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Cilia and flagella are critical organelles with conserved internal structures and diverse de-
velopmental and physiological processes according to cell type. Although the core com-
ponents of structures are shared with thousands of associated proteins involved in cilia or
flagella formation, we hypothesized that some unknown proteins, such as outer dense fiber
2 (Odf2/Cenexin) perform distinct functions in these organelles. In the present study, we
identified several uncharacterized proteins through mass spectrometry interactome analy-
sis of Odf2/Cenexin proteins. We further examined the expression patterns and functions
of a protein named cilia and flagella associated protein 58 (Cfap58) in cultured astrocytes
and sperm flagella. The results of a combination of biochemical analyses and drug ad-
ministration studies reveal that Cfap58 is a testis-enrichment protein that exhibits similar
localization to Odf2/Cenexin proteins and is required for the elongation of the primary cil-
ium and sperm midpiece via modulation of the Notch signaling pathway. However, the cell
cycle-related functions and localization of Odf2/Cenexin in the mother centriole were not
altered in Cfap58 knockdown cells. These findings indicate that Cfap58 may be partially
recruited by Odf2/Cenexin proteins and is indispensable for the cilia and flagellar assembly.
These data provide us with a better understanding of ciliogenesis and flagellar elongation
and may aid in identifying new targets for diseases caused by Notch-mediated ciliopathies
and flagellar abnormalities.

Introduction
Flagella and cilia are ancient and evolutionarily conserved organelles that are microtubule-based struc-
tures emanating from basal bodies [1,2]. In mammals, the cilia are widely distributed in various cell types
and are generally categorized as motile cilia and sensory, non-motile cilia, also known as primary cilia [3].
Motile cilia are generally found in the epithelium of the conducting airways, oviducts, efferent ductules
and cochlea, and function in mucociliary clearance, oocyte/embryo/sperm transportation and ventricular
fluid flow, respectively [4–9]. On the other hand, primary cilia are deemed to be antenna that interpret a
number of morphogens, such as Sonic Hedgehog (Shh) protein, bone morphgenetic protein (BMP) and
Wnt and Notch proteins [10–13]. The impairments in primary cilia in function and structure have mani-
fested a broad spectrum of diseases overall known as ‘Ciliopathy’ in humans, including polycystic kidney
disease (PKD), Bardet–Biedl syndrome (BBS) and other developmental defects [14].

Similar to cilia, the flagella are nucleated from basal body to establish longer 9+2 microtubule arrange-
ments in the center to form axonemes [15]. In general, the axonemes of sperm flagella are surrounded by
nine precise structures, called outer dense fibers (ODFs), to execute the function of a propulsive engine
in mammalian sperm [16]. Dysfunctions of flagella are major causes of male infertility or subinfertility
[16,17].
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Due to the similarity of internal structures between cilia and flagella, it is believed that the protein components
of cilia and flagella for structural foundation are the same [18]. Therefore, extensive studies have focused on pro-
viding information about the common protein composition of cilia and flagella through comparative genomics and
transcriptomics in cell lines and different species. For instance, it has been demonstrated that some of the BBS and
the intraflagellar transport (IFT) family proteins play critical roles in both cilia and flagella [19–21]. Although some
excellent studies have revealed that several distinct proteins are recruited by cilia and sperm flagella, the majority
of results definitely certificate the idea that the enormously conserved proteins are involved in the structures and
functions both of cilia and flagella [22]. Nevertheless, it is notable that some of the common proteins exhibit distinct
localizations and functions in cilia and flagellum. For example, outer dense fiber 2 (Odf2/Cenexin) proteins were
initially found in ODFs that are required for axoneme stability and sperm motility; later, it was determined that they
were localized on the appendage of mother centrioles in somatic cells [23,24]. Disruption of Odf2/Cenexin expression
in ciliated cells led to ciliogenesis deficiency [25]. Thus, identifying more of these proteins may help us gain a better
understanding of the similarities and differences between cilia and flagellar assembly.

In the present study, we applied mass spectrometry interactome analysis of the Odf2/Cenexin proteins in sperms
to find novel proteins involved in ciliogenesis and flagellar formation (Supplementary Table S1). On validation, we
found that cilia and flagella associated protein 58 (Cfap58) is a novel protein expressed abundantly in sperms and
ciliated cells. Reduced expression level of Cfap58 in astrocytes resulted in the impairment of primary cilia growth
without affecting cell cycle progression and the capacity of the microtubule organization center (MTOC). Inhibition
of Notch signaling elevated not only the expression level of Cfap58 in vitro and in vivo, but also the length of the
primary cilia and sperm midpiece.

Materials and methods
Animal care and use
The wild-type C57BL/6J mice were purchased from the SLAC Laboratory Animal Co., Ltd. (Shanghai, China) and
maintained under specific-pathogen-free (SPF) conditions for sample collection and drug administration assay. The
experiments on animals followed the guidelines of the Animal Care and Use Committee of the Shanghai Jiao Tong
University, School of Medicine. The mice were anesthetized in a chamber containing 2% isoflurane mixed with 0.2
l/min 100% O2 and maintained with a face mask (0.5% isoflurane). And then, the mice were killed following the
CO2 approach after tissue collection. The animal experiments took place at Shanghai Jiao Tong University, School of
Medicine, and approved by the Jiao Tong University School of Medicine Animal Ethics Committee (approval number
GKLW2016-31).

Cell culture, treatment, transfection and viral generation and infection
HEK293T cells were plated on 10-cm dishes and cultured in DMEM supplemented with 10% fetal bovine serum
(FBS). HA-Cfap58 plasmid combined with the GFP vector, Odf2-GFP vector or Cenexin-GFP vector, respectively,
were transfected into the cells using Lipofectamine 2000 for the pulldown assay. For the RNA interference (RNAi)
efficiency assay, the HEK293T cells were transfected with HA-Cfap58 and shRNA vectors for 72 h.

The mice astrocyte cells were dissociated from P14 mice midbrain and cultured as previously described [26]. Briefly,
astrocyte cells were cultured in proliferation medium containing DMEM supplemented with 10% FBS, B27, 10 ng/ml
epidermal growth factor (EGF) and 10 ng/ml fibroblast growth factors (FGF2) or in primary cilia-induced medium
(proliferation medium with FBS withdrawal). For Notch signaling inhibition, LY411575 was dissolved in DMSO and
added to induced medium at a final 4 or 6 mM for 48 h as previously described [27]. To examine the function of Cfap58
in ciliogenesis, astrocytes as models of ciliated cells were infected with the Cfap58 shRNA lentiviruses provided by
the Ohio Company (Shanghai China) at a 10 multiplicity of infection (MOI) for 72 h.

Plasmid construction and qPCR
Total RNA was extracted from tissues with TRIzol (15596026, Invitrogen, Carlsbad, CA, U.S.A.) and converted to
cDNA using the PrimeScript™ II First Strand cDNA Synthesis Kit (No. 6210A, Takara, Japan). The Cfap58 cDNA
fragment was amplified from adult testis cDNA library and cloned into a pcDNA3.0 empty vector digested by EcoR
V and Xho I. For the qPCR assay, the samples were conducted with PrimeScript™ RT reagent with gDNA Erase (No.
RR047Q, Takara, Japan) as previously described [28]. The RNAi-resistant Cfap58 against Cfap58 sh3 was performed
by PCR-based mutagenesis. The mutant allele contains 5′-gAatgtcCatgaaTaaTatTt-3′ (from nt2522 to nt2542 in CDS)
(mutant alleles are indicated in uppercase). The primers used in this section are listed in Supplementary Table S2.
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The shRNA sequences targeted mouse Cfap58 were designed using an online design tool in Thermo Fisher Sci-
entific and cloned into a pLKD vector under the control of the U6 promoter. The sequences were given as following
Supplementary Table S2.

Western blotting
First, the proteins from cells, mouse testes and sperms were prepared as previously described [28]. Next, the samples
were loaded into SDS/PAGE gels to be performed using the enhanced chemiluminescence (ECL) detection system
(Pierce, Rockford, IL, U.S.A.). All antibodies used in the present study are listed in Supplementary Table S3.

Immunoprecipitation
After 48 h of transfection of the related plasmids, the HEK293T cells were lysed using a high salt lysis buffer as
previously described [16]. The insoluble components were discarded via centrifugation, and the supernatant was
incubated with GFP-linked beads at 4◦C for 4 h. Next, the immunoprecipitates were washed three times with 1 ml
of wash buffer and eluted with 50 μl of 0.5 M glycine buffer (pH 2.5) according to a previous study [16]. The elution
solution was neutralized with 10 μl of Tris/HCl buffer (pH 8.0), and then resuspended in SDS loading buffer for
Western blotting analysis.

Indirect immunofluorescence microscopy and quantification
The sperms and the cells that were grown on a coverslip coated with or without PDL were fixed in 4% paraformalde-
hyde (PFA) for 10 min at room temperature for cilia immunostaining or in methanol for 10 min at −20◦C for im-
munostaining of the centrosome and flagellar proteins. And then the sperms and cells were washed three times with
PBS quickly at room temperature following standard immunofluorescence procedures [29]. The primary and sec-
ondary antibodies were listed in Supplementary Table S3. The nuclei were stained by Hoechst34580 (63493, Sigma,
U.S.A.) at room temperature for 30 min. The fluorescence images were obtained at 0.5–1 μm intervals in z-axis with
SP8 confocal microscope (Leica Microsystems, Wetzlar, Germany). The percentage and length of cilia per cell as well
as the sizes and mean α-tubulin intensities of asters were measured using ImageJ software as previously described
[30,31].

Sperm preparation
The caudal epididymis was removed from the anesthetic adult mice treated with or without LY411575 for 35 days
and cut by eye scissors into small bulks. Next, these tissues were submerged in 500 μl of Tyrode’s salt solution (T2397,
Sigma, U.S.A.) at 5% CO2, 37◦C incubator for 15 min. The sperms swam out into the salt solution after incubation, and
were obtained by centrifugation at 600 g for 5 min at room temperature. Next, the sediments were re-suspended with 1
ml of PBS. Two aliquots of suspension (each 10 μl) were taken out to perform with computer-assisted sperm analysis
software (CASA software) as previously described and Giemsa staining (G1020, Solarbio, China) was performed
according to the production manual [16]. The length of the sperm midpiece was measured using ImageJ software.

Cell cycle assay
The cell cycle analysis was performed using flow cytometry (FCM). Cells were seeded on to a six–well plate and
infected by Cfap58 shRNA3 or scramble lentivirus. At 72 h after infection, cells were collected and fixed with 70% ice
ethanol overnight at 4◦C. The centrifuged cells were subsequently stained with propidium iodide/RNase buffer (BD
Biosciences, San Jose, CA, U.S.A.), according to the manufacturer’s instructions. Cell cycle analysis was carried out on
an FACScalibur flow cytometer with the CellQuest software (BD Biosciences). These experiments were performed a
minimum of three times.

Microtubule regrowth assay
To assess the ability of microtubule regrowth after knockdown (KD) Cfap58 protein in astrocytes, the microtubules
were completely depolymerized using 3.3 μM of nocodazole for 4 h. Next, the cells were quickly washed three times
in warm proliferation medium and incubated in the medium at 37◦C for 0, 30, 300 s before fixation, respectively.

Data processing and statistical analysis
Statistical results were performed using GraphPad Prism 5. The unpaired, two-tailed t test with Welch’s correction was
applied to determined statistical significance. Not significant (NS), *, ** and *** indicated P>0.05, P≤0.05, P≤0.01
and P≤0.001, respectively.
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Results
Cfap58 is a novel protein that interacts with Odf2/Cenexin and is
expressed in the basal body and sperm flagellum
To validate the interaction between Odf2 and Cfap58, co-immunoprecipitation experiments in HEK293T cells were
performed as described in the ‘Materials and methods’ section. Actually, both testis-enriched isoform Odf2 and so-
matic cells-enriched isoform Cenexin bound with Cfap58 proteins in vitro (Figure 1A). To confirm the Cfap58 inter-
action with Odf2/Cenexin in somatic cells and sperms, immunofluorescence experiments were conducted. In neural
progenitor cells, endogenous Cfap58 signals overlapped with signals of the centrosome marker,γ-tubulin (Figure 1B).
And the signals of endogenous Cfap58 proteins in astrocytes partially overlapped Odf2/Cenexin signals (Figure 1C).
Meanwhile, the signal of Cfap58 was mainly localized in midpiece and merged with Odf2 signals in sperms (Figure
2A). Furthermore, we examined the expression pattern of Cfap58 in developing testes and different adult tissues us-
ing Western blotting and qPCR, respectively. The expression level of Cfap58 proteins was increased during testicular
development (Figure 2B,C), which was similar to the expression pattern of Odf2 in testes. qPCR with specific primers
showed that Cfap58 mRNA was abundantly expressed in adult testis and detectable in ciliated cells and tissues such as
neural progenitor cells and oviducts (Figure 2D). These results showed that Cfap58 interacted with Odf2 and Cenexin
in different cell types and exhibited a similar expression pattern of Odf2/Cenexin in mouse cells and tissues.

Down-regulation of Cfap58 expression does not alter the cell cycle
progression and microtubule organization in astrocytes
We next tested the effect of Cfap58 depletion by RNAi in centriolar functions. First, we designed and constructed
shRNA vectors against mouse Cfap58. And then, we validated the silencing efficiency of Cfap58 shRNA vectors by
transfected HEK293T cells with HA-tagged mouse Cfap58 combined with shRNA vectors, respectively. Western blot-
ting analyses examined the expression levels of Cfap58 at day 3 post-transfection (Figure 3A,B). The most effective
RNAi sequences, termed Cfap58 sh2 and sh3, were packaged into lentivirus for subsequent experiments. The infection
efficiency was approximately 95% at 10 MOI (Figure 4A).

The astrocytes were dissociated from the P7 mouse midbrain and cultured for the cell cycle, microtubule regrowth
and ciliogenesis analyses. RNAi knockdown efficiency in the mouse astrocyte experiments were validated again (Sup-
plementary Figure S1). After 3 days of infection in the astrocytes, a depletion of Cfap58 cells appeared to grow nor-
mally, as observed using phase contrast microscopy (data not shown). Additionally, the cell cycle progression was not
altered in Cfap58 knockdown cells (Cfap58 sh2 and sh3) according to FACS analysis (Figure 3C,D).

We then tested the MTOC activity of the centrioles in the Cfap58 sh2 and sh3 cells after nocodazole depolymeriza-
tion. By analyzing the size and microtubule density of rebuilt aster-like structures, there were no significant changes
observed in the Cfap58 knockdown cells compared with that in the control group (Figure 4B,C).

Primary cilium assembly perturbation after reduced expression level of
Cfap58 in astrocytes
Previous studies have reported that astrocytes process primary cilium at the G1/G0 phase [32]. Thus, we starved the
astrocytes after depletion of Cfap58 to examine whether the growth of primary cilium was disrupted. As shown in
Figure 5A,C, the number of ciliated cells was significantly reduced in the Cfap58 KD groups compared with that in
the scramble group. Furthermore, the length of the cilia in loss of Cfap58 cells was slightly decreased (Figure 5B).
The astrocytes were co-transduced with a lentiviral vector expressing the RNAi-resistant Cfap58 ORF and Cfap58
shRNA3 and showed that enforced RNAi-resistant Cfap58 expression rescued the ciliogenesis deficiency after de-
pletion of endogenous Cfap58 (Figure 5A–C). This result supported the specificity of the RNAi-induced phenotype.
Interestingly, we found the signals of Odf2/Cenexin were not apparently affected by the reduction in Cfap58 in basal
body (Figure 5D). These findings indicated that Cfap58 was recruited into mother centriole by Odf2/Cenexin and
indispensable for the generation of primary cilia without affecting the cell cycle progression and MTOC activity.

Suppression of Notch signaling enhances primary ciliation and Cfap58
expression in astrocytes
The functions of Notch signaling are extensively studied in various research fields [33]. The agonist and antagonist of
Notch signaling are widely applied in scientific studies and clinical studies. It has been reported that primary cilium
in the skin is required for Notch signaling conduction, meanwhile, the activity of Notch signaling tunes the Shh
signaling activity which is dependent on the function of primary cilium [12,34,35]. Furthermore, blocking Notch
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Figure 1. Cfap58 interacts with Odf2/Cenexin and localizes in centrosome/basal body and sperm flagellum abundantly

(A) Western blot analysis shows the interaction between Cfap58 and Odf2/Cenexin in vitro. (B) Localization of γ-tubulin (green)

and Cfap58 (red) in the centrosome in mouse astrocytes. Nuclei (blue) are stained with Hoechst34580. Scale bar = 10 μm. (C)

Co-localization of Odf2/Cenexin (green) and Cfap58 (red) in mouse astrocytes. Nuclei (blue) are stained with Hoechst34580. Scale

bar = 10 μm. (D) Statistical results the percentage of localization of γ-tubulin/Cfap58 and Odf2/Cfap58 for (B,C) (n=50 dots/group).

Data are shown as the means.
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Figure 2. Cfap58 is a testis-enriched protein

(A) Localization of Cfap58 (green) and Odf2 (red) in mouse sperm flagellum. Nuclei (blue) are stained with Hoechst34580. Scale bar

= 5 μm. (B) Western blot analysis were performed that the expression patterns of Cfap58 and Odf2 in mouse developing testes.

(C,D) qRT-PCR analysis of Cfap58 mRNA in and developing testes (C) and mouse adult tissues (D). Mouse Gapdh mRNA level was

an internal control. Data are shown as the means +− SEM.

signaling activity promotes the differentiation of ciliated cells in airway epithelium [36]. Thus, we wondered whether
the activity of Notch signaling was involved in the ciliogenesis in astrocytes. Unexpectedly, inhibition of Notch activity
not only enhanced the length of cilia, but also elevated the expression level of the Cfap58 protein (Figure 6A–D).
Moreover, the effect of Notch signaling inactivation on ciliogenesis could be blocked by the reduction in Cfap58
(Figure 6E,F). However, only overexpression of Cfap58 did not increase the length of the cilia (Supplementary Figure
S2). These data implied that Cfap58 is necessary but not sufficient for the regulation of primary cilia, and participates
in Notch signaling-related ciliation.

Administration of a Notch signaling inhibitor in mice facilitates the
expression level of Cfap58 and the length of the sperm midpiece
Next, we wondered whether the effects of a Notch signaling inhibitor existed in sperm flagella in vivo. To achieve this
aim, we administrated the drug to mice in their drinking water in a dose-dependent manner. And then, the sperms
and testes were isolated and analyzed by Western blotting and Giemsa staining. The Western blot results showed that
the expression levels of Cfap58 were increased in the sperms but not testes from mice treated with LY411575 at 4
and 6 mM for 35 days (Figure 7A). Meanwhile, the length of the sperm midpiece was significantly elongated in the

6 © 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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Figure 3. No significant alteration in cell growth and cell cycle was observed after down-regulation of Cfap58 in astrocytes

(A) Western blot analysis exhibits validation of shRNA vectors targeted to mouse HA-Cfap58 in HEK293T cells. (B) Statistical result

shows the silence efficiency of Cfap58 shRNA vectors. (C,D) Representative FACS results (C) and statistical results (D) show no

significant difference in the proportion of G0/G1, G2/M and S phase between negative control and Cfap58 knockdown groups. Data

are shown as the mean +− SEM. NS, P>0.05; *, P≤0.05; **, P≤0.01.

drug treatment groups (Figure 7B,C). These results suggested that the inhibition of Notch signaling facilitated the
midpiece length by regulating the expression of Cfap58.
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Figure 4. MTOC activity of the centriole does not change after the down-regulation of Cfap58 expression in astrocytes

(A) Immunostaining data (left panel) and statistical results (right panel) show the infection efficiency of control and Cfap58 shRNAs

virus. (B) Centrioles stained by γ-tubulin antibody (red) show regrowth of microtubules stained by α-tubulin antibody (green) in time

course. Nuclei (blue) are stained with Hoechst34580. Scale bar = 2 μm. (C) Statistical results show the areas and mean α-tubulin

intensities of asters in (B) after nocodazole treatment in the scramble, Cfap58 shRNA2 and shRNA3 groups. (n≥50 asters, the white

cycles indicated asters and measurements). Data are shown as the means +− SEM. NS, P>0.05
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Figure 5. Silencing Cfap58 in astrocytes causes ciliogenesis deficiency without the mislocalization of Odf2/Cenexin

(A) Immunostaining analysis shows that the number and length of cilia are reduced in Cfap58 KD cells, and the RNAi-resistant

Cfap58 + shRNA3 group compared with the control group. Cells were stained with Arl13b antibody (red), GFP antibody (green) or

Hoechst34580 indicating the primary cilia marker, infected cells marker and nuclei, respectively. Scale bar = 5 μm. (B) Statistical

results show the percentages of ciliated cells in control, Cfap58 shRNA2, shRNA3 and rescue groups. (C) Statistical results show

the length of cilia in the scramble, Cfap58 KD and rescue groups. (D) Triple immunostaining with Odf2/Cenexin (white) antibody and

Cfap58 (red) antibody in control cells and Cfap58 KD cells shows that the localization of Odf2/Cenexin is not altered in astrocytes.

GFP (green) indicates infected cells. n=25 and 30 cells for control and Cfap58 KD cells. Scale bar = 5 μm. Data are shown as the

means +− SEM. NS, P>0.05; ***, P≤0.001.
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Figure 6. Inhibition of Notch signaling activity facilitates ciliogenesis by increasing Cfap58 protein expression in astrocytes

(A) Representative immunofluorescent images of mouse astrocytes cultured for 3 days with 0, 4 or 6 μM LY411575 stained with

Hocesht34580 (blue), γ-tubulin (green) and Arl13b antibody (red) as nuclei, basal body and primary cilia, respectively. Scale bar =
10 μm. (B) Statistical results show a significant increase in the length of cilia after inactivation of Notch signaling in astrocytes. (C)

Western blot analysis shows up-regulation of Cfap58 in astrocytes treated with LY411575 in a dose-dependent manner for 3 days.

The Gapdh protein level was as a loading control. (D) Histogram indicates the statistical results of Cfap58 expression level (three

times). (E) Representative immunofluorescent images of mouse astrocytes treated with LY411575 for a day post-infection 3 days

with the control and Cfap58 shRNA3 lentivirus. The nuclei stained with Hoechst34580 (blue), GFP (infected cells, green) and Arl13b

(primary cilia). (F) Statistical results exhibit the length of cilia for (E). Data are shown as the means +− SEM. *, P≤0.05, ***, P≤0.001.
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Figure 7. LY411575 enhances Cfap58 expression and the length of the midpiece in mouse sperm in vivo

(A) Cfap58 expression is increased in mouse sperms but not adult testis. (B) Representative images of sperms stained by Giemsa

dye to highlight the length of sperm flagellum. Black arrows indicate the region of the midpiece. (C) The histogram shows that the

length of the midpiece is increased after LY411575 treatment for 35 days. Data are shown as the means +− SEM. **, P≤0.01; ***,

P≤0.001

Cfap58 regulates ciliogenesis independent of Aurora A activation and
Nek2
Finally, we wondered whether several key components, such as Aurora A and Nek2, were involved in regulating cilia
disassembly after depletion of Cfap58 [37,38]. However, we did not observe any significant changes in phosphorylated
Aurora A, total Aurora A and Nek2 after down-regulation of Cfap58 (Supplementary Figure S3). The results reflect
the extremely complex mechanisms underlying ciliogenesis.

Discussion
Here, we present evidence that a testis-enriched protein, Cfap58, interacts with a vital mother centriole
protein—Odf2/Cenexin and is required for the normal ciliary and flagellar architecture upon Notch signaling in
cultured astrocytes and mouse sperms. However, several questions have logically arisen from the above results and
should be discussed.

Cfap58 belongs to the flagella-associated proteins (FAPs) family, which is expressed in many ciliated organisms
[39]. To date, only some proteins in the family have been linked to the functions of cilia and flagella. For example,
the loss of function Cfap43, Cfap44 or Cfap65 in humans have led to flagellar abnormalities [40–42]. The mutants
in Cfap59 (also known as Ccdc39) resulted in aberrant inner dynein arms and the dynein regulatory complex were
identified in primary ciliary dyskinesia (PCD) patients [40]. Concomitantly, oligoasthenospermia and mild defects
in sperm flagella were presented in some cases of PCD [40]. Our study clearly shows the evidence that Cfap58 is
required for the ciliogenesis in cultured cells and elongation of sperm flagella. Although Cfap58 knockout mouse

© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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model was not generated in the present study, it strongly supports the involvement of Cfap58 in spermatogenesis and
ciliogenesis in vivo, as supported by previous and current results. In addition, it is worth noting that Cfap58 seems
to be required for primary cilia formation. It is necessary to further investigate about the function of Cfap58 in a
tissue-specific manner via analyzing the phenotypes in Cfap58 knockout mice.

Previous studies have demonstrated that Odf2/Cenexin are required for the primary cilia development, basal feet
formation and ODF structure architecture both in vivo and in vitro as well as the recruitment of appendage compo-
nents into the mother centrioles [43,44]. To date, there are few proteins interacting with Odf2/Cenexin proteins have
been identified in cells and sperms. For example, the proteins named Chibby and Trichoplein were validated as part-
ners of Odf2/Cenexin in cells [45–47]. Depletion of Chibby led to failure of primary cilium assembly and enlargement
of distal tips of motile cilia in mouse bronchial epithelium. The interaction between Chibby and Cenexin would alle-
viate the antagonist effect of Chibby in canonical Wnt pathway through decreasing the amount of β-catenin–Chibby
complex. RNAi-mediated Trichoplein depletion impaired the MT anchoring and recruitment of ninein to centro-
some. Interestingly, the depletion of Cfap58, Chibby or Trichoplein does not abolish the localization of Odf2 at the
mother centriole. The immunocytochemical observations about Cfap58 and Trichoplein revealed that they did not
completely overlap with Odf2 in the centrosome. This evidence suggests that Odf2/Cenexin might mediate different
complex formation with different partners to implement specific cellular functions. On the other hand, Aurora A and
Nek2 are considered to be two independent components in primary cilium regulation [37,38]. However, we found that
Cfap58 may regulate ciliation independent of Aurora A and Nek2. Actually, Cfap58 is not associated with cell cycle
progression, whereas both Aurora A and Nek2 play critical roles in mitosis and spindle formation [48,49]. It was re-
cently reported that Fbxo41, a novel Skp1/Cullin1/F-box (SCF) E3 ligase complex subunit, regulates cilia disassembly
through different mechanisms in mitotic cells and post-mitotic cells [50]. Regardless, Cfap58 is a novel Odf2/Cenexin
interactional partner. The precise functions in cilia-mediated signaling and other cellular events should be further
investigated in the future.

The Notch signaling pathway is a critical pathway that has been extensively studied. Previously, it has been reported
that Notch signaling tunes Shh activity in the neural progenitor by regulating trafficking Patched1 and Smoothened
proteins in primary cilium [51]. Sustained activation of Notch signaling repressed the multiciliated differentiation
in choroid plexus tumor cells and bronchial-ciliated cell differentiation [34,36]. Alternatively, primary cilia mediate
the conduction of Notch signaling. The loss of primary cilia in skin diminishes Notch signaling [12]. Importantly, we
found that the expression of Cfap58 and the length of primary cilia and flagella were enhanced by inhibition of Notch
signaling. Our results offer new insights into the relationship between Notch signaling and primary cilium. Further-
more, the length of sperm midpiece is considered a critical determining factor affecting sperm velocity and fertility
success [52,53]. Thus, understanding the interaction among Notch signaling, ciliogenesis and flagellar architecture in
vivo is a valuable research arena to fully explore the therapeutic potential of Notch inhibitors in tumors, ciliopathies
and male infertility.
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Supplementary Figure 1:RNAi knockdown efficiency in the mouse astrocytes. (A) Western blot 

analysis exhibitsvalidation of shRNA vectors targeted to mouse endogenous Cfap58 in mouse 

astrocytes.The Gapdh level was as an internal control, (n≥4).(B) Statistical results show the silence 

efficiency of Cfap58 shRNA vectors.Data are shown as the means±SEM. NS, P＞0.05;*, P≤0.05; **, 

P≤0.01. 



 



 

 

 

 

 

Supplementary Figure 2: Overexpression of Cfap58 in astrocytes does not enhance the length of 

primary cilia. (A) Representative images of the primary cilia in control and Cfap58 overexpression 

group. Cells are stained with Arl13b antibody (red), GFP antibody (green) or Hoechst34580 indicated as 

primary cilia marker, infected cells marker and nuclei, respectively. N=3 replicates. Scale bar=10μm. (B) 

Statistical results show the length of the primary cilia in control and Cfap58 overexpression group. Data 

are shown as the means±SEM. NS, P＞0.05. 
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Supplementary Figure 3: Cfap58 regulates ciliogenesis independent of Aurora A activation and Nek2. 

(A) Representative western blotting images showing the expression of phosphorylated Aurora A, total 

Aurora A (right panel) and Nek2 (left panel) in control and Cfap58 KO groups.The Gapdh level was as an 

internal control. (B) Statistical results show the expression levelsof active Aurora A (right panel) and Nek2 

(left panel), (n=3).Data are shown as the means±SEM. 


