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Abstract 33 
 34 
Background: Neurodegenerative tauopathies may progress based on seeding by 35 

pathological tau assemblies, whereby an aggregate is released from one cell, gains 36 

entry to an adjacent or connected cell, and serves as a specific template for its own 37 

replication in the cytoplasm. In vitro seeding reactions typically take days, yet seeding 38 

into the complex cytoplasmic milieu can happen within hours. A cellular machinery 39 

might regulate this process, but potential players are unknown.  40 

 41 

Methods: We used proximity labeling to identify factors that control seed amplification. 42 

We fused split-APEX2 to the C-terminus of tau repeat domain (RD) to reconstitute 43 

peroxidase activity upon seeded intracellular tau aggregation. We identified valosin 44 

containing protein (VCP/p97) 5h after seeding. Mutations in VCP underlie two 45 

neurodegenerative diseases, multisystem proteinopathy and vacuolar tauopathy, but its 46 

mechanistic role is unclear. We utilized tau biosensors, a cellular model for tau 47 

aggregation, to study the effects of VCP on tau seeding. 48 

 49 

Results: VCP knockdown reduced tau seeding. However, distinct chemical inhibitors of 50 

VCP and the proteasome had opposing effects on aggregation, but only when given 51 

<8h of seed exposure. ML-240 increased seeding efficiency ~40x, whereas NMS-873 52 

decreased seeding efficiency by 50%, and MG132 increased seeding ~10x. We 53 

screened VCP co-factors in HEK293 biosensor cells by genetic knockout or knockdown. 54 

Reduction of ATXN3, NSFL1C, UBE4B, NGLY1, and OTUB1 decreased tau seeding, 55 
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as did NPLOC4, which also uniquely increased soluble tau levels. Reduction of FAF2 56 

and UBXN6 increased tau seeding.  57 

 58 

Conclusions: VCP uses distinct cofactors to determine seed replication efficiency, 59 

consistent with a dedicated cytoplasmic processing complex that directs seeds towards 60 

dissolution vs. amplification. 61 
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List of abbreviations 98 
 99 
VCP/p97: valosin containing protein 100 
sAPEX2: split ascorbate peroxidase 2 101 
RD: repeat domain 102 
FL: full length 103 
WT: wild type 104 
BP: biotin-phenol  105 
TMT-MS: tandem mass-tag mass spectrometry 106 
KO: knockout 107 
KD: knockdown 108 
AF-647: Alexa fluor-647 109 
AD: Alzheimer's disease 110 
CBD: corticobasal degeneration 111 
 112 
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Introduction 115 

Neurodegenerative tauopathies include Alzheimer’s and related disorders, and all are 116 

caused by intracellular accumulation of pathological tau assemblies (1). In each 117 

disorder pathology progresses predictably, at least in part via connected neural 118 

networks (2–5). Experimental and observational evidence suggests that this occurs by 119 

release of tau aggregates, followed by their entry into a second order cell, a process 120 

termed “seeding” which is easily replicated in simple cell models (6–8). The assembly 121 

serves as a precise template for its own replication, thereby propagating a specific 122 

conformation, or strain (9). This explains the causal linkage of specific tau strains to 123 

uniquely induced patterns of pathology in mouse models (10,11), and the diversity of 124 

tau filament structures across tauopathies (12).  125 

 126 

Amplification of tau assemblies from fibrillar seeds in vitro typically takes several days, 127 

even under optimized conditions (13,14), whereas in cells this occurs more quickly, 128 

sometimes within hours, and in certain cases will faithfully reproduce specific assembly 129 

structures (10). Interestingly, no seed amplification assay in vitro has yet achieved the 130 

fidelity of structural replication that occurs in cells. To enter cells, tau aggregates bind 131 

heparan sulfate proteoglycans (HSPGs) on the surface and are taken up via 132 

macropinocytosis (15). Most endocytosed tau traffics to the endolysosomal system 133 

where it is degraded by lysosomal proteases (16). By contrast, a small fraction of 134 

seeding activity steadily enters the cytoplasm with clearance by the proteasome (16). 135 

Seeding occurs widely throughout the cytoplasm, and is not necessarily associated with 136 

the original aggregates (16). These observations, and others, have led us to speculate 137 
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that tau seeding is regulatd by an intracellular “machinery” that brings a seed into 138 

contact with free tau monomer for amplification. Several proteomics screens from our 139 

lab and others have identified proteins associated with established, or chronic, 140 

intracellular tau aggregates (17–21), but we still do not understand the factors involved 141 

early in the process of seed amplification. In this study, we used proximity labeling at 5h 142 

after seed delivery to identify valosin containing protein (VCP/p97) and characterize its 143 

regulatory role at the earliest stages of tau aggregation. 144 

 145 

Results 146 

 147 

Proximity labeling of nascent tau aggregates identifies VCP 148 

To identify proteins close to tau as it initiated aggregation, we exploited split-APEX2 149 

(sAPEX2), which renders the enzyme inactive until holoenzyme reconstitution (22). We 150 

fused tau repeat domain (RD) containing the disease-associated P301S mutation to 151 

APEX2 fragments (AP: aa1-200; EX: aa201-250) each followed by an IRES sequence 152 

fused to either blue fluorescent protein (BFP) or mCherry to confirm expression of both 153 

constructs. As a negative control, we used tau containing two proline substitutions 154 

(I277P / I308P) that prevented formation of beta-sheet structures (23,24). We used tau 155 

RD WT as a control against both P301S and dual proline mutants. sAPEX2 alone 156 

controlled for background enrichment of any non-tau specific proteins. 157 

 158 

We induced tau RD-AP/EX aggregation by Lipofectamine-mediated transduction of cells 159 

with full-length (FL), wild-type (WT) tau fibrils. The earliest detectable biotinylation 160 
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occurred 5h after induction (Supplemental Fig. 1A), so we performed the assay at this 161 

time point. Thus, after transduction of cells with tau fibrils, we waited 5h before treating 162 

with biotin-phenol (BP) and H2O2. We then lysed the cells and used streptavidin beads 163 

to purify biotinylated proteins. We identified biotinylated proteins using tandem mass-tag 164 

mass spectrometry (TMT-MS), pooling data from three independent experiments (Fig. 165 

1A). We identified VCP/p97 as the most significantly enriched hit of this screen (Fig. 166 

1B).  167 

 168 

VCP (known as Cdc48 in yeast and Ter94 in fruit flies) is a AAA+ ATPase with two 169 

ATPase domains, D1 and D2. Its N-terminus binds specific cofactor/adaptor proteins 170 

that govern its diverse cellular activities (25,26). A dominant mutation in VCP causes 171 

vacuolar tauopathy (VT), a neurodegenerative syndrome (27), and other mutations 172 

cause multisystem proteinopathy (MSP), with protein aggregation and degeneration in 173 

brain, bone, and muscle (28,29). Recently, work from our lab and in an independent 174 

collaboration with the Hipp and Hartl laboratories identified VCP associated with 175 

insoluble tau aggregates in cells that stably propagate inclusions (20,21). It has been 176 

unclear how VCP might regulate intracellular seeding: one group has suggested that it 177 

could promote seeding (21), while others have suggested that it prevents seeding 178 

(27,30). 179 

 180 

VCP differentially regulates tau seeding 181 

To quantify tau aggregation, we used v2L biosensor cells that overexpress tau RD 182 

(P301S) tagged to mClover3 and mCerulean3 (Fig. 2A) (8). We added recombinant tau 183 
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fibrils to the media in the absence of a transfection reagent to enable HSPG-mediated 184 

macropinocytosis (7,15,31) and cytoplasmic seeding (6,32,16), which we quantified 185 

using FRET flow cytometry (7). We genetically and pharmacologically modulated VCP 186 

activity in the biosensors to test its effect on tau seeding. Knockout (KO) of VCP is 187 

lethal, so we first used siRNA-mediated knockdown (KD) (Fig. 2B) and verified it by 188 

western blot (Supplemental Fig. 2A). VCP KD reduced tau seeding (Fig. 2C). We also 189 

observed increased basal fluorescence of the biosensor cells by microscopy 190 

(Supplemental Fig. 2B) and flow cytometry (Supplemental Fig. 2C). This was consistent 191 

with VCP-mediated degradation of tau monomer, made the reduction of overall seeding 192 

efficiency more remarkable (Fig. 2C, Supplemental Fig. 2D). 193 

 194 

To rule out reduction of tau endocytosis, we treated the biosensors with AF-647 (Alexa 195 

fluor-647) labeled recombinant tau fibrils for four hours, followed by trypsin digestion to 196 

degrade extracellular fibrils. We measured uptake via flow cytometry as per standard 197 

protocols (15,31). VCP KD increased tau uptake (Fig. 2D), ruling out diminished 198 

endocytosis as the cause of the reduced seeding. 199 

  200 

Chronic VCP KD reduced cell proliferation over time and induced toxicity (Supplemental 201 

Fig. 2B,C). Thus, we temporarily inhibited VCP using two distinct inhibitors, ML-240 and 202 

NMS-873 (Fig. 3A). ML-240 competitively blocks ATP binding at D2, whereas NMS-873 203 

allosterically inhibits VCP by binding to the linker between the D1 and D2 domains (33–204 

35). We pre-exposed the cells to the inhibitors for 1h, then incubated them with tau 205 

fibrils for 4h, followed by washout. We then measured induction of seeding after 48h 206 
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and observed opposing effects. ML-240 increased tau aggregation from approximately 207 

2% to ~90% (Fig. 3B, E) and speeded aggregation kinetics (Supplemental Fig. 3A). By 208 

contrast, NMS-873, reduced tau aggregation (Fig. 3C,E). Because VCP regulates 209 

protein degradation via the proteasome (33,36,37), we repeated the study with MG132. 210 

This increased tau seeding ~10x at 48h (Fig. 3D, E), but not as robustly as ML-240 211 

treatment. This agreed with our prior observation that the proteasome mediates 212 

cytoplasmic clearance of seeds (16). None of the drugs altered tau uptake (Fig. 3F). 213 

 214 

VCP regulates protein degradation, among other functions, and thus could impact 215 

seeding through clearance of aggregates over time. To resolve this issue, we added 216 

inhibitors for 7h beginning at different time points after initial seed exposure (Fig. 4A). 217 

The inhibitors changed tau seeding only when administered <8h after seed exposure, 218 

and we observed no effect on seeding after that timepoint (Fig. 4B, C, D, E; 219 

Supplemental Fig. 4A). These results implied that VCP regulates aggregation early in 220 

the seeding process. 221 

 222 

ML-240 increases tauopathy brain lysate seeding 223 

To test the effects of VCP inhibitors on a physiological tau seed source, we tested 224 

tauopathy brain lysates from AD (Alzheimer’s disease) and CBD (corticobasal 225 

degeneration). We treated biosensor cells with ML-240 and NMS-873 as described 226 

above, after which they were exposed to AD and CBD patient brain lysates without a 227 

transduction reagent. We used Huntington’s disease brain lysate as a negative control. 228 

ML-240 increased AD and CBD seeding by ~10x (Fig. 5A,C). Since the lysates induced 229 
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very low seeding in the absence of a transduction reagent, we could not test the effects 230 

of NMS-873. 231 

 232 

ML-240 increases −synuclein seeding 233 

To test whether VCP inhibition had similar effects on protein aggregation of another 234 

known amyloid, we used biosensors that express FL -synuclein containing a disease-235 

associated mutation (A53T) fused to cyan and yellow fluorescent proteins (7,38). ML-236 

240 increased the seeding by -synuclein fibrils ~6x (Fig. 5B,C). Since the -synuclein 237 

fibrils induced very low seeding in the absence of a transduction reagent, we could not 238 

test the effects of NMS-873. 239 

 240 

VCP co-factors regulate tau aggregation 241 

Multiple co-factors generate specificity for VCP’s myriad cellular functions (25,39,40). 242 

To identify those which regulated seeding, we individually knocked out or reduced 243 

expression of 30 known cofactors in v2L tau biosensor cells (41). These cofactors and 244 

their proposed functions have been listed in Table 1.  245 
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  Table 1: List of VCP cofactors and their proposed functions. 246 

 247 

For CRISPR/Cas9 KO, we used four gRNAs per gene from the Brunello library (42), 248 

compared to 4 non-targeting guides (NTG) as a negative control. For genes that were 249 

toxic upon KO, we used siRNA-mediated KD, with scrambled (Scr) siRNA as a negative 250 

control. KO or KD of most cofactors did not change tau seeding (Supplemental Fig. 5A). 251 

RPS27A was the only cofactor for which both KD and KO were lethal and thus we could 252 

not determine its effects on seeding. 253 

 254 
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Knockout of UBXN6 increased tau seeding but the effect was most pronounced at 255 

higher tau concentrations (Supplemental Fig. 5B). KO of FAF2 alone increased tau 256 

seeding (Fig. 6A), and even induced spontaneous aggregation in the biosensors in the 257 

absence of any exogenous tau fibrils, based on microscopy (Supplemental Fig. 5C) and 258 

FRET flow cytometry (Supplemental Fig. 5D). In contrast, KO of the deubiquitinase 259 

ATXN3, and the E3/4 ligase UBE4B, suppressed seeded tau aggregation (Fig. 6B,D). 260 

KO of NSFL1C also reduced seeding (Fig. 6C). We validated each effective KO by 261 

western blot (Supplemental Fig. 5E). No cofactor KO changed tau uptake (Fig. 6E). 262 

 263 

siRNA identified three cofactors whose KD decreased seeding: NGLY1, NPLOC4, and 264 

OTUB1 (Fig. 6F,G,H). Remarkably, KD of NPLOC4 increased tau levels in the 265 

biosensors (Supplemental Fig. 5F,G) and yet reduced the actual number of aggregates 266 

as observed under the microscope (Supplemental Fig. 5F) and as FRET signal on the 267 

flow cytometer (Supplemental Fig. 5H). NPLOC4 KD increased inclusion size, whereas 268 

NGLY1 KD reduced fluorescence and created smaller puncta (Supplemental Fig. 5F). 269 

We validated each effective KD by western blot (Supplemental Fig. 5I). No cofactor KD 270 

changed tau uptake (Fig. 6I). 271 

 272 

Discussion 273 

 274 

To identify factors that participate in tau seed amplification, we used proximity labeling 275 

to identify VCP, which has been genetically and biochemically linked to tau aggregation 276 

by other studies (20,21,27), and to inhibition of -synuclein and TDP-43 seeding (30). 277 
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Chemical manipulations of VCP up- and down- regulated tau seeding, but only within 278 

the first 8h of seed exposure. We observed these effects also with brain-derived tau 279 

seeds and recombinant -synuclein. We identified selected VCP cofactors that 280 

participated in this differential regulation, suggesting that a complex within the cell 281 

processes incoming seeds, either to decrease or increase their replication efficiency.  282 

 283 

Synthesizing our recent data with prior work on VCP and an analogous yeast 284 

disaggregase, Hsp104, which controls yeast prion replication (43), we hypothesize that 285 

VCP couples two functions in its regulation of seeding: extraction of monomer from the 286 

amyloid assembly, and subsequent proteasome-mediated degradation (Fig. 7). If this 287 

occurs at the fibril terminus, the seed will not amplify efficiently as there will be no 288 

increase in free ends. Conversely, extraction of tau monomer from the middle of the 289 

fibril would break it into smaller fragments, increasing the number of free ends. A similar  290 

mechanism of yeast fibril fragmentation has been previously described for Hsp104 (44) 291 

and also for VCP-mediated tau fibril disaggregation (21). We further propose that the 292 

chemical inhibitors and cofactors identified in this study differentially impact these 293 

functions either to increase or decrease seeding. This model for VCP makes specific 294 

predictions that will require further testing, and reconciles observations by us and others 295 

that VCP could prevent (27,30,45) or promote (21) seeding by tau and other amyloid 296 

proteins. 297 

 298 

 299 

 300 
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VCP controls the fate of seeds 301 

Our prior work previously defined a trafficking pathway for tau seeds that delivers them 302 

to the cytoplasm, where they are cleared by the proteasome (16). In simple cells such 303 

as HEK293T, seeding efficiency is relatively low, consistent with robust clearance. 304 

However, we observed a dramatic increase in seeding efficiency for recombinant and 305 

patient-derived seeds in the presence of ML-240, a VCP inhibitor that targets the D2 306 

ATPase. Conversely, NMS-873, an allosteric inhibitor, reduced tau seeding by ~50%, as 307 

did knockdown of VCP. These effects were independent of other cellular mechanisms 308 

that might be expected to influence seeding: uptake and steady-state tau levels. In fact, 309 

we observed a seemingly paradoxical effect in the context of knockdown of VCP and 310 

NPLOC4: increased tau steady state with less seeding. We propose that VCP controls 311 

the fate of seeds by two distinct activities, each based on extracting a tau monomer 312 

from an assembly. If taken from the end of a fibril, this would lead to reduced seeding, 313 

as the assemblies would be diminished in size, and would be cleared more efficiently; if 314 

taken from within the fibril, this would promote seeding, as there would be fibril 315 

cleavage, with more free ends to serve as templates. This model of a balance of 316 

disassembly vs. degradation is based on studies of the yeast prion disaggregase, 317 

Hsp104, which regulates prion propagation and dissolution (43). We note that others 318 

have proposed different models for VCP effects. Darwich et al. suggested that vacuolar 319 

tauopathy mutations function by reducing VCP disaggregase activity (27), and hence 320 

clearance of aggregates; whereas Zhu et al. concluded that VCP surveillance of 321 

permeabilized endosomes might be its primary role (30). Because we have found no 322 

evidence that tau aggregates permeabilize endosomes (16), and that different inhibitors 323 
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can either increase or decrease seeding, we have proposed a distinct model for VCP 324 

activity, at least for tau. 325 

 326 

VCP functions early in the seeding process 327 

We designed the proximity labeling to identify proteins adjacent to newly formed tau 328 

aggregates at the earliest possible time point, and identified VCP as the single, most 329 

reliable hit. We suspect this was because APEX2 holoenzyme reconstitution was 330 

limited, restricting the labeling efficiency. Despite the clear identification of VCP with 331 

mature aggregates based on our work and that of others (20,21), our treatment/washout 332 

studies indicate a critical role of VCP in processing of tau seeds as they first enter the 333 

cytoplasm. While there are conflicting reports about how seeds might exit the 334 

endolysosomal system (16,32), we have previously found that tau seeds in the 335 

cytoplasm are cleared by the proteasome (16). Thus, we propose that VCP contacts 336 

seeds that exit endocytic vesicles in the cytoplasm to facilitate their amplification or 337 

clearance. 338 

 339 

VCP cofactors dictate the fate of tau seeds 340 

Multiple efforts have attempted unsuccessfully to directly target VCP with small 341 

molecules to treat cancer (46). Our observations with ML-240 and NMS-873, which we 342 

originally assumed would have the same effect on tau seeding, highlighted the 343 

mechanistic complexity of this enzyme. Indeed, we found that specific cofactors were 344 

necessary for VCP to control seed amplification vs. destruction. Knockout of FAF2, also 345 

known as UBXD8, strongly enhanced tau seeding. It also caused spontaneous 346 
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aggregation in the biosensors, which we had never before observed. FAF2 was recently 347 

reported to facilitate VCP-dependent disaggregation of stress granules (47), and we 348 

hypothesize in this case that FAF2 facilitated removal of tau monomer from fibril ends. 349 

By contrast, knockdown of NPLOC4 increased tau levels, yet inhibited seeding. This 350 

was consistent with prevention of seed amplification, possibly by inhibiting removal of 351 

tau from within fibrils for degradation. Genetic deletion of ATXN3 (Ataxin 3), a 352 

deubiquitinase, also suppressed tau seeding without affecting tau levels. Ataxin3 is 353 

proposed to facilitate ubiquitinated substrate release from VCP by cleaving the ubiquitin 354 

chains to a minimum length for proteasomal degradation (48). However, its exact role in 355 

processing VCP substrates remains unclear. In the absence of its deubiquitinase, 356 

Cdc48 cannot thread its substrate through its disaggregation core (49). Thus, ATXN3 357 

KO might also prevent fragmentation of assemblies, without directly inhibiting monomer 358 

degradation. Taken together, our results point to a complex molecular machine, likely 359 

with cell-specific components, that determines the fate of tau seeds. 360 

 361 

Multiple roles of VCP in degenerative disorders 362 

Distinct VCP mutations cause MSP with ubiquitinated aggregates of TDP-43 (50,51) or 363 

VT (27). MSP mutants have been proposed to be hyperactive (52,53) whereas VT is 364 

proposed to result from VCP hypoactivity (27). It is also suggested that MSP mutants 365 

induce a conformational change that reduces VCP binding to its cofactors (54,48,53) 366 

which might explain the multiple pathways affected in disease. It appears that in vitro 367 

experiments of ATP hydrolysis in isolation fail to account for the complexity of VCP 368 

function in a cellular setting. 369 
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Recent work has suggested that VCP regulates protein aggregation of TDP-43, -370 

synuclein, and tau through multiple potential mechanisms including autophagy, 371 

endolysosomal degradation, and disaggregation (27,55,30,21). Our findings add a new 372 

dimension by highlighting the role of VCP early in the tau aggregation process, and 373 

specific cofactors that differentiate its activities. Indeed, others have proposed 374 

UBXN6/UBXD1 as a VCP cofactor that regulates -synuclein seeding in neurons (30). It 375 

is possible that neurons might differentially utilize these or potentially different cofactors 376 

to regulate tau seeding, and this will await additional comprehensive study. It seems 377 

likely that modulation of specific sub-functions of VCP by inhibiting cofactor interactions 378 

might be the most productive approach to therapeutic targeting of an enzyme that is 379 

otherwise critical for cell viability. 380 

 381 

Conclusion 382 

This study highlights a critical role of VCP in dictating the fate of tau seeds for either 383 

amplification or degradation early in the seeding process. We have identified for the first 384 

time VCP cofactors that can specifically regulate tau seeding in a cellular model. Our 385 

findings implicate VCP as a master regulator of mammalian amyloids in degenerative 386 

disorders and provide an avenue for developing novel and highly specific anti-tau 387 

therapeutics. 388 

 389 

 390 

 391 

 392 
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Methods 393 

 394 

Cell Culture 395 

HEK293T cells were obtained from ATCC and used to make all cell lines. Cells were 396 

maintained in Dulbecco’s DMEM with 10% fetal bovine serum, 1% penicillin-397 

streptomycin, and 1% GlutaMax. v2L tau biosensor cells were used for all seeding 398 

assays. Details on these biosensors have been recently published (8). Cell lines were 399 

frequently checked for mycoplasma contamination (Venor-GEM Mycoplasma Detection 400 

kit). 401 

 402 

Proteomics Screen 403 

T225 flasks were coated with 10mL of 1x poly-D-lysine (PDL) for 2-3h in the incubator 404 

and rinsed with PBS before plating cells. 22 million cells were plated in 25ml/T225 flask 405 

and allowed to settle overnight. The following day, cells were treated with 50nM tau + 406 

Lipofectamine-2000 complexes (or 50nM α-synuclein + Lipofectamine as a negative 407 

control) which were incubated for 20min at RT prior to addition to cells. Cells were 408 

incubated with the fibrils for 5h. Thirty minutes before the 5h time point, cells were 409 

treated with BP (biotin phenol) at a final concentration of 500µM at 37ºC. At 5h, cells 410 

were treated with H2O2 at a final concentration of 1mM and the flasks were agitated at 411 

RT for 1min. The biotinylation reaction was quenched with the quenching buffer 412 

followed by three additional rinses with it. Quenching buffer was also used to scrape the 413 

cells to collect the cell pellets. This buffer was prepared as previously described in the 414 

APEX2 labeling protocol (56). 415 
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On-Bead Trypsin Digestion 416 

Protein concentrations were normalized across all the samples (~1mg of starting lysate) 417 

based on the Pierce 660 assay readings and protein abundances from shotgun 418 

proteomics analysis of trypsin digests of these samples by UT Southwestern’s 419 

(UTSW’s) proteomics core facility. Lysates (1 mg) were incubated with 250µL of 420 

magnetic streptavidin beads at 4ºC for overnight incubation ~16h. The next day, the 421 

beads were placed on a magnetic rack and flow throughs were saved. Beads were 422 

washed 2x with 200µL of 50mM Tris-HCl pH 7.5 followed by 2x with 2M urea + 50mM 423 

Tris-HCl pH 7.5. The beads were then incubated with 80µL 2M urea + 100μL 0.5ug/µl 424 

trypsin + 20µL 10mM DTT to achieve a final urea concentration of 1mM and a ratio of 1: 425 

20 for trypsin: lysate, for 1h at 25ºC with shaking at 1000rpm in a thermomixer. The 426 

beads were washed 2x with 60µl of 2M urea + 50mM Tris-HCl pH 7.5 and the two 427 

washes were combined with the supernatant. The eluate was reduced with DTT at a net 428 

concentration of 4mM by incubating for 30min with shaking at 1000rpm, 25ºC. The 429 

samples were alkylated with 10mM iodoacetamide for 45min at 25ºC with shaking at 430 

1000rpm.  431 

 432 

At the end of this reaction, 50mM Tris-HCl pH 7.5 was added to the solution to achieve 433 

a final urea concentration of 0.73M. The samples were incubated overnight (~15h) at 434 

37ºC with shaking at 1000rpm to allow trypsin digestion to continue. The samples were 435 

removed from the thermomixer and spun down. Trypsin was quenched by acidifying the 436 

samples to pH <3 with the addition of formic acid at a final concentration of 1%.  437 

 438 
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TMT Mass Spectrometry 439 

5μL of 10% trifluoroacetic acid (TFA) was added to each sample, and solid-phase 440 

extraction was performed on each sample using an Oasis HLB 96-well uElution plate 441 

(Waters). The eluates were dried and reconstituted in 50μL of 100 mM 442 

triethylammonium bicarbonate (TEAB). 10μL of each sample was labeled with 4μL of a 443 

different TMT10plex reagent (Thermo Scientific, label TMT10-131 not used). Samples 444 

were quenched with 1μL of hydroxylamine, mixed, and dried in a SpeedVac. Samples 445 

were reconstituted in 2% acetonitrile, 0.1% formic acid to a concentration of 0.5 ug/μL,  446 

 447 

2μL of each TMT sample were injected onto an Orbitrap Fusion Lumos mass 448 

spectrometer coupled to an Ultimate 3000 RSLC-Nano liquid chromatography system. 449 

Samples were injected onto a 75μm i.d., 75-cm long EasySpray column (Thermo) and 450 

eluted with a gradient from 0-28% buffer B over 180 min. Buffer A contained 2% (v/v) 451 

acetonitrile (ACN) and 0.1% formic acid in water, and buffer B contained 80% (v/v) 452 

ACN, 10% (v/v) trifluoroethanol, and 0.1% formic acid in water. The mass spectrometer 453 

was operated in positive ion mode with a source voltage of 1.8 kV and an ion transfer 454 

tube temperature of 275°C. MS scans were acquired at 120,000 resolution in the 455 

Orbitrap and top speed mode was used for SPS-MS3 analysis with a cycle time of 2.5 s. 456 

MS2 was performed with CID with a collision energy of 35%. The top 10 fragments were 457 

selected for MS3 fragmentation using HCD, with a collision energy of 55%. Dynamic 458 

exclusion was set for 25 s after an ion was selected for fragmentation. 459 

 460 

 461 
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Proteomics Data Analysis 462 

Raw MS data files were analyzed using Proteome Discoverer v2.4 (Thermo), with 463 

peptide identification performed using Sequest HT searching against the mouse protein 464 

database from UniProt. Fragment and precursor tolerances of 10 ppm and 0.6 Da were 465 

specified, and three missed cleavages were allowed. Carbamidomethylation of Cys and 466 

TMT labeling of N-termini and Lys sidechains were set as a fixed modification, with 467 

oxidation of Met set as a variable modification. The false-discovery rate (FDR) cutoff 468 

was 1% for all peptides.  469 

 470 

For every biological replicate, absolute abundance of each protein was first normalized 471 

to the total protein abundance of a particular lysate sample to account for any 472 

differences in total protein concentrations across samples before comparison. These 473 

values were used to calculate the relative enrichment of proteins specific to tau seeding 474 

such as 475 

 476 

The relative values for sAPEX P301S cell line were compared to the relative values of 477 

the sAPEX only cell line (negative control) using the unpaired t- test, two-stage step-up 478 

((Benjamini, Krieger, and Yekutieli), FDR 1.00%), on three independent biological 479 

replicates. 480 

 481 

Biosensor Seeding Assay 482 

All biosensor assays were performed with naked seeding (no transfection reagent). 483 

Briefly, v2L cells and genetic modifications thereof were plated at a density of 15,000 484 

𝑷𝒓𝒐𝒕𝒆𝒊𝒏 𝑨𝒃𝒖𝒏𝒅𝒂𝒏𝒄𝒆 𝑹𝒂𝒕𝒊𝒐 

=
𝑠𝐴𝑃𝐸𝑋2 𝑃301𝑆 + 𝑠𝑒𝑒𝑑𝑠

𝑠𝐴𝑃𝐸𝑋2 𝑃301𝑆 − 𝑠𝑒𝑒𝑑𝑠
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cells/well of a 96 well plate and allowed to settle overnight. Cells were treated with 485 

appropriate concentration of recombinant tau fibrils for 48 hours upon which cells were 486 

harvested for flow cytometry. Fibril prep was sonicated in a water bath sonicator for 487 

1min at 65Amp prior to cell treatment. Recombinant tau fibrils were prepared as 488 

previously described (31).  489 

 490 

For seeding with brain lysates and for -synuclein biosensor seeding assay, 8,000 491 

cells/well were plated in 96 well plates and seeding was monitored for 72 hours. In the 492 

case of brain homogenates, biosensors were treated with 25g of the lysate that was 493 

sonicated for 1min at 65 Amp in a water bath sonicator. For seeding with -synuclein, 494 

fibrils were sonicated for 5min total, 1min on /1min off at 65 Amp, and used at a 495 

concentration of 400nM. 496 

 497 

All seeding results have been reported as % FRET+ cells. Except for the cofactor data 498 

graphs, the FRET data has been plotted after subtracting the background signal (no 499 

exogenous tau added) which was negligible for all conditions (no FRET recorded in the 500 

absence of tau seeds) unless otherwise specified. 501 

 502 

Brain Homogenization 503 

Brain tissue from clinically and neuropathologically well-characterized cases of AD and 504 

CBD were obtained from UTSW and Washington University in St. Louis. All human 505 

tissues used in these experiments were derived from autopsy subjects. Since deceased 506 

subjects are not considered human subjects for research purposes, these studies are 507 
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considered exempt from human subjects research regulations and do not require IRB 508 

approval. Brain samples were weighed and added to 1X TBS supplemented with 509 

cOmplete Ultra (Roche) protease inhibitor to prepare a 10% w/v solution. The brains 510 

were homogenized using a probe homogenizer to obtain a slurry that was sonicated for 511 

15min total, 1min on/ 30sec off. The sonicated samples were centrifuged at 4C for 512 

15min at 21,300g. Protein concentration of the supernatant was measured using Pierce 513 

660 assay and was subsequently used for naked seeding. 514 

 515 

Uptake Assay 516 

Uptake assay was performed as previously described (31). Briefly, v2L cells were plated 517 

overnight at a density of 8,000 cells/well of a 96 well plate. Cells were treated with 25nM 518 

of AF-647 labeled tau fibrils or AF-647 dye alone as a negative control. After 4h of 519 

incubation with the fibrils, cells were harvested with 0.25% trypsin for flow cytometry.  520 

 521 

The labeled fibrils used in this assay were obtained by incubating recombinant tau fibrils 522 

(8μM, 200μL) with lyophilized AF-647 dye (25μg) for 1h at room temperature (RT) 523 

followed by quenching the reaction with 100mM glycine and subsequent dialysis in a 524 

3500kDa dialysis cassette. This protocol was followed as previously described in detail 525 

(31). 526 

 527 

The median fluorescence intensity (MFI) values representing the amount of tau 528 

internalized were plotted after subtracting the background MFI of the dye alone signal 529 
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for all conditions. These MFI values were then normalized relative to the appropriate 530 

control condition of the respective experiment (DMSO, NTG, or Scr ctrl). 531 

 532 

Drug Treatments 533 

96 well plates were coated with PDL and incubated at 37C for 3h followed by washout 534 

with PBS. v2L cells were plated at a density of 15,000 cells/well and allowed to settle 535 

overnight. Cells were treated with different drugs (ML-240, NMS-873, and MG132) for 536 

about an hour upon which 25nM of recombinant tau fibrils were introduced to the media. 537 

After four hours of incubation with the fibrils (five hours with drugs), the media was 538 

replaced with fresh media and seeding or uptake was monitored for 48h and 4h, 539 

respectively.  540 

 541 

Flow Cytometry 542 

To harvest cells for flow cytometry, media was removed, and cells were treated with 543 

0.05% trypsin (0.25% trypsin for uptake assay) for 5min at 37C (0.25% trypsin, 15min 544 

at 37C in case of PDL coated plates). Trypsin was quenched with cold media and cells 545 

were resuspended a few times before transferring the suspension to 96-well round-546 

bottom plates which were centrifuged at 1000 rpm for 5min. Supernatant was removed 547 

and the cell pellets were resuspended in 2% paraformaldehyde (PFA) and allowed to fix 548 

for 10min at RT. Cells were spun down again, PFA was removed, and cells were 549 

resuspended in PBS and stored at 4C until ready to be run on a flow cytometer for 550 

quantifying the FRET signal.  551 

 552 
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Cloning 553 

FM5 vector with UBC promoter was used to clone all the APEX constructs. sAPEX 554 

fragments (AP and EX) were PCR amplified from the constructs provided by Dr. Alice 555 

Ting’s lab. Amplified sAPEX fragments were appended on to the c-terminus of RD tau 556 

fragments via a linker using overlap PCR. Using Gibson assembly, the final gene 557 

fragments were cloned into FM5 UBC plasmid which was cut with Esp3I. All Gibson 558 

reaction products were transformed into Stbl3 bacterial cells. Bacterial colonies were 559 

inoculated, DNA was purified using Qiagen miniprep kit, and the sequences were 560 

verified using Sanger sequencing at UTSW’s sequencing facility.  561 

 562 

Lentivirus Production 563 

Low passage HEK293T cells were plated at ~ 70% confluency in 6 well plates and 564 

allowed to settle overnight. A master mix was prepared using 400ng of plasmid of 565 

interest, 400ng of VSVG, and 1200ng of PSP plasmids required for virus packaging, 566 

along with 7.5L of TransIT 293T and 120ul of OMEM per well of a 6 well plate. The 567 

master mix was allowed to incubate at RT for 30min upon which it was added to the 568 

cells in a drop-wise fashion. The virus was harvested 48h later by collecting the media, 569 

spinning it for 5min at 1000rpm, and then freezing the aliquoted supernatant. 570 

 571 

CRISPR/Cas9 screen for VCP cofactors 572 

CRISPR constructs for the cofactors were outsourced to Twist Biosciences for 573 

synthesis. Constructs not synthesized by the company were cloned in the lab using 574 

standard ligation reaction. Four guides per gene were chosen from the Brunello library 575 
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deposited online and ordered as duplex DNA from IDT. LentiCRISPRv2 (Addgene 576 

#52961) was cut using Esp3I, and T4 ligase was used for all ligation reactions of the 577 

guides into the plasmid. Stbl3 bacteria were transformed with the ligated products, 578 

selected colonies were inoculated, mini-prepped using Qiagen kit, and the purified DNA 579 

was sequence-verified. Pooled lentivirus was prepared with four constructs per gene 580 

and v2L cells were transduced with the virus at the desired MOI. After 24h, cells were 581 

expanded in puromycin media (2g/mL) for selection of the KO population. Selected 582 

populations were eventually used for seeding and uptake assays and western blot to 583 

ensure the gene was knocked out. 584 

 585 

siRNA knockdown 586 

siRNAs were ordered from Origene. 300,000 v2L cells were plated in 6 well plates and 587 

allowed to settle overnight. The next day, cells were treated with 100nM of each siRNA, 588 

with a total of three siRNAs per gene using RNAiMax Lipofectamine (Thermo) as a 589 

transfection vehicle at 7.5µl/well. After 48h of transfection, the cells were plated in 96 590 

well plates for seeding and uptake assays. Cells were also used for western blot to 591 

verify the knockdown. 592 

 593 

Western blot 594 

Cell pellets were lysed in RIPA buffer and allowed to sit on ice for 5min followed by a 595 

15,000g spin for 10min at 4C. The supernatants were used to determine the protein 596 

concentrations using Pierce 660 assay. 15g of total protein was treated with SDS 597 

buffer and heated at 95C for 10min. Samples were loaded onto 4-12% bis-tris gels and 598 
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the proteins were transferred onto nitrocellulose membranes using the Biorad turbo 599 

transfer machine. All incubations for subsequent steps were done in TBS + 0.05% 600 

Tween-20 (TBST). The membranes were first incubated in blocking buffer (5% milk 601 

powder + TBST) for 1h at RT, followed by primary antibodies in the blocking buffer at 602 

4C with overnight shaking. After the primary antibody incubation, the membranes were 603 

washed 3x with TBST, 10min each. Then, appropriate HRP-conjugated secondary 604 

antibodies in blocking buffer were added to the membranes for a 1.5h incubation at RT. 605 

Membranes were again washed 3x in TBST followed by a single wash in TBS alone 606 

before reading the HRP signal using the Thermo ECL kit. 607 

 608 

Statistical Analysis 609 

Statistical analyses were performed using GraphPad Prism. One-Way ANOVA (Šídák 610 

method) with a 95% confidence interval was used for all statistical analyses unless 611 

otherwise stated. The P values are described as follows: 612 

ns = not significant/ P>0.05, * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001, **** = P ≤ 613 

0.0001. 614 

 615 

Graphics 616 

Biorender.com was used to create the graphics presented here. 617 

 618 

 619 

 620 

 621 
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List of Reagents 668 
 669 

Reagent Vendor Catalog No. 

   

Acetonitrile ≥99.9%, LC-MS Reagent for LC-
MS, for HPLC Avantor 9829-03 

Ammonium bicarbonate,ReagentPlus®, 
≥99.0% Sigma-Aldrich A6141-500G 

Anti-FAF2 Rabbit Polyclonal Antibody, 
Size=150 µL Fisher Scientific 16251-1-AP 

Anti-OTUB1 antibody [EPR13028(B)] 
(ab175200) Abcam ab175200 

Anti-UBE4B antibody [EPR7471] (ab126759) Abcam ab126759 

Anti-UBXD7 Antibody EMD Millipore AB10037 

Anti-VCP antibody [5] (ab11433) Abcam ab11433 

Ataxin 3 Antibody  Fisher Scientific 702788 

ATXN3 (Human) - 3 unique 27mer siRNA 
duplexes - 2 nmol each OriGene  SR302905 

Benzonase Nuclease, ≥250 units/muL, ≥90% 
(SDS-PAGE) Sigma-Aldrich E1014-5KU 

Biotinyl Tyramide, Tocris, 6241 R&D Systems 6241/25 

Biotinyl tyramide,≥97% (HPLC) Sigma-Aldrich 
SML2135-
50MG 

BME, ≥99.0% Sigma-Aldrich 
M6250-
100ML 

Complete™, Mini, EDTA-free Protease 
Inhibitor Cocktail Sigma-Aldrich 4693159001 

Corning 225cm² Angled Neck Cell Culture 
Flask with Vent Cap Corning 431082 

FAF2 (Human) - 3 unique 27mer siRNA 
duplexes - 2 nmol each OriGene SR308083 

Formic acid 50ML UN 1779 3(8) / PGII Sigma-Aldrich 
56302-
50ML-GL 

GAPDH Antibody (1D4) Fisher Scientific NB300-221 

Gibson Assembly Master Mix 
New England 
Biolabs  E2611S 

Invitrogen novex NuPAGE 4 12% Bis Tris 
Protein Gels, 1.0mm, 10 well 

Thermo 
Scientific NP0321BOX 

Iodoacetamide,single use vial of 56 mg Sigma-Aldrich A3221-10VL 

Iproof™ High-Fidelity PCR Kit, 200 U (2 U/µl), 
100 µl 1725331 Bio-Rad 1725331 

Jumpstart™ Taq DNA Polymerase,with MgCl2 Sigma-Aldrich 
D9307-
50UN 

Laemmli Sample Buffer 2X Bio-Rad 1610737 

Laemmli Sample Buffer, 4X Bio-Rad 1610747 
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Lipofectamine RNAiMAX Transfection Reagent Fisher Scientific 13-778-075 

MG-132 25mg Fisher Scientific S2619 

Ml240,≥98% (hplc) Sigma-Aldrich 
SML1071-
5MG 

NEBuilder HiFi DNA Assembly Master Mix - 10 
reactions 

New England 
Biolabs E2621S 

NGLY1 (Human) - 3 unique 27mer siRNA 
duplexes - 2 nmol each 

OriGene 
Technologies SR310927 

NGLY1 Polyclonal Antibody 
Thermo 
Scientific 

A305-547A-
T 

NheI-HF® Restriction Enzyme 
New England 
Biolabs  R3131S 

NMS-873 
MedChem 
Express HY-15713 

Npl4 Antibody 
Cell Signaling 
Technology 13489S 

NPLOC4 (Human) - 3 unique 27mer siRNA 
duplexes - 2 nmol each OriGene  SR310841 

NSFL1C (Human) - 3 unique 27mer siRNA 
duplexes - 2 nmol each OriGene  SR311050 

Nsfl1c Polyclonal Antibody Fisher Scientific PA5-21633 

Nupage™ 4 12% Bis Tris Protein Gels, 1.5 
mm, 15 well Fisher Scientific NP0336BOX 

Nupage™ 4-12% Bis-Tris Protein Gels, 1.5 
mm, 10-well Fisher Scientific NP0335BOX 

One Shot Stbl3 Chemically Competent 
Thermo 
Scientific C737303 

Opti-MEM™ I Reduced Serum Medium Fisher Scientific 31-985-070 

Opti-MEM™ I Reduced Serum Medium 
Thermo Fisher 
Scientific 31985070 

Pierce™ 660nm Protein Assay Fisher Scientific 22660 

Pierce™ BCA®  Bovine Serum Albumin 
Standard Set 

Thermo 
Scientific 23208 

Pierce™ Nitrocellulose Membranes, Thermo 
Scientific, Roll Fisher Scientific 88-018 

Pierce™ Streptavidin Magnetic Beads 
Thermo Fisher 
Scientific 88817 

PLAA (Human) - 3 unique 27mer siRNA 
duplexes - 2 nmol each OriGene  SR306209 

Poly-D-lysine hydrobromide,mol wt 70,000-
150,000, lyophilized powder Sigma-Aldrich P6407-5MG 

Precision Plus Protein™ Dual Color 
Standards, 10–250 kDa Bio-Rad 1610374 

QIAprep Spin Miniprep Kit (250) Qiagen 27106 

Redtaq® ReadyMix™ PCR Reaction 
Mix,Complete PCR reagent  Sigma-Aldrich 

R2523-
100RXN 
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RPS27A Human siRNA Oligo Duplex (Locus 
ID 6233) OriGene  SR304187 

S.O.C. Medium 
Thermo Fisher 
Scientific 15544034 

Sequencing Grade Modified Trypsin, Promega Promega V5111 

Sodium Ascorbate, Powder, USP, 
Packaging=Poly Bottle, Size=100 g 

 Spectrum 
Chemical 

S1349-
100GM 

SVIP (Human) - 3 unique 27mer siRNA 
duplexes - 2 nmol each OriGene SR316907 

SYVN1 Human siRNA Oligo Duplex (Locus ID 
84447) OriGene SR325336 

T4 DNA Ligase 
New England 
Biolabs  M0202L 

Thermo Scientific Pierce DTT (Dithiothreitol) 
Thermo Fisher 
Scientific 20290 

Thermo Scientific 6X DNA Loading Dye  
Thermo Fisher 
Scientific R0611 

Thermo Scientific FastDigest BsmBI (Esp3I) 
Promotion 

Thermo Fisher 
Scientific FD0454 

Thermo Scientific Pierce 660nm Protein Assay Fisher Scientific PI22660 

Trans-Blot, 1704270 Bio-Rad 1704270 

Trans-Blot® Turbo™ RTA Midi Nitrocellulose 
Transfer Kit, for 40 blots Bio-Rad 1704271 

TransIT®-293 Transfection Reagent Fisher Scientific MIR 2700 

Trolox Sigma-Aldrich 238813-5G 

Tween® 20, viscous liquid, CAS 9005-64-5, 
Sigma-Aldrich P1379-1L Sigma-Aldrich P1379-1L 

UBE4B (Human) - 3 unique 27mer siRNA 
duplexes - 2 nmol each OriGene  SR306958 

UBXN6 (Human) - 3 unique 27mer siRNA 
duplexes - 2 nmol each OriGene  SR312922 

UBXN6 Polyclonal Antibody 
Thermo 
Scientific PA5-84520 

Ufd1 Antibody 
Cell Signaling 
Technology 13789S 

UFD1L (Human) - 3 unique 27mer siRNA 
duplexes - 2 nmol each OriGene  SR305021 

VCP (Human) - 3 unique 27mer siRNA 
duplexes - 2 nmol each OriGene SR322176 

Venor™ GeM Mycoplasma Detection Kit, 
PCR-based Sigma-Aldrich 

MP0025-
1KT 

Vinculin Antibody Fisher Scientific NBP2-41237 
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Figure Legends 845 
 846 
Figure 1. Proximity labeling of nascent tau aggregates identifies VCP.  847 

(A) Schematic of the TMT-MS study performed for proteomics. (B) VCP was identified 848 

as the most significant hit enriched in the tau aggregation initiation proteome. 849 

Normalized protein abundance ratios for sAPEX2 P301S and sAPEX2 alone (negative 850 

control) treated with and without tau fibrils were compared using unpaired t- test on 851 

three independent biological replicates; two-stage step-up (Benjamini, Krieger, and 852 

Yekutieli), FDR 1.00%). Only top ten proteins of a total of 460 are shown here, based on 853 

ascending q values. Difference = enrichment in (sAPEX2 P301S - sAPEX2 alone). 854 

Positive difference values indicate enrichment in the aggregation proteome. Statistical 855 

significance was determined based on q value. 856 

 857 

Figure 2. Genetic downregulation of VCP reduces tau seeding.  858 

(A) Schematic depicting the tau biosensor seeding assay. (B) Schematic depicting the 859 

siRNA treatment for generating a VCP KD cell line for seeding. (C) KD of VCP reduced 860 

tau seeding. Error bars represent S.D. Graph is representative of n=3 independent 861 

experiments. One-Way ANOVA (Šídák method) with a 95% confidence interval; P value 862 

**** < 0.0001 (D) VCP KD cells increased uptake of tau fibrils labeled with AF-647, 863 

measured by flow cytometry. Error bars represent S.E.M (n=3). Unpaired t-test with a 864 

95% confidence interval; P value ** = 0.003. 865 

 866 

Figure 3. Acute exposure of inhibitors differentially impacts tau aggregation. (A) 867 

Schematic depicting 1h exposure of tau biosensor cells to inhibitors, followed by 4h of 868 
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25nM tau, before washout. (B) ML-240 dose-dependently increased tau seeding. P 869 

values: ns = 0.44, **** < 0.0001 (C) NMS-873 dose-dependently decreased tau seeding. 870 

Error bars represent S.D. Representative data of n=3 independent experiments. P 871 

values: ** 0.003, **** < 0.0001 (D) Proteasome inhibitor MG132 increased tau seeding. 872 

P values: ns = 0.85, * =0.04, ** =0.002, **** < 0.0001  873 

(E) Fluorescence microscopy confirmed the effects of VCP and proteasome inhibition 874 

on tau seeding. (F) Drug treatment did not change tau-Alexa 647 uptake as measured 875 

by flow cytometry. Error bars represent S.E.M (n=3). P values: ns = 0.996, 0.999, 0.17, 876 

in order of bars on the graph. One-Way ANOVA (Šídák method) with a 95% confidence 877 

interval. 878 

 879 

Figure 4. Only early VCP inhibition impacts tau seeding. (A) Schematic depicting 880 

drug and tau treatments at different time points of the seeding process. (B) ML-240 881 

increased tau aggregation ~16 to 25-fold, but only when administered <8h after seed 882 

exposure. P values: **** < 0.0001, ns (16hr) = 0.59, ns (24hr) = 0.43, ns (48hr) = 0.36 883 

(C) Representative images (20x magnification). (D) NMS-873 decreased tau seeding by 884 

~50%, but only when administered <8h after seed exposure.  885 

P values: ** =0.004, *** =0.0004, ns (16hr) = 0.08, ns (24hr) = 0.87, ns (48hr) = 0.05.  886 

(E) Representative images (20x magnification). 887 

Error bars represent S.D. Representative data of n=3 independent experiments. One-888 

Way ANOVA (Šídák method) with a 95% confidence interval. 889 

 890 

 891 
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Figure 5. ML-240 enhances seeding by tauopathy brain lysates and recombinant 892 

-synuclein. AD and CBD brain lysates were seeded onto v2L biosensors; 893 

recombinant a-synuclein was seeded onto -synuclein (A53T) biosensors. (A) ML-240 894 

increased seeding by AD and CBD brain samples. No seeding from Huntington disease 895 

brain lysate (Htt) was observed on tau biosensors. P value, **** < 0.0001 (B) ML-240 896 

increased -synuclein seeding in A53T synuclein biosensors. Error bars represent S.D. 897 

Representative data for n=3 independent experiments. P value, **** < 0.0001 (C) 898 

Representative fluorescence microscopy images for effects of ML-240 on tauopathy and 899 

-synuclein seeding (20x magnification). One-Way ANOVA (Šídák method) with a 95% 900 

confidence interval. 901 

 902 

Figure 6. VCP cofactors differentially regulate tau seeding. VCP cofactors were 903 

either knocked out via CRISPR/Cas9 (A-E) or knocked down via siRNA (F-I) in v2L 904 

biosensors prior to exposure to increasing amounts of tau fibrils. (A) Knockout of FAF2 905 

increased tau seeding whereas knockout of (B) ATXN3, (C) NSFL1C, and (D) UBE4B 906 

reduced tau seeding. P values: FAF2 (*** =0.0001, **** < 0.0001); ATXN3 (**** < 907 

0.0001); NSFL1C (*** =0.0002); UBE4B (**** < 0.0001). (E) Cofactor KO did not affect 908 

tau uptake.  909 

P values: ns = 0.98, 0.998, 0.995, 0.99, in order of bars on the graph.  910 

(F) Knockdown of NGLY1, (G) NPLOC4, and (H) OTUB1, decreased tau seeding.  911 

P values: NGLY1(**** < 0.0001); NPLOC4 (**** < 0.0001); OTUB1 (*** =0.0004,  912 

**** < 0.0001, *** =0.0001). (I) KD did not affect tau uptake. P values: ns = 0.98, 0.19, 913 

0.39, in order of bars on the graph. Graphs are representative of n= 3 separate 914 
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experiments. Error bars represent S.D. for (A-D; F-H), S.E.M. for (E,I). One-Way 915 

ANOVA (Šídák method) with a 95% confidence interval. 916 

 917 

Figure 7. Model of VCP regulation of the fate of tau seeds. VCP acts on tau seeds 918 

that enter the cytoplasm, either to promote degradation or amplification. Disaggregase 919 

activity of VCP removes monomer for degradation. This can occur at the end of 920 

filaments, which would decrease seeding, or from within, which would increase free 921 

ends and promote seeding. The effects of NPLOC4, which increases overall tau levels 922 

but decreases seeding indicates that these processes are separable. Chemical 923 

inhibitors and cofactors bias the process towards differential processing paths. Model 924 

based on Saha et al. (21). Image created using biorender.com. 925 

 926 

 927 

 928 

 929 

 930 

 931 

 932 

 933 

 934 

 935 

 936 

 937 
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Supplemental Figure 1. Proximity labeling of nascent tau aggregates identifies 938 

VCP. (A) Western blot probed for biotinylation signal using streptavidin-HRP shows the 939 

earliest reconstitution of P301S tau-sAPEX2 activity at 5h. 940 

941 

Supplemental Figure 2. Genetic reduction of VCP reduces tau seeding. (A) 942 

Western blot showing KD of VCP compared to scrambled (Scr) control siRNA treated 943 

cells. (B) Images representing tau-clover signal as observed by fluorescence 944 

microscopy (20x). VCP KD cells were brighter but fewer in number due to reduced cell 945 

proliferation. (C) Flow plots depicting a shift in dual positive biosensor population in 946 

quadrant 2 (Q2) for the VCP KD cell line highlighted the increase in fluorescence levels 947 

of the biosensors as observed under the microscope. Cell proliferation was reduced. (D) 948 

Flow plots showing no background spontaneous seeding (FRET+ values) in the VCP 949 

KD cells in the absence of exogenous tau fibrils, despite the increased basal 950 

fluorescence. 951 

952 

Supplemental Figure 3. Acute exposure of inhibitors differentially impacts tau 953 

aggregation. (A) ML-240 increased the kinetics of tau seeding with a robust FRET 954 

signal detectable as early as 8h.  955 

956 

Supplemental Figure 4. Only early VCP inhibition impacts tau seeding. (A) ML-240 957 

increased, and NMS-873 decreased tau aggregation only within the initial 8h of seeding 958 

as represented by tau-clover images (20x magnification) at different time points of the 959 

seeding process. 960 
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Supplemental Figure 5. VCP cofactors differentially regulate tau aggregation. (A) 961 

Graphs representing the % FRET+ signal for cofactors (KO and KD) that did not affect 962 

tau seeding. (B) KO of UBXN6 increased tau seeding with an effect most pronounced at 963 

higher tau concentrations. Error bars represent S.D. Graph representative of n=3 964 

independent experiments. One-Way ANOVA (Šídák method) with a 95% confidence 965 

interval, P Value **** < 0.0001. (C) KO of FAF2 caused spontaneous aggregation as 966 

observed by tau-clover puncta (20x magnification). (D) FRET flow cytometry 967 

documented spontaneous aggregation in the FAF2 KO cells in the absence of 968 

exogenously added tau seeds. (E) Western blots showing absence of FAF2, ATXN3, 969 

NSFL1C, and UBE4B in the respective knockout cells lines. Non-targeting guide (NTG) 970 

treated cell line was used as a negative control. (F) Representative images showing 971 

increased basal fluorescence in NPLOC4 KD biosensors. (G) Flow cytometry indicated 972 

a shift in dual positive biosensor population in quadrant 2 (Q2) for the NPLOC4 KD cell 973 

line highlighting the increase in fluorescence levels of the biosensors as also observed 974 

under the microscope. (H) FRET flow cytometry revealed no spontaneous background 975 

aggregation in the NPLOC4 KD cells in the absence of exogenous tau fibrils, despite 976 

increased basal fluorescence. (I) Western blots showing reduced protein levels of the 977 

cofactors in their respective KD cell lines. Scrambled siRNA (Scr) treated cell line was a 978 

negative control. 979 

980 
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Cofactors tested using CRISPR/Cas9 knockout:  
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Cofactors tested using siRNA-mediated knockdown: 
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