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Abstract 46 

Increased p25, a proteolytic fragment of the regulatory subunit p35, is known to 47 

induce aberrant activity of cyclin-dependent kinase 5 (Cdk5), which is associated 48 

with neurodegenerative disorders including Alzheimer’s disease (AD). Previously, 49 

we showed that replacing endogenous p35 with the non-cleavable mutant p35 50 

(Δp35) attenuated amyloidosis and improved cognitive function in a familial AD 51 

mouse model. Here, to address the role of p25/Cdk5 in tauopathy, we generated 52 

double transgenic mice by crossing mice overexpressing mutant human tau (P301S) 53 

with Δp35KI mice.  We observed significant reduction of phosphorylated tau and its 54 

seeding activity in the brain of double transgenic mice compared to the P301S mice.  55 

Furthermore, synaptic loss and impaired LTP at hippocampal CA3 region of P301S 56 

mice were attenuated by blocking p25 generation. To further validate the role of 57 

p25/Cdk5 in tauopathy, we utilized frontotemporal dementia (FTD) patient-derived 58 

induced pluripotent stem cells (iPSCs) carrying the Tau P301L mutation and 59 

generated P301L:Δp35KI isogenic iPSC lines using CRISPR/Cas9 genome editing.  60 

We created cerebral organoids from the isogenic iPSCs and found that blockade of 61 

p25 generation reduced levels of phosphorylated tau and increased expression of 62 

synaptophysin. Together, these data demonstrate a crucial role for p25/Cdk5 in 63 

mediating tau-associated pathology and suggest that inhibition of this kinase can 64 

remedy neurodegenerative processes in the presence of pathogenic tau mutation. 65 

 66 

 67 

 68 
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Significance statement 69 

Accumulation of p25 results in aberrant Cdk5 activation and induction of numerous 70 

pathological phenotypes such as neuroinflammation, synaptic loss, Aβ accumulation 71 

and tau hyperphosphorylation. However, it was not clear whether p25/Cdk5 72 

activity is necessary for the progression of these pathological changes. We recently 73 

developed the Δp35KI transgenic mouse that is deficient in p25 generation and 74 

Cdk5 hyperactivation. In this study, we utilized this mouse model to elucidate the 75 

role of p25/Cdk5 in FTD mutant tau-mediated pathology. We also employed a FTD 76 

patient-derived iPSCs carrying the Tau P301L mutation and generated isogenic lines 77 

in which p35 is replaced with non-cleavable mutant Δp35. Our data suggest that 78 

p25/Cdk5 plays an important role in tauopathy in both mouse and human model 79 

systems.  80 

 81 

 82 

 83 

 84 

 85 

 86 

 87 

 88 

 89 

 90 

 91 
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Introduction  92 

 93 

       Tau is a microtubule-binding protein, which stabilizes and promotes assembly of 94 

microtubules. Hyperphosphorylation, insolubilization and accumulation of tau is 95 

observed in various neurodegenerative diseases including Alzheimer’s disease (AD) 96 

and frontotemporal dementia (FTD). Tau hyperphosphorylation can lead to a 97 

conformational change of the protein that triggers its dissociation from 98 

microtubules and reduced microtubule integrity. The breakdown of this tubular 99 

system disrupts intracellular organelle transport, such as the movement of 100 

mitochondria or other cargos to peripheral regions, which eventually results in the 101 

degeneration of axons (Mazanetz and Fischer, 2007; Kolarova et al., 2012; Kondadi 102 

et al., 2014). Abnormal phosphorylation of tau also leads to its mislocalization to 103 

dendritic spines, resulting in synaptotoxicity through the abnormal recruitment of 104 

tau-binding proteins such as a Fyn kinase into the synapse (Ittner et al., 2010).  105 

 106 

       Cyclin-dependent kinase 5 (Cdk5) is a serine/threonine kinase whose activity is 107 

necessary for neuronal migration, synapse development and synaptic plasticity. 108 

Cdk5 is not catalytically active unless it is associated with a regulatory activator, 109 

such as p35. The abundance of p35 is regulated by two alternate pathways 110 

consisting of the rapid proteasomal degradation of p35, or the direct truncation of 111 

p35 to a soluble 25 kDa form (p25) by calpain, a Ca2+-dependent cysteine protease. 112 

Whereas the former is common under physiological conditions, the latter is 113 

primarily associated with the function of Cdk5 under pathological conditions 114 
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(Patrick et al., 1999; Ahlijanian et al., 2000; Kusakawa et al., 2000; Lee et al., 2000; 115 

Nath et al., 2000).  116 

 117 

       To date, a large body of literature supports the role of Cdk5 in numerous 118 

pathological phenotypes in neurodegenerative disorders, including AD. For 119 

example, work in various neurodegenerative disease model systems or animal 120 

models of AD showed that pharmacological inhibition or targeted knockdown of 121 

Cdk5 relieved neurotoxicity and tau pathology (Piedrahita et al., 2010; Zhang et al., 122 

2013a; Miller et al., 2015). The ability of Cdk5 to phosphorylate tau (pTau) was 123 

shown to be enhanced in the presence of p25 compared to p35 (Van den Haute et al., 124 

2001; Hashiguchi et al., 2002; Noble et al., 2003). Consistent with these findings, 125 

several p25-overexpressing transgenic mouse models exhibit tau 126 

hyperphosphorylation and aggregation (Cruz et al., 2003; Noble et al., 2003). 127 

Altogether, these studies show that p25/Cdk5 induce tauopathy.  128 

A recent study reported that p25 expression is increased in the brain of JNPL3 mice 129 

carrying a human mutant transgene harboring a P301L mutation. And inhibition of 130 

calpain was reduced p25 levels and attenuated tauopathy in these mice (Rao et al., 131 

2014). It suggests that in addition to p25/Cdk5 inducing tauopathy, p25 production 132 

can itself be regulated by pathogenic tau. The novel question that we have not yet 133 

answered is whether or not p25 generation is a key factor in developing pathogenic 134 

tau mutation-induced pathology. Furthermore, it remains unclear if p25/Cdk5 135 

mediates tauopathy in patient-derived cell models. Recently, we developed the 136 

knock-in mouse (Δp35KI) incapable of generating p25 (Seo et al., 2014). In this 137 
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work, we thoroughly characterized the Δp35KI mouse through biochemical, 138 

electrical and behavioral assays. We did not observe any difference in Cdk5 activity 139 

between WT and Δp35KI mice, which is consistent with the fact that expression of 140 

p25 under basal conditions is low. These mice exhibit impaired long-term 141 

depression in hippocampal Schaffer collateral-CA1 synapses and a deficit in memory 142 

extinction suggesting the role of activity-induced p25 in memory process. However, 143 

overall they display normal brain development, synapse density, locomotion and 144 

learning behavior. And no obvious pathological phenotype was observed in Δp35KI 145 

mice. In the current study, we utilize this mouse line to inhibit p25 generation in a 146 

mouse model of FTD.  147 

 148 

       Previous studies using isogenic human induced pluripotent stem cells (iPSCs) 149 

derived from AD, FTD or Down syndrome (DS) individuals have shown that these 150 

cells display a number of readily observable disease phenotypes (Israel et al., 2012; 151 

Mou et al., 2012; Fong et al., 2013; Zhang et al., 2013b; Silva et al., 2016). The iPSC 152 

model system provides a critically needed means by which to conduct mechanistic 153 

studies in living human cells. Moreover, the advent of the clustered regularly 154 

interspaced short palindromic repeats (CRISPR) system using the Cas9 nuclease to 155 

induce guided DNA breaks provides a major advance in our ability to manipulate the 156 

human genome (Komor et al., 2017). Lastly, three-dimensional (3D) human neural 157 

culture systems, also known as cerebral organoids, have been recently developed to 158 

better recapitulate some specific features of the human brain such as architectural 159 

complexity and cortical layer formation. We recently found that cerebral organoids 160 
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derived from familial AD patient iPSCs endogenously develop Aβ and tau 161 

aggregation, which has not been observed in conventional two-dimensional (2D) 162 

culture systems (Raja et al., 2016). In the current study, we generated p35KI iPSCs 163 

from fibroblasts of a FTD patient by reprogramming along with genome editing 164 

techniques, which enabled us to address the role of p25/Cdk5 in a human tauopathy 165 

model.  166 

 167 

 168 

 169 

 170 

 171 

 172 

 173 

 174 

 175 

 176 

 177 

 178 

 179 

 180 

 181 

 182 

 183 



 

 7 

Materials & Methods 184 

 185 

Animals  186 

All animal experiments were performed with approval from the MIT Committee on 187 

Animal Care (CAC). P301S Tg mice (PS19) (Yoshiyama et al., 2007) were obtained 188 

from the Jackson Laboratory (https://www.jax.org/strain/008169, Bar Harbor, ME, 189 

USA) and crossed to the Δp35KI mouse to generate P301S;Δp35KI mice. 4-month-190 

old littermates were used for all the experiments, if not other indicated. Male mice 191 

were used for electrophysiology experiments, and Female mice were used for all 192 

biochemistry experiments. 193 

 194 

Immunoblot Analysis 195 

Hippocampal or cortical tissues were homogenized in RIPA buffer (50 mM Tris, pH 196 

8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) containing 197 

protease and phosphatase inhibitors. For organoids, 3~4 organoids were pooled, 198 

homogenized and sonicated in RIPA buffer. Lysates were incubated on ice for 15 199 

min and spun at 12,000 rpm for 15 min. Then, supernatants were transferred to 200 

new tubes and analyzed for protein concentration (Bio-Rad Protein Assay). SDS 201 

buffer was added to equal amounts of protein and subjected to SDS-PAGE and 202 

immunoblotting analysis. 203 

 204 

Antibodies 205 
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p35 (Dr. Li-Huei Tsai’s lab), Cdk5, HA, GAPDH (Santa Cruz Biotechnology), pTau 206 

T181, pTau S202 (Cell Signaling Technology), Synaptophysin (Sigma-Aldrich), NeuN 207 

(Synaptic Systems), Tau5 (Thermo Fisher Scientific) 208 

 209 

IP-linked kinase assay 210 

Hippocampal lysates were incubated with a anti-Cdk5 antibody for overnight at 4°C 211 

and the immunocomplex was subjected to a Cdk5 kinase assay as described 212 

previously (Seo et al., 2014).  213 

 214 

Immunohistochemistry 215 

Mice were transcardially perfused with 4% paraformaldehyde in PBS under 216 

anesthesia (2:1 of ketamine/xylazine), and the brains were sectioned at 40 μm 217 

thickness with a Leica VT1000S vibratome (Leica). Slices were permeabilized with 218 

blocking solution containing 0.1% Triton X-100, 1 M glycine, 10% donkey serum 219 

and 2% BSA in PBS for 1 hr at room temperature, and incubated at 4°C for overnight 220 

with blocking solution containing primary antibody. Slices were then incubated at 221 

room temperature for 1 hr with fluorescently conjugated secondary antibodies 222 

(Molecular Probes), and nuclei were stained with Hoechst 33342 (Invitrogen). 223 

 224 

Microscopy 225 

All images were captured using a Zeiss LSM 880 confocal microscope and the ZEN 226 

software, and analyzed using the ImageJ software (National Institutes of Health, 227 

https://imagej.nih.gov/ij/, RRID: SCR_003070). 228 
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 229 

Tau seeding activity assay  230 

Brains were homogenized in 1XTBS supplemented with protease inhibitors using a 231 

probe sonicator (30% power; 15 pulses). After sonication, the lysates were 232 

centrifuged at 16,000 x g for 15 min to eliminate large, insoluble material. The 233 

supernatant was stored at -80 °C and used for all future experiments. Protein 234 

concentration was determined using a Bio-Rad Protein Assay Kit. FRET biosensor 235 

cell lines described previously (Holmes et al., 2014) were provided by Marc I. 236 

Diamond. Cells were grown in Dulbecco’s modified Eagle’s medium (Gibco) 237 

augmented with 10% fetal bovine serum and 1X penicillin/streptomycin and 238 

maintained at 37 °C and 5% CO2 in a humidified incubator. For the assay, cells were 239 

plated in a 96-well plate at a density of 40,000 cells/well. Sixteen hours later, at 240 

50% confluence, brain homogenate samples were transduced into cells using 1 uL 241 

Lipofectamine/well. After a 48-hour incubation at 37 °C, cells were harvested with 242 

0.25% trypsin and fixed in 4% paraformaldehyde (Electron Microscopy Services) 243 

for 15 min, and then resuspended in PBS. An LSR II HST-2 flow cytometer was used 244 

to measure the FRET signal within each cell. FRET quantification was accomplished 245 

using FlowJo v10 software (Treestar Inc.). Integrated FRET density was derived by 246 

multiplying the percent of FRET-positive cells in each sample by the median FRET 247 

intensity of those cells. 248 

 249 

Electrophysiology 250 
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Hippocampal slices (transverse, 400 μm-thick) were prepared in ice-cold dissection 251 

buffer (in mM: 211 sucrose, 3.3 KCl, 1.3 NaH2PO4, 0.5 CaCl2, 10 MgCl2, 26 NaHCO3 252 

and 11 glucose) using a Leica VT1000S vibratome (Leica). Slices were then moved 253 

to the submerged chamber with 95% O2/5% CO2-saturated artificial cerebrospinal 254 

fluid (ACSF) consisting of (mM) 124 NaCl, 3.3 KCl, 1.3 NaH2PO4, 2.5 CaCl2, 1.5 MgCl2, 255 

26 NaHCO3 and 11 glucose at 30 °C for at least 1 hr before the recording. 256 

Extracellular recording at mossy fiber-CA3 synapses were performed as previously 257 

described (Siegert et al., 2015). In brief, a tungsten bipolar electrode was placed in 258 

the dentate granule cell layer to stimulate mossy fibers, and extracellular recordings 259 

were made in the stratum lucidum of CA3 using a glass microelectrode filled with 260 

ACSF (resistance of 2-3 MΩ). LTP was induced by three trains of high frequency 261 

stimulation (100 Hz for 1 sec) with 10 sec intervals after observation of stable 262 

baseline. To verify mossy fiber inputs, 1 μM (2S,2′R,3′R)-2-(2′,3′ 263 

dicarboxycyclopropyl)glycine (DCG-IV; Tocris Bioscience), a group II metabotropic 264 

glutamate receptor agonist that selectively blocks mossy fiber responses, was 265 

applied at the end of each recording. The amplitude of fEPSPs was measured to 266 

quantify the strength of synaptic transmission. A MultiClamp 700B amplifier and a 267 

Digidata 1440A A-D converter (Axon Instruments) were used for data acquisition 268 

and data were analyzed with pClamp10 (Axon Instruments). 269 

 270 

iPSC cultures  271 

FTD patient (Tau P301L carrier) and related healthy individual dermal fibroblasts 272 

were generated from a skin biopsy from subjects within the MGH Frontotemporal 273 
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Dementia Clinic as part of the MGH Neurodegeneration Repository. Approval for 274 

human subjects work was obtained under a Partners/MGH-approved IRB Protocol 275 

(#2010P001611/MGH). iPSCs (Tau-P301L MGH-2046 and non-mutant control 276 

MGH-2069) were generated using a synthetic modified mRNA-based 277 

reprogramming method (StemGent mRNA Modified Reprogramming Kit). These 278 

iPSC lines have been fully characterized and presence of the P301L mutation in 279 

MAPT was confirmed by sequencing (Silva, Watson, Tsai, Haggarty et al., Manuscript 280 

in preparation). iPSCs were cultured on irradiated mouse embryonic fibroblasts 281 

(MEFs, MTI-GlobalStem) in DMEM/F12, HEPES media (Gibco) supplemented with 282 

20% knockout serum replacement (KSR) (Gibco), 1X non-essential amino acids 283 

(NEAA), 1X GlutaMAX, (Life Technologies) beta-fibroblast growth factor (FGF2, 284 

PeproTech) and 0.1 mM 2-mercaptoethanol (Sigma-Aldrich) and maintained at 37 285 

°C and 5% CO2 in a humidified incubator. 286 

 287 

Generation of Δp35KI isogenic lines 288 

a. Preparation of the CRISPR/Cas9-p35-sgRNA plasmid 289 

A sgRNA for targeting CDK5R1 gene (GGGGCTGGGCGAATGTGGAC, reverse) was 290 

designed by http://crispr.mit.edu. And both sgRNA and repair template (ssODNs:   291 

TGAGGGGCTTTCTTGACTGAGGAGGAGCCCCCGGTCTGGGAACCCGAGAGCTGGCTGGCC292 

GGGGGTGCAGGCGGCTGGGCCGGTGGGGGCTGGAGGCACGACAGCGACTTCTTCAGGTTC293 

TCATTGTTGAGGTGCGTGATGTTGTTCTGGTAGCTGCTGTTGGGCTGCACCTTCTTGGAG294 

TTCTTCTTCTTGG) were synthesized by IDT (Integrated DNA Technologies). The 295 

CRISPR/Cas9 plasmid (pSpCas9-2A-GFP, PX458) was purchased from Addgene and 296 



 

 12 

the p35-sgRNA was cloned into the plasmid as described previously (Ran et al., 297 

2013).  298 

 299 

b. Electroporation 300 

iPSCs on MEFs plates were dissociated with Accutase (Thermo Fisher Scientific) and 301 

collected to a  15-ml falcon tube. Cells were washed with hES media once and then 302 

resuspended with hES media to count the number of cells. 5 million cells were 303 

transferred to a new tube and media was removed. Then, the CRISPR/Cas9-p35-304 

sgRNA and ssODNs were added to cells, mixed and transferred to a cuvette. The 305 

NucleofectorTM (Amaxa) and the Human Stem Cell Nucleofector Kit 1 (Lonza) were 306 

used for the electroporation and the cells were resuspended in hES media with 10 307 

μM ROCK inhibitor and transferred to a new MEFs plates.  308 

 309 

c. Fluorescence-activated cell sorting (FACS) 310 

Two days after the electroporation, cells were dissociated with accutase and 311 

transferred to a 15-ml falcon tube. Cells were washed with hES media once, 312 

resuspended with DPBS and filtered using falcon polystyrene test tube (#2235). 313 

Filtered cells were collected and sorted by a Becton Dickinson Aria II based on GFP 314 

signal. Sorted cells were then collected in hES media with 1X 315 

penicillin/streptomycin and 10 μM Rho-associated protein kinase (ROCK) inhibitor 316 

(Y-27632, Millipore) and plated at a density of 80,000 cells/well. 317 

 318 

d. Colony inspection 319 
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Once colonies formed, single colonies were transferred to each well of 12-well MEFs 320 

plates. After second transfer, cells in the original plates were dissociated and 321 

genomic DNAs were extracted as previously described (Ran et al., 2013). PCR was 322 

performed with the primer set to target the CDK5R1 gene (p35F-323 

CTGTCCCTGTCTCCCAGCTA, p35R-GGCAGAGAAACTCACCCAGG) and the PCR 324 

product was submitted to Genewiz for the sequencing.  325 

 326 

Organoid culture   327 

Organoids were created from iPSCs carrying the Tau P301L mutation, the Δp35KI 328 

isogenic or healthy control lines using the protocol described previously (Raja et al., 329 

2016). In brief, embryoid bodies (EBs) were formed by loading 12,000 iPSCs per 330 

well into 96-well plates pre-coated with Pluronic acid (1%, F-127, Sigma-Aldrich). 331 

EBs were maintained in the Media 1 consists of Glasgow-MEM supplement with 20 332 

% KSR, 1X sodium pyruvate, 1X NEAA, 0.1 mM 2-mercaptoethanol, 20 μM ROCK 333 

inhibitor (Y-27632, Millipore), 5 μM TGFβ-inhibitor (SB431532, Tocris Biosciences), 334 

3 μM Wnt-inhibitor (IWRe1, Tocris Biosciences) for 20 days. Dorsomorphin, a BMP 335 

inhibitor (2 μM Tocris Biosciences) was added for the first three days. Organoids 336 

were then transferred to non-adherent petri-dishes and cultured in the Media 2 337 

consisted of DMEM/F12 supplemented with 1X Chemically Defined Lipid 338 

Concentrate and 1X N2-supplement with 40% O2/5% CO2 to promote 339 

neuroepithelial formation. From day 35, 5 μM heparin (Sigma-Aldrich), 10% FBS 340 

and 1% matrigel (Life Sciences) were added to the medium. 341 

  342 
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Experimental Design and Statistical analysis 343 

Data are mean ± S.E.M. and were analyzed by Prism 6 software (GraphPad). 344 

Student’s t test was used to compare the means of two groups. One-way ANOVA 345 

followed by Tukey’s post hoc analysis was used for multiple comparison. p <0.05 346 

was considered significant. 347 

 348 

 349 

 350 

 351 

 352 

 353 

 354 

 355 

 356 

 357 

 358 

 359 

 360 

 361 

 362 

 363 

 364 

 365 
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Results 366 

 367 

Abnormal p25 expression induces hyperactivation of Cdk5 in the brain of P301S 368 

mice. 369 

       To first test whether p25 levels are affected by pathogenic tau, we used a C-370 

terminal specific p35 antibody to detect both p35 and p25 species in the brain of 371 

P301S transgenic mice. Using hippocampal lysates from 4-month-old mice, we 372 

observed a two-fold increase in p25/p35 ratio in P301S mice compared to that of 373 

WT (Figure 1A, B, p=0.030). To measure Cdk5 activity in these samples, we 374 

immunoprecipitated Cdk5 then performed a kinase assay using radiolabeled ATP 375 

and histone H1 protein, as a substrate of Cdk5. We found that basal Cdk5 activity in 376 

P301S mouse hippocampus is significantly increased compared to WT (Figure 1C, 377 

p=0.0009 by ANOVA). To address the effect of p25 generation on aberrant Cdk5 378 

activation in the P301S mouse brain, we crossed P301S mice with Δp35KI mice, in 379 

which endogenous p35 is replaced with cleavage registrant mutant p35 incapable of 380 

p25 generation (Seo et al., 2014). As expected, p25 was undetected in P301S;Δp35KI 381 

mice hippocampal lysates (Figure 1A, B). The expression of mutant Δp35 protein 382 

tagged with triple HA was confirmed by immunoblotting with an anti-HA antibody 383 

(Figure 1A). We then examined Cdk5 activity in these mice and found that inhibition 384 

of p25 generation normalized Cdk5 activity in P301S mice to the levels of WT 385 

(Figure 1C). These data indicate that hyperactivation of Cdk5 in P301S mouse brains 386 

is mediated by abnormal p25 generation.  387 

 388 
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Blockade of p25 generation attenuates tauopathy in P301S mice brain.  389 

       Overexpression of human P301S mutant tau was shown to induce tau pathology 390 

including hyperphosphorylation of tau, increased levels of insoluble tau and the 391 

formation of neurofibrillary tangles (Yoshiyama et al., 2007). Although, the precise 392 

mechanisms of mutant-driven tau hyperphosphorylation remains unclear, a 393 

conformational change induced by such mutations is proposed to trigger 394 

phosphorylation of other residues of tau by various kinases such as Cdk5 or GSK-3β, 395 

or inhibit dephosphorylation mediated by phosphatases (Mazanetz and Fischer, 396 

2007; Kolarova et al., 2012). To address the contribution of p25/Cdk5 to tau 397 

hyperphosphorylation in P301S mouse brains, we performed 398 

immunohistochemistry with hippocampal slices from P301S mice, P301S;Δp35KI 399 

mice and their WT littermates. We observed significant reduction of pTau levels in 400 

the hippocampus from P301S;Δp35KI mice compared to those from P301S mice. 401 

(Figure 2A). With antibodies against two different pTau epitopes (pTau T181 and 402 

pTau S202), we performed western blotting and consistent with our 403 

immunostaining data, levels of pTau in hippocampal lysates from P301S;Δp35KI 404 

mice were significantly reduced compared to those of P301S mice, without changes 405 

in total levels of tau (Figure 2B, p=0.0097 for pTau T181, p=0.0396 for pTau S202, 406 

p=0.283 for Tau5).  407 

       Recent studies suggest that pathogenic tau seeds can spread across the brain 408 

and trigger tauopathy in regions it spreads toward (Clavaguera et al., 2009; Frost et 409 

al., 2009; de Calignon et al., 2012). Thus, we asked whether a reduction of 410 

phosphorylated tau by p25/Cdk5 inhibition affects tau seeding activity in P301S 411 
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mouse brains. To measure tau seeding activity, we employed a FRET-based flow 412 

cytometry biosensor assay reported recently (Holmes et al., 2014). This study 413 

showed that tau seeding activity of lysates from P301S mice could be detected as 414 

early as 2 months of age. Therefore, we prepared biosensor HEK293T cells 415 

(expressing P301S mutant tau fused to either CFP or YFP) and treated them with 416 

brain lysates from 2-month-old P301S, P301S;Δp35KI or WT littermate mice. After 417 

24h, we measured FRET signals corresponding to the formation of tau aggregates 418 

and found that while tau seeding remained significantly elevated relative to WT 419 

brain lysates, inhibition of p25 production significantly reduced the seeding activity 420 

of P301S brain lysates (Figure 2C, p<0.0001 by ANOVA). Altogether, these data 421 

suggest that aberrant Cdk5 activity by p25 generation elevates tau 422 

hyperphosphorylation and increases tau seeding activity in P301S mouse brain. 423 

 424 

Inhibition of p25 restores synaptic function at mossy fiber-CA3 synapses in P301S 425 

mice. 426 

       Hyperphosphorylation and aggregation of tau is associated with synapse loss 427 

and cognitive impairment, and a significant reduction of synaptic density was 428 

observed in the hippocampal CA3 region of P301S mice by 3 months of age 429 

(Yoshiyama et al., 2007). To address the effect of p25/Cdk5 inhibition on tauopathy-430 

mediated synaptic loss, we measured synaptic density using an anti-synaptophysin 431 

antibody in the CA3 region of 4-month-old P301S, P301S;Δp35KI and WT littermate 432 

mice. Consistent with previous observations, P301S mice showed significantly 433 

reduced levels of synaptophysin in CA3 compared to their WT littermates (Figure 434 
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3A). We also observed a trend toward to a reduction of synaptophysin levels in CA1 435 

of P301S mice compared to WT, although it was not statistically significant (data not 436 

shown). This synaptic loss in CA3 was completely reversed to the levels of WT by 437 

inhibiting p25 generation (Figure 3A, p=0.0005 by ANOVA). To functionally analyze 438 

synapse integrity, we next performed extracellular field recordings to measure 439 

synaptic strength and long-term potentiation (LTP) at mossy fiber-CA3 synapses. 440 

We observed that while basal synaptic transmission in P301S mice was reduced 441 

compared to WT controls, inhibition of p25 in P301S mice significantly rescued this 442 

effect. Importantly, neither Δp35KI mice or P301S;Δp35KI mice exhibited different 443 

basal synaptic transmission compared to controls. The reduced baseline 444 

transmission in P301S mice seems to be due to a reduction of synapse number 445 

rather than an alteration of presynaptic neurotransmitter release because paired-446 

pulse facilitation ratios were not different between P301S and WT mice (Figure 3B). 447 

Consistent with the loss of synaptic density, P301S mice did not show any 448 

potentiation of field excitatory postsynaptic potentials (fEPSP) after three high-449 

frequency stimulations. However, similar to control and Δp35KI mice, 450 

P301S;Δp35KI mice showed about 150% potentiation of fEPSP by the stimulations 451 

(Figure 3C, p=0.0013 by ANOVA), indicating the restoration of synaptic plasticity by 452 

p25 inhibition in P301S mice.  453 

 454 

Inhibition of p25 generation reduces the levels of pTau in human cerebral organoids 455 

carrying a P301L mutation in tau. 456 
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To validate the effect of p25 generation on tau hyperphosphorylation in human 457 

model systems, we utilized iPSCs derived from fibroblasts from a FTD patient 458 

carrying the Tau P301L mutation (Silva, Watson, Tsai, Haggarty et al. Manuscript in 459 

preparation). We then derived 3D human cerebral organoids from this iPSC line 460 

(MGH-2046) as well as from the non-mutant control line (MGH-2069) as reported 461 

previously (Raja et al., 2016). This system enabled us to address the role of p25 in 462 

tau hyperphosphorylation in the context of a tau mutation associated with different 463 

forms of tauopathy, as both tau and p35 are highly expressed in neurons. Two-464 

month old organoids derived from iPSCs carrying the P301L mutation showed 465 

higher p25/p35 protein ratios compared to those derived from the non-mutant 466 

control (Figure 4A, p=0.038). To determine the role of p25/Cdk5 in tau 467 

hyperphosphorylation, we generated isogenic lines in which endogenous p35 is 468 

replaced with Δp35 protein by targeting Cas9 to the endogenous CDK5R1 locus 469 

(encoding p35) alongside a template donor oligonucleotide harboring the Δp35 DNA 470 

sequence (Figure 4B). Sanger sequencing confirmed the incorporation of Δp35 471 

sequence into the genome (Figure 4C). Top three of potential off-target sites 472 

predicted using CRISPR design tool (crispr.mit.edu) were inspected and sequencing 473 

data showed that no off-target effect was present in these regions (data not shown). 474 

Two-month old organoids from P301L iPSCs and P301L;Δp35KI isogenic lines were 475 

subjected to western blotting experiments. We first measured the levels of p25 476 

generation in both groups and observed a significant reduction of p25 abundance by 477 

this genetic manipulation in human cerebral organoids. (Figure 4D, p=0.0092). We 478 

then examined the levels of pTau using two different antibodies (pTau S202 and 479 
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pTau T181) as well as total tau. Consistent with the data from our mouse study, we 480 

observed a substantial reduction of pTau levels in P301L;Δp35KI organoids 481 

compared to P301L organoids (Figure 4D, p=0.002 for pTau S202, p<0.0001 for 482 

pTau T181). We also observed a similar reduction in total tau levels (p=0.0029). 483 

And there was a trend to pTau/total tau being reduced, although it was not 484 

statistically significant. These effects on total tau do not appear to result from a 485 

reduced number of neurons, as indicated by comparable levels of NeuN (p=0.94), 486 

and could instead be due to the reduced aggregation of unphosphorylated vs. 487 

phosphorylated tau. The expression of synaptophysin was higher in P301L;Δp35KI 488 

organoids, which is also consistent with the observation from Δp35KI mice (Figure 489 

4D, p=0.0287). Immunofluorescence analysis of the cerebral organoids also 490 

confirmed a reduction of pTau levels in P301L organoids by inhibition of p25 491 

(Figure 4E, p=0.023). These data provide the first demonstration in a human 492 

neuronal culture system that disruption of p25/CDK5 activity can ameliorate 493 

tauopathy phenotypes.  494 

 495 

 496 

 497 

 498 

 499 

 500 

 501 

 502 
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Discussion 503 

 504 

       While the relationship between p25/Cdk5 and amyloid pathology has been an 505 

active area of interest, the impact of p25 inhibition upon another hallmark of AD, 506 

tauopathy, is less clear. Cdk5 hyperactivation by overexpressing p25 was shown to 507 

induce tauopathy in mouse brains (Cruz et al., 2003; Noble et al., 2003). However, 508 

the contribution of p25/Cdk5 complex to the development of tauopathy under 509 

pathological conditions by loss-of-function study has not been investigated. In this 510 

study, by genetically abolishing p25 generation, we have attempted to address 511 

whether p25 generation is necessary for aspects of tau-associated pathologies.  512 

 513 

       In the brain of P301S mice, a model of FTD, we found that p25/Cdk5 inhibition 514 

significantly reduces hyperphosphorylation of tau and its seeding activity. The levels 515 

of pTau and tau seeding activity in P301S;Δp35KI mice are still higher than those of 516 

WT mice because these mice significantly overexpress P301S tau. However, we 517 

found that inhibition of p25 generation is sufficient to restore synaptic integrity and 518 

function in this animal. To further determine the role of p25/Cdk5 in mutant tau-519 

mediated pathology in human neurons, we turned to iPSC systems. Previous studies 520 

showed that human neurons differentiated from iPSCs of FTD patients carrying 521 

mutations in tau expressed higher levels of pTau and total tau compared to those 522 

from unaffected individuals (Fong et al., 2013; Silva et al., 2016). This effect does not 523 

appear to be due to increased number of neurons by early maturation because the 524 

levels of neuronal markers were not affected. These data showed that pathogenic 525 
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mutant tau induced hyperphosphorylation of tau as well as accumulation of total 526 

tau, which could be caused by abnormal protein folding and impaired clearance of 527 

this pathogenic protein. Using the CRISPR/Cas9 genome editing technique, we have 528 

created isogenic lines of human iPSCs derived from a FTD patient carrying a P301L 529 

mutation in the MAPT gene, with endogenous p35 replaced with Δp35. Cerebral 530 

organoids derived from these isogenic iPSC lines demonstrated that blockade of p25 531 

production reduced tau phosphorylation on multiple epitopes as well as lowering 532 

total tau. As noted above, the effect on total tau levels could be due to enhanced 533 

clearance of unphosphorylated tau. It is important to note that we didn’t observe 534 

such a reduction of total tau in P301S;Δp35KI mice compared to P301S mice. This 535 

discrepancy could be from characteristics of two different model systems. Unlike 536 

cerebral organoids that express endogenous levels of mutant tau, P301S mice 537 

overexpresses mutant tau at levels more than five-fold higher than endogenous tau. 538 

This could lower the efficiency to reduce expression of total tau even though p25 539 

inhibition attenuates hyperphosphorylation of tau.  540 

 541 

       Interestingly, we observed that inhibition of p25 generation increases levels of 542 

synaptophysin in both the P301S mice brain and Tau P301L organoids. Tau is 543 

generally localized to the axons of neurons, however, hyperphosphorylated tau 544 

accumulates in the somatodendritic compartment. This leads to mislocalization of 545 

tau-interacting proteins such as the Fyn kinase. Previously, it was shown that 546 

abnormal expression of Fyn followed by tau mislocalization at the synapse results in 547 

the phosphorylation and activation of NMDA receptors, leading to neurotoxicity 548 
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(Ittner et al., 2010). We showed previously that NMDA receptor activation leads to 549 

p25 generation, which subsequently causes synaptic depression (Seo et al., 2014). 550 

Therefore, it is conceivable that p25 generation not only facilitates tau 551 

hyperphosphorylation by leading to aberrant Cdk5 activation, but also mediates 552 

neurotoxicity-induced synaptic depression and subsequent synaptic loss at the 553 

synapses of brains with tauopathy. 554 

 555 

       In the progression of AD, an increase of Aβ is apparent as much as a couple of 556 

decades before the onset of clinical symptoms (Jack et al., 2010). Aβ accumulation is 557 

followed by hyperphosphorylation of tau, subsequent neuronal loss and cognitive 558 

impairment. Although this suggests that Aβ could cause abnormal phosphorylation 559 

of tau, the lack of tauopathy in mouse models of amyloidosis is perplexing. One 560 

potential explanation is the different nature of the tau species in mouse versus 561 

humans.  Mouse does not express certain tau isoforms, thus it cannot recapitulate 562 

the human four-repeat tau (4R-tau):three-repeat tau (3R-tau) ratio, changes in 563 

which have been associated with the formation of tauopathy (Adams et al., 2010; 564 

Schoch et al., 2016). Recent studies using iPSCs-derived neurons from AD patients 565 

showed that this human model system nicely recapitulates both upregulation of Aβ 566 

and hyperphosphorylation of tau (Israel et al., 2012; Muratore et al., 2014).Cdk5 is a 567 

well-established tau kinase. Because we saw the beneficial effect of p25/Cdk5 568 

inhibition on Aβ-induced pathology in the 5XFAD mouse model (Seo et al., 2014) 569 

and on tauopathy in human model systems, we speculate that p25/Cdk5 mediates 570 

Aβ-induced hyperphosphorylation of tau. And this further increases p25 generation 571 
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and Cdk5 hyperactivation as forming a feed-forward loop. p25/Cdk5 could also 572 

facilitate tau phosphorylation by other kinases such as GSK-3β (Kimura et al., 2014). 573 

As such, inhibition of p25/Cdk5 would likely be beneficial in this system.  574 

 575 

       In conclusion, our study using P301S;Δp35KI mice and P301L;Δp35KI iPSCs 576 

suggest that inhibition of p25/Cdk5 is effective in ameliorating disease-causing 577 

mutant tau-mediated pathology. Therefore, further efforts to develop inhibitors of 578 

p25-mediated Cdk5 dysregulation are warranted and could benefit both AD and 579 

FTD patients. 580 

 581 

 582 

 583 

 584 

 585 

 586 

 587 

 588 

 589 

 590 
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Figure Legends 717 

 718 

Figure 1. Inhibition of p25 generation abolishes Cdk5 hyperactivation in 719 

P301S mice brain. 720 

(A) Levels of p25 in WT, P301S and P301S;Δp35KI hippocampus. Δp35 expression 721 

in P301S;Δp35KI was confirmed by immunoblotting with an anti-HA antibody. The 722 

asterisk represents a nonspecific background band.  723 

(B) The bar graph represents relative immunoreactivity of p25/p35 compared to 724 

WT (Student’s t test). 725 

(C) IP-linked Cdk5 kinase assays were performed on WT, P301S and P301S;Δp35KI 726 

hippocampal lysates (n=3~5  per group; p=0.0009  by ANOVA). 727 

*p<0.05, **p<0.01, ***p<0.001 by Student’s t test or Tukey’s post hoc analysis; error 728 

bars ±SEM. 729 

 730 

Figure 2. Inhibition of p25/Cdk5 attenuates hyperphosphorylation of tau and 731 

its seeding activity in P301S mice brain. 732 

(A) Immunohistochemistry with an anti-pTau T181 antibody in hippocampal CA1 of 733 

WT, P301s and P301S;Δp35KI mice. Scale bar, 20 μm.  734 

(B) Relative levels of pTau T181, pTau S202 and total tau in P301S and 735 

P301S;Δp35KI hippocampus normalized to P301S. (n=4~8, per group; Student’s t 736 

test). 737 
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(C) Cortical lysates from 2-month-old WT, P301s and P301S;Δp35KI mice were 738 

added to  biosensor HEK293T cells and their tau seeding activity were quantified by 739 

measuring FRET signals. (n=4  per group; p<0.0001 by ANOVA). 740 

*p<0.05, **p<0.01, ***p<0.001 by Student’s t test or Tukey’s post hoc analysis; error 741 

bars ±SEM. 742 

 743 

Figure 3. Blockade of p25 generation restores synaptic integrity and function 744 

in hippocampal CA3 region of P301S mice. 745 

(A) Immunohistochemistry with an anti-synaptophysin antibody in hippocampal 746 

CA3 of WT, P301s and P301S;Δp35KI mice. Right: the bar graphs represent the 747 

relative immunoreactivity of synaptophysin in WT, P301S and P301S;Δp35KI 748 

normalized to WT. (n=3~5 per group; p=0.0005 by ANOVA). Scale bar, 20 μm. 749 

(B) Left: input-output curves from the fEPSP amplitude against the fiber volley 750 

amplitude at a range of stimulus intensities. Right: paired-pulse facilitation (fEPSP2 751 

/ fEPSP1) was measured at various interstimulus intervals.  752 

(C) LTP was induced by 3x HFS at mossy fiber-CA3 synapses. Sample traces 753 

represent fEPSPs at 1 min before (gray) and 1 hr after (block) HFS. Scale bars, 0.5 754 

mV and 10 ms. Right: the magnitude of LTP was calculated by comparing the 755 

average slopes of fEPSPs during the last 5 min of recordings with those recorded 756 

before stimulation. (n=4~6 per group; p=0.0013 by ANOVA) 757 

*p<0.05, **p<0.01, ***p<0.001 by Student’s t test or Tukey’s post hoc analysis; error 758 

bars ±SEM. 759 

 760 
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Figure 4. p-Tau levels in organoids derived from a FTD patient iPSCs are 761 

reduced by inhibition of  p25 expression. 762 

(A) Relative levels of p35 and p25 in organoids derived from non-mutant control 763 

(MGH 2069) or Tau P301L (MGH 2046) iPSCs. (n=3 biological replicates, 3~4 764 

organoids were pooled for each blot). 765 

(B) Schematics of Δp35KI isogenic line generation from a FTD patient iPSCs carrying 766 

the Tau P301L mutation. 767 

(C) Sanger sequencing confirms the insertion of a desired repair template into a FTD 768 

patient iPSCs.   769 

(D) Relative levels of p35, p25, synaptophysin, NeuN, pTau T181, pTau S202 and 770 

total tau in organoids derived from P301L or P301L;Δp35KI iPSCs. Right: the bar 771 

graph represents the quantification of relative immunoreactivity for each protein in 772 

organoids normalized to P301L organoids. (n=4 biological replicates, 3~4 organoids 773 

were pooled for each blot). 774 

(E) Immunohistochemistry with an anti-pTau T181 antibody in organoids derived 775 

from P301L or P301L;Δp35KI iPSCs. Scale bar, 5 μm. Right: the bar graph represents 776 

the relative immunoreactivity of pTau T181 in each group. (n=6 per group) 777 

*p<0.05, **p<0.01, ***p<0.001 by Student’s t test; error bars ±SEM. 778 
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