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Abstract: Oligodendrocytes are dependent on an intact,
dynamic microtubule (MT) network, which participates
in the elaboration and stabilization of myelin forming
extensions, and is essential for cellular sorting processes.
The microtubule-associated protein tau is constituent of
oligodendrocytes. During culture maturation it is devel-
opmentally regulated and important for MT stability, MT
formation and intracellular trafficking. Downregulation
of tau impairs process outgrowth and the transport of
myelin basic protein (MBP) mRNA to the cell periphery.
Cells fail to differentiate into MBP-expressing, sheet-form-
ing oligodendrocytes. Tau-positive inclusions originat-
ing in oligodendrocytes and white matter pathology are
prominent in frontotemporal dementias, such as Pick’s
disease, progressive supranuclear palsy and corticobasal
degeneration. An impairment or overload of the proteo-
lytic degradation systems, i.e. the ubiquitin proteasomal
system and the lysosomal degradation pathway, has been
connected to the formation of protein aggregates. Large
protein aggregates are excluded from the proteasome
and degraded by autophagy, which is a highly selective
process and requires receptor proteins for ubiquitinated
proteins, including histone deacetylase 6 (HDAC6). HDAC6
is present in oligodendrocytes, and o-tubulin and tau are
substrates of HDAC6. In this review our current knowl-
edge of the role of tau and protein aggregate formation in
oligodendrocyte cell culture systems is summarized.
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Introduction

The failure to clear misfolded or aggregated proteins is
a characteristic feature of a number of neurodegenera-
tive disorders termed proteinopathies or aggregopathies
(Dohm et al., 2008; Jellinger, 2012). Proteinaceous inclu-
sions occur in nerve cells and glia, and their composition
and appearance is characteristic for each type of disease
and used as a diagnostic hallmark. The microtubule-
associated protein (MAP) tau is the major constituent of
pathological inclusions in Alzheimer’s disease (AD) and
in frontotemporal disorders such as progressive supra-
nuclear palsy (PSP), corticobasal degeneration (CBD)
and Pick’s disease (PiD), which are classified as tauopa-
thies. While in AD deposits of tau are mainly prominent
in nerve cells, in PSP, CBD and PiD tau inclusions occur
in neurons and glia, and specifically originate in oli-
godendrocytes, the myelin forming cells of the central
nervous system (Miller et al., 2004; Ballatore et al., 2007;
Richter-Landsberg, 2008). These tau-positive inclusions,
termed coiled bodies, vary in size and number. Besides
tau the inclusion bodies often contain other cytoskeletal
proteins and positively stain with antibodies against a
variety of heat shock proteins and ubiquitin (Chin and
Goldman, 1996; Richter-Landsberg and Bauer 2004;
Richter-Landsberg and Goldbaum, 2007). Furthermore,
tau-positive globular oligodendroglial inclusions have
been identified in motor neuron diseases and fronto-
temporal dementias, termed globular glial tauopathies
(Ahmed et al., 2013).

Tau is a microtubule binding protein promoting
microtubule (MT) assembly and stability. Its MT-binding
activity is regulated by posttranslational modifications,
mainly by phosphorylation, but also glycation, ubiquity-
lation, sumoylation and acetylation have been reported
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(Himmelstein et al., 2012). Tau can be phosphorylated
by many kinases and becomes hyperphosphorylated
in AD and other tauopathies. This has an influence on
its pathological state and may promote a dissociation
from the MTs, aggregation and a gain of toxic functions
(Gendron and Petrucelli, 2009). In the healthy human
brain six tau isoforms are expressed with molecular
weights in the range of 45-65 kDa. These derive from a
single gene (MAPT) by alternative splicing, three com-
prise of four MT-binding repeats (4R-tau) and three have
three MT-binding repeats (3R-tau) (Figure 1). The ratio of
4R- to 3R-tau is approximately 1:1, which may be altered
in pathological lesions. Also, mutations in the tau gene
may alter the relative proportions of the tau isoforms
(Ballatore et al., 2007; Gendron and Petrucelli, 2009).
In AD all six isoforms are present in the aggregates,
whereas PSP and CBD are considered 4R-tauopathies.
In PiD, which is a 3R-tauopathy, Pick bodies contain-
ing 3R-isoforms are characteristic (Jellinger, 2009).
Hence a disbalance of the 3R/4R-ratio contributes to
neurodegeneration.

Furthermore, tau has many interaction partners
besides microtubules and is involved in the regulation of
signaling cascades (Morris et al., 2011). For example it can
bind to SH3 domains of other proteins such as the tyros-
ine kinase Fyn (Lee et al., 1998). The interaction of tau and
o-tubulin with active Fyn has been demonstrated to recruit
MTs to the plasma membrane and may be involved in the
organization of process formation in oligodendrocytes
(Klein et al., 2002).

For along time tau was considered as a neuron specific
protein, so its presence in inclusion bodies and its origin
in oligodendrocytes was an enigma and hard to explain
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Figure 1: Schematic representation of the six human tau isoforms.
The isoforms differ in the absence or presence of one or two inserts
in the N-terminal region, encoded by exon 2 (yellow) and exon 3
(green). Three isoforms contain 3 microtubule binding repeats (R1,
R3 and R4), and are named 3R-tau, and three contain 4 microtubule
binding repeats (R1-R4), named 4R-tau. The fourth MT-binding
repeat (R2) is encoded by exon 10.
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until it was demonstrated to also be an oligodendroglial
constituent (LoPresti et al., 1995; Miiller et al., 1997).

Microtubules and the role of tau
in oligodendrocytes

Oligodendrocytes have a complex morphological appear-
ance; primary and secondary cellular processes are elab-
orated, which in culture form flat membranous sheets
containing myelin specific proteins such as myelin basic
proteins (MBP), proteolipidprotein (PLP), 2’,3’-cyclic
nucleotide 3’-phosphodiesterase (CNP), myelin-associated
glycoprotein (MAG) and myelin oligodendrocyte glyco-
protein (MOG) (Pfeiffer et al., 1993; Bradl and Lassmann,
2010). The oligodendrocyte architecture is maintained by
an elaborate MT network (Figure 2), which is important for
the establishment and maintenance of the metabolically
active myelin membrane. MTs are highly dynamic and
provide the tracks for organelle trafficking and intracel-
lular transport processes (Richter-Landsberg, 2008; Bauer
et al., 2009). Cargo is removed from the cell periphery and
back (Ross et al., 2008). MBP mRNA is transported along
the MTs to the distant regions and locally translated near
the developing myelin sheath (Carson et al., 1997). In
oligodendrocytes MTs occur in distinct subpopulations,
in the fine processes MTs are more labile, while rela-
tively stable MTs are present in the main branches (Lunn
et al., 1997). A number of myelin specific proteins have
been found to bind to MTs and specifically MBP, which
is absolutely required for the formation of intact myelin,
has been reported to function as a MT stabilizing protein
in differentiated oligodendrocytes (Galiano et al., 2006;
Richter-Landsberg, 2013). Furthermore a variety of MAPs,
including high molecular weight MAPs and tau seem to
be involved in the regulation of MT growth and stability
(Miiller et al., 1997; Richter-Landsberg, 2008).

In cultured oligodendrocytes derived from the brains
of newborn rats all six tau isoforms are present and during
in vitro differentiation tau heterogeneity increases while
a decrease in phosphorylation is observed (Gorath et al.,
2001). It has been implied that in adult rodent brain only
4R-tau isoforms are expressed. However, our data demon-
strated that in rat brain 3R-tau isoforms are present yet at
a much lower level (Miiller et al., 1997; Gorath et al., 2001),
which was later corroborated by Hanes et al. (2009). In
cultured oligodendrocytes tau protein is developmen-
tally regulated and 4R-isoforms become more prominent,
while 3R-isoforms decrease (Seiberlich et al., 2015). Tau
mRNA is actively transported to the cellular processes
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Figure 2: Oligodendrocytes are characterized by their elaborate microtubule network.
Oligodendrocytes derived from the brains of newborn rats after 5 days in culture were fixed and indirect immunofluorescence staining was
carried out with antibodies against myelin basic protein (left) or a-tubulin (right). The picture was taken with a laser scanning confocal

microscope.

and particularly present in the primary processes (Gorath
et al., 2001). Oligodendroglial tau is phosphorylated at
multiple sites identified by antibodies against AT-8, PHF-1
and 12E8. Phosphorylation is increased by okadaic acid
treatment, which is an inhibitor of protein phosphatase 2A
(PP2A) (Goldbaum and Richter-Landsberg, 2002). Under
stress situations, such as oxidative stress or heat shock, tau
is transiently dephosphorylated and rephosphorylation is
mediated by glycogen synthase kinase 383 and suppressed
by lithium chloride (Goldbaum and Richter-Landsberg,
2002). As dephosphorylation promotes better binding to
and stabilization of MTs, this might be a protective means
and a first line of defense against cellular stress.

The presence of tau is important for MT stability and
MT formation. However, tau overexpression in oligoden-
drocytes has detrimental effects. Oligodendrocytes pre-
pared from transgenic mice overexpressing human tau
(wild type or the P301L mutation) under a CNP-promoter
(Higuchi et al., 2005) were not viable for more than 5 days.
MTs were extremely thin and defects in the MT network
were observed (Richter-Landsberg, 2008). Conversely,
downregulation of tau by siRNA technique impaired
process outgrowth and the transport of MBP mRNA to the
cell periphery (Seiberlich et al., 2015). In tau-deficient cells
MBP expression was diminished and the expression of the
proteoglycan NG2 enhanced. NG2 is a marker of oligoden-
drocyte precursor cells and its expression under normal
conditions is downregulated during cell maturation (Nishi-
yama et al., 2014). Cells failed to differentiate into MBP-
expressing, sheet-forming, mature oligodendrocytes, and
MTs were not as arborized and less bundled. Additionally,

these cells were not capable to properly myelinate axons
when cocultured with neurons derived from dorsal root
ganglions of newborn rats (Seiberlich et al., 2015). Hence a
disturbance of the balance of tau leads to abnormalities in
oligodendrocyte differentiation. The dynamics of MTs must
be tightly regulated as has been suggested for neurons,
otherwise they cannot fulfill their diverse functions. Over-
stabilization or understabilization of MTs, which might
occur after misregulation of tau, may lead to a disturbance
of the MT dynamic properties and to neurodegeneration
(Feinstein and Wilson, 2005). In mice lacking tau protein
a reduction in the number and density of MTs occurred
(Harada et al., 1994). These mice showed an increased
susceptibility to neuronal damage and more severe clini-
cal disease in experimental autoimmune encephalomy-
elitis, which might relate to a defective oligodendroglial
cytoskeleton and a decrease in MT stability (Weinger et al.,
2012). The rather subtle phenotypes observed in tau knock-
out animals may be explained by an increase in the MAP
1A, which might compensate for the absence of tau.

Cellular stress and tau aggregate
formation in oligodendrocytes

The formation of protein aggregates has been connected
to an impairment or overload of the major protein deg-
radation systems, the ubiquitin proteasome system
(UPS) and the lysosomal degradation pathway (Schwartz
and Ciechanover, 2009; Xilouri and Stefanis, 2011;
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Richter-Landsberg and Leyk, 2013). For proteasomal
degradation proteins are covalently modified by ubiq-
uitin in a multistep procedure and delivered to the pro-
teasome, which is the major system for the degradation
for short-lived cytoplasmic proteins. Long-lived proteins,
large protein aggregates, organelles and unwanted mate-
rial are degraded by macroautophagy, hereafter referred
to as autophagy (Klionsky et al., 2012; Richter-Landsberg
and Leyk, 2013). The process is divided into several dis-
tinct steps: induction, cargo recognition and selection,
autophagosome formation, and fusion of the autophago-
some with the lysosome, followed by cargo degradation
and release of the cargo into the cytosol. The detailed
molecular mechanisms underlying these individual steps
have been detailed in many excellent reviews and will
not be summarized here (Johansen and Lamark, 2011;
Klionsky and Schulman, 2014). Autophagy is the only
degradation system for large protein aggregates, since
these are excluded from the proteasome. It has emerged
as a rather selective process that eliminates specific
structures and organelles (Johansen and Lamark, 2011).
Furthermore, heat shock proteins (HSPs), which act as
molecular chaperones, participate in the defense against
misfolded proteins. They assist in refolding of damaged
proteins and target irreversibly damaged proteins to the
UPS (Richter-Landsberg, 2007). HSPs are upregulated as a
first line of defense against the accumulation of misfolded
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proteins, keep unfolded proteins in a competent state to
be refolded, and may prevent cell death und maintain the
cytoskeleton (Richter-Landsberg and Goldbaum, 2003).
Proteasomal inhibition leads to HSP induction (Goldbaum
and Richter-Landsberg, 2004), and the autophagosomal
system can act as a compensatory mechanism when the
UPS is impaired (Pandey et al., 2007; Jaenen et al., 2010).
Several proteins have been identified, which link the
UPS with the autophagic degradation system, including
the receptors for ubiquitinated protein aggregates p62/
sequestosome 1 and HDACS (histone deacetylase 6).
Protein aggregate formation is a dynamic process;
large aggregates can be formed by the self-assembly of
denatured monomeric proteins or oligomeric seeds. These
can be present throughout the cytoplasm and grow into
small aggregates. They may be delivered into specialized
regions near the microtubule organizing center (MTOC)
and form the so called aggresomes (Kopito, 2000), which
share biochemical and molecular properties with inclusion
bodies in neurodegenerative disorders. In cultured cells
they can be located by the presence of y-tubulin, which
is a constituent of the MTOC (Richter-Landsberg, 2008).
Aggresomes contain a variety of HSPs, ubiquitinated pro-
teins, constituents of the proteasome and the autophagic
pathway (Schwarz et al., 2012). The retrograde transport
of small aggregates is mediated by dynein motor proteins
and requires an intact cytoskeleton (Figure 3). Furthermore

© Ubiquitin

Figure 3: Aggresome formation is a dynamic process.
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Misfolded ubiquitinated proteins are either degraded by the UPS or, when the UPS is impaired or overloaded, assemble as small aggre-
gates in the periphery. HDAC6 promotes delivery of these ubiquitinated aggregates by a dynein-mediated retrograde transport along the
microtubule tracks to the MTOC. Tubulin acetylation and the association of HDAC6 with the dynein motor protein enables this process.
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ubiquitin-binding linker proteins are involved, including
HDACS6 (see below). The process is disturbed by MT desta-
bilizing drugs such as nocodazole (Bauer and Richter-
Landsberg, 2006). Aggresomes sequester toxic oligomeric
species and their formation enables efficient degradation
of aggregated proteins by autophagy.

The timely sequence of aggregate or aggresome for-
mation is difficult to follow/ in animal models. Hence,
to study the molecular events accompanying protein
aggregate formation, we have used primary rat brain oli-
godendrocytes and an oligodendroglial cell line, namely
OLN-93 cells, which was developed in our laboratory
(Richter-Landsberg and Heinrich, 1996). We have shown
that proteasomal inhibition by MG-132 (carbobenzoxy-L-
leucyl-L-leucyl-L-leucinal) in oligodendrocytes led to the
ubiquitination of tau, to the upregulation of the small
HSP oB-crystallin, its association with the MTs and tau,
and to the appearance of tau-positive aggregates resem-
bling inclusion bodies observed in tauopathies with glial
pathology (Dabir et al., 2004; Goldbaum and Richter-
Landsberg, 2004). Using OLN-93 cells, genetically engi-
neered to stably express the longest human isoform of tau
(4R2N), namely OLN-t40 cells, it was demonstrated that
after tau hyperphosphorylation, induced by okadaic acid
and proteasomal inhibition, stable fibrillary tau deposits
were established (Goldbaum et al., 2003). In addition,
non-fibrillary aggresomes in the vicinity of the MTOC were
formed after proteasomal inhibition alone in a time and
concentration-dependent manner (Bauer and Richter-
Landsberg, 2006).

Ubiquitination is a reversible process, balanced by
the actions of E3 ligases and deubiquitinating enzymes
(DUBSs). For proteasomal degradation the ubiquitin chains
attached to the protein need to be removed before the sub-
strate enters the proteolytic chamber of the proteasome.
DUBs represent a large group of enzymes, which oppose
the actions of E3 ligases, they maintain ubiquitin home-
ostasis, edit polyubiquitin chains, and prevent protea-
somal ubiquitin degradation together with the substrates
(Amerik and Hochstrasser, 2004; Komander et al., 2009;
Todi and Paulson, 2011). Using PR-619, a cell permeable,
broad-range inhibitor of deubiquitylases and ubiquitin-
like isopeptidases (Altun et al., 2011), we could show that
DUB inhibition in oligodendroglial OLN-t40 cells caused
the time- and concentration-dependent induction of
HSPs. Protein aggregates were formed, positively stained
by antibodies against ubiquitin, aB-crystallin, HSP70 and
p62, which increased in size over time and appeared as
large deposits near the cell nucleus (Seiberlich et al., 2012).
In addition, small tau aggregates were formed around
the MTOC, but these did not colocalize with ubiquitin
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immunoreactivity. Besides the effect on protein aggregate
formation, DUB inhibition by PR-619 also caused the
alteration of the MT network. MTs appeared stabilized
and more bundled, which resembled the effects of taxol,
a MT stabilizing drug. This was not observed in OLN cells
not expressing tau. Furthermore, DUB inhibition caused
the inhibition of tau phosphorylation at the PHF-1 epitope,
which increases its MT-binding capacity. This was sus-
tained by an MT-binding assay, demonstrating that treat-
ment with PR-619 enhanced the amount of tau binding to
the MTs (Seiberlich et al., 2012). These effects most likely
contribute to the observed stabilization and increased
bundling of the MTs.

Taken together, the importance of the ubiquitin
dependent pathways in the nervous system has become
increasingly clear over the past years, and a loss of protea-
somal function may contribute to neurodegenerative dis-
eases and aging. In this respect DUBs have to be considered
in pathological processes, as they are critically involved
not only in balancing protein degradation pathways and
protein aggregate formation, but also in maintaining the
cellular architecture which is important for survival and
functionality of neural cells (Seiberlich et al., 2012).

Tau acetylation and the role
of HDAC6

Protein acetylation and deacetylation has emerged as
a key regulatory mechanism, which is modified during
a variety of stress situations. It plays a crucial role in
pathological contexts including neurodegeneration, and
is of importance in the regulation of autophagy (Trué
and Matthias, 2012; Banreti et al., 2013). Acetylated tau
was recently detected in glial and neuronal inclusions
in tauopathies (Min et al., 2010; Cohen et al., 2011; Irwin
et al., 2012). Tau acetylation at lysine 280 has been sug-
gested to be a pathological modification contributing to
tau-mediated neurodegeneration, as this modification
inhibits its function and promotes pathological tau aggre-
gation (Cohen et al., 2011). Impaired MT assembly and the
promotion of tau fibrillization in vitro were observed, and
enhanced acetylation of tau was shown to block its ubig-
uitination and turnover (Min et al., 2010).

Lysine acetylation and deacetylation was initially
studied in histones, but histone acetylases (HATs) and
histone deacetylases (HDACs) also have other non-histonal
substrates, present in the nucleus and cytoplasm. Acetyla-
tion of tau in neurons is mediated by p300 acetyltransferase
and CREB-binding protein (CBP) possibly at different sites
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(Cohen et al., 2011; Cook et al., 2014). Experiments carried
out by Min et al. (2010) suggested that the deacetylase
sirtuin 1 (SIRT1), which is localized exclusively in neurons,
may be involved in tau deacetylation. Other studies using
antibodies against tau acetylated on K280, which recog-
nize an epitope present in the second MT-binding repeat,
pointed to the involvement of HDAC6, while SIRT2 was
excluded (Cohen et al., 2011). SIRT2 is another HDAC with
tubulin deacetylase activity and represents a major deacet-
ylase in oligodendrocytes (Harting and Knoll, 2010).
HDACS6 is mainly localized in the cytosol, and many
activities of HDAC6 are exerted through its modulatory
effects on cytoskeletal proteins (for recent reviews see,
Boyault et al., 2007; Li et al., 2011; Richter-Landsberg and
Leyk, 2013). HDAC6 deacetylates substrates other than
histones, in particular o-tubulin, cortactin and HSP90.
o-Tubulin was the first HDAC6 substrate identified and
HDACS is often referred to as a tubulin deacetylase. Acety-
lation of a-tubulin occurs mainly on polymerized microtu-
bules at lysine 40, while deacetylation has been observed
preferentially on depolymerized tubulin in a rapid process
(Matsuyama et al., 2002). Human HDAC6 has unique struc-
tural features (Figure 4). It contains two deacetylase cata-
lytic domains, i.e. DD1 and DD2, and two regions that are
responsible for its localization: a domain responsible for
its stable retention in the cytoplasm, i.e. SE14 (a Ser-Glu-
containing tetradecapeptide), and a conserved nuclear
exclusion domain NES, which prevents its accumulation
in the nucleus. Furthermore, HDAC6 is characterized by
the presence of a zinc-finger motif in the C-terminal end,
which in its central part is similar to regions found in a
variety of ubiquitin-specific proteases (ZnF-UBP). This
domain enables HDAC6 to bind to mono- and poly-ubig-
uitinated proteins with a high specificity. Additionally, a
dynein binding domain (DMB) is present. This region is
essential for the dynein motor-based transport of ubiqui-
tinated proteins along the microtubules to the aggresome
(Kawaguchi et al., 2003). The various functions of HDAC6
depend on its deacetylase activity on the one hand and
on its ubiquitin-binding capacity on the other hand. For

DMB
N ENES== DD1 = = DD2 === SE14 == ZnF-UBP=C
Nuclear Catalytic Dynein  Catalytic Cytoplasmic  Interaction with
exclusion  activity binding  activity anchoring ubiquitinated

proteins

Figure 4: Schematic illustration of the functional domains in HDAC6.
C, C-terminus; DD1 and DD2, catalytic domains 1 and 2; DMB, dynein
binding domain; N, N-terminus; NES, nuc lear export signal; SE14,
Ser-Glu-containing tetradecapeptide repeat domain; ZnF-UBP, zinc-
finger ubiquitin-binding domain.
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o-tubulin deacetylation the second domain of HDAC6
seems to be important. Increased acetylation of tubulin
exerted by the treatment with tubacin, a specific inhibi-
tor of DD2, resulted in increased acetylation of o-tubulin
(Haggarty et al., 2003). This caused a slowdown in the rate
of microtubule growth and shrinkage. Acetylation affects
microtubule dynamics rather than microtubule stabil-
ity, and acetylation of o-tubulin plays an important role
in motor-based trafficking in mammalian cells. Kinesin-1
and dynein, proteins, which are involved in transport of
cargos along the microtubule tracks, bind more effectively
to acetylated microtubules, which leads to a stimulation
of anterograde and retrograde transport processes (Perdiz
etal., 2011).

Tau has been identified as an interaction partner of
HDACS6. The association of HDAC6 with tau was shown
in cell culture models and in human brain tissue, and
was potentiated after proteasomal inhibition (Ding et al.,
2008). HDAC6 interacts via its SE14 region with the MT-
binding domain of tau, an interaction that is neither
dependent on the deacetylase activity nor on the UBP
binding domain of HDAC6. Also, tau co-immunoprecipi-
tated with HDAC6 in control and AD brain extracts. Perez
et al. (2009) demonstrated that an excess of tau binds to
HDAC6 and decreases its deacetylase activity, and thus
can act as an inhibitor of HDAC6.

We recently have shown that HDAC6 is present in
oligodendrocytes, and involved in tau and o-tubulin dea-
cetylation (Noack et al., 2014). Pharmacological inhibition
of HDAC6 by the selective inhibitor tubastatin A led to an
increase in o-tubulin acetylation, morphological altera-
tions, MTs appeared more bundled and cellular processes
were elongated, similarly in primary oligodendroytes
and OLN-t40 cells (Figure 5). Treatment with tubasta-
tin A caused an increase in tau acetylation, determined
by the site specific acetylated K280 antibodies gener-
ated in the laboratory of Dr. Virginia Lee (Cohen et al.,
2011), and a reduction in its turnover. Acetylation of tau
occurred within the MT-binding domain. Concomitantly,
tubastatin A caused an increase in phosphorylation of
tau detected by the 12E8 antibody directed against Ser**°
and Ser*?, which is located within the MT-binding domain
and compromises the MT-binding activity of tau. Hence,
HDAC6 inhibition and the concomitant tau hyperacetyla-
tion exerts a modifying effect on tau phosphorylation also
in oligodendrocytes. Interestingly, HDAC6 inhibition in
primary cultures of oligodendrocytes, which express all
six tau isoforms, caused an increase in 4R-tau while 3R-tau
isoforms were diminished. As in tauopathies with oligo-
dendroglial pathology, i.e. PSP and CBD, 4R-tau pathology
is prominent, this might be of special importance.
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Figure 5: Effect of HDAC6 inhibition on microtubules in OLN-t40 cells.
OLN-t40 cells were treated with tubastatin A (TST, 10 um for 19 h) and indirect immunofluorescence was carried out using antibodies against
acetylated tubulin. MTs are heavily acetylated after treatment with TST and bundled. Co, Untreated control. Bar, 20 um.

HDAC6, protein aggregate
formation and autophagy

HDACS6 plays a central role in autophagy and aggresome
formation. Aggresome formation is considered to be a
protective means by segregating misfolded proteins with
cytotoxic potentials from the cytoplasmic environment.
This is particularly crucial for postmitotic cells like nerve
cells and the myelin forming oligodendrocytes, because
they lack the possibility to dilute protein accumulations
by cell division. As mentioned above, while aggregates
can assemble in the cell body and cellular processes of,
for example, neurons and glia, aggresomes are formed in
the perinuclear region at the MTOC and depend on coordi-
nated transport processes. HDAC6 has been identified as
a constituent of aggresomes, and cells deficient in HDAC6
are not capable of clearing protein aggregates from the
cytoplasm and fail to form aggresomes (Kawaguchi et al.,
2003; Iwata et al., 2005). HDAC6 binds to mono- and poly-
ubiquitinated chains with a preference for Ké63-linked
polyubiquitin chains, and mediates the retrograde trans-
port of ubiquitinated proteins along the MT tracks, via its
interaction with dynein motor proteins (Figure 3). Thus,
HDACS6 functions as a bridge between MTs and polyubiq-
uitinated proteins and is essential for their delivery to the
growing aggresome, and for their subsequent autophagic
degradation.

Another important role for HDAC6 is that it controls
autophagosome maturation and in particular the fusion
process of autophagosomes with lysosomes (Lee et al.,
2010). This is achieved through activation of the actin-
remodeling factor cortactin. The cytoplasmic protein
cortactin is involved in the regulation of the structural
dynamics of actin, it binds to filamentous actin (F-actin)

and promotes actin polymerization and microfilament
branching. Acetylation of cortactin impairs its interaction
with F-actin. HDAC6 activates cortactin by deacetylation,
and thus cortactin is recruited to the protein aggregates.
Deacetylation of cortactin initiates F-actin polymerization.
This promotes the assembly of a microfilament network,
which is necessary for the fusion of the autophagosome
with the lysosome and facilitates substrate degradation
(Boyault et al., 2007; Banreti et al., 2013).

The knowledge about HDAC6 in oligodendrocytes
and glial pathology is rather scarce. HDAC6 is a compo-
nent of glial cytoplasmic inclusions in multiple system
atrophy (Miki et al., 2011; Chiba et al., 2012), which is con-
sidered a primary oligodendrogliopathy, characterized by
oB-crystallin deposits in oligodendrocytes (Jellinger and
Lantos, 2010). As mentioned above, we have identified
HDACS6 as a tubulin deacetylase present in oligodendro-
cytes and have shown that in oligodendrocytes o-tubulin
and tau act as a substrate (Noack et al., 2014). In a recent
study we have analyzed the involvement of HDAC6 in
protein aggregate formation in oligodendrocytes. The
data show that after proteasomal inhibition by MG-132
HDAC6 and acetylated tau are recruited to the growing
aggregates, which contain other constituents of oligo-
dendroglial lesions, such as ubiquitin and oB-crystallin
(Leyk et al., 2015). After pharmacological inhibition of
HDAC6 by tubastatin A, acetylated tau is more prominent
in larger assemblies. Furthermore, after HDAC6 inhibi-
tion the assembly of MG-132-induced protein aggregates
is altered, protein aggregates appear more dispersed
throughout the cytoplasm. This is not a protective means,
but promotes apoptotic cell death, supporting the conclu-
sion that aggresome formation is a protective means and
that smaller oligomeric species or seeds of proteins are
rather toxic (Taylor et al., 2003; Richter-Landsberg and
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Bauer 2004). In addition, our data demonstrate that inhi-
bition of HDAC6 in oligodendrocytes leads to an increase
in the formation of autophagic vesicles, but impairs the
autophagic flux, which comprises the dynamic process of
autophagosome formation, the delivery of substrates to
the lysosomes, and their degradation (Leyk et al., 2015).
Hence, HDAC6, which may be considered as a stress sur-
veillance factor, contributes to stress responses and path-
ological processes in oligodendrocytes.

Concluding remarks

Oligodendrocyte differentiation and maturation is
dependent on an intact, spatially organized cytoskeleton
with dynamic properties. The myelinating cells of the
CNS have an elaborate network of microtubules, which
provides the tracks for organelle trafficking and intra-
cellular translocation of myelin gene products including
MBP mRNA. MAPs regulate the stability and growth of
MTs. In this respect tau proteins are of importance. A loss
of tau in oligodendrocytes disturbs MT stability and has
severe consequences on oligodendrocyte differentiation,
neuron-glia contact formation and the process of early
myelination, while tau overexpression impairs MT forma-
tion and cell survival. A characteristic hallmark of many
diseases is the abnormal accumulation of cytoskeletal and
cellular proteins. Their occurrence may be related to the
malfunctions of the proteolytic degradation systems, i.e.
the proteasomal system and the autophagic pathway. A
loss of tau functions occurs in tauopathies including AD,
PSP and CBD, and microtubule stabilizing drugs are being
discussed as therapeutic treatments to restore defects
in microtubule stability and axonal transport (Ballatore
et al., 2012). Protein acetylation and deacetylation may be
modified in response to stress situations and has emerged
as a key regulatory mechanism. Tau is a substrate for
HDACS6 and acetylation of tau is a posttranslational modi-
fication with a pathological impact and represents a novel
pathological signature in AD and other tauopathies (Irwin
et al., 2012). Targeting the aggresome-autophagy pathway
and HDAC6 is a promising avenue for therapeutic inter-
vention, which may modify disease progression and
promote cell survival.
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