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The secreted protein Hedgehog (Hh) plays an important role in
metazoan development and as a survival factor for many human
tumors. In both cases, Hh signaling proceeds through the activation
of the seven-transmembrane protein Smoothened (Smo), which is
thought to convert the Gli family of transcription factors from tran-
scriptional repressors to transcriptional activators. Here, we pro-
vide evidence that Smo signals to the Hh signaling complex, which
consists of the kinesin-related protein Costal2 (Cos2), the protein
kinase Fused (Fu), and the Drosophila Gli homolog cubitus inter-
ruptus (Ci), in two distinct manners. We show that many of the
commonly observed molecular events following Hh signaling are
not transmitted in a linear fashion but instead are activated through
two signals that bifurcate at Smo to independently affect activator
and repressor pools of Ci.

In Drosophila, Hh-mediated target gene activation is thought to be a
two-step process involving stabilization of Ci? and an as yet uncharac-
terized activation step that converts Ci to a transcriptional activator
(1-6). In the absence of Hh, Ci is converted to a partially proteolyzed
repressor protein, Ci,5 (1), through a process involving the proteasome
and priming phosphorylation by a cast of protein kinases including gly-
cogen synthase kinase 33, casein kinase I, and protein kinase A (7—14).
Binding of Hh to its transmembrane receptor Patched (Ptc) activates
Smo, promoting its phosphorylation by the same kinases that prime Ci
for processing (12-14). Hh also triggers Smo accumulation at the
plasma membrane (15), where it is believed to attenuate Ci to Ci,g
processing and to trigger Ci activation (reviewed in Ref. 16). Hh-medi-
ated activation of the Cos2, Fu, and Ci containing Hedgehog signaling
complex (HSC) is thought to correlate with phosphorylation of Fu and
Cos2 and the release of HSC components from Cos2-mediated mem-
brane and microtubule associations (17-20). Although microtubule
release and Cos2/Fu phosphorylation are considered to be requisite
steps in the stabilization and subsequent activation of Ci, a number of
studies in various genetic backgrounds have noted an incomplete cor-
relation between Ci protein stabilization and Ci transcriptional activity
4, 5,21,22).
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We and others (23-26) have reported that the cargo domain of Cos2
forms an association with Smo that is necessary for Hh-mediated Ci
activation. This likely occurs through Hh-mediated Smo stabilization
that facilitates additional HSC to associate with Smo through Cos2-
mediated tethering (23). This phenomenon is somewhat contrary to our
observation that, following Hh activation, the bulk of Cos2 releases from
cellular membranes (27), whereas Cos2 bound to Smo accumulates on
the plasma membrane (15, 23, 26). Thus, we targeted the Cos2-Smo
association to better understand these seemingly conflicting events. We
were able to modulate the Cos2-Smo association by overexpressing the
Cos2 cargo domain and show that this domain can functionally separate
the traditional read-outs of Hh pathway activation. We separate Fu and
Cos2 hyperphosphorylation, Ci stabilization, and Cos2 membrane
release from Smo accumulation and target gene activation in vitro and
in vivo. Our results suggest that Smo regulates two arms of the Hh
pathway, repression and activation, independently of each other and
that this regulation can be functionally separated through targeting the
Cos2-cargo Smo interaction.

MATERIALS AND METHODS

DNA Constructs—Act-renilla was constructed by subcloning Renilla
from the pRL-TK plasmid (Promega) into pAct 5.1A (Invitrogen) via
Scal and Bsrbl restriction sites. pAct 5.1 ci was generated by subcloning
ci from pUAS-ci (1) via Kpnl restriction sites. pAct 5.1 3x HA-CSBD was
generated by PCR amplifying base pairs 3001-3601 of Cos2 cDNA (cor-
responding to amino acids 1001-1201) with primers that introduce
BgllI sites flanking the Cos2 coding sequence. PCR products were
cloned into pZero (Invitrogen) then subcloned via the BglII sites into
PpAcS.1A (Invitrogen) in-frame with an engineered 3X HA epitope tag.
Because of its small size, a nuclear export sequence was added to the
carboxyl terminus of the HA-carboxyl-terminal Smo binding domain
(CSBD) construct to prevent passive nuclear diffusion. An HIV-1
reverse nuclear export sequence linker (5'-GATCCCTTCAGCTTC-
CACCACTTGAGCGACTTACCCCTA) (28) was inserted in-frame 3’
of the CSBD coding sequence in the pAct 5.1 HA-CSBD plasmid. CSBD
and CSBD-nuclear export sequence expressed at similar levels and had
similar effects on Hh signaling by the ptc reporter assay and analysis of
Hh-induced Fu and Cos2 shifts (data not shown). pAcS.1-GFP was gen-
erated by PCR amplifying EGFP from pEGFP (Clontech) with primers
introducing a BglII restriction site 5" and a BamHI site 3" and cloned
into the pZero vector (Invitrogen). EGFP was liberated from pZero via
Bglll/BamHI digest and subcloned into pAc5.1A at the existing BamHI
site. Ligation inactivates the 5’-Bglll/BamHI site but leaves the 3'-site
intact for cloning purposes. CSBD-GFP was generated by subcloning
CSBD from pZero into pAcS.1-GFP 3" of EGFP via the intact BamHI site.
pAct 5.1 myc-smo was generated by PCR amplification of myc-smo from
PRM-myc-smo (gift from J. Hooper) with primers that introduced
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HindIII sites 5’ and 3’ of the myc-smo coding sequence. The myc-smo
PCR product was cloned into a multiple cloning site shuttling vector via
the HindIII sites, then liberated and cloned into pAc5.1A using EcoRV
and Notl restriction sites. Ptc-luciferase was provided by P. Beachy (7),
PpUAS-smo-GFP was provided by M. Scott (29), pUAS-smoC was pro-
vided by J. Hooper (30).

Fly Strains and Transgenes—pUAS-HA-CSBD was generated by lib-
erating HA-CSBD from pAc5.1-HA-Cos2 SBD and introduced into
pUAST (31) using Kpnl and Xbal restriction sites. Germ line transfor-
mation was performed by the Duke University Molecular Biology Core
using standard protocols. When HA-CSBD was crossed into ptc-GAL4,
CSBD expression was confirmed by Western blot analysis of wing imag-
inal disc lysates (data not shown). To generate smo RNAi-expressing
flies, a 1012-base-pair portion of the Smo coding region one codon 3’ of
the initiating methionine was amplified with 5'-(TTTTCTAGAGCAG-
TACTTAAACTTTCCGC) and 3’ -(TTTTCTAGAAAGATTTTCAC-
CGGCTGTAGG) primers. Two copies of the amplified sequence were
subcloned into the P-element vector pWIZ (32) in a tail-to-tail fashion
so that a double stranded RNA of the smo transcript could be expressed
under control of the GAL4 system. Germ line transformation was per-
formed as described (33). Dpp-LacZ flies were provided by D. Kalderon.
Fly stocks were maintained on standard yeast-cornmeal agar at room
temperature. Experimental crosses were preformed at 29 °C.

Cell Culture and Assays—All cell transfections were performed using
Cellfectin reagent (Invitrogen) per the manufacturer’s instructions. For
all assays, Hh was provided via transfection of a full-length Hh expres-
sion vector (pAct FL-Hh). The ptc reporter assay and ptc-luciferase
reporter construct have been previously described (7, 24). ptc-luciferase
activity was normalized to expression of an act-renilla control plasmid.
Reporter assays were preformed a minimum of three times, in duplicate.
Error bars represent S.E. For Western blot analysis, cells were lysed in
1% Nonidet P-40 lysis buffer (150 mm NaCl, 50 mm Tris, 50 mm NaFl,
pH 8.0) and cleared of nuclei by a 2000 X g spin. Postnuclear lysates
were blotted using anti-HA to detect CSBD (Covance), anti-Ci, 55 (2A1),
anti-Ci,; (CiN, gift from R. Holmgren), anti-Fu Hinge (20, 34), anti-
Cos2 (5D6), anti-Ptc (47HS, gift from R. Johnson), anti-Smo,” anti-myc
(Covance) and anti-Kinesin (Cytoskeleton, Inc.) antibodies. For mem-
brane binding assays cells were lysed hypotonically by Dounce homog-
enization in HKB (20 mm Hepes, 10 mm KCl, pH 7.9). To prepare mem-
brane pellets, postnuclear lysates were centrifuged for 30 min at
100,000 X g in a table-top ultracentrifuge. Membrane pellets were
resuspended by homogenization in HLB + 1% Nonidet P-40. For all
experiments, DNA content is as follows: 1X is 250 ng, 2X is 500 ng, and
4Xis 1 ug. The Hh expression vector was transfected at a ratio of 250 ng
of DNA to every 3E° cells. To determine the transfection efficiency of
CSBD-GEFP, two fields of cells were counted in bright field and fluores-
cent field. Averaged GFP and non-GFP cell numbers were used to deter-
mine the percent of cells expressing GFP.

Immunoflourescence and Microscopy—Wing imaginal discs were
collected and immunostained using standard methods, as described
previously (24). Smo immunostain was preformed as described recently
(13). Discs and/or S2 cells were immunostained using anti-Ci (2A1),
anti-HA (Genetex), anti-En (gift from C. Goodman) and anti-Smo
(11F1) primary antibodies and appropriate Alexa-Fluor-conjugated sec-
ondary antibodies (Molecular Probes). S2 cells used for immunolocal-
ization assays were plated on Con A-treated slides and immunostained
as previously described (24, 35). Percentages of cells demonstrating
punctate or diffuse Smo localizations were determined by randomly

3D. ). Casso and T. B. Kornberg, unpublished work.
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counting 200-250 Smo-staining cells across three separate experi-
ments. Confocal images of imaginal discs and S2 cells were collected
using a Leica TCS SP confocal laser scanning microscope and processed
using Adobe Photoshop 6.0. Imaginal disc images were collected using a
20X objective at 1024 X 1024 pixel resolution. S2 cell images were
collected using a 100X oil-immersion objective at 1024 X 1024 pixel
resolution. For wing images, wings were mounted using DPX mounting
medium (Electron Microscopy Services) and imaged using a Leica
M212 dissecting scope with an Optronics DEI 750 camera and Meta-
view software. Images were processed using Adobe Photoshop 6.0

RESULTS

Previous studies have demonstrated that the primary interaction
between Smo and Cos2, which appears to be required for Hh activation,
is through the Cos2 carboxyl-terminal cargo domain (23, 25, 26). Thus,
we tested whether overexpression of the Cos2 CSBD could decrease
activation of the Hh target gene ptc in Clone-8 (CI8) cells. We found that
CSBD is a strong inhibitor of Hh-mediated activation of a ptc-luciferase
reporter construct, capable of decreasing maximal Hh activation by
nearly 80% (Fig. 14). CSBD-mediated inhibition can be rescued by
overexpression of Ci, consistent with CSBD functioning upstream of
Ci (Fig. 1B).

A construct expressing the carboxyl-terminal tail of Smo (SmoC)
affects both activation and repression of Hh signaling: SmoC promotes
low level signaling in the absence of Hh and decreases signaling in Hh-
stimulated cells (30). We were surprised to find that although both
SmoC and CSBD inhibit Hh-mediated target gene activation (Fig. 14),
they differ in their effects on Ci, Cos2, and Fu. In response to Hh, full-
length Ci,; is stabilized, resulting in a decrease of the proteolyzed
repressor form, Ci,; (Fig. 1C, compare lane 1 with 4 and 7 with 10).
SmoC has previously been demonstrated to alter this Ci; 55/Ci, ratio in
vivo, such that levels of Ci; 4 are decreased in Hh-responding cells (30).
Accordingly, expression of SmoC in vitro decreases the Hh-induced
stabilization of Ci,s;, resulting in a decreased Ci,5;/Ci, ratio in Hh-
stimulated cells (Fig. 1C, compare lane 10 with lanes 11 and 12). Inter-
estingly, CSBD does not affect the ratio of Ci,5;/Ci,5 in Hh-stimulated
cells (Fig. 1C, compare lane 4 with 5 and 6). Further, although SmoC
attenuates Hh-induced Fu and Cos2 hyperphosphorylation, CSBD has
no effect on this phosphorylation (Fig. 1C, compare lanes 4—6 with
10-12). To confirm that the inability of CSBD to attenuate Fu and Cos2
phosphorylation or Ci stabilization were not the result of a population
effect of non-CSBD-expressing cells, we expressed a GFP-tagged CSBD
construct in CI8 cells and calculated the approximate transfection effi-
ciency. We then analyzed the lysates for Fu, Cos2, and Ci and found that
even when transfection efficiency of GFP-CSBD approaches 80%, Hh-
induced Fu and Cos2 phosphorylation and Ci stabilization are main-
tained (data not shown). GFP-CSBD represses reporter assay target
gene activation to the same extent as HA-CSBD (data not shown).
These results suggest that CSBD disrupts Hh signaling through a mech-
anism distinct from that of SmoC. CSBD appears to target a specific
pool of Cos2-Smo complexes involved in the activation of Ci, but not in
its stabilization, or the hyperphosphorylation of Fu and Cos2. SmoC,
however, functions as a more general inhibitor, targeting all of these
Hh-induced processes.

To confirm that CSBD could repress the Hh-mediated activation of
an endogenous gene, we overexpressed CSBD in CI8 cells in the pres-
ence or absence of Hh. We found that, as with the ptc reporter con-
struct, CSBD expression resulted in a significant reduction in Hh-acti-
vated expression of endogenous ptc, without affecting Hh-induced Fu
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FIGURE 1.CSBD uncouples target gene activation from Ci stabilization and Fu/Cos2 hyperphosphorylation. A, CSBD is a strong inhibitor of Hh-mediated target gene activation.
CI8 cells were transfected with a ptc-luciferase reporter construct and increasing amounts of plasmids expressing CSBD, SmoC, or empty vector control, in the presence or absence
of a Hh expression vector. Percent expression relative to maximal Hh activation is indicated. ptc-luciferase expression levels were normalized to an act-renilla transfection control. Error
bars indicate S.E. For all experiments, 1X corresponds to 250 ng of transfected DNA and 2X corresponds to 500 ng. B, Ci reverses CSBD-mediated repression. CI8 cells were
co-transfected with plasmids expressing Hh, CSBD and increasing amounts of Ci, or empty vector control. Relative ptc-luciferase expression levels were normalized to an act-renilla
control. Error bars indicate S.E. For all experiments, 1X corresponds to 250 ng of transfected DNA and 2X corresponds to 500 ng. C, CSBD and SmoC have different effects on the
molecular markers of Hh activation. CI8 cells were co-transfected with increasing amounts of plasmids expressing CSBD (250 and 500 ng) or SmoC (250 and 500 ng) in the presence
or absence of Hh. DNA content was normalized with empty vector. 1% Nonidet P-40 cell lysates were immunoblotted for Ci, 55, Fu, Cos2, Ci,s, CSBD, SmoC, and kinesin. Hyperphos-
phorylated forms of Cos2/Fu are marked with bars (P, phosphorylated; U, unphosphorylated). The results shown are representative of at least three independent experiments. D,
CSBD inhibits Hh-mediated activation of endogenous ptc. CI8 cells were transfected with increasing amounts of a plasmid expressing CSBD in the presence or absence of Hh. 1%
Nonidet P-40 cell lysates were immunoblotted for Ptc, Fu, CSBD, and kinesin. Hyperphosphorylated forms of Fu are marked with bars (P, phosphorylated; U, unphosphorylated). The
results shown are representative of at least three independent experiments.

phosphorylation (Fig. 1D, compare lane 1 with 4 and lane 4 with 5 and
6). Semiquantitative reverse transcription PCR analysis confirmed that
repression occurs at the level of transcription (data not shown).

To determine whether CSBD could exhibit similar effects in vivo we
expressed CSBD in Drosophila wing imaginal discs using the UAS-
GAL4 system. We analyzed the wings of transgenic flies, as disrupted
Hh signaling in the wing imaginal disc results in specific wing patterning
defects in the adult (reviewed in Refs. 36 and 37). Transgenic flies
expressing CSBD under the control of the ptc-GAL4 driver demonstrate
decreased spacing between LV3 and LV4 (Fig. 2, compare A with B) and
proximal LV3-4 fusions (Fig. 2B, arrow), indicative of disrupted Hh
signaling. Expression of CSBD in a Smo-sensitized background resulted
in a robust enhancement of the Smo phenotype (Fig. 2, compare D with
B). Smo-sensitized flies express a Smo double stranded RNA (Smo-
RNAI), which primes them for the detection of factors that affect Smo
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function.* Smo-RNA! flies do not demonstrate increased lethality but
do show modest proximal fusions of LV3-4 (Fig. 2C, arrow) with normal
LV3-4 spacing. The expression of CSBD in Smo-RNAi flies results in a
near lethal phenotype. Approximately 4% of the flies escape lethality but
demonstrate significantly decreased LV3-4 spacing and more pro-
nounced LV3-4 fusions (Fig. 2D, arrows). These results are consistent
with Smo being the in vivo target of CSBD.

Our biochemical results suggest that CSBD can alter Hh target gene
activity without affecting Ci stabilization. Accordingly, analysis of late
third instar wing imaginal discs demonstrates that although the Smo
RNAi-CSBD wings show strong Hh phenotypes, discs from CSBD
expressing Smo-RNAI flies reveal a near normal Ci protein gradient
(Fig. 2, compare E with F', arrows). CSBD appears to have no observable

4D. ). Casso and T. B. Kornberg, unpublished data.
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FIGURE 2. CSBD uncouples target gene activation from Ci stabilization in vivo. A-D, CSBD overexpression results in disruption of Hh signaling. Wings from wild type flies
demonstrate normal patterning of longitudinal veins (LV) 1-5 (A). Wings from ptc-GAL4;UAS-HA-CSBD flies demonstrate mild LV3-LV4 fusions (arrow). Wings from ptc-GAL4 (B),
UAS-Smo RNAi flies (C) demonstrate a mild fusion of LV3-LV4 (arrow). Overexpression of CSBD in Smo-RNAi flies triggers a near lethal phenotype. Wings of surviving ptc-GAL4,
UAS-Smo RNAI; UAS-CSBD flies (D) demonstrate significantly decreased LV3-4 spacing and more severe LV3-4 fusions (arrows), indicating an enhanced loss of normal Hh signaling.
E-F, CSBD disrupts Hh target gene activation without affecting Ci protein stabilization. Late third instar wing imaginal discs from wild type (E) and ptc-GAL4, UAS-Smo RNA;;
UAS-HA-CSBD (F) flies were immunostained with anti-HA (blue, F), anti-Ci (red, E and F), and anti-En (green) antibodies as indicated. CSBD has little effect on Hh activated Ci stabilization
in cells 3-8 cell diameters from the A/P border (arrow) but does affect Ci* (arrowheads) and anterior expression of the high level target gene en (F” and F* bracket). For all discs, anterior
is toward the left and dorsal is toward the top. G-H, CSBD does not alter dpp expression. Late third instar wing imaginal discs from wild type (G) and ptc-GAL4, UAS-Smo RNAI;
UAS-HA-CSBD (H) flies were immunostained with anti-HA (blue, H), anti-Ci (red, G’ and H"), and anti B-galactosidase (green, Gand H') antibodies as indicated. Although CSBD does alter
Ci* expression in cellsimmediately adjacent to the A/P border (arrowheads), expression of the low level target gene dpp-lacZis not affected. For all discs, anterior is toward the leftand
dorsal is toward the top.

effects on the normal Hh-induced stabilization of Ci occurring 3—8 cell
diameters away from the anterior/posterior (A/P) border (Fig. 2, com-
pare E with F', arrow). However, the zone of highest level Ci activity,
termed Ci*, and evidenced by decreased Ci staining immediately adja-
cent to the A/P border, is lost (Fig. 2, E and F', arrowheads). Accord-
ingly, expression of the Ci* target gene engrailed (en) in anterior com-
partment cells immediately adjacent to the A/P border is lost in CSBD-
expressing discs (Fig. 2, compare E* with F¥, brackets). Expression of the
high level Hh target gene ptc is also decreased by CSBD expression (data
not shown). Conversely, CSBD does not have a significant effect on
expression of the low level target gene decapentaplegic (dpp) when
expressed under control of the ptc-Gal4 (Fig. 2, compare G with H') or
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apterous-GAL4 drivers (data not shown). These results are consistent
with CSBD not affecting the Ci, 55/Ci, ratio in Hh-responding cells, in
that dpp expression is derepressed through Hh-induced attenuation of
Ci,; processing (5). Taken together with our biochemical analyses, these
in vivo results support the hypothesis that CSBD specifically inhibits an
activating pool of the HSC involved in Ci activation but has little effect
on the Hh-induced attenuation of Ci,5 processing.

Cos2 targets the HSC to vesicular membranes, independently of
Cos2-Smo association (27). Hh stimulates the release of the HSC from
membranes concomitant with Cos2 and Fu hyperphosphorylation and
Ci stabilization. To determine whether CSBD would affect the Hh-
induced HSC membrane release, we expressed CSBD in CI8 cells, in the

VOLUME 281+NUMBER 11+MARCH 17, 2006

1002 ‘2z 1snbBny uo 09sIoueI4 UBS ‘elulojifed Jo ANsiaAiun e B0 g MMM Wol) papeojumod


http://www.jbc.org

The Journal of Biological Chemistry

Jjbe

The Hedgehog Signal Bifurcates at Smoothened

A B
CSBD CSBD
SPSPSPSPSPSP 1 2 3 4
C 2 - - - ———— . -
o8 Myc-Smo | i

FIGURE 3. CSBD blocks Ci activation by target- F - .- eee . P
ing Smo. A, HSC membrane release is unaffected u Fu C— — =U
by CSBD. CI8 cells were co-transfected with plas- - ‘ - | P
mids expressing increasing amounts of HA-CSBD Smo » iy g - U CSBD
(lanes 3—-6 and 9-12; 500 ng (lanes 3,4, 9, 10) and 1 —
g (lanes 5, 6, 11, 12) CSBD expression vector) in CSBD ”~ -
the presence (lanes 7-12) or absence (lanes 1-6) of Kinesin TN ———
a Hh expression vector. Hypotonic cell lysates Kinesin — Ly —
were fractionated, and the resulting membrane I i

pellets (P) and cytosolic soluble fractions (S) were

L] 23456"?89101112|

Hh - Hh +

analyzed by immunoblot. U, unphosphorylated; P, I
phosphorylated. *, the band appearing in the S
fraction in the Smo blot is either a nonspecific
band or a minor membrane contamination in the
soluble fraction, as it does not reproducibly appear l

Hh -

Hh +

CSBD + |

in this assay. The results shown are representative I
of a minimum of three independent experiments.
B, CSBD inhibits Hh-mediated Smo accumulation
in S2 cells. Myc-Smo was expressed in S2 cells plus
or minus HA-CSBD (1 g, lanes 2 and 4) and Hh
expression vector (lanes 3 and 4). 1% Nonidet P-40
celllysates were analyzed by immunoblot analysis.
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presence or absence of Hh, and assayed for membrane association. In
the absence of Hh stimulation the majority of Cos2 and Fu associate
with cellular membranes both plus and minus CSBD expression (Fig.
3A, Pfractions). In response to Hh, a significant amount of HSC releases
from membranes (compare lanes 1 and 2 with 7 and 8, compare S
fractions with P fractions). This membrane release is unaffected by
CSBD expression (lanes 9—12, S fractions), suggesting that CSBD does
not disrupt Hh activation through blocking HSC membrane release.
However, expression of CSBD decreases Hh-induced Smo stabilization
and phosphorylation (Fig. 34, compare lane 8 with lanes 10 and 12, P
fractions), consistent with CSBD targeting the rate-limiting step in Hh
activation, Smo stabilization (15, 23, 26).

Hh-mediated stabilization and activation of Smo correlates with
changes in its subcellular localization (15). It has been suggested that
Cos2 may play a role in Hh-activated Smo movement (29, 38). Thus, we
wanted to determine whether CSBD disrupts Smo activation and/or
stabilization through alteration of its subcellular localization. Because of
their larger size, we found that Schneider 2 (S2) cells provide greater
resolution for analyzing subcellular localization than CI8 cells in immu-
nofluorescence assays. To confirm that overexpressed Smo in S2 cells
would behave in a manner similar to endogenous Smo in CI8 cells, we
expressed Myc-Smo in S2 cells in the presence or absence of CSBD and
Hh and then analyzed lysates for Hh-induced Myc-Smo accumulation
(Fig. 3B). In the absence of Hh, CSBD has little effect on Myc-Smo
protein stability (Fig. 3B, compare lane I with 2). However, we found
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that, as with endogenous Smo in CI8 cells, the Hh-induced stabilization
of epitope-tagged Smo is dramatically reduced by CSBD (compare lane
3 with 4).

To examine whether CSBD expression altered Hh-stimulated Smo
relocalization to the plasma membrane, we transfected S2 cells with a
plasmid expressing Smo in the presence or absence of CSBD and then
analyzed Hh-induced Smo relocalization (Fig. 3, C-F). In the absence of
Hh, Smo localizes to discrete puncta in ~75% of cells (Fig. 3C). The
remaining 25% of cells demonstrate a diffuse localization pattern (data
not shown). In response to Hh, the population of cells demonstrating a
diffuse Smo localization shifts such that ~70% of the cells now show a
more diffuse Smo distribution with evident plasma membrane localiza-
tion (Fig. 3D). We noticed a striking change in Hh-activated Smo relo-
calization when CSBD was co-expressed (Fig. 3, compare F with D).
Instead of an obvious shift to a more diffuse and plasma membrane
localization pattern, Smo remains punctate in ~65% of Hh-stimulated
cells. We concluded that the Cos2 cargo domain-Smo interaction is
necessary for the translocation of Smo, with HSC components, to the
plasma membrane to activate Ci.

DISCUSSION

In this work, we have demonstrated that targeting the association
between Smo and the Cos2 cargo domain functionally separates the
known molecular markers of the Hh pathway into two distinct catego-
ries: those events dependent on a direct association between the Cos2
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cargo domain and Smo and those not dependent on this direct associ-
ation. The Hh-induced readouts requiring direct Smo-Cos2 association
include Smo phosphorylation, stabilization, and translocation to the
plasma membrane, which facilitate intermediate to high level activation
of Ci. Hh-induced Fu and Cos2 hyperphosphorylation, HSC relocaliza-
tion from vesicular membranes to the cytoplasm, and Ci stabilization do
not appear to require a direct Smo-Cos2 cargo domain association.
Thus, although Smo is necessary for all aspects of Hh signaling
(reviewed in Ref. 39), only the molecular events grouped with Ci activa-
tion appear to require direct association between Cos2 and Smo. In vivo,
CSBD expression is also capable of attenuating Hh signaling. This
observation is consistent with our in vitro observation that CSBD inhib-
its critical requirement(s) for pathway activation (12, 13, 40).

We have previously proposed a model suggesting the existence of two
independently regulated pools of HSC, one involved in pathway repres-
sion (HSC-R), and one involved in activation (HSC-A) (16). HSC-R is
dedicated to priming Ci for processing into the Ci,; transcriptional
repressor, whereas HSC-A is dedicated to activation of stabilized Ci, 55
in response to Hh. Here, we provide evidence that the effects of these
two HSCs can be functionally separated by specifically targeting the
interaction between Smo and the Cos2 cargo domain. Moreover, we
identify distinct molecular markers for each HSC. We propose that in
HSC-R, the membrane vesicle tethered Cos2 functions as a scaffold to
recruit protein kinase A, glycogen synthase kinase 383, and casein kinase
I, which in turn phosphorylate Ci (40). Hyperphosphorylated Ci is then
targeted to the proteasome by the F-box protein supernumerary limbs
(Slimb), where it is converted into Ci (8, 23-26, 30, 38). In response to
Hh, Fu and Cos2 are phosphorylated and dissociate from vesicular
membranes and microtubules, which we suggest results in the attenu-
ation of HSC-R function. This allows for the subsequent accumulation
of full-length Ci. The mechanism by which HSC-R function is inhibited
by Hh-activated Smo is not clear but appears to require the carboxyl-
terminal tail of Smo and, by our analysis, appears to occur independ-
ently of a direct Smo-Cos2 cargo domain association. However, the
direct Cos2-Smo association is critical for regulation of HSC-A. In the
absence of Hh, HSC-A is tethered to vesicular membranes, through
Smo, where it is kept in an inactive state. In the presence of Hh, Cos2
bound directly to Smo acts as a scaffold for the phosphorylation of Smo
by protein kinase A, glycogen synthase kinase 383, and casein kinase L.
Phosphorylation of Smo triggers its stabilization and relocalization to
the plasma membrane with HSC-A (12-14), where we propose that Ci
is activated. Thus, Cos2 plays a similar role in both HSC-R and HSC-A.
In the former case, coupling protein kinase A, glycogen synthase kinase
3B, and casein kinase I with Ci and, in the latter case, coupling the same
protein kinases with the carboxyl-terminal tail of Smo (Fig. 44).

An alternative interpretation of these data is that disruption of the
Cos2 cargo domain-Smo association separates high and low level Hh
signaling. It has been suggested that a second, low affinity Smo binding
domain may reside within the coiled-coil domain of Cos2 (23, 25). Thus,
high level signaling, where all aspects of the Hh pathway are activated
may require both Cos2 interaction domains to be directly bound to
Smo. In either scenario, HSC-R function would be regulated independ-
ently of HSC-A function.

We conclude that targeted disruption of Cos2 cargo domain-Smo
binding by CSBD is able to functionally separate the activities ascribed
to our two HSC model. This two-switch system is amenable to the
formation of a gradient of Hh signaling activity across a field of cells, in
that the relative activity of HSC-R to HSC-A is directly proportional to
the level of Hh stimulation a cell receives (Fig. 4B). The opposing func-
tional effects of the two complexes can then establish unique ratios of
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FIGURE 4. A model for separation of activator and repressor functions of Hh signal-
ing. A, Cos2 functions as a scaffold in HSC-R and HSC-A. Hh attenuates HSC-R function by
inhibiting Ci phosphorylation and its subsequent processing into a transcriptional
repressor. Hh promotes the activity of HSC-A by stimulating the phosphorylation and
stabilization of Smo, thereby allowing for the formation of additional Cos2-Smo com-
plexes. Stabilized Smo translocates to the plasma membrane where it likely activates Ci.
CSBD selectively inhibits HSC-A by blocking the relevant Cos2-Smo association. HSC-R is
intact in the presence of CSBD, as its regulation by Hh does not depend on Cos2 cargo
domain-Smo binding. B, model for the reciprocal activity of HSC-A and HSC-Rin response
to Hh. High level Hh stimulation promotes the high activity of HSC-A and low level
activity of HSC-R. As the level of Hh stimulation decreases, HSC-A action decreases and
HSC-R activity becomes predominant.

Ci,; to activated Ci, resulting in distinct levels of pathway activation on
a per cell basis.
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