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Abstract

The cerebrovascular-specific molecular mechanism in Alzheimer’s disease (AD) was investigated by employing compre-
hensive and accurate quantitative proteomics. Highly purified brain capillaries were isolated from cerebral gray and white
matter of four AD and three control donors, and examined by SWATH (sequential window acquisition of all theoretical
fragment ion spectra) proteomics. Of the 29 ribosomal proteins that were quantified, 28 (RPLPO, RPL4, RPL6, RPL7A,
RPL8, RPLIOA, RPLII, RPLI2, RPLI4, RPLI5, RPLI8, RPL23, RPL27, RPL27A, RPL3I, RPL35A, RPS2, RPS3, RPS3A,
RPS4X, RPS7, RPS8, RPS14, RPS16, RPS20, RPS24, RPS25, and RPSA) were significantly upregulated in AD patients. This
upregulation of ribosomal protein expression occurred only in brain capillaries and not in brain parenchyma. The protein
expression of protein processing and N-glycosylation-related proteins in the endoplasmic reticulum (DDOST, STT3A,
MOGS, GANAB, RPN, RPN2, SEC61B, UGGT I, LMANZ2, and SSR4) were also upregulated in AD brain capillaries and
was correlated with the expression of ribosomal proteins. The findings reported herein indicate that the ribosome
complex, the subsequent protein processing and N-glycosylation-related processes are significantly and specifically
upregulated in the brain capillaries of AD patients.
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Introduction have a lower risk of developing AD.* Surprisingly,

Alzheimer’s Disease (AD) is a well known type of
dementia and is associated with the progressive decline
in cognitive function. Beta-amyloid deposition and
neurofibrillary changes in the cerebral cortex are prom-
inent underlying pathophysiological causes. The under-
lying etiology of AD is not known, but cerebrovascular
disease and diabetes are considered to be risk factors.'
Conversely, physical activity and diet are considered
to be protective factors for the development of AD.'
Thus, multiple factors, including disease and lifestyle
can contribute to the development of AD.

In the past decade, the association between cancer
and Alzheimer’s disease has attracted growing interest
among researchers.” Multiple epidemiological studies
and meta-analyses indicate that AD patients have a
lower risk of developing cancer and cancer survivors

the risk of developing cancer in AD patients was
reduced by 50% and the risk of Alzheimer’s among
cancer patients was reduced by 35%.° This suggests
that there may be a common molecular mechanism
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between cancer and AD that is affected by the treat-
ment. Several studies have reported an association
between chemotherapy for cancer and a reduced risk
of AD.% In addition, compounds and foods such as
turmeric (curcumin) and coffee (caffeine) have been
reported to reduce the disease risk of AD and
cancer.®? Although the anti-inflammatory and antiox-
idant effects of these compounds are thought to be
protective against both diseases,'”"? interestingly,
these compounds have also been shown to inhibit ribo-
some biosynthesis.'* Donepezil and Tacrine, which are
clinically used AD drugs, and chemotherapy, a
common treatment for cancers, have also been reported
to inhibit ribosome biosynthesis.'* In general, cancer
cells are characterized by a higher rate of ribosome
biosynthesis than normal cells, which allows for cell
growth (increased cell volume) and subsequent cell pro-
liferation (increased cell number) in cancer patients.'”
Therefore, the inhibition of ribosome biosynthesis is
thought to be an effective treatment against cancer.
This common efficacy of ribosome biosynthesis inhib-
itors in cancer and AD suggests that ribosome biosyn-
thesis is associated with both the development of
cancer and AD.

Increased ribosome biosynthesis is thought to
increase protein translation, but surprisingly, several
studies have reported a decrease in the rate of protein
translation in AD patients '® and in mild dementia dis-
order (MCI) patients '” in the cerebral cortex. The cere-
bral cortex is composed of glial, neuronal, and
endothelial cells in a ratio of 5:4:2'"%!' which may
mask changes in less abundant cells. A snRNA-seq
study has revealed an association between increased
ribosomal genes in microglia and the progression of
AD pathology,”® but microglia account for only
about 6% of all glial cells.”! Therefore, when consider-
ing the brain cortex as a whole, an increase in protein
synthesis in AD brain microglia may have been masked
by the decrease in protein synthesis in AD brain neu-
rons and other cells that are present in high numbers.?
The ribosomal inhibitor action of the chemotherapeu-
tic drug mentioned above ***** may target Microglia.
However, the percentage of microglia in the CNS is
quite small, and the permeabilities of these drugs to
the CNS are limited due to the blood-brain barrier.?
Therefore, it is unlikely that these drugs can reach the
microglia. As a result, the issue of which cells in the
CNS benefit from the effect of ribosome biogenesis
inhibitors against AD remains unclear.

It has been reported that angiogenesis, which occurs
actively in tumors, occurs in the brains of AD
patients,”® and the results of transcriptomics studies
support this finding.?” Ribosome biogenesis increases
with protein demand in actively proliferating cells
during angiogenesis, and a protein co-expression

network analysis in AD brains has raised the possibility
that the expression of ribosome-related proteins is
altered in vascular endothelial cells.”® In addition, cur-
cumin *° and tanshinone IIA,*® which have the ability
to inhibit ribosome biosynthesis,'* have been shown to
exert anti-AD effects, and also show anticancer effects
by inhibiting angiogenesis in cancer.?"** This suggests
that ribosome biosynthesis is enhanced in the AD vas-
cular endothelium, thus also making it a potential ther-
apeutic target for AD as well as cancer.

The SWATH method, a recently developed compre-
hensive quantitative proteomics method, is superior to
shotgun proteomics in terms of quantitative accura-
cy.*® Multiple specific peptides derived from a single
protein are used for quantification, and the levels of
protein expression are then calculated using the aver-
age amounts of these peptides that had been quantified.
In addition, in previous studies, we applied our own
criteria for selecting appropriate peptides in silico.
The criteria include (1) less likely to be miscleaved by
trypsin, (2) not including regions with low digestion
efficiency such as transmembrane regions, (3) not
including unstable/inaccurate sequences, and (4) not
including regions with post-translational modifica-
tions.>*® These criteria enhance the quantitative accu-
racy of the conventional SWATH method.

We hypothesized that the protein expression of a
ribosome complex and the associated protein transla-
tion pathway is upregulated in the vascular endotheli-
um of AD patients. The objective of this study was to
confirm this hypothesis by applying the SWATH
method to the highly purified brain capillaries derived
from AD patients.

Materials and methods

Human brain tissues

The age at death, gender, brain region and weight used,
the diagnosis, and prescription medication prior to
death are all summarized in Table 1. The brains used
were left cerebrum for AD3 and the right cerebrum for
the other donors. The frontal/temporal lobe used was
located at distance of 5 to 6¢cm from the front of the
right or left cerebrum, and the temporal/parietal lobe
used was located at a distance of 7 to 9cm from the
front of the right cerebrum. The protocols for the pre-
sent study were approved by the Ethics Committees of
the Mihara Memorial Hospital (protocol code 095-06,
approved on January 16th 2019) and the Graduate
School of Pharmaceutical Sciences, Tohoku University
(protocol code 18-03, approved on December 20th
2018), based on the Helsinki Declaration of 2013.
Written informed consent was obtained from all subjects
involved in the study.
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Continued.

Table I.

Age at

Dementia
level

NIA-AA

Neuropathological

diagnosis

Brain region; tissue weight

used (g)

death

Human

neuropathology  Prescription

Clinical diagnosis

(years) Gender

83

donor No.

Advanced

AD, ICH (CAA) AD definite Ursodeoxycholic Acid,

Cholangiocarcinoma

Male I. Neocortex (Gray matter) in

AD 3

Ifenprodil Tartrate,

Donepezil

frontal and temporal lobe;

0.405
2. Corona radiata in White

Hydrochloride

matter under frontal and

temporal lobe; 0.543
I. Neocortex (Gray matter) in

AD AD definite Ranitidine Advanced

Pneumonia

Female

84

AD 4

Hydrochloride,
Valproic acid

parietal and temporal lobe;

0421
2. Corona radiata in White

matter under parietal and
temporal lobe; 0.545

>

Alzheimer’s disease (AD) was diagnosed based on the neuropathological and National Institute on Aging-Alzheimer's Association (NIA-AA) criteria. Autopsy frozen brain tissues were provided from the

brain bank of Mihara memorial hospital at Tohoku University with the approval of the ethics committees of Mihara memorial hospital and Tohoku University. The weight of brain tissue described in this
Table was used for the isolation of brain capillaries and preparation of whole tissue lysate. AMI: acute myocardial infarction; ICH (CAA): lobar intracerebral hemorrhage (cerebral amyloid angiopathy).

Preparation of highly pure capillaries and
whole-tissue lysates of human brain tissues

The highly pure brain capillaries were isolated as
described in a previous report, with minor modifica-
tions.>” The cortex (neocortex; gray matter) was col-
lected with a razor less than 3 mm from the surface of
the cerebrum, and the white matter was collected from
the radial crown just under the cortex used. The
weights of collected tissues are listed in Table 1. The
collected brain tissue was transferred to a 2mL screw-
cap tube (P000945-LYSKO-A, Bertin Instruments,
Paris, France) containing 13 stainless beads (3.2 mm,
1.8 g, TOMY SEIKO, Tokyo, Japan). 1 mL of homog-
enizing buffer (101 mM NaCl, 4.6 mM KCI, 2.5mM
CaCl,, 1.2mM KH,PO4, 1.2mM MgS0O,, 15mM
HEPES, pH 7.4) was added, and the brain tissue was
then homogenized using a bead homogenizer (Precellys
Evolution, Bertin Instruments, Paris, France) for 60s
at a speed of 4500 rpm. The homogenate was trans-
ferred to a new 2mL tube and then centrifuged
(1000 g, 10 min, 4°C). A portion of the brain homoge-
nate (20 uL) was collected in another tube as a whole
tissue lysate. The supernatant was removed carefully
and up to ImL of the homogenizing buffer was
added to the pellet. After preparing a suspension, an
equal volume of 45 w/v% dextran/homogenize buffer
was added to the 2mL tube and mixed by inverting.
The samples were immediately centrifuged (5800 g,
10min, 4°C) and the supernatant was collected in a
new 2mL tube, while the pellets were stored on ice.
The supernatant was centrifuged (5800 g, 10 min, 4°C)
again and the supernatant was discarded. After remov-
ing the fat that had adhered to the wall of the tube with
a Kimwipe, the pellets were suspended in the suspen-
sion buffer (homogenizing buffer containing 25mM
NaHCOj;, 10mM glucose, 1 mM pyruvate, and 5g/L
bovine serum albumin) (200 pL, 2 times), and samples
of the two tubes were combined into one tube. The
samples were filtered through a cell strainer (70 pm)
(pluriStrainer-Mini, pluriSelect, Leipzig, Germany)
and the strainer mesh was washed four times with
400 uL. of suspension buffer. The samples that passed
through the 70 um mesh were added to a cell strainer
filled with 600 mg of glass beads (BN-04, 0.35-0.5 mm,
AS ONE, Osaka, Japan) and then washed 20 times
with 500 uL of suspension buffer. After washing, the
glass beads were transferred to a new tube using a spat-
ula, after which, 1 mL of suspension buffer was added
and the resulting suspension was mixed by inverting.
The supernatant was then quickly transferred to a new
tube. Glass beads were again added to the 500 puL sus-
pension buffer and the resulting suspension was mixed
by inverting. The supernatant was quickly transferred
to the previous tube. This process of washing the glass
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beads and collecting the supernatant was repeated
again using another tube. The two tubes were centri-
fuged (1000g, S5min, 4°C) and supernatant was
removed. The resulting pellet was suspended in
100 pL of homogenizing buffer. A portion of the iso-
lated brain capillary fraction was observed under a
microscope. The isolated brain capillary fraction and
the whole tissue lysate prepared during the capillary
isolation were dissolved in a solubilizer (7M
Guanidine hydrochloride, 0.5M Tris-HCI, 10mM
EDTA-Na) and sonicated. The protein recovery was
measured using a Pierce BCA protein assay Kkit.

Standard method for isolating human
brain capillaries

To compare the purity of the brain capillaries isolated
by the above isolation method with the conventional
method, brain capillaries were also isolated by the pre-
viously reported conventional isolation method.*®

Sample preparation for SWATH-based quantitative
proteomics

Protein digestions with LysC/trypsin were performed
as described previously.*® The tryptic digests were
cleaned up with a self-packed SDB-XD 200 puL tip
(3M, Minnesota) as previously described.*’

LC-MS/MS measurement for SWATH-based
quantitative proteomics

The highly pure peptide samples (1 pug peptide) were
injected into an NanoLC Ultra system (Eksigent
Technologies, Dublin, CA, USA) coupled with an
electrospray-ionization Triple TOF 5600 mass spec-
trometer (SCIEX, Framingham, MA, USA), which
was set up for a single direct injection and analyzed
by SWATH-MS  acquisition, as  previously
described.**#!

Data analysis for SWATH-based quantitative
proteomics

Spectral alignment and data extraction from SWATH
chromatograms (uploaded to the Peptide Atlas website
with Identifier PASS01717) were performed with the
SWATH Processing Micro App in Peakview (SCIEX)
using an in-house spectral library (uploaded to the
Peptide Atlas website with Identifier PASS01717) as
previously described.*>* Only data below 1% FDR
were selected. According to the previously described
procedure,® unreliable peaks and peptides were
removed based on the criteria of data selection and
amino acid sequence-based peptide selection, and the
peak areas at the peptide level were calculated as an

average of those in transition level after normalizing
the differences in signal intensity between different
transitions. The details of this procedure have been
reported previously.® The peak areas of individual
proteins were calculated as an average of those at the
peptide level, and were compared between the AD and
control groups.

Statistical analysis

All statistical analyses were performed under the null
hypothesis, assuming that the means of the compared
groups were equal. Comparison between two groups
was performed by an unpaired two-tailed t-test, and
the p value was adjusted by Benjamini-Hochberg
(BH) correction in the case of multiple comparisons.
For the correlation analysis, Spearman’s rank correla-
tion coefficient and p value were calculated using Excel
statistical software version 2010. If the p-value was less
than 0.05, the difference was considered to be statisti-
cally significant and the null hypothesis was rejected.
No formal power calculation was performed to esti-
mate the required sample size. No randomization or
blinding was performed in this study.

Results

Isolation of highly pure brain capillaries from AD and
control donors

In order to clarify the pathological changes in the pro-
teome of vascular endothelial cells that occur in AD, it
is necessary to isolate highly purified brain capillaries
from human brain tissues. A method for accomplishing
this from rodent brain tissues has been reported.’’
We modified this isolation method and then applied
it to human brain tissues in the present study. Using
this procedure, it was possible to isolate highly pure
capillaries (Supplementary figure 1). We also used
the conventional standard isolation method, but con-
tamination by parenchymal tissues other than capillar-
ies was observed (Supplementary figure 1). These
findings suggest that the purity was higher in the
brain capillaries isolated by our modified method
than those by the conventional method. Photographs
of all 14 brain capillaries that were isolated from two
regions (gray and white matters) of 7 donors (4 AD
patients and 3 controls) are shown in Supplementary
figure 2.

To quantify the purity of the vessels, the levels of
marker proteins was quantitatively determined
(Supplementary figure 3). The levels of the cerebral
vascular endothelial cell markers ABCBI1 (P-gp) and
SLC2A1 (GLUTI1) were 2.45-fold and 9.64-fold
higher, respectively, in vessels isolated by the method
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described here compared to conventional methods. The
levels of the neuronal markers NFL and NFM, the
astrocyte marker GFAP and the oligodendrocyte
marker MOG were 3.90-, 2.96-, 8.30- and 40.7-fold
lower, respectively, compared to the values for the con-
ventional method. To compare the ratio of endothelial
cells to non-endothelial cells between the present
and conventional isolation methods, the levels of
endothelial cell markers was divided by the values for
the markers of non-endothelial cells: the ABCB1/NFL,
ABCBI1/NFM, ABCB1/GFAP, ABCB1/MOG,
SLC2A1/NFL, SLC2A1/NFM, SLC2A1/GFAP and
SLC2A1/MOG ratios in present method were 6.35-,
5.29-, 6.38-, 133-, 26.0-, 21.5-, 23.1- and 533-fold great-
er than the values for the conventional method,
respectively.

Furthermore, for the vessels isolated by present
method, there were no statistically significant differences
in the levels of the endothelial cell markers ABCBI
(P-gp), PECAMI1 (CD31) and ABCG?2 (BCRP) between
the AD patient and control groups (Supplementary
figure 4).

AR and APP levels in whole tissue lysates and the
capillary fraction from gray and white matter

The total levels of Af and APP were quantified by the
peak area of the tryptic peptide “LVFFAEDVGSNK”
which is shared in AP and APP. In AD brains, the total
expression of Af and APP was found to be significant-
ly up-regulated in both gray and white matter by 31.1-
and 3.50-fold, respectively, compared to the values for
the controls (Supplementary figure 5). In AD brains,
the total expression of AR and APP in gray matter was
38.6-fold greater than that in white matter. In the
blood vessels isolated from AD brains, significant
17.1-fold and 10.5-fold increases in the total amounts
of AP and APP in gray and white matters, respectively,
were found compared to controls (Supplementary
figure 5).

The protein expression of ribosome complexes in the
brain capillaries of AD patients are increased but are
not increased in brain parenchyma

Brain capillaries isolated from gray (neocortex) and
white (corona radiata) matter of four AD and
three control donors were subjected to a SWATH
analysis. A total of 1174 proteins were quantified
(Supplementary table 1). Of these 1174 proteins, 164
proteins showed significant differences (BH-adjusted
p value <0.05) in the protein expression levels in the
brain capillaries of gray matter between AD and
control patients, and 269 proteins showed significant
differences (BH-adjusted p value <0.05) in protein
expression levels in the brain capillaries of white
matter between AD and control  patients
(Supplementary table 1). In order to clarify the molec-
ular mechanisms that are commonly involved in the
alteration in the capillaries of gray and white matter,
a pathway analysis was performed by using the Kyoto
Encyclopedia of Genes and Genomes (KEGGQG) using
97 molecules that were significantly altered in the
capillaries of both gray and white matter in AD
patients compared to control donors. Table 2 shows
the top four pathways or complexes which were iden-
tified by the KEGG analysis. The ribosome complex
was significantly enriched with an adjusted p-value of
9.7E-18. In the capillaries of AD gray matter, the pro-
tein expression of 25 ribosomal proteins were signifi-
cantly upregulated when compared to those of the
control gray matter (Figure 1; RPS2 (1.53-fold),
RPS3 (1.47-fold), RPS3A (1.29-fold), RPS4X (1.46-
fold), RPS7 (1.60-fold), RPS14 (1.49-fold), RPS20
(1.55-fold), RPS24 (1.95-fold), RPSA (1.48-fold),
RPLPO (1.28-fold), RPL4 (1.61-fold), RPL6 (1.37-
fold), RPL7A (1.42-fold), RPLS8 (1.40-fold), RPL10A
(1.26-fold), RPLI1 (1.44-fold), RPL12 (1.58-fold),
RPL14 (1.82-fold), RPL15 (1.35-fold), RPL18 (1.61-
fold), RPL23 (2.02-fold), RPL27 (1.59-fold), RPL27A
(2.12-fold), RPL31 (2.02-fold), and RPL35A (1.91-
fold)). In the capillaries of AD white matter, the

Table 2. KEGG-based identification of molecular pathways/complexes for which the protein expression levels were changed in the
isolated brain capillaries of AD patients compared to control donors.

Number of proteins

Pathway/Complex included in 97 proteins P-value Adjusted P-value
Ribosome 21 8.8E-20 9.7E-18

Protein processing in endoplasmic reticulum 5 0.065 |

N-Glycan biosynthesis 3 0.072 |

Amyotrophic lateral sclerosis 3 0.074 |

Raw data of the SWATH-MS analysis using the highly purified brain capillaries is shown in Supplementary table |. 97 proteins which showed a significant
change (p < 0.05 or p=0.05) in the protein expression levels between AD and control brain capillaries both in gray and white matters were applied to
KEGG-based pathway analysis. Top four pathways or complexes enriched in this analysis were listed in the order of p-value. The p-value and adjusted

p-values were obtained from David enrichment analysis website.
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Figure |. Protein expression levels of ribosomal proteins in highly purified brain capillaries isolated from cerebral gray and white
matter in AD patients. Brain capillaries were isolated from gray (neocortex) and white (corona radiata) matter of four AD and three
control donors. Tryptic digests were produced and subjected to SWATH analysis. The protein expression levels were normalized by
the average protein expression levels in gray matter capillaries of control donors. BH-adjusted p value <0.05 (*), <0.01 (*¥), and
<0.001 (***), significantly different between AD and control groups. (a) Small ribosomal subunit proteins (40S ribosomal protein) and
(b) Large ribosomal subunit proteins (60S ribosomal protein). Ctrl GM, gray matter capillaries in control donors; AD GM, gray matter
capillaries in AD donors; Ctrl WM, white matter capillaries in control donors; AD WM, white matter capillaries in AD donors. Circle,
control | or AD I; Triangle, control 2 or AD 2; Diamond, control 3 or AD 3; Cross, AD 4. Bar, average value in each group. For AD
patients, blue plots correspond to males, and red plots to females.
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protein expression of 24 ribosomal proteins were sig-
nificantly upregulated when compared to those of the
control white matter (Figure 1; RPS3 (1.55-fold),
RPS3A (1.69-fold), RPS4X (1.49-fold), RPS8 (1.91-
fold), RPS14 (1.87-fold), RPS16 (1.66-fold), RPS20
(3.70-fold), RPS24 (2.77-fold), RPS25 (2.63-fold),
RPSA (1.75-fold), RPLPO (1.49-fold), RPL4 (1.54-
fold), RPL6 (1.42-fold), RPL7A (1.93-fold), RPLS8
(1.68-fold), RPL10A (1.48-fold), RPL11 (1.44-fold),
RPL12 (2.99-fold), RPL14 (2.17-fold), RPL15 (1.47-
fold), RPL18 (2.00-fold), RPL27 (2.45-fold), RPL27A
(2.04-fold), and RPL31 (3.63-fold)). To clarify whether
the upregulation of ribosome complexes is specific to
the capillaries, we performed a SWATH analysis on a
whole tissue lysate of the parenchyma of four AD and
three control donors (Supplementary table 2), and
extracted the data for ribosomal proteins. No signifi-
cant upregulation of ribosomal protein was observed
in the AD patients compared to the control donors,
in both gray and white matter parenchyma
(Supplementary figure 6). This suggests that the
increases in the expression of ribosomal proteins in
AD patients are specific to the brain capillaries.

Identification of the molecular mechanisms
responsible for the increased expression of
ribosomal proteins

We performed Spearman’s rank correlation analysis to
identify the molecular mechanisms that are correlated
with the increased expression of ribosomal proteins in
the brain capillaries of AD patients. To accomplish
this, the average of expression levels of 21 ribosomal
proteins that were significantly up-regulated in both
gray and white matters of AD brain capillaries were
calculated for each donor. A Spearman’s rank correla-
tion coefficient analysis was performed between the
average expression level of 21 ribosomal proteins and

the level of expression of individual proteins for the
gray and white matter capillaries of four AD and
three control donors (n=14). A pathway analysis
was performed by KEGG using 138 molecules that
showed a significant (p <0.05) positive correlation
with the average of 21 ribosomal protein expressions.
Among the pathways/complexes detected, protein
processing in the endoplasmic reticulum pathway and
the N-Glycan biosynthesis pathway showed significant
correlations with the adjusted p values of 0.012 and
0.013, respectively (Table 3). In the N-Glycan biosyn-
thesis pathway, six molecules (STT3A, DDOST,
GANAB, MOGS, RPNI, and RPN2) consisting of
enzymes that transfer glycans to protein precursors in
the ER, showed a significant positive correlation with
ribosomes (Figure 2). In the protein processing in
the endoplasmic reticulum pathway, 10 molecules
(including SEC61B, UGGT1, LMAN2, SSR4 and the
6 N-Glycan biosynthesis proteins above) showed a sig-
nificant positive correlation with ribosomes (Figure 2).
In addition to the above proteins, we identified pro-
teins related to N-Glycan biosynthesis and protein
processing in the ER that were significantly upregu-
lated in either the gray or white matter (Figure 3). In
the capillaries of AD gray matter, SEC31A (1.34-fold)
was significantly upregulated in addition to the above-
mentioned molecules; MOGS (1.26-fold), LMAN2
(1.53-fold), STT3A (1.47-fold), RPN2 (1.47-fold), and
DDOST (1.38-fold). In contrast, CANX (0.671-fold)
and PDIA3 (0.746-fold) were significantly downregu-
lated (Figure 3). In the capillaries of AD white matter,
HSPAS (1.52-fold) was significantly upregulated in
addition to the above-mentioned molecules; GANAB
(1.21-fold), MOGS (1.36-fold), UGGT1 (1.25-fold),
LMAN?2 (1.67-fold), SEC61B (2.49-fold), SSR4 (2.37-
fold), DDOST (1.36-fold), and RPN2 (1.42-fold)
(Figure 3).

Table 3. Top 5 pathways/complexes significantly correlated with ribosomal protein expression.

Number of proteins

Pathway/Complex included in 138 proteins P-value Adjusted P-value
Protein processing in endoplasmic reticulum 10 0.000082 0.012

N-Glycan biosynthesis 6 0.00018 0.013

Fatty acid degradation 4 0.011 0.37
Peroxisome 5 0.013 0.37

Valine, leucine and isoleucine degradation 4 0.014 0.37

The average of expression levels of 21 ribosomal proteins that were significantly up-regulated in both gray and white matter of AD brain capillaries
were calculated for each donor. Spearman’s rank correlation coefficient analysis was performed between the average expression level of 2| ribosomal
proteins and the protein expression level of individual proteins for the gray and white matter capillaries of four AD and three control donors (n = 14).
A pathway analysis was performed by KEGG using |38 molecules that showed a significant (p < 0.05) positive correlation with the average of 21

ribosomal protein expressions. Top five pathways or complexes enriched in this analysis were listed in the order of p-value. The p-value and adjusted

p-values were obtained from David enrichment analysis website.
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Figure 2. Endoplasmic reticulum proteins that are positively correlated with ribosomal proteins by Spearman’s rank correlation
analysis. The average of expression levels of 2| ribosomal proteins that were significantly up-regulated in both gray and white matter
of AD brain capillaries were calculated for each donor. Spearman’s rank correlation coefficient analysis was performed between the
average expression level of 21 ribosomal proteins and the protein expression level of individual proteins for the gray and white matter
capillaries of four AD and three control donors (n = 14). Pathway analysis was performed by KEGG using 138 molecules that showed
a significant (p < 0.05) positive correlation with the average expression of 21 ribosomal proteins. It found the N-Glycan biosynthesis
pathway (a) and protein processing in endoplasmic reticulum pathway (a and b). (a) Six molecules of N-Glycan biosynthesis pathway
(STT3A, DDOST, GANAB, MOGS, RPNI, and RPN2) showed a significant positive correlation with ribosomes. (a and b) Ten
molecules of the protein processing in endoplasmic reticulum pathway (including SEC61B, UGGT |, LMAN2, SSR4 and the 6 N-Glycan
biosynthesis proteins above) showed a significant positive correlation with ribosomes. p, correlation coefficient; p < 0.05, significant
correlation; Open symbol, control donors; Closed symbol, AD patients.
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Figure 3. Protein expression levels of N-glycosylation and ER processing related proteins in highly purified brain capillaries isolated
from cerebral gray and white matter in AD patients. Brain capillaries were isolated from gray (neocortex) and white (corona radiata)

Continued.
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Up-regulated expression of N-glycosylated proteins
in AD brain capillaries

The ribosome complex, the subsequent protein process-
ing and N-glycosylation-related processes were
significantly and specifically upregulated in the
brain capillaries of AD patients. To further confirm
that these functions are, in fact, enhanced, we investi-
gated the issue of whether the expression levels of N-
glycosylated proteins are increased in the brain
capillaries of AD patients. A search for N-glycosylated
proteins was conducted using the Uniprot database.
Based on the results of this search, N-glycosylated pro-
teins were extracted from the SWATH data. For gray
matter capillaries, of the 36 proteins that showed
significant expression changes between AD patients
and controls, 75% (27 proteins) were up-regulated in
the AD patients (Supplementary figure 7). In white
matter capillaries, 67.4% (29 proteins) of the 43 proteins
that showed significant expression changes between AD
patients and controls were up-regulated in AD patients
(Supplementary figure 7). These results indicate that the
expression levels of N-glycosylated proteins tend to be
increased in cerebrovasculature of AD patients.

Discussion

The SWATH analysis was used to reveal
cerebrovascular-specific molecular variations in the
brains of AD patients. Of the 29 ribosomal proteins
that were quantified, 28 (RPLP0O, RPL4, RPLO,
RPL7A, RPL8, RPL10A, RPL11, RPL12, RPLI14,
RPL15, RPL1S, RPL23, RPL27, RPL27A, RPL3I,
RPL35A, RPS2, RPS3, RPS3A, RPS4X, RPS7,
RPS8, RPS14, RPS16, RPS20, RPS24, RPS25, and
RPSA) were significantly up-regulated (Figure 1).
This upregulation of ribosomal protein expression
was observed only in the brain capillaries and not in
whole brain regions. In the vascular endothelium of the
AD brains, the protein expression of Protein
Processing and N-glycosylation-related proteins in the
ER (DDOST, STT3A, MOGS, GANAB, RPNI,
RPN2, SEC61B, UGGTI1, LMAN2, and SSR4) was
upregulated and this upregulation was correlated with
the expression of ribosomal proteins (Figure 2). Other
molecules related to protein processing in the ER were

also significantly upregulated; SEC31A in gray matter
and HSPAS in white matter (Figure 3). However, some
were downregulated; CANX and PDIA3 in gray
matter (Figure 3). Taking these collective findings
into consideration, they suggest that ribosome function
is enhanced in the cerebral blood vessels of AD patients
and that the subsequent protein translation network is
abnormal, as illustrated in Figure 4.

Most of the ribosomal proteins were significantly
up-regulated in the vascular endothelium of AD
brains. Ribosomes are intracellular organelles consist-
ing of multiple rRNAs and two subunits, the 60S large
subunit and the 40S small subunit, which are responsi-
ble for protein translation in the cell.*” The increased
expression of these ribosomal proteins in the vascular
endothelium of AD brains indicates that ribosome bio-
synthesis in the endothelium is increased, which can be
interpreted to mean that protein synthesis in the AD
cerebrovascular endothelium is increased. Ribosomes
perform protein translation on the rough-surfaced
endoplasmic reticulum (RER) membrane. Protein
translation begins with the insertion of a polypeptide
into the lumen of the RER (called ER protein translo-
cation) and the resulting polypeptide is transported
into the RER by a protein complex on the RER
membrane called the translocon, where it undergoes
N-glycosylation. ER protein translocation and
N-glycosylation are conjugated events.** The translo-
cons are formed by the Sec6l complex, the
oligosaccharyltransferase complex (OST) and the
translocon-associated  protein  complex (TRAP)
(Figure 4). The protein expression of these complexes
were up-regulated in AD brain capillaries (Figure 3).
OST is a membrane protein complex that is composed
of multiple subunits (RPN1, RPN2, DDOST, STT3A)
“ and catalyzes the addition of glycans (G3MO9-type
glycans) to Asn residues in nascent polypeptides that
are inserted by ER protein translocation (Figure 4):*
STT3A is the catalytic subunit of OST,*® and the dele-
tion of STT3A reduces OST activity.* DDOST is
essential for the formation of the OST complex, and
gene knockout suppresses N-glycosylation by 70%.%" It
has been reported that RPN1 and RPN2 promote
N-glycosylation in a substrate-specific manner.*®*
The increased expression of these proteins suggests

Figure 3. Continued.

matter of four AD and three control donors. Tryptic digests were produced and subjected to SWATH analysis. The data for the
N-glycosylation and ER processing related proteins was extracted and shown in this figure. The protein expression levels were
normalized by the average protein expression levels in gray matter capillaries of control donors. BH-adjusted p value <0.05 (*), <0.01
(**), and <0.001 (***), significantly different between AD and control groups. Ctrl GM, gray matter capillaries in control donors; AD
GM, gray matter capillaries in AD donors; Ctrl WM, white matter capillaries in control donors; AD WM, white matter capillaries in
AD donors. Circle, control | or AD |; Triangle, control 2 or AD 2; Diamond, control 3 or AD 3; Cross, AD 4. Bar, average value in
each group. For AD patients, blue plots correspond to male, and red plots to females.
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Figure 4. Hypothetical molecular mechanism in the brain capillary endothelial cells of AD patients. Based on the results in the
present study, we illustrate the features of pathological molecular mechanisms that occur in brain capillary endothelial cells of AD
patients. The protein expression levels for most of the ribosomal proteins were upregulated. The downstream protein processing
mechanisms such as N-glycosylation and folding were also upregulated in the ER. The upregulated molecules and processes are shown
in red. The downregulated molecules are shown in blue. The potential drugs and inhibitors are shown in green. The ribosomes
represent a potential target of caffeine, curcumin, tacrine and donepezil, as discussed in the main text. |-Deoxynojirimycin, an
a-glucosidase inhibitor, has been shown to improve cognitive function and reduce Af3 deposition in senescence-accelerated mice.®®
We therefore hypothesize that the molecular mechanisms shown in this figure would be promising drug targets for the

treatment of AD.

that the addition of glycan chains to nascent polypep-
tides in the ER is enhanced in the vascular endothelium
of AD brains (Figure 4).

Two glucose residues are removed from the glycan-
added nascent polypeptide in the ER by successive
reactions of glucosidase 1 (a-glucosidase I (MOGSYS))
and glucosidase 2 ((1) thus converting G3M9 to a
G2M09-type glycan; (2) from a G2M9 to a GIM9-
type glycan) (Figure 4). This reaction allows the
glycan to be recognized by the lectin chaperone, allow-
ing the glycoprotein to fold and proceed to the Golgi
secretory pathway.’®>' The inhibition of glucosidase 1
inhibits the secretion of glycoproteins in human liver
cancer cells.’* Glucosidase II is a soluble heterodimeric
protein composed of an alpha-subunit and a beta-
subunit, and GANAB, which is its catalytic subunit,
has been reported to catalyze reactions without the
beta-subunit.”®> The increased expression of these
glucosidases suggests that the above reactions are

enhanced in the ER of AD cerebrovascular endotheli-
um (Figure 4).

Polypeptides (G1M9-type glycans) are specifically
recognized and folded by chaperones such as CANX,
CRT and PDIA3.>* In the gray matter in the AD brain
vascular endothelium, the expression of CANX and
PDIA3 was decreased, while the level of expression of
UGGT!1 was increased in correlation with ribosome
expression and the expression level of HSPAS appeared
to be increased, but this increase was not significant
(Figures 2 and 3). In the vascular endothelium white
matter of AD brains, the expression of HSPAS and
UGGTI1 was increased (Figure 3). CANX and
PDIA3 are important for the correct folding of nascent
polypeptides,®>>® and a decreased expression of these
proteins increases the levels of unfolded or misfolded
proteins in the ER, leading to an unfolded protein reac-
tion (UPR) (Figure 4). HSPAS functions as a molecu-
lar chaperone to promote folding, and UGGTI
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functions as a checkpoint to reapply glucose to the
N-glycans of misfolded proteins (Figure 4).°” It has
been reported that the expression of these proteins is
induced under conditions of ER stress.*®> After fold-
ing is complete, the glucose unit is removed from the
protein by the action of glucosidase 2 (M9-type gly-
cans). At this point, if the protein is correctly folded,
it is transported to the Golgi apparatus (Figure 4). If
the protein is not in the correct 3D conformation, it is
trapped by the folding sensor enzyme UGGT1, which
reattaches one glucose moiety and, if deemed irrepara-
ble, it is passed to the degradation pathway
(Figure 4).° LMAN2 can move between the ER and
Golgi by recognizing and binding to M9-type glycans
(Figure 4).°' SEC31 is a COPII coat protein that trans-
ports proteins from the ER to the Golgi ** and per-
forms the GTP hydrolysis required for the secretion of
COPII from the ER (Figure 4).%* Taken together,
these findings suggest that AD cerebral blood vessels
in the gray matter are prone to occur the UPRs which
causes the upregulation of molecules that repair them,
with subsequent protein processing also being
enhanced (Figure 4).

Multiple epidemiological studies and meta-analyses
have demonstrated that AD patients have a lower risk
of developing cancer, while cancer patients have a
lower risk of developing AD.*” Increased ribosome
biosynthesis in the cerebrovascular endothelium of
AD subjects may explain the inverse association
between cancer and the risk of developing the disease
in Alzheimer’s patients. It has been reported that che-
motherapy, a common treatment for cancer,®> and the
clinically used anti-AD drugs donepezil and tacrine
inhibit ribosome biosynthesis (Figure 4).'"* Increased
ribosome biosynthesis is a recognized feature in many
types of cancers and has been found to be associated
with a poor prognosis.®® Recent studies suggest that an
increased number of ribosomes promote tumorigene-
sis,*” and the inhibition of ribosome biosynthesis may
lead to cancer suppression.®>%® The results presented
here suggest that ribosome biosynthesis is also
increased in AD cerebrovascular tissue, although the
issue of whether it acts to exacerbate this condition is
unknown. This suggests that increased ribosome func-
tion is a common phenomenon in cancer and
Alzheimer’s disease, and that drug treatment of each
disease is inversely correlated with the inhibition of
ribosome biosynthesis in each disease. Indeed, several
studies have reported that chemotherapy for cancer is
associated with a reduced risk of AD.®’ In addition,
turmeric (curcumin) and coffee (caffeine) which
inhibit ribosome biosynthesis have been reported
to reduce the risk of developing AD and cancer
(Figure 4).32:11:14.69.70 Tt is thought that turmeric (cur-
cumin) and coffee (caffeine) have anti-AD effects due

to their antioxidant and inflammatory properties.'®!?

However, given the increased ribosome biosynthesis in
the vascular endothelium of AD subjects (although it is
not known whether this phenomenon is involved in this
exacerbation), these compounds may exert their anti-
AD effects through a mechanism that involves the inhi-
bition of ribosome biosynthesis (Figure 4).

Unlike animal models, the use of human brain tissue
in studies of molecular mechanisms clinically, very
meaningful, but individual differences must be taken
into account. In the present study, the AD patients
were two male and two female donors, whereas all
three donors in the control group were males
(Table 1). In addition, the mean age of the AD patients
was approximately 10years greater than that of the
control donors. This points out the challenges that
are encountered with a small number of cases for
each gender and age, and the lack of gender and age
matches between the AD patients and the control
group. Although it is not easy to obtain human brain
tissue, it is clear that future additional experiments with
a larger number of specimens will be necessary.
However, results of this study are, nevertheless impor-
tant, even though a limited number of specimens was
available, since these findings will be important in
terms of future studies. Because, in a proteomic study
of brain tissue from Parkinson’s disease, one of the
same CNS diseases, using brain tissue from only five
cases, it was found that the expression of the protein
mortalin was reduced in Parkinson’s disease, and that
this mortalin protein was associated with Parkinson’s
toxicity via a pathway that includes oxidative stress,
mitochondrial and proteasomal dysfunction.”' The
results reported herein show that, even the results
from a small number of cases, based on preliminary
findings, can still be useful.

First, with regard to gender imbalance, as shown in
Figures 1, 3, Supplementary figures 5, and 6, two male
cases (blue plot) and two female cases (red plot) of AD
showed almost identical expression changes, suggesting
no significant gender differences for these groups of
molecules. Secondly, regarding the fact that AD
patients were older than the controls, the following
interpretation remains a possibility. Decreased expres-
sion of ribosomal proteins has been reported in the
aged mouse brain tissue (hippocampus).”” In addition,
several cell and animal studies have reported reduced
expressions of ribosomal genes and proteins due to
ageing.”>’® These findings suggest that ribosomal pro-
tein expression decreases with age, and therefore the
elevated ribosomal protein expression found for the
AD samples used in this study is not due to age but,
rather, to the pathology of AD. Although this possible
interpretation is based on the preliminary data reported
in this study, future analyses using samples from larger
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numbers of donors that are matched for gender and age
between the AD and control groups are needed.

In the isolated vessels, in addition to endothelial
cells, brain parenchymal cells are present as contami-
nants. However, as shown in Supplementary Figure 3,
the isolation method established in this study reduced
the extent of contamination by brain parenchymal cells
such as astrocytes, neurons and oligodendrocytes com-
pared to conventional methods. Astrocytes are partic-
ularly prone to contamination because they are in
contact with endothelial cells. However, it has been
reported that ribosomal expression levels are not
altered in astrocytes in AD brains.?® Therefore, in the
present study, the elevated expression of ribosomal
proteins in the isolated vessels is suggested to be of
vascular endothelial cell origin.

The expression of ribosomal proteins and N-linked
glycosylation-related proteins in the ER was increased,
but the issue of their functions are enhanced remains
uncertain. If these functions are enhanced, the synthesis
of proteins that are undergoing N-glycosylation would
also be increased. To confirm this, the expression levels
of proteins undergoing N-glycosylation were investi-
gated and the results showed that a greater proportion
of proteins were up-regulated in the cerebral vessels of
AD donors compared to controls (Supplementary
figure 7). Thus, not only the expression of ribosomal
proteins and N-linked glycosylation-related proteins
but also their biological functions may be increased.
Further detailed expression and functional analyses
will be needed to validate these conclusions.

ABCBI1 (P-gp) and SLC2A1 (GLUT1) are impor-
tant transporters at the BBB; ABCBI has been
reported to be down-regulated in cerebral vessels in
AD by an antibody-based analysis.”’ In a subsequent
quantitative proteomic analysis, it was reported that
ABCBI1 expression at the BBB of AD patients is
unchanged.®® Antibody-based analyses lack quantita-
tive accuracy. Given the fact that ABCBI is a mem-
brane protein, the accuracy of antibody-based
quantitative analysis would be even more questionable.
The SWATH method that was used in this study pro-
vides higher quantitative accuracy than the quantita-
tive proteomics described above. The reason for this is
that the above proteomics analysis used a single pep-
tide sequence within the ABCBI1 protein, whereas the
SWATH analysis in this study used peptide sequences
from multiple locations of the ABCBI1 protein to quan-
tify it. The present SWATH study showed that there is
no significant difference in the protein expression level
of ABCBI in cerebral vessels between the AD and con-
trol groups (Supplementary table 1). For the reasons
stated above, this result could be closer to the truth.

The PET signal intensity of '*F-fluorodeoxyglucose
(FDG) accumulation is reported to be positively

regulated by the activity of Hexokinase (HK), but not
that of SLC2A1.%" This suggests that HK is a rate lim-
iting step in the signal intensity related to FDG accu-
mulation; HK activity was reduced in brain capillaries
isolated from AD patients.®® These findings suggest
that the cause of the reduced FDG-PET signal in the
AD patients is due to reduced HK activity in cerebral
vessels, rather than a reduced activity or a reduced
expression of SLC2A1 in cerebral vessels. On the
other hand, endogenous glucose concentrations (not
FDG) are elevated in the brains of AD patients,®’
which could be attributed to an increase in SLC2A1
transport activity in the cerebral vessels of AD patients,
rather than a decrease. A recent quantitative proteomic
analysis reported that SLC2A1 expression levels do not
vary significantly in the cerebral vessels of AD patients
and are significantly increased in Lewy body demen-
tia.®* The degree of increased expression of SLC2A1 in
the present study was intermediate between those
two. Therefore, SLC2A1 expression and transport
activity may be slightly increased at the BBB of AD
patients.

In conclusion, we report herein, for the first time,
that ribosomal proteins and N-linked glycosylation-
related proteins in the ER are significantly upregulated
in the brain capillaries of AD patients (Figure 4). We
also clarified that these upregulations occur only in the
brain capillaries and not in the parenchymal regions.
The issue of whether these upregulations act to exacer-
bate or protect AD is currently unclear, and therefore
further study will be needed in future to confirm this.
Finally, an RNAseq analysis was recently reported on
the brain microvessels of AD patients.** However, the
mRNA expression levels of ribosomal proteins in the
brain microvessels of AD patients were not significant-
ly different from those of normal vessels. Protein levels
do not necessarily correlate with mRNA levels. This
result is a good example highlighting the need for pro-
teome analysis.
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