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Abstract

The molecular events underlying the transition from initial inflammatory flares to the progressive 

phase of multiple sclerosis (MS) remain poorly understood. Here, we report that the microtubule-

associated protein (MAP) Tau exerts a gender-specific protective function on disease progression 

in the MS model experimental autoimmune encephalomyelitis (EAE). A detailed investigation of 

the autoimmune response in Tau-deficient mice excluded a strong immunoregulatory role for Tau, 

suggesting that its beneficial effects are presumably exerted within the central nervous system 

(CNS). Spinal cord transcriptomic data show increased synaptic dysfunctions and alterations in the 

NF-kB activation pathway upon EAE in Tau-deficient mice as compared to wildtype animals. We 
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also performed the first comprehensive characterization of Tau post-translational modifications 

(PTMs) in the nervous system upon EAE. We report that the methylation levels of the conserved 

lysine residue K306 are significantly decreased in the chronic phase of the disease. By combining 

biochemical assays and molecular dynamics (MD) simulations, we demonstrate that methylation 

at K306 decreases the affinity of Tau for the microtubule network. Thus, the down-regulation of 

this PTM might represent a homeostatic response to enhance axonal stability against an 

autoimmune CNS insult. The results, altogether, position Tau as key mediator between the 

inflammatory processes and neurodegeneration that seems to unify many CNS diseases.

Keywords

multiple sclerosis; Tau; post-translational modifications (PTMs); neuroinflammation; lysine 
methylation

1. Introduction

Tau is an evolutionary conserved microtubule-associated protein (MAP) that promotes the 

assembly and stabilization of microtubules in neuronal axons [1]. In addition to its role in 

microtubule dynamics, Tau regulates adult neurogenesis, synaptic plasticity and iron export 

[2–4]. Tau misfolding and aggregation in the central nervous system (CNS) is the hallmark 

of a heterogeneous class of neurological disorders collectively known as tauopathies, which 

include Alzheimer’s disease (AD), progressive supranuclear palsy (PSP), and fronto-

temporal dementia (FTD) [5]. Initially considered as pure neurodegenerative conditions, 

neuroinflammatory processes have emerged as an important component of their 

pathophysiology, blurring the boundaries with classic autoimmune diseases of the nervous 

system. In fact, chronic inflammatory responses are believed to amplify initial neurotoxic 

insults and enhance neuronal loss through feed-forward mechanisms [6, 7].

Multiple sclerosis (MS) is a chronic CNS disorder characterized by inflammation and 

demyelination. MS primary etiology remains unknown but the current model of disease 

pathogenesis proposes the confluence and interplay between genetic and environmental 

factors, with over 200 genetic variants found associated with a higher risk of developing the 

disease [8]. Although the Tau-encoding MAPT was not identified as an MS susceptibility 

gene, progressive axonal injury and neuronal loss begin early in MS and are to a large 

degree refractory to available treatments. Neuro-pathology data has indeed confirmed that 

the pathogenic inflammation and neurodegeneration that occur in MS are overlapping and 

perhaps cross-dependent [9–12], suggesting the involvement of Tau in the irreversible 

accumulation of neurological disabilities. Consistent with this model, experimental 

autoimmune encephalomyelitis (EAE) –a broadly used MS animal model− in Tau-deficient 

mice displays a more severe disease course as compared to wildtype mice [13]. More 

recently, amyloid fibril-forming hexapeptides from Tau sequence have shown therapeutic 

effects on EAE through the activation of B-1a lymphocytes and F4/80+ macrophages, further 

highlighting the cross-talk between the immune and nervous systems [14, 15].

Altogether, this body of data suggests mechanistic intersects between classic tauopathies and 

MS, particularly in its progressive forms. In this regard, Tau aggregates have been described 
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in demyelinated lesions from progressive MS patients as well as in spinal cords of mice 

upon chronic EAE [16, 17]. However, the molecular mechanisms by which Tau exerts its 

functions in autoimmune demyelination have not been elucidated yet. Post-translational 

modifications (PTMs) regulate the physiological functions of Tau and have been proposed to 

play an important role in Tau aggregation and tauopathies [18]. Thus, to fill this knowledge 

gap, we have applied transcriptomic and proteomic profiling in the EAE paradigm to 

decipher the Tau interactome and PTM profile associated with CNS autoimmunity. Here we 

show for the first time that methylation of the conserved K306 lysine residue in Tau affects 

the stability of the microtubule network within the axons. We observed that this methylation 

is gradually repressed at latter stages of EAE, suggesting a homeostatic response mediating 

the recovery from the acute EAE phase, and promoting the transition to the chronic stage of 

the disease.

2. Materials and Methods

2.1. Mouse strains

Mapt knockout mice (B6.129X1-Mapttm1Hnd/J) and C57BL/6J mice were purchased from 

The Jackson Laboratory. The generation and characterization of the Tau-null mouse line 

have been previously described [19]. Mapt−/− and wild type littermates (Mapt+/+) were 

obtained from a heterozygous breeding of Mapt+/− mice. Mice were housed in a specific 

pathogen free (SPF) facility and all animal procedures were performed in compliance with 

experimental guidelines approved by the University of California, San Francisco committee 

on animal research (CAR).

2.2. Cell lines

HeLa cells were obtained from ATCC and maintained in Dulbecco’s Modified Eagle’s 

medium (GIBCO/Invitrogen) supplemented with 10% v/v fetal bovine serum (GIBCO/

Invitrogen) and antibiotics (100 IU/mL penicillin and 100 mg/mL streptomycin) at 37°C in a 

humidified atmosphere with 5% CO2.

2.3. Antibodies

The following antibodies were used in the study: TAU-5 mouse monoclonal antibody 

(577801, Millipore); anti-FLAG rabbit polyclonal antibody (2368, Cell Signaling); anti-α-

tubulin mouse monoclonal antibody (3863, Cell Signaling); anti-β-Actin rabbit monoclonal 

antibody (8457, Cell Signaling); anti-rabbit IgG F(ab’)2 Fragment Alexa Fluor 555 

Conjugate (4413, Cell Signaling); anti-mouse IgG F(ab’)2 Fragment Alexa Fluor 488 

Conjugate (4408, Cell Signaling); anti-p38 MAPK (pT180/pY182) mouse monoclonal 

antibody (36/p38, BD Biosciences); anti-ERK1/2 (pT202/pY204) mouse monoclonal 

antibody (20A, BD Biosciences); anti-STAT1 (pY701) mouse monoclonal antibody (14/P-

STAT1, BD Biosciences); anti-STAT3 (pY705) mouse monoclonal antibody (4/P-STAT3, 

BD Biosciences); anti-STAT4 (pY693) mouse monoclonal antibody (38/p-STAT4, BD 

Biosciences); anti-STAT5 (pY694) mouse monoclonal antibody (47/STAT5(pY694), BD 

Biosciences); anti-STAT6 (pY641) mouse monoclonal antibody (18/P-STAT6, BD 

Biosciences); anti-CD3e hamster monoclonal antibody (145–2C11, BD Biosciences); anti-

CD19 rat monoclonal antibody (ID3, BD Biosciences); anti-CD4 rat monoclonal antibody 
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(GK1.5, BD Biosciences); anti-CD8a rat monoclonal antibody (53–6.7, BD Biosciences); 

anti-IL-17A rat monoclonal antibody (TC11H10, BD Biosciences); anti-IFNγ rat 

monoclonal antibody (XMG1.2, BD Biosciences); anti-FOXP3 rat monoclonal antibody 

(MF23, BD Biosciences); anti-CD44 rat monoclonal antibody (IM7, BD Biosciences); anti-

CD80 armenian hamster monoclonal antibody (16–10A1, BioLegend).

2.4. DNA constructs

The pcDNA3.1 vector containing the full-length coding sequence of human MAPT (2N4R) 

with a FLAG epitope at the C-terminus was used to express wildtype Tau in cell lines. 

Construct expressing the Tau mutants K317A, K317Q and K317R were generated by 

introducing missense point mutations in the MAPT sequence with the QuickChange 

Lightning Site-Directed Mutagenesis Kit (Stratagene). The following primers were used: 

K317R forward, 5′-CCAGTTGACCTGAGCAGGGTGACCTCCAAGT-3′; K317R reverse, 

5′-ACTTGGAGGTCACCCTGCTCAGGTCAACTGG-3′; K317A forward, 5′-

AACCAGTTGACCTGAGCGCGGTGACCTCCAAGTGTG-3′; K317A reverse, 5′-

CACACTTGGAGGTCACCGCGCTCAGGTCAACTGGTT-3′; K317Q forward, 5’-

CCAGTTGACCTGAGCCAGGTGACCTCCAAGT-3’; K317Q reverse, 5’-

ACTTGGAGGTCACCTGGCTCAGGTCAACTGG-3’. Individual clones were confirmed 

by Sanger sequencing.

2.5. EAE induction

Active EAE was induced following previously published procedures [20]. Briefly, 8–10 

week old mice were injected subcutaneously with 100 μg of MOG35–55 peptide (EZBiolab), 

in complete Freund’s adjuvant (CFA) with 4 mg/mL Mycobacterium tuberculosis (DIFCO 

Laboratories). Mice also received 400 ng of pertussis toxin (LIST Biological Laboratories) 

intraperitoneally both immediately after immunization and 48 hours later. Control mice were 

injected with everything except the MOG peptide. For all experiments animals were 

observed daily, and clinical signs were assessed as follows: 0, no signs; 1, decreased tail 

tone; 2, mild monoparesis or paraparesis; 3, severe paraparesis; 4, paraplegia; 5, 

quadriparesis; and 6, moribund or death. All scores were assigned blindly to the genotypes 

of the mice. All animal experiments were conducted according to protocols approved by the 

local animal welfare committee.

2.6. Cuprizone demyelination induction

Chronic demyelination was induced by feeding 10 week old C57BL/6J male mice ad libitum 

0.2% w/w cuprizone (biscyclohexane oxaldihydrazone, Sigma) milled into mouse chow for 

a period of 12 weeks. Age- and sex-matched mice on regular chow were used as non-treated 

controls. The region of the corpus callosum (CC) was dissected for downstream analysis 

from both treated and non-treated mice, following previously published procedures [21]. 

Briefly, brains were dissected and placed into an Adult Mouse Brain Slicer Matrix 

(BSMAS005–1, ZIVIC Instruments) where 2.5 mm thick coronal slabs were cut. The 

portion containing the CC was then quickly excised from each slab and snap frozen on dry 

ice.
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2.7. Histopathology

Mice were perfused with 4% paraformaldehyde (PFA) in phosphate buffered saline (PBS). 

Spinal cords were dissected and post-fixed in 4% PFA for additional 48 hours before 

processing for paraffin embedding. Transversal sections of 5 μm were then cut and stained 

with Hematoxylin and Eosin (H&E) or Luxol Fast Blue (LFB) in order to measure 

lymphocyte infiltration and demyelination. Semi-quantitative analyses were carried out 

blindly to the genotype on 3 sections from representative anatomical regions of the spinal 

cord (cervical, thoracic and lumbar) by counting the number of inflammation foci (defined 

as groups of at least 20 infiltrating cells) and demyelinated areas. Demyelination was 

assessed independently on both H&E and LFB stained sections and the relative scores were 

combined. The mean of the three values was then calculated and average inflammation and 

demyelination scores were assigned to each mouse. Both tissue processing and 

histopathological analysis were outsourced at Hooke Laboratories (Lawrence, MA).

2.8. Western blot assays

Spinal cords were dissected and homogenized in 10 volumes of cold RIPA buffer (Tris-HCl 

pH 7.5, 50 mM; NaCl, 150 mM; NP-40, 1%; sodium deoxycholate, 0.5%; SDS 0.2%) 

supplemented with complete protease inhibitors (Roche). Homogenates were then incubated 

on ice for 30 min and spun for 10 min at 16000×g to remove cell debris. Supernatants were 

collected and total proteins were quantified using the Bicinchoninic (BCA) Protein Assay 

Kit (Pierce). About 40 μg of total proteins were separated by SDS-PAGE on 10% 

polyacrylamide gels and then blotted onto nitrocellulose membranes (Immobilion) at 100V 

for 30 min. Membranes were subsequently blocked with 5% milk in Tris buffered saline 

with 0.05% Tween-20 (TBS-T) for 1 hour at room temperature (RT). After blocking, 

membranes were incubated with primary antibodies diluted (1:1000) in blocking solution or 

5% bovine serum albumin (BSA) in TBS-T overnight at 4°C. The day after, the membranes 

were washed 3 times with TBS-T and incubated with horseradish peroxidase (HRP)-

conjugated IgG (Cell Signal Technology) in blocking solution (1:5000) for 1 hour at RT. 

After extensive washing, membranes were incubated with Supersignal West Dura reagent 

(Thermo Scientific) and the chemiluminescent signals were detected using a Molecular 

Imager ChemiDoc XRS System equipped with Quantity One software (Bio-Rad).

2.9. Tau immunoprecipitation

Total Tau was isolated from spinal cord or CC lysates using the Crosslink 

Immunoprecipitation Kit (Pierce). Tissues were homogenized in 10 volumes of cold Thermo 

IP Lysis Buffer supplemented with 3 μM trichostatin A (pyridine-3-carboxylic acid amide, 

Sigma), 10 mM niacinamide (Sigma) and Halt Protease and Phosphatase Inhibitor Cocktail 

(Fisher). Lysates were then sonicated on ice twice for 5 minutes with a sonicator at 40% 

amplitude and spun at 10,000×g for 10 minutes at 4 °C. Supernatants were collected and 

protein concentration was measured using the Bicinchoninic (BCA) Protein Assay Kit 

(Pierce). Lysate volumes containing 1 mg of total proteins were first pre-cleared with 40 μL 

of Control Agarose Resin for 1 hour at 4° C and then were incubated with 30 μg of TAU-5 

mAb crosslinked to Protein A/G Plus Agarose beads for 10 hours at 4 °C, rotating. Beads 

were washed 4 times with IP lysis buffer and once with TBS before eluting the bound 
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proteins with 50 μL of Pierce Elution Buffer. For in-solution trypsin digestion before mass 

spectrometry, immunoprecipitated samples were neutralized with 1 M Tris, pH 9.6, 

supplemented with 3 μM trichostatin A, 10 mM niacinamide and Halt Phosphatase Inhibitor 

Cocktail (Fisher).

2.10. Mass spectrometry analysis

Proteins were crashed using −80 °C acetone and stored overnight at −80 °C. Samples were 

then mildly vortexed followed by centrifugation at 10,000×g for 10 minutes, at 4 °C. The 

supernatants were discarded and the protein pellets were allowed to air dry under a fume 

hood for 20 minutes. The protein pellets were subsequently resuspended in 0.2% Protease 

Max (Promega) 50 mM ammonium bicarbonate and the proteins were reduced with 10 mM 

dithiothreitol (DTT) at 55 °C for 30 minutes. Samples were allowed to come to room 

temperature followed by alkylation using 30 mM propionamide at room temperature for 30 

minutes. Proteins were then digested using Trypsin/LysC (Promega) at a protein to protease 

ratio of 100:1, respectively. Samples were digested overnight at 37 °C followed by 

quenching with addition of formic acid to 0.5% (v/v). The peptides were purified using C18 

monospin columns (GL Sciences) and quantified by a fluorometeric assay (Pierce). Eluted 

peptides from each sample were injected onto an in-house pulled and packed analytical 

column (C18, Dr. Maisch 2.4 μm) where the UPLC was a Waters nanoAcquity or M-Class. 

In a typical experiment the flow rate was 450 nL/min with a linear gradient where mobile 

phase A was 0.2% formic acid, 99.8% water and mobile phase B was 0.2% formic acid, 

99.8% water. The mass spectrometer was either an Orbitrap Fusion or Orbitrap Elite, 

operated in data dependent acquisition mode (DDA) to fragment the 15 most intense 

multiply charged precursor ions. In a typical analysis, .raw files were processed using 

Byonic v2.10.5 (Protein Metrics, San Carlos, CA). These analyses assumed fully tryptic 

digestion, and allowed for up to 2 missed cleavages. Precursor ion mass tolerances were set 

to 12 ppm, with 0.4 Da mass tolerances for CID fragment ions. Data were searched against 

the Uniprot Mus musculus proteome updated 20161025 including isoforms, and 

concatenated with a list of common background contaminant proteins prior to analysis. All 

data were cut at a 1% false discovery rate using the reverse decoy strategy [22]. Following 

analysis, MatLab and Excel scripts were used to prepare the data.

2.11. RNA isolation and RNA-seq

Total RNA was extracted from spinal cords using the Trizol reagent (Invitrogen) and cleaned 

up with the RNeasy Mini Kit (Invitrogen). DNA contaminations were removed by on-

column digestion using the RNase-free DNase Set (Qiagen). The quality of RNA was 

confirmed with the BioAnalyzer 2100 (Agilent) and all samples showed RIN values between 

8.2 and 9.6. Next Generation Sequencing was performed on a GAIIx platform (Illumina) 

following the stranded Truseq protocol and generating 40 million of paired-end 50 bp reads 

per sample. After initial QC, the reads were aligned to the most recent mouse genome 

reference (mm10) and assembled into transcripts using the STAR aligner [23]. A logistic 

regression model (EA Ensemble method) was then employed to estimate the differentially 

expressed genes between genotypes. P values of 0.05 or less after false discovery rate (FDR) 

correction were considered significant. All sequencing steps as well as data analyses were 

performed by Expression Analysis, Inc (Durham, NC).
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2.12. Quantitative RT-PCR analysis

For mRNA analysis, 1μg of total RNA was retro-transcribed into cDNA with the SuperScript 

III First-Strand kit (Invitrogen), and 0.5 μL of the total reaction volume was used for 

quantitative RT-PCR. All amplifications were performed on a Mx3005P thermocycler 

(Stratagene), using the Power SYBR Green PCR Master Mix (Applied Biosystems). Gene 

expression levels were analyzed using the following primers: SNCA forward, 5′-

GGGAGTCCTCTATGTAGGTTCC-3′; SNCA reverse, 5′-

TCCAACATTTGTCACTTGCTCT-3′; DNM1L forward, 5′-

TTACGGTTCCCTAAACTTCACG-3′; DNM1L reverse, 5′-

GTCACGGGCAACCTTTTACGA-3′; STXBP1 forward, 5′-

GTGGACCAGTTAAGCATGAGG-3′; STXBP1 reverse, 5′-

GCTCTCGGCGCTTGTTGAT-3′; MAP3K14 forward, 5’-

TGTGGGAAGTGGGAGATCCTA-3’; MAP3K14 reverse, 5’-

GGCTGAACTCTTGGCTATTCTCA-3’; IKBKE forward, 5’-

ACCACTAACTACCTGTGGCAT-3’; IKBKE reverse, 5’-

CCTCCCCGGATTTCTTGTTTC-3’; RIPK3 forward, 5’-

TCTGTCAAGTTATGGCCTACTGG-3’; RIPK3 reverse, 5’-

GGAACACGACTCCGAACCC-3’; GAPDH forward, 5’-

CATGGCCTTCCGTGTTCCTA-3’; GAPDH reverse, 5’-

CCTGCTTCACCACCTTCTTGAT-3’. Each sample was run in triplicate and the ΔΔCt 

method was used for relative quantification, with Gapdh expression levels serving as internal 

control.

2.13. T cell proliferation assay

Splenocytes were isolated from Mapt−/− and wildtype male mice after 11 days from 

immunization with 100 μg of MOG35–55 peptide in CFA. Cells were cultured in 96-well 

microtiter plates at a concentration of 106 cells/mL in the presence of crescent 

concentrations of MOG35–55 peptide. Culture medium consisted of RPMI 1640 (GIBCO/

Invitrogen) supplemented with 2 mM l-glutamine, 1 mM sodium pyruvate, 50 μM 2-

mercaptoethanol, 10% (vol/vol) fetal bovine serum and antibiotics (100 IU/mL penicillin 

and 100 mg/mL streptomycin). Cells were cultured for 72 hours and pulsed for the last 18 

hours with 1 μCi/well [3H]-thymidine before harvesting. Radioactive signals were measured 

with a 1450 Microbeta Trilux liquid scintillation counter (PerkinElmer).

2.14. Lymphocyte activation assay

Cell activation was assessed by measuring the surface expression of the activation markers 

CD44 and CD80 by flow cytometry. Briefly, splenocytes from MOG peptide-primed mice 

were cultured for 72 hours in 24-well plates at a concentration of 106 cells/mL in complete 

RPMI 1640 medium in the presence of 5 or 25 μg/mL of MOG35–55 peptide. Then, cells in 

suspension were collected and the adherent cells were detached with PBS-0.05% EDTA on 

ice for 30 minutes. Cells were then washed with PBS, blocked with Fc blocking reagent 

(Miltenyi Biotech) following the manufacturer’s protocol, and subsequently stained with 

cell-specific marker antibodies as well as anti-CD44 and anti-CD80 antibodies.
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2.15. Th1, Th17 and Treg differentiation

Splenocytes were isolated from Mapt−/− and wildtype male mice after 11 days from 

immunization with 100 μg of MOG35–55 peptide in CFA. Cells were cultured in 24-well 

plates at a concentration of 106 cells/mL in complete RPMI 1640 medium in the presence of 

10 μg/mL of MOG35–55 peptide. Polarization towards the different lineages was promoted 

with 20 ng/mL IL-23 and 20 ng/mL IL-6 (for Th17), 10 ng/ml IL-12 (for Th1) or 5 ng/mL 

TGF-β1 (for Treg). After 72 hours, the percentage of CD4+ T cells differentiated to each cell 

lineage was quantified by flow cytometry using a LSRFortessa instrument equipped with 

FACSDiva software (BD Biosciences). Briefly, Th1 and Th17 cells were assessed by 

intracellular cytokine staining of IFN-γ and IL-17 using the Fixation and Permeabilization 

Solution Kit (BD Biosciences) after activating the cells for 4 hours with the Cell Activation 

Cocktail (Fisher) in the presence of Protein Transport Inhibitor Cocktail (Fisher). Treg cell 

differentiation was instead assessed by FOXP3 staining using the FoxP3 Buffer Set (BD 

Biosciences).

2.16. Phosphoflow cytometry

We have optimized a robust protocol to simultaneously determine by flow cytometry the 

levels of 7 key signaling phosphoproteins [P38 mitogen-activated protein kinase 

(p38MAPK), Extracellular Signal-regulated Kinase 1/2 (ERK1/2) and Signal Transducers 

and Activators of Transcription 1, 3, 4, 5, 6 (STAT1, STAT3, STAT4, STAT5, STAT6)] in 3 

relevant immune cell subsets (CD4+ and CD8+ T cells, and B cells) [24]. Briefly, 

splenocytes were isolated from Mapt−/− and wildtype male mice after 11 days from 

immunization with 100 μg of MOG35–55 peptide in CFA. The cells were then re-stimulated 

in culture with 10 μg/mL of MOG35–55 peptide for 24 hours. Then, the splenocytes were 

fixed with 1.5% PFA and permeabilized with 100% ice-cold methanol for 30 minutes on ice. 

After washing, cells were stained with fluorophore-conjugated antibodies specific for the 

different phosphoproteins and cell markers, and analyzed using a LSRFortessa instrument 

equipped with FACSDiva software (BD Biosciences). To generate heatmaps, the mean 

fluorescence intensity (MFI) values for each phosphorylated protein in each cell type were 

transformed into Z-scores and plotted according to the following color code: proteins 

displaying positive values in the levels of phosphorylation are depicted in red while proteins 

shown negative values are depicted in blue. Proteins showing no changes in their 

phosphorylation state are instead represented in white.

2.17. Microtubule binding assay

To study the interaction between tau and microtubules we adapted a previously published 

protocol [25]. Briefly, HeLa cells were cultured in 60 mm plates and transfected at 90% 

confluence with 5 μg of the different MAPT constructs using Lipofectamine 2000 

(Invitrogen), according to manufacturer’s instructions. After 24 hours, cells were washed 

twice with warm PBS and lysed in 500 μL of warm 80 mM PIPES buffer pH 6.8, 1mM 

guanosine-5’-triphosphate, 1 mM MgCl2, 1 mM EGTA, 0.5% w/v Triton X-100 and 30% 

v/v glycerol, supplemented with 1 mM phenylmethylsulfonylfluoride, complete protease 

inhibitors (Roche), 0.5 μM okadaic acid (Calbiochem), and 10 μM taxol (Sigma). Cell 

lysates were spun at 5000×g for 5 minutes at room temperature (RT) to pellet the nuclei. 
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Clarified lysates were then centrifuged at 100,000×g for 1 hour at RT using an Optima 

ultracentrifuge (Beckman). The supernatants were retained as the microtubule unbound 

fraction while the pellets were washed once with PIPES buffer and resuspended in 150 μL of 

2X Laemmli buffer (microtubule bound fraction). Equal volumes of both bound and 

unbound fractions were probed by Western blot using an anti-FLAG antibody. The relative 

affinity of each Tau mutant for microtubules was then expressed as the ratio between the 

signal intensity of the bound over the unbound fraction.

2.18. Microtubule bundling assay

HeLa cells were cultured in 24 well plates and transfected at 90% confluence with 0.5 μg of 

the different MAPT constructs using Lipofectamine 2000 (Invitrogen), according to 

manufacturer’s instructions. After 24 hours, cells were reseeded onto poly-L-lysine (Sigma) 

coated glass coverslips and let grow ON. The day after, cells were fixed with 4% PFA in 

PBS for 20 min at 37 °C. After 3 washes in PBS, cells were permeabilized with 0.3% Triton 

XT-100 in PBS for 5 min and then blocked with 5% normal goat serum (NGS, Cell 

Signaling) in PBS supplemented with 0.1% Triton XT-100 (PBS-T) for 1 hour at RT. Cells 

were washed once and subsequently incubated with anti-FLAG (1:200) and anti-tubulin 

(1:600) antibodies in 1% bovine serum albumin (BSA) in PBS-T ON at 4 °C. After 24h, 

cells were washed 3 times with PBS-T and incubated with anti-mouse and anti-rabbit 

secondary antibodies conjugated with Alexa Fluor 488 or 555 (1:1000) in 1% BSA for 1 

hour at RT. After 3 more washes, the coverslips were mounted onto glass slides using 

Vectashield with DAPI (Vector Laboratories). Cells were imaged (40X magnification) using 

an Eclispe Ti-E microscope equipped with NIS-Elements software (Nikon). Within each 

experiment, 5–6 random fields were imaged for each construct and analyzed using ImageJ 

software (https://imagej.nih.gov). Microtubule bundling propensity was expressed as the 

percentage of transfected cells exhibiting microtubule bundles.

2.19. Protein stability assay

HeLa cells were cultured in 60 mm plates and transfected at 90% confluence with 5 μg of 

the different MAPT constructs using Lipofectamine 2000 (Invitrogen), according to 

manufacturer’s instructions. After 24 hours, cells were treated with 25 μg/mL cycloheximide 

(CHX, Sigma) for 6, 12 and 24 hours. At the different time points, cells were washed twice 

with cold PBS and lysed in 250 μL of RIPA buffer supplemented with protease inhibitors. 

Untreated transfected cells were also collected as baseline. Cell lysates were spun at 5000×g 

for 5 minutes and supernatants were retained for subsequent analysis. Protein concentration 

was assessed and volumes equal to 10 μg of total proteins were probed by Western blot for 

Tau levels using an anti-FLAG antibody. Actin levels were used as internal controls. The 

stability of each Tau mutant was then expressed as the percentage of normalized Tau levels 

at the different time points analyzed, as compared to the levels of the same mutant at 

baseline.

2.20. Molecular dynamics simulations

The structure of human Tau fragment including residue K317 was obtained from isolating 

one chain from amyloid filaments extracted from AD brain (PDB ID: 5O3T) [26]. The Tau 

fragment was solvated and Cα atoms were constrained, while side chains were moved to 
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reduce bad contacts. The tubulin dimer was taken from a longer chain with 1.8 Å resolution 

and equilibrated in a water box (PDB ID: 5IYZ) [27]. The Tau fragment was then positioned 

between tubulin monomers such that K311 on Tau faced residues K336 and K338 of α-

tubulin [28]. The Tau-tubulin complex was solvated and ionized at a final KCl concentration 

of 150 mM. The K317R mutation was modeled using Visual Molecular Dynamics (VMD) 

Mutation Plugin [29]. Methylation was modeled by adding the methyl group to the nitrogen 

atom at the end of the K317 sidechain. The parameters of mono-methylated lysine were 

implemented from [30].

The complex was minimized for 500,000 steps and equilibrated using NAMD molecular 

dynamics package and CHARMM force field [31, 32]. Simulations were performed using an 

NPT ensemble in which the temperature was kept constant at 310° K using the Nose-Hoover 

thermostat, and pressure was maintained at 1 atm using the Langevin piston [33]. A time-

step of 2 fs was used in all simulations. The Particle Mesh Ewald Method was employed for 

long-range electrostatic interactions. The van der Waals (VDW) interactions were smoothly 

reduced at the 1.2 nm cutoff distance via switching function. The production simulation was 

performed for 1μs. All visualizations and post-processing were carried out with VMD and 

in-house scripts in R. Binding pocket volumes were measured using POVME[34] and 

molecular volumes were calculated by VDW radii. All MD simulations were conducted in a 

computer cluster of the Extreme Science and Engineering Discovery Environment (XSEDE) 

at the University of Tennessee [35].

2.21. Bioinformatic analyses

The differentially expressed genes (DEGs) identified by RNA-seq were mapped onto a high-

quality curated protein–protein interaction network accessible at the Human Protein 

Reference Database (HPRD; http://www.hprd.org) [36]. The local Tau network was 

subsequently generated with the Cytoscape software [37] by extracting the Tau neighbor 

DEGs up to the third degree of connectivity. The molecular function and biological process 

ontologies associated to the Tau local network were then annotated using the Enrichment 

Analysis tool of the Gene Ontology Consortium (http://www.geneontology.org) [38]. 

Enriched terms in each gene ontology (GO) category were searched against the whole 

mouse transcriptome and Bonferroni post-hoc test was used for multiple-test correction, 

considering significant P values of 0.05 or less. To reduce the redundancy of GO analysis, 

we reported only the significant GO terms at the top of each GO hierarchy.

2.22. Statistical analyses

Differences between means of two groups were assessed with Mann-Whitney U test or 

Student’s t-test as indicated. P values equal to 0.05 or less were considered significant. Data 

were expressed as mean ±SEM. For proteomic analysis, the relative site occupancy for each 

PTM was calculated as the ratio between the number of detected peptides containing the 

modified amino acid and the total number of peptides containing that amino acid (modified 

and unmodified). The differences in the PTM site occupancy between EAE mice and mock 

immunized controls were compared by one-way ANOVA. In multiple comparisons, P values 

were corrected by false discovery rate (FDR) for each type of modification. As an additional 

quality control, only the PTMs that were consistently detected in all the biological replicates 
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were included in the analysis. The patterns of PTM changes over time between two groups 

were determined by linear mixed-effects regression models with subject-level repeated 

observations at different time points, which were taken into account as random effects. The 

P value of interaction term (Group * Time) was used to determine both group and time 

effects on PTMs. The standard level of significance used to justify a claim of a statistically 

significant effect is 0.05 or less. All analyses were performed in R 3.4.2. The linear mixed-

effects models were performed with the R package nlme.

3. Results

3.1. EAE is exacerbated in Tau-null mice

In order to study the role of Tau in autoimmune demyelination, we studied in detail the 

effects of Tau ablation on EAE, a murine induced disease that recapitulates several features 

of MS, including CNS infiltration of autoreactive lymphocytes, demyelination, and axonal 

transection [39–41]. Tau-null mice are viable and do not show any overt phenotype, 

excluding subtle cognitive defects in aged animals [42]. We hence immunized both Mapt−/− 

and Mapt+/+ 8–10 week old mice with myelin oligodendrocyte glycoprotein peptide 35–55 

(MOG35–55) (Fig. S1). As previously reported [13], the EAE course was more severe in 

knockout mice as compared to wildtype littermate controls, with no differences in disease 

onset (Fig. 1A). However, these differences were observed exclusively in males as no 

significant changes in disease scores or in the onset were observed in female knockout 

animals (Fig. 1B).

We next asked whether the differences in the EAE phenotype in male Tau-null mice were 

caused by increased CNS inflammation or by more severe CNS degeneration. To address 

this question, we performed histopathological analysis on spinal cords collected at 31 dpi, 

when the divergence in EAE profiles between knockout and wildtype animals was 

maximum. No difference was observed in the number of lymphocyte foci infiltrating the 

CNS parenchyma (Fig. 1C), while a significant increase in myelin loss was found in spinal 

cords of knockout animals (Fig. 1D). These findings are consistent with the previous report 

of more extended axonal damage in the white matter of Tau-deficient mice upon EAE, 

without significant differences in the number of inflammatory cells [13].

We also analyzed the histopathology of female mice at the same EAE time point (Fig. S2A–

B). No statistically significant differences in demyelination levels were observed between 

wildtype and knockout mice, paralleling their clinical scores. Interestingly, a higher number 

of infiltrating cells was found in Tau-deficient females.

3.2. Tau ablation does not affect peripheral immune responses

The histopathology results suggest that the modifier role for Tau in autoimmune 

demyelination is independent from the magnitude of the CNS inflammatory infiltrate. To 

further explore this premise, we carried out a thorough characterization of the immune 

response in Tau-null male mice to assess any possible contribution to the EAE phenotype of 

Tau ablation in the immune system, especially considering that Mapt is expressed in lineages 

relevant to autoimmunity such as Th17 and Treg cells [43].
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First, we tested if Tau ablation in lymphocytes affects their proliferation capacity in response 

to the encephalitogenic MOG peptide. No significant differences were detected between 

splenocytes from Mapt−/− and wildtype mice (Fig. 2A). We then analyzed the capacity of 

CD4+ T cells to polarize toward pro-inflammatory (Th1/Th17) or tolerogenic (Treg) lineages 

in vitro (Fig. 2B; Fig. S3). Also in this case, we did not find any significant difference in the 

percentage of CD4+ T cells polarized to the different cell phenotypes between Tau-null and 

wildtype cells. Likewise, the surface expression levels of two well-established activation 

markers (CD44 and CD80) were similar in both genotypes, with the only exception of 

elevated CD80 expression in wildtype CD4+ T cells (P=0.03) (Fig. 2C). Lastly, we 

employed phosphoflow cytometry to profile the activation status of seven key signaling 

proteins (p38, ERK1/2, STAT1, STAT3–6) in response to MOG peptide stimulation. The 

levels of phosphorylated STAT1 and STAT6 were found moderately higher in both wildtype 

CD4+ T cells (PSTAT1=0.04; PSTAT6=0.03) and CD8+T cells (PSTAT1=0.03; PSTAT6=0.03) as 

compared to knockout cells. STAT3 was instead found more activated in wildtype B cells 

(P=0.05) (Fig. 2D). Collectively, this data suggest that the exacerbated EAE phenotype 

observed in Tau-null mice cannot be fully explained by substantial alterations in the adaptive 

peripheral immune cellular compartment. In light of these results, we subsequently focused 

our investigation on Tau function in the nervous system during EAE.

3.3. Specific neuronal pathways are dysregulated in Tau-null mice

A detailed transcriptomic profiling of CNS from Tau-null and wildtype male mice upon 

EAE was carried out using RNA-seq technology. Given the fact that Mapt is expressed in 

both neuronal and glial cells [44], we used total RNA from whole spinal cord tissues. 

Comparative analysis identified 3,421 differentially expressed genes (DEGs) between 

knockout and wildtype animals (1,498 up-regulated and 1,923 down-regulated), reflecting 

substantial systemic alterations in the CNS transcriptional landscape resulting from the 

absence of Tau (Table S1). These differences are sufficient to clearly segregate knockout and 

wildtype genetic profiles using unsupervised hierarchical clustering (Fig. 3A). A number of 

cellular functions are associated with these genes (Table S2), including “microtubule 

binding” (fold increase: 1.98, Pcorr=8.22×10−3), as expected. In order to isolate the core of 

processes directly affected by Tau ablation, we mapped the differentially expressed genes 

onto the Tau interactome extracted from a curated database of experimentally validated 

protein interactions (Human Protein Reference Database, HPRD), hence defining a Tau-

centered subnetwork of 41 nodes (Fig. 3B). GO analysis (Table S3) identified the category 

“positive regulation of neurotransmitter secretion” as the most enriched biological process in 

the network (fold increase: 150, Pcorr=1.84×10−2), mainly driven by the downregulation of 

α-synuclein (Snca), dynamin 1-like (Dnm1l), and syntaxin-binding protein 1 (Stxbp1) genes 

(Fig. 3C). On the other hand, the up-regulation of genes encoding for receptor interacting 

serine/threonine kinase 3 (Ripk3), inhibitor of nuclear factor kappa-B kinase subunit epsilon 

(Ikbke), and mitogen-activated protein kinase kinase kinase 14 (Map3k14) is connected to 

the strong enrichment of the molecular function category “NF-κB-inducing kinase activity” 

in the network (fold increase: 300, Pcorr=6.67×10−4) (Fig. 3D). Quantitative PCR (qRT-

PCR) assays independently validated the results of RNA-seq analysis for the differential 

expression of Snca, Stxbp1, Ripk3, Ikbke and Map3k14 genes, but not for Dnm1l (Fig. 3E). 

Notably, the expression of these genes is not altered in naïve Mapt−/− male mice (Fig. 3F), 
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suggesting that the pathways to which they belong are dysregulated specifically in response 

to an encephalitogenic challenge and not in steady-state conditions.

To further explore the molecular basis of the sex-related differences in the EAE phenotype, 

we also carried out RNA-seq on the CNS isolated from Tau-null and wildtype female mice 

at the same EAE time point. We then performed pairwise comparisons between either 

genotypes or genders. Remarkably, no DEGs were found between wildtype and knockout 

EAE females, consistent with the lack of differences in their EAE course. On the contrary, 

2,257 DEGs were identified between wildtype EAE males and females (Table S1). GO 

analysis on these genes resulted in a number of molecular processes differentially regulated 

between sexes in response to the encephalitogenic challenge (Table S2). Among them, we 

found a significant enrichment in the “regulation of cytoskeleton organization” (fold 

increase: 2, Pcorr=2.62×10−5). This molecular function seems related to the differential 

expression of 59 genes involved in “tubulin binding” (fold increase: 1.95, Pcorr=0.03), with 

Snca being the most upregulated gene in males as compared to females. Lastly, 99 DEGs 

were found between Tau-null females and males, but no significant GO terms were found 

associated to them (Table S1).

3.4. Tau is differentially methylated in the CNS upon EAE

The transcriptomic profiling described above suggests that Tau might regulate the sensitivity 

of neurons toward inflammatory insults. In order to mechanistically understand how Tau 

mediates this function, we decided to describe its EAE-associated PTM code as Tau activity 

is strictly dependent on the complex set of PTMs. Our rationale for using EAE (i.e. 

experimental) tissue derives mainly from the possibility to better preserve PTMs and 

perform longitudinal studies along disease progression. Moreover, similar to MS, permanent 

neurological disability in EAE is also determined by axonal loss [45].

We induced EAE in Mapt+/+ C57BL/6J male mice and harvested spinal cords at key stages 

of the disease: baseline (0 dpi), disease peak (20 dpi), recovery phase (40 dpi) and chronic 

phase (78 dpi). Spinal cord tissues from mock immunized animals (adjuvant and pertussis 

toxin) were also collected at the same time points as controls (Fig. 4A). Total Tau was then 

immunoprecipitated from whole spinal cord lysates using the TAU-5 mAb and processed for 

mass spectrometry PTM discovery. After applying a stringent analysis pipeline, we 

compared the relative site occupancy frequencies for the PTMs that passed our inclusion 

criteria between EAE and mock samples at each time point (Table S4). Remarkably, only 

one PTM, the mono-methylation of lysine residue 306 (metK306), showed a significant 

difference in frequency, being present more in controls (mock) than in EAE samples (Fig. 

4B), and reaching statistical significance at 40 dpi (Pcorr=0.05) and 78 dpi (Pcorr=0.004). 

This trend is consistent with the hypothesis that the methylation of K306 is differentially 

regulated along EAE progression. Hence, we built a linear regression model to analyze its 

variation in function of time within each dataset (from baseline to 78 dpi) and confirmed that 

the longitudinal profiles of metK306 frequency in EAE and controls are significantly 

different (P=0.001).

In a separate set of experiments, we tested for metK306 levels in total Tau 

immunoprecipitated from the spinal cords of C57BL/6J female mice at similar EAE stages 

Didonna et al. Page 13

J Autoimmun. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(baseline, 20 dpi and 90 dpi). Notably, we did not detect any methylation at K306 either in 

female EAE or in controls, at all the selected time points.

Lastly, we tested whether this difference is specific of autoimmune demyelination or it is the 

result of any degenerative process taking place in the CNS. To address this question, we took 

advantage of the cuprizone paradigm, a neurotoxic MS model in which CNS demyelination 

is chemically induced in the absence of infiltrating encephalitogenic lymphocytes [46]. 

C57BL/6J male mice were fed 0.2% cuprizone chow for 12 weeks to induce chronic 

demyelinated lesions in the corpus callosum region, which was dissected and subjected to 

proteomic PTM profiling. No statistically significant differences were measured for any of 

the PTMs identified in this white matter structure in comparison to animals fed with 

standard diet (Table S5).

3.5. Methylation at K306/K317 diminishes microtubule binding

The K306 residue in mouse Tau is located within the R3 microtubule-binding domain and it 

is evolutionary conserved, corresponding to K317 in the human sequence. Given its critical 

position for Tau function, we decided to explore the molecular implications of this PTM and 

assess whether the addition of a methyl group to K306/ K317 is able to alter Tau interaction 

with microtubules. We generated a tau mutant in which the K317 residue in the longest 

human sequence (2N4R) was replaced with an arginine (K317R), mimicking the 

methylation of the lysine residue by increasing both the local bulkiness and hydrophobicity 

of the distal R group [47]. We generated two additional mutants by introducing the smaller 

alanine (K317A) to produce a maximal change in the local structure, and a glutamine 

(K317Q) as a mimic for acetylated lysine, another PTM observed at K306 [48, 49]. Each 

construct was then transfected into HeLa cells and the affinities of the different Tau mutants 

for microtubules were measured as the ratios between the microtubule-bound and the 

unbound fractions, isolated by ultra-centrifugation (Fig. 4C). All the three Tau methyl-

mimics show a decrease in their ability to interact with microtubules–K317R and K317Q 

displaying a reduction of 60% and K317A of 40% as compared to wildtype Tau. Notably, 

such differences in binding cannot be ascribed to impaired protein stability as confirmed by 

time-course cycloheximide (CHX) experiments (Fig. 4D).

To assess the effects of the differential binding on microtubule dynamics, we then measured 

the ability of each Tau mutant to induce the formation of stable microtubule bundles in cells 

[50]. After 48 hours from transfection, 30% of Hela cells expressing wildtype Tau exhibited 

bundles of microtubules in their cytosol. In contrast, all mutants showed significantly less 

cells with bundles, ranging from 25% of positive cells for K317R and K317Q to 21% for 

K317A (Figs. 4E–4G). These findings are consistent with our previous biochemical analysis 

and confirm that PTMs at K306/K317 diminish the stabilizing activity of Tau on the 

microtubule network.

3.6. Effects of K317 methylation on the Tau–microtubule interaction characterized by 
molecular simulations

Although arginine is widely used as a bona fide proxy for methylated lysine, this amino acid 

does not recapitulate all the structural features of this PTM. Moreover, very little data exists 
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on the implication of lysine methylation for Tau function. For these reasons, we decided to 

further validate our methyl-mimic approach by employing molecular dynamics (MD) 

simulations, using recently reported high resolution structures of Tau to model the effects of 

PTMs on protein function at the atomic level [26]. For this set of experiments, we used the 

structure of the Tau segment between 306–378 residues of human 2N4R Tau (PDB ID: 

5O3T), and compared both K317 methylation and K317R substitution for their effects on 

microtubule binding. As proposed by the work of Kadavath et al. [28], residue 311 of Tau 

was initially positioned next to residues 336 and 338 of α-tubulin (Fig. 5A). The methylated 

and mutated structures of Tau were superimposed on the wildtype one resulting in similar 

starting configurations of all three structures, allowing for a direct comparison between their 

microtubule-binding capabilities.

We first measured the interaction energies between the different forms of Tau and tubulin. 

Remarkably, we found that both methylation at K317 and arginine substitution result in 

significantly lower binding strength (P<2.2×10−16) toward tubulin heterodimer as compared 

to the non-methylated state (Fig. 5B). When the affinity for single tubulin monomers was 

tested, non-methylated Tau remained at the binding interface of the tubulin heterodimer, 

whereas both methylated and mutated Tau partially detached from the interface and shifted 

towards one monomer (Fig. 5B; Movie S1). Altogether, these results are in agreement with 

our experimental data and confirm the validity of arginine mutation for mimicking lysine 

methylation in biochemical assays.

Next, we explored the underlying mechanism behind reduced microtubule binding affinity of 

methylated K317. From our simulations, it is evident that residue K317 associates with α-

tubulin within a binding pocket formed by residues Q342, F343, D345 and T349. Therefore, 

we calculated the volume compatibility between K317 side chain and its binding pocket on 

the microtubule surface. The atomic volume of the nitrogen-bound hydrogen at the tip of 

K317 side chain, calculated by its van der Waals (VDW) radius defined in the simulations, 

perfectly fits in the α-tubulin binding pocket. Conversely, as hydrogen is replaced by the 

methyl group on K317, the side chain occupies a significantly larger space, resulting in 

steric clashes with binding pocket residues (Fig. 5C–D). In fact, methylated K317 can no 

longer bind to D345 and thus it is shifted upwards relative to the binding pocket, 

preferentially associating with D438 (Fig. 5E–F). Since the distance between residues K336 

and D438 on α-tubulin is 4 Å larger than that between K336 and D345, residue K311 on 

Tau is pulled away from K336, eventually dissociating the Tau peptide from the tubulin-

binding interface (Fig. 5F). We can conclude that the mechanism of action of K306/K317 

methylation is multifaceted—it increases the lysine side chain steric hindrance and also 

alters the set of electrostatic interactions at the binding site.

4. Discussion

While the molecules and the cells involved in the initial inflammatory phase of MS have 

been unveiled to a large degree, much less is known about the molecular events 

underpinning the progressive course of the disease. Here, we demonstrate in the EAE model 

that the microtubule-associated protein Tau exerts a moderate, yet significant modifying 

activity on disease progression as Tau-deficient animals experience a more severe EAE 
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clinical manifestation in comparison to their wildtype littermates. Interestingly, Tau 

reduction in classic tauopathies can ameliorate, exacerbate or leave unaltered the pathologic 

phenotype, depending on the specific disease and animal model adopted [51, 52]. In the 

context of MS, while our observation is already present in the literature [13], we show for 

the first time that the beneficial effects of Tau on EAE phenotype are sex-specific. Other 

CNS signaling pathways have been reported to undergo sex-specific control in EAE [53] and 

strong gender effects have been described in the human disease as well. Specifically, while 

women are at increased risk of developing MS, men are more likely to display a progressive 

disease onset, poor recovery after initial attacks, and more rapid development of disability 

[54]. These differences are believed to be the result of complex interactions between genetic, 

epigenetic, and hormonal factors. It is also well established that AD and other dementias are 

more prevalent in women [55]. Also in AD models, Tau neurofibrillary pathology and 

cognitive impairment are more prominent in females than males [56, 57]. We present 

transcriptomic data suggesting the differential regulation between sexes of cytoskeletal 

dynamics in EAE pathology, which might explain, at least in part, the gender-specific effects 

of Tau. A number of microtubule-stabilizing proteins were found upregulated in wildtype 

males as compared to wildtype females in response to EAE, including the Tau-homolog 

microtubule-associated protein 2 (MAP2). We also identified neurotransmitter secretion as 

one of the Tau-related functions primarily affected in Tau-null male mice. Structural and 

functional synaptic alterations have been described in EAE models as well as in MS brain 

[58, 59], thus synaptic abnormalities are emerging as a critical pathogenic mechanism in MS 

[60]. Among the core genes driving the synaptic phenotype, α-synuclein encoding Snca 
resulted the most dysregulated one. Notably, also α-synuclein can bind tubulin and is known 

to physically interact with Tau in neurons [61, 62]. It has been recently discovered that α-

synuclein itself is downregulated upon EAE and that Snca-knockout mice develop a more 

severe disease, somehow mirroring Tau-null animals [63]. It is thus conceivable that Tau and 

α-synuclein work synergistically as part of the same functional network to maintain 

cytoskeletal and synaptic stability against neuroinflammatory challenges.

The interactome analysis also highlighted that key components of the NF-κB activation 

machinery are upregulated upon EAE in the absence of Tau. Among them, RIPK3 is a 

hallmark mediator of necroptosis—a newly identified form of programmed necrosis 

occurring in inflammatory conditions [64]. In the context of neurodegeneration, necroptosis 

was shown to promote progressive axonal pathology and myelination defects [65]. Activated 

RIPK3 was also detected in MS lesions and necroptosis has been mechanistically connected 

to MS oligodendrocyte loss [66]. Hence, aberrant activation of this pathway might concur to 

the EAE phenotype and increased demyelination of Tau-deficient male mice.

Another key finding of our study is the down-regulation of Tau methylation at K306 in 

response to MOG-mediated CNS inflammation. It is well documented that PTMs 

dynamically modulate Tau subcellular localization and biochemical properties in response to 

intra- and extra-cellular stimuli [67]. However, lysine methylation of Tau is a relatively 

recent discovery and its impact on Tau biology as well as its significance in disease is still 

under debate. Disturbance of CNS methyl group metabolism has been connected with hyper-

phosphorylated Tau accumulation upon neurodegeneration [68]. In the AD brain, misfolded 

Tau from neurofibrillary tangles was found mono-methylated at the level of 7 lysine residues 
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located in the projection and microtubule binding repeat regions [69]. For this reason, lysine 

methylation has been proposed to promote Tau aggregation by facilitating the interaction 

between molecules [70]. In contrast, there is in vitro evidence that methylated Tau display 

lower tendency toward aggregation and promotes microtubule assembly with the same 

efficiency of non-methylated Tau [71].

Here, we show that K306 methylation on Tau reduces its affinity for microtubules. By 

employing in silico and in vitro methods, we demonstrate that K306 directly interacts with 

the α-tubulin binding pocket and the methylation of its side chain lowers the binding 

strength due to a combination of steric hindrance effects and electrostatic interaction 

changes. To our knowledge, this is first study reporting the detailed molecular mechanism of 

how methylation of Tau affects the dynamics of its association with microtubules. Our 

observation of higher methylation in the mock (adjuvant and pertussis toxin)-injected 

animals appears counter-intuitive, but we speculate that the decrease in methylated K306 

Tau levels in EAE might represent an adaptive mechanism aimed at preserving axonal 

integrity against neurotoxic insults (Fig. S4). In fact, encephalitogenic T cells are able to 

disrupt the neuronal microtubule network at the onset of EAE neurological deficits [72]. The 

evidence that a higher proportion of Tau-null mice reached EAE terminal stages is in 

agreement with this model (44% knockout mice vs 14% wildtype mice). Also the 

transcriptomic profiling confirms that more extended axonal dysfunctions take place upon 

EAE in the absence of Tau. Altogether, these findings suggest that Tau likely plays a role in 

the homeostatic response of neurons toward the inflammatory stress. In particular, in the 

context of CNS autoimmunity, the negative modulation of K306 methylation may facilitate 

the recovery from acute neuroinflammation and mediate the transition to the chronic stages 

of the disease. It is intriguing that we did not detect the same Tau PTM in female mice 

undergoing either acute or chronic EAE—this could possibly explain the sex-specific effect 

we observed in knockout mice. The transcriptional profiling analysis has highlighted a 

number of genes encoding lysine-specific demethylases as Kdm5c, Kdm5d and Kdm6a that 

map to the sex chromosomes (Table S1). As they are differentially expressed between 

genders, these enzymes represent relevant candidates to explain the sex-specific Tau 

methylation patterns and are warrant further investigation to explore whether Tau is one of 

their physiological substrates.

Notably, the mutation of the corresponding lysine in human Tau to an asparagine (K317N) 

or to a methionine (K317M) has been respectively associated with globular glial tauopathy 

(GGT) and fronto-temporal dementia with parkinsonism (FTDP), further corroborating the 

importance of this residue for Tau function [73, 74]. Also the K317N mutation impairs Tau 

capacity to induce tubulin assembly–evidence that highlights the structural constraints to 

which this domain has been subjected along evolution. In this regard, it is interesting that we 

did not detect differential methylation at K306 in the cuprizone model. We hypothesize that 

the acute administration of neurotoxic compounds overrides all the possible cellular 

responses that have evolved to counteract neurodegenerative stimuli.

Previous studies attempted to decipher, at least in part, the PTM profile of Tau upon EAE. In 

particular, the hyper-phosphorylation of both soluble and insoluble Tau fractions was 

described in the chronic phase of EAE at the AD-relevant epitopes T170, S202/T205, T201/
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S203, T220 and S385/S393 [16]. In contrast, we have not detected differential 

phosphorylation in our proteomic profiling, with the exception of the threonine residue T100 

showing suggestive hypophosphorylation in EAE, and the serine residues S401 and S405 

showing hyper-phosphorylation (all with nominal significance). Intriguingly, both residues 

undergo hyper-phosphorylation also in AD brain [75, 76]. One possible explanation for 

these discrepancies resides in the different mouse strains and antigens used to induce EAE. 

Tau hyper-phosphorylation was indeed detected in Biozzi ADH mice immunized with whole 

spinal cord homogenates, which exhibit a typical chronic relapsing EAE [77]. In support of 

this hypothesis, a recent study failed to measure differences in S202 phosphorylation of 

soluble Tau in MOG-immunized C57BL/6J mice at acute and chronic EAE stages [78]. 

Interestingly, also the therapeutic efficacy of amyloid hexapeptides on EAE is influenced by 

genetic background where the C57BL/6J strain is susceptible to the treatment while the 

C57BL/10SnJ strain is not [79]. Altogether, such differences might reflect the heterogeneity 

and variability in the clinical and pathological manifestations of MS.

5. Conclusions

This work demonstrates that Tau is at the intersection between neuroinflammatory and 

neurodegenerative processes, as part of an adaptive mechanism aimed at preserving axonal 

integrity against neurotoxic insults. Additional studies will be required to fully decode the 

complex profile of Tau PTMs in MS lesions and correlate their effects on Tau function with 

specific aspects of the MS neuropathology and phenotype. Identifying the enzymes 

controlling such PTMs might provide novel therapeutic targets and pave the way to 

innovative strategies for enhancing Tau neuroprotective function.
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Highlights

• Tau exerts a sex-specific protective effects on disease progression in EAE

• Lower levels of Tau methylation at lysine K306 are found in mice at chronic 

EAE stages

• Methylation at K306 modulates Tau affinity for microtubules

• Downregulation of K306 methylation might represent a homeostatic response 

to increase axonal stability
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Figure 1. Tau-null male mice experience a more severe EAE clinical course.
(A-B) Mapt−/− and wildtype littermates (Mapt+/+) either males or females were immunized 

with MOG35–55 peptide as detailed in the Material and Methods section and scored daily up 

to 30 days post-injection. Mean scores ±SEM from two independent experiments are plotted 

(WT males =21; KO males=18; WT females=22; KO females=20). *P≤0.05, **P≤0.01; 

Mann-Whitney U test. (C-D) Histopathological analysis of representative spinal cords from 

male EAE mice at 31 dpi (N=3 per genotype) using hematoxylin and eosin or luxol fast 

blue. The top right images in C and D depict respectively typical inflammatory foci (groups 

of >20 infiltrating cells) and demyelinated lesions at high magnification. The quantification 

plots for cellular infiltration (mean number of inflammatory foci ±SEM) and myelin loss 

(mean demyelination score ±SEM) are also shown in each panel. Scale bar: 200 μm. 

*P≤0.05; two tailed student’s t-test. NS; non-significant.
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Figure 2. Tau deficiency does not affect the autoimmune response.
(A) Splenocytes from Mapt−/− and wildtype male mice primed with MOG35–55 peptide for 

11 days were re-stimulated in vitro with increasing concentrations of MOG35–55 peptide and 

their proliferation was assessed after 3 days by thymidine incorporation. The differences are 

expressed as fold-increases to the proliferation rate of non-stimulated cells. (B) Splenocytes 

from Mapt−/− and wildtype male mice primed with MOG peptide were re-stimulated in vitro 
with 10 μg/mL MOG35–55 peptide in polarizing conditions toward Th1, Th17 and Treg 

lineages. After 3 days, the percentage of CD4+ T cells acquiring the different phenotypes 

was assessed by flow cytometry via intracellular cytokine staining (for Th1/Th17) or FOXP3 

staining (for Treg). (C) Splenocytes from MOG peptide-primed Mapt−/− and wildtype male 

mice were re-stimulated with 5 or 25 μg/mL MOG35–55 peptide for 3 days and the surface 

expression of the activation markers CD44 and CD80 was measured by flow cytometry in 

CD3+, CD4+ and CD8+ T cells, B cells and monocytes. (D) Splenocytes from MOG peptide-

primed Mapt−/− and wildtype male mice were re-stimulated with 10 μg/mL MOG35–55 

peptide for 24 hours and the activation status of 7 phosphoproteins (p38, ERK1/2, STAT1, 

STAT3–6) was assessed by phosphoflow cytometry in CD4+ and CD8+ T cells, and in B 

cells. For panels C and D, the fluorescence values were converted in Z-scores and plotted as 

heatmaps where each column represents a different mouse and each row depicts the levels of 

a surface marker or a phosphoprotein in a specific cell population. 4 mice per genotype were 

used in the different analyses. NS; non-significant.
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Figure 3. Transcriptomic analysis of Tau-null mice upon EAE induction.
(A) Unsupervised hierarchical clustering of FPKM values for the genes with the highest 

variance (SD>50) that are expressed in spinal cords from Tau-null and wildtype male mice 

(N=3 per genotype) at 33 dpi of EAE. The distances between genes or samples were 

calculated using Spearman correlation. (B) Gene network of Tau interacting proteins in EAE 

spinal cord obtained by superimposing the differentially expressed genes from WT-KO 

comparison (adjusted P<0.05) onto the Tau protein interaction network accessible at the 

Human Protein Reference Database (HPRD). Nodes in red correspond to genes 

overexpressed in knockout mice as compared to wildtytpe controls while nodes in blue 

indicate underexpressed genes. (C-D) Histograms showing the top 5 most enriched gene 
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ontology (GO) terms among the significant ones (adjusted P<0.05) in the molecular function 

and biological process categories. GO analysis was conducted on the genes within the Tau 

network. (E) Validation of RNA-seq results by qRT-PCR on selected genes from each GO 

category. (F) The same genes were also tested for expression in the spinal cord of naïve mice 

(N=3 per genotype). Expression levels are shown as fold differences (mean ±SEM) 

compared to wildtype mice. *P≤0.05, **P≤0.01; two tailed student’s t-test. NS; non-

significant.
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Figure 4. Proteomic analysis of Tau PTMs in EAE mice.
(A) EAE was inducted in C57BL/6J male mice and spinal cords were collected from 3 mice 

at baseline, at the peak of disease (20 dpi; EAE score=5), after recovery (40 dpi; EAE 

score=4) and at chronic stages (78 dpi; EAE score=4). Spinal cords from 3 mock injected 

mice were also collected at the same time points as controls. Tau was immunoprecipitated 

from spinal cord tissues and subjected to proteomic PTM profiling. (B) Relative levels of 

methylation at K306 residue in Tau sequence for EAE and mock injected animals at 

different disease stages. (C) HeLa cells were transfected with expression vectors carrying a 
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FLAG-tagged wildtype Tau (N2R4) sequence or the mutants K317A, K317Q and K317R. 

After 24 hours, cell lysates were separated into microtubule-bound and unbound fractions 

and probed by Western blot for Tau levels using an anti-FLAG antibody. The bound/

unbound ratios relative to wildtype Tau were plotted for each mutant. The results (mean 

±SEM) derive from 3 independent experiments. (D) HeLa cells expressing wildtype Tau or 

the mutants K317A, K317Q and K317R were treated with cycloheximide (25 μg/mL) for 6h, 

12h and 24h. Cell lysates collected at the different time points were then probed for Tau and 

actin by Western blot. Tau levels normalized to actin were plotted as percentage of the 

baseline levels. The results (mean ±SEM) derive from 3 independent experiments. (E) HeLa 

expressing wildtype Tau or the mutants K317A, K317Q and K317R were seeded on poly-L-

lysine coated coverslips and fixed with 4% PFA. After permeabilization, cells were 

immunostained for Tau (in red) and tubulin (in green). Nuclei were counterstained with 

DAPI (in blue). Scale bar: 50 μm. (F) High magnification pictures of HeLa cells exhibit 

tubulin bundles or a normal tubulin network. Scale bar: 10 μm. (G) 5–6 random fields were 

imaged for each Tau construct and the number of transfected cells showing tubulin bundles 

was quantified. The results (mean ±SEM) derive from 3 independent experiments in which 

more than 2000 cells were analyzed for each construct. *P≤0.05, **P≤0.01, ***P≤0.005; 

two tailed student’s t-test. NS; non-significant.
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Figure 5. Molecular dynamics simulations of Tau-microtubule binding.
(A) The initial configurations of molecular simulations were constructed by positioning 

residues 311 of wildtype Tau (PDB ID: 5O3T) shown in magenta near residues 336 and 338 

of α-tubulin (PDB ID: 5IYZ). Methylated Tau (purple) was positioned similar to the 

wildtype to facilitate comparison. (B) Boxplots depict distributions of the interaction 

energies of wildtype/methylated/mutated Tau with both α-β tubulin monomers and dimer. 

The interaction of wildtype Tau with tubulin dimer was significantly stronger than both 

methylated and mutated Tau molecules (P< 2.2×10−16). The absolute values of differences 

between the average interaction energies (|ΔMean| = |Mean Energy Wildtype Tau: Microtubule – 

Mean Energy Methylated/Mutated Tau: Microtubule|) are noted above brackets. (C) Visualizations 

of the binding pocket volume of K317 on the α-tubulin surface (pink), the VDW volume of 
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the K317 hydrogen atom (magenta), which is replaced upon methylation, and the VDW 

volume of the methyl group (purple). (D) The VDW volume of the K317 hydrogen atom 

matches the pocket volume, whereas the methyl group is significantly larger and does not fit 

into the binding pocket. Variation of the pocket volume indicated by standard deviation, 

results from fluctuations of the protein surface, however, the molecular volumes are fixed 

throughout the simulations. (E) The R3 repeat of wildtype Tau extends along residues K336 

and D345 of α-tubulin. (F) Methylation of K317 inhibits its binding to D345 on α-tubulin 

due to the volume mismatch between methyl group and the binding pocket, and shifts it 

towards D438, which results in pulling K311 away from K336.
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