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tau interactome analyses in 
CRISPR-Cas9 engineered neuronal 
cells reveal ATPase-dependent 
binding of wild-type but not P301L 
tau to non-muscle myosins
Xinzhu Wang  1,2, Declan Williams1,2, Iris Müller1, Mackenzie Lemieux  1, Ramona Dukart2, 
Isabella B. L. Maia1, Hansen Wang1, Amanda L. Woerman3 & Gerold Schmitt-Ulms  1,2*

Protein interactions of Tau are of interest in efforts to decipher pathogenesis in Alzheimer’s disease, a 
subset of frontotemporal dementias, and other tauopathies. We CRISPR-Cas9 edited two human cell 
lines to generate broadly adaptable models for neurodegeneration research. We applied the system to 
inducibly express balanced levels of 3-repeat and 4-repeat wild-type or P301L mutant Tau. Following 
12-h induction, quantitative mass spectrometry revealed the Parkinson’s disease-causing protein 
DJ-1 and non-muscle myosins as Tau interactors whose binding to Tau was profoundly influenced by 
the presence or absence of the P301L mutation. The presence of wild-type Tau stabilized non-muscle 
myosins at higher steady-state levels. Strikingly, in human differentiated co-cultures of neuronal and 
glial cells, the preferential interaction of non-muscle myosins to wild-type Tau depended on myosin 
ATPase activity. Consistently, transgenic P301L Tau mice exhibited reduced phosphorylation of 
regulatory myosin light chains known to activate this ATPase. The direct link of Tau to non-muscle 
myosins corroborates independently proposed roles of Tau in maintaining dendritic spines and 
mitochondrial fission biology, two subcellular niches affected early in tauopathies.

More than 30 years ago the Tau protein was first identified in cellular deposits that accumulate in Alzheimer 
disease (AD)1. Since then, Tau has been implicated in numerous neurodegenerative diseases, collectively known 
as “tauopathies”, that include AD, progressive supranuclear palsy (PSP), corticobasal degeneration (CBD), and 
frontotemporal dementia with parkinsonism-17 (FTDP-17)2. Tau is understood to be critical for cellular toxicity 
to manifest in these diseases3–9. Moreover, mutations in the microtubule-associated protein Tau (MAPT) gene are 
sufficient to cause FTDP-17 with a middle-age onset independently of amyloid β plaques or other known protein 
aggregates2,10–12. The objective to delineate Tau interactions has therefore become a focus of mechanism-based 
disease intervention efforts. Yet, to date, the specific molecular underpinnings that mediate Tau-dependent per-
turbations to the cell are not understood. We recently reported on a systematic analysis of Tau protein interac-
tions in a neuroblastoma cell line, which revealed that Tau binds predominantly to the ribonucleoproteome, 
chaperones, the proteasome, histone complexes, and members of the 14-3-3 protein family13. When compared 
with four-repeat wild-type (4Rwt) Tau expressing cells, the expression of P301L mutant (4RP301L) Tau exhibited 
reduced binding to a subset of heat-shock proteins and the proteasome in this prior study. However, a confounder 
of this work was that it relied on the stable expression of plasmid-encoded 4R Tau in dividing cells, providing 
little control over isoform expression levels and restricting the analysis to studying steady-state interactions of the 
Tau bait protein.

Neuronal brain Tau exists in six isoforms caused by the presence or absence of one or two 29 amino acid 
insertions in the N-terminal half of the protein and the alternative inclusion of a 31 amino acid repeat sequence 
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in the domain responsible for Tau’s binding to microtubules14. The inclusion or omission of the latter repeat 
domain determines whether Tau has three or four of these domains, with P301L residing in the fourth repeat. 
Whereas N-terminal insertions do not seem to impact disease propensity, a relatively balanced ratio of 3R versus 
4R Tau is observed in healthy neuronal cells2,15. Human neuroblastoma cell models in use for studying Tau biol-
ogy (SH-SY5Y or IMR-32) are known to express only low levels of endogenous Tau. Although overexpression of 
4R Tau has repeatedly been observed to be mildly toxic15, a majority of studies preceding this work were based on 
4R overexpressing cells.

Recent advances in genome-editing technology have reduced the time and costs needed to generate 
gene-engineered cell models. Despite these advances, it typically still requires considerable resources to build 
experimental models for studying a protein-of-interest in a relevant paradigm. While an increasing number of 
inducible clones have become available, when we embarked on this project approximately two years ago, to the 
best of our knowledge, no such tools were available for the study of brain proteins in a flexible and site-specific 
manner that is minimally confounded by the effects of random transgene integration. Hence, it would be desira-
ble to be able to rapidly generate a human diploid cell model that can be fully differentiated into neurons, astro-
cytes or oligodendrocytes and can be induced to (1) express a protein-of-interest, (2) visualize its subcellular 
distribution, and (3) study its interactions and post-translational modifications.

To address these shortcomings, we used CRISPR-Cas9 gene editing technology to insert foundation cassettes 
harboring an antibiotic resistance gene flanked by lox sites, which are later used as acceptor sites to efficiently inte-
grate large inducible constructs, into the human adeno-associated virus integration site 1 (AAVS1) genomic safe 
harbor of two cell lines with useful characteristics for Alzheimer disease and Tau-related research, namely IMR-
32 neuroblastoma cells16–18 and a neuroprogenitor cell line derived from the ventral mesencephalon (ReN VM)19, 
hereafter referred to as IMR and ReN cells. With these acceptor cell clones in hand, we could direct inducible 
expression cassettes into the primed AAVS1 loci using Cre recombinase, bypassing the size limit CRISPR-Cas9 
gene editing has for integrating large transgenes. We initially tested the system in dividing neuroblastoma IMR 
cells with constructs encoding the inducible expression of 3R and 4R wild-type (or P301L mutant) Tau fused at 
the C-terminus to an enhanced green fluorescent protein (EGFP). We hypothesized that the inducible wild-type 
(3Rwt/4Rwt) and P301L mutant (3Rwt/4RP301L) Tau might affect cellular outcomes by interacting with different 
protein partners. Hence, we compared the interactomes of 3Rwt/4Rwt and 3Rwt/4RP301L using quantitative mass 
spectrometry. This first set of data confirmed previously reported Tau binders but also produced several new 
candidate Tau interactors, including DJ-1, a protein genetically linked to Parkinson’s disease. We next moved 
away from mitotically active cells to study Tau interactions in ReN cells, which we differentiated into co-cultures 
of non-dividing neurons and glia. Stringent interactome analyses undertaken with this paradigm put a spotlight 
on a novel interaction between wild-type Tau and non-muscle myosins that relied on ATPase activity of these 
cytoskeletal motors and was diminished in cells expressing mutant Tau.

Results
System for the rapid generation of human cell models expressing protein-of-interest. To 
achieve reliability and speed, parental neuroblastoma cells were genetically engineered in two steps. First, a foun-
dation cassette (FC), comprising an antibiotic resistance marker against G418, flanked by specific lox sites, was 
inserted by CRISPR-Cas9 into both alleles of the previously validated AAVS1 genomic safe harbour20 (Fig. 1A). 
This step was accomplished by directing a plasmid-encoded CRISPR-Cas9 nickase with a pair of guide RNAs 
(see Supplementary Fig. S1) to the first intron of the AAVS1 locus to generate a staggered cut. To facilitate FC 
integration during the repair of this cut by the high-fidelity, cell-autonomous homology-directed recombination 
program, the co-transfected FC was flanked by ~1 kilobase pair long homology arms matching either side of the 
AAVS1 integration site (Fig. 1B)21. Subsequent G418 selection of FC-positive clones was followed by genomic 
PCR-based amplification and sequencing of AAVS1 integration sites (Fig. 1C). With these parent clones in hand, 
the production of specific cell clones expressing any protein-of-interest can be initiated by the insertion of the 
protein’s coding sequence into a specific cloning site within an inducible expression cassette (IEC) on a cus-
tomized plasmid. Additional features within the IEC code for the expression of a puromycin resistance marker 
(PuroR) and a version of the TetOn reverse transactivator (rtTA3) that exhibits exquisite sensitivity to doxycycline22. 
All modules within the IEC were flanked by lox sites that are compatible to those present in the FC (Fig. 1D). 
Co-transfection of the plasmid and Cre recombinase into FC-positive parent clones triggered a unidirectional 
and irreversible (due to the choice of specific lox sites that flank the two cassettes) swap-in of IECs. Subsequent 
isolation of positive clones relied on puromycin selection. As has been established in previous studies23, the EGFP 
tag fulfils a dual role by enabling traceability of fusion proteins-of-interest based on the fluorescence it emits and 
by serving as a ligand for the affinity capture of fusion proteins and their interactors24. The similar sizes of the 
EGFP ligand and the GFP binding protein (GBP) bait are favourable for achieving a high density of ligand-bait 
pairings.

Validation of inducible Tau models. The utility of the system was tested by generating human cell models 
that can be induced to express specific Tau isoforms fused to EGFP. More specifically, human 3R and 4R wild-type 
or P301L mutant Tau sequences were cloned immediately 5-prime to the EGFP coding sequence into the IEC 
and swapped into the AAVS1 locus harboring the foundation cassette as described above (Fig. 1E). This step led 
to the generation of IMR derivative clones that expressed specific isoforms of 3R wild-type, 4R wild-type, or 4R 
P301L mutant Tau, or combinations of these isoforms from the two gene-edited AAVS1 alleles available in this 
diploid cell model (Fig. 1F). For subsequent experiments, we sought to determine how the P301L mutation affects 
Tau interactions in cells that could be induced to express balanced ratios of 3Rwt and 4RP301L isoforms from the 
two AAVS1 alleles, with 3Rwt/4Rwt Tau-EGFP expressing cells serving as the reference. Pilot time-course experi-
ments, which monitored cellular 3Rwt/4RP301L Tau expression levels at suitable intervals, documented no promoter 
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Figure 1. Generation of human cell models for inducible and traceable Tau analysis. (A) Schematic 
summarizing co-transfection step used to generate foundation cassette (FC) in AAVS1. (B) CRISPR/Cas9 
nickase-based intron 1-directed integration of FC within the human safe harbor AAVS1 locus. The step was 
based on the homology-directed precise insertion of a repair template featuring a kanamycin-resistance (KanR) 
gene, flanked by suitable lox acceptor sites. (C) Agarose gel depicting genotype analysis of selected clones from 
three different cell lines that were wild-type, heterozygote or homozygote with respect to the genome-edited 
AAVS1 locus. (D) Cloning of doxycycline-responsive inducible expression cassette (IEC) flanked by lox sites 
compatible with the corresponding lox sites present in the integrated FC at the AAVS1 locus. Cre recombinase 
was used to swap FC and IEC within the AAVS1 locus. The heterologous lox sequence exchange by Cre 
resulted in doubly mutated LE/RE lox sites that resist reversion of this genome-editing step. The kanamycin 
resistance module was removed by flippase-mediated site-directed recombination of flippase recognition target 
(FRT) sites. (E) Design of inducible expression cassettes coding for 4Rwt, 3Rwt or 4RP301L Tau, C-terminally 
fused to EGFP. The left panel shows genomic Sanger sequencing data covering a transition of wild-type and 
heterologous sequences within the AAVS1 locus, thereby validating the successful insertion. (F) Tau expression 
screen of clones, which were designed to express only one Tau isoform or a combination of 3R and 4R Tau 
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leakage in the absence of doxycycline and established that the addition of 2 μg/ml of this inducer to the cell cul-
ture medium caused heterologous Tau protein to be detectable by western blot analysis after 3 hrs (Fig. 1G), with 
levels increasing further until 18 hrs post-induction (and plateauing thereafter).

Quantitative tau interactome analyses. For subsequent interactome analyses undertaken in this study, 
Tau expression was induced by doxycycline addition to the cell culture medium 12 hrs before cell harvest. The 
sample work-up scheme followed a previously optimized protocol for the identification of Tau binders (Fig. 2A)13. 
As expected, the induction of the Tau-EGFP fusions could be monitored by fluorescence microscopy (Fig. 2B) 
but no apparent differences were observed in the subcellular distribution of heterologous wild-type or P301L Tau 
fusion proteins (not shown). Cells were lysed and Tau-EGFP baits were immunoprecipitated on GFP binding 
protein (GBP) matrices. The capture of fusion proteins could be monitored in real-time on account of the fluo-
rescence emitted by the bait and was accomplished within 2 h. Interactome analyses of 3Rwt/4RP301L Tau-EGFP 
samples, and 3Rwt/4Rwt Tau-EGFP controls were undertaken side-by-side in triplicate. To detect non-specific 
binders to the affinity matrix and to EGFP, an additional control produced identically as the Tau-EGFP fusion 
clones but expressing only the EGFP fluorescent marker was derived from IMR cells (Fig. 2C). To facilitate direct 
comparisons of samples and controls and to minimize run-to-run variance amongst replicates, a multi-plex strat-
egy that relied on the isobaric labelling of tryptic peptide mixtures using iTRAQ tags was employed. The tandem 
mass spectrometry analyses of the pooled and iTRAQ-labelled peptide mixtures were undertaken on an Orbitrap 
Fusion Tribrid instrument and produced 25,234 peptide-to-spectrum matches (PSMs), which passed a 4.4% false 
discovery rate (FDR) (Fig. 2D).

the tau interactome in iMR cells. The computational analysis of this dataset against the human UniProt 
sequence database revealed Tau to be the strongest hit, with more than 3,817 peptide-to-spectrum matches 
assigned to it and more than 90% of its amino acid sequence covered by high confidence PSMs (Fig. 3A). MS2 
spectra interpreted to encompass Tau residue 301 were characterized by low mass iTRAQ reporter ions observed 
in MS3 whose relative intensities reflected the isobaric labelling scheme (Fig. 1A), thereby providing a valuable 
intrinsic control for validating that the CRISPR-Cas9 cloning proceeded as intended and cell clones express-
ing wild-type Tau (Fig. 3B) or P301L mutant Tau (Fig. 3C) were indeed assigned to iTRAQ labels as planned. 
Conversely, Tau-derived peptides, which did not encompass amino acid 301, gave rise to MS3 windows charac-
terized by iTRAQ reporter ions of relatively even intensity, which validated that similar amounts of the Tau-EGFP 
fusion protein bait had been captured from wild-type and P301lL mutant Tau lysates (Fig. 3D). A deeper analysis 
of Tau-derived mass spectra (Supplementary Fig. S2) based on the PEAKS algorithm revealed, aside from wide-
spread iTRAQ labelling of peptides, many phosphorylation events (see below for details).

In all, the IMR-based Tau interactome dataset comprised 299 proteins. 57 of them were identified based 
on more than 50% sequence coverage (Fig. 4). Prior annotations available for these proteins indicated a strong 
Tau-dependent co-enrichment of heat shock proteins and subunits of ribosomal complexes (tallying 68 pro-
teins in the dataset) (see Supplementary Fig. S3 for full list). Other conspicuous groups of Tau interactors 
observed in the dataset were 14-3-3 proteins, eukaryotic translation initiation factors, heterogeneous nuclear 
ribonucleoproteins, several RNA binding proteins (FUS, EWS), members of the T-complex, and tubulins. Taken 
together, this analysis validated the notion that Tau associates in this neuroblastoma cell model primarily with 
the ribonucleoproteome13.

Selective co-enrichment of DJ-1 with P301L mutant Tau. Because the key objective of this work was 
to advance our understanding of how P301L mutant Tau might perturb cellular biology causing toxicity, the focus 
of downstream analyses was on proteins that exhibited significantly (p < 0.025) differential binding to P301L 
mutant Tau. Hierarchical clustering of median iTRAQ reporter ion intensities for all 299 candidate Tau interac-
tors identified several proteins that fulfilled this criterion (Fig. 5A). Amongst these, PARK7, also known as the 
human protein deglycase DJ-1, stood out by its most selective co-enrichment with P301L mutant Tau (Fig. 5B). 
Mindful of the P301L disease phenotype being characterized as a frontotemporal atrophy with degeneration 
of basal ganglia that involves the substantia nigra25, DJ-1 also caught our attention by its known role as a gene 
whose mutations cause recessive forms of Parkinson’s disease. In subsequent validation experiments, we learned 
that the preferential DJ-1 co-enrichment with P301L mutant Tau in this cell model does not merely reflect trivial 
differences in steady-state DJ-1 protein levels, because the doxycycline-based induction of wild-type and P301L 
mutant Tau did not affect DJ-1 protein levels in IMR cells (Fig. 5C). Similarly, chronic overexpression of P301L 
mutant Tau in a previously reported transgenic mouse model had no effect on steady-state DJ-1 levels. Moreover, 
no changes to endogenous Tau levels were observed in DJ-1-deficient mice (Fig. 5D). DJ-1 is widely considered 
to act as a redox-sensitive chaperone and to undergo oxidation of its cysteine residue 106 in response to oxidative 
stressors in vitro26,27 and in vivo28. Considering that P301L mutant Tau may perturb this aspect of DJ-1 biology, 
we next exposed IMR cells expressing wild-type or P301L mutant Tau-EGFP to hydrogen peroxide treatment and 
monitored total DJ-1 levels as well as the oxidation of DJ-1 at its residue C106 by western blotting (Fig. 5E). This 

isoforms, following Cre recombinase-mediated exchange of Tau expression cassettes into parent cells that were 
heterozygote or homozygote for the AAVS1-targeted FC. Doxycycline induction proceeded for 12 hours before 
cells were lysed and analyzed by western blotting with the anti-Tau antibody. (G) Time-course expression 
analysis of 3Rwt and 4RP301L Tau from the two AAVS1 alleles present in a successfully genome-edited IMR clone 
after being treated with 2.0 µg/mL doxycycline for various lengths of time (see Supplementary Fig. S4 for raw 
data of western blot panels shown in this figure).
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approach led to the expected C106 oxidation in hydrogen peroxide-treated cells but did not reveal an influence 
of wild-type or P301L mutant Tau on the oxidation of this critical DJ-1 cysteine residue. We therefore turned to 
an alternative method of assessing if P301L mutant Tau may influence overall redox stress, namely by monitoring 
levels of lipid peroxidation. Because of its reactivity toward proteins, the detection of 4-hydroxynonenal (4-HNE), 
a prominent lipid peroxidation product, can serve as a surrogate for oxidative stress levels and was targeted here 
to assess the effect of P301L mutant Tau on cellular redox stress levels. This experiment revealed that 4-HNE 
adducts were indeed more readily detected in cells induced to express Tau-EGFP constructs (Fig. 5F). However, 
no differences in the levels of prominent 4-HNE adducts were observed in cells 18 hrs after induction of wild-type 
or P301L mutant Tau. Taken together, this line of experimentation, although intriguing due to the shared con-
nection of P301L mutant Tau and DJ-1 mutations to substantia nigra degeneration, has so far not revealed a clear 
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Figure 2. Tau interactome analysis. (A) Workflow of comparative interactome analysis of 3Rwt/4Rwt Tau versus 
3Rwt/4RP301L mutant Tau. All proteins of interest were C-terminally fused to EGFP. Analogously generated 
cell clones expressing EGFP served as the negative control. 12 hours following doxycycline addition to the 
cell culture medium, cells were lysed and protein complexes comprising Tau-EGFP fusions or EGFP alone 
were captured on beads saturated with GFP binding protein (GBP). Following extensive washing of beads, 
affinity-captured proteins were eluted by rapid acidification, denatured in the presence of 6 M urea, reduced 
with tris(2-carboxyethyl)phosphine (TCEP), alkylated with 4-vinyl pyridine (4-VP), and trypsinized. Next, the 
peptide mixture was isobarically iTRAQ-labeled and analyzed by mass spectrometry. (B) Representative live-
cell immunofluorescence analysis of IMR cells expressing 3Rwt/4RP301L Tau-EGFP 12 hours after induction by 
addition of 2 µM doxycycline to the cell culture medium. (C) Western blot analysis of equal volumes (2.5% of 
total volume) of affinity-capture eluate fractions. Note that protein levels were comparable in all fractions, and 
at 12 hours following induction there was no evidence for Tau degradation, except for a minor endoproteolytic 
cleavage product whose apparent molecular weight is consistent with a partial release of EGFP from the Tau-
EGFP fusion. (D) Graph depicting depth of interactome analysis on the basis of the number of peptide-to-
spectrum matches (PSMs) that passed a 4.4% false discovery rate (FDR) threshold.
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Figure 3. Tau sequence coverage, post-translational modifications and validation of wild-type and P301L 
mutant Tau sample assignments. (A) Mass spectrometry analysis led to highly confident assignments of PSMs 
that cumulatively covered more than 97% of the amino acid sequence of 4R Tau-EGFP (see also Supplementary 
Fig. S2). Green and yellow background shading designates segments of the protein that were identified on the 
basis of PSMs whose assignments exceeded 99% and 95% confidence thresholds, respectively. Assignments with 
confidence levels below 95% are depicted with red shading. Phosphorylation sites identified by both PEAKS 
and Proteome Discoverer were labeled with ‘P’. The letter ‘U’ designates evidence for ubiquitination identified 
on the basis of the characteristic glycine-glycine (GlyGly) stem left behind when ubiquitin is trypsin-digested. 
GlyGly modifications identified by both search engines or just one of them are marked with black and grey 
triangles, respectively. (B) Left panel: MS2 spectrum assigned to a peptide within 4R Tau that comprises residue 
P301 and, therefore, should only be contributed by affinity-capture eluates derived from cells expressing 4Rwt 
but not 4RP301L Tau. Right panel: Linked MS3 spectrum generated by fragmenting the ten most intense ions 
seen in the MS2 spectrum to the left. Note that the intensity profile of iTRAQ signature ions exhibited the 
expected distribution, thereby validating the integrity and intended order of samples. (C) This panel depicts 
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indication that the preferential P301L mutant Tau binding to DJ-1 translates into a difference in DJ-1-related 
redox stress levels.

Tau interactome analysis in differentiated co-cultures of neurons and astrocytes. An obvious 
limitation of analyses up to this point was the reliance on a system that explored Tau interactions in dividing cells. 
Because mitotically active cells must allocate considerable resources to the cell division program, the concern 
arises whether and how the signalling pathways that underpin morphogenetic changes in proliferating cells influ-
ence other aspects of cell biology. In regard to Tau, there is the additional caveat that human brain Tau levels are 
observed to be highest in axons of differentiated neurons, a subcellular compartment that cannot be studied in 
the IMR cell model. To address this concern, in a parallel strand of investigation, the CRISPR-Cas9-based genetic 
engineering steps described for the IMR cell line (Fig. 1) were reproduced in ReN cells. The latter represent a 
mixed-population human neuroprogenitor cell line that can be differentiated into co-cultures of glial cells and 
neurons. Using an enhanced differentiation scheme (hereafter termed pre-aggregation differentiation, or PreD) 
that relies on culturing the cells as neurospheres first and later supplementing the differentiation medium with 
glial-derived neurotrophic factor and dibutyryl-cyclic-adenosine monophosphate, ReN cell neurons have been 
shown to form fully electrochemically active axons that can be induced to elicit action potentials29. As described 
in detail for the IMR cell model, we were able to generate doxycycline-inducible wild-type and P301L mutant 
Tau-EGFP-expressing AAVS1 knock-in ReN cell derivates, as well as the corresponding EGFP-expressing nega-
tive controls. However, because ReN cells predominantly express 3R Tau endogenously30, we chose to not insert 
an additional 3R Tau expression cassette into the second AAVS1 allele to achieve a near-balanced 3R/4R Tau ratio. 
Next, we differentiated these lines, borrowing from previously published procedures19,29, induced 4R Tau expres-
sion for 12 hrs by doxycycline addition and captured the bait proteins on GBP matrices, as we had done before 
(Fig. 2A). In order to increase stringency, i.e., identify only proteins whose Tau binding can tolerate high levels of 
salt, affinity matrices were this time subjected to two consecutive rinses with buffers that contained 500 mM NaCl. 
The subsequent mass spectrometry analyses followed procedures established in the IMR-based interactome anal-
yses. This more stringent approach led again to the highly specific capture of Tau but resulted in the identification 
of a smaller number of Tau candidate interactors (Fig. 6, see also Fig. S3). A characteristic difference of this ReN 
cell-based Tau interactome dataset was a conspicuous absence of proteins belonging to the cellular ribonucleop-
roteome, which had dominated the IMR cell-derived Tau interactome dataset. Consistent with the IMR results, 
Tau was again observed to primarily interact with heat shock proteins, irrespective of whether the bait comprised 
wild-type or P301L mutant Tau. The ReN cell-based analyses also validated DJ-1 as a robust Tau interactor but, 
remarkably, and in contrast to the IMR-based data, indicated a preference of DJ-1 to interact with wild-type Tau, 
rather than P301L mutant Tau, in differentiated co-cultures of neurons and astrocytes (Fig. 6).

Preferential binding of wild-type Tau to non-muscle myosins. Presumably at least in part reflecting 
the increase in stringency, the levels of Tau itself and most of its candidate interactors were reduced (apparent by 
the reduction in total PSMs observed) in the ReN cell-based Tau interactome dataset, relative to the IMR-based 
analyses, which had been undertaken at the same scale (Fig. 7A). The most striking exception to this overall 
trend was represented by non-muscle myosins, which were identified with their heavy and light chains and were 
detected in the ReN cell Tau interactome dataset with a considerable proportion of total PSMs captured (Fig. 6). 
The latter not only was reflected in improved statistics of their iTRAQ reporter ion profiles but also brought to 
the fore a profound preference of their binding to wild-type Tau, relative to P301L mutant Tau. Although the 
same trend had existed in the IMR dataset, its robustness in the ReN cell data triggered further interest in this 
interaction (Fig. 7B,C).

In validation work, we verified the previously described increase in the expression of neuronal markers, neu-
ronal nuclear antigen (NeuN) and Class III β-tubulin (TuJ1)29, but also observed a parallel boost to the expression 
of glial fibrillary acid protein (GFAP) in cells that had undergone astrocytic differentiation (Fig. 7D,E). These 
changes in the expression of neuronal and astrocytic markers was already apparent 1 week into the PreD differen-
tiation. Beyond one week of differentiation open spaces left in the cell culture dishes subject to the PreD protocol 
predominantly filled with astrocytes, evident by a marked increase in the GFAP signal, but not TuJ1 or NeuN 
signals, in 4-week PreD treated cultures. This observation corroborated our choice to work with 1 week differen-
tiated ReN cells for the interactome analyses, when neurons represented approximately 20% of the total cell pop-
ulation on the basis of cell counts of TuJ1- versus GFAP-positive cells in representative fields of vision. Subsequent 
western blot analyses of GBP-affinity capture eluates validated the selective co-enrichment of non-muscle myosin 
with wild-type Tau, which easily passed significance thresholds (p < 0.001). This preferential association could 
not be explained by differences in the expression levels of bait proteins or MYH10 in lysates, which were not 
observed (Fig. 7E).

The biology of non-muscle myosins is in large part governed by ATP catalysis within the head domain of the 
heavy MYH10 subunit. To assess if the interaction of wild-type Tau with MYH10 is responsive to changes in ATP 
turnover, we next exposed differentiated ReN cells to blebbistatin, a reagent known to specifically inhibit the 
ATPase function of non-muscle myosins. As negative controls, cells were treated side-by-side with an inactive 
blebbistatin enantiomer. Strikingly, this experiment revealed that binding of wild-type Tau to MYH10 requires an 

the corresponding MS2 and MS3 spectra obtained by fragmenting the 4R Tau peptide comprising the P301L 
mutant. As expected on the basis of the iTRAQ labeling scheme, the MS3 spectrum is characterized by an 
iTRAQ signature ion profile that is complementary to the one seen above in panel ‘A’. (D) Peptide-to-spectrum 
match and its derived MS3 spectrum mapped to a region present in both 3 R and 4 R Tau isoforms.
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uninhibited ATPase activity, as binding was abolished in the presence of active blebbistatin (a) but not its inactive 
enantiomer (i) (Fig. 8A).

Frequently, interactions amongst proteins shields them from degradation. Conversely, when a protein is miss-
ing, its interaction partners are often observed at lower steady-state levels. To investigate if this scenario applies 
to the Tau-MYH10 interaction, MAPT-specific paired single-guide RNAs and a Cas9 nickase expression cassette 
were introduced into ReN VM cells to achieve a coding sequence shift that triggers nonsense mediated decay and 
ablation of endogenous Tau expression. Two distinct MAPT−/− clones obtained were analysed by western blotting 
for their expression of MYH10. This experiment showed that MYH10 levels were indeed significantly reduced in 
the absence of endogenous Tau (Fig. 8B–D).

We next assessed if the aforementioned differences in binding of wild-type versus P301L Tau to non-muscle 
myosins manifest in differences in the activity of the latter in vivo. To this end, we compared TgP301L mice with 
non-transgenic control mice of identical genetic background and capitalized on the fact that the phosphorylation 
status at amino acid Serine 19 of the regulatory myosin light chains (Mlc), including the MYL6 we found to inter-
act with wild-type Tau, is known to reflect the activity of non-muscle myosin motors. Consistent with the notion 

Gene 
Symbol Coverage # of PSMs

WT(1)/ 
P301L(3)

P301L(1)/ 
P301L(3)

WT(2)/ 
P301L(3)

P301L(2)/ 
P301L(3)

WT(3)/ 
P301L(3)

EGFP/ 
P301(3) Count

Amino 
acids

MW 
[kDa] pI

251%4.85QAHWYatehtnietorp3-3-4184372P 0.835 0.593 0.843 0.747 1.119 0.068 69 245 27.7 4.78
842%2.5501SPR01SnietorplamosobirS0438764P 0.905 0.587 0.959 0.731 1.259 0.049 117 165 18.9 10.15
751%6.3531SPR31SnietorplamosobirS0477226P 0.885 0.647 0.846 0.722 1.086 0.035 66 151 17.2 10.54
831%0.0651SPR51SnietorplamosobirS0414826P 0.996 0.566 1.057 0.817 1.240 0.103 90 145 17 10.39
222%7.6671SPR71SnietorplamosobirS0480780P 0.758 0.582 0.879 0.789 1.015 0.064 103 135 15.5 9.85
522%9.5581SPR81SnietorplamosobirS0496226P 0.757 0.591 0.797 0.680 1.145 0.051 98 152 17.7 10.99
992%3.0591SPR91SnietorplamosobirS0491093P 0.911 0.617 0.944 0.774 1.193 0.035 126 145 16.1 10.32
712%2.052SPR2SnietorplamosobirS0408851P 0.609 0.530 0.631 0.771 0.790 0.047 95 293 31.3 10.24
021%0.8532SPR32SnietorplamosobirS0466226P 0.649 0.580 0.679 0.806 0.992 0.073 23 143 15.8 10.49
003%6.873SPR3SnietorplamosobirS0469332P 0.684 0.554 0.710 0.718 1.032 0.064 147 243 26.7 9.66
052%6.75A3SPRa3SnietorplamosobirS0474216P 0.816 0.585 0.864 0.766 1.157 0.055 85 264 29.9 9.73

P62701 40S ribosomal protein S4, X isoform RPS4X 62.0% 441 0.662 0.561 0.703 0.723 0.974 0.033 169 263 29.6 10.15
742%8.857SPR7SnietorplamosobirS0418026P 0.964 0.661 1.025 0.901 1.188 0.067 110 194 22.1 10.1

P05388 60S acidic ribosomal protein P0 RPLP0 53.9% 204 0.767 0.612 0.747 0.717 0.977 0.033 103 317 34.3 5.97
P05386 60S acidic ribosomal protein P1 RPLP1 66.7% 85 1.108 0.622 0.854 0.773 1.117 0.115 64 114 11.5 4.32
P05387 60S acidic ribosomal protein P2 RPLP2 92.2% 261 1.005 0.734 0.869 0.746 1.036 0.050 107 115 11.7 4.54

451%6.3621LPR21LnietorplamosobirS0605003P 0.717 0.596 0.755 0.746 1.022 0.087 51 165 17.8 9.42
151%8.0522LPR22LnietorplamosobirS0686253P 0.956 0.630 0.887 0.825 1.321 0.105 70 128 14.8 9.19
502%4.6532LPR32LnietorplamosobirS0692826P 0.675 0.565 0.733 0.756 0.957 0.036 88 140 14.9 10.51
27%9.2572LPR72LnietorplamosobirS0635316P 1.005 0.704 0.982 0.761 1.442 0.061 31 136 15.8 10.56
94%0.0583LPR83LnietorplamosobirS0637136P 0.693 0.588 0.773 0.809 0.849 0.036 38 70 8.2 10.1
212%4.959LPR9LnietorplamosobirS0696923P 0.686 0.554 0.699 0.697 0.885 0.038 76 192 21.8 9.95

Q92688-2 Acidic leucine-rich nuclear phosphoprotein 32 ANP32B 51.3% 114 0.823 0.657 0.893 0.689 1.125 0.058 42 195 22.3 4.3
136%1.16BTCA1cimsalpotyc,nitcA90706P 1.275 0.641 1.296 0.751 1.637 0.057 157 375 41.7 5.48
721%8.251ONEesalone-ahplA33760P 0.314 0.477 0.408 0.737 0.578 0.153 64 434 47.1 7.39

G3V1A4 Cofilin 1 (Non-muscle), isoform CRA_a CFL1 54.4% 117 0.367 0.456 0.420 0.791 0.477 0.088 57 149 16.8 8.35
K7ENX8 Cold-inducible RNA-binding protein (Fragment) CIRBP 57.5% 55 0.744 0.655 0.804 0.688 1.022 0.089 23 80 8.9 4.81

835%3.17SPHDesahtnysenisupyhyxoeD66394P 0.714 0.612 0.722 0.729 1.022 0.059 226 369 40.9 5.36
0.840 0.687 0.816 0.805 1.128 0.125 90 303 34.8 5.87

294%9.161A1FEE1ahpla-1rotcafnoitagnolE40186P 0.552 0.564 0.591 0.770 0.753 0.044 245 462 50.1 9.01
41%4.85BOLEB-nignolE8UZZ8B 0.993 0.782 0.800 0.799 1.002 0.081 14 113 12.5 4.97

P04406 Glyceraldehyde-3-phosphate dehydrogenase GAPDH 51.9% 233 0.504 0.520 0.480 0.789 0.698 0.106 110 335 36 8.46
P0DMV8 Heat shock 70 kDa protein 1A HSPA1A 86.9% 2640 0.997 0.643 0.990 0.777 1.288 0.095 918 641 70 5.66
P11142 Heat shock cognate 71 kDa protein HSPA8 81.7% 1983 0.655 0.626 0.685 0.736 0.916 0.069 560 646 70.9 5.52
P09651-3 Heterogeneous nuclear ribonucleoprotein A1 HNRNPA1 54.7% 217 0.919 0.646 0.983 0.770 1.347 0.067 85 267 29.4 9.14

A2H2TSIHC-2epytA2HenotsiH77761Q C 55.0% 161 1.360 0.629 1.481 0.767 1.842 0.040 54 129 14 10.9
761%3.75A4H1TSIH4HenotsiH50826P 1.780 0.645 1.890 0.635 2.084 0.120 65 103 11.4 11.36

0.997 0.970 0.819 0.690 1.312 0.386 151 115 12.5 7.88
P10636-5 Microtubule-associated protein tau MAPT 90.2% 3817 0.872 0.711 0.904 0.815 1.229 0.123 1250 410 42.6 7.37

0.977 0.669 1.022 0.807 1.306 0.143 122 324 35.9 9.88
0.224 0.451 0.290 0.697 0.429 0.093 102 165 18 7.81

523%8.261XDRP1-nixoderixoreP03860Q 0.367 0.521 0.410 0.806 0.573 0.071 176 199 22.1 8.13
0.863 0.622 0.898 0.736 1.238 0.057 287 394 43.8 6.55

Q99497 Protein/nucleic acid deglycase DJ-1 PARK7 60.9% 171 0.192 0.469 0.286 0.794 0.378 0.150 61 189 19.9 6.79
0.289 0.506 0.302 0.740 0.534 0.076 72 317 35.1 7.69
0.922 0.538 0.958 0.743 1.396 0.113 24 78 8.6 5.49

P62304 Small nuclear ribonucleoprotein E SNRPE 52.2% 22 0.997 0.825 0.965 0.813 1.490 0.300 21 92 10.8 9.44
192%7.57A1ABUTniahcA1-ahplanilubuT2-63U17Q 0.361 0.577 0.395 0.781 0.638 0.089 78 416 46.3 5.08
503%8.96B1ABUTniahcB1-ahplanilubuT36386P 0.362 0.597 0.387 0.789 0.652 0.103 87 451 50.1 5.06
734%8.76BBUTniahcatebnilubuT73470P 0.398 0.618 0.462 0.724 0.699 0.081 150 444 49.6 4.89
433%6.95B2BBUTniahcB2-atebnilubuT1AVB9Q 0.409 0.636 0.463 0.722 0.704 0.061 108 445 49.9 4.89
613%6.16B4BBUTniahcB4-atebnilubuT17386P 0.380 0.634 0.468 0.720 0.670 0.123 109 445 49.8 4.89

P09661 U2 small nuclear ribonucleoprotein A' SNRPA1 54.1% 95 0.865 0.735 0.971 0.684 1.401 0.137 32 255 28.4 8.62
795%7.36MIVnitnemiV07680P 0.659 0.617 0.709 0.782 0.979 0.071 207 466 53.6 5.12

0.697 0.570 0.762 0.678 1.043 0.100 171 732 82.7 5.81
0.817 0.592 0.871 0.730 1.104 0.067 215 609 69.8 6.64

082%0.353XBY3nietorpgnidnib-xob-Y98961P 0.944 0.656 0.952 0.786 1.315 0.137 111 372 40.1 9.77

Figure 4. Tau interactome in IMR cells (subset restricted to entries that exceeded 50% sequence coverage; 
sorted alphabetically). Grey shading was used in this figure to emphasize relative high numbers in the ‘Coverage’ 
and ‘Count’ columns that depict the protein-specific sequence coverages and numbers of quantified peptide-
to-spectrum matches, respectively. Blue-to-red conditional formatting (percentile-based) was used to depict 
relative iTRAQ signature ion abundance ratios, with the iTRAQ 119 channel intensity, derived from one of 
three 3Rwt/4RP301L Tau-EGFP derived biological replicates, serving as the denominator.

https://doi.org/10.1038/s41598-019-52543-5


9Scientific RepoRtS |         (2019) 9:16238  | https://doi.org/10.1038/s41598-019-52543-5

www.nature.com/scientificreportswww.nature.com/scientificreports/

A B

PARK7
GBLB
E9PK25
TBA1B

ICLN
PRDX2

HMGB2
H4
PARP1
MYL6
BAF

iTR
A

Q
-119

iTR
A

Q
-117

iTR
A

Q
-115

iTR
A

Q
-118

iTR
A

Q
-116

iTR
A

Q
-114

Intensity of individual iTRAQ channels 
Average intensity in all channels 

40-4

D

3Rwt4RP301L

Tau-EGFP
3Rwt4Rwt

Tau-EGFP

C

43- 3210-1-2-4

S
ig

ni
fic

an
ce

 [-
10

lo
g 10

]

0.025 p-value 
threshold

Average                                        iTRAQ signature ion intensity ratios 3Rwt4Rwt Tau-EGFP

Preferential binding to
3Rwt4RP301L Tau-EGFP

Preferential binding to
3Rwt4Rwt Tau-EGFP

PARK7(DJ-1)

0

5

10

15

20

25

30

35

40

45

3Rwt4RP301L Tau-EGFP

POTEE

E

F

DJ-1

DJ-1 ox

Tau-EGFP

Dox

H2O2

DJ-1
    

bra
in 

lys
ate

-/-

wt ly
sa

te

22

22

93

 MW
[kDa]

41 Actin

- + - +
- +

-
W P G W P G

+ -
W P G W P G

+ -
W P G W P G

+

W P G W P G W P G W P G

 MW
[kDa]

- + - +
 MW
[kDa] W P G

Lysates

DJ-1
Dox

5321

Tau-EGFP

Tau-E
G

FP

22
987 316 121110 144

5321 6 54 321 6 54 321 64321

321

DJ-1

Actin

22

41

53

 MW
[kDa] DJ

-1
-/-

Tg
Ta

uP
30

1L
-/-

Tg
Ta

uP
30

1L
+/

-

Tau

130
93
70
53

41
30
22
18
14
9

 MW
[kDa]

130
93
70
53

41
30

eissamooCENH-4HDPAG

41
30
22

130
93
70
53

[log2]

[log2]

MYL6

Figure 5. Preferential binding of DJ-1 to mutant 4RP301L Tau, relative to 4Rwt Tau, in IMR cells. (A) Hierarchical 
clustering analysis of proteins that exhibited preferential binding to 4RP301L or 4Rwt Tau. (B) Orthogonal 
confirmation of proteins shortlisted in panel ‘A’ by volcano plot (ANOVA, p = 0.025). Red and green 
background shading signify preferential binding to 3Rwt/4RP301L Tau and 3Rwt/4Rwt Tau, respectively (fold change 
greater than 50%). (C) Western blot documenting that the 12 hours induction of wild-type or P301L mutant 
Tau-EGFP fusion proteins did not alter steady-state levels of DJ-1. Note that in this and subsequent western blot 
panels samples derived from wild-type human Tau-EGFP expressing cells, P301L mutant Tau-EGFP expressing 
cells, and EGFP expressing cells are labeled as ‘W in black font’, ‘P’ in blue font and ‘G’ in green font, respectively. 
(D) Similarly, transgenic overexpression of P301L mutant Tau had no apparent effect on DJ-1 expression levels 
in 2-year-old mice. Specificity of the anti-DJ-1 antibody was validated with age-matched brain extracts from a 
DJ-1−/− mouse. (E) Hydrogen peroxide (H2O2) treated IMR cells expressing wild-type or P301L mutant Tau-
EGFP fusion proteins exhibited no differences in total DJ-1 levels or of its oxidation at residue C106. As negative 
and positive controls for oxidized DJ-1 served brain lysates from DJ-1−/− and wild-type mice, respectively, that 
were subjected to 1 mM H2O2 for 10 min at room temperature. (F) No differences in 4-hydroxy-trans-2-nonenal 
(4-HNE) levels were observed in IMR cells 12 hrs after induction of wild-type versus P301L mutant Tau. Note 
that although the expression of the Tau-EGFP fusion proteins altered the bands recognized by the 4-HNE-
directed antibody, these signals were not different in cells expressing wild-type versus P301L mutant Tau-EGFP 
fusions (see Supplementary Fig. S5 for raw data of western blot panels shown in this figure).
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that binding of wild-type Tau to non-muscle myosins may stabilize the activity of non-muscle myosins, transgenic 
mice expressing P301L exhibited a significant reduction in the phosphorylation status of Mlc (Fig. 8E–G).

Wild-type and P301L Tau are not differentially phosphorylated 12 hours upon induction. The 
441 amino acid human 2N4R Tau protein sequence contains 85 serine, threonine or tyrosine residues. The pro-
tein is not only naturally phosphorylated but Tau hyperphosphorylation is a hallmark of AD and has also been 
observed in P301L mutation carriers. To begin to assess if differences in Tau phosphorylation played a role in the 
preferential binding of wild-type Tau to non-muscle myosins, iTRAQ-labeled phospho-peptides were enriched 
on titanium dioxide-matrices and analysed by tandem mass spectrometry, augmented by the complementary 
use of instrument configurations that generated peptide fragments by collision-induced dissociation or elec-
tron transfer dissociation (Fig. 9A). This phase of the project made use of the PEAKS algorithm, followed by 
visual inspection of mass spectra proposed to harbor phospho-sites. As expected, during 12 h of induction, 
Tau was observed to be phosphorylated at several sites. More specifically, in IMR cells (the dataset with the 
highest Tau PTM coverage), more than half of the theoretical phospho-acceptor residues were at least in a sub-
set of spectra interpreted to be phosphorylated (Fig. S2), with assignments to an additional 8 sites considered 
tentative (Fig. 9B). Spectral count-based estimates (comparing the number of total spectra comprising a given 
phospho-acceptor site to the number of spectra showing the same site to be phosphorylated) indicated that occu-
pancy rates per site approximated but never exceeded 50% for a few sites. Consistent with earlier data by others, 
in particular, phospho-acceptor sites N-terminal to the microtubule binding domain and within the C-terminal 
tail of Tau showed robust phosphorylation, with residues S199, S202, T212, S214, T217, T231, S235, S396, S400, 
T403, S404 showing the highest occupancy rates. However, 12 hrs following doxycycline-mediated Tau induction, 
no differences in the phosphorylation patterns or relative occupancies of phosphorylation sites were apparent 
when comparing iTRAQ reporter ion intensities of Tau peptides derived from cells expressing wild-type or P301L 
mutant Tau (Fig. 9C).

Discussion
This study produced and compared two in-depth Tau interactome datasets generated with a dividing and a 
non-dividing human model, each expressing wild-type or P301L mutant Tau fused to a C-terminal EGFP. Both 
models corroborated previously reported Tau protein-protein interactions, including its robust binding to heat 
shock proteins of the Hsp70 protein family, which was observed at similar levels irrespective of the presence or 
absence of the FTD mutation. It also identified several proteins that were profoundly affected by the mutation in 
their binding to Tau. Interestingly, whereas for DJ-1 the binding preference to wild-type or P301L mutant Tau 
presented inconsistently in IMR and ReN cells, non-muscle myosins emerged in this work as preferentially bind-
ing to wild-type Tau in both cell models. The Tau binding of non-muscle myosins also stood out by its resilience 
to harsh washing steps, which caused the removal of a majority of proteins that interact with Tau under physio-
logical salt conditions and are broadly identifiable as members of the ribonucleoproteome.

A conceptual advance of this work was its use of an inducible system for the controlled expression of Tau in 
a human cell model. The system offers versatility that can also save resources for future IMR or ReN cell-based 
studies. With the foundation cassettes in the AAVS1 safe harbor locus in place, and the positive isolation of 
Cre-mediated integrant clones relying on rapid puromycin resistance selection, the system can be adapted for the 
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P10636-5 Microtubule-associated protein tau MAPT 90.2% 3817 0.87 0.71 0.90 0.82 1.23 0.12 1250 0.95 1.01 0.95 0.67 0.82 0.11 237 -1013 410 42.6 7.37
P11142 Heat shock cognate 71 kDa protein HSPA8 81.7% 1983 0.66 0.63 0.69 0.74 0.92 0.07 560 1.25 1.06 0.96 0.63 0.78 0.16 171 -389 646 70.9 5.52
P54652 Heat shock-related 70 kDa protein 2 HSPA2 33.3% 658 0.68 0.65 0.75 0.77 1.03 0.07 188 1.19 1.00 0.95 0.59 0.77 0.17 44 -144 639 70 5.74
P34931 Heat shock 70 kDa protein 1-like HSPA1L 38.7% 1520 1.00 0.70 1.01 0.83 1.40 0.13 420 1.27 1.10 1.00 0.59 0.75 0.23 32 -388 641 70.3 6.02
P17066 Heat shock 70 kDa protein 6 HSPA6 24.1% 422 0.85 0.65 0.87 0.74 1.34 0.04 140 1.53 1.25 1.03 0.60 0.80 0.23 21 -119 643 71 6.14
P11021 78 kDa glucose-regulated protein HSPA5 44.8% 531 0.82 0.61 0.89 0.73 1.18 0.06 202 1.14 0.91 0.98 0.59 0.74 0.23 17 -185 654 72.3 5.16
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4.12 0.74 3.17 0.69 3.64 0.13 39 4.31 0.89 1.69 0.98 3.59 0.35 29 -10 130 14.4 4.51

P0DMV8 Heat shock 70 kDa protein 1A HSPA1A 86.9% 2640 1.00 0.64 0.99 0.78 1.29 0.10 918 1.79 1.28 0.95 0.54 0.80 0.35 20 -898 641 70 5.66
P19105 Myosin regulatory light chain 12A MYL12A 44.4% 32 6.46 0.60 7.59 0.21 11.75 0.31 16 3.07 0.86 1.48 0.80 4.75 0.37 6 -10 171 19.8 4.81
P38646 Stress-70 protein, mitochondrial HSPA9 48.0% 445 0.88 0.64 0.94 0.72 1.37 0.15 205 1.82 1.18 1.25 0.99 1.01 0.45 30 -175 679 73.6 6.16
Q9BVA1 Tubulin beta-2B chain TUBB2B 59.6% 334 0.41 0.64 0.46 0.72 0.70 0.06 108 1.83 1.31 1.71 0.94 1.07 0.48 67 -41 445 49.9 4.89

1.38 0.62 1.39 0.76 1.68 0.03 84 4.25 1.23 2.22 1.17 3.56 0.49 89 5 376 41.8 5.48
P07437 Tubulin beta chain TUBB 67.8% 437 0.40 0.62 0.46 0.72 0.70 0.08 150 1.84 1.31 1.76 0.96 1.07 0.50 78 -72 444 49.6 4.89

702%4.9101HYM01-nisoyM08553P 3.58 0.93 1.83 0.95 3.19 0.50 108 108 1976 228.9 5.54
P68371 Tubulin beta-4B chain TUBB4B 61.6% 316 0.38 0.63 0.47 0.72 0.67 0.12 109 1.83 1.34 1.80 0.96 1.06 0.51 53 -56 445 49.8 4.89

1.35 0.60 1.30 0.77 1.63 0.04 20 4.06 1.13 2.04 1.07 3.11 0.52 51 31 376 42 5.59
1.28 0.64 1.30 0.75 1.64 0.06 157 4.24 1.12 2.25 1.09 3.60 0.56 162 5 375 41.7 5.48

P68363 Tubulin alpha-1B chain TUBA1B 69.8% 305 0.36 0.60 0.39 0.79 0.65 0.10 87 1.62 1.32 1.56 0.94 1.02 0.59 53 -34 451 50.1 5.06
Q71U36-2 Tubulin alpha-1A chain TUBA1A 75.7% 291 0.36 0.58 0.40 0.78 0.64 0.09 78 1.69 1.28 1.55 0.98 1.06 0.60 60 -18 416 46.3 5.08
Q16555-2 Dihydropyrimidinase-related protein 2 DPYSL2 17.7% 26 4.08 1.64 2.43 1.41 1.80 0.82 17 17 536 58.1 6.15
Q99497 Protein/nucleic acid deglycase DJ-1 PARK7 60.9% 171 0.19 0.47 0.29 0.79 0.38 0.15 61 2.87 1.85 3.21 1.56 2.05 0.87 32 -29 189 19.9 6.79

NeRRMI

Heat map color code
Co-enrichment ratio

Numerator (see table)

3Rwt + 4RP301L Tau- EGFP

1 1.001

Figure 6. Comparison of Tau interactomes in IMR and ReN cells. Entries sorted by enrichment levels relative 
to EGFP-only negative controls observed in ReN cells. Please see also legend of Fig. 4 for a description of 
grey-shades and color-shading used in this figure. The relative counts (Rel. counts) column depicts the protein-
specific difference count of peptide-to-spectrum matches observed in IMR and ReN cells. Note the relatively 
high difference counts for non-muscle myosin-9 and non-muscle myosin-10, reflecting the pronounced co-
enrichment of these proteins with Tau in ReN cells.
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Figure 7. Preferential binding of wild-type Tau to non-muscle myosins. (A) Box plots adapted from 
ProteomeDiscoverer software depicting abundance ratios of peptides assigned to Tau in IMR and ReN cell 
interactome datasets. In this type of graph, ratios of iTRAQ reporter ion intensities for a given peptide are 
depicted as individual dots. Because the data were queried with Mascot and Sequest algorithms, most PSMs 
were assigned to Tau by both algorithms. To avoid artificial inflation of hits, only unique and confident 
assignments were considered when computing median ratios and inter quartile ranges (IQR), i.e., duplicate or 
low confidence PSMs (red dots) were ignored. As expected, Tau levels were similar in all eluate fractions except 
for negative controls. (B) Box plots for non-muscle myosin-10 (MYH10) revealed its preferential enrichment 
in wild-type Tau co-immunoprecipitates. *Whereas peptide-to-spectrum matches in the ReN cell-derived Tau 
interactome dataset unequivocally identified MYH10, the IMR cell-derived dataset comprised only a small 
number peptide-to-spectrum matches for this protein that were shared with its paralog MYH9. (C) Box plots 
results for myosin light polypeptide (MYL6). (D) Distribution of TuJ1-positive neuronal cells and GFAP-
positive glial cells in two fields of vision that were mostly composed of neuronal (left panel) and glial cells 
(right panel) after one week of PreD differentiation. TuJ1: green, GFAP: red, DAPI: blue. Scale bar: 50 μm. (E) 
Preaggregation method of differentiation (PreD) increases expression of neuronal markers more robustly than 
the standard method of differentiation (StdD). Western blot analyses of ReN VM cell lysates before and after 
one week or four weeks of differentiation using the StdD or PreD method. Expression of neuronal marker TuJ1 
is appreciably higher in PreD-differentiated cells than in StdD. Expression of neuronal marker NeuN is present 
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expression of other proteins-of-interest in less than a month (a timeline that has been validated in two separate 
studies – not shown). Here, the doxycycline-responsive inducibility of the system ensured: (1) Tau levels could be 
titrated by controlling doxycycline levels; and (2) the interactome was not dominated by interactions that govern 
Tau degradation. Corroborating the latter conclusion, proteins known to be associated with the proteasomal 
degradation machinery were conspicuously absent from this Tau interactome dataset. This was in stark contrast 
to a previous Tau interactome dataset we had produced from IMR cells that were stably transfected with a Tau 
expression plasmid and made use of largely identical workflows and instrumentation. In this previous dataset 
more than a dozen proteasomal subunits were represented with robust spectral counts (>100) and sequence 
coverages exceeding 60%13.

One recent interactome study investigated binders of Tau in mouse brains31. In addition to confirming 
the ability of Tau to interact with a subset of heat-shock proteins and members of 14-3-3 protein family, the 
affinity-capture of endogenous mouse Tau led predominantly to the co-enrichment of cytoskeletal proteins and 
abundant brain proteins, including synaptic proteins and myelin components but not the ribonucleoproteome. 
The reliance on mouse brains was both a strength and a weakness of this study, the major concerns being that 
mouse brains may not faithfully recapitulate perturbations in human tauopathies, and the possibility that cell 
type-specific Tau interactions could have been masked by the complexity of cellular phenotypes present in the 
brain.

Surprisingly, the current study documented DJ-1 to be preferentially associated with P301L mutant Tau or 
wild-type Tau in IMR or ReN cells, respectively. This finding serves as yet another data point in an emerging body 
of literature that cautions against the expectation that protein-protein interactions are mostly conserved when 
comparisons are made across paradigms32. A battery of tests that explored if these observations reflected (1) cell 
type-specific differences in steady-state expression levels of DJ-1, (2) differences in the cells’ ability to deploy DJ-1 
as a scavenger of reactive oxygens, or (3) broader differences in the cells’ coping with redox stress, has to this date 
not yielded a clue for interpreting this finding (Fig. 5). Despite this shortfall, it is noteworthy that the interaction 
between DJ-1 and Tau was observed in both paradigms, survived high salt washes of the capture matrix and was 
one of very few interactions that was quantitatively impacted by the presence of the P301L mutation. In light of 
the similar Parkinson’s disease-characteristic phenotypes that can be caused by P301L Tau or mutations in DJ-1, 
further studies into the molecular underpinnings of this link between Tau and DJ-1 may prove to be a produc-
tive direction for further research. Various scenarios can be invoked, including the possibility that a specific 
post-translational modification within Tau or DJ-1 governs this interaction. Relevant insights are expected to 
emerge from biochemical, immunocytochemical or genetic analyses. The latter could probe for genetic inter-
actions between DJ-1 and Tau and could be based on crosses of mice that are either engineered to harbor the 
respective mutants or are deficient for one of the parent genes.

Arguably the most striking observation in this work was the preferential and consistent association of 
non-muscle myosins with wild-type Tau but not its mutant derivative. Not only did this interaction withstand 
stringent washing steps but the MYH9 and MHY10 heavy chains of non-muscle myosin complexes were the two 
proteins whose relative spectral counts increased the most when we moved from a workflow that made use of 
IMR cells and washing of capture matrices under physiological salt conditions to ReN cells and washing of Tau 
capture matrices under high-salt conditions (tallies of ‘relative counts’ shown in Fig. 6). Follow-up biochem-
ical experiments validated the selective interaction of non-muscle myosins with wild-type Tau (as well as the 
perturbation of this interaction in P301L mutant Tau capture experiments) and revealed that it relies on active 
ATPase function in non-muscle myosins. We currently interpret our results to indicate that the interaction of 
wild-type Tau with non-muscle myosins promotes the normal biology of these cytoskeletal motors and stabilizes 
their steady-state levels. P301L mutant Tau did not affect the expression of endogenous Tau in the mouse model 
we tested (Fig. 8E). However, P301L mutant Tau may stand in for endogenous Tau in regard to its binding to 
microtubules and other Tau-related cellular roles. In this way, the presence of P301L mutant Tau may displace 
endogenous Tau and partially block its normal interaction with non-muscle myosins, leading to a reduction in 
the phosphorylation of their light chains.

Non-muscle myosins are best known for providing contractile forces that control a wide range of biolog-
ical processes, including cytokinesis, phagocytosis, cellular migration33 and mitochondrial fission34 within 
non-muscle cells. This subfamily of myosins is also understood to be critical for dendritic spine morphology35–38 
and has been observed as integral components of the axon initial segment (AIS)39–41 and tunneling nanotubes 
(TNTs)42. Tau itself has repeatedly not only been implicated in the cellular biology that governs the aforemen-
tioned neuronal structures but the perturbation of its biology in relation to these structures has been proposed 
to constitute ground zero for the cellular toxicity underlying FTD. Yet, to our knowledge, a direct interaction 
between Tau and non-muscle myosins has not previously surfaced. However, the unconventional Myosin VI was 
one of 30 modifier genes of V337M mutant Tau-mediated neurodegeneration in a Drosophila model of FTD43. 
The authors went on to report that Myosin VI associated with Tau tangles in a small number of brains from AD 

only in PreD-differentiated cells. Whereas expression levels of TuJ1 and NeuN were similar in cultures that were 
differentiated 1 week or 4 weeks, GFAP signal intensities continued to increase in PreD differentiated cultures 
from 1 to 4 weeks of culture. (F) Validation of selective co-enrichment of MYH10 with wild-type Tau. Western 
blots depicting co-immunoprecipitation eluate fractions and input lysates derived from cells expressing wild-
type Tau-EGFP (labeled as ‘W’), P301L Tau-EGFP (labeled ‘P’ in blue font) or EGFP (labeled as ‘G’ in green 
font). Lower right panel: quantitation of signal intensities of western blot bands. Values were computed from 
triplicate analyses. All data are represented as mean ± SEM (see Supplementary Fig. S6 for raw data of western 
blot panels shown in this figure).
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Figure 8. Tau binding to MYH10 is inhibited by blebbistatin and may stabilize steady-state levels of MYH10. 
(A) Binding of wild-type Tau to MYH10 is blocked when non-muscle myosin II ATPase activity is inhibited by 
treatment with 10 µM of the active (S)-Blebbistatin enantiomer for 2 hours. Western blot analysis documenting 
that MYH10 binding to wild-type Tau-EGFP can be blocked by active (a) but not by inactive (i) blebbistatin, 
a cell-permeable inhibitor of non-muscle myosin II ATPases. (B) Genetic sequencing results of TAU−/− cell 
clones (sequencing chromatogram retraced to enhance signal strength). The position of indels was inferred 
from the partial sequence alignment to the wild-type MAPT sequence. (C) The presence or absence (TAU−/−) 
of endogenous Tau influences levels of MYH10 in 1-week differentiated ReN cells. (D) MYH10 levels in TAU−/− 
cells were significantly lower (***p < 0.001) than in inducible Tau-EGFP or EGFP expressing cells. MYH10 
levels were normalized to β-actin (ACTB) levels. (E) Comparison of Myh10, endogenous Tau and Actb levels by 
western blot analysis in mouse brain extracts of wild-type and Tau−/− mice. The lower panel depicts a portion 
of the Coomassie-stained western blot to document equal total protein loading. (F) MYH10 protein levels 
were significantly (p < 0.01) lower in Tau−/− mice than in age-matched wild-type C57BL/6 control mice. (G) 
Attempts to undertake a phospho-MLC (pS19) analysis with ReN cell extracts have failed to date because the 
respective antibody only reacts with mouse samples, not human samples. Naïve ReN VM cells are shown in lane 
1 to control for clonal effects of inducible cells. A portion of the Coomassie blue-stained western blot validates 
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and FTDP-17 cases but not from individuals with a postmortem diagnosis of PSP or Pick’s disease. Several stud-
ies have zeroed in on Tau’s relationship to the AIS, mostly motivated by interest in the molecular basis for the 
predominantly axonal localization that characterizes healthy neurons and is gradually lost in several tauopathies. 
Intriguingly, both hyperphosphorylated P301L mutant Tau44 and activity-impaired non-muscle myosins40 have 
recently been reported in independent studies to displace the AIS further down the axon. Finally, the afore-
mentioned TNT study identified, in addition to actin and MYH10, Tau as a specific marker of TNTs42, thereby 
indicating a subcellular niche where a possible in vivo interaction between Tau and a non-muscle myosin might 
be studied.

Efforts to map the sites of phosphorylation, identify the kinases responsible, and develop an under-
standing of the relative order and significance of individual phosphorylation sites have marked Tau research 
for years. Reflective of advances in mass spectrometry instrumentation, the most in-depth analyses of Tau 
post-translational modifications to date were reported in recent time, including comprehensive phospho-site 
analyses of mouse brain Tau45 and human Tau expressed in SF9 cells46. The in-depth Tau sequence coverage 
obtained in this work afforded yet another opportunity to map phosphorylation sites, with the added advantage 
that not only the Tau sequence itself but also the host cells were of human origin. Moreover, the concomitant 
analysis of samples from wild-type versus P301L mutant Tau expressing cells, was used to determine if the P301L 
mutation enhanced Tau phosphorylation relative to wild-type Tau, and if so, which sites are most affected. These 
analyses revealed no evidence for P301L-dependent Tau hyperphosphorylation within the 12 hrs induction win-
dow and in the two cell models tested. A close look at the literature reporting on the phosphorylation of mutant 
FTD Tau versus wild-type Tau indicates that this finding is not an outlier. Whereas some FTD mutations, includ-
ing the R406 mutation, have been reported to cause long-range effects on phosphorylation sites47, most analyses 
of the consequence of expressing P301L mutant Tau in various cell models indicated no or few differences in 
phospho-site occupancy48 and hyperphosphorylation of P301L mutant Tau is typically only observed in adult 
brain tissue49. There are several caveats in the interpretation of data presented in this report that warrant further 
investigation under separate cover. More specifically, although the most parsimonious interpretation of the cur-
rent data suggests that preferential binding of non-muscle myosin to wild-type Tau, relative to P301L mutant 
Tau, did not reflect overall differences in Tau phosphorylation, we cannot comment on whether the sub-pool of 
Tau that associated with non-muscle myosins was differentially phosphorylated. To firmly address this question 
a reverse immunoprecipitation followed by in-depth profiling of Tau posttranslational modifications could be 
informative. Similarly, the current study did not incorporate steps that could delineate the possible contribution 
of sub-pools of Tau, characterized by distinct subcellular localization or solubility, to differences in wild-type ver-
sus P301L mutant Tau interactomes. A more complete account of the underlying differences between wild-type 
and P301L mutant Tau in their propensity to bind to non-muscle myosins may benefit from detailed insights into 
how phosphorylation affects solubility. At least in vitro there is elegant prior data that documented P301L mutant 
Tau to exhibit higher aggregation propensity, relative to wild-type Tau, when a lower number of phospho-sites 
are present50.

In the spirit of many interactome studies that came before it, this work raised more questions than it could 
answer. Amongst the unresolved observations a few stand out: (1) the robust yet inverse co-enrichment DJ-1 
exhibited toward wild-type and P301L Tau in the two human cell models, serving as a warning to cautiously 
interpret results obtained with a specific paradigm but also asking for an explanation. (2) The attention it drew 
to non-muscle myosins as candidate mediators of a poorly understood biology underlying P301L mutant 
Tau-dependent toxicity. (3) The fact that differences in the interactions of wild-type and P301L mutant Tau man-
ifested in the absence of apparent differences in their phosphorylation state. Thus, hopefully, a lasting contribu-
tion of this report will be that it put a spotlight on a small number of protein-protein interactions that warrant 
follow-up and provided models that will be useful to anyone interested in pursuing these leads.

Methods
Antibodies. Primary antibodies were sourced as follows: rabbit polyclonal K9JA anti-Tau antibody (catalog 
number A0024, Dako Canada, Burlington, ON; used at 1:2000 dilution), mouse monoclonal JL-8 anti-GFP anti-
body (catalog number 632380, Clontech Laboratories Inc., Mountain View, CA; used at 1:1000 dilution), rabbit 
polyclonal anti-DJ-1 antibody (catalog number ab18257, Abcam, Cambridge, MA; used at 1:1000 dilution), rab-
bit monoclonal MJF-R16 (66-5) anti-oxidized DJ-1 antibody (catalog number ab169520, Abcam; used at 1:500 
dilution), rabbit polyclonal anti-HNE reduced Michael adducts antibody (catalog number ABN249, Millipore, 
Etobicoke, ON; used at 1:1000 dilution), mouse monoclonal 3H2 anti-non-muscle myosin IIB antibody (catalog 
number ab684, Abcam; used at 1:500 dilution), rabbit monoclonal EPR22564-23 anti-MYH10 antibody (catalog 
number ab230823, Abcam; used at 1:1000 dilution), mouse monoclonal anti-phospho-myosin regulatory light 
chain 2 (Ser19) antibody (catalog number 3675, Cell Signaling Technology, Danvers, MA; used at 1:500 dilution), 
mouse monoclonal anti-β-actin antibody (catalog number AM1021B, Abgent, used at 1:2000 dilution), mouse 
monoclonal ZG003 anti-GAPDH antibody (catalog number 39–8600, Thermo Fisher Scientific, Nepean, ON; 
used at 1:2000 dilution), mouse monoclonal TU-20 anti-Tuj1 antibody (catalog number ab7751, Abcam; used 

equal protein loading. (H) Transgenic P301L Tau mice exhibit reduced levels of phospho-occupancy at residue 
S19 within their regulatory myosin light chains. (I) Bar graph: quantitation of signal intensities of pS19 western 
blot bands derived from triplicate analysis of brain lysates of P301L transgenic mice versus control mice of same 
genetic background. All data are represented as mean ± SEM. For sample abbreviations, please see previous 
legend (see Supplementary Fig. S7 for raw data of western blot panels shown in this figure).

https://doi.org/10.1038/s41598-019-52543-5


1 5Scientific RepoRtS |         (2019) 9:16238  | https://doi.org/10.1038/s41598-019-52543-5

www.nature.com/scientificreportswww.nature.com/scientificreports/

Model
Review of 

reports prior
to 2015

Brain SF9 IMR32 ReN VM Revised total

Species Multiple Mus 
musculus S. frugiperda Multiple

81026102raeY

latoT.lateriaMrohtuA

Residue
T17
Y18 + +
Y29 + +

++03T
++93T

++++++64S
++++05T

T52
++65S

)+(+++suougibma+16S
)+(+++++suougibma+36T

)+(+++suougibma+46S
)++(+++suougibmasuougibma+86S

T69 + + ambiguous + + ++++(+)
++++++17T

)+(++suougibma++67T
++59T

T101
T102

++++++111T
++++311S

T123 + +
S129
S131
T135
S137
T149
T153 + +

++961T
++++++571T

T181 + + ambiguous + + ++++(+)
++++++481S
++++++581S

)+(++suougibma++191S
++++++591S
)+(+suougibma+791Y

)+(+++suougibma+++891S
S199 + + + + ambiguous ++++(+)
S202 + + + + ambiguous ++++(+)

++++++++502T
++++802S

)+(+++++suougibma+012S
++++++++212T
++++++++412S
++++++++712S
)+(+suougibma+022T

T231 + + + + ambiguous ++++(+)
S235 + + + + ambiguous ++++(+)

++++++732S
)+(+suougibma+832S

S241
T245
S258 + +

++++++++262S
)+(++suougibma+362T

S285
S289 + +

++392S
S305
Y310
S316
T319
S320

++++423S
S341
S352
S356 + + + + ambiguous ++++(+)

)+(suougibma163T
)+(suougibma373T

T377
+++683T

++++++493Y
S396 + + + + + +++++

++++++++004S
)+(+++++suougibma+304T

S404 + ambiguous + + +
)+(+++suougibma+904S
)+(+++suougibma+214S
)+(+++suougibma+314S
)+(+++suougibma+414T

++++++614S
++++++224S

++++724T
)+(+suougibma+334S

S435 + +

Morris et al. This study

2015 2018

H. sapiens

N
1

N
2

R
2

R
3

R
4

301
0

441
369

244
103

45

4R
w

tTau
R

1
Intensity (10  counts)

00
41

00
01

00
6

00
2

m
/z

0 1 2 3 4

S
   P   V

   V
   S

   G
   D

  T   s   P   R y
1 ,z

1

c
10

c
8

c
7

c
3

c
2

c
4

c
6

c
5

z
3

z
9

z
8

z
4

y
6 ,z

6
z

7
y

5 ,z
5

E
TD

 fragm
ent spectrum

 of tryptic phospho-Tau peptide 396-S
P

V
V

S
G

D
TS

P
R

-406

CA

119.11

114.11

117.11
115.11

118.11
116.11

100500
112

114
116

118
120

122

Relative Abundance (%)

m
/z

10
7

8
c

3
3

8
1

+

6
5

+

5
6

+

1
4

5

6 4
7

c
c

z
2

c
z

c
y

[M
+3H

]³
z

c
[M

+3H
]

z
c

[M
+3H

]²

z
z

y
y c

z

z
9

B

5

3R
tau-E

G
FP

4R
w

ttau-E
G

FP
3R

tau-E
G

FP
4R

P
301L

tau-E
G

FP
E

G
FP

E
G

FP

w
t

w
t

++++(+)

Figure 9. Wild-type and P301L Tau are not differentially phosphorylated - inventory of Tau phosphorylation 
sites. (A) Representative electron transfer dissociation (ETD) spectrum, depicting a highly confident 
identification of Tau phosphorylation at its serine residue 404, revealed by fragmentation of the tryptic peptide 
396-SPVVSGDTSPR-406. (B) MS3 spectrum linked to ETD fragment spectrum shown in panel ‘A’. Note that 
levels of phospho-occupancy were similar in all six iTRAQ reporter ion channels for this phosphopeptide 
derived from wt or P301L Tau-containing co-immunoprecipitations. As expected, the 121.1 reporter ion 
corresponding to the EGFP negative control sample did not show any signal in this spectrum. (C) Comparison 
of Tau phosphorylation sites identified in prior reports and this study. The column, which lists assignments 
made in this study depicts only the most conservative interpretations, i.e., only MS2 spectra were considered 
whose fragmentation pattern included ions that allowed confident assignments to specific phosphoacceptor 
sites. Since many tryptic peptides of Tau comprise several candidate phosphoacceptor sites and frequently 
unique assignments were not possible, the true number of Tau phosphoacceptor sites might be larger (see also 
Supplementary Fig. S2).
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at 1:1000 dilution), mouse monoclonal anti-GFAP antibody (catalog number A21282, Life Technologies; used at 
1:1000 dilution), rabbit monoclonal EPR12763 anti-NeuN antibody (catalog number ab177487, Abcam; used at 
1:1000 dilution), and mouse monoclonal DA9 anti-total tau antibody, a generous gift from Dr. Peter Davis (used 
at 1:1000 dilution).

Secondary antibodies against mouse (catalog number 7076S; used at 1:10,000 dilution) and rabbit (catalog 
number 7074S; used at 1:10,000 dilution) immunoglobulin G were purchased from Cell Signaling Technology.

Experimental models. Human neuroblastoma IMR-32 cells were purchased from the American Type 
Culture Collection (catalog number CCL-127, ATCC, Manassas, VA, RRID:CVCL_0346). Human neural progen-
itor ReN VM cells were from MilliporeSigma (catalog number SCC008, MilliporeSigma, Burlington, MA, USA). 
IMR-32 cells were maintained in DMEM (catalog number 11995-073, Life Technologies, Burlington, ON) supple-
mented with 10% heat-inactivated fetal bovine serum (catalog number 10082139, Thermo Fischer Scientific), and 
1% GlutaMax (catalog number 35050061, Thermo Fischer Scientific) at 37 °C with 5% CO2. ReN VM cells were 
maintained in DMEM/F12 (catalog number 21041025, Gibco) supplemented with 2% N21-MAX (catalog num-
ber AR008, R & D Systems, Minneapolis, MN, USA), 20 ng/ml basic fibroblast growth factor (catalog number 
PHG0261, Gibco), 200 ng/ml epidermal growth factor (catalog number RKP01133, Reprokine, Tampa, FL, USA), 
and 2 ng/ml heparin (catalog number H3149-10KU, Sigma-Aldrich, Oakville, ON) on Matrigel-coated (catalog 
number 354230, Corning, Guelph, ON) tissue culture plates at 37 °C with 5% CO2 as previously described51. 
ReN VM cells were differentiated into co-cultures of neurons and astrocytes in DMEM/F12, supplemented 
with 2% N21-MAX, 2 ng/ml glial-derived neurotrophic factor (catalog number PHC7045, Gibco), and 500 μM 
dibutyryl-cyclic-adenosine monophosphate (catalog number D0627-250MG, Sigma-Aldrich) as previously 
described29. ReN MAPT−/− cells were generated using a paired Cas9 nickase design based on two gRNAs with the 
sequences ‘atcacttcgaactcctggcg’ and ‘cacgctgggacgtacgggtt’. The gRNAs were designed using CRISPR design tool 
(crispr.mit.edu) and selected based on high specificity scores and proximity to the ATG start codon site. ReN cells 
were plated in 6-well plates at 337,500 cells/well 24 h before being transfected with EditPro. The ratio of plasmids 
used was 6 Cas9 nickase: 1 gRNA: 1 gRNA for a total of 2 ug DNA and 4 ul of EditPro transfection reagent. Cells 
were expanded and diluted for clonal selection.

Two clones, validated by genetic sequencing and western blotting, were isolated.For inhibition of ATPase 
function in non-muscle myosin heavy chains, cells were treated with 10 μM of active (S)-Blebbistatin (cata-
log number 13013-1, Cedarlane, Burlington, ON) or the inactive (R)-Blebbistatin enantiomer (catalog number 
13165-1, Cedarlane) for 2 h.

The study did not involve human subjects. All animal work was undertaken in accordance with an animal use 
protocol (number 4183.4) approved by the animal care committee at the University Health Network, Toronto, 
ON. Transgenic Tau P301L mice with strain name Thy1-hTau.P301L and non-transgenic mice used were both 
of FVB/N genetic background and sacrificed at 2 years of age. Mouse brain lysates were collected in 0.5% NP-40, 
0.25% deoxycholate, 150 mM Tris-HCl (pH 7.5), 5 mM EDTA, 10 mM NaF, 1 mM Na orthovanadate, 1 mM 
PMSF, 1x cOmplete protease inhibitor cocktail (catalog number 11836170001, Roche Canada, Mississauga, ON) 
and 1x PhosSTOP phosphatase inhibitor cocktail (catalog number 4906837001, Roche). The lysates were then 
homogenized with three 1-minute long pulses of bead-beating with 1 min of cooling at 4 °C between each pulse. 
Supernatants were collected after centrifugation at 20,000 g for 15 min at 4 °C.

Plasmid preparations. All site-directed mutagenesis and polymerase chain reactions were performed with 
the Q5 Site-Directed Mutagenesis and Hot Start High-Fidelity 2X Master Mix kits, respectively (catalog numbers 
E0554S and M0494S, New England Biolabs, Ipswich, MA). All ligation reactions were performed with the T4 
DNA ligase (catalog number M0202S, New England Biolabs) after vector backbones had been dephosphorylated 
with Fast AP thermosensitive alkaline phosphatase (catalog number EF0651, Thermo Fisher Scientific). All plas-
mids were transformed into 5-alpha Competent E. coli (catalog number C2987H, New England Biolabs). All plas-
mids were purified using the PureLink HiPure Plasmid Filter Maxiprep Kit (catalog number K2100-16, Thermo 
Fisher Scientific). The foundation lox construct and the inducible construct were derived from a pre-existing 
‘Puro-Cas9’ donor vector for targeting a tetracycline-inducible Cas9 cassette to the human AAVS1/PPP1R12C 
locus (catalog number 58409, Addgene, Cambridge, MA, RRID:Addgene_58409). The Flpo construct was derived 
from the pDIRE plasmid (catalog number 26745, Addgene, RRID:Addgene_26745) and the paavCAG-iCre con-
struct was purchased directly (catalog number 51904, Addgene, RRID:Addgene_51904). The donor vectors were 
originally gifts from Danwei Huangfu52, Rolf Zeller53, and Jinhyn Kim54, respectively.

gRNAs. The gRNAs were cloned into the MLM3636 vector (a gift from Keith Joung, catalog number 43860, 
Addgene, RRID:Addgene_43860) using BsmBI (catalog number R0580S, New England Biolabs) as previously 
described55. Oligonucleotide pairs used to generate gRNAs are listed (Fig. S1).

Foundation cassette (FC). Site-directed mutagenesis was used to insert lox71, lox2272, and frt sites, mutate 
gRNA PAM sequences in the homology arms, and insert unique restriction enzyme sites BbvCI and AsiSI. BbvCI 
(catalog number SCC008, New England Biolabs) and AsiSI (catalog number R0630S, New England Biolabs) were 
subsequently used to insert the KanR coding sequence in place of the PuroR coding sequence from the original 
vector. The KanR coding sequence was derived from the Tau1-441-EGFP plasmid (a gift from Dr. George S. 
Bloom)56 after it was first amplified by PCR using primers with the respective restriction sites.

Inducible expression cassette (IEC). The CAG promoter and the rtTA3 coding sequence were PCR amplified 
from paavCAG-iCre and pTRIPZ (a gift from Drs. Christopher Boehm and Peter St George-Hyslop, University of 
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Toronto, ON, Canada), respectively. They were ligated together using BamHI (catalog number FD0054, Thermo 
Fisher Scientific) and reamplified by PCR to attach restriction sites BspTI (catalog number FD0834, Thermo 
Fisher Scientific) and Bsu15I (catalog number FD0144, Thermo Fisher Scientific) at the 5’ and 3’ ends, respec-
tively. The coding sequence of Tau-EGFP was amplified from the Tau1-441-EGFP plasmid with restriction sites 
BbvCI and AsiSI attached at the 5’ and 3’ ends, respectively, and it was cloned into the ‘Puro-Cas9’ donor back-
bone downstream of the TREtight sequence in place of the original Cas9. The vector, now containing Tau-EGFP, 
was PCR amplified to attach restriction sites BspTI and Bsu15I before it was ligated to CAG-rtTA3. Site-directed 
mutagenesis was used to insert lox66, lox2272, and frt sites, delete Tau to make the EGFP-only control construct, 
delete the second repeat domain in Tau to make 3 R Tau-EGFP, and to mutate CCG to CTG at residue 301 in Tau 
to create the TauP301L-EGFP mutant.

Transfection. IMR-32 cells were trypsinized and plated at 75% confluency in 6-well plates 1 day before trans-
fection using the jetPRIME reagent (catalog number 114-07, Polyplus, Illkirch, France) according to the manu-
facturer’s protocol. For inserting the foundation cassette (FC) using CRISPR-Cas9 nickase gene editing, cells were 
transfected at a ratio of 6 Cas9n: 1 gRNA: 1 gRNA: 5 FC expressing plasmids to a total mass of 3.5 μg of plasmids 
per well. Cells were then selected with 1 mg/mL G418 (catalog number 11811031, Thermo Fisher Scientific) and 
clonally expanded. For the swap-in of the inducible expression cassette, cells were transfected at a ratio of 1 iCre: 
4 IEC plasmids to a total mass of 3.0 μg/well. Cells were then selected in separate wells at a range of puromycin 
(P7255-25MG, Sigma-Aldrich) concentrations spanning 600 ng/ml to 1.2 μg/ml. IMR-32 cells were transfected 
at a ratio of 1: 3. ReN VM cells were detached with Accutase (catalog number A1110501, Gibco) and plated at 
67,500 cells/well in Matrigel-coated 24-well plates 1 day before transfection. Cells were then transfected at 250 ng 
DNA/well using the same ratios as above with 1 μL/well of EditPro stem transfection reagent (catalog number 
GST-2174, MTI-GlobalStem). For the selection of gene-edited cells, 1 mg/ml G418 (for FC positives) or 0.3 μg/ml 
puromycin (for IEC positives) were added to the cell culture medium and surviving cells were clonally expanded.

Genomic pcR. Genomic DNA was extracted from clones grown on 12-well plates using the PureLink 
Genomic Mini Kit (catalog number K182001, Invitrogen). Precise transgene insertion into the target site at 
the AAVS1 locus was determined by genomic PCR using 25 ng of genomic DNA amplified for 28 cycles using 
‘ggaactctgccctctaacgc’ and ‘acccaatatcaggagactaggaagg’ as the forward and reverse primers, respectively. PCR 
products were purified with a gel/PCR extraction kit (catalog number DF300, Froggabio, ON, Canada). Genomic 
PCR of ReN MAPT−/− cells was performed with 25 ng of genomic DNA using the primer pair ‘atggagcacgggat-
gagga’ and ‘ccccttggcttgcagtgat’ at an annealing temperature of 66 °C for 28 cycles.

Immunoprecipitation. For immunoprecipitation of EGFP fusion proteins, inducible IMR-32 clone 27-3 
cells were treated with 2.0 µg/mL doxycycline (catalog number DB0889-25G, BioBasic, ON, Canada) for dura-
tions indicated in the main text and figures before cell lysis. Inducible ReN VM cells were treated with 3.0 µg/
mL doxycycline and 0.3 µg/mL puromycin for their respective durations before lysis. The lysis buffer consisted of 
0.5% NP-40, 0.25% deoxycholate, 150 mM Tris-HCl (pH 7.5), 5 mM EDTA, 10 mM NaF, 1 mM Na orthovanadate, 
1 mM PMSF, 1x cOmplete protease inhibitor cocktail (catalog number 11836170001, Roche Canada, Mississauga, 
ON) and 1x PhosSTOP phosphatase inhibitor cocktail (catalog number 4906837001, Roche). Lysate from each 
biological replicate was centrifuged at 3,000 g for 5 min at 4 °C before incubation with 20 µL (if used for mass 
spectrometry analysis downstream, otherwise 7 µL per biological replicate) of agarose-conjugated GFP nanotrap 
slurry (catalog number gta-10, Chromotek, Planegg-Martinsried, Germany) on a turning wheel at 4 °C for 2 h. 
Beads were then washed twice in buffer consisting of 450 mM NaCl and 150 mM Tris-HCl (pH7.5), once in buffer 
consisting of 150 mM NaCl and 150 mM Tris-HCl (pH 7.5), once in 25 mM HEPES (pH 7.5), and once in 10 mM 
HEPES (pH 7.5) before acid elution. Bound proteins were eluted consecutively with 100 μL and 200 μL of elution 
buffer comprised of 20% acetonitrile and 0.2% trifluoroacetic acid (pH 1.9).

For immunoprecipitation of DJ-1, cells were induced for durations indicated, collected in the aforementioned 
lysis buffer, centrifuged at the same settings, and incubated with 5 µL of DJ-1 antibody/biological replicate over-
night on a turning wheel at 4 °C. Lysates were then incubated with 5 µL of Protein A sepharose beads per bio-
logical replicate (catalog number 101041, Invitrogen) for 4 h to capture the antibodies. After 3 washes in buffer 
consisting of 150 mM NaCl and 150 mM Tris-HCl (pH 7.5), captured proteins were eluted with 1x BOLT LDS 
sample buffer (catalog number B0007, Invitrogen) at 70 °C.

Western blot. Cells were lysed in the same buffer used for immunoprecipitation. After protein concentra-
tions were determined by BCA (catalog number 23227, Thermo Fisher Scientific) and made equal, 35 to 75 µg 
total protein per lane were loaded onto 4–12% Bis-Tris BOLT SDS-PAGE gels (catalog number NW04125BOX, 
Invitrogen) in MOPS running buffer (catalog number B0001, Invitrogen). Proteins were then transferred onto a 
0.45 µm PVDF membrane (catalog number IPVH00010, Millipore) at 45 V for 1 h 15 min in Tris-glycine transfer 
buffer containing 20% methanol. Proteins were incubated with the appropriate antibody overnight at 4 °C. The 
membrane was then rinsed in TBST before incubation with HRP-linked anti-mouse or anti-rabbit IgG antibod-
ies. Chemiluminescence was detected with Amersham ECL Prime Western Blotting Detection Reagent (catalog 
number RPN2232, GE Healthcare Canada, Mississauga, ON). Band intensities on Western blots were quantified 
with ImageJ (RRID: SCR_003070) and then analyzed and graphed with GraphPad Prism 7.

Live cell microscopy. Cells were cultured on 4-well Nunc Lab-Tek II chambered cover-glass plates (Thermo 
Fisher Scientific) at 67,500 cells/well and induced for 12 h with 2.0 μg/ml of doxycycline before being imaged on a 
Leica DMI 6000 B fluorescence microscope (Leica Microsystems Canada, Richmond Hill, ON).
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immunocytochemistry. ReN cells were grown on coverslips (catalog number 83.1840.002, Sarstedt) and 
differentiated using the PreD protocol for one week. Cells were rinsed twice with PBS, fixed in 4% formaldehyde 
(catalog number NC0268594, Electron Microscopy Sciences, Hatfield, PA, USA) for 10 min at 37 °C, rinsed again 
twice with PBS, and then permeabilized in 0.25% Triton X-100 (catalog number TRX506.500, Bioshop) for 5 min 
at room temperature. Next, cells were blocked in 3% goat serum (catalog number 16210064, Gibco) for 30 min 
at room temperature before being incubated with anti-TuJ1 (used at 1:500 dilution) and anti-GFAP (used at 
1:500 dilution) overnight at 4 °C. The next day, cells were rinsed three times in PBS, incubated with Alexa Fluor 
488 goat anti-mouse IgG (H + L) (Catalog number A11001, Gibco; used at 1:1000 dilution) and Alexa Fluor 568 
goat anti-rabbit IgG (H + L) (catalog number A11011, Gibco; used at 1:1000 dilution) for 1 h at room tempera-
ture. Cells were then rinsed three times in PBS, mounted in ProLong® Diamond Antifade Mountant with DAPI 
(catalog number P36965, Gibco) and imaged with 200x final magnification on a Leica DMI 6000 B fluorescence 
microscope using the DAPI, FITC, and TRITC filters.

Peptide preparation for mass spectrometry analyses. Immunoprecipitation eluates were suspended 
in 500 mM triethylammonium bicarbonate 9 M urea, made to 8 mM tris carboxyethyl phosphine, then heated to 
60 °C for 30 min. Each sample was treated for 1 hour in 16 mM 4-vinylpyridine. Trypsin digestion (2 micrograms 
per sample) was allowed to proceed for 16 hours at 37 °C, then peptides were isobarically labelled with 8-plex 
iTRAQ reagents (catalog number 4390812, Sciex, Concord, ON) according to the manufacturer’s protocol. Mixed 
sets of iTRAQ-labelled trypsin-digested immunoprecipitates were diluted in aqueous 0.1% (v/v) trifluoroacetic 
acid, then bound to C18 Bond Elut micro columns (catalog number A57003100, Agilent Technologies, Santa 
Clara, CA, USA), before being washed with aqueous 0.1% (v/v) trifluoroacetic acid and released in 50% acetoni-
trile. The acetonitrile was removed on a centrifugal evaporator at 36 °C and the peptides suspended in aqueous 
0.1% (v/v) formic acid. The Titansphere Phos-TiO kit (catalog number 5010–21309, GL Sciences, Tokyo, Japan) 
was used according to the manufacturer’s instructions to purify phosphopeptides from the labelled sample mix-
tures. Phosphopeptide preparations were washed on C18 micro columns as described above.

Quantitative mass spectrometry. The washed sample mixtures were delivered to an analytical column 
at 500 nL/min on an Easy-nLC 1000 HPLC system (Thermo Fisher Scientific) by the built-in autosampler, then 
separated at 300 nL/min with a binary mobile phase mixture of increasing acetonitrile concentration at a constant 
formic acid concentration of 0.1% (v/v). Over the course of each HPLC run, the acetonitrile content of the eluent 
was increased with linear gradients from 0 to 30% over 180 minutes, then from 30 to 100% over 60 minutes. The 
PepMap RSLC C18 stationary phase was 2 μm in diameter with 100 Å pores and was housed in a 25 cm long 75 
μm diameter column (Thermo Fisher Scientific). The eluate was ionized at 2200 V and an ion source temperature 
of 275 °C by the nano-electrospray ionization source of an Orbitrap Fusion Tribrid instrument (Thermo Fisher 
Scientific).

The data acquisition cycle repeated continuously over each HPLC run and had an upper time limit of three 
seconds. It acquired a survey scan at a resolution setting of 60,000 in the orbitrap mass analyser of the instrument, 
followed by collision-induced dissociation of the most abundant multiply charged ions and their analysis in the 
linear ion trap mass analyser. The ten most abundant product ions were then synchronously further fragmented 
by high-energy collision induced dissociation at a relative energy of 65% and injected into the orbitrap mass 
analyser for mass analysis. An additional method using Orbitrap MS2 scans at a resolution setting of 30,000 
following electron transfer dissociation was applied to phosphopeptide preparations. The m/z ranges in MS and 
MS3 scans were 400–1500 and 100–500 Th, respectively, while the MS2 scan range was variable under the normal 
scan rate setting. Isolation windows for MS2 and MS3 were 2 Th wide. Each m/z value for which three ion trap 
MS2 scans or four Orbitrap MS2 scans were acquired within a 20 second period was excluded from MS2 analysis 
for 100 minutes. The minimum precursor intensity required to trigger ion trap and Orbitrap MS2 were 50,000 and 
100,000 counts respectively.

Protein sequence information was derived from the LC-MS data using the Mascot version 2.4.1 (Matrix 
Science, London, UK) and Sequest HT (Thermo Fisher Scientific) search engines within the Proteome Discoverer 
software version 1.4.0.288 (Thermo Fisher Scientific). The results from both algorithms were combined into a 
single data set, with quantifications and phosphosite estimation relying on the Reporter Ions Quantifier and 
PhosphoRS algorithms (version 3.0), respectively. An orthogonal search of the same LC-MS data was performed 
on PEAKS Studio 8 (Bioinformatics Solutions Incorporated, Waterloo, ON, Canada) using the PEAKS and De 
Novo search engines. For all three searches, 20 ppm precursor ion mass tolerance, 0.4 Da product ion mass toler-
ance, tryptic digestion with up to two missed cleavages and iTRAQ 8-plex labelling at lysine and amino terminal 
residues were fixed parameters. Glutamine and asparagine deamidation, cysteine pyridylethylation, methionine 
oxidation, cysteine dioxidation, cysteine trioxidation, as well as serine and tyrosine and threonine phosphoryl-
ation were specified as variable modifications in all searches. The mass shift equal to a diglycine modification 
of lysine side chains was the variable modification used to detect ubiquitylation. The Uniprot FASTA sequence 
database used contained entries for all human canonical and isoform protein variants (updated on December 
20, 2015 and downloaded on March 1, 2016) as well as porcine trypsin, bovine serum albumin, Lysobacter enzy-
mogenes Lysyl endopeptidase, 40 and 42 amino acid versions of human amyloid beta, wild-type Tau-EGFP, P301L 
Tau-EGFP and EGFP.

Statistical analysis. Confidence levels were assigned to peptide-to-spectrum matches based on false dis-
covery rate (FDR) estimation. FDR analysis was performed on the Percolator algorithm in Proteome Discoverer 
and by the decoy fusion method in PEAKS. Hierarchical clustering and ANOVA were performed on the PEAKS 
Quantitation node. The significance of the differential abundance measurements of candidate Tau interactors 
in wild-type versus P301L immunoprecipitates was evaluated by ANOVA at a p-value of 0.025. Only proteins 
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identified and quantified by three or more unique peptides were subjected to ANOVA testing. For comparing 
enrichment of MYH10 in eluate samples, one-way ANOVA and Tukey’s post-hoc test was performed on three 
biological replicates per condition. For comparing levels of pS19 in myosin regulatory light chains in mouse 
brain homogenates, unpaired t-test and Tukey’s post-hoc test were performed on results from three biological 
replicates per condition. The comparison of MYH10 levels in ReN VM cells that either expressed or were ablated 
(MAPT−/−) in their expression of endogenous Tau was based on one-way ANOVA and Tukey’s post hoc-test. 
Levels of MYH10 in wild-type C57BL/6 mice and Tau−/− mice were compared using unpaired Student’s t-test.

Data availability
The ProteomeXchange consortium57 PRIDE partner repository hosts the LC-MS data and search results under the 
dataset identifier PXD010040. Efforts to deposit plasmids to the AddGene global plasmid repository (Watertown, 
MA, USA) have been initiated. Cell models generated in this study will be made available to interested readers.
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