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SUMMARY

Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative disorder typically 

characterized by insoluble inclusions of hyperphosphorylated TDP-43. The mechanisms 

underlying toxic TDP-43 accumulation are not understood. Persistent activation of p38 

mitogen-activated protein kinase (MAPK) is implicated in ALS. However, it is unclear 

how p38 MAPK affects TDP-43 proteinopathy. Here, we show that p38α MAPK inhibition 

reduces pathological TDP-43 phosphorylation, aggregation, cytoplasmic mislocalization, and 

neurotoxicity. Remarkably, p38α MAPK inhibition mitigates aberrant TDP-43 phenotypes in 

diverse ALS patient-derived motor neurons. p38α MAPK phosphorylates TDP-43 at pathological 

S409/S410 and S292, which reduces TDP-43 liquid-liquid phase separation (LLPS) but allows 

pathological TDP-43 aggregation. Moreover, we establish that PRMT1 methylates TDP-43 at 

R293. Importantly, S292 phosphorylation reduces R293 methylation, and R293 methylation 

reduces S409/S410 phosphorylation. Notably, R293 methylation permits TDP-43 LLPS and 

reduces pathological TDP-43 aggregation. Thus, strategies to reduce p38α-mediated TDP-43 

phosphorylation and promote PRMT1-mediated R293 methylation could have therapeutic utility 

for ALS and related TDP-43 proteinopathies.

In brief
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In this study, Aikio et al. establish opposing roles for p38α-mediated TDP-43 phosphorylation and 

PRMT1-mediated TDP-43 arginine methylation in driving TDP-43 proteinopathy. These findings 

suggest therapeutic strategies for ALS and related TDP-43 proteinopathies.

Graphical Abstract

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a fatal disorder caused by motor neuron 

degeneration.1 While most ALS cases (approximately 90%–95%) are considered sporadic 

with unknown etiology, approximately 5%–10% of cases are familial in nature (fALS).2,3 

ALS is linked to mutations in more than 25 genes, with the C9ORF72 hexanucleotide 

repeat expansion and mutations in SOD1 being the most common.4 Although mutations 

in transactive response DNA binding protein 43 kDa (TARDBP), the gene encoding 

TDP-43, are a rare cause of ALS, approximately 97% of ALS cases and approximately 

45% of patients with frontotemporal dementia (FTD) present with TDP-43 proteinopathy 

characterized by nuclear and cytoplasmic TDP-43 inclusions in affected neurons.5–12

TDP-43 is a highly conserved, ubiquitously expressed, and predominantly nuclear RNA/

DNA-binding protein.7,13 TDP-43 functions in transcriptional repression, RNA transport, 

alternative splicing, microRNA biogenesis, and stress granule formation.14–25 TDP-43 
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is composed of an N-terminal domain involved in dimerization, a nuclear localization 

sequence, two RNA-recognition motifs (RRM1 and RRM2), and a C-terminal prion-

like domain (PrLD) that enables liquid-liquid phase separation (LLPS) and pathological 

aggregation (Figure 1A).18,26–33 The PrLD harbors the majority of disease-linked mutations 

(Figure 1A).34,35

Phosphorylation at serine residues 409/410 (S409/S410) is a major pathological marker 

for TDP-43 inclusions in disease.36,37 TDP-43 undergoes additional post-translational 

modifications (PTMs) in patients with ALS including ubiquitination, generation of C-

terminal domain fragments (CTFs), cysteine oxidation, sumoylation, and acetylation.38 

However, the functional and pathological significance of TDP-43 PTMs remains largely 

unknown. A clear understanding of the effects of phosphorylation and other PTMs on 

the solubility, localization, and aggregation propensity of TDP-43 will enable mechanistic 

insights into ALS pathogenesis.

The mitogen-activated protein kinase (MAPK) signaling pathway regulates cell 

differentiation, motility, growth, and survival.39 MAPKs, which include extracellular-signal-

regulated kinases, Jun amino-terminal kinases, and p38 MAPKs, are activated by cytokines, 

growth factors, and environmental stress.40–42 In mammals, p38 MAPKs comprise four 

isoforms (α, β, γ, and δ).43 p38α and p38β are expressed in most tissues, including 

the brain,44 whereas p38γ is most highly expressed in skeletal muscle, and p38δ in 

testis, pancreas, kidney, and small intestine.45 Aberrant p38 signaling is linked to several 

neurodegenerative diseases, including ALS.46–49 Specifically, p38 MAPK inhibition reduces 

motor neuron degeneration and restores physiological axonal retrograde transport in SOD1-

ALS models.46–48 Furthermore, genetic and pharmacological inhibition of p38β in a 

Drosophila model of TDP-43 toxicity mitigated premature lethality.49

Here, we establish a role for p38α MAPK in promoting TDP-43 proteinopathy. We 

show that the inhibition of p38α MAPK reduces ALS-associated TDP-43 phenotypes. 

Importantly, p38α inhibition mitigates aberrant TDP-43 phenotypes in motor neurons 

derived from patients with ALS. Furthermore, we establish that protein arginine 

methyltransferase 1 (PRMT1)-mediated methylation of TDP-43 at R293 opposes the 

effects of p38α in driving TDP-43 proteinopathy. Our results suggest that strategies 

to decrease p38α-mediated TDP-43 phosphorylation and promote PRMT1-mediated 

TDP-43 methylation could have therapeutic utility for ALS/FTD and related TDP-43 

proteinopathies.

RESULTS

Inhibition of p38α reduces TDP-43 aggregation, phosphorylation, and toxicity

Several findings suggest a role for p38 MAPK in ALS.48–52 Thus, we first assessed 

whether p38α modulates TDP-43 aggregation in human neuronal SH-SY5Y cells. Increased 

expression of wild-type (WT) or ALS-linked TDP-43 variants elicit ALS-like phenotypes 

in vitro and in vivo.53–56 Indeed, elevated expression of TDP-43WT is connected with 

FTD,57 and disease-linked TDP-43 aggregation is proposed to increase TDP-43 expression 

due to the loss of TDP-43 autoregulation.58,59 TDP-43M337V, a pathological fALS-linked 
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variant, is especially aggregation prone and becomes highly phosphorylated.31,53,60 Thus, 

we used TDP-43M337V in our initial experiments to detect more prominent changes in 

TDP-43 solubility and phosphorylation. Using small interfering RNA (siRNA)-mediated 

knockdown of p38α and TDP-43M337V expression, we monitored accumulation of total 

and phosphorylated TDP-43 (pTDP-43) in RIPA or urea soluble fractions over time. p38α 
depletion significantly reduced accumulation of insoluble TDP-43M337V in the urea fraction 

at all times (Figures 1B and 1C). Thus, p38α depletion reduces TDP-43M337V aggregation 

in human neuronal cells.

Phosphorylation of S409 and S410 of TDP-43 is a consistent feature in all TDP-43 

proteinopathies.37 TDP-43 is phosphorylated at S409/S410 in pathological inclusions, but 

never under physiological conditions in the nucleus.11,37 We observed a marked decrease 

in pTDP-43 in the urea fraction when p38α is knocked down (Figures 1B and 1D). 

Consistently, increased TDP-43WT expression, in place of TDP-43M337V, or using a 

different siRNA to knockdown p38α also decreased pTDP-43 in the urea fraction (Figures 

S1A–S1D). Moreover, p38α depletion reduced accumulation of insoluble TDP-43WT in the 

urea fraction, particularly at early time points (Figure S1E). Thus, p38α depletion reduces 

TDP-43 aggregation and pathological S409/410 phosphorylation in human neuronal cells.

Next, we assessed whether pharmacological inhibition of p38α affects TDP-43 solubility 

and phosphorylation in a similar manner to genetic ablation. Indeed, treatment of SH-SY5Y 

cells with a p38α inhibitor, compound 1 (Figure 1E), significantly reduced TDP-43M337V 

phosphorylation and aggregation, in a concentration- and time-dependent manner (Figures 

1F–1I). Note that we only observe TDP-43 phosphorylation at S409/S410 in the insoluble 

urea fraction and not in the soluble RIPA fraction (Figure 1F), indicating the pathological 

nature of S409/S410 phosphorylation. We suggest that p38α inhibition is an effective 

strategy to reduce pathological TDP-43 aggregation and phosphorylation.

To test whether p38α pharmacological inhibition affects toxicity induced by increased 

TDP-43 expression, we performed a lactate dehydrogenase cytotoxicity assay in mouse 

motor-neuron-like NSC-34 cells. Expression of TDP-43WT (Figure 1J) or TDP-43M337V 

(data not shown) in NSC-34 cells induces cytotoxicity. Importantly, p38α inhibition by 

compound 1 significantly mitigated TDP-43WT-induced cytotoxicity (Figure 1J). Thus, 

pharmacological inhibition of p38α mitigates TDP-43 toxicity in motor-neuron-like NSC-34 

cells.

To determine whether p38α pharmacological inhibition mitigates TDP-43-induced 

neurodegeneration, we used longitudinal imaging to measure neuronal survival.61 We 

cultured primary mouse cortical neurons, sparsely labeled them with a fluorescent protein 

(mApple), and also expressed TDP43M337V in the mApple-labeled neurons. We imaged 

the neurons daily for 7 days and used Cox proportional hazards analysis to measure 

the cumulative risk of death and hazard ratios. This assay is very sensitive to detecting 

TDP-43-induced neurodegeneration.61 Treatment of neurons with a brain-penetrant p38α 
pharmacological inhibitor, VX-745 (neflamapimod) (Figure 1E),62 which has entered phase 

2 clinical trials for Alzheimer’s disease and dementia with Lewy bodies (DLB),63–65 

significantly reduced the hazard ratio of TDP-43M337V-expressing neurons compared with 
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neurons expressing TDP43M337V and treated with DMSO (Figure 1K). Thus, a clinical 

stage, brain-penetrant p38α inhibitor can also mitigate TDP-43 neurotoxicity. Importantly, 

compound 1 and VX-745 are different chemotypes (Figure 1E), which along with p38α 
knockdown data (Figures 1B–1D), increases confidence that p38α is a bona fide target to 

mitigate aberrant TDP-43 phenotypes. Our results demonstrate that p38α inhibition reduces 

pathological TDP-43 aggregation, phosphorylation, and toxicity in multiple settings.

p38α inhibition reduces TDP-43 aggregation and phosphorylation in human induced 
pluripotent stem cell-derived motor neurons subjected to MG-132-induced stress

p38α inhibition can mitigate TDP-43 aggregation and toxicity under conditions where 

TDP-43 is overexpressed (Figures 1B–1K), which is relevant to various TDP-43 

proteinopathies.57–59 However, it is also important to determine whether p38α inhibition 

antagonizes TDP-43 aggregation, phosphorylation, and toxicity when TDP-43 is expressed 

at endogenous levels. Hence, we also studied the effects of p38α inhibition in human 

induced pluripotent stem cell (iPSC)-derived motor neurons (iMNs).

In iMNs, various transient, non-lethal stressors, such as oxidative stress and proteasome 

dysfunction, induce formation of cytoplasmic aggregates of pTDP-43, leading to reduced 

TDP-43 function.60,66–68 We found that impairing proteasome activity with MG-132 induces 

cytoplasmic mislocalization and aggregation of pTDP-43 in iMNs (Figures S2A and S2B). 

Importantly, co-treatment of iMNs with MG-132 and the specific p38α inhibitor, VX-745, 

significantly reduced levels of insoluble, pTDP-43 (Figures S2A and S2B). Thus, specific 

inhibition of p38α reduces levels of insoluble, pTDP-43 elicited by proteotoxic stress at 

endogenous levels of TDP-43 expression in human motor neurons.

p38α inhibition reduces TDP-43A382T toxicity in patient-derived iMNs

We next examined the survival of two patient-derived iMN lines that harbored the ALS-

linked TDP-43A382T variant using the GEDI biosensor,69 a live cell marker that detects 

intracellular calcium levels at the point when a cell has irreversibly committed to death 

(Figure S3A). TDP-43A382T iMNs displayed a significantly higher death rate than gene-

corrected (GC) control iMNs (Figures S3A and S3B), indicating that the ALS-linked 

TDP-43A382T variant is deleterious for motor neurons. Importantly, the specific p38α 
inhibitor VX-745 significantly reduced the death rate of TDP-43A382T iMNs (Figure S3B). 

VX-745 also improved the survival of the GC controls, suggesting that VX-745 is beneficial 

to human iMNs in the absence of TDP-43 pathology (Figure S3B). Our findings establish 

that specific inhibition of p38α with VX-745 can mitigate neurodegeneration induced by the 

ALS-linked TDP-43 variant, TDP43A382T, at endogenous levels of TDP-43 expression in 

patient-derived iMNs.

p38α inhibition restores nuclear TDP-43 in patient-derived iMNs that harbor a 
hexanucleotide repeat expansion in the C9ORF72 gene

We next examined two different patient-derived iMN lines that harbor a hexanucleotide 

repeat expansion in the C9ORF72 gene, which is the most common genetic cause of ALS/

FTD, termed c9ALS/FTD.70,71 We first treated control and c9 iMN lines with various doses 

of the specific p38α inhibitor, VX-745, and assessed cell viability after 24 h. We found that 
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1 μM VX-745 was not toxic under these conditions, and so we used this concentration for 

our experiments. The c9 iMNs present with a significantly increased nuclear/cytoplasmic 

cytoplasmic ratio of TDP-43 compared with control iMNs (Figures S4A–S4D). Importantly, 

VX-745 significantly restored nuclear TDP-43 levels in c9 patient-derived iMN lines, and 

restored the ratio of nuclear:cytoplasmic TDP-43 back to levels observed in control iMNs 

(Figures S4A–S4D). VX-745 did not alter the nuclear:cytoplasmic TDP-43 ratio in control 

iMNs (Figures S4A–S4D). Thus, specific p38α inhibition with VX-745 can reduce aberrant 

TDP-43 phenotypes in several human iMN lines at endogenous levels of TDP-43 expression 

(Figures S2–S4).

Constitutively active p38α promotes TDP-43 aggregation, S409/S410 phosphorylation, and 
cytoplasmic accumulation

p38α depletion reduces TDP-43 aggregation and phosphorylation at S409 and S410 

(Figure 1B). Therefore, we hypothesized that p38α overexpression would increase TDP-43 

aggregation and phosphorylation. To test our hypothesis, we co-expressed TDP-43M337V 

with WT, constitutively active (CA), or dominant negative (DN) forms of p38α in SH-SY5Y 

cells. First, we established that expression of CA-p38α, DN-p38α, or WT-p38α alone in the 

absence of TDP-43M337V in SH-SY5Y cells did not elicit cell death (Figures S5A–S5D). 

Moreover, CA-p38α, DN-p38α, or WT-p38α were all expressed at similar levels (Figures 

S5B and S5D). The CA-p38α variant we used (D176A/F327S) exhibits approximately 

25% of the activity of fully activated p38α,72 which likely minimizes any toxicity at the 

time points studied. Co-expression of WT or DN-p38α with TDP-43M337V did not have 

any significant effect on S409/S410 phosphorylation or accumulation of TDP-43 in the 

urea fraction (Figures 2A–2D). By contrast, CA-p38α promoted TDP-43M337V aggregation 

and phosphorylation at S409/S410 (Figures 2A–2D). Thus, p38α activation promotes 

pathological TDP-43 phosphorylation and aggregation in human neuronal cells.

Next, we assessed whether TDP-43M337V co-localizes with p38α. Previously, TDP-43M337V 

and p38α have been detected in ubiquitinated inclusions.50,53 Interestingly, we found a 

significant increase in the number of cells displaying intranuclear TDP-43M337V inclusions 

specifically when CA-p38α was co-expressed (Figures 2E and 2F). Furthermore, these 

intranuclear TDP-43 inclusions harbored p38α (Figure 2E). Intranuclear TDP-43 inclusions 

are a more common feature of TDP-43 proteinopathies than previously appreciated11 and 

may even be initial sites of TDP-43 aggregation.73 Expression of CA-p38α also promoted 

the cytoplasmic accumulation of TDP-43 (Figures 2G and 2H). Our data demonstrate 

that aberrant activation of p38α promotes several hallmarks of ALS pathology, including 

TDP-43 aggregation, phosphorylation at S409/410, and cytoplasmic accumulation.

p38α can directly phosphorylate TDP-43 at residues S292, S409, and S410 in vitro

Co-localization of TDP-43 and CA-p38α in intranuclear aggregates might indicate direct 

physical interaction between TDP-43 and p38α (Figure 2E). To explore this possibility, 

we transfected and immunoprecipitated TDP-43WT and p38α from SH-SY5Y cells and 

then probed for p38α or TDP-43, respectively (Figure 3A). TDP-43WT and p38α co-

immunoprecipitated in both reciprocal experiments, suggesting a robust interaction between 

TDP-43 and p38α (Figure 3A). Consistently, siRNA-mediated knockdown of p38α reduced 
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the amount of immunoprecipitated pTDP-43, and also diminished the amount of endogenous 

p38α that co-immunoprecipitated with TDP-43M337V (Figure S5E), further validating an 

interaction between p38α and TDP-43.

Next, we asked whether TDP-43 is directly phosphorylated by p38α. Thus, we performed 

in vitro kinase assays. Samples containing recombinant TDP-43 with or without active p38α 
were analyzed. In the absence of p38α, no phosphorylation was detected at S409/S410. 

However, in the presence of active kinase, TDP-43 was directly phosphorylated by p38α 
at S409/S410 (Figure 3B). As expected, the phosphorylation of TDP-43 was prevented by 

pharmacological inhibition of p38α with compound 1 (Figure 3B).

We also investigated whether p38α phosphorylates TDP-43 at additional serine or threonine 

residues. Therefore, we performed liquid chromatography tandem mass spectrometry 

(LC-MS/MS) analysis of trypsin-digested TDP-43 after incubation with p38α. Our LC-

MS/MS approach yielded approximately 71% coverage of the TDP-43 sequence, which 

encompassed residues 1–293 (Figure S5F). This region of TDP-43 contains 20 serine 

residues and 15 threonine residues, which could potentially be phosphorylated by p38α. 

However, we only detected phosphorylation at serine residue 292 (S292) with high certainty 

(Figures S5G and S5H). The fact that we only detected 1 phosphoserine in residues 1–

293 of TDP-43 indicates that, under our conditions, p38α phosphorylates TDP-43 at a 

specific position and does not indiscriminately phosphorylate any serine or threonine. Thus, 

p38α can specifically phosphorylate TDP-43 at S292 (Figures 1A and S5F–S5H). In fact, 

TDP-43 is phosphorylated at S292 in the brains of patients with ALS.74 Furthermore, a 

serine-to-asparagine mutation at this site (S292N) is genetically linked to ALS.35,75,76

TDP-43 aggregation may be enhanced by phosphorylation at S292

To investigate the potential effects of phosphorylation at S292 on the aggregation propensity 

of TDP-43, we took a site-directed mutagenesis approach to generate phospho-mimetic 

(S292E; TDP-43S292E), phospho-dead (S292A; TDP-43S292A), and ALS-linked (S292N; 

TDP-43S292N) TDP-43 mutants, which were transfected into human neuronal SH-SY5Y 

cells. Notably, the expression and localization of TDP-43S292E was comparable with that 

of TDP-43WT (Figures S6A and S6B). Interestingly, overexpressing the phospho-mimetic 

mutant TDP-43S292E increased the aggregation propensity of TDP-43, evident by the 

accumulation of TDP-43 in the urea fraction and enhanced phosphorylation at S409/410 

(Figures 3C and 3D). Moreover, TDP-43S292E enhanced formation of 35kDa C-terminal 

fragments (CTFs) of TDP-43, which are associated with TDP-43 proteinopathy (Figures 

3C and 3E).38 Neither TDP-43S292A, TDP-43S292N, TDP-43S409:S410A, TDP-43S409:S410E, 

nor TDP-43S292:S409:S410A had any significant effect on TDP-43 aggregation propensity 

compared with TDP-43WT (Figures 3C and 3D). Thus, TDP-43S409:S410E expression does 

not mimic the expression of CA-p38α, which likely generates a mixture of phosphoforms of 

TDP-43 phosphorylated at S292, S409, and/or S410. Our results suggest that the aggregation 

of TDP-43 may be enhanced by S292 phosphorylation. Moreover, S292 phosphorylation 

likely stimulates phosphorylation at S409/410. Of note, phosphorylation at S292 likely 

does not alter the localization of TDP-43 in SH-SY5Y cells. TDP-43 in cells expressing 
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the phosphomimetic TDP-43S292E had similar localization to TDP-43WT-expressing cells 

(Figure S6A).

TDP-43 undergoes arginine methylation catalyzed by PRMT1

Our findings suggest a role for S292 in regulating TDP-43 aggregation via p38α-mediated 

phosphorylation. A sequence alignment of TDP-43 revealed that S292 is highly conserved 

from Homo sapiens to Gallus gallus (Figure 4A). Intriguingly, an RGG motif directly 

follows S292 and is also highly conserved (Figure 4A). RGG/RG motifs are preferred 

substrates for methylation by PRMTs.77 Given that several studies have shown that arginine 

methylation can attenuate phosphorylation at nearby residues on the same protein,78–81 

we hypothesized that R293 methylation could potentially interfere with p38α-mediated 

phosphorylation at the adjacent S292. Proteomic studies have found that TDP-43 is 

monomethylated at R293 in HCT116 and HEK293 cells, as well as in mouse embryos 

and human brain tissue.82–85 Moreover, monomethylation of R293 has been reported as a 

rare modification in assembled TDP-43 fibrils isolated from type A FTD-TDP.8 To assess 

TDP-43 arginine methylation in human neuronal SH-SY5Y cells, we immunoprecipitated 

endogenous TDP-43 and probed with antibodies against monomethyl-arginine (MMA), 

asymmetric dimethyl-arginine (ADMA), or symmetric dimethyl-arginine (SDMA). We 

found that immunoprecipitated TDP-43 was mono- and asymmetrically dimethylated and 

was recognized by the MMA and ADMA antibodies, but not an SDMA antibody (Figure 

4B). The absence of SDMA indicates that TDP-43 is likely not dimethylated by type II 

PRMTs.86 To the best of our knowledge, asymmetric arginine dimethylation of TDP-43 has 

not been reported before.

Next, we depleted PRMT1, the most abundant PRMT in mammalian cells,87 using siRNA-

mediated knockdown in SH-SY5Y cells, followed by TDP-43 immunoprecipitation and 

western blot analysis. We found a significant decrease in arginine monomethylation of 

endogenous TDP-43 (Figure 4C). Additionally, treating cells with adenosine dialdehyde 

(AdOx), a global methyltransferase inhibitor, significantly decreased the methylation of 

overexpressed TDP-43WT, evident by a decrease in immunoprecipitated TDP-43 detected 

by anti-MMA and anti-ADMA (Figure 4D). Collectively, these data indicate that PRMT1 

methylates TDP-43.

Next, we verified that R293 is the residue targeted for arginine methylation in this 

experimental setting. Using site-directed mutagenesis, we generated a methylation-dead 

mutant of TDP-43 by substituting R293 with lysine (TDP-43R293K). Unlike TDP-43WT, 

immunoprecipitating TDP-43R293K and probing for monomethylated TDP-43 with an anti-

MMA antibody revealed an absence of monomethylated TDP-43 (Figure 4E). Overall, 

our results suggest that TDP-43 undergoes arginine methylation by PRMT1 in human 

neuronal SH-SY5Y cells, and that residue R293 is the major site for methylation. Of note, 

methylation at R293 likely does not alter the localization of TDP-43 in human neuronal 

SH-SY5Y cells. The arginine methylation-mimic88–90 TDP-43R293F had similar localization 

and expression to TDP-43WT human neuronal SH-SY5Y cells (Figures S6A and S6B).
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PRMT1 can directly monomethylate TDP-43 at R293 in vitro

Next, we asked whether TDP-43 is directly methylated at R293 by PRMT1. Thus, we 

performed in vitro arginine methylation assays. Here, recombinant TDP-43 was incubated 

with S-adenosyl methionine in the presence or absence of PRMT1 (Figure S7A). Reactions 

were halted by the addition of formic acid and analyzed by bottom-up LC-MS/MS 

(Figure S7A), which yielded approximately 92% coverage of the TDP-43 sequence (Figure 

S7B). Monomethylated R293 peptides were only observed in the PRMT1-treated samples 

(Figures S7C and S7D), ruling out non-enzymatic methylation. Thus, PRMT1 can directly 

monomethylate TDP-43 at R293 in vitro. Interestingly, under our in vitro conditions (with 

excess substrate and cofactor), we predominantly observed monomethylation at R293 

(Figure S7), whereas dimethylation was very low abundance, despite ample time and 

opportunity for PRMT1 to catalyze asymmetric dimethylation at R293. In accordance with 

our results, monomethylation of TDP-43 at R293 but not dimethylation has been reported 

in proteomics studies82–85 and as a rare modification in assembled TDP-43 fibrils isolated 

from type A FTD-TDP.8 Overall, our findings and prior proteomics studies suggest that 

monomethlyation of R293 of TDP-43 by PRMT1 is the major modification at this position, 

and that asymmetric dimethylation of R293 is comparatively rare.

TDP-43 arginine methylation favors physiological LLPS over aberrant aggregation

Arginine methylation of TDP-43 is largely unexplored. Thus, little is known about 

R293 methylation and whether it affects TDP-43 LLPS or aggregation propensity at the 

pure protein level. Likewise, a precise understanding of how specific phosphorylation 

events might affect TDP-43 LLPS and aggregation at the pure protein level is 

also lacking. To address how phosphorylation and methylation can alter TDP-43 

LLPS behavior, we performed in vitro droplet formation assays. Purified recombinant 

maltose-binding protein (MBP)-tagged TDP-43WT, the phospho-mimicking mutants 

TDP-43S292E, TDP-43S409:S410E, TDP-43S292:S409:S410E, and the arginine methylation-

mimic TDP-43R293F,88–90 were separately incubated at physiological concentration (10 

μM)91 with phase separation buffer containing a physiological salt concentration and 

10% (w/v) dextran to mimic the crowded cellular environment.92–94 Formation of 

TDP-43 droplets was visualized using differential interference contrast (DIC) microscopy. 

TDP-43WT formed spherical droplets that were relatively large in size (average area 

of approximately 12.6 ± 1.3 μm2), and capable of fusion events, indicating liquid-like 

properties (Figure 5A). In contrast, all three phosphomimetic TDP-43 mutants partitioned 

into droplets that were smaller in size (TDP-43S292E, approximately 5.8 ± 0.6 μm2; 

TDP-43S409:S410E, approximately 3.9 ± 0.3 μm2; and TDP-43S292:S409:S410E, approximately 

3.2 ± 0.2 μm2) compared with those of TDP-43WT (Figures 5A–5C). There was no change 

in the number of droplets between mutants and TDP-43WT. These reductions in droplet 

sizes suggest that phosphorylation of S292, S409, and S410 may limit the LLPS propensity 

of TDP-43. Interestingly, the arginine-methylation mimic, TDP-43R293F, exhibited the 

formation of large droplets that were comparable with TDP-43WT (approximately 12.6 ± 

1.9 μm2) (Figures 5A–5C). Thus, phosphorylation and methylation likely have contrasting 

effects on LLPS of TDP-43. R293 methylation likely permits WT levels of TDP-43 LLPS, 

whereas S292, S409, and S410 phosphorylation likely reduce TDP-43 LLPS. Therefore, 
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aberrant phosphorylation of TDP-43 likely reduces physiological functions of TDP-43, 

including various RNA-processing events, that depend on TDP-43 LLPS.94

Given these outcomes, we next compared the effects of phosphorylation and methylation 

mimics on TDP-43 aggregation propensity in vitro. Recombinant TDP-43-MBP protein 

constructs were incubated with Tobacco Etch Virus (TEV) protease and their aggregation 

was monitored over time. Under these conditions, selective cleavage of the MBP tag by 

TEV protease results in the formation of solid-phase TDP-43 aggregates and fibrils,95,96 

indicated by an increase in turbidity measurements. Here, we found that there were only 

minor differences in aggregation between TDP-43WT and the phosphomimics TDP-43S292E 

and TDP-43S409E:S410E (Figure 5D). However, the phosphomimic TDP-43S292E:S409E:S410E 

and the arginine methylation mimic, TDP-43R293F, exhibited modestly reduced aggregation 

(Figure 5D). However, compared with TDP-43WT, this reduced aggregation was only 

significant for TDP-43R293F (Figure 5E). Notably, R293 monomethylation is predicted to 

be incompatible with a specific fibril polymorph of TDP-43, which assembles in type A 

FTD-TDP.8 Thus, R293 monomethylation may prevent TDP-43 from accessing specific 

aggregated states.

Next, we plotted the normalized aggregation against the LLPS propensities of TDP-43WT 

and its mutant forms. Strikingly, phosphomimetic mutants have a relatively greater tendency 

for aggregation over LLPS (Figure 5F). By contrast, TDP-43R293F has a relatively greater 

tendency to undergo LLPS over aggregation (Figure 5F). Our results imply that TDP-43 

phosphorylation and methylation may have opposing effects on TDP-43 (Figure 5F). 

Phosphorylation at S292, S409, and S410 reduces the propensity for TDP-43 to undergo 

LLPS but has limited effects on TDP-43 aggregation (Figure 5G). Thus, S292, S409, and 

S410 phosphorylation may divert TDP-43 toward aggregation and away from LLPS (Figure 

5G). This finding helps to explain why pTDP-43 exhibits a greater propensity to aggregate 

and enter the urea fraction in cells. In contrast, R293 methylation allows TDP-43 to undergo 

normal LLPS, but reduces TDP-43 aggregation (Figure 5G). Thus, R293 methylation may 

reduce the propensity of TDP-43 to aggregate and enter the urea fraction in cells.

Arginine methylation regulates TDP-43 aggregation in cells

We next investigated the impact of arginine methylation on TDP-43 in a cellular context. 

SH-SY5Y cells were treated with AdOx, an arginine methyltransferase inhibitor, followed 

by fractionation and western blot analysis. We found that global methyltransferase inhibition 

promoted the accumulation of total TDP-43 in the urea fraction (Figures 6A and 6B). AdOx 

did not significantly alter the levels of pTDP-43 in the urea fraction (Figure 6C). These 

findings suggest that protein arginine methylation antagonizes TDP-43 proteinopathy.

We next assessed the effect of PRMT1 overexpression on TDP-43 proteinpathy. 

Remarkably, overexpression of PRMT1 markedly decreased TDP-43 aggregation (Figures 

6D and 6E), evident by a decrease of total TDP-43 in the urea fraction (Figures 6D and 6E). 

Importantly, the levels of pTDP-43 in the urea fraction were drastically reduced by PRMT1 

overexpression (Figures 6D and 6F). These findings suggest that PRMT1 exerts a protective 

role on TDP-43, likely by decreasing its aggregation propensity via monomethylation of 

R293 and reducing pathological phosphorylation.
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Crosstalk between TDP-43 arginine methylation and p38α-mediated phosphorylation

The observation that TDP-43 undergoes PRMT1-mediated methylation at R293, coupled 

with our purified protein data suggesting contrasting outcomes between TDP-43 

phosphorylation and methylation, led us to ask whether phosphorylation at S292 interferes 

with arginine methylation at the adjacent residue, R293, or vice versa (Figure 4A). 

Thus, we expressed FLAG-tagged TDP-43WT as well as TDP-43S292E, TDP-43S292N, and 

TDP-43S292A mutants in human neuronal SH-SY5Y cells and analyzed their methylation 

status. Immunoprecipitation followed by immunoblotting revealed a striking reduction in 

the MMA-signal in the phospho-mimicking TDP-43S292E variant (Figure 7A). Interestingly, 

when compared with TDP-43WT, the ALS-linked TDP-43S292N variant showed a modest 

decrease in MMA-levels, which was more apparent for the approximately 35 kDa TDP-43-

CTF (Figure 7A). By contrast, the TDP-43S292A variant did not show any difference 

(Figure 7A). As shown previously (Figures 3C and 3D), the TDP-43S292E mutant also 

promoted phosphorylation of TDP-43 at S409/S410, further underlining the anti-correlative 

relationship between TDP-43 arginine methylation and S409/S410 phosphorylation (Figure 

7A). Thus, phosphorylation at S292, possibly combined with increased phosphorylation at 

S409/S410, could interfere with TDP-43 arginine methylation. However, these findings do 

not rule out that a reduction in TDP-43 methylation could be due to steric hindrance caused 

by the glutamic acid residue at position 292.

To further connect these two PTMs, we studied the methylation status of TDP-43 after 

genetic depletion of p38α. As shown previously (Figures S1A and S1C), we found that 

p38α downregulation reduced the phosphorylation of TDP-43WT at S409/S410 (Figure 7B). 

Interestingly, western blot analysis also revealed that p38α depletion significantly decreased 

the formation of the approximately 35-kDa TDP-43-CTF (Figures 7B and 7C) and resulted 

in elevated levels of mono-methylated TDP-43-CTF (Figures 7B and 7D). By contrast, the 

effect of p38α depletion on monomethylation of full-length TDP-43 was less pronounced 

(Figure 7B). We also did not detect any ADMA signal via western blot, indicating that 

TDP-43 was predominantly arginine monomethylated under these conditions. Nonetheless, 

these observations suggest that there is an interplay between arginine methylation, p38α-

mediated phosphorylation, and the formation of TDP-43 CTFs, indicating that reduced 

p38α activity could increase TDP-43 arginine methylation. We also found that PRMT1 

overexpression led to a strong increase in mono-methylated TDP-43-CTF, but not full-length 

TDP-43, and a striking reduction in TDP-43 phosphorylation at S409/S410 (Figure 7E). 

These findings provide further support for our hypothesis that there is crosstalk between 

TDP-43 arginine methylation and phosphorylation at disease-relevant residues.

DISCUSSION

Since the discovery that approximately 97% of ALS cases and approximately 45% 

of FTD cases present with TDP-43 proteinopathy,5,6 TDP-43 has been subject to 

intense investigation. However, the mechanisms underlying accumulation of TDP-43 

aggregates are not yet understood. Aberrant TDP-43 phosphorylation is one of the major 

distinguishing pathological features of TDP-43 inclusions in human brains.36,37 Although 

the consequences of these phosphorylation events have not been unequivocally established, 
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aberrant phosphorylation of TDP-43 is associated with cytoplasmic mislocalization, 

decreased solubility, aberrant cleavage, and toxicity.61,97–101 Several kinases including 

CK1, CK2, CDC7, and TTBK1/2 can phosphorylate TDP-43 and can promote pathological 

TDP-43 aggregation and neurotoxicity.102–112 However, extensive hyperphosphorylation of 

TDP-43 by CK1δ can also reduce TDP-43 LLPS and aggregation.113 Importantly, increased 

activation of p38 has been detected in human post-mortem ALS tissue, which is further 

substantiated by the findings that persistent activation of p38 signaling pathways induce 

neurodegeneration.47,50,52

Here, we elucidated the impact of p38α on TDP-43 proteinopathy. Genetic depletion 

and pharmacological inhibition of p38α suppressed TDP-43 phosphorylation, aggregation, 

and toxicity in neuronal systems. Importantly, p38α inhibition mitigated aberrant TDP-43 

phenotypes in patient-derived motor neurons. A strength of our study is that we demonstrate 

therapeutic effects of p38α inhibition in multiple disease models, both in contexts where 

TDP-43 is overexpressed and in others where TDP-43 expression is at endogenous levels.

We have established that p38α can directly phosphorylate TDP-43 at residues S292 and 

S409/S410. In fact, mutations at S292 have been linked to pathogenicity in both sporadic 

and fALS.35 However, no biochemical mechanistic data have been reported.75,76 Here, we 

demonstrate that the phospho-mimetic mutant TDP-43S292E promoted phosphorylation of 

TDP-43 at S409/S410 and enhanced the accumulation of TDP-43 aggregates. These findings 

identified S292 as a major site for TDP-43 phospho-regulation. The mechanism by which 

S292 phosphorylation promotes phosphorylation of S409/10 is not yet delineated. All these 

residues lie in the TDP-43 PrLD (residues 274–414),35,114–116 which is predominantly 

unstructured except for a transient alpha-helical region approximately at residues 316–

346.117 However, we note that a similar interdependence of sites phosphorylated by p38α 
has been described for tau, another disease-linked, intrinsically disordered protein.118 Thus, 

phosphorylation of an initial site in tau by p38α increases p38α-mediated phosphorylation 

of other sites across tau with specific sites showing strong interdependence.118 Indeed, 

initial phosphorylation can alter the site-specific activity of p38α toward tau and site 

interdependence is a specific feature of p38α compared with other kinases.118 A 

similar mechanism of phosphosite interdependence may occur in the p38α-mediated 

phosphorylation of TDP-43.

Interestingly, we found that S292, and the RGG-motif immediately following this 

residue, are highly conserved. The RGG-motif presents a major site for methylation by 

PRMTs.77,119–121 Recent studies further support a role for arginine methylation and PRMT 

function in neurodegeneration.122,123 For example, PRMT1 is a significant modulator of 

toxicity in C9-ALS.124 Moreover, PRMT1 immunoreactivity and arginine dimethylation 

are increased in patients with ALS.125 Methylation of specific arginines in FUS are also 

connected to ALS/FTD.126–129 Here, we identified R293 as a major site for TDP-43 arginine 

methylation by PRMT1 in human neuronal SH-SY5Y cells, which is supported by earlier 

proteomic studies of mouse embryonic and brain tissue.82,85

There is increasing evidence suggesting that phosphorylation and arginine methylation 

co-exist on the same protein, and that these PTMs can have opposing or potentiating 
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effects on protein function.80,130 For example, p16 functions are regulated by antagonistic 

crosstalk between R138 methylation and S140 phosphorylation.80 Here, we provide similar 

evidence for crosstalk between PRMT1-catalyzed methylation of R293 and p38α-mediated 

phosphorylation of S292 in the regulation of TDP-43 LLPS and aggregation. Our in 
vitro and in vivo data elucidate a dichotomous relationship between methylation and 

phosphorylation of TDP-43. Perhaps as a protective mechanism, TDP-43 methylation at 

R293 reduces phosphorylation at S292 and S409/S410, which in turn reduces TDP-43 

aggregation. Indeed, R293 monomethylation is incompatible with a specific TDP-43 

fibril polymorph connected with type A FTD-TDP,8 and an arginine-methylation mimetic 

mutation at R293 significantly reduces TDP-43 aggregation at the pure protein level. 

Moreover, elevating PRMT1 expression reduces TDP-43 aggregation and phosphorylation 

at S409/S410. We note, however, that this effect could involve additional PRMT1 substrates 

beyond TDP-43.

Our studies suggest that S292 and S409/S410 phosphorylation render TDP-43 less prone to 

undergo LLPS, which may divert TDP-43 along pathological aggregation trajectories.117 

A reduced propensity for LLPS is predicted to dysregulate a subset of RNA clients 

of TDP-43, which could exacerbate TDP-43 loss of function in disease.94 Whether 

TDP-43 methylation at R293 inhibits phosphorylation at S292, or vice versa, due to steric 

hindrance has yet to be determined. Regardless, our study suggests intricate interplay 

between protein phosphorylation and arginine methylation in the regulation of TDP-43. 

How S292 phosphorylation or R293 methylation might affect additional TDP-43 PTMs, 

such as neuroprotective SUMOylation of K408,131 remains unclear and warrants further 

investigation. While additional studies will be necessary to further clarify the dynamics of 

these regulatory processes, especially in the context of more complex, clinically relevant 

models, our study provides a platform for developing therapeutics to inhibit p38α activity, 

promote PRMT1 activity, or both to rescue TDP-43 pathologies associated with ALS/FTD.

Importantly, we have shown that VX-745 mitigates aberrant TDP-43 phenotypes in c9ALS/

FTD-patient derived motor neurons. Likewise, it has recently been shown that VX-745 

reduces poly-GR-induced toxicity and enhances survival of iPSC-derived neurons from 

patients with c9ALS/FTD.132 These two studies complement each other as Sun and 

coworkers132 demonstrated that poly-GR induces p38α activation without providing a 

mechanism by which activation would lead to decreased neuronal survival, whereas we 

have elucidated a mechanism by which p38α aggravates TDP-43 toxicity, the primary 

pathology associated with c9ALS/FTD. We suggest that p38α inhibitors may find important 

applications in c9ALS/FTD.

In closing, we note that p38α has multiple cellular targets, which might complicate the 

development of p38α inhibitors as therapeutics.39 However, the expression of p38α is 

actively repressed in healthy neurons, but is upregulated during neuronal stress or disease.133 

Indeed, inhibition or depletion of p38α reduces neurodegeneration in several mouse models 

of disease.63,64,134,135 Moreover, VX-745 exhibits several important attributes as a clinical 

candidate, including potent and selective p38α inhibition, favorable pharmacokinetic profile, 

ability to cross the blood-brain barrier, and mitigation of neurodegeneration in mouse 

models of disease.62,64,136,137 VX-745 has reached phase 2 clinical trials for Alzheimer’s 
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disease, Huntington’s disease, and DLB.63–65 Moreover, VX-745 has received orphan drug 

designation by the U.S. Food and Drug Administration to treat FTD and a fast-track 

designation for DLB. Indeed, VX-745 improved functional mobility and reduced dementia 

severity, and was well tolerated, in patients with DLB in a phase 2a trial.64,138 These 

results are encouraging. However, a confirmatory phase 2b trial to assess VX-745 in 

DLB (ClinicalTrials.gov ID: NCT05869669)139 did not meet primary endpoints, perhaps 

due to target plasma drug concentrations not being achieved. We suggest that strategies 

to reduce p38α-mediated TDP-43 phosphorylation and promote R293 methylation could 

have therapeutic utility for ALS/FTD and related TDP-43 proteinopathies, including 

Alzheimer’s disease, chronic traumatic encephalopathy, multisystem proteinopathy, and 

limbic-predominant age-related TDP-43 encephalopathy.140–148

Limitations of the study

We used phosphomimetic serine to glutamate mutations to explore how serine 

phosphorylation at specific positions of TDP-43 might affect TDP-43 behavior at 

the pure protein level and in human neuronal cells. Phosphomimetic mutations 

can accurately phenocopy serine phosphorylation events and have been extremely 

informative.149–151 Moreover, phosphorylation sites often evolve from ancestral glutamate 

residues.150 However, it is important to note phosphoserine creates a distinctive chemical 

microenvironment that is imperfectly mimicked by glutamate.149,150,152 Indeed, the 

size of the ionic shell and the negative charge of the phosphate group is different 

than glutamate.149,150,152 Hence, it will be important to assess TDP-43 behavior 

with phosphoserine at positions 292, 409, and 410. Advances in genetically encoding 

phosphoserine may enable these studies.149,153 Likewise, we have used the methylation-

mimetic arginine to phenylalanine mutation to explore how R293 methylation might affect 

TDP-43 behavior.88 Although phenylalanine mimics the increased hydrophobicity of a 

methylated arginine,88–90 it is an imperfect mimic because it lacks positive charge. Thus, 

it will be important to assess TDP-43 behavior with monomethylarginine or asymmetric 

dimethylarginine at position 293. Here, advances in site-specific installation or genetically 

encoding methylarginine may enable these studies.154–157 Finally, it will be important to 

determine whether VX-745 mitigates neurotoxic effects of TDP-43 proteinopathy in mouse 

models of disease.

RESOURCE AVAILABILITY

Lead contact

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

fulfilled by the lead contact, James Shorter (jshorter@pennmedicine.upenn.edu).

Materials availability

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

community. We will honor requests in a timely fashion. Material transfers will be made with 

no more restrictive terms than in the Simple Letter Agreement or the Uniform Biological 

Materials Transfer Agreement and without reach through requirements.
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Data and code availability

• The data supporting the findings of this study are available within the article and 

source data are available from the corresponding author upon request.

• Custom-written code in MATLAB to analyze DIC images of TDP-43 droplets 

has been deposited at Zenodo (https://doi.org/10.5281/zenodo.13963929).

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

STAR★METHODS

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

E. coli cultures—E. coli BL21-CodonPlus (DE3)-RIL competent cells were transformed 

with antibiotic resistant plasmids and cultured in Lysogeny broth. Cultures (5mL) from 

individual colonies were grown overnight for use in protein purification (see below) or for 

generating frozen stocks by combining 1:1 with 50% (v/v) glycerol and storage at −80°C.

Human neuroblastoma cell line SH-SY5Y cultures—Female human SH-SY5Y 

neuroblastoma cells (ATCC) cells were cultured in minimum essential medium (MEM; 

Thermo Fisher Scientific) supplemented with L-glutamine, 10% fetal bovine serum and 1% 

penicillin/streptomycin in a humidified incubator at 37°C and 5% CO2.

Mouse motor neuron-like hybrid cell line (NSC-34) cultures—Male mouse motor 

neuron-like hybrid NSC-34 cells (TebuBio) were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM, Thermo Fisher Scientific), supplemented with 10% fetal bovine serum 

and 1% penicillin/streptomycin in a humidified incubator at 37°C and 5% CO2.

Mouse primary cortical neuron cultures—All mouse work complied with UCSF 

Institutional Animal Care and Use Committee regulations. Mice (C57BL/6) were housed 

in approved facilities with humidity regulated between 30 and 70%, temperature between 

68 and 79°F, and 12 h light/dark cycles. Primary mouse cortical neurons were harvested 

from E17 mouse embryos, cultured in Neurobasal medium with B27 and GlutaMAX in a 

humidified incubator at 37°C and 5% CO2, and grown for 2 days in 384-well plates prior to 

transfection.

XCL-1 iPSC cultures—Human male XCL-1 iPSCs were differentiated into motor 

neurons using a directed differentiation protocol comprising 3 stages.164 Briefly, in stage 

1, iPSCs were plated in Matrigel-coated 6-well plates at a density of 5E + 05 cells/well 

in mTeSR1 media supplemented with 10μM ROCK inhibitor (Y-27632) for 24 h, after 

which medium was switched to ST1 media (47.5% IMDM media, 47.5% Ham’s F-12 

Nutrient Mix, 1% MEM Non-Essential Amino Acids Solution, 2% B27 supplement, 1% N2 

supplement, 1% Penicillin-Streptomycin, 0.2μM LDN193189, 3μM CHIR99021, and 10 μM 

SB431542). ST1 media was exchanged daily until Day 6.

In Stage 2, precursors were replated in fresh Matrigel-coated 6-well plates at a density 

of 7.5E + 05 cells per well in ST2 media (47.5% IMDM media, 47.5% Ham’s F-12 
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Nutrient Mix, 1% MEM Non-Essential Amino Acids Solution, 2% B27 supplement, 1% N2 

supplement, 1% Penicillin-Streptomycin, 0.1 μM all-trans retinoic acid, 1μM smoothened 

agonist (SAG), 0.2μM LDN193189, 3μM CHIR99021, and 10μM SB431542) supplemented 

with 10uM ROCK inhibitor for 24 h, after which ST2 media was full exchanged. ST2 media 

was exchanged every other day until Day 13.

Finally, in Stage 3 the precursors were replated in fresh Matrigel-coated 6-well plates at 

a density of 7.5E + 05 cells per well in ST3 media (47.5% IMDM media, 47.5% Ham’s 

F-12 Nutrient Mix, 1% MEM Non-Essential Amino Acids Solution, 2% B27 supplement, 

1% N2 supplement, 1% Penicillin-Streptomycin, 0.5μM all-trans retinoic acid, 0.1μM SAG, 

0.1μM Dibutyryl-cAMP, 0.1μM compound E, 2.5μM DAPT, 200 ng/ml L-ascorbic acid, 10 

ng/ml BDNF, and 10 ng/ml GDNF) supplemented with 10μM ROCK inhibitor for 24h, after 

which media was fully replaced with ST3 media with 0.5% Matrigel. Fresh ST3 media with 

0.5% Matrigel was half exchanged every other day until day 20. On Day 20, ST3 media was 

replaced with ST3 media supplemented with 2 μM Cytosine β-D-arabinofuranoside (AraC). 

On day 24 AraC-containing media was replaced with SST3 media with 0.5% Matrigel, after 

which new media was half exchanged every other day until day 34.

NINDS iPSC lines culture—NINDS iPSC lines NH50305 (female) and NH50306 

(female), referred to from here on as gene corrected (GC) control and TDP43A382T lines, 

respectively, were thawed into mTESR media (StemCell Technologies) with ROCK inhibitor 

(Selleck Chemicals). iPSCs were cultured in a humidified incubator at 37°C and 5% CO2 

in mTESR and grown on growth factor-reduced matrigel (GFR, Corning). iPSCs were 

passaged ~1:5 using Versene (Gibco). To start the motor neuron differentiation, iPSCs were 

grown to ~80% confluency, washed once with DBPS 1X (Thermo Fisher) and disassociated 

with accutase (Thermo fisher) for ~10 min iPSCs were washed in mTESR and plated at 4 

million cells per T25 flask (Omnilab) in mTESRPlus with ROCKi.

When the iPSCs reached ~90% confluency, (usually within 1–2 days after plating), they 

were differentiated in to motor neurons to methods based as described164,165 but with 

various modifications. iPSCs were cultured in Stage 1 media164,165 and fed daily until 

day 6. On day 5, T-25 flasks were coated with 2.5mL of a 1:4 dilution of 100μg/ml 

poly-L-ornithine solution (Sigma) to 25μg/ml using sterile cell culture water and left at room 

temperature overnight. The next day, the flasks were rinsed with cell culture water and 3mL 

of a 1:50 dilution of 1 mg/ml mouse laminin (Sigma) was added. The flasks were then stored 

in the incubator at 37°C for at least 30 min. Day 6 corresponds to the switch from Stage 1 

to Stage 2 media, when the iPSCs are being patterned to motor neuron neural progenitors 

(MNPCs). The cells were passaged using a cell scraping tool (Corning) to lift the cells off 

the flask bottom and split 1:2 into a laminin-coated flask. Day 7, the media was switched 

to only Stage 2, and changed every other day until Day 13, at which point the MNPCs 

were cryopreserved. To freeze, the MNPCs were washed with DBPS and disassociated with 

accutase for 20 min at room temperature before washing with Stage 2 media with ROCKi. 

The MNPCs were frozen at 9 million cells per cryovial in freezing media, which consists of 

4μg of FGF (R&D) for every 1mL of Stem-Cell Banker GMP Grade (CedarLane Labs).
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Human iPSC line CS06iCTR-n2, CS15iCTR-5, CS52iALS-n6A, and JH034 
cultures—Maintenance and differentiation of human iPSC line CS06iCTR-n2 (female, 

control line), CS15iCTR-5 (male, control line), CS52iALS-n6A (male, bearing a G4C2-

repeat expansion [~6–8kb] in the C9ORF72 gene), and JH034 (female, bearing a G4C2-

repeat expansion [>2.5kb] in the C9ORF72 gene159) in iMNs was performed as described 

previously.124,166

METHOD DETAILS

Plasmids—cDNA sequences were based on the accession number NM_007375.3 for 

human TARDBP, NM_001315 for human p38α (MAPK14) and NM_001536 for human 

PRMT1. The generation of plasmids harboring N-terminally myc-tagged wild-type or 

M337V-mutant TDP-43 sequences were as described.53 Plasmids harboring C-terminally 

FLAG-tagged wild-type or mutant human TDP-43 and p38α sequences in pcDNA3.1+/

C-(K)-DYK mammalian expression vector were purchased from Genscript and PRMT1 

plasmid was purchased from Origene. TDP-43 bacterial expression vector harboring a 

C-terminal MBP tag (pJ4M TDP-43-TEV-MBP-6xHis) was purchased from Addgene 

(Plasmid # 104480). TDP-43 mutations were generated by site-directed mutagenesis 

using QuickChange (Agilent) and confirmed by DNA sequencing. The presence of the 

S409:S410E, S409:S410A, S292E, S292N, S292A, S292:S409:S410A, S292:S409:S410E, 

and R293F mutations in TDP-43, as well as dominant negative (DN) T180A/Y182F167 

and constitutively active (CA) D176A/F327S mutations72 in p38α were confirmed by DNA 

sequencing performed by Tufts University Core Facilities (forward sequencing primer 5′-

TAA-TAC-GAC-TCA-CTA-TAG-GG-3′, reverse sequencing primer 5′-CAG-GAA-ACA-

GCT-ATG-AC-3′) and Eurofins Genomics (TDP-43 sequencing primer 1 5′-TAA-TAC-

GAC-TCA-CTA-TAG-GGG-AAT-TG-3′, sequencing primer 2 5′-CGG-TGA-GGT-GCT-

GAT-GGT-CC-3′, sequencing primer 3 5′-GGC-TTT-GGC-AAT-TCG-CGT-GG-3′).

Synthesis of 6-(2,4-difluorophenoxy)-8-ethyl-2-(2-
isopropoxyethylamino)pyrido[2,3-day]pyrimidin-7-one (compound 1)—To a 

stirred solution of 2-isopropoxyethan-1-amine (406mg, 3.93mmol) was added to 6-(2,4-

difluorophenoxy)-8-ethyl-2-(methylsulfonyl)pyrido[2,3-day]pyrimidin-7(8H)-one (30 mg, 

0.79mmol) in DMF (3 mL). The resulting solution was stirred at 80°C for 1 h in 

a microwave reactor. The crude product was purified by preparative HPLC (Column: 

Xselect CSH OBD Column 30*150mm 5μm n; Mobile Phase A:Water (0.1% FA), 

Mobile Phase B: ACN; Flow rate: 60 mL/min; Gradient: 40% B to 72% B in 8 min; 

254/220 nm; Rt: 7.57 min). Fractions containing the desired compound were evaporated to 

dryness to afford 6-(2,4-difluorophenoxy)-8-ethyl-2-((2-isopropoxyethyl)amino)pyrido[2,3-

day]pyrimidin-7(8H)-one (190mg, 59.7%) as a white solid. 1H NMR (400 MHz, DMSO-d6) 

δ 8.56 (s, 1H), 7.76 (m, 1H), 7.52–7.41 (m, 2H), 7.26–7.18 (m, 1H), 7.06–7.02 (m, 1H), 

4.42–4.32 (m, 2H), 3.65–3.45 (m,5H), 1.28–1.22 (m, 3H), 1.09–1.02 (m, 6H). m/z (ES+), 

[M + H]+ = 405; TFA, HPLC tR = 1.822 min. The intermediate 6-(2,4-difluorophenoxy)-8-

ethyl-2-(methylsulfonyl) pyrido[2,3-day]pyrimidin-7(8H)-one was prepared as described.168 

Compound 1 (Figure 1E) was tested in a Z′-Lyte kinase assay for p38α (Thermofisher) and 

inhibited p38α activity with an IC50 of 25nM.
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SH-SY5Y transfections and inhibition of p38α MAPK and methyltransferase 
activity—For immunocytochemical analysis, cells were grown on glass coverslips coated 

with 1 mg/mL poly-L-lysine (Sigma) in 24-well plates (Cellstar). Cells were transiently 

transfected using Fugene HD (Promega) following the manufacturer’s instructions 24 h 

after seeding (Fugene HD:DNA ratio 3:1). Total transfection times were 8 h–48 h. For 

pharmacological inhibition of p38α MAPK, compound 1 (synthesized by AstraZeneca) or 

equal volume of DMSO vehicle, was added to cells for 24 or 48 h at a final concentration 

of 0.1μM, 1μM or 10μM. For pharmacological inhibition of arginine methyltransferase 

activity, adenosine-2′,3′-dialdehyde (AdOx) (Sigma) or equal volume of DMSO vehicle 

was added to cells for 24 h at a final concentration of 20μM. To determine the localization 

of TDP-43WT, TDP-43S292E, and TDP43R293F, cells were cultured as described above and 

grown on uncoated glass coverslips in 6-well plates. Cells were transiently transfected using 

GeneXPlus transfection reagent (ATCC) folllowing manufacturer’s protocol. Cells were 

harvested for immunofluorescence and western blot analysis 48 h post-transfection.

Antibodies—The following antibodies were used for immunocytochemical staining: rabbit 

N-terminal TDP-43 (1:500; 10782–2-AP, Proteintech), mouse anti DYKDDDDK-tag (1:500; 

A00187, GenScript), and mouse monoclonal anti-FLAG antibody (1:500, F1804, Sigma). 

Anti-rabbit and anti-mouse secondary antibodies coupled to Alexa 488, and Alexa 647 were 

used for detection (1:1,000 or 1:400; Thermo Fisher Scientific). For Western blot analysis, 

the following antibodies were used: rabbit N-terminal TDP-43 (1:7,000; 10782–2-AP, 

Proteintech), mouse S409/S410 phospho-TDP-43 (1:3,000; CAC-TIP-PTD-M01, Cosmo), 

rabbit p38 MAPK (1:1,500; 9212S, Cell Signaling Technology), rabbit COX IV (3E11) 

(1:1,500; 4850, Cell Signaling Technology), mouse Histone H3 (96C10) (1:1,500; 3638, 

Cell Signaling Technology), rabbit Mono-Methyl Arginine (R*GG) (D5A12) (1:1,500; 

8711S, Cell Signaling Technology), rabbit Asymmetric Di-Methyl Arginine Motif [adme-

R] MultiMab (1:1,500; 13522S, Cell Signaling Technology), rabbit Symmetric Di-Methyl 

Arginine Motif [sdme-RG] MultiMab (1:1,500; 13222S, Cell Signaling Technology), rabbit 

PRMT1 (A33) (1:1,500; 2449, Cell Signaling Technology), mouse GAPDH (1:5000 or 

1:10,000; 60004–1-Ig, Proteintech), and mouse monoclonal anti-FLAG (1:1000, F1804, 

Sigma). Anti-mouse and anti-rabbit horseradish peroxidase-coupled secondary antibodies 

were purchased from Jackson Immunoresearch (1:10,000) or Cell Signaling Technology. 

IRDye 800CW Goat anti-Mouse IgG secondary antibody was purchased from LI-COR 

(1:5000).

siRNA knockdown of p38α and PRMT1—Small interfering RNAs (siRNA) were 

obtained from Thermo Fisher Scientific: p38α: s3585 and s3586, PRMT1: s6917, 

s6919, Negative control: 4390846, 4390843. Reverse transfection was performed with 

Lipofectamine RNAiMAX-reagent (Invitrogen) following the manufacturer’s instructions. 

In brief, 25pmol of siRNA were mixed with 5μL of Lipofectamine RNAiMAX in 500μL of 

Opti-MEM medium (Invitrogen) in a 6-well plate. The mixture was incubated for 20 min at 

room temperature and 3–3.5 × 105 cells were added to mixture. Total knockdown times were 

8–72 h.
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Sequential extraction of insoluble protein aggregates—Extraction of insoluble 

proteins was performed as previously described.53 Briefly, transfected cells were lysed in 

300μL radio-immunoprecipitation assay (RIPA) buffer [50mM Tris-HCl, 150mM NaCl, 1% 

NP-40, 0.5% sodium deoxycholate, and 0.1% SDS] (Boston bioproducts) supplemented 

with 2mM EDTA, protease inhibitors (Complete, Roche), and phosphatase inhibitors 

(PhosStop, Roche). Lysates were sonicated 2 × 15 s with 20% maximum amplitude and 

centrifuged for 30 min at 100,000 × g and 4°C. The supernatant was collected as the 

RIPA-soluble fraction. The pellet was washed in RIPA buffer and centrifuged as above. 

The supernatant was discarded and the urea-soluble fraction was generated by resuspending 

the pellet in 100 μL urea buffer [7M urea, 2M thiourea, 30mM Tris-HCl pH 8.5, 4% 3-[(3-

Cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS, Sigma)], and sonicating 

the samples as above followed by centrifugation at room temperature for 30 min at 100,000 

× g. The supernatant was collected as the urea-soluble fraction.

Immunoblotting—Cell extracts or RIPA and urea fractions obtained from sequential 

extractions were diluted with NuPAGE sample buffer. Proteins were separated on 4–

12% NuPAGE Bis-Tris gels (Thermo Fisher Scientific) under denaturing conditions and 

transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore). Blots were 

processed for total protein stain (Thermo Scientific). All blocking and antibody incubation 

steps were performed either in 5% milk in Tris-buffered saline (TBS) [25mM Tris-HCl, 

3mM KCl, 140 mM NaCl, pH 7.4] supplemented with 0.05% Tween 20 (TBS-T) (Thermo 

Fisher Scientific) or in 5% bovine serum albumin (BSA) in TBS-T. Western blots were 

developed with enhanced chemiluminescent substrates (ECL) or with fluorescence detection 

using secondary antibodies labeled with IRDye near-infrared (NIR) fluorescent dyes. Digital 

images were acquired with a ChemiDoc MP imaging system (BioRad) or with LI-COR. 

Where necessary, blots were stripped with stripping buffer for 15 min (Restore, Thermo 

Fisher Scientific) and reprobed with loading control antibodies.

Lactate dehydrogenase (LDH) assay to monitor cell death—NSC-34 cells grown 

on 96-well plates coated with poly-L-lysine (BioCoat multiwell plates, Corning) were 

transiently transfected using Lipofectamine 3000 (Thermo Fisher Scientific) following the 

manufacturer’s instructions 24h after seeding (Lipofectamine 3000:DNA ratio 3:1). Cells 

were treated with DMSO or p38α MAPK inhibitor (compound 1) at final concentrations of 

1 or 10μM for 4 h post-transfection. LDH activity was measured from 50μL of conditioned 

medium using LDH assay kit (Life Technologies) following the manufacturer’s instructions.

SH-SY5Y cells were cultured and transiently transfected (using GeneXPlus transfection 

reagent (ATCC)) with 0.5μg of p38α constructs or GFP control construct according 

to manufacturer’s protocol. After 48h, media was collected, spun down (130 × g at 

room temperature for 7 min), and LDH activity was measured using CyQUANT LDH 

Cytotoxicity Assay, following manufacturer’s protocol. Corresponding cell lysates were 

collected for western blot analysis as described below.

To confirm expression of p38α constructs SH-SY5Y cells were lysed in RIPA buffer 

(Boston BioProducts) supplemented with protease inhibitors (Millipore Sigma) and 

phosphatase inhibitors (Millipore Sigma) and cleared by centrifugation (11,000 rpm at 
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4°C for 10 min). Cell lysates were diluted in NuPAGE LDS sample buffer containing 

NuPAGE sample reducing agent and left at room temperature for 20 min before loading 

onto gel. Proteins were separated on a 1.5 mm 4–12% NuPAGE Bis-Tris gel (Thermo 

Fisher Scientific) with NuPAGE MES SDS Running Buffer (Thermo Fisher Scientific). 

Proteins were transferred onto 0.2μm nitrocellulose membrane (Bio-Rad) using Trans Blot 

Turbo Transfer Packs (Bio-Rad) on a Trans-Blot Turbo Transfer System (Bio-Rad). Blots 

were processed for total protein stain (Thermo Scientific) and blocked in 5% bovine serum 

albumin (BSA) in TBS Tween 20 buffer (TBS-T) containing 25mM Tris, 0.15M NaCl, 

0.05% Tween 20 (Thermo Scientific) for 1h at room temperature. Blots were incubated with 

primary antibody (1:1000) (Cell Signaling Technology) in 5% BSA in TBS-T overnight at 

4°C. Blots were washed (3 × 10 min), incubated with secondary antibody (1:3000) (Cell 

Signaling Technology) in 5% milk in TBS-T for 1h at room temperature, and washed 

again (3 × 10 min). Western blots were developed with SuperSignal West Pico PLUS 

Chemiluminescent Substrate (Thermo Scientific) and digital images were acquired with a 

ChemiDoc MP imaging system (Bio-Rad).

Trypan blue viability assay—SH-SY5Y cells were cultured and transiently transfected 

with p38α constructs, as described. Cells were collected by trypsinization and centrifugation 

(300 × g, 7min) 48 h post-transfection. 10μL of the cell suspension was then mixed with 

0.4% trypan blue solution (Gibco) at 1:1 ratio and then 10μL were loaded onto Countess cell 

counting chamber slide (Invitrogen). Live and dead cells were counted using Countess 3 FL 

automated cell counter (Invitrogen). The remainder of the cell suspension was spun down 

at 300 × g for 7 min, then cells were resuspended with sample buffer for SDS-PAGE and 

immunoblotting analysis, as described.

Longitudinal imaging and survival analysis of mouse primary cortical neurons
—Primary cortical neurons from E17 mouse embryos were dissected and cultured in 384-

well plates coated with laminin as previously described.61 Neurons were plated at a density 

of 35,000/well. Neurons were co-transfected with plasmids expressing the fluorescent 

marker mApple and TDP-43M337V-EGFP using lipofectamine 2000 in OptiMEM media 

(Thermo). Neurons were treated with p38a inhibitor, VX-745 (provided by AstraZeneca), 

at 0.3, 1, 3, or 9 mM, with a final DMSO concentration of 0.09%, and imaged daily for 

7 days on a custom-built highthroughput robotic microscopy system (Robo3).61,161 Each 

well was imaged with a 103 objective four times daily. Images were montaged for each 

well and fluorescently labeled neurons were segemented and tracked using custom-built 

algorithms. Drug-treated neurons from 2 replicates were combined for tracking and analysis. 

Cox proportional hazard analysis was used to determine hazard ratios. DMSO treatment of 

TDP43M337V was used as a negative control, and GFP-expressing DMSO-treated neurons 

were used as a positive “healthy” control.

MG-132 stress model in iPSC-derived motor neurons (iMNs)—On Day 34 of 

differentiation iMNs derived from human male XCL-1 iPSCs (XCell Science) were 

subjected to proteotoxic stress by treatment with 0.5μM MG-132 (Millipore Sigma) plus 

0.1% DMSO or 1μM VX-745 for 24 h. On day 35 cells were harvested and subjecyed to 

Sequential extraction of insoluble protein aggregates.
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Rate of death analysis of human iMNs TDP-43A382T variant using the GEDI 
biosensor—One day before thawing, 12-well plates (Corning) were coated with 1:4 

dilution of poly-l-ornithine solution and left at room temperature overnight. The next day, 

the plates were rinsed three times with cell culture water and 500μL of a 1:50 dilution of 1 

mg/ml mouse laminin (Sigma) in cell culture water was added and incubated at 37°C for a 

minimum of 30 min. The Day 13 NINDS MNPCs were thawed into the precoated 12-well 

plates into Stage 3 media164,165 with the addition of ROCKI at a density of 2.5E6 cells 

per well. The media was changed the next day to only Stage 3, and the MNPCs were fed 

every other day. The MNPCs were transduced with lentivirus on Day 15 with the RGEDI169 

biosensor at an MOI of 2.5 and washed the next day. On Day 18, PhenoPlate 384-well 

microplates (PerkinElmer) were coated with a 1:4 dilution of poly-l-ornithine solution. The 

next day, plates were washed and coated with 30μL of a solution of 1:50 dilution of 1 

mg/ml mouse laminin (Sigma) and 5 μg/mL of fibronectin (Corning) in cell culture water 

and incubated overnight at 37°C. On Day 20, MNPCs are dissociated using Accutase and 

plated at a density of 30,000 cells per well of a 384 well dish in Stage 3 media and ROCKI. 

On Day 21, media was completely replaced and cells were treated with compound VX-745 

(Selleck Chem) at a working concentration of 3μM or DMSO control and continuously 

treated with fresh compound every other day until experimental end at D37. After Day 25 

the cells were considered iMNs. iMNs were subjected to robotic microscopy (RM) from day 

27–37.

Longitudinal imaging—iMNs that contained RGEDI were imaged on an ImageXpress 

Micro Confocal High-Content Imaging System from Molecular Devices for 7–10 days 

starting on differentiation day 27. Montages of 9 tiles were imaged in RFP (200ms) and GFP 

(100ms) channels at 20× magnification per well. Images were processed using a custom 

workflow in Galaxy.170

Odds ratio of cell death—Cells from each line were assessed as alive or dead by the 

GEDI biosensor169 on different plates at multiple points in time. The change in odds of 

cell death (OR-CD) at any point in time was modeled using a generalized linear model171 

using the glm function in R,172 between the cell line and time using the binomial probability 

distribution as the family argument to this function. The modeled changes included the plate 

on which the cell was assayed, the time (as a continuous variable) at which the cell status 

was ascertained, the cell line from which the cell was derived and the interaction between 

the cell line and time. These changes, as odds ratios, were derived from the model fits to the 

data. Custom-built scripts in R were developed to model the data.

Determining Nuclear-Cytoplasmic distribution of TDP-43 in control iMNs or 
iMNs bearing a G4C2-repeat expansion in the C9ORF72 gene—When iMN 

differentiation was on Day 13, 96-well plates (for viability assays) and 24-well plates with 

coverslips (for imaging) were coated overnight at 37°C in Matrigel (Corning). On Day 14 

of differentiation iMNs were plated at a density of 30,000 cells/well for 96-well plates and 

150,000 cells/well for 24-well plates in Neurobasal media + NEAA, Glutamax, N2, B27 

(Gibco), plus 10 ng/mL BDNF, GDNF, CNTF (PeproTech) and 0.2 μg/ml Ascorbic acid 
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(Sigma-Aldrich). iMNs were fed every 2 days and maintained for 13 additional days in the 

same media. Treatments started on day 13 after plating (DIV27) and were kept on for 24 h.

For viability studies, a VX-745 dose-response analysis was performed to determine a 

concentration that would not reduce viability significantly in both control and C9 neurons. 

VX-745 (Tocris) was dissolved in DMSO (Sigma-Aldrich), serial dilutions were made in 

OptiMEM (Gibco), added dropwise to each well and incubated at 37°C for 24 h iMN 

viability was measured using the CellTiter-Glo kit (Promega) on 3 separate experiments (n = 

3 per run, n = 9 final). Using this approach, we established that 1μM VX-745 exhibited no 

toxicity.

For imaging and Nuclear-Cytoplasmic distribution of TDP-43 (Nuc/Cyt ratio), VX-745 

was used at a concentration of 1μM. Immediately after the 24 h were completed, iMNs 

were washed once in PBS (Gibco) and fixed in 4% PFA for 20 min (Electron Microscopy 

Sciences). iMNs were then washed 3 times in PBS and blocked with 5% Donkey Serum 

(Jackson ImmunoResearch) + 0.3% TX-100 (Sigma-Aldrich) in PBS for 30 min at room 

temperature. Primary antibodies (goat MAP2 1:1000, Phosphosolutions; rabbit TDP-43 

N-terminal 1:300, Proteintech) were diluted in blocking solution and incubated overnight 

at 4°C. Secondary antibodies (donkey Alexa Fluor, Jackson ImmunoResearch) were used 

at 1:1000 dilution in blocking solution and incubated for 60 min at room temperature. 

All treatments/iMN lines were treated and probed simultaneously to decrease variability. 

Coverslips were mounted in Prolong Glass (Invitrogen) and were left to air dry at room 

temperature for at least overnight before imaging.

Images were acquired (10/group) using an A1R Nikon Confocal Microscope and fields 

of view (FOV) were processed for analyses using Nikon NIS Elements Software. Briefly, 

images were batch processed for Max intensity projection using the GA3 tool. Then, nuclei 

were selected using the autodetect tool in the ROI editor. Cell bodies (cytoplasm) were 

hand drawn using the Bezier tool. Data was exported to Excel and nuclear-cytosolic ratios 

were calculated using the mean intensity values for the 488 channel (TDP-43 signal) for 

matched nuclear and cytoplasmic selections. Data were analyzed by two-way ANOVA using 

genotype and treatment as variables using Prism.

Cytoplasmic and nuclear protein extraction—Cytoplasmic and nuclear protein 

extraction was performed using a commercial subcellular protein fractionation kit (Thermo 

Fisher Scientific). Briefly, ~80% confluent SH-SY5Y cells plated in a 100 -mm dish were 

transfected as indicated for 24 h. Cells were trypsinized and rinsed with cold PBS, and cell 

suspensions were transferred to pre-chilled 1.5mL microcentrifuge tubes. Cells were lysed 

in cytoplasmic extraction buffer at 4°C for 10 min with gentle mixing. After centrifugation 

at 500 × g at 4 °C for 5 min, the supernatant was collected and stored as the cytoplasmic 

fraction. After addition of appropriate amounts of membrane extraction buffer to the pellet, 

the tube was vortexed vigorously for 5 s and incubated at 4°C for 10 min with gentle mixing. 

After centrifugation at 3,000 × g at 4 °C for 5 min, the supernatant was collected and stored 

as the membrane fraction. The pellet was resuspended in appropriate amounts of nuclear 

extraction buffer followed by vigorous vortexing for 15 s and incubation at 4°C for 30 min 

with gentle mixing. After centrifugation at 5,000 × g at 4 °C for 5 min, the supernatant 
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was collected and stored as the soluble nuclear fraction. The pellet was resuspended in 

appropriate amounts of chromatin-bound extraction buffer followed by vigorous vortexing 

for 15 s and incubation at room temperature for 15s. The vortexing and incubation steps 

were repeated twice. After centrifugation at 16,000 × g at 4 °C for 5 min, the supernatant 

was collected and stored as the chromatin-bound nuclear fraction. Bicinchoninic acid (BCA) 

assay was used to measure protein concentrations.

Immunocytochemistry—Cells grown on poly-L-lysine-coated glass coverslips were 

washed in phosphate-buffered saline (PBS) and fixed in 4% paraformaldehyde (in PBS) 

for 15 min followed by permeabilization in 0.25% Triton X-(in PBS) for 10 min. Cells 

were blocked with 10% normal goat serum (in PBS, Abcam) for 1h at room temperature 

and incubated overnight at 4°C in primary antibody diluted in blocking solution. The next 

day, cells were washed with PBS and incubated for 1h in secondary antibody diluted in 

blocking solution. Coverslips were mounted with Prolong Gold Antifade Mountant with 

DAPI (Thermo Fisher Scientific). Image acquisition was performed using a Nikon A1 

confocal/Eclipse Ti inverted microscope system and NIS Elements software (Nikon). To 

determine the localization of TDP-43WT, TDP-43S292E, and TDP43R293F, cells were washed 

in PBS and fixed in 2% formaldehyde (in PBS) for 30 min followed by permeabilization 

in 0.2% Triton X-(in PBS) for 6 min. Cells were incubated for 1 h in primary antibody 

diluted in blocking solution. Cells were then washed with PBS and incubated for 30 min 

in secondary antibody diluted in blocking solution. Coverslips were mounted as described 

above and image acquisition was performed using EVOS M5000 imaging system.

Protein kinase assays with recombinant proteins—5μL of 10 x kinase assay buffer 

[25mM Tris-HCl (pH 7.5), 5 mM β-glycerophosphate, 2 mM DTT, 0.1mM Na2VO4, 10mM 

MgCl2] (Cell Signaling Technology), 200μM ATP (Cell Signaling Technology), 750ng of 

recombinant human TDP-43 protein (Proteintech) and 300ng of recombinant active p38α 
kinase (SignalChem) were mixed in pre-chilled 1.5mL tubes. Reactions were made up to 

a total volume of 50μL with ddH2O. Samples were mixed by flicking the tubes followed 

by brief centrifugation at 4°C and incubation at 30°C for 30 min. When indicated, kinase 

reactions were treated with 10μM of the p38α inhibitor compound 1. Reactions were 

stopped by adding 18μL of 4× NuPAGE sample buffer and boiling samples at 95°C for 

5 min. Samples were subjected to immunoblotting or Coomassie staining followed by 

phosphorylation analysis by LC-MS/MS.

Phosphorylation analysis by LC-MS/MS—In vitro kinase reactions were separated on 

4–12% NuPAGE Bis-Tris gels (Thermo Fisher Scientific) and gel bands were visualized 

with SimplyBlue SafeStain (Thermo Fisher Scientific). Gel bands were excised and cut 

into ~1mm3 pieces. The samples were reduced with 1mM dithiothreitol (DTT) for 30 min 

at 60°C and then alkylated with 5 mM iodoacetamide for 15 min at room temperature. 

Gel pieces were then subjected to a modified in-gel trypsin digestion procedure.173 

Briefly, gel pieces were washed and dehydrated with acetonitrile for 10 min followed 

by removal of acetonitrile. Pieces were then completely dried using a speed-vac. Gel 

pieces were rehydrated in 50mM ammonium bicarbonate solution containing 12.5 ng/μL 

modified sequencing-grade trypsin (Promega) at 4°C before incubation overnight at 37°C. 
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Peptides were later extracted by removing the ammonium bicarbonate solution, followed 

by one wash with a solution containing 50% acetonitrile and 1% formic acid. The 

extracts were then dried in a speed-vac for 1 h and stored at 4°C until analysis. On 

the day of analysis, samples were reconstituted in 5–10 μL of High-Performance Liquid 

Chromatography (HPLC) solvent A (2.5% acetonitrile, 0.1% formic acid). A nano-scale 

reverse-phase HPLC capillary column was created by packing 2.6μm C18 spherical silica 

beads into a fused silica capillary (100 μm inner diameter, ~30 cm length) with a 

flame-drawn tip.174 After equilibrating the column, each sample was loaded onto the 

column via a Famos auto sampler (LC Packings). A gradient was formed, and peptides 

were eluted with increasing concentrations of solvent B (97.5% acetonitrile, 0.1% formic 

acid). As each peptide was eluted it was subjected to electrospray ionization before 

entering an LTQ Orbitrap Velos Pro ion-trap mass spectrometer (Thermo Fisher Scientific). 

Eluting peptides were detected, isolated, and fragmented to produce a tandem mass 

spectrum of specific fragment ions for each peptide. Peptide sequences were determined 

by matching protein or translated nucleotide databases with the acquired fragmentation 

pattern using the software program Sequest (ThermoFinnigan).175 The modification of 

79.9663 mass units to serine, threonine, and tyrosine was included in the database searches 

to determine phosphopeptides. Phosphorylation assignments were determined using the 

A-Score algorithm.176 All databases include a reversed version of all sequences and the data 

was filtered to 1–2% peptide false discovery rate.

Proteomic data analysis was carried out as previously described.177,178 Briefly, peptide 

sequences were determined following spectral searches using the UniProt TARDBP human 

protein sequence along with the acquired fragmentation pattern using MSGF+.179 The 

search was carried out using settings for high-resolution Orbitrap mass spectrometers, 

tryptic digestion, no limit to enzyme missed cleavages, 20 ppm precursor mass tolerance, 

charge states of +2 to +5, minimum and maximum peptide lengths of 6–40 amino acids 

in length, respectively, and a fixed modification of standard amino acids with C + 57. 

For phosphopeptide detection a variable modification of 79.9663 mass units to serine, 

threonine, and tyrosine was included in the database searches. The resulting.mzID files from 

the spectral searches were combined with mzXML files using the MSnbase package in 

R162,163 (accessed November 15th 2022), and used to calculate spectral counts for total and 

phosphorylated-TARDBP peptides. Phosphorylation assignments were determined by the A 

score algorithm.176

Co-immunoprecipitation (Co-IP)—Approximately 80% confluent SH-SY5Y cells 

plated in 6-well plates or 100-mm dishes were transfected as indicated. Cells were rinsed 

with cold PBS, and then lysed in cold lysis buffer [20mM Tris-HCl (pH 7.5), 150mM 

NaCl, 1mM Na2EDTA, 1mM EGTA, 1% Triton, 2.5mM sodium pyrophosphate, 1mM 

beta-glycerophosphate, 1mM Na3VO4, 1 μg/mL leupeptin] (Cell Signaling Technology), 

supplemented with protease inhibitors (Complete, Roche). Cells were incubated on ice for 

5 min, collected in pre-chilled 1.5 mL tubes, sonicated briefly and cleared by centrifugation 

(14,000 × g at 4°C for 10 min). Lysate aliquots were stored as the input samples. Cell 

lysates were either incubated with Anti-FLAG M2 Magnetic Beads (Millipore Sigma) 

overnight with continuous rotation at 4°C, or were subjected to pre-cleaning with protein A 
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Dynabeads (Thermo Fisher Scientific) for 1 h at 4°C followed by incubation with indicated 

primary antibodies overnight with continuous rotation at 4°C. Protein A Dynabeads were 

then added to pre-cleared antibody-containing samples, and the incubation was continued 

for an additional 2 h at room temperature. Beads with immunoprecipitated proteins were 

washed 5x with either TBS [50mM Tris-HCl, 150mM NaCl, pH 7.4] (Anti-FLAG M2 

Magnetic Beads) or lysis buffer (Protein A Dynabeads). Immunoprecipitated proteins were 

eluted with 2x NuPAGE sample buffer by boiling for 3 min. Both input samples and 

immunoprecipitated proteins were analyzed by immunoblotting.

Purification of recombinant TDP-43-MBP—Wild-type TDP-43-MBP-6xHis and 

TDP-43 mutants S292E, S409:S410E, S292:S409:S410E, and R293F were expressed and 

purified as previously described.180 Briefly, TDP-43 variants were expressed in E. coli 
BL21-CodonPlus (DE3)-RIL cells (Agilent). Cell cultures were grown to an OD600 of 

~0.5–0.7 and then cooled down to 16°C. Protein expression was induced with 1mM IPTG 

overnight. Cells were harvested and resuspended in purification buffer (20mM Tris-HCl, pH 

8.0, 1M NaCl, 10mM imidazole, 10% (v/v) glycerol, 2mM β-mercaptoethanol supplemented 

with complete EDTA-free protease inhibitor cocktail) and lysed using 1 mg/ml lysozyme 

and sonication. Proteins were purified using Ni-NTA agarose (Qiagen) and eluted using 

300mM imidazole in purification buffer. Proteins were then further purified over amylose 

resin (NEB) and eluted with elution buffer (20mM Tris-HCl, pH 8.0, 1M NaCl, 10mM 

imidazole, 10mM maltose, 10% (v/v) glycerol, and 1mM DTT). Purified proteins were 

concentrated, flash frozen and stored at −80°C.

Protein methylation assays with recombinant proteins—Recombinant TDP-43-

MBP-6xHis (20μM) was incubated with S-Adenosyl methionine (100μM) in the presence 

or absence of PRMT1 (0.5μM) (Abcam) in TDP-43 buffer (20mM Tris-HCl pH 8, 300mM 

NaCl, 1mM DTT) for 16 h at 37°C. Reactions were halted by the addition of formic acid 

and analyzed by bottom up LC-MS/MS as described below. R293Me peptides were only 

observed in the PRMT1 treated samples, ruling out non-enzymatic methylation.

Equal amounts of protein were taken from both reactions for digestion. The protein samples 

were reduced and alkylated using 5mM dithiothreitol (DTT) and 10mM iodoacetamide 

(IAA), respectively. Trypsin digestion was carried out using modified sequence-grade 

trypsin (Promega, Madison, WI) in 1:50 enzyme:protein ratio and reactions were left 

shaking at 37°C overnight. Digested peptides were cleaned using C18 StageTip, vacuum 

dried, and stored at −20°C before data acquisition.

Methylation analysis by LC-MS/MS—Thermo Scientific Orbitrap Exploris 240 mass 

spectrometer (ThermoFisher Scientific, Bremen, Germany) connected to the Thermo 

Scientific UltiMate 3000 HPLC nanoflow liquid chromatography system (ThermoFisher 

Scientific) was used for data acquisition. Peptide digests were reconstituted in 0.1% formic 

acid in water (solvent A) to a final peptide concentration of 500 ng/μL and separated on 

an analytical column (75μm × 15cm) at a flow rate of 300 nL/min using a step gradient 

of 1–25% solvent B (0.1% formic acid in acetonitrile) for the first 100 min, 25–30% 

for 5 min, 30–70% for 5 min, 70–1% for 5 min and 1% for 5 min for a total run time 

of 120 min. The mass spectrometer was operated in data-dependent acquisition mode. A 
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survey full scan MS (from m/z 400–1600) was acquired in the Orbitrap with a resolution 

of 6000 Normalized AGC target 300. Data was acquired in topN with 20 dependent scans. 

Peptides were fragmented using normalized collision energy with 37% and detected at a 

mass resolution of 30,000. Dynamic exclusion was set for 8s with a 10 ppm mass window.

The raw files obtained after data acquisition were searched using Proteome Discoverer 

software suite version 3.0 (ThermoFisher Scientific). Data was searched against 

the sequence of TDP-43-MBP-6xHis using SEQUEST. Search parameters included 

carbamidomethylation of cysteine as a static modification. Dynamic modifications included 

oxidation of methionine, mono- and di-methylation at arginine and acetylation at protein 

N terminus. The minimum peptide length was set as seven amino acids with one missed 

cleavage allowed. Mass tolerance was set to 10 ppm at the MS level and 0.05Da for the 

MS/MS level, and the false discovery rate was set to 1% at the PSM level.

In vitro TDP-43 aggregation assay—Purified recombinant TDP-43-MBP-6xHis wild-

type and TDP-43 mutants were first thawed and buffer exchanged into 20mM HEPES-

NaOH, pH 7.4, 150mM NaCl and 1mM DTT using Micro Bio-Spin P-6 Gel Columns 

(Bio-Rad). Protein concentration was determined by nanodrop, and the final concentration 

of TDP-43 was then adjusted to 5μM in the same buffer. To measure aggregation kinetics, 

aggregation was initiated by cleavage of the MBP-6xHis tag using 1 μg/ml TEV protease 

at t = 0, and turbidity was measured over 16 h at an absorbance of 395nm using a TECAN 

M1000 plate reader. Values were normalized to wild-type TDP-43 + TEV protease to 

determine the extent of aggregation of TDP-43 mutants.

In vitro TDP-43 LLPS assay—Purified recombinant TDP-43-MBP-6xHis wild-type and 

TDP-43 mutants were thawed and buffer exchanged as described above for the aggregation 

assay. Protein concentration was determined by nanodrop, and reactions were prepared in 

phase separation buffer (20mM HEPES-NaOH, pH 7.4, 150mM NaCl, 1mM DTT, 100 

mg/mL dextran from Leuconostoc spp. (Sigma)). Protein was always added last to each 

phase separation reaction, at a final concentration of 10μM. Reactions were incubated for 30 

min at room temperature, and then 7.5μL of each reaction was mounted onto a glass slide 

and imaged by differential interference contrast (DIC) microscopy.

Droplet image analysis—DIC images of TDP-43 wild-type and its variants were 

analyzed using custom-written code in MATLAB. Each image was first converted into 

grayscale for processing. Then, Robert’s gradient was used to filter out the noise. The 

pixel weight for each pixel in the image was determined based on the grayscale intensity 

differences before segmenting the images. The threshold for image segmentation was 

adjusted manually to ensure complete and accurate conversion to logical array. Droplets 

in the images were identified using circular Hough transform. The sensitivity was toggled 

either to detect missed droplets or to reduce the number of false positives. The detected 

circles were visualized on the original images. Various quantitative parameters, including 

the average area, total area, number of droplets and the lists of areas, were given as outputs 

to the code and were analyzed further through Prism. The accuracy of the circular Hough 

transform was limited for droplets that were smaller than 5 pixels, where 10.8 pixels are 

equivalent to 1μm.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Western blot band densities and immunocytochemical staining were quantified with ImageJ-

Win64 software.160 For statistical analysis, we used GraphPad Prism 7 and 8, and used 

unpaired t test or one-way ANOVA followed by Sidak’s or Dunnett’s multiple comparison 

test, as indicated for each experiment. All assays were repeated at least three times. A 

p-value less than 0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• p38α inhibition reduces aberrant TDP-43 phenotypes in patient-derived motor 

neurons

• p38α phosphorylates TDP-43 at S292 and S409/S410, reducing LLPS but not 

aggregation

• PRMT1 methylates TDP-43 at R293, reducing TDP-43 aggregation but not 

LLPS

• Antagonistic TDP-43 methylation and phosphorylation suggest therapeutic 

strategies
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Figure 1. Genetic and pharmacological inhibition of p38α MAPK reduces TDP-43 aggregation, 
S409/S410 phosphorylation, and neurotoxicity
(A) TDP-43 domain architecture with location of ALS-linked mutations and 

phosphorylation sites (P) detected after p38α treatment in vitro.

(B) Western blot of total and pTDP-43M337V in RIPA and urea fractions of SH-SY5Y cells 

with siRNA-induced p38α knockdown. GAPDH serves as a loading control. SH-SY5Y cells 

were treated with siRNA for 24 h and then transfected with TDP-43M337V (myc tagged). 

Positions of myc-tagged TDP-43M337V (exo) and endogenous TDP-43 (endo) are indicated.

(C) Quantification of urea/RIPA ratio of total TDP-43 (exogenously expressed) normalized 

to levels in scrambled siRNA (si-scr; mean ± SD, two-way ANOVA with Sidak’s multiple 

comparison test, n = 3). **p < 0.01, ****p < 0.0001.

(D) Quantification of pTDP-43/total TDP-43 ratio (exogenously expressed) in urea fraction 

normalized to levels in si-scr (mean ± SD, two-way ANOVA with Sidak’s multiple 

comparison test, n = 3). *p < 0.05, **p < 0.01, ***p < 0.001.

(E) Chemical structures of compound 1 and VX-745 (neflamapimod).

(F) Western blot of total and pTDP-43M337V in RIPA and urea fractions of SH-SY5Y 

cells with pharmacological p38α inhibition with compound 1. GAPDH serves as a loading 

control. Positions of myc-tagged TDP-43M337V (exo) and endogenous TDP-43 (endo) are 

indicated.

(G and H) Quantification of urea/RIPA ratio of total TDP-43 at 24 h (G) and 48 h (H) after 

transfection (mean ± SD, one-way ANOVA with Dunnett’s multiple comparison test, n = 3). 

**p < 0.01.
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(I) Quantification of pTDP-43/total TDP-43 ratio in urea fraction at 48 h after transfection 

normalized to levels in DMSO-treated cells (mean band signal ± SD, one-way ANOVA with 

Dunnett’s multiple comparison test, n = 3). **p < 0.01, ***p < 0.001.

(J) Quantification of lactate dehydrogenase (LDH) activity in conditioned medium 

normalized to levels in DMSO-treated TDP-43WT-transfected NSC-34 cells (one-way 

ANOVA with Dunnett’s multiple comparison test, n = 4 with 6 replicates in each). **p 
< 0.01, ****p < 0.0001.

(K) Hazard ratios of primary neurons expressing mApple and TDP-43M337V-EGFP treated 

with p38α inhibitor VX-745 at 0.3, 1, 3, and 9 μM compared with DMSO control 

(reference, set at 1.0) were 0.6296, 0.6378, 0.4596, and 0.6869, respectively. Reduction of 

hazard ratio was most significant at 3 μM (Cox proportional hazard, p < 0.01). The number 

of neurons tracked per treatment group were 82, 76, 54, and 58, for each concentration of 

the drug, respectively; and 246 for the DMSO control. For comparison, the hazard ratio for 

control neurons expressing only mApple and GFP (without TDP43M337V) and treated with 

DMSO was 0.4149 (N = 555 neurons) (p < 0.001). See also Figures S1–S4.
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Figure 2. CA-p38α induces aggregation, phosphorylation, and cytoplasmic accumulation of 
TDP-43
(A) Western blot of total and pTDP-43 in RIPA and urea fractions of SH-SY5Y cells 

co-transfected with TDP-43M337V and empty control plasmid (ctrl), WT-p38α, CA-p38α or 

DN-p38α. GAPDH serves as a loading control. The positions of myc-tagged TDP-43M337V 

(exo) and endogenous TDP-43 (endo) are indicated. Quantification of urea/RIPA ratio of 

total TDP-43 at time points 24 h (B) or 48 h (C) after transfection, and pTDP-43/total 

TDP-43 ratio in urea fraction at time point 48 h after transfection (D), normalized to levels 

in ctrl-plasmid transfected cells (mean ± SD, one-way ANOVA with Dunnett’s multiple 

comparison test, n = 3). *p < 0.05, ***p < 0.001.

(E) Representative confocal images of SH-SY5Y cells co-expressing TDP-43M337V (green, 

detected using an anti-TDP-43 antibody) and WT-p38α, CA-p38α or DN-p38α (red, 

detected using an anti-FLAG antibody) with quantification of the number of cells with 

nuclear TDP-43 puncta/granules (F) (one-way ANOVA with Dunnett’s multiple comparison 

test, n = 4 and 10 fields each; scale bar, 20 μm). **p < 0.01.

(G) Western blot of TDP-43 in different cellular compartments of SH-SY5Y cells co-

transfected with TDP-43M337V and ctrl-plasmid or CA-p38α. Exo denotes exogenous 

TDP-43 and endo denotes endogenous TDP-43. GAPDH serves as a loading control for 

cytoplasmic fraction (CP), COX IV for the membrane fraction (Mem), and histone H3 for 

the soluble nuclear (NS) and chromatin-bound (CB) fractions. The positions of myc-tagged 

TDP-43M337V (exo) and endogenous TDP-43 (endo) are indicated.
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(H) Quantification of total TDP-43 in cytoplasmic, membrane, soluble nuclear and 

chromatin-bound fractions (mean ± SD, two-way ANOVA with Sidak’s multiple comparison 

test, n = 3). ****p < 0.0001. See also Figure S5.
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Figure 3. TDP-43 directly interacts with and is phosphorylated by p38α at S292 and S409/S410, 
with S292 regulating phosphorylation at S409/S410
(A) Western blot of immunoprecipitated TDP-43WT and co-immunoprecipitated WT-p38α 
and immunoprecipitated WT-p38α (FLAG tagged) and co-immunoprecipitated TDP-43WT 

in SH-SY5Y cells. Inputs are shown on the right. GAPDH serves as a loading control.

(B) Western blot of in vitro kinase assay (30°C for 30 min) of recombinant human 

TDP-43WT (750ng) and recombinant active p38α (300 ng) with and without the p38α 
inhibitor compound 1.

(C) Western blot of total and pTDP-43 in RIPA and urea fractions of SH-SY5Y cells 

transfected with TDP-43WT and with S292 and S409/S410 mutant constructs. The positions 

of myc-tagged TDP-43 variants (exo) and endogenous TDP-43 (endo) are indicated. An 

arrowhead shows the position of TDP-43 CTF.

(D and E) Quantification of urea/RIPA ratio of total TDP-43 (D), and CTF/full-length ratio 

of TDP-43 in RIPA fraction (E) at time point 24 h after transfection normalized to levels in 

TDP-43WT (mean ± SD, one-way ANOVA with Dunnett’s multiple comparison test, n = 3). 

*p < 0.05. See also Figure S5.
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Figure 4. TDP-43 is methylated by PRMT1 at R293
(A) Sequence alignment of amino acids 287–307 of TDP-43 from diverse vertebrates. 

Conserved 292–293 sites are bolded. S292 phosphorylation site and R293-G295 RGG-motif 

are highlighted in yellow and green, respectively.

(B) Western blot of immunoprecipitated endogenous TDP-43 from SH-SY5Y-cells probed 

with antibodies against TDP-43, ADMA, MMA, and SDMA. TDP-43 with arginine 

methylation is marked by arrowheads.

(C) Western blot of immunoprecipitated endogenous TDP-43 from SH-SY5Y-cells with 

siRNA-induced PRMT1 knockdown probed with antibodies against TDP-43 or MMA. A 

PRMT1 blot was run separately to confirm siRNA-mediated knockdown of PRMT1.

(D) Western blot of expressed and immunoprecipitated TDP-43WT using anti-FLAG 

antibody from SH-SY5Y-cells treated with DMSO (D) or with methyltransferase inhibitor 

AdOx (A) at a final concentration of 20 μM for 24 h. FL, full-length TDP-43; CTF35, 

C-terminal 35-kDa fragment of TDP-43.

(E) Western blot of expressed and immunoprecipitated TDP-43WT and TDP-43R293K using 

anti-FLAG antibody from SH-SY5Y cells probed with antibodies against TDP-43 and 

MMA. See also Figures S6 and S7.
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Figure 5. TDP-43 phosphorylation favors aggregation, whereas arginine methylation favors 
LLPS
(A) Representative DIC microscopy images of liquid-like droplets of 10μM TDP-43-MBP 

WT and variants. Purified recombinant proteins were incubated for 30min with phase 

separation buffer prior to imaging. Scale bar, 10 μm.

(B) Bar graph showing the total droplet area for each protein. Mean ± SEM, one-way 

ANOVA with Dunnett’s multiple comparison test (n = 6, *p < 0.05).

(C) Vertical scatterplot displaying the size distribution of droplets for each protein. Each data 

point corresponds with a single droplet. Bolded bars represent the average droplet area for 

each variant.
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(D) Turbidity measurements of 5 μM TDP-43-MBP co-incubated with TEV protease (1 μg/

mL). Turbidity was measured at an absorbance of 395 nm. Values represent the normalized 

mean ± SEM (n = 4).

(E) Aggregation data from (D) was quantified by calculating the area under the curve. 

Values represent means ± SEM (n = 4). One-way ANOVA with Dunnett’s multiple 

comparison test was performed (*p < 0.05).

(F) Aggregation versus LLPS plot shows the phospho-mimetics cluster below the dotted 

line, which represents the behavior of TDP-43WT, while methylation-mimic appears above 

the line. The y axis represents normalized LLPS propensity relative to WT based on the 

average area of droplets from analysis in (C). The x axis represents normalized aggregation 

relative to WT from (D). Error bars represent SEM with n = 4–6.

(G) Schematic diagram describing the dichotomy in outcomes between TDP-43 

phosphorylation and arginine methylation. Phospho-mimicking mutants favor aberrant 

aggregation over LLPS, whereas the arginine methylation-mimic favors LLPS over aberrant 

aggregation. See also Figures S6 and S7.
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Figure 6. Arginine methylation of TDP-43 regulates its aggregation
(A) Western blot of total and pTDP-43 in RIPA and urea fractions of TDP-43WT-transfected 

SH-SY5Y-cells treated with DMSO (D) or with methyltransferase inhibitor AdOx (A) at a 

final concentration of 20 μM for 24 h. The positions of FLAG-tagged TDP-43 (exo) and 

endogenous TDP-43 (endo) are indicated.

(B) Quantification of urea/RIPA ratio of total TDP-43 normalized to levels in DMSO-treated 

cells (mean ± SD, unpaired t test, n = 4). *p < 0.05.

(C) Quantification of pTDP-43 in the urea fraction normalized to levels in DMSO-treated 

cells (mean ± SD, unpaired t test, n = 4).

(D) Western blot of total and pTDP-43 in RIPA and urea fractions of TDP-43WT-transfected 

SH-SY5Y-cells co-transfected with empty control plasmid (Ctrl) or PRMT1. The positions 

of FLAG-tagged TDP-43 (exo) and endogenous TDP-43 (endo) are indicated. The positions 

of Myc-tagged PRMT1 (exo) and endogenous PRMT1 (endo) are also indicated.

(E) Quantification of urea/RIPA ratio of total TDP-43 normalized to levels in Ctrl-plasmid 

co-transfected cells (mean ± SD, unpaired t test, n = 5). ***p < 0.001.

(F) Quantification of pTDP-43 in the urea fraction normalized to levels in control cells 

(mean ± SD, unpaired t test, n = 5). ****p < 0.0001. See also Figure S7.
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Figure 7. Crosstalk between PRMT1-catalyzed arginine methylation and p38α-mediated 
phosphorylation of TDP-43
(A) Western blot of immunoprecipitated FLAG-tagged TDP-43 from SH-SY5Y cells probed 

with antibodies against TDP-43, pTDP-43, and MMA. GAPDH serves as a loading control. 

The positions of FLAG-tagged TDP-43 (exo) and endogenous TDP-43 (endo) are indicated.

(B) Western blot of immunoprecipitated FLAG-tagged TDP-43WT from SH-SY5Y cells 

with or without siRNA-induced p38α knockdown probed with antibodies against TDP-43, 

p38α, pTDP-43, and MMA. GAPDH serves as a loading control.

(C) Quantification of TDP-43-CTF/full length-ratio (mean ± SD, unpaired t test, n = 3). **p 
< 0.01.

(D) Quantification of mono-methylated TDP-43-CTF normalized to total TDP-43-CTF 

(mean ± SD, unpaired t test, n = 3). *p < 0.05.

(E) Western blot of immunoprecipitated FLAG-tagged TDP-43WT from SH-SY5Y cells with 

or without PRMT1 overexpression probed with antibodies against TDP-43, pTDP-43, and 

MMA. GAPDH serves as a loading control. The positions of FLAG-tagged TDP-43 (exo) 

and endogenous TDP-43 (endo) are indicated. The positions of Myc-tagged PRMT1 (exo) 

and endogenous PRMT1 (endo) are also indicated. See also Figure S7.
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