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Abstract

:

Amyotrophic lateral sclerosis is a progressive neurodegenerative disorder, characterized by cytoplasmic inclusions of RNA-binding protein TDP-43. Despite decades of research and identification of more than 50 genes associated with amyotrophic lateral sclerosis (ALS), the cause of TDP-43 translocation from the nucleus and its aggregation in the cytoplasm still remains unknown. Our study addressed the impact of selected ALS-associated genes on TDP-43 aggregation behavior in wild-type and aggregation prone TDP-43 in vitro cell models. These were developed by deleting TDP-43 nuclear localization signal and stepwise shortening its low-complexity region. The SH-SY5Y cells were co-transfected with the constructs of aggregation-prone TDP-43 and wild-type or mutant ALS-associated genes hnRNPA1, MATR3, VCP or UBQLN2. The investigated genes displayed a unique impact on TDP-43 aggregation, generating distinct types of cytoplasmic inclusions, similar to those already described as resembling prion strains, which could represent the basis for neurodegenerative disease heterogeneity.
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1. Introduction


Amyotrophic lateral sclerosis (ALS) is a fatal progressive neurodegenerative disease pathologically characterized by cytoplasmic deposits of misfolded proteins in the affected neurons. The main component of these inclusions represents ubiquitinated, phosphorylated and cleaved TAR DNA-binding protein 43 (TDP-43) [1]. Under physiological conditions, TDP-43 is a predominantly nuclear protein, involved in various RNA processes, and comprises a N-terminal oligomerization domain, a classical bipartite nuclear localization signal (NLS), two RNA recognition motifs (RRM1 and RRM2) and a low-complexity domain (LCD) [2,3,4,5,6]. While 5–10% of ALS cases are considered to be familial, mutated TDP-43 is very rare, meaning that most of the patients with TDP-43 positive aggregates do not carry any mutation in this protein [7,8,9]. So far, more than 50 potentially causative or ALS-modifying genes have been identified that are mainly involved in two cellular processes: RNA metabolism (TDP-43, FUS, MATR3, hnRNPA1, hnRNPA2B1, TIA1, etc.) and quality control of protein metabolism (VCP, UBQLN2, SQSTM1, OPTN, etc.) [7,10,11,12,13,14,15,16,17,18,19,20,21]. The accumulation of misfolded proteins and their clearance both seem to have a similar deleterious effect on these two processes, therefore suggesting a common pathogenic cascade [22]. Still, an interplay of genetic and environmental factors rather than a single initiating event is thought to contribute to disease development and progression [23].



Recently, a liquid-liquid phase separation (LLPS) of RNA-binding proteins, such as TDP-43, has been implicated as a possible inception mechanism for protein aggregation and subsequent self-templating, ultimately resulting in various types of irreversible inclusions, i.e., amyloid-like fibrils in neurodegenerative disease [24]. The main drivers of LLPS in proteins are their LCDs and RRMs [25]. One of the proteins that readily undergoes LLPS via self-associating interactions through LCD is TDP-43 [26,27]. Its LCD can be divided into three segments: two intrinsically disordered regions (IDR1 and IDR2) interspaced with a conserved region (CR) prone to adapt α-helical fold [28]. Hydrophobic intermolecular interactions between α-helical regions of TDP-43 are thought to drive its LLPS [28,29,30]. The role of N-terminal domain in TDP-43 aggregation is somewhat controversial: while some argue that the oligomerization of TDP-43 via its N-terminal domain allows interactions with other partner proteins and RNA, thereby antagonizing its pathological aggregation, others suggest that it enhances the propensity of the intrinsically disordered C-terminal region towards aggregation [31,32]. It has been shown that the disruption of the N-terminal domain reduces propensity of TDP-43 to undergo LLPS and to form aggregates [33,34]. Moreover, TDP-43 contains two highly conserved RRMs, capable of binding to single strand RNA or DNA, which in turn enhances its solubility and prevents its aggregation [35,36,37,38,39].



Mounting evidence suggests that cytoplasmic accumulations of TDP-43 exhibit prion-like characteristics [40]. In addition to seeding and intracellular propagation of TDP-43 aggregations between cells in vitro and in vivo, different types of the TDP-43 aggregates in ALS and frontotemporal lobar degeneration (FTLD) diseased brains have been identified [41,42,43,44,45]. It has been proposed that alternate pathological conformations may form the basis for the diversity of TDP-43 proteinopathies and disease heterogeneity, reminiscent of prion strains [45]. There is some reported difference between aggregate deposits in FTLD, with mutations in progranulin and C9orf72 [46]. However, the role of ALS-associated genes, the possible impact of their mutations on TDP-43 aggregates behavior and properties remains largely unknown. Hence, in this study, we sought to compare the impact of several wild-type and mutated ALS-associated genes on TDP-43 aggregation in vitro.



First, we developed a novel in vitro TDP-43 aggregation model in the neuroblastoma SH-SY5Y cell line. To achieve TDP-43 cytoplasmic aggregation, we eliminated NLS from the full-length TDP-43 sequence. Then, we stepwise shortened its LCD (containing IDR and CR domains), to disrupt the physiological conformation of TDP-43 dimers. We left the N-terminal region of TDP-43 intact, as it is necessary for its oligomerization and phase-separation, although some studies have achieved TDP-43 aggregation with only the C-terminal region present [47,48]. Full-length TDP-43 lacking only NLS (dNLS) and TDP-43 without NLS and IDR2 (dNLSd343) constructs were used in co-transfection experiments, to assess the impact of wild-type and mutant ALS-associated genes on TDP-43 aggregate behavior. Heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1), matrin-3 (MATR3), valosin-containing protein (VCP) and ubiquilin-2 (UBQLN2) were selected for their involvement in RNA metabolism, or as a part of protein turnover machinery. Our results confirm the unique influence of these genes and their ALS-related mutants on TDP-43 aggregation behavior, suggesting a possible origin for ALS protein inclusions heterogeneity, and different modes of disease progression.




2. Materials and Methods


2.1. Plasmids


TDP-43 constructs: TDP-43 was subcloned from previously published plasmid [49] into mKO2-C1 plasmid, containing sequence for fluorescent protein mKusabira Orange2 (mKO2) (Addgene #54494, deposited by Michael Davidson and Atsushi Miyawaki [50]). Primers (sequences are listed in Supplementary Data, Table S1) were ordered from IDT, United States, and Phusion™ High-Fidelity DNA Polymerase (Thermo Fisher Scientific, United States) was used for PCR reaction. Both TPD-43 insert and pKO2-C1 plasmid were digested with SalI and BamHI (NEB, United States) according to the manufacturer’s instructions and ligated at 16 °C overnight with T4 DNA Ligase (NEB). Plasmids were purified from bacterial culture with NucleoSpin Plasmid kit (Macherey-Nagel, Germany). Later, pcDNA5/FRT/TO backbone (Thermo Fisher Scientific) was selected. mKO2-TDP-43 sequence was inserted into pcDNA5/FRT/TO after its linearization with HindIII in NotI (Thermo Fisher Scientific) by CloneEZ PCR Cloning Kit (GenScript, United States) (primer sequences are listed in Supplementary Data, Table S2). Site-directed mutagenesis (KOD Hot Start polymerase, Sigma Aldrich, United States) was performed to eliminate NLS sequence from TDP-43 (82 a.a. to 98 a.a.), and to subsequently introduce stop codons to get TDP-43 fragments shortened at C-terminus (primer sequences are listed in Supplementary Data, Table S3). For control experiments, pcDNA5/FRT/TO plasmid containing only mKO2 sequence was used.



ALS-linked genes: First, a gBlock DNA fragment (IDT) containing HRV 3C site, Gly-Ser-Gly linker and 3xHA was amplified by Phusion™ High-Fidelity DNA Polymerase (primer sequences are listed in Supplementary Data, Table S4) and inserted into linearized pcDNA/FRT/TO plasmid (ApaI (NEB) and XhoI (NEB)), by CloneEZ PCR Cloning Kit. Then, four ALS-linked genes were amplified by Phusion™ High-Fidelity DNA Polymerase and inserted into linearized pcDNA5/FRT/TO-3xHA (XhoI (Thermo Fisher Scientific) and EcoRV (Thermo Fisher Scientific)) by CloneEZ PCR Cloning Kit: VCP (Addgene #23971, deposited by Nico Dantuma [51]), UBQLN2 (Addgene #8661, deposited by Peter Howley [52]), hnRNPA1 (Addgene #23026, deposited by Douglas Black, unpublished), MATR3 (Addgene #32880, deposited by Yossi Shiloh [53]) (primer sequences are listed in Supplementary Data, Table S5). To introduce ALS-linked mutations, site-directed mutagenesis with KOD Hot Start polymerase was performed (primer sequences are listed in Supplementary Data, Table S6). For control experiments, a start codon was introduced by site directed mutagenesis (KOD Hot Start polymerase) into pcDNA5/FRT/TO-3xHA plasmid (primer sequences are listed in Supplementary Data, Table S7), to get a 3xHA sequence with additional 96 nucleotide expressed after transfection. All plasmid constructs used in this study were confirmed by sequencing (Eurofins Genomics, Luxembourg).




2.2. Cell Culture


Neuroblastoma cells SH-SY5Y (ATCC® CRL-2266™) were cultured as a monolayer in DMEM/F-12 (Thermo Fisher Scientific), supplemented with 10% (v/v) FBS (Thermo Fisher Scientific) and penicillin-streptomycin solution (Thermo Fisher Scientific) at 37 °C, in a humidified atmosphere containing 5% CO2. For immunocytochemistry, 1.1 × 105 cells/well were plated on coverslips into 24-well plates, 24 h before transfection. For western blot analysis, 2.2 × 105 cells/well were plated into 12-well plates and 6.5 × 105 cells/well were plated on 6-well plates, 24 h before transfection. Cells were transiently transfected using Xfect transfection reagent according to manufacturer instructions (Takara Bio, Japan). Co-transfection experiments were carried out with plasmids DNA in ratios 1:1 amounting to 1 µg total DNA/well for 24-well plates, 2.5 µg total DNA/well for 12-well plates and 7.5 µg total DNA/well for 6-well plates. All of the co-transfections were carried out side-by-side at the same time, to allow comparisons between different experimental conditions.




2.3. Western Blot


For total cell lysates, 24 h after transfection, cells in 12-well plates were washed 3x with ice-cold PBS, and lysed in 2x SDS loading buffer with 0.1 M DTT. Samples were boiled at 100 °C for 10 min. For RIPA-soluble fraction, cells in 6-well plates were washed 3x with ice-cold PBS and lysed in 200 µL RIPA buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1% NP-40, 5 mM EDTA, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), containing protease inhibitors (cOmplete ULTRA tablets mini, EDTA-free EASYpack, Roche, Switzerland) and phosphatase inhibitors (PhosSTOP EASYpack, Roche, Switzerland). Samples were sonicated using an ultrasonic probe (cycle 0.5, amplitude 80%, three times 15 s interval—samples were cooled on ice during intervals) and centrifuged at 21,000× g for 30 min at 4 °C. The supernatants were saved for analysis as RIPA-soluble fractions and pellets were washed 3x in 200 µL RIPA buffer and centrifuged at 21,000× g for 30 min at 4 °C each time. After the last wash, 20 µL of UREA buffer (7 M urea, 2 M thiourea, 4% CHAPS, and 30 mM Tris, pH 8.5) was added to the pellets. The pellets were resuspended by pipetting and centrifuged again at 21,000× g for 30 min at 22 °C. The supernatants were collected as an UREA-soluble fraction. To both RIPA- and UREA-soluble fractions, the 6x SDS loading buffer with 0.3 M DTT was added, and RIPA-soluble fractions were boiled at 100 °C for 10 min. All samples were loaded to Novex WedgeWell 8–16% Tris-Glycine gels (Invitrogen Thermo Fisher Scientific) and run in SDS running buffer at 120 V for 90 min. Proteins were transferred onto Trans-Blot Turbo mini-size nitrocellulose membrane (Bio-Rad, United States) by Trans-Blot Turbo Transfer System (Bio-Rad) in Trans-Blot Turbo Transfer buffer (Bio-Rad). Membranes were washed once in TBS, blocked in 5% skim milk in 0.1% TBST for 30 min, and then incubated overnight with primary antibodies in 5% skim milk in 0.1% TBST (rabbit polyclonal anti-TDP-43 1:3000, #10782-2-AP Proteintech, United States; mouse anti-HA 1:5000, #HA-7 Sigma; mouse anti-GAPDH 1:5000, #60004-1-Ig Proteintech; rabbit polyclonal anti-GAPDH 1:5000, #10494-1-AP Proteintech). The next day, the membranes were washed 3 times in 0.1% TBST and incubated with secondary antibodies in 5% skim milk in 0.1% TBST for 1.5 h (anti-Rabbit Alexa 488 Cell Signaling Molecular Probes; anti-Mouse Alexa 647 Cell Signaling Molecular Probes; anti-Rabbit Alexa 647 Cell Signaling Molecular Probes; anti-Mouse Alexa 488 Cell Signaling Molecular Probes, all 1:5000). Upon three washes in 0.1% TBST, the fluorescence signal was detected using Chemidoc (Bio-Rad).




2.4. Immunocytochemistry


Twenty-four hours after transfection, cells were washed 3x with PBS, fixed in 4% PFA for 30 min and washed with PBS again. Then, they were permeabilized with 0.1% TX-100 in PBS for 10 min, blocked in 3% BSA in PBS for 30 min and incubated with primary antibodies (anti-HA-tag (C29F4) rabbit polyclonal Cell Signaling #3724, 1:500), overnight at 4 °C. The next day, the coverslips were washed, incubated with secondary antibodies (anti Rb_Alexa647, 1:1000; Cell Signaling) for 2 h, incubated in DAPI solution (0.1 μg/mL) (Thermo Fisher Scientific) for 15 min, and mounted on microscope slides with ProLong™ Gold Antifade Mountant (Thermo Fisher Scientific).




2.5. Imaging and Statistical Analysis


Slides were analyzed by confocal microscopy (Zeiss, Germany), using ZEN software. Three experiments were performed in duplicates for each experimental condition, and a minimum of 15 visual fields, each containing between 50–70 cells from each duplicate were taken. Overall, between 550 and 3400 transfected cells were analyzed per each experimental condition. The percentage of transfected cells harboring TDP-43 aggregates was quantified by manual counting. A further analysis of the number of aggregates per cell and their size were performed with ImageJ Shape Descriptors plugin (Threshold: min. 164, max 255; Size: 3-infinity; Circularity: 0.00–1.00). All data were recorded as averages ± SEM. The difference between averages was tested by ordinary one-way ANOVA followed by Tukey multiple comparisons test, using GraphPad Prism 6. The p-value < 0.05 was considered statistically significant. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.





3. Results


3.1. TDP-43 Aggregation Is Affected by Shortening of the C-Terminal Domain


To test the effect of C-terminal domain on TDP-43 aggregation, SH-SY5Y cells were transfected with various mKO2 tagged TDP-43 constructs, lacking NLS (dNLS) and different parts of LCD (dNLSd343, dNLSd299, and dNLSd267)—see Figure 1A. Wild-type TDP (TDPwt) was used to compare to the baseline aggregate formation of the wild-type TDP-43 protein and fluorescent protein mKO2 alone (KO2only); this was used as a control for the effect of the fusion protein on aggregation (Figure 1A). The expression of all constructs was detected with anti-TDP-43 antibody on western blot at predicted sizes (Figure 1B). As expected, the elimination of NLS in TDP-43 led to the increased cytoplasmic aggregation of dNLS (24.4 ± 0.80%) compared to wild-type TDP-43 protein (3.8 ± 0.80%) (Figure 1C). Moreover, a deletion of intrinsically disordered region 2 (IDR2) at the extreme C-terminus of TDP-43 (dNLSd343) resulted in an even higher percentage of transfected cells harboring dNLSd343 aggregates (33.0 ± 0.20%). On the contrary, the transfection of cells with constructs carrying C-terminal deletions of CR (dNLSd299) or IDR1 (dNLSd267) of TDP-43, decreased the percentage of cells with dNLSd299 (6.9 ± 0.57%) and dNLSd267 (4.1 ± 1.37%) aggregates. Further aggregate analyses within each individual cell revealed that the expression of dNLS resulted in the highest number of cytoplasmic aggregates per individual cell (14.1 ± 0.80), compared to the expression of any other TDP-43 truncated form (Figure 1D). However, the largest aggregates in size were noted in cells expressing dNLSd343 (4.2 ± 0.36 µm2) and dNLSd299 (4.8 ± 0.61 µm2) constructs (Figure 1E, F). Altogether, this implies that, besides the lack of NLS, which is enabling the cytoplasmic mislocalization of TDP-43, the elimination of specific regions of TDP-43 LCD may interfere with different stages of aggregate formation; either their initiation (aggregation proneness) or aggregation maturation.




3.2. The Mutations of ALS-Associated Genes Display Impact on TDP-43 Aggregation Behavior


The expression of both dNLS and dNLSd343 resulted in a highly increased percentage of cells exhibiting cytoplasmic aggregates, however, they clearly displayed a distinct number and size per individual cell (compare Figure 1B–D). Therefore, we decided to employ both of these TDP-43 aggregation models for further testing the effects of wild-type and mutated ALS-linked genes on their aggregation profile. For this reason, we co-transfected the SH-SY5Y cells with either TDPwt, dNLS, dNLSd343 or KO2only with selected wild-type (wt) or mutant (mut) ALS-linked gene tagged with 3xHA: hnRNPA1, MATR3, VCP or UBQLN2. These genes were selected based on their diverse roles in RNA processing and quality control of protein metabolism. A plasmid containing 3xHA with an additional 96 nucleotide sequence (pcDNA5/FRT/TO-3xHA - HAonly) was used as a baseline control of the aggregate formation (Supplementary Data, Figure S1).



3.2.1. Overexpression of hnRNPA1 and Its D262V Mutation Inhibits TDP-43 Aggregate Formation and Their Maturation


The co-transfection of dNLS and dNLSd343 constructs with either hnRNPA1wt or hnRNPA1mut (Supplementary Data, Figure S2A) resulted in a significantly lower percentage of transfected cells harboring aggregates. Though no difference in the percentage of cells harboring aggregates was noted between hnRNPA1wt (10.5 ± 1.77%) and hnRNPA1mut (14.7 ± 1.72%) co-transfected with dNLS, a co-transfection of hnRNPA1mut (14.6 ± 0.78%) with dNLSd343 led to an increased percentage of cells with aggregates as compared to hnRNPA1wt (8.5 ± 1.02%) co-transfection (Figure 2A). Additionally, the number of aggregates more than halved in the cells co-transfected either with hnRNPA1wt (4.9 ± 0.69) or hnRNPA1mut (5.4 ± 0.80) and dNLS, as compared to cells co-transfected with control plasmid HAonly (13.1 ± 1.82) (Figure 2B). Moreover, co-transfection of dNLS and dNLSd343 with hnRNPA1wt resulted in greatly decreased size of dNLS (0.7 ± 0.34 µm2) and dNLSd343 (1.2 ± 0.14 µm2) aggregates in comparison with the cells co-transfected with control HAonly (dNLS (2.1 ± 0.34 µm2) and dNLSd343 (3.9 ± 0.39 µm2)). The decreased aggregate size appeared more pronounced in case of dNLSd343 than dNLS cells co-transfected with either wild-type or mutant hnRNPA1 (Figure 2C,D). The resulting aggregates in all co-transfected cells were similar in size. This suggests, that IDR1 and CR domains of TDP-43 suffice for intermolecular interactions with hnRNPA1, which may play part in the inhibition of TDP-43 aggregate formation and maturation. Additionally, only the co-transfection of dNLS and hnRNPA1mut produced some insoluble aggregates, proved by dNLS detection in UREA-soluble fraction with Western blot (Supplementary Data, Figure S3A).




3.2.2. MATR3 S85C Mutation Promotes TDP-43 Aggregation


Co-transfection of either dNLS or dNLSd343 with MATR3wt (Supplementary Data, Figure S2B) had no effect on the percentage of cells with dNLS (24.9 ± 1.34%) or dNLSd343 (26.5 ± 0.10%) aggregates. On the other hand, MATR3mut co-transfected with either dNLS or dNLSd343 significantly increased the percentage of cells harboring both dNLS (36.9 ± 0.75%) and dNLSd343 (32.3 ± 1.02%) aggregates (Figure 3A). However, while neither MATR3wt nor MATR3mut displayed an effect on the number of aggregates within an individual cell (Figure 3B), both MATR3wt (5.1 ± 0.26 µm2) and MATR3mut (3.7 ± 0.30 µm2) evidently increased the size of aggregates in cells co-transfected with dNLS (Figure 3C,D). This was also confirmed by the detection of dNLS in UREA-soluble fraction with Western blot, demonstrating that the co-transfection of MATR3wt and dNLS produces more insoluble aggregates than the co-transfection of dNLS with MATR3mut in the cells (Supplementary Data, Figure S3B). These results are implying that even though MATR3wt does not seem to promote aggregate formation to the extent that its mutated form does, it nonetheless similarly promotes TDP-43 dNLS aggregate maturation, irrespective of TDP-43 C-terminal truncations.




3.2.3. VCP R191Q Mutation Promotes TDP-43 dNLS but Not dNLSd343 Aggregate Maturation


The co-transfection of dNLS or dNLSd343 with VCPmut (Supplementary Data, Figure S2C) resulted in significantly increased percentage of cells harboring dNLS (39.7 ± 0.36%) and dNLSd343 (32.3 ± 1.97%) aggregates in comparison with the cells co-transfected with VCPwt (dNLS (30.1 ± 1.04%) and dNLSd343 (23.1 ± 0.95%)) or control plasmid HAonly (dNLS (27.0 ± 1.64%) and dNLSd343 (26.5 ± 0.05%)) (Figure 4A). However, the average number of dNLS aggregates in individual cell decreased in both VCPwt (7.4 ± 0.87) and VCPmut (6.4 ± 1.35) co-transfected cells, compared to HAonly co-transfected cells (13.1 ± 1.82) (Figure 4B). Nevertheless, the size of dNLS appeared increased in both VCPwt (4.2 ± 0.25 µm2) and VCPmut (4.2 ± 0.24 µm2) co-transfected cells, compared to HAonly (2.1 ± 0.34 µm2) (Figure 4C,D). Additionally, the insolubility of dNLS aggregates was confirmed by Western blot detection of dNLS in UREA-soluble fraction (Supplementary Data, Figure S3C). No such distinct effect was noted in co-transfections of VCPwt (2.9 ± 0.43 µm2) and VCPmut (2.5 ± 0.35 µm2) with dNLSd343, suggesting the involvement of IDR2 domain of TDP-43 in VCP interactions, and its necessity for TDP-43 aggregate maturation.




3.2.4. Wild-Type UBQLN2, but Not Its P506T Mutation Decreases Initiation of TDP-43 dNLS Aggregate Formation


Similar to VCPmut, the co-transfection of TDP-43 dNLS construct with UBQLN2mut (Supplementary Data, Figure S2D) (39.0 ± 0.83%) led to an increased percentage of cells harboring aggregates in comparison to HAonly (27.0 ± 1.64%) or UBQLN2wt (27.0 ± 0.92%) (Figure 5A). On the contrary, the co-transfection of dNLSd343 with UBQLN2wt (21.5 ± 1.21%) resulted in the decreased percentage of cells containing aggregates, as compared to HAonly (26.5 ± 0.05%) or UBQLN2mut (28.1 ± 0.07%) co-transfected cells. UBQLN2 seems to have an impact on TDP-43 dNLS aggregate initiation, as the co-transfection of TDP-43 dNLS and UBQLN2wt (6.9 ± 0.70) extensively decreased the number of dNLS aggregates within the individual cells (Figure 5B), though with no effect on the dNLS aggregate size or intracellular distribution noted (Figure 5C,D). However, the higher percentage of cells with dNLS aggregates, combined with an increased number of aggregates in an individual cell co-transfected with UBQLN2mut and dNLS, resulted in a higher amount of RIPA-insoluble dNLS aggregates in comparison to co-transfection of dNLS and UBQLN2wt (Supplementary Data, Figure S3C).






4. Discussion


Despite the overwhelming majority of ALS cases being characterized by cytoplasmic deposits of TDP-43 protein in the affected cells, ALS patients display large phenotypic variability [46]. As was proposed for other neurodegenerative diseases, pathological and clinical heterogeneity could at least in part originate from distinct structural conformations of TDP-43 aggregates [54]. Indeed, TDP-43 deposits extracted from FTLD diseased brain displayed distinct densities, morphologies neurotoxicity and seeding, associated with disease duration and subtype [45]. However, studies discerning the impact of mutations of other ALS-associated genes on the behavior of TDP-43 aggregates, and consequently on the disease heterogeneity, are lacking.



Therefore, our study aimed to explore the influence of ALS-related genes and their mutations on aggregation pattern of TDP-43 in vitro. First, we developed a TDP-43 aggregation model in neuroblastoma SH-SY5Y cell line. To ensure cytoplasmic localization of TDP-43, we deleted NLS from the full-length sequence. As physiological TDP-43 oligomerization via its N-terminal domain spatially separates aggregation-prone LCD [31], we tried to disrupt the conformation of TDP-43 oligomers by truncating its C-terminal sequence. The TDP-43 fragments were designed based on the borders of TDP-43 LCD segments determined by Schmidt and colleagues [28]. Like others [34,55], we showed that full-length wild-type TDP-43 only rarely forms aggregates when expressed in cultured cells. Moreover, in accordance with the literature [34], our expressed dNLS readily aggregated in the cytoplasm, forming numerous small aggregates, in about a quarter of transfected cells. However, dNLSd343 expression, despite lower expression levels, caused inclusion formation in a third of transfected cells, though at a reduced number compared to dNLS, yet with much larger inclusion average size. This observation suggests, that the elimination of IDR2 from TDP-43 changes its (dNLSd343) propensity for LLPS and aggregate formation, possibly driving the aggregate maturation into larger insoluble inclusions. The removal of CR in dNLSd299 in our study did not completely abolish aggregate formation, as approximately 7% of transfected cells exhibited few large inclusions. On the other hand, a deletion of the whole LCD in TDP-43 (dNLSd267) resulted in levels of aggregate formation similar to control cells.



Expression of TDP-43 dNLS and dNLSd343 exhibited two dissimilar yet distinct aggregation patterns: dNLS displayed numerous dispersed and small aggregates, whereas dNLSd343 displayed fewer large bulk aggregates. Therefore, we further investigated both of them in the context of the influence ALS-associated genes may have on TDP-43 aggregation. We selected four different genes involved in ALS pathogenesis, each of them with a distinct role within the cell. Four chosen ALS-associated genes in their wild-type and mutant form were co-expressed with TDP-43wt, dNLS, dNLSd343 and KO2only in SH-SY5Y cells. The expression of all transfected constructs was confirmed by Western blotting. Even though the co-transfections of ALS-associated genes’ constructs with dNLSd343 displayed expression at really low levels, as compared to other TDP-43 constructs, they produced higher percentage of transfected cells with aggregates.



Notably, hnRNPA1 is a member of the hnRNP protein family, involved in splicing, mRNA stabilization, miRNA biogenesis and transcriptional regulation [56,57,58,59]. Remarkably, the co-transfection of either hnRNPA1wt or mut with dNLS or dNLSd343 resulted in a decreased number of co-transfected cells, harboring either dNLS or dNLSd343 aggregates. The co-expression of both dNLS and dNLSd343 with hnRNPA1 in cells resulted in much less numerous, smaller and more rounded aggregates formation, suggesting that these proteins in a dense phase could be dynamically exchanged with the surrounding proteins in a more diluted phase. This observation was confirmed by the analyses of UREA-soluble fractions, where only dNLS in the cells co-transfected with dNLS and hnRNPA1mut was insoluble enough in RIPA buffer to be detected by Western blot. It has been shown that hnRNPA1 can form reversible amyloid fibrils described as dynamic states of protein assemblies with high free energies [60]. Together with the fact that the C-terminal part of TDP-43 directly interacts with C-terminal domain of hnRNPA1 [61] and that they co-phase separate [62], we can speculate that their interactions promote more homogeneous dissolution of proteins with less dense dynamic structures. Moreover, a recent study of TDP-43 aggregates using atomic force microscopy has shown that TDP-43 fragments lacking C-terminal domain form smaller aggregates compared to a full-length protein [38]. This is consistent with the notion that TDP-43-hnRNPA1 intermolecular interactions via their C-terminal domains spatially separate aggregation-prone LCDs and reduce the number of large aggregates, as observed in our study. Interestingly, even though hnRNPA1 undergoes LLPS and can form irreversible fibrils, which are enhanced by ALS-linked mutation D262V [16,27,63], we could not detect any cytoplasmic accumulation of either hnRNPA1wt or mut by microscopy. There was, however, a difference in the number of cells containing aggregates between the cells co-transfected with TDP-43 dNLSd343 and hnRNPA1wt or hnRNPA1mut, indicating the promoting effect of hnRNPA1 D262V mutation on driving dNLSd343 LLPS towards aggregate formation.



MATR3 is also an RNA-binding protein, localized in the nuclear matrix and involved in various tasks concerning nucleic acids, such as chromatin organization, DNA replication, transcription and repair, RNA processing, transport, stability and alternative splicing [53,64,65,66,67]. Co-transfection of MATR3 bearing S85C mutation with either TDP-43 dNLS or dNLSd343 increased the number of cells with aggregates in comparison with MATR3wt or control plasmid co-transfections. As shown previously, lower levels of RNA promote LLPS of RNA-binding proteins [68] and TDP-43 assemblies lacking RNA are insoluble [37,62]. Expression of MATR3 with S85C mutation increases retention of mRNA in the nucleus [69], possibly leading to a higher tendency of TDP-43 dNLS and dNLSd343 to phase-separate, and tipping the balance towards their insoluble inclusions. Additionally, N-terminal sequence of MATR3 exhibits low complexity and is able to undergo phase separation to form liquid-like droplets in the nucleus [70,71]. The introduction of MATR3 S85C mutation inhibits droplet formation [71,72], possibly providing us with an explanation for the increased size of TDP-43 dNLS aggregates, especially in cells co-transfected with MATR3wt. Indeed, increased levels of dNLS in cells co-transfected with dNLS and MATR3wt detected in UREA-soluble fraction compared to cells co-transfected with dNLS and MATR3mut, corroborate this proposition.



In contrast to previously discussed proteins mainly associated with RNA processes, one of VCP’s main duties is facilitating the proteasomal degradation of damaged or misfolded proteins by binding to polyubiquinated proteins and delivering them to the proteasome complex [73,74,75]. Soluble TDP-43 is degraded primarily by the ubiquitin proteasome system, whereas the removal of TDP-43 aggregates requires autophagy [76]. Therefore, it is not surprising that co-expression of mutant VCP gene with TDP-43 dNLS and dNLSd343 resulted in an increased proportion of transfected cells with dNLS and dNLSd343 aggregates, respectively. The increased number of aggregates was possibly initiated by the interference of defective VCP in with the degradation pathway of mutated TDP-43. However, co-expressing VCPwt with TDP-43 dNLS and dNLSd343 did not reduce the percentage of transfected cells with aggregates, even though VCP is supposed to prevent aggregation [77], suggesting an upper limit of proteolytic machinery to degrade misfolded proteins. In addition to VCP role in protein clearance, other functions have also been ascribed to it, such as its involvement in cellular stress response, i.e., affecting stress granule assembly [78] and clearance [79,80]. Stress granules also assemble by LLPS [81] and are RNA-protein aggregates known to contain TDP-43 and other ALS-related proteins [82,83,84,85,86], that are thought to represent precursors of pathological cytoplasmic inclusions [87], similar as modelled by our constructs. Therefore, the role of VCP in stress granule disassembly could explain its inhibitory effect on the number and promoting effect on the size and insolubility of dNLS aggregates, in comparison with controls. Recently published data revealed that under hyperosmotic stress, VCP, along with other proteasome-interacting proteins forms nuclear proteasomal foci behaving as liquid droplets [88]. In light of this study, VCP could actively participate in altering the conditions for dNLS LLPS, and thus changing the dNLS aggregate properties.



Like VCP, UBQLN2 participates in proteolytic processes, such as delivering ubiquitinated proteins to the proteasome. Besides, it is also involved in autophagy, cell signaling, cell cycle progression and cytoskeletal association [89]. Similarly, co-transfection of cells with UBQLN2 carrying P506T mutation with TDP-43 dNLS resulted in increased percentage of aggregates in transfected cells, when compared to control or UBQLN2wt co-transfected cells. Probably, similar tampering of UBQLN2 mutant with TDP-43 degradation machinery took place. However, co-expressing TDP-43 dNLSd343 with UBQLN2wt led to a decreased percentage of transfected cells harboring aggregates, suggesting the possible ability of UBQLN2wt to boost the degradation of dNLSd343. In addition to its other functions, UBQLN2 associates with stress granule components and regulates their formation by delaying initiation processes [90]. Latter could explain the reduced number of aggregates in UBQLN2wt and TDP-43 dNLS co-transfected cells. Additionally, UBQLN2 itself undergoes LLPS [91] and its ALS-associated mutations change its LLPS properties, affect its solubility and promote its oligomerization [92]. This is consistent with the observed increased percentage of cells harboring aggregates, and their increased insolubility upon co-transfection of cells with UBQLN2mut and dNLS. The detected co-localization of dNLS aggregates with UBQLN2mut indicates possible reciprocal influence on their tendencies to phase separate. However, since UBQLN2mut had no effect on dNLSd343 aggregation pattern, this suggests that the lacking amino acid residues could be crucial for the cooperation of TDP-43 and UBQLN2 during LLPS and the initial stages of aggregate formation.



Over the recent years, the extent of ALS heterogeneity, as well as its clinical, pathological and genetic overlap with several other degenerative disorders has become increasingly evident [93]. Nevertheless, research studies usually focus on individual genes or processes, neglecting the need to connect pathological pathways with the disease onset and progression. Our study shows that each of the investigated ALS-associated genes has a unique impact on TDP-43 aggregation, implicating the importance of their pathways on disease severity and progression (Figure 6). It could even be argued that each ALS-linked gene that we co-transfected with aggregation-prone construct led to the formation of distinct “aggregate type,” similar to those identified by Laferrière and colleagues [45], which could represent the basis for disease heterogeneity.



However, determining the influence of ALS-associated genes on the aggregation pattern of TDP-43 remains the first step in elucidating the mechanisms of TDP-43 aggregation. It would be important to confirm these differences in TDP-43 aggregation patterns directly in the aggregates extracted from post mortem tissue or from motor neurons derived from ALS patients, with distinct mutations in ALS-associated genes. Additional studies, revealing the effects of TDP-43 interactors with the potential to reduce or accelerate TDP-43 aggregation in combination with different mutations of ALS-associated genes, are definitely needed.



In summary, our results underline the significance of comparative research in the ALS field and provide an understanding of how different mechanisms interact at the molecular level and lead to neurodegeneration that may prove crucial in future for the successful development of therapeutics.








Supplementary Materials


The following are available online at https://www.mdpi.com/2073-4409/9/8/1791/s1, Figure S1: TDP-43 constructs co-transfected with plasmid HAonly, Figure S2: Western blots of total lysates of SH-SY5Y cells co-transfected with KO2-TDP-43 constructs and HA-tagged wild-type and mutant ALS-associated genes, Figure S3: Solubility of TDPdNLS and TDPdNLSd343 constructs co-transfected in SH-SY5Y cells with HA-tagged wild-type and mutant ALS-associated genes, Figure S4: Original, uncropped and unadjusted images used for Figure 1, Figure S5: Original, uncropped and unadjusted images used for Figure S2A and S2B, Figure S6: Original, uncropped and unadjusted images used for Figure S2A and S2B, Figure S7: Original, uncropped and unadjusted images used for Figure S3, Table S1: Primer sequences for PCR to clone TDP-43 sequence into mKO2-C1 plasmid. Table S2: Primer sequences for PCR to clone mKO2-TDP-43 sequence into pcDNA5/FRT/TO plasmid. Table S3: Primer sequences for site-directed mutagenesis to produce dNLS C-terminally shortened TDP-43 fragments. Table S4: Primer sequences to amplify gBlock DNA fragment containing HRV 3C site, Gly-Ser-Gly linker, 3x HA tag. Table S5: Primer sequences for subcloning ALS-associated genes into pcDNA5/FRT/TO-3xHA. Table S6: Primer sequences for site-directed mutagenesis to introduce ALS-associated mutations. Table S7: Primer sequences used for site-directed mutagenesis to add start codon to pcDNA5/FRT/TO-3xHA.





Author Contributions


Conceptualization, A.B.Č., H.M. and B.R.; formal analysis, A.B.Č.; investigation, A.B.Č.; writing—original draft preparation, A.B.Č.; writing—review and editing, A.B.Č., H.M. and B.R.; supervision, H.M. and B.R.; project administration, B.R.; funding acquisition, B.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Slovenian Research Agency [ARRS, grants P4-0127, J3-8201, N3-0141, J7-9399 and J3-9263].




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Neumann, M.; Sampathu, D.M.; Kwong, L.K.; Truax, A.C.; Micsenyi, M.C.; Chou, T.T.; Bruce, J.; Schuck, T.; Grossman, M.; Clark, C.M.; et al. Ubiquitinated TDP-43 in frontotemporal lobar degeneration and amyotrophic lateral sclerosis. Science 2006, 314, 130–133. [Google Scholar] [CrossRef]

	



Loughlin, F.E.; Wilce, J.A. TDP-43 and FUS-structural insights into RNA recognition and self-association. Curr. Opin. Struct. Biol. 2019, 59, 134–142. [Google Scholar] [CrossRef]

	



Nishimura, A.L.; Župunski, V.; Troakes, C.; Kathe, C.; Fratta, P.; Howell, M.; Gallo, J.-M.; Hortobágyi, T.; Shaw, C.E.; Rogelj, B. Nuclear import impairment causes cytoplasmic trans-activation response DNA-binding protein accumulation and is associated with frontotemporal lobar degeneration. Brain 2010, 133, 1763–1771. [Google Scholar] [CrossRef] [PubMed]

	



Modic, M.; Grosch, M.; Rot, G.; Schirge, S.; Lepko, T.; Yamazaki, T.; Lee, F.C.Y.; Rusha, E.; Shaposhnikov, D.; Palo, M.; et al. Cross-regulation between TDP-43 and paraspeckles promotes pluripotency-differentiation transition. Mol. Cell. 2019, 74, 951–965.e13. [Google Scholar] [CrossRef] [PubMed]

	



Štalekar, M.; Yin, X.; Rebolj, K.; Darovic, S.; Troakes, C.; Mayr, M.; Shaw, C.E.; Rogelj, B. Proteomic analyses reveal that loss of TDP-43 affects RNA processing and intracellular transport. Neuroscience 2015, 293, 157–170. [Google Scholar] [CrossRef]

	



Tollervey, J.R.; Curk, T.; Rogelj, B.; Briese, M.; Cereda, M.; Kayikci, M.; König, J.; Hortobágyi, T.; Nishimura, A.L.; Zupunski, V.; et al. Characterizing the RNA targets and position-dependent splicing regulation by TDP-43. Nat. Neurosci. 2011, 14, 452–458. [Google Scholar] [CrossRef] [PubMed]

	



Sreedharan, J.; Blair, I.P.; Tripathi, V.B.; Hu, X.; Vance, C.; Rogelj, B.; Ackerley, S.; Durnall, J.C.; Williams, K.L.; Buratti, E.; et al. TDP-43 mutations in familial and sporadic amyotrophic lateral sclerosis. Science 2008, 319, 1668–1672. [Google Scholar] [CrossRef]

	



Hergesheimer, R.C.; Chami, A.A.; de Assis, D.R.; Vourc’h, P.; Andres, C.R.; Corcia, P.; Lanznaster, D.; Blasco, H. The debated toxic role of aggregated TDP-43 in amyotrophic lateral sclerosis: A resolution in sight? Brain 2019, 142, 1176–1194. [Google Scholar] [CrossRef]

	



Nishimura, A.L.; Shum, C.; Scotter, E.L.; Abdelgany, A.; Sardone, V.; Wright, J.; Lee, Y.-B.; Chen, H.-J.; Bilican, B.; Carrasco, M.; et al. Allele-specific knockdown of ALS-associated mutant TDP-43 in neural stem cells derived from induced pluripotent stem cells. PLoS ONE 2014, 9, e91269. [Google Scholar] [CrossRef]

	



Vance, C.; Rogelj, B.; Hortobágyi, T.; De Vos, K.J.; Nishimura, A.L.; Sreedharan, J.; Hu, X.; Smith, B.; Ruddy, D.; Wright, P.; et al. Mutations in FUS, an RNA processing protein, cause familial amyotrophic lateral sclerosis type 6. Science 2009, 323, 1208–1211. [Google Scholar] [CrossRef]

	



Mitchell, J.C.; McGoldrick, P.; Vance, C.; Hortobagyi, T.; Sreedharan, J.; Rogelj, B.; Tudor, E.L.; Smith, B.N.; Klasen, C.; Miller, C.C.J.; et al. Overexpression of human wild-type FUS causes progressive motor neuron degeneration in an age- and dose-dependent fashion. Acta Neuropathol. 2013, 125, 273–288. [Google Scholar] [CrossRef] [PubMed]

	



Darovic, S.; Prpar Mihevc, S.; Župunski, V.; Gunčar, G.; Štalekar, M.; Lee, Y.-B.; Shaw, C.E.; Rogelj, B. Phosphorylation of C-terminal tyrosine residue 526 in FUS impairs its nuclear import. J. Cell. Sci. 2015, 128, 4151–4159. [Google Scholar] [CrossRef] [PubMed]

	



Rogelj, B.; Easton, L.E.; Bogu, G.K.; Stanton, L.W.; Rot, G.; Curk, T.; Zupan, B.; Sugimoto, Y.; Modic, M.; Haberman, N.; et al. Widespread binding of FUS along nascent RNA regulates alternative splicing in the brain. Sci. Rep. 2012, 2, 603. [Google Scholar] [CrossRef]

	



van Rheenen, W.; Shatunov, A.; Dekker, A.M.; McLaughlin, R.L.; Diekstra, F.P.; Pulit, S.L.; van der Spek, R.A.A.; Võsa, U.; de Jong, S.; Robinson, M.R.; et al. Genome-wide association analyses identify new risk variants and the genetic architecture of amyotrophic lateral sclerosis. Nat. Genet. 2016, 48, 1043–1048. [Google Scholar] [CrossRef]

	



Johnson, J.O.; Pioro, E.P.; Boehringer, A.; Chia, R.; Feit, H.; Renton, A.E.; Pliner, H.A.; Abramzon, Y.; Marangi, G.; Winborn, B.J.; et al. Mutations in the Matrin 3 gene cause familial amyotrophic lateral sclerosis. Nat. Neurosci. 2014, 17, 664–666. [Google Scholar] [CrossRef] [PubMed]

	



Kim, H.J.; Kim, N.C.; Wang, Y.-D.; Scarborough, E.A.; Moore, J.; Diaz, Z.; MacLea, K.S.; Freibaum, B.; Li, S.; Molliex, A.; et al. Mutations in prion-like domains in hnRNPA2B1 and hnRNPA1 cause multisystem proteinopathy and ALS. Nature 2013, 495, 467–473. [Google Scholar] [CrossRef]

	



Mackenzie, I.R.; Nicholson, A.M.; Sarkar, M.; Messing, J.; Purice, M.D.; Pottier, C.; Annu, K.; Baker, M.; Perkerson, R.B.; Kurti, A.; et al. TIA1 mutations in amyotrophic lateral sclerosis and frontotemporal dementia promote phase separation and alter stress granule dynamics. Neuron 2017, 95, 808–816.e9. [Google Scholar] [CrossRef]

	



Johnson, J.O.; Mandrioli, J.; Benatar, M.; Abramzon, Y.; Van Deerlin, V.M.; Trojanowski, J.Q.; Gibbs, J.R.; Brunetti, M.; Gronka, S.; Wuu, J.; et al. Exome sequencing reveals VCP mutations as a cause of familial ALS. Neuron 2010, 68, 857–864. [Google Scholar] [CrossRef]

	



Deng, H.-X.; Chen, W.; Hong, S.-T.; Boycott, K.M.; Gorrie, G.H.; Siddique, N.; Yang, Y.; Fecto, F.; Shi, Y.; Zhai, H.; et al. Mutations in UBQLN2 cause dominant X-linked juvenile and adult onset ALS and ALS/dementia. Nature 2011, 477, 211–215. [Google Scholar] [CrossRef]

	



Fecto, F.; Yan, J.; Vemula, S.P.; Liu, E.; Yang, Y.; Chen, W.; Zheng, J.G.; Shi, Y.; Siddique, N.; Arrat, H.; et al. SQSTM1 mutations in familial and sporadic amyotrophic lateral sclerosis. Arch. Neurol. 2011, 68, 1440–1446. [Google Scholar] [CrossRef]

	



Maruyama, H.; Morino, H.; Ito, H.; Izumi, Y.; Kato, H.; Watanabe, Y.; Kinoshita, Y.; Kamada, M.; Nodera, H.; Suzuki, H.; et al. Mutations of optineurin in amyotrophic lateral sclerosis. Nature 2010, 465, 223–226. [Google Scholar] [CrossRef] [PubMed]

	



Mandrioli, J.; Mediani, L.; Alberti, S.; Carra, S. ALS and FTD: Where RNA metabolism meets protein quality control. Semin. Cell Dev. Biol. 2020, 99, 183–192. [Google Scholar] [CrossRef]

	



Nowicka, N.; Juranek, J.; Juranek, J.K.; Wojtkiewicz, J. Risk factors and emerging therapies in amyotrophic lateral sclerosis. Int. J. Mol. Sci. 2019, 20. [Google Scholar] [CrossRef]

	



Babinchak, W.M.; Surewicz, W.K. Liquid-liquid phase separation and its mechanistic role in pathological protein aggregation. J. Mol. Biol. 2020, 432, 1910–1925. [Google Scholar] [CrossRef] [PubMed]

	



Gomes, E.; Shorter, J. The molecular language of membraneless organelles. J. Biol. Chem. 2019, 294, 7115–7127. [Google Scholar] [CrossRef] [PubMed]

	



Babinchak, W.M.; Haider, R.; Dumm, B.K.; Sarkar, P.; Surewicz, K.; Choi, J.-K.; Surewicz, W.K. The role of liquid–liquid phase separation in aggregation of the TDP-43 low-complexity domain. J. Biol. Chem. 2019, 294, 6306–6317. [Google Scholar] [CrossRef]

	



Molliex, A.; Temirov, J.; Lee, J.; Coughlin, M.; Kanagaraj, A.P.; Kim, H.J.; Mittag, T.; Taylor, J.P. Phase separation by low complexity domains promotes stress granule assembly and drives pathological fibrillization. Cell 2015, 163, 123–133. [Google Scholar] [CrossRef]

	



Schmidt, H.B.; Barreau, A.; Rohatgi, R. Phase separation-deficient TDP43 remains functional in splicing. Nat. Commun. 2019, 10, 4890. [Google Scholar] [CrossRef]

	



Conicella, A.E.; Zerze, G.H.; Mittal, J.; Fawzi, N.L. ALS mutations disrupt phase separation mediated by α-helical structure in the TDP-43 low-complexity C-terminal domain. Structure 2016, 24, 1537–1549. [Google Scholar] [CrossRef]

	



Li, H.-R.; Chen, T.-C.; Hsiao, C.-L.; Shi, L.; Chou, C.-Y.; Huang, J. The physical forces mediating self-association and phase-separation in the C-terminal domain of TDP-43. Biochim. Biophys. Acta (BBA)-Proteins Proteom. 2018, 1866, 214–223. [Google Scholar] [CrossRef]

	



Afroz, T.; Hock, E.-M.; Ernst, P.; Foglieni, C.; Jambeau, M.; Gilhespy, L.A.B.; Laferriere, F.; Maniecka, Z.; Plückthun, A.; Mittl, P.; et al. Functional and dynamic polymerization of the ALS-linked protein TDP-43 antagonizes its pathologic aggregation. Nat. Commun. 2017, 8. [Google Scholar] [CrossRef] [PubMed]

	



Tsoi, P.S.; Choi, K.-J.; Leonard, P.G.; Sizovs, A.; Moosa, M.M.; MacKenzie, K.R.; Ferreon, J.C.; Ferreon, A.C.M. The N-terminal domain of ALS-linked TDP-43 assembles without Misfolding. Angew. Chem. Int. Ed. Engl. 2017, 56, 12590–12593. [Google Scholar] [CrossRef] [PubMed]

	



Wang, A.; Conicella, A.E.; Schmidt, H.B.; Martin, E.W.; Rhoads, S.N.; Reeb, A.N.; Nourse, A.; Ramirez Montero, D.; Ryan, V.H.; Rohatgi, R.; et al. A single N-terminal phosphomimic disrupts TDP-43 polymerization, phase separation, and RNA splicing. EMBO J. 2018, 37, e97452. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.-J.; Caulfield, T.; Xu, Y.-F.; Gendron, T.F.; Hubbard, J.; Stetler, C.; Sasaguri, H.; Whitelaw, E.C.; Cai, S.; Lee, W.C.; et al. The dual functions of the extreme N-terminus of TDP-43 in regulating its biological activity and inclusion formation. Hum. Mol. Genet. 2013, 22, 3112–3122. [Google Scholar] [CrossRef] [PubMed]

	



Sun, Y.; Arslan, P.E.; Won, A.; Yip, C.M.; Chakrabartty, A. Binding of TDP-43 to the 3’UTR of its cognate mRNA enhances its solubility. Biochemistry 2014, 53, 5885–5894. [Google Scholar] [CrossRef]

	



Huang, Y.-C.; Lin, K.-F.; He, R.-Y.; Tu, P.-H.; Koubek, J.; Hsu, Y.-C.; Huang, J.J.-T. Inhibition of TDP-43 aggregation by nucleic acid binding. PLoS ONE 2013, 8, e64002. [Google Scholar] [CrossRef]

	



Mann, J.R.; Gleixner, A.M.; Mauna, J.C.; Gomes, E.; DeChellis-Marks, M.R.; Needham, P.G.; Copley, K.E.; Hurtle, B.; Portz, B.; Pyles, N.J.; et al. RNA binding antagonizes neurotoxic phase transitions of TDP-43. Neuron 2019, 102, 321–338.e8. [Google Scholar] [CrossRef]

	



French, R.L.; Grese, Z.R.; Aligireddy, H.; Dhavale, D.D.; Reeb, A.N.; Kedia, N.; Kotzbauer, P.T.; Bieschke, J.; Ayala, Y.M. Detection of TAR DNA-binding protein 43 (TDP-43) oligomers as initial intermediate species during aggregate formation. J. Biol. Chem. 2019, 294, 6696–6709. [Google Scholar] [CrossRef]

	



Solomon, D.A.; Stepto, A.; Au, W.H.; Adachi, Y.; Diaper, D.C.; Hall, R.; Rekhi, A.; Boudi, A.; Tziortzouda, P.; Lee, Y.-B.; et al. A feedback loop between dipeptide-repeat protein, TDP-43 and karyopherin-α mediates C9orf72-related neurodegeneration. Brain 2018, 141, 2908–2924. [Google Scholar] [CrossRef]

	



Nonaka, T.; Hasegawa, M. Prion-like properties of assembled TDP-43. Curr. Opin. Neurobiol. 2020, 61, 23–28. [Google Scholar] [CrossRef]

	



Furukawa, Y.; Kaneko, K.; Watanabe, S.; Yamanaka, K.; Nukina, N. A Seeding reaction recapitulates intracellular formation of Sarkosyl-insoluble Transactivation Response Element (TAR) DNA-binding protein-43 inclusions. J. Biol. Chem. 2011, 286, 18664–18672. [Google Scholar] [CrossRef] [PubMed]

	



Porta, S.; Xu, Y.; Restrepo, C.R.; Kwong, L.K.; Zhang, B.; Brown, H.J.; Lee, E.B.; Trojanowski, J.Q.; Lee, V.M.-Y. Patient-derived frontotemporal lobar degeneration brain extracts induce formation and spreading of TDP-43 pathology in vivo. Nat. Commun. 2018, 9, 1–15. [Google Scholar] [CrossRef] [PubMed]

	



Nonaka, T.; Masuda-Suzukake, M.; Arai, T.; Hasegawa, Y.; Akatsu, H.; Obi, T.; Yoshida, M.; Murayama, S.; Mann, D.M.A.; Akiyama, H.; et al. Prion-like properties of pathological TDP-43 aggregates from diseased brains. Cell. Rep. 2013, 4, 124–134. [Google Scholar] [CrossRef] [PubMed]

	



Smethurst, P.; Newcombe, J.; Troakes, C.; Simone, R.; Chen, Y.-R.; Patani, R.; Sidle, K. In vitro prion-like behaviour of TDP-43 in ALS. Neurobiol. Dis. 2016. [Google Scholar] [CrossRef] [PubMed]

	



Laferrière, F.; Maniecka, Z.; Pérez-Berlanga, M.; Hruska-Plochan, M.; Gilhespy, L.; Hock, E.-M.; Wagner, U.; Afroz, T.; Boersema, P.J.; Barmettler, G.; et al. TDP-43 extracted from frontotemporal lobar degeneration subject brains displays distinct aggregate assemblies and neurotoxic effects reflecting disease progression rates. Nat. Neurosci. 2019, 22, 65–77. [Google Scholar] [CrossRef] [PubMed]

	



Takeda, T.; Kitagawa, K.; Arai, K. Phenotypic variability and its pathological basis in amyotrophic lateral sclerosis. Neuropathology 2020, 40, 40–56. [Google Scholar] [CrossRef]

	



Velebit, J.; Horvat, A.; Smolič, T.; Prpar Mihevc, S.; Rogelj, B.; Zorec, R.; Vardjan, N. Astrocytes with TDP-43 inclusions exhibit reduced noradrenergic cAMP and Ca2+ signaling and dysregulated cell metabolism. Sci. Rep. 2020, 10, 6003. [Google Scholar] [CrossRef]

	



Mihevc, S.P.; Baralle, M.; Buratti, E.; Rogelj, B. TDP-43 aggregation mirrors TDP-43 knockdown, affecting the expression levels of a common set of proteins. Sci. Rep. 2016, 6, 33996. [Google Scholar] [CrossRef]

	



Ling, S.-C.; Albuquerque, C.P.; Han, J.S.; Lagier-Tourenne, C.; Tokunaga, S.; Zhou, H.; Cleveland, D.W. ALS-associated mutations in TDP-43 increase its stability and promote TDP-43 complexes with FUS/TLS. Proc. Natl. Acad. Sci. USA 2010, 107, 13318–13323. [Google Scholar] [CrossRef]

	



Sakaue-Sawano, A.; Kurokawa, H.; Morimura, T.; Hanyu, A.; Hama, H.; Osawa, H.; Kashiwagi, S.; Fukami, K.; Miyata, T.; Miyoshi, H.; et al. Visualizing spatiotemporal dynamics of multicellular cell-cycle progression. Cell 2008, 132, 487–498. [Google Scholar] [CrossRef]

	



Tresse, E.; Salomons, F.A.; Vesa, J.; Bott, L.C.; Kimonis, V.; Yao, T.-P.; Dantuma, N.P.; Taylor, J.P. VCP/p97 is essential for maturation of ubiquitin-containing autophagosomes and this function is impaired by mutations that cause IBMPFD. Autophagy 2010, 6, 217–227. [Google Scholar] [CrossRef]

	



Kleijnen, M.F.; Shih, A.H.; Zhou, P.; Kumar, S.; Soccio, R.E.; Kedersha, N.L.; Gill, G.; Howley, P.M. The hPLIC proteins may provide a link between the ubiquitination machinery and the proteasome. Mol. Cell 2000, 6, 409–419. [Google Scholar] [CrossRef]

	



Salton, M.; Elkon, R.; Borodina, T.; Davydov, A.; Yaspo, M.-L.; Halperin, E.; Shiloh, Y. Matrin 3 Binds and Stabilizes mRNA. PLoS ONE 2011, 6, e23882. [Google Scholar] [CrossRef]

	



Jaunmuktane, Z.; Brandner, S. Invited review: The role of prion-like mechanisms in neurodegenerative diseases. Neuropathol. Appl. Neurobiol. 2019. [Google Scholar] [CrossRef]

	



Ishii, T.; Kawakami, E.; Endo, K.; Misawa, H.; Watabe, K. Formation and spreading of TDP-43 aggregates in cultured neuronal and glial cells demonstrated by time-lapse imaging. PLoS ONE 2017, 12. [Google Scholar] [CrossRef]

	



Bekenstein, U.; Soreq, H. Heterogeneous nuclear ribonucleoprotein A1 in health and neurodegenerative disease: From structural insights to post-transcriptional regulatory roles. Mol. Cell. Neurosci. 2013, 56, 436–446. [Google Scholar] [CrossRef]

	



Howard, J.M.; Lin, H.; Wallace, A.J.; Kim, G.; Draper, J.M.; Haeussler, M.; Katzman, S.; Toloue, M.; Liu, Y.; Sanford, J.R. HNRNPA1 promotes recognition of splice site decoys by U2AF2 in vivo. Genome Res. 2018, 28, 689–698. [Google Scholar] [CrossRef]

	



Roy, R.; Huang, Y.; Seckl, M.J.; Pardo, O.E. Emerging roles of hnRNPA1 in modulating malignant transformation. Wiley Interdiscip. Rev. RNA 2017, 8. [Google Scholar] [CrossRef]

	



Kattuah, W.; Rogelj, B.; King, A.; Shaw, C.E.; Hortobágyi, T.; Troakes, C. Heterogeneous nuclear Ribonucleoprotein E2 (hnRNP E2) is a component of TDP-43 aggregates specifically in the A and C pathological subtypes of Frontotemporal lobar degeneration. Front. Neurosci. 2019, 13. [Google Scholar] [CrossRef]

	



Gui, X.; Luo, F.; Li, Y.; Zhou, H.; Qin, Z.; Liu, Z.; Gu, J.; Xie, M.; Zhao, K.; Dai, B.; et al. Structural basis for reversible amyloids of hnRNPA1 elucidates their role in stress granule assembly. Nat. Commun. 2019, 10. [Google Scholar] [CrossRef]

	



Buratti, E.; Brindisi, A.; Giombi, M.; Tisminetzky, S.; Ayala, Y.M.; Baralle, F.E. TDP-43 binds heterogeneous nuclear ribonucleoprotein A/B through its C-terminal tail: An important region for the inhibition of cystic fibrosis transmembrane conductance regulator exon 9 splicing. J. Biol. Chem. 2005, 280, 37572–37584. [Google Scholar] [CrossRef]

	



Gasset-Rosa, F.; Lu, S.; Yu, H.; Chen, C.; Melamed, Z.; Guo, L.; Shorter, J.; Cruz, S.D.; Cleveland, D.W. Cytoplasmic TDP-43 De-mixing independent of stress granules drives inhibition of nuclear import, loss of nuclear TDP-43, and cell death. Neuron 2019, 102, 339–357.e7. [Google Scholar] [CrossRef]

	



Lin, Y.; Protter, D.S.W.; Rosen, M.K.; Parker, R. Formation and maturation of phase separated liquid droplets by RNA binding proteins. Mol. Cell 2015, 60, 208–219. [Google Scholar] [CrossRef] [PubMed]

	



Salton, M.; Lerenthal, Y.; Wang, S.-Y.; Chen, D.J.; Shiloh, Y. Involvement of Matrin 3 and SFPQ/NONO in the DNA damage response. Cell Cycle 2010, 9, 1568–1576. [Google Scholar] [CrossRef]

	



Coelho, M.B.; Attig, J.; Bellora, N.; König, J.; Hallegger, M.; Kayikci, M.; Eyras, E.; Ule, J.; Smith, C.W.J. Nuclear matrix protein Matrin3 regulates alternative splicing and forms overlapping regulatory networks with PTB. EMBO J. 2015, 34, 653–668. [Google Scholar] [CrossRef]

	



Attig, J.; Agostini, F.; Gooding, C.; Chakrabarti, A.M.; Singh, A.; Haberman, N.; Zagalak, J.A.; Emmett, W.; Smith, C.W.J.; Luscombe, N.M.; et al. Heteromeric RNP assembly at LINEs controls lineage-specific RNA processing. Cell 2018, 174, 1067–1081.e17. [Google Scholar] [CrossRef]

	



Zhao, M.; Kim, J.R.; van Bruggen, R.; Park, J. RNA-binding proteins in amyotrophic lateral sclerosis. Mol. Cells 2018, 41, 818–829. [Google Scholar] [CrossRef]

	



Maharana, S.; Wang, J.; Papadopoulos, D.K.; Richter, D.; Pozniakovsky, A.; Poser, I.; Bickle, M.; Rizk, S.; Guillén-Boixet, J.; Franzmann, T.M.; et al. RNA buffers the phase separation behavior of prion-like RNA-binding proteins. Science 2018, 360, 918–921. [Google Scholar] [CrossRef] [PubMed]

	



Boehringer, A.; Garcia-Mansfield, K.; Singh, G.; Bakkar, N.; Pirrotte, P.; Bowser, R. ALS associated mutations in Matrin 3 alter protein-protein interactions and impede mRNA nuclear export. Sci. Rep. 2017, 7. [Google Scholar] [CrossRef]

	



Iradi, M.C.G.; Triplett, J.C.; Thomas, J.D.; Davila, R.; Crown, A.M.; Brown, H.; Lewis, J.; Swanson, M.S.; Xu, G.; Rodriguez-Lebron, E.; et al. Characterization of gene regulation and protein interaction networks for Matrin 3 encoding mutations linked to amyotrophic lateral sclerosis and myopathy. Sci. Rep. 2018, 8. [Google Scholar] [CrossRef]

	



Gallego-Iradi, M.C.; Strunk, H.; Crown, A.M.; Davila, R.; Brown, H.; Rodriguez-Lebron, E.; Borchelt, D.R. N-terminal sequences in Matrin 3 mediate phase separation into droplet-like structures that recruit TDP43 variants lacking RNA binding elements. Lab. Investig. 2019, 99, 1030–1040. [Google Scholar] [CrossRef]

	



Malik, A.M.; Miguez, R.A.; Li, X.; Ho, Y.-S.; Feldman, E.L.; Barmada, S.J. Matrin 3-dependent neurotoxicity is modified by nucleic acid binding and nucleocytoplasmic localization. eLife 2018, 7, e35977. [Google Scholar] [CrossRef] [PubMed]

	



Ye, Y.; Meyer, H.H.; Rapoport, T.A. The AAA ATPase Cdc48/p97 and its partners transport proteins from the ER into the cytosol. Nature 2001, 414, 414652a. [Google Scholar] [CrossRef] [PubMed]

	



Meyer, H.; Weihl, C.C. The VCP/p97 system at a glance: Connecting cellular function to disease pathogenesis. J. Cell Sci. 2014, 127, 3877–3883. [Google Scholar] [CrossRef] [PubMed]

	



Ye, Y.; Tang, W.K.; Zhang, T.; Xia, D. A mighty “Protein Extractor” of the cell: Structure and function of the p97/CDC48 ATPase. Front. Mol. Biosci. 2017, 4. [Google Scholar] [CrossRef]

	



Scotter, E.L.; Vance, C.; Nishimura, A.L.; Lee, Y.-B.; Chen, H.-J.; Urwin, H.; Sardone, V.; Mitchell, J.C.; Rogelj, B.; Rubinsztein, D.C.; et al. Differential roles of the ubiquitin proteasome system and autophagy in the clearance of soluble and aggregated TDP-43 species. J. Cell Sci. 2014, 127, 1263–1278. [Google Scholar] [CrossRef]

	



Song, C.; Wang, Q.; Li, C.-C.H. Characterization of the aggregation-prevention activity of p97/valosin-containing protein. Biochemistry 2007, 46, 14889–14898. [Google Scholar] [CrossRef]

	



Seguin, S.J.; Morelli, F.F.; Vinet, J.; Amore, D.; De Biasi, S.; Poletti, A.; Rubinsztein, D.C.; Carra, S. Inhibition of autophagy, lysosome and VCP function impairs stress granule assembly. Cell Death Differ. 2014, 21, 1838–1851. [Google Scholar] [CrossRef]

	



Buchan, J.R.; Kolaitis, R.-M.; Taylor, J.P.; Parker, R. Eukaryotic stress granules are cleared by autophagy and Cdc48/VCP function. Cell 2013, 153, 1461–1474. [Google Scholar] [CrossRef]

	



Wang, B.; Maxwell, B.A.; Joo, J.H.; Gwon, Y.; Messing, J.; Mishra, A.; Shaw, T.I.; Ward, A.L.; Quan, H.; Sakurada, S.M.; et al. ULK1 and ULK2 regulate stress granule disassembly through phosphorylation and activation of VCP/p97. Mol. Cell 2019, 74, 742–757.e8. [Google Scholar] [CrossRef]

	



Dobra, I.; Pankivskyi, S.; Samsonova, A.; Pastre, D.; Hamon, L. Relation between stress granules and cytoplasmic protein aggregates linked to neurodegenerative diseases. Curr. Neurol. Neurosci. Rep. 2018, 18, 107. [Google Scholar] [CrossRef] [PubMed]

	



Colombrita, C.; Zennaro, E.; Fallini, C.; Weber, M.; Sommacal, A.; Buratti, E.; Silani, V.; Ratti, A. TDP-43 is recruited to stress granules in conditions of oxidative insult. J. Neurochem. 2009, 111, 1051–1061. [Google Scholar] [CrossRef]

	



Dewey, C.M.; Cenik, B.; Sephton, C.F.; Dries, D.R.; Mayer, P.; Good, S.K.; Johnson, B.A.; Herz, J.; Yu, G. TDP-43 is directed to stress granules by sorbitol, a novel physiological osmotic and oxidative stressor. Mol. Cell. Biol. 2011, 31, 1098–1108. [Google Scholar] [CrossRef]

	



Liu-Yesucevitz, L.; Bilgutay, A.; Zhang, Y.-J.; Vanderweyde, T.; Vanderwyde, T.; Citro, A.; Mehta, T.; Zaarur, N.; McKee, A.; Bowser, R.; et al. Tar DNA binding protein-43 (TDP-43) associates with stress granules: Analysis of cultured cells and pathological brain tissue. PLoS ONE 2010, 5, e13250. [Google Scholar] [CrossRef] [PubMed]

	



McDonald, K.K.; Aulas, A.; Destroismaisons, L.; Pickles, S.; Beleac, E.; Camu, W.; Rouleau, G.A.; Vande Velde, C. TAR DNA-binding protein 43 (TDP-43) regulates stress granule dynamics via differential regulation of G3BP and TIA-1. Hum. Mol. Genet. 2011, 20, 1400–1410. [Google Scholar] [CrossRef]

	



Vance, C.; Scotter, E.L.; Nishimura, A.L.; Troakes, C.; Mitchell, J.C.; Kathe, C.; Urwin, H.; Manser, C.; Miller, C.C.; Hortobágyi, T.; et al. ALS mutant FUS disrupts nuclear localization and sequesters wild-type FUS within cytoplasmic stress granules. Hum. Mol. Genet. 2013, 22, 2676–2688. [Google Scholar] [CrossRef]

	



Dewey, C.M.; Cenik, B.; Sephton, C.F.; Johnson, B.A.; Herz, J.; Yu, G. TDP-43 Aggregation in neurodegeneration: Are stress granules the key? Brain Res. 2012, 1462, 16–25. [Google Scholar] [CrossRef] [PubMed]

	



Yasuda, S.; Tsuchiya, H.; Kaiho, A.; Guo, Q.; Ikeuchi, K.; Endo, A.; Arai, N.; Ohtake, F.; Murata, S.; Inada, T.; et al. Stress- and ubiquitylation-dependent phase separation of the proteasome. Nature 2020, 578, 296–300. [Google Scholar] [CrossRef]

	



Zhang, K.Y.; Yang, S.; Warraich, S.T.; Blair, I.P. Ubiquilin 2: A component of the ubiquitin–proteasome system with an emerging role in neurodegeneration. Int. J. Biochem. Cell Biol. 2014, 50, 123–126. [Google Scholar] [CrossRef]

	



Alexander, E.J.; Ghanbari Niaki, A.; Zhang, T.; Sarkar, J.; Liu, Y.; Nirujogi, R.S.; Pandey, A.; Myong, S.; Wang, J. Ubiquilin 2 modulates ALS/FTD-linked FUS-RNA complex dynamics and stress granule formation. Proc. Natl. Acad. Sci. USA 2018, 115, E11485–E11494. [Google Scholar] [CrossRef]

	



Dao, T.P.; Kolaitis, R.-M.; Kim, H.J.; O’Donovan, K.; Martyniak, B.; Colicino, E.; Hehnly, H.; Taylor, J.P.; Castañeda, C.A. Ubiquitin modulates liquid-liquid phase separation of UBQLN2 via disruption of multivalent interactions. Mol. Cell 2018, 69, 965–978.e6. [Google Scholar] [CrossRef]

	



Dao, T.P.; Martyniak, B.; Canning, A.J.; Lei, Y.; Colicino, E.G.; Cosgrove, M.S.; Hehnly, H.; Castañeda, C.A. ALS-linked mutations affect UBQLN2 Oligomerization and phase separation in a position- and amino acid-dependent manner. Structure 2019, 27, 937–951.e5. [Google Scholar] [CrossRef] [PubMed]

	



Taylor, J.P.; Brown, R.H.; Cleveland, D.W. Decoding ALS: From genes to mechanism. Nature 2016, 539, 197–206. [Google Scholar] [CrossRef] [PubMed]








[image: Cells 09 01791 g001 550] 





Figure 1. C-terminal domain truncations affect TDP-43 aggregate formation in the cytoplasm of SH-SY5Y cells: (A) A schematic representation of mKO2-tagged constructs and their abbreviations. Only TDPwt has nuclear localization signal (NLS), whereas others lack NLS and except dNLS that holds intact C-terminus, they carry deletions of LCD: IDR2 is deleted in dNLSd343 (ends at 343 aa residue), IDR2 and CR are deleted in dNLSd299 (ends at 299 aa residue); whole C-terminal domain is deleted in dNLSd267 (ends in 267 aa residues). A control construct KO2only holds sequence for mKO2 protein alone. (B) Western blot analysis of mKO2-tagged constructs. (C) Quantification of transfected cells harboring aggregates. (D) Average number of aggregates in an individual cell. (E) Average aggregate size within individual cells. (F) SH-SY5Y cells, expressing mKO2-tagged constructs. Nuclei are counterstained with DAPI. Scale bars: 10 µm. 
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Figure 2. SH-SY5Y cells co-transfected with mKO2 constructs and wt or mut hnRNPA1. (A) Quantification of co-transfected cells harboring aggregates. (B) Average number of aggregates in an individual cell. (C) Average aggregate size. (D) SH-SY5Y cells co-transfected with mKO2 constructs and wt or mut hnRNPA1. Probed for HA-tag and counterstained with DAPI. Scale bars: 10 µm. 
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Figure 3. SH-SY5Y cells co-transfected with mKO2 constructs and wt or mut MATR3. (A) Quantification of co-transfected cells harboring aggregates. (B) Average number of aggregates in an individual cell. (C) Average aggregate size. (D) SH-SY5Y cells co-transfected with mKO2 constructs and wt or mut MATR3. Probed for HA-tag and counterstained with DAPI. Scale bars: 10 µm. 
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Figure 4. SH-SY5Y cells co-transfected with mKO2 constructs and wt or mut VCP. (A) Quantification of co-transfected cells harboring aggregates. (B) Average number of aggregates in an individual cell. (C) Average aggregate size. (D) SH-SY5Y cells co-transfected with mKO2 constructs and wt or mut VCP. Probed for HA-tag and counterstained with DAPI. Scale bars: 10 µm. 
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Figure 5. SH-SY5Y cells co-transfected with mKO2 constructs and wt or mut UBQLN2. (A) Quantification of co-transfected cells harboring aggregates. (B) Average number of aggregates in an individual cell. (C) Average aggregate size. (D) SH-SY5Y cells co-transfected with mKO2 constructs and wt or mut UBQLN2. Probed for HA-tag and counterstained with DAPI. Scale bars: 10 µm. 
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Figure 6. Summary of TDP-43 aggregation strains in co-transfected SH-SY5Y cells. Full red shapes represent TDP-43 aggregates, twisted lines represent soluble TDP-43, and orange and yellow shapes represent TDP-43 aggregates co-localized with UBQLN2. 
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