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Abstract

Alzheimer's disease is a major cause of dementia for which treatments remain unsatisfactory.
Cyclin-dependent kinase 5 (CDKD5) is a relevant kinase that has been hypothesized to contribute to
the tau pathology. Several classes of chemical inhibitors for CDKS5 have been developed, but they
generally lack the specificity to distinguish among various ATP-dependent kinases. Therefore, the
efficacy of these compounds when tested in animal models cannot definitively be attributed to an
effect on CDKS5. However, RNA interference (RNAI) targeting of CDKS5 is specific and can be
used to validate CDKS5 as a possible treatment target. We delivered a CDK5 RNAI by lentiviral
(LV) or Adeno-Associated Viral Vectors (AAV) and analyzed the results in vitro and in vivo.
Silencing of CDKS5 reduces the phosphorylation of tau in primary neuronal cultures and in the
brain of wild type C57BL/6 mice. Furthermore, the knock-down of CDKS5 strongly decreased the
number of neurofibrillary tangles in the hippocampi of triple transgenic mice (3xTg-AD mice).
Our data suggest that this down-regulation may be due to the reduction of the CDKS5 availability
in the tissue, without affecting the CDKS5 kinase activity. In summary, our findings validate CDK5
as a reasonable therapeutic target for ameliorating tau pathology.
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Introduction

Alzheimer's disease (AD) is a progressive neurodegenerative disorder, considered a major
cause of dementia and a public health problem around the world. The main hallmarks of AD
are B-amyloid extracellular plaques and intracellular tau pathology that appear progressively.
Tau pathology is characterized by excessive tau phosphorylation, reduced binding affinity of
tau to microtubules and the formation of aberrant tau aggregates known as neurofibrillary
tangles (NFT). Because the presence and extent of NFTs has been correlated with the level
of dementia (Arriagada et al., 1992), drugs which control the phosphorylation state of tau
deserve attention (Igbal et al., 2005). Several strategies have been tried to inhibit tau
phosphorylation but with limited success (Churcher, 2006; Skovronsky et al., 2006;
Mazanetz and Fischer, 2007).

Nineteen phosphorylation sites have been identified in tau associated with paired helical
filaments (PHF) (Morishima-Kawashima et al., 1995; Augustinack et al., 2002; Yu et al.,
2009). In vitro experiments have demonstrated that tau is a substrate for several kinases
(Kobayashi et al., 1993; Paudel et al., 1993; Patrick et al., 1999). Cyclin-dependent kinase 5
(CDKDb) has been considered a major tau kinase that contributes to tau pathology (Baumann
et al., 1993; Paudel et al., 1993).

CDKS5 is a serine threonine kinase with pleiotropic effects in the mammalian central nervous
system (CNS) (Dhavan and Tsai, 2001). Interaction of CDK5 with either p35 or p39, two
proteins abundantly expressed in post-mitotic neurons, is necessary for its activation (Lew et
al., 1994; Tsai et al., 1994; Tang et al., 1995). Cleavage of p35 to a truncated form, p25, by
calpain delocalizes and deregulates CDK5 (Kusakawa et al., 2000). The aberrant activity of
CDKS5 by p25 has been associated with NFTs (Cruz et al., 2003; Noble et al., 2003).

Several classes of potent chemical inhibitors for CDK5 have been reviewed (Fischer, 2001).
Most of them are competitive inhibitors at the ATP binding site, resulting in a lack of
specificity among kinases (Garrett and Fattaey, 1999; Gray et al., 1999; Meijer et al., 1999;
Leost et al., 2000; Sielecki et al., 2000; Fischer, 2001; Knockaert et al., 2002; Mettey et al.,
2003). Discovery of more specific CDKS5 inhibitors could be a useful therapeutic (Shiradkar
etal., 2007; Gong and Igbal, 2008). However, before undertaking this onerous task one
would like better evidence that CDKS5 is a reasonable treatment target. In the present study,
we used RNAI to target CDKS5 with very high specificity and evaluated its effect on the
phosphorylation of tau and on the tau pathology, using a triple transgenic mice model of
Alzheimer's disease.

Materials and Methods

RNAI Design

The RNAI (Short hairpin RNAmIR, sShRNAmIR) sequences for silencing of CDK5
(shRNAmIiR-CDK?5) and a scrambled RNA sequence as control (ShRNAmir-SCR) were
based on previously published sequences (Chang et al., 2006). These sequences were cloned
into human miR-30-based stem-loops by polymerase extension of overlapping DNA
oligonucleotides. For cloning of lentiviral (LV) RNAI constructs, the following primers
were used for polymerase extension: ShCDK5miR forward primer 5'
CAGAAGGCTCGAGAAGGTATATGCTGTTGACAGTGAGCGACATGACCAAGCTG
CCAGACTATAGTGAAGCCACAGATGTA 3'and shCDK5miR reverse primer 5'
CTAAAGTAGCCCCTTGAATTCCGAGGCAGTAGGCACCATGACCAAGCTGCCAGA
CTATACATCTGTGGCTTCAC 3' or shSCRmiR forward primer 5'
CAGAAGGCTCGAGAAGGTATATGCTGTTGACTAGCACACATCAGGAAGCGCTC
GACAGTGATAGTGAAGCCACAGATGTA 3" and shSCRmiR reverse primer 5'
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CTAAAGTAGCCCCTTGAATTCCGAGGCAGTAGGCACCTAGCACACATCAGGAAG
CGCTCGACAGTGATACATCTGTGGCTTCAC 3'. The extension products were digested
with Xhol and EcoRI for directional cloning into the vector pPCMV-GIN-ZEO.GFP (Open
Biosystems). For cloning of RNAI vectors for AAV production, the following primers were
used for polymerase extention: ShCDK5miR forward primer 5'
AAAACTCGAGTGAGCGCTGACCAAGCTGCCAGACTATACTGTAAAGCCACAGA
TGGG 3' and shCDK5miR reverse primer 5'
AAAAACTAGTAGGCGTTGACCAAGCTGCCAGACTATACCCATCTGTGGCTTTAC
AG 3' or shSCRmiR forward primer 5'
AAAACTCGAGTGAGCGCACCATCGAACCGTCAGAGTTACTGTAAAGCCACAGA
TGGG 3' and sShSCRmIR reverse primer 5'
AAAAACTAGTAGGCGTACCATCGAACCGTCAGAGTTACCCATCTGTGGCTTTAC
AG 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).

Viral Particle Production

To produce lentiviral particles, the plasmid pCMV-GIN-ZEO.GFP (Open Biosystems)
(Silva et al., 2005; Stegmeier et al., 2005), which coexpressed Green Fluorescent Protein
(GFP) and the designed miRNA was cloned. The lentivirus vector was produced by co-
transfection of 10-cm plates of highly confluent HEK-293T cells (Human Embryonic
Kidney 293 cells) with 30 ug of vector core plasmid pCMV-GIN-ZEO.GFP, 27 pg of
Packaging plasmid psPAX2 (Addgene, plasmid #12260), and 3 ug of VSV-G Envelope
Plasmid pMD2G (Addgene, plasmid # 12259) using Calcium Phosphate (Zufferey and
Trono 2000). Supernatant of conditioned medium was collected at 48 h following
transfection. The supernatant was clarified by filtering through a 0.45um filter. The viral
particles were concentrated by ultracentrifugation at 30,000 rpm for 2 h at 4 °C with a
Beckman 50T rotor on a 20% sucrose cushion. The viral pellet was re-suspended in 200 pL
of 1x PBS and titered by HIV p24 ELISA, Lentivirus Quantitation Kit (Cell Biolabs, Inc)
and transducing units (TU/mL) in HEK-293T (Naldini et al., 1996).

The protocol to produce AAV particles was for large-scale production of heterologous
proteins by Sf9 insect cells culture for co-infecting recombinant baculovirus derived from
the Autographa californica nuclear polyhedrosis virus (Urabe et al., 2002). The shRNAmir-
CDKS5 and shRNAmir-SCR 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). AAV titers were determined by using
quantitative PCR and/or DNA slot blot analysis. The AAV were dialyzed before use.

Transfections and Transductions

Hippocampal and cortical primary cultures from C57BL/6 mice or Wistar rat embryos
(E17-18) were dissected, trypsinized, dissociated (Banker and Kimberly 2002) and cultured
at a density of 5x10° cells on poly-L-Lisyne (Sigma-Aldrich) pre-coated 24-well or 6-well
plates in Neurobasal medium (GIBCO) containing B-27 supplement, (Sigma-Aldrich), and
Penicillin-Streptomycin antibiotic mixture (GIBCO), at 37 °C and 5% CO?2 in a humidified
atmosphere.

Transient transfection with lentiviral vector plasmid was done in HEK293T cells at Day in
vitro 3 (DIV3) and neuronal primary cultures at DIV5 using Lipofectamine 2000 according
to the manufacturer's instructions (Invitrogen). At DIV5 neuronal primary cultures plated in
6/well plates were transduced for 3 days with 2 uL of LV with a titre of 10° Lentiviral
Particles per mL or for 15 days with 2 uL of AAV with a titre of 1012 genomes per mL.
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Western Blotting

Neuronal primary cultures, HEK-293T cell or hippocampal samples were lysed on 150 mM
NaCl, 20 mM Tris, pH 7.4, 10% glycerol, 1 mM EDTA, 1% NP-40, 100 uM
phenylmethylsulfonyl fluoride, 1 ug/mL aprotinin and leupeptin (Sigma) and 100 uM
orthovanadate (Cardona-Gomez et al., 2004). Proteins were loaded on 10% SDS-PAGE gel
and transferred to nitrocellulose membranes (Amersham) at 250 mA for 2 h using an
electrophoretic transfer system. The membranes were incubated overnight at 4 °C with
rabbit anti-CDK5 (C-8) (1:1000, Santa Cruz Biotechnology), PHF-1 monoclonal antibody
which recognizes Tau phospho-Ser-396/404 donated by P. Davies (Feinstein Institute for
Medical Research, Manhasset, NY), rabbit anti-p35/p25 (C-19) (1:1000, Santa Cruz
Biotechnology), total tau (tau-5) (1:1000, Invitrogen) and mouse anti-B Actin (1:2000,
Sigma-Aldrich). IRDye 800CW Goat Anti-Mouse or rabbit (LI-COR, Inc, diluted 1:5000)
and anti-mouse 1gG or anti-rabbit IgG, peroxidase conjugated (Jackson Laboratories, diluted
1:10000) were used as secondary probes. The blots were developed using The Odyssey®
Infrared Imaging System or chemiluminesence method (ECL Western blotting system,
Amersham) followed by an exposure to a radiographic film (ECL Hyperfilm, Amersham).
The films were analyzed using Quantity One version 4.3.0 (Biorad).

Immunofluorescence

Cell cultures were fixed 20 minutes in 4% paraformaldehyde in cytoskeleton buffer (CB)
(Gallego-Gomez et al., 2003). Autofluorescence was reduced with 50 mM NH4CI. Cells
were permeabilized and blocked with 0.1% PBS Triton X-100 and 1% bovine serum for 1 h.
Cultures were incubated overnight at 4 °C with primary antibodies, rabbit anti-CDK5 (C-8)
(1:1000, Santa Cruz Biotechnology, inc), and mouse anti-Human-PHF-Tau (AT-8, clone
which recognizes Tau phospho-Ser-202/Thr205, 1:500, Pierce Biotechnology). We used
Alexa 488, and Alexa 594 secondary fluorescent antibodies (Molecular Probes) during 1 h
and the nuclei were stained with Hoechst (1:5000, Invitrogen) for the last 15 min. The cells
were observed by fluorescence microscopy (Olympus 1X81). The images were analyzed
individually to evaluate GFP, CDK5, and AT-8 immunoreactive expression and the
fluorescent intensity per area selected (soma or dendritic processes) was determined in 30
neurons per assay by software Image Scope Pro, MediaCybernetics®.

Mouse brains were cut in 50 um coronal sections with a vibratome (Leica 1000) and treated
with 50 mM NH4CI for 10 min at room temperature. Slices were pre-incubated 1 h in 1%
BSA with 0.3% Triton X-100 in 0.1 M PB. Primary antibodies were incubated overnight at
4 °C. We used rabbit anti-CDKS5 (C-8) (1:500, Santa Cruz Biotechnology), and PHF-1
antibody. Alexa 488, and Alexa 594 were used as secondary fluorescent probes. The slices
were observed by fluorescence microscopy Olympus 1X-81 or Olympus FV-1000 CLS, and
analyzed as individual images for GFP, CDKS5 and PHF-1 expression. Deconvolution and
fluorescence intensity were done using Image Scope pro software (Media Cybernetics) and
Cell Software (Olympus).

Animal Procedures

Neuronal primary cultures were prepared from pregnant C57BL6 mice or Wistar rats at
embryonic days 17-18 (E17-E18) housed in the viviarium at SIU-University of Antioquia,
Medellin, Colombia. Animals were handled following the Colombian regulations (Law 84
of 1989 and resolution 8430 of 1993) and the NIH animal welfare care guidelines (Public
Law 99-158, November 20, 1985, “Animals in Research”). A total of twenty 6 month old
C57BL/6 wild type mice and forty two 18-23 month old triple transgenic Alzheimer mice
(3xTg-AD) were used (Oddo et al., 2003).
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Animals were injected with 2 uL. of AAV2-shRNAmIirSCR (SCRmiR), or AAV2-
shRNAmirCDKS5 into the right hippocampus (Bregma Coordinates were —1.7 antero-
posterior, —0.7 lateral and —1.75 depth). For CDKS5 kinase activity measurements the mice
were bilaterally injected into the hippocampus with the viral vectors. Injections were
performed with a 10 pL Hamilton syringe at a rate of 0.2 uL/min and 5 min elapsed after
infusion before withdrawal of the syringe. Animals were perfused transcardially with 4%
paraformaldehyde in PBS and processed for the immunodetection. The brains were
cryopreserved with 30% sucrose and stored at —20 °C. For biochemical measures the
hippocampi were dissected and immediately frozen on dry ice and stored at —80 °C before
use.

In vitro CDK5 Kinase Assay

Three weeks after stereotactic injection of AAV2-CDK5miR or AAV2-SCRmIR into the
hippocampus of 3xTg-AD and C57BL/6 wild type mice, the animals were sacrificed and the
hippocampi were dissected, placed on a 1.5 mL microfugue tube containing lysis buffer, and
rapidly frozen in liquid Nitrogen immersion. Brain tissue was kept at —70 °C to preserve
enzymatic activity until the assay was performed. Brain tissue was thawed on ice and
homogenized, incubated for 15 min on ice, and centrifuged at 13,000 rpm/4 °C. Supernatant
was recovered in clean microfuge tubes and protein concentration was measured with the
bicinchonic acid method (Thermo Scientific). CDK5 was immunoprecipitated from 250 pg
of total protein using 1 ug of IgG rabbit polyclonal anti-CDK5 (C-8) antibody (Santa Cruz).
Antibody and protein extract was incubated overnight at 4 °C in a rotator; protein G
sepharose (Sigma) was added and incubated for an additional 1h at 23 °C, protein G
sepharose beads were washed 5 times with IP buffer (Sigma), keeping the sample at 4 °C.
After the fifth wash, the protein G sepharose beads were re-suspended in 200 pL of kinase
assay buffer (20 mM Tris/HCI pH 7.5, 100 uM sodium orthovanadate, 10 mM MgCl,, 50
mM NaCl, 1 mM DTT, and 1 mM NaF), and ATP was added to the re-suspended beads at a
10-fold excess (0.5 mM). Histone from Calf Thymus Type I11-S (Sigma) was added as a
substrate for CDKS5 at a final concentration of 6 uM, and then the reaction was gently
vortexed, and aliquoted in up to 8 fractions 25 pL each, and incubated at 37 °C, for times
ranging from 15 to 60 min. To stop the reaction, 5 uL. SDS-PAGE loading buffer (250 mM
TrisHCI, 10% SDS, 30% Glycerol, 0.5 M DTT, 0.02% bromophenol blue) was added,
immediately followed by 5 min incubation at 95 °C. The samples were separated
electrophoretically at 120 V/2 h and transferred to a nitrocellulose membrane at 200 mA/1.5
h. Ponceau Red in 5% acetic acid was used to stain the transferred proteins. Histone was
clearly visible, and its migration on the gel was identified around 21 KDa. Western blotting
detection for CDK5 (C-8 antibody) and rabbit polyclonal anti-histone H1 phosphorylated
(Millipore, 06-597) were used. Goat antiRabbit IRDye 800WE (Li-COR) was used and
detected using ODYSSEY Infrared Imaging System (Li-COR). Band intensities for histone
were measured with ImageJ Software (NIH), and normalized to IgG heavy chain intensity.
To evaluate the kinetic properties of the CDK5 phosphorylation, the reaction was performed
with varying amounts of substrate (Histone concentrations ranging from 1 to 11.5 uM) and
reaction was followed up to 35 min. V, was calculated as the change in the normalized
histone band intensity normalized to the intensity of the CDKS5 band and then divided by the
time observed in minutes to draw a Lineweaver-Burk projection.

Immunohistochemistry

Mouse brain sections (50 um) were treated for 20 minutes on 0.1 M PB: Methanol (1:1), 1%
hydrogen peroxide and incubated 1 h in 0.1 M PB with 1% BSA, 0.3% Triton X-100. Then
the slices were incubated with mouse anti-Human-PHF-Tau (AT-8, 1:500, Pierce
Biotechnology) mouse anti-Human-PHF-Tau (AT-8) primary antibody during overnight at 4
°Cin 0.1M PB with 0.3% BSA, 0.3% Triton X-100. Slices were incubated with biotinylated
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mouse secondary antibody and then incubated with ABC-HRP complex (Pierce
Biotechnology) for 2 h. Detection was developed with diaminobenzidine (DAB). The tissue
was dehydrated and covered with mounting solution and observed by an Eclipse E200
optical microscope (Nikon).

Quantification of PHF-1 Immunoreactive Neurons in CAl

To analyze the effects of CDK5mIR on the PHF-1-positive cells in the hippocampus of
3xTg-AD mice, we employed quantitative image analysis techniques using CLSM imaging
of CA1. We used Hoechst labelling to automate the detection of cells in this area. First, we
acquired 3D images on an Olympus FV-1000 CLS microscope using a 40x objective while
imaging two channels: one for the Hoechst signal (350 nm) and the other for
immunodetected PHF-1 stain (secondary antibody conjugated to Alexa 594). To analyze the
whole CAL area, we acquired two consecutive 3D images for each sample by manually
panning the motorized stage; these 3D images were later automatically stitched together.
The ultraviolet channel was used to automatically detect all nuclei present in the paired
image and the red channel was used to classify all cells within the CA1 region expressing
PHF-1.

The 3D stack alignment was performed automatically using an automatic registration and
seamless mosaicking technique (Fedorov et al., 2002; Fedorov et al., 2006). We chose the
translational transformation model considering deviations in rotation and scale introduced
by the motorized stage being negligible. First, candidate locations were extracted as
uniformly distributed local maxima over the condition surface (Kenney et.al., 2003). Then
for each of these locations the point descriptors were extracted. Considering small
perturbations among input images, our choice sets the descriptors that can be computed
efficiently. We use small circular windows whose intensity content was normalized and
orientation was aligned with the average gradient orientation (Zuliani et.al., 2004).
Preliminary matches of the tie points were established identifying the pairs with minimum
distance in the descriptor space. Afterwards, the inevitable outliers were pruned off using
RANSAC-like algorithm producing final tie point matches. The transformation parameters
were then estimated using matched tie points by the Normalized Direct Linear
Transformation (DLT) algorithm (Hartley and Zisserman, 2004).

To blend stack planes together we used Multi-Resolution Splines (MRS) (Burt et al., 1983).
Images were first decomposed into a multi-resolution Laplacian pyramid and the pyramids
were then spliced level by level according to a weighted average over a transition zone. The
blended image was obtained by reversely composing the spliced Laplacian pyramid.
Therefore, the splice was matched to the scale of features and images were blended
gradually without blurring finer image details. The averaged transition zone was identified
by minimizing the error surface created by the absolute value of the difference of the
gradients of overlapping areas (l; and Ip). The approximate global solution for the
minimization of the problem was given by a computationally efficient graph-cut algorithm
(Boykov et. al., 2001).

In all fused images, cell nuclei were automatically detected in the ultraviolet channel by a
3D Nuclei Detection algorithm (Obara et al., 2008). We focused on the pyramidal cells in
CALl and removed nuclei lying outside of this region by manually masking the region of
interest, using open source Digital Notebook software (Kvilekval et al., 2010). The detection
algorithm was divided into two steps: i) candidate location detection and ii) candidate
location pruning. The nuclei centroid candidate locations were detected by local maxima of
an image convolved with the 3D LoG kernel. The LoG kernel size is controlled by an user-
defined average nuclear size parameter. The local maxima detection process continues by
detecting locations of higher magnitude until the low intensity bound, defined by the user,
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was reached. The candidate locations were then filtered in order to prune spurious locations
due to circle-ellipsoid mismatch (we model nuclei as spheres), image noise and other issues.
During this process all visible nuclei in the image were detected and indicated by a yellow
outline.

The detected nuclei were classified according to PHF-1 expression in a small volume around
each nucleus' centroid. Thus, each candidate location was described by computing the voxel
intensity sum within the sphere constructed at that centroid location with a diameter 1.5
times larger than the nuclei diameter. Due to fluctuations in the intensity of PHF-1
penetration, expression and acquisition parameters we estimate the average background
intensity of the PHF-1 signal by using Robust Median Absolute Deviation Estimator (Wang
and Suter, 2004). This value is not affected by outliers to the same extent as the average
estimation. Finally, the nuclei were classified using a modified K-means approach (Bishop,
1995), where one of the classes was bound by the robust median estimator. This approach
avoids forcefully splitting nuclei into two classes if they lie below or above the PHF-1
background intensity. Cells classified as high PHF-1 after this analysis were indicated by a
red outline. Small inserts in these figures zoom into an area of the CAL nuclei, in order to
emphasize the accuracy of the automated detection. An arrowhead was pointed to cells that
belong to the high PHF-1 class, and we could visually confirm that the pointed cells express
a high amount of PHF-1 immunoreactivity, noticed in the red pseudo-color of the image.

Statistical analyses

Results

The n used for in vitro and in vivo experiments was 3-6. The parametric data were compared
using multi-variable two-way analysis of variance (ANOVA) followed by Tukey's post-hoc
test for comparison between several independent groups. A confidence level of p<0.05 in a
two-tailed test was adopted for statistical significance. The comparison between two groups
was done using t-student test. Data were expressed as mean + S.E.M. Analyses were
performed with SPSS (IBM company) and GraphPad Prism version 4.00. 2003 (GraphPad
Software Inc., San Diego, CA).

CDK5 RNAI Reduced Phosphorylated Tau in vitro

Following the model proposed by Chang K et al., 2006, we designed a microRNA that
contains the backbone of the naturally occurring miR30, and the complementary sequence to
target the CDK5 mRNA. This construct, referred to as SARNAmirCDKS5 (or briefly,
CDK5mIR), was cloned in pPCMV-GIN-ZEO.GFP plasmid (Open Biosystems). To validate
the ability of our construct to knock down CDKS5 expression in vitro, we transfected it into
HEK 293T cells with lipofectamine 2000 reagent (Invitrogen) and detected transfected cells
by GFP expression (figures 1a and 1c¢). Immunofluorescence of CDK5 was performed on
transfected cultures, and we observed a decrease of the CDK5 immunofluorescence (IF) in
transfected cells compared to untransfected cells present in the same optical field (figure
1d). Cells transfected with pPCMV-GIN-ZEO.GFP plasmid carrying a scrambled version of
the CDKS5 targeting sequence, expressed the GFP protein, but did not show a change in the
intensity of CDKS5 fluorescence compared to untransfected cells present in the optical field
(figure 1a, 1b). These observations were also evaluated by western blotting, and quantified
by densitometry using Quantity One software version 4.6.0 (Biorad). We observed a
significant decrease of CDK5 immunoreactivity of 76 + 5,95 % in HEK 293T cells (figure
1e). Lentiviral particles were produced in HEK293T cells by co-transfecting the pPCMV-
GIN-ZEO plasmids containing either CDK5miR or SCRmIR, together with pMD2G and
psPAX2 using calcium phosphate. Viral supernatants were recovered 2 days later, quantified
by HIV p24 ELISA, Lentivirus Quantification Kit (Cell Biolabs, Inc), and titered by
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transducing units (TU/mL) in HEK-293T (Naldini et al., 1996). Primary cultures of
hippocampal neurons were transduced at DIV5 with these lentiviral particles (LV) at a titre
of 10° LV/mL and at a MOI of 10. After 3 days the cultures were fixed with CB-PFA 4%
and immunostained for CDK5 (figure 1f, 1h). In accord with observations made on HEK
cells, LV-CDK5miR produced a reduction of CDK5 immunofluorescence in cells that
expressed the reporter GFP, compared to untransduced (GFP-) cells (figure 1i). Cells
transduced with LV carrying the scrambled construct showed no change in the CDK5
immunofluorescence (figure 1g). We estimated that the fluorescence intensity of CDKS5 in
CDK5miR transduced neurons differed significantly from those transduced with the control
SCRmIR, showing a decrease of 52.5 + 3.38% in CDK5miR treated cells (Figure 1j).

CDK5mIR and SCRmIR in pPCMV-GIN-ZEO.GFP plasmid were also transfected in
neuronal cultures at DIV5 for 3 days (figure 2a, 2¢) and stained for phosphorylated tau using
AT-8 antibody (figure 2b, 2d). As shown in figure 2d and insert 2e, knocking down of
CDKS5 by transfection of CDK5mIR reduced the AT-8 immunoreactivity in the neuritic
processes, compared to that observed in transfected neurons with the SCRmiIR (Insert 2e).
Fluorescence intensity, quantified using the software image Scope-pro, showed significantly
less immunofluorescence in neurons transfected with CDK5miR (33,1 + 10,3%) compared
to the neurons transfected with SCRmiR (figure 2f).

CDK5miR and SCRmIR synthetic microRNAs were cloned in the plasmid AAV-
CMV.hrGFP, and adeno-associated viral particles serotype 2/5 were produced. Hippocampal
neurons were transduced with these adeno-associated particles in DIV5 neurons at a titre of
1012 genomes per mL with a high efficiency of transduction. We obtained a monolayer of
neurons that homogeneously expressed the viral transgenes, as seen by the GFP reporter
(data not shown). After culturing the adeno-associated transduced neurons for 15 days with
AAV-CDK5mIR or AAV-SCRmMIR, protein extracts were immuno-blotted for
phosphorylated tau with PHF-1 antibody. In this experiment, we confirmed a significant
reduction of the PHF-1 immunoreactive band in the neuronal primary cultures expressing
the CDK5mIR with respect to the SCRmiR as control (figure 2g, 2h).

We then sought to determine the effect of CDK5 knock-down on the subunits p35 and p25
in the same protein extracts of AAV transduced neurons. We confirmed a significant
decrease of the CDK5 immunoreactivity; however, p35 and p25 were strikingly increased in
the neuronal cultures expressing CDK5miR compared to SCRmiIR cultures (figure 2g).
CDKS5 activity has been linked to the ratio between p25 and p35 (Patrick et al., 1999; Tseng,
2002). We determined that this ratio was not modified in the neuronal cultures treated with
AAV-CDK5mIR (figure 2h).

CDK5 RNAIi Reduced Phosphorylated Tau in vivo

We next assayed in vivo the silencing of CDK5 on the levels of phosphorylated tau. We
stereotactically injected lentiviral particles carrying CDK5miR or SCRmIR in the
hippocampus of six month old C57BL/6 wild type mice. After sacrifice at 1 or 3 weeks post-
injection, their hippocampi were dissected, homogenized, and protein extracts were analyzed
by Western blotting to determine the levels of CDKS5, phosphorylated tau with PHF-1 and
pSer199 tau antibodies, and total tau with Tau-5 antibody. In the mice injected with LV-
CDK5miIR for one week, CDK5 was significantly reduced (figure 2i, 2j). However, at 3
weeks post-injection there was greater variability in the CDK5 immunoreactivity and the
difference did not achieve significance. When tau immunoreactivity was analyzed at the
same two points, the PHF-1 and p-ser199 tau signals were significantly decreased at three
weeks, but not at one week. The expression of Tau-5 was not affected (Figure 2i, 2j). The
delay in a decrease of tau phosphorylation relative to CDK5 knock-down may be due to the
long half-life of the CDK5-induced phosphorylation sites. Taken together, these results
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demonstrate that the CDK5miR mediated the knock down of CDKS5 in vivo was associated
with a reduction in the phosphorylation of tau.

We investigated the effect of CDK5mIR in vivo in the triple transgenic Alzheimer's disease
mouse model (3xTg-AD mice). At 18 months and older this murine model (Oddo et al,
2003) displays hippocampal neurofibrillary tangles similar to those in AD patients. We
injected either AAV-CDK5mIiR or AAV-SCRmIR bilaterally into the hippocampi of 18
month old 3xTg-AD mice. These animals were sacrificed three weeks post-injection; one
hemisphere was frozen and stored at —80 °C, and the other was immersed in PFA 4% for 48
h, sectioned, and analyzed by fluorescence microscopy (IX 81, Olympus). In fixed cerebral
tissues, we found that the 3xTg-AD mice treated with AAV-CDK5mIR had a notable
decrease of the CDKS5 immunofluorescence in Dentate Gyrus, CAl, CA2 and CA3 areas
with AAVCDK5mIR transduction, compared with AAV-SCRmIR (figure 3).

The frozen tissue was slowly thawed on ice, the hippocampus dissected, homogenized, and
protein extracts were analyzed by Western blotting. The AAVCDK5mIR injected brains had
a weak reduction in the CDK5 immunoreactive band. Despite this moderate effect on CDK5
levels in vivo, we confirmed that the phosphorylation of tau was strongly reduced by the
CDK5miR treatment, i.e. the PHF-1 band detected in hippocampi of 3xTg-AD mice injected
with CDK5mIR resulted in a five-fold reduction compared to the band in mice treated with
SCR-miR (figure 4a). In addition, p35 levels were significantly increased in mice treated
with CDK5mIR compared to the control SCRmiR. However, p25 did not show a comparable
increase (figure 4a). To analyze the up-regulation of p35, CDK5 immunoprecipitation was
performed from protein extracts of transduced neuronal cultures. We found that the
increased p35 was in a pool that is not associated with CDKS in the neurons treated with
AAV-CDK5mIR compared to the AAV-SCRmIR treated cells (Figure 4b).

CDK5 RNAI Decreased CDKS5 Protein Availability without Affecting Kinase Activity

To determine whether CDKS5 kinase activity was reduced by CDK5miR, we quantified
kinase activity in the hippocampi of AAV-CDK5miR-treated 18-23 month old 3xTg-AD
mice. CDKS5 was immunoprecipitated and its steady state Kinetics was studied using excess
histone as substrate. In agreement with total lysates (figure 4a), lower amounts of CDK5
were detected in the immunoprecipitated fractions from CDK5mIR injected mice compared
to SCRmIR injected mice (figure 4c). The product formation of phosphorylated histone was
observed over a 60 min time-course when incubated at 37°C in the presence of CDK5 from
the CDK5miR- and SCRmiR-treated tissues, suggesting that the CDKS5 remaining in the
AAV-CDK5mIR treated fraction was still functionally active (figure 4d). We then
performed quantitative analysis using data obtained from western blots and results were
presented in figure 4d. Data were fit to steady state linear expression, and the reaction rates
were calculated according to the slope. We found a significant 50% product formation rate
reduction after CDK5miR treatment of transgenic mice compared to control (Figure 4e). A
significant 45% reduction was also found in replicate experiments done in wild type mice
(figure 4f). This result might be due to reduced CDKS5 availability alone or in combination
with partially impaired kinase activity.

To answer this question, we performed the same in vitro assay as in the transgenic mice
study, but varied concentrations of substrate at the 30 min time point when product
formation was still linear, so the reaction rate was directly correlated with enzyme
concentration in the assay. Enzyme concentration was normalized by the density of CDK5
observed in the immunoprecipitated fraction and results were plotted on a Lineweaver-Burk
projection (Lineweaver and Burk, 1934). From three independent experiments average Ky
and Vpax were estimated as follows: with CDK5mIR treatment Ky, = 4.02 uM and Vpax
=2.72 + 1.76 min~1, with SCRmIR treatment Ky, = 2.71 uM and Vax = 3.35 + 4.5 min~1.
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No apparent changes in the kinetic properties of the enzyme were observed (figure 4g).
These findings suggest that a reduced amount of CDKS5 following CDK5miR treatment led
to reduced enzyme availability while CDKS5 activity remained unchanged.

Silencing of CDKS5 reduced the number of neurofibrillary tangles in the hippocampi of
triple-transgenic Alzheimer mice

Triple transgenic Alzheimer's disease mice (3xTg-AD) had highly PHF-1 immunoreactive
cells in the CA1 area of the hippocampus at 18-23 months old. Immunohistochemistry
performed on 50 um coronal sections of the mouse brains showed PHF-1+ cells in mice 18
and 23 months old, using both fluorescence (PHF-1+ cells in green/nuclei in red by Hoechst)
(figure 5a) and DAB (AT-8 positive cells) (figure 5b), as previously observed (Oddo et al
2003). In the 23 month old animals, PHF-1 immunoreactivity was stronger in the cellular
cytoplasm surrounding the nucleus than in the younger 18 month old mice (insert frame in
figure 5a). Eighteen month old mice had stronger PHF-1 immunoreactivity in neuritic
processes compared to the 23 month old animals (figure 5¢). When we injected AAV-
CDK5miIR intra-hippocampally and sacrificed the mice three weeks later, the extent of the
tau pathology appeared to be reduced by immunodetection (figure 5d, 5¢) compared to the
SCRmiIR injection (fig 5a, 5b). This finding was replicated in 18 month old mice (figure 5f).
Therefore, silencing of CDKS5 is capable of reducing the extent of tau pathology in mice at
an advanced age.

To quantify the observed reduction in tau immunoreactivity we analyzed the sections with
CLSM imaging of hippocampal CAL in 3xTg-AD mice. Our goal was to quantify the
number of cells with high PHF-1 expression in the CA1 area, in mice treated by intra-
hippocampal injection of CDK5miR or SCRmiR. We acquired images from a total of 8
control mice injected with SCRmiR (Six, 18 month and two, 23 months old), and a total of
10 experimental mice injected with CDK5mIR, six of the mice were 18 months and four of
them 23 months old (figure 6a, 6b). All CA1 neurons in these images were automatically
classified according to PHF-1 intensity in two classes: low and high PHF-1
immunoreactivity (figure 6¢—6f), and the percentage of high PHF-1 cells to total cells were
calculated. (Figure 6g). These automated quantitative analyses corroborated the findings
observed in the figure 5. An average of 10.05 + 1.3 % of cells in the CA1 region of 3xTg-
AD mice were classified as high PHF-1 in control mice, whereas the CDK5mIR intra-
hippocampal treatment caused a significant reduction of cells classified as high PHF-1 in
mice of the same age, reaching values as low as 2.7 + 0.67% (Fig 6g, left bars), which was
supported by the single fluorescence quantification (Figure 6h). Interestingly, the density of
cells in this area also differed. We detected more neurons in the CAl area of 18-23 month
old transgenic mice treated with CDK5mIiR, suggesting that the silencing of CDK5 might
prevent the rapid loose of neurons in elder mice (figure 6g, right bars).

Discussion

The knock-down of CDKS5 reduces the levels of phosphorylated tau, the number of
neurofibrillary tangles and blocks the rapid neuronal loss in the hippocampi of elder triple
transgenic mice. Based on our results, we propose CDK5 RNAi-mediated silencing as a
novel gene therapy strategy against the tau pathology associated with Alzheimer's disease.

Several studies report CDKS5 inhibition by pharmacological inhibitors such as, olomoucine,
roscovitine, purvalanol, flavopiridol, butyrolactone, indirubins, hymenialdisine, the
paullones and the aloisines (Garrett and Fattaey, 1999; Gray et al., 1999; Meijer et al., 1999;
Leost et al., 2000; Sielecki et al., 2000; Knockaert et al., 2002; Mettey et al., 2003).
Interestingly, hymenialdisine inhibits in vivo phosphorylation of tau at AD-specific sites in
cultured insect cells (Meijer et al., 2000). Alsterpaullone, an inhibitor for CDK5 and
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GSK-3p inhibits the in vivo phosphorylation of tau at AD-specific sites in slices from mouse
striatum (Leost et al., 2000). A notable disadvantage to all these inhibitors is that these are
competitive inhibitors at the ATP binding site, resulting in a lack of specificity among the
many ATP-dependent kinases. However, the ShRNAmMiCDKS5 (CDK5miR) offers specific
inhibition of CDKS5. This study shows that CDKS5 is a valid therapeutic target. The previous
chemical inhibitors lacked the specificity as compared to RNAi. Therefore this is a proof-of-
concept study, which suggests that RNAI is a valid therapeutic approach but also suggests
that developing more specific inhibitors of CDKS5 is a worthy goal.

We observed that 3 weeks CDK5mIR treatment decreased the phosphorylated tau in adult
brain of wild type mice. However, the CDKS5 protein levels displayed tendency to recover at
3 weeks of treatment compared to one week. This may indicate an endogenous feedback
operating to maintain the CDK5 necessary for its normal function in the nervous tissue. In
vivo data of CDK5 kinetic showed normal activity after silencing of CDK5. We calculated a
CDK5 Ky of 4 uM with histone as substrate. This value is comparable to the previously
described Ky, of 4 uM in vivo tau (Jae Suk Ahn et al., 2004) and Ky of 10 uM in vitro for
histone (Min Liu et al., 2008). A 45-50% reduction in the histone phosphorylation rate with
CDKS5 obtained from cerebral tissue of CDK5mIR treated mice was associated with a
comparable reduction of CDK5 in the same tissues. Based on these data, we suggest that
diminution of the amount of CDKS5 available in the tissue regulates or normalizes the
activity of CDKS5 in the transgenic mice, resulting in amelioration of the tau pathology.

We also observed increased p35 levels in the brain of 3xTg-AD mice treated with
CDK5miR. Mice that over-express human p35, CDKS5, and tau display increased CDK5
activity without an evident increase in tau phosphorylation (Van den Haute et al., 2001).
These findings are consistent with our results and indicate that p35/CDKS5 does not
efficiently phosphorylate tau. However, recombinant p25/CDK5 phosphorylates tau with
higher efficiency than p35/CDKS5 in vitro (Hashiguchi et al., 2002). The 3xTg-AD mice
treated with CDK5miR in our study had increased p35 and reduced CDKS5. These
circumstances may reduce p25-mediated CDK5 phosphorylation of tau. As a consequence a
lower number of tangle bearing neurons were seen in treated mice, despite of their advanced
age.

Recent studies show that p25/CDK5 deregulates histone deacetylase 1 (HCDAC1) activity
inducing aberrant cell cycle and double-strand DNA breaks prior to neuronal death in CK-
p25 mice (Kim et al., 2008). Other reports showed that conditional knockout of CDKS5 in the
adult mouse brain improved performance in spatial learning tasks, enhanced hippocampal
long-term potentiation, and decreased CDK5-induced NR2B (NMDA subunit) degradation
by calpain (Hawasli et al. 2007). Moreover, partial inhibition of CDKS5 has been a proposed
as therapeutic option (Camins et al., 2006; Zheng et al 2005).

Decreasing the availability of CDKS5 could be a useful therapeutic approach. Excessive up-
regulation of CDKS5 by the truncated activators may contribute to neurodegeneration and
alter the phosphorylation state of cytosolic and cytoskeletal proteins. Increased CDK5
activity has been implicated not only in Alzheimer's Disease (AD), but also in amyotrophic
lateral sclerosis (ALS), Parkinson's disease, Niemann-Pick type C disease, ischemia and
animal models with some of these conditions (Lee et al., 1999; Patrick et al., 1999; Nguyen
etal., 2001; Bu et al., 2002; Lu et al., 2003; Nguyen and Julien, 2003; Smith et al., 2003;
Wang et al., 2003). In summary, silencing CDK5 opens a novel gene therapy strategy to
control the amount of CDKS5 to reduce the tau pathology associated to Alzheimer's disease
and other tauopathies.
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Figure 1. Knockdown of CDKS5 in HEK-293T cell line and neuronal primary cultures by
CDK5mIR constructs

a) GFP expression of HEK-293T cells transfected with pCMV-GIN-ZEO-
ShRNAmMIirSCR.GFP (SCRmiR). b) CDK5 immunofluorescence in HEK-293T cells
transfected with SCRmiR. c) GFP expression of HEK-293T cells transfected pPCMV-GIN-
ZEO-shRNAmirCDK5.GFP (CDK5mIR). d) CDK5 immunofluorescence in HEK-293T
cells transfected with CDK5mIR; arrows point to GFP+ cells in panel c. Decrease of the
CDKS5 immunoreactivity is observed in transfected cells. Green: GFP fluorescence, red:
Alexa 594. 60x, scale bar: 20 um. n=6. ) CDK5 Western blotting in HEK-293T transfected
cells with SCRmiR and CDK5miR. A representative plot is shown. Bl11-Tubulin was used as
loading control. Data is presented as mean £ S.E.M. n=6, * = p<0,05. f) GFP expression of
neuronal primary cultures transduced with LV- SCRmIR. g) Immunofluorescence of CDK5
in transduced neurons with LV-SCRmIR. h) GFP expression of neuronal primary cultures
transduced with LV-CDK5mIR. i) CDK5 immunofluorescence in neurons transduced with
LV-CDK5mIR. Arrows point to GFP+ transduced neurons seen in panel h. Decrease of
CDKS5 immunoreactivity in transduced neurons with LV-CDK5mIR is observed. Green:
GFP fluorescence, red: Alexa 594. 60x, scale bar: 20pum. n=6, ** = p<0,001. j)
Quantification of the fluorescence intensity of CDK5 immunoreactivity of neurons
transduced with LV-SCRCDK5mIR and LV-SCRmIR, using the software image scope pro,
Media cybernetics. RU= Relative Units, n=6, ** = p<0,001.
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Figure 2. CDK5mIR decreased the levels of phosphorylated tau

a) GFP expression of hippocampal neurons transfected with pPCMV-GIN-
ZEO.shRNAmirSCR.GFP (SCRmIR). b) Immunofluorescence of phosporylated tau with
AT-8 antibody in neurons transfected with SCRmiR expressed in pPCMV-GIN-ZEO-GFP
plasmid. c) GFP expression of hippocampal neurons transfected with pCMV-GIN-
ZEO.shRNAmirCDK5.GFP (CDK5miR). d) Immunofluorescence of phosporylated tau with
AT-8 antibody in neurons transfected with CDK5mIR; A decrease in AT-8
immunoreactivity was detected. Green: GFP fluorescence, red: Alexa 594. 60x, scale bar: 20
um. n=4. e) Zoom inserts from b and d. Arrows indicate neuritic processes of transfected
cells. The phospho-tau (AT-8) immunoreactivity decrease in neurites transfected with
CDK5miR (GFP positive cells). f) Quantification of the fluorescence intensity of AT-8
immunoreactivity in neurons transfected with CDK5mIR and SCRmiR, using the software
image Scope-Pro (Media cybernetics). RU= Relative Units, n=4, * = p<0,05. g) CDKS5,
PHF-1, p35, and p25 were evaluated by Western Blotting in neuronal primary cultures
transduced with AAV-CDK5mIR and AAV-SCRmIR. B-actin was used as loading control.
Representative blots are shown. h) Densitometric quantification from g, p25/p35 Ratio was
calculated. Data are presented as mean +S.E.M. p25 and p35 densitometry values were
previously normalized to B-actin. n=6, * = p< 0,05. i) CDK5, PHF-1 tau, pSer199 tau and
Tau-5 Western blotting from hippocampal lysates of C57BL6 mice injected with LV-
CDK5miR and LV-SCRmIR. Representative blots are shown. j) Densitometry of Western
blots in LV-CDK5mIR and LV-SCRmIR treated mice was measured and normalized to
actin. Data is plotted as the percentage of change between control (SCRmIR) and treated
(CDK5mIR) groups and presented as mean £S.E.M. n=4, * = p< 0,05, **=p<0,001
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Figure 3. CDK5mIR reduces CDKS5 expression in the brain of triple transgenic Alzheimer mice
3xTg-AD mice (18-23 months old) were sacrificed three weeks after injection with AAV.
Silencing of CDKS5 expression by CDK5mIR in the Dentate gyrus, CAl, CA2 and CA3
regions of 3xTg-AD mice. GFP represent the transduced areas in the hippocampus. 15x,
scale bar: 100 um. CDK5 immunofluorescence 40x, scale bar 50 um. n=6.
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Figure 4. CDK5mIR reduces CDKS5 levels in the hippocampus of triple transgenic Alzheimer
mice without affecting its kinetic activity

a) CDKS5, PHF-1, p35, and p25 Western blotting from hippocampus of 3xTg-AD mice
treated with SCRmiR and CDK5miR. B-actin as loading control. Representative blots are
shown. Densytometric quantification was done, RU= Relative units. n=3, *= p<0.05. b)
CDKS5 Immunoprecipitation (IP), Wh: CDK5, p35 of neuronal primary cultures. A band
corresponding to the IgG heavy chain was detected and used as loading control. Negative for
IgG immunoprecipitation was used as an internal control. Representative blots are shown.
Densytometric quantification of CDK5 and p35 proteins was done, RU= Relative units. n=3,
*=p<0.05. ¢) CDKS5 IP, Wh: CDKS5 from hippocampus of 3xTg-AD mice treated with
SCRmIR and CDK5mIR. d) Temporal course for CDKS5 kinase activity was detected by
phosphorylated histone antibody. A band corresponding to the IgG heavy chain was
detected. e) Product formation using CDKS5 IP from hippocampi of transgenic and e) wild
type mice was measured by densitometry and plotted against the reaction time. Linear
regression was used and the fitting line was drawn (GraphPad Software). SCRmIR is shown
as closed circles and a straight line, and CDK5mIR is shown as open circles and a dotted
line. Data is presented as mean +S.E.M. n=3. *=p<0,05. g) Phospho-histone formation was
calculated as indicated above in several assays where substrate concentration was varied and
normalized to CDK5 densitometry in the immunoprecipitation. Reaction rates were
measured as the slope of the curve and Lineweaver-burk plot is graphed. Each value is
presented in the dot-plot and lineal regression was used to fit the model. CDK5mIR is shown
as closed circles and a straight line, and SCRmiIR is shown as open circles and a dotted line.
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Figure 5. CDK5mIiR decreases phosphorylated tau and neurofibrillary tangles in 3xTg-AD mice
a) Phospho-tau (PHF-1) immunofluorescence showing neurofibrillary tangles (NFTs)
positive cells and b) phospho-tau (AT-8) immuoreactive cells present in the CA1 area of
hippocampus of 23 month old 3xTg-AD mice three weeks post-injection with AAV-
SCRmiIR. ¢) PHF-1 immuofluorescence showing positive cells in CA1 in hippocampus of 18
month old 3xTg-AD mice, three weeks after hippocampal injection with AAV-SCRmR. d)
PHF-1 immunofluorescence and e) AT-8 immunoreactive cells in the CA1 area of 23
months old and f) 18 months old 3xTg-AD mice three weeks after injection with CDK5miR.
n=6, Red pseudo-color: nucleus staining with Hoechst, green pseudo-color: PHF-1 IF, Alexa
594. 60x, Bar: 50 um; Inserts a, ¢, d: 100x, scale bar: 20 um.
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Figure 6. Silencing of CDKS5 reduced the number of neurofibrillary tangles in the hippocampus
of triple-transgenic Alzheimer mice

In this figure, left side images a), ¢) and e) correspond to AAV-SCRmIR and the right side
b), d) and f) correspond to AAV-CDK5mIR injection. Representative PHF-1 channels of
hippocampal CA1 region of 23 months old 3xTg-AD mice, imaged three weeks after a)
AAV-SCRmIR or b) AAV-CDK5mIR injection. Inserted panels show magnified 3D
visualizations of CAL cell nuclei, generated using bioView3D software (Kvilekval et al.,
2010), where, PHF-1 channel is shown in red and Hoechst is in blue. Arrows point towards
cells automatically classified as high PHF-1. Plots c¢) and d) show average PHF-1 intensities
within detected cells where point color represents the classification result, red indicates high
PHF-1 and green indicates low PHF-1. The red line separates the classes. Plots e and f show
the same data sorted according to the average intensity, where the plot portion colored in red
is classified as high PHF-1. Note, that the CDK5miR image set was acquired at 1.5 times
higher PMT voltage and offset than the SCRmIR. The bar graph g) shows a significant
difference in the percentage of CA1 cells classified as high PHF-1 for both conditions (left).
The density of the detected nuclei (right) shows a tendency to increase in old mice treated
with CDK5mIR; h) Intensity fluorescence quantification of PHF-1 also decreased after
CDK5mIR treatment. Data is presented as mean +S.E.M. n=8 to controls and n=10 to
treated. * p< 0,05, ** p< 0,001.
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