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Abstract

Neurodegenerative diseases such as Alzheimer's (AD) are characterized by an abnormal
aggregation of misfolded beta-sheet rich proteins such as p-amyloid (AB). Various ubiquitously-
expressed molecular chaperones control the correct folding of cellular proteins and prevent the
accumulation of harmful species. We here describe a novel anti-aggregant chaperone function for
the neuroendocrine protein proSAAS, an abundant secretory polypeptide that is widely expressed
within neural and endocrine tissues and which has previously been associated with
neurodegenerative disease in various proteomics studies. In the brains of 12-month old APdE9
mice, and in the cortex of a human AD-affected brain, proSAAS immunoreactivity was highly
colocalized with amyloid pathology. Immunoreactive proSAAS co-immunoprecipitated with AR
immunoreactivity in lysates from APdE9 mouse brains. In vitro, proSAAS efficiently prevented
the fibrillation of AB1_4 at molar ratios of 1:10, and this anti-aggregation effect was dose-
dependent. Structure-function studies showed that residues 97-180 were sufficient for the anti-
aggregation function against Ap. Finally, inclusion of recombinant proSAAS in the medium of
Neuro2a cells, as well as lentiviral-mediated proSAAS overexpression, blocked the
neurocytotoxic effect of ABq.42 in Neuro2a cells. Taken together, our results suggest that
proSAAS may play a role in Alzheimer's disease pathology.
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Introduction

Many neurodegenerative diseases share the common feature of abnormal protein aggregates
in regions of neuronal loss and dysfunction. For example, Alzheimer's disease (AD) (the
leading cause of dementia) is characterized by neuronal loss in the hippocampus and in the
cortex, in close proximity to extracellular plaques consisting of aberrantly aggregated AB1.42
peptides and intracellular neurofibrillary tangles composed of hyperphosphorylated tau.
Identifying drugs or molecular chaperones which block the aggregation of AB1.42, tau, or a-
synuclein may represent a viable strategy for slowing down the progression of
neurodegenerative diseases.
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The secretory protein proSAAS is expressed in neurons throughout the brain at high levels
(Lanoue & Day 2001),(Morgan et al. 2005). It is partially proteolytically processed within
the regulated secretory pathway (Sayah et al. 2001), where it has been well-characterized as
a potent and specific inhibitor of prohormone convertase 1/3 (PC1/3) (Fricker et al. 2000),
(Qian et al. 2000), (Cameron et al. 2000). However, proSAAS is also expressed in many
non-PC1/3-expressing cells, raising the possibility of additional functions (Feng et al. 2001,
Lanoue & Day 2001). Indeed, recent studies have now shown that various proSAAS-derived
peptides participate in a number of physiologically important systems, including circadian
rhythm (Atkins et al. 2010, Hatcher et al. 2008), food intake (Wardman et al. 2011), energy
balance (Morgan et al. 2010), and fetal neuropeptide processing (Morgan et al. 2010).
Furthermore, the expression of PC1/3 and proSAAS is not always co-regulated. Although
proSAAS acts as an endogenous inhibitor of PC1/3, long-term treatment of AtT-20 cells
with secretagogues increases PC1/3 mRNA levels without affecting proSAAS mRNA
(Mzhavia et al. 2002). These differences between the expression and regulation of PC1/3
and proSAAS support the hypothesis that proSAAS may have functions unrelated to PC1/3.

Interestingly, in the decade since its discovery, proSAAS has been repeatedly implicated in
various neurodegenerative diseases. ProSAAS immunoreactivity has been found in
neurofibrillary tangles and neuritic plaques of brain tissues from patients with AD,
parkinsonism-dementia complex, and Pick's disease, implying a possible involvement of
proSAAS in the pathophysiology of general tauopathies (Kikuchi et al. 2003, Wada et al.
2004). In addition, four independent proteomic studies have identified proSAAS as a
candidate biomarker in both AD and frontotemporal dementia, with significant reduction in
the levels of proSAAS-derived peptides in patient cerebrospinal fluid (CSF) (Abdi et al.
2006, Jahn et al. 2011, Davidsson et al. 2002, Finehout et al. 2007). Finally, CSF proSAAS
levels are reduced in patients with a spinal nerve root injury from lumbar disk herniation
(Liu et al. 2006).

7B2, a small secretory protein that serves as a convertase binding protein (Braks & Martens
1994), has also been reported as a possible protein chaperone (Helwig et al. 2012). Like
proSAAS, 7B2 is found in neurons lacking convertase expression, suggesting alternative
functions. Indeed, others have shown that 7B2 blocks the aggregation of several unrelated
secretory proteins, including insulin-like growth factor 1 (Chaudhuri et al. 1995); proPC2
(Lee & Lindberg 2008); AB1-42; and a-synuclein (Helwig et al. 2012). Based on these
studies, and the structural similarity of proSAAS to 7B2, we hypothesized that proSAAS
might function as an anti-aggregant chaperone in AD. In the study presented here, we have
used mouse models of AD, as well as human post-mortem tissues of AD patients, to show
that proSAAS co-localizes with proteins involved in AD. Further, we have used in vitro
aggregation assays to demonstrate a potential function for proSAAS as an anti-aggregant,
and neurotoxicity assays to show effects of endogenous as well as exogenous proSAAS in
the blockade of AB;_4p-mediated neurotoxicity.

Materials and Methods

Immunofluorescent labeling of human brain tissues for proSAAS and AD markers

A hippocampal tissue sample from a 73-year old donor with AD was obtained from the
NICHD Brain and Tissue Bank for Developmental Disorders at the University of Maryland-
Baltimore, MD. The tissue was formalin-fixed, cryoembedded and sectioned at 16 pm. For
immunohistochemistry, tissue sections were blocked for 1 h in blocking solution
(phosphate-buffered saline; PBS) containing 3% bovine serum albumin (BSA) and 0.5%
Triton X-100 before incubation with rabbit anti-proSAAS (LS45, 1:50) and monoclonal
mouse antibody raised against AB17.2¢ (clone 4G8, 1:1000, Cell Sciences, Canton, MA) in
blocking solution overnight at 4 C. The proSAAS antiserum was raised in rabbits against
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recombinant His-tagged 21 kDa proSAAS (Fortenberry et al. 2002) and has previously been
used to image proSAAS in pancreatic tissues (Guest et al. 2002). Sections were rinsed,
incubated with Cy3-conjugated goat anti-rabbit (1:200, A10520, Invitrogen, Carlsbad, CA)
and/or Cy2-conjugated donkey anti-mouse (1:250, AP124J, Millipore, Billercia, MA) in
blocking solution containing Hoechst 33342 (1:10,000, ALX-620-050, Axxora LLC, San
Diego, CA) for 2 h at room temperature. Slides were rinsed in PBS, coverslipped with
Fluoromount G (Electron Microscopy Sciences, Hatfield, PA) and visualized using a
confocal Olympus BX61 (Olympus, Tokyo, Japan) and an epifluorescence Nikon Eclipse
TE2000-E microscope (Nikon, Tokyo, Japan). Images were merged using processing
software (Olympus FluoView, Nikon MetaView). Anatomical localization of
immunoreactivity within the brain was annotated according to the Allen Human Brain Atlas
and Gray's Anatomy of the Human Body (30th edition).

Animal Models

For the examination of amyloid plaques, 12-month old male APP695/PSEN1dE9 mice
(APdE9; B6C3-Tg(APPswe,PSEN1dE9)85Dbo/Mmjax; Jackson Laboratory) were
sacrificed and their brains were fixed with Accustain (Sigma Aldrich, St. Louis, MO) and
subjected to paraffin processing. All studies were conducted under the approval of
Institutional Animal Care and Use Committee (IACUC) at the University of Houston.

Immunofluorescence of mouse brain tissue for proSAAS and AD markers

Ten pm brain sections were treated with Aqua DePar and Reveal antigen retrieval solutions
in a Decloaking Chamber system (Biocare Medical, Concord, CA). The sections were then
incubated with avidin/biotin blocking kit (Vector Laboratories, Burlingame, CA), blocked in
5% normal goat serum in Tris-buffered saline (TBS) containing 0.5% Triton X-100 for 20
min, followed by an incubation with polyclonal rabbit anti-proSAAS (#45, 1:50) for one
hour. The sections were washed, incubated with biotinylated goat anti-rabbit antibody
(Vector Laboratories) for 30 min, washed, then incubated with Texas Red Avidin DCS
(Vector laboratories) for 10 min, and washed again. For co-localization studies, sections
were subjected to another round of re-blocking and then stained with a pan-Af monoclonal
mouse antibody (4G8, 1:250, Covance) for amyloid pathology. The sections were washed,
incubated with biotinylated goat anti-mouse antibody (Vector Laboratories) for 30 min, and
washed again before incubating with Fluorescein-Avidin for 10 min. The sections were then
washed extensively, mounted using Vectashield media, and viewed under a confocal
microscope (Olympus 1X6a DSU). The Neurolucida program was used to process the
images (Microbrightfield, Inc, Willston, VT). Dense core plaques were stained with
methoxy-X04 (1 pM) and then washed extensively before imaging.

Preparation of recombinant full-length and N-terminally truncated His-tagged proSAAS

A 21 kDa mouse proSAAS (1-180) plasmid was prepared as described previously
(Fortenberry et al. 2002). Plasmids encoding N-terminally truncated His-tagged proSAAS
fragments were generated using the pQE30 21 kDa proSAAS plasmid (Fortenberry et al.
2002) as a template. PCR was performed using the GC-Rich PCR system (Roche Applied
Science, Indianapolis, IN) and the following primers: a common 3’ primer (5’-TAG GAA
GCT TTT ACG GGG CAG GAG CAG CCT C-3) and the 5 primers (5’-CGC GCA TGC
GCG CAG GAG GCT GAG GAT CAG CA-Y) for proSAASg,.1g0 and (5’-CGC GCA TGC
GAC GCT CCA GCT GCA CAG CTC GC-3) for proSAASg7.150- The PCR products were
cloned into pQE30 (Qiagen, Valencia, CA) at the Hindlll and Sphl sites and constructs were
verified by sequencing. Plasmids were expressed in E. coli XL-1 Blue cells (Stratagene, La
Jolla, CA), induced with 1 mM (final concentration) IPTG, and protein purified using the
native BugBuster method (Novagen, Gibbstown, NJ). Briefly, cells were lysed in Bug
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Buster Protein Extraction Reagent containing 1 mM phenylmethanesulfonylfluoride, 15 pl
of Benzonase nuclease solution and 15 kU of rLysozyme (Novagen) for 20 min at room
temperature, centrifuged at 16,0009 for 20 min, and loaded onto a Ni-NTA resin previously
equilibrated with binding buffer (0.5 M NaCl, 20 mM Tris-HCI, 5 mM imidazole, pH 7.9).
The column was washed with binding buffer, followed by wash buffer (0.5 M NaCl, 20 mM
Tris-HCI, 60 mM imidazole, pH 7.9), and then eluted with elution buffer (0.5 M NacCl, 20
mM Tris-HCI, 1 M imidazole, pH 7.9). Peak fractions were subjected to buffer exchange at
4 C using a Superdex 200 10/300GL gel filtration column equilibrated with 5 mM acetic
acid; proteins were concentrated by lyophilization and resuspended in 5 mM acetic acid.
ProSAAS 33180 and proSAASg7.137 were synthesized at more than 85% purity at the
University of Maryland-Baltimore, Biopolymer Core Facility.

Peptide/protein preparation

AB1.4> (Biopeptide, San Diego, CA or California Peptide, Napa, CA) was treated at a final
concentration of 1 mM for 1 h with the denaturant hexafluoroisopropanol (99%), lyophilized
in aliquots, and stored at -80 C until use.

In vitro fibrillation assays

AP1.42 (22 nM) was fibrillated in 96-well plates in Tris-HCI buffer, pH 7.4, in the presence
or absence of a) full-length and N-terminally truncated proSAAS; b) proSAAS sequences
from different species; or c) either BSA or carbonic anhydrase as negative controls, at the
final concentrations indicated in the figures. The plates were incubated at 37 C and agitated
(setting 30) in the presence of 10 pM thioflavin T (ThT). Fibrillation was measured as an
increase in ThT fluorescence (Ex 444 nm, Em 485 nm) upon binding to fibrils, measured at
the times indicated. The data were then normalized: 0% was set as the lowest ThT
fluorescence value for each condition (time 0) and 100% was set as the highest ThT
fluorescence value for the assay.

Electron microscopy

AB1.42 (22 1M) was fibrillated in the presence or absence of 21 kDa proSAAS (2 M) as
described above but lacking ThT. After 72 h, the vehicle-treated sample (diluted 1000 times
with water) and proSAAS-treated AB1.42 samples (undiluted) were adsorbed onto Formvar-
coated 400 mesh copper grids and negatively stained with 2% phosphotungstic acid, pH 7.
Excess solution was wicked off and the grids were examined under a transmission electron
microscope (TEM) (Tecnai T12, FEI) operated at 80 kV. Images were acquired using an
AMT bottom mount CCD camera and AMT600 software, at 30,000-52,000x magnification.

Dot blot analysis

AP1.4 was fibrillated as described above in the presence or absence of 21 kDa proSAAS.
After 48 h, one-third of each reaction was reserved (“total”’), and the remainder of the
samples was centrifuged for 30 min at 20,000g at 4 C. An appropriate volume of PBS was
added to the supernatant and pellet samples to bring all of the final volumes to 100 pl. Ten
! aliquots of the reactions were then spotted onto a 0.2 M nitrocellulose membrane (Bio-
Rad, Hercules, CA), air-dried, and blocked for 30 min in TBS containing 0.5% BSA, 0.2%
goat serum, 0.3% Triton X-100 before incubating with monoclonal anti-f-amyloid antibody
(6E10, 1:1000, Covance, Princeton, NJ) overnight at 4 C. The following day, the membrane
was washed and then incubated with anti-mouse antiserum conjugated to horseradish
peroxidase for 1.5 h. The membranes were washed before developing with a
chemiluminescent substrate (Supersignal West Pico; Pierce, Rockford, IL) on HyBlot CL
autoradiography film (Denville Scientific, Inc.). Supernatant:pellet dot intensity ratios were
calculated using Image J software (NIH, Bethesda, MD).
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NeuroZ2a cells were purchased from the American Type Culture Collection (ATCC,
Manassas, VA) and were maintained in DMEM high glucose: Opti-MEM (1:1) medium
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin
(Invitrogen) at 37 C in a humidified atmosphere containing 5% CO2.

AB1.42 oligomer preparation

Dried AB1.42 peptide films were resuspended in DMSO at a concentration of 5 mM,
sonicated for 10 min in a water bath sonicator, and diluted to a final concentration of 100
puM with phenol red-free Ham's F12 (Biosource, CA). The aliquots were then briefly
vortexed, and centrifuged before incubation at 4 C for 24 h to form AB4.42 oligomers (Stine
etal. 2011).

Co-immunoprecipitation

12-month old APP695/PSAE9 mouse brain was homogenized in TPER (Pierce
Biotechnology) solution with HALT Protease Inhibitor cocktail (Pierce Biotechnology).
Samples were normalized to 2 pg/pl protein in TPER and HALT, cleared by centrifugation
for 10 min at 14,000g to eliminate insoluble material, and the supernatant was aliquoted and
stored at -80 C prior to use. For co-immunoprecipitation studies, aliquots were thawed on
ice at 4 C, briefly vortexed, and then centrifuged for 10 min at 14,000g. Fifty £ | of Protein
G Dynabeads (Invitrogen) were washed with PBS containing 0.02% Tween-20 and then
bound either to monoclonal anti-GAPDH (10 pg; Invitrogen) or to anti-Abeta 6E10 (10 pg;
Covance) and washed again. The Protein G Dynabeads were then resuspended in 200 pl
PBS containing 0.02% Tween-20, and 75 pg of protein lysate were then added to the
suspension. Samples were incubated for 30 min at room temperature with constant rotation.
Following incubation, samples were placed on a magnet to allow removal of the supernatant.
Beads were washed three times with gentle resuspension in PBS containing 0.02%
Tween-20. Bound proteins were eluted from the beads under denaturing conditions with 20
pl of 50 mM glycine, pH 2.8, and then resuspended in 2X Laemmli sample buffer (Bio-Rad)
containing 5% beta-mercaptoethanol. These samples were electrophoresed on a 4-15% TGX
gel (Bio-Rad), transferred to a nitrocellulose membrane, and then probed for proSAAS,
followed by anti-rabbit HRP secondary at 1:10,000 (Jackson Immunoresearch, West Grove,
PA). Bands were visualized using ECL Plus Western Blotting Detection Reagent (GE
Healthcare).

Cytotoxicity assay

Neuro2a cells were plated in 96-well plates at a density of 5 x 103 cells/well. On the
following day, cells were washed with serum-free medium (DMEM) and treated with either
vehicle, AB1.42 oligomers (10 pM final concentration), prepared as described above, and/or
21 kDa proSAAS (at the concentrations indicated) or a-lactalbumin/carbonic anhydrase as
negative controls (6 1M) for 48 h. Cell viability was measured using the WST-1 cell
proliferation reagent (Roche, Mannheim) and absorption at 450 nm was measured every 30
min. The value for vehicle-treated cells was set as 100%. Cell viability was assessed by
labeling the cells with calcein AM (Invitrogen), and representative images of these cells
were taken using a Nikon Eclipse TE2000-E fluorescent microscope.

Lentiviral overexpression and siRNA knockdown of proSAAS in Neuro?2a cells

Lentiviral particles encoding full-length proSAAS were commercially synthesized using a
pReceiver-Lv105 vector system (GeneCopoeia, Rockville, MD; LP-U0612-Lv105-0200-S).
Neuro2a cells were seeded at 1 x 103 cells/well into 96-well plates. The following day, cells
were washed twice with PBS, and incubated with proSAAS or control lentivirus (negative
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control particles, LP-NEG-LV105, GeneCopoeia) diluted in 50 pl of PBS containing 8 (jug/
mL Polybrene, at a multiplicity of infection of 1. After 30 min, 50 pl of high-glucose
DMEM containing 2% FBS were added to each well, and cells were incubated for 36 h at 37
C. The medium was then changed to DMEM containing 10 uM AB1_4 for an additional 48
h.

For the siRNA knockdown experiment, three different specific sequences of stealth SiRNA
(Invitrogen) were designed to target the murine proSAAS mRNA sequence (MSS282573,
MSS282574, MSS282575), and the most effective SiRNA, MSS282573, was employed for
subsequent experiments. A control scrambled sequence was designed to have the same GC
content (46-2000; Invitrogen). Neuro2a cells grown in 96-well plates were transfected
sequentially with 100 nM of the respective sSiRNA on the first day and 200 nM on the
second day using Lipofectamine 2000 (Invitrogen). On the third day, the medium was
changed to DMEM containing 10 pM AB;_4» for 48h. Cell viability was assessed using the
WST-1 cell proliferation assay and proSAAS was measured by radioimmunoassay (Sayah et
al. 2001).

Statistical analysis

Results

Either the Student's unpaired t-test, or a one-way ANOVA followed by Newman-Keuls
multiple comparison was used to assess significance, as indicated in each figure; p-values
with a value of p<0.05 were taken as statistically significant.

ProSAAS co-localizes with amyloid deposits in a human AD patient and in mouse models

of AD

Previous work in our laboratory has shown that another convertase chaperone, 7B2,
colocalizes with amyloid plaques (Helwig et al. 2012). We therefore decided to investigate
the possibility that proSAAS, which is much more abundant in the brain than 7B2, might
also colocalize with amyloid plaques. Coronal sections of the hippocampus from a human
AD brain (Figure 1A-D) and a control brain (Figure 1E-H) were stained with our polyclonal
antisera to 21 kDa rodent proSAAS (Figure 1B, F) (described in (Guest et al. 2002)) or a
pan-Ap monoclonal antibody raised against Ap17.04 (Figure 1C, G). We found strong co-
localization of proSAAS with extracellular AB deposits in the AD brain (Figure 1D). In the
control brain, a similar level of proSAAS was detected, but no Ap immunoreactivity was
observed (Figure 1H).

We also performed immunohistochemistry on hippocampal and cortical slices from 12-
month-old APdE9 mice (Figure 2). This mouse AD model contains mutations in both the
amyloid precursor protein (APP) and presenilin 1 genes that are known to cause familial AD
(Haass et al. 1995), and result in high amyloid plaque burden in mice by 9 months of age
(Jankowsky et al. 2004). Indeed, we found multiple methoxy-X04 positive plaques (Figure
2B) in our sections, and they were highly co-localized with proSAAS (Figure 2A, C).
Higher magnification images depict examples of plaques in the hippocampus (Figure 2D-G)
and cortex (Figure 2H-K); in both tissues there is clear co-localization of -amyloid and
proSAAS immunoreactivity. Interestingly, proSAAS and amyloid co-localization occurred
in both dense core plaques (4G8*/methoxy-X04%) and in diffuse plaques (only 4G8*). One
example of proSAAS immunoreactivity in diffuse cortical plaques is shown in panel H,
where proSAAS and 4G8 co-localization is clear; however, there is a paucity of methoxy-
X04 staining (denoted by the arrowhead). Taken together, these results suggest a possible
physiological role for proSAAS in 3-amyloid pathology in AD.
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ProSAAS co-immunoprecipitates with AB

To determine whether proSAAS directly interacts with f-amyloid in vivo, a co-
immunoprecipitation experiment was conducted. p-amyloid was immunoprecipitated from
an aged (12-month old) APP/PSAE9 mouse brain lysate using the 6E10 AB antiserum. The
immunoprecipitates were then blotted with antiserum directed against proSAAS, raised in
rabbits against recombinant His-tagged 21 kDa mouse proSAAS (Fortenberry et al. 2002).
Controls included the use of GAPDH 1gG rather than Abeta IgG; and beads lacking IgG.
The results (Figure 3) clearly indicate the presence of an immunoreactive band consistent
with that of proSAAS 1-180 (Fortenberry et al. 2002).

proSAAS prevents fibrillation of AB1.42 in vitro

Aggregates of misfolded proteins found in brains of patients afflicted with
neurodegenerative diseases often consist of detergent-insoluble, 3-sheet rich fibrils that bind
to dyes such as ThT. We therefore tested whether proSAAS could block the formation of
ThT-binding AB1.42 fibrils. We found that the addition of recombinant 21 kDa mproSAAS
(N-terminal domain) was able to prevent ABq_4o fibrillation in a dose-dependent manner
(Figure 4A). ProSAAS was a highly potent inhibitor of fibrillation; AB1.4 fibrillation was
blocked by 50% even at the low molar ratio of 37:1 (AB1.42: proSAAS). Transmission
electron microscopy (TEM) further confirmed the effect of proSAAS on AB;.4; fibrils: 72 h
after the initiation of fibrillation, samples were processed for TEM (Figure 4B). AB;.4, alone
formed fibrils that were on average 575 + 302 nm (n=10, mean £ SD) in length, while the
length of AB.4; fibrils formed in the presence of 2 .M proSAAS was about 75% shorter,
averaging 143 nm £ 113 nm (n=10, mean % SD, p<0.0001). The TEM data support the
finding that proSAAS blocks the fibrillation of AB4.42, and indicate that the decrease in ThT
fluorescence observed in the presence of proSAAS is not an artifact due to fluorescence
quenching. In addition, a dot blot analysis showed that the majority of the AB;_4> was
insoluble (i.e. pelletable) following the fibrillation assay. Samples incubated with proSAAS
had more AB1.4» in the supernatant and a lesser amount of pelleted AB1.42, suggesting that
the generation of insoluble AB1.4 species was inhibited in the presence of proSAAS (Figure
4C). We were not able to deaggregate pre-formed fibrils with later addition of proSAAS
(Figure 4D).

Residues 97-180 are sufficient to block fibrillation of AB1.42

We next attempted to identify the region within proSAAS responsible for the anti-
fibrillation effect; Figure 5A illustrates the proSAAS constructs and synthetic peptides used
for this study. Secondary structure programs predict that the 21 kDa N-terminal domain of
proSAAS (referred to here as #2) contains three a-helices; N-terminally truncated constructs
were designed to test whether these helices played a role in anti-fibrillation. Constructs #1-4
were able to efficiently prevent fibrillation of Ap1.42, while construct #5 (residues 138-180),
representing putative a-helix I11, was not able to block fibrillation (Figure 5B). We then
tested construct #6 (residues 97-137) to determine whether putative a-helix Il was sufficient
to prevent fibrillation, or whether both a- helices Il and Il were required. Since construct #6
was inactive, these results suggest that both a-helices 11 and 11 are required. Further, the
expression of a protein segment encoding both of the two a-helices may be necessary for
proper folding because simultaneous addition of constructs #5 and #6 to AB1.42 had no
effect on fibrillation (data not shown). Interestingly, addition of full-length proSAAS from
Xenopus and zebrafish also prevented fibrillation of AB1.42, suggesting conservation of
function despite limited sequence homology (Figure 5C). We conclude that residues 97-180
within the N-terminal domain are sufficient to function as an anti-aggregation chaperone for

AB1-42.
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21 kDa proSAAS prevents AB1.4» mediated cytotoxicity

AP1.42 oligomers have been proposed to be the actual cytotoxic species, rather than fibrils,
(reviewed in (Benilova et al. 2012)). Therefore, we treated Neuro2a cells with AB1.42
oligomers and tested whether recombinant proSAAS could exhibit cytoprotective effects.
Our oligomerization protocol produced an amyloid sample containing a mixture of
monomeric, tetrameric, and aggregated AB4.4» species (data not shown). Neuro2a cells were
treated with 10 pM of these ABq_42 oligomers in the presence or absence of recombinant 21
kDa proSAAS for 48 h. We observed 50% cell death when Neuro2a cells were treated with
AP1.42; however, in the presence of proSAAS, AB;.4o-induced cytotoxicity was inhibited
(Figure 6A). The effect of proSAAS was dose-dependent and reached full protection at a
concentration of 3 pM. Similar concentrations of a-lactalbumin and carbonic anhydrase
were also added to ABq_4o-treated Neuro2a cells as negative controls, but were unable to
block cytotoxicity. A parallel set of cells was treated with vehicle or with AB;.4» in the
presence of vehicle, 21 kDa proSAAS, or a-lactalbumin, and stained with calcein AM; these
data confirmed proSAAS-induced protection from amyloid cytotoxicity (Figure 6B). We
also attempted to test whether the specific N-terminally truncated proSAAS constructs that
showed anti-fibrillation effects (constructs #3 and #4) would also exhibit neuroprotection
against AB1.4o-induced cytotoxicity, but neither of these smaller constructs, nor the peptides
(#5 and #6) were neuroprotective when added exogenously (data not shown.)

We then tested whether endogenously-expressed proSAAS could protect Neuro2a cells from
AP1._40-induced cytotoxicity. We first used a lentivirus construct to overexpress proSAAS
and proSAAS siRNA to knockdown endogenous proSAAS in a test experiment; the result of
these manipulations of proSAAS expression is shown in Figure 6, panel C. The addition of
proSAAS-encoding virus nearly doubled the cellular proSAAS levels as compared to a
control irrelevant virus in this expression assay. When this same proSAAS lentivirus was
used in the standard Neuro2A AP1.42-induced cytotoxicity test, it greatly increased the
number of viable cells (p<0.001). Since the majority of secreted molecules will accumulate
in the medium in this cell line, the cytoprotective effect of the proSAAS lentivirus is likely
to be achieved via released proSAAS.

We achieved about a 40% drop in the level of intracellular proSAAS with siRNA (Figure 6,
panel C); the effect of this reduction on secreted proSAAS levels is difficult to ascertain, and
the effect on enhancement of cytotoxicity was small. Decreased expression led to increased
cell death when proSAAS-siRNA-treated cells were compared to irrelevant ds-RNA-treated
cells (p<0.01), but significance was not achieved when proSAAS siRNA was compared to
non-RNA treated cells (Figure 6D).

Taken together, these data show that increases in both exogenously added recombinant
proSAAS as well as endogenously synthesized proSAAS result in effective cytoprotection
from AB]__42.

Discussion

The much broader distribution pattern of proSAAS with respect to PC1/3 led us to
hypothesize that proSAAS may perform other functions in addition to prohormone
convertase inhibition, specifically in relation to neurodegenerative diseases. We found a
high incidence of co-localization between proSAAS and Af_4»o-positive plaques in human
AD brain tissues, as well as in the brains of AD mouse models. Whether this co-localization
is functional or nonspecific is not clear from these data alone. It is interesting to note that
very strong proSAAS localization was observed mainly in dense core pathology, but Figure
2H also shows accumulation in early stage diffuse plaques, suggesting that proSAAS might
modulate plaque formation at different stages. These studies lend support to the idea of
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physical association of proSAAS and the amyloidogenic peptide in vivo, and are
experimentally supported by our finding that Abeta and proSAAS are co-
immunoprecipitated from brain extracts of APP-overexpressing mice.

It was somewhat puzzling to find proSAAS-immunoreactivity within amyloid plagues given
the knowledge that proSAAS is an effective inhibitor of AB1.4» fibrillation in vitro (Figure
4A). We speculate that in certain brain areas, the local concentration of AB;_42 might exceed
the ability of proSAAS to block AB_42 plaque formation. Alternatively, if secreted
proSAAS becomes trapped within plaques concomitantly with disease progression, this may
leave reduced levels of available proSAAS to block A fibrillation and/or cytotoxicity,
contributing to pathophysiology. This latter explanation would be consistent with the
repeated proteomics observation that patients with AD exhibit reduced CSF levels of
proSAAS (Abdi et al. 2006, Jahn et al. 2011, Davidsson et al. 2002, Finehout et al. 2007).

While the mechanism of protein fibrillation is still unclear, inappropriate hydrophobic
interactions are thought to contribute to fibril formation (Lin et al. 2008). We localized the
anti-fibrillation sequence to a 97-180 residue segment within the N-terminal domain of
proSAAS; this sequence may block AB1-4o fibrillation by preventing these inappropriate
hydrophobic interactions. A loss of a-helical structure might eliminate the effect of
proSAAS on fibril formation; mutagenesis will be required to test this hypothesis.
Interestingly, when proSAAS was added at a time when AB_4» peptides had already formed
fibrils, ThT fluorescence did not decrease, indicating that proSAAS cannot disrupt pre-
formed fibrils (Figure 4D). Moreover, we found that the chaperone action of proSAAS did
not extend to an ability to refold and reactivate inactive luciferase (unpublished data). We
conclude that proSAAS most likely acts by blocking inappropriate hydrophobic interactions
that lead to protein aggregation, and not by classical chaperone refolding mechanisms. We
were unable to correlate the structure-function results observed in vitro with structure-
function results observed in vivo; proSAAS constructs smaller than 21 kDa proSAAS did
not confer protection against A cytotoxicity in Neuro2A cells. Possible reasons for this
discrepancy include differences in sensitivity, solubility or protein conformation in the two
types of assays which result in the need for additional N-terminal sequence in the
cytotoxicity assays.

In addition to insoluble fibrils, other types of soluble AB populations have been reported to
contribute to the pathophysiology of AD (Walsh et al. 1997, Harper et al. 1997, Lambert et
al. 1998). Soluble ApB1.42 oligomers are believed to be significantly more cytotoxic than
fibrils; the formation of amyloid plaques might represent a mechanism for cellular
sequestration of these oligomers (reviewed in (Benilova et al. 2012)). This view is supported
by postmortem studies that identified only weak correlation between plaque density and
neuropsychological tests (Terry et al. 1991). In our studies, proSAAS exhibited
neuroprotection against cytotoxicity induced by oligomeric AB1_42 species, and this effect
could be obtained either by increasing exogenous levels of proSAAS or by increasing
endogenously synthesized and secreted proSAAS. Combined with our in vitro fibrillation
data, these observations suggest that proSAAS may act on multiple AB1_42 species to
influence AD pathophysiology.

Chaperones play an important role in maintaining neuronal protein homeostasis, and
chaperone dysfunction has previously been implicated in the pathogenesis of AD as well as
Parkinson's disease (reviewed in (Ali et al. 2010)). An important feature of chaperones is
that they bind to multiple substrates/clients. For example, heat shock proteins (HSPs), the
most common type of molecular chaperone, as well as two non-HSPs, aB-crystallin and
clusterin, can block both AB4_42 and a-synuclein fibrillation in vitro (reviewed in (Ali et al.
2010); (Shammas et al. 2011, Rekas et al. 2004, Yerbury et al. 2007). A recent study shows
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that addition of several known secreted chaperones, including clusterin, haptoglobulin and
-2 macroglobulin protects SH-SY5Y cells against toxicity from oligomers of AB4_4», islet
amyloid polypeptide, and a bacterial chaperone, HypF-N; this occurs by direct binding of
chaperone proteins to oligomers, reducing their cytotoxic potential (Mannini et al. 2012). A
similar mechanism may be operational here, since our co-immunoprecipitation data support
the idea of direct A -proSAAS binding; however, additional experiments are required to
show that proSAAS binds directly to oligomers.

AP1.42 plaques are generally found extracellularly; however, proSAAS immunoreactivity
was co-localized with both extracellular and intracellular protein deposits. Given that ABq.42
is secreted and can be internalized from the extracellular space (reviewed in (Mohamed &
Posse de Chaves 2011);(Takuma et al. 2009, Emmanouilidou et al. 2010, Volpicelli-Daley
et al. 2011), we speculate that proSAAS can interact with AB4.4o, either following joint
secretion into the extracellular space or following reuptake. While the majority of AB1_4o/
proSAAS co-localization clearly occurs extracellularly, the latter possibility is intriguing
since it has been shown that AB;.42 accumulates in acidic vesicles where it becomes
concentrated and begins to aggregate (Hu et al. 2009). Additional immunocytochemical
studies at a higher resolution may reveal the extent of subcellular colocalization of proSAAS
with AB1.42 within cells.

In summary, we have identified a molecular chaperone-like activity for the N-terminal
domain of proSAAS. We used ThT assays and TEM studies to demonstrate that proSAAS
can block the fibrillation of AB1.42 in vitro, and show that addition of recombinant proSAAS
to Neuro2a cells results in protection from AB4.4o-induced cytotoxicity. These data are in
agreement with our immunohistochemistry data which illustrate co-localization of proSAAS
and amyloid plaques deposits in vivo. Collectively, these data suggest that proSAAS may
play a role in the pathogenesis of Alzheimer's disease, and highlight the therapeutic potential
of drugs targeting this mechanism for prevention of neuronal cytotoxicity.
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NICHD
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BSA
TBS
ThT
TEM
FBS
APP

Alzheimer's disease

Parkinson's disease

prohormone convertase 1/3
cerebrospinal fluid

National Institute of Child Health and Human Development
phosphate-buffered saline

bovine serum albumin
Tris-buffered saline

Thioflavin T

transmission electron microscopy
fetal bovine serum

amyloid precursor protein
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Alzheimer's Disease

Control

Figurel. proSAAS co-localizeswith AB1.42 in human AD brain

Coronal sections of human hippocampus from an AD patient (A-D) and a healthy control
(E-H) were stained for proSAAS (B, F) and AB1.42 (C, G). APB1-42 Staining was only
observed in the hippocampus of the AD patient. The merged images show co-localization of
AB1.42 and proSAAS (D, H). Scale bar: 50 pm.
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Figure 2. proSAAS co-localizeswith AB1.42 and methoxy-X04 positive plaquesin the
hippocampus and cortex of aged APdE9 mice
Tissues from 12-month old APdE9 mice were stained for proSAAS, AB1.42, and methoxy-

X04 for dense core plaques. A. Merged image of methoxy-X04 stain (B) and proSAAS (C).
D-G are images of hippocampal slices stained with antisera to proSAAS (E), - amyloid
(4G8) (F), or methoxy-X04 (G). Cortical sections were also stained with proSAAS (1), beta-
amyloid (4G8) (J), or methoxy-X04 (K). The left panels (D, H) are merged images showing
co-localization of proSAAS immunoreactivity with both diffuse and dense core plaques.
Scale bar: 100 pm.

J Neurochem. Author manuscript; available in PMC 2015 February 01.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuey JoyIny vd-HIN

Hoshino et al.

< & o
¥ o D C Q
kDa \P’b S F \ég é‘}
50 mm G
Om o ) WB: anti-
30m ProSAAS

20 mm

Figure 3. ProSAAS co-immunopr ecipitates with Ap
AP was immunoprecipitated from mouse brain lysates with 6E10 Ap antibody and
immunoprecipitated proteins were then blotted for immunoreactive proSAAS.

Immunoprecipitation with the 6E10 AB antibody resulted in a single proSAAS-ir co-
precipitating band with a molecular mass corresponding to that of proSAAS 1-180, while
control immunoprecipitations using beads only or GAPDH 1gG showed no detectable bound

proSAAS-ir. Data are representative of three independent experiments.
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Figure 4. ProSAAS blocksfibrillation of AB1-42 in a dose- and time-dependent manner

A. AB1.42 (22 nM) was fibrillated in the presence of increasing concentrations of 21 kDa
proSAAS (0-2 uM). Each fibrillation point represents the mean + SD, N=4. B. After 72 h,
fibril formation of AB1.4» in the presence and absence of 21 kDa proSAAS was confirmed
by TEM (upper panels). The fibrils in the sample containing AB1.42 and proSAAS are shown
at a higher magnification (bottom right panel). In the presence of 21 kDa proSAAS, fibril
length was significantly decreased (bottom left panel). Each bar represents the mean + SD,
N=10. ***=p<0.05, Student's t-test. C. Following fibrillation, samples were subjected to a
dot blot analysis. Quantification of the dot intensities revealed that the distribution of AB1.42
shifted from the pellet (insoluble AB1.47) to the supernatant (soluble AB1.42) in the presence
of 21 kDa proSAAS. D proSAAS cannot break pre-formed A4 fibrils. Vehicle (black
triangles) or 2 pM 21 kDa proSAAS (blue circles) was added to AB1-42 120 h after the
initiation of fibrillation, as indicated by the arrow. The blue squares represent AP1.42
fibrillated in the presence of 21 kDa proSAAS (2 1M) for the entire duration of the assay.
Each fibrillation point represents the mean £ SD, N=3.
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Figure5. Structure-function analysis. proSAAS residues 97-180 ar e sufficient to block AB1-42

fibrillation in vitro

A. Domain structure of proSAAS and a schematic representation of predicted a-helical
structures (in purple/pink boxes), and the N-terminally truncated proSAAS constructs. B.
AB1.42 (22 uM) was fibrillated in the presence of vehicle or 2 uM proSAAS constructs #1-6.
Constructs 1-4 were able to efficiently block fibrillation, whereas constructs #5 and #6 had

no effect. C. AB1.42 (22 pM) was fibrillated in the presence of vehicle or full-length

proSAAS sequences from 3 different species: Xenopus, zebrafish, and mouse. ProSAAS
proteins from all species were able to completely block ABq_45 fibrillation. AB1_4, was also
fibrillated in the presence of BSA as a negative control. Each fibrillation point represents the

mean = SD, N=4.
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Figure 6. ProSAAS prevents AB142 -induced cytotoxicity in Neuro2a cells

A. Neuro2a cells were incubated for 48 h with a 10 uM AB1_42 oligomer mixture, which
resulted in about 50% cytotoxicity. The addition of 21 kDa mproSAAS to the medium
during the 48 h treatment significantly prevented ABq.4o-mediated cell death in a dose-
dependent manner, as assessed by WST-1 viability assay. a-lactalbumin (6 pM) and
carbonic anhydrase (6 M) were added as negative controls in parallel sets of AB_4o-treated
Neuro2a cells. Results represent the mean + SD, N=4. B. Representative images of Neuro2a
cells treated with vehicle (i), AB1-42 (i), AB1.42 + 21 kDa proSAAS (3 uM) (iii), and AP1-42
+ a-lactalbumin (3 pM) (iv), stained with calcein AM. C. In order to validate the proSAAS
siRNA and lentivirus, endogenous proSAAS levels in a 6-well plate of Neuro2a cells were
measured by radioimmunoassay after treatment with either proSAAS-encoding lentivirus,
no lentivirus, proSAAS siRNA, or control dsRNA. Control lentivirus and control dsSRNA
had no effect on the endogenous level of proSAAS. D. Lentiviral-mediated overexpression
of proSAAS rescued Neuro2a cells from ABq_sp-induced cytotoxicity, as measured in the 96-
well plate cytotoxicity assay. SIRNA mediated knockdown of proSAAS resulted in reduced
cell viability compared to Neuro2a cells treated with AB1_4, and a control dsSRNA. One-way
ANOVA or t-test was used to determine statistical significance. * = p<0.05, ** = p<0.01,
and *** = p<0.001.
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