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PDGFRβ and oncogenic mutant PDGFRα D842V promote
disassembly of primary cilia through a PLCγ- and AURKA-
dependent mechanism
Brian S. Nielsen*, Raj R. Malinda*, Fabian M. Schmid, Stine F. Pedersen, Søren T. Christensen and
Lotte B. Pedersen‡

ABSTRACT
Primary cilia are microtubule-based sensory organelles projecting
from most quiescent mammalian cells, which disassemble in cells
cultured in serum-deprived conditions upon re-addition of serum or
growth factors. Platelet-derived growth factors (PDGF) are implicated
in deciliation, but the specific receptor isoforms and mechanisms
involved are unclear. We report that PDGFRβ promotes deciliation in
cultured cells and provide evidence implicating PLCγ and intracellular
Ca2+ release in this process. Activation of wild-type PDGFRα alone
did not elicit deciliation. However, expression of constitutively active
PDGFRα D842V mutant receptor, which potently activates PLCγ
(also known as PLCG1), caused significant deciliation, and this
phenotype was rescued by inhibiting PDGFRα D842V kinase activity
or AURKA. We propose that PDGFRβ and PDGFRα D842V promote
deciliation through PLCγ-mediated Ca2+ release from intracellular
stores, causing activation of calmodulin and AURKA-triggered
deciliation.
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INTRODUCTION
Primary cilia comprise a microtubule axoneme enclosed by a bilayer
lipid membrane enriched for specific receptors, such as receptor
tyrosine kinases (RTKs) PDGFRα (Schneider et al., 2005) and IGF-
1R (Zhu et al., 2009). The axoneme arises from the centrosomal
mother centriole, which transforms into a basal body during the G1
or G0 phase of the cell cycle (Kobayashi and Dynlacht, 2011). Upon
cell cycle re-entrance, the cilium disassembles, allowing centrioles
to duplicate to form mitotic spindle poles (Quarmby and Parker,
2005).
Emerging evidence has linked defective ciliary disassembly to

cancer, and several deciliation factors are known cell cycle
regulators that are implicated in tumor growth (Pan et al., 2013;
Seeger-Nukpezah et al., 2013). Central amongst these is AURKA,
which is activated by most other known deciliation factors (Pan
et al., 2013; Seeger-Nukpezah et al., 2013). AURKA has been
implicated in deciliation in Chlamydomonas (Pan et al., 2004) and
retinal pigment epithelial (RPE)1 cells, where AURKA has been
shown to be activated by HEF1 to promote activation of HDAC6,

causing deacetylation and destabilization of axonemal microtubules
(Pugacheva et al., 2007), although the importance of HDAC6 for
deciliation has been questioned (Goto et al., 2013). Subsequent
reports have confirmed the role of AURKA in deciliation and
identified additional factors that regulate its activity, including
calmodulin (CaM) (Plotnikova et al., 2012), PLK1 (Lee et al.,
2012), Pitchfork (Kinzel et al., 2010), Trichoplein (Inoko et al.,
2012) and Peroxiredoxin 1 (Gong et al., 2014).

In serum-deprived, ciliated RPE1 and NIH3T3 cells, deciliation
occurs in two waves – at the G0–G1 transition within 2 h of re-
adding serum or growth factors, and at the G1–S transition
(approximately 18 h post serum), which is serum- and/or growth-
factor-independent (Pugacheva et al., 2007; Spalluto et al., 2013;
Tucker et al., 1979). Serum-induced deciliation has been suggested
to involve PDGF signaling (Pugacheva et al., 2007; Tucker et al.,
1979), and one study indicates that PDGF-AA, which specifically
activates homodimeric PDGFRα (Andrae et al., 2008), induces
partial deciliation in RPE1 cells (Yeh et al., 2013), presumably
because additional growth factors like IGF-1 are also required
(Bielas et al., 2009; Yeh et al., 2013). The mechanism by which
PDGF promotes deciliation is unclear, although PI3K has been
implicated in the deciliation in fibroblasts that can be induced
by a combination of PDGF-AA and IGF-1 (Bielas et al., 2009).
Interestingly, increased expression or activation of PDGFRα or
PDGFRβ has been linked to cancer (Andrae et al., 2008). For
example, the constitutively active PDGFRα D842V mutant
accounts for approximately 5% of all gastrointestinal stromal
tumors (GISTs), and drugs targeting PDGFRα and related RTKs are
frequently used to treat GISTs (Corless et al., 2011; Kudo, 2011;
Pietras et al., 2003). However, it is unclear whether the oncogenic
potential of PDGFRα D842V is linked to ciliary defects. Here, we
investigated the involvement of PDGFRα, PDGFRβ and PDGFRα
D842V in deciliation in cultured cells.

RESULTS AND DISCUSSION
PDGFRβ promotes deciliation in cultured cells
To investigate the role of PDGFRα and PDGFRβ in deciliation,
NIH3T3 cells were deprived of serum for 48 h to induce
ciliogenesis and incubated for 10 h with specific ligands, and
the percentage of ciliated cells was quantified with
immunofluorescence microscopy using antibodies against
ARL13B and acetylated tubulin. This analysis showed that the
ligand PDGF-DD – specific for homodimeric PDGFRβ
(Fredriksson et al., 2004) – potently promoted deciliation,
whereas PDGF-AA – specific for homodimeric PDGFRα
(Fredriksson et al., 2004) – as well as IGF-1 and EGF failed to
induce significant deciliation under these conditions (Fig. 1A).
PDGF-DD also caused significant deciliation in RPE1 cellsReceived 27 April 2015; Accepted 17 August 2015
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(Fig. 1B), but not as efficiently as in NIH3T3 cells (Fig. 1A) or in
RPE1 cells that had been treated with serum (Fig. 1B), probably
because additional growth factors, such as IGF-1, mediate
deciliation in RPE1 cells (Yeh et al., 2013). Accordingly, modest
deciliation was observed in RPE1 cells that were treated with IGF-1
or EGF (Fig. 1B). Thus, activation of PDGFRβ–PDGFRβ
homodimers promotes deciliation in NIH3T3 cells and RPE1
cells, whereas activation of PDGFRα–PDGFRα homodimers does
not. We cannot exclude that activation of PDGFRα or other RTKs
causes deciliation under different experimental conditions – e.g.
upon simultaneous activation of multiple receptors.
To substantiate the role of PDGFRβ in deciliation, we depleted

the receptor from RPE1 cells with small interfering (si)RNA, which
we confirmed by using a ligand stimulation assay and subsequent
western blotting with antibodies against PDGFRβ and AKT
phosphorylated at residue S473 (Fig. 1C), and investigated by

using immunofluorescence microscopy whether serum-deprived
cells could deciliate following serum re-addition for 10 h. Depletion
of PDGFRβ did not significantly affect the ability of cells to form
cilia but markedly impaired serum-induced deciliation (Fig. 1D).
We conclude that PDGFRβ is essential for serum-induced ciliary
disassembly in RPE1 cells.

PLCγ is required for deciliation in RPE1 cells
Next, we investigated the pathway involved in PDGFRβ-dependent
serum-induced deciliation. PDGFRα and PDGFRβ signal through
MEK1/2–ERK1/2, PI3K–AKT and PLCγ (also known as PLCG1)
pathways (Andrae et al., 2008), but PDGFRβ activates PLCγ
more potently than PDGFRα (Eriksson et al., 1995). Inhibitors
against AKT1 and AKT2 (Akti1/2) or MEK1/2 (U0126) did not
significantly affect serum-induced deciliation in RPE1 cells
(supplementary material Fig. S1), whereas PLCγ inhibitor

Fig. 1. Involvement of PDGFRβ in ciliary disassembly. (A) NIH3T3 cells or (B) RPE1 cells were serum-deprived (48 h) and incubated for 10 h with serum or
100 ng/ml of ligand, as indicated. Cilia were quantified by using immunofluorescence microscopy with antibodies against ARL13B and acetylated tubulin (n=3;
>50 cells counted per condition). (C) Western blot of RPE1 cells that had been transfected with siRNA against PDGFRβ (siRβ). At 24 h post transfection, cells
were serum-deprived (48 h) and incubated with serum or PDGF-DD (100 ng/ml) for the indicated times. (D) Quantification of cilia (as described in A) in serum-
deprived mock-transfected or PDGFRβ-depleted RPE1 cells before (no serum) or 10 h after serum re-addition. ****P≤0.0001, ***P≤0.001, **P≤0.01, *P≤0.05
(see Materials and Methods for statistical tests). pAKT, phosphorylated AKT.
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U73122 completely abolished serum-induced deciliation in these
cells (Fig. 2A), similar to AURKA or CaM (W13) inhibition
(Fig. 2A) (Plotnikova et al., 2012; Pugacheva et al., 2007). Thus,
PLCγ activity is important for serum-induced deciliation in RPE1
cells. Consistently, western blot analysis confirmed that serum,
PDGF-DD or EGF caused phosphorylation of PLCγ at residue
Y783, whereas the effects of PDGF-AA and IGF-1 on PLCγ Y783
phosphorylation were undetectable (Fig. 2B). PDGF-AA
stimulation also failed to induce phosphorylation of S473 on
AKT (Fig. 2B), probably because PDGFRα is expressed at low
levels in RPE cells (Lei et al., 2011).
PLCγ catalyzes formation of inositol 1,4,5-trisphosphate (IP3)

and diacylglycerol from phosphatidylinositol 4,5-bisphosphate,
which respectively lead to activation of IP3 receptors and release

of Ca2+ from intracellular stores, as well as to activation of PKC
(Berridge, 1993). Intracellular Ca2+ release triggers deciliation in
Chlamydomonas (Quarmby and Hartzell, 1994; Quarmby et al.,
1992) and mammalian cells (Plotnikova et al., 2012; Tucker et al.,
1979) by activating CaM and thereby AURKA (Plotnikova et al.,
2012). We hypothesized that PDGFRβ promotes deciliation by
activating PLCγ-mediated intracellular Ca2+ release, in turn leading
to activation of CaM and AURKA-triggered deciliation. Indeed,
PDGFRβ-depleted RPE1 cells, which fail to undergo serum-
induced deciliation (Fig. 1D), that were treated with the Ca2+

ionophore ionomycin deciliated to the same extent as mock-
transfected control cells (Fig. 2C). Thus, forced release of Ca2+ from
intracellular stores rescued the deciliation phenotype of PDGFRβ-
depleted RPE1 cells.

Fig. 2. PDGFRβ promotes deciliation through a Ca2+-dependent mechanism. (A) Serum-deprived (48 h) RPE1 cells were incubated in serum-containing
medium for 8–10 h with inhibitors against PLCγ (5 µM U73122), AURKA (0.5 µM AURKA inhibitor III, AURKA inh.) or calmodulin (50 µM W13). W5 (50 µM) is a
negative control for W13. Cilia were quantified as described in Fig. 1A. (B) Western blot of serum-deprived (48 h) RPE1 cells that had been stimulated with serum
or the indicated RTK ligands (100 ng/ml) for the indicated times. (C) Quantification of cilia in serum-deprived (48 h) mock-transfected or PDGFRβ-depleted RPE1
(siRβ) cells incubated without or with serum plus DMSO or 1 µM ionomycin for 4 h. ****P≤0.0001, ***P≤0.001, **P≤0.01, *P≤0.05 (seeMaterials and Methods for
statistical tests). AA, PDGF-AA; DD, PDGF-DD; pAKT, phosphorylated AKT; pPLCγ, phosphorylated PLCγ.
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Expression of constitutively active PDGFRα D842V impairs
ciliation in RPE1 cells
The oncogenic PDGFRα D842V mutant, which is constitutively
active owing to conformational changes in the ATP-binding pocket
(Corless et al., 2011; Olson and Soriano, 2009), potently activates
PLCγ compared to wild-type PDGFRα (Bahlawane et al., 2015;
Olson and Soriano, 2009). To confirm the importance of PLCγ
signaling in deciliation, we investigated whether expression of
PDGFRαwild-type (WT) and the mutant D842V affects ciliation in
RPE1 cells. GFP-tagged versions of the receptors (WT–GFP and
D842V–GFP) were expressed in cells, which were serum-deprived
for 12 h with or without RTK inhibitors AG1296 (selective for
PDGFR) and imatinib (selective for PDGFR, BCR-Abl and KIT),
and cells were analyzed by western blotting with antibodies against
GFP and PDGFRα phosphorylated at Y754 to assess fusion protein
expression and functionality. Antibodies against phosphorylated
Y754 have been used previously to demonstrate the
autophosphorylation and activity of PDGFRα D842V (Heinrich
et al., 2012; Moenning et al., 2009) and appear to be specific for
PDGFRα–PDGFRβ heterodimers (Rupp et al., 1994). Blotting for
GFP showed that WT–GFP migrated as three bands on the gel,
corresponding to mature, partially glycosylated (high-mannose) and
unglycosylated forms, whereas D842V–GFP was primarily in the
high-mannose and unglycosylated forms (Fig. 3A), as reported

previously (Bahlawane et al., 2015). The blot of phosphorylated
PDGFRα (at Y754) revealed that WT–GFP (mature and high-
mannose forms) was moderately phosphorylated, presumably
owing to receptor clustering, and this phosphorylation was
completely inhibited by AG1296 or imatinib (Fig. 3A). By
contrast, D842V–GFP (high-mannose form) was strongly
phosphorylated and was fully (AG1296) or partially (imatinib)
resistant to inhibition. These results are fully compatible with data
published previously (Bahlawane et al., 2015; Corless et al., 2011;
Heinrich et al., 2012) and confirm that heterologously expressed
WT–GFP and D842V–GFP behave as expected. In addition to
results obtained using the antibody against phosphorylated
PDGFRα (at Y754) (Fig. 3A), which point to autophosphorylated
PDGFRα–PDGFRβ heterodimers (Rupp et al., 1994), we obtained
similar results with an antibody against phosphorylated PDGFRα
(at Y720) (data not shown), recognizing autophosphorylated
PDGFRα–PDGFRα (Schneider et al., 2005). This suggests that
the heterologously expressed WT–GFP and D842V–GFP fusion
proteins might engage in both homodimeric (exogenous PDGFRα–
PDGFRα) and heterodimeric (exogenous PDGFRα and
endogenous PDGFR β) complexes in the cells, although further
work is required to confirm this.

Endogenous PDGFRα localizes to the primary cilium in mouse
fibroblasts and ciliary PDGFRα–PDGFRα signaling activates

Fig. 3. Expression ofWT–GFPandD842V–GFP in RPE1 cells. (A) Cells were transfected with plasmids encodingWT–GFPor D842V–GFP, incubated for 24 h
in serum-containing medium followed by 12 h in medium without serum±10 µM AG1296 or imatinib. Cells were analyzed by western blotting using antibodies
against the indicated proteins. Bands corresponding to mature (Ma), partially glycosylated (high-mannose, Hm) and unglycosylated (Un) GFP-tagged receptor
are marked (Bahlawane et al., 2015). (B) Immunofluorescence microscopy analysis of serum-starved (12 h) RPE1 cells expressing the indicated GFP fusions
using antibodies against GFP (green), ARL13B (red) and acetylated tubulin (AcTub, blue). Green, blue and red images were merged and shifted to assess
colocalization of GFP-tagged receptors and ciliary markers. Arrow, cilium; asterisks, ciliary base; G, Golgi. Smaller images show enlarged views of the primary
cilium region of these images. Dashed lines outline the nucleus, bold dashed lines outline the cell periphery. pPDGFRα, PDGFRα phosphorylated at the indicated
residue.
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MEK1/2–ERK1/2 and AKT at the ciliary base to regulate
directional cell migration (Clement et al., 2013; Schneider et al.,
2010). Accordingly, immunofluorescence microscopy analysis of
transfected RPE1 or NIH3T3 cells, which were serum-deprived for
12 or 24 h to promote ciliogenesis, showed that WT–GFP localized
to the primary cilium and Golgi, marked by using antibodies against
ARL13B or acetylated tubulin and IFT20 (Fig. 3B; supplementary
material Fig. S2A). D842V–GFP localized to the Golgi in a similar
manner, as reported previously (Bahlawane et al., 2015), but was
not detected in cilia of the few ciliated cells observed (Fig. 3B).
Indeed, most of the D842V–GFP-expressing cells examined lacked
cilia (Fig. 4A), and this was not the result of over expression of the
fusion protein because the average cellular expression level of
D842V–GFP was approximately fourfold lower than that for WT–
GFP, and their transfection efficiencies were similar (supplementary
material Fig. S2B). Staining with an antibody against

retinoblastoma protein (Rb) that was phosphorylated at serine
residues 807 and 811 confirmed that the serum-deprived D842V–
GFP-expressing cells were in growth arrest, indicating that absence
of cilia was not secondary to cell cycle defects (supplementary
material Fig. S3). RTK inhibitors AG1296 or imatinib did not
significantly affect ciliation in D842V–GFP-expressing cells
(Fig. 4A), whereas crenolanib, a potent inhibitor of PDGFRα
D842V kinase activity (Fig. 4C) (Heinrich et al., 2012), restored
ciliation of D842V–GFP-expressing cells to that of controls
(Fig. 4B). This suggests that D842V–GFP impairs ciliation in
RPE1 cells through the kinase activity of the mutant receptor.

AURKA inhibition restores ciliation in D842V–GFP-
expressing cells
Because PLCγ is important for deciliation in RPE1 cells (Fig. 2A)
and is potently activated by PDGFRα D842V (Bahlawane et al.,

Fig. 4. Expression of D842V–GFP leads to AURKA-dependent absence of cilia. Untransfected RPE1 cells (black columns) or cells expressing GFP,
WT–GFP or D842V–GFP were incubated for 12 h in serum-free medium supplemented with 10 µM of the RTK inhibitors AG1296 or imatinib (A), or 1 µM
crenolanib or 2 µM HDAC6 inhibitor (tubacin) (B) before being subjected to immunofluorescence microscopy analysis with antibodies against ARL13B and
acetylated tubulin (AcTub). Cilia were quantified in blinded experiments (n=3; >50 cells counted per condition), and the numbers were normalized to those of
untransfected cells that had been treated with DMSO (control). (C) Western blot corresponding to the cells analyzed in B. (D) Cells were analyzed as described in
A and B, but in the presence of 0.5 µM AURKA inhibitor III (AURKA inh.), 3 µM AKT inhibitor (Akti-1/2) or 3 µM MEK1/2 inhibitor (U0126). ****P≤0.0001,
***P≤0.001, **P≤0.01, *P≤0.05 (seeMaterials andMethods for statistical tests). #Not significantly different from each other. pPDGFRα, PDGFRα phosphorylated
at the indicated residue.
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2015; Olson and Soriano, 2009), we asked whether PLCγ inhibition
affects ciliation in D842V–GFP-expressing RPE1 cells.
Unfortunately, expression of D842V–GFP combined with
incubation in serum-free medium containing PLCγ inhibitor
(U73122) caused cell death. However, western blot analysis
confirmed that D842V–GFP activated PLCγ, as judged by
examining phosphorylation at residue Y783 (supplementary
material Fig. S2C). Furthermore, inhibition of AKT and MEK1/2,
two major kinases that are activated by PDGFRα (Andrae et al.,
2008), did not significantly affect ciliation in D842V–GFP-
expressing cells (Fig. 4D; supplementary material Fig. S2D). By
contrast, inhibition of AURKA significantly restored the ciliation of
D842V–GFP-expressing cells (Fig. 4D). We did not observe any
effect of HDAC6 inhibition (tubacin) on the ciliation frequency of
D842V–GFP-expressing cells (Fig. 4B,C), suggesting that D842V–
GFP affects ciliation independently of HDAC6.

Conclusions
Collectively, our results suggest that PDGFRβ and PDGFRα
D842V promote deciliation by activating PLCγ, which causes
intracellular release of Ca2+ and activation of CaM and AURKA
(Plotnikova et al., 2012). Notably, chimeric mice lacking
endogenous PDGFRβ display renal cysts and glomerulosclerosis
(Klinghoffer et al., 2001), phenotypes associated with defective
intracellular Ca2+ signaling (Kuo et al., 2014) and ciliopathies
(Hildebrandt et al., 2011). Because PDGFRα D842V and
AURKA expression is linked to GIST (Corless et al., 2011; Yeh
et al., 2014), and precursors of GIST cells are ciliated (Castiella
et al., 2013), it will be interesting to study whether GIST cells
display ciliary defects that are caused by elevated PLCγ and
AURKA activity.

MATERIALS AND METHODS
Antibodies
For western blot, primary antibodies were (dilutions in parenthesis): rabbit
anti-AKT (1:500) that recognizes all three AKT isoforms, rabbit anti-
phosphorylated-AKT at S473 (1:500), rabbit anti-ERK1/2 (1:500), rabbit
anti-phosphorylated-ERK1/2 at T202 and Y204 (1:500), rabbit anti-
GAPDH (1:2000); rabbit anti-phosphorylated-PLCγ1 at Y783 (1:500)
from Cell Signaling Technology; mouse anti-α-tubulin (1:5000) from
Sigma-Aldrich; rabbit anti-PDGFRα (1:200) from Abcam; rabbit anti-GFP
(1:500), rabbit anti-phosphorylated-PDGFRα at Y754 or -PDGFRα at
Y720 (1:200), rabbit anti-PDGFRβ (1:200), rabbit anti-phosphorylated-
PDGFRβ at Y857 (1:200) from Santa Cruz Biotech. Secondary antibodies
for western blotting were horseradish-peroxidase-conjugated goat anti-
mouse and swine anti-rabbit antibodies (1:4000) from Dako. For
immunofluorescence microscopy analysis, primary antibodies were
(dilutions in parenthesis): mouse anti-acetylated-α-tubulin (1:2000) from
Sigma-Aldrich; rabbit anti-ARL13B (1:1000) from ProteinTech; chicken
anti-GFP (1:2000) from Abcam; rabbit anti-phosphorylated-Rb at S807
and S811 (1:200) from Cell Signaling Technology. Rabbit polyclonal
antibody against IFT20 (1:500) was from Dr Gregory Pazour (University
of Massachusetts Medical School, Worcester, MA) (Follit et al., 2006).
Secondary antibodies for immunofluorescence microscopy (all from
Invitrogen and diluted 1:600) were AlexaFluor350-conjugated donkey
anti-mouse or donkey anti-rabbit; AlexaFluor488-conjugated donkey anti-
mouse and goat anti-chicken; AlexaFluor568-conjugated donkey anti-
mouse and donkey anti-rabbit.

Ligands and inhibitors
Akti-1/2 and U0126 were from VWR; growth factors from R&D systems;
ionomycin, PLCγ inhibitor U73122 and AURKA inhibitor III
(Cyclopropanecarboxylic acid {3-[4-(3-trifluoromethyl-phenylamino)-
pyrimidin-2-ylamino]-phenyl}-amide) from Sigma; calmodulin inhibitor
W13 and W5 from Calbiochem. Tubacin was from Dr Stuart Schreiber

(Broad Institute of Harvard & MIT, Cambridge, MA) (Haggarty et al.,
2003). Stocks of ligands and inhibitors were prepared in DMSO.

Molecular biology procedures
Mouse Pdgfra was PCR-amplified from a cDNA clone (IMAGE ID
5704645) and cloned into pEGFP-N1 (Clontech) to createWT-GFP. D842V-
GFP was generated from WT-GFP using mutated primers and standard
cloning procedures. Plasmids were sequenced at Eurofins MWG Operon.

Cell culture and transfection
Cells were cultured as described previously (Schneider et al., 2005;
Schrøder et al., 2011). Transfection of RPE1 cells with plasmids was
performed using FuGENE® 6 (Promega). For siRNA transfection, cells
were seeded to 40% confluence and transfected with PDGFRB-specific
(5′-AAUGAUGCCGAGGAACUAUUCAU-3′) or mock siRNA (5′-
UAAUGUAUUGGAAGGCAUA-3′) using DharmaFECT (Dharmacon).

SDS-PAGE and western blot analysis
SDS-PAGE and western blotting were performed as described previously
(Christensen et al., 2001; Schrøder et al., 2011), except that secondary
antibodies were conjugated to horseradish peroxidase, and blots were
developed with the FUSION-Fx chemiluminescence system (Vilber
Lourmat). Images were processed in Adobe Photoshop CS6.

Immunofluorescence microscopy and statistical analyses
Procedures for immunofluorescence microscopy have been described
previously (Schneider et al., 2005; Schrøder et al., 2011). Statistical
analysis was performed using GraphPad Prism 6 (GraphPad Software, San
Diego, CA). Significance was calculated using data from three independent
experiments and Student’s t-test (when comparing two groups) or one-way
ANOVA followed by Tukey’s post-hoc test. Error bars denote s.e.m.
P-values: ****P≤0.0001, ***P≤0.001, **P≤0.01, *P≤0.05.
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Attié-Bitach, T., Wurst, W., Katsanis, N., Ueffing, M. et al. (2010). Pitchfork
regulates primary cilia disassembly and left-right asymmetry. Dev. Cell 19, 66-77.

Klinghoffer, R. A., Mueting-Nelsen, P. F., Faerman, A., Shani, M. and Soriano, P.
(2001). The two PDGF receptors maintain conserved signaling in vivo despite
divergent embryological functions. Mol. Cell 7, 343-354.

Kobayashi, T. and Dynlacht, B. D. (2011). Regulating the transition from centriole
to basal body. J. Cell Biol. 193, 435-444.

Kudo, M. (2011). Signaling pathway and molecular-targeted therapy for
hepatocellular carcinoma. Dig. Dis. 29, 289-302.

Kuo, I. Y., DesRochers, T. M., Kimmerling, E. P., Nguyen, L., Ehrlich, B. E. and
Kaplan, D. L. (2014). Cyst formation following disruption of intracellular calcium
signaling. Proc. Natl. Acad. Sci. USA 111, 14283-14288.

Lee, K. H., Johmura, Y., Yu, L.-R., Park, J.-E., Gao, Y., Bang, J. K., Zhou, M.,
Veenstra, T. D., Yeon Kim, B. and Lee, K. S. (2012). Identification of a novel
Wnt5a-CK1varepsilon-Dvl2-Plk1-mediated primary cilia disassembly pathway.
EMBO J. 31, 3104-3117.
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1 activates a cilium-localized noncanonical Gbetagamma signaling pathway that
regulates cell-cycle progression. Dev. Cell 26, 358-368.

Yeh, C. N., Yen, C. C., Chen, Y. Y., Cheng, C. T., Huang, S. C., Chang, T. W., Yao,
F. Y., Lin, Y. C., Wen, Y. S., Chiang, K. C. et al. (2014). Identification of aurora
kinase A as an unfavorable prognostic factor and potential treatment target for
metastatic gastrointestinal stromal tumors. Oncotarget 5, 4071-4086.

Zhu, D., Shi, S., Wang, H. and Liao, K. (2009). Growth arrest induces primary-
cilium formation and sensitizes IGF-1-receptor signaling during differentiation
induction of 3T3-L1 preadipocytes. J. Cell Sci. 122, 2760-2768.

3549

SHORT REPORT Journal of Cell Science (2015) 128, 3543-3549 doi:10.1242/jcs.173559

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce

http://dx.doi.org/10.1111/jcmm.12067
http://dx.doi.org/10.1111/jcmm.12067
http://dx.doi.org/10.1111/jcmm.12067
http://dx.doi.org/10.1074/jbc.M008412200
http://dx.doi.org/10.1074/jbc.M008412200
http://dx.doi.org/10.1074/jbc.M008412200
http://dx.doi.org/10.1242/jcs.116426
http://dx.doi.org/10.1242/jcs.116426
http://dx.doi.org/10.1242/jcs.116426
http://dx.doi.org/10.1242/jcs.116426
http://dx.doi.org/10.1242/jcs.116426
http://dx.doi.org/10.1038/nrc3143
http://dx.doi.org/10.1038/nrc3143
http://dx.doi.org/10.1074/jbc.270.13.7773
http://dx.doi.org/10.1074/jbc.270.13.7773
http://dx.doi.org/10.1074/jbc.270.13.7773
http://dx.doi.org/10.1074/jbc.270.13.7773
http://dx.doi.org/10.1091/mbc.E06-02-0133
http://dx.doi.org/10.1091/mbc.E06-02-0133
http://dx.doi.org/10.1091/mbc.E06-02-0133
http://dx.doi.org/10.1016/j.cytogfr.2004.03.007
http://dx.doi.org/10.1016/j.cytogfr.2004.03.007
http://dx.doi.org/10.1016/j.bbrc.2014.01.081
http://dx.doi.org/10.1016/j.bbrc.2014.01.081
http://dx.doi.org/10.1007/s00018-013-1302-8
http://dx.doi.org/10.1007/s00018-013-1302-8
http://dx.doi.org/10.1073/pnas.0430973100
http://dx.doi.org/10.1073/pnas.0430973100
http://dx.doi.org/10.1073/pnas.0430973100
http://dx.doi.org/10.1073/pnas.0430973100
http://dx.doi.org/10.1158/1078-0432.CCR-12-0625
http://dx.doi.org/10.1158/1078-0432.CCR-12-0625
http://dx.doi.org/10.1158/1078-0432.CCR-12-0625
http://dx.doi.org/10.1158/1078-0432.CCR-12-0625
http://dx.doi.org/10.1056/NEJMra1010172
http://dx.doi.org/10.1056/NEJMra1010172
http://dx.doi.org/10.1083/jcb.201106101
http://dx.doi.org/10.1083/jcb.201106101
http://dx.doi.org/10.1083/jcb.201106101
http://dx.doi.org/10.1083/jcb.201106101
http://dx.doi.org/10.1016/j.devcel.2010.06.005
http://dx.doi.org/10.1016/j.devcel.2010.06.005
http://dx.doi.org/10.1016/j.devcel.2010.06.005
http://dx.doi.org/10.1016/S1097-2765(01)00182-4
http://dx.doi.org/10.1016/S1097-2765(01)00182-4
http://dx.doi.org/10.1016/S1097-2765(01)00182-4
http://dx.doi.org/10.1083/jcb.201101005
http://dx.doi.org/10.1083/jcb.201101005
http://dx.doi.org/10.1159/000327562
http://dx.doi.org/10.1159/000327562
http://dx.doi.org/10.1073/pnas.1412323111
http://dx.doi.org/10.1073/pnas.1412323111
http://dx.doi.org/10.1073/pnas.1412323111
http://dx.doi.org/10.1038/emboj.2012.144
http://dx.doi.org/10.1038/emboj.2012.144
http://dx.doi.org/10.1038/emboj.2012.144
http://dx.doi.org/10.1038/emboj.2012.144
http://dx.doi.org/10.1167/iovs.11-7442
http://dx.doi.org/10.1167/iovs.11-7442
http://dx.doi.org/10.1167/iovs.11-7442
http://dx.doi.org/10.1128/MCB.00885-08
http://dx.doi.org/10.1128/MCB.00885-08
http://dx.doi.org/10.1128/MCB.00885-08
http://dx.doi.org/10.1128/MCB.00885-08
http://dx.doi.org/10.1016/j.devcel.2008.12.003
http://dx.doi.org/10.1016/j.devcel.2008.12.003
http://dx.doi.org/10.1016/j.devcel.2008.12.003
http://dx.doi.org/10.1016/S1534-5807(04)00064-4
http://dx.doi.org/10.1016/S1534-5807(04)00064-4
http://dx.doi.org/10.1007/s00018-012-1052-z
http://dx.doi.org/10.1007/s00018-012-1052-z
http://dx.doi.org/10.1007/s00018-012-1052-z
http://dx.doi.org/10.1016/S1535-6108(03)00089-8
http://dx.doi.org/10.1016/S1535-6108(03)00089-8
http://dx.doi.org/10.1091/mbc.E11-12-1056
http://dx.doi.org/10.1091/mbc.E11-12-1056
http://dx.doi.org/10.1091/mbc.E11-12-1056
http://dx.doi.org/10.1091/mbc.E11-12-1056
http://dx.doi.org/10.1016/j.cell.2007.04.035
http://dx.doi.org/10.1016/j.cell.2007.04.035
http://dx.doi.org/10.1016/j.cell.2007.04.035
http://dx.doi.org/10.1083/jcb.124.5.807
http://dx.doi.org/10.1083/jcb.124.5.807
http://dx.doi.org/10.1083/jcb.124.5.807
http://dx.doi.org/10.1083/jcb.200503053
http://dx.doi.org/10.1083/jcb.200503053
http://dx.doi.org/10.1083/jcb.116.3.737
http://dx.doi.org/10.1083/jcb.116.3.737
http://dx.doi.org/10.1083/jcb.116.3.737
http://dx.doi.org/10.1111/j.1432-1033.1994.00029.x
http://dx.doi.org/10.1111/j.1432-1033.1994.00029.x
http://dx.doi.org/10.1111/j.1432-1033.1994.00029.x
http://dx.doi.org/10.1111/j.1432-1033.1994.00029.x
http://dx.doi.org/10.1016/j.cub.2005.09.012
http://dx.doi.org/10.1016/j.cub.2005.09.012
http://dx.doi.org/10.1016/j.cub.2005.09.012
http://dx.doi.org/10.1159/000276562
http://dx.doi.org/10.1159/000276562
http://dx.doi.org/10.1159/000276562
http://dx.doi.org/10.1159/000276562
http://dx.doi.org/10.1159/000276562
http://dx.doi.org/10.1242/jcs.085852
http://dx.doi.org/10.1242/jcs.085852
http://dx.doi.org/10.1242/jcs.085852
http://dx.doi.org/10.1242/jcs.085852
http://dx.doi.org/10.1016/j.ddmec.2013.03.004
http://dx.doi.org/10.1016/j.ddmec.2013.03.004
http://dx.doi.org/10.1016/j.ddmec.2013.03.004
http://dx.doi.org/10.1016/j.fob.2013.08.002
http://dx.doi.org/10.1016/j.fob.2013.08.002
http://dx.doi.org/10.1016/j.fob.2013.08.002
http://dx.doi.org/10.1016/0092-8674(79)90219-8
http://dx.doi.org/10.1016/0092-8674(79)90219-8
http://dx.doi.org/10.1016/0092-8674(79)90219-8
http://dx.doi.org/10.1016/j.devcel.2013.07.014
http://dx.doi.org/10.1016/j.devcel.2013.07.014
http://dx.doi.org/10.1016/j.devcel.2013.07.014
http://dx.doi.org/10.1242/jcs.046276
http://dx.doi.org/10.1242/jcs.046276
http://dx.doi.org/10.1242/jcs.046276


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.32000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.32000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    34.69606
    34.27087
    34.69606
    34.27087
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50394
    8.50394
    8.50394
    8.50394
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


