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The AB1.4> peptide regulates microtubule stability independently

of tau

Barbara Pianu'$, Roger Lefort"$, Laure Thuiliere'?, Elsa Tabourier'* and Francesca Bartolini'-"

ABSTRACT

Interference with microtubule stability by beta-amyloid peptide (Ap)
has been shown to disrupt dendritic function and axonal trafficking,
both early events in Alzheimer’s disease. However, it is unclear
whether AB regulation of microtubule dynamics can occur
independently of its action on tau. RhoA has been implicated in
neurotoxicity by AP but the mechanism by which this activation
generates cytoskeletal changes is also unclear. We found that
oligomeric AP44, induced the formation of stable detyrosinated
microtubules in NIH3T3 cells and this function resulted from the
activation of a RhoA-dependent microtubule stabilization pathway
regulated by integrin signaling and the formin mDia1. Induction of
microtubule stability by Ap was also initiated by dimerization of APP
and required caspase activity, two previously characterized
regulators of neurotoxicity downstream of Ap. Finally, we found
that this function was conserved in primary neurons and abolished
by Rho inactivation, reinforcing a link between induction of stable
detyrosinated microtubules and neuropathogenesis by AB. Our
study reveals a novel activity of A} on the microtubule cytoskeleton
that is independent of tau and associated with pathways linked to
microtubule stabilization and AB-mediated neurotoxicity.

KEY WORDS: Amyloid beta, Ap, Ap,.42> peptide, Stable
microtubules, RhoA, Integrin signaling, mDia1, Caspase, APP

INTRODUCTION

Compelling evidence suggests that Alzheimer’s disease (AD) is
caused by increased amyloidogenic processing of the amyloid
precursor protein (APP), leading to elevated levels of the APP-
derived beta-amyloid peptide (AB) and formation of amyloid
plaques. These changes are accompanied by the formation of
neurofibrillary tangles (NFTs), composed of the microtubule
(MT)-associated protein (MAP) tau, loss of synaptic function,
neuritic dystrophy and eventually cell death. As tau in NFTs is
hyperphosphorylated and binds poorly to MTs, a predominant
model is that AB overproduction causes tau hyperphosphorylation
and its relocation into a dendritic compartment, resulting in MT
destabilization and neuronal damage (Busciglio et al., 1995;
Ferreira et al., 1997; Ittner and Gotz, 2011; LaFerla, 2010;
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Takashima et al., 1996; Takashima et al., 1993; Takashima et al.,
1995; Zheng et al., 2002).

Despite the large amount of data supporting the ‘Af to tau’
hypothesis in the induction of neurotoxicity in AD, the steps that
connect A to tau have remained poorly defined (Ittner and Gotz,
2011). A mechanism yet to be tested is that A first deregulates
MT stability, which leads to tau hyperphosphorylation as a
cellular response to compensate for changes in MT behavior. In
non-neuronal cells that do not express tau, AP has been shown to
impair the assembly and maintenance of the mitotic spindle
through inhibition of mitotic motor kinesins (Borysov et al.,
2011). However, AP has also been reported to disrupt the
integrity of non-mitotic MT arrays of non-neuronal cells in the
presence of tau (King et al., 2006). Surprisingly, it has never been
tested whether AP can regulate MT dynamics or MT post-
translational modifications of non-mitotic MT arrays in the
absence of tau.

Deregulation of Rho GTPase signaling has been implicated in
neurotoxicity by AP (Chacon et al., 2011; Petratos et al., 2008;
Pozueta et al., 2013). Alterations in actin dynamics is generally
considered the mechanism by which Rho contributes to the
collapse of dendritic spines and impairs synaptic transmission, all
early events occurring in neurons exposed to A (Lambert et al.,
1998; Lefort et al., 2012; Lesné et al., 2006; Nimmrich and Ebert,
2009; Shankar et al., 2007). However, it is not known whether
neurotoxicity might also derive from changes in MT dynamics
and/or MT post-translational modifications induced by Rho
activation through the action on its effector mDial (Goulimari
et al., 2005; Palazzo et al., 2001a). In neurons, APP and caspase-2
can regulate RhoA activation, and cells lacking either APP or
caspase-2 are completely immune to AP synaptotoxicity (Pozueta
et al., 2013; Troy et al., 2000). In addition, dimerization of cell-
surface APP by cross-linking cell-surface APP with a divalent
antibody is sufficient to mimic the toxic effects of AP in neurons
(Lefort et al., 2012; Rohn et al., 2000). Interestingly, activation of
RhoA in neuronal cells by lysophosphatidic acid (LPA) is also
regulated by caspase-2 activity, suggesting that AR and LPA
share pathways (Pozueta et al., 2013).

In migrating fibroblasts, a signaling cascade downstream of
LPA and integrin activation regulates the formation of a polarized
subset of stable detyrosinated MTs through RhoA (Bartolini and
Gundersen, 2010; Bartolini et al., 2008; Bartolini et al., 2012;
Cook et al., 1998; Eng et al., 2006; Goulimari et al., 2005;
Goulimari et al., 2008; Gundersen et al., 1994; Nagasaki and
Gundersen, 1996; Palazzo et al., 2001a; Palazzo et al., 2004; Wen
et al., 2004). This class of MTs is believed to provide stable
tracks for the delivery of actin and focal adhesion regulators to
the protruding leading edge. MT detyrosination is a tubulin post-
translation modification associated with stable M Ts that results in
the exposure of a glutamic acid residue in the C-terminal region
of an a-tubulin subunit (Gundersen et al., 1984; Hallak et al.,
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Fig. 1. Ap induces stable Glu MTs through the Rho/mDia1
stabilization pathway. (A) The percentage of cells with Glu MTs
after incubation with oligomeric AB142. (B) Immunostaining using
primary antibodies against detyrosinated or tyrosinated tubulin,
Glu MTs and Tyr MTs, respectively, in cells at the wound treated as
in A. (C) The percentage of cells with Glu MTs after incubation with
the toxin C3 prior to treatment with oligomeric AB4_42.

(D) Immunostaining for detyrosinated tubulin (Glu) in cells at the
wound treated as in C. (E) The percentage of cells with Glu MTs
after silencing for mDia1 expression by siRNA prior to incubation
with oligomeric AB4.42. NC, control siRNA. (F) Immunostaining for
detyrosinated tubulin (Glu) in cells at the wound treated as in (E).
Data are means from three independent experiments (n>100 per
sample in each experiment). **P<0.01 (Chi-squared test). Scale
bars: 20 um.
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1977). We refer to this population of stable detyrosinated MTs as
Glu MTs, to distinguish them from tyrosinated MTs (Tyr MTs)
that are dynamic (Schulze et al., 1987; Schulze and Kirschner,
1987). MT detyrosination has been shown to abolish the plus-end
tracking of CAP glycine proteins (Peris et al., 2006), inhibit MT
depolymerization by kinesin-13 family motors (Peris et al., 2009)
and increase the affinity of conventional kinesin to MTs (Dunn
et al., 2008; Konishi and Setou, 2009; Kreitzer et al., 1999, Liao
et al., 1999). In fibroblasts, the LPA and integrin pathway
activates RhoA, which in turn acts through the formin mDial and
several MT- and actin-binding proteins to capture and directly
stabilize MTs at cortical sites (Andrés-Delgado et al., 2012;
Bartolini and Gundersen, 2010; Bartolini et al., 2008; Bartolini
et al., 2012; Cook et al., 1998; Eng et al., 2006; Goulimari et al.,
2005; Goulimari et al., 2008; Gundersen et al., 1994; Nagasaki
and Gundersen, 1996; Palazzo et al., 2001a; Palazzo et al., 2004;
Wen et al., 2004). MT stabilization by the formin mDial is
thought to be dependent on the interaction of mDial with MTs
and with several MT-plus-end-binding proteins (Bartolini and
Gundersen, 2010; Bartolini et al., 2008; Wen et al., 2004). mDial
might also indirectly affect MT stability because it is necessary
for the PKC-dependent phosphorylation of GSK3p (Eng et al.,
2006), a ubiquitously expressed serine/threonine kinase that plays
a key role in the pathogenesis of AD by hyperphosphorylating tau
in most serine and threonine residues, and by contributing both to
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AP production and Af-mediated neuronal death (Hernandez
et al., 2013).

In order to segregate tau-dependent from tau-independent
effects, we examined whether AP could induce stable Glu MTs
through a RhoA-mediated mechanism in cells that naturally do
not express tau. Immortalized NIH3T3 cultures were chosen for
this study because MT stability can be rapidly and reliably
quantified using indirect immunofluorescence, and the molecular
pathway leading to MT stabilization downstream of RhoA
signaling has been extensively characterized in these cells
(Bartolini and Gundersen, 2010; Bartolini et al., 2008; Bartolini
et al., 2012; Cook et al., 1998; Eng et al., 2006; Goulimari et al.,
2005; Goulimari et al., 2008; Gundersen et al., 1994; Palazzo
et al., 2001a; Palazzo et al., 2004; Wen et al., 2004).

Here, we found that short exposures to neurotoxic
concentrations of oligomeric AP;.4, induced the formation of
stable Glu MTs in serum-starved NIH3T3 cells in a RhoA- and
mDial-dependent manner. This function was regulated by
integrin signaling, APP dimerization and caspase activity,
thereby linking regulation of MT stability to pathways involved
in AB-mediated neurotoxicity. Importantly, Rho-dependent
induction of increased Glu MT levels was also detected in
primary neurons exposed to AP, demonstrating that the pathways
that lead to stable detyrosinated microtubules by AP are
conserved and possibly contribute to neuropathogenesis.
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RESULTS

Soluble oligomeric Ap.4; induces stable Glu MTs through the Rho/
mDia pathway

Serum-starved NIH3T3 cells deprived of stable MTs and naturally
lacking tau expression were exposed to soluble oligomeric AB;_4»
(Stine et al.,, 2003) for 2 h prior to fixation. We found that
oligomeric AP induced Glu MTs above the levels in starved cells
yet below those triggered by LPA (Fig. 1A,B). Glu MT induction
by AP was greatest at 0.5-1 uM A, becoming inhibited at higher
concentrations, presumably owing to cell toxicity. The stability of
Glu MTs induced by AP was confirmed by their resistance to
nocodazole-induced depolymerization followed by brief saponin
extraction under conditions that preserved the MT polymer, and
by staining of acetylated tubulin, another post-translational
modification associated with MT longevity (supplementary
material Fig. S1). Pre-incubation with the toxin C3, which
specifically inhibits Rho, dramatically reduced the percentage of
cells with Glu MTs induced by AB (Fig. 1C,D). We explored the
possibility that induction of stable Glu MTs by Ap was
accomplished through the Rho effector mDial, which is also
implicated in MT stabilization by LPA (Goulimari et al., 2005;

vinculin

Fig. 2. Ap induces active RhoA and focal adhesion
assembly. (A) Western blot analysis of RhoA-GTP pull-
down reactions from starved cells treated with Ap (1 uM)
or LPA (10 uM). A specific antibody against RhoA was
used to detect both RhoA-GTP and total RhoA levels
from input lysates (the bottom panel shows 8% of the
input lysate for each condition). (B) Quantification of the
ratio between RhoA-GTP and total RhoA levels in cells
treated as in A. (C) Quantification of the levels of F-actin
measured by phalloidin staining in starved cells
incubated with AB (1 uM) for 1 h. (D) Fluorescent
phalloidin and phospho-myosin-light chain (pMLC)
immunostaining of cells at the wound for cells treated as
in C. (E) Western blot analysis of starved cells treated
with vehicle (control) or A (1 uM) for 1 h prior to lysis.
Total FAK, p"*°’FAK, detyrosinated tubulin (Glu) and
GAPDH levels (as a loading control) were detected
using specific antibodies. (F) Immunostaining for
detyrosinated tubulin (Glu) and pY**’FAK primary
antibodies in cells at the wound treated as in E.

(G) Immunostaining using vinculin and pY%”’FAK in cells
at the wound treated as in E, and plus LPA (10 uM).
Arrowheads show focal adhesions (FAs).

(H) Quantification of number of FAs per cell and focal
adhesion average intensity by measuring vinculin
immunostaining in cells at the wound treated as in G.
Data are means+s.e.m. from three independent
experiments. *P<0.05, ***P<0.001, **** P<0.0001 by
Student’s t-test. Scale bars: 20 um.

Palazzo et al., 2001a), and silenced the expression of mDial by
siRNA transfection prior to A incubation. Knockdown of mDial
expression was sufficient to significantly dampen the induction of
MT stability by AP, indicating that AB activates the Rho/mDial
MT stabilization pathway (Fig. 1E,F). Specificity of AP acting
through the Rho pathway rather than the Cdc42 pathway, which
regulates MTOC positioning and nuclear movement in polarizing
cells (Gomes et al., 2005; Palazzo et al., 2001b), was further
supported by the lack of centrosome reorientation towards the
leading edge in starved cells treated with AP after wounding
(supplementary material Fig. S2). These data demonstrate a novel
activity for AP in inducing a subset of stable MTs through the
activation of a defined pathway downstream of Rho.

Ap activates RhoA and FAK activities

By analogy with LPA, RhoA activation was tested and measured by
using quantitative western blot analysis of GST-Rhotekin pull-down
assays from serum-starved cells treated with AP or LPA (Fig. 2A,B).
We found that whereas LPA lead to a rapid and robust activation of
RhoA at 5 min, AP induced comparable levels of RhoA GTP after
1 h, indicating slower kinetics of activation.
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We evaluated whether the increase in RhoA activity in cells treated
with AP corresponded to an increase in actin polymerization and
myosin-mediated contraction, as is the case for LPA (Chrzanowska-
Wodnicka and Burridge, 1996). Quantification of F-actin levels by
measurements of phalloidin staining showed a threefold increase after
incubation with AP (Fig. 2C,D). The same cells also appeared to
induce actomyosin-mediated contractility as indicated by a substantial
increase in phospho-myosin light chain immunostaining (Fig. 2D). In
addition, we found that A induced phosphorylation of FAK at Y397
(p"**"FAK) and focal adhesion assembly (Fig. 2E-H). p*°"’FAK,
another marker of newly formed focal adhesions, also appeared
upregulated in cells treated with A or LPA, suggesting induction of
full FAK kinase activity caused by Src phosphorylation (Playford and
Schaller, 2004) (Fig. 2G). We measured the induction of focal
adhesion assembly, estimated by the amount and intensity of vinculin
staining, and found it significantly increased by AP, yet lower than the
increase with LPA (Fig. 2H). These data demonstrate that A is a
genuine yet slow activator of RhoA, leading to induction of F-actin
levels, FAK activity and focal adhesion assembly.

Integrin signaling and FAK are required for Ap induction of Glu MTs
We examined whether cell adhesion and integrin signaling through
FAK were crucial for Af induction of stable Glu MTs (Palazzo
et al., 2004). Both AP and LPA failed to induce Glu MTs in
FAK ™'~ cells (Ili¢ et al., 1995) or in wild-type cells pre-incubated
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FAK-/-

Fig. 3. Integrin signaling and FAK are required for Ap-mediated
induction of Glu MTs. (A) The percentage of NIH3T3 or FAK ™/~
cells with Glu MTs after incubation with oligomeric AB44, or LPA.
(B) Immunostaining for detyrosinated tubulin (Glu) in cells at the
wound treated as in A. (C) The percentage of cells with Glu MTs
after incubation with the FAK inhibitor (PF228) 30 min prior to
treatment with oligomeric AB4_42 or LPA. (D) Immunostaining for
detyrosinated tubulin (Glu) in cells at the wound treated as in C.
(E) The percentage of resuspended cells with Glu MTs cells after
cells were allowed to spread on polylysine (PL) or fibronectin (FN)
for 30 min, 1 h or 2 h, in the presence of oligomeric AB1.42 or LPA.
Data are means+s.e.m. from three independent experiments
(n>100 per sample in each experiment). **P<0.01 (Chi-squared
test); ns, not significant. Scale bars: 20 um.

with a specific FAK inhibitor prior to LPA or A treatment (Fig. 3A—
D). Moreover, no significant induction of Glu MTs was scored above
background levels in wild-type cells plated on poly-lysine and treated
with AP or LPA after 30 min, whereas both treatments induced
Glu MTs in wild-type cells re-plated on fibronectin (Fig. 3E;
supplementary material Fig. S3). Induction of Glu MTs on poly-
lysine resumed at later time points (1 h and 2 h) presumably when
cells began to secrete their own fibronectin. From these results, we
conclude that cell adhesion and integrin signaling through FAK are
necessary for AP to form Glu MTs.

APP signaling is required for Af induction of Glu MTs

Given the direct involvement of APP with both cell adhesion and
neuronal injury by AP (Sabo et al., 2001; Xu et al., 2009; Yamazaki
et al., 1997), we tested whether stimulation of APP signaling was also
required to induce stable Glu MTs by Ap. Interestingly, downregulation
of APP expression prior to A treatment completely abrogated the
induction of stable Glu MTs by AP (Fig. 4A—C). We tested whether
APP signaling was sufficient to induce Glu MTs and stimulated APP
dimerization by treating serum-starved cells with a cross-linking APP
antibody (22C11) (Lefort et al., 2012) (Fig. 4D,E). We observed a
significant increase in MT stability in cells that were treated with intact
22C11, whereas Glu MT levels in cells treated with the monovalent Fab
fragment of 22C11 remained virtually unchanged, reinforcing the
notion that AP and APP signal through the same pathway(s).
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Ap induction of Glu MTs is mediated by caspase activity

Activation of RhoA by LPA and AP in neurons is regulated by
caspase-2 activity, suggesting that A and LPA share effectors
(Pozueta et al., 2013). In addition, longer exposures of starved
NIH3T3 cells to AP resulted in a significant increase in cell
mortality indicating that activation of death pathways by AP also
occurs in non-neuronal cells (supplementary material Fig. S4).
We found that wide-spectrum inhibition of caspase activity with
the pan-caspase inhibitor Z-VAD completely abrogated the
formation of stable Glu MTs by both AR and LPA treatments
(Fig. 5A,B). Pre-treatment of cells with chemical inhibitors
against four different caspases showed that the activities of
caspase-2 and -3 and to a lesser degree caspase-9, but not
caspase-6, were necessary for AB-mediated induction of stable
Glu MTs in NIH3T3 (Fig. 5C,E). Owing to the weak specificity
of chemical caspase inhibitors, in the case of caspases-2 or -3,
both widely implicated in neurodamage by Ap (D’Amelio et al.,
2011; Hyman, 2011; Pozueta et al., 2013; Troy et al., 2000), the
results were confirmed by silencing the expression with specific
siRNA oligonucleotides prior to AP treatment (Fig. 5D,E). Taken
together, these results demonstrate that RhoA, APP and caspase-2
and -3 all act downstream of A to induce stable Glu MTs.

Ap induces Glu MTs in cultured primary neurons through Rho activity
We tested whether short exposures to AP oligomers induced
localized changes in Glu MT levels in primary hippocampal
neurons. Because in differentiated neurons the neuronal processes

are packed with stable MTs that are hard to distinguish from the
dynamic ones, the best way to assess relative abundance of
different classes of MTs in neurites is to perform ratio
measurements between the chosen class of modified MTs (in
our case detyrosinated or Glu MTs) and a bulk marker of MTs
(DM1A). We found that a 3 h exposure to oligomeric AB;_4, did
not cause substantial variations in cell morphology but was
sufficient to induce a significant increase in the ratio between
detyrosinated and total MT levels in individual neurite segments
(Fig. 6A-D). Next, we tested whether this increase was
dependent on RhoA activation by measuring the Glu-
MT:DMI1A ratio in neurons challenged with the specific Rho
inhibitor C3 prior to incubation with AP or in neurons incubated
with the RhoA activator LPA. We found that pre-incubations with
C3 toxin were sufficient to significantly dampen the induction of
Glu MTs by AP (Fig. 6E,F) whereas exposures to LPA caused an
increase in the Glu-MT:DMI1A ratio in individual neurites to an
extent comparable to that by AP (Fig. 6G,H). These findings
suggest that the pathways that lead to Glu MTs formation by AB
are conserved in neurons and that a primary function of AP is to
modify a population of stable MTs prior to neurite degeneration.

DISCUSSION

In this study, we have found that neurotoxic concentrations of
oligomeric A4, induced the formation of stable Glu MTs in non-
neuronal cells and in primary neurons. Initial characterization of the
signaling in fibroblasts showed that Glu MTs were generated through
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Fig. 5. Ap induction of Glu MTs is mediated by caspase
activities. (A) The percentage of cells with Glu MTs after
incubation for 30 min with a pan-caspase inhibitor (Z-VAD-
FMK) (10 uM) prior to treatment with oligomeric AB1.42

(1 uM) or LPA (5 uM). (B) Immunostaining for detyrosinated
tubulin (Glu) in cells at the wound treated as in A. (C) The
percentage of cells with Glu MTs after incubation for 30 min
with inhibitors specific for caspase-2, -3, -6 and -9 (10 uM)
prior to treatment with oligomeric AB4_42 (0.5 uM). (D) The
percentage of cells with Glu MTs after silencing for caspase-
2 and -3 expression by siRNA oligoduplex transfection
(C2#1 for caspase-2 and C3#1 for caspase-3) prior to
incubation with oligomeric AB442. (E) Immunostaining for
detyrosinated tubulin (Glu) in cells at the wound treated as
in C and D. Data are means=s.e.m. from three independent
experiments (n>100 per sample in each experiment).
**P<0.01 (Chi-squared test). Scale bars: 20 um.
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RhoA and its effector mDial. These are surprising results that reveal a
conserved function of AP on the MT cytoskeleton independently of
tau expression and suggest that a primary activity of A is to regulate
the stabilization rather than the destabilization of MTs and to modify
the levels of tubulin detyrosination, which is associated with MT
longevity. The role of the formin mDial is also intriguing given the
crucial roles that formins play in the regulation of the actin and MT
cytoskeletons (Bartolini and Gundersen, 2010; Chesarone et al., 2010)
and that virtually nothing is known of the function of mDial on the
dynamics of the MT cytoskeleton in the adult brain or at the onset of
neuronal damage.

We found that AP induced RhoA-GTP, FAK activation and
focal adhesion assembly. In addition, we observed a significant
increase in the levels of F-actin and phospho-myosin light chain
after treatment with AP. By analogy with LPA, we speculate that
active FAK is required for RhoA-mediated mDial activation by
APB. However, whether FAK activation is dependent solely on
RhoA-GTP or whether it is partially a result of AB-mediated
stimulation of integrin signaling remains to be elucidated (see
Fig. 7).

A functional link between AP and integrins or FAK signaling
has also been shown for AB-induced neurotoxicity. AP binds to
integrins directly (Sabo et al., 1995) and integrins regulate A
uptake and its neurotoxic effects (Bi et al., 2002). Treatment of
primary cortical neurons with AP results in FAK activation
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(Williamson et al., 2002), and aberrant activation of focal
adhesion proteins mediates AP-induced neuronal dystrophy
(Grace et al., 2002; Williamson et al., 2002). In addition, APP,
a potential receptor for AP (Lorenzo et al., 2000), is found at
focal contacts (Sabo et al., 2001); it colocalizes with B1 integrins
in neuronal cells (Yamazaki et al., 1997), and antibody-mediated
clustering of APP induces significant loss of dendritic spines
(Lefort et al., 2012) and neuronal injury through FAK activation
(Xu et al., 2009). We found that clustering of APP was sufficient
to induce Glu MTs and both APP and caspase-2 expression were
required for the formation of stable Glu MTs by AP, suggesting
that induction of MT stability by A is initiated by the same APP/
caspase-2/RhoA pathway that leads to neurotoxicity by AB in
neurons (Lefort et al., 2012; Pozueta et al., 2013; Troy et al.,
2000). Caspases have been already implicated in the induction of
apoptosis, synaptic pruning and inhibition of LTP by AP, and
caspase activity is modulated by exposures to AP (D’Amelio
et al., 2011; Hyman, 2011; Jo et al., 2011; Klaiman et al., 2008;
Nikolaev et al., 2009; Pozueta et al., 2013; Troy et al., 2000). We
found that whereas caspase-2, -3 and to a lesser degree caspase-9
all functioned downstream of A in the induction of MT stability,
caspase-6 inhibition resulted in higher levels of stable MTs even
in non-stimulated cells. Caspase-6 activation occurs early in AD
and whereas both a-tubulin and FAK have been identified as its
cytosolic substrates, tau, APP, presenilin-1 and -2 are among its
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substrates in neurons (Guo et al., 2004; Klaiman et al., 2008;
LeBlanc et al., 1999; Pellegrini et al., 1999). Further work will be
required to assess whether caspase-6 activity in AD is directly
regulated by AP or whether it is indirectly activated as a
compensatory response to an increase in MT stability.
Interestingly, caspase activity is also necessary for induction of
Glu MTs by LPA, another potent activator of RhoA, implicating
caspases in the regulation of MT dynamics downstream of both
physiological and pathological stimuli.

We observed Rho-dependent induction of Glu tubulin levels in
neurites of neurons treated with oligomeric AB. Neurons have
elevated levels of tubulin post-translational modifications that are
associated with MT longevity, and analyses of mammalian brain
tissue and cultured neuronal cells have shown enrichment of
detyrosinated, acetylated, poly-glutamylated and D2-tubulin
subunits during differentiation (Janke and Kneussel, 2010).
Most of these post-translational modifications have been
implicated in the regulation of MAPs, MT-severing enzymes
and binding of tubulin to motor proteins (Janke and Bulinski,
2011; Janke and Kneussel, 2010). Synaptic activation also
appears to locally regulate MT post-translational modifications
that are associated with MT stability (Maas et al., 2009). Thus,

T

Fk Kk

]

Fig. 6. Ap induces Glu MTs in cultured rat hippocampal
neurons. (A) Quantification of the ratio of measurements for
detyrosinated (Glu) to total tubulin (DM1A) in individual neurites
of neurons treated with oligomeric AB1.42 (0.5 uM) for 3 h.
Samples were fixed and processed for immunostaining using
specific primary antibodies and Cy-conjugated secondary
antibodies. (B) Quantification of detyrosinated tubulin (Glu)
levels in neurons treated as in A. (C) Quantification of total
tubulin (DM1A) levels in neurons treated as in A.

(D) Immunostaining of neurites for detyrosinated tubulin (Glu)
and total tubulin (DM1A) in neurons treated as in A.

(E) Quantification of the ratio of measurements for detyrosinated
(Glu) to total tubulin (DM1A) in individual neurites of neurons
incubated with C3 toxin (1.4 ug/ml for 4 h) prior to Ap (1 uM) for
3 h. (F) Immunostaining of neurites for detyrosinated tubulin
(Glu) and total tubulin (DM1A) in neurons treated as in E.

(G) Quantification of the ratio of measurements for detyrosinated
(Glu) to total tubulin (DM1A) in individual neurites of neurons
incubated with LPA (1 and 10 uM) or AB (1 uM) for 3 h.

(H) Immunostaining of neurites for detyrosinated tubulin (Glu)

S and total tubulin (DM1A) in neurons treated as in G.

****P<0.0001 (Student’s t-test). Scale bars: 20 um.

localized increases in MT stability in neurons have the potential
to (1) impair MT-dependent axonal and dendritic trafficking, (2)
directly disrupt synaptic transmission leading to spine collapse,
and (3) induce tubulin post-translational modifications that might
have deleterious changes in the MT-binding affinity of severing
enzymes and MAPs.

We note that our finding that short exposures to A} can induce
MT stability in neurons challenges the current interpretation that
a primary activity of AP is to cause MT destabilization through
tau hyperphosphorylation (Michaelis et al., 1998) (Ballatore
et al., 2012; Michaelis et al., 2005; Zempel et al., 2010; Zhang
et al., 2012). We believe that our data, although surprising, are
not in contradiction with the current model but rather suggest an
original interpretation that deserves further testing, that is that
progressive MT destabilization upon exposure to A might be a
consequence of the cellular response to counteract a chronic
induction in the levels of stable Glu MTs. Interestingly, stable
Glu MTs are preferentially depolymerized by tau overexpression
in astrocytes (Yoshiyama et al., 2003) and Taxol-induced
detyrosination of MTs in tau-depleted neurons restores A[f-
mediated toxicity in these cells (Rapoport et al., 2002). Taken
together, these data suggest that stable Glu MTs might contribute
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Fig. 7. Proposed model for the pathways involved in Ap induction of
stable detyrosinated MTs. Oligomeric AB4.42 induces the formation of stable
detyrosinated MTs through a pathway regulated by integrin signaling, APP
and Rho-mediated activation of mDia1. Signaling of Af through APP and
integrins at the cell surface or in an endocytic compartment is likely to be the
first step in the cascade that leads to RhoA-GTP and mDia1 activation
through caspase activity. Active FAK and elevated RhoA-GTP levels are also
potentially responsible for further FAK activation, which would then lead to
focal adhesion assembly and formation of stable detyrosinated MTs (red
bars) from dynamic ones (blue bars) through the action of the formin mDia1.

to tau toxicity by AP. If so, synaptic dysfunction, which is
believed to be the primary damage caused by AP, could result
from at least three distinct mechanisms: (1) stabilization of the
dynamics of individual MTs in dendritic spines eventually
leading to their collapse; (2) indirect stimulation of tau
phosphorylation and missorting into a dendritic compartment as
a stress-response to a deleterious increase of stable Glu MTs; and
(3) tau-dependent or independent recruitment of severing
enzymes, such as spastin or katanin, that act more strongly on
stable MTs. Surprisingly, whether the behavior of tau protein in
AD could be mediated by changes of MT post-translational
modifications induced by AP has not been explored yet. By
contrast, a recent paper suggests that early MT loss by AP is
caused by tau-mediated TTLL6 mislocalization and poly-
glutamylation of dendritic MTs (Zempel et al., 2013). The
severing enzyme spastin would then be recruited to MTs through
the poly-glutamylation, eventually leading to spine loss,
mitochondria and neurofilament mislocalization (Zempel et al.,
2013). Interestingly, an opposite role for tau in protecting MTs
from being disassembled by katanin, another MT-severing
enzyme, has also been shown (Qiang et al., 2006). Thus, at
least in the case of poly-glutamylation, tau would be directly
responsible for the MT post-translational modification that
mediates tau-induced neurotoxicity rather than being affected
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by it. Induction of Glu MTs by A can occur in the absence of tau
expression, yet it remains to be determined whether tau has any
role in regulating Glu MT formation by AP in neurons. For
example, it will be interesting to test whether Glu MTs generated
by AP can be a preferential target of MT-severing enzymes
through a tau-dependent or independent mechanism.

All of the players identified downstream of AP in the induction
of MT stabilization in NIH3T3 cells are highly conserved,
suggesting that the pathways that lead to Glu MT formation are
the same in neurons (Fig. 7). However, AP can clearly induce Glu
MTs independently of tau, therefore opening the door to studying
regulation of RhoA/mDial activation through integrin-mediated
signaling initiated by A not only in neurons but in non-neuronal
cells of the central nervous system (CNS) as well. Activated
microglia and astrocytes are found in association with amyloid
plaques in AD and they could have a role in clearance of the
amyloid aggregates as well as in neurotoxicity mediated by A
because of the inflammatory reaction they generate. Therefore,
whereas, in neurons, our data contribute to the molecular nature
of the link between Af and tau in causing neurotoxicity in AD, a
question that has remained unresolved for decades, the potential
involvement of this pathway in astrocytes and/or microglia
activation will help us to understand the pathogenic role of these
cells in AD. More importantly, should the importance of these
findings to AD be confirmed, this work will provide novel targets
for the development of new therapeutic strategies to rescue
impairment of cell function and cognition in AD.

MATERIALS AND METHODS

Plasmids and reagents

All chemicals were obtained from Sigma-Aldrich (St. Louis, MO),
unless otherwise noted. LPA was purchased from Avanti (Alabaster,
AL) and C3 TAT from Cytoskeleton Inc (Denver, CO). FAK
inhibitor (PF 573228) was from Tocris Bioscience (Ellisville, MO).
ABi_42 was from David Teplow (UCLA, Los Angeles, CA). Caspase
inhibitors (pan-caspase, Z-VAD-FMK; caspase-2, Z-VDVAD-FMK;
caspase-3, Z-DEVD-FMK; caspase-6, Z-VEID-FMK; and caspase-9,
Z-LEHD-FMK) were purchased from Biovision (San Francisco, CA).

Preparation of oligomeric Ap

Oligomeric AP_4, was prepared according to the methods of Stine et al.
(Stine et al., 2003). Lyophilized AB,4, was allowed to equilibrate to
room tempearture for 30 min to avoid condensation upon opening the
vial. The lyophilized peptide was resuspended in 1,1,1,3,3,3-hexafluoro-
2-propanol (HFIP) to a concentration of 1 mM using a gas-tight Hamilton
syringe with a Teflon plunger. HFIP was allowed to evaporate in a fume
hood overnight. The resulting clear film was dried under vacuum (6.7
mTorr) in a SpeedVac and the dessicated pellet was stored at —20°C.
Immediately prior to wuse, the aliquots were resuspended to a
concentration of 5 mM in DMSO by pipette mixing followed by bath
sonication for 10 min at 4°C. The resuspended peptide was diluted to
100 uM in ice-cold HAM F12 medium, immediately vortexed for 30 s
and incubated at 4°C for 24 h. The concentration of Ap was determined
based on the amounts of total Af content in our preparation including
different forms of oligomeric Af.

Antibodies

Primary  antibodies used for western blotting (WB) or
immunofluorescence (IF) were: rabbit anti-detyrosinated tubulin (SG,
1:10,000 WB, 1:500 IF), mouse anti-total tubulin (DM1A, 1:100 IF), rat
anti-tyrosinated tubulin (YL1/2, 1:10 IF), mouse anti-acetylated tubulin
(6-11-B1, 1:10,000 WB, 1:100 IF), mouse anti-GAPDH (1:8000), rabbit
anti-RhoA (67B9, Cell Signaling, 1:1000 WB), mouse anti-p*>>’FAK
(1:1000 WB, 1:50 IF, BD Transduction), rabbit anti-p*>''FAK (rabbit,
1:50 IF, Invitrogen), rabbit anti-FAK (C-20, Santa Cruz, 1:500 WB),
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mouse anti-APP (22C11, Millipore, 1:100 WB), mouse anti-pericentrin
(1:100 IF, BD Transduction), rabbit anti-pMyosin light-chain (1:200
IF, Cell Signaling) and mouse anti-vinculin (1:100 IF). For western
blot analysis, secondary antibodies were conjugated to IR680 or
IR800 (Rockland Immunochemicals) for multiple infrared detection.
For immunofluorescence analysis, primary antibodies incubation was
followed by use of the appropriate Cy-dye-conjugated secondary
antibodies  pre-absorbed to minimize cross-reaction (Jackson
Immunoresearch Laboratories).

Cell cultures and incubation with drugs or antibodies

NIH3T3 cells were grown in DMEM and 10% calf serum, whereas
FAK ™'~ cells (Ili¢ et al., 1995) were grown in DMEM plus 10% fetal calf
serum, as previously described (Cook et al., 1998; Kreitzer et al., 1999;
Palazzo et al., 2001a). For AP and LPA incubations or drug inhibition
experiments, cells were grown to confluence on acid-washed coverslips
and serum-starved for 48 h to downregulate MT stabilization. Confluent
monolayers were wounded 30 min before drug, LPA or A addition. In
the case of C3 TAT inhibition, the drug was added 4 h prior to AP
incubation at 2 pg/ml, whereas FAK inhibitor was added at 10 pM at 1 h
prior to addition of AP. Z-VAD-FMK and all specific caspase inhibitors
were added at 10 uM 1 h prior to AP treatment. The 22C11 APP
antibody (Millipore, MA) and its Fab fragment (Lefort et al., 2012) were
added to starved cells for 4 h at the indicated final concentrations.
Primary cultures of hippocampal neurons were generated from fetuses at
embryonic day 18 (E18) from timed pregnant Sprague-Dawley rats
(Taconic Farms) that were killed prior to hippocampi removal. Neurons
were then dissociated, plated at a density of 2x10° cells/ml on plates
coated with poly-L-lysine and maintained in a defined serum-free
medium (95% neurobasal, 2% B-27 supplement, 0.5 mM L-glutamine,
0.6% glucose). Cultures at 10-21 days in vitro (DIV) were used for the
experiments. All animal experiments were performed according to
approved guidelines.

Cell spreading assays

Cell spreading assays were carried out as previously described (Palazzo
et al., 2004). Briefly, NIH3T3 cells grown in serum-containing medium
were detached with trypsin, the trypsin was quenched with soybean
trypsin inhibitor (I mg/ml in PBS), and the cells collected by gentle
centrifugation. After washing twice with DMEM plus 2% BSA, cells
were incubated at 37°C for 60 min with regular rotation to prevent cell
clumping. Cells were then allowed to attach on coverslips coated with
poly-lysine (100 pg/ml in PBS) or fibronectin (100 pg/ml in PBS) for the
indicated times in the presence of AP or LPA at the indicated
concentrations prior to methanol fixation for 10 min at —20°C.

siRNA transfection and western blot analysis

NIH3T3 cells were transfected with siRNA oligonucelotides (Shangai
GenePharma) using RNAiMax according to the manufacturer’s
specifications (Invitrogen). siRNA duplexes targeting mbDial, and
caspase-2 and -3 were based on previously published sequences
(Ahmed et al., 2011; Eng et al., 2006; Wurzer et al., 2003). APP1 (5'-
GGGAAGAGGCAGAGCGTCA-3") and APP2 (5'- CGGAAGAGATC-
TCGGAAGT-3'), used to silence APP, were generated through the
Dharmacon siRNA design algorithm (http://www.thermoscientificbio.
com/design-center/). A scrambled non-coding sequence (NC) provided
by the manufacturer was used as a negative control. siRNA oligoduplexes
were all resuspended in RNase-free water and stored at a concentration of
20 uM. Knocked-down efficiency and effects on Glu MTs were typically
analyzed 96 h after transfection and 48 h after serum-starvation. For
western blot analysis, cells were lysed in RIPA buffer (1% Triton X-100,
50 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.1% SDS, 0.5% Na-
deoxycholate, 1 mM phenylmethylsulfonyl fluoride, and protease and
phosphatase inhibitors mix from Pierce), normalized for loading by
bicinchonic acid assay before boiling in Laemmli sample buffer and
protein separation by SDS-PAGE. Image acquisition was performed with
an Odyssey imaging system (LI-COR Biosciences, NE) and images
digitally processed with Adobe Photoshop (San Jose, CA).

RhoA-GTP pull-down assays

RhoA-GTP pull-down assays were performed following the
manufacturer’s protocol (Cytoskeleton, Inc.). Briefly, cells were
washed once with ice-cold PBS and lysed with RIPA and M-PER
buffer (1:1; Thermo Scientific). Lysates were briefly vortexed, incubated
on ice for 5 min, centrifuged (10,000 g) for 5 min and divided into two
samples: one for input and the remaining for pull-down. To pull-down
active RhoA, lysates were incubated by rotating for 1 h at 4°C with
Rhotekin-RBD protein beads (25 pl). Beads were collected by
centrifugation at 4°C and washed 2x with 500 pl ice-cold lysis buffer.
Beads and input samples were then analyzed by western blotting using a
RhoA-specific antibody.

Epifluorescence microscopy

In most immunostaining experiments, cells were fixed in methanol
at —20°C for 10 min (5 min for neurons) and rehydrated in 10 mM
Tris-buffered saline (TBS), pH 7.4. Cells were stained by double
indirect immunofluorescence, using specific primary antibodies. For
quantification of F-actin levels, cells were fixed in 4% paraformaldehyde
for 15 min and then briefly permeabilized in Triton X-100 0.5% prior to
staining using Rhodamine—phalloidin (Invitrogen, 1:200). Mounted
samples were observed by epifluorescence microscope (Nikon
Optiphot) using a 60x Plan-Apochromat objective and filter cubes
optimized for coumarin, fluorescin and GFP, Rhodamine and Cy5
fluorescence. Still images were acquired with a MicroMax camera
(Kodak KAF 1440-chip; Princeton Instruments, NJ) using MetaMorph
software (MDS Analytical Technologies, Sunnyvale, CA). For each
condition, stable Glu MTs were counted in 200 cells at the edge of an
artificial wound and quantified by scoring the percentage of cells with at
least ten brightly stained detyrosinated (Glu) MTs. This cut-off was
chosen because previous data have shown that serum-starved NIH3T3
cells have less than ten Glu MTs (Cook et al., 1998; Gundersen et al.,
1994; Palazzo et al., 2001a). Scoring was performed blinded and results
quantified and expressed as the means*s.e.m. from at least three
independent experiments.

Imaging analysis

To quantify cellular F-actin staining, one region was drawn around the
perimeter of each cell (30 cells per condition) and gray intensity average
values measured by Metamorph software after background subtraction.
To quantify focal adhesions (FAs), we used the ‘thresholding’ function to
create a binary image identifying all FAs in each image. The ‘analyze
particles’ function was then applied to calculate their number and
intensity. For measuring the intensity of Glu and DMIA staining in
neurons, lines were drawn on individual neurites using the ‘traced line’
tool in the Metamorph software, and the average pixel intensities of both
signals were measured on that line. A total of 3300 pixels were recorded
per data point per experiment and their means analyzed for statistical
significance.

Statistics

Experiments were performed blinded and results are expressed as the
means=*s.e.m.. In all cases, the level of significance is set at P<<0.05.
Statistical analysis of non-parametric data, such as scoring of Glu MTs,
MTOC reorientation or dead cells in cytotoxicity assays was carried out
using a Chi square test. For Rho-GTP pull-down experiments, F-actin,
focal adhesion number and intensity measurements and for measurements
of Glu and DM1A levels in neurons, raw data were analyzed using Prism
4 (GraphPad Software, Inc.) by a two-tailed unpaired Student’s 7-test.

Cell permeabilization assays

Serum-starved NIH3T3 were wounded and treated with A for 1 h prior
to addition of nocodazole for an additional 1 h at 2 uM. At the end of the
incubation time, cells were gently rinsed in warm microtubule
stabilization buffer (MSB) (85 mM PIPES pH 6.9, 1 mM EGTA,
1 mM MgCl,, 2 M glycerol and protease inhibitors mix from Pierce)
prior to extraction with MSB supplemented with saponin (200 pg/ml) for
3 min before methanol fixation at —20°C.
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MTOC reorientation

For MTOC orientation data, cells were scored as previously described
(Palazzo et al.,, 2001b). Scoring was performed blinded and results
quantified and expressed as the means*s.e.m. from at least three
independent experiments (#>200 cells per experiment).

Cytotoxicity assays

Cytoxicity assays were performed as described by the manufacturer
(L3224, Molecular Probes). Briefly, cells were serum-starved for 48 h
and then treated with vehicle or AB (1 uM) for 24 h prior to incubation
with a freshly made working solution of ethidium homodimer-1 (EthD-1)
(4 uM) and calcein (2 uM) at R.T. for 30 min. Following incubation,
cells were fixed in paraformaldehyde 4% for 10 min at R.T. and
coverslips mounted on slides for viewing under the fluorescence
microscope. A total of 200 cells were scored per condition and the
percentage of dead cells calculated based on the number of cells with
intense fluorescence at >600 nm.
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Fig. S1. Glu MTs induced by Af3 are stable. (A) Immunostaining of detyrosinated (Glu) and pan-tubulin (DM1A) in se-
rum-starved cells at the wound treated with A (2 h) and Nocodazole (1 h) prior to brief permeabilization with saponin before fixation.
(B) Immunostaining of detyrosinated (Glu), tyrosinated (Tyr) and acetylated (Acetyl) tubulin in cells at the wound treated with A for 2
h. (C) Western blot analysis of whole cell lysates from serum-starved NIH3T3 cells treated with AP or LPA prior to harvesting. Detyros-
inated tubulin was detected by the Glu antibody and an antibody specific for GAPDH was used as a loading marker. (D) Quantification
of the levels of detyrosinated (Glu) or acetylated tubulin normalized against GAPDH levels. In the case of detyrosinated tubulin, the data
are mean + SEM from three independent experiments. ** p<0.01 by t-test. Bars, 20 mm.



Fig. S2. AP does not induce reorientation of MTOC in wounded monolayers. (A) Immunostaining of detyrosinated (Glu),
tyrosinated (Tyr) tubulin and pericentrin to localize the MTOC in starved cells at the wound treated with either AP or LPA at the indicat-
ed concentrations. (B) Quantification of the percentage of cells treated as in (A) with detyrosinated (Glu) MTs or reoriented MTOC. Data
are mean + SEM from three independent experiments (n>100 per sample in each experiment).** p<0.01 by Chi square test. Bar, 20 mm.



Fig. S3. Immunostaining of detyrosinated (Glu) and tyrosinated (Tyr) MTs in cells spreading on polylysine (PL) or fibronectin
(FN) for 1 h while treated with Ap or LPA. Bar, 20 mm.

Fig. S4. A3 induces cell death in NIH3T3 cells. (A) Quantification of the percentage of dead cells by calcein/EthD-1 fluores-
cence in cells treated with AP (1 uM) for 24 h prior to live-labeling and fixation. (B) Fluorescence images of cells treated as in (A). ***
p<0.001 by Chi square test. Bar, 20 mm.
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