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Abstract

Inappropriate activation of CDK5 due to proteolytic release of the activator fragment p25 from the
membrane contributes to the formation of neurofibrillary tangles, B-amyloid aggregation and
chronic neurodegeneration. At 18 months of age, 3xTg-AD mice were sacrificed after either three
weeks (short-term) or one year (long-term) of CDKS5 knockdown. In short-term-treated animals,
CDKS5 knockdown reversed B-amyloid aggregation in the hippocampi via inhibitory
phosphorylation of GSK3p Ser 9 and activation of phosphatase PP2A. In long-term-treated
animals, CDK5 knockdown induced a persistent reduction in CDK5 and prevented p-amyloid
aggregation, but the effect on APP processing was reduced, suggesting that yearly booster therapy
would be necessary. These findings further validate CDKS as a target for preventing or blocking
amyloidosis in older transgenic mice.
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Introduction

Alzheimer’s disease (AD) is the most common cause of senile dementia, with 24 million
people affected around the world. AD patients show progressive declines in cognitive
functions, such as memory and learning (Reitz et al. 2011; Reitz and Mayeux 2014). AD
brains lose cerebral mass and synaptic plasticity (Sheng et al. 2012). 8-amyloid (BA)
accumulation and neurofibrillary tangles (NFT) are the main histopathological hallmarks of
AD (Bancher et al. 1989). Tau is a microtubule-associated protein that promotes
microtubule (MT) assembly and stabilization (Weingarten et al. 1975). Irregular processing
of amyloid precursor protein (APP) by B-secretase induces BA accumulation (De Strooper et
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al. 2010), (Querfurth and LaFerla 2010). Additionally, aberrant regulation of kinases and
phosphatases induces tau hyperphosphorylation and NFT formation in AD patients
(Giannakopoulos et al. 2003; Igbal et al. 2010).

In contrast, cyclin-dependent kinase (CDKS5) is an important proline-directed serine/
threonine kinase involved in several neuronal processes, such as neuronal migration,
cytoskeleton remodeling, cortical cytoarchitecture, and synaptic plasticity (Angelo et al.
2006; Ip and Tsai 2008; Lalioti et al. 2010). The major CDKS5 activator, p35, is cleaved to
p25 by calpain in AD patients, inducing CDKS5 overactivation (Kusakawa et al. 2000;
Patrick et al. 1999). Increased CDKS5 activity is closely related to tau hyperphosphorylation
and NFT formation (Baumann et al. 1993). Our previous reports have shown that
hippocampal CDKS5 silencing induces a decrease in NFTs and improves memory and
learning in an aged 3xtgAD mouse model (Castro-Alvarez et al. 2014a; Piedrahita et al.
2010).

CDKS5 regulates several types of proteins, including glycogen synthase kinase 38 (GSK3p),
and phosphatases, such as protein phosphatase 1 and 2A (PP1 and PP2A) (Castro-Alvarez et
al. 2014b; Hou et al. 2013; Li et al. 2006). These proteins are important for the tau
phosphorylation rate because GSK activity is increased and the activities of phosphatases
are decreased in AD (Lee et al. 2011; Martin et al. 2013). However, few details are known
regarding the regulation of B-amyloid by CDKS5, which is relevant during AD development
(Wen et al. 2008a; Wen et al. 2008b). Therefore, in the present study, we evaluated when
and how the short- and long-term silencing of CDK5 modifies -amyloidosis, GSK and
phosphatases in 3XTgAD model mice.

Materials and Methods

RNAI design

RNA. (short hairpin microRNA (sh-miR)) sequences used to silence CDK5 (shCDK5miR),
and scrambled RNA sequences were used as controls (shSCRmIR) based on previously
published sequences (Chang et al. 2006; Piedrahita et al. 2010). These sequences were
cloned into human miR-30-based stem loops by polymerase extension of overlapping DNA
oligonucleotides. To clone RNAI vectors for AAV production, the following primers were
used for polymerase extension: shCDK5miR, forward primer 5’-
AAAACTCGAGTGAGCGCTGACCAAGCTGCCAGACTATACTGTAAAGCCACAG
ATGGG-3, and shCDK5mIR, reverse primer, 5-AAAAACTAGTAGGCGTTGAC
CAAGCTGCCAGACTATACCCATCTGT-GGCTTTACAG-3, or shSCRmiR, forward
primer, 5¥-AAAACTCGAGTGAGCGCA-CCATCGAACCGTCAGAGTTAC
TGTAAAGCCACAGATGGG-3, and shSCRmIR reverse primer, 5/-
AAAAACTAGTAGGCGTACCATCGAACCGTCAGAGTTACCCATCTGTGGCTTT
ACAG-3'. These extension products were digested with Xhol and Spel for directional
cloning into a U6 expression plasmid cut with Xhol and Xbal (Boudreau et al. 2008).
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Viral particle production

In the protocol used to produce the AAV particles, we accomplished the large-scale
production of heterologous proteins using an Sf9 insect cell culture to co-infect recombinant
baculovirus derived from the Autographa californica nuclear polyhedrosis virus (Urabe et
al. 2002). shCDK5miR and shSCRmIR expression cassettes (driven by the mouse U6
promoter) were cloned into pAAV.CMV.hrGFP, which contains AAV serotype 2/5 inverted
terminal repeats and a CMV-humanized Renilla GFP (hrGFP)-simian virus 40 poly(A)
reporter cassette (Boudreau et al. 2009; Urabe et al. 2002). AAYV titers were determined by
quantitative PCR and/or DNA slot blot analysis. The AAV particles were dialyzed before
use.

Animal procedures

A total of 47 18-month-old 3xTg-AD mice (Oddo et al. 2003) and 6 18-month-old control
mice from a previous study were used. The mice were trained on a water maze for 10 days
before being sacrificed (Castro-Alvarez et al. 2014a). The animals were obtained from our
in-house, specific pathogen-free (SPF) colony at the vivarium at SIU, University of
Antioquia, Medellin, Colombia, maintained on a 12:12-h dark:light cycle with food and
water ad libitum. The animals were handled according to Colombian standards (law 84/1989
and resolution 8430/1993) and the NIH animal welfare care guidelines (Public Law 99-158,
November 20, 1985, "Animals in Research"). Special care was taken to minimize animal
suffering and to reduce the number of animals used.

Animals were anesthetized (ketamine (5%) and xylazine (2%) with a 50:5 mg/kg dose) and
bilaterally injected with 1 pl of AAV2-shSCRmiR (shSCRmIR) or AAV2-shCDK5miR
(shCDK5miR) into both hippocampi (bregma coordinates were —1.7 anteroposterior, 0.8
(right) and —0.8 (left) lateral, and 4 mm dorsoventral from the top of the skull). The
injections were performed with a 10 L Hamilton syringe at a rate of 0.1 pL/min, and 5 min
elapsed after infusion before withdrawal of the syringe. The experimental groups consisted
of the following animals: aged control mice that did not undergo injection, aged 3xTg-AD
short-term-treated mice (ST-3xTg-AD) (18-month-old mice evaluated 3 weeks after
injection) and 3xTg-AD long-term-treated mice (LT-3xTg-AD) (6-month-old mice
evaluated one year after injection).

Western blotting

After behavioral testing, the animals were sacrificed, and the hippocampi were dissected,
immediately frozen in liquid nitrogen and stored at —80°C until use. The samples were lysed
in 10 mM Tris, pH 7.4, 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10% glycerol, 1%
NP40, 1 nM orthovanadate, 5 mM NaF, 1 mM phenylmethylsulfonyl fluoride and protease
inhibitor cocktail (Sigma-Aldrich) (Cardona-Gomez et al. 2004). The proteins were loaded
on 8%, 10% and 10-20% Tricine gels and transferred to nitrocellulose membranes (GE
Healthcare) at 250 mA for 2 h using an electrophoretic transfer system. The membranes
were incubated overnight at 4°C with anti-CDKS5 (C-8), anti-Akt, anti-11PP2A, anti-I12PP2A,
anti-PP1 (Santa Cruz Biotechnology), anti-PP2A, anti-GSK3p, anti-GSK3p pSer9, anti-Akt
pSer473 (Cell Signaling), anti-I12PP1 (R&D Systems), anti-GSK3p pTyr216 (Sigma), anti-f-
amyloid 1-16 (6E10) (SIGNET), anti-APP A4 (Millipore) anti-APP C-terminal antibody
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(Sigma) and mouse anti-pll1 tubulin (Promega). IRDye 800CW goat anti-mouse or rabbit
antibodies (LI1-COR) and anti-mouse IgG or anti-rabbit 1gG peroxidase conjugated
antibodies (Pierce Biotechnology) were used as secondary probes. The blots were developed
using the Odyssey Infrared Imaging System or the chemiluminescence method (ECL
Western blotting system; GE Healthcare) followed by exposure to a radiographic film (ECL
Hyperfilm; GE Healthcare). The films were analyzed using Quantity One, version 4.3.0
(Bio-Rad).

Immunoprecipitation

Animals (n=5 for each experimental group) were sacrificed by decapitation, and their brains
were quickly removed. The hippocampi were dissected out and frozen at —80°C until
analysis. The samples were homogenized in lysis buffer containing 150 mM NaCl, 20 mM
Tris, pH 7.4, 10% glycerol, 1 mM EDTA, 1% NP40, 100 uM phenylmethylsulfonyl
fluoride, 1 pg/ml aprotinin and leupeptin (Sigma) and 100 pM orthovanadate. The lysates
were clarified by spinning at 14,000 rpm for 5 min. A protein assay was performed, and 180
ug of extract was incubated overnight at 4°C in the presence of anti-I12PP1 (R&D Systems)
(1:250). Protein G-sepharose beads were added, and the incubation was continued for an
additional two hours at room temperature. The immune complexes were washed three times
with an immunoprecipitation lysis buffer prior to analysis by SDS-PAGE and
immunoblotting. The proteins were separated with 10% SDS-PAGE, transferred to
nitrocellulose membranes (Amersham), and probed with anti-PP1 (Santa Cruz
Biotechnology) (1:1000). The lysates were used as positive controls, and 1gG peptide
incubation was used as a negative control for immunoprecipitation.

PP2A activity measurement

PP2A phosphatase activity from the hippocampi of 3xTg-AD mice (18-month-old) treated
for three weeks or for 12 months with shCDK5miR or shSCRmiR respectively, was
analyzed with a PP2A Immunoprecipitation Phosphatase Assay Kit (Millipore) as described
in the manufacturer’s instructions.

Immunofluorescence

Mouse brains were fixed with 4% paraformaldehyde in PBS, cryopreserved with 30%
sucrose and stored at 20°C. The brains were cut into 50 pm coronal sections with a
vibratome (Leica 1000) and treated with 50 mM NH4CI for 10 min at room temperature.
The slices were preincubated for 1 h in 1% BSA with 0.3% Triton X-100 in 0.1 M PB. The
primary antibodies, including anti-p-amyloid 1-16 (6E10) (SIGNET), were incubated
overnight at 4°C. The secondary antibodies were conjugated to the fluorophore Alexa 594
(Molecular Probes). The slices were observed under an Olympus 1X-81 confocal-DSU
microscope. Intracellular f-amyloid immunofluorescence in pyramidal neurons from the
CAL area was analyzed for fluorescence intensity using Image Scope-Pro software (Media
Cybernetics).

J Neurosci Res. Author manuscript; available in PMC 2016 August 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Castro-Alvarez et al. Page 5

Immunohistochemistry

Aged control mouse ST-3xTg-AD and LT-3xTg-AD brain sections (50 pm) were pre-treated
with formic acid (20%) for 20 min for B-amyloid detection. Then, they were treated for 20
minutes in 0.1 M PB (methanol (1:1) and 1% hydrogen peroxide) and incubated for 1 h in
0.1 M PB with 1% BSA and 0.3% Triton X-100. The slices were then incubated with the
primary antibody, anti-p-amyloid 1-16 (6E10) (SIGNET), overnight at 4°C in 0.1 M PB with
0.3% BSA and 0.3% Triton X-100. The slices were incubated with biotinylated mouse
secondary antibody and then with the ABC-HRP complex (Pierce Biotechnology).
Diaminobenzidine (DAB) was used for detection. The tissue was dehydrated, covered with
mounting solution and observed under an Eclipse E200 optical microscope (Nikon). The
number of extracellular 3-amyloid plaques was quantified in the CAL area of the
hippocampus.

AB40/AB42 ELISA

The AB40 and AB42 protein levels from the hippocampi of ST-3xTg-AD and LT-3xTg-AD
mice were measured by ELISA as described in the manufacturer’s protocol (Convance
BetaMark x-42 ELISA kit and BetaMark x-40 ELISA kit).

Statistics
At least n=3-5 mice were used for the histological and biochemical studies. Parametric data
were compared using Student’s t-test for independent samples. Nonparametric data were
evaluated using the Mann-Whitney U nonparametric test. SPSS software was used for the
statistical analysis, and results were considered significant at p<0.05. The values were
expressed as means + SEM.

Results

Reduction of BA aggregation in 3xTg-AD mice following short-term treatment with
shCDK5miR

The role of CDKS5 in AD pathogenesis has been widely studied for tauopathies but less so
for B-amyloid aggregation. We evaluated the number of BA plaques in the hippocampus of
ST-3xTg-AD mice via immunohistochemical staining with the 6E10 antibody and found
reduced staining in the region of the CA1 injection site with sShCDK5mIR treatment. This
finding was not observed with the ShSCRmiR control and was comparable to observations
of aged littermates (Fig. 1a). This result was supported by a significant reduction of p-
amyloid immunofluorescence (70% vs control, p=0.05) (Fig. 1b). BA was also diminished in
hippocampal lysates from ST-3xTg-AD mice treated with sShCDK5mIR. BA 40 and 42
fragments evaluated using ELISA showed a significant decrease in concentration (BA 40
(635.7 pg/mL £251.9 (shCDK5mIiR) vs 1567 pg/mL £247.2 (shSCRmiR); p>0.001) and A
42 (1530 pg/mL +183.5 (shCDK5mIR) vs 2136 pg/mL £150.2 (shSCRmIR); p=0.012)) (Fig.
1c). Biochemical analysis of APP and its cleavage fragments, soluble APP 3 (sSAPPB) and C-
terminal fragment B (CTFf), showed a significant decrease in shCDK5miR-treated animals
(APP (68.8% %7.1 vs control; p=0.048), SAPPp (75.63% +2.7 vs control; p=0.0014), and
CTFp (81.7% £4.2 vs control; p=0.024)) (Fig. 1d).
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Under the same short-term experimental conditions, the CDK5 protein level and its activity
were reduced (Castro-Alvarez et al. 2014a). We evaluated the GSK3/AKT pathway, PP1,
PP2A and their activators. We found a significant decrease in total GSK3p (90.1% +2.7 vs
control; p=0.037); however, there was an insignificant trend of increased GSK3p pSer9 and
Akt pSerd73 (GSK3p pSer9 158.7% +46.1 vs control; p=0.293; Akt pSer473 135.3% +47.8
vs control; p=0.513) (Fig. 2a). PP1 (90.3% +1.8 vs control; p=0.012) and its inhibitor 12PP1
(94.8% 0.9 vs control; p=0.028) were significantly reduced (Fig. 1a), but when we
evaluated the complex of PP1/I2PP1, the data showed that sShCDK5miR treatment induced a
significant increase in PP1 associated with 12PP1 (50% vs control, p=0.04) (Fig. 2b).
Additionally, PP2A was reduced (57.6% 6.5 vs control; p=0.007); its inhibitor, I1PP2A,
was unmaodified, but another inhibitor, 12PP2A (30% vs control, p=0.05) (Fig. 2a), and
PP2A (20% vs control, p=0.04) activity were significantly increased (Fig. 2b). Hence,
CDKS5 interference can not only diminish tau hyperphosphorylation but also reduce f3-
amyloidosis and modulate other proteins related to both proteinopathies, mainly by
increasing PP2A activity during short-term treatment.

Persistent effect of CDK5 knockdown on B-amyloid aggregation one year after delivery

Additionally, long-term CDKS5 interference therapy continued to prevent f-amyloidosis,
although the number of extracellular BA plaques were unmodified (Fig. 3a), the intracellular
BA immunofluorescence presented a significant reduction (90% vs control, p=0.05) (Fig.
3b). However, it did not continue to have an effect on APP processing in the hippocampus
of 3xTg-AD mice, since the protein levels of BA 40 and 42 did not significantly change but
showed a tendency to increase (BA 40 (1245 pg/mL £238.2 (shCDK5miR) vs 731.3 pg/mL
+49.7 (shSCRmIR); p=0.202) and PA 42 (1983 pg/mL £118.6 (ShCDK5mIR) vs 1154
pg/mL £317.5 (shSCRmIR); p=0.066)) (Fig. 3c). Additionally, the cleavage fragment CTFj
was significantly increased after one year of ShCDK5miR treatment (358.2 +74.7 vs control,
p=0.02) (Fig. 3c). APP and sAPPp showed a tendency to increase, but these changes were
not significant (APP 165.2% +25.6 vs control; p=0.084; sAPPJ 298.3% +59.7 vs control;
p=0.08) (Fig. 3d).

Although CDKS5 protein levels remained decreased, CDKS activity showed no significant
changes under the same long-term experimental conditions in 3xtgAD mice (Castro-Alvarez
et al. 2014a). However, the long-term effect of CDKS5 interference suggested its
participation in GSK3p, PP1 and PP2A modulation. shCDK5miR treatment revealed that
GSK3p expression (87.3% *44.1 vs control; p=0.02) remained decreased after one year (Fig.
4a), and inhibitory phosphorylation of GSK3 at Ser 9 was significantly increased in 3xTg-
AD mice after one year of therapy (199.2% £22.2 vs control; p=0.021) (Fig. 4a). PP1 and its
inhibitor 12PP1 were unmodified, but PP1 expression remained significantly increased in the
complex with 12PP1 (50% vs control, p=0.04). PP2A expression remained reduced (72.2%
+7.4 vs control; p=0.033), I11PP2A achieved a significant reduction (40% vs control,
p=0.04), and 12PP2A remained increased (51% vs control, p=0.04); however, PP2A activity
was unmodified (p=0.485) (Fig. 4b).

J Neurosci Res. Author manuscript; available in PMC 2016 August 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Castro-Alvarez et al.

Page 7

Discussion

Our previous research showed that short- and long-term CDKS5 silencing reduces the
phosphorylation of tau and improves learning and memory in triple transgenic Alzheimer’s
mice (Castro-Alvarez et al. 2014a). Using those animals in the present study, we also found
that intracellular BA was decreased following both time intervals of CDKS silencing
treatment, in contrast to extracellular PA plaques, APP processing and BA 1-40/1-42
production, which were only decreased with short-term treatment. This result suggests that
CDKS5 knockdown is relevant in the reversion of BA protein levels and for intra- and
extracellular B-amyloidosis in older 3xTgAD mice for a shorter treatment period,
considering that soluble BA (BA 1-40) is also involved in the pathogenesis of Alzheimer’s
disease (Haass and Selkoe 2007; Benilova et al. 2012, Abelein et al. 2013). This finding also
suggests that in an independent mode of this histopathological hallmark, CDK5 reduction
down-regulates insoluble tau and improves learning and memory with long-term treatment,
despite the recovery of basal enzymatic activity at one year post-injection. These
observations are supported by similar results showing a reduction of p35 cleavage to p25 by
calpain inhibition, which prevented cognitive alterations in transgenic mouse models (Liang
et al. 2010; Medeiros et al. 2012). Furthermore, Crews et al. have shown the rescue of
altered neurogenesis after pharmacological and genetic inhibition of CDKS5 in APP
transgenic mice (Crews et al. 2011).

The involvement of kinases and phosphatases in the process of phosphorylation/
dephosphorylation of tau is essential for the development of tauopathy (Wang et al. 2007).
GSK3p and CDKS5 are the most important kinases in the hyperphosphorylation of tau and
are crucial to the development of diseases associated with tau hyperphosphorylation
(Plattner et al. 2006). However, it is difficult to determine the effect of CDK5 on GSK3B,
especially in a chronic model of tauopathy, such as aged 3xTgAD mice (Noble et al. 2003;
Wen et al. 2008a). In our work, we found that GSK3p may be modulated by CDK5
knockdown by reducing the basal protein levels and inducing a clear trend or increase in
inhibitory phosphorylation at Ser 9 of GSK3p, which may be correlated with the short- and
long-term decrease in hyperphosphorylated tau and PHF-1 formation. This study is the first
report of this association in a model of AD.

Contrary to our observations, it has been reported that CDK5 can phosphorylate and
promote the activation of the ErbB receptor (epidermal growth factor receptor), which, when
activated by the binding of neuregulin (a member of the family of epidermal growth factor
proteins), can induce the phosphorylation and activation of AKT. AKT is a serine/threonine
kinase involved in cell survival pathways (Li et al. 2003) and may inactivate GSK3 through
phosphorylation at Ser 9, preventing f-amyloidosis but inducing phosphorylated tau in older
mice (Cross et al. 1995, Wen et al. 2008). However, both findings indicate that CDK5 has
different direct or indirect means of regulating GSK3 activity, and its inhibition could be
relevant for functions other than protein aggregation.

Other proteins involved in AD pathology include phosphatases, which have the ability to
regulate the degree of phosphorylation of various proteins via dephosphorylation
(Braithwaite et al. 2012). The most important phosphatases associated with the AD are PP1
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and PP2A, which are reported to have the highest tau dephosphorylation activity (Liu et al.
2005). These phosphatases, in turn, have control over other substrates involved in the
signaling pathway of AD (Braithwaite et al. 2012; Liu et al. 2013; Ducruet et al. 2005). PP1
can activate GSK3 via dephosphorylation at Ser 9 (Hernandez et al. 2010; Bennecib et al.
2000), and PP2A can dephosphorylate and regulate AKT, thereby inhibiting its action on
GSK3 (Resjo et al. 2002; Mora et. al. 2002) Thus, phosphatases can influence the
pathological conditions of AD through various pathways in which phosphatase activity can
be altered to induce tau dysregulation (Liu et al. 2005). However, an imbalance in
GSK3/PP1 is implicated in BA aggregation (Lopez-Menendez et al. 2013; Vintem et al.
2009). Because activation of GSK3p induces phosphorylation of the inhibitor I12PP1, the
activation of PP1 in the GSK/I2PP1/PP1 molecular complex (Sakashita et al. 2003) may be
a key factor in disease development.

Nevertheless, CDKS5 is involved in the regulation of PP1 through the phosphorylation of
inhibitor 1 (11PP1) and inhibitor 2 (12PP1), which both regulate activity by binding to PP1
(Oliver et al. 1998). The dephosphorylated form of 12PP1 can bind to and inhibit PP1,
CDKS5 and GSK3 can phosphorylate and prevent the action of 12PP1 on PP1 (Agarwal-
Mawal and Paudel 2001). Unlike 12PP1, the dephosphorylated form of I1PP1 remains
inactive and does not perform any function on PP1, but when I11PP1 is phosphorylated by
PKA, CDKS5 can bind to and inhibit PP1 (Huang and Paudel 2000; Nguyen et al. 2007).
Interestingly, the 3xTg-AD mice treated with shCDK5mIR for both evaluated time intervals
showed co-immunoprecipitation of 12PP1 and PP1, which is associated with the inhibition
of phosphatase PP1 and most likely associated with the trend toward increased
phosphorylation of GSK3 at Ser 9 during the short- and long-term treatments. This process
could be related to the significant reduction of intracellular B-amyloid in the present study,
as well as the reversion and prevention of hyperphosphorylated tau and the consequent
improvement of cognitive function during short- and long-term treatments in older 3XTgAD
mice (Castro-Alvarez et. al. 2014a).

PP2A is the most important phosphatase in the process of tau phosphorylation; its inhibition
under normal conditions is associated with the hyperphosphorylation of tau (Liu et al. 2005;
Louis et al. 2011; Planel et al. 2001). Additionally, its inhibitor, I2PP2A, is directly involved
in the abnormal hyperphosphorylation of tau and the inhibition of PP2A activity (Chohan et
al. 2006, Arif et al. 2014). Interestingly, our data demonstrated that CDK5 interference
significantly increased PP2A activation despite the reduction in PP2A and increase in
I2PP2A total protein levels. These findings could be supported by a recent report in which
the inhibitory phosphorylation of GSK3 at Ser 9 constrained 12PP2A to the cytoplasm,
avoiding an inactivation with PP2A (Yu et al. 2013). Furthermore, GSK3p phosphorylated
at Ser 9 induces PP2A activity, thereby preventing amyloidosis (Noh et al. 2013).

However, our data suggest that when shCDK5miR loses its efficiency for reducing CDK5
activity at one year post-injection (Castro-Alvarez et al. 2014a), there is a concomitant loss
of PP2A activity, loss of efficiency on the reversion of APP processing and the presence of
extracellular plaques, suggesting a close relationship between CDK5 and PP2A in the
control of BA aggregation, possibly through the regulation of GSK3p. Which could be
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supported by previous studies indicating that PP2A and GSK3p are involved in BA
accumulation (Liu et al. 2013; Ryder et al. 2003; Wen et al. 2008a).

Together, our experimental data suggest that gene therapy based on silencing CDK5
prevents not only tauopathy but also intracellular B-amyloidosis during short- and long-term
treatment through regulation of the phosphates PP1 and PP2A and inhibition of GSK3 B at
Ser 9. This conclusion suggests that CDK5 can control tauopathy (Castro-Alvarez & Uribe-
Arias et al. 2014b) and possibly f-amyloidosis. However, the recovery of CDKS5 activity
after long-term therapy introduces variation in the control of phosphatases and extracellular
-amyloidosis. Therefore, our findings could indicate that a therapy booster is necessary
each year to achieve efficiency in CDKS5 silencing.
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Figure 1.
shCDK5miR treatment reduced amyloid deposition in the hippocampus at 3 weeks after

administration. a) A immunohistochemistry revealed a reduction in extracellular p-amyloid
plaques in animals injected (short-term) with sShCDK5miR compared to scrambled
(shSCRmIR) injection in 18-month-old 3xTgAD mouse hippocampi and aged control mice.
Magnification, 10X and 40X, scale bar, 100 um and 20 um. n=3-4. b) The fluorescence
intensity of intracellular BA was diminished by short-term therapy with sShCDK5mIR in the
hippocampal CAL1 area of 3xTg-AD mice. Representative images of green fluorescence
from pAAV.CMV.hrGFP for the sShSCRmIR and shCDK5mIR conditions are shown. ¢)
These results were confirmed by a decrease in BA 1-40 and BA 1-42 levels measured using
ELISA in the hippocampus of 18-month-old 3xTgAD mice injected with ShCDK5mIR or
shSCRmiIR. d) Western blots of APP, sAPPp and CTFJ revealed a reduction in protein
levels 3 weeks after the injection of ShCDK5mIR in 18-month-old 3xTgAD mice. Tubulin
was used as a loading control, and densitometry quantification was performed. n=5,
*=p<0.05, **=p<0.01, ***=p<0.001.
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Reduced CDKS5 activity during short-term treatment with ShCDK5mIR indirectly modulates
other kinases and phosphatases. a) Changes in the GSK3B/AKT pathway, PP1 and PP2A
phosphatases and their inhibitor levels were evaluated by Western blotting. Representative
blots are shown. Tubulin was used as a loading control, and densitometry quantification was
performed. n=3, *=p<0.05, **=p<0.01, ***=p<0.001. b) The 12PP1 and PP1 association
was evaluated using immunoprecipitation. An elevated association of PP1 and 12PP1 and a
trend of increased GSK3-p Ser 9 suggests PP1 inactivation. Additionally, increased PP2A
activity was directly detected using a phosphatase assay kit. Quantification and
representative blots are shown. Densitometry quantification was performed. n=5, *=p<0.05.
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Figure 3.

Long-term therapy (one year after injections beginning at 6 months of age) with
shCDK5miR prevents BA aggregation in the hippocampus of 3XTgAD mice. a)
Immunohistochemistry did not indicate any changes in the extracellular f-amyloid plaques
in 18-month-old 3xTgAD mouse hippocampi injected with ShCDK5miR compared to
shSCRmIR one year after treatment. Magnification, 10X and 40X, scale bars, 100 um and
20 pm. n=3-4. b) The fluorescence intensity of intracellular BA in the CA1 region of 3xTg-
AD mice remained reduced during long-term therapy with shCDK5mIR. Representative
images of green fluorescence from pAAV.CMV.hrGFP for the shSCR and shCDK5miR
treatments are shown. c) The BA40 and BA42 levels were not affected at one year after
treatment in the hippocampi of 18-month-old 3xTgAD mice injected with ShCDK5miR or
shSCRmiIR. d) Western blotting of APP, SAPPB and CTFf showed an increasing trend
during long-term treatment with sShCDK5mIR in 18-month-old 3xTgAD mice. Tubulin was
used as a loading control, and densitometry quantification was performed. n=5, *=p<0.05.
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Inhibition of the association between GSK3p (p-Ser 9) and PP1/I2PP1 was detected during

long-term treatment with shCDK5mIR. a) Changes in the GSK3[ and PP2A/I12PP2A protein
levels were maintained after one year of CDK5 knockdown in 3xTgAD mice.
Representative blots are shown. Tubulin was used as a loading control, and densitometry

quantification was performed. n=3, *=p<0.05, **=p<0.01, ***=p<0.001. b) The 12PP1 and
PP1 association was evaluated using Immunoprecipitation. This association suggests
persistent PP1 inactivation, and changes in PP2A activity were not detected at one year post-
injection. Quantification and representative blots are shown. Densitometry quantification
was performed. n=5, *=p<0.05.
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