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Abstract:

Tau aggregates contribute to multiple neurodegenerative diseases including
frontotemporal dementia and Alzheimer’s disease (AD). In models of tauopathy and
in patient tissue, tau aggregates can form in the cytoplasm, perinuclear region, and
nucleus. Using a HEK293T tau biosensor system, we identified that cytoplasmic
tau aggregates formed first, followed by perinuclear-ring-like tau assemblies, and
then nuclear tau aggregates formed in nuclear speckles. Nuclear tau aggregates
only form in cells with pre-existing cytoplasmic tau aggregates and mostly form
independently of cells traversing mitosis. Finally, nuclear tau aggregates do not
contain exogenous tau seeds and arise by a secondary seeding event dependent on
VCP. Nuclear tau aggregates inhibit mRNA export and show a twofold increase in
poly-adenylated mRNAs in the nucleus. Together, these findings indicate that
nuclear tau aggregation alters RNA biogenesis and occurs by a secondary seeding

event from cytoplasmic tau aggregates, which could contribute to tau pathology.
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Introduction:

Tau aggregates are insoluble accumulations of tau (MAPT) and associated
proteins and RNAs found in the brains of patients with neurodegenerative
tauopathies. There are over 20 different tauopathies including Alzheimer’s Disease
(AD), frontotemporal dementia (FTD-tau), and Chronic Traumatic Encephalopathy
(CTE) [1,2]. Tau fibrillar species can propagate by prion-like mechanisms and can
occur in a variety of specific structural forms [3]. Higher order tau assemblies have
been shown to be toxic to cells, with smaller soluble aggregates thought to exhibit
greater toxicity than large fibrils [4]. How tau aggregates trigger cell toxicity and

neurodegeneration in tauopathies is poorly understood.

Cytoplasmic tau aggregates can contain RNA and RNA-binding proteins,
including proteins normally localized to nuclear speckles [2,5—7]. Nuclear speckles
(also called splicing speckles) are membrane-less organelles that contain nascent
RNA polymerase II transcripts, the splicing machinery and RNA export factors
[8,9]. SRRM2 (serine/arginine repetitive matrix protein 2) and PNN (pinin), two
components of speckles that mislocalize with cytoplasmic tau aggregates [5],
contain polyserine domains that are necessary and sufficient for localization to
cytoplasmic tau aggregates [2]. At least in cell line models, tau aggregates
preferentially grow in association with cytoplasmic assemblies that contain SRRM2
and PNN [2]. These cytoplasmic assemblies can form during mitosis as mitotic

interchromatin granules (MIGs) [10] or independently of mitosis where they are
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referred to as cytoplasmic speckles (CSs) [2]. Polyserine domains can also promote
tau aggregation in mice, in human iPSC neurons in culture, and in vitro with

recombinant proteins, demonstrating the generality of this effect [11,12].

Several groups have observed that tau can aggregate in the nucleus in cell
line models of tau aggregation [5,13,14]. Moreover, nuclear tau assemblies have
been observed in postmortem analyses from patients with tauopathies [15-18]. In
addition, tau assemblies in association with the nuclear envelope have been
described in cell line models and in post-mortem AD samples [16,19]. Where
examined, nuclear tau aggregates are exclusively localized to nuclear speckles,
perhaps because nuclear speckles are enriched in proteins with polyserine domains
[2,5]. The mechanisms that lead to the formation of nuclear tau aggregates in
nuclear speckles and their relationship with the formation of cytoplasmic tau

aggregates are unknown.

Herein, we use a cell line model of tau aggregation expressing fluorescently
tagged versions of tau to address these issues. Upon tau seeding, we discover
cytoplasmic tau aggregates form first, followed by formation of nuclear tau
aggregates. This suggests that cytoplasmic aggregates are the source for the seeds
that induce nuclear tau aggregation. Moreover, nuclear tau aggregates do not
contain exogenous seeds and are dependent on VCP function, which can generate

new tau seeds [20,21]. Nuclear tau aggregation is dependent on SRRM2 but not
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PNN, and requires the polyserine domain of SRRM2, which either promotes seed
formation, nuclear import of tau seeds, or creates a nuclear speckle environment
conducive for tau aggregate propagation. We also observed that specific mRNAs
and bulk poly(A)+ RNA accumulate in nuclei with nuclear tau aggregates,
demonstrating that tau aggregation within nuclear speckles can inhibit mRNA
export. These observations highlight unique cellular perturbations caused by
nuclear tau aggregates, which could contribute to toxicity in any tauopathy with

nuclear tau aggregates.
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Methods:
Cell culture and tau seeding of HEK293T tau biosensor cells

HEK293T cells stably expressing the 4R RD domain of tau with P301S
mutation (ATCC Cat# CRL3275; RRID:CVCL_DAO04) were cultured in DMEM with
10% FBS and 1% penicillin-streptomycin antibiotics at 37°C with 5% CO2 in the Cell
Culture Facility RRID: SCR_01898 (CCF). Cells were seeded on poly-L-lysine
(Santa Cruz Biotechnology sc-286689A) coated glass coverslips in 24 well plates
(Corning 3526) at 125000 cells/well. 24 hours later, a 50ul mix containing 0.875ul
1mg/ml clarified brain homogenate from Tg2541 tau mice (as described in [5]),
9.125ul 1XPBS, 39.25ul DMEM without FBS or antibiotics and 0.75ul lipofectamine
3000 (Thermo Fisher Scientific L300008) per well was prepared, incubated at room
temperature for 20 min, then 50ul added to each well. Cells were treated for 24
hours at 37°C then fixed in 4% paraformaldehyde in PBS, washed with PBS,
permeabilized with 0.1% Triton X-100, washed with PBS then mounted using
Prolong Glass with NucBlue (Thermo Fisher Scientific P36981). Samples were
imaged using a Nikon CSU-W1 SoRa confocal spinning disk microscope with a
PLAN APO Lambda 100X oil immersion objective lens NA 1.45 and Hammamatsu

ORCA Fusion BT sCMOS camera unless otherwise indicated.

Live cell imaging of HEK293T tau biosensor cells after tau seeding
HEK293T tau biosensor cells were seeded on a poly-L-lysine coated 24 well
glass bottom plate (Cellvis P241.5HN) and transfected with clarified tau mouse

brain homogenate as described above. Hoeschst 33342 was added to cell culture
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113  media to stain nuclei. 6 hours post transfection, the plate was imaged every 15 min
114  for 19.5 hours using the CSU-W1 SoRa confocal spinning disk microscope with an
115 APO LWD 40X NA 1.15 water immersion objective lens, Andor iXon Life 897

116 EMCCD camera and Okolab Incubation enclosure.

117

118  Purification of 2N4R-Cys-P301S tau

119 As previously described [11,12], a pET29 plasmid encoding full length 2N4R-
120 Cys-P301S tau was transformed into Rosetta2(DE3)pLysS e. coli. Expression was
121 induced with 500 uM IPTG for 4 hours with shaking at 37°C. Pellets were collected
122  and lysed in lysis buffer (50 mM Tris pH 7.4, 500 mM NaCl, 1 mM DTT, and 30 mM
123  imidazole, supplemented with one cOmplete ULTRA EDTA-free protease inhibitor
124  tablet (Sigma 6538282001)) via sonication. Lysate was clarified and filtered before
125 added to pre-equilibrated Ni-NTA resin. The column was washed with 5 column

126  volumes (CV) lysis buffer, 10 CV wash buffer 1 (lysis buffer with 200 mM NaCl),

127  then 10 CV wash buffer 2 (Iysis buffer with 1M NaCl). Elution buffer (lysis buffer
128  with 300 mM imidazole, 200 mM NaCl) was added, and the column incubated for 30
129 minutes. Elution was dialyzed overnight into Buffer A (50 mM MES pH 6.00, 50

130 mM NaCl, 1 mM DTT). Dialyzed protein was then loaded onto a 5 ml Hi-Trap Capto
131  SP ImpRes cation exchange column (Cytiva 17546855) and protein was eluted with
132  a linear gradient of Buffer B (50 mM MES pH6.00, 1M NaCl, 1 mM DTT). Protein
133  containing fractions were pooled and concentrated to 1 mL total volume before

134  loading onto a Superdex 200 pg 16/600 (Cytiva 28989335) column. The column was
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135 eluted with 1X PBS pH 7.4, 1 mM TCEP. Protein containing fractions were pooled
136  and concentrated to 50 uM for downstream labeling.

137

138  2N4R-Cys-P301S maleimide labeling

139 Purified protein was incubated with 3-fold molar excess of JF549-Maleimide
140  (Tocris 6500) or JF646-Maleimide (Tocris 6590) for 2 hours at room temperature.
141  Excess dye was removed and inactivated with overnight dialysis into 1x PBS pH
142  7.4,1 mM DTT, and protein stored at 4°C.

143

144 Exogenous fluorescent seed preparation.

145 5 uM of maleimide-labeled tau was incubated with 40 pg heparin, 1 mM DTT,
146  brought up to 50 pL total volume with fibrilization buffer (1x PBS pH 7.4, 1 mM
147 DTT), and shaken at 37°C for 24 hours. Reactions were pooled and tau fibers were
148 pelleted at 100K xg for 30 minutes. Supernatant was removed and the pellet was
149 resuspended in 1x PBS pH 7.4. Resuspended pellets were sonicated in 15 second
150 pulses with a 15 second recovery for 30 total minutes at an amplitude of 50 using a
151 cup horn attachment on a Fisher Sonic Dismembrator to generate seeds

152 immediately before transfection into HEK293T tau biosensor cells.

153

154  Confocal Microscopy of Exogenous Seeds in HEK293T Tau Biosensor Cells
155 HEK293T tau biosensor cells were plated on poly-L-lysine (Santa Cruz

156  Biotechnology sc-286689A) coated glass coverslips in 24 well plates (Corning 3526)

157 at 125,000 cells/well. 24 hours later, a 50ul mix containing 3ul sonicated,
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158 maleimide-labeled tau seeds, 7ul 1XPBS, 40ul DMEM without FBS or antibiotics
159 and 1pul lipofectamine 3000 (Thermo Fisher Scientific L300008) per well was

160 prepared, incubated at room temperature for 10 min, then 50ul added to each well.
161  For live cell imaging, Hoeschst 33342 was added to cell culture media to stain

162 nuclei. 0.5 hours post transfection, the plate was imaged every 15 min for 19.5

163  hours using the CSU-W1 SoRa confocal spinning disk microscope with an APO

164 LWD 40X NA 1.15 water immersion objective lens, Andor iXon Life 897 EMCCD
165 camera and Okolab Incubation enclosure. For experiments with a second tau

166  seeding step, cells were transfected after 20 hours with Cy5-maleimide labeled tau
167 seeds as described above. Cells were fixed with 4% PFA after either four hours or
168 twenty-four hours after seed transfection. Cells were then washed once with 1x PBS
169 pH 7.4, permeabilized with 0.5% Triton X-100 for 10 minutes, washed once with

170  1xPBS with DAPI, and mounted with Prolong Glass. Coverslips were imaged with a
171  Nikon CSU-W1 SoRa confocal spinning disk microscope with a PLAN APO Lambda
172 100X oil immersion objective lens NA 1.45 and Hammamatsu ORCA Fusion BT

173  sCMOS camera with 0.5 um z-stacks. Max projections were made using imaged and
174  used for downstream quantitative analysis. Image analysis was performed using
175  CellProfiler. In short, single cells were segmented by identifying nuclei, and

176  secondary objects of single cells were defined using the tau fluorescence channel and
177 contained one nucleus each. Cy3 tau seeds and tau aggregates were identified in

178 cells. Tau aggregates were then filtered for those that contained a Cy3 tau seed
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179  object. Cells were then filtered for those with cytoplasmic or nuclear tau aggregates
180 and further filtered for those with tau aggregates that contained a Cy3 seed.

181

182 RAN Immunofluorescence

183 HEK293T tau biosensor cells were seeded, transfected with tau mouse brain
184 homogenate, fixed and permeabilized as described above then blocked with 1% BSA
185 1X PBS for 1 hour, incubated with anti-Ran mouse monoclonal antibody (BD

186  Biosciences 610340) 1:250 in 1% BSA in 1X PBS overnight at 4°C, washed 3 times
187  with 0.1% Tween 20 in 1XPBS, incubated with goat Anti-Mouse IgG AlexaFluor647
188 (abcam ab150115) 1:1000 in 1% BSA in 1XPBS for 1-2 hours, washed 3 times with
189  0.1% Tween20 in 1x PBS, then mounted with Prolong Glass with NucBlue. Cell

190 Profiler was used to segment nuclei and cytoplasm of cells, identify cells with

191 nuclear or cytoplasmic tau aggregates and to determine the mean intensity of RAN
192  fluorescence intensity in the cytoplasm and nucleus.

193

194 NLS-mCherry Expression and Nuclear:Cytoplasmic Quantification

195 HEK293T tau biosensor cells were plated on poly-L-lysine (Santa Cruz

196  Biotechnology sc-286689A) coated glass coverslips at 125000 cells/well. 24 hours
197 later, cells were transfected with plasmid encoding nls-mCherry (nls-mCherry was
198 a gift from Rob Parton (Addgene plasmid # 108881 ; http://n2t.net/addgene:108881 ;
199 RRID:Addgene_108881)[22]) using Lipofectamine 3000 (Thermo Fisher Scientific
200 L300008) as per manufacturer’s specification. 24 hours following plasmid

201 transfection, cells were transfected with 1 uL of tau brain homogenate from Tg2541

10
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202 mice as described above. 24 hours following tau brain homogenate transfection, cells
203  were fixed with 4% PFA and imaged using a Nikon CSU-W1 SoRa confocal spinning
204  disk microscope with a PLAN APO Lambda 100X oil immersion objective lens NA
205 1.45 and Hammamatsu ORCA Fusion BT sCMOS camera. The nuclear:cytoplasmic
206  ratio was determined for single cells by measuring the total nls-mCherry

207  fluorescence in the nucleus and dividing that value by the total nls-mCherry

208 fluorescence in the cytoplasm. Image analysis was performed using CellProfiler.

209  Single cells were identified by first identifying nuclei, then using the tau

210 fluorescence channel, single cells were identified to contain one nucleus. The

211 cytoplasm and nucleus of single cells were then masked, and the total fluorescence
212 of nls-mCherry was measured behind each mask.

213

214  VCP Inhibitor Treatment and imaging of HEK293T tau biosensor cells

215 HEK293T tau biosensor cells were seeded on poly-L-lysine (Santa Cruz

216  Biotechnology sc-286689A) coated glass coverslips in 24 well plates (Corning 3526)
217  at 250000 cells/well. 24 hours later, a 50ul mix containing 2ul 1mg/ml clarified brain
218 homogenate from Tg2541 tau mice (as described in [5]), 8ul 1XPBS, 39ul DMEM
219  without FBS or antibiotics and 1pul lipofectamine 3000 (Thermo Fisher Scientific
220 L300008) per well was prepared, incubated at room temperature for 10 min, then
221 50ul added to each well. 4 hours after tau seeding, the cells were treated with 25uL
222 of VCP inhibitors (2.5uM CB-5083 (MedChem Express HY-12861), 2uM NMS-873

223 (MedChem Express HY-15713)) or 25uL of 0.5% DMSO in PBS. 20 hours later, the

11
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cells were fixed in 4% paraformaldehyde in PBS, washed with PBS, permeabilized
with 0.1% Triton X-100, washed with PBS, then mounted using Prolong Glass with
NucBlue (Thermo Fisher Scientific P36981). Samples were imaged using a Nikon
CSU-W1 SoRa confocal spinning disk microscope with a PLAN APO Lambda 100X
oil immersion objective lens NA 1.45 and Hammamatsu ORCA Fusion BT sCMOS
camera. The number of non-mitotic cells having cytosolic tau aggregates and
nuclear tau aggregates was quantified manually using cell counter in Imaged.
Statisics were performed using the Kruskal-Wallis test followed by Dunn's Test for

Multiple Comparisons.

SRRM2 enrichment in cytoplasmic tau aggregates

HEK293T tau biosensor cells with at least one allele of SRRM2 fused to Halo
tag (previously described in [2]) was simultaneously treated with tau mouse brain
homogenate as described above and 200nM Janiela Fluor HaloTag 646 (Promega
GA1120) for 24 hours. Cells with nuclear and cytoplasmic tau aggregates were
1dentified, and 1.5 micron square ROIs were drawn in the cytoplasmic aggregate in
each cell and in the cytoplasm outside the aggregate (the status of SRRM2 halo signal
was unknown when both ROIs were drawn). The integrated density of halo signal in
each ROI was measured and the ratio of halo signal in the aggregate over the signal in

the cytoplasm was determined as a measure of enrichment.

SRRM2 and PNN siRNA treatment

12
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HEK293T tau biosensor cells were transfected with 25pmole control siRNA
(Thermo Fisher 4390843), SRRM2 siRNA (Thermo Fisher s24003) and/or PNN
siRNA (Thermo Fisher s10758) and Lipofectamine RNAIMAX (Thermo Fisher
13778075) in 6 well plates as described and validated in [2]. 24 hours post-
transfection, the cells were typsinized and seeded onto poly-L-lysine coated glass
coverslips in 24 well plates. 24 hours post-plating, the cells were treated with tau
mouse brain homogenate for 24 hours then fixed and permeabilized and
immunofluorescence using rabbit anti-SRRM2 antibody (Thermo Fisher PA5-66827)
1:400 or rabbit anti-pinin antibody (ProteinTech 18266-1-AP) 1:200 and anti-rabbit
IgG AlexaFluor647 (abcam50079) 1:1000 was performed as described above. The
immunofluorescence was used to confirm the effectiveness of the siRNA treatments.
Cell Profiler was used to segment nuclei and cytoplasm of cells, identify cells with
nuclear or cytoplasmic tau aggregates and to determine the percentage of cells with

cytoplasmic aggregates that did or did not have nuclear aggregates.

SRRM2 DsiRNA treatment

A 27mer duplex DsiRNA directed to sequences between the 25 polyserine and
42 polyserine tracts in the C-terminus of SRRM2 was designed using IDT DsiRNA
design tool. A mix containing the duplexed RNA oligos 5 rGrCrU rCrUrA rGrCrC
rUrUrC rCrUrG rUrGrC rArArC rCrUG A 3’ and 5" rUrCrA rGrGrU rUrGrC
rArCrA rGrGrA rArGrG rCrUrA rGrArG rCrCrC 3’ was resuspended in nuclease

free H20 to 100uM. Negative control DsiRNA (IDT 492561622) and the SRRM2

13
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268 DsiRNA were diluted in Duplex Buffer (100mM potassium acetate, 30mM Hepes pH
269 7.5,IDT 493425811). HEK293T tau biosensor cells with an allele of full-length

270 SRRM2 (SRRM2_FL amino acids 1-2748) or SRRMZ2 in which 205 amino acids have
271  been deleted from the C-terminus (SRRM2_2 amino acids 1-2543), that includes the
272 25 polyserine and 42 polyserine tracts, fused to Halo tag [2] were transfected in 6
273  well plates with 10nM SRRM2 DsiRNA or negative control DsiRNA using

274  Lipofectamine RNAIMAX for 24 hours, then typsinized and seeded onto poly-L-

275 lysine coated glass coverslips in 24 well plates. 24 hours post-plating, the cells were
276  treated with 200nM Janiela Fluor HaloTag 646 (Promega GA1120) and mock

277  transfected or transfected with tau mouse brain homogenate for 24 hours as

278  described above, then fixed, permeabilized, and mounted with Prolong Glass with
279  NucBlue. Images of mock transfected cells were analyzed to identify nuclei and

280 determine the mean halo intensity within the nuclei using Cell Profiler. Cell

281  Profiler was used on images transfected with tau seeds to segment nuclei and

282  cytoplasm of cells, identify cells with nuclear or cytoplasmic tau aggregates and to
283 determine the percentage of cells with cytoplasmic aggregates that did or did not
284  have nuclear aggregates.

285

286 FISH analysis

287 Cy3 and Cy5 oligo(dT) 30mer (IDT) and custom FISH probes to PEG3 and
288 NORAD labelled with Quasar 670 (Stellaris) are described in [23]. Custom FISH
289  probes to ATF3 cDNA were designed using the Stellaris RNA FISH Probe Designer

290 (Biosearch Technologies, Petaluma, CA http://www.biosearchtech.com/stellaris-

14
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291 designer). The ATF3 FISH probes were labelled using 5-propargylamino-ddUTP-
292 ATTO-633 (Axxora JBS-NU-1619-633) and a protocol adapted from [24]. HEK293T
293  tau biosensor cells were seeded on poly-L-lysine glass coverslips for 24 hours,

294  treated with tau mouse brain homogenate for 24 hours then fixed and

295 permeabilized. FISH hybridization was performed following Stellaris protocol for
296 adherent cells

297  (https://biosearchassets.biosearchtech.com/assetsv6/bti stellaris protocol adherent

298  cell.pdf) and coverslips were mounted with Prolong Glass with NucBlue. FISH

299 samples were imaged using a widefield DeltaVision Elite Deconvolution microscope
300 with an Olympus UPlanSApo 100X/1.40-NA oil objective lens and a PCO Edge

301 sCMOS camera with appropriate filters at room temperature using SoftWoRx

302 Imaging software. Images were analyzed using Imaris Image Analysis Software
303 (Bitplane) (University of Colorado-Boulder, BioFrontiers Advanced Light

304 Microscopy Core).

305

306 Statistical Analysis

307 All statistical analyses were performed using GraphPad Prism.

15
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308 RESULTS:

309 Cytoplasmic tau aggregates precede nuclear tau aggregation

310

311 Following seeding, HEK293T biosensor cells form both cytoplasmic and

312 nuclear tau aggregates, with nuclear tau aggregates co-localizing in nuclear splicing
313  speckles [5], where SRRM2 and PNN normally accumulate [25]. As a first step to
314 understand the relationships between cytoplasmic and nuclear tau aggregates, we
315 examined the relationship between cytoplasmic and nuclear tau aggregates in

316 HEK293T tau biosensor cells [13,26]. In these experiments, we seeded the biosensor
317 cells by transfection with brain extracts from mice expressing the tau P301S

318 mutation (Tg2541 mice). These mice develop transmissible tau aggregates in their
319 Dbrains, which can be transfected into the HEK293T tau biosensor cell line to initiate
320 tau aggregation [13,26].

321

322 We observed that 24 hours after tau seed transfection, 24% of the cells had
323 cytoplasmic tau aggregates without nuclear aggregates and 11% had cytoplasmic
324 aggregates with nuclear aggregates (Fig. 1A, B). This indicates that nuclear tau

325 aggregation is not required for cytoplasmic tau aggregates. A striking observation
326 was that all cells with nuclear tau aggregates contained at least one cytoplasmic tau
327 aggregate (Fig. 1B). This result suggests that cytoplasmic tau aggregates form first
328 and are a necessary precondition for the seeding of nuclear tau aggregates.

329
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330 To examine directly the temporal relationship between the formation of

331 nuclear and cytoplasmic tau aggregates, we continuously imaged cells starting 6
332  hours following seeding to monitor the process of tau aggregate formation. We

333  observed two classes of cells that formed nuclear aggregates (Fig. 1C, D). In

334 approximately 20% of the cells, an aggregate formed in the cytoplasm, the cell then
335 underwent mitosis followed by nuclear aggregate formation (Fig. 1C, Movie S1). In
336 these cases, the nuclear tau aggregates may form when tau seeds enter the nucleus
337 during reassembly of the nuclear envelope after mitosis.

338

339 In the remaining 80% of cells with nuclear tau aggregates, we observed three
340 phases of tau aggregation (Fig. 1D, Movie S2, S3). First, cytoplasmic tau aggregates
341 (CA) formed and coalesced into large aggregates. Second, perinuclear tau

342 assemblies formed that encircled the exterior of the nucleus forming a nuclear ring
343 (NR). Third, nuclear tau aggregates (NA) appeared. Thus, in the majority of cells,
344 nuclear tau aggregates form after cytoplasmic tau aggregates, independent of

345 mitosis, with an intermediate stage wherein a perinuclear ring of tau assemblies
346  occurs.

347

348 To rule out the possibility of a prior unobserved mitosis allowing seeds to

349 enter the nucleus, we imaged cells continuously immediately following tau seeding.
350 We still observed cells that formed nuclear aggregates without undergoing cell

351 division (Movie S4), confirming that a mitotic event is not required for nuclear tau
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352 aggregation. The exact nature of the perinuclear ring of tau is unclear but might be
353 related to the coiled body assemblies of tau seen in oligodendrocytes [27—29] or

354 other perinuclear tau assemblies observed in neurons of diseased human brains

355 [16,19,30]. Interestingly, the perinuclear ring of tau shows different dynamic

356 properties from cytoplasmic or nuclear aggregates, and therefore may be a different
357 type of tau assembly [19].

358

359 Nuclear tau aggregation does not correlate with disruptions of nuclear-
360 cytoplasmic transport.

361

362 The observation that nuclear tau aggregate formation is dependent on prior
363 formation of cytoplasmic aggregates suggests that cytoplasmic aggregates are

364 required for new seeding events in the nucleus. One possible mechanism by which
365 tau seeds could enter the nucleus is that cytoplasmic tau aggregates lead to defects
366 in proper nuclear cytoplasmic transport or nuclear membrane integrity, which then
367 would allow aberrant entry of tau seeds into the nucleus. This possibility is

368 suggested by cytoplasmic protein aggregates interfering with both nuclear import
369 and export [31], mislocalization of the transport factor RAN in transgenic mice with
370 tau aggregates [30], and Nup98 and other phenylalanine-glycine (FG) rich

371 nucleoporins that form a diffusion barrier within nuclear pore complexes co-

372 aggregating with tau and accumulating in NFT's of AD brains [30].

373
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374 To examine if cytoplasmic tau aggregates alter nuclear cytoplasmic transport
375 in this context, we measured the nuclear to cytoplasmic ratio of RAN by

376  immunofluorescence in HEK293T tau biosensor cells. The nuclear to cytoplasmic
377 gradient of RAN is an indicator of properly controlled transport of proteins and

378 other biomolecules in and out of the nucleus [32—-35]. We did not observe a

379 difference in the nuclear to cytoplasmic ratio of RAN in cells with cytoplasmic tau
380 aggregates compared to cells without aggregates (Fig. S1A, B). This result indicates
381 that the aggregation of tau in the cytoplasm does not lead to a general perturbation
382  of transport into the nucleus.

383

384 Additionally, we tested if cytoplasmic or nuclear tau aggregates perturb

385 nuclear envelope integrity or nuclear import. To do this, we expressed an NLS-

386 mCherry, which localizes to the nucleus in healthy, non-seeded cells (Fig. S2A, top
387 panel), and calculated the nuclear:cytoplasmic ratio of NLS-mCherry fluorescence
388 in cells with and without tau aggregates. We observed that the nuclear:cytoplasmic
389 ratio of NLS-mCherry did not change in cells with only cytoplasmic aggregates, or
390 in cells with nuclear and cytoplasmic aggregates, compared to cells without

391 aggregates (Fig. S2A, B). Thus, neither cytoplasmic nor nuclear tau aggregates

392 effect the nuclear envelope integrity or nuclear import in the context where nuclear
393 tau aggregates form.

394

395 Secondary seeding events lead to nuclear tau aggregates
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Nuclear tau aggregation could occur in at least two non-mitotic ways. Either
exogenous seeds translocate into the nucleus and directly seed nuclear aggregates,
or cytosolic aggregates are processed to produce a new seeding competent species
that subsequently translocate to the nucleus. To test these possibilities, we
transfected cells with Cy3-labeled tau seeds to trigger endogenous tau aggregation,
fixed cells after 24 hours, and used confocal microscopy to determine the subcellular

localization of exogenous seeds relative to cytoplasmic and nuclear tau aggregates

(Fig. 2A).

An important result was that no nuclear tau aggregates colocalized with
exogenous Cy3 tau seeds, suggesting that nuclear tau aggregates arise by
intracellularly produced seeds. In contrast, essentially all cytoplasmic tau
aggregates contain Cy3 fluorescence (Fig. 2B, C). It may be that Cy3 seeds are not
able to enter the nucleus as they are sequestered to the cytoplasmic tau aggregates,
which always precede nuclear tau aggregation. To address this possibility, we
performed a similar experiment in which cells were first transfected with Cy3-
labeled tau seeds, then transfected with Cy5-labeled tau seeds 20 hours later, and
fixed 24 hours after the initial Cy3 seed transfection (Fig. S3A, B). Here, if
exogenous tau seeds can localize to the nucleus after the formation of cytoplasmic
aggregates, the Cy5 signal would be localized to nuclear tau aggregates. However,

we did not observe Cyb seeds colocalizing with nuclear tau aggregates or entering
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418 the nucleus at all (Fig. S3B). This observation supports the conclusion that new

419 seeds produced intracellularly seed nuclear tau aggregates.

420 A final formal possibility is that exogenous Cy5 seeds were not able to trigger
421 tau aggregation within 4 hours of transfection. To test this possibility, we

422 transfected Cyb seeds and fixed cells after 4 hours (Fig. S3C). While we observed
423  small cytoplasmic aggregates that colocalize with Cy5 seeds at this time point,

424 indicating that four hours is sufficient to trigger tau aggregation, we did not observe
425 nuclear tau aggregates (Fig. S3D). Therefore, exogenous seeds do not directly

426  trigger the formation of nuclear tau aggregates suggesting that new seeds produced
427 from cytoplasmic tau aggregates trigger the formation of nuclear tau aggregates.
428

429 Tau seeds can be produced from tau aggregates by the action of VCP, which
430 is thought to extract ubiquitinated tau from fibrils and thereby generate smaller
431 seeding competent tau assemblies [20,21]. The role of VCP in generating new tau
432  seeds predicts that VCP function should promote the formation of nuclear tau

433 aggregates. To test this prediction, we inhibited VCP with small molecule

434  1inhibitors following tau seeding and then examined the formation of cytoplasmic
435 and nuclear tau aggregates (Fig. 3A).

436

437 Strikingly, we observed that inhibition of VCP with CB-5083, which inhibits
438 the ATPase activity of VCP [36], or NMS-873, an allosteric inhibitor [37], both

439  strongly reduced the formation of nuclear tau aggregates in cells that had cytosolic
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440 tau aggregates (Fig. 3B-D). We observed no effect on cytosolic tau aggregation with
441 CB-5803. However, while treatment with NMS-873 mildly decreased cytoplasmic
442  tau aggregation as seen earlier (Fig. 3C) [21], the reduction in nuclear tau

443  aggregation was striking and not simply due to the reduction in cytoplasmic

444  aggregates (Fig. 3D). The requirement of VCP function for nuclear tau aggregation
445 argues VCP is responsible for the formation of secondary seeds from cytosolic tau
446  aggregates that can then enter the nucleus and initiate nuclear tau aggregation.
447

448 Interestingly, although both CB-5803 and NMS-873 reduced nuclear tau

449  aggregation, we still observed the formation of perinuclear tau assemblies (Fig. 3B,
450 yellow arrows). This demonstrates the formation of the perinuclear ring of tau is
451 independent of VCP activity.

452

453 Nuclear tau aggregates can be dependent on SRRM2

454

455 We have previously shown that multiple components of nuclear speckles,
456 including SRRM2, PNN, and MSUTZ2, can mis-localize to cytosolic tau aggregates
457  [5]. One hypothesis is that these nuclear speckle components interact directly or
458 indirectly with tau in the cytoplasmic aggregates and play a role in localizing tau
459  seeds from the cytosol to the nucleus. To explore this possibility, we first examined
460 whether the presence of nuclear tau aggregates was correlated with the

461 accumulation of SRRM2 in cytoplasmic tau aggregates.

462
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463 We observed SRRM2 enrichment in cytosolic tau aggregates in all cells with
464 nuclear tau aggregates (Fig. 4A, B), although the degree of enrichment varied

465 Dbetween cells (Fig. 4B). This demonstrates that SRRM2 association with

466 cytoplasmic tau aggregates is positively correlated with the formation of nuclear tau
467 aggregates.

468

469 One possibility is that nuclear speckles, because they are enriched in the

470  polyserine-containing proteins, SRRM2 and PNN, promote tau aggregation similar
471 to cytoplasmic assemblies of these proteins [2]. To test this possibility, we examined
472  how knock-down of SRRMZ2 or PNN affected nuclear tau aggregation. We have

473  previously found, using a flow cytometry assay to detect tau aggregation in the

474 HEK293T tau biosensor cells via FRET, that knock down of PNN, which is

475 expressed at higher levels than SRRM2, reduced tau aggregation whereas depletion
476  of SRRM2 had no effect [2]. The FRET flow cytometry assay most likely assesses
477  primarily cytoplasmic tau aggregation since the contribution of the smaller, nuclear
478 tau aggregates to the total FRET signal in a cell would be minimal compared to the
479 cytoplasmic aggregates. Given this, we examined how knock-down of SRRM2 or
480 PNN affected nuclear tau aggregation by imaging individual cells and counting the
481 frequency of tau aggregation in the nucleus and cytoplasm. Because nuclear tau

482  aggregation is strongly dependent on the presence of cytoplasmic aggregates, to

483  assess specifically whether knock down of PNN and/or SRRM2 affected nuclear tau
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484  aggregation, we only analyzed cells with cytoplasmic aggregates to determine if the
485 frequency of formation of nuclear aggregates was altered.

486

487 We find that knockdown of SRRM2 reduced the frequency of nuclear

488 aggregates in cells with cytoplasmic aggregates (Fig. 4C). Knockdown of PNN alone
489  did not significantly reduce nuclear tau aggregation and depletion of both SRRM2
490 and PNN did not further lower the frequency of nuclear aggregates forming in cells
491  with cytoplasmic aggregates (Fig. 4C). These results indicate that SRRM2 plays a
492  unique role in the aggregation of tau in the nucleus.

493

494 To examine if this role was dependent on the polyserine domain of SRRM2,
495 we determined whether cells that only express a form of SRRM2 that lacks the

496 polyserine sequences can form nuclear tau aggregates. We previously used

497  CRISPaint to engineer a polyclonal cell line where a Halo tag was added to at least
498 one allele of endogenous SRRM2 gene [2]. Deleting a region of the C-terminus of
499 SRRM2, which includes both the 25 and 42 amino acid tracts of polyserine, disrupts
500 SRRMZ2’s localization to cytoplasmic tau aggregates without affecting its

501 localization to nuclear speckles [2]. We specifically depleted the wild-type

502 endogenous SRRM2 protein in the HEK293T tau biosensor cells expressing the

503 SRRMZ2 Halo protein lacking the polyserine domain by treating the cells with an

504 DsiRNA directed to the deleted region of SRRM2. We used a 27mer DsiRNA to
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505 knockdown the endogenous SRRM2 mRNA because standard siRNA prediction

506 software did not find good candidate sequences in the deleted region of SRRMZ2.

507

508 To monitor the effectiveness of the knockdown of full-length SRRM2, we

509 examined the ability of the DsiRNA to reduce the expression of full-length Halo-
510 tagged SRRM2 (Fig. 4D, Fig. S4). SRRM2 DsiRNA treatment of the HEK293T tau
511  biosensor cells with the two full-length SRRM2 alleles strongly reduced the number
512  of Halo positive cells (Fig. 4D, Fig. S4), and, as seen with the previous SRRM2

513 siRNA treatment, reduced the formation of nuclear tau aggregates (Fig. 4E).

514

515 As expected, SRRM2-Halo positive cells are present after SRRM2 DsiRNA
516 treatment of the cells expressing the Halo-tagged SRRM2 polyserine deletion

517 protein (Fig. 4D), although depletion of the full-length SRRM2 protein did slightly
518 reduce the levels of the truncated SRRM2 protein (Fig S4). The DsiRNA treated
519 mutant cells expressing only SRRM2 protein lacking the polyserine domain had a
520 similar defect in nuclear tau aggregation as the cells that were depleted of the full-
521 length SRRM2 protein (Fig. 4E). This result indicates that the polyserine domain of
522 SRRM2 is required for SRRM2 to promote tau aggregation in the nucleus.

523

524 The polyserine rich domain of SRRM2 may create a biochemical environment
525 in nuclear speckles that is conducive for tau aggregation as has been observed for

526  cytoplasmic aggregates. Alternatively, the association of SRRM2 with tau
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527 aggregates in the cytoplasm, which is dependent on its polyserine domain, could be
528 important for the subsequent seeding or formation of tau aggregates in the nucleus.
529

530 Poly(A)+ RNA accumulates in nuclei with nuclear tau aggregates

531

532 Nuclear speckles are thought to play a role in mRNA nuclear export since
533 nuclear export factors of mRNAs are enriched in nuclear speckles [38], and mRNAs
534 that lack introns traffic through nuclear speckles for export [39]. Given this, we

535 examined whether RNA export is altered in cells with nuclear tau aggregates in
536 nuclear speckles by quantifying the amount of nuclear poly(A)+ RNA in cells with or
537 without nuclear tau aggregates.

538

539 We observed a 2-fold increase in the total intensity of poly(A)+ RNA in

540 nuclear foci in cells with nuclear tau aggregates (Fig. 5A, E) compared to cells

541 without any tau aggregates or compared to cells with cytoplasmic tau aggregates
542  but no nuclear aggregates. The poly(A)+ RNA accumulation in the nuclear tau

543 aggregates is consistent with changes in the properties or function of nuclear

544  speckles leading to the retention of mRNAs.

545

546 We also observed that the polyA+ FISH signal in speckles does not directly
547 overlap with tau and instead forms a periphery around the tau aggregate (Fig. S5).
548 This is consistent with earlier data that nuclear tau aggregates alter the spatial

549 organization of nuclear speckles [5]
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550

551 We also examined specific RNAs, including mRNAs that undergo splicing
552 (PEG3 and ATF3 mRNA) and an unspliced non-coding RNA (NORAD), using

553 smFISH to determine if they accumulated in nuclei containing nuclear tau

554 aggregates. The number of PEG3 FISH spots in nuclei was approximately 2-fold
555 higher in cells with nuclear tau aggregates compared to cells with no tau aggregates
556  or tau aggregates solely in the cytoplasm (Fig. 5B, F). The PEG3 smFISH foci

557 tended to be larger in the cells with nuclear aggregates and localized within close
558 proximity to the tau aggregates (Fig. 5B), similar to the distribution of poly(A)+
559 RNA, suggesting that nascent PEG3 transcripts are clustering with other RNAs in
560 association with nuclear tau aggregates.

561

562 The number of nuclear ATF3 and NORAD FISH spots increased in cells with
563 nuclear aggregates and in cells that only had cytoplasmic aggregates compared to
564 the cells that did not have any aggregates (Fig. 5C, D, G, H). This observation

565 suggests that tau aggregation in the cytoplasm may lead to increased expression of
566 some RNAs. Similar to what we observed with PEG3 mRNA, NORAD FISH spots
567 tended to be larger in cells with nuclear aggregates and localize in proximity to the
568 aggregates (Fig. 5B, D, Fig. S6). There is a significant increase in the volume of
569 NORAD FISH spots, specifically in cells with nuclear aggregates (Fig. S6),

570 suggesting that in addition to increased expression in response to tau aggregation

571 in the cytoplasm, there is retention of NORAD RNA in cells with tau aggregates in
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572 nuclear speckles. The increase in nuclear PEG3 mRNA and NORAD supports the
573 interpretation that tau aggregation within nuclear speckles interferes with nuclear
574  export of RNA. RNAs may be physically trapped within aggregates that form in

575 nuclear speckles similar to the lack of exchange of nuclear speckle proteins in

576 nuclear tau aggregates [5].

577

578 Discussion

579

580 We present several lines of evidence that nuclear tau aggregates form from,
581 and are dependent on, cytoplasmic tau aggregates. First, every cell with nuclear
582 tau aggregates contains a cytoplasmic tau aggregate (Fig. 1). Second, movies of the
583 process of tau aggregation demonstrate that nuclear tau aggregates form after

584 cytoplasmic tau aggregates (Fig. 1, Movies S1-4). Third, while fluorescent tau seeds
585 can be observed in cytoplasmic tau aggregates, exogenous seeds are not observed in
586 nuclear tau aggregates (Fig. 2). Fourth, inhibition of VCP, which is known to

587 fragment tau fibers to produce seeding competent tau [20,21], reduces the formation
588 of nuclear tau aggregates (Fig. 3). Taken together, this suggests cytoplasmic tau
589 aggregates can generate secondary tau seeds, which can enter the nucleus and

590 initiate the formation of nuclear tau aggregates (Fig. 6).

591

592 Our data suggest that VCP can generate tau seeds capable of additional

593 seeding within a cell. The key observation is that the formation of nuclear tau

594 aggregates is dependent on VCP (Fig. 3), which is consistent with prior work
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595 showing VCP can extract tau from fibrils to generate seeding competent assemblies
596 [20,21]. VCP utilizes several adaptors, which can have different effects on bulk tau
597 aggregation [21]. However, it remains unclear what VCP adaptor(s) are utilized for
598 the formation of nuclear seeding competent tau assemblies.

599

600 An unresolved issue is how secondary tau seeds enter the nucleus. In dividing
601 cells, tau seeds could enter the nucleus following mitosis during nuclear

602 reformation, which we observe in ~20% of the cells with nuclear tau aggregates

603 (Fig. 2). However, in 80% of the cells with nuclear tau aggregates, tau aggregates
604 appear in the nucleus without the cells undergoing a mitosis after the formation of a
605 cytoplasmic tau aggregate (Fig. 2). One possibility is that since cytoplasmic tau

606 aggregates can lead to nuclear envelope dysfunction, damage to the nuclear

607 envelope can allow nuclear tau seed entry by passive diffusion. However, this is

608 unlikely as we do not observe a disruption in the RAN gradient (Fig. S1) or nuclear
609 envelope integrity (Fig. S2). Alternatively, secondary seeds produced from

610 cytoplasmic aggregates could interact with nuclear import machinery, either

611  directly, because of a specific post-translational modification [40], or by binding

612 nuclear localized proteins such as SRRM2, and then be actively imported into the
613 nucleus. This latter model could explain why SRRM2 promotes the formation of

614 nuclear tau aggregates.

615
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616 Our results suggest that the rate limiting step in nuclear tau aggregation is
617 either the production of secondary seeds or their nuclear entry. This is suggested
618 by the observations that not all cells develop nuclear tau aggregates in the time

619 frame of our experiments, but cells with nuclear aggregates typically form multiple
620 separate tau aggregates in a similar time frame (Fig. 2). Strikingly, all nuclear

621 aggregates we observe are localized to nuclear speckles highlighting that these

622 assemblies serve, much as cytoplasmic speckles [2], as preferred sites of tau

623 aggregation. Interestingly, for tau to form nuclear aggregates, it would imply that
624 some monomeric tau can enter the nucleus, which has been suggested previously
625 [41,42].

626

627 Our results argue that tau aggregates in the nucleus alter the function of
628 nuclear speckles. This was first suggested by observations that the spatial

629 organization of nuclear speckles was disrupted from a homogeneous overlap of

630 nuclear speckle components into a bipartite assembly with aggregated tau and

631 SRRM2 in the center, and a surrounding region known to contain MSUT2 and

632  poly(A)+ RNA ([5]). Moreover, as assessed by FRAP, nuclear tau aggregates reduce
633 the dynamics of SRRM2 and SRSF2, and possibly other components [5]. Finally, as
634 we show here, cells with nuclear tau aggregates accumulate some specific RNAs and
635 poly(A)+ RNA in the nucleus (Fig. 5). Thus, the aggregation of tau in the nucleus
636 leads to at least alterations in RNA export and possibly could alter pre-mRNA

637  processing [5].
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A key question is whether nuclear tau aggregates impact the pathology in

human disease. Since nuclear tau aggregates are be observed in cell line and mouse

models of disease [5,13], and can be observed in some human patients [15-18], it is

possible that such nuclear aggregates could alter nuclear RNA export and/or RNA

processing in neurons and thereby contribute to human pathology.
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810

811 Figure Legends

812

813 Fig. 1 Cytoplasmic tau aggregates precede nuclear tau aggregate formation. (A)
814 Tau aggregates observed in the cytoplasm and nuclei of HEK293T tau biosensor
815 cells treated with tau mouse brain homogenate. (B) Percentage of HEK293T tau
816 biosensor cells that contain tau aggregates in the cytoplasm or nucleus 24 hours
817 after tau seeding. Mean and SD of 4 independent experiments. (C-D) Live cell

818 imaging of HEK293T tau biosensor cells treated with tau mouse brain homogenate.
819 Time post-tau seeding is indicated. (C) Images of a cell that undergoes mitosis after
820 cytoplasmic tau aggregates form which is followed by nuclear tau aggregation in the
821 two daughter cells. (D) Images of a cell in which tau aggregates form in the nucleus
822 followed by tau assembling around the nucleus and tau aggregation in the nucleus
823 in the absence of mitosis.

824

825 Fig. 2 Nuclear tau aggregates do not contain exogenous tau seeds. (A)

826 Experimental schematic where fluorescently labeled tau seeds are transfected into
827 HEK293T tau biosensor cells and fixed for confocal microscopy 24 hours later. (B)

828 Representative images of fluorescent tau seeds that were transfected into HEK293T
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829 tau biosensor cells. Square images are a single Z plane in XY. YZ and XZ projections
830 are shown to the right and below for each channel. (C) Quantification of the fraction
831 of cytoplasmic or nuclear tau aggregates that colocalize with exogenous seeds. N = 3
832 independent experiments, statistics performed with Welch’s T test, p<0.0001.

833

834  Fig. 3 VCP activity is required for the formation of nuclear tau aggregates. (A)

835 Experimental design of VCP inhibitor treatment of HEK293T tau biosensor cells.
836 (B) Representative confocal microscopy images for each of the treatment groups.

837 Yellow arrows indicate perinuclear tau aggregates. (C) Quantification of the

838 percentage of cells having cytosolic tau aggregates. N = 3 independent experiments,
839  statistics performed using the Kruskal-Wallis test followed by Dunn's Test for

840 Multiple Comparisons. ns = not significant, *** p = 0.0007. (D) Quantification of the
841 proportion of cells with cytosolic aggregates that also have nuclear tau aggregates.
842 N = 3 independent experiments, statistics performed using the Kruskal-Wallis test
843 followed by Dunn's Test for Multiple Comparisons. ns = not significant, **** p <

844  0.0001.

845

846 Fig. 4 Tau aggregate formation in the nucleus depends on the polyserine domain of
847 nuclear speckle protein SRRM2. (A) HEK293T tau biosensor with full-length

848 SRRM2 fused to Halo tag treated with tau mouse brain homogenate for 24 hours.
849 (B) Analysis of the enrichment of SRRMZ2 halo signal in cytoplasmic tau aggregates

850 compared to the cytoplasm in cells that have nuclear tau aggregates. The red dotted
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851 line denotes an enrichment of 1. The blue dots represent individual cells. (C)

852  Percentage of cells with cytoplasmic aggregates with nuclear aggregates after

853 treatment with SRRM2 or PNN siRNA. N = 4 independent experiments, statistics
854  performed using ordinary one-way ANOVA and Dunnett’s multiple comparisons

855  test, **** p =< (0.0001. (D) Illustration of the endogenous SRRM2 allele, full-length
856 SRRM2 (SRRM2_FL) halo tagged allele and halo tagged SRRM2_2 allele which

857 lacks the two C terminal polyserine sequences (yellow bars) and the location of the
858 DsiRNA directed to sequences located between the polyserine sequences (black bar).
859 Images of SRRM2_FL and SRRM2_2 HEK293T tau biosensor cells treated with tau
860 mouse brain homogenate. (E) Percentage of SRRM2_FL and SRRM2_2 cells with
861 cytoplasmic aggregates and nuclear aggregates after DsiRNA treatment. Bars for
862  all plots represent mean and SD of 3 independent experiments. N = 3 independent
863  experiments, statistics performed with ordinary one-way Anova and Dunnett’s

864  multiple comparisons test, ns = not significant, * p = 0.0135, ** p = 0.0077.

865

866 Fig. 5 Tau aggregation in the nucleus is associated with the accumulation of polyA+
867 RNAs in the nucleus. (A-D) Images of HEK293T tau biosensor cells treated with tau
868 mouse brain homogenate without any tau aggregates (no agg), with only

869 cytoplasmic tau aggregates (cyto agg only) or with both cytoplasmic and nuclear tau
870 aggregates (nuc + cyto agg). Outline of nucleus indicated by dashed white lines. (A)
871  FISH with oligo(dT). (B) FISH with probes against PEG3 mRNA. (C) FISH with

872  probes against ATF3 mRNA. (D) FISH with probes against NORAD ncRNA. (E)
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873 The mean total intensity of oligo(dT) FISH signal per nucleus in cells with only

874  cytoplasmic aggregates or with both nuclear and cytoplasmic aggregates relative to
875 the mean total intensity observed in cells with no aggregates. Bars for all plots

876 represent mean and SD. N = 3 independent experiments, statistics performed with
877 ordinary one-way Anova and Dunnett’s multiple comparisons test, ns = not

878  significant, * p = 0.0136. (F-H) The mean number of FISH foci for the indicated
879 RNAs in cells with only cytoplasmic aggregates or with both nuclear and

880 cytoplasmic aggregates relative to the mean number observed in cells with no

881 aggregates. Bars represent mean and SD. (F) The mean number of PEG3 FISH foci.
882 N = 3 independent experiments, statistics performed with ordinary one-way Anova
883 and Dunnett’s multiple comparisons test, ns = not significant, * p = 0.0231. (G) The
884 mean number of ATF3 FISH foci. N =3 independent experiments, statistics

885 performed with ordinary one-way Anova and Dunnett’s multiple comparisons test,
886 ns = not significant, * p = 0.0241. (H) The mean number of NORAD FISH foci. N =
887 4 independent experiments, statistics performed with ordinary one-way Anova and
888  Dunnett’s multiple comparisons test, ** p = 0.0026, *** p = 0.0010.

889

890 Fig. 6 Nuclear tau aggregates form by secondary seeding from cytosolic tau

891 aggregates and inhibit RNA export. Cytosolic tau aggregates form first after a

892 primary (1°) seeding event. Cytolosic tau aggregates are acted upon by VCP, which
893  extracts tau fibrils, thereby breaking the tau fiber and generating seeding

894 competent assemblies (secondary (2°) seeds). These 2° seeds enter the nucleus and
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895 form nuclear tau aggregates within nuclear speckles. The presence of nuclear tau
896 aggregates disrupts nuclear export and leads to the accumulation of RNAs in the
897 nucleus.

898
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