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            Abstract
Accumulation of abnormally phosphorylated TDP-43 (pTDP-43) is the main pathology in affected neurons of people with amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD). Morphological diversity and neuroanatomical distribution of pTDP-43 accumulations allowed classification of FTLD cases into at least four subtypes, which are correlated with clinical presentations and genetic causes. To understand the molecular basis of this heterogeneity, we developed SarkoSpin, a new method for biochemical isolation of pathological TDP-43. By combining SarkoSpin with mass spectrometry, we revealed proteins beyond TDP-43 that become abnormally insoluble in a disease subtype–specific manner. We show that pTDP-43 extracted from brain forms stable assemblies of distinct densities and morphologies that are associated with disease subtypes. Importantly, biochemically extracted pTDP-43 assemblies showed differential neurotoxicity and seeding that were correlated with disease duration of FTLD subjects. Our data are consistent with the notion that disease heterogeneity could originate from alternate pathological TDP-43 conformations, which are reminiscent of prion strains.
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                    Fig. 1: SarkoSpin physically separates pathological TDP-43 from the majority of normal proteins in FTLD and ALS brains.[image: ]


Fig. 2: SarkoSpin extracts from different disease subtypes have distinct protein compositions beyond TDP-43.[image: ]


Fig. 3: Diverse size distributions of TDP-43 aggregates isolated from different types of TDP-43 proteinopathies.[image: ]


Fig. 4: Distinct density profiles of TDP-43 aggregates isolated from different types of TDP-43 proteinopathies.[image: ]


Fig. 5: Distinct structure of pathological TDP-43 isolated from different disease subtypes.[image: ]


Fig. 6: Differential cyto- and neurotoxicity of FTLD-TDP type A and type C pathological assemblies.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Characteristics of disease subtypes and correlation to disease duration.
a. Phosphorylated TDP-43 immunohistochemical staining of temporal cortex from FTLD-TDP subtypes, highlighting differences in their pathological hallmarks. Neuronal cytoplasmic inclusions (NCI) (arrows) and short dystrophic neurites (DN) (arrowhead) were observed in FTLD-TDP-A without (top panel) or with (middle panel) C9orf72 repeat expansions. In FTLD-TDP-C, long twisted neurites were observed (lower panel, arrowhead). Scale bar 25 μm. This experiment was repeated two independent times with similar results. b-c. Age at death (b) and disease duration (c) of patients from the different disease groups used in the study (error bars show means and SD). FTLD-TDP-C patients showed significantly longer disease duration. n = 16, 25 and 11 individual patients for ALS, FTLD-TDP-A and FTLD-TDP-C respectively. One-way ANOVAs followed by Tukey’s multiple-comparison tests gave the indicated p values.


Supplementary Figure 2 Benzonase treatment releases physiological TDP-43 complexes from SarkoSpin pellets.
a. Schematic representation of sequential insolubility assay. Brain homogenates are solubilized with indicated detergents (without Benzonase) and centrifuged after each solubilization step. Each time, pellets are resuspended in buffer with increasing detergent stringency until obtaining an SDS-insoluble fraction. b. Sequential insolubility assay fractions from control (black, left panels) and ALS (red, right panels) were subjected to SDS-PAGE followed by immunolabeling of TDP-43 (top) and hnRNPA1 (bottom). Both of these proteins are present in SDS fraction, in any health or disease case, showing the importance of using Benzonase for assessing the insolubility of nucleic acid binding proteins. c. Biochemical analysis of sarkosyl-soluble and insoluble fractions extracted from human brain samples, with or without Benzonase treatment as noted. Supernatants and pellets were subjected to SDS-PAGE followed by silver staining of total proteins (upper panel), or immunoblotted against total TDP-43 (middle panel) or phosphorylated at position S409/410 TDP-43 (pTDP-43) (lower panel). Physiological TDP-43 in the pellet of the control sample (black arrow) is released upon Benzonase treatment (white arrow). b-c Experiments were independently repeated 3 times with similar results.


Supplementary Figure 3 Immunoblots of SarkoSpin fractions from all groups of patients show consistent isolation of pTDP-43.
Brain from control (black, C), ALS (red), FTLD-TDP type A (green, F-A), type B (yellow, F-B) and type C (blue, F-C) motor cortex (a, b) and frontal cortex (c) were subjected to SarkoSpin. The supernatant and pellet fractions were analyzed by SDS-PAGE and immunoblotted against TDP-43, pTDP-43, hnRNPA1 and SOD1 antibodies. Posttranslational modifications related to pathological TDP-43 are marked with asterisks: poly-ubiquitination smear (***), hyper-phosphorylation (**) and C-terminal fragmentation (*). Ssupernatant, P – pellet, L – ladder.


Supplementary Figure 4 SarkoSpin captures native pathological TDP-43 assemblies.
Native PAGE immunoblots of SarkoSpin supernatants (a.,b.) and pellets (c.,d.) extracted from different disease types were immunoblotted against total TDP-43 (a.,c.) or pTDP-43 (pS409/410, b.,d.). The indicative molecular weights were established by NativeMark protein ladder, and material retained in the stacking gels was considered of more than 10 MDa. This experiment was independently repeated twice with similar results.


Supplementary Figure 5 SarkoSpin extracts from different ALS and FTLD samples have distinct protein compositions beyond TDP-43.
Abundance levels of selected proteins that were most consistently different in patient samples of human TDP-43 proteinopathies, FTLD-Tau (FTLD-T) and controls. We applied the idealized vector method described in the Methods section for control and pooled TDP-43 proteinopathy samples (ALS, FTLD-TDP-A, FTLD-TDP-B and FTLD-TDP-C): a vector of the same number of 0s as control samples and the same number of 1s patient samples was created. For each protein, we measured the correlation of this idealized vector to the vector of normalized and batch-corrected protein abundance values of control and patient samples. The top 50 correlating proteins were sorted based on these correlation values, which are shown as a bar plot on the right. Strong correlation values (r > 0.5) were separated from medium and weak correlation values by the red dashed line.


Supplementary Figure 6 Proteins enriched in SarkoSpin pellets of ALS brains.
Abundance levels of selected proteins that were most consistently different in ALS brain samples compared to controls. We applied the idealized vector method described in Methods section and Supplementary Figure 5 legend to control and ALS samples. The top 50 correlating proteins were sorted based on these correlation values, which are given as a bar plot on the right. Strong correlation values (r > 0.5) were separated from medium and weak correlation values by the red dashed line.


Supplementary Figure 7 Proteins enriched in SarkoSpin pellets of FTLD-TDP-A brains.
Abundance levels of selected proteins that were most consistently different in FTLD-TDP-A brain samples compared to controls. We applied the idealized vector method described in Methods section and Supplementary Figure 5 legend to control and FTLD-TDP-A samples. The top 50 correlating proteins were sorted based on these correlation values, which are given as a bar plot on the right. Strong correlation values (r > 0.5) were separated from medium and weak correlation values by the red dashed line.


Supplementary Figure 8 Proteins enriched in SarkoSpin pellets of FTLD-TDP-B brains.
Abundance levels of selected proteins that were most consistently different in FTLD-TDP-B brain samples compared to controls. We applied the idealized vector method described in Methods section and Supplementary Figure 5 legend to control and FTLD-TDP-B samples. The top 50 correlating proteins were sorted based on these correlation values, which are given as a bar plot on the right. Strong correlation values (r > 0.5) were separated from medium and weak correlation values by the red dashed line.


Supplementary Figure 9 Proteins enriched in SarkoSpin pellets of FTLD-TDP-C brains.
Abundance levels of selected proteins that were most consistently different in FTLD-TDP-C brain samples compared to controls. We applied the idealized vector method described in Methods section and Supplementary Figure 5 legend to control and FTLD-TDP-C samples. The top 50 correlating proteins were sorted based on these correlation values, which are given as a bar plot on the right. Strong correlation values (r > 0.5) were separated from medium and weak correlation values by the red dashed line.


Supplementary Figure 10 Further characterization on the protein contents in SarkoSpin soluble and insoluble fractions in different neuropathological subtypes.
a. Representative immunoblots on SarkoSpin soluble fractions corresponding to immunoblots on insoluble material in Fig. 2b. b. Fullsize immunoblots on SarkoSpin supernatant and pellet fractions probed against PFN1, showing unspecific bands above 30 kDa (**) in addition to the specific Profilin band at 15 kDa (*). c. Immunoblot on SarkoSpin pellets probed against total TDP-43 d. Correlation dot plot of pTDP-43 and total TDP-43 quantified from (c) (Pearson’s correlation method). n = 4 biologically independent human brain samples for all disease groups (ALS, FTLD-TDP-A and FTLD-TDP-C) e. Representative co-immunofluorescence of pTDP-43 and ubiquitin in control, FTLD-TDP-A and FTLD-TDP-C brain sections corresponding to merged images in Fig. 2f. Experiments shown in a.-c. and e. were repeated three independent times with similar results.


Supplementary Figure 11 Co-immunofluorescence of pTDP-43 with mass spectrometry hits, ASAH1, and TXNL1.
Representative images of co-immunofluorescence of pTDP-43 with selected mass spectrometry hits ASAH1 (a) and TXNL1 (b) in control, FTLD-TDP-A and FTLD-TDP-C post mortem brain sections. On the right side, high magnification images are shown, with examples of partial co-localization of pathological pTDP-43 aggregates with ASAH1 (1) and TXNL1 (2) in FTLD-TDP-A and with TXNL1 (3) in FTLD-TDP-C. All images are overlaid with DAPI nuclear staining in blue. These experiments were repeated three independent times with similar results.


Supplementary Figure 12 FBXO2 upregulation in astrocytes in FTLD-TDP-A patients but not FTLD-TDP-C patients.
a. Representative immunohistochemistry images showing FBXO2 immunoreactivity in control, FTLD-TDP-A and FTLD-TDP-C brain sections. b. Representative co-immunofluorescence of GFAP and FBXO2 in control, FTLD-TDP-A and FTLD-TDP-C brain sections corresponding to merged images in Fig. 2h. All images are overlaid with DAPI nuclear staining in blue. These experiments were repeated three independent times with similar results.


Supplementary Figure 13 Distinct size distributions of TDP-43 aggregates isolated from different types of TDP-43 proteinopathies.
Brain homogenates from control (black, n = 6), FTLD-Tau (grey, n = 2), ALS (red, n = 4), FTLD-TDP-A (green, n = 11), FTLD-TDP-B (yellow, n = 3) and FTLD-TDP-C (blue, n = 9) patients were subjected to SarkoSpin solubilization and velocity sedimentation by ultracentrifugation on a continuous iodixanol gradient. The collected fractions (numbered from top to bottom of the gradient) were analyzed for TDP-43 (left panel) and pTDP-43 (right panel) content by dot blot. These experiments were repeated twice independently with similar results.


Supplementary Figure 14 Immunoblots representing the distribution of TDP-43, pTDP-43, FUS, SOD1, and hnRNPA1 on velocity sedimentation gradients.
a-b. Representative immunoblots of the velocity sedimentation profiles of TDP-43 (a) and pTDP-43 (b). SarkoSpin solubilized brain homogenates from frontal and motor cortex of control (black), FTLD-TDP-A (green), and FTLD-TDP-C (blue), were fractionated by velocity and the collected fractions (numbered from top to bottom of the gradient) were analyzed for TDP-43 (a) and pTDP-43 (b) by western blotting. These experiments were repeated three independent times with similar results. c. Representative immunoblots of the distribution of FUS, hnRNPA1 and SOD1 on velocity sedimentation gradients. SarkoSpin-solubilized brain homogenates from frontal and motor cortex of control (black), ALS (red), FTLD-TDP-A (green), and FTLD-TDP-C (blue) were fractionated by velocity and the collected fractions (numbered from top to bottom of the gradient) were analyzed for FUS (top), hnRNPA1 (middle) and SOD1 (bottom) content by western blotting. These experiments were repeated four independent times with similar results.


Supplementary Figure 15 Distinct density profiles of TDP-43 aggregates isolated from different types of TDP-43 proteinopathies.
SarkoSpin-solubilized brain homogenates from control (black, n = 6), FTLD-Tau (grey, n = 2), ALS (red, n = 4), FTLD-TDP type A (green, n = 11), B (yellow, n = 3) and C (blue, n = 9) patients were fractionated by density upon isopycnic equilibrium floatation gradients. The collected fractions (numbered from top to bottom of the gradient) were analyzed for TDP-43 (a) and pTDP-43 (b) content by dot blot. The density values calculated by refractometry are indicated on the top of the gradients. These experiments were repeated twice independently with similar results.


Supplementary Figure 16 Immunoblots representing the distribution of TDP-43 and pTDP-43, and verification of the size of TDP-43 aggregates segregated by density-floatation gradients.
a-b. Representative immunoblots of the distribution of TDP-43 (a) and pTDP-43 (b) on velocity gradients. SarkoSpin-solubilized brain homogenates from frontal and motor cortex of control (black), FTLD-TDP-A (green), and FTLD-TDP-C (blue) were fractionated by density and the collected fractions (numbered from top to bottom of the gradient) were analyzed for pTDP-43 and TDP-43 content by western blotting. The experiments shown (two independent biological samples and fractionations) were repeated in total four times independently with similar results. c. Representative Native PAGE immunoblots of TDP-43 (left panels), and pTDP-43 (right panels) on density fractionations from control (black), FTLD-TDP-A (green), and FTLD-TDP-C (blue) patient brain samples. Only fractions 1 to 14 were loaded due to available wells on native PAGE gels. Density values calculated by refractometry are indicated on the top of the graph. pTDP-43-positive pathological aggregates are seen at >10 MDa for FTLD-TDP-A and FTLD-TDP-C (green and blue arrowheads respectively), whereas oligomeric TDP-43 assemblies are observed in all samples between 66 kDa and 10 MDa (black brackets). These experiments were repeated twice independently with similar results.


Supplementary Figure 17 Further structural analysis of pathological TDP-43 isolated from different disease subtypes.
a. TEM images of negative control, without the use of primary antibody, of immunolabeled FTLD-TDP-A insoluble material corresponding to TEM images from Fig. 5a-b, showing no unspecific binding of the gold-conjugated secondary antibody. Sample in panel on the left was prepared including the methylcellulose (MC) preservation step, and the sample represented on the right without the MC step. b. Upper panel: TEM image of immunolabeled FTLD-TDP-A aggregates (red arrows) with lipid contaminants (yellow arrows) surrounding the protein assemblies. Lower panel: TEM image of immunolabeled FTLD-TDP-A sample purified over sucrose cushion during SarkoSpin extraction, which efficiently removes the lipid contaminants (red arrows point to examples of gold-positive structures). a. and b. experiments were independently repeated three times with similar results. c. Representative immunoblots of SarkoSpin pellets extracted from control, ALS, FTLD-TDP-A and FTLD-TDP-C brains after proteolytic digestion. Brain homogenates were digested by different proteases for 30 minutes at 37 °C during SarkoSpin solubilization step. SarkoSpin pellets were subjected to SDS-PAGE and immunoblotted against total TDP-43 (top panels) and pTDP-43 (bottom panels). N – not treated; P – treated with 0.5 mg/ml Proteinase K; T – treated with 0.1 mg/ml Trypsin; C – treated with 0.01 mg/ml Chymotrypsin. d. Full size representation of the immunoblots on Chymotrypsinized and Trypsinized SarkoSpin pellets shown in Fig. 5c. c. and d. experiments were repeated twice independently with similar results.


Supplementary Figure 18 Inoculation of GFP-pTDP-43-HA pellets in an inducible TDP-43-HA HEK 293 cell line, and verification of TDP-43, pTDP-43, and total protein amounts inoculated to primary cortical neurons.
a. Schematic representation of the pcDNA5 constructs used to generate the stable HEK 293 cell line and pellets containing GFP-pTDP-43-HA. b-c. Sensitivity of the inducible system was tested by Western blot (b) and immunofluorescence (c) with an HA-tag specific antibody. d. SarkoSpin-isolated TDP-43 aggregates in NSC-34 cells transiently transfected with the GFP-TDP-43-HA construct for 48 hours. e. TDP-43-HA-expressing HEK 293 cells internalized lipofected SarkoSpin-insoluble GFP-TDP-43-HA. 4 hours after inoculation, cells were trypsinized and collected by centrifugation before lysis in order to remove all GFP-TDP-43-HA aggregates adhered to the cell surface and only visualize those that have truly entered the cells. L2000: Lipofectamine 2000. f. Immunocytochemistry of TDP-43-HAexpressing cells lipofected with GFP-TDP-43-HA aggregates. Side views of the z-stack (yz plane) are depicted in 1 and 2, show examples of internalized GFP-TDP-43-HA aggregates. g. Immunoblots on homogenates for SarkoSpin from TDP-43-HA HEK 293 cells inoculated with SarkoSpin pellets from control, FTLD-TDP-A or FTLD-TDP-C patients. h. Full-size immunoblots of SarkoSpin supernatant and pellet fractions from TDP-43-HA expressing cells inoculated with SarkoSpin pellets from control, FTLD-TDP-A or FTLD-TDP-C patients, corresponding to Fig. 6c. i. Each primary neuron inoculum was loaded on dot blot and immunolabeled with antibodies against TDP-43 (top), pTDP-43 pS409/410 (middle) and actin (bottom). Experiments were repeated independently three times with similar results. b.-i. Experiments were repeated three independent times with similar results.
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