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Graphic Abstract 23	

 24	

Highlights (Up to four bullet points. The length of each highlight cannot exceed 85 characters, 25	

including spaces) 26	

! TDP-43 forms reversible, LD-like NBs alleviating cytotoxicity and neurodegeneration 27	

! The two RRMs act antagonistically to maintain a core-shell architecture of TDP-43 NBs 28	

! LncRNA NEAT1 is upregulated in stressed neurons, which promotes TDP-43 LLPS 29	

! ALS-causing mutation D169G abolishes NEAT1-induced TDP-43 LLPS and NBs  30	
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SUMMARY (< 150 words) 31	

Despite the prominent role of TDP-43 in neurodegeneration, its physiological and pathological 32	

functions are not fully understood. Here, we report an unexpected function of TDP-43, which 33	

forms dynamic, reversible, droplet-like nuclear bodies (NBs) in response to stress, and the 34	

formation of NBs alleviates TDP-43-mediatd cytotoxicity and neurodegeneration in cell and 35	

Drosophila models of amyotrophic lateral sclerosis (ALS). Super-resolution microscopy reveals a 36	

“core-shell” architecture of TDP-43 NBs, which is maintained by the two RRMs antagonistically. 37	

Further, TDP-43 NBs are partially colocalized with nuclear paraspeckles and the paraspeckle 38	

scaffolding lncRNA NEAT1 is dramatically upregulated in stressed neurons. Moreover, increase 39	

of NEAT1 promotes TDP-43 liquid-liquid phase separation (LLPS) in vitro. Finally, we uncover 40	

that the ALS-associated mutation TDP-43D169G impairs NEAT1-induced phase separation, 41	

causing a specific defect in the assembly of TDP-43 NBs but not stress granules. Together, our 42	

findings propose a stress-mitigating role and mechanism for TDP-43 NBs, whose dysfunction 43	

may contribute to ALS pathogenesis.  44	
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INTRODUCTION 45	

Amyotrophic lateral sclerosis (ALS) is a progressive motor neuron disease characterized by the 46	

degeneration of motor neurons in the brain and spinal cord, which leads to fatal paralysis 47	

generally within 2–5 years after diagnosis (1,2). Missense mutations in the gene TARDBP 48	

encoding the trans-activation response element (TAR) DNA-binding protein 43 (TDP-43) 49	

predispose to familial ALS, and protein inclusions containing TDP-43 in the affected motor 50	

neurons are a pathological hallmark of ALS (3, 4).  TDP-43 is a nuclear protein but can shuttle 51	

between the nucleus and the cytoplasm. It has a nuclear localization signal (NLS), a nuclear 52	

export signal (NES), two canonical RNA recognition motifs (RRMs) that bind to nucleic acids, 53	

and a C-terminal low complexity domain (LCD) that mediates protein-protein interactions and is 54	

enriched of disease-associated mutations (4, 5). TDP-43 is engaged in a variety of 55	

ribonucleoprotein (RNP) complexes and plays an important role in RNA processing and 56	

homeostasis (6-10). In addition, TDP-43 is known to participate in cytoplasmic stress granules 57	

(SGs), which may undergo aberrant phase transition and promote the formation of solid protein 58	

aggregates in diseased conditions (11-14).    59	

Nuclear bodies (NBs) are dynamic, membraneless nuclear structures that concentrate 60	

specific nuclear proteins and RNAs and play an important role in maintaining nuclear 61	

homeostasis and RNA processing (15, 16). Increasing evidence suggests the association of 62	

TDP-43 with a variety of NBs, such as paraspeckles (17-19), gemini of coiled bodies (GEMs) 63	

(20), nuclear stress bodies (21), interleukin-6 and -10 splicing activating compartment bodies 64	

(InSAC bodies) (22), and omega speckles (23). Notably, in the nucleus of spinal motor neurons 65	

of sporadic ALS patients, TDP-43 is found colocalized with paraspeckles and the occurrence of 66	

paraspeckles is specifically increased in the early phase of the disease (18). In addition, 67	

excessive formation of dysfunctional paraspeckles is also observed in the spinal neurons and 68	

glia of ALS-FUS patients (24). Although it is clear that TDP-43 is present in NBs that sometimes 69	

accompanies neurodegeneration, our understanding of the function of TDP-43 in NBs and the 70	

contribution of NBs to ALS pathogenesis is still rudimentary.  71	
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Recent studies indicate that liquid-liquid phase separation (LLPS) of RNA-binding protein 72	

(RBPs) drives the assembly of liquid droplet (LD)-like, membraneless RNP granules in the 73	

cytoplasm and nucleoplasm (25-29). Several ALS-related RBPs including TDP-43, FUS, hnRNP 74	

A1, hnRNP A2 and TIA1 are shown to phase separate in vitro (14, 30-35). The intrinsically 75	

disordered LCD domains of the RBPs are thought to mediate the LLPS (28, 31, 36-38) and 76	

posttranslational protein modifications play an important role in determining the biophysical and 77	

biological properties of the phase behavior of the RBPs (34, 39-46). In addition to the LCD, 78	

recent studies reveal that RNA is of vital importance in regulating the LLPS (47, 48), which can 79	

either suppress or promote phase separation depending on the contents and concentrations of 80	

the RNAs (25, 49-51). 81	

In this study, we find that various cellular stresses induce TDP-43 to form distinct, highly 82	

dynamic and reversible NBs, which not only attenuate the cytotoxicity of TDP-43 in mammalian 83	

cells but also ameliorate neurodegeneration and behavioral deficits in a Drosophila model of ALS. 84	

Further investigation with super-resolution microscopy reveals the unexpected opposing 85	

functions of the two RRMs in maintaining the core-shell architecture of TDP-43 NBs. 86	

Furthermore, we demonstrate a crucial role of the paraspeckle scaffolding RNA nuclear-enriched 87	

abundant transcript 1 (NEAT1) in promoting TDP-43 LLPS in vitro, which is compromised by the 88	

ALS-causing mutation D169G, leading to a defect in forming TDP-43 NBs. Together, our findings 89	

demonstrate how stress induces the assembly of TDP-43 NBs in the generally “suppressive” 90	

nucleoplasm environment and suggest the involvement of dysfunctional TDP-43 NBs in ALS 91	

pathogenesis.   92	
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RESULTS 93	

Arsenic stress induces dynamic and reversible TDP-43 NBs 94	

TDP-43 protein is predominantly localized to the nucleus but can shuttle between the nucleus 95	

and the cytoplasm. In response to cellular stress, TDP-43 is recruited to cytoplasmic SGs (11). 96	

Interestingly, in an earlier related work of our group (46), we noticed that although arsenite, a 97	

commonly used experimental reagent to raise cellular stress (52), induced TDP-43+ cytoplasmic 98	

SGs, the majority of TDP-43 signal remained in the nucleus. Furthermore, in a great portion of 99	

the cells, the nuclear TDP-43 lost the normal diffused pattern and instead exhibited a distinct 100	

granular appearance (Movie S1 and Fig. 1, A and B).  101	

A membraneless nuclear structure fulfills the requirements of NBs if it is: (1) microscopically 102	

visible, (2) enriched with specific nuclear factors, and (3) continuously exchanging the contents 103	

with the surrounding nucleoplasm (15). Indeed, arsenite-induced TDP-43 nuclear granules were 104	

microscopically visible (Fig. 1). Further examination by immunocytochemistry indicated that 105	

these arsenite-induced nuclear granules were colocalized or partially colocalized with several 106	

known types of NBs, especially paraspeckles marked by splicing factor proline-glutamine rich 107	

(SFPQ) (Fig. S1). These results suggest that cellular stress may be involved in the translocation 108	

of TDP-43 into NBs such as paraspeckles, similar to that found in the spinal motor neurons of 109	

ALS patients (18).  110	

To examine if stress-induced TDP-43 nuclear granules were liquid-like and could exchange 111	

with surrounding nucleoplasm, we performed the fluorescence recovery after photobleaching 112	

(FRAP) analysis in live cells using a green fluorescent protein (GFP)-tagged TDP-43 113	

(GFP-TDP-43). To induce TDP-43 nuclear granules, cells were pre-treated with arsenite (250 µM) 114	

for 30 minutes before photobleaching. The fluorescence of GFP-TDP-43 nuclear granules was 115	

rapidly recovered after photobleaching, reaching ~50% of the pre-bleaching intensity in ~65 116	

seconds (Movie S2 and Fig. 1, C and D). Thus, these data indicate that stress-induced TDP-43 117	

nuclear granules are liquid-like and highly dynamic. Together, they fulfilled all the above three 118	

requirements and are thereafter called TDP-43 NBs in this study.  119	
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Next, we determined whether stress-induced TDP-43 NBs were reversible using arsenite 120	

washout assay. After arsenite removal, the stress-induced TDP-43 NBs gradually disappeared 121	

and eventually recovered to nearly diffused pattern like that before the arsenite treatment (Fig. 122	

1E). Our quantitative analyses indicated that both the percentages of cells with TDP-43 NBs and 123	

the number of TDP-43 NBs per cell decreased in a time-dependent manner after arsenite 124	

washout (Fig. 1, F to H). Of note, there were considerably more cells with TDP-43 NBs than 125	

TDP-43-associated (TDP-43+) SGs (Fig. 1B) and overwhelmingly more TDP-43 NBs than 126	

TDP-43+ SGs per cell before the washout started (Fig. 1E, 0 min). Hence, although the 127	

percentages of cells with visible TDP-43 NBs were not markedly reduced when TDP-43+ SGs 128	

became largely undetectable at 30 min after arsenite removal (Fig. 1, F and G), the average 129	

number of TDP-43 NBs per cell did significantly decrease (Fig. 1H). Together, our data indicate 130	

that arsenic stress-induced TDP-43 NBs are reversible as that of SGs upon the relief of stress.  131	

 132	

Formation of TDP-43 NBs as a general cellular stress mechanism  133	

Next, we examined if endogenous TDP-43 could also form NBs upon arsenic stress. We found 134	

that in most cells, endogenous TDP-43 was present as evenly distributed while some cells 135	

showed spontaneous small granules (Fig. S2A). The arsenite treatment led to the formation of 136	

larger and more NBs in a significantly increased number of cells (Fig. S2, A and B). In addition, 137	

we observed stress-induced TDP-43 NBs also in in vitro cultured mouse primary neurons (Fig. 138	

S2, C and D). Thus, the formation of TDP-43 NBs is not an artificial effect due to TDP-43 139	

overexpression or the use of non-neuronal cell lines. Moreover, it was previously reported that 140	

heat shock-induced reversible nuclear TDP-43 “aggregations” were colocalized with the marker 141	

of nuclear stress bodies (21). These observations raised the possibility that the formation of 142	

TDP-43 NBs might be a general stress response mechanism in the nucleus. Indeed, we found 143	

that disturbance of the nuclear homeostasis by inhibiting nuclear export with leptomycin B (LMB) 144	

also effectively induced endogenous TDP-43 to form NBs (Fig. 2, A and B). 145	
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To further determine whether blocking nuclear export of TDP-43 itself was sufficient to 146	

induce the formation of TDP-43 NBs, we generated mutations in the NLS and the NES of 147	

TDP-43, respectively (NLSmut and NESmut; Fig. 2C). Under normal conditions, wild-type (WT) 148	

TDP-43 was mostly present in diffused pattern in the nucleus with rare occurrence of 149	

spontaneous TDP-43 NBs (Fig. 2, D to F). As expected, the NLSmut TDP-43 was predominantly 150	

cytoplasmic and thus the chance of TDP-43 NBs with the NLSmut was even lower than that of the 151	

WT (Fig. 2, D to F). In contrast, the NESmut was exclusively nuclear and formed TDP-43 NBs 152	

even in the absence of arsenite, heat shock or LMB treatment (Fig. 2, D to F). Furthermore, the 153	

solubility of TDP-43-NESmut protein was significantly reduced, as more than half of the protein 154	

was insoluble in radioimmunoprecipitation assay buffer (RIPA) (Fig. 2, G and H).  155	

The marked reduction in the solubility of the NESmu protein raised the question whether the 156	

TDP-43-NESmut NBs were still in a dynamic, liquid-like state or became solid “aggregates”. To 157	

address this question, we examined the stability of WT and mutant TDP-43 proteins by treating 158	

cells with protein synthesis inhibitor cycloheximide (CHX) (53). We found that the RIPA-soluble 159	

TDP-43 protein was rather stable, as none of the WT, NLSmut or NESmut TDP-43 in the soluble 160	

fractions showed significant turnover in 24 h after CHX treatment (Fig. S3, A to D). In contrast, 161	

the RIPA-insoluble fraction of TDP-43-NESmut decreased rapidly upon CHX inhibition and 162	

became almost undetectable within 24 h (Fig. S3, A to D). Meanwhile, we found that the 163	

treatment with CHX led to rapid disassembly of TDP-43-NESmut NBs and reduction in the number 164	

of TDP-43-NESmut NBs per cell (Fig. S3, E and F). These results suggest that the RIPA-insoluble 165	

TDP-43-NESmut NBs are in a reversible, liquid-like state rather than solid “aggregates”. A similar 166	

observation of misfolded proteins entering the liquid-like, granular nucleolus under stress was 167	

recently reported, which may function as a phase-separated protein quality control compartment 168	

(54).  169	

Next, we further examined how disturbance of the cellular proteostasis by blocking protein 170	

turnover impacted on this process. We inhibited proteasome-mediated protein degradation by 171	

MG132, which led to a significant increase in the RIPA-insoluble fraction of the NESmut as well as 172	
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that of the WT TDP-43 protein (Fig. S4, A to D). In contrast, blocking autophagic flux by 173	

chloroquine (CQ) did not significantly affect the levels of insoluble TDP-43 (Fig. S4, E to H). Thus, 174	

the turnover of TDP-43 NBs did not rely on the autophagy-lysosomal pathway, which was more 175	

commonly used to clear misfolded protein aggregates (55, 56). Together, our data indicate that 176	

TDP-43 NBs are dynamic, reversible and sensitive to the environment of surrounding 177	

nucleoplasm, which may act as a general cellular mechanism to various stresses.   178	

 179	

Formation of TDP-43 NBs alleviates the cytotoxicity 180	

We were keen to understand the functional significance of forming TDP-43 NBs. Was it a 181	

“protective” mechanism for cells, like that of SGs? Indeed, we found that overexpression (OE) of 182	

WT or NLSmut TDP-43 but not the NB-forming NESmut in human 293T cells led to decreased cell 183	

viability (Fig. 3A). To further confirm that the formation of TDP-43 NBs was required for the 184	

cytotoxicity-antagonizing effect rather than simply restricting TDP-43 in the nucleus, we sought 185	

for alternative approaches to promote or suppress TDP-43 NBs without disrupting its 186	

nucleocytoplasmic transport. It was previously shown that an acetylation-mimic K145/192Q 187	

mutation of TDP-43 impaired the RNA-binding and promoted the formation of TDP-43 protein 188	

inclusions in both the nucleus and the cytoplasm, whereas the acetylation-deficient K145/192R 189	

mutation suppressed that (40). Hence, we generated the K145/192Q mutation in WT TDP-43 190	

(Fig. 3B) and the K145/192R mutation in TDP-43-NESmut (Fig. 3C).  191	

Indeed, the K145/192Q mutation led to the formation of TDP-43 NBs without affecting the 192	

nucleocytoplasmic distribution of TDP-43 and that was in the absence of LMB or arsenite 193	

treatment (Fig. 3, D, D’, F, and H). And importantly, the NB-promoting K145/192Q mutation 194	

alleviated the cytotoxicity of WT TDP-43 (Fig. 3J), similar to the effect of the NESmut (Fig. 3A). On 195	

the other hand, abolishing NB formation of the NESmut by the K145/192R mutation (Fig. 3, E, E’, 196	

G, and I) made the originally non-toxic TDP-43-NESmut to exhibit marked cytotoxicity (Fig. 3K), 197	

like that of the WT TDP-43 (Fig. 3A). These data demonstrate that the formation of TDP-43 NBs 198	
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reduces the cytotoxicity and increases the cell viability, therefore potentially acting as a 199	

“protective” mechanism to help cells survive stressed or diseased conditions. 200	

 201	

TDP-43-NESmut forms neuronal NBs in vivo and mitigates neurodegeneration in a 202	

Drosophila model of ALS 203	

To validate our findings in an in vivo model, we utilized the binary GAL4-UAS system (57) to 204	

generate transgenic flies in order to express WT, NLSmut or NESmut human TDP-43 (hTDP-43) in 205	

a tissue-specific manner. The transgenes of WT and mutant UAS-hTDP-43 were inserted in the 206	

same locus of the fly genome by ΦC31 integrase-mediated, site-specific integration (58-60). This 207	

approach avoided the location effect on transgene expression across different fly lines and 208	

allowed direct comparison between the WT and mutant TDP-43 flies. Immunohistochemistry 209	

analysis of the whole mount fly brains confirmed the predominant nuclear localization of the WT 210	

and NESmut hTDP-43 in the fly neurons (elav-Gal4), whereas the NLSmut was largely cytoplasmic 211	

(Fig. 4A). Consistent with the data in 293T cells (Fig. 2, D to F), the NESmut hTDP-43 formed 212	

striking NBs in the nucleus of fly neurons (Fig. 4, A and B). Furthermore, the solubility of the 213	

hTDP-43-NESmut protein extracted from the fly brains was significantly decreased (Fig. 4, C and 214	

D), which was also consistent with the results in the mammalian cells (Fig. 2, G and H).  215	

We then examined the consequence of expressing WT, NLSmut or NESmut hTDP-43 in the fly 216	

eye (GMR-Gal4). WT and NLSmut hTDP-43 flies showed slight eye degeneration at Day 5, as 217	

evidenced by the rough surface of the compound eyes and loss of pigment cells. At the same 218	

time point, however, the eyes of the NESmut flies were largely unaffected and the degeneration 219	

score was much lower (0.4 ± 0.34) than that of WT hTDP-43 flies (1.5 ± 0.41, P < 0.001) (Fig. 4E). 220	

By Day 25, the eyes of WT and NLSmut hTDP-43 flies further degenerated as a lot more pigment 221	

cells were lost and some eyes showed swelling especially in the NLSmut hTDP-43 flies. 222	

Compared to WT hTDP-43 flies (2.5 ± 0.13), the eye degeneration of the NLSmut flies was 223	

significantly worse (3.8 ± 0.17, P < 0.001), whereas that of the NESmut flies was substantially 224	

milder (0.8 ± 0.14, P < 0.001) (Fig. 4E). Similar conclusions were obtained from the climbing 225	
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assay, which also showed a striking difference in the severity of neurotoxicity among WT, NLSmut 226	

and NESmut hTDP-43 flies. Expression of WT hTDP-43 in the fly motor neurons (D42-Gal4) 227	

caused an age-dependent decline of the climbing capability, which deteriorated much faster in 228	

the NLSmut flies (Fig. 4F). The behavioral phenotype of NESmut flies was the mildest, whose 229	

climbing capability was not statistically different from that of the control flies (UAS-Luciferase) at 230	

all time points examined (Fig. 4F). Together, these data indicate that the formation of TDP-43 231	

NBs by the NESmut alleviates the TDP-43-mediated neurodegeneration in an in vivo Drosophila 232	

model of ALS. 233	

 234	

The role of the major functional domains of TDP-43 in the assembly of NBs 235	

To understand how TDP-43 NBs were assembled, we generated truncated TDP-43 proteins, 236	

namely ΔLCD, ΔRRM1 and ΔRRM2, to determine how each major domain of TDP-43 is involved 237	

in regulating this process (Fig. S5A). It was previously shown that the intrinsically disordered 238	

LCD domain mediated protein-protein interaction and was critical for the formation of cytoplasmic 239	

SGs and protein aggregations (31, 61). We found that both the WT and ΔLCD TDP-43 were 240	

mostly soluble (Fig. S5, B and C), however, the ΔLCD was unable to form NBs in response to 241	

LMB (Fig. S5, F to G’), indicating that the formation of TDP-43 NBs in cells requires the LCD 242	

domain.  243	

Next, we examined the impact of deleting RRM1 or RRM2 on the assembly of TDP-43 NBs. 244	

The ΔRRM1 TDP-43 was largely soluble (Fig. S5D), while the ΔRRM2 showed a greatly 245	

increased insolubility (Fig. S5E). Interestingly, the ΔRRM1 TDP-43 formed large, ring-like 246	

structures in the nucleus even in the absence of LMB treatment (Fig. S5H). And, treatment with 247	

LMB did not promote further formation of the ring-like structures or trigger the formation of 248	

WT-like TDP-43 NBs (Fig. S5H’). ΔRRM2 TDP-43 looked similar to WT in cells without stress 249	

(Fig. S5I), whereas treating with LMB gave rise to a grainy appearance (Fig. S5I’).  250	

 251	
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Super-resolution microscopy reveals a “core-shell” architecture of TDP-43 NBs 252	

maintained by the opposing functions of the two RRMs 253	

To further characterize the nuclear structures formed by WT, ΔRRM1 and ΔRRM2 TDP-43, we 254	

utilized the Leica LIGHTNING SP8 confocal microscope to capture multicolor images in 255	

super-resolution down to 120 nm. Interestingly, we found that WT TDP-43 formed solid, mid-size 256	

NBs; ΔRRM1 was much larger, ring-shaped; and ΔRRM2 displayed a mesh-like structure with 257	

many smaller NBs (Fig. 5, A and B). Three-dimensional (3D) rendering revealed that WT TDP-43 258	

NBs were not perfect “spheres” as ones might infer from the 2D images; rather, they were in oval 259	

or cylinder shapes in the cell. Unlike WT TDP-43, ΔRRM1 was mostly large, hollow “pillars”; 260	

whereas ΔRRM2 NBs looked similar to those of WT in 3D rendering. Further quantification 261	

confirmed that the average diameter of ΔRRM1 “rings” was drastically larger whereas that of 262	

ΔRRM2 NBs was noticeably smaller than that of WT TDP-43 (Fig. 5C).  263	

Given the distinct morphology of the nuclear structures formed by ΔRRM1 and ΔRRM2 264	

TDP-43, it was tempting to propose a “core-shell” architecture of TDP-43 NBs and the two RRMs 265	

might function antagonistically to maintain such a structure – the RRM1 pushed TDP-43 toward 266	

the core of NBs whereas the RRM2 pulled TDP-43 toward the shell (Fig. 5D). If this hypothesis 267	

were correct, ΔRRM1 TDP-43 that lacked the “centripetal force” of the RRM1 would be mainly 268	

distributed to the shell of NBs, while ΔRRM2 TDP-43 that lacked the “centrifugal force” would be 269	

mainly located in the core. To test this hypothesis, we co-expressed HA-Tagged WT TDP-43 270	

with Myc-tagged WT, ΔRRM1 or ΔRRM2 TDP-43 and induced NB formation in 293T cells by 271	

LMB (Fig. 5, E to H). Indeed, ΔRRM1 formed a ring-like shell wrapping the co-expressed WT 272	

TDP-43 NBs (Fig. 5, F and J) and the diameter of the NBs was dramatically larger (Fig. 5N). The 273	

increased diameter was not simply due to overexpression of two folds of TDP-43 protein, as 274	

co-expression of WT TDP-43-HA and WT myc-TDP-43 did not show such effect (Fig. 5, E, I, and 275	

M). Consistent with our hypothesis, we found that ΔRRM2 co-expressed with the WT TDP-43 276	

was mainly located in the core of NBs (Fig. 5, G and K) and the diameter was significantly 277	

smaller (Fig. 5O). The core-shell architecture could also be clearly seen when ΔRRM1 and 278	
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ΔRRM2 TDP-43 were co-expressed (Fig. 5, H, L, and P). Therefore, the data suggest that RRM1 279	

and RRM2 play different or even opposing functions in the assembly of TDP-43 NBs, possibly by 280	

interacting with different RNAs and other RNA-binding NB proteins via the different RRMs. 281	

  282	

RNA suppresses TDP-43 in vitro de-mixing via the RRMs 283	

Recent studies indicate that the de-mixing process by LLPS condenses RBPs into LD-like 284	

compartments, allowing for the formation of intracellular membraneless RNP granules (25-29). 285	

Several ALS-related RBPs including TDP-43, FUS, hnRNP A1, hnRNP A2 and TIA1 have been 286	

shown to phase separate in vitro (14, 30-35). The dynamic, reversible and membraneless 287	

characteristics of TDP-43 NBs suggested that LLPS might be involved in the formation of 288	

TDP-43 NBs. Indeed, we found that purified full-length (FL) TDP-43 underwent LLPS and formed 289	

LDs in vitro in a dose-dependent manner (Fig. S6, A to C). Similar to the observation in cells (Fig. 290	

S5, G and G’), the C-terminal LCD truncation (TDP-431-274) showed greatly reduced LLPS 291	

capability (Fig. S6D), suggesting a major role of the LCD in mediating TDP-43 de-mixing in vitro 292	

and in vivo. Nevertheless, the formation of TDP-431-274 LDs was evident at a higher protein 293	

concentration (50 µM) (Fig. S6D), confirming the previous observation that the N-terminal 294	

domains of TDP-43 could drive LLPS in vivo (32).  295	

To gain insights into the mechanism involved in the regulation of TDP-43 NBs, we 296	

determined how RNA impacts on the LLPS of TDP-43 by adding total RNAs extracted from HeLa 297	

cells into the in vitro de-mixing system (Fig. S6, E and F). The addition of total RNAs markedly 298	

reduced the LLPS of FL TDP-43 at a concentration of 500 ng/µl (Fig. S6E), whereas a much 299	

lower concentration of total RNAs (100 ng/µl) was sufficient to suppress the LLPS of TDP-431-274 300	

(Fig. S6F). These results confirm the predominant LLPS-promoting role of the C-terminal LCD 301	

and suggest an LLPS-suppressing function for the N-terminal RNA-binding regions. We then 302	

moved on to test how the two RRMs were involved in the RNA suppression of TDP-43 LLPS. 303	

Since the LLPS-promoting effect of the LCD in TDP-43 was overwhelming and made the function 304	

of the RRMs in RNA suppression difficult to assess in the in vitro de-mixing assay (Fig. S6, E and 305	
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F), we instead generated and tested ΔRRM1 and ΔRRM2 TDP-431-274 proteins (Fig. 6A and Fig. 306	

S6G). We confirmed that the RNA-binding affinity of ΔRRM1 and ΔRRM2 TDP-431-274 was 307	

significantly reduced (Fig. S6, H and I). WT as well as ΔRRM1 and ΔRRM2 TDP-431-274 formed 308	

LDs by LLPS in vitro in a dose-dependent manner, though the de-mixing of ΔRRM1 TDP-431-274 309	

appeared less robust than that of WT or ΔRRM2 (Fig. S6, J to L).  310	

To better compare the difference in RNA suppression, we lowered the NaCl concentration 311	

and increased the crowding agent PEG, which allowed WT TDP-431-274 to form larger LDs (Fig. 312	

6B). We found that total RNAs at a concentration of 100 ng/µl markedly reduced the size and 313	

number of LDs of WT TDP-431-274. ΔRRM1 TDP-431-274 did not form large LDs as WT at the 314	

concentration of 50 µM and we initially thought its LLPS would be more easily suppressed by 315	

total RNAs. To our surprise, a much higher concentration (500 ng/µl) of total RNAs was required 316	

to see effective suppression (Fig. 6C), suggesting that deletion of the RRM1 greatly reduced the 317	

ability of total RNAs to suppress the formation of TDP-43 droplets, which was consistent with the 318	

finding that ΔRRM1 TDP-43 spontaneously phase separated into ring-like nuclear structures in 319	

cells even in the absence of cellular stress (Fig. S5H). We also tested ΔRRM1 TDP-431-274 at 100 320	

µM to allow large ΔRRM1 LDs to form and the result confirmed that the suppression of TDP-43 321	

LLPS by total RNAs was dramatically reduced with ΔRRM1, requiring total RNAs of about 250 322	

ng/µl (Fig. 6C’). The suppression of the LLPS of ΔRRM2 TDP-431-274 by total RNAs (100~250 323	

ng/µl) was slightly reduced compared to that of WT (Fig. 6, B and D), but to a less extent than 324	

that of ΔRRM1 (Fig. 6, C and C’). It was worth noting that ΔRRM1 TDP-431-274 showed both 325	

decreased LLPS capacity and reduced sensitivity to RNA suppression, indicating that a RBP 326	

with a lower tendency to phase separate on its own does not necessarily makes its LLPS more 327	

sensitive to RNA suppression. Nevertheless, these data indicate that both RRMs are involved in 328	

RNA suppression of TDP-43 LLPS. 329	

 330	

Upregulation of NEAT1 RNA promotes TDP-43 LLPS 331	

Recent works have revealed both positive and negative regulation of LLPS of prion-like 332	

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 12, 2019. ; https://doi.org/10.1101/802058doi: bioRxiv preprint 

https://doi.org/10.1101/802058
http://creativecommons.org/licenses/by-nc-nd/4.0/


Phase-separated TDP-43 NBs mitigate stress_CWang 

Page 15 of 44 

RBPs by RNA (62). For example, tRNA was shown to reduce the LLPS of FUS in vitro (50). 333	

Similarly, tRNA also potently suppressed the in vitro LLPS of TDP-43 (Fig. 6E). We further 334	

examined the function of the two RRMs in mediating tRNA suppression. We found that ΔRRM1 335	

TDP-431-274 showed similar sensitivity to tRNA suppression, as 1.25 µg/µl of tRNA was sufficient 336	

to suppress the LLPS of both WT and ΔRRM1 TDP-431-274 (Fig. 6, E and F). At this condition, 337	

however, ΔRRM2 LDs could still be observed and the effective suppression required a higher 338	

concentration of tRNA (2.5 µg/µl). It should be pointed out that, unlike the response to total RNAs, 339	

ΔRRM1 TDP-431-274 did not exhibit a greatly decreased sensitivity to tRNA suppression, despite 340	

that again only small ΔRRM1 LDs were present at the beginning of the suppression test. Thus, 341	

the lack of a strong suppression of ΔRRM1 LLPS by total RNAs (Fig. 6C) was not simply 342	

because suppression of small LDs was difficult to detect.  343	

Since stress-induced TDP-43 NBs were co-localized with paraspeckles (Fig. S1, A and B) 344	

and TDP-43 bound directly to the paraspeckle scaffolding RNA NEAT1 (18, 63), we next 345	

examined whether NEAT1 RNA impacted on the phase behavior of TDP-43. Interestingly, we 346	

found that NEAT1 promoted the LLPS of TDP-43 in a dose-dependent manner (Fig. 6H), and 347	

this regulation by NEAT1 required both the RRM1 and RRM2 of TDP-43 (Fig. 6, I and J). 348	

Furthermore, we showed that increasing concentrations of NEAT1 antagonized the suppressing 349	

effect of tRNA, inducing the formation of TDP-43 droplets in vitro (Fig. 6K). In this suppressive 350	

environment, the NEAT1-mediated induction of the LLPS of ΔRRM1 TDP-431-274 was markedly 351	

reduced (Fig. 6L), which was consistent with the observations that ΔRRM1 TDP-43 remained 352	

soluble and LMB did not promote the formation of NBs or increase the number of the ring-like 353	

nuclear structures in cells (Fig. S5, D, H and H’). Under the same condition, NEAT1 RNA more 354	

readily induced the in vitro de-mixing of ΔRRM2 TDP-431-274 (Fig. 6M), likely because tRNA 355	

suppression of ΔRRM2 was less effective (Fig. 6G). The overall increased tendency to form LDs 356	

and to remain phase separated might underlie the formation of more condensed, insoluble 357	

TDP-43 NBs by ΔRRM2 (Fig. S5, E, I and I’).  358	
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Given that NEAT1 RNA could act as scaffolds to promote the nucleation of paraspeckles (50, 359	

64-67) and that stress-induced TDP-43 NBs were partially co-localized with paraspeckles (Fig. 360	

S1, A and B), our data strongly suggest that NEAT1 plays an important role in triggering the 361	

formation of stress-induced TDP-43 NBs in cells. Supporting this hypothesis, we found that the 362	

levels of both the total NEAT1 RNA and the long non-coding RNA (lncRNA) isoform NEAT1_2 363	

were dramatically increased in mouse primary neurons treated with arsenite (Fig. 6N) or LMB 364	

(Fig. 6O), consistent with the observation earlier in this study that TDP-43 formed NBs in 365	

stressed neurons (Fig. S2, C and D). Together, we propose that cellular stress increases NEAT1 366	

RNA levels, which antagonize the suppressive environment of the nucleoplasm by providing 367	

nucleation scaffolds that condensate TDP-43 and other NB components, triggering the formation 368	

of TDP-43 NBs in stressed cells. 369	

 370	

ALS-associated D169G mutation of TDP-43 shows a specific defect in NB formation 371	

This study was launched by the discovery that TDP-43 formed cytotoxicity-antagonizing NBs in 372	

mammalian cells and the formation of NBs alleviated TDP-43-mediated neurodegeneration in 373	

flies. To further investigate the relevance of TDP-43 NBs in the pathogenesis of human diseases, 374	

we examined several known ALS-causing TDP-43 mutants. Interestingly, we found that the 375	

mutation of D169G (640A>T) (4; and Fig. 7A) dramatically reduced the capability of TDP-43 to 376	

form NBs in response to stress induced by arsenite (Fig. 7, B to D) or LMB (Fig. S7, A to C). In 377	

contrast, the nucleocytoplasmic transport and recruitment of D169G TDP-43-D169G to SGs was 378	

unaffected (Fig. 7, B and E), which was consistent with the previous assessments of D169G in 379	

SG formation (68, 69). The D169G mutation is in the RRM1, which is thought to cause a local 380	

conformational change that increases the thermal stability of the RRM1 (70, 71). It is worth 381	

noting that most known disease-associated mutations such as M337V are enriched in the LCD 382	

region of TDP-43 (Fig. S7, D and E), which are thought to promote aberrant phase transition of 383	

SGs to irreversible protein aggregates in disease (11). Unlike D169G, we did not observe a 384	

significant effect of M337V mutation on the assembly of TDP-43 NBs (Fig. S7, F and G). Thus, 385	
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TDP-43D169G has a specific defect in the formation of stress-induced NBs. In addition, these 386	

findings indicate that although TDP-43 NBs and SGs are both phase-separated RNP granules, 387	

the exact mechanisms regulating their assembly are different. 388	

 Next, we examined if the phase separation behavior of TDP-43-D169G was altered, which 389	

might contribute to the defect in TDP-43 NB formation. We found that purified D169G TDP-431-274 390	

protein formed LDs in a dose-dependent manner just like that of WT in the in vitro LLPS assay 391	

(Fig. 7, F, G and H), suggesting that the ability of D169G to phase separate was not dramatically 392	

changed. Further, the suppression of TDP-43 LLPS by total RNAs showed no difference in 393	

D169G compared to that of WT TDP-431-274 (Fig. 7, I and J), suggesting the normal regulation of 394	

TDP-43 RNP granules by total RNAs remained intact in D169G. This was consistent with the 395	

result that D169G did not affect SG assembly or TDP-43 translocation to SGs (Fig. 7B and 7E). 396	

In striking contrast, the induction of TDP-43 LLPS by NEAT1 RNA was drastically reduced in 397	

D169G (Fig. 7, K and L). Thus, these data not only well cohered with the observation that 398	

TDP-43-D169G was defective in NB formation but also further confirmed the crucial role of 399	

NEAT1 in triggering the assembly of TDP-43 NBs. Together with the cytotoxicity-antagonizing 400	

function of TDP-43 NBs (Fig. 3 and Fig. 4), the findings of D169G (Fig. 7) suggest that a 401	

compromise of stress-induced TDP-43 NBs may be involved in ALS pathogenesis.  402	
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DISCUSSION  403	

This study was initiated by the finding that TDP-43 formed distinct nuclear granules in stressed 404	

cells. We then characterized these subnuclear structures and demonstrated that they meet the 405	

three criteria of NBs (15) – (1) microscopically distinctive; (2) enriched of TDP-43 and partially 406	

colocalized with paraspeckles; and (3) liquid or hydrogel-like, highly dynamic and sensitive to the 407	

surrounding nucleoplasm. Further, we show that various cellular stresses such as arsenic stress, 408	

nuclear export blockage and proteasomal inhibition induce the formation of TDP-43 NBs. And 409	

TDP-43 NBs are detected in human cells, mouse primary neurons, and fly brains in vivo. Thus, 410	

the assembly of TDP-43 NBs may be a general stress response that occurs in multiple cell types 411	

and different organisms.  412	

 413	

The cytotoxicity-antagonizing effect of TDP-43 NBs 414	

Although TDP-43 insoluble aggregates are found in the nucleus and cytoplasm of affected 415	

neurons in ALS and FTD patients, reducing TDP-43 aggregates did not reduce or prevent cell 416	

death (72), suggesting that TDP-43 aggregation is associated with rather than a primary cause of 417	

neurodegeneration. Interestingly, we find in this study that NB-forming TDP-43 such as the 418	

NESmut and the K145/192Q mutation are much less cytotoxic than diffused WT TDP-43. More 419	

importantly, abolishing the capability of TDP-43-NESmut to form NBs makes the originally 420	

non-toxic NESmut exhibit cytotoxicity. Furthermore, transgenic flies expressing TDP-43-NESmut 421	

form remarkable NBs in the fly neurons and the neurodegeneration is considerably less severe 422	

than that of the TDP-43-WT flies. In line of the cytoprotective role, TDP-43+ paraspeckles are 423	

observed in the spinal motor neurons of ALS patients especially in the early phases of the 424	

disease (18), suggesting that TDP-43 NBs may be called up and engaged in the first line of 425	

defense against cellular stress and disease conditions. 426	

Paraspeckles are a class of subnuclear RNP granules formed by the scaffolding lncRNA 427	

NEAT1 associated with SFPQ and other paraspeckle proteins (64, 66, 73-75), which are 428	

engaged in regulating different cellular functions through nuclear retention of specific mRNAs 429	
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and proteins (76-78). SGs sequester mRNAs and temporarily arrest protein synthesis to help 430	

cells survive stress (79). Given that TDP-43 is presented in both paraspeckles and SGs and 431	

plays an important role in regulating gene expression and RNA metabolism (63, 80-82), it is 432	

reasonable to speculate that a similar underpinning mechanism may contribute to the 433	

cytoprotective function of TDP-43 NBs. For example, assembly of TDP-43 NBs may stall DNA 434	

transcription and/or arrest RNA processing; when stress is relieved, TDP-43 NBs disassemble 435	

and release the RNAs and nuclear proteins required for normal cell functions. In addition, since 436	

intranuclear inclusions of TDP-43 are also found in ALS patients (83), our data do not exclude 437	

the possibility that TDP-43 NBs may become irreversible protein aggregates under extended 438	

stress or diseased conditions.  439	

 440	

The architecture of TDP-43 NBs and the functions of the two RRMs 441	

The super-resolution 3D rendering reveals that TDP-43 NBs are ovals or cylinders in the nucleus 442	

rather than perfect spheres as inferred from the 2D images. The “roundness” has been described 443	

as one of the basic features for the notion that RNP granules are membraneless, intracellular 444	

compartments formed by LCD-mediated phase separation. Our data suggests that substantial 445	

additional forces, possibly provided by protein-protein and/or protein-RNA interactions, 446	

participate in assembling and shaping RNP granules, at least for the case of TDP-43 NBs.  447	

 TDP-43 contains two canonical RRMs in tandem. RRM1 has a longer Loop3 region than 448	

RRM2 and is thought to have a higher affinity for RNA targets (84-85). Although we did not 449	

detect a significant difference in the binding affinity between ΔRRM1 and ΔRRM2 to total RNAs 450	

in the dot-blot assay, they do show divergent sensitivities to RNA suppression in the in vitro 451	

LLPS assays, likely because that the two RRMs have different RNA preferences (84). It needs to 452	

be noted that the effects of RNA on ΔRRM1 and ΔRRM2 TDP-43 were compared without the 453	

LCD in the in vitro LLPS assays. This is because the LCD presents an overwhelming 454	

LLPS-driving force (25, 31, 37, 61), whereas the in vitro LLPS system appears to be much less 455	

suppressive than the conditions in the nucleoplasm (see below).  456	
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In cells, TDP-43 is diffused in the nucleus and does not form NBs spontaneously under 457	

normal conditions. And, the partition of TDP-43 into phase-separated intracellular compartments 458	

requires the LCD (31, 61, and also see Fig. S5). Thus, ΔRRM1 and ΔRRM2 are examined 459	

inclusive of the LCD in cell-based experiments in this study. ΔRRM1 lacks the RRM1-mediated 460	

suppression but contains the forceful LLPS-promoting LCD, which leads to spontaneous phase 461	

separation of ΔRRM1 in the nucleus. Meanwhile, since the RRM1 is also used by TDP-43 to 462	

anchor itself to the core of the NBs, the phase-separated ΔRRM1 forms large, ring-like structures. 463	

The seemingly conflicting effects of RRM1 – inhibiting TDP-43 phase separation under normal 464	

conditions whereas pushing TDP-43 toward the core of the NBs when the LLPS occurs – may be 465	

achieved by interacting with different RNAs. In contrast, since ΔRRM2 retains the main RNA 466	

suppression force mediated by RRM1, it does not spontaneously phase separate in the nucleus. 467	

When stressed, ΔRRM2 forms small, condensed NBs possibly because the RRM2-mediated 468	

“centrifugal force” is no longer available to counteract the RRM1-mediated “centripetal force”. 469	

Together, we propose a “push-and-pull” model for the opposing effects of the two RRMs in 470	

maintaining the “core-shell” architecture of TDP-43 NBs. 471	

 472	

The role of RNAs in regulating TDP-43 LDs and NBs 473	

RNA can either promote or suppress the assembly of RNP granules depending on the 474	

concentrations and the types of the RNA (15, 16, 25, 26). In addition, the ALS/FTD-related 475	

C9ORF72 repeat RNA promotes phase transition and assembly of RNP granules in cells (86). In 476	

this study, we show that tRNA suppresses TDP-43 LLPS, similar to the effect on FUS (50); 477	

however, tRNA was previously shown to enhance Tau LLPS (87). Thus, even for the same RNA, 478	

its role may vary depending on the protein that it interacts with. 479	

lncRNAs are thought to provide the scaffold for the assembly of paraspeckles (64, 65, 67) 480	

and nuclear stress bodies (88, 89). In particular, the paraspeckle lncRNA NEAT1 are increased 481	

in patients and/or animal models of several neurodegenerative diseases including ALS (18), 482	

Alzheimer’s disease (90), Parkinson’s disease (91), Huntington’s disease (92), and multiple 483	
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sclerosis (93). In this study, we find that NEAT1 lncRNA is substantially upregulated in stressed 484	

neurons and TDP-43 NBs are partially colocalized with paraspeckles, cohering with the similar 485	

observations in the spinal motor neurons of early ALS patients (18). Further in vitro experiments 486	

indicate that NEAT1 RNA not only promotes TDP-43 LLPS, but also antagonizes the generally 487	

“suppressive” environment modeled using tRNA. Thus, stress-induced upregulation of NEAT1 488	

may provide nucleation scaffolds to concentrate TDP-43 and other NB proteins, which overturns 489	

the suppressive environment in the nucleoplasm, leading to the emergence of TDP-43 NBs. It is 490	

worth noting that lncRNAs are potential targets of TDP-43 (94-96), implying complicated 491	

cross-regulation between TDP-43 and NEAT1 in this cellular stress response mechanism. 492	

 493	

The D169G mutation and the relevance of TDP-43 NBs in ALS pathogenesis 494	

More than 30 disease-causing mutations have been identified in the gene encoding TDP-43, of 495	

which most are in the LCD and the adjacent regions (5, 97). D169G is the only known 496	

ALS-causing mutation within the RRM of TDP-43 (4) and its pathogenic mechanism has been 497	

elusive. Initially, it was presumed to abrogate RNA binding due to its location within the RRM (4). 498	

However, subsequent work indicates that the binding affinity of D169G to RNA or DNA is not 499	

decreased (85). And, although TDP-43D169G exhibits slightly increased thermal stability and may 500	

be more susceptible to proteolytic cleavage (70, 71), it does not engender aberrant 501	

oligomerization but rather increases the resistance of TDP-43 to aggregation (70). Further, the 502	

D169G mutation does not affect TDP-43 subcellular distribution or SG recruitment (68, 69; also 503	

see Fig. 7). The only reported cellular alteration by D169G is that it reduces polyubiquitination 504	

and co-aggregation of TDP-43 with Ubiquilin 1 (98). However, given the long-standing notion that 505	

ubiquitinated cytoplasmic inclusions containing TDP-43 is a hallmark and major cause of the 506	

disease (6, 10, 11), it is difficult to understand how decreased ubiquitination and aggregation of 507	

TDP-43D169G leads to disease pathogenesis. 508	

In this study, we discover that TDP-43D169G has a striking and specific defect in the formation 509	

of stress-induced TDP-43 NBs but not SGs. D169G is thought to cause a small local 510	
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conformational change in the Turn6 of the β-sheets within the RRM1 of TDP-43 (70, 71), but 511	

does not reduce the overall binding affinity of TDP-43 to nucleic acids (85). Indeed, we find that 512	

the suppression of TDP-43 LLPS by total RNAs is unaffected by D169G, whereas the induction 513	

of TDP-43 LLPS by NEAT1 is dramatically diminished. Together with the cytoprotective role of 514	

TDP-43 NBs, D169G provides a paradigm for compromise of TDP-43 NBs involved in ALS 515	

pathogenesis. Given that cytoplasmic mislocalization and nuclear depletion of TDP-43 are 516	

common in diseased neurons, it is likely that loss of the TDP-43 NB-mediated stress-mitigating 517	

function may also underlie other cases of ALS and related diseases.   518	
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Figure 1. TDP-43 forms reversible, dynamic NBs in response to arsenic stress.  773	

(A) Representative confocal images of HeLa cells in the absence (PBS) or presence of arsenite 774	

(250 µM, 30 min) forming TDP-43 NBs (arrows) and TDP-43+ SGs (arrowheads) (also see Movie 775	

S1). All cells are transfected with TDP-43-HA (anti-HA) and stained for SGs with anti-TIAR; 776	

merged images with DAPI staining for DNA (blue) are shown. Arrows, TDP-43 NBs; arrowheads, 777	

SGs associated with TDP-43 (TDP-43+ SGs). (B) Quantification of the percentage of cells that 778	

show TDP-43 NBs or TDP-43+ SGs before and after arsenite the treatment in (A). Data are 779	

shown as mean ± SEM, n = ~100 cells for each group from pooled results of 3 independent 780	

repeats; *p < 0.05, **p < 0.01, ***p < 0.001; Student’s t-test for comparison between stress and 781	

no stress within the same group, two-way ANOVA for comparison of the stress-induced changes 782	

between different groups. (C) Representative images of the FRAP analysis of GFP-TDP-43 NBs 783	

in live cells (also see Movie S2). (D) The FRAP recovery curve is quantified by averaging the 784	

relative fluorescence intensity (FI) of 9 TDP-43 NBs of similar size at indicated time after 785	

photobleaching. The relative FI of each TDP-43 NB prior to photobleaching is set to 100%. Time 786	

0 refers to the time point right after photobleaching. (E) Representative images showing the 787	

disappearance of TDP-43 NBs and TDP-43+ SGs after arsenite washout. (F-H) Quantification of 788	

the percentage of cells showing TDP-43 NBs (F), TDP-43+ SGs (G) or the average count of 789	

TDP-43 NBs per cell (H) at indicated time points after arsenite washout in (E). Mean ± SEM, 790	

except for (H) box-and-whisker plots. n = ~100 cells for each group in (F-G) and ~15 cells for 791	

each group in (H), pooled results from 3 independent repeats; statistic significance is determined 792	

by comparing to time 0; *p < 0.05, **p < 0.01, ***p < 0.001; one-way ANOVA. Scale bars, 10 µm 793	

in (A) and 5 µm in (C, E).  794	
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Figure 2. Inhibition of nuclear export induces TDP-43 NBs.  797	

(A-B) Representative images of endogenous TDP-43 (endo-TDP-43) forming NBs upon LMB 798	

treatment (25 nM, 24 h). Percentage of cells showing distinct TDP-43 NBs in (A) is quantified in 799	

(B). (C) A diagram showing the major domains of human TDP-43 and the residues mutated in 800	

the localization signals. NLS, nuclear localization signal; RRM, RNA recognition motif; NES, 801	

nuclear export signal; LCD, low complexity domain. (D) Representative images of 293T cells 802	

transfected with WT, NLSmut or NESmut TDP-43. (E-F) The percentage of cells with NBs (E) and 803	

the average number of NBs per cell (F) are quantified. (G-H) Representative Western blot 804	

images (G) and quantifications (H) of WT, NLSmut and NESmut TDP-43 proteins in the soluble (S, 805	

supernatants in RIPA) and insoluble fractions (I, pellets resuspended in 9 M of urea). Mean ± 806	

SEM, except for (F) box-and-whisker plots. n >120 cells each condition in (B, E) and ~ 10 cells 807	

each condition in (F) from pooled results of 3 independent repeats, n = 3 in (G-H); *p < 0.05, **p 808	

< 0.01, ***p < 0.001; ns, not significant; Student’s t-test in (B), one-way ANOVA in (E-F, H). Scale 809	

bar: 5 µm.  810	
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Figure 3. Formation of NBs mitigates TDP-43-mediated cytotoxicity. 813	

(A) OE of the WT or NLSmut but not NESmut TDP-43 in 293T cells exhibits cytotoxicity and 814	

decreases the cell viability, which is measured by the Cell Counting Kit-8 (CCK-8) assay. (B-C) 815	

Diagrams showing the K145/192Q mutation in the WT TDP-43 and the K145/192R mutation in 816	

the NESmut TDP-43, respectively. (D-E’) Representative confocal images of the WT (D) and “WT 817	

+ K145/192Q” TDP-43 (D’), or the NESmut (E) and “NESmut + K145/192R” TDP-43 (E’) in 293T 818	

cells. (F-G) Quantifications of the average numbers of TDP-43 NBs per cell formed in each group 819	

in (D-E’) as indicated. (H-I) Percentages of cells with TDP-43 exclusively in the nucleus (nuclear) 820	

or in both the nucleus and the cytoplasm (cyto) in (D-E’) are quantified. (J-K) The viability of cells 821	

expressing the WT or NESmut TDP-43 with the indicated NB-promoting or NB-suppressing 822	

mutation is assessed using the CCK-8 assay. Mean ± SEM, except for (F-G) box-and-whisker 823	

plots; n = 3 in (A, J-K), n = ~12 cells each group in (F-G), n >100 cells per group in (H-I). *p < 824	

0.05, **p < 0.01, ***p < 0.001; ns, not significant; one-way ANOVA in (A), Student’s t-test in (F-G, 825	

J-K), two-way ANOVA in (H-I). Scale bar: 5 µm.  826	
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Figure 4. Transgenic flies expressing WT, NLSmut or NESmut hTDP-43. 830	

(A) Representative confocal images of the fly central brain neurons (elav-Gal4) expressing the 831	

WT or mutant hTDP-43 as indicated. The whole-mount fly brains were dissected and 832	

immunostained for hTDP-43 (green) and DAPI (blue, to show the nucleus). (B) The average 833	

percentages of fly neurons with or without TDP-43 NBs are quantified. Mean ± SEM, n = ~100 834	

neurons each group. (C-D) Representative image (C) and quantification (D) of Western blot 835	

analysis of the WT or mutant hTDP-43 protein extracted from the fly head in RIPA-soluble (S) or 836	

RIPA-insoluble (I, resuspended in 9 M of urea) fractions. All protein levels are normalized to 837	

GAPDH. The relative level of soluble TDP-43-WT is set to 100%. Mean ± SEM, n = 4. (E) 838	

Representative z-stack images of the fly eye (GMR-Gal4) expressing the WT or mutant hTDP-43 839	

transgenes as indicated at Day 5 or Day 25. The average degeneration score (mean ± SEM) and 840	

the statistic significance (compared to hTDP-43-WT flies) of each group are indicated at the 841	

bottom. n = 8 eyes each group. (F) The climbing capability of the flies expressing the WT or 842	

mutant hTDP-43 in motor neurons (D42-Gal4) is evaluated as percentage of flies climbing over 3 843	

cm in 10 seconds. Control, UAS-luciferase. Mean ± SEM, the number of flies tested for each 844	

genotype is shown. *p < 0.05, ***p < 0.001; ns, not significant; two-way ANOVA in (B, F), 845	

one-way ANOVA in (D-E). Scale bars: 2 µm in (A) and 100 µm in (E).  846	
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Figure 5. The role of RRM1 and RRM2 in maintaining the architecture of TDP-43 NBs. 850	

(A) A diagram showing the major functional domains of WT TDP-43 and the ΔRRM1 and 851	

ΔRRM2 mutants. (B) LIGHTNING super-resolution microscopy of 293T cells transfected with 852	

Myc-TDP-43-WT, ΔRRM1 or ΔRRM2 and treated with LMB. Higher magnification images 853	

(zoom-ins) and 3D renderings of the boxed areas are shown. (C) The average diameters of the 854	

WT, ΔRRM1 and ΔRRM2 TDP-43 nuclear structures in (B) are quantified. (D) A schematic 855	

model of the core-shell architecture of TDP-43 NBs (red) and the distinct distribution of ΔRRM1 856	

(green) and ΔRRM2 (blue). (E-H) LIGHTNING multicolor super-resolution microscopy and higher 857	

magnification images of representative LMB-induced TDP-43 NBs. Cells are co-transfected with 858	

a combination of HA- or Myc-tagged WT, ΔRRM1 or ΔRRM2 TDP-43 as indicated. (I-P) The 859	

intensity profiles (I-L) along the indicated lines and the average diameters (M-P) of TDP-43 NBs 860	

in each group are shown. The box-and-whisker plots with the value of each NB measured are 861	

shown. n = ~900 NBs in (C, M-P) for each group from pooled results of at least 3 independent 862	

repeats; #p < 0.0001; one-way ANOVA in (C) and Student’s t-test in (M-P). Scale bars: 5 µm in 863	

(B), 2 µm in (E-H) and 200 nm in the zoom-ins.  864	
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Figure 6. The effects of different RNAs on TDP-43 LLPS in vitro. 868	

(A) A diagram showing the WT, ΔRRM1 and ΔRRM2 of TDP-431-274. (B-D) The total RNA 869	

extracts, (E-G) tRNA, and (H-J) lncRNA NEAT1 are added into the in vitro LLPS assay of WT, 870	

ΔRRM1 and ΔRRM2 TDP-431-273 as indicated. C’, a higher concentration of ΔRRM1 is also 871	

included in order to start the suppression assay with large LDs as those of WT TDP-43. (K-M) 872	

tRNA-mediated suppression of TDP-43 LLPS can be antagonized by increasing NEAT1 RNA 873	

levels. The concentrations of NaCl, the crowding agent PEG, TDP-43 proteins and RNAs used in 874	

the in vitro assays are as indicated. (N-O) Cellular stress induced by arsenite (N) or LMB (O) 875	

increases NEAT1 RNA levels in mouse primary neurons compared to the vehicle control PBS 876	

and ethanol, respectively. Mean ± SEM, n = 3; *p < 0.05, **p < 0.01, ***p < 0.001; Student’s t-test. 877	

Scale bars: 2 µm.  878	
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Figure 7. The ALS-associated D169G mutation impairs the ability of TDP-43 to form 881	

stress-induced NBs and NEAT1-promoted LDs. 882	

(A) A diagram showing WT and D169G mutant TDP-43. (B) Representative confocal images of 883	

HeLa cells transfected with WT or D169G TDP-43 in the absence (PBS) or presence of arsenite. 884	

Green, TDP-43-HA (anti-HA); Red, anti-TIAR for SGs; Blue, DAPI staining for DNA (nucleus). 885	

Arrows, TDP-43 NBs; arrowheads, TDP-43+ SGs. (C-E) The percentage of cells with TDP-43 886	

NBs (C), the average count of TDP-43 NBs per cell (D) and the percentage of cells with TDP-43+ 887	

SGs (E) in (B) are quantified. Mean ± SEM, except for (D) box-and-whisker plots; n = ~100 cells 888	

for each group in (C, E) and n = ~15 cells for each group in (D) from pooled results of 3 889	

independent repeats; ***p < 0.001; ns, not significant; Student’s t-test. (F) Coomassie blue 890	

staining confirming the purified WT and D169G TDP-431-274 proteins used in the in vitro LLPS 891	

assays. (G-H) Both WT and D169G TDP-43 form LDs by LLPS in a dose-dependent manner. 892	

(I-J) Suppression of the in vitro LLPS of WT and D169G TDP-43 by total RNA extracts. (K-L) 893	

Promotion of TDP-43 LLPS by NEAT1 RNA is dramatically reduced in the D169G TDP-43. The 894	

concentrations of NaCl, TDP-43, PEG and RNA used in the in vitro assays are as indicated. 895	

Scale bars: 5 µm in (B) and 2 µm in (G-L).  896	
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Online Methods 20	

Plasmids and constructs 21	

The pcDNA3.1-TDP-43-HA and pCMV-myc-TDP-43 plasmids were as previously described (99) 22	

and used as the templates to generate the following plasmids. The pcDNA3.1-TDP-43-NESmut, 23	

NLSmut, D169G and M337V-HA plasmids were generated by site-directed mutagenesis using the 24	

Fast Mutagenesis Kit II (Vazyme). The pcDNA3.1-TDP-43-K145/192Q-HA and 25	

pcDNA3.1-TDP-43-NESmut-K145/192R-HA plasmids were generated by site-directed 26	

mutagenesis using the Fast Mutagenesis Kit MultiS (Vazyme). The pCMV-myc-TDP-431-274 27	

pCMV-myc-TDP-43-ΔRRM1, and pCMV-myc-TDP-43-ΔRRM2 plasmids were generated by 28	

PCR using the pCMV-myc-TDP-43 plasmid as a template. To generate the pCAG-GFP-TDP-43 29	

plasmid, the GFP coding sequence was amplified from pcDNA3.1-GFP-AXR3 (a gift from Dr. Z. 30	

Zhang) by PCR and then subcloned into a pCAG-hTDP-43 plasmid (99) using the ClonExpress 31	

MultiS One Step Cloning Kit (Vazyme). 32	

For lentivirus infection of mouse primary neurons, the pLenti-hSyn-TDP-43-HA plasmid was 33	

generated by PCR using the pcDNA3.1-TDP-43-HA as a template and sub-cloned into the 34	

pLenti-hSyn vector (a gift from Dr. Y. Chen). 35	

For generation of transgenic fly lines, the WT and mutant UAS-hTDP-43 constructs were 36	

generated by PCR using the above plasmids as a template and sub-cloned into the 37	

pBID-UASC-6*Myc vector (100) between the KpnI and ApaI sites. 38	

For Escherichia coli (E. coli) expression, the pET28a-6×His-sumo-TDP-43, 39	

sumo-TDP-43-1-274, His-TDP-431-274, His-TDP-431-274-ΔRRM1, His-TDP-431-274-ΔRRM2 and 40	

His-TDP-431-274-D169G constructs were generated by PCR using the above WT or mutant 41	

TDP-43 plasmid as a template and were sub-cloned into a pET28a-6×His (a gift from Dr. L. Pan) 42	

or pET28a-6×His-sumo (a gift from Dr. J. Zhou) vector. 43	

For in vitro transcription of NEAT1 RNA, the pcDNA3.1-NEAT1 was generated by PCR 44	

using the pEGFP-C1-mNEAT1 plasmid (a gift from Dr. L. Chen) as a template and sub-cloned 45	

into the pcDNA3.1 vector. 46	
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The primers used for PCR to generate the expression plasmids are summarized below. All 47	

constructs were verified by sequencing to ensure the integrity of the cloned open reading frames.  48	

pcDNA3.1-TDP-43-HA: 49	

5’- CGTTTAAACGGGCCCTCTAGAGCCACCATGTCTGAATATATTCGG -3’ 50	

5’-CACAGTGGCGGCCGCCTAAGCGTAGTCTGGGACGTCGTATGGGTACATTCCCCAG51	

CCAGAAG -3’ 52	

pcDNA3.1-TDP-43-NLSmut-HA: 53	

5’- TAACGCAGCAGCAATGGATGAGACAGATGCTTCATCA -3 54	

5’- CCATTGCTGCTGCGTTATCTTTTGGATAGTTGACAACATACA -3 55	

pcDNA3.1-TDP-43-NESmut-HA: 56	

5’- GGCAGCGCAGTCTGCATGTGGAGAGGACTTGATCATTAAAGG -3 57	

5’- ATGCAGACTGCGCTGCCTGATCATCTGCAAATGTAACAAAGG -3 58	

pLenti-hSyn-TDP-43-HA: 59	

5’- AGAGCGCAGTCGAGAGGATCCGCCACCATGTCTGAATATATTCGG -3’ 60	

5’-	GATAAGCTTGATATCGAATTCTCATTAAGCGTAGTCTGGGACGTCG -3’ 61	

pBID-UASC-TDP-43-Myc: 62	

5’- CGGCCGCGGCTCGAGGGTACCATGTCTGAATATATTCGGGTAACCG -3’ 63	

5’- GAGTTTTTGTTCGAAGGGCCCTCTAGACTCGAGCATTCCCCAGCCAGAAGACTT-3’ 64	

pBID-UASC-TDP-43-NLSmut-Myc: 65	

5’- CGGCCGCGGCTCGAGGGTACCATGTCTGAATATATTCGGGTAACCG -3’ 66	

5’- GAGTTTTTGTTCGAAGGGCCCTCTAGACTCGAGCATTCCCCAGCCAGAAGACTT-3’ 67	

pBID-UASC-TDP-43-NESmut-Myc: 68	

5’- CGGCCGCGGCTCGAGGGTACCATGTCTGAATATATTCGGGTAACCG -3’ 69	

5’- GAGTTTTTGTTCGAAGGGCCCTCTAGACTCGAGCATTCCCCAGCCAGAAGACTT-3’ 70	

pcDNA3.1-TDP-43-K145/192Q-HA: 71	

5’- TCATTCACAGGGGTTTGGCTTTGTTCGTTTT -3 72	

5’- CAAACCCCTGTGAATGACCAGTCTTAAGATCTTTCTTG -3 73	
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5’- GCAGACAAGTGTTTGTGGGGCGCTGTAC -3 74	

5’- CACAAACACTTGTCTGCTTCTCAAAGGCTCATCTT -3 75	

pcDNA3.1-TDP-43-NESmut-K145/192R-HA: 76	

5’- TCATTCAAGGGGGTTTGGCTTTGTTCGTTTT -3 77	

5’- CAAACCCCCTTGAATGACCAGTCTTAAGATCTTTCTTG -3 78	

5’- GCAGAAGAGTGTTTGTGGGGCGCTGTAC -3 79	

5’- CACAAACACTCTTCTGCTTCTCAAAGGCTCATCTT -3  80	

pcDNA3.1-TDP-43-D169G-HA:	 	81	

5’- ATGATAGGTGGACGATGGTGTGACTGCAAACT -3’ 82	

5’- CATCGTCCACCTATCATATGTCGCTGTGACATTACTTTC -3’ 83	

pcDNA3.1-TDP-43-M337V-HA:	 	84	

5’- GGTATGGTGGGCATGTTAGCCAGCCAGCAGAA -3’ 85	

5’- AACATGCCCACCATACCCCAACTGCTCTGTAGTGC -3’ 86	

pCMV-Myc-TDP-43:  87	

5’- ATGGCCATGGAGGCCCGAATTCATGTCTGAATATATT-3’ 88	

5’- CCGCGGCCGCGGTACCTCGAGCTACATTCCCCAGCCAGAAGAC -3’ 89	

pCMV-Myc-TDP-431–274:  90	

5’- ATGGCCATGGAGGCCCGAATTCATGTCTGAATATATT -3’  91	

5’- CCGCGGCCGCGGTACCTCGAGCTATCCACTTCTTTCTAACTGTCTATTGC -3’ 92	

pCMV-Myc-TDP-43-ΔRRM1:  93	

5’- ATGGCCATGGAGGCCCGAATTCATGTCTGAATATATT -3’ 94	

5‘- CCGCGGCCGCGGTACCTCGAGCTACATTCCCCAGCCAGAAGAC -3’ 95	

pCMV-Myc-TDP-43-ΔRRM2: 96	

5’- ATGGCCATGGAGGCCCGAATTCATGTCTGAATATATT -3’ 97	

5‘- CCGCGGCCGCGGTACCTCGAGCTACATTCCCCAGCCAGAAGAC -3’ 98	

pCAG-GFP-TDP-43: 99	

5’- CATCATTTTGGCAAAGAATTCCACCATGGTGAGCAAGGGCGAGG -3’ 100	
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5’- CAGACATGCTTCCGCCCTTGTACAGCTCGTCCATGCC -3’ 101	

5’- CGAGCTGTACAAGGGCGGAAGCATGTCTGAATATATTCGGGTAACCG -3’ 102	

5’- GCTCCCCGGGGGTACCTCGAGCTATTACATTCCCCAGCCAGAAGACTT -3’ 103	

pET28a-6×His-TDP-431–274: 104	

5’- CAGCAAATGGGTCGCGGATCCATGTCTGAATATATTCGGGTAACCG -3’ 105	

5’- GTGGTGGTGGTGGTGCTCGAGTTAACTTCTTTCTAACTGTCTATTGCTATTG -3’ 106	

pET28a-6×His-TDP-431–274-ΔRRM1: 107	

5’- CAGCAAATGGGTCGCGGATCCATGTCTGAATATATTCGGGTAACCG -3’ 108	

5’- GTGGTGGTGGTGGTGCTCGAGTTAACTTCTTTCTAACTGTCTATTGCTATTG -3’ 109	

pET28a-6×His-TDP-431–274-ΔRRM2: 110	

5’- CAGCAAATGGGTCGCGGATCCATGTCTGAATATATTCGGGTAACCG -3’ 111	

5’- GTGGTGGTGGTGGTGCTCGAGTTAACTTCTTTCTAACTGTCTATTGCTATTG -3’ 112	

pET28a-6×His-TDP-431–274-D169G: 113	

5’- CAGCAAATGGGTCGCGGATCCATGTCTGAATATATTCGGGTAACCG -3’ 114	

5’- GTGGTGGTGGTGGTGCTCGAGTTAACTTCTTTCTAACTGTCTATTGCTATTG -3’ 115	

pET28a-6×His-sumo-TDP-43: 116	

5’- AGAGAACAGATTGGTGGATCCATGTCTGAATATATTCGGGTAACCG -3’ 117	

5’-TTGTCGACGGAGCTCGAATTCTTACATTCCCCAGCCAGAAGAC -3’ 118	

pET28a-6×His-sumo-TDP-43-1–274: 119	

5’- AGAGAACAGATTGGTGGATCCATGTCTGAATATATTCGGGTAACCG -3’ 120	

5’- TTGTCGACGGAGCTCGAATTCTTATCCACTTCTTTCTAACTGTCTATTGC -3’ 121	

pcDNA3.1-NEAT1: 122	

5’- CGTTTAAACGGGCCCTCTAGAGAGTTAGTGACAAGGAGGGCTCG -3’ 123	

5’- ATATCCAGCACAGTGGCGGCCGCTTCAATCTCAAACCTTTATTTTGCTG-3’ 124	

 125	

Cell cultures and transfection 126	

293T and HeLa cells were cultured in Dulbecco's Modified Eagle Medium (Sigma, D0819) 127	
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supplemented with 10% (v/v) fetal bovine serum (FBS, BioWest) and 1% penicillin/streptomycin 128	

at 37˚C in 5% CO2. Transient transfection was performed using Lipofectamine™ 3000 129	

(Invitrogen) in Opti-MEM (Invitrogen). Cells were transfected for at least 24h before the 130	

subsequent drug treatments or examinations.  131	

 132	

Pharmacological experiments:  133	

Arsenite treatment: HeLa or 293T cells were grown on coverslips in a 24-well plate and 134	

transfected with the indicated plasmids for 24 h. Cells were then treated with 250 µM of NaAsO2 135	

or PBS for 30 min, prior to fixation with 4% paraformaldehyde. For the recovery experiments, the 136	

culture medium containing NaAsO2 was removed and the cells were incubated in fresh medium 137	

for indicated time prior to fixation. 138	

LMB treatment: For the nuclear export inhibition assays, LMB was added into the culture 139	

medium after 6h transfection at indicated final concentrations.  140	

CHX treatment: For the pulse-chase assays, CHX was added into the medium at each time 141	

point at a final concentration of 25 ng/ml.  142	

MG132 treatment: For the proteasomal inhibition assays, MG132 was added into the 143	

medium at each time at a final concentration of 25 µM.  144	

CQ treatment: For autophagy inhibition assays, CQ was added into the medium at each time 145	

at a final concentration of 25 mM. 146	

The cells incubated in the culture medium with the above drugs for indicated time before 147	

fixation for immunocytochemistry or western blotting analysis. 148	

 149	

Immunocytochemistry and immunohistochemistry assays 150	

HeLa or 293T cells grown on coverslips pre-coated with PLL (Sigma) in a 24-well plate were 151	

transfected and treated as described above. The cells were then fixed in 4% paraformaldehyde 152	

in PBS for 15 min at room temperature (RT), permeabilized in 0.5% Triton X-100 (Sigma) in PBS 153	

for 15 min and blocked with 3% goat serum in PBST (0.1% Triton X-100 in PBS) for 1h at RT. 154	
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For immunostaining of the whole-mount Drosophila brain, fly brains were dissected on ice 155	

and immediately fixed in 4% paraformaldehyde in PBS for 30 min at RT and permeabilized with 156	

0.5% Triton X-100 in PBS overnight at 4°C overnight. 157	

The above primary and secondary antibodies were then incubated in the blocking buffer at 158	

4°C overnight or at RT for 1-2 h. After 3 washes with PBST, cells were mounted on glass slides 159	

using the VECTASHIELD Antifade Mounting Medium with DAPI (Vector Laboratories).  160	

 161	

Confocal and super-resolution imaging 162	

Fluorescent confocal images were taken with Leica TCS SP8 confocal microscopy system using 163	

a 63X or 100X oil objective (NA=1.4). Super-resolution images were captured using the Leica 164	

SP8 LIGHTNING confocal microscope, which allowed simultaneous multicolor imaging in 165	

super-resolution down to 120 nm. Confocal or super-resolution images were then processed in 166	

LAS X (Leica) and assembled into figures using Adobe Photoshop CS6. 167	

 168	

Live cell imaging 169	

HeLa cells transfected with pCAG-GFP-TDP-43 were grown on Nunc™ Lab-Tek™ Chambered 170	

Coverglass (Thermo) for 24 h before the cells were treated with 250 µM of NaAsO2. For live cell 171	

imaging, the chambered coverglasses were placed in the Incubation System for Microscopes 172	

(Tokai Hit) and maintained at 37˚C in 5% CO2 for the duration of the experiment. Time-lapse 173	

images were captured using the Leica TCS SP8 confocal microscopy system every 10 min for 174	

about 1 h. 175	

 176	

Fluorescence recovery after photobleaching (FRAP) assay 177	

The PFRP assay was performed using the FRAP module of the Leica SP8 confocal microscopy 178	

system. In brief, each GFP-TDP-43 NB was bleached using a 488 nm laser at 100% laser power 179	

for approximately 5 s. After photobleaching, time-lapse images were captured every 10 s for the 180	

about 5 min. For each indicated time point (t), the fluorescence intensity within the bleached NB 181	
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was normalized to the fluorescence intensity of a nearby, unbleached NB (to control for 182	

photobleaching during prolonged live imaging). The normalized fluorescence intensity of 183	

pre-bleaching was set to 100% and the normalized fluorescence intensity at each time point (It) 184	

was used to calculate the fluorescence recovery according to the following formula: FR(t) = 185	

It/Ipre-bleaching. Image J was used for quantification and GraphPad Prism to plot and analyze the 186	

FRAP experiments.  187	

 188	

Antibodies 189	

The following antibodies were used for Western blotting, immunoprecipitation and 190	

immunofluorescence assays: mouse anti-FLAG (Sigma, F3165), mouse anti-HA (Proteintech, 191	

66006-1), rabbit anti-c-Myc (Sigma, c3956), rabbit anti-TDP-43 (Proteintech, 10782-2-AP), 192	

anti-β-Tubulin III (Sigma, T2200), rabbit anti-TIAR (Cell Signaling Technology, 8509S), rabbit 193	

anti-SC35 (Abcam, ab204916), rabbit anti-SFPQ (Abcam, ab177149), rabbit anti-TAF9 (Abcam, 194	

ab169784), rabbit anti-PML (Abcam, ab179466), and chicken anti-MAP2 (Abcam, ab5392). HRP 195	

conjugated secondary antibodies: goat anti-mouse (Sigma, A4416) and goat anti-rabbit (Sigma, 196	

A9169). Fluorescent secondary antibodies: goat anti-mouse-Alexa Fluor 488 (Life Technologies, 197	

A11029), goat anti-rabbit-Alexa Fluor 568 (Life Technologies, A11036) and goat 198	

anti-Chicken-Alexa Fluor 568 (Life Technologies, A11041).  199	

 200	

Protein extraction and Western blotting  201	

Total protein was extracted from cells in a 2% SDS extraction buffer (50 mM Tris pH 6.8, 2% 202	

SDS, 1% mercaptoethanol, 12.5% glycerol and 0.04% bromophenol blue) containing the 203	

protease inhibitor cocktail (Roche, 04693132001). For separation of soluble and insoluble 204	

proteins, cells or fly heads were lysed on ice in a RIPA buffer (50 mM Tris pH 8.0, 150 mM NaCl, 205	

1% NP-40, 5 mM EDTA, 0.5% sodium deoxycholate, 0.1% SDS) supplemented with protease 206	

and phosphatase inhibitors (Roche). After sonication, the homogenates were centrifuged at 207	

16,000 g for 15min at 4°C. The supernatant was used as the soluble fraction and the pellets 208	
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containing the insoluble fraction were dissolved in a urea buffer (9 M urea, 50 mM Tris buffer, pH 209	

8.0) after wash.  210	

All protein samples were then boiled at 100°C for 5 min and separated using a 10% Bis-Tris 211	

SDS-PAGE (Invitrogen). Detection was performed using the High-sig ECL Western Blotting 212	

Substrate (Tanon). Images were captured using an Amersham Imager 600 (GE Healthcare) and 213	

densitometry was measured using ImageQuant TL Software (GE Healthcare). The contrast and 214	

brightness were optimized equally using Adobe Photoshop CS6. All experiments were 215	

normalized to tubulin or GAPDH as indicated in the figures. 216	

 217	

Cell viability assay 218	

Transfected 293T cells were seeded in 96-well plates (Corning) at the density of 9×103 cells/well 219	

and cultured in 100 µL of culture medium. Otherwise, cell viability was examined 48-72 h after 220	

transfection using the Cell Counting Kit-8 (CCK-8) (Dojindo), according to the manufacturer’s 221	

instructions. Briefly, 10 µL of the CCK-8 solution were added to each well and incubated at 37°C 222	

for 2.5 h. Finally, the absorbance at 450 nm was measured with a Synergy2 microplate reader 223	

(BioTek Instruments).  224	

 225	

Mouse care and surgical procedures 226	

All mouse procedures were performed in compliance with the institutional guidelines on the 227	

scientific use of living animals at Interdisciplinary Research Center on Biology and Chemistry, 228	

the Chinese Academy of Sciences (CAS). “Principles of laboratory animal care" (NIH publication 229	

No. 86-23, revised 1985) were followed. Animal distress and conditions requiring euthanasia 230	

were addressed and the number of animals used was minimized.  231	

 232	

Lentivirus production and primary neuron culture 233	

To generate lentivirus for infecting primary neurons, 293T cells were co-transfected with 234	

pLenti-hSyn-TDP-43-HA, psPAX2 and pMD2.G with a ratio of 4:2:1 in Opti-MEM medium using 235	
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Lipofectamine™ 2000. Culture supernatant was collected at 48 h after transfection and passed 236	

through a 0.45-µm filter. Viral particles were concentrated from culture supernatants by Lenti-X™ 237	

Concentrator (Clontech). Viral pellets used for neuronal infection were resuspended in 238	

Neurobasal medium (Invitrogen). 239	

Primary cortical neuron were isolated from C57BL/6 mouse cortex at embryonic day 17 (E17) 240	

and cultured in serum-free Neurobasal medium (Invitrogen) supplemented with 2% B27, 241	

GlutaMax, and penicillin-streptomycin (Invitrogen). At 7 days in vitro (DIV), neurons were 242	

infected with pLenti-hSyn-TDP-43-HA for 5 days before extraction for RNA or 243	

immunofluorescence. 244	

 245	

RNA extraction and real-time quantitative PCR 246	

For quantitative PCR (qPCR), total RNA was isolated from mouse primary neuron using TRIzol 247	

(Invitrogen) according to the manufacturer’s instruction. After DNase (Promega) treatment, the 248	

reverse transcription reactions were performed using All-in-One cDNA Synthesis SuperMix kit 249	

(Bimake). The cDNA was then used for real-time qPCR using the SYBR Green qPCR Master Mix 250	

(Bimake) with the QuantStudio™ 6 Flex Real-Time PCR system (Life Technologies). The mRNA 251	

levels of GAPDH were used as an internal control to normalize the mRNA levels of NEAT1. The 252	

qPCR primers used in this study are listed below: 253	

Total mNEAT1: 254	

5’- ACTCTTGCCCCTCACTCTGA -3’ 255	

5’- CAGGGTGTCCTCCACCTTTA -3’; 256	

mNEAT1_2: 257	

5’- CCCACACCTCAGTGGTTTCT -3’ 258	

5’- ACAGAACCAAGGCACAATCC -3’;  259	

mGAPDH: 260	

5’- CACCATCTTCCAGGAGCGAG -3’ 261	

5’- CCTTCTCCATGGTGGTGAAGAC -3’; 262	
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    263	

Purification of TDP-43 proteins 264	

WT or mutant TDP-43 protein was expressed in BL21 (DE3) E. coli (TransGenBiotech, 265	

CD601-03) at 19°C for 16 h after induction by adding 100 µM of IPTG as previously described 266	

(46). In brief, cells were harvested by centrifugation at 4000 rpm for 20 min at 4 °C and lysed in 267	

50 mL of lysis buffer (50 mM Tris-HCl, 500 mM NaCl, pH 8.0, 10 mM imidazole, 4 mM 268	

β-mercaptoethanol, 1 mM PMSF, and 0.1 mg/mL RNase A). After cell lysates were filtered with a 269	

0.22 µm filter, the protein was purified using Ni columns (GE Healthcare, USA) and then eluted in 270	

an elution buffer (50 mM Tris-HCl, 500 mM NaCl, pH 8.0, 250 mM imidazole and 4 mM 271	

β-mercaptoethanol). The proteins were further purified using the Superdex 200 16/600 columns 272	

(GE Healthcare) in a buffer containing 50 mM Tris-HCl pH 7.5, 300 mM NaCl and 2 mM DTT, 273	

and freshly frozen in liquid nitrogen and stored at -80 °C. RNase A was routinely added in cell 274	

lysates and administrated again before chromatography during the protein purification procedure. 275	

All purified proteins were confirmed by Coomassie brilliant blue staining and Western blotting 276	

before use.  277	

 278	

RNA-binding dot-blot assay 279	

Purified WT or mutant TDP-43 protein was diluted in a blotting buffer (50 mM Tris-HCl, pH 7.5, 280	

300 mM NaCl, and 5% glycerol) and blotted onto a 0.45 µm nitrocellulose membrane. The 281	

membranes were left to dry at room temperature for 30 min and then stained with Ponceau S for 282	

10s. Images were captured using an Amersham Imager 600 (GE Healthcare). After the images 283	

were captured using an Amersham Imager 600 (GE Healthcare), the membranes were washed 284	

with PBST (0.05% TWEEN 20 in PBS) for 30 min and then incubated in the PBST containing 25 285	

ng/µl total RNAs or NEAT1 RNA for 1h with gentle rocking and rotation at room temperature. The 286	

membranes were then washed in PBST and incubated in the SYBR™ Gold Nucleic Acid Gel 287	

Stain (Invitrogen) for 10 min. RNAs bound to the membranes were imaged and examined using 288	

the Gel Image System (Tanon). 289	
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 290	

In vitro phase separation and RNA buffering assay 291	

For the in vitro LLPS experiments, purified WT or mutant TDP-43 protein was mixed with NaCl at 292	

indicated concentrations in a phase separation buffer (50 mM Tris-HCl, pH 7.5 and 5-10% (w/v) 293	

PEG 8000 (Sigma)) and incubated for 1 min at room temperature. For the RNA buffering assay, 294	

the TDP-43 proteins were incubated with total RNAs, tRNA or NEAT1 RNA in the above phase 295	

separation buffer with NaCl at indicated concentrations as shown in the figures. Finally, 5 µL of 296	

each sample was pipetted onto a coverslip and imaged using a Leica microscope with differential 297	

interference contrast (DIC). The total RNAs were extracted from HeLa cells using TRIzol 298	

(Invitrogen) according to the manufacturer’s instructions. Yeast tRNA was purchased from 299	

Invitrogen. The NEAT1 RNA was in vitro transcribed and purified using HiScribe™ T7 Quick High 300	

Yield RNA Synthesis Kit (NEB). Total RNAs and NEAT1 RNA were used within one day of 301	

production. 302	

 303	

Drosophila strains 304	

Flies tested in this study were raised on standard cornmeal media and maintained at 25 °C and 305	

60% relative humidity. The following strains were obtained from the Bloomington Drosophila 306	

Stock Center (BDSC): D42-Gal4 (#8816), elav-Gal4 (#8760) and UAS-LacZ (#8529). The 307	

transgenic fly strains of WT and mutant UAS-hTDP-43 were generated by ΦC31 308	

integrase-mediated, site-specific integration, which allowed uniform transgene expression across 309	

different lines. The attP2 landing site stock used for the fly embryo injection and transformation in 310	

this study was y[1] M{vas-int.Dm}ZH-2A w[*]; P{CaryP}attP40 (25C6), and the transgenic 311	

pBID-UASC-Luciferase (UAS-Luc) fly strain that was generated using the same approach at the 312	

same landing site (100) was used as a control. 313	

 314	

Fly climbing assay 315	

For the climbing assay, ~20 flies per vial, ~10 vials per group were tested. All flies were 316	
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transferred into an empty polystyrene vial and allowed 10 min for flies to recover. The flies were 317	

then gently tapped down to the bottom of the vial and the number of flies that climbed over 3cm 318	

within 10 seconds was recorded. The test was repeated three times for each via. 319	

 320	

Statistical Analysis 321	

Statistical significance in this study is determined by one-way analysis of variance (ANOVA) with 322	

Tukey's HSD post-hoc test, two-way ANOVA with Bonferroni’s post-hoc test, or unpaired, 323	

two-tailed Student’s t-test with unequal variance at *p < 0.05, **p < 0.01, and ***p < 0.001 as 324	

indicated in each figure legend. Error bars represent the standard error of the mean (SEM).   325	
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Supplementary Figures 326	

 327	

  328	
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Figure S1. Co-immunostaining of TDP-43 with several known NB markers 329	
Representative confocal images of the nucleus of 293T cells transfected with TDP-43-HA and 330	
treated with 250 µM NaAsO2 for 30 min. All cells are examined by immunocytochemistry with 331	
anti-HA for TDP-43-HA (green) and the indicated antibodies (red): (A-B) SFPQ (splicing factor 332	
proline-glutamine rich), for paraspeckles (74). (C-D) PML (promyelocytic leukaemia) protein, for 333	
PML bodies (101). (E-F) TAF9 (TATA-box binding protein associated factor 9) for Cajal bodies 334	
(102). (G-H) SC35 (serine/arginine-rich splicing factor-like protein), for nuclear speckles (103). 335	
Merged images with DAPI staining (for DNA) are shown. Arrows indicate the examples of 336	
co-localization of TDP-43 with the indicated NB markers. The co-localization of TDP-43 with 337	
each type of NBs is further evaluated by the line scanning analysis shown in (B), (D), (F) and (H), 338	
Scale bar: 5 µm. The results indicate that TDP-43 NBs are well colocalized with paraspeckles, 339	
and in a few rare cases partial colocalization with PML bodies, Cajal bodies or nuclear speckles 340	
are also spotted.   341	
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 342	
Figure S2. Stress-induced NBs are observed with endogenous TDP-43 and in primary 343	
neurons 344	
(A-B) Representative images of endogenous TDP-43 (endo-TDP-43) forming NBs upon arsenite 345	
treatment (500 µM, 30 min). DAPI staining to show the nucleus and merged images are also 346	
shown.  Percentage of cells showing distinct TDP-43 NBs in (A) is quantified in (B). Arrows 347	
indicate TDP-43 NBs. (C-D) Representative images (C) and quantification (D) of TDP-43-HA 348	
NBs in primary mouse cortical neurons induced by arsenite treatment. TDP-43-HA (green), 349	
microtubule associated protein 2 (MAP2) to mark neuronal perikarya and dendrites (red), and 350	
merged images with DAPI staining to label the nucleus (blue) are shown. Zoom-in images of the 351	
boxed areas are also shown. Mean ± SEM, n = 100 cells each group from pooled results of 3 352	
independent repeats; **p < 0.01, ***p < 0.001; Student’s t-test. Scale bars: 5 µm in (A and C), 353	
and 2 µm in the zoom-ins.  354	
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 355	
Figure S3. TDP-43-NESmut NBs are dynamic and reversible 356	
(A-D) Representative Western blot images (A) and quantifications (B-D) of the pulse-chase 357	
experiments of WT, NLSmut and NESmut TDP-43 protein in the soluble (S, supernatants in RIPA) 358	
and the insoluble (I, pellets resuspended in 9 M of urea) fractions at indicated time after 359	
Cycloheximide (CHX) treatment. All proteins are normalized to tubulin in the soluble fraction and 360	
the relative level at 0 h is set to 100%. Mean ± SEM, n = 3 independent repeats; compared to the 361	
level at 0 h; *P < 0.05, ***P < 0.001; ud, undetected; one-way ANOVA. (E) Representative 362	
images showing TDP-43-NESmut NBs in 293T cells at indicated time after CHX treatment. (F) 363	
Quantification of the average number of TDP-43 NBs per cell in (E). Mean ± SEM, n = 10~11 364	
cells per time point, from pooled results of 3 independent repeats; ***p < 0.001; one-way ANOVA. 365	
Scale bar: 5 µm.  366	

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 12, 2019. ; https://doi.org/10.1101/802058doi: bioRxiv preprint 

https://doi.org/10.1101/802058
http://creativecommons.org/licenses/by-nc-nd/4.0/


Page 18 of 23 

 367	
Figure S4. The turnover of insoluble TDP-43 is sensitive to proteasomal but not 368	
autophagic inhibition 369	
(A-D) Representative images (A) and quantifications (B-D) of Western blotting analyses of WT, 370	
NLSmut and NESmut TDP-43 in the soluble (S) and insoluble (I) fractions at indicated time after 371	
treating the cells with MG132 to inhibit the proteasome-mediated protein degradation. (E-H) 372	
Representative images (E) and quantifications (F-H) Western blot analyses of WT, NLSmut and 373	
NESmut TDP-43 in the soluble (S) and insoluble (I) fractions at indicated time after treating the 374	
cells with chloroquine (CQ) to block the autophagic flux. S, supernatants in RIPA; I, precipitates 375	
in RIPA that are re-suspended in 9 M of urea. All proteins are normalized to tubulin in the soluble 376	
fraction and the relative level of each fraction at 0 h is set to 1. Mean ± SEM, n = 3 independent 377	
repeats; *P < 0.05, ***p < 0.001; ud, undetected; one-way ANOVA.  378	
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 379	
Figure S5. The impact of the LCD and RRM domains on the assembly of TDP-43 NBs  380	
(A) A diagram showing the major functional domains and the truncated ΔLCD, ΔRRM1 and 381	
ΔRRM2 TDP-43. (B-E) Western blot analysis of TDP-43-WT (B), ΔLCD (C), ΔRRM1 (D) and 382	
ΔRRM2 (E) in the RIPA-soluble and RIPA-insoluble (resuspended in 9 M of urea) fractions. All 383	
TDP-43 proteins are normalized to tubulin in the soluble fraction and the relative level is 384	
quantified as percentage to the soluble fraction of each protein. Mean ± SEM, n = 3 independent 385	
repeats. (F-I’) Representative confocal images of TDP-43-WT, ΔLCD, ΔRRM1 and ΔRRM2 in 386	
293T cells treated with the vehicle control ethanol (F-I) or LMB (F’-I’). Green, anti-Myc for 387	
Myc-TDP-43; blue, DAPI for DNA. Scale bar: 5 µm.   388	
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Figure S6. Total RNAs suppress TDP-43 LLPS in vitro 390	
(A) A diagram showing the full-length (FL) and truncated TDP-43 protein without the LCD 391	
(TDP-431-274). (B) Coomassie blue staining confirming the purified FL and truncated 392	
sumo-TDP-43 proteins. (C-D) The in vitro LLPS of FL (C) and TDP-431-274 (D) is dose-dependent. 393	
(E-F) Suppression of the LLPS of the FL and the TDP-431-274 by total RNAs extracted from HeLa. 394	
(G) Coomassie blue staining confirming purified WT, ΔRRM1 and ΔRRM2 TDP-431-274 proteins 395	
used in the in vitro assays below and in Figure 6. (H) Representative images of the in vitro 396	
dot-blot assay confirming the reduced RNA binding affinity of the ΔRRM1 and ΔRRM2 397	
TDP-431-273 compared to the WT. The bound RNA is visualized using the SYBR® Gold Nucleic 398	
Acid Gel Stain kit. Bovine serum albumin (BSA) is used as a negative binding control. (I) The 399	
RNA intensity is normalized to Ponceau S staining (protein loading control) and shown as the 400	
percentage to that of WT TDP-431-273 in (H). Mean ± SEM, n = 3; ***p < 0.001; Student’s t-test. 401	
(J-L) WT (J), ΔRRM1 (K) and ΔRRM2 (L) TDP-431-273 proteins forms LDs in vitro by LLPS in a 402	
dose-dependent manner. The concentrations of NaCl, the crowding agent PEG, TDP-43 protein 403	
and total RNAs used in the above assays are as indicated. Scale bars: 2 µm.  404	
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 405	
Figure S7. The D169G mutant TDP-43 has a specific defect in NB formation  406	
(A) Representative confocal images of HeLa cells expressing with WT or D169G TDP-43 treated 407	
with LMB for indicated times. (B-C) Quantifications of the percentage of cells showing TDP-43 408	
NBs (B) and the average number of NBs per cell (C) at the end of the experiment in (A). 409	
LMB-induced NB formation was delayed in D169G TDP-43. (D) A diagram showing WT TDP-43 410	
and the M337V mutation in the LCD. (E) Representative confocal images of cells transfected 411	
with WT or M337V TDP-43 in the absence (PBS) or presence of arsenite. Green, TDP-43-HA 412	
(anti-HA); Blue, DAPI staining for DNA (blue); arrows, TDP-43 NBs. (F-G) The percentage of 413	
cells with TDP-43 NBs (F) and the average count of TDP-43 NBs per cell (G) in (E) are quantified. 414	
Mean ± SEM, n = ~100 cells in total for each group in (B, F) and 11~15 cells per group in (C, G), 415	
pooled results from 3 independent repeats; *p < 0.05, ***p < 0.001; ns, not significant; Student’s 416	
t-test. Scale bars: 5 µm.  417	
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Supplementary movies 418	

 419	

Movie S1. A representative time-lapse video of live HeLa cells showing the formation of 420	
GFP-TDP-43 NBs upon the arsenite treatment 421	
 422	
Movie S2. A representative time-lapse video of GFP-TDP-43-GFP NBs in live HeLa cells 423	
before and after photobleaching  424	
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