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A main pathological event in Alzheimer’s disease is the generation of neurofibrillary tangles originating from hyperphosphorylated and subsequently aggregated tau proteins. Previous reports demonstrated the critical involvement of members of the protein kinase family CK1 in the pathogenesis of Alzheimer’s disease by hyperphosphorylation of tau. However, precise mechanisms and effects of CK1-mediated tau phosphorylation are still not fully understood. In this study, we analyzed recombinant tau441 phosphorylated by CK1δ in vitro via mass spectrometry and identified ten potential phosphorylation sites, five of them are associated to Alzheimer’s disease. To confirm these results, in vitro kinase assays and two-dimensional phosphopeptide analyses were performed with tau441 phosphomutants confirming Alzheimer’s disease-associated residues Ser68/Thr71 and Ser289 as CK1δ-specific phosphorylation sites. Treatment of differentiated human neural progenitor cells with PF-670462 and Western blot analysis identified Ser214 as CK1δ-targeted phosphorylation site. The use of an in vitro tau aggregation assay demonstrated a possible role of CK1δ in tau aggregation. Results obtained in this study highlight the potential of CK1δ to be a promising target in the treatment of Alzheimer’s disease.
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INTRODUCTION
Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by an irreversible process of changes involving specific neurons of the neocortex, hippocampus, and other regions of the brain, leading to a cognitive impairment followed by a mental and functional decline. Generally, AD is responsible for more than 80% of dementia cases in elderly people worldwide (Anand et al., 2014). One of the main neuropathological characteristics is the presence of intraneuronal aggregated neurofibrillary tangles (NFTs) assembled from paired helical filaments (PHF) composed of highly phosphorylated tau proteins (Buée et al., 2000; Kumar and Dogra, 2008).
Tau proteins belong to the family of microtubule-associated proteins (MAPs) (Weingarten et al., 1975) and occur mainly in the axonal compartment of neurons (Binder et al., 1985). In the central nervous system, six alternatively spliced tau isoforms in a range from 352 to 441 amino acids were identified (Goedert et al., 1989), that regulate microtubule assembly by modulating the functional organization of neurons, particularly in growth, polarity and axonal morphology (Buée et al., 2000). Extensive tau phosphorylation at various amino acid residues converts soluble tau proteins into PHF leading to the development of NFTs, which cause tau pathologies in AD and other tauopathies (Grundke-Iqbal et al., 1986; Kosik et al., 1986; Brion et al., 1991). A wide range of proline-directed kinases (e.g., glycogen synthase kinase 3 β (GSK3β) (Llorens-Martín et al., 2014), cyclin-dependent kinase 5 (CDK5) (Kimura et al., 2014)), nonproline-directed kinases (e.g., tau-tubulin kinases (TTBK) (Tomizawa et al., 2001)), microtubule affinity regulated kinases (e.g., MARK) (Matenia and Mandelkow, 2009) and tyrosine kinases (e.g., Fyn and Abl (Lee et al., 2004; Derkinderen et al., 2005)) have been found to phosphorylate tau and contribute to the pathophysiological hallmark of AD.
Potential kinases catalyzing the hyperphosphorylation of tau in AD also include members of the CK1 (formerly named casein kinase 1) family. Members of the CK1 family are highly conserved serine/threonine-specific, ubiquitously expressed protein kinases. So far, seven different CK1 isoforms (α, β, γ1-3, δ and ε) and their splice variants were identified in mammals. CK1 is able to recognize canonical as well as noncanonical consensus sequences within a substrate resulting in over 150 different in vitro and in vivo substrates (reviewed in Knippschild et al., 2014). The role of CK1 as a potential kinase phosphorylating tau has become of particular interest, because it has been reported that levels of CK1δ were elevated by a factor of 30 in the hippocampus in the brain of AD patients compared with equivalent controls (Ghoshal et al., 1999). Additionally, CK1α and CK1δ have been shown to be tightly associated with neurofibrillary lesions of AD, further implicating CK1 in PHF formation (Kuret et al., 1997; Schwab et al., 2000). CK1δ site-specific tau phosphorylation was detected at Ser202/Thr205 and Ser396/Ser404 in non-neuronal human embryonic kidney 293 (HEK293) cells using immunodetection (Li et al., 2004). In a more comprehensive study, various CK1δ-specific phosphorylation sites were detected analyzing recombinant tau, which was phosphorylated by CK1δ in vitro by using mass spectrometry (MS). MS analysis revealed 33 CK1δ-specific tau phosphorylation sites, while previously detected phosphorylation of Ser202/Thr205 and Ser396/Ser404 could not be confirmed (Hanger et al., 2007). In both studies, CK1δ-specific phosphorylation of tau was verified by treating HEK293 or rat cortical neurons with IC261, which was later observed to induce CK1δ- and ε-independent cytotoxic effects by its binding to tubulin leading to microtubule polymerization (Cheong and Virshup, 2011; Stöter et al., 2014; Xian et al., 2021). Because of qualitative methods used in these studies, connection between CK1-mediated tau phosphorylation identified by MS analysis or immunological methods and the role of CK1 in AD by determining the effect of CK1-mediated phosphorylation on tau aggregation has remained elusive.
Tau hyperphosphorylation and tau-phosphorylating kinases have become attractive targets in the treatment of AD. Therefore, the characterization of tau hyperphosphorylation by tau-targeting kinases, such as CK1, is necessary to understand the pathophysiological mechanisms and to provide better therapeutical approaches addressing tau pathology. Here, we characterized the contribution of CK1δ to AD-associated tau phosphorylation sites in vitro by using different techniques including MS, in vitro kinase assays and two-dimensional phosphopeptide analysis. The results were further supported by a cell-based assay and Western blot analysis using phospho-specific antibodies. Additionally, we demonstrated that CK1δ co-localized with tau in neuronal cells and that CK1δ-mediated phosphorylation led to an increased in vitro tau aggregation. With our data, we provide a comprehensive analysis of CK1δ-mediated site-specific tau phosphorylation and confirm a functional influence of CK1δ on tau aggregation.
MATERIALS AND METHODS
Plasmid Constructs for Protein Expression
The codon-optimized bacterial expression vector pET28a(+)tau441 encoding for N-terminal 6xHis-tagged human microtubule-associated protein tau (MAPT) isoform 4 (tau441) was synthesized by Biomatik (Kitchener, ON, Canada). Plasmids encoding for tau441 fragments (tau4411-155 and tau441243-441) and phosphorylation site mutants of full-length tau441 (tau441S68A+T69A+T71A, tau441S198A+S199A+S202A+T205A, tau441T212A+S214A+T217A+T220A, tau441S289A, tau441S409A+S412A+S413A+T414A+S416A and tau441S422A+T427A) were created by using inverse PCR and the PCR primer pairs as indicated in Supplementary Table S1 (see Figure 1). Subsequently, PCR products were ligated. To generate plasmid pET28a(+)tau441156-242, Gibson Assembly® was performed according to manufacturer’s instructions (New England Biolabs Inc., Ipswich, NY, United States). Sanger DNA sequencing (Eurofins Genomics, Munich, Germany) confirmed successful introduction of mutations.
[image: Figure 1]FIGURE 1 | Tau441 contains several potential target sites for CK1. (A) Adjacent amino acid sequences of potential phosphorylation sites for CK1 on tau441 predicted by ScanSite 4.0 at low stringency according to Krismer et al. (2021). (B) Consensus motifs for CK1. (C) Tau441 fragments were generated according to different tau domains. (D) Tau441 phosphomutants were generated according to the positions of the predicted CK1 phosphorylation sites or the detection via MS analysis. MT: microtubule, pS/pT: pre-phosphorylated serine or threonine, S: serine, T: threonine, X: no amino acid preference.
Expression and Purification of Recombinant 6xHis- and GST-Tagged Fusion Proteins
Plasmids encoding for 6xHis-tagged tau441 fragments or phosphorylation site mutants of full-length tau441 were transformed into E. coli SHuffle® T7 Express (New England Biolabs Inc., Ipswich, NY, United States). Protein production was conducted in 450 ml lysogeny broth (LB) medium supplemented with 15 μg/ml kanamycin and induced with 0.5 mM IPTG at an OD600 of 0.6 AU for 3 h at 30°C. Bacteria were harvested by centrifugation for 10 min at 3,200 g and 4°C. Bacteria were lysed in lysis buffer composed of 50 mM sodium phosphate buffer (pH 7.0), 350 mM NaCl, 15 mM imidazole, 0.5% NP-40, 10% glycerol, 1 mM benzamidine, 0.25 g/L aprotinin and 10 mg lysozyme. Cell lysates were cleared by centrifugation for 20 min at 15,500 g and 4°C. According to Barghorn et al. (Barghorn et al., 2005), cleared lysates were boiled for 10 min and centrifuged for 30 min at 25,000 rpm and 4°C. Supernatant was mixed with 600 µl TALON® Metal Affinity Resin (Takara Bio Inc., Kyoto, Japan) (50% (v/v) in PBS) and incubated at 4°C rotating overnight. Bound proteins were washed (50 mM sodium phosphate buffer (pH 7.0), 350 mM NaCl, 15 mM imidazole, 10% glycerol, 0.25 g/L aprotinin) and eluted stepwise (50 mM Na2PO4 pH 7.0, 350 mM NaCl, 350 mM imidazole, 10% glycerol, 0.25 g/L aprotinin) followed by dialysis using PD-10 desalting columns (Cytiva, Freiburg, Germany). Production of GST-tagged and 6xHis-tagged kinases was carried out as described previously (Knippschild et al., 1997; Roth et al., 2021b). All protein solutions were adjusted to 10% glycerol, quick frozen and stored at −80°C for subsequent use.
In Vitro Kinase Assay and Two-Dimensional Phosphopeptide Analysis
The reaction was performed in a total volume of 15 µl containing the kinase buffer (25 mM Tris pH 7.5, 10 mM MgCl2, 0.1 mM EDTA, 10 µM ATP), 2 µCi [γ-32P]-ATP (only for radiometric determination), 300 nM CK1δ and 1 µg (4 µg for phosphopeptide analysis) substrate. As substrates either tau441, tau441 fragments or tau441 phosphorylation site mutants were used. Reaction was carried out for 30 min at 30°C in triplicates. Proteins were separated by SDS-PAGE on 10% gels followed by Coomassie blue staining. Radioactively labeled substrate bands were visualized on dried gels by autoradiography. For quantification of phosphorylated products, radioactively labeled substrate bands were excised from dried gels and phosphate incorporation was determined by Cherenkov counting (LC6000IC, Beckman Coulter, USA). In vitro phosphorylated tau441 (wild type), fragments and phosphorylation site mutants were analyzed by two-dimensional phosphopeptide analysis using standard protocols described previously (van der Geer and Hunter, 1994). In vitro phosphorylated proteins were separated via SDS-PAGE and transferred onto a PVDF membrane (Cytiva, Freiburg, Germany). Protein bands of interest were incubated with 5% (w/v) polyvinylpyrrolidone (in 10 mM acetic acid) at 37°C for 30 min, washed with 50 mM ammonium bicarbonate buffer and digested with 10 µg TPCK-trypsin. Digested proteins were further oxidized with performic acid on ice for 2 h. Radioactively labeled phosphopeptides were separated on cellulose TLC plates (Merck Millipore, Darmstadt, Germany) by electrophoresis at pH 1.9 (containing 6% (v/v) formic acid, 1.25% (v/v) acetic acid and 0.25% (v/v) pyridine in dH2O) followed by ascending chromatographic separation in buffer (composed of 37.5% (v/v) n-butanol, 7.5% (v/v) acetic acid and 25% (v/v) pyridine in dH2O). Radioactively labeled phosphopeptides were visualized by autoradiography.
LC-MS/MS Analysis of Purified tau441
In vitro phosphorylated proteins were separated by SDS-PAGE and SDS gel pieces were in-gel digested with trypsin as described previously (Borchert et al., 2010). Extracted peptides were desalted using C18 StageTips (Rappsilber et al., 2007) and subjected to LC-MS/MS analysis. LC-MS/MS analyses were performed on an Easy-nLC 1200 UHPLC (Thermo Fisher Scientific Inc., Waltham, MA, United States) coupled to an QExactive HF Orbitrap mass spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, United States) as described elsewhere (Schmitt et al., 2019). Peptides were eluted with a segmented gradient at a flow rate of 200 nl/min for 60 min, selecting seven most intensive peaks for fragmentation with HCD. The MS data was processed with MaxQuant software suite v.1.6.7.0 (Cox and Mann, 2008). Search for variable modification phosphorylation (STY) was enabled. Database search was provided against human (96817 entries) UniProt database using the Andromeda search engine (Cox et al., 2011). Since the goal of the analysis was to identify tau phosphorylation sites targeted by CK1δ, no global normalization of phosphorylation sites to proteome was performed. The amount of the identified phosphorylation sites within the aa 1 to 155, 156 to 242 and 243 to 441 were normalized to the total amount of the detected phosphorylation sites.
Tau Aggregation and Thioflavin S Assay
Tau441 was phosphorylated in vitro as described above with 1,000 µM ATP and 300 nM GST-CK1δ. The reactions were incubated for 30 min at 30°C and afterwards centrifuged for 10 min at full speed and 4°C. Formation of cross-β structures of phosphorylated and non-phosphorylated tau441 (4 µM) in 100 mM Tris/HCl (pH 6.8) was induced with freshly prepared 150 µM arachidonic acid (10 mM in ethanol) as described previously (Barghorn et al., 2005; Chirita et al., 2005). Tau aggregation was detected by the addition of Thioflavin S (ThS). Changes in the emission fluorescence spectra with the excitation wavelength set at 430 nm and the emission wavelength set at 480 nm were monitored using a TriStar2 LB 942 multimode plate reader (Berthold Technologies, Bad Wildbad, Germany) at intervals of 1.5 min within 30 min. Data were displayed and fit to one-phase association exponential model using Prism 8 (GraphPad, San Diego, CA, United States).
Cell Culture, Stable Transfection, and Treatment
Immortalized human neural progenitor cells (hNPCs) (ReNcell® VM from Merck Millipore, Darmstadt, Germany) were expanded and maintained in proliferation medium (DMEM/F12 (Gibco/Life Technologies, Carlsbad, CA, United States) supplemented with 2% (v/v) B-27 neural supplement (Gibco/Life Technologies, Carlsbad, CA, United States), 2 μg/μl heparin (Stemcell Technologies Inc., Vancouver, BC, Canada), 20 ng/ml human basic fibroblast growth factor (bFGF) (Reprocell Inc., Glasgow, UK), 20 ng/ml human epidermal growth factor (EGF) (Sigma Aldrich, St. Louis, MO, United States), and 100 U/ml penicillin-streptomycin solution (Gibco/Life Technologies, Carlsbad, CA, United States)) as described previously (Roth et al., 2021a). For co-localization experiments, 0.3 × 106 naïve hNPCs were seeded onto Matrigel-coated glass slides in a 6-well with differentiation medium (proliferation medium without growth factors) and differentiated for 2 weeks.
To generate a cell culture system for modeling the AD pathology, hNPCs were stably transfected with lentiviral DNA constructs pCSCW-APPSL-IRES-GFP and pCSCW-PSEN1(ΔE9)-IRES-mCherry, which encode full-length human APP695 with K670N/M671L/V717I (Swedish and London mutation) and GFP or human presenilin 1 with a deletion in exon 9 (PSEN1 (ΔE9)) and mCherry. The lentiviral DNA constructs were kindly provided by Prof. Dr. Doo Kim (Massachusetts General Hospital, Harvard Medical School, Charlestown, MA, United States). Lentiviral transduction and the subsequent enrichment of high-expressing transduced hNPCs via fluorescence-activated cell sorting (FACS) was performed according to Choi et al. (2014) and Kim et al. (2015). For the analysis of CK1δ-specific tau phosphorylation, 0.9 × 106 transduced hNPCs were seeded into a Matrigel-coated 6-well and differentiated for 2 weeks. After 2 weeks, cells were treated with 1 µM PF-670462 (Sigma Aldrich, St. Louis, MO, United States) or DMSO as vehicle control for 24 h and subsequently lysed.
Cell Lysis and Western Blot Analysis
Transduced hNPCs were washed with 20 mM Tris-HCl (pH 7.6) buffer containing 140 mM NaCl. Cell lysates used for Western blot analyses were prepared in RIPA lysis buffer composed of 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.5% sodium deoxycholate, 1% NP-40, 1 mM EDTA, 2 mM PMSF, 2 mM PNT, 1 mM Na3VO4, 1 mM NaF containing fresh phosphatase inhibitor cocktail (phosSTOPTM, Roche, Basel, Switzerland) and cOmpleteTM protease inhibitor cocktail (Roche, Basel, Switzerland). Cell lysates were cleared by centrifugation at 10,000 x g for 10 min at 4°C. 10 µg of cleared lysates were separated on 10% (v/v) gels in SDS-PAGE and transferred to a 0.2 µm PVDF membrane (Hybond-P, Amersham, Buckinghamshire, United Kingdom). Membranes were blocked in 5% (w/v) BSA in TBST for 1 h and incubated with anti-tau antibody (HT7, Thermo Fisher Scientific Inc., Waltham, MA, United States; 1:1000), anti-pSer202/pThr205-tau antibody (AT8, Thermo Fisher Scientific Inc., Waltham, MA, United States; 1:1000), anti-pSer214-tau antibody (D1Q2X, Cell Signaling Technology, Danvers, MA, United States; 1:1000), anti-pSer416-tau antibody (D7U2P, Cell Signaling Technology, Danvers, MA, United States, 1:1000) and anti-β-actin antibody (AC-15, Sigma Aldrich, St. Louis, MO, United States, 1:5000) overnight. Immunocomplexes were detected using a secondary antibody (horseradish-peroxidase (HRP)-conjugated anti-mouse or anti-rabbit antibody, 1:10,000). Immunoreactivity was detected by enhanced chemiluminescence using the Fusion FX imaging system (Vilber, Collégien, France). Signal intensities were quantitatively determined by using ImageJ (Schneider et al., 2012).
Immunofluorescence Staining and Co-Localization Analysis
After differentiation and inhibitor treatment, cells were washed briefly with 1x PBS and fixed with 4% (v/v) paraformaldehyde in 1x PEM buffer (80 mM PIPES (pH 6.8), 1 mM EGTA, 5 mM MgCl2) at 4°C for 20 min followed by permeabilization with 0.3% (v/v) Triton-X 100 in 1x PEM buffer at RT for 5 min. Cells were washed briefly with 1x PEM and blocked with 5% (w/v) BSA in 1x PEM at RT for 30 min. Thereafter, cells were incubated with anti-tau antibody (HT7, Thermo Fisher Scientific Inc., Waltham, MA, United States; 1:500) at 4°C overnight. Cells were washed three times with 1x PEM and subsequently incubated with Alexa Fluor 488 anti-mouse antibody (InvitrogenTM, Carlsbad, CA, United States; 1:250) at RT for 1 h. Then, cells were washed three times with 1x PEM. Cultures were blocked again in 5% (w/v) BSA in 1x PEM at RT for 30 min, washed three times with 1x PEM and stained with anti-CK1δ antibody (ab10877, abcam, Cambridge, UK; 1:500) or anti-MAP2 antibody (Poly18406, BioLegend, San Diego, CA, United States; 1:500). After washing the 2D grown cells, they were incubated with Alexa Fluor 647 anti-goat antibody (InvitrogenTM, Carlsbad, CA, United States; 1:250) or Alexa Fluor 633 anti-rabbit antibody (InvitrogenTM, Carlsbad, CA, United States; 1:250) at RT for 1 h. Then, cells were washed three times with 1x PEM and stained with 0.1 μg/ml DAPI (Sigma Aldrich, St. Louis, MO, United States) at RT for 5 min. Washed cells were finally mounted with ProLongTM Glass Antifade Mountant (InvitrogenTM, Carlsbad, CA, United States). Images were captured using the Leica SP8 confocal microscope (Leica Mikrosysteme Vertrieb GmbH, Wetzlar, Germany) at ×63 magnification.
Co-localization analysis was carried out using R (version 4.2.0, R Foundation for Statistical Computing, Vienna, Austria) and RStudio (version 2022.02.2, RStudio PBC, Boston, MA, United States). The required packages include imager (Barthelmé and Tschumperlé, 2019) and colocr (Ahmed et al., 2019). In brief, at least three regions of interest (ROI) were selected in the gray-scale image. The threshold value was set to 95. For evaluation of the co-localization the Pearson’s correlation coefficient (PCC) and the Mander’s overlap coefficient (MOC) were determined according to Ahmed et al. (2019). PCC describes the co-variance of the pixel intensities from both channels (Cy5, FITC). MOC describes the fraction of pixels from each channel (Cy5, FITC) with values above the background.
Statistical Analysis
Results are presented as the mean of experiments at least performed in triplicates. Evaluation and statistical analysis of the results were performed using Prism 8 (GraphPad, San Diego, CA, United States). Statistical significance was tested by using the nonparametric Mann-Whitney U test. p values ≤0.05 (shown as * for p ≤ 0.05 and ns for not significant) were considered to be statistically significant.
RESULTS
Tau441 Is Phosphorylated by CK1δ in vitro
Hyperphosphorylation of tau by various kinases plays an important role in the pathogenesis of AD. Previously, several studies demonstrated a potential role of CK1 in the hyperphosphorylation of tau that could be linked to the development of AD. The present study intends to demonstrate a specific involvement of CK1 in tau hyperphosphorylation and aggregation.
According to the canonical consensus sequence for CK1 substrates, the longest tau isoform (tau441) contains several putative target sites for CK1-mediated phosphorylation (Figure 1A). Initially, mass spectrometric examination of CK1δ-phosphorylated tau441 was used to detect whether CK1δ is able to phosphorylate tau441. Therefore, full-length human N-terminal 6xHis-tagged tau441 encoded on pET28a(+) (purchased from Biomatik (Kitchener, ON, Canada)) was recombinantly expressed in E. coli, purified via immobilized metal affinity chromatography and subsequently phosphorylated by human recombinant CK1δ in vitro. LC-MS/MS data generated from in vitro phosphorylated and trypsin-digested tau441 revealed 91.8% and 94.1% sequence coverage of non-phosphorylated tau441 and CK1δ-phosphorylated tau441, respectively, based on the amino acid sequence of the longest human tau isoform tau441 (UniProt: P10636-8). Additionally, MS analysis did not detect any phosphorylation of non-phosphorylated tau441. In total, we detected phosphopeptides corresponding to ten different phosphorylation sites (Figure 2A; Table 1). In the majority of cases, precise phosphorylation sites could be identified. A clear identification was not possible for the residues Thr414 and Ser416, which belong to a phosphopeptide sequence containing four closely spaced potential CK1-specific phosphorylation sites (Ser412, Ser413, Thr414 and Ser416).
[image: Figure 2]FIGURE 2 | LC-MS/MS analysis identified ten tau441 phosphorylation sites targeted by CK1δ. Tau441 was recombinantly produced and used for in vitro phosphorylation by CK1δ. Phosphorylated tau441 was digested with trypsin and analyzed by LC-MS/MS. (A) Results of the LC-MS/MS analysis identified ten tau441 phosphorylation sites targeted by CK1δ mainly located in the MT-binding domain and the C-terminus of tau441. (B) Sequences of tau including the detected phosphorylation sites. Detected phosphorylation sites are covered in grey. Phospho-primed, acidic or non-canonical consensus motifs of CK1 are marked in red, orange and blue, respectively.
TABLE 1 | LC-MS/MS analysis of tau441 in vitro phosphorylated by CK1δ. Tau441 was recombinantly expressed in E. coli and purified. Subsequently, tau441 was phosphorylated by CK1δ in vitro, digested with trypsin and analyzed by LC-MS/MS. Positions of the identified phosphorylation sites within tau441 (indicated with p) as well as phosphorylation probability data are shown.
[image: Table 1]Most of the phosphorylation sites, which could be detected in our study, were recently identified by Hanger et al. (2007). Additionally, we found two phosphorylation sites, Ser324 and Thr427, that have not been identified so far. However, we did not detect CK1δ-mediated phosphorylation of Thr17, Ser46/Thr50, Thr95, Thr101/Thr102, Ser113, Ser131, Thr149, Thr169, Ser184, Ser208, Ser210/Thr212, Ser237/Ser238, Ser241, Ser258, Ser262, Thr263, Ser285, Ser341, Ser352/Ser356/Thr361, Thr373, Ser412/Ser413, Ser433, and Ser435, which were recently identified by using LC-MS/MS (Hanger et al., 2007). Of the ten phosphorylation sites, which we detected by LC-MS/MS analysis, five were located within the MT-binding domain, which plays a special role in the interaction of tau with the microtubule (Lee et al., 1989) (Figure 2A). CK1-specific consensus sequences were identified for Ser198, Ser214, Ser289, Ser324, Thr361 and Ser416 (Figure 2B). No typical CK1-specific consensus sequence was observed for Ser305, Thr386, Thr414 and Thr427. Interestingly, five out of ten CK1δ-specific phosphorylation sites (including Ser198, Ser214, Ser289, Thr414/Ser416 and Thr427) have been associated to AD in previous studies (see Table 1).
In order to support the results obtained by MS analysis, fragments of tau441 were generated. Therefore, the sequence of tau441 was divided into three shorter fragments (tau4411-155, tau441156-242 and tau441243-441). Each of them contains a specific domain of tau441 (Figure 3). Phosphorylation by CK1δ has been observed for all fragments, indicating that phosphorylation sites for CK1δ are located within all domains of tau441 protein (Figure 3). Most intense phosphorylation could be observed for fragment tau441156-242, which contains the second most predicted CK1-specific phosphorylation sites on tau441 (Figure 4). MS analysis revealed that most of the phosphorylation sites are located on tau441243-441, which cannot be supported by the findings obtained from the in vitro kinase assay measuring the transfer of radioactively labeled phosphate.
[image: Figure 3]FIGURE 3 | Tau441 and tau441 fragments are phosphorylated by CK1δ in vitro. Tau441 as well as tau4411-155, tau441156-242 and tau441243-441 fragments were phosphorylated by CK1δ in vitro. (A) After separation of phosphorylated proteins by SDS-PAGE followed by Coomassie staining, determination of phosphate incorporation into the different tau proteins was performed by Cerenkov counting. Data is shown as mean values of the experiments performed in triplicates and error bars represent the standard deviation. Data was normalized to full-length tau441. Statistical significance was tested using the nonparametric Mann-Whitney U test. * indicates p ≤ 0.05. MT: microtubule. Full-length tau441 as well as (B) tau4411-155, (C) tau441156-242 and (D) tau441243-441 were phosphorylated by CK1δ in vitro, processed and analyzed by two-dimensional phosphopeptide analysis. Arabic numerals indicate major phosphorylated peptides, which can be assigned to full-length tau441. Phosphopeptides, that are exclusively phosphorylated in the respective tau441 fragment are indicated with letters. Roman numerals indicated phosphopeptides that correspond to autophosphorylated CK1δ. ■: loading point of samples, +: anode, −: cathode.
[image: Figure 4]FIGURE 4 | Overview of the results obtained from in silico prediction, LC-MS/MS analysis, in vitro kinase assays and phosphopeptide analysis. Amount of the identified phosphorylation sites (in silico prediction of CK1-specific phosphorylation sites by ScanSite 4.0 at low stringency according to Krismer et al. (2021) and LC-MS/MS analysis) or phosphopeptides (visualized by phosphopeptide analysis) were normalized to the total amount of phosphorylation sites or phosphopeptides detected by the respective method. Data of the in vitro kinase assays is shown as mean values of the experiments performed in triplicates and was normalized to full-length tau441.
After MS analysis and in vitro kinase assays, two-dimensional phosphopeptide analyses were performed to confirm the results obtained from the previous experiments. Due to technical limitations, it was not possible to fully separate the protein band of tau441 from that of CK1δ by SDS-PAGE. However, by performing phosphopeptide analysis also with CK1δ alone, phosphopeptides corresponding to the autophosphorylated kinase could be clearly identified (see Supplementary Figure S1, roman numerals). Two major phosphopeptides and one additional phosphopeptide, which cannot be allocated to full-length tau441, were visible in the autoradiograph of tau4411-155 (peptides 1, 2 and A in Figure 3B). The autoradiograph of tau441156-242 showed only one major full-length tau441-associated phosphopeptide and two additional phosphopeptides, which are exclusively phosphorylated in the fragment (peptides 4, B and C in Figure 3C). The phosphorylation pattern of tau441243-441 showed most major peptide signals that could be assigned to full-length tau441 (peptides 5 to 9 in Figure 3D).
In sum, data obtained from MS analysis and classical biochemical approaches provide evidence that CK1δ is able to phosphorylate tau441 at several different phosphorylation sites. Interestingly, the distribution of in silico predicted CK1-specific phosphorylation sites on tau441 could be verified by in vitro kinase assays especially for tau441156-242 and tau441243-441 (Figure 4). In contrast to that, data obtained from MS analysis clearly supported the results of the phosphopeptide analysis. In conclusion, most CK1δ-specific phosphorylation sites on tau441 are located within its MT-binding and the C-terminal domain, both located on fragment tau441243-441. To prove this right, we performed in vitro kinase assays and phosphopeptide analysis with tau441 phosphomutants in combination with cell-based assays, which together provide enough information about specific phosphorylation sites within the domains.
CK1δ Targets AD-Associated Phosphorylation Sites on Tau
To validate potential AD-associated phosphorylation sites predicted by the consensus motif via Scansite 4.0 or identified by MS analysis, six tau441 phosphomutants encompassing amino acids 68–71, 198–205, 212–220, 289, 409–416, and 422–427 were designed and generated by using primers given in Supplementary Table S1. Equal amounts of wild type tau441 and tau441 phosphomutants were then subjected to in vitro phosphorylation by CK1δ and phosphate incorporation was quantified. Mutation of Ser68/Thr69/Thr71, Thr212/Ser214/Thr217/Thr220, Ser289 as well as Ser409/Ser412/Ser413/Thr414/Ser416 showed major reduction of CK1δ-mediated phosphorylation by 18%, 16%, 39%, and 22% compared to wild type tau441 (see Figure 5A). Only minor reduction in phosphorylation was observed for Ser198/Ser199/Ser202/Thr205 and Ser422/Thr427 with 65 % and 58% compared to wild type tau441.
[image: Figure 5]FIGURE 5 | CK1δ targets AD-associated phosphorylation sites on tau441. (A) Tau441 and tau441 phosphomutants were phosphorylated by CK1δ in vitro using radioactively labeled 32P phosphate. Phosphate incorporation was quantified and normalized to wild type (wt) tau441. Information about the localization of the mutated phosphorylation sites on tau441 are shown on the left side of the figure. A: alanine, S: serine, T: threonine, wt: wild type. Phosphopeptide analysis of CK1δ-phosphorylated tau441 phosphomutants (B) tau441S68A+T69A+T71A and (C) tau441S289A. Arrow position indicate the loss of a major phosphopeptide or changes in the phosphorylation pattern. Phosphopeptide analysis of mixed samples confirm the identity of the marked phosphopeptides. ■: loading point of samples, +: anode, −: cathode. (D) Transduced and differentiated hNPCs were treated with 1 µM PF-670462 or DMSO as vehicle control (CTRL). Tau phosphorylation was determined by Western blots and antibodies targeting pSer202/pThr205-tau, pSer214-tau, pSer416-tau and total tau. β-actin was used as loading control. (E–H) Western blot signal intensities were quantified and normalized to β-actin and CTRL (vehicle control). Experiments were performed in triplicates and are shown as mean values. Error bars represent the standard deviation. Statistical significance was tested using the nonparametric Mann-Whitney U test with *p ≤ 0.05.
In addition, the significance of these results was further confirmed by phosphopeptide analysis using tau441 (wild type) and corresponding phosphomutants tau441S68A+T69A+T71A, tau441S198A+S199A+S202A+T205A, tau441T212A+S214A+T217A+T220A, tau441S289A, tau441S409A+S412A+S413A+T414A+S416A and tau441S422A+T427A. As expected from in silico prediction (Figure 1A), one phosphopeptide (peptide 2) is missing in the phosphopeptide analysis of tau441S68A+T69A+T71A compared to wild type tau441 (Figure 5B). Additionally, phosphopeptide analysis of tau441S289A showed changes in the phosphorylation pattern concerning phosphopeptides 7 and 9, thereby confirming that Ser289 can by phosphorylated by CK1δ in vitro (Figure 5C). No new information has arisen from the phosphopeptide patterns of tau441S198A+S199A+S202A+T205A, tau441T212A+S214A+T217A+T220A, tau441S409A+S412A+S413A+T414A+S416A and tau441S422A+T427A (Supplementary Figure S2).
To determine whether CK1δ modulates tau phosphorylation in neurons, transduced hNPCs were differentiated for 2 weeks and treated with 1 µM PF-670462 or DMSO as vehicle control for 24 h. After cell lysis, site-specific tau phosphorylation was determined by Western blot and phospho-specific tau antibodies targeting pSer202/pThr205, pSer214 or pSer416. We observed that treatment with PF-670462 did not affect the expression of tau (Figure 5D). Additionally, tau phosphorylation in cells treated with PF-670462 was significantly decreased at Ser214 verifying the results obtained by MS analysis and in vitro kinase assay. However, CK1δ-specific inhibition by PF-670462 did not affect tau phosphorylation at Ser202/Thr205 and Ser416 (Figure 5E).
CK1δ Co-Localizes With tau441 in Neuronal Cells
We further explored whether tau and CK1δ are co-locating in human neuronal cells that were generated from hNPCs. By double immunofluorescence staining and confocal microscopy, the expression of tau and CK1δ was visualized in neuronal cells (Figure 6A). Control staining with secondary antibodies only is depicted in Supplementary Figure S3. Neuronal differentiation level was verified by immunofluorescence staining of the neuron-specific marker MAP2 shown in Figure 6B. Analysis of PCC and MOC was performed to determine the subcellular co-localization of CK1δ with tau Figures 6C–G.
[image: Figure 6]FIGURE 6 | Co-localization of tau and CK1δ in neuronal cells. Immunofluorescence was performed with differentiated human neuronal cells. (A) Cells were fixed and stained with DAPI (blue, nuclei), anti-CK1δ goat antibody/Alexa Fluor 647 anti-goat antibody (Cy5/red, CK1δ) and anti-tau mouse antibody/DyLight 488 anti-mouse antibody (FITC/green, tau). (B) Differentiation level was examined by staining of neuron-specific marker MAP2. Images were taken at ×63 magnification using the Leica SP8 confocal microscope (Leica Mikrosysteme Vertrieb GmbH, Wetzlar, Germany). Scale bar: 0.25 µm. (C,D) Merged images were processed and analyzed using R according to Ahmed et al. (2019). (C) Low-resolution image (pixel set) of the merged image with selected ROIs. (D) Selected ROIs are highlighted (red line) within both channels (Cy5, FITC). (E) Raw pixel intensities of both channels (Cy5, FITC) from three selected regions (shown in black, green, and red). (F) Density of the pixel values of both channels (Cy5 (red) and FITC (green)) from summarized ROIs. (G) Analysis of PCC and MOC according to (Ahmed et al., 2019) (n = 5). Values are given as mean and error bars represent the standard deviation. MOC: Mander’s overlap coefficient, PCC: Pearson’s correlation coefficient, ROI: region of interest.
As shown in Figure 6A, immunofluorescence staining of tau as well as CK1δ revealed a variety of subcellular localizations. A clear staining pattern for both proteins was especially observed around the nuclei and in the cell body. Co-localization was determined by performing PCC and MOC analysis using R (Figures 6C–G). Co-localization analyses gave a PCC of 75% (0.75) and a MOC of 87% (0.87) for the overlay of CK1δ (Cy5) with tau (FITC) (Figure 6G) indicating a strong co-localization of CK1δ and tau in differentiated neuronal cells.
CK1δ-Mediated Phosphorylation has an Impact on Tau Aggregation
Hyperphosphorylation of tau by various kinases leads to the aggregation of tau into PHFs causing NFT formation and neuronal cell death in AD. We therefore considered the possibility that CK1δ enhances tau aggregation by phosphorylating tau at AD-associated phosphorylation sites.
Tau aggregation assay was performed with CK1δ-phosphorylated and non-phosphorylated tau441. Standard reaction mix without protein served as a negative control. The tau aggregation kinetics was strongly affected by the phosphorylation of CK1δ (Figure 7A). Phosphorylation by CK1δ highly increased the formation of tau441 aggregations (correlating with an increased plateau value) as well as the aggregation velocity (correlating with a decreased half-time of the aggregation kinetics) (Figure 7B).
[image: Figure 7]FIGURE 7 | CK1δ-mediated phosphorylation is linked to tau aggregation. (A) Tau aggregation assay was performed with CK1δ-phosphorylated tau441 (ptau441) and non-phosphorylated tau441 (tau441). Control reaction (CTRL) was performed with standard reaction mix without protein. Tau aggregation was measured by the ThS assay at 480 nm. Shown are the mean values of the triplicates and the error bars of the standard deviation. Data were fit to one-phase association exponential model within the first 15 min. (B) Amount of formed aggregates and velocity of aggregation was calculated as plateau value [RFU] and half-time [min]. CTRL: control reaction, ptau441: CK1δ-phosphorylated tau441, RFU: relative fluorescence units, tau441: non-phosphorylated tau441.
DISCUSSION
Hyperphosphorylation of tau leads to the formation of PHF and can only be achieved by the activities of various kinases. A wide range of kinases have been found to phosphorylate tau and contribute to this pathophysiological hallmark of AD (Grundke-Iqbal et al., 1986; Kosik et al., 1986; Brion et al., 1991). Here, our data strongly support previous findings that CK1δ is one of the kinases specifically phosphorylating tau441 at several AD-associated residues. Furthermore, we show that CK1δ and tau are co-localized in neuronal cells and that CK1δ-mediated phosphorylation affects tau aggregation.
Initially, site-specific phosphorylation of tau441 was predicted for CK1 canonical consensus motifs using ScanSite 4.0 revealing ten potential phosphorylation sites. Complementary information was obtained via MS analysis resulting in ten potential CK1δ-specific phosphorylation sites. Classical biochemical methods (such as in vitro kinase assays and two-dimensional phosphopeptide analysis) revealed that CK1δ prefers to phosphorylate tau441 within the MT-binding and C-terminal domain (aa 244-441) as well as the proline-rich domain (aa 197-244), which is in line with the findings of several other studies, demonstrating that most of the known AD-associated phosphorylation sites are located within the central region (172-251) and the C-terminal region (aa 368-441) (Liu et al., 2007; Rudrabhatla et al., 2011; Noble et al., 2013).
Combined results of in silico approaches and MS analysis showed that CK1δ specifically phosphorylates the AD-associated phosphorylation sites Ser68, Thr71, Ser198, Ser214, Ser289, Thr414/Ser416 and Thr427 (Figure 8; Table 2). Biochemical methods and Western blot analysis with phospho-specific antibodies of cell lysates obtained from treatment with CK1δ-specific inhibitor were used to verify these findings. Our results demonstrate that not all predicted sites, which are included in the CK1 consensus motif suggested by Krismer et al. (2021) are phosphorylated by CK1δ in vitro. Additionally, several CK1δ-targeted phosphorylation sites detected by MS analysis could not be confirmed in other in vitro experiments (Ser198, S202, Thr427) and vice versa. In vitro experiments based on in vitro kinase assays confirmed that the AD-associated phosphorylation sites Ser68 and/or Thr71 and Ser289 on tau441 are targeted by CK1δ. Although Ser68 and/or Thr71 were not detected by MS analysis, in vitro kinase assays and phosphopeptide analysis clearly identified these phosphorylation sites as CK1δ-specific highlighting the potential of these methods. The failure to detect these phosphorylation sites by MS analysis could have been due to difficulties in separation, the loss of phosphorylation at these residues during sample preparation or reduced peptide lengths (Liu et al., 2005; Vandermarliere et al., 2013; Solari et al., 2015). Differences between in vitro kinase assay and phosphopeptide analysis could be explained by technical limitations within sample preparation prior to phosphopeptide mapping. For sample preparation, we performed on-membrane digestion with trypsin, that has distinct advantages over in-gel digestion. However, we experienced a loss of some (phopho)peptides, that is probably caused by peptide precipitation and unpolymerized acrylamide cross-linked to proteins interfering tryptic digestion, that leads to inefficient tryptic peptide digestion and insufficient membrane detachment (Luque-Garcia and Neubert, 2009). Phosphorylation of Thr414/Ser416 was detected in silico and experimentally via MS analysis and in vitro kinase assays, but Ser416 could not be verified by Western blot analysis indicating no physiological relevance for the phosphorylation of Ser416 by CK1δ. However, significant physiological relevant phosphorylation by CK1δ was demonstrated for Ser214. Previous studies emphasize that the combination of results obtained from different methods is essential to reliably provide evidence for the phosphorylation of certain amino acid residues (Bischof et al., 2013; Dephoure et al., 2013; Ianes et al., 2016; Meng et al., 2016; Meng et al., 2019). Considering all methods, which were performed, it is very likely that Ser68/Thr71, Ser214 and Ser289 are targeted by CK1δ.
[image: Figure 8]FIGURE 8 | Potential CK1δ-specific phosphorylation sites on tau protein. Tau441 phosphorylation sites were predicted in silico or detected experimentally via MS analysis, in vitro kinase assay or phosphopeptide analysis. Shown are CK1-specific phosphorylation sites, which were predicted/identified with at least two methods. Red: Tau epitopes phosphorylated in AD brain. Blue: Tau epitopes phosphorylated in AD and control brains.
TABLE 2 | AD-associated phosphorylation sites of CK1 within tau. Results were obtained from different methods including different sources of tau as indicated. Positive identified phosphorylation sites are shown as “✓” and positive results within a tau441-phosphomutant including multiple amino acid are shown as “✓*.”
[image: Table 2]Ser68 and/or Thr71 are newly identified CK1δ-specific phosphorylation sites, which are tightly connected to the pathogenesis of AD. Previously, comprehensive MS analysis identified phosphorylated Ser68 and Thr71 in brain tissue isolated from patients with AD (Hanger et al., 2007). So far, only a few kinases have been identified to phosphorylate Thr69 or Thr71 including GSK3 (Hanger et al., 2009) or AMP-activated protein kinase (AMPK) (Thornton et al., 2011), respectively. Interestingly, in vitro phosphorylation of Thr71 was observed after combining GSK3β with CK1δ indicating a potential priming role of CK1δ for GSK3β (Hanger et al., 2007). Hyperphosphorylated tau in PHFs was reported to contain several double-site phosphorylation residues, such as Thr212/Ser214. Comparable to Ser68 and Thr71, phosphorylation of Thr212/Ser214 is absent in biopsy-derived normal tau (Matsuo et al., 1994). Phosphorylation of Ser214 is of particular interest, because its phosphorylation alone potentially leads to the disruption of microtubule binding and reduces the affinity of tau for microtubules (Illenberger et al., 1998). Phosphorylation of Ser214 was detected to be mediated by PKA (Zheng-Fischhöfer et al., 1998; Hanger et al., 2007), Akt (Ksiezak-Reding et al., 2003), CDK5, GSK3 and CK1δ (Hanger et al., 2007; Hanger et al., 2009). Among the identified CK1δ-specific phosphorylation sites, Ser289 is located within the microtubule-binding domain of tau important for its microtubule-binding property. Phosphorylation events within this domain were associated with conformational changes of tau and its disruption from microtubules (Biernat et al., 1993; Liu et al., 2007). Other kinases, which are involved in the phosphorylation of Ser289 are checkpoint kinase (Chk)1, Chk2 (Mendoza et al., 2013) and GSK3 (Hanger et al., 2009).
In addition, we provide evidence that tau co-localizes with endogenous CK1δ in differentiated neuronal cells, which was demonstrated in double immunofluorescence staining of both proteins. Co-localization is required for the interaction of both proteins and subsequent phosphorylation. These findings support the hypothesis that CK1δ has a possible role in the modulation of tau, which is further supported by the findings that CK1 is an active physiological kinase in neuronal cells and that the expression of CK1δ is strongly increased in AD brains probably leading to severe and pathological disruption of tau-MT binding (Ghoshal et al., 1999; Yasojima et al., 2000; Hanger et al., 2007).
CK1δ phosphorylates tau at specific AD-associated residues in vitro and in cells, it co-localizes with tau in neuronal cells and its expression is up-regulated in the brain of patients suffering from AD (Ghoshal et al., 1999). To directly demonstrate the functional effect of CK1δ-mediated phosphorylation on tau aggregation, we performed in vitro tau aggregation assays with pre-phosphorylated tau441 and non-phosphorylated tau441. Tau aggregation assay is not only used to study mechanisms of tau misfolding and aggregation, but it is also a robust tool for the screening of drugs, that interfere and inhibit tau aggregation. The relevance of this assay was previously demonstrated by Pickhardt et al. (2005). In this study, anthraquinone-based small molecule inhibitors were identified in an initial drug screening for their ability to prevent tau aggregation by using the tau aggregation assay. Promising compounds were further successfully identified for their ability to prevent tau aggregation in a cell-based assay using a genetically modified neuroblastoma (N2a) cell line. By using the tau aggregation assay in our experimental set-up, a remarkable increase in the aggregation kinetics of pre-phosphorylated tau441 could be observed. In aggregated PHF-tau, several amino acid residues were shown to be phosphorylated including Ser68, Ser69, Thr71, Ser184, Ser185, Ser202, Thr205, Ser208, Ser210, Thr212, Ser214, Thr231, Ser235, Ser258, Ser262, Ser289, Thr403, Ser412, Thr414/Ser416, Ser422, Thr427, Ser433 and Ser435 (Wolozin et al., 1986; Morishima-Kawashima et al., 1995a; Zheng-Fischhöfer et al., 1998; Hanger et al., 2007; Despres et al., 2017). Within this study, several phosphorylation sites, which are associated to tau aggregation, were predicted to be phosphorylated by CK1 in silico (Ser68, Thr71, Ser198, Ser202, Thr403, Ser416) or experimentally identified (Ser68, Thr71, Ser214, Ser289). Results obtained from our aggregation experiments demonstrated a potential role of CK1δ in tau aggregation, which has already been shown for several other kinases including TTBK1 and Fyn (Xu et al., 2010; Briner et al., 2020). In a bi-transgenic mouse model (overexpressing TTBK1 and P301L tau mutant) enhanced tau phosphorylation at Ser202/Thr205, Ser262/Ser356, Ser396/Ser404, Ser422 was observed leading to increased accumulation of tau aggregates (Xu et al., 2010). TTBK1 is known to be a neuron-specific kinase that regulates tau phosphorylation. Interestingly, TTBK1 shares high homology and characteristics with CK1δ explaining why both kinases are assigned to the CK1 family within the phylogenetic kinase tree (Liachko et al., 2014).
In summary, we clearly identified AD-associated tau phosphorylation sites, which can be targeted by CK1δ. Furthermore, we demonstrated that CK1δ co-localizes with tau in differentiated neuronal cells. For the first time, we provide experimental proof that CK1δ-mediated phosphorylation plays an important role at least in the in vitro aggregation of tau. Therefore, our findings clearly support the assumption that CK1δ has an essential role in tau hyperphosphorylation and the pathogenesis of AD.
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