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Chibby1 (Cby1) is a small, conserved coiled-coil protein that localizes to centrioles/basal bodies and plays a crucial role in the
formation and function of cilia. During early stages of ciliogenesis, Cby1 is required for the efficient recruitment of small vesicles
at the distal end of centrioles to facilitate basal body docking to the plasma membrane. Here, we identified family with sequence
similarity 92, member A (FAM92A) and FAM92B, which harbor predicted lipid-binding BAR domains, as novel Cby1-interact-
ing partners using tandem affinity purification and mass spectrometry. We found that in cultured cell lines, FAM92A colocalizes
with Cby1 at the centrioles/basal bodies of primary cilia, while FAM92B is undetectable. In airway multiciliated cells, both
FAM92A and -92B colocalize with Cby1 at the base of cilia. Notably, the centriolar localization of FAM92A and -92B depends
largely on Cby1. Knockdown of FAM92A in RPE1 cells impairs ciliogenesis. Consistent with the membrane-remodeling proper-
ties of BAR domains, FAM92A and -92B in cooperation with Cby1 induce deformed membrane-like structures containing the
small GTPase Rab8 in cultured cells. Our results therefore suggest that FAM92 proteins interact with Cby1 to promote ciliogen-
esis via regulation of membrane-remodeling processes.

Cilia are evolutionarily conserved microtubule-based struc-
tures that project from the apical surface of many different cell

types and function in a wide range of essential biological processes
(1–3). Primary cilia, which are found on a variety of cell types, are
generally nonmotile and contain a 9�0 axonemal microtubule
arrangement. They are involved in chemo- and mechanosensa-
tion, photoreception, and intracellular signaling. In contrast, mo-
tile multicilia consist of a 9�2 axonemal structure and are present
in a restricted set of tissues such as the airways, oviducts, and brain
ventricles. The synchronized beating of multicilia generates fluid
flow over epithelia, which is important for clearing airway mucus
and debris, transporting ova from the ovary to the uterus, and
circulating cerebrospinal fluid in the brain. Ciliary dysfunction is
associated with a growing class of pleiotropic disorders termed
ciliopathies (1–3). Defective primary cilia have been linked to
various diseases such as polycystic kidney disease (PKD) and
Bardet-Biedl syndrome (BBS). Their clinical features are vari-
able but include reversal of body organs (situs inversus), retinal
degeneration, mental retardation, and cystic kidney, liver, and
pancreas. On the other hand, defects in multicilia are most
prominently associated with primary ciliary dyskinesia (PCD).
PCD patients typically display chronic respiratory infections,
infertility, and hydrocephalus (4).

As cells exit the cell cycle, cilia are assembled from the basal
body, which is derived from the mother centriole. The mother
centrioles are distinguished from immature daughter centrioles
by the presence of accessory structures, including the subdistal
and distal appendages at their distal end. While the subdistal ap-
pendages anchor cytoplasmic microtubules, the distal appendages
(also called “transition fibers” at the ciliary base) are thought to be
critical for the recruitment of small vesicles and subsequent dock-
ing of basal bodies to the plasma membrane (5–8). Since no pro-
tein synthesis occurs in cilia, ciliary proteins are transported from
the cell body via polarized vesicle trafficking (9, 10). The extension
and maintenance of cilia require intraflagellar transport (IFT), a
bidirectional transport system along the axonemal microtubules

(11). The precise functions of ciliary components and the molec-
ular mechanisms of ciliogenesis remain poorly understood.

Chibby1 (Cby1) is a conserved 15-kDa coiled-coil protein that
predominantly localizes to mother centrioles/basal bodies and
plays a pivotal role in the formation and function of cilia (6, 12–
19). Cby1 knockout (Cby1-KO) mice display several hallmarks of
ciliary defects, including chronic upper airway infection (12), sub-
fertility, and polycystic kidneys (15) as well as polydactyly and
hydrocephalus at low frequencies. In Drosophila melanogaster,
Cby1 is expressed in sensory neurons and male germ cells, the only
ciliated cell types in this organism, and is required for the proper
formation of neuronal cilia and sperm flagella, respectively (16).
Similarly, in Xenopus laevis, Cby1 is indispensable for ciliogenesis
in multiciliated cells of the embryonic epidermis (17). These stud-
ies highlight a critical, evolutionarily conserved function for Cby1
in ciliogenesis. More recently, using superresolution microscopy
and immuno-transmission electron microscopy (TEM), we dem-
onstrated that in airway multiciliated cells, the Cby1 protein lo-
calizes to the base of mature cilia as a ring with a diameter of 300
nm and a height of 100 nm, which is representative of a distal
appendage/transition fiber protein (6). Cby1 rings are slightly
smaller and positioned more apically than the rings of the distal
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appendage protein CEP164 (7, 20, 21). During early differentia-
tion stages of multiciliated cells, Cby1 is recruited to the distal
appendages of nascent centrioles through its physical interaction
with CEP164. Cby1 then interacts with the membrane trafficking
machinery component Rabin8, a guanine nucleotide exchange
factor (GEF) for the small GTPase Rab8, to stabilize a CEP164-
Rabin8 complex. This promotes the recruitment of Rab8 and
small vesicles for the efficient assembly of a large membranous cap
called the “ciliary vesicle” (CV). Subsequently, the CV is thought
to fuse with apical membranes (22), thereby facilitating efficient
basal body docking. However, the precise mechanisms by which
Cby1 regulates vesicle fusion and trafficking during ciliogenesis
remain largely unknown.

Here, we report the identification and characterization of novel
Cby1-interacting proteins, family with sequence similarity 92,
member A (FAM92A) and FAM92B. FAM92 proteins contain
predicted Bin/amphiphysin/Rvs (BAR) domains that are known
to bind to lipid membrane surfaces and generate membrane cur-
vature (23–26). BAR domain proteins have been shown to play
diverse roles in endocytosis, vesicle fission and fusion, and regu-
lation of the actin cytoskeleton (23–26). We found that the BAR
domains of FAM92A and -92B are responsible for binding to Cby1
and also mediate their homo- and heterodimerization. FAM92A
and -92B colocalize with Cby1 at the mother centrioles/basal bod-
ies of cilia. FAM92A is the predominant family member in human
retinal pigment epithelial (RPE1) cells, and small interfering RNA
(siRNA)-mediated knockdown (KD) of FAM92A abrogates the
formation of primary cilia. Notably, the coexpression of FAM92
proteins and Cby1 in U2OS cells induces either large membrane
globule-like or extensive membrane tubule-like structures con-
taining Rab8. Our data suggest that FAM92A and -92B collaborate
with Cby1 to facilitate ciliogenesis, likely through membrane re-
modeling.

MATERIALS AND METHODS
Mice and MTEC preparation. The Cby1-KO mouse line was generated by
replacing the entire coding region with a neomycin cassette, as described
previously (12), and was maintained on a mixed C57BL/6J-129/SvJ back-
ground. All mice were handled according to NIH guidelines, and all ex-
perimental procedures were approved by the Institutional Animal Care
and Use Committee of Stony Brook University.

Mouse tracheal epithelial cell (MTEC) cultures were established on
membranes under air-liquid interface (ALI) conditions as described pre-
viously (6, 27). Briefly, tracheas were excised from 2- to 6-month-old
wild-type Cby1 (Cby1-WT) and Cby1-KO mice, epithelial cells were har-
vested by pronase digestion and seeded onto collagen-coated permeable
polycarbonate or polyester Transwell membranes (6.5-mm diameter;
Corning), and the cells proliferated to confluence in growth medium.
Subsequently, an ALI was created by removing the apical chamber me-
dium and switching the medium in the lower compartment to differenti-
ation medium. For viral infection of MTECs, isolated epithelial cells were
mixed with lentiviral supernatants (1:1) in the presence of 10 �g/ml
protamine sulfate (Sigma) at the time of seeding.

Plasmids. pCS2�Flag-Cby1 and pCS2�Flag-Cby1�1–22 (28),
pCS2�Flag-Cby1-4A and pCS2�HA-Cby1 (29), maltose-binding pro-
tein (MBP)–Cby1 (30), human Cby1 short hairpin RNA (shRNA) (14),
hemagglutinin (HA)-Rab8a and HA–Rab8a-T22N (6), and HA–arfap-
tin-1 and HA–arfaptin-2 (31) expression plasmids were described previ-
ously. Tandem affinity purification (TAP)-tagged Cby1 and green fluo-
rescent protein (GFP) expression constructs were generated by PCR
amplification of the individual coding sequences, followed by subcloning
into an N-terminally TAP-tagged vector. Subsequently, the TAP-Cby1

and TAP-GFP fusions were amplified by PCR and ligated into the tetra-
cycline-inducible pcDNA5/FRT/TO vector with a hygromycin resistance
cassette (Invitrogen). Full-length human FAM92A (catalog number
HsCD00333592) and FAM92B (catalog number HsCD00340837) plas-
mids were purchased from the Harvard PlasmID Repository. For the gen-
eration of Flag-, HA-, and GFP-tagged FAM92 expression constructs, the
corresponding inserts were amplified by PCR and subcloned into
pCS2�Flag or pCS2�C-Flag, pCS2�HA, and pCS2�GFP, respectively.
FAM92-6E mutants were generated by PCR-based site-directed mutagen-
esis and subcloned into pCS2�Flag. A cDNA for Cby1 lacking the N-ter-
minal half (amino acids [aa] 1 to 63) (Cby1-�N) or for GFP was amplified
by PCR and ligated into pCS2�Flag. A His-FAM92A bacterial expression
plasmid was constructed with pET28a (Novagen). Lentiviral expression
constructs for Flag-tagged FAM92 were created by inserting PCR-ampli-
fied cDNAs into the lentiviral transfer vector pEF1�-IRES-EGFP (6, 18).

Cell culture, transfection, and lentiviral production. HEK293T,
U2OS, RPE1, and GFP-centrin1-expressing RPE1 (14) cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) or DMEM-
GlutaMAX with 10% fetal bovine serum (FBS) and 100 U/ml penicillin-
streptomycin. Transfections were performed by using polyethyleneimine
(PEI; Sigma). Lentiviruses were produced by transient transfection of
HEK293T cells according to standard protocols.

siRNA-mediated knockdown of CEP164 and FAM92A was performed
as described previously (6, 14). Briefly, U2OS or RPE1 cells seeded onto
coverslips in a 12-well plate were transfected with or without 40 pmol
siRNA duplexes using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. Mock-transfected controls were treated
identically except for the omission of siRNA. RPE1 cells were serum
starved for 48 h to induce ciliogenesis. siRNAs were synthesized by Sigma.
The CEP164 siRNA sequence was described previously (6). The human
FAM92A siRNA target sequences were (i) 5=-GGATCAACAAGCAGAA
GAT-3= (nucleotide positions 801 to 819) and (ii) 5=-GCAGAAACGGAA
TTACAGA-3= (nucleotide positions 439 to 457). KD of Cby1 in U2OS
cells was achieved by transient transfection of a human Cby1-specific
SureSilencing shRNA (SABiosciences) as described previously (14), and a
scrambled shRNA was used as a negative control.

TAP and mass spectrometry of Cby1-interacting proteins. A
HEK293 stable cell line expressing TAP-Cby1 or TAP-GFP was generated
by using the HEK293 Flp-In T-Rex system (Invitrogen). Cells were seeded
into 20 15-cm dishes and grown to 60% confluence. Protein expression
was then induced with 0.02 �g/ml tetracycline, which yielded TAP-Cby1
expression levels similar to those of the endogenous protein. After 48 h of
induction, cells were washed three times with ice-cold phosphate-buff-
ered saline (PBS), and TAP was performed as described previously (32). In
brief, these cells were collected by scraping and resuspended in 10 ml lysis
buffer containing 125 mM KCl, and Cby1-interacting proteins were pu-
rified by using 150 �l IgG-Sepharose beads (Sigma) and 150 �l calmod-
ulin affinity resin (Agilent Technologies). Final eluates were run 1.5 to 2
cm into a NuPAGE Novex 8% Tris-acetate midigel (Invitrogen). The gel
was then silver stained, and the entire stained protein area was excised,
digested with trypsin, and analyzed by liquid chromatography-tandem
mass spectrometry (LC-MS/MS) at the Proteomics Center at Stony Brook
University.

MBP pulldown assays. MBP- and His-tagged recombinant proteins
were expressed in Escherichia coli strains BL21 and BL21(DE3) and puri-
fied by using amylose beads (New England BioLabs) and Ni-nitrilotri-
acetic acid (Ni-NTA) His-Bind resin (Novagen), respectively, according
to the manufacturers’ instructions. MBP pulldown assays were performed
as previously described (33, 34).

Co-IP and Western blotting. Coimmunoprecipitation (co-IP) assays
and immunoblotting were performed as described previously (28, 33).
Briefly, for co-IP assays, transfected HEK293T cells were harvested in
ice-cold lysis buffer (20 mM Tris-HCl [pH 8.0], 135 mM NaCl, 1.5 mM
MgCl2, 1 mM EGTA, 1% Triton X-100, and 10% glycerol) with a protease
inhibitor cocktail (Sigma) and incubated for 20 min on ice with intermit-
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tent agitation. Cell lysates were cleared by centrifugation at 12,000 rpm for
30 min at 4°C. The supernatants were then incubated with 1 �g of primary
antibody as indicated for 1 h at 4°C, followed by the addition of protein
A/G beads (Sigma) and rotation for 1 h. The beads were collected and
washed twice with 1 ml of ice-cold lysis buffer before SDS-PAGE. The
primary antibodies used for co-IP assays and Western blotting were as
follows: mouse Flag M2 (Sigma), rat HA (Roche), rat HA-peroxidase
(Roche), rabbit FAM92A (Proteintech), rabbit FAM92B (Sigma), rabbit
Cby1 (30), rabbit CEP164 (Sigma), MBP (New England BioLabs), rabbit
GFP (generated by Open Biosystems), and mouse glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (Meridian Life Science). Horserad-
ish peroxidase (HRP)-conjugated secondary antibodies were obtained
from Jackson ImmunoResearch.

Immunofluorescence (IF) microscopy. RPE1 or U2OS cells were
seeded onto coverslips in 12-well plates and fixed with cold methanol.
MTECs on supported membranes were fixed with methanol-acetone (1:
1), cut from supports into quarters, and processed for immunostaining as
described previously (6, 18, 27). After permeabilization and blocking, the
fixed samples were incubated with primary antibodies overnight at 4°C,
followed by secondary antibodies conjugated with cyanine 3 (Cy3) and
Cy5, fluorescein isothiocyanate (FITC), Texas Red, and DyLight 488 and
549 (Jackson ImmunoResearch) or Alexa Fluor 647 (Invitrogen) fluores-
cent dye. The primary antibodies used were as follows: mouse Flag M2
(Sigma), mouse HA (Proteintech), rabbit FAM92A (Proteintech), rabbit
FAM92B (Sigma), mouse Cby1 8-2 (35), mouse �-tubulin (G-tub;
Sigma), mouse CEP135 (36), mouse centrobin (Abcam), rabbit CEP164
(5, 20), and mouse acetylated �-tubulin (A-tub; Sigma). For double stain-
ing with rabbit FAM92A and rabbit CEP164 antibodies as shown in Fig.
3C, RPE1 cells were first labeled with FAM92A antibody, followed by
incubation with Cy3-conjugated secondary antibody. After images of
FAM92A staining were taken, the same cells identified on a grid dish were
labeled with primary CEP164 and secondary Cy5 antibodies. No FAM92A
staining with Cy5 was detectable after incubation of Cy3-labeled FAM92A
with Cy5-conjugated secondary antibody alone. Labeled samples were
stained with 4=,6-diamidino-2-phenylindole (DAPI) to visualize nuclei
before mounting with Fluoromount-G (Southern Biotechnology).

Samples were viewed at room temperature with an LSM510 confocal
microscope (Zeiss) with a 63�/1.4-numerical-aperture (NA) or a 100�/
1.4-NA objective or with a DMI6000B epifluorescence microscope (Leica)
with an HCX PL Fluotar 100�/1.3-NA oil objective. The LSM510 and
DMI6000B microscopes were equipped with an AxioCam MRm digital
camera with AxioVision software (Carl Zeiss) and a DFC300FX camera
with Application Suite software (Leica), respectively. For structured illu-
mination microscopy (SIM) imaging, specimens were analyzed by using a
Nikon SIM (N-SIM) instrument with a 100�/1.49-NA objective. The
N-SIM instrument was equipped with an Andor iXon3 897 electron mul-
tiplying charge-coupled device (EMCCD) camera (Andor Technology)
with NIS-Elements image analysis software (Nikon).

Statistical analysis. Two-tailed Student’s t test was used for data anal-
ysis, and a P value of �0.05 was considered significant.

RESULTS
Identification of FAM92A as a Cby1-interacting protein. To elu-
cidate the role of Cby1 in ciliogenesis, we attempted to isolate
novel Cby1-interacting proteins using TAP. The TAP tag consists
of two IgG-binding domains of Staphylococcus aureus protein A
and a calmodulin-binding peptide (37). Stable tetracycline-induc-
ible HEK293 cells for TAP-Cby1 or control TAP-GFP were grown
in the presence of tetracycline. Cell lysates were then subjected to
TAP, and Cby-binding candidates in the final eluates were identi-
fied by proteomic analysis as described in Materials and Methods.

All identified proteins are listed in Table S1 in the supplemental
material. Thirty-seven candidate Cby1 interactors were specifi-
cally purified with TAP-Cby1 but not with TAP-GFP. Among

them were multiple isoforms of 14-3-3 proteins, which are known
Cby1-binding partners (28), thereby validating our approach. In-
terestingly, cilium-related proteins such as tubulin family mem-
bers and DZIP1/Iguana were specifically purified with TAP-Cby1.
DZIP1 has been shown to localize to mother centrioles and to play
an essential role in primary cilium formation (38–40). It also
binds to the Gli3 transcription factor to regulate Hedgehog signal-
ing (38–40). Further inspection of the list led us to focus on
FAM92A for the following reasons: (i) its role in ciliogenesis is
unknown; (ii) it contains a putative lipid-binding BAR domain,
which is consistent with the localization and functional associa-
tion of Cby1 with membranes (6); and (iii) it colocalizes with
Cby1 at mother centrioles (see Fig. 3).

FAM92A is a 33-kDa protein and harbors a putative BAR do-
main that is known to bind to membranes and induce their cur-
vature (Fig. 1A) (23–26). Similarly to Cby1, FAM92A is highly
conserved in all ciliated unikont organisms (except for nema-
todes) but missing in most bikonts. BAR domain-containing pro-
teins are implicated in a diverse set of biological processes such as
endocytosis, vesicle fission and fusion, and regulation of the actin
cytoskeleton (23–26). In Xenopus laevis, FAM92A is expressed
throughout embryonic development, and its overexpression or
morpholino oligonucleotide (MO)-mediated depletion in em-
bryos causes severe developmental defects (41). Studies from that
same laboratory also demonstrated that ectopic expression of
FAM92A affects the growth of human cultured cells (42, 43). The
other family member, FAM92B, has a predicted molecular mass of
35 kDa and displays 52% amino acid identity and 75% similarity
to FAM92A within the BAR domain, although the rest of the pro-
tein is diverged. FAM92B is conserved only in vertebrates, and its
biological function is currently unknown.

FAM92A and -92B bind to Cby1 through their BAR domains.
To confirm the interaction between FAM92A and Cby1 and ex-
amine if FAM92B binds to Cby1, we performed co-IP assays. Cell
lysates from HEK293T cells expressing Flag-Cby1 and HA-tagged
FAM92A or -92B were immunoprecipitated with Flag antibody
and analyzed by Western blotting using an HA antibody. As
shown in Fig. 1B, both FAM92A and -92B specifically interacted
with Cby1. FAM92A and -92B did not interact with the GFP con-
trol under the same conditions (Fig. 1C). Next, we tested whether
the BAR domains of FAM92 proteins are sufficient for Cby1 bind-
ing. As determined by co-IP assays, the BAR domains of both
FAM92A and -92B bound to Cby1 (Fig. 1D). In contrast, the BAR
domain proteins arfaptin-1 and arfaptin-2 (31) failed to interact
with Cby1 (Fig. 1E), indicating the selective nature of Cby1 bind-
ing to the BAR domains of FAM92 proteins. To determine which
region of Cby1 is responsible for FAM92 binding, we tested the
interaction of FAM92A with various Cby1 mutants using co-IP
assays (Fig. 1F). Deletion of the N-terminal 22 aa (�1–22) or the
N-terminal half (aa 1 to 63) (�N) of Cby1 abolished the interac-
tion with FAM92A. The Cby1-4A mutant, which contains alanine
substitutions for four leucine residues in the C-terminal coiled-
coil motif and is deficient in homodimerization (29), was also
unable to interact with FAM92A. Thus, it appears that both the
N-terminal region and the C-terminal coiled-coil motif of Cby1
are involved in FAM92 binding. Furthermore, we investigated if
FAM92A and Cby1 directly interact using bacterially expressed
and purified recombinant proteins. In vitro MBP pulldown assays
using His-FAM92A demonstrated that FAM92A directly interacts
with MBP-Cby1 but not with the negative-control MBP tag alone
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(Fig. 1G). These results suggest that the BAR domains of FAM92A
and -92B directly bind to Cby1.

FAM92 proteins form homo- and heterodimers via their
BAR domains. The BAR domain consists of three extended �-he-
lices in an antiparallel arrangement (23–26). BAR domain pro-
teins typically homo- and/or heterodimerize to form crescent-
shaped structures that wrap around membranes. Heterodimers
are most commonly formed among closely related family mem-
bers such as endophilin family members (44, 45). To examine
whether FAM92A and -92B have the ability to dimerize, Flag-
tagged FAM92A and -92B were tested for their interaction with
HA-tagged versions by using co-IP assays. As shown in Fig. 2A,
FAM92A and -92B exhibited the capacity to homo- as well as

heterodimerize. Next, we sought to determine if their BAR do-
mains are sufficient for dimerization. Indeed, HA-tagged BAR
domains of FAM92A and -92B were coimmunoprecipitated with
Flag-tagged full-length proteins (Fig. 2B). FAM92A and -92B did
not form heterodimers with arfaptin-1 and arfaptin-2 (Fig. 2C).
To investigate if Cby1 influences FAM92 dimerization, we con-
ducted co-IP assays for FAM92A homodimerization in the pres-
ence of Cby1. As shown in Fig. 2D, overexpression of Cby1 did not
have significant effects on FAM92A homodimerization, and both
HA-FAM92A and HA-Cby1 were coprecipitated with Flag-
FAM92A. This suggests that the contact surfaces of FAM92 pro-
teins for dimerization and Cby1 binding are different. Taken to-
gether, our results indicate that FAM92A and -92B homo- and

FIG 1 Interactions between Cby1 and FAM92 proteins. (A) Schematic representation of the domain structures of human FAM92A and -92B. The conserved
BAR domains are shaded with the amino acid positions indicated above. (B to F) HEK293T cells were transfected with the indicated plasmids, and cell lysates were
immunoprecipitated with Flag antibody and detected with HA antibody. Cell lysates and immunoprecipitates were also probed with the indicated HA and Flag
antibodies to confirm stable protein expression. (B) FAM92A and -92B interact with Cby1. (C) FAM92 proteins specifically bind to Cby1 but not to GFP. (D) The
BAR domains of FAM92A and -92B are sufficient for Cby1 binding. (E) Cby1 does not interact with the BAR domain-containing proteins arfaptin-1 and
arfaptin-2. (F) Both the N- and C-terminal regions of Cby1 are involved in FAM92 binding. (G) FAM92A directly binds to Cby1. Bacterially produced MBP or
an MBP-Cby1 fusion was incubated with His-tagged FAM92A. The protein complex was then pulled down with amylose resin and subjected to Western blotting
with FAM92A antibody. The input lane was loaded with 1/10 of the amount of His-FAM92A used in the binding reaction mixture. Western blotting with MBP
antibody indicated that similar amounts of MBP and MBP-Cby1 were pulled down by amylose resin. IB, immunoblotting.
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heterodimerize through their BAR domains and that FAM92
dimers form a stable complex with Cby1.

FAM92A colocalizes with Cby1 at the distal end of mother
centrioles and the ciliary base in RPE1 cells. To study the subcel-
lular localization of FAM92 proteins, we employed human retinal
pigment epithelial (RPE1) cells that assemble primary cilia upon
serum starvation. First, we examined the localization of ectopi-
cally expressed proteins. RPE1 cells were infected with lentiviruses
expressing Flag-tagged FAM92A or -92B and serum starved for 48
h to induce ciliogenesis. Fixed cells were then triple labeled with
antibodies for Flag, Cby1, and the centriolar/ciliary axoneme
marker acetylated A-tub. Excitingly, both FAM92A and -92B co-
localized with Cby1 at the ciliary base (Fig. 3A). In addition to the
centriolar localization, FAM92 proteins, albeit weak, also showed
a punctate vesicular distribution throughout the cytoplasm. To
detect endogenous proteins, we verified the specificity of FAM92A
and -92B antibodies by Western blotting using cell lysates from
HEK293T cells expressing Flag-tagged FAM92 proteins (Fig. 3B).
Indeed, these antibodies were highly specific, with each antibody
recognizing its own family member. Next, cycling RPE1 cells sta-
bly expressing GFP-centrin1 as a marker for the distal lumen of

centrioles were fixed and subjected to immunofluorescence (IF)
staining with antibodies for FAM92A, Cby1, and various centriole
markers (Fig. 3C). FAM92A showed extensive colocalization with
Cby1 at mother centrioles while displaying a partial overlap with
CEP164, which localizes to the distal appendages of mother cen-
trioles (5, 6, 14, 15, 20). Furthermore, the results from costaining
with different centrosome/centriole markers, including G-tub
(centrosomes), CEP135 (proximal ends of centrioles), and cen-
trobin (daughter centrioles), support the notion that FAM92A
localizes to the distal end of mother centrioles. On the other hand,
no clear centriolar localization of endogenous FAM92B was ob-
served in RPE1 cells. Western blotting revealed that FAM92B was
detectable in RPE1 cell lysates after a long exposure of the blots
(see Fig. 5A), suggesting that the FAM92B protein is present at low
levels, while FAM92A is the predominant family member in RPE1
cells.

FAM92A and -92B colocalize with Cby1 at basal bodies in
airway multiciliated cells. Primary cultures of mouse tracheal ep-
ithelial cells (MTECs) provide an excellent model to study centri-
ole formation and ciliogenesis (6, 27, 46). We previously demon-
strated that Cby1 localizes to centrioles/basal bodies throughout

FIG 2 FAM92A and -92B homo- and heterodimerize through their BAR domains. (A to C) HEK293T cells were cotransfected with the indicated Flag-FAM92
and HA-FAM92 (A), HA-FAM92 BAR domain (B), or HA-arfaptin (C) expression constructs for co-IP assays. IgG H and IgG L denote IgG heavy and light
chains, respectively. (D) Overexpression of Cby1 does not interfere with FAM92A homodimer formation. HEK293T cells were cotransfected with constant
amounts of Flag-FAM92A and HA-FAM92A and increasing amounts of HA-Cby1, and cell lysates were immunoprecipitated with Flag antibody and detected
with HA antibody.
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the differentiation of multiciliated cells in MTEC cultures (6). In
agreement with the results from RPE1 cells (Fig. 3A), lentivirally
expressed Flag-tagged FAM92A and -92B colocalized with Cby1 at
the ciliary base in fully differentiated multiciliated cells (Fig. 4A).
Next, we examined whether the endogenous proteins colocalize

with Cby1 in multiciliated cells using IF staining. At early stage II,
when centrioles start to replicate en masse, FAM92A appeared in a
weak and diffuse pattern around clusters of newly formed Cby1-
positive centrioles (Fig. 4B, arrows). In addition, a more intense
FAM92A signal was observed in patches of various sizes, with
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some overlapping these Cby1-positive centrioles (Fig. 4B, arrow-
heads). The nature of these structures, however, is currently un-
known. In fully differentiated multiciliated cells at stage IV,
FAM92A extensively colocalized with Cby at the base of cilia. In
striking contrast to RPE1 cells, FAM92B was clearly detectable in
multiciliated cells and demonstrated distribution patterns similar
to those of FAM92A at both stages II and IV.

Using superresolution microscopy, we previously reported

that Cby1 clusters at the base of cilia in ring-shaped patterns in
multiciliated cells, characteristic of distal appendage/transition
fiber proteins (6). We therefore used three-dimensional struc-
tured illumination microscopy (3D-SIM) to examine FAM92A
localization at the superresolution level (Fig. 4C). FAM92A
also showed a ring-shaped distribution extensively overlapping
Cby1 at the ciliary base in both the lateral and axial dimensions.
Based on these results, we concluded that FAM92A and -92B
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are bona fide Cby1-interacting proteins that might play crucial
roles in ciliogenesis.

FAM92A is required for ciliogenesis. Our data so far are con-
sistent with the idea that FAM92 proteins physically interact with
Cby1, localize to mother centrioles, and hence play a role in cilio-
genesis. To directly assess this, RPE1 cells were transfected with
FAM92A siRNA-1 or -2 or mock transfected and serum starved to
induce primary cilia, followed by IF staining for FAM92A and
A-tub. As shown in Fig. 5A, both FAM92A siRNAs efficiently de-
pleted endogenous FAM92A in RPE1 cells. Intriguingly, FAM92A
KD significantly reduced FAM92B protein levels but had no ef-
fects on Cby1 protein levels. This supports the notion that
FAM92A heterodimerizes with FAM92B and stabilizes it. Deple-
tion of FAM92A effectively suppressed the assembly of primary
cilia (Fig. 5B and C). These data suggest that FAM92A plays a
crucial role in ciliogenesis.

Centriolar targeting of FAM92 proteins depends on Cby1.
The colocalization of FAM92A and -92B with Cby1 at mother
centrioles/basal bodies raises the possibility that Cby1 facilitates
the recruitment of FAM92 proteins to centrioles/basal bodies or
vice versa. To explore this, we employed U2OS cells as a model
system, as Cby1 is present at mother centrioles and as siRNA-
mediated gene KD can be effectively performed (6). U2OS cells
were transfected with an expression plasmid for either Cby1
shRNA or control scrambled shRNA. Western blotting confirmed
the efficient depletion of the endogenous Cby1 protein (Fig. 6A).
We then conducted IF staining for Cby1 and FAM92A and
counted the numbers of cells with FAM92A at centrioles. In
scrambled shRNA-transfected cells, 83.1% 	 3.2% of cells showed
FAM92A localization at the mother centriole. In direct contrast,
the vast majority of Cby1 shRNA-transfected cells, where the lack
of Cby1 staining at centrioles was apparent, lost centriolar

FAM92A, with only 10.2% 	 5.2% having detectable but reduced
levels of FAM92A at centrioles. Importantly, Western blot analysis
demonstrated that Cby1 depletion did not significantly affect the
steady-state levels of the FAM92A protein. Similarly to our find-
ings for RPE1 cells, a clear centriolar localization of FAM92B was
not observed in U2OS cells by IF staining (data not shown).
Nonetheless, as in RPE1 cells, the FAM92B protein was detect-
able by Western blotting after extended exposure times, and
the steady-state levels of FAM92B were not altered by Cby1
depletion (Fig. 6A).

The above-described data suggest that Cby1 plays a critical role
in localizing FAM92A to centrioles. We previously reported that
Cby1 is recruited to centrioles through its physical interaction
with the distal appendage protein CEP164 (6). We therefore asked
whether the centriolar localization of FAM92A depends on
CEP164. To address this, we depleted CEP164 using siRNA in
U2OS cells, followed by IF staining for FAM92A and G-tub. In
mock-treated cells, 90.8% 	 10.0% of cells displayed FAM92A
localization at their centrioles, whereas only 3.8% 	 0.1% of
CEP164-depleted cells showed a normal centriolar localization of
FAM92A (Fig. 6B). Western blot analysis revealed that CEP164
siRNA efficiently depleted the endogenous protein, while no sig-
nificant changes in the steady-state levels of FAM92A and -92B
were noted.

Next, we performed the reciprocal experiments using FAM92A
siRNA-1 to determine if the centriolar localization of Cby1 and
CEP164 depends on FAM92A in U2OS cells. Interestingly,
FAM92A KD diminished the number of cells with Cby1 at the
mother centrioles by about 30% (67.2% 	 7.6% of FAM92A
siRNA-treated cells versus 97.0% 	 3.4% of mock-treated cells)
(Fig. 6C), suggesting that, to at least some extent, FAM92A and
Cby1 centriolar localizations are mutually dependent. Consistent

FIG 5 FAM92A is required for primary cilium formation. RPE1 cells were either mock transfected or transfected with FAM92A siRNA-1 or FAM92A siRNA-2
and serum starved for 48 h to induce ciliogenesis. (A) Western blot analysis verified the efficient depletion of FAM92A by siRNA. Interestingly, the levels of the
FAM92B protein were decreased, while those of the Cby1 protein were unchanged. GAPDH was used a loading control. (B) Quantification of the number of cells
with primary cilia after siRNA treatment. RPE1 cells were immunostained for FAM92A and A-tub. FAM92A-positive cells for mock-treated controls and
FAM92A-negative cells for siRNA-treated samples were counted in 4 (siRNA-1) or 12 (siRNA-2) independent experiments (a total of over 1,000 cells per siRNA).
Data are presented as means 	 standard deviations. *, P � 0.05. (C) Representative image of FAM92A siRNA-1-treated cells that were immunostained for
FAM92A and A-tub. The red arrowhead indicates a FAM92A-positive cell with a primary cilium, whereas the white arrowhead indicates a FAM92A-depleted cell
with no primary cilium. Nuclei were visualized by DAPI staining. Bar, 5 �m.
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with the idea that FAM92A lies downstream of CEP164, FAM92A
KD showed no major influences on the centriolar localization of
CEP164. A clear dependency of FAM92A centriolar localization
on CEP164 was also observed in RPE1 cells (data not shown).
FAM92A KD significantly reduced FAM92B protein levels with-
out any detectable effects on Cby1 protein levels in U2OS cells.
FAM92A siRNA-2 yielded similar trends, with statistically signif-
icant results (for centriolar Cby1, 97.7% 	 1.4% for mock treat-
ment and 86.1% 	 3.3% for siRNA-2 treatment [n 
 15] [P �
0.05]; for centriolar CEP164, 98.4% 	 1.5% for mock treatment
and 98.9% 	 0.9% for siRNA-2 treatment [n 
 15] [P � 0.05]).

To confirm that FAM92A centriolar localization is reliant on

Cby1 and to examine if Cby1 is required for the basal body local-
ization of FAM92B, we prepared MTECs from the tracheas of
Cby1-WT and -KO mice and differentiated them under air-liquid
interface (ALI) conditions for 14 days. In fully differentiated mul-
ticiliated cells, the basal body localization of FAM92A as well as
FAM92B was lost or severely reduced in ciliated Cby1-KO cells
(Fig. 6D). Collectively, these data suggest that Cby1 is required for
centriole/basal body targeting of both FAM92A and -92B and that
FAM92 proteins also play a role in the centriolar targeting of Cby1.

Coexpression of FAM92 proteins and Cby1 induces de-
formed membrane-like structures containing Rab8. BAR do-
main proteins possess the ability to bind to lipid membranes and
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facilitate membrane remodeling into various shapes in vivo and in
vitro (23–26). For example, overexpression of amphiphysin or ar-
faptin induces the formation of extensive membrane tubules in
mammalian cultured cells (31, 47), while ectopic expression of
sorting nexin 1 (SNX1) or SNX4 predominantly induces globular
structures (48, 49). To gain insight into the biological significance
of the FAM92-Cby1 interaction, we ectopically expressed GFP-
tagged FAM92A or -92B with or without Flag-tagged Cby1 in
U2OS cells. Either GFP-FAM92A or GFP-FAM92B alone showed
diffuse/punctate distribution patterns, with occasional localiza-
tion to small globular compartments (Fig. 7A, top, arrowheads).
Flag-Cby1 alone also showed a similar diffuse/punctate distribu-
tion throughout the cytoplasm. In marked contrast, coexpression
of GFP-FAM92A with Cby1 induced the formation of larger glob-
ular domains in which both proteins colocalized, particularly in
cells with high levels of protein expression (Fig. 7A, middle, ar-
rowheads). Strikingly, ectopic expression of GFP-FAM92B and
Cby1 promoted the formation of membrane tubule-like struc-

tures (Fig. 7A, bottom, arrowheads). FAM92B and Cby1 proteins
extensively colocalized in these tubular structures. Similar results
were obtained by using COS7 cells (data not shown). Whether
these FAM92-Cby1-decorated structures are composed of mem-
branes awaits further investigation by using TEM.

Protein structural modeling between FAM92 BAR domains
and known BAR domains using the Phyre2 server (50) predicted
that K107, R110, K114, R132, R134, and R136 on FAM92A and
K105, R108, K112, K130, R132, and K134 on FAM92B are exposed
on their concave surfaces and potentially involved in direct lipid
binding. Hence, we generated the FAM92A-6E and FAM92B-6E
mutants, carrying glutamic acid substitutions at these 6 basic
amino acids. Upon coexpression with Cby1, the FAM92-6E mu-
tants failed to induce globular or tubular structures, although they
were stably expressed (Fig. 7B). Of note, the centriolar localization
of the FAM92-6E mutants was severely compromised (data not
shown).

We previously demonstrated that Cby1 promotes the recruit-

FIG 7 Coexpression of FAM92 and Cby1 induces membrane globule- and tubule-like structures containing Rab8. (A) U2OS cells were transfected with
GFP-FAM92A, GFP-FAM92B, or Flag-Cby1 alone (top) or in combination, as indicated, and immunostained with Flag antibody. Nuclei were visualized by DAPI
staining. When expressed individually, all proteins demonstrated a diffuse punctate distribution throughout the cytoplasm. GFP-tagged FAM92A and -92B
occasionally localized to larger puncta (arrowheads in top panels). GFP-FAM92A and Flag-Cby1, when coexpressed, localized to large globular compartments
(arrowheads in the inset). In contrast, ectopic expression of GFP-FAM92B and Cby1 induced extensive tubule-like structures where both proteins were present
(arrowheads in the inset). Bar, 10 �m; bar in the inset, 3 �m. (B) U2OS cells were transfected with GFP–FAM92A-6E (K107E/R110E/K114E/R132E/R134E/
R136E) or GFP–FAM92B-6E (K105E/R108E/K112E/K130E/R132E/K134E), which carries glutamic acid substitutions for putative lipid-binding residues, either
individually or in combination with Flag-Cby1 as indicated, and immunostained with Flag antibody. Nuclei were visualized by DAPI staining. These mutants
mainly showed a diffuse cytoplasmic distribution in the presence or absence of Cby1. Protein levels of the mutants were tested by Western blotting with GFP
antibody. A minus sign indicates the nontransfected negative control. GAPDH was used a loading control. Bar, 10 �m. (C and D) Rab8 localizes to FAM92-
Cby1-decorated membrane-like structures. U2OS cells were transfected with GFP-FAM92A or GFP-FAM92B, Flag-Cby1, and HA-Rab8 (C) or HA-Rab8-T22N
(D) as indicated and immunostained with HA antibody. Arrowheads indicate colocalization of FAM92 and Rab8. Nuclei were visualized by DAPI staining. Bar,
10 �m; bar in the inset, 3 �m.
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ment of Rab8 to facilitate CV formation during ciliogenesis (6).
We therefore investigated if the FAM92-Cby1-decorated mem-
brane-like structures contain Rab8 by coexpressing GFP-
FAM92A or GFP-FAM92B, Flag-Cby1, and HA-Rab8 in U2OS
cells. As shown in Fig. 7C, indeed, Rab8 was recruited to FAM92-
positive structures. In contrast, Rab11 and ARF6 small GTPases
were not detectable in these structures (data not shown). To de-
termine whether Rab8 plays a direct role in this process, we coex-
pressed the dominant negative Rab8-T22N mutant and found
that FAM92-positive globular and tubular structures were able to
form and contained Rab8-T22N (Fig. 7D), suggesting that Rab8
activity is not essential for the formation of these structures.
Taken together, our data demonstrate that, consistent with the
membrane-remodeling functionality of BAR domain proteins,
FAM92A and -92B in cooperation with Cby1 facilitate the for-
mation of globular and tubular membrane-like structures con-
taining Rab8.

DISCUSSION

In this study, we identified FAM92A and -92B of the BAR domain
family as novel Cby1-interacting proteins using TAP and mass
spectrometry. The BAR domains of FAM92 proteins are respon-
sible for their homo- and heterodimer formation and binding to
Cby1. Both FAM92A and -92B colocalize with Cby1 at the mother
centrioles/basal bodies of cilia. We furthermore found that the
centriolar targeting of FAM92 proteins depends on Cby1 and
CEP164. Notably, KD of FAM92A in RPE1 cells results in im-
paired ciliogenesis. Consistent with the established BAR domain
functions, FAM92 proteins in concert with Cby1 exert apparent
membrane-remodeling activities in mammalian cultured cells.

We previously demonstrated that Cby1 localizes to the distal
appendages/transition fibers of centrioles/basal bodies through-
out the differentiation of airway ciliated cells (6). Consistent with
this, FAM92A and -92B are expressed from early differentiation
stages of multiciliated cells, partially colocalizing with Cby1 at
nascent centrioles (Fig. 4B). At later stages, the centriolar localiza-
tion of FAM92A and -92B becomes more discrete. SIM imaging
revealed that FAM92A colocalizes with Cby1 in a ring-shaped pat-
tern at the base of mature cilia (Fig. 4C). These observations indi-
cate that FAM92A and -92B represent new distal appendage/
transition fiber proteins. It is noteworthy that FAM92B was
undetectable at centrioles in RPE1 and U2OS cells, most likely
due to its low expression levels, but was highly expressed in mul-
ticiliated cells, suggesting its tissue-restricted expression pattern.
In support of this, according to data from gene expression data-
bases, including the FANTOM5 database (51) and the Human
Protein Atlas (52), FAM92B expression is restricted to certain tis-
sues, most prominently multiciliated tissues such as tracheas,
lungs, and fallopian tubes, while FAM92A is ubiquitously ex-
pressed in multiple different tissues. Additionally, a recent expres-
sion profiling study identified the FAM92B gene as a gene highly
expressed in the lung (53).

We found that the centriolar localization of FAM92A depends
largely on Cby1 (Fig. 6A). Interestingly, FAM92A KD decreased
the number of cells with centriolar Cby1 (Fig. 6C). One possible
explanation is that FAM92A KD is incomplete and variable among
siRNA-treated cells, even though FAM92A is undetectable by IF
staining, and a small amount of the residual protein is sufficient to
target Cby1 to centrioles. Another possibility is that although
FAM92B protein levels are significantly reduced upon FAM92A

KD, the residual FAM92B protein is able to recruit Cby1 to cen-
trioles. In these scenarios, Cby1 and FAM92 proteins collaborate
with each other in trafficking to centrioles. Another likely scenario
is that a fraction of Cby1 may be targeted to centrioles in a FAM92-
independent manner. Further investigation is therefore required
to clarify the molecular mechanisms for the centriolar recruit-
ment of Cby1 and FAM92 proteins.

BAR domain family members are categorized into several sub-
families, including the N-, F-, and I-BAR proteins, based on se-
quence homologies and structural similarities (23–26). The BAR
domains of FAM92A and -92B display only limited homologies to
other BAR domains, and elucidation of the subfamily to which
they belong awaits structural characterization. BAR domain pro-
teins bind negatively charged phospholipids such as phospho-
inositides via positively charged residues on their concave surface
to induce membrane deformation in vivo and in vitro (23–26). We
found that coexpression of FAM92A or -92B with Cby1 provokes
robust membrane-remodeling activity (Fig. 7). What might be the
mechanistic basis for this? N-BAR proteins such as amphiphysin
and endophilin contain an N-terminal amphipathic �-helix (H0)
that inserts into membranes and facilitates the anchoring of BAR
domains to membranes (54–56). Some other BAR domain pro-
teins harbor a lipid-binding domain such as the pleckstrin homol-
ogy (PH) domain, which is important for membrane binding and
the generation of membrane curvature (47, 57). However, both
FAM92A and -92B lack such domains. Thus, it is tempting to
speculate that Cby1 may either directly or indirectly associate with
membranes to promote the local recruitment of FAM92 proteins
for their higher-order assembly and subsequent membrane re-
modeling.

The functions of BAR domain proteins in ciliogenesis remain
poorly defined. ASAP1 is an Arf4 GTPase-activating protein
(GAP) containing a BAR domain. Although it is dispensable for
ciliogenesis, ASAP1 serves as a scaffold for the recruitment and
activation of the Rab11-Rabin8-Rab8 cascade to facilitate the cil-
iary targeting of rhodopsin in retinal photoreceptor cells (58). The
F-BAR protein syndapin I localizes around the base of cilia, and its
KD in zebrafish leads to defects in left-right body asymmetry and
sensory hair cells (59), both of which depend on the proper func-
tions of cilia. Missing in metastasis (MIM) is a member of the
I-BAR subfamily (60). It localizes to the base of primary cilia and
plays a crucial role in ciliogenesis and Hedgehog signaling. How-
ever, the precise molecular functions of syndapin I and MIM dur-
ing ciliogenesis remain to be elucidated. What might be the func-
tions of FAM92 proteins during ciliogenesis? In agreement with
the membrane-remodeling activities of BAR domains, coexpres-
sion of FAM92A and -92B with Cby1 induces the formation of
membrane globule- and tubule-like structures, respectively,
which contain Rab8 (Fig. 7). Besides its localization to pericentri-
olar vesicles and ciliary membranes (61), it has been shown that
Rab8 localizes to an endocytic recycling tubular compartment and
regulates clathrin-independent endocytosis and recycling (62).
Thus, FAM92-Cby1-positive structures may result from the suc-
cessive fusion of endocytic vesicles in the cytoplasm. We speculate
that FAM92 proteins in cooperation with Cby1 may be involved in
the recruitment and fusion of small vesicles of endosomal origin at
the distal appendages during early stages of ciliogenesis. Another
possibility, but not mutually exclusive, is that FAM92 proteins
function as a protein coat to shape or stabilize the underlying
membranes of small vesicles that are targeted to the ciliary base by
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Cby1. Somewhat surprisingly, FAM92-positive structures are ob-
served in the presence of the dominant negative Rab8-T22N mu-
tant (Fig. 7D). A likely explanation is that Cby1 may be involved in
the recruitment of other small GTPases that are able to compen-
sate for the loss of Rab8 function in the formation of these struc-
tures and possibly CVs. In conclusion, our study identifies BAR
domain-containing FAM92A and -92B as bona fide Cby1-binding
partners that localize to mother centrioles/basal bodies and high-
lights the importance of dynamic membrane deformation and
remodeling during ciliogenesis.
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