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Neuropilins are positive regulators
of Hedgehog signal transduction
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The Hedgehog (Hh) pathway is essential for vertebrate embryogenesis, and excessive Hh target gene activation can
cause cancer in humans. Here we show that Neuropilin 1 (Nrp1) and Nrp2, transmembrane proteins with roles in
axon guidance and vascular endothelial growth factor (VEGF) signaling, are important positive regulators of Hh
signal transduction. Nrps are expressed at times and locations of active Hh signal transduction during mouse
development. Using cell lines lacking key Hh pathway components, we show that Nrps mediate Hh transduction
between activated Smoothened (Smo) protein and the negative regulator Suppressor of Fused (SuFu). Nrp1
transcription is induced by Hh signaling, and Nrp1 overexpression increases maximal Hh target gene activation,
indicating the existence of a positive feedback circuit. The regulation of Hh signal transduction by Nrps is
conserved between mammals and bony fish, as we show that morpholinos targeting the Nrp zebrafish ortholog
nrpla produce a specific and highly penetrant Hh pathway loss-of-function phenotype. These findings enhance our
knowledge of Hh pathway regulation and provide evidence for a conserved nexus between Nrps and this important

developmental signaling system.
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The Hedgehog (Hh) signaling pathway is a conserved
mode of cell-cell communication. Hh signaling is essential
for mammalian cell fate specification, cell proliferation,
and epithelial-mesenchymal interactions (Ingham and
McMahon 2001; Beachy et al. 2004). Misregulated signaling
is a cause of human cancers such as basal cell carcinoma
(BCC) and medulloblastoma (MB) (Beachy et al. 2004).
Patchedl (Ptcl) is a 12-pass transmembrane protein that
inhibits Hh pathway activation by blocking the action of
Smoothened (Smo), a seven-pass transmembrane protein.
Hh ligands (Sonic hedgehog [Shh], Desert hedgehog, or
Indian hedgehog [Thh]) bind to Ptcl and promote Smo
activation (Corbit et al. 2005; Rohatgi et al. 2007; Goetz
and Anderson 2010). Smo then acts through an unknown
mechanism to inhibit the cytoplasmic protein Suppressor
of Fused (SuFu), which in turn is a negative regulator of the
three mammalian Gli transcription factors (Glil-3) (Chen
et al. 2009; Humke et al. 2010; Wen et al. 2010). Gli3 is
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predominantly a negative regulator of Hh signaling. In the
absence of Hh ligand, full-length Gli3 (Gli3FL) is pro-
teolytically processed into a truncated moiety (Gli3R) that
represses Hh target gene expression (Wang et al. 2000).
Although Gli2 also exists in two forms and may have re-
pressor activity in some circumstances, the molecule is
predominantly an activator of Hh target gene transcription
(Bai and Joyner 2001). Glil is exclusively an activator of Hh
pathway transcription, and Glil transcription is strongly
induced by Hh signaling as part of a positive feedback loop
(Lee et al. 1997). The negative Hh pathway regulator Ptc1
is also a transcriptional target of Hh signaling (Goodrich
et al. 1996). Thus, the pathway regulates production of its
own components for the purpose of buffering or amplifying
the response to ligand (Ingham and McMahon 2001).

In this study, we report discovering the positive actions
of neuropilin (Nrp) proteins on Hh signal transduction.
Mammals have two Nrp genes, Nrpl and Nrp2, that
encode proteins sharing ~44% identity at the amino acid
level. Nrps have five external domains, a single transmem-
brane domain, and an ~40-amino-acid cytoplasmic domain
lacking any recognizable enzymatic structural motifs
(Geretti et al. 2008). Nrps contain two tandem extracel-
lular CUB (complement/Uegf/Bmpl) domains, followed
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by a pair of domains with distant homology with clotting
factors V/VIII, as well as a membrane-proximal meprin
MAM domain. Nrps act in conjunction with transmem-
brane A-type Plexin proteins as coreceptors for class 3
Semaphorins (Semas), providing a repellent axon guidance
signal (Chen et al. 1997; He and Tessier-Lavigne 1997;
Kolodkin et al. 1997). Nrpl/PlexinA4 complexes mediate
Sema3A signaling, while Sema3F signals through Nrp2/
PlexinA3 complexes (Cheng et al. 2001; Suto et al. 2005;
Yaron et al. 2005). Nrpl has also been identified as
a coreceptor for the 165-amino-acid isoform of vascular
endothelial growth factor (VEGF165)—a remarkable find-
ing, since Semas share no sequence or structural homology
with VEGF proteins (Soker et al. 1998). Nrps serve as
coreceptors with the VEGF-R2/Kdr tyrosine kinase recep-
tor, with the VEGF ligand acting as a bridge between the
two receptor proteins (Soker et al. 2002; Prahst et al. 2008).
Mice mutant for both Nrp genes die at or around embry-
onic day 8.5 (E8.5) due to severe developmental defects that
include errors in yolk sac vasculogenesis, a phenotype
that is considerably more severe than that of either
single mutant (Kawasaki et al. 1999; Chen et al. 2000;
Giger et al. 2000; Takashima et al. 2002).

Here we used an RNAi screen in cultured fibroblasts to
identify the multifunctional Nrp molecules as positive
regulators of the Hh signaling pathway. We demonstrate
that Nrps participate in a positive feedback loop to re-
inforce Hh signal transduction and act to regulate the
pathway at a level between Smo and SuFu. Inhibition of
Nrp functions also blocks Hh transduction in primary
skin cell cultures. We found that the regulation of Hh
signaling by Nrps is evolutionarily conserved, as mor-
pholino (MO) inhibition of zebrafish nrpla results in a
highly penetrant Hh pathway loss-of-function phenotype.

Results

Identification of Nrps as positive regulators
of mammalian Hh signaling

To discover new positive regulators of mouse Hh signal
transduction, we conducted an RNAi screen using a library
of 816 pools of siRNA that was produced via digestion of
long dsRNAs with the enzyme Dicer (diced siRNA pools
[DSPs]) (Myers et al. 2003). This library was designed to

target regulators of signal transduction, including genes
encoding select kinases, phosphatases, and small GTPases,
and genes encoding certain recognizable structural elements
such as PH or SH2 domains (Fig. 1A). The screen was carried
out in a special line of NIH3T3 fibroblasts (Shh-LIGHT2
fibroblasts) that were stably transfected with a Gli-
dependent firefly luciferase reporter gene as well as a
constitutive Renilla luciferase reporter gene for use in
normalization (Taipale et al. 2000). Shh-LIGHT2 fibro-
blasts were transfected with the diced siRNAs in a 96-well
format, then treated for 24 h with culture medium con-
ditioned with Shh. Hh pathway activity was assessed by
measuring the ratio of firefly luciferase activity to Renilla
luciferase activity in each well. A minimum threshold for
the constitutive Renilla signal was used to filter the results
based on cell viability (see the Materials and Methods).
After this filter, 691 genes remained (Fig. 1A). All 68 genes
that passed a significance threshold (Z-score <—1.5) are
listed in Supplemental Table S1. Among these genes was
Nrp1, which significantly inhibited Shh-induced activa-
tion of the Gli-dependent reporter in Shh-LIGHT2 cells
(Fig. 1B).

From among our 68 screen hits, we selected Nrpl for
further investigation, for several reasons. Nrp genes are
expressed in several locations during development at times
when organs and tissues are undergoing Hh-dependent
patterning, including in neural tube motor neuron and
interneuron precursors (Chen et al. 1997), limb bud mes-
enchyme (Kitsukawa et al. 1995; Chen et al. 1997), and
yolk sac mesoderm (Kawasaki et al. 1999). Nrps are
essential for the proper guidance of spinal neuron commis-
sural axons (Zou et al. 2000), a cell population sensitive to
Shh attractive cues emanating from the floorplate
(Charron et al. 2003). When Kitsukawa and colleagues
(Hui and Joyner 1993; Kitsukawa et al. 1995) overex-
pressed Nrpl ubiquitously in mice, the majority of sur-
viving animals exhibited preaxial digit duplication rem-
iniscent of that found in Hh pathway gain-of-function
mutants.

To confirm the specificity of the Nrpl RNAI effect, we
obtained a synthetic siRNA targeting a region of the Nrp1
coding sequence distinct from that targeted by the original
diced pool. As a positive control, we obtained a synthetic
siRNA targeting the essential positive Hh pathway regu-
lator Smo. We found that these siRNAs robustly reduced

Figure 1. Identification of Nrpl as a regu-
lator of mammalian Hh signaling in a cul-
tured cell RNAi screen. (A) A library of
DSPs targeting 816 genes implicated in
signaling processes was screened using a lu-
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ciferase-based cell culture assay for Hh
signal transduction. A viability filter was
applied to eliminate those DSPs that af-
fected cell survival or growth. Of these
viability-filtered DSPs, 68 significantly
inhibited Shh-stimulated Gli-dependent lu-

ciferase reporter activity (Z-score <—1.5, see Supplemental Table 1). (B) The 691 viability-filtered results from the primary DSP screen
are shown in Z-score rank order. A DSP targeting Nrpl (red) significantly blocked Shh-stimulated induction of the Gli-dependent
luciferase reporter. A DSP targeting Glil also resulted in significant inhibition of Hh signaling (black).
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Nrpl and Smo protein abundance, respectively, as measured
by immunoblot (Supplemental Fig. S1A,B). The synthetic
Nrp1 siRNA significantly inhibited Hh luciferase reporter
activity in Shh-LIGHT? fibroblasts, confirming the find-
ing from the initial RNAi screen (Fig. 2A). A synthetic
siRNA targeting Nrp2 (Supplemental Fig. 1B) also in-
hibited Hh pathway activity. When we combined the
Nrpl and Nrp2 siRNAs, the mixture produced enhanced
Hh pathway reporter inhibition (Fig. 2A) that was as robust
as that caused by Smo RNAI. These data suggest that Nrp1
and Nrp2 have important and partially redundant roles as
positive regulators of mammalian Hh signal transduction.
This redundancy caused us to use combined NrpI1+2 RNAi
for most subsequent experiments.

As an additional control for off-target effects of Nrpl
RNAIi, we tested whether a mouse Nrpl cDNA could
rescue Hh pathway inhibition caused by siRNA-mediated
depletion of endogenous Nrpl. To do this, we treated
NIH3T3 fibroblasts with a synthetic siRNA targeting the
Nrp1 3’ untranslated region (3’ UTR). We then transfected
these cells with either a Nrp1 expression vector or a vector
expressing an unrelated gene (CD4-YFP), along with lucif-
erase reporter plasmids, and stimulated Hh pathway
activity with Shh. We found that Nrpl ¢cDNA was specif-
ically able to restore the loss of Hh signal transduction
caused by Nrp1 RNAI (Fig. 2B). Thus, multiple Nrp1 siRNAs
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Figure 2. Nrpl and Nrp2 are partially redundant positive
regulators of Hh signal transduction. (A) Gli-dependent lucifer-
ase reporter (GLuc) transcription in NIH3T3 fibroblasts treated
with Nrp1, Nrp2, or Nrp1+2 RNAIi. P < 0.05, two-tailed Student’s
t-test. Error bars indicate mean + 1 SD. (B) GLuc transcription
in NIH3T3 fibroblasts following Nrpl 3’ UTR RNAi with or
without coexpression of mouse Nrpl. (**) P < 0.01, two-tailed
Student’s t-test. (C) Immunoblots of Glil and Ptcl protein from
NIH3TS3 fibroblasts following Nrp1+2 RNAi and Shh treatment.
The Nrpl antibody detected Nrpl and unrelated closely spaced
nonspecific (*) bands (Supplemental Fig. S1C).

Nrps positively regulate Hedgehog signaling

(Supplemental Fig. 2A) inhibited Hh signal transduction and
the inhibition could be specifically rescued, meeting the
most stringent criteria for establishing the specificity of
RNAI experiments (Cullen 2006). Rescue of the Nrp2 RNAi
effect was more challenging, likely owing to extensive al-
ternative splicing at this locus (Rossignol et al. 2000) and
the existence of alternative 3’ UTRs (Supplemental Fig. 2B).
We instead confirmed the specificity of the Nrp2 RNAi
effect by using multiple synthetic siRNAs targeting non-
overlapping Nrp2 sequence elements (Supplemental Fig.
2B). Four out of the five additional Nrp2 siRNAs tested
caused significant Hh pathway inhibition (Supplemental
Fig. 2C). Thus, in all, five separate RNAi reagents target-
ing Nrp2 produced strong Hh pathway inhibition, signif-
icantly reducing the likelihood that an off-target effect
accounts for this phenomenon (Cullen 2006).

The luciferase reporter genes in Shh-LIGHT2 fibro-
blasts provide a faithful readout of Hh pathway activity,
yet this system remains artificial and may in theory be
subject to reporter-specific influences. We therefore sought
an endogenous measurement of Hh pathway activity. The
Gli1 and Ptc1 genes are strongly induced by Hh signaling in
most cell types, making the Shh-stimulated increase in the
abundance of these proteins an excellent metric of endog-
enous pathway activity (Ingham and McMahon 2001). We
found that Nrp1+2 RNAi blocked Shh-stimulated Glil and
Ptcl production, as assessed by immunoblot detection of
these endogenous proteins (Fig. 2C). As expected, posi-
tive control RNAi against Smo also reduced the Shh-
stimulated increase in these two proteins. Antibodies to
endogenous Nrpl and Nrp2 confirmed the reduction in
target protein abundance following Nrpl+2 RNAI treat-
ment. (The Nrpl antibody detected Nrpl as well as a non-
specific band unrelated to Nrpl gene products [Supplemen-
tal Fig. SIC].) Consistent with the immunoblot findings,
Shh-stimulated accumulation of GIi1 and Ptc1 transcripts
was reduced in cells treated with Nrp1+2 RNAI (Supple-
mental Fig. S3).

We next sought to test whether the inhibition of Hh
signal transduction caused by Nrp1+2 RNAi was specific
for the Hh pathway or was due to a more general de-
rangement of intracellular signaling. If the latter were the
case, we would expect other signaling modalities to be
similarly affected by Nrp RNAI. Like the Hh pathway, the
Wnt signaling pathway is an evolutionarily conserved
mode of cell-cell communication (van Amerongen and
Nusse 2009). Although Wnt and Hh signaling occur in
proximity within many tissues during mammalian de-
velopment, these pathways are comprised of largely dis-
tinct molecular components. To test whether Nrp regu-
lation of Hh signaling is specific, we asked whether Nrp1
RNAI blocks canonical Wnt pathway signaling. We used
an L-cell line stably transfected with a Wnt-responsive
firefly luciferase reporter gene and a constitutive Renilla
luciferase reporter gene (Hyman et al. 2009). We found that
reporter gene expression stimulated by Wnt3A ligand was
unaffected by Nrpl RNAI, indicating that Nrp loss of
function does not cause a general derangement of intra-
cellular signal transduction (Supplemental Fig. S4A,B).
Taken together, these data suggest that Nrps are specifically
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required by at least one step in the Hh signaling cascade in
cultured fibroblasts.

To extend our in vitro studies, we next looked for Nrp
expression in sites of active Hh signaling during mouse
development. To do this, we stained mouse embryos at
several developmental time points with antibodies capa-
ble of detecting endogenous Nrpl and Smo. Cell popula-
tions with significant ciliary Smo protein were presumed
to be undergoing active Hh signal transduction (Corbit
et al. 2005; Rohatgi et al. 2007). The visceral yolk sac of
the mouse embryo is comprised of an external layer of
visceral endoderm and an internal, extraembryonic layer
of yolk sac mesoderm. The yolk sac mesoderm gives rise
to blood islands, which are sites of early hematopoiesis.
Proper blood island formation is thought to occur in part
as the result of an inductive Thh signal from the visceral
endoderm acting on yolk sac mesoderm (Becker et al.
1997; Dyer et al. 2001; Byrd et al. 2002). We observed Nrpl
production in cells of the yolk sac mesoderm in E8.5
mouse embryos (Fig. 3A). Cells in this layer also ex-
hibited ciliary Smo, indicating active Hh signal trans-
duction (Fig. 3B).

During development, Shh produced from the neural
tube and notochord acts on adjacent paraxial mesoderm
and is required for proper somite formation (Marigo and
Tabin 1996; Marcelle et al. 1999; Resende et al. 2010).
Genetic studies have demonstrated that this Shh signal is

necessary for sclerotome induction (Chiang et al. 1996).
We observed Nrpl production in the paraxial mesoderm
of E8.5 mouse embryos (Fig. 3C). We could tell that these
Nrp1-expressing cells were undergoing active Hh signal
transduction because they had high levels of ciliary Smo
(Fig. 3D). Taken together, these data indicate that Nrp1 is
present at several mesodermal locations of active Hh
signal transduction in early mouse embryos, suggesting
that Nrpl may play a role in regulating Hh pathway output
in these cell populations.

In E17.5 mouse skin, we identified Nrpl and Nrp2
protein in dermal papillae of hair follicles and in the
overlying epithelium (Fig. 3E). Murine hair follicles form
at regular spatial intervals via the interplay of several
epithelial-mesenchymal signals (Millar 2002). Shh from
the follicle epithelium promotes epithelial proliferation
and the formation of the underlying dermal papilla (St-
Jacques et al. 1998; Chiang et al. 1999). Nrpl protein
was most abundant in the distal dermal condensate,
whereas Nrp2 protein predominated in the proximal
dermal condensate and overlying epithelium (Fig. 3E). Nrpl
staining colocalized with that for P75 neurotrophin re-
ceptor (P75NTR), a marker of the dermal condensate
(Supplemental Fig. S5A,B).

To determine the functional contribution of Nrps to Hh
signaling in the developing hair follicle, we used two len-
tiviruses to deliver shRNAs targeting Nrp1+2 to primary
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Figure 3. Nrps are expressed at locations of active Hh signaling during mouse development. (A) Fluorescence microscopy of Nrpl (red,
Alexa-595 labeled), Smo (green, Alexa-488-labeled), and acetylated tubulin (cyan, Alexa-633-labeled) expression in the visceral
endoderm (ve) and yolk sac mesoderm (ysm) of E8.5 mouse embryos. (Blue) Hoechst dye-labeled nuclei. (B) Inset from image shown
in A. Bar, 6 pm. (C) Fluorescence microscopy of Nrpl (red, Alexa-595-labeled), Smo (green, Alexa-488 labeled), and acetylated tubulin
(cyan, Alexa-633-labeled) expression in neural tube (nt) and paraxial mesoderm (pm) of E8.5 mouse embryos. (Blue) Hoechst dye-labeled
nuclei. (D) Inset from image shown in C. Bar, 6 pm. (E) Fluorescence microscopy of Nrpl (red, Alexa-595-labeled) and Nrp2 (green,
Alexa-488-labeled) expression in the dermal papilla and epithelium of E17.5 mouse hair follicle. (Blue) Hoechst dye-labeled nuclei. Bar,
20 pm. (F) Immunoblots of protein from Shh-stimulated primary dermal cells following infection with lentivirus expressing Nrp1+2

shRNAs.
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dermal cells isolated from newborn mice. These shRNAs
targeted Nrp sequence elements that did not overlap with
either the diced pools used in the initial screen or the
synthetic siRNA reagents (Supplemental Fig. 2A,B). Shh-
stimulated induction of both Glil and Ptcl proteins was
strongly inhibited by Nrp1+2 shRNAs in the primary skin
cultures (Fig. 3F). These results indicate that Nrps are
present in cells undergoing Hh signal transduction at
different stages of development and generalize our func-
tional studies in NIH3T3 fibroblasts to a primary mesen-
chymal cell type that participates in complex Shh-
dependent morphogenesis in vivo.

Nrpl mediates a Hh pathway positive feedback circuit

Transcription of genes encoding several Hh pathway com-
ponents, including GIlil, Ptcl, and Hip, is increased in
response to pathway activity (Goodrich et al. 1996; Lee
et al. 1997; Chuang and McMahon 1999). Thus, transcrip-
tional feedback loops are a common motif in Hh pathway
regulation. During our initial investigations of Nrp func-
tion, we noted that the abundance of Nrpl protein in-
creased in Shh-treated NIH3T3 fibroblasts (Fig. 4A). This
increase was approximately fivefold when averaged across
independent experiments (Fig. 4B), in agreement with prior
findings using endothelial cell lines (Hochman et al. 2006).
Transcription of Nrpl but not Nrp2 was increased in
NIH3T3 fibroblasts treated with Shh, as measured by
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quantitative PCR (Supplemental Fig. 6A). Nrp1 transcrip-
tion was also induced by Shh treatment in primary
dermal cells prepared from postnatal mouse skin (Sup-
plemental Fig. 6B). Shh-stimulated Nrp1 transcription
was blocked by Smo RNAI (Fig. 4C), suggesting that this
increase in Nrpl was a consequence of Hh pathway
activation. In Smo~’~ mouse embryonic fibroblasts
(MEFs), the abundance of Nrpl was not increased in cells
treated with either Shh or the small molecule Hh
pathway agonist SAG (Fig. 4D), which acts by binding
and activating Smo (Chen et al. 2002). When these MEFs
were infected with a retrovirus encoding YFP-tagged
Smo, accumulation of Nrpl protein could then be in-
duced by Shh or SAG (Fig. 4D). Thus, the transcriptional
induction of Nrpl in response to Hh pathway activation
requires Smo.

Several observations suggest that NrpI transcriptional
induction by Hh signaling may not be directly mediated
by GIli proteins. First, Nrpl induction occurs after a
significant delay. Nrpl protein levels are not signifi-
cantly changed until 8-12 h after Shh addition (Fig. 4E),
in contrast to Ptcl, for which an appreciable rise can be
detected as early as 4 h post-treatment (Fig. 4F). Second,
the absolute fivefold induction of Nrp1 is significant yet
smaller in magnitude than the direct Gli target, Ptc1 (Fig.
4F). Third, a previous Glil chromatin immunoprecipitation
study conducted in our laboratory did not find evidence of
Glil occupancy adjacent to the Nrpl or Nrp2 promoters in

Figure 4. Nrpl mediates a Hh pathway positive
feedback circuit. (A) Immunoblot of Nrpl protein
abundance in NIH3T3 fibroblasts treated with Shh.
(B) Quantitation of Nrpl protein by densitometry of
three independent immunoblots, normalized to p38
protein in the same lane. (**) P < 0.01, two-tailed
Student’s t-test. Error bars indicate mean * 1 SD. (C)
Quantitative PCR measurement of Shh-stimulated
Nrp1 transcription following Smo RNAIi. Units are
PCR cycle thresholds normalized to those of Gapdh
in the same well. Error bars indicate mean * 1 SD.
(D) Immunoblots of protein from Smo~/~ and res-
cued Smo~/;YFP-Smo MEFs following Shh or SAG
stimulation. (E) Quantification of immunoblot show-
ing Nrpl protein expression as a function of time
after addition of Shh. (F) Quantification of immuno-
blot showing Ptcl protein expression as a function of
time after addition of Shh. (G) GLuc transcription in
NIH3T3 fibroblasts overexpressing YFP, CD4-YFP, or
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tumor cells with activated Hh signaling (Lee et al. 2010).
Last, we found no Gli consensus binding sites conserved
between the mouse and human Nrp1 promoter regions (see
the Materials and Methods) using the rVista software tool
(Loots et al. 2002), although Gli could possibly act from a
distant enhancer. A similar analysis of the Nrp2 promoter
revealed a single conserved sequence (aAACCACCCAga)
with significant similarity to the canonical Gli-binding
motif within 2 kb of the transcriptional start site, although
this finding was of unclear significance as we did not
observe transcriptional induction of Nrp2 in response to
Shh. These data suggest that Hh pathway activation
causes a rise in Nrp1 transcription that is likely mediated
by an as-yet-unidentified intermediate transcription factor
or factors. It will be of interest in the future to elucidate
this transcriptional network in more detail and identify
specific Nrp1 promoter sequence elements that mediate
the response.

To test whether Nrpl produced in response to Shh feeds
back to increase Hh target gene transcription, we fused the
mouse Nrpl coding region to that of YFP and transfected
the expression vector into NIH3T3 fibroblasts. As a con-
trol, we fused the coding region of YFP to that of the CD4
receptor, a single-pass transmembrane protein comparable
in molecular size with Nrps but otherwise entirely distinct
(Supplemental Fig. S7A). Overexpression of Nrp1-YFP, but
not CD4-YFP, significantly increased maximal Shh-stim-
ulated transcription of a cotransfected Gli-dependent lu-
ciferase reporter (Fig. 4G). Under these conditions, Nrpl-
YFP was expressed at ~10-fold the level of endogenous
Nrpl protein (Supplemental Fig. S7B). Nrp1-YFP was able
to rescue Hh pathway inhibition caused by Nrpl RNAI to
the same extent as an untagged Nrp1 cDNA (Supplemen-
tal Fig. S7C). Thus, we conclude that manipulation of
Nrpl protein concentration can positively or negatively
modulate the transcriptional output of Hh pathway stim-
ulation. Because Nrp1 is a target of Hh signaling, these data
support the existence of a positive feedback circuit that
may influence cell fates by modulating responsiveness to
Hh ligands.

Nrps act between Smo and SuFu to regulate Hh
signal transduction

Using molecular and genetic cell culture tools, we next
investigated the step in the Hh pathway at which Nrps
exert their influence. Ptc1~/~ MEFs lack the inhibitory Hh
receptor and consequently exhibit constitutive transcrip-
tion of Hh pathway target genes such as GIi1 (Rohatgi et al.
2007; Humke et al. 2010). Nrp1+2 RNAi inhibited the high
basal target gene activation in Ptc1~/~ MEFs, as assayed by
immunoblotting for Glil protein levels (Fig. 5A). Further-
more, Nrpl+2 RNAi blocked Shh-independent Ptcl and
Gli1 transcription caused by SAG (Fig. 5B). Overexpression
of Nrpl-YFP sensitized cells to SAG (Fig. 5C) or to co-
transfection of the constitutively active Smo-M2 mutant
(Supplemental Fig. S8; Taipale et al. 2000; Chen et al.
2002). These data suggest that Nrp regulation of Hh signal
transduction does not involve direct interaction with
Ptcl or Shh.
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Nrps are well-characterized receptors for class 3 Semas,
interacting with these ligands to promote growth cone
collapse in certain neuronal cell populations (Chen et al.
1997; Kolodkin et al. 1997; Giger et al. 1998). One model
of Nrp regulation of Hh signal transduction would involve
cross-talk between a Sema signal and the Hh pathway. To
test this idea, we titrated recombinant ShhN against a
fixed, high concentration of Sema3A in the Shh-LIGHT2
reporter cell line. Across all ShhN concentrations tested,
we did not observe positive or negative cross-regulation
with Sema3A (Supplemental Fig. S9A). We also did not
observe cross-regulation between ShhN and Sema3F
(Supplemental Fig. S9C). Therefore, it is unlikely that
a Sema-mediated signal is responsible for the regulation
of Hh signal transduction by Nrps. Similarly, we did not
observe cross-talk between Shh and the Nrp ligand VEGF164
(Supplemental Fig. S9B). Moreover, the Nrp coreceptor
VEGF-R2 was not detected by antibodies in NIH3T3 fi-
broblasts (Supplemental Fig. SOD), even following extreme
immunoblot overexposure (Supplemental Fig. S9D’). It ap-
pears, therefore, that the classical Nrp ligand families do
not regulate Hh signal transduction through Nrps.

The primary cilium has a critical role in Hh signaling
(Goetz and Anderson 2010). Binding of Shh to Ptc1 causes
Ptcl to move out of cilia and Smo to move in (Corbit et al.
2005; Rohatgi et al. 2007). The loss of genes required for
primary cilia to form or function can prevent regulation
of target genes by Hh signals (Huangfu et al. 2003), an
indirect but important influence that could be the basis for
the Nrp effects. We found no defects in ciliation frequency
or ciliary morphology in NIH3T3 fibroblasts treated with
Nrp1+2 RNAI (Supplemental Fig. SI0A). Shh-stimulated
ciliary translocation of Smo was unaffected by NrpIl+2
RNAIi (Supplemental Fig. S10B,C). Shh treatment still
caused epitope-tagged HA-Gli2 to accumulate at the
ciliary tip following Nrp1+2 RNAi (Supplemental Fig.
S10D)in NIH3T3 fibroblasts engineered to express this
transgene at low levels (Kim et al. 2010). Shh-stimulated
accumulation of endogenous Gli2 was also unaffected by
Nrp1+2 RNAI (Supplemental Fig. S10E). Thus, ciliation
and the translocation of major Hh pathway components
to this organelle are not dependent on the presence of Nrps.

A large fraction of cellular Nrpl is present on the cell
surface in NTH3T3 fibroblasts, as cells stained without
detergent permeabilization exhibited robust Nrpl immu-
nofluorescence (Supplemental Fig. SIOF). Despite the
abundant surface localization, or perhaps because of it,
we never observed a specific enrichment of Nrpl in the
primary cilium or significant alterations of the Nrpl im-
munofluorescence pattern in response to Shh treatment
(Supplemental Fig. 10C).

Smo controls Gli transcription factors by regulating
SuFu, an essential negative regulator of Hh signaling
(Ingham and McMahon 2001). Nrp1+2 RNAi did not in-
hibit the high level of Glil protein accumulation that was
observed in SuFu~/~ MEFs (Fig. 5D), nor did overexpres-
sion of Nrp1-YFP potentiate Gli-dependent transcription
of a luciferase reporter in SuFu~’/~ MEFs (Supplemental
Fig. S11). Rescue of SuFu~/~ MEFs with a SuFu-expressing
retrovirus restored basal repression of Hh pathway target
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Figure 5. Nrps regulate Hh signal transduction between Smo and SuFu. (A) Immunoblots of protein from unstimulated Ptc1~/~ MEFs treated
with Nrp1+2 RNAI. (B) Immunoblots of protein from SAG-stimulated (100 nM) NIH3T3 fibroblasts treated with Nrp1+2 RNAi. (C) SAG-
stimulated GLuc transcription in NIH3T3 fibroblasts overexpressing Nrp1-YFP. (**) P < 0.01, two-tailed Student’s ¢-test. Measurements were
normalized to a cotransfected constitutive Renilla luciferase. Error bars indicate mean + 1 SD. (D) Immunoblots of protein from unstimulated
SuFu~/~ MEFs treated with Nzp1+2 RNAi. Normal Shh responsiveness was restored in SuFu~/~ MEFs infected with a retrovirus expressing
SuFu (“Rescued”) (Humke et al. 2010). (E) Immunoblots of protein from Shh-stimulated “Rescued” SuFu~/~ MEFs treated with Nrp1+2 RNAi.

genes as well as responsiveness to stimulation by Shh (Fig.
5E; Humke et al. 2010). In these cells, Shh-stimulated
pathway activation was sensitive to Nrpl+2 RNAI (Fig. 5E).
The regulation of Hh signal transduction by Nrps therefore
appears to be dependent on SuFu. These experiments also
demonstrate that robust levels of Hh target gene expression
can occur despite the loss of Nrps, suggesting the effect of
Nrp RNAI is relatively specific to Hh pathway regulation
and not the result of global cellular dysfunction.

Nrps are conserved positive regulators of Hh signaling
in vivo

We next sought to determine whether Nrps are required
for Hh signal transduction during embryogenesis in a liv-
ing organism. Zebrafish possess four paralogous Nrp genes
(nrpla, nrplb, nrp2a, and nrp2b), likely due to a gene
duplication event since divergence from mammals (Sup-
plemental Fig. S12). In zebrafish, Hh ligand produced in
the notochord is essential for the specification of adaxial
muscle pioneer cells that contribute to the formation of

the horizontal myoseptum (Ingham and Kim 2005). Wild-
type zebrafish embryos at ~30 h post-fertilization (hpf)
have straight bodies (Fig. 6A) and distinct chevron-shaped
somites (Fig. 6B). Ptc1 is a Hh pathway target gene in fish,
as it is in mice, and exhibits adaxial expression in bud
stage (10 hpf) embryos (Fig. 6C). In contrast, shha is
expressed in an axial pattern at this stage (Fig. 6D).
Failure of Hh signaling to induce the horizontal myo-
septum results in a distinctive phenotype characterized
by ventral body curvature and U-shaped somites (van
Eeden et al. 1996).

We injected individual antisense MOs targeting each
zebrafish nrp gene into one- to four-cell stage embryos. At
low doses of a previously published translation-blocking
nrpla MO (MOL1) (Lee et al. 2002), we observed tail vein
defects that have been previously described, most obvious
in the pooling of blood near the tail due to missing a vessel
boundary separating the caudal artery and caudal vein
between 24 and 48 hpf (Martyn and Schulte-Merker
2004). At increased MOI1 dosages (4 ng per embryo),
besides the aforementioned vascular defects, nrpla MO1
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WT

nrpia MO1

nrpia MO2

Figure 6. Zebrafish nrpla morphants exhibit a Hh
loss-of-function phenotype. (A) Lateral view of wild-
type zebrafish embryo at ~30 hpf. Bar, 100 um. (B)
Lateral view of chevron-shaped somites in wild-type
zebrafish embryos at ~30 hpf. Bar, 200 pm. (C) Whole-
mount in situ hybridization to ptcl (purple) demon-
strates adaxial staining pattern in bud stage (10 hpf)
wild-type embryos. Bar, 200 wm. Dotted line delineates
somite boundary. (D) Whole-mount in situ hybridiza-
tion to shha (purple) in wild-type 10 hpf zebrafish
embryos demonstrates axial expression. (E) At ~30
hpf, zebrafish embryos injected with nrpla antisense
MOILl at one- to four-cell stages exhibit ventral body
curvature. (F) Zebrafish nrpla MOl-injected embryos
exhibit U-shaped somites at ~30 hpf. Dotted line
delineate somite boundary. (G) Signal from ptcl
whole-mount in situ hybridization is significantly re-

duced in nrpla MOl-injected embryos. (H) Signal from shha whole-mount in situ hybridization is unchanged in nrpZa MO1-injected
embryos. (I) At ~30 hpf, zebrafish embryos injected with an orthogonal nrpla antisense MO2 at one- to four-cell stages exhibit curved
body morphology similar to nrpla MOI1 morphants. (J) Zebrafish nrpla MO2-injected embryos exhibit U-shaped somites at ~30 hpf,
similar to nrpla MO1 morphants. Dotted line delineates somite boundary. (K) Similar to ptc1 expression in nrpla MO1 morphants,
signal from ptcl whole-mount in situ hybridization in nrpla MO2-injected embryos is significantly reduced. (L) Signal from shha
whole-mount in situ hybridization is unchanged in nrpla MO2-injected embryos. Views are dorsal, with anterior toward the top.

morphants exhibited a highly penetrant phenotype char-
acterized by ventral body curvature (Fig. 6E) and U-shaped
somites (Fig. 6F), consistent with the loss of adaxial Hh
signal transduction (165 of 179 injected embryos). At the
MO dosages we used, nrp1b, nrp2a, or nrp2b MOs did not
result in obvious or consistent Hh loss-of-function pheno-
types (data not shown). Adaxial ptcI expression was re-
duced in 10 hpf nrpIa MO1 morphants (Fig. 6G), indicating
reduced Hh signal transduction in receiving cells (37 of 39
injected embryos). The loss of ptcl transcription was not
due to loss of Hh ligand, because axial shha expression
in nrpla morphants (Fig. 6H) resembled that of wild-type
animals (26 of 26 injected embryos).

To confirm the specificity of the Hh phenotype observed
after nrpla loss of function, we designed a second MO
(nrpla MQO2) targeting a nonoverlapping nrpla sequence
element (see the Materials and Methods). Consistent with
our previous findings, nrpla MO2 morphants (4 ng per
embryo) also exhibited ventral body curvature (Fig. 6I) and
U-shaped somites (Fig. 6]), indicating a loss of adaxial Hh
signal transduction (28 of 37 injected embryos). Adaxial
ptcl expression was reduced in 10 hpf nrpla MO2 mor-
phants (Fig. 6K), indicating loss of Hh signal transduction
in receiving cells (16 of 19 injected embryos), while axial
shha expression was unperturbed (nine of nine injected
embryos) in nrpla MO2 morphants (Fig. 6L). Thus, two
MOs specifically targeted to nonoverlapping parts of zebra-
fish nrpla mRNA produced specific and highly penetrant
Hh pathway loss-of-function phenotypes. These data sug-
gest that Nrps are essential positive regulators of embry-
onic Hh signaling in vivo, and that this role is phylogenet-
ically conserved from mammals to bony fish.

Discussion

In this study, we identified Nrpl in a focused mammalian
Hh pathway RNAi screen and showed that Nrpl and Nrp2
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are partially redundant positive regulators of Hh signal
transduction. The connection between Nrps and Hh
signaling was unexpected. We selected Nrps for further
investigation from among many strong hits in our RNAi
screen in part because we were intrigued by the possibility
that these well-characterized molecules, already known to
regulate diverse signaling modalities, might have a pre-
viously unidentified role in Hh signal transduction.

Multiple roles for Nrp proteins

Earlier studies demonstrated Nrp genes are expressed at
times and locations of active Hh signal transduction in
the developing mouse nervous system (Kitsukawa et al.
1995; Chen et al. 1997). Our data demonstrate that Nrp1
and Nrp2 are expressed in mesodermal tissues undergoing
active Hh signal transduction during mouse development.
It is likely that the signaling role of Nrps differs among cell
populations. Nrps are receptors for distinct ligands in
neurons and endothelial cells, respectively (He and Tessier-
Lavigne 1997; Kolodkin et al. 1997; Soker et al. 1998).
The cell-type specificity may depend in part on the local
expression of Nrp coreceptors such as VEGF-R2/Kdr or
plexins. Our data suggest that in mesodermal cell types,
Nrps enhance Hh signal transduction and facilitate
epithelial-mesenchymal interactions during development.
Future experiments in mice or fish with appropriate
genetic tools will be needed to fully address this ques-
tion in vivo, but our fish data directly demonstrate the
importance of Nrpla for Hh-dependent events in mesoderm
development.

Models for Nrp influences on Hedgehog transduction

In this study, we investigated the mechanism of Nrp action
in the Hh pathway to the extent allowed by our contem-
porary understanding of pathway biology. The molecular
mechanisms of well-studied pathway components such
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as Smo and SuFu are only beginning to be understood,
making it likely that a more detailed understanding of
Nrp function will emerge concomitantly with increases
in our understanding of Hh pathway biology. Nrps could
affect Hh signal transduction in one or more of several
distinct ways: action as a coreceptor for ligand or as
a downstream transducer and integrator of external stimuli,
or by affecting a basic cell property such as cilium forma-
tion, adhesion, or intracellular trafficking. Our experiments
narrow the possibilities. First, we believe it is unlikely that
Nrps control Hh reception by acting in a coreceptor capac-
ity for Hh ligands, as activation of Hh signal transduction
by ligand-independent methods (Ptc1 mutation, SAG stim-
ulation) is sensitive to Nrp loss of function. Similarly, the
inhibition of Hh signaling caused by Nrp RNAi is not
simply due to generalized cellular derangement in fibro-
blasts, as canonical Wnt signaling is intact in the absence
of Nrp function.

We also did not find evidence that Nrps act as signal
integrators, because there appears to be no convergence
between VEGF or Sema signals and the Hh pathway. In
the cultured fibroblasts where we observed Hh signal
transduction to require Nrp function, the Semas that in-
teract with Nrp had no effect on Hh transduction and the
VEGEF receptor is not expressed. Possible interactions be-
tween Hh and these other pathways remain an open
question for other cell types, but they do not explain the
requirement for Nrps in cultured fibroblasts.

Primary cilia are required for Hh transduction, based on
two combined lines of evidence. Mutations in components
of cilia interfere with Hh transduction, and several path-
way components are found located in cilia, some of them
dynamically in response to ligand or to drugs that affect Hh
transduction (Corbit et al. 2005; Rohatgi et al. 2007; Chen
et al. 2009). Mutations that alter cilia lead to altered Hh
transduction, so Nrp inhibition could affect cilia and, thus,
Hh signals. We therefore monitored cilia structure after
Nrp inhibition and saw no change in frequency or size of
cilia. As a more precise measure of cilia function, we ex-
amined the trafficking of Smo and Gli2, two proteins
whose concentration in cilia is a reflection of Hh ligand
received. Both were unchanged following Nrp1+2 RNAI.
Therefore, gross changes in cilia function or Hh pathway
component localization are not responsible for the con-
nection of Nrps to Hh transduction. As more is learned
about how cilia process and transmit Hh transduction steps,
additional tests of Nrp effects will be important. It is always
possible that Nrps affect a subtle post-translational modifi-
cation of a Hh pathway component that awaits elucidation.

Last, the mechanism of Nrp action could be to influence
the Hh pathway by altering general cell properties. Over-
expression of Nrpl in fibroblasts can result in increased
cell-cell adhesion, likely involving an interaction between
Nrpl and a second, unknown cell surface protein (Takagi
et al. 1995). Subsequent work clarified the region of Nrpl
that mediates this adhesion but did not identify the
putative interacting partner (Shimizu et al. 2000). We
found that Nrpl protein in NIH3T3 fibroblasts is present
on the cell surface and exists predominantly outside the
primary cilium. Nrp-mediated cell-cell adhesion could
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contribute to a cytoskeletal scaffold important for an
as-yet-uncharacterized step in Hh signal transduction
(Valdembri et al. 2009).

The Nrp—-Hedgehog positive feedback loop

Multiple components of the Hh transduction machinery
are regulated at the transcriptional level by the pathway
itself. In the case of Ptc1, the boost of this negative re-
gulator by a Hh signal potentially buffers the system. The
induction of the gene encoding the surface Hh-binding
protein Hip causes a phenotype like loss of Thh, so this
circuit also potentially restrains excess signaling (Chuang
and McMahon 1999). The induction of GIlil by Hh
signals, in contrast, potentially serves as an amplifier.
Nrpl now joins the group of targets that affect the in-
ducing pathway. Developmental cell fate specification by
the Hh pathway is often quite dependent on the intensity
and duration of the signal (Ribes and Briscoe 2009). We
found that Nrpl is transcriptionally activated by Hh sig-
naling, but that this effect is unlikely to be mediated
directly by Gli proteins. The Hh pathway gene regulatory
network is clearly much larger than those genes that are
direct targets of the Gli family of transcription factors, as
genes encoding transcription factors such as N-myc and
olig2 have been shown to be Hh pathway target genes in
various tissue types (Oliver et al. 2003; Lee et al. 2010). A
full characterization of this extended gene regulatory
network will require significant work to elucidate, as it
is difficult to globally predict transcription factor binding,
and the subset of genes regulated by a particular transcrip-
tion factor differs between tissue types. It will be in-
teresting in the future to structurally analyze the
Nrpl enhancers and promoter to identify sequence ele-
ments required for transcriptional induction by Hh signal-
ing. The sequence motifs present in this critical region of
the Nrpl promoter may suggest the identity of the
transcription factor or factors that mediate Nrp1 transcrip-
tional induction in response to Hh signaling. This could
lead to the identification of an important secondary me-
diator of the Hh pathway transcriptional response.

Nrps act between Smo and Sufu, a part of the Hh
pathway about which little is known. Converging upon
that step are functions in cilia, multiple kinases, and several
important trafficking events (Rohatgi and Scott 2007). It is
likely that the partial redundancy of Nrpl and Nrp2 in this
capacity has in the past obscured their role as Hh pathway
regulators in vivo. A recent study demonstrated that pre-
treatment of spinal cord commissural axons with Shh
sensitized them to repulsive Sema cues (Parra and Zou
2010). Whether transcriptional cross-regulation of Nrp ex-
pression by Shh occurs in neuronal cell populations or other
sites of Hh signaling in vivo is an important topic for further
inquiries. Nrps have, in recent times, gained interest as
targets for cancer therapeutics due to their important roles
in VEGEF signaling and, consequently, the supply of oxygen
to growing tumors. The involvement of Nrps in Hh signal
transduction raises the possibility that some Nrp-based
interventions could interfere with tumor growth through
their effects on multiple signaling pathways.
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Materials and methods

Cell culture

NIH3T3 fibroblasts were obtained from American Type Culture
Collection. Shh-LIGHT?2 cells were from a previously described
stock (Taipale et al. 2000). Ptc1™/~ MEFs were derived as pre-
viously described (Rohatgi et al. 2007). SuFu '~ MEFs transduced
with empty retrovirus and SuFu-DD retrovirus, as well as rescued
Smo~'~ MEFs, were a gift from Rajat Rohatgi (Rohatgi et al. 2009;
Humke et al. 2010). The HA-Gli2 was a gift from the Beachy
laboratory (Kim et al. 2009). The Wnt luciferase reporter cells
were from a previously described stock (Hyman et al. 2009). All
cell lines were maintained in complete DMEM supplemented
with 10% fetal bovine serum (FBS) unless otherwise indicated. For
Shh or SAG treatment, NIH3T3 fibroblasts, MEFs, and primary
dermal cells were grown to confluency and switched to DMEM
supplemented with 0.5% FBS to promote ciliation (Rohatgi et al.
2007; Wen et al. 2010). Agonist treatment durations were 24-30 h
unless otherwise noted.

RNAI screen

DSPs were produced and purified using previously published
methods (Myers et al. 2003; Galvez et al. 2007). DSPs were
introduced into Shh-LIGHT2 cells (Taipale et al. 2000) via
a “wet” reverse transfection procedure. Cells were grown to con-
fluency (~24 h) then switched into complete 0.5% FBS DMEM
conditioned with ShhN, the active moiety of Shh ligand (Chen
et al. 2002). After 24-30 h of Shh stimulation, cells were lysed
and firefly luciferase and Renilla luciferase signals were read
using the Dual-Glo system (Promega). Firefly/Renilla ratios were
normalized to the average ratio of the negative control wells on
the same plate to control for plate-to-plate and day-to-day assay
variability. DSPs that reduced the mean Renilla signal >30%
compared with negative control DSPs on each plate were removed
from further analysis, as they likely affected cell survival or
proliferation. The mean normalized values for replicate wells
were calculated and converted to Z-scores using the mean and
standard deviation of all Renilla-filtered wells. A Z-score cutoff
of +1.5 was chosen as a significance threshold.

Synthetic RNAI reagents

Mouse Nrpl siRNA (#1, 5'-GCACAAAUCUCUGAAACUA-3’;
Dharmacon), mouse Nrp2 siRNA (#1, 5-GACAAUGGCUGGA
CACCCA-3’; Sigma), mouse Smo siRNA (SASI_ MmO01_00346929,
Sigma), and nontargeting siRNAs (Dharmacon) were dissolved
in nuclease-free water and stored as 5 pM stocks. A custom
siRNA (denoted #2, 5'- GCUCUGAAGACCUGGCAAUUU-3’;
Dharmacon) targeting the mouse Nrpl 3’ UTR was used for
c¢DNA rescue experiments. Custom siRNAs targeting the mouse
Nrp2 3’ UTR (denoted #2, 5'-GGAUAUAAGUGCAAAGACA-3’;
denoted #3, 5-UAACAAAGGAAGAGAGAGA-3’; denoted #4,
5'-GCACAGUGGUAGAGGUGAA-3’; denoted #5, 5'-GAG
CAGAGAGAAAGAAUAA-3’; and denoted #6, 5'-GAAAUU
GUGUGAAGGAUAA-3') were designed and purchased from
Dharmacon.

Transient transfections

In all cases, siRNAs were transiently introduced using a “wet”
reverse transfection procedure in either 96-well, eight-chamber
slide, or 60-mm plate format. For siRNAs, Lipofectamine 2000
(Invitrogen) was used in NIH3T3 fibroblasts and Shh-LIGHT2
cells. Dharmafect 4 (Dharmacon) was used for MEF transfections.
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Plasmid DNA was transfected using Fugene6 (Roche). For over-
expression assays, transgene DNA was introduced along with a
Gli-dependent luciferase/TK-Renilla reporter plasmid mixture.
Rescue experiments were carried out sequentially with reverse
transfection of 3’ UTR siRNA on day 1, dropwise cDNA and lu-
ciferase reporter cotransfection on day 2, addition of Shh and
serum starvation on day 3, and harvest on day 4.

Immunoblotting

Cells were scraped into cold phosphate-buffered saline (PBS),
sedimented at 1000g for 5 min, and lysed in a modified RIPA
buffer (25 mM Na-Tris at pH 7.4, 150 mM NaCl, 2% [v/v] NP-40,
0.25% [w/v] sodium deoxycholate, 1 mM DTT, 1 mM PMSEF,
Roche Complete protease inhibitor cocktail with EDTA) for 30—~
60 min at 4°C. The lysate was clarified by centrifugation at
20,000g for 30 min. Protein concentrations of the supernatants
were determined using the detergent-insensitive BCA kit (Pierce).
Equal amounts of total protein from the samples were supple-
mented with SDS buffer (final composition: 50 mM Na-Tris at pH
6.8,2% SDS, 6% glycerol, 1% B-mercaptoethanol), incubated for
15 min at room temperature, resolved by SDS-PAGE, and then
processed for immunoblotting. Samples were not boiled prior to
electrophoresis. Anti-p38 (1:50,000; Sigma), anti-HA (Covance),
anti-Glil (1:500; Cell Signaling Technologies), anti-Gli2 (1:200;
R&D Systems), anti-Vegfr2/KDR (1:1000; Cell Signaling Technol-
ogies), anti-Nrpl (1:1000; Cell Signaling Technologies), and anti-
Nrp2 (1:1000; Cell Signaling Technologies) were purchased from
various vendors. Anti-Ptc1 (1:500) (Rohatgi et al. 2007), anti-Smo
(1:500) (Rohatgi et al. 2007), and anti-SuFu (1:2500) (Humbke et al.
2010) were raised as previously described. All primary antibody
incubations were carried out overnight at 4°C in 5% nonfat dry milk
Tris-buffered saline (pH 7.4) containing 0.05% Tween-20.

Cell immunofluorescence

Smo and Nrpl were detected in fixed samples by immunofluo-
rescence using anti-Smo, anti-acetylated tubulin, and anti-Nrpl
with nuclei stained using Hoescht dye. NIH3T3 fibroblasts were
reverse-transfected with siRNAs on eight-chamber slides (Lab-
Tek) using a scaled version of the procedure described above for
96-well plates. After culturing and treatment, cells were fixed with
4% paraformaldehyde (PFA) in PBS for 15 min and washed three
times with PBS. Fixed cells were placed in blocking solution
(PBS with 1% [v/v] normal donkey serum, 0.1% [v/v] Triton X-100)
for 30 min. Primary antibodies (anti-Nrpl [1:500; R&D Systems],
anti-Smo [1:500] [Rohatgi et al. 2007], and antiacetylated tubulin
[1:2000] [Sigma]) were diluted in block and used to stain cells for 1
h at room temperature. After washing three times in PBS, Alexa
dye-coupled secondary antibodies were added in block solution at
1:500 for 1 h at room temperature. Hoescht dye was included in
the final washes before the samples were mounted in Fluoromount
G (Southern Biotech) for microscopy.

Tissue histology

Frozen sections of E8.5 and E16.5-E17.5 mouse embryos were
fixed in PFA, then permeablized in a 5% NHS/Triton 0.05% block
solution. Primary antibodies (rat anti-CD31 [1:25; BD Pharm-
ingen], rabbit anti-P75NTR [1:200; Abcam]|, goat anti-Nrp1 [1:100;
R&D Systems], rabbit anti-Nrp2 [1:1000; Cell Signaling], rabbit
anti-Smo [1:500] [Rohatgi et al. 2007], and mouse anti-acetylated
tubulin [1:2000; Sigma]) were diluted in block solution. Alexa dye-
coupled secondary antibodies were used in block solution at
1:500. Hoescht dye was used to highlight nuclei.
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Lentivirus production

Hairpin sequences targeting mouse Nrpl (H, 5'-GGAGATGA
GAAGATAGTAA-3’) or Nrp2 (H, 5-GAACTGGAGAGAACA
TACA-3') were cloned into the pSicoR vector according to
standard protocols (http://web.mit.edu/jacks-lab/protocols_table.
html; Ventura et al. 2004). Lentivirus was generated in 293T cells
by cotransfecting A8.9 and VSVG packing vectors with the pSicoR
shRNA vector. After 20 h, the culture medium was replaced, and
viral supernatant was collected at 48 h post-transfection, filtered,
and frozen.

Dermal cell isolation and infection

Primary dermal cells were isolated as previously described
(Lichti et al. 2008). Briefly, we dissected mouse skin from pups
within 3 d of birth. We used dispase (dispase II, Roche) to separate
dermis from epidermis. To dissociate dermal cells from dermis,
we incubated minced dermis with 0.25% collagenase (Sigma) for
45 min at 37°C. After neutralizing with FBS, we filtered the
digested dermis through a 70-pm cell strainer (BD Falcon),
spun it at low speed (30g), collected the supernatant, and spun it
at 200g to collect single dermal cells. We typically recovered 2 X
107 dermal cells per pup skin. We infected the primary dermal
cells at 50% confluence 1 d after plating using 8 pg/mL polybrene
as carrier and spun the cells at 1000 rpm for an hour, then replaced
it with fresh medium. Upon reaching confluency, cells were
switched into 0.5% DMEM conditioned with Shh and incubated
for an additional 30 h. All experiments were performed in primary
dermal cells without passage.

Microscopy

Fixed cell microscopy was performed on an inverted Leica
DMIRE2 laser-scanning confocal microscope. Images were taken
with a 63X objective and 4X zoom.

Image analysis

All analyses were performed in the program Image], as previously
described (Rohatgi et al. 2007). To quantitate the fluorescent
signal of Smo in primary cilia, a mask was constructed by
manually outlining cilia in the image taken in the acetylated
tubulin channel. This mask was applied to the image taken in
the Smo channel and the fluorescence at cilia was measured. Local
background correction was performed by moving the mask to
measure fluorescence at a representative nearby region; this
value was subtracted from that of ciliary fluorescence.

Quantitative PCR

Total RNA was isolated from NIH3T3 fibroblasts using Trizol
reagent (Invitrogen). One microgram of RNA was reverse-tran-
scribed with random hexamer primers using SuperScript III re-
verse transcriptase (Invitrogen). A fraction (1/20) of the resultant
c¢DNA was used as a template for interrogation with TagMan
quantitative PCR probes (Applied Biosystems) on an Applied
Biosystems 7500 Fast thermocycler: Gapdh (Mm99999915_g1),
Glil (Mm00494645_m1), Ptc1 (Mm00436026_ml), Nrp1
(Mm00435371_m1), and Nrp2 (Mm00803099_m1).

DNA constructs

Mouse Nrpl and CD4 cDNAs were obtained from Open
Biosystems. The ORF of each was PCR-amplified and cloned
in-frame into pEYFPN1 (Clontech). To generate the untagged
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Nrpl vector used in the RNAIi rescue experiments, a stop
codon was introduced by PCR mutagenesis into the Nrp1-YFP
vector following the Nrpl ORE. Gli-luciferase and TK-Renilla
plasmids have been previously described (Taipale et al. 2000;
Humbke et al. 2010).

Gli motif identification

The rVista (Loots et al. 2002) conserved transcription factor-
binding site prediction tool was accessed through the zPicture
online interface (http://zpicture.dcode.org). The 10 kb of geno-
mic sequence upstream of the mouse (mm9) and human (hg19)
Nrpl or Nrp2 transcriptional start sites were used in this
analysis. Default parameters were used in all cases.

Pathway agonists

Medium conditioned with active, N-terminal ShhN ligand was
produced using a HEK 293 line that stably secretes this protein,
as previously described (Chen et al. 2002). Wnt3A conditioned
medium was produced in a similar manner from a separate
HEK 293 line. SAG was obtained from Enzo Life Sciences.

Recombinant proteins

Recombinant mouse ShhN, mouse VEGF 44, and human Sema3A/
Fc chimera were obtained from R&D Systems and dissolved in PBS
containing 0.1% BSA.

Zebrafish strain and maintenance

Wild-type zebrafish (Danio rerio) used AB background and were
raised and maintained under standard conditions.

Phylogenetic tree

A phylogenetic tree was produced by a multiple alignment of
zebrafish, mouse, and human neuroplin proteins by T-Coffee
(http://tcoffee.vital-it.ch/cgi-bin/Tcoffee/tcoffee_cgi/index.cgi) and
distance matrix computation by PHYLIP protdist (http://mobyle.
pasteur.fr/cgi-bin/portal.py?form=bionj). The phylogram was drawn
with the program Newicktops (http://mobyle.pasteur.fr/cgi-bin/
portal.py?form=Dbionj).

Whole-mount RNA in situ hybridization

Whole-mount RNA in situ hybridization of zebrafish embryos
was performed according to standard protocols (Thisse and
Thisse 2008). Digoxigenin (DIG)-RNA probes were generated
according to the manufacturer’s instructions (Roche). The DIG-
labeled probes included those previously published for ptc1 and
shha (Concordet et al. 1996).

MO knockdown

Antisense MOs (GeneTools) were microinjected into one- to four-
cell stage embryos according to standard protocols (Nasevicius
and Ekker 2000). For the experiments reported in Figure 6, 4 ng
of MO was used per injection. MO sequences used were nrpla-
MOIL (5'-GAATCCTGGAGTTCGGAGTGCGGAA-3') (Lee et al.
2002); nrpla-MO2 (5'-TGGCAAAAAACGATGAGACAATCCT-3');
and zp1b-MO (5'-CCAGTACATCCTCAAACGAAATC-3'), nzp2a-
MO (5'-TATCCAGAAATCCATCTTTCCG-3'), and nrp2b-MO
(5'-GCGAATAAATCCATCTTTCCTG-3’) from Martyn and
Schulte-Merker (2004).
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