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ABSTRACT

Tauopathies are a class of neurodegenerative disorders characterized by abnormal deposition of
post-translationally modified tau protein in the human brain. Tauopathies are associated with
Alzheimer’s disease (AD), chronic traumatic encephalopathy (CTE), and other diseases.
Hyperphosphorylation increases tau tendency to aggregate and forms neurofibrillary tangles
(NFT), a pathological hallmark of AD. In this study, okadaic acid (OA, 100 nM), a protein
phosphatase 1/2A inhibitor, was treated for 24h in mouse neuroblastoma (N2a) and differentiated
rat primary neuronal cortical cell cultures (CTX) to induce tau-hyperphosphorylation and
oligomerization as a cell-based tauopathy model. Following the treatments, the effectiveness of
different kinase inhibitors was assessed using the tauopathy-relevant tau antibodies through tau-
immunoblotting, including the sites: pSer202/pThr205 (AT8), pThr181 (AT270), pSer202 (CP13),
pSer396/pSer404 (PHF-1), and pThr231 (RZ3). OA-treated samples induced tau phosphorylation
and oligomerization at all tested epitopes, forming a monomeric band (46-67 kDa) and oligomeric
bands (170 kDa and 240 kDa). We found that TBB (a casein kinase II inhibitor), AR and LiCl
(GSK-3 inhibitors), cyclosporin A (calcineurin inhibitor), and Saracatinib (Fyn kinase inhibitor)
caused robust inhibition of OA-induced monomeric and oligomeric p-tau in both N2a and CTX
culture. Additionally, a cyclin-dependent kinase 5 inhibitor (Roscovitine) and a calcium chelator
(EGTA) showed conflicting results between the two neuronal cultures.This study provides a
comprehensive view of potential drug candidates (TBB, CsA, AR, and Saracatinib), and their
efficacy against tau hyperphosphorylation and oligomerization processes. These findings warrant
further experimentation, possibly including animal models of tauopathies, which may provide a
putative Neurotherapy for AD, CTE, and other forms of tauopathy-induced neurodegenerative
diseases.

Keywords: Tau hyperphosphorylation, protein kinase inhibitor, okadaic acid, cell-based model,
Tau oligomerization.
Background

Tauopathy is a class of neurodegenerative condition that is associated with pathological

phosphorylated tau protein accumulation in the human brain. Tauopathy has been associated with
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several clinicopathological conditions, including chronic traumatic encephalopathy (CTE) (1),
traumatic brain injuries (2), post-traumatic stress disorder(3), and Alzheimer’s disease (AD)(4, 5).

Tau is a structural protein whose function is to promote microtubule stabilization and
assembly, which are controlled by its phosphorylation state (6-8). In humans, the tau gene encodes
the tau protein and is located on chromosome 17q21 (9). The main tau protein is encoded by 11
exons which are subjected to alternative splicing on exon two, three, and ten forming six isoforms.
The six tau isoforms range from 352 to 441 amino acids. Tau isoforms vary in either having zero,
one, or two N-terminal inserts (exons 2 and 3) and three or four repeats region at the C-terminal

region (exon 10) (10, 11).

Tau protein consists of 79 potential phosphorylatable Serine and Threonine sites on the
longest isoform. At least thirty tau phosphorylation sites have been reported in healthy conditions.
Tau’s phosphorylation state and its ability to interact with microtubule proteins are regulated by
various protein kinases and phosphatases (12, 13). Imbalances in the activities of tau kinases and
phosphatases can cause tau to become hyperphosphorylated at specific residues leading to a higher
tendency to dissociate from microtubules. Abnormally dissociated tau have a higher susceptibility
of forming larger protein aggregates, filament assembly, and bundling of pair helical filaments
(PHF) into neurofibrillary tangles (NFT) leading to cellular neurotoxicity(6-8, 14, 15).

Tau phosphorylation is carried out by a host of different kinases under physiological
condition. Abnormal activities of tau kinases have been associated with AD, including kinases
such as Src family kinase, Ca?"/calmodulin-dependent protein kinase II (CaMKII); cyclin-
dependent kinase 5 (CDKS5); casein kinase (la/16/1¢/2); dual-specificity tyrosine kinase
phosphorylation and regulated kinase-1A/2 (DYRKI1A/2), glycogen synthase-3, and Fyn

kinase(16, 17). Notably, a study reported that hippocampus and temporal cortex regions of the
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brain have high levels of CKII in AD when compared to controls (18). Furthermore, the tyrosine
kinase Fyn has been highly researched for its implications with tau and neurodegeneration in the
post-synapse N-methyl-D-aspartate receptors (NMDAR)(16, 19-21). Fyn phosphorylates tau in
the N-terminal domain in neurons and plays a fundamental role in the amyloid signal

transduction(16).

Several approaches for the treatment of tauopathic conditions have been investigated,
including targeting tau kinases(22), activation of tau phosphatases(23), enhancing microtubule
stabilization(24), tau immunotherapy(25), tau clearance(2), tau aggregation inhibition (26). Since
in vivo tau-hyperphosphorylation results from multiple kinase activities, a single effective strategy
to reverse tauopathies is still an open question. The inhibition of tau kinases using pharmaceutical
drugs can lead to decreased levels of the hyperphosphorylated tau protein, thereby less aggregated
tau (27-32). Several tau kinase inhibitors are in clinical trials for the treatment of tauopathies-
related diseases (33). The most progressive protein kinase inhibition approach in the clinic thus far

has been targeted at GSK-3f protein (30, 34).

It has been shown in AD and various other tauopathies that, tau is abnormally
phosphorylated at Ser202, Ser396/404, Thr181, Thr205, and Thr231 (35, 36). The phosphorylation
profile of tau residues at Ser202/Thr205 has been well-characterized in AD cases based on using
specific antibodies (37). Analyzing these phosphorylation sites helps to show a pattern of

relationships between tau protein phosphorylation and pathology.

Okadaic acid (OA), a protein phosphatase 1 and 2A (PP1/PP2A) inhibitor, induces tau
hyperphosphorylation at pathological sites in both animal and cell-based models (38-40). OA

inhibition of tau phosphatases allows the activation of multiple tau kinases, leading to its
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98  hyperphosphorylation (41, 42). Moreover, it has been shown that OA treatment in wild-type mice

99  causes tauopathy-related abnormality in different regions of the brain (43).

100 In this study, mouse neuroblastoma culture (N2a) and rat primary cerebrocortical neuronal
101 (CTX) culture was treated with OA, to induce tau hyperphosphorylation and oligomerization
102  mimicking a tauopathy-relevant condition. In these experiments, we used the OA-induced
103  tauopathy culture model to screen for different tau kinase inhibitors using immunoblotting and
104  phospho-specific tau antibodies. Thus, it was hypothesized that using OA-induced tau
105  hyperphosphorylation and aggregation as a tauopathy model to screen for kinase inhibitors would
106  translate into putative neurotherapeutic targets for tauopathies-related disorders. Data from this
107  work has shown that OA-induced tau hyperphosphorylation and oligomerization were inhibited
108 by the different treatments. This side-by-side overview both highlights targets not well described,
109  as well corroborates with data from targets previously studied, to be assessed in different relevant

110  tauopathy-related in vivo models.

111

112 Methods

113 Phosphorylation Inhibitors

114  Ethylene glycol-bis(B-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA) (Sigma-Aldrich, St-
115  Louis, MO, USA), Dithiothreitol (DTT) (Sigma-Aldrich), Lithium chloride (LiCl) (Sigma-
116  Aldrich), N-(4-methoxybenzyl)-N'-(5-nitro-1,3-thiazol-2-yl)jurea (AR-A014418) (Sigma-
117 Aldrich), (9S,10R,12R)-2,3,9,10,11,12-Hexahydro-10-hydroxy-9-methyl-1-0x0-9,12-epoxy-1H-
118  diindolo[1,2,3-fg:3",2',1'-kl]pyrrolo[3,4-1][ 1,6 ]benzodiazocine-10-carboxylic acid methyl ester
119  (K252a) (Sigma-Aldrich), (2R)-2-1-butanol (Roscovitine) (Sigma-Aldrich), 4,5,6,7-Tetrabromo-

120  2-azabenzimidazole (TBB) (Sigma-Aldrich), 1-(7-methoxyquinolin-4-yl1)-3-(6-
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121 (trifluoromethyl)pyridin-2-yl)urea (A-1070722) (Sigma-Aldrich), cyclosporine A (Sigma-
122 Aldrich), N-(5-chloro-1,3-benzodioxol-4-yl)-7-[2-(4-methylpiperazin- 1-yl)ethoxy]-5-
123 (tetrahydro-2H-pyran-4-yloxy)quinazolin-4-amine (Saracatinib) (Selleck Chemicals, Houston
124  TX), (5S,6R, 7R ,9R)-6-methoxy-5-methyl-7-(methylamino)-6,7,8,9,15,16-hexahydro-17-oxa-
125  4b,9a,15-triaza-5,9-methanodibenzo[b,h]cyclonona[jkl]cyclopenta[e]-as-indacen-14(5h)-one

126 (STS) (ab120056; Abcam, Cambridge, MA, USA), Z-Asp-2,6-Dichlorobenzoyloxymethyl Ketone
127  (Z-DCB) (Cayman Chemical, Ann Arbor Michigan) and okadaic acid (Cell Signaling Technology,
128  Danvers, MA). SNJ-1945 was a gift from (Senju Pharmaceutical Co. Ltd., Kobe, Japan) (Table
129 1.

130  Antibodies

131  The antibodies that were used in this study were: phospho-tau monoclonal antibodies PHF-1
132 (pSer396/pSer404, 1/1000), CP13 (pSer202, 1/1000), RZ3 (pThr231, 1/1000), ATS
133 (pSer202/pThr205, 1/1000) , AT270 (pThr181, 1/1000) and total tau monoclonal antibodies: DA9
134 (a.a. 102-140, 1/1000),  DA3l1 (aal50-190, 1/1000)  (gift  from  Peter
135  Davies, Albert Einstein College of Medicine, Bronx, NY), polyclonal total tau DAKO (aa243-441,
136 1/5000) (CiteAb, England). Mouse anti-all-spectrin (ENZO Life Sciences, Farmingdale, NY,
137 USA, 1/5000). B-actin was used as protein loading evenness control (abcam, Cambridge, MA,
138  USA, 1/3000) (Table 2).

139  Cell lines and media

140  Brain mouse neuroblastoma N2a cells were purchased from American Type Culture Collection
141 (ATCC #CRL-2266, Manassas, VA, USA) and were grown as recommended by the manufacturer.
142 The cells were grown at 1:1 Dulbecco’s modified Eagle medium: reduced serum Eagle’s minimum

143  essential media (DMEM: Opti-MEM) supplemented with 5% FBS (Thermo-Fisher), 100 units/mL
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144  penicillin and 0.1 mg/mL streptomycin. Cells were incubated at 37°C in a humidified 5% CO,-
145  containing atmosphere.

146  Primary Cerebrocortical neuronal cultures

147  Rat primary cerebrocortical neuronal culture (CTX; Thermofisher; Cat. No. A10840) harvested
148  from a homogenized pool of day ten Sprague—Dawley rat brains and plated on poly-L-lysine-
149  coated (0.01% (w/v)) 12-well culture plates (Erie Scientific, Portsmouth, NH, USA), similar to
150  previously described methods[102] at a density of 4.36 x 10° cells/ml. Cultures were grown in
151  Neurobasal® media (Thermo Fisher), supplemented with 1% B-27 (Thermo Fisher), one mM
152  Glutamine (Thermo Fisher) and incubated at 37° C in a humidified 5% CO,-containing
153  atmosphere. The medium was replaced every three days.

154  Cell treatments

155  For N2a cell culture treatments, complete media was replaced with serum-free DMEM media. For
156  CTX primary cultures, all experiments were performed after ten days in culture, and the media
157  was replaced with Neurobasal® media supplemented with 0.5% B-27. For both CTX and N2a
158  culture, SNJ-1945 (S, 100 uM) and Z-DCB (Z, 60 uM) were added to all experimental conditions
159  before the treatment for 1h. This was followed by treatment with okadaic acid (OA; 100 nM) for
160  24h followed by protein kinase inhibitors for 6h. The protein kinase inhibitors used included:
161  K252a (10 uM), AR-A014418 (60 uM), A-1070722 (60 uM), Saracatinib (100 pM), LiCl (5 mM)
162  TBB (30 uM), EGTA (five mM), Roscovitine (60 uM), STS (0.5 uM), CsA (60 uM) (if added)
163  (Table1).

164  Cell Lysate Collection and Preparation

165  The culture lysate harvesting for N2a cells and CTX culture were identical. After the treatment,

166  conditioned media were collected from each well and added into separate tubes on ice and
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167  centrifuged at 10,000 x g for 10 min at 4°C. Lysis buffer was added to the attached cells on the 12-
168  well plates (100 pl per well). The Triton-X lysis buffer included: 1mM DTT, 1% phosphatase
169  inhibitors (Sigma), 1% Mini-Complete protease inhibitor cocktail tablet (Roche Biochemicals),
170  and 1% Triton X-100. The attached cells were then scraped down into the lysis buffer and collected
171  into separate 1.5 ml Eppendorf tubes. The insoluble pellets from the conditioned culture media
172 were combined with the lysed cells in the lysis buffer. The cell lysates were incubated for 90
173  minutes at 4°C and then centrifuged at 15,000 rpm for 15 minutes to remove cell debris.

174  SDS-PAGE and Western blotting

175  Protein concentrations of cell lysates were determined by bicinchoninic acid microprotein assays
176  (Pierce Inc., Rockford, IL, USA) against albumin standards. Equal protein samples (20 pg) were
177  prepared for SDS—PAGE in 8x loading buffer containing 0.25 M Tris (pH 6.8), two mM DTT, 8%
178  SDS, and 0.02% bromophenol blue. Each sample was subjected to SDS—PAGE electrophoresis on
179  a 4-20% precast-gels (Bio-Rad) and then transferred on to PVDF membranes. The membranes
180  were blocked in 5% milk for 1h and then incubated with primary antibodies (1/1000) overnight.
181  The secondary antibodies (Amersham Biosciences, UK, 1/10,000) anti-rabbit or anti-mouse IgG
182  conjugated with alkaline phosphatase (Amersham, Piscataway, NJ, USA), were then added for 1h
183  at room temperature. The blots were then washed with TBST, and immunoreactive bands were
184  visualized by developing with biotin, avidin-conjugated alkaline phosphatase, nitro blue
185  tetrazolium, and 5-bromo-4-chloro- 3-indolyl phosphate (BCIT/NBT) developer (KPL,
186  Gaithersburg, MD, USA). A 250 kDa to 14 kDa rainbow molecular weight marker (RPN80OOE, GE
187  Healthcare, Bio-Sciences, Pittsburgh, PA, USA) was loaded in the first well of the electrophoretic
188  gel to estimate the molecular weight of each band. Quantitative evaluation of protein levels was

189  performed via computer-assisted densitometric scanning (NIH Imagel, version 1.6 software).
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190  Statistical Analysis

191  Statistical analysis was performed with one-way ANOVA Tukey’s Test. For multiple
192  comparisons, one-way ANOVA followed by the Bonferroni’s post-hoc test was performed.
193 *p<0.05, **p<0.01, ***p<0.001, **** p<0.0001, ns: non-significant. GraphPad Prism 8.0
194  (GraphPad, La Jolla, CA).

195 Results

196 Okadaic acid (OA), a potent PP2A/PP1 inhibitor, is known to induce tau
197  hyperphosphorylation and aggregation (43, 44). To establish our tauopathy-relevant cell model,
198  mouse neuroblastoma N2a cells were treated with okadaic acid (OA) (100 nM) to induce tau
199  hyperphosphorylation and oligomerization for 6h and 24h (Figure 1a, b). This specific
200 concentration of OA was selected based on other studies that used similar concentrations optimized

201  on neuronal cell culture (38, 44-46).

202 Since OA is known to induce apoptosis (47), cell-permeable calpain (SNJ-1945) and
203  caspase-3 (Z-DCB) inhibitors were included in all of our experimental conditions in order to
204  eliminate modifications resulting from cell metabolism/health (48, 49). To assess cell viability,
205  caspase-3, and calpain activation, the samples were probed for for all-spectrin integrity. all-
206  spectrin is a key substrate for cysteine proteases associated with necrosis (calpain) and apoptotic
207  (caspase-3) cell death (50). Cleavage of all-spectrin by calpain produces major spectrin break
208  down products (SBDP) of molecular weight 150 kDa (SBDP150) and 145 kDa (SBDP145), while
209  caspase-3 activation produces major cleavage product of 120 kDa (SBDP120) detectable by
210  Western blotting (50, 51). Our control samples probed with all-spectrin detected only a high
211 molecular weight 240 kDa band (intact all-spectrin); while SBDPs were absent, suggesting a

212 healthy metabolism and neuronal culture (Figla). Western blots were analyzed with total tau
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213 monoclonal antibody DA9 (a.a. 102-140) and monoclonal phospho-tau antibodies including CP13
214 (pSer202) and PHF-1 (pSer396/pSer404) (Table 1). B-actin was probed to evaluate the evenness
215  of loading the protein extracts. Untreated control showed that the total tau antibody DAY detected
216  tau protein bands at 46 kDa and 48 kDa at 6h and 24h (Figure 1a). The intensity of the band at 46

217  kDa was detected at higher levels compared to the band at 48 kDa in control samples. (Figure 1a).

218 Treatment with OA (100 nM) for 6h and 24h showed a dramatic decrease in levels of the
219 46 kDa and increased levels of 48 kDa with DA9 antibody. One might presume that the 46 kDa
220 and 48 kDa bands are different tau isoforms. However, how OA treatment affected these bands
221  suggests that they are representative of phosphorylated (p-tau) and non-phosphorylated tau (tau)
222 rather than being tau isoforms. Thus, in our study,the 46 kDa was assigned as tau and the 48 kDa

223 as p-tau.

224 Additionally, treatment with OA showed high molecular weight (HMW) band clusters
225  residing at 170 kDa probed with DA9 antibody (a.a 102-145) for 6h (p<0.05) and at 24h
226 (p<0.0005). These (HMW) bands may represent the formation of tau oligomers as they were not
227  observed in control cells and only with OA-treated cells. It has been reported in a recent study that
228  treatment with OA in human neuroblastoma SH-SYS5Y cells induced tau phosphorylation and
229  oligomerization (44). Another study showed that a local injection of OA in mice induces tau
230  phosphorylation and aggregation in different anatomical brain regions (43). Because the tau
231 phosphorylation and formation of HMW bands were observed relatively at higher levels with OA
232 treatment for 24h compared to the 6h, the 24h treatment was selected as our tauopathy model

233 (Figure 1a, 1b).

234 On the other hand, in our cell culture experimental conditions, treatment with OA (100

235  nM) for less than 6h did not show any detectable tau bands with CP13 and PHF-1 (data not shown).

10
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236 It is well-known that OA induces apoptosis in human neuroblastoma cells, mouse neuroblastoma,
237  and rat cerebellum neurons (47). Thus, the time points were not increased beyond 24h of treatment

238  to avoid tau phosphorylation modifications resulting from proteolysis and neural death.

239 Probing with CP13 (pSer202) antibody did not show any detectable bands of tau protein in
240  control samples (Figure 1a). This result indicates that endogenous phosphorylation of tau at
241 Ser202 site is low under normal growth conditions. However, with OA treatment, CP13 showed
242 HMW band formed at 110 kDa (x2 size of monomeric tau) with 6h and 24h (Figure 1a, 1b).
243 Probing with PHF-1 antibody (pSer396/pSer404) did not show any tau band with control samples
244  (Figure 1a, 1b). Treatment with OA for 6h and 24h showed HMW cluster of bands at 220 kDa,
245 240 kDa, and 260 kDa with PHF-1 (Figure 1a, 1b). Notably, the 260 kDa band (red arrow) (Figure

246 1a) was only detectable with OA treatment for 24h (PHF-1).

247 Low molecular weight monomeric tau (LMW-MT) bands were not detected with either
248  CP13 or PHF-1. It should be noted that the DA9 antibody recognizes total tau epitopes from aa.
249  102-140. Thus, to identify the same 48 kDa tau species detected with DA9, the phospho-tau
250 antibody needs to recognize the same epitope. It was assumed that LMW-MT might be either
251  phosphorylated at sites other than Ser202/Ser396/Ser404, and LMW-MT oligomerized into the
252 different HMW tau species detected at 110 kDa, 170 kDa, 220 kDa, 240 kDa, and 260 kDa. Indeed,
253  using RZ3(pThr231) and AT270(pThr181), LMW-MT at 48 kDa and 55 kDa was detected with

254  OA treatment; respectively (Supplementary Figure 1a, left panel, OA lane).

255 Taken together, these data strongly suggest that OA treatment caused protein phosphatase
256  inhibition inducing the formation of LMW and HMW tau bands, immunoreactive at pSer202

257 (CP13, 110 kDa), pSer396/pSer404 (PHF-1, 220/240/260 kDa), RZ3 (pThr231, 48 kDa) and

11
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258  AT270 (pThr181, 55 kDa). Based on the molecular weight of each species, the immunoreactivity

259  with tau antibodies solidifies the notion of tau hyperphosphorylation and oligomerization.

260 Screening of tau kinase inhibitors on OA-induced tau hyperphosphorylation and

261  oligomerization in N2a cells.

262 To screen for protein kinase inhibitors as drug candidates for inhibition of OA-induced
263 hyperphosphorylation and oligomerization, mouse neuroblastoma N2a cells were pre-treated with
264  OA for 24h followed by treatment with protein kinase inhibitors for 6h. The positive control
265 included only OA treated cells for 24h. Protein kinase inhibitors used included: LiCl (10 mM),
266  AR-A014418 (AR) (60 uM), A-1070722 (A107)(60 uM), K252a (10 uM), STS (0.5 uM) 4,5,6,7-
267  tetrabromobenzotriazole (TBB) (60 uM), Roscovitine (60 uM), Saracatinib (100 puM),
268  cyclosporine A (CsA) (60 uM), and EGTA (5 mM) (Table 1; Figure 2a, 2b). All conditions were
269  pre-treated with SNJ-1945 (calpain inhibitor, abbreviated as S; 60 uM) and Z-DCB (caspase
270  inhibitor, abbreviated as Z; 100 uM) to minimize apoptotic pathways activation (calpain and
271  caspase-mediated proteolysis) (48, 52) (Table 1). To assess cell integrity, the all-spectrin antibody
272 was used to monitor intact-240 kDa, SBDP150, and SBDP120 that are representatives of

273 apoptosis, necrosis, calpain, and caspase activation, respectively.

274  Casein kinase 11 (CKII) inhibitor: 4,5,6,7-tetrabromobenzotriazole (TBB)

275 Since aberrant CKII has been reported in AD (53), TBB, a cell-permeable CKII inhibitor,
276  was selected for the study. Total tau DA9 showed that TBB abolished the 48 kDa band (p-tau) and
277  the HMW 170 kDa band (tau oligomers), and significantly increased (p<0.0001) levels of the 46
278  kDa (non-phospho tau) by 85%, compared to OA treatment alone (Figure 2a, 2b, Table 3). CP13

279  (pSer202) antibody showed that TBB eliminated the OA-induced 110 kDa band (oligomeric p-
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280  tau). Similarly, PHF-1 antibody (pSer396/pSer404) showed that TBB fully inhibited the formation
281  of 240 kDa (HMW bands-oligomeric tau) (Figure 2a, 2b, Table 3). As a selective casein kinase
282 I (CKII) inhibitor, TBB showed robustness in inhibiting both OA-induced tau
283  hyperphosphorylation and oligomerization. Thus, the aim was to evaluate the TBB dose-response
284  effect on OA-induced tau hyperphosphorylation and oligomerization in N2a neuronal culture. To
285 achieve this aim, N2a cells were treated with OA for 24h followed by treatment with various
286  concentrations of TBB (10 nM, 30 nM, 100 nM, 300 nM, 1 uM, 3 uM, 10 uM, and 30 uM) for 6h
287  (Figure 3a, 3b). The result shows that treatment with ten micromolars of TBB resulted in 50%
288  reduction of the 110 kDa (oligomeric p-tau form; CP13), 48 kDa, and 170 kDa bands (monomeric
289  and oligomeric p-tau, DA9) (Figure 3a, 3b). Increasing the concentration of TBB up to 30 uM
290  caused 90% reduction of 48 kDa (monomeric p-tau, DA9), 170 kDa (oligomeric p-tau, DA9) and
291 110 kDa (oligomeric tau form, CP13) (Figure 3a, 3b). As for assessing neuronal culture integrity,
292  the intact all-spectrin band was detected at 240 kDa, and no SBDP150/145 or SBDP120 was

293  observed with the TBB treated conditions suggesting a healthy culture.

294  Calcineurin Inhibitor: Cyclosporin A (CsA)

295  Cyclosporin A (CsA) has been reported to inhibit calcineurin phosphatase activity (PP3) and
296  CaMKII by blocking the Ca++ mitochondrial permeability (54) (Table 1). Thus, CsA was selected
297 in this study as a calcium-dependent kinase inhibitor to assess its effect on OA-induced tau
298  hyperphosphorylation and oligomerization. Notably, CsA abolished the 48 kDa and 170 kDa
299  monomeric and oligomeric p-tau of DAY, respectively (Supplementary Figure 1a). Moreover,
300 CsA significantly reduced the protein band at 110 kDa of CP13 (oligomeric p-tau band; p<0.0001),
301 and 240 kDa of PHF-1 (oligomeric p-tau band) (Supplementary Figure 1a, b, Table 3).

302  Phosphorylation sites at human tau threonine 181 and 231 have been shown to differentiate AD
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303  patient from a control subject (35, 55). Hence, RZ3 (pT231) and AT270 (pT181) antibodies were

304  used to study these sites.

305 RZ3 antibody showed a complete reduction of the 48 kDa band (monomeric p-tau) when cells
306  were treated with CsA (Supplementary Figure 1a, b). As for AT270 antibody, OA-treated
307 samples showed a band detected at 55 kDa (monomeric p-tau) which was abolished when neurons
308  were treated with CsA. The 48 kDa and 55 kDa OA-induced bands detected by RZ3 and AT270,
309 respectively, indicate that tau can have various levels of oligomerization, or can still be
310 monomeric, depending upon the phosphorylation site tested. B-actin protein levels remained even
311  in all experimental conditions. As for testing neuronal injury and apoptotic pathway activation,
312 oall-spectrin blotting did not detect any significant changes of the 240 kDa band (intact form).
313  Moreover, SBDP150/145 or SBDP120 immunoreactive bands were not detected in all of the

314  treated samples, indicative of a healthy metabolism.

315 Calcium chelator: EGTA

316  Another calcium-dependent kinase inhibitor, EGTA, was used as a calcium-chelating agent.
317 EGTA has a lower binding affinity for Mg relative to EDTA, making it more selective for Ca*™
318 ions (56). Total tau DA9 showed that EGTA treatment (with calpain and caspase inhibitors; S+Z7)
319  caused 25% reduction of the 48 kDa band (p-tau), 85% increase of the 46 kDa band (non-phospho-
320 tau) and 55% reduction of the 170 kDa band (oligomeric p-tau form), compared to OA treatment
321  alone (Figure 2a, 2b and Table 3). Additionally, EGTA caused 90% reduction of 110 kDa band
322 (oligomeric tau; CP13) and 85% reduction of 240 kDa (oligomeric tau; PHF-1) (Figure 2a, 2b
323  and Table 3). As for apoptotic pathway activation, all-spectrin antibody did not show any effect
324  on the 240 kDa band (intact form), and the SBDP150/145 or SBDP120 bands were not detected

325  with EGTA treatment.
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326  Glycogen synthase kinase-3 (GSK-3) inhibitors: LiCl, A-1070722, and AR-1014418

327 Tau is a substrate of Glycogen synthase kinase-3 (GSK-3)(57), and p-tau phosphorylation
328  and oligomerization could be inhibited by GSK-3 inhibition. To test this hypothesis, the effects of
329 small molecule GSK-3 inhibitors, LiCl, A-1070722 (abbreviated as A-107), and AR-1014418
330 (abbreviated as AR) were examined on OA-induced tau hyperphosphorylation and
331  oligomerization. Surprisingly, LiCl showed an opposite effect in N2a cell treatment by increasing
332 levels of 110 kDa band (oligomeric form, CP13; -14%) and levels of 240 kDa band (oligomeric p-
333 tau, PHF-1; -9%) (Figure 2a, 2b and Table 3). As for total tau DA9 antibody, LiCl also showed
334  an opposite effect by increasing the 48/46 kDa (p-tau/non-phospho-tau) band ratio by 20%, and

335  the 170 kDa oligomeric tau band by 12%.

336 AR, a thiazole class inhibitor, was shown to decrease insoluble p-tau in the brain stem of
337  transgenic mice overexpressing a mutant human tau protein (58). In our experimental design, AR
338  did not show a statistically significant effect on the 240 kDa band (oligomeric p-tau; PHF-1) or
339 110 kDa band (oligomeric p-tau form; CP13) (Supplementary Figure 2a, b, Table 3). Moreover,
340 probing with total tau DA9 showed that AR treatment caused an adverse effect by increasing the
341 48 kDa/46 kDa ratio (monomeric tau form; -50%) and reducing the 170 kDa oligomeric form band

342 by 36% (Supplementary Figure 2a, b, Table 3).

343 Another potent GSK-3 inhibitor, A-107 (Ki=0.6 nM for GSKa and GSK-38) (59), was
344  selected for the study. OA followed by A-107 treatment showed 23% reduction of 110 kDa
345  oligomeric form band (CP13) and non-significant but partial reduction of the 240 kDa oligomeric
346  p-tau form (PHF-1) compared to OA treatment alone (Supplementary Figure 2a, b, Table 3).
347  Probing with total tau DA9 showed with A-107 treatment, a 13% reduction of 170 kDa band (DA9)

348  and did not show a statistically significant effect on the 48 kDa band (Supplementary Figure 2a,
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349 b, Table 3). As for caspase-3, calpain, and cell injury activation, all-spectrin did not show SBDP

350 150/145 or SBDP120 post-treatment, indicative of a healthy neuronal culture.

351  Src/Fyn kinase inhibitor: Saracatinib

352  Saracatinib is an inhibitor of the Src/abl kinase family, developed initially for several types of
353  cancer but withdrawn for the lack of effectiveness (60). However, Saracatinib is also a potent
354  inhibitor of Fyn kinase, which is linked to tau (16). Fyn has been reported to phosphorylate
355  dendritic tau, which allows Fyn to localize to the post-synaptic density (16). In the current study,
356  Saracatinib was selected to investigate the role of Fyn kinase function on the tauopathy-relevant
357 cell-based model. Probing with DA9 (a.a. 102-140) antibody, Saracatinib resulted in 40%
358  reduction in the 48 kDa (monomeric p-tau), 20% increase in 46 kDa (non-phospho tau) bands and
359  45% reduction of the 170 kDa band (oligomeric p-tau form) (Figure 2a, 2b, Table 3). Saracatinib
360 treatment caused significant reduction (p<<0.0001) of the 110 kDa oligomeric p-tau band of CP13
361  (75%; CP13) and produced 46% reduction in immunoreactivity of the 240 kDa (oligomeric p-tau
362  form band of PHF-1) (Figure 2a, 2b, Table 3). As for assessing cell integrity, intact spectrin (240
363  kDa) levels remained constant, and SBDP150/145 and SBDP120 levels were not significantly

364 altered, with Saracatinib treatment, compared to control values.

365 Pan Kkinase inhibitor: K252a and STS

366 K252ais anon-selective cell-permeable protein kinase inhibitor, inhibiting protein kinase C (PKC;
367 1C50=32.9 nM), Ca2+/calmodulin-stimulated phosphodiesterases (IC50=1.3-2.9 uM),
368  serine/threonine protein kinases (IC50=10-20 nM), myosin light-chain kinase (MLCK; Ki=20
369 nM), receptor tyrosine kinases, and inhibiting the carcinogenic properties of MET oncogene (61,

370 62). K252a is an analog of staurosporine (STS) and has a broad spectrum of protein kinases
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371  inhibition, neuroprotection properties, and improvement in psoriasis in vivo (Table 1) (63). In this
372 study, K252a and STS treatment similarly showed 30% increase in 46 kDa (monomeric non-
373  phosphorylated tau) and 35% decrease at 48 kDa (monomeric p-tau) compared to OA, with DA9
374  antibody (Figure 2a, 2b, and Table 3). K252a treatment caused 40% reduction of 170 kDa (DAY;
375  oligomeric p-tau) compared to OA treatment alone (average of n=3) (Figure 2a, 2b, and Table
376  3). For p-tau detection, probing with CP13 antibody showed 60% and 32% reduction in 110 kDa
377  (oligomeric p-tau form) with K252a and STS treatment, correspondingly. PHF-1 showed 70% and
378  80% reduction in levels of 240 kDa (oligomeric form) with K252a and STS treatment, respectively
379  (Figure 2a, 2b, Table 3). all-spectrin immunoreactive bands (intact-240 kDa, SBDP150/145, and
380 SBDP120) did not show a statistically significant difference compared to control values. Although
381  STSis known to induce apoptosis, the absence of SBDPs is due to the effect of caspase and calpain
382  inhibitors (S+Z), which in our previous studies have shown to decrease SBDP150/145/120

383  resulting from STS treatment (64, 65).

384 CDKS inhibitor: Roscovitine

385  Roscovitine is a cyclin-dependent kinase 5 (CDKS) that acts through direct competition at the
386  ATP-binding site (66). It has been previously shown that tau protein can be a hyperphosphorylated
387 by CDKS in specific pathological conditions (67-69). To study the role of CDKS5 in our tauopathy
388 cell-based-model, Roscovitine was selected to assess its effect on OA-induced tau
389  hyperphosphorylation and oligomerization. Surprisingly, Roscovitine showed an adverse effect by
390 increasing levels of oligomeric tau detected at 170 kDa (-51%; DA9), 110 kDa (-11%; CP13), and
391 240 kDa (-53%; PHF-1) compared to OA treatment alone (Figure 2a, 2b, Table 3). Roscovitine
392 showed partial but a statistically non-significant decrease in the 48 kDa (monomeric p-tau) band

393 of DAY, compared to OA treatment alone. Moreover, all-spectrin antibody did not show a
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394  statistically significant difference of intact form (240 kDa), SBDP150/145, and SBDP120

395  compared to control values. B-actin protein levels remained even in all experimental conditions.

396  Baseline and OA-induced tau hyperphosphorylation and oligomerization: effects of various

397  kinase inhibitors treatments in rat primary cerebrocortical neuronal (CTX) culture.

398 To further expand our experimental paradigm in a cell-based model suitable for drug candidate
399  screening, the effectiveness of the protein kinase inhibitors was investigated on rat primary
400  cerebrocortical neuronal (CTX) cultures. Our CTX primary culture is fully differentiated neurons,
401  which can provide a model for physiologically relevant cellular events that make neurons uniquely
402  susceptible to disease-associated proteins. Additionally, the use of high-throughput primary
403  culture allowed us to screen multiple drug candidates in a short period, compared to conventional
404  methods and permit the exposure of novel biological concepts to identify new drug targets for
405  therapeutics. Therefore, CTX cells were pre-treated with or without OA 24h (100 nM) (Table 1)
406  followed by treatment with protein kinase inhibitors for 6h. Calpain and caspase-3 inhibitors, SNJ-
407 1945 and Z-DCB respectively, were added to all experimental conditions to prevent cell death-
408 mediated proteolysis of tau as a potential confound. To monitor neuronal culture health and
409  metabolism, the samples were probed with all-spectrin antibody, and intact form (240 kDa),

410 SBDP150/145, and SBDP120 were quantified and compared to control.

411 CTX control cultures showed normal cell bodies and healthy neurites, including axons and
412  dendrites. Notably, untreated control samples showed basal levels of phosphorylated tau (67 kDa)
413  detected by total and p-tau antibodies, including: DA31 (a.a.150-190), CP13 (pSer202), RZ3
414  (pThr231), PHF-1 (pSer396/pSer404), AT8 (pSer202/pThr205), and AT270 (pThr205) (Figure
415  4a, 4b, lane 1). In agreement with previous reports using immunocytochemistry and western

416  blotting, rat cortical neurons in primary culture showed that tau is physiologically highly
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417  phosphorylated (70). Thus, in our experimental design, various kinase inhibitors were tested on
418  basal and OA-induced p-tau to measure their effects in reducing physiological and pathological

419  phosphorylation levels at different epitopes.

420  Treatment with OA for 24h caused a dramatic increase of 67 kDa band (monomeric p-tau) at
421  multiple phospho-tau epitopes (CP13: 9x, RZ3: 9.8x, PHF-1: 13x, ATS8: 3x, and AT270: 10x)
422  (Figure Sa, 5b, lane 2). In contrast to N2a cells, oligomeric forms of tau protein were not observed
423 when tested with total tau (DA31 and DA9), and phospho-tau antibodies in CTX culture. Since
424 the samples were prepared under SDS-reducing conditions, it might be possible that tau oligomers
425 in CTX culture are disrupted, although tau cross-linking by disulfide bonds is not an essential

426  requirement for tau oligomerization (71).

427  Since the concentration of 30 pM TBB resulted in at least 90% inhibition in N2a cells, the same
428  concentration was used for CTX culture. Treating CTX culture with TBB reduced basal and OA-
429  induced tau phosphorylation (67 kDa) at CP13 (-OA: 91%, +OA: 98%), RZ3 (-OA: 100%, +OA:
430  100%), PHF-1 (-OA: 100%, +OA: 100%), AT8 (-OA: 91%, +OA: 100%), and AT270 (-OA:
431 100%, +OA: 100%) compared to OA treatment alone (Figure 4a, 4b, lane 7 and Figure 5a, 5b,
432  lane 8, Table 4). Total tau DA31 (a.a. 150-190) antibody detected immunoreactive bands at 63
433 kDa and 67 kDa with the different kinase inhibitor treatments. The decreased electrophoretic
434  mobility of the 63 kDa might correspond to the lower levels of p-tau protein induced by the protein
435  kinase inhibitors; thus, this band was assigned as non-phospho-tau. TBB treatment caused a
436  reduction of the phospho-tau band at 67 kDa (-OA: 41%, +OA: 91%), and an increase of non-
437  phospho tau band at 63 kDa (-OA: +53%, +OA: +81%) (Figure 4a, 4b, lane 7 and Figure 5a, 5b,

438 lane 8, Table 4).
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439 In contrast to N2a cells, LiCl caused considerable reduction of basal and OA-induced tau
440  phosphorylation (monomeric p-tau, 67 kDa) in CTX culture at CP13 (-OA: 94%, +OA: 50%), RZ3
441  (-OA:89%,+0OA:100%), PHF-1 (-OA: 98%, +OA: 100%), AT8 (-OA: 100%, +OA: 81%), AT270
442  (-OA: 100%, +OA: 100%) and total tau DA31 (-OA:93%, +OA:96%) (Figure 4a, 4b, lane 4 and
443  Figure 5a 5b, lane 5, Table 4). AR also abolished the 67 kDa band with basal and OA-induced
444  tau hyperphosphorylation (Figure 4a, 4b, lane 10 and Figure 5a 5b, lane 11, Table 4). With total
445  tau DA31 (a.a. 150-190), LiCl and AR completely reduced the 67 kDa (monomeric p-tau) and
446  substantially increased the 63 kDa band (non-phospho tau). Treating CTX cells with A107 also
447  showed a substantial inhibition of 67 kDa (-OA and +OA) band with CP13 (-OA: 92%, +OA:
448  36%), RZ3 (-OA: 79%, +OA: 70%), PHF-1 (-OA: 65%, +OA: 85%), AT8 (-OA: 82%, +OA:
449  21%), AT270 (-OA: 100%, +OA: 100%), and total tau DA31 (-OA: 80%, +OA: 55%), compared
450 to OA treatment alone (Figure 4a, 4b, lane 9 and Figure Sa 5b, lane 10, Table 4). As for
451  Roscovitine treatment, in contrast to N2a neuronal treatment, the 67 kDa band was reduced
452  considerably at CP13 (-OA: 85%, +OA: 63%), RZ3 (-OA: 42%, +OA: 91%), PHF-1 (-OA: 63%,
453  +0OA: 81%), and total tau DA31 (-OA, +OA: ~30%). However, Roscovitine did not show a
454  statistically significant effect on OA-induced tau phosphorylation at AT8 and AT270 (Figure 4a,

455  4b, lane 6 and Figure 5a 5b, lane 7, Table 4).

456  On the other hand, CsA caused a molecular weight shift in the electrophoretic mobility of the 67
457  kDato 63 kDa at the sites CP13 (pSer202), RZ3 (pThr231), and DA31 (a.a.102-145), presumably
458  accounting for the dephosphorylation of tau (Supplementary Figure 3). In reference to the 67 kDa
459  band, CsA had dramatic inhibition on basal tau phosphorylation at: CP13 (90%), RZ3 (91%), PHF-
460 1 (89%), AT8 (95%), AT270 (92%) and total tau DA31 (67 kDa, 95%) (Supplementary Figure

461  3a, b, Table 4). With OA treatment, CsA also showed a considerable immunoreactivity reduction
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462  of 67 kDa band at the epitopes: CP13 (33%), AT8 (86%) and total tau DA31 (28%). CsA had no
463  effect on 67 kDa band at PHF-1, AT270, and RZ3 compared to OA treatment alone
464  (Supplementary Figure 3a, b, Table 4). Minor oligomeric bands were observed at 240 kDa with
465  PHF-1 antibody in OA treated samples. Based on the all-spectrin blot, CTX cultures demonstrated
466  intact spectrin (240 kDa) and the absence of any SBDPs, suggesting a healthy metabolism under

467  the experimental conditions.

468  Furthermore, Saracatinib caused considerable reduction of basal and OA-induced tau
469  hyperphosphorylation at: CP13 (-OA: 41%, +OA: 100%), RZ3 (-OA: 81%, +OA: 100%), PHF-1
470  (-OA: 52%, +OA: 100%), AT270 (-OA: 0%, +OA: 84%) and total tau DA31 (-OA: 5%, +OA:
471 20%). Saracatinib did not show any significant effect at AT8 phospho-tau epitope

472 (pSer202/pThr205 sites) (Figure 4a, 4b, lane 8 and Figure 5a, Sb, lane 9; Table 4).

473  Treatment with K252a caused substantial inhibition of 67 kDa band, with basal and OA-induced
474  treatments at CP13 (-OA: 35%, +OA: 41%), RZ3 (-OA: 45%, +OA: 37%), PHF-1 (-OA: 61%,
475  +0OA: 63%), and total tau DA31 (-OA: 41%, +OA: 45%) (Figure 4a, 4b, lane 2, and Figure Sa,
476  5b,lane 3; Table 4). K252a did not show any statistically significant inhibition at AT8 and AT270
477  with both basal and OA-induced tau hyperphosphorylation (Figure 4a, 4b, lane 2; 5a, 5b, lane 3;
478  Table 4). Cultures treated with STS showed considerable reduction of basal and OA-induced tau
479  phosphorylation at CP13 (-OA: 86%, +OA: 63%), RZ3 (-OA: 83%, +OA: 81%), PHF-1 (-OA:
480  55%, +OA: 89%), AT8 (-OA: 88%, +OA: 12%), AT270 (-OA: 100%, +OA: 100%), and total tau

481  DA3I1 (-OA: 41%, +OA: 45%) (Figure 4a, 4b, lane 3a and Figure 5a, 5b, lane 4; Table 4).

482  Unexpectedly, EGTA caused an adverse effect in CTX culture by further enhancing physiological
483  p-tau and OA-induced tau hyperphosphorylation at CP13 (-OA: -51%,+OA:-12%), RZ3 (-OA:-

484 63%,+0A:-22%), PHF-1 (-OA:-22%,+0A:-13%), AT8 (-OA:-64%,+OA:-5%), AT270 (-OA:-
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485  68%,tOA:-63%), and total tau DA31 (-OA:-73%,+OA:-69%)(Figure 4a, 4b, lane 5 and Figure
486  5a,5b,lane 6; Table 4). B-actin protein levels remained even in all experimental conditions. When
487  samples were probed with all-spectrin antibody, with the calpain and caspase-3 inhibitors added
488 (S and Z), SBDP150/145 and SBDP120 bands were statistically non-significant compared to
489  control, in both basal and OA-induced tau hyperphosphorylation, suggesting a healthy neuronal

490  culture.

491  Taken all together, treatments with CKII inhibitor TBB, GSK3 inhibitors LiCl and AR, and
492 Src/Fyn Kinase inhibitor Saracatinib showed robust inhibition leading to different reduced basal
493  and OA-induced tau phosphorylation profiles demonstrating the specificity of inhibitors tested in
494  our tauopathy cell-based models. Thus, the kinase inhibitors studied provide targets to reduce or

495  prevent tau hyperphosphorylation and aggregation in tauopathies.

496

497  Discussion

498

499 In the present study, OA was used to induce tau hyperphosphorylation and oligomerization

500 in mouse neuroblastoma N2a culture and rat primary cerebrocortical neuronal cultures (CTX) to
501 screen for various tau kinase inhibitors as potential drug candidates. The N2a neuronal cultures
502  have been widely used to study mechanisms of neurodegeneration because they are a homogenous
503  culture system that is convenient to handle and can multiply quickly to produce a tremendous
504 amount of neuron precursor cells (72). However, the primary cultures were implemented in this
505 study as they represent a healthier form of cortical neurons as opposed to cell lines which are
506  cancerous, in a sense that gene expression in primary cortical culture could represent and mimic
507 the actual in vivo expression. Additionally, primary culture has the advantage in portraying the

508 complexity of the central nervous system by better translating into in vivo models used for
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509  screening pharmaceutical drug candidate’s compounds (73). It has been reported that OA results
510 in robust tau hyperphosphorylation at multiple pathological epitopes in animal and cell culture
511  studies (38, 40, 41, 74-76).

512 OA treatment was used to induce tau hyperphosphorylation and oligomerization at various
513  phospho-tau epitopes in N2a cell culture as a tauopathy model. OA caused down-regulation of
514  protein phosphatase and showed the appearance of oligomeric forms of p-tau species (110 kDa,
515 170 kDa, and 240 kDa) immunoreactive to p-tau-specific antibodies (pSer202, pSer396/404) and
516  total anti-tau (a.a. 102-142). Although the exact mechanism of tauopathy-induced disorders is not
517  yet elucidated, the immunostaining of autopsy brains with anti-p-tau antibodies, including ATS8
518  (pSer202/pThr205), and PHF-1 (pSer396/pSer404) are utilized as a diagnostic method of AD and
519 tauopathy (77). Thus, in our study, the increase in tau phosphorylation detected was identified at
520 these sites as a representation of a tauopathy model.

521 Moreover, among all the phospho-tau epitopes studied here, Thr231 epitope is thought to
522  be associated in the initiation of tau hyperphosphorylation in tauopathies while other epitopes such
523  as Thrl81, Ser202/Thr205, and Ser396/Ser404 are phosphorylated far ahead during the tauopathy
524  process and the progression of the disease (78). The phosphorylation sites Thr231 and Thr181 have
525  been proposed as biomarkers in AD while Ser202/Thr205 are used to determine the stage of AD
526  progression (79-81). These phosphorylation sites were selected in our study to associate the
527  effectiveness of protein kinase inhibitors with tauopathy-relevant phosphorylation sites.

528 It is widely established that PP2A is the primary enzyme responsible for dephosphorylation
529  of tau protein throughout the brain, controlling all tau phosphorylation sites. PP2A activity is

530 decreased in AD and TBI brains (12, 82). Therefore, the OA-induced inhibition of PP2A is a highly
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531 relevant model to study various tau protein kinase inhibitors as modulators of tau
532  hyperphosphorylation and oligomerization targeting tau pathology (Figure 6, Table 2).

533 In contrast to N2a cell culture, the monomeric form of tau (ranging from 63 kDa — 67 kDa)
534  was only observed in CTX culture. OA might be able to cause tau oligomerization inducing
535  phosphorylation at different sites on tau depending upon the cell line. One possible reason for such
536 effect would be that our separation of tau protein by SDS-PAGE was carried out under reducing
537  conditions (Dithiothreitol (DTT) and B-ME) that could have the ability to minimize tau oligomers
538 to the monomeric form, specifically in CTX primary culture. Our CTX serum-free neurobasal
539 media contained antioxidants such as glutathione. Thus, the addition of these antioxidants may
540  have blocked the process of tau oligomerization from occurring.

541 In the N2a and CTX cell culture, TBB (CKII inhibitor) surprisingly provided the most
542  profound reversal of tau phosphorylation and oligomerization at the epitopes pSer202, (CP13),
543  pSer396/pSer404 (PHF-1), pSer202/pThr205 (ATS8), pThr181 (ATS), and pThr231 (RZ3). TBB is
544  a selective, cell-permeable, ATP/GTP-competitive inhibitor of casein kinase II (CKII) (IC5,=900
545  nM for rat liver) (83). It has been shown that CKII function is aberrant in AD, and its alteration
546  precedes hyperphosphorylated tau accumulation in NFT formation (18). Moreover, it has been
547  reported that CKII can phosphorylate tau purified from human brain and neuroblastoma cell line
548 (18, 83-85). A study has shown that CKII phosphorylates SET, a potent PP2A inhibitor, inducing
549  tau hyperphosphorylation in neurons and animal models, while inhibition of CKII by TBB
550 eliminated this event (86). Thus, inhibition of CKII by TBB might provide a pharmacological
551 interference for treating tauopathy-related disorders.

552 Since GSK-3 is a well-known kinase that can phosphorylate tau in vitro and in vivo and

553  has been proposed as a target for pharmacological intervention (87, 88), three GSK-3 small

24


https://doi.org/10.1101/821389
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/821389; this version posted October 28, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

554  molecule kinase inhibitors (LiCl, AR, and A-107) were selected to be assessed on OA-induced
555  tauopathy, cell-based model. AR provided robust suppression of tau hyperphosphorylation in CTX
556  culture at all tau epitopes tested (Figure 4a, 4b, and Figure 5a, Sb; and Table 4) and was less
557 effective in N2a cells (Figure 2a, 2b, and Table 3). It was also observed that the effect of AR is
558  more prominent compared to another GSK3 inhibitor, A-107 in CTX primary culture. This effect
559  could be attributed, in part, to the high selectivity and specificity of AR to GSK3p (89) compared
560 to A-107. A-107 display selectivity for both GSK3a and GSK3p (K= 0.6 nM for both) (90) thereby
561  might dilute the effect of inhibition of GSK3[, which is regarded as the critical kinase in AD (88).
562 Similarly, a study has shown that hypothermia-induced tau hyperphosphorylation was
563 reduced with AR treatment in human neuroblastoma SH-SY5Y 3R-Tau (76). In another study, AR
564 protected N2a cell culture against apoptosis by inhibition of the phosphatidylinositol-3
565  kinase/protein kinase B pathway and showed neuroprotective properties against neurotoxicity
566  caused by the B-amyloid peptide in hippocampal slices (91). The lack of AR effect on N2a culture
567 might be attributed to differences in cellular mechanisms from CTX culture, mediating OA-
568 induced tau phosphorylation at multiple levels and different sites.

569 LiCl is well-known to inhibit GSK3 and other kinases (76). In CTX culture, LiCI caused
570  dramatic inhibition of basal and OA-induced tau hyperphosphorylation at all tested tau epitopes.
571  Consistent with previous reports, LiCl was shown to reduce tau phosphorylation in cultured cells,
572  Ex-vivo rat brain slices, and rat brains at different AD-related tau epitopes (58, 76, 89, 92-94).
573  Unexpectedly, LiCl showed an opposite impact on N2a culture by increasing OA-induced tau
574  hyperphosphorylation and oligomerization at multiple tested tau epitopes. To the best of our
575 knowledge, this effect is reported herein for the first time in cell culture. However, there are

576  biological targets for LiCl that might have resulted in an adverse event. For instance, one
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577  hypothesis states that LiCl is a competitive inhibitor of GSK-3 to Mg?", but not competitive to the
578  substrate or ATP. Another theory proposes that LiCl causes potassium deprivation (95).

579 The use of CDKS5 inhibitor Roscovitine in CTX culture substantially reduced basal and
580  OA-induced tau hyperphosphorylation at CP13 (pSer202), RZ3 (pT231, PHF-1(pSer396/pSer404)
581 and AT270 (pThr181). Roscovitine reduced basal phosphorylation at AT8 (pSer202/pThr205) but
582 did not affect the OA-induced tau hyperphosphorylation, reflecting its specificity and the
583  selectivity to our cell models. Similarly, several recent studies revealed that inhibiting CDKS5 with
584  Roscovitine had neuroprotective properties against neurodegenerative conditions caused by
585  decreasing tau phosphorylation (66, 76, 96). Like LiCl, Roscovitine resulted in opposite effects in
586  the N2a cells by increasing phosphorylation at CP13 (pSer202) and PHF-1 (pSer396/pSer404).
587 Another protein kinase that has recently received consideration as a pharmaceutical target
588 is the tyrosine kinase Fyn, which has been linked with the amyloid pathway and tau
589  phosphorylation through the N-terminal domain in dendrites (16). Saracatinib (also known as
590 AZDO0530) is a small molecular inhibitor that has high potency for Src and Fyn kinases (16, 19-
591  21). Fyn can physically associate with tau and phosphorylate residues by interacting through its
592  SH3 domain with SH3-binding domains in tau (Figure 6) (97). In our experiments, Saracatinib
593  reduced both basal and OA-induced tau hyperphosphorylation (67 kDa) in N2a and CTX primary
594  cultures at the epitopes: CP13 (pSer202), RZ3 (pThr231), PHF-1 (pSer396/pSer404) and AT270
595  (pThrl81). Saracatinib did not affect the pSer202/pThr205 (AT8) site, suggesting that Fyn does
596  not phosphorylate Thr205 residue in our experimental tauopathy model.

597 Cyclosporine (CsA) or FK506 is an 11 amino acid cyclic non-ribosomal peptide used as
598 an immunosuppressant. CsA is known to induce neuroprotective properties through inhibiting

599 specifically enzyme activity by binding to cyclophilin, forming a complex that inhibits calcineurin
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600 (PP3) (98) (Figure 6, Table 2). Several findings have shown that calcineurin inhibition increases
601  tau hyperphosphorylation, and cells treated with CsA could induce the process (99, 100). In the
602  present study, it was found that treatment with CsA alone did not result in any significant increase
603  in tau levels or tau phosphorylation, which lies in agreement with a study done similarly (101),
604  and reported complete inhibition of OA-induced tau hyperphosphorylation and oligomerization in
605 N2a cells at the examined tau epitopes. In CTX culture, CsA produced a lower but still
606  considerable reduction of OA-induced tau phosphorylation compared to N2a neuronal culture.
607  These data suggest that PP2A is the main enzyme that regulates tau dephosphorylation in our
608  culture system rather than PP3 at the tested sites. Moreover, we propose that CsA inhibits PP3 by
609  blocking its binding to the calcium-dependent calmodulin, required for CaMKII to be active,
610 thereby decreasing tau hyperphosphorylation (Figure 6, Table 2).

611  Conclusions

612 In this study, OA was used to induce tauopathy in neuroblastoma and differentiated
613  neuronal culture and screen for various pharmaceutical drug candidates. We provided a side-by-
614  side comparison of possible drug candidates that are well described in respect to tauopathies such
615 as Alzheimer’s (Saracatinib, LiCl, AR) as well as other prospects which have been minimally
616  studied in application to potential therapies (TBB and CsA). TBB and CsA warrant further test
617  design involving an animal model of tauopathy. This is particularly important as recent studies
618 implicate pre-fibrillar hyperphosphorylated tau as the toxic species in AD, CTE, and other
619 neurodegenerative diseases, therefore, re-establishing the interest in tau kinase inhibitors
620  development at putative neurotherapies, which could translate into human clinical trials.

621 Limitation and Future Directions

622
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623 With the use of peptidomic, it is evident that unique peptides are the main causes of
624  tauopathies; we hypothesized that after using OA induced tau hyperphosphorylation as a tauopathy
625  model, different drugs could be tested as neurotherapeutic targets for tauopathies-related disorders.
626  In one study, different Kinase inhibitors were tested on samples, to model possible therapeutic
627  drugs. TBB is a novel CKII inhibitor that has not been used for tauopathies and can be an example
628  for other possible drugs.

629

630 The idea of targeting specific biomarkers, after Peptidomic screening helped identified
631  potential kinase inhibitor candidates (AR, TBB, CsA, and Saracatinib) that warrant further test
632  design. The study would like to further test this protocol on 3R vs 4R human tau cell cultures.
633  Experiments on CSF and blood samples are being run to make up for the high based evidence on
634  rodent cultures.

635

636 Some limitations to the study include the idea that these compound dilutions are arbitrary
637  or based on references using different cell systems. Treatment is often in the high micromolar
638  range where compounds acts on more than their primary target. The use of serial dilution and the
639  generation of an EC50 would have been more appropriate.

640

641 Furthermore, the technic used is entirely based on western blotting which prohibits its
642  potential use in higher throughput screens. These systems are highly specific, but a wider variety
643  of auto-antibody assays, would have provided more accurate results.

644
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Finally, one constraint to this study remain from a lack of interpretation on why some
compounds respond in basal conditions while other respond in OA-treated conditions. The
discrepancy in response between the N2a cell line and CTX also cautions the interpretation of the
screen. Having a wider variety of samples from different parts of the brain, could have potentially

given more precise evidence toward the study.

List of Abbreviations
(A-1070722) 1-(7-methoxyquinolin-4-yl)-3-(6-(trifluoromethyl) pyridin-2-yl
AD Alzheimer’s disease
AR-A014418 N-(4-methoxybenzyl)-N'-(5-nitro-1,3-thiazol-2-yl) urea
AZD0530 Saracatinib
BCIT/NBT 5-bromo-4-chloro- 3-indolyl phosphate
CaMKII Ca?*/calmodulin-dependent protein kinase I1
CDKS5 Cyclin-dependent kinase 5
CK2 Casein kinase
CKII Casein kinase II
CsA Cyclosporin A
CTE Chronic traumatic encephalopathy
CTX Neuronal cortical cell cultures
DTT Dithiothreitol
DYRK1A/2 Dual-specificity tyrosine kinase phosphorylation and regulated

kinase-1A/2
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Ethylene glycol-bis (B-aminoethyl ether)-N,N,N',N'-tetraacetic
acid
Glycogen synthase kinase 3 inhibitors

High Molecular Weight

Staurosporine analog, non-selective cell permeable Protein
Kinase Inhibitor;
(9S,10R,12R)-2,3,9,10,11,12-Hexahydro-10-hydroxy-9-methyl-
1-0x0-9,12-epoxy-1H-diindolo[1,2,3-fg:3",2',1'-kl]pyrrolo|[3,4-

1][1,6]benzodiazocine-10-carboxylic acid methyl ester

Lithium Chloride

Low molecular weight monomeric tau
Myosin light-chain kinase
Neuroblastoma cell line
Neurofibrillary tangles
N-methyl-D-aspartate receptors
Okadaic acid

Protein Phosphatase 1

Protein Phosphatase 2A

(2R)-2-1-butanol
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Saracatinib N-(5-chloro-1,3-benzodioxol-4-yl)-7-[2-(4-methylpiperazin-1-

yl)ethoxy]-5-(tetrahydro-2H-pyran-4-yloxy)quinazolin-4-amine

SBDP Spectrin breakdown products
SNJ-1945 Amphipathic ketoamide
STS Staurosporine; (5S,6R,7R,9R)-6-methoxy-5-methyl-7-

(methylamino)-6,7,8,9,15,16-hexahydro-17-oxa-4b,9a,15-triaza-
5,9-methanodibenzo[b,h]cyclononal[jkl]cyclopenta[e]-as-

indacen-14(5h)-one

TBB 4,5,6,7-tetrabromobenzotriazole
7Z-DCB Caspase-3; Z-Asp-2,6-Dichlorobenzoyloxymethyl Ketone
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987
988  Figures. legends
989  Figure 1. OA induced tau hyperphosphorylation and oligomerization at different time points
990 in mouse neuroblastoma N2a cells.
991 (a). Immunoblots of N2a cells extracted protein (20 pg) using total and phospho-tau antibodies:
992 DAY (a.a. 102-140), CP13 (pSer202), and PHF-1 (pSer396/pSer404). all-Spectrin antibody was
993  used to assess neuronal apoptotic pathway activation through monitoring intact spectrin (240 kDa),
994  SBDP150/145 (calpain activation), and SBDP120 (caspase-3 activation). Different tau species are
995  pointed with colored arrows. Blue arrows present monomeric p-tau (48 kDa), and oligomeric p-
996 tau (110 kDa, 170 kDa, and 240 kDa). Red arrows on PHF-1 points on two minor bands of
997  oligomeric p-tau (220 kDa and 260 kDa). Black arrows show non-phospho tau band (46 kDa).
998  SNIJ-1945 (abbreviated as S; a calpain inhibitor, 100 uM) and Z-DCB (abbreviated as Z; a caspase-
999 3 inhibitor, 60 pM) were added for all experimental conditions for 1h before the treatment with
1000  OA (100 nM) for 6h or 24h, to prevent apoptosis-mediated proteolysis of tau and all-Spectrin. A
1001 reverse time course followed OA treatment, and all cells were collected at the same time and
1002  conditions. (b). Immunoblots quantification. All data are normalized to B-actin and are expressed
1003  as a percentage of control. Data are presented as + SEM for n=3. Statistical analysis was performed
1004  with one-way ANOVA. For multiple comparisons, one-way ANOVA followed by the
1005  Bonferroni’s post-hoc test was performed. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 and
1006  ns: non-significant. Full-length blots are presented in (Supplementary Figure 4).
1007  Figure 2. Screening of protein kinase inhibitors on OA-induced Tau hyperphosphorylation

1008  and oligomerization in N2a cells.
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1009  (a). Immunoblots of N2a cells extracted protein (20 png) using phospho-tau antibodies (CP13, PHF-
1010 1), total tau (DA9), and all-Spectrin. all-Spectrin was probed to assess neuronal cell injury
1011  monitored with SBDP145/150 and SBDP120. Kinase inhibitors effect on OA-induced tau bands
1012 (100 nM) was monitored by evaluating the levels of monomeric (48 kDa) and oligomeric p-tau
1013  immunoreactivity (110 kDa, 170 kDa, and 240 kDa; blue arrows), total tau, and non-phospho tau
1014 (46 kDa; black arrows). Phosphorylated tau break-down products are shown with PHF-1
1015 immunoblot. For all experimental conditions, S (a calpain inhibitor) and Z (a caspase-3 inhibitor)
1016  were added for 1h to before the addition of OA for 24h followed by 6h incubation with the kinase
1017  inhibitors. The concentrations used for each protein kinase inhibitor are mentioned in materials
1018 and methods, cell treatment section. B-actin was probed as a loading control. All experimental
1019  conditions were collected and analyzed at the same time. (b). Immunoblots quantification. All data
1020  are normalized to B-actin and are expressed as a percentage of control. Data are presented as +
1021 SEM for n=3. Statistical analysis was performed with one-way ANOVA. For multiple
1022  comparisons, one-way ANOVA followed by the Bonferroni’s post-hoc test was performed.
1023 *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 and ns: non-significant. Full-length blots are
1024  presented in (Supplementary Figure 5).

1025  Figure 3. Dose-response of TBB on OA-induced tau hyperphosphorylation and
1026  oligomerization in N2a cells.

1027  N2a cells were pre-treated with OA for 24h followed by treatment with different concentrations of
1028  TBB for 6h, as indicated in the figure. (a) Immunoblots of cell extracted proteins using phospho-
1029  tau antibodies, including CP13 (pSer202), and total tau DA9 (a.a. 102-140). Blue arrows represent
1030  monomeric and oligomeric p-tau (48 kDa, 110 kDa, and 170 kDa). all-Spectrin antibody used to

1031  monitor SBDPs with the increasing concentrations of TBB. The B-actin antibody was used as a
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1032 loading control. All conditions included SNJ-1945 (calpain inhibitor) and Z-DCB (caspase
1033  inhibitor). (b) TBB dose-response treatment line chart. TBB concentration (in micromolar) is
1034  shown on the X-axis, and the inhibition percentage is presented on the Y-axis. The control sample
1035  values were designated as the standard response. The X-axis concentration values are logarithm-
1036  transformed to fit a straight line. The half maximal inhibitory concentration (IC50) was used to
1037 measure the effectiveness of TBB in inhibiting OA-induced tau hyperphosphorylation and
1038  oligomerization. GraphPad Prism was used to calculate the IC50 (for DA9 and CP13 antibodies)
1039  and are presented in the figure. The statistical analysis was performed with one-way ANOVA,
1040  followed by Bonferroni's post-hoc test. *p<0.05, **p<0.01, ***p<0.001. Data are presented as =+
1041  SEM for n=3. Full-length blots are presented in (Supplementary Figure 6).

1042  Figure 4. Screening of protein kinase inhibitors on physiologically phosphorylated tau in rat
1043  primary cerebrocortical neuronal culture.

1044  Rat primary cerebrocortical neuronal differentiated cultures (CTX) at 15 DIVs, were treated
1045  various protein kinases inhibitors, including K252a (30 uM), STS (20 uM), LiCI (10 uM), EGTA
1046 (5 mM), Roscovitine (60 pM), Saracatinib (100 uM), TBB (30 uM) and A-107 (20 uM), AR (60
1047  uM) for 6h. Calpain and caspase inhibitors (S+Z) were added to all experimental conditions for 1h
1048  before the protein kinase inhibitor treatments. Cell lysates were analyzed on western blots using
1049  twenty micrograms of protein. (a) Immunoblots of cell lysates analyzed for phosphorylated tau at
1050 the epitopes CP13 (pSer202), PHF-1 (pSer396/404), AT8 (pSer202/pThr205), RZ3 (pThr231),
1051  and AT270 (pThrl81). Total tau was probed with DA31 (a.a. 150-190) antibody. DA31 blot
1052  showed two distinctive tau bands (63 kDa, non-phospho tau and 67 kDa, p-tau) following kinase
1053  inhibitors treatment. SBDP145/150 and SBDP120 were analyzed with the all-spectrin antibody.

1054  Different lanes are numbered at the top of each label in the figure. (b) Immunoblot quantification
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1055  of basal tau phosphorylation. Ratios of phospho-epitope levels over -actin = SD are represented
1056 as a percentage. Statistical analysis was performed with one-way ANOVA. For multiple
1057  comparisons, one-way ANOVA followed by the Bonferroni’s post-hoc test was performed.
1058  *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. n=3 per condition. Full-length blots are
1059  presented in (Supplementary Figure 7).

1060  Figure 5. Effect of protein kinase inhibitors on OA-induced tau hyperphosphorylation in rat
1061  primary cerebrocortical neuronal culture.

1062  Rat primary cerebrocortical neuronal differentiated cultures (CTX) at 15 DIV were treated with
1063  OA (100 nM) for 24h followed by protein kinases inhibitors for 6h. The concentrations of kinase
1064  inhibitors are the same as the ones mentioned in Figure 4. CTX cultures were treated with S and
1065 Z for 1h before any treatment to prevent apoptotic pathway-mediated tau proteolysis. (a).
1066  Immunoblots of cell lysates analyzed for phosphorylated tau at the epitopes CP13, PHF-1, ATS,
1067 RZ3, AT270. Total tau was probed with DA31 antibody. With DA31 blot, the 63 kDa band is
1068  referred to as monomeric non-phospho tau and the 67 kDa as monomeric p-tau species. Spectrin
1069  Break down products (SBDPs) were monitored with the all-spectrin antibody. (b) Immunoblot
1070  quantification of OA-induced tau phosphorylation. Ratios of phospho-epitope levels over B-actin
1071 = SD are represented as a percentage. Statistical analysis was performed with one-way ANOVA.
1072 For multiple comparisons, one-way ANOVA followed by the Bonferroni’s post hoc test was
1073  performed. *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. n=3 per condition. Full-length
1074  blots are presented in (Supplementary Figure 8).

1075  Figure 6. The tauopathy-model and a proposed mechanism for various protein Kinase

1076  inhibitors intervention.
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1077  Dephosphorylated tau protein binds the microtubules to maintain it in the polymerized state.
1078  Phosphorylation of tau protein by a host of different kinases causes tau to dissociate from the
1079  microtubules. Dissociation of tau causes the microtubules to depolymerize. Specific phosphatases
1080  dephosphorylate tau allowing the microtubule to re-polymerize again, a physiological process that
1081  provides structure and shape to the cytoskeleton of neurons. In tauopathies, imbalances between
1082  kinases and phosphatases functions lead to tau hyperphosphorylation at particular pathological
1083  sites and a higher tendency to dissociate from the microtubules producing soluble tau aggregates
1084  and insoluble paired helical filaments (PHF), that could combine to form neurofibrillary tangles
1085  (NFT). NFT is known to be the toxic species in AD and CTE, including other tauopathy diseases
1086  and little is known about their active mechanism of neurodegeneration. OA inhibits the function
1087  of crucial tau phosphatases, (PP1 and PP2A) leading to activation of tau kinases and tau
1088  hyperphosphorylation initiating the pathological processes of tauopathies. One pharmaceutical
1089  approach to reverse the mechanism of tauopathies is kinase inhibition. The protein kinase
1090 inhibitors selected in this study are indicated on this figure. The inhibitors highlighted in blue are
1091  ones that showed a promising effect on our OA-induced cell-based tauopathy model. Microsoft
1092  PowerPoint was used to create the artwork.

1093  Supplementary Figure 1: Effect of cyclosporin A on OA-induced tau hyperphosphorylation
1094  in mouse N2a cells.

1095  The same experimental design mentioned in Figure 2 was used to test CsA in N2a cell culture.
1096  Twenty micrograms of protein extract were used for the analysis of tau. Calpain and caspase-3
1097  inhibitors (S+Z) were added to all experimental conditions, including the control samples. CsA is
1098  known to inhibit the phosphatase activity of calcineurin (PP3). In the presented experiment, it is

1099  used to assess its kinase inhibition potential on the monomeric and oligomeric p-tau induced by
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1100  OA. (a). Immunoblots of N2a neuronal culture protein extracts showing antibodies directed against
1101  major tau phosphorylation sites. Two additional p-tau antibodies were used (AT270 and RZ3) to
1102  assess the phosphorylation sites at pThr181 and pThr231, respectively. RZ3 and AT270 detected
1103  distinctive monomeric p-tau bands at 48 kDa, and 55 kDa, respectively. Total tau levels were
1104  probed using DAY (a.a. 102-145) in N2a cells. Blue colored labels correspond to monomeric or
1105  oligomeric p-tau species. Immunoblots were probed with all-spectrin antibody to monitor calpain
1106  and caspase-3 mediated proteolysis. (b). Immunoblots quantification of N2a. The ratio of
1107  phosphorylation epitopes levels over B-actin levels + SD are represented as a percentage of control.
1108 n=3 per condition. For multiple comparisons, one-way ANOVA followed by the Bonferroni’s
1109  post-hoc test was performed. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns: non-significant.

1110

1111 Supplementary Figure 2. Effect of additional two GSK-3 protein kinase inhibitors on OA-
1112  induced tau hyperphosphorylation and oligomerization in N2a cells (with cell-death linked
1113  protease inhibitors (calpain/caspase inhibitors).

1114 A continuation of Figure 2 experiment is presented to include two other potent GSK-3 kinase
1115  inhibitors, AR and A-107. The detailed experimental treatments are as described in materials and
1116  methods. (a). Immunoblots of N2a cells extracted protein using p-tau antibodies (CP13 and PHF-
1117 1), total tau (DA9), and all-Spectrin. all-Spectrin was probed to assess cell apoptosis monitored
1118  SBDP150/145 kDa and SBDP120 kDa. Kinase inhibition of phosphorylation and oligomerization
1119  was monitored by evaluating the levels of p-tau antibodies and total tau (blue arrows) and non-
1120  phospho tau (black arrows). For all conditions, S+Z were added for 1h before the treatments. (b).
1121  Immunoblots quantification and statistical analysis. All data are normalized to B-actin and are

1122 expressed as a percentage of control. Data are presented as + SEM for n=3. Statistical analysis was
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1123 performed with one-way ANOVA. For multiple comparisons, one-way ANOVA followed by the
1124  Bonferroni’s post-hoc test was performed. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 and
1125  ns: non-significant.

1126  Supplementary Figure 3. Cyclosporin A inhibits physiological and OA-induced Tau
1127  hyperphosphorylation in rat primary cerebrocortical neuronal culture.

1128  The experimental procedures were followed as described in Figure 4 and Figure 5 legends.
1129  Primary neuronal cultures (CTX) were fully differentiated and had healthy neurites when
1130  examined under the microscope. All wells were pretreated with S+Z for 1h. For conditions that
1131  did not include OA, cultures were treated with CsA for 6h. For OA-induced conditions, OA was
1132 added for 24h followed by CsA for 6h. A reverse time course was followed, and all experimental
1133  conditions were collected and analyzed at the same time. Twenty micrograms of CTX culture
1134  extracts were run on SDS-PAGE followed by western blotting. (a). Immunoblots of CTX culture
1135  protein extracts. CTX culture using antibodies directed against major tau phosphorylation sites
1136  including: CP13 (pSer202), PHF-1 (pSer396/pSer404), RZ3 (pThr231), AT8 (pSer202/pThr205),
1137 AT270 (pThr181). Total tau levels were probed using DA31 (a.a. 102-145). The 67 kDa assigned
1138  as monomeric p-tau band and the 63 kDa band was assigned as monomeric non-phospho tau at the
1139  different studied epitopes. (b). Immunoblots quantification. The ratio of phosphorylation epitopes
1140 levels over B-actin levels & SD are represented as a percentage of control. n=3 per condition. For
1141  multiple comparisons, one-way ANOVA followed by the Bonferroni’s post-hoc test was
1142 performed. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns: non-significant.

1143  Supplementary Figure 4. Full scanned immunoblots for Figure 1a.

1144  Supplementary Figure 5. Full scanned immunoblots for Figure 2a.

1145  Supplementary Figure 6. Full scanned immunoblots for Figure 3a.
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Supplementary Figure 7. Full scanned immunoblots for Figure 4a.

Supplementary Figure 8. Full scanned immunoblots for Figure Sa.

Table 1. Phosphatase, Kinase inhibitor and other pharmacological agents used in the study.
Table 2. Antibodies used in this study.

Table 3. Composite effects of kinase inhibitors on OA-induced Tau hyperphosphorylation in
N2a cells.

Table 4. Composite effects of kinase inhibitors on basal and OA-induced Tau

hyperphosphorylation in rat primary cerebrocortical neuronal cells.
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Table 1. Phosphatase, Kinase inhibitor and other pharmacological agents used in the study
. Affinity in L 1Csp (cell-
Agent Full Name / Function Target vitro (Ki) Cross- reactivities g e
Phosphatase Inhibitors
s . . - PP1, PP2A 150 nM, 32
OA Okadaic Acid, Serine/Threonine phosphatase activity inhibitor oM (102) 0.1 pM(103)
Cyclosporin A/calcium dependent protein phosphatase - Calcineurin 0.98
CsA immunosuppressant (PP3) uM(104) .SES Sl
Kinase Inhibitors
LiCl Lithium Chloride — acts by competing for magnesium GSK3B 2 ) 1-2 mM(107)
AT s : mM(106)
N-(4-methoxybenzyl)-N'-(5-nitro-1,3-thiazol-2-yl) urea, 104+27 nM
AR-A014418 antidepressant. Inhibits in an ATP competitive manner Cease S ) ——— (91)
1-(7-methoxyquinolin-4-yl)-3-(6-(trifluoromethyl) pyridin-2-yl) urea GSK-3a and
Gz Brain penetrant. Inhibits in an ATP competitive manner. GSK-3B DEmEE) || ——— S ML)
PKA, PKC, PKG,
Staurosporine analog, non-selective cell permeable Protein Kinase LS, mn 1.8-20 Broad kinase
K252a Inhibitor phc.>sphorylase nM(108) inhibitor 1.3-3uM(63)
kinase, and
others
STS Staurosporine, highly non—selec?l\{e cell permeable Protein Kinase .Pan Prot.elin 3-15 M Brf)ac? k.lnase 0.5 uM(109)
Inhibitor Kinase Inhibitor inhibitor
AZDO0530 Saracatinib, anti-invasive and anti-tumor activities Sr'c/Fyn.Tyljo:slne 5-10 nM(21) Brc-At?I tyrosine 1- 10 uM(110)
Kinase inhibitor kinase
L L . . Pyridoxal Kinase
Roscovitine Seliciclib, competes fo.r the ATP.blndl.n.g sites, apoptotic and C.DK.5/.P35 0.2 uM(66) (T e 10 uM (111)
antineoplastic activity inhibitor
target)
TBB 4,5,6,7-tetrabromobenzotriazole, Acts in an ATP/GTP-competitive CKIl inhibitor 80-210 | 1t?1:Mre(£:1T
manner by binding to the Val66 residue of casein kinase-2. nM(112) stpudy)
Calcium Chelators
. . - . divalent ion X
EGTA ethylene egcoI-blhs (B-amlnoethyl.ether)—N, N, N’, N'-tetraacetic A 10 nM(113) Tyr kinase 2-5 mM(113)
acid, chelator of divalent cations. /Mg*) (500 nM)
Other Inhibitors
SNJ-1945 Amphipathic ketoamide — neuroprotective cell-permeable calpain Calpain 1, 2 100 [ 20-30
inhibitor inhibitors nM(114) uM(114)
Inhibit the
production of
Z-Asp-2,6-Dichlorobenzoyloxymethyl Ketone, Inactivates the Pan-Caspase 1-10 cytok.mes in human 20-50
Z-DCB . . . o peripheral blood
interleukin-1B-converting enzyme inhibitor pM(115) uM(116)
mononuclear cells
and T cell
proliferation
1169
1170
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Table 2. Antibodies used in this study

Clone name Epitope* Supplier (Catalog#) MAb/ PAb
Phospho Tau antibodies

AT8 pSer202/pThr205 Fisher-Thermo (MN1020) Mouse MAb
AT270 pThr181 Fisher-Thermo (MN1050) Mouse MAb
RZ3 pThr231 Peter Davies, Albert Einstein College of Medicine, Bronx, NY Mouse Mab

CP13 pSer202 Peter Davies, Albert Einstein College of Medicine, Bronx, NY Mouse MAb
PHF-1 pSer396/pSer404 Peter Davies, Albert Einstein College of Medicine, Bronx, NY Mouse Mab

Total Tau Antibodies

DA9 aal02-140 Peter Davies, Albert Einstein College of Medicine, Bronx, NY Mouse Mab
DA31 a2al50-190 Peter Davies, Albert Einstein College of Medicine, Bronx, NY Mouse Mab

*Epitope based on human Tau-441 sequence.
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Table 3. Composite effects of kinase inhibitors on OA-
induced Tau hyperphosphorylation in N2a cells.
Inhibition %
Inhibitor CP13 PHF-1 DA9
(110 kDa) (240 kDa) | (170 kDa)
K252a 62 70 40
STS 32 82 -10
LiCl -14 -9 -12
EGTA 90 85 55
CsA 98 90 100
Roscovitine -11 -53 -22
TBB 100 100 100
Saracatinib 70.5 46 45
A107 23 0 13
AR 0 0 36

1186 A negative sign correspond to an adverse effect. Bold corresponds to maximal inhibition at the tested
1187 epitope.

1188
1189
1190
1191
1192
1193
1194
1195
1196
1197
1198

1199
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Table 4. Composite effects of kinase inhibitors on basal and OA-induced Tau
hyperphosphorylation in rat primary cerebrocortical neuronal cells.
Inhibition %
Inhibitor
CP13 RZ3 PHF-1 AT8 AT270 DA31
35 45 61 10 17 41
K252a -OA
+ OA 41 37 63 0 0 45
86 83 55 88 100 79
STS -OA
+ OA 63 81 89 12 100 77
Lich _0A 94 89 98 100 100 93
+ OA 50 100 100 81 100 96
-51 -63 -22 -64 -68 -73
EGTA -OA
+ OA -12 -22 -13 -5 -63 -69
3 -OA 85 42 63 91 100 32
Roscovitine
+ OA 63 91 81 0 18 29
91 100 100 91 100 41
TBB -OA
+ OA 98 100 100 100 100 91
. 41 81 52 0 0 5
Saracatinib OA
+ OA 100 100 100 0 84 20
92 79 65 82 100 80
A-107 - OA
+ OA 36 70 85 21 100 55
AR -OA 100 89 100 100 100 100
+ OA 89 100 100 100 100 100
] 90 91 89 95 92 95
CsA OA
+ OA 33 26 0 86 11 28

1200 A negative sign correspond to an adverse effect. Bold corresponds to maximal inhibition at the tested
1201 epitope. The -/+ OA indicates either the presence or absence of okadaic acid compound. The

1202 densitometric intensity of 67 kDa band from Figure 4 and Figure 5 was used for calculating the
1203 percentage of inhibition.

1204

1205
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Figure 6

Protein Kinase C
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