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Smoothened Mutants Reveal Redundant Roles for Shh
and Ihh Signaling Including Regulation of L/R
Asymmetry by the Mouse Node

skeleton (Vortkamp et al., 1996; St-Jacques et al., 1999;
Karp et al., 2000) and also regulates the mammalian gut
(Ramalho-Santos et al., 2000). Finally, Dhh is required
for spermatogenesis (Bitgood et al., 1996) and develop-
ment of the perineurial sheath that encases peripheral
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Biochemical studies indicate that Patched (Ptc), aCambridge, Massachusetts 02138
multipass membrane protein with homology to sterol-
sensing proteins, is a HH receptor (Marigo et al., 1996;
Stone et al., 1996). How HH binding to Ptc activates HHSummary
signaling is not entirely clear. Genetic studies indicate
that Ptc is required to inhibit the activity of a secondGenetic analyses in Drosophila have demonstrated
multipass membrane protein, Smoothened (Smo) (Chenthat the multipass membrane protein Smoothened
and Struhl, 1996; Quirk et al., 1997). In the absence of(Smo) is essential for all Hedgehog signaling. We show
Ptc, ligand-independent activation of HH targets de-that Smo acts epistatic to Ptc1 to mediate Shh and
pends, as does all normal HH signaling, on the activityIhh signaling in the early mouse embryo. Smo and Shh/
of Smo. Thus, Ptc inhibits the activity of Smo and HHIhh compound mutants have identical phenotypes:
binding to Ptc releases Smo from this inhibitory process.embryos fail to turn, arresting at somite stages with

Recent studies in the fly have shed light on thesea small, linear heart tube, an open gut and cyclopia.
interactions. Ptc regulates the stability, membrane ac-The absence of visible left/right (L/R) asymmetry led
cumulation, and phosphorylation state of Smo (Alcedous to examine the pathways controlling L/R situs. We
et al., 2000; Denef et al., 2000; Ingham et al., 2000; Struttpresent evidence consistent with a model in which
et al., 2001). When HH binds to Ptc, Smo accumulatesHedgehog signaling within the node is required for
in the membrane in a highly phosphorylated state andactivation of Gdf1, and induction of left-side determi-
HH targets are activated. In the absence of ligand, Smonants. Further, we demonstrate an absolute require-
is less phosphorylated and rapidly turns over. Althoughment for Hedgehog signaling in sclerotomal develop-
initial studies argued that Ptc and Smo might act to-ment and a role in cardiac morphogenesis.
gether in a receptor complex (Stone et al., 1996), it now
appears likely that Ptc regulates Smo indirectly through[Dedicated to Rosa Beddington, a pioneer in mamma-
a nonstochiometric mechanism (Denef et al., 2000). Fi-lian embryology].
nally, new evidence suggests a Ptc-independent path-
way of HH signaling which would indicate that there isIntroduction
another HH receptor (Denef et al., 2000; Ramirez-Weber
et al., 2000).Hedgehog (HH) signaling plays many distinct roles in

At least two Ptc genes exist in mammals. Loss ofthe development of Drosophila and vertebrate embryos
function in the first of these to be identified, Ptc1, leads(reviewed in Hammerschmidt et al., 1997). In the fly,
to constitutive activation of HH targets, suggesting athere is a single HH gene. In contrast, three different
conservation in HH signaling mechanisms from flies togenes, Sonic (Shh), Indian (Ihh), and Desert (Dhh) hedge-
vertebrates (Goodrich et al., 1997). Ptc2 also binds allhog play distinct regulatory roles in mammals. Shh has
mammalian HHs, but whether it actually plays a role inbeen shown to regulate pattern in the somite (Fan and
HH signal transduction is not clear (Carpenter et al.,Tessier-Lavigne, 1994; Fan et al., 1995; Chiang et al.,
1998). Smo is represented by a single mammalian homo-1996; Kos et al., 1998), neural tube (Echelard et al., 1993;
log (Stone et al., 1996; Akiyama et al., 1997). The identifi-Chiang et al., 1996; Liu et al., 1998; Ye et al., 1998;
cation of activated forms of Smo in some basal cellDutton et al., 1999; Rowitch et al., 1999; Wechsler-Reya
carcinomas, where HH targets are constitutively ex-and Scott, 1999; Wallace, 1999), and limb (Parr and
pressed, suggests that Smo also plays a role in regulat-McMahon, 1995; Masuya et al., 1995; Chiang et al., 1996;
ing HH signaling in mammals (Xie et al., 1998). Further,Zuniga et al., 1999), as well as growth and morphogensis
ectopic expression of this oncogenic form of Smo ap-of several organs including hair (St-Jacques et al., 1998;
pears to lead to cell-autonomous activation of HH tar-Chiang et al., 1999; Sato et al., 1999), tooth (Dassule
gets in the neural tube, consistent with Smo playing aand McMahon, 1998; Dassule et al., 2000; Sarkar et al.,
positive role in the transduction of a HH signal (Hynes2000; Zhang et al., 2000), lung (Litingtung et al., 1998;
et al., 2000). Here, we explore the role of Smo in HHPepicelli et al., 1998), and gut (Apelqvist et al., 1997;
signaling in the early somite stage mouse embryo.Ramalho-Santos et al., 2000; Hebrok et al., 2000). Ihh

plays a central role in coordinating growth and differenti-
ation of chondrocytes in the developing endochondral Results

Genetic Analysis of Smo Function in Mice1 Correspondence: amcmahon@mcb.harvard.edu
To gain an insight into the role of Smo in HH signaling2 Present address: Curis Inc., 45 Moulton Street, Cambridge, Massa-

chusetts 02138. in vertebrates, we generated a null allele of Smo by gene
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Figure 1. A Smo Null Mutant Phenocopies
Shh/Ihh Compound Mutants and Smo Is Epi-
static to Ptc1

External morphology of 9.5 dpc embryos: (A)
wild-type; (B) Smo�/�; (C) Shh�/�;Ihh�/�.
Cross-sections of 9.5 dpc (D) wild-type; (E)
Smo�/�; (F) Shh�/�;Ihh�/� embryos at the level
of the heart tube. Left (la) and right (ra) atria
are indicated in the wild-type, and the linear
heart tube of Smo and Shh/Ihh compound
mutants are arrowed. Cross-sections through
the trunk region of 9 somite stage wild-type
(G) and Smo mutant (H) embryos indicate that
all major cell types are present in a grossly
normal organization in the Smo mutant (da,
dorsal aorta; de, definitive endoderm; ec, ec-
toderm; lpm, lateral plate mesoderm; n, noto-
chord; nt, neural tube; s, somite; yse, yolk
sac endoderm). External morphology of 9.5
dpc embryos: (I) Smo�/�; (J) Ptc1�/�; (K),
Smo�/�;Ptc1�/�. Note the closed brain vesi-
cles of the Smo mutant and Smo/Ptc1 com-
pound mutant and the open ventralized brain
of the Ptc1 mutant (arrows).

targeting in mouse embryonic stem (ES) cells (Supple- dermal, mesodermal, and endodermal) appeared grossly
similar to wild-type embryos. By the 13 somite stage,mentary Figure S1 at http://www.cell.com/cgi/content/

full/105/6/781/DC1). Mice heterozygous for the Smo mu- Smo mutants showed signs of growth retardation. This
phenotype was independent of whether a chorio-allan-tation had no discernible phenotype. However, in con-

trast to homozygous null mutants in Shh, Ihh, or Dhh toic connection was established and may result in part
from defective cardiac function. In summary, the loss-which develop to term, Smo mutants did not survive

beyond 9.5 days post coitum (dpc). Smo mutants exhib- of-function phenotype indicates that the role of Smo in
the early mouse embryo is not confined to transductionited ventral cyclopia and holoprosencephaly, which are

also observed in Shh mutants, consistent with Smo play- of a Shh signal.
To determine whether Smo’s role in Hedgehog signal-ing an essential role in transduction of a Shh signal

(Chiang et al., 1996). In addition, Smo mutants failed ing may have diverged between flies and mice, we exam-
ined the relationship between Smo and Ptc1. Ectopicto undergo embryonic turning, closure of the ventral

midgut, and normal rightward looping of the heart, which activation of Shh targets in Ptc1 mutants results in a
ventralized neural plate, which fails to close in the headremained as a linear tube (compare Figures 1A, 1D and

1B, 1E). Smo mutants were first distinguishable at the region, and an abnormal expansion of somites (Figure
1J; Goodrich et al., 1997). In contrast, compound mu-6–7 somite stages by the abnormal shape of the fore-

brain, indicative of the loss of ventral midline fates and tants in Smo and Ptc1 at the same stage (Figure 1K)
displayed a phenotype indistinguishable from Smo mu-by a delay in cardiac morphogenesis. Smo mutants

showed no general growth or developmental retardation tants (Figure 1I). Thus, Smo is epistatic to Ptc1, demon-
strating conservation of the genetic hierarchies regulat-at this time, relative to their wild-type littermates. Analy-

sis of sections through the trunk region of 9 somite stage ing HH signaling in flies and mice (Chen and Struhl,
1996; Quirk et al., 1997).embryos (Figures 1G and 1H) indicated that the general

organization of all major cell populations (neural, ecto- The differences observed between Smo and Shh mu-
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tants could indicate that Smo plays additional roles in tion of HH pathways in these tissues (Figure 2M). Shh
signaling at the midline is known to regulate dorsal/the transduction of other HH signals in the early somite

stage mouse embryo. As Ihh and Dhh mutants have no ventral pattern within the neural tube and somites (re-
viewed in Hammerschmidt et al., 1997). However, al-observable phenotype at early somite stages (Bitgood

et al., 1996; St-Jacques et al., 1999), any additional HH though no upregulation of Ptc1 was detected in the
ventral neural tube of Shh mutants at 8.5 dpc as ex-signaling would most likely reflect redundant signaling

by more than one HH family member. Ihh is widely ex- pected (Figure 2N), Ptc1 was upregulated within the
somites and lateral plate mesoderm (Figure 2N) in apressed in the yolk sac endoderm and developing em-

bryonic gut endoderm at somite stages (Bitgood and Smo-dependent mechanism (Figure 2O). Together,
these findings suggest that Shh and Ihh have redundantMcMahon, 1995). To determine whether Shh and Ihh

have redundant signaling roles, we analyzed compound signaling activities in the node, somites, and lateral plate
mesoderm.mutants in Shh and Ihh. Compound mutants exhibited

a more severe phenotype than Shh mutants, one that
is indistinguishable from the Smo mutant phenotype Shh and Ihh Regulate L/R Asymmetry
(compare Figures 1B, 1E and 1C, 1F). These results The absence of turning and heart looping in Smo and
indicate that Smo is essential for the transduction of Shh/Ihh compound mutants, together with the coex-
both Shh and Ihh signals. Further, these two family mem- pression of Shh and Ihh in the node, a structure central
bers play hitherto unappreciated roles in the somite to the establishment of L/R asymmetry, prompted us to
stage mouse embryo. investigate the pathways of L/R determination. Pitx2,

which encodes a bicoid-related homeobox gene, is ex-
pressed asymmetrically in the left lateral plate meso-Expression of Shh, Ihh, and Ptc1 in Early

Mouse Development derm by 6–8 somite stages (Figure 3A; Piedra et al.,
1998; Ryan et al., 1998; Yoshioka et al., 1998). This asym-As a first step toward addressing the additional roles of

Shh and Ihh, we performed a detailed analysis of their metry is conserved across vertebrates and is required
for the asymmetric development of organ situs (for re-expression with respect to HH signaling in mouse em-

bryos collected from pre-somite to early somite stages view see Burdine and Schier, 2000; Capdevila et al.,
2000). In contrast, in the head and yolk sac, Pitx2 is(7.5–8.5 dpc). Expression of Shh in the node, midline

mesoderm of the head process, and notochord (Figures expressed bilaterally (Figure 3A). As previously de-
scribed (Meyers and Martin, 1999), Pitx2 is expressed2A and 2F) and gut endoderm (Figure 2K) has previously

been reported (Echelard et al., 1993; Bitgood and McMa- bilaterally in the lateral plate mesoderm of Shh mutants
(Figure 3B), most likely due to a failure of Shh-mediatedhon, 1995; Ramalho-Santos et al., 2000). Ihh is strongly

expressed in the visceral endoderm of the yolk sac (Fig- induction of the floor plate. The floor plate is thought to
regulate maintenance, but not initiation, of L/R asymme-ures 2B and 2G; Bitgood and McMahon, 1995). In addi-

tion, we found a new site of weak Ihh expression in the try (see Discussion). Ihh mutants display a wild-type
pattern of Pitx2 expression confined to the left lateralposterior part of the node at 7.75–8.0 dpc (Figures 2B

and 2G), demonstrating that Shh and Ihh are coex- plate mesoderm (Figure 3C). Surprisingly, no expression
of Pitx2 was detected in the lateral plate mesodermpressed in the node. Whether they are coexpressed in

the same cell population or in immediately adjacent cell of either Shh/Ihh compound mutants or Smo mutants,
whereas expression in the head mesenchyme and yolktypes is not clear. Upregulation of Ptc1, a general tran-

scriptional target of HH signaling, in the yolk sac meso- sac was unaltered (Figures 3D and 3E).
These results suggest that HH signaling is requiredderm, the periphery of the node, and at the midline

suggests that Shh and Ihh signaling is occurring at this for the induction of asymmetric gene expression in the
left lateral plate mesoderm and that either Shh or Ihh isstage (Figures 2C and 2H). Importantly, we did not detect

any L/R asymmetry in the expression of Shh, Ihh, or sufficient for this process. To determine whether HH
signaling acts directly in the lateral plate mesoderm, wePtc1. Smo is expressed strongly throughout the embryo

(data not shown). used Ptc1 mutants to upregulate HH signaling. Loss
of Ptc1 activity results in constitutive activation of HHTo address whether Shh and Ihh play redundant roles

in HH signaling in the mouse node, we analyzed Ptc1 targets (including Ptc1 itself) in all HH responsive cells
(Goodrich et al., 1997). Therefore, if HH signaling is suffi-expression in Shh mutants. As expected, no induction

of Ptc1 was observed at the midline of Shh mutant em- cient for activation of Pitx2 in the lateral plate mesoderm,
one would expect ectopic activation of Pitx2 in the rightbryos, but expression was maintained in the posterior

node (Figures 2D and 2I). In contrast, when all HH signal- lateral plate mesoderm of Ptc1 mutants. In contrast,
Pitx2 expression remained confined to the left lateraling was removed in Smo mutants, the upregulation of

Ptc1 in the node was abolished (Figures 2E and 2J). plate mesoderm in Ptc1 mutant embryos (Figure 3F)
even though the strong bilateral upregulation of Ptc1Thus, both Shh and Ihh signal within the node in a Smo-

dependent mechanism. indicated ectopic HH signaling in the lateral plate meso-
derm (data not shown).By early somite stages (8.5 dpc), coexpression of Shh

and Ihh was also observed in two lateral domains of To investigate in greater depth the role of HH signaling
in mouse L/R axis development, we focused our analy-definitive endoderm (Figures 2K and 2L). Ptc1 respon-

siveness was monitored by expression of a Ptc1lacZ allele ses on Smo mutants at 2–8 somite stages, the period
when asymmetric expression of L/R gene expression is(Goodrich et al., 1997). In embryos heterozygous for this

allele, Ptc1 was upregulated in the lateral mesoderm, first observed. TGF� family members Nodal, Lefty1, and
Lefty2 are three conserved, essential components of theventral neural tube, and somites, reflecting the activa-
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Figure 2. Analysis of HH Gene Expression and HH Response in the Early Mouse Embryo

Expression of Shh, Ihh, and Ptc1 during early mouse development. Whole-mount in situ hybridization to 7.75 dpc pre-somite stage embryos
(A–E, lateral view; anterior is to the left). The anterior neural plate (left) which overlies the midline mesoderm and the posterior primitive streak
region (right) are visible. Whole-mount in situ hybridization to 8.0 dpc embryos (F–J, ventral view; anterior is to the left). In this view, the node
(arrow) is clearly visible, the notochord extends anterior (left), and the primitive streak posterior (right) to the node. Whole-mount in situ
hybridization (K and L) and whole-mount �-galactosidase histochemistry (M–O) as performed on 8.5 dpc embryos are shown (K–O, ventral
view; anterior is up). (A, F, and K) Shh expression; (B, G, and L) Ihh expression; (C–E) and (H–J) Ptc1 expression. (M–O) �-galactosidase activity
from a Ptc1lacZ allele. All the embryos used were wild-type except for Shh�/� in (D) and (I), Smo�/� in (E) and (J), Ptc1lacZ/� (M), Shh�/�; Ptc1lacZ/�

in (N), and Smo�/�; Ptc1lacZ/� in (O). Arrows in (A) and (C) indicate expression in the midline. Arrows in (B), (D), (E)–(J), (N), and (O) indicate
expression in the node. Arrowheads indicate expression in the endoderm (K and L) and expression in the somite (M–O).

L/R asymmetry pathway whose asymmetric expression patterning process (Chiang et al., 1996). These two ob-
servations explain the absence of Lefty expression inis highly conserved across vertebrate groups (reviewed

in Burdine and Schier, 2000; Capdevila et al., 2000). In Smo mutants.
The failure to activate a left-side specific pathway ofwild-type embryos, Nodal is expressed in the left lateral

plate mesoderm and in the periphery of the node (Figure factors in Smo mutants did not result from a general
failure of lateral plate mesoderm development. Bilateral3G). Within a narrow time window (5–6 somite stages),

Nodal is also expressed more strongly on the left side expression of Bmp4 (Figures 3L and 3M), Twist (Figures
3N and 3O), and Hoxb6 (data not shown) at the 2–8of the node; the significance of this asymmetry is unclear

(Figure 3G; Collignon et al., 1996). In all Smo mutants, somite stages indicated that the lateral mesoderm was
present and grossly normal in Smo mutants. In sum-Nodal expression was absent from the lateral plate

mesoderm (Figure 3H). Although expression was re- mary, the data indicate that a Shh/Ihh signaling pathway
lies upstream of the activation of left-sided gene expres-tained in the node, expression levels in the node were

highly variable, some embryos even displayed higher sion in the lateral plate mesoderm. However, HH signal-
ing in the lateral plate may not directly regulate thislevels of Nodal expression on the right side of the node.

In Ptc1 mutants, Nodal expression was unaltered in the pathway. Both Shh and Ihh signal within the node, sug-
gesting that HH signaling in the node might play a rolelateral plate mesoderm or the node, suggesting that

Nodal is indirectly regulated by HH signaling (Figure 3I). in the subsequent activation of a left-side specific path-
way of regulatory factors in the lateral plate mesoderm.Finally, Lefty2 is normally expressed in the left lateral

plate mesoderm and Lefty1 in the left floor plate at 3–6
somite stages (Figure 3J), but neither was expressed in HH Signaling Controls the Expression of Gdf1

and CrypticSmo mutants at the same stages (Figure 3K). Lefty2
expression in the left lateral plate mesoderm is a target Gdf1 encodes a TGF� family member that acts upstream

of Nodal, Lefty1/2, and Pitx2 (Rankin et al., 2000). At 2–8of Nodal signaling (reviewed in Shen and Schier, 2000),
whereas expression of Lefty1 in the floor plate requires somite stages, Gdf1 is expressed symmetrically in the

node, the ventral neural tube, and intermediate and lat-the prior induction of floor plate cells, a Shh-dependent
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Figure 3. HH Signaling Regulates Expression of a Left-Sided Cascade of Regulatory Factors

Whole-mount in situ hybridization analysis of the expression of left-side markers in mouse embryos deficient in different members of the HH
signaling pathway (as indicated). Ventral anterior view of embryos following in situ hybridization with a Pitx2 probe (A–F) and Lefty1/2 (J and
K) probe is shown. (G)–(I) are ventral posterior views of embryos showing Nodal expression. (L) and (M) are ventral posterior views of Bmp4
expression and (N) and (O) are ventral views (anterior up) of Twist expression in the lateral plate mesoderm. Gene expression in the lateral
plate mesoderm is indicated by an arrow, and expression in the node by arrowheads, in all panels.

eral plate mesoderm (Rankin et al., 2000; Figure 4A). Thus, Cryptic, like Gdf1, appears to be a target of HH
signaling.Although it is not clear which Gdf1 expression domain is

responsible for regulating the left-side specific pathway,
early expression in the node is likely to be important. Defective Heart Morphogenesis in Smo Mutants
Gdf1 expression was examined in HH pathway mutants Loss-of-function mutants in most genes that regulate
at 2–8 somite stages. Gdf1 is significantly downregu- L/R asymmetry randomize the process of heart looping.
lated in the node and ventral neural tube of Shh mutant Thus, these genes are not essential for looping, but
embryos, but only slightly reduced in intermediate and instead bias the direction of looping so that the heart
lateral plate mesoderm (Figure 4B). Expression of Gdf1 normally loops to the right. In contrast, the heart of
was maintained in the node and at the midline in Ihh Smo mutants remained as a linear tube (Figure 1E). This
mutants, but lateral mesoderm expression was down- phenotype might indicate that Smo mutants are unable
regulated (Figure 4C). Interestingly, Gdf1 expression to break bilateral symmetry. Alternatively, HH signaling
was completely absent in the node of Smo mutants could also play an independent role in cardiac morpho-
and expression was downregulated in other expression genesis. In support of this latter view, heart development
domains (Figure 4D), indicating that Gdf1 is a target of was retarded in early somite stage Smo mutants (data
Shh and Ihh signaling. In support of this conclusion, not shown), a phenotype not reported in other mutants
Gdf1 underwent a dramatic upregulation throughout its with defective L/R situs. Previous studies have demon-
normal expression domain in Ptc1 mutant embryos strated that the homeobox containing transcriptional
(compare Figure 4E with 4F). regulator Nkx2.5 is essential for normal heart morpho-

Cryptic, a member of the EGF-CFC family of extracel- genesis, and cardiac myogenesis (Lyons et al., 1995).
lular factors, is an essential cofactor in Nodal-mediated In wild-type embryos, at early head-fold stages (2–3
induction of Lefty2 within the left lateral plate mesoderm somite stages), Nkx2.5 is expressed at high levels in
(Gaio et al., 1999; Yan et al., 1999). Cryptic is normally cardiac mesoderm (Figures 5A and 5C). Later, expres-
expressed symmetrically in the lateral plate mesoderm, sion is observed throughout the myocardial layer of the
node, notochordal plate, and prospective floor plate heart tube (Figure 5G). In contrast, Nkx2.5 expression
(Yan et al., 1999; Figure 4G). Cryptic expression was was barely detectable in Smo mutant embryos at 2–3
absent in the prospective floor plate and greatly reduced somite stages (Figure 5B). Further, its expression do-
in both the node and lateral plate mesoderm of Smo main was upregulated in Ptc1 mutants (Figure 5D). Ex-
mutant embryos at 2–6 somite stages (Figure 4H). In pression of Wnt2 (Monkley et al., 1996), another cardiac
contrast, Cryptic was upregulated in the ventral neural marker, was unaltered (Figures 5E and 5F). Thus, Nkx2.5
tube and node, and ectopically activated in the anterior appears to be a specific cardiac target of HH signaling

and the reduced levels of Nkx2.5 activity might underlieprimitive streak of Ptc1 mutant embryos (Figure 4J).
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Figure 5. Reduced Expression of Nkx2.5 in the Absence of HH Sig-
naling Correlates with a Failure of Heart Looping

Expression of Nkx2.5 in early cardiac progenitor cells (A) is signifi-
cantly reduced in early head-fold stage Smo mutants (B), and the
wild-type expression domain (C) is expanded in Ptc1mutants (D). A
second cardiac mesoderm marker, Wnt2, is expressed at similar
levels in wild-type (E) and Smo mutant (F) embryos. Normal levels
of Nkx2.5 are established by 9.0 dpc (compare [G] and [H]), and the
ventricle-specific myosin light chain gene MLC-2V, a target of Nkx2.5
regulation, is expressed in Smo mutants (compare [I] and [J]). (A)–(F)
are ventral anterior views (head folds up) and (G)–(J) are lateral views
of embryos following whole-mount in situ hybridization with theFigure 4. Expression of Gdf1 and Cryptic in the Mouse Node Is
indicated probes.under HH Control

Whole-mount in situ hybridization at 8.5 dpc shows that Gdf1 ex-
pression in the node (arrow) is dramatically reduced in Shh mutants, the defective heart morphogenesis observed in Smo
slightly downregulated in Ihh mutants, undetectable in Smo mu-

mutants. At later stages (approximately 16–18 somites;tants, and upregulated in Ptc1 mutants (A–F, ventral posterior views
Figure 5H), Nkx2.5 was expressed at normal levels, andof node and primitive streak [up] region). Histochemical staining of
we observed robust expression of the myosin light chainembryos in (E) and (F) was for identical times, but the incubation

period was shorter than for the wild-type embryo in (A) to highlight (MLC2V) gene (compare Figures 5I and 5J), a target of
the upregulation of Gdf1in Ptc1 mutants. The wild-type embryos Nkx2.5 regulation and early marker of ventricular differ-
Cryptic expression (G) is downregulated in the lateral plate meso- entiation (O’Brien et al., 1993; Lyons et al., 1995).
derm and node (arrow) and absent in the ventral neural tube of Smo
mutants (H). Cryptic expression (I) is expanded in the midline and

Control of Somite Patterning by Shh and Ihhnode region (arrow) and ectopically activated in the anterior primitive
Patterning of the vertebrate somite is thought to bestreak of Ptc1 mutants (arrowhead in [J]). (G)–(J) are ventral views

focusing on the node region (primitive streak is down). regulated by a complex network of signals secreted
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Figure 6. HH Signaling Is Absolutely Required for Expression of the Sclerotomal Determinant Pax1, but Not for Activation of the Muscle
Determinant Myf5

Whole-mount in situ hybridization at the 10 somite stage. (A and D) wild-type embryos; (B and E) Shh mutant embryos; (C and F) Smo mutant
embryos. (A)–(C) are ventral views (anterior to the left) and (D)–(F) are lateral views (anterior to the left). Pax1 expression in the pharyngeal
endoderm is indicated by an arrowhead and expression in the somite by an arrow.

by distinct signaling centers (reviewed in Borycki and gene, Myf5. Myf5 is also expressed, but only at later
stages (9.5 dpc), in hypaxial muscle precursors that ariseEmerson, 2000; Dockter, 2000). For example, scleroto-
from the ventro-lateral lip of the somite. Myf5 expressionmal development in the ventral medial somite depends
is upregulated in response to Shh and Wnt signals lead-upon inductive signals provided by the notochord and
ing to the proposal that the combined action of thesefloor plate. Both these tissues express Shh, and Shh
signals initiates Myf5 activation in epaxial muscle pre-will substitute for these midline tissues in activating the
cursors (reviewed in Lassar and Munsterberg, 1996;sclerotomal determinant Pax1 (Fan and Tessier-Lavi-
Cossu and Borello, 1999). Shh mutants activate Myf5 ingne, 1994; Borycki et al., 1998; Teillet et al., 1998; Mar-
the 10 somite stage embryo, although at reduced levelscelle et al., 1999; Murtaugh et al., 1999). Thus, Shh has
(Figures 6D and 6E; Chiang et al., 1996; Borycki et al.,been postulated to play a primary role in the induction
1999). Interestingly, the myotomal phenotype was notof sclerotomal cell fates. However, Pax1 expression is
enhanced in Smo mutants (Figure 6F). Thus, inductioninitiated, albeit at reduced levels, in the somites of Shh
of epaxial muscle precursors at early somite stages doesmutants at the 10 somite stage (Figures 6A and 6B;
not appear to be absolutely dependent on HH signaling.Chiang et al., 1996); subsequently, Pax1-expressing

cells undergo apoptosis. These findings suggest that
DiscussionShh signaling may be essential for maintenance, but not

activation, of Pax1. Alternatively, there may be redun-
The Mammalian HH Pathwaydant mechanisms by which Pax1 expression is initiated
A number of general conclusions can be drawn fromin the somite in vivo.
these genetic studies of mammalian HH pathway com-In support of the latter view, our analysis of Ptc1 ex-
ponents. Firstly, Shh and Ihh have redundant signaling

pression indicated that Smo-dependent HH signaling
functions in the establishment of L/R asymmetry, heart

was still occurring within the somite of Shh mutants development, somite patterning, and gut closure. Thus,
(Figure 2N). In contrast, no activation of Ptc1 was ob- it is likely that these ligands have similar signaling activi-
served in Smo mutants (Figure 2O). Ihh expression in ties. Secondly, a single mammalian Smo gene is essen-
the developing embryonic gut or yolk sac endoderm tial for the transduction of both these signals. Given
could provide an additional source of HH signal to the the absence of a second Smo gene in the mammalian
somite. Consistent with this model, no activation of Pax1 genome, we expect Smo will play a similar role in Dhh
was observed in the somite of Smo mutant embryos at signaling. The recent analysis of a mutation that maps
the 10 somite stage whereas Pax1 expression in the close to the single Smo gene of the zebrafish is consis-
pharyngeal endoderm was unaltered (Figure 6C). Similar tent with the possibility that multiple HH family members
results were obtained with Bapx1, a second sclerotomal also signal via Smo in the fish (Barresi et al., 2000).
marker (data not shown). Thus, there is an absolute Thirdly, Smo is epistatic to Ptc1, demonstrating an im-
requirement for HH signaling in sclerotome develop- portant conservation in the regulatory interactions be-
ment, a role normally shared by Shh and Ihh. tween HH pathway components from flies to mice.

Shh signaling has also been implicated in induction
of myotomal lineages. Here, epaxial muscles of the back An Essential Role for HH Signaling in Regulation
develop from the dorsal medial lip of the somite. One of L/R Asymmetry
of the first genes to be activated at early somite stages Our current molecular understanding of the mechanisms

that govern L/R asymmetry in the vertebrate embryo(8.5 dpc) in this epaxial muscle pathway is the myogenic



Cell
788

stem from the ground-breaking studies of Shh signaling that the absence of Nodal and downstream targets is a
specific phenotype. The failure to initiate Nodal expres-in the developing chick embryo (Levin et al., 1995). In

the chick, Shh is asymmetrically expressed in the node sion in the lateral plate mesoderm supports a role for
HH signaling in the earliest aspects of L/R control. Theprior to overt signs of L/R situs. Nodal, an apparent

target of Shh signaling, is expressed in mesoderm imme- demonstration that Shh and Ihh signal within the node
is particularly intriguing in this regard.diately adjacent to the left half of the node, and more

broadly in the left lateral plate mesoderm. Blocking Shh The node is thought to play dual roles in the control
of laterality in the mouse through the production of later-signaling, with a monoclonal antibody raised against

mouse Shh, prevented left-side specific expression of alizing signals and directing their asymmetric distribu-
tion by cilial movement within the node (Nonaka et al.,Nodal. In contrast, ectopic Shh on the right side of the

embryo lead to ectopic activation of Nodal in the right 1998). Several lateralizing factors are uniformly ex-
pressed in the node. In addition to Shh and Ihh, thelateral plate mesoderm, and consequently bilateral

Nodal expression. Importantly, loss of Nodal expression mouse node expresses Nodal, its cofactor Cryptic, Fgf8,
and Gdf1. All of these genes also have expression do-on the left side, or bilateral expression, both result in

a randomization of heart looping. Thus, a Shh/Nodal mains outside of the node. Therefore, in the absence
of genetic tools that specifically remove node-derivedsignaling pathway is not required for establishing L/R

asymmetry, but for ensuring that the process is non- signals, there is some ambiguity as to the actual source
of the signals controlling L/R situs. Interestingly, Gdf1random.

Subsequent studies in the chick suggest that Caronte, and Fgf8 mutants both fail to activate Nodal in the left
lateral plate mesoderm, suggesting that either, or both,a likely BMP antagonist activated by Shh, is responsible

for relaying the initial Shh signal through the paraxial of these factors may be targets of HH signaling (Meyers
and Martin, 1999; Rankin et al., 2000). Our data indicatemesoderm, resulting in the activation of Nodal expres-

sion in the left lateral plate mesoderm (reviewed in Cap- that expression of Gdf1, but not Fgf8 (data not shown),
in the mouse node is HH dependent. Gdf1 is downregu-devila et al., 2000). Nodal is thought to regulate a highly

conserved pathway of signaling that culminates in left- lated in Smo mutants and upregulated in Ptc1 mutants.
Thus, HH signaling in the node appears to lie upstreamsided expression of the transcriptional regulator Pitx2,

a factor essential for the normal situs of several organs of Gdf1, suggesting that at least part of the laterality
defects we observe can be explained by loss of Gdf1(reviewed in Burdine and Schier, 2000; Capdevila et al.,

2000). Antagonism of Nodal action by two distantly re- activity. However, the failure of Nodal induction in the
left lateral plate mesoderm is fully penetrant in Smo, butlated TGF� family members, Lefty1 and 2, is postulated

to restrict Nodal signaling to the left side (Lefty1) and not Gdf1, mutants (Rankin et al., 2000). Thus, there are
likely to be mechanisms other than the control of Gdf1modulate Nodal signaling in the left flank (Lefty2) (Meno

et al., 1997, 1998). Further, Nodal signaling requires an expression by which HH signaling regulates activity of
the node. In support of this view, we observe reducedessential cofactor, Cryptic, an EGF-CFC protein whose

function is conserved from fish to mice (reviewed in expression of Nodal and Cryptic in Smo mutants. At the
gross structural level, the node appears morphologicallyShen and Schier, 2000).

In contrast to the chick, Shh is not asymmetrically normal and expresses several genes that are not impli-
cated directly in the regulation of situs (for exampleexpressed in the mouse node nor is there any evidence

of asymmetric HH signaling. For example, Ptc1, a gen- Brachyury; data not shown). Further, the notochord,
which is derived from the node, forms in Smo mutantseral transcriptional target, is broadly expressed in the

early somite stage mouse embryo, but its expression is (Figure 1H), indicating that this aspect of node function
is intact. Preliminary scanning electron microscopy indi-bilaterally symmetric about the midline. Although Shh

mutants do exhibit bilateral expression of Nodal and cates that node cilia are present and appear similar to
those of wild-type embryos (data not shown). However,randomized heart looping (Meyers and Martin; Tsukui

et al., 1999), this phenotype appears to be due to a we have not attempted to measure cilial-based nodal
flow in Smo mutants.failure of Shh-mediated induction of the floor plate. In

the absence of floor plate, there is a secondary loss of Taken together with other studies, our findings sup-
port the model outlined in Figure 7. Either Shh or Ihhfloor plate-derived Lefty1, which is required to prevent

ectopic activation of Nodal in the right lateral plate signaling is required for activation of Gdf1 and for estab-
lishing normal levels of expression of Nodal in the node.mesoderm (Meno et al., 1998; Meyers and Martin, 1999;

Tsukui et al., 1999). Indeed, several other mutants that As a result of defective node signaling, no left-side path-
way of development is initiated. Whether there is alsodisrupt midline patterning display a similar randomiza-

tion of L/R situs (reviewed in Burdine and Schier, 2000; a right-sided pathway and, if so, what happens to ex-
pression of these genes in the absence of HH signalingCapdevila et al., 2000).

Our studies support a direct role for HH signaling in remains an open question. Unfortunately, no genes have
been reported that are only expressed on the right sidethe control of L/R situs in mammals. When both Shh

and Ihh signaling are removed, in Shh/Ihh compound of the mouse embryo at equivalent stages.
The finding that Shh and Ihh play redundant rolesmutants or Smo mutants, Nodal is expressed in the

node, but not the left lateral plate mesoderm of early suggests that the chick and mouse may utilize similar
pathways to initiate L/R development. Indeed, the anti-somite stage embryos (the time when molecular asym-

metry is first observed). As a consequence, there is a body used in Shh blocking experiments in the chick
embryo (Levin et al., 1995) actually recognizes both Shhcomplete failure of the left-side program of develop-

ment. The apparently normal bilateral expression of and Ihh in the mouse, raising the possibility that the
chick manipulations may have inhibited both Shh andother genes within the lateral plate mesoderm indicates
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Figure 7. Model for the Role of HH Signaling
in Regulation of L/R Asymmetry in the Mouse

Shh and Ihh signaling in the mouse node acts
upstream of Gdf1, which is required for the
induction of asymmetric gene expression in
the left lateral plate mesoderm. HH signaling
is also required, most likely indirectly, for nor-
mal levels of Nodal expression in the node.
Whether node-derived Nodal plays a role in
the regulation of L/R asymmetry is not cur-
rently known.

Ihh signaling. However, studies in the chick indicate gesting that the cardiac tube is not directly responding
to HH signaling or that HH signaling may act at an earlierthat activation of HH signaling in the right lateral plate

mesoderm is sufficient to ectopically activate Nodal and stage of cardiac development. Cardiac precursors origi-
nate from the anterior primitive streak (Lyons, 1996)a left-side specific pathway whereas in the mouse, it is

not, as constitutive activation of HH signaling in Ptc1 where they may be exposed to HH signaling from the
node (both Shh and Ihh) and visceral endoderm (Ihhmutants does not alter Nodal expression. Thus, it ap-

pears that in the chick, HH signaling may play a direct only). Alternatively, cardiac precursors may receive Shh
and Ihh signals from the definitive endoderm, a tissuerole outside of the node in regulating the left pathway

of factors in adjacent mesodermal populations whereas known to regulate cardiac development. By 9.0 dpc,
Smo mutants express normal levels of Nkx2.5, sug-in the mouse, HH signaling within the node may be the

key regulatory event. gesting that there may be both HH-dependent and HH-
independent phases in Nkx2.5 regulation. At this stage,
we also observe appropriate regulation of MCL2V, aHedgehog Signaling and Heart Development
ventricular target of Nkx2.5 (Lyons et al., 1995). Thus,Although the loss of left-side marker expression in Smo
Smo mutant hearts appear to undergo ventricular differ-mutants can largely be explained by the loss of Gdf1,
entiation despite the initial delay in cardiac developmentGdf1 mutant embryos undergo heart looping, albeit in
and failure of looping morphogenesis.a randomized direction. In contrast, the heart of a Smo

mutant remains as a linear midline tube. Indeed, almost
all mutants in L/R situs still undergo looping morphogen- A Role for Ihh in Somite Patterning

Earlier work has shown that midline signals, from theesis of the heart (Burdine and Schier, 2000). Thus, L/R
signaling does not appear to directly regulate looping notochord and ventral neural tube, are required for in-

duction of sclerotome, the precursors of the axial skele-per se, but rather to bias this process so that normally
only rightward looping occurs. We suggest that the se- ton (reviewed in Dockter, 2000). The demonstration that

Shh induces sclerotomal markers and can substitute forvere linear heart tube defect observed in Smo mutants
may reflect a distinct role for HH signaling in cardiac axial tissues in this role suggests that Shh is the midline

signal. However, although Shh mutants have no axialmorphogenesis. In support of this argument, heart tube
formation was significantly delayed in Smo mutants, skeleton, examination of the sclerotomal marker Pax1

indicated that sclerotomal cells were initially specified,which is not the case in other mutants where the regula-
tion of L/R asymmetry is disrupted. Correlated with this but underwent cell death at later stages (Chiang et al.,

1996). This has led to the proposal that Shh is a mitogen/delay, expression of Nkx2.5, a transcriptional regulator
essential for heart looping (Lyons et al., 1995), was survival factor for the sclerotome and not its inducer

(Teillet et al., 1998). Our data indicate that Ptc1 remainsbarely detectable in the cardiac region of head-fold
stage Smo mutant embryos. These observations sug- upregulated in the somites of Shh mutants, indicating

that Shh-independent signaling is likely to be occurring.gest a possible link between HH signaling and Nkx2.5
regulation. However, Ptc1 expression is not observed Ihh is expressed in endoderm and visceral endoderm

that underlie the somites. Therefore, it is well positionedin heart precursors at this time (data not shown), sug-
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