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Molecular determinants and modifiers of Matrin-3
toxicity, condensate dynamics, and droplet morphology

Macy L. Sprunger,1 Ken Lee,1 Brian S. Sohn,1 and Meredith E. Jackrel1,2,*

SUMMARY

Matrin-3 (MATR3) is a DNA- and RNA-binding protein implicated in amyotrophic
lateral sclerosis (ALS), frontotemporal dementia (FTD), and distal myopathy.
Here, we report the development of a yeast model of MATR3 proteotoxicity
and aggregation. MATR3 is toxic and forms dynamic shell-like nuclear conden-
sates in yeast. Disease-associated mutations in MATR3 impair condensate dy-
namics and disrupt condensate morphology. MATR3 toxicity is largely driven
by its RNA-recognitions motifs (RRMs). Further, deletion of one or both RRMs
drives coalescence of these condensates. Aberrant phase separation of several
different RBPs underpins ALS/FTD, and we have engineered Hsp104 variants
to reverse this misfolding. Here, we demonstrate that these same variants also
counter MATR3 toxicity. We suggest that these Hsp104 variants which rescue
MATR3, TDP-43, and FUS toxicity might be employed against a range of ALS/
FTD-associated proteins. We anticipate that our yeast model could be a useful
platform to screen for modulators of MATR3 misfolding.

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disorder which results in the degen-

eration of upper and lower motor neurons, leading to atrophy of the skeletal muscles, and ultimately

paralysis and death (Ling et al., 2013; Robberecht and Philips, 2013; Taylor et al., 2016). Frontotemporal de-

mentia (FTD) is a related disorder which affects the frontal and temporal cortices, leading to personality,

behavioral, and language changes (Ling et al., 2013). ALS and FTD lie within a disease spectrum, with clin-

ical, pathological, and genetic overlap (Ling et al., 2013; Robberecht and Philips, 2013; Taylor et al., 2016).

The implication of multiple RNA-binding proteins (RBPs) in ALS/FTD, including TDP-43 (Neumann et al.,

2006), FUS (Kwiatkowski et al., 2009; Vance et al., 2009), hnRNPA1 (Kim et al., 2013), hnRNPA2B1 (Kim

et al., 2013), EWSR1 (Couthouis et al., 2012; Neumann et al., 2011), TAF15 (Couthouis et al., 2011; Neumann

et al., 2011), ATXN2 (Elden et al., 2010), andMATR3 (Johnson et al., 2014), suggests that RNA dysregulation

is a key mechanism underpinning ALS/FTD pathogenesis (King et al., 2012). These RBPs are also character-

ized by the presence of large intrinsically disordered regions (IDRs) which can drive liquid-liquid phase sep-

aration (LLPS) (Franzmann and Alberti, 2019; Sprunger and Jackrel, 2021). Because of their disordered

nature and their accumulation at high concentrations upon LLPS, these RBPs are prone to misfold and

aggregate, and accumulations of misfolded RBPs are the pathological hallmark of ALS/FTD (Ling et al.,

2013; Taylor et al., 2016).

Matrin-3 (MATR3) is a DNA- and RNA-binding nuclear matrix protein which is highly conserved (Belgrader

et al., 1991). MATR3 functions in the DNA damage response, transcription, splicing, RNA degradation,

mRNA export, and maintenance of the nuclear framework through interactions with nuclear laminas (Boeh-

ringer et al., 2017; Coelho et al., 2015; Depreux et al., 2015; Hibino et al., 2000; Leonard et al., 2003; Salton

et al., 2010, 2011; Zeitz et al., 2009). A missense mutation, MATR3S85C, leads to autosomal dominant distal

myopathy with vocal cord and pharyngeal weakness (VCPDM), many cases of which have subsequently

been reclassified as ALS (Feit et al., 1998; Johnson et al., 2014; Senderek et al., 2009). Exome sequencing

has identified 13 additional MATR3 mutations in familial ALS and ALS/FTD cases (Johnson et al., 2014; Leb-

lond et al., 2016; Lin et al., 2015; Marangi et al., 2017; Narain et al., 2019; Origone et al., 2015). Wild-type

MATR3 displays physiological granular nuclear staining in neurons with more intense nuclear staining and

some diffuse cytoplasmic redistribution in ALS patient neurons (Johnson et al., 2014). In ALS patients with

mutations in FUS, and in those harboring the C9orf72 hexanucleotide repeat expansion, pathological in-

clusions of wild-type MATR3 have been noted (Johnson et al., 2014; Tada et al., 2018). Further, MATR3
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has been found to colocalize with TDP-43 inclusions in a significant subset of patient samples (Tada et al.,

2018). Although MATR3 mutations have a low frequency, the pathology of both mutant and wild-type

MATR3 in diverse forms of ALS/FTD suggests that MATR3 could play a key role in pathogenesis.

The role of MATR3 and its pathogenic mutations have recently been investigated in several model systems

(Gallego-Iradi et al., 2015; Kao et al., 2020; Malik et al., 2018; Mensch et al., 2018; Moloney et al., 2018; Ra-

mesh et al., 2020; van Bruggen et al., 2021; Zhang et al., 2019). Homozygous knockout of MATR3 in mice is

embryonic lethal, suggesting that MATR3 is essential for development (Quintero-Rivera et al., 2015). Over-

expression of MATR3WT, MATR3S85C, or MATR3F115C as well as knock-in of MATR3S85C inmice results in mo-

tor and neuronal defects (Kao et al., 2020; Moloney et al., 2018; Zhang et al., 2019). However, knock-in of

MATR3F115C did not lead to muscle or neuronal pathology in mice, suggesting that MATR3F115C may not

be a causative mutation in ALS/FTD (van Bruggen et al., 2021). Expression of MATR3WT in primary neurons

and Drosophila is associated with increased risk of death or shortened lifespan, and disease-associated

mutations to MATR3 subtly enhance this effect (Malik et al., 2018; Ramesh et al., 2020; Zhao et al., 2020).

In myoblasts and neurons, MATR3 mutants did not show altered nucleocytoplasmic localization or protein

expression levels (Gallego-Iradi et al., 2015; Malik et al., 2018; Mensch et al., 2018). RNA-binding deficient

MATR3 can undergo LLPS with localization to large nuclear puncta, and introduction of S85C to RNA-bind-

ing deficient MATR3 constructs decreases condensate dynamics (Gallego-Iradi et al., 2019; Iradi et al.,

2018; Malik et al., 2018; Mensch et al., 2018). While much has been learned about MATR3, there have

been some conflicting findings and many key questions remain unresolved. For instance, in primary neu-

rons, it was shown thatMATR3 zinc fingers drive toxicity, while conflicting results in aDrosophilamodel sug-

gest that MATR3 RRMs drive toxicity (Malik et al., 2018; Ramesh et al., 2020).

While recent studies have revealed important insights into MATR3 function, key gaps remain regarding the

link between MATR3 and ALS/FTD pathology. A simple, genetically tractable model with exogenous

MATR3 expression would be useful for investigating the contribution of MATR3 domains and mutations

to MATR3 toxicity, aggregation, and liquid-liquid phase separation. Here, we have developed a budding

yeast, Saccharomyces cerevisiae, model system to investigate the molecular determinants of MATR3 pro-

teotoxicity. Numerous pathways relevant to human disease are highly conserved in S. cerevisiae, and yeast

models have proven useful in studying diverse human disorders including ALS/FTD (Elden et al., 2010;

Johnson et al., 2008; Ju et al., 2011; Khurana and Lindquist, 2010; Ryan et al., 2019; Sun et al., 2011; Treusch

et al., 2011). We find that overexpression of MATR3 in yeast recapitulates key features of MATR3 expression

in other systems, including nuclear localization and toxicity. Using this system we find that MATR3 forms

dynamic shell-like nuclear condensates, and that the formation of these structures is impaired upon intro-

duction of ALS/FTD-associated mutations in MATR3. By studying a series of MATR3 constructs, we delin-

eate key sequence-specific elements driving MATR3 toxicity, localization, aggregation, and phase separa-

tion. Furthermore, we demonstrate that engineered Hsp104 variants that can suppress the toxicity and

mislocalization of TDP-43 and FUS (Jackrel et al., 2014; Jackrel and Shorter, 2014a; Yokom et al., 2016)

can also suppress the toxicity induced by MATR3 and its mutants, thereby simultaneously countering

the misfolding of three different proteins which may misfold together in ALS/FTD patients. Our results sug-

gest that MATR3 toxicity arises from aberrant protein misfolding and consequent proteotoxic stress. We

therefore propose that this yeast model of MATR3 can be utilized as a platform for studying the underpin-

nings of MATR3 toxicity, and for screening for modulators of MATR3 phase separation and toxicity. Further,

we suggest that engineered Hsp104 variants could be employed to simultaneously combat a range of pro-

teins that misfold in ALS/FTD, including MATR3.

RESULTS

Matrin-3 is an intrinsically disordered RNA-binding protein that is toxic when overexpressed

in yeast

MATR3 is a nuclear matrix protein that is 847 amino acids long. MATR3 contains two zinc finger (ZF) motifs,

two RNA-recognition motifs (RRMs), and a nuclear localization signal (NLS) (Malik et al., 2018) (Figure 1A).

The FoldIndex algorithm (Prilusky et al., 2005), which analyzes hydrophobicity and net charge per residue,

predicts that most regions outside of these annotated domains are unfolded (Figure 1B). Fourteen

different pathogenic mutations have been identified in MATR3, including S85C, F115C, P154S, and

T622A, each of which are implicated in familial ALS/FTD, although it remains controversial if the F115Cmu-

tation drives ALS/FTD (Johnson et al., 2014; Leblond et al., 2016; Lin et al., 2015; Marangi et al., 2017; Or-

igone et al., 2015; Senderek et al., 2009; van Bruggen et al., 2021; Xu et al., 2016). Most of these pathogenic
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Figure 1. MATR3 is an intrinsically disordered protein that is toxic in yeast but does not display prion-like

properties

(A) Domain map of MATR3. The zinc finger (ZF) domains, RNA-recognition motifs (RRMs), and nuclear localization signal

(NLS) are highlighted. Mutations of interest in MATR3 are shown, with mutations used in this study displayed in bold.

Asterisk indicates a patient-associated mutation which may not be causative of disease.

(B) Computational analysis of MATR3 sequence using the FoldIndex algorithm (pink and dark pink), and PLAAC algorithm

(teal) (Lancaster et al., 2014; Prilusky et al., 2005). The output score of each program is plotted against the MATR3

sequence. FoldIndex uses net charge per residue and hydrophobicity to predict whether a region is folded (positive, pink)

or unfolded (negative, dark pink). This analysis predicts the presence of large disordered regions throughout the MATR3

sequence. PLAAC analyzes amino acid composition to identify regions of similar composition to known yeast prion

proteins, with prion-like domains indicated by a score of one (Lancaster et al., 2014). By this analysis, MATR3 is not

predicted to have a prion-like domain.

(C) W303WT andW303Dhsp104 yeast were transformed with the indicated pAG413GAL-MATR3 variant or vector control.

Strains were serially diluted 5-fold and spotted in duplicate onto glucose (non-inducing) and galactose (inducing) media.

Scores are based on number of spots from an average of at least three biological replicates.

(D) Strains from C were induced for 5 h, lysed, and immunoblotted for MATR3 and 3-phosphoglycerate kinase (PGK;

loading control). See also Figure S1.
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mutations are found in the largely disordered regions of the protein, and clustered near the N-terminus and

C-terminus (Figure 1A). Similarly in other ALS-associated RBPs including TDP-43, FUS, hnRNPA1, and

hnRNPA2B1, pathogenic mutations are clustered in the disordered prion-like domains (PrLDs) (King

et al., 2012; Taylor et al., 2016). Therefore, we next investigated if MATR3 contains prion-like character. Us-

ing the Prion-Like Amino Acid Composition algorithm (PLAAC) (Lancaster et al., 2014) we found that, unlike

TDP-43 and FUS, MATR3 lacks a predicted PrLD (Figures 1B and S1).

TDP-43 and FUS are nuclear RNA-binding proteins with PrLDs that mislocalize to cytoplasmic inclusions in

degenerating motor neurons of ALS patients (Robberecht and Philips, 2013; Taylor et al., 2016). Under-

standing of the molecular requirements driving aberrant LLPS and aggregation of these and other pro-

teins, as well as modifiers of these properties, has been empowered by use of yeast model systems (Becker

et al., 2017; Elden et al., 2010; Johnson et al., 2008, 2009; Ju et al., 2011; Outeiro and Lindquist, 2003; Sun

et al., 2011). Therefore, we sought to investigate the toxicity and localization of MATR3 in yeast, which lack a

MATR3 homolog. We inserted the human MATR3 sequence and a subset of ALS/FTD-linked MATR3 mu-

tants into the centromeric pAG413GAL-ccdB vector (Alberti et al., 2007) under control of the tightly regu-

lated galactose-inducible promoter, allowing for inducible expression and passaging without toxicity. We

noted that MATR3WT was highly toxic when expressed in yeast, as were MATR3S85C, MATR3F115C,

MATR3P154S, and MATR3T622A (Figure 1C). Thus, our yeast model recapitulates the highly toxic expression

of wild-type MATR3 that has been observed in primary neurons and Drosophila models (Malik et al., 2018;

Ramesh et al., 2020; Zhao et al., 2020). We do not observe a subtle increase in toxicity upon expression of

the MATR3mutants similar to that observed in primary neurons (Malik et al., 2018), which is likely due to the

already very high toxicity of the wild-type protein in yeast. We also plated these strains on a mixture of su-

crose with galactose to decrease MATR3 expression levels, and consequently toxicity, but still did not

observe enhanced toxicity of the MATR3 mutants. Overall, the similarities we observe upon expression

of MATR3 between yeast and primary neurons suggest that yeast can be used as a simple, yet relevant,

model to study MATR3 misfolding.

We next aimed to better understand ifMATR3 functions as a prion in yeast. Endogenous yeast prions are regu-

lated by the native AAA+ATPase Hsp104, which is required for yeast prion propagation and toxicity (Krobitsch

and Lindquist, 2000; Parsell et al., 1994; Patino et al., 1996; Satpute-Krishnan et al., 2007). It has been shown that

expression of a fragment of the huntingtin protein harboring a polyglutamine expansion is toxic in yeast, but

that this toxicity is dependent upon the presence of the yeast prion [RNQ+] and the prion disaggregase

Hsp104 (Duennwald et al., 2006; Krobitsch and Lindquist, 2000). We therefore tested the dependence of

MATR3 toxicity on Hsp104 by comparing toxicity of MATR3 in W303WT and W303Dhsp104 yeast strains (Fig-

ure 1C). MATR3 toxicity was similar in both strains, indicating that the presence of Hsp104 and its prion prop-

agation activity does notmodulateMATR3 toxicity. Despite the presence of a PrLD, TDP-43 and FUS toxicity in

yeast is also independentofHsp104 (Jackrel et al., 2014; Johnsonet al., 2008).AlthoughTDP-43 andFUSarenot

known to function as yeast prions, these PrLDs are thought to be crucial in regulating their role in LLPS (Franz-

mann and Alberti, 2019; Sprunger and Jackrel, 2021). Using immunoblotting, we confirmed consistent MATR3

protein expression in each of the strains (Figure 1D). Thus, we conclude that our yeast system can be used as a

relevant model to study MATR3 toxicity in a highly tractable manner.

MATR3 forms nuclear puncta in yeast

To further study the properties of MATR3 in yeast, we used fluorescence microscopy. Here, we employed

the pAG423GAL-ccdB-GFP plasmid to drive higher levels of MATR3 expression and to append a C-termi-

nal GFP tag for visualization. We first confirmed that toxicity was similar to that of the untagged constructs

(Figures 1 and 2A), and that expression levels were similar across the strains (Figure 2B). We observed that

MATR3WT-GFP formed multiple round puncta in the nuclei (Figure 2C), which appear similar to the nuclear

staining reported upon MATR3 expression in Drosophila, primary neurons, and mammalian cells (Gallego-

Iradi et al., 2015, 2019; Malik et al., 2018; Ramesh et al., 2020). For MATR3S85C, we again observed accumu-

lation of multiple foci, but these appeared less round than the MATR3WT puncta, and were not fully

restricted to the nucleus. Similar irregularities were observed in the shape of MATR3P154S and MATR3T622A

foci, while MATR3F115C puncta were more round, similar to those of MATR3WT. To analyze these puncta

more closely, we imaged these cells using confocal microscopy. We again observed that MATR3 formed

round puncta, while MATR3S85C, MATR3P154S, and MATR3T622A puncta appeared misshapen (Figure 2D).

We quantified the differences in foci shapes by calculating the circularity ratio of each focus (Figure 2E).

We found that MATR3S85C, MATR3P154S, and MATR3T622A all had significantly lower circularity ratios than
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MATR3WT, indicating that their puncta are less round. This affect was most notable for MATR3S85C, and

least severe for MATR3P154S. MATR3F115C puncta showed no significant difference in circularity ratio as

compared toMATR3WT, supporting recent studies suggesting that this mutation does not significantly per-

turb MATR3 and, therefore, it may not be a causative mutation in ALS/FTD (van Bruggen et al., 2021). The

rounded appearance of the MATR3WT puncta suggests that these structures may be dynamic liquid-like

condensates. The misshapen puncta of MATR3S85C, MATR3P154S, and MATR3T622A that we observe may

be due to perturbed phase separation, perhaps reflecting decreased dynamics within the puncta and con-

version to a gel- or solid-like state.

MATR3 mutations impair condensate dynamics

To investigate the effect of MATR3mutations on condensate properties, we performed fluorescence recovery

after photobleaching (FRAP) experiments with a superresolution microscope (Figure 3A). When studying the

round puncta of MATR3WT andMATR3F115C at this higher resolution, we observe that these spherical droplets

appear devoid of MATR3 in the center (Figure 3A, pre-bleach images). These structures are reminiscent of the

Figure 2. MATR3 forms round nuclear puncta in yeast, while some MATR3 mutants form misshapen puncta

(A) W303Dhsp104 yeast were transformed with the indicated pAG423GAL-MATR3-GFP variant or vector control. Strains were serially diluted 5-fold and

spotted in duplicate on glucose (non-inducing) and galactose (inducing) media. Scores are based on number of spots from an average of at least three

biological replicates.

(B) Strains from A were induced for 5 h, lysed, and immunoblotted for GFP (mouse) and PGK (loading control).

(C) Strains from Awere induced for 5 h, stained with Hoechst dye, and imaged. Representative images are shown. Merge channel includes GFP, Hoechst, and

bright field images. Scale bar, 5mm.

(D) Strains from A were imaged at higher resolution using a confocal microscope with Airyscan deconvolution (Airyscan parameter 2.7). Representative

images are shown. Scale bar, 1mm.

(E) Circularity ratio of foci of MATR3-GFP (N = 233 cells), MATR3:S85C-GFP (N = 241 cells), MATR3:F115C-GFP (N = 252 cells), MATR3:P154S-GFP (N = 167

cells), MATR3:T622A-GFP (N = 245 cells) from experiments in D. Results were compared to those for the MATR3-GFP strain using a one-way ANOVA with a

Dunnett’s multiple comparisons test (individual data points are shown as dots, bars show means, **p < 0.005, ****p < 0.0001).
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LLPS intranuclear anisosomes, or shell-like spherical condensates, that form from RNA binding-deficient TDP-

43 (Yu et al., 2021), which can also appear as ‘‘bubbles’’ (Schmidt and Rohatgi, 2016) or nuclear bodies (Wang

et al., 2020). Further examination of MATR3WT-GFP cells confirmed that most of the puncta we observe are

these spherical shell-like structures, which are also devoid of MATR3 in the center (Figures 3B and 3C). Likely

these structures form because MATR3, and presumably some of its binding partners, are normally absent

fromyeast and soexpressionofMATR3 in yeastmimicsanRNA-bindingdeficient state. In contrast toMATR3WT

puncta,MATR3S85C,MATR3P154S, andMATR3T622A puncta appear to bemisshapen anddo not have a shell-like

structure devoid of MATR3 in the center (Figure 3A, pre-bleach images). On monitoring the recovery of these

structures after photobleaching, we observe rapid recovery of the MATR3WT structures, which fully recover by

60 s (Figure 3A). Similarly, weobservepartial recoveryofMATR3F115C shellswithin 2min followingphotobleach-

ing. However, no recovery was observed after photobleaching MATR3S85C, MATR3P154S, or MATR3T622A

(Figure 3A and Video S1). We were unable to quantify recovery due to movement of the structures within the

immobilized cells (VideoS1). These results confirmour findings from the circularitymeasurements, and support

our hypothesis that MATR3WT puncta are dynamic liquid-like droplets. MATR3F115C puncta are also liquid-like

condensates but with slightly impaired dynamics as compared to MATR3WT. The more notably impaired dy-

namics characteristic of MATR3S85C, MATR3P154S, and MATR3T622A indicate that these proteins have under-

goneanaberrantphase transition toagel-or solid-like structure. Importantlyour studies are, toour knowledge,

the first to show thatdisease-associatedmutations inMATR3 can impair condensatedynamics in the full-length

protein.

MATR3 displays decreased solubility in yeast

MATR3S85C has been shown to form insoluble, detergent-resistant accumulations in lymphoblasts,

HEK293T cells, primary neurons, and Drosophila while MATR3WT is similarly insoluble under thermal or

Figure 3. MATR3WT forms dynamic liquid-like shell structures while MATR3 mutations impair droplet dynamics

(A) FRAP of MATR3-GFP and mutants. W303Dhsp104 yeast were transformed with the indicated pAG423GAL-MATR3-GFP variants, induced for 5 h,

immobilized on an agarose pad, and imaged on a superresolution Zeiss LSM 880 Airyscan Fast confocal microscope with deconvolution (Airyscan parameter

6.9). MATR3-GFP foci were photobleached in a 1 3 25 pixel line, and recovery was monitored over 2 min. MATR3WT displays full recovery within 2 min.

MATR3F115C showed partial recovery by 2 min while MATR3S85C, MATR3P154S, and MATR3T622A do not recover. Images from one trial are shown, which are

representative of at least ten trials per strain. White box indicates bleached region. Scale bar, 0.5mm.

(B) MATR3WT-GFP yeast were induced for 5 h and imaged by superresolution confocal microscopy with deconvolution (Airyscan parameter 7.9). The

maximum peak intensity of a z stack is displayed. Scale bar, 1mm.

(C) Expanded orthogonal view of a focus from the same field of view depicted in (B) Scale bar, 0.5mm. See also Video S1.
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proteotoxic stress conditions (Hayes et al., 2020; Johnson et al., 2014; Malik et al., 2018; Ramesh et al., 2020;

Senderek et al., 2009; Xu et al., 2012). We therefore assessed the solubility of MATR3WT and MATR3 mu-

tants in yeast. Here, we performed semi-denaturing detergent-agarose gel electrophoresis (SDD-AGE),

which is a technique that resolves amyloid and other higher molecular weight (MW) insoluble aggregates

from soluble proteins based on size and solubility (Halfmann and Lindquist, 2008). We performed SDD-

AGE on yeast lysates under native conditions from strains expressing MATR3WT and its variants, including

TDP-43-YFP and a polyglutamine expansion (103Q-YFP) as controls (Figure 4A). As has been shown previ-

ously, the polyglutamine lysate shows a characteristic smear in the upper portion of the gel, indicative of

higher MW, insoluble species (Halfmann and Lindquist, 2008). TDP-43 displays a faint smear in a region of

soluble, lower MW species than polyglutamine. MATR3 and each of the variants all displayed soluble, low

MW smears similar to that of TDP-43. We also performed this assay with no added SDS and still observed

accumulation of MATR3 low MW species. Both with and without SDS, MATR3WT and its variants display

similar migration patterns, indicating that the pathogenic mutations may not fully destabilize MATR3.

To corroborate our results from the SDD-AGE assays, we also performed filter retention assays (Alberti

et al., 2010). Here, cells are lysed with glass beads under native conditions. Extracts are then passed

over a non-binding cellulose acetate (CA) membrane. Soluble proteins pass through this membrane while

insolublematerials will bind themembrane. To account for total protein, extracts are passed in parallel over

a nitrocellulose (NC) membrane. The membranes can then be probed by immunoblotting, and the ratio of

protein bound to the CA to NCmembranes is calculated. We again performed these assays with both 0 and

1% SDS (Figure 4B). In the absence of SDS, we find that TDP-43 forms insoluble accumulations that bind the

CA membrane, while for a strain expressing GFP alone, little binding to the CA membrane is detected.

Similar to the strain expressing TDP-43, we observe that MATR3WT and its mutants bind heavily to the

CA membrane. In the presence of 1% SDS, we observe very little binding to the CA membrane for any

of the strains. We quantified these effects by calculating the ratio of protein bound to the CA versus NC

membrane (Figure 4C). Compared to TDP-43-YFP, untagged GFP was significantly more soluble while

MATR3WT and its mutants were similarly soluble to TDP-43-YFP. We conclude that the solubility of

MATR3WT and MATR3 variants is similar to that of TDP-43, and that pathogenic mutations to MATR3 do

not significantly alter MATR3 solubility. While we do not observe differences in MATR3 solubility in the cells

Figure 4. MATR3 and MATR3 variants form insoluble species that are subtly resistant to detergent

(A) W303Dhsp104 yeast were transformed with pAG423GAL-MATR3-GFP or the indicatedMATR3mutants. W303WT pAG303GAL-103Q-YFP,W303Dhsp104

pAG303GAL-TDP-43-YFP were used as controls. Strains were induced for 5 h, lysed under native conditions, and analyzed by semi-denaturing detergent

agarose gel electrophoresis (SDD-AGE) with the indicated SDS concentrations. MATR3 was detected via immunoblotting against GFP (mouse).

(B) Filter retention assays were performed on the same yeast lysates used in (A) Lysates were applied to cellulose acetate (CA) and nitrocellulose (NC)

membranes in parallel and immunoblotted for GFP (rabbit) or PGK.

(C) Quantification of immunoblots from B using 0% SDS samples. The ratio of GFP detection on the CA vs. NC membrane was calculated and normalized to

TDP-43-YFP levels. Results were compared to those for the TDP-43-YFP strain using a one-way ANOVAwith a Dunnett’s multiple comparisons test (individual

data points are shown as dots, bars show means G SEM, N = 4, *p < 0.05).
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harboring the dynamic shell-like condensates as compared to those with the solid-like condensates, these

changes in LLPS may result in too subtle of a perturbation of solubility to be observed by SDD-AGE and

filter retention assays, highlighting the importance of using a range of approaches to study biomolecular

condensates.

Defining the regions of MATR3 that drive its toxicity and aggregation

We next leveraged the genetic tractability of yeast to probe the drivers of MATR3 toxicity and aggregation.

We designed a series ofMATR3 truncation constructs as GFP-fusions and tested their toxicity and aggrega-

tion (Figure 5). Here, we systematically removed the C-terminal region (MATR3(1–397) and MATR3(1–575)),

the N-terminal region (MATR3(398–847) and MATR3(576–847)), part of both the N- and C-terminal regions

(MATR3(398–595)), or the nuclear localization signal (NLS) (MATR3DNLS) (Figure 5A). In assessing the

toxicity of these constructs, we found that full-length MATR3 was the most toxic. MATR3(398–595),

MATR3 (398–847), and MATR3DNLS were slightly less toxic, while MATR3(1–575) displayed only subtle

toxicity (Figure 5B). MATR3(1–397) and MATR3(576–847) were both nontoxic, indicating that the RRMs

are required for toxicity. MATR3(398–595), which contains only the RRMs and NLS, is nearly as toxic as the

full-length construct, while MATR3(1–575) lacks the NLS and is only subtly toxic, suggesting that both

RNA binding and nuclear localization are required for MATR3 toxicity. Further, the N- and C-terminal re-

gions of MATR3 do not contribute to toxicity. These results also help to explain why the pathogenic muta-

tions which fall outside of the RRMs and NLS do not modulate MATR3 toxicity.

We next confirmed expression of eachMATR3 truncation construct by immunoblotting (Figure 5C). MATR3

typically runs approximately 30-40 kD higher than its calculatedMWon SDS-PAGE, which we hypothesize is

due to the highly acidic nature of its C-terminal region or post-translational modifications. We find that

MATR3WT (123.7 kD calculated, 160 kD observed), MATR3(398–847) (77.7 kD calculated, 120 kD observed),

and MATR3(576–847) (57.1 kD calculated, 90kD observed) each run approximately 40 kD higher than their

calculated MW. However, MATR3(1–397) (70.8 kD calculated, 75 kD observed), MATR3(1–575) (91.4 kD

calculated, 100 kD observed) and MATR3(398–595) (52 kD calculated, 50kD observed), all of which lack

the acidic C-terminal region, did not have similarly large discrepancies between their calculated and

observed MW. These results support our hypothesis that the highly charged C-terminal region of

MATR3 causes a shift in its apparent molecular weight.

Next, we studied the localization and foci formation of strains expressing these constructs (Figures 5D–5F).

Full-length MATR3 displayed multiple round nuclear foci as we previously observed (Figures 2C, 2D and

5D). MATR3(1–397), MATR3(1–575), and MATR3DNLS also drove accumulation of multiple foci per cell

like the full-length construct, but unlike in the full-length construct, these foci were not restricted to the nu-

cleus. This shift in localization is expected because all three of these constructs lack the NLS. However,

MATR3(398–595), MATR3(398–847), and MATR3(576–847), which all contain the NLS identified by Malik

et al., were all localized to the nucleus (Malik et al., 2018). Expression of the C-terminal constructs

(MATR3(398–847) and MATR3(576–847)) both appeared to yield fewer foci per cell, with MATR3(576–847)

accumulating almost exclusively in a diffuse nuclear pattern. Further, the patterns for MATR3(398–595)

and MATR3(398–847) were highly similar, suggesting that the C-terminal region has little effect on foci for-

mation. To confirm that these states represent distinct features, and that these puncta do not fuse or

convert to a single larger structure, similar to the large puncta observed for MATR3(576–847), we imaged

Figure 5. Molecular determinants of MATR3 toxicity, aggregation, and localization

(A) MATR3 domain map showing the constructs used in this study.

(B) W303Dhsp104 yeast was transformed with the indicated pAG423GAL-MATR3-GFP constructs or vector control. Strains were serially diluted 5-fold and

spotted in duplicate on glucose (non-inducing) and galactose (inducing) media. Scores are based on number of spots from an average of at least three

replicates.

(C) Strains from B were induced for 5h, lysed, and immunoblotted for MATR3, GFP (mouse), and PGK (loading control). Immunoblots were cropped to

remove additional lanes for presentation purposes, and crop lines are marked with a line.

(D) Strains from B were induced for 5 h, stained with Hoechst dye, and imaged. Representative images are shown.Merge channel includes GFP, Hoechst, and

bright field images. Scale bar, 5mm.

(E and F) Quantification of microscopy experiments shown in D. The percentages of cells with diffuse (light blue), one focus (teal), or multiple foci (dark blue)

are quantified (E). The percentages of cells with nuclear (Nuc, light blue), nuclear and cytoplasmic (Nuc/Cyto, teal), or cytoplasmic (Cyto, dark blue)

localization of MATR3-GFP is quantified (F). N R 3, with approximately 100 cells quantified per trial. Error bars show mean G SEM.

(G) pAG423GAL-MATR3DRRM1/2-GFP yeast were induced for 5 h, stained with Hoechst dye, and imaged by confocal microscopy. A representative z slice is

shown. Scale bar, 5mm.

(H) Expanded orthogonal view of a focus from the same strain depicted in (G) Scale bar, 1mm. See also Figure S2.
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a subset of strains over a time course (Figure S2), but observed no such changes. Overall, these experi-

ments demonstrate that the intrinsically disordered N-terminal region plays the biggest role in the forma-

tion of foci, driving accumulation of multiple foci per cell, while the RRMs also contribute to foci formation.

However, MATR3(398–595), which lacks both the N- and C-terminal disordered regions, forms nuclear

puncta. Our findings suggest that neither of these disordered regions is strictly required for foci formation.

Further, MATR3 can be toxic when found in the nucleus or in the cytoplasm, although toxicity is greatest

when MATR3 is restricted to the nucleus. In addition, aggregation alone is insufficient to drive toxicity.

Tomorecarefully investigate the roleof the twoRRMs,wealso testedconstructswith 1, 2, or bothRRMsdeleted

(Figure 5, constructs MATR3DRRM1, MATR3DRRM2, andMATR3DRRM1/2). We found that none of these constructs

were toxic in yeast, confirming that theRRMsare largely responsible forMATR3 toxicity (Figure 5B). Importantly,

while prior studies have suggested that RRM2 primarily drives toxicity (Gallego-Iradi et al., 2019; Malik et al.,

2018; Rameshet al., 2020),wefind that ablationof eitherRRMentirely ablates toxicity.Weconfirmedexpression

of each deletion construct (Figure 5C). Surprisingly, expression of each of these RRM deletion constructs

showed nearly all cells harbor a single nuclear focus with a spherical shell-like structure similar to those formed

by MATR3WT and MATR3F115C (Figures 5D–5F). To investigate this further, we examined these cells using

confocal microscopy and found that MATR3 lacking either or both RRMs coalesced into one large shell-like

spherical structurepernucleus, as compared to themultiple smaller shell-like structuresobserved forMATR3WT

andMATR3F115C (Figures 5G and 5H). We therefore conclude that both RRMs are required for toxicity and that

ablation of either RRM eliminates the formation of multiple nuclear puncta and drives coalescence into large

shell-like structures. We hypothesize that yeast lack the ideal RNA binding partners for MATR3, allowing full-

lengthprotein to form these spherical condensates, anduponcomplete ablationof RNAbinding via RRMdele-

tion, these condensates coalesce into a single larger structure. Further, we note that the formation of shell-like

spherical condensates is not unique to TDP-43, and MATR3 also undergoes LLPS into large multiphasic shell-

like condensates in the absence of RNA binding.

Potentiated Hsp104 variants suppress Matrin-3 toxicity and foci formation

Hsp104 is a potent amyloid disaggregase that solubilizes functional prions in yeast (Glover and Lindquist,

1998; Parsell et al., 1994; Shorter, 2008). Hsp104 has been shown to have limited activity in solubilizing am-

yloid and amyloid-like substrates associated with human disease, including TDP-43, FUS, and a-synuclein

(DeSantis et al., 2012; Jackrel et al., 2014; Jackrel and Shorter, 2014a, 2014b, 2015; Lo Bianco et al., 2008).

However, we have demonstrated that Hsp104 can be re-engineered to yield potentiated variants that

display robust remodeling activity against a range of substrates including TDP-43, FUS, a-synuclein and

TAF15 (Castellano et al., 2015; DeSantis et al., 2012; Jackrel et al., 2014; Jackrel and Shorter, 2014a,

2014b, 2015, 2017; Michalska et al., 2019; Ryan et al., 2019, 2021; Sweeny et al., 2015; Tariq et al., 2018,

2019; Yasuda et al., 2017). We therefore hypothesized that these same potentiated Hsp104 variants may

also be capable of remodelingMATR3. We coexpressedMATR3WT with Hsp104 and a series of potentiated

variants: Hsp104A503V, Hsp104A503S, Hsp104A503G, Hsp104V426L, Hsp104A437W, Hsp104N539K, and

Hsp104DPLF�A503V which includes a range of variants that have been identified to suppress the toxicity, mis-

folding, and mislocalization of a-synuclein, TDP-43, and FUS (Jackrel et al., 2014; Jackrel and Shorter, 2015)

(Figure 6A). Hsp104 does not suppress the toxicity of a-synuclein, TDP-43, or FUS in yeast (Jackrel et al.,

2014), and we similarly find that Hsp104 does not suppress the toxicity of MATR3WT (Figure 6A). In contrast,

each of the potentiated Hsp104 variants tested robustly suppresses MATR3WT toxicity. We observed a

range in activity, with Hsp104A503S and Hsp104V426L displaying the most robust suppression of toxicity.

To confirm that these changes are not simply due to altered expression levels, we assessed expression

of MATR3WT and each of the Hsp104 variants, and we observe consistent expression levels for each strain

(Figure 6B). We observe decreased MATR3WT levels when MATR3WT is coexpressed with a potentiated

variant. However, we also observe decreased expression of the Hsp104 variants themselves, suggesting

that the variants are active even when expressed at lower levels than Hsp104WT. These findings are consis-

tent with previous studies with TDP-43 and FUS, where expression of potentiated Hsp104 variants

decreased TDP-43 and FUS expression levels, though the stoichiometry of TDP-43 or FUS to Hsp104 variant

was maintained (Jackrel et al., 2014; Jackrel and Shorter, 2014a).

We next analyzed the effects of the Hsp104 variants on formation of MATR3WT foci and localization using

fluorescence microscopy. Here, we analyzed two of the strongest suppressors: Hsp104A503S and

Hsp104V426L, as well as one of the better characterized variants: Hsp104A503V. We find that MATR3WT forms

nuclear foci that are not heavily modified by expression of Hsp104 (Figures 6C and 6D). However, upon
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expression of Hsp104A503V, Hsp104A503S, or Hsp104V426L we observed an increase in the number of cells

with just a single nuclear focus per cell (Figure 6C). We quantified these effects by counting the number

of cells with one or more than one focus and found that there was a consistent increase in the number

of cells with a single nuclear focus for each of the potentiated variants, although this trend was subtle (Fig-

ure 6D). We therefore conclude that potentiated Hsp104 variants are capable of suppressing MATR3WT

toxicity and foci formation.

Potentiated Hsp104 variants suppress the toxicity of MATR3 disease-associated variants

Finally, we tested if the potentiated Hsp104 variants could also suppress the toxicity of the MATR3 patho-

genic variants. Here, we tested the same panel of Hsp104 variants against MATR3WT, MATR3S85C,

MATR3F115C, MATR3P154S, and MATR3T622A (Figure 6). Just as Hsp104 does not suppress the toxicity of

MATR3, it also does not suppress the toxicity of the MATR3 variants (Figure 7A). However, the potentiated

Hsp104 variants robustly suppress toxicity of each of the MATR3 variants tested. Hsp104A503S, Hsp104V426L,

Figure 6. Potentiated Hsp104 variants suppress MATR3 toxicity and inclusion formation

(A) W303Dhsp104 pAG303GAL-MATR3-GFP yeast were transformed with vector, pAG416GAL-Hsp104, or the indicated variants. The strains were serially

diluted 5-fold and spotted on glucose (non-inducing) or galactose (inducing) media. Scores are based on number of spots from an average of at least three

replicates.

(B) Strains from A were induced for 5h, lysed, and immunoblotted for MATR3 (GFP, rabbit), Hsp104, and PGK (loading control).

(C) Select strains from A were induced for 5h, stained with Hoechst dye, and imaged. Representative images are shown. Merge channel includes GFP,

Hoechst, and bright field images. Scale bar, 5mm.

(D) Quantification of the percentage of cells with one focus (light blue) or multiple foci (teal) of MATR3-GFP frommicroscopy experiments shown in C. NR 3,

with approximately 100 cells quantified per trial. Error bars show mean G SEM.
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Figure 7. Potentiated Hsp104 variants suppress the toxicity of MATR3 pathogenic mutants

(A) W303Dhsp104 yeast were sequentially transformed with pAG423GAL-MATR3-GFP and vector, pAG416GAL-Hsp104, or the indicated variants. The

strains were serially diluted 5-fold and spotted on glucose (non-inducing) or galactose (inducing) media. Scores are based on number of spots from an

average of at least three replicates.

(B) Strains from A were induced for 5h, lysed, and immunoblotted for MATR3 (GFP, mouse), Hsp104, and PGK (loading control). Certain immunoblots were

cropped to remove additional lanes for presentation purposes, and crop lines are marked with lines.
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Hsp104A437W, and Hsp104DPLF�A503V displayed the strongest rescue across all MATR3 variants.

Hsp104A503V, Hsp104A503G, and Hsp104N539K conferred slightly weaker rescues across all MATR3 variants.

We confirmed that expression levels of MATR3 and Hsp104 were fairly similar across the strains (Figure 7B).

We therefore conclude that just as potentiated Hsp104 variants can rescue bothWT and disease-linked var-

iants of TDP-43 and FUS (Jackrel et al., 2014; Jackrel and Shorter, 2014a), they can also suppress the toxicity

of both WT and disease-associated variants of MATR3.

DISCUSSION

Here, we have established a yeast model system to investigateMATR3 proteinopathy which is implicated in

myopathy, ALS, and FTD (Johnson et al., 2014; Leblond et al., 2016; Lin et al., 2015; Marangi et al., 2017;

Narain et al., 2019; Origone et al., 2015). We found that overexpression of human MATR3WT in yeast, which

lack a homolog of MATR3, confers toxicity. Similarly, overexpression of MATR3WT in Drosophila, primary

neurons, and mouse models also resulted in toxicity, shortened lifespan, and/or motor defects (Malik

et al., 2018; Moloney et al., 2018; Ramesh et al., 2020; Zhang et al., 2019; Zhao et al., 2020). Staining for

MATR3WT in patient samples and in primary neurons shows a nuclear granular pattern (Gallego-Iradi

et al., 2015, 2019; Iradi et al., 2018; Malik et al., 2018). We observe a somewhat similar nuclear staining

pattern in yeast, although in yeast, MATR3WT forms distinct round nuclear puncta. Overexpression of

MATR3S85C, MATR3F115C, MATR3P154S, and MATR3T622A, which are linked to ALS, all displayed similar

toxicity, solubility, and localization to the wild-type protein. We therefore conclude that these pathogenic

mutations do not overtly destabilize MATR3. However, we do note key differences in the physical proper-

ties of the puncta comprised of the mutants and MATR3WT. Overexpression of MATR3 in yeast closely re-

capitulates salient features reported in more complex model systems (Malik et al., 2018; Moloney et al.,

2018; Ramesh et al., 2020), supporting the idea that this yeast model system can be leveraged as a useful

platform for studying MATR3 misfolding in a more tractable manner.

While MATR3 is a largely disordered RBP, it is not predicted to have a prion-like domain such as those

found in other disordered RBPs that underpin ALS/FTD including TDP-43 and FUS (King et al., 2012). While

yeast require the disaggregase Hsp104 to regulate prions, we found that MATR3 toxicity in yeast is inde-

pendent of Hsp104, similar to TDP-43 and FUS (Jackrel et al., 2014; Johnson et al., 2008). Furthermore, we

find that MATR3 does not form high MW species by SDD-AGE, similar to TDP-43. It remains unclear

whether the lack of a prion-like domain can drive differences in aggregation and phase separation as

compared to proteins with prion-like domains, such as TDP-43 and FUS.

While we observe many similarities between MATR3WT and the ALS/FTD-associated MATR3 mutants, we find

that a key distinction between these proteins is their capacity to undergo liquid-liquid phase separation. We

observe the formation of dynamic nuclear shell-like condensates upon expression of MATR3WT, MATR3F115C,

andRNA-bindingdeficientMATR3.MATR3WT yeast contains several of these structureswithin a single nucleus.

Upondeletionof eitherRRM, these structures coalesce intoa single larger condensate, suggesting thatbinding

of RNA to MATR3 impairs MATR3 phase separation. We hypothesize that because yeast do not normally ex-

press MATR3, they do not have analogous RNA binding partners to those found in primary neurons, thereby

allowing formation of these phase-separated condensates in yeast. To our knowledge, this is the first system

in which MATR3 phase separation can be investigated with the full-length construct. Furthermore, we find

that MATR3S85C, MATR3P154S, and MATR3T622A each form gel- or solid-like puncta that are distorted and less

dynamic as compared to the liquid-like spherical shell structures comprisedofMATR3WT andMATR3F115C. For-

mationof thesemisshapendroplets confirms that theS85C,P154S, andT622Amutationseachperturb theLLPS

ofMATR3, convertingMATR3 froma liquid state to a gel- or solid-like state.Our findings are supportedby pre-

viouswork showing thatMATR3S85C can impair condensate formation anddynamics (Malik et al., 2018;Mensch

et al., 2018). Importantly, in our yeast system we can distinguish the properties of the wild-type protein as

compared to the pathogenic mutants S85C, P154S, and T622A while F115C does not display similar defects.

In some systems no differences are noted between these four mutants, although it was recently reported

that in a mouse knock-in model, the F115C mutation did not elicit a disease phenotype (van Bruggen et al.,

2021). Impairment of phase separation is emerging as a key feature of ALS/FTD pathology, and now appears

to also be crucial in governing MATR3 pathology (Sprunger and Jackrel, 2021). It remains to be determined

when MATR3 undergoes physiological LLPS, and which specific condensates MATR3 occupies.

Strikingly, deletion of either or both RRMs leads to the formation of a single large shell-like spherical struc-

ture in the nucleus of each cell. These structures resemble the recently discovered anisosome condensates
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which form upon ablation of RNA-binding in TDP-43 (Yu et al., 2021). Because these multiphasic conden-

sates are conserved among multiple RBPs, and have been linked to chaperone proteins (Yu et al., 2021),

these structures may be a crucial aspect in the mechanism mediating recovery from cellular stress. Forma-

tion of these structures suggests that MATR3 plays a role in scaffolding the condensates rather than being

recruited as a client. Our results also suggest that both RRM1 and RRM2 are crucially important in MATR3

function, and that deletion of either RRM has similar effects. These results are in contrast to prior studies

which suggested that RRM2 plays a more important role (Gallego-Iradi et al., 2019; Malik et al., 2018; Ra-

mesh et al., 2020). Further investigation will be necessary to identify which physiological condensates

MATR3 participates in, as well as the role of MATR3 within those condensates. It will also be important

to identify the species within the MATR3 shell-like condensates, which may include Hsp70 which was iden-

tified in the core of TDP-43 anisosomes. Further, it will be important to better understand the role of these

multiphasic condensates, and if these are a common structural element involved in LLPS beyond their role

in MATR3 and TDP-43 (Schmidt and Rohatgi, 2016; Wang et al., 2020; Yu et al., 2021). The mechanism by

which MATR3 RRMs mediate LLPS and toxicity remains unclear. It is plausible that sequestration of MATR3

to condensates buffers MATR3 toxicity or prevents aggregation of MATR3, thereby preventing MATR3

from sequestering other essential proteins.

To better understand the molecular determinants of MATR3 toxicity and foci formation as well as the con-

tributions of its largely uncharacterized disordered regions, we generated a series of truncations and

domain deletions of MATR3. We demonstrate that the minimal requirements for MATR3 toxicity are main-

tenance of the RRMs and NLS. We determined that MATR3 proteotoxicity is primarily driven by its RRMs, as

toxicity is no longer observed upon deletion of either or both RRMs. In future work, it will be important to

confirm that this toxicity is directly driven by binding of RNA to the RRMs. Alternatively, the folded RRM

domains may provide crucial stabilization to an otherwise disordered protein, or mediate protein-protein

interactions that drive MATR3 toxicity. We find that formation of multiple MATR3 foci is largely driven by

the N-terminal disordered region, as constructs lacking this region form few or no foci. Together with

our toxicity data, we conclude that MATR3 can be toxic in both the nucleus and the cytoplasm, though

toxicity is greater when MATR3 is restricted to the nucleus. Further, aggregation alone is insufficient to

drive toxicity.

We have also demonstrated that potentiated Hsp104 variants can suppress the toxicity of MATR3 and

MATR3 mutants. These findings strongly support the idea that MATR3 toxicity is driven by corruption of

proteostasis and protein misfolding, whether that be of MATR3 itself, or mediated by MATR3. We also

demonstrate that potentiated Hsp104 variants decrease the number of MATR3WT nuclear foci per cell.

Importantly, the same Hsp104 variants which suppressedMATR3 toxicity have also been shown to suppress

the toxicity, misfolding, andmislocalization of TDP-43 and FUS (Jackrel et al., 2014). Because multiple RBPs

are known to aggregate in ALS/FTD, and they may behave synergistically, the solubilization of multiple

RBPs by a single agent could have great therapeutic value. In this way, a single remodeling factor could

be introduced to simultaneously reverse any toxic gain of function of misfolded MATR3, TDP-43, or FUS

as well as any loss function due to misfolding of these RBPs.

Yeast models have been shown to be useful as highly tractable systems that can be leveraged to glean new

insights into molecular determinants that drive aggregation and toxicity of proteins that misfold in disease

(Elden et al., 2010; Johnson et al., 2008; Ju et al., 2011; Khurana and Lindquist, 2010; Sun et al., 2011). We

have demonstrated that MATR3 proteinopathy implicated in myopathy, ALS, and FTD can be recapitulated

in a novel yeast model system. Using our system, we have delineated key features driving MATR3 toxicity,

aggregation, and LLPS. We anticipate that our system can be employed as a platform for rapid high-

throughput screens to identify genetic or small molecule modifiers of MATR3 toxicity and aberrant LLPS.

Our work has identified several potentiated Hsp104 variants which effectively suppress MATR3 toxicity,

and these same variants can also reverse the proteotoxic misfolding of related proteins that drive ALS/

FTD. In the future, it will be interesting to assess if these Hsp104 variants can antagonize proteotoxic mis-

folding in neuronal models of MATR3 proteinopathy.

Limitations of the study

Studies using a yeastmodel system cannot fully recapitulate all features of complex humandisorders including

ALS/FTD. Yet, they have been shown to be valuable systems for studying the features and malfunctioning of

key genes that drive disease pathology (Couthouis et al., 2011, 2012; Elden et al., 2010; Johnson et al., 2008; Ju
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et al., 2011; Kayatekin et al., 2018; Outeiro and Lindquist, 2003; Ryan et al., 2019; Sun et al., 2011; Tardiff et al.,

2013; Treusch et al., 2011). Because yeast grow rapidly and are highly genetically tractable, larger numbers of

constructs can be screened in yeast than is feasible in more complex model systems. It is also important to

note that yeast do not naturally express MATR3. As a result, certain key RNA and protein binding partners

may be absent, which could be the reason for the formation of shell-like condensates that form upon expres-

sion of MATR3WT and MATR3F115C. However, this limitation can also be viewed as a benefit of this system,

because impaired RNAbinding is thought to underpin ALS/FTD. Further, this allows for the liquid-liquid phase

separation of MATR3 to be studied in a system using the full-length protein. In more complex model systems,

LLPS studies of MATR3 have been restricted to use of constructs lacking the RRMs, resulting in deletion of

nearly all of the folded regions of MATR3 (Malik et al., 2018). As a result, we suggest that it is important

that a diverse range of model systems be employed to study MATR3.
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REAGENT or RESOURCE SOURCE IDENTIFIER
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Rabbit polyclonal anti-Hsp104 Enzo ADI-SPA-1040

Mouse monoclonal anti-PGK Invitrogen 459250

Rabbit monoclonal anti-MATR3 N-terminus Abcam Ab151739

Rabbit polyclonal anti-GFP Sigma G1544

Mouse monoclonal anti-GFP Roche 1184-460-001

Goat anti-rabbit secondary antibody Li-cor 926-68071

Goat anti-mouse secondary antibody Li-cor 926-32210

Bacterial and virus strains

XL10-Gold cells Agilent 230245

One Shot TOP10 Chemically competent E. coli Invitrogen C404010

Chemicals, peptides, and recombinant proteins

PfuUltra II Fusion HS DNA Polymerase Agilent 600672

DpnI New England Biolabs R0176S

BP clonase Invitrogen 11789020

LR clonase Invitrogen 11791020

Experimental models: Organisms/strains

S. cerevisiae: W303a (MATa, can1-100, his3-

11, 15, leu2-3, 112, trp1-1, ura3-1, ade2-1)

Schirmer et al. (2004) N/A

S. cerevisiae: W303aDhsp104 (MATa, can1-

100, his3-11, 15, leu2-3, 112, trp1-1, ura3-1,

ade2-1, hsp104::KanMX)

Schirmer et al. (2004) N/A

S. cerevisiae: W303aDhsp104-pAG303GAL-

TDP-43-YFP

Aaron Gitler N/A

S. cerevisiae: W303a-pAG303GAL-FLAG-

103Q-GFP

James Shorter N/A

Recombinant DNA

MATR3 cDNA Dharmacon MHS6278-202757255

pDONR221-ccdB Invitrogen 12536017

pAG416GAL-ccdB Alberti et al. (2007) N/A

pAG413GAL-ccdB Alberti et al. (2007) N/A

pAG423GAL-ccdB-EGFP Alberti et al. (2007) N/A

pAG303GAL-ccdB-EGFP Alberti et al. (2007) N/A

pDONR-221-MATR3 WT This paper N/A

pDONR-221-MATR3:S85C This paper N/A

pDONR-221-MATR3:F115C This paper N/A

pDONR-221-MATR3:P154S This paper N/A

pDONR-221-MATR3:T622A This paper N/A

pDONR-221-MATR3 WT (no stop codon) This paper N/A

pDONR-221-MATR3:S85C (no stop codon) This paper N/A

pDONR-221-MATR3:F115C (no stop codon) This paper N/A
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Meredith Jackrel (mjackrel@wustl.edu).

Materials availability

Plasmids newly generated in this study will be made readily available to the scientific community. Material

transfers will be made with no more restrictive terms than in a Materials Transfer Agreement.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
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pAG413GAL-MATR3 WT This paper N/A

pAG413GAL-MATR3:S85C This paper N/A

pAG413GAL-MATR3:F115C This paper N/A

pAG413GAL-MATR3:P154S This paper N/A

pAG413GAL-MATR3:T622A This paper N/A

pAG423GAL-MATR3-eGFP This paper N/A

pAG423GAL-MATR3:S85C-eGFP This paper N/A

pAG423GAL-MATR3:F115C-eGFP This paper N/A

pAG423GAL-MATR3:P154S-eGFP This paper N/A

pAG423GAL-MATR3:T622A-eGFP This paper N/A

pDONR-221-MATR3(1-397) This paper N/A

pDONR-221-MATR3(1-575) This paper N/A

pDONR-221-MATR3(398-595) This paper N/A

pDONR-221-MATR3(398-847) This paper N/A

pDONR-221-MATR3(576-847) This paper N/A

pAG423GAL-MATR3(1-397)-eGFP This paper N/A

pAG423GAL-MATR3(1-575)-eGFP This paper N/A

pAG423GAL-MATR3(398-595)-eGFP This paper N/A

pAG423GAL-MATR3(398-847)-eGFP This paper N/A

pAG423GAL-MATR3(576-847)-eGFP This paper N/A

pAG423GAL-MATR3D398-473-eGFP This paper N/A

pAG423GAL-MATR3D496-575-eGFP This paper N/A

pAG423GAL-MATR3D588-595-eGFP This paper N/A

pAG423GAL-MATR3D398-473,

D496-575-eGFP

This paper N/A

pAG416GAL-Hsp104 Jackrel et al. (2014) N/A

pAG416GAL-Hsp104:A503V Jackrel et al. (2014) N/A

pAG416GAL-Hsp104:A503S Jackrel et al. (2014) N/A

pAG416GAL-Hsp104:A503G Jackrel et al. (2014) N/A

pAG416GAL-Hsp104:V426L Jackrel et al. (2014) N/A

pAG416GAL-Hsp104:A437W Jackrel et al. (2014) N/A

pAG416GAL-Hsp104:N539K Jackrel et al. (2014) N/A

pAG416GAL-Hsp104:Y257F-A503V-Y662F Jackrel et al. (2014) N/A

Software and algorithms

Image J Schneider et al. (2012) https://imagej.nih.gov/ij/

GraphPad Prism GraphPad Version 9.0
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Data and code availability

All data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Yeast strains and media

All yeast were WT W303a (MATa; can1-100; his3-11,15; leu2-3,112; trp1-1; ura3-1; ade2-1) or the isogenic

strain W303aDhsp104 (Sanchez and Lindquist, 1990). Yeast were grown in rich medium (yeast extract,

peptone, dextrose (YPD)) or in synthetic media lacking the appropriate amino acids. Media was supple-

mented with 2% glucose, raffinose, or galactose. W303Dhsp104-pAG303GAL-TDP-43-YFP and W303WT-

pAG303GAL-FLAG-103Q-GFP were provided by Dr. Aaron Gitler and Dr. James Shorter, respectively.

METHOD DETAILS

Plasmids

HumanMATR3 cDNA was obtained fromDharmacon (MHS6278-202757255) and inserted into pDONR221-

ccdB via Gateway BP reaction. The entry clone was used to transfer MATR3 to suitable yeast expression

vectors (pAG413GAL-ccdB, pAG423GAL-ccdB-EGFP, pAG303GAL-ccdB-EGFP). MATR3 mutations were

generated using Quikchange site-directed mutagenesis (Agilent). Separate entry clones were generated

by PCR to produce MATR3(1-397), MATR3(1-575), MATR3(398-595), MATR3(398-847), and MATR3(576-

847) in pDONR-221-ccdB. These truncations were then transferred to 423GAL-ccdB-eGFP by LR reaction.

Deletion constructs MATR3DNLS (amino acid residues 588-595), MATR3DRRM1 (amino acid residues 398-473

deleted), MATR3DRRM2 (amino acid residues 496-575 deleted), and MATR3DRRM1/2 (amino acid residues

398-473 and 496-575 deleted) were generated using Quikchange site-directed mutagenesis (Agilent). All

MATR3 constructs were confirmed by DNA sequencing. pAG416GAL-Hsp104 and potentiated variants

were generated previously (Jackrel et al., 2014).

Yeast transformation and spotting assays

Yeast were transformed according to standard protocols using polyethylene glycol and lithium acetate

(Gietz and Schiestl, 2007). In brief, the indicated yeast strains were grown to early log phase, harvested,

and washed with sterile water. The yeast were then resuspended in a 360mL transformationmixture contain-

ing 33% polyethylene glycol 3350, 0.1M lithium acetate, and 0.1 mg boiled single-stranded salmon sperm

DNA. The indicated MATR3 expression vectors were then added and mixtures were incubated at 42�C for

20 min. Yeast were then harvested, washed, and plated on appropriate dropout media. For strains

harboring both MATR3 and Hsp104, MATR3 was transformed first, transformants were harvested from se-

lective media, and strains were subsequently transformed with pAG416GAL-Hsp104 plasmids.

W303Dhsp104-pAG303GAL-MATR3-GFP was generated by linearizing pAG303GAL-MATR3-GFP with

NheI followed by transformation into W303Dhsp104. For spotting assays, yeast were grown to saturation

overnight in raffinose-supplemented dropout media at 30�C. Cultures were normalized to A600nm = 1.50,

serially diluted 5-fold, and spotted in duplicate onto synthetic dropout media containing glucose or galac-

tose. Plates were analyzed after 2-3 days of growth at 30�C. Each experiment was repeated with at least

three independent transformations. Yeast growth on galactose plates were scored on a scale of 0-6 using

half integers from no growth to full growth. The averages from all trials were rounded to the nearest half

integer for reporting.

Immunoblotting

Yeast were grown overnight in raffinose supplemented media and then induced with galactose for 5h at

30�C. Cultures were normalized to A600nm = 0.5, 9 mL cells were harvested, treated in 0.1M NaOH for

5min at room temperature, and cell pellets were then resuspended into 1x SDS sample buffer and boiled

for 3min. Lysates were cleared by centrifugation, separated by SDS-PAGE (4–20% gradient, BioRad), and

transferred to a PVDF membrane. Membranes were blocked in Odyssey Blocking Buffer (LI-COR) for 1h

at room temperature. Primary antibody incubations were performed at 4�C overnight. Membranes were
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incubated in secondary antibodies for 1h at room temperature. Membranes were imaged using a LI-COR

Odyssey FC Imaging system. Antibodies used: rabbit anti-MATR3N-terminus monoclonal (Abcam), rabbit

anti-GFP polyclonal (Sigma Aldrich), mouse anti-GFP monoclonal (Roche Applied Science), rabbit anti-

Hsp104 polyclonal (Enzo Life Sciences), mouse anti-PGKmonoclonal (Invitrogen), and fluorescently labeled

anti-mouse and anti-rabbit secondary antibodies (LI-COR).

Fluorescence microscopy

For fluorescence microscopy, the indicated strains were grown and induced as described above for immu-

noblotting. After a 5 h induction at 30�C, cultures were harvested, and live cells were treated with Hoechst

dye to visualize the nuclei. Images were collected at 100x magnification using a Nikon Eclipse Te2000-E

microscope, a Nikon A1 Confocal LSM, or a Zeiss LSM 880 Airyscan confocal microscope and processed

using ImageJ software. All experiments were repeated at least three times, and representative images

are shown. For quantification, at least one hundred cells were manually counted per strain per trial to quan-

tify number of foci or localization of MATR3-GFP.

Circularity ratio

The circularity ratio is ameasurement of how round an object appears, taken as the ratio of the object’s area

to the area of a perfect circle with the same perimeter as the given object. A perfectly circular object has a

ratio of one, while less circular objects trend towards a ratio of zero. The circularity ratio is calculated by:

Circularity ratio = 4p

�
Area

Perimeter2

�

Circularity ratios of foci were measured from deconvolved confocal slices by auto-thresholding in ImageJ

using the Moments method (Tsai, 1985). The area and perimeter of each focus was measured, which was

then used to calculate circularity ratio.

Fluorescence recovery after photo bleaching

For FRAP experiments, the indicated strains were grown and induced as described above for immunoblot-

ting. After a 5 h induction at 30�C, cultures were harvested, and live cells were immobilized between a 4%

low-temperature agarose pad and coverslip, which was then sealed with nail polish. Cells were imaged on a

Zeiss LSM 880 Confocal Microscope with Airyscan operated by Zen Black using an alpha Plan-Apochromat

100x oil objective. A horizontal 13 25 pixel line was drawn across the center of the foci. After acquisition of

five pre-bleach images, ROIs were photobleached using a 488nm laser at 70% power and a 405nm laser at

1% power for 50 iterations of 16 msec per pixel. Fluorescence recovery was monitored for 2min at 1.29 sec/

frame after bleaching using the Airyscan detector. Images were deconvolved with a 6.9 Airyscan

parameter.

Image analysis was conducted in FIJI. While the cells were immobilized in the agarose pad, movement of

the foci within the cells precluded the data from quantitative analysis. A trial required that the recovery of

the focus or lack thereof remained within the field of view for the duration of analysis. At least ten trials were

acquired for each strain. Representative images are shown for one trial of each strain.

SDD-AGE and filter retention assay

The indicated strains were grown and induced as described above for immunoblotting. After a 5 h induc-

tion at 30�C, 5mL of cells at A600nm = 0.5 were harvested and washed with sterile water. The cell pellet vol-

ume was approximated and resuspended in a 5x volume of native lysis buffer (50mM HEPES, pH 7.5,

150mM NaCl, 2.5mM EDTA, 1% triton-X-100, 10mM BME, 0.1mM PMSF, 5uM pepstatin A, 1% yeast prote-

ase inhibitor cocktail (Sigma)) and one volume of acid-washed glass beads. Lysis was completed by alter-

nating 30s of vortexing with 30s recovery on ice for tenminutes. Cell debris was pelleted at 2000 xg for 5min

and supernatant was diluted with 2x sample buffer (80mM Tris-HCl, pH 6.8, 10% glycerol, 0.2% bromophe-

nol blue) supplemented with 0-4% SDS as indicated for 1x final concentration.

For semi-denaturing detergent agarose gel electrophoresis (SDD-AGE) (Alberti et al., 2010; Halfmann and

Lindquist, 2008), samples were resolved on a horizontal 1% agarose gel in 20mM Tris, 200mM glycine, and

0.1% SDS at 4�C. The gels were then transferred onto a PVDF membrane in a modified Mini Trans-Blot cell

at 4�C. Proteins were detected by immunoblotting as described above.
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For filter retention assays (Alberti et al., 2010), cellulose acetate (CA) membranes were washed in PBST and

then placed on top of filter paper in a Minifold I 96-well spot-blot array system (GE). 30 mL of each prepared

lysate was applied to the CA membrane in triplicate, drawn through the system, and then wells were

washed with PBST. For nitrocellulose (NC) binding, samples were spotted in triplicate onto NC mem-

branes. Membranes were allowed to dry, washed in PBST, blocked, and imaged by immunoblotting as

described above. Bound protein was quantified using ImageStudio Lite software (LI-COR). For quantifying

the amount of aggregated protein, the GFP signal of the CA membrane was divided by the GFP signal of

the NC membrane and normalized to TDP-43-YFP. Four biological replicates were completed with three

technical replicates per blot. Comparisons were made using a one-way ANOVA with a Dunnett’s multiple

comparisons test.

QUANTIFICATION AND STATISTICAL ANALYSIS

As described in the figure legends, all data points in each graph are means G standard error of the mean

(SEM). For yeast experiments, n represents a biological replicate. For microscopy experiments, n repre-

sents a single cell. N is indicated in the figure legends. Statistical analysis was performed using a one-

way ANOVA with a Dunnett’s multiple comparisons test. p-values are shown in the figure legends, with

p > 0.05 designated as non-significant.
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