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A central question in Hedgehog (Hh) signaling is how evolutionarily conserved components of the pathway might
use the primary cilium in mammals but not fly. We focus on Suppressor of fused (Sufu), a major Hh regulator in
mammals, and reveal that Sufu controls protein levels of full-length Gli transcription factors, thus affecting the
production of Gli activators and repressors essential for graded Hh responses. Surprisingly, despite ciliary
localization of most Hh pathway components, regulation of Gli protein levels by Sufu is cilium-independent. We
propose that Sufu-dependent processes in Hh signaling are evolutionarily conserved. Consistent with this, Sufu
regulates Gli protein levels by antagonizing the activity of Spop, a conserved Gli-degrading factor. Furthermore,
addition of zebrafish or fly Sufu restores Gli protein function in Sufu-deficient mammalian cells. In contrast, fly
Smo is unable to translocate to the primary cilium and activate the mammalian Hh pathway. We also uncover
a novel positive role of Sufu in regulating Hh signaling, resulting from its control of both Gli activator and
repressor function. Taken together, these studies delineate important aspects of cilium-dependent and cilium-
independent Hh signal transduction and provide significant mechanistic insight into Hh signaling in diverse
species.
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Elucidating the molecular mechanism of Hedgehog (Hh)
signal transduction is critical for understanding normal
embryonic patterning and pathological conditions such as
human congenital anomalies and cancers arising from
misregulated Hh signaling. The main components of the
Hh signaling pathway appear to be conserved between
invertebrates and vertebrates; however, recent studies
indicate that several aspects of Hh signaling have diverged
(Lum and Beachy 2004; Ogden et al. 2004; Hooper and
Scott 2005; Nieuwenhuis and Hui 2005; Huangfu and
Anderson 2006; Ingham and Placzek 2006; Jia and Jiang
2006; Aikin et al. 2008; Dessaud et al. 2008; Varjosalo and
Taipale 2008). In particular, the primary cilium, an ancient
and evolutionarily conserved organelle, is essential for
mammalian Hh signal transduction but dispensable for
Hh signaling in Drosophila. The extent of Hh pathway
divergence in different organisms is a major unresolved

issue. Delineating cilium-dependent and cilium-independent
processes of Hh signal transduction is crucial to un-
derstanding how the mammalian Hh pathway has
evolved. Insight into this question will not only advance
our mechanistic understanding of Hh signaling but also
serve as a paradigm for investigating the evolution of
signal transduction pathways.

Most vertebrate cells possess a nonmotile primary cil-
ium (Huangfu and Anderson 2005). Primary cilia contain
a long microtubular axoneme that extends from the basal
body and is surrounded by an external membrane that is
continuous with the plasma membrane (Rosenbaum and
Witman 2002). Assembly and maintenance of the primary
cilium are mediated by a process called intraflagellar
transport (IFT), which involves bidirectional movement of
IFT particles powered by anterograde kinesin (Kif3a, Kif3b,
and Kif3c) and retrograde dynein motors (Rosenbaum and
Witman 2002). Mouse ethylnitrosourea (ENU) mutants in
genes encoding IFT proteins, or the respective motors, have
defective Hh signaling (Huangfu et al. 2003), providing
strong evidence that the primary cilium plays a key role in
mammalian Hh signaling. Moreover, most core mammalian
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Hh pathway components including Smoothened (Smo),
Patched1 (Ptch1), Suppressor of fused (Sufu), and Gli1,
Gli2, and Gli3 localize to the primary cilium (Michaud
and Yoder 2006; Eggenschwiler and Anderson 2007).
Furthermore, production of both Gli protein activators
and repressors appears to be affected in IFT mutant mice
(Huangfu and Anderson 2005; Liu et al. 2005). These
results establish a strong connection between primary
cilia and mammalian Hh signaling. Interestingly, primary
cilia are only present in sensory neurons in Drosophila,
and mutations in either the anterograde kinesin motor or
components of the IFT particles cause neuronal pheno-
types in fly but do not seem to disrupt Hh signaling (Ray
et al. 1999; Han et al. 2003), highlighting a unique role of
the cilium in mammalian Hh signaling.

Binding of Hh to its 12-pass transmembrane receptor
Ptch1 triggers ciliary localization of Smo, a seven-pass
transmembrane protein (Corbit et al. 2005), with con-
comitant loss of Ptch1 on the cilium (Rohatgi et al. 2007),
leading to Smo activation. Otherwise, Ptch1 inhibits Smo
activity via unknown mechanisms. In the absence of the
Hh ligand, Gli2 and Gli3 transcription factors, homologs
of Drosophila Cubitus interruptus (Ci), undergo limited
proteolysis in which the C-terminal activator domains
are cleaved, thus generating transcriptional repressors
(Aza-Blanc et al. 1997; B Wang et al. 2000; Pan et al.
2006). The Hh signal transduction cascade represses Ci/
Gli2/3 proteolysis, promoting the generation of transcrip-
tional activators that presumably are derived from full-
length Ci/Gli proteins. In contrast, the Gli1 protein lacks
an N-terminal repressor domain and functions solely as
a transcriptional activator. The delicate balance between
Gli activators and repressors is believed to be the major
determinant of graded Hh responses. It is widely specu-
lated that many key events of cytoplasmic Hh signal
transduction downstream from Smo occur on the cilium,
the absence of which is known to perturb the ratio of full-
length Gli (the putative activators) and Gli repressors (Liu
et al. 2005). However, functional studies to demonstrate
how the primary cilium controls Hh signaling are largely
lacking. Whether the production of Gli activators and
repressors occurs on the primary cilium has never been
demonstrated. In fact, even whether Smo is activated on
the cilium, and how this occurs, is unclear. It is also
unknown if Gli protein levels or activities can be regu-
lated by processes independent of the primary cilium.

Studies on Hh signal transduction downstream from
Smo in a number of model organisms suggest a modified
pathway design (Huangfu and Anderson 2006). In partic-
ular, efforts to understand the roles of Fused (Fu), a puta-
tive serine-threonine kinase, and Sufu, a novel PEST
domain protein, in Hh signaling shed light on pathway
divergence. Sufu is dispensable for viability in fly and was
identified as an extragenic suppressor of fu mutations
(Preat 1992; Preat et al. 1993). In fly, Fu functions in
concert with the atypical kinesin Costal-2 (Cos2) (Robbins
et al. 1997; Sisson et al. 1997), Ci (Orenic et al. 1990), and
Sufu in transducing the Hh signal. In the absence of
extracellular Hh ligand, Cos2 functions as a scaffold in
a multimolecular protein complex comprised of Fu, Ci,

Cos2, and a small amount of Sufu. Cos2 recruits the
kinases PKA, GSK3, and CK1 to promote Ci phosphory-
lation (Zhang et al. 2005), targeting Ci for limited pro-
teolysis via the Slimb/b-TrCP-Cul1 E3 ubiquitin ligase.
This cleavage event removes its C-terminal activation
domain from Ci and produces a transcriptional repressor
capable of inhibiting Hh target gene expression. Hh signal
transduction leads to dissociation of the kinases from the
Cos2-scaffolded complex and subsequent inhibition of Ci
proteolysis. Instead, Cos2, Fu, and possibly Ci are re-
cruited to Smo at the plasma membrane through direct
associations between Cos-2 and the Smo C terminus
(Stegman et al. 2000, 2004; Jia et al. 2003; Lum et al.
2003; Ogden et al. 2003; Ruel et al. 2003). In this process,
Ci is converted into an activator through unknown mech-
anisms in order to activate Hh target genes (Ohlmeyer
and Kalderon 1998). Fu and Sufu were proposed to exert
opposite effects in controlling the processing, activity,
and shuttling of Ci between the nucleus and the cyto-
plasm (Methot and Basler 2000; Wang and Holmgren
2000; G Wang et al. 2000; Lefers et al. 2001). Sufu is
believed to tether Ci in the cytoplasm and repress Hh
signaling, a function that could be antagonized by Fu.

Sufu is a major regulator of mammalian Hh signaling
(Cooper et al. 2005; Svard et al. 2006), but the molecular
mechanisms by which Sufu controls vertebrate Hh sig-
naling are unknown. Sufu-deficient mice die ;9.5 d post-
coitus (dpc) with a ventralized neural tube due to global
up-regulation of Hh signaling. This is in stark contrast to
the lack of overt phenotypes in sufu mutant flies (Preat
1992). Interestingly, fly fused (fu) is essential for Hh
signaling, and fu defects are suppressed by sufu inactiva-
tion (Preat 1992). In contrast, Fu-deficient mice are viable
and display no embryonic phenotypes (Chen et al. 2005;
Merchant et al. 2005). Hh signaling in zebrafish appears to
represent a transitional state since morpholino-mediated
knockdown of fu-produced phenotypes consistent with
loss of Hh activity, whereas loss of sufu resulted in mild
elevation of Hh signaling (Wolff et al. 2003; Koudijs et al.
2005). These results indicate that diverse species use
a modified regulatory circuitry and/or distinct cellular
microenvironments for Hh signaling. Given the vital role
of Sufu in controlling mammalian Hh signaling, as well as
the fact that it is physically present on the cilium, studies
of Sufu provide a unique tool to clarify mechanisms of Hh
signal transduction and their possible divergence during
evolution.

Results

Hh pathway components localize to the primary
cilium in a dynamic manner

Most mammalian Hh pathway components, including
Smo, Ptch1, Sufu, and Gli1, Gli2, and Gli3, localize to the
primary cilium (Fig. 1A; Michaud and Yoder 2006;
Eggenschwiler and Anderson 2007). Smo translocates to
the primary cilium upon Hh pathway activation, with
concomitant loss of Ptch1 from the cilium. While ciliary
localization of endogenous Smo and Ptch1 has been
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extensively documented (Corbit et al. 2005; Rohatgi et al.
2007), endogenous Gli1, Gli2, and Gli3 and Sufu proteins
on the cilium have not been examined thoroughly (Haycraft
et al. 2005). We generated antibodies against Gli2 and
Gli3 that are capable of detecting endogenous Gli pro-
teins (Supplemental Fig. S1). Gli2 and Gli3 are present at
the primary cilium at low levels in the absence of Hh
ligand, and their levels on the cilium dramatically in-
crease with the addition of exogenous Shh ligand (Fig. 1A;
Supplemental Fig. S2A). This dynamic change of endog-
enous Gli2 and Gli3 levels on the cilium in response to
Hh signaling differs from results using overexpressed Gli2
and Gli3 proteins, which can be detected on the cilium
regardless of the state of Hh pathway activation (Haycraft
et al. 2005; data not shown). In contrast, ciliary localiza-
tion and intensity of Sufu are unaffected upon Hh
pathway activation (Supplemental Fig. S2A). In some
cells, Gli2, Gli3, and Sufu immunofluorescence is de-
tected primarily at the tip of the primary cilium, while in

other cells, it is distributed along the entire cilium,
perhaps reflecting trafficking of these proteins on the
cilium (Fig. 1A; Supplemental Fig. S3; data not shown).
Gli2 and Gli3 localize to the primary cilium even in the
absence of Hh stimulation in Ptch1�/�mouse embryonic
fibroblasts (MEFs) (Fig. 1A), in which the Hh pathway is
maximally activated in a ligand-independent manner.
Together, these localization studies suggest that the
primary cilium could constitute a critical site for Hh
signaling, but functional studies are required for clarify-
ing how the cilium regulates Hh signaling.

Gli2 and Gli3 protein levels are greatly reduced
in the absence of Sufu

To investigate how Sufu regulates Hh signaling, we exam-
ined Gli protein levels in Sufu�/� embryos and MEFs. We
found that endogenous Gli2 and Gli3 proteins (both full-
length and repressor) are barely detectable on Western blots

Figure 1. Endogenous Hh pathway com-
ponents display dynamic patterns of ciliary
localization in response to Hh signaling,
while overexpressed Gli proteins localize
to the primary cilium in the absence of
Sufu. (A) Immunofluorescence of wild-type
(wt), Sufu�/�, and Ptch1�/� MEFs using
antibodies against acetylated tubulin (AC)
(labeling primary cilia, red) and various
endogenous Hh pathway components in-
cluding Smo, Ptch1, Gli2, Gli3 and Sufu
(green). Smo translocates to the primary
cilium upon Hh pathway activation, which
is associated with concomitant loss of
Ptch1 from the cilium. Low levels of Gli2
and Gli3 can be detected on the primary
cilium by immunofluorescence without Hh
ligand stimulation (data not shown), and
their levels on the cilium significantly in-
crease upon exposure to exogenous Shh
ligand. In contrast, ciliary localization and
intensity of Sufu are unchanged upon Hh
pathway activation (data not shown). Gli2,
Gli3, and Sufu immunofluorescence is de-
tected primarily at the end of the primary
cilium in some cells, while in others it
decorates the entire cilium, perhaps due to
dynamic ciliary trafficking of these pro-
teins. Gli2 and Gli3 localize to the primary
cilium in the absence of Hh stimulation in
Ptch1�/� MEFs, in which the Hh pathway
is maximally activated. Ciliary localization
of Gli2 and Gli3 is completely abolished in
Sufu�/� MEFs. (B) Immunofluorescence of
Sufu�/� MEFs expressing mouse Flag-
tagged Gli1, Gli2, or Gli3 using antibodies
against acetylated tubulin (red) and Flag
antibodies against Gli1, Gli2, or Gli3
(green). Overexpressed Gli proteins localize
to the primary cilium in the absence of
Sufu, and ciliary localization is unaffected
by Hh stimulation. We speculate that the amount of overexpressed Gli proteins exceeds the capacity of Gli-degradation machinery in
the absence of Sufu (see Fig. 2A).
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in the absence of Sufu (Fig. 2A; Supplemental Fig, S4;
Supplemental Table S1). Consistent with this finding,
ciliary localization of Gli2 and Gli3 is completely abolished
in Sufu�/�MEFs (Fig. 1A). This is not due to reduced mRNA
levels of Gli2 and Gli3, which are comparable between wild-
type and Sufu�/� MEFs (Supplemental Fig. S5). These
results reveal a major unappreciated role of mammalian
Sufu in controlling full-length Gli protein levels and conse-
quently the production of Gli activators and repressors.

Sufu functions independently of Fu and the primary
cilium in controlling Gli protein levels

Fu-deficient mouse embryos display no Hh phenotype
(Chen et al. 2005; Merchant et al. 2005). To investigate
whether the antagonistic genetic interaction of Fu and
Sufu is conserved in mammals, we asked whether loss of
Fu can rescue Hh defects in Sufu mutants. We observed
that Sufu phenotypes cannot be rescued by loss of Fu in
mice and Sufu�/�; Fu�/� mutants phenocopy Sufu�/�

embryos (Fig. 2B). This suggests a modified regulatory
circuitry in transducing the mammalian Hh signal down-
stream from Smo, and Fu is dispensable in this process.

The observation that Sufu, Gli1, Gli2, and Gli3 localize
to the primary cilium, coupled with biochemical data
showing that Sufu physically interacts with all three Gli
proteins, raised the interesting possibility that Sufu
regulates Gli protein function on the primary cilium. To
directly test whether Sufu’s function is mediated by the
cilium, we generated mice deficient in Sufu and Kif3a (in
which primary cilia fail to form) (Supplemental Fig. S6;
Marszalek et al. 1999). Unlike Sufu-deficient mice,
Kif3a�/� embryos display reduced Hh signaling in a dor-
salized neural tube (Fig. 2B; Huangfu et al. 2003), and
Kif3a�/� MEFs are unresponsive to Hh agonists (Supple-
mental Figs. S7, S8). If the primary cilium is required for
Sufu’s function in controlling Gli protein levels, we
expected to observe a blockade of elevated Hh signaling
in Sufu mutants once primary cilia are eliminated.
Surprisingly, we found that the neural tube defects in
Sufu�/�; Kif3a�/� mutants are identical to Sufu mutants
(Fig. 2B). Marker analysis described below revealed in-
creased Hh signaling as shown by dorsal expansion of Hh
target genes (e.g., Ptch1) and ventral neural tube markers
in both Sufu�/�; Kif3a�/� and Sufu�/� mutants (Fig. 2B;
data not shown), indicating that Sufu’s function does not
require an intact primary cilium.

Loss of Sufu resulted in global up-regulation of Hh
signaling and ventralization of the neural tube. Shh
expression, which localizes to the notochord and floor
plate in the ventral midline, is extended dorsally. This is
accompanied by similar dorsal expansion of Hh target
genes such as Ptch1, suggesting ventralization of the neural
tube. Consistent with this, the expression domains of
neuronal progenitor markers (Class I genes, including
Pax7 and Pax6, repressed by Hh signaling and Class II
genes, including Nkx6.1, Nkx2.2, and Foxa2, activated by
Hh signaling) are shifted. For instance, the dorsal-most
marker Pax7 is not expressed, and Pax6 expression is
restricted to the dorsal neural tube of Sufu�/� embryos.

Expression of Nkx6.1, Nkx2.2, and Foxa2 is expanded
dorsally in the absence of Sufu (data not shown). Simi-
larly, the expression domains of markers for differentiated
interneurons and motoneurons are altered. For example,
expression of Islet1 and Oligo2 (data not shown), which
label motoneurons, is expanded dorsally in Sufu�/� neu-
ral tube. By comparison, marker analysis revealed a par-
tially dorsalized Kif3a�/� neural tube. The neural tube
defects in Sufu�/�; Kif3a�/� embryos resemble those in
Sufu�/� mutants (Fig. 2B).

To confirm that regulation of Gli protein levels by Sufu
can still occur in the absence of cilia, we knocked down
Sufu in wild-type and Kif3a�/� MEFs via lentiviral de-
livery of shRNA (Hannon 2003) and demonstrated that
Gli2 and Gli3 protein levels are greatly reduced to the
same extent in both cell lines (Fig. 2C). Taken together,
these results indicate that Sufu functions independently
of the primary cilium in controlling Gli protein function,
highlighting the importance of functional studies in
illuminating the mechanisms by which the primary
cilium regulates Hh signaling, as opposed to relying
solely on protein localization.

Hh signaling is up-regulated in Ptch1 and Sufu
mutants via distinct mechanisms

To further define cilium-dependent and cilium-independent
Hh signaling events, we examined molecular defects in
Ptch1�/� and Sufu�/� MEFs. Ptch1 and Sufu are two major
regulators of mammalian Hh signaling, and both Ptch1- and
Sufu-deficient mouse embryos display a severely ventral-
ized neural tube due to elevated Hh signaling (Fig. 2B;
Goodrich et al. 1997; Cooper et al. 2005; Svard et al. 2006).
Gli2 and Gli3 protein are barely detectable in Sufu�/�MEFs
(Fig. 2A). Instead, in Ptch1�/� MEFs, which display ligand-
independent maximal activation of Hh signaling, Gli2 and
Gli3 localize to the primary cilium in the absence of Hh
stimulation (Fig. 1A), and Gli2 and Gli3 protein levels are
similar to those in wild-type MEFs with a reduction in Gli3
repressor levels (Fig. 2A).

To assess the requirement of the primary cilium in
mediating Ptch1 or Sufu function, we inhibited primary
cilium function in either Ptch1�/� or Sufu�/� MEFs by
expressing a dominant-negative form of Kif3b (dnKif3b),
a subunit of the kinesin-II motor that participates in IFT
(Fan and Beck 2004), or Kif3a shRNA. Inhibition of ciliary
function in Sufu�/� MEFs has no effect on Gli protein
levels or Hh pathway activity (Fig. 3A,B). Furthermore,
overexpressed Gli2 and Gli3 localize to the primary cilium
in Sufu�/� MEFs, suggesting that Sufu is not essential for
ciliary localization of Gli proteins (Fig. 1B; Supplemental
Fig. S9A). Moreover, Sufu is able to suppress Gli-mediated
Hh activation in Kif3a�/� MEFs (Fig. 2D), indicating an
essential negative role of Sufu in regulating Gli function
independent of the primary cilium. In contrast, the con-
stitutive Hh signaling in Ptch1�/�MEFs is greatly reduced
compared with Sufu�/� MEFs when dnKif3b or Kif3a
shRNA is expressed (Fig. 3A). Defective ciliary function
in Ptch1�/� MEFs also changed the ratio of full-length
Gli3 to Gli3 repressor, resembling the ratio observed in
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Kif3a�/� mutants or MEFs (Fig. 3B; Supplemental Fig.
S10). Thus, despite ciliary localization of Ptch1 and Sufu,
and Hh pathway up-regulation in Ptch1�/� and Sufu�/�

mutants resulting in similar phenotypes, the molecular
mechanisms of Ptch and Sufu are different. Ptch1 func-
tion, like Smo, is dependent on the primary cilium, while
Sufu functions independently of the cilium.

Figure 2. Mouse Sufu regulates Gli protein levels independent
of the primary cilium. (A) Western blots of lysates derived from
wild-type (wt), Gli2�/�, Gli3�/�, Sufu�/�; Ptch1�/� and Kif3a�/�

MEFs probed with anti-Gli2 and anti-Gli3 antibodies. Endoge-
nous Gli2 and Gli3 protein levels (including full-length Gli3 and
Gli3 repressor) are greatly reduced in the absence of Sufu. Both
full-length Gli3 and Gli3 repressor can be detected in Ptch1�/�

albeit the Gli3 repressor level is reduced. The ratio of full-length
Gli3 to Gli3 repressor is altered in Kif3a�/� MEFs as reported
previously (Liu et al. 2005). Gli2 processing is known to be
extremely inefficient, and the Gli2 repressor form cannot be
readily detected without additional enrichment steps using
specific Gli-binding oligonucleotides (Pan et al. 2006). We also
cannot accurately assess the full-length to repressor ratios for
Gli2 and Gli3 in Sufu mutants. Tubulin was used as the loading
control, and numbers on the right indicate locations of protein
size standards. (FL) Full-length; (R) repressor. (B) Isotopic in situ
hybridization using 33P-UTP-labeled ribo-probes (pink) on par-
affin sections of wild-type (wt), Sufu�/�, Kif3a�/�, Sufu�/�;
Kif3a�/�, and Sufu�/�; Fu�/� mouse embryos at 9.5 dpc. Loss
of Sufu resulted in global up-regulation of Hh signaling and
ventralization of the neural tube. Shh, whose expression is
restricted to the notochord and floor plate in wild type, is
extended dorsally in the absence of Sufu. Similarly, Hh target
genes such as Patched 1 (Ptch1) are expanded dorsally, suggest-
ing ventralization of the neural tube. The expression domains of
neuronal progenitor markers (Class I genes, including Pax7 and
Pax6, repressed by Hh signaling and Class II genes, including
Nkx6.1, Nkx2.2, and Foxa2, activated by Hh signaling) are
shifted. For instance, Pax7, the dorsal-most marker, is not
expressed, and Pax6 expression is confined to the dorsal neural
tube of Sufu�/� embryos. Dorsal expansion of Nkx6.1, Nkx2.2,
and Foxa2 was also observed in the absence of Sufu (data not
shown). Similarly, the expression domains of markers for differ-
entiated interneurons and motoneurons are changed. For in-
stance, Sufu�/� neural tube displayed dorsal expansion of Islet1

and Oligo2 (data not shown), which label motoneurons. By
comparison, marker analysis revealed a partially dorsalized
Kif3a�/� neural tube. The neural tube defects in Sufu�/�;
Kif3a�/� or Sufu�/�; Fu�/� embryos resemble those in Sufu�/�

mutants. (n) Notochord; (fp) floor plate; (nt) neural tube. (C)
Western blots of lysates derived from wild-type, Sufu�/�, Kif3a�/�

MEFs and Kif3a�/� MEFs expressing Sufu shRNA probed with
anti-Gli2 and anti-Gli3 antibodies. Efficient Sufu knockdown in
Kif3a�/� MEFs was verified by anti-Sufu antibodies. Gli2 and
Gli3 protein levels are reduced in Kif3a�/� MEFs expressing
Sufu shRNA to the same extent as in Sufu�/� MEFs. (D) Hh
reporter assays using the 8xGliBS-luc reporter in wild-type and
Kif3a�/� MEFs. Expression of Gli1 or Gli2 (but not Gli3)
activates the Hh reporter, and Hh pathway activation is re-
pressed when Sufu is coexpressed. Gli2 is known to activate Hh
reporters less efficiently than Gli1 (Gerber et al. 2007). Loss of
the primary cilium in Kif3a�/� MEFs does not impair Sufu’s
ability in repressing Gli-mediated Hh pathway activation. Error
bars are standard deviation (s.d.).

Chen et al.

1914 GENES & DEVELOPMENT



Drosophila and zebrafish Sufu restore Gli protein levels
in Sufu-deficient MEFs, while Drosophila Smo fails to
rescue Smo-deficient MEFs

We reasoned that if involvement of the primary cilium in
mammalian Hh signaling represents a major shift from
fly Hh signaling, events mediated by Sufu and thus
independent of the cilium would likely be evolutionarily
conserved. In contrast, cilium-dependent processes of Hh
signal transduction including ciliary localization of Smo
and Ptch and their interactions on the cilium would be
divergent among different model organisms.

To test this idea, we introduced Smo cDNAs from
mouse, zebrafish, or fly into Smo�/� MEFs via transient
transfection (Supplemental Fig. S11) and assayed both
ciliary localization of Smo by immunofluorescence and
Hh pathway activation by transfecting MEFs with a Hh
reporter construct (8xGliBS-luc) that has eight Gli-binding

sites driving firefly luciferase expression (Sasaki et al.
1999). As expected, expression of mouse Smo in Smo�/�

MEFs resulted in Smo ciliary localization (Fig. 4A; Sup-
plemental Fig. S11) and conferred Hh responses (Fig. 4B,
left panel). Interestingly, zebrafish Smo was detected with
our antibody directed against mouse Smo, and both
localized to the cilium (Fig. 4A; Supplemental Fig. S11)
and activated the Hh pathway (Fig. 4B, left panel) upon
Hh ligand stimulation in Smo�/� MEFs. Although the
role primary cilia play in mediating Hh signaling in
zebrafish has not been fully defined, our finding suggests
that both cilium-dependent and cilium-independent pro-
cesses exist. In contrast, Drosophila Smo expressed in
Smo�/�MEFs failed to reach the shaft or tip of the cilium
(Fig. 4A; Supplemental Fig. S11), and no Hh responses
were observed (Fig. 4B, left panel). These results imply
distinct requirements for Smo activation in different
species and underscore the unique role of the primary
cilium in vertebrate Hh signaling.

We then assessed the effects of Sufu from different
species on Hh pathway activation in Sufu�/� MEFs. Sufu
from mouse, zebrafish, or fly was introduced into Sufu�/�

MEFs via retroviral infection, and Gli2 and Gli3 protein
levels and localization were assayed by immunofluores-
cence and Western blotting. We first showed that expres-
sion of mouse Sufu in Sufu�/�MEFs restored both Gli2 and
Gli3 protein levels (Fig. 4D) and their ciliary localization

Figure 3. Loss of the primary cilium impairs ligand-indepen-
dent Hh pathway activation in Ptch1�/� MEFs but has no effect
on Sufu�/� MEFs. (A) Hh reporter assays using the 8xGliBS-luc

reporter in Sufu�/� and Ptch1�/� MEFs expressing increasing
amounts of a dominant-negative (dn) Kif3b construct (shown in
the left panel) or Kif3a shRNA, both of which inhibits the
function of the primary cilium. While dnKif3b or Kif3a shRNA
have no effect on Hh pathway activation in Sufu�/� MEFs,
increasing quantities of dnKif3b or Kif3a shRNA reduce Hh
pathway activation in Ptch1�/� MEFs. (B) Western blots of
lysates derived from wild-type (wt), Sufu�/�, and Ptch1�/� MEFs
and Sufu�/� and Ptch1�/� MEFs expressing dnKif3b probed with
anti-Gli2 and anti-Gli3 antibodies. Inhibition of ciliary function
by dnKif3b has no effect on endogenous Gli2 and Gli3 protein
levels in Sufu�/�MEFs, which are greatly reduced in the absence
of Sufu. In contrast, defective ciliary function in Ptch1�/� MEFs
changed the ratio of full-length Gli3 to Gli3 repressor. Tubulin
was used as the loading control, and numbers on the right

indicate locations of protein size standards. (FL) Full-length; (R)
repressor. (C, left panel) Hh reporter assays using the 8xGliBS-
luc reporter in Sufu�/� MEFs and Sufu�/� MEFs expressing Gli

shRNA in the presence or absence of exogenous Shh. Hh
pathway activation is significantly compromised in Sufu�/�

MEFs in which Gli1 is efficiently knocked down, consistent
with the notion that Gli1 contributes to Hh pathway activation
in the absence of Sufu. Similar results were obtained using three
pairs of Gli1 shRNA directed against different regions of Gli1. In
contrast, Sufu�/� MEFs and Sufu�/� MEFs expressing Gli1

shRNA display normal responsiveness to the canonical Wnt
ligand Wnt3a assayed by the SuperTOPflash reporter (data not
shown). (Right panel) Semiquantitative RT–PCR demonstrates
that Gli1 is efficiently knocked down via Gli1 shRNA; b-actin

serves as the control.
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(Fig. 4C; Supplemental Fig. S2B). Similarly, zebrafish Sufu
was also capable of restoring Gli protein levels (Fig. 4D;
Supplemental Fig. S12) and their ciliary localization (Fig.
4C; Supplemental Fig. S2B) in Sufu�/� MEFs, again
consistent with the presence of both cilium-dependent
and cilium-independent processes in this organism. Re-
markably, expression of Drosophila Sufu in Sufu�/�MEFs
led to a partial rescue of Gli protein levels (Fig. 4D;
Supplemental Fig. S12) and ciliary localization (Fig. 4C;
Supplemental Fig. S2B). These results are consistent with
a conserved biochemical function of Sufu.

Sufu antagonizes Spop in regulating Gli2 and Gli3
protein levels

To further test the idea that Sufu-mediated regulation of
Gli protein levels is conserved among different organ-
isms, we asked whether Spop (speckle-type POZ protein)

(Supplemental Fig. S13), a homolog of the Drosophila
MATH and BTB domain-containing protein Hib, antago-
nizes Sufu in regulating Gli protein levels. Hib forms
a complex with Ci and Cullin3 (Cul3) and promotes Ci
ubiquitination by the Cul3-based E3 ubiquitin ligase,

resulting in complete degradation of Ci (Zhang et al.
2006). Sufu appears to protect Ci from Hib-mediated
degradation through competitive binding with Hib for
Ci (Zhang et al. 2006).

We first investigated the subcellular distribution of
overexpressed Spop and Gli1, Gli2, and Gli3 in MEFs
and established cell lines. While Gli proteins are distrib-
uted relatively evenly in the cytoplasm and nucleus
(Fig. 5A), a prominent feature of Spop protein distribution
is the presence of focal densely stained nuclear speckles
(Fig. 5A; Supplemental Fig. S14; Hernandez-Munoz et al.

2005). We also observed foci of Spop staining in the

Figure 4. Zebrafish and fly Sufu restore Gli protein levels in
mouse Sufu�/� MEFs, while Drosophila Smo fails to rescue Hh
defects in mouse Smo�/� MEFs. (A) Immunofluorescence of
Smo�/� MEFs expressing Smo from different species including
mouse (m), zebrafish (z), and Drosophila (d) using antibodies
against acetylated tubulin (AC) (labeling the primary cilium, red)
and Smo (green). While mSmo and zSmo introduced into Smo�/�

MEFs via transient transfection led to ciliary localization of
Smo, dSmo mainly resides in the cytoplasm and is not found on
the cilium. (B, left panel) Hh activity assays using the 8xGliBS-

luc reporter in Smo�/� MEFs expressing Smo from different
species via transient transfection. Both mouse (m) and zebrafish
(z) Smo restored Hh responsiveness in Smo�/� MEFs, while
expression of Drosophila Smo (dSmo) has no effect on Hh
activation. (Right panel) Sufu�/� MEFs were transfected with
mouse Sufu (mSufu), mouse Sufu with the D159A mutation
(mSufuD159A), zebrafish Sufu (zSufu), or Drosophila Sufu (dSufu).
Both mSufu and zSufu repressed basal 8xGliBS-luc activity in
the absence of ShhN and promoted an increase in ShhN-
mediated response. In contrast, the mSufuD159A and dSufu
constructs had a less pronounced effect, which may partially
be attributed to their weaker Gli-binding capacity (Supplemen-
tal Fig. S9). The numbers indicate the ratios of Hh responsive-
ness in the presence and absence of exogenous Shh (e.g., the
ratio is 1.23 when no Sufu is added and is 16.99 when mSufu is
added). Error bars are s.d. (C) Immunofluorescence of Sufu�/�

MEFs expressing Sufu from different species via retroviral
infection using antibodies against acetylated tubulin (red) and
Gli2 or Gli3 (green). Mouse, zebrafish, or Drosophila Sufu was
capable of restoring ciliary localization of endogenous Gli2 and
Gli3 to the cilium when expressed in Sufu�/� MEFs, suggesting
an evolutionarily conserved function of Sufu. The percentage of
cilia that exhibit Gli2 and Gli3 immunoreactivity is lower in
Sufu�/� MEFs expressing dSufu compared with mSufu or zSufu,
consistent with a partial rescue of Hh defects in Sufu�/� MEFs
by dSufu. (D) Western blots of lysates derived from wild-type
(wt), Sufu�/� MEFs, and Sufu�/� MEFs expressing mouse, zebra-
fish, and Drosophila Sufu via retroviral infection probed with
anti-Gli2 and anti-Gli3 antibodies. Endogenous Gli2 and Gli3
protein levels are restored when Sufu from different species is
expressed, suggesting an evolutionarily conserved biochemical
function of Sufu. Tubulin was used as the loading control, and
numbers on the right indicate locations of protein size stand-
ards. (FL) Full-length; (R) repressor.
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cytoplasm in a subset of cell types examined, indicating
that cell line-specific factors may determine the pro-
portion of nuclear and cytosolic Spop. Interestingly,
coexpression of Gli2 and Gli3 with Spop recruited Gli2

and Gli3 into Spop-positive speckles (Fig. 5A; Supple-
mental Figs. S14, S9B). In contrast, the distribution of
Gli1 remains unchanged in the presence of Spop (Fig. 5A;
Supplemental Fig. S9B). These results suggested that Spop

Figure 5. Mouse Spop colocalizes with
Gli proteins and antagonizes Sufu in con-
trolling Gli protein levels. (A) Double
immunostaining of MEFs transfected sin-
gly with Flag-tagged Gli1, Gli2, or Gli3 or
cotransfected with Myc-tagged Spop using
Flag and Myc antibodies against Flag-
tagged Gli1, Gli2, or Gli3 (green) and
Myc-tagged Spop (red). Both cytoplasmic
and nuclear staining of Gli1, Gli2, and Gli3
was detected. Punctate Spop immunoreac-
tivity in the nucleus and cytoplasm was
evident, consistent with previous reports
(Hernandez-Munoz et al. 2005). Immuno-
reactivity of Gli2 and Gli3 (and not Gli1)
was reduced when coexpressed with Spop,
and Gli2/3 distribution extensively over-
laps with Spop, particularly in the cyto-
plasm. Loss of the primary cilium in
Kif3a�/� MEFs has no effect on the sub-
cellular distributions and interactions of
Gli1, Gli2, Gli3, and Spop. (B) Western
blots of lysates derived from HEK 293T
cells expressing Flag-tagged Gli3 singly or
in combination with Flag-tagged Spop,
Sufu, or Ext2 probed with anti-Flag anti-
bodies. Lack of apparent Gli3 processing in
cultured cells has been previously reported
(B Wang et al. 2000). Coexpression of Gli2
or Gli3 with Sufu notably enhanced Gli2
and Gli3 protein levels. In contrast, coex-
pression of Gli2 or Gli3 with Spop (but not
the control protein Ext2) significantly
reduces Gli2 and Gli3 protein levels,
which can then be restored when Sufu is
coexpressed. We noticed that reduction in
Gli2 protein levels is not as dramatic as
Gli3 when Spop is coexpressed. Gli1 or
Ext2 protein levels are unaffected when
Spop is overexpressed (data not shown).
a-Tubulin serves as the loading control
(data not shown). (C) Western blot of immu-
noprecipitated Gli1, Gli2, and Gli3 (epitope-
tagged with one copy of Flag) to detect
polyubiquitinated Gli proteins. Spop pro-
motes ubiquitination of Gli2 and Gli3 but
not Gli1; Gli2 and Gli3 ubiquitination is
abolished when Sufu is coexpressed. (WB)
Western blot. (D) Western blot of immuno-
precipitated Gli1, Gli2, and Gli3 (epitope-
tagged with one copy of Flag) to detect
physical interaction with Spop (epitope-
tagged with one copies of HA) from HEK
293T lysates. Spop physically associates

with Gli2 and Gli3 but not Gli1. (in) Input; (IP) immunoprecipitation. (E) Western blots of lysates derived from wild-type and Sufu�/�

MEFs and wild-type and Sufu�/� MEFs expressing Spop shRNA probed with anti-Gli2 and anti-Gli3 antibodies. Efficient knockdown of
Spop was verified by semiquantitative RT–PCR (data not shown). Gli2 and Gli3 levels are partially restored in Sufu�/�MEFs when Spop is
knocked down, consistent with a model in which Sufu and Spop antagonize each other in regulating Gli2 and 3 (but not Gli1) protein
levels. Lack of complete rescue of Gli protein levels could be attributed to the presence of additional mammalian Spop homologs (e.g.,
Spop-like and Tdpoz proteins) (Huang et al. 2004). (FL) Full-length; (R) repressor.
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might physically interact with Gli2 and Gli3. To test this,
we transfected HEK 293T cells with constructs encoding
Spop-HA and Gli1-Flag, Gli2-Flag, or Gli3-Flag. Spop
physically associates with Gli2 and Gli3, but not Gli1
(Fig. 5D). Furthermore, coexpression of Spop with Gli
proteins in HEK 293T cells led to a significant reduction
in Gli2 and Gli3 protein levels, while Gli1 is unaffected
(Fig. 5B; Supplemental Fig. S15; data not shown). Finally,
we reasoned that if Spop preferentially interacts with Gli2
or Gli3 and reduces the protein levels, transcriptional
activation could be compromised. Coexpression of Spop
with Gli1 or Gli2 resulted in a substantial, dose-dependent
reduction in Gli2-mediated but not Gli1-mediated Hh
pathway activation (Supplemental Fig. S16). Thus, we
conclude that Spop binds Gli2 and Gli3 and causes a re-
duction in global Gli2 and Gli3 levels, resulting in a de-
crease in Gli2-dependent transcriptional activity. Gli3
cannot be assessed in this assay owing to its weak trans-
activation ability (Gerber et al. 2007; data not shown).

We then asked whether Spop binding to Gli2 and Gli3
promotes their ubiquitination and subsequent degrada-
tion by the 26S proteasome. We carried out an in vivo
ubiquitination assay in HEK 293T cells and showed that
Spop promotes ubiquitination of Gli2 and Gli3 but not
Gli1 (Fig. 5C; Supplemental Fig. S17). The Spop-dependent
reduction in Gli2 and Gli3 protein levels was rescued with
the proteasome inhibitor MG132 (Supplemental Fig. S18),
suggesting that Spop directs Gli2 and Gli3 degradation in
a proteasome-dependent manner. This is further supported
by the observation that coexpression of Spop with Gli2/3
and Cul3 recruited Gli2/3 into Spop-positive foci, which
also contain Cul3 (Supplemental Fig. S19). In contrast,
Cul3 and Gli2/3 do not colocalize in the absence of Spop,
supporting the hypothesis that Spop targets Gli2 and Gli3
for Cul3-mediated proteasomal degradation.

Since Sufu is required for maintaining Gli2 and Gli3
protein levels, we tested whether Sufu antagonizes Spop
and thus preserves Gli2 and Gli3 protein stability. Expres-
sion of Sufu was able to block Spop-mediated Gli2 and Gli3
protein reduction (Fig. 5B) and ubiquitination (Fig. 5C),
suggesting that Spop and Sufu antagonize each other in
regulating Gli protein levels. Consistent with this notion,
shRNA-mediated knockdown of Spop in Sufu�/� MEFs
partially restored Gli protein levels (Fig. 5E) and enhanced
Hh pathway activity (Supplemental Fig. S20). In addition,
recruitment of Gli2 and Gli3 to Spop-positive foci can
occur in Kif3a�/� MEFs (Fig. 5A; Supplemental Fig. S9B),
suggesting that the Sufu–Spop–Gli circuit is evolutionarily
conserved and is independent of the primary cilium. This
is further supported by the observation that Spop does not
localize to the primary cilium when overexpressed (Sup-
plemental Fig. S21), and mammalian Gli2 and Gli3 are
stabilized when expressed in Drosophila deficient in Hib
activity (Zhang et al. 2006). We speculate that Sufu
sequesters Gli2/3 protein in the cytoplasm and protects
them from Spop-mediated protein degradation, providing
a Gli protein pool for the production of Gli2/3 activators
and repressors (Fig. 7, below). Despite a conserved mech-
anism of Spop and Sufu in regulating Gli protein levels, it
is interesting to note that Gli1 appears to be refractory to

Spop regulation, but its transactivation potential is still
inhibited by Sufu. This selective regulation could allow
the production of a wide range of Hh responses.

Sufu has an unexpected positive role in controlling
mammalian Hh signaling

Elevated Hh signaling in the Sufu-deficient neural tube
indicates that Sufu is a negative regulator of mammalian
Hh signaling (Fig. 2B; Cooper et al. 2005; Svard et al. 2006).
With the new insight that Sufu regulates full-length Gli
protein levels, we surmised that the function of Gli
activators (derived from full-length Gli proteins) could be
compromised in the absence of Sufu, resulting in sub-
maximal Hh pathway activation. To test this hypothesis,
we investigated the mechanisms by which Sufu controls
Hh signaling in MEFs. We first examined Hh responses in
wild-type and Sufu-deficient MEFs. We showed that wild-
type MEFs are Hh-responsive by transfecting wild-type
MEFs with the 8xGliBS-luc reporter construct both in the
absence and presence of Shh-conditioned media (Supple-
mental Fig. S8). Hh responsiveness in Sufu�/� MEFs is
mildly elevated in the absence of Hh stimulation (Supple-
mental Fig. S8), consistent with the demonstrated negative
role of Sufu. Interestingly, exogenous Shh fails to support
Hh responses in Sufu�/� MEFs to the same extent as in
wild-type MEFs (Supplemental Fig. S8), consistent with the
requirement of Sufu for maximal Hh pathway activation.

To further test this hypothesis, we transfected increas-
ing amounts of Sufu cDNA in Sufu�/� MEFs in the
absence or presence of exogenous Shh and assessed its
effects on Hh pathway activation, as measured by lucif-
erase activity from the transfected 8xGliBS-luc reporter.
We found that in the absence of exogenous Shh, in-
creasing amounts of Sufu transfected in Sufu�/� MEFs
gradually decreased basal reporter levels (Fig. 6A). This is
consistent with negative regulation of Hh signaling by
Sufu. Interestingly, in the presence of exogenous Shh,
increasing the amount of Sufu cDNA in Sufu�/� MEFs
instead promoted Hh responsiveness (Fig. 6A). This sug-
gests that Sufu is also required for maximal Hh signaling
and that Sufu is required for generation of a broader
dynamic range of Hh responses. In contrast, Ptch1 does
not display a positive role in Hh signaling using a similar
assay (Supplemental Fig. S22).

When introduced into Sufu�/� MEFs via transient
transfection, zebrafish and fly Sufu were also able to
promote Hh responsiveness in the presence of exogenous
Shh (Fig. 4B, right panel), again supporting a conserved
role of Sufu. The effect of fly Sufu is less pronounced in
this assay than either mouse or zebrafish Sufu. We
speculate that this is due to reduced affinity of fly Sufu
for Gli proteins (Supplemental Fig. S23). Supporting this
idea, the mouse SufuD159A mutant (Merchant et al. 2004),
which exhibits reduced binding to Gli proteins (Supple-
mental Fig. S23), also displays reduced efficacy in re-
storing Hh responsiveness in the presence of exogenous
Shh (Fig. 4B, right panel).

To further validate a dual function of Sufu in controlling
Hh signaling, we reasoned that if Sufu is required for
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maximal Hh pathway activation, knockdown of Sufu in
Ptch1�/� MEFs would compromise pathway activation.
Indeed, when Sufu is efficiently knocked down via shRNA
in Ptch1�/� MEFs, ciliary localization of Gli2 and Gli3 is
largely eliminated (Fig. 6C; Supplemental Fig. S2C), Gli2
and Gli3 protein levels are greatly reduced (Fig. 6B), and Hh
pathway activity is compromised (Fig. 6D). Consistent

with these findings, neural tube defects in Sufu�/� em-
bryos (Fig. 2B; Cooper et al. 2005; Svard et al. 2006) are
slightly less severe than Ptch1�/� (Goodrich et al. 1997;
data not shown), which can be attributed to a requirement
of Sufu in Hh pathway activation. We also assessed how
Sufu knockdown affects the efficacy of Hh antagonists in
Ptch1�/� MEFs. Hh pathway activation in Ptch1�/� MEFs
is efficiently inhibited by Hh antagonists cyclopamine,
jervine, and SANT-1 (Chen et al. 2002b), but these Smo
inhibitors have no effect on Hh pathway activity in Sufu�/�

MEFs (Fig. 6E). When Sufu is knocked down in Ptch1�/�

MEFs, these cells become partially insensitive to Smo
inhibitors (Fig. 6E), consistent with the observation that
activation in Sufu�/� MEFs is independent of Smo func-
tion. These studies also argue that Sufu functions down-
stream from Ptch1 and Smo. By controlling full-length Gli
protein levels, Sufu could shift the contribution of Gli
activators and repressors to Hh signaling outputs in
various tissues. Finally, we anticipate that conditional
inactivation of Sufu in different Hh-responsive tissues such
as the limb will lead to increased Hh signaling, as de-
termined by expression of Hh target genes such as Ptch1,
Hip1, and Gli1, consistent with increased cell-autonomous

Figure 6. Mouse Sufu has positive and negative roles in
regulating Hh signaling. (A) Hh activity assays using the
8xGliBS-luc reporter in Sufu�/� MEFs transfected with varying
quantities of Sufu. Addition of increasing amounts of Sufu to
Sufu�/� MEFs reduces Hh responsiveness in the absence of
exogenous Shh, while promoting Hh activation in the presence
of Shh. The numbers indicate the ratios of Hh responsiveness in
the presence and absence of exogenous Shh (e.g., the ratio is 1.27
when no Sufu is added and is 22.43 when 240 ng of Sufu is
added). Similar results were seen in two additional Sufu�/� cell
lines and with the Smo agonist purmorphamine instead of ShhN
(data not shown). Error bars are s.d. (B) Western blots of MEF
lysates derived from wild type (wt), Sufu�/�, Ptch1�/�, or
Ptch1�/� expressing Sufu shRNA probed with anti-Gli2 and
anti-Gli3 antibodies. Gli2 and Gli3 protein levels are greatly
reduced in Ptch1�/� MEFs when Sufu is knocked down. (C)
Immunofluorescence of Ptch1�/� MEFs stably expressing Sufu

shRNA using antibodies against acetylated tubulin (labeling the
primary cilium) (red) and various Hh pathway components
including Smo, Gli2, and Gli3 (green). Smo, Gli2, and Gli3
localize to the primary cilium in Ptch1�/� MEFs in the absence
of exogenous Hh stimulation, consistent with maximal Hh
pathway activation. While Smo localization to the primary
cilium is unaffected in Ptch1�/� MEFs when Sufu is knocked
down, ciliary localization of Gli2 and Gli3 in Ptch1�/� MEFs is
abolished when Sufu is eliminated, suggesting compromised Hh
pathway activation. (D) Hh reporter assays using the 8xGliBS-

luc reporter in Ptch1�/� MEFs and Ptch1�/� MEFs expressing
Sufu shRNA. Sufu knockdown leads to reduced Hh pathway
activity in Ptch1�/� MEFs. (E) Hh reporter assays using the
8xGliBS-luc reporter in Sufu�/� and Ptch1�/�MEFs and Ptch1�/�

MEFs expressing Sufu shRNA in the presence of various Hh
antagonists that inhibit Smo function (Chen et al. 2002a,b). Hh
pathway activation in Ptch1�/� MEFs is efficiently knocked
down in the presence of Hh antagonists, but these Smo inhibitors
have no effect on Hh pathway activity in Sufu�/� MEFs. When
Sufu is knocked down in Ptch1�/� MEFs, these cells become
partially insensitive to Hh antagonists.
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activation of the Hh pathway in the absence of Sufu. We
also found that the expression levels of Ptch1 are reduced
in Hh-responsive cells adjacent to the Hh source (data not
shown). This would suggest that maximal Hh pathway
activation fails to occur in the absence of Sufu, consistent
with the in vitro data and our hypothesis of a dual role of
Sufu in controlling Hh signaling.

Discussion

Our studies delineate important aspects of cilium-
dependent and cilium-independent Hh signal transduction
(Fig. 7; Supplemental Fig. S24). Hh binding to Ptch relieves
its repression of Smo and induces a conformational change
in Smo that results in dimerization of Smo cytoplasmic
tails and is essential for pathway activation (Zhao et al.
2007). Although these events are common across different
species, the execution of these steps appears to be accom-
plished in distinct microenvironments in insects and
mammals. The requirement of the primary cilium in
mammalian but not fly Hh pathway activation suggests
that important modifications in Hh pathway design, in-
cluding ciliary localization of Smo and its activation, have
occurred during evolution (Huangfu and Anderson 2006). In
contrast with nonconserved, cilium-dependent processes,
Sufu antagonizes the action of the conserved Gli-degrading
protein Spop downstream from Smo, and thus preserves
a pool of full-length Gli proteins. Consequently, the pro-
duction of Gli activators and repressors is dependent on the
presence of Sufu, but does not require an intact primary
cilium. Duplication of the Gli genes coupled with selective
regulation of Gli2 and Gli3 by Spop allows the production
of a more complex and robust Hh response in mammals.

Mammalian Sufu regulates Gli protein function
independent of the primary cilium

Despite ciliary localization of Sufu and Gli proteins, our
genetic studies and cell-based assays unambiguously dem-
onstrated that Sufu controls Gli protein levels independent
of the primary cilium. Furthermore, Sufu is not essential
for Gli trafficking to the cilium. This highlighted the
importance of functional studies to assess the physiological
relevance of the presence of Hh pathway components, or
unrelated nonstructural proteins, on the primary cilium. In
contrast to our results, a prior report showed that knock-
down of Sufu in Ift172wim or Dync2h1ttn MEFs (in which
primary cilium function is disrupted) caused no detectable
activation of Hh reporters (Ocbina and Anderson 2008).
This was interpreted as Sufu acting within cilia to keep the
Hh pathway off in the absence of ligand (Ocbina and
Anderson 2008). We suspect that the discrepancy could
be due to incomplete knockdown of Sufu using RNAi-
based approaches that could potentially complicate inter-
pretations of genetic epistasis. We cannot rule out the
possibility that Sufu has additional roles in Hh signaling
that are regulated or mediated by the primary cilium.
However, our data suggest that these processes most likely
either have minor effects on Hh signaling or are redundant
with other events.

Distinct combinations of Gli activators and repressors
and Hh outputs

A major obstacle in understanding Hh pathway activa-
tion by Gli proteins is our inability to understand how
a ratio of Gli activators and repressors is mechanistically
converted into defined transcriptional events. In verte-
brates, this is complicated by the fact that Gli3 and Gli1
are negative and positive targets, respectively, of Hh
signaling (Marigo et al. 1996; Lee et al. 1997; Bai et al.
2002). This issue is underlined by the observation that the
Hh pathway is activated in both Ptch1 and Sufu mutants,
yet Gli protein levels are affected only in the absence of
Sufu. This suggests that different combinations of Gli
activators and repressors can lead to Hh pathway activa-
tion. Our knockdown of Gli1 in Sufu�/� MEFs suggests

Figure 7. A model of mammalian Hh signaling. Sufu plays
a pivotal role in controlling Gli protein levels. Sufu protects full-
length Gli2 and Gli3 proteins from Spop-mediated ubiquitina-
tion and complete degradation by the proteasome. In this way,
Sufu functions as an adaptor to preserve a pool of Gli2 and Gli3
that can be readily converted into Gli activators and repressors.
This aspect of Hh signaling is evolutionarily conserved and
independent of the primary cilium. In contrast, the primary
cilium is required for generating Gli repressors via limited
proteolysis in the absence of Hh signaling and converting full-
length Gli proteins into activators through unknown mecha-
nisms upon Hh pathway activation. These events occurs down-
stream from Smo, which translocates to the primary cilium
when Hh ligand binds to Ptch1 and removes it from the cilium.
How other Hh pathway components or ciliary proteins partic-
ulate in cilium-dependent and cilium-independent activity
needs to be investigated further.
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that Gli1 contributes to transcriptional activation in Sufu
mutants (Fig. 3C). We hypothesize that reductions in full-
length Gli2 and Gli3 proteins, and consequently a re-
duction in Gli repressor levels, leads to up-regulation of
Gli1 and thus ligand-independent activation of the Hh
pathway. Supporting this, Gli1 was shown to be a target of
the Gli3 repressor by chromatin immunoprecipitation
(Hu et al. 2006; Vokes et al. 2008). Previous studies on Gli-
deficient neural tubes suggest that Gli activator function
predominates over Gli repressors and that Gli1 is able to
compensate for the loss of Gli2 activator (Bai and Joyner
2001; Bai et al. 2002; Huangfu and Anderson 2006). Thus,
we predict that Gli1, whose expression is expanded
dorsally in Sufu�/� neural tubes (Svard et al. 2006), is
responsible for the up-regulated Hh signaling in this
tissue. Reduction in Gli repressor levels could also di-
rectly contribute to Hh target gene expression. However,
since full-length Gli2 and Gli3 protein levels are reduced,
maximal Hh signaling fails to occur in Sufu-deficient
neural tubes.

A conserved Sufu/Spop/Gli circuit

Our studies on Sufu provide important mechanistic in-
sight into how Sufu regulates Hh signaling. Largely based
on physical interactions between Sufu and Gli proteins,
the traditional model proposed that Sufu tethers Gli
protein in the cytoplasm, preventing nuclear transloca-
tion and subsequent activation of target genes (Kogerman
et al. 1999). In this study, we showed that Sufu antago-
nizes Spop, preventing degradation of full-length Gli2 and
Gli3. The process of Sufu–Spop antagonism is evolution-
arily conserved since Drosophila Sufu protects Ci from
Hib-mediated degradation through competitive binding
to Ci (Zhang et al. 2006). As a result, loss of Sufu affects
production of Gli2/Gli3 activator and repressor forms,
which are both derived from full-length proteins. This is
achieved by Hib/Spop forming a complex with Ci/Gli2/
Gli3 and Cul3, thus promoting Ci/Gli ubiquitination
through the Cul3-based E3 ubiquitin ligase and resulting
in complete degradation by the 26S proteasome (Zhang
et al. 2006).

Drosophila Sufu is able to partially restore the defects
in Gli2/Gli3 protein levels, ciliary localization, and Hh
pathway activation in Sufu�/� MEFs, supporting conser-
vation of this process. Interestingly, overexpression of
Drosophila Sufu in imaginal discs inhibits Hh target gene
expression in anterior cells that receive the Hh signal, but
activates Hh target gene expression in the most anterior
region that does not receive the Hh signal (Dussillol-
Godar et al. 2006). This is consistent with a dual role of fly
Sufu and whether a conserved mechanism underlies
these effects needs to be further investigated.

Nevertheless, important differences in the Sufu–Spop–
Gli circuit exist between flies and mammals. Gli1, unlike
Gli2 and Gli3, does not appear to be subject to Spop
regulation. Furthermore, while sufu mutant flies are
viable (Preat 1992), Sufu�/�mice die during early embryo-
genesis (Cooper et al. 2005; Svard et al. 2006). Therefore,
the gain-of-function phenotype in Sufu-null mice may

result from increased levels of Gli1, triggered by Spop-
mediated degradation of full-length Gli2/Gli3. Gli1 may
have lost a requisite Spop-interacting domain, allowing it
to escape regulation by Spop. Identification of domains in
Gli2 and Gli3 that interact with Spop will further clarify
this issue. Notably, full-length Ci and Ci repressor levels
appear to be proportionately reduced in sufu mutant flies,
implying that sufu affects Ci protein stability (Ohlmeyer
and Kalderon 1998). Duplication of the ancestral Ci/Gli
gene, coupled with subfunctionalization (including the
distribution of activator and repressor function) and
evolution of negative and positive transcriptional regula-
tory loops, may account for the vastly different effects of
loss of Sufu in insects and vertebrates.

Multiple degradation and processing signals
in the Gli proteins

Regulation of Gli protein stability is a key step in
controlling Hh pathway activity, and multiple, distinct
degradation signals have been identified in the three Gli
proteins. For instance, two degradation signals are pres-
ent in Gli1, one of which contains recognition sequences
for the b-TrCP adapter protein, and two b-TrCP-binding
motifs also exist in Gli2 (Bhatia et al. 2006; Huntzicker
et al. 2006; Pan et al. 2006). This allows utilization of the
b-TrCP adapter protein for Gli1/2 proteolysis via the
Cul1-based E3 ligase, distinct from Spop-mediated Gli2/3
degradation through the Cul3-based E3 ligase. b-TrCP is
also required for limited proteolysis of Gli3 into a trun-
cated repressor form (Wang and Li 2006). A critical
unresolved issue is to understand how multiple degrada-
tion signals in Gli proteins are used to regulate full-length
protein stability as well as generation of repressor forms.
Further investigation is required to determine if the role
of Sufu is specific in antagonizing Spop-mediated degra-
dation, or if it is capable of opposing additional degrada-
tive pathways (Di Marcotullio et al. 2006, 2007). It is also
formally possible that Sufu has a direct effect on Gli
repressor stability.

Where is the site of action for Sufu?

Sufu was postulated to function in both the nucleus and
the cytoplasm, as overexpressed Sufu protein in cultured
cells could be detected in both compartments (Ding et al.
1999; Kogerman et al. 1999). Furthermore, Sufu can be
coimmunoprecipitated with all three Gli proteins and
was shown to cooperate with SAP18–Sin3 corepressor
complex in repressing transcription from a multimerized
Gli-binding site luciferase reporter (Ding et al. 1999;
Kogerman et al. 1999; Cheng and Bishop 2002; Paces-
Fessy et al. 2004). Thus, it was proposed that Sufu may
have a direct role in repressing Gli-mediated transcription
in the nucleus in addition to sequestering Gli proteins in
the cytoplasm. Recent work has challenged Sufu’s cyto-
plasmic function by demonstrating that an overexpressed
Gli1-eGFP fusion protein has a similar cytoplasmic
distribution in wild-type or Sufu-deficient MEFs; in
both cell types, Gli1 is largely cytoplasmic and becomes
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predominantly nuclear when nuclear export is blocked
(Svard et al. 2006). However, the distributions of overex-
pressed Gli proteins may fail to reflect those of endoge-
nous Gli proteins. Importantly, conclusions based on Gli1
studies may not be applicable to Gli2 and Gli3 given their
distinct properties. We observed that knockdown of Spop
in Sufu�/� MEFs partially restored levels of cytoplasmic
Gli2 and Gli3, resembling the wild-type nuclear–cytoplasmic
distribution (data not shown). While the data suggest that
Sufu may have minimal effect on shuttling Gli1, Gli2, and
Gli3, we cannot at this time rule out potential alternations in
kinetics of Gli trafficking or possible post-transcription
degradation events. Contrary to previous reports (Cheng
and Bishop 2002; Paces-Fessy et al. 2004), we failed to
observe any discernable effects of SAP18 either singly or in
conjunction with other Hh pathway components on
Hh pathway activity in MEFs (Supplemental Fig. S25).
Nevertheless, although our studies highlight a major
function of Sufu in regulating cytoplasmic Gli protein
levels, we cannot conclusively exclude potential minor
roles in the nucleus.

We would like to emphasize that previous work that
involved manipulating other mammalian Hh pathway
components in the absence of Sufu should be considered
in light of the fact that Sufu regulates Gli2/Gli3 stability.
For instance, protein kinase A (PKA) phosphorylates Gli2
and Gli3, promoting b-TrCP binding and limited pro-
teolysis to generate repressor forms (Pan et al. 2006; Wang
and Li 2006). Treatment of multiple Sufu�/� MEF clones
with either forskolin or IBMX, known PKA agonists, has
no convincing effect on elevated Hh pathway levels
(Supplemental Fig. S26). Since Gli2/Gli3 protein levels
are drastically reduced in Sufu�/� MEFs, the effects of
PKA are expected to be minimized.

The primary cilium and changes in Hh pathway design
during evolution

Zebrafish or Drosophila Sufu can restore Gli protein
levels in Sufu�/� MEFs, yet Smo from Drosophila fails
to rescue Hh signaling defects in Smo�/� MEFs. This
supports our proposal that cilium-independent steps in
Hh signaling are evolutionarily conserved. The primary
cilium has been shown to be essential for proper Hh
pathway activation and the production of a proper ratio of
Gli activator and repressor forms in mammals. Thus, the
primary cilium likely provides an environment in which
Hh pathway components dynamically interact with each
other in response to varying extracellular Hh ligand
concentrations. Such obligatory intracellular interactions
may have coevolved to an extent where Drosophila Hh
pathway components cannot functionally substitute for
their mammalian counterparts. Supporting this, prior
studies heterologously expressing human SMOH (De
Rivoyre et al. 2006) or FU (Daoud and Blanchet-Tournier
2005) in the developing fly wing disc showed that the
mammalian proteins could not rescue loss of the cognate
fly gene. Hh signaling occurs in fly in the absence of the
primary cilium, raising the fundamental question of
whether utilization of the primary cilium in mammalian

Hh signaling simply adds to the complexity of Hh
signaling or represents a major redesign of the pathway.
Identifying ciliary components that contribute to mam-
malian Hh signaling and elucidating their function will
help resolve this critical issue. Further investigation of
a possible role of the primary cilium in zebrafish Hh
signaling, which may represent a transitional state be-
tween fly and mouse, as well as in other primitive
vertebrate species will provide additional insight into
how various vertebrate species have adopted the primary
cilium in Hh transduction.

Outstanding questions in Hh signaling

A major unresolved issue in mammalian Hh signaling is
understanding the molecular mechanisms of signal trans-
duction from Smo to the Gli proteins. Smo encodes
a seven-pass transmembrane protein that resembles
a G-protein-coupled receptor (GPCR). Gai has been im-
plicated as a mediator of Smo activity in Drosophila
(Ogden et al. 2008), yet manipulation of vertebrate Gai
has little effect on Gli3 processing and chick neural tube
patterning (Low et al. 2008). These findings not only
stress the necessity of additional genetic analysis, partic-
ularly loss-of-function studies, and biochemical charac-
terization to settle the role of G proteins in transducing
the Hh signal downstream from Smo, but again point to
potential divergence in pathway design between species.
We consider three unresolved areas of future investigation
based on our studies of the relationship between Sufu and
Gli proteins.

First, it is unclear if Hh signaling modulates Sufu
activity (Supplemental Fig. S27), and if Sufu interacts
with other Hh pathway components to control Gli
function. This is complicated by the involvement of the
primary cilium in mammalian Hh transduction, as well
as the current lack of evidence for a Cos2-scaffolded
counterpart to the Drosophila Hh signaling complex
(HSC) that contains Cos2, Fu, Ci, and possibly Sufu
(Stegman et al. 2000; Varjosalo et al. 2006). Furthermore,
the Fused kinase, which opposes Sufu activity in the fly,
is dispensable for mammalian Hh signaling and shows
no epistatic relationship with Sufu (Chen et al. 2005;
Merchant et al. 2005). Sufu likely functions downstream
from Ptch1 and Smo, since expression of a constitutively
active form of Smo (SmoM2) in Sufu�/� MEFs failed to
further activate the Hh pathway (Supplemental Fig. S28),
and Sufu knockdown in Ptch1�/�MEFs led to reduced Gli
protein levels (Fig. 6B,C). It has been hypothesized that
Smo signals to Sufu (Svard et al. 2006), but no biochem-
ical evidence for this has yet been presented. Definitive in
vivo loss-of-function studies on the mouse Cos2 ortho-
logs Kif7 and Kif27 as well as further biochemical char-
acterization of the mammalian Smo–Kif3a–b-arrestin
complex (Kovacs et al. 2008) will address whether a con-
served cytoplasmic HSC exists in mammals, or if Smo–
Kif3a complexes on the primary cilium have replaced the
scaffolding function of the HSC. Examination of a poten-
tial relationship of Sufu to a mammalian HSC will permit
a greater understanding of Hh signal transduction.
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Second, the mechanisms of Smo and Gli trafficking to
and on the primary cilium are poorly understood, but the
cilium is critical for proper pathway activation and
formation of Gli activators and repressors (Corbit et al.
2005; Huangfu and Anderson 2005; Liu et al. 2005). Our
data indicate that Sufu is not essential for Gli trafficking
to the primary cilium. Thus, identifying signals that
confer ciliary localization and trafficking of Hh pathway
components and their interacting partners is crucial to
understand the role of the cilium in controlling their
function. Interestingly, genetic studies of the vesicle trans-
port protein Rab23, a GTPase that is a cell-autonomous
negative regulator of vertebrate Hh signaling, showed
that Rab23 controls Gli2 and Gli3 activity (Eggenschwiler
et al. 2006). This raises the possibility that Rab23 regu-
lates trafficking of Hh pathway components that inhibit
Gli activator function. In contrast, the GTPase Arl13b
appears to be required for generation of the Gli2 activator
(Caspary et al. 2007). These, and other Rab proteins
involved in biogenesis of the primary cilium (Oro 2007;
Yoshimura et al. 2007), are likely to be useful targets
for investigating the dynamics of Smo and Gli movement
on the primary cilium and their relationships to states
of pathway activation. In addition, the steps required
for conversion of full-length Gli to Gli activators are
poorly understood (Methot and Basler 1999; Smelkinson
et al. 2007), and biochemical identification of these
events and their relationship to the primary cilium is
essential.

Finally, our comprehension of Gli activator and re-
pressor function at endogenous target promoters or
enhancers is lacking, but significant progress has recently
been made in identifying bona fide Gli-binding sites via
chromatin immunoprecipitation (Vokes et al. 2007,
2008). Many Gli-binding sites are occupied by both Gli1
activator and an artificial Gli3 repressor (Vokes et al.
2007, 2008), yet the dynamics of activator and repressor
binding of all three Gli proteins in the absence or presence
of Hh ligand and the transcriptional outputs of Gli protein
binding remain to be investigated. Further experiments of
this nature, focusing on Gli partner proteins such as Sufu
and Hoxd12 (Y Chen et al. 2004), and potential coactiva-
tors (e.g., CBP) (Akimaru et al. 1997) and corepressors
(e.g., Sin3a, SAP18, and Ski) (Cheng and Bishop 2002;
Paces-Fessy et al. 2004), will illuminate the mechanism of
Gli transcription factor action, and possible Sufu func-
tion, at endogenous binding sites.

Materials and methods

Animal husbandry

A conditional allele of Sufu was generated by flanking exons 4–8
with loxP sites using gene targeting (Joyner 2000). A null allele of
Sufu was subsequently produced by Cre-mediated excision of
sequences between the two loxP sites. Kif3a mice were obtained
from MMRRC (Mutant Mouse Regional Resource Centers); Ptch1

mice were provided by Dr. Matt Scott (Stanford University); and
Smo mice were provided by Dr. Andy McMahon (Harvard
University). Fu mutant mice were genotyped and maintained as

described (Chen et al. 2005). Gli2zfd and Gli3xt mice have been
described previously (Hui and Joyner 1993; Mo et al. 1997).

Histology and in situ hybridization

Embryos collected at various developmental stages were fixed in
4% paraformaldehyde overnight at 4°C and processed and
embedded in paraffin (Nagy et al. 2003). All the embryos
collected were sectioned at 6-mm thickness for histological
analysis and in situ hybridization (Nagy et al. 2003). Whole-
mount in situ hybridization using digoxigenin-labeled probes and
section in situ hybridization using 33P-labeled riboprobes were
performed as described (MH Chen et al. 2004).

Molecular biology and constructs

Standard molecular biology techniques, including molecular clon-
ing, genomic DNA preparation, RNA isolation, PCR, RT–PCR,
and Southern analysis, were performed as described (Sambrook
and Russell 2001; Ausubel et al. 2003; Nagy et al. 2003).

Flag-mGli1, Flag-mGli2, and Flag-hGli3 were described pre-
viously (Gerber et al. 2007). Mouse Smo was obtained from
Haruhiko Akiyama. The zebrafish Smo cDNA was a gift from
Monte Westerfield, and the fly Smo cDNA was a gift from Jin
Jiang. Smo cDNAs were C-terminally tagged with Flag or Myc
and were cloned into pcDNA3, pEF-V5-His-TOPO, or pCS2+ for
transient overexpression. Mouse Sufu cDNA was N-terminally
tagged with Flag or Myc. The fly Sufu cDNA was a gift from Jin
Jiang. cDNAs encoding zebrafish Sufu and mouse Spop and Ext2
were obtained from Open BioSystems and N- or C-terminally
tagged with Flag or Myc. Gli, Sufu, and Spop cDNAs were cloned
into pcDNA3 (Invitrogen) for transient overexpression or pBABE-
puro for retroviral overexpression. Detailed cloning strategies and
maps are available upon request. A dominant-negative eGFP-
Kif3b construct was a gift from Andy Peterson, and the Cul3-Myc
construct was from P. Renee Yew. The Flag-FoxC2 and Flag-MyoD
constructs were gifts from Brian Black.

Derivation of MEFs

MEFs were derived from wild-type, Sufu�/�, Kif3a�/�, Ptch1�/�,
Smo�/�, Gli2�/�, and Gli3�/� embryos at 9.5 dpc and cultured in
DMEM, supplemented with 15% fetal bovine serum (FBS),
L-glutamine (Invitrogen), nonessential amino acids (Invitrogen),
1 mM sodium pyruvate (Invitrogen), and penicillin/streptomycin
(Invitrogen). These cells were subsequently immortalized with
recombinant retroviruses encoding the simian virus (SV) 40 large
T antigen (Brown et al. 1986). To immortalize MEFs, 2 mL of viral
conditioned-medium mixed with polybrene (8 mg/mL) were
added to MEFs at ;50% confluence on a 6-cm plate. After 1 h
of incubation, viral conditioned medium was removed and
replaced with fresh medium. Viral infection was repeated several
times in 48 h to achieve maximum infection efficiency. MEFs
were subsequently selected by adding G418 (500 mg/mL) to the
medium 24 h after viral infection was completed. G418-resistant
clones that appeared after 2 wk of G418 selection were picked
and expanded. Immortalized MEFs were maintained in culture
medium supplemented with 100–200 mg/mL G418.

Antibody production

Partial mouse cDNAs encoding Smoothened (Smo, amino acids
550–793), Patched 1 (Ptch1, amino acids 1235–1414), Gli2 (amino
acids 327–442), and Gli3 (amino acids 395–500) were cloned into
pRSET (Invitrogen), pVCH6, or pGEX (Amersham) expression
vectors. 6xHis or GST fusion proteins were expressed in BL21
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(DE3) pLys bacteria and purified on Ni-NTA (Qiagen) or gluta-
thione-Sepharose resin (Amersham) according to the manufac-
turer’s instructions. Purified antigen was injected into rabbits
(Animal Pharm) for generation of polyclonal antibodies. Anti-
bodies were affinity-purified from crude serum using Affigel-10
beads (Bio-Rad) conjugated with Ni-NTA-purified 6xHis-antigen
fusion proteins. Sufu antibodies (sc-28847) were purchased from
Santa Cruz Biotechnologies.

Cell culture, transient transfections, Western blotting,

and immunoprecipitation

HEK 293T cells and transformed MEF lines were maintained in
DMEM supplemented with 10% fetal bovine serum (Invitrogen),
penicillin/streptomycin (Invitrogen), and L-glutamate (Invitro-
gen). For protein expression, cells were transfected with Lip-
ofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. Forty-eight hours later, cells were harvested and
lysed in RIPA buffer (50 mM Tris-Cl at pH 7.5, 150 mM NaCl,
5 mM EDTA, 1% Triton X-100, 0.1% SDS, 1% Na deoxycholate,
protease inhibitors). Lysates were sheared with a 20-gauge 0.5-
in needle, and 63 Laemmli loading buffer was added. For detecting
Gli2 and Gli3 proteins, samples were resolved on 5% SDS-PAGE
gels and transferred to PVDF membranes following standard
procedures (Harlow and Lane 1999). After transfer, membranes
were blocked for 1 h in TBST (Tris-buffered saline with 0.1%
Tween 20)/5% nonfat dry milk at room temperature and in-
cubated with rabbit anti-Gli2 (1:3000) or rabbit anti-Gli3 (1:1000)
antibodies in TBST/3% bovine serum albumin (BSA) overnight
at 4°C. The membranes were then washed extensively with
TBST and incubated with donkey anti-rabbit HRP (1:3000) for
1 h at room temperature. For detecting mouse Sufu, Flag-Spop,
Myc-Spop, Flag-Ext2, Flag-FoxC2, Flag-MyoD, and tubulin, the
following primary and secondary antibodies were used: rabbit
anti-Sufu (1:500; Santa Cruz Biotechnologies), rabbit anti-Flag
(1:1000; Sigma), mouse anti-Flag (1:1000; Sigma), rabbit anti-Myc
(1:1000; Sigma), mouse anti-a-tubulin (1:2000; Sigma); donkey
anti-rabbit HRP (1:2000; Jackson Laboratories), donkey anti-
mouse HRP (1:2000; Jackson Laboratories). Chemiluminescent
detection was performed using ECL Plus detection reagents
(Amersham).

For immunoprecipitation, cells were harvested 48 h post-
transfection and lysed in lysis buffer (1% Triton X-100, 150
mM NaCl, 50 mM Tris-Cl at pH 7.5, 1 mM EDTA, 0.5 mM PMSF,
2 mg/mL pepstatin A, 10 mg/mL leupeptin, 5 mg/mL aprotinin).
Lysates were sheared with a 20-gauge needle and remained on ice
for 30 min. Lysates were then clarified by centrifugation at
20,817g for 20 min at 4°C. The supernatant was removed and
bound to 50 mL of anti-Flag M2 or anti-HA agarose beads (Sigma)
for 4 h at 4°C with constant nutation. Beads were washed three
times with lysis buffer prior to addition of sample buffer.
Immunoprecipitated proteins were analyzed by 7.5% SDS-PAGE
and transferred to PVDF for immunoblotting. Antibodies used
were rabbit anti-Flag (1:2000; Sigma) and rabbit anti-HA (1:1000;
Sigma).

Retroviral generation and transduction of stable cell lines

HEK 293T cells were transfected with pCL-ECO (Naviaux et al.
1996) and pBABE-puro containing Smo or Sufu cDNAs derived
from mouse, zebrafish, or fly. Supernatant was collected 72 h post-
transfection, filtered through a 0.45-mm syringe filter (Nalgene)
and added to 50% confluent MEFs with 8 mg/mL polybrene
(Sigma). Two days after the addition of retroviral supernatant,
MEFs were split 1:10 and selected with puromycin (2.5 mg/mL).

Presence of stable expression was verified by Western blotting
and/or immunofluorescence.

shRNA design, lentiviral design, production, and infection

shRNAs were designed using the pSicOligomaker application
(Reynolds et al. 2004). To select shRNA sequences with minimal
homology with other mouse transcripts, sequences were com-
pared against the mouse non-Refseq RNA database using BLAST.
Oligonucleotides encoding shRNAs were annealed and in-
serted into the pLentiLox3.7 vector. To create lentiviral super-
natants, HEK 293T cells were transfected with the appropriate
pLentiLox3.7 vector and the packaging vectors pLP1, pLP2, and
pLP/VSV-G using Lipofectamine (Invitrogen). Seventy-two hours
post-transfection, supernatants were harvested and filtered
through a 0.45-mm cellulose acetate filter (Nalgene). Lentivirus
was concentrated either 10-fold using a Centriprep Ultracel YM-
10 device (Millipore) or 100-fold by ultracentrifugation. MEFs at
50% confluence were infected with concentrated lentivirus
supplemented with 8 mg/mL polybrene. Knockdown was verified
by Western blotting if appropriate antibodies were available or, in
other cases, knockdown was assessed by extracting RNA using
an RNA Midi kit (Qiagen) followed by RT–PCR following
standard procedures. The following 19-mer sequences were used
for shRNA-mediated knockdown: mouse Sufu (NM_015752):
GAGTTGACGTTTCGTCTGA (nucleotides 540–558), GTAGT
GACTTTCTTCCAGA (nucleotides 765–783), GGCGGGGACT
GGAGATTAA (nucleotides 1126–1144), GGAGGACTTAGAAG
ATCTA (nucleotides 1520–1538); mouse Kif3a (NM_008443): GA
ACTATCACCGTCCATAA (nucleotides 278–296), GGAGAGAG
ACCCATTTGAA (nucleotides 2070–2088), GACCGTAATTGAT
TCTTTA (nt 2226-2244); mouse Gli1 (NM_010296): TCGGAGT
TCAGTCAAATTA (nucleotides 383–391), ACATGCTCCGTGC
CAGATA (nucleotides 1927–1945), AAGCTCAGCTGGTGTG
TAA (nucleotides 2848–66); mouse Spop (NM_025287): GACTCA
GTTTAACCTTCAA (nucleotides 163–181), GAAAGGGCTAGAT
GAAGAA (nucleotides 407–425), GTACAAGACTCTGTCAATA
(nucleotides 670–696), GAAGCGGTAGGATTTATTT (nucleotides
2615–2633)

Immunofluorescence

Cells were fixed in 4% paraformaldehyde for 15 min at room
temperature. Standard procedures for immunostaining were
subsequently followed. The primary antibodies used were mouse
anti-acetylated tubulin (1:2000; Sigma), mouse anti-Flag (1:1000;
Sigma), mouse anti-Myc (1:1000; Santa Cruz Biotechnologies),
rabbit anti-Myc (1:1000; Sigma), rabbit anti-Smo (1:500), rabbit
anti-Gli2 (1:500), rabbit anti-Gli3 (1:500), and rabbit anti-Sufu
(1:100; Santa Cruz Biotechnologies). Secondary antibodies and
conjugates used were donkey anti-mouse AlexaFluor 594
(1:2000; Molecular Probes), donkey anti-rabbit AlexaFluor 488
(1:2000; Molecular Probes), and DAPI (1:10,000; Sigma). Fluores-
cent images were acquired using a SPOT 2.3 camera connected to
a Nikon E1000 epifluorescence microscope. Adjustment of RGB
histograms and channel merges were performed using Advanced
SPOT and NIH Image J. Fluorescent confocal images were
acquired using a Nikon TE2000U inverted microscope with
a Yogokawa CSU22 spinning disk confocal (Solamere Technology
Group), a Photometrics Cascade II Camera, and MicroManager
software (Vale laboratory, University of California at San
Francisco). Images were acquired with a 1003 oil-immersion lens
and a 1.53 zoom adapter (Nikon) using two laser lines (488 nm
and 568 nm). Confocal stacks were collected using a 0.25-mm step
size along the Z-axis. Stacks were analyzed and xy projections
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generated using NIH ImageJ. Deconvolution was performed
with the Iterative Deconvolve 3D plugin (Robert Dougherty,
OptiNav, Inc.).

Hh reporter activity assays

Prior to the day of transfection, MEFs were seeded at a density of
5 3 104 to 1 3 105 cells per milliliter (dependent on cell line) in
24-well plates. The next day, cells were transfected with a 4:5:1
ratio of pcDNA3/expression construct 8xGliBS-luc:pRL-TK us-
ing Fugene 6 (Roche) according to the manufacturer’s instruc-
tions. Forty-eight hours after transfection, cells were changed to
low-serum medium (DMEM supplemented with 0.5% newborn
calf serum and penicillin/streptomycin) for a further 30–48 h.
Cells were harvested, and firefly and Renilla luciferase activities
were determined using the Dual Luciferase Reporter Assay
System (Promega) and an LmaxII 384 luminometer (Molecular
Devices). Multiple (three or more) assays were performed; each
sample was assayed in triplicate.

Ubiquitination assays

HEK 293T cells were transfected with HA-tagged Ub, Flag-tagged
Glis (Gli1, Gli2, or Gli3), Sufu, Spop, and Cullin3 using Lipofect-
amine 2000 (Invitrogen). Forty hours post-transfection, cells
were treated with 50 mM MG132 (Sigma). Six hours later, cells
were harvested and lysed in 1% SDS lysis buffer (50 mM Tris-
HCl at pH 7.5, 0.5 mM EDTA, 1% SDS) and boiled for 10 min.
Lysates were cleared by centrifugation at 14,000g for 10 min. The
supernantant was diluted 10 times with NETN buffer (150 mM
NaCl, 5 mM EDTA, 50 mM Tris-HCl at pH 7.5, 0.1% NP-40), and
then immunoprecipitated with mouse anti-Flag agarose beads
(Sigma) overnight at 4°C. The beads were washed with ice-cold
NETN buffer three times and then subjected to immunoblot
analysis with mouse anti-HA antibody.
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