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Abstract 

RNA-binding proteins (RBPs) are critical for the regulation of RNA splicing, 

transport, and translation. Over the previous decade, clinical, genetic, and 

histopathological evidence has accumulated linking RBP dysfunction to the 

pathogenesis of amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) 

spectrum disorders, with mutations in the genes encoding many RBPs resulting in 

inherited disease and RBP pathology observed even in sporadic disease. Mutations in 

the gene encoding Matrin 3 (MATR3), a poorly understood DNA- and RNA-binding 

protein, have been linked to ALS, ALS/FTD, and a form of distal myopathy, and MATR3 

pathology is also present in the motor neurons of individuals with sporadic ALS. Despite 

this, little is known about MATR3 function and physiological regulation or about the 

pathophysiological processes underlying MATR3-mediated neuromuscular disease. 

In this dissertation, I present findings on basic MATR3 biology, including 

determinants of its localization and abundance in neurons, as well as hints towards 

possible pathological mechanisms, especially as they relate to pathogenic MATR3 

mutants. Chapter 1 reviews the state of the literature on MATR3, beginning with a 

discussion of its functions and regulation, moving on to its implication in neurological 

disorders, and ending with insights gleaned from disease models. In chapter 2, I detail 

our work studying how MATR3 domains and localization alter its toxicity in a primary 

cortical neuron model and how select disease-associations mutations alter the 
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biophysical properties of MATR3. Chapter 3 dissects the activity-dependent, Ca2+-

mediated regulation of MATR3 abundance and RNA-binding functionality in neurons, 

with an exploration of how these themes may apply to many other ALS/FTD-linked 

RBPs as well. In chapter 4, I discuss the key open questions regarding MATR3’s 

nucleic acid binding, physiological regulation, and involvement in both familial and 

sporadic disease. Appendix A details ChIP-sequencing experiments and briefly explores 

how these negative data may shed light on the cell type-specific spectrum of DNA and 

RNA binding by MATR3.  

In summary, the work presented in this dissertation offers a foundation for 

understanding not only the fundamental biology of MATR3 in neurons but also the 

pathological mechanisms underlying MATR3-mediated disorders. It is my hope that the 

findings presented here on neuronal regulation of MATR3 will inform future studies on 

activity-dependent RBP homeostasis and will further our knowledge of human disease 

linked to RBP dysfunction.
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Chapter 1: Introduction1 

 

1.1 Overview 

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease 

characterized by the loss of upper and lower motor neurons, resulting in weakness and 

paralysis. In contrast, frontotemporal dementia (FTD) involves behavioral and speech 

changes due to degeneration of neurons in the frontal and temporal lobes1. Despite 

affecting disparate parts of the nervous system and manifesting in different symptoms, 

ALS and FTD share several clinical, genetic, and pathological features. In particular, 

RNA-binding proteins (RBPs) are integral players in both ALS and FTD pathogenesis, 

with mutations in a number of RBP-encoding genes causing familial ALS, FTD, or both. 

Even in individuals with sporadic disease with no known underlying mutation or family 

history—accounting for the majority of ALS and FTD—RBP mislocalization in affected 

nervous system regions is a signature pathological event2-4. For many of these genes, 

the spectrum of affected tissues extends beyond neurons to skeletal muscle, 

manifesting as myopathies. One such gene encodes the highly conserved nuclear 

protein Matrin 3 (MATR3), which possesses both DNA- and RNA-binding capacity. 

MATR3 mutations were originally associated with inherited vocal cord and pharyngeal 

 
1 This chapter is adapted from the following publication: Malik A.M. and Barmada S.J. Matrin 3 in 
neuromuscular disease: physiology and pathophysiology. 2021. JCI Insight. 6(1):e143948. doi: 
10.1172/jci.insight.143948. 
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distal myopathy (VCPDM) and later recognized in patients with familial ALS and FTD. 

This introductory chapter will discuss basic MATR3 biology and its functions in nucleic 

acid processing in the nervous system, clinical evidence tying MATR3 to neuromuscular 

disease, and insights into MATR3-mediated pathogenesis from model systems and 

human post-mortem tissue. 

 

1.2 MATR3 function 

1.2.1 MATR3 as a DNA-binding protein 

MATR3 was initially identified as a major component of the nuclear matrix, the 

proteinaceous network responsible for organizing and maintaining nuclear 

architecture5,6. Consistent with this, a nuclear protein eventually recognized as MATR3 

was found in association with repetitive DNA sequences7-9. MATR3 possesses not only 

zinc finger (ZF) domains but also tandem RNA recognition motifs (RRMs), and the 

remainder of the protein consists of two large intrinsically disordered regions (IDRs), 

with the C-terminal IDR being highly acidic (Fig. 1.1). The importance of MATR3 

functional and regulatory domains in overexpression toxicity and localization will be 

examined in further detail in chapter 2 of this dissertation. 

MATR3’s two ZF domains are of the C2H2 variety, which bind DNA but can also 

recognize RNA and mediate protein-protein interactions10,11. MATR3’s DNA substrates 

and the functional consequences of its DNA binding, however, remain poorly 

understood. Early work demonstrated that MATR3 recognizes repetitive, AT-rich 

fragments isolated from rat liver DNA and that the recognition of these sequences is ZF 

dependent, as deletion of individual ZFs reduces binding measured by electromobility 
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shift assays (EMSAs). Deletion of both ZFs abolishes binding completely12, suggesting 

that these domains function in an additive or cooperative fashion to bind DNA. AT-rich 

DNA sequences make up canonical scaffold/matrix attachment regions (S/MARs)13,14, 

sections of chromosomal DNA that serve as contact points between chromatin and the 

nuclear matrix. Protein components of the nuclear matrix can modulate gene expression 

by binding to S/MARs adjacent to genes or regulatory elements, thereby changing their 

accessibility to transcriptional and replication machinery15-19. Imaging-based 

approaches have detected MATR3 in close proximity to functional genomic areas, such 

as transcriptional start and DNA replication sites20,21, supporting a possible role in tuning 

DNA availability. 

Even so, the specific consequences of MATR3 DNA binding for gene expression 

are less clear. Using a luciferase reporter fused to a MATR3 DNA target, Hibino and 

colleagues demonstrated that luciferase activity is progressively inhibited by DNA 

methylation, which blocks MATR3 binding to the reporter, suggesting a potential role for 

MATR3 in transcriptional regulation22. MATR3 phosphorylation greatly enhances its 

DNA-binding ability, indicating a physiological mechanism for regulating MATR3’s 

interaction with DNA7. However, reporter methylation in these studies may have 

affected the binding of other transcription factors independent of MATR3, and it is 

unclear if the changes in reporter expression were truly mediated by MATR3. 

Additional evidence supports a potential function for MATR3 in cell type-specific 

gene regulation. Using chromatin immunoprecipitation-sequencing (ChIP-seq) in a rat 

pituitary cell line, Skowronska-Krawczyk and coworkers found that MATR3 binding is 

concentrated in non-coding areas of the genome and significantly overlaps with 
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enhancer signals23. The association of MATR3 with many of these sequences, as well 

as gene expression from these loci, appears to be indirect and is instead dependent on 

the pituitary-specific transcription factor Pit1. Similarly, MATR3 was identified as a DNA-

binding protein capable of recognizing chromatin insulator sequences, but this 

interaction is also indirect and dependent on the transcription factor CTCF24, and in 

muscle cells, association of MATR3 with chromatin was wholly dependent on the long 

noncoding RNA (lncRNA) pCharme25. Therefore, although MATR3 is capable of binding 

to chromatin in vitro via its ZF domains, it is currently unclear how or if MATR3 regulates 

gene expression or chromatin accessibility by direct association with DNA. More likely, 

MATR3 affects gene expression indirectly by acting in concert with tissue- and cell-

specific transcription factors. 

In addition to transcriptional control, MATR3 functions in DNA repair, as indicated 

by the abnormal accumulation and impaired disassembly of non-homologous end 

joining repair factors at sites of DNA damage upon MATR3 knockdown in U2OS cells26. 

MATR3 also binds to and stabilizes mRNA encoding Rad51, a key factor involved in 

homologous recombination, resulting in increased Rad51 levels and function27. Under 

different circumstances, however, double-stranded DNA damage triggers the formation 

of a complex including MATR3, p53, and lncRNA that drives the expression of genes 

responsible for cell cycle arrest and modulation of apoptosis28. 

 

1.2.2 MATR3 as an RBP 

MATR3 has two tandem RRMs capable of binding RNA sequences in vitro and in 

vivo, and a number of studies have offered insights into the contributions of MATR3 to 
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RNA metabolism. The first evidence of RNA binding came from Hibino and coworkers, 

who identified an albumin-encoding mRNA sequence bound by MATR3 and, via 

EMSAs, showed that deletion of RRM1 and RRM2 impairs recognition by MATR312. 

Since then, accruing data link MATR3 to multiple points in the RNA lifecycle. In U2OS 

cells, a C-terminally truncated MATR3 isoform localizes to cytoplasmic processing 

bodies (P-bodies), where it presumably functions as part of the RNA-induced silencing 

complex to degrade targeted RNAs29. Consistent with this notion, proteomic analyses 

previously identified MATR3 as a component of argonaute-rich RNA-silencing 

complexes30. 

In other contexts, RNA immunoprecipitation followed by sequencing uncovered 

several MATR3 substrate RNAs that were stabilized by MATR3 binding, in agreement 

with a large-scale study of RBPs suggesting that MATR3 binding increases luciferase 

reporter levels31,32. While MATR3 variants lacking RRM1 pull down many of the same 

RNA-dependent protein targets as full-length MATR3, deletion of RRM2 prevents this, 

indicating that—as with other tandem RRM-harboring RBPs—one RRM may dominate 

in RNA binding33-35. Furthermore, ZF domain deletion enhances MATR3 splicing 

activity, implying that MATR3’s DNA- and RNA- binding functions may compete and/or 

interfere with one another36. Supporting this, ZF1 deletion promotes interaction of 

MATR3 with miR138-5p, and RRM removal interrupts this association37. These data 

suggest that MATR3’s DNA-binding activity may antagonize its functions in RNA 

splicing and metabolism. Arguing against a clean functional division between ZF and 

RRM domains, however, deletion of ZF2 reduces MATR3 association with miR138-5p, 

indicating potential overlap in nucleic acid binding between the two types of domains. 



 6 

A large-scale in vitro study of RBP motifs determined that MATR3 recognizes a 

consensus AUCUU sequence in substrate RNA38. This result was subsequently 

corroborated in human neuroblastoma (SH-SY5Y) cells using photoactivatable 

ribonucleoside-enhanced CLIP (PAR-CLIP). In these investigations, the majority of 

MATR3 sites were located in introns, and MATR3 knockdown resulted in significant 

changes in exon cassette usage, suggesting that MATR3 functions as a splicing 

factor39. Approximately equal numbers of novel exon skipping and inclusion events were 

noted upon MATR3 knockdown, but exons adjacent to introns with MATR3 binding sites 

were disproportionately included in the absence of MATR3. These observations suggest 

that MATR3 normally functions as an intronic splicing suppressor. In support of this 

conclusion, MATR3 represses exon inclusion in ~2/3 of differentially spliced genes in 

HeLa cells, implying that MATR3 represses splicing of most but not all of its substrate 

pre-mRNAs36,40. As with the DNA regulatory functions of MATR3, however, it remains 

unclear whether MATR3 directly or indirectly contributes to RNA splicing. For example, 

MATR3 and polypyrimidine tract binding protein 1 (PTBP1) share many substrates, 

physically interact with one another via the PTB RRM2 interacting (PRI) motif in 

MATR3, and act cooperatively to repress retrotransposons41,42. In addition to PTBP1, a 

number of protein-protein interaction screens and proteomics experiments have 

identified MATR3 in association with many other distinct RBPs and ribonuclear 

complexes, suggesting cooperative functions and broader roles in RNA metabolism 

beyond those uncovered to date20,43-51. 

As with other RBPs, MATR3 demonstrates prominent self-association that is 

antagonized by RNA binding. Deletion of RRM2—either in isolation or in combination 
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with RRM1—results in spherical droplet formation through liquid-liquid phase separation 

(LLPS). This phenomenon likely arises due to uninhibited interaction between MATR3’s 

IDRs, particularly the N-terminal IDR52,53. Importantly, RNA- binding deficient TDP-43 

and FUS variants also undergo LLPS54-56. These data suggest that RBPs demix and 

form liquid-like droplets under low RNA conditions or when RNA binding is impaired via 

unchecked interactions between IDRs. 

Somewhat surprisingly in light of its DNA- and RNA-binding capacity, MATR3 

overexpression or knockdown results in relatively few detectable changes in gene 

expression. MATR3-YFP overexpression affects only a handful of genes in H4 

neuroglioma cells compared to YFP alone52, and MATR3 knockdown in SH-SY5Y and 

HeLa cells results in expression changes for only a few dozen genes, despite affecting 

hundreds of alternative splicing events36,39. Nevertheless, the true magnitude or 

consequences of MATR3 loss may be cell type dependent. In myoblasts, for instance, 

MATR3 binds to and regulates several genes important for muscle differentiation and 

maturity, and MATR3 knockdown impairs the differentiation of these cells into mature 

myotubules57. Interestingly, MATR3 exhibits dynamic changes in subcellular distribution 

as myoblasts mature into myotubes—while it is localized diffusely in the myoblast 

nucleoplasm, MATR3 rims the inner face of the nuclear envelope in myotubes, 

suggesting specialized roles for MATR3 in muscle development58. One possibility is that 

this change reflects a shift in the function of MATR3 at each stage of differentiation, 

from DNA-mediated transcriptional regulation to RNA-mediated splicing activity or vice-

versa. Additional work is needed, however, to determine whether changes in MATR3 
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localization predict its function at the DNA or RNA levels, and if MATR3 may serve 

similar roles in other cell types. 

 

1.3 MATR3 regulation 

Immature MATR3 pre-mRNA undergoes alternative splicing, generating several 

unique transcripts that encode at least three district protein-coding variants. To date, 

only the full-length, 847 amino acid isoform has been studied. The two other species, 

509 amino acids and 559 amino acids, lack the N-terminal IDR and ZF1. Rajgor and 

coworkers proposed the existence of a novel, C-terminally truncated isoform in U2OS 

cells, though this was not detectable by 3’ rapid amplification of cDNA ends (RACE)29. 

The regulatory mechanisms that coordinate alternative MATR3 splicing are unknown, 

as are the potential functions of N-terminally or C-terminally truncated MATR3 variants. 

The MATR3 transcript is also alternatively polyadenylated in a tissue-specific 

manner. Sequencing data demonstrate two different polyA signals within the MATR3 3’ 

UTR. While the proximal polyA site is overrepresented in adult human cardiac and 

skeletal muscle cells59, all other cell types, including neurons and lymphoblasts, use the 

distal site almost exclusively. Unexpectedly, lymphoblasts from a patient with a 

balanced translocation interrupting the distal polyA site displayed a massive 

upregulation of the proximal polyA species and MATR3 protein levels. These results 

suggest that the proximal polyA signal may increase the stability and/or efficiency of 

MATR3 mRNA translation. Abnormal intron retention, as observed in hepatocellular 

carcinoma, also results in increased MATR3 mRNA abundance, further supporting the 
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effects of alternative splicing on MATR3 transcript stability60 while implicating additional, 

as yet unknown mechanisms in MATR3 regulation at the RNA level. 

MATR3 levels are tightly regulated during development and in a cell type-specific 

fashion. In mice, MATR3 protein expression appears to be highest during fetal 

development but declines and ultimately stabilizes after birth61. MATR3 levels vary 

considerably across cell types and are lowest in skeletal muscle and in the nervous 

system; such cell type-specific regulation may be particularly pertinent given that 

muscle and neurons are the two tissues most affected by MATR3-mediated disease. 

On a more granular level, MATR3 expression within the brain varies considerably 

among individual neurons, as adjacent neurons of the same type located in the same 

brain region display varying MATR3 immunostaining intensities. A possible explanation 

for this heterogeneity may lie in the activity-dependent regulation of MATR3 abundance, 

and this is explored in detail in chapter 3 of this dissertation. In cerebellar neurons, N-

methyl-D-aspartate (NMDA) receptor activation results in PKA-mediated MATR3 

phosphorylation and subsequent degradation62. Additionally, MATR3 is tightly bound by 

activated calmodulin, a major factor responsible for calcium-mediated signal 

transduction in response to neuronal depolarization63. Differences in NMDA receptor 

activity between neurons may therefore account for the varying intensities of MATR3 

staining observed in brain sections. Furthermore, given that expression of NMDA 

receptor subunits is developmentally regulated64, an analogous mechanism may explain 

differences in MATR3 expression over development. 

Subcellular MATR3 distribution and abundance are regulated by several factors, 

including primary sequence, functional domains, and post-translational modifications 
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(PTMs). Nuclear localization signals (NLSs) effectively concentrate MATR3 within the 

nucleus but appear to be differentially utilized by distinct cell types. In chicken 

lymphoma cells, for example, both arms of a bipartite NLS65 are necessary for targeting 

MATR3 to the nucleus, while in rat Ac2F cells12, a separate stretch of positively charged 

amino acids in the middle of the C-terminal IDR drives MATR3 nuclear localization. In 

NLS-mutant-expressing cells, cytoplasmic MATR3 forms discrete granules. Given the 

propensity for MATR3 to form liquid droplets in the absence of functional RNA binding, 

and the relatively low RNA concentrations in the cytoplasm compared to the nucleus, it 

is probable these structures represent phase-separated MATR3 droplets53,66. The 

primary sequence determinants of MATR3 distribution in neurons are further examined 

in chapter 2 of this dissertation. 

PTMs may also regulate MATR3 nucleocytoplasmic shuttling and function. While 

alpha herpesviruses infection does not change host MATR3 localization in human 

fibroblasts, transduction with viral variants lacking a homologous serine/threonine 

kinase results in a striking redistribution of MATR3 to the cytoplasm67. These results 

suggest that phosphorylation of MATR3 or another target upon infection with WT 

viruses maintains nuclear MATR3 localization. In agreement, application of a broad-

spectrum kinase inhibitor resulted in the accumulation of cytoplasmic MATR3 in NIH3T3 

cells, indicating an endogenous phosphorylation pathway in mammalian cells 

responsible for nuclear MATR3 enrichment65. Additional investigations suggested that 

MATR3 phosphorylation at Ser208 promotes nuclear localization, as expression of the 

phosphorylation-null Ser208Ala variant in fibroblasts leads to MATR3 nuclear 

clearance68. Of note, ATM phosphorylates Ser208 in response to DNA damage, an 
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event that is necessary for MATR3 function in at least certain arms of the DNA damage 

response26. 

PTMs also affect the ability of MATR3 to recognize nucleic acids. Although the 

specific phosphoresidues are unknown, phosphorylation enhances MATR3 binding to 

AT-rich DNA7 as well as RNA sequences69. These effects may be closely related to 

MATR3 subcellular localization, as nuclear MATR3 is more heavily phosphorylated than 

cytoplasmic MATR312. Where these PTMs are located and how they alter substrate 

recognition, however, remain unexplored. 

 

1.4 MATR3 in neuromuscular disease  

1.4.1 Spectrum of MATR3-mediated disease 

As described above, MATR3 was first implicated in human disease in an 

American family with an autosomal dominant form of distal myopathy with vocal cord 

and pharyngeal weakness (VCPDM)70. The causative gene was localized to 

chromosome 5q31, and subsequent investigations of a Bulgarian family with VCPDM 

revealed a Ser85Cys mutation in MATR3 affecting a highly conserved amino acid within 

the N-terminal IDR that segregated with disease71. Several additional families with 

MATR3(Ser85Cys)-linked VCPDM have since been described. These individuals are 

weak due to atrophy of distal limb muscles as well as proximal muscles of the pharynx 

and diaphragm72. Microscopically, affected muscles exhibit atrophic fibers with rimmed 

vacuoles, internalized nuclei, and, at end stage, fatty replacement73-75. Immunostaining 

reveals cytoplasmic MATR3 in dystrophic muscle76 in addition to myofiber inclusions 

rich in TDP-43, p62/SQSTM1, and ubiquitin77,78. Electromyography (EMG) 
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demonstrates a myopathic pattern similar to related myopathies79,80 with variable 

degrees of neurogenic changes, consistent with a primarily myogenic form of 

disease70,73,77. Biochemical analysis of MATR3 protein from patient samples shows no 

difference in abundance76 but instead the accumulation of detergent-insoluble MATR3 

that is more resistant to extraction71. 

Exome sequencing identified several novel MATR3 mutations in patients with 

familial ALS or combined ALS/FTD. Four missense mutations, including Ser85Cys, 

located in MATR3’s IDRs were associated with ALS with or without cognitive deficits77. 

Since then, a number of exome sequencing studies have reported ALS- associated 

missense mutations concentrated within the disordered regions of the protein81-85. The 

vast majority of these were identified in patients with ALS, though the Ser707Leu 

mutant was implicated in combined ALS/FTD. Moreover, two splice site mutations were 

found in ALS patients, one in the 5’ UTR and the other predicted to add 24 new 

residues to the N-terminus of the 559 residue MATR3 isoform83. In addition, one 

individual heterozygous for the Leu145Phe SOD1 variant and a novel Arg841Cys 

MATR3 mutation exhibited a pseudopolyneuritic form of ALS. Conclusions regarding the 

pathogenicity of this MATR3 mutation are complicated by the presence of another ALS- 

causing gene variant, however86. 

Despite accumulating genetic evidence that testifies to the relationship between 

MATR3 mutations and human disease, the consequences and tissue specificity of the 

Ser85Cys mutation remain controversial. This point mutation, first identified in families 

with VCPDM displaying myogenic and neurogenic EMG features70,71, was later 

associated with slowly progressive ALS and upper motor neuron involvement based on 
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the presence of brisk reflexes in some patients77. Similar neurogenic features have 

since been identified in a number of patients with the Ser85Cys mutation by ante-

mortem (clinical examination, EMG) and post-mortem (pathological) studies73,74,78,87. 

Taken together, these data suggest that the Ser85Cys mutation can cause myopathy or 

motor neuron disease, perhaps depending on unrecognized genetic or environmental 

modifiers. Further phenotyping in addition to detailed genetic analyses are needed to 

fully understand the spectrum of disease related to the MATR3(Ser85Cys) mutation. 

The degree of dementia also appears to vary considerably in individuals with 

disease-associated MATR3 mutations. The initial study linking MATR3 mutations to 

ALS identified a Phe115Cys mutation in a patient with cognitive deficits, though this was 

reported only as dementia without detailed characterization77. More recently, however, 

the Ser707Leu mutation was found in Italian patients displaying cognitive and 

behavioral symptoms consistent with FTD84. To date, these two reports are the only 

evidence linking MATR3 mutations to cognitive symptoms. Additional genetic studies 

coupled with detailed clinical descriptions are necessary to determine the extent to 

which different neuron subtypes and regions of the CNS are affected by MATR3-linked 

disease. 

 

1.4.2 MATR3 histopathology 

In normal neurons, MATR3 adopts a granular nuclear localization. Individuals 

with familial ALS due to the highly prevalent C9orf72 hexanucleotide repeat expansion 

show diffuse cytoplasmic MATR3 staining as well as cytoplasmic MATR3-positive 

inclusions in spinal motor neurons77,88. An identical pattern was observed in a patient 
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with the MATR3(Phe115Cys) mutation77, and cytoplasmic MATR3 aggregates are also 

found in patients with FUS mutation-linked ALS88, suggesting a conserved pattern of 

MATR3 mislocalization in disease similar to that displayed by TDP-43. Importantly, 

these studies also highlighted MATR3 mislocalization in sporadic ALS (sALS), which 

accounts for more than 80% of incident ALS cases. Spinal cord samples from patients 

with sALS display strong nuclear MATR3 staining as well as cytoplasmic MATR3 

localization, indicating abnormalities not only in MATR3 distribution but also abundance. 

Similarly, RNA sequencing of post-mortem patient tissue indicates that MATR3 

expression increases in mild and moderate disease stages before dropping in late 

stages89, supporting dysregulation of MATR3 expression as well as localization in ALS. 

Subsequent investigations confirmed the presence of MATR3 pathology in spinal 

motor neurons of ALS patients but failed to replicate changes in MATR3 abundance 

with disease90. In some motor neurons, MATR3 appears to be diffusely distributed in the 

cytoplasm, while in others MATR3 takes on a granular pattern or accumulates within 

large inclusions that co-stained for TDP-43. Although all MATR3-positive inclusions 

contain TDP-43, not all TDP-43-positive inclusions stain for MATR3, and TDP-43-

positive inclusions are substantially more numerous than MATR3-positive deposits. 

These observations suggest that, while both RBPs can undergo redistribution 

from the nucleus to the cytoplasm in disease, TDP-43 mislocalization may precede 

MATR3 pathology. Even so, the precise nature of the relationship between MATR3 and 

other ALS proteins requires further study, as does the discrepancy in reports of MATR3 

overabundance in sALS cases. 
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MATR3 pathology can also be found in neurodegenerative conditions outside of 

ALS and FTD. Cytoplasmic MATR3 was recently detected in subiculum from patients 

with Alzheimer’s disease (AD) but not age-matched controls. Of note, these authors 

described not only increased MATR3 levels and diffusely cytoplasmic MATR3 

immunostaining in affected neurons, but also ringed MATR3 deposits surrounding 

granulovacuolar degenerative bodies in AD neurons91. In cultured cells, amyloid-β 

species drive MATR3 phosphorylation, but it is unknown whether this is the mechanism 

responsible for the MATR3 deposition noted in AD patients92. 

 

1.5 Dysregulation in disease models 

1.5.1 Cell and non-mammalian models 

A number of investigators have attempted to recapitulate MATR3-mediated 

disease using both cellular and animal models. Pathogenic MATR3 mutants show no 

clear differences in nucleocytoplasmic localization or protein levels in comparison to 

MATR3(WT) in myoblasts93. Proteomic studies of MATR3 binding partners in a mouse 

spinal neuron/neuroblastoma hybrid cell line identified a distinct set of nuclear transport 

factors that differentially interact with pathogenic MATR3 variants. These factors, 

including components of the transcription and export (TREX) complex, were not 

confirmed in similar experiments conducted in HEK293T cells, suggesting that 

pathogenic MATR3 mutants may selectively associate with TREX complex members in 

neuronal cells51,52, thereby impairing nuclear mRNA export in a cell type-specific 

manner. 



 16 

Among the disease-associated MATR3 mutations investigated in model systems, 

the Ser85Cys variant displays several unique properties. Unlike MATR3(WT), 

MATR3(S85C) was nearly absent from the soluble nuclear fraction of patient 

lymphoblasts but was instead concentrated in the insoluble fraction71. Even 

MATR3(WT) becomes markedly insoluble under conditions of thermal or proteotoxic 

stress, suggesting that the Ser85Cys mutation may lower the threshold for this 

behavior, rather than introducing novel properties per se94,95. Furthermore, in MATR3 

variants that are unable to bind RNA and undergo LLPS, the Ser85Cys mutation 

dramatically affects the internal dynamics of MATR3 within liquid-like droplets. RNA 

binding-deficient MATR3(Ser85Cys) forms irregular, fibrillar structures instead of 

spheres in C2C12 myoblasts52. Perhaps related to these biophysical phenotypes, the 

formation of liquid droplet-like cytoplasmic stress granules is impaired in fibroblasts from 

Ser85Cys patients compared to those from healthy controls, and Ser85Cys but not WT 

protein enhances the aggregation of cytoplasmically targeted TDP-43 when 

overexpressed96. Whether and how these features explain the distinctive clinical picture 

of VCPDM-associated selectively with the Ser85Cys mutation remains unknown. 

Insights into MATR3-mediated disease have also emerged from in vivo modeling 

in Drosophila, which lack a MATR3 homologue. Two independent groups found that 

MATR3 expression in Drosophila results in shortened lifespan and motor deficits, with 

disease-associated mutants exhibiting increased toxicity over MATR3(WT)97,98. Notably, 

both studies found that Ser85Cys is uniquely insoluble in flies, recapitulating findings 

from patient cells. Robust wing defects caused by muscle-specific MATR3 expression 

were accentuated by pathogenic mutations, particularly Ser85Cys; this phenotype 
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formed the basis for an RNAi screen that uncovered genes related to axonal transport 

as enhancers of toxicity, suggesting that alterations in intracellular trafficking may be 

involved in MATR3 pathogenesis. A separate RBP-targeted RNAi screen revealed that 

hnRNPM knockdown extends the lifespan of flies expressing Ser85Cys and Phe115Cys 

pathogenic mutants but not MATR3(WT). hnRNPM and MATR3 share many RNA 

substrates, and their respective binding sites are located in close proximity. It is 

therefore possible MATR3 acts in concert with hnRNPM to mediate RNA dysfunction 

and toxicity in Drosophila. 

 

1.5.2 Mouse models 

Multiple groups have attempted to model MATR3-related disease in mice. 

Homozygous knockout of murine Matr3 is perinatally lethal, indicating that MATR3 is 

necessary for viability99. In a separate model, overexpression of human MATR3(WT) or 

MATR3(Phe115Cys) in skeletal muscle results in age-dependent muscle fiber 

degeneration with extensive vacuoles, internalized nuclei, and gross atrophy. Despite 

equivalent amounts of transgene mRNA, expression of MATR3(Phe115Cys) was 

greater than MATR3(WT), and only MATR3(Phe115Cys) animals demonstrated gross 

motor impairment, implying mutation-specific effects on translational control, turnover, 

or both100. For unknown reasons, neither MATR3(Phe115Cys) nor MATR3(WT) was 

detectable within the spinal cord of these animals, despite use of the MoPrP promoter, 

which typically drives high CNS expression101. 

Similar myopathic changes were observed by intramuscular AAV delivery of 

human MATR3(Ser85Cys) or MATR3(WT) in mice, including myofiber atrophy, 
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internalized nuclei, and upregulation of muscle repair genes102. Sarcoplasmic inclusions 

rich in MATR3 and p62/SQSTM1 were observed in transduced muscle sections, 

mirroring the pathology of inclusion body myopathy in humans103. Despite similar 

expression of exogenous protein, this phenotype was more severe with 

MATR3(Ser85Cys) than MATR3(WT), supporting enhanced pathogenicity of mutant 

MATR3. Notably, analogous sarcoplasmic aggregates rich in MATR3 and p62/SQSTM1 

are observed in muscle tissue from patients with VCPDM who carry the Ser85Cys 

mutation, lending clinical relevance to these findings73,78,104. To investigate CNS-specific 

effects of MATR3 upregulation, Zhang and colleagues also generated transgenic mice 

expressing MATR3(Ser85Cys) under control of the CMV promoter. These animals 

develop age-dependent motor impairment with muscle degeneration, similar to that 

seen in AAV-injected animals, but also demonstrate progressive spinal cord pathology 

with motor neuron loss, astrogliosis, microgliosis, and mislocalization of MATR3 and 

TDP-43. While the striking CNS pathology is consistent with ALS, these observations 

are complicated by the unchanged levels of full-length MATR3 in transgenic mice 

compared to non-transgenic controls, and the lack of MATR3(WT) transgenic animals 

for comparison. 

A Ser85Cys mutation knock-in model has also provided important pathogenic 

insights in the context of physiological MATR3 dosage99. Homozygous knock-in mice 

display age-dependent motor impairment, muscle denervation and pathology, and 

neuroinflammation. Strikingly, these animals also show marked cerebellar degeneration 

and loss of MATR3 within Purkinje neurons at end stage. While significant motor neuron 

loss was not noted, approximately half of spinal α-motor neurons in homozygous knock-
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in mice also exhibit diminished MATR3 immunoreactivity, with many others staining 

positive for intranuclear MATR3 inclusions. This model raises fascinating questions for 

future studies regarding the effects of the Ser85Cys mutation on MATR3 regulation in 

Purkinje and motor neurons and the relevance of cerebellar pathology for human 

MATR3-linked neurodegeneration. 

 

1.6 Similarity with other RBPs 

MATR3 shares many similarities with other RBPs implicated in neuromuscular 

disease. MATR3 belongs to a subset of RBPs that are linked not only to the 

neurodegenerative disorders ALS and FTD but also to muscular disease. Although 

mutations in the genes encoding RBPs such as TDP-43 or FUS lead primarily to ALS, 

MATR3 mutations can result in additional disorders such as FTD or VCPDM. Similar 

pleiotropy is also observed with VCP, TIA1, hnRNPA1, and hnRNPA2B1 mutations, 

which can affect the CNS, skeletal muscle, and/or bone105-107. Individual differences 

among genes and clinical phenotypes may be important for disease mechanisms in 

each case. For instance, VCP, hnRNPA1, and hnRNPA2B1 mutations cause 

multisystem proteinopathy (MSP) with Paget’s disease of bone, inclusion body 

myopathy, ALS, and FTD, while TIA1 and MATR3 mutations result in distal myopathy in 

addition to ALS and FTD. 

How mutations in these widely expressed proteins drive tissue-specific disease— 

and why their disease spectra differ—are currently not well understood. One promising 

explanation may lie in the dysregulation of pathways unique to certain cells. VCP 

degrades the NFκB inhibitor IκB, thereby suppressing osteoclast activity and bone 
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resorption108,109. Pathogenic VCP mutations promote IκB clearance, and VCP-mediated 

disease models show enhanced NFκB signaling and osteoclast activation phenotypes, 

suggesting mutant VCP instigates bone pathology by disinhibiting NFkB110,111. It is 

possible that similar cell type-specific functions for MATR3 and other RBPs dictate the 

range of phenotypes affecting muscle as well as neurons within the ventral spinal cord, 

motor cortex, and frontotemporal lobe. 

All of these genes except VCP encode for IDR-containing RBPs that undergo 

phase separation as part of their normal functions in RNA splicing, degradation, 

sequestration, and transport. Notably, the physiological LLPS of RBPs is dynamic and 

reversible, with factors such as substrate binding and PTMs tuning self-assembly56,112-

118. Disease-associated mutations may interrupt physiological LLPS regulation, 

promoting aberrant liquid-to-solid phase transitions that eventually lead to irreversible 

RBP aggregates characteristic of ALS, FTD, and inclusion body myopathy106,107,119-123. 

Upon RRM2 deletion, MATR3 rapidly undergoes LLPS, consistent with a model 

in which RNA binding pulls RBPs apart from each other. The extent to which MATR3 

phase separation is necessary for its functions in nucleic acid processing remains 

unknown, as are the physiological factors regulating this process. Moreover, data from 

multiple groups suggest that the Ser85Cys mutant dramatically affects the biophysical 

properties of MATR3 liquid droplets, analogous to what has been reported for 

pathogenic mutations in other disease-linked RBPs71,102.It is currently unclear whether 

other MATR3 mutations have similar effects on pathological phase transitions or if they 

drive disease through alternative mechanisms. 
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1.7 Summary and dissertation goals 

Mutations in the gene encoding MATR3 are responsible for neuromuscular 

disease, implying this protein is critical for maintaining health in neurons as well as 

muscle. Potentially because of the similarity between MATR3 and other 

neurodegenerative disease-associated RBPs, the majority of investigations to date have 

focused on MATR3’s influence on pre-mRNA splicing and RNA regulation. In contrast, 

much less in known about the consequences of MATR3 DNA binding and whether the 

dysregulation of MATR3 chromatin targets is involved in disease. Indeed, it is currently 

unclear if MATR3 binds chromatin directly in vivo or if it instead requires cell-specific 

factors for DNA association.  

Despite the identification of MATR3 as a nuclear matrix component nearly three 

decades ago, important questions remain about its diverse functions in nucleic acid 

processing as well as its involvement in sporadic and inherited neuromuscular 

disorders. The goal of this dissertation work is to investigate the basic biology of MATR3 

in neurons and how pathogenic mutations may impair physiological function and 

regulation. Chapter 2 discusses the effect of MATR3 abundance on neuron survival and 

presents data on MATR3 domain deletion and disease-associated mutants as they 

relate to neurotoxicity and biophysical properties of this protein. The focus of chapter 3 

is the physiological regulation of MATR3 in neurons and how neuronal activity inhibits 

MATR3 RNA binding and results in its degradation, both of which occur through Ca2+-

dependent pathways. Chapter 4 concludes with a discussion of promising open 

questions in the field of MATR3 biology, with a focus on the potential relevance of 

findings from MATR3 to other RBPs in the context of neuronal physiology. Lastly, 
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appendix A details experiments aimed at elucidating the DNA targets of MATR3 in 

neurons that—while negative—nevertheless may shed light on MATR3’s functions in 

nucleic acid regulation.  
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Figure 1.1. MATR3 domain structure and functions in normal and pathological 
contexts. (A) MATR3 has two zinc finger (ZF) and two RNA-recognition motif (RRM) 
domains, with the remainder of the protein consisting of an intrinsically disordered 
sequence as measured by a high Predictor of Natural Disordered Regions (PONDR) 
score124. Pathogenic mutations are located across the disordered stretches of MATR3; 
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Deletion of  both ZFs abolishes binding completely (12), suggesting that these domains function in an addi-
tive or cooperative fashion to bind DNA. Adenine/thymine-rich DNA sequences make up canonical scaf-
fold/matrix attachment regions (S/MARs) (13, 14), sections of  chromosomal DNA that serve as contact 
points between chromatin and the nuclear matrix. Protein components of  the nuclear matrix can modulate 
gene expression by binding to S/MARs adjacent to genes or regulatory elements, thereby changing their 
accessibility to transcriptional and replication machinery (15–19). Imaging-based approaches have detected 
MATR3 in close proximity to functional genomic areas, such as transcriptional start and DNA replication 
sites (20, 21), supporting a possible role in tuning DNA availability.

Figure 1. MATR3 domain structure and functions in normal and pathological contexts. (A) MATR3 has two zinc finger 
(ZF) and two RNA-recognition motif (RRM) domains, with the remainder of the protein consisting of an intrinsically 
disordered sequence as measured by a high Predictor of Natural Disordered Regions (PONDR) score (128). Pathogenic 
mutations are located across the disordered stretches of MATR3; although the majority of mutations reported to date are 
linked to ALS, a subset is implicated in ALS/distal myopathy (violet) or ALS/dementia (blue). (B) Although predominantly 
localized in the nucleus, MATR3 is tied to several nucleic acid–related processes in both nuclear and cytoplasmic compart-
ments. Three distinct but not mutually exclusive patterns of MATR3 pathology are observed in neuromuscular disease: 
nuclear enrichment, cytoplasmic redistribution, and cytoplasmic aggregation. Nuclear overabundance is predicted to drive 
chromatin, transcriptional, and splicing aberrations. In addition, MATR3 redistribution and aggregation in the cytoplasm — 
representing cytosolic gain and loss of function, respectively — may disrupt RNA stability and transport.
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although the majority of mutations reported to date are linked to ALS, a subset is 
implicated in ALS/distal myopathy (violet) or ALS/dementia (blue). (B) Although 
predominantly localized in the nucleus, MATR3 is tied to several nucleic acid–related 
processes in both nuclear and cytoplasmic compartments. Three distinct but not 
mutually exclusive patterns of MATR3 pathology are observed in neuromuscular 
disease: nuclear enrichment, cytoplasmic redistribution, and cytoplasmic aggregation. 
Nuclear overabundance is predicted to drive chromatin, transcriptional, and splicing 
aberrations. In addition, MATR3 redistribution and aggregation in the cytoplasm — 
representing cytosolic gain and loss of function, respectively — may disrupt RNA 
stability and transport.  
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Chapter 2: MATR3-Dependent Neurotoxicity is Modified by Nucleic Acid Binding 

and Nucleocytoplasmic Localization2 

 

2.1 Abstract 

 Abnormalities in nucleic acid processing are associated with the development of 

amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD). Mutations in 

Matrin 3 (MATR3), a poorly understood DNA- and RNA-binding protein, cause familial 

ALS/FTD, and MATR3 pathology is a feature of sporadic disease, suggesting that 

MATR3 dysfunction is integrally linked to ALS pathogenesis. Using a rat primary neuron 

model to assess MATR3-mediated toxicity, we noted that neurons were bidirectionally 

vulnerable to MATR3 levels, with pathogenic MATR3 mutants displaying enhanced 

toxicity. MATR3’s zinc finger domains partially modulated toxicity, but elimination of its 

RNA recognition motifs had no effect on survival, instead facilitating its self-assembly 

into liquid-like droplets. In contrast to other RNA-binding proteins associated with ALS, 

cytoplasmic MATR3 redistribution mitigated neurodegeneration, suggesting that nuclear 

MATR3 mediates toxicity. Our findings offer a foundation for understanding MATR3-

related neurodegeneration and how nucleic acid binding functions, localization, and 

pathogenic mutations drive sporadic and familial disease. 

 
2 This chapter is adapted from the following publication: Malik A.M., Miguez R.A., Li X., Ho Y.S., Feldman 
E.L., and Barmada S.J. Matrin 3-dependent neurotoxicity is modified by nucleic acid binding and 
nucleocytoplasmic localization. 2018. Elife 7:e35977. doi: 10.7554/eLife.35977 
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2.2 Introduction 

 Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disorder 

resulting in the death of upper and lower motor neurons. Mounting evidence indicates 

that RNA-binding proteins (RBPs) are integrally involved in the pathogenesis of ALS1. 

The majority (>95%) of ALS patients display cytoplasmic mislocalization and deposition 

of the RBP TDP-43 (TAR DNA/RNA-binding protein of 43 kDa) in affected tissue2. 

Moreover, over 40 different ALS-associated mutations have been identified in the gene 

encoding TDP-43, and mutations in several different RBPs have been similarly linked to 

familial ALS3-8. These mutations often cluster in intrinsically disordered domains that 

facilitate reversible liquid-liquid phase separation (LLPS), thereby creating 

ribonucleoprotein granules important for RNA processing, shuttling of mRNAs to sites of 

local translation, or sequestration of transcripts during stress. Pathogenic mutations in 

the genes encoding TDP-43 and related RBPs, including FUS and TIA1, shift the 

equilibrium towards irreversible phase separation and the formation of cytoplasmic 

aggregates analogous to those observed in post-mortem tissues from patients with 

ALS9-12. The downstream implications of abnormal LLPS on RNA misprocessing, RBP 

pathology, and neurodegeneration in ALS are unknown, however.  

 Matrin 3 (MATR3) is a DNA- and RNA-binding protein with wide-ranging 

functions in nucleic acid metabolism including gene transcription, the DNA damage 

response, splicing, RNA degradation, and the sequestration of hyperedited RNAs13-19. 

The S85C mutation in MATR3 leads to autosomal dominant distal myopathy with vocal 

cord and pharyngeal weakness20,21. A more recent report reclassified a subset of 
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patients with this diagnosis as having ALS and noted several additional MATR3 

mutations in individuals with ALS and frontotemporal dementia (FTD), placing MATR3 in 

a family of genes implicated in familial ALS, FTD, and myopathy. This family also 

includes TIA1, VCP, p62/SQSTM1, hnRNPA1, and hnRNPA2/B1, mutations in which 

lead to multisystem proteinopathy characterized by variable involvement of muscle and 

bone in addition to the central nervous system8,12,22-27. More than a dozen pathogenic 

MATR3 mutations have now been identified, most of which result in amino acid 

substitutions within disordered stretches of the MATR3 protein (Fig. 2.1A). Additionally, 

post-mortem analyses demonstrated MATR3 pathology—consisting of cytoplasmic 

MATR3 accumulation as well as strong nuclear immunostaining—in patients with 

sporadic ALS and familial disease due to C9orf72 hexanucleotide expansions and FUS 

mutations28,29. Together, these observations suggest that MATR3 may be a common 

mediator of disease even in those without MATR3 mutations. 

Even so, little is known about MATR3’s functions in health or in disease, and the 

mechanisms underlying MATR3-dependent neurotoxicity remain unclear. Here, we 

establish an in vitro model of MATR3-mediated neurodegeneration and take advantage 

of this model to investigate the intrinsic properties and domains of MATR3 required for 

toxicity. Furthermore, we examine how disease-associated MATR3 mutations affect 

these properties to enhance neurodegeneration.  

 

2.3 Results 

2.3.1 MATR3 levels modulate neuronal survival in an in vitro model of 

neurodegeneration. 
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 We first asked how MATR3 expression is related to neurodegeneration using 

longitudinal fluorescence microscopy (LFM), a sensitive high-content imaging system 

that we assembled for assessing neuronal function and survival at the single-cell level. 

As MATR3 mutations cause a spectrum of disease that includes ALS and FTD, we 

modeled neurotoxicity in primary mixed cortical cultures, a system that recapitulates key 

features of ALS/FTD pathogenesis30-32. Primary neurons were transfected with diffusely 

localized mApple to enable visualization of neuronal cell bodies and processes by 

fluorescence microscopy. In addition, cells were co-transfected with constructs 

encoding enhanced green fluorescent protein (EGFP) or MATR3 fused with EGFP. 

Cultures were imaged by fluorescence microscopy at 24 h intervals for 10 days, and 

custom scripts used to generate uniquely labeled regions of interest (ROIs) 

corresponding to each cell (Fig. 2.1B). Rounding of the soma, retraction of neurites or 

loss of fluorescence indicated cell death; these criteria proved to be sensitive markers of 

neurodegeneration in previous studies33. We used the time of death for individual cells 

to calculate an overall risk of death, expressed as a hazard ratio (HR), corresponding to 

the likelihood of cell death in each population relative to a control or reference group34. 

In doing so, we observed that MATR3-EGFP overexpression significantly increases the 

risk of death compared to EGFP alone, with a HR of 1.48 (Fig. 2.1C). 

  Next, we investigated the dose-dependency of this MATR3 toxicity. Transient 

transfection delivers a different amount of vector to each cell, resulting in substantial 

variability in protein expression for individual cells. Such variability can be difficult to 

appreciate using population-based approaches such as Western blotting but are readily 

visualized by single-cell techniques including immunofluorescence32,35,36. Therefore, to 
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estimate the degree of MATR3 overexpression in individual neurons, we measured 

MATR3 antibody reactivity by quantitative immunofluorescence in neurons transfected 

with EGFP or MATR3-EGFP (Fig. 2.1D). There was no significant difference in MATR3 

antibody reactivity between EGFP transfected and untransfected cells (Fig. 2.1E). In 

comparison, MATR3-EGFP transfected cells showed a 2.8-fold increase in MATR3 

antibody reactivity compared to untransfected cells. Further, and in agreement with 

previous work relating single-cell fluorescence intensity to immunoreactivity35, we 

detected a linear relationship between EGFP fluorescence intensity and anti-MATR3 

antibody reactivity in individual neurons expressing MATR-EGFP (Fig. 2.1F). These 

data confirm that GFP intensity provides a reliable, single-cell estimate of EGFP or 

MATR3-EGFP expression.  

 We took advantage of this relationship to analyze the association between EGFP 

or MATR3-EGFP expression (measured 24 h after transfection) and neuronal survival 

using penalized splines32,36. These models enable us to predict the impact of single-cell 

protein expression on the risk of death within separate populations of cells expressing 

either EGFP (Fig. 2.1G) or MATR3-EGFP (Fig. 2.1H). Consistent with the results of 

prior studies, we detected a reduced risk of death in association with higher EGFP 

expression levels36, implying that unhealthy or dying neurons are unable to express high 

amounts of EGFP. Conversely, we noted a significant increase in the risk of death for 

cells expressing high levels of MATR3-EGFP (Fig. 2.1H); this relationship is similar to 

that observed for other proteins associated with neurodegenerative disorders, including 

TDP-43 (ALS/FTD)32 and mutant huntingtin (Huntington’s disease)36. Taken together, 

these data support a dose-dependent toxicity of MATR3-EGFP in primary neurons. 
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 Several MATR3 mutations are responsible for familial ALS, FTD, and hereditary 

distal myopathy21,27,37-43. To determine if disease-associated MATR3 mutations 

accentuate neurodegeneration, we created MATR3-EGFP fusion proteins harboring one 

of four mutations originally implicated in familial disease: S85C, F115C, P154S, and 

T622A (Fig. 1A). Primary rodent cortical neurons expressing these mutant MATR3-

EGFP constructs exhibited the same granular nuclear distribution as MATR3(WT)-

EGFP, without obvious aggregation or cytoplasmic mislocalization, in accordance with 

prior reports (Fig. 2.2A)44,45. Even so, all four displayed a modest but significant 

increase in toxicity over MATR3(WT)-EGFP when overexpressed in primary neurons 

(Fig. 2.2B), consistent with either gain-of-function or dominant negative loss-of-function 

mechanisms contributing to mutant MATR3-associated neurodegeneration. 

 To determine if loss of endogenous MATR3 function is sufficient for 

neurodegeneration, we transfected primary neurons with mApple and siRNA targeting 

the amino (N)-terminal coding region of rodent Matr3 or a scrambled siRNA control. 

Three days after transfection, Matr3 immunoreactivity was used to quantify efficacy of 

knockdown in transfected cells (Fig. 2.2C). Compared to scrambled siRNA-transfected 

cells, we noted consistent depletion of the endogenous rat Matr3 by approximately 65% 

in those transfected with siRNA targeting Matr3 (Fig. 2.2D). Having confirmed 

knockdown, we imaged a separate set of transfected cells for 10 days to assess the 

effect of Matr3 knockdown on neuronal survival. In doing so, we observed a 20% 

increase in the risk of death upon Matr3 depletion in comparison to scrambled siRNA 

(Fig. 2.2E). These data suggest that neurons are vulnerable to both increases and 

decreases in MATR3 levels and function; further, pathogenic MATR3 mutations may 
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elicit neurodegeneration via gain- or loss-of-function mechanisms, or through elements 

of both. 

 

2.3.2 MATR3’s zinc finger domains modulate overexpression toxicity, but its RNA 

recognition motifs mediate self-association. 

 To identify the functional domains involved in MATR3-mediated 

neurodegeneration, we systematically deleted each of the annotated MATR3 domains 

and evaluated subsequent toxicity upon overexpression in primary neurons (Fig. 2.3A). 

MATR3 has two zinc-finger (ZF) domains of the C2H2 variety, which bind DNA but may 

also recognize RNA and/or mediate protein-protein interactions46,47. Deletions of ZF1, 

ZF2, or both had no observable effect on MATR3-EGFP localization (Fig. 2.3B), and 

ZF1 deletion by itself did not significantly alter toxicity compared to full-length MATR3-

EGFP. In contrast, ZF2 deletion, either in isolation or combined with ZF1 deletion, 

partially rescued MATR3-EGFP overexpression toxicity (Fig. 2.3C).  

 We next created deletion variants of MATR3’s RNA recognition motifs (RRMs) to 

test their contribution to MATR3-mediated neurodegeneration. As with the MATR3 ZF 

domains, RRMs are capable of recognizing both RNA and DNA48. While deletion of 

RRM1 failed to affect MATR3-EGFP localization, we noted a striking redistribution of 

MATR3(∆RRM2)-EGFP into intranuclear granules in a subset of transfected neurons 

(Fig. 2.3D). Deletion of RRM1 in combination with RRM2 produced the same 

phenotype, suggesting that RRM2 normally prevents such redistribution. These nuclear 

granules formed by MATR3(∆RRM2)-EGFP and MATR3(∆RRM1/2)-EGFP were 

uniformly spherical in shape, and their presence was accompanied by a reduction in the 
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intensity of diffusely distributed MATR3 within the nucleus, suggesting that they 

represent hyperconcentrated MATR3 puncta. Evidence from previous studies indicates 

that RNA recognition by MATR3 may be largely—but not solely—driven by RRM2. 

Consistent with this, our finding that RRM2 deletion induces the formation of nuclear 

condensates suggests that RNA binding normally keeps MATR3 diffuse by preventing 

an intrinsic tendency for self-association. We detected no colocalization of 

MATR3(∆RRM2)-EGFP or MATR3(∆RRM1/2)-EGFP with markers of nucleoli, nuclear 

speckles, or PML bodies (Supplemental Fig. 2.1), indicating that MATR3 lacking its 

RRM2 does not join these organelles. Despite the dramatic shift in MATR3-EGFP 

distribution with RRM2 deletion, there was no associated change in the toxicity of 

MATR3-EGFP lacking RRM1, RRM2, or both in comparison to MATR3(WT)-EGFP (Fig. 

2.3E). This finding stands in contrast to what has been observed for other ALS/FTD-

associated RBPs, for which the ability to bind RNAs is a key mediator of overexpression 

toxicity49-51. 

 

2.3.3 The toxicity of RNA binding deficient MATR3 variants is highly dependent 

on their subcellular distribution 

One of the hallmarks of neurodegenerative diseases, including ALS and FTD, is 

the formation of protein-rich aggregates2,52. Prior investigations suggest that these 

aggregates may be toxic, innocuous, or representative of a coping response that 

ultimately prolongs neuronal survival30,35. To determine if the formation of nuclear 

puncta by MATR3(∆RRM2)-EGFP and MATR3(∆RRM1/2)-EGFP affected neuronal 

lifespan, we turned to LFM. We employed a modified version of the automated analysis 



 41 

script to draw ROIs around the nuclear perimeter within each transfected cell (Fig. 2.4A) 

and then calculated a coefficient of variation (CV) for the MATR3(∆RRM1/2)-EGFP 

signal within each nuclear ROI. The CV, or the ratio of the standard deviation of GFP 

intensity to the mean GFP intensity for the ROI, is directly proportional to the spatial 

variability of fluorescence intensity within each ROI. Therefore, we reasoned that this 

measure might be useful for rapidly and reliably identifying puncta in an unbiased and 

high-throughput manner. We first validated the use of CV for detecting puncta by 

creating a receiver-operator characteristic (ROC) curve; in doing so, we observed that a 

CV threshold of 0.92 was 87.2% sensitive and 93.9% specific in discriminating cells with 

nuclear granules from those with diffuse protein (Fig. 2.4B). We therefore utilized this 

CV threshold to assess the frequency of nuclear granule formation in primary rodent 

cortical neurons, noting that 24 h after transfection, 76.1% (2081/2734) of neurons 

transfected with MATR3(∆RRM2)-EGFP displayed nuclear granules compared to 91.2% 

(1590/1743) of MATR3(∆RRM1/2)-EGFP cells (Fig. 2.4C). We also observed the time-

dependent formation of nuclear granules as neurons expressed increasing amounts of 

MATR3-EGFP (Fig. 2.4D), suggesting that granule formation may be proportional to 

expression level. To investigate this relationship further, we identified neurons exhibiting 

a diffuse distribution of MATR3(∆RRM2)-EGFP at day 1 and followed these cells for an 

additional 3 days by automated microscopy. We then measured the GFP intensity for 

each cell at day 1 and related this value to the risk of granule formation over the 

ensuing 72 h period using penalized splines models. Notably, we failed to observe a 

significant relationship between GFP intensity on day 1 and granule formation by day 3 

(Fig. 2.3E). We also assessed the relative change in expression level on a per-cell 
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basis, as quantified by the ratio of GFP intensity at day 2 to the GFP intensity at day 1, 

to determine if the net rate of MATR3(∆RRM2)-EGFP production better predicted 

granule formation. The probability of granule formation was directly proportional to the 

time-dependent change in MATR3(∆RRM2)-EGFP levels (Fig. 2.4F), suggesting that 

granule formation is favored by the rapid accumulation of MATR3(∆RRM2)-EGFP.  

 Our previous studies demonstrated that deletion of RRM1, RRM2, or both had no 

effect upon the toxicity of MATR3-EGFP when expressed in primary neurons (Fig. 

2.3E). These analyses included all neurons within a given condition, consisting of cells 

with diffuse nuclear MATR3 as well as those with MATR3 redistributed into granules. To 

determine if the presence of nuclear MATR3-EGFP granules impacted the survival of 

neurons, we utilized the nuclear CV threshold (Fig. 2.4B) to divide neurons expressing 

MATR3(∆RRM2)-EGFP and MATR3(∆RRM1/2)-EGFP into three categories: cells with 

diffuse protein at day 1, those with granules at day 1, or all cells. We then tracked 

neurons in each category for the following 9 days by LFM and compared their survival 

by Cox proportional hazards analysis. By these measures, neurons displaying nuclear 

MATR3(∆RRM2)-EGFP granules fared significantly better than the population as a 

whole, while those exhibiting a diffuse distribution demonstrated an increased risk of 

death (Fig. 2.4G). Similar results were obtained for neurons expressing 

MATR3(∆RRM1/2)-EGFP; here, the relative protection associated with nuclear 

MATR3(∆RRM1/2)-EGFP granules was modest, but the toxicity of diffusely distributed 

MATR3(∆RRM1/2)-EGFP was more pronounced (Fig. 2.4H). The marked toxicity of 

diffuse MATR3(∆RRM1/2)-EGFP may explain why so few cells with diffuse protein are 

seen at day 1 (Fig. 2.4D). Taken together, these results suggest that diffuse MATR3 is 
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highly neurotoxic when it cannot bind RNA. Furthermore, the sequestration of RNA 

binding-deficit MATR3 variants into nuclear granules is associated with a survival 

advantage.  

 

2.3.4 MATR3 granules formed by deletion of the RNA-binding domains display 

liquid-like properties that are affected by a pathogenic mutation 

As part of their normal function, many RBPs reversibly undergo LLPS, involving 

the formation of droplets with liquid-like properties from diffuse or soluble proteins53,54. 

Disease-associated mutations in the genes encoding these proteins may promote LLPS 

or impair the reversibility of phase separation8,10,53,55. We wondered whether the 

intranuclear granules formed by MATR3(∆RRM2)-EGFP and MATR3(∆RRM1/2)-EGFP 

represent liquid droplets and also whether pathogenic MATR3 mutations affect the 

intrinsic properties of these puncta. Indeed, nuclear granules exhibited dynamic 

properties, not only growing in size over time but also moving freely within the nucleus 

and fusing if they encountered other granules (Fig. 2.5A), indicative of liquid-like 

behavior.  

We then asked if these structures displayed internal rearrangement characteristic 

of liquid droplets and whether pathogenic MATR3 mutations affect their dynamics56,57. 

To answer this, we introduced disease-associated mutations into MATR3(∆RRM1/2)-

EGFP and transfected rodent primary cortical neurons with each construct (Fig. 2.5B). 

Nuclear puncta were photobleached 2-4 days after transfection, and the recovery of 

fluorescence intensity tracked within the bleached and unbleached ROIs by laser 

scanning confocal microscopy. Granules formed by WT MATR3(∆RRM1/2)-EGFP 
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displayed internal rearrangement over the course of minutes consistent with liquid-like 

properties, as did all tested disease mutants on the ∆RRM1/2 background (Fig. 2.5C-D). 

The S85C mutation, however, severely slowed fluorescence recovery, suggesting 

reduced exchange of molecules within each droplet. Using the Stokes-Einstein 

equation, we calculated viscosity estimates for each MATR3(∆RRM1/2)-EGFP variant 

based on return time and bleached area size (Fig. 2.5E). Consistent with the observed 

effect of this mutation on fluorescence recovery, the S85C mutation led to a pronounced 

increase in viscosity over that of WT and other disease-associated mutants.  

We wondered whether this phenotype was specific to nuclear droplets formed by 

MATR3(∆RRM1/2)-EGFP, or if full-length MATR3 carrying pathogenic mutations would 

also display reduced mobility. For this, we transfected primary neurons with full-length 

versions of MATR3(WT)-EGFP or disease-associated MATR3-EGFP variants and then 

bleached a circular area in the center of the nucleus (Fig. 2.5F). In each case, we noted 

rapid return of fluorescence, and the recovery rate was unaffected by pathogenic 

MATR3 point mutations (Fig. 2.5G). To account for the rapidity of return as well as the 

area of the bleached region, we calculated a diffusion coefficient (DC) for each 

construct. Comparison of the DCs for WT and mutant MATR3-EGFP variants showed 

no significant differences (Fig. 2.5H). Our data therefore suggest that the S85C point 

mutation selectively affects the droplet properties of MATR3. To test whether this 

feature is shared among disease-associated mutations affecting the MATR3 N-

terminus, we generated two additional pathogenic mutants, Q66K and A72T, on the 

∆RRM1/2 background (Supplemental Fig. 2.2). Unlike the S85C variant, these 

mutations had no effect on granule viscosity, indicating that the S85C mutant is unique 
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among N-terminal low-complexity domain mutations in its ability to affect the mobility of 

phase-separated MATR3. 

 

2.3.5 Mapping the sequence determinants of MATR3 localization in neurons 

 Cytoplasmic inclusions composed of the RBP TDP-43 are characteristic of ALS 

and the majority of FTD2,52. Moreover, pathogenic mutations in the gene encoding TDP-

43 enhance cytoplasmic mislocalization concordant with enhanced neurotoxicity, and 

reductions in cytoplasmic TDP-43 prolong neuronal survival30,31. To determine if MATR3 

localization is likewise an important determinant of neurodegeneration, we sought to 

disrupt the MATR3 nuclear localization signal (NLS). However, since multiple 

sequences have been associated with nuclear MATR3 localization58,59, we 

systematically identified regions enriched in positively-charged amino acids (arginine, 

lysine) that may mediate nuclear import via importin-α. We then deleted each of the 7 

regions defined in this manner, including two that had been identified as controlling 

nuclear localization in previous studies, and assessed their localization by transfection 

in rodent primary cortical neurons followed by fluorescence microscopy (Fig. 2.6A).  

Deletions of putative NLS (pNLS) 1, 2, 3, 5, 6, and 7 had little to no effect on 

neuronal MATR3 distribution (Fig. 2.6B). While the ∆pNLS3 mutation did not change 

nuclear MATR3 localization per se, it did induce the formation of many small, nuclear 

granules. This effect is consistent with the position of pNLS3 within RRM2 and the 

observed formation of nuclear puncta upon RRM2 deletion (Fig. 2.3). In contrast, and in 

accord with previous studies59, deletion of the bipartite pNLS4 elicited a marked 

reduction in nuclear MATR3-EGFP accompanied by enhanced cytoplasmic localization 
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and the formation of small MATR3-EGFP granules within the cytoplasm. In DT40 and 

HeLa cells, both arms of this NLS were critical for MATR3 nuclear localization. To 

determine if this is the case in neurons, we sequentially deleted the N- and C-terminal 

arms (∆pNLS4N and ∆pNLS4C, respectively) and tested their localization by 

transfection into primary cortical neurons. These studies demonstrated that only the N-

terminal arm is necessary for nuclear localization, as MATR3(∆pNLS4N)-EGFP exhibits 

nuclear clearing and punctate distribution in the cytoplasm and neuronal processes, 

while MATR3(∆pNLS4C)-EGFP has the same distribution as MATR3(WT)-EGFP (Fig. 

2.6C-D). To test whether pNLS4N was sufficient for nuclear localization, we generated a 

construct in which the eight amino acids corresponding to pNLS4N were appended to 

EGFP and compared the subcellular distribution of this construct in primary neurons to 

EGFP alone or EGFP fused to the canonical NLS from the SV40 large T antigen 

(Supplemental Fig. 2.3)60. These studies demonstrated comparable nuclear localization 

of pNLS4N-EGFP and SV40-NLS-EGFP, indicating that the MATR3 pNLS4N sequence 

is both necessary and sufficient for nuclear protein localization in primary neurons. 

 Having identified the N-terminal arm of the bipartite pNLS4 as the key sequence 

regulating MATR3 localization in neurons, we asked whether driving MATR3 into the 

cytoplasm by deletion of this sequence could modify toxicity. Rodent primary cortical 

neurons were transfected with mApple and either EGFP, MATR3(WT)-EGFP, or 

MATR3(∆pNLS4N)-EGFP and imaged at regular intervals by LFM. Automated survival 

analysis of neuronal populations expressing these constructs demonstrated that the 

∆pNLS4N mutation and resulting cytoplasmic localization significantly reduced MATR3-

dependent toxicity compared to the MATR3(WT)-EGFP (Fig. 2.6E). Therefore, unlike 
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TDP-43 and FUS, two RBPs whose cytoplasmic mislocalization is tightly tied to 

neurodegeneration in ALS/FTD models, cytoplasmic MATR3 retention mitigates toxicity, 

suggesting that nuclear MATR3 functions are required for neurodegeneration30,61.  

 Given the observed relationship between MATR3 localization and toxicity, we 

wondered if subtle changes in nucleocytoplasmic MATR3 distribution could be 

responsible for the increased toxicity of MATR3 bearing disease-associated mutations. 

Rodent primary cortical neurons transfected with each of the pathogenic MATR3-EGFP 

variants showed no obvious difference in subcellular localization in comparison with 

MATR3(WT)-EGFP (Fig. 2.2A). To investigate MATR3-EGFP localization in a 

quantitative manner, we developed a customized image-based analysis script to draw 

ROIs around the nucleus and soma of each neuron, measure MATR3-EGFP content 

separately within each compartment, and calculate a nucleocytoplasmic ratio for 

MATR3-EGFP in individual cells (Fig. 2.6F). This analysis confirmed our initial 

observations, showing no significant differences in the localization of mutant MATR3-

EGFP variants compared to MATR3(WT)-EGFP.  

 In a complementary series of experiments, we utilized biochemical fractionation 

to assess the distribution of MATR3-EGFP in a human cell line. MATR3(WT)-EGFP or 

versions of MATR3-EGFP bearing the S85C, F115C, P154S, and T622A disease-

associated mutations were transfected into HEK293T cells, and the nuclear and 

cytoplasmic fractions subjected to SDS-PAGE and Western blotting. In agreement with 

single-cell data from transfected primary neurons, we noted no difference in the 

nucleocytoplasmic distribution of any of the MATR3-EGFP variants tested here (Fig. 

2.6G). Nevertheless, we consistently observed far less of the S85C variant in both 



 48 

nuclear and cytoplasmic fractions, compared to MATR3(WT)-EGFP and other disease-

associated mutants. These data suggest that the S85C mutation may destabilize 

MATR3-EGFP; alternatively, this mutation may prevent adequate solubilization and 

detection of MATR3-EGFP via SDS-PAGE and Western blotting.  

 

2.3.6 A subset of pathogenic MATR3 mutations affect protein solubility and 

stability 

 To discriminate among these possibilities, we first investigated the turnover of 

WT and mutant MATR3 variants using optical pulse labeling (OPL), a technique 

enabling non-invasive determinations of protein clearance in living cells31. For these 

experiments, MATR3 was fused to Dendra2—a photoconvertable protein that 

irreversibly switches from a green to red fluorescent state upon illumination with low-

wavelength light62—and expressed in primary cortical neurons. One day after 

transfection, neurons were illuminated with blue light to photoconvert Dendra2, and the 

time-dependent loss of red fluorescence signal used to calculate protein half-life (Fig. 

2.7A) 31. Previous studies validated the accuracy and utility of OPL for determinations of 

protein half-life; importantly, and in contrast to biochemical techniques for calculating 

half-life that depend on radioactive labeling or translational inhibitors, OPL allows us to 

measure protein clearance on a single-cell level for thousands of neurons 

simultaneously (Fig. 2.7B). Most disease-associated mutations had no effect upon the 

turnover of MATR3-Dendra2 in primary cortical neurons. However, we noted subtle 

destabilization of MATR3(S85C)-Dendra2 in comparison to other pathogenic mutant 

variants and MATR3(WT)-Dendra2 (Fig. 2.7C-D). Even so, the magnitude of the effect 
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was relatively small, making it unlikely that differences in protein turnover fully explain 

the reduced abundance of MATR3(S85C)-EGFP noted in cell lysates (Fig. 2.6G).  

 We next asked if the S85C mutation altered MATR3 solubility. HEK293T cells 

transfected with WT and mutant MATR3-EGFP variants were lysed using a harsher 

protocol that involved sonication in RIPA buffer; additionally, we used urea buffer to 

extract all RIPA-insoluble proteins. In stark contrast to mild conditions (Fig. 2.6G), 

harsher lysis resulted in equivalent levels of all MATR3 variants on Western blot, 

suggesting that the S85C mutation reduced MATR3 solubility (Fig. 2.7E). In accordance 

with this interpretation, the urea-soluble fraction was markedly enriched for 

MATR3(S85C)-EGFP and modestly enriched for MATR3(T622A)-EGFP. These data 

show that the S85C and T622A mutations reduce the solubility of MATR3, without 

drastically affecting its stability. As shown in Fig. 2.1A, both mutations lie within areas of 

predicted disorder, consistent with their effects on MATR3 aggregation and solubility.  

 

2.4 Discussion 

 In this study, we modeled MATR3-mediated neurodegeneration by 

overexpressing WT or disease-associated MATR3 variants in primary neurons. In doing 

so, we found that neurons were highly susceptible to increases or decreases in MATR3 

levels, and disease-associated MATR3 variants exhibited enhanced toxicity in 

comparison to MATR3(WT). Structure-function studies demonstrated that the ZF2 

domain modulates overexpression-related toxicity, while RRM2 prevents MATR3 phase 

separation into mobile nuclear puncta. Biophysical analysis of these puncta confirmed 

their liquid-like nature and further indicated that the pathogenic S85C mutation 



 50 

substantially increased the viscosity of these structures. We also determined that the N-

terminal arm of a bipartite NLS drives MATR3 nuclear localization in neurons; forcing 

MATR3 into the cytoplasm by deleting this sequence blocked toxicity from MATR3 

overexpression. While we did not observe any differences in the distribution of 

pathogenic MATR3 variants, we noted that the S85C mutation significantly reduced 

MATR3 solubility and, to a lesser extent, stability. The T622A mutant displayed similar 

but more muted effects on MATR3 solubility, suggesting that disease-associated 

mutations located in distinct MATR3 domains may operate through convergent 

pathogenic mechanisms.  

Both MATR3 overexpression and knockdown elicited significant and comparable 

toxicity in neurons. These data suggest that neurons are bidirectionally vulnerable to 

changes in MATR3 levels. Post-mortem studies of MATR3 distribution in sporadic and 

familial ALS patients demonstrated stronger MATR3 nuclear staining as well as the 

presence of cytoplasmic MATR3 aggregates in motor neurons28,29. While the impact of 

these findings is unknown, MATR3 mislocalization or sequestration into aggregates may 

reflect a reduction in normal function, a new and abnormal function, or both. In mice, 

homozygous Matr3 knockout is perinatally lethal, supporting our findings that MATR3 

reduction is toxic63. Overexpression of MATR3(WT), MATR3(Ser85Cys), or 

MATR3(Phe115Cys) in mice results in severe muscle disease consisting of fore- and 

hindlimb muscle atrophy accompanied by vacuolization64,65. While overexpression of 

WT protein is toxic in these mouse models, pathogenic mutants show stronger 

phenotypes, in close accordance with our findings in cortical neurons (Fig. 2.2A). 
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MATR3 is unique among ALS/FTD-associated RBPs in possessing not just two 

tandem RRMs but also two ZF domains that can bind repetitive DNA elements found in 

the nuclear scaffold66. MATR3 binds thousands of RNAs via a pyrimidine-rich 

consensus sequence (AUCUU)17,19,67; these binding events are concentrated within 

introns and most often associated with exon repression.  We found that genetic ablation 

of either or both of MATR3’s RRMs had no overall effect on overexpression-mediated 

toxicity. Conversely, ZF2 deletion mitigated MATR3 overexpression-mediated toxicity, 

suggesting that aberrant DNA binding by overexpressed MATR3 may be partially 

responsible for neurodegeneration in these systems. MATR3’s genomic targets remain 

uncharacterized, however, and further studies are required to identify relevant MATR3 

DNA substrates that participate in MATR3 overexpression-related toxicity.   

Our data support a model in which RNA binding prevents MATR3 self-

association into droplets. Consistent with this interpretation, deletion of RRM2—either 

alone or in combination with RRM1—resulted in the formation of phase-separated 

intranuclear droplets. We also observed small, mobile MATR3 granules in the 

cytoplasm and neuronal processes when the bipartite NLS was disrupted (Fig. 2.6D). 

Cytoplasmic RNA concentrations are more than an order of magnitude lower than those 

in the nucleus, a gradient that may favor the coalescence of MATR3(∆pNLS4N)-EGFP 

into puncta within the neuronal soma and processes68. Similarly, phase transitions of 

two other RBPs implicated in ALS and FTD—TDP-43 and FUS—are blocked by high 

RNA concentrations in the nucleus and facilitated by low RNA concentrations in the 

cytoplasm, indicating that this phenomenon is not exclusive to MATR369.  
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 In C2C12 myoblast cells, MATR3 formed intranuclear spherical structures with 

liquid-like properties upon deletion of RRM2, though these granules were smaller and 

more numerous than those we detected in primary neurons, a difference that may be 

due to expression level and cell type70.  RRM2 deletion in C2C12 cells led to a large 

increase in protein binding partners, many with low-complexity domains. In the absence 

of effective RNA binding, therefore, MATR3 may be free to interact with other proteins 

and itself through its low-complexity domains, driving LLPS. 

The functional importance of the individual RRM domains for MATR3’s RNA 

binding activity is unclear; while some studies suggest that both RRM1 and RRM2 bind 

RNA, other investigations indicated that RRM2 is primarily responsible for RNA 

binding58,71. Our data show that deletion of RRM2 is sufficient to elicit MATR3 phase 

separation, suggesting that RNA recognition by MATR3 is mediated largely by RRM2. 

We also noted no significant difference in the survival of neuronal populations 

overexpressing ∆RRM1, ∆RRM2, and ∆RRM1/2 variants of MATR3-EGFP, implying 

that RNA binding per se is unrelated to MATR3-mediated neurodegeneration. This 

interpretation is strengthened by detailed analyses of neurons expressing 

MATR3(∆RRM2) and MATR3(∆RRM1/2). When neurons with and without droplets were 

assessed separately, we noted that neurons exhibiting diffuse MATR3(∆RRM2) or 

MATR3(∆RRM1/2) displayed a significantly higher risk of death than those with 

droplets. These results imply that diffuse MATR3, when not bound to RNA, can be 

highly toxic. Conversely, sequestration of RNA-binding deficient MATR3 into puncta is 

associated with extended neuronal survival. Our data further indicate that diffuse 

MATR3(∆RRM1/2) is more toxic than diffuse MATR3(∆RRM2) (compare the diffuse 
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population in Fig. 2.4G to the diffuse population in Fig. 2.4H). Since RRM1 may be 

capable of recognizing some RNA even without RRM2, these observations suggest that 

neurodegeneration is inversely proportional to the ability of MATR3 to bind RNA when 

diffusely localized within the nucleus. In disease models involving related RBPs, 

including TDP-43 and FUS, toxicity requires the presence of RNA binding motifs as well 

as low-complexity domains that enable LLPS50,72,73. As with MATR3, abrogation of RNA 

binding may disinhibit self-association, resulting in the sequestration of otherwise toxic 

diffuse protein within droplets.  

Investigating the liquid-like properties of MATR3(∆RRM1/2)-EGFP droplets, we 

noted a selective effect of the S85C mutation on droplet viscosity. Low-complexity, 

intrinsically disordered domains are required for phase separation and self-assembly of 

RBPs. Apart from its nucleic acid binding domains, MATR3 displays a high degree of 

predicted disorder based on its primary amino acid sequence (Fig. 2.1A). Among the 

pathogenic mutations studied here, only the S85C mutation significantly affected 

MATR3(∆RRM2)-EGFP droplet viscosity; notably, S85C is also the only disease-

associated mutation associated with a primary myopathy as well as 

neurodegeneration20,21. In myoblasts, MATR3(∆RRM2) carrying the S85C mutation did 

not form spherical droplets but rather coalesced into irregular nuclear clusters, pointing 

to cell type-specific differences in MATR3 behavior that may be relevant for myopathic 

or neurodegenerative phenotypes70. Whether full-length MATR3 is capable of phase-

separation under physiological circumstances, and what relevance this process has for 

disease, is currently unclear. 



 54 

Conflicting evidence58,59 suggests that MATR3 nuclear import is driven by distinct 

sequences in different cell types. For example, while amino acids 701-718 are essential 

for nuclear localization of rat MATR3 in Ac2F cells, deletion of the homologous 

sequence (amino acids 701-720) in human MATR3 has no effect on neuronal 

distribution (Fig. 2.6B). To identify the sequences responsible for MATR3 nuclear import 

within neurons, we undertook a systematic analysis of arginine/lysine-rich sequences in 

MATR3 resembling NLSs. In accord with an earlier report59, we found that MATR3’s 

bipartite pNLS controlled its nuclear enrichment in neurons, but only the N-terminal arm 

of this pNLS was necessary and sufficient for MATR3 nuclear localization in neurons. 

Pathogenic TARDBP and FUS mutations promote cytoplasmic mislocalization of TDP-

43 and FUS, respectively, and cytoplasmic enrichment of these proteins is tightly linked 

to toxicity30,74. In stark contrast, however, we observed that cytoplasmic MATR3 

redistribution extended neuronal survival, suggesting—along with the partial rescue we 

observed for MATR3(∆ZF2)-EGFP and MATR3(∆ZF1/2)-EGFP—that MATR3 

overexpression elicits neurodegeneration through nuclear DNA binding activity, 

mediated at least in part by ZF2. 

Given previously established relationships between the distribution and 

aggregation of RBPs and neurodegeneration in ALS models8,9,30,61,74,75, we wondered 

whether the enhanced toxicity of pathogenic MATR3 variants arises from mutation-

associated changes in MATR3 localization or solubility. We noted no significant 

differences in the subcellular distribution of mutant MATR3 variants in comparison to 

MATR3(WT) but instead consistently observed reduced levels of MATR3(S85C) in 

transfected cell lysates. A similar pattern was noted in previous investigations and 
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attributed to reduced MATR3(S85C) stability27. Using OPL, a sensitive method for 

measuring protein turnover in situ31,76, we detected only a very modest shortening of 

MATR3(S85C) half-life compared to MATR3(WT). Nevertheless, we observed a marked 

change in the solubility of MATR3(S85C) and, less so, MATR3(T622A). This is in partial 

agreement with initial studies of MATR3(S85C) in patient tissues that noted equivalent 

amounts of MATR3(WT) and MATR3(S85C) in insoluble fractions but reduced 

MATR3(S85C) in nuclear fractions21 and in close accord with the insolubility of 

MATR3(Ser85Cys) observed since the publication of our data in fly and mouse 

models65,77,78. Both the S85C and T622A mutations lie within domains predicted to be 

disordered (Fig. 2.1A). Furthermore, both mutations disrupt potential phosphorylation 

sites, and phosphorylation within the intrinsically disordered domain of FUS inhibits self-

association of the protein through negative-negative charge repulsion between 

phosphate groups79. Of the 13 pathogenic mutations identified to date in MATR3, four 

(S85C, S610F, T622A, S707L) eliminate phosphorylatable residues, suggesting that 

inadequate phosphorylation and subsequent disinhibited self-association of MATR3 

may be a conserved feature of MATR3 mutants.  

MATR3’s possesses broad functions in DNA/RNA processing13-15,17-19,71. Its 

presence within cytoplasmic aggregates in approximately half of patients with sporadic 

ALS29 implies that MATR3 pathology causes or is caused by cellular alterations in RNA 

and protein homeostasis, many of which may contribute to neurodegeneration in ALS 

and related disorders. Our work confirms that MATR3 is essential for maintaining 

neuronal survival and furthermore shows that MATR3 accumulation results in 

neurodegeneration in a manner that depends on its subcellular localization and ZF 
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domains. Additional studies are needed to further delineate the impact of disease-

associated MATR3 mutations on the function, behavior, and liquid-like properties of 

MATR3.  

 

2.5 Materials and methods 

Plasmids 

Full-length human MATR3 cDNA was obtained from Addgene (#32880) and 

cloned into the pCMV-Tag2B vector (Agilent Technologies, #211172) using BamHI and 

XhoI endonucleases, tagging the amino-terminus with a FLAG epitope. To generate 

MATR3-EGFP, the EGFP open reading frame with a 14 amino acid N-terminal linker 

was amplified from pGW1-EGFP by PCR using forward primer 5’-AGC TAC TAG TAC 

TAG AGC TGT TTG GGA C-3’ and reverse primer 5’-TAT TGG GCC CCT ATT ACT 

TGT ACA GCT CGT CCA T-3’. The resulting amplicon was digested with SpeI and ApaI 

and cloned into the corresponding sites in pKS to generate pKS-EGFP. To create pKS-

MATR3-EGFP, the FLAG-MATR3 open reading frame from pCMV-Tag2B was amplified 

by PCR with forward primer 5’-GAT CTC TAG AGC GGC CGC CAC CAT GGA T-3’ and 

reverse primer 5’-AGC TAC TAG TCA TAG TTT CCT TCT TCT GTC T-3’, digested with 

XbaI and SpeI, and inserted into the corresponding sites in pKS-EGFP. pGW1-MATR3-

EGFP was generated by digesting pKS-MATR3-EGFP with XbaI and ApaI, purifying the 

ensuing fragment containing MATR3-EGFP, and inserting into the corresponding sites 

of pGW1. To create Dendra2-tagged MATR3 variants, the EGFP coding region of each 

construct was removed by PCR amplification of the pGW1-MATR3-EGFP vector using 

primers that flank the EGFP open reading frame. The Dendra2 open reading frame was 



 57 

then removed from pGW1-Dendra231 by digestion with ApaI and MfeI and inserted into 

pGW1-MATR3. All constructs were confirmed by sequencing prior to transfection in 

neurons and HEK293T cells. 

 Domain deletion mutants were created using Q5 Hot Start High-Fidelity DNA 

Polymerase (New England Biolabs) and primers flanking the regions to be deleted for 

nucleic acid-binding domain (Table 1) and putative nuclear localization signal (Table 2) 

deletions. All disease-associated point mutations were created with site-directed 

mutagenesis (Table 3).  

 To generate NLS-EGFP fusion protein variants, the pNLS4N sequence (5’-AAA 

AAA GAT AAA TCC CGA AAA AGA-3’) and SV40 large T antigen NLS sequence (5’-

CCA AAA AAG AAG AGA AAG GTA-3’) were synthesized as oligonucleotides flanked 

with ends complementary to ApaI/AgeI sites and BsrGI/EcoRI sites, respectively. These 

were heated to 95 °C for 5 min, annealed overnight at room temperature (RT), and 

phosphorylated with T4 Polynucleotide Kinase (New England Biolabs). pGW1-EGFP 

and FUGW-EGFP vectors were digested with ApaI/AgeI and BsrGI/EcoRI, respectively, 

after which the corresponding annealed NLS-containing oligonucleotides were ligated. 

 

Primary neuron cell culture and transfection 

 Cortices from embryonic day (E)19-20 Long-Evans rat embryos were dissected 

and disassociated, and primary neurons plated at a density of 6 x 105 cells/mL in 96-

well plates, as described previously80. At in vitro day (DIV) 4-5, neurons were 

transfected with 100 ng of pGW1-mApple31 to mark cells bodies and 100 ng of an 

experimental construct (i.e. pGW1-MATR3-EGFP) using Lipofectamine 2000, as 
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before30. Following transfection, cells were placed into either Neurobasal with B27 

supplement (Gibco; for all survival experiments) or NEUMO photostable medium (Cell 

Guidance Systems; for optical pulse labeling experiments). For siRNA knockdown 

experiments, neurons were transfected with 100 ng of pGW1-mApple per well and 

siRNA at a final concentration of 90 nM. Cells were treated with either scrambled siRNA 

(Dharmacon) or siRNA targeting the N-terminal coding region of rat Matr3 (5’-GUC AUU 

CCA GCA GUC AUC UUU-3’). 

 

Longitudinal fluorescence microscopy and automated image analysis 

 Neurons were imaged as described previously32 using a Nikon Eclipse Ti 

inverted microscope with PerfectFocus3 and a 20X objective lens. Detection was 

accomplished with an Andor iXon3 897 EMCCD camera or Andor Zyla4.2 (+) sCMOS 

camera. A Lambda XL Xenon lamp (Sutter) with 5 mm liquid light guide (Sutter 

Instrument Company) was used to illuminate samples, and custom scripts written in 

Beanshell for use in μManager controlled all stage movements, shutters, and filters. 

Custom ImageJ/Fiji macros and Python scripts 

(https://github.com/barmadaslab/survival-analysis and 

https://github.com/barmadaslab/measurements; copies archived at 

https://github.com/elifesciences-publications/ survival-analysis and 

https://github.com/elifesciences-publications/measurements) were used to identify 

neurons and draw regions of interest (ROIs) based upon size, morphology, and 

fluorescence intensity. Criteria for marking cell death involved rounding of the soma, 

loss of fluorescence and degeneration of neuritic processes. Custom scripts 
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(https://github.com/barmadaslab/nuclear-fractionation; copy archived at 

https://github.com/elifesciences-publications/nuclear-fractionation) were also used to 

identify and draw bounding ROIs around nuclei of transfected cells based upon MATR3-

EGFP or Hoechst 33258 (ThermoFisher) fluorescence. Coefficient of variation (CV) was 

calculated as the standard deviation of fluorescence intensity divided by the mean 

fluorescence intensity within an ROI.  

 

Immunocytochemistry 

 Neurons were fixed with 4% paraformaldehyde, rinsed with phosphate buffered 

saline (PBS), and permeabilized with 0.1% Triton X-100 in PBS. After brief treatment 

with 10 mM glycine in PBS, cells were placed in blocking solution (0.1% Triton X-100, 

2% fetal calf serum, and 3% bovine serum albumin (BSA), all in PBS) at RT for 1 h 

before incubation overnight at 4 °C in primary antibody at the following dilutions in 

blocking solution:  rabbit anti-MATR3 (Abcam EPR10635(B); RRID: AB_2491618 for 

Fig. 2.1 and EPR10634(B) for Fig. 2.2) diluted 1:1000, mouse anti-fibrillarin (Abcam 

38F3; RRID: AB_304523) diluted 1:1000, mouse anti-SC35 (Novus Biologicals NB100-

1774SS; RRID: AB_526734) diluted 1:2000, mouse anti-PML (Santa Cruz 

Biotechnology sc-377390) diluted 1:50. Cells were then washed 3x in PBS, and 

incubated at RT with secondary antibody, goat anti-rabbit 647 (Jackson 

ImmunoResearch 111-605-003; RRID: AB_2338072) or goat anti-mouse 647 (Jackson 

ImmunoResearch 115-605-003; RRID: AB_2338902) diluted 1:1000 in blocking 

solution, for 1 h at RT. Following 3x rinses in PBS containing 1:5000 Hoechst 33258 
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dye (ThermoFisher), neurons were imaged by fluorescence microscopy, as described 

above. 

 

Fluorescence recovery after photobleaching 

 Primary neurons were dissected as above and plated in LAB-TEK 8-well 

borosilicate chambers (ThermoFisher). On DIV 3, they were transfected as before but 

using 200 µg of pGW1-mApple and 200 µg of pGW1-MATR3-EGFP variants per well. 

Cell were imaged 2-4 days after transfection using a Nikon A1 confocal microscope 

operated by Nikon Elements, a 60X objective lens, and a heating chamber with CO2 

pre-warmed to 37 °C. For MATR3(∆RRM1/2)-EGFP variants, an ROI corresponding to 

half of the granule was outlined with Elements and photobleached using a 488 nm laser 

set at 30% power, 1 pulse per sec x 7 sec. Fluorescence recovery was monitored up to 

10 min after photobleaching. For full-length MATR3 variants, ROIs for photobleaching 

were drawn in the center of the nucleus for each cell, and recovery was monitored for 6 

min.  

 Image analysis was conducted in FIJI. Rigid body stack registration was used to 

fix the granules in place relative to the frame. The GFP integrated density for the whole 

granule was calculated from pre-bleach measurements, as was the fraction of granule 

integrated density corresponding to the ROI to be photobleached. The decline in this 

fraction immediately after photobleaching was then calculated and used as the floor, 

and the return was plotted as the percent recovery within the ROI as a fraction of the 

original pre-bleach granule integrated density. 
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Recovery data were fit to the equation y(t) = A(1-e-τt), where A is the return curve 

plateau, τ is the time constant, and t is the time post-bleach. The fitted τ from each 

curve was then used to calculate the time to half-return (t1/2) using the equation t1/2 = 

ln(0.5)/-τ. To estimate the diffusion coefficient (D) of these molecules, we used the 

equation D = (0.88w2)/(4t1/2), where w is the ROI radius11. This equation assumes spot 

bleach with a circular stimulation ROI and diffusion limited to the x-y plane. Since we 

could not be confident that these assumptions were met, we estimated D and 

downstream parameters by dividing ROI areas by π to approximate w2 and solving for 

D. This estimated value was used in the Einstein-Stokes equation, D = kBT/(6πηr), 

where kB is the Boltzmann constant, T is temperature in K, η is viscosity, and r is the 

Stokes radius of the particle. As there is no applicable structural data on MATR3, we 

estimated a Stokes radius of 3.13 nm by applying the MATR3(∆RRM1/2)-EGFP fusion 

protein’s combined molecular weight of 106.4 kDa to the equation Rmin = 0.66M1/3, 

where Rmin is the minimal radius in nm of a sphere that could bound a globular protein 

with a molecular weight of M81. Using these constants and the estimated D for each 

granule, the Einstein-Stokes equation was rearranged to solve for η. 

Photobleaching data from full-length MATR3-EGFP was analyzed in a similar 

fashion. After calculating the nuclear integrated density, the fraction attributable to 

photobleaching within the ROI was used for normalization. Intensity data were fit to the 

y(t) = A(1-e-τt) equation, t1/2 values were calculated as before, and D determined by the 

equation D = (0.88w2)/(4t1/2).  

 

Nuclear/cytoplasmic fractionation and differential solubility 
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 HEK293T cells (STR profiling-validated and mycoplasma-negative; ATCC CRL-

3216; RRID: CVCL_0063) were transfected in a 6-well plate with 3 µg of DNA per well 

using Lipofectamine 2000 according to the manufacturer’s instructions. For 

nuclear/cytoplasmic fractionation, cells were washed with cold PBS 24 h after 

transfection, collected with resuspension buffer (10 mM Tris, 10 mM NaCl, 3 mM MgCl2, 

pH 7.4), and transferred to a pre-chilled 1.5 mL conical tube to sit on ice for 5 min. An 

equal volume of resuspension buffer with 0.6% Igepal (Sigma) was then added to 

rupture cell membranes and release cytoplasmic contents, with occasional inversion for 

5 min on ice. Nuclei were pelleted at 100 x g at 4 °C for 10 min using a tabletop 

centrifuge. The supernatant (cytosolic fraction) was collected, and the nuclei were 

rinsed twice in resuspension buffer without Igepal. To collect nuclear fractions, pelleted 

nuclei were lysed in RIPA buffer (Pierce) with cOmplete protease inhibitors (Roche) on 

ice for 30 min with occasional inversion. Samples were centrifuged at 9,400 x g at 4 °C 

for 10 min, and the supernatant was saved as the nuclear fraction. 

 For differential solubility experiments, transfected HEK293T were collected in 

cold PBS 24 h after transfection and transferred to a pre-chilled conical tube on ice. 

Cells were then centrifuged at 100 x g for 5 min at 4 °C to pellet cells, the PBS was 

aspirated, and cells were resuspended in RIPA buffer with protease inhibitors. Following 

lysis on ice for 15 min with occasional inversion, cells were sonicated at 80% amplitude 

with 5 sec on/5 sec off for 2 min using a Fisherbrand Model 505 Sonic Dismembrenator 

(ThermoFisher).  Samples were centrifuged at 41,415 x g for 15 min at 4 °C to pellet 

RIPA-insoluble material, with the supernatant removed and saved as the RIPA-soluble 

fraction. The RIPA-insoluble pellet was washed in RIPA once, and contents 
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resuspended vigorously in urea buffer (7 M urea, 2 M thiourea, 4% CHAPS, 30 mM Tris, 

pH 8.5). Samples were again centrifuged at 41,415 x g for 15 min at 4 °C, and the 

supernatant was saved as the RIPA-insoluble, urea-soluble fraction. 

 For SDS-PAGE, stock sample buffer (10% SDS, 20% glycerol, 0.0025% 

bromophenol blue, 100 mM EDTA, 1 M DTT, 20 mM Tris, pH 8) was diluted 1:10 in 

lysates and all samples except urea fractions were boiled for 10 min before 5-15 µg of 

protein were loaded onto 4-15% gradient gels (Bio-Rad). For urea fractions, total protein 

concentration was too low to quantify and so equal volumes of sample across 

conditions were mixed 1:1 with water and loaded. After electrophoresis, samples were 

transferred at 30 V overnight at 4 °C onto an activated 2 μm nitrocellulose membrane 

(Bio-Rad), blocked with 3% BSA in 0.2% Tween-20 in Tris-buffered saline (TBST), and 

blotted overnight at 4 °C with the following primary antibodies: rabbit anti-MATR3 

(Abcam EPR10634(B)), mouse anti-GAPDH (Millipore Sigma MAB374; RRID: 

AB_2107445), and rabbit anti-H2B (Novus Biologicals NB100-56347; RRID: 

AB_838347), all diluted 1:1000 in 3% BSA, 0.2% TBST. The following day, blots were 

washed in 0.2% TBST, incubated at RT for 1 h with AlexaFluor goat anti-mouse 594 

(ThermoFisher A-11005; RRID: AB_141372) and goat anti-rabbit 488 (ThermoFisher A-

11008; RRID: AB_143165), both diluted 1:10,000 in 3% BSA in 0.2% TBST. Following 

treatment with secondary antibody, blots were washed in 0.2% TBST, placed in Tris-

buffered saline, and imaged using an Odyssey CLx Imaging System (LI-COR 

Biosciences). 

 

Statistical analysis 
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 Statistical analyses were performed in R or Prism 7 (GraphPad). For primary 

neuron survival analysis, the publicly available R survival package was used to 

determine hazard ratios describing the relative survival among populations through Cox 

proportional hazards analysis. For half-life calculations, a custom R script 

(https://github.com/barmadaslab/measurements; copy archived at 

https://github.com/elifesciences-publications/measurements), was applied to fit log-

transformed TRITC intensity data to a linear equation. Photobleaching recovery data 

were fit to the y(t) = A(1-e-τt) equation using non-linear regression in R. siRNA 

knockdown data were plotted using Prism 7, and significance determined via the two-

tailed t-test. One-way ANOVA with Tukey’s post-test was used to assess for significant 

differences among nuclear/cytoplasmic ratios, viscosities, D values, and half-lives. Data 

are shown as mean ± SEM unless otherwise stated. 
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Figure 2.1. MATR3 overexpression results in dose-dependent neurodegeneration. 
A. Diagram of MATR3 showing nucleic acid-binding domains as well as the distribution 
of pathogenic mutations implicated in ALS (blue), ALS/FTD (red), and ALS/distal 
myopathy (green) within domains predicted to be disordered by PONDR VSL282. B. 

Figure 1. MATR3 overexpression results in dose-dependent neurodegeneration. (A) Diagram of MATR3 showing nucleic acid-binding domains as well

as the distribution of pathogenic mutations implicated in ALS (blue), ALS/FTD (red), and ALS/distal myopathy (green) within domains predicted to be

disordered by PONDR VSL2 (Peng et al., 2006). (B) Longitudinal fluorescence microscopy (LFM) allows unique identification and tracking of thousands

of primary neurons (green outlines) transfected with fluorescent proteins, as well as monitoring of cell death (red outlines), indicated by loss of

Figure 1 continued on next page
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Longitudinal fluorescence microscopy (LFM) allows unique identification and tracking of 
thousands of primary neurons (green outlines) transfected with fluorescent proteins, as 
well as monitoring of cell death (red outlines), indicated by loss of fluorescence signal 
and changes in morphology. C. MATR3-EGFP expressing neurons exhibited a higher 
risk of death compared to neurons expressing only EGFP, as quantified by the hazard 
ratio (HR) (HR = 1.48; EGFP n = 1286, MATR3-EGFP n = 1183; *** p < 2 x 10-16, Cox 
proportional hazards). D-E. Transfection of neurons with MATR3-EGFP resulted in a 
2.8-fold increase in anti-MATR3 immunoreactivity over untransfected cells (MATR3-
EGFP n = 133, untransfected n = 136, EGFP n = 113, **** p < 0.0001, one-way ANOVA 
with Tukey’s post-hoc test). F. On a single-cell basis, GFP fluorescence is directly 
proportional to anti-MATR3 reactivity (p < 0.0001, r2 = 0.90; linear regression). G. 
Penalized spline modeling confirmed a protective effect associated with higher EGFP 
expression that plateaus at ~1500 arbitrary units (AU); (p = 5.3 x 10-6, penalized spline 
regression). H. However, penalized spline analysis showed no relationship between 
expression and survival at low and medium expression but a significant increase in risk 
of death with high MATR3-EGFP levels (p = 0.012; penalized spline regression). Scale 
bars in (B) and (D), 20 μm. 
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Figure 2.2. Neurons are susceptible to both gain-of-function and loss-of-function 
MATR3 toxicity. A. In primary rodent cortical neurons, the S85C, F115C, P154S, and 
T622A disease-associated MATR3 mutants have the same granular nuclear distribution 
as MATR3(WT)-EGFP. B. All four disease mutations display a subtle but significant 
increase in toxicity compared to MATR3(WT)-EGFP (comparing to MATR3(WT)-EGFP, 
n = 2920: MATR3(S85C)-EGFP, HR = 1.16, n = 2031, *** p = 3.79 x 10-6; 
MATR3(F115C)-EGFP, HR = 1.14, n = 2144, *** p = 5.57 x 10-5; MATR3(P154S)-
EGFP, HR = 1.24, n = 2092, *** p = 1.77 x 10-11; MATR3(T622A)-EGFP, HR = 1.14, n = 
2137, *** p = 6.02 x 10-5; Cox proportional hazards). C-D. siRNA targeting the 
endogenous rat Matr3 reduced MATR3 antibody reactivity by approximately 65% 
(scrambled siRNA, n = 576; anti-Matr3 siRNA, n = 508; p < 0.0001, two-tailed t-test). E. 
Neurons transfected with anti-Matr3 siRNA displayed a higher risk of death compared to 
those transfected with scrambled siRNA (HR = 1.20; scrambled siRNA, n = 2507; anti-
Matr3, n = 2623; *** p = 2.05 x 10-8, Cox proportional hazards). Scale bars in (A), 10 
μm; scale bars in (C), 20 μm. 
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Figure 2.3. MATR3’s ZFs mediate overexpression toxicity, and its RRMs regulate 
subcellular distribution. A. Schematic of MATR3 domain deletion mutants. B. Zinc 
finger (ZF) domain deletions do not change the localization of MATR3-EGFP compared 
to the full-length protein. C. ZF2 deletion, either in isolation or combination with ZF1, 
results in modest rescue of overexpression toxicity (comparing to MATR3(WT)-EGFP, n 
= 1616: MATR3(∆ZF1)-EGFP, HR = 0.94, n = 1471, p = 0.10; MATR3(∆ZF2)-EGFP, HR 
=0.93, n = 1505, * p = 0.040; MATR3(∆ZF1/2)-EGFP, HR = 0.90, n = 1104, ** p = 
0.0093; Cox proportional hazards). D. While MATR3(∆RRM1)-EGFP exhibits the same 
localization as MATR3(WT)-EGFP, deletion of RRM2 results in redistribution into 

Figure 3. MATR3’s ZFs mediate overexpression toxicity, and its RRMs regulate subcellular distribution. (A) Schematic of MATR3 domain deletion

mutants. (B) Zinc finger (ZF) domain deletions do not change the localization of MATR3-EGFP compared to the full-length protein. (C) ZF2 deletion,

either in isolation or combination with ZF1, results in modest rescue of overexpression toxicity (comparing to MATR3(WT)-EGFP, n = 1616: MATR3

(DZF1)-EGFP, HR = 0.94, n = 1471, p=0.10; MATR3(DZF2)-EGFP, HR = 0.93, n = 1505, *p=0.040; MATR3(DZF1/2)-EGFP, HR = 0.90, n = 1104, **p=0.0093;

Cox proportional hazards). (D) While MATR3(DRRM1)-EGFP exhibits the same localization as MATR3(WT)-EGFP, deletion of RRM2 results in

redistribution into intranuclear granules. (E) RRM deletion had little effect on MATR3-mediated toxicity (comparing to MATR3(WT)-EGFP n = 1430:

Figure 3 continued on next page
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intranuclear granules. E. RRM deletion had little effect on MATR3-mediated toxicity 
(comparing to MATR3(WT)-EGFP n = 1430: MATR3(∆RRM1)-EGFP, HR = 1.05, n = 
1171, p = 0.25; MATR3(∆RRM2)-EGFP, HR = 1.09, n = 1001, p = 0.066; 
MATR3(∆RRM1/2)-EGFP, HR = 1.04, n = 1180, p = 0.42). Scale bars in (B) and (D), 10 
μm. 
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Figure 2.4. MATR3(∆RRM2)-EGFP and MATR3(∆RRM1/2)-EGFP are highly 
neurotoxic in their diffuse form. A. Automated analysis of MATR3-EGFP distribution 

Figure 4. MATR3(DRRM2)-EGFP and MATR3(DRRM1/2)-EGFP are highly neurotoxic in their diffuse form. (A) Automated analysis of MATR3-EGFP

distribution in transfected primary cortical neurons. Regions of interest (ROIs) were drawn around the cell body (marked by mApple fluorescence, red)

and diffuse MATR3-EGFP (indicated by GFP fluorescence, green), and used to calculate a coefficient of variation (CV) representing MATR3-EGFP

distribution within each ROI. (B) Receiver operating characteristic (ROC) curve for MATR3-EGFP CV values. A CV threshold of 0.92 (arrow/black point)

Figure 4 continued on next page
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in transfected primary cortical neurons. Regions of interest (ROIs) were drawn around 
the cell body (marked by mApple fluorescence, red) and diffuse MATR3-EGFP 
(indicated by GFP fluorescence, green), and used to calculate a coefficient of variation 
(CV) representing MATR3-EGFP distribution within each ROI. B. Receiver operating 
characteristic (ROC) curve for MATR3-EGFP CV values. A CV threshold of 0.92 
(arrow/black point) identified cells with intranuclear MATR3-EGFP granules with 87.2% 
sensitivity and 93.9% specificity. C. Using this cutoff, we determined that 1 day after 
transfection, 76.1% (2081/2734) of MATR3(∆RRM2)-EGFP neurons displayed 
intranuclear granules compared to 91.2% (1590/1743) of MATR3(∆RRM1/2)-EGFP 
cells (*** p < 0.00001, Fisher’s exact test). D. Intranuclear granules form in a time-
dependent manner in neurons expressing MATR3(∆RRM2)-EGFP and 
MATR3(∆RRM1/2)-EGFP. E-F. Penalized spline models depicting the relationship 
between MATR3(∆RRM2)-EGFP expression on day 1 (E) or change in GFP expression 
between day 1 and day 2 (F), and risk of developing an intranuclear granule by day 3. 
Expression level at day 1 was not significantly associated with risk of granule formation 
(E; p = 0.30, penalized spline regression), but the relative increase in expression from 
day 1 to day 2 is (F; p = 0.015, penalized spline regression). G. For MATR3(∆RRM2)-
EGFP, neurons exhibiting granules by day 1 displayed improved survival compared to 
the pooled combination of all cells. Conversely, neurons with diffusely distributed 
MATR3(∆RRM2)-EGFP fared far worse (comparing to the pooled condition: cells with 
granules n = 2081, HR = 0.86, *** p = 1.02 x 10-5; cells with diffuse protein n = 653, HR 
= 1.75, *** p < 2 x 10-16; Cox proportional hazards). H. Neurons with MATR3(∆RRM1/2)-
EGFP granules by day 1 similarly displayed a reduced risk of death in comparison to 
the pooled group, while diffuse MATR3(∆RRM1/2)-EGFP was highly toxic (comparing to 
the pooled condition: cells with granules, n = 1590, HR = 0.92, * p = 0.03; cells with 
diffuse protein, n = 153, HR = 3.78, *** p = 2 x 10-16; Cox proportional hazards). Scale 
bars in (A) and (B), 10 μm. 
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Figure 2.5. MATR3(∆RRM1/2)-EGFP droplets display liquid-like properties that are 
affected by the S85C mutation. A. MATR3(∆RRM2)-EGFP and MATR3(∆RRM1/2)-
EGFP droplets show liquid-like properties such as mobility and fusion. B. Pathogenic 

Figure 5. MATR3(DRRM1/2)-EGFP droplets display liquid-like properties that are affected by the S85C mutation. (A) MATR3(DRRM2)-EGFP and MATR3

(DRRM1/2)-EGFP droplets show liquid-like properties such as mobility and fusion. (B) Pathogenic MATR3 mutations on the DRRM1/2 background result

in similar phase-separated droplets. (C–D) Fluorescence recovery after photobleaching (FRAP) of MATR3(DRRM1/2)-EGFP droplets shows internal

rearrangement consistent with liquid-like behavior, but the recovery of MATR3(S85C DRRM1/2)-EGFP droplets was significantly delayed. (E) MATR3

Figure 5 continued on next page
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MATR3 mutations on the ∆RRM1/2 background result in similar phase-separated 
droplets. C-D. Fluorescence recovery after photobleaching (FRAP) of 
MATR3(∆RRM1/2)-EGFP droplets shows internal rearrangement consistent with liquid-
like behavior, but the recovery of MATR3(S85C ∆RRM1/2)-EGFP droplets was 
significantly delayed. E. MATR3(S85C ∆RRM1/2)-EGFP droplets displayed significantly 
higher viscosity in comparison to MATR3(WT ∆RRM1/2)-EGFP (comparing to 
MATR3(WT ∆RRM1/2)-EGFP, n = 5: MATR3(S85C ∆RRM1/2)-EGFP, n = 5, **** p < 
0.0001; MATR3(F115C ∆RRM1/2)-EGFP, n = 5, p > 0.9999; MATR3(P154S ∆RRM1/2)-
EGFP, n = 5, p > 0.9999; MATR3(T622A ∆RRM1/2)-EGFP, n = 4, p > 0.9999; one-way 
ANOVA with Tukey’s post-hoc test). F-G. FRAP experiments involving full-length 
MATR3-EGFP variants showed no differences in rates of return. H. Similarly, there were 
no differences in diffusion coefficients (DC) among full-length MATR3 variants 
(MATR3(WT)-EGFP, n = 5; MATR3(S85C)-EGFP, n = 5; MATR3(F115C)-EGFP; n = 5, 
MATR3(P154S)-EGFP, n = 5; MATR3(T622A)-EGFP, n = 4; p = 0.17, one-way 
ANOVA). Scale bars in (A) and (B), 10 μm; scale bars in (C) and (F), 5 μm. Curves in 
(D) and (G) show fitted curves ± SD. 
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Figure 2.6. Reducing MATR3 nuclear localization mitigates overexpression 
toxicity. A. Schematic showing putative MATR3 nuclear localization signals (pNLS). B-

Figure 6. Reducing MATR3 nuclear localization mitigates overexpression toxicity. (A) Schematic showing putative MATR3 nuclear localization signals

(pNLS). (B–C) Deletion of the N-terminal arm of NLS4 (DpNLS4N) led to nuclear MATR3 clearance in neurons. (D) MATR3(DpNLS4N)-EGFP forms

granular structures in the cytoplasm and neuronal processes (white arrows). (E) Disrupting nuclear localization of MATR3 prevents neurotoxicity from

overexpression (compared to MATR3(WT)-EGFP, n = 2459: MATR3(DpNLS4N)-EGFP, n = 1864, HR = 0.89, ***p=0.00041, Cox proportional hazards). (F–

Figure 6 continued on next page
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C. Deletion of the N-terminal arm of NLS4 (∆pNLS4N) led to nuclear MATR3 clearance 
in neurons. D. MATR3(∆pNLS4N)-EGFP forms granular structures in the cytoplasm and 
neuronal processes (white arrows). E. Disrupting nuclear localization of MATR3 
prevents neurotoxicity from overexpression (compared to MATR3(WT)-EGFP, n = 2459: 
MATR3(∆pNLS4N)-EGFP, n = 1864, HR = 0.89, *** p = 0.00041, Cox proportional 
hazards). F-G. Pathogenic MATR3 mutants display no difference in subcellular protein 
localization as assessed by automated image nuclear/cytoplasmic analysis (F; 
MATR3(WT)-EGFP, n = 824; MATR3(S85C)-EGFP, n = 499; MATR3(F115C)-EGFP, n 
= 634; MATR3(P154S)-EGFP, n = 554; MATR3(T622A)-EGFP, n = 677; p = 0.067, one-
way ANOVA) or biochemical fractionation in transfected HEK293T cells (G). Western 
blot demonstrated reduced abundance of the S85C mutant in transfected HEK293T 
cells. Scale bars in (B) and (C), 10 μm; scale bar in (D), 50 μm. 
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Figure 2.7. Pathogenic MATR3 mutations have little effect on MATR3 turnover, but 
a subset reduce solubility. A. Optical pulse labeling of Dendra2-tagged MATR3 
variants. Each neuron is transfected with EGFP alone to outline the cell body, as well as 
MATR3-Dendra2, which fluoresces in the red channel (TRITC) upon photoconversion. 
Scale bar, 50 μm. B. Normalized red fluorescence (TRITC) signal for individual neurons. 

Figure 7. Pathogenic MATR3 mutations have little effect on MATR3 turnover, but a subset reduce solubility. (A) Optical pulse labeling of Dendra2-

tagged MATR3 variants. Each neuron is transfected with EGFP alone to outline the cell body, as well as MATR3-Dendra2, which fluoresces in the red

channel (TRITC) upon photoconversion. Scale bar, 50 mm. (B) Normalized red fluorescence (TRITC) signal for individual neurons. The time-dependent

decay of red fluorescence over time is used to calculate MATR3-Dendra2 half-life for each neuron. (C–D) MATR3(S85C)-Dendra2 displayed a subtle but

Figure 7 continued on next page
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The time-dependent decay of red fluorescence over time is used to calculate MATR3-
Dendra2 half-life for each neuron. C-D. MATR3(S85C)-Dendra2 displayed a subtle but 
significant reduction in half-life compared to MATR3(WT)-Dendra2 (comparing to 
MATR3(WT)-Dendra2, n = 1269: MATR3(S85C)-Dendra2, n = 1670, **** p < 0.0001; 
MATR3(F115C)-Dendra2, n = 1122, p > 0.9999; MATR3(P154S)-Dendra2, n = 1509, p 
= 0.9309; MATR3(T622A)-Dendra2, n = 923, p = 0.9989; one-way ANOVA with Tukey’s 
post-hoc test). E. Sonication in RIPA resulted in equivalent amounts of all MATR3 
variants by Western blotting. The S85C variant was markedly enriched in the RIPA-
insoluble, urea-soluble fraction, while the T622A variant showed more modest 
enrichment. 
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Supplemental Figure 2.1. MATR3(∆RRM2)-EGFP and MATR3(∆RRM1/2)-EGFP do 
not join preexisting subnuclear organelles. A-C. Immunostaining for nucleoli, 
speckles, and PML bodies using antibodies against fibrillarin, SC35, and PML, 
respectively, show no colocalization between MATR3(∆RRM2)-EGFP and 
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MATR3(∆RRM1/2)-EGFP granules and these nuclear structures. Scale bars in (A), (B), 
and (C), 10 μm. 
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Supplemental Figure 2.2. Pathogenic N-terminal domain mutations other than 
S85C on the ∆RRM1/2 background do not affect granule viscosity. A. When 
expressed in rodent primary cortical neurons, the Q66K and A72T disease-associated 
mutations on MATR3(∆RRM1/2)-EGFP form intranuclear granules. Scale bar, 10 μm. 
B-C. However, these mutants do not alter droplet viscosity (MATR3(WT ∆RRM1/2)-
EGFP n = 5, MATR3(Q66K ∆RRM1/2)-EGFP n = 6, MATR3(A72T ∆RRM1/2)-EGFP n = 
6; p = 0.11; one-way ANOVA). Curves in (B) show fitted curves ± SD. 
 
 

Figure 5—figure supplement 1. Pathogenic N-terminal domain mutations other than S85C on the DRRM1/2 background do not affect granule

viscosity. (A) When expressed in rodent primary cortical neurons, the Q66K and A72T disease-associated mutations on MATR3(DRRM1/2)-EGFP form

intranuclear granules. Scale bar, 10 mm. (B–C) However, these mutants do not alter droplet viscosity (MATR3(WT DRRM1/2)-EGFP n = 5, MATR3(Q66K

DRRM1/2)-EGFP n = 6, MATR3(A72T DRRM1/2)-EGFP n = 6; p=0.11; one-way ANOVA). Curves in (B) show fitted curves ± SD.

DOI: https://doi.org/10.7554/eLife.35977.012
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Supplemental Figure 2.3. The N-terminal arm of MATR3’s bipartite NLS is capable 
of driving nuclear enrichment of a heterologous protein. A-B. Appending the eight 
amino acids of the pNLS4N sequence onto EGFP results in enhanced nuclear 
localization, comparable to the effect of the canonical SV40 large T cell antigen NLS 
(comparing to EGFP n = 877: pNLS4N-EGFP n = 601, p < 0.0001; SV40 large T cell 
antigen NLS-EGFP n = 1095, **** p < 0.0001; one-way ANOVA with Tukey’s post-hoc 
test). Scale bar, 20 μm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6—figure supplement 1. The N-terminal arm of MATR3’s bipartite NLS is capable of driving nuclear enrichment of a heterologous protein. (A-
B) Appending the eight amino acids of the pNLS4N sequence onto EGFP results in enhanced nuclear localization, comparable to the effect of the

canonical SV40 large T cell antigen NLS (comparing to EGFP n = 877: pNLS4N-EGFP n = 601, p<0.0001; SV40 large T cell antigen NLS-EGFP n = 1095,

****p<0.0001; one-way ANOVA with Tukey’s post-hoc test). Scale bar, 20 mm.

DOI: https://doi.org/10.7554/eLife.35977.014
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Table 2.1. Primer sequences for generating MATR3 domain deletions 
 

Deletion 
mutation 

Amino 
acids Primers Sequences 

 ∆ZF1 288 –322 Forward 5’-CTT GAA ATC TAC CCA GAA TG-3’ 
Reverse 5’-CTT CGG TAA GAG TCC ATG-3’ 

‘ ∆ZF2 798 – 833 Forward 5’-CTG AAT AAA TTG GCA GAA GAA C-

3’ 
Reverse 5’-AGG TAT CAC ATA GTC TAT ACC-3’ 

∆RRM1 398 – 473 Forward 5’-TAT AAA AGA ATA AAG AAA CCT 

GAA GG-3’ 
Reverse 5’-GCT AGT TTC CAC TCT GCC-3’ 

∆RRM2 496 – 575 Forward 5’-GTT CTG AGG ATT CCA AAC AG-3’ 
Reverse 5’-TCC AAG CTC TTG CTT TTG-3’ 
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Table 2.2. Primer sequences for generating putative MATR3 NLS deletions 
 

Deletion 
mutation 

Amino 
acids Primers Sequences 

∆pNLS1 146 – 171 Forward 5’-AGA GTA CCT AGG GAT GAT TG-3’ 
Reverse 5’-AAG CTG TAG AAG GAT TTG G-3’ 

∆pNLS2 473 – 479 Forward 5’-CCT GAA GGA AAG CCA GAT C-3’ 
Reverse 5’-CTG GGA TAA ATG AAC TCT CAC-3’ 

∆pNLS3 571 – 574 Forward 5’-CTG GTT CTG AGG ATT CCA ACC-3’ 
Reverse 5’-CTC AGA CAG GTC AAC CTT C-3’ 

∆pNLS4 588 – 611 Forward 5’-ACT GAT GGT TCC CAG AAG-3’ 
Reverse 5’-CAG TAA ATC AAT GCC TCT G-3’ 

∆pNLS5 701– 720 Forward 5’-GAG GAA CTT GAT CAA GAA AAC-3’ 
Reverse 5’-CAC AGC TTT ATC TGA TGG TTC-3’ 

∆pNLS6 780 – 784 Forward 5’-CAG CCC AAT GTT CCT GTT G-3’ 
Reverse 5’-ATA CTC ATC TGG GAT TGT ATA G-3’ 

∆pNLS7 798 – 833 Forward 5’-GAA ACT ATG ACT AGT ACT AGA G-3’ 
Reverse 5’-CTG ATA ATG AGG AAG GCT G-3’ 

∆pNLS4N 588 – 595 Forward 5’-TCT TAC TCT CCA GAT GGC-3’ 
Reverse 5’-CAG TAA ATC AAT GCC TCT G-3’ 

∆pNLS4C 
 608 – 611 Forward 5’-ACT GAT GGT TCC CAG AAG-3’ 

Reverse 5’-ATC ACT TGG AGA TTC TTT GC-3’ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 90 

Table 2.3. Primer sequences for site-directed mutagenesis for pathogenic 
mutants 
 

Mutation Primers Sequences 

Q66K Forward 5’-TTC TTC ATT GAA TAA ACA AGG AGC TC-
3’ 
 

Reverse 5’-GAG CTC CTT GTT TAT TCA ATG AAG AA-
3’ 
 A72T Forward 5’-AAG GAG CTC ATA GTA CAC TGT CT-3’ 
 Reverse 5’-AGA CAG TGT ACT ATG AGC TCC TT-3’ 
 S85C Forward 5’-AAT TTG CAG TGT ATA TTT AAC ATT GG-3’ 

Reverse 5’-ATG GGA AGA AGT ACT AGC AGA-3’ 

F115C Forward 5’-ATT TTG GCC AGC TGT GGT CTG TCT 

GCT-3’ 
Reverse 5’-GTT ACT GGC CTG GTC TGC ATC-3’ 

P154S Forward 5’-GAA GAA GGC TCT ACC TTG AGT TAT GG-

3’ 
Reverse 5’-AGT TCT CCT CCT TTT AAG CTG-3’ 

T622A Forward 5’-GAG AGT TCA GCC GAA GGT AAA GAA C-

3’ 
Reverse 5’-AGT CTT CTG GGA ACC ATC AGT-3’ 
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Chapter 3: Neuronal Activity Regulates MATR3 Through Calpain-Mediated 

Degradation and Calmodulin-Dependent Inhibition of RNA Binding 

 

3.1 Abstract 

 RNA-binding protein (RBP) dysfunction is a fundamental hallmark of amyotrophic 

lateral sclerosis (ALS) and related neuromuscular disorders. Alterations in neuronal 

activity are observed in patients and in disease models, though little is known about how 

activity-dependent processes regulate RBP levels and functions. Mutations in the gene 

encoding the DNA- and RNA-binding protein Matrin 3 (MATR3) cause familial disease, 

and MATR3 pathology has also been observed in sporadic ALS, suggesting a key role 

for MATR3 in pathogenesis. Here, we show that glutamatergic activity drives MATR3 

degradation through a NMDAR-, Ca2+-, and calpain-dependent mechanism and that the 

most common pathogenic mutation in MATR3 renders it resistant to calpain 

degradation. We also demonstrate that Ca2+ regulates MATR3 through a non-

degradative process involving the binding of Ca2+/calmodulin (CaM) to MATR3 and 

inhibition of its RNA-binding ability. These findings indicate that neuronal activity 

reduces MATR3 abundance and impairs its RNA-binding functions and provides a 

foundation for further study of Ca2+-coupled regulation of RBPs implicated in ALS and 

related neurological diseases. 
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3.2 Introduction 

 Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease involving the 

death of both upper and lower motor neurons and resulting in muscle weakness, 

paralysis, and ultimately death. ALS shares clinical, genetic, and pathological overlap 

with frontotemporal dementia (FTD), a disorder characterized by the degeneration of 

neurons in frontal and temporal cortices that results in markedly altered behavior and 

speech1. Accumulating evidence points to dysfunction in RNA-binding proteins (RBPs) 

as underlying ALS/FTD spectrum disease, with the vast majority of patients with ALS 

and approximately half of those with FTD displaying aggregation and/or mislocalization 

of the RBP TDP-43 in affected tissues on autopsy2,3. Moreover, while most cases of 

ALS and FTD are sporadic, rare mutations including many in genes encoding RBPs can 

cause inherited, familial disease4-7.  

To date, a number of disease-linked RBPs have been identified, and for a subset 

of these the phenotypic spectrum extends beyond neurons to skeletal muscle, 

manifesting as myopathies8,9. One such RBP is Matrin 3 (MATR3), a nuclear protein 

with two zinc finger (ZF) domains and two RNA recognition motifs (RRMs) and the 

capacity to bind both DNA and RNA targets10-12. Over a dozen point mutations in 

MATR3 have been reported in ALS, combined ALS/FTD, or a form of distal myopathy to 

date13-21, and MATR3 pathology—consisting of mislocalization, changes in abundance, 

and aggregation—has been found in motor neurons of sporadic ALS patients22,23, 

suggesting a fundamental link between MATR3 dyshomeostasis and neuromuscular 

disease. 
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Alterations in neuronal activity have been linked to the pathogenesis of ALS and 

related disorders in patients24-26 and in a variety of models, with both hypo- and 

hyperexcitability phenotypes reported depending on neuronal population studied, model 

system, and disease progression27-31. Although regulation of RBP abundance and 

function in response to activity is incompletely understood, there are numerous 

examples of RBPs controlled by receptor activation or depolarization32-35. This indicates 

that investigations of disease-linked RBPs in the context of neuronal activity may shed 

light onto both basic physiology and pathogenic mechanisms. In previous studies, 

MATR3 was found to be degraded in cerebellar granule neurons after treatment with N-

methyl-D-aspartate (NMDA) in a protein kinase A (PKA)-dependent manner. 

Additionally, it was reported to bind in vitro to Ca2+-bound calmodulin (CaM), a major 

protein in Ca2+ signal transduction that after binding Ca2+ changes conformation and 

rapidly shuttles to the nucleus to drive the expression of plasticity-related transcriptional 

programs36-40. These findings from the literature motivated us to investigate the 

mechanism and functional consequences of activity-dependent regulation of MATR3. 

In this study, we present data showing that MATR3 in primary cortical neurons is 

degraded after glutamatergic stimulation through an NMDAR-, Ca2+-, and calpain-

dependent pathway and that similar clearance occurs ex vivo in cerebellar Purkinje 

neurons. On a shorter timescale than degradation, MATR3’s interaction with Ca2+/CaM 

inhibits its ability to bind RNAs, and we present data hinting that binding to Ca2+/CaM 

may similarly tune the function of many other RBPs associated with ALS/FTD spectrum 

disorders.  
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3.3 Results 

3.3.1 Glutamatergic stimulation reduces MATR3 through an NMDAR-dependent 

mechanism 

 We first sought to determine whether NMDAergic stimulation of rodent primary 

cortical neurons leads to MATR3 degradation in accordance with previous reports. We 

found that treatment of NMDAergically mature DIV14-16 cultures with NMDA resulted in 

a rapid, time-dependent decrease in MATR3 protein abundance (Fig. 3.1A-B). Notably, 

and in contrast to previous work, we observed only a small blunting of NMDA-

dependent MATR3 clearance by the PKA inhibitor H89 (Supplemental Fig. 3.1A-B). 

Additionally, while we noted an increase in phosphorylated MATR3 as assessed via a 

PKA phospho-substrate antibody upon short NMDA treatment, this enhanced 

phosphorylation was not blocked by H89 (Supplemental Fig. 3.1C-D), suggesting that 

another kinase phosphorylates MATR3 at a residue recognized by this antibody. These 

points of departure from studies done in cerebellar granule neurons led us to conclude 

that phosphorylation of MATR3 by PKA did not drive MATR3 clearance and instead 

motivated us to closely examine the mechanism of MATR3 reduction in cortical neurons 

in response to NMDA stimulation. 

 To dissect the neuropharmacology of this process, we asked whether glutamate, 

the endogenous agonist for NMDARs as well as all other glutamatergic receptors, 

likewise results in MATR3 decrease. Treatment with equivalent doses of NMDA or 

glutamate for 3 hours resulted in comparable reduction of MATR3 immunoreactivity in 

MAP2-positive neurons without aggregation or changes in nucleocytoplasmic 

distribution, indicating that MATR3 clearance occurs in the nuclear compartment in 
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response to both agonists (Fig. 3.1C-D). Dose-response experiments with NMDA and 

glutamate likewise confirmed that both compounds were able to effectively drive 

reduction of MATR3 protein (Fig. 3.1E-G). 

 Neurons express a variety of receptors activated by glutamate, including the 

ionotropic kainate, AMPA, and NMDA receptors as well as a host of metabotropic 

receptors that do not directly pass Na1+ or Ca2+ and instead accomplish their function via 

intracellular second messengers (Fig. 3.2A). We asked whether NMDA receptor 

stimulation is necessary for MATR3 degradation in addition to being sufficient or if any 

form of glutamatergic stimulation can clear MATR3. Treatment with AP5, a selective 

antagonist of NMDARs, had no effect on MATR3 abundance on its own but blocked the 

effect of not only NMDA—as expected from coadministration of the agonist and the 

antagonist—but also impaired degradation in response to glutamate (Fig. 3.2B-C). This 

indicates that the activation of no other glutamatergic receptor is able to reduce MATR3 

and that NMDAR stimulation is both necessary and sufficient for this process. 

 

3.3.2 MATR3 reduction after NMDAR activation is Ca2+-dependent 

 Canonical NMDARs are largely unique among the main classes of glutamatergic 

receptors in being permeable to both Ca2+ or Na1+, and so we wondered whether the 

dependence of MATR3 clearance on NMDARs stems from this process being 

dependent on Ca2+. To answer this, we treated neurons with the Ca2+ chelator BAPTA 

before NMDA treatment and found that this chelation blocked NMDA-induced reduction 

in MATR3, indicating that MATR3 clearance requires Ca2+ entry into the cell (Fig. 3.2D-

E). If an increase in intracellular Ca2+ is the mechanism downstream of NMDAR 
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activation that drives MATR3 reduction, we would expect non-physiological increase in 

intracellular Ca2+ independent of receptor engagement to mimic this effect. Indeed, 

treatment with the ionophore ionomycin resulted in MATR3 protein decrease not only in 

NMDAergically mature DIV14-16 neurons (Fig. 3.2F-G) but also in NMDAergically 

immature DIV4-5 cells (Fig. 3.2H-I), indicating that increased intracellular Ca2+ is both 

necessary and sufficient for MATR3 reduction and does not require NMDAR machinery. 

Notably, ionomycin in HEK293T and Neuro2A cell lines did not result in MATR3 

decreases, suggesting that the Ca2+-dependent mechanisms responsible may rely on 

neuron-specific or neuron-enriched factors (Supplemental Fig. 3.2A-B). 

 

3.3.3 NMDA-mediated reduction in MATR3 occurs post-transcriptionally through 

proteolytic degradation by calpains 

 Neuronal Ca2+ signaling modulates a variety of transcriptional and post-

transcriptional pathways that could be responsible for altering protein abundance, and 

so we wondered whether the reduction in MATR3 we observed upon NMDAR 

stimulation and downstream Ca2+ entry represents a decrease in the production of 

MATR3 or degradation of existing MATR3. Using RT-PCR, we observed only a weak 

trend towards reduced Matr3 transcript with stimulation (Fig. 3.3A), which—along with 

the rapid timeframe of reduction (Fig. 3.1B)—points to degradation of MATR3 rather 

than robust transcriptional downregulation as the mechanism for its reduction. In a 

complementary experiment, we transduced cultures with lentivirus expressing FLAG-

tagged MATR3. This construct expressed from exogenous cDNA would be expected to 

be unaffected by transcriptional or post-transcriptional mRNA control, and thus any 
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NMDA-induced changes in this protein’s abundance would come from post-translational 

degradation. Indeed, NMDA treatment resulted in the rapid reduction of this protein as 

determined by probing with a FLAG antibody (Fig. 3.3B), supporting a model in which 

NMDAR stimulation causes clearance of existing MATR3 protein. 

 We next asked what Ca2+-dependent proteolytic pathway is responsible for 

MATR3 clearance, first seeking to determine whether NMDA-triggered degradation 

occurs through autophagy or through another proteolytic system. Treating neurons with 

NMDA in the absence or presence of bafilomycin—a inhibitor of the lysosomal 

acidification necessary for autophagic degradation41—or of MG132, which inhibits 

cysteine proteases as well as the threonine proteases of the proteasome42 revealed that 

MATR3 turnover is completely blocked by MG132 but unaffected by bafilomycin (Fig. 

3.3B-C). This suggests that MATR3 degradation downstream of a rise in intracellular 

Ca2+ is executed by the ubiquitin-proteasome system (UPS) or by cysteine proteases. 

Treatment of neurons with bortezomib, a specific inhibitor of the 26S proteasome 

subunit43, failed to inhibit MATR3 degradation in response to NMDA, indicating that 

another MG132-sensitive protease other than those of the UPS is responsible for 

degrading MATR3 (Fig. 3.3D-E). Further supporting that NMDA-mediated MATR3 

degradation is not from the UPS, we saw no accumulation of higher molecular weight, 

ubiquitinated MATR3 species in neurons treated with MG132 and NMDA from which 

MATR3 was immunoprecipitated (Supplemental Fig. 2C). Therefore, we asked whether 

calpains, a group of Ca2+-activated cysteine proteases, may be cleaving MATR3. 

Treatment with MDL28170, a specific inhibitor of calpains, blocked NMDA-induced 

degradation (Fig. 3.3F-G), pointing to calpains as the effector proteases of NMDA-
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mediated degradation. Notably, we were not able to detect lower molecular weight 

species of MATR3 produced by calpain cleavage NMDA treatment, even in the context 

of proteasomal inhibition by bortezomib and using antibodies targeting both N- and C-

termini of MATR3 (Supplemental Fig. 3.3A-B). These results are in alignment with 

previous reports demonstrating that proteolytic fragments produced by calpain cleavage 

may be extremely unstable and difficult to detect biochemically44,45. 

 The two calpains most expressed in the nervous system are calpain 1 (CAPN1) 

and calpain 2 (CAPN2), with CAPN1 enriched in neurons and CAPN2 enriched in glial 

cells46,47. Although increased Ca2+ was not sufficient to drive MATR3 degradation in 

HEK293T cells (Supplemental Fig. 3.2A), we wondered whether overexpression of 

CAPN1 or CAPN2 in this cell line could result in MATR3 turnover compared to a control 

transfection with the fluorescent protein mApple. In previous studies, overexpression of 

these proteins in HEK293T cells resulted in CAPN1 and CANP1 activation even without 

the addition of Ca2+ due to low expression of the endogenous calpain inhibitor 

calpastatin, increased basal Ca2+ concentration in these cells compared to neurons, or a 

combination of these and other factors48,49. We noted reduced levels of endogenous 

MATR3 upon CAPN1 but not CAPN2 expression (Fig. 3.4A-B), suggesting that MATR3 

is a substrate for CAPN1 but not CAPN2 cleavage. 

 An online algorithm50 for identifying putative calpain sites predicted a strong 

candidate for a CAPN1 cleavage site at residues 82-85 of MATR3 (Fig. 3.4C). 

Intriguingly, this stretch of amino acids includes S85, a residue altered in the most 

common pathogenic point mutation in MATR3, S85C. We wondered whether this 

mutation alters the putative CAPN1 site so as to impair cleavage by CAPN1 and 
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therefore inhibit degradation. Cotransfection experiments of HEK293T cells with 

mApple, CAPN1, or CAPN2 and FLAG-tagged MATR3 variants followed by 

immunoblotting using a FLAG antibody revealed that while exogenous FLAG-

MATR3(WT) was degraded by CAPN1 to a comparable degree as endogenous 

MATR3, FLAG-MATR3(S85C) was completely resistant to CAPN1-mediated cleavage 

(Fig. 3.4D-E). Taken together, these data present a model in which neuronal 

depolarization results in MATR3 degradation through an NMDAR-, Ca2+-, and calpain-

dependent manner and that this regulatory pathway is impaired by the disease-linked 

S85C mutation. 

 

3.3.4 Glutamatergic stimulation drives MATR3 clearance in an ex vivo system  

 We wondered whether this activity-dependent degradative pathway identified in 

primary cortical neurons applies to other neuronal types in other areas of the brain. In 

particularly, Purkinje cells of the cerebellum intrigued us as a model in that they have 

been reported to display striking heterogeneity in cell-to-cell MATR3 abundance51 as 

well as to exhibit altered MATR3 metabolism and unique degeneration in a model of 

MATR3-mediated disease52. To investigate MATR3 clearance in Purkinje cells, we 

generated acute cerebellar slices from wild-type C57BL/6J mice that were then treated 

with vehicle or glutamate before fixation and immunostaining for MATR3 and for the 

Purkinje cell marker calbindin (Fig. 3.5A). Analysis of these slices revelated that, similar 

to neurons isolated from cortex (Fig. 3.1C-D), Purkinje neurons treated with glutamate 

had markedly weaker MATR3 immunoreactivity compared to vehicle-treated slices (Fig. 

3.5B-C). These data indicate that mechanisms of degrading MATR3 upon glutamatergic 



 100 

stimulation apply beyond primary cortical neurons and may explain previous reports of 

MATR3 in Purkinje neurons. 

 

3.3.5 Ca2+ promotes a selective interaction between Ca2+/CaM and MATR3 

 While our results involving long-term NMDAergic stimulation supports a model in 

which elevated Ca2+ over the course of hours drives MATR3 clearance, we wondered 

whether stimulation on shorter, more physiologic timescales could also tune MATR3 

function. Beyond activation of calpains, Ca2+ has numerous rapidly transduced signaling 

roles in neurons. Many of these are affected through calmodulin (CaM), a ubiquitous 

and highly conserved protein that, upon binding Ca2+ ions, undergoes conformational 

changes that can greatly alter its binding properties to other proteins, resulting in their 

activation or inhibition. Notably, previous studies have reported that MATR3 binds 

selectively to Ca2+/CaM but not free CaM, with the binding region overlapping with 

RRM2 of MATR3, suggesting an activity-mediated, Ca2+-dependent interaction on a 

functional domain of MATR3. 

 We first sought to reproduce these previous results. Using publicly available 

informatics algorithms to identify CaM-binding sites53-55, we found a high confidence site 

predicted in MATR3 overlapping with RRM2 corresponding to a fragment that had 

previously been shown to be sufficient to bind CaM (Fig. 3.6A)56. Repeating these 

analyses with other RBPs linked to ALS/FTD showed a markedly similar pattern of 

CaM-binding sites predicted on the RRMs of these proteins, suggesting that CaM-RBP 

interactions may extend beyond MATR3. 



 101 

 To validate these predicted binding events, we incubated lysates from HEK293T 

cells with CaM-conjugated sepharose beads in the presence of Ca2+. Following 

washing, elution was accomplished by incubation with a Ca2+ chelator, stripping Ca2+ 

from CaM, returning CaM to its apo conformation, and selectively liberating those 

proteins that bind to Ca2+/CaM. We found that both MATR3 and TDP-43 bind CaM in a 

Ca2+-dependent manner, recapitulating previous findings on MATR3 and suggesting 

that selective CaM binding may extend to other RBPs as well. Focusing our studies on 

MATR3, we sought to further confirm the selectivity of its interaction with CaM. For this, 

we incubated lysates with CaM-conjugated beads in the absence or presence of W-7, a 

small molecule inhibitor that impairs CaM’s ability to adopt its activated confirmation 

even in the presence of Ca2+. Incubation with W-7 resulted in no Ca2+-dependent 

binding of MATR3, indicating that Ca2+ does not promote the CaM-MATR3 interaction 

through any effects on MATR3 but rather through the Ca2+-triggered conformational 

changes in CaM (Fig. 3.6C). 

 

3.3.6 Activity rapidly impairs MATR3 binding to target RNAs  

 What is the functional effect of this binding between Ca2+/CaM and MATR3? We 

hypothesized that, given the mapping of the CaM-binding site to RRM2, this may 

represent a mechanism to impair RNA binding by MATR3. CaM is a small protein 

capable of passing into the nucleus by passive diffusion and thus is found distributed 

diffusely in the cell. Upon neuronal depolarization, however, CaM has been reported to 

rapidly become slightly enriched in the nucleus to drive the expression of activity-

dependent genes, though the extent of this nuclear shuttling is dependent on 
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experiment stimulus and cell type. We found that in primary cortical neurons treated 

with NMDA, CaM becomes modestly more nuclear in a matter of minutes, consistent 

with previous reports (Fig. 3.7A-B). This enhanced nuclear localization, along with its 

adoption of the activated Ca2+-bound conformation, would be expected to enhance its 

association with resident nuclear proteins like MATR3. 

 Based off the predicated and experimentally confirmed CaM-binding site on 

MATR3, we hypothesized that depolarization and resulting Ca2+ increase impair 

MATR3’s RNA binding by displacing already bound RNAs or preventing new binding 

events. To test this, we turned to UV CLIP followed by RT-PCR for previously identified 

MATR3 RNA targets. We irradiated primary neurons after minutes of NMDA or vehicle 

application to form crosslinks with RNA in a fraction of MATR3 molecules, followed by 

immunoprecipitation of MATR3 and harsh washing conditions to selectively retain those 

transcripts that were covalently bound to MATR3 at the time of irradiation (Fig. 3.7C-D). 

After digesting protein, isolating RNA, and conducting RT-PCR for transcripts MATR3 

binds, we found that while levels of these RNAs were not different in input samples, 

MATR3 pulled down significantly less RNA when crosslinked in the context of NMDA 

stimulation, indicating that Ca2+/CaM impairs RNA recognition by MATR3 and thus 

reduces protein function without reducing its abundance. 

 We wondered what effect CaM activation has on the longer timescale 

degradation of MATR3. Using W-7 to prevent Ca2+/CaM’s adoption of its active 

conformation and treated neurons with NMDA for 3 hrs, we saw that CaM inhibition 

blocked degradation (Supplemental Fig. 4A-B). A previous study demonstrated that 

TDP-43 variants that are deficient in RNA binding are destabilized57, and so we asked 
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whether CaM activation might promote MATR3 clearance by inhibiting its RNA binding 

and, fundamentally, whether MATR3 like TDP-43 is intrinsically unstable when it cannot 

effectively bind RNA. To answer this, we turned to optical pulse labelling (OPL), a 

technique in which proteins of interest are fused to the photoconvertible protein 

Dendra2 and expressed in primary neurons. After illumination with UV light, Dendra2 

undergoes an irreversible green-to-red conversion, and so neurons can be imaged over 

the course of hours or days with the decay in red signal over time used to calculate 

protein half-life. Using this method, we found that a variant of MATR3 with its key RNA-

binding domain deleted (∆RRM2) had no difference in stability compared to 

MATR3(WT)-Dendra2, suggesting that impaired RNA binding per se does not 

destabilize MATR3 and that CaM inhibition may prevent MATR3 degradation through 

other, Ca2+-dependent mechanisms, as discussed below. 

 

3.4. Discussion 

 In this work, we aimed to examine physiological regulators of MATR3 function in 

neurons. Building off previous studies, we first examined the mechanism of MATR3 

degradation in response to NMDAergic stimulation. Unlike what has been reported for 

cerebellar granule neurons, we did not find MATR3 to be a PKA substrate in cortical 

neurons and observed PKA inhibition to only mildly blunt MATR3 clearance upon NMDA 

treatment. Rather, we found that in these cells MATR3 reduction is accomplished 

through a Ca2+- and calpain-dependent degradative mechanism. We confirmed the 

sufficiency of the neuronally enriched CAPN1 to clear MATR3 in HEK293T cells and, 

directed by a prediction of the likely CAPN1 cleavage site, found that the most common 
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pathogenic MATR3 mutant, S85C, alters this site and renders the protein resistant to 

CAPN1 cleavage.  

Extending our findings beyond primary neurons into an ex vivo system, we found 

that cerebellar Purkinje neurons—a cell type previously reported to display altered 

MATR3 metabolism at baseline and in disease models—likewise clear MATR3 in 

response to glutamatergic stimulation. Seeking to investigate rapid, non-degradative 

regulation after neuronal activity, we pursued the binding between Ca2+/CaM and a 

sequence on MATR3 overlapping its RRM2, experimentally confirming this for MATR3 

and TDP-43 but also finding that according to prediction algorithms many disease-

associated RBPs have CaM-binding motifs in their RRMs. Functionally, we found that 

Ca2+/CaM enriches in the nucleus after activation and that this is associated with 

impaired MATR3 binding to its RNA substrates. 

Our results in cortical neurons conflict with those observed in cerebellar granule 

neurons, in which PKA inhibition by H89 completely blocks MATR3 degradation in 

response to NMDA and prevents MATR3 phosphorylation as detected using a PKA 

phospho-substrate antibody58. We found H89 to have no effect on the phosphorylation 

of MATR3, indicating that this is done by another kinase that phosphorylates a residue 

in a RRXpS/T motif that both forms the consensus PKA substrate motif and is the 

immunogen against which this antibody is raised59,60. The identity of this kinase that 

phosphorylates MATR3 after NMDA activation remains unknown, as is whether this 

modification has any functional significance.  

While a previous study showed that PKA inhibition by H89 completely blocked 

MATR3 degradation upon NMDAergic stimulation, we noted only a modest blunting. 
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This may in turn be due to non-MATR3 targets of PKA that are nevertheless involved in 

Ca2+ dynamics. Namely, PKA—itself activated by Ca2+/CaM through adenylyl cyclase 

activation61-63—phosphorylates key residues on the intracellular portions of NMDARs, 

thereby rendering them more conductive for Ca2+ and so increasing intracellular Ca2+ in 

a feedforward-type mechanism64,65. The blunted MATR3 clearance we observe upon 

PKA (Supplemental Fig. 1C-D) and CaM inhibition (Supplemental Fig. 4A-B) might 

therefore be not from any selective effects of these molecules on MATR3 but rather on 

their augmenting of NMDAR Ca2+ currents as part of the complex crosstalk between 

Ca2+ and Ca2+-dependent signaling pathways in neurons. 

We found instead that the rapid decrease over a matter of hours in MATR3 

abundance after NMDA treatment is dependent on Ca2+, and elevated Ca2+ is sufficient 

to drive degradation in both NMDAergically mature DIV14-16 and immature DIV4-5 

neurons, indicating the key function of Ca2+ in this mechanism even without NMDAR 

recruitment. Although increases in intracellular Ca2+ can activate a number of proteolytic 

pathways including autophagy66,67 and the UPS68,69, we found that neither of these 

processes were responsible for MATR3 clearance, as specific inhibitors of autophagy 

and the proteasome did not impair MATR3 reduction. Rather, a selective calpain 

inhibitor blocked NMDA-triggered degradation, indicating that these are the final 

effectors of this pathway.  

A number of other studies have demonstrated calpain cleavage of RBPs involved 

in the pathogenesis of ALS/FTD and related disorders. Activated calpains degrade 

survival motor neuron (SMN)70 and have been shown in vitro and in vivo to cleave TDP-

4371, with phosphorylation of TDP-43 impairing this process72. MATR3 is abundantly 
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phosphorylated73, and whether any post-translational modifications of MATR3 likewise 

tune its susceptibility to calpain cleavage are unknown. Overexpression of calpastatin, 

an endogenous negative regulator of calpains, inhibited cleavage of calpain targets 

while increasing motor function and survival in a transgenic mutant SOD1 mouse model 

of ALS, though the translation relevance of these findings to human disease are not 

clear74. 

Although the functional consequences of the degradation of these disease-linked 

RBPs and of MATR3 are unknown, they may form a feedback mechanism for regulating 

neuronal activity as is the case for cytoplasmic polyadenylation element binding protein 

3 (CPEB3). This RBP negatively regulates glutamatergic synapse strength by 

translationally repressing mRNAs that encode receptor subunits and synapse 

scaffolding proteins75. In response to NMDAR stimulation, Ca2+ activates CAPN2, which 

cleaves CPEB3, thereby derepressing its targets and presumably resulting in local 

synaptic strengthening through the expression of plasticity-related proteins76.  

Ca2+ and calpains also regulate RBPs beyond simply degrading them, though 

these mechanisms are less studied. Increases in cellular Ca2+ result in the cytoplasmic 

redistribution of TDP-43 and the ALS-linked RBP FUS77, while this same stimulus drives 

the nuclear enrichment of CPEB478, indicating that Ca2+ can bidirectionally regulate 

localization depending on the RBP. Calpains may function in this process, as an RNAi 

screen of calcium signaling proteins in Drosophila revealed calpain A to be critical for 

TDP-43 cytoplasmic localization after Ca2+ increase79, and degradation of nuclear pore 

complex components by Ca2+-activated calpains resulted in aberrant nucleocytoplasmic 

transport in mouse CNS80. Notably we did not detect any changes in distribution after 
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NMDA treatment (Fig. 3.1C), suggesting that Ca2+- and calpain-mediated regulation of 

MATR3 may be purely through altering its abundance and not its localization. 

In testing MATR3 susceptibility to the two main calpains present in the CNS, we 

found that WT protein—but not the pathogenic S85C mutant with an alteration in the 

predicted CAPN1 cleavage site—is a substrate of CAPN1 (Fig. 4.D-E). This mutation is 

the most common disease-linked variant in MATR3, with a phenotypic spectrum that 

encompasses both ALS and distal myopathy with vocal cord and pharyngeal weakness 

(VCPDM)14,81-83. In patient tissue13 as well as cellular84 and animal52,85,86 models, this 

mutation reduces MATR3 solubility through unknown mechanisms. It is possible that 

inability to be cleaved by CAPN1 is responsible for accumulation and aggregation of this 

mutant into an insoluble fraction; alternatively, insolubility may be upstream, with 

localization to an insoluble cellular compartment inaccessible to CAPN1 rendering this 

variant resistant to cleavage. Like neurons, skeletal muscle cells are excitable and rely 

not only on Ca2+ levels for their function but also on CAPN1 activation as a proteolytic 

mechanism to control myofiber size and number87. Therefore, our finds may offer insight 

on the unique disease spectrum of the S85C mutation that encompasses motor neuron 

and skeletal muscle pathology. 

In ex vivo experiments we observed that, like cortical neurons, Purkinje cells of 

the mouse cerebellum clear MATR3 upon glutamatergic stimulation. This neuronal 

subtype has previously been shown to display marked heterogeneity in MATR3 

immunostaining on a cell-by-cell basis51, and our data suggest that differences in 

Purkinje cell activity may explain disparities in MATR3 abundance. Future experiments 

might seek to determine what the timeframe is of in vivo physiological activation needed 
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to drive MATR3 clearance, perhaps through motor tasks for vestibular system 

activaiton88. Intriguingly, a knock-in mouse homozygous for the S85C mutation exhibited 

markedly reduced MATR3 staining in Purkinje cells from an early timepoint followed by 

age-dependent Purkinje cell death52. The mechanism for how this mutation results in 

aberrant MATR3 metabolism in Purkinje neurons, however, in unclear, as are its 

implications for human genetics since no MATR3 mutation identified to date causes 

cerebellar disease. 

In investigating a dynamic, non-degradative regulation of MATR3 by Ca2+ we 

focused on the selective, Ca2+-dependent interaction between CaM and MATR3. Using 

algorithms for predicting CaM-binding motifs, we found that many other RBPs are also 

predicted to associate with CaM, and we confirmed this for TDP-43. The Ca2+/CaM 

binding region for MATR3 has been experimentally demonstrated to overlap with 

RRM2, and the predicted motifs for other RBPs are also in RNA-binding domains, 

suggesting a functional effect on nucleic acid binding. To test this for MATR3, we 

compared its binding to RNA targets between vehicle- and NMDA-treated conditions 

and found that neuronal activity significantly reduces MATR3’s association with 

substrate RNAs. Despite decades of work on CaM-dependent signal transduction, to 

our knowledge direct binding of CaM with RBPs to modulate their association with 

target RNA has only been demonstrated in two instances: for Arabidopsis CPSF3089 

and for the CNS-specific mammalian PCP490. Our preliminary results for MATR3 and 

TDP-43 combined with predictions for other RBPs suggest that this may be a widely 

applicable Ca2+-dependent mechanism, and the implications of this for neuronal 

physiology are discussed at length in chapter 4. 
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In the work presented here, we have shown that glutamatergic stimulation and 

the resulting increase in Ca2+ results in suppression of MATR3 function through two 

mechanisms. Over the longer timescale, activation of calpains leads to degradation of 

MATR3 through cleavage, and on a more rapid timeframe, Ca2+/CaM binding to MATR3 

impairs its ability to bind RNAs, representing degradative and non-degradative means of 

inhibiting MATR3, respectively. What consequences these regulatory processes have 

on MATR3 gene targets, particularly those that encode for activity-related proteins, are 

currently unclear, as are the implications of this Ca2+-mediated control for neuronal 

physiology and for RBP-linked neuromuscular disease. It is our hope that continued 

work in this field will offer insights on both the basic biology of dynamic RNA regulation 

and on perturbations in this process and that these insights may be leveraged for 

therapies targeting neurological disorders 

 

3.5 Materials and methods 

Plasmids and expression vector delivery: 

 For lentiviral expression plasmids, the FLAG-MATR3 ORF was isolated using 

HpaI sites from pGW1 FLAG-MATR3-Dendra2 constructs and cloned into pLV EF1a 

plasmid containing HpaI sites. CAPN1 (#60941) and CAPN2 (#60942) overexpression 

constructs were purchased from Addgene. Expression plasmids for pGW1 CMV FLAG-

MATR3(WT) and FLAG-MATR3(S85C) were generated by using Q5 Hot Start High-

Fidelity DNA Polymerase (New England Biolabs) and flanking primers to delete linker 

sequences and EGFP from pGW1 CMV FLAG-MATR3-EGFP constructs used from 

previous studies84, and this deletion strategy was also used for creating 
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MATR3(∆RRM2)-Dendra2. HEK293T cells (ATCC CRL-3216) were transfected in a 6-

well plate with 3 µg per well of DNA per well with Lipofectamine 2000 (ThermoFisher) in 

accordance with the manufacturer’s instructions. For lentivirus experiments, viral 

particles were generated by the University of Michigan Vector Core and neurons 

transduced at DIV5-6 overnight. The next day, media was removed from cells, after 

which they were washed once in PBS before being placed in virus-free condition media 

until experimentation on DIV14-16. 

 

Primary cortical neuron culture and pharmacological treatment: 

 Primary cortical neurons were isolated from E19-20 rats and plated as previously 

described91. Neurons were treated at DIV14-16 with 100 μM NMDA (Sigma) or L-

glutamate (Sigma) for 3 hrs or at the doses and times detailed in Fig. 1. For blocking 

experiments, cells were cotreated with 100 μM D-AP5 (Tocris), 10 μM  MG132 (Sigma), 

20 nM bafilomycin (Sigma), 100 nM bortezomib (Sigma), or 20 μM MDL28170 

(ThermoFisher). For Ca2+ chelation and PKA inhibition experiments, neurons were 

pretreated for 30 min before NMDA application with 2 mM BAPTA (Cayman Chemical) 

or 20 μM H89 (Tocris), respectively. In studies increasing Ca2+, ionomycin 

(ThermoFisher) was applied at 10 μg/mL for 3 hrs. For cerebellar slice experiments, 

slices were incubated with 500 μM glutamate or vehicle for 3 hrs. All pharmalogical 

treatments were done at 37°C. 

 

Immunoblot: 
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 For protein immunoblot, cells were washed in PBS and lysed in RIPA buffer 

(Pierce) supplemented with cOmplete protease inhibitor (Roche) and, for experiments of 

phospho-MATR3, with PhosSTOP phosphatase inhibitor (Roche) as well. Resuspended 

cells were sonicated using a Fisherbrand Model 505 Sonic Dismembrenator 

(ThermoFisher) at 80% amplitude with 5 s on/5 s off cycles for 2 min, and lysates were 

cleared by centrifugation at 21,000 x g at 4°C for 15 min. 5-20 μg protein were loaded 

onto 4-20% SDS-PAGE gels (Biorad) and run at 100 V, after which proteins were 

transferred onto 0.2 μm PVDF membranes (Biorad) at 100 V for 2 hrs at 4°C. 

Membranes were incubated in blocking buffer (3% BSA in 0.2% tween-20 in Tris-

buffered saline (TBST)) and then blotted with the following primary antibodies diluted in 

blocking buffer: 1:1000 rabbit anti-MATR3 N-terminus (Abcam EPR10634(B)) for all 

blots except for Supplemental Fig. 2 as noted, 1:1000 mouse anti-GAPDH 

(MiliporeSigma MAB374), 1:1000 rabbit anti-MATR3 C-terminus (Abcam EPR10635(B)) 

for Supplemental Fig. 2B, 1:100 mouse anti-ubiquitin (Santa Cruz sc-8017), 1:5000 

rabbit anti-TDP-43 (Proteintech 10782-2-AP), 1:1000 rabbit anti-phospho-PKA substrate 

(Cell Signaling #9624). The following day they were washed 3 x 5 min in TBST and 

incubated with donkey anti-mouse 800 (LI-COR 925-32213) and donkey anti-rabbit 680 

(LICOR  926-68073), both diluted 1:10,000 in blocking buffer, for 1 hr at RT. 

Membranes were then washed again 3 x 5 min in TBST and imaged on an Odyssey 

CLx Imaging System (LI-COR). 

 

Immunocytochemistry: 
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 Primary cortical neurons were fixed in 4% PFA in PBS supplemented with 2 mM 

CaCl2 at RT for 10 min, permeabilized with 0.1% Triton X-100 in PBS, and treated with 

10 mM glycine in PBS. They were then placed in ICC blocking solution (0.1% Triton X-

100, 2% fetal calf serum, and 3% BSA in PBS) for 1 hr at RT, after which they were 

probed overnight at 4°C with the following antibodies diluted in ICC blocking solution: 

1:1000 rabbit anti-MATR3 (Abcam EPR10635(B)), 1:1000 chicken anti-MAP2 (Novus 

Biologicals NB300-213), 1:1000 mouse anti-calmodulin (ThermoFisher MA3-917). The 

next day, samples were washed 3 x 5 min in PBS and then incubated 1 hr at RT with 

the following secondary antibodies all diluted 1:1000 in ICC blocking solution: donkey 

anti-rabbit Alexa Fluor 647 (ThermoFisher A-31573), goat anti-mouse Alexa Fluor 568 

(ThermoFisher A-11031), goat anti-chicken Alexa Fluor 488 (ThermoFisher A-11039). 

After 3 x 5 min PBS washes, neurons were imaged for widefield microscopy using an 

Eclipse Ti inverted microscope (Nikon) with PerfectFocus, Semrock filters, Lambda 421 

lamp (Sutter Instruments), and an Andor Zyla 4.2(+) sCMOS camera (Oxford 

Instruments), with custom BeanShell scripts controlling image acquisition and stage 

movements via μManager92. For confocal microscopy, neurons were mounted in 

ProLong Gold Antifade Mountant with DAPI (ThermoFisher P36935), and imaging was 

accomplished with a Nikon A1 inverted point-scanning confocal microscope (Nikon) 

controlled by NIS-Elements software. For CaM N/C ratio determination, custom scripts 

were used to create nuclear and cytoplasmic ROIs using DAPI and MAP2 signal, 

respectively. 

 

Cerebellar slice culture and immunohistochemistry: 
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Wild-type C57BL/6J mice were anesthetized by isoflurane inhalation. Slices were 

prepared using a VT1200 vibratome (Leica) at a thickness of 300 μM as before93,94 and 

placed in prewarmed aCSF with 5% CO2 and 95% O2 for 30 minutes before transferring 

to Neurobasal Medium (ThermoFisher). They were treated with vehicle or 500 μM 

glutamate for 3 hrs at 37°C, after which they were processed as before95. Briefly, slices 

were fixed in 4% PBS at 4°C overnight. The following day samples were permeabilized 

with 1% Triton X-100 in PBS for 1.5 hrs, treated with 20 mM glycine in PBS for 1 hr, 

blocked in IHC blocking solution (5% normal goat serum in PBS), and probed overnight 

at 4°C with 1:1000 rabbit anti-MATR3 (Abcam EPR10635(B)) and 1:1000 mouse anti-

calbindin (MiliporeSigma C9848). After washing 3 x 5 min in PBS, slices were incubated 

overnight at 4°C with goat anti-mouse Alexa Fluor 568 and goat anti-rabbit Alexa Fluor 

488 (ThermoFisher A-11008), both diluted 1:500 in IHC blocking solution. Stained slices 

were washed 3 x 5 min PBS and then mounted in ProLong Gold Antifade Mountant with 

DAPI. Slices were imaged using a 40X objective Nikon A1 inverted point-scanning 

confocal microscope. 

 

Immunoprecipitation: 

 DIV14-16 primary neurons treated with 100 μM NMDA, 10 μM MG132, both, or 

DMSO were collected in PBS, lysed in RIPA buffer supplemented with protease and 

phosphatase inhibitors and 2 mM of the deubiquitinating enzyme inhibitor N-

ethylmaleimide (MiliporeSigma), and sonicated at 80% amplitude with 5 s on/5 s off 

cycles for 2 min in a Fisherbrand Model 505 Sonic Dismembrenator. Lysates were 

cleared by centrifugation at 21,000 x g at 4°C for 15 min, and 10x dilution buffer 10x 
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ChIP dilution buffer (50 mM Tris, 10 mM EDTA, 1.5 M NaCl, 1% Na-deoxycholate, 10% 

Triton X-100, pH 8.0) was added to a final concentration of 1x before incubation 

overnight at 4°C with 1 μg rabbit anti-MATR3 antibody per sample (ThermoFisher A300-

591A) conjugated to Dynabeads Protein G (ThermoFisher). The following day beads 

were washed 3 x in wash buffer (20 mM Tris, 1% Triton X-100, 2 mM EDTA, 150 mM 

NaCl, 0.1% SDS, pH 8.1) before elution by heating in SDS-PAGE sample buffer in RIPA 

at 95°C for 10 min. 

 

CaM-sepharose pulldown:  

 HEK293T cells were collected in PBS, resuspended in buffer (10 mM Tris, 5 mM 

MgCl2, pH 7.4) supplemented with cOmplete EDTA-free protease inhibitor (Roche), and 

lysed by passing through an 18 G x 1½’’ needle and sonication at 80% amplitude with 5 

sec on/5 sec off for 2 min in a Fisherbrand Model 505 Sonic Dismembrenator. Cleared 

lysates were rotated overnight at 4°C with 100 μL per sample of Calmodulin Sepharose 

4B resin (Cytiva Life Science) in CaM binding buffer (50 mM Tris HCl, 150 mM NaCl, 2 

mM CaCl2, 1 μM DTT, pH 7.5). The next day, beads were washed 3 x in CaM binding 

buffer and eluted in CaM elution buffer with EGTA (50 mM Tris HCl, 150 mM NaCl, 2 

mM EGTA, 1 μM DTT, pH 7.5) or BAPTA (50 mM Tris HCl, 150 mM NaCl, 2 mM 

BAPTA, 1 μM DTT, pH 7.5). For inactivation of CaM, CaM binding buffer was 

supplemented with 100 μM W-7 (Tocris). 

  

UV-CLIP and RT-PCR: 
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 Primary neurons at DIV14-16 were treated with vehicle or 100 μM NMDA for 3-5 

minutes before crosslinking at 254 nm in a Stratalinker 2400 (Stratagene) at 1500 

mJ/cm2, after which they were lysed in RIPA buffer supplemented with protease inhibitor 

and RNaisin ribonuclease inhibitor (Promega) and sonicated at 80% amplitude with 5 s 

on/5 s off cycles for 2 min using a Fisherbrand Model 505 Sonic Dismembrenator. 

Cleared lysates were incubated overnight at 4°C with 2 μg rabbit anti-MATR3 antibody 

per sample (ThermoFisher A300-591A) conjugated to Dynabeads Protein G. The 

following day, beads were washed 1 x in NaCl wash buffer (20 mM Tris, 1% Triton X-

100, 2 mM EDTA, 150 mM NaCl, 0.1% SDS, pH 8.1), 1 x in LiCl wash buffer (10 mM 

Tris, 1% NP-40, 1 mM NP-40, 1 mM EDTA, 0.25% Na-deoxycholate, 250 mM LiCl, pH 

8.0), and 2 x in TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0).  

Samples were then split for either protein IP validation, for which MATR3 

complexes were removed from beads by heating at 95°C for 10 min in SDS-PAGE 

sample buffer in RIPA for immunoblot, or for RNA analysis. For the latter, beads were 

resuspended in elution buffer (50 mM Tris, 1 mM EDTA, 150 mM NaCl, 1% SDS, 50 

mM NaHCO3, pH 8.1) supplemented with RNasin and incubated with proteinase K (New 

England Biolabs) for 2 hrs at 50°C. RNA was extracted with TRIzol reagent 

(ThermoFisher) and chloroform, the suspension centrifuged at 21,000 x g at 4°C for 15 

min, the aqueous phase removed, and RNA precipitated overnight at -20°C and 

resuspended in water by heating at 65°C for 10 min. cDNA was created using iScript 

Reverse Transcriptase Supermix (Bio-Rad) and qPCR was done with 200 nM each of 

forward and reverse primers and PowerUp SYBR Green Master Mix (ThermoFisher) 

according to manufacturer’s instructions. 
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Optical pulse labelling and half-life determination: 

 Following widefield imaging on a Nikon Eclipse Ti inverted microscope, 

transfected neurons were identified in an automated matter based upon morphology, 

size, and fluorescence using custom scripts as previously described84. After 

photoconversion with 405 nm light half-lives were calculated on a per cell basis by fitting 

log-transformed TRITC intensity over time to a linear equation with a noise tolerance of 

5%. 

 

Statistical analysis: 

Statistical analyses were performed in Prism 7 (GraphPad). Data were plotted 

using Prism 7, and significance determined via the two-tailed t-test. One-way ANOVA 

with Tukey’s post-test for more than two comparison or unpaired t-test for comparing 

two groups were used to assess for significant differences among protein abundances, 

RNA levels, nuclear/cytoplasmic ratios, and half-lives. Data are shown as mean ± SEM 

unless otherwise stated. 
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Figure 3.1. Glutamatergic stimulation results in reduced MATR3 in cortical 
neurons. A-B. Treatment of mature DIV14-16 cortical neuron cultures with 100 μM 
NMDA results in rapid, time-dependent reduction of MATR3. C-D. This reduction is 
recapitulated with immunostaining but is not accompanied by MATR3 redistribution 
within neurons (compared to veh, n = 547; NMDA, n = 419, **** p < 0.0001; glutamate, 
n = 337, **** p < 0.0001; one-way ANOVA with Tukey’s post-hoc test). E-G. Both NMDA 
and the endogenous agonist glutamate are able to produce dose-dependent MATR3 
clearance (NMDA, n = 3 per dose, y = 0.695-0.150x + 0.334; glutamate, n = 3 per dose, y 
= 0.687-0.0312x + 0.307; nonlinear one phase decay). Scale bars in (C), 20 μm. 
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Figure 3.2. MATR3 reduction upon glutamatergic stimulation is NMDAR- and Ca2+-
dependent. A. Neurons express a variety of ionotropic and metabotropic receptors 
activated by glutamate, with NMDA being a selective agonist and AP5 a selective 
antagonist of NMDARs, which are largely unique in passing Ca2+ currents when 
activated. B-C. NMDAR activation is both necessary and sufficient for MATR3 
clearance, as activation of all other glutamatergic receptors but with NMDAR blockade 
is incapable of reducing MATR3 abundance (compared to veh, n = 3; NMDA, n = 3, ** p 
= 0.0050; glutamate, n = 3, ** p = 0.0094, AP5, n = 3, p > 0.99, AP5 + NMDA, n = 3, p > 
0.99, AP5 + glutamate, n = 3, p > 0.99; one-way ANOVA with Tukey’s post-hoc test). D-
E. The Ca2+ chelator BAPTA blocks NMDA-mediated MATR3 reduction indicating that 
Ca2+ passage into cells through NMDARs is necessary for this process (compared to 
veh, n = 3; NMDA, n = 3, *** p = 0.00070; BAPTA, n = 3, p = 0.768; BAPTA + NMDA, n 
= 3, p > 0.99; one-way ANOVA with Tukey’s post-hoc test). F-I. Increasing intracellular 
Ca2+ is sufficient for MATR3 reduction, as treatment with the ionophore ionomycin 
results in MATR3 clearance in NMDAergically mature DIV14-16 (veh, n = 3; ionomycin, 
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n = 3, * p = 0.034; two-tailed t-test) and immature DIV4-5 (veh, n = 3; ionomycin, n = 3, * 
p = 0.0080; two-tailed t-test) cultures. 
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Figure 3.3. NMDA-triggered MATR3 reduction occurs post-translationally through 
degradation by calpains. A. Treatment with NMDA does not significantly alter Matr3 
transcript abundance, arguing against transcriptional downregulation being responsible 
for the rapid decrease observed (veh, n = 4; NMDA, n = 4, p = 0.054; two-tailed t-test). 
B. Abundance of exogenous, lentivirally delivered FLAG-MATR3 is reduced similar to 
endogenous protein, supporting post-translational degradation. C. The proteasomal and 
cysteine protease inhibitor MG132, but not the autophagy inhibitor bafilomycin, is able 
to block MATR3 clearance (compared to veh, n = 3; NMDA, n = 3, ** p = 0.0041; 
MG132, n = 3, p = 0.0.999, MG132 + NMDA, n = 3, p > 0.99, bafilomycin, n = 3, p > 
0.99, bafilomycin + NMDA, n = 3, p * 0.0025; one-way ANOVA with Tukey’s post-hoc 
test). E-F. The selective proteasomal inhibitor bortezomib is unable to block NMDA-
triggered MATR3 reduction (compared to veh, n = 3; NMDA, n = 3, *** p = 0.00070; 
bortezomib, n = 3, p > 0.99; bortezomib + NMDA, n = 3, *** p = 0.0010; one-way 
ANOVA with Tukey’s post-hoc test). (G-H) However, MDL28170, an inhibitor of 
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calpains, is able to effectively impair this process (compared to veh, n = 3; NMDA, n = 
3, ** p = 0.0040; MDL28170, n = 3, p = 0.796; MDL28170 + NMDA, n = 3, p = 0.676; 
one-way ANOVA with Tukey’s post-hoc test). 
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Figure 3.4. MATR3 is a substrate for CAPN1, and the pathogenic S85C mutation 
renders it resistant to degradation. A-B. Compared to cells transfected with mApple 
control, HEK293T cells transfected with CAPN1 but not with CAPN2 overexpression 
plasmids displayed reduced MATR3 (compared to mApple, n = 3; CAPN1, n = 3, * p = 
0.10; CAPN2, n = 3, p = 0.49; one-way ANOVA with Tukey’s post-hoc test). C. The 
highest confidence CAPN1 cleavage site in MATR3 is predicted to be in amino acids 
82-85; notably this includes the S85 residue (red) mutated in familial disease. D-F. 
While exogenous FLAG-MATR3(WT) is comparably susceptibly to cleavage by CAPN1 
as the endogenous protein (compared to mApple, n = 3; CAPN1, n = 3, * p = 0.036; 
CAPN2, n = 3, p > 0.99; one-way ANOVA with Tukey’s post-hoc test), the pathogenic 
S85C mutation is resistance to CAPN1 (compared to mApple, n = 3; CAPN1, n = 3, p > 
0.99; CAPN2, n = 3, p = 0.93; one-way ANOVA with Tukey’s post-hoc test). 
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Figure 3.5. Cerebellar Purkinje neurons clear MATR3 in response to glutamatergic 
activation in an ex vivo system. A. Cerebellar slice cultures from wide-type mice were 
generated and treated with vehicle or glutamate. B-C. Calbindin-positive Purkinje 
neurons displayed markedly reduced MATR3 staining intensity upon glutamate 
stimulation (veh, n = 73; NMDA, n = 76, **** p < 0.0001; two-tailed t-test). Scale bars in 
(B), 20 μm. 
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Figure 3.6. CaM binds to RBPs in a selective, Ca2+-dependent manner. A. CaM-
binding motif prediction algorithms indicate that CaM interacts with the RNA recognition 
motifs of many ALS/FTD-linked RBPs. B. Ca2+-bound but not free apo-CaM binds to 
MATR3 and TDP-43, validating in silico predictions. C. The association between 
MATR3 and CaM is dependent on CaM adopting its active conformation after Ca2+ 
binding, as the conformational inhibitor W-7 blocks the interaction between Ca2+/CaM 
and MATR3. 
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Figure 3.7. NMDA stimulation results in CaM nuclear enrichment and impaired 
MATR3 binding to RNA. A-B. Minutes after NMDA treatment in cortical neurons, 
Ca2+/CaM enriches in the nucleus (compared to veh, n = 67; NMDA, n = 48; *** p < 
0.0001; two-tailed t-test). C-D. UV crosslinking followed by IP and harsh washing 
conditions were used to analyze RNAs bound to MATR3 in situ in neurons in basal or 
stimulated conditions. E-G. While NMDA treatment did not alter total levels of tested 
MATR3 target RNAs (Grm7: veh input, n = 5; NMDA input, n = 5; p = 0.65; Lsamp: veh 
input, n = 5; NMDA input, n = 5; p = 0.39; Ftx: veh input, n = 5; NMDA input, n = 5; p = 
0.80), less RNA was crosslinked to MATR3 in stimulated conditions, indicating impaired 
RNA binding (Grm7: veh IP, n = 3; NMDA IP, n = 3; * p = 0.030; Lsamp: veh IP, n = 3; 
NMDA IP, n = 3; * p = 0.045; Ftx: veh IP, n = 3; NMDA IP, n = 3; ** p = 0.0098). Scale 
bars in (A), 20 μm. 
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Supplemental Figure 3.1 Inhibition of PKA blunts MATR3 degradation but does 
not block MATR3 phosphorylation. A-B. Treatment with the PKA inhibitor H89 blunts 
MATR3 degradation in response to NDMA treatment (compared to veh, n = 4; NMDA, n 
= 3, ** p = 0.0054; H89, n = 3; p = 0.45; H89 + NMDA, n = 3; p = 0.067). However, the 
increase in phospho-MATR3 5 min after NMDA stimulation as detected with a general 
PKA phospho-substrate antibody is not blocked by H89, indicating this phosphorylation 
is done by another, H89-resistant kinase (compared to veh, n = 5; NMDA, n = 5, * p = 
0.033; H89, n = 3, p = 0.97; H89 + NMDA, n = 5, * p = 0.022). 
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Supplemental Figure 3.2 Neurons clear MATR3 after Ca2+ elevation via a selective 
mechanism not dependent on ubiquitination. A-B. Unlike in cortical neurons, 
MATR3 in HEK293T cells and Neuro2A cell lines is not degraded with the ionophore 
ionomycin, pointing to neuron-specific factors in this process. C. Proteasomal blockade 
with MG132 in the context of NMDA stimulation of neurons does not result in the 
accumulation of ubiquitinated, higher molecular weight MATR3 species, indicating that 
degradation is not through the UPS. 
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Supplemental Figure 3.3. Lower molecular weight calpain cleavage products are 
not detected in NMDA-treated neurons. A-B. Antibodies directed towards both the N- 
and C-termini of MATR3 cannot detect lower molecular weight MATR3 species even in 
the context of proteasomal block with bortezomib, indicating that MATR3 fragments are 
highly unstable and that calpain cleavage does not produce functional, shortened 
MATR3 species. 
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Supplemental Figure 3.4. CaM inhibition blocks NMDA-triggered MATR3 
degradation, but RNA binding deficient MATR3 is not destabilized. A-B. Treatment 
with the CaM inhibitor W-7 blocks MATR3 reduction after NMDA treatment (compared 
to veh, n = 3; NMDA, n = 3, * p = 0.030; W-&, n = 3, p = 0.28; W-7 + NMDA, n = 3, p > 
0.99). C. MATR3(WT) and MATR3(∆RRM2) fused to the green-to-red photoconvertible 
protein Dendra2 were used in optical pulse labelling (OPL) experiments along with 
EGFP to fill cell bodies. D. Deletion of the main RNA-binding domain of MATR3 did not 
affect fusion protein half-life, indicating that impaired RNA binding per se is not sufficient 
to destabilize MATR3 (MATR3(WT)-D2, n = 495; MATR3(∆RRM2)-D2, n = 701, p = 
0.47). 
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Table 3.1. Primer sequences for RT-PCR targets 

Target Primers Sequences 

Matr3 Forward 5’-GCC ACC TCC TTC ATT TCA TCT-3’ 

TG-3’ 
Reverse 5’-CTG GTT TCC ACT CTG CCT TT-3’ 

-3’ Gapdh Forward 5’-AAG GTG AAG GTC GGA GTC AA-3’ 

-3’ 
Reverse 5’-AAT GAA GGG GTC ATT GAT GG-3’ 

-3 -3’ Tubb3 Forward 5’-GGC ATG GAT GAG ATG GAG TT-3’ 

 -3’ 
Reverse 5’-CTC CTC GTC GTC ATC TTC ATA C 

-3’ Lsamp Forward 5’-CGG GAT GAC ACC AGG ATA AAC-3’ 

 

 -3’ 

Reverse 5’-CAC AGG TAT AGT TGC CGT AGT G-3 

 

-3’ 

Grm7 Forward 5’-CAA GGA TCT GTG TGC TGA CTA C-3’ 

 
Reverse 5’-GGT TCC AGC ACT ACC ATT GA-3’ 

-3’ Ftx Forward 5’-GGC ACT TTG GGT CCC TAT ATC-3’ 

 

 

Reverse 5’-CAG GTT TGT GCG TAT GTG TAA G-3’ 

 
 

 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 



 138 

 

 

 

Chapter 4: Discussion and Future Directions3 

 

4.1 Overview 

Many questions regarding the basic biology of MATR3 and its implication in 

neuromuscular disorders remain, informed by the data presented in this dissertation. 

This chapter will discuss promising open questions and possible hypotheses, beginning 

with molecular functions and moving on to topics immediately relevant to neurological 

disease. 

 

4.2 Cell-type specific MATR3 DNA- and RNA-binding functions 

 A pressing question concerns the relevant breadth of MATR3’s nucleic acid 

binding. The work presented in this dissertation as well as other studies have focused 

largely on the RRMs of MATR3 and its functions in RNA regulation. As a result, there is 

strong evidence linking it to the splicing of pre-mRNAs and the transport, stabilization, 

and degradation of mature transcripts1-4. This is accomplished largely through its 

tandem RRM domains, with RRM2 being uniquely critical for binding5. As a result, it is 

unclear what role RRM1 plays. One possibility is that—as for TDP-43—the presence of 

 
3 Section 4.6 is adapted from the following publication: Malik AM and Barmada SJ. Matrin 3 in 
neuromuscular disease: physiology and pathophysiology. 2021. JCI Insight. 6(1):e143948. doi: 
10.1172/jci.insight.143948. 
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an RRM that does little RNA binding on its own is to tune sequence specificity for RNAs 

bound by the tandem domains6-8. 

 However, the details of MATR3’s DNA binding and chromatin-mediated functions 

in vivo remain incompletely understood. As it possesses two C2H2 ZF domains, MATR3 

has been annotated since its identification as a DNA-binding protein of the nuclear 

matrix9. Indeed, in vitro experiments using EMSA confirmed that MATR3 is capable of 

recognizing DNA isolated from rat liver and that both ZFs contributed to this activity5. 

Attempts at identifying DNA targets for MATR3 through unbiased genome-wide studies, 

however, offer a model in which MATR3 interaction with chromatin is indirect and 

dependent on tissue-specific factors rather than mediated only through its own ZFs. 

 The first ChIP-seq study for MATR3 was conducted in a rat pituitary cell line and 

reported that MATR3 significantly overlaps with enhancer sequences10. This interaction, 

however, is dependent on Pit1, a pituitary-specific transcription factor, as knockdown of 

Pit1 resulted in a marked reduction of MATR3 ChIP-seq signal. A study aimed at 

developing new chromatin-protein interaction technologies likewise found MATR3 to 

bind to insulator sequences in a mouse hematopoietic cell line11. As before, this 

interaction was not direct but in this context was dependent on the transcription factor 

CTCF. Most recently, a report in muscle cells found MATR3 to be largely localized to 

the relatively insoluble chromatin-associated fraction, with only minor amounts of protein 

in the nucleoplasm. This chromatin association, in turn, is dependent on the muscle-

specific lncRNA pCharme1, as knockdown of this transcript causes MATR3 distribution 

from DNA into the nucleoplasm12. 
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 Taken together, these data suggest a model in which MATR3 binding to DNA is 

dependent on tissue- and cell type-specific protein and RNA factors. Neurons express 

CTCF13,14, but muscle cells do as well15,16 despite pCharme1 disruption alone being 

sufficient to remove MATR3 from muscle chromatin, arguing that considerations beyond 

simply the presence or absence of protein/RNA factors may regulate MATR3’s DNA 

association. Therefore, the role of MATR3 in neurons—and its contribution to 

neurodegenerative disease—remains elusive. It is possible that a complex orchestra of 

factors work in tandem to regulate MATR3’s association with DNA and that neurons 

lack one or more of these; indeed, data in appendix A support this interpretation. If so, 

previous work suggests that MATR3’s DNA- and RNA-binding functions compete with 

one another3, and thus neuronal MATR3 may function exclusively in splicing and RNA 

control rather than transcriptional regulation. The markedly high neurotoxicity reported 

in chapter 2 upon expression of MATR3 variants lacking RRM2 that were not 

sequestered in phase-separated intranuclear droplets (Fig. 2.4) may have been from 

artificially driving MATR3 to chromatin in a cell type not evolved to have MATR3 in this 

role. 

 A lack of neuronal MATR3 association with DNA may arise from unique 

chromatin demands in post-mitotic cells such as neurons, or it may be a phenomenon 

present also in other cells lacking certain protein/RNA factors. To this end, it is of great 

interest to identify what chromatin regions, if any, MATR3 binds in neurons and what 

function is accomplishes through this interaction. Other proteins that bridge chromatin to 

the nuclear matrix via binding to matrix/scaffold attachment regions can regulate genes 

by tuning their accessibility to transcription machinery17-19. This appears to be 
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responsible for the upregulation of genes critical for myocyte differentiation 

accomplished by MATR3 chromatin association in muscle cells, and indirect in vitro 

data indicate that MATR3 binding is able to drive transcription of reporter 

constructs12,20,21. If MATR3 does have a role in neuronal transcriptional regulation, an 

interesting line of inquiry might focus on whether those genes overlap with or are 

distinct from those it regulates on the post-transcriptional level through pre-mRNA 

splicing and mRNA handling. There may be a set of genes that MATR3 doubly 

regulates, or its DNA-binding and RNA-binding functions might represent different 

ontological categories responding to disparate physiological stimuli. 

 Even RNA binding by MATR3 also could be completely or partially dependent on 

other factors, with the RBP polypyrimidine tract binding protein 1 (PTBP1) providing a 

key example. MATR3 directly interacts with PTBP1 via a short PTB-RRM interaction 

(PRI) motif located between MATR3’s ZF1 and RRM1 that allows it to bind to RRM2 

and the surrounding repressor domain of PTBP122. MATR3 and PTBP1 have been 

identified in several independent experiments as direct interactors and have been 

implicated in similar RNA- and DNA-based functions, with both necessary for the 

lncRNA Xist to seed RBPs onto inactive X chromosomes and for the repression of 

LINEs23,24. Experiments in HeLa cells demonstrated that ~20% of MATR3’s splicing 

targets are co-regulated by PTBP13. Despite this, the PRI motif is necessary for 

MATR’3 splicing function even of some pre-mRNAs not regulated by PTBP1. Indeed, 

deletion of the PRI motif ablates MATR3 splicing activity for certain pre-mRNAs to the 

same extent as deletion of both RRMs. These intriguing data suggest that MATR3’s 

functions in RNA processing might also be cooperative and at least partially indirect. 
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Conversely, MATR3 may itself act as a factor that promotes RNA binding for PTBP1 

and other RBPs, as KD of MATR3 results in less RNA crosslinking to PTBP1 without 

changes in PTBP1 abundance in HEK293T cells; importantly this relationship does not 

appear to be bidirectional, as KD of PTBP1 does not diminish RNA crosslinking to 

MATR3 in this context. 

 

4.3 Post-translational modification in MATR3 regulation 

 Another explanation for tissue- and cell-specific MATR3 nucleic acid binding lies 

in post-translational modifications (PTMs) on MATR3. PTMs, particularly 

phosphorylation, have been shown to enhance MATR3’s ability to bind to both DNA25 

and RNA26, though the location of the phosphoresidues remain unknown, as is whether 

these two aspects are controlled by the same phosphorylation events or not. It is 

conceivable that these PTMs alter DNA or RNA binding either directly or by changing 

MATR3’s self-association or its binding to cofactors. Indeed, there are numerous 

examples of RBPs whose phosphorylation increases27-29 or decreases30-32 their affinity 

towards substrate RNAs. The cell-specific expression of kinases and phosphatases 

could therefore explain varied functions of MATR3 on nucleic acid regulation. 

Even beyond tuning nucleic acid recognition, phosphorylation may control 

MATR3 function. Proteomics databases curating data from many repositories reveal 

that MATR3 is heavily phosphorylated33. Phosphorylation by protein kinase A (PKA) is 

implicated in degrading MATR3 in response to NMDAergic activity in cerebellar granule 

neurons34, though our data argue against this mechanism in cortical neurons 

(Supplemental Fig. 3.1). Manipulations of MATR3’s phosphorylation state have also 
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been linked to altered nucleocytoplasmic localization35,36, although the only specific 

phosphoresidue functionally identified to date is Ser20837, whose phosphorylation is tied 

to enhanced MATR3 nuclear localization and the DNA repair response38. Therefore, 

experiments aimed at identifying how phosphorylation controls MATR3 localization are 

critical for understanding nucleocytoplasmic shuttling in neurons. A tractable starting 

point for these studies might involve biochemical separation of nuclear and cytoplasmic 

lysates from neurons followed by proteomics for phosphoresidues that differentially 

enriched between nuclear and cytoplasmic compartments. 

 While no other PTMs besides phosphorylation have been mechanistically studied 

for MATR3, proteomics databases show abundant PTMs on MATR3 that may also tune 

its ability to recognize substrate RNA and DNA sequences, with numerous 

ubiquitination events identified on both of its tandem RRMs39-43. While our data blocking 

the ubiquitin proteasome system (UPS) in primary cortical neurons and probing for 

ubiquitinated MATR3 did not show such a species (Supplemental Fig. 3.2), the 

ubiquitination identified via proteomics studies may occur in response to particular 

physiological stimuli and so may not be involved in basal or NMDA-trigerred turnover of 

neuronal MATR3. The heavy modification of the RRMs is suggestive of a functional role 

in inhibition of RNA binding, perhaps in addition to degradation, and this may provide an 

alternate route for what we propose the Ca2+/CaM system accomplishes in response to 

depolarization (Fig. 3.7). Moreover, while ZF1 appears to be devoid of PTMs, ZF2 is 

capable of being acetylated at three independent lysine residues41,44-46. Acetylation of 

key residues in the RRMs of TDP-43 has been shown to impair RNA binding and be 
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linked to disease pathology47-49, and the acetylation of MATR3’s ZF2 may have a 

similarly inhibitory function for the recognition of its substrates. 

 

4.4 Ca2+/CaM in RBP regulation and local translation 

 While we have experimentally validated binding of MATR3 and TDP-43 to 

Ca2+/CaM but not apo-CaM, prediction algorithms50-52 identify CaM-binding motifs on 

other RBPs as well, including many implicated in ALS/FTD spectrum disorders such as 

FUS, hnRNPA1, hnRNPA2B1, and TIA1 (Fig. 3.5). Notably, the predicted CaM-binding 

sites on these RBPs are also on their RNA-binding domains, strongly suggesting a 

functional effect on RNA recognition. Whether these other RBPs bind Ca2+/CaM in vivo 

and what effect this interaction has is unknown but may form the basis of a post-

translational, dynamic method for broadly controlling neuronal RBP function. 

 One particular physiological context this may relate to is that of local translation 

in neuronal processes. Because of the unique spatiotemporal translation demands 

faced by neurons, whose neurites may terminate more than a meter away from the 

soma in humans, these cells have evolved methods of rapidly translating proteins in the 

appropriate compartment in response to stimuli. This is accomplished through RBPs 

that transport mRNAs to dendrites and axons and keep them in a translationally 

repressed state until they are released and able to be translated into protein by resident 

dendritic and axonal ribosomes53-55. 

Many RBPs, including those implicated in neurological disease, have been linked 

to local neuronal translation in response to depolarization or other cues. mRNAs are 

targeted to neuronal processes by transport RBPs that recognize primary or secondary 
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sequences in their untranslated regions (UTRs), and consistent with neurons’ 

dependence on local translation, neuronal mRNAs possess markedly longer 3’ UTRs 

than non-neuronal transcripts56,57. Transporting RBPs traffic their substrate mRNAs via 

the cytoskeleton from the soma to sites of potential local translation in the form of 

phase-separated RNA granules58,59. At the periphery, these transcripts are held in a 

translationally repressed state by RBPs until the appropriate signal results in their 

liberation and exposure to the local translation machinery. Distally located mRNAs are 

longer lived than their somatically localized counterparts, reflecting the enhanced 

stability necessary for their unique roles60.  

Depending on the function of the mRNA and the cellular compartment, the nature 

of stimuli driving translational and their molecular mechanisms can be quite diverse, 

with some involving the irreversible degradation of RBPs in response to 

neurotransmitter binding. For example, fragile X mental retardation protein (FMRP), 

binds to both its substrate transcripts and to ribosomes in dendrites to inhibit translation. 

Glutamate release from pre-synaptic neurons stimulates metabotropic glutamate 

receptors on dendrites that in turn activate protein phosphatase 2A, and the resulting 

dephosphorylation of FMRP drives its rapid ubiquitination and degradation and the 

translation of its bound mRNAs by ribosomes61-64. Other mechanisms respond to trophic 

factors and are non-degradative instead, involving the dynamic tuning of RNA-RBP 

interactions. Zipcode binding protein 1 (ZBP1), for instance, traffics β-actin mRNA down 

axons to growth cones, where it holds this transcript in a repressed state. Binding of 

extracellular brain derived neurotrophic factor (BDNF) to its receptors on the neuron 

surface leads to local activation of Src kinase, which phosphorylates ZBP1 on a key 
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tyrosine residue in its RNA-binding domain, impairing its ability to bind RNA and thereby 

releasing β-actin transcript for translation and promoting axon growth31,65,66. 

Over the past decade, strong evidence has accumulated tying many RBPs 

involved in the pathogenesis of ALS/FTD spectrum disorders to local translation in 

neurites, with much of this work focusing on TDP-43 and FUS. Besides their nuclear 

role in pre-mRNA splicing, both TDP-43 and FUS function in neuronal cytoplasm in the 

transport and local translation, and disease-linked mutations impair these processes67-

73. Based off the predicted CaM binding sites in the nucleic acid-binding domains of 

these and other proteins, it is of great interest to test whether Ca2+ mediates the 

dynamic release of TDP-43 and FUS target mRNAs for translation in response to 

depolarization. CaM protein, encoded in mammals by three genes with identical coding 

sequences but divergent UTRs, is present at sites of local translation, and certain 

transcripts encoding CaM are not only highly expressed in neuronal tissue but also have 

3’ UTRs critical for their dendritic targeting and activity-dependent local translation, 

suggesting this may itself strengthen a Ca2+/CaM RBP regulation system60,74-76. Indeed, 

based off the large number of RBPs we have identified with predicted CaM binding 

domains, an increase in Ca2+ may represent a mechanism of widespread translational 

disinhibition, particularly in distal compartments. Seeing as how pathogenic mutations 

have been shown to disrupt local translation in model systems, a change in neuronal 

excitability may contribute to ALS/FTD pathology through a Ca2+/CaM -dependent 

pathway. 

 

4.5 MATR3 histopathology in familial and sporadic disease 
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 A key question regarding MATR3’s role in human disease centers around 

patterns of pathology seen in affected tissue. To date, the only spinal cord histology 

report from a patient with a MATR3 mutation is from a family harboring the Phe115Cys 

mutation, which was later categorized as being likely non-pathogenic due to incomplete 

segregation with disease and the identification of another causative ALS mutation in this 

family that does completely segregate with ALS77,78. Spinal motor neurons from this 

individual, however, showed a more intense pattern of MATR3 staining, which is in 

agreement with a later study that reported more intense MATR3 signal as well as more 

cytoplasmic MATR3 in the motor neurons of sporadic ALS (sALS) cases compared to 

controls79. The most thorough neuropathological investigation of MATR3 by far, 

however, was unable to replicate the more intense pattern of MATR3 staining in disease 

tissue, though it reported MATR3-positive cytoplasmic inclusions coupled with relative 

nuclear clearance in 60% of sALS patients while none were observed in controls80. 

 This study raises many critical points for understanding what the precise 

contribution of MATR3 to human disease is. TDP-43 pathology—consisting of nuclear 

clearance and cytoplasmic aggregation—is observed in affected tissues in the vast 

majority of patients with ALS and nearly half of those with FTD81,82. In agreement with 

the prevalence of TDP-43 pathology in ALS, all MATR3-positive inclusions were TDP-

43-positive, but the authors were unable to identify a MATR3-positive, TDP-43-negative 

inclusion. Therefore, TDP-43 and MATR3 may have a complex, temporally linked 

interplay in the disease context, with TDP-43 possibly exiting the nucleus first, 

aggregating in the cytoplasm and sequestering MATR3 through an unknown 

mechanism.  
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Complicating this model, however, is the finding that sALS cases with MATR3-

positive cytoplasmic inclusions on autopsy had a significantly reduced duration of 

disease, implying more aggressive progression, than those with TDP-43-positive 

inclusions only. Those with MATR3 pathology may have genetic or environmental 

modifiers driving disease progression as well as MATR3 deposition in the cytoplasm, or 

the clearance of MATR3 from the nucleus and its presence in the cytoplasm may itself 

contribute to neurotoxicity. Our work in a rat neuron model showed, however, that unlike 

TDP-43 and FUS, whose expression in the cytoplasm is more toxic than expression in 

the nuclear compartment, MATR3 cytoplasmic redistribution reduced overexpression 

toxicity (Fig. 2.6). This suggests that cytoplasmic MATR3 is not neurotoxic, though our 

study was in the context of intact endogenous MATR3 function in the nucleus; the 

apparent redistribution from nucleus to cytoplasm in disease therefore may represent a 

very different context combining nuclear loss-of-function with cytoplasmic gain-of-

function. 

Alternatively, it may be that MATR3 pathology is common, with more ALS 

patients having MATR3-positive inclusions in motor neurons but in most cases those 

cells dying well before autopsy. This would leave only those individuals with the most 

aggressive disease course retaining neurons with MATR3-positive inclusions at the time 

of death. More detailed analyses of MATR3 neuropathology are desperately needed in 

both healthy and disease tissue, particularly in regard to its localization, as this is critical 

in understanding whether ALS pathogenesis is driven by MATR3 clearance from the 

nucleus, overabundance in the cytoplasm, both, or neither. 
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4.6 Phenotypic spectrum of MATR3 mutations 

Another outstanding question concerns the phenotypic spectrum of MATR3-

linked disease and how MATR3 mutations can cause motor neuron degeneration, 

cortical neuron loss, and/or myopathy. The Ser85Cys mutation is capable of driving 

both myogenic and neurogenic disease, suggesting the presence of specific 

environmental or genetic factors that modify tissue specificity. Moving forward, the 

continued identification and thorough clinical testing of patients with MATR3 mutations 

will be essential if we are to uncover the identity and function of these modifiers. At 

present, many MATR3 variants are singletons with only weak evidence to support 

pathogenicity; therefore, it will be critical to not only verify these mutations in other 

patients and families but also to confirm their pathogenicity and investigate mutation-

specific pathways in model systems.  

Cautionary tales for inferring pathogenicity of MATR3 variants based on a paucity 

of genetic data can already be appreciated. The Phe115Cys MATR3 mutation was 

originally identified in a family with many members diagnosed with ALS and dementia 

but was recently reclassified as likely non-pathogenic. This change was due to its 

incomplete segregation with disease and the identification of a mutation in another ALS-

linked gene, KIF5A, wholly segregating with ALS/FTD in the original kindred83. 

Additionally, a patient with early onset FTD was found to have a full-length MATR3 

transcript inserted into chromosome 12 via retrotransposition, suggesting disease linked 

to overabundance of MATR3. Increased MATR3 RNA or protein was not confirmed, 

however, and at least two unaffected relatives share this retrotransposition, arguing 
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against its pathogenicity84. These results underscore the vital need to critically examine 

the proposed pathogenicity of variants. 

Cellular and animal models have been pivotal for our understanding of MATR3-

linked neuromuscular disease, and we expect new models to offer further insights. 

Induced pluripotent stem cell (iPSC) technology represents a particularly promising 

approach for understanding MATR3 function, and three patient-derived iPSC lines have 

already been created85,86. iPSCs would be particularly useful in studying tissue-specific 

functions, as these cells can be differentiated into isogenic motor neurons, cortical 

neurons, and skeletal muscle cells. In addition to enabling the identification of cell type-

specific MATR3 functions and pathogenic pathways triggered by mutant MATR3 

variants, iPSCs may facilitate the identification of elements of MATR3 biology that are 

unique to human neurons, as has recently been the case for TDP-4387,88.  

 

4.7 Conclusions 

MATR3 was identified nearly three decades ago and has been implicated in a 

broad spectrum of human disease for many years, but pressing questions still remain 

about its diverse functions in nucleic acid processing as well as its involvement in 

sporadic and inherited neuromuscular disorders. It is my hope that continued research 

in this exciting field will build off the work presented in this dissertation to uncover key 

elements of MATR3 physiology and pathophysiology and, in doing so, will further our 

understanding of the neuronal regulation of RBPs and will provide a basis for the 

rational development of therapies for diseases linked to dysfunction of MATR3 and 

related proteins. 
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Appendix A: MATR3 ChIP-seq in Neurons 

 

A.1 Introduction: 

 MATR3 was first identified as a major component of the nuclear matrix1,2, and its 

ability to bind DNA has since been confirmed through in vitro and in situ experiments.  

The two ZF domains of MATR3 have been shown to both contribute to its binding to at 

least one DNA fragment3, though since RRMs can also exhibit DNA-binding capacity it 

cannot be ruled out that it uses its tandem RRMs to interact with other DNA sequences. 

With the exception of a report from muscle cells4, studies in situ have been conducted in 

pituitary5 and hematopoietic6 cell types not known to be involved in the spectrum of 

MATR3-mediated disease, leaving it unclear whether DNA-mediated functions of 

MATR3 are involved in neurological disease. Experiments in neurons, including those 

presented in chapters 2 and 3 of this dissertation, and neuron-like cells7 have rather 

focused on the importance of RRMs and RNA binding in MATR3’s neuronal toxicity and 

localization. Therefore, it is unclear what chromatin sequences, in any, MATR3 binds in 

neurons and what functions it affects through this interaction.  

Chromatin immunoprecipitation followed by sequencing (ChIP-seq) is a 

technique for identifying binding between a protein of interest and DNA in a genome-

wide, unbiased fashion8,9. In this process, covalent protein-DNA complexes are created 
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through chemical fixation, after which mechanical or enzymatic fragmentation is used to 

shear chromatin to fragment sizes that allow unambiguous, localized mapping of reads 

to the target genome followed by peak calling. A number of analyses are then made 

possible, including sequence motif discovery10 and the identification of overlap with 

genomic elements such as enhancer and promoters11. 

In this appendix, I will detail attempted chromatin-immunoprecipitation followed 

by sequencing (ChIP-seq) studies in primary cortical neurons. Although I was unable to 

observe enrichment of DNA sequences co-immunoprecipitated with MATR3 despite 

technically validating fixation, immunoprecipitation, and chromatin shearing protocols, 

these negative results still offer potential insight into the tissue-specific functions of 

MATR3, pointing to a more RNA-centric role for MATR3 in neurons and implicating RNA 

dyshomeostasis in MATR3-linked neurodegenerative disease. 

 

A.2 Results: 

A.2.1 Primary cortical neuron ChIP optimization 

 DNA-protein complexes in DIV14-16 rat cortical neurons were fixed in 1% 

formaldehyde for 10 or 30 min, after which chromatin was sheared and samples were 

incubated with either MATR3 antibody to pull down MATR3-DNA complexes or IgG 

control. Western blot analysis after IP confirmed crosslinked high molecular weight 

MATR3 species robustly formed in a fixation time-dependent manner that were 

effectively immunoprecipitated along with uncrosslinked, free protein running at 

approximately 120 kDa (Fig. A.1A). As 10 minutes of fixation was sufficient for 

crosslinking, this timepoint was used for generating sequencing data. 
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 Efficiency of chromatin shearing via sonication in lysates was assessed by 

purifying DNA from input and subjecting it to agarose electrophoresis. As desired, the 

vast majority of DNA signal from the sheared chromatin represented fragments 

approximately 200 bp in size (Fig. A.1B), which is in the optimal range for downstream 

sequencing analysis. 

  

A.2.2 ChIP-seq analyses revealed no enrichment across the genome in MATR3 

IgG samples 

 Despite technical validation of this ChIP protocol, sequencing results after read 

processing and mapping showed no appreciable chromatin signal immunoprecipitated 

with MATR3 antibody, either when compared to input or to IgG control. Across the 

genome, relatively few peaks were called for both types of analyses, even when 

stringency was reduced by allowing peak calling not in narrow peak, transcription factor-

like mode but rather in broad and shallow peak mode (Fig. A.2A). When visualized 

through a genome viewer, however, even these few peaks, most of which barely 

achieved significance, were not impressively distinct and represented areas where there 

were only slightly more reads for the MATR3 antibody sample than input or IgG control 

(Fig. A.2B).  

 Fingerprint analysis can be used in ChIP-seq studies to validate the extent of 

enrichment across the genome. In a successful ChIP-seq experiment, comparatively 

small regions of the genome account for a disproportionally large fraction of reads, 

resulting in a sharply upward curving fingerprint plot of coverage against genomic 

enrichment rank. For example, in an effective experiment the lower 95% of ranked 
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genome segments account for far less than 95% of mapped reads, and the remaining 

5% of highest rank will account for the vast majority of reads12. While theoretically an 

unenriched sample would form a linear plot, differential openness of chromatin results in 

even unenriched input samples displaying an upward curve as genomic rank increases. 

Sequencing samples from DNA coimmunoprecipitated from MATR3 antibody and from 

input DNA were analyzed using fingerprint analysis. Whether analyzed as mapped 

single-end reads or as mapped paired-end reads, MATR3 ChIP samples showed no 

deviation from the input curves (Fig. A.2C-D), indicating an unsuccessful ChIP-seq 

experiment, with no genomic regions preferentially associating with MATR3. 

 

A.3 Discussion  

 Although MATR3 has been shown to bind DNA through in vitro electromobility 

shift studies and through ChIP-seq experiments, we were unable to observe any binding 

to DNA. While technical obstacles cannot be disregarded as an explanation, the 

validation of IP and shearing procedures leaves open a biological mechanism for the 

lack of chromatin signal observed. Namely, all in situ MATR3-DNA associations 

reported thus far have been shown to be dependent on protein or RNA cofactors 

necessary for MATR3 binding to chromatin. As discussed in chapter 4, it is possible that 

neurons lack cell- or tissue-specific cofactors and thus MATR3 has little to no neuronal 

DNA binding capacity despite its two ZFs that are necessary for DNA binding in vitro. 

 The higher molecular weight MATR3 species observed after fixation (Fig. A.1A) 

may rather represent covalent bonds to RNA or to other proteins, as formaldehyde is 

non-specific in its fixation of biomolecules. Incubation of immunoprecipitated samples 
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with RNase before SDS-PAGE might effectively resolve the nature of these larger 

complexes, since it would be expected that if they are composed of RNA instead of 

DNA then this would result in the liberation of free, monomeric MATR3. Incubation with 

DNase would also be insightful, as no difference in MATR3 complex migration would be 

expected if the protein truly is not binding DNA. Another somewhat straightforward 

experiment to determine if MATR3 associates with chromatin in neurons would involve 

biochemical fractionation of cytoplasm, nucleoplasm, and relatively insoluble chromatin 

as proposed in chapter 4 to test whether the latter contains MATR3. It should be noted 

that the ChIP-seq detailed here was attempted in DIV14-16 primary rat cortical neurons 

in basal conditions. Similar fractionation experiments could be attempted in cultures 

silenced with TTX or activated with glutamatergic agonists, as MATR3 association with 

DNA may rely on physiological stimuli such as activity status. 

  

A.4 Materials and methods 

Cortical neuron culture and ChIP-seq: 

 Primary cortical neurons were isolated from embryonic day (E)19-20 Long-Evans 

rat embryos as previously described13, and 6 x 106 cells were plated for ChIP. ChIP-seq 

procedures were adapted from previous studies on primary neurons14. Briefly, neurons 

were washed in PBS and fixed for 10 or 30 min at RT in HBSS with 1% methanol-free 

formaldehyde (Pierce). Fixation was quenched with the addition of 125 mM glycine in 

PBS for 5 min, after which cells were collected and plasma membranes lysed in cell 

lysis buffer (50 mM, 1% Triton X-100, 0.1% Na-deoxycholate, 5 mM EDTA, 150 mM 

NaCl, 1% SDS, pH 8.1) supplemented with cOmplete protease and PhosSTOP 
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phosphatase inhibitor tablets (Roche), with occasional inversion on ice for 15 min. 

Nuclei were pelleted at 6000 x g at 4°C for 5 min, washed twice in TE buffer (10 mM 

Tris, 1 mM EDTA, pH 8.0), and lysed in nuclei lysis buffer (50 mM Tris, 10 mM EDTA, 

0.1% SDS, pH 8.0) supplemented with protease and phosphatase inhibitor tablets 

(Roche). Chromatin was mechanically sheared in a QSonica water bath sonicator at 

4°C and 70% amplitude in 15 s on/20 s off cycles for a total sonication time of 30 min. 

Lysates were cleared by centrifuging at 21,000 x g and 10x ChIP dilution buffer (50 mM 

Tris, 10 mM EDTA, 1.5 M NaCl, 1% Na-deoxycholate, 10% Triton X-100, pH 8.0) was 

added to a final concentration of 1x.  Lysates were incubated with either 5 μg anti-

MATR3 antibody (Abcam ab70336) or 5 μg IgG control (Santa Cruz sc-2025) 

conjugated to Dynabeads Protein G (ThermoFisher) overnight at 4°C. 

 The following day, beads were washed 3 x in low salt wash buffer (20 mM Tris, 

1% Triton X-100, 2 mM EDTA, 150 mM NaCl, 0.1% SDS, pH 8.1), 2 x in high salt wash 

buffer (20 mM Tris, 1% Triton X-100, 2 mM EDTA, 500 mM NaCl, 0.1% SDS, pH 8.1), 1 

x in LiCl immune complexes wash buffer (10 mM Tris, 1% NP-40, 1 mM NP-40, 1 mM 

EDTA, 0.25% Na-deoxycholate, 250 mM LiCl, pH 8.0), and 2 x in TE buffer, all of which 

were at 4°C. Protein-chromatin complexes were eluted in by incubating in elution buffer 

(50 mM Tris, 1 mM EDTA, 150 mM NaCl, 1% SDS, 50 mM NaHCO3, pH 8.1) at RT with 

agitation twice, and both eluates were pooled. Uncrosslinking was accomplished by the 

addition of NaCl to a final concentration of 350 mM NaCl and incubation at 65°C 

overnight. RNA was removed by digestion with PureLink RNase A (ThermoFisher) for 

30 min at 37°C, and protein was degraded with Proteinase K (New England Biolabs) for 

1 hour at 50°C. Immunoprecipitated DNA was washed twice in neutral 
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phenol:chloroform and purified using the Zymo Clean-up and Concertation kit according 

to the manufacturer’s instructions and eluted in 3 x 20 μL of water warmed to 37°C. 

 

Bioinformatics analyses: 

 DNA libraries were prepared from input and from immunoprecipitated samples by 

University of Michigan Advanced Genomics Core and libraries were sequenced using 

paired-end 151 x 151 bp runs on a NovaSeq 6000 (Illumina). Quality control and 

trimming was performed via Trimgalore default parameters, after which reads were 

mapped to the rat genome (rn6) using HISAT2 in both single- or paired-end mode for 

comparative analysis15. Peaks were called based off the aligned reads using MACS2 in 

both narrow peak or broad peak settings with an effective genome size of 2.2 x 109 

bp16,17. Genomic enrichment plots were created using the plotFingerprint package as 

adapted from the ChIP-seq ANalytics and Confidence Estimation (CHANCE) protocol12. 
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Figure A.1. Effective fixation and immunoprecipitation of MATR3 complexes and 
optimal chromatin shearing in neurons. High molecular weight crosslinked MATR3 
complexes were formed with 10 and 30 min of formaldehyde fixation in primary cortical 
neurons and were effectively immunoprecipitated with anti-MATR3 antibody (A). DNA 
from neuron lysates was mechanically sheared to an optimal 200 bp average fragment 
length (B). 
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Figure A.2. anti-MATR3 antibody failed to efficiently co-immunoprecipitate DNA 
for ChIP-seq analysis or enrich over input. Peak calling of aligned DNA copurified 
with anti-MATR3 antibody gave few peaks—both when compared to input and to IgG 
control antibody—in narrow, transcription factor-like mode and broad, methylation mark-
like mode (A). Those peaks that were called represented only minor enrichment about 
input or IgG control samples (B). Fingerprint analysis across the genome produced no 
enrichment of genomic areas for MATR3 ChIP samples compared to input control (C-
D). 
 

 

 

 


