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PRESENTATION

CELL BIOLOGY

Sonic Hedgehog Activates the GTPases
Rac1 and RhoA in a Gli-Independent
Manner Through Coupling of
Smoothened to G, Proteins

Ariel H. Polizio, Pilar Chinchilla," Xiaolen Chen,' David R. Manning,?
Natalia A. Riobo'%*

The vertebrate Hedgehog (Hh) pathway has essential functions during development
and tissue homeostasis in normal physiology, and its dysregulation is a common
theme in cancer. The Hh ligands (Sonic Hh, Indian Hh, and Desert Hh) bind to the
receptors Patched1 and Patched2, resulting in inhibition of their repressive effect
on Smoothened (Smo). Smo is a seven-transmembrane protein, which was only
recently shown to function as a G protein—coupled receptor (GPCR) with specificity
toward the heterotrimeric guanine nucleotide-binding protein G.. In addition to acti-
vating G;, Smo signals through its C-terminal tail to inhibit Suppressor of Fused, re-
sulting in stabilization and activation of the Gli family of transcription factors, which
execute a transcriptional response to so-called “canonical Hh signaling.” In this
Presentation, we illustrate two outcomes of Hh signaling that are independent of Gli
transcriptional activity and, thus, are defined as “noncanonical.” One outcome is
dependent on Smo coupling to G; proteins and exerts changes to the actin cytoskel-
eton through stimulation of the small guanosine triphosphatases (GTPases) RhoA
and Rac1. These cytoskeletal changes promote migration in fibroblasts and tubulo-
genesis in endothelial cells. Signaling through the other noncanonical Hh pathway

is independent of Smo and inhibits Patched1-induced cell death.

Presentation Notes

Slide 1: Science Signaling logo
The slideshow and notes for this Presen-
tation are provided by Science Signaling
(http://www.sciencesignaling.org).

Slide 2: Sonic Hedgehog activates the
GTPases Racl and RhoA in a Gli-indepen-
dent manner through coupling of Smooth-
ened to G, proteins
This Presentation demonstrates that mam-
malian Hedgehog (Hh) signaling is not
limited to those events leading to Gli-
mediated transcriptional changes. We pres-
ent evidence that Hh ligands induce impor-
tant changes in the actin cytoskeleton that
modulate cell motility and morphology
through stimulation of the small guanosine
triphosphatases (GTPases) Racl and RhoA
in a manner that is dependent upon the het-
erotrimeric G protein G;.

'Department of Biochemistry and Molecular Bi-
ology, Thomas Jefferson University, Philadel-
phia, PA 19107, USA. 2Department of Pharma-
cology, University of Pennsylvania School of
Medicine, Philadelphia, PA 19104, USA. 3Kim-
mel Cancer Center, Thomas Jefferson Univer-
sity, Philadelphia, PA 19107, USA.

*Presenter and corresponding author. E-mail,
natalia.riobo@jefferson.edu

Slide 3: Determination of Smo-G protein

coupling

The most direct assay for determining acti-
vation of a heterotrimeric G protein (Gofy)
by a purported G protein—coupled receptor
(GPCR), which is commonly referred to as
“coupling,” is the quantification of guano-
sine triphosphate (GTP) binding to the Gou
subunit. For this assay, we expressed the
seven-transmembrane protein Smoothened
(Smo) together with different Gou subunits
representing the four families (G, G;, G,, and
Gyy13) and GB172 in cultured insect S cells
by means of baculoviral transduction. This
allows for isolation of membranes highly
enriched in Smo with specific combinations
of G proteins. If Smo couples to a particular
Gofycombination, it will increase the rate of
guanosine diphosphate (GDP) release, which
is quickly replaced by excess [**S]guanosine
5’-(3-O-thio)triphosphate ([S*]GTPYS) pres-
ent in the reaction mix. Proteins are rapidly
solubilized under nondenaturing conditions,
and Go is immunoprecipitated with spe-
cific antisera. After extensive washing, [S**]
GTPYS bound to Go is quantified by liquid
scintillation, as described (7).

Slide 4: Smo is a G-selective GPCR

Using the GTP binding assay described on
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A Presentation from the 1st Inter-
national HEALING Meeting: Hh-Gli
Signaling in Development, Regen-
eration and Disease, Kolymbari,
Crete, 23 to 25 June 2011.

the previous slide, we observed that Smo
stimulates GTP incorporation in the o sub-
units of all members of the G; family tested
(Goy;, Goy,, Gays, Go, and Gao,), as shown
by the red bars (2). The black bars repre-
sent spontaneous GTP incorporation when
the G proteins are expressed in the absence
of Smo. Importantly, Smo was unable to
couple to G proteins of the G,, G,, and G,
families (aquamarine bars). In mammals,
most G; members are sensitive to inhibition
by pertussis toxin (PTX), which adenosine
diphosphate (ADP)-ribosylates a Cys resi-
due in the Go. subunit. The only exception
to this sensitivity is Ga,, which is almost
exclusively expressed in nervous tissue and
platelets (3).

Slide 5: Modulation of Smo-G, coupling
by small agonists and antagonists of Smo
The Smo-G,, pair was used to determine
whether the constitutive activity displayed
by Smo can be modulated by small mol-
ecules that alter Gli transcriptional activity
by binding to Smo. As shown in the left
panel, addition of the Smo agonist pur-
morphamine (4) increased G, activation
in a concentration-dependent manner, with
a median effective concentration (ECs;) of
1.4 uM. The Smo inhibitors cyclopamine,
3-keto-n-aminoethyl-aminocaproyl-dihy-
drocinnamoyl (KAAD)-cyclopamine, and
SANT-1 were able to dose-dependently re-
duce GTP incorporation to an amount com-
parable to that of G;, alone and with median
inhibitory concentrations (ICy,’s) similar to
those reported for Gli transcription inhibi-
tion in cell-based assays (80 nM, 200 nM,
and 15 nM, respectively) (5, 6). The inac-
tive cyclopamine analog tomatidine did not
affect GTP incorporation at any concentra-
tion. These observations also suggest that
the three Smo inhibitors behave pharmaco-
logically as inverse agonists.

Slide 6: Noncanonical Hedgehog
signaling
We define as “noncanonical” Hh signaling
those events that occur in response to bind-
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ing of a Hh ligand to its receptors Patched1
(PTCH1) or Patched2 (PTCH2) and are
independent of Gli-dependent transcrip-
tional regulation. Mechanistically, there are
at least two types of noncanonical Hh sig-
naling. The first class (Type I) depends on
Patched but is not exerted through modula-
tion of Smo’s activity and, therefore, is in-
sensitive to cyclopamine and not mimicked
by Smo agonists. The second class (Type II)
is dependent on Smo and mediates cyclopa-
mine-sensitive cellular responses indepen-
dent of Gli activation. Because Smo couples
to G;, we hypothesized that at least some
Type I mechanisms will depend on Smo-G;
coupling and, therefore, be sensitive to inhi-
bition by PTX.

Slide 7: Type Il noncanonical Hh signal-
ing paradigm
We decided to study the role of Smo as a
G;-coupled receptor in fibroblast migration
stimulated by Sonic Hedgehog (Shh) in a
Gli-independent manner (7).

Slide 8: Fibroblast migration: Genetic
models and canonical pathway status
We used NIH 3T3 fibroblasts and mouse
embryonic fibroblasts (MEFs) of different
genotypes: cells heterozygous for a null al-
lele of Patchedl (Ptcl*"), which are func-
tionally identical to wild-type (WT) cells
and are responsive to Shh stimulation; cells
homozygous for a null allele of Patched!
(Ptc1™"), in which the canonical Hh path-
way is constitutively activated; and cells
homozygous for a null mutation of Smo,
(Smo™), in which Glis cannot be activated
in response to Shh stimulation.

Slide 9: Shh promotes fibroblast migra-
tion in a Smo-dependent manner
Addition of Shh to serum-starved WT fibro-
blasts or Ptcl”~ MEFs increased the rate
of migration in response to a scratch in the
monolayer (micrographs and black bars)
(8). The direct Smo agonist purmorphamine
(PUR) stimulated cell migration to a simi-
lar extent as Shh. The increase in motility
induced by Shh or PUR was abolished by
addition of the Smo inhibitor KAAD-
cyclopamine (white bars) (8).

Slide 10: Smo activity promotes fibro-
blast migration
In the absence of Shh, the spontaneous rate
of migration of PtcI”~ MEFs is significantly
higher than that of Ptcl*" cells (P = 0.023)
(panel A). This difference can be attributed
entirely to the unrepressed activity of Smo,
because addition of KAAD-cyclopamine
(denoted as KAAD or KAAD-CP) reduces
the spontaneous rate to that of Prcl-ex-

pressing cells (panel A). In support for an
essential role of Smo in migration, the Smo-
deficient MEFs are insensitive to a Smo
agonist (PUR) and a Smo inverse agonist
(KAAD) (panel B). These results confirm
that activation of Smo is necessary and suf-
ficient to promote fibroblast migration (8).
Because this signaling paradigm is active
in gli2”"; gli3”~ MEFs, which do not show
evidence of any Gli-dependent transcrip-
tional activity (7), it is likely to be a Type II
noncanonical response.

Slide 11: Smo signaling drives fibroblast
migration in a G- and PI3K-dependent
manner
Noncanonical signaling downstream of Smo
may involve activation of G, or modulation of
Sufu activity by the cytoplasmic C-terminal
tail of Smo, or both. To address whether Smo
promotes cell migration in a G;-dependent
manner, we pretreated the cells with PTX
before PUR treatment. Inhibiting G; activa-
tion completely abolished the effect of PUR
(panel A), indicating that coupling of Smo to
G; is essential for signaling through the Type
II noncanonical Hh pathway.

We had previously reported that phos-
phoinositide 3-kinase (PI3K) activity is
essential for canonical Hh signaling (9).
Because the v isoform of PI3K (PI3KYy)
can be activated by free GBy subunits and
is involved in cell motility, we reasoned
that activation of PI3K downstream of G;
might play a role in Shh-induced migration.
As predicted, the PI3K inhibitor LY294002
(denoted LY) prevented the increased mo-
tility of PUR-treated cells (panel A). These
data indicate that fibroblast migration in-
duced by acute activation of Smo is depen-
dent on G; proteins and PI3K.

In support of the proposed mechanism,
the increased basal migration observed in
PtcI”~ cells by constitutive activation of
Smo is also mediated by G, and PI3K, and
the low motility of Smo-deficient MEFs is
insensitive to PTX and LY294002 (panel
B). PtcI”~ MEFs also have higher amounts
of the phosphorylated forms of the PI3K
targets 3-phosphoinositide-dependent ki-
nase 1 (PDK1) and v-Akt murine thymoma
viral oncogene homolog 1 (Aktl) under
serum starvation conditions as compared
with Smo™~ MEFs. This increase is due
to increased Smo-G; signaling, because
it is abolished by treatment with KAAD-
cyclopamine or PTX (right panels).

Slide 12: Shh activates the small
GTPases RhoA and Racl
Cell motility occurs by the coordinated ac-
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tion of small GTPases of the Rho family,
which modulate actin cytoskeleton dynam-
ics. Addition of Shh to fibroblasts induced
a fast activation of both Racl (panel A) and
RhoA (panel B), as determined using pull-
down assays, with different kinetics. Intro-
duction of dominant negative mutant ver-
sions of the small G proteins RacN17 and
RhoN19 blocked Shh-induced migration
and reduced basal motility as well (panels
C and D).

Slide 13: Smo controls RhoA and Racl
activation
Remarkably, serum-starved Ptc/™~ cells show
a very high basal activity of RhoA (panel A)
and Racl (panel B), comparable to that of
Ptcl™ cells after stimulation with Shh. Ad-
dition of KAAD-cyclopamine reduced the
basal activation of these small GTPases in
PtcI”~ MEFs, demonstrating that their acti-
vation is driven by unrepressed Smo.

Slide 14: Activation of RhoA and Racl
by Shh is mediated by G, and PI3K
Because Smo coupling to G, mediates cell
migration in response to Shh and Smo acti-
vates RhoA and Racl, we sought to evalu-
ate whether G; proteins were necessary
intermediaries for activation of the small
GTPases. Pretreatment of NIH3T3 cells
with PTX abolished Shh-induced stimula-
tion of RhoA (panel A) and Racl (panel
B). Moreover, the PI3K inhibitor LY294002
also prevented activation of RhoA and Racl,
as was shown before for Shh-induced migra-
tion. These observations suggest that G; and
PI3K link Smo to the actin cytoskeleton.

Slide 15: Activation of Racl by Shh
does not require Gli activity
Although the timing of Rac1 activation sug-
gested that it was not a transcriptional ef-
fect, we decided to completely rule out a
possible contribution of the canonical Hh
pathway to activation of the small GTPases
and to fibroblast migration. To this end, we
transduced PtcI”~ MEFs transfected with
an adenovirus encoding green fluorescent
protein (GFP) alone or a GFP-tagged ver-
sion of the 83-kD Gli3 repressor (Gli3R-
GFP). Expression of Gli3R-GFP did not im-
pair Racl activation (panel A) or fibroblast
migration (panel B), confirming that these
cellular responses to Shh are noncanonical.

Slide 16: The C-terminal tail of Smo is
required for activation of Gli, but not for
coupling to G;

We had previously demonstrated that Smo
lacking the C-terminal tail (SmoAC), which
is recognized by an N-terminal-directed
antibody (N-19) but not by a C-terminal—

——
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targeted antibody (H-300) (panel A), retains
full coupling activity toward G;, and G,
(panel B) and that this coupling is sensitive
to cyclopamine (panel C). However, dele-
tion of the C-terminal tail abrogated Smo’s
ability to stimulate a Gli-responsive lucif-
erase reporter in NIH3T3 cells, even if it
carries the oncogenic mutation W539L that
confers constitutive activity (SmoM2AC)
(panel D).

Slide 17: Which activity of Smo is re-

quired for cell migration and Rho GTPase
regulation?
Independent proof that Smo coupling to
G; is a separate function from activation
of the Gli transcription factors came from
rescue experiments in Smo-deficient MEFs.
We reintroduced the full-length constitu-
tively active SmoM2, a mutant in which
the WR motif that is required for ciliary
localization was mutated to AA (SmoM2-
CLD), or a C-terminal-deleted version of
this mutant (SmoM2AC) into Smo™ cells.
Only SmoM2 and SmoM2-CLD were able
to stimulate the canonical Hh pathway 24
hours after reaching high cell density in
culture (panel A). Rescue by SmoM2-CLD
was unexpected because translocation to
the primary cilium is a requirement for
activation of the canonical pathway (10).
However, the M2 mutation might conceiv-
ably overcome the need for the WR mo-
tif for ciliary accumulation. Regardless,
SmoM2AC did not restore canonical Hh
signaling but selectively rescued activation
of Rac1 (panel B), RhoA (panel C), and cell
migration (panel D) in Smo” MEFs, dem-
onstrating that coupling of Smo to G; is not
only necessary but sufficient to engage this
noncanonical mode of Hh signaling.

Slide 18: All Hh isoforms promote tubu-
logenesis in endothelial cells
Another example of Type Il noncanonical
signaling has been reported by our group
in an endothelial cell tubulogenesis model
(11). Endothelial cells cultured in three-
dimensional (3D) matrices have an intrin-
sic tendency to rearrange into tube-like
structures through a process known as tu-
bulogenesis. Addition of Shh, Indian Hh
(Ihh), or Desert Hh (Dhh) to a 3D culture
of endothelial cells in matrigel or colla-
gen Type I increased both the number and
branching of tubes (panels A and B). This
effect was strictly dependent on Smo and
G, because it was inhibited by KAAD-
cyclopamine and PTX (panel B). Stimu-
lation of endothelial cells with any of the
three Hh ligands increased the abundance

of active RhoA (panel C) in a Smo- and G;-
dependent manner (panel D), akin to what
we observed in fibroblasts.

Slide 19: Noncanonical Type II Hh path-
way: Linking Hh to small GTPases
We have provided here two examples of the
existence of a Gli-independent function of
the Hh family of proteins that involves se-
quential activation of Smo, G,, and small
GTPases of the Rho family to promote re-
modeling of the actin cytoskeleton. In fibro-
blasts this pathway is linked to migration,
whereas in endothelial cells it promotes
tubulogenesis (a proangiogenic function).
Mechanistically, in these contexts Smo acti-
vates G; and PI3K to trigger RhoA and Racl
activation independent of its cytoplasmic C-
terminal tail, which is essential for canoni-
cal signaling.

Slide 20: Type I noncanonical Hh
pathway: Inhibiting PTCH I—initiated
apoptosis
In the next series of slides, we present evi-
dence for a different type of noncanonical
Hh signaling that depends exclusively on
Ptchl and regulates apoptosis in endothe-
lial cells.

Slide 21: Shh, Ihh, and Dhh reduce
apoptosis induced by serum starvation in
endothelial cells
Endothelial cells are believed to be unre-
sponsive to Hh because there is no reported
evidence of Gli transcriptional activity in
these cells either in vitro or in vivo (17-13).
We have confirmed that human umbili-
cal vein endothelial cells (HUVECs) and
human microvascular endothelial cells
(HMVECs) are incapable of activating the
canonical Hh pathway (/7). In addition,
none of the three Hh isoforms stimulated
proliferation in these cells (panel A). None-
theless, Shh, Thh, and Dhh were equally
effective in reducing caspase-3 activation,
which is a measure of apoptosis, after serum
withdrawal (panel B).

Slide 22: Shh antiapoptotic activity is
independent of Smo
The reduction in caspase-3 activity by ad-
ministration of Shh was insensitive to any of
three Smo inhibitors: SANT-1, cyclopamine
(CP), and KAAD-cyclopamine (KAAD).
Moreover, the direct Smo agonist purmor-
phamine did not decrease caspase activation
as Hh proteins do. Thus, modulation of Smo
activity is not involved in the Shh antiapop-
totic activity, suggesting that this activity is
mediated by a Type I noncanonical pathway.

Slide 23: Shh inhibits endothelial cell
apoptosis by inhibition of PTCHI
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It has been reported that overexpression of
PTCHI1 in human cells induces apoptosis by
recruiting a protein complex that contains
caspase-9 (14, 15). To determine whether
Shh reduces apoptosis in endothelial cells
by inhibiting PTCH1, we depleted PTCH1
in HUVEC cells by 80 to 85% using two
different small interfering RNA (siRNA)
duplexes (P1 and P2) (panel A). An siRNA
dose-dependence experiment revealed a
direct correlation between the abundance
of PTCHI1 and caspase-3 activity in the
absence of serum (panel B). Depletion of
PTCH1 was also accompanied by an in-
crease in cell number, which was not the
result of unrepressed Smo, because KAAD-
cyclopamine could not block the effect of
PTCHI1 depletion (panel C). In addition,
Shh was unable to modulate caspase-3 ac-
tivity in cells in which PTCH1 had been
depleted (panel D), indicating that the anti-
apoptotic, prosurvival role of Shh in endo-
thelial cells is exerted by inhibition of the
proapoptotic function of PTCHI through a
Type I signaling pathway.
Slide 24: Acknowledgments

This work was supported by American Heart
Association grant 0635289N to N.A.R.,
NIH grant 1RO1GMS80396 to D.R.M.,
and NIH grant 1IRO1GMO088256 to N.A.R.
These studies were performed by Ariel Po-
lizio, Pilar Chinchilla, and Xiaolen (Lucy)
Chen in the Riobo laboratory.

Editor’s Note: This contribution is not in-
tended to be equivalent to an original re-
search paper. Note, in particular, that the
text and associated slides have not been
peer-reviewed.

References

1. R.T.Windh, D. R. Manning, Analysis of G protein
activation in Sf9 and mammalian cells by agonist-
promoted [35S]GTP gamma S binding. Methods
Enzymol. 344, 3—14 (2002).

2. N. A. Riobo, B. Saucy, C. Dilizio, D. R. Man-
ning, Activation of heterotrimeric G proteins by
Smoothened. Proc. Natl. Acad. Sci. U.S.A. 103,
12607-12612 (2006).

3. T. A. Fields, P. J. Casey, Signalling functions
and biochemical properties of pertussis toxin-
resistant G-proteins. Biochem. J. 321, 561-571
(1997).

4. S. Sinha, J. K. Chen, Purmorphamine activates
the Hedgehog pathway by targeting Smooth-
ened. Nat. Chem. Biol. 2, 29-30 (2006).

5. J.Taipale, J. K. Chen, M. K. Cooper, B. Wang, R.
K. Mann, L. Milenkovic, M. P. Scott, P. A. Beachy,
Effects of oncogenic mutations in Smoothened
and Patched can be reversed by cyclopamine.
Nature 406, 1005—-1009 (2000).

6. J. K. Chen, J. Taipale, K. E. Young, T. Maiti, P. A.
Beachy, Small molecule modulation of Smooth-
ened activity. Proc. Natl. Acad. Sci. U.S.A. 99,
14071-14076 (2002).

Vol 4 Issue 200 pt7 3

TT0Z ‘SZ 18qWAAON U0 610 BewausIos ayis Wol) papeojumod


http://stke.sciencemag.org

PRESENTATION

10.

. R. J. Lipinski, M. F. Bijlsma, J. J. Gipp, D. J. Pod-

haizer, W. Bushman, Establishment and char-
acterization of immortalized Gli-null mouse em-
bryonic fibroblast cell lines. BMC Cell Biol. 9, 49
(2008).

. A. H. Polizio, P. Chinchilla, X. Chen, S. Kim, D.

R. Manning, N. A. Riobo, Heterotrimeric Gi pro-
teins link Hedgehog signaling to activation of Rho
small GTPases to promote fibroblast migration.
J. Biol. Chem. 286, 19589-19596 (2011).

. N. A. Riobd, K. Lu, X. Ai, G. M. Haines, C. P.

Emerson Jr., Phosphoinositide 3-kinase and Akt
are essential for Sonic Hedgehog signaling. Proc.
Natl. Acad. Sci. U.S.A. 103, 4505-4510 (2006).
K. C. Corbit, P. Aanstad, V. Singla, A. R. Norman,
D. Y. Stainier, J. F. Reiter, Vertebrate Smooth-
ened functions at the primary cilium. Nature 437,
1018-1021 (2005).

11.

13.

P. Chinchilla, L. Xiao, M. G. Kazanietz, N. A.
Riobo, Hedgehog proteins activate pro-angio-
genic responses in endothelial cells through
non-canonical signaling pathways. Cell Cycle 9,
570-579 (2010).

. K. F. Kusano, R. Pola, T. Murayama, C. Curry, A.

Kawamoto, A. lwakura, S. Shintani, M. li, J. Asai,
T. Tkebuchava, T. Thorne, H. Takenaka, R. Aikawa,
D. Goukassian, P. von Samson, H. Hamada, Y. S.
Yoon, M. Silver, E. Eaton, H. Ma, L. Heyd, M. Kear-
ney, W. Munger, J. A. Porter, R. Kishore, D. W. Los-
ordo, Sonic hedgehog myocardial gene therapy:
tissue repair through transient reconstitution of em-
bryonic signaling. Nat. Med. 11, 1197—1204 (2005).
K. J. Lavine, A. Kovacs, D. M. Ornitz, Hedgehog
signaling is critical for maintenance of the adult
coronary vasculature in mice. J. Clin. Invest. 118,
2404-2414 (2008).

www.SCIENCESIGNALING.org 22 November 2011

. C. Thibert, M. A. Teillet, F. Lapointe, L. Mazelin,
N. M. Le Douarin, P. Mehlen, Inhibition of neu-
roepithelial patched-induced apoptosis by sonic
hedgehog. Science 301, 843-846 (2003).

. F. Mille, C. Thibert, J. Fombonne, N. Rama, C.
Guix, H. Hayashi, V. Corset, J. C. Reed, P. Me-
hlen, The Patched dependence receptor triggers
apoptosis through a DRAL-caspase-9 complex.
Nat. Cell Biol. 11, 739-746 (2009).

10.1126/scisignal.2002396

Citation: A. H. Polizio, P. Chinchilla, X. Chen, D. R.
Manning, N. A. Riobo, Sonic Hedgehog activates
the GTPases Rac1 and RhoA in a Gli-independent
manner through coupling of Smoothened to G;
proteins. Sci. Signal. 4, pt7 (2011).

Vol 4 Issue 200 pt7 4

TT0Z ‘SZ 18qWAAON U0 610 BewausIos ayis Wol) papeojumod


http://stke.sciencemag.org

