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Supplementary Figure 1 
CSF-Ab42 and CSF-pTau in MCI/AD patients 
Levels of CSF-Ab42, CSF-pTau, the CSF-Ab40/CSF-Ab42 ratio and the CSF-pTau/CSF-Ab42 ratio 
in CSF of the normal control, MCI, and AD groups were evaluated by ELISA. Box plots show the 
median and quartiles. Statistical differences among groups were evaluated using the Wilcoxon 
rank–sum test with post-hoc Bonferroni correction, #p<0.05, ##p<0.01. Reduction in the CSF-Ab42 
level and an increase in the CSF-pTau/CSF-Ab42 ratio in the MCI/AD groups verified the clinical 
diagnoses of patients in this study. 
Levels of the APP/Ab ratio in CSF of the normal control, MCI, and AD groups were evaluated by 
mass spectrometry. Amounts of 5 peptides from APP protein were determined by the SWATH 
analysis, and 2 of 5 peptides were overlapped on the sequence of Ab and the other three were 
derived from APP outside of Ab. Ratio between the mean value of two types of Ab peptides in CSF 
samples and the mean value of three non-Ab APP peptides was calculated in each sample, and 
plotted on to the graph. The box plot shows the median and quartiles. Statistical differences among 
groups were evaluated using the Wilcoxon rank–sum test, *p<0.05 (N: shown below graphs).  
Source data are provided as a “Source Data file”. 



 

 
 
Supplementary Figure 2  
No correlation between CSF-HMGB1 concentration and MMSE scores in the MCI and/or AD 
group 
Correlations between CSF-HMGB1 levels and MMSE scores for the MCI, AD, and MCI+AD groups. 
P-values were determined by Pearson’s correlation coefficient (N: shown in graphs).  
Source data are provided as a “Source Data file”. 



 
Supplementary Figure 3  
Relationship between CSF-HMGB1 levels and other CSF biomarkers 
Correlations between CSF-HMGB1 levels and the biomarkers Ab42, Ab40, tau, pTau, and APOE4 
allele copy number are shown. Colors indicate cases in which the correlation of paired parameters 
was statistically confirmed. P-values were determined by Pearson’s correlation coefficient (N: shown 
in graphs).  
Source data are provided as a “Source Data file”. 



 

 

 

Supplementary Figure 4  
a. Reactivity of anti-pSer46-MARCKS antibody to phosphorylated and non-phosphorylated peptides 
of MARCKS in ELISA.  
b. Protocol for generation of anti-pSer46-MARCKS antibody. 
c. Anti-pSer46-MARCKS and anti-non-phosphorylated MARCKS antibodies differentially stained 
structures around extracellular Ab plaques in immunohistochemistry.  
d. Western blot of pSer46-MARCKS proteins during normal and abnormal aging. Right graph shows 
the chronological change of signals of high molecular weight (HMW) smear, 80kD band and 50kD 
band during aging of 5xFAD and non-transgenic sibling mice from 1 to 12 months. Lower graph 
shoes the ratio of pSer46-MARCKS between 5xFAD and non-transgenic sibling mice at each time 
point. Values in each group are summarized by mean ± S.E.M. (N=3 mice). 
e. Probability of disordered structure in MARCKS protein by two prediction methods. The URLs are 
shown under the graph. 
Source data are provided as a “Source Data file”. 
  



 
 

Supplementary Figure 5  
Immunoelectron microscopy of degenerative neurites and amyloid plaques 
a. Cerebral cortex tissues of 5xFAD mice at 6 months of age were examined by immunoelectron 
microscopy. Degenerative neurites (DN) surrounding amyloid plaques (AP) showed strong reactivity 
to anti-Ser46-MARCKS antibody (areas in yellow dot lines). Even in the core of extracellular amyloid 
depositions, organelles (white arrows) like mitochondria, ER and phagosome were present, 
indicating that these areas represented the remnants of ruined cell(s) that had presumably contained 
intracellular Aβ. 
b. Degenerative neurites included numerous phagosomes with double-membrane structures. 
c. Confocal microscopy image of amyloid plaques triple-stained by pSer46-MARCKS (red), Aβ 
(green), and DAPI (blue) in cerebral cortex of 5xFAD mice at 3 months of age. Consistent with (a), 
residual nuclear DNA components were stained by DAPI in the center of intracellular Aβ and 
extracellular Aβ that began to aggregate. Reactive phosphorylation of MARCKS at Ser46 was 
stained in degenerative neurites surrounding the early-stage extracellular Aβ plaques. Similar 
images were reported in human PS1-linked AD and APP-KI mice previously by our group22.  
 

 



 
 

Supplementary Figure 6  
Necrosis but not apoptosis induces pSer46-MARCKS 
a. Immunocytochemistry of primary mouse cortical neurons under glutamate-induced apoptosis or 
a-amanitin-induced necrosis by using anti-pSer46-MARCKS antibody. pSer46-MARCKS was 
induced in surviving neurons under necrosis (arrow) but in surviving neurons under apoptosis  
(arrow). The conditions for inducing apoptosis and necrosis were described in details in Methods. 
Right upper graph shows the percentage of surviving cells in each condition. Right lower graph 
shows signal intensities of pSer46-MARCKS per visual field. The signal intensities (a.u.) in each 
condition were shown as the ratio normalized by the value of non-treated condition. DIC: differential 
interference contrast. Box plots show the median, quartiles and whiskers that represent 1.5´ the 
interquartile range. P-values were determined by Wilcoxon’s rank sum test with post-hoc Bonferroni 
correction, **p<0.01 (N=3 wells, n=10 visual fields).  



b. Western blot confirmed the induction of pSer46-MARCKS in surviving neurons under a-amanitin-
induced necrosis but not under glutamate-induced apoptosis. Right graphs show signal intensities 
of pSer46-MARCKS band in each condition normalized by the background signal. The signal 
intensities (a.u.) in each condition were shown as the ratio normalized by the value of non-treated 
condition. Some control genes such as b-actin was reduced even at the time point when some 
neurons still kept the morphology (6 hours after addition of glutamate) but histone H3 was not 
changed at the same time point. pSer46-MARCKS was not induced under apoptosis even at 3 hours 
after addition of glutamate when the percentage of surviving cells was higher than that under 
necrosis at 48 hours after addition of a-amanitin. The bar graph indicates average and mean ± 
S.E.M., together with the corresponding data points. P-values were determined by Tukey’s HSD 
test, **p<0.01 (N=3 tests).  
Source data are provided as a “Source Data file”. 
 

 

  



 
 

 

Supplementary Figure 7  
Neurons associated with reactive pSer46-MARCKS stains in human MCI  
Immunostaining of cerebral cortex tissues (temporal tips) of MCI/AD patients with anti-pSer46-
MARCKS antibody. DAPI-positive cells were frequently accompanied with pSer46-MARCKS stains 
in MCI patients (MCI) but not in non-neurological disease controls (NC) or AD patients (AD). In AD 
patients, the number of neurons by itself was remarkably decreased. 
 

  



 

Supplementary Figure 8 
In vivo ER imaging of cortical neurons of 5xFAD mice at 3 months of age  
Expansion and instability of ER was observed at 3 months of age (a) and 6 months of age (b), 
similarly to 1 month. Intracellular Aβ stained by BTA1 was mostly localized to ER, although a small 
portion leaked out into the cytoplasm (arrow). 



 

Supplementary Figure 9  
LATS1 activation in cortical neurons of human MCI and AD patients 
a, b. Double staining of MAP2 and phospho-LATS1 (Ser909) confirmed that LATS1 kinase was 
activated in neurons at MCI stage, although activation was weakened at the symptomatic AD stage. 
Signal intensities of phospho-LATS1 in neuronal cytoplasm were quantitatively analyzed in three 
groups (lower graph). The bar graph indicates average and mean ± S.E.M., together with the 
corresponding data points. P-values were determined by Tukey’s HSD test, **p<0.01 (N=3 persons, 
n=90 cells). 



c. Double staining of occipital cortex tissues of 5xFAD mice with anti-MAP2 and phospho-LATS1 
(Ser909) antibodies. 
d. Signal intensities of pSer909-LATS1 in neurons were quantitatively compared between non-Tg 
sibling (3 months) and 5xFAD mice (3 months and 6 months). The bar graph indicates average and 
mean ± S.E.M., together with the corresponding data points. P-values were determined by Tukey’s 
HSD test, **p<0.01 (N=3 mice, n=90 cells).    
Source data are provided as a “Source Data file”. 
  



 
Supplementary Figure 10  
Plk1 inactivation in cortical neurons of human MCI and AD patients 
a, b. Double staining of MAP2 and phospho-Plk1 (pThr210) confirmed that Plk1 kinase was not 
activated in neurons at the MCI or AD symptomatic stage. Signal intensities of phospho-Plk1 in 
neuronal nucleus were quantitatively analyzed in three groups (lower graph). The bar graph 
indicates average and mean ± S.E.M., together with the corresponding data points. P-values were 
determined by Tukey’s HSD test (N=3 persons, n=90 cells).    
Source data are provided as a “Source Data file”. 



 

 
Supplementary Figure 11  
Sequestration of YAP to cytoplasmic Aβ aggregates in cortical neurons of AD mouse models 
a. Immunohistochemistry of YAP and Aβ of 5xFAD mouse brain revealed sequestration of YAP to 
cytoplasmic Aβ aggregates and a resultant decrease in the level of nuclear YAP. 
b. Quantitative analysis of signal intensity of YAP in nucleus. Total nuclear YAP signals were 
quantified in 90 neurons (N=3 mice) by confocal microscopy (FV1200IXGP44, Olympus, Tokyo, 
Japan). Three mice in each group were used for the analysis. 



Quantitative analysis of signal intensity of DAPI in nucleus. Total nuclear DAPI signals were 
quantified in cytoplasmic YAP-positive and Aβ-positive neurons (n=60) and in cytoplasmic YAP-
negative and Aβ-negative neurons (n=60) of 5xFAD mice. In addition, signal intensity of DAPI per 
a nucleus was compared between cytoplasmic YAP-positive and Aβ-positive neurons (n=180) of 
5xFAD mice at 3 or 6 months (N=3) and normal neurons (n=180) of the non-transgenic sibling mice 
at 3 months (N=3). Box plots show the median, quartiles and whiskers that represent 1.5´ the 
interquartile range. The bar graph indicates average and mean ± S.E.M., together with the 
corresponding data points. P-values were determined by Tukey’s HSD test or student’s t-test, 
**p<0.01.  
c. Immunohistochemistry of YAP and Aβ of APP-KI mouse brain revealed sequestration of YAP to 
cytoplasmic Aβ aggregates and a resultant decrease in the level of nuclear YAP.  
d. Quantitative analysis of signal intensity of YAP in nucleus. Total nuclear YAP signals were 
quantified in 90 neurons (N=3 mice) by confocal microscopy (FV1200IXGP44, Olympus, Tokyo, 
Japan). Three mice in each group were used for the analysis. 
Quantitative analysis of signal intensity of DAPI in nucleus. Total nuclear DAPI signals were 
quantified in cytoplasmic YAP-positive and Aβ-positive neurons (n=60) and in cytoplasmic YAP-
negative and Aβ-negative neurons (n=60) of	 	 	  human mutant APP-KI mice. In addition, signal 
intensity of DAPI per a nucleus was compared between cytoplasmic YAP-positive and Aβ-positive 
neurons (n=180) of human mutant APP-KI mice at 3 or 6 months (N=3) and normal neurons (n=180) 
of the non-transgenic sibling mice at 3 months (N=3). Box plots show the median, quartiles and 
whiskers that represent 1.5´ the interquartile range. The bar graph indicates average and mean ± 
S.E.M., together with the corresponding data points. P-values were determined by Tukey’s HSD test 
or student’s t-test, **p<0.01. 
Source data are provided as a “Source Data file”. 
 



 



Supplementary Figure 12 
Activities of Erk1/2 and RIP1/3 signaling pathways in mouse and human 
a. Phosphorylation changes of target proteins of Erk1/2 or RIP1/3 revealed by phosphoproteome 
analysis of whole cerebral tissues from 5xFAD mice. Red nodes indicate increased phosphorylation 
of the Erk1/2 downstream proteins in comparison to B6/SJL mice. On the other hand, 
phosphorylation is hardly changed in the downstream proteins of RIP1/3.  
b. Western blot of RIP1/3 with whole cerebral cortex tissues from 5xFAD mice and B6/SJL mice at 
1 to 12 months of ages. The graph shows the ratio of band intensities 5xFAD mice to B6/SJL mice. 
Values in each group are summarized by mean ± S.E.M. P-values were determined by 2-way 
ANOVA or Tukey’s HSD test, N.S. p>0.05 (N=3 tests).  
c. Immunohistochemistry of parietal cortex tissues from 5xFAD and B6/SJL mice at 1 and 3 months 
of age. Co-staining of RIP1/3 or phospho-RIP1/3 with Aβ  (82E1) shows the similar levels of RIP1/3 
or phospho-RIP1/3 in intracellular amyloid-positive (arrow) and -negative (no arrow) cells. 
d. Immunohistochemistry of cerebral cortex tissues from patients of MCI due to AD and non-
neurological disease with anti-Aβ  (82E1) and anti-RIP1/3 or anti-phospho-RIP1/3 antibodies. 
Source data are provided as a “Source Data file”. 



 
Supplementary Figure 13 
In vivo ER imaging of 5xFAD mice 
Timelapse imaging of a BTA-stained neuron in cerebral cortex (retrosplenial dysgranular cortex) of 
5xFAD mouse at 6 months of age revealed that intracellular Aβ retained in the extracellular space 
after the rupture of ER (from 240 min of observation) during TRIAD necrosis of the neuron and could 
be a seed for extracellular Aβ aggregation.   



 

Supplementary Figure 14 
Effect of S1P and AAV-YAPdeltaC on normal mice 
Normal sibling mice (B6/SJL) that had been treated similarly as 5xFAD mice in Figure 9 were 
examined for total YAP intensity, intracellular Aβ, extracellular Aβ, and pSer46-MARCKS. Box plots 
show the median, quartiles and whiskers that represent 1.5´ the interquartile range. P-values were 
determined by Welch’s test, **p<0.01. (N=3 mice, n=30 visual fields or 60 cells)     
Source data are provided as a “Source Data file”. 



 
Supplementary Figure 15 
Nuclear YAP recovery by S1P and YAPdeltaC without change of intracellular Aβ  
a. Immunostaining of iPSC-derived AD neurons (heterozygous and homozygous mutants carrying 
APP KM670/671NL) after S1P treatment (corresponding to Figure 10a–e) with an anti-YAP antibody 



(sc-15407) reactive both to full-length YAP and YAPdeltaC. Cells with cytoplasmic shift of YAP 
(white arrows) were increased in iPSC-derived AD neurons, whereas the nuclear defect of 
YAP/YAPdeltaC in these cells was obviously rescued by S1P treatment. The antigenic region of 
anti-YAP antibody used for this analysis is shown at right. P-values were determined by Wilcoxon’s 
rank sum test with post-hoc Bonferroni correction, **p<0.01 (N=3 wells, n=60 cells).  
b. Immunostaining of iPSC-derived AD neurons (heterozygous and homozygous mutants carrying 
APP KM670/671NL) after infection of AAV-CMV-YAPdeltaC (corresponding to Figure 10f–j) with the 
anti-YAP antibody. The nuclear defect of YAP/YAPdeltaC in iPSC-derived AD neurons was rescued 
after infection with AAV-CMV-YAPdeltaC, although cytoplasmic YAP/YAPdeltaC still remained (left 
panels). Full-length YAP–specific antibody revealed that FL-YAP in the nucleus was also rescued 
by AAV-CMV-YAPdeltaC (right panels), probably because overexpressed YAPdeltaC competitively 
inhibited the interaction between FL-YAP and Aβ. P-values were determined by Wilcoxon’s rank 
sum test with post-hoc Bonferroni correction, **p<0.01 (N=3 wells, n=60 cells).  
c. Immunostaining of iPSC-derived AD neurons (heterozygous and homozygous mutants carrying 
APP KM670/671NL) after infection of AAV-CMV-YAPdeltaC (corresponding to Figure 10f–j) with an 
original anti-YAPdeltaC-specific antibody. YAPdeltaC stains were reduced in heterozygous and 
homozygous iPSC-derived AD neurons, while the YAPdeltaC stains were recovered by AAV-CMV-
YAPdeltaC in both types of iPSC-derived AD neurons. P-values were determined by Wilcoxon’s 
rank sum test with post-hoc Bonferroni correction, **p<0.01 (N=3 wells, n=60 cells).  
d. Immunostaining of iPSC-derived AD neurons (heterozygous and homozygous mutants carrying 
APP KM670/671NL) after infection of AAV-CMV-YAPdeltaC (corresponding to Figure 10f–j) with 
another anti-YAP antibody reactive only to full-length YAP. Unexpectedly, AAV-YAPdeltaC 
recovered also full-length YAP in the nucleus. It is presumably because overexpressed YAPdeltaC 
steals Aβ from full-length YAP and the balance between intracellular Aβ and full-length YAP is 
beneficially changed. P-values were determined by Wilcoxon’s rank sum test with post-hoc 
Bonferroni correction, **p<0.01 (N=3 wells, n=60 cells). 
e. Aβ staining before and after S1P treatment revealed that S1P did not affect the amount of 
intracellular Aβ in iPSC-derived AD neurons. P-values were determined by Wilcoxon’s rank sum 
test with post-hoc Bonferroni correction, **p<0.01 (N=3 wells, n=50 cells).  
f. Aβ staining before and after AAV-CMV-YAPdeltaC infection revealed that overexpressed 
YAPdeltaC did not affect the amount of intracellular Aβ in iPSC-derived AD neurons. Right graphs 
show intracellular Aβ, semi-quantified based on the signal intensity of Aβ staining per cell. No 
definite effect on intracellular Aβ was confirmed by S1P treatment or AAV-YAPdeltaC infection, 
supporting that their therapeutic effects were mediated by increase of YAP/YAPdeltaC downstream 
of intracellular Aβ accumulation. P-values were determined by Wilcoxon’s rank sum test with post-
hoc Bonferroni correction, **p<0.01 (N=3 wells, n=50 cells).  
Box plots show the median, quartiles and whiskers that represent 1.5´ the interquartile range. 
Source data are provided as a “Source Data file”. 



 
 
Supplementary Figure 16 
High-resolution images of intracellular Aβ and ER 
High-resolution images by confocal microscopy (FV1200IXGP44, Olympus, Tokyo, Japan) using 
the FV1200-GaAsP high-sensitivity detector revealed that a portion of Ab shifted from the ER to 
cytosol (white arrow). Ab was excreted from cell membrane by vesicles (green arrow, in which ER 
component was also included (red arrow)).  
  



 



Supplementary Figure 17 
Examination of necroptosis in the brains of AD model mice and AD human patients 
Co-staining of phosphorylated RIP1/phosphorylated MLKL or phosphorylated RIP3/phosphorylated 
MLKL in B6/SJL vs. 5xFAD mice, B6 vs. APP-KI mice, and in non-neurological disease control, MCI 
or AD human patients. As positive control, mice after the treatment of bi-carotid artery occlusion 
were used. All the mouse and human tissue samples were immuno-stained simultaneously.  Co-
stains of phosphorylated RIP1/phosphorylated MLKL or phosphorylated RIP3/phosphorylated MLKL 
were observed at a single cell level in multiple neurons, while such stains were not detected in 
5xFAD or APP-KI mice and in MCI or AD patients.      



 
Supplementary Figure 18  
Distribution of low-complexity sequences in mouse and human YAP 
Low-complexity score > 0.5 indicates that a region is prone to be intrinsically denatured. Low-
complexity sequences are distributed throughout the mouse and human YAP proteins.  



 
 

 

Supplementary Figure 19 
Hypothesis of pathological cascade triggered by intracellular Aβ 
The results in indicated figures support each step of the hypothetical pathological cascade.   



Supplementary Table 1 
Summary of patient information 

 

  



Supplementary Table 2 
Information about normal and disease controls 

 

  



Supplementary Table 3 
Primers and Oligonucleotides list  




