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Endogenous paired helical filament (PHF) formation is determined by dendritic proteostasis of nascent tau by neuroproteasomes
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Abstract

Neuroproteasome-mediated Tau aggregation is dependent on translation

Tau is exclusively synthesized in neuronal dendrites

Paired helical filaments (PHFs) of tau are a defining pathological feature of sporadic Alzheimer’s disease
(AD). In contrast to familial tauopathies, PHF formation in AD occurs in the absence of mutations or
overexpression of MAPT, and the cellular mechanisms driving this process have remained unresolved for
decades. Here, we identify a neuron-specific proteasome complex, termed the neuroproteasome, whose
dysfunction is sufficient to induce PHF formation in humanized tau mouse models without mutations or

overexpression of MAPT gene. The neuroproteasome is embedded in the plasma membrane and functions
by co-translationally degrading targeted substrates. We further demonstrated that newly synthesized tau is a
substrate of neuroproteasomes and that newly synthesized proteins were required for neuroproteasome-
dependent effects on PHF formation. Importantly, analysis of postmortem human tissue reveals an inverse
relationship between neuroproteasome abundance and tau pathology in AD subjects. We predict that newly
synthesized tau protein is normally maintained at low levels by rapid degradation via the neuroproteasome.
Loss of neuroproteasome activity results in the accumulation of nascent tau species containing intrinsically
disordered regions, increasing the local availability of aggregation-prone tau and promoting the formation of
higher-order aggregates that precede PHF assembly. Given the potential importance of spatial regulation,
we next investigated the subcellular local translation of tau. To visualize endogenous mRNA translation with
high spatial resolution, we developed STARFISH (Spatially Resolved Translation of Endogenous RNA-
FISH), a single-molecule imaging approach that enables near—codon-resolution detection of translation
events without modification of RNA or nascent polypeptides. Using STARFISH, we unexpectedly observed
that tau translation occurs almost exclusively in dendrites, where it spatially overlaps with the
neuroproteasome, and is largely absent from axons and the soma. This finding contrasts with the broad

extracellular

cytoplasmic

distribution of MAPT mRNA throughout the neuron and the canonical enrichment of tau protein in axons.
These results reveal a previously unrecognized, spatially restricted proteostatic mechanism in neurons that
directly couples local translation of tau to its immediate degradation important for preventing PHF formation.
We propose that the reduction in neuroproteasome abundance observed in AD disrupts this coupling,
leading to the accumulation of newly synthesized tau in dendritic compartments and promoting early tau
aggregation events that ultimately give rise to PHFs. Together, our findings identify a novel mechanistic link
between impaired tau degradation and PHF formation and suggest that restoring neuroproteasome function
may represent a therapeutic strategy to prevent early tau pathology in sporadic AD.

Development of selective cell impermeable neuroproteasome inhibitors
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(A) Structure of the neuroproteasome-specific proteasome inhibitor impermeant biotin epoxomicin (iBEp) and Sulfo-MG132 (SulfoMG). (B) Schematic of assays to measure
physiochemical properties of membrane permeability of compounds. Parallel artificial membrane permeability assay (PAMPA) and Madin-Darby Canine Kidney (MDCK) assay.
LC/MS sensitivity of assay is 1pg. PAMPA assay of validated compounds as well as test compounds iBEp and Epoxomicin (Epox), 1uM over 24 hours. N=3 biological replicates,
***p<0.001 by One-Way ANOVA. (C) Proteasome bounceback assay as a secondary measure of compromised intracellular proteasome function. Primary hippocampal neurons
treated with indicated drugs at 1uM for 12 hours and analyzed by quantitative real-time PCR against indicated genes. N=3 biological replicates, *p<0.05, **p<.01 by One-Way
ANOVA. (D) Primary WT neurons treated with DMSO, iBEp, or Epoxomicin. GFPu degradation assay to measure turnover of unstable GFP. Primary neurons transfected with
ubiquitin-proteasome reporter GFPu, Neurons treated with indicated drugs at 1uM for 12 hours, N=3 biological replicates, ** indicates p<0.01 by One-Way ANOVA. Scale
bars=25um. (E) LC3-GFP transgenic mice treated with indicated drugs at 1uM for 12 hours and stained with Alexa Fluor 488-conjugated anti-GFP nanobodies. Quantification to
right normalized to MAP2 intensity. N=3 biological replicates *p<0.05, **p<0.01 by One-Way ANOVA. Scale bars = 25um.
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(A) Sarkosyl-soluble (Soluble) and sarkosyl-insoluble (Insoluble) fractions were immunoblotted using indicated antibodies and fluorescent Streptavidin (Biotin). Quantification
of soluble and insoluble Tau intensities were normalized to soluble GAPDH. Data (right) are mean + SEM normalized respective to DMSO controls. N=4 biological replicates,
Hippocampi were subjected to sarkosyl fractionation 72 hours post injection. The sarkosyl-soluble and sarkosyl-insoluble fractions were immunoblotted using indicated
antibodies and fluorescent streptavidin (Biotin). N=4 biological replicates (2M, 2F). Effect of protein synthesis inhibition on neuroproteasome-dependent Tau aggregation in
vivo. hTau-KI mice were stereotactically injected with iBEp in the left hippocampus and iBEp + CHX were co-injected contralaterally. Hippocampi were subjected to sarkosyl
fractionation 72 hours post injection. Quantification of soluble and insoluble Tau intensities normalized to soluble GAPDH. Data shown (right) are mean + SEM normalized to
DMSO. N=4 biological replicates (2M, 2F), *p<0.05, ***p<0.001 by One-Way ANOVA Tukey’s Multiple Comparison Test. (B) hTau-KI mice were stereotactically injected
(schematic) with iBEp (red) and iBEp + CHX (blue) contralaterally (N=6, (3M, 3F)). Mice were collected 72 hours post injection and sections were stained using indicated
antibodies: NeuN (blue) and AT8 (pTau, green). Quantification of pTau signal intensity was normalized to NeuN intensity. Analysis was done blinded to experimental
condition. Data are mean + SEM normalized to DMSO. n=3 sections/animal, ****p<0.0001 by one-way ANOVA. Scale bar=500um.

Spatially-resolved translation of endogenous RNA FISH (STARFISH) Method

Neuroproteasome inhibition induces aggregation of endogenous Tau into PHFs
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C) IlgG-Epox and SulfoMG phenocopy effects on phosphorylation of Tau and aggregation
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D) Neuroproteasome inhibition drives formation of endogenous Tau PHFs in vivo
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(A) Sarkosyl fractions of neurons treated with iBEp versus DMSO was analyzed and plotted as log2-fold change vs —log10(P-value). (B) Heatmap displays all identified Tau
phosphopeptides and their relative depletion (pink) or enrichment (green). (C) IHC analysis of mice injected with iBEp to measure Tau phosphorylation in vivo. Data are mean +
SEM normalized either to DMSO. n=2 sections/animal, **p<0.01 by Paired T-test. Scale bars=500um, scale bar=25um. Mice injected with IgG-Epox to measure Tau
phosphorylation in vivo. Quantification of pTau signal intensity was normalized to NeuN intensity, **p<0.01 by Paired T-test/experiment. Scale bars=500um, scale bar=25um.
Neurons obtained from hTau-KI mice. Sarkosyl-soluble and sarkosyl-insoluble fractions were blotted for specific antibodies. + SEM normalized respective to DMSO controls. N=4
biological replicates, *p<0.05, ****p<0.0001 by One-Way ANOVA Tukey’s Multiple Comparison Test. (D) Immunoblots of sarkosyl-soluble and insoluble fractions from hTau-KI mice
injected with iBEp and IT-PEG24-Biotin. Data are mean + SEM, N= 6 biological replicates. Sarkosyl-insoluble fractions of iBEp-injected mice analyzed by negative stain EM. Scale
bar=200 nm. ****, p<.0001 by Paired T-Test.

A) STARFISH method B) STARFISH visualizes ribosome-bound mRNA
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(A) Schematic of STARFISH (subcellular translation of endogenous RNA-FISH) experiments to visualize subcellular site of mRNA translation. (B) STARFISH against Arc
MRNA (encoding Arc) in primary hippocampal neurons. STARFISH-Arc signal (Magenta), MAP2 (Green), DAPI (Blue). STARFISH-Arc signal after Puromycin (Puro) pulse,
which dissociates translating ribosomes off mRNAs. (C) Homoharringtonine (HHT) runoff experiments, schematic to left indicates ribosomes in HHT-treated neurons at
initiating AUG unable to undergo a new round of translation. STARFISH (Magenta) compared to smFISH signal (Yellow), DAPI (blue) in merge. Single mRNA probes used
for all experiments; mMRNA probe position relative to the initiating AUG indicated. Quantification of STARFISH-Arc and STARFISH-Camk2a intensities normalized to
intensities of respective smFISH probes. N=6 biological replicates (independent neuronal cultures). **p<.01, ****p<0.0001 by One-Way ANOVA Tukey’s Multiple Comparison
Test. All scale bars are 20 um.

A) STARFISH reveals dendritic translation of Mapt (Tau) despite broad expression of Mapt mRNA
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C) Spatial and temporal differences in Mapt STARFISH during neuronal maturation
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(A) smFISH experiment against Mapt in primary neurons. Mapt mRNA (magenta), 18S rRNA (white), MAP2 dendrites (green), SMI-32 axons (red). STARFISH against Mapt mRNA
(encoding Tau). STARFISH-Mapt signal (Magenta), MAP2 (Green), SMI-32 (red). Small inset from to exemplify STARFISH-Mapt signal relative to MAP2+ dendrite and SMI- 32
positive axons. Lower magnification image of STARFISH-Mapt signal to demonstrate co-localization with MAP2+ dendrites. Quantification of STARFISH-Mapt overlap with MAP2
and SMI-32. smFISH-Mapt (left) and STARFISH-Mapt (middle) raw intensities and STARFISH-Mapt normalized to smFISH intensities (right) separated by neuronal compartment.
N=4 biological replicates, 14 neurons quantified per condition. ****p<.0001 by One-Way ANOVA Tukey’s Multiple Comparison Test (B) 3D reconstruction in Imaris of primary
neurons stained with SMI-32 (red, S), MAP2 (gray, M), and STARFISH-Mapt (magenta, S-M). Insets to right show all signals rendered as 3D objects. Inset scale bars are 5 ym. (C)
smFISH and STARFISH-Mapt in DIV1 and DIV6 primary hippocampal neurons. smFISH probing Mapt and 18S rRNA in SMI-32+ axons and MAP2+ dendrites. Quantification of
STARFISH-Mapt by compartment normalized to smFISH Mapt signal by compartment. ****p<.0001 by One-Way ANOVA Tukey’s Multiple Comparison Test. Unless specified, scale
bars are 20 pm.

Dendritically synthesized Tau is a substrate of neuroproteasomes

STARFISH visualizes the sites of active translation
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Homoharringtonine pulse-chase experiments; schematic indicates how ribosomes stacked at initiating AUG after HHT incubation and translation initiation and movement
down mRNA following HHT washout. Single Arc probes at indicated positions (-130, -48, +65, +95) used for all experiments. smFISH of each position shown to left after HHT
incubation. STARFISH pre-HHT and at indicate times post-HHT indicated. HHT runoff experiments, STARFISH (Magenta) compared to smFISH signal (Yellow). Single
MRNA probes used for all experiments; mRNA probe position relative to the initiating AUG indicated. Quantification of STARFISH-Arc intensities normalized to intensities of
respective smFISH probes. Puromycin (Puro) and HHT experiments indicated, tiled CDS probes used for Puro, single probes used for HHT bound to indicated positions
relative to AUG. N=6 biological replicates (independent neuronal cultures). N=3 independent neuronal cultures, n=6 neurons quantified per condition, **p<.01, ****p<0.0001
by One-Way ANOVA Tukey’s Multiple Comparison Test. All scale bars are 20 pm.

A) Neuroproteasome degrades newly synthesized B) Visualization of increased synthesized Tau upon

Tau protein neuroproteasome inhibition
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(A) 35S met/cys radiolabel (red circle) pulse incorporated for 30 seconds onto neurons from WT animals pre-treated with either DMSO or iBEp (30 minutes). Tau protein (green) or
other proteins (blue) immunoprecipitated after indicated chase times and quantified by liquid scintillation. Identical experiments performed after puromycin pulse (10uM) concomitant
with 35S pulse (dashed black line in graph) or out of Primary cortical neurons from Tau KO mice (dashed red line in graph). N=3 biological replicates, ****p<0.0001 by One-way
ANOVA. (B) Neurons from WT mice treated with DMSO or iBEp (red) were puromycylated for 10 minutes. Tau-PLA-Puro labeling (pink) denotes newly synthesized Tau puncta,
total Map2 positive dendrites (green), DAPI (blue). Higher magnification super-resolution image to bottom right. Quantification of Tau-PLA-Puro signal intensity was normalized to
DMSO. N=3 biological replicates, ****p<0.0001 by Paired T-test. Scale bar= 5um. (C) Visualization of subcellular site of Tau synthesis adjacent to neuroproteasomes. Magenta star
indicates STARFISH-Mapt signal, green indicates FLAG surface neuroproteasome signal. Primary hippocampal neurons from FLAG-20S mice transduced with AAVs to express
Cre. Anti FLAG antibodies were fed on live on neurons to label surface FLAG-neuroproteasomes (Surface FLAG), immediately conjugated to Alexa Fluor 488 and briefly fixed to
visualize neuroproteasomes. Probes against 18S rRNA and Mapt were hybridized and carried through STARFISH protocol to visualize sites of Tau translation. White arrows
indicate co-localization between STARFISH-Mapt and neuroproteasome signal. Scale bar= 10um. (D) Taken together with our pulse-chase and Puro-PLA assays as well as the
collective evidence we present regarding neuroproteasome inhibition, we conclude that neuroproteasomes co-translationally degrade newly synthesized Tau and a failure in this
degradation results in the formation of endogenous Tau aggregates that form into PHFs of Tau protein without mutations within the Tau gene.
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