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Cby1 promotes Ahi1 recruitment to a ring-
shaped domain at the centriole–cilium interface 
and facilitates proper cilium formation and 
function
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ABSTRACT Defects in centrosome and cilium function are associated with phenotypically 
related syndromes called ciliopathies. Cby1, the mammalian orthologue of the Drosophila 
Chibby protein, localizes to mature centrioles, is important for ciliogenesis in multiciliated 
airway epithelia in mice, and antagonizes canonical Wnt signaling via direct regulation of β-
catenin. We report that deletion of the mouse Cby1 gene results in cystic kidneys, a pheno-
type common to ciliopathies, and that Cby1 facilitates the formation of primary cilia and cili-
ary recruitment of the Joubert syndrome protein Arl13b. Localization of Cby1 to the distal 
end of mature centrioles depends on the centriole protein Ofd1. Superresolution microscopy 
using both three-dimensional SIM and STED reveals that Cby1 localizes to an ∼250-nm ring at 
the distal end of the mature centriole, in close proximity to Ofd1 and Ahi1, a component of 
the transition zone between centriole and cilium. The amount of centriole-localized Ahi1, but 
not Ofd1, is reduced in Cby1−/− cells. This suggests that Cby1 is required for efficient recruit-
ment of Ahi1, providing a possible molecular mechanism for the ciliogenesis defect in Cby1−/− 
cells.

INTRODUCTION
Many mammalian cells have a single primary cilium, and some spe-
cialized cell types have one or more motile cilia. All cilia are nucle-
ated from a centriole, or basal body—a ninefold radially symmetric 
organelle conserved in many eukaryotes. Most cells have a cen-
trosome that includes a pair of centrioles, only one of which—the 
older, mother centriole—is competent to extend a primary cilium. 

Primary cilia are sensory organelles important for mechanosensa-
tion, photoreceptor function, and osmosensation and modulate a 
range of signaling pathways, including Hedgehog, Wnt, and plate-
let-derived growth factor receptor-α (Pazour et al., 2002; Huangfu 
et al., 2003; Nauli et al., 2003; Schneider et al., 2005; Gerdes et al., 
2007; Gradilone et al., 2007; Malone et al., 2007; Corbit et al., 
2008).

The centriole becomes competent to form a cilium by the recruit-
ment of protein complexes to the distal end that enable basal body 
docking to the plasma membrane and define the ciliary compart-
ment. These include proteins of the transition zone, a region at the 
junction of the centriole and cilium. Recruitment of these complexes 
is followed by extension of the axoneme, growth and modification 
of the specialized ciliary membrane, and localization of ciliary com-
ponents such as ciliary signaling receptors (Avasthi and Marshall, 
2012; Reiter et al., 2012). Genetic defects in these processes cause 
a group of diseases, termed ciliopathies, in which cilium formation 
or function is disrupted (Hildebrandt et al., 2011). Ciliopathies share 
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birth. As shown in Figure 1B, some of the cysts were positive for the 
collecting duct/distal tubule marker Dolichos biflorus agglutinin 
(DBA), but the others were negative for both DBA and the proximal 
tubule marker Lotus tetragonolobus lectin (LTL). LTL-positive cysts 
were rarely observed. Thus it appears that renal cysts predomi-
nantly derive from collecting duct/distal tubules in Cby1−/− mice. 
Consistent with its function in kidney development, Cby1 was de-
tected in renal tubular cells, localizing to the centrioles at the base 
of primary cilia (Figure 1C). Next we determined the status of pri-
mary cilia in Cby1−/− kidneys. Assessment by immunostaining, as in 
Figure 1C, showed that primary cilia were present in the renal tubu-
lar cells of Cby1−/− mice but that the cilia were less abundant com-
pared with Cby1+/+ controls. The number of primary cilia in the renal 
cortex was quantified at various ages, blinded to genotype for unbi-
ased counting (Figure 1D). Only cilia that were >2 μm and protruded 
into the tubular lumen were scored. In Cby1+/+ kidneys from four 
mice, mean cilium number per microscope field varied from 11.6 to 
20.1. In Cby1−/− kidneys from six mice, mean cilium number varied 
from 2.0 to 17.4, with greater variability than in the wild-type kid-
neys. Kidneys from three of the mice (KO4, 5, 6) had a significantly 
lower number of cilia, whereas the other three were not significantly 
different from wild type. Although we do not yet understand the 
basis of the variability of the Cby1−/− phenotype, the reduced num-
ber of cilia in the kidneys observed in some animals is consistent 
with Cby1 being important for primary cilium function in renal 
epithelia.

To test directly whether loss of Cby1 compromises cilium forma-
tion, we examined primary cilium formation in mouse embryonic fi-
broblasts (MEFs) from Cby1+/+ and Cby1−/− embryos. Cells were in-
duced to form a cilium by serum starvation and assayed over a 72-h 
time course. Cby1−/− MEFs exhibited a delay in primary cilia forma-
tion relative to wild type (Figure 2, A and B). After 24 h of serum 
starvation, >40% of Cby1+/+ MEFs had a cilium, whereas <5% of 
Cby1−/− MEFs had a cilium (Figure 2B). The fraction of Cby1−/− MEFs 
with a cilium increased over time of serum starvation, although it 
remained lower than that for Cby1+/+ MEFs (Figure 2B). Comple-
mentation of the Cby1−/− deletion with a human GFP-Cby1 con-
struct (Figure 2, C and D) rescued the defect in primary cilium forma-
tion, assessed at 24 h of serum starvation. Unlike in previous RNAi 
experiments (Steere et al., 2012), these data demonstrate that Cby1 
is not essential for forming a primary cilium but is important for facili-
tating the process.

Previous immunofluorescence studies indicated that Cby1 local-
izes to the distal mother centriole (Steere et al., 2012). Ofd1 localizes 
to a similar position and is required for primary cilium formation, 
likely by regulating the formation of distal centriole structures such 
as the distal appendages (Singla et al., 2010). To determine whether 
Cby1 is a component of distal centriole structures organized by 
Ofd1, we examined Ofd1+/+ and Ofd1−/− mouse embryonic stem 
(ES) cells (Singla et al., 2010) for Cby1 localization using immunofluo-
rescence microscopy (Figure 2E). Cby1 localized to the distal end of 
the mother centriole in Ofd1+/+ cells but was absent from the cen-
trosome in Ofd1−/– cells (Figure 2E), consistent with Cby1 being a 
component of distal centriole structures important for ciliogenesis.

Cby1−/− MEFs have reduced ciliary Arl13b
The primary cilium is a signaling center for several pathways, and 
concentration of signaling proteins in the cilium compartment is es-
sential to proper signaling (Berbari et al., 2009; Mahjoub and 
Stearns, 2012). Arl13b is a cilium-localized small GTPase that regu-
lates cilium morphology and ciliary trafficking (Caspary et al., 2007; 
Duldulao et al., 2009; Cevik et al., 2010; Larkins et al., 2011). Loss of 

subsets of common phenotypes that reflect the diversity of cilium 
function. Renal cystic disease is perhaps the most prevalent of phe-
notypes in the ciliopathies, and other phenotypes include retinal 
degeneration, polydactyly, situs inversus, hydrocephaly, and neu-
rocognitive defects. The molecular basis of pathogenesis in ciliopa-
thies is believed to be due to disruption of cilium-regulated signal-
ing pathways such as mechanosensation, noncanonical Wnt, and 
Hedgehog signaling (Berbari et al., 2009).

There are three classes of proteins at the distal end of centrioles 
involved in cilia formation or function. Distal-end proteins, including 
Ofd1, localize to the distal ends of both mother and daughter cen-
trioles (Singla et al., 2010). Appendage proteins, including Cep164, 
localize to the distal and/or subdistal appendages of the mother 
centriole (Graser et al., 2007). Both of these classes of proteins are 
required for cilium formation and are found on all centrioles compe-
tent to form a cilium, whether they have yet formed a cilium or not. 
In contrast, the third class of proteins, the transition zone proteins, 
including Ahi1 and Tmem237 (Hsiao et al., 2009; Huang et al., 2011; 
Lancaster et al., 2011), are recruited to the distal end of mother cen-
trioles only during ciliogenesis. Some transition zone components 
are not required for cilium formation but instead for regulation of 
ciliary protein content (Reiter et al., 2012). Most transition zone com-
ponents have been characterized as cytoplasmic complexes (Sang 
et al., 2011; Chih et al., 2012), with little information on the organiza-
tion and order of assembly of the proteins at the centriole.

Cby1 was initially identified as an antagonist of canonical Wnt 
signaling (Takemaru et al., 2003), and subsequently shown to local-
ize to the mother centriole (Steere et al., 2012). Deletion of Cby1 in 
mice resulted in chronic respiratory infection due to a reduced num-
ber of motile cilia in cells of the airway epithelium (Voronina et al., 
2009). In vitro RNA interference (RNAi) experiments suggested that 
Cby1 is required for primary cilia formation (Steere et al., 2012). 
However, the majority of Cby1−/− mice typically reach birth, which is 
not consistent with the early embryonic lethality associated with fail-
ure to make a functional primary cilium (Marszalek et al., 1999; 
Murcia et al., 2000; Huangfu et al., 2003). Most Cby1−/− mice die 
within 3 wk of birth, likely of multiple organ dysfunction, whereas the 
remaining 20% are viable for >18 mo (Voronina et al., 2009). Simi-
larly, cilia still form in Drosophila cells in which chibby, the ortho-
logue of Cby1, has been deleted (Enjolras et al., 2012). This led us 
to investigate the role of Cby1 in primary cilium formation and func-
tion, using of cells and tissues from Cby1−/− mice, to clarify its con-
tribution to ciliogenesis. We find that Cby1−/− mice have cystic kid-
neys and that Cby1 facilitates, but is not required for, primary cilium 
formation. Cby1 is needed for efficient recruitment of Arl13b to the 
primary cilium. Cby1 localizes to a distinct distal centriolar domain 
with Ofd1 and Ahi1, and the amount of Ahi1 at the transition zone 
is reduced in Cby1−/− cells.

RESULTS
Cby1−/− mice have cystic kidneys and reduced primary 
cilium frequency
Renal disorders are a major feature of ciliopathies resulting from 
defects in primary cilia structure or function (Berbari et al., 2009; 
Gascue et al., 2011). To determine whether loss of Cby1 results in 
renal defects, we examined the kidneys of mutant Cby1−/− and wild-
type Cby1+/+ mice. The kidneys of Cby1−/− mice were similar in size 
to wild-type kidneys at all ages examined. However, histological 
analysis revealed the presence of multiple renal cysts in Cby1−/− 
mice (Figure 1A). Although the extent of the cystic phenotype var-
ied, renal cysts were consistently observed in all adult (>2 mo old) 
Cby1−/− animals and were detectable in some animals as early as at 
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Arl13b in the zebrafish scorpion mutant re-
sults in cystic kidneys (Sun et al., 2004; 
Cantagrel et al., 2008), and mutations in 
ARL13B are causative for the ciliopathy 
Joubert syndrome (Cantagrel et al., 2008). 
We examined the localization of Arl13b to 
cilia in Cby1+/+ and Cby1−/− MEFs. The 
amount of ciliary Arl13b in Cby1−/− MEFs 
was reduced twofold compared with 
Cby1+/+ MEFs (Figure 3, A and B), and this 
reduction could be complemented by a hu-
man GFP-Cby1 construct (Figure 3, D and 
E). The amount of ciliary acetylated α-tubulin 
was similar in Cby1+/+ and Cby1−/− MEFs 
(Figure 3, A and C). Despite the reduction of 
ciliary Arl13b in Cby1−/− MEFs, these cells 
retained the ability to control protein access 
to the ciliary compartment, as assessed by 
recruitment of the transmembrane protein 
Smoothened (Smo) in response to treat-
ment with Smo agonist (SAG), an activator 
of the pathway (Supplemental Figure S1).

Cby1 localizes in close proximity to the 
transition zone
Control of ciliary protein trafficking occurs in 
part by the action of protein complexes at 
the base of the cilium. This region includes 
the distal end of the mother centriole and 
the transition zone between the centriole 
and cilium and is a site to which many cil-
iopathy proteins localize (Reiter et al., 2012). 
Given that Cby1 localizes to the mother 
centriole (Steere et al., 2012) and that our 
aforementioned results show that it de-
pends on Ofd1 for centriolar localization 
and is involved in ciliary trafficking, we 
sought to examine its localization at higher 
resolution. We used a combination of three-
dimensional structured illumination (3D-
SIM) and stimulated emission depletion 
(STED) superresolution imaging (Klar et al., 
2000; Willig et al., 2006; Gustafsson et al., 
2008) to visualize Cby1 and five other cen-
triole proteins in MEFs and multiciliated 
mouse tracheal epithelial cells (MTECs). 
These other centriole proteins are Cep164, 
a component of the distal appendages 
(Graser et al., 2007); Ahi1 and Tmem237, 
components of the transition zone (Hsiao 
et al., 2009; Huang et al., 2011; Lancaster 
et al., 2011); and Ofd1 and Sdccag8, which 
localize to the distal end of centrioles (Otto 
et al., 2010; Singla et al., 2010). We and oth-
ers previously examined Cep164 at high 
resolution (Sillibourne et al., 2011; Lau et al., 
2012; Sonnen et al., 2012), but no such ex-
periments have been reported for the other 
proteins.

When visualized by 3D-SIM, all of the 
proteins appeared to be organized as rings 

FIGURE 1: Loss of Cby1 results in polycystic kidneys. (A) Kidney cyst formation in Cby1−/− mice. 
Kidney sections from Cby1+/+ and Cby1−/− adult mice (3 mo old) were stained with hematoxylin 
and eosin. Cysts are indicated with arrowheads. (B) Renal sections from postnatal day 13 
Cby1−/− mice were stained with DBA (red, distal tubules), LTL (green, proximal tubules), and 
DAPI (blue). Note that some kidney cysts arise from collecting duct/distal tubules (arrowheads). 
(C) Cby1 localizes to the basal bodies of primary cilia in the renal tubular cells. Kidney sections 
from 3-mo-old Cby1+/+ mice were double labeled with antibodies against Cby1 (red) and the 
ciliary/basal body marker acetylated α-tubulin (Ac-tub, green), and the merged image is shown. 
Inset, high-magnification view with arrowheads pointing to primary cilia. The dotted line 
encircles a renal tubule. No Cby1 staining was observed in Cby1−/− kidney sections. Scale bars, 
200 μm (A), 50 μm (B), 5 μm (C). (D) The number of primary cilia (>2.0 μm) per microscope field 
at 100× in the renal cortex of Cby1+/+ (WT) and Cby1−/− (KO) mice was counted, with 10 fields of 
view/mouse. Values are means ± SEM for individual mice.

C
Ac-tub
Cby1

A Cby1+/+ Cby1-/-

B

  Number of primary cilia in kidney sectionsD
Mouse Cilia number/field 

WT1 20.1 ± 7.0 

WT2 18.6 ± 3.5 

WT3 14.9 ± 1.8 
WT4 11.6 ± 1.8 

KO1 17.4 ± 2.5 
KO2 17.0 ± 2.0 

KO3 10.1 ± 2.2 

KO4 4.0 ± 1.7 

KO5 3.4 ± 1.9 

KO6 2.0 ± 0.9 

Cby1-/-
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located at a similar position along the longitudinal axis as Ahi1 and 
Ofd1 (Figure 4, A and B). In contrast, Cep164 and Sdccag8 are lo-
cated closer to the proximal end of the centriole than Cby1 (farther 
from the cilium; Figure 4, A and C). It was not possible to image 
Tmem237 under the 3D-SIM conditions.

3D-SIM imaging does not have sufficient lateral resolution to 
clearly resolve differences in ring sizes of the various proteins, which 

of ∼250–300 nm, consistent with being in close apposition to the 
centriole microtubules, in both cell types (Figure 4, A–C). For this 
characterization we used MTECs, which, in contrast to MEFs, have 
hundreds of centrioles docked in the same orientation and plane at 
the apical surface, allowing for determination of the relative localiza-
tion of the proteins along the longitudinal axis of the centriole. XZ-
projections of 3D-SIM images of MTECs demonstrated that Cby1 is 

FIGURE 2: Cby1 facilitates primary cilia formation. (A) Cby1+/+ or Cby1−/− MEFs were serum starved, fixed, and stained 
for polyglutamylated tubulin (Glu-tub, green), Cby1 (red), and DNA (DAPI, blue). Scale bars, 10 μm. (B) Cby1+/+ or 
Cby1−/− MEFs were fixed after 0, 24, 48, or 72 h of serum starvation, stained for polyglutamylated tubulin, and scored 
for primary cilia. Results shown are the mean of three independent experiments ± SEM (100 cells/experiment; p values 
shown above each time point). (C, D) Cby1−/− MEFs were transfected with GFP or GFP-Cby1, serum-starved for 24 h, 
fixed, and stained for GFP (green), polyglutamylated tubulin (Glu-tub, red) and DNA (DAPI, blue). A representative 
image of Cby1−/− MEFs transfected with GFP-Cby1 is shown in C. Insets, enlarged images of centrosomal/ciliary 
regions. Note in C that the cell expressing GFP-Cby1 is ciliated, whereas the neighboring cell not expressing GFP-Cby1 
is not ciliated. Scale bar, 10 μm. These data are quantified in D. Results shown are the mean of four experiments ± SEM 
(>100 cells/experiment; ***p < 0.001). (E) Ofd1+/+ or Ofd1−/− mouse embryonic stem cells were fixed and stained for 
γ-tubulin (γ-tub, red), Ofd1 (cyan), Cby1 (green), and DNA (DAPI, blue). Scale bar, 5 μm.
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Cby1 facilitates recruitment of Ahi1 to the transition zone
Given the close spatial relationship between Cby1, Ahi1, and Ofd1, 
we tested whether association of either Ahi1 or Ofd1 with the cen-
trosome depends on Cby1. The fluorescence signal for each protein 
was determined in Cby1−/− MEFs and Cby1+/+ controls. The amount 
of Ahi1 at the centrosomes of serum-starved Cby1−/− MEFs was 
more than twofold lower than in Cby1+/+ controls (Figure 5, A and 
C), and this could be complemented with a human GFP-Cby1 con-
struct (Figure 6, A and B). This was likely due to a defect in recruit-
ment of Ahi1 to the centrosome rather than a reduction of total Ahi1 
level, because centrosomal Ahi1 was similar in Cby1−/− and Cby1+/+ 
cycling cells before starvation-induced recruitment of Ahi1 
(Figure 5, A and C), and total Ahi1 assessed by Western blotting of 
cycling cells was unchanged (Figure 5G). The reduction in cen-
trosomal Ahi1 was apparent in both ciliated and nonciliated Cby1−/− 

might reveal structural relationships within centriolar domains. STED 
immunofluorescence microscopy (Lau et al., 2011, 2012) was used to 
image the same set of proteins at higher resolution (Figure 4D). We 
previously used STED, with a lateral resolution of ∼60 nm, to show 
that Cep164 forms a ring of ninefold symmetric clusters with a diam-
eter of 310 nm (Lau et al., 2012). Under the same conditions, the pro-
teins examined by STED were also organized as rings, with diameters 
ranging from 210 nm for Tmem237 to 270 nm for Sdccag8 (Figure 
4D). It was possible to discern apparent ninefold symmetric organiza-
tion of Sdccag8 and Ofd1, similar to our previous data for Cep164 
(Lau et al., 2012). Cby1, Ahi1, and Ofd1 had similar ring diameters 
(248, 232, and 262 nm, respectively). Together the 3D-SIM and STED 
data demonstrate that Cby1, Ahi1, and Ofd1 are similarly positioned 
in the longitudinal and transverse axes of the centriole, suggesting 
possible common function at the distal end of the centriole.

FIGURE 3: Cby1 facilitates ciliary recruitment of Arl13b. (A) Cby1+/+ or Cby1−/− MEFs were serum starved for 48 h, 
fixed, and stained for acetylated α-tubulin (Ac-tub, red), Arl13b (green), and DNA (DAPI, blue). Scale bar, 5 μm. 
(B, C) Quantification of ciliary Arl13b and acetylated tubulin levels in Cby1+/+ or Cby1−/− MEFs. Results shown are the 
mean of three independent experiments ± SEM (>100 cells/experiment, *p < 0.05). (D) Cby1−/− MEFs were 
transduced with lentivirus expressing GFP or GFP-Cby1, serum-starved for 48 h, fixed, and stained for GFP (green), 
Arl13b (red), and DNA (DAPI, blue). Scale bar, 5 μm. (E) Ciliary Arl13b intensity was quantified and displayed as a 
Tukey boxplot. Results from duplicate independent experiments, >30 observations/experiment, ***p < 0.001 by 
Mann–Whitney U test.
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FIGURE 4: Superresolution imaging of Cby1 and centriole proteins. (A–C) 3D-SIM imaging. (A) MEFs or MTECs were 
fixed and stained for Ahi1 (green), Cby1 (red), and Cep164 (cyan). (B) MEFs or MTECs were fixed and stained for Ofd1 
(green), Cby1 (red), and acetylated α-tubulin (Ac-tub, cyan). (C) MEFs or MTECs were fixed and stained for Sdccag8 
(green), Cby1 (red), and polyglutamylated tubulin (Glu-tub, cyan). For A–C, MEF and MTEC top rows are maximum 
Z-projections; MTEC bottom rows are XZ-projections. Scale bars, 500 nm. (D) MTECs were fixed and stained for 
Tmem237, Ahi1, Cby1, Ofd1, or Sdccag8 and imaged using STED microscopy. Insets, enlarged centriolar regions. Mean 
diameters and SDs of centriolar rings for each protein (n ≥ 45) are indicated to the right. Mean diameters were derived 
from maximum intensity points of radial intensity profiles (Supplemental Figure S3). Ring diameters of each protein are 
statistically different from all other proteins with p < 0.01 (Student’s two-tailed t test). Scale bars, 500 nm.
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the transition zone between centriole and cilium. The function of 
Cby1 may be mediated in part by Ahi1, which is reduced at the 
centrosome of Cby1−/− cells. Given the known functions of these 
proteins in cilium structure and function (Hsiao et al., 2009; Singla 
et al., 2010; Lancaster et al., 2011), we propose that the defect in 
determining ciliary protein content in Cby1−/− cells is due to func-
tional disruption of this domain. We summarize these findings in a 
model in Figure 8.

The cystic kidney phenotype is common to many ciliopathies. 
The basis for this relationship is not known but has been attributed 
to disrupted planar cell polarity signaling or spindle orientation de-
fects (Gascue et al., 2011). Using superresolution microscopy, we 
show here that Ofd1, Cby1, and Ahi1 localize to the same subdo-
main of the centriole and that Ofd1 is required for Cby1 localization, 
whereas Cby1 promotes localization of Ahi1 to the centriole. Similar 
to the cystic kidneys observed in Cby1−/− mice, defects in Ofd1 
(Ferrante et al., 2001; 2006; Prattichizzo et al., 2008; Zullo et al., 
2010) and Ahi1 (Utsch et al., 2006; Lancaster et al., 2009) in mice 
and human patients can also result in cystic kidneys. Ofd1 is re-
quired for cilium formation (Singla et al., 2010), whereas Ahi1 and 
Cby1 are only needed to facilitate this process (Hsiao et al., 2009, 
2012; Lancaster et al., 2009). The similarity of localization and phe-
notype of Cby1 and Ahi1 suggests that these two proteins might 
have related molecular functions.

The defect in recruitment of Arl13b to cilia that we observed in 
Cby1−/− cells is consistent with the involvement of Cby1 in function 
of the transition zone, a structure originally defined by electron mi-
croscopy and believed to be a barrier to free diffusion into the ciliary 
compartment (Musgrave et al., 1986). A similar defect in recruiting 
Arl13b has also been observed in cells from mice with mutations in 
the transition zone component Tmem67, and these mice also have 
kidney cysts (Garcia-Gonzalo et al., 2011). The sensory cilia of 
Caenorhabditis elegans mks-5, nphp-4, mksr-1, and mksr-2 transi-
tion zone mutants have defects in Arl13b recruitment as well (Cevik 
et al., 2013), and a defect in Arl13b recruitment was observed in 
patient cells with Ahi1 mutations (Tuz et al., 2013). Of importance, 
we did not observe a disruption in centrosomal localization of an-
other transition zone protein, Tmem237, in Cby1−/− cells; thus Cby1 
is likely required for proper assembly or function of a subset of tran-
sition zone components. In this sense the phenotype of Cby1 loss is 
similar to that of depletion of the ciliogenesis-promoting centriole 
distal-end protein Cep162, which also disrupts only a subset of tran-
sition zone proteins (Wang et al., 2013).

Cby1 directly binds and antagonizes β-catenin by competing 
with Tcf/Lef transcription factors for β-catenin binding and promot-
ing β-catenin nuclear export (Takemaru et al., 2003, 2009; Li et al., 
2008, 2010). Ahi1, in addition to being a transition zone compo-
nent, is a Wnt agonist believed to be sequestered at the centrosome 
to dampen canonical Wnt signaling (Lancaster et al., 2009, 2011). It 
is possible that the reduced Ahi1 at the centrosome in Cby1−/− cells 
makes more Ahi1 available for activating Wnt signaling, contribut-
ing in part to elevated canonical Wnt signaling observed in Cby1−/− 
MEFs and mouse tissues (Voronina et al., 2009; Love et al., 2010).

On the basis of the depletion phenotype of Cby1 in cultured 
cells, Steere et al. (2012) proposed that Cby1 is required for primary 
cilium formation. However, Cby1−/− mice (Voronina et al., 2009) did 
not exhibit the complete embryonic lethality associated with loss of 
primary cilia (Marszalek et al., 1999; Murcia et al., 2000; Huangfu 
et al., 2003). Our results with null Cby1−/− cells revealed a delay in 
primary cilium formation upon serum starvation rather than a block 
to the process, which is more consistent with the mouse phenotype. 
One possible explanation for this disparity comes from similar 

cells (Figure 6, C and D) and thus is not due to failure of the centri-
oles in Cby1−/− cells to undergo the transition to forming a cilium. In 
contrast to Ahi1, the amounts of centrosomal Cep164 (Figure 5B), 
Ofd1 (Figure 5, D and F), Tmem237, and Sdccag8 (Supplemental 
Figure S2, A–E) were unchanged in Cby1+/+ and Cby1−/− cells, re-
gardless of time in serum starvation. Loss of CP110 from the mother 
centriole precedes cilia formation (Tsang et al., 2008); this loss still 
occurred in Cby1−/− MEFs (Supplemental Figure S2, F and G). These 
data demonstrate that Cby1 is required, directly or indirectly, for ef-
ficient recruitment of the transition zone protein Ahi1 and that this 
defect is manifested after initiation of the centriole-basal body tran-
sition marked by CP110 loss.

If the reduction of centrosomal Ahi1 in Cby1−/− MEFs were due 
simply to reduced affinity of Ahi1 for the centriole, then overexpres-
sion of Ahi1 might be able to rescue the localization and ciliogenesis 
defects. Cby1−/− MEFs were stably transduced with lentivirus ex-
pressing green fluorescent protein (GFP), GFP-Cby1, or GFP-Ahi1, 
serum starved for 24 h, and stained for cilia. As described in Figure 
2, GFP-Cby1 rescued the ciliogenesis defect in Cby1−/− MEFs. How-
ever, neither GFP nor GFP-Ahi1 was able to rescue the defect (Figure 
6, E and F). Consistent with this, overexpression of GFP-Ahi1 was 
not able to overcome the reduced centrosomal amount of the pro-
tein in Cby1−/− MEFs relative to Cby1+/+ MEFs (Figure 6, G and H). 
These results suggest that the defect in association of Ahi1 with the 
centriole involves a structural change, possibly affecting other pro-
teins, rather than simple reduction in affinity for Ahi1.

To determine whether Ahi1, like Cby1, also regulates ciliary 
transport, we stably transduced Cby1+/+ MEFs with lentivirus ex-
pressing a short hairpin interfering RNA (shRNA) targeting Ahi1 or a 
scrambled nontargeting control. MEFs were serum starved for 24 h 
and stained for Ahi1, with the markers indicated in Figure 7. Fluores-
cence intensity measurements indicated that centrosomal Ahi1 lev-
els in cells depleted of Ahi1 were reduced to approximately half of 
the levels in control cells (Figure 7, A and B). Western blots of whole-
cell lysates indicated similar depletion of total Ahi1 (Figure 7C). 
Fluorescence intensity measurements of Arl13b indicated that ciliary 
Arl13b in Ahi1-depleted cells was reduced to ∼75% of the levels in 
control cells (Figure 7, D and E), consistent with a report that Arl13b 
was lost from some primary cilia of Ahi1-mutant patient fibroblasts 
(Tuz et al., 2013). Overexpression of depletion-resistant GFP-tagged 
human Ahi1 compensated for the observed defect in Arl13b, con-
firming that the shRNA used specifically depleted Ahi1. Cby1 levels 
were similar in both control cells and cells depleted of Ahi1 (Figure 
7, F and G). These data indicate that partial depletion of Ahi1 results 
in a phenotype that is similar to, but less severe than, the reduction 
of centrosomal Ahi1 caused by deletion of Cby1 and that Ahi1 acts 
downstream of Cby1. These experiments, together with previous 
work linking Ahi1 to cilium formation and function (Hsiao et al., 
2009; Lancaster et al., 2009; Tuz et al., 2013), suggest that defective 
recruitment of Ahi1, and probably other transition zone proteins, in 
Cby1−/− MEFs might provide a molecular explanation for the ob-
served ciliogenesis defect.

DISCUSSION
We showed that deletion of Cby1 results in reduced efficiency of 
primary cilium formation in culture and in cystic kidneys, a cilium-
associated defect, in vivo. A possible molecular basis for these ef-
fects was revealed by our finding that Cby1 is required for full re-
cruitment of Arl13b to the primary cilium, suggesting a role in 
determining ciliary protein content. In addition, we showed that the 
Cby1 protein localizes to a specific compartment at the distal end of 
the centriole with Ofd1 and Ahi1 and is important for the function of 
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FIGURE 5: Cby1 is required for efficient recruitment of Ahi1 to the centrosome. (A) Cby1+/+ or Cby1−/− MEFs were fixed 
after 0 or 48 h of serum starvation and stained for Cep164 (red), Ahi1 (green), and DNA (DAPI, blue). Scale bar, 5 μm. 
(B, C) Centrosomal levels of Cep164 (B) or Ahi1 (C) were quantified and normalized to Cby1+/+ 0-h serum starvation 
condition. Results shown are the mean of three independent experiments ± SEM (>100 centrosomes/experiment, 
*p < 0.05). (D) Cby1+/+ or Cby1−/− MEFs were fixed after 0 or 48 h of serum starvation and stained for γ-tubulin (γ-tub, 
red), Ofd1 (green), and DNA (DAPI, blue). Scale bar, 5 μm. (E) Centrosomal levels of γ-tubulin were quantified and 
normalized to Cby1+/+ 0-h serum starvation condition. Results shown are the mean of three independent experiments ± 
SEM (>100 centrosomes/experiment). (F) Centrosomal levels of Ofd1 were quantified as fluorescence intensity within 
the region defined by γ-tubulin labeling and then normalized to Cby1+/+ 0-h serum starvation condition. Results shown 
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procedures involving mice were approved by the Institutional Ani-
mal Care and Use Committee of Stony Brook University. Mice were 
killed by CO2 asphyxiation, and the kidneys were fixed in 4% para-
formaldehyde and processed for paraffin sectioning. The paraffin 
sections were subjected to hematoxylin and eosin staining and lec-
tin staining with rhodamine-DBA and fluorescein isothiocyanate–LTL 
(Vector Laboratories, Burlingame, CA). For immunostaining for Cby 
and acetylated α-tubulin, kidney samples were fresh-frozen in Cryo-
Gel medium (Instrumedics, Ann Arbor, MI), and frozen sections were 
postfixed with methanol/acetone (1:1), processed for immunostain-
ing as described previously, and mounted using Fluoromount-G 
(Southern Biotechnology Associates, Birmingham, AL). Images of 
representative fields were acquired using a BX61 microscope 
(Olympus, Center Valley, PA) equipped with a Cooke Sensicam QE 
charge-coupled device camera. For quantification of the number of 
renal cilia, 5-μm paraffin sections of kidneys were processed for im-
munostaining for acetylated α-tubulin and 4′,6-diamidino-2-phe-
nylindole (DAPI). Ten nonoverlapping images in cortex regions de-
void of noticeable cysts were captured at 100× objective 
magnification for each kidney. Primary cilia >2.0 μm that protruded 
into the tubular lumen were counted, blind to genotype.

Plasmids, recombinant proteins, and antibodies
GFP-Cby1 plasmid was described previously (Li et al., 2010). pEGFP-
N1 (Clontech, Mountain View, CA) was used for transient expression 
of enhanced GFP (EGFP). A full-length cDNA clone of Cep164 was 
obtained from Kazusa DNA Research Institute (Chiba, Japan). To 
generate a hexahistidine (6xHis)-tagged N-terminal fragment span-
ning positions 1–298 of Cep164 (pTS2775), the relevant codons 
were amplified from full-length cDNA and cloned into pDONR221 
using Gateway recombination technology (Invitrogen, Carlsbad, 
CA) to obtain pENTR-Cep164-1-298 (pTS2701). pTS2775 was then 
obtained by Gateway recombination between pTS2701 and pDEST 
17 (Invitrogen). A human Cby1 Gateway entry clone, pTS3506, was 
obtained by PCR amplification from GFP-Cby1 (Li et al., 2010) and 
Gateway recombination into pDONR221. To obtain EGFP-Cby1 
lentiviral transfer vector (pTS3617), Gateway recombination was car-
ried out between pTS3506 and pTS3517, a Gateway lentiviral desti-
nation plasmid that after recombination results in an EGFP tag at the 
N-terminus of the gene of interest. A human Ahi1 Gateway entry 
clone, pTS3601, was obtained by PCR amplification of EGFP-Ahi1 
(Lancaster et al., 2009), obtained from Addgene (Cambridge, MA; 
plasmid 30494), followed by Gateway recombination into 
pDONR221. An EGFP-Ahi1 lentiviral transfer vector (pTS3591) was 
obtained by Gateway recombination between pTS3601 and 
pTS3517. pSicoR (Ventura et al., 2004) was used for lentivirus-medi-
ated expression of EGFP. Lentiviral transfer vectors expressing a 
nontargeting (SHC002) shRNA or an shRNA targeting mouse Ahi1 
(TRCN0000190390) were obtained from Sigma-Aldrich (St. Louis, 
MO). 6xHis-Cep164-1-298 protein was produced and purified as 
described (Graser et al., 2007). Rabbit anti-Cep164 antisera were 
raised against this antigen (Cocalico, Reamstown, PA), affinity puri-
fied on nitrocellulose blots with the antigen, and used at 1 ng/μl 
for immunofluorescence. Other antibodies used in this study for 
immunofluorescence were mouse anti–polyglutamylated tubulin 
(GT335; Adipogen, San Diego, CA) at 1:500, mouse anti–acetylated 

experiments on the centrosome satellite protein Azi1, in which acute 
depletion of the protein in cultured cells causes a more severe phe-
notype than that observed in null cells derived from the mutant 
mouse (Hall et al., 2013). Another potential disparity is that the de-
fect in primary cilium number that we observed in Cby1−/− mouse 
kidneys might have been expected to result in a phenotype more 
typical of other mutations that disrupt cilium formation and cause 
Hedgehog signaling defects. We have not investigated Hedgehog-
associated defects such as situs inversus or polydactyly in detail in 
the Cby1−/− mice, but we note that any defect in cilium formation 
caused by loss of Cby1 might be variable by tissue and thus not as 
severe as in the kidney. With regard to Hedgehog signaling at the 
cellular level, we observed apparently normal translocation of Smo 
to the primary cilium upon Hedgehog pathway activation. In hennin 
mice with null alleles of Arl13b, Smo can translocate to the primary 
cilium in response to Hedgehog pathway activation, but transloca-
tion of Gli2 and Gli3 is impaired (Caspary et al., 2007; Larkins et al., 
2011). Although we did not investigate this, it is possible that the 
reduced Arl13b levels in Cby1−/− MEFs might result in Gli transloca-
tion defects even though Smo translocation appears normal.

The nanoscale molecular organization of the centrosome has 
been determined in unprecedented detail by the recent application 
of superresolution imaging methods (Sillibourne et al., 2011; Sir 
et al., 2011; Fu and Glover, 2012; Lau et al., 2012; Lawo et al., 2012; 
Mennella et al., 2012; Sonnen et al., 2012). Most previous work fo-
cused on the pericentriolar material, which is the largest domain of 
the centrosome; here, we analyze several components localizing to 
the distal end of the centriole, a more compact domain critical to 
organizing cilia. We show that Cby1, Ofd1, and Ahi1 localize as 
tightly apposed rings at a similar position along the long axis of the 
centriole. Ahi1 is considered to be a protein of the transition zone 
(Reiter et al., 2012), and, along with other transition zone proteins, it 
is assembled into the structure during ciliogenesis. In contrast, Ofd1 
and Cby1 are constitutive centriole components. The colocalization 
of the three proteins suggests that Ofd1 and Cby1 link the centriole 
distal end and the transition zone proper. In contrast, Sdccag8, al-
though also at the distal end of the centriole, is localized in a sepa-
rate domain from Ofd1 and Cby1, closer to the proximal end of the 
centriole. In the case of Ofd1, the protein with the largest-diameter 
ring among these three, it was possible to resolve ninefold symmet-
ric clusters, as shown for the distal appendage protein Cep164 (Lau 
et al., 2012), the pericentriolar protein PLP (Mennella et al., 2012), 
and the cartwheel protein SAS-6 (Keller et al., 2014). This suggests 
that Ofd1, and perhaps the other proteins at the interface of the 
centriole and cilium, is linked to the centriole/axoneme microtubule 
doublets that impart that ninefold symmetry. Further application of 
superresolution methods to the centriole/cilium complex will be cru-
cial to understanding the relationship between the unique structure 
of this organelle and its function.

MATERIALS AND METHODS
Cby1−/− mice, histology, and immunohistochemistry
The generation of Cby1−/− mice has been described previously 
(Voronina et al., 2009), and mice were maintained on a mixed ge-
netic background (87.5% C57BL/6J and 12.5% 129SvJ). Animals 
were housed in pathogen-free conditions, and all experimental 

are the mean of three independent experiments ± SEM (>100 centrosomes/experiment). (G) Western blot analysis of 
extracts from Cby1+/+ or Cby1−/−MEFs probed with anti-Ahi1 or anti–α-tubulin as a loading control. For each sample, 
Ahi1 signal intensity was quantified and divided by tubulin signal intensity. Values shown are normalized to Cby1+/+ 
signal intensity.
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FIGURE 6: Regulation of Ahi1 by Cby1. (A) Cby1−/− MEFs were transduced with lentivirus expressing GFP or GFP-Cby1, 
serum starved for 48 h, fixed, and immunostained for GFP (green), Cep164 (blue), and Ahi1 (red). Scale bar, 2.5 μm. 
(B) Centrosomal levels of Ahi1 in Cby1−/− MEFs expressing GFP or GFP-Cby1 quantified and displayed as a Tukey 
boxplot. Results from duplicate independent experiments, >50 observations / experiment, ***p < 0.001 by Mann–
Whitney U test. (C) Cby1+/+ or Cby1−/− MEFs were fixed after 48 h of serum starvation and stained for Cep164 (red), Ahi1 
(green), and acetylated tubulin (cyan). Scale bar, 5 μm. (D) Centrosomal levels of Ahi1 in MEFs with or without acetylated 
tubulin-labeled cilia quantified and displayed as a Tukey boxplot. Results from duplicate independent experiments, 
>60 observations/experiment, ***p < 0.001 by Mann–Whitney U test. (E) Cby1−/− MEFs were transduced with lentivirus 
expressing GFP or GFP-Cby1 or GFP-Ahi1, serum starved for 48 h, fixed, stained for GFP (green), polyglutamylated 
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FIGURE 7: Effects of depleting Ahi1. (A) Cby1+/+ MEFs transduced with lentivirus expressing shRNA targeting Ahi1 
or scrambled control were serum starved for 24 h, fixed, and stained for Cep164 and Ahi1. Scale bar, 5 μm. 
(B) Centrosomal levels of Cep164 or Ahi1 quantified and displayed as Tukey boxplots. Results from duplicate 
experiments, >100 observations/experiment, ***p < 0.001 by Mann–Whitney U test. (C) Western blot analysis of 
extracts from Cby1+/+ MEFs stably transduced with lentivirus expressing shRNA targeting Ahi1 or scrambled control 
and probed with anti-Ahi1 or anti–α-tubulin as a loading control. For each sample, Ahi1 signal intensity, shown at 
bottom, was quantified and divided by tubulin signal intensity. Values shown are normalized to control shRNA signal 
intensity. (D) MEFs transduced with lentivirus expressing short hairpin RNA against Ahi1 or a scrambled control or with 
shRNA against Ahi1 followed by GFP-human-Ahi1 transgene, serum starved for 24 h, fixed, and stained for Arl13b. 
Scale bar, 5 μm. (E) Ciliary Arl13b intensity quantified and displayed as a Tukey boxplot. Results from three independent 
experiments, >40 observations/experiment. ***p < 0.001; *p < 0.05; n.s., not statistically significant; by Mann–Whitney 
U test. (F) Cby1+/+ MEFs transduced with lentivirus expressing shRNA targeting Ahi1 or scrambled control were fixed 
and stained for Cep164 and Cby1. Scale bar, 5 μm. (G) Centrosomal levels of Cby1 quantified and displayed as Tukey 
boxplots. Results from duplicate experiments, >100 observations/experiment.

tubulin (glu-tub, red), and DNA (blue), and (F) scored for frequency of primary cilium formation. Results shown are the 
mean of three independent experiments ± SEM (>100 cells/experiment; *p < 0.05, **p < 0.01). Scale bar, 5 μm. 
(G) Cby1+/+ or Cby1−/− MEFs were transduced with lentivirus expressing GFP-Ahi1, serum starved for 24 h, fixed, and 
stained for GFP (green) and Cep164 (red). Scale bar, 5 μm. (H) Centrosomal levels of GFP quantified and displayed 
as a Tukey boxplot. Results from three independent experiments, >100 observations/experiment, ***p < 0.001 by 
Mann–Whitney U test.
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Abcam) at 1:1000, and rabbit anti-Tmem237 
(Zuniga and Craft, 2010) at 1:500. For West-
ern blots, the following antibodies were 
used: mouse anti–α-tubulin (DM1α; Sigma-
Aldrich) at 1:10,000 and rabbit anti-Ahi1 
(22045-1-AP; Proteintech) at 1:500. For im-
munohistochemistry, the foregoing antibod-
ies were used, but at higher concentrations: 
mouse anti acetylated α-tubulin at 1:500 
and mouse anti-Cby1 at 1:100.

Cell culture, transfections, and 
lentivirus transduction
Cby1+/+ and Cby1−/− MEFs were derived 
from mice on a mixed genetic background 
(87.5% C57BL/6J and 12.5% 129SvJ) as de-
scribed previously (Voronina et al., 2009) 
and grown in DMEM (Cellgro, Manassas, 
VA) with 10% fetal bovine serum (FBS; At-
lanta Biologicals, Lawrenceville, GA). Mouse 
tracheal epithelial cells were cultured as pre-
viously described (Vladar and Stearns, 2007; 
Vladar and Brody, 2013). Ofd1+/+ and 
Ofd1−/− ES cells were described previously 
(Singla et al., 2010) and grown in Knockout 
DMEM (Invitrogen) with 15% ES cell–quali-
fied fetal bovine serum (Omega Sciences, 
Tarzana, CA), recombinant leukemia inhibi-
tory factor, 1 mM sodium pyruvate, 4 mM 
l-glutamine, 1 mM nonessential amino 
acids, 0.1 mM 2-β-mercaptoethanol, and 1× 
penicillin/streptomycin (all cell culture addi-
tives were from Thermo Fisher Scientific, 
Waltham, MA). For primary cilium formation 
experiments, cells were cultured with re-
duced (0.5%) serum. Plasmid transfections 
were performed using Lipofectamine 2000 
or Lipofectamine LTX according to the man-
ufacturer’s protocol (Invitrogen). For Smooth-
ened translocation experiments, MEFs were 
grown to near confluence (80–100%) and 
switched to reduced serum medium for 
24 h. The medium was then changed to re-
duced-serum medium with 200 nM SAG 
(Enzo, Farmingdale, NY) and fixed for immu-
nofluorescence after incubation for a further 
24 h. Lentivirus constructs were generated 
and cells were infected as previously de-
scribed (Schaub and Stearns, 2013), except 
that lentivirus was concentrated with PEG 
6000 (Kutner et al., 2009). Pools of MEFs 

stably expressing short hairpin RNA were obtained by selecting in-
fected cells in 1 μg/ml puromycin (Invivogen, San Diego, CA) for at 
least 48 h.

Immunofluorescence and microscopy
For immunofluorescence of tissue culture cells, cells were grown on 
poly-l-lysine–coated #1.5 glass coverslips (Electron Microscopy Sci-
ences, Hatfield, PA) or high-tolerance #1.5 coverslips (Marienfeld, 
Lauda Konigshofen, Germany) for 3D-SIM, washed with PBS, and 
fixed in either 4% paraformaldehyde in PBS at room temperature or 
−20°C methanol for 5–10 min. Paraformaldehyde-fixed samples 

α-tubulin (6-11B-1; Abcam, Cambridge, MA) at 1:5000, mouse anti–
γ-tubulin (GTU-88; Sigma-Aldrich) at 1:1000, mouse anti-Ahi1 
(ab93386; Abcam, Cambridge, MA) at 1:1000, mouse-anti Arl13b 
(75-287; Antibodies Incorporated, Davis, CA) at 1:200, mouse anti-
Cby1 (8-2; Santa Cruz Biotechnology, Santa Cruz, CA) at 1:100, 
mouse anti-centrin3 (clone 3E6, H00001070-M01; Abnova, Taipei, 
Taiwan), rabbit anti-CP110 (Chen et al., 2002) at 1:500, mouse anti-
GFP (clone 3e6, A-11120; Invitrogen, Carlsbad, CA) at 1:500, rabbit 
anti-GFP (Hatch et al., 2010) at 1.5 μg/ml, rabbit anti-Ofd1 (Singla 
et al., 2010) at 1:1000, rabbit anti-Sdccag8 (13471-1-AP; Protein-
tech, Chicago, IL) at 1:500, rabbit anti-Smoothened (ab38686; 

FIGURE 8: Model for localization of centriole/cilium complex proteins and Cby1 function. 
(A) Representative localizations in Cby1+/+ cells for Ahi1, Cby1, Ofd1, Sdccag8, and Cep164 
from superresolution imaging shown on the longitudinal axis of the centriole in the diagram. 
Localizations on the transverse axis of the centriole are shown in the cutout (XY view). (B) In 
Cby1−/− cells, levels of centrosomal Ahi1 and ciliary Arl13b are reduced, suggesting that the 
transition zone is disrupted, resulting in a defect in maintaining ciliary composition.
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MA). For each image, the sample was moved by stage scanning at 
a rate of 0.5 ms/pixel of size 18.5 × 18.5 nm. Further details of the 
experimental setup are provided in previous publications (Lau et al., 
2011, 2012). Images were processed using ImageJ (National Insti-
tutes of Health, Bethesda, MD).

Quantitation and statistical analysis of diffraction-limited 
immunofluorescence images
Quantitative immunofluorescence was performed on cells by ac-
quiring confocal stacks of control and mutant cells using identical 
settings. For some experiments involving four-color imaging, stacks 
were acquired with a widefield microscope. Maximum intensity pro-
jections were used for all quantification. The region of interest (ROI) 
in the images was defined using a centrosome (γ-tubulin staining), 
centriole (Cep164 or centrin staining), or cilium (acetylated tubulin 
or Arl13b) marker in each cell. ImageJ or Cellprofiler (Carpenter 
et al., 2006) was used to quantify signal intensity. In Cellprofiler, 
background subtraction was performed by subtracting the mean 
intensity from a 5-pixel region immediately surrounding the ROI 
from the mean intensity of the ROI. The background-subtracted in-
tegrated intensity of the ROIs was obtained by multiplying back-
ground-subtracted mean intensity by area. In ImageJ, background 
subtraction was performed by subtracting the integrated intensity 
of a neighboring area of identical dimensions to the ROI. Primary 
cilium formation was assessed by counting the total number of cells 
and the number of cells with primary cilia, as detected by acetylated 
or polyglutamylated tubulin staining. Statistical analysis was per-
formed using Student’s t test or Mann–Whitney U-test in Excel 
(Microsoft, Redmond, WA) or R (www.r-project.org/) and RStudio 
(www.rstudio.com/about/). Error bars reflect SEM. Bar graphs were 
drawn in Excel or R, and Tukey boxplots were drawn using R or 
BoxPlotR (Spitzer et al., 2014).

Quantitation and statistical analysis of STED images
Ring radii were determined using a bespoke MATLAB (MathWorks, 
Natick, MA) program (outlined in Supplemental Figure 3A). First, 
∼1 × 1 μm2 square ROIs containing well-isolated centrioles were 
identified from STED images. The cell edges and obvious regions 
above and below the focal plane were avoided to minimize under-
estimating the radii due to projection effects. An annulus with fixed 
radii (inner/outer radii in nanometers: Tmem237, 35/180; Ahi1, 
50/180; Cby1, 55/205; Ofd1, 55/210; Sdccag8, 65/210) around a 
user-determined center further isolated the centrioles in order to fit 
an ellipse. The maximum intensity pixels in seven radially equal sec-
tions of the annulus were used to fit an ellipse using a linear least 
squares approach, and the fits were verified by eye (Supplemental 
Figure S3B). A fraction of centrioles (∼15%) were discarded due to 
poor ellipse fits. The raw data from the entire ROI were then inter-
polated 10 times using a cubic convolution (Matlab function interp2) 
and the interpolated image used to determine the radial intensity 
profile by calculating the average pixel intensity in 5-nm-wide annuli 
about the centriole center determined via the ellipse fit (Supple-
mental Figure S3C, top). The ring radius for each centriole was de-
fined as the maximum intensity point of the radial intensity profile. 
Ring radii distributions were analyzed using a two-sample t test 
(Supplemental Figure S3C, bottom). As expected, the ring radii and 
the average of the major and minor axes from the ellipse fit are well 
correlated, with a Pearson’s r of 0.88 (Supplemental Figure S3D).

Cell extracts and Western blots
Whole-cell extracts for Western blotting were prepared by lysing 
cells in RIPA buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 0.1% SDS, 

were quenched in 1 mg/ml NaBH4. After fixation, cells were washed 
with PBS, followed by extraction and blocking with PBS containing 
3% bovine serum albumin (Sigma-Aldrich), 0.1% Triton X-100, and 
0.02% sodium azide (PBS-BT). Coverslips were incubated with pri-
mary antibodies diluted in PBS-BT for 1–3 h at room temperature or 
overnight at 4°C. Alexa Fluor dye–conjugated secondary antibodies 
(Invitrogen) were diluted in PBS-BT 1:500 and incubated at room 
temperature for 45 min. In cases in which cells were labeled with two 
mouse monoclonal antibodies, appropriate isotype-specific sec-
ondary antibodies were used to distinguish the antibodies. Nuclei 
were stained by brief incubation with DAPI (1 μg/ml). Coverslips 
were mounted using Mowiol (Polysciences, Warrington, PA) in glyc-
erol containing 1,4,-diazobicycli-[2.2.2]-octane (Sigma-Aldrich) as 
antifade or with SlowFade Gold (Invitrogen) for 3D-SIM. Mouse tra-
cheal epithelial cells grown on Transwell filters were fixed and 
stained as previously described (Vladar and Stearns, 2007; Vladar 
and Brody, 2013) and mounted on conventional coverslips or high-
tolerance coverslips for 3D-SIM.

For standard immunofluorescence, images were acquired using 
an Axiovert 200M microscope (Carl Zeiss, Jena, Germany) with 
Plan-Neofluar 100×/1.3 numerical aperture (NA) and PlanApoChro-
mat 63×/1.4 NA objectives and a cooled, charge-coupled device 
(CCD) camera (Orca ER; Hamamatsu Photonics, Hamamatsu, Ja-
pan). For quantitative immunofluorescence, Z-stacks encompass-
ing the entire thickness of the centrosome or cilium were collected 
at 0.3-μm intervals on a Zeiss Axio Observer microscope with a 
confocal spinning-disk head (Yokogawa, Tokyo, Japan), PlanApo-
Chromat 63×/1.4 NA objective, and a Cascade II:512 electron-mul-
tiplying (EM) CCD camera (Photometrics, Tucson, AZ). For some 
quantitative immunofluorescence experiments involving four-color 
imaging, Z-stacks encompassing the entire thickness of the cen-
trosome were collected at 0.3-μm intervals on the Axiovert 200M.

3D-SIM imaging was performed on a DeltaVision OMX V4 BLAZE 
system (Applied Precision, Issaquah, WA) equipped with a 100×/1.42 
NA U-PLANAPO SIM oil immersion objective (Olympus), 405-, 488-, 
568-, and 642-nm lasers, and three EMCCD cameras. Images were 
acquired in the sequential imaging mode. SI patterns were gener-
ated using an electro-optical high-speed SI diffraction grating engine. 
Image stacks 3–6 μm in height with 15 images per plane (five phases, 
three angles) and a z-distance of 0.125 μm were acquired and com-
putationally reconstructed to generate superresolution optical serial 
sections with twofold extended resolution in all three axes. Color 
channels were computationally aligned based on control measure-
ments with 0.1-μm multispectral fluorescent beads (Tetraspeck 
beads; Invitrogen). SI reconstruction and image processing were per-
formed with the SoftWoRx 3.7 imaging software package (Applied 
Precision).

STED microscopy was performed with a home-built pulsed STED 
microscope optimized for imaging Atto647N labels. The inverted 
fluorescence microscope (Olympus IX71; Plan Fluor 100×/1.3 NA oil 
immersion; Nikon, Melville, NY) used a pulsed pump source at 
640 nm with ∼100-ps pulse width (PDL 800-B; PicoQuant, Berlin, 
Germany) and a pulsed, donut-shaped STED beam at 750 nm pro-
duced by an 80-MHz mode-locked Ti:sapphire laser (Mira 900D; 
Coherent, Santa Clara, CA) pumped by a 10-W, 532-nm laser 
(Verdi-10; Coherent). The STED beam pulse was stretched by prop-
agation in dispersive glass and 100 m of silica fiber and phase mod-
ulated by a 2π spiral phase plate (RPC Photonics, Rochester, NY). 
Typical pump powers at the sample are as follows: for 640 nm, 
10–40 kW cm−2, and for 750 nm, 140–150 MW cm−2. Emitted fluo-
rescence was filtered with a confocal pinhole and detected by a Si 
avalanche photodiode (SPCM-ARQH-13; PerkinElmer, Waltham, 
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0.5% sodium deoxycholate, 1% NP-40 substitute, 1 μg/ml each leu-
peptin, pepstatin, and chymostatin). Protein extracts were resolved 
by SDS–PAGE and transferred to nitrocellulose membrane (Bio-Rad, 
Hercules, CA). Membranes were blocked with 5% milk, washed with 
Tris-buffered saline containing 0.5% Tween-20 (Sigma-Aldrich), and 
probed with primary antibodies. Bound primary antibodies were de-
tected using secondary antibodies conjugated to IRDye 800CW or 
IRDye 680RD on an Odyssey CLx fluorescence imaging system ac-
cording to manufacturer’s recommendations (LI-COR, Lincoln, NE). 
Relative protein concentrations were quantified using ImageJ.
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