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Abstract

Mutation of the X-linked oral-facial-digital syndrome type 1 (OFD1) gene is embryonic lethal in males and results in
craniofacial malformations and adult onset polycystic kidney disease in females. While the OFD1 protein localizes to
centriolar satellites, centrosomes and basal bodies, its cellular function and how it relates to cystic kidney disease is largely
unknown. Here, we demonstrate that OFD1 is assembled into a protein complex that is localized to the primary cilium and
contains the epidermal growth factor receptor (EGFR) and domain organizing flotillin proteins. This protein complex, which
has similarity to a basolateral adhesion domain formed during cell polarization, also contains the polycystin proteins that
when mutant cause autosomal dominant polycystic kidney disease (ADPKD). Importantly, in human ADPKD cells where
mutant polycystin-1 fails to localize to cilia, there is a concomitant loss of localization of polycystin-2, OFD1, EGFR and
flotillin-1 to cilia. Together, these data suggest that polycystins are necessary for assembly of a novel flotillin-containing
ciliary signaling complex and provide a molecular rationale for the common renal pathologies caused by OFD1 and PKD
mutations.
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Introduction

Oral-facial-digital syndrome type 1 (OFD1; OMIM #311200)

is an X-linked inherited disease characterized by the malformation

of the face, oral cavity, hands and feet caused by heterogeneous

mutations in the OFD1 gene also known as CXORF5. Systemic

manifestations of OFD1 mutations include polycystic kidneys that

resemble those caused by mutations in the PKD1 or PKD2 genes

associated with autosomal dominant polycystic kidney disease

(ADPKD) [1,2]. Due to the low rate of kidney transplantation,

many patients with both craniofacial disorders and cystic kidney

disease will eventually succumb to renal failure. Thus, there is an

urgent need to clarify how the OFD1 gene product might cross-

talk with the pathways regulated by the PKD1 and PKD2 genes to

result in a common disease phenotype.

Many of the proteins associated with cystic kidney disorders,

including polycystin-1 (PC1) and polycystin-2 (PC2) that underlie

ADPKD, localize to and function in the primary cilium [3–7]. The

polycystins have pivotal roles in calcium dependent signaling to

multiple pathways and loss of signaling regulation when the

proteins are mutant is thought to cause epithelial cell transdiffer-

entiation and contribute to renal cyst development [2]. While the

associations between defects in primary cilia, signaling and kidney

disease have been recognized for over a decade, it is only recently

that links between cilia, signaling, and tooth defects were revealed.

Deletion of the Ofd1 gene (Ofd1D4-5/+-) in mice causes missing/

supernumerary teeth, enamel hypoplasia, and polycystic kidney

disease analogous to human oral-facial-digital syndrome type 1

[4]. The observed morphological defects in molars result from

altered differentiation and polarization of odontoblasts when Ofd1

is mutant [3,4,8]. Localization of OFD1 to the primary cilium of

tooth ectomesenchymal odontoblasts and renal epithelial cells is

therefore speculated to be crucial for proper cellular differentiation

of both cell types [3,4].

In related observations in the Tg737 mouse, ectopic teeth

(premolars normally evolutionarily silenced) arise from inactiva-

tion of IFT88/polaris in the embryonic jaw and the consequential

increase in sonic hedgehog signaling [9]. The Tg737 mouse was

first used to illuminate the central role of IFT88/Polaris in the

development of cystic kidneys [10]. The emerging molecular
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hierarchy requires OFD1 to recruit IFT88 as a prerequisite for

ciliogenesis and ciliary hedgehog signaling that also involves the

polycystins [11–13]. Collectively, these findings hint that OFD1

and the polycystins are likely part of the same or overlapping

protein assemblies that control similar ciliary signaling pathways in

both odontoblasts and renal epithelia.

There are some striking similarities in the mechanism by which

odontoblasts and renal epithelial cells respond to external stimuli

with the primary cilium of odontoblasts believed to closely mimic

the sensory function of cilia in renal epithelial cells [14]; thus, the

primary cilium likely serves as the critical link between extracel-

lular mechanical stimuli and initiation of responding intracellular

signaling cascades in odontoblasts and renal epithelial cells. In

addition to altered Hedgehog signaling, aberrant expression and

signaling from the tyrosine kinase epidermal growth factor

receptor (EGFR) is implicated in both craniofacial disorders and

ADPKD [15–17], and in primary cilia of renal epithelia, EGFR

interacts with and regulates PC2 ion channel activity [7].

Collectively, these data demonstrate the need to characterize the

functional interactions and molecular assemblies of complexes

comprised of signaling receptors, domain-organizing proteins, and

ciliary proteins, which when mutant, cause similar disease

phenotypes. We therefore tested the hypothesis that OFD1 co-

assembles into protein complexes constituted of PC1 and PC2,

EGFR, and the flotillin lipid scaffolding proteins in the primary

cilium of renal epithelia and odontoblasts. Our findings provide a

molecular explanation for some of the observed commonalities in

the pathogenesis of multi-organ ciliopathies such as OFD1

syndrome and ADPKD.

Results

Expression of OFD1, polycystins, flotillins and ErbB
receptor family members in renal epithelia and
odontoblasts

We suspected the membrane raft organizing flotillin proteins

[18,19] to be key players in the organization of ciliary signaling

complexes. The speculation is founded on our studies that first

identified a cholesterol-rich, flotillin-organized signaling domain –

constituted of polycystins, tyrosine kinases and phosphatases and

cholesterol – at the basolateral membrane of renal epithelia

[20,21]. Of interest is the recent finding that EGFR and

downstream signaling partners are scaffolded in cholesterol-rich

signaling domains by the flotillins [22]. Here, we tested if OFD1 is

co-assembled into protein complexes constituted of PC1 and PC2,

EGFR and the flotillin lipid scaffolding proteins in the primary

cilium of renal epithelia and odontoblasts.

The expression of Erythroblastic Leukemia Viral Oncogene

(ErbB) receptor proteins and the flotillins in renal epithelia and

odontoblast cells is not well described. The expression of these and

cystic kidney disease proteins were therefore subjected to

comparative immunoblot analyses on polarized renal cortical

Figure 1. Key ciliary signaling proteins are expressed in RCTE and MO6-G3 cells. Renal cortical tubular epithelial (RCTE) cells and tooth
derived odontoblasts (MO6-G3) cells were lysed and probed with antibodies directed against indicated proteins. PC1 using NM002 pAb (A, B), PC2
using Santa Cruz pAb (C), OFD1 using Santa Cruz pAb [3] (D), EGFR using Santa Cruz pAb (E), ErbB2 using US Biological pAb (F), flotillin-1 using BD
Transduction mAb (H), and flotillin-2 using BD Transduction mAb (I) were found to be expressed in both cell types. Actin mAb from Millipore (G) was
used as a loading control for PC1, PC2, EGFR, ErbB2, and OFD1; a/b-tubulin pAb from Cell Signaling (J) was used as a loading control for flotillin-1 and
flotillin-2. Actin or a/b-tubulin was used to normalize results for quantification. Bar graph showing densitometric quantification of PC1 (a, b), PC2 (c),
OFD1 (d), EGFR (e), ErbB2 (f), flotillin-1 (g), flotillin-2 (h). Bar graph represents the mean 6 SD of four independent experiments. (*) p = 0.01 to 0.05,
(***) p,0.001.
doi:10.1371/journal.pone.0106330.g001

OFD1, Polycystins, EGFR and Flotillins Form Ciliary Microdomain
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tubular epithelial (RCTE) cells and odontoblasts (MO6-G3). PC1

(Figure 1A, B), PC2 (Figure 1C) and OFD1 (Figure 1D), along

with the tyrosine kinase receptors EGFR (Figure 1E) and ErbB2

(Figure 1F) were robustly expressed in both human renal epithelial

cells and mouse odontoblasts in culture. The signaling domain

organizing proteins flotillin-1 (Figure 1H) and flotillin-2 (Figure 1I)

were similarly expressed in both cell types, although flotillin-1

exhibited a clear mobility shift in odontoblasts as compared to

renal epithelial cells. The native 460 kDa PC1 is known to be

cleaved in cells yielding several different C-terminal fragments that

are important for physiologic functions [6,23,24]. (N.B. Available

antibodies to PC1 recognize different epitopes with some

recognizing the full-length 460 kDa protein while other antibodies

preferentially recognize the 230–250 kDa or 150 kDa PC1 bands).

Renal epithelia and odontoblasts expressed similar levels of both

the 460 kDa and the 150 kDa forms of PC1 (Figure 1a, b), along

with EGFR (Figure 1e), ErbB2 (Figure 1f ), flotillin-1 (Figure 1g),

and flotillin-2 (Figure 1h). Notably, protein expression levels of

PC2 were 3.4-fold higher (Figure 1c), while OFD1 levels were 3.8

fold lower in odontoblasts as compared to renal epithelia

(Figure 1d). These data show that key mechanosensory and

signaling proteins such as the polycystin proteins, OFD1, EGFR,

and the flotillins are common to both renal epithelia and

odontoblasts, though there are some variations in the quantitative

levels of the cation channel PC2 and OFD1.

Colocalization of OFD1, polycystins, EGFR and flotillins to
the primary cilium of odontoblasts and renal epithelial
cells

The primary cilium has a distinct protein composition

compared to the apical surface from which it protrudes, and is

enriched in signaling proteins that also function at the basolateral

membrane [25,26]. The importance of the primary cilium as a

signaling command center has been suggested [7,27], yet little is

known about the organization of signaling proteins within primary

cilia.

Immunolocalization studies of endogenous and overexpressed

proteins were performed to specifically assess ciliary protein

localization patterns in odontoblasts and renal epithelial cells.

Odontoblast cells and fully polarized RCTE cells are notoriously

difficult to transfect via conventional techniques. To circumvent

this problem, we found electroporation (iPorator) on filter surfaces

routinely yielded plasmid transfection efficiencies of 40–50% (see

Methods). Transiently expressed GFP-OFD1 (Figure 2A) and

flotillin-2-GFP (Figure 2B) localized to primary cilia in RCTE cells

with some flotillin-2 also on intracellular structures. Similarly,

GFP-OFD1 (Figure 2C) and flotillin-2-GFP (Figure 2D) localized

to primary cilia of odontoblast cells, though there were significant

pools of flotillin-2-GFP elsewhere in the plasma membrane and

intracellular structures. OFD1 is known to be associated with basal

bodies and, in some renal cells, to localize along the ciliary

axoneme [3]. Here we found that, particularly in odontoblasts,

GFP-OFD1 staining extended beyond the region expected to

contain just the basal bodies into the ciliary axoneme.

Endogenous protein localizations were evaluated by immuno-

fluorescence staining using antibodies specifically directed against

OFD1, PC1, PC2, EGFR, and flotillin-1. In RCTE cells OFD1,

PC1, PC2, and EGFR localized along the length of the primary

cilium (Figure 3A–D). The ciliary localization of flotillin-2-GFP

prompted us to look for the flotillin-2 scaffolding partner, flotillin-

1. As expected, endogenous flotillin-1 also localized to primary

cilia in RCTE cells (Figure 3E). Similarly, we observed endoge-

nous OFD1, PC1, PC2, EGFR, and flotillin-1 protein localization

to primary cilia in odontoblast cells (Figure 3F–J). In RCTE cells,

we observed co-localization of transiently expressed Flotillin-2-

GFP and PC2 in primary cilia (Figure S1A) as well as Flotillin-2-

GFP and EGFR (Figure S1B), while endogenous EGFR and PC1

co-localized to primary cilia of RCTE cells (Figure S1C). The

ciliary localizations of OFD1, PC1, PC2 and EGFR are consistent

with previous reports showing individual proteins in different cell

types [3–7]. However, we show for the first time the localization of

all 5 proteins, including the membrane organizing flotillins, to

primary cilia in a human kidney cell line. The findings that ciliary

protein distributions are similar in renal epithelia and odontoblasts

suggest that these proteins may be similarly organized in both cell

types.

To support the microscopy data, polarized RCTE cells were

deciliated using dibucaine-HCl and immunoblot analyses per-

formed on the ciliary enriched fraction. The ciliary marker alpha/

beta-tubulin was expressed in abundance within the collected

fraction, whereas the nuclear marker lamin B was absent. Given

that the nuclear membrane is often tightly coupled to cilia via a

centrosomal anchoring mechanism, the data support the ciliary

enrichment in the absence of nuclear contamination of the cell

fraction. PC1, PC2, and EGFR were all co-enriched within the

ciliary fraction of RCTE cells providing further evidence for the

presence of signaling proteins within primary cilia (Figure S2).

Figure 2. Transiently transfected GFP-OFD1 and flotillin-2-GFP
localize to primary cilia of RCTE and MO6-G3 cells. Polarized
RCTE and MO6-G3 cells were transiently transfected with either GFP-
OFD1 or flotillin-2-GFP constructs. Upon 16 hours post-transfection,
cells were fixed and acetylated a-tubulin (Sigma Aldrich mAb) was
labeled to identify cilia. GFP-OFD1 localized to primary cilia in RCTE cells
(A) and MO6-G3 cells (C). GFP-Flotillin-2 localized to primary cilia of
RCTE (B) and MO6-G3 (D) cells. Images captured using a Zeiss LSM510
confocal microscope (636 objective). Images are representative of at
least 3 independent experiments. Arrows denote cilia. Scale bar 10 mm.
doi:10.1371/journal.pone.0106330.g002
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Polycystins and OFD1 form protein complexes with EGFR
and flotillins in odontoblasts and renal epithelial cells

To determine whether the ciliary proteins of interest are part of

a multimeric complex we performed immunoprecipitation exper-

iments with specific antibodies against PC1 and EGFR and scored

for co-precipitation of the proteins of interest. RCTE and

odontoblast cells were grown to five days post-confluency to allow

for polarization and ciliogenesis. PC1 was immunoprecipitated

from renal epithelial and odontoblast cell lysate (Figure 4A) and

shown to be in complex with PC2 as expected (Figure 4C). The

native 460 kDa PC1 contains a region with potential metallopro-

tease recognition sequences yielding 230–250 kDa C-terminal

fragments [6,28], which were also co-precipitated (Figure 4B).

PC1, along with PC2, becomes tyrosine phosphorylated poten-

tially through the actions of EGFR [7,21,29]. To test if EGFR is

part of the polycystin complex, PC1 immunoprecipitates were

probed for EGFR revealing that EGFR was indeed in complex

with PC1 in both cell types (Figure 4D). The non-transmembrane,

ciliary protein OFD1 was also found to be part of the polycystin-

EGFR multimeric complex in renal epithelia and odontoblast cells

(Figure 4E), and flotillin-2 is in complex with PC1 in both cell

types (Figure 4F). Quantification of replicate experiments demon-

strated specific co-precipitation of PC2, EGFR, OFD1, and

flotillin-2 with PC1 (Figure 4a–f). In a converse experiment,

EGFR was immunoprecipitated from polarized renal epithelial

and odontoblast cell lysates and probed for PC1, PC2, OFD1, and

flotillin-2 (Figure 4G–K). As seen in the PC1 immunoprecipitates,

all of the proteins were co-enriched with EGFR (Figure 4g–k),

with a cleaved fragment of PC1 preferentially co-precipitated with

EGFR. Multiple OFD1 bands are present in RCTE and MO6-G3

cell lysates and a subset of these OFD1 bands are co-precipitated

with EGFR. Interestingly, the flotillin-2 bands were notably

upshifted in both the PC1 and EGFR immunoprecipitates

Figure 3. Endogenous OFD1, PC1, PC2, EGFR and flotillin-1 localize to primary cilia of RCTE and MO6-G3 cells. Polarized RCTE and
MO6-G3 cells were fixed and stained using the indicated antibodies. OFD1 from Novus Biologicals (A, F), PC1 using pAb NM002 (B, G), PC2 using
AbCam pAb (C, H), EGFR using GeneTex pAb (D, I) and flotillin-1 using AbCam pAb (E, J) were found localized to 100% of primary cilia analyzed for
both cell types. Acetylated a-tubulin (Sigma-Aldrich mAb) labeling identifies cilia. Zeiss LSM510 confocal microscope images (636objective). Arrows
denote the protein of interest within a cilium. Representative results from at least 5 independent experiments. Secondary antibody only controls were
negative (not shown). Scale bar 10 mm.
doi:10.1371/journal.pone.0106330.g003
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suggesting posttranslational modification within these complexes.

These data indicate that key ciliary signaling proteins – PC1, PC2,

EGFR and OFD1 – may well reside in a complex with membrane

organizing flotillin proteins in renal and dental cell types.

Polycystin-1 and EGFR form a complex within primary
cilia

We utilized an antibody-based proximity ligation assay to

specifically evaluate if the protein complexes we identified by co-

immunoprecipitation were resident in cilia [30]. Using antibodies

directed against the extracellular domains of PC1 and EGFR,

Figure 4. PC1, PC2, EGFR, OFD1, and flotillin-2 are part of a multimeric protein complex in RCTE and MO6-G3 cells. RCTE and MO6-G3
cells were grown 5 days post-confluency to allow for polarization and ciliogenesis. PC1 was immunoprecipitated using NM002 pAb and precipitated
proteins were separated by SDS-PAGE and probed for PC1 using NM005 pAb (A, B), PC2 using AbCam pAb (C), EGFR using GeneTex pAb (D), OFD1
using Novus Biologicals pAb (E) and flotillin-2 using Cell Signaling Rabbit mAb (F). Bar graph showing a densitometric quantification of PC1 co-
immunoprecipitation for PC1 (a, b), PC2 (c), EGFR (d), OFD1 (e), and flotillin-2 (f). Normal rabbit IgG was used as a negative control. In a reciprocal
experiment EGFR was immunoprecipitated using Santa Cruz pAb from RCTE and MO6-G3 cell lysates. Immunoprecipitated proteins were separated
by SDS-PAGE and probed for EGFR using GeneTex pAb (G), PC1 using NM002 pAb (H), PC2 using Santa Cruz pAb (I), OFD1 using Novus Biologicals
pAb (J) and flotillin-2 using Cell Signaling Rabbit mAb (K). Bar graph showing a densitometric quantification of EGFR co-immunoprecipitation probed
for EGFR (g), PC1 (h), PC2 (i), OFD1 (j), and flotillin-2 (k). Normal rabbit IgG was used as a negative control. Lysate lane inputs were 5% of
immunoprecipitations. 25 mg of total protein was loaded into each well. Arrows indicate the quantified band of interest in each immunoblot panel.
Bar represents the mean 6 SD of at least three independent experiments. (*) p = 0.01 to 0.05, (**) p = 0.001 to 0.01, (***) p,0.001.
doi:10.1371/journal.pone.0106330.g004
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these two proteins were found to interact specifically within the

primary cilium of odontoblasts (Figure 5A) and fully polarized

renal epithelial cells (Figure 5B and Movie S1). In both cell types

the fluorescent signal was notably concentrated in puncta,

suggestive of specialized domains wherein the proteins are

enriched. In the relatively short cilia of odontoblasts, a less

concentrated signal was also seen along the length of the shaft.

Puncta associated with the cell body were largely intracellular with

a small fraction at or near the basolateral membrane (Figure 5A–B

and data not shown). Experiments performed without primary

antibody against PC1 yielded no fluorescent signal verifying the

specificity of the PC1-EGFR reaction (Figure 5C).

Quantification of these proximity-induced fluorescent puncta

showed an enrichment in the cilia (62%) as compared to the cell

body (38%) of fully polarized RCTE cells (Figure 5D). The pattern

in odontoblasts was reversed with a greater fraction of puncta in

the cell body (90%), yet retaining a quantifiable fraction in cilia

(10%) (Figure 5D). Both cell types had similar numbers of ciliated

cells (RCTE 82%; MO6-G3 93%), although the average cilia

length was different (RCTE 6.10 mm; MO6-G3 0.49 mm). Both

RCTE and MO6-G3 had a similar percentage of primary cilia

containing puncta: RCTE 53.4%; MO6-G3 62.6% (Figure 5E).

Taken in conjunction with previous data showing PC1 and PC2

interact in primary cilia [11] and PC2 forms a ciliary signaling

complex with EGFR [7], these data indicate that PC1 and PC2

likely form a three way complex with EGFR in cilia.

Mutant PC1 results in decreased ciliary localizations of
PC2, OFD1, EGFR and flotillin-1

Given the shared disease pathologies caused by mutant OFD1

and PKD genes, we tested if the expression of a mutant

component of our defined ciliary signaling complex would in turn

affect the formation and/or stability of these specialized complex-

es. In cells from patients with ADPKD, expression of mutant PC1

often results in its absence from primary cilia [31]. Immunolocal-

ization studies were therefore performed on cells from human

ADPKD patients with expression of mutant PC1 (Q4004X) [32].

In these cells, there was reduced expression not only of PC1, but

also of the associated PC2, EGFR, and flotillin-1 proteins along

the shaft of primary cilia (Figure 6A–H). Quantification of

multiple data sets verified statistically significant reductions (p,

0.0001 for PC1, PC2, and flotillin-2; p = 0.0105 for EGFR) in all

components of the complex (Figure 6I–L). A small residual pool of

EGFR was sometimes detectable at the ciliary base. OFD1

localization to primary cilia was also significantly decreased in

PKD cells as compared to RCTE cells (p,0.0001; data not

shown). As further confirmation, we also analyzed OFD1

localization in primary human normal kidney and PKD

(46M06) cells. Whilst OFD1 localized to primary cilia of primary

normal proximal tubular epithelial cells (RPTEC) cells, it was

significantly decreased (P,0.0036) in primary cilia of 46M06 cells

(Figure 7B and Figure S3).

Biochemical deciliation experiments were used to independently

verify that all components of the identified ciliary complex were

decreased in an interdependent manner when polycystin-1 is

mutant. Polarized RCTE and PKD (Q4004X) cells were

deciliated using Dibucaine-HCL and isolated ciliary fractions

analyzed by immunoblot. Quantification of OFD1, EGFR, and

flotillin-1 protein levels relative to a/b-tubulin levels confirmed

that all components were reduced in the ciliary fraction of the

PKD cells as compared to RCTE cells (Figure 8). These data

further substantiate the conclusion that the OFD1-EGFR-flotillin

complex is lost from cilia in cells with mutant PC1. While siRNA-

mediated ablation of OFD1 and PC1 were attempted in renal

epithelia and odontoblasts, these studies were complicated by the

fact that OFD1 is necessary for ciliogenesis and therefore siRNA

knockdown must be performed after cells are fully polarized and

have cilia. Under these conditions, a population of OFD1

remained resident in primary cilia even after 48 h of siRNA-

mediated knockdown precluding accurate interpretation. The

composite data demonstrate that the proteins are organized into a

functional complex that is disrupted when polycystin-1 is mutant

or absent.

Discussion

The data presented here identify the presence of a ciliary

signaling complex that is conserved between cells of kidney tubules

and the oral cavity. We show that this complex consists of the

polycystins (PC1 and PC2), the OFD1 ciliopathy disease gene

product, the EGFR receptor tyrosine kinase and the membrane

raft organizing flotillin proteins. Moreover, we demonstrated that

when one of these proteins is mutant it changes the assembly or

stability of the entire ciliary signaling complex in the affected cell

type, suggestive of co-assembly into a common domain. Indeed,

the decreased expression of OFD1 in primary cilia when PC1 is

mutant offers a molecular basis for some of the common

pathologies of OFD and ADPKD.

There are two molecular explanations for the finding that

mutant PC1 results in reductions of OFD1 and other key signaling

proteins in primary cilia that immediately come to mind. First,

PC1 and OFD1 may have interdependent roles in the ciliary

transport and/or targeting of the proteins in the complex. Second,

PC1 may be essential for stabilizing the complex within the ciliary

membrane. Based on the fact that the levels of OFD1, PC2 and

flotillins were more significantly affected than EGFR, it is possible

that OFD1, PC2 and the flotillins are highly dependent on

functional PC1 for ciliary delivery and stabilization whereas

EGFR may arrive at the primary cilium independently of PC1 but

relies on functional PC1 for integration into ciliary signaling

protein assemblies. During cell division OFD1 localizes to

centrosomes, and later to basal bodies and the shaft of primary

cilia in polarized differentiated cells. Thus, OFD1 like the

polycystins may have multiple functions that are tied to different

locations and protein-protein interactions [2,3,33].

OFD1 functions at the base of cilia to control ciliogenesis

through interactions with intraflagellar transport and possibly

vesicle docking machineries. The functional importance of OFD1

in recruitment of IFT components is reflected in that the loss of

either OFD1 or IFT88 results in similar phenotypes [4,8–10]. The

coiled-coil domains 2 through 4 of OFD1 interact with IFT88 and

recruit IFT particles to the distal appendages of centriolar

satellites, which are necessary for initiation of ciliogenesis [12].

New studies indicate autophagy is subsequently required for the

selective removal of OFD1 from centriolar satellites to allow

ciliogenesis to proceed [34]. Distal appendages are also implicated

in the trafficking and docking of ciliary vesicles carrying

membrane constituents [35–38]. If ciliary vesicle docking at the

distal appendages requires an interaction between PC1 and

OFD1, it is conceivable that the ciliary localizations of multiple

components of a preassembled complex would be similarly

affected. The C2 calcium-dependent domain containing 3

(C2cd3) protein is another essential regulator of primary cilium

biogenesis that localizes to distal appendages, though how C2cd3

is integrated with OFD1 regulated ciliogenesis remains to be

dissected [39]. Thus, the diminished OFD1 localization to cilia

when PC1 is mutant may adversely affect both ciliogenesis and

OFD1, Polycystins, EGFR and Flotillins Form Ciliary Microdomain
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Figure 5. PC1 and EGFR interact in the primary cilium of MO6-G3 and RCTE cells. Polarized MO6-G3 (A) and RCTE (B) cells were grown on
coverslips 5 days post-confluency. Cells were incubated with antibodies against PC1 (Santa Cruz mAb) and EGFR (GeneTex pAb), followed by Duolink
PLA Probes to identify points of PC1-EGFR interaction. Cilia identified by acetylated a-tubulin (Sigma-Aldrich mAb). Identical experiments performed
without PC1 antibody are negative for fluorescent signal (C). Top panel shows XY plane, bottom panel shows XZ plane. Images from confocal
microscope (636 objective). Scale bar is 5 mm. Quantification of puncta in 3 representative images (11–29 cells/field) from 2 independent
experiments (D). Quantification of cilia containing PLA puncta (E). Puncta in cilia were counted based on colocalization with acetylated a-tubulin.
Statistical evaluation based on two-tailed t-test. p = 0.0194.
doi:10.1371/journal.pone.0106330.g005
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Figure 6. Key ciliary signaling proteins are significantly reduced in primary cilia of PKD cells. Human RCTE and PKD Q4004X cells (with
expression of mutant PC1) were grown on coverslips 5 days post-confluency to permit ciliogenesis. Cells were fixed and stained using antibodies
directed against indicated proteins: PC1 (NM002 pAb); PC2 (AbCam pAb); EGFR (GeneTex pAb); and flotillin-1 (AbCam pAb). PC1 (A), PC2 (C), EGFR (E)
and flotillin-1(G) are present in primary cilia of RCTE cells. PC1 (B), PC2 (D), EGFR (F) and flotillin-1 (H) were lacking in primary cilia of PKD Q4004X cells.
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ciliary function based on the dual roles OFD1 has in regulating

intraflagellar transport components and membrane vesicles.

The fact that loss of ciliary PC1 led to decreased OFD1

localization to the ciliary shaft suggests that polycystins might also

serve to promote stable association of OFD1 with the ciliary

membrane. OFD1 contains five coiled coil domains [5]; and it is

possible that these domains have roles beyond enabling the distal

appendage localization of OFD1. For example, interactions with

coiled coil domains in the polycystins might mediate delivery to

and stable localization in the ciliary shaft [3]. Support for this

speculation is provided by previous reports showing PC1 and PC2

also contain CC domains that mediate their interaction, and are

important for their ciliary localization [40,41]. Further character-

izing the molecular basis for the interaction between membrane

proteins (such as polycystins) and soluble proteins (such as OFD1)

at the distal appendages and within the ciliary shaft will be

important to distinguish the role(s) of polycystin-1 in complex

transport and/or stabilization.

Our demonstration that the flotillins localize to primary cilia of

renal epithelia and odontoblasts and flotillin-2 interacts with the

polycystins, EGFR and OFD1 in both cell types is extremely

exciting for several reasons. The presence of the flotillins in cilia

supports previous speculation regarding commonalities between

basolateral membrane, immune synapse and cilia membrane

organization [6,42,43]. Flotillins are important in the formation of

ordered membrane domains in hematopoietic cells where they are

critical for cell polarization and lymphoid immune synapse

formation [18,44,45]. In polarized Madin-Darby canine kidney

cells, both flotillin-1 and -2 have a non-polarized distribution.

Additionally, the flotillins were suggested to have a role in

polarization that is restricted to hematopoietic cells [44]. However,

as we showed in human renal epithelial cells flotillins bind

cholesterol and organize the polycystins, E-cadherin, tyrosine

Acetylated a-tubulin (Sigma-Aldrich mAb) staining identifies cilia. Arrows denote a small residual pool of EGFR detectable at the ciliary base of PKD
cells. Zeiss LSM510 confocal microscope images (636 objective). Representative results from at least 5 independent experiments. Comparative
images are from a single experiment and taken under identical settings. Arrows denote cilia. Scale bar 10 mm. Quantification shows individual ciliary
protein intensities normalized to the respective ciliary volume (I–L). Each protein was quantified in 30–100 cilia for each cell type. z-stack images were
imported into SlideBook and a volume mask for each cilium was created based on acetylated a-tubulin staining. Staining intensities for each protein
were quantified within the respective ciliary volume mask. Statistical evaluation based on two-tailed t-test. (*) p = 0.0105, (***) p,0.0001.
doi:10.1371/journal.pone.0106330.g006

Figure 7. OFD1 ciliary localization is altered in human primary cell lines. Human primary renal proximal tubule epithelial cells (RPTEC) and
PKD (44M06) cells were grown on glass coverslips 5 days post confluency to allow for ciliogenesis, fixed and stained using an antibody directed
against OFD1 (Santa Cruz pAb). OFD1 localizes to primary cilia in RPTEC cells (A) but is diminished in primary cilia PKD 46M06 cells (B). Acetylated a-
tubulin (Sigma-Aldrich mAb) staining identifies cilia. Zeiss LSM510 confocal microscope images (636 objective). Representative results from 3
independent experiments. Comparative images are from a single experiment and taken under identical settings. Arrows denote cilia. Scale bar 10 mm.
Quantification shows OFD1 staining intensities normalized to ciliary volumes, performed as detailed in methods and Figure 6 (C). z-stack images were
imported into SlideBook and a mask for the cilia was created based on acetylated a-tubulin staining. Statistical evaluation based on two-tailed t-test.
(**) p = 0.0036.
doi:10.1371/journal.pone.0106330.g007
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kinases and phosphatases at the lateral membrane [20]. As shown

in this work, flotillins may also organize the polycystins, EGFR

and OFD1 in primary cilia into specialized domains. The fact that

ciliary EGFR levels were was less compromised than the other

components is interesting and suggests that the tyrosine kinase

may move in and out of cholesterol based raft domains organized

by flotillins and that this is likely to have functional importance in

regulating ciliary signaling.

Flotillins play a major role in the fidelity of cell signaling and

EGFR function [46–48]. Knockdown of flotillin-2 disrupts

localization and phosphorylation of EGFR and activation of

downstream MAPK signaling components [22]. However, in

breast cancer cells with mutant PIK3CA, a well-known down-

stream target of EGFR signaling, knockdown of flotillin-1 causes

an upregulation of EGFR and hyperactivation of MAPK

signaling. These data indicate that the flotillins have dual roles

in enabling receptor tyrosine kinase activation and downstream

signaling, as well as in restraining signaling components such as

PIK3CA in an inactive state [49]. The importance of ciliary

organization of EGFR signaling is further reinforced by recent

studies showing that when cilia are ablated, EGFR mediated

activation of apical calcium channels is increased 64-fold [50].

Similarly, in inner medullary collecting duct cells (IMCD-3)

primary cilia were found to restrain interaction and cross-talk

between G-protein coupled receptors, which are also known to

cross-talk with receptor tyrosine kinases [51,52]. Hence, it appears

likely that the flotillins have an important role in the control of

ciliary signaling that extends beyond a purely scaffolding function.

Notably, the upshift in molecular weight of flotillin proteins in the

complex is suggestive of post-translational modifications that may

be important in their regulation of specific signaling events.

In addition to EGFR, there are growing numbers of receptor

tyrosine kinases identified in primary cilia of epithelia, neuronal

cells and fibroblasts [52]. Of particular interest are the expression

of RON kinase in motile cilia of airway epithelia and the

documented cooperation between EGFR, RON and Met [53–55].

Emerging data from studies in human embryonic kidney cells and

in breast, lung and colorectal cancer cells indicate that the RON

kinase interacts with EGFR and may contribute to direct

transcriptional regulation [56,57]. The connections between

RON, Met and EGFR are intriguing because both Met and

EGFR are pivotal in cystogenesis [58–60]. Counterbalancing the

activities of receptor tyrosine kinases are receptor protein

phosphatases, with members of the LAR family shown to be

present in cilia of renal epithelia [21]. Additional regulation may

occur at the level of proteasomal degradation at the ciliary base

[57]. Therefore, the present studies lay the groundwork for how

receptor tyrosine kinases may be organized in cilia and warrant an

expanded characterization to determine how receptor protein

kinases and phosphatases along with other signaling proteins may

interact with or be co-assembled with the flotillin-EGFR-

polycystin-OFD1 protein complexes characterized here.

In sum, our findings of a protein complex containing the

polycystins, flotillins, EGFR and OFD1 in cilia of both renal and

dental cells provides evidence for the existence of ciliary signaling

microdomains. The requirement for the integrity of the complex

provides a plausible molecular rationale for the commonalities

between craniofacial disorders and cystic kidney disease and

Figure 8. Expression of PC1, OFD1, EGFR, and Flotillin-1 is decreased in ciliary fractions of PKD cells compared to RCTE cells. RCTE
cells and PKD Q4004X cells were grown 6 days post-confluency to allow for cell polarization and ciliogenesis and treated with 1.5 mM Dibucaine-HCl
for 5 minutes to reduce cell loss and induce shedding of primary cilia. Cilia were collected by fractionation and the ciliary fraction was probed. PC1
(MN032 pAb), OFD1 (Novus Biologicals pAb), EGFR (GeneTex pAb), and flotillin-1 (BD Transduction mAb) were expressed in the ciliary fraction of
deciliated RCTE cells but not PKD cells. a/b-tubulin (Cell Signaling pAb) was used as a marker of primary cilia. The nuclear marker lamin B (Santa Cruz
pAb) was not present in the ciliary fraction (A). Quantification of 3 independent samples (B). Mean values were found to be statistically different (p,
0.0001) using 1-way ANOVA.
doi:10.1371/journal.pone.0106330.g008
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informs strategies for the development of potential therapeutic

interventions that stabilize protein complexes.

Materials and Methods

Cells and Reagents
Dental pulp-derived odontoblasts were used as representative

neural crest derived cells from the oral cavity. The previously

characterized MO6-G3 immortalized mouse dental pulp-derived

odontoblast cell line was used as described [61]. MO6-G3 cells

were grown in alpha-MEM supplemented with 10% FCS, 100

units/ml penicillin and streptomycin, 50 mg/ml ascorbic acid at

33uC in a humidified atmosphere of 95% air and 5% CO2, with

media changes every two days. The previously characterized PKD

Q4004X PKD cells [32] were a generous gift from Dr. Robert

Bacallao (Indiana University School of Medicine, Indianapolis,

IN). Primary human cell line 46M06 was obtained from renal cysts

of an ADPKD kidney. Human cell lines from renal cortical

tubular epithelia (RCTE) were immortalized and cultured as

previously described (Nauli, 2006, Ward 2011). Renal proximal

tubule cells (RPTEC) were purchased from Lonza (Walkersville,

MD) and cultured using RCTE conditions. Cell culture reagents

were purchased from Invitrogen/Gibco (Carlsbad, CA). Primary

antibodies were purchased from the following vendors: mouse

mAb directed against acetylated a-tubulin (Sigma-Aldrich T7451,

St. Louis, MO); rabbit pAb directed against a/ß-tubulin (Cell

Signaling Technology #2148, Danvers, MA); mouse mAb anti-

actin, clone C4 (Millipore #MAB1501, Temecula, CA); goat pAb

directed against Lamin B (Santa Cruz sc-6217, Santa Cruz, CA);

rabbit pAb directed against PC1 NM005 raised by immunizing

rabbits with a distal carboxy-terminal fragment of polycystin-1

(amino acids 4070-4302) (Roitbak, 2004); rabbit anti-PC1 NM002

and NM032 raised in rabbits immunized with a peptide

corresponding to aa 3633–3645 of human PC1, and with an N-

terminal cysteine (CKRLHPDEDDTLVE; Suzanna Horvath,

California Institute of Technology, Pasadena, CA). The peptide

was conjugated to keyhole limpet hemocyanin using benzoqui-

none and was used to immunize rabbits NM002 and NM032

(Covance, Denver, PA). For affinity purification, the same peptide

was conjugated to Sulfalink gel (#20401; Pierce) according to the

manufacturer’s instructions (1 mg peptide/1 ml resin bed volume).

Ten milliliters NM002 serum was incubated with 5 ml resin and

washed to remove unbound immunoglobulin and serum proteins.

Bound immunoglobulin was eluted with 0.1 M glycine (pH 2.5),

immediately neutralized with Tris base, and used for immuno-

blotting and immunostaining experiments at a concentration of

10 mg/ml. (Ward, 2011); mouse mAb anti-polycystin-1 (Santa

Cruz Biotechnology sc-130554, Santa Cruz, CA); rabbit pAb anti-

polycystin-2 (AbCam ab78622, Cambridge, MA); rabbit pAb anti-

polycystin-2 (Santa Cruz Biotechnology sc25749, Santa Cruz,

CA); rabbit pAb anti-EGFR (GeneTex GTX121919, Irvine, CA);

rabbit pAb anti-EGFR (Santa Cruz Biotechnology sc-03, Santa

Cruz, CA); rabbit pAb anti-ErbB2 (US Biological E3451-27,

Swampscott, MA); rabbit mAb anti-ErbB2 (Epitomics #2064-1,

Burlingame, CA); rabbit pAb anti-OFD1 (Novus Biologicals

NBP1-89355, Littleton, CO); goat pAb anti-OFD1 (Santa Cruz

Biotechnology sc-168837, Santa Cruz, CA); rabbit pAb anti-

Flotillin-1 (AbCam ab-50671, Cambridge, MA); mouse mAb anti-

Flotillin-1 (BD Transduction Laboratories 610820, San Jose, CA);

rabbit mAb anti-Flotillin-2 (Cell Signaling Technology #3436,

Boston, MA); mouse mAb anti-Flotillin-2 (BD Transduction

Laboratories 610383, San Jose, CA); ECL Anti-Rabbit IgG-

HRP (GE Healthcare NA934V, Little Chalfont, Buckingham-

shire); ECL Anti-Mouse IgG-HRP (GE Healthcare NA931V,

Little Chalfont, Buckinghamshire); donkey anti-goat IgG-HRP

(Santa Cruz sc-2020, Santa Cruz, CA); Rabbit TrueBlot ULTRA:

Anti-Rabbit Ig HRP (eBioscience 18–8816, San Diego, CA);

Mouse TrueBlot ULTRA: Anti-Mouse Ig HRP (eBioscience 18–

8817, San Diego, CA); mouse IgG2a, k mouse isotype control

(Sigma-Aldrich M5409, Saint Louis, MO) normal rabbit IgG

isotype control (Santa Cruz Biotechnology sc2027, Santa Cruz,

CA). The following fluorophore-conjugated secondary antibodies

(Alexa Fluor dyes) were used for immunofluorescence assays:

Alexa Fluor 488 Donkey Anti-Mouse IgG (Invitrogen A-21202,

Grand Island, NY); Alexa Fluor 488 Donkey Anti-Rabbit IgG

(Invitrogen A-21206, Grand Island, NY); Alexa Fluor 555 Donkey

Anti-Mouse IgG (Invitrogen A-31570, Grand Island, NY); Alexa

Fluor 488 Donkey Anti-Goat IgG (Invitrogen A-11055, Grand

Island, NY); Alexa Fluor 555 Donkey Anti-Rabbit IgG (Invitrogen

A-31572, Grand Island, NY); Alexa Fluor 647 Donkey Anti-

Mouse IgG (Invitrogen A-31571, Grand Island, NY); Alexa Fluor

647 Donkey Anti-Rabbit IgG (Invitrogen A-31573, Grand Island,

NY); Alexa Fluor 647 Donkey Anti-Goat IgG (Invitrogen A-

21082, Grand Island, NY).

Immunofluorescence Staining
For ciliary immunolocalization experiments, cells were grown

on glass coverslips or 0.4 mm filter supports (Falcon-BD 353090,

Franklin Lakes, NJ) for 4–6 days post-confluence and fixed with

3% paraformaldehyde (PFA) and processed for immunostaining as

previously described [6]. Briefly, cells were permeabilized using

0.1% Triton-X 100 in 0.2% cold fish gelatin (blocking agent), and

primary and secondary antibody incubations were performed in a

humidified chamber at 37uC. Cells were labeled with antibodies

directed against OFD1, EGFR, ErbB2, PC1, PC2, or flotillin-1.

Cells were co-labeled with anti-acetylated a-tubulin or anti-a/b-

tubulin to identified primary cilia. Controls for specificity and

auto-fluorescence included staining with secondary antibodies

alone. Ciliary colocalization of proteins with acetylated a-tubulin

was defined as exhibiting colocalization of the two signals across at

least two pixels within the cilium as imaged in the confocal Z-stack

data. Confocal immunofluorescence images were collected using a

Zeiss LSM510 or Zeiss LSM 510-META laser-scanning confocal

microscope (Carl Zeiss, Thornwood, NY) with 40x, 1.3 numerical

aperture (NA) or 63x, 1.4 NA oil immersion objectives. LSM 510

Image Acquisition software (Carl Zeiss) was used to acquire

images. Confocal Z-stacks were processed with the Zeiss Image

Browser or Voxx2 (provided freely for noncommercial use by the

Indiana Center for Biological Microscopy, Indianapolis, IN, www.

nephrology.iupui.edu/imaging/voxx/index.htm), and assembled

using Adobe Photoshop and Illustrator (Adobe, San Jose, CA).

Quantification was performed by importing z-stack images (all

taken at identical settings) into SlideBook software (Intelligent

Imaging) and creating a ciliary mask based on acetylated a-tubulin

staining. Ciliary marker (OFD1, PC1, PC2, flotillin-1 and EGFR)

staining intensities within the ciliary mask were quantified and

normalized based on ciliary volume. At least 30–100 cilia were

quantified from multiple experiments.

Movies were generated using the movie maker feature in Voxx2

software, and converted to .avi and .mpg file formats using

QuickTime Player (Apple, Cupertino, CA) and TMPGEnc

(Pegasys, Tokyo, Japan), respectively.

Transient transfections with flotillin-2-GFP or GFP-OFD1
Flotillin-2–EGFP (where EGFP stands for enhanced green

fluorescent protein) encoding full-length rat reggie-1 fused in

frame at the C-terminus to EGFP was provided by Dr. Ritva

Tikkanen [47]. GFP-OFD1 encoding full-length OFD1 fused in
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frame at the N-terminus to pEGFP-N1 vector [3] was provided by

Dr. Andrew Fry. Cells were plated at confluency on filter supports

and cultured as described above 4–6 d post-confluency to ensure

ciliogenesis. Transfections were performed by electroporation

(iPoration-Primax Biosceinces, Menio Park, CA) according to the

manufacturer’s instructions. The iPorator (Primax Biosciences,

Inc.) yields 50–60% transfection efficiency in both cell types

(Figure S4). Flotillin-2-GFP and GFP-OFD1 transfection efficien-

cy of ,40% was consistently observed. Cells were fixed with 3%

PFA 16 h post-transfection, and viewed directly or processed for

co-immunostaining.

Proximity Ligation Assay (PLA)
PCR-based visualization was performed using Duolink II

Rabbit/Mouse Red Kit (Olink Bioscience #92101) following

manufacturer’s instructions. Primary antibodies used were: rabbit

anti-EGFR (GeneTex, Irvine, CA) and anti-polycystin-1 (Santa

Cruz Biotechnology, Santa Cruz, CA).

Immunoprecipitations
Cells were grown 3–5 days post-confluency to ensure cilial

formation. Cells were washed in PBS and lysed on ice in lysis

buffer (0.5% NP40, 10 mM Tris-HCL pH 7.4, 150 mM NaCl,

5 mM EDTA, 50 mM NaF, 1 mM Na3VO4, 60 mM n-Octyl-b-

D-glucopyranosid (AppliChem A1010, Saint Luios, MO), supple-

mented with protease inhibitor cocktail (Calbiochem/EMD

Chemicals, Gibbstown, NJ). Lysates were precleared by centrifu-

gation at 10,000 rpm in an Eppendorf microcentrifuge for

10 minutes and pretreated with protein G Sepharose or protein

A Sepharose (Amersham Biosciences/GE Healthcare, Piscataway,

NJ); 500 mg of total protein was used for immunoprecipitations.

500 mg cell lysate/40 mg protein A Sepharose or protein G

Sepharose at 4uC for 3 hours on a rotator. Precleared lystate

supernatant was transferred to a clean microfuge tube and

incubated with 1–3 mg of antibody directed against specified

protein at 4uC for 2 hours with gentle rotation. Antibody

complexes were recovered by incubation with Protein G or

Protein A Sepharose beads at 4uC overnight. The immunopre-

cipitates were washed three times in lysis buffer and supplemented

with SDS-PAGE loading buffer, heated for 5 minutes at 94uC,

and resolved by SDS gel electrophoresis.

Deciliation Assay
Renal epithelial cells were deciliated using 1.5 mM dibucaine-

HCL for 5 minutes or 5 mM dibucaine-HCL in culture media for

5 minutes or 15 minutes, both of which rapidly and selectively

caused the intact shedding of primary cilia from the cell surface as

was observed previously for IMCD3 cells [62,63]. Dibucaine

treatment conditions were optimized by testing different concen-

trations and treatment times with the goal of promoting cilial

release without cell detachment. A stock solution of dibucaine HCl

(25 mM) was diluted to 1.5 mM or 5 mM in Tyrodes balanced

salt solution. RCTE and MO6-G3 cells were grown on 60 mM

collagen-1 coated cell culture dishes for 5–6 days post-confluency

to allow for ciliogenesis. Media was aspirated and cells were

washed three times in PBS+. Dibucaine was then added for 5–

15 minutes with agitation causing deciliation. Tyrodes/dibucaine-

HCl solution containing the cilia were then collected and

centrifuged at 850 gmax for 10 minutes to collect cell bodies.

The supernatant containing the ciliary fraction was collected and

cilia were harvested by centrifugation at 28,000 gmax for

30 minutes. Supernatant was removed and pellet containing

ciliary fraction was resuspended using 30 ml of lysis buffer and

run on a SDS-PAGE gel.

Statistical Analysis
For biochemical assays, means and standard errors were used to

summarize the data from each experiment. For immunofluores-

cence experiments a minimum of 30–100 cells/condition were

counted. All experiments were repeated at least three times. For

immunoprecipitations comparisons across groups were made using

One-way analysis of variance (ANOVA) to determine whether the

group means were significantly different. When significant

differences in group means are found, post-hoc multiple compar-

ison tests (e.g., Tukey’s test) were used to determine which groups

are significantly different from one another. For protein expression

analyses and immunofluorescence quantifications differences were

analyzed by unpaired, two-tailed Student’s t test. GraphPad Prism

version 5.0 was used to perform statistical analyses.

Supporting Information

Figure S1 Two Protein Co-Localization in Primary Cilia
of RCTE. Flotillin-2 was transiently transfected into polarized

RCTE and cells and then fixed and stained using the AbCam pAb

against PC2 (A) or the GeneTex pAb against EGFR (B), Polarized

RCTE cells were fixed and stained using the GeneTex pAb

against EGFR and NM002 pAb against PC1 (C). Acetylated a-

tubulin (Sigma-Aldrich mAb) labeling identifies cilia. Zeiss

LSM510 confocal microscope images (636 objective). Arrows

denote the protein of interest within a cilium. Representative

results from at least 3 independent experiments. Secondary

antibody only controls were negative (not shown). Scale bar

10 mm.

(TIF)

Figure S2 Deciliation of RCTE cells. Polarized renal

epithelial cells were treated with 5 mM Dibucaine-HCl for

15 minutes causing the cells to shed their primary cilia. Cilia

were collected by fractionation and the ciliary fraction was probed.

PC1 (NM032 pAb), PC2 (Santa Cruz pAb), and EGFR (Santa

Cruz pAb) were expressed in the ciliary fraction of deciliated

RCTE cells. The nuclear marker lamin B (Santa Cruz pAb) was

not present in the ciliary fraction. Representative results from 4

independent experiments. a/b-tubulin was used as a marker of

primary cilia.

(TIF)

Figure S3 OFD1 Reduced in Primary Cilia of PKD
46M06 Cells. Polarized 46M06 PKD cells were fixed and

stained using an antibody directed against OFD1 (Novus

Biologicals pAb). Acetylated a-tubulin (Sigma-Aldrich mAb)

labeling identifies cilia. 636 objective with no zoom (A), 636
zoomed in image of panel A cilia marked with arrows (B), 636
zoomed in images of separate fields of view (C–D). Zeiss LSM510

confocal microscope images. Representative results from at least 3

independent experiments. Secondary antibody only controls were

negative (not shown). Scale bar 10 mm.

(TIF)

Figure S4 iPoration yields high transfection efficiencies
for plasmid expression vectors and siRNA in post-
confluent, polarized MO6-G3 and RCTE cells. MO6-G3

odontoblasts are an inherently more difficult cell line to transfect.

This problem is compounded further by the necessity to transfect

these cells after they are 100% confluent and have a completely

polarized phenotype with very tight cell-cell contacts. With

iPoration transfection efficiencies were 60–70% for FITC-labeled

siRNA and 40–60% for flotillin-2-GFP in both MO6-G3 and

RCTE cell types. As a comparison, traditional lipofection using
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Lipofectamine 2000 (Life Technologies) resulted in transfection

efficiencies that were consistently ,10%.

(TIF)

Movie S1 PC1 and EGFR interact within primary cilia
of RCTE cells. Polarized RCTE cells were grown on coverslips 5

days post-confluency. Cells were incubated with antibodies against

PC1 (Santa Cruz mAb) and EGFR (GeneTex pAb), followed by

Duolink PLA Probes to identify points of PC1-EGFR interaction

(red). Cilia identified by acetylated a-tubulin (green). Movie

generated using Voxx2 (provided freely for noncommercial use by

the Indiana Center for Biological Microscopy, Indianapolis, IN,

www.nephrology.iupui.edu/imaging/voxx/index.htm). Scale bar

is 5 mm.

(MPG)

Acknowledgments

We thank the Spatiotemporal Modeling Center (STMC) at the University

of New Mexico and UAB Global Center for Craniofacial Oral and Dental

Disorders. Some experiments used the facilities or services provided by the

Keck-UNM Genomics Resource, a facility supported by the State of New

Mexico and the UNM Cancer Center. Images were generated and

quantified in the University of New Mexico Cancer Center Fluorescence

Microscopy Facility, supported by P30 CA118100. Diane Lidke,

Genevieve Phillips, Carolyn Pehlke, Tamara Howard and Jason Byars

are thanked for helpful discussions.

Author Contributions

Conceived and designed the experiments: SJ HHW AWN. Performed the

experiments: SJ. Analyzed the data: SJ HHW AWN. Contributed

reagents/materials/analysis tools: HHW RL CAML. Wrote the paper:

SJ HHW AMF MM AWN.

References

1. Feather SA, Winyard PJ, Dodd S, Woolf AS (1997) Oral-facial-digital syndrome

type 1 is another dominant polycystic kidney disease: clinical, radiological and

histopathological features of a new kindred. Nephrol Dial Transplant 12: 1354–

1361.

2. Jerman S, Wandinger-Ness A, Ward HH (2013) Polycystins and the

Pathophysiology of ADPKD. In: Bacallao RL, and Gattone II., V.H., editor.

Polycystic Kidney Disease 1st edition electronic book. UK: Future Science

Group.

3. Romio L, Fry AM, Winyard PJ, Malcolm S, Woolf AS, et al. (2004) OFD1 is a

centrosomal/basal body protein expressed during mesenchymal-epithelial

transition in human nephrogenesis. J Am Soc Nephrol 15: 2556–2568.

4. Thivichon-Prince B, Couble ML, Giamarchi A, Delmas P, Franco B, et al.

(2009) Primary cilia of odontoblasts: possible role in molar morphogenesis.

J Dent Res 88: 910–915.

5. Giorgio G, Alfieri M, Prattichizzo C, Zullo A, Cairo S, et al. (2007) Functional

characterization of the OFD1 protein reveals a nuclear localization and physical

interaction with subunits of a chromatin remodeling complex. Mol Biol Cell 18:

4397–4404.

6. Ward HH, Brown-Glaberman U, Wang J, Morita Y, Alper SL, et al. (2011) A

conserved signal and GTPase complex are required for the ciliary transport of

polycystin-1. Mol Biol Cell 22: 3289–3305.

7. Ma R, Li WP, Rundle D, Kong J, Akbarali HI, et al. (2005) PKD2 functions as

an epidermal growth factor-activated plasma membrane channel. Mol Cell Biol

25: 8285–8298.

8. Zullo A, Iaconis D, Barra A, Cantone A, Messaddeq N, et al. (2010) Kidney-

specific inactivation of Ofd1 leads to renal cystic disease associated with

upregulation of the mTOR pathway. Hum Mol Genet 19: 2792–2803.

9. Ohazama A, Haycraft CJ, Seppala M, Blackburn J, Ghafoor S, et al. (2009)

Primary cilia regulate Shh activity in the control of molar tooth number.

Development 136: 897–903.

10. Yoder BK, Tousson A, Millican L, Wu JH, Bugg CE Jr., et al. (2002) Polaris, a

protein disrupted in orpk mutant mice, is required for assembly of renal cilium.

Am J Physiol Renal Physiol 282: F541–552.

11. Yoder BK, Hou X, Guay-Woodford LM (2002) The polycystic kidney disease

proteins, polycystin-1, polycystin-2, polaris, and cystin, are co-localized in renal

cilia. J Am Soc Nephrol 13: 2508–2516.

12. Singla V, Romaguera-Ros M, Garcia-Verdugo JM, Reiter JF (2010) Ofd1, a

human disease gene, regulates the length and distal structure of centrioles. Dev

Cell 18: 410–424.

13. Tran PV, Talbott GC, Turbe-Doan A, Jacobs DT, Schonfeld MP, et al. (2014)

Downregulating Hedgehog Signaling Reduces Renal Cystogenic Potential of

Mouse Models. J Am Soc Nephrol.

14. Nait Lechguer A, Couble ML, Labert N, Kuchler-Bopp S, Keller L, et al. (2011)

Cell differentiation and matrix organization in engineered teeth. J Dent Res 90:

583–589.

15. Miettinen PJ, Chin JR, Shum L, Slavkin HC, Shuler CF, et al. (1999) Epidermal

growth factor receptor function is necessary for normal craniofacial development

and palate closure. Nat Genet 22: 69–73.

16. Otto EA, Ramaswami G, Janssen S, Chaki M, Allen SJ, et al. (2011) Mutation

analysis of 18 nephronophthisis associated ciliopathy disease genes using a DNA

pooling and next generation sequencing strategy. J Med Genet 48: 105–116.

17. Suda N, Kitahara Y, Ohyama K (2006) A case of amelogenesis imperfecta, cleft

lip and palate and polycystic kidney disease. Orthod Craniofac Res 9: 52–56.

18. Salzer U, Prohaska R (2001) Stomatin, flotillin-1, and flotillin-2 are major

integral proteins of erythrocyte lipid rafts. Blood 97: 1141–1143.

19. Neumann-Giesen C, Falkenbach B, Beicht P, Claasen S, Luers G, et al. (2004)

Membrane and raft association of reggie-1/flotillin-2: role of myristoylation,

palmitoylation and oligomerization and induction of filopodia by overexpres-

sion. Biochem J 378: 509–518.

20. Roitbak T, Surviladze Z, Tikkanen R, Wandinger-Ness A (2005) A polycystin

multiprotein complex constitutes a cholesterol-containing signalling microdo-

main in human kidney epithelia. Biochem J 392: 29–38.

21. Boucher CA, Ward HH, Case RL, Thurston KS, Li X, et al. (2011) Receptor

protein tyrosine phosphatases are novel components of a polycystin complex.
Biochim Biophys Acta 1812: 1225–1238.

22. Amaddii M, Meister M, Banning A, Tomasovic A, Mooz J, et al. (2012) Flotillin-
1/reggie-2 protein plays dual role in activation of receptor-tyrosine kinase/

mitogen-activated protein kinase signaling. J Biol Chem 287: 7265–7278.

23. Qian F, Boletta A, Bhunia AK, Xu H, Liu L, et al. (2002) Cleavage of

polycystin-1 requires the receptor for egg jelly domain and is disrupted by

human autosomal-dominant polycystic kidney disease 1-associated mutations.
Proc Natl Acad Sci U S A 99: 16981–16986.

24. Merrick D, Bertuccio CA, Chapin HC, Lal M, Chauvet V, et al. (2013)
Polycystin-1 cleavage and the regulation of transcriptional pathways. Pediatr

Nephrol.

25. Vieira OV, Gaus K, Verkade P, Fullekrug J, Vaz WL, et al. (2006) FAPP2,

cilium formation, and compartmentalization of the apical membrane in

polarized Madin-Darby canine kidney (MDCK) cells. Proc Natl Acad Sci U S A
103: 18556–18561.

26. Kang RS, Folsch H (2009) An old dog learns new tricks: novel functions of the
exocyst complex in polarized epithelia in animals. F1000 Biol Rep 1: 83.

27. Goetz SC, Anderson KV (2010) The primary cilium: a signalling centre during
vertebrate development. Nat Rev Genet 11: 331–344.

28. Van Adelsberg J, Chamberlain S, D’Agati V (1997) Polycystin expression is
temporally and spatially regulated during renal development. Am J Physiol 272:

F602–609.

29. Geng L, Burrow CR, Li HP, Wilson PD (2000) Modification of the composition
of polycystin-1 multiprotein complexes by calcium and tyrosine phosphorylation.

Biochim Biophys Acta 1535: 21–35.

30. Thymiakou E, Episkopou V (2011) Detection of signaling effector-complexes

downstream of bmp4 using PLA, a proximity ligation assay. J Vis Exp.

31. Xu C, Rossetti S, Jiang L, Harris PC, Brown-Glaberman U, et al. (2007) Human

ADPKD primary cyst epithelial cells with a novel, single codon deletion in the
PKD1 gene exhibit defective ciliary polycystin localization and loss of flow-

induced Ca2+ signaling. Am J Physiol Renal Physiol 292: F930–945.

32. Herbert BS, Grimes BR, Xu WM, Werner M, Ward C, et al. (2013) A
telomerase immortalized human proximal tubule cell line with a truncation

mutation (Q4004X) in polycystin-1. PLoS One 8: e55191.

33. Lopes CA, Prosser SL, Romio L, Hirst RA, O’Callaghan C, et al. (2011)

Centriolar satellites are assembly points for proteins implicated in human
ciliopathies, including oral-facial-digital syndrome 1. J Cell Sci 124: 600–612.

34. Tang P, Hou H, Zhang L, Lan X, Mao Z, et al. (2014) Autophagy reduces

neuronal damage and promotes locomotor recovery via inhibition of apoptosis
after spinal cord injury in rats. Mol Neurobiol 49: 276–287.

35. Tanos BE, Yang HJ, Soni R, Wang WJ, Macaluso FP, et al. (2013) Centriole
distal appendages promote membrane docking, leading to cilia initiation. Genes

Dev 27: 163–168.

36. Joo K, Kim CG, Lee MS, Moon HY, Lee SH, et al. (2013) CCDC41 is required

for ciliary vesicle docking to the mother centriole. Proc Natl Acad Sci U S A
110: 5987–5992.

37. Kim J, Krishnaswami SR, Gleeson JG (2008) CEP290 interacts with the

centriolar satellite component PCM-1 and is required for Rab8 localization to
the primary cilium. Hum Mol Genet 17: 3796–3805.

38. Sillibourne JE, Hurbain I, Grand-Perret T, Goud B, Tran P, et al. (2013)
Primary ciliogenesis requires the distal appendage component Cep123. Biol

Open 2: 535–545.

39. Ye X, Zeng H, Ning G, Reiter JF, Liu A (2014) C2cd3 is critical for centriolar

distal appendage assembly and ciliary vesicle docking in mammals. Proc Natl
Acad Sci U S A 111: 2164–2169.

OFD1, Polycystins, EGFR and Flotillins Form Ciliary Microdomain

PLOS ONE | www.plosone.org 13 September 2014 | Volume 9 | Issue 9 | e106330

www.nephrology.iupui.edu/imaging/voxx/index.htm


40. Hanaoka K, Qian F, Boletta A, Bhunia AK, Piontek K, et al. (2000) Co-

assembly of polycystin-1 and -2 produces unique cation-permeable currents.

Nature 408: 990–994.

41. Nauli SM, Alenghat FJ, Luo Y, Williams E, Vassilev P, et al. (2003) Polycystins 1

and 2 mediate mechanosensation in the primary cilium of kidney cells. Nat

Genet 33: 129–137.

42. Griffiths GM, Tsun A, Stinchcombe JC (2010) The immunological synapse: a

focal point for endocytosis and exocytosis. J Cell Biol 189: 399–406.

43. Baldari CT, Rosenbaum J (2010) Intraflagellar transport: it’s not just for cilia

anymore. Curr Opin Cell Biol 22: 75–80.

44. Rajendran L, Beckmann J, Magenau A, Boneberg EM, Gaus K, et al. (2009)

Flotillins are involved in the polarization of primitive and mature hematopoietic

cells. PLoS One 4: e8290.

45. Lui-Roberts WW, Stinchcombe JC, Ritter AT, Akhmanova A, Karakesisoglou I,

et al. (2012) Cytotoxic T lymphocyte effector function is independent of nucleus-

centrosome dissociation. Eur J Immunol 42: 2132–2141.

46. Banning A, Tomasovic A, Tikkanen R (2011) Functional aspects of membrane

association of reggie/flotillin proteins. Curr Protein Pept Sci 12: 725–735.

47. Neumann-Giesen C, Fernow I, Amaddii M, Tikkanen R (2007) Role of EGF-

induced tyrosine phosphorylation of reggie-1/flotillin-2 in cell spreading and

signaling to the actin cytoskeleton. J Cell Sci 120: 395–406.

48. Meister M, Tomasovic A, Banning A, Tikkanen R (2013) Mitogen-Activated

Protein (MAP) Kinase Scaffolding Proteins: A Recount. Int J Mol Sci 14: 4854–

4884.

49. Kurrle N, Ockenga W, Meister M, Vollner F, Kuhne S, et al. (2013)

Phosphatidylinositol 3-Kinase dependent upregulation of the epidermal growth

factor receptor upon Flotillin-1 depletion in breast cancer cells. BMC Cancer 13:

575.

50. Zhang ZR, Chu WF, Song B, Gooz M, Zhang JN, et al. (2013) TRPP2 and

TRPV4 form an EGF-activated calcium permeable channel at the apical

membrane of renal collecting duct cells. PLoS One 8: e73424.

51. Marley A, Choy RW, von Zastrow M (2013) GPR88 reveals a discrete function

of primary cilia as selective insulators of GPCR cross-talk. PLoS One 8: e70857.

52. Christensen ST, Clement CA, Satir P, Pedersen LB (2012) Primary cilia and

coordination of receptor tyrosine kinase (RTK) signalling. J Pathol 226: 172–
184.

53. Manzanares D, Monzon ME, Savani RC, Salathe M (2007) Apical oxidative

hyaluronan degradation stimulates airway ciliary beating via RHAMM and
RON. Am J Respir Cell Mol Biol 37: 160–168.

54. McCleese JK, Bear MD, Kulp SK, Mazcko C, Khanna C, et al. (2013) Met
interacts with EGFR and Ron in canine osteosarcoma. Vet Comp Oncol 11:

124–139.

55. Benvenuti S, Lazzari L, Arnesano A, Li Chiavi G, Gentile A, et al. (2011) Ron
kinase transphosphorylation sustains MET oncogene addiction. Cancer Res 71:

1945–1955.
56. Peace BE, Hill KJ, Degen SJ, Waltz SE (2003) Cross-talk between the receptor

tyrosine kinases Ron and epidermal growth factor receptor. Exp Cell Res 289:
317–325.

57. Liu HS, Hsu PY, Lai MD, Chang HY, Ho CL, et al. (2010) An unusual function

of RON receptor tyrosine kinase as a transcriptional regulator in cooperation
with EGFR in human cancer cells. Carcinogenesis 31: 1456–1464.

58. Horie S, Higashihara E, Nutahara K, Mikami Y, Okubo A, et al. (1994)
Mediation of renal cyst formation by hepatocyte growth factor. Lancet 344:

789–791.

59. Qin S, Taglienti M, Cai L, Zhou J, Kreidberg JA (2012) c-Met and NF-kappaB-
dependent overexpression of Wnt7a and -7b and Pax2 promotes cystogenesis in

polycystic kidney disease. J Am Soc Nephrol 23: 1309–1318.
60. Zheleznova NN, Wilson PD, Staruschenko A (2011) Epidermal growth factor-

mediated proliferation and sodium transport in normal and PKD epithelial cells.
Biochim Biophys Acta 1812: 1301–1313.

61. MacDougall M, Thiemann F, Ta H, Hsu P, Chen LS, et al. (1995) Temperature

sensitive simian virus 40 large T antigen immortalization of murine odontoblast
cell cultures: establishment of clonal odontoblast cell line. Connect Tissue Res

33: 97–103.
62. Ishikawa H, Thompson J, Yates JR 3rd, Marshall WF (2012) Proteomic analysis

of mammalian primary cilia. Curr Biol 22: 414–419.

63. Nelson DL (1995) Preparation of cilia and subciliary fractions from Paramecium.
Methods Cell Biol 47: 17–24.

OFD1, Polycystins, EGFR and Flotillins Form Ciliary Microdomain

PLOS ONE | www.plosone.org 14 September 2014 | Volume 9 | Issue 9 | e106330


