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The primary cilium is a cellular sensor that detects light,
chemicals, and movement and is important for morphogen and
growth factor signaling. The small GTPase Rab11–Rab8 cascade
is required for ciliogenesis. Rab11 traffics the guanine nucleo-
tide exchange factor (GEF) Rabin8 to the centrosome to activate
Rab8, needed for ciliary growth. Rabin8 also requires the trans-
port particle protein complex (TRAPPC) proteins for centro-
some recruitment during ciliogenesis. Here, using an MS-based
approach for identifying Rabin8-interacting proteins, we iden-
tified C7orf43 (also known as microtubule-associated protein
11 (MAP11)) as being required for ciliation both in human cells
and zebrafish embryos. We find that C7orf43 directly binds to
Rabin8 and that C7orf43 knockdown diminishes Rabin8 pre-
ciliary centrosome accumulation. Interestingly, we found
that C7orf43 co-sediments with TRAPPII complex subunits
and directly interacts with TRAPPC proteins. Our findings
establish that C7orf43 is a TRAPPII-specific complex compo-
nent, referred to here as TRAPPC14. Additionally, we show
that TRAPPC14 is dispensable for TRAPPII complex integ-
rity but mediates Rabin8 association with the TRAPPII com-
plex. Finally, we demonstrate that TRAPPC14 interacts with
the distal appendage proteins Fas-binding factor 1 (FBF1)
and centrosomal protein 83 (CEP83), which we show here are
required for GFP-Rabin8 centrosomal accumulation, sup-
porting a role for the TRAPPII complex in tethering precili-
ary vesicles to the mother centriole during ciliogenesis. In
summary, our findings have revealed an uncharacterized
TRAPPII-specific component, C7orf43/TRAPPC14, that re-
gulates preciliary trafficking of Rabin8 and ciliogenesis and
support previous findings that the TRAPPII complex func-
tions as a membrane tether.

The primary cilium serves as a cellular sensory antennae
detecting light, chemicals, and movement and is important for
morphogen and growth factor signaling (1). Genetic disorders,
referred to as ciliopathies, and certain forms of cancer are asso-
ciated with defects in ciliogenesis and functionality of the cil-
ium (1, 2). Cilia formation can occur, in part, inside the cell and
requires dynamic vesicular membrane trafficking processes,
including transport, docking, and fusion at the distal end of the
mother centriole (MC),3 prior to axonemal growth (3, 4). Small
membrane vesicles, or distal appendage vesicles, dock to the
MC distal appendage proteins (DAPs) and subsequently fuse
into a larger ciliary vesicle (5, 6). This membrane ensheaths the
developing axoneme and facilitates fusion with the plasma
membrane, a process that involves membrane tubulation (6).
The small GTPase membrane trafficking regulator Rab family
members Rab8, Rab10, Rab11, and Rab34 have been reported
to function in ciliogenesis, along with the membrane fusion
SNARE SNAP29 and membrane organizer/reshaping EHD and
PACSIN proteins (5–12). Large trafficking regulator complexes
such as the exocyst and TRAPPII complex are also required for
ciliogenesis (9, 13–15).

A Rab11-Rab8 cascade functions in ciliogenesis, wherein
Rab11 traffics the guanine nucleotide exchange factor (GEF)
Rabin8 to the MC to activate Rab8 to the GTP state for its
required function in axonemal growth (5, 7, 9). In addition to its
role in ciliogenesis, this Rab cascade has also been described to
function in apical membrane formation (16), and has been
implicated in immune synapse transport (17). This Rab cascade
is conserved in yeast and involves the Rab11 orthologues
Ypt31p/Ypt32p recruiting the GEF Sec2 to activate Sec4
needed for neck bud formation (18).

Notably, Rab11-dependent Rabin8 preciliary trafficking to
the centrosome is the earliest ciliogenesis process that has been
described, observable within minutes of serum starvation (9),
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which promotes cilia assembly in cultured RPE-1 cells (11).
This preciliary trafficking is regulated by lysophosphatidic acid
signaling through Akt to control a Rab11-effector switch from
Rab11-WDR44 to the ciliogenic Rab11-FIP3-Rabin8 trimeric
complex (19). Interestingly, Rabin8 trafficking is reduced after
cilia formation (9, 15), presumably limiting Rab8 activation and
could be important for cilia length control. This regulation
involves the phosphorylation of Rabin8 on Ser272 by the NDR2
kinase, shifting its affinity from phosphatidylserine on Rab11-
positive vesicles to Sec15 for its retention on the MC (15). How-
ever, it is not clear how these preciliary vesicles are recruited to
the MC, although Rabin8 has been reported to interact with the
DAP protein Cep164 (20). Our previous studies demonstrated
that ablation of TRAPPC proteins reduces Rabin8 accumula-
tion at the centrosome, suggestive of a role for the TRAPPII
complex in regulating transport and/or tethering of preciliary
vesicles to the MC during ciliogenesis (9). TRAPPIII-specific
components have also been shown to be important for GFP-
Rabin8 localization to the centrosome and ciliogenesis (21).
Mutations in both TRAPPII and TRAPPIII complex proteins
have been identified in neurodevelopmental disorders involv-
ing microcephaly and intellectual disabilities (22), diseases
linked to ciliopathy (23–26).

There have been as many as four TRAPP complexes
described as TRAPPI, -II, -III, and -IV (27–30). The “core”
TRAPPC proteins, thought to include the TRAPPI complex,
include TRAPPC1– 6. The TRAPPII complex comprises the
core proteins and Trs120/TRAPPC9, Trs130/TRAPPC10, and
in yeast, Trs65. In mammals, C5orf44/TRAPPC13 has been
proposed to be the homologue of Trs65 (31), but it was recently
shown to associate and function with the TRAPPIII complex
(32, 33). The yeast TRAPPIII complex consists of the core plus
Trs85/TRAPPC8 (28), whereas TRAPPC11 and TRAPPC12 are
included in the mammalian TRAPPIII complex, along with
TRAPPC13 (34). The TRAPPII complex is thought to function
in late Golgi trafficking, and TRAPPIII has been implicated in
both endoplasmic reticulum-to-Golgi transport and autophagy
(22). In yeast, the TRAPPII complex has been observed to have
GEF activity for Ypt1 and Ypt31p/Ypt32 (35–37), the respective
human homologues of Rab1 and Rab11. Likewise, in Drosoph-
ila, TRAPPII has been shown to have GEF activity toward Rab1
and Rab11 (38). In contrast, the mammalian TRAPPII complex
was reported to have GEF activity toward Rab1, but not Rab11
(39). The TRAPP complexes have also been described to func-
tion as molecular tether factors in membrane fusion (29,
40–42); however, this function is less well-understood com-
pared with its GEF activity.

In the present study, we have further investigated Rabin8
preciliary trafficking regulation during ciliogenesis by seeking
to identify and characterize novel Rabin8-interacting proteins.
By comparing MS results of immunoprecipitated Rabin8 from
RPE-1 cells with our previous analysis in 293Trex and mouse
inner medullary collecting duct (mIMCD3) cells (9), we identi-
fied C7orf43 across all three cell lines and showed that it can
directly bind to Rabin8. Interestingly, C7orf43 interacts with
the N-terminal fragment of Rabin8, similar to the TRAPPII
complex (9). We demonstrate that C7orf43 is required for cil-
iogenesis in human cells and zebrafish embryos. Moreover,

we show that C7orf43 colocalizes with Rabin8 on preciliary
vesicles and is needed for the accumulation of these mem-
branes at the centrosome, consistent with the ciliogenesis
function observed for TRAPPII complex subunits. Biochem-
ical investigation of C7orf43 by MS, immunoprecipitation
analysis, size-exclusion chromatography, and yeast two-
hybrid analysis indicated that this protein is a TRAPPII
complex component, TRAPPC14, possibly the yeast Trs65
orthologue. We show that TRAPPC14 interaction with this
complex depends on TRAPPC9 and -C10, but TRAPPC14 is
dispensable for the assembly/stability of the TRAPPII com-
plex. Notably, TRAPPC14 is essential for Rabin8 association
with the TRAPPII complex. Furthermore, we show that
TRAPPC14 binds DAP proteins needed for GFP-Rabin8
accumulation at the centrosome, evidence that TRAPPC14
and the TRAPPII complex functions to tether preciliary ves-
icles to the MC during ciliogenesis.

Results

Identification of C7orf43 interaction with Rabin8

Given the observation that GFP-Rabin8 trafficking to the
centrosome precedes Rab8-dependent primary cilia growth in
human retinal pigment epithelial (RPE-1) cells (7, 9), which use
the intracellular ciliogenesis pathway (43), we sought to under-
stand better how this transport process is controlled. Previ-
ously, the localization affinity purification (LAP) tag containing
GFP and S peptide (S-tag) fused to Rabin8 was used to perform
tandem affinity purification (TAP) and MS in human 293Trex
Flp-In and mIMCD3 Flp-In cells (9). Here, we described a sim-
ilar immunoprecipitation and MS approach using LAP-Rabin8
expressed in the RPE-1 Flp-In cell line. We identified the same
components of the TRAPPII complex in RPE-1 Flp-In cells as
observed in 293Trex Flp-In and mIMCD3 Flp-In cells (Fig. 1A).
Interestingly, C7orf43 was detected in all three cell lines with 6,
14, and 21 unique peptides detected in RPE-1, mIMCD3, and
293Trex Flp-In cells, respectively, covering 9.7, 7.2, and 33% of
the protein’s peptide sequence (%C) (Fig. 1A). Together, these
results show that Rabin8 biochemical interactions are largely
conserved across the cell lines, and, using this approach, we
identified a potential novel Rabin8-interacting protein.

Based on these findings, we further investigated Rabin8
interaction with C7orf43 by performing co-expression co-im-
munoprecipitation studies. Consistent with the MS results,
HA-tagged C7orf43 bound to GFP-Rabin8 (Fig. 1B), but not to
GFP alone, indicating that this interaction is specific. To test
whether this interaction is direct, we expressed His-C7orf43
and GST-Rabin8 in Escherichia coli. His-tagged C7orf43 from
E. coli lysate displayed binding to immobilized GST-Rabin8 but
did not bind to GST alone, indicating that these proteins bind
directly (Fig. 1C). Consistent with these results, transiently
expressed and immunoprecipitated C7orf43-LAP could pull
down GST-Rabin8, but not GST alone (Fig. S1A). Interestingly,
C7orf43-LAP binding to GST-Rabin8 was similar to binding to
constitutively active GFP-Rab11a Q70L and stronger than to
the GDP form of GFP-Rab11aS25N (Fig. S1B). Together, these
results indicate that Rabin8 binds directly to C7orf43.
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Figure 1. C7orf43 binds to the N-terminal region of Rabin8. A, left, silver stain of SDS-polyacrylamide gel (4 –12% gradient) of LAP-tagged Rabin8 purified
by TAP (anti-GFP antibodies, followed by S-tag beads) from RPE-1 Flp-In stably expressing cells. 14 equally spaced gel slices were cut and analyzed by LC-MS/MS
from a single experiment. Right, full-length Rabin8 – and Rabin81–142–associated proteins and TRAPPCII components and C7orf43 had high-percentage
peptide coverage in gel slices analyzed by LC-MS/MS corresponding to their predicted molecular weight from RPE-1 and 293Trex cells. Shown is MS analysis
of full-length Rabin8 from mIMCD3 and HEK293Trex cells and Rabin81–142 from HEK293Trex from Ref. 9. UP, unique peptides; %C, percentage of amino acid
coverage from peptides identified. B, domain mapping of Rabin8 for C7orf43 binding. Left, GFP antibody immunoprecipitation (IP) of GFP-Rabin8 WT and
truncated fragments with HA-C7orf43 co-expressed in HEK293 cells for 48 h. Blots were probed with HA and GFP antibodies. Representative results from four
independent experiments are shown. Right, schematic representation of GFP-Rabin8 full-length and deletion constructs used in immunoprecipitation. C, in vitro
binding assay pull-down of recombinant His-tagged C7orf43 by GST and GST-Rabin8. Representative results from two independent experiments are shown.
D, domain mapping of C7orf43 binding to Rabin8. Left, HA-beads were used to immunoprecipitate GFP-Rabin8 using HA-tagged C7orf43 full-length and
deletion fragments. Representative results from two independent experiments are shown. Right, schematic representation of HA-C7orf43 full-length and
deletion constructs used.
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We next investigated protein sequence requirements for
interaction between Rabin8 and C7orf43. HA-C7orf43 specifi-
cally immunoprecipitated with the N-terminal 142 amino acids
of Rabin8 but not with C-terminal fragments (Fig. 1B), which
contain the GEF- and Rab11-interacting domains (7, 9). Exam-
ination of TAP-MS results using a truncated GFP-Rabin81–142
protein from 293Trex Flp-In cells also revealed the presence of
C7orf43 (Fig. 1A). The Rabin8 N-terminal region was previ-
ously shown to associate with the TRAPPII complex (9). We
next performed reciprocal immunoprecipitation analysis with
HA-C7orf43 fragments and demonstrated that GFP-Rabin8
preferentially binds more strongly to the N-terminal fragments
of C7orf43 (C7orf431–253 and C7orf431– 411) than the C-termi-
nal fragment (C7orf43253–580), whereas a fragment containing
the final 168 amino acids displayed no binding to Rabin8
(C7orf43412–580) (Fig. 1D). These results suggest that elements
in the first 411 amino acids of C7orf43 are involved in inter-
action with Rabin8. DELTA-BLAST analysis for C7orf43
identifies a conserved domain of unknown function, DUF4707,
spanning residues 139 –579 (Figs. S2 and S3). Together, our
immunoprecipitation results indicate that C7orf43 and Rabin8
interactions are mediated by elements in the N-terminal region
of each protein.

C7orf43 is required for ciliogenesis in human cells and
zebrafish embryos

Because Rabin8 is required for ciliogenesis (11), we investi-
gated the effects of C7orf43 ablation on ciliation. Two C7orf43
siRNAs were identified, which knocked down the protein by
�80% (Fig. 2A), with the strongest reduction in C7orf43 pro-
tein observed following treatment with both siRNA oligonucle-
otides. Analysis of ciliation levels in neonatal human dermal
fibroblasts (NeoHDF) demonstrated a requirement for C7orf43
in ciliogenesis and correlated with the knockdown levels of the
protein (Fig. 2, A and B). In C7orf43 siRNA#1�#2–treated
cells, ciliation was observed in 32 � 4.52% (mean � S.E.) of
cells, whereas 62 � 4% of siControl-treated cells had cilia. Cil-
iogenesis was also reduced in RPE-1 cells following C7orf43
siRNA treatment (47 � 3.6%) compared with siControl (65 �
3.23%) (Fig. 2C). Together, these results indicate that C7orf43 is
important for ciliogenesis in human cells.

To further investigate C7orf43 ciliogenesis requirements, we
performed morpholino (MO) knockdowns of c7orf43 in
zebrafish embryos. Suppression of C7orf43 was confirmed by
Western blotting (Fig. 2D). Two-day-old embryos injected with
c7orf43 MO demonstrated curved bodies (41% in MO-treated
compared with 10% in control) and small eyes (38% in MO-
treated compared with 8% in control) (Fig. 2E), defects consis-
tent with genes known to affect ciliogenesis (44). As observed in
mammalian cells, c7orf43 morphants exhibited reduced cilia-
tion (Fig. 2, F–H) in otic vesicles, neuromasts, and olfactory
placodes. Human C7orf43 mRNA successfully rescued both
morphological (curved bodies, 33% MO � rescue; small eyes,
11% MO � rescue) and ciliogenesis defects (Fig. 2, F–H), vali-
dating that the MO effects observed are specific to c7orf43.
Together, these results indicate that C7orf43 is required for
cilia formation in human cells and zebrafish embryos.

C7orf43 colocalizes with Rabin8 on preciliary vesicles and is
required for Rabin8 preciliary vesicle accumulation at the
centrosome

Previously, we showed that Rabin8 accumulates at the cen-
trosome in the majority of cells within 1 h of serum starvation
(9). To determine whether C7orf43 is associated with Rabin8
preciliary trafficking, we co-expressed N-terminal and C-ter-
minal LAP-tagged C7orf43 with tRFP-Rabin8 in RPE-1 cells to
examine their subcellular distribution. In serum-fed cells, both
proteins appeared diffuse throughout the cytoplasm in most
cells (Fig. 3A and Fig. S4A), but, following 1-h serum starvation,
these proteins colocalized more on vesicles (Fig. 3 (A and B) and
Fig. S4B). We also examined C7orf43-LAP localization on its
own and observed this protein in the cytoplasm (Fig. 3B and Fig.
S4A), with some cells showing vesicular localization that par-
tially overlapped with the Golgi marker GM130 (Fig. S4A).
C7orf43 and Rabin8 did not colocalize on pericentriolar vesi-
cles with myosin-Va (Fig. S4B), a vesicular trafficking regulator
of early ciliary assembly (45). This result is consistent with myo-
sin-Va and Rabin8 involvement with discrete ciliogenesis func-
tions. Furthermore, as has been reported previously for Rabin8
(9, 15), pericentrosomal vesicular Rabin8-C7orf43 was not
observed in ciliated cells (Fig. 3B and Fig. S4C). Interestingly,
Rabin8 and C7orf43 colocalized in the cilium in rare instances
(Fig. S4C), suggestive of their accumulation in newly formed
cilia. Similarly, Rab8 accumulates in growing cilia and is later
lost from cilia after organelle assembly (9). Together, these
results suggest that C7orf43 ciliogenic requirements may be
associated with Rabin8 preciliary trafficking.

To investigate whether C7orf43 is important for Rabin8
preciliary trafficking, we performed RNAi knockdowns in
RPE-1 cells expressing GFP-Rabin8 and monitored precili-
ary trafficking in live cells following 1–2-h serum starvation
(Fig. 3 (C and D) and Fig. S4D). Strikingly, cells depleted of
C7orf43 showed reduced GFP-Rabin8 focal accumulation in
the centrosomal region compared with siControl treated
cells. As was observed with ciliation (Fig. 2B), the effects on
GFP-Rabin8 centrosomal accumulation correlated with pro-
tein knockdown using two independent siRNAs alone and in
combination (Fig. 2A and Fig. S4D). Merged images from
GFP-Rabin8 –positive vesicles imaged at 0-, 2-, and 4-s time
intervals and differentially colored with red, green, and blue,
respectively, for these time points showed vesicular trans-
port in the centrosomal region under both treatments, but
with more white structures observed in the centrosomal
region of the cell in siC7orf43-treated cells, indicating vesi-
cle accumulation and/or nontrafficking membrane com-
partments (Fig. 3C). A small reduction in the number of cells
displaying vesicular GFP-Rabin8 throughout the cell was
observed in C7orf43 RNAi conditions compared with con-
trol (Fig. 3, C and D). Similar results were observed in exper-
iments performed using RPE-1 cells expressing GFP-Rabin8
and tRFP-Centrin2 (Fig. 3E), with tRFP-Centrin2 marking
the position of the centrioles. Together, these studies dem-
onstrate that C7orf43 is important for Rabin8 preciliary ves-
icle trafficking to the centrosome during ciliogenesis.
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C7orf43 co-fractionates with high-molecular weight TRAPPII
complexes and directly binds to TRAPPC components

To further investigate C7orf43 function, we performed MS
analysis on immunoprecipitated C7orf43-LAP. Remarkably, we
identified peptides for most of the TRAPPII-complex that were
not detected in the LAP control sample (Fig. 4A). Likewise,
immunoprecipitated native C7orf43 interacted with the TRAP-
PII proteins tested (Fig. 4B). These observations are intriguing,
as we previously demonstrated that these TRAPPC proteins
bind specifically to the N-terminal fragment of Rabin8 and
affect both ciliogenesis and centriolar Rabin8 preciliary vesicle
accumulation upon depletion (9). Rabin8 peptides were not
detected in C7orf43-LAP MS. Interestingly, TRAPPIII com-
plex subunits were not enriched in C7orf43-LAP MS sam-
ples (Fig. 4A); nor were they detected in the LAP-Rabin8
analysis (Fig. 1A).

To investigate C7orf43 interaction with TRAPPC proteins, we
performed immunoprecipitation experiments on TRAPPC10-
LAP, a TRAPPII-specific component (Fig. 4C). TRAPPC10-LAP
bound to endogenous C7orf43, along with the TRAPPII-spe-
cific TRAPPC9 protein and the core TRAPPC protein
TRAPPC4. These proteins were not detected in control LAP
immunoprecipitations (Fig. 4C). We also demonstrated that
C7orf43 could not be immunoprecipitated with the TRAPPIII-
specific complex subunit, TRAPPC11, and, as expected,
TRAPPC11 immunoprecipitated TRAPPC4 and did not inter-
act with TRAPPC9 (Fig. 4C). Next, we investigated C7orf43
interaction requirements with TRAPPC10. Elements between
residues 1 and 411 are required for C7orf43 interaction with
TRAPPC10 (Fig. 4D), whereas the C-terminal 168 amino acids
(C7orf43412–580) were dispensable for TRAPPC10 binding. As
TRAPPC10 binding was not observed to C7orf431–253 and
C7orf43253–580 fragments, this suggests that elements in the
N-terminal 411 residues must be intact for TRAPP10 binding
(Fig. 4D). Whereas Rabin8 interaction with C7orf43 is also
mediated by elements in the N-terminal 411 residues, unlike
TRAPPC10, Rabin8 displayed binding to C7orf431–253 and
C7orf43253–580 fragments (Fig. 1D). Together, these findings
show that C7orf43 interacts with TRAPPII complex proteins
and suggest that binding requirements in C7orf43 for
TRAPPC10 interaction are different from those observed for
Rabin8.

To further investigate C7orf43 associations with the TRAP-
PII complex, both of which localize to the Golgi (Fig. S4A) (22),
we performed size-exclusion chromatography on HEK293 cell
lysates. Strikingly, most of C7orf43 was detected in high-mo-

lecular weight (MW) fractions with the TRAPP proteins (Fig.
4E). This differs from Rabin8, which was largely associated with
smaller-molecular weight fractions, consistent with our previ-
ous observations (9). A higher-MW form, correlating with the
largest predicted splice form of C7orf43 (�63 kDa) and
accounting for �1⁄4 of the total protein, was spread across the
fractions containing TRAPPC proteins and Rabin8. Two
slightly smaller but more prominent MW forms co-fraction-
ated at high molecular weights with TRAPPII-specific compo-
nents, TRAPPC9 and TRAPPC10, and core TRAPP proteins.
Thus, these findings in combination with our previous MS
analysis suggest that C7orf43 is primarily associated with the
TRAPPII complex and, therefore, could be a TRAPPC protein.
To further investigate this possibility, we performed yeast two-
hybrid studies on C7orf43 with TRAPPC proteins (Fig. 4F).
Remarkably, C7orf43 fused to the GAL4 DNA-binding domain
interacted with TRAPPC2, -C6A, and -C10 fused with the
GAL4 activation domain, but not with other TRAPPII compo-
nents, TRAPPIII-specific TRAPPC11, or the GAL4 activation
domain alone. Together, these results suggest that C7orf43 may
be an uncharacterized human TRAPPC protein. Interestingly,
C7orf43 shows sequence similarity to the yeast TRAPPII pro-
tein Trs65 and has a comparable molecular weight (Fig. S5),
suggesting that these proteins could be homologs.

C7orf43/TRAPPC14 affects TRAPPII complex size but is
dispensable for complex integrity

To further investigate C7orf43 as a TRAPPC protein, we
examined its involvement in complex assembly and integrity.
Interestingly, both core TRAPP and TRAPPII-specific compo-
nents shifted to a smaller-molecular weight complex following
depletion of C7orf43 compared with control RNAi-treated
samples, whereas control actin fractionation was largely
unchanged in both conditions (Fig. 5A). Considering this
together with our other findings, we believe there is enough
evidence to conclude that C7orf43 is an uncharacterized
mammalian TRAPPII complex protein, which we refer to as
TRAPPC14. However, the observation that the TRAPPC com-
ponents analyzed remained together in high-molecular weight
fractions under these conditions suggested that C7orf43/
TRAPPC14 is not required for TRAPPII complex assembly or
integrity. This conclusion is supported by immunoblotting
and MS analysis of immunoprecipitated LAP-TRAPPC10 in
cells with and without TRAPPC14, which showed little effect
on its interactions with TRAPPC2, -C3, and -C9 proteins and
TRAPPC protein peptides numbers detected, respectively

Figure 2. C7orf43 is required for ciliogenesis in human cells and zebrafish embryos. A, Western blot analysis of lysates from RPE-1 cells treated with control
and C7orf43 siRNAs for 72 h. C7orf43 and �-actin antibodies were used for immunoblotting. Protein levels of C7orf43 compared with siControl were deter-
mined by densitometry analysis and are shown below blots normalized for differences in actin expression between RNAi treatments. Representative results
from three independent experiments are shown. B and C, quantification of ciliation in NeoHDF (B) and RPE-1 (C) cells treated with C7orf43 siRNAs as in A and
serum-starved for the final 24 h. Cells were stained with acetylated tubulin (Actub) and pericentrin antibodies and 4�,6-diamidino-2-phenylindole and imaged
by epifluorescence microscopy. Representative images (right) are shown in B. Scale bar, 10 �m. Cells were counted for NeoHDF, siControl (n � 607) and
siC7orf43 (n � 521) (B). Cells were counted for RPE-1, siControl (n � 1287), and siC7orf43 (n � 1070) (C). Means � S.E. (error bars) are shown from three
independent experiments. Two-tailed, unpaired Student’s t test was used. *, p � 0.05; **, p � 0.01; ***, p � 0.001. D, Western blot analysis of lysates from 2-day
postfertilization (dpf) zebrafish embryos injected with c7orf43 MO and probed with C7orf43 and �-actin antibodies. Representative results from two indepen-
dent experiments are shown. E, panels show representative brightfield images of zebrafish embryos treated as in D from three or four independent experi-
ments. Rescued embryos (right) were co-injected with both c7orf43 MO and human C7ORF43 RNA (hC7orf43). F–H, top, immunostaining of ciliated organs from
2-dpf embryos treated as in D showing ciliation. White arrowheads, neuromasts cilia. Bottom, quantification of organs with abnormal cilia in 2-dpf embryos. n �
14 olfactory vesicles; n � 27 neuromasts; n � 10 olfactory placodes. Note that ciliation was rescued upon injection of human C7orf43 mRNA, validating MO
specificity. Two-tailed, unpaired Student’s t test was used. Means � S.E. are shown from three or four independent experiments. **, p � 0.01.
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(Fig. 5, B and C). It is not known why C7orf43/TRAPPC14
peptides were not enriched in our MS studies of LAP-
TRAPPC10; however, this protein was specifically detected
by immunoblotting (Fig. 5B).

C7orf43/TRAPPC14 protein expression depends on TRAPPII
complex proteins and is required for Rabin8 association with
this complex

Given the requirement of TRAPPC14 for preciliary vesicle
trafficking of Rabin8 and that TRAPPC14 directly binds to
Rabin8 and TRAPPC proteins, we reasoned that it might
affect the association between Rabin8 and the TRAPPII
complex. Indeed, immunoprecipitated Rabin8 showed an
almost complete absence of TRAPPC3, -C4, -C9, and -C10
when TRAPPC14 was depleted (Fig. 6A), indicating that
TRAPPC14 mediates Rabin8 association with the TRAPPII
complex. To determine whether other TRAPPII-specific
components affected Rabin8 association with the TRAPPII
complex, we knocked down TRAPPC9 or TRAPPC10 using
previously described siRNAs and showed similar effects
on Rabin8-TRAPPC protein binding, including a loss of
TRAPPC14 under these conditions. However, examination
of TRAPPC14 expression levels in cell lysates showed that
TRAPPC9 and -C10 siRNA treatments strongly reduced
TRAPPC14 protein levels but did not affect TRAPPC3 and
TRAPPC4 protein expression (Fig. 6A and Fig. S6A); nor did
RNAi depletion of the TRAPPC3 protein affect TRAPPC14 or
other TRAPPII-specific components expression (Fig. S6A).
TRAPPC9 protein levels were also dependent on TRAPPC10
(Fig. 6A), whereas TRAPPC14 did not affect other TRAPPII
complex subunit expressions. Together, these results indicate
that TRAPPC14 expression depends on TRAPPC9 and -C10.
Because TRAPPC9 and -C10 affect TRAPPC14 levels, we could
not make a conclusion about the requirements for these pro-
teins in Rabin8 interactions with TRAPPC14. To address this
question, we transiently expressed TRAPPC14-LAP in HEK293
cells and performed immunoprecipitation experiments in the
presence and absence of TRAPPC10 (Fig. 6B). Interestingly,
TRAPPC14-LAP expression, but not exogenously expressed
GFP (Fig. S6B), was reduced in cells lacking TRAPPC10, con-
sistent with this TRAPPII complex subunit stabilizing
TRAPPC14 protein levels. By using appropriate levels of anti-
GFP beads resulting in similar amounts of TRAPPC14-LAP
immunoprecipitated in control and TRAPPC10 RNAi treated
cells, we could show that TRAPPC10 is dispensable for

TRAPPC14-Rabin8 interaction (Fig. 6B). We next examined
whether TRAPPC14 could associate with the core TRAPP
complex in the absence of TRAPPC10. Strikingly,
TRAPPC14-LAP failed to interact with the remaining
TRAPPC9 proteins and the core TRAPPC proteins
TRAPPC2, -C3, and -C4 under these conditions (Fig.
6B). Together, these results demonstrate that TRAPPC14
mediates Rabin8 association with the TRAPPII complex, and
TRAPPC14 binding to the TRAPPII complex requires
TRAPPC10. To demonstrate further that TRAPPC14 can act as a
link between Rabin8 and the TRAPPII complex, we examined the
association between Rabin8-LAP and FLAG-TRAPPC10 in the
presence and absence of overexpressed HA-TRAPPC14.
HA-TRAPPC14 increased the pulldown of FLAG-TRAPPC10
with Rabin8-LAP, but not with a negative control FLAG-
Rab11a S25N (Fig. 6C) (7, 9). Together, these results and the
observation that TRAPPC14 expression is affected by
TRAPPC9 and -C10 and directly interacts with TRAPPC10
suggest that TRAPPC14 is a TRAPPII-specific protein and
mediates this complex’s association with Rabin8 needed for
its preciliary trafficking to the centrosome.

C7orf43/TRAPPC14 interacts with DAP components, and DAPs
are required for Rabin8 vesicular accumulation at the
centrosome

Impaired Rabin8 centrosomal accumulation caused by
TRAPPC14 knockdown suggested that TRAPPC14 may have a
role in tethering GFP-Rabin8 preciliary vesicles at the MC. Pre-
vious studies have identified CEP164 as a DAP component that
interacts with Rabin8 and is required for membrane docking to
the MC (20). Thus, we investigated whether CEP164 is impor-
tant for preciliary vesicular trafficking and discovered that
GFP-Rabin8 centrosomal accumulation was not affected by
CEP164 RNAi (Fig. 7A and Fig. S7A). CEP83 sits upstream in
DAP assembly at the MC and is needed for CEP164 and FBF1
localization to the DAPs (46). Thus, we investigated whether
depletion of CEP83 affected GFP-Rabin8 centrosomal accumu-
lation. Strikingly, knockdown of CEP83 severely diminished
GFP-Rabin8 centrosomal accumulation (Fig. 7A and Fig. S7A).
Because FBF1 is downstream of CEP83 and has been shown to
be required for ciliogenesis in RPE-1 cells (46, 47), we next
investigated whether FBF1 affects GFP-Rabin8 trafficking. As
was observed with CEP83 RNAi, FBF1 depletion similarly pre-
vented GFP-Rabin8 centrosomal accumulation (Fig. 7A and
Fig. S7A). Based on these results, we examined TRAPPC14

Figure 3. C7orf43 is required for Rabin8 preciliary trafficking to the centrosome. A, live-cell imaging using spinning-disk confocal microscopy of 24-h
transiently co-expressed LAP-C7orf43 and tRFP-Rabin8 in RPE-1 cells grown in the presence of serum or serum-starved for 1 h. Representative images are
shown from three independent experiments. Scale bars, 5 �m. B, RPE-1 cells transiently expressing C7orf43-LAP and tRFP-Rabin8 for 24 h and serum-starved
the last hour, fixed and stained with antibodies marking the centrosome (pericentrin) and Actub (cilia). Merged refers to green, red, and blue channels. The white
dashed boxes in the left panels show the full cell corresponding to magnified panels to the right. The top left image displays a white outline of two cells, one with
(top cell for magnified images in the top right panels) and the other without (bottom cell for magnified images in the middle right panels) tRFP-Rabin8 expression.
The bottom left image displays a cell with a cilia (magnified images in the bottom right panels) expressing C7orf43-LAP and tRFP-Rabin8. Representative images
are shown from three independent experiments. Scale bars, 5 �m (left image) and 0.5 �m (magnified right images). C, representative images from time lapses of RPE-1
GFP-Rabin8 cells treated with either siControl (left panels) or siC7orf43 (right panels), serum-starved for 1–2 h and imaged by live epifluorescence microscopy from
three independent experiments. Scale bar, 10 �m. Top insets, zoom of GFP-Rabin8 centrosomal accumulation in cells 1, 2, and 3 at time point 0 s. Bottom insets, to better
visualize vesicle movement, zoom images of insets from time points 0, 2, and 4 s were pseudocolored red (0 s), green (2 s), and blue (4 s), respectively, and merged. Scale
bars, 5 �m. D, corresponding quantification of GFP-Rabin8 centrosomal and vesicular accumulation from C. Two-tailed, unpaired Student’s t test was used. Means �
S.E. (error bars) are shown from three independent experiments with n � 150 cells quantified in total. **, p � 0.01; ***, p � 0.001. E, representative images of live RPE-1
cells stably expressing GFP-Rabin8 and tRFP-CENTRIN2, treated with either siControl or siC7orf43, serum-starved at 72 h post-transfection for 2 h to promote Rabin8
trafficking, and imaged by epifluorescence microscopy from three independent experiments. GFP-Rabin8 signal was inverted to better visualize membrane vesicles.
White arrow, tRFP-CENTRIN2 localizing to mother and daughter centrioles. Scale bar, 5 �m.
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interactions with CEP83 and FBF1. Remarkably, we showed
that HA-TRAPPC14, but not control HA-luciferase, immuno-
precipitated strongly with LAP-FBF1 (Fig. 7B) and, to a lesser
extent, with LAP-CEP83 (Fig. S7B). Together, our findings sug-

gest a model whereby TRAPPC14 performs a dual function of
mediating Rabin8 association with the TRAPPII complex and
helps tether GFP-Rabin8 preciliary vesicles to the DAPs on the
MC (Fig. 7C).
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Discussion

In our present study, we have identified an uncharacterized
TRAPPII-specific component, C7orf43/TRAPPC14, that regu-
lates Rabin8 preciliary trafficking and ciliogenesis. We demon-
strate that TRAPPC14 directly binds to core TRAPP, TRAPPII-
specific subunits, and Rabin8 and is required for TRAPPII
complex association with Rabin8. TRAPPC14 interaction with
this TRAPP complex depends on TRAPPII-specific subunits,
and we show that TRAPPC14 is not important for the integrity of
the TRAPPII complex; however, TRAPPII-specific proteins are
necessary for TRAPPC14 protein expression. Finally, we discov-

ered that TRAPPC14 can interact with the DAP proteins FBF1 and
CEP83 and that ablation of these DAPs inhibits Rabin8 accumula-
tion at the centrosome. Together, our work suggests that during
ciliogenesis, TRAPPC14 functions to link Rabin8 to the TRAPPII
complex and is involved in tethering Rabin8 preciliary vesicles to
DAPs at the MC, upstream of cilium assembly.

Biochemical, localization, and ciliogenic studies indicated
that TRAPPC14 is associated with the TRAPPII complex. In
addition to the specific interactions between TRAPPC10 and
TRAPPC14, we show that the expression of TRAPPC14 de-
pends on TRAPPC9 and -C10, but not the core TRAPPC3, as

Figure 4. C7orf43 specifically associates with the TRAPPII complex. A, PSM and percent coverage (%C) values from MS analysis of C7orf43-binding proteins
immunoprecipitated with a GFP antibody from HEK293 cells transiently expressing either LAP alone or C7orf43-LAP from a single experiment. B, immunoblot
(IB) showing immunoprecipitation of endogenous C7orf43 from HEK293 cells with either IgG control or C7orf43 antibody. The blot was probed with antibodies
against TRAPPC proteins as indicated on the right. Representative results from two independent experiments are shown. C, immunoprecipitation of LAP-
tagged proteins from HEK293 cells transfected with LAP, TRAPPC10-LAP, or TRAPPC11-LAP is shown. GFP, C7orf43, TRAPPC9, and TRAPPC4 antibodies were
used for immunoblotting. Representative results from two independent experiments are shown. D, domain mapping of HA-C7orf43 for TRAPPC10-LAP
binding as performed in Fig. 1D. A representative blot from three independent experiments is shown. E, immunoblotting of size-exclusion chromatography on
HEK293 cell lysate using Rabin8, C7orf43, and TRAPPC antibodies. Representative results from three independent experiments are shown. F, yeast two-hybrid
analysis of the GAL4 DNA-binding domain (BD) fused to C7orf43 co-transformed with GAL4 activating domain (AD) control or TRAPPC fusions. Control double
selection (leucine and tryptophan) and quadruple selection (leucine, tryptophan, histidine, and adenine) are shown. Five independent colonies are shown, and
the results are representative from two or three independent experiments.

Figure 5. C7orf43 is a TRAPPII complex component but is not required for the core complex integrity. A, immunoblotting of size-exclusion chromatography
fractions performed using lysate from either siControl or siC7orf43(#1�#2)–treated HEK293 cells. Blots were probed with antibodies against C7orf43/TRAPPC14,
TRAPPC proteins, and actin. Comparative protein ratios of siC7orf43/siControl were determined by densitometry and are shown below blots for expressing fractions.
Representative results from two independent experiments are shown. B, immunoprecipitation analysis of transiently expressed TRAPPC10-LAP after siControl and
siC7orf43/TRAPPC14(#1�#2) treatments in HEK293 cells. Blots were probed with antibodies against GFP and TRAPPC proteins. Protein levels compared with siControl
in WCL and immunoprecipitations (IP) were determined by densitometry analysis and are shown below blots normalized for differences in GFP expression between
RNAi treatments. Representative results from two independent experiments are shown. C, PSM and %C from MS analysis of immunoprecipitated TRAPPC10-LAP from
transient expression in HEK293 cells after treatment with siControl or siC7orf43(#1�#2) for 72 h from a single experiment.
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the TRAPPII-specific components likely stabilize TRAPPC14
protein levels by mediating its association with the complex.
TRAPPC14 is highly conserved in mammals and more distant
invertebrates (Figs. S2 and S3), and, interestingly, TRAPPC14
has some homology to the yeast TRAPPII protein Trs65 (Fig.

S5), which has been proposed to be C5orf44/TRAPPC13 in
mammalian cells, despite Trs65 having been linked to TRAPPII
functions in yeast (31, 48–50). Given our observations that
TRAPPC14 is associated with the TRAPPII complex and has a
similar molecular weight and some sequence homology, it is
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conceivable that this protein is the orthologue of Trs65. Con-
sistent with this idea, Trs65 and TRAPPC14 are dispensable for
TRAPPII complex integrity (31) (Fig. 5, A–C), although Trs65
was shown to function in complex oligomerization, which does
not appear to be the case with TRAPPC14. The shift to a smaller
TRAPPII complex seen after TRAPPC14 depletion is likely
associated with loss of TRAPPC14, and possibly other proteins,

associated with this complex (Fig. 5A). Experimental condi-
tions used in these studies may explain differences in oligomer-
ization requirements between Trs65 and TRAPPC14 (31), and,
notably, the importance of Trs65 in TRAPPII oligomerization
is unclear as yeast are viable without the protein (49), whereas
the other TRAPPII complex–specific components Trs120 and
Trs130 are essential (51, 52). Trs65 has also been shown to

Figure 6. TRAPPC14 mediates interaction between Rabin8 and the TRAPPII complex. A, immunoblot (IB) showing immunoprecipitation of endogenous
Rabin8 from HEK293 cells after treatment with either control, TRAPPC9, TRAPPC10, or TRAPPC14 siRNA for 72 h. Immunoblots were probed with antibodies as
indicated on the right. Protein levels compared with siControl treatments were determined by densitometry analysis and are shown below blots normalized for
protein level differences in actin for WCL and Rabin8 for immunoprecipitations (IP). Representative results from three independent experiments are shown. B,
immunoprecipitation analysis of transiently expressed TRAPPC14-LAP after siControl and siTRAPPC10 treatments as described in A. TRAPPC14-LAP was
transfected into cells 24 h after RNAi treatment. Immunoblots were probed with antibodies as indicated. Protein levels compared with siControl treatments
were determined by densitometry analysis and are shown below blots normalized for protein level differences in Rabin8, TRAPPC3, and TRAPPC4 for WCL and
GFP for immunoprecipitations. Representative results from three independent experiments are shown. C, immunoblot for co-expression and co-immunopre-
cipitation of Rabin8-LAP with FLAG-TRAPPC10 or FLAG-Rab11aS25N with and without HA-TRAPPC14 from HEK293 cells. Immunoblots were probed with GFP,
HA, and FLAG antibodies. Representative results from three independent experiments are shown.

Figure 7. Distal appendage proteins FBF1 and CEP83 are required for GFP-Rabin8 centrosomal accumulation and bind to TRAPPC14. A, plot showing
quantification of GFP-Rabin8 centrosomal accumulation as described in Fig. 3D in GFP-Rabin8 – expressing RPE-1 cells treated with siRNA against DAP proteins.
Two-tailed, unpaired Student’s t test was used. Means � S.E. (error bars) are shown from three independent experiments with n � 150 cells in total. **, p � 0.01;
***, p � 0.001; n.s., not significant. B, immunoblotting of immunoprecipitated HA-luciferase or HA-TRAPPC14 with LAP-FBF1. Representative results from three
independent FBF1 experiments performed in HEK293 are shown. C, model for TRAPPII complex and TRAPPC14 mediating vesicular Rabin8 delivery to MC for
primary cilium formation.
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bind to the Arf1p exchange factor, suggesting a role in COPI
vesicle tethering (53), which is consistent with a tethering func-
tion for TRAPPC14 in preciliary trafficking. However, as the
TRAPPIII complex proteins TRAPPC11 and -C12 do not
appear to have yeast orthologues (34), it would also not be sur-
prising if TRAPPC14 was not conserved in yeast, especially
given the absence of cilia in this organism. Thus, our finding
that TRAPPC14 and other TRAPPII complex proteins are
needed for ciliogenesis could indicate a distinct function in cil-
iated organisms, and proteins such as TRAPPC14 may be
important for these specifications. Interestingly, TRAPPC9,
TRAPPC10, and C7orf43 were shown by MS analysis to inter-
act with AMOTL2, an inhibitor of Wnt signaling, which, in
hypoxic conditions and tumors, was proposed to negatively
regulate trafficking of polarity proteins by binding and inacti-
vating the TRAPPII complex (54). C7orf43/TRAPPC14 was not
investigated in this study, but these results present another
example in which the TRAPPII-specific module, possibly
through TRAPPC14, could regulate complex activity.

Recently, a mutation in C7orf43 was identified in a patient
with autosomal recessive primary microcephaly (MCPH) (55),
and mutations in TRAPPC9 (56) and TRAPPC10 (57) as well as
core TRAPPC proteins TRAPPC2L, -C6A, and -C6B have also
been identified in patients displaying autosomal recessive intel-
lectual disabilities, including MCPH or other brain abnormali-
ties (22). This C7orf43-truncating homozygous mutation
resulting in a C7orf431–205 fragment based on our results, is
expected to lack the ability to associate with TRAPPC10 (Fig.
4D). These clinical observations are consistent with our conclu-
sion that C7orf43 is a component of the TRAPPII complex. In
this paper (55), C7orf43 was referred to as MAP11, as it associ-
ates with mitotic spindles and �-tubulin in SH-SY5Y neuro-
blastoma cells, and knockdown of this protein affected cell via-
bility and reduced proliferation. In RPE-1 and NeoHDF cells,
we only observed a small effect on cell numbers following
knockdown (Fig. 2, B and C). Consistent with our results,
C7orf43 was localized to vesicles in SH-SY5Y cells (55). Impor-
tantly, neurogenesis defects in microcephaly have been attrib-
uted to mutations in genes that contribute to centrosome bio-
genesis and cilia stability, in turn, impinging on ciliary signaling
pathways controlling cell patterning, proliferation, and survival
during development (23–26, 58). Thus, based on these obser-
vations, investigation of connections between the TRAPPII
complex and MCPH and ciliopathies is merited.

Our findings that knockdown of TRAPPC14 and the DAPs
CEP83 and FBF1 impair Rabin8 preciliary vesicle accumulation
at the centrosome present an intriguing possibility that the
TRAPPII complex participates in tethering preciliary vesicles
to the MC, possibly upstream of vesicular docking mediated by
CEP164. CEP164 interacts with Rabin8, and our observation
that Rabin8 can still accumulate in the centrosomal region after
CEP164 depletion is in agreement with previous studies show-
ing that undocked vesicles are in proximity to the MC in cells
lacking CEP164 but fail to dock to the MC DAPs (20, 59). Loss
of GFP-Rabin8 enrichment at the centrosome after DAP or
TRAPPC14 ablation would be expected to affect downstream
Rab8 activation needed for ciliogenesis (5). Interestingly, FBF1
has been recently shown to localize to the outermost region

between adjacent DAP blades, known as the DAP matrix, and is
positioned proximal to the ciliary membrane in mature cilia
(47), conceivably allowing for interaction with vesicles traf-
ficked to the MC. Rabin8 function during ciliogenesis requires
another large vesicle trafficking/tethering complex, the exocyst
(14, 15). The exocyst component Sec15 binds Rabin8 to assist
with Rab8 activation. Together, these observations and our
work indicate that large-molecular weight complexes play key
roles in coordinating membrane docking and assembly events
at the MC during ciliogenesis. Given that the Rab11-Rab8 cas-
cade has also been shown to be important in apical plasma
membrane formation in polarized epithelial cells (16) and has
been implicated in immune synapse transport (17), it will be
interesting to examine requirements for TRAPPC14 and the
TRAPPII complex in these processes. Like the TRAPPII com-
plex, the Rab11-Rab8 cascade is conserved from yeast to
humans (18), although it is not known whether the yeast TRAP-
PII complex interacts directly with Sec2 to help mediate bud
neck formation.

Given that the TRAPPII complex can function as a GEF for
yeast and fly orthologs of Rab11 (37, 38), it is conceivable that
TRAPPC14 could affect Rab11 GTPase activity, which could
also explain why GFP-Rabin8 failed to localize to the centro-
some following TRAPPC14 ablation. However, it has been
shown that the TRAPPII complex does not have GEF activity
toward Rab11 in mammalian cells (39), although it is not known
whether TRAPPC14 was present in reported purified com-
plexes. Moreover, a recombinant TRAPPII complex comprised
of the core, TRAPPC9, and TRAPPC10 that was purified from
Drosophila was sufficient for GEF activity toward Rab1 and
Rab11 (38), which further suggests that TRAPPC14 is dispens-
able for GEF functioning. Consistent with this theory, GFP-
Rabin8 vesicular trafficking, although diminished, was still
observed following depletion of TRAPPC14, suggesting that
Rab11 GTPase activity was not affected in our studies. The
TRAPPII complex has also been shown to be a GEF for Rab18,
important for lipid droplet homeostasis (60), which could also
involve TRAPPC14 function.

In summary, our present work reveals how the TRAPPII com-
plex functions in Rabin8 preciliary trafficking and ciliogenesis and
identifies a previously uncharacterized TRAPPII-specific compo-
nent in C7orf43/TRAPPC14. Importantly, our work supports
other reported findings that the TRAPPII complex functions as a
membrane tether (29, 40, 41, 53), although in this case between
membrane vesicles and the mother centriole DAPs.

Experimental procedures

Plasmids, reagents, and yeast two-hybrid analysis

Coding sequences for C7orf43 (NM_018275.5), TRAPPC1
(BC032717), TRAPPC2 (BC052618), TRAPPC2L (BC011369),
TRAPPC3 (NM_001139444), TRAPPC4 (BC010866),
TRAPPC5 (HQ257952), TRAPPC6A (BC004450), TRAPPC6B
(BC047328), TRAPPC9 (NM_031466), TRAPPC10 (NM_
003274.5), and TRAPPC11 (NM_021942.6) were purchased in
pENTR plasmids from DNASU Plasmid Repository (Tempe,
AZ) and subcloned into Gateway destination vectors. FBF1
(BC023549.2) was cloned into pDONR201 following PCR
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amplification with Phusion polymerase (Catalog no. M0530L,
NEB) using a cDNA plasmid purchased from Transomic Tech-
nologies (FMG). CEP83 (NP_001035858.1) coding sequence
was amplified by PCR from an RPE-1 cDNA library. C7orf43-
truncated constructs (1–253, 1– 411, 253–580, 412–580) were
generated by PCR, cloned into pDONR201 plasmids, and
inserted into the pCS2�-HA destination vector as described
(9). All PCR amplified constructs were sequence verified. GFP-
Rabin8 full length and truncations and GFP-Rab11a Q70L and
S25N were previously described (9). gLAP1 and/or gLAP7 (61)
vectors were used to generate NH2- and COOH-fusions of
C7orf43, TRAPPC10, and TRAPPC11. pEGFP-CI empty vector
was used to express GFP alone. For recombinant protein
expression, full-length Rabin8 and C7orf43 were subcloned
from the donor vectors into the bacteria expression vectors
pDEST-15 (ThermoFisher) and pDEST-527 (Protein Expres-
sion Laboratory, Frederick National Lab for Cancer Research)
to express GST or 6	His tagged proteins. The empty vector
pGEX-4T-1 was used to express the GST protein. Rab11a S25N
and TRAPPC10 were cloned into Gateway vector pDEST-305
(Protein Expression Laboratory, Frederick National Lab for
Cancer Research) to create a pPGK-driven, Flag (3	), N-termi-
nus-tagged fusion protein. TRAPPC cDNA in pDONR201 were
used to generate pGADT7 expression plasmids using Gateway
cloning. Restriction-digested, PCR-amplified C7orf43 was
ligated in pGBKT7 and sequenced. Yeast two-hybrid was per-
formed as previously described (62). X-tremeGENE 9 (Roche)
was used for DNA transfections into cells according to
manufacturer’s instructions. For knockdown experiments, cells
were transfected with siRNA duplexes obtained from Dharma-
con (Table S1) using RNAiMAX (Invitrogen). Complete prote-
ase inhibitors (Catalog no. 4693132001, Roche/Millipore
Sigma) and PhosSTOP phosphatase inhibitor (Catalog no.
4906845001, Roche/Millipore Sigma).

Antibodies

Antibodies were used for C7orf43 (Abnova catalogue no.
PAB21203 and Novus catalogue no. NBP1-83808), acetylated
�-tubulin (Actub) (catalogue no. T7451, Sigma), pericentrin
(catalogue no. NB100-61071, Novus), GFP for immunoprecipi-
tation (custom; rabbit polyclonal), GFP-HRP (catalogue no.
130-091-833, Miltenyi Biotec), FLAG-HRP (catalogue no.
A8592, Sigma-Aldrich), HA-HRP (catalogue no. 12013819001,
Roche Applied Science/Sigma), �-actin-HRP (catalogue no.
A3854, Sigma-Aldrich), Rab3IP/Rabin8 (rabbit) (catalogue no.
12321-1-AP, Proteintech), Rab3IP/Rabin8 (mouse/clone
OTI4A7) (catalogue no. TA808962, Origene), GM130 (cata-
logue no. 610823, BD Biosciences), myosin-Va (catalogue no.
NBP1-92156, Novus), CEP83/CCDC41 (catalogue no. 26013-
1-AP, Proteintech), CEP164 (catalogue no. 22227-1-AP, Pro-
teintech), FBF1 (catalogue no. 11531-1-AP, Proteintech),
TRAPPC9 (catalogue no. 16014-1-AP, Proteintech), TRAPPC2
(catalogue no. 12484-1-AP, Proteintech), TRAPPC3 (catalogue
no. 15555-1-AP, Proteintech), TRAPPC4 (catalogue no.
AB57364, Abcam), GST-HRP (catalogue no. HRP-66001,
Proteintech), and TRAPPC10/TMEM1 (catalogue no.
AB58247, Abcam). Secondary antibodies used were DyLight
405 anti-mouse (catalogue no. 715-475-151, Jackson

ImmunoResearch), DyLight 405 anti-rabbit (catalogue no. 715-
475-152, Jackson ImmunoResearch), Alexa 568 anti-rabbit
(catalogue no. A10042, Thermo Fisher Scientific), Alexa 647
anti-rabbit (catalogue no. A31573, Thermo Fisher Scientific),
and Alexa 647 anti-mouse (catalogue no. A31571, Thermo
Fisher Scientific).

Cell lines and cell line generation

NeoHDF, RPE-1, HEK293, and 293T cells were obtained
from ATCC. RPE-1 Flp-In were a kind gift from Peter Jackson
(Stanford University, Palo Alto, CA). RPE-1 GFP-Rabin8 and
RPE-1 GFP-Rabin8 � tRFP-Centrin2 cells were described pre-
viously (9). RPE-1 Flp-In LAP-Rabin8 cells were generated as
described previously (11).

Purification and mass spectrometry

Tandem affinity purification and MS analysis for LAP-Ra-
bin8 in the RPE-1 Flp-In and LAP-Rabin81–142 293Trex Flp-In
cells were performed as described previously (9). For the
remaining MS analysis, each 15-cm dish of HEK293 cells was
grown to a confluence of 40% and transiently transfected with
either LAP alone, TRAPPC10-LAP, or C7orf43-LAP. After
24 – 48 h, cells were lysed on ice in LAP300 buffer (50 mM

HEPES, pH 7.4, 300 mM KCl, 1 mM EGTA, 1 mM MgCl2, 10%
glycerol, 0.5 mM DTT, protease inhibitors (Roche Applied Sci-
ence), PhosSTOP (Roche Applied Science), and 0.1% NP-40)
followed by immunoprecipitation for 1 h with Protein A beads
conjugated with GFP antibody. Beads were washed with lysis
buffer, resuspended in 25 mM NH4HCO3, pH 8.4, and frozen in
liquid nitrogen for subsequent on-bead trypsin digestion to
extract the peptides. Tryptic digests were fractionated using
strong cation-exchange LC and performed as described previ-
ously (63).

For MS acquisition and data analysis, the dried peptide frac-
tions were reconstituted in 0.1% TFA and subjected to nano-
flow LC (Thermo Easy nLC 1000, Thermo Scientific) coupled
to high-resolution tandem MS (Q Exactive, HF, Thermo Scien-
tific). MS scans were performed in the Orbitrap analyzer at a
resolution of 60,000 with an ion accumulation target set at 3e6

over a mass range of 300 –16,500 m/z, followed by MS/MS anal-
ysis at a resolution of 15,000 with an ion accumulation target set
at 1e5. MS2 precursor isolation width was set up at 1.4 m/z,
normalized collision energy was 30, and charge state 1 and
unassigned charge states were excluded. Acquired MS/MS
spectra were searched against the human Uniprot protein
database along with a contaminant protein database, using
SEQUEST and Fixed Value peptide-spectrum match (PSM)
validator algorithms in the Proteome Discoverer 1.4 software
(Thermo Scientific). The precursor ion tolerance was set at 10
ppm, and the fragment ion tolerance was set at 0.6 Da along
with methionine oxidation included as dynamic modification.
Only fully tryptic peptides with up to two miscleavages with
charge state– dependent cross-correlation Xcorr � 2.1 for
[M � H]1�, � 2.5 for [M � 2H]2�, and � 3.2 for [M � 3H]3�

and 
 correlation (
Cn) � 0.08 were considered as positive
identification.
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Immunofluorescence and live-cell microscopy

For immunofluorescence studies, RPE-1 and NeoHDF cells
were fixed with 4% paraformaldehyde and stained with anti-
bodies as described (9) and imaged by epifluorescence micros-
copy using a 	63 oil immersion objective unless otherwise
indicated. For ciliation determinations, cells were stained with
Actub and pericentrin antibodies, and cilia numbers were
determined as described (9). Live-cell epifluorescence imaging
of RPE-1 GFP-Rabin8 cells with and without transiently
expressed LAP-C7orf43 and RPE-1 GFP-Rabin8 � tRFP-Cen-
trin2 cells was performed at 37 °C and quantified as described
(9). Briefly, cells were serum-starved for 1–2 h and imaged live
(37 °C, 5% CO2) every 1 s for 5–10 s using an X-Cite 120 lamp at
50% power and a 	63 1.3 numerical aperture oil objective. Cells
with GFP-Rabin8 vesicles in the cytoplasm and centrosome
accumulation were counted.

For whole-mount zebrafish studies, embryos were fixed in
4% paraformaldehyde at 48 h postfertilization and stained with
anti-Actub and secondary Alexa 488 – conjugated antibodies,
phalloidin conjugated with Alexa 568 (catalogue no. A12380,
Molecular Probes Life Technologies), and Hoechst. Ciliated
organs from stained embryos were imaged using the Marianas
SDC microscope and 	40 1.4 numerical aperture objective and
analyzed for ciliation defects as described previously (5).

Immunoprecipitations, immunoblotting, and densitometry

For domain mapping and immunoprecipitations using mul-
tiple overexpressed proteins, HEK293 cells were transfected
with the indicated constructs. After 48 h of transfection, cells
were washed with PBS, lysed in 1% NP-40 lysis buffer (137 mM

NaCl, 20 mM Tris, pH 8.0, 10% glycerol, 1% NP-40) supple-
mented with protease and phosphatase inhibitors followed by
immunoprecipitation with Protein A beads conjugated with a
custom GFP antibody or magnetic HA beads (catalogue no.
88836, Thermo Fisher Scientific). Lysis buffer was used for
washes. Samples were resolved using SDS-PAGE, transferred to
nitrocellulose membrane, and probed with antibodies.

For endogenous immunoprecipitations with and without
overexpressed proteins, low-salt Triton lysis buffer (30 mM

Tris-HCl, pH 8.0, 75 mM NaCl, 10% glycerol, 1% Triton X-100
with 5 mM MgCl2, and protease and phosphatase inhibitors)
was used to lyse cells, and a Rab3IP/Rabin8 (rabbit) (catalogue
no. 12321-1-AP, Proteintech), C7orf43 (catalogue no.
PAB21203, Abnova), or GFP custom antibody was incubated
with lysate overnight followed by the addition of Protein A/G
magnetic beads and incubation for 3 h. Rab3IP/Rabin8 (mouse/
clone OTI4A7) (catalogue no. TA808962, Origene) was used to
blot for endogenous Rabin8 after immunoprecipitation using
Protein A/G magnetic beads.

For immunoprecipitations combining recombinant proteins
and GFP or LAP fusion proteins, radioimmune precipitation
assay lysis buffer (20 mM Tris-HCl, pH 8.0, 137 mM NaCl, 10%
glycerol, 1% NP-40 alternative, 0.1% SDS, 0.1% sodium deoxy-
cholate with protease inhibitors) was used to lyse cells, and a
GFP custom antibody was incubated with lysate overnight at
4 °C followed by the addition of Protein A/G magnetic beads
(catalogue no. 88802, Thermo Fisher Scientific) and incubation

for 3 h. Beads were washed six times with radioimmune precip-
itation assay lysis buffer. Recombinant protein and washed
beads with attached GFP-fused proteins were incubated in low-
salt Triton buffer (30 mM Tris-HCl, pH 8.0, 75 mM NaCl, 10%
glycerol, 1% Triton X-100 with 5 mM MgCl2 and protease
and phosphatase inhibitors) overnight at 4 °C followed by the
addition of Protein A/G magnetic beads and incubation for
3 h. Rab3IP/Rabin8 (mouse/clone OTI4A7) (catalogue no.
TA808962, Origene) was used to blot for endogenous Rabin8.

Densitometry analysis of immunoblots was performed using
the ImageJ measurement tool. A value of 1 was set for control
levels. Background was subtracted from band intensities, and in
some cases band intensities were normalized to control bands
where indicated.

Zebrafish embryos injections and protein expression analysis

WT TAB-5 zebrafish procedures, care, and husbandry were
carried out in compliance with the Guide for Care and Use of
Laboratory Animals and approved by the Animal Care and Use
Committee of NCI-Frederick (Study Proposal 17-416). RNA
and MO injections followed by analysis of 2-day-old ciliated
organs were performed as described previously (5). Briefly, full-
length human C7orf43 was cloned into pCS2� vectors, and
mRNAs were transcribed using the mMESSAGE mMACHINE
kit (Ambion) according to the manufacturer’s instructions.
Embryos were injected with 250 pg/nl capped mRNAs at the
one-cell stage. Knockdowns for c7orf43 were performed using
translation-blocking morpholinos obtained from GENE-
TOOLS (Philomath, OR): C7orf43 MO, 5�-GCGATTCCATC-
ATCAACACCATTGA.

For Western blotting, zebrafish embryos lysates were prepared
as described previously (5). Briefly, zebrafish embryos were
homogenized in lysis buffer (20 mM Tris, pH 8, 137 mM NaCl, 10%
glycerol, 1% Triton X-100) enriched with protease inhibitor mix-
ture (Roche Applied Science) and centrifuged for 10 min at 13,000
r.p.m., and supernatants were boiled in sample buffer.

Purification of recombinant proteins and in vitro pulldown
assays

Protein expression was induced in BL21 (DE3) E. coli cells
(Thermo Fisher Scientific) with 200 �M isopropyl 1-thio-�-D-ga-
lactopyranoside at 16 °C for 16–20 h. GST and GST-Rabin8 pro-
teins were purified with GSH-agarose beads (Sigma) and further
dialyzed with Amicon Ultra-15 centrifugal filter units (Millipore).
His-C7orf43 was purified with nickel-nitrilotriacetic acid-agarose
beads (Qiagen). In vitro pulldown assays were performed by incu-
bating recombinant proteins in low-salt Triton lysis buffer (30 mM

Tris-HCl, pH 8.0, 75 mM NaCl, 10% glycerol, 1% Triton X-100 with
5 mM MgCl2) and complete protease inhibitors for 4 h at 4 °C.
After three washes with lysis buffer, proteins were eluted with
SDS-PAGE sample buffer and analyzed by SDS-PAGE.

Size-exclusion chromatography

Size-exclusion chromatography was performed as described
previously (9). Briefly, HEK293 cells were seeded in two 15-cm
plates and were grown for 48 h, consolidated into a pellet, and
lysed in LAP300 buffer (50 mM HEPES, pH 7.4, 300 mM KCl, 1
mM EGTA, 1 mM MgCl2, 10% glycerol, 0.5 mM DTT, 0.1%
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NP-40, protease inhibitors (Roche Applied Science), Phos-
STOP (Roche Applied Science). Following sonication and cen-
trifugation, lysates were separated on a Shimadzu liquid chro-
matography 10ADVP using an Agilent SEC3 300A column.
150-�l fractions were collected and analyzed by Western blot-
ting and subjected to densitometry where indicated.

Statistics

Analyses of statistical data were performed using GraphPad
Prism. Data presented are means � S.E. Two-tailed, unpaired
Student’s t test was applied for comparisons with siControl or
as indicated in the figure legends. Significant values shown on
graphs are defined as follows: *, p � 0.05; **, p � 0.01; ***, p �
0.001; n.s., not significant.
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