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ABSTRACT

Cilia are present in most vertebrate tissues with a wide variety of functions, 
and abnormalities of cilia are linked to numerous human disorders. However, the 
molecular events underlying ciliary homeostasis are poorly understood. In this study, 
we generated double knockout (DKO) mice for the deubiquitinase cylindromatosis 
(CYLD) and histone deacetylase 6 (HDAC6), two critical ciliary regulators. The 
Cyld/Hdac6 DKO mice were phenotypically normal and showed no obvious variances 
in weight or behavior compared with their wild-type littermates. Strikingly, Cyld 
loss-induced ciliary defects in the testis, trachea, and kidney were abrogated in 
the Cyld/Hdac6 DKO mice. In addition, the diminished α-tubulin acetylation and 
impaired sonic hedgehog signaling caused by loss of Cyld were largely restored by 
simultaneous deletion of Hdac6. We further found by immunofluorescence microscopy 
a colocalization of CYLD and HDAC6 at the centrosome/basal body and, interestingly, 
loss of Cyld promoted the localization of HDAC6 at the centrosome/basal body. These 
findings provide physiological insight into the ciliary role of the CYLD/HDAC6 axis 
and suggest a functional interplay between these two proteins in ciliary homeostasis.

INTRODUCTION

Cilia extend from the surfaces of most mammalian 
cell types, functioning as sensory and motile organelles. 
A variety of developmental disorders and pathological 
conditions have been shown to arise from ciliary 
defects and are termed ciliopathies [1]. Mutations in 
cilium-associated structural or signaling proteins cause 
insensitivity to environmental signals, resulting in 
disorganized and hyperplastic cell growth in disorders 
such as polycystic kidney disease (PKD) and Bardet-
Biedl syndrome (BBS). At the organismal level, ciliary 
defects induce infertility, respiratory diseases, renal cysts, 
situs inversus, and hypertension. Over the past decade, 
our understanding of the composition and structure of 
cilia have been greatly improved [2]. However, little is 
known regarding the mechanisms that regulate ciliary 
homeostasis.

Cylindromatosis (CYLD), a microtubule-associated 
deubiquitinase involved in the regulation of diverse 
biological processes such as cell signaling [3], cell 
migration [4–6], cell cycle progression [7–11], and cancer 
[12], has recently been identified as a crucial player 
in ciliogenesis [13, 14]. Cyld knockout (CKO) mice 
exhibit ciliary defects across multiple organs, varying 
from structural and functional deficiencies to cilium-
related disorders [13]. Interestingly, inhibition of histone 
deacetylase 6 (HDAC6), a cytoplasmic enzyme critically 
involved in the regulation of cilia [15–27], with small-
molecule inhibitors partially restores the ciliary defects in 
CKO mice [13]. To explore the physiological mechanisms 
underlying the ciliary role of the CYLD/HDAC6 axis, 
we generated Cyld/Hdac6 double knockout (DKO) mice. 
Phenotypic characterization of these mice demonstrates a 
functional interplay between CYLD and HDAC6 in ciliary 
homeostasis.
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RESULTS

Generation and confirmation of Cyld/Hdac6 
DKO mice

Because male CKO mice are infertile [28], and 
Hdac6 is an X-linked gene [29], we selected female 
CKO mice (i.e., Cyld -/-, Hdac6 +/+) and male Hdac6 
KO (HKO) mice (i.e., Cyld +/+, Hdac6 -/Y) for the 
production of first-generation heterozygous mice (Figure 
1A). Male Cyld/Hdac6 DKO mice were then generated at 
a Mendelian frequency of 1:16 in the second generation 
by breeding female Cyld/Hdac6 double heterozygous 
(DHZ) mice (i.e., Cyld +/-, Hdac6 +/-) with male Cyld 
heterozygous (CHZ) mice (i.e., Cyld +/-, Hdac6 +/Y) 
(Figure 1A). The male Cyld/Hdac6 DKO mice were 
viable and phenotypically normal, and showed no obvious 
variances in weight or behavior compared with their 

wild-type (WT) littermates. Male second-generation mice, 
including WT (i.e., Cyld +/+, Hdac6 +/Y), CKO (i.e., Cyld 
-/-, Hdac6 +/Y), HKO (i.e., Cyld +/+, Hdac6 -/Y), and 
DKO mice, were selected for subsequent experiments due 
to the nature of the study, which included examination of 
sperm flagella.

To confirm the status of Cyld and Hdac6 genes, we 
performed genotyping analysis for the first-generation 
(Figure 1B) and second-generation mice (Figure 1C). PCR 
analysis of mouse tail DNA with Cyld-specific primers 
produced a 200-bp band for WT and HKO mice, a 250-
bp band for CKO and DKO mice, and both bands for 
DHZ and CHZ mice (Figure 1B and 1C). Similarly, PCR 
analysis with Hdac6-specific primers produced a 300-bp 
band for WT and CKO mice, a 250-bp band for HKO, 
DKO, and CHZ mice, and both bands for DHZ mice 
(Figure 1B and 1C). Western blot analysis of mouse liver 
lysates with antibodies specific for CYLD and HDAC6 

Figure 1: Generation and confirmation of Cyld/Hdac6 double knockout (DKO) mice. A. Protocol used for the generation of 
male Cyld/Hdac6 DKO mice (i.e., Cyld -/-, Hdac6 -/Y). B. Genotyping by PCR with Cyld and Hdac6 primers to identify the first-generation 
mice. PCR was performed using mouse tail DNA from female Cyld/Hdac6 double heterozygous (DHZ) mice (i.e., Cyld +/-, Hdac6 +/-) 
and male Cyld heterozygous (CHZ) mice (i.e., Cyld +/-, Hdac6 +/Y). C. Genotyping by PCR with Cyld and Hdac6 primers to identify 
mice of the second generation. PCR was performed using tail DNA from male wild-type (WT) mice (i.e., Cyld +/+, Hdac6 +/Y), male Cyld 
knockout (CKO) mice (i.e., Cyld -/-, Hdac6 +/Y), male Hdac6 knockout (HKO) mice (i.e., Cyld +/+, Hdac6 -/Y), and male Cyld/Hdac6 
DKO mice. D. Western blot analysis of CYLD, HDAC6, and β-actin in the livers of WT, CKO, HKO, and DKO mice.
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confirmed that CYLD was not expressed in CKO mice, 
HDAC6 not expressed in HKO mice, and neither protein 
expressed in DKO mice (Figure 1D).

Sperm flagellar defects induced by loss of Cyld 
are partially rescued by deletion of Hdac6

We examined sperm isolated from the epididymides 
of WT, CKO, HKO, and DKO mice. Consistent with 
our previous results [13], CKO mice produced impaired 
sperm, for which both the density of sperm and the 
length of sperm flagella were reduced (Figure 2A and 
2B). In agreement with the previously reported effects of 
HDAC6 inhibitors and HDAC6 siRNAs on ciliogenesis 
[25], deletion of Hdac6 did not significantly affect the 
density of sperm or the length of sperm flagella (Figure 
2A and 2B). However, the sperm density and flagellar 
defects induced by loss of Cyld were partially restored in 
DKO mice (Figure 2A and 2B). We next analyzed sperm 
flagella in the testis by immunofluorescence staining with 

an antibody directed against acetylated α-tubulin, a well-
characterized ciliary marker. Similar to results for isolated 
sperm, we found that the flagellar length was also partially 
rescued in DKO mice (Figure 2C and 2D). Together, these 
results suggest that the flagellar defects induced by loss of 
Cyld are partially rescued by deletion of Hdac6.

Cyld/Hdac6 DKO mice are protected from ciliary 
defects in the tracheal epithelium

To investigate whether ciliary defects in the trachea 
caused by loss of Cyld could be rescued in Cyld/Hdac6 
DKO mice, scanning electron microscopy was performed 
to examine the tracheal surface epithelium of WT, CKO, 
HKO, and DKO mice. We found that CKO mice exhibited 
reductions in the percentage of ciliated cells and ciliary 
length, while HKO mice showed no significant ciliary 
defects compared with WT mice (Figures 3A–3C). In 
DKO mice, the percentage of ciliated cells and the length 
of cilia were significantly increased compared with CKO 

Figure 2: Sperm flagellar defects induced by loss of Cyld are partially rescued by deletion of Hdac6. A. and B. Quantification 
of the density (A) and flagellar length (B) of sperm isolated from WT, CKO, HKO, and DKO mice. C. Immunofluorescence images of 
sperm flagella in the testis of mice, stained with acetylated α-tubulin (ace-α-tub) antibody and DAPI. Arrows indicate representative 
flagella. Scale bar, 15 μm. D. Experiments were performed as in C, and the flagellar length was quantified. ***P < 0.001; ns, not significant. 
Data are represented as mean ± SEM.
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mice (Figures 3A–3C). Similar results were obtained by 
immunofluorescence staining of cilia in mouse trachea 
(Figures 3D–3F). These results indicate that tracheal 
motile ciliary defects induced by loss of Cyld are 
significantly rescued in DKO mice.

Cyld/Hdac6 DKO abrogates Cyld loss-induced 
ciliary defects in the kidney

We then examined whether renal ciliary defects 
caused by loss of Cyld are rescued by deletion of Hdac6. 
The primary cilia in the collecting ducts of the kidney 
were stained with acetylated α-tubulin antibody. We found 
that CKO mice exhibited reduced percentage of ciliated 
cells and decreased ciliary length, while deletion of Hdac6 

did not significantly affect cilia compared with WT mice 
(Figures 4A–4C). However, in DKO mice, ciliary defects 
induced by loss of Cyld in the kidney were efficiently 
rescued (Figures 4A–4C). These data suggest that DKO 
dramatically ablated the effect of Cyld loss on cilia.

Since PKD has been strongly associated with 
ciliary defects in the kidney [30], we sought to investigate 
whether the CYLD/HDAC6 axis contributes to this 
disease. We first examined the kidney weight/body weight 
ratio (KW/BW) of WT, CKO, HKO, and DKO mice and 
found no significant difference among these mice (Figure 
4D). We then performed hematoxylin and eosin (H & 
E) staining of kidneys from WT, CKO, HKO, and DKO 
mice. We found that, similar to WT mice, CKO, HKO, 
and DKO mice did not exhibit obvious cysts in the kidney 

Figure 3: Cyld/Hdac6 DKO mice are protected from ciliary defects in the tracheal epithelium. A. Scanning electron 
microscopy images of cilia in WT, CKO, HKO, and DKO mouse tracheal epithelia. Scale bars, 3 μm. B. and C. Experiments were 
performed as in A, and the percentage of ciliated cells (B) and ciliary length (C) were quantified. D. Immunofluorescence images of tracheal 
epithelial cilia in WT, CKO, HKO, and DKO mice, stained with acetylated α-tubulin (ace-α-tub) antibody and DAPI. Scale bar, 5 μm. E. 
and F. Experiments were performed as in D, and the percentage of ciliated cells (E) and ciliary length (F) were quantified. ***P < 0.001; 
ns, not significant. Data are represented as mean ± SEM.
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(Figure 4E). These data suggest that ciliary defects in the 
kidney do not always precipitate PKD.

Cyld loss-induced ciliary defects in mouse 
embryonic fibroblasts (MEFs) are significantly 
rescued by deletion of Hdac6

The next question then is whether Cyld loss-induced 
ciliary defects could be rescued by deletion of Hdac6 in 
vitro. To answer this question, we investigated WT, CKO, 
HKO, and DKO MEFs. To induce ciliary formation, 
MEFs were cultured in serum-free medium for 48 hours. 
We found that both the percentage of ciliated cells and the 
length of cilia were dramatically reduced in CKO MEFs 
and that deletion of Hdac6 did not affect cilia compared to 
WT MEFs (Figures 5A–5C). However, the ciliary defects 

induced by loss of Cyld were significantly restored in 
DKO MEFs (Figures 5A–5C).

To explore the molecular mechanism pertaining to 
the function of HDAC6 in the ciliary action of CYLD, 
MEFs were cultured in serum-free medium for 48 hours 
and double stained with CYLD and HDAC6 antibodies. 
We found that in a population of MEFs where HDAC6 
were enriched at the centrosome/basal body, CYLD 
was also enriched in this region (Figure 5D). We next 
compared the localization of HDAC6 in WT and CKO 
MEFs. We found that loss of Cyld dramatically increased 
the intensity of HDAC6 localized at the centrosome/
basal body (Figure 5E and 5F). In addition, simultaneous 
deletion of Hdac6 significantly reversed the reduction of 
α-tubulin acetylation observed in CKO MEFs (Figure 
5G). Together with previous findings [13], these results 

Figure 4: Cyld/Hdac6 DKO abrogates Cyld loss-induced ciliary defects in the kidney. A. Immunofluorescence images of renal 
cilia in WT, CKO, HKO, and DKO mice, stained with acetylated α-tubulin (ace-α-tub) antibody and DAPI. Arrows indicate representative 
cilia. Scale bar, 10 μm. B. and C. Experiments were performed as in A, and the percentage of ciliated cells (B) and ciliary length (C) were 
quantified. D. Statistical analysis of the kidney weight (KW)/body weight (BW) ratio for WT, CKO, HKO, and DKO mice. E. Images of 
hematoxylin/eosin (H & E) stained renal tissues of WT, CKO, HKO, and DKO mice. Scale bar, 10 μm. *P < 0.05, ***P < 0.001; ns, not 
significant. Data are represented as mean ± SEM.
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Figure 6: Sonic hedgehog (Shh) signaling is restored in Cyld/Hdac6 DKO MEFs. A. Immunofluorescence images of WT, 
CKO, HKO, and DKO MEFs serum-starved for 24 hours, treated with conditioned serum-free medium containing the amino-terminal 
domain of Shh (ShhN) for 24 hours, and stained with Gli1 or Gli2 antibody and DAPI. Scale bar, 10 μm. B. and C. Experiments were 
performed as in A, and the percentage of Gli1 (B) and Gli2 (C) localized in the nucleus was quantified. D. and E. Real-time quantitative 
RT-PCR analysis of the mRNA levels of Gli1 (D) and Gli2 (E) in WT, CKO, HKO, and DKO MEFs serum-starved for 24 hours and treated 
with ShhN-conditioned serum-free medium for 24 hours. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant. Data are represented as 
mean ± SEM.


