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Smoothened (Smo), a 7-pass transmembrane protein, is essential for
transduction of a Hedgehog (Hh) signal across the cell membrane.
Smo is also the principle therapeutic target for several candidate
drugs in the treatment of Hh-related diseases. Mammalian Smo
translocates to the primary cilium in response to Sonic hedgehog
(Shh) ligand-mediated signaling. A mechanistic understanding of Smo
translocation and its interactions with drug candidates is pivotal to
our understanding of Hh signaling and the design, development and
application of successful drugs. We established a system in which Smo
was dual-labeled with GFP and a 12-aa tag whose recognition by an
enzymatic process enables the posttranslational labeling of Smo in
the cell membrane within the living cell. These tools enable the
simultaneous visualization of all cellular Smo, and more specifically,
the cell membrane restricted subpopulation. Using this system, we
demonstrate that cyclopamine, a widely used Hh antagonist, induces
a cilial translocation of Smo similar to that reported for Shh ligand and
several Hh agonists. In contrast, other antagonists abrogate the
Shh-induced, cilial translocation of Smo. We present evidence that the
majority of cilial-localized Smo originates from an intracellular source
and may traffic to the primary cilium through an intraflagellar
transport (IFT) pathway.
intraflagellar transport 兩 PPTase labeling 兩 drug development

H

edgehog (Hh) signaling is involved in multiple developmental
pathways and several adult homeostatic processes. As a consequence, a tight regulation of Hh signaling is essential in building
and maintaining functional systems in the body (for review, see ref.
1). In the mammalian signaling pathway, the binding of a Hh ligand
to its receptor Patched 1(Ptch1) relieves Ptch1-mediated inhibition
of a second transmembrane protein Smoothened (Smo). Activation
of Smo triggers an intracellular signal transduction cascade that
culminates in Gli-dependent, transcriptional activities. Because
genetic ablation of Smo leads to a complete loss of Hh responsiveness in target cells, Smo is clearly essential for Hh signal transduction (2). In contrast, activating mutations in Smo result in a
hyperstimulation of Hh signaling (3).
Hh signaling is linked to a number of human diseases, notably
several neurodegenerative diseases and a variety of cancers, including basal cell carcinoma (BCC), medulloblastoma (MB), rhabdomyosarcoma, pancreatic caner, prostate cancer, and lung cancer
(reviewed in ref. 4). The identification of mutations in Hh pathway
components has stimulated the identification of over a dozen Hh
agonists and antagonists that fall into chemically distinct classes
(4–12). Remarkably, Smo is the target protein for most of these
compounds. A mechanistic understanding of Smo and how it
interacts with these compounds is essential to the development of
effective drugs and therapies for Hh-related diseases. Here, the
mechanisms of Hh antagonist activities are of particular interest
given their potential use in cancer therapy (4, 13, 14). A widely
studied Hh antagonist is cyclopamine, a natural product derived
from corn lily (15). Further, a number of cyclopamine derivatives
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have been described that offer improved pharmacological and
inhibitory properties (16).
The primary cilium has emerged as a central organelle essential
for Hh signal transduction in mammalian systems (reviewed in ref.
17). Multiple components of the Hh pathway localize to the primary
cilium or its basal body, including Sonic Hedgehog (Shh) (10, 18),
Ptch1 (10), Smo (10, 19–24), suppressor of Fused (suFU) (a key
negative regulator of Gli activity), and Gli transcription factors (21,
24, 25). In the absence of Shh, Ptch1 is enriched in the primary
cilium of cultured mammalian cells; its cilial localization is lost after
engagement with Shh ligand (10). Conversely, Smo becomes enriched on the primary cilium upon treatment with Shh or several
pathway stimulators including the small molecule agonist, Ag1.3
(also known as SAG) (6, 8, 10) and 20␣-hydroxycholesterol (20OHC), a candidate small molecule for communication between
Ptch1 and Smo (7, 10). Interestingly, a tryptophan to leucine
mutation in the 7th transmembrane helix bundle of Smo generates
a dominant-active form (SmoA1), that constitutively localizes to the
primary cilium (19, 20). Downstream of Smo, suFU and Gli
proteins concentrate in or about the primary cilium (21, 24, 25).
Further, their normal function depends on the intact primary cilium
(23, 25–28). How all these Hh pathway components traffic in and
out of the primary cilium and how the cilial localization modulates
their activities is not clear.
Intraflagellar transport (IFT) is required for the assembly and
maintenance of the primary cilium. Membrane proteins are thought
to be transported within the primary cilium via IFT particles. These
particles consist of 16 known IFT proteins that form 2 multiprotein
IFT complexes, A and B. The movement of IFT particles from the
base to the tip of cilium is powered by anterograde kinesin-II motor
complexes, whereas retrograde transport is driven by dynein motor
complexes (29). A correlation between Hh signaling and the
primary cilium was first made when mouse mutations removing IFT
function were shown to lead to a failure of cilial formation resulting
in a spectrum of Hh-related phenotypes (23, 25–28, 30). These
phenotypes may result as an indirect consequence of ciliary abnormalities or more directly if IFT trafficking is itself a component of
Hh signaling.
To dynamically visualize protein distribution within the cell,
genetic fusion to fluorescent protein (FP) has been a powerful
strategy. However, the large mass of the FP component and their
restricted spectra limit their application. Site specific posttranslational labeling is an emerging complementary technology (reAuthor contributions: Y.W., Z.Z., C.T.W., and A.P.M. designed research; Y.W. and Z.Z.
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Fig. 1. Generation of a dual labeled A1::Smo::GFP reporter construct. (A) A 12-aa A1 tag was added to the extracellular N terminus of human Smo, whereas GFP was
fused to the intracellular C terminus. (B) AcpS enzyme transfers a fluorophore to the serine in the A1 tag (marked as red in A) through a Ppant group in the
CoA-fluorophore substrate, thereby labeling A1::Smo::GFP with a specific fluorophore.

viewed in ref. 31). One such approach is based on the enzymology
of phosphopantetheinyl transferases (PPTases), either holo-(acyl
carrier protein) synthase (AcpS) or Sfp. AcpS transfers the phosphopantetheinyl (Ppant) moiety from CoA to a conserved serine
residue in the acyl carrier protein (ACP). This enzyme tolerates a
wide range of modifications at the terminal thiol of CoA, allowing
the transfer of a broad spectrum of fluorophores to an ACP on a
tagged protein. Recent progress allows for the replacement of an
ACP with 12-aa tags or even 8-aa tags (32, 33). PPTase labeling
enables membrane proteins to be tracked with ‘‘built-in’’ high
temporal and spatial resolution, with a minimal shift in molecular
mass and a growing library of bright, photostable fluorophores that
act across the visible spectrum. Because the time of labeling can be
precisely controlled in the living cell, and the labeling reaction is
rapid—typically completed within 15–30 min—multicolor pulse–
chase experiments are facilitated by this approach. Further, PPTase
specifically labels the extracellular component of cell membranebound proteins; consequently, surface and intracellular pools of a
given membrane protein can be distinguished in the living cell.
In this study, we have used a Smo::FP fusion, in conjunction with
AcpS labeling, to examine Smo distribution in response to a number
of small molecule modulators of Hh pathway activity. Several Hh
agonists and one antagonist, cyclopamine, stimulate the accumulation of Smo in the primary cilium of cultured cells. In contrast,
other antagonists inhibit Shh-mediated Smo translocation to the
primary cilium. Using AcpS labeling with a 12-aa tag, we provide
evidence that most cilial localized Smo originates from intracellular
protein pools and not from the cell membrane. The colocalization
of IFT88, an anterograde IFT protein, with intracellular Smo
suggests that Smo may traffic through an IFT mediated pathway.
Results
An A1::Smo::GFP Construct Is Functionally Equivalent to Endogenous
Smo. To investigate Smo localization and its trafficking mechanism,

we established a system that combines conventional labeling with
fluorescent proteins and a PPTase labeling technique (Fig. 1). GFP
was fused to the intracellular C terminus of human Smo and a 12-aa
2624 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0812110106

A1 tag was added at the extracellular N terminus following the
signal peptide sequence (Fig. 1 A). The A1 peptide tag is specifically
recognized by the AcpS enzyme. Enzymatic activity transfers a
Ppant group in the CoA substrate to a serine residue in the A1 tag
(Fig. 1B), thereby enabling fluorescent labeling of A1::Smo::GFP,
using CoA substrates conjugated with small fluorophores such as
Texas Red (TxRed).
A1::Smo::GFP or a control GFP construct were introduced into
Shh-responsive NIH/3T3 cells by retrovirus infection. Multiple
clonal lines of A1::Smo::GFP expressing cells were selected based
on the expression level and translocation behavior of
A1::Smo::GFP. At least two clonal lines were used to validate the
results throughout this study. In the absence of Shh ligand, endogenous Smo has a diffuse distribution in cells (Fig. 2A). After
treatment with ShhN (the N-terminal signaling fragment of Shh),
Smo translocates to the primary cilium above the ␥-tubulin-positive,
basal body (Fig. 2B). A1::Smo::GFP fusion proteins showed a
similar ShhN dependent distribution to endogenous mouse Smo,
when they were detected with both GFP and Smo antibody (Fig. 2
C and D) (10, 19–24). Cilial accumulation of A1::Smo::GFP in
response to ShhN treatment was confirmed by costaining with two
additional primary cilium markers—anti-Arl13b (Fig. 2 E and F)
and Inversin::Cherry (Fig. S1 A and B). Arl13b is a GTPase
required for proper cilia formation (28), whereas Inversin is linked
to the Wnt signaling pathway (34).
The functionality of the A1::Smo::GFP construct in Hh signaling
was addressed in Gli-luciferase assays, using Gli dependent transcription activity as a readout (Fig. 2G). An equal amount of a
Ptch1-promoter driven luciferase reporter construct was introduced
into either A1::Smo::GFP cells or a control cell line producing GFP
only. Cotransfection of short hairpin (sh) RNA constructs against
GFP and mouse Smo was used to knock down A1::Smo::GFP and
endogenous Smo, respectively, in transfected cells (Fig. S2) (35, 36).
Cells were serum starved to promote cilial assembly, then treated
with ShhN ligand or mock medium. A1::Smo::GFP cells were
equally responsive to ShhN as the control cell line, whereas
knockdown of GFP did not significantly attenuate ShhN responWang et al.
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Fig. 2. A1::Smo::GFP is functionally equivalent to endogenous Smo. (A–F) NIH/3T3 cells expressing GFP (A and B) or A1::Smo::GFP (C and D) were either untreated
(A, C, and E) or treated with ShhN ligand (B, D, and F). GFP (green in A and B) and A1::Smo::GFP (green in C–F) were visualized by direct detection of GFP.
Endogenous Smo (red in A–D) and A1::Smo::GFP (red in C and D) were detected with anti-Smo antibody. Cilial basal bodies were visualized with ␥-tubulin
antibody (blue in A–F). Arl13b was also identified with immunofluorescence (red in E and F). (Scale bars: 5 m.) (G) Hh signaling was assessed in NIH/3T3 cells
by activation of a Ptch1-promoter driven luciferase reporter in response to ShhN ligand. Cells either expressed GFP (blue bars) or A1::Smo::GFP (red bars) and
in some samples they were transfected with short hairpin RNA constructs to knock down GFP (shGFP) and/or endogenous mouse Smo (shmSmo-1 and shmSmo-2;
recognizing nonoverlapping regions specific to mouse and not human Smo). The result shown is the mean of 4 replicates. Error bars indicate SD.

siveness. As expected, knockdown of mouse Smo dramatically
inhibited ShhN responsiveness of the control GFP cell line but not
the A1::Smo::GFP cell line (Fig. 2G). However, knockdown of both
GFP and endogenous Smo dramatically inhibited ShhN responsiveness in A1::Smo::GFP cells (Fig. 2G). Together, these data
demonstrate that A1::Smo::GFP is equivalent to endogenous Smo
in terms of both its translocation behavior in response to ShhN
ligand and Hh signaling activity in ShhN treated cells.
Different Classes of Agonists and Antagonists Differentially Influence
Smo Localization. Having established A1::Smo::GFP as a useful tool

for visualizing Smo in Hh responsive cells, we compared the
localization of Smo to that of the general, primary cilium marker,
Arl13b, when cells were treated with a range of compounds that
modulate Hh signaling (summarized in Table S1). Consistent with
a previous report (10), Smo translocated to the primary cilium when
NIH/3T3 cells were treated with SAG, 20-OHC (Fig. 3 A and B and
Fig. S3 A and C) or a third pathway agonist, purmorphamine (Fig.
S3 A and B). Surprisingly, cyclopamine, a widely used Hh antagonist, also drove Smo to the primary cilium, in contrast to a previous
report examining MDCK cells (19). Conversely, other antagonists
including SANT-1, SANT-2 and GANT61 abrogate the ShhNdependent translocation of Smo to the primary cilium (Fig. 3 A and
C–G and Fig. S4), whereas neither of them induces obvious
localization change of Smo when applied alone (data not shown).
Similar results were obtained in an A1::Smo::GFP/Inversin::Cherry
cell line, where primary cilia were labeled with an Inversin::Cherry
fusion protein (Fig. S1) (34). Because the cilial localization of
Inversin::Cherry was unaltered by any of the above treatments (Fig.
S1), the observed effects of Hh agonists and antagonists on
A1::Smo::GFP cilial translocation were specific and not a more
general effect of altered cilial trafficking. Importantly, Gliluciferase reporter assays demonstrated that all small molecule
Wang et al.

treatments produced the expected effects on Hh signaling activity
when compared with their published properties (Fig. S5) (4–12).
To determine how these different antagonists function in the Hh
pathway, we performed an epistasis analysis in NIH/3T3 cells. All
four compounds inhibited ShhN stimulated Hh activity; however,
only GANT61 inhibited Gli activity when the endogenous Gli
antagonist suFU was knocked down (Fig. 3H) (37, 38). These data
are in good agreement with published reports (6, 9). SANT-1 and
SANT-2 function upstream of suFU, most likely at the level of Smo
because they both compete for cyclopamine binding of Smo (6). In
contrast, GANT61 function downstream of suFU places GANT61
at the level of Gli transcriptional regulators (9).
Cilial Accumulation of Smo Originates From an Intracellular Source.

We next addressed the cellular source of Smo that accumulates on
the primary cilium, using PPTase labeling technology. AcpS enzyme and CoA substrates were added to the culture medium to
label A1::Smo::GFP in living cells. Because the high, negative
charge of the CoA substrates prevents their penetration through the
cell membrane, only A1::Smo::GFP on the cell surface can be
labeled by this approach (32, 33). Thus, A1::Smo::GFP can be
distinguished in cell membrane and intracellular pools.
AcpS labeling efficiency was examined with two different fluorophores—TxRed and Alexa633. After ShhN stimulated accumulation of A1::Smo::GFP, a 20-min labeling reaction was performed
with two CoA substrates conjugated with either TxRed or Alexa633. A1::Smo::GFP was effectively labeled with both fluorophores (Fig. 4A) in a reaction dependent on both AcpS (Fig. 4B)
and A1 tag (Fig. 4C). Next, A1::Smo::GFP cells were grown in
conditions that stimulate de novo assembly of the primary cilium
(see Materials and Methods). Unstimulated cells were incubated for
1 h with AcpS enzyme and TxRed-CoA to saturate labeling of
A1::Smo::GFP on the membrane surface (Fig. 4 D and E). After
this, cells were treated with ShhN ligand for 2 h and labeled with
PNAS 兩 February 24, 2009 兩 vol. 106 兩 no. 8 兩 2625
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Fig. 3. Effects on Smo localization and Hh activity by various Hh agonists and
antagonists. (A–G) Cells expressing A1::Smo::GFP were treated with DMSO (A);
SAG (B), cyclopamine (CYC) (C); ShhN (D); or a combination of ShhN and either
SANT-1 (E), SANT-2 (F), or GANT61 (G). A1::Smo::GFP (green in A–G) was visualized
by direct detection of GFP. Primary cilia were marked with Arl13b antibody (red
in A–G). (Scale bars: 5 m.) (H) Hh signaling was activated by either ShhN ligand
or RNAi knock down of suFU and assessed in Gli-luciferase assays. NIH/3T3 cells
were either untreated or treated with one of the Hh antagonists, either CYC,
SANT-1, SANT-2, or GANT61. The result shown is the mean of 4 replicates. Error
bars depict SD.

Alexa633-CoA (Fig. 4D). A1::Smo::GFP on the primary cilium was
only labeled by Alexa633 (Fig. 4 F and G). To confirm that cell
surface labeling was indeed saturated after 1 h of incubation, we
2626 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0812110106

Fig. 4.
AcpS labeling of A1::Smo::GFP. (A and B) After ShhN treatment,
A1::Smo::GFP cells were incubated with both Texas Red (TxRed)-CoA and Alexa633-CoA either with (A) or without (B) AcpS for 20 min. (C) Wildtype NIH/3T3
cells were also treated with ShhN and incubated in a reaction with AcpS. (D)
Experimental procedure for a ‘‘pulse– chase’’ labeling with 2 colors. (E and F) The
images depict labeling at 1 h (E), before ShhN treatment, and at 3 h and 20 min
(F), after the second labeling with Alexa633. (G) The background level of labeling
was obtained following the same process but without ShhN treatment.
A1::Smo::GFP was directly visualized by detecting GFP (green in A, B, and E–G).
Endogenous Smo in wildtype NIH/3T3 cells was detected by Smo antibody (green
in C). Labeling signal with TxRed and Alexa633 is shown in red and purple,
respectively. Cilium basal bodies are marked with ␥-tubulin antibody (blue in A–C
and E–G). (Scale bars: 5 m.)

incubated ShhN-treated cells consecutively with two different fluorescent substrates, for 20 min each (Fig. S6A). Labeling was only
observed with the first fluorophore, consistent with a rapid saturation of available A1 tag sites in the first reaction (Fig. S6B). The
data suggest that the A1::Smo::GFP that translocates to the primary
cilium on ShhN stimulation originates primarily from an intracellular pool and not from the cell membrane.
One caveat to this interpretation is the kinetics of turn-over of
A1::Smo::GFP. A1::Smo::GFP could rapidly translocate from the
cell membrane to the primary cilium but then turn over at this site
within the 2-h assay period. To directly address A1::Smo::GFP
turn-over in the primary cilium, cells were treated with ShhN ligand
for 2 h, then labeled with TxRed for 20 min, to directly observe cilial
protein at different periods postlabeling. No obvious decrease in
Wang et al.
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Fig. 5. A1::Smo::GFP colocalizes with IFT88. Cells expressing A1::Smo::GFP
(green) were untreated (A) or treated with ShhN (B) and labeled at the cell surface
with Alexa633 (purple), followed by staining with IFT88 (red) and ␥-tubulin
(blue). Arrows indicate localization to the basal bodies of primary cilia; arrowheads denote noncilial localization to intracellular puncta. (Scale bars: 5 m.)

signal intensity was observed 2 h after labeling. Further, label was
still detected on the primary cilium 8 h after labeling (Fig. S7).
Together, these data support the conclusion that intracellular
trafficking from a cytoplasmic pool is primarily responsible for the
elevation of Smo levels at the primary cilium on ShhN stimulation.
Because SAG and cyclopamine treatments gave similar results
(data not shown), this pathway is also the likely route for smallmolecule driven Smo relocalization.
Smo Likely Trafficks Through an Intraflagellar Transport (IFT) Pathway. To examine potential pathways of Smo trafficking to the

primary cilium, we assayed cytoplasmic colocalization of Smo with
vesicle trafficking pathways on ShhN stimulation. Interestingly, we
observed noncilial associated, cytoplasmic accumulations of
A1::Smo::GFP in response to ShhN ligand (Fig. 5). Further, some
A1::Smo::GFP puncta colocalize with endogenous IFT88 (Polaris),
an anterograde IFT protein (25), raising the possibility that Smo
might traffick through an IFT mechanism. These puncta, unlike
cilial A1::Smo::GFP, were not labeled by AcpS indicating that the
noncilial IFT88 associated accumulations did not originate from the
cell surface (Fig. 5B). Further, the bulk of A1::Smo::GFP did not
colocalize with Transferin receptors (TfR), a general marker for
endocytosis (Fig. S8A) (39), EEA-1, an early endosome marker
(Fig. S8B) (39), or mannose 6 phosphate receptor (M6PR), a maker
for late endosomes and lysosomes (Fig. S8C) (40). Together, these
data argues against an endosomal pathway of membrane translocation. A BBSome complex has recently been linked to membrane
vesicle trafficking to the base of the primary cilium (41). However,
A1::Smo::GFP did not colocalize with PCM-1, a key component of
BBSome complex. Thus, Smo is also unlikely to traffic through the
BBSome pathway (41, 42).
Discussion
Pharmacological Implications for The Different Inhibitory Mechanisms
of Cyclopamine and Other Antagonists. Understanding the normal

cellular functions and properties of drug targets and how these are
influenced by a drug is critical to both the development and the
successful clinical application of a drug. ‘‘Mechanism-based’’ drug
discovery, where drug development efforts are directed by identifying and better understanding the mechanisms by which drugs and
their targets function, promises to increase the efficiency of drug
development and to better address safety issues (43). Hh signaling
is one critical pathway of interest based on its roles in both
development and diseases. From many screens, Smo has emerged
as the target for a majority of known compounds that modulate Hh
signaling. Consequently, Smo has assumed an importance in pharmacological development of Hh agonists and antagonists. Here, we
have presented evidence indicating that cyclopamine, SANT-1/2,
and GANT61 have different effects on Smo translocation to the
primary cilium (Fig. 3 and Figs. S1 and S4). SANT-1/2 have been
Wang et al.

suggested to act at the same level as cyclopamine given that they
compete with cyclopamine for binding to Smo (6). However,
SANT-1/2 inhibit a dominant active form of Smo (SmoA1) at a
comparable dose to that required to inhibit wild-type Smo (6),
whereas cyclopamine has to be applied at a much higher dose to
block SmoA1 activity (15). Given that SANT-1/2 block Smo accumulation at the primary cilium (Fig. 3 D–F and Figs. S1 B, G, and
H and Fig. S4), whereas cyclopamine triggers translocation (Fig. 3C
and Figs. S1F and S4), and SANT-1/2 are chemically distinct
compounds from cyclopamine (Table S1), we speculate that their
binding to Smo occurs at different sites, and further, their binding
induces different conformational changes in Smo protein and/or
differentially disrupts Smo interaction with other cellular factors.
GANT61 functions downstream of Smo and suFU in the inhibition of Shh signaling (Fig. 3H). Because GANT61 inhibits Gli1
binding to DNA (9), GANT61 may function at the level of Gli
factors modulating their transcriptional activities. Three models
may explain the unexpected inhibitory effect we observe of
GANT61 on cilial accumulation of Smo. First, Smo accumulation
to the primary cilium may depended on active Hh signaling. Second,
normal feedback mechanisms may influence Smo cilial translocation. Transcription of Ptch1, Hip1, Cdo, Boc, and Gas1 are all either
positively or negatively regulated by Shh signaling and altered levels
of these components may indirectly effect Smo cilial translocation.
Finally, GANT61 may target cilial trafficking more generally.
Because Gli processing and Smo accumulation are both dependent
on the primary cilium, both processes could be influenced by a cilial
trafficking defect. However, Lauth et al. report that GANT61 can
act on nuclear accumulated Gli arguing against this model (9).
Cyclopamine is one of the most widely used Hh antagonists in
Hh-cancer research. Prolonged systemic treatment with cyclopamine is reported to significantly diminish tumor formation in UVirradiated Ptch1⫹/⫺ mice (44). Cyclopamine can also decrease the
rate of growth of mouse medulloblastoma cells in culture and in
mouse allograft models (45, 46). Our finding that cyclopamine
promotes Smo accumulation at the primary cilium suggests a
possible issue with cyclopamine action where the Smo that has
accumulated in the primary cilium may lead to a strong prolonged
stimulation after drug removal. Supporting this view, we demonstrate that Smo once in the primary cilium turns over relatively
slowly (Fig. S7). These results may have important ramifications in
deciding on which drugs to promote for clinical development and
in ensuring the maximal ‘‘target space’’ for Hh pathway inhibition.
Smo Trafficking and the IFT Pathway. Our data suggest that the

primary mechanism for Smo accumulation at the primary cilium is
via transport from an intracellular store. The finding that Smo and
IFT88 colocalize in cytoplasmic accumulations and in the primary
cilium provides some evidence for a trafficking process that could
move Smo to the primary cilium. In this light, mouse mutants in IFT
proteins may have complicated roles in Hh signaling where both
cilial structure and Smo transport may be affected. More specific
mutants may be required to examine the possibility of distinct,
mechanistic activities. Further study exploring the dynamic interactions between Smoothened, IFT88, and other components of the
IFT pathway may shed light on their cellular relationships in
conjunction with cilial trafficking. Moreover, studying the prestimulation Smo complex may give insights into the mechanism that
activate Smo movement from the cytoplasm to the primary cilium.
Recently, Ocbina and Anderson (47) showed that suFU also
depends on IFT. Given the cilial localization of several major
components in the Hh pathway, examining the broad relationships
between IFT proteins and Hh pathway components may be of
interest.
Short Tag PPTase Labeling, a Versatile Tool to Investigate Membrane
Proteins. Our study demonstrates the efficacy and efficiency of the

PPTase labeling technology in examining cell membrane protein
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accumulation and movement in a living cell. PPTase labeling
enabled effective multicolor labeling of A1::Smo::GFP, providing
the first insights into the dynamics of Smo turnover in the primary
cilium. Further, the ‘‘built-in’’ spatial resolution of the system, a
property of the cell exclusion of CoA substrates, enabled us to study
the mechanisms of Smo trafficking distinguishing cell membrane
populations from intracellular pools. Future developments such as
orthogonal labeling with two different PPTases, Sfp, and AcpS, will
enable the investigation of multiple proteins simultaneously (32)
and the development of cell permeable substrates will expand this
important methodology enabling biomedical researchers to extend
molecular imaging studies.
Materials and Methods

Luciferase Assays. Cells were plated at a density of 5 ⫻ 104 per well in 24 well
plates 18 h before transfection. DNA transfection was performed using Lipofectamine2000 (Invitrogen; catalog no. 11668); the DNA introduced in each well
included 100 ng of CMV driven renilla luciferase construct, 300 ng of Ptch1
promoter driven firefly luciferase construct, and 400 ng of each shRNA construct
or a PBS plasmid as a control. Cells were grown for 2 days; then the medium was
changed to DMEM containing 0.5% BCS and proteins/compounds indicated in
the text. Cells were cultured for an additional 48 h, tryspinized, lysed and assayed
using a Promega dual luciferase reporter essay system kit (E1910). Renilla luciferase signal was used to normalize the firefly luciferase signal. The RNAi efficiency was measured as previous described (35). In all luciferase assays, every
condition was repeated in quadruplicate wells and experiments were repeated at
least 3 times.
Further information is available in SI Materials and Methods.

Assays for Smo translocation. All 3T3 cell lines were plated at a density of 1 ⫻ 104
cells per well in fibronectin coated Lab-Tek chamber slides (Nunc; catalog no.
178599). The cells were grown to confluence, then switched to DMSO containing
0.5% BCS with indicated treatments for 24 h or as stated in the text. Immunostaining was performed after fixation in 4% Paraformaldehyde (PFA) according
to standard protocols. AcpS labeling reactions were performed as described in
ref. 32. Fluorescent images were collected after fixing samples, using a Zeiss
LSM510 META on an inverted microscope, with a 63⫻ (1.4 NA) oil-immersion
objective lens, using 4 laser lines (405, 488, 543, 633 nm).
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