1duosnuep Joyiny 1duosnuen Joyiny

1duosnue Joyiny

Author manuscript
Sci Signal. Author manuscript; available in PMC 2015 September 02.

-, HHS Public Access
«

Published in final edited form as:
Sci Signal. ; 5(238): ra60. doi:10.1126/scisignal.2002798.

Hedgehog chemotaxis is mediated by Smoothened located
outside the primary cilium

Maarten F. Bijlsmal2, Helene Damhofer?, and Henk Roelink®"

1Department of Molecular and Cell Biology, 16 Barker Hall, 3204, University of California,
Berkeley CA 94720, USA 2Laboratory for Experimental Oncology and Radiobiology, Academic

Medical Center, University of Amsterdam, Meibergdreef 9, 1105AZ, Amsterdam, The Netherlands

Abstract

Regulation of the Hedgehog (Hh) pathway relies on an interaction of two receptors that is not fully
understood. Patched1 (Ptchl) binds the Hh ligand, but is also a negative regulator of pathway
activity. Binding of Hh ligand to Ptchl leads to the relocation of the activating receptor
Smoothened (Smo) to the primary cilium, which is required for the transcriptional Hh response.
Besides the transcriptional response, Hh can also induce chemotaxis, and we assessed the effects
of defective ciliary localization of Smo on its subcellular itineraries and chemotactic signaling
capacity. We find that defective ciliary localization of Smo results in markedly different
intracellular trafficking of Smo to sites not involving the primary cilium. These itineraries
correlate with a decreased transcriptional signaling capacity, and an enhanced chemotactic
responsiveness. These data imply that the ciliary localization machinery functions to transport
Smo to sites where it can mediate transcriptional signaling, and away from locations where it can
mediate chemotactic signaling. The subcellular localization of Smo is thus a crucial determinant of
its signaling characteristics and implies the existence of pool of Smo dedicated to chemotaxis.

INTRODUCTION

The Hedgehog (Hh) pathway is involved in many inductive events in the developing
embryo, the maintenance of tissue integrity in adult organisms, and tumorigenesis (1). In
amniotes, there are three related ligands that can activate this pathway, Sonic (Shh), Desert,
(Dhh) and Indian (Ihh) Hedgehog. Of these, Shh has been studied the most. The
contemporary working model for Hh pathway activation in vertebrates holds that the
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binding of Shh ligand to Patchedl (Ptch1) results in the localization of Smoothened (Smo)
to the primary cilium, a cellular appendage shaped by the microtubule cytoskeleton (2-5).
Additional proteins involved in mediating the response downstream of Smo localize to the
primary cilium as well, and the trafficking to and from the cilium is correlated with the Gli-
mediated response, together indicating that the primary cilium is critical for this Shh
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response. This is further supported by the observations that loss of machinery involved in
transport to and from the primary cilium is associated with an attenuation or loss of the Gli-
mediated response to Shh (2, 4, 6). Several mouse mutants deficient for cytoskeleton-
associated proteins necessary for primary cilium formation show a range of Shh-related
phenotypes (7-9), generally consisting of a loss of ligand-mediated modulation of pathway
activity through the Gli transcription factors (9). It is hypothesized that in such mice Smo
cannot function normally to activate the Gli transcription factors.

Besides activating a transcriptional response, Shh can also act as a cellular chemoattractant
(10, 11). Pathfinding of commissural axons and retinal ganglion axons is mediated by a
chemotactic Shh response as well (12-16). The chemotactic Shh response does not require
de novo transcription or translation, nor does it require the function of Gli proteins (11, 17—
19). The chemotactic Shh response, however, does require Smo (13, 20). The requirement
for Smo in both the transcriptional and chemotactic responses suggests that a bifurcation of
the Shh response into a transcriptional and a chemotactic branch occurs at, or downstream of
Smo, but upstream of Gli activation. A requirement for Shh-induced localization of Smo to
the primary cilium preceding the alteration of the cytoskeleton at the site of Shh reception
seems improbable.

We have shown before that the binding of Shh to Ptch1 causes a redistribution of activated
Smo to different intracellular locations not involving the primary cilium (21, 22). However,
we did not address the signaling capacities of Smo outside of the primary cilium. Here we
report that in addition to the ciliary localization phenotype, intracellular trafficking of Smo
not involving the primary cilium was greatly changed as a consequence of defective ciliary
localization motifs in Smo, or defective ciliogenesis. These altered itineraries correlated with
a much-decreased transcriptional signaling capacity, but unexpectedly, a strongly enhanced
chemotactic responsiveness. This suggests that the ciliary localization machinery plays a
role in the transport of Smo to sites where it can mediate transcriptional signaling, and away
from sites where it can only mediate chemotactic signaling. From this we can deduct a
model in which Smo localization is a crucial determinant in discerning between a
transcriptional and a chemotactic response to Shh.

Kif3A affects Smo localization outside the primary cilium

The activation of Smo either by Shh or by small molecule agonists results in, but also relies
on, the localization dynamics of Smo to and from the primary cilium (5, 23, 24). Several
Smo mutants have previously been described that fail to localize to the primary cilium in
response to Shh, and these mutants cannot mediate the Gli-mediated Shh response. In Smo-/
— immortalized mouse embryo fibroblasts (MEFs) wild type Smo (SmoWT) localized to the
primary cilium (Fig. S1A), consistent with earlier observations (24). The SmoACLD mutant
contains a small mutation in the intracellular C-terminal ciliary localization domain, and the
SmoC151Y mutant has a point mutation in the aminoterminal extracellular cysteine rich
domain (2, 25). Both mutants showed an impaired localization to the primary cilium (Fig.
S1B, C). An oncogenic form of human SMO (SMOM2) has been described to induce a
transcriptional Shh response independent of ligand (26, 27) and localized to the primary
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cilium of Smo—/— MEFs (Fig. S1D). All mutants were expressed at similar quantities after
transfection (Fig. S1E). These Smo mutants provide us with the appropriate tools to
investigate the effects of defective ciliary localization on subcellular localization of Smo and
Shh responsiveness.

Although the staging points of Smo trafficking towards the cilium remain unresolved (23),
these events probably initiate outside the primary cilium. As a consequence, the critical
interactions between Smo and the trafficking machinery responsible for transport into the
cilium likely occur outside the cilium as well. Furthermore, the observation that relatively
small mutations, such as found in SmoACLD or SmoC151Y, prevent Smo localization to the
primary cilium (or at least affect cycling of Smo through the cilium to such an extent that at
any fixed timepoint no Smo appears to be in the cilium) indicates there are relatively
specific interactions between Smo and its trafficking machinery. To test the relationship
between ciliary trafficking machinery and the ciliary localization domain of Smo, we used
MEFs from mice mutant for the kinesin 1l motor protein Kif3A. These cells lack well-
organized primary cilia, and Kif3A—/- embryos display a phenotype consistent with an
incomplete transcriptional response to Shh (8, 28, 29).

Wild type (Kif3A+/+) and Kif3A-/— MEFs were transfected with SmoWT or SmoACLD, and
treated with cycloheximide and chloroquine (Fig. LA-H). Chloroquine prevents acidification
of endosomes, thus preventing early to late endosome maturation and this compound has
been used previously to study interaction dynamics of Ptchl and Smo, and trafficking into
late endosomes (21, 30). Blocking translation with cycloheximide prevents newly
synthesized protein from obscuring the recycling fraction of proteins. The changed Smo
localization in response to chloroquine represents the fraction of protein to traffic away from
the plasma membrane, and this was quantified by classifying the different intracellular
localization patterns observed for Smo (examples of typical localizations indicated by
arrows, quantification shown in pie charts in corresponding colors). In the presence of
Kif3A, chloroquine induced a moderate perinuclear localization of SmoWT (Fig. 1B, blue
arrow ‘2”). However, SmoACLD was detected in large vesicles in a fraction of the cells
analyzed following chloroquine treatment (Fig. 1D, red arrow “3’). In the absence of Kif3A,
the distribution of SmoWT was similar to that of SmoACLD (Fig. 1F). The absence of Kif3A
did not affect the distribution of SmoACLD (Fig. 2H). This suggests that both Kif3A and the
CLD on Smo regulate the events that underlie trafficking of Smo from the plasma
membrane to endosomes. To determine how penetrant the localization phenotype of ciliary
localization-defective Smo was, longer chloroquine incubations were performed. In these
assays, SmoWT showed vesicular localization in only a small percentage of cells measured
(Fig. 11), whereas the vesicular localization of SmoACLD under these conditions was near
complete (Fig. 1J).

To more accurately define the different intracellular localizations observed for the different
forms of Smo, stainings for markers of distinct intracellular sorting routes were performed.
Following treatment with chloroquine, we observed co-labeling of Rab11 and SmoWT (Fig.
1K), suggesting that SmoWT is trafficking via a Rab11-positive compartment (31).
Although a subpopulation of SmoWT was localized to LAMP1-positive vesicles (which are
late endosomes and lysosomes) as well (Fig. 1L), this population appeared to be much
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smaller. We did not observe significant co-labeling of SmoACLD and Rab11 (Fig. 2M), but
instead found SmoACLD to accumulate in vesicles containing LAMP1, indicating that
SMOoACLD preferentially traffics to the late endosomes and lysosomes (Fig. 2N).

Rab11 has been implicated in trafficking towards the basal body of the primary cilium (32),
and our results suggest that SmoWT enters the cilium from a Rab11-positive vesicle, an
itinerary not taken by SmoACLD. Consistent with this idea, we found that stable knockdown
of Rab11 resulted in a diminished ciliary localization of SmoWT (Fig. S2). However, this
effect was not absolute, suggesting that other proteins are able to mediate trafficking of Smo
to the cilium, or that the knockdown was incomplete. In any case, these results imply that
the CLD of Smo is somehow required for its loading onto Rab11-positive vesicles and that
the failure of SmoACLD to localize to the primary cilium is caused by altered trafficking at
locations in the cell other than the cilium. The chloroquine-induced accumulation of
SmoACLD in endosomes suggests that its itinerary includes the plasma membrane, and we
tested by cell surface biotinylation if Smo localization to the plasma membrane is affected
by Kif3A and the CLD. We observed two distinct forms of Smo at the plasma membrane,
with apparent Mw of 110kD and 95kD. SmoWT was present at the surface predominantly as
an 110kD product, whereas SmoACLD was predominantly detected as a 95kD product (Fig.
10). Endoglycosidase H (Endo H) treatment showed these size differences to be caused by
differential glycosylation (Fig. 1P). The 95kD product was sensitive to Endo H treatment,
which decreased the apparent Mw to 84 kD, the predicted size of the protein backbone.
However, the more extensively glycosylated 110 kD form of SmoWT was largely Endo H
resistant. Endo H-sensitive forms of Smo were previously suggested to be ER-localized
(33), but our results indicate that this form is also localized at the cell surface, perhaps
indicative of altered trafficking of SmoACLD (and SmoWT in the absence of Kif3A) through
the Golgi. These results demonstrate that the consequences of the loss of the CLD on Smo or
Kif3A extend beyond the primary cilium.

Smo was detected at the cell surface regardless of the presence or absence of Kif3A (Fig.
10). In Kif3A-/- MEFs, the 95kD SmoWT product was enriched about 3-fold relative to the
110kD form. The 95kD product is the predominant surface form of SmoACLD regardless of
the presence of Kif3A, supporting the general observation that the behavior of SmoWT in
Kif3A—/- cells is similar to that of SmoACLD. This suggests that the amount of glycosylated
Smo at the cell surface involves a role of Kif3A acting on the CLD of Smo. In other words,
a mutation in either Kif3A or the CLD will allow the presence of non-fully glycosylated
Smo at the cell surface. Taken together, these results show that the loss of Kif3A as well as
mutations of the CLD of Smo alters the intracellular itinerary of Smo in a similar manner.
We propose that the altered localization and intracellular itineraries of Smo are the reason
why in Kif3A embryos the transcriptional response is affected, and why SmoACLD is unable
to mediate this response.

For the SmoC151Y mutant, we observed a different phenotype altogether. Following
chloroquine treatment, SmoC151Y distribution changed rapidly (Fig. S3A), but this
distribution was not affected by the absence of Kif3A (Fig. S3B) and like SmoWT,
SmoC151Y colocalized with Rab11, but not LAMP-1 (Fig. S3C, D). Surface biotinylation
experiments revealed SmoC151Y to be present at the membrane at the same glycosylation
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status as SmoACLD in both Kif3A+/+ and Kif3A—/— MEFs (Fig. S3E), and this form was
found to be Endo H sensitive (Fig. S3F). However, we also found much increased total
amounts of SmoC151Y in Kif3A—/— MEFs relative to wild type MEFs (Fig. S3E). This
implies that in Kif3A—/— MEFs, a relatively small fraction of SmoC151Y makes it to the
cell surface. These data indicate that Kif3A facilitates trafficking of non-fully glycosylated
forms of Smo to the plasma membrane.

Smo mutants unable to localize to the primary cilium preferentially mediate Hedgehog

chemotaxis

To establish a functional role of the observed changes in intracellular trafficking of Smo, we
measured the transcriptional response to agonist mediated by the different forms of Smo.
SmoWT restored the transcriptional response of Smo—/— MEFs to the Smo agonist
purmorphamine (34), as measured using a Gli-luciferase reporter (35) (Fig. 2A). SmoACLD
was unable to restore a transcriptional Shh response (Fig. 2A). The finding that SmoACLD
is inactive and unresponsive in this assay argues against overexpression artifacts driving
responses that would normally not be mediated by Smo. Similarly, the SmoC151Y mutant
could also not restore the transcriptional response to Smo—/— MEFs (Fig. 2A and (25)). On
the other hand, SMOM2 showed the highest induction of the transcriptional response
independent of agonist (Fig. 2A). SMOML1 was found to confer a higher basal pathway
activity than SmoWT, but was unresponsive to agonist. These results are in line with the
previously established correlation between ciliary localization of Smo and its ability to
activate the transcriptional response (2).

To test the requirement for ciliary localization of Smo in the non-transcriptional Shh
response, we assessed the ability of cells transfected with SmoACLD and SmoC151Y to
migrate towards sources of Shh. As a measure for chemotactic signaling, we assessed cell
migration in a modified Boyden camber (11). Transfection of wild SmoWT restored the
ability of Smo—/— MEFs to migrate towards Shh and purmorphamine (Fig. 2B). Dose-
response experiments showed half-maximum migration (ECgg) at approximately 200 nM
purmorphamine, and 20 nM SAG, a Smo agonist (33). These ECggs are in the same order of
magnitude as those observed for the transcriptional response (33, 36). Transfection of Smo-/
— MEFs with SmoACLD and SmoC151Y restored chemotaxis to purmorphamine (Fig. 2C).
Interestingly, the Smo mutants unable to localize to the primary cilium mediated Shh
chemotaxis much more efficiently than SmoWT. This demonstrates that the mechanisms
responsible for intracellular trafficking events underlying the ciliary localization of Smo are
not required for Shh chemotaxis, and that the altered intracellular localization of these
mutants enhances the chemotactic Shh response. Migration to FCS was determined as a
control for non-specific cell motility defects and was unaffected by the presence or absence
of Smo. Inclusion of purmorphamine in both chambers, thus eliminating its gradient, did not
result in net cell movement of cells transfected with any form of Smo (Fig. 2C). The
enhanced chemotactic responsiveness of cells transfected with SmoACLD relative to those
transfected with SmoWT was confirmed in assays using recombinant ShhN (Fig. 2D), and
SAG (Fig. 2E).
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SMOM1 and SMOM2 transfected cells showed a chemotactic response similar to that
mediated by SmoWT, demonstrating that these mutants can be activated by purmorphamine
to mediate chemotaxis. This is in apparent contradiction with the idea that these alleles are
constitutively active (26, 27), and it would be interesting to see to what extent the activity of
activated SMO in other experimental models can be modulated by Shh ligand. The
observation that there is no balance between chemotactic versus transcriptional signaling for
the SMOMZ2 mutant demonstrates that these distinct responses are not necessarily mutually
exclusive.

To test if activating mutations in Smo are dominant over a defective CLD, the mouse
equivalent of the M2 mutation, Al (26), was introduced in SmoACLD, yielding SmoA1-CLD
(Fig. S4A). The A1 mutation was unable to rescue the defective ciliary localization and
pathway activity caused by a mutated (Fig. S4B-E). It also did not diminish the enhanced
chemotactic signaling capacity conferred by the mutated CLD (Fig. S4F).

The ability of transcriptionally unresponsive mutant forms of Smo to mediate chemotaxis
suggests that forms of Smo from species, or even phyla other than mouse might also be able
to mediate chemotactic signaling in a mammalian background. To assess the inter-species
specificity for chemotactic Shh signaling by Smo, Smo—/— MEFs were transfected with
zebrafish (Danio rerio), and fruit fly (Drosophila melanogaster) Smo, and pathway activity
was assessed. Both these forms of Smo were not able to restore pathway activity as mouse
Smo did (Fig. 2F), but surprisingly, both proteins efficiently mediated chemotactic
signaling, and the fruit fly more so than mouse Smo (Fig. 2G). This exchangeability implies
that chemotactic signaling by Smo is either more robust, or perhaps more evolutionarily
conserved, than transcriptional signaling.

To assess if previously described signaling mediators between Smo and the cytoskeleton
were responsible for the observed chemotaxis, we performed inhibitor experiments on Smo
—/— MEFs transfected with SmoWT. The alkaloid cyclopamine directly binds to and inhibits
Smo (37). Pretreatment with this inhibitor diminished migration to purmorphamine,
confirming a requirement for Smo (Fig. 2H). Signaling downstream of Smo to the
cytoskeleton has previously been described to rely on Smo-mediated activation of G
proteins (38). Specifically, it was shown that pertussis toxin (PTX) sensitive G proteins are
responsible for this, and indeed we found a marked reduction in migration to
purmorphamine in the presence of PTX (Fig. 2H). Further downstream signaling
components that have been shown to mediate Shh chemotaxis involve the leukotriene
synthesis machinery (20). In agreement, we found the CysLT inhibitor MK-571 to be a very
efficient inhibitor of chemotaxis to purmorphamine (Fig. 2H). This suggests some autocrine
leukotriene signaling loop to be important for Shh chemotaxis, although the exact
mechanism and implications of this remain elusive.

Shh-mediated axon guidance has been described to rely on the activation of Src family
kinases (16). The evidence for this comes from the use of the inhibitor PP2. The migration
of MEFs to purmorphamine could not be inhibited by the addition of PP2 or a related Src
family kinase inhibitor PP1 (Fig. 2H). In addition, we only observed phosphorylation of Src
in cells transfected with SmoACLD (Fig. S5), suggesting that for Shh chemotaxis in
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fibroblasts, phosphorylation of Src is not required, and only achieved by very high levels of
chemotactic Smo signaling.

Cells without primary cilia retain their chemotactic response to Shh

The enhanced chemotactic responsiveness found in cells transfected with ciliary defective
forms of Smo raises the question if cells without a primary cilium can still respond to Shh by
chemotaxis. We assessed the consequences for transcriptional and chemotactic Shh
signaling of genetic perturbations resulting in defective ciliary formation. Staining Kif3A-/-
MEFs for acetylated a-tubulin showed that these cells did not have an obvious primary
cilium (Fig. 3A, B). Although many cells had distinct puncta of acetylated a-tubulin we
never observed the rod-like appearance typical for primary cilia. Similar to SmoACLD
transfected Smo—/— MEFs, Kif3A—/— MEFs were significantly impaired in their
transcriptional response to purmorphamine (Fig. 3C). Nevertheless, Kif3A-/— MEFs
displayed a chemotactic response to purmorphamine, which exceeded that of wild type
MEFs (Fig. 3D). The chemotactic response to purmorphamine was resistant to actinomycin
D (and thus transcription-independent), but sensitive to cyclopamine and therefore
dependent on Smo. An enhanced chemotactic response of Kif3A-/- MEFs was also found
for recombinant ShhN (Fig. 3E) and SAG (Fig. 3F). These results are consistent with the
described requirement of the primary cilium for the transcriptional response, but also
demonstrate that the intracellular distribution of Smo following ablation of the primary
cilium favors Shh chemotaxis apparently at the expense of the transcriptional response.

Tg737°"Pk is a hypomorphic allele of the gene coding for the Ift88 protein. Cells
homozygous for this allele have severely shortened primary cilia (39), and in mouse models,
this results in impaired Shh-mediated patterning of the developing neural tube (8, 40).
Consistent with these observations we found that immortalized Tg737°"Pk MEFs have
greatly shortened cilia compared to wildtype MEFs (Fig. 3G, H), and showed a reduced
transcriptional response to purmorphamine (Fig. 31). Similar to the Kif3A—/— MEFs,
Tg737°"Pk MEFs were significantly more efficient in Shh chemotaxis than their wildtype
counterparts (Fig. 3J-L). The enhanced chemotactic response observed for these mutant
MEFs was not to due to a general increase in migratory capacity, as the migration towards
FCS was unaffected by the loss of the primary cilium (Fig. 3D, J).

Concluding, we find a remarkable congruence in the biological consequences between the
inability of a cell to make a primary cilium, and the inability of Smo to effectively localize
to the primary cilium. The cilium-independent mechanism of Shh chemotaxis appears to be
negatively affected when Smo can localize to the primary cilium, indicating that these
distinct responses are mediated by different fractions of Smo. The recruitment of Smo into
the pool that mediates the cilium-dependent transcriptional response is at the expense of the
cilium-independent Smo fraction mediating chemotaxis. Based on this observation we tested
if introduction of cilia localization-defective Smo into neurons enhanced their ability to
extend neurites.
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Ciliary localization-impaired Smo enhances neurite outgrowth

Axonal pathfinding and cell migration are related events that share molecular mechanisms
and guidance molecules (41). An in vitro model for neurite extension as a proxy for axonal
pathfinding comes from embryonic stem (ES) cells, which by virtue of their pluripotency
and sensitivity to differentiation clues can mimic in vivo differentiation programs including
neural differentiation. In neuralized, ES cell-derived embryoid bodies (EBs), exposure to
Shh results in the upregulation of Isl1/2, an established marker for motor neuron (MN)
differentiation (42). In addition to assessing Shh-driven differentiation, staining for class Il
B-tubulin (Tuj-1) enables us to evaluate the projection of neurites in neuralized EBs. We
have previously shown that in neuralized EBs, the induction of motor neurons is a
consequence of activating the transcriptional Shh response, whereas the Shh-induced
projection of neurites from neurons is independent of Gli activity and transcription, and
represents a (not necessarily directional) cytoskeletal Shh response (20). A relative measure
of neurite network density is obtained by quantifying the distance between crossing neurites.
This distance is negatively correlated to network density and allows for quantification of
neurite outgrowth in very dense reticula where tracing individual neurite projections is
impossible (20). Thus, using neuralized EBs allows us to study both the transcriptional and
the cytoskeletal Shh responses simultaneously, as well as to manipulate them independently.

EBs derived from Smo—/- ES cells did not show a robust ventral neuralization in response to
retinoic acid (RA) and SAG (42, 43) as measured by neurite length (Fig. 4A-C) or Isl1/2
(Fig. 4D). We were unable to confer additional responsiveness to these cells by transfecting
Smo and for further experiments, EBs were derived from Smo+/- ES cells transfected with
vector, SmoWT, or SmoACLD. Transfected Smo constructs were expressed at similar
amounts. Vector-transfected ES cells showed a moderate increase in the length and number
of neurite projections in response to SAG (Fig. 4E-G), as well as an increase in motor
neuron differentiation (Fig. 4H). Both the induction of differentiation as well as the
projection of neurites in response to SAG was enhanced by transfection of SmoWT,
confirming that Smo is important for both these responses (Fig. 41-L). Consistent with the
enhanced ability of SmoACLD to mediate non-transcriptional Shh signaling in fibroblasts,
we found that ES cells transfected with SmoACLD showed a very strong induction of neurite
outgrowth in response to SAG (Fig. 4M-0). These cells did not show an increase in the
number of motor neurons compared to vector transfected EBs (Fig. 4P). This indicates that
SmMOoACLD can mediate SAG-induced neurite outgrowth, but cannot enhance the SAG-
induced transcriptional response.

We have previously shown that neurite extension and motor neuron differentiation are both
Shh-dependent, but can be uncoupled pharmacologically using leukotriene inhibitors (20).
We used this same method to confirm that the neurite outgrowth in transfected Smo+/— EBs
is uncoupled from differentiation and that they represent independent read-outs for the
different Shh responses. Treatment of Smo+/— EBs transfected with SmoACLD with
MK-886, a 5-lipoxygenase inhibitor specifically disturbed neurite extension while leaving
the differentiation of cells intact (Fig. 4Q). This underscores that Isl1 and Tuj-1 stainings
specifically represent the transcriptional or the chemotactic Shh response in these EBs.
Together, the data show that defective ciliary localization of Smo enhances neurite
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outgrowth, and at least suggest that Smo localized outside the primary cilium can mediate
this process.

DISCUSSION

In the presented work, we describe the impact of subcellular localization of Smo on its
signaling ability and unravel a negative correlation between its ciliary localization and its
chemotactic signaling capacity. The observation that small mutations in Smo (or the absence
of proteins involved in ciliary function) that cause it to no longer localize at the primary
cilium cause an enhanced chemotactic response indicates that 1) ciliary localization of Smo
is not required for chemotactic signaling through Smo, from which we can infer that 2)
much of the decisions on Smo signaling and thus the nature of the Shh response (i.e.
chemotactic or transcriptional) are made prior to localization to, or cycliung through, the
primary cilium.

Although the cilium is enriched for Smo, it is unlikely to contain the majority of Smo
present in a cell. Thus, observing a dramatic enhancement of chemotactic signaling by
defective localization of Smo to the primary cilium cannot be explained by the fact that
under normal circumstances all the Smo resides in the cilium, unavailable for chemotactic
signaling. Instead, it is much more likely that the changes in the nature of Smo signaling
output are caused by shifts in subcellular localization independent of the primary cilium. In
other words, the consequences of Smo activation are dependent on its subcellular
localization. Whereas the trafficking events culminating in localization of activated Smo to
the primary cilium favor the Gli-mediated response, localization of activated Smo to other
sites in a cell results in local rearrangement of the cytoskeleton underlying chemotaxis.

In addition, the notion that the primary cilium would be the location where Shh chemotaxis
is initiated is hard to reconcile with the consideration that pathway components, when
concentrated in a single cellular structure like the primary cilium, cannot easily sense Shh
concentration differences along the cell surface. For this, distribution of receptors over a
larger domain of the cell membrane would be needed, although the migratory response to
PDGF has been described to depend on the primary cilium (39). Another argument against
the primary cilium mediating Shh chemotaxis comes from the well-established role for the
primary cilium in mediating Shh signaling to the downstream transcriptional mediators,
which have been shown to be dispensable for Shh chemotaxis (19). Furthermore,
transcriptional events in the nucleus are not likely to retain the directional information that is
needed for chemotaxis, nor is this signaling compatible with the timescale on which Shh
chemotaxis is observed.

The observation that the increased chemotactic signaling capacity of Kif3A-/- MEFs and
cells transfected with SmoACLD correlates with differential Smo glycosylation at the cell
surface suggests that the different itineraries of Smo split either in the late Golgi, or soon
thereafter. Although our data do not show if this is causal or merely correlative to the
enhanced chemotactic signaling capacity, the fact that we observe partially glycosylated
SmMOoACLD and SmoC151Y at the cell surface, where it is predicted to mediate Shh
chemotaxis, at least suggests that complete glycosylation of Smo is not strictly required for
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chemotactic signaling. We have not been able to directly address the requirement for Smo
glycosylation in Shh chemotaxis, but the surface biotinylation experiments seem to suggest
that this requirement is not absolute.

The transcriptional Shh response appears to be more ‘fragile’ than the chemotactic Shh
response. Genetic loss of the primary cilium, as well as forms of Smo that show impaired
localization to the cilium, result in an inability to respond to Shh by transcription of target
genes. However, in all these conditions the chemotactic response remains intact. This
implies that chemotaxis is a more general Shh response, while under more restricted
conditions, Shh can be interpreted by Smo at subcellular localizations like the primary
cilium resulting in activation of the transcriptional response. It is tempting to speculate that
the easy uncoupling of the two responses is employed in vivo to allow Shh chemotaxis or
pathfinding without activating the transcriptional response, although the presented study
does not formally prove this notion, and further in vivo experiments should establish the
relevance of non-ciliary Shh chemotaxis in development. Another fascinating hypothesis is
that the chemotactic Shh response precedes the transcriptional response in evolution,
explaining its relative robustness.

A role for primary cilia as the location favoring the transcriptional over a non-transcriptional
response is reminiscent of the related Wnt pathway, in which the absence of a primary
cilium has been shown to favor signaling through the B-catenin-mediated transcriptional
pathway (44). Although the mechanisms underlying the switching event are presumably
very different from the one described here, it is interesting to see how separate
developmental pathways use the primary cilium as a determinant for qualitative differences
in the responses to their inducers.

MATERIALS AND METHODS

Materials

Constructs

Cycloheximide, chloroquine, NDGA, actinomycin D, chloral hydrate, MK-886 and MTT
were from Sigma (St. Louis, MO). Cyclopamine was from Biomol (Plymouth Meeting, PA).
Purmorphamine and SAG were from EMD Biochemicals (Darmstadt, Germany). Cell
Tracker Green CMFDA (5-chloromethylfluorescein diacetate) was from Invitrogen
(Carlsbad, CA). Recombinant ShhN was from R&D Systems (Minneapolis, MN).

The SmoWT, SmoACLD, SmoC151Y in pCS107 constructs were a kind gift from Dr. Reiter
(25). SMOM2 and SMOM1 were from Genentech (South San Francisco, CA). pcDNA3.1
vector was obtained from Invitrogen. The Gli-luciferase reporter and the Renilla control
were a kind gift from Dr. H. Sasaki (35). pPEGFP-N1 and the NF-xB reporter were from
Clontech (Mountain View, CA). Zebrafish Smo was in pCS107 (Dr. J. Chen). Fruit fly Smo
in pAC (Dr. S. Ogden) was cloned into pCS107 using Hindlll and Xhol.
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All cell lines were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen)
supplemented with 10% fetal calf serum (FCS, Invitrogen). Shh-LIGHT I cells (ATCC
(26)) were grown in medium supplemented with 400 pg/ml neomycin and 150 pg/ml zeocin.

Transfections

All transfections were performed using Effectene (Qiagen, Hilden, Germany). For
transfections in 6-well plates, 2 g DNA was used at a 1:15 ratio of DNA:Effectene. For 12-
well plates, 1 pg DNA was used. Cells were incubated with transfection complexes for 16
hours.

Luciferase assay

Cells grown to 70% confluence in a 12-wells plate were transfected as described above with
a Firefly Gli-reporter construct and a CMV-driven Renilla luciferase control. Cells were
grown to confluence and medium with 0.5% FCS was added. After stimulation, luciferase
activity was measured using the Dual-Glo Luciferase Assay System from Promega
(Madison, WI). Raw relative luminescence units (RLU) were corrected for their Renilla
control.

Modified Boyden chamber migration assay

Cell migration assays were performed as described earlier (11). Cells were labeled with 10
UM CellTracker Green (Invitrogen) according to manufacturer’s protocol. After labeling,
cells were detached with 5mM EDTA, and cells were transferred into FluoroBlok Transwell
inserts (BD Falcon) at 5x10* cells per insert. The bottom compartments of the Transwell
setups contained the chemoattractants of choice. GFP-spectrum fluorescence in the bottom
compartment was measured in a Victor3 plate reader (PerkinEImer, Waltham, MA) every 2
min for 99 cycles (approximately 3 hours), after which background fluorescence (medium
without cells) and a no-attractant control was subtracted from each time point. Starting
points of migration were set to 0. For Smo—/— MEFs, the number of cells per RFU was
approximately 5. This gives a number of migrated cells for the SmoWT transfected MEFs to
purmorphamine of 1.4x10% (28% of input), whereas 0.8x10% (16% of input) cells migrated
to the bottom well in the absence of attractant.

Fluorescence microscopy

Cells grown on cover slips were washed with PBS and fixed with 4% formaldehyde in PBS
for 20 min. Tubulin cytoskeleton was stained with 1:1,000 anti-acetylated-a-tubulin (Sigma)
in 10% NGS in PBS-T. For transfected Smo, 9B11 anti-Myc (Cell Signaling) was used at
1:5,000. SMOM2 was visualized using anti-gD (LP14 supernatant) at 1:100. anti-Rab-11
antibody (BD Biosciences) was used at 1:500. ID4B anti-LAMP1 (DSHB) was used at
1:100. Appropriate secondary antibodies were used at 1:500 (Invitrogen). After staining,
cells were mounted in ProLong Antifade mounting medium (Invitrogen) and examined on a
Zeiss Observer Z1 epifluorescence microscope (Wetzlar, Germany). Colocalization was
analyzed in ImageJ.
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Western blotting

Cells were lysed using LDS sample buffer (Invitrogen) and subjected to SDS-PAGE.
Proteins were transferred to nitrocellulose membranes, blocked with 5% milk in Tris-
buffered saline with 0.1% Tween-20 (TBS-T), and incubated in 9B11 anti-Myc at 1:2,000,
anti-p-tubulin at 1:2,000, or anti-GFP at 1:1,000. Appropriate HRP-conjugated secondary
antibodies were used at 1:5,000. Proteins were visualized using a FujiFilm LAS 3000
imager.

Embryoid body neuralization

EB differentiation was performed according to Wichterle et al. 2002. EBs stained with 1:500
Tujl primary antibody (Covance, Princeton, NJ) or anti-1sl1/2 antibody at 1:1,000 and
imaged using a fluorescence microscope. Network density was quantified as described
previously (20). Neurite length between crossing neurites (nodes) was measured in Zeiss
Axiovision software. Frequency distribution analysis of the measured lengths was analyzed
using Graphpad Prism.

Neural explants

Dorsal neural tube explants were isolated from stage 21 chick embryos as described
previously (45). Explants were transfected 24 hours after isolation, and immunofluorescence
was performed 48 hours after the transfection. Transfection, immunofluorescence, and
quantifications were performed as described above.

Surface biotinylation

Cells in 100mm dishes were transfected with 1 ug pEGFP-N1 and 3 pg SmoWT, SmoACLD,
or SmoC151Y in (both in pCS107). Following surface biotinylation and lysis according to
the manufacturer’s protocol (Cell Surface Protein Isolation Kit; Pierce, Rockford, IL), a
fraction of the lysate was not precipitated on column, but immunoblotted for GFP to correct
for transfection efficiency. Precipitated protein was immunoblotted for Smo. For Fig. 1P and
Fig. S3F, lysates were treated with 1,500 units of Endo H (New England Biolabs, Ipswich,
MA) for 1 hour at 37°C prior to Western blot analysis.

Statistical analysis

Statistical analyses were performed with GraphPad Prism 4.0. The significance of difference
was tested by a two-sided Student’s t-test. Indicated p-values are; *P < 0.05, **P < 0.01,
***p < 0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Reduced ciliary localization machinery correlates with altered intracellular itineraries of

Smoothened. (A-D) Kif3A+/+ and Kif3A—/— MEFs (E-H) were transfected with SmoWT or
SmOACLD and treated with 1 pg/ml cycloheximide and 100 pM chloroquine for 3 hours.
Smo was visualized by immunofluorescence, and its localization divided in three classes;
unperturbed localization to cytosol and membrane, indicated by grey arrow and grey fill in
graphs; moderate perinuclear accumulation indicated in blue; widespread vesicular
localization indicated in red. Fraction of cells with different Smo localization was
quantified. Shown is mean of >60 cells in 3 independent experiments. Scale bar, 20 pm. (1-
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J) As for panels A-D using wild type MEFs, treatment for times indicated. (K-N) As for
panels A-D. Immunofluorescence for indicated proteins was performed. Colocalization of
Smo and organelle staining was analyzed and mean percentage of colocalizing pixels is
indicated, = SEM. (O) MEFs were transfected with SmoWT or SmoACLD and GFP, and
surface biotinylation was performed. Shown is Western blot for surface labeled Smo, and
Smo and GFP in total lysates. (P) As for panel O, lysates were treated wit Endo H to assess
glycosylation status. Shown is Western blot for surface labeled Smo.
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Fig. 2.

Defective ciliary localization enhances chemotactic signaling by Smoothened. (A) MEFs
were transfected with indicated forms of Smo and Gli-luciferase reporter. Luciferase activity
was measured and corrected for co-transfected Renilla luciferase following 2 uM
purmorphamine or control stimulation for 16 hours. Shown is mean fraction of vector, £
SEM, n=6. (B) MEFs were transfected, and transferred to a modified Boyden chamber,
using 2 uM purmorphamine or 2 nM ShhN as attractant. Solvent control migration was
subtracted to establish net chemotaxis. RFU, relative fluorescence unit; 1 cycle, 2 min. (C)
Shown is average migration from 3 experiments as for panel B, using Smo—/— MEFs
transfected with vector or indicated mutant forms of Smo, + SEM, n=3. For quantitative
details, see Methods section. (D) As for panel C, using 2mM recombinant ShhN; (E) 500
nM SAG; (F) As for panel A, using Smo—/— MEFs transfected with mouse (M. musculus),
zebrafish (D. rerio), or fruitfly (D. melanogaster) Smo. (G) As for panel C, using indicated
constructs. (H) Smo—/— MEFs were transfected with SmoWT, pretreated with the indicated
inhibitors for 10 min, and chemotaxis to purmorphamine was assessed. Concentrations used;
cyclopamine, 5 uM; pertussis toxin (PTX), 1 uM; MK-571, 5 uM, PP1 and PP2, 10uM.
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Fig. 3.

Cglls with defective ciliary function show enhanced chemotactic signaling by Smoothened.
(A) Primary cilia on Kif3A+/+ and Kif3A—/— MEFs (B) were visualized by
immunofluorescence for acetylated a-tubulin. Scale bar, 20 um. (C) Kif3A MEFs were
transfected with Gli-luciferase reporter and stimulated as for Fig. 2A. Shown is the mean +
SEM, n=4. P-value indicated is compared to Kif3A+/+ MEFs. (D) Chemotaxis to
purmorphamine or FCS of Kif3A MEFs was assessed and shown as mean fluorescence +
SEM, n=4. Pretreatment with 500 ng/mL actinomycin D or 10 uM cyclopamine was for 10
min. P-value indicated by lines is compared to wild type MEFs. P-value indicated by grey
symbols is compared to purmorphamine stimulated (no inhibitors). (E) As for panel D, using
recombinant ShhN; (F) using SAG. (G, H) Primary cilia on wild type or Tg737°"Pk MEFs
were visualized (1) Tg737 MEFs were transfected with Gli-luciferase reporter, stimulated,
and analyzed as for panel C. (J) As for panel E using Tg737°"PK or wild type MEFs. (K) As
for panel J, using recombinant ShhN; (L) using SAG.
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Fig. 4.

Sngloothened localized outside the primary cilium enhances neurite outgrowth. (A) Smo—/—
ES cells were transfected with vector. After 1 days, cells were grown into embryoid bodies
(EBs) and after 3 days replated without inducers, or neuralized and ventralized by addition
of 1 uM retinoic acid (RA) and 200 nM SAG (B). After an additional 4 days in culture, class
I11 B-tubulin-positive neurites were visualized. (C) Distance between crossing neurites was
measured and frequency distribution analysis was performed. Over 100 measurements were
made. (D) Induction of motor neurons was quantified by staining for Isl1/2. Number of
Isl1/2-positive cells per EB was counted, and shown is mean + SEM, n=100 over 2
experiments. Scale bar, 100 um. (E-H) As for panels A-D, using Smo+/— ES cells
transfected with vector; (I-L) SmoWT; (M-P) SmoACLD. P-value indicated is compared to
vector. (Q) Cells were transfected with SmoACLD and EBs were formed in the presence of
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RA and SAG, and the leukotriene inhibitor MK-886 (UM indicated). After 4d, EBs were
stained for Isl1 and class Il B-tubulin. Shown is mean = SEM, n=50.
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