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 67 
Abstract 68 

 69 
Phosphorylation of MARCKS (myristoylated alanine-rich C kinase 70 
substrate) reflects neurite degeneration at the early stage of Alzheimer’s 71 
disease (AD), before extracellular A  aggregates are histologically 72 
detectable. Here, we demonstrate that similar changes in MARCKS occur 73 
in Parkinson’s disease (PD) and dementia with Lewy body (DLB) 74 
pathologies in both mouse models and human patients. The increase in 75 
the level of pSer46-MARCKS began before -synuclein aggregate 76 
formation, at a time when human -Syn-BAC-Tg/GBA-hetero-KO mice 77 
exhibited no symptoms, and was sustained during aging, consistent with 78 
the pattern in human postmortem brains. The results strongly imply a 79 
common mechanism of pre-aggregation neurite degeneration in AD and 80 
PD/DLB pathologies.  81 
 82 
 83 
Significance Statement: 84 
 85 
At early stage of Alzheimer’s disease prior to the aggregation of extracellular A , 86 
phosphorylation of MARCKS at Ser46 reflects neurite degeneration. In this study, 87 
we confirmed the similar changes both in mouse models and human patients of 88 
Parkinson’s Disease (PD) and Dementia with Lewy Bodies (DLB). 89 
Phosphorylation of MARCKS at Ser46 was increased before -synuclein 90 
aggregation was detected, and the increase of pSer46-MARCKS was sustained 91 
during aging. These results suggest that neurite degeneration detected by 92 
pSer46-MARCKS is a common pre-aggregation mechanism shared by AD and 93 
PD/DLB pathologies. 94 
 95 
Key words:  96 
Parkinson’s disease, dementia with Lewy body, alpha-synuclein, neurite 97 
degeneration, MARCKS, phosphorylation 98 
 99 
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 100 
 101 
Introduction 102 
 103 
Protein aggregation is a widely accepted hallmark of neurodegenerative 104 
disorders including Alzheimer’s disease (AD), Parkinson’s disease (PD), 105 
dementia with Lewy body (DLB), frontotemporal lobar degeneration (FTLD), 106 
Huntington’s disease (HD), spinocerebellar ataxia (SCA), and amyotrophic 107 
lateral sclerosis (ALS). In general, the disease-related proteins are assumed to 108 
adopt misfolded structures that are subsequently converted to 109 
aggregation-prone structures, including -sheets. However, the details of 110 
chronological and/or stochastic changes in these structures remain largely 111 
unknown, triggering debates about the identities of the true toxic species, as well 112 
as whether aggregated or soluble proteins are toxic. 113 
 114 
Clinical trials of AD therapeutics have had a considerable impact on these 115 
discussions. Passive immunization with anti-A antibodies has been largely 116 
successful in decreasing the abundance of extracellular A  plaques in the brain. 117 
However, those trials reported discrepancies between improvements in A -PET 118 
and amelioration of clinical symptoms 119 
(https://www.alzforum.org/news/research-news/pib-pet-biomarker-study-confirm120 
s-bapineuzumab-lowers-amyloid). Therefore, elucidation of the 121 
early-stage-pathologies is now an urgent issue for understanding pathogenesis 122 
and developing therapeutics of AD, and the situation is largely similar in the 123 
other neurodegenerative diseases including PD/DLB. 124 
 125 
Comprehensive phosphoproteome analysis of brain samples from mouse AD 126 
models and human AD patients revealed that changes in the phosphorylation of 127 
some proteins are initiated before A  plaques are histologically detectable 128 
(Tagawa et al., 2015). In one such protein, MARCKS, phosphorylation at Ser46 129 
can be detected in degenerated neurites of mice at the age of 1 month, before 130 
cognitive symptoms and A  plaques arise (Tagawa et al., 2015). 131 
Phosphorylation of MARCKS at Ser46 is triggered by damage-associated 132 
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molecular patterns (DAMPs), especially by HMGB1, via TLR4 (Fujita et al., 133 
2016).  134 
 135 
In this study, we detected similar phosphorylation of MARCKS at Ser46 in 136 
BAC-Tg mice overexpressing human normal alpha-synuclein ( -Syn) in the 137 
glucocerebrosidase (GBA)-heterozygous-knockout (KO) background (human 138 

-Syn-BAC-Tg/GBA-hetero-KO mice), as well as in human DLB patients. The 139 
histological features of phosphorylation of MARCKS on serine 46 140 
(pSer46-MARCKS) and chronological progression in the brain were similar in AD 141 
and PD/DLB. Intriguingly, this marker of neurodegeneration became positive 142 
before formation of histologically detectable -Syn aggregates. These results 143 
cast light on the relationship between neuronal degeneration and protein 144 
aggregation, and reveal that the initiation of neurite degeneration precedes 145 
formation of protein aggregates. 146 
 147 
 148 
Materials & Methods 149 
 150 
Mouse PD/DLB model 151 
Normal human -Syn-BAC-Tg mice were created as previously described 152 
(Yamakado et al., 2012). Briefly, the BAC-Tg construct (PAC AF163864 and BAC 153 
AC097478, containing 28 kb of the 5'-flanking sequences and 50 kb of the 154 
3'-flanking sequences, in addition to the entire human gene) was microinjected 155 
into C57BL6/J ova, yielding homozygous -Syn-Tg mice. GBA-hetero-KO mice 156 
were purchased from The Jackson Laboratory (B6.129S6-Gbatm1Nsb/J, stock 157 
no. 003321) and mated with human -Syn-BAC-Tg mice. The resultant normal 158 
human -Syn-BAC-Tg/GBA-hetero-KO (homo/hetero) mice were maintained as 159 
a line. The -Syn-BAC-Tg/GBA-hetero-KO mice were crossed for more than 10 160 
generations, and three male -Syn-BAC-Tg/GBA-hetero-KO mice were used at 161 
the ages of 1, 6, and 24 months for immunohistochemistry and biological 162 
analysis. Analysis of detailed phenotypes of -Syn-BAC-Tg/GBA-hetero-KO 163 
mice will be reported elsewhere by one of the authors (R.T.). 164 
 165 
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Immunohistochemistry 166 
For immunohistochemistry, mouse (three males at each time point) or human 167 
(five females in each group) brains were fixed with 4% paraformaldehyde and 168 
embedded in paraffin. The paraffin-embedded brain sections were 169 
deparaffinized, rehydrated, antigen-activated (microwaved in 10 mM citrate 170 
buffer, pH 6.0, for 5 min at 100°C; this process was repeated three times), and 171 
cooled to room temperature (RT). For staining for phospho- -Syn, the sections 172 
were additively activated by 98% formic acid (WAKO, 066-00461, Osaka, Japan) 173 
for 5 min at RT. The sections were washed twice for 5 min each with PBST (PBS 174 
containing 0.1% Tween-20), treated with PBS containing 0.5% Triton X-100 for 175 
20 min, and then washed three times with PBST for 5 min. After blocking (10% 176 
FBS for 30 min at 37°C), the sections were incubated sequentially with PBS 177 
containing 2% FBS and 0.1% Triton X-100, primary antibodies [mouse 178 
anti-phospho- -Syn (Ser129) (1:2000, WAKO, 015-25191) for 60 min at 37°C; 179 
mouse anti- -Syn (1:1000, Abcam, Cambridge, UK, ab27766) for 12 h at 4°C; 180 
rabbit anti-phospho-MARCKS (Ser46) (1:1000, GL Biochem (Shanghai) Ltd., 181 
Shanghai, China) for 120 min at 37°C; or mouse anti-Ubiquitin antibody (1:1000, 182 
Cell Signaling Technology, 3936S, Danvers, MA, USA); rabbit 183 
anti-phospho-ERK1/2 detecting mouse Thr203/Tyr205-ERK1 / 184 
Thr183/Tyr185-ERK2 and human Thr202/Tyr204-ERK1 / Thr185/Tyr187-ERK2 185 
(1:250, Cell Signaling Technology, #4370), mouse anti-MAP2 (1:100, santa cruz, 186 
Dallas, TX, USA, sc-32791), or mouse anti-GFAP (1:2000, sigma, St. Louis, MO, 187 
USA, C9205) for 12 h at 4°C], and secondary antibodies [Alexa Fluor 488–188 
labeled anti-mouse IgG (1:1000, Invitrogen, MA, USA) or Cy3-labeled anti-rabbit 189 
IgG (1:500, Jackson ImmunoResearch, PA, USA) for 60 min at RT]. 190 
pSer46-MARCKS antibody was generated, and the quality was examined, as 191 
reported previously (Fujita et al., 2016). For double-labeling of pSer129- -Syn 192 
and ubiquitin, anti-pSer129- -Syn antibody was labeled with the Zenon Alexa 193 
Fluor 488 mouse IgG1 labeling kit (Z-25002, Invitrogen). Nuclei were stained 194 
with DAPI (DOJINDO Laboratories, D523, Kumamoto, Japan). Images were 195 
acquired by confocal microscopy: Olympus FV1200 IX83 (Olympus, Tokyo, 196 
Japan). 197 
 198 
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Western blotting 199 
Mouse cerebral cortex and human temporal lobe tissues were dissolved in 200 
extraction buffer containing 2% SDS, 1mM DTT, and 10 mM Tris-HCl (pH7.5), 201 
and homogenized using 20 strokes of a Dounce glass homogenizer on ice. The 202 
crude extracts were centrifuged at 16,000 g at 4°C for 10 min, added to an equal 203 
volume of sample buffer (0.1 M Tris-HCl pH 7.5, 4% SDS, 20% glycerol, 12% 204 
-mercaptoethanol, and 1% bromophenol blue), and boiled at 95°C for 10 min. 205 

Samples were separated by SDS-PAGE, transferred onto polyvinylidene 206 
difluoride membranes (Immobilon-P, Merck Millipore) using the semi-dry 207 
method, blocked with 5% milk or 2% BSA in TBST (10 mM Tris/HCl pH 8.0, 208 
150 mM NaCl, and 0.05% Tween-20), and reacted with the following primary 209 
and secondary antibodies diluted in Can Get Signal solution (Toyobo, Osaka, 210 
Japan). Primary and secondary antibodies were diluted as follows: mouse 211 
anti-phospho- -Syn (Ser129) (1:5000, WAKO, 015-25191); mouse anti- -Syn 212 
(1:5000, Abcam, Cambridge, UK, ab27766) for 12 h at 4°C; rabbit 213 
anti-phospho-MARCKS (Ser46) (1:200,000, GL Biochem (Shanghai) Ltd., 214 
Shanghai, China) for 120 min at 37°C; mouse anti-Ubiquitin antibody (1:5000, 215 
Cell Signaling Technology, 3936S, Danvers, MA, USA) for 12 h at 4°C; rabbit 216 
anti-phospho-ERK1/2 (Thr203/Tyr205(mouse)-ERK1 / 217 
Thr183/Tyr185(mouse)-ERK2, Thr202/Tyr204(human)-ERK1 / 218 
Thr185/Tyr187(human)-ERK2) (1:10,000, cell signaling technology, #4370); or 219 
rabbit anti-ERK1/2 (1:5,000, cell signaling technology, #4695S) ; 220 
HRP-conjugated anti-mouse IgG (1:3000, GE Healthcare, NA931VA) and 221 
anti-rabbit IgG (1:3000, GE Healthcare, NA934VS). ECL prime (GE Healthcare, 222 
RPN2232) or SCL select (GE Healthcare, RPN2235) were used to detect the 223 
bands using LAS4000 (GE Healthcare). 224 
 225 
Immunoprecipitation 226 
Mice and human brain samples were lysed with TNE buffer (10 mM Tris-HCl 227 
(pH7.5), 10 mM NaCl, 1 mM EDTA, 1% NP-40, 0.5% protease inhibitor cocktail, 228 
0.5% phosphatase inhibitor cocktail). Aliquots were incubated with a 50% slurry 229 
of protein G sepharose beads (GE healthcare), followed by 3 min centrifugation 230 
(2000xg). The supernatants were incubated with 1 g of rabbit 231 
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anti-pSer46-MARCKS, or rabbit anti-pSer129- -synuclein antibody overnight at 232 
4°C; incubated with protein G sepharose beads (GE healthcare) for 4 h; washed 233 
by TNE buffer; and eluted with sample buffer. 234 
 235 
Peripheral blood cell collection from AD model mice 236 
Peripheral blood cells (polymorphonuclear leukocytes (PMN) and mononuclear 237 
cells (MC)) were collected using Polymorphprep solution (Alere Technologies AS, 238 
Oslo, Norway) according to manufacturer’s protocol. Briefly, 1 mL of venous 239 
blood with EDTA (final concentration 2.0mM) was carefully layered over 1 mL of 240 
Polymorphprep in 15 mL tubes. After 30 min centrifugation at 500xg at room 241 
temperature, plasma was removed and the layer containing PMN and MC were 242 
obtained. Collected aliquot were diluted with 0.45% NaCl and cell pellets were 243 
obtained by centrifugation with 400xg for 10 min. Pellets were lysed with lysis 244 
buffer (10 mM Tris-HCl (pH 7.5), 0.2% SDS, 0.5% protease inhibitor cocktail, 245 
and 0.5% phosphatase inhibitor cocktail), added with sample buffer containing 246 
62.5 mM Tris-HCl, pH 6.8, 2% (w/v) SDS, 2.5% (v/v) 2-mercaptoethanol, 5% 247 
(v/v) glycerol, and 0.0025% (w/v) bromophenol blue, and subjected with 248 
SDS-PAGE.  249 
 250 
Mass analysis 251 
For phosphoproteome analysis, phosphorylated peptides were prepared as 252 
described previously (Tagawa et al., 2015; Fujita et al., 2016). Briefly, cerebral 253 
cortex tissues were dissected from the temporal pole or occipital pole of 254 
postmortem brains of five females in each group of AD and DLB, their extracts 255 
were denatured by detergent and heat treatment, and then cysteine residues 256 
were reduced and blocked by alkylation. Protein samples were digested with 257 
trypsin. Phosphopeptides were enriched using the Titansphere Phos-TiO Kit (GL 258 
Sciences Inc., Tokyo, Japan), labeled using an iTRAQ Reagent multiplex kit 259 
(SCIEX Ins., MA, USA), and fractionated by strong cation exchange 260 
chromatography. Each fraction was analyzed using a LC-MS/MS system (Triple 261 
TOF 5600 System, Eksigent LC system; SCIEX Ins.) and a C18 column (0.1 × 262 
100 mm; KYA Technologies Corporation, Tokyo, Japan). The ion spray voltage 263 
was 2.3 kV, and the information-dependent acquisition (IDA) setting was 400–264 
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1250 m/z.  265 
 266 
Data analysis  267 
Mass spectrum data of peptides were acquired and analyzed by Analyst TF 268 
(version 1.6) (AB SCIEX, Redwood City, CA, USA). Proteins corresponding to 269 
the results were identified by searching UniProtKB/Swiss-Prot (downloaded from 270 
http://www.uniprot.org on June 22, 2010) and identified by ProteinPilot (version 271 
4) (AB SCIEX), which employs the Paragon algorithm (Shilov et al., 2007). 272 
Tolerance for the search of peptides by ProteinPilot was set to 0.05 Da for MS 273 
and 0.10 Da for MS/MS analyses. Redundantly identified proteins were 274 
excluded using the Pro Group algorithm (AB SCIEX). The confidence scores of 275 
protein or peptide identification were calculated by ProteinPilot and used as the 276 
confidence threshold. The threshold for detection was set at 95% confidence, 277 
and peptides with >95% confidence were accepted as identified peptides. 278 
 279 
Quantification of proteins was performed through analysis of iTRAQ reporter 280 
groups in the MS/MS spectrum that were generated upon fragmentation in the 281 
mass spectrometer. For quantification of peptides and proteins, bias correction 282 
was employed to normalize signals among different iTRAQ reporters under the 283 
assumption that the total amount of signal from each iTRAQ should be equal. 284 
For quantification of peptides, the bias correction option was used to normalize 285 
different iTRAQ signals. 286 
 287 
Peptide ratio was calculated as the ratio of reporter signals in disease models vs. 288 
control samples after bias correction. The details of this formulation are provided 289 
in the manual from AB SCIEX. 290 
 291 
The results of the peptide summary from ProteinPilot were output as an Excel 292 
file for further data analysis. Quantity of a peptide fragment was calculated as 293 
the geometric mean of signal intensities of multiple MS/MS fragments including 294 
the phosphorylation site. For every disease group, biological differences relative 295 
to the control group were evaluated by Welch’s test. For multiple-testing 296 
correction, p-values were adjusted using the Benjamini–Hochberg procedure. 297 
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Phosphopeptides that changed in multiple disease groups were identified and 298 
selected for further analysis. 299 
 300 
Human brain 301 
Temporal- and occipital-pole human brain samples used for proteome analysis 302 
were dissected from five female AD, five female DLB, and five female 303 
age-matched normal control patients and deep-frozen (-80°C) within 1 h after 304 
death.  305 
 306 
Ethics 307 
The experiments with human samples were approved by the Ethics Committees 308 
of the Tokyo Medical and Dental University (O2014-005-03). All animal 309 
experiments were approved by the Institutional Animal Care and Use Committee 310 
of Tokyo Medical and Dental University (A2017-242A). The same experiments 311 
were also approved by the Committees on Gene Recombination Experiments of 312 
Tokyo Medical and Dental University (2016-007C4). 313 
 314 
 315 
Results 316 
 317 
Elevated levels of pSer46-MARCKS in the phosphoproteomes of human 318 
AD and DLB  319 
Following previous analyses of brain samples from AD mouse models and 320 
human AD patients (Tagawa et al., 2015), we performed comprehensive 321 
phosphoproteome analysis with postmortem human DLB patients. In this case, 322 
we selected postmortem brains with pure pathology, with intracellular -Syn 323 
aggregates in neurons but without extracellular A  aggregates or cytoplasmic 324 
tau/TDP43 pathology. The comparison revealed that 107 phosphorylation sites 325 
were shared between AD and DLB samples. One such modification, 326 
pSer46-MARCKS, was elevated in both AD mouse models and postmortem 327 
human AD brains (Fujita et al., 2016) (Figure 1A, Extended Figure 1-1). 328 
Interestingly, the pSer46-MARCKS level was elevated in the temporal but not 329 
the occipital lobe in DLB, but in the opposite pattern (i.e., occipital but not 330 
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temporal lobe) in AD (Figure 1B). In 5xFAD mice, the increase in the 331 
pSer46-MARCKS level at the early stage of the disease 332 
(pre-clinical/pre-aggregation phase) had normalized by the late stage (Fujita et 333 
al., 2016). Therefore, the discrepancy in pSer46-MARCKS levels between the 334 
two lobes might reflect the lobar dominance of neurodegeneration of each 335 
disease. Mass spectrometry results suggesting that common changes occurred 336 
in AD and PD/DLB human brains prompted us to investigate whether 337 
pSer46-MARCKS also reflects the pre-clinical/pre-aggregation phase in 338 
PD/DLB. 339 
 340 
Increased pSer46-MARCKS in immunohistochemistry of human DLB  341 
Next, we investigated whether pSer46-MARCKS was elevated in human 342 
postmortem DLB brains. For this purpose, we stained temporal lobe samples 343 
from DLB patients, and found that apical dendrites marked with MAP2 were 344 
co-stained by pSer46-MARCKS (Figure 2A). Meanwhile, we confirmed that this 345 
brain region included pSer129- -Syn cytoplasmic inclusion bodies (Figure 2B), 346 
which were mostly ubiquitinated (Figure 2C). Because cytoplasmic staining of 347 
pSer46-MARCKS seemed like aggregates (Figure 2A), we tested whether they 348 
were -Syn aggregates and found that a half of the cytoplasmic 349 
pSer46-MARCKS–positive structures in neurons were stained with 350 
pSer129- -Syn (Figure 2D, yellow arrow). However, another half of them were 351 
not stained strongly with pSer129- -Syn (Figure 2D, red arrow). The 352 
pSer46-MARCKS–positive/pSer129- -Syn–negative cells may correspond to 353 
surrounding neurons indirectly affected by HMGB1 released from damaged 354 
neurons that accumulates pSer129- -Syn, suggesting that pathology continues 355 
to progress in human brain even at the terminal stage of DLB.  356 
 357 
To support above results of immunohistochemistry, we performed western 358 
blotting of pSer46-MARCKS and total MARCKS with temporal lobe of human 359 
postmortem DLB patients and non-DLB control patients (Figure 2E). The level of 360 
pSer46-MARCKS was increased in DLB patients.  361 
 362 
Increased pSer46-MARCKS in humanized -Syn-Tg mice 363 
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To determine the initial time point of the increase of pSer46-MARCKS in the 364 
brain, we analyzed human -Syn-BAC-Tg/GBA-hetero-KO mice at 1, 6, and 24 365 
months of age, when the animals did not exhibit motor dysfunction or behavioral 366 
abnormality. The mice had slightly elevated signals of pSer46-MARCKS in the 367 
olfactory bulb, frontal cortex, and parietal cortex at 1 month (Figure 3, Extended 368 
Figure 3-1). Subsequently, the area of pSer46-MARCKS–positive staining 369 
expanded to parietal and occipital cortex at 6 months (Figure 3, Extended Figure 370 
3-2), but did not increase in the hippocampus before 24 months of age (Figure 3, 371 
Extended Figure 3-3). 372 
 373 
No definite cytoplasmic -Syn aggregates stained by anti-phosphorylated -Syn 374 
(pSer129- -Syn) antibody were detected in neurons of the internal plexiform 375 
layer and mitral cell layer of the olfactory bulb until 24 months of age (Figure 376 
4A-C), whereas -Syn-skein– or Lewy neurite–like structures were present in 377 
these layers from 1 month of age, and increased in abundance over the course 378 
of aging. These structures were not co-stained with anti-ubiquitin antibody at 1 379 
month, but co-staining was evident from 6 months onward (Figure 4D). 380 
Interestingly, pSer46-MARCKS–positive neurites were more frequent than 381 
p- -Syn–co-stained neurites. Together, these results indicated that neurite 382 
changes detected by pSer46-MARCKS preceded formation of ubiquitin-positive 383 
aggregates of -Syn, at least in this PD/DLB mouse model (Table 1).  384 
 385 
At 24 months of age, cytoplasmic -Syn aggregates were also detected in 386 
parietal cortex (Figure 5A). The relationships between pMARCKS and p- -Syn 387 
and between p- -Syn and ubiquitin in the cortical neurons during aging were 388 
similar to those in olfactory neurons (Figure 5B).  389 
 390 
To confirm these results, we performed western blot analysis of 391 
pSer46-MARCKS, pSer129- -Syn, and ubiquitin with total cerebral cortex 392 
tissues at 1, 6, and 24 months of age (Figure 6). The level of phosphorylated 393 
MARCKS was elevated at 1, 6, and 24 months of age, whereas phosphorylated 394 

-Syn and ubiquitin arose and increased in abundance after 6 months of age 395 
(Figure 6). We also tested the level of pSer46-MARCKS in peripheral blood cells, 396 
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and found it far lower than that in the brain (Extended Figure 6-1). 397 
 398 
Interaction between MARKCS and -Syn in DLB brains 399 
Given that a half of the cytoplasmic aggregates were double positive for 400 
pSer46-MARCKS and pSer129- -Syn (Figure 2D), we examined biochemical 401 
interaction of the two phosphoproteins. Immunoprecipitation by 402 
anti-pSer46-MARCKS co-precipitated pSer129- -Syn from brain samples 403 
(whole cerebral cortex) of -Syn-BAC-Tg/GBA-hetero-KO mice at 24 months of 404 
age (Figure 7A) and from those of human DLB patients (Figure 7B). The reverse 405 
precipitation by anti-pSer129- -Syn antibody also co-precipitated 406 
pSer46-MARCKS both in mouse model and human patient (Figure 7A, B), 407 
indicating biochemical interaction of the two phosphoproteins. 408 
 409 
Activation of the upstream kinases in DLB brains 410 
Finally, we investigated the upstream kinases that phosphorylate MARCKS at 411 
Ser46. MARCKS is a representative substrate of PKC (Aderem, 1992; 412 
Blackshear, 1993), as known from the name, myristoylated alanine-rich C kinase 413 
substrate. It was reported that PKC  phosphorylates Ser159, Ser163 and 414 
Ser170 (Calabrese and Halpain, 2005). Meanwhile, our previous experiments 415 
revealed that Erk1/Erk2 (=MAPK3/MAPK1) instead of PKC phosphorylate 416 
MARCKS at Ser46 (Fujita et al., 2016). Consistently another group also showed 417 
that MAPK phosphorylates MARCKS in hippocampal neurons, though the exact 418 
phosphorylation sites by MAPK were determined in their study (Ohmitsu et al., 419 
1999). 420 
 421 
Therefore, we examined activation of Erk1/2 by immunohistochemistry and 422 
western blot (Figure 8) by using a rabbit monoclonal antibody detecting Erk1 423 
phosphorylation at Thr202/Tyr204 and Erk2 phosphorylation at Thr185/Tyr187. 424 
As expected, immunostains of pErk1/2 were increased in cerebral cortex of 425 

-Syn-BAC-Tg/GBA-hetero-KO mice (Figure 8A). The cells were co-stained with 426 
MAP2 but not with GFAP, and shown to be neurons (Figure 8B). The stains of 427 
pErk1/2 were co-localized with and pSer46-MARCKS in the same neurons 428 
(Figure 8A) consistently with their enzyme-substrate relationship. The similar 429 
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co-stains of increased pSer46-MARCKS and pErk1/2 were confirmed in temporal 430 
lobe cortex of DLB patients (Figure 8C). Western blot analyses also confirmed 431 
the increase of pErk1/2 in the cerebral cortex of -Syn-BAC-Tg/GBA-hetero-KO 432 
mice (Figure 8D) and DLB patients (Figure 8E). These analyses collectively 433 
revealed abnormal increase of Erk1/2 phosphorylation and its age-dependent 434 
enhancement in cortical neuron under the PD/DLB pathology (Figure 8). 435 
 436 
 437 
Discussion 438 
 439 
In this study, we revealed that the level of MARCKS phosphorylated at pSer46, a 440 
hallmark of neurite degeneration at the pre-aggregation stage of AD pathology 441 
(Fujita et al., 2016), was also elevated in PD/DLB pathologies in both mouse 442 
models and human patients. The immunohistochemical staining patterns of 443 
pSer46-MARCKS were also similar in AD and PD/DLB pathologies. In a mouse 444 
model, neurite degeneration revealed by pSer46-MARCKS was initially detected 445 
in the olfactory bulb, and subsequently became prominent in the occipital and 446 
temporal cortices (Table 1). This pattern was consistent with the proposed 447 
progression of neurodegeneration in human PD/DLB pathology, in which the 448 
earliest lesions appear in the olfactory bulb, and the occipital lobe is ultimately 449 
predominant (Barber et al., 2000; Lobotesis et al., 2001; Burton et al., 2002; 450 
Cousins et al., 2003; Ballmaier et al., 2004; Burton et al., 2004; Hanyu et al., 451 
2005; Burton et al., 2006; Barkhof et al., 2007; Beyer et al., 2007; Whitwell et al., 452 
2007; Perneczky et al., 2008; Burton et al., 2009; Klein et al., 2010; Lee et al., 453 
2010; Sanchez-Castaneda et al., 2010; Galvin et al., 2011; Chow et al., 2012; 454 
Hayashi et al., 2012; Kantarci et al., 2012; Watson and O’Brien, 2012; Lebedev 455 
et al., 2013).  456 
 457 
The second critical conclusion of this study is that neurite degeneration 458 
precedes disease-related protein aggregation at the histological level. In the 459 
mouse model, the increase in pSer46-MARCKS preceded formation of 460 
ubiquitinated -Syn aggregates (Table 1). The chronological order in the 461 
PD/DLB mouse model, in which pSer46-MARCKS precedes histological 462 
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aggregate formation, was analogous to our previous observation in AD model 463 
mice, in which pSer46-MARCKS was detected in the cytoplasm and neurites of 464 
neurons before staining of extracellular A  aggregates was apparent (Fujita et 465 
al., 2016). Using this model, we confirmed the importance of pSer46-MARCKS 466 
at the biochemical level. These results strongly suggest that intracellular 467 
misfolded -Syn in the monomeric or oligomeric form, rather than aggregates, 468 
plays the more critical role in initiation of neurite degeneration.  469 
 470 
Interestingly, in human postmortem brains, pSer46-MARCKS was elevated in 471 
brain regions relatively unaffected by the disease (temporal lobe in DLB, 472 
occipital lobe in AD) rather than in severely affected regions (occipital lobe in 473 
DLB, temporal lobe in AD). The reason for this has not yet been determined. 474 
One possibility is that neurites in severely affected brain regions are 475 
metabolically ‘burned out’ and cannot maintain high levels of pSer46-MARCKS. 476 
 477 
Based on these observations, it would be worthwhile to develop 478 
pSer46-MARCKS as a biomarker capable of detecting the molecular pathology 479 
in PD/DLB at the ultra-early (pre-aggregation/pre-clinical) phase. In addition, it 480 
would be useful to develop mass spectrometry–based and ELISA-based assays 481 
and/or PET. If such a highly sensitive assay system were to become available, it 482 
would lead directly to detection of ultra-early-phase pathology in people at risk of 483 
neurodegenerative diseases. Preliminarily, we examined by western blot 484 
whether peripheral blood cells (PBCs) such as red blood cells, granule cells or 485 
lymphocytes express pSer46-MARCKS. If it is the case, discrimination of 486 
brain-derived from PBC-derived pSer46-MARCKS becomes difficult, and we 487 
need some additional tricks to use pSer46-MARCKS as a diagnostic biomarker 488 
outside of the brain. Fortunately PBCs did not express a detectable level of 489 
pSer46-MARCKS comparable to brain tissues of 5xFAD mice (Extended Figure 490 
6-1), supporting the possibility to develop pSer46-MARCKS as a blood 491 
biomarker.  492 
 493 
We found colocalization in cytoplasmic aggregates (Figure 4, 5) and biochemical 494 
interaction (Figure 7) of pSer46-MARCKS and pSer129- -Syn. Interestingly, 495 
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both -Syn and MARCKS seem intrinsically disordered proteins (IDPs). 496 
Previous investigations revealed that -Syn has a naturally denaturing 497 
characteristic (Dedmon et al., 2005; Li et al., 2008; Waudby et al., 2013; Deckert 498 
et al., 2016). Meanwhile, bioinfomatics analysis with available algorithms (RONN 499 
v3.2, https://www.strubi.ox.ac.uk/RONN and IUPred, http://iupred.enzim.hu) 500 
predicted MARCKS to be IDP (data not shown), and some previous reports 501 
supported this idea by structural biology experiments (Arbuzova et al., 2002). 502 
The similar denaturing propensity of -Syn and MARCKS might underlie their 503 
biochemical interaction. It is also of note that both -Syn and MARCKS are 504 
localized in degenerative neurites (Masliah et al., 1996; Takeda et al., 1998; 505 
Newell et al., 1999; Fujita et al., 2016) and are implicated in axon terminal 506 
functions such as axonal growth (Takenouchi et al., 2001; Sousa et al., 2009) 507 
and actin network regulation (Sousa et al., 2009; Fujita et al., 2016). 508 
 509 
In this study, we focused on pSer46-MARCKS, but did not extend our analyses 510 
to other molecules detected in the phosphoproteome analysis (Extended Figure 511 
1-1). Another potentially interesting commonality between AD and PD/DLB is 512 
phosphorylation of phosphoglucomutase-1 (PGM1) at Ser117 in the temporal 513 
and occipital lobes in patients with both diseases. This enzyme is essential for 514 
the conversion of glucose 1-phosphate (generated by glycogenolysis) to glucose 515 
6-phosphate, which is used for energy production by the glycolytic pathway. 516 
Further studies are necessary to evaluate the pathological significance of 517 
changes in the phosphorylation-state changes of such additional candidate 518 
proteins.  519 
 520 
 521 
 522 
 523 
 524 
 525 
 526 
 527 
 528 
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 686 
 687 
Figure legends 688 
 689 
Figure 1 690 
Comprehensive phosphoproteome analyses of postmortem human AD 691 
and DLB brains 692 
(A) Occipital and temporal tips of pathologically pure AD (5 females) and DLB (5 693 
females) brains along with age-matched normal controls (5 females) were used 694 
for comprehensive phosphoproteome analyses as described previously (Tagawa 695 
et al., 2015). Independent phospho-sites were compared between AD and DLB. 696 
(B) Comparison of changes at four different phosphorylation sites in MARCKS 697 
[Ser27/Ser27, Ser46/Ser46, Ser145/Ser138, and Thr150/Thr143 698 
(human/mouse)] between human DLB and AD patients. (See also extended 699 
Figure 1-1) 700 
 701 
Figure 2 702 
Immunohistochemistry of human DLB brains  703 
(A) Co-staining of pSer46-MARCKS with MAP2. Low and high magnification of 704 
temporal lobes from non-neurological disease control patients (five females) and 705 
human DLB patients (five females). Images were acquired on an Olympus 706 
FV1200 IX83 confocal microscopy. All bar graphs indicate averages and S.E.M. 707 
In each patient, quantitative analyses of signal intensities (mean pixel 708 
intensities) were performed in 10 visual fields (100 × 100 m) randomly selected 709 
from the corresponding area. Statistical analyses were performed with Student’s 710 
t-test; double asterisks indicate p<0.01. (B) Staining of pSer129- -Syn revealed 711 
multiple cytoplasmic inclusions (Lewy bodies) in the same patient group. (C) 712 
Co-staining of ubiquitin with pSer129- -Syn. (D) Co-staining of 713 
pSer46-MARCKS with pSer129- -Syn. (E) Western blotting analysis of temporal 714 
lobes from non-DLB control patients and DLB patients with antibody against 715 
pSer46-MARCKS, total MARCKS, and -actin. Graph shows the quantitative 716 
result of pSer46-MARCKS from five patients and five non-neurological disease 717 
controls. The band intensity was normalized against -actin. Statistical analyses 718 



 

 23 

were performed with Student’s t-test; asterisks indicate p<0.05. 719 
 720 
Figure 3 721 
Chronological changes of pSer46-MARCKS in human 722 

-Syn-BAC-Tg/GBA-hetero-KO mice 723 
pSer46-MARCKS and pSer129- -Syn were co-stained in human normal 724 

-Syn-BAC-Tg/glucocerebrosidase (GBA)-hetero-KO mice at 1, 6, and 24 725 
months of age (3 male mice at each time point). Images were acquired by 726 
Olympus FV1200 IX83 confocal microscopy. All bar graphs show average and 727 
S.E.M. Three mice were used for each group, and quantitative analyses of signal 728 
intensities (mean pixel intensities) were performed in 10 visual fields (100 × 100 729 

m) of each mouse that were randomly selected from the brain region. Statistical 730 
analyses were performed with two-way ANOVA followed by Student’s t-test; 731 
asterisks indicate p<0.05 and double asterisks indicate p<0.01. The increase in 732 
phosphorylation was first detected in olfactory bulb and frontal cortex, followed 733 
by the temporal and occipital cortices. Signal intensities of pSer46-MARCKS 734 
increased rapidly in the temporal and occipital regions, and become most 735 
prominent among multiple brain regions. (See also extended figures 3-1, 3-2, 736 
and 3-3) 737 
 738 
Figure 4 739 
Co-staining of pSer46-MARCKS and pSer129- -Syn in olfactory bulb of 740 
human -Syn-BAC-Tg/GBA-hetero-KO mice  741 
(A-C) High magnification of olfactory bulb of human 742 

-Syn-BAC-Tg/GBA-hetero-KO mice co-stained with antibodies against 743 
pSer46-MARCKS and pSer129- -Syn. Cytoplasmic staining of 744 
pSer46-MARCKS (white arrow) and dot-like stains of pSer129- -Syn (asterisk) 745 
were detected from 1 month of age, whereas cytoplasmic aggregates of 746 
pSer129- -Syn were detected only at 24 months. (D) Ubiquitin was co-stained 747 
as dot-like structures or cytoplasmic aggregates in a subset of cells (yellow 748 
arrow), whereas pSer129- -Syn–positive/ubiquitin-negative dots or aggregates 749 
were also observed.  750 
 751 
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Figure 5 752 
Immunohistochemistry of the parietal lobe of 753 

-Syn-BAC-Tg/GBA-hetero-KO mice  754 
(A) pSer46-MARCKS and pSer129- -Syn were co-stained in external and 755 
internal pyramidal cell layers at 24 months of age. pSer46-MARCKS was stained 756 
in both apical dendrites and cell bodies, whereas pSer129- -Syn was stained in 757 
cytoplasmic aggregates.  758 
(B) Parietal cortex tissues from human -Syn-BAC-Tg/GBA-hetero-KO mice 759 
were co-stained for pSer129- -Syn and pSer46-MARCKS or ubiquitin at 1, 6, 760 
and 24 months of age. Co-staining patterns similar to those in the olfactory bulb 761 
were confirmed in the parietal lobe.  762 
 763 
Figure 6 764 
Western blot analysis of -Syn-BAC-Tg/GBA-hetero-KO mice at multiple 765 
time points 766 
Left panels show western blots of whole cortex (three males at each time point) 767 
with antibodies against pSer46-MARCKS, pSer129- -Syn, and ubiquitin. Right 768 
graphs show quantitative analyses of three independent blots for 769 
pSer46-MARCKS, pSer129- -Syn, and ubiquitin; band intensities were 770 
normalized against -actin. Statistical analyses were performed with two-way 771 
ANOVA followed by Student’s t-test; *p<0.05, **p<0.01. (See also extended 772 
figure 6-1) 773 
 774 
 775 
Figure 7 776 
Interaction between MARCKS and -Syn 777 
(A) Immunoprecipitates by anti-pSer46-MARCKS or anti-pSer129- -Syn 778 
antibody from brain samples of -Syn-BAC-Tg/GBA-hetero-KO mice at 1, 6 and 779 
24 months were blotted with anti-pSer129- -Syn or anti-pSer46-MARCKS 780 
antibody, respectively.   781 
(B) The similar co-precipitations from temporal lobe cortexes of human DLB 782 
patients were examined.  783 
 784 
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Figure 8 785 
Activation of Erk1/2 in cortical neurons of mouse PD/DLB model and 786 
human DLB patient 787 
(A) Co-staining of occipital cortex tissues from -Syn-BAC-Tg/GBA-hetero-KO 788 
(Tg) or the non-transgenic sibling control (non-Tg) mice at 1, 6 and 24 months of 789 
age, by antibodies against Erk1/2 active forms (pThr202/Tyr204-Erk1 and 790 
pThr185/Tyr187-Erk2) and against pSer46-MARCKS. Right graph shows 791 
quantitative analysis of pErk1/2 signal intensities in 3 mice (10 visual fields for 792 
mean value of each mouse). Statistical analyses were performed with two-way 793 
ANOVA followed by Student’s t-test; *p<0.05, **p<0.01. 794 
(B) Co-staining of pSer46-MARCKS with MAP2 or GFAP in mouse cortex.  795 
(C) The similar co-staining of pErk1/2 and pSer46-MARCKS in human temporal 796 
lobe from DLB patients and non-neurological disease controls. 797 
(D) Western blot analyses of whole cortex tissues from 798 

-Syn-BAC-Tg/GBA-hetero-KO (Tg) or the non-transgenic sibling control 799 
(non-Tg) mice at 1, 6 and 24 months of age with anti-pErk1/2 and -Erk1/2 800 
antibodies. 801 
(E) The similar western blot analyses of temporal lobes from human DLB 802 
patients. 803 
 804 
 805 
 806 
 807 
Table 1 808 
Summary of pSer46-MARCKS, pSer129- -Syn, and ubiquitin staining 809 
patterns in human -Syn-BAC-Tg/GBA-hetero-KO mice 810 
‘+/-’, positive staining not observed in background mice was observed in <10% 811 
of cells; ‘+’, positive staining was observed in 10–50% of cells of Tg mice; ‘++’, 812 
positive staining was observed in more than 50% of cells of Tg mice.  813 
 814 
 815 
 816 
 817 
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 818 
 819 
Extended Data 820 
 821 
Extended Figure 1-1 822 
Detailed list of phosphorylated proteins in human AD and DLB cortex  823 
 824 
Extended Figure 3-1 825 
pSer46-MARCKS in human -Syn-BAC-Tg/GBA-hetero-KO mice at 1 month 826 
of age  827 
pSer46-MARCKS and pSer129- -Syn were co-stained in human normal 828 

-Syn-BAC-Tg/glucocerebrosidase (GBA)-hetero-KO mice at 1 month of age 829 
(three males in each group). Signal intensities were significantly higher in 830 
yellow-marked areas.  831 
 832 
Extended Figure 3-2 833 
pSer46-MARCKS in human -Syn-BAC-Tg/GBA-hetero-KO mice at 6 834 
months of age  835 
pSer46-MARCKS and pSer129- -Syn were co-stained in human normal 836 

-Syn-BAC-Tg/glucocerebrosidase (GBA)-hetero-KO mice at 6 months of age 837 
(three males in each group). Signal intensities were significantly higher in 838 
yellow-marked areas.  839 
 840 
Extended Figure 3-3 841 
pSer46-MARCKS in human -Syn-BAC-Tg/GBA-hetero-KO mice at 24 842 
months of age  843 
pSer46-MARCKS and pSer129- -Syn were co-stained in human normal 844 

-Syn-BAC-Tg/glucocerebrosidase (GBA)-hetero-KO mice at 24 months of age 845 
(three males in each group). Signal intensities were significantly higher in 846 
yellow-marked areas.  847 
 848 
Extended Figure 6-1 849 
Protein levels of pSer46-MARCKS were compared between peripheral blood 850 
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cells (PBC) and whole cerebral cortex (brain) of -Syn-BAC-Tg/GBA-hetero-KO 851 
(Tg) or the non-transgenic sibling control (non-Tg) mice at 6 months of age. 852 
 853 
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