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Abstract

We established a unique platform for proteomic analysis of cultured three-dimensional (3D)
neurons and brain tissue from Alzheimer’s disease (AD) patients. We collected peripheral blood
mononuclear cells (PBMC), converted PBMC to induced pluripotent stem cell (iPSC) lines, and
differentiated the iPSC into human 3D neuro-spheroids. The postmortem brain tissue from the
superior frontal cortex, inferior frontal cortex and cerebellum area of the AD patients was
compared to the same regions from the control subjects. Proteomic analysis of 3D neuro-spheroids
derived from AD subjects revealed the alteration of a number of proteins involved in axon growth,
mitochondrial function, and antioxidant defense. Similar analysis of post-mortem AD brain tissue
revealed significant alteration in proteins involved in oxidative stress, neuro-inflammation, along
with proteins related to axonal injury. These results clearly indicate that the dysfunction of 3D
neurons from AD patients in our /n vitro environment is comparable to the post-mortem AD brain
tissue /n vivo. In conclusion, our study revealed a number of candidate proteins that have
important implications in AD pathogenesis and supports the notion that the iPSC-derived 3D
neuronal system functions as a model to examine novel aspects of AD pathology.

Significance—In this study, we present a unique platform for proteomic analysis of induced
pluripotent stem cell-derived three dimensional (3D) neurons and compare the results to those
from three regions of post-mortem brain tissue from Alzheimer’s disease patients and normal
control subjects. Our results show that the dysfunction of 3D neurons from AD patients in our /n
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vitro environment is comparable to the post-mortem AD brain tissue /7 vivo. Our results revealed
several candidate proteins that have important implications in AD pathogenesis.
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1. Introduction

Alzheimer’s disease (AD) is the most prevalent form of dementia and is characterized by
multiple cognitive deficits including early memory loss, impaired language skills, and a
compromised ability to focus and reason [1,2]. The classic AD pathological features include
the extracellular deposition of misfolded amyloid-p (Ap) peptide, the accumulation of
hyperphosphorylated tau containing neurofibrillary tangles, and massive neuronal cell and
synapse loss [3-5]. Extensive work has attempted to correlate the aforementioned AD
cognitive impairments with these biological processes [6—-13]; however, this relationship
remains inconclusive.

Efforts have been made to model AD brains in cultured dishes. One major limitation of the
conventional 2D cell cultures is that secreted Ap peptides diffuse quickly from the cells to
the media and are removed once the media is changed [14]. With the intention of improving
cell culture models of disease and solving this limitation, a three-dimensional (3D) neuronal
system was created which aims to mimic the aged AD brain environment in an effort to
better reproduce the full AD pathology [15]. Due to the heterogeneity and multifactorial
nature of AD, a 3D culture may represent a better model to study molecular pathways
contributing to AD /n vitro. It was hypothesized that 3D hydrogels would provide suitable
conditions for accelerating Ap deposition by limiting the circulation into the cell culture
medium [15]. Choi et al. have reported the presence of Ap aggregates and phosphorylated
Tau accumulation in 3D neuronal cultures, indicating that both of these processes are
accelerated in 3D conditions [15]. One source of cells for developing 3D neurons is induced
pluripotent stem cells (iPSC) [16]. Continuous advancements in molecular technologies have
allowed us to successfully reprogram cells from peripheral blood mononuclear cells
(PBMCs) derived from AD patients to generate iPSCs and subsequently, 3D human neurons
[16]. Previous work has proven the efficacy of this new technology by showing that
fibroblast-derived iPSCs from AD patients can be used as an /7 vitro model to mimic AD
pathology [17-26], and pathological proteins, like tau, have been characterized in iPSC-
derived 3D neuronal culture [27,28].

The use of proteomic profiling on AD pathologic processes could serve as an indicator of
disease presence and progression. The development of mass spectrometry (MS)-based
proteomics has been driven by the growth of new technologies for peptides/protein
fractionation, advancements in MS instruments, and new labeling reagents. MS-based
proteomics possess the advantage of having no requirement of prior knowledge of the
proteins being identified, allowing for unbiased, hypothesis-free biomarker discovery in
complex biological samples such as plasma and tissue extracts. This approach also meets the
requirement for discovery-level proteomics, which is to measure multiple targets
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simultaneously in a multiplexing manner. Therefore, MS has been increasingly applied to
the study of neurodegenerative diseases including AD. Previous MS-based proteomic studies
in plasma from AD patients have revealed alterations in proteins linked to inflammation,
vascular dysfunction, disturbed metal homeostasis and lipid metabolism [29-31]. Further,
profiling of post-mortem brain tissues from AD patients suggested abnormal
phosphorylation and O-GIlcNAcylation of many proteins [32-34].

The present study is the first reporting global quantitative MS-based proteome analysis of
human 3D neurons derived from AD subjects. So far, there are only a few MS-based
proteome studies using 2D cultured mouse neurons [35-37]. Here we describe a proteomic
assessment of isobaric tags for relative quantitation using 3D cultures and postmortem brain
tissues from AD patients with the goal of exploring disease mechanisms and discovering
proteins associated with AD pathology. Specifically, proteomic profiles of 3D neurons were
obtained, and the ratio changes in protein expression associated with each AD relative to the
average of the healthy subjects were calculated. Similarly, the changes in protein expression
associated with the three regions of post-mortem brain tissues from AD subjects were
analyzed in the same way. Differentially expressed proteins were analyzed using the
bioinformatics tools Database for Annotation, Visualization, and Integrated Discovery
(DAVID) and STRING (a biological database and web resource of known and predicted
protein—protein interactions) to determine functional relationships altered in AD. Changes in
protein expression between AD and control subject-derived 3D neurons and brain tissues
were compared, allowing us to evaluate the similarities in proteomic profiles from /in vitro
3D neurons and /n vivo brain tissue.

Materials and methods

Materials and reagents

Reagents used for biochemical methods and cell culture preparation were purchased from
Sigma—Aldrich (St Louis, MO, USA) unless otherwise indicated. Reagents for BCA protein
assay and sample preparation kits for liquid chromatograph (LC)-mass spectrometer (MS)
analysis were purchased from Thermo Scientific (Rockford, IL, USA), including Pierce top
twelve abundant protein depletion spin columns, Pierce protein concentrators (3 kDa) and
Tandem Mass Tag (TMT) reagent 10-plex Kits.

2.2. Subjects

The human study was approved by the Bedford VA Hospital Institutional Review Board, and
the signed informed consents were obtained before the initiation of the study. Ten subjects
including 5 healthy controls and 5 diagnosed with AD were enrolled from the Bedford VA
Hospital Dementia Care Special Unit. The average ages of the AD patients were 69.4 + 11.8
years (two female and three male subjects) and the controls were 71.2 + 4.9 years (five male
subjects). Controls scored over 27 on the Montreal Cognitive Assessment, which is a
validated screening tool for subjects with mild cognitive impairment or AD [38]. Blood from
these 10 subjects was obtained for iPSC-differentiated 3D neuronal culture.
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The postmortem brain tissue from 5 AD patients and 5 healthy controls were obtained from
the Bedford Brain Bank. Among all subjects, two of the five AD cases were the same
subjects described above who donated blood for the generation of 3D neuronal cultures. The
areas collected were the superior frontal cortex, inferior frontal cortex and cerebellum. The
post-mortem interval between the donor’s death and brain autopsy/specimen collection was
<24 h. The average age of patients from whom we had postmortem brain tissue was 75.6 +
8.8 for AD patients and 83.0 + 6.0 for the controls (three males and two females for both
groups). Alzheimer’s disease “ABC” scoring system was used for neuropathological
assessment of the post-mortem human brains, showing a high degree of Alzheimer’s
neuropathological change according to the NIA Alzheimer Association’s guidelines and is
sufficient to account for the patient’s dementia [39].

2.3. Generation of human 3D neuro-spheroids from blood-derived iPSCs

Blood was collected in Vacutainer cell tubes (CPT, Becton, Dickinson and Company,
Franklin Lakes, NJ, USA) and centrifuged at 1500x g for 20 min at room temperature shortly
after collection. After centrifugation, the plasma was separated and kept at —80 °C and the
peripheral blood mononuclear cell (PBMC) layer was transferred to a new 15 mL Falcon
tube with 10 mL of sterile PBS. The PBMCs were centrifuged at 300xg for 10 min at room
temperature and the supernatant was discarded. The cell pellet was resuspended with 6 mL
of PMBC medium with 10% DMSO (Invitrogen), aliquoted in 2 mL tubes, and frozen at a
controlled rate of—1 °C/min in =80 °C then transferred to a liquid nitrogen cryogenic tank
for storage.

Induced pluripotent stem cells (iPSC) were derived from PBMC following the integration-
free CytoTune-iPS Sendai Reprogramming Kit (Invitrogen) [40,41] and characterized, as
previously reported [16]. Generation of 3D neuro-spheroids from iPSCs was accomplished
using a modified protocol [42]. Briefly, the iPSCs in E8 medium with a ROCK inhibitor
(Thiazovivin, 1 uM, MiltenyiBiotec, San Diego, CA) were transferred into 200mm ultra-
low-attachment plastic plates (Corning, Tewksbury, MA). On the day following formation of
the spheroid, the medium was replaced with neural induction medium (Invitrogen) for 6
days. After the sixth day, the media on the floating spheroids was exchanged with Neural
Medium (NM) containing Neurobasal (Invitrogen), B-27 serum substitute without vitamin A
(Invitrogen), GlutaMax (Invitrogen), penicillin and streptomycin (Invitrogen). The NM was
supplemented with 20 ng/mL FGF2 and 20 ng/mL EGF (R&D Systems, Minneapolis, MN).
The cells were grown in this medium for 21 days with daily replacement during the first 10
days, and replacement every other day for the subsequent 11 days. To promote
differentiation of the neural progenitors into neurons, FGF2 and EGF were replaced with 20
ng/mL BDNF and 20 ng/mL NT3 (Peprotech, Rocky Hill, NJ) starting at day 27. From day
48 onwards, NM without growth factors was used and replaced every 4 days.

2.4. Sample preparation for MS

3D neurons were collected after a total of 62 days of differentiation from iPSC’s spheroid
formation. Each sample was prepared by first washing the cells 2—-3 times with 1x PBS to
remove cell culture media and then, lysing the cells by adding approximately five cell-pellet-
volume of Lysis Buffer (20mM TrisHCI, 150mM NaCl and 1% NP-40). The lysate was

J Proteomics. Author manuscript; available in PMC 2020 August 31.



1duosnuep Joyiny vA 1duosnue Joyiny vA

1duosnue Joyiny vA

Chenetal.

Page 5

centrifuged at 16,000 xg for 10 min at 4 °C, and the supernatant was then transferred into a
new tube and stored at 4 °C until processing for Mass Spectrometry. Preparation of tryptic
peptides for TMT 10-plex labeling was carried out according to the manufacturer’s
instructions. After measuring the protein concentrations in each 3D cell lysate sample by the
BCA method, 100 ug protein of each sample was transferred into a new vial and adjusted to
a final volume of 100 uL with tetraethylammonium bicarbonate (TEAB) and reduced with
TCEP at 55 °C for 1 h, and then alkylated with iodoacetamide for 30 min in the dark.
Proteins were precipitated by pre-chilled (=20 °C) acetone and proceeded overnight.
Acetone-precipitated protein was obtained by centrifuging at 8000x g for 10 min at 4 °C.
Protein pellets were resuspended with 100 pL of 50mM TEAB and digested with trypsin
overnight at 37 °C.

Avreas of the superior frontal cortex, inferior frontal cortex and cerebellum were dissected
from AD and control subjects’ frozen postmortem brain tissue. Brain tissue was broken into
pieces in mortar by pestle in liquid nitrogen. 600 pL of sample buffer (2% SDS, 0.5M
TEAB, protease inhibitor cocktail) was added to each tissue piece (200 mg) and then
homogenized by Tissue Lyser LT (Qiagen, Valencia, CA). Tissue homogenates were
centrifuged at 17,000x g for 20 min at 4 °C. The supernatant was transferred into a new vial
for protein concentration measurement by BCA assay. Each sample containing 100 ug
proteins was reduced and alkylated as described above. Methanol-chloroform precipitation
was performed prior to protease digestion. To summarize, four parts methanol was added to
each sample and vortexed, then one part chloroform was added to the sample and vortexed,
and then three parts water was added to the sample and vortexed. The sample was
centrifuged at 14,000x g for 4 min at room temperature and the aqueous phase was removed.
The organic phase with protein precipitate at the surface was subsequently washed twice
with four parts methanol and centrifuged with supernatant being removed subsequently.
After air-drying, precipitated protein pellets were re-suspend with 100 uL of 50mM TEAB
and digested with trypsin overnight at 37 °C.

2.5. TMT-labeling and sample clean up

TMT enables relative quantitation of proteins present in multiple samples by labeling
peptides with isobaric stable isotope tags that fragment upon collision-induced dissociation
into reporter ions used for quantitation. In this study, 10-plex TMT tags used for 3D neuron
culture and brain tissue samples from five AD patients and five controls were analyzed
simultaneously, avoiding run-to-run variation.

Tryptic digested peptides from 3D cell culture and brain samples were labeled with TMT
10-plex reagents. Labelling of tryptic peptides was carried out according to the
manufacturer’s instructions (Thermo Fisher). Briefly, the TMT reagents (0.8 mg) were
dissolved in 41 pL of anhydrous acetonitrile. Aliquots of samples were incubated with TMT
reagents for 1 h at room temperature. The reactions were quenched by 8 uL of 5%
hydroxylamine solution and reacted for 15 min. In TMT 10-plex labeling, samples from AD
patient 1 to 5 and control 1 to 5 were labeled with Reagent 126, 127N, 127C, 128N, 128C,
129N, 129C, 130N, 130C and 131, respectively. The combined TMT labeled samples were
dried under Speed Vac, and then reconstituted by trifluoroacetic acid solution followed by
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desalting using Oasis HLB 96-well puElution plate (Waters) prior to LC-MS/MS analysis.
For enrichment of phosphopetides, samples were enriched with the Fe-NTA phosphopeptide
enrichment kit and followed by graphite spin columns according to the manufacturer’s
instructions (Thermo Scientific Pierce) before LC-MS/MS analysis.

LC-MS/MS analysis

LC MS/MS was performed on a Q Exactive Orbitrap Mass Spectrometer (Thermo Fisher
Scientific) coupled with a Dionex ultimate 3000 HPLC system equipped with a nano-ES ion
source. The TMT labeled peptides were separated on a C18 reverse-phase capillary column
(PepMap,75 um x150 mm, Thermo Fisher) with linear gradients of 2%—-35% acetonitrile in
0.1% formic acid, at a constant flow rate of 300 nL/min for 220 min. The instrument was
operated in the positive-ion mode with the ESI spray voltage set at 1.8 kV. A full scan MS
spectra (300-1800 m/z) was acquired in the Orbitrap at a mass resolution of 70,000 with an
automatic gain control target (AGC) of 3e6. Fifteen peptide ions showing the most intense
signal from each scan were selected for higher energy collision-induced dissociation (HCD)-
MS/MS analysis (normalized collision energy 32) in the Orbitrap at a mass resolution of
35,000 and AGC value of 1e5. Maximal filling times were 100 ms in full scans and 120 ms
in HCD for the MS/MS scans. lons with unassigned charge states and single charged species
were rejected. The dynamic exclusion was set to 50 s and a relative mass window of 10 ppm.
The data were acquired using ThermoXcalibur 3.0.63. The phosphopeptides were analyzed
under the same conditions as above, except that separation was done with linear gradients of
1%-30% acetonitrile in 0.1% formic acid, and full scan MS ranging 300-2000 m/z with
NCE at 25.

Protein identification and quantification

Raw data were processed using Proteome Discoverer (MVersion 2.1, Thermo Fisher
Scientific). Data were searched against the Homo sapiens Universal Protein Resource
sequence database (UniProt, August 2013). The searches were performed with the following
guidelines: trypsin digestion with two missed cleavage allowed; fixed modification,
carbamidomethyl of cysteine; variable modification, oxidation of methionine, TMT 10plex
(peptide labeled) for N-terminus and Lys; MS tolerance, 5 ppm; MS/MS tolerance, 0.02 Da;
false discovery rate (FDR) at peptide and protein levels, < 0.01; and required peptide length,
>6 amino acids. Phosphorylation of serine, threonine and tyrosine was defined as variable
modification. Phosphorylation sites were localized by phosphoRS. Protein grouping was
enabled, therefore, if one protein was equal to or completely contained within the set of
peptides of another protein, these two proteins were put into the same protein group. At least
one unique peptide per protein group was required for identifying proteins. The relative
protein abundance ratios (fold changes) between each AD and the average of controls were
calculated from at least three analytical runs in each experiment. The mean and standard
deviation (SD) for relative ratios of each protein were computed and a student #test was
used to compare these repeated measures with the threshold of 1.2 (H1: p > 1.2) or 0.8 (H1:
U < 0.8). P-values from these tests were recorded. For 3D data, we use the threshold of 1.2
and 0.9 in similar tests for the repeated measures. The protein ratios with a p-value < 0.05
from both independent experiments are considered to be significant. Proteins with the
relative ratios below the low range (0.8 for brain regions or 0.9 for 3D) were considered to
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be down-regulated, whereas those above the high range (1.2) were considered to be up-
regulated.

2.8. ELISA assay of S100B and vimentin

Frozen brain tissue was homogenized with 5M GnHCI, (1 g tissue/5 mL of GnHCI,) using a
TissueLyser LT (Qiagen) at 50% speed for 4 min. The homogenates were mixed in 5M
GnHCI; overnight at room temperature. 3D lysate samples were prepared as described
above. The plates were coated with the corresponding primary antibodies. The homogenates
were centrifuged at 16,000x g for 15 min at 4 °C before being loaded onto the ELISA plates
specific for human proteins Vimentin (Abcam, Cambridge, MA) and S100B (LifeSpan
Biosciences, Seattle, WA). The protocol for these ELISA kits was carried out according to
the manufacturers’ instructions.

2.9. Data analysis

The list of differentially regulated proteins was submitted to STRING Version 10.0 to
identify protein networks which are based on currently known associations among proteins,
indicated by the scientific literature. However, in the absence of literature-based evidence for
specific connections, some proteins may miss inclusion in a STRING cluster. Therefore, the
DAVID tool, an open-source software Database for Annotation, Visualization, and
Integrated Discovery, was also used to explore enrichment of biological processes,
molecular functions, cellular components and KEGG pathways. Significance of enrichment
was based on a p-value of < 0.05 using FDR correction. An enrichment analysis was
performed by submitting the UniProt accession numbers containing the list of differentially
regulated proteins to DAVID v6.7 [43,44]. DAVID is able to extract biological features/
meanings associated with large gene lists. The gene names of the proteins were entered to
analyze Gene Ontology (GO) biological process (GOBP), GO molecular function (GOMF),
and GO cellular components (GOCCs) and KEGG pathways. Statistically significant
differences (p-value < 0.05) were identified using an EASE score test, which was provided
by the DAVID gene bioinformatics online resource. The cellular and molecular process
networks of the dysregulated proteins in three brain regions of AD patients were analyzed
using Metacore. Metacore uses these proteins and their identifiers to navigate the curated
literature database and extract the biologically relevant information among the candidate
proteins. Associated biofunctions were generated, along with a score representing the log
probability of a particular process network.

3. Results

3.1. Alteration of protein expression in 3D neuro-spheroids derived from AD patients

We quantified levels of proteins from AD and normal control subject-derived 3D neuro-
spheroids by LC-MS/MS. We established 10 lines of iPSC using the PBMC from 5 AD
patients (AD1-5) and 5 control subjects, and then differentiated these 10 iPSC lines into 3D
neuro-spheroids [16]. A comparative proteomic analysis of the 3D lines was performed
using TMT labeling and LC-MS/MS. A total of 1855 proteins from 3D neuro-spheroids with
at least one unique peptide were detected. The TMT labeling efficiency was up to 99.8%.
Only 0.3% of peptides missed two cleavages, and < 6% missed one cleavage. The average
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number of unique peptide (having a confidence level of > 95%) per protein was 4.4 and >
26% of the proteins had =5 unique peptides. Many neuronal markers of 3D neuro-spheroids
derived from both AD and control subjects were labeled, such as nestin (NSE), neuronal
migration protein doublecortin (DCX), calrentinin, calbindin, neurofilament protein (NFP),
and microtubule-associated protein 2 (MAP 2).

We compared ratios of proteins from each AD patient-derived 3D neuro-spheroids to the
average levels of proteins from the control group. We calculated the fold of ratio changes
(ratio = 1.2 or <0.9) of proteins detected from 3D neuronal line derived from each individual
AD to the average of the control group. One advantage of this approach over the
conventional approach of comparing the average of the AD group to that from the control
group is that the later method could be influenced by one subject having a protein with
extremely high or low ratios impacting the average values, especially in a study with a small
sample size. Among 3D neuronal lines from each AD subject, we have identified 76 and 178
up/down-regulated proteins from two AD patient-derived 3D neurons when compared to the
average of the controls, but only 10, 15, and 8 such proteins from the other three AD patient-
derived 3D neurons, respectively. We grouped the common proteins that were significantly
differentially regulated among the five AD patients. We found a total of 21 commonly
differentially regulated proteins in at least two AD subjects (Table 1), including 8 up-
regulated and 13 down-regulated proteins.

3.2. Alteration of protein functions in 3D neuro-spheroids derived from AD patients

To analyze up/down-regulated proteins, we used the online bioinformatics resource DAVID,
which revealed several functional categories related to phosphorylation, acetylation, and Ubl
conjugation. GO enrichment analysis was applied to the 8 up-regulated and 13 down-
regulated proteins separately to describe the functions of these dysregulated proteins, which
were classified into three major categories: biological process (BP), cellular component
(CC) and molecular function (MF) (Table 2). Several representative processes were
identified. The biological category indicated that the up-regulated proteins were commonly
involved in axon development and cellular response to glucagon stimulus, whereas down-
regulated proteins were involved in platelet aggregation, glutathione metabolic processes,
RNA and translation related processes. In the cellular component category, the up-regulated
proteins found were mainly associated with myelin sheath and mitochondrial nucleoid,
whereas down-regulated proteins were found to be associated with cell—cell junction and
focal adhesion, and cytosolic large ribosomal subunit. The molecular functions of the up-
regulated proteins were commonly associated with transmembrane transporter activity and
protein binding, whereas the down-regulated proteins were mostly associated with cadherin
binding involved in cell-cell adhesion, glutathione transferase activity and poly(A) RNA
binding. The GO terms (Table 2) from individual AD cases showed detailed functions of the
dysregulated protein. The KEGG pathway analysis (Table 3) for 3D neuro-spheroids from
each AD case showed that proteins in the ribosome pathway were commonly down-
regulated in three out of five AD patients. A number of proteins related to pathways of
neuronal functions or neurodegenerative diseases, such as Gap junction, GABAergic
synapse/dopaminergic synapse, and oxidative phosphorylation, were up-regulated in two AD
cases. Bile secretion pathway was also found to be up-regulated in one AD case but not in
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the other AD cases. ATP5B, SLC25A5, NEFL and VDACL1 are four proteins up-regulated in
AD samples that are commonly associated with myelin sheath (Table 1). SLC25A5 and
VDAC1 are commonly associated with mitochondria function. GNG2 is the protein
commonly involved in cellular response to glucagon stimulus, and ATP5B protein functions
as a transmembrane transporter.

3.3.  Enhanced inflammation in postmortem brain tissues from AD patients

To determine alterations in relative protein abundance in postmortem brain tissue from AD
and control subjects, we conducted proteomic analysis in the three brain regions, superior
frontal cortex (SF), inferior frontal cortex (IF) and cerebellum (CRLM), from five AD
patients and five controls. SF and IF regions have more AD pathological lesions compared to
the less affected CRLM region. A total of 1902, 1837 and 1896 proteins were identified with
FDR < 1% and at least one unique peptide was detected for identified proteins from SF, IF
and CRLM regions. The average labeling efficiency was 99.9%.

The differentially regulated proteins were identified by comparing proteins from each AD
subject relative to those from the average of the control subjects. We grouped the commonly
differentially regulated proteins (at least two out of five AD patients relative to the same
brain region of the control group) in each brain region. There were 28 commonly
dysregulated proteins in IF region, 48 in SF region and 27 in CRLM region. Among them,
17 proteins were found to be common in at least two brain regions (Table 4), and the notable
proteins involved in inflammation include Protein S100-B and Glial fibrillary acid protein.
We put this list of dysregulated proteins from each of these three brain regions into Metacore
enrichment analysis. Fig. 1 shows the comparative distribution of cellular and molecular
process networks of dysregulated proteins from SF, IF, and CRLM in AD relative to control
subjects. The top common networks enriched in all three brain regions are in transport and
inflammation, which include synaptic vesicle exocytosis, IL-6 signaling, and Kallikrein-
kinin system. Cell adhesion of amyloid proteins are enriched in SF and IF regions.

3.4. Quantification of proteins in multi-region postmortem brain tissue illustrates innate
immune responses and complement activation in AD vulnerable brain regions

The up- and down-regulated proteins in all three brain regions were analyzed separately.
DAVID analysis results (Fig. 2A) show that the top enriched biological process among up-
regulated proteins in IF and SF regions include axon ensheathment (14%, p = 2.80E-5),
cellular oxidant detoxification (20%, p = 7.50E-5) and innate immune response (29%, p =
1.20E-4). The protein networks from STRING illustrated the clusters of proteins mainly
involved in these processes, such as in axon ensheathment (CLDN11, MBP, PLP1), cellular
oxidant detoxification (HP, HBA1, HBB, and PRDX6) and innate immune response (S100B,
APP, FGA, FGB). DAVID analysis of down-regulated proteins shows that the top enriched
biological process is regulation of exocytosis in both IF and SF regions (p = 1.9E-5, p =
1.7E-2, respectively) and platelet degranulation in the cerebellum region (Fig. 2B). The
clusters of proteins mainly involved in the biological processes of platelet degranulation,
respiratory electron transport chain, neurotransmitter secretion, glutamate secretion (CPLX1,
STX1A and STXBP1) were illustrated by STRING (Fig. 2B).
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The KEGG pathway analysis of up- and down-regulated proteins show that complement and
coagulation cascades pathway (p = 5.8-E-4) is enriched in up-regulated proteins from the SF
region (including FGA, FGB,) as well as in down-regulated proteins from CRLM region
(including A2M, FGA, and SERPINAL) (Fig. 2). The synaptic vesicle cycle pathway is
enriched in the down-regulated proteins in both IF and SF regions, with proteins CPLX1 and
CPLX2 in the IF region, and CPLX1, CPLX2, STX1A, STX1B, and STXBP1 in the SF
region. The oxidative phosphorylation pathway was enriched in the down-regulated proteins
from both the SF and CRLM regions (p < 0.05), with proteins NDUFS3, NDUFS8,
NDUFS6 from the SF region and NDUFA10, COX411, COX6B1, COX7A2, and COX7C
from the CRLM region.

Classical complement activation and platelet degranulation are enriched in both up- and
down-regulated proteins. Among differentially regulated proteins in the three brain regions,
APP, C3, S100B, IGHAL and IGHG1 are involved in innate immune response and/or
complement activation. They are up-regulated in SF and IF, but either down-regulated or
show no changes in CRLM, indicating the activation of immune responses and inflammatory
processes in these AD vulnerable brain regions. C3 (Complement 3) has a central role in the
complement cascade, and its proteolytic fragments aid in stimulation of pro-inflammatory
responses.

3.5. Alteration of axon proteins in both 3D neuro-spheroids and the brain tissue from AD

patients

Since SF and IF regions are vulnerable during AD pathogenesis while CRLM regions have
less AD pathology, we conducted comparisons of differentially expressed proteins between
3D neurons and the SF and IF brain regions from AD patients. The GO process networks
showed that proteins involved in response to stress, gliogenesis, axon development, response
to wounding and neuron projection developments were significantly up-regulated in both 3D
as well as in brain regions of IF and SF from AD subjects (Fig. 3), demonstrating a
consistency of biological processes between 3D and the brain area of SF and IF. From the
network objects ranking in GO process among up-regulated 3D proteins, the top four
proteins are neuromodulin (GAP43), doublecortin (DCX), Neurofilament light polypeptide
(NEFL), and mitochondrial ATP synthase subunit beta (ATP5B). Among them, GAP43,
DCX and NEFL are all involved in the process of axon development. GAP43 is also
involved in cell and glial cell differentiation, while NEFL is involved in response to toxic
substances. The comparison of GO localizations between up-regulated proteins from 3D and
brain regions of SF and IF showed the most common cellular component enriched was
myelin sheath (Fig. 4). This is consistent with the result that the top enriched biological
process among up-regulated proteins in the IF and SF regions is axon ensheathment. Axon
ensheathment is a process in which the axon of a neuron is insulated, and myelin is the fatty
sheath that coats the axons of the nerves, allowing for efficient conduction of nerve
impulses. Other cellular components that were commonly enriched in 3D neuro-spheroids
and the two cortex regions of brain were extracellular exosome, extracellular vesicle and
growth cone. The Venn diagram illustrates the number of common proteins shared among 5
AD subjects when values from individual AD subject were compared to the average protein
levels from all 5 control samples (Supplementary Fig. 1).
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Phosphopeptides enrichment analysis in 3D neuro-spheroids and brain regions of IF and SF
showed several differentially regulated phosphorylated proteins when comparing the average
of AD group to the average of the control group (Table 5). Phosphorylated GAP43 was
found up-regulated whereas phosphorylated NES was down-regulated in 3D neuro-
spheroids. Phosphorylated proteins related to regulation of synaptic vesicle priming (STX1B
and STX1A) and structure molecule activity (NES and MAP1B) were found down-
regulated.

Postmortem brain tissues from AD patients carry more S100B and less vimentin, key

elements in immune responses

The top three network objects/proteins ranking in the molecular functions are vimentin,
annexin Il, and filamin A in 3D neuro-spheroids, and vimentin, NAD(P)H dehydrogenase-
[quinone]-1 (NQOL), and microtubule-associated protein 2 (MAP2) in IF and SF brain
regions. Vimentin ranks on the top of the common molecular function of down-regulated
proteins in both 3D neuro-spheroids and SF and IF brain regions. Vimentin and nestin are
involved in the intermediate filament binding which provides mechanical support to the cell.

In order to confirm the MS-based quantitative measurements, ELISA quantification of
vimentin and S100B in 3D neuro-spheroids and IF/SF brain regions of AD and control
subjects were carried out. SI00B was not detectable in 3D neuro-spheroids. Vimentin in 3D
neuro-spheroids from AD subjects was slightly reduced compared to that from control
subjects. A significant (p < 0.05) increase of S100B in the brain SF region and a decrease of
vimentin in SF and IF regions in the brain of AD subjects relative to the controls were
revealed by ELISA (Fig. 5). These values correlated well with those obtained by quantitative
MS; the ratio between AD and normal control subjects were around 1.9 and 0.7 for S100B
and vimentin, respectively.

We also compared dysregulated proteins from 3D neuron culture to the two brain regions, IF
and SF, in two AD cases whose 3D neurons and postmortem brain tissues were derived from
the same subject (Table 6). Several ribosomal proteins and proteins localized in focal
adhesions (FLNA, RPL4, RPS2 and VIM) were commonly down-regulated in both 3D
neuro-spheroids and SF region in AD2. Annexin A2, VIM and ADH5 were found down-
regulated in 3D as well as in both IF and SF regions in AD2. However, no common up and
down-regulated proteins were found between 3D neuro-spheroids and the two brain regions
in AD1, except for protein HISTIH2BK.

4. Discussion

Proteomics examines changes in protein levels and protein alterations that result from or
foster specific diseases. Given the complexity of AD, a panel of proteins rather than single
protein candidate may have greater implications in disease onset and may better collectively
describe and characterize the disease pathology. In this study, our proteomic analysis of
iPSC-derived 3D neuro-spheroids and post-mortem brain tissue revealed cellular
components, subcellular structure and specific pathways that have important implications in
AD pathogenesis. We established a novel platform to explore pathological proteins in AD.
Specifically, we acquired a proteomic profile of a 3D neuro-spheroids that we have
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previously reported [16]. For the first time, an iPSC-derived 3D human neural cell culture
was used for proteomic profiling. Importantly, 3D neurons and post-mortem brain tissues
from two AD cases are derived from the same subject, and these sample pairs (3D neuro-
spheroids and brain tissue) carry identical genetic information, although we have not defined
to which brain region our 3D neuro-spheroids are mostly related. We compared proteomic
profiles of both 3D neurons and brain tissues from AD patients. By comparing individual
AD cases to the control subjects, even with a small sample size, we identified a list of
proteins, some of which have been reported in previously published studies [45-48].

4.1. 3D neuro-spheroids share proteomic profiles related to changes in axon proteins and
immune response pathways with those from postmortem AD brain tissue

Our comparative proteomic analysis of 3D neuro-spheroids and postmortem brain tissues
revealed specific groups of proteins that represent several common processes that may be
dysregulated in the brains of AD patients. Proteins involved in axon development were
found to be up-regulated in both 3D neuro-spheroids and SF and IF AD brain regions, where
axonal injury has been detected. Several brain proteins involved in axon development and/or
localized in myelin sheath, such as myelin basic protein (MBP), S100B, and glial fibrillary
acidic protein (GFAP), were found up-regulated in SF and IF regions of AD patients.
Previous studies suggest that MBP and degraded myelin basic protein complex (dMBP)
could participate in the formation of amyloid plaques in AD brain [49]. Increased levels of
MBP proteins in the AD cortex compared to controls have been reported [50,51]. It is
possible that myelin injury is associated with re-myelination which increases total MBP in
AD brain. Protein S100B is a calcium binding protein that can stimulate neurite extension.
GFAP is an intermediate filament protein which can help to maintain astrocyte mechanical
strength and the shape of cells. Both S100B and GFAP are well documented brain injury
biomarkers [52]. In neurons, S100B triggers trophic or toxic effects, depending on its
concentration. A nanomolar concentration of S100B is neuroprotective, induces neurite
outgrowth, and triggers glial cell proliferation in a RAGE dependent manner, whereas a
micromolar concentration of S100B is neurotoxic [53]. S100B was found highly expressed
by reactive astrocytes in close vicinity of p-amyloid deposits [54,55], and over expression of
S100B may accelerate AD-like pathology [53,56]. High doses of S100B were found to
stimulate astrocytes and microglia to produce pro-inflammatory cytokines including IL-1p,
and modulate the expression and processing of the amyloid precursor protein (APP) to
generate AP [57]. Evidence also suggests a role of S100B in the formation of neurofibrillary
tangles by promoting the hyperphosphorylation of tau protein [58]. GFAP is commonly
found to be increasingly expressed by reactive astrocytes in many brain areas suffering
injury [52] and in AD brain [59]. Up-regulated S100B and GFAP found in SF and IF regions
in AD brain in the current study confirmed neuronal dysfunction and neuro-inflammation
involvement in AD brain.

4.2. AD-related neurofilament light chain (NEFL) and Neuromodulin (GAP43) are
increased in 3D neuro-spheroids from AD patients

A number of up-regulated proteins from AD-derived 3D neuro-spheroids are localized in
myelin sheath, such as NEFL, GAP43, VDAC1 and ATP5. These proteins have been linked
to AD pathogenesis in previous studies [45-48,60,61]. Neurofilament protein is a
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component of the mature neuronal cytoskeleton and functionally maintains the neuronal
caliber. Neurofilaments are a type IV intermediate filament of heteropolymers composed of
light, medium, and heavy chains. A previous report suggests that NEFL might be a good
biomarker for neuronal function [45]. Elevated CSF NEFL levels were found in subjects at
the early clinical stage of AD, whereas levels of CSF NEFL were lowest in cognitively
normal control group [45]. Neurons carrying dephosphorylated NF triplet proteins appear to
be vulnerable to neurofibrillary tangle formation in AD [62]. Neurofilament polypeptides
were also found to be localized to reactive axonal structures in physically damaged neurons
in experimental trauma models [60]. GAP43 plays a role in axonal and dendritic filopodia
induction. It is expressed at high levels in neuronal growth cones during development and
axonal regeneration. This synaptic protein is considered a crucial component of an effective
regenerative response in the nervous system. CSF proteomic profiling in two independent
cohorts revealed elevated levels of GAP43 in AD patients [46]. Therefore, the up-regulation
of NEFL and GAP43 from our AD-derived 3D neuro-spheroids is similar to those found in
AD brains.

4.3. Mitochondrial dysfunction and oxidative stress are conserved in 3D neuro-spheroid
and postmortem brain tissue from AD patients

Proteins related to mitochondria are well represented in both 3D neuro-spheroids and
postmortem brain tissue from AD patients. These proteins appear to be essential for neuron
homeostasis [63]. VDACL1 and ATP5B are components of the mitochondrial nucleoid and
participate in mitochondrial transport. VDACL is central to mitochondria-mediated
apoptosis. Altered VDACL1 activity has been linked to demyelination [64], and VDAC1 was
found overexpressed in postmortem brains of AD patients [47]. It has been suggested that
AB-mediated toxicity involves mitochondrial membrane VDAC1, leading to mitochondrial
dysfunction and apoptosis induction [65]. Mitochondrial ATP synthase is a multiprotein
complex that synthesizes ATP from ADP, utilizing an electrochemical gradient of protons
across the inner membrane during oxidative phosphorylation. The a.-subunit of the ATP-
synthase has been reported as one of the key targets of oxidative insult in AD brains [66].
The ATP synthase subunit p was found up-regulated in the hippocampus of APP-transgenic
mice [48]. Therefore, the up-regulation of these mitochondrial proteins in our 3D neurons
and brain tissue from AD patients reflects a mitochondrial dysfunction found in AD patients.

Mitochondrial dysfunction and oxidative stress constitute the most prominent features found
in AD. Growing evidence has demonstrated that oxidative stress is an important factor
contributing to the initiation and progression of AD. An increase in free radical production
has been observed in several studies by treating cells with Ap or by overexpressing APP
[67,68]. In the present analysis of postmortem brain tissue, APP was found consistently up-
regulated in the IF and SF region of the AD patients. Furthermore, several proteins (HP,
HBAL, HBB and PRDX6) involved in cellular oxidant detoxification processes were found
to be up-regulated in our analysis. However, the increase in inflammatory products during
the process of conferring resistance to oxidative stress could have an opposing effect on AD
pathology [69]. Cytochrome C oxidases were found to be down-regulated in the AD
patients, e.g., four in the CRLM (COX, COX7C, COX4lland COX6B1) and COX7AZ2L in
IF region. Oxidative stress induced by B-amyloid can impair the activity of the
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mitochondrial respiratory chain and reduce COX activities, leading to neuronal dysfunction
[70,71]. Oxidative stress can also lead to the alteration of glutathione metabolism and
glutathione related enzymes [72]. In the present study, two proteins involved in the
glutathione metabolic process, glutathione S-transferase P (GSTP1) and chloride
intracellular channel protein 1 (CLIC1), were found down-regulated in 3D neurons derived
from AD patients. Glutathione is the most abundant endogenous antioxidant and plays a
significant role in combating oxidative stress. Previous studies have shown that glutathione
S-transferase (GST) activity is significantly decreased in all areas of brain as well as in
ventricular CSF of AD patients in comparison with healthy controls [73]. GSTP1 was
proposed to be involved in critical regulation of a cyclin dependent kinase-5 (CDK?5)
activity, elimination of oxidative stress, and prevention of neurodegeneration in human AD
brains [74]. Consistent with these reports, our results indicate that proteins related to
oxidative stress are altered in both 3D neuro-spheroids and postmortem brain tissue,
supporting a notion that our 3D neuro-spheroid culture can be an /n7 vitro model to screen
oxidative stress suppressors with a goal of slowing down AD progression.

4.4. Neuroinflammation in 3D neuro-spheroids without microglia exhibit different profiles
from those of postmortem AD brain tissue

We have compared inflammatory responses in 3D neuro-spheroids and postmortem brain
tissue from AD patients. Although inflammatory responses and oxidative stress are
independent phenomena, they do overlap in some regards. Reactive oxygen species (ROS)
can activate redox-sensitive transcription factors in glial cells, which can produce pro-
inflammatory cytokines, leading to potentially neurotoxic reactive oxygen species and
excitotoxins. Both microglia and astrocytes produce multiple pro-inflammatory factors,
including cytokines (such as IL-6) [75]. Furthermore, enhanced production of pro-
inflammatory cytokines such as IL-1, IL-6, IL-18, and the up-regulation of their related
receptors have been reported in the AD brains [76,77]. Consistent with these previous
reports, our results indicate that proteins involved in inflammation, such as the IL-6
signaling pathway, were abnormal in post-mortem AD brain tissue. However, we did not
observe similar inflammation proteins in the 3D neuro-spheroids. Since reactive astrocytes
are induced by activated microglia [78], we believe that the difference is attributable to the
absence of microglia cells in our 3D neuro-spheroids culture. In accord with this, a previous
study on a glial-depleted culture system demonstrated that the presence of microglial cells is
required to mediate the effects of neuroinflammation [79].

4.5. Vimentin is decreased in both AD-derived 3D neuro-spheroids and postmortem AD

brain tissue

Vimentin was found decreased in both 3D neuron and brain regions (SF and IF) from AD
patients in this study. Vimentin is known to provide protection against cellular stress, and
expression of vimentin is decreased in AD [80]. In AD brains, co-localization of vimentin
and plaques is found in the hippocampus, cerebral cortex and cerebellum [81]. Expression of
vimentin may represent a cellular response to injury while maintaining dendrites and
synaptic connections. Vimentin is involved in the maintenance of structural integrity of cells.
It has been suggested that vimentin could participate in mitochondrial function; knock-down
of vimentin expression results in mitochondrial fragmentation, swelling, and disorganization
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[82]. Vimentin is important for maintaining neuronal homeostasis, and a reduction in
vimentin expression weakens neuronal response to stress and damages that are commonly
present in the brains of AD patients.

4.6. Gaps in comparing proteomic profiles between 3D neuro-spheroid and postmortem
AD brain tissue

A key drawback of the current study is the small sample size, which is in part limited by the
number of samples that could be tagged by the 10-plex TMT system. To minimize the
negative effect of this limitation, we calculated the fold changes of AD cases relative to the
average values of the control subjects. This approach is more appropriate for small sample
size studies versus comparing proteins using pooled samples. One advantage of this
approach over the conventional approach of comparing the average of the AD group to that
from the control group is that the later method could be biased by one subject having a
protein with an extremely high or low ratio impacting the average values, especially in a
study with a small sample size. A second limitation with this study is the difference in age
between the AD and control groups at death; the average age of the AD subjects at time of
postmortem brain collection was 76 while it was 83 for the non-AD controls. Age-related
pathological alterations likely occurs in older subjects, the fact that our AD patients were
younger rather than older than the controls should not introduce false positive outcomes
despite the 7 year of difference in age. The age difference between the AD and control
subjects donating blood for 3D neurons was 2 years. Third, we realize that it is difficult to
reconstitute full neurodegenerative disease conditions in 3D neuro-spheroids /n vitro over a
relative short period of time as compared to the slow progressive pathogenic changes in
brains of AD patients over several decades. It is also difficult to depict the pathological
variations among brain regions most affected in AD patients [14]. Finally, we do not have a
methodology set up to differentiate and co-culture microglia along with 3D neuro-spheroids.
Given the importance of microglia cells in triggering an inflammation-induced
neurodegeneration, it is necessary to incorporate microglia cells into the 3D neuron culture
system in future studies.

4.7. Summary

We found alterations in axon proteins and immune response pathways in both 3D neuro-
spheroids and brain tissues from AD patients compared to those from controls. These
proteins have been implicated in specific pathological process of AD. The alteration of these
proteins essentially affects homeostatic neural functions, such as axon growth and
antioxidant defense, in both 3D neuro-spheroids and brains of AD patients. Therefore,
proteomic profiles of our AD-derived 3D neuro-spheroid model illustrate certain levels of
similarity when compared to those of human brain tissue. This correlation between /n vivo
and /n vitro models demonstrates that candidate proteins identified from iPSC-derived 3D
neuro-spheroids could be useful markers to reflect the status and progression of AD
pathogenesis.
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Abbreviation

AD Alzheimer’s disease

CRLM cerebellum

DAVID the Database for Annotation Visualization and Integrated Discovery
ELISA the enzyme-linked immunosorbent assay
FDR false discovery rate

GO Gene Ontology

IF inferior frontal cortex

iPSC induced pluripotent stem cells
LC-MSMS liquid chromatography mass spectrometry
PBMC peripheral blood mononuclear cells

SF superior frontal cortex

TMT tandem mass tag
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Fig. 1.
The cellular and molecular process networks of the dysregulated proteins in three brain

regions of AD patients. (SF: Superior frontal cortex; IF: Inferior frontal cortex; CRLM:
Cerebellum.)
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Fig. 2.
Protein network analysis of up- (A) and down-regulated (B) proteins in three brain regions

(SF, IF and CRLM) from AD patients relative to control subjects using the web-based tool
STRING 10.0. The enriched biological process and dysregulated proteins were analyzed by
DAVID. (SF: Superior frontal cortex; IF: Inferior frontal cortex; CRLM: Cerebellum.)
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The top enriched biological processes of
up-regulated proteins:

Axon ensheathment:

e (CLDN11, MBP, PLP1

Cellular oxidant detoxification:

e HP, HBA1, HBB and PRDX6

Innate immune response:

e S100B, APP, FGA, FGB

The top enriched biological processes of
down-regulated proteins:

IF
Regulation of exocytosis:
e CLDN11, MBP, PLP1
Synaptic vesicle exocytosis:
e HP, HBA1, HBB and PRDX6
Neurotransmitter transport:
e S100B, APP, FGA, FGB

SF
Regulation of exocytosis
e CPLX1,CPLX2, STX1A, STX1B
Regulation of synaptic vesicle priming
e STX1A, STX1B, STXBP1
Dendrite morphogenesis
o CAMK2A, MAP2, MAP6
Mitochondrial electron transport, NADH
to ubiquinone
e NDUFS3, NDUFS8, NDUFS6

CRLM
Platelet degranulation
e ALB, A2M, FGA, PSAP, SERPINA1, TF
Mitochondrial electron transport
cytochrome C to oxygen
e COX4l1, COX6B1, COX7C
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Comparison of GO Process Networks of up-regulated proteins from 3D neuro-spheroid and
AD vulnerable brain regions (SF and IF) from AD patients using Metacore. Sorting is
carried out for the statistically significant networks only. (SF: Superior frontal cortex, IF:

Inferior frontal cortex.)
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Fig. 4.
Comparison of GO Localization of up-regulated proteins from AD-derived 3D neuro-

spheroid and brain regions (IF and SF) from AD patients using Metacore. (SF: Superior
frontal cortex; IF: Inferior frontal.)
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Levels of S100B and Vimentin in the brain tissue and 3D neuro-spheroids from AD and
control subjects. ELISA was performed to quantify levels of S100B (A) and Vimentin in
brain tissue (B) and 3D neuro-spheroids (C). The difference between two groups of brain
samples (A and B) is statistically significant, p < 0.05. The standard error of means (short
lines) and means (long middle line) are illustrated for each group. (SF: Superior frontal

cortex; IF: Inferior frontal cortex.)
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Table 2

Up- and down-regulated elements from AD patient-derived 3D neuron-spheroids.

Regulation Category Terms p-Value
UP BP Cellular response to glucagon stimulus <0.028
MF Transmembrane transporter activity <0.017

Protein binding <0.020

cc Mitochondrion <0.026

Myelin sheath <0.001

DOWN BP Glutathione metabolic process <0.043
Nuclear-transcribed mRNA catabolic process, nonsense-mediated decay < 0.003

rRNA processing <0.011

SRP-dependent cotranslational protein targeting to membrane <0.002

translation <0.016

Translational initiation <0.005

MF Cadherin binding involved in cell-cell adhesion <0.001

mRNA binding <0.044

poly(A) RNA binding <0.009

Structural constituent of ribosome <0.012

cC Cell-cell junction <0.001

Cytosolic large ribosomal subunit <0.047

Cytosolic small ribosomal subunit <0.012

Small ribosomal subunit <0.027

BP-Biological process, MF-Molecular function, CC-Cellular component.

Note: The table doesn’t include the general cellular components, such as cytoplasm, cytosol, extraocular exosome, and membrane.
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The main KEGG pathways in up- and down-regulated 3D proteins of each AD analyzed by DAVID.

Table 3

Regulation ADcase KEGG pathways p-Value
UP AD1 Bile secretion 3.00E-02
UP AD2 Gap junction 2.80E-08
Pathogenic Escherichia coliinfection 3.80E-07
Phagosome 2.20E-04
GABAergic synapse 1.40E-03
Dopaminergic synapse 6.10E-03
Glycolysis/gluconeogenesis 6.70E-03
DOWN Ribosome 1.30E-02
up AD3 Parkinson’s disease 1.80E-09
Huntington’s disease 8.20E-07
Oxidative phosphorylation 9.50E-03
cGMP-PKG signaling pathway 1.50E-02
Alzheimer’s disease 1.50E-02
DOWN AD4 Ribosome 9.60E-07
Protein processing in endoplasmic reticulum  2.40E-04
RNA transport 4.00E-03
DOWN AD5 Ribosome 7.50E-06
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Table 4

Change of proteins in three brain regions from AD patients.a

Accession  Description RatiolF RatioSF RatioCRLM
P04271 Protein S100-B 2.03 1.94 0.71
P05067 Amyloid beta A4 protein 1.89 1.81 nla
P14136 Glial fibrillary acidic protein 1.82 1.59 nfa
P00738 Haptoglobin 1.82 1.94 0.63
P60201 Myelin proteolipid protein 1.80 1.78 nla
P13611 \fersican core protein 1.74 1.56 nfa
P01857 Ig gamma-1 chain C region 1.61 0.64 0.59
P01876 1g alpha-1 chain C region 1.57 1.60 n/a
P01024 Complement C3 1.43 1.42 nfa
P15104 Glutamine synthetase 0.68 n/a 0.75
P08670 Vimentin 0.67 0.69 nla
P11137 Microtubule-associated protein2  0.64 0.58 n/a
Q6PUV4 Complexin-2 0.54 0.49 0.59
014810 Complexin-1 0.48 0.51 nla
P01009 Alpha-1-antitrypsin nfa nfa 0.66
P02671 Fibrinogen alpha chain n/a 1.45 0.64
P01871 g mu chain C region n/a 0.59 0.64

n/a: The protein was not differentially regulated in this brain region.

IF — Inferior frontal, SF — Superior frontal, CRLM — Cerebellum.

Page 30

a L . . . . . . .
The proteins in the table are differentially regulated proteins from three brain areas in at least 2 out of 5 AD patients when comparing each AD
relative to the average of 5 controls.
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Table 5

Differentially regulated phophorylated proteins when the average of AD group is compared to the average of
the control group.

Sampletype Description Ratio  Phospho positions

3D Nestin (NES) 0.86  Phospho [$352(96.8); S680(100); S768(100)]
3D Neuromodulin (GAP43) 1.22 Phospho [T181(99.4)]

IF Microtubule-associated protein 1B (MAP1B) 0.84 Phospho [S1501(99.3); S1779(100)]

IF Syntaxin-1B (STX1B) 0.81 Phospho [S14(100)]

SF Syntaxin-1A (STX1A) 0.77 Phospho [S14(100)]
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The common dysregulated proteins with ratio changes in the same directions between 3D and Brain regions.

AD Accession  Protein descriptions Sample Ratio
AD1 060814 Histone H2B type 1-K (HIST1H2BK) 3D 121
SF 1.24
AD2 P15880 40S ribosomal protein S2 (RPS2) 3D 0.81
SF 0.64
P36578 60S ribosomal protein L4 (RPL4) 3D 0.84
SF 0.63
P18621 60S ribosomal protein L17 (RPL17) 3D 0.86
SF 0.63
P11766 Alcohol dehydrogenase class-3 (GN = ADH5) 3D 0.83
SF 0.72
IF 0.74
P07355 Annexin A2 (ANXA) 3D 0.82
SF 0.62
IF 0.65
Q15121 Astrocytic phosphoprotein PEA-15 (PEA15) 3D 0.82
SF 0.69
P21333 Filamin-A (FLNA) 3D 0.83
SF 0.76
P08670 Vimentin (VIM) 3D 0.85
SF 0.67
IF 0.65

Note: There is no common dysregulated proteins between 3D and IF with the same direction of changes in AD1.
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