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CYLD mediates ciliogenesis in multiple organs by
deubiquitinating Cep70 and inactivating HDAC6
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Cilia are hair-like organelles extending from the cell surface with important sensory and metility functions. Cili-
ary defects can result in a wide range of human diseases known as ciliopathies. However, the molecular mechanisms
controlling ciliogenesis remain poorly defined. Here we show that cylindromatosis (CYLD), a tumor suppressor
protein harboring deubiquitinase activity, plays a critical role in the assembly of both primary and motile cilia in
multiple organs. CYLD knockout mice exhibit polydactyly and various ciliary defects, such as failure in basal body
anchorage and disorganization of basal bodies and axenomes. The ciliary function of CYLD is partially attributed to
its deconjugation of the polyubiquitin chain from centrosomal protein of 70 kDa (Cep70), a requirement for Cep70 to
interact with y-tubulin and localize at the centrosome. In addition, CYLD-mediated inhibition of histone deacetylase
6 (HDAC6), which promotes tubulin acetylation, constitutes another mechanism for the ciliary function of CYLD.
Small-molecule inhibitors of HDAC6 could partially rescue the ciliary defects in CYLD knockout mice. These find-
ings highlight the importance of protein ubiquitination in the modulation of ciliogenesis, identify CYLD as a crucial

regulator of this process, and suggest the involvement of CYLD deficiency in ciliopathies.
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Introduction

Cilia are present in most eukaryotes, ranging from
unicellular flagellates to humans, and are traditionally
classified into two groups, primary and motile cilia. The
primary cilium is an immotile, solitary structure that em-
anates from the surfaces of most mammalian cell types
and can sense various extracellular signals [1, 2]. By
contrast, motile cilia are typically found in large numbers
on differentiated epithelial cells, such as those in the
trachea, brain ventricle, and oviduct; ciliary motility is
critical for the flow of mucus and cerebrospinal fluid and
the movement of eggs [3]. Flagella present on sperm and
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unicellular eukaryotes represent a special type of motile
cilia, but they are longer and exist in fewer numbers on
the cell surface. Consistent with the diverse sensory and
motility functions of cilia, defects in ciliary assembly
and function have been implicated in a variety of human
diseases, which are collectively known as ciliopathies [4,
5].

A microtubule-based apparatus called the axoneme
serves as the scaffold of cilia. The axoneme of a typical
motile cilium has a pair of central microtubules sur-
rounded by nine outer microtubule doublets (termed a
9+2 axoneme), whereas the axoneme of a primary cilium
usually contains the outer doublets in the absence of the
central pair (termed a 9+0 axoneme). Ciliary assembly
begins with the nucleation of axonemal microtubules
from the basal body, which consists of nine microtubule
triplets and is derived from the mother centriole and
anchored to the plasma membrane [6]. The cilium then
grows due to the elongation of axonemal microtubules
and the transport of protein complexes along the axon-



eme, a process known as intraflagellar transport (IFT)
[7]. As cilia possess a wide spectrum of physiological
functions and their defects result in ciliopathies [4, 5],
the assembly of cilia must undergo exquisite regula-
tion. The past decade has witnessed great progress in
understanding the composition and structural features of
cilia [8]; however, the molecular details for the regula-
tion of ciliogenesis remain largely unknown.

Cylindromatosis (CYLD) is a tumor suppressor pro-
tein harboring deubiquitinase activity that primarily re-
moves lysine 63-linked polyubiquitin chains from a num-
ber of signaling components [9]. CYLD also contains
cytoskeleton-associated protein glycine-rich (CAP-Gly)
domains that mediate its interaction with microtubules
and histone deacetylase 6 (HDAC6) [10-12]. Several cil-
ium-related symptoms, such as male infertility, osteopo-
rosis, and impaired lung maturation, have been reported
in CYLD knockout mice or in mice carrying truncated
CYLD [13-15]. In addition, we found that a significant
proportion of CYLD knockout mice had extra digits on
the preaxial side of hind feet (Supplementary informa-
tion, Figure S1), a condition frequently associated with
ciliary abnormalities. These findings prompted us to
hypothesize that CYLD might be a critical regulator of
ciliogenesis.

Results

CYLD knockout mice have ciliary defects in multiple or-
gans

To test the potential role of CYLD in ciliogenesis, we
first examined the sperm of CYLD wild-type and knock-
out mice. We found that the flagella were much shorter
or even absent in CYLD knockout sperm (Figure 1A and
1B). In addition, consistent with the previous finding [15],
we found that CYLD deficiency dramatically impaired
sperm production; the density of sperm in CYLD knock-
out mice was much lower than that in wild-type mice
(Figure 1C). Examination of sperm swimming trajec-
tories with time-lapse microscopy revealed that CYLD
was critically required for sperm motility (Figure 1D).
We then analyzed primary cilia in mouse skin and kidney
tissues, motile cilia in the trachea, and flagella in the tes-
tis by immunostaining acetylated a-tubulin, a well-char-
acterized ciliary marker [16]. We found that the length
of cilia/flagella was greatly decreased in these tissues in
CYLD knockout mice, as compared to wild-type mice
(Figure 1E and 1F).

Scanning electron microscopy was then performed
to examine mouse tracheal surface epithelium, where
ciliated cells are interspersed with non-ciliated goblet
and Clara cells. The loss of CYLD significantly reduced

www.cell-research.com | Cell Research

Yunfan Yang et al. @

1343

the percentage of ciliated cells (Figure 1G and 1H). In
addition, 22.8% of the tracheal epithelial cilia in CYLD
knockout mice displayed abnormal morphology (e.g.,
winding at the distal tip) (Figure 1G and 11I).

To understand how CYLD deficiency affects ciliary
ultrastructure, we examined the longitudinal sections of
mouse tracheal epithelial cilia with transmission electron
microscopy. In agreement with the immunofluorescence
data, cilia were fewer and shorter in the tracheal epithe-
lium of CYLD knockout mice (Figure 1J). Strikingly,
39.2% of the basal bodies failed to anchor to the plas-
ma membrane in the absence of CYLD (Figure 1J and
1K). We also analyzed the cross sections of the tracheal
epithelial cilia. Compared to the wild-type controls, a
proportion of basal bodies and axonemes were severely
disorganized in CYLD knockout cilia; 12.7% of the basal
bodies lacked or had defects in one of the nine microtu-
bule triplets (replaced by a doublet or quadruplet), and
10.5% of the axonemes displayed abnormal number and/
or position of the outer microtubule doublets or the cen-
tral microtubule pair (Figure 1L, 1M and Supplementary
information, Figure S2).

The deubiquitinase and CAP-Gly domains of CYLD con-
tribute to its role in ciliogenesis

To investigate whether CYLD is required for cilio-
genesis in vitro, CYLD wild-type and knockout mouse
embryonic fibroblasts (MEFs) were serum-starved for
48 h. Immunoblotting revealed that the loss of CYLD
significantly reduced the level of tubulin acetylation in
MEFs (Figure 2A). Following serum starvation, primary
cilia were evident on 74.4% of wild-type MEFs; by con-
trast, only 47.5% of CYLD knockout MEFs had primary
cilia (Figure 2B and 2C). In addition, the average length
of cilia was remarkably decreased in CYLD knockout
MEFs, as compared to wild-type MEFs (Figure 2B and
2D). The decrease in the percentage of ciliated cells and
in ciliary length was also observed in RPE-1 retinal pig-
ment epithelial cells that were transfected with CYLD
siRNAs (Figure 2E-2H). Taken together, the above re-
sults reveal a critical role for CYLD in the control of cil-
iogenesis both in mice and in vitro.

To determine the molecular mechanisms of how
CYLD regulates ciliogenesis, RPE-1 cells were transfect-
ed with CYLD siRNA and plasmids that express wild-
type or mutant CYLD. Two different CYLD mutants
were used: the C/S mutant, in which cysteine 601 was
mutated to serine to disrupt the deubiquitinase activity
[17], and the ACG1/2 mutant, which lacked the two ami-
no-terminal CAP-Gly domains. We found that wild-type
CYLD significantly rescued CYLD siRNA-induced cil-
iogenesis defects; by contrast, only partial rescue effects
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Figure 1 CYLD knockout mice have ciliary defects in multiple organs. (A-D) Images (A), flagellar length (B, n = 60), density (C,
n = 12), and swimming trajectories (D) of sperm isolated from CYLD wild-type (WT) and knockout (KO) mice. Experiments
were performed 3 times. Scale bar, 10 um. (E, F) Immunofluorescence images (E) and length (F, n = 120) of cilia/flagella in
mouse tissues, stained with anti-acetylated a-tubulin (ace-tubulin) antibody and DAPI. Experiments were performed 3 times.
Scale bar, 5 um. (G-l1) Scanning electron microscopy images of cilia (G), percentage of ciliated cells (H, n = 120), and per-
centage of abnormal cilia (I, n = 300) in the mouse tracheal epithelium. Experiments were performed 3 times. Scale bar, 2.5
um. (J) Transmission electron microscopy images of the longitudinal sections of cilia in the tracheal epithelium. Scale bar,
200 nm. (K) Quantification of basal bodies that fail to anchor to the plasma membrane. n = 200. Experiments were performed
3 times. (L) Transmission electron microscopy images of the cross sections of cilia in the tracheal epithelium. Scale bar, 100
nm. (M) Quantification of cilia with abnormal basal bodies (n = 200), transition zones (n = 30), or axonemes (n = 200). Exper-
iments were performed 3 times. Student’s t test for B, C, F, H, and I. Fisher’s exact test for K and M. ***P < 0.001. Error bars
indicate SEM.

were seen for the C/S and ACG1/2 mutants (Figure 2I-  Depletion of CYLD impairs the localization of Cep70 at
2K). Thus, both the deubiquitinase domain and the two  the centrosome

amino-terminal CAP-Gly domains of CYLD contribute We then assessed the subcellular localization of
to its role in ciliogenesis. CYLD with immunofluorescence microscopy. A subset
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Figure 2 The deubiquitinase and CAP-Gly domains of CYLD contribute to its role in ciliogenesis. (A) Immunoblots for CYLD,
ace-tubulin, and a-tubulin expression in CYLD wild-type and knockout MEFs serum-starved for 48 h. (B-D) Immunofluores-
cence images (B), percentage of ciliated cells (C, n = 100), and ciliary length (D, n = 60) of MEFs serum-starved for 48 h and
stained with anti-ace-tubulin antibody and DAPI. Experiments were performed 3 times. Scale bar, 5 um. (E) Immunoblots for
CYLD and B-actin expression in control and CYLD siRNA-treated RPE-1 cells. (F-H) Immunofluorescence images (F), per-
centage of ciliated cells (G, n = 200), and ciliary length (H, n = 80) of RPE-1 cells transfected with control or CYLD siRNAs,
followed by serum starvation for 48 h and staining with anti-ace-tubulin antibody and DAPI. Experiments were performed 4
times. Scale bar, 5 um. (I-K) Immunofluorescence images (l), percentage of ciliated cells (J, n = 50), and ciliary length (K, n
= 40) of RPE-1 cells transfected with CYLD siRNA and GFP, GFP-CYLD, GFP-CYLD-C/S, or GFP-CYLD-ACG1/2, followed
by serum starvation for 48 h and staining with anti-ace-tubulin antibody and DAPI. C/S, mutation of cysteine 601 to serine;
ACG1/2, without the two amino-terminal CAP-Gly domains. Experiments were performed 4 times. Scale bar, 5 um. Student’s
t test for all graphs. *P < 0.05, **P < 0.01, ***P < 0.001. Error bars indicate SEM.

of CYLD signal was detected at the centrosome in both
serum-starved and non-starved RPE-1 cells (Figure 3A).
To identify proteins mediating the ciliary function of
CYLD, we analyzed the effect of CYLD siRNAs on the
expression of several key regulators of ciliogenesis [8].
Immunoblotting revealed that depletion of CYLD did not
obviously affect the level of CP110 (centrosomal protein
of 110 kDa), ninein, TMEM®67 (transmembrane protein
67), MKS1 (Meckel syndrome 1), [FT140, IFT8S, or
y-tubulin in the total cell lysate or in the centrosomal
preparation (Figure 3B). However, the level of Cep70
(centrosomal protein of 70 kDa), a recently identified
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regulator of ciliogenesis [18-20], at the centrosome was
significantly decreased upon the depletion of CYLD, al-
though the level of Cep70 in the total cell lysate was not
affected (Figure 3B). Immunofluorescence microscopy
further confirmed that CYLD was important for Cep70
localization at the centrosome in RPE-1 cells (Figure 3C
and 3D). The centrosomal localization of Cep70 was also
dramatically reduced in CYLD knockout MEFs, as com-
pared to wild-type MEFs, whereas no significant differ-
ence was found for CP110, ninein, or IFT140 (Figure 3E
and 3F).
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Figure 3 Depletion of CYLD impairs the localization of Cep70 at the centrosome. (A) Immunofluorescence images of RPE-
1 cells serum-starved for 0 or 48 h, followed by staining with anti-CYLD, anti-ace-tubulin, and anti-y-tubulin antibodies and
DAPI. The boxed regions indicate the centrosomal localization of CYLD. Scale bar, 5 um. (B) Immunoblots for the expression
of selected proteins involved in ciliogenesis, in the total lysate, or centrosomal preparation of cells transfected with control
and CYLD siRNAs followed by serum starvation for 48 h. (C) Immunostaining with anti-Cep70, anti-ace-tubulin, and anti-y-tu-
bulin antibodies and DAPI in control and CYLD siRNA-treated RPE-1 cells. The boxed regions indicate the centrosomal local-
ization of Cep70. Scale bar, 5 um. (D) Quantification of the relative centrosomal localization of Cep70 in cells treated as in C.
n = 40. Experiments were performed 4 times. (E) Immunostaining with anti-Cep70 (anti-CP110, anti-ninein, or anti-IFT140),
anti-ace-tubulin, and anti-y-tubulin antibodies and DAPI in CYLD wild-type and knockout MEFs. The boxed regions indicate
the centrosomal localization of Cep70, CP110, ninein, and IFT140. Scale bar, 5 pm. (F) Quantification of the relative centro-
somal localization of Cep70, CP110, ninein, and IFT140 in cells treated as in E. n = 20. Experiments were performed 4 times.
Student’s ¢ test for all graphs. **P < 0.01, ***P < 0.001; ns, not significant. Error bars indicate SEM.

CYLD-mediated deubiquitination of Cep70 promotes its
interaction with y-tubulin and localization at the centro-
some

We next asked how CYLD regulates the centrosomal
localization of Cep70. Immunoprecipitation by using
either the total cell lysate or the centrosomal preparation
revealed an interaction between endogenous CYLD and
Cep70 in RPE-1 cells (Figure 4A). The interaction be-
tween them was observed throughout the cell cycle and

was more evident in S phase as compared to G1, G2, and
M phases (Supplementary information, Figure S3A). By
using purified His-CYLD and MBP-Cep70, we further
found a direct interaction between these two proteins
(Supplementary information, Figure S3B). Since the
deubiquitinase activity of CYLD is required for ciliogen-
esis, we asked whether CYLD alters the level of Cep70
ubiquitination. By GST pull-down and immunoblotting,
we found that depletion of CYLD remarkably enhanced
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Figure 4 CYLD-mediated deubiquitination of Cep70 promotes its interaction with y-tubulin and localization at the centro-
some. (A) Immunoprecipitation (IP) and immunoblotting (IB) showing the interaction between endogenous CYLD and Cep70
in RPE-1 cells, by using either the total cell lysate or the centrosomal preparation. (B) Examination of Cep70 ubiquitination
by GST pull-down (PD) and immunoblotting in cells transfected with control or CYLD siRNAs, together with His-Myc-ubig-
uitin and GST-Cep70. (C) Immunoblots showing that transfection of GFP-CYLD, but not its C/S mutant, rescues the level
of Cep70 ubiquitination in CYLD-depleted cells. (D) Examination of Cep70 ubiquitination in cells transfected with control or
CYLD siRNAs, together with His-Myc-ubiquitin and GFP-Cep70 or its mutants. ACC1, without the first coiled-coil domain.
ACC2, without the second coiled-coil domain. 15KR, mutation of all the 15 lysines in the CC2 domain to arginines. (E) Immu-
nofluorescence images of cells transfected with GFP-Cep70 or its mutants, followed by staining with anti-y-tubulin antibody
and DAPI. Scale bar, 5 um. (F) Quantification of the relative centrosomal localization of Cep70 or its mutants in cells treated
as in E. n = 30. Experiments were performed 3 times. (G) Immunoprecipitation and immunoblotting showing the interaction of
y-tubulin with GFP-Cep70 and its 15KR mutant in RPE-1 cells transfected with control or CYLD siRNAs. (H) Immunofluores-
cence images of RPE-1 cells transfected with CYLD siRNA and GFP, GFP-Cep70, or GFP-Cep70-15KR and serum-starved
for 48 h, followed by staining with anti-ace-tubulin antibody and DAPI. Scale bar, 5 um. (I-K) Relative centrosomal localization
of GFP-Cep70 and its 15KR mutant (I, n = 30), percentage of ciliated cells (J, n = 50), and ciliary length (K, n = 30) in cells
treated as in H. Experiments were performed 3 times. Student’s t test for all graphs. *P < 0.05, **P < 0.01, ***P < 0.001; ns,
not significant. Error bars indicate SEM.
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Cep70 ubiquitination (Figure 4B). CYLD siRNA-in-
duced increase of Cep70 ubiquitination was rescued by
wild-type CYLD, but not by CYLD-C/S (Figure 4C).
Thus, CYLD is able to deubiquitinate Cep70.

We found previously that Cep70 interacts, through
its two coiled-coil domains, with y-tubulin to localize
at the centrosome [20]. It is also known that CYLD
can modulate protein-protein interactions by removing
polyubiquitin chains from its substrates [9]. Therefore,
we investigated the possibility that CYLD might decon-
jugate the polyubiquitin chain of Cep70 from its coiled-
coil domains to regulate its interaction with y-tubulin and
its localization at the centrosome. We found that CYLD
siRNA-induced elevation of Cep70 ubiquitination was
abolished by deletion of its second coiled-coil domain
(ACC2), but not by deletion of its first coiled-coil do-
main (ACC1) (Figure 4D). In addition, mutation of all
the 15 lysines in the second coiled-coil domain of Cep70
to arginines (15KR) also abrogated the effect of CYLD
siRNA on Cep70 ubiquitination (Figure 4D). These data
indicate that CYLD mainly deubiquitinates Cep70 at its
second coiled-coil domain.

Consistent with the previous finding [20], immuno-
fluorescence microscopy revealed that the centrosomal
localization of Cep70 was greatly dependent on its
second coiled-coil domain (Figure 4E and 4F). Impor-
tantly, the 15KR mutation significantly promoted Cep70
localization at the centrosome (Figure 4E and 4F), sug-
gesting that the deubiquitination of Cep70 stimulates its
centrosomal localization. By immunoprecipitation, we
further found that depletion of CYLD decreased the in-
teraction of y-tubulin with wild-type Cep70, but not with
the 15KR mutant (Figure 4G). These results suggest that
CYLD-mediated deubiquitination of Cep70 enhances its
interaction with y-tubulin, hence promoting its centroso-
mal localization.

To corroborate the above findings in the context of
ciliogenesis, RPE-1 cells were transfected with CYLD
siRNA and Cep70 or its 15KR mutant, and then se-
rum-starved to allow ciliary assembly. The 15KR mutant
showed dramatically increased centrosomal localization,
as compared to wild-type Cep70 (Figure 4H and 4I).
Moreover, the 15KR mutant, but not wild-type Cep70,
significantly rescued CYLD siRNA-induced ciliogenesis
defects, including the percentage of ciliated cells and the
length of cilia (Figure 4H, 4J, and 4K). Thus, CYLD-me-
diated deubiquitination of Cep70, by stimulating Cep70
localization at the centrosome, contributes to the function
of CYLD in ciliogenesis.

HDACEG is involved in the role of CYLD in regulating cil-
iary length

We next investigated how the two amino-terminal
CAP-Gly domains of CYLD mediate its action in cil-
iogenesis. These CAP-Gly domains are important for
CYLD to interact with HDAC6 [11], and for CYLD to
inhibit HDACG6 activity toward tubulin deacetylation
(Supplementary information, Figure S4). We therefore
investigated whether CYLD promotes ciliogenesis by
inhibiting the tubulin deacetylase activity of HDAC6.
Immunoblotting revealed that knockdown of CYLD
significantly reduced tubulin acetylation in RPE-1 cells
(Figure 5A), consistent with the result obtained in MEFs
(Figure 2A). CYLD siRNA-induced decrease of tubulin
acetylation was largely rescued by trichostatin A (TSA),
an inhibitor of class I, Ila, and IIb HDACsSs including
HDACS6, and by tubacin, a selective inhibitor of HDAC6,
but not by sodium butyrate, an inhibitor of class I and
ITa HDACs, which do not include HDAC6 (Figure 5B).
Strikingly, inhibition of HDACG6 activity by TSA or tuba-
cin could significantly rescue CYLD siRNA-induced de-
crease of ciliary length in RPE-1 cells, but did not have
obvious effect on the percentage of ciliated cells (Figure
5C-5E).

To provide more insights into the role of HDAC6 in
CYLD-mediated ciliogenesis, we assessed the effects
of CYLD siRNAs using HDAC6 wild-type and knock-
out MEFs. Immunoblotting showed that depletion of
CYLD decreased tubulin acetylation in HDAC6 wild-
type MEFs, but not in the HDAC6-knockout MEFs (Fig-
ure 5F). This finding suggests that the effect of CYLD
on tubulin acetylation is primarily due to its inhibition
of HDACG6 activity, rather than its binding to microtu-
bules via the CAP-Gly domains. We further found that
CYLD siRNAs reduced the percentage of ciliated cells
and ciliary length in both HDAC6 wild-type and knock-
out MEFs; notably, HDAC6-knockout MEFs had much
longer cilia than wild-type MEFs upon treatment with
CYLD siRNAs (Figure 5G-5I). Together, these results
demonstrate that inhibition of HDACG6 activity contrib-
utes to the function of CYLD in regulating ciliogenesis.

HDACG inhibitors partially rescue the ciliary length de-
fects in CYLD-knockout mice

We next explored the potential of targeting HDAC6
to rescue the ciliogenesis defects in CYLD knockout
mice. Mice were treated intraperitoneally and daily for 7
days with CAY 10603 (CAY) or tubastatin A (TubA), two
specific inhibitors of HDAC6 [21, 22]. Analysis of mo-
tile cilia in the tracheal surface epithelium and primary
cilia in the renal tubular epithelium revealed that these
HDACH6 inhibitors partially rescued the ciliary length
defect of CYLD knockout mice, but they did not have
obvious effect on the percentage of ciliated cells (Figure
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Figure 5 HDACS is involved in the role of CYLD in regulating ciliary length. (A) Immunoblots showing the levels of ace-tubu-
lin, a-tubulin, and CYLD in RPE-1 cells transfected with control or CYLD siRNAs. (B) Immunoblots showing that trichostatin A
(TSA) and tubacin, but not sodium butyrate (NaB), rescue CYLD siRNA-induced decrease of tubulin acetylation. (C-E) Immu-
nofluorescence images (C), percentage of ciliated cells (D, n = 100), and ciliary length (E, n = 50) of RPE-1 cells transfected
with control or CYLD siRNAs, treated with the indicated compounds, serum-starved for 48 h, and stained with anti-ace-tubu-
lin and anti-y-tubulin antibodies and DAPI. Experiments were performed 4 times. Scale bar, 2 pm. (F) Immunoblots for the
expression of ace-tubulin, a-tubulin, CYLD, and HDAC6 in HDAC6 wild-type and knockout MEFs transfected with control or
CYLD siRNAs. (G-l) Immunofluorescence images (G), percentage of ciliated cells (H, n = 100), and ciliary length (I, n = 50)
of HDACG6 wild-type and knockout MEFs transfected with control or CYLD siRNAs, serum-starved for 48 h, and stained with
anti-IFT88 and anti-y-tubulin antibodies and DAPI. Experiments were performed 4 times. Scale bar, 5 pm. Student’s ¢ test for
all graphs. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant. Error bars indicate SEM.

6A-6F). CAY and TubA did not have obvious effect on
sperm production in CYLD knockout mice; however, the
flagellar length and motility of sperm in CYLD knockout
mice were increased by these HDAC6 inhibitors (Fig-
ure 6G-6J). Thus, inhibition of HDAC6 activity could
partially restore ciliogenesis defects in CYLD-deficient
mice.

Discussion
This work identifies an important role for CYLD in

the control of ciliogenesis through deconjugating the
polyubiquitin chain from Cep70 and inhibiting HDAC6

www.cell-research.com | Cell Research

activity (Figure 7). The Chlamydomonas homolog of
Cep70, CRC70, has been shown to localize preferentially
at immature centrioles and promote centriole assembly
by recruiting spindle assembly abnormal protein 6 (SAS-
6) and Bld10p [18], two cartwheel proteins required for
the formation of the microtubule triplets of centrioles
and basal bodies [23, 24]. It will be interesting to inves-
tigate in the future whether CYLD regulates basal body
organization by acting on the Cep70/SAS-6/Bld10p axis.
In Chlamydomonas, a subset of CRC70 has also been de-
tected at the transition fibers of the mother centriole/bas-
al body [18], sheet-like structures that are projected from
the mother centriole/basal body and connect the micro-
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Figure 6 HDACSG inhibitors partially rescue the ciliary length defects in CYLD knockout mice. (A-C) Immunofluorescence
images of cilia (A), percentage of ciliated cells (B, n = 100), and ciliary length (C, n = 150) in the tracheal epithelial cells of
6-week-old CYLD wild-type mice untreated or CYLD knockout mice treated intraperitoneally and daily with CAY10603 (CAY),
tubastatin A (TubA), or vehicle (PBS) for 7 days and stained with anti-ace-tubulin antibody and DAPI. Experiments were per-
formed 3 times. Scale bar, 5 pm. (D-F) Immunofluorescence images of cilia (D), percentage of ciliated cells (E, n = 100), and
ciliary length (F, n = 60) in the renal tubular epithelial cells of 6-week-old mice treated as in A-C. Experiments were performed
3 times. Scale bar, 5 um. (G-J) Images (G), flagellar length (H, n = 30), density (I, n = 12), and swimming trajectories (J) of
sperm isolated from 6-week-old mice treated as in A-C. Experiments were performed 3 times. Scale bar, 10 um. Student’s ¢
test for all graphs. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant. Error bars indicate SEM.

tubule triplets to the plasma membrane. It is tempting to
speculate that CYLD may promote basal body anchorage
to the plasma membrane via a Cep70/transition fiber-re-
lated mechanism.

Growth of the cilium requires the elongation of ax-
onemal microtubules and protein transport along the
axoneme, and defects in axoneme integrity can result
in abnormal ciliary length. In this scenario, it is easy to
understand that both reduced ciliary length and disor-
ganized axonemes are found in CYLD knockout mice.

Interestingly, shortened cilia have also been observed in
zebrafish embryos injected with Cep70 morpholinos [19],
and Cep70 has been shown to stimulate microtubule
assembly [25, 26]. In addition, HDAC6 has been impli-
cated in the regulation of ciliary disassembly/shortening
by modulating the acetylation of axonemal microtubules
[27, 28]. Therefore, the role of CYLD in ciliary length
control is likely to be mediated by the coordinated effect
of Cep70 and HDAC6 on axonemal microtubules. How-
ever, given the involvement of CYLD in multiple signal-
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Figure 7 Molecular model for CYLD function in ciliogenesis.

ing pathways and the complex nature of ciliogenesis, it
would not be surprising if a mechanism independent of
Cep70 and HDAC6 were uncovered in the future.

It is worthy of note that HDAC6 wild-type and knock-
out MEFs do not show obvious difference in the per-
centage of ciliated cells or in ciliary length. Similarly,
small-molecule inhibition of HDAC6 activity does not
significantly affect the percentage of ciliated cells or cil-
iary length. These results are consistent with the findings
that HDAC6 knockout mice are viable and fertile and
develop normally, although they show hyperacetylated
tubulin in many tissues [29, 30]. It is possible that some
redundancy exists in the regulation of ciliogenesis by
tubulin deacetylases. Another interesting phenomenon
is that depletion of HDAC6 expression or inhibition
of HDAC®6 activity is able to partially rescue CYLD
siRNA-induced decrease of ciliary length, but does not
have obvious effect on the percentage of ciliated cells.
It is possible that the elongation of axonemal microtu-
bules, as compared to their nucleation, is more sensitive
to the modulation of tubulin acetylation by HDAC6. In
addition, given that HDACG6 has a variety of substrates,
mechanisms independent of tubulin acetylation may also
contribute to the complex action of HDAC6 in mediating
the role of CYLD in ciliogenesis.

Consistent with the critical function of CYLD in
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ciliogenesis, CYLD-deficient mice exhibit several cili-
um-related disorders [13-15], together with polydactyly,
as revealed in this study. The polydactylous symptom
may result from the impairment of the Sonic hedgehog
(Shh) pathway, a cilium-dependent pathway important
for vertebrate limb development [31], since Shh-induced
nuclear localization and transcriptional activity of the Gli
family of proteins are decreased in CYLD siRNA-treated
RPE-1 cells (Supplementary information, Figure S5). To
evaluate the clinical value of CYLD, it would be import-
ant to analyze whether patients with ciliopathies have
mutation or abnormal expression of this protein. In addi-
tion, given that cilia are frequently lost in tumor cells [32]
and that CYLD is mutated in various malignancies [33],
whether the ciliary function of CYLD contributes to its
tumor-suppressing activity merits further investigation.

During the review of this manuscript, Eguether et al.
demonstrated by using transgenic mice carrying CYLD
with a truncated deubiquitinase domain (CYLD***), that
CYLD was important for the formation of motile cilia
in the mouse trachea [34]. In the present study, we show
that CYLD knockout mice exhibit polydactyly and have
defects in the formation of primary cilia in skin and kid-
ney tissues and flagella in the testis, in addition to motile
ciliary defects in the trachea. While both studies demon-
strate that CYLD regulates the docking of basal bodies
to the apical plasma membrane, our study reveals that
CYLD is also required for proper organization of basal
bodies and axenomes. In addition, while the study of
Eguether et al. is focused on how the centrosomal local-
ization of CYLD is controlled (i.e., by interaction with
centrosome-associated protein 350), our study explores
downstream events underlying the role of CYLD in
ciliogenesis (i.e., deubiquitination of Cep70 and inacti-
vation of HDACG6). Together, these findings highlight an
important function for CYLD-mediated protein deubig-
uitination in the regulation of ciliogenesis.

Materials and Methods

Antibodies, chemicals, siRNAs and plasmids

Antibodies against CYLD, ninein, Glil (Santa Cruz Biotech-
nology), TMEM67, CP110, MKS1, IFT140, IFT88 (Proteintech),
acetylated a-tubulin, B-actin, Myc, HA, GST (Sigma-Aldrich),
a-tubulin, y-tubulin, Gli2 (Abcam), GFP (Roche), and HDAC6
(Millipore) were purchased from the indicated sources. Cep70
antibody was generated as described previously [20]. Horseradish
peroxidase-conjugated secondary antibodies were from Amer-
sham Biosciences, and fluorescein-, rhodamine-, or Cy5-conju-
gated secondary antibodies were from Jackson ImmunoResearch
Laboratories. TSA, tubacin, sodium butyrate, CAY 10603, and
tubastatin A were from Santa Cruz Biotechnology, and DAPI
was from Sigma-Aldrich. The sequences for control and CYLD
siRNAs were described previously [12]. Mammalian expression
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plasmids for GFP-CYLD, GFP-Cep70, GST-Cep70, HA-HDACS,
and His-Myc-ubiquitin were described previously [12, 20, 35],
and various mutants were generated by PCR and site-directed
mutagenesis. MBP-Cep70 was purified from bacteria expressing
the pMALp2T-Cep70 plasmid as described previously [20], with
amylose resin (New England Biolabs). His-CYLD was purified
from insect cells using the Bac-to-Bac baculovirus expression sys-
tem (Life Technologies), with nickel resin (Bio-Rad). The Gli-re-
sponsive firefly luciferase reporter plasmid pGliBS-Luc and the
amino-terminal Shh (ShhN)-expressing plasmid pRKS5-ShhN were
from Steven Y Cheng (Nanjing Medical University, China), and
the thymidine kinase promoter driven-Renilla luciferase reporter
plasmid pRL-TK was from Promega.

Mice

CYLD knockout mice (in C57BL6/DBA mixed genetic back-
ground) were generated and genotyped as described previously
[36]. CYLD heterozygous mice were intercrossed to generate
CYLD wild-type and knockout littermates. Animal experiments
were performed in accordance with protocols approved by the An-
imal Care and Use Committee of Nankai University.

Cell culture and transfection

RPE-1 cells were obtained from the American Type Culture
Collection and grown in the DMEM/F12 medium supplemented
with 10% fetal bovine serum. CYLD wild-type and knockout
MEFs were isolated from E13.5 mouse embryos. HDAC6 wild-
type and knockout MEFs were kindly provided by Dr Tso-Pang
Yao (Duke University, USA) [30]. All MEFs were cultured in
DMEM medium supplemented with 10% fetal bovine serum. To
induce ciliary formation, RPE-1 cells were cultured in serum-free
medium for 48 h. Cells were synchronized at G1, S, G2, or M
phase as described previously [12]. Plasmids were transfected to
cells using TurboFect (Thermo Scientific), and siRNAs were trans-
fected using Lipofectamine RNAIMAX (Invitrogen).

Immunofluorescence microscopy

Mouse tissues were fixed in 4% (wt/vol) paraformaldehyde/
PBS, embedded in Tissue-Tek OCT (Sakura), and snap-frozen in
liquid nitrogen. Sections were stained with primary antibody, fluo-
rescein-conjugated secondary antibody, and then with DAPI. Sec-
tions were subsequently mounted onto slides and examined with
a TCS SP5 confocal microscope (Leica). Cells grown on glass
coverslips were fixed with 4% (wt/vol) paraformaldehyde/PBS for
30 min and permeabilized in 0.5% (vol/vol) Triton X-100/PBS for
20 min. Cells were blocked and incubated with primary antibodies
and then rhodamine-, fluorescein-, or Cy5-conjugated secondary
antibodies followed by staining with DAPI. Coverslips were then
mounted onto slides and examined as above. The length of cilia
and the percentage of ciliated cells were measured with ImageJ
(National Institutes of Health, USA), and only cilia with distin-
guishable ends were included for the measurement of average cilia
length. The fluorescence intensity of proteins at specific regions
was quantified as described previously [20]. To quantify the rela-
tive centrosomal localization of Cep70, we measured the intensity
of centrosomal Cep70 and the intensity of total cellular Cep70.
The relative centrosomal localization of Cep70 was then calculat-
ed as the intensity of centrosomal Cep70 divided by the intensity
of total cellular Cep70. The relative centrosomal localization of
CP110, ninein, and IFT140 was also measured by this method.

Electron microscopy

For scanning electron microscopy, mouse trachea was isolated
and prefixed with 2.5% (vol/vol) glutaraldehyde in 0.1 M sodium
cacodylate at 4 °C for 5 min. The trachea was then cut open along
the longitudinal axis, unfolded, stapled to a plastic sheet, and
immersed in the above fixation buffer at 4 °C overnight. Samples
were post-fixed in 1% (wt/vol) osmium tetroxide for 2 h, dehydrat-
ed in ethanol, and dried. The samples were then gold-coated by the
sputter technique and examined by a QUANTA 200 scanning elec-
tron microscope at an accelerating voltage of 15 kV. For transmis-
sion electron microscopy, 2-mm pieces of the trachea were fixed as
described above and stained with 2% (wt/vol) uranyl acetate. After
dehydration and embedding in epoxy resin, 50-nm sections were
cut and stained with uranyl acetate and lead citrate. Samples were
examined by a Hitachi H-7650B scanning electron microscope at
80 kV.

Immunoblotting, immunoprecipitation, and GST or MBP
pull-down

Proteins were resolved by SDS-PAGE and transferred onto
polyvinylidene difluoride membranes (Millipore). The membranes
were blocked and incubated with primary antibodies and then with
horseradish peroxidase-conjugated secondary antibodies. Specific
proteins were visualized with enhanced chemiluminescence detec-
tion reagent (Thermo Fisher Scientific). For immunoprecipitation
and GST or MBP pull-down, cell lysates or purified proteins were
incubated with antibody-coated agarose beads, glutathione-conju-
gated Sepharose 4B beads, or amylose-conjugated agarose beads
at 4 °C for 2 h. The beads were washed and boiled in the SDS
loading buffer, and the proteins were detected by immunoblotting.

Sperm analysis

The cauda epididymis was isolated from mice, immersed in
normal saline, and cut into pieces. Samples were incubated at
37 °C for 15 min to allow sperm to escape from the epididymis.
Sperm motility was examined by a Zeiss Observer Z1 microscope
equipped with a live-cell imaging system and recorded with 50
frames per second. The morphology and swimming trajectory of
sperm were analyzed with ImageJ.

Luciferase reporter assay

Cells were transfected with pGliBS-Luc and pRL-TK for 24 h
and subsequently serum-starved for 48 h. Cells were then cultured
for 12 h in the ShhN-conditioned medium, which were generated
by transfection of 293T cells with pRKS5-ShhN. The firefly lucif-
erase activity was then measured and normalized to the Renilla
luciferase activity.

Statistics
Analysis of statistical significance was performed by the Stu-
dent’s ¢-test and the Fisher’s exact test in Microsoft Excel.
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