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Abstract. Alzheimer’s disease (AD) is a major clinical concern, and the search for new molecules to combat disease progression
remains important. One of the major hallmarks in AD pathogenesis is the hyperphosphorylation of tau and subsequent formation
of neurofibrillary tangles. Several kinases are involved in this process. Amongst them, c-Jun N-terminal kinases (JNKs) are
activated in AD brains and are also associated with the development of amyloid plaques. This study was designed to investigate
the contribution of JNK in tau hyperphosphorylation and whether it may represent a potential therapeutic target for the fight
against AD. The specific inhibition of INK by the cell permeable peptide D-JNKI-1 led to a reduction of p-tau at S202/T205 and
S422, two established target sites of JNK, in rat neuronal cultures and in human AD fibroblasts cultures. Similarly, D-JNKI-1
reduced p-tau at S202/T205 in an in vivo model of AD (TgCRNDS8 mice). Our findings support the fundamental role of JNK in
the regulation of tau hyperphosphorylation and subsequently in AD pathogenesis.

Keywords: Alzheimer’s disease, D-JNKI-1, JNK mitogen-activated protein kinases, phosphorylation, tau protein

INTRODUCTION

c-Jun N terminal kinases (JNKs) belong to the fam-
ily of serine and threonine mitogen-activated protein
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kinases (MAPKSs) and are involved in numerous cel-
lular processes, such as proliferation, differentiation,
development, inflammation, and apoptosis [1]. In the
central nervous system (CNS) the INK signaling path-
way is important in controlling brain functions under
both normal and pathological conditions [2].

In particular, in Alzheimer’s disease (AD), activa-
tion of JNK [3-6] as well as p-c-jun [7, 8], correlate
with disease progression. Furthermore, JNK is acti-
vated by amyloid-3 (A3) fragments [9, 10] and causes
phosphorylation of both amyloid-3 protein precursor
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(ABPP), B—C-terminal fragment (B—CTF) [11-14],
and tau [4, 15-18].

The amyloid-cascade hypothesis of AD considers
the production of AP a key event in AD pathol-
ogy [19], however another school of thought sustains
that the neurofibrillary tangles of hyperphosphorylated
tau, as opposed to amyloid deposits, are more influ-
ential to dementia associated with AD [20]. In line
with the above, the decrease of tau phosphorylation
has been correlated to improvement of memory and
to reduction of neurodegeneration in transgenic mice
over-expressing mutant human tau (P301L) [21] and
in double transgenic mice co-expressing human mutant
ABPP and tau [22]. Thus hyperphosphorylated tau may
be a primary cause of the disorder and therefore under-
standing its regulation is important for the development
of therapeutic strategies.

Tau can be phosphorylated at multiple sites by an
array of kinases, and the phosphorylation events that
lead to AD have been extensively studied [23-25].
In particular JNK is known to phosphorylate tau at
S202/T205 and S422 [26, 27]. These two phosphoryla-
tion sites are strictly associated with AD pathogenesis.
Luna-Munoz and colleagues [25] reported that in AD
brains, phosphorylation at the S202/T205 residues of
tau, recognized by the ATS8 antibody, occurs at an early
stage of the disease, while phosphorylation at S422
precedes and correlates with tangle formation [28].

To study the involvement of the JNK pathway on
tau hyperphosphorylation we analyzed the action of
JNK at S202/T205, S422 using three different models:
differentiated cortical neurons, as an in vitro control
model; transgenic AD mice (TgCRNDS), to assess the
contribution of JNK in tau phosphorylation in an vivo
model; and finally human AD fibroblasts, which are
easily accessible from patients and are a good model
to validate potential therapeutic strategies. The latter
also offer an excellent way to study the mechanisms
involved in the development of AD [29].

To achieve specific inhibition of JNK in vitro and
in vivo, we used a cell permeable JNK inhibitor pep-
tide (D-JNKI-1), which prevents JNK action without
interfering with its activation/phosphorylation [30, 31]
in low concentrations (2 M) and modulates the enzy-
matic activity in high concentrations (4 and 6 uM), as
we have previously demonstrated [32]. We analyzed
the effect of D-JNKI-1 in these models and we proved
that JNK plays a key role in tau hyperphosphorylation
on S202/T205 and S422. A better understanding of
the JNK pathway activation/inhibition is of great ther-
apeutic interest and may have important implications
for the fight against AD.

MATERIALS AND METHODS
Cortical neuronal cultures

Primary neuronal cultures were obtained from the
cerebral cortex of two days postnatal rats, incubated
with 200 U of papain (P3125, Sigma Aldrich, St Louis,
USA) (30’—34°C), then with trypsin inhibitor (T-
9253, Sigma Aldrich) (45” —34°C), and subsequently
mechanically dissociated. Neurons were plated in
35mm dishes (~7 x 10° cells/dish) pre-coated with
25 pg/ml poly-D-lysine (P6407, Sigma Aldrich).
Plating medium was B27/neurobasal-A (17504-
044, 10888, Gibco-Invitrogen, Paisley, Scotland,
UK) supplemented with 0.5mM glutamine (25030,
Gibco-Invitrogen), 100 U/ml penicillin, and 100 pg/ml
streptomycin (15140-122, Gibco-Invitrogen). To avoid
proliferation of glial cells and in order to achieve 95%
purity in neuronal cultures, AraC (10 nM), (C6645,
Sigma Aldrich) was added to the media at 2 days from
plating date (2DIV).

The experiments were performed 12 days from plat-
ing date (12DIV), at which time neurons are considered
differentiated [33-35]. All experiments were repeated
using at least six independent culture preparations.

Neurons were treated with D-JNKI-1 (2-4-6 pM)
(Istituto di Ricerche Farmacologiche ‘“Mario Negri”,
Milano, Italy) for 24 h. This D-retro-inverso inhibitor
of JNK is composed exclusively of D- instead of L-
amino acids and is synthesized in a reverse order to
preserve functionality. The inactive peptide D-TAT was
used as a control to prove the specificity of D-JNKI-
1, as previously shown by Borsello et al. [30]. All
experimental procedures on animals were performed
in accordance with the European Communities Coun-
cil Directive of 24 November 1986 (86/609/EEC) and
all efforts were made to minimize animal suffering.

Subjects and human fibroblasts cultures

Patients included in this study were recruited and
evaluated at the Memory Clinic of IRCCS “Centro
San Giovanni di Dio-Fatebenefratelli”, Brescia, Italy.
Written informed consent was obtained from all sub-
jects or, where appropriate, their caregivers, following
the procedures approved by the hospital local ethical
committee. Fibroblast primary cultures were derived
from the dermal biopsy of AD and control subjects
(NA) as previously described [36]. Global cognition
was investigated by Mini-Mental State Examination
(MMSE). Demographic features of fibroblasts donors:
AD patients, n=7, mean age=72.2+6.94 years,
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gender=80% female, MMSE=17.4+5.9; NA con-
trols subjects, n=6, mean age=62.6+4.28 years,
gender=60% female, MMSE=28.8+ 1.1. Fibrob-
lasts from unrelated healthy controls (NA) were
obtained from Fatebenefratelli Biological Repository
(F-BR) of IRCCS “Centro San Giovanni di Dio-
Fatebenefratelli”, Brescia, Italy. Cells were cultured
at 37°C in 5% CO2/95% air in Eagle’s Mini-
mum Essential Medium (31095, Gibco-Invitrogen),
10% FBS (SH30070.03, Hyclone-Thermo Scientific,
Rockford, USA), 100 U/ml P/S (15140-122, Gibco-
Invitrogen), 1% v/v Non Essential Amminoacids
(M7145, Sigma Aldrich), 2mM L-Glutamine (25030,
Gibco-Invitrogen). The different fibroblast cell cul-
tures were plated and analyzed at the same passage
number. Fibroblasts were plated in 35 mm dishes, .-
Dishes (80826, Ibidi, Martinsried, Germany) or 96 well
plate. 70-80% confluent cultures were treated with
D-JNKI-1 (10-150 uM) (Istituto di Ricerche Farma-
cologiche “Mario Negri”, Milano, Italy) for 24 h.

Cell peptide uptake

2uwM of FITC-labeled D-JNKI-1 (Istituto di
Ricerche Farmacologiche “Mario Negri”) was added
to the culture medium of cortical neurons for 24 h at
37°C. 50 uM of FITC-labeled D-INKI-1 was added to
the culture medium of fibroblasts (70-80% confluent)
for 24 h at 37°C. Cells were rinsed three times in PBS
and fed with fresh medium. Free FITC was used as
a control for background signals. Peptide internaliza-
tion was monitored by fluorescence in live cells using
a confocal laser scanning microscope. Excitation was
performed at 488 nm.

Real-time reverse transcription-PCR

Total RNA was isolated from cortical neurons using
RNeasy Mini kit (Qiagen GmbH, D-40724 Hilden)
and then treated with DNase (Dnase I, Amplifica-
tion Grade, Invitrogen, Carlsbad, CA 92008 USA).
Extracted RNA was quantified using Agilent RNA
6000 Nano Kit and Agilent Bioanalyzer 2100 (Agi-
lent Technologies, Hewlett, Packard — Str.8, 76337
Walbronn, Germany). Primer and probe sequences
were designed using Beacon Designer 3.0 software
(Premier Biosoft International, Palo Alto, CA) accord-
ing to specification for SYBR-green [37]. Sequences
for the forward primer and reverse primer for tau and
for 3-actin from Zhao et al. 2007 [38]. B-actin mRNA
expression, which is not modulated by the peptide as
previously demonstrated [13], was used as an endoge-

nous control. Real-time PCR reaction was performed
in a final volume of 25 pl containing 45 ng of cDNA,
200 nM of both primers, 12.5 pl of SYBR-green PCR
Master Mix containing: SYBR-green I dye, Ampli-
Taq Gold DNA Polymerase, dNTPs, Passive Reference
Rox™ dye, using Applied Biosystems 7300 Real-
Time PCR System (Applied Biosystems, Warrington,
UK). The amplification protocol included 2 min at
50°C, 10 min at 95°C, followed by 60 cycles of 155
at 95°C for denaturation and 30's at 60°C for anneal-
ing and extension. The relative expression of tau was
calculated by comparative method (Comparative Ct
method - User Bulletin #2, Applied Biosystems).

TgCRNDS mice

Transgenic hemizygous TgCRNDS8 mice carry a
mutated human ABPP gene (ABPP-Swedish & Indi-
ana mutations on 129 SV strain) and show age-related
amyloid plaque accumulation at around 4/5 months of
age and tangles formation at the age of 7 months [39].

A post-symptomatic treatment with D-JNKI-1 (IP
injection-22 mg/kg) was performed on TgCRNDS
mice for 4 months (every 21 days), starting at the age
of 4 months. Mice were sacrificed 3 weeks after the
last injection. In these conditions the treatment has no
side effects. Mice were divided in 4 groups: wild type
treated with vehicle, wild type treated with D-JNKI-1,
transgenic animals treated with vehicle and transgenic
mice treated with D-JNKI-1. At least seven animals
were analyzed for each group.

Immunofluorescence analysis

Cortical neurons and fibroblasts were plated on
p-Dishes (80826, Ibidi, Martinsried, Germany) and
fixed in 4% paraformaldehyde, 5% sucrose-PBS for
30 min on ice. Nonspecific antibody binding sites were
blocked for 1 h with 10% normal goat serum in PBS
and triton 0.3% at room temperature. Primary antibod-
ies specific for PHF-tau clone AT8 (MN1020, Thermo
Scientific, Rockford, USA) (1:100) was diluted in
PBS-Triton 0.1%, NGS 1% and used overnight at 4°C.
Cortical neurons were rinsed in PBS and exposed to
the secondary Alexa 546 antibody (A11030, Invitro-
gen, Molecular Probes, Eugene, Oregon, USA) for
1h at room temperature. For fibroblasts TSA Fluo-
rescence Systems was used for signal amplification
(Cyanine 5 System, NEL705A001 KT, PerkinElmer,
Boston, MA). Hoechst reagent (33258, Invitrogen)
(1:500) in PBS was used to stain the nuclei. Stain-
ing for F-actin cytoskeleton was performed with
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Rhodamine-Phalloidin (R415, Invitrogen, Molecular
Probes) (1 :40in PBS) for 30 min at room temperature.

Cytotoxicity Assay

Toxicity following D-JNKI-1 treatment was evalu-
ated by a Lactate dehydrogenase (LDH) assay. LDH
released in the medium was measured using the Cyto-
tox 96 non radioactive cytotoxicity assay kit (G1780,
Promega, WI, USA). All cytotoxicity assays were per-
formed in triplicates.

Cellular lysis

Total protein extracts were obtained by washing
cells twice in ice-cold PBS and lysed (20 —4°C) in 1%
Triton x-100 lysis buffer supplemented with proteases
(11873580001, Roche) and phosphatases (PhosStop
04906845001, Roche) inhibitors [31].

Western blot analysis

Protein concentrations were quantified using Brad-
ford Assay (Bio-Rad Protein Assay 500-0006,
Munchen, Germany) and 20 pg of whole cell pro-
teins or brain homogenates were separated by 8—10%
SDS polyacrylamide gel. PVDF membranes were
blocked in Tris-buffered saline (5% no fat milk pow-
der, 0.1% Tween20) (1 h, room temperature). Primary
antibodies were diluted in the same buffer (incuba-
tion overnight, 4°C) using: anti PHF-tau clone AT8
(MN1020, Thermo Scientific, Rockford, USA), p-
tau pSerd422 (T 7944, Sigma), anti-tau clone tau-5
(MAB361, Millipore, Billerica, Ma), p-c-Jun Ser73
(9164, Cell Signaling, Danvers, MA), c-Jun (9165,
Cell Signaling), P-JNK (G-7) (sc-6254, Santa Cruz
Biotechnology, Santa Cruz, California), JNK (9252,
Cell Signaling). All blots were normalized to Actin
(MABI1501, Chemicon-Millipore, Billerica, Ma) and
at least three independent experiments were per-
formed. Western blots were quantified by densitometry
using Quantity One software (Biorad).

Statistical analysis

Quantitative data were analyzed by paired Student’s
t-test with two-tailed distribution or One Way-, Two
Way- ANOVA (Tukey’s post hoc test). A p value of
<0.05 was considered significant.

RESULTS

D-JNKI-1 treatment prevents c-Jun and tau
phosphorylation in rat cortical neurons without
initiating cell death processes

The efficacy of D-JNKI-1 was tested by assessing
the uptake of FITC-labeled D-JNKI-1 in adult corti-
cal neurons in control conditions. Briefly, cells were
exposed to 2 w M of FITC-labeled D-JNKI-1 for 24 h
at 37°C. As shown in Fig. 1A, FITC- D-JNKI-1 pen-
etrated neurons and accumulated into the cell bodies.
In order to ascertain that the concentrations used were
not toxic we measured LDH leakage in the neuronal
media, an established index of neuronal death. Treat-
ment with 2,4, and 6 puM D-JNKI-1 for 24 h did not
induce toxicity (Fig. 1B) as previously demonstrated
[13].

The basal activity of JNK signaling pathway is high
in.neurons. The efficiency of D-JNKI-1 to prevent
phosphorylation of c-Jun, a known JBD dependent
target of JNK, was assessed by Western blotting. As
expected, treatment with D-JNKI-1 led to inhibition of
c-Jun phosphorylation compared to control conditions
(Fig. 10), [13, 30, 32, 40]. Densitometry quantifica-
tion confirmed a 28%, 90% and 95% decrease of c-Jun
phosphorylation following treatment with increasing
concentrations of D-JNKI-1 (2-4-6 uM respectively,
Fig.1C,D), (p<0.01 and p <0.001, One Way ANOVA-
Tukey’s post-hoc Test) (£ S.E.M.). We subsequently
analyzed the effect of D-JNKI-1 on activation of JNK.
As already demonstrated by Repici et al., [32] at 4
and 6 uM, D-JNKI-1 interferes with the two upstream
activators, MKK7 and MKK4, inducing a reduction of
the p-JNK/JNK ratio. We could indeed show that D-
JNKI-1 reduced the p-JNK/JNK ratio by 63 and 74%
at 4 and 6 pM respectively (Fig. 1C-E) (p <0.01, One
way ANOVA- Tukey’s Test) (£S.E.M.). The control
TAT-peptide did not prevent JNK activity as previously
demonstrated (data not shown) [30, 31].

We then analyzed the effect of D-JNKI-1 on tau
phosphorylation. p-tau and total tau levels were deter-
mined by Western blotting (Fig. 2). Treatment with
4 and 6 uM D-JNKI-1 for 24 h reduced p-tau (clone
ATS)/tau (clone tau-5) ratio by 40% and 75% respec-
tively (p<0.05 and p<0.01, One way ANOVA-
Tukey’s post-hoc test), (£S.E.M.), (Fig. 2A-B), while
the p-tau (clone ATS8)/Actin ratio decreased by 70%
and 90% respectively (p<0.01, One way ANOVA-
Tukey’s post-hoc test) (£ S.E.M.), (Fig. 2A-C). Sim-
ilarly, treatment with 4 and 6 uM D-JNKI-1 reduced
p-tau S422/tau (clone tau-5) ratio by 54% and 51%
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Fig. 1. D-JNKI-1 penetrates neurons successfully, it is not toxic and inhibits c-Jun and JNK phosphorylation in a concentration dependent
manner. A) Exposure of neurons to 2 uM FITC-labeled D-JNKI-1 for 24 h leads to accumulation of the peptide within the cell bodies (left
panel: Bright Field images with FITC-D-JNKI-1, right panel FITC-D-JNKI-1 only, scale bar 50 wm). B) Incubation with D-JNKI-1 (2-4-6 uM
for 24 h) is not toxic to neurons as indicated by the absence of LDH leakage (p>0.05, One Way ANOVA). C) Representative Western blots
showing reduction of p-c-Jun and p-JNK in rat cortical neurons treated with D-JNKI-1 2-4-6 uM for 24 h. D) Densitometric quantification
of p-c-Jun/c-Jun ratio revealed a 28%, 90% and 95% decrease after treatment with increasing concentrations of D-JNKI-1 (2-4-6 uM), and
E) a reduction of p-JINK/JNK ratio by 63% and 74% at 4 and 6 wM. Loading control: Actin. (One Way ANOVA — Tukey’s Test — *p <0.05,
*#p<0.01) (£ S.E.M.).
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Fig. 2. JNK inhibition reduces tau phosphorylation in cortical neuronal cultures. A) Representative Western blots showing reduction of p-tau
ATS, p-tau S422, and tau protein levels following treatment of neurons with increasing concentrations of D-JNKI-1 for 24 h. B) Densitometric
quantification of p-tau AT8/Tau-5 ratio revealed a decrease (40—75%) after treatment with D-JNKI-1 (4—-6 pM) and C) densitometric quantification
of p-tau AT8/Actin ratio revealed a 70-90% decrease after treatment with D-JNKI-1 (4—-6 uM). D) D-JNKI-1 (4—6 uM) reduces p-tau S422/Tau-5
ratio by 54-51% respectively and E) D-JNKI-1 (4-6 uM) reduces p-tau S422/Actin ratio by 72-93%. F) D-JNKI-1 treatment (4—6 M) reduces
total levels of tau as revealed by the reduction of the Tau-5/Actin ratio (40-80%). Loading control: Actin. (One Way ANOVA — Tukey’s Test —
*p<0.05, ¥*p <0.01) (£ S.E.M.). G) Real Time PCR revealed that tau mRNA levels are decreased by 30% after treatment with 4 wM D-JNKI-1

(Student’s t-test - ¥*p <0.01) (= S.E.M.).

respectively (p<0.01, One way ANOVA- Tukey’s
Test) (£S.E.M.), (Fig. 2A-D). The p-tau S422/Actin
ratio was also decreased by 72% and 93% following
treatment with increasing concentrations of D-JNKI-
1 (p<0.01, One way ANOVA- Tukey’s post-hoc test)
(£S.E.M.), (Fig. 2A-E).

Interestingly, D-JNKI-1 treatment led to an over-
all reduction of tau protein levels, as shown by the
decrease of tau (clone tau-5)/Actin ratio by 40%
and 80% (4 pM and 6 uM D-JNKI-1) (p <0.01, One
Way ANOVA- Tukey’s post-hoc test) (£S.E.M.),
(Fig. 2A-F). The effect of D-JNKI-1 on tau was fur-
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ther assessed by real-time reverse transcription PCR
(RT-PCR). Treatment with D-JNKI-1 (4 uM) reduced
tau mRNA levels by 30% (p <0.01, Student’s z-test)
(£S.E.M.), (Fig. 2G). Thus, JNK regulates tau at the
transcriptional level.

Immunostaining confirmed the effect of D-JNKI-1
on p-tau AT8 levels. Following D-JNKI-1 treatment
(4 pM- 24 h) we observed a clear decrease in tau phos-
phorylation. P-tau was diffusely distributed along the
axons in control conditions and D-JNKI-1 induced the
formation of p-tau spots along the neurites (Fig. 3-
A). The effect of D-JNKI-1 on p-tau AT8 was specific
and did not affect the neuronal cytoskeleton as demon-
strated by phalloidin staining, a marker of the F-actin
cytoskeleton (Fig. 3B).

Inhibition of the JNK pathway prevents tau
phosphorylation in transgenic AD mice
(TgCRNDS)

TgCRNDS8 mice are characterized by numerous A3
deposits (3—5 months of age) in the hippocampus,

A

50 um

50 um

cortex and other brain areas, as well as hyperphospho-
rylated tau (7-12 months of age) and impairment in
learning and memory functions [16,39, 41]. Moreover,
in the neocortex and hippocampus of this transgenic
mouse model (7 and 12 months of age) activity of INK
is increased in respect to Wt controls, and p-JNK is
localized within amyloid plaques [16].

Herein we investigated if a chronic treatment (4
months) with D-JNKI-1 (22 mg/kg) prevents tau phos-
phorylation in TgCRNDS8 mice. Previous reports have
extensively demonstrated that in adult mice the peptide
is able to cross the blood-brain barrier, penetrate the
cerebral cortex within 1 h and 30 min after an intraperi-
toneal injection [30=32, 40], and remain stable in the
brain parenchyma for 3 weeks. Consequently, D-JNKI-
1 was injected in TgCRND8 mice and wt 129 sv mice
every 21 daysintraperitoneally, starting from 4 to reach
8 months of age.

C-Jun was activated in TG-CTR mice compared to
WT-CTR mice both in the cortex (Fig. 4A,B) and hip-
pocampus (Fig. 4E,F) demonstrating a role of JNK
pathway in AD pathology (p < 0.05, two-way ANOVA,

D-JNKI-1

50 um

D-JNKI-1 50 um

Fig. 3. D-JNKI-1 regulates p-tau AT8 distribution. Representative immunostaining images show that A) treatment with 4 wM D-JNKI-1 for 24 h
leads to a decrease in AT8 immunoreactivity (right panel: green p-tau AT8 —blue Hoechst, scale bar 50 wm). B) Neurons were stained for F-actin
(phalloidin). Representative photomicrographs show that D-JNKI-1 does not affect the F-actin cytoskeleton and the neuronal architecture. All

experiments were repeated at least six times (CTR =control conditions).
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Fig. 4. D-JNKI-1 treatment inhibits p-c-Jun expression and reduces p-tau AT8 in the cortex and hippocampus of TgCRND8 mice. Cerebral
Cortex: A) Representative Western blots of p-c-Jun, c-Jun, p-tau ATS8, and Tau-5 from the cortex of TG-CTR, TG-D-JNKI-1, WT-CTR, and
WT-D-JNKI-1 mice. B) In TG-CTR mice c-Jun activity is upregulated in comparison to WT-CTR. D-JNKI-1 reduced the p-c-Jun/c-Jun ratio
by 60%. C) In TG-CTR mice the p-tau AT8/Tau$ ratio is increased in comparison to WT-CTR mice. Chronic treatment with D-JNKI-1 reduces
p-tau AT8/Tau5 ratio in TG mice to WT-CTR levels. D) Total levels of tau remain unchanged following treatment with D-JNKI-1 as shown by the
Tau-5/Actin ratio (Two Way ANOVA — Tukey’s Test — *p <0.05) (£S.E.M.). Hippocampus: E) Representative Western blots of p-c-Jun, c-Jun,
p-tau AT8, and Tau-5 of TG-CTR, TG-D-JNKI-1, WT-CTR, and WT-D-JNKI-1. F) In TG-CTR mice c-Jun activity is upregulated in comparison
to WT-CTR. D-JNKI-1 reduces the p-c-Jun/c-Jun ratio by 60%. G) p-tau/tau is significantly increased in Tg-CTR compared to WT-CTR mice.
D-JNKI-1 chronic treatment leads to an 85% reduction of p-tau AT8/Tau-5 ratio. (Two Way ANOVA — Tukey’s Test — *p <0.05, **p <0.01)
(£S.E.M.). H) Representative Western blots of p-tau S422 in TG-CTR and WT-CTR mice. I) Densitometry analysis reveals no changes at p-tau
5422 levels between TG-CTR and WT-CTR. Loading control: Actin. (Student’s #-test) (£S.E.M.). (TG-CTR =not treated TgCRNDS8 mice,
TG-DINKI-1 =D-JNKI-1 treated TeCRNDS8 mice, WT-CTR = not treated Wt mice, WT-DJ = D-JNKI-1 treated Wt mice).
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Fig. 5. Lack of toxicity and successful penetration by D-JNKI-1 in human fibroblasts. A) Exposure of fibroblasts to 50 w M FITC-labeled
D-JNKI-1 for 24 h leads to accumulation of the peptide within the cell (left panel: Bright Field images with FITC-D-JNKI-1, right panel FITC-
D-JNKI-1 only, scale bar 50 wm). B) Incubation with D-JNKI-1 is not toxic as indicated by the absence of LDH leakage (One way ANOVA).
C) Cells were stained for F-actin (phalloidin). Representative photomicrographs show that D-JNKI-1 does not affect the F-actin cytoskeleton
of fibroblasts from healthy and/or AD subjects. (CTR = control conditions, NA =not affected subject, AD = AD subject).
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Tukey’s post-hoc test). We subsequently assessed the used in the same model by Bellucci et al. [16]. As
efficiency of D-JNKI-1 treatment in TgCRNDS8 mice opposed to the data we obtained in vitro, D-JNKI-1
by analyzing the effect of the peptide on the phospho- had no effect on total tau expression as indicated by
rylation of c-Jun. D-JNKI-1 reduced the p-c-Jun/c-Jun tau (clone tau-5)/Actin ratio in cortex (Fig. 4A-D).
ratio by 60% both in the cortex (Fig. 4A,B) and the As expected [16], p-tau (clone AT8)/tau (clone tau-
hippocampus (Fig. 4E,F) (p <0.05, two-way ANOVA, 5) was significantly increased in the cortex of TG-CTR
Tukey’s post-hoc test). compared to WT-CTR mice (85%, p <0.01, two-way

Levels of p-tau (clone AT8) were examined by West- ANOVA, Tukey’s post-hoc test) (Fig. 4A-C). Con-
ern blotting in the cortex and in the hippocampus of versely, p-tau ATS8 levels in TG-D-JNKI-1 mice were
Tg-D-JNKI-1 mice in comparison to untreated and to comparable to those detected in WT-CTR animals.
WT (treated and untreated) littermates. Total tau levels More specifically, in cortex homogenates of TG-D-
were detected by the anti-tau clone tau-5 previously JNKI-1 mice the p-tau AT8/tau (clone tau-5) ratio
A Not Affected subjects Alzheimer’s Disease subjects

a) CTR b) CTR

50'um

¢) D-INKI-1 d) D-JNKI-1 c)D-INKI-1 d)D-INKI-1

B D-JNKI-1 C P-c-Jun/c-Jun D P-Tau AT8/Tau-5
CTR 10 uM 50 uM
— — — 12 12
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S 08 £ 08
B | c-Jun § oo £ os
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-— P-Tau 5422 0 D-JNKI-1 D-JNKI-1 0 D-JNKI-1 D INKI-1
, !g Tau-5 10 uM 50 uM 10 uM 50 uM
Actin E P-Tau S422/Tau-5 F Tau-5/Actin
1.2
E 7 g 13;
: R
3 "8 $ 12
§ 06 g
2 o4 £ 08
k] S
s 02 S 04
= o & 02
D-JNKI-1 D-JNKI-1 0 D-JNKI-1 D-JNKI-1
10 uM 50 uM 10 uM 50 uM

Fig. 6. D-JNKI-1 reduces tau phosphorylation in human fibroblasts. A) D-JNKI-1 reduces AT8 staining in fibroblasts from AD patients, but
not in NA subjects (green p-tau AT8 — blue Hoechst, scale bar 50 um) (CTR = control conditions, NA =not affected subject, AD = AD subject).
B) Representative Western blots of p-c-Jun, c-Jun, p-tau AT8, p-tau S422, and Tau-5 in human AD fibroblasts untreated (CTR) and treated
with increasing concentrations of D-JNKI-1 (10-50 uM) for 24 h. C) Treatment with 50 uM D-JNKI-1 reduces p-c-Jun/c-Jun ratio by 23%.
D) Treatment with 50 uM D-JNKI-1 reduces p-tau AT8/Tau-5 ratio by 50%, and E) D-JNKI-1 (50 M) also leads to a 38% reduction of p-tau
S422/Tau-5 ratio. F) Total tau is not affected by treatment with D-JNKI-1. Loading control: Actin. (One Way ANOVA —Tukey’s Test— *p < 0.05)
(£S.EM.).
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was significantly lower in comparison to TG-CTR
mice (-85%, p < 0.05, two-way ANOVA, Tukey’s post-
hoc test) (Fig. 4A—C). Likewise, in the hippocampus
the p-tau AT8/tau (clone tau-5) ratio was significantly
increased in TG-CTR mice compared to WT-CTR
mice (95%, p <0.01, two-way ANOVA, Tukey’s post-
hoc test) and decreased in TG-D-JNKI-1 compared
to untreated TG-CTR mice (—85% p <0.05, two-way
ANOVA, Tukey’s post-hoc test) (Fig. 4E-G).

We then examined the phosphorylation of the S422
tau site in Tg-CTR compared to WT-CTR mice. Since
we could not observe changes in tau phosphorylation
at S422 between Tg and Wt animals (Fig. 4H,I) we did
not process D-JNKI-1 treated mice (p > 0.05, Student’s
t-test).

Therapeutic efficacy of D-JNKI-1 was tested in
primary fibroblasts from AD patients

The effect of JNK inhibition on tau phosphoryla-
tion was tested in human fibroblasts from AD patients
and in not affected subjects (NA). We first tested pen-
etration and toxicity of D-JNKI-1 on these cells that
are defined as a resistant cell line to cell permeable
peptides (CPPs) [42].

Exposure to 50 wuM D-JNKI-1 resulted in 100% pen-
etration after 24 h (Fig. 5A). Toxicity was assessed
by measuring LDH release in the culture media: no
signs of toxicity were detected even at doses as high
as 150 uM (Fig. 5B). Treatment of fibroblasts with
D-JNKI-1 did not affect the cytoskeletal structure of
fibroblasts, as demonstrated by phalloidin staining
(Fig. 50).

The inhibitory effect of D-JNKI-1 on the p-c-Jun/c-
Jun ratio in this cellular model was tested by Western
blotting. 50 wM D-JNKI-1 reduced p-c-Jun/c-Jun ratio
by 23% after 24h (p<0.05, One Way. ANOVA-
Tukey’s post-hoc test) (=S.E.M.) (Fig. 6B,C).

We then evaluated the effect of D-JNKI-1 treatment
on p-tau AT8 and tau expression and distribution. It
is known that in cycling cells, like fibroblasts, tau is
also localized in the nucleus and along mitotic chro-
mosomes to regulate microtubules dynamic instability
required for the rapid mitotic events [43]. Interest-
ingly, p-tau AT8 distribution was quite different in NA
healthy subjects and AD patients, suggesting a mislo-
cation of the protein in pathological conditions. In NA
fibroblasts p-tau ATS staining was both nuclear and
cytoplasmic [43], while in AD fibroblasts the phos-
phorylated protein was mainly cytoplasmic (Fig. 6A).
D-JNKI-1 treatment reduced p-tau AT8 in fibroblasts
from AD patients. On the other hand the strong reduc-

tion of p-tau AT8, observed in AD patients, was less
evident in D-JNKI-1 treated fibroblasts from NA sub-
jects suggesting a major effect of D-JNKI-1 peptide on
p-tau AT8 cytoplasmic pool (Fig. 6A).

To better investigate the effect of D-JNKI-1 on AD
fibroblasts we quantified the p-tau/tau ratio by Western
blotting. Treatment with D-JNKI-1, 50 uM, reduced
the p-tau (clone AT8)/tau (clone tau-5) ratio by 50%
(Fig. 6B-D) (p<0.05, One Way ANOVA- Tukey’s
Test) (£S.E.M.). Moreover p-tau S422/tau (clone tau-
5) ratio was reduced by 38% (Fig. 6B-E) (p <0.05, One
way ANOVA- Tukey’s Test) (£S.E.M.) (p <0.05 and
p<0.01, One Way ANOVA- Tukey’s Test) (£S.E.M.).
D-JNKI-1 did not affect tau (clone tau-5)/Actin ratio
indicating that the peptide does not have any effects on
total tau expression (Fig. 4B,F).

DISCUSSION

Neurofibrillary tangles composed of hyperphospho-
rylated tau are a major hallmark of AD. In the present
study we investigated the phosphorylation of tau medi-
ated by INK at S202/T205 [44], recognized by the ATS8
antibody, and S422 [26, 27]. As previously reported,
phosphorylation at S202/T205 is an early event in tau
hyperphosphorylation [45-47] and is associated with
an early stage of the pathology in human AD brains and
tauopathies [23, 25, 47]. Similarly, phosphorylation at
S422 is seen in AD brains but not in normal brains
[48]. However, this phosphorylation is not an early
event in tau pathology since staining for p-tau S422 is
rare in pretangle neurons [49]. Hyperphosphorylation
of tau has been linked extensively to neurodegenera-
tion [50, 51], and it involves a wide range of kinases.
Some of the kinases responsible of tau phosphory-
lation, Cdk-5, GSK-3B, and JNK [27, 52-57] are
also responsible for ABPP phosphorylation on T668
[11, 58-60], which is of crucial importance in {3-
cleavage and consequent production of A oligomers
[61]. These kinases lie at the intersection between
the two major histopathological hallmarks of AD a
feature that renders them potential targets to inhibit
the post-transcriptional modifications of two important
AD proteins.

Among the kinases responsible of both tau and
ABPP phosphorylation JNK is particularly intrigu-
ing. Increased levels of JNK have been observed in
AD brains while p-JNK co-localizes with p-tau in
neurons of AD patients [4, 62]. Our aim was to inves-
tigate the role of JNK in tau phosphorylation. To the
best of our knowledge almost all works reported have
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investigated tau phosphorylation using either in vitro
models like cell free systems for kinase reactions, tran-
siently transfected over-expressing cell systems [63,
64], or transgenic mouse models where kinases have
been inducibly/conditionally expressed (e.g., [65, 66]).
Due to the importance of tau phosphorylation in AD
neurodegeneration further and more in depth studies
are needed to better understand the mechanisms that
regulate this process. For this purpose we used the
most specific JNK inhibitor peptide D-JNKI-1 [30]
and investigated the effect of JNK inhibition in both
physiological conditions as well as in two AD mod-
els. The D-JNKI-1 peptide has been successfully used
and inhibits phosphorylation of ABPP in vitro [13, 14],
as well as in vivo (Sclip et al., submitted manuscript).
We demonstrated that, in all three models, JNK inhi-
bition strongly reduces tau hyperphosphorylation at
S$202/T205.

The effect of the D-JNKI-1 inhibitor on tau hyper-
phosphorylation was initially tested in rat cortical
neurons. Our findings demonstrate that in physiologi-
cal conditions JNK is involved in tau phosphorylation
both at S202/T205 and S422. Of note, D-JNKI-1 also
exerted an effect on total tau protein as well as mRNA
levels. Although this issue needs further investigation,
it should be noted that this effect is restricted to control
cortical neurons and it is absent in the two other models
studied (TgCRNDS8 mice and human fibroblasts).

Subsequently we studied phosphorylation of tau by
JNK in an in vivo AD mouse model (TgCRNDS) fol-
lowing chronic treatment with D-JNKI-1. This model
offers a powerful tool to study the early events occur-
ring in AD pathology and to analyze the intracellular
mechanisms of AD neurodegeneration in vivo. The
TgCRNDS8 mice over-express the ABPP with both
Indiana and Swedish mutations and develop the AD
phenotype very quickly [39]. Inagreement with others
[16, 39], we could show that TgCRNDS brains pre-
sented hyperphosphorylation of tau in the cortex and
hippocampus at 7 months of age and after the for-
mation of plaques (plaques at 3—5 months). Of note,
chronic treatment with D-JNKI-1 completely reverted
the pathological phosphorylation of tau (clone ATS)
in the cortex and hippocampus of TgCRNDS8 mice,
and importantly it did not interfere with the total lev-
els of tau. Although one could argue that the effect
of JNK inhibition on tau phosphorylation observed
in TgCRNDS8 mice could result from altered ABPP
processing the results from the in vitro data would sug-
gest that the effect is more direct. Further experiments,
beyond the scope of this work would be required to
confirm a direct interaction between JNK and tau.

Interestingly, we did not observe alterations of p-tau
S422 levels in the TgCRNDS8 mice compared to Wt
mice. Overall the results obtained on TgCRNDS brains
demonstrated the importance of the JNK pathway in
the early stage of tau hyperphosphorylation in vivo.

Finally we analyzed the effect of JNK inhibition in
human AD fibroblasts, a model that is commonly used
to elucidate the primary. pathophysiological mecha-
nisms leading to AD and to avoid the variability that
often derives from post-mortem studies. Treatment
with D-JNKI-1 (50 pM) led to a clear reduction of
the p-tau (clone AT8)/tau (Clone tau-5) and p-tau
S422/tau (Clone tau-5) ratio in all AD human fibrob-
lasts. Notably, we could show that D-JNKI-1 reduced
cytoplasmic ATS staining in AD subjects but not in
healthy control (not affected) fibroblasts. Such findings
are indicative of a differential role of JNK in patholog-
ical and control conditions suggesting the involvement
of a different array of kinases acting on tau protein or
alternatively, a differential spatial distribution of p-tau
pool in the molecular cascade leading to AD. Whether
those differences are confined to the peripheral tissue
is worth further investigation. Nevertheless our data
demonstrate the similarity between human fibroblasts
and mouse AD pathology and support the use of this
peripheral tissue for the study of AD.

Altogether our findings underline the important
contribution of JNK on tau physiological but most
importantly pathological phosphorylation. The reduc-
tion of tau phosphorylation has been proposed as a
therapeutic approach for AD [67]. Treatment with D-
JNKI-1 clearly demonstrates the importance of the
JNK pathway on tau pathological phosphorylation and
indicates JNK as an innovative therapeutic targetin AD
and other neurodegenerative disorders.
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