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Abstract

Alzheimer’s disease (AD) is a chronic neurodegenerative disease characterized by intracellular
formation of neurofibrillary tangles and extracellular deposition of g-amyloid protein (AB) in the
extracellular matrix. The pathogenesis of AD has not yet been fully elucidated and little is known
about global alterations in the brain proteome that are related to AD. To identify and quantify such
AD-related changes in the brain, we employed a tandem mass tags (TMT) approach coupled to
high-resolution mass spectrometry. We compared the proteomes of frontal cortex from AD
patients with corresponding age-matched brain samples. LC-MS/MS analysis carried out on an
Orbitrap Fusion Lumos Tribrid mass spectrometer led to identification of 8,066 proteins. Of these,
432 proteins were observed to be significantly altered (>1.5 fold) in their expression in AD brains.
Proteins whose abundance was previously known to be altered in AD were identified including
secreted phosphoprotein 1 (SPP1), somatostatin (SST), SPARC related modular calcium binding 1
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(SMOC1), dual specificity phosphatase 26 (DUSP26) and neuronal pentraxin 2 (NPTX2). In
addition, we identified several novel candidates whose association with AD has not been
previously described. Of the novel molecules, we validated chromogranin A (CHGA), inner
membrane mitochondrial protein (IMMT) and RAS like proto-oncogene A (RALA) in an
additional set of 20 independent brain samples using targeted parallel reaction monitoring (PRM)
mass spectrometry assays. The differentially expressed proteins discovered in our study, once
validated in larger cohorts, should help discern the pathogenesis of AD.
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Introduction

Alzheimer’s disease (AD) is a chronic neurodegenerative disorder that manifests typically
with memory loss and progressively affects other domains resulting in functional
impairment. Patients with AD generally progress through preclinical, mild cognitive
impairment (MCI) and dementia stages (Albert er a/. 2011). The major pathological
hallmarks of the disease are accumulation of extracellular plaques and formation of
intracellular neurofibrillary tangles, which lead to synaptic dysfunction and eventually
neuronal death (Glenner & Wong 1984; Lee et al. 1991). Existing therapies do not prevent
progression of the disease and a number of disease-modifying drugs have failed in recent
trials. Development of novel therapies for treating AD is difficult in the light of our limited
understanding of its pathogenesis. Thus, further elucidation of molecular mechanisms and
cellular signaling pathways that are responsible for neuronal cell death is critical for
discovering novel targets for developing treatment strategies for AD.

Several studies have employed animal models of AD to detect disease-related changes in the
brain (Martin et al. 2008; Robinson et al. 2011; Yang et al. 2011; Shevchenko ef al. 2012).
One limitation of such animal studies is that they generally fail to recapitulate the pathology
of Alzheimer’s disease in humans. Nevertheless, animal models represent different aspects
of the disease which develop over time and can thus be studied experimentally (Sasaguri et
al. 2017), which is not possible with human post mortem brain samples that reflect late
disease. Identification of disease-related changes in the brain using proteomics analysis
requires well-characterized samples. Baltimore Longitudinal Study of Aging (BLSA) is
perhaps the most comprehensive and largest cohort used for research into various aspects of
aging. The BLSA, supported by the National Institutes of Aging, has been in existence since
1958. The sample description and enrollment criteria of the BLSA have been described
previously (Stone & Norris 1966).

Several transcriptome-based studies quantified the transcript from the postmortem human
tissue (Psych et al. 2015; Kang et al. 2011). Transcriptome analysis of the distant region of
the healthy and AD post-mortem tissues has also been reported (Twine ef a/. 2011). Despite
remarkable finding in these studies, other studies have reported disagreement in predicting
protein abundance based on transcripts particularly in the brain samples (Carlyle et al. 2017;
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Seyfried et al. 2017). A number of mass spectrometry-based proteomics studies have been
used for identification of AD biomarkers (Diner et al. 2017; Edgar et al. 1999; Andreev et al.
2012; Hashimoto et al. 2012). Edgar et al. used hippocampal tissue and 2D electrophoresis
for the proteome analysis of AD and controls (Edgar ef a/. 1999). Another study employed
label-free quantitation of brain samples from AD and corresponding control aged brains
(Andreev et al. 2012). Proteome analysis of hippocampal neurons isolated from postmortem
brain using laser capture microdissection were also carried out in AD and controls
(Hashimoto et a/. 2012). Quantitative iTRAQ based proteome profiling were also carried out
in hippocampus, parietal cortex and cerebellum (Manavalan et a/. 2013). Chang et al.
performed SWATH analysis on synaptosomes isolated from hippocampus specimens in the
Alzheimer’s disease cases and subjects with normal (Chang et al. 2015). Seyfried et al.
carried out proteomic analysis of various stages of AD from the cortex (Seyfried ef al. 2017).
However, with few exceptions, the majority of these studies identified a limited number of
proteins. Thus, there remains a need of a more detailed analysis of the brain proteome for
the understanding of the AD pathogenesis.

In this study, we employed an Orbitrap Fusion Lumos Tribrid mass spectrometer, which is a
latest generation mass spectrometer, and coupled it with TMT-based multiplexed proteomic
analysis to identify brain protein expression profile in the control and AD samples. Our
study identified several known as well novel molecules involved in AD pathogenesis. A
subset of the identified molecules was validated using parallel reaction monitoring (PRM)
assays and ummunofluorescence.

Material and Methods

Brain samples

The brain tissues used for analysis were collected from the autopsy cohort of the Baltimore
Longitudinal Study of Aging (BLSA) (Troncoso et a/. 1998). Human postmortem tissues
were acquired under Johns Hopkins proper Institutional Review Board (IRB) protocols with
consent from family (NA_00034084; The Baltimore Longitudinal Study of Aging Autopsy
Program: A Prospective Study of the Effects of Aging on Cognition and Brain Pathology).
The study was not pre-registered. The relevant metadata including, disease status,
neuropathological criteria, age, sex, post-mortem interval and APOE genotype are provided
in Table 1. We used medial frontal gyrus samples for proteomic analysis for discovery (4
controls and 5 AD) and validation (8 controls and 12 AD) studies. The mean age was 88+6.8
yrs for controls and 87+5.7 yrs for AD. Postmortem neuropathological evaluation of
amyloid plaque distribution carried out according to the Consortium to Establish a Registry
for Alzheimer’s disease (CERAD) (Mirra et al. 1991). No randomization methods were used
during allocation of subjects to different experimental groups in the study. We used 100 mg
of brain tissues for the protein extraction and then a part of the homogenized material (100
ug) was used for further analysis. The tissue were homogenized in the presence of liquid
nitrogen to a fine powder using a pulverizer and subsequently lysed in 4% SDS by
sonication. After the tissue lysis the protein amount was estimated using BCA
(Bicinchoninic Acid) protein assay.
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In-solution trypsin digestion of proteins and TMT labelling

100 pg of protein from each brain sample was reduced and alkylated with 5 mM DTT for 20
min at 60°C and 10 mM iodoacetamide for 20 min at room temperature, respectively (Sathe
et al. 2018a). The proteins were precipitated using ice-cold acetone in 1:5 protein to acetone
ratio. The precipitated proteins were dissolved in the 100 pl of 2 M urea in 50 mM TEABC.
Protein digestion was carried out using lys-C (1:100) (Wako, Catalog # 25-02543) for 4 h
followed by trypsin (1:20) (Promega, Catalog # VV511A) at 37°C for 12-16 h. Resulting
peptides were cleaned using Sep-Pak Cqg material (Waters, Catalog # WAT023501). For Cqg
clean-up, the peptides were acidified in 1% formic acid followed by centrifugation at 10,000
rpm for 10 minutes for removal of undigested proteins. For peptide clean-up, we used
solvent A (0.1% formic acid) and solvent B (40% acetonitrile in 0.1% formic acid) as the
mobile phase. The peptides were passed through the Sep-Pak column, washed with solvent
A and eluted from the column using solvent B. The eluted peptides were dried using
vacufuge and then dissolved in 100 mM of TEABC. Peptides from brain samples were
labeled using TMT as per the manufacturer’s instruction (Catalog # 90110, Thermo Fisher
Scientific). Peptides derived from control brain samples were labeled with TMT tags as 126,
127N, 128N and 128C and patient samples with TMT tag as 129N, 129C, 130N, 130C and
131. The labeling reaction was quenched using 5% hydroxylamine followed by pooling of
samples.

Basic-pH RPLC fractionation

The labeled peptides were fractionated using basic pH reversed phase liquid chromatography
into 96 fractions as described previously (Selvan et al. 2014). Briefly, the mixture of TMT
labeled peptides was dissolved in 1 ml of bRPLC solvent A (7 mM TEABC, pH 8.5) and
fractionated by bRPLC chromatography on a XBridge Cig, 5 um 250 x 4.6 mm column
(Waters, Milford, MA) using an increasing gradient of bRPLC solvent B (7mM TEABC, pH
8.5, 90% acetonitrile) on an Agilent 1260 HPLC system. The temperature of the column was
not controlled and the flow rate of the mobile phase was0.3 ml/min. The eluted peptide
absorbance was measured at 280 nm. The total run time was 90 min and the collected
volume was 27 ml. A total of 96 fractions were generated which were then concatenated into
24 fractions and vacuum dried.

LC-MS/MS analysis

These dried peptides were reconstituted in 20 ul of 0.1% formic acid for the each fraction
and 9 pl injected in duplicate. These fractions were analyzed on an Orbitrap Fusion Lumos
Tribrid mass spectrometer (Thermo Scientific, Bremen, Germany) connected with Easy-nLC
1200 nanoflow liquid chromatography system (Thermo Scientific, Bremen, Germany).
Dried peptides for each fraction were reconstituted in 0.1% formic acid and loaded onto an
enrichment column (100 um x 2 cm, Nanoviper) at a flow rate of 3 pl/min. Peptides were
resolved on an analytical column (75 um x 50 cm, RSLC C4g) at a flow rate of 300 nl/min
using a gradient of 5-30 % solvent B (0.1 % formic acid in 95 % acetonitrile) for 80 min.
The acquisition time was set to 90 min. The data were acquired in a data-dependent mode.
The precursor MS scans (from m/z 350-1500) were acquired in the Orbitrap at a resolution
of 120,000 (at 200 m/z). The parameters used for the MS1 was AGC target 2 x 10° and ion

J Neurochem. Author manuscript; available in PMC 2022 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sathe et al.

Page 5

filling time set 50 ms. The most abundant ions with charge state =2 were isolated in 3 sec
cycle and fragmented using HCD fragmentation with 38% normalized collision energy and
detected at a mass resolution of 30,000 (at 200 m/z). The parameters for MS/MS was used
as AGC target was set as 5 x 10% and ion filling time set 100 ms dynamic exclusion was set
for 30 s with a 10-ppm mass window.

Data analysis

The MS/MS database searches were carried out using SEQUEST search algorithm through
Proteome Discoverer platform (version 2.1, Thermo Scientific) against Human RefSeq
protein database (\ersion 73, containing protein entries with common contaminants). The
workflow included spectrum selector, SEQUEST search nodes, and percolator. Trypsin was
specified as the protease and a maximum of two missed cleavages were allowed. The search
parameters involved carbamidomethylation at cysteine, TMT 10-plex (+229.163)
modification at N-termini of peptides and lysine were set as fixed modification while
oxidation of methionine was set as a variable modification. MS and MS/MS mass tolerances
were set to 10 ppm and 0.1 Da, respectively. False discovery rate of 1% was set at the PSM
level as well as protein level. The mass spectrometry data generated from this study have
been deposited to the ProteomeXchange Consortium (http://www.proteomexchange.org) via
PRIDE partner repository with the dataset identifier PXD010560.

Bioinformatics analysis

To identify the functional role of the altered proteins, we obtained molecular function and
localization of the proteins from Human Protein Reference Database (HPRD) (Peri et al.
2003). The involvement of these proteins in biological processes was also obtained from
HPRD. Pathway analysis was performed using Funrich (Mersion 3.1.3) (https://
www.FunRich.org) (Pathan et al., 2015) (Kandasamy et a/. 2010). Principal component
analysis (PCA) of all quantified proteins in AD and control samples and Welch’s t-test
statistic of all differentially regulated proteins were calculated using Perseus (\ersion 1.6)
(Tyanova et al., 2016). The Perseus output was used for generating a volcano plot. The heat
map was generated using Perseus.

PRM analysis

The peptides were analyzed on Q Exactive HF mass spectrometer (Thermo Scientific,
Bremen, Germany) interfaced with RSLC nanoflow liquid chromatography system (Thermo
Scientific, San Jose, CA). Peptide digests were reconstituted in 0.1% formic acid and loaded
onto a trap column (100 pum x 2 cm, Nanoviper) at a flow rate of 3ul/min. PRM assay were
developed for the targets similar to earlier study (Sathe et a/. 2018b; Sathe et al. 2020). The
AD and control samples were randomized using simple randomization without any blinding.
For simple randomization of the samples, we used sample identifiers and order them
randomly in MS Excel using the RAND function to generate an equal number of pseudo-
random numbers. Sorting by the column of random numbers will produce a randomized
running order for the experiment. For targeted analysis, 2 pg of brain peptides from each
sample were resolved on an analytical column (75 pm x 50 cm, RSLC Cyg). A linear
gradient of 4% to 35% buffer B over 75 min was used for the analysis. Peptides from
selected target proteins were monitored using a targeted inclusion list. The parameters used
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for the PRM analysis were set as follows: Orbitrap resolution of 35,000, AGC target value of
5 x 10°, injection time of 100 ms, isolation window of 2 m/z, HCD normalized collision
energy of 27 and starting mass of m/z 110. PRM data were analyzed using the Skyline
software package. Acquired raw files were loaded to Skyline. Peak integration was verified
manually and the results were exported for further statistical analysis.

Immunofluorescence analysis of the altered molecules in brain

Antibodies against neuronal pentraxin 2 (NPTX2-Proteintech Cat# 10889-1-AP, RRID:
AB_2153875), inner membrane mitochondrial protein (IMMT - LifeSpan Cat# LS-B248-
100, RRID: AB_10965300), SPARC related modular calcium binding 1(SMOC1-LsBio -
Cat# LS-B12376-200), dual specificity phosphatase 26 (DUSP26-LS-A106538-100) and
somatostatin (LifeSpan Cat# LS-B7046-50, RRID: AB_11180164) was procured from the
LsBio Seattle WA. Sections were deparaffinized in xylene and rehydrated in 100% and 95%
ethanol. After washing with tap water, antigen retrieval was performed in 1x HistoVT One
(pH7.0) (Nacalai: 06380-05) at 95°C. Then, all samples were blocked in PBS (Phosphate
Buffered Saline) with 5% normal goat serum and 0.2% Triton x-100 for 1h at RT. Primary
antibodies (Table 2) were incubated in blocking buffer for 16h at 4°C. On the following day,
samples were washed in PBS for 5min x 3, then Alexa fluor secondary antibodies (abcam;
selected according to color and host species of primary antibodies) and DAPI (1ug/mL final;
Roche: 10 236 276 001) in PBS with 0.5% Tween 20 were applied and incubated for 1h at
RT. Samples were washed in PBS once for 5min. For quenching lipofuscin autofluorescence,
we used TrueBlackTM Lipofuscin Autofluorescence Quencher (Biotium: 23007) diluted
1/40 in 70% ethanol, applied to the samples and incubated for 50s at RT. To facilitate the
TrueBlack reaction, samples were constantly swirled by hand during the incubation. Then,
samples were washed in PBS for 5min x 3 and cover slipped using ProLongTM Gold
Antifade reagent (Invitrogen: P36930). Samples were kept at 4°C at least 1 day before
imaging. Immunofluorescent images were taken on a Zeiss LSM 700 confocal microscope
in the Microscope Facility of the Johns Hopkins School of Medicine.

Statistical analysis

Results

TMT data analysis was performed with the Perseus software package and calculation of the
p-value were generated. (Tyanova et al. 2016). Graph Pad Prism version 5.04 (GraphPad
Software Inc., San Diego, CA, USA) was used for the statistical analysis of PRM data. The
distribution type was analyzed using D’ Agostino & Pearson omnibus normality test. For
data sets with normal distribution pattern, students’t test was used to examine group
comparisons in the validation studies described below. A p-value of 0.05 or less was
considered significant.

Demographics and clinical features of the subjects

For the discovery and PRM-based targeted proteomic analyses, we used 20 brain samples.
The important characteristics of the samples are shown in Table 1, Supplementary table 1.
These samples include 8 controls and 12 AD patients. There were no significant differences
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in the age between the control and AD samples. The median age of the individuals at the
time of death used for this analysis was 83 years for AD patients and 82 years for controls..

Quantitative proteomic analysis of LC-MS/MS data

To identify proteomics changes in the brain of patients with Alzheimer’s disease, we carried
out a differential proteomic analysis of medial frontal gyrus obtained from postmortem
tissues of 5 AD patients and 4 cognitively normal individuals using a TMT-based
quantitative proteomics approach. The workflow for the experiment is summarized in Figure
1. The fractions were analyzed by LC-MS/MS individually which led to 98,033 peptides
from 8,066 proteins. Of these 8,066 proteins 7,073 proteins were detected with =2 unique
peptides. A list of proteins identified in this study is provided in Supplementary table 2. The
identified proteins were quantified based on the TMT ratios of peptides derived from these
proteins. To determine whether the proteomic analysis could separate the two groups, a
principal component analysis was carried out using Perseus. PCA analysis revealed a clear
separation of the AD and control groups (Figure 2 A). The distribution of the fold change of
the identified proteins were shown in the Figure 2 D. From the identified 8,066 proteins, 432
proteins were significantly altered proteins - 247 proteins were upregulated >1.5-fold and
131 proteins were downregulated <1.5-fold in AD brain tissues. A Volcano plot representing
the fold change distribution of the differentially expressed proteins in AD brain s is provided
in the Figure 2B. A heat map depicting selected proteins identified in this study has been
provided in Figure 2C. The list of differentially expressed proteins in AD patients is
provided in Supplementary table 3.

Bioinformatics analysis of altered proteins in AD brain

For a detailed biological understanding of altered proteins in AD brain, we carried out a
bioinformatics analysis of the altered proteins. We classified the proteins based on their
subcellular localization, biological processes and molecular functions. This annotation of the
proteins is based on manually curated Human Protein Reference Database (Peri et al. 2003).
The distribution of proteins was visualized based on their subcellular localization
(Supplementary figure 1A), biological processes (Supplementary figure 1B) and molecular
function (Supplementary figure 1C). In this analysis, we found that the majority of altered
proteins were localized to the cytoplasm (17%) and extracellular space (15%) followed by
plasma membrane (13%) and nucleus (12%). We observed that the majority of the altered
proteins were involved in signal transduction (21%) followed by metabolism (18%) and cell
growth and maintenance (10%). FunRich was used to carry out biological pathway analysis
of proteins dysregulated in AD, which revealed enrichment of several pathways including
glutamate neurotransmitter release cycle, Wnt and neutrin signaling pathways and caspase
mediated cleavage of cytoskeletal proteins. A graphical representation of the altered
pathways is shown in figure 2E.

Alterations of synaptic proteins in AD
In Alzheimer’s disease, there is a gradual decline in the cognition. Loss of synapses and the
association of synaptic proteins with dementia has been described previously (DeKosky &
Scheff 1990). The correlation between cognitive impairment and synaptic loss is better
compared to hallmarks of AD - tau and amyloid-p pathologies - has also been described
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(Blennow et al. 1996). To identify the role of synaptic proteins in AD pathogenesis, we
compared our proteomics dataset with a published study that investigated synaptic proteins
in AD (Bereczki et al. 2018). Bereczki et al. detected 851 synaptic proteins in their data. Our
study detected 735 synaptic proteins out of the 851 of which 45 proteins were significantly
differentially expressed in the AD brains compared to controls. Twenty-four of these
proteins were upregulated and 21 were downregulated in AD.

Targeted analysis of proteins

From our proteomics analysis, we identified a number of candidates with >1.5-fold
alteration in AD brains. Of these proteins, we selected chromogranin A (CHGA), RAS like
proto-oncogene A (RALA) and inner membrane mitochondrial protein (IMMT) for
validation on additional control and AD brain samples using targeted parallel reaction
monitoring assays. The PRM assays were carried out using an independent set of 8 controls
and 12 AD brain samples. We monitored the peptides with retention time scheduling. PRM
data on each sample were acquired in triplicates. We were able to confirm significant higher
levels of CHGA Figure 4A and lower level of IMMT Figure 4B and RALA Figure 4C in
brains of AD affected patients using PRM.

Immunofluorescence analysis of selected proteins

A subset of significantly altered proteins was used for the immunofluorescence analysis to
detect its localization in cell type (neuron vs astrocyte) and cell localization (cytoplasm/
nucleus/organelle). These includes secreted modular calcium-binding protein 1 (SMOC1),
dual Specificity Phosphatase 26 (DUSP26), inner membrane mitochondrial protein (IMMT),
somatostatin (SST) and neuronal pentraxin-2 (NPTX2). The immunofluorescence analysis
were carried out on the control brain samples. We have observed SMOC1 signals scatter
apart from nuclei (Supplementary figure 2A). Similarly we have also observed SST signal in
the neuron and DUSP26 showing strong cytoplasmic signal in the neuron (Supplementary
figure 2B and C). IMMT shows neuronal mitochondrial localization and NPTX2 signal is
placed next to presynaptic marker (SY38) and absent in red signals, indicating majority of
NPTX2 is in postsynapse.

Discussion

Proteomic profiling of AD brains

In this study, we employed an Orbitrap Fusion Lumos Tribrid mass spectrometer - a latest
generation mass spectrometer - coupled with advanced sample preparation methods to
increase the depth of the proteome. Isobaric labeling methods permit multiplexing and
provide relative quantitation of proteins across samples without changing their analytical
properties. In this study, we carried out a TMT-based quantitative proteomic analysis of the
human brain tissues to investigate proteomic changes in Alzheimer’s individuals as
compared to control individuals without any evidence of Alzheimer’s disease. From this
analysis, we identified 8,066 proteins (7,073 proteins with =2 unique peptides). To evaluate
the ability of the proteomic data to differentiate AD samples from controls, we used
principal component analysis. A distinct separation of brains from Alzheimer disease and
controls was observed, with PC1 32.7% and PC2 16.5% (Fig. 2A). To identify statistically
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significantly altered proteins in AD, we plotted p-values and fold-changes from AD and
control samples using a volcano plot. This analysis led identification of 432 proteins that
were differentially regulated (>1.5 fold-change) in patients with AD as compared to age-
matched controls. The distribution of the fold-changes of the identified proteins suggests
that the majority of proteins (95%) were unchanged in the AD brain compared to controls.
To understand biological pathways involved in the AD pathogenesis, these 432 significantly
altered proteins were used for enrichment analysis. Among the enriched networks, we
identified several molecules involved in the neutrin mediated repulsion signal, glutamate
neurotrasmitter release cycle and Wnt signaling pathway. The differentially expressed
proteins identified in our analysis include a number of previously reported molecules in
addition to novel proteins. Finally, multiplexed parallel reaction monitoring (PRM) assays
were developed to quantitate a subset of these differentially altered proteins in the AD brain
samples.

Known markers identified in the dataset

We carried out analysis of control and AD brain samples to identify differentially expressed
proteins in AD brain. From this analysis, we identified 432 differentially expressed proteins.
These differentially altered proteins included several known AD markers, such as SPP1,
NPTX2, SST and SLC30A3 whose expression correlated with AD. This validates our
approach of discovering altered proteins in AD brain. A partial list of proteins previously
reported to be AD markers is provided in Table 3. Apart from known altered proteins, we
also detected several new molecules which were not studied earlier in the AD context. A
partial list of these novel proteins is provided in Table 4.

Osteopontin (SPP1) is marker of neuroinflammation. It is a cytokine expressed by cytotoxic
T cells and it activates and recruit’s macrophages at the site. Its expression in pyramidal
neurons is increased in AD patients (Wung et a/. 2007). It is also observed to be upregulated
in the AD transgenic mouse models (Wirths et a/. 2010). High levels of osteopontin have
been observed in the CSF of familial AD individuals carrying known genetic mutations
(Ringman et al. 2012). Another study also reported increased level of osteopontin in the
cerebrospinal fluid of patients with Alzheimer’s disease and its levels also correlate with a
decline in cognition (Comi et a/. 2010). It is observed that the OPN plays a major role in the
AB clearance by prominent monocyte-macrophage recruitment into AD brains and by
promoting macrophage polarization headed for an anti-inflammatory, highly phagocytic
phenotype (Rentsendorj et a/. 2018). Our study validates this upregulation of osteopontin in
the brain of AD patients. We observed 4.6-fold upregulation of osteopontin in brains of AD
patients as compared to controls. The MS/MS spectra along with quantitation were shown in
figure 3A.

Somatostatin (SST) is a neuropeptide and it has been reported that its concentration is lower
in the CSF and brain of AD patients (Bissette & Myers 1992; Saiz-Sanchez et al. 2010). It is
also observed that lowering concentration of somatostatin is proportional to the amyloid
accumulation, which is central event in a cascade leading to AD. Insulin-degrading-enzyme
(IDE) is one of the proteases known to degrade AB, and thus an exciting target for AD
therapy. Somatostatin plays an important role in controlling IDE activity (Tundo et a/. 2012).
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Similar to the role of IDE in degradation of Ap, there is another mechanism by which
somatostatin degrades AB. During aging, the expression of the neprilysin decreases and it is
known that neprilysin reduces the accumulation of both soluble and fibrillar A (lwata et al.
2002). It is also known that somatostatin increases the activity of neprilysin and helps in
degradation of AB. Overall, these findings clearly indicate that aging reduces somatostatin
expression, which leads to accumulation of Ap suggesting that somatostatin receptors can be
potential pharmacological targets for the treatment of Alzheimer disease (Saito et a/. 2005).
There is a reported trend toward increased DNA methylation of the SST promoter with
increasing age (Grosser et al. 2014). It was observed that somatostatin was significantly
decreased in AD and its level also correlated with dementia scores (Strittmatter ef a/. 1997).
We also observed that somatostatin was downregulated 10-fold in the brain of AD patients.
We have also observed SST localized in the neuron. The MS/MS spectra along with
quantitation were shown in figure 3B.

Solute carrier family 30 member 3 (SLC30A3) is involved in intracellular zinc homeostasis.
Altered expression of SLC30A3 has been defined in AD patients. It is observed that
SCLA30A expression is reduced with increasing age as well as in the AD patients (Olesen et
al. 2016). Another study shows the role of zinc in depression in people with dementia and
highlights zinc metabolism as a therapeutic target (Whitfield ef a/. 2015). The zinc
transporter-3 knock-out mice leads to cognitive loss and show a phenocopy for the synaptic
and memory deficits of Alzheimer’s disease (Adlard et a/. 2010). In our analysis, we
observed a 2- fold downregulation of SLC30A3 in AD brains. NPTX2 is a member of a
family of neuronal pentraxins that include neuronal pentraxin 1 (NPTX1) and neuronal
pentraxin receptor (NPTXR). NPTX2 neuronal pentraxin is a synaptic protein involved in
excitatory synapse formation. NPTX2 clusters alpha-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA)-type glutamate receptors at the synapses, which results in
non-apoptotic cell death of dopaminergic nerve cells (Chang et a/. 2010). NPTX2 also
enables excitatory synapse formation, learning and memory by clearance of extracellular
debris to anchor a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) channels
(Elbaz et al. 2015). NPTX2 levels in AD patients correlates with cognition. Its expression is
also reduced in AD brains. CSF levels of NPTX2 are also found to be lower in AD patients
as compared to controls (Xiao et al. 2017). Downregulation of CSF and brain NPTX2
directly correlates with cognitive status and hippocampal volume. GluA4 expression was
reduced and correlated with NPTX2 expression supporting the idea that GluA4 expression is
dependent on NPT X2 expression in AD. NPTX2 is required for homeostatic scaling of
pyramidal neuron excitatory synapses on PV interneurons (Chang et a/. 2010). The deletion
of NPTX2 results in a selective reduction of pyramidal neuron drive of PV interneurons in
developing mouse cortex (Gu et al. 2013). GluA4 is biomarker of PV-interneuron function
that is dependent on NPTX2 expression. This shows failure of adaptive control of pyramidal
neuron-PV circuits, which could be another pathophysiological mechanism contributing to
cognitive failure in AD. Our proteomic analysis also corroborates the earlier published data.
In our analysis, we observed 3.3-fold downregulation of NPTX2 in the AD brains.

We have also identified higher abundance of the SPARC related modular calcium binding 1
(SMOC1) in the frontal cortex of the AD brain compared to age matched controls. SMOC1
is also known for its amyloid plaque physiology. It co-localize with Ap plaques in the brain
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of AD human and mouse model (Bai et a/. 2020). We have also identified the higher
abundance of the SMOCL1 in the AD brain in our mass spectrometry data. Another protein
dual specificity phosphatase 26 (DUSP26) is a tyrosine phosphatase and its increased
expression in the hippocampus of AD patients is already reported. DUSP26 selectively
regulate the production of Ap42 in neuronal cells under hypoxic stress. Targeting DUSP26
can be used as therapeutic targets to halt AD progression (Jung ef a/. 2016). In our mass
spectrometry analysis we identified 6.7 fold up-regulation of DUSP26 in the AD brain and it
showed strong signal in the neurons.

Targeted analysis of a subset of proteins

Targeted proteomic analysis has become routine practice in biomarker research. These
targeted mass spectrometry-based assays have several advantages including multiplexing,
reproducibility, accuracy and that fact that they do not require specific antibodies
(Henderson et al. 2017; Shi et al. 2016; Rifai et al. 2006). PRM assays have been
successfully used for biomarker analysis for many diseases including lung adenocarcinoma,
ovarian cancer and also Alzheimer’s disease. From our discovery analysis, we selected a
subset of proteins that were altered in AD samples - including Chromogranin, MICOS
complex subunit MIC60 and Ras-related protein Ral-A. Chromogranin is a secretory protein
that belongs to the chromogranin/secretogranin family (Taupenot ef a/. 2003), which is a
precursor for various bioactive peptides including vasostatin | and 11, chromacin,
pancreastatin, parastatin (Lawrence et al. 2011). In an earlier study, higher levels of
chromogranin were found in AD brains (Weiler et al. 1990). Chromogranin activates
microglia which release neurotoxins. These neurotoxins initiate apoptotic death of cortical
neurons through apoptotic mediators (Ciesielski-Treska ef a/. 2001). In our study, we found
2-fold higher levels of chromogranin in AD brains as compared to the controls. Based on
this, we validated these results on control and AD brain samples using parallel reaction
monitoring. We again detected significantly higher levels (2-fold) of CHGA in AD patients.
A unique peptide for CHGA - SGEATDGARPQALPEPMQESK - was monitored and
confirmed at higher abundance in AD brain compared to controls with a significant P value
p < 0.0002 (Figure 4A). The MS/MS spectrum for the same peptide is shown in Figure 3C.

MICQOS complex subunit MIC60 is a part of MICOS complex. MIC60 is also known as
inner membrane mitochondrial protein (IMMT). MICOS is a large protein complex of the
inner mitochondrial membrane which play important roles in cristae junction and membrane
architecture maintenance (Alkhaja et al. 2012; Ott et al. 2015). MICOS downregulation
leads to a decrease in cell proliferation, increase in apoptosis and abnormal mitochondrial
function (John et a/. 2005). Mitochondrial dysfunction has been reported earlier in
Alzheimer’s disease. Altered brain metabolism in AD reflects impaired mitochondrial
function (Mosconi et al. 2010; Toledo et al. 2017). Another evidence of mitochondrial
dysfunction in AD is the generation of reactive oxygen species (ROS) (Bonda et al. 2014;
Wang et al. 2014). ROS is generated because of defects in the ETC resulting in DNA, lipid
and protein damage. In our analysis, we observed a 2-fold down regulation of IMMT in AD
brains as compared to the controls. We also validated these results using parallel reaction
monitoring. The unique peptide (LFEMVLGPAAYNVPLPK) for IMMT was monitored and
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showed a lower abundance in AD compared to controls with a significant P value p < 0.0075
as shown in Figure 4B. The MS/MS spectrum for the same peptide is shown in figure 3D.

Ras-related protein Ral-A (RalA) is a protein encoded by the RALA gene located on
chromosome 7 (Rousseau-Merck ef al. 1988). RALA is multifunctional GTPase involved in
multiple cellular processes including cell migration, proliferation, oncogenic transformation
and membrane trafficking. It also acts as a GTP sensor and regulates integrin mediated
exocytosis (Balasubramanian et a/. 2010). Although the role of the RALA is not clear in AD
pathology, association of other Small GTPases has been previously described in AD (Qu et
al. 2019; Besga et al. 2017). In our discovery analysis, we detected a decreased abundance of
RALA in the brain of AD patients. We also independently validated these results using
additional samples by parallel reaction monitoring. We monitored the peptide -
EDENVPFLLVGNK - by parallel reaction monitoring and observed significantly lower (P <
0.0008) abundance in AD brains as shown in Figure 4C.

Limitations of the study

The study has several limitations, chief among them being the small sample sizes for
discovery and validation. This is unfortunately due to a lack of well curated postmortem
brain samples and the overwhelming majority of similar studies, with few exceptions are
limited by this issue (Ping et al. 2018; Portelius ef a/. 2017). Another limitation is that the
BLSA is a unique cohort of highly educated participants (the mean education is
approximately 17 years) so findings may not generalize to the population. This study also
limited its sampling to the medial frontal gyrus. While tau pathology and neuronal
degeneration begin in the entorhinal cortex and the hippocampus, amyloid deposition, which
is known to precede tau pathology, starts in the default mode network comprising of the
precuneus, medial orbitofrontal, and posterior cingulate cortices (Palmqyvist ef a/. 2017). In a
follow-up study, we plan to analyze biomarker changes in the medial temporal lobes. This
study also compared changes between cognitively normal and subjects with AD, which
could potentially bias discovery of alterations that are downstream of more proximate
events. In the future, we plan to look for similar changes in asymptomatic and prodromal
AD subjects. Despite these limitations, we have also identified known altered AD proteins in
our study along with novel molecules.

Conclusions

We used well characterized AD and control brain samples from the Baltimore Longitudinal
Study of Aging to detect differentially expressed proteins in brains of AD individuals. We
detected 8,066 proteins out of which 432 show differential expression. We confirmed
differential expression of CHGA, IMMT and RALA in an independent set of brain samples
of AD and control samples using parallel reaction monitoring. The novel proteins identified
in this study can be further studied to investigate their functional role in AD pathogenesis.
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Figurel.
A schematic of the workflow used to study the proteomic changes in the brain of AD

patients. The brain samples were homogenized in liquid nitrogen and lysed in 2% SDS
buffer. Brain proteomes from cognitively normal individuals were compared with that of AD
patients using a TMT-based quantitative proteomics approach in the discovery step.
Validation was carried out using parallel reaction monitoring (PRM) assays for a subset of
molecules that were found to be altered in abundance in AD.
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Figure 2.
Summary of TMT-based discovery experiments (A) PCA plot for the brain proteome data

(B) Wolcano plot for the proteome data for identification significantly altered proteins in AD
brain (C) Heat map of the significantly altered proteins in AD brain (D) Distribution of fold-
change values (logs ratios) (AD/Controls) for proteins identified in the study (E) Enriched

altered signaling pathways in AD brain
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Representative MS/MS spectra of peptides identified along with quantitation provided in the
box plot: The length of the box is thus the interquartile range of the sample. The other
dimension of the box does not represent anything in particular. A line is drawn across the
box at the sample median. Whiskers sprout from the two ends of the box until they reach the
sample maximum and minimum. The crossbar at the far end of each whisker is optional and
its length signifies nothing. A) Osteopontin (SPP1) along with its reported ion quantification
shown in box plot with significant change with P value P < 0.0001 (B) Somatostatin (SST)
along with its reported ion quantification shown in box plot with significant change with P
value P < 0.0013 (C) Chromogranin A (CHGA) along with its reported ion quantification
shown in box plot with significant change with P value P < 0.0045; and, D) Inner Membrane
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Mitochondrial Protein (IMMT) along with its reported ion quantification shown in box plot
with significant change with P value P < 0.0009.
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Figure 4.

PRM-based validation of candidate proteins by parallel reaction monitoring. The length of
the box is thus the interquartile range of the sample. The other dimension of the box does
not represent anything in particular. A line is drawn across the box at the sample median.
Whiskers sprout from the two ends of the box until they reach the sample maximum and
minimum. The crossbar at the far end of each whisker is optional and its length signifies
nothing.: (A) Chromogranin A (CHGA); quantification shown in box plot with significant
change with P value P < 0.0001 and ROC curve (B) Inner Membrane Mitochondrial Protein
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(IMMT); quantification shown in box plot with significant change with P value P < 0.0075
and ROC curve (C) Ras-related protein Ral-A (RalA); quantification shown in box plot with
significant change with P value P < 0.04 and ROC curve
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A list of previously reported AD proteins identified in this study

Table 1.

Sample | Control/AD | CERAD | BRAAK | AGE | SEX | ApoE
1 Control 1 2 80 M 3/3
2 Control 0 4 99 M 313
3 Control 0 3 82 M 2/3
4 Control 0 3 95 M 213
5 Control 0 2 84 M 2/3
6 Control 0 4 86 M 213
7 Control 0 2 91 M 2/3
8 Control 0 3 86 M 213
9 AD 1 3 94 M 3/4

10 AD 3 4 83 F 3/3
11 AD 3 5 81 M 3/3
12 AD 3 6 82 M 2/3
13 AD 3 6 83 F 3/4
14 AD 3 6 94 F 2/3
15 AD 3 4 92 M 3/3
16 AD 3 5 88 M 3/3
17 AD 3 4 98 M 3/3
18 AD 3 6 86 M 4/4
19 AD 3 6 92 M 3/4
20 AD 3 6 88 M 3/3
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Table 2.

A summary of the antibodies used for immunofluroscence

Antibody Company Catalog # Host Dilution | Target

SMOC1 LSBIO LS-B12376 | Rabbit 1/100 SPARC related modular calcium binding 1

SST LSBIO LS-B7046 Rabbit 1/100 Somatostatin

DUSP26 Atlas HPA018221 | Rabbit 1/100 Dual specificity protein phosphatase 26
Antibodies

IMMT Atlas Antibodies | HPA036164 | Rabbit 1/100 Inner Membrane Mitochondrial Protein

NPTX2 Proteintech NBP131254 | Rabbit 1/100 Neuronal Pentraxin 2

SYP Abcam ah8049 Mouse 1/500 Synaptophysin (presynaptic protein)

MTCO1 Abcam Ab14705 Mouse 1/100 Mitochondrially Encoded Cytochrome C Oxidase |

ALDHI1L1 | Millipore MABN495 Mouse 1/1000 Astrocyte

MAP2 Abcam ah92434 Chicken | 1/1000 Neuron
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A list of previously reported AD proteins identified in this study

Table 3.

Gene Symbol Protein Fold-change (Thisstudy) | P-Value | Number of samplesused (N)
SPP1 Secreted phosphoprotein 1 4.6 0.0008 9
CHGA Chromogranin A 2.0 0.001 9
SLC30A3 Solute carrier family 30 member 3 0.5 0.00006 9
NPTX2 Neuronal pentraxin 2 0.3 0.0003 9
SST Somatostatin 0.1 0.00007 9

J Neurochem. Author manuscript; available in PMC 2022 March 01.

Page 27



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Sathe et al.

Table 4.

A list of novel differentially expressed proteins in AD brains

Page 28

Gene Symbol Protein Fold-change (This study) P-Value Number of samples used (N)
ATP4A ATPase H+/K+ transporting subunit 13.8 0.005 9
MDK Midkine 6.0 0.00001 9
SMoC1 SPARC related modular calcium binding 1 4.3 0.0000003 9
IMMT Inner membrane mitochondrial protein 0.4 0.001 9
RALA RAS like proto-oncogene A 0.5 0.0007 9

J Neurochem. Author manuscript; available in PMC 2022 March 01.



	Abstract
	Introduction
	Material and Methods
	Brain samples
	In-solution trypsin digestion of proteins and TMT labelling
	Basic-pH RPLC fractionation
	LC-MS/MS analysis
	Data analysis
	Bioinformatics analysis
	PRM analysis
	Immunofluorescence analysis of the altered molecules in brain
	Statistical analysis

	Results
	Demographics and clinical features of the subjects
	Quantitative proteomic analysis of LC-MS/MS data
	Bioinformatics analysis of altered proteins in AD brain
	Alterations of synaptic proteins in AD
	Targeted analysis of proteins
	Immunofluorescence analysis of selected proteins

	Discussion
	Proteomic profiling of AD brains
	Known markers identified in the dataset
	Targeted analysis of a subset of proteins
	Limitations of the study
	Conclusions

	--Human subjects --
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Table 1.
	Table 2.
	Table 3.
	Table 4.

