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Abstract

Defects in the biogenesis of or transport through primary cilia affect Hedgehog protein signaling,
and many Hedgehog pathway components traffic through or accumulate in cilia. The Hedgehog
receptor, Patched, negatively regulates the activity and ciliary accumulation of Smoothened, a
seven transmembrane protein that is essential for transducing the Hedgehog signal. We found that
this negative regulation of Smoothened required the ciliary localization of Patched, as specified
either by its own cytoplasmic tail or by provision of heterologous ciliary localization signals.
Surprisingly, given that Hedgehog binding promotes the exit of Patched from the cilium, we
observed that an altered form of Patched that is retained in the cilium nevertheless responded to
Hedgehog, resulting in Smoothened activation. Our results indicate that, whereas ciliary
localization of Patched is essential for suppression of Smoothened activation, the primary event
enabling Smoothened activation is binding of Hedgehog to Patched, and Patched ciliary removal is
secondary.

Introduction

Hedgehog (Hh) are proteins that function as cell-to-cell signals with embryonic roles in
specification of tissue patterning and cell differentiation (1) and postembryonic roles in
organ homeostasis and regeneration (2, 3). Additionally, pathway activity can stimulate or
suppress growth of various cancers (4-7). During vertebrate Hh signaling, the processed,
lipid-modified N-terminal signaling domain of Hh activates the pathway by binding to
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Patchedl (Ptchl) (8), a member of the Resistance-Nodulation-Division (RND) family of
proton-driven 12-transmembrane (TM) transporters, thus relieving Ptchl suppression of the
7-transmembrane protein Smoothened (Smo), which is structurally related to G protein-
coupled receptors. Activation of Smo, in turn, stimulates transcription by inhibiting the
constitutive, proteolytic processing of Gli family proteins and switching them to their
activated states.

The primary cilium plays a central role in transduction of vertebrate Hh signals (9). ShhN,
the signaling domain of mammalian Sonic hedgehog, binds to the shaft of primary cilia
which contain Ptch1 and induces Ptch1 removal from the cilium, which is accompanied by
ciliary accumulation of Smo (10, 11). Ciliary accumulation of activated Smo then triggers
pathway activation through Gli proteins, which also accumulate within the primary cilium
prior to ciliary exit and nuclear entry(12). Despite these findings, the mechanisms by which
Ptchl suppresses Smo activity and by which Hh inactivates this inhibitory function of Ptchl
remain unclear. One model is that Ptchl inhibits the pathway by excluding Smo from the
cilium in resting cells and that Hh binding triggers removal of Ptchl from the cilium, thus
enabling Smo to enter and activate signaling (11, 13). However, Smo accumulates in the
primary cilium without Hh stimulation in cells in which cytoplasmic dynein 2, the
microtubule motor for retrograde ciliary trafficking, is genetically or pharmacologically
impaired (14-17), suggesting that Smo may traffic into the cilium even in the presence of
active Ptch1. Accumulation of Smo in primary cilia in the absence of Hh-mediated Ptchl
inactivation also occurs in cells with functional impairment of other ciliary transport proteins
(18-20), and Smo also accumulates in cilia of cells exposed to pharmacologic agents that
directly bind and activate (or in some cases inactivate) Smo (11, 21). Thus, the relationship
of the ciliary trafficking of Ptchl to activation and ciliary accumulation of Smo is unclear.
To address these issues we used systematic deletions to show that sequences within the
Ptchl cytoplasmic tail contributed to Ptchl ciliary localization and that removal of these
sequences disrupted the Smo-inhibitory function of Ptchl. Furthermore, replacement of the
Ptchl cytoplasmic tail with heterologous ciliary localization signals (CLS) not only restored
ciliary localization but also Hh-responsive regulatory activity of Ptchl. We thus provide
evidence that Ptch1 suppression of Hh pathway activity and response to Hh requires
localization to the primary cilium. We also found that modification of Ptchl such that the
protein remained in the primary cilium even in the presence of ShhN nevertheless repressed
downstream signaling activity in the absence of ligand and this inhibitory activity was
relieved by exposure of the cells to ShhN. Therefore, although the removal of Ptchl from the
primary cilium may fine tune pathway activity, our evidence indicates that ciliary removal of
Ptchl is not essential for Hh-induced pathway activation.

Ptchl C-terminal cytoplasmic tail is necessary for ciliary localization

The CLS of Ptch1 has not been clearly defined, and such signals are insufficiently
catalogued for reliable identification by sequence comparison. We constructed a series of
truncations that progressively remove sequences from an epitope-tagged form of Ptchl,
expressed them in Prch1™~ cells (Fig. 1A), and assessed ciliary localization by laser
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confocal microscopy (Fig. 1B). In addition, we tested for Smo suppression activity by
cotransfecting these Ptchl variants at low levels (1% w/w DNA) with a Gli-controlled
luciferase reporter. We used Pfch1™" cells to avoid interference by endogenous Ptchi, which
is reported to homomultimerize (22). These cells do not express the Patched ortholog, PtchZ,
and therefore, Ptchl is the Hh receptor responsible for Smo regulation and control of Hh
pathway activity in these cells (23, 24).

Removal of all or most amino-acid sequence C-terminal to the final transmembrane segment
(in constructs Ptch11162, Ptch11170 and Ptch11189) fully disrupted Ptch1 ciliary localization
(Fig. 1B and C) and inactivated Smo suppression, leading to constitutively high reporter
activity (Fig. 1C). The addition of amino acids from amino-acid residue 1180 to the C-
terminus progressively restored ciliary localization and Smo suppression (Fig. 1B and C).
Furthermore, Smo suppression correlated highly with the ability of these sequences to target
Ptchl to the cilium (Fig. 1D). Restoration of Ptch1 cytoplasmic tail sequences also restored
the response to Hh stimulation (Fig. 1E).

Ptchl cytoplasmic tail and Smo cytoplasmic tail mediate ciliary localization

Ptchl with full cytoplasmic tail but lacking a segment of the TM7-TM8 extracellular loop
fully suppressed Smo activity but did not respond to Hh (Ptch12L2, Fig. 2A), consistent with
loss of Hh binding (25, 26). We found that the Ptch1 C-terminal cytoplasmic tail (Ptch1CT)
sufficed to specify ciliary localization when fused to peptides containing tandem acylation
signals from the kinase Lyn11 or the adaptor LAT (Fig. 2B), consistent with previous reports
that acylated peptides targeted to membrane microdomains can reveal the activity of ciliary
localization signals to which they are fused (27, 28).

As with Ptchl, truncation of the Smo cytoplasmic tail impaired Smo accumulation in cilia
and the ability of Smo to rescue Hh pathway activity in Smo™" cells (Fig. 2C). Furthermore,
the cytoplasmic tail of Smo sufficed to deliver acylated LAT into primary cilia (Fig. 2D).
Thus, although the exact motif responsible for ciliary localization is not defined, both Ptch
and Smo have CLS that are necessary for the ability of these proteins to traffic into the
cilium.

Signaling activity of truncated Ptchl is restored by heterologous CLSs

We tested the importance of ciliary localization for Ptchl function by attaching heterologous
CLS sequences to Ptch1 lacking the cytoplasmic tail (Ptch1N). We found that the fusion of
the Smo cytoplasmic tail (SmoCT) onto Ptch1N (Ptch1N-SmoCT) rescued ciliary localization
and regulatory function of Ptch1N and that the Ptch1N-SmoCT localized to the primary
cilium in 100% of transfected NIH 3T3 cells (Fig. 3A and B). Importantly, the Ptch1N-
SmoCT fusion protein also suppressed Gli reporter activity when introduced into Ptch1™~
cells, and this reporter activity was then induced in response to ShhN (Fig. 3C). We also
tested the effect of the third intracellular loop (icl3) of the 7TM protein Sstr3 (Sstr3icl3),
which contains a well-defined CLS responsible for Sstr3 ciliary localization (29, 30). Fusion
of this CLS to Ptch1N (Ptch1N-Sstr3i°13) also restored both ciliary localization and Hh-
responsive regulatory activity (Fig. 3).
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Ptch1 with mutated PPXY motifs (Ptch1PY) accumulates in the primary cilium

We tested the model that Hh-dependent pathway activation depends upon removal of Ptchl
from the cilium. Our analysis focused on two recognition motifs (PPXY) for binding by
HECT E3 ubiquitin ligases (31), one within the cytoplasmic tail and one within the large
cytoplasmic loop between TM6 and TM7 (Fig. 4A) (22). Ptch1 with mutations in both of
these PPXY motifs persisted in the cilium even in the presence of ShhN (Fig. 4B and C).
Using a biotin labeling assay with a non-cell-permeable reagent to compare the amount of
surface-localized Ptch1 and Ptch1PY after stimulation with ShhN, we found that the amount
of Ptchi on the cell surface was reduced after 1 hour of exposure to ShhN; whereasPtch1PY
remained at the cell surface in the presence of ShhN (Fig. 4D).

This ciliary persistence was not due to disruption of ShhN binding, because structured
illumination microscopy (SIM), which lowers the limit of optical resolution to less than 200
nm (32), showed that ShhN added to cells expressing Ptch1PY localized in a thin layer
overlying regions of the cilium with higher concentrations of Ptch1PYprotein (Fig. 4E and
F). Consistent with the hypothesis that Ptch1PY persistence on the ciliary membrane is due
to loss of interaction with HECT E3 ubiquitin ligases, we found that, in contrast to wild-type
Ptch1, Ptch1PY did not coimmunoprecipitate with any of the eight tested HECT E3 ubiquitin
ligases (Wwpl, Wwp2, Nedd4, Nedd4L, Itchy, HECW, Smurfl, and Smurf2; Fig. 5),
suggesting that the interaction with and ubiquitylation by one or more of these E3 ubiquitin
ligases is necessary for trafficking of Ptchl out of the cilium.

Direct binding of ShhN to Ptch1l, but not ciliary removal of Ptchl, is required for ShhN-
induced pathway activation

Persistence of Ptch1PY within the cilium provides an opportunity to test the role of Ptchl
ciliary removal upon Hh stimulation in activation of the pathway. We found that Ptch1PY
introduced into Prch1™~ cells blocked the ciliary accumulation of Smo in a manner similar
to wild-type Ptchl (Fig. 6A). Upon addition of ShhN, endogenous Smo accumulated in the
primary cilia not only of cells transfected for expression of wild-type Ptch1, but also in the
primary cilia of cells transfected for expression of Ptch1PY (Fig. 6A). Furthermore, we
confirmed simultaneous localization of Smo within the primary cilium of 95% of ShhN-
stimulated cells expressing Ptch1PY (Fig. 6B). Imaging of cilia containing both Ptch1PY and
Smo by SIM revealed that they localized in distinct, nonoverlapping but intermingled
regions of the primary cilium (Fig. 6C). The functional relevance of these nonoverlapping
localizations is unclear, but may relate to the proclivity of Ptch1l and Smo to
homomultimerize (22, 33).

We also examined the ability of Ptch1™~ cells to respond to ShhN stimulation upon
cotransfection with a Ptch1PY expression construct and the Hh-sensitive Gli reporter. We
found little difference in the ability of wild-type Ptch1 and Ptch1PY to suppress
transcriptional activity or in the responsiveness of cells expressing either of these Ptchl
proteins to ShhN stimulation (Fig. 6D). To extend this analysis to the single-cell level and
confirm that the transcriptional response occurred in the very cells that show simultaneous
Ptch1PY and Smo ciliary localization, we examined expression of nuclear p-galactosidase in
ShhN-stimulated Prch1™~ cells transfected to express PtchdPY. Ptchlin Ptchl™~ cells is
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disrupted by in frame insertion of /acZwith a nuclear localization signal (34): the production
of nuclear p-galactosidase thus provides a measure of transcriptional activation of the Pfchl
promoter, a Hh pathway target. As expected, nuclear 3-galactosidase was abundant in control
Ptch1™~ cells regardless of ShhN stimulation, whereas Prch1™~ cells transfected with either
wild-type Ptchl or Ptch1PY showed very low nuclear f-galactosidase that increased upon
ShhN stimulation (Fig. 6E and G). Moreover, Pich1™~ cells transfected with Ptch1PY
displayed simultaneous presence of ciliary Ptch1PY and nuclear p-galactosidase upon ShhN
stimulation (Fig. 6, E and G).

Discussion

Our results indicated that Ptch1 function is modular: N-terminal sequences through the 12th
TM domain confer Smo suppression, as well as binding and response to Hh, and ciliary
localization conferred by the Ptchl cytoplasmic tail. Although the ciliary localization
specified by the Ptch1 cytoplasmic tail was required for Hh-sensitive Smo regulation, the
Ptchl cytoplasmic tail itself was dispensable if a heterologous CLS was provided instead.

We also found that, although ciliary localization of Ptch1 and direct binding of Hh to Ptchl
was required for Hh-sensitive Smo regulation, Hh-induced ciliary removal of Ptchl was not
necessary for ciliary accumulation of Smo and for downstream pathway activation. This
finding is analogous to the finding in Drosgphila (where primary cilia are not required for
Hh signaling) that the trafficking of Ptc from the plasma membrane, which is normally
triggered by Hh stimulation, is neither required for Hh-dependent activation of Smo nor for
initiation of downstream signaling events (35).

Although our data showed that Ptch1 ciliary removal is not essential for pathway activation,
Hh-induced ciliary removal of Ptchl may have an important role in tuning the response to
Hh signaling during development. Yue et al. (36) demonstrated that Hh-dependent granule
neuronal precursor proliferation is reduced by deletion of the Ptchl PPXY sequences or by
inactivation of the HECT E3 ubiquitin ligases that interact with them. Given our finding that
Ptchl suppression of Smo activity required ciliary localization, clearance of Ptchl from the
cilium and its subsequent degradation may result in a higher degree of Hh responsiveness.
Hh-induced ciliary clearance of Ptchl thus may be critical in fine tuning pathway activity
and hence the differentiation program induced by the amount of Hh present at a particular
position within a field of Hh-responsive cells. Nevertheless, our data indicate that Hh
binding to Ptchl is the critical event for suppression of Ptchl activity and that ciliary
removal, although potentially important, is a secondary event. The mechanism of Ptchl
inactivation by Hh binding awaits molecular elucidation, but may involve stabilization of a
particular conformation among several alternatives typically associated with transporter
function.

Materials and Methods

Cell culture

HEK 293 cells (Life Technologies), Ptch1™”~ MEFs, and stably transfected HEK293-ShhN
cells (37) were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
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with 10% fetal bovine serum (FBS; Omega Scientific) and 1% penicillin/ streptomycin/

glutamine. NIH 3T3 cells (ATCC) were maintained in DMEM with 1% penicillin/
streptomycin/glutamine and 10% bovine calf serum (HyClone) as previously described (16).

Constructs and Reagents

Antibodies

Mouse full-length Ptchl and Ptchl with cytoplasmic tail deletions were fused with either
3xMyc tag or a single YFP tag at the C terminus. Ptch1N-SmoCT-YFP was constructed by
directly fusing N-terminus of Ptch1 (aa 1-1169) with the Smo cytoplasmic tail (aa 550-793)
followed by a YFP tag. Ptch1N-Sstr3i¢I3-YFP was constructed by directly fusing Ptchl (aa
1-1169) with the icl3 of Sstr3 (30) followed by a YFP tag. ShhN-mCherry was constructed
by fusing mCherry at the C-terminus of ShhN. Ptch1PY, with two point mutations of Y631F
and Y 1320F, was constructed by the QuikChange method (Agilent). Full-length Nedd4,
Neddd4L, Itchy, Smurfl, and Smurf2 were obtained from Addgene and fused with the HA
or FLAG tag at the N-terminus. Full-length WWP1 and WWP2 were obtained from Open
Biosystems and fused with the FLAG tag at the N-terminus. Full-length HECW was
obtained from DNASU Plasmid Repository and fused with the FLAG tag at the N-terminus.
ShhN-conditioned medium was prepared as previously described (37).

Antibodies were used at the following concentrations: rabbit antibody recognizing Smo (16)
1:1,000 dilution of 0.7 pg/ul, mouse monoclonal antibody recognizing acetylated tubulin
(Sigma) 1:2,000, rabbit antibody recognizing Myc (Santa Cruz) 1:1,000, mouse antibody
recognizing Myc (9E10, Santa Cruz) 1:200, rabbit antibody recognizing GFP (Invitrogen)
1:200, chicken antibody recognizing GFP (Abcam) 1:5,000, rabbit antibody recognizing HA
(Invitrogen) 1:1000, rabbit antibody recognizing dsRed (Clontech) 1:1,000, mouse antibody
recognizing Flag (M2, Sigma) 1:2,000, rabbit antibody recognizing -p-galactosidase (MP
Biomedicals) 1:2,000, HRP-conjugated goat anti-mouse (Promega, W4021) 1:10,000, HRP-
conjugated goat anti-rabbit (Jackson Immuno-Research Lab, 111-035-144) 1:10,000.
Fluorophore-conjugated secondary antibodies were from Jackson Immuno-Research
Laboratories and used at 1:500.

Protein Immunoprecipitation

HEK 293 cells were transfected using FUGENE 6 transfection reagent (Promega). Cells
were lysed at 48 h after transfection in a buffer containing 1% NP40, 50 mM Tris-HCI pH
7.5, 150 mM NacCl, and protease inhibitors for 30 min at 4°C. The lysate was clarified by
centrifugation at 12,000xg for 20 min at 4°C, and incubated with antibody-coupled Protein
A-coated magnetic beads (Invitrogen) for 2 h at 4°C. Beads were washed and proteins were
recovered directly in SDS-PAGE sample buffer.

Cell-Surface Biotinylation

HEK 293 cells were washed at 48 h after transfection with PBS, pH 7.4 and incubated for 60
min in PBS containing 1mg/ml Sulfo-NHS-LC-Biotin (Pierce) at 4°C. The reaction was
quenched by washing the cells with 100 mM glycine in PBS for 3 times. Cells were then
lysed in a buffer containing 1% NP40, 50 mM Tris-HCI pH 7.5, 150 mM NacCl, and protease
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inhibitors for 30 min. The lysate was clarified by centrifugation at 12,000xg for 20 min at
4°C, and biotinylated proteins were recovered by binding to Streptavidin-Sepharose beads
(GE healthcare) for 2 h at 4°C. Beads were washed and proteins were recovered in SDS-
PAGE sample buffer.

Immunoblotting

Proteins separated on Criterion TGX SDS-PAGE gels (Bio-Rad) were transferred to
polyvinylidene difluoride membranes, blocked in 5% milk in PBS/0.1% Tween-20, and
detected with the relevant primary and secondary antibodies.

Gli Reporter Assays

NIH 3T3 cells plated at 5-9 x 10* cells/well of 24-well plates were transfected the next day
using FUGENE HD (Promega) with Gli luciferase reporter, control pRL-SV40 Renilla
luciferase, and other DNA constructs as indicated. After reaching confluence (~2 days), cells
were shifted to 0.5% serum medium and incubated 24 h with conditioned medium
containing ShhN.

Immunofluorescence and Quantification of Microscopic Images

Cells were fixed in 4% formaldehyde for 10 min, and then washed 3 times with PBS. Fixed
cells were placed in blocking solution (PBS with 1% normal goat serum and 0.1% Triton
X-100) for 30 min. Primary antibodies were diluted in blocking solution and used to stain
cells for 1 h at room temperature. After 3 washes in PBS, secondary antibodies and DAPI
(Invitrogen) were added in blocking solution at a dilution of 1:500 for 1 h at room
temperature. The samples were mounted in VECTASHIELD Mounting Medium (Vector
Laboratories) for microscopy. Microscopy was either performed on a Leica spinning disc
confocal microscope SD6000 or a Zeiss laser scanning confocal microscope LSM710 (with
a 63x objective) or an OMX structured illumination microscope. Quantitative analyses were
performed using ImageJ, as described previously (21). To assess protein amounts in primary
cilia or nucleus, images used for comparison within an experiment were obtained with
identical settings on the microscope and then used for quantification without any
manipulation. A mask was constructed by manually outlining cilia or nucleus in the image
taken in the acetylated-tubulin or DAPI channel, respectively. This mask was then applied to
the image taken in the channel for protein of interest, and the fluorescence at the cilium or in
the nucleus was measured. Local background correction was performed by moving the mask
to measure fluorescence at a representative nearby region, and then subtracting this value
from that of ciliary or nuclear fluorescence. All points represent mean fluorescence +
standard deviation from 10-20 individual cilia or nuclei. Statistical analysis was performed
using GraphPad Prism software.
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Fig. 1.
Ptchl cytoplasmic tail is necessary for ciliary localization. (A) Schematic diagram of Ptchl

cytoplasmic tail deletions. Ptch11434 is WT. The inset shows abundance of the indicated
Myc-tagged Ptch proteins expressed in HEK293 cells. (B) Prch1™~ cells transfected with
Myc tagged Ptchl carrying various cytoplasmic tail deletions were fixed and stained with
antibodies recognizing acetylated tubulin (primary cilium, red) and Myc (Ptchl variants,
green). The insets show shifted overlays of the red and the green channels. Scale bar, 5 pm.
(C) Mean fluorescence intensity of Ptchl variants in cilia of transfected Prch1™ cells and
their ability to suppress Smo activity are plotted against the cytoplasmic tail lengths of Ptchl
variants. Ciliary intensity is the mean £ SD of fluorescence from 10-20 cilia. Smo-
suppression activity is defined as Rgrp/Rpich1, the ratio of Gli reporter activity from
Ptch1™~ cells cotransfected with GFP or each individual Ptchl variant: a higher value of this
quotient indicates more effective suppression by a particular Ptchl variant. Error bars
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indicate SD, n=3. (D) Smo-suppression activity was plotted as a function of ciliary intensity
for each Ptchl cytoplasmic tail deletion. The Pearson correlation coefficient is 0.97 (r=0.97).
(E) Ptch1™" cells transfected for expression of Myc-tagged Ptch1 variants, Gli reporter, and
control SV40-Renilla luciferase were grown to confluency, incubated with or without ShhN,
and assayed for reporter activity. Error bars indicate SD, n=3.
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Fig. 2.

LATcc-YFP-Smo®™

LATss-YFP-Smo°"

The cytoplasmic tails of Ptch1l and Smo specify ciliary trafficking and Hh responsiveness.
(A) Summary of ciliary localization and signaling activity of Ptchl variants and a Ptchl
cytoplasmic tail fusion protein. The constructs indicated in the first column were transfected
at high levels (50% w/w DNA) into Pzch1™~ cells to assess ciliary localization by laser
confocal microscopy and cotransfected at low levels (1% w/w DNA) with the Gli reporter to
test for signaling activity. (B) NIH 3T3 cells were transfected with YFP-tagged fusion
proteins as schematically indicated at the top and fixed and stained with DAPI (hucleus,
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blue) and antibodies recognizing acetylated tubulin (primary cilium, red) or GFP (fusion
protein, green). The lower right insets show shifted overlays. Scale bar, 5 um. (C) The
cytoplasmic tail of Smo is required for ciliary localization. Constructs with indicated
cytoplasmic tails of mouse Smo listed in the first column were transfected at high levels
(50% w/w DNA) into Smo™~ cells to assess ciliary localization by laser confocal
microscopy and cotransfected at low levels (1% w/w DNA) with the Gli reporter to test for
signaling activity. Smo793 is wild-type Smo. (D) Smo cytoplasmic tail is sufficient for
ciliary localization. NIH 3T3 cells transfected with the indicated constructs were fixed and
stained as described in (B). Images and data shown are representative of many cilia and
signaling assays from three experiments.
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Exogenous ciliary localization signals rescue the impaired signaling activity of Ptch1N. (A)
Schematic diagrams of YFP-tagged Ptchl fusion proteins. (B) NIH 3T3 cells transfected
with the indicated YFP-tagged Ptchl constructs were fixed and stained with DAPI (nucleus,
blue) and antibodies recognizing acetylated tubulin (primary cilium, red) or GFP (fusion
protein, green). The insets show shifted overlays. Scale bar, 5 um. (C) Pich1™~ cells were
transiently transfected for expression of YFP-tagged Ptchl variants, Gli reporter, and control
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SV40-Renilla luciferase. Following transfection, cells were grown to confluency, incubated
with or without ShhN, and assayed for reporter activity. Error bars indicate SD, n=3.
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Fig. 4.
Ptch1PY fails to exit the primary cilium. (A) Schematic diagram of Ptch1 shows conserved

PPXY motifs within the large TM6-TM7 cytoplasmic loop and the cytoplasmic tail. (B)
Ptch1™~ cells were transfected with Myc-tagged Ptch1WT (wild-type Ptch1) or Ptch1PY.
After incubation with or without ShhN for 4 h, cells were fixed and stained for acetylated
tubulin (primary cilium, red) and Myc (Ptchl variants, green). The insets show shifted
overlays. Scale bar, 5 pm. (C) Mean fluorescence intensity in cilia of Ptch1WT or Ptch1PY in
transfected Prch1™" cells, with or without ShhN treatment for 4 h. Each bar shows the mean
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+ SD of fluorescence from 10-20 cilia and representative images are shown in (B). Unpaired
t test was used for statistical analysis. ****p<0.0001, n.s., not significant (p>0.05). (D) Cell
surface proteins from HEK293 cells transfected with Myc-tagged Ptch1WT or Ptch1PY were
biotinylated, isolated using streptavidin beads, and examined for the presence of Ptchl by
immunoblotting for Myc. IP, immunoprecipitation; WB, Western blot. (E) NIH 3T3 cells
were transfected with Myc-tagged Ptch1PY. After incubation with or without mCherry-
tagged ShhN for 4 h, cells were fixed and stained with antibodies recognizing dsRed (ShhN,
red), acetylated tubulin (primary cilium, blue), or Myc (Ptchl variants, green) and imaged by
confocal microscopy. Scale bar, 5 um. (F) Cells transfected and stained as in (F) were
imaged by structured illumination microscopy (SIM). Scale bar, 2.5 um. Images shown in
(E) and (F) are representative of many cilia.
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PY mutations abolish binding of Ptchl to eight Nedd4 family HECT E3 ubiquitin ligases.
Myc-tagged Ptch1WT or Ptch1PY was cotransfected with individual epitope-tagged Nedd4
family HECT E3 ubiquitin ligases into HEK 293 cells. After cell lysis, E3 ubiquitin ligases
were immunoprecipitated with antibodies recognizing the epitope tags and the Myc antibody
was used detect coprecipitated Ptch1WT or Ptch1PY. Data are representative of two different

experiments.
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Fig. 6.

Cigl'iary removal of Ptch1 is not required for Shh-induced pathway activation. (A) Prchl™~
cells were transfected with Myc-tagged Ptch1WT or Ptch1PY. After incubation with or
without ShhN for 4 h, cells were fixed and stained with anti-Smo (red) and anti-Myc (Ptchl,
green). The insets show shifted overlays. Scale bar, 5 pm. (B) Quantification of percentage
of transfected cells with simultaneous ciliary presence of Smo and Ptch1WT or Ptch1PY.
Note that in the absence of ShhN, there are no cilia that contain both Ptchl and Smo (black
bars are not visible). (C) Cells transfected and stained as in (A) were imaged by SIM. Scale
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bar, 2.5 um. (D) Ptch1™~ cells transiently transfected for expression of Myc-tagged Ptchil
variants, Gli-luciferase reporter, and control SV40-Renilla luciferase were grown to
confluency, incubated with or without ShhN, and assayed for reporter activity. Error bars
indicate SD, n=3. (E) Prch1™~ cells transfected with GFP-tagged Ptch1WT or Ptch1PY were
incubated with or without ShhN overnight, fixed and stained with anti-p-gal (pathway
activity, red), anti-GFP (Ptch1, green), anti-AcTub (primary cilium, white), and DAPI
(nucleus, blue). The insets show a separate green-channel view of ciliary Ptchl. The
presence of nuclear -gal indicates pathway activation. Scale bar, 5 pm. (F) Mean
fluorescence intensity of B-gal in the nuclei of Prch1~~ cells and Ptch™~ cells transfected
with Ptch1WT or Ptch1PY. Each bar shows the mean + SD of fluorescence from 10-20 cells.
Images are representatives of experiments. (G) Quantification of percentage of transfected,
ciliated cells that contain both nuclear $-gal and ciliary Ptchl.
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