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Chibby functions to preserve normal ciliary
morphology through the regulation of
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Airway cilia provide the coordinated motive force for mucociliary transport, which prevents the accumulation of
mucus, debris, pollutants, and bacteria in our respiratory tracts. As airway cilia are constantly exposed to the
environment and, hence, are an integral component of the pathogenesis of several congenital and chronic pulmonary
disorders, it is necessary to understand the molecular mechanisms that control ciliated cell differentiation and
ciliogenesis. We have previously reported that loss of the basal body protein Chibby (Cby) results in chronic upper
airway infection in mice due to a significant reduction in the number of airway cilia. In the present work, we
demonstrate that Cby is required for normal ciliary structure and proper distribution of proteins involved in the
bidirectional intraflagellar transport (IFT) system, which consists of 2 distinct sub-complexes, IFT-A and IFT-B, and is
essential for ciliary biogenesis and maintenance. In fully differentiated ciliated cells, abnormal paddle-like cilia with
dilated ciliary tips are observed in Cby—/— airways and primary cultures of mouse tracheal epithelial cells (MTECs). In
addition, IFT88, an IFT-B sub-complex protein, robustly accumulates within the dilated tips of both multicilia in Coy—/—
MTECs and primary cilia in Cby—/— mouse embryonic fibroblasts (MEFs). Furthermore, we show that only IFT-B
components, including IFT20 and IFT57, but not IFT-A and Bardet-Biedl syndrome (BBS) proteins, amass with IFT88 in
these distended tips in Cby—/— ciliated cells. Taken together, our findings suggest that Cby plays a role in the proper
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distribution of IFT particles to preserve normal ciliary morphology in airway ciliated cells.

Introduction

Cilia are ancient microtubule-based organelles that are inte-
gral to various important cellular functions." Two main catego-
ries of cilia exist: primary cilia or multicilia, which are defined by
a9+ 0 or 9 + 2 microtubule arrangement, respectively.” Pri-
mary cilia are generally immotile and function in signaling or
specialized sensory transduction processes, i.e. photoreception,
mechanosensation.” An exception is the primary cilia of the
embryonic node, which beats in a rotational fashion to generate
leftward fluid flow and establish left-right body patterning during
vertebrate embryonic development. Dysfunction of primary cilia
leads to a wide spectrum of diseases, collectively known as the cil-
iopathies that include Bardet-Biedl syndrome (BBS), Joubert
syndrome, and polycystic kidney disease.* On the other hand,
multiciliated cells have hundreds of motile cilia per cell and per-
form specialized functions, such as mucociliary clearance in the
respiratory tract, transport of the ovum through the fallopian
tube, and cerebrospinal fluid movement in the ventricular system

of the brain.” As such, the hallmark symptoms of the classical
congenital multicilia disorder primary ciliary dyskinesia (PCD)
are chronic sinusitis and rhinitis, otitis media, hydrocephalus,
infertility, and situs inversus.® Additionally, defective multicilia
have been implicated as part of the pathogenesis of multiple
chronic pulmonary conditions, including cystic fibrosis, asthma,
and chronic obstructive pulmonary disease.” Consequently,
understanding how cilia are assembled and maintained in the air-
way epithelium is critical for prevention and treatment of such
diseases.

The nucleation of both primary and multicilia from a basal body,
a modified mother centriole, follows a largely analogous process while
the mode of centriole replication differs.*'® In cycling cells, a pair of
centrioles forms the centrosome, which duplicates once per cell cycle
directly from the pre-existing centrioles (the canonical centriolar
pathway). In multciliated cells, centrioles are generated through
both centriolar and acentriolar pathways. The acentriolar pathway
produces the vast majority of centrioles in multiciliated cells on
fibrogranular structures termed deuterosomes, which act as sites of
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de novo centriole replication.''™"? After centriole duplication occurs,
the nascent centriole acquires both sub-distal and distal appendage
structures to mature into a basal body competent to extend a ciliary
axoneme.'* Several reports demonstrate the importance of the distal
appendage structure in the recruitment of small vesicles,"”'® which
subsequently fuse to form a large membranous cap called the ciliary
vesicle.''” Ciliary vesicles then fuse with the apical plasma mem-
brane, which facilitates basal body docking. After attachment at the
apical cell membrane, the distal appendages transform into the transi-
tion fibers, which are thought to serve as docking sites for intraflagel-
lar transport (IFT) particles."*?" At this point, the basal body is
poised to extend and maintain a ciliary axoneme.

IFT is the bidirectional transport system that moves cargo
proteins along the cilium.*** First discovered in Chlamydomo-
nas reinbardtii, IFT is essential for ciliary growth, structure, and
maintenance through the delivery of tubulins and other axone-
mal components to their sites of incorporation within the ciliary
compartment. With more than 20 core protein subunits, 2 major
IFT sub-complexes have been identified: the (1) IFT-B and (2)
IFT-A sub-complexes.”*?> IFT-B is thought to mediate antero-
grade transport in association with kinesin motors while IFT-A is
implicated in retrograde transport via dynein motors. Besides the
requisite association of IFT proteins with kinesin and dynein
motors, [FT particles associate and co-migrate with the BBSome
along cilia.*** Originally identified as mutated in BBS, the
BBSome is an octameric complex that consists of 8 conserved
BBS proteins and that has been proposed to regulate the assem-
bly, rearrangement, and turnaround of IFT particles at both the
ciliary base and tip.?***** However, beyond the BBSome com-
ponents, a limited number of regulators of IFT particle assembly,
rearrangement, and turnaround are known.

Chibby (Cby) is a small, evolutionarily conserved 15-kDa
coiled-coil protein critical for ciliogenesis.”” * We reported that
Cby—/— mice develop chronic airway infection due to impaired
mucociliary clearance caused by a significant decrease in the
number of multicilia in the airway epithelium.**** In addition
to phenotypes related to multicilia, Cby—/— mice show cystic
kidneys as a result of defective primary cilia,* suggesting a con-
served function for Cby in both primary and multicilia. Consis-
tent with these results, we demonstrated that Cby predominantly
localizes to the basal body at the transition fiber/proximal transi-
tion zone region of cilia through several modalities, including
immuno-electron microscopy and super-resolution micros-
copy.'”?” These findings have also been confirmed in both Dro-
sophila melanogaster and Xenopus laevis.”>>°

We previously reported that the loss of cilia in mature
Cby—/— airway ciliated cells coincides with the presence of
many undocked basal bodies in the apical cytoplasm.>*
Recently, we found that this basal body docking defect results
from a failure to efficiently recruit and fuse small vesicles to
form ciliary vesicles at the distal appendage in the absence of
Cby."” On a molecular level, Cby is recruited to the basal body
by the distal appendage protein CEP164 and stabilizes the inter-
action between CEP164 and Rabin8,"> a guanine nucleotide
exchange factor (GEF) for the small GTPase Rab8.%" Rabins is
then able to promote the local recruitment and activation of

3164

Cell Cycle

Rab8, which facilitates ciliary vesicle assembly at the basal body
during early differentiation stages.***? Interestingly, Cby con-
tinues to reside at the ciliary base, even after ciliogenesis is
complete, in fully differentiated ciliated cells. However, it is
unknown if Cby functions during later stages of differentiation
or in maintenance of airway ciliated cells.

Here, we report that Cby functions in the regulation of IFT
particle localization along cilia to maintain proper ciliary struc-
ture and morphology. Cby—/— airway ciliated cells develop a
fraction of cilia with a paddle-like morphology and a dilated cili-
ary tip both 77 vive and in vitro. We show that the IFT-B protein
IFT88 accumulates within these tip distortions in both primary
and multicilia. Additionally, we demonstrate that the other IFT-
B proteins IFT20 and IFT57 accumulate with IFT88 at the
ciliary tip while the IFT-A protein IFT140 and the BBSome
components BBS4 and BBS5 do not. These findings indicate
that Cby plays an integral role in the modulation of IFT protein
localization and ciliary structure. Taken together with the finding
that Cby localizes predominantly at the ciliary base, we propose
that Cby is involved in proper IFT particle assembly at the ciliary
base. Hence, loss of Cby would affect IFT particle composition,
which leads to defects in IFT particle rearrangement at the ciliary
tip and the abnormal ciliary morphology observed in Cby—/—
airway ciliated cells.

Results

Loss of Cby leads to dilated distal tips of cilia in airway
ciliated cells

To investigate the effect of loss of Cby on mature airway cilia,
we performed scanning electron microscopy (SEM) of Cby+/+
and Cby—/— adult mouse bronchial epithelium (Fig. 1, /n vivo).

15,34, 35

Consistent with our previous findings, the number of cilia

Figure 1. Ciliated cells of Cby—/— airways display a bulge morphology
at the ciliary tip. Shown are scanning electron micrographs of adult
Cby+/+ (left column) and Cby—/— (middle and right columns) mouse
bronchial airways (/n vivo; top row) and ALId21 MTECs (In vitro; bottom
row). Both Cby—/— bronchial airways and MTECs demonstrated a pad-
dle-like ciliary morphology with dilated distal tips (arrowheads). In
addition to cilia, the apical surface of ciliated cells contains numerous
microvilli. Scale bars: 1 pm.
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in Cby—/— airways was reduced when compared to Cby—+/+ air-
ways. Surprisingly, in a fraction of cilia present on Cby—/—
bronchi, we found abnormalities in ciliary structure at the distal
end. These ciliary malformations displayed a characteristic pad-
dle-like morphology with a large, distended distal tip structure
(Fig. 1, arrowheads). The dramatic ballooning of the ciliary tip
was an infrequent event in the Cby—/— bronchus; however, such
ciliary structural defects were not observed in Cby+/+ bronchus.
Thus, despite their low frequency, these dilations of the ciliary
tip were specific for the loss of Cby.

To determine if similar paddle-like cilia with dilated distal tips
could be found 7 vitro, we exploited the well-established mouse
tracheal epithelial cell (MTEC) primary culture system.'®#%
To generate primary cultures of MTECs, isolated tracheal cells
were seeded at low density onto a semipermeable, collagen-
coated membrane and subsequently allowed to proliferate for
<7 days. Once confluent, an air-liquid interface (ALI) was cre-
ated to induce multiciliated cell differentiation. As we reported
previously,” at 9-14 days post-ALI induction (ALId9-14), a
majority of Cby+/+ cells were fully differentiated while
Cby—/— MTECs showed a reduction in the number of fully dif-
ferentiated cells and of cilia per ciliated cell (data not shown). A
similar trend for both Cby+/+4 and Cby—/— MTECs was main-
tained at ALId21 (data not shown). We then performed SEM on
Cby+/+ and Cby—/— MTECs at ALId21 to assess whether pad-
dle-like cilia could be observed. As shown in Figure 1 (/n vitro),
Cby—/— MTEC:s displayed an atypical ciliary morphology with
dilated distal tips similar to the defects seen in Cby—/— bronchi
in vivo (Fig. 1, arrowheads). Also, similar to the bronchus,
despite the low frequency of the structural abnormalities, the for-
mation of these distended ciliary tips and paddle-like cilia were
not seen in Cby+/+ MTECs. These findings suggest that Cby is
critical for proper ciliary architecture in mature airway ciliated
cells.

The IFT-B subunit IFT88 aggregates in Cby—/— airway
ciliated cells

The IFT system plays an essential role in the biogenesis and
maintenance of cilia via trafficking of cargo proteins along axone-
mal microtubules.”****® Prior studies have demonstrated that
mutations in the genes that encode for IFT-A components lead
to a ciliary bulge morphology, which often contains vesicular
accumulation in the dilated distal tips.?*%* Specific examples
include IFT122 mutants in Tetrahymena thermophila and mice
and IFT144 mutants in C. reinbardtii and mice.*®*5%33
Beyond IFT, mutants for the motor constituents dynein heavy
and light chains and multiple BBSome components in C. rein-
hardtii and mice have also exhibited bulge phenotypes.”®>>>’
We therefore hypothesized that IFT-associated proteins are mis-
regulated in fully differentiated Cby—/— ciliated cells with pad-
dle-like cilia. To examine this possibility, we performed
immunofluorescence (IF) staining of IFT88, an IFT-B sub-
unit,”>***® in  ALId21 Cby+/+ and Cby—/— MTECs
(Fig. 2A). In Cby+/4+ MTECs, intense IFT88 signals were
detectable at the basal body with weak punctate signals also pres-
ent along the ciliary axoneme.’® In contrast, we detected aberrant
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accumulations of IFT88 in Cby—/— ciliated cells (Fig. 2A,
arrowheads). IFT88 aggregations were significantly more fre-
quently observed in Cby—/— ciliated cells (18.2 £ 3 .5% of cili-
ated cells) compared to Cby+/+ ciliated cells (1.7 & 0 .3% of
ciliated cells) (p < 0.05; n = 4) (Fig. 2B). Interestingly, the
numbers of large IFT88 accumulations per ciliated cell were
highly variable with a range of 1 to 10 bulges. Next, we assessed
IFT88 protein levels in ALId21 Cby+/+ and Cby—/— MTEC
lysates by immunoblotting to determine if IFT88 aggregates
were caused by alterations in protein expression (Fig. 2C). No
apparent differences in IFT88 protein levels were detectable
between Cby+/4 and Cby—/— MTECs, suggesting that the
accumulation of IFT88 in Cby—/— ciliated cells is primarily a
localization defect.

We then attempted to rescue the IFT88 accumulation pheno-
type with lentivirus-mediated expression of Flag-tagged full-
length human Cby (hCby) (Fig. 2D). In ALId21 Cby—/—
MTEGCs, many infected ciliated cells demonstrated normal
IFT88 localization patterns (when compared to Cby+/+ ciliated
cells in Fig. 2A). However, neighboring uninfected Cby—/— cili-
ated cells displayed IFT88 accumulations (Fig. 2D, arrowheads).
Overall, the frequency of ciliated cells with IFT88 aggregates was
reduced by ~50% in infected Cby—/— ciliated cells (data not
shown). These data confirm that the IFT88 accumulations are
attributable to the loss of Cby and suggest that Cby is required
for normal distribution of IFT88 along cilia.

Loss of Cby causes IFT88 mislocalization at the distal tip
of primary cilia

IFT is a critical process for the generation and maintenance of
both primary and multicilia."*>* We therefore examined
IFT88 localization in a well-established model for primary cilio-
genesis: serum-starved mouse embryonic fibroblasts (MEFs) that
were derived from Cby+/+4 and Cby—/— embryos between
embryonic days 12.5 and 14.5.°”°° Consistent with our findings
in multiciliated cells, IFT88 accumulations were observed at the
distal end of primary cilia with a significantly increased frequency
in Cby—/— MEFs (42.3 £ 7 .9% of ciliated cells) compared to
Cby+/+ MEFs (20.2 + 3 .6% of ciliated cells) (p < 0.05;
n = 3) (Fig. 3A, arrowheads, and B). These data indicate that
Cby performs a similar function to regulate distribution of IFT-
associated proteins in both primary and multicilia.

IFT88 accumulates in the bulge structure at the ciliary tips
in Cby—/— airway ciliated cells

We suspected that the IFT88 accumulations in Cby—/—
MTECs (Fig. 2A) might reflect IFT particle accumulation
within the bulged, dilated ciliary tip structures as observed by
SEM (Fig. 1). To resolve the exact location of these IFT88 aggre-
gates, we utilized 3-dimensional structured illumination micros-
copy (3D-SIM) to image ALId21 Cby+/4 and Cby—/—
MTECs co-stained with antibodies for IFT88 and acetylated
a-tubulin (Fig. 4). 3D-SIM provides 2-fold increased resolution
compared to conventional confocal microscopy in each of the x-,
y-, and z-dimensions, which permits visualization beyond the dif-
fraction limit. 3D-SIM imaging easily revealed that the large
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Figure 2. IFT88, a subunit of the IFT-B sub-complex, accumulates in Cby—/— tracheal ciliated cells. (A) Confocal images of Cby+/+ and Cby—/— MTECs at
ALId21 colabeled for IFT88 (green) and the basal body/axonemal marker acetylated (ac) a-tubulin (red). Arrowheads indicate IFT88 accumulations in
Cby—/— ciliated cells. Scale bar: 20 wm. (B) Quantification of frequency of ciliated cells with IFT88 accumulations in ALId21 Cby+/+ and Cby—/— MTECs.
Greater than 250 ciliated cells were counted from each of 4 individual MTEC preparations. Data presented as means + SEM. *, p<0.05. (C) Western blot
analysis of IFT88 and GAPDH (loading control) from ALId21 Cby+/+ and Cby—/— MTEC lysates. No differences in IFT88 protein expression were
observed. (D) Confocal images show ALId21 Cby—/— MTECs that were infected with lentiviruses that express Flag-tagged full-length human Cby (hCby)
and were immunostained for IFT88 (green), Flag-hCby (red), and ac a-tubulin (magenta). Uninfected Cby—/— ciliated cells displayed IFT88 accumulations
(arrowheads) while lentivirus-mediated expression of Flag-hCby rescued such accumulations. Scale bar: 20 pm.

IFT88 accumulations present in Cby—/— MTECs were enclosed
within large, distended circular loops of acetylated a-tubulin-
positive ciliary axonemes at the distal ends of cilia (Fig. 4A and
B). Thus, it is likely that defects in IFT or inherent to IFT par-
ticles result in the accumulation of IFT particles at the ciliary tip
and subsequent formation of paddle-like cilia.

In Cby—/— ciliated cells without large IFT88 masses, we
observed a relatively normal IFT88 distribution pattern. How-
ever, moderate enrichment in IFT88 signal at the ciliary tip in
Cby—/— MTECs was readily apparent upon 3D-SIM imaging
(Fig. 4C). These moderate IFT88 accumulations were more fre-
quent than the larger aggregates, suggesting that they may repre-
sent a precursor step to the formation of more pronounced

paddle-shaped cilia.

Cby regulates ciliary localization of IFT-B sub-complex
members in ciliated cells

The IFT complex consists of >20 subunits that are grouped
into 2 distinct sub-complexes: the IFT-B and IFT-A sub-com-
plexes.24’28 As IFT88 is one of the IFT-B complex members,
we speculated that other IFT-B and IFT-A sub-complex

3166

Cell Cycle

components might also be misregulated and accumulate within
the bulges in Cby—/— ciliated cells. We therefore evaluated the
ciliary localization of the IFT-B proteins IFT20 and IFT57
and the IFT-A protein IFT140 by IF staining (Fig. 5). IFT20,
IFT57, and IFT140 all demonstrated normal localization pat-
terns in ALId21 Cby+/+ MTEC:s as reported previously (data
not shown).GI'G3 In contrast, in ALId21 Cby—/— MTEC:, the
IFT-B proteins IFT20 and IFT57 showed robust accumula-
tions (Fig. 5) that colocalized with the IFT88 aggregates that
were found to correspond to the bulge structures by 3D-SIM
imaging (Fig. 4). Interestingly, the IFT-A subunit IFT140 was
not detectable as aggregates with IFT88 (Fig. 5, dotted line
enclosures). Hence, solely the IFT-B, not IFT-A, proteins, and
presumptively the sub-complex, accumulate at the dilated cili-
ary tips of Cby—/— ciliated cells. These observations suggest
that IFT-B proteins are, most likely, not trafficked out of the
ciliary compartment efficiently in Cby—/— ciliated cells despite
apparently normal trafficking of IFT-A complex members.
Thus, this raises the interesting possibility that Cby influences
the proper rearrangement of IFT particles at the ciliary tip
from anterograde to retrograde transport.
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Figure 3. IFT88 aggregates at the distal tip of primary cilia are present in
Cby—/— MEFs. (A) Confocal images of Cby+/+ and Cby—/— MEFs that
were serum-starved for 48 hrs and stained for IFT88 (green) and ac
a-tubulin (red). Accumulations of IFT88 (arrowheads) were found at the
distal end of primary cilia in Cby—/— MEFs. Scale bar: 5 um. (B) Quantifi-
cation of frequency of ciliated cells with IFT88 accumulations in serum-
starved Cby+/4 and Cby—/— MEFs. Greater than 198 cells with primary
cilia were counted from each of 3 individual MEF preparations. Data pre-
sented as means + SEM. ¥, p < 0.05.

Similar to the airway bulge phenotype of Cby—/— mice,
mouse mutants for the BBSome component BBS1, BBS2, BBS4,
or BBS6 develop bulges filled with vesicular structures near the
distal tips of cilia in airway epithelia.”” Hence, we hypothesized
that Cby might be required for the proper localization and func-
tion of the BBSome. To address this possibility, we performed IF
staining for BBS4 and BBS5 in Cby—/— MTECs at ALId21
(Fig. 6). Surprisingly, neither BBS4 nor BBS5 demonstrated
aberrant accumulation with IFT88 (Fig. 6, dotted line enclo-
sures). Thus, Cby does not appear to regulate BBSome localiza-
tion although we cannot rule out the possibility that other
BBSome components might be mislocalized or that the BBSome
might be dysfunctional in the absence of Cby.

Discussion

Here we present evidence that Cby is required for normal cili-
ary architecture and IFT localization in ciliated cells in airway
epithelia and MTEC cultures. IFT is a bidirectional process that
requires both IFT-B and IFT-A complexes and anterograde kine-
sin and retrograde dynein motor plroteins.zz’zg’46 Based on
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Figure 4. IFT88 accumulations are contained within the bulge structures
at the dilated ciliary tips of Cby—/— tracheal ciliated cells. (A) Super-reso-
lution 3D-SIM images of ALId21 Cby+/+ and Cby—/— MTECs colabeled
for IFT88 (green) and ac a-tubulin (red). Scale bar: 5 um. (B) Magnified
images of the boxed area in (A) clearly demonstrate that IFT88 accumu-
lations occurred within dilated ac a-tubulin-positive enclosures at the cil-
iary tip. Single channel images for IFT88 and ac a-tubulin staining are
shown in grayscale. Ciliary axonemes, which harbor IFT88 accumulations,
are indicated by arrowheads. Scale bar: 1 um. (C) 3D-SIM images of cilia
in Cby+/+ and Cby—/— MTECs at ALId21 colabeled for IFT88 (green)
and ac a-tubulin (red). Moderate IFT88 accumulations at the ciliary tip
were frequently found in Cby—/— ciliated cells. Note that IFT88 accumu-
lations, large or small, were not seen in Cby+/+ cilia. Scale bar: 1 pm.

studies of mutant phenotypes and IFT particle dynamics, it has
been proposed that a unique complement of both IFT-B and
IFT-A transport and motor proteins mediates anterograde and
retrograde IFT, respectively. This proposed model would necessi-
tate that the anterograde IFT-B complex and kinesins carry retro-
grade IFT-A proteins and dyneins to the ciliary tip as cargo and
that the retrograde IFT-A complex and dyneins transport the
anterograde components back to the cytoplasm. Hence, massive
rearrangement of the IFT particle and its associated proteins,
including kinesins and dyneins, must take place at the ciliary tip
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for proper ciliary extension and maintenance.”®** Thus, a failure
to rearrange the IFT particle at the ciliary tip, as documented in
IFT-A or BBSome mutants, leads to the formation of bulge
structures.”” %3133 57 I the absence of Cby, the IFT-B compo-
nent IFT88 accumulates within the bulged, dilated ciliary tips of
both Cby—/— primary cilia and multicilia (Figs. 2—4). In agree-
ment with this observation, the D. melanogaster IFT88 homolog
is found to accumulate in the embryonic chordotonal cilia of the
Chy mutant fly,”® indicating that the function of Cby as an IFT
regulator is evolutionarily conserved. Interestingly, solely other
IFT-B sub-complex members amass with IFT88 in Cby—/— cili-
ated cells (Figs. 5 and 6), suggesting that anterograde IFT occurs
normally in Cby—/— ciliated cells while IFT-B components are
either not properly loaded as cargos onto the retrograde IFT
complex or unable to effectively exit the ciliary compartment.
Coupled with the normal localization pattern of IFT-A proteins
and BBSome members, we speculate that Cby is important for a
switch from anterograde to retrograde IFT at the ciliary tip.

The BBSome has been shown to be a critical effector of IFT
and proposed to be involved in IFT particle turnaround at the
ciliary tip.***”*? Furthermore, several BBS mouse mutants dis-
play bulge phenotypes in airway ciliated cells strikingly similar to
those in Cby—/— mice.”” Hence, it is particularly surprising that
both BBS4 and BBS5 demonstrated relatively normal distribu-
tion patterns in Cby—/— MTECs (Fig. 6). However, the

IFT88

Merge

Figure 5. IFT-B sub-complex members exhibit localization patterns simi-
lar to IFT88 in Cby—/— tracheal ciliated cells. Shown are immunofluores-
cence confocal images of ALId21 Cby—/— MTECs stained for IFT88
(green) and either IFT-B sub-complex members IFT20 or IFT57 or IFT-A
sub-complex member IFT140 (red), as indicated. IFT20 and IFT57 local-
ized in patterns similar to IFT88 while IFT140 did not accumulate with
IFT88. Dashed enclosures correspond to the areas positive for IFT88 accu-
mulations. Scale bars: 5 pm.
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Figure 6. BBSome proteins are normally distributed and do not accumu-
late at the distal tips in Cby—/— ciliated cells. ALId21 Cby—/— MTECs
were immunostained for IFT88 (green) and either BBS4 or BBS5 (red), as
indicated. BBS4 and BBS5 did not accumulate in the areas positive for
IFT88 aggregations (dashed enclosures). Scale bars: 5 pm.

possibility remains that other BBSome components may show
altered distribution or that the BBSome may be dysfunctional in
Cby—/— ciliated cells. Thus, a potential connection between the
BBSome complex and Cby is clearly an intriguing area of poten-
tial future exploration.

How might Cby regulate IFT rearrangement at the ciliary tip?
An attractive model is that Cby localizes to the ciliary compart-
ment along cilia, travels with the IFT particle, and directly
impacts IFT particle rearrangement at the ciliary tip. We
attempted with the use of several methodologies to detect Cby in
the ciliary compartment in MTECs by IF staining. Intense Cby
signal was observed at the base of cilia, consistent with previous
reports;' 439 however, Cby was not clearly detectable in the cil-
iary compartment (data not shown). While it remains possible
that the levels of Cby in the ciliary compartment are beyond the
detection limit of our current methods, a more likely scenario is
that Cby influences IFT particle assembly from its position at the
ciliary base. Several lines of evidence support this proposal. Cby
predominantly clusters around the transition fibers in mature cili-

15.34- . . ..
53439 which are known to be the sites critical for IFT

ated cells,
particle assembly, docking, and entry into the ciliary compart-
ment.'*?" Interestingly, other transition fiber proteins, such as
CEP164 and FBF1,°°>"%7 have also been shown to regulate IFT
particle formation and ciliary entry, implying that particularly
complex regulation of IFT processes may occur at the transition
fibers. Thus, Cby may modulate recruitment of IFT components,
assembly of IFT-motor complexes, and their efficient entry into
the ciliary compartment at the ciliary base.

The trapping of IFT-B components at the ciliary tip is most
likely a rate-limiting process, which accounts for the ~18% fre-
quency with which we observe the more dramatic IFT88 accu-
mulations (Fig. 2B). Furthermore, the accumulation of IFT88 in
only a subset of cilia implies a considerable heterogeneity in IFT
among individual cilia and, hence, an explanation why not all
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cilia display overt morphological deficits at any given time. How-
ever, the more abundant presence of smaller IFT88 accumula-
tions detectable with 3D-SIM imaging suggests an interesting
model for bulge formation at the ciliary tip (Fig. 4D). We pro-
pose that, subsequent to axonemal extension in Cby—/— ciliated
cells, IFT-B components accumulate at the ciliary tip due to
defective retrograde trafficking of these IFT-B proteins. Thus,
small accumulations of IFT-B proteins begin to form as a precur-
sor state to the formation of larger accumulations of these IFT-B
proteins, which cause bulge formation and paddle-like cilia. In
support of this model, the frequency of large IFT88-positive
bulges at the ciliary tips increased as Cby—/— MTEC cultures
were maintained for longer periods of time (data not shown).
However, it is also conceivable that these bulges form during the
early phases of ciliogenesis before cilia fully elongate. Alterna-
tively, small versus large IFT88 accumulations may reflect the
severity of the deregulation of IFT particle assembly and rear-
rangement. Indeed, many predictions exist as the molecular
underpinnings of how paddle-like cilia phenotypes develop are
unclear.

Despite over 20 years elapsing since the discovery of IF
its complex regulation is still an area of much active research.
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Here, we propose that Cby is a regulator of IFT processes,
including IFT particle assembly and rearrangement as its loss
causes both mislocalization of IFT components and alterations in
ciliary structure. However, the exact molecular basis by which
Cby regulates IFT processes warrants further investigation to pro-
vide novel insight into where Cby fits into a larger IFT regulatory
network. Additionally, further examination of the underlying
mechanism by which loss of Cby results in the formation of pad-
dle-like cilia may help us to understand both how cilia are formed
and maintained as well as how IFT misregulation leads to defects
in ciliary structure.

Materials and Methods

Mouse strains

The generation of Cby—/— mice has been previously
described.** Cby-+/+ or Cby—/— mice were obtained by inter-
crossing Cby~+/— mice on a mixed C57BL/6] and 129/Sv] back-
ground. All mice were handled in accordance with NIH
guidelines and protocols approved by the Institutional Animal
Care and Use Committee of Stony Brook University.

Plasmids and reagents

The lentiviral expression construct for FLAG-hCby has been
previously described.'” Briefly, a cDNA encoding for FLAG-
hCby was subcloned into a 2nd generation lentiviral transfer vec-
tor pEF1o-IRES-EGFP (gift from Dr. I. Lemischka, Mount
Sinai Medical Center, New York, NY, USA). Lentiviruses were
produced by transient transfection of HEK293T cells according
to standard protocols. All chemicals were purchased from Sigma-
Aldrich unless otherwise noted.

www.tandfonline.com
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MTEC preparation

MTECs were prepared as previously described.'®!>** Briefly,
tracheas from adult Cby+/+ or Cby—/— mice were collected
and incubated overnight with 1.5 mg/mL pronase (Roche). Iso-
lated tracheal epithelial cells were then seeded onto collagen-
coated Transwell permeable membranes made of either polycar-
bonate or polyester (6.5 mm insert; Corning-Costar) and
allowed to proliferate in MTEC Plus with retinoic acid (RA)
media. For lentiviral infection, viral media were added with
MTEC Plus media supplemented with RA at a 1:1 ratio in the
apical chamber for the first 48 hrs after seeding. Fresh media and
virus were provided after the first 24 hrs of infection. Upon
achieving confluency, an air-liquid interface (ALI) was estab-
lished with 2% NuSerum media with RA provided only in the
basal chamber of the Transwell. The day that an ALI was created
was considered ALI day 0 (ALId0). MTECs were maintained
until ALId21 unless otherwise noted.

MEEF preparation

Cby+/+ and Cby—/— MEFs were prepared from mouse
embryos between embryonic days 12.5 and 14.5, as described
previously.”” MEFs were propagated in DMEM (Gibco) supple-
mented with 10% fetal bovine serum (Denville Scientific) and
100 U/mL penicillin-streptomycin (Gibco). To induce ciliogen-
esis, MEFs seeded on coverslips in a 24-well tissue culture plate

. Q
were serum-starved for 48 hrs after reaching confluency.®®*’

Western blotting

Western blotting was performed as previously described on
Cby+/+4 and Cby—/— ALId21 MTEC lysates.”””" The primary
antibodies used were the following: rabbit anti-IFT88 (Protein-
tech) and mouse anti-GAPDH (Biodesign International).

Immunofluorescence staining and imaging

ALId21, unless otherwise noted, MTEC membranes or MEFs
were washed with phosphate buffered saline (PBS) and fixed with
methanol-acetone (used 1:1) on ice for 20 min. Membranes were
then washed 3X in PBS and cut into quarters. Samples were
blocked and permeabilized with 5% goat serum in antibody
solution (PBS with 0.2% Triton X-100 and 5% bovine serum
albumin) for 1 hr at room temperature. Primary antibodies were
incubated in antibody solution at dilutions specified below over-
night at 4°C. After PBS washes 3X, samples were blocked and
permeabilized again for 1 hr at room temperature, followed by
secondary antibody incubation for 1 hr at room temperature. All
secondary antibodies were diluted with antibody solution and
used at a dilution of 1:250. The primary antibodies used were:
rabbit anti-IFT88 (1:250; Proteintech), mouse anti-IFT88
(1:250; Proteintech), rabbit anti-IFT20 (1:250; gift from G,
Pazour, University of Massachusetts Medical School, Worcester,
MA, USA), rabbit anti-IFT57 (1:500; Proteintech), rabbit anti-
IFT140 (1:500; Proteintech), rabbit anti-BBS4 (1:500; gift from
M. Nachury, Stanford University, Palo Alto, CA, USA), rabbit
anti-BBS5 (1:200; Proteintech), mouse anti-Cby 27-11 (1:300;
in-house),”* mouse anti-acetylated a-tubulin (1:1000; Sigma-
Aldrich). The secondary antibodies used were: DyLight 488-
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conjugated goat anti-rabbit IgG (Vector Laboratories), DyLight
549-conjugated goat anti-mouse IgG (Jackson ImmunoRe-
search), DyLight 549-conjugated goat anti-rabbit IgG (Vector
Laboratories), Alexa Fluor 647-conjugated goat anti-mouse
IgG2b (Invitrogen), Alexa Fluor 488-conjugated goat anti-mouse
IgG (Invitrogen). After PBS washes 3X, MTEC membranes were
counterstained for 2 minutes with DAPI and rinsed with PBS
3X. Samples were then mounted with Fluoromount-G (South-
ernBiotech), and images were obtained on a Zeiss LSM Meta
510 laser scanning confocal microscope with a 63X/1.4 NA
objective or a Nikon N-SIM microscope with a 100X/1.4 NA
objective. Confocal and SIM images were analyzed with using
LSM Image Browser (Carl Zeiss) and Elements (Nikon), respec-
tively, and further processed using Photoshop (Adobe).

Scanning electron microscopy

SEM was performed as previously described.'>***> Briefly,
adult lung tissues and ALId21 MTEC membranes were fixed
with 2% paraformaldehyde and 2% glutaraldehyde in PBS and
then dehydrated in a graded ethanol series to 100%. After dehy-
dration, samples were processed through a graded series of etha-
nol-hexamethyldisilazane ~ (HMDS;  Electron ~ Microscopy
Sciences) to 100% HMDS. Preparations were then air-dried,
mounted on scanning EM stubs, and sputter coated with gold
prior to imaging with a scanning electron microscope
(LEO1550; Carl Zeiss). Images were analyzed and processed
with Photoshop as described above.

IFT88 Accumulation Frequency Analysis
Numbers of ciliated cells with and without IFT88 accumula-

tions were counted on a Leica DMI6000B fluorescent
References asymmetries. Nat Cell
1. Bisgrove BW, Yost HJ. The roles of cilia in develop- PMID:21968988;
ncb2345

microscope for both MTECs and MEFs. For each condition,
numbers of ciliated cells with IFT88 aggregates were divided by
total ciliated cells counted to obtain percentages. Separate
MTEC and MEF preparations were considered as individual
experiments. Percentages were averaged and analyzed with
paired, 2-tailed t-tests for significance. A p-value <0.05 was
considered significant.
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