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Sonic hedgehog-dependent synthesis of laminin a1 controls
basement membrane assembly in the myotome

Claire Anderson', Sélveig Thorsteinsdéttir? and Anne-Gaélle Borycki'*

Basement membranes have essential structural and signalling roles in tissue morphogenesis during embryonic development, but
the mechanisms that control their formation are still poorly understood. Laminins are key components of basement membranes
and are thought to be essential for initiation of basement membrane assembly. Here, we report that muscle progenitor cells
populating the myotome migrate aberrantly in the ventral somite in the absence of sonic hedgehog (Shh) signalling, and we show
that this defect is due to the failure to form a myotomal basement membrane. We reveal that expression of Lama1, which encodes
laminin o1, a subunit of laminin-111, is not activated in Shh™~ embryos. Recovery of Lama1 expression or addition of exogenous
laminin-111to Shh™”-;Gli3”~ embryos restores the myotomal basement membrane, demonstrating that laminin-111 is necessary and
sufficient to initiate assembly of the myotomal basement membrane. This study uncovers an essential role for Shh signalling in the

control of laminin-111 synthesis and in the initiation of basement membrane assembly in the myotome. Furthermore, our data
indicate that laminin-111 function cannot be compensated by laminin-511.
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INTRODUCTION

Skeletal muscles originate mostly from the dermomyotome, an
epithelial structure forming in the dorsal somitic compartment,
which contains Pax3-positive progenitor cells for trunk and limb
skeletal muscles. The myotome is a transient somitic structure
located underneath the dermomyotome. This is where myogenesis
is initiated during embryonic development when the myogenic
regulatory factors, Myf5, MyoD, MRF4 and myogenin are activated
(Pownall et al., 2002). Myotome formation begins when Myf5-
positive muscle progenitor cells (MPCs) delaminate from the dorso-
medial lip of the dermomyotome, and translocate underneath it to
form the epaxial myotome (Denetclaw et al., 1997; Gros et al., 2004;
Kahane et al., 1998b; Venters et al., 1999). Previous studies have
shown that a first wave of MPCs populate the entire extent of the
epaxial myotome, elongate in a bi-directional manner along the
rostro-caudal axis and differentiate into myocytes (Gros et al., 2004;
Venters et al., 1999). Coinciding with their entry in the myotome,
MPCs initiate and upregulate the expression of the laminin
receptors, integrin 6B 1 and dystroglycan (Anderson et al., 2007,
Bajanca et al., 2004; Cachaco et al., 2005), and begin assembling the
myotomal basement membrane that separates myotome from
sclerotome (Bajanca et al., 2004; Tosney et al., 1994). As
development proceeds, a second wave of MPCs sequentially
populate the myotome from the caudal, rostral and lateral edges of
the dermomyotome and participate in the formation of the central
and hypaxial myotomes, respectively (Gros et al., 2004; Kahane et
al., 1998a; Kahane et al., 2002). During this phase, basement
membrane components are progressively added, leading to the
formation of a continuous myotomal basement membrane in rostral
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somites. This strongly suggests that the myotomal basement
membrane has an important structural function that shapes and
separates the myotome from the underlying sclerotome. It also acts
as a scaffold for the migration of MPCs and non-muscle cells, such
as neural crest cells (Tosney et al., 1994). Finally, it might have an
important signalling function that controls MPC behaviour. Indeed,
no myotomal basement membrane forms in the absence of Myf5,
and MPCs migrate aberrantly in the dorsal and ventral somite, adopt
non-myogenic cell fates and fail to form a myotome (Tajbakhsh et
al., 1996a). Furthermore, blockade of the interaction of laminin with
its receptor, ol6B1 integrin, in primary MPCs also results in severe
disruption in myotome formation (Bajanca et al., 2006). These
observations suggest that timely formation of the myotomal
basement membrane has a crucial role on the subsequent patterning
and growth of the myotome.

Basement membranes are specialised extracellular matrix
structures that consist mainly of the glycoproteins laminin and
nidogen, of collagen IV, and of the heparan sulphate proteoglycan
(HSPGQG) perlecan, and are key to several cellular processes such as
migration, proliferation, differentiation and morphogenesis that
control early embryonic development. Laminin is a heterotrimer
made of three subunits o, B and y, which assemble into a cross-
shaped macromolecule (Colognato and Yurchenco, 2000). In the
mouse embryo, laminin-111 (at1B17y1, formerly known as laminin
1) and laminin-511 (05171, formerly known as laminin 10) are the
primary laminins expressed during early stages of myotome
formation (Cachaco et al., 2005; Li et al., 2003). Basement
membrane assembly remains incompletely elucidated. However,
because both laminin and collagen IV can self-assemble to form
polymeric chains in vitro (Cheng et al., 1997; Yurchenco and Ruben,
1987), it has been proposed that laminin self-assembly into polymers
incorporated into the nascent basement membrane constitutes the
first and a prerequisite step for the integration of other basement
membrane components (Li et al., 2002). Consistent with this
hypothesis, laminin B1 (LambI) and laminin y1 (Lamgl) mouse
knockout embryos and ES embryoid bodies fail to form basement
membranes and die at peri-implantation stages (Li et al., 2002;
Miner et al., 2004; Smyth et al., 1999). By contrast, collagen IV,
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nidogen-1, nidogen-2 and perlecan mouse mutant embryos have a
late embryonic lethality and partially affected basement membranes,
which is consistent with roles in basement membrane stability and
signalling, but not assembly (Bader et al., 2005; Costell et al., 1999;
Poschl et al., 2004). Thus, a current model suggests that nidogen acts
as a link between the laminin polymer and the collagen I'V polymer,
bringing together laminin and collagen IV networks and recruiting
perlecan, although perlecan can also directly bind to laminin (Timpl
and Brown, 1996).

Basement membranes attach to the cell surface through the
laminin receptors, integrins and dystroglycan. In the mouse and
chick embryo, a6B1, alB1 and o7B1 integrins are the primary
laminin receptors expressed in the myotome, with 6B 1 integrin
being the earliest laminin receptor expressed at the surface of
primary epaxial MPCs (Bajanca et al., 2004; Bronner-Fraser et al.,
1992; Cachaco et al., 2005; Duband et al., 1992; Gullberg et al.,
1999). Likewise, dystroglycan is upregulated when MPCs enter the
epaxial myotome, and becomes polarised as the myotomal basement
membrane assembles (Anderson et al., 2007). Previous studies have
led to the hypothesis that dystroglycan and integrin are not involved
in basement membrane assembly per se, but anchor and cluster
laminin to the cell surface, thus facilitating its polymerisation and
stabilising the nascent polymer network (Yurchenco et al., 2004). In
addition to its anchoring role to the cell surface, the binding of
laminin to its receptors also triggers cell signalling and establishes
a link between the actin cytoskeleton and the extracellular matrix
(Danen and Sonnenberg, 2003; Winder, 2001).

We have previously shown that Myf5 expression in primary
epaxial MPCs requires sonic hedgehog (Shh) signalling (Borycki et
al., 1999; Chiang et al., 1996; Gustafsson et al., 2002). Shh mediates
its effect through the Gli family of zinc finger transcription factors,
and previous work showed that Gli2 and Gli3 are essential effectors
of Shh signals in somites (Buttitta et al., 2003; McDermott et al.,
2005). Here, we report that in the absence of Shh signalling, the
myotome is abnormally patterned and myotomal cells are
abnormally located in the ventral somite. We demonstrate that this
defect is due to a failure to assemble a continuous basement
membrane. Our genetic and embryological analyses further indicate
that Shh signalling controls Lamal gene expression, suggesting that
laminin-111, but not laminin-511 is crucial for the formation of the
myotomal basement membrane. Furthermore, we show that
laminin-111 is necessary and sufficient to initiate basement
membrane formation, indicating that laminin-111 has specific, non-
overlapping role in myotomal basement membrane assembly.
Together, our data reveal a novel role for Shh signalling in the
control of basement membrane assembly and provide a framework
for future studies linking intercellular signalling, actin cytoskeleton
architecture and cell behaviour in normal development and in
diseased tissues.

MATERIALS AND METHODS

Mouse lines

Gli2 and Gli3XtJ mice were maintained as heterozygous and crossed to
generate different mutant combination. Sh4 mice (kindly provided by M.
Maconochie, MRC Mouse Genetics Unit, Harwell, UK), also maintained as
heterozygous, were crossed to Gl/i3XtJ heterozygous mice to generate
Shh,;Gli3 double mutant embryos. Embryonic day (E) 0.5 was the day
vaginal plugs were found. Embryos were harvested between E9.0 and E10.5
by caesarian section, and genotyping was performed on yolk sac DNA by
polymerase chain reaction (PCR) with primers described previously (Chiang
etal., 1996; Maynard et al., 2002; Mo et al., 1997).

Immunohistochemistry

Immunofluorescence was essentially performed as described previously
(Anderson et al., 2007). Primary antibodies used in this study were mouse
anti-B-dystroglycan MANDAG-2 (Pereboev et al., 2001) at a dilution of
1:50, rabbit anti-laminin (L 9393, Sigma) at 1:100, anti-B1-laminin
(MAB1905, Chemicon) at 1:50, anti-o.1-laminin (MAB1903, Chemicon) at
1:800, anti-o.5 laminin (a gift from J. Miner, Washington University, St
Louis, MO, USA) at 1:800, anti-Perlecan (MAB1948, Chemicon) at 1:100,
anti-Myogenin (F5D, Hybridoma Bank) at 1:100, anti-o6-integrin (CD49f,
Abd Serotec, CD49f) at 1:100, anti-Entactin/Nidogen (RT-797-P0, Thermo
Fisher Scientific) at 1:100, rabbit anti-collagen IV (AB756P, Chemicon) at
1:100, mouse anti- Pax3 (Hybridoma Bank) at 1:100 and rabbit anti-Myf5
(sc-302, Santa Cruz) at 1:1000. Secondary antibodies included Alexa Fluor
594-conjugated goat anti-mouse (A11005, Molecular Probes), Alexa Fluor
594-conjugated goat anti-rabbit (A11012, Molecular Probes) diluted at
1:500 and FITC-conjugated goat anti-rat (112-095-003, Jackson
ImmunoResearch), FITC-conjugated rabbit anti-mouse (315-095-045,
Jackson ImmunoResearch), and goat anti-rabbit Cy2 (111-225-144, Jackson
ImmunoResearch) at 1:200. Images were captured on a SP1 laser-scanning
confocal microscope (Leica), and processed using ImageJ and Photoshop
(Adobe) software.

Electron microscopy

Embryonic tissue was fixed at 4°C in 3% EM-grade glutaraldehyde in 0.1
M sodium cacodylate buffer, pH 7.3, and post-fixed at 4°C in 1% osmium
tetroxide in 0.1 M sodium cacodylate buffer. The tissue was then serially
dehydrated into 100% ethanol, before being equilibrated in propylene oxide,
then in Araldite resin containing benzyldimethylamine (BDMA). Ultra-thin
sections (80 nm) were cut using a diamond knife (Diatome) and collected
onto Formvar-coated, slot and 50-mesh EM-grade copper grids. Sections
were stained with a 5% solution of uranyl acetate and with Reynolds solution
(Lead citrate). Grids were inspected on a Technai Spirit transmission
electron microscope. Images were captured on a Gatan camera and
processed using Gatan software and ImageJ.

Cloning of mouse Lama1 and Lama5

Mouse Lamal and Lama5 cDNA fragments were cloned by RT-PCR from
E9.5 mouse embryo mRNA using the following primers: Lamal forward,
5'-ACCGCAGGACACTCCTGTCAGG-3' and Lamal-reverse, 5'-TTA-
CGCGCCGTCTGGTTC-3'; Lama5 forward, 5'-AAGGATCTCCAGG-
CGATGCC-3" and Lama5 reverse, 5'-TTGTGCCTCCTGGATCTGGG-3'.
PCR conditions were 5 minutes at 94°C followed by 34 cycles 94°C for
1 minute, 58°C or 56°C for 1 minute, 72°C for 1 minute, and a final cycle at
72°C for 10 minutes. PCR fragments were subcloned into the pCRII TOPO
vector (Invitrogen) and sequenced (ABI Prism).

In situ hybridisation

Embryos were fixed overnight at 4°C in 4% formaldehyde with 2 mM
EGTA in PBS, pH 7.5, rinsed in PTW (PBS + 0.1% Tween-20), and
processed for whole-mount in situ hybridisation as described previously
(Borycki et al., 1999). Whole-mount images were captured using a Spot
digital camera (SPOT INSIGHT Colour) and a Leica stereomicroscope.
Transverse sections (80 wm) were obtained from embryos embedded in 2%
agarose in PBS, sectioned using a Vibratome 1500, and mounted in
Glycergel (Dako). Sections were photographed on a DMR microscope using
DIC optics (Leica) and captured using a Leica camera DC300FX.

Explant cultures

Explant culture was performed essentially as described (Bajanca et al.,
2006). Briefly, E10.5 Shi=;Gli3" and Shh™~;Gli3” mouse embryos were
harvested in Dulbecco’s modified Eagle’s medium-F12 (DMEM-F12,
Gibco) supplemented with 4 mM L-glutamine, 1% penicillin-streptomycin,
1% sodium pyruvate and 10% fetal bovine serum (Gibco). Explants were
cultured at 37°C in a 5% CO, atmosphere for 12 hours. Experimental
explants were cultured with 30 pg/ml laminin-111 (Chemicon), control
explants were cultured in medium containing the equivalent amount of
buffer (5 mM Tris-HCI, 150 mM NaCl, 2 mM EDTA).



Shh and myotomal basement membrane assembly

RESEARCH ARTICLE 3497

RESULTS

Abnormal myotome patterning in the absence of
Shh-Gli signalling

The first MPCs to colonise the myotome are derived from the dorso-
medial lip of the dermomyotome and express Myf5 under the control
of Shh signalling (Borycki et al., 1999). Soon after their entry into
the myotome, MPCs begin to express myogenin (Myog) and
differentiate (Venters et al., 1999). In the absence of Shh signalling,
dorso-medial lip cells of the dermomyotome do not activate Myf5
and are not specified to the epaxial muscle lineage, resulting in a
delay in Myog activation and myotome formation (Borycki et al.,
1999; McDermott et al., 2005). However by E10.0, myotome
formation is visible in Shi”~ embryos, presumably occurring
through the second wave of colonisation by MPCs derived from the
lateral hypaxial, and perhaps caudal and rostral, domains of the
dermomyotome that express Myf5 under distinct regulatory
mechanisms (Hadchouel et al., 2000; Summerbell et al., 2000).
Noticeably, the myotome of Shi~~ embryos displays an abnormal
arrangement, with cells located in the ventro-medial somite (Borycki
et al., 1999). To investigate this defect further, we examined Myf5
mRNA and protein expression in the myotome of E9.5 mutant
embryos for Shh, and for Gli2 and Gli3, which mediate Shh
signalling (Fig. 1 and see Fig. S1 in the supplementary material). In
wild-type embryos, Myf5-expressing cells delaminated from the
dorso-medial lip of the dermomyotome and colonised the epaxial
myotome as a thin cell layer located between the sclerotome and
dermomyotome (Fig. 1A-C). By contrast, Skh™~ and Gli2”~;Gli3 ™~
embryos, which fail to activate Myf5 in primary epaxial MPCs and
express it with a delay in the second wave of MPCs populating the
myotome (Borycki et al., 1999; McDermott et al., 2005), had a
marked defect in somite morphology and myotome formation: (1)
the dorso-medial lip of the dermomyotome extended ventrally along
the neural tube; (2) Myf5-expressing cells migrated aberrantly into
the ventral somite and failed to form a regular sheet underneath the
dermomyotome (white arrows in Fig. 1E,F,H,I). Intermediate
compound Gli2"";Gli3” and Gli277;Gli3"~ mutant embryos
displayed progressive severity of the defect (see Fig. S1 in the
supplementary material). These observations indicate that in the
absence of Gli-mediated Shh signalling, the myotome is abnormally
patterned and MPCs display aberrant migratory behaviour.

A myotomal basement membrane does not form
in the absence of Shh-Gli signalling
The abnormal migration of MPCs into ventral, and to a lesser extent
dorsal, somitic domains in Sh# 7~ and Gli2™:Gli3 7~ embryos evokes
the behaviour of MPCs in the absence of Myf5, which is attributed
to a loss of myotomal basement membrane (Bajanca et al., 2006;
Tajbakhsh et al., 1996b). To address whether the myotome basement
membrane forms normally in the absence of Shh or Gli signalling,
we examined the expression of laminin in E9.5 embryos using an
antibody specific to laminin B1, which is common to all laminins
expressed at early stages of myotome formation. In wild-type
embryos, laminin is first immunodetected as small speckles in the
central somitocoele of newly formed epithelial somites (data not
shown) (Anderson et al., 2007; Tosney et al., 1994). As somites
mature, laminin is observed in the basement membrane lining the
dermomyotome. This precedes the formation of the myotomal
basement membrane, which is initiated at the level of hindlimb
somites as a discontinuous sheet in E9.5 embryos. A fully assembled
continuous sheet of laminin-containing basement membrane in close
contact with Myf5-expressing myotomal cells was only visible at
the level of forelimb somites (Fig. 1C and see Fig. S1 in the
supplementary material). This contrasts with the absence of a
continuous myotomal basement membrane observed in Sk~ and
Gli27~;Gli3"~ embryos and the partial defect observed in
Gli2"~;Gli3™ and Gli27~;Gli3""~ embryos, which correlates with
the degree of ventral dispersion of cells expressing Myf5 and
myogenin (white arrows in Fig. 1F,I and Fig. SI in the
supplementary material). However, fragments of laminin polymers
that are often associated with Myf5- and myogenin-expressing cells
could be detected in these embryos (white arrowheads in Fig. 1EI),
indicating that the failure to form a continuous myotomal basement
membrane is not due to a defect in the synthesis or secretion of
laminin polymers. It is also worth noting that although there was no
myotomal basement membrane in Shh”" and Gli27;Gli3™"
embryos, other basement membranes lining tissues such as the
dermomyotome and the neural tube were unaffected (yellow
arrowheads in Fig. 1EI).

To confirm the absence of myotomal basement membrane defect,
we examined interlimb somites from E9.5 wild-type and Shi~"~
somites using transmitted electron microscopy (Fig. 2). In wild-type

Gli2"Gli3" |

Fig. 1. Myotome patterning defect in the absence of

Myf5 Dapi

Myf5/

Shh-Gli signalling correlates with loss of a laminin-
containing myotomal basement membrane.

(A-1) Myf5 (red) and B1 laminin (green) expression
examined by whole-mount in situ hybridisation (A,D,G)
and immunohistochemistry (B,C,E,F,H,1) in rostral somites
of £9.5 wild-type (A-C), Shh™ (D-F) and Gli27~;Gli3™~
(G-I) mouse embryos. (A-C) Wild-type embryos.

(D-F) Shh™ embryos. (G-I) G/i2™~;Gli3~ embryos.

Dm, dermomyotome; dml, dorso-medial lip of the
dermomyotome; sc, sclerotome. White arrows show
ventral Myf5-positive cells in E,H,F and I. White
arrowheads indicate short fragments of assembled
laminin in FI. Yellow arrowheads indicate the basement
membrane around the dorsal and ventral lips of the
dermomyotome in C,FIl. Note also the ventral extension
of the dml. Magnification: X200 and X400 (right-hand
panels in C,Fl).
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embryos, a continuous basement membrane was visible in the
medial myotome (red arrowheads in Fig. 2B,C). By contrast, no
recognisable basement membrane structure (blue arrowheads in Fig.
2F) was detected at the surface of the myotomal cells that
accumulate in the centre of the dermomyotome-like structure and in
the ventral somite of Sh#~~ embryos (denoted by white asterisks in
Fig. 2D), although a normal basement membrane formed on the
basal side of the dermomyotome (red arrowheads in Fig. 2E) and
around the neural tube (data not shown).

Basement membrane components are synthesised
and secreted in the absence of Shh

To establish whether the failure to form a myotomal basement
membrane results from a defect in the synthesis of a basement
membrane component in the absence of Shh-Gli signalling, we
examined the distribution of collagen IV, perlecan and nidogen in
E9.5 Shh™ (see Fig. S2 in the supplementary material) and
Gli27~;Gli37~ (data not shown) embryos. Consistent with the
sequential assembly of laminin and collagen IV polymer networks
through the incorporation of nidogen and perlecan, wild-type
embryos displayed a continuous distribution of collagen IV, perlecan
and nidogen in forelimb somites (see Fig. S2A,C,E in the
supplementary material). By contrast, collagen IV, perlecan and
nidogen immunostaining presented a clump-like distribution that
was often associated with myogenic cells in Sk~ embryos (see Fig.
S2B,D,F in the supplementary material), indicating that collagen IV,
perlecan and nidogen are synthesised and secreted, but have not
been incorporated into a laminin network.

Laminin and collagen IV monomers can self-assemble in vitro,
although it is believed that assembly into nascent networks is
facilitated in vivo through the binding to integrins and
dystroglycans that act to recruit and cluster monomers at the cell
surface (Henry and Campbell, 1998; Li et al., 2002; Lohikangas
etal., 2001; Moore et al., 2002). To address whether laminin and
collagen network formation is affected as a result of loss of
integrin and/or dystroglycan expression, we performed
immunofluorescence detection on forelimb somites using
antibodies against a6 integrin and B-dystroglycan (Fig. 3). a6p1

Fig. 2. The myotomal basement membrane fails
to form in Shh mutant embryos. (A-F) E9.5 wild-
type (A-C) and Shh™~ (D-F) interlimb somites were
examined by transmitted electron microscopy.

(A) Wild-type somites (X 1150). (B) Higher
magnification (X4500) of framed area in A shows a
continuous basement membrane deposited at the
surface of myotomal cells (red arrowheads). (C) High
magnification of framed area in B (x34,000)
confirms the presence of a myotomal basement
membrane (red arrowheads). (D) Shh™~ somites with
myotomal cells in the ventral somite (white asterisks)
(X1150). (E,F) High magnification (x34,000) of
framed areas in D. (E) A basement membrane forms
at the basal surface of dermomyotomal cells (red
arrowheads), (F) but not at the surface of myotomal
cells (blue arrowheads). The yellow dashed line
indicates the dermomyotome. The red dashed line
marks the myotome. dm, dermomyotome; dml,
dorso-medial lip of dermomyotome; my, myotome;
nt, neural tube; mt, mitochondria. Scale bars: 5 um
in D; 0.05 um in E.

integrin is the earliest laminin receptor detected in MPCs during
early embryonic development (Bajanca et al.,, 2004). As
previously described, integrin 0.6 was present at the surface of
dermomyotomal cells (yellow arrowheads in Fig. 3A,D), and was
upregulated in Myf5-positive myotomal cells in E9.5 wild-type
embryos (white arrows in Fig. 3A,D). This expression remained
unchanged in all single and compound G/i2;Gli3 and in Shh
mutant embryos (Fig. 3B,C,E,F and see Fig. S3 in the
supplementary material), although there was an increasing
disorganisation of myotomal cells in Gli27;Gli3™,
Gli2"~Gli3™ and Shih™'~ embryos (white arrows in Fig. 3B,C,E,F
and Fig. S3 in the supplementary material). These observations
establish that the secondary wave of Myf5-expressing MPCs that
enter the myotome in the absence of Shh-Gli signalling express
61 integrin.

As we previously showed (Anderson et al., 2007), B-dystroglycan
is upregulated in wild-type MPCs as they enter the myotome (white
arrow in Fig. 3G). Likewise, Shi~and Gli27~;Gli3™", as well as in
intermediate compound mutant myotomal cells expressed [-
dystroglycan (white arrows in Fig. 3H,I and Fig. S3 in the
supplementary material), indicating that the secondary wave of
MPCs that populate the myotome in the absence of Shh signalling
upregulates and maintains dystroglycan and integrin expression. To
confirm that the laminin receptors o631 integrin and dystroglycan
were functional, we performed immunohistochemistry on wild-type
and Shi~~ embryos using antibodies against a-dystroglycan (the
subunit that binds laminin) and the activated form of B1 integrin
(CD29) (see Fig. S4 in the supplementary material). We found that
in ShA~~ embryos (see Fig. S4B,D in the supplementary material),
as in wild-type embryos (see Fig. S4A,C in the supplementary
material), o-dystroglycan and CD29 immunodetection was localised
at the cell surface of Myf5-expressing myotomal cells, despite their
aberrant location in the ventral somite (see Fig. S4D in the
supplementary material).

These observations demonstrate that despite the synthesis of
basement membrane components and the expression of functional
laminin receptors, MPCs are unable to assemble a continuous
myotomal basement membrane in the absence of Shh signalling.
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WT Shh-/- Gli2-/-;Gli3-/-

Fig. 3. The laminin receptors, 0631 integrin and dystroglycan, are
expressed in Shh mutant embryos. (A-l) 06 integrin (purple in A-C,
green in D-F) and B-dystroglycan (G-I, red) protein expression in relation
to Myf5 (A-C,G-l, green) or Pax3 (D-F, red) distribution was examined
by immunohistochemistry and confocal imaging in forelimb somites of
E9.5 wild-type (A,D,G), Shh™ (B,E,H), and Gli27~;Gli37~ (C,Fl) embryos.
(E,F) Note the increased number of Pax3-positive cells in the myotome
in Shh™ and Gli27~;Gli37~. (G-I) Note the misorientation of myotomal
cells in Gli27~;Gli3”~ embryos (white arrow in I). Yellow arrowheads
indicate receptor expression in dermomyotomal cells. White arrows
show receptor expression in myotomal cells. Magnification: X400;
X630 in insets.

Laminin-111 expression is impaired in the absence
of Shh signalling

As mentioned above, laminin-111 (o1B1y1) and laminin-511
(a5B171) are the sole laminins synthesised during early myotome
formation and differ by the type of a-chain used (Bajanca et al.,
2006). We have already established that B1 laminin is synthesised
in ShA~~ and GIi27;Gli3™"~ embryos (see Fig. 1), indicating that
at least one of these two laminins is produced. However, it is
possible that the absence of myotomal basement membrane in Shh
and G/i mutant somites is due to a defect in the synthesis of a
single laminin subunit. To test this possibility, we performed in
situ hybridisation with RNA probes that specifically recognise
genes encoding ol (Lamal) and a5 (Lama5) laminins. Consistent
with previous observations (Miner et al., 2004), abundant Lamal
mRNA was detected in the pre-somitic mesoderm and in newly
formed somites of wild-type embryos (Fig. 4A). As somites
mature, Lamal is downregulated in the dorsal somite and
remained expressed at low levels in the sclerotome (Fig. 4A,A").
Noticeably, Lamal expression was lost in somites and neural tube
of Shi™"~ embryos, although expression was unaffected in the pre-
somitic mesoderm and mesonephros (Fig. 4B,B’). In contrast to
Lamal, was not expressed in the pre-somitic mesoderm, and was
activated immediately before somite formation (Fig. 4C). In
somites, Lama5 mRNA was localised to the apical side of

dorso-medial, as well as rostral and caudal lip cells in the
dermomyotome (Fig. 4C’), although low levels of expression
were also detected in the somitocoele of newly formed somites
(data not shown). Lama5 somitic expression was unchanged in
Shh™"~ embryos, although it was mispatterned because of the
ventral extension of the dermomyotome (Fig. 4D,D’). This
contrasts with the loss of Lama5 expression in the neural tube of
Shh™~ embryos, which probably results from the dorsalisation of
the neural tube in these embryos. Thus, the absence of Shh
signalling impairs transcriptional activation of Lamal, but not
Lamal, in somites. Consistent with this finding, immunodetection
of laminin o1 was lost in sclerotome and myotome, and was
greatly reduced in the neural tube of Sh4~~ embryos (compare
Fig. 4B” with 4A"), whereas polymeric fragments containing
laminin o5 are detected in Shkh~~ somites (Fig. 4C",D"). As
epaxial muscle progenitor cells located in the dorso-medial lip of
the dermomyotome primarily expressed Lama5 and not Lamal,
our data raise the interesting hypothesis that sclerotome-derived
laminin-111 is crucial to initiate assembly of the myotomal
basement membrane and that laminin-511 is not sufficient to
initiate basement membrane assembly in the myotome.

Myotomal basement membrane assembly is
partially restored in Shh™";Gli3”- embryos

The failure to produce laminin ol in Sh#~~ newly formed somites
is reminiscent of other somitic defects previously characterised in
Shh-null embryos that affect both the ventral sclerotomal and the
dorsal dermomyotomal compartments (Borycki et al., 1999; Buttitta
etal., 2003; Chiang et al., 1996; McDermott et al., 2005). Thus, it is
possible that the failure to activate Lamal expression in Shh™'
somites is secondary to the lack of cell fate specification of somitic
cells rather than a direct effect of Shh signalling on laminin-111
production. Interestingly, cell fate specification is recovered in
Shh™=;Gli3”~ compound mutant embryos, owing to the removal of
the Gli3 repressor function unleashed in the absence of Shh. Thus,
Myf5 activation in epaxial MPCs and early epaxial myotome
formation is recovered (McDermott et al., 2005), and Paxl
activation and sclerotome formation is restored (Buttitta et al.,
2003). Furthermore, cell death that occurs in the ventral sclerotomal
compartment in Shk~ somites is abrogated (Borycki et al., 1999;
Litingtung and Chiang, 2000). Thus, we assessed whether basement
membrane assembly and Lamal expression was restored in
Shh™=;Gli3"~ and Shh™~;Gli37~ embryos. In E9.5 Shi™~;Gli3""~
embryos, epaxial Myf5 expression is only partially restored and
remains delayed (McDermott et al., 2005), no continuous basement
membrane is observed, and Lamal expression is absent in interlimb
somites (see Fig. S5 in the supplementary material). In E9.5 and
E10.0 Shh™;Gli37~ embryos, sclerotomal Pax] expression and
epaxial Myf5 activation are fully restored and apoptosis is prevented
(Borycki et al., 1999; Buttitta et al., 2003; McDermott et al., 2005),
resulting in the recovery of the primary wave of MPCs in the
myotome (asterisk in Fig. SD-F and Fig. S5 in the supplementary
material). Consistent with this observation, laminin 1
immunoreactivity, which was scattered in Sk~ embryos (Fig. 5A-
C), displayed a higher degree of organisation in Shh™—;Gli3™~
embryos (white arrows in Fig. 5D-F). However, the myotomal
basement membrane in Shi'";Gli3”~ embryos was qualitatively
poor and presented numerous disruptions at hindlimb and interlimb
levels (compare Fig. 5SD,E with 5G,H), leading to Myf5-positive
MPCs aberrantly located in the ventral somite (red arrows in Fig.
5D). Interestingly, a nearly continuous basement membrane was
present at forelimb level in Sh/~;Gli37~ embryos (white arrows in
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Fig. 4. Laminin a1 expression is disrupted in the absence of Shh signalling. (A-E”) Whole-mount in situ hybridisation was performed on E9.5
wild-type (A,A’,C,C"), Shh™ (B,B’,D,D") and Shh™~,Gli3 (E,E’,E") mouse embryos using DIG-labelled RNA probes for Lama7 (A,B,E) and Lama5
(C,D). Laminin a1 (A”) and a5 (C") were also detected by immunofluorescence. (A,A") LamaT expression in wild-type embryos. (A”) Laminin o1
immunodetection in wild-type interlimb somites. (B,B’) Lama1 expression in Shh™ embryos. Transverse sections of newly-formed (inset in A and B)
and interlimb (A’,B’) somites are shown. (B”) Laminin a1 immunodetection in Shh™~ interlimb somites. (C,C’) Lama5 expression in wild-type
embryos. (C") Laminin o5 immunodetection in wild-type interlimb somites. (D,D’) Lama5 expression in Shh™~ embryos. Transverse sections of
interlimb somites (C’,D’) are shown. (D”) Laminin o5 immunodetection in wild-type interlimb somites. (E,E’',E”) LamaT expression in Gli37;Shh™"
embryos. The position of transverse sections shown in E’ and E” is indicated. Yellow arrows and red asterisks show Lama7 expression in the pre-
somitic mesoderm and newly-formed somites, respectively. Red arrows indicate sites of expression affected in the absence of Shh. Blue asterisks
indicate Lama5 expression in newly formed somites, and blue arrowheads show dermomyotomal expression. s, sclerotome; dm, dermomyotome.

Magnification: X250 (A-E) and X400 (A’-E',A"-E").

Fig. 5F), which coincides with the progressive recovery of Lamal
transcription (Fig. 4E), suggesting that basement membrane
assembly can occur with a delay in the absence of Shh and Gli3, and
that laminin ol is the limiting factor for the formation of the
myotomal basement membrane.

Exogenous laminin-111 is sufficient to restore
myotomal basement membrane formation

To address whether laminin-111 is necessary and sufficient for
myotomal basement membrane formation, we tested whether
providing exogenous laminin-111 to Shh~”";Gli3"~ and
Shh™=;Gli37~ embryos was sufficient to restore the myotomal
basement membrane. E10.5 wild-type, Shh™";Gli3"~ and
Shh™=;Gli37~ embryos were cultured for 12 hours in the presence
of 30 pg/ml laminin-111 and analysed by immunofluorescence for
the presence of a myotomal basement membrane (Fig. 6).
Consistent with our previous observations (Fig. 5 and see Fig. S5
in the supplementary material), ShA~";Gli3"~ and Shh™;Gli3 ™~
posterior somites failed to form a continuous myotomal basement
membrane when cultured in control medium (Fig. 6A,B).
However, we observed that myotomal basement membrane
formation was restored in Shh~;Gli3~~ embryos cultured in the
presence of 30 pg/ml of purified laminin-111 (n=3; Fig. 6C,D).
Despite this, we observed aberrantly located myotomal cells that
must have migrated ventrally before the addition of laminin. It is
worth noting that no continuous myotomal basement membrane
was observed in ShiGli3"~ somites cultured in the presence of
exogenous laminin-111 (data not shown). This observation
suggests that the dosage of laminin-111 in somites is crucial for

myotomal basement membrane assembly, and in Shh™";Gli3""
embryos, laminin-111 concentration is sub-optimal for myotomal
basement membrane assembly. Together, these data demonstrate
that laminin-111 is crucial to initiate assembly of the myotomal
basement membrane.

DISCUSSION

In addition to their structural role, basement membranes have an
important role in the control of cell behaviour, in particular in the
control of cell proliferation and differentiation, cell polarity and
migration, as well as modulating cell signalling. The laminin-rich
basement membrane that forms and separates the myotome from the
underlying sclerotome during somite maturation regulates muscle
and non-muscle cell behaviour. Indeed, neural crest cells use the
myotomal basement membrane during their migration into somites
(Tosney et al., 1994). Furthermore, muscle progenitor cells display
aberrant migration when the myotomal basement membrane fails to
form in Myf5~~ embryos (Tajbakhsh et al., 1996b) or when a6B1
laminin binding is prevented (Bajanca et al., 2006; Tajbakhsh et al.,
1996b). Yet, the mechanisms that control myotomal basement
membrane formation remain elusive. Here, we report on the failure
to form a myotomal basement membrane in the absence of Shh
signalling, which leads to abnormal muscle progenitor cell migration
and cell differentiation. We show that Shh signalling is required for
laminin-111 expression and that in the absence of laminin-111,
laminin-511 is unable to compensate and mediate the assembly of
the myotomal basement membrane. Our findings indicate that
laminin-111 is the rate-limiting factor in basement membrane
assembly in the myotome. This study identifies for the first time a
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Fig. 5. Progressive recovery of myotomal basement membrane in
Gli3~;Shh™- embryos. (A1) B1 laminin subunit (green) and Myf5 (red)
protein distribution examined by immunohistochemistry and confocal
imaging in somites of E10.0 Shh™~ (A-C), Shh™=:Gli37~ (D-F), and wild-
type (G-l) embryos. (A-C) Shh™~ embryos. (D-F) Shh™=;Gli37~ somites.
Note the recovery of epaxial Myf5 activation at all axial levels (white
asterisk). (G-I) Wild-type embryos. Yellow arrowheads indicate the
dermomyotomal basement membrane. Red arrows show abnormally
located myotomal cells. White arrows indicate sites of partially
assembled basement membrane. Magnification: X400.

direct link between the developmental signal Shh and the synthesis
of a basement membrane component that regulates important cell
behaviour, such as migration and differentiation. This finding might
have important implications in the development of other Shh-
dependent organs, and in our understanding of disease mechanisms
associated with Shh signalling, including those in degenerative and
neoplasmic disorders.

Shh signalling controls the formation of the
myotomal basement membrane, independently
of Myf5

The first mesodermal cells to be specified to the muscle lineage
in the embryo are the epaxial MPCs born in the dorso-medial lip
of the dermomyotome. Their specification is dependent on Myf5
activity, because neither MyoD nor Mrf4 are expressed at this
stage (E8.5) (Ott et al., 1991; Sassoon et al., 1989; Summerbell et
al., 2002), and requires both Shh and Wnt signalling (Borello et
al., 2006; Borycki et al., 1999). The second wave of MPCs that
contribute to the myotome express Myf5 independently of Shh
signalling (Borycki et al., 1999), because a distinct enhancer,
other than the Shh-dependent epaxial enhancer, controls this
expression (Buchberger et al., 2003; Carvajal et al., 2001;
Hadchouel et al., 2003; Hadchouel et al., 2000; Summerbell et al.,
2000). Myf5nlaczmacZ empryos lack a myotomal basement
membrane (Tajbakhsh et al., 1996b) as a result of loss of a6 1
integrin expression in epaxial MPCs (Bajanca et al., 2006). Since
epaxial MPCs fail to activate Myf5 in Shh~~ embryos, it was
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Fig. 6. Exogenous laminin-111 restores myotomal basement
membrane formation. (A-D) Laminin (green) and Myf5 (red)
distribution in E10.5 Shh™=;Gli37~ embryos cultured for 12 hours in
control medium (A,B) or in the presence of laminin-111 (30 ug/ml)
(C,D). (A) No myotomal basement membrane forms in Shh™=Gli37-
hindlimb somites, whereas (B) a higher degree of organisation is
observed in Shh™~;Gli3”~ interlimb somites in control medium. By
contrast, Shh™;Gli37~ hindlimb (C) and interlimb (D) somites form a
myotomal basement membrane when cultured in the presence of
laminin-111 (red arrows). Yellow arrowheads indicate the
dermomyotomal basement membrane. Magnification: x200.

possible that, as suggested before (Cinnamon et al., 2001; Kahane
et al., 2007), a population of Myf5-expressing pioneer cells
emanating from the dorsal medial lip of the dermomyotome was
essential for myotomal basement membrane formation. However,
our data do not favour this possibility, because we observed no
correlation between the recovery of Myf5-expressing pioneer
cells (and the presence of a6B1 integrin on these Myf5-positive
cells) in Gli37;Shh~~ embryos and recovery of the myotomal
basement membrane assembly. Instead, we observed a striking
parallel between the timing of Lamal expression and the gradual
recovery of basement membrane assembly in the myotome of
Gli3";Shi™"~ embryos. A similar correlation is observed between
Lamal expression and the extent of myotomal basement
membrane defect found in G/i2;Gli3 and Gli3;Shh compound
mutant embryos. This indicates that the primary cause for
myotomal basement membrane disruption in Sh4 ™~ somites is not
the loss of epaxial pioneer MPCs, because although those are
present in posterior G/i3~~;Shh™~ somites, no myotomal basement
membrane forms. Rather, our results indicate that failure in
laminin assembly in Shi”~ embryos is due to the absence of
laminin-111. This implies that although Myf5 and 061 integrin
are necessary for the formation of the myotomal basement
membrane (Bajanca et al., 2006), they are not sufficient in the
absence of laminin-111, and levels of laminin-111 in somites
dictate the degree of basement membrane assembly in the
myotome. Consistent with this observation, ectopic addition of
laminin-111 to Gli37;Shh™~ explant cultures improves
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Fig. 7. Model for myotomal basement membrane formation.

(1) Laminin a1 (green) is synthesised independently of Shh in the pre-
somitic mesoderm. (2) Laminin a1 is synthesised under the control of
Shh signalling (purple arrow) in the paraxial mesoderm at the time
somites form and assembles with B1 and y1 laminin chains into a
laminin-111 network in the sclerotome/somitocoele. (3) Under Shh
signalling, dorso-medial lip cells in the dermomyotome activate Myf5
(orange), which is required to upregulate the expression of the laminin
receptor, a6fB1 integrin (blue), in MPCs that delaminate and populate
the myotome. Dorso-medial lip cells also synthesise laminin a5, which
presumably begin to polymerise. However, laminin-511 cannot initiate
myotomal basement membrane assembly. This requires laminin-111,
which we hypothesise interacts with higher affinity to a receptor
molecule present at the surface of MPCs through its LG domains. Once
initiated, the myotomal basement membrane incorporates laminin-511
and other extracellular matrix components such as collagen IV, perlecan
and nidogen to form a continuous, stable myotomal basement
membrane.

considerably the degree of laminin assembly. Thus, we propose
the following model that reveals a two-step requirement for Shh
signalling for myotomal basement membrane formation (Fig. 7):
(1) Shh signalling controls Lamal expression in newly formed
somites and in the sclerotome, allowing for the gradual
accumulation of laminin-111 protein in the sclerotome, which is
required to initiate myotomal basement assembly; (2) Shh is also
essential for the activation of Myf5 in epaxial MPCs, which in
turn controls the expression of the laminin receptor 061 integrin.

Our data indicate also that the source of laminin-111 is local and
probably originates from the somite. Indeed, Lamal is expressed at
high levels in the pre-somitic mesoderm (Fig. 4A), but in contrast to
somites, this expression is not affected in Shi™~ embryos (Fig. 4B).
Thus, laminin-111 produced in the pre-somitic mesoderm probably
does not contribute to the myotomal basement membrane and
cannot compensate for the loss of somitic laminin-111 in Shk~~
embryos. We suggest that it is incorporated in basement membranes
surrounding somites or the neural tube that are not affected in Shi~"~
embryos. This would explain why in the absence of Lama5 and
Lamal expression, a basement membrane forms around the neural
tube. Alternatively, another laminin o-subunit might be expressed
and compensate for the loss of al and a5 laminins. In somites,
Lamal mRNA is abundant in the first two or three newly formed
somites and is then present at low levels in the sclerotome. This is
consistent with our observation that laminin 1 is found in the
somitocoele, and indicates that laminin-111 is synthesised and
secreted by sclerotomal cells, and assembled and incorporated into
the myotomal basement membrane via its interaction with laminin

receptors expressed at the surface of myotomal cells. The
evolutionary significance of this interdependent relationship
between sclerotome and myotome might lie in the increasing
bearing of the axial skeleton on the development of skeletal muscles
in amniotes, and might represent a novel feature in evolution.
Indeed, amphibians and fish have a limited sclerotome, and the
basement membrane forming at intersomitic boundaries acts as a
myotomal boundary. Despite this divergence, there is a remarkable
conservation in the requirement for Shh signalling in laminin
assembly and incorporation into the myotomal boundary basement
membrane in the zebrafish (Henry et al., 2005), suggesting an
ancestral role for Hedgehog signalling in basement membrane
assembly.

Differential requirement for Gli2 and Gli3 in
myotomal basement membrane assembly

It remains now to establish whether Shh controls Lamal expression
directly or indirectly. Lamal, which encodes laminin o1, spans
about 150 kb and contains 63 exons. The differential effect of loss
of Shh on pre-somitic and somitic Lamal expression suggests that
at least two distinct enhancers may control paraxial mesoderm
expression of Lamal. Alternatively, it is possible that the same
enhancer controls both sites of expression, because we showed that
the pre-somitic mesoderm is not competent to respond to Shh
signalling owing to the absence of Gli proteins (Borycki et al., 2000;
McDermott et al., 2005). Two studies have unveiled a putative
promoter or enhancer region upstream of exon 1 of Lamal (Niimi
et al., 2003; Piccinni et al., 2004). Further work is required to
establish whether Shh-Gli signalling affects this transcriptional
activity directly. Nevertheless, our data indicate that Lamal
expression is differentially sensitive to Gli2 and Gli3, and to loss of
Gli activator and repressor function. First, the myotomal basement
membrane is more severely affected in Gli27;Gli3"~ embryos than
in GIi2";Gli3”~ embryos, suggesting that Lamal expression in
somites is primarily controlled by Gli2. Second, Lamal, similarly
to Pax1 and Myf3, is a Shh-dependent somitic gene (Borycki et al.,
1999; Chiang et al., 1996; Fan et al., 1995). However, unlike Pax/
and Myf3, which are immediately restored in G/i37~;Sh/i™~ embryos
(Buttitta et al., 2003; McDermott et al., 2005), Lamal expression is
only recovered after a delay. Thus, Lamal transcription is more
sensitive to loss of Gli activator function than to the presence of Gli
repressor activity.

Laminin-111 is required for myotomal basement
membrane assembly

Our data indicate that despite being expressed in the dorso-medial
lip of the dermomyotome, which contains muscle progenitor cells,
laminin-511 is not sufficient to initiate basement membrane
formation in the absence of laminin-111 in Sk~ embryos. This
suggests that laminin-111 has specific characteristics enabling it to
initiate myotomal basement membrane formation, which laminin-
511 lacks. Yet, the inability of laminin-511 to compensate for the
loss of laminin-111 in myotomal basement membrane assembly is
not due to the absence of the laminin N-terminal (LN) domain
implicated in laminin self-assembly (Colognato and Yurchenco,
2000), because all three chains of laminin-511 (i.e. @53 171) contain
an LN domain. Thus, a possible hypothesis is that laminin-511
compensates for the loss of laminin-111 in some instances (Miner et
al., 2004), but not in the myotome. It remains to be established what
characteristic(s) differ between laminin ol and laminin 5.
Although it remains possible that the larger N-terminal arm of
laminin a5 (compared with that of laminin oc1) affects its function,
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the prevailing model is that the five laminin globular (LG) domains
located at the C-terminal of laminin o chains have a crucial function
in basement membrane assembly (McKee et al., 2007). These LG
domains mediate cell-matrix interactions, with LG1-3 binding
integrins and LG4-5 binding o-dystroglycan, heparin and
sulphatides (Andac et al., 1999; Li et al., 2002; Miner and
Yurchenco, 2004; Talts et al., 1999; Taraboletti et al., 1990). Thus,
one possibility is that LG domains differ between o1 and aS
laminins and confer specific functions, as documented by others (Li
et al., 2002; Scheele et al., 2005). Alternatively, laminin o5 LG
domains might have different affinity than laminin ol LG domains
for a cell surface receptor expressed by MPCs (Nishiuchi et al.,
2003; Yu and Talts, 2003). Further studies testing the ability of
chimeric o-chains to rescue myotomal basement membrane
assembly would help elucidate the identity of the laminin ol
domain(s) required.
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