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Abstract

Alzheimer’s disease (AD) is a multifactorial neurodegenerative disease for which there are limited therapeutic strategies. Protein
phosphatase 2A (PP2A) activity is decreased in AD brains, which promotes the hyperphosphorylation of Tau and APP, thus
participate in the formation of neurofibrillary tangles (NFTs) and (3-amyloid (A{3) overproduction. In this study, the effect of
synthetic tricyclic sulfonamide PP2A activators (aka SMAPs) on reducing AD-like pathogenesis was evaluated in AD cell
models and AD-like hyperhomocysteinemia (HHcy) rat models. SMAPs effectively increased PP2A activity, and decreased
tau phosphorylation and A 34045 levels in AD cell models. In HHcy-AD rat models, cognitive impairments induced by HHcy
were rescued by SMAP administration. HHey-induced tau hyperphosphorylation and A3 overproduction were ameliorated
through increasing PP2A activity on compound treatment. Importantly, SMAP therapy also prevented neuronal cell spine loss
and neuronal synapse impairment in the hippocampus of HHey-AD rats. In summary, our data reveal that pharmacological PP2A
reactivation may be a novel therapeutic strategy for AD treatment, and that the tricyclic sulfonamides constitute a novel candidate
class of AD therapeutic.
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Introduction by two core pathologies: first extracellular deposits of f3-

amyloid (AP) plaques, and second, hyperphosphorylation of
Alzheimer’s disease (AD) is one of the most widely prevalent  tau, a microtubule-associated protein that leads to intracellular
neurodegenerative diseases, and despite the significant and  formation of neurofibrillary tangles (NFTs) in the brain [1, 2].
growing disease burden, there are no treatments capable of =~ Phosphorylation of tau is part of a normal intracellular traf-
curing or even slowing AD progression. AD is characterized  ficking to remove tau from microtubules, which is followed
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by dephosphorylation to allow tau to return to microtubules in
normal cell function [3]. However, in AD and other
tauopathies, tau is abnormally hyperphosphorylated, giving
soluble phospho-tau species; these then aggregate into paired
helical filaments (PHFs) and form NFTs [4]. A3 peptides are
produced by the cleavage of amyloid precursor protein (APP)
via (3-site APP cleaving enzyme 1 (BACE1) and y-secretase,
released and deposited into extracellular senile plaques [5]. Tau
phosphorylation and dephosphorylation is modulated by pro-
tein kinases (PKs) and protein phosphatases (PPs), respective-
ly. The functional imbalance between PKs and PPs contributes
to tau hyperphosphorylation and AD pathogenesis [6, 7]. Also
APP pathogenicity is regulated by phosphorylation. APP phos-
phorylation at Thr668 facilitates 3-cleavage of APP [8, 9].
Protein phosphatase 2A (PP2A) is a ubiquitously expressed
serine/threonine phosphatase and is a central factor in the reg-
ulation of diverse cellular processes including proliferation,
growth, metabolism, cell motility, and apoptosis [10, 11].
The holoenzyme of PP2A is composed of a scaffolding sub-
unit (A), a regulatory subunit (B), and a catalytic subunit (C).
Both A and C subunits have two isoforms, « and 3, and
together form a catalytically competent AC heterodimer.
Four families of regulatory, B subunit combine to form
PP2A ABC holoenzymes, and the B subunit determines the
substrate specificity and subcellular localization of PP2A
heterotrimers [12, 13]. A second level of PP2A regulation is
via endogenous cellular inhibitor proteins, prominently SET
and CIP2A; they are overexpressed in multiple cancers [14],
chronic obstructive pulmonary disease (COPD) [15], and AD
[16] where they are associated with reduced PP2A activity.
PP2A phosphatase activities are decreased in postmortem
brains of AD patients [17]. Recently, we demonstrated that
overexpression of PP2A inhibitor protein CIP2A in normal
mouse brain induced both Tau and APP phosphorylation,
and full spectrum of AD characteristics including memory
loss [16]. An evaluation of the dephosphorylation ability of
different phosphatases suggested that PP2A makes up for
about 71% of the total tau phosphatase activity in human brain
[18]. In addition, PP2A inhibition enhances APP phosphory-
lation at Thr668, which increases the generation of A3 in most
studies [8, 16]. Therefore, abnormal suppression of PP2A ac-
tivity is critical to both key AD-related pathogenesis: tau
hyperphosphorylation and A3 overproduction. Thus, PP2A
reactivation may be an effective therapeutic strategy for the
treatment of AD [19]. Some drugs, chemicals and peptides
such as metformin [20], FTY720 [21], sodium selenate [22],
COG1410[23],and EHT [24] have been tested in AD models
as PP2A activators, albeit by indirect mechanisms.
Homocysteine (Hcy) is an intermediate product of the me-
thionine cycle. Hyperhomocysteinemia has been proposed to
be an independent risk factor of AD [25, 26]. One of the
neurotoxic effects of Hcy is to suppress the methylation of
proteins, such as PP2A; reduced C-terminal methylation at
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Leu309 suppresses PP2A activity through interfering with B
subunit loading to form PP2A ABC holoenzymes [27, 28].
Thus, HHcy-induced AD-like pathological features may be
partially attributed to suppression of PP2A activity and a di-
rect PP2A activator may reverse the associated pathology.
Recently, we reported characterization of a class of synthet-
ic tricyclic sulfonamides which function as direct small-
molecule activators of PP2A (SMAPs). Based on
photoaffinity labeling studies, radiolytic footprinting, and mu-
tagenesis of the binding site, the target of SMAPs has been
identified as the interface of the A and C subunits in the PP2A
complex [29]. Importantly, in cancer models, the effects of
SMAPs can be reversed by either mutation of the drug-
binding site on PP2A A-subunit, or overexpression of PP2A
inhibitor small-T polyoma viral [29-32]. These studies clearly
verify PP2A as a main target for SMAPs. Relevant to the
current study, the SMAPs cross the blood-brain barrier after
oral administration, and are active in an intracranial mouse
model of invasive glioblastoma [33]. Given the above, and
the significance of diminished PP2A activity in AD, we de-
cided to investigate PP2A reactivation by SMAPs in neurons
undergoing AD-like pathogenesis in vitro and in vivo. As a
result, we found that two SMAPs (DBK-1154 and DBK-
1160) decrease tau phosphorylation and A{34¢/4> generation
in the HEK293/tau and N2a/APP cells. In HHcy-AD rat
models, DBK-1160 effectively relieved the HHcy-induced
cognitive deficits, and reduced the HHcy-induced tau
hyperphosphorylation and A3 overproduction through recov-
ering PP2A activity. Moreover, DBK-1160 could simulta-
neously preserve the spine loss and synapse impairment.

Materials and Methods
Reagents

The primary antibodies used in this study and their properties
are shown in Table 1. Secondary antibodies for Western blot-
ting were purchased from Amersham Pharmacia Biotech
(Little Chalfort, Buckinghamshire, UK). bDL-Homocysteine
(Hcy) was from Sigma (St. Louis, MO, USA). The chemical
structures of DBK-1154 and DBK-1160 are shown in supple-
mentary Fig 1 and their synthesis has been described previ-
ously [29]. Positive control compound SCR1693, a novel
tacrine-dihydropyridine hybrid which has been proved to ef-
ficiently reduce tau pathology and amyloidosis [34, 35], was
synthesized by Simovay (Purity: 99.3%; Jiangsu Simovay
Pharmaceutical Co., Ltd. Nanjing, China).

Cell Culture and Treatment

HEK?293/tau (HEK293 cells were stably transfected with hu-
man Tau 40) cell line was established in our laboratory. N2a/
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Table 1 Antibodies used in this study

Antibodies Specific Type Dilution Source
pT231 Phosphorylated tau at Thr231 pAb 1:1000 for WB Signalway Antibody

(CollegePark, MD, USA)
pT205 Phosphorylated tau at Thr205 pAb 1:1000 for WB Signalway Antibody

(CollegePark, MD, USA)
pS199 Phosphorylated tau at Ser199 pAb 1:1000 for WB Thermo Fisher (NY, USA)
pS396 Phosphorylated tau at Ser396 pAb 1:1000 for WB Signalway Antibody

(CollegePark, MD, USA)
pS404 Phosphorylated tau at Ser404 pAb 1:1000 for WB Signalway Antibody

(CollegePark, MD, USA)
Tau-5 Total tau mAb 1:1000 for WB Millipore (Temecula, CA, USA)
APP C-terminal of APP pAb 1:1000 for WB Proteintech (Chicago, IL, USA)
sAPPS Human sAPP( pAb 1:500 for WB Immuno-Biological Laboratories (Gunma, Japan)
pT668 Phosphorylated APP at Thr688 pAb 1:500 for WB Cell Signaling (Danvers, MA, USA)
BACEI1 BACEI1 pAb 1:500 for WB Proteintech (Chicago, IL, USA)
PS1 PS1 pAb 1:500 for WB Proteintech (Chicago, IL, USA)
PP2Ac PP2A catalytic subunit pAb 1:1000 for WB Cell Signaling (Danvers, MA, USA)
pY307-PP2Ac Phosphorylated PP2Ac at Tyr307 pAb 1:500 for WB Santa Cruz (CA,USA)
m-PP2Ac Methylated PP2Ac at Leu309 mAb 1:500 for WB Millipore (Temecula, CA, USA)
Dm-PP2Ac Demethylated PP2Ac at Leu309 pAb 1:500 for WB Santa Cruz (CA, USA)
PSD95 PSD95 N-terminal pAb 1:1000 for WB Cell Signaling (Danvers, MA, USA)
GluAl N-terminal of GluA1l mAb 1:1000 for WB Santa Cruz (CA, USA)
GluA2 GIuA2 (aa 175-430) pADb 1:1000 for WB Millipore (Billerica, MA, USA)
GIluN2B GluN2B pAb 1:500 for WB Millipore (Billerica, MA, USA)
Synapsin | Synapsin-I C-terminal pAb 1:1000 for WB Millipore (Billerica, MA, USA)
Synaptophysin Synaptophysin (aa 250-350) pAb 1:1000 for WB Proteintech (Chicago, IL, USA)
GAPDH GAPDH pAb 1:1000 for WB Proteintech (Chicago, IL, USA)

mAb, monoclonal antibody; pAb, polyclonal antibody; WB, Western blotting

APP (N2a cells were stably transfected with human APP) cell
line was gifted by Dr. Jia-zan Ni (Shenzhen University,
China). Cells were seeded in 6-well plates in high-glucose
DMEM with 200 mg/ml G4,3 and 10% fetal bovine serum
in a humidified atmosphere of 95% air and 5% CO, at
37 °C. The cells were cultured for at least 24 h after plating.
When the cell density reached to 70-80%, to minimize stress
responses induced by serum deprivation, cells were switched
to 0.5% fetal bovine serum media for 24 h, kept in serum- and
Gyg-free high-glucose DMEM media for 2 h. Then the cells
were treated with DBK-1154 or DBK-1160 (dissolved in
DMSO) in different concentrations for 24 h. At the end of
incubation, cells were collected and used for following tests.

LDH Cytotoxicity Assay

For LDH cytotoxicity assay, cells were cultured in 96-well
plates (100 ul, 5 x 10° per well). Pierce LDH Cytotoxicity
Assay Kit 88953 (Thermo scientific, USA) was used to detect
the compounds’ (DBK-1154 and DBK-1160) toxic effect on

HEK293/tau and N2a/APP cells according to the manufac-
turer’s instruction.

Animals and Drug Administration

Forty-nine male Sprague-Dawley rats (8 weeks old, 250 +
25 g) were supplied by the Experimental Animal Central of
Disease Control and Prevention Center of Hubei Province.
These rats were housed five ones per cage with free access
to food and water under a 12:12-h reversed light-dark cycle,
relative humidity (55 + 15%), and a constant room tempera-
ture (22 +2 °C). All experiments in this study were approved
by the Animal Care and Use Committee of Huazhong
University of Science and Technology, and performed in com-
pliance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals.

Rats were divided into five groups including groups of
control (control group), homocysteine injection (Hcy group),
SMAP preventive (Hcy-P group), SMAP treatment (Hcy-
1160 group), and positive control (Hcy-SCR group)
(Table 2). Hey was dissolved in normal saline (0.9% NaCl)
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to a final concentration of 400 pg/ml immediately before in-
jection. The rats were injected via the vena caudalis with Hey
(400 pg/kg/day [36]) or normal saline (Ctrl) from 9:00 am to
2:00 pm for 14 days as previously reported [36]. DBK-1160
was solubilized in DMA, and then was added with Solutol—
HS® (BASF; Lot 58169868EO, Germany) to obtain a clear
organic mix. The mixture was then heated gently with addi-
tion of water to obtain a clear homogeneous solution. SCR-
1693 was dissolved in normal saline (0.9%NaCl) to a final
concentration of 0.25 mg/ml.

On day 1 to day 14, rats in the control group were injected
with normal saline and the rats in groups of Hey, Hey-1160,
and Hey-SCR were injected with Hey (400 pg/kg/day) via the
vena caudalis. At the same time, rats in Hcy-P group were
administered with DBK-1160 (twice a day and 35 mg/kg, oral
gavage, based on the dosage used in mice, unpublished data).
On day 15 to day 28, rats in the control, Hcy, and Hcy-P
groups were only administered with normal saline (oral ga-
vage). Rats in the Hcy-1160 and Hcy-SCR groups were ad-
ministrated with DBK-1160 (twice a day and 35 mg/kg, oral
gavage) or SCR-1693 (1 mg/kg/day, oral gavage) respectively
(Table 2 and Fig. 3a).

Animal Behavior Tests
Open-Field Test

Locomotion activity was explored by open-field test (OFT).
Before the test, rats were placed in the testing room for 3 h of
habituation. The test was performed as previously reported
[37]. Rats were placed inside a novel box, and movements
inside the box were tracked over the period of 5 min
(AniLab software and Instruments Co., Ltd., Chengdu,
China). The total distance, average speed, center duration%,
and center distance% were used to assess the general locomo-
tor function of the rats.

Morris Water Maze Test

Spatial learning memory was detected by the Morris water
maze (MWM) test. Three days after OFT, the MWM test

was performed as previously described [38]. Rats were han-
dled to swim freely for 60 s in the pool with the platform
absent before the test. For spatial learning, rats were trained
to be able to find the submerged platform within 60 s in each
trial. If the rats failed to find the hidden platform within 60 s,
they were manually guided to the platform and stayed there
for 30 s. Each rat was subjected to 15 training trials: 3 trials per
day for 5 training days. For spatial memory test on day 6, the
platform was removed and escape latency, platform crossings
times, duration in platform quadrant, and nonplatform quad-
rants were monitored by Noldus video tracking system
(Ethovision, Noldus Information Technology, Holland).

Fear Conditioning Test

Seven days after MWM test, the cognitive function of the rats
was further detected by fear conditioning test. Rats were
placed into a square chamber (40 cm x 40 cm x 50 cm) with
white board walls, a transparent front door, and grid floor. The
equipment was cleaned with 75% ethanol and wiped with
paper towels before each trial. On the first day, each rat was
habituated to the chamber for 3 min, then followed by two foot
shocks with a 2-min interval (0.5 mA, 2 s for each foot shock).
The rat was then kept in the same chamber box for another
1 min and returned back to the cage. Twenty-four hours later,
rats were sent into the same chamber for 3 min without foot
shock for fear memory test. Total freezing time was recorded
and analyzed.

Immunoprecipitation

The rat brain hippocampal tissues and cells were washed twice
by PBS (4 °C, pH 7.5) and lysed with RIPA buffer (10,000
cells:1 pl, 1 mg:10 ul, Beyotime Biotechnology, Shanghai,
China) with addition of 100 mg/ml phenylmethylsulfonyl
fluoride (PMSF) and protease inhibitor cocktail (EDTA-free,
1:100, Yeasen Biotech, Shanghai, China), then sonicated for
15 s on ice. The extracts (about 200 pg total proteins) were
incubated with antibodies at 4 °C overnight, followed with
addition of protein G agarose and incubated for 4 h at 4 °C.
The agarose beads were collected, washed twice by PBS, and

Table 2 Grouping and treatment

of rats in this study Groups

Injection

Gavage for 14 days

Control

Hcy-preventive
Treatment
Positive control

0.25 ml saline (0.9%)
Hey 400 pg/kg/day Hey
400 pg/kg/day Hey
400 pg/kg/day Hey
400 pg/kg/day Hey

1 ml saline (0.9%)

1 ml saline (0.9%)

35 mg/kg DBK-1160 (twice/day)
35 mg/kg DBK-1160 (twice/day)
1 mg/kg/day SCR-1693

14 days later
14 days later
simultaneous
14 days later
14 days later

Hcy, homocysteine
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resuspended in 40 pl of loading buffer containing 50 mM
Tris-HCI, pH 7.6, 2% sodium dodecyl sulfate (SDS), 10%
glycerol, 10 mMDTT, and then added 0.2% bromophenol
blue, boiled for 10 min for Western blotting.

Western Blotting

Cells were washed twice by PBS (4 °C, pH 7.5) and lysed
with RIPA buffer (10,000 cells: 1 ul), 100 mg/ml PMSF, and
protease inhibitor cocktail (EDTA-free, 1:100), with further
addition of one volume of 2 x loading buffer containing
Tris-Cl (pH 7.6) 100 mmol/L, 4% SDS, 20% glycerol, and
DTT 200 mmol/L, boiled for 10 min and sonicated for 15 s.

Hippocampus tissues were separated from the rat brain and
washed twice by PBS (4 °C, pH 7.5) and homogenated with
RIPA buffer (1 mg tissue:10 pl), 100 mg/ml PMSF, and pro-
tease inhibitor cocktail (1:100). One volume of 2 xloading
buffer was added after homogenization, followed by 10-min
boiling in water bathing and sonication for 15 s. Protein (cell
and tissue extracts) concentration was measured by BCA kit
(Pierce, Rockford, IL, USA), followed by electrophoresing
via SDS-polyacrylamide gel (10% gel), and then transferred
to nitrocellulose membranes (Amersham Biosciences, USA).
After blocking in 5% non-fat milk for 1 h at room temperature,
the membranes were incubated with primary antibody at 4 °C
overnight. Then after washing in TBST, the membranes were
incubated with secondary antibodies at room temperature for
1 h and visualized by Odyssey Infrared Imaging System (LI-
COR Biosciences, Lincoln, NE, United States). Image J soft-
ware (Rawak Software, Inc. Germany) was used to analyze
the protein bands.

PP2A Activity Assay

The Serine/Threonine Phosphatase Assay System kit V2460
was used to detect PP2A activity in the HEK293/tau, N2a/
APP cell extracts, and brain homogenates according to the
manufacturer’s procedure (Promega, Madison, USA). In brief,
cells or brain tissues were homogenized at 4 °C for 30 min
using phosphatase free storage buffer (10,000 cells: 1 plor1 g
tissue: 3 ml). Then cell lysates or tissue extracts were loaded
into a Spin Column, centrifuged at 600xg at 4 °C for 5 min to
remove the free phosphates. Protein concentrations of the
phosphate-free samples were then assayed by using BCA kit
(Pierce, Rockford, IL, USA). Five micrograms of protein sam-
ples in triplicates was incubated with a chemically synthesized
phosphopeptide (RRA(pT) VA), an optimal substrate for
PP2A, PP2B, and PP2C, but not for PP1 in a buffer optimized
for PP2A activity while cation-dependent PP2B and PP2C
were inhibited (protocol provided by the manufacturer) [39]
for 30 min at 32 °C. Phosphate released from the substrate was
detected by measuring the absorbance of a molybdate-
malachite green-phosphate complex at 630 nm. PP2A activity

was evaluated by the release of phosphate per microgram of
protein and per minute (pmol/pg/min).

BACE Activity Assay

[3-Secretase Activity Fluorometric Assay kit (Catalog no.
K360-100) was applied to detect BACE activity in the N2a/
APP cell extracts and brain homogenates according to the
manufacturer’s procedure (BioVision, CA, USA).

Enzyme-Linked Immune-Sorbent Assay

The levels of Af49 and AR4, in cells and brain tissues were
quantified by using a sandwich ELISA kit (Elab-science
Biotechnology, Wuhan, China). N2a/APP cells or hippocam-
pal tissues were homogenized by PBS (150-200 pl: 1 x 10°
cells or 9 ml: 1 g tissue) with addition of protease inhibitor
PMSF (100 mg/ml) and crushed by freeze/thaw. Then samples
were centrifuged for 10 min at 5000xg to obtain the superna-
tant and A349 /AP4; levels were detected according to the
manufacturer’s instructions.

Golgi Staining

FD Rapid Golgi Staining Kit PK401 (FD NEURO
TECHNOLOGIES, INC, Columbia MO, USA) was used to
detect the morphology of neuronal dendrites and dendritic
spines. In brief, the rats were decapitated under deep anesthe-
sia, and brains were removed immediately and washed by
normal saline. Golgi staining was then performed according
to the manufacturer’s instructions.

Nissl Staining

The brain after perfusion and fixation was sliced at 25-pm
thickness and the sections were mounted on gelatin-coated
slides. Nissl staining solution was used to stain the neurons
according to the manufacturer’s procedure (Beyotime
Biotechnology, Shanghai, China).

Statistical Analyses

All data were expressed as mean = SD or mean = SEM and
analyzed by GraphPad Prism 6 statistical software (GraphPad
Software, Inc., La Jolla, CA). The one-way analysis of vari-
ance (ANOVA) procedure was used to determine the differ-
ences among groups followed by LSD’s post hoc tests to
determine the differences among two groups. P <0.05 was
considered statistically significant in all experiments. All re-
sults shown correspond to individual representative
experiments.
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Results

SMAPs Reduce Tau Phosphorylation
Through Activating PP2A in HEK-293/Tau Cells

To explore the effect of SMAPs on tau phosphorylation,
HEK293/tau cells were treated with SMAPs (DBK-1154 or
DBK-1160) in different concentrations (0, 0.1, 1, 5, 10 uM)
for 24 h. LDH assay results showed that 5 pM of DBK-1160
or DBK-1154 was the highest dosage with tolerable cytotox-
icity for HEK293/tau cells (Fig. 1a). In concentration lower
than 5 uM, PP2A activity showed dose-dependent increase,
with the highest at 5 uM after administration of DBK-1154
and DBK-1160 for 24 h (Fig. 1b). Compared with DBK-1154,
DBK-1160 was more efficient in activation of PP2A, with a
lower cytotoxicity (Fig. 1a, b).

With DBK-1154 or DBK-1160 treatment, tau phosphory-
lation levels at several AD-related sites, including Ser199
(pS199), Thr205 (pT205), Thr231 (pT231), and Ser396
(pS396), were significantly decreased whereas no significant
effects were observed in total tau levels (Tau-5) (Fig. 1c—i).
All these above sites are dephosphorylation sites for PP2A
[17, 18], supporting the conclusions that SMAP treatment
alleviates tau phosphorylation through activating PP2A.

SMAPs Decrease AP Production Through Modulating
APP Phosphorylation and Secretase Activity
in N2a/APP Cells

To further investigate the effect of SMAPs on A[3 generation,
we incubated N2a/APP cells with SMAPs (DBK-1154 or
DBK-1160). Similar with that in HEK293/tau cells, LDH as-
say results revealed that 5 uM of DBK-1160 or DBK-1154
was the highest dosage with tolerable cytotoxicity for N2a/
APP cells (Fig. 2a). At 5 uM, PP2A activity also reached
the highest level, and DBK-1160 had a higher PP2A activa-
tion efficiency than DBK-1154(Fig. 2b). ELISA results
showed that both intracellular AR, and A4, levels were
decreased upon SMAPs treatment in a dose-dependent man-
ner, with 5 M having the most effect (Fig. 2c, d).

APP is cleaved by BACEI to generate SAPPf3, which is
further cleaved by y-secretase to release A3 peptides [40]. In
addition, phosphorylation of APP at Thr668 (pT668APP)
may increase A production [8]. Therefore, in order to ex-
plore the possible mechanisms underlying the inhibitory effect
of SMAPs on A} production, we assessed the levels of
sAPP3, pT668APP, BACEL, and PS1 (key component of -
secretase). We observed that SAPPf3, pT668APP, and PSI
were all reduced compared to control after SMAP treatments,
except that the less potent SMAP DBK-1154 did not decrease
pT668APP at statistically significant levels (Fig. 2e, g, h, j).
The expression levels of APP and BACE! had no significant
difference among these groups (Fig. 2e, f, i). Total BACE
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activity also showed no change in SMAP treatment (Fig.
2m). APP phosphorylation at Thr668 facilitates its cleavage
by BACEL [41]. Thus, we detected the BACEI interacted
with APP through immunoprecipitation. The result showed
that SMAPs dramatically decreased APP and BACE] interac-
tion (Fig. 2k, 1).These data suggested that SMAPs attenuate
A production through inhibiting APP phosphorylation,
modulating y-secretase expression level and reducing interac-
tion of APP with BACE1 without influencing total BACE
activity in cell models.

SMAP Ameliorates Memory Deficits in HHcy Rats

Based on the in vitro results, established in a head-to-head
comparison that DBK-1160 showed less cytotoxicity and a
stronger ability to activate PP2A versus DBK-1154. Both
DBK-1154 and DBK-1160 have been evaluated in mouse
toxicology and neither compound showed problems up to
very high in vivo doses (800 mg/kg, data not shown). DBK-
1160 has somewhat higher microsomal stability shown in
Supplementary Figure 1b (i.e., more stable to oxidative me-
tabolism) and comparable systemic exposure to DBK-1154 in
mouse after oral dose. All of the above, taken together, led us
to examine DBK-1160 in our in vivo rat hyperhomocysteine-
mia (HHcy) model.

Hyperhomocysteinemia (HHcy) is a high-risk factor of AD
in human [25, 42]. We and others have established a sporadic
AD rat model through inducing hyperhomocysteinemia in
rats. These rats exhibit typical AD-like pathogenesis such as
tau hyperphosphorylation, A3 overproduction, PP2A inhibi-
tion, and cognitive deficits [35, 36, 43—46]. To explore the
effect of SMAPs in AD model in vivo, HHcy rat model was
established after 14 days injection of Hey (400 ng/kg/day) via
the vena caudalis, together with (preventive) or followed with
the treatment of DBK-1160 (35 mg/kg, twice a day) or SCR-
1693(1 mg/kg/day, treatment positive control) (Table 2 and
Fig. 3a). In the open-field test, total distance, average speed,
center distance%, and center duration% showed no signifi-
cance difference among these groups (Fig. 3b—e), indicating
that the locomotion activity was not influenced by Hcy, DBK-
1160, or SCR-1693 treatment.

Next, we explored the impact of DBK-1160 or SCR-1693
on learning and memory ability of the HHcy rats. In Morris
water maze test, the escape latency was significantly increased
in the Hey group compared with the control group on days 2,
3,4, 5, and 6, while supplementation with DBK-1160 simul-
taneously or after (preventive and treatment group) and SCR-
1693 (positive control group) attenuated the HHcy-induced
learning deficit (Fig. 3f). In the probe trial on day 6, rats in
DBK-1160 preventive and treatment group spent less time to
find the platform place (Fig. 3g), more time in the target quad-
rant (Fig. 31), less time in the nonplatform quadrants (Fig. 3j),
and crossed for more times above the platform (Fig. 3h) than
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Fig. 1 SMAP (DBK-1154 or DBK-1160) treatments decrease tau
phosphorylation levels in HEK-293/tau cells. a LDH assay in HEK293/
tau cells treated with increasing doses of DBK-1154 or DBK-1160 (0,
0.1, 1, 5, and 10 uM) at 24 h. b PP2A activity assay in HEK293/tau cells
treated with different doses of DBK-1154 or DBK-1160 (0, 0.1, 1, and
5 uM) at 24 h. **P<0.01 versus DBK-1154. ¢ Western blots for tau
phosphorylation levels at the sites of pS199, pT205, pT231, pS396,

the Hey group. These data suggested that DBK-1160 effec-
tively prevents the spatial learning and memory loss in HHey
rat model. We further performed fear conditioning test to as-
sess the contextual fear memory. The results showed that the
rats in the Hey group exhibited significant shorter freezing
time than the control group, indicating impaired fear memory.
The deficit in contextual fear memory was almost completely
rescued in DBK-1160 preventive, treatment, and positive con-
trol group (Fig. 3k).

SMAP Attenuates HHcy-Induced Tau
Hyperphosphorylation Through Activation of PP2A

Tau hyperphosphorylation and accumulation contribute to
learning and memory deficits in AD, and tau dephosphoryla-
tion is mainly regulated by PP2A [47]. Thereby, we measured
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pS404, and total tau (Tau-5) in HEK-293/tau cells treated with DBK-
1154 or DBK-1160 (5 uM) for 24 h. d—i Quantification of the relative
protein expression levels (pS199, pT205, pT231, pS396, pS404, and Tau-
5) after normalization to the GAPDH signal. Data represent mean + SD,
n=3.*P<0.05, **P<0.01, ***P<0.001 versus control. 1160: DBK-
1160, 1154: DBK-1154

the phosphorylated tau levels in the hippocampus of the rats
between the control and DBK-1160 treated groups. The re-
sults indicated that tau phosphorylation level was increased at
Thr205 (pT205), Ser396 (pS396), and Serd04 (pS404) with
no significant change at Ser199 (pS199) and Thr231 (pT231)
site (though there was a tendency) in the hippocampal extracts
of the Hcy group comparing to the control group.
Supplementation with DBK-1160 in preventive/treatment
group or SCR-1693 in the positive control group effectively
prevented tau hyperphosphorylation (Fig. 4a—f). Total tau lev-
el (Tau-5) remained comparable among these groups (Fig.
4a, g).

To confirm that DBK-1160 induce tau dephosphorylation
through PP2A activation in HHcy rat model, we detected the
active/inactive PP2A protein levels and measured the PP2A
activity in the rat hippocampus in different groups. PP2A
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activity was significantly suppressed in the Hey group com-
pared with the control group and recovered after administra-
tion of DBK-1160. The effect of DBK-1160 on activating
PP2A was comparable to that of SCR-1693 (Fig. 4m). In
HHcy rat model, PP2A is inhibited partially through retarded
methylation at Leu309 [36, 48, 49] and increased
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phosphorylation at Tyr307 [50, 51] of PP2Ac. Consistent with
the previous report, we found that the methylation level at
Leu309 (m-PP2Ac) was decreased in the Hey group com-
pared with the control group, and supplementation with
DBK-1160 or SCR-1693 could partially restore it (Fig.
4h, j). In contrast, demethylation level at Leu309 (Dm-
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4 Fig. 2 SMAPs (DBK-1154 or DBK-1160) treatments reduce Ap
generation in N2a/APP cells. a LDH assay in N2a/APP cells treated
with increasing doses of DBK-1154 or DBK-1160 (0, 0.1, 1, 5, and
10 uM) at 24 h. b PP2A activity assay in N2a/APP cells treated with
different doses of DBK-1154 or DBK-1160 (0, 0.1, 1, and 5 uM) at 24 h.
¢, d ELISA assay of intracellular A4 and AR, levels after treatment
with SMAPs at different dosages (0, 0.1, 1, and 5 uM) for 24 h. e Western
blots for APP, sAPP{3, pT668APP, BACEI, and PS1 in N2a/APP cells
treated with DBK-1154 or DBK-1160 (5 uM) for 24 h. f—j Quantification
of the relative protein expression level (APP, sAPP{3, pT668APP,
BACEI, and PS1) after normalization to the GAPDH signal. k IP blots
for BACE] interacted with APP in N2a/APP cells treated with DBK-
1154 or DBK-1160 (5 uM) for 24 h. 1 Quantitative analysis of the IP
blots. m BACE activity assay in N2a/APP cells treated with DBK-1154
or DBK-1160 (5 pM) at 24 h. Data represent mean + SD, n=3.
*P <0.05, **P<0.01, ***P<(0.001 versus control. 1160: DBK-1160,
1154: DBK-1154

PP2Ac) was increased in the Hey group compared with the
control group and it returned to normal level after treatment
with DBK-1160 or SCR-1693 (Fig. 4h, k). Furthermore, phos-
phorylation level at Tyr307 (pY307-PP2Ac) was increased in
the Hey group and reversed by DBK-1160 or SCR-1693 treat-
ment (Fig. 4h, 1). The total level of PP2Ac showed no signif-
icance difference among these five groups (Fig. 4h, i). These
data suggested that DBK-1160 attenuated HHcy-induced tau
hyperphosphorylation via reactivation of PP2A.

SMAP Relieves HHcy-Induced AB Overproduction

Next, we investigated the effect of SMAP on amyloidosis in
HHcy-AD rat model. The ELISA results showed that DBK-
1160 could decrease the HHcy-induced A3 (Af349 and A34,)
overproduction in preventive and treatment groups (Fig. 5j, k).

To further investigate the possible mechanisms underlying
the effects of DBK-1160 on reducing A[3 generation, we de-
tected the phosphorylation level of APP at Thr668
(pT668APP), and the levels of BACEI, sAPPf3, and PSI
(the catalytic subunit of y-secretase). The results showed that
the levels of pT668 APP, sAPPf3, and PS1 were increased in
Hcy group compared with the control group and were restored
after DBK-1160 or SCR-1693 treatment (Fig. 5a, c, d, f). The
level of total APP in the Hey group did not differ from other
groups (Fig. 5a, b). BACEI level in the Hecy group only
showed an upward trend without statistical significance (Fig.
Sa, ¢). We further measured the BACEI1 interaction with APP
and found that the interaction between APP and BACE1 was
enhanced in the Hcy group compared with the control group
and attenuated after supplementation with DBK-1160 or
SCR-1693 (Fig. 5g, h). Different with the results in N2a/
APP cells, DBK-1160 treatment could reduce total BACE
activity but SCR-1693 failed (Fig. 5i), indicating that DBK-
1160 effectively inhibits abnormally activated BACE. These
data suggested that DBK-1160 could suppress A3 overpro-
duction via decreasing [3-cleavage of APP through inhibiting
BACE activity and reducing APP interaction with BACE1,

and decreasing y-cleavage of APP through reducing expres-
sion of PS1, the catalytic subunit of y-secretase. When DBK-
1160 was used alone in normal rats without Hey injection, no
change of the behaviors, PP2A activity and modifications
(methylation and phosphorylation), tau phosphorylation, and
A3 levels was observed (Supplementary Fig. 2-5), indicating
that when used in vivo, DBK-1160 reactivates abnormally
inhibited PP2A. This observation is consistent with pilot
(non-GLP) toxicology studies on DBK-1160 , and that the
compounds are well tolerated in multiple mouse models of
cancer and COPD. Further it may indicate that mechanism
related toxicity can be avoided in clinical studies for direct
PP2A activators that normalize PP2A function in the context
of chronic diseases such as AD and COPD.

SMAP Rescues HHcy-Induced Spine Loss and Synaptic
Impairment

Synaptic impairment is an early event in AD development and
underlies cognitive deficit [52]; therefore, we evaluated the
synaptic impairment in rat brains. First, Nissl staining indicat-
ed that no neuronal loss was induced by HHcy (Fig. 6a, b).
However, Hey injection resulted in significant dendritic spine
loss revealed in Golgi staining, and DBK-1160 or SCR-1693
effectively reversed the spine loss (Fig. 6¢, d). Consistent with
these findings, the levels of postsynaptic proteins such as
PSD95, GluAl, GluA2, and GIuN2B were reduced in the
Hcy group and partially recovered after supplementation with
DBK-1160 or SCR-1693 (Fig. 6e—i). Presynaptic proteins
such as synapsin I and synaptophysin showed no significant
change in these five groups (Fig. 6e, j, k). The results sug-
gested that DBK-1160 prevented the synaptic impairment in
HHcy rats through preserving dendritic spine density and
postsynaptic protein expression levels.

Discussion

The underlying pathogenesis of AD is poorly understood, and
the current treatments do not reverse or prevent AD progres-
sion [53]. AD neuropathology is defined by the extracellular
accumulation of amyloid- (Af) peptide into amyloid
plaques, and intraneuronal neurofibrillary tangles (NFTs)
consisting of aggregated hyperphosphorylated tau protein
[54, 55]. PP2A activity is suppressed in AD patients and it is
involved in both tau hyperphosphorylation and A3 overpro-
duction [56, 57]. Therefore, pharmacologically improving or
restoring PP2A activity is a promising strategy to inhibit tau
hyperphosphorylation and A3 generation. It was reported that
antidiabetic drug metformin could activate PP2A directly and
reduce tau phosphorylation at PP2A-dependent epitopes in
AD models. Metformin disrupts microtubule associated
PP2Ac-MID1-a4 protein complexs, which regulates the
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Fig. 3 SMAP (DBK-1160) ameliorates memory deficits in HHcy rats. a
Study design timeline performed in the study. b—e The total distance,
average speed, center distance/total distance, and center duration/total
duration were analyzed in the open-field test. f Escape latency in 6 days
were analyzed in the Morris water maze (MWM) test, *P <0.05,
**P<0.01, Hey versus control. g Escape latency on test day 6 was
analyzed in the MWM. h The platform crossing times on test day were
analyzed in MWM test. i, j The duration in platform quadrant and
nonplatform quadrants were analyzed in MWM test. k In the fear

@ Springer

memory test, the total freezing time was analyzed on test day. Data
represent mean = SEM, control (treated with normal saline) n =10, Hey
(treated with homocysteine) n = 11, Hey-P (preventive group, treated with
homocysteine and DBK-1160 simultaneously) n=8, Hcy-1160
(treatment group, treated with DBK-1160 14 days after homocysteine
injection) n=9, Hey-SCR (positive control group, treated with SCR-
1693 14 days after homocysteine injection) n=11, *P<0.05,
**P<0.01, #**P <0.001
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Fig. 4 SMAP (DBK-1160) reduces tau phosphorylation levels and re-
activates PP2A in HHcy rats. a Western blots for tau phosphorylation
levels at the sites of pS199, pT205, pT231, pS396, pS404, and total tau
(Tau-5) in rat hippocampus. b—g Quantification of the relative protein
expression levels (pS199, pT205, pT231, pS396, pS404, and Tau-5)
after normalization to the GAPDH signal. h—-1 Western blots and

degradation of PP2Ac, and induces PP2A activity by free-
ing-up PP2Ac for holoenzyme assembly [20]. Another
chemical, sodium selenate, can stabilize PP2A-tau com-
plexes and enhance tau binding of PP2A in a dose-
dependent manner [22]. Chronic treatment of sodium sel-
enate in tau transgenic mouse strains can reduce tau
hyperphosphorylation, improve contextual memory and
motor performance, and prevent neurodegeneration.
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quantitatively analysis for the catalytic subunit of PP2A (PP2Ac),
methylated PP2Ac (m-PP2Ac), demethylated PP2Ac (Dm-PP2Ac), and
phosphorylated PP2Ac at Y307 (pY307-PP2Ac) in rat hippocampus. m
PP2A activity assay in different groups in rat hippocampus. Data
represent mean + SD, n =3, *P <0.05, **P<0.01, ***P <0.001

COG1410, an apoE-mimetic peptide, could specifically
bind the PP2A inhibitor SET, disrupting SET-PP2A inter-
action and resulting in PP2A activity promotion [23]. It
was reported that COG1410 could reduce AD-like brain
pathologies in SwDI-APP/NOS2—/— (CVND-AD) mice.
The synthetic sphingolipid drug, FTY-720 also acts by
disrupting the interaction of SET with PP2A Ac and
derepressing PP2A activity [58].
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Fig.5 SMAP (DBK-1160) inhibits HHcy-induced A3 overproduction in
rats. a Western blots for APP, sAPP3, pT668APP, BACEL, and PS1 in rat
hippocampus. b—f Quantification of the relative protein levels (APP,
sAPP(3, pT668APP, BACEI, and PS1) after normalization to the
GAPDH signal. g, h IP blots and quantitatively analysis of BACE1
interacted with APP in rat hippocampus. P: preventive group, treated
with homocysteine and DBK-1160 simultaneously; 1160: treatment

Small-molecule activators of PP2A (SMAPs) are effica-
cious in several in vivo cancer models [29, 59]. The com-
pounds are well tolerated in in vivo models on oral adminis-
tration and the molecular target of this class of compound has
been identified as interface of the Ax and C subunits in the
PP2A complex based on photoaffinity labeling studies, radio-
lytic footprinting, and mutagenesis of the binding site [29].
The SMAPs exhibit a robust PP2A reactivating phenotype
across multiple cancer cell lines with dephosphorylation of
direct PP2A targets such as ERK, AKT, FOXO1, MYC, and
AR. In a mouse model of COPD, a smoking and age-related
chronic degenerative lung disease, the compounds were effec-
tive in preventing loss of lung alveolar tissue over 2-month
dosing by suppressing expression of cathepsin S, a protease

@ Springer

group, treated with DBK-1160 14 days after homocysteine injection;
SCR: positive control group, treated with SCR-1693 14 days after
homocysteine injection. i BACE activity assay in different groups in rat
hippocampus. j, k ELISA assay of the levels of Af340 and A3, in the rat
hippocampus. Data represent mean + SD, n=3. *P<0.05, **P<0.01,
##%P < 0.001

also associated with AD progression [60, 61]. In this study, we
tested the possibility of using SMAPs to re-activate PP2A and
thereby reduce tau pathology and amyloidosis in cell and rat
models. We demonstrate the potential of direct PP2A activa-
tion as a therapeutic strategy in AD and the viability of the
tricyclic sulfonamides as leads for further development in neu-
rodegenerative disease.

The compounds evaluated in our study, DBK-1154 and
DBK-1160 (also known as SMAPs), are a pair of enan-
tiomers (i.e., right and left hands of the same structure)
and have the same polarity, lipophilicity, and comparable
oral bioavailability. The compounds bind to the PP2A Ax
scaffold subunit and drive PP2A conformational changes
in the holoenzyme complex. In a cellular context PP2A
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Fig. 6 SMAP (DBK-1160) reverses dendritic spine loss and recovers
postsynaptic proteins. a, ) Representative Nissl staining images and the
quantification of neuron number in the CA3 region of rat hippocampus,
scale bar =200 and 100 um for low and high magnifications respectively.
¢, d Representative Golgi staining images and statistics analysis of spine

catalytic C subunit is always associated with the A sub-
unit (or a chaperone such as «4) and the two act cooper-
atively to modulate phosphatase activity [62—64]. It was
identified that the compounds bind between HEAT repeats
5 and 6 of the A subunit, at a site close to the C-terminal
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number in the dentate gyrus region of rat hippocampus (scale bar, 10 um).
e—k Western blots and quantitatively analysis for synaptic proteins
(PSD95, GluAl, GluA2, GluN2B, Synapsin I, and synaptophysin)
levels in rat hippocampus. Data represent mean + SD, n=3, *P<0.05,
**P<0.01, ***P <0.001

tail of the C subunit, [29], SMAPs induce conformational
change of A subunit and thus facilitate the catalytic activ-
ity of the C subunit.

Two cell lines stably overexpressed tau or APP are used to
evaluate the effect of DBK-1154 and DBK-1160 on tau
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phosphorylation and A3 generation and we found DBK-1160
to be a somewhat more effective PP2A activator versus the
neuronal targets tested in vitro and DBK-1160 was used in an
in vivo model. We used a rat model with hyperhomocysteine-
mia to induce AD-like pathology in vivo. Homocysteine
(Hcy), a non-essential sulfur-containing amino acid, is a ho-
molog of cysteine which is an intermediate form in the process
of' methionine metabolism [65, 66]. Hyperhomocysteinemia is
an independent risk factor of AD [25, 26]. Elevated plasma
level of Hcy was found in AD patients [67]. Hcy can lead to
DNA breakage, oxidative stress, low methylation, apoptosis
[68], and induction of microglial inflammatory markers and
effectors [69]. Furthermore, Hey can also increase phosphor-
ylation of tau protein via inactivation of PP2A by interrupting
its methylation [36, 70]. We and others have established the
AD-like rat model through 14 days consecutive injection of
Hcy (400 pg/kg/day) via the vena caudalis [36]. HHcy rats
show typical AD-like spatial learning and memory deficits,
synaptic impairment and loss, tau hyperphosphorylation, and
A overload, which make them suitable models in rapid drug
efficacy evaluation [48, 50, 51]. SCR-1693 is a novel tacrine-
dihydropyridine hybrid which has been proved to efficiently
reduce tau pathology and amyloidosis, and ameliorate cogni-
tive impairment both in AD cell and in rat models, with com-
parable or better effect than donepezil and nilvadipine [34,
35]. Thus, in our study, we used SCR-1693 as the positive
control.

In cell experiments, both DBK-1154 and DBK-1160
showed potent effect on activating PP2A, and strong effect
on reducing tau phosphorylation levels and A3 levels. PP2A
is the major tau phosphatase [71]; we conclude that DBK-
1154 and DBK-1160 decrease tau phosphorylation via in-
creasing PP2A activity. In N2a/APP cells, DBK-1154 or
DBK-1160 treatment decreased the A 49 and A4, levels in
a dose-dependent manner. This effect may be also mediated
by PP2A activation, because APP phosphorylation at Thr668
is regulated by PP2A [8]. SMAP treatment resulted in de-
creased level of pT668APP, indicating that APP is dephos-
phorylated upon PP2A activation. Under these conditions,
interaction of APP with BACEI1 is reduced, which was iden-
tified by immunoprecipitation. As a result, (3-cleavage is at-
tenuated, which was identified by decreased sAPPf3 level in
the two treatment groups. In addition, DBK-1154 or DBK-
1160 could decrease the expression of PS1, the catalytic sub-
unit of 'y-secretase, indicating that SMAPs may further inhibit
y-cleavage of APP. These findings strongly suggest that direct
activation of PP2A is a novel, effective therapeutic strategy for
AD and the tricyclic sulfonamides are viable drug leads for
AD therapeutics.

In HHcy rats, DBK-1160 did not influence the motor abil-
ity and anxiety evaluated in open-field test. However, DBK-
1160 supplementation at the same time of Hcy injection
(prevention) or after Hey injection (treatment) rescued the rats
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from cognitive impairments in Morris water maze and fear
conditioning test. The effect was comparable with that of
SCR-1693. Similar with the results in cell models, DBK-
1160 effectively activated PP2A in rat brains. This effect
seems to be partially through modification of PP2Ac methyl-
ation. Hcy metabolism plays an important role in protein
methylation. PP2 Ac methylation at C-terminal Leu309 facili-
tates the B subunit binding thus improves PP2A activity to-
wards certain substrates [28]. HHcy rats showed reduced
PP2Ac-Leu309 methylation, which underlies PP2A inhibi-
tion. DBK-1160 could partially recover the PP2A methylation
level, indicating that by directly interacting with PP2A at the
AC subunit interface, SMAPs have the ability to facilitate
PP2Ac methylation. Mechanistic details will be the subject
of future reports.

With the PP2A activation in HHcy rats treated with DBK-
1160, tau hyperphosphorylation, A3 overproduction, and
APP-Thr668 phosphorylation were all reduced. Consistent
with the results in cell experiment, DBK-1160 decreased
APP-BACEI] interaction and (3-cleavage of APP. An
inhibiting effect of DBK-1160 on BACE activity in HHcy rats
indicated this chemical has the ability to repress abnormally
activated BACE, which was not observed in the positive con-
trol SCR-1693 group. Increased PS1 expression was observed
in HHcy rats, which was, once again, reversed by DBK-1160.
These data suggest that SMAPs can efficiently reverse AD-
like tau pathology and amyloidosis in rat brains.

Both tau and A pathologies induce damage or loss of
synapses, which is the foundation of cognitive deficits
[72]. Loss of synapse is also an early event in AD devel-
opment, which underlies learning and memory deficits in
the patients and animal models [73]. Thus, the recovery of
synaptic function may be a link between cognition rescu-
ing and tau/A3 pathologies alleviation. In all experimen-
tal groups, there was no neuronal loss in rat hippocampus.
However, dendritic spine numbers were significantly re-
duced in the HHcy group. Consistent with this result,
postsynaptic proteins, such as PSD95 and glutamate re-
ceptors, were decreased. All these synaptic impairments
were rescued by DBK-1160 in a prevention or treatment
dosing regime, indicating that SMAPs have a powerful
restoring effect on synaptic function.

In summary, we demonstrated that SMAPs could efficient-
ly ameliorate tau hyperphosphorylation and A3 overproduc-
tion in AD-like cell and animal models through increasing
PP2A activity. Furthermore, it can effectively attenuate
HHcy-induced memory deficits and restore the number of
dendritic spines and expression level of postsynaptic proteins.
An unanticipated finding is that SMAPs may decrease BACE
activity and PS1 expression and thus may inhibit APP (3- and
y-cleavage. Thus, the tricyclic sulfonamide PP2A activators,
originally described as tumor suppressor activators in cancer,
have a multifaceted effect on drivers of AD neuropathology
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in vitro and in vivo. It suggests direct PP2A activation is an
effective therapeutic option for AD treatment and that the
tricyclic sulfonamides are viable leads as disease-modifying
AD therapeutics. Results with next-generation analogs of
DBK-1160 with improved metabolic stability and oral bio-
availability will be reported in due course.
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