-induced RNA decay (Kim et al.,
2005). In SCA2 fibroblasts, aberrant STAUI abundance was
accompanied by reduced PCP2 mRNA as the 3'UTR of PCP2
mRNA was recognized by STAUL for SMD (Paul et al., 2018). In
our study, more than 259 proteins have been found to be
downregulated upon STAU1 overexpression (Table S2). It is
plausible that by binding to the 3'-UTR of another subset of
target mRNAs positively or negatively associated with the au-
tophagy pathway, STAUl condensate may accelerate their
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Figure 8. Model of STAU1 condensate in neurodegeneration. STAU1
undergoes autonomous liquid-liquid phase separation (LLPS) mainly driven
by electrostatic interactions. STAU1 condensate could recruit and enrich
mTOR mRNA, which further promotes STAU1 LLPS. Enhanced STAUL LLPS
promotes elevated translation of mTOR mRNA and hyperactivation of mTOR
signaling. Upregulation of mTOR activity inhibits autophagy, which is the
major way to degrade abnormal toxic proteins in neurodegenerative diseases.
Autophagy is also responsible for the degradation of STAU1 protein. Impaired
autophagy may lead to aberrant protein aggregation and STAUI accumula-
tion, thereby exacerbating neurodegeneration.
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degradation, resulting in a more intricate control of cellular
autophagy activity and pathological protein aggregation.

Materials and methods

Protein expression and purification

Various human STAU! plasmids (Uniprot ID: 095793, RRID:
SCR_002380) were individually cloned into a modified version
of pET32a vector (Shan et al., 2018) (62310; Addgene). All the
mutations were generated using the standard PCR-based mu-
tagenesis method and confirmed by DNA sequencing. Recom-
binant proteins were expressed in Escherichia coli Rosetta host
cells in LB medium, and E. coli were cultured with OD600
around 0.6-0.8 and induced with IPTG at 16°C overnight. Next,
proteins were purified using a Ni**-NTA agarose affinity column
followed by SEC (using Hiload 26/600 superdex 75/200 pg
columns on an AKTA Fast Protein Liquid Chromatography sys-
tem; GE Healthcare) with buffer A containing 50 mM Tris (pH
8.0), 500 mM NaCl, 1 mM EDTA, and 1 mM B-mercaptoethanol
(B-ME).

In vitro phase transition assay

For the in vitro LLPS assay, various recombinant STAUI frag-
ments prepared in buffer A were precleared via high-speed
centrifugation for 10 min and concentrated at final concen-
trations spanning from 0.5 to 25 uM. Formations of protein
condensates were monitored either directly by imaging-based
methods or by sedimentation-based methods.

For imaging, proteins were injected into a homemade flow
chamber comprised of a glass slide sandwiched by a coverslip
with one layer of double-sided tape as a spacer for DIC
(OLYMPUS IX73) or fluorescent imaging (Leica TCS SP8) (Shan
et al.,, 2018). For the sedimentation assay, samples were sub-
jected to centrifugation at 21,130 x g for 10 min. The supernatant
was isolated from the pellet into a clean tube immediately after
centrifugation. The pellet fraction was washed once with buffer
A and thoroughly resuspended with the same buffer to the equal
volume as the supernatant fraction. Proteins from both fractions
were detected by 12% SDS-PAGE with Coomassie blue staining.
Band intensities were quantified using the Adobe Photoshop
software (RRID:SCR_014199).

For fluorescence imaging assay, STAUI was purified in a
buffer containing 100 mM NaHCO; (pH 8.3), 500 mM NaCl,
1 mM EDTA, and 1 mM B-ME. Cy5 NHS ester (AAT Bioquest) was
incubated with STAU1 at room temperature for 1 h (fluorophore
to protein molar ratio was 1:1). Reaction was quenched by
200 mM Tris (pH 8.0). Chemical-labeled proteins were further
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purified into buffer A by Hitrap desalting column. SYTO
12 green-fluorescent nucleic acid stains (Life technologies) were
added to MTOR 5'UTR RNA. In an inflow chamber at room
temperature, the mixture of STAUL (5 uM, with Cy5-labeled
STAU1 mixed with 100 M ratios of unlabeled proteins) was
observed using Leica TCS SP8.

In vitro translation assay and luciferase reporter assay

MTOR 5'UTR or OSKAR 3'UTR RNA was commercially synthe-
sized in vector PUC57 and linearized by EcoRI/hindIll, and then
MTOR 5'UTR-, OSKAR 3'UTR-, or MTOR 5'UTR-Luciferase se-
quence was transcribed by using RiboMAX Large Scale RNA
Production Systems-SP6 and T7 (Promega). For the in vitro
translation assay, MTOR 5'UTR-luciferase mRNA (Promega) was
translated using a nuclease-treated Rabbit Reticulocyte Lysate
System (Promega). Reactions were carried out according to
manufacturer protocol with slight modifications. Luminescence
was detected using a Synergy 2 Multi-Mode Microplate Reader
(Biotech) at 25°C.

For the in vivo translation assay, MTOR 5'UTR sequence was
inserted into Luc expression vector psi-check2 (Promega)
(Addgene_97155) to obtain a recombinant vector. COS7 cells
were cotransfected with the MTOR-5'UTR-LUC reporter and
EGFP-STAU1 WT or 5KE mutant or HKARBD4 mutant or empty
vector. The luciferase activity was detected at 48 h after
transfection by Dual-Luciferase reporter assay kit (Beyotime)
using a Synergy 2 Multi-Mode Microplate Reader (Biotech) at
25°C. Luciferase expression was normalized to Renilla lucifer-
ase (RLU).

Cell culture and transfection
COS7 cells (RRID: CVCL_0224), SH-SY5Y cells (RRID:
CVCL_0019), and U251 cells (RRID: CVCIL,_0021) were from Amer-
ican Type Culture Collection, grown in Dulbecco’s modified Eagle
medium (Hyclone) containing 10% fetal bovine serum (FBS; Hy-
clone). STHAh?/¥7 and STHdhQW/QM cells were gifts from Boxun
Lu (Li et al,, 2015; Yu et al,, 2017). DNA transfections were per-
formed using a polyethylenimine transfection reagent (Poly-
sciences). 36 h after transfection, cells were used for imaging or
harvested, and total protein lysate was prepared as described below.
For autophagy flux assay, Hela cells were stably transfected
with mRFP-GFP-LC3 plasmids, which were selected and main-
tained with G418 (Geneticin). Cells stably expressing mRFP-GFP-
LC3 plasmid (123230; Addgene) were plated on 12-well plates,
and after overnight incubation, these cells were transfected with
indicated plasmids. Untransfected cells were treated with ra-
pamycin for 24 h, and fluorescence was measured with Leica
TCS SP8 confocal microscope.

COS7 cell imaging and data analysis

The methods followed were described previously (Shan et al.,
2018). For each well in a six-well plate, various STAU1 plasmids
were individually transfected into COS7 cells (from ATCC, RRID:
CVCL_0224) using polyethylenimine transfection reagent. After
24 h, cells were fixed with 4% paraformaldehyde and mounted
on glass slides for imaging using a Leica TCS SP8 confocal mi-
croscope with a 64X oil-immersion lens with DAPI staining.
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Confocal images were processed with ImageJ (RRID:SCR_003070).
For puncta-counting assay, data were collected from three
independent batches of cultures. In each batch, at least
200 fluorescence-positive cells were counted for each group
of experiments. A cell with more than two obvious fluores-
cence puncta was counted as a puncta-positive cell. Experi-
ments were conducted in a blinded fashion.

LysoTracker and Lysosensor staining

The LysoTracker Red staining (Beyotime) and LysoSensor Green
DND-189 (Meilun) were performed to measure the presence of
acid compartments (such as lysosomes). Cells were incubated
with Lyso-Tracker Red (50 nM) or LysoSensor Green (1 pM) at
37°C for 30 min. Images were captured under a Leica TCS SP8
confocal microscope. The fluorescence intensity was finally
measured using Image] software (RRID:SCR_002285). Data were
collected from three independent batches of cultures. In each
batch, at least 200 fluorescence-positive cells were counted for
each group of experiments.

Immunofluorescence

Cells were seeded on coverslips placed in 12-well plates. After
24-36 h, cells were fixed by 4% paraformaldehyde. Afterward,
the coverslips were blocked in 3% bovine serum albumin in PBS
containing 0.2% Triton X-100 for 1 h at room temperature and
then incubated overnight at 4°C with the following primary
antibodies: STAUI rabbit polyclonal antibody (1:200, Cat# 14225-
1-AP, RRID:AB_2302744; Proteintech), LC3B rabbit monoclonal
antibody (1:200, Cat# A19665, RRID:AB_2862723; ABclonal),
PABPC1 Rabbit polyclonal antibody (1:200, Cat# A14872, RRID:
AB_2761752; ABclonal), RPL7A Rabbit polyclonal antibody (1:
200, Cat# Al14060, RRID:AB_2760916; ABclonal), and TFEB
rabbit polyclonal antibody (1:200, Cat# A7311, RRID:AB_2767851;
ABclonal). The slices were washed three times in PBS for
10 min each and then incubated for 1 h at room temperature
with fluorescein (FITC)-conjugated Affinipure goat anti-
Rabbit secondary antibody (1:500, Cat# SA00003-2, RRID:
AB_2890897; Proteintech). After nuclear staining with DAPI,
the slices were mounted on glass slides for imaging using a
Leica TCS SP8 confocal microscope with a 64X oil-immersion
lens. Fluorescence measurement was conducted with Image]
(RRID:SCR_003070).

Quantitative real-time PCR (qRT-PCR)

Total RNA from cells was extracted using the RNA Purification
Kit (EZBioscience) and quantified using a NanoDropTM 3000
Spectrophotometer (Thermo Fisher Scientific). Total RNA was
reverse transcribed by using PrimerScript RTreagent Kit with
gDRNA Eraser (Takara) according to the manufacturer’s in-
structions. qRT-PCR was conducted on an ABI Real Time
7900HT cycler with PrimerScript RT-PCR Kit (Takara), and all
samples were tested three times. mRNA levels of queried genes
were normalized to the averaged levels of GAPDH.

STAU1 KD and generation of inducible stable cell line
A tet-on system was used for STAUI-KD STHAhQMW/Q ce]] line
to generate inducible stable cell lines. For shRNA-mediated KD
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of mouse STAUI, lentiviruses were produced using vector
pMKO.1 (10676; Addgene). After 3 days of viral infection, cells
were treated and selected with 4 pg/ml puromycin (Meilun).
WB was performed to verify the effectiveness of STAU1
knockout. For generating an inducible stable cell line, lenti-
viruses were produced using vector pLVX-TetOne (171123;
Addgene). After 4 days viral infection, cells were treated with
1,000 ng/ml doxycycline (60204ES03; YEASEN) for 1 day to
induce the expression of GFP-STAUI or GFP-STAUI 5KE. The
GFP-positive cells were sorted by flow cytometric cell sorting
and were amplified for later experimental uses. The expres-
sion levels were validated by WB.

EMSA

For each EMSA reaction (total volume, 20 ul), 20 ng denatured
MTOR 5'UTR or OSKAR 3'UTR RNA was incubated individually
with STAU1l WT or various mutants in a binding buffer con-
taining 20 mM Tris-HCl (pH 7.9), 1 mM DTT, 10 mM KCl, 500 mM
NaCl. After incubating for 15 min on ice, protein-bound and free
RNAs were separated by electrophoresis on nondenaturing 2%
polyacrylamide gels running in a 0.5 x TBE buffer at 100 V at 4°C.
Gels were stained by SYBR Gold (Life Technologies) and scanned by
ChemiDoc XRS+ Gel Imaging System (Bio-Rad).

HTT/FUS/SNCAIP aggregate imaging in the cellular HD/ALS/
PD model

COS7/U251 cells were transiently cotransfected with mCherry-
HTTexonl-Q72 or mCherry-Synphilin-1 plasmids and EGFP-
STAU1 WT or 5KE mutant or HKARBD4 mutant plasmids or
control PEGFP-C3 plasmid (53757; Addgene) to model HD or PD.
COS7 cells were transiently cotransfected with GFP-FUS P525L
and mCherry-STAU1 WT or 5KE mutant or HKARBD4 mutant
plasmids or control pmCherry-Cl plasmid (67898; Addgene) to
model ALS and then treated with 1 uM rapamycin for 12 h to
induce autophagy. Plasmid of mCherry-HTTexonl-Q72 was a
gift from Boxun Lu (Li et al., 2015). GFP-FUS P525L was a gift
from Cong Liu (Li et al., 2022). Data were collected from three
independent batches of cultures. In each batch, at least
200 fluorescence-positive cells were counted for each group of
experiments. Imaging was performed using a Leica TCS SP8
confocal microscope with a 64X oil-immersion lens. The size and
number of HTT aggregates were analyzed using ImageJ software
(RRID:SCR_002285; Fiji).

Immunoblotting

Cells were harvested 36 h after transfection and lysed in a buffer
containing 50 mM Tris (pH 7.4), 150 mM sodium chloride, 1%
Nonidet P-40, 10 mM sodium fluoride, 1 mM sodium meta-
vanadate, 1 mM phenylmethylsulfonyl fluoride, and protease
inhibitors. Each cell lysate was subjected to centrifugation at
14,000 revolutions per minute (RPM) for 20 min at 4°C. Su-
pernatants were used for WB and then boiled for 10 min. The
captured proteins were boiled in an SDS-PAGE loading buffer
and subjected to SDS-PAGE. The proteins were transferred to a
0.45 uM polyvinylidene difluoride (PVDF) membrane (Milli-
pore), which was blocked using 3% bovine serum albumin in
TBST (20 mM Tris-HCl, pH 7.4, 137 mM NaCl, and 0.1% Tween-
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20) buffer at room temperature for 1 h; this was followed by
incubation with the following antibodies: Mouse anti-GFP an-
tibody (1:4,000, Cat# AEO12, RRID:AB_2770402; ABclonal),
STAUI rabbit polyclonal antibody (1:800, Cat# 14225-1-AP, RRID:
AB_2302744; Proteintech), mTOR rabbit polyclonal antibody
(1:600, Cat# Al11355/A11345, RRID:AB_2758522/AB_2770475;
ABclonal), phospho-mTOR antibody (Ser2448; Cat# T56571,
RRID:AB_2936395; Abmart), SQSTM1/p62 rabbit polyclonal
antibody (1:600, A11250; ABclonal), LC3B rabbit monoclonal
antibody (1:600, Cat# A19665, RRID:AB_2862723; ABclonal),
p70 S6 Kinase 1 Rabbit polyclonal antibody (1:800, A16658;
ABclonal), phospho-p70 Sé Kinase 1-T389 Rabbit polyclonal
antibody (1:600, AP0564; ABclonal), eIFAEBP1 Rabbit mono-
clonal antibody (1:800, A24691; ABclonal) Phospho-eIF4EBP1-
T37/46 Rabbit polyclonal antibody (1:1,000, Cat# AP0030,
RRID:AB_2771074; ABclonal), ACTB monoclonal antibody
(1:8,000, Cat# AC026, RRID:AB_2768234; ABclonal) at 4°C
overnight. Membranes were washed three times with TBST
buffer; incubated with horseradish peroxidase-conjugated goat
anti-mouse antibody (1:4,000, Cat# AS003, RRID:AB_2769851;
ABclonal), horseradish peroxidase-conjugated goat anti-rabbit
antibody (1:4,000, Cat# AS014, RRID:AB_2769854; ABclonal),
and then visualized on a LAS3000 Chemiluminescence Imaging
System. The band intensities were quantified by Photoshop
software analyses after the inversion of the images. Relative
protein abundances were expressed as ratios to B-actin.

FRAP assay

The in vitro FRAP analysis of Cy5-labbed STAU1 (10 uM) drop-
lets was carried out at room temperature. The 647 signal was
bleached using a 647-nm laser beam with a Leica TCS SP8
confocal microscope.

COS7 cells were cultured in glass bottom dishes and trans-
fected as described above. FRAP assay was performed on a Leica
TCS SP8 confocal microscope with a 64X oil-immersion lens.
Puncta with diameters ~1.0 um were assayed. GFP signal was
bleached using a 488-nm laser beam. The fluorescence intensity
difference between prebleaching and at time O (the time point
right after photobleaching pulse) was normalized to 100%. The
experimental control is to quantify fluorescence intensities of
similar puncta/cytoplasm regions without photobleaching.

Quantification and statistical analysis

Statistical parameters including the definitions and exact values
of n (e.g., number of experiments, number of cells, etc.) were
reported in the figures and corresponding figure legends. Data
from autophagy flux assays were expressed as mean + SEM, and
data from other cell culture assays were expressed as mean + SD;
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 using one-
way analysis of variance (ANOVA) with Tukey’s multiple com-
parison test. Data from in vitro phase separation sedimentation
assay and FRAP assay were expressed as mean + SD. None of the
data were removed from our statistical analysis as outliers. All
statistical data were conducted in GraphPad Prism v8.2.1 (RRID:
SCR_002798). All figures were assembled in Adobe Illustrator
(RRID:SCR_010279). All experiments related to cell cultures and
imaging studies were performed in a blinded fashion.
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Online supplemental material

Fig. S1 shows the distribution and expression level of endog-
enous STAUI, mTOR, and autophagy factors in different cell
lines, in vitro phase separation of STAU], and identification
of mutations to disturb phase separation. Fig. S2 shows the
effect of RNA binding capacity on STAU1 phase separation and
STAUI condensate-mediated mRNA translation. Fig. S3 shows
the influence of STAUI phase-separation defect or RNA-binding
defect on autophagy, the BafAl +/- experiment of cells over-
expressing STAUI, and the subcellular localization of STAU1 and
autophagy markers. Fig. S4 shows the distribution of exoge-
nously expressed TFEB in COS7 cells expressing STAUl WT or
mutants, downregulated TFEB targets caused by STAUIL over-
expression, and Lysosensor staining assay. Fig. S5 shows the
effect of overexpressed STAUl WT or mutants on HTT Q72
aggregation in COS7 cells and the correlation of HTT Q72 ag-
gregation with STAUI levels. Table S1 and S2 list selected
upregulated and downregulated proteins in U251 cells over-
expressing STAU1 WT rather than LLPS-deficient S5KE mutant
identified by mass spectrometry analysis.

Data availability
The data that support the findings of this study are available
from the corresponding authors upon reasonable request.
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Figure S1.  STAU1 undergoes autonomous phase separation which is mainly driven by electrostatic interactions. (A) Upper: Representative images of
endogenous STAUL in SW1990 cells and Caco-2 cells. Lower: Statistical data for the sizes of endogenous STAUI puncta. >150 puncta and >30 cells were
counted for each batch. Scale bar: 10 um. (B) Left: Representative immunoblotting images measuring the expression levels of endogenous STAUL, mTOR, and
other autophagy markers in various cell lines. Right: Quantitative analysis of the WB assay. The density of each band was normalized by B-actin. (C) Upper:
Representative sedimentation assay image showing the distribution of proteins between aqueous solution/supernatant (S) and condensed liquid droplets/
pellet (P) fractions for STAUL at various concentrations. Lower: Statistic data for the sedimentation assay. (D) Upper: Representative sedimentation assay
images showing the distribution of various STAUL fragments at 10 M. Lower: Statistic data for the sedimentation assay. (E and F) Upper: Representative
sedimentation assay images showing STAU1 LLPS (10 uM) could be dramatically or partially blocked by NaCl (E) or 1,6-hexanediol (1,6-HD; F) in a dose-
dependent manner. Lower: Statistic data for the sedimentation assay. (G) Representative DIC images of STAU1 (10 uM) with increasing amounts of NaCl (upper
panel) and 1,6-HD (lower panel). Scale bar: 15 um. The same sample of STAUL WT were used in evaluating STAU1 LLPS disruption with salt or 1,6 HD. (H and 1)
Representative time-lapse DIC images showing preformed STAU1 droplets (10 uM) could be dispersed with NaCl (H) or significantly reversed to aqueous phase
with 1,6-HD (1). Scale bar: 15 um. (J) Charge and hydrophobe distribution diagram of STAUL. (K) Ribbon representation of RBD2 (pink) and RBD3 (green) of
STAU1 according to Alphafold prediction. RNA binding regions of RBD domains are highlighted by red dashed ovals and key residues responsible for STAU1
LLPS are shown in the ball-and-stick model. (L) Upper: Representative sedimentation assay image of STAU1 and its various mutants at 10 uM. Lower: Statistic
data for the sedimentation assay. All statistical data in this figure are expressed as mean + SD of three or four independent experiments.
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Figure S2. STAUI condensate recruits MTOR mRNA to enhance its translation. (A) Left: Representative images showing co-localization of mCherry-
STAUL 5KE (red) with RNA (green) within STAU1 5KE condensate (dashed box) in COS7 cells. RNA was stained with SYTO 12 Green-Fluorescent Nucleic Acid
Stain. Scale bars, 10 um; inset, 2 um. Right: Line plot of STAU1 and RNA fluorescence intensities in indicated box regions. (B) MTOR mRNA levels in COS7 cells
transfected with GFP-STAUL WT or LLPS-deficient SKE mutant or the empty vector (Mock) were analyzed by qRT-PCR. RNA expression levels were normalized
to GAPDH. (C) Representative EMSA assay image of MTOR 5'UTR RNA (20 ng) incubated with increasing amounts of STAU1WT or 5KE mutant in 500 mM NaCl.
(D) Representative EMSA assay image of OSKAR 3'UTR RNA (20 ng) incubated with or without STAU1 (1 uM). (E) Representative images showing the droplets
of Cy5-STAU1 (5 uM, magenta) could not enrich OSKAR 3’UTR (40 ng, green) stained by SYTO12. (F) Representative DIC images of STAUI droplets with the
increasing amounts of MTOR 5'UTR RNA. Images were acquired at ~3 min after injecting the mixture into the chamber. Scale bar, 2 um. (G) Representative
Western blotting images of COS7 cells co-transfected with MTOR-5"UTR-LUC reporter and PEGFP-C3, EGFP-STAU1 WT or mutants. (H) EMSA assay image of
MTOR 5'UTR RNA (20 ng) incubated with 0.4 uM of STAUL WT or HKARBD4 mutant. (I) Upper: Representative images of STAUL and STAU1 HKARBD4 under
DIC microscope at 10 uM. Scale bar: 15 pm. Lower: Scatter plot representing the droplet size of STAU1 and STAU1 HKARBD4 at 10 pM. >150 droplets counted
for each batch. Data are shown as mean + SEM; ns, not significant. (J) Representative confocal images of exogenously expressed GFP-STAUL HKARBD4 in COS7
cells. Scale bar: 10 um. (K) Statistical data of GFP-STAU1 and GFP-STAU1 HKARBD4 puncta formation. Data were collected from three or four independent
experimental cell culture batches, >300 cells counted for each batch. Specimens’ statistics are presented as mean + SD; ns, not significant. (L) Upper:
Representative DIC images of the reaction mixtures with STAU1 HKARBD4 mutant after the in vitro translation assay. Protein concentrations of STAU1
HKARBD4 are indicated on the top of the panel. Lower: Statistical data for the relative luminescence of different samples. All statistic data are presented as the
mean + SD of three independent experiments; ns, not significant. Source data are available for this figure: SourceData FS2.
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Figure S3. Overexpressed STAUL causes defects in autophagosome-lysosome fusion and lysosome function. (A) Model of mRFP-GFP-LC3 tandem
fluorescent protein quenching assay. mRFP-GFP-LC3 emits both green and red fluorescence signals when the protein localizes to autophagosomes, showing
yellow signals in merged images. Upon fusion with lysosomes, GFP fluorescence is quenched due to the low pH of lysosomes, whereas mRFP fluorescence is
stable, and the puncta becomes GFP-negative/mRFP-positive (red). (B) Upper: Representative Western blotting images of mTOR, p-mTOR, p62, and LC3B-II
levels in SH-SY5Y cells expressing PEGFP-C3, GFP-STAU1 WT, or 5KE. Lower: Statistic graph of quantified fold changes. Levels of mTOR and other autophagy-
related proteins are normalized to B-actin. Experiments were performed more than three times independently with similar results. (C) Upper: Representative
WB images of mTOR, p-mTOR, p62, 4EBP1, p-4EBP1, S6K1, p-S6K1, and LC3B-II levels in COS7 cells exogenously expressing control PEGFP-C3 or GFP-STAU1
HKARBDA4. Lower: Statistic graph of quantified fold changes. (D) Upper: Representative immunoblotting images measuring the expression levels of endogenous
STAU1 and autophagy markers in COS7 cells and COS7 cells transfected with GFP-STAU1 with or without BafAl treatment (100 nM). Lower: Statistic graph of
quantified fold changes. The density of each band was normalized by B-actin. (E-G) COS7 cells transiently transfected with 0.8 ug GFP-STAU1 (E and F) or
together with HA-Ub (G) with or without treatment of the autophagy inhibitor BafAl (100 nM for 6 h) were stained with anti-LC3B (E), anti-p62 (F), or anti-HA
(G). Scale bar: 10 um. All specimens’ statistics in this figure represent the results from three independent batches of experiments are presented as mean + SD;
ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001 using one-way ANOVA with Tukey’s multiple comparison test. Source data are available for this figure:
SourceData FS3.
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Figure S4. STAU1 overexpression impairs TFEB translocation and lysosome acidification. (A) Left: Representative images showing the distribution of
TFEB in COS7 cells coexpressing GFP-TFEB with mCherry-vector, mCherry-STAU1 WT, 5KE mutant, or HKARBD4 mutant. Untransfected cells were treated
with 100 nM rapamycin. Right: Quantification of the number of cells with nuclear TFEB localization. Scale bar, 25 pm. Data were collected from three in-
dependent experimental cell culture batches, with >300 cells counted for each batch. (B) COS7 cells were transiently transfected with GFP-STAUL and stained
with anti-TFEB (red). (C) mCherry-STAUL and GFP-TFEB were co-transfected into COS7 cells. Scale bar: 10 um. (D) List of downregulated TFEB downstream
targets identified by mass spectrometry analysis (fold change ~0.6). (E) Representative images and quantification of LysoSensor Green DND-189 staining in
COS7 cells transfected with PEGFP-C3, GFP-STAU1 WT, 5KE, and HKARBD4. Scale bar, 25 um. Data were collected from three independent experimental cell
culture batches, with >300 cells quantified for each batch. (F) Representative Western blotting images of STAUL levels in STHdhQ™/QML cells transduced with
mSTAU1 shRNAs (sh-mSTAU1-1 and sh-mSTAU1-2) or pMKO vector lentiviruses. STAUL expression level was dramatically decreased in sh-mSTAU1-1 depleted
cells. All statistic data are presented as mean + SD; *P < 0.05, **P < 0.01 using one-way ANOVA with Tukey’s multiple comparison test (not significant
difference was not marked). Source data are available for this figure: SourceData FS4.
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Figure S5. LLPS of STAU1 promotes mutant HTT aggregation in the cellular HD model. (A) Representative images showing co-expression of mCherry-
HTTexonl Q25 and PEGFP-C3, EGFP-STAU1 WT, 5KE mutant or HKARBD4 mutant in COS7 cells. (B) Representative confocal images showing co-expression of
mCherry-HTTexonl Q72 with control PEGFP-C3, EGFP-STAU1 WT, 5KE mutant, or HKARBD4 mutant in COS7 cells. The mCherry-HTTexonl Q72 transfected
cells were treated with 1 umol/l rapamycin to stimulate autophagy. (C) Statistical data for the population of cells containing HTT Q72 aggregates. (D) Statistical
data for the sizes of HTT Q72 aggregates. Data were collected from three independent experimental cell culture batches, with >200 cells counted for each
batch. (E-H) COS7 cells were co-transfected with mCherry-HTTexon1 Q72 and increasing amounts of GFP-STAU1 plasmid (from 0.8 to 5 pg per well in a 12-
well plate). The transfected cells were treated with 1 umol/l rapamycin to stimulate autophagy. Statistical data of the population of cells containing HTT Q72
aggregates in COS7 cells without or with rapamycin treatment are presented in E and F, respectively. >300 cells were counted for each batch. Statistical data of
the size of HTT Q72 aggregates without or with rapamycin treatment are presented in G and H, respectively. (1) Representative Western blot images of HTT
Q72 in COS7 cells coexpressing mCherry-HTTexonl Q72 and control GFP-vector, EGFP-STAU1 WT, or 5KE mutant. (J) Quantification of Western blotting bands
in | for the indicated proteins using B-actin abundance for normalization and presented as fold changes. All specimens’ statistics in this figure represent the
results from three independent batches of experiments are presented as mean + SD; *P < 0.05, **P < 0.01 using one-way ANOVA with Tukey’s multiple
comparison test. Source data are available for this figure: SourceData FS5.
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Provided online are Table S1and Table S2. Table Slis a list of selected upregulated proteins in U251 cells overexpressing STAU1 WT
rather than LLPS-deficient SKE mutant identified by mass spectrometry analysis (fold change >2, ranking in the top 40). Table S2 is
a list of selected downregulated proteins in U251 cells overexpressing STAU1 WT rather than LLPS-deficient 5KE mutant identified
by mass spectrometry analysis (fold change <0.5, ranking in the top 40).
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