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Abstract

The microtubule (MT) system is important for many aspects of neuronal function, including
motility, differentiation, and cargo trafficking. Parkinson’s disease (PD) is associated with
increased oxidative stress and alterations in the integrity of the axodendritic tree. To study
dynamic mechanisms underlying the neurite shortening phenotype observed in many PD models,
we employed the well-characterized oxidative parkinsonian neurotoxin, 6-hydroxydopamine
(60OHDA). In both acute and chronic sub-lethal settings, 6OHDA-induced oxidative stress elicited
significant alterations in MT dynamics, including reductions in MT growth rate, increased
frequency of MT pauses/retractions, and increased levels of tubulin acetylation. Interestingly,
60HDA decreased the activity of tubulin deacetylases, specifically sirtuin 2 (SIRT2), through
more than one mechanism. Restoration of tubulin deacetylase function rescued the changes in MT
dynamics and prevented neurite shortening in neurondifferentiated, 6OHDA-treated cells. These
data indicate that impaired tubulin deacetylation contributes to altered MT dynamics in
oxidatively-stressed cells, conferring key insights for potential therapeutic strategies to correct
MT-related deficits contributing to neuronal aging and disease.
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Introduction

Neurodegenerative diseases, such as Parkinson’s disease (PD), are associated with
alterations in the integrity of the axon/dendrites, axonal transport of organelles, and gene
expression in affected neurons (Burke and O'Malley, 2012; Courtney et al., 2010;
Gunawardena and Goldstein, 2004; G. A. Morfini et al., 2009). A better understanding of
the specific mechanisms that underlie such alterations is crucial for elucidating pathogenic
mechanisms underlying PD and for the development of novel therapeutic strategies. The
microtubule (MT) system may play an important role in PD pathogenesis. It is crucial for
many aspects of neuronal function, including matility, differentiation, and protein and
organelle trafficking (Conde and Caceres, 2009; De Vos et al., 2008; G. A. Morfini, et al.,
2009). Hence, dysregulation of this system can have a significant impact on neuronal
function, as well as explaining multiple cellular phenotypes observed in degenerating
neurons in PD.

MTs are highly dynamic structures, continuously undergoing phases of growth
(polymerization) and shrinkage (depolymerization) — a property known as dynamic
instability (Cooper, 2000; Galjart, 2010). This property of MTs is crucial to its function and
is regulated by a large network of proteins, MT-associated proteins (MAPS), that interact
with one another in a complex manner (Akhmanova and Steinmetz, 2008; Cooper, 2000;
Galjart, 2010; van der Vaart et al., 2009). Furthermore, MT function is also regulated by
post-translational modifications (PTMSs) of the tubulin subunit, such as acetylation,
tyrosination / detyrosination, and polyglutamylation (Fukushima et al., 2009; Janke and
Kneussel, 2010). These PTMs affect the binding of various MAPs and may even directly
influence the stability of the MT structure (Fukushima, et al., 2009; Ikegami et al., 2007;
Janke and Bulinski, 2011; Kubo et al., 2010). Despite increasing basic knowledge
concerning the regulation of MT dynamics, relatively little is known of mechanisms that
disrupt MT function in PD models.

Oxidative stress is thought to play a key role in the pathogenesis and/or progression of PD,
particularly since degenerating brain regions often handle oxidative catecholaminergic
neurotransmitters. Post-mortem human PD brains show significant oxidative damage to
proteins, lipids, and DNA (Alam, Daniel, et al., 1997; Alam, Jenner, et al., 1997; Floor and
Wetzel, 1998; Nakabeppu et al., 2007; Yoritaka et al., 1996). In addition, genetic (e.g.
PARK?2 (Parkin), PINK1 (PTEN-induced kinase 1), SNCA (a-synuclein), DJ-1, and LRRK2
(leucine-rich repeat kinase 2)) and toxin (6-hydroxydopamine (60HDA), 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP), rotenone, and paraquat) models provide strong
evidence for the involvement of oxidative stress in PD (Drechsel and Patel, 2008; Hisahara
and Shimohama, 2010; Ross and Smith, 2007; Tan and Skipper, 2007; Terzioglu and Galter,
2008). Oxidative stress, which affects many cellular processes, could also alter MT
dynamics and lead to significant defects in MT-dependent processes. A few studies in non-
neuronal cell types indicate that acute, bolus treatments with high dose of hydrogen peroxide
(H205) disrupt tubulin polymerization (C. F. Lee et al., 2005; Smyth et al., 2010). However,
the effects of sub-lethal oxidative stress in neuronal cells have not been examined, although
such conditions may be more pertinent for this chronic, degenerative disease. The goal of
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this study was to examine the effects of sub-lethal oxidative stress, as induced by the PD
toxin 60HDA, on MT function in neuronal cells.

60HDA has been widely used, in vivo and in vitro, to study neuronal injury responses in PD
(Blum et al., 2001; Bove et al., 2005). After being taken up into cells by dopamine reuptake
transporters, it generates reactive oxygen species (ROS) through several mechanisms that
include redox-cycling autoxidation, oxidation by monoamine oxidases, and the secondary
onset of mitochondrial dysfunction (Blum, et al., 2001; Kulich et al., 2007; Przedborski and
Ischiropoulos, 2005). 60HDA alters the subcellular localization of certain transcription
factors (Dagda et al., 2008; V. P. Patel et al., 2012; Zhu et al., 2002), leading to alterations in
gene transcription and decreased survival of midbrain neurons and catecholaminergic SH-
SY5Y cells (Chalovich et al., 2006). These findings are consistent with changes observed in
degenerating midbrain neurons of post-mortem PD brains (C. T. Chu et al., 2007).
Moreover, 60OHDA affects the levels of polymerized tubulin, and selectively impairs the
nuclear import of a MT-sensitive transcription factor (V. P. Patel, et al., 2012). In this study,
we utilized both a pre-lethal and a sub-lethal 60HDA injury paradigm to examine in detail
the impact of oxidative stress on MT dynamics.

Materials and Methods

Tissue Culture

Human SH-SY5Y neuroblastoma cells (ATCC, Manassas, VA) were grown on 10cm cell
culture dishes containing Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% fetal
calf serum (BioWhittaker, Walkersville, MD), 2mM L-glutamine (BioWhittaker,
Walkersville, MD), and 10mM HEPES (BioWhittaker, Walkersville, MD). For retinoic acid
(RA) differentiation (Sigma-Aldrich, St. Louis, MO), cells were plated in 10uM RA for 3
days prior to any experimental manipulations, such as transfections or drug treatments, and
then maintained in RA-containing media for the duration of the experiment. Cells were
maintained at 37°C in a humidified 5% CO, incubator.

Plasmids & Transfections

The following plasmids were used: eGFP-C1 (Clontech, Mountain View, CA), pcDNA 3.1
(Invitrogen, Grand Island, NY), EB3-GFP (Niels Galjart, Erasmus University, Rotterdam,
The Netherlands), HDAC6-FLAG (Addgene, Cambridge, MA), HDACG6-GFP (Francisco
Sanchez-Madrid, Hospital Universitario de la Princesa, Instituto de Investigacion Sanitaria
Princesa, Madrid, Spain), SIRT2-FLAG (Addgene, Cambridge, MA), and SIRT2-GFP (Eric
Verdin, UCSF, San Francisco, CA). EB3-mCherry was produced via standard subcloning
techniques. Briefly, EB3-GFP and mCherry-N1 (Clontech, Mountain View, CA) were
cleaved with EcoRI (New England BioLabs, Ipswich, MA) and BamHI (New England
BioLabs, Ipswich, MA) for 1hr at 37°C and the cleaved products were separated on a 2.5%
agarose (Invitrogen, Carlsbad, CA) gel. The appropriate gel bands were excised and the
extracted DNAs (QIAquick Gel Extraction Kit; QIAGEN, Valencia, CA) ligated overnight
with the Fast-Link™ DNA Ligation Kit (Epicentre Biotechnologies, Madison, WI) as per
the manufacturer’s protocol. The sequence of the ligated product, EB3-mCherry, was
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confirmed (Sequencing Core Facility, Genomics and Proteomics Core Laboratories,
University of Pittsburgh, Pittsburgh, PA).

SH-SY5Y cells were transfected using the Lipofectamine™ 2000 reagent (Invitrogen,
Carlsbad, CA) utilizing Opti-MEM® | reduced serum media (Invitrogen, Carlsbad, CA)
according to the manufacturer’s protocol at a final Lipofectamine concentration of 0.1%.
Undifferentiated SH-SY5Y cells were cultured for at least 2 days before transfection and
then allowed to express the protein of interest for another 48hr before treatment.
Differentiated SH-SY5Y cells were cultured for 3 days before transfection and the
treatments were initiated 24hr after transfection.

Pharmacological Treatments

Retinoic acid was prepared in dimethyl sulfoxide (DMSO) at a stock concentration of 10mM
and stored at —20°C. 60HDA (Sigma-Aldrich, St. Louis, MO) was prepared in cold sterile
water immediately before each use. NAD+ (Sigma-Aldrich, St. Louis, MO) was dissolved in
sterile water at a stock concentration of 50mM and stored at —80°C. Mn (111) tetrakis (4-
benzoic acid) porphyrin (MnTBAP) (A.G. Scientific, San Diego, CA) was initially dissolved
in 0.1M NaOH and then diluted in 100mM Hepes to make a 3mM stock solution. The pH of
the solution was brought to 7.0 — 7.2 and then it was sterile filtered before storage at 4°C.
All drugs were used at concentrations as indicated in the Results section and handled to
minimize light exposure.

Cell Toxicity Assays

Lactate Dehydrogenase (LDH) Release Assay: Cells were plated in a black, clear-bottom
96-well plate and treated with 60OHDA for varying dosage and time. LDH release was
measured using the CytoTox-ONE Homogeneous Membrane Integrity Assay per the
protocol provided by the manufacturer (Promega, Madison, WI). Percent cytotoxicity was
calculated by the following formula: 100 * [(Experimental — Medium Background) /
(Maximum LDH release — Medium Background)]. Maximum LDH release was determined
by treatment of cells with lysis buffer as per manufacturer’s protocol.

MTS Assay—Cells were plated in a clear 96-well plate and treated with 60HDA for
varying dosage and time. Cell toxicity resulting from 60HDA was determined via the
CellTiter 96 Aqueous Non-Radioactive Cell Proliferation Assay (MTS) as per the
manufacturer’s protocol (Promega, Madison, WI). Since 60HDA oxidation itself can cause
media color changes, a parallel 96-well plate with only media was similarly treated with
60HDA to establish background readings.

A Spectramax M2 plate reader (Molecular Devices, Sunnyvale, CA) was utilized to quantify
the signals from these assays.

ROS Measurement

To measure ROS levels, SH-SY5Y cells treated with MnTBAP and/or 60HDA were
incubated in CellRox® Green reagent as per the protocol provided by the manufacturer (Life
Technologies, Carlsbad, CA). This cell-permeable dye becomes highly fluorescent once it
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becomes oxidized by ROS and then binds to DNA. Stained cells were placed in pre-warmed
Dulbecco’s Phosphate buffered Saline (DPBS) containing glucose (Life Technologies,
Carlsbad, CA) and immediately imaged on an Olympus 1X71 inverted microscope with a
40x oil objective. All images were acquired at an exposure time of 500ms. The integrated
fluorescence intensity was measured using NIH ImageJ 1.46 (Bethesda, MD).

Immunocytochemistry

For EB1 protein detection, media was removed and the cells were immediately fixed in
—-20°C methanol (Fisher Scientific, Pittsburgh, PA) for 5min. For all other stains, cells were
fixed in 4% paraformaldehyde (Sigma-Aldrich, St. Louis, MO) prepared in phosphate
buffered saline (PBS) for 30min at room temperature. Cells were permeabilized with 0.1%
Triton X-100 (Fisher Scientific, Pittsburgh, PA) in PBS for 20min and then blocked with a
commercial blocking buffer (SuperBlock, Thermo Scientific, Rockford, IL) for 1hr at room.
Cells were incubated in primary antibody overnight at 4°C or 1hr at room temperature.
Secondary antibody was used at a dilution of 1:1000 for 1hr at room temperature. Both
primary and secondary antibodies were diluted in a commercial antibody diluent (BioGenex,
Fremont, CA). Primary antibodies used: a-tubulin (1:5000; Sigma-Aldrich, St. Louis, MO),
acetylated-tubulin (1:1000; Sigma-Aldrich, St. Louis, MO), EB1 (1:500; BD Biosciences,
San Jose, CA), FLAG (1:5000; Sigma-Aldrich, St. Louis, MO), HDACG6 (1:1000; Santa
Cruz Biotechnology, Santa Cruz, CA), and SIRT2 (1:1000; Sigma-Aldrich, St. Louis, MO).
Secondary antibodies used: Alexa Fluor-488 (Invitrogen, Carlsbad, CA) and Cy3 (Jackson
ImmunoResearch Laboratories, West Grove, PA).

Immunoblotting

Immunoblots were performed as previously described (V. P. Patel, et al., 2012; Zhu et al.,
2007). Primary antibodies used: acetylated tubulin (1:10:000; Sigma-Aldrich, St. Louis,
MO), a-tubulin (1:5:000; Sigma-Aldrich, St. Louis, MO), GAPDH (1:10:000; Abcam,
Cambridge, MA), HDACS6 (1:5000; Santa Cruz Biotechnology, Santa Cruz, CA), and SIRT?2
(1:500; Sigma-Aldrich, St. Louis, MO). ImageJ was utilized for densitometry.

Immunoprecipitation & Deacetylase Activity Assay

Cells were lysed in lysis buffer (50mM Tris HCI pH 8.0, 137mM NaCl, 2.5mM EDTA pH
8.0, 1% Triton X-100, ImM sodium orthovanadate, and 1:100 dilution of protease inhibitor
cocktail (Sigma-Aldrich, St. Louis, MQ)) for at least 30min at 4°C with constant agitation.
Lysates were centrifuged at 14,000 x g for 15min. The protein concentration of the
supernatant was determined using the Coomassie Plus (Bradford) protein assay (Thermo
Scientific, Rockford, IL). One mg of protein was added to 50uL of Protein A-Agarose beads
(Sigma-Aldrich, St. Louis, MO) that had been previously washed 5 times in 500pL lysis
buffer. Two pg of HDACSG, 3ug of SIRT2, or equivalent amounts of 1gG (Vector
Laboratories, Burlingame, CA) were added to the lysate/bead mixture and incubated
overnight at 4°C with constant agitation. The beads were collected by centrifugation at 0.1
xg for 5min, washed 3 times in lysis buffer with protease inhibitors, and washed twice in
HDAC Assay Buffer (Enzo Life Sciences, Farmingdale, NY).
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The activity of the pulled-down deacetylase was measured using the Fluor-de-Lys-Green
HDAC fluorometric activity assay kit (Enzo Life Sciences, Farmingdale, NY) as per the
manufacturer’s protocol. Briefly, 100uM Fluor-de-Lys-Green substrate that contains an
acetylated lysine side chain was added to the bead/antibody/enzyme mixture and the
reaction was carried out for 15min to 1hr at 37°C with constant agitation. For SIRT2
activity, 500uM NAD+ was also added to the reaction. Once the reaction was complete,
50uL of the reaction solution was added to an opaque, white, ¥2-volume 96-well plate and
50uL of a Fluor-de-Lys Developer solution containing 2uM Trichostatin A (for HDAC6
inhibition; final concentration 1uM) or 2uM nicotinamide (for SIRT2 inhibition; final
concentration 1uM) was added. The plate was incubated at room temperature for at least
20min and the fluorescent signal was read (excitation: 485nm; emission: 530nm) using a
Spectramax M2 plate reader.

NAD+ / NADH Quantification

A NAD+/NADH Quantitation Kit was utilized as per the manufacturer’s protocol
(BioVision, Milpitas, CA). Briefly, cells were washed in DPBS, trypsinized (BioWhittaker,
Walkersville, MD), and collected in media. 2 million cells were pelleted at 1000 x g for
5min and the pellet was washed twice with DPBS. 400uL of Extraction Buffer was added
and two freeze/thaw cycles (20min on dry-ice and 15min at room temperature) were carried
out to extract NAD+ and NADH. After vortexing and centrifugation, some of the sample
was saved for a protein assay. The remaining sample was filtered through a 10kD molecular
weight cut off filter (Abcam, Cambridge, MA) to remove any enzymes that could consume
NAD+ or NADH. Absorbance was read at 450nm using a Spectramax M2 plate reader. A
BCA (bicinchoninic acid) protein assay (Thermo Scientific, Rockford, IL) was carried out
on a portion of each sample and NAD+ / NADH absorbance values were normalized to
protein concentration.

Live-Cell Imaging of MT Dynamics

To study MT dynamics, cells expressing fluorescently-tagged EB3 were transferred in pre-
warmed DPBS containing glucose to an Olympus 1X71 inverted microscope with a 60x oil
objective and a heated stage set to 37°C (Warner Instruments, Hamden, CT). Analysis was
restricted to cells exhibiting low-level expression of EB3-GFP / EB3-mCherry that allowed
resolution of a clear comet-like pattern, as it has been shown that low-level expression of
such proteins does not affect the dynamic behavior of MTs (Stepanova et al., 2003). Images
were taken every 5sec at an exposure time of 500ms (EB3-GFP) or 1sec (EB3-mCherry). A
neutral density filter that reduces light intensity by 50% was used for all live cell imaging to
minimize ultraviolet light exposure.

Neurite Length Measurement & Image Analysis

Neurite length was measured in GFP expressing cells using NIH ImageJ 1.46. At least 50
neurites were quantified for each group of each independent experiment. EB comet length
was measured in cells that were imaged at the same exposure time and, using ImageJ,
thresholded with the same parameters to minimize the background noise and to highlight the
EB comets. The longest distance between two points (Feret’s diameter) was determined for
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each comet. At least 10 comets per cell and at least 5 cells were analyzed for each group of
each independent experiment. For MT growth rate measurements, EB3 comets that could be
followed for at least three consecutive frames were measured using the MTrackJ plugin for
ImageJ (Meijering et al., 2012). For measurements of pauses/retractions, the number of
comet dimming events, time elapsed in each dimming event, and time between two dimming
events was determined. For measurements of growth rate and pauses/retractions, at least 5
comets per cell and at least 5 cells were analyzed for each group of each independent
experiment. All data was derived from at least three independent experiments.

Statistical Analysis

Results

Student’s t test was used for comparison of means between two groups. One-way analysis of
variance (ANOVA) followed by post-hoc Tukey HSD test was used for multiple
comparisons. A p-value < 0.05 was considered statistically significant.

60HDA-induced oxidative stress alters MT dynamics

Our previous study showed that a short-term exposure to 60HDA-induced oxidative stress
leads to an early impairment in MT-dependent transcription factor trafficking in SH-SY5Y
cells, a dopaminergic neuronal cell line used to model PD mechanisms (Lopes et al., 2010;
V. P. Patel, et al., 2012; Xie et al., 2010). Such pre-lethal treatments with 60HDA do not
cause significant cellular toxicity (Supplementary Fig. S1). The effects of 60HDA-induced
oxidative stress on MT dynamics were examined using a fluorescently-tagged end-binding
protein 3 (EB3), which belongs to the family of plus-end tracking proteins (+TIPs) that bind
to MT growing (plus) ends (Akhmanova and Steinmetz, 2008; Galjart, 2010; van der Vaart,
et al., 2009). Fluorescently-tagged +TIPs, such as EBs, have been extensively characterized
for the study of MT dynamics in living cells (Chan et al., 2003; Matov et al., 2010;
Stepanova, et al., 2003). SH-SY5Y cells expressing EB3-GFP were treated with a pre-lethal
dose of 60HDA (150uM; 4hrs) and the MT growth rate was determined. Fig. 1A shows an
example of EB3-GFP comet movement with time, which was quantified to determine the
MT growth rate. A significant reduction in MT growth rate was observed in 60HDA-treated
cells (Fig. 1B). Videos 1-3 provide examples of MT dynamics in control (Video 1) and
60HDA-treated cells (Video 2 and 3). The length of the EB comets is positively correlated
with MT growth rate (Bieling et al., 2008; Matov, et al., 2010; Tirnauer et al., 2002). Thus,
the comet lengths of endogenous EBs can also be used as a measure of MT growth rates.
With pre-lethal 60HDA injury, cells showed decreased endogenous EB1 comet length,
which suggests reduced growth rates as consistent with the live cell data (Fig. 1C & D).

In addition to the pre-lethal injury paradigm, we also developed a sub-lethal treatment
protocol to investigate the effects of more prolonged oxidative stress, which is relevant to
studies of aging and neurodegenerative diseases. For these studies, examining neurite
integrity was of particular interest since axonopathy may represent an early change in PD
(Burke and O'Malley, 2012). SH-SY5Y cells were differentiated with retinoic acid to a more
mature neuronal phenotype, biochemically as well as morphologically (Encinas et al., 2000;
Lopes, et al., 2010; Xie, et al., 2010). Viability assays with varying concentrations of
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60HDA showed that concentrations < 30uM did not cause cell death (Supplementary Fig.
S2). Hence, for studying the effects of sub-lethal oxidative stress on MT dynamics,
differentiated cell were treated with 30uM 60HDA every 24hr for a total of 72hr (3 total
treatments) and MT dynamics along the length of the neurite was examined (24hr after the
last treatment).

Sub-lethal 60HDA treatment also caused a reduction in MT growth rates, albeit to a lesser
extent (Fig. 2A). Moreover, the regular alignment of MTs in the neurites facilitated
assessments of additional parameters of MT dynamics in the sub-lethal model. EBs, along
with other +TIPs, only bind to the MTs when they are growing (Akhmanova and Steinmetz,
2008; Galjart, 2010). Therefore, during pauses or retractions, the MT ends dim when using
fluorescently-tagged EB3 to visualize them, as shown in Figure 2B. If the MT in this
example had paused for a longer period of time, all of the EB3-GFP at the MT plus-end
would have been lost and the MT would no longer be visible. As the MT beings to grow
again, the fluorescent intensity of the EB3-GFP comet is again increased. Given this feature
of +TIPs, one can study other important aspects of MT dynamics besides growth rate, such
as frequency and length of MT pauses/retractions. Since it is sometimes difficult to
differentiate between a pause and a retraction, each “dimming” event will be referred to as a
pause and/or retraction event, or a “P/R” event. Sub-lethal 60HDA treatment increased the
frequency of the P/R events (Fig. 2C) and caused individual MTs to pause/retract more
frequently over a given period of time. These resulted in a lower percentage of MTs
exhibiting 0 to 1 P/R events and a greater percentage exhibiting 2 or more P/R events (Fig.
2D). The amount of time that elapsed between two P/R events was reduced; however the
duration of an individual P/R event was not altered (Fig. 2E & 2F). In short, significant
alterations in several aspects of MT dynamics, including MT growth rate and frequency of
pauses/retractions, are observed in cells subjected to sub-lethal oxidative stress.

The effects of sub-lethal 60OHDA injury on EB1 along the length of the neurite was also
examined (Fig. 3). Compared to undifferentiated cell bodies, a more punctate pattern of EB1
fluorescence is observed along the neurite in differentiated control cells, making static comet
length analysis less meaningful (Fig. 3A). However, the levels of EB1 can be accurately
assessed, which may also provide valuable information about MT dynamics (Coquelle et al.,
2009). Indeed, sub-lethal 6OHDA decreased EBL1 staining along the length of the neurite
(Fig. 3A) and this reduction was confirmed by Western blot analysis of total cellular EB1
content (Fig. 3B).

As expected, both pre-lethal and sub-lethal 6OHDA increased ROS levels in SH-SY5Y cells
(Fig. 4A & 4B). Pre-treatment with Mn (111) tetrakis (4-benzoic acid) porphyrin (MnTBAP),
a metalloporphyrin antioxidant that possesses superoxide dismutase and catalase-like
activities (Day et al., 1997; M. Patel and Day, 1999), significantly reduced ROS levels in
60HDA-treated cells (Fig. 4A & 4B). Cells were treated with 200uM MnTBAP 30min prior
to pre-lethal 6OHDA injury or 30uM MnTBAP 30min prior to sub-lethal 6OHDA injury.
We then studied the effects of antioxidant pre-treatment on MT dynamics. MnTBAP pre-
treatment rescued the impairment of MT growth rate after pre-lethal BOHDA injury (Fig.
4C). The increase in the frequency of MT pauses / retractions after sub-lethal 6OHDA injury
was also significantly reduced in MnTBAP pre-treated cells (Fig. 4D). Hence, 60HDA
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causes significant alterations in MT dynamics through the generation of ROS in both
models.

To summarize, both the live cell and static methods of analyses show that the oxidative
neurotoxin 60HDA causes significant alterations in MT dynamics that could contribute to
PD-related changes in axonal integrity and protein or organelle transport.

60HDA increases tubulin acetylation by impairing tubulin deacetylase function

To examine potential underlying mechanisms by which 60HDA regulated MT dynamics,
we examined tubulin acetylation, which serves to regulate MT dynamics through numerous
mechanisms (Choudhary et al., 2009; Fukushima, et al., 2009; Janke and Bulinski, 2011;
Sudo and Baas, 2010; Tran et al., 2007). Similar to effects described for the PD toxin MPP+
(Cartelli et al., 2010), we found that both pre-lethal and sub-lethal doses of 60HDA lead to a
significant increase in the level of tubulin acetylation (Fig. 5A & 5B).

We next examined the mechanism(s) by which 60HDA may cause an increase in tubulin
acetylation. Two major tubulin deacetylases are histone deacetylase 6 (HDAC6) and sirtuin
2 (SIRT2). Interestingly, H,O, and cigarette smoke have been linked to altered localization,
levels, and/or activity of various other HDACs, e.g. HDAC1, HDAC2, HDAC4, and SIRT1,
in a variety of models (Ago et al., 2008; Doyle and Fitzpatrick, 2010; Ito et al., 2004; S. R.
Yang et al., 2006; Y. Yang et al., 2007). Given the structural similarities of the deacetylase
domain between the various classes of HDACSs, we hypothesized that HDAC6 and/or SIRT2
may also be sensitive to oxidative stress and hence examined the effects of 60HDA on their
subcellular localization, protein levels, and enzymatic activity. HDAC6 and SIRT?2 are
predominantly cytoplasmic proteins that may also localize to the nucleus under certain
conditions (North et al., 2003; North and Verdin, 2007; Verdel et al., 2000). The subcellular
localization of HDACG6 and SIRT2 was not altered in response to pre-lethal or sub-lethal
60HDA treatment (Supplementary Fig. S3). Protein levels of HDAC6 and SIRT2 were also
not significantly altered after pre-lethal or sub-lethal 60HDA treatment (Supplementary Fig.
S4). To determine enzymatic activity, cells were treated with either pre-lethal or sub-lethal
60HDA and endogenous HDACS6 or SIRT2 was immunoprecipitated. No significant change
in the activity of HDACG6 was observed in either of the 60OHDA injury paradigms (Fig. 6A
& 6B). Likewise the activity of immunoprecipitated SIRT2 was not changed after 4hr in the
pre-lethal model (Fig. 6C). However, sub-lethal 6OHDA treatments over 72hr led to a
reduction in SIRT2 activity (Fig. 6D).

To further investigate potential mechanisms underlying the increases in tubulin acetylation,
we investigated the status of NAD+ and NADH within 60HDA-stressed cells. NAD+ is an
essential co-factor for SIRT2 deacetylase activity and is an important determinant of the
redox state of the cell (Furukawa et al., 2007; Michan and Sinclair, 2007). A reduction in
NAD-+ levels after acute pre-lethal 6OHDA exposure could lead to reduced SIRT?2 activity
within cells, even if immunoprecipitated SIRT2 can still function normally in the presence
of added co-factor. Using an enzyme cycling reaction, the levels of NAD+ and NADH were
examined in cells treated with either pre-lethal or sub-lethal 6OHDA. A significant
reduction in both NAD+ and NADH was observed after pre-lethal 5OHDA exposure but not
sub-lethal 60OHDA exposure (Fig. 7). The combined results suggest that different
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mechanisms are involved in the altered levels of tubulin acetylation that is observed. After
4hr of higher dose pre-lethal injury, significant reduction in levels of the co-factor NAD+
leads to diminished SIRT2 function in cells. However, after 72hr of lower dose sub-lethal
injury, there is a significant reduction in the intrinsic enzymatic activity of SIRT2. The end
results of these changes are the same — an increase in the levels of tubulin acetylation that
may contribute to the impaired MT growth kinetics observed in both models.

Restoring deacetylase function rescues the impairment in MT dynamics

Next, we examined if restoring tubulin deacetylase function in cells could rescue the MT
phenotype elicited by 60HDA. First, given the reduction in NAD+ levels in the pre-lethal
injury model, the effects of restoring cellular NAD+ levels on MT dynamics in the pre-lethal
model was examined. The addition of NAD+ to the culture medium can effectively increase
intracellular NAD+ levels in a variety of cell lines, including SH-SY5Y cells (Billington et
al., 2008; Caito, Hwang, et al., 2010; Pittelli et al., 2011). Indeed, we found that the addition
of NAD+ (1mM) for 6hr to the culture medium caused an increase in the levels of
intracellular NAD+ (Fig. 8A). To examine the effects of NAD+ restoration on 60HDA-
mediated increase in tubulin acetylation levels, cells were treated with vehicle or NAD+ for
6hrs before treatment with pre-lethal 60OHDA (added directly to the medium containing
NAD+). The 60HDA-mediated increase in tubulin acetylation was significantly reduced in
cells that were pre-treated with NAD+ (Fig. 8B & 8C). To study the effects of NAD+
restoration on MT growth rate, cells expressing fluorescently-tagged EB3 were treated with
NAD+ and pre-lethal 6BOHDA as mentioned above. In cells that were pre-treated with NAD
+, arescue in MT growth rate was observed (Fig. 8D). These results suggest that restoration
of NAD+ levels and hence SIRT2 function reverses the changes in tubulin acetylation and
MT dynamics in 60HDA-treated cells.

The effect of directly increasing the expression of the tubulin deacetylases was also
examined. GFP, HDAC6-GFP, or SIRT2-GFP was transfected along with EB3-mCherry
into SH-SY5Y cells and MT dynamics was examined via live cell imaging as before. First,
the effect on MT growth rate was examined in the pre-lethal model. Overexpression of
either HDACG6-GFP or SIRT2-GFP resulted in a reduction in the impairment of MT growth
rate from 60HDA-induced oxidative stress (Fig. 9A). For sub-lethal injury, the most
significant alteration in MT dynamics was an increase in frequency of pauses / retractions.
This effect was confirmed in cells expressing just GFP (Fig. 9B). However, a significant
rescue was observed in cells expressing either HDAC6-GFP or SIRT2-GFP (Fig. 9B).
Therefore, the overexpression of either HDACS6 or SIRT2 protects against 60OHDA-induced
alteration in MT dynamics.

Restoring deacetylase function rescues against 60HDA-mediated neurite shortening

MTs play a key role in the development and maintenance of neuritic processes (axons and
dendrites). Indeed, exposure of neuron-differentiated SH-SY5Y cells to sub-lethal oxidative
stress reduced the length of their neurites (Fig. 10A & 10B). Given that modulation of
tubulin deacetylases affects MT dynamics, we examined whether or not rescue of MT
dynamics can also rescue neurite integrity. Cells were transfected with pcDNA, HDACG6-
FLAG, or SIRT2-FLAG and then treated with sub-lethal 65OHDA. Control cells expressing
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SIRT2-FLAG showed slightly reduced neurite lengths compared to pcDNA control (data not
shown), as consistent with the literature (Pandithage et al., 2008). Nonetheless, the percent
reduction in neurite length in response to 60HDA-induced oxidative stress was significantly
lower in cells expressing either HDAC6-FLAG or SIRT2-FLAG compared to pcDNA
control (Fig. 10B).

Discussion

In this study, we found that the oxidative neurotoxin 60HDA has a significant impact on
neuronal MT function through modulation of SIRT2 function. These alterations in MT
function were observed both early in acute injuries and in the context of chronic, sub-lethal
injury in neuron-differentiated SH-SY5Y cells, the latter of which may have particular
relevance to PD mechanisms (Lopes, et al., 2010; Xie, et al., 2010).

The altered levels of acetylated tubulin resulted from the impaired function of the tubulin
deacetylase SIRT2; however, the underlying mechanisms differed between the two models.
Pre-lethal but not sub-lethal 6OHDA exposure caused a significant decline in intracellular
NAD+ and NADH levels, contributing to cellular SIRT2 dysfunction through depletion of
its essential co-factor. One possible mechanism reflects overconsumption of NAD+ in
acutely stressed cells. NAD+ is consumed by numerous enzymes, including the poly(ADP-
ribose) polymerases-1 (PARP-1), which senses DNA damage (Pittelli, et al., 2011; Rouleau
etal., 2010; Virag and Szabo, 2002; Ying, 2008). Reactive oxygen species such as H,0O, and
hydroxyl radical cause significant DNA strand breakage, which results in over-activation of
PARP-1 followed by depletion of NAD+ and subsequently ATP (Virag and Szabo, 2002).
This process is thought to play a key pathogenic role in stroke, diabetes, myocardial
ischemia, hemorrhagic and septic shock, various forms of inflammation, traumatic brain
injury, and MPTP-induced parkinsonism (Mandir et al., 1999; Virag and Szabo, 2002).
Furthermore, oxidative stress can shift the balance of reduced pyridine nucleotides away
from NADH and towards NADPH, which helps in the defense against ROS, by the
regulation of various NADPH and NADH forming dehydrogenases and NAD kinases
(Grose et al., 2006; Jo et al., 2001; Pollak et al., 2007; Singh et al., 2007; Ursini et al., 1997,
Vasiliou and Nebert, 2005). The end result involves impairment in NAD+ dependent
activities including SIRT2-mediated deacetylation.

Depletion of NAD+ cofactors specifically in the higher dose pre-lethal model may reflect
significantly higher degree of ROS generated in the pre-lethal model — leading to greater
consumption of NAD+ and reduced regeneration from NADH by the mechanisms
mentioned above. It is also possible that there is a transient dip in NAD+ / NADH levels
after each administration of the sub-lethal dose that recovers by the time measurements are
taken 24hr after the final dose. Nonetheless, after 3 days of sub-lethal oxidative stress, a
decline in the intrinsic deacetylase activity of immunoprecipitated SIRT2 was observed. As
total levels of SIRT2 are unchanged between control cells and 60HDA-stressed cells
(Supplementary Fig. S4), it is possible that post-translational modifications are involved.
Carbonylation, cysteine oxidation, and S-glutathiolation have each been reported to regulate
SIRT1 function and there is conservation of the primary structure of the catalytic domains
between SIRT1 and SIRT2 (Caito, Rajendrasozhan, et al., 2010; Michan and Sinclair, 2007;
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Zee et al., 2010). Future studies to delineate post-translational modifications of SIRT2 under
conditions of low-level, chronic oxidative stress may yield valuable insights for PD
pathogenesis.

Tubulin acetylation may play an important role in regulating MT function (Choudhary, et
al., 2009; Fukushima, et al., 2009; Janke and Bulinski, 2011; Sudo and Baas, 2010; Tran, et
al., 2007). In this study, overexpression of either HDACG6 or SIRT2 reversed the changes in
MT dynamics observed in both models, suggesting that increased tubulin acetylation is most
likely responsible for a significant portion of the alteration in MT dynamics. In the pre-lethal
injury model, overexpression of SIRT2 was able to rescue MT function similar to HDAC6
despite reduced NAD+ levels. As SIRT2 competes with numerous other enzymes for NAD
+, its overexpression may allow it to compete more effectively for available NAD+, leading
to an overall increase in tubulin deacetylase activity.

The mechanism by which tubulin acetylation regulates MT biology is not clear in the
literature. However, possible mechanisms include conformational changes, altered
sensitivity to MT lattice severing by katanin, or impaired incorporation into growing MTs
(C. W. Chu et al., 2011; Janke and Bulinski, 2011; Sudo and Baas, 2010). Indeed, either
acetylation or oxidative modification (Landino et al., 2011; Luduena and Roach, 1991;
Mellon and Rebhun, 1976) of the tubulin heterodimer impairs MT polymerization,
consistent with the observation that pre-lethal doses of 60HDA increase levels of
monomeric tubulin (V. P. Patel, et al., 2012). Acetylation sites that are predicted to face the
outside surface of the MT lattice could also serve to regulate MT dynamics by affecting the
binding of MAPs, such as EBs (Choudhary, et al., 2009; Janke and Bulinski, 2011).

Conclusions

MTs are essential for the development and maintenance of axons and transport of cargo,
such as organelle and protein complexes (Conde and Caceres, 2009; De Vos, et al., 2008; G.
A. Morfini, et al., 2009). Various genetic as well as toxin models of PD suggest that MT
dysfunction may be an important component of disease pathogenesis and/or progression.
Genetic (a-synuclein, LRRK2, and PINK1) and other toxin (MPP+ and rotenone) models
also exhibit alterations in axonal transport (Borland et al., 2008; Cartelli, et al., 2010; Chung
et al., 2009; Kim-Han et al., 2011; H. J. Lee et al., 2006; Liu et al., 2012; G. Morfini et al.,
2007; Pham et al., 2004; Saha et al., 2004). In this study, we show that 6OHDA-induced
oxidative stress affects MT dynamics and SIRT2 activity through more than one mechanism,
leading to neurite shortening, an important early phenotype in PD models. In addition to its
impact on the integrity of the axon/dendrites and intracellular transport, disruption of MT
function could also affect gene expression, leading to selective declines in the reparative
transcriptional responses of diseased dopaminergic neurons (V. P. Patel, et al., 2012). In
conclusion, MT dysfunction represents a point of convergence among different models of
PD, suggesting an important role in the pathogenesis of PD. Elucidating how redox changes
in MT function can lead to neuronal degeneration may provide key insights into the
development of novel disease-modifying strategies.
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Figure 1. Pre-lethal 60HDA reduces MT growth rate
(A) SH-SY5Y cells were transfected with an expression plasmid for EB3-GFP. The EB3-

GFP comet is seen moving with time. (B) SH-SY5Y cells expressing EB3-GFP were treated
with 150uM 60HDA for 4hr (a pre-lethal dose), which led to a significant reduction in MT
growth rate. Mean +/— SEM, *p < 0.05 vs. Veh. Cont. n = 150 — 200 EB3-GFP comets per
condition. (C & D) SH-SY5Y cells treated with vehicle or a pre-lethal dose of 60HDA were
fixed and immunostained for endogenous EB1. Representative images (C) and
quantification (D) show reduced comet length with 60HDA treatment. Mean +/-SEM, *p <
0.05 vs. Veh. Cont. n =200 — 300 EB1 comets per condition.
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Figure 2. Sub-lethal 60HDA alters MT dynamics
(A) Differentiated SH-SY5Y cells expressing EB3-GFP were treated with 30uM 60HDA

for 72hr (treatment every 24hr). MTs along the length of the neurite in 60OHDA-treated cells
show reduced growth rates. Mean +/- SEM, *p < 0.05 vs. Veh. Cont. n= 150 — 200 EB3-
GFP comets per condition. (B) An example of a “dimming” event where the EB3-GFP
comet loses its fluorescent intensity (0:10 to 0:15), suggesting MT pausing or retraction.
Return to growth phase is noted by the increase in the fluorescent intensity and the forward
movement of the comet. (C) An increase in the frequency of MT pauses and/or retractions
(P/R) was seen after sub-lethal 60HDA treatment. Mean +/— SEM, *p < 0.05 vs. Veh. Cont.
n =100 — 200 EB3-GFP comets per condition. (D) An increase in the percentage of MTs
with 2 and 3+ P/R events and a reduction in the percentage of MTs with 0 and 1 P/R event
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was observed. (E & F) The average amount of time between two P/R events is reduced with
treatment (E); however the amount of time spent in an individual P/R event is not altered
(F). Mean +/- SEM, *p < 0.05 or "p > 0.05 vs. Veh. Cont. n = 100 — 200 EB3-GFP comets
per condition.
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Figure 3. Sub-lethal 6OHDA reduces EB1 levels
SH-SY5Y cells were treated with sub-lethal 6BOHDA and EB1 levels were analyzed via

immunocytochemistry and Western blotting. (A) Two sets of representative images are
shown where reduced EB1 staining is noted along the length of the neurite in 60HDA.-
treated cells. (B) Western blot of total cellular EB1 levels showed a reduction with 60HDA
treatment. Mean +/— SEM, *p < 0.05 vs. Veh. Cont.
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Figure 4. 60HDA increases ROS levels and antioxidant treatment rescues 60HDA-induced
impairments in MT dynamics

(A & B) Pre-lethal and sub-lethal 60HDA increase ROS levels in SH-SY5Y cells, which are
reduced by pre-treatment with an antioxidant, MnTBAP. Cells were treated with 200uM
MnTBAP 30min prior to pre-lethal 6OHDA injury (A) or 30uM MnTBAP 30min prior to
sub-lethal 60HDA injury (B). Mean +/- SEM, *p < 0.05 as indicated. (C) SH-SY5Y cells
expressing EB3-GFP were pre-treated with 200uM MnTBAP for 30min and then treated
with pre-lethal 60OHDA. Rescue of MT growth rate was observed in cells pre-treated with
MnTBAP. Mean +/- SEM, *p < 0.05 as indicated. n = 75 — 100 EB3-GFP comets per
condition. (D) SH-SYS5Y cells expressing EB3-GFP were pre-treated with 30uM MnTBAP
for 30min and then treated with sub-lethal BOHDA. Increase in the frequency of pauses /
retractions after 60OHDA injury was significantly reduced in cells pre-treated with
MnTBAP. Mean +/- SEM, *p < 0.05 as indicated. n = 75 — 100 EB3-GFP comets per
condition.
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Figure 5. BOHDA increases MT acetylation
SH-SY5Y cells were treated with pre-lethal (A) or sub-lethal (B) 60HDA and levels of

tubulin acetylation were examined via Western blot analysis. A significant increase in
tubulin acetylation was observed in treated cells. Mean +/—= SEM, *p < 0.05 vs. Veh. Cont.
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Figure 6. Sub-lethal 6OHDA reduces SIRT2 deacetylase activity
SH-SY5Y cells were treated with either pre-lethal (A & C) or sub-lethal (B & D) 60HDA

and the deacetylase activity of the pulled-down enzyme was examined. (A & B) No
significant change in enzymatic activity of HDAC6 was observed. Mean +/- SEM, "p >
0.05 vs. Veh. Cont. (C & D) Pre-lethal 60HDA did not reduce SIRT2 activity (C); however
a reduction was observed after sub-lethal 60HDA treatment (D). Mean +/- SEM, *p < 0.05
or "p > 0.05 vs. Veh. Cont.
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Figure 7. Pre-lethal but not sub-lethal 6OHDA reduces NAD+ and NADH levels
SH-SY5Y cells were treated with either pre-lethal (A & C) or sub-lethal (B & D) 60HDA.

NAD+ and NADH levels were determined via an enzyme cycling reaction and the levels
were normalized to total protein. (A & C) Significant reduction in both NAD+ and NADH
levels was observed after pre-lethal injury. Mean +/— SEM, *p < 0.05 vs. Veh. Cont. (B &
D) No reduction in levels of either NAD+ or NADH was observed after sub-lethal injury.

Mean +/- SEM, "p > 0.05 vs. Veh. Cont.
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Figure 8. NAD+ rescues tubulin acetylation levels and improves MT growth rate
(A) Treatment of SH-SY5Y cells with ImM NAD+ for 6hr led to an increase in intracellular

NAD+ levels. Mean +/- SEM, *p < 0.05 vs. Veh. Cont. (B & C) Pre-treatment of cells with
NAD+ (1mM; 6hr) prevented the 60HDA-mediated increase in tubulin acetylation levels.
Mean +/— SEM, *p < 0.05 or "p > 0.05 as indicated. (D) Pre-treatment with NAD+ reduced
the impairment in MT growth rate caused by pre-lethal 6OHDA. Mean +/- SEM, *p < 0.05
as indicated. n =75 — 100 EB3-mCherry comets per condition.
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Figure 9. HDACG6 and SIRT2 overexpression rescues MT dynamics
(A) SH-SY5Y cells expressing EB3-mCherry and either GFP, HDAC6-GFP, or SIRT2-GFP

were treated with pre-lethal 6OHDA and MT growth rate was determined. Rescue was
observed in cells overexpressing HDAC6-GFP or SIRT2-GFP. Mean +/- SEM, *p < 0.05 as
indicated. n = 75 — 100 EB3-mCherry comets per condition. (B) Frequency of pauses /
retractions was determined in cells treated with sub-lethal BOHDA. Increase in the
frequency of these events was reversed by the overexpression of either HDAC6-GFP or
SIRT2-GFP. Mean +/- SEM, *p < 0.05 as indicated. n = 75 — 100 EB3-mCherry comets per
condition.
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Figure 10. HDACG6 and SIRT2 rescue 60HDA-mediated reduction in neurite length
(A) Differentiated SH-SY5Y cells transfected with GFP and treated with sub-lethal

60HDA. Representative images show reduced length of the neurite. (B) Cells expressing
GFP and either pcDNA, HDACG6-FLAG, or SIRT2-FLAG were treated with sub-lethal
60HDA. HDACG6 and SIRT2 were detected by FLAG immunofluorescence. Rescue in
neurite length was observed with either HDACG6 or SIRT2 overexpression. Mean +/— SEM,
*p < 0.05 as indicated. n = 150 — 200 cells per condition.
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