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(Background: The role of HDAC6 in mutant SOD1 aggregation and ALS etiology is unclear.
Results: HDAC6 interacted with mutant SOD1 via two SMIR motifs, and HDAC6 knockdown promoted aggregation of mutant

Conclusion: Mutant SOD1 can modulate HDACG6 activity and increase tubulin acetylation, which, in turn, facilitates mutant

Significance: HDAC6 deficiency might be a converging point of various subtypes of ALS.
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Histone deacetylase 6 (HDACS) is a tubulin deacetylase that
regulates protein aggregation and turnover. Mutations in Cu/Zn
superoxide dismutase (SOD1) linked to familial amyotrophic
lateral sclerosis (ALS) make the mutant protein prone to aggre-
gation. However, the role of HDAC6 in mutant SOD1 aggrega-
tion and the ALS etiology is unclear. Here we report that
HDAC6 knockdown increased mutant SOD1 aggregation in cul-
tured cells. Different from its known role in mediating the deg-
radation of poly-ubiquitinated proteins, HDACG6 selectively
interacted with mutant SOD1 via two motifs similar to the
SOD1 mutant interaction region (SMIR) that we identified pre-
viously in p62/sequestosome 1. Expression of the aggregation-
prone mutant SOD1 increased a-tubulin acetylation, and the
acetylation-mimicking K40Q «-tubulin mutant promoted
mutant SOD1 aggregation. Our results suggest that ALS-linked
mutant SOD1 can modulate HDAC6 activity and increase tubu-
lin acetylation, which, in turn, facilitates the microtubule- and
retrograde transport-dependent mutant SOD1 aggregation.
HDAC6 impairment might be a common feature in various sub-
types of ALS.

Amyotrophic lateral sclerosis (ALS, also known as Lou Geh-
rig’s disease) is a progressive and fatal neurodegenerative dis-
ease that primarily affects motor neurons (1). A hallmark of
ALS is the appearance of cytoplasmic protein inclusions in
affected motor neurons and glial cells (2, 3). To date, well over
100 independent mutations in the copper/zinc superoxide dis-
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mutase (SOD1) were reported to cause ALS, accounting for
~20% of familial ALS (1, 4—6).

In the familial ALS cases caused by SOD1 mutations, the
cytoplasmic protein inclusions are positive for SOD1 (3, 7, 8),
and most ALS SOD1 mutants are prone to aggregation (9). We
have shown that aggregation of mutant SOD1 in cultured cells
is facilitated by the dynein-mediated retrograde transport and
that aggregation can impair axonal transport (10, 11). We have
also shown that p62/sequestosome 1, which plays a critical role
in the aggregation and turnover of misfolded proteins (12, 13),
selectively interacted with mutant SOD1 (14, 15). The p62-mu-
tant SOD1 interaction is mediated through a motif termed
SOD1 mutant interaction region (SMIR) and is critical to rec-
ognizing mutant SOD1 and targeting it to autophagosomes for
degradation (15).

Histone deacetylase 6 (HDACS) is critical to the aggregation
of poly-ubiquitinated proteins induced by proteasome inhibi-
tion (16) as well as the autophagic degradation of such aggre-
gates (17). HDACS is a unique member in the HDAC family as
it is localized almost exclusively in the cytoplasm instead of in
the nucleus (18). Its most abundant known physiological sub-
strate is acetyl-a-tubulin (19-21). The domain structure of
HDACS is also unusual as it possesses two lysine deacetylase
domains, and the second deacetylase domain (DAC2) is
responsible for the deacetylation of acetyl-a-tubulin (22-24).
HDAC6 was proposed to be an adaptor between poly-ubiquiti-
nated misfolded proteins and dynein motors, facilitating the
retrograde transport of such poly-ubiquitinated proteins to
form aggresome (16). HDAC6 was shown to promote
autophagy by recruiting cortactin to polyubiquitinated protein
aggregates, leading to local actin remodeling and stimulation of
autophagosome/lysosome fusion (17). In addition, HDAC6 was
implicated in the aggregation and degradation of expanded
huntingtin (25), a-synuclein oligomers (26), and the tau protein
(27-29). However, the role of HDAC6 in mutant SOD1 aggre-
gation and ALS has not yet been examined.

We hypothesized that HDAC6 could play a role in regulating
mutant SOD1 protein aggregation and turnover in ALS and set
forth to test this hypothesis in a cellular model system. We
found that HDAC6 knockdown increased mutant SOD1 aggre-
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gation as demonstrated by live cell imaging and cellulose ace-
tate membrane filtration. HDAC6 interacted selectively with
mutant SOD1, and the ubiquitin-binding zinc finger of HDAC6
was dispensable for the interaction. Instead, we identified two
separate motifs that are highly similar to the SMIR motif of
p62/SQSTM1 (15). Our results suggest that HDAC6 and p62/
SQSTM1, two proteins involved in protein aggregation and
turnover, share a mechanism to recognize aggregation-prone
proteins that is independent of their ubiquitin binding
domains.

The expression of mutant SOD1 resulted in elevation of the
acetylation of a-tubulin, consistent with the inhibition of the
tubulin deacetylase activity of HDAC6. HDAC6 was seques-
tered into mutant SOD1 aggregates, providing a potential
mechanism for the inhibition of its deacetylase activity. The
coexpression of the acetylation-mimicking K40Q a-tubulin
mutant with mutant SOD1 resulted in elevation of the cellulose
acetate-filtered amount of SOD1 aggregates. On the basis of the
results in this study, we propose that the aggregation of mutant
SOD1 is enhanced through the inhibition of the tubulin
deacetylase activity of HDACS6, which, in turn, increases tubu-
lin acetylation and enhances retrograde transport of mutant
SODL1 to form large inclusions.

MATERIALS AND METHODS

Plasmids—The SOD1 expression constructs have been
reported previously (11, 14, 15). The HDAC6 expression
constructs used in this study were based on the
pcDNA3-FLAG-mouse HDAC6 plasmid (a gift from Dr. Marie
Wooten, Auburn University) and were generated using stand-
ard cloning techniques. The monomeric and tetrameric DsRed
fusions were constructed by cloning HDAC6 fragments into
the pDsRed-monomer-C1 and the pDsRed2-C1 vectors (Clon-
tech), respectively. The Myc-tagged WT and K40Q a-tubulin
constructs were generated by subcloning the respective tubulin
fragments of the GFP-Tubulin WT and K40Q plasmids (Add-
gene, plasmids 30487 and 32912) (30) into pCMV-Myc (Clon-
tech). The pMAL-C1 plasmid, the mammalian expression con-
struct for maltose binding protein (MBP) fusions was generated
by replacing enhanced GFP of pEGFP-C1 (Clontech) with the
malE gene from pMAL-c2G (New England Biolabs), preserving
the reading frame of pEGFP-C1. All plasmid constructs were
verified with sequencing.

Cell Culture and Transfection—The NSC34 and HEK293
cells were cultured in DMEM (Invitrogen, catalog no. 11965)
with 10% fetal bovine serum and penicillin-streptomycin at
37 °Cin 5% CO,/95% air. The transfections were performed in
a 6-well plate format. For the HDAC6 knockdown studies, the
cells were transfected using 0.75 ug of plasmid DNA, 20 pmol of
HDACG6 siRNA (Dharmacon, siGenome SmartPool M-003499-
00-0005) or non-targeting siRNA (Dharmacon, D-001210-02-
05) and 5 ul of Lipofectamine 2000 (Invitrogen) per well follow-
ing the instructions of the manufacturer. For all other studies,
HEK293 cells were transfected using polyethylenimine “Max”
(Polysciences, Inc.). In the plasmid cotransfection experiments,
0.5ug of both plasmids was transfected unless noted otherwise.
The NSC34 cells were transfected using Lipofectamine
(Invitrogen).
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Animals—Transgenic mouse strains overexpressing WT
(B6.Cg-Tg(SOD1)2Gur/]) or G93A mutant SOD1 (B6.Cg-Tg-
(SOD1-G93A)1Gur/]) (31) were bred and maintained as hem-
izygotes at the University of Kentucky animal facility. Trans-
genic mice were identified using PCR. The mice were sacrificed
at age 90 * 5 days. Mice were anesthetized with an intraperito-
neal injection of 0.1 ml pentobarbital (50 mg/ml, Abbott Labo-
ratories) and perfused transcardially with 0.1 m PBS (pH 7.5)
before spinal cords were dissected. All animal procedures were
approved by the university IACUC committee.

Fluorescence Microscopy—The live cell imaging of the cells
transfected with SOD1-GFP was performed using a Zeiss Axio-
vert 100 microscope, counting the transfected cells and cells
with inclusions in ten random view fields 3 days post-transfec-
tion. The confocal microscopy experiments were performed as
follows. NSC34 or HEK293 cells were seeded on gelatin-treated
glass coverslips and transfected with SOD1-GFP constructs.
Two days later, the cells were fixed in —20 °C methanol and
then rehydrated in 1X PBS. The cells were permeabilized with
1X PBS supplemented with 0.1% Triton X-100. Spinal cords of
90-day-old transgenic mice were dissected, postfixed in 4%
paraformaldehyde in 1X PBS for 3 h, cryopreserved in 30%
sucrose overnight, embedded in Tissue-Tek OCT compound
(Sakura), and then 12-um sections were cut. The sections were
permeabilized with 1X PBS supplemented with 0.1% Triton
X-100. The primary antibodies were mouse anti-acetyl-a-tubu-
lin (clone 6-11B-1, Sigma, catalog no. T6793), mouse anti-cor-
tactin (clone 4F11, Millipore, catalog no. 05-180), sheep anti-
human SOD1 (The Binding Site, catalog no. PC077), rabbit
anti-human HDACG6 (Santa Cruz Biotechnology, Inc., catalog
no. sc-11420), and rabbit anti-mouse HDACS6 (a gift from Dr.
Tso-Pang Yao, Duke University). The secondary antibodies
were Alexa Fluor 568 donkey anti-mouse (Invitrogen, catalog
no. A10037), Alexa Fluor 594 donkey anti-mouse (Invitrogen,
catalog no. A21203), Alexa Fluor 568 donkey anti-rabbit (Invit-
rogen, catalog no. A10042), and Alexa Fluor 488 donkey anti-
sheep (Invitrogen, catalog no. A11015). The F-actin staining
experiments were performed by fixing the cells in 3.7% parafor-
maldehyde, permeabilizing with 0.1% Triton X-100, and stain-
ing with Texas Red-X phalloidin (Invitrogen, catalog no.
T7471). The samples were mounted by applying Vectashield
mounting medium (Vector Laboratories) and visualized using a
Nikon A1 (acetyl-a-tubulin, HDAC6, and SOD1) or a Leica SP5
(cortactin and F-actin) confocal microscope with a X60
objective.

Cellulose Acetate Membrane Filtration—The transfected
cells were rinsed with 1X PBS, and cell extracts were prepared
in 1X radioimmune precipitation assay buffer (Millipore) sup-
plemented with protease inhibitor mixture (Sigma, catalog no.
P-8340, 1:500), 1 mM sodium orthovanadate, 1.5 uMm trichosta-
tin A, 20 mM nicotinamide, and 20 mMm sodium butyrate. The
spinal cord extracts were prepared using a dounce homoge-
nizer in the same lysis buffer. The extracts were cleared with
two consecutive centrifugations at 800 X g for 10 min at 4 °C.
The cellulose acetate membrane (0.2-um pore size, Whatman,
catalog no. 10404131) was prewetted in TBS (100 mm Tris-HCI
(pH 7.5), 0.9% NaCl) before use. From each sample, 60 ug of
total protein in 150 ul of total volume was filtered through the
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cellulose acetate membrane using the Bio-Dot apparatus (Bio-
Rad) using mild “house” vacuum. The membranes were washed
three times with 200 ul of TBS/well and blocked with 5% milk in
TBST (TBS with 0.1% Tween 20) before blotting.

Coprecipitation Assays—The immunoprecipitation and pull-
down experiments were done 2 days post-transfection. The
transfected cell extracts were prepared in 1X radioimmune
precipitation assay buffer (Millipore) supplemented with pro-
tease inhibitor mixture (Sigma, catalog no. P-8340, 1:500) and 1
mM sodium orthovanadate. The extracts for the HA and FLAG
immunoprecipitations were also supplemented with 0.2 mm
PMSF and 0.625 mg/ml N-ethylmaleimide. The extracts for the
Myc-a-tubulin immunoprecipitations were also supplemented
with 1.5 um trichostatin A, 20 mMm nicotinamide, and 20 mm
sodium butyrate. The FLAG immunoprecipitations were per-
formed using EZview Red anti-FLAG M2 affinity gel (Sigma,
catalog no. F2426). The HA and Myc immunoprecipitations
were done using protein G-Sepharose (GE Healthcare, catalog
no. 17-0618-01) and mouse anti-HA (Santa Cruz Biotechnol-
ogy, Inc., catalog no. sc-7392) or mouse anti-Myc (Santa Cruz
Biotechnology, Inc., catalog no. sc-40) antibodies, respectively.
The MBP pull-downs were performed using amylose resin
(New England Biolabs, catalog no. E8021S).

Western Blotting—The nitrocellulose membranes were
blocked, and antibodies were applied in 5% milk/TBST with the
exception of the DsRed antibody, which was applied in PBST
(1X PBS with 0.1% Tween 20). The antibodies used were mouse
anti-FLAG M2-HRP (Sigma, catalog no. A8592), rabbit
anti-HA (Santa Cruz Biotechnology, Inc., catalog no. sc-805),
mouse anti-Myc (clone 9E10, Santa Cruz Biotechnology, Inc.,
catalog no. sc-40), rabbit anti-DsRed (Clontech, catalog no.
632496), rabbit anti-GFP (Santa Cruz Biotechnology, Inc., cat-
alog no. sc-8334), mouse anti-MBP (New England Biolabs, cat-
alog no. E8032S), mouse anti-a-tubulin (clone DM1A, Santa
Cruz Biotechnology, Inc., catalog no. sc-32293), mouse anti-
acetyl-a-tubulin (clone 6-11B-1, Sigma, catalog no. T6793),
rabbit anti-human HDAC6 (Santa Cruz Biotechnology, Inc.,
catalog no. sc-11420), and rabbit anti-mouse HDAC6 and
goat anti-actin (Santa Cruz Biotechnology, Inc., catalog no.
sc-1616).

Native Gel Electrophoresis—The native gel electrophoresis
was performed using 4-20% Mini-Protean TGX precast
gradient gels (Bio-Rad) under non-denaturing conditions as
reported before (15).

Mass Spectrometric Identification of Mutant SODI in the
MBP-HDACG6 (L816-S859) Pull-down Sample—The MBP pull-
down samples were subjected to SDS-PAGE. The gel was
stained with Sypro Ruby protein gel stain (Invitrogen), and the
respective bands were excised and subjected to in-gel trypsin
digestion (32). The tryptic digestion peptides were analyzed
using an LTQ Orbitrap Velos mass spectrometer (Thermo Sci-
entific) as described previously (33).

Statistical Analysis—Statistical analyses were performed
using Student’s ¢ test (two-tailed distribution, two-sample
unequal variance). The p values were calculated and are shown
where needed.
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RESULTS

HDAC6 Regulates the Level of Mutant SODI1 Aggregates—
HDACEG plays a role in both the formation and the degradation
of ubiquitin-positive protein aggregates induced by proteasome
inhibition (16, 17). To test whether HDAC6 affects the level of
mutant SOD1 aggregates, we cotransfected HDAC6 siRNA or
control siRNA with plasmids expressing GFP-tagged WT or
ALS mutants of SOD1. The percentage of transfected cells that
developed visible mutant SOD1 inclusions was assessed using
live-cell fluorescence microscopy. The SOD1-GFP levels varied
up to 30% with HDAC6 knockdown (Fig. 1D). The percentages
of transfected cells with inclusions were normalized with the
variation of mutant SOD1 levels and are shown in Fig. 14. The
proportion of cells with GFP-tagged mutant SOD1 inclusions
was significantly higher with HDAC6 knockdown in the case of
the A4V (p = 0.0076) and G93A (p = 0.0099) mutants but not
with the G85R mutant.

The amount of aggregated SOD1 with or without HDAC6
knockdown was also examined using the cellulose acetate
membrane filtration method. The cellulose acetate membrane
filtration data (Fig. 1B) were also normalized with the variation
of SOD1-GFP levels and are shown in Fig. 1C. The amount of
aggregated mutant SOD1 captured by the membrane was sig-
nificantly higher when the plasmids were cotransfected with
HDACS6 siRNA in the case of all three tested mutants (A4V, p =
0.041; G85R, p = 0.0076; and G93A, p = 0.034).

The Western blotting of total protein extracts showed suc-
cessful HDAC6 knockdown and corresponding accumulation
of a major HDACG6 substrate acetyl-a-tubulin (Fig. 1D). The
a-tubulin and actin protein levels were comparable in all cells
with or without HDAC6 siRNA (Fig. 1D). The above results
suggest that HDAC6 can modulate the level of mutant SOD1
aggregates.

HDACE6 Selectively Interacts with Mutant SOD1—We next
tested whether HDAC6 was capable of discriminating ALS
mutants of SOD1 from the WT protein. HA-tagged WT or
mutant SOD1 was cotransfected with FLAG-tagged HDACS,
and FLAG immunoprecipitations were performed. HDAC6
selectively coprecipitated with SOD1 ALS mutants but not with
the WT protein from the motor neuron-like NSC34 cells (Fig.
2A) and HEK293 cells (supplemental Fig. S1A). It is noted that
the SOD1 mutants coprecipitated with HDAC6 were at the
expected monomeric size in denaturing gel electrophoresis and
not as polyubiquitinated proteins (Fig. 24 and supplemental
Fig. S1A). This is remarkably similar to our previous observa-
tions about the mutant SOD1-p62 interaction (14, 15). We also
performed the reverse immunoprecipitation experiment and
demonstrated the coprecipitation of endogenous HDAC6 with
FLAG-tagged mutant SOD1 (supplemental Fig. S1B).

To understand the nature of the mutant SOD1-HDAC6
interaction, we generated a series of HDAC6 mutants and
tested them in coimmunoprecipitation studies (see the HDAC6
domain structure in Fig. 2B). We generated an enzymatically
inactive HDAC6 mutant, H215A/H610A (22), and found that
the H215A/H610A mutant retained its ability to bind to mutant
SOD1 (Fig. 2B, lane 5). Another mutant lacking the ubiquitin-
binding zinc finger domain of HDAC6 (M1-Q1,035) also bound
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FIGURE 1. The effect of HDAC6 knockdown on the aggregation of mutant SOD1. A, HEK293 cells were cotransfected with plasmids expressing GFP-tagged
WT, A4V, G85R, or G93A SOD1 and HDAC6 siRNA or control siRNA. Three days later, the cells with visible SOD1-GFP inclusions were counted in ten random view
fields, and the percentage of all transfected cells having visible GFP-positive inclusions was normalized with the expression level variations with or without
HDAC6 knockdown (D). Data are mean = S.E.from all view fields in three independent experiments. B, cellulose acetate membrane filtration assay of SOD1-GFP
aggregates from cells treated as in A. The membrane was blotted with GFP antibody. C, densitometric quantification of B. ImageJ was used to analyze the
densitometric intensities of the dots that were normalized to the A4V/control siRNA dot and normalized with the expression level variations. Data are mean =
S.E. from three independent experiments. D, protein extracts from the above samples. B, immunoblot.

mutant SOD1 (Fig. 2B, lane 6). Thus, the enzymatic activity and
the ubiquitin-binding zinc finger of HDACG6 are dispensable for
its interaction with mutant SOD1.

Truncation of the SE14 domain (Ala-883 to Pro-962) of
HDACS led to significantly impaired binding of mutant SOD1
(Fig. 2B, lane 8). Likewise, the in-frame deletion of the SE14
domain in the context of full-length HDACG6 also weakened the
coprecipitation with mutant SOD1 (Fig. 2B, lane 9). However,
an N-terminally monomeric DsRed (DsRed")-tagged SE14
domain (Ala-883 to Pro-962) failed to interact with mutant
SODI1 (Fig. 2C, lane 3). Thus, the SE14 domain is essential but
not sufficient for the HDAC6-mutant SOD1 interaction.

HDACES Interacts with Mutant SODI through a SMIR Motif—
We hypothesized that sequence element(s) between the second
deacetylase domain (DAC2) and the SE14 domain of HDAC6
might also play a role in the binding of mutant SOD1. Indeed, the
DsRed™-HDAC6 (Leu-816 to Pro-962) fusion construct inter-
acted with mutant SOD1 (Fig. 2C, lane 9). We next generated a
series of deletion constructs from both the N-terminal and C-ter-
minal directions to map the determinant(s) of the HDAC6 (Leu-
816 to Pro-962)-mutant SOD1 interaction. The constructs con-
taining the short Leu-816 to Leu-835 segment coprecipitated with
mutant SOD1 (Fig. 2C, lanes 6 -9), whereas the constructs lacking
Leu-816 to Leu-835 did not coprecipitate with mutant SOD1 (Fig.
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2C, lanes 3-5). Thus, the Leu-816 to Leu-835 segment is essential
and sufficient for the HDAC6-mutant SOD1 interaction.

Interestingly, the Leu-816 to Leu-835 segment of HDAC6
revealed a motif highly reminiscent of the SMIR in p62 (15). As
shown in Fig. 2D, the similarities included a conserved histidine
and a leucine residue, four positively charged amino acid posi-
tions, and two adjacent hydrophobic residues, one of which is a
tryptophan. To assess the significance of the conserved SMIR
residues in the HDAC6 SMIR-mutant SOD1 interaction, we
generated a set of mutants in the DsRed™ -HDAC6 (Leu-816 to
Ser-859) construct and tested their ability to coprecipitate with
mutant SOD1 (Fig. 2E). The Y829A/W830A double mutation
that removes two adjacent aromatic side chains and the R827A/
K828A/R831A/R834A quadruple mutation (“AAAA”) that
removes the positively charged side chains both severely
impaired the binding of mutant SOD1. The L833A mutation
suppressed the binding as well. The H826A mutation appeared
to abolish the interaction, but the protein expression of this
mutant was significantly lower. Therefore, the interpretation of
the effect of the H826A mutation should be performed with
caution. Thus, the conserved aromatic and positively charged
residues are critical to the interaction.

In addition, we performed reverse coprecipitations using
mammalian expression constructs for MBP fused to HDAC6.
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FIGURE 2. Mutant SOD1 interacts with HDAC6 through a SMIR motif
between the DAC2 and SE14 domains. A, HDAC6 interacts with the A4V
SOD1 mutant but not WT SOD1. FLAG-HDAC6 and the respective SOD1-
3xHA were cotransfected into NSC34 cells. FLAG-HDAC6 immunoprecipita-
tions (IP) were performed followed by Western blot analysis (/B) using the
indicated antibodies. B-E, mapping the SOD1 mutant interaction region
within HDAC6. Either WT or A4V mutant SOD1 and various HDAC6 constructs
were cotransfected into HEK293 cells. SOD1 immunoprecipitations were per-
formed, followed by Western blot analysis using the indicated antibodies.
Protein levels in cell extracts were also examined as controls. Ext, extract; Vec,
vector control. B, the SE14 domain is required for the efficient binding of
mutant SOD1 to HDAC6 because deleting SE14 domain weakened the inter-
action. FL, full-length. G, identification of the SMIR motif located C-terminally
to DAC2 of HDAC6. The isolated SE14 domain did not interact with mutant
SOD1. The Leu-816 to Leu-835 segment was the minimal sequence that was
sufficient to interact with mutant SOD1. The asterisks indicate nonspecific
bands or potential proteolytic fragments. D, alignments of the Leu-816 to
Leu-835 motif of HDAC6 and p62 SMIR. +, positively charged; (), aromatic, ®,
hydrophobic amino acid residues. E, mutational analysis of the C-SMIR motif
showed that the conserved residues were critical for the HDAC6-mutant
SOD1 interaction.

When the MBP-HDAC6 (Leu-816 to Ser-859) pull-down sam-
ples were analyzed by SDS-PAGE and Sypro Ruby protein stain,
the only apparent difference between the WT and A4V SOD1
lanes was the presence of a band at the expected size of FLAG-
tagged A4V SODI in the A4V SOD1 lane (supplemental Fig.
S2). Proteomic analysis of the band verified it as SOD1. The
corresponding gel slice in the WT SOD1 lane was also analyzed,
but no evidence of any SOD1 fragment was found. The above
results demonstrate that HDAC6 interacts with mutant SOD1
through a SMIR motif located immediately C-terminally to
DAC2.

Identification of a Second SMIR Motif in HDAC6—Further
sequence analysis identified a second possible SMIR motif (His-
275 to Gly-301) in HDACS, which is in the middle of the first
deacetylase (DAC1) domain (Fig. 3A4). The three-dimensional
structure of HDACG6 has not yet been reported. To assess the
surface accessibility of the putative SMIR motif in DACI, we
generated a homology model using the SWISS-MODEL server
(34) on the basis of 36% sequence identity with the catalytic
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domain of human HDAC?7 (PDB code 3c10, Ref. 35). According
to the homology model, the putative SMIR (His-275 to Gly-
301) is part of a surface-exposed loop (supplemental Fig. S3).
Intriguingly, the putative SMIR is located in close proximity to
the active center of the deacetylase domain. In addition, the
corresponding region in DAC2 (His-671 to Gly-697) does not
show SMIR-like sequence features (Fig. 3A4).

To test whether the putative second SMIR motif in DAC1
can interact with mutant SOD1, we generated monomeric and
tetrameric DsRed-tagged HDAC6 H275-G301. The corre-
sponding loop in DAC2 (His-671 to Gly-697) was also tagged
with DsRed as a negative control. As shown in Fig. 3B, the tetra-
meric DsRed-HDAC6 (His-275 to Gly-301) coprecipitated with
mutant SODI1, but its monomeric version did not. Neither
tetrameric nor monomeric DsRed-tagged HDAC6 (His-671 to
Gly-697) interacted with mutant SOD1. We generated the
F282A/W283A double mutation into DsRed"-HDAC6 (His-
275 to Gly-301) and found that the mutation severely impacted
the interaction with mutant SOD1 (Fig. 3C).

We conclude that the second putative SMIR motif identified
in DAC1 is truly functional (Fig. 3), and thus termed it
“N-SMIR.” The first SMIR that is immediately C-terminal to
DAC2 (Fig. 2) is termed as “C-SMIR.”

The C-SMIR of HDAC6 Is Capable of Oligomerization—
There is an intriguing difference between the HDAC6 C-SMIR
and the HDAC6 N-SMIR or the p62 SMIR. The monomeric
DsRed-tagged HDAC6 C-SMIR interacted with mutant SOD1
(Fig. 2C), whereas only the tetrameric DsRed-tagged HDAC6
N-SMIR interacted with mutant SOD1 (Fig. 3B). On the basis of
our understanding of the p62 SMIR, that it requires oligomeric
status to interact with mutant SOD1 (15), we hypothesized that
the isolated HDAC6 C-SMIR might be able to oligomerize
itself, explaining why it did not require an oligomeric fusion
partner to interact with mutant SOD1. To test this hypothesis,
we first examined whether the isolated C-SMIR could interact
with full-length HDAC6. Indeed, the isolated C-SMIR (Leu-816
to Leu-835) was the minimal segment capable of interacting
with the full-length HDACG6 (Fig. 44, lane 6). Three additional
constructs containing the C-SMIR also interacted with the full-
length HDACE6 (Fig. 44, lanes 3-5). Two constructs lacking the
C-SMIR did not interact with HDACS6 (Fig. 4A4, lanes 1-2). We
next examined whether the C-SMIR could interact with itself
using the DsRed™- and MBP-tagged C-SMIR. As shown in Fig.
4B, the MBP-tagged C-SMIR (Leu-816 to Leu-835) efficiently
coprecipitated the DsRed™-tagged C-SMIR. We lastly exam-
ined the oligomeric status of the DsRed™-tagged C-SMIR using
native gel electrophoresis. As shown in Fig. 4C, the DsRed™-
tagged C-SMIR (Leu-816 to Leu-835) showed very slow migra-
tion in native gel (lane 3), likely corresponding to oligomers.
Native gel electrophoresis of the DsRed™- and DsRed*-tagged
N-SMIR was performed as a control and showed a significant
shift between the migration of the DsRed™- and DsRed’-
tagged versions (Fig. 4C, lanes I and 2). This shift is similar to
the shift we observed between the DsRed™- and DsRed’-
tagged p62 SMIR (15). These results support that the C-SMIR
of HDACS6 can self-oligomerize and the N-SMIR cannot.
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F282A/W283A double mutant abolished the interaction.

Mutant SOD1 Causes an Elevated Level of o-Tubulin
Acetylation—The N-SMIR motif is located in close proximity
to the active site of DAC1 (His-215) in the homology model of
HDACS6 (supplemental Fig. S3). The C-SMIR is also immedi-
ately C-terminal to DAC2 (Fig. 2). We hypothesized that the
binding of mutant SOD1 to HDACG6 through the two SMIR
motifs could modulate the enzymatic activity of HDACS.
Because HDACG6 is the dominant a-tubulin deacetylase in
mammalian cells (19, 20, 36), we next examined whether
expression of mutant SOD1 would change the acetylation of
a-tubulin. Myc-tagged a-tubulin was cotransfected with either
WT or A4V mutant SOD1, and the acetylation status of Myc-
a-tubulin was assessed by Myc immunoprecipitation followed
by acetyl-tubulin Western blotting. As shown in Fig. 5, A and B,
the acetylation level of Myc-a-tubulin was ~3-fold higher in
the presence of A4V SOD1 than with WT SODI1 expression
(p = 0.013). Coexpression of WT SOD1 did not significantly
change tubulin acetylation as compared with the vector
control.

Confocal microscopy showed significantly higher acetyl-a-
tubulin immunostaining signals in NSC34 cells transfected
with A4V mutant SOD1 as compared with cells transfected
with WT SOD1 and the untransfected cells (Fig. 5C). Interest-
ingly, the elevated acetyl-a-tubulin signal was primarily seen in
cells with a diffused SOD1-GFP pattern (Fig. 5C, solid arrows)
and not in the cells with large mutant SOD1 inclusions (open
arrows). Our results suggest that mutant SOD1 can suppress
the tubulin deacetylase activity of HDAC6 and result in an ele-
vated level of tubulin acetylation.

HDACE6 Is Sequestrated into Mutant SOD1 Aggregates and
Inclusions—We hypothesized that mutant SOD1 might cause
hyperacetylation of a-tubulin by sequestrating HDAC6 into
mutant SOD1 aggregates. To test this hypothesis, we cotrans-
fected FLAG-tagged HDAC6 and EGFP-tagged WT or mutant
forms of SOD1 and performed cellulose acetate filtration. We
detected a significantly higher amount of aggregated HDAC6
with all tested mutants than with WT SOD1 (Fig. 6, A and B;
A4V, p = 0.00033; G85R, p = 0.00011; G934, p = 0.0042). We
also observed a significantly higher amount of cellulose acetate-
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filtered HDAC6 aggregates in the spinal cord of 90-day-old
G93A SODL1 transgenic mice than in the age-matched WT
SODI1 transgenic mice (Fig. 6, C and D, p = 0.0013). Moreover,
immunofluorescence microscopy also showed the presence of
HDACS6 in mutant SOD1 inclusions in cell culture models as
well as in spinal cord motor neurons of G93A SOD1 transgenic
mice (Fig. 6E). Thus, we conclude that the likely mechanism of
HDACEG6 inhibition by mutant SOD1 is sequestration of HDAC6
into inclusions.

Acetylation-mimicking a-Tubulin Enhances Mutant SOD1
Aggregation—We next tested whether tubulin acetylation
could affect mutant SOD1 aggregation using the acetylation-
mimicking K40Q mutation of tubulin (30). Myc-tagged WT or
K40Q a-tubulin was cotransfected with FLAG-tagged WT or
A4V mutant SOD1. Cellulose acetate membrane filtration was
performed to assess the aggregation of mutant SOD1. As shown
in Fig. 7, A and B, significant accumulation of aggregated A4V
SOD1 was observed in the presence of K40Q a-tubulin as com-
pared with WT tubulin (»p = 0.0072). The expression levels of
SOD1 were apparently unchanged with coexpression of either
WT or K40Q a-tubulin (Fig. 7C). No aggregation of WT SOD1
was observed with coexpression of either WT or K40Q a-tubu-
lin (Fig. 7A). We conclude that elevated levels of tubulin acety-
lation, as mimicked by the expression of the K40Q mutant a-tu-
bulin, enhanced mutant SOD1 aggregation.

DISCUSSION

HDAC6 Regulates the Aggregation of Mutant SODI1 by a
Mechanism Different from Modulating the Aggregation of
MG132-induced Poly-ubiquitinated Proteins—The familial
ALS mutants of SOD1 are prone to aggregation, and the cyto-
plasmic inclusions are characteristic in relevant human
patients as well as disease model systems (3, 4, 7-10). HDAC6
has been shown to regulate the formation of poly-ubiquitin-
positive inclusions (16), but its role in mutant SOD1 aggrega-
tion has not yet been reported yet. In this work, we establish
that HDAC6 plays an important role in the regulation of
mutant SOD1 aggregation, and we explore the underlying
mechanism.
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bodies. Vec, vector control. C, oligomeric status of monomeric (Mono) or tetra-
meric (Tetra) DsRed-tagged HDAC6 SMIRs were examined by native and
denaturing (Denat) gel electrophoresis.

Denat.

The knockdown of HDACS significantly enhanced the for-
mation of large aggresome-like inclusions of mutant SOD1 (Fig.
1A, A4V and G93A). The results were confirmed using an inde-
pendent cellulose acetate membrane filtration assay for all
three tested mutants: A4V, G85R, and G93A (Fig. 1, B and C).
Similar observations were reported for the effect of HDAC6
knockdown on the aggregation of expanded huntingtin (25).
However, this observation is apparently different from the
report that the aggresomes of the MG132-induced poly-ubiq-
uitinated proteins were dependent on HDACG6 (16). We pro-
pose that HDAC6 regulates mutant SOD1 aggregation differ-
ently from the case of MG132-induced poly-ubiquitinated
proteins. Firstly, the polyubiquitin content is different. The
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FIGURE 5. Acetylated a-tubulin increases in the presence of mutant
SOD1. A, Myc-tagged a-tubulin (0.1 ug of plasmid) and WT or A4V SOD1-
3xFLAG or FLAG vector control (0.9 ug of plasmid) (Vec) were coexpressed in
HEK293 cells. Myc (a-tubulin) immunoprecipitations (IP) were performed, fol-
lowed by Western blot analysis (/B) with acetyl-tubulin and other antibodies
as indicated. The a-tubulin immunoblot analysis of the cell lysate is shown
with a shorter and a longer exposure because the transfected Myc-a-tubulin
was far less abundant than the endogenous a-tubulin. The asterisks indicate
the immunoprecipitation antibody. Ext, extracts. B, densitometric quantifica-
tion of the acetylated and total tubulin bands in the immunoprecipitation
samples as shown in A. The acetyl-a-tubulin bands were normalized with
total (Myc) tubulin bands, and the results are shown as mean = S.E. of three
independent experiments. C, confocal analysis of GFP-tagged WT or A4V
mutant SOD1 and acetylated a-tubulin (red) in NSC34 cells. Cells with diffused
A4V SOD1 showed significantly higher acetyl-a-tubulin signals (solid arrows),
whereas cells with large (center panels) or small (bottom panels) A4V SOD1
inclusions in the same view field showed significantly lower acetyl-a-tubulin
signals. Scale bars = 25 um.

mutant SOD1 aggregates were barely poly-ubiquitinated as
compared with other aggresome-forming proteins (37). In con-
trast, the MG132-induced protein aggregates are heavily poly-
ubiquitinated (16). Secondly, the C-terminal ubiquitin-binding
domain of HDAC6 was dispensable for the binding of mutant
SODI1 (Fig. 2B) but essential for the binding of poly-ubiquiti-
nated CFTR-AF508 (16). This is remarkably similar to the p62-
mutant SOD1 interaction that was also independent of the
ubiquitin binding domain of p62 (15). Moreover, the ubiquitin-
binding domain of HDAC6 was similarly dispensable in the
HDAC6-tau and HDAC6-MyD88 interactions (27, 38).
Another important difference is that the MG132-induced
protein aggregates recruited cortactin in an HDAC6-depen-
dent manner, resulting in F-actin remodeling around the aggre-
gates (17). In contrast, no accumulation of cortactin or F-actin
was observed in the mutant SOD1 inclusions (supplemental
Fig. S4). These results consistently suggest that although
HDACS6 plays an important role in regulating mutant SOD1

JOURNAL OF BIOLOGICAL CHEMISTRY 15041



HDACG6 Regulates ALS Mutant SOD1 Aggregation
A o & C

>0 9
SOD1-EGFP =3 & & 1B
CAfilter| e » s FLAG (HDAC6)
130 == = = = FLAG (HDACS)

52 — == — = GFP (SOD1)
52 = e = e = Actin

G93A

sop1 &
CA filter

1B
¢ HDAC6

%[130 == == HDAC6
52 = === Actin

25 3.5
c 3
$ > 3.
é_.? 15 ?
gm § =
® ®
g fo
0
G93A WwWT G93A
EGFP-SOD1 SOD1 transgene
EGFP-A4V HDACG6 DAPI Merge
o . -
o - -
hSOD1

FIGURE 6. Sequestrahon of HDAC6 in mutant SOD1 inclusions. A, HEK293
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prepared and subjected to a cellulose acetate (CA) membrane filtration assay.
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tification of the cellulose acetate membrane blots in A. C, spinal cord extracts
were prepared from 90-day-old WT and G93A SOD1 transgenic mice and
subjected to a cellulose acetate membrane filtration assay. The cellulose ace-
tate membrane was blotted with HDAC6 antibody. Protein levels in the
extracts were also examined as controls. D, densitometric quantification of
the cellulose acetate membrane blots in C. Image) was used in B and D to
analyze the densitometric intensities of the dots that were normalized to the
WT SOD1 dot. The mean = S.E. of three experiments is shown. E, confocal
analysis of HDAC6 immunofluorescence in HEK293 (top panels) and NSC34
(center panels) cells transfected with GFP-tagged A4V SOD1.The bottom panel
shows HDAC6 and SOD1 immunofluorescence in spinal cord motor neurons
of 90-day-old G93A SOD1 transgenic mice. The sequestration of HDAC6 in
mutant SOD1 inclusions are illustrated by arrows. The inset in the lower left of
the merged image shows the magnified inclusions. Scale bars = 10 um.

aggregation, the underlying mechanism is different from that
seen in the case of heavily poly-ubiquitinated protein
aggregates.

HDACG6 Recognizes Mutant SODI through p62-like SMIR
Motifs—We found that HDACG6 selectively interacted with ALS
mutants of SOD1 but not with the WT SOD1 (Fig. 24 and
supplemental Fig. S1). We found that neither the enzymatic
activity nor the C-terminal ubiquitin-binding domain of
HDAC6 was required for the interaction (Fig. 2B). HDAC6 was
reported to interact with tau and MyD88 and to regulate their
aggregation. The HDAC6-tau and HDAC6-MyD88 interac-
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FIGURE 7. The effect of tubulin acetylation on mutant SOD1 aggregation.
The amount of A4V mutant SOD1 (0.95 g of plasmid) aggregates in the
presence of WT or the acetylation-mimicking K40Q mutant a-tubulin (0.05 ug
of plasmid) was assessed by cellulose acetate membrane filtration assay. The
experiment was performed in triplicate, and a representative image is shown.
B, densitometric quantification of mutant SOD1 aggregates shown in A. The
intensities of the mutant SOD1 aggregate dots in the presence of K40Q tubu-
lin were compared with those with WT tubulin. The mean =+ S.E. of three
experiments is shown. C, Western blot analyses (/B) of the respective cellular
extracts showing that the expression levels of A4V SOD1 cotransfected with
WT or K40Q Myc-a-tubulin were comparable.

tions were also independent of the enzymatic activity and the
ubiquitin-binding domain of HDAC6 (27, 38). We also exam-
ined the SE14 domain of HDAC6, which was reported to be
required for the HDAC®6-tau interaction (27). Our results
showed that the SE14 domain was essential (Fig. 2B) but not
sufficient (Fig. 2C) for the HDAC6-mutant SOD1 interaction.
The study on tau did not examine whether the SE14 domain
alone was sufficient for the HDAC6-tau interaction (27).

Our study later determined two regions that are essential and
sufficient for the HDAC6-mutant SOD1 interaction. Both
regions resemble the SMIR in p62 we described previously (15).
One is within the DAC1 (termed N-SMIR, Fig. 3 and supple-
mental Fig. S3), and the other one is immediately C-terminal to
DAC2 (termed C-SMIR, Fig. 2 and supplemental Fig. S2).
Mutational analysis of the conserved residues within both N-
and C-SMIR motifs showed that the aromatic residues (Phe-
282/Trp-283 in the N-SMIR and Tyr-829/Trp-830 in the
C-SMIR) and the positively charged residues (Arg-827/Lys-
828/Arg-831/Lys-834 in the C-SMIR) were critical for the bind-
ing of mutant SOD1 (Figs. 2E and 3C).

Our results also demonstrate that the SMIR motif needs to be
in oligomeric state to interact with mutant SOD1. Similar to the
p62 SMIR, the HDAC6 N-SMIR needed to be in tetrameric
DsRed fusion to interact with mutant SOD1 (Fig. 3B). However,
the HDAC6 C-SMIR interacted with mutant SOD1 even in
monomeric DsRed fusion (Fig. 2C). We next showed that the
isolated C-SMIR segment indeed interacted with itself and the
full-length HDACS (Fig. 4, A and B). The native gel electropho-
resis also suggested that the C-SMIR was likely capable of self-
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oligomerization, whereas the N-SMIR required tetrameric
DsRed to form oligomers (Fig. 4C).

All results taken together, we found two SMIR motifs in
HDACS6 that share sequence similarity with the p62 SMIR. Each
of the SMIR motifs, as defined by the name, is essential and
sufficient for interacting with mutant SOD1. The isolated SMIR
motif also requires an oligomeric status to interact with mutant
SOD1, which is also consistent with the characteristics of the
first SMIR we reported previously in p62 (15).

Relationship of HDAC6 Activity, Tubulin Acetylation, and
Mutant SOD1 Aggregation—The N-SMIR of HDAC6 is in close
proximity to the active-site His-215 residue in DAC1 (supple-
mental Fig. S3), and the C-SMIR is located immediately C-ter-
minal to DAC2 (Fig. 2, C and D). Accordingly, we hypothesized
that mutant SOD1 might modulate the enzymatic activity of
HDACS6. We found that the expression of mutant SOD1 indeed
caused a significant elevation in the level of a-tubulin acetyla-
tion (Fig. 5), indicating that HDAC6 activity was suppressed in
the presence of mutant SOD1. In addition, we found that
HDAC6 was sequestrated into mutant SOD1 inclusions in cel-
lular and mouse models (Fig. 6), likely depleting the active cyto-
solic HDAC6 pool.

Hyperacetylation of tubulin, as mimicked by the expression
of the K40Q mutant of a-tubulin, caused a significant elevation
of aggregated mutant SOD1 (Fig. 7, A and B). We and others
(10, 11, 37) reported previously that the sequestration of
mutant SOD1 into cytoplasmic aggresomes was dependent on
dynein/dynactin-mediated retrograde transport along micro-
tubules. The acetylation of a-tubulin is known to promote the
association of microtubules with dynein and kinesin motors,
resulting in increased motor processivity and transport flux in
neurons (39 —41). Conversely, decreased acetylation of a-tubu-
lin caused severe axonal transport deficits, and inhibition of
HDACS6 could correct such deficiency (42). On the basis of the
findings in this study and the above reports, we propose a model
for the role of HDAC6 in the regulation of mutant SOD1 aggre-
gation (Fig. 8). In the model, HDACG is sequestrated by mutant
SOD1 oligomers and small aggregates in the cytoplasm. Deple-
tion of the active HDAC6 causes decreased tubulin deacetylase
activity, increased tubulin acetylation, and enhanced retro-
grade transport of the mutant SOD1 oligomers and smaller
aggregates to large aggregates and inclusions. Our results sug-
gest that the normal tubulin acetylation level can be restored
upon the clearance of smaller aggregates and the formation of
larger inclusions (Fig. 5C), which is illustrated at the left of Fig.
8. However, the sustained generation of aggregated proteins
might lead to chronic HDACS6 inhibition, which is a conceiv-
able scenario, as shown at the right of Fig. 8. This model can also
explain why the knockdown of HDACG6 resulted in enhanced
mutant SOD1 aggregation (Fig. 1).

Potential Role of HDAC6 and Tubulin Hyperacetylation in
ALS and Related Diseases—Frontotemporal lobar degenera-
tion and ALS represent a clinicopathological spectrum of neu-
rodegenerative diseases (43). It was reported that the fronto-
temporal lobar degeneration protein tau bound to HDAC6 (27,
29) and inhibited its function, increasing tubulin acetylation
(29). The ALS proteins TDP-43 and Fused in Sarcoma (FUS)
were reported to bind the HDAC6 mRNA, and their knock-
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down resulted in decreased levels of HDAC6 and the accumu-
lation of acetyl-a-tubulin (44, 45). Taken together, the altera-
tion of HDAC6 by the culprit proteins may represent a
common molecular trait in the SOD1, TDP-43, FUS, and tau
pathologies.

During the revision of this manuscript, a new study was pub-
lished, reporting that deletion of the HDAC6 gene delayed dis-
ease progression in the G93A SOD1 mouse model of ALS (46).
This new study provides direct evidence that HDAC6 has func-
tional relevance in ALS. However, HDAC6 can be involved in
multiple cellular processes, and other studies found that
HDACS6 inhibition can have detrimental effects. For instance,
HDACEG inhibition could slow down axonal growth in cultured
hippocampal neurons (47) and reduced neurite outgrowth in
SH-SY5Y cells (48). Taes et al. suggested that the inhibition of
the tubulin deacetylase activity of HDAC6 produced a benefi-
cial outcome in G93A mice through enhancing axonal trans-
port via hyperacetylation of tubulin (46). In other words, the
up-regulation of axonal transport was more important than
other potential detrimental effects of HDAC6 inhibition in the
G93A mice in their study. Additional studies are needed to
further test this hypothesis and to exploit the potential benefits
of HDACEG inhibition in other ALS animal models. The trans-
lational value of HDACG6 in ALS therapy is also yet to be further
evaluated.
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