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Cilia are evolutionarily highly conserved organelles with important functions in many
organs. The extracellular component of the cilium protruding from the plasma membrane
comprises an axoneme composed of microtubule doublets, arranged in a 9 + 0
conformation in primary cilia or 9 + 2 in motile cilia. These microtubules facilitate
transport of intraflagellar cargoes along the axoneme. They also provide structural
stability to the cilium, which may play an important role in sensory cilia, where signals
are received from the movement of extracellular fluid. Post-translational modification of
microtubules in cilia is a well-studied phenomenon, and acetylation on lysine 40 (K40)
of alpha tubulin is prominent in cilia. It is believed that this modification contributes
to the stabilization of cilia. Two classes of enzymes, histone acetyltransferases and
histone deacetylases, mediate regulation of tubulin acetylation. Here we use a genetic
approach, immunocytochemistry and behavioral tests to investigate the function of
tubulin deacetylases in cilia in a zebrafish model. By mutating three histone deacetylase
genes (Sirt2, Hdac6, and Hdac10), we identify an unforeseen role for Hdac6 and Sirt2 in
cilia. As expected, mutation of these genes leads to increased acetylation of cytoplasmic
tubulin, however, surprisingly it caused decreased tubulin acetylation in cilia in the
developing eye, ear, brain and kidney. Cilia in the ear and eye showed elevated levels of
mono-glycylated tubulin suggesting a compensatory mechanism. These changes did
not affect the length or morphology of cilia, however, functional defects in balance
was observed, suggesting that the level of tubulin acetylation may affect function of
the cilium.
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INTRODUCTION

Cilia are microscopic microtubule-based structures necessary for
the function of many signal transduction cascades, including
those involved in vision, hearing, olfaction, and embryonic
patterning (Omori and Malicki, 2006; Burcklé et al., 2011;
Malicki, 2012). Cilia dysfunction is connected with the
development of many diseases with a wide spectrum of
phenotypes – including obesity, polydactyly, situs inversus,
and retinal degeneration – collectively known as ciliopathies
(Afzelius, 2004; Omori and Malicki, 2006; Omori et al., 2008;
Waters and Beales, 2011; Borgal et al., 2012; Ran et al.,
2015). Typically, a cilium contains nine doublets of outer
microtubules (9 + 0). In addition, most motile cilia contain
two doublets in the center (9 + 2) (Novarino et al., 2011).
Microtubules are built from α and β tubulin subunits. However,
a vast number of post-translational modifications, including de-
tyrosination and the related 12 modifications, glutamylation,
glycylation, palmitoylation, phosphorylation, and acetylation,
affect not only dynamics of microtubules, but also their
organization and interaction with other cellular components
(Song and Brady, 2015). Acetylation is a dynamic and reversible
process regulated by two classes of competing enzymes, histone
acetyltransferases (HATs) and histone deacetylases (HDACs).
Despite their nomenclature, these enzymes also act on many
substrates other than histones, including tubulin. Acetylation
of tubulin lysine 40 (K40) is believed to enhance microtubule
and cilia stability and has been shown to affect cilia length
in adipocytes (Nakakura et al., 2015; Forcioli-Conti et al.,
2016). Furthermore, it has been suggested that acetylation of
tubulin plays a role in kinesin-mediated transport (Reed et al.,
2006). Importantly, deacetylation of tubulin in the axoneme was
shown to be one of the events initiating cilia disassembly in
adipocytes, hTERT-RPE1, IMCD-3 murine, and Caki-1 human
renal cell lines, suggesting it has a critical role in ciliary dynamics
(Pugacheva et al., 2007; Loktev et al., 2008; Forcioli-Conti et al.,
2016).

HDACs are divided into 4 classes: class 1 (HDAC1, 2, 3, and
8), class 2a (HDAC4, 5, 7, and 9), class 2b (Hdac6 and 10), class
3 (SIRT1-7) and class 4 (HDAC11). The common features of
classes 1, 2, and 4 are a zinc-dependent catalytic domain with a
high degree of homology, and a number of accessory domains
with regulatory functions (Miyake et al., 2016). In contrast,
class 3 members are called sirtuins, which are NAD-dependent
deacetylase enzymes and are related to the yeast protein Sir2
and evolved separately from other classes (Menegola et al., 2006;
Guo et al., 2007; Zhao et al., 2010). Class 1 enzymes are widely
expressed; class 2 and 4 enzymes are tissue-specific; class 3 is
mostly expressed in neurons and muscles. Moreover, class 1
and 4 HDACs were reported to be nuclear, whereas class 2
and 3 HDACs shuttle between the nucleus and the cytoplasm
(Menegola et al., 2006).

Hdac6 and Sirt2 were identified as the main cytoplasmic
tubulin deacetylases (Hubbert et al., 2002; Inoue et al., 2007).
Hdac6 was shown to localize in cilia and deacetylate axonemal
tubulin which was suggested to be required for resorption
of the cilium in various cell types (Pugacheva et al., 2007;

Prodromou et al., 2012; Ran et al., 2015). This process was
shown to be mediated by HEF-1 stabilized AurA1 kinase and
Hdac6 phosphorylation (Pugacheva et al., 2007). Furthermore,
interaction of Hdac6 with other proteins such as death inducer
obliterator (Dido3) or cortactin was shown to affect cilia length
and cilium resorption, respectively (Luxton and Gundersen,
2007; Zhang et al., 2007; de Diego et al., 2014; Ran et al.,
2015). Hdac5 is another HDAC suggested to be responsible for
tubulin deacetylation, however, its functions seem to be limited
to peripheral nervous system (PNS) neurons and linked with
responding to injury, whereas Hdac6 function seems to be more
uniform (Chen and Rolls, 2012).

Hdac6 is the only HDAC family member that contains
a fully duplicated class I/II HDAC-homology domain. This
feature allows identification of Hdac6 orthologs in invertebrates,
Drosophila melanogaster and Caenorhabditis elegans, and plants
such as Arabidopsis thaliana (Boyault et al., 2007). The distinctive
feature of the Sir2 family is the presence of a ∼200-amino-
acid domain responsible for the NAD+-dependent deacetylase
activity, which is well conserved in a wide variety of proteins
from yeast to humans (Vaquero et al., 2006). Conservation of
these domains across the species is a result of their interaction
with many proteins, having role in a multitude of biological
processes including transcription, cell signaling, inflammation,
protein degradation, cell survival, angiogenesis, cell motility and
cilia resorption (Hook et al., 2002; Matsuyama et al., 2002; Aoyagi
and Archer, 2005; Kwon et al., 2007; Pugacheva et al., 2007;
Tang et al., 2007; Zhang et al., 2007, 2008; Kaluza et al., 2011;
Riolo et al., 2012; Li et al., 2013; Zhou et al., 2014). Interestingly,
recent bioinformatics data points to a high level of promoter
conservation among HDAC genes with the exception of HDAC5,
7, and 10 (Boltz et al., 2019).

Data obtained in mice show that Hdac6 deficient mice develop
normally and are fertile regardless of increased acetylation of
tubulin in most tissues (Zhang et al., 2008; Fukada et al., 2012).
However, these mice display hyperactivity and lower levels of
anxiety (Fukada et al., 2012). Similarly, Sirt2 mice mutants
do not show developmental problems and activity of Sirt2 in
hippocampus was linked to alternation in depressive behaviors
(Bobrowska et al., 2012; Liu et al., 2015). Role of Hdac10 in
vertebrate development was not described up to date, however,
mutations in Hdac10 were linked to poor prognosis regarding
several cancer types (Hai et al., 2017; Islam et al., 2017; Li et al.,
2020; Yu et al., 2021).

In order to study the role of deacetylases in cilia formation
and function, we created loss of function zebrafish mutants in
three deacetylases: hdac6, hdac10, and sirt2. Hdac6 and Sirt2
are well described tubulin deacetylases and both were shown to
affect cilia in vitro (Jing et al., 2007; Pugacheva et al., 2007; Zhou
et al., 2014; Ran et al., 2015). The function of Hdac10 is poorly
understood, but because of high similarity of the amino acid
sequence with Hdac6, we predicted it may have a role in tubulin
deacetylation. We present evidence that tubulin acetylation is
regulated by Hdac6 and Sirt2 in zebrafish. Surprisingly, we also
show that tubulin acetylation in a subset of cilia is reduced in
the hdac6 mutant, and that the effect is enhanced when hdac6
and sirt2 are both mutated. These data suggest the existence
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of organelle-specific regulation of tubulin acetylation in cilia.
Finally, our data suggest functional relevance of these changes,
as triple mutant larvae display impaired balance recovery after
disorientating stimuli.

RESULTS

Generation of hdac6, hdac10, and sirt2
Loss of Function Alleles in Zebrafish
To investigate the role of tubulin deacetylation in cilia assembly
and maintenance, we generated mutants in two HDACs which
contain Zn2+ binding domains: Hdac6 and the related Hdac10
(both class 2b), and in one NADH-dependent deacetylase: Sirt2.
Mutations were generated using TALEN and CRISPR/Cas9
mutagenesis in zebrafish (Danio rerio) (Zu et al., 2013); Heler
et al., 2014; Sander and Joung, 2014). By targeting hdac6 with a
TALEN, we obtained 3 mutant alleles containing deletions of 2,
8, and 14 bp. The 14 bp deletion allele (Figures 1A,B) was used
for further analysis. This results in a frameshift and a premature
stop codon at amino acid position 95 of 1081 (Figures 1B,C).
Targeting the hdac10 gene with CRISPR resulted in one mutant
allele harboring an 11 bp deletion. This mutation also causes
a frameshift and the appearance of a premature stop codon at
amino acid position 147 of 676 (Figures 1B,C). Lastly, we used
CRISPR to generate several Sirt2 mutant alleles, including a 2 bp
deletion, and a 2 bp deletion combined with a 24 bp insertion. The
second allele, which results in a frameshift and a premature stop
codon at amino acid position 46 of 379 (Figures 1B,C), was used
in further studies. Although all three mutations are predicted to
delete significant portions of the protein and conserved domains,
homozygotes for these mutations do not display any obvious
external phenotype, are viable, and fertile (Figure 1A). No overt
defects were observed in homozygous progeny of homozygous
in-crosses, excluding the possibility of maternal contribution of
wild type mRNA masking any role in early development. To
investigate whether these mutations lead to loss of function, we
analyzed the levels of the relevant mRNA in 5 dpf larvae. This
confirmed that hdac10 and sirt2 mutations lead to significant
reductions in mRNA levels, indicating nonsense-mediated decay
(Figure 1E and Supplementary Figure 1). However, the hdac6
mutation significantly elevated the level of its mRNA in single
mutants, and this pattern was maintained in hdac6; hdac10
and hdac6; sirt2 double mutants, and hdac6; hdac10; sirt2 triple
mutant (hereafter named the Triple mutant) (Figure 1E and
Supplementary Figure 1). Hdac6 might therefore negatively
regulate its own expression at the transcriptional level. We did
not detect cross-compensatory effects between these genes at the
expression level.

Since Hdac6 and Hdac10 possess highly similar catalytic
domains (although, the second domain of Hdac10 is described
as inactive (de Ruijter et al., 2003; Tong et al., 2002), we
hypothesized that they may act redundantly. To test this,
we generated hdac6;hdac10 double mutants. Similar to single
mutants, these animals are viable and fertile and do not exhibit
an overt external phenotype (Figure 1D). Since Hdac6 and
Sirt2 were found to interact physically and catalyze tubulin

deacetylation in vitro (North et al., 2003; Nahhas et al., 2007),
we also generated hdac6;sirt2 double mutants. Again, no overt
phenotypes were visible, and double mutant fish were viable
and fertile (Figure 1D). We showed that this was also the
case for hdac6; hdac10; sirt2 triple mutants (Figure 1D and
Supplementary Figure 1). Therefore, the lack of a strong visible
phenotype in single, double or triple mutants is not due to
functional compensation involving these genes.

Characterization of Tubulin Acetylation in
hdac6, hdac10, and sirt2 Mutant
Zebrafish
To investigate whether loss of function alleles in hdac6, hdac10,
and sirt2 affect levels of tubulin acetylation in vivo we examined
protein extracts from the eyes of single, double and triple mutant
adults by Western Blotting. Each mutation appears to result
in a higher level of tubulin acetylation when normalized to
overall tubulin level (Figures 2A,B). The effect is enhanced
and becomes statistically significant in the double mutants of
hdac6 and sirt2. The mutation in hdac10 has only minimal
or no effect on tubulin acetylation. Tubulin acetylation in
triple mutant eye tissue does not differ from double mutants
for hdac6 and sirt2 (Figures 2A,B). This finding is further
supported by immunostaining of zebrafish eye cryosections
(Figures 3E,F) and immunostaining of wholemount embryos
showing elevated levels of acetylated tubulin within embryonic
tissues (Supplementary Figure 2).

Acetylation of Ciliary Axonemal Tubulin
Tubulin acetylation is associated with long lived microtubules
such as axonemal microtubules (Janke and Montagnac, 2017).
We reasoned that disrupting tubulin deacetylating enzymes
may affect cilia morphology and function, as inhibition of
Hdac6 was shown to stabilize cilia from regulated resorption
(Luxton and Gundersen, 2007; Pugacheva et al., 2007; de Diego
et al., 2014; Ran et al., 2015). To evaluate acetylation of ciliary
microtubules, we immunostained triple mutant embryos using
anti-acetyl-α-tubulin (Lys40) (D20G3), a well-characterized and
highly specific antibody that recognizes acetylated tubulin and
is commonly used in cilia visualization (Skoge and Ziegler,
2016; Viau et al., 2018; Sheu et al., 2019; Zhang et al., 2019).
This analysis revealed increased acetylation of cytoplasmic
microtubules in triple mutants compared to wild type (Figure 3A
and Supplementary Figure 2). Surprisingly, we observed that
hair cell kinocilia in cristae and macule of the inner ear in triple
mutants are barely immunoreactive at 3 days post fertilization
(dpf) (Figures 3A,G). This phenotype is observed as early as
1 dpf, when macule cilia are formed, and is also visible at 5 dpf
(Figures 3B,C and Supplementary Figure 3). This phenotype
is not limited to cilia in the ear and was observed in kidney,
skin, and brain, at 1 dpf (Supplementary Figure 3). To evaluate
this phenotype further, we investigated the impact of single and
double knockouts on tubulin acetylation in cilia in the ear. Hdac6
mutation decreased tubulin acetylation in kinocilia of cristae hair
cells at 5 dpf by 20%, whereas mutations in either hdac10 or sirt2
did not show any significant effect. The combined mutation of
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FIGURE 1 | 1.5-year-old zebrafish do not display any obvious external phenotype. (A) Pictures of single mutant fish were taken at 1.5 year – single mutation did not
cause any visible abnormalities. (B) Comparison of wild type and mutated sequences for hdac6 and hdac10 and sirt2 genes, the first changed amino acid caused
by frameshift is indicated in red. (C) Schematic representation of proteins of interest – the red mark shows the premature stop codon caused by the mutation.
(D) External phenotypes of double mutants and triple mutants. (E) qPCR results showing expression levels for hdac6, hdac10, and sirt2, relative to b-actin level and
normalized to wild type (t-test ***p < 0.005).

FIGURE 2 | Level of tubulin acetylation in adult fish eyes. (A) Western blot showing changes in tubulin acetylation in hdac mutants. (B) Quantification of Western blot
signals normalized to actin loading controls (Mean with SEM n = 4. One-way ANOVA *p < 0.05, **p < 0.01). ns, no significant.

hdac6 and sirt2 resulted in a decrease of ciliary tubulin acetylation
by 60% compared to the control. Hdac10 mutation did not
affect ciliary tubulin acetylation even when combined with hdac6,

or hdac6, and sirt2 (Figure 3H). As reliable antibodies against
zebrafish hdac6 are not commercially available to confirm the role
of Hdac6 in the observed phenotype we utilized a chemical Hdac6
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FIGURE 3 | Decrease of acetylation in cilia in hdac mutants. (A) Comparison of levels of tubulin acetylation (green) between 3 dpf wild-type embryos and triple
mutant embryos in cristae and macule. Squares shows zoomed in areas. (B–D) Double staining for acetylated (green) and glutamylated (red) tubulin, 5 dpf of wild
type and triple mutants. (B) cristae (C) macule, and (D) nose. (E) Increased tubulin acetylation (green) of cell bodies in the retina of 5 dpf embryos, and increased
levels of mono-glycylation in a subset of cilia (red). (F) Zoom of connecting cilia increased mono-glycylation as well as a lower level of acetylation in the triple mutants.
(G) Level of tubulin acetylation in cilia in wild type and triple mutants, normalized to wild type, for cristae and macule of 3 dpf embryos. (I) Unaffected level of
acetylation in nose cilia. Change of cristae (H) macule (J) and cilia tubulin acetylation in hdac6, hdac10, sirt2, hdac6/hdac10, hdac6/sirt2, and triple mutants.
(K) Comparison of cilia length between wild type and triple mutants in cristae (anterior and lateral posterior) macule and nose. (L) Decrease in connecting cilium
axoneme acetylation in photoreceptors in triple mutants and M) increase in tubulin mono-glycylation in triple mutant cilia. Asterisks show increased level of tubulin
acetylation in cell bodies. [Mean with 95% CI. (G,I,L,M) t-test *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.0001]. ns, no significant. [(H,J,K) one-way ANOVA
*p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.0001]. ns, no significant.

inhibitor, CAY-10603 (Figure 4 and Supplementary Figure 3)
(Bitler et al., 2017). This drug was chosen over a more commonly
used broad-range HDAC inhibitor trichostatin A (TSA) to avoid
interference by inhibition of HDAC1, which severely affects
zebrafish eye and inner ear development (Harrison et al., 2011;
Finnin et al., 1999; Yamaguchi, 2005; He et al., 2016). We
observed a tubulin hypoacetylation phenotype in kinocilia of

cristae of wild-type zebrafish embryos treated with 5 µM of CAY-
10603 from 6 to 72 hpf. Tubulin acetylation in cilia was decreased
by 35% and was not significantly different from the hdac6 single
mutant (Figure 4). Only treatment at 6 h post fertilization
resulted in the hypoacetylated phenotype in crista kinocilia, and
fish treated at 24 and 48 hpf do not display this phenotype
(Supplementary Figure 3). This is interesting as cilia in the ear

Frontiers in Cell and Developmental Biology | www.frontiersin.org 5 June 2021 | Volume 9 | Article 676214

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-676214 June 28, 2021 Time: 12:5 # 6

Łysyganicz et al. Tubulin Hypoacetylation in Zebrafish Cilia

FIGURE 4 | Chemical inhibition of Hdac6. (A) Effects of 72-h treatment with 5 µM CAY-10603 hdac6 inhibitor and hdac6-/- mutation on tubulin acetylation in cristae
cilia of 3 dpf old embryo. (B) Tubulin acetylation level normalized to wt. Arrowheads point cilia. (t-test ****p < 0.0001. ns, no significant. nwt = 32 nhdac6 = 17
nCAY 10603 = 19).

are formed around 18 hpf, which would suggest that the observed
hypoacetylation of axoneme occurs during ciliogenesis rather
than being the result of later modifications (Whitfield, 2020).

To determine whether this phenotype is consistently observed
in cilia of other tissues, we investigated kinocilia in inner ear
macule, the connecting cilium of photoreceptor cells in the eye,
and cilia in the nasal duct Tubulin acetylation in the kinocilia
of inner ear macule was reduced in hdac6, hdac10, sirt2 single
mutants, and hdac6; hdac10 double mutants. In the hdac6; sirt2
double mutant and the triple mutant tubulin acetylation in cilia
was reduced by 40%, compared with the control (Figure 3J).
Tubulin acetylation in connecting cilia of photoreceptor cells
of triple mutant retinae showed a 20% reduction compared
to control (Figures 3E,F,L). Together these analyses show a
consistent effect of loss of function of hdac6 and sirt2 on
cilia tubulin acetylation in vivo. However, it appears that the
magnitude of this effect differs in different cells, being strongest
in cristae, intermediate in macule, and weakest in the specialized
connecting cilium found in photoreceptors, whereas acetylation
of cytoplasmic tubulin is uniformly increased (Figures 3A,E and
Supplementary Figure 2). Finally, olfactory cilia in the nose
of triple mutant embryos displayed normal levels of tubulin
acetylation in cilia (Figures 3D,I).

To investigate possible abnormalities in cilia morphology,
and the potential impact on other tubulin modifications that
may modulate ciliary stability, embryos were stained with
the following antibodies: GT335, against poly-glutamylated
tubulin, and TAP952, against mono-glycylated tubulin. These
experiments showed that hdac6, sirt2, or hdac10 knockout does
not affect ciliary axoneme length or shape in cristae or macule

(Figure 3K). Our analysis indicates that lower levels of tubulin
acetylation in the axoneme of triple mutants is correlated with
increased levels of tubulin mono-glycylation, but not tubulin
glutamylation, in ear kinocilia (Figures 5A–D) and in the
connecting cilium of photoreceptor cells (Figures 3E,F,M).

We also considered the possibility that increased tubulin
acetylation leads to reduced expression of alpha-tubulin
acetyltransferase1 gene (ATAT-1). A lower level of acetylated
ciliary tubulin, we hypothesized, could be a response to elevated
acetylation levels inside the cell body leading to decreased
expression levels of ATAT-1 via negative feedback. To test this,
we compared expression levels between wild-type and triple
mutant embryos in 5 dpf larvae, using qPCR. This analysis
shows that the level of ATAT-1 expression is not changed
significantly in response to mutation in hdac6, hdac10, and sirt2
genes (Figure 6).

Loss of HDAC Genes Leads to
Behavioral Changes
Kinocilia in the inner-ear are responsible for detecting both
static and dynamic balance. Static balance is the response to
linear motion and gravity, which is detected by the utricle and
saccule located within the vestibule (Forcioli-Conti et al., 2016).
Dynamic balance involves the response to rotational motion
such as turning. This is detected by cristae cilia in the semi-
circular canals in response to movement of the gel-like cupula,
in which the kinocilia are embedded and are fully functional
as early as 3 weeks of age (Akella et al., 2010; Baxendale and
Whitfield, 2016). Cilia damage in the inner ear and ciliopathies
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FIGURE 5 | Increase in mono-glycylation, but not poly-glutamination, of tubulin in triple mutant cilia. Green acetylated tubulin, red (A) poly-glutamylated tubulin (B)
mono-glycylated tubulin Blue DAPI. (C,D) signals normalized to wild type. t-test ***p < 0.05. ns, no significant.

such as Usher syndrome are shown to affect the vestibular system
(Renga, 2019; Whatley et al., 2020). Growing evidence links
acetylation of tubulin to rigidity and resistance to mechanical
stress (Szyk et al., 2014; Portran et al., 2017, Eshun-Wilson
et al., 2019). Therefore, we hypothesized that cilia containing
hypoacetylated tubulin, in the triple mutants, may be more
vulnerable to accumulative mechanical damage. To evaluate this
hypothesis, we induced mechanical stress on cilia in the ear, by
placing tubes containing 5 dpf larvae (in E3 solution) on a vertical
rotor at 30 rpm, for 30 min. Similar to the effect of a roller coaster
in humans, movement of the otolith, physically coupled to hair
cell kinocilia in the macule, should exert force, due to gravity
and centrifugal forces, which disorientates the larvae. To quantify
the ability of zebrafish larvae to recover from mechanical stress,
we measured their recovery immediately after being removed
from the rotor and placed in a 10cm dish. After 30 min of
rotation, wild type fish commenced swimming within 1 min,
whereas the majority of the triple mutant fish remained immotile

for 20 min (Figure 7 and Supplementary Figure 4). Without
introduction of stimulus, wild type and triple mutant swimming
patterns did not visibly differ (Figure 7). These data show that the
triple mutant was significantly more susceptible to balance loss
after stimulus. To investigate possible cilia damage, we visualized
ciliary tubulin using the anti-mono-glycylated tubulin antibody
(TAP952) (Figure 7). The staining did not reveal any visible
damage or breaks in ciliary axonemes. Furthermore, no difference
in the number of cilia was observed (Figure 7).

DISCUSSION

In keeping with existing mouse models (Fukada et al., 2012),
we find that inactivation of hdac6 or sirt2 does not cause a
visible external phenotype in D. rerio. No overt phenotypes
characteristic of cilia dysfunction, such as body curvature,
hydrocephalus, kidney cysts or retinal degeneration were
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FIGURE 6 | ATAT-1 and Tubulin mRNA expression levels relative to b-actin expression in Wild type and triple mutants. (nwt = 4 ntri = 6 mean with 95% CI.). ns, no
significant.

observed in homozygous mutants or their progeny, ruling out
maternal contribution as a modifying factor (Sullivan-Brown
et al., 2008; Shi et al., 2017; Maerz et al., 2019).

The critical role of cilia in a variety of biological processes,
from early embryonic development, signal transduction and
metabolism, to its role in mechanical functions such as sperm
motility or synchronized wave-like movements removing mucus
from the lungs connects these organelles with a myriad of
diseases, syndromes, and dysfunctions (Malicki and Johnson,
2017; Reiter and Leroux, 2017). Here we describe effects of hdac6
and sirt2 proteins on tubulin acetylation in cilia, in a subset
of zebrafish tissues, including cilia in the retina, ear, kidney,
and brain. In vitro data suggests a crucial role of Hdac6 in
resorption of primary cilia, as deacetylation of axonemal tubulin
was suggested to be the event triggering the process (Pugacheva
et al., 2007; Ran et al., 2015). Therefore, our prediction was that
hdac6 mutants would have increased acetylation and perhaps
defects in resorption as a result what would lead to prolonged
detectability of non-tether cilia in zebrafish otic vesicle (Stooke-
Vaughan et al., 2012). Additionally, Hdac6 interacts with other
proteins contributing to cilia resorption such as DIDO3 and
cortactin furthermore strengthening our predictions (Pinho et al.,
2016). Moreover tubulin acetylation is linked to efficiency of
kinesin transport along microtubules, and kinesin mutations
can the affect the presence or size of cilia (Reed et al., 2006;
Pooranachandran and Malicki, 2016; Balabanian et al., 2017;
Novas et al., 2018). Contrary to our expectations, mutants
did not show any difference in length, or number of cilia in
cristae. This is in contrast with published findings that Sirt2 and
Hdac6 control cilium length in adipocytes, and suggests that
roles of these genes in cilia maintenance are cell type specific
(Forcioli-Conti et al., 2016).

Western blot analysis indicated that the level of tubulin
acetylation was elevated in hdac6, hdac10 and sirt2 mutants

and their combinations, particularly in hdac6 and sirt2 double
mutant. The deacetylase domains of Hdac6 and Hdac10 are very
similar, suggesting that in hdac6;sirt2 double mutants there may
be compensation by Hdac10. By mutating hdac10 in addition
to hdac6 and sirt2 we excluded any possible redundancy in
tubulin acetylation. However, a recent in vitro study has shown
low catalytic activity of Hdac10 toward acetylated tubulin and
suggested that its primary substrate is N8-acetylspermidine
(Hai et al., 2017). Various studies link spermidine homeostasis
with increased acetylation of structures involved in retrograde
transport of autophagosomes, including microtubules (Phadwal
et al., 2018).

Surprisingly, and contrary to our expectations, mutation
in hdac6 caused tubulin hypoacetylation in ear kinocilia
and this phenotype was enhanced when combined with a
mutation in sirt2. This phenotype was also observed in
motile cilia in the brain and kidney as well as in macule
kinocilia in larvae at 1 dpf. These observations may imply
that either transport of the acetylase responsible for tubulin
acetylation into the cilium is impaired, or that the predominant
tubulin acetylase enzyme is regulated by hdac6 and sirt2.
A similar but less pronounced phenotype was observed in
connecting cilia of photoreceptors in the retina. However,
tubulin acetylation in cilia in the olfactory system was not
affected. This suggests tissue specificity of the phenomenon.
Extensive research by Nakakura describing ATAT-1 localization
in various rat tissues (Nakakura et al., 2016), revealed that
the mechanisms by which ATAT-1 acetylates microtubules
differ between tissues. ATAT-1 not only localizes to different
intracellular compartments of different tissues, but sometimes do
not correspond with acetylated microtubules. This difference in
mechanism of acetylation may explain the differences observed
in our study between the cilia of the olfactory system and
other tissues.
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FIGURE 7 | Change in mutant behavior. (A) Tracks of swimming patterns of Wild type and Triple mutant fish treated and untreated with disorientating stimulus. Black
lines correspond to slow swimming (<5 mm/s), green lines indicate medium speed (5–10 mm/s) and red lines indicate fast swimming (>10 mm/s). The figure shows
a representative swimming pattern of one larvae. (B) Swimming distance normalized to swimming distance by non-treated wild types. (C) TAP952 stained cilia in
cristae of treated and untreated fish. (D) Number of cilia in cristae (mean with 95% CI. T-test *p < 0.05). ns, no significant.

We observed the same pattern in the cristae cilia acetylation
using chemical inhibition of Hdac6, which also resulted in
reduced ciliary tubulin acetylation when treatment was initiated
at 6 hpf. A possible explanation for this observation is that cells
react to high tubulin acetylation by reducing expression of atat-
1, the enzyme that acetylates K40 tubulin in cilia. However, our
experiments show that this does not occur at the transcriptional
level, as there is no difference in atat-1 mRNA expression between
wild type and triple mutants. A potential caveat here is that we
analyzed mRNA from whole larva, rather than isolated ciliated
cells. It has been reported that mice with a loss of function
mutation in ATAT-1, which have reduced levels of acetylated
tubulin in cilia (Kim et al., 2013), also had normal primary
and motile cilia length and morphology in the oviduct and the
hippocampus (Kalebic et al., 2013). This is consistent with our
observations and questions the importance of tubulin acetylation
in cilia in vivo. Normal levels of atat-1 mRNA expression
suggest that the observed phenotype may be connected with
transport into cilium, rather than existence of a feedback loop

controlling tubulin acetylation. However, zebrafish depleted in
atat-1 (previously known a mec-17) display a drastic decrease of
tubulin acetylation in neurons but not cilia, raising the possibility
that in zebrafish other proteins may be responsible for acetylation
of ciliary microtubules (Akella et al., 2010).

It is possible that other post-translational modifications of
tubulin in cilia can contribute to axoneme stabilization in absence
of acetylation. Our observation of elevated levels of mono-
glycylation makes glycylation a likely candidate. This hypothesis
is supported by the literature as tubulin glycylation was shown
to mark and stabilize cilia, and mutation of glycylases results in
fewer and shorter cilia (Wloga et al., 2009; Rocha et al., 2014).
Interesting, there were differences in cilia glycylation between
different cell types in cultured media (Gadadhar et al., 2017).
For example, IMCD3 and RPE-1 cilia were shown not to be
glycylated due to their short length, whereas, long cilia of MDCK
were glycylated (Gadadhar et al., 2017). This strengthens the
possibility that glycylation of axoneme plays an important role in
stabilization of at least long cilia. Furthermore, unaffected levels
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of tubulin glutamylation it triple mutants strengthen this idea as
it was previously shown that loss of cilia specific glutamylases
resulted in flagella shortening in Chlamydomonas, and shortening
of the 7th doublet of microtubules in mouse spermatozoa (Kubo
et al., 2014; Konno et al., 2016).

Ciliopathies such as Usher syndrome and cilia damage are
reported to affect vestibular system of patients and elderly, here
we present data showing that mutation of both hdac6 and
sirt2 leads to impaired recovery from balance disruption after
stimulation (Burns and Stone, 2017; Whatley et al., 2020). It may
be associated with the speculated increase in axoneme fragility
of cilia, as non-acetylated microtubules were proven to be more
susceptible to mechanical stress (Szyk et al., 2014; Portran et al.,
2017, Eshun-Wilson et al., 2019). However, staining with TAP952
antibodies did not reveal any clear damage to the ciliary axoneme.
A possible explanation for this observation is that non-acetylated
microtubules were shown to bend more than their acetylated
counterparts. It is possible that changes in rigidity of cilia in
cristae and macule result in misinterpretation of the stimuli.
Alternatively, the slow recovery may be attributed to effects of
hdac6/sirt2 mutation on tubulin in the nervous system, since
behavioral changes have been reported in both zebrafish and mice
(Fukada et al., 2012; Pinho et al., 2016).

In this study, we show that acetylation is not necessary
for the maintenance of stable cilia in vivo, and contrary to
previous beliefs, loss of deacetylases did not enhance but
rather reduced ciliary microtubule acetylation. Interestingly,
zebrafish with hypoacetylated cilia display defective balance
recovery, however, whether this is correlated with the acetylation
status of the axoneme, or other functions of hdac6, will need
further evaluation.

MATERIALS AND METHODS

Zebrafish Strains and Maintenance
Hdac6 alleles were obtained using TALEN (Zu et al., 2013) (target
site TTCACTCGCTTTCACTGCC TALEN binding sequences:
GTATATGTAGACGCC and TCTGGGATGCCAGGT deleted
14 bp GCTTTCACTGCCTC name SH400). hdac10 (target
site GGGAGCAACTCTGCAGCTGG Oligo1:TAGGGAGCAA
CTCTGCAGCTGG Oligo2: AAACCCAGCTGCAGAGTTGCTC
deleted 11 bp CTGGTGGACAG name SH401) and sirt2
(target site AGTCTTGGATGAGTTAACCC Oligo1: CACTT
GGCCTTAGTCCTGGA Oligo2 GCACAGCAGCAAAGTGT
TCA deleted 2 bp AA then inserted 24 bp GGATGAGT
TGTCTTGGATGAGTTG name SH626) were created with
CRISPR/Cas9 (Heler et al., 2014; Sander and Joung, 2014).
Double and triple mutants were obtained by crossing parental
strains and identified by DNA sequencing. Zebrafish were
maintained in accordance with the UK Home Office regulations
and UK Animals (Scientific Procedures Act 1986).

Immunohistochemistry and Microscopy
Sectioning and immunohistochemistry were performed using
previously described protocols (Malicki et al., 2011). Following
fixation, transverse cryosections, 20 µm thick, were taken
through the retina or the ear and processed for staining with the

following antibodies: anti-acetylated a-tubulin (rabbit) (D20G3;
1:1000; Cell signaling) Acetyl-α-Tubulin (Lys40) (mouse) (6-
11B-1), anti-polyglutaminated tubulin GT335 (1:500; Adipogen)
anti-monoglycylated tubulin TAP952 (1:500; Millipore) (Alexa
Fluor 488- and 564-conjugated secondary antibodies were used
for all staining procedures (1:1000) as well as DAPI for
counterstaining. Images of cryosections were collected at the
Wolfson Light Microscopy Facility using an Olympus FV1000
confocal microscope and a 60x immersion objective. Images of
immunostained wholemount embryos were collected using the
Olympus FV1000 confocal microscope with a 40× dipping lens.

Western Blotting
Eyes of 2.5-year-old fish were dissected and subsequently snap
frozen in liquid nitrogen. Eyes were homogenized in RIPA
buffer (Catalog No.: 89900 Thermo Fisher Scientific) and
centrifuged supernatant was transferred to Eppendorf tubes
and used for the Western Blotting. Proteins were resolved by
SDS–PAGE, transferred to nitrocellulose membrane (Amersham
GEHealthcare), and incubated with antibodies C4 (MAB1501R
Sigma-Aldrich) for actin and α-Tubulin (DM1A) (Mouse mAb
#3873) for tubulin and Acetyl-α-Tubulin (Lys40) (6-11B-1) for
acetylated tubulin. For detection an Amersham ECL Western
Blotting Detection Kit was used as described in manual. To
visualize blots a ChemiDoc MP Imaging System was used and
signals were measured using ImageJ.

Quantitative Reverse Transcription-PCR
Expression Analyses
RNA was extracted from ten 5 dpf embryos using the
Monarch Total RNA Miniprep Kit (New England Biolabs Inc.,
United Kingdom) following the manufacturer’s instructions.
Extracted RNA was quantified with a NanoDrop 1000
spectrophotometer (Thermo Fisher Scientific, United States).
Reverse transcription of cDNA was performed using a High-
Capacity cDNA Reverse Transcription Kit (Catalog No.:
4368814, Applied Biosystems, United Kingdom) following
the manufacturer’s instructions. cDNA was kept at 4◦C for
immediate use or −20◦C for long-time storage. cDNA was
kept at 4◦C for immediate use or −20◦C for long term storage.
qPCR reactions were carried out to quantify RNA expression
of genes of interest using SYBR Green. Beta-actin was used as a
housekeeping reference gene control.

Primers used: hdac10 F5′-TGTCCTATGAAGCGCTCAGG-3′
R5′-TTTGACCGCCTCCAGGTACT-3′, hdac6 F5′-GGAGATG
AGCAATGAACTGCAA-3′ R5′-GACTGGCATCCCAGAGTGA
A-3′, sirt2 F5′-TTTGCGCAGTCTTTTCTCGC-3′ R5′-CCCAG
CTCCAACCATACAGA-3′, atat-1 F5′-TCCCTTACGACCTG
AATGCG-3′ R5′-GATCTGGTCTCCCATGCGCT-3′, tubulin
F5′-ATGCTCGTGGTCACTACACT-3′ R5′-GGAAACCCTGG
AGACCTGTG-3′. Data Analysis for qPCR was conducted using
Microsoft Excel 2010 (Microsoft Corporation, United States) and
GraphPad Prism 8 (GraphPad Software, United States).

The threshold level of fluorescent intensity was set to 0.04 to
obtain Ct values across all experiments. Average Ct values from
three technical repeats were firstly calculated. 1Ct values were
obtained by subtracting Ct values of beta-actin from Ct values
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of the target gene, from of the same biological sample.
The fold change was calculated with the formula 2−1Ct,
and the standard deviation was automatically calculated and
shown as error bars.

Behavioral Tests
For balance tests, three 5 dpf zebrafish larvae were transferred
to Eppendorf tubes and exposed to the centrifugal force
of approximately 0.0005 N (r = 0.125 m v = 0.5 m/s
m = 0.00025 g), using a StuartTM Rotator Disk for
30 min (40 rpm). Subsequently, fish were transferred
to a 12-well plate and their behavior was recorded
(Supplementary Figure 5). Swimming distances were
normalized to Wild type.

Chemical Treatment
Embryos were treated with 5 µM CAY10603 (cat. no: B2819-
5, Cambridge Bioscience) for 1, 2, or 3 days, with the
solution changed daily.

Software and Data Aanalysis
Data from cryosections and whole-mount immunostaining were
analyzed with Fiji (ImageJ) software. Schematic illustration of
protein domains was created with biocuckoo software (Liu et al.,
2015). Sequencing data was analyzed with SnapGene software.
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Supplementary Figure 1 | Levels of mRNA expression for all three genes in
various single and double mutants. The mutant is indicated above the panel the
gene that was analyzed for expression is indicated on the X-axis. Wt: pooled
wild-type siblings. Mut: pooled mutants (A–C) or double mutants (D,E) (A)
hdac6-/- B) hdac10-/- (C) sirt2-/- single mutants and (D) hdac6-/-/hdac10-/- and
hdac6-/-/sirt2-/- double mutants. Values normalized to actin expression level and
then to wild type values. (Mean with SEM for n = 3. p < 0.05).

Supplementary Figure 2 | Hyperacetylation of tubulin in brain cells surrounding
ear and kidney and hypoacetylation in cilia at 1 dpf. Red Acetyl-α-Tubulin (Lys40)
(6-11B-1) Mouse mAb blue DAPI. Asterisks show hyperacetylated tubulin within
cell bodies. Arrowheads shows cilia positions.

Supplementary Figure 3 | Early inhibition (6 hpf) of hdac6 is required to trigger
hypoacetylation phenotype in cilia in cristae at 3 dpf. Acetylated tubulin green
glutamylated red DAPI blue. White boxes show cilia position. Mean with CI95%
nwt = 12 treated = 11. p < 0.05.

Supplementary Figure 4 | Immotile fish after rotor treatment. Percent of fish
which swam less than 20% of distance, swam by average of untreated wild type
(three larvae per trail). Mean with CI-95% One-way ANOVA p < 0.05.

Supplementary Figure 5 | Schematic representation of disturbing balance
experiment in zebrafish larvae. Wt, Wild type; Wt r, Wild type after treatment; Tri,
Triple mutant; Tri r, Triple mutant after treatment.
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