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Abstract Microtubules have important functions ranging

from maintenance of cell morphology to subcellular

transport, cellular signaling, cell migration, and formation

of cell polarity. At the organismal level, microtubules are

crucial for various biological processes, such as viral entry,

inflammation, immunity, learning and memory in mam-

mals. Microtubules are subject to various covalent

modifications. One such modification is tubulin acetyla-

tion, which is associated with stable microtubules and

conserved from protists to humans. In the past three dec-

ades, this reversible modification has been studied

extensively. In mammals, its level is mainly governed by

opposing actions of a-tubulin acetyltransferase 1 (ATAT1)

and histone deacetylase 6 (HDAC6). Knockout studies of

the mouse enzymes have yielded new insights into bio-

logical functions of tubulin acetylation. Abnormal levels of

this modification are linked to neurological disorders,

cancer, heart diseases and other pathological conditions,

thereby yielding important therapeutic implications. This

review summarizes related studies and concludes that

tubulin acetylation is important for regulating microtubule

architecture and maintaining microtubule integrity. Together

with detyrosination, glutamylation and other modifications,

tubulin acetylation may form a unique ‘language’ to reg-

ulate microtubule structure and function.
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Introduction

Microtubules are polar cylindrical polymers of a- and b-
tubulin heterodimers (Fig. 1), and play important roles in

maintaining cell morphology and regulating intracellular

transport, mitosis, and cell migration [1–3]. Microtubules

are an integral part of subcellular structures such as the

cytoskeleton, mitotic spindles, centrioles, cilia and flagella

[1–3]. To fulfill such diverse functions, at least three

mechanisms are involved in the regulation: incorporation

of different isoforms of a- and b-tubulin into microtubules,

interaction with microtubule-associated proteins and plus-

end-tracking proteins, and post-translational modifications

of a- and b-tubulin [4–9]. The post-translational modifi-

cations include detyrosination (elimination of the

C-terminal tyrosine residue from a-tubulin) [10], D2
modification (removal of the penultimate glutamate of a-
tubulin after detyrosination) [11], acetylation [12, 13],

phosphorylation [14], glutamylation [15] and glycylation

[16]. In addition, new modifications, such as b-tubulin
acetylation [17], polyamination [18] and succination [19],

continue to be uncovered. Among all known tubulin

modifications, detyrosination, D2 modification, acetylation,

glutamylation and glycylation have been extensively

characterized. While detyrosination, D2 modification and

acetylation are specific to a-tubulin, glutamylation and
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glycylation target both a- and b-tubulin (Fig. 1). Among

these five well-characterized modifications, detyrosination,

D2 modification, glutamylation and glycylation are con-

fined to the C-terminal tails of a- and b-tubulin (Fig. 1) [4–

7]. These tails protrude out from the surface of micro-

tubules [9, 20–22]. By contrast, a-tubulin acetylation is an

exception because the modification site, Lys-40, is located

on the luminal side of microtubules (Fig. 1) [9, 20–22].

The hollow structure of microtubules may impede the

access of Lys-40 to other proteins, so acetylation may exert

effects on microtubules through mechanisms different from

those used by modifications of the C-terminal tails (Fig. 1).

How different tubulin modifications regulate the struc-

ture and function of microtubules is a fundamental question

that has been extensively investigated [4–8]. Among the

five well-characterized modifications, detyrosination, D2
modification and acetylation of a-tubulin are associated

with stable microtubules [4–7]. Polyglutamylated tubulins

are enriched in neurons, cilia and centrioles, whereas

polyglycylation is restricted to cilia. Detyrosination and

polyglutamylation are known to regulate interaction of

microtubules with their associated proteins [4–8]. Impor-

tantly, inactivation of genes encoding the responsible

enzymes has yielded direct evidence for the importance of

tubulin modifications in vivo [7, 8]. Loss of mouse tubulin

tyrosine ligase (TTL) leads to perinatal death (due to

breathing difficulty and ataxia), elevated detyrosination and

D2 modification, and disorganization of neuronal networks

[23]. Excitingly, Purkinjie cell degeneration (pcd) mice

carry a mutation in the gene for cytosolic carboxypeptidase

1 (CCP1), an enzyme that catalyzes deglutamylation [24,

25]. Although not essential for mouse survival, TTL1

(TTL-like 1), a major enzyme mediating neuronal polyg-

lutamylation, is required for airway ciliary function [26].

Moreover, tubulin glycylases are important for stabilization

and maintenance of ependymal cilia in the ventricular

system of the mouse brain [27]. Thus, these tubulin mod-

ifications are important for mammalian development and

proper tissue function. A relevant question is what roles

tubulin acetylation plays in vivo.

Fig. 1 Schematic cartoon illustrating microtubule structure and the

location of a-tubulin acetylation and other post-translational modi-

fications (PTMs). While lysine-40 (K40) of a-tubulin resides at the

luminal side of microtubules, the C-terminal tails of a- and b-tubulin
are located at the outer surface of microtubules [9, 20–22]. Thus,

acetylation is in the lumen and PTMs at the C-terminal tails are

outside from microtubules. Such PTMs include detyrosination, D2
modification, glutamylation and glycylation [4–7]. Detyrosination and

D2 modification are present in a-tubulin, whereas glutamylation and

glycylation modify both a- and b-tubulin. These two modifications

occur at both mono- and poly-forms. Not illustrated here are other

tubulin PTMs, including phosphorylation of b-tubulin at serine-172,

polyamination of a- and b-tubulin, palmitoylation, ubiquitination and

sumoylation [7, 8]. The a- and b-tubulin heterodimer structure shown

in the upper panel is adapted from Ref. [199] and their flexible acidic

C-terminals in different isoforms are not present in the structures [9,

21, 22]. For simplicity, the helical nature of microtubules is not

reflected in the lower panel

Fig. 2 a-Tubulin acetylation refers to transfer of the acetyl group

from acetyl-coenzyme A (CoA) to Lys-40. This modification is

catalyzed by ATAT1 (alpha-tubulin N-acetyltransferase 1) in mam-

mals or Mec-17 (mechanosensory abnormal 17) and its paralog, Atat-

2, in C. elegans. The modification is reversible and its reverse

reaction is catalyzed by histone deacetylase 6 (HDAC6)
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As a unique luminal microtubule modification (Fig. 1),

tubulin acetylation refers to the transfer of an acetyl moiety

from acetyl-coenzyme A to the side chain of Lys-40

(Fig. 2). Lysine acetylation was first found on histones in

the late 1960s [28]. In the 1970 and 1980s, several non-

histone proteins including a-tubulin were found to possess

acetyl-lysine [13, 29]. In the past decade, lysine acetylation

has been recognized as a post-translational modification

that rivals phosphorylation, with *2000 acetylated pro-

teins in the human proteome [30–32]. Since its

identification 30 years ago [13, 29], tubulin acetylation has

spurred wide research interests. In addition, the responsible

acetyltransferases and deacetylases (Fig. 2) have been

identified and analyzed at the molecular, structural and

genetic levels. This review presents a brief summary of

related studies, including discovery of tubulin acetylation,

identification and genetic analysis of tubulin acetyltrans-

ferases and deacetylases, functions of tubulin acetylation,

and its links to human diseases.

Identification of Lys-40 as the a-tubulin acetylation
site

The journey started in 1981 when it was found that the

flagella of the single-cell green alga Chlamydomonas rein-

hardtii contained a tubulin isoform distinct from those from

the cytoplasm, as judged from different isoelectric points

[33]. Importantly, it was subsequently shown that the dif-

ference is due to a post-translational modification rather than

expression from a different gene [34], because the cyto-

plasmic precursor could be converted to the flagellar form

[12]. With tritiated acetate labelling, a-tubulin from the

flagella was found to contain tritium, indicating that the

protein contains an acetylmoiety [12]. Addition of hydrazine

to acetylated microtubules produced acetyl-hydrazine, con-

firming the involvement of acetylation, and subsequent

analysis of proteolytic digests by thin-layer chromatography

revealed that the acetyl moiety is linked to the epsilon-amino

group of a lysine residue [13]. In 1987, amino acid

sequencing identified Lys-40 as the acetylation site [35].

Two years earlier, a monoclonal antibody specific for the

acetylated form of a-tubulin was developed and found to

recognize the acetylation in various organisms [29]. Amino

acid sequence comparison revealed that the acetylation site is

conserved from protists to mammals [29, 36] and is also

present in flowering plants [37]. However, the acetylation

site is not conserved in yeast [38]. Being commercially

available for more than 20 years, the monoclonal antibody

clone 6-11B-1, specific to acetylateda-tubulin [29], has been
used as a routine marker for stable microtubules.

A recent large-scale acetylome study has identified other

multiple acetylated sites on a- and b-tubulin [31], but these

new sites need to be independently substantiated by other

means. Although Lys-252 of b-tubulin is also acetylated,

the modification only exists in soluble a- and b-tubulin
heterodimers [17]. This acetylation is catalyzed by the

acetyltransferase San and inhibits tubulin incorporation

into microtubules [17]. Currently, Lys-40 is the only

acetylation site known to occur on polymerized micro-

tubules, so this modification has been widely referred to as

tubulin or microtubule acetylation.

Tubulin acetyltransferases and deacetylases

Identification and analysis of tubulin

acetyltransferases

In 1985, an acetyltransferase activity was detected in

extracts isolated from Chlamydomonas flagella [39], but

the identity of this enzyme remained obscure until recently.

In vitro studies identified several candidates, including the

transcriptional elongation regulator ELP3 (elongator pro-

tein 3) [40, 41], an Na-acetyltransferase complex [42] and

the histone acetyltransferase GCN5 (homolog of yeast

general control nonderepressible 5) [43]. Genetic screening

for touch sensitivity defects in Caenorhabditis elegans

identified various mutant alleles, one of which encodes

Mec-17 (mechanosensory abnormality protein 17) [44, 45].

Interestingly, Mec-17 displays sequence similarity to

members of the GCN5 superfamily of lysine acetyltrans-

ferases [46]. In 2010, Mec-17 and the mammalian ortholog

ATAT1 (alpha-tubulin acetyltransferase 1) were identified

as a-tubulin acetyltransferases [47, 48]. They possess

intrinsic a-tubulin acetyltransferase activity [47, 48].

Moreover, ATAT1 functions as a bona-fide tubulin

acetyltransferase in vivo, because deletion of the mouse

gene leads to nearly complete loss of tubulin acetylation in

embryos and various tissues [49–51]. Thus, ATAT1 is now

considered as a major tubulin acetyltransferase in mam-

mals. The other three candidates (i.e., ELP3, GNC5 and an

Na-acetyltransferase) may be responsible for minor tubulin

acetylation in vivo. Related to this, zebrafish embryos

depleted of Mec-17 displayed loss of tubulin acetylation in

neurons but not cilia [47], and in some tissues from Atat1

knockout mice, there are residual tubulin acetylation sig-

nals [49].

At the amino acid sequence level, the Mec-17/ATAT1

family is conserved from protists to humans. There are

Mec-17 and a paralog (i.e., Atat-2) in C. elegans, but in

higher organisms there is only one ortholog [47, 48].

Tubulin acetylation is present in flowering plants [37], but

no Mec-17 related proteins are encoded in genomes of

model plants such as Arabidopsis thaliana, indicating that

other proteins may acetylate a-tubulin in angiosperms.
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Mec-17 or ATAT1 has sequence motifs characteristic of

GCN5-related N-acetyltransferases and is thus a member to

this superfamily [46]. In addition to catalyzing tubulin

acetylation, ATAT1 interacts with microtubule-associated

proteins such as doublecortin [49] and destabilizes micro-

tubules independent of its acetyltransferase activity [50].

Multiple structural studies have provided molecular

insights into how human ATAT1 interacts with and

acetylates a-tubulin (in a heterodimeric form with b-
tubulin) and microtubules [52–56]. Consistent with the

sequence homology [46], the overall 3D structure of

ATAT1 is very similar to that of the well-studied acetyl-

transferase GCN5 [52–56]. Different from GCN5, ATAT1

contains a basic substrate-binding pocket for recognition of

four acidic residues of a-tubulin, Asp-33, -39, -46 and -47

[53]. In support of this, mutagenesis analysis revealed that

Asp-39 and -46 contribute to acetylation of Lys-40 [56].

Interestingly, Ser-38 is essential for the acetylation [56].

Thus, Lys-40 conforms to the consensus sequence

xxxSDKxxxxxDxx, where S is essential, D is important, K

is the acetylation site and x is any residue [56].

Tubulin acetylation is a hallmark for long-lived micro-

tubules (Fig. 1) [4–7], so an interesting question is how

tubulin acetyltransferase gains access to the luminal resi-

due, Lys-40. It was shown that the acetylation of

microtubules proceeds from both ends (Fig. 1), suggesting

that enzymes diffuse through the microtubule lumen [47].

This model may be problematic as an antibody specific for

an epitope inside microtubules was predicted to take years

to diffuse through the lumen [57]. The acetylation reaction

is not dependent on the length of microtubules [58] and the

Km value of ATAT1 for free a-tubulin is almost identical

to that for microtubules [48], indicating that ATAT1 binds

freely to a-tubulin in microtubules. It was proposed that

ATAT1 reaches the luminal acetylation site through tran-

sient holes in the microtubule lattice [48]. A new study

indicates that ATAT1 acetylates microtubules without any

preference for their ends and that the catalytic activity

rather than substrate access is rate-limiting for microtubule

acetylation [59].

To investigate whether there are other acetylation sites

on a-tubulin in addition to Lys-40, Shida et al. engineered

the point mutant K40R [48]. Wild-type a-tubulin but not

the mutant is acetylated by ATAT1, confirming that Lys-40

is the only acetylation site [48]. In a related study, a pan-

acetyl-lysine antibody was used to detect tubulin purified

from the Atat1-deficient mouse brain and almost no posi-

tive signals were detected [50], supporting that ATAT1 is a

major a-tubulin acetyltransferase and Lys-40 is the pre-

dominant acetylation site in vivo.

In genetic experiments, loss of Mec-17 and its paralog

Atat-2 in C. elegans leads to disappearance of tubulin

acetylation and decreases touch sensitivity of the worm

[47]. While morpholino oligomers were used to treat zeb-

rafish embryos, loss of tubulin acetylation was observed in

neurons and the treated embryos displayed developmental

defects, including curved body shape, shortened body axis,

hydrocephalus, small head and eyes [47]. By staining for b-
galactosidase activity in Atat1LacZ mice, it was shown that

Atat1 is expressed in a variety of tissues, with the strongest

expression in the central nervous system and various other

ciliated tissues, including the testis, lung, eye and inner ear

(Li and Yang, unpublished data) [49]. In knockout mice,

Atat1 deficiency leads to nearly total loss of tubulin

acetylation but does not affect animal survival [49–51].

Except for some brain and sperm abnormalities, mutant

mice develop rather normally [49–51]. The brain abnor-

malities include alteration of the dentate gyrus and dilation

in the lateral ventricles (Li and Yang, unpublished data)

[49]. In the mutant testis, apoptosis is activated [50]. As it

is required for normal hippocampus development, ATAT1

may be important for advanced functions such as learning

and memory [49].

Identification and analysis of tubulin deacetylases

In May 2002, Hubbert et al. first reported that histone

deacetylase 6 (HDAC6) is an a-tubulin deacetylase co-

localized with the microtubule network [60]. Inspired by an

earlier report that HDAC6 is exclusively cytoplasmic [61],

they considered whether HDAC6 has a function not related

to histone metabolism and transcriptional regulation, sub-

sequently leading to the unexpected discovery [60]. In

agreement with this, Matsuyama et al. also showed that

HDAC6 is an a-tubulin deacetylase [62]. They initially

attempted to identify acetylated proteins in cells treated

with the specific HDAC inhibitor trichostain A and sub-

sequently found a-tubulin as a major acetylated protein

[62]. That eventually led to the finding that HDAC6 pos-

sesses intrinsic deacetylase activity towards to acetylated

a-tubulin [62]. This conclusion received support from

another study [63]. In a yeast two-hybrid screen, Zhang

et al. utilized an inactive HDAC6 mutant as bait to identify

binding partners as potential substrates and found b-tubulin
[63]. That link then led to the demonstration that HDAC6

reverses a-tubulin acetylation [63]. Moreover, inactivation

of the Hdac6 gene in mouse embryonic stem (ES) cells

caused a-tubulin hyperacetylation [63]. HDAC6 is con-

served from C. elegans to humans and similar proteins are

also present in plants [38]. Except for unicellular organisms

such as Tetrahymena and green algae, this correlates well

with the presence of a-tubulin acetylation in different

organisms.

Sirtuin 2 (SIRT2), a human ortholog of yeast Sir2 (silent

information regulator 2), was identified as an NAD?-de-

pendent a-tubulin deacetylase in vitro [64], but deletion of
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the murine gene does not change the acetylation level

in vivo [65, 66]. By contrast, deletion of the mouse Hdac6

gene leads to global a-tubulin hyperacetylation [67], indi-

cating that HDAC6 is a major tubulin deacetylase in vivo.

SIRT2 may function in special conditions. For example,

the microtubule-associated protein Furry inhibits SIRT2

deacetylase activity and promotes a-tubulin acetylation in

the mitotic spindle [68]. In murine macrophages, SIRT2

but not HDAC6 is the responsible a-tubulin deacetylase

during inflammasome activation [69]. Interestingly, a

recent study has identified HDAC5 as an injury-regulated

tubulin deacetylase important for axon regeneration [70].

Human HDAC6 was initially considered to be exclu-

sively cytoplasmic [71], but two recent studies have

revealed that it is also present in the nucleus [72, 73].

Related to this, mouse HDAC6 is subject to active nucle-

ocytoplasmic trafficking [61]. In addition to tubulin,

HDAC6 deacetylates other proteins, including the molec-

ular chaperone HSP90 (heat-shock protein 90 kDa) [74],

the HSP70-interacting protein CHIP (carboxy terminus of

HSP70-interacting protein) [75], the E3 ubiquitin ligase

TRIM50 (tripartite motif containing protein 50) [76], the

cytoskeletal protein cortactin (cortical actin binding pro-

tein) [77] and a DNA mismatch repair regulator [73].

HDAC6 also regulates degradation of misfolded and

aggregated proteins [78, 79] and modulates transcriptional

co-repression [80]. Moreover, HDAC6 is important for

mitochondrial transport in hippocampal neurons [81] and

has a role in neurodegenerative diseases [82]. The diverse

substrates and multiple roles of HDAC6 in different cel-

lular processes have complicated the efforts to dissect out

its role as a tubulin deacetylase per se.

In Hdac6-null mice, a-tubulin is hyperacetylated in

almost all tissues tested [67]. While the mutant mice are

viable and fertile, they display some minor phenotypes

such as moderately impaired immune responses [67],

hyperactivity, decreased anxiety and lower depression

tendency [83]. Tubulin deacetylation by HDAC6 is not

required for platelet activation but influences platelet

spreading [84]. Despite the lack of major phenotypes in the

knockout mice, HDAC6 may fine-tune physiological and

pathological processes. For example, HDAC6 is important

for inflammatory response [85].

Functions of tubulin acetylation

Tubulin acetylation as a marker of stable

microtubules

Tubulin acetylation was first identified in flagellar axo-

nemes of Chlamydomonas reinhardtii [12]. Subsequent

studies demonstrated that in addition to axonemes, this

modification is also present in basal bodies and a subset of

cytoplasmic microtubules [86]. Moreover, tubulin acety-

lation was found mainly on stable microtubules resistant to

depolymerization induced by cold shock and other treat-

ments, but not on dynamic microtubules such as those in

neuronal growth cones [87–89]. In retina tissues, tubulin

acetylation is more abundant in neurons than other cell

types [90] and is particularly enriched in axons [91].

Notably, tubulin acetylation may be a consequence of,

rather than a contributor to, microtubule stability. Tubulin

acetylation and detyrosination exist in stable microtubules

such as those in axons and ciliary axonemes [87, 91]. As

other studies suggested that detyrosination alone does not

promote microtubule stability per se [92–94], it was pro-

posed tubulin acetylation might play a role in microtubule

stabilization [88]. Some early reports supported this, but

subsequent studies suggested that tubulin acetylation might

be a consequence rather than a cause of enhanced micro-

tubule stability [50, 59, 95, 96]. Related to this,

detyrosination but not acetylation is important for chro-

mosome congression (i.e., aligning chromosomes on the

spindle) during mitosis [97].

HDAC6 overexpression significantly increases cell

motility, perhaps due to decreased microtubule stability

caused by reduced tubulin acetylation [60]. Pallazzo et al.

challenged this conclusion and demonstrated that tubulin

acetylation induced by HDAC6 inhibition does not pro-

mote resistance to nocodazole, a drug that induces

microtubule depolymerization [95]. Another in vitro study

demonstrated that highly acetylated microtubules exhibit a

delay in drug-induced depolymerization and that HDAC6

overexpression promotes depolymerization [62]. However,

it is unclear whether tubulin deacetylation or other func-

tions of HDAC6 contribute to microtubule instability.

Related to this, the stability of microtubules is determined

by the level of HDAC6 binding but not tubulin acetylation

[98]. Inhibition of HDAC6 by small-molecule inhibitors

increases microtubule acetylation and significantly reduces

microtubule growth and shrinkage, whereas siRNA

knockdown increases microtubule acetylation but does not

affect microtubule growth velocity [98].

ATAT1 overexpression destabilizes microtubules, but it

is its interaction with microtubules rather than its enzy-

matic activity that regulates microtubule stability [50].

Interestingly, in C. elegans, Mec-17 loss leads to micro-

tubule instability and axon degeneration, independent of its

acetyltransferase activity [99]. This is not consistent with

the observation that microtubules in Atat1-/- mouse

embryonic fibroblasts (MEFs) are more resistant to noco-

dazole treatment than those in wild-type MEFs [50].

Whether expression or loss of ATAT1 is beneficial for

microtubule stability remains unclear, but both studies

showed that microtubule instability is not caused by tubulin
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acetylation per se. Moreover, tubulin acetylation exerts no

effects on microtubule structure in biochemical experi-

ments [96], supporting that tubulin acetylation does not

intrinsically affect microtubule stability. It was reported

that ATAT1 has suboptimal enzymatic activity on micro-

tubules and concluded that acetylation accumulates on

stable microtubules because they exist for hours whereas

dynamic microtubules have a much shorter half-life [59].

Thus, tubulin acetylation accumulates in stable micro-

tubules, rather than directly contribute to enhanced

microtubule stability [95], which also explains why tubulin

acetylation is enriched in long-lived microtubules in axons

[91].

Tubulin acetylation, microtubule architecture,

and mechanosensation

Microtubules are cyclinders comprising linear polymers

(termed protofilaments) of a- and b-tubulin heterodimers

(Fig. 1). In many cells and organisms, microtubules are

composed of 13 protofilaments (Fig. 1) [100, 101]. How-

ever, in some special situations, the protofilament number

is different. Pillar and phalangeal cells in the mammalian

inner ear contain mainly 15-protofilament microtubules

[102]. Moreover, 12- and 16-protofilament microtubules

have been found in lobster neurons and insect sperms,

respectively [101, 103]. In C. elegans, most cells contain

11-protofilament microtubules, but sensory cilia possess

13-protofilament microtubules and neurites of touch

receptor neurons are filled with 15-protofilament micro-

tubules [104]. Thus, the protofilament number in

microtubules varies from 11 to 16 and is cell type-specific.

An important question is how this specificity is achieved.

Microtubule assembly experiments in vitro have shed

some light on this question. While protofilaments are

restricted to specific numbers in different cells in vivo,

microtubule assembly in vitro yields heterogeneous popu-

lations [96, 105, 106]. For example, tubulin preparations

from the crayfish nerve cord and porcine brain generate a

mixture of 13- and 14-protofilament microtubules, with the

ratio dependent on buffer conditions [96, 105]. Interestingly,

even under the same buffer condition, tubulin from bovine

brain forms mainly 13-protofilament microtubules with a

small portion containing 12- and 14-protofilaments, but

tubulin from C. elegans leads to formation of mixed micro-

tubules with the protofilament number of 9, 10, 11 and 12, at

30, 22, 43 and 17 %, respectively [106]. The protofilament

number difference between microtubules assembled from

bovine and worm tubulins is in rough agreement with the

observation thatmicrotubules in bovine andworm tissues are

mainly composed of 13- and 11-protofilaments, respectively

[100, 101, 104]. Thus, in addition to buffer conditions,

tubulin sequences and perhaps also post-translational

modifications andmicrotubule-associated proteins affect the

protofilament number of microtubules assembled in vitro.

Interestingly, the microtubule-stabilizing anti-cancer drug

Taxol (a.k.a. Paclitaxel) promotes formation of 12-protofil-

ament microtubules [107]. Moreover, the microtubule

stabilizing protein doublecortin stimulates assembly of

13-protofilament microtubules in vitro and the intracellular

transport motor protein kinesin is also in favor of

13-protofilamentmicrotubules [96, 108, 109], indicating that

microtubule-association proteins directly affect the

protofilament number of microtubules.

In addition to in vitro microtubule assembly experi-

ments, genetic studies in C. elegans have yielded insights

into the question why touch receptor neurons contain

mainly 15-protofilament microtubules. Within the simple

nematode nervous system, there are six touch receptor

neurons to mediate touch sensitivity [45, 110]. Strategi-

cally positioned at different parts of the body, these

neurons use long neurites (up to 0.5 mm) to detect touch

signals of the entire body (*1 mm long in adults) [45,

110]. Strikingly, the long neurites are filled with staggered

arrays of *20-lm long 15-protofilament microtubules (as

many as 50 per neurite section) [104, 111, 112]. As

revealed by immunostaining with the monoclonal antibody

(clone 6-11B-1 [29]) specific to acetylated a-tubulin, these
microtubules are heavily acetylated [113, 114]. Moreover,

Mec-17 is highly expressed in these neurons [48]. Thus, an

interesting question is whether tubulin acetylation regulates

the protofilament number of microtubules in C. elegans.

Two studies have demonstrated that this is the case [112,

115]. In one study, Mec-17 loss was found to cause mor-

phological defects in touch receptor neurons and

disappearance of touch sensitivity [112]. In terms of

microtubules, Mec-17 loss exerts dramatic impact on sev-

eral aspects of touch receptor neurons: (1) decreased

microtubule number per neurite section (from 46.5 in the

wild-type to 8.8–14.7 in two mutant strains), (2) reduced

microtubule diameter and decreased protofilament number

(from uniform 15-protofilament microtubules in the wild-

type to heterogeneous 11–15-protofilament microtubules in

the two mutants, with 60 % of the mutant microtubules

comprising 13-protofilaments), (3) loss of mysterious

darkly stained material inside microtubules, and (4)

appearance of microtubule hooks and bending [112]. As a

result of microtubule defects, axonal processes display

periodic swellings, where severe microtubule bending

occurs [112]. Related to this, loss of mouse Atat1 leads to

formation of similar swellings on sperm flagella [50]. Loss

of the Mec-17 paralog Atat-2 in C. elegans has similar

impact although it is not as dramatic as loss of Mec-17

itself [112]. The acetyltransferase activity of Mec-17 is

essential for microtubule integrity but not worm touch

sensitivity [112].
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In another study, it was found that loss of either Mec-17

or Atat-2 reduces the number of microtubules per neurite

section and shortens microtubule length in touch receptor

neurons [115]. In addition, loss of Mec-17 but not Atat-2

alters the protofilament number (from[95 % 15-protofila-

ment and\5 % 11-protofilament microtubules in the wild-

type or Atat-2 mutant worms to heterogeneous 10–16-

protofilament microtubules in Mec-17 mutants) [115]. In

addition, microtubules in Mec-17 mutants display lattice

openings (*150 nm wide, equivalent to *20 tubulin het-

erodimers) that are not present in microtubules from wild-

type or Atat-2mutant worms [115]. According to molecular

modeling, Lys-40 of a-tubulin forms a salt bridge with Glu-

55 and prevents it from forming an intermolecular salt

bridge with His-283 from a neighbouring a-tubulin mono-

mer [115]. Lys-40 acetylation makes Glu-55 available for

pairing with His-283, thereby facilitating assembly of

15-protofilament microtubules [115].

The two C. elegans studies show that tubulin acetylation

is necessary for maintaining microtubule structure in touch

receptor neurons [112, 115], but the question whether

tubulin acetylation is sufficient for the maintenance

remains unaddressed. In a recent study, in vitro micro-

tubule assembly was carried out with porcine brain tubulin

to investigate whether acetylation per se affects micro-

tubule structure [96]. Different from what was observed

with Mec-17-deficient worms [112, 115], acetylation does

not have a major effect on microtubule structure in vitro

[96]. Under the conditions used, non-acetylated tubulin

forms a mixture of 13- and 14-protofilament microtubules

(Fig. 3a) [96]. Notably, there is a small fraction of

15-protofilament microtubules (*8 %) [96]. Upon acety-

lation, this fraction increases by *twofold [96]. In the

presence of kinesin, acetylation enhances the ratio of

13-protofilament microtubules [96]. Thus, acetylation

exerts some minor effects on microtubule structure.

Fig. 3 Hypothetical models on how a-tubulin acetylation may affect

microtubule structure. a In the absence of acetylation, a- and b-
tubulin heterodimers form 13- or 14-protofilament microtubules

in vitro. However, in most cells, microtubules contain 13-protofila-

ments, so some cellular proteins may promote formation of such

microtubules. b In the presence of acetylation (ac), a- and b-tubulin
heterodimers are in favour of formation of 15-protofilament micro-

tubules such as those in touch neuron receptors in C. elegans and

pillar cells in the mammalian inner ear. However, acetylation is not

sufficient for promoting formation of 15-protofilament microtubules.

Acetylation may form a specific docking site for an unidentified

protein(s), which may in turn promote formation of 15-protofilament

microtubules. As 15-protofilament microtubules are not common,

acetylation-specific binding partners may promote assembly of this

particular type of microtubules. The question mark refers to an

unidentified protein(s)
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However, it is clear that acetylation does not promote

formation of uniform 15-protofilament microtubules

in vitro [96], which is in stark contrast to what was

observed in touch receptor neurons in vivo [112, 115].

Different outcomes from structural studies of micro-

tubules from C. elegans [112, 115] and in vitro assembly

experiments [96] reiterate that acetylation is necessary but

not sufficient for regulating microtubule architecture. As

shown with the Mec-17 gene, mutation of the Mec-12 and

Mec-7 genes (encoding a- and b-tubulin isoforms,

respectively) also affect microtubule structure in touch

receptor neurons [45, 114], supporting that acetylation is

not sufficient for formation of 15-protofilament micro-

tubules in touch receptor neurons. Based on this, it is

tempting to propose that acetylation facilitates interaction

of an unknown protein(s), which in turn regulates micro-

tubule structure (Fig. 3b). Related to this, kinesin and

doublecortin affect the protofilament number of micro-

tubules assembled in vitro [96, 108, 109]. Moreover,

deletion of the Mec-17 gene leads to loss of mysterious

darkly stained material inside microtubules [112]. The

mysterious material may represent the unidentified pro-

tein(s) that binds to acetylated tubulin (Fig. 3b). If so,

identification of the mysterious protein(s) shall shed novel

light on how acetylation regulates microtubule architecture

in vivo.

Like touch receptor neurons in C. elegans, pillar and

phalangeal cells in the mammalian inner ear contain den-

sely packed 15-protofilament microtubules [102]. In

addition, as touch receptor neurons mediate

mechanosensing, pillar and phalangeal cells are integral

parts of the organ of Corti in the inner ear. The stiffness of

15-protofilament microtubules in pillar cells may con-

tribute to mechanosensation by the organ of Corti [116].

Moreover, similar to touch receptor neurons in C. elegans,

15-protofilament microtubules in pillar cells are heavily

acetylated [117]. By analogy to touch receptor neurons

[112, 115], it is reasonable to suggest that acetylation may

regulate formation of 15-protofilament microtubules in

pillar and phalangeal cells. If so, acetylation may also

contribute to mammalian hearing sensation. Atat1-/- mice

[49, 50] should be valuable for investigating these two

interesting issues.

Tubulin acetylation and intracellular transport

Tubulin acetylation has been proposed to participate in

subcellular and intraflagellar transport. Loss of microtubule

acetylation was reported to reduce the binding and motility

of the molecular motor kinesin-1 in vitro [118]. Related to

this, kinesin-1 and a kinesin-like protein preferably bind to

stable microtubules marked by acetylation and detyrosi-

nation [119, 120]. Increased tubulin acetylation by HDAC6

inhibition causes recruitment of dynein and kinesin-1 to

microtubules, thereby compensating intracellular transport

deficits in Huntington’s disease [121]. While these studies

support that tubulin acetylation recruits kinesin-1 and

regulates intracellular transport in cell-based assays,

enrichment or loss of acetylation on microtubules in a

purified system does not result in significant changes in the

kinesin-1 loading rate while detyrosination causes a mod-

erate increase in the rate [122]. Similarly, increased tubulin

acetylation alone without changing the status of other

modifications does not alter the selectivity of kinesin-1

accumulation in polarized cells, while global enhancement

of tubulin acetylation, detyrosination, and polyglutamyla-

tion by treatment with Taxol or inhibition of glycogen

synthase kinase 3b (GSK3b) decreases the selectivity of

kinesin-1 translocation and leads to formation of multiple

axons [123]. Microtubule stabilization by Taxol promotes

initial neuronal polarization [124]. To investigate whether

this polarization is caused by tubulin acetylation, neurons

were treated with the deacetylase inhibitors tubacin and

trichostatin A. The treatment elevated microtubule acety-

lation but the polarity was not altered [124].

Tubulin acetylation in regulating cell motility

and polarity

As discussed above, it was reported that HDAC6-mediated

tubulin deacetylation enhances microtubule-dependent

motility and was proposed that this enhanced motility is

due to reduced microtubule stability caused by decreased

tubulin acetylation [60]. Related to this, the ETS tran-

scription factor ERG [E-twenty-six (ETS)-related gene

product] directly regulates HDAC6 expression and tubulin

acetylation during endothelial cell migration [125]. It was

suggested that HDAC6-mediated enhancement of cellular

motility is due to tubulin acetylation itself rather than

microtubule stability as tubulin acetylation does not nec-

essarily enhance microtubule stability [95]. Knockdown of

Atat1 or Elp3 expression revealed that tubulin acetylation

is important for neuronal migration [40, 126]. However,

ELP3 is unlikely a major tubulin acetyltransferase in vivo

[49–51], so impaired neuronal migration observed in Elp3-

deficient mice may be due to other mechanisms [40]. Of

relevance, ELP3 proteins from different organisms are able

to modify the anticodon of tRNA [127].

Interestingly, the focal adhesion scaffold protein Pax-

illin interacts with HDAC6 and inhibits its deacetylase

activity to upregulate microtubule acetylation during cell

invasion and migration [128]. Moreover, ATAT1 interacts

with the clathrin adaptor AP2, and clathrin-coated pits

control microtubule acetylation [129]. This is one possible

mechanism to ensure microtubule acetylation at the leading

edge for promoting directional cell migration [129]. It was
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also reported that tubulin acetylation is required for cell–

cell contact inhibition and cell adhesion [51]. Decreased

dynamics of acetylated microtubules induced by HDAC6

inhibition affects turnover of cellular focal adhesion [130].

a-Tubulin acetylation was shown to regulate breast cancer

invasion [131]. Because invasion inhibitory protein 45

(IIp45) and G protein-coupled receptor kinase 2 (GRK2)

modulate cell motility by interacting with HDAC6 [132,

133], this deacetylase itself may also be involved in reg-

ulating cell migration.

Tubulin acetylation is also important for regulating cell

polarity. As discussed above, for polarized epithelial cell

migration, Paxillin binds to HDAC6 and stimulates

microtubule acetylation [128]. Moreover, expression of

two phosphorylation-defective mutants of NIMA (never in

mitosis A)-related kinase 3 (NEK3) decreases tubulin

acetylation, reduces neuronal polarity and alters cell mor-

phology [134]. Pharmacological inhibition of HDAC6

reverses this effect [134], suggesting that through tubulin

deacetylation, HDAC6 modulates neuronal polarity.

Tubulin acetylation and cilia

Cilia are subcellular structures differentiating from centri-

oles in non-proliferating cells and contain microtubule

bundles constituting the axoneme. Cilia are evolutionarily

related to flagella of lower eukaryotes like the green alga

Chlamydomonas. Cilia were the first subcellular structures

to be discovered to harbour tubulin acetylation [29]. Since

then, this modification has been widely used as a marker

for cilia and related structures. However, it still remains

unclear whether tubulin acetylation plays a causal role in

cilium formation (Fig. 4). Ciliary assembly and disassem-

bly require intraflagellar transportation. Considering the

fact that tubulin acetylation may be important for cargo

transportation, an interesting question is whether this

modification regulates dynamics of ciliary assembly and

disassembly. Growth of human telomerase-expressing

retinal pigment epithelial cells in the OptiMEM media

stimulates cilia formation and addition of serum induces

ciliary disassembly [135]. The pro-metastastic scaffolding

protein HEF1 (human enhancer of filamentation 1; a.k.a.

Cas-L and NEDD9) interacts with and activates Aurora

kinase A, which then phosphorylates and activates

HDAC6, leading to ciliary disassembly [135]. Knockdown

or inhibition of Aurora kinase A, depletion of its activator

HEF1, or inhibition of the downstream target HDAC6

prevents ciliary disassembly [135].

Inhibition of mouse HDAC6 by a specific inhibitor

stimulates cilia formation in mouse embryos cultured

in vitro [136]. Treatment of human KD diploid fibroblasts

with 25–50 mM LiCl promotes a-tubulin acetylation and

elongation of primary cilia [137]. siRNA-mediated deple-

tion of ATAT1 expression showed that this enzyme is

required for induced a-tubulin acetylation in these cells

[137]. Similar depletion of ATAT1 expression in human

telomerase-expressing retinal pigment epithelial cells

slows down the kinetics of ciliary disassembly [48]. Pri-

mary cilium dysfunction affects the development and

homeostasis of many organs in Bardet-Biedl syndrome and

seven conserved Bardet-Biedl syndrome proteins form a

stable complex that functions in primary cilia [138].

Interestingly, one small subunit of this complex promotes

microtubule acetylation [138]. In addition, ceramide inhi-

bits HDAC6 activation by Aurora kinase A and promotes

tubulin acetylation in primary cilia in human neural stem

cells in vitro [139].

The cylindromatosis (a.k.a. turban tumor syndrome)

gene product CYLD is a tumor suppressor with intrinsic

deubiquitinating enzyme activity [140]. Interestingly, it

associates with microtubules and appears to stabilize

microtubules. In agreement with this, it interacts with and

Fig. 4 Known and potential roles of a-tubulin acetylation. This

modification serves as a marker for stable microtubules, regulates

microtubule architecture and controls stress and immune responses. In

addition, the modification has potential roles in various other cellular

processes, including intracellular transport, cilium assembly, cellular

signaling, cell migration and neurodegeneration. Questions marks

mark cellular processes where functions of a-tubulin acetylation

remain to be firmly established. K40ac, Lys-40 acetylation
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inactivates HDAC6 [140]. Thus, in keratinocytes from

Cyld-/- mice, tubulin acetylation is elevated [140]. A

recent study indicates that CYLD is located at basal bodies

[141]. Upon Cyld knockdown, tubulin acetylation is

reduced and ciliary length decreases in mouse embryonic

fibroblasts [142]. Moreover, treatment with selective

HDAC6 inhibitors partially rescues ciliary defects in

Cyld-/- mice [142]. Thus, CYLD interacts with HDAC6

and regulates ciliogenesis.

It is often assumed that HDAC6-mediated tubulin

deacetylation destabilizes microtubules and leads to ciliary

disassembly. As discussed above, tubulin acetylation does

not contribute to microtubule stability and Hdac6 knockout

mice do not display major phenotypes [67]. Cilia are

essential for vertebrate development [143, 144], so tubulin

acetylation may only play a fine-tuning rather than major

role in cilia during animal development. In support of this,

cilia are functional in Atat1-/- mice although sperm flag-

ella are slightly impaired [50]. Different from the Hdac6 or

Atat1 knockout mice [49, 50, 67], a majority of studies that

support a role of tubulin acetylation in ciliary assembly are

based on cells or embryos cultured in vitro.

Tubulin acetylation in immune and viral responses

Multiple studies have linked tubulin acetylation to immu-

nity. As mentioned above, Hdac6 knockout mice display a

moderately impaired immune response [67]. Under

unchallenged conditions, serum IgM and IgG levels of

Hdac6-/y mice (the murine Hdac6 gene is X-linked) are

close to what was observed in wild-type littermates [67].

When immunized, IgG induction is 4-fold weaker in

Hdac6-/y mice when compared to the wild-type [67]. In

addition, deletion of the Hdac6 gene or inhibition of its

deacetylase activity enhances regulatory T cell functions in

inflammation and autoimmunity, suggesting that HDAC6

inhibition is beneficial for treating colitis and suppressing

allograft rejection [145]. Atat1-/- mice display normal

peripheral blood parameters [50], but roles of this acetyl-

transferase in the immune system remain to be examined.

Macrophages are major effector cells mediating innate

immune responses. Activation of murine RAW264.7

macrophages by lipopolysaccharide (LPS) and IFN-c
in vitro enhances microtubule acetylation and secretion of

matrix metalloproteinase-9, which then facilitates macro-

phage migration across the sub-endothelial basement

membrane and the interstitial matrix composed mainly of

collagen, to reach target tissues and initiate an inflamma-

tory response [146]. Upon infection, pattern-recognition

receptors in effector cells such as macrophages form pro-

tein complexes termed inflammasomes for maturation pro-

inflammatory cytokines like interleukin 1b (IL-1b) to

engage innate immune responses [147]. During screening

for regulators of inflammasome activation, it was found

that microtubule depolymerization suppresses IL-1b pro-

duction in response to nigericin, an antibiotic derived from

Streptomyces hygroscopicus and known to promote

inflammasome activation [69]. Tubulin acetylation by

ATAT1 is required for inflammasome activation [69],

whereas the natural diphenol resveratrol inhibits tubulin

acetylation and inflammasome activation [148]. Pharma-

cological inhibition revealed that mouse SIRT2 instead of

HDAC6 is the responsible tubulin deacetylase [69], but it

will be important to substantiate this with related knockout

mice. In addition to production of pro-inflammatory

molecules such as matrix metalloproteinase-9 and IL-1b,
tubulin acetylation is also essential for production of an

anti-inflammatory cytokine, IL-10, which may serve as a

feedback mechanism to control inflammation. When chal-

lenged by LPS, RAW264.7 macrophages display extensive

tubulin acetylation and induced production of IL-10 [85].

Knockdown of Atat1 expression suppresses LPS-induced

tubulin acetylation and inhibits IL-10 induction, whereas in

Hdac6-deficient macrophages and mice, LPS induces

hyper-production of IL-10 [85]. Tubulin acetylation is

required for LPS-induced activation of p38 kinases [85],

but it remains unclear why this modification is required for

p38 kinase activation. It should be noted that LPS inhibits

tubulin acetylation exclusively in human pulmonary

macrovascular endothelial cells [149], indicating that LPS

effects on tubulin acetylation are cell type-specific.

Upon T cell stimulation, the transcription factor NF-AT

(nuclear factor of activated T-cells) is dephosphorylated by

calcineurin, promoting interaction with importin b and

nuclear translocation [150]. Interestingly, a-tubulin binds

to the N-terminal region of NFAT and stimulates complex

formation with importin b for nuclear translocation,

whereas a-tubulin acetylation inhibits this [150]. Acetate

upregulates tubulin acetylation and hinders NF-AT nuclear

translocation [150]. Of relevance, through increasing

tubulin acetylation, acetate suppresses IL-8 production in

epithelial cells induced by the bacterial flagellar protein

flagellin. Tubulin hyperacetylation by treatment with an

HDAC inhibitor also suppresses IL-8 production induced

by flagellin, highlighting the role of tubulin acetylation in

regulating IL-8 expression [151]. Thus, tubulin acetylation

is important for both innate and acquired immunity.

In addition, this modification is important for viral

responses. Human immunodeficiency virus (HIV) infection

stabilizes microtubules and stimulates tubulin acetylation

in host cells [152]. Overexpression of HDAC6 inhibits HIV

infection [153]. Similar to HIV, influenza A virus induces

microtubule acetylation [154]. In addition, HDAC6 inhibits

release of this virus [155]. Tubulin acetylation is also

important for infection by herpes viruses. Just 30 min after

infection, Kaposi’s sarcoma-associated herpes virus
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enhances tubulin acetylation significantly [156]. About 4 h

post infection, herpes simplex virus type 1 (HSV-1)

increases tubulin acetylation, which in turn enhances

HSP90 binding to microtubules and facilitates nuclear

localization of viral capsid protein [157]. Notably, this

effect is completely opposite from that on NF-AT nuclear

localization [150], indicating that tubulin acetylation reg-

ulates nuclear import in a context-dependent manner.

Tubulin acetylation in stress and other signaling

pathways

Chemical exposures, such as salt (e.g., NaCl), H2O2 and

Taxol, as well as physical insults like UV irradiation, were

shown to elevate tubulin acetylation [36, 158]. However,

H2O2 was also reported to inhibit tubulin acetylation in

human pulmonary macrovascular endothelial cells [149],

indicating that the effects are cell-specific. Tubulin

hyperacetylation is beneficial for cell survival after expo-

sure to NaCl at 0.25 M, a high concentration that is

detrimental to cultured cells [159]. KCl depolarization in

neurons increases acetylation of a-tubulin in Cornu

Ammonis 1 (CA1) of the hippocampus [160]. Moreover,

expression of microtubule-associated proteins increases

tubulin acetylation [161], and a pathological study on

alcoholics revealed significant increase of tubulin acetyla-

tion in the prefrontal cortex [162].

The Hippo signaling pathway is crucial for organ size

control, regulates cell–cell contact inhibition and plays an

important role in cancer [163]. Merlin, encoded by the

neurofibromatosis type 2 (NF2) gene and acting as an

upstream component of the Hippo signaling pathway, is

normally associated with acetylated microtubules, so loss

of tubulin acetylation redistributes merlin to the cytosol,

thereby impairing Hippo signaling [51]. Increased tubulin

acetylation enhances sensitivity of microtubule disruption

catalyzed by the microtubule-severing AAA protein kata-

nin in neurons and fibroblasts [164]. Tubulin acetylation

has been reported in regulating Na? and K?-ATPase

activity [165–169]. Expression of an acetylation-resistant

a-tubulin mutant significantly inhibits adipogenesis [170],

suggesting that adipocyte differentiation is dependent on

tubulin acetylation. In Atat1-null mice, there are no sig-

nificant adipocyte-related phenotypes [49, 50], so studies

with high-fat diet and other dietary conditions are needed

to investigate this issue more thoroughly. Tubulin acety-

lation is also involved in regulating autophagy. Tubulin

acetylation is required for fusion of autophagosomes with

lysosomes [171], and starvation-induced tubulin hyper-

acetylation is required for autophagy activation by nutrient

deprivation [172]. Thus, tubulin acetylation plays a role in

regulating stress and other signaling pathways.

Tubulin acetylation, human diseases
and therapeutic implications

Pathologically, tubulin acetylation is associated with

several neurological disorders. Charcot-Marie-Tooth dis-

ease affects approximately 1 in 2500 individuals and is

the most common inherited disorder of the peripheral

nervous system [173]. Mutations in the 27-kDa small

heat-shock protein (HSPB1) gene cause axonal Charcot–

Marie–Tooth disease or distal hereditary motor neuropa-

thy [173]. Mice expressing HSPB1 exhibit axonal

transport defects, axonal loss and decreased tubulin

acetylation [173]. Importantly, HDAC6 inhibitors reverse

these abnormalities [173]. Inflicting *1 in 80,000 new-

borns, Joubert syndrome is a genetic disease mainly

affecting the cerebellum. A recent study identified related

mutations in the kinesin 7 gene and found that this

kinesin is required for optimal tubulin acetylation [174].

Parkinson’s disease is a common neurodegenerative con-

dition affecting the motor system in the central nervous

system, and mutations of the LRRK2 (leucine-rich repeat

kinase 2) gene are the most common genetic cause of this

disease [175]. At the subcellular level, defective micro-

tubule-based axonal transport is one possible cause.

Related to this, LRRK2 interacts directly with b-tubulin
and inhibits a-tubulin acetylation [176], indicating that in

normal cellular contexts, this kinase acts as a negative

regulator of microtubule acetylation. Unlike wild-type

LRRK2, two mutants carrying Parkinson’s disease-asso-

ciated mutations form filamentous subcellular structures

[177]. Either expression of ATAT1 or inhibition of

HDAC6 prevents formation of such structures [177].

Amyotrophic lateral sclerosis (a.k.a. Lou Gehrig’s dis-

ease) involves motor neuron degeneration in the motor

cortex of the cerebrum, and transgenic mice expressing

the G93A point mutant of superoxide dismutase 1 are

known models of this devastating disease [66]. Loss of

Hdac6 significantly extends survival of these mice and

maintains motor axon integrity [66]. The protective effect

of Hdac6 deletion is associated with increased tubulin

acetylation [66].

Moreover, HDAC6 has been implicated in aging-related

dementia such as Alzheimer’s disease (Table 1). Reduced

expression of HDAC6 ameliorates cognitive deficits in a

mouse model for this disease [178]. Inhibition of HDAC6

activity improves memory and reduces the level of the

microtubule-associated protein Tau, a key marker for

Alzheimer’s disease [179]. As HDAC6 is the major tubulin

deacetylase in vivo, tubulin acetylation may be important

in these processes. However, this can also be due to other

HDAC6 functions, such as its ubiquitin-binding ability [38,

180, 181]. Importantly, inhibition of HDAC6 with selective
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inhibitors promotes tubulin acetylation and significantly

improves learning-based performance in mice with b-
amyloid-induced hippocampal lesions [182, 183].

Axon regeneration is crucial for neurological recovery

following injury, and axon injury induces tubulin

deacetylation in peripheral neurons in a mouse model [70].

Moreover, tubulin deacetylation is required for axonal

growth and regeneration in the mouse model [70]. It is

unclear, however, whether tubulin acetylation by ATAT1

is also required for the regeneration program. On the other

hand, Mec-17 loss in C. elegans leads to axon degeneration

[99]. These two studies suggest that while tubulin acety-

lation is important for axon maintenance, the deacetylation

is required for axon regeneration.

In addition to neurological disorders, tubulin acetylation

has been linked to cancer (Table 1). This modification is a

prognostic marker for squamous cell carcinoma of the head

and neck [184]. Elevated tubulin acetylation in primary

breast tumors is linked to the basal-like subtype of breast

cancer and an increased risk of disease progression and

death [185]. Mechanistically, elevated tubulin acetylation

promotes adhesion and invasion of breast cancer cells

[185]. Ectopic ATAT1 expression in cultured cells

increases tubulin acetylation and enhances formation of

microtentacles, which are membrane protrusions in

detached breast cancer cells [185]. ATAT1 is also associ-

ated with pancreatic cancer-initiating cells [186]. The

turban tumor syndrome protein CYLD acts as a tumor

suppressor and inhibits cell-cycle progression by inacti-

vating HDAC6 and elevating tubulin acetylation [140]. In

these cases, inhibition of tubulin acetylation may be ben-

eficial (Table 1).

The neurofibromatosis type 2 (NF2) gene product merlin

is a tumor suppressor upstream of the Hippo signaling

pathway and is normally associated with acetylated

microtubules [51]. Loss of tubulin acetylation impairs

Hippo signaling and affects cell–cell contact inhibition

[51]. Therefore, although the impact of tubulin acetylation

is context-dependent, multiple lines of evidence suggest

that it plays a role in cancer initiation and progression

Table 1 Links of altered tubulin acetylation to human diseases

Human diseases Tubulin acetylation

[References]

Predicted therapeutic strategy

Neurologic disorders

Charcot-Marie-Tooth disease Decrease [173] HDAC6i

Joubert syndrome Decrease [174] HDAC6i

Parkinson’s disease Decrease [121, 176, 177] HDAC6i

Amyotrophic lateral sclerosis Decrease [66] HDAC6i

Alzheimer’s disease Decrease? [178, 179] HDAC6i

Axon injury Decrease [70] ATAT1i

Axon degeneration Decrease? [99] HDAC6i

Cancer

Head and neck squamous cell carcinoma Increase [184] ATAT1i

Breast cancer Increase [185] ATAT1i

Pancreatic cancer Increase [186] ATAT1i

Cylindromatosis Decrease [140] HDAC6i

Neurofibromatosis type 2 Increase? [51] ATAT1i

Multiple myeloma Decrease? [51, 187] HDAC6i

Heart diseases

Heart failure due to proteotoxicity Increase and HDAC6 induction [188] HDAC6i

Atrial fibrillation Decrease [189] HDAC6i

Lung disease

COPD Decrease [190] HDAC6i

Inflammation and immunity

Inflammasome activation Increase [69] HDAC6i

Colitis Decrease [145, 191] HDAC6i

Allograft rejection Decrease [145] HDAC6i

Virus entry Increase [154] ATAT1i

ATAT1i ATAT1 inhibitor, COPD chronic obstructive pulmonary disease, HDAC6i HDAC6 inhibitor. While no ATAT1 inhibitors are available

yet, selective HDAC6 inhibitors have been developed and evaluated in preclinical studies [187, 200]
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(Table 1). Moreover, in combination with the proteasome

inhibitor bortezomib, low doses of a specific HDAC6

inhibitor displays anti-multiple myeloma activity [187],

setting the stage for further clinical trials.

Proteotoxicity is an important mechanism in heart dis-

eases. Transgenic expression of an aB-crystallin mutant in

mouse cardiomyocytes causes cardiomyopathy due to

aggregation of the mutant protein [188]. Tubulin hyper-

acetylation by pharmacological inhibition of mouse

HDAC6 activity or knockdown of Hdac6 expression

ameliorates the aggregation process [188]. Atrial fibrilla-

tion is a significant contributor to cardiovascular morbidity

and mortality. Tachypacing (rapid pacing of the heart by an

artificial electronic pacemaker) induces contractile dys-

function in cardiomyocytes and induces tubulin

deacetylation [189]. HDAC6 activation contributes to

tachypacing-induced contractile dysfunction in experi-

mental and human atrial fibrillation [189]. These two

studies suggest that human HDAC6 is a potential thera-

peutic target for cardiovascular diseases (Table 1).

Tubulin acetylation also plays a role in other patholog-

ical conditions (Table 1). Chronic obstructive pulmonary

disease (COPD) involves abnormal airway inflammatory

responses to cigarette smoke, which inhibits ciliary tubulin

acetylation [190]. As discussed above, tubulin acetylation

is important for viral entry, inflammation and other

immune responses (Fig. 4). Moreover, the spore-forming

bacterium Clostridium difficile is a causative pathogen of

antibiotic-associated diarrhea and pseudomembranous

colitis in humans [191]. Toxin A from the bacterium

inhibits tubulin acetylation and activates acute inflamma-

tion, whereas inhibition of HDAC6 ameliorates colitis in a

mouse model injected with toxin A [191]. Similarly,

HDAC6 inhibition is beneficial for inhibiting murine colitis

induced by dextran sodium sulfate [145]. Therefore, altered

tubulin acetylation is linked to different human diseases

and the responsible enzymes constitute two novel molec-

ular targets for drug development and therapeutic

intervention (Table 1).

Conclusion and future direction

Since its initial identification 30 years ago [13], tubulin

acetylation has been extensively studied [4–8]. Different

from many other microtubule modifications, tubulin

acetylation occurs on the luminal side (Fig. 1). In mam-

mals, the responsible enzymes have been identified and

characterized as ATAT1 and HDAC6 (Fig. 2). Crystal

structures of ATAT1 with and without acetyl coenzyme A

binding have been determined [52–56] and form the basis

for virtual screening of small-molecule inhibitors of these

enzymes, which may be valuable for treating related

diseases (Table 1). Neither mouse Atat1 nor Hdac6 is

essential for survival. While ATAT1 plays a role in mouse

brain development and spermatogenesis [49–51], HDAC6

regulates mouse immune responses, bone density and

unusual behaviors such as hyperactivity, reduced anxiety

and lower depression tendency [67, 83]. The minor phe-

notypes of Atat1 nor Hdac6 knockout mice may be

promising for the development of specific inhibitors for

treating related pathological conditions (Table 1), because

of potentially low toxicity of these inhibitors.

Functions of tubulin acetylation have been investigated

in numerous studies. It becomes clear that this modification

serves as a marker of stable microtubules rather than

playing an active role in stabilizing microtubules (Fig. 4).

Genetic and structural studies using mutant C. elegans

strains have demonstrated that tubulin acetylation is

required for maintaining the microtubule integrity and

protofilament number in touch receptor neurons [112, 115].

However, in vitro assembly reveals that this modification

exerts only minor effects on microtubule architecture

(Fig. 3a) [96]. Thus, tubulin acetylation is necessary but

not sufficient for formation of 15-protofilament micro-

tubules (Fig. 3b). This modification may cooperate with

special tubulin isoforms. In support of this, loss of Mec-17

or two tubulin isoforms (Mec-7 and Mec-12) in C. elegans

exerts similar impact on formation of 15-protofilament

microtubules in touch receptor neurons [45]. Like these

neurons, pillar and phalangeal cells in the mammalian

inner ear contain mainly 15-protofilament microtubules

[102]. It will be interesting to investigate whether such

microtubules are altered and hearing is impaired in

Atat1-/- mice [49, 50].

In addition to regulating microtubule architecture,

tubulin acetylation appears to be important in various

cellular processes, including intracellular transport, ciliary

assembly, cell migration and polarity (Fig. 4). Notably,

tubulin acetylation regulates immune, stress, inflammation

and viral responses [69, 85, 150, 152, 159], suggesting

potentially important roles under adverse conditions. Of

relevance, deletion of the mouse Atat1 or Hdac6 gene only

yields minor phenotypes in unstressed mice [49, 50, 67],

but when challenged with stressors, more dramatic phe-

notypes may become evident. As recently reported for

another gene [192], it is worth investigating whether

genetic compensation provides an explanation for the

minor phenotypes of Atat1 or Hdac6 knockout mice. In

comparison, RNAi knockdown and morpholino inhibition

of Atat1 are less likely to trigger compensation [47, 126].

Tubulin acetylation may be important for advanced

functions, such as learning and memory. Related to this,

tubulin acetylation is highly abundant in the mouse brain

and loss of Atat1 leads to abnormal mouse brain develop-

ment [49, 50, 67]. Moreover, mutations of two tubulin
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genes are linked to genetic diseases with abnormal brain

development and intellectual disability [193, 194], and the

gene of the microtubule stabilizing protein doublecortin is

mutated in X-linked lissencephaly (smooth brain) and

‘double cortex’, two genetic disorders characterized with

brain abnormalities [195, 196].

In addition to tubulin acetylation, there are other

microtubule modifications, including detyrosination, D2
modification, glutamylation and glycylation, which are

enriched at the C-terminal tails of tubulin (Fig. 1). This is

reminiscent of diverse histone modifications concentrated

at the N-terminal tails of histones [197, 198]. By analogy,

different modifications on microtubules may generate a

post-translational modification language that differentiates

microtubules from one another and allows association with

distinct microtubule associated proteins. Within this con-

ceptual framework, the impact of tubulin acetylation on

cellular processes would be important to consider along

with the other microtubule modifications, different tubulin

isoforms and various microtubule-associated proteins

found in the cell.
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