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Mini-Review

Histone deacetylase 6 (HDAC6) was identified as a member of the 
class II HDAC enzymes based on its homology of the deacetylase 
domain to other histone deacytylases.1 It has aroused broad inter-
est since its discovery because of its unique properties: (1) HDAC6 
contains a duplication of the catalytic domain that belongs to the 
class I/II histone deacetylases, while other HDACs contain only 
one of such domain;2 (2) An additional zinc finger-containing 
domain, BUZ, which is able to bind polyubiquitin, resides in the 
C-terminal region of HDAC6;3,4 (3) HDAC6 is identified to be 
predominantly located in the cytoplasm,5 which makes its func-
tions distinct from other HDACs and is consistent with the fact 
that the in vivo substrates of HDAC6 are α-tubulin, Hsp90 and 
cortactin.6-11 The unique feature of HDAC6 to possess a dupli-
cated deacetylase domain and a BUZ domain provides a support 
for its broad functions in coping with misfolded cellular proteins. 
In this mini-review, we briefly summarize the state-of-art func-
tions of HDAC6 and propose a model illustrating its dual role in 
coping with inclusions and dysfunctional mitochondria to avoid 
neurodegenerative disorders.
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Neurodegenerative diseases are characterized by progressive 
dysfunction and death of neurons in specific areas of 
the nervous system. Loss of neurons is often associated 
with multiple stresses such as abnormal aggregation of 
misfolded proteins, deficiency of protein degradation system, 
mitochondrial dysfunction and excessive oxidative products. 
HDAC6 has recently been suggested to be an integral 
factor that copes with these stresses. In this mini-review, we 
summarize our current understanding of how HDAC6 promotes 
inclusion formation, facilitates autophagic degradation of 
protein aggregates and dysfunctional mitochondria. Finally, 
the possibility for HDAC6 to be a potential preventional and 
therapeutical target of some neurodegenerative diseases is 
put forward.
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HDAC6 and Inclusion Formation

Aggregation and deposition of proteins (often abnormal proteins) 
are common features of many neurodegenerative diseases, such as 
Parkinson disease, Alzheimer disease and Huntington disease.12 
Understanding the mechanism of how the proteinaceous depo-
sition forms, known as inclusion formation, may be the key to 
prevent/treat these neurodegenerative disorders. In cultured cells, 
misfolded proteins tend to accumulate to form aggregates when 
they are not degraded by the ubiquitin-proteasome pathway. The 
undegraded proteins accumulate to form a pericentriolar inclu-
sion-like structure called aggresome in a microtubule-dependent 
manner.13 Aggresomes and inclusions are not only morphologi-
cally similar but also containing many common components. 
Therefore, knowledge about aggresome formation in cultured 
cells should provide us clues to understand how inclusions form 
in humans.

Aggresomes, often enriched with ubiquitin, are mainly 
located at the microtubule-organizing center (MTOC) and their 
formation requires the microtubules. Kawaguchi and colleagues 
identified HDAC6 as a multivalent adapter that is capable of 
binding both polyubiquitinated proteins and dynein motors, and 
proposed that HDAC6 recruits misfolded protein cargos, which 
are polyubiquinated, to transport to the aggresomes along the 
microtubules.14 HDAC6 has also been found to interact with 
p97/VCP, another ubiquitin-binding protein that is associated 
with the ubiquitin proteosome system (UPS). The balance of 
HDAC6 and p97/VCP determines whether the ubiquitinated 
proteins are to be degraded or to form aggresomes,15 because 
p97/VCP promotes proteasome-mediated protein degradation 
whereas HDAC6 stimulates accumulation of ubiquitinated 
proteins to form aggresomes. However, aggresome formation is 
impaired in the p97/VCP mutant cells16 suggesting that inter-
action between HDAC6 and p97/VCP is required for proper 
aggresome formation. HDAC6 regulates not only aggresome 
formation under the conditions of proteasome insufficiency as 
summarized above, but also aggregation of those ubiquitinated 
proteins whose ubiquitinations are independent from the UPS 
pathway. K63-linked polyubiquitination was reported to play a 
proteasome-independent role in protein quality control in con-
trast to K48-linked polyubiquitination which functions to target 
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However, interactions between HDAC6 and Atg8 and/or Atg12 
remains to be demonstrated, which is very likely because it has 
been shown that HDAC6 interacts with other ubiquitin-like 
proteins such as FAT10.19 It is worthwhile to note that HDAC6 
may not be the only protein that regulates the autophagic recruit-
ment. A recent study shows that recruitment of autophagosomes 
to protein aggregates is mediated by another ubiquitin-binding 
protein p62 that binds to an autophagosome protein LC3, a pro-
cess that is not dependent on HDAC6.24 However, the fusion of 
such autophagosome to lysosomes for final degradation involves 
HDAC6.24 In summary, HDAC6 likely functions not only in 
the process of inclusion formation, but also inclusion elimination 
(Fig. 1). Inclusion formation assisted by HDAC6 is possibly an 
immediate response of the cells to the misfolded protein stress 
before a final autophagic degradation can permanently eliminate 
the stress, in which HDAC6 continues to act as a key regulator.

HDAC6 and Mitochondria-Associated 
Neurodegeneration

Abnormal protein aggregates, especially soluble oligomers that 
contain a common disease-associated conformational epitope, 
are important causative factors in neurodegenerative pathogen-
esis.20 HDAC6 has been shown to be involved in reducing the 
toxicity of oligomers by promoting inclusion formation (as dis-
cussed above). Another decisive cause of many neurodegenera-
tive diseases is mitochondrial dysfunction. Mutation(s) of parkin 
leads to autosomal recessive juvenile parkinsonism (AR-JP) that 
is an early-onset Parkinson disease.25 In Drosophila, loss of parkin 
results in mitochondrial impairment-induced neurodegeneration 
and energy failure-derived spermatid individualization defect.26 
A number of studies have shown that damaged mitochondria and 
accumulated oxidative stress promote cell death and neurodegen-
eration.27 HDAC6 has previously been shown to directly interact 
with Parkin.28 Recently Lee and colleagues report that Parkin-
directed clearance of damaged mitochondria through autophagy, 
i.e., mitophagy, is HDAC6 dependent.29 Parkin mutant cells, 
associated with familial AR-JP, are defective in mitophagy,29 sug-
gesting that mitophagy is the key to suppress neurodegeneration. 
Therefore, we propose that the HDAC6 regulated-mitophagy 
protects neurons by clearing damaged mitochondria (Fig. 1).

In summary, HDAC6 suppresses the development of neuro-
degenerative diseases including Parkinson disease, Huntington 
disease and Spinobulbar muscular atrophy,20-22 possibly through 
different mechanisms. Although the precise mechanisms of 
HDAC6 in each particular neurodegenerative disease remain to 
be elucidated, its function in the neuronal stress surveillance and 
clearance has made HDAC6 to become a potential therapeutic 
target for many neurodegenerative diseases.
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substrate to the proteasome.17 HDAC6 is an important regula-
tor to recruit K63-polyubiquitinated misfolded DJ-1 to form 
aggresomes.18 It is worthwhile to point out that, in addition to 
the ubiquitinated proteins, HDAC6 also binds to a ubiquitin-like 
modifier FAT10 to mediate FAT10-containing aggresome forma-
tion under the conditions of proteasome impairment.19

The findings that HDAC6 functions in the process of 
aggresome formation offer an important strategy to elucidate the 
mechanism(s) of inclusion formation. It has been hypothesized 
that inclusions are resulted from self-assembly of protein mono-
mers into polymers under certain stress conditions. However, 
how aggregation-prone proteins form inclusions in vivo and what 
kinds of factors regulate this process are largely unknown. Du 
and colleagues have shown now that HDAC6 facilitates oligo-
meric α-synuclein to form inclusions through physical associa-
tion with each other in Drosophila Parkinson disease model.20 
Inclusion formation in the presence of HDAC6 sequesters toxic 
α-synuclein oligomers to protect dopaminergic neurons. HDAC6 
selectively interacts with the oligomers, but not with purified 
monomeric α-synuclein. Since HDAC6 has been reported to 
interact with ubiquitinated proteins through its BUZ domain 
during aggresome formation,14 it would be very interesting to 
examine whether the oligomers of α-synuclein are polyubiqui-
tinated in vivo. However, the possibility that HDAC6 may be 
directly or indirectly associated with a specific oligomeric con-
formation is not excluded. Inclusions are located not only peri-
nuclearly as most aggresomes are, but also at the neuropil regions, 
which raises a question whether these HDAC6-dependent inclu-
sion formation also requires the participation of microtubules.

HDAC6 and Inclusion Elimination

Recent studies indicate that cells have evolved a strategy to 
remove the non-functional proteins, including aggresomes and 
protein aggregates, through the degradation system such as 
autophagy.21,22 Again, mechanism(s) of aggresome elimination 
process should lend insights into how inclusions are eliminated. 
Autophagy is the primary cellular pathway responsible for deg-
radation of long-lived proteins, macromolecular complexes and 
damaged organelles.23 A connection between autophagy and 
HDAC6 has been established through the observation that 
HDAC6 rescues polyglutamine-induced neurodegeneration 
in an autophagy-dependent manner.22 In agreement with this 
report, Iwata and colleagues reported that HDAC6 is required 
for the recruitment of autophagic components that accumu-
late around the aggresomes.21 Moreover, an intact microtubule 
cytoskeleton network is also required for recruiting autopha-
gic machinery to the aggresomes. Therefore, two possibili-
ties exist to explain the functions of HDAC6 in the process of 
the recruitment of autophagic components to the aggresomes. 
First, HDAC6 that is in the aggresomes may serve as a signal to 
recruit autophagic components. Second, HDAC6 that is outside 
of the aggresomes may function as a link between dynein and 
ubiquitin-like autophagic components such as Atg8 and Atg12. 
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Figure 1. A model of how HDAC6 functions in different pathways to cope with different cellular stresses. Oligomers derived from self-assembly of ag-
gregation-prone proteins are a major cause of several neurodegenerative diseases. An immediate strategy for HDAC6 to cope with the toxic oligomers 
is to bind to and promote them to form inclusions. The ultimate strategy for HDAC6 to eliminate these nonfunctional protein aggregates is to facilitate 
autophagic degradation of these aggregated inclusions. Another strategy for HDAC6, when the neurons are challenged by mitochondrial dysfunction, 
is to promote mitophagy. Mitochondrial dysfunction may lead to oxidative stress and cytochrome c release, which are toxic to the cells. IB, inclusion 
body; Cyt c, cytochrome c; OS, oxidative stress.
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