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Primary cilia function as a sensory signaling compartment in processes ranging from mammalian Hedgehog
signaling to neuronal control of obesity. Intraflagellar transport (IFT) is an ancient, conserved mechanism required
to assemble cilia and for trafficking within cilia. The link between IFT, sensory signaling, and obesity is not clearly
defined, but some novel monogenic obesity disorders may be linked to ciliary defects. The tubby mouse, which
presents with adult-onset obesity, arises from mutation in the Tub gene. The tubby-like proteins comprise
a related family of poorly understood proteins with roles in neural development and function. We find that specific
Tubby family proteins, notably Tubby-like protein 3 (TULP3), bind to the IFT-A complex. IFT-A is linked to
retrograde ciliary transport, but, surprisingly, we find that the IFT-A complex has a second role directing ciliary
entry of TULP3. TULP3 and IFT-A, in turn, promote trafficking of a subset of G protein-coupled receptors
(GPCRs), but not Smoothened, to cilia. Both IFT-A and membrane phosphoinositide-binding properties of TULP3
are required for ciliary GPCR localization. TULP3 and IFT-A proteins both negatively regulate Hedgehog signaling
in the mouse embryo, and the TULP3–IFT-A interaction suggests how these proteins cooperate during neural tube
patterning.
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Primary cilia are dynamic structures, and intraflagellar
transport (IFT), itself a motile process, is essential for
directing the assembly and function of cilia. IFT consists
of trains of multipolypeptide particles that move contin-
uously along axonemal microtubules. Sedimentation
analysis of IFT particles identified at least 21 polypeptides
organized in two complexes, called complex A (IFT-A)
and complex B (IFT-B) (Cole et al. 1998; Rosenbaum and
Witman 2002; Cole and Snell 2009). Anterograde trans-
port of these particles is powered by kinesin-II, whereas
retrograde transport is mediated by the dynein 2 motor
(for review, see Rosenbaum and Witman 2002). Muta-
tions in most known IFT-B subunits present with very
short or no cilia and lack IFT, similar to mutations in the
anterograde kinesin-II motor. Thus, IFT-B is implicated in

anterograde transport. In contrast, mutations in the IFT-A
complex subunits and the dynein 2 retrograde motor
result in shortened or swollen cilia with accumulation
of particles, including IFT-B proteins. For example, in
Chlamydomonas, temperature-sensitive mutations in
the IFT-A particle subunits IFT144/WDR19 and IFT139/
THM1 show decreased retrograde transport velocities, an
increased ratio of anterograde to retrograde particles, and
an accumulation of complex B proteins in the flagella
(Piperno et al. 1998; Iomini et al. 2001, 2009). In Caeno-
rhabditis elegans, mutations in the IFT-A subunit
WDR35/IFTA-1 result in truncated cilia with accumula-
tion of IFT-B and kinesin-II and lack of retrograde IFT
(Blacque et al. 2006). Accordingly, the IFT-A complex has
been implicated in retrograde transport.
Our knowledge of how IFT effectively builds and func-

tions in cilia is fragmentary. IFT transports flagellar pre-
cursors to the ciliary tip, and blocking anterograde IFT
inhibits tubulin turnover at the tips, causing resorption
(Marshall andRosenbaum2001;Qin et al. 2004). Retrograde
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IFT returns the IFT particles, the kinesin-II motor, and
turnover products to the ciliary base (Signor et al. 1999;
Iomini et al. 2001). Individual IFT-B components, such
as IFT46, may have a specific role in outer dynein arm
transport in Chlamydomonas (Hou et al. 2007), while
IFT172 binds to the microtubule plus-end protein EB1 and
remodels the IFT particles at the flagellar tip (Pedersen et al.
2005). A complex of proteins involved in the human
ciliopathy Bardet-Biedl syndrome (BBS), called the BBSome,
is postulated to function as an IFTcargo, transporting specific
ciliary proteins (Ou et al. 2005; Nachury et al. 2007; Berbari
et al. 2008; Lechtreck et al. 2009; Jin et al. 2010). The binding
of IFT particles to IFT motors and axonemal precursors
suggests that the IFT particles link IFT motors and cargo as
described for dynein and the dynactin complex (Kardon
and Vale 2009). Models notwithstanding, the effectors of
IFT-A particles are hitherto unknown.
Primary cilia function as sensory compartments, sens-

ing environmental inputs and transducing intercellular
signals (Singla and Reiter 2006). For example, neuronal
cilia possess a complement of G protein-coupled recep-
tors (GPCRs), including somatostatin receptor subtype
3 (Sstr3) (Handel et al. 1999), Melanin-concentrating
hormone receptor (Mchr1) (Berbari et al. 2008), and
downstream effectors including the adenylyl cyclase type
3 (ACIII) (Bishop et al. 2007). Mchr1, the receptor for
MCH, is involved in the regulation of feeding and energy
balance (Shimada et al. 1998; Chen et al. 2002), and ACIII-
deficient mice become obese with age, suggesting that
ACIII-mediated cAMP signals are critical in the hypo-
thalamus (Wang et al. 2009). Cilia in mature neurons can
also act as extrasynaptic compartments in order to
modulate neuronal function. Disruption of IFT in adult
mice, possibly acting through the proopiomelanocortin
(POMC)-expressing hypothalamic axis, result in hyperpha-
gia-induced obesity (Davenport et al. 2007), while Sstr3
signaling in the hippocampus is important in synaptic
plasticity and novelty detection (Einstein et al. 2010).
However, our knowledge of the mechanisms by which
IFT might modulate sensory signaling in primary cilia is
incomplete. IFT particles participate directly in cilium-
generated signaling during fertilization in Chlamydo-
monas (Wang et al. 2006), and are involved in vectorial
movement of TRPV channel proteins along Caenorhab-
ditis elegans sensory cilia (Qin et al. 2005). Thus, eluci-
dating the role of IFT in the localization and function of
ciliary signaling molecules would add considerably to un-
derstanding the link between cilia and neuronal function.
Primary cilia are also important in the mammalian

Hedgehog (Hh) signaling machinery, and mutations in
IFT components cause two major classes of defects in
patterning of the neural tube. Mutations affecting IFT-B
subunits and subunits of the IFT kinesin and dynein
motors show disruption of Hh pathway activation (for
review, see Goetz and Anderson 2010), while mutations
of the IFT-A subunit Thm1 and Ift122 show overactiva-
tion of the Hh pathway (Tran et al. 2008; Cortellino et al.
2009). It is surprising that mutations in IFT-A subunits
differ in phenotype from those of the IFT motor dynein 2,
when both are implicated in retrograde IFT. These differ-

ences suggest that the IFT-A complexmay have functions
in addition to its postulated role in retrograde IFT.
Monogenic obesity disorders may be related to ciliary

defects. The tubby mouse, arising from a mutation in the
Tub gene, has a syndrome characterized by obesity and
neurosensory deficits (Kleyn et al. 1996; Noben-Trauth
et al. 1996). Tub shares homology with four other tubby-
like proteins, Tulp1–Tulp4. The tubby family of proteins
plays important roles in nervous system function and
development. However, the molecular function of these
genes is poorly understood. Tulp3 has been described
recently as a negative regulator of Hh signaling in the
mouse embryo (Cameron et al. 2009; Norman et al. 2009;
Patterson et al. 2009). Genetic epistasis experiments
suggest that, similar to the IFT-A subunit Thm1, Tulp3 re-
stricts Gli2 activity in an IFT-dependent manner down-
stream fromSonic hedgehog (Norman et al. 2009; Patterson
et al. 2009). Although Tulp3 and Thm1 act as negative
regulators of the Hh pathway, their roles remain unclear.
Here we show that, in addition to its known role in

retrograde IFT, IFT-A plays a primary role in providing
ciliary access to TULP3 by binding directly to it, thereby
coordinately regulating the Hh signaling pathway. TULP3,
in turn, regulates trafficking of a subset of ciliary-localized
GPCRs. Both IFT-A- and membrane phosphoinositide-
binding properties of TULP3 mediate ciliary GPCR local-
ization. TULP3 thus serves as an anchor that links the IFT-
A complex to the membrane compartment.

Results

TULP3 interacts with the IFT-A complex

To gain insight into the molecular function of TULP3, we
generated localization and tandem affinity purification
(LAP)-tagged stable clonal cell lines in telomerase immor-
talized hTERT RPE-1 (RPE) cells (Nachury et al. 2007). We
identified the TULP3-associated proteins by tandem affin-
ity purification followed by mass spectrometry. In both
lines (A and B), we found all known components of the IFT-
A complex to be associated with TULP3, but not in the
control LAP line (Fig. 1A–C). The IFT-A complex proteins
recovered were WDR19, IFT140, IFT122, THM1, and
WDR35 (Fig. 1A,C, see D and Supplemental Fig. S1B for
homologs in other organisms and a comment on the
nomenclature). Peptide coverage for all of the IFT-A com-
plex proteins was at least 39%, supporting the high sig-
nificance of the identifications. IFT43 (C14orf179), reported
recently to be a part of the IFT-A complex (Cole and Snell
2009), was also recovered (peptide coverage 9%). The IFT-A
complex was similarly associated with LAPTULP3 in mu-
rine NIH 3T3 fibroblasts and kidney inner medullary-
collecting duct IMCD-3 cells (Supplemental Figs. S1A,B,
S2A). Tandem affinity purification of the IFT-A com-
plex using a clonal line expressing IFT140LAP in RPE
cells likewise copurified with endogenous TULP3 (Fig. 1A–
C). Other copurifying proteins detected included the cyto-
skeletal regulator IQGAP1 (with both LAPTULP3 and
IFT140LAP) (Fig. 1B,C), and components of the cytoplasmic
dynein 1 and the Dynactin complex (with IFT140LAP only)
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(Fig. 1B,C; see the Discussion). Upon gel filtration analyses
of RPE cell lysates, TULP3 cofractionated with THM1
(Stokes radius ;63 Å), suggesting that TULP3 associates
with the IFT-A complex, althoughwe also detected TULP3
throughout the gradient (Fig. 1E; see the Discussion).

TULP3 binds to the IFT ‘core’ complex

To systematically determine the components of IFT-A
binding to TULP3, we depleted each subunit by RNAi in

LAPTULP3 and IFT140LAP clonal cell lines (Supplemental
Fig. S2B,C), isolated the TULP3-associated proteins by
tandem affinity purification, and visualized them by silver
staining and immunoblotting for THM1. Depleting
WDR19, IFT140, and, to a lesser extent, IFT122 dimin-
ished association of LAPTULP3 with the IFT-A complex
proteins, including THM1 (Fig. 2A; Supplemental Fig.
S2A). Similarly, association of IFT140LAP with TULP3
and all IFT-A complex proteins was remarkably reduced

Figure 1. TULP3 interacts with the IFT-A complex. (A) Tandem affinity purification of the LAP (GFP-TEV/PreScission-Stag) cassette
from control LAP line (without any insert), LAPTULP3 (from two stable clonal lines with varying levels of LAPTULP3), and IFT140LAP in
RPE cells. Eluates were resolved on a 4%–12% Bis-Tris NuPAGE gel, and silver-stained. Stagfusion proteins in each lane are marked by
arrowheads. The IFT-A complex proteins are marked based on LC MS/MS analysis of gel slices. (B) Western blot of LAP only,
LAPTULP3, and IFT140LAP tandem purification eluates using indicated antibodies. The anti-THM1 antibody cross-reacts with Stagfusion
proteins, and IFT140Stag protein is shown with an arrowhead. (C) Table showing the peptide spectral count and percent coverage of
selected proteins in LAP only, LAPTULP3, and IFT140LAP purification eluates identified by mass spectrometry from RPE cells. (D) Table
showing the homologs of IFT-A complex subunits in other organisms. (E) TULP3 partially cofractionates with the IFT-A complex
protein THM1. RPE cell lysate was fractionated by size exclusion chromatography, and fractions were immunoblotted with indicated
antibodies. See also Supplemental Figure S1.

Mukhopadhyay et al.

2182 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


in WDR19- and IFT122-depleted cells (Fig. 2B). However,
depletion of THM1 or WDR35 resulted in persistence
of a partial IFT-A subcomplex (excluding THM1) that
remained associated with LAPTULP3 (Fig. 2A; Supple-
mental Fig. S2A). Upon depletion of THM1 or WDR35,
IFT140LAP remained associated with TULP3 and a sub-

complex of IFT-A proteins, but lost binding to THM1 (Fig.
2B). This suggests that WDR19, IFT140, and IFT122 are
important in forming a ‘‘core’’ IFT-A subcomplex that
binds TULP3, whereas THM1 and WDR35 participate in
some additional role distinct from ‘‘core’’ IFT-A complex
formation or TULP3 binding (Fig. 2C). The variable

Figure 2. Organization of the IFT-A complex into ‘‘core’’ and accessory subunits. (A) TULP3-associated proteins were purified from
LAPTULP3 RPE cells as in Figure 1A, except following 72 h depletion of the indicated proteins by siRNA. Silver-stained gel (top panel) and
Western blots (bottom panels) of tandem affinity purifications and total lysates are shown. The IFT-A complex proteins are labeled as in
Figure 1A. (B) As in A except RPE IFT140LAP instead of LAPTULP3 cells were used. (C) A summary cartoon of the components of the IFT-
A complex and their association with TULP3. The black dotted line encircles the ‘‘core’’ complex subunits, while the blue dashed line
contains the accessory subunits. See also Supplemental Figure S2.
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decrease in total THM1 protein levels in the cell lysates,
upon depletion of other IFT-A complex subunits, reflects
its stability contingent on its ability to be part of the IFT-
A complex.

TULP3 localizes to the primary cilia, but does
not affect ciliogenesis

To better understand where TULP3 and IFT-A interact, we
next examined localization of stably expressed LAPTULP3
in clonal lines. LAPTULP3 localized to the ciliary base and
in punctate spots throughout the cilia in RPE, IMCD-3,
and NIH 3T3 cells, consistent with previous reports for
the endogenous protein (Fig. 3A; Supplemental Fig. S2D;
Norman et al. 2009). Tubby family proteins have been
observed to relocalize to the nucleus when displaced from
the membrane (Santagata et al. 2001). Upon inhibition of
nuclear export using leptomycin-B or mutation of con-
served residues important for phosphoinositide binding

(K268A and R270A; designated as TULP3KR) (Santagata
et al. 2001), LAPTULP3 was detected in the nucleus
as well, suggesting that TULP3 is a nucleocytoplasmic
shuttling protein (Supplemental Fig. S3A,B). We then
checked if TULP3 and IFT-A play a role in ciliogenesis
in RPE cells, a well-established system for studying
serum starvation-induced ciliogenesis (Pugacheva et al.
2007; Tsang et al. 2008). We found the expected decrease
in ciliogenesis upon KIF3A knockdown, but did not see a
ciliation defect upon TULP3 or IFT-A component knock-
down (Supplemental Fig. S1C). Thus, TULP3 and IFT-A
are not required for ciliation in RPE cells.

The IFT-A ‘core’ complex provides ciliary access
to TULP3

The IFT-A complex has been suggested to function in
retrograde IFT of certain ciliary proteins, including the
IFT-B complex proteins. Consistent with this model, we
find that IFT88 (an IFT-B subunit) accumulates at cilia

Figure 3. TULP3 localizes to the primary
cilium dependent on the IFT-A complex. (A)
RPE LAPTULP3 line A cells were transfected
with siRNAs (indicated to the left of the
micrograph panels) for 72 h and serum-
starved for the last 24 h before fixing and
staining for pericentrosomal pericentrin
(PCNT, magenta), the axonemal marker
Ac-tubulin (AcTub, magenta), and DNA
(blue). White arrows indicate the ciliary
base. Bars, 5 mm. Quantification of localiza-
tion of LAPTULP3 to the cilia in similar
assays is shown to the right. (*) P < 0.0001
with respect to control, using a x

2 test. (B)
RPE cells were transfected with the indi-
cated siRNAs for 72 h and serum-starved for
the last 24 h before fixing and staining for
IFT88 (green), pericentrosomal g-tubulin
(gTub, magenta), the axonemal marker Ac-
tubulin (AcTub, magenta), and DNA (blue).
White arrows indicate the ciliary base. Bars,
5 mm. Quantification and statistical signif-
icance are as in A.
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tips upon knockdown of any IFT-A subunit (Fig. 3B).
In contrast, depletion of the ‘‘core’’ IFT-A complex pro-
teins WDR19, IFT140, and IFT122 resulted in a loss of
detectable localization of LAPTULP3 to the cilia (Fig. 3A).
In contrast, association between TULP3 and the IFT-A
‘‘core’’ complex persists upon depletion of the peripheral
components THM1 or WDR35 (Fig. 2C), and resulted in
accumulation of LAPTULP3 primarily at the tips of the cilia
(Fig. 3A). The above experiments suggest two separate
roles for the IFT-A complex: The ‘‘core’’ IFT-A is important
to localize TULP3 to the cilia, whereas an intact com-
plex regulates TULP3’s retrograde transport. Con-
versely, TULP3 depletion did not affect organization
of the IFT-A complex (Fig. 2B) or ciliary localization
of IFT140LAP (Supplemental Fig. S2E), suggesting that
IFT140 localizes independently of TULP3. Besides, TULP3
depletion did not affect the ciliary distribution of IFT88,
in sharp contrast to depletion of IFT-A complex subunits
(Fig. 3B).

Fine mapping of the IFT-A interaction domain
of TULP3

TULP3 belongs to the extended family of tubby-like
proteins (Supplemental Fig. S4). These proteins share
a conserved C-terminal ‘‘tubby domain’’ (Santagata et al.
2001); however, the N-terminal domains do not, upon
first comparison, look closely related. We generated
clonal LAP-tagged lines for all of the Tubby family pro-
teins in RPE cells, including both isoforms of the human
Tubby homolog (which are named a and b [NCBI] and bear
slight differences in their N-terminal regions, with the
b isoform being conserved in mice). Whereas LAPTULP1
and LAPTUB (isoform a) were localized to both the nucleus
and the cytoplasm, LAPTUB (isoform b), LAPTULP2, and
LAPTULP4were exclusively cytoplasmic (data not shown),
with only LAPTULP3 showing ciliary localization. Upon
tandem affinity purification and identification by mass
spectrometry, IFT-A complex proteins were found associ-
ated with both LAPTUB (isoform b) and LAPTULP2
(Fig. 4B), albeit at much lower levels than with LAPTULP3
(the binding is undetectable by silver staining and immu-
noblotting). IFT-A was not detected with either LAPTUB
(isoform a), LAPTULP1, or LAPTULP4 (data not shown),
suggesting that only TULP3, and, to a lesser extent, TUB
(isoform b) and TULP2 bind the IFT-A complex.
To map the IFT-A-binding domain of TULP3, we first

compared which binding proteins associated with the
LAP-tagged versions of the TULP3 N-terminal (amino
acids 1–183) and C-terminal domains (amino acids 184–
442) by mass spectrometry and silver staining. We found
that only the N-terminal fragment of TULP3 bound
efficiently to the IFT-A complex (Fig. 4A). Deletion
analysis further narrowed the IFT-A-binding domain to a
46-amino-acid stretch (23–68 amino acids) (Fig. 4C) pre-
dicted to have an a-helical structure (Fig. 4A; Rost 1996).
Consistent with our tandem affinity purifications, re-
examination of the Tubby family N-terminal domains
showed that this region is conserved between TULP3,
TULP2, and TUB, but not the nonbinding TULP1 and

TULP4 (Fig. 4A; data not shown for TULP4). Coimmuno-
precipitation of TULP3 variants with mutated amino
acid triplets in this region (denoted mut1 to mut8) with
IFT140LAP in HEK293T cells permitted fine mapping of
the IFT-A-binding domain to amino acids 23–43 (mut1 to
mut5) (Fig. 4C). Mutating these amino acids (for example,
mut1 or mut1 andmut2 combined [mut12]) in the context
of full-length TULP3 and generating stable lines con-
firmed the IFT-A-binding site, each of them completely
abrogating binding to IFT-A complex proteins (Fig. 4D)
and ciliary localization (Supplemental Fig. S3C). Thus,
a conserved helical region in the N terminus of TULP3
mediates interaction with the IFT-A complex, and fine
mapping of this domain allowed us to develop a tool to
perturb and test the importance of the TULP3–IFT-A
interaction (see the last section).

TULP3 regulates localization of a subset of ciliary
GPCRs via IFT-A-dependent trafficking

The phenotypes of Tub and Tulp1 knockout mice sug-
gest a role for these proteins in intracellular vesicular
trafficking of the rhodopsin GPCR in photoreceptors
(Hagstrom et al. 1999; Ikeda et al. 2000). Since GPCRs
similar to Rhodopsin, such as Sstr3 and Mchr1, localize to
primary cilia, we tested whether TULP3 plays a role in
their localization. While ;80% of the cilia in serum-
depleted RPE cells displayed stably expressing C-terminal
GFP-tagged versions of these receptors (Fig. 5B), siRNA-
mediated depletion of TULP3 strongly inhibited their
ciliary localization, without affecting ciliogenesis (Fig.
5A,B). Because IFT-A regulates localization of TULP3 to
the cilia, we tested whether IFT-A complex proteins
modulate ciliary localization of these GPCRs. Indeed,
depleting the ‘‘core’’ complex proteins WDR19, IFT140,
and IFT122 strongly affected ciliary localization of both
SSTR3GFP and MCHR1GFP, whereas depletion of the
accessory subunits THM1 and WDR35 had variable
effects (Fig. 5A,B). Notably, other ciliary proteins, such
as RAB8a, were unaffected by depletion of either TULP3
or the IFT-A complex (Supplemental Fig. S5A), whereas
depletion of RAB8 decreased ciliogenesis as well as
localization of these receptors to the remaining cilia
(Fig. 5B).
Tulp3 and IFT-A mutants cause increased Hh signaling

in the mammalian neural tube. We therefore examined if
localization of known Hh pathway components were
perturbed by TULP3 and IFT-A. Interestingly, although
knockdown of the IFT motor dynein 2 heavy chain
(Dync2h1) caused accumulation of Smoothened (Smo)
in cilia of Hh untreated cells as shown before (Ocbina and
Anderson 2008), there was no appreciable defect in Smo
trafficking upon single or double knockdowns of Tulp3
and any other IFT-A complex subunit (Supplemental Fig.
S5B). In the absence of Hh, Gli3 is proteolytically pro-
cessed into Gli3R (Wang et al. 2000), which is inhibited by
Hh treatment, causing rapid accumulation of full-length
Gli3 at the tips of primary cilia (Supplemental Fig. S5C;
Wen et al. 2010). Knockdown of Dync2h1 decreased Gli3R
levels and increased the full-length Gli3 in untreated cells,
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and Gli3 processing remained unchanged upon Hh treat-
ment (Supplemental Fig. S5D–F). However, single or
double knockdowns of Tulp3 and/or IFT-A subunits, or
stable expression of the TULP3 N-terminal dominant-
negative fragment (which disrupts the TULP3–IFT-A in-

teraction; see the next section), showed normal Gli3
processing and ciliary translocation upon Hh treatment
(Supplemental Fig. S5C–F; data not shown). Double
knockdowns of IFT retrograde motor subunit Dync2h1
with Tulp3 or IFT-A subunits showed effects similar to

Figure 4. Fine mapping of the IFT-A interaction domain of TULP3. (A) A cartoon depicting different domains of TULP3 is shown
below the alignments, along with the different sets of mutations evaluated and their binding properties. (B) Table showing the peptide
spectral count and percent coverage of selected proteins in LAPTUB isoform b, and LAPTULP2 tandem affinity purification eluates
identified by mass spectrometry. (C) Coimmunoprecipitation of IFT140 with TULP3 in HEK293T cells. Cells were cotransfected with
IFT140LAP or LAP empty cassette and the indicated Myc-tagged constructs for 72 h. GFP immunoprecipitates (left panels), and total
lysates (right panels) were immunoblotted for GFP and Myc tag. Cross-reacting bands in the anti-Myc blots are marked with asterisks.
(D) TULP3-associated proteins were purified from RPE cells expressing different LAPTULP3 fragments, as in Figure 1A, and tandem
affinity purification eluates were silver-stained (top panel) or immunoblotted (bottom panels). The IFT-A complex proteins are
labeled as in Figure 1A. Arrowheads and asterisk indicate StagTULP3 full-length or fragment forms and a cross-reacting band (in the
anti-THM1 blot), respectively. See also Supplemental Figure S3.
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Dync2h1 knockdown in both Smo translocation and Gli3
processing assays (Supplemental Fig. S5B,D–F). Thus,
TULP3 or IFT-A functions distinctly from dynein 2 in the
Hh pathway (see the Discussion). Besides, TULP3, through
its association with IFT-A, mediates ciliary localization of
only a subset of ciliary GPCRs, not including Smo.

Both IFT-A- and phosphoinositide-binding properties
of TULP3 regulate ciliary GPCR trafficking

To confirm whether the TULP3 N-terminal domain (re-
quired for interaction with the IFT-A complex) plays a role
in GPCR localization, we expressed a Myc-tagged variant
of the IFT-A-binding N-terminal fragment (1–183 amino
acids) of TULP3 by stable integration or transient trans-
fection in RPE cells stably expressing SSTR3GFP and
MCHR1GFP (Figs. 6A–C, 7B). In each case, we detected a
strong decrease in ciliary localization of these receptors
(Fig. 6A–C). Importantly, ciliary localization of SSTR3GFP

and MCHR1GFP was unaffected upon expression of the
non-IFT-A-bindingmut12N-terminal mutant (Fig. 6A–C),
suggesting that the N-terminal fragment of TULP3 could
be dominantly affecting the regulation of GPCRs through

its binding with IFT-A. To assess the role of TULP3 in the
localization of endogenous GPCRs, we cultured primary
murine hippocampal neurons that bear cilia containing
ACIII and Sstr3 (Berbari et al. 2008). Transient transfection
of the GFP-tagged N-terminal half of TULP3, but not of
the corresponding IFT-A-binding mutant, resulted in de-
creased localization of endogenous Sstr3, but not ACIII,
to the neuronal cilia (Fig. 6D,E). Thus, the N-terminal,
IFT-A-binding fragment of TULP3 perturbs trafficking of
specific endogenous GPCRs, but does not affect the
localization of other ciliary proteins, such as the mem-
brane-associated ACIII, that presumably traffic to cilia by
distinct pathways.
In order to delineate the mechanism by which the

TULP3 N-terminal fragment inhibits GPCR trafficking
and IFT-A function, we first reconstituted the binding
of TULP3 to the IFT-A complex in vitro. We purified the
IFT-A complex from TULP3 siRNA-treated IFT140LAP

RPE cells, and added this to recombinant MBPTULP3
or MBPTULP3mut12 beads. We detected binding of the
IFT-A complex to MBPTULP3, but not to MBPTULP3mut12,
suggesting that TULP3 can be recruited to an intact IFT-A
complex (Supplemental Fig. S6A). Interestingly, although

Figure 5. TULP3 and IFT-A coregulate localization of
ciliary GPCRs. (A) RPE MCHR1GFP stable cells were
transfected with the indicated siRNAs for 78 h and
serum-starved for the last 30 h before fixing and stain-
ing for pericentrin (PCNT, red), Ac-tubulin (AcTub,
magenta), and DNA (blue). White arrows indicate cilia.
Bars, 5 mm. (B) Percentages of total cilia and GFP-
positive cilia in assays similar to A were counted
in two to three independent experiments with RPE
MCHR1GFP and RPE SSTR3GFP stable cells. Error bars
represent SEM. (*) P < 0.05; (**) P < 0.001 with respect to
control in each group. See also Supplemental Figure S5.
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IFT140LAP was somewhat overexpressed compared with
the other IFT-A subunits, the IFT-A complex subunits
bound to MBPTULP3 were stoichiometric in silver-stained
gels (Supplemental Fig. S6A). Addition of the recombinant
HisTULP3 N terminus, but not of the HisTULP3mut12 N
terminus, prevented IFT-A recruitment to MBPTULP3 in
these reactions, suggesting that the N terminus prevents
the full-length TULP3 from being associated with the
IFT-A complex (Fig. 7A). Furthermore, stable expression
of the Myc-tagged N-terminal TULP3 construct, but not
of the corresponding IFT-A-binding mutant, decreased
ciliary localization of LAPTULP3 (Supplemental Fig. S6B),
suggesting that the N-terminal domain displaces full-
length TULP3 from localizing to the cilia in vivo. These
experiments argue that the TULP3 N terminus domi-
nantly affects endogenous TULP3 localization, probably
by preventing its recruitment to an intact IFT-A complex,
thereby affecting GPCR trafficking.
How does TULP3 determine the specificity of traffick-

ing of a subset of ciliary components? The Tubby domain
binds to phosphoinositides (Santagata et al. 2001); how-

ever, the specifics of binding of full-length TULP3 to
phosphoinositides have not been determined. We directly
assayed phosphoinositide specificity of the recombinant
GSTTULP3 on PIP and membrane lipid blots, and found
that it binds most strongly to PtdIns(4,5)P2, followed by
PtdIns(3,4)P2 and PtdIns(3,4,5)P3 (Supplemental Fig.
S6C). A phosphoinositide-binding mutant of TULP3
(TULP3KR), however, retained binding to IFT-A (data
not shown). We next transfected the Myc-tagged full-
length TULP3 constructs with mutations in either the
IFT-A (TULP3mut12) or phosphoinositide-binding re-
gions (TULP3KR) in MCHR1GFP cells. Expression of
MycTULP3mut12 (which retains phosphoinositide bind-
ing) or MycTULP3KR (which retains IFT-A binding)
resulted in a strong decrease in ciliary localization of
MCHR1GFP with respect to expression of MycTULP3 or
MycTULP3mut12KR mutant (which does not bind to
either IFT-A or phosphoinositides) (Fig. 7B,C). This sug-
gests that both the IFT-A- and phosphoinositide-binding
properties of TULP3 regulate trafficking of MCHR1GFP to
the cilia (Fig. 7C,D).

Figure 6. TULP3 N-terminal fragment regulates local-
ization of ciliary GPCRs. (A) RPE MCHR1GFP cells sta-
bly expressing indicated myc-tagged N-terminal TULP3
fragments were serum-starved for 30 h before fixing and
immunostaining for myc (red), pericentrin (PCNT,
magenta), axonemal marker Glu-tubulin (GluTub, ma-
genta), and DNA (blue). White arrowheads and arrows
indicate cilia in myc-positive cells and nonexpressing
cells, respectively. Bar, 5 mm. (B) Percentages of total
cilia and GFP-positive cilia in myc-positive cells in as-
says similar to A were counted in two independent ex-
periments. Error bars represent SD. (*) P < 0.05. (C) RPE
SSTR3GFP stable cells were transfected with the indi-
cated myc-tagged constructs for 78 h and serum-starved
for the last 30 h before fixing and staining as in A.
Percentages of total cilia and GFP-positive cilia in myc-
positive cells were counted in two independent exper-
iments. Error bars represent SD. (*) P < 0.05. (D) Effect of
transfecting indicated GFP-tagged constructs on endog-
enous Sstr3 localization in mouse primary hippocampal
neurons. DIV5 primary hippocampal neurons cultured
from E16 mice were transfected. Three days later,
neurons were fixed and immunostained for endogenous
Sstr3 (red), ACIII (magenta), and DNA (blue). White
arrows indicate cilia. Bar, 10 mm. (E) Percentages of
ACIII-positive cilia coexpressing Sstr3 (left) or neurons
with ACIII-positive cilia (right) in transfected (GFP+) or
untransfected (GFP�) primary hippocampal neurons in
assays similar to D were counted in three independent
experiments. Error bars represent SEM. (*) P < 0.01.
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Discussion

TULP3 promotes the IFT-A complex-mediated
trafficking of a subset of ciliary GPCRs

In this study, we show that TULP3 interacts directly with
the IFT-A complex—specifically with the ‘‘core’’ proteins
IFT122, IFT140, and WDR19—and is provided ciliary
access through this interaction. A conserved helical
region in the N terminus of TULP3 mediates this in-
teraction. TULP3, in turn, promotes localization of a sub-
set of GPCRs to the cilia in an IFT-A-dependent process.
IFT-A thus has a second role in providing ciliary access
to TULP3 and subsequently regulating GPCR traffick-
ing in addition to its well-known function in retrograde
IFT.

We consider TULP3 as an effector rather than a bona
fide component of the IFT-A complex for the reasons
stated below. First, TULP3 can be recruited to an intact
preformed IFT-A complex in vitro, and does not disrupt
the IFT-A complex upon being depleted. Second, TULP3
localization to the cilia depends on the IFT-A ‘‘core,’’ but
not vice versa. Third, in contrast to knockdown of any of
the IFT-A subunits, TULP3 knockdown does not disrupt
retrograde transport of the IFT-B complex protein IFT88,
suggesting that TULP3 does not function in retrograde
IFT. Fourth, expression of the TULP3 N terminus dom-
inantly affects endogenous TULP3 localization, probably
by preventing its recruitment to an intact IFT-A complex,
thereby affecting GPCR trafficking. Fifth, gel filtration
experiments suggest that only a fraction of cellular

Figure 7. Both IFT-A- and phosphoinositide-
binding properties of TULP3 regulate GPCR-
trafficking. (A) The TULP3 N terminus pre-
vents recruitment of full-length TULP3 to an
intact preformed IFT-A complex. PreScission
eluates from TULP3 siRNA-treated IFT140LAP

RPE cells were added to MBPTULP3 or
MBPTULP3mut12 beads in the presence
of HisTULP3 (1–183) or HisTULP3 (1–183)
mut12. MBPTULP3 or MBPTULP3mut12-
bound proteins and corresponding flow-
throughs were immunoblotted for THM1
and TULP3. The anti-THM1 antibody cross-
reacts with Stagfusion proteins, and allowed us
to detect the IFT140Stag protein. For details,
see the Supplemental Material. (B) RPE
MCHR1GFP stable cells were transfected with
the indicated myc-tagged TULP3 constructs
and serum-starved for 30 h before fixing and
immunostaining for myc, pericentrin, axone-
mal marker Glu-tubulin, and DNA. Percent-
ages of total cilia and GFP-positive cilia in
myc-positive cells were counted in at least
three independent experiments. Error bars
represent SEM. (*) P < 0.05 with respect to
MCHR1GFP-positive cilia in MycTULP3 (1–183)
mut12, MycTULP3, or MycTULP3mut12KR-
expressing cells; (#) P < 0.05 with respect to
MCHR1GFP-positive cilia in MycTULP3 (1–183)
mut12-expressing cells. All other values are
not significant with respect to each other. (C)
Summary table of different TULP3 constructs
and their effects on IFT-A binding, phosphoi-
nositide binding, and GPCR trafficking. The
mutant domains (for the image key, see D)
are shown in black. (D) Model depicting the
role of IFT-A and TULP3 in GPCR traf-
ficking. IFT-A ‘‘core’’ complex associates
with and provides ciliary access to TULP3.
TULP3, in turn, is required for trafficking of
certain ciliary-localized GPCRs. GPCR traf-

ficking may be facilitated by loading of IFT-A onto preciliary vesicles (see also Sedmak and Wolfrum 2010) via the association of
TULP3 with membrane phosphoinositides or novel interacting proteins. Dynein-1 also binds to the IFT-A complex, and may have
roles in preciliary transport. Knocking down the IFT-A ‘‘core’’ complex proteins prevents TULP3 from localizing to the cilia, thereby
inhibiting GPCR trafficking. Knocking down TULP3 affects ciliary localization of GPCRs, but not of IFT-A or IFT-B. Expression of
the TULP3 N-terminal fragment prevents endogenous TULP3 from being recruited to the IFT-A complex, and possibly prevents
loading of the IFT-A complex to the preciliary vesicles. See also Supplemental Figure S6.
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TULP3 cofractionates with the IFT-A complex. Finally,
although TULP3 is a nucleocytoplasmic shuttling protein,
IFT140LAP does not localize to the nucleus in Leptomycin
B-treated cells (data not shown). The dynamics of IFT-A
complex assembly in vivo are not known; however, based
on the aforementioned data, it would be reasonable to
predict that a fraction of cellular TULP3 is recruited to the
IFT-A complex later during assembly. IFT140 (but not
TULP3) also strongly associates with dynein 1 and dynac-
tin components, most likely enabling the dynein 1–dynac-
tin complex to transport IFT-A and other cytoplasmic
minus-end microtubule-based traffic close to the ciliary
basal body (Fig. 7D; Sedmak and Wolfrum 2010).
Studies on the specialized mechanosensory chordoto-

nal cilia in Drosophila also suggest a role of IFT-A in
providing ciliary access to proteins (Lee et al. 2008). In
these cilia, IFT140 normally localizes to the ciliary di-
lation (a highly structured axonemal inclusion of un-
known function), which is lacking in the IFT140 mutant.
While the IFT-B subunit IFT88 accumulates in these
mutant cilia, they lack the TRPV ion channel, which
normally localizes proximal to the dilation. In contrast,
the IFT dynein mutant expresses the TRPV ion channel,
although mislocalizing it beyond the disorganized ciliary
dilation. So, it seems that, in these specialized cilia, in
addition to its role in retrograde transport, IFT-A also
functions in localizing the TRPV channel, and organizing
the ciliary dilation.
Similarly, if the IFT-A complex functioned only in

retrograde IFT, we would predict that ciliary signaling
in the mammalian Hh pathway would be similarly
affected in IFT-A and dynein 2 mutants. It is surprising,
however, that mammalian neural tube phenotypes of
mutants of IFT-A subunits differ from those of the IFT
motor dynein 2 (Tran et al. 2008; Cortellino et al. 2009;
Goetz and Anderson 2010), while Tulp3 alleles also show
overactivation of the Hh pathway similar to the IFT-A
mutants (Norman et al. 2009; Patterson et al. 2009). IFT-A
associates with TULP3, and has both an early role in
delivering TULP3 to cilia and another role in retrograde
traffic of TULP3, compromising TULP3 function in
either case. The regulation of TULP3’s localization to
the cilia by IFT-A provides a simplified model for their
role in the Hh pathway.
How do Tulp3 and the IFT-A complex act as negative

regulators of the Hh pathway to pattern the mammalian
neural tube? In the absence of Hh, inactive Smo is
transported laterally from the adjacent plasmamembrane
to the ciliary membrane at a baseline level, and knock-
down of Dync2h1 causes Smo to accumulate in the
untreated cilia (Ocbina and Anderson 2008; Milenkovic
et al. 2009). However, Tulp3 and the IFT-A complex
knockdowns do not cause accumulation of Smo in un-
treated cells, and genetic epistasis experiments suggest
that Tulp3 function is independent of Smo (Norman et al.
2009; Patterson et al. 2009). In addition, unlike Dync2h1
knockdowns, Tulp3 and IFT-A complex knockdowns do
not affect Gli3 processing or ciliary translocation (see also
Norman et al. 2009; Patterson et al. 2009). These exper-
iments suggest that Tulp3 and the IFT-A complex have

functions distinct from Dync2h1 in the Hh signaling
pathway. Tubby family proteins have been shown to
bind to dsDNA, and the tubby domain of TULP1 appar-
ently can act as a transcriptional activator (Boggon et al.
1999; Hu et al. 2009). Although TULP3 shuttles to the
nucleus, TULP3 does not bind directly to an extensive
set of DNA motifs in a protein microarray-based strategy
(Hu et al. 2009). A more intriguing possibility is that
Tulp3 and IFT-A would regulate a novel endogenous
GPCR to be trafficked to the cilia of neural tube cells,
thereby regulating patterning. We are currently looking
into candidate GPCRs that could be important in neural
tube patterning. In addition, although we do not detect
any direct association between TULP3 and known
players in Hh signaling [such as Gli1/2/3, Kif7, or Su(Fu)],
IFT-A and TULP3 could function via their association
with novel factors regulating Hh signaling. We generated
mass spectrometry-based proteomic networks of some of
these interesting candidates, and are in the process of
generating mouse knockouts to further define their role
in Hh signaling.

TULP3 regulates GPCR trafficking to primary cilia
through its IFT-A- and phosphoinositide-binding
properties

Tubby associates with G protein aq (Gaq) family proteins.
GPCR-mediated activation of Gaq and phospholipase C-b
triggers depletion of membrane PI(4,5)P2, detachment of
tubby from the plasma membrane and subsequent nuclear
translocation (Santagata et al. 2001). Similarly, mutating
conserved residues important for phosphoinositide binding
in TULP3 results in its redistribution to the nucleus.
However, we do not detect any direct interactions between
LAPTULP3 and G proteins or GPCRs, and its localization is
not affected by overexpressing constitutively active Ga

proteins in RPE cells (S Mukhopadhyay and PK Jackson,
unpubl.). Instead, TULP3 appears to regulate trafficking
of Rhodopsin family ciliary GPCRs, including SSTR3 and
MCHR1, to the cilia in heterologous cell cultures and pri-
mary hippocampal cultures. Thus, TULP3 or ‘‘core’’ com-
ponents of the IFT-A complex, important in providing
ciliary access to TULP3, probably determine a critical
step in GPCR trafficking. Both Tub and Tulp1 knockout
mice exhibit early-onset progressive retinal degeneration
(Hagstrom et al. 1999; Ikeda et al. 2000), and the role
of TULP3 in GPCR trafficking is thus strongly reminis-
cent of the role of Tulp1 in intracellular vesicular
trafficking of rhodopsin in vertebrate photoreceptors
(Hagstromet al. 1999).Other ciliary-localized proteins—such
as the membrane-associated ACIII, RAB8a, and the Hh-
induced Frizzled/Smoothened family membrane recep-
tor Smo—remain unaffected, suggesting that numerous
pathways gate constituents of the ciliary membrane.
Out of this multitude of pathways, TULP3 effectively
constitutes a sorting tag for a subset of GPCRs.
IFT complex proteins share a common architecture

with components of coat protein I (COPI) of the coated
vesicle transport pathways (Jekely and Arendt 2006),
and are localized in defined preciliary target domains
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associated with transport vesicles (Sedmak and Wolfrum
2010). In addition, electron tomographic analysis of IFT
particles show them to be closely apposed to the inner
surface of the ciliary membrane (Pigino et al. 2009).
Present evidence for preciliary transport of ciliary mem-
brane proteins includes the AP1-dependent transport of
ODR-10 in C. elegans (Dwyer et al. 2001), the presence of
IFT20 at the Golgi apparatus and its role in polycystin-2
trafficking in mammalian cells (Follit et al. 2006), and the
Rab8-dependent transport of rhodopsin in vertebrate
photoreceptors (Moritz et al. 2001). In addition, depletion
of ARL6/BBS3 and components of BBSome in CNS neu-
rons show defects in trafficking of ciliary GPCRs (Berbari
et al. 2008; Jin et al. 2010), and the flagella in a Chlamy-
domonas bbs4 mutant show abnormal accumulation
of several signaling proteins, disrupting phototaxis
(Lechtreck et al. 2009). It is possible that the C-terminal
tubby domain of TULP3 facilitates the association of the
IFT-A complex with preciliary vesicles and the ciliary
membrane through its binding to phosphoinositides (see
also Sedmak and Wolfrum 2010). In fact, mutations in
either the IFT-A-binding domain or the phosphoinositide-
binding domain of TULP3 dominantly affect GPCR local-
ization in heterologous cell systems, suggesting that both
of these functions of TULP3 simultaneously regulate
trafficking. TULP3 selectively binds to PI(4,5)P2 in lipid
overlay assays. Although there may be no selective en-
richment of phosphoinositides in the ciliary membrane
(Lobasso et al. 2010), depletion of PI(4,5)P2 affects axone-
mal outgrowth during Drosophila spermatogenesis (Wei
et al. 2008). Biochemical reconstitution and liposome-
binding experiments are currently under way to test
whether TULP3 tethers IFT-A to membrane vesicles. We
are also studying additional PH domain-containing pro-
teins that interact with TULP3 for their potential roles in
enhancing interactions with the ciliary membrane and/or
preciliary vesicles.
GPCR-mediated signaling in the primary cilia in CNS

neurons enables them to act as an extrasynaptic compart-
ment in regulating neuronal function (Shimada et al.
1998; Chen et al. 2002; Einstein et al. 2010). The role of
TULP3 in regulating neuronal GPCR trafficking thus
provides an intriguing avenue for future investigation into
the role of cilia in neurons. Current studies are under way
in determining the role of TULP3 in neuronal activity.

Materials and methods

Antibodies and reagents

Antibodies were raised in rabbits against recombinant
MBPTULP3, and were affinity-purified on a GSTTULP3 column
using standard protocols. Antibodies against Thm1 (Tran et al.
2008), Smo, andGli3 (Wen et al. 2010) were published previously.
Details of commercial antibodies and plasmids are provided in
the Supplemental Material.

Cell culture and transfections

Stable RPE, NIH 3T3, or IMCD-3 cell lines were generated by
retroviral infection or Flp-in technology. Details are in the
Supplemental Material. All siRNAs were predesigned On-target

Plus (OTP) siRNA duplexes (except custom-designed OTPs 5–8
for TULP3), shown to yield a reduced frequency of off-target
effects (Dharmacon) (Jackson et al. 2006). The most potent
siRNA duplex was selected after assessment of mRNA knock-
down by immunoblotting or qRT–PCR, and sequences are avail-
able on request. RPE cells were plated on coverslips and trans-
fected with 50 nM siRNA duplexes using Lipofectamine
RNAiMAX (Invitrogen). Cells were shifted from 10% serum to
0.2% serum 48 h after transfection to induce ciliation, and were
fixed 24–30 h post-transfection. Plasmids were transfected into
RPE cells using Fugene 6 (Roche).

Hippocampal neuronal cultures

Hippocampi were dissected from embyronic day 16 (E16)
C57BL6 mice (Charles River Laboratories) and incubated for 5
min at 37°C in Hank’s Balanced Salt Solution with 20 U/mL
papain (Worthington Biochemical Corp.). Next, the cells were
dissociated by trituration and plated on poly-D-lysine and
laminin-coated coverslips (BD Biosciences) in Neurobasal me-
dium with B27 supplement (Invitrogen). Cells were transfected
with DNA constructs expressing GFPTULP3 fragments under the
chicken b-actin promoter after 5 d in culture, using Lipofect-
amine 2000 (Invitrogen). Cells were fixed in 4% paraformalde-
hyde with 3% sucrose after a further 3 d in culture and processed
for IF. Staining with anti-b-Tubulin III antibodies (which is a
marker of neurons), and differences in nuclear morphology were
used to distinguish glia from neurons in culture.

Immunofluorescence and microscopy

Immunofluorescence was performed according to standard pro-
tocols after fixation in 4% PFA, and post-fixed with 100%
methanol for 10 min at �20°C (only for g-tubulin staining).
Images were acquired on an Everest deconvolution workstation
(Intelligent Imaging Innovations) equipped with a Zeiss AxioI-
mager.Z1 microscope and a CoolSnapHQ cooled CCD camera
(Roper Scientific) and a 403 PlanApochromat NA 1.3 objective
or 633 PlanApochromat NA 1.4 objective. Between eight and 14
Z sections at 0.3- to 0.5-mm intervals were acquired, and Z

stacks were deconvolved using Slidebook 5 software (Intelligent
Imaging Innovation). For quantitative analysis of ciliated RPE
cell lines (Fig. 5B; Supplemental Fig. S1C), stacks of images were
acquired from at least five to seven consecutive fields with
confluent cells by looking into the DAPI channel, and percent-
ages of ciliated cells were counted. Counting for localization of
LAPTULP3 and IFT88 in RPE cell lines (Fig. 3) was performed
blinded. For quantitative analysis of MCHR1GFP or SSTR3GFP

RPE-positive cilia (Fig. 5), background correction for each exper-
iment was done using the same parameters according to the
Slidebook manual. For quantitative analysis of ciliated hippo-
campal neurons (Fig. 6D,E), stacks of images were acquired from
fields with GFP+ neurons, and percentages of Sstr3- or ACIII-
positive ciliated neurons were counted blinded for transfected
or nontransfected cells.

Tandem affinity purification, mass spectrometry, biochemical

fractionations, and in vitro protein-binding assays

LAP purification with anti-GFP antibodies, TEV/PreScission
protease cleavage, and subsequent Protein S agarose affinity
purification were performed according to Cheeseman and Desai
(2005). Details of mass spectrometry, biochemical fraction-
ations, and in vitro protein binding assays are provided in the
Supplemental Material.
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Statistical analyses

Statistical analyses of receptor localization experiments were
performed using one-way ANOVA and Tukey-Kramer’s post hoc
multiple comparison tests between all possible pairs in each data
set (Figs. 5B, 7B), while a Student’s t-test was used for comparing
two groups of treated cells (Fig. 6) using the JMP 8 statistical
analysis package.
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