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SUMMARY

Neuromuscular synapse formation requires a com-
plex exchange of signals between motor neurons
and skeletal muscle fibers, leading to the accumula-
tion of postsynaptic proteins, including acetylcholine
receptors in the muscle membrane and specialized
release sites, or active zones in the presynaptic nerve
terminal. MuSK, a receptor tyrosine kinase that is
expressed in skeletal muscle, and Agrin, a motor
neuron-derived ligand that stimulates MuSK
phosphorylation, play critical roles in synaptic differ-
entiation, as synapses do not form in their absence,
and mutations in MuSK or downstream effectors
are a major cause of a group of neuromuscular
disorders, termed congenital myasthenic syndromes
(CMS). How Agrin activates MuSK and stimulates
synaptic differentiation is not known and remains
a fundamental gap in our understanding of signaling
at neuromuscular synapses. Here, we report that
Lrp4, a member of the LDLR family, is a receptor for
Agrin, forms a complex with MuSK, and mediates
MuSK activation by Agrin.

INTRODUCTION

Understanding how signals are exchanged at neuromuscular

synapses is fundamental to understanding the principles that

govern the formation and function of synapses in the peripheral

and central nervous systems (Sanes and Lichtman, 2001). The

discovery of genes critical for forming and maintaining neuro-

muscular synapses has not only provided insight into the normal

mechanisms for synapse formation but has also led to the

identification of genes that are responsible for a group of neuro-

logical disorders termed congenital myasthenic syndromes

(CMS) and for understanding how mutations in these genes

lead to deficits in neuromuscular synapses (Engel and Sine,

2005). Further, because molecules and mechanisms that direct

the formation and maintenance of neuromuscular synapses are

likely to be utilized in the central nervous system, understanding
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how neuromuscular synapses form and work remains a

paradigm for gaining insight into the types of signaling mecha-

nisms that regulate synapse formation and function in the central

nervous system.

The formation of the neuromuscular synapse is a multistep

process requiring coordinated interactions between motor

neurons and muscle fibers, which eventually lead to the forma-

tion of a highly specialized postsynaptic membrane and a highly

differentiated nerve terminal (Arber et al., 2002; Burden, 1998;

Kummer et al., 2006; Sanes and Lichtman, 2001). As a conse-

quence, acetylcholine receptors (AChRs) become highly con-

centrated in the postsynaptic membrane and arranged in perfect

register with active zones in the presynaptic nerve terminal,

ensuring fast, robust, and reliable synaptic transmission. The

signals and mechanisms responsible for this process are poorly

understood but require the neurally derived ligand Agrin, and

MuSK, a receptor tyrosine kinase expressed in muscle (Glass

and Yancopoulos, 1997). Defects in this signaling pathway,

which lead to a reduced number of AChRs at synapses, are

responsible for a variety of congenital neuromuscular disorders,

termed CMS (Beeson et al., 2008; Engel et al., 2008; Engel and

Sine, 2005).

Efforts to identify the muscle receptor for Agrin have led to

several false starts, including reports that a-dystroglycan was

an Agrin receptor (Bowe et al., 1994; Campanelli et al., 1994; Gee

et al., 1994; Glass et al., 1996b). Agrin, however, stimulates syn-

aptic differentiation without binding a-dystroglycan (Hopf and

Hoch, 1998; Jacobson et al., 1998; Meier et al., 1996). MuSK,

though essential for Agrin signaling (DeChiara et al., 1996), does

not bind Agrin (Glass et al., 1996a). Moreover, Agrin stimulates

MuSK tyrosine phosphorylation in differentiated muscle but not

in other cell types transfected with a MuSK expression vector

(Glass et al., 1996a). Together, these data demonstrate that

MuSK is essential for transmission of the Agrin signal but indicate

that additional components, collectively termed MASC (myo-

tube-associated specificity component) are required for Agrin

to bind and activate MuSK (Glass et al., 1996a).

In a genetic screen for genes that regulate early development

in the mouse, mice carrying mutations in lrp4 were found to

have severe defects in neuromuscular synapse formation, lead-

ing to neonatal lethality (Weatherbee et al., 2006). Indeed, lrp4

mutant mice display defects in presynaptic and postsynaptic
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differentiation that are strikingly similar to those found in MuSK

mutant mice. Moreover, lrp4 is expressed preferentially by mus-

cle synaptic nuclei, raising the possibility that Lrp4 plays a role in

the Agrin/MuSK signaling pathway (Weatherbee et al., 2006).

Here, we study how Lrp4 regulates neuromuscular synapse

formation and show that Lrp4 selectively binds neural isoforms

of Agrin and is required for Agrin to stimulate MuSK phosphory-

lation. Moreover, we show that Lrp4 self-associates, forms

a complex with MuSK, and can reconstitute Agrin-stimulated

MuSK phosphorylation in nonmuscle cells that express Lrp4

and MuSK. Together, these experiments indicate that Lrp4 is

the long-sought and elusive receptor for Agrin and has a critical

role in activating MuSK and stimulating neuromuscular synapse

formation.

RESULTS

Lrp4 Is Required for Agrin to Stimulate MuSK
Phosphorylation
To determine how Lrp4 regulates neuromuscular synapse for-

mation, we generated muscle cell lines from lrp4mitt mutant

mice, using methods described previously (Herbst and Burden,

2000). We stimulated wild-type and lrp4 mutant myotubes with

Agrin and found that Agrin failed to stimulate MuSK tyrosine

phosphorylation in lrp4 mutant cells (Figure 1A). We measured

MuSK protein expression and found that total and cell surface

MuSK protein expression were normal in lrp4 mutant myotubes

(Figure S1 available online), indicating that Lrp4 is not required to

express or present MuSK on the cell surface.

To determine whether the loss of Lrp4 was solely responsible

for these defects, we infected lrp4 mutant muscle cells with a

retroviral vector that restored expression of wild-type Lrp4.

Figure 1A shows that expression of Flag-Lrp4 in lrp4 mutant

myotubes rescued Agrin-stimulated MuSK phosphorylation.

Moreover, restoring Lrp4 expression rescued Agrin-stimulated

clustering of AChRs (Figure 1B). We infected lrp4 mutant muscle

cells with a low-density lipoprotein receptor (LDLR) expression

vector and found that LDLR cannot substitute for Lrp4, demon-

strating specificity within the LDLR family (Figure 1C). Further,

we found that Lrp4 is not detectably tyrosine phosphorylated

by Agrin (Figure 1D), indicating that Lrp4 is not a substrate for

MuSK, consistent with the idea that Lrp4 acts upstream rather

than downstream of MuSK. To determine whether the Lrp4 cyto-

plasmic domain is required for Agrin responsiveness, we ex-

pressed an Lrp4/LDLR chimeric protein, composed of the extra-

cellular and transmembrane domains from Lrp4 and the

cytoplasmic domain from LDLR, in lrp4 mutant myotubes. Agrin

stimulation led to wild-type levels of MuSK phosphorylation and

AChR clustering (Figure 1E), indicating that the extracellular and

transmembrane domains from Lrp4 are sufficient to confer

Agrin-responsiveness. Together, these data demonstrate that

Lrp4 is critical for Agrin to activate MuSK and provide a clear

explanation for the complete absence of synaptic differentiation

in lrp4 mutant mice, as MuSK phosphorylation is required for

presynaptic and postsynaptic differentiation (DeChiara et al.,

1996; Herbst and Burden, 2000; Zhou et al., 1999). Further, these

findings show that Lrp4 acts upstream from MuSK, raising the

possibility that Lrp4 is a receptor for Agrin.
Lrp4 Is a Receptor for Agrin
To determine whether Agrin binds Lrp4, we expressed Lrp4 in

BaF3 cells, a nonadherent pro-B cell line, and measured binding

of BaF3 cells to substrate-attached Agrin. This experimental

arrangement closely mimics the manner in which Agrin, an extra-

cellular matrix protein, is normally presented to and engages

its receptor in muscle cells. The agrin gene is expressed in

many cell types, but only neurons, including motor neurons,

express ‘‘neural’’ splice forms that contain eight (Agrin B8), 11, or

19 amino acids near the C terminus (Sanes and Lichtman, 2001).

BaF3 cells expressing Flag-Lrp4-mCherry, myc-MuSK-GFP,

Flag-LDLR, or CCR7-GFP (a chemokine receptor), or parental

BaF3 cells, were perfused through a chamber containing a glass

Figure 1. Lrp4 Is Required for Agrin to Stimulate MuSK Phosphory-

lation

(A and B) Agrin stimulates MuSK tyrosine phosphorylation in wild-type but not

in lrp4 mutant myotubes (A). Restoring Lrp4 expression in lrp4 mutant

myotubes rescues Agrin-stimulated MuSK phosphorylation as well as AChR

clustering (A and B).

(C) Expression of LDLR fails to rescue MuSK phosphorylation.

(D) Flag-Lrp4 is not tyrosine phosphorylated by Agrin stimulation, indicating

that Lrp4 is not itself a substrate for MuSK.

(E) A Lrp4/LDLR chimera, in which the LDLR cytoplasmic domain was

exchanged for the Lrp4 cytoplasmic domain, rescues Agrin-stimulated

MuSK phosphorylation and AChR clustering.
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Figure 2. Lrp4 Is a Receptor for Agrin

(A) BaF3 cells, expressing Flag-Lrp4-mCherry, myc-MuSK-GFP, Flag-LDLR, CCR7-GFP, or parental BaF3 cells, were perfused through a chamber containing

a glass coverslip on which Agrin B8, BSA, or laminin (LN) had been adsorbed.

(B) Bright field (BF), fluorescence (mCherry), and interference reflection microscopy (IRM) were used to determine the number of cells that bound to each

substrate. The darkest area of the IRM image marks the close apposition of BaF3 cells to Agrin or antibodies. By all criteria, BaF3 cells expressing Lrp4, or

Lrp4 and MuSK, bound selectively to Agrin.
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coverslip on which an�50 kd recombinant fragment of Agrin B8,

bovine serum albumin (BSA), or laminin had been adsorbed, and

the number of cells that remained attached to each substrate

was determined after washing (Figure 2A). As positive controls,

antibodies to epitope tags, introduced in the extracellular

domain of Lrp4 (Flag), LDLR (Flag), and MuSK (myc), were also

adsorbed to the glass coverslip. We measured the number of

attached cells in three ways: (1) bright-field microscopy, (2)

fluorescence emitted from mCherry or GFP, and (3) interference

reflection (IRM), caused by close adhesion of cells to substrate

(Grakoui et al., 1999; Verschueren, 1985). By all criteria, BaF3

cells expressing Lrp4, or Lrp4 and MuSK, bound selectively to

Agrin B8 (Figures 2B and 2D). Moreover, binding between Agrin

B8 and Lrp4 was specific, since parental BaF3 cells, as well as

BaF3 cells expressing MuSK, LDLR, or CCR7, failed to bind

Agrin B8 (Figures 2C and 2D). The strong IRM signal caused by

adhesion of Lrp4-expressing cells to Agrin is consistent with

a high-affinity association between Agrin B8 and Lrp4 but could

be due to a large number of lower-affinity interactions cooperat-

ing to mediate adhesion (Dustin, 1997).

To study binding between Agrin and Lrp4 further, we conju-

gated purified Agrin with Cy5 and incubated Cy5-Agrin with cells

expressing Lrp4, MuSK, or Lrp4 and MuSK, as well as parental

BaF3 cells. After washing the cells, we measured the amount

of Cy5-Agrin bound to each cell type by flow cytometry (Figures

3A and 3B). Cy5-Agrin B8 bound selectively, in a saturable and

dose-dependent manner, to BaF3 cells that expressed Lrp4

(Figure 3C). Half-maximal binding was attained at 6 nM Agrin

B8 (6 ± 1 nM, n = 3), typical for the binding affinity between

many growth factors and their receptors. Moreover, the extent

of Cy5-Agrin binding was linearly correlated with the amount of

Lrp4 expression in individual cells (Figure S2, p < 0.005), consis-

tent with the idea that Agrin binds directly to Lrp4.

Neural isoforms of Agrin, including Agrin B8, stimulate MuSK

phosphorylation and AChR clustering, whereas nonneural

isoforms (Agrin B0) are far less (�1000-fold) potent (Ferns et al.,

1993; Gesemann et al., 1995; Glass et al., 1996a; Hopf and

Hoch, 1998). To determine whether this selectivity is mediated

by isoform-selective binding to Lrp4, we measured binding

of Cy5-Agrin B8 and Cy5-Agrin B0 to Lrp4-expressing cells.

Figure 3 shows that Cy5-Agrin B8 bound to Lrp4-expressing

cells with a �100-fold higher affinity than Cy5-Agrin B0 (Fig-

ure 3C), providing an explanation for the selective activation of

MuSK by neural isoforms of Agrin in vivo.

Agrin stimulates AChR clustering in a calcium-dependent

manner (Borges et al., 2002; Megeath and Fallon, 1998). We

measured binding of Cy5-Agrin to Lrp4-expressing BaF3 cells

in the presence or absence of calcium and found that calcium

increases Agrin-binding by �20-fold, indicating that the associ-

ation between Agrin and Lrp4 is enhanced but not dependent

upon calcium (Figure 3C). Together with other experiments
(Borges et al., 2002), these data suggest that calcium acts to

increase the affinity of Agrin for Lrp4 but also at additional steps

in the pathways that follow MuSK activation and lead to AChR

clustering.

At the higher concentrations of Agrin, we detected a low level

of Cy5-Agrin binding to cells expressing MuSK alone, suggesting

that MuSK may bind Agrin with low affinity (Figure 3C). Consis-

tent with this idea, cells expressing Lrp4 and MuSK bound

more Cy5-Agrin than did cells expressing Lrp4 alone, but only

at high concentrations of Agrin (Figure 3D). We further tested

the idea that MuSK may potentiate Agrin binding by supplying

soluble MuSK extracellular domain to Lrp4-expressing cells

just prior to incubation with Cy5-Agrin. Figure 3 shows that the

MuSK extracellular domain enhanced binding of Cy5-Agrin to

Lrp4-expressing cells, suggesting that the extracellular domains

of Lrp4 and MuSK form a complex (Figure 3D) (see below).

Together, these data suggest that Lrp4 binds Agrin with high

affinity but that a complex of Lrp4/MuSK has a higher binding

capacity at high concentrations of Agrin, as may be present in

the synaptic cleft.

Lrp4 Self-Associates and Forms a Complex with MuSK
Parental BaF3 cells, as well as BaF3 cells expressing MuSK,

LDLR, or CCR7, grow in suspension as single cells (Figure 4A).

In contrast, Lrp4-expressing cells form aggregates (Figure 4A).

Since Lrp4-expressing cells do not aggregate with parental

BaF3 cells or CCR7-expressing cells (Figure 4B), the aggrega-

tion of Lrp4-expressing cells is caused by Lrp4 self-association.

To determine whether Lrp4 also binds MuSK, we mixed

MuSK- and Lrp4-expressing cells. Figure 4 shows that MuSK-

expressing cells, which grow as solitary cells when cultured

alone, coaggregate with Lrp4-expressing cells (Figure 4B). Bind-

ing between Lrp4 and MuSK is specific, since Lrp4-expressing

cells fail to coaggregate with BaF3 cells expressing CCR7

(Figure 4B, Figure S3). These findings, together with experiments

showing that the soluble extracellular domain of MuSK potenti-

ates Agrin-binding to Lrp4-expressing cells (Figure 3D), support

the idea that Lrp4 and MuSK can interact and form a complex.

These experiments demonstrate that Lrp4 can bind to MuSK

in trans. MuSK and Lrp4, however, are not normally expressed

in adjacent cells, since both proteins are expressed in muscle

and not in motor neurons (Valenzuela et al., 1995; Weatherbee

et al., 2006). To determine whether Lrp4 can associate with

MuSK in the same cell, we expressed Flag-Lrp4-mCherry and

myc-MuSK-GFP in BaF3 cells. To minimize trans-interactions

between Lrp4 and MuSK, we disrupted cell aggregates, which

are labile and disrupted by gentle pipetting, prior to lysis. We

immunoprecipitated Lrp4 from cell lysates, using antibodies to

mCherry, and detected MuSK by probing western blots of the

immunoprecipitate with antibodies to GFP. Figure 4 shows that

MuSK and Lrp4, expressed in the same cell, form a complex,
(C) Binding of Lrp4 to Agrin is specific, since BaF3 cells expressing myc-MuSK-GFP or Flag-LDLR, as well as parental BaF3 cells and cells expressing

CCR7-GFP, fail to bind Agrin. Antibodies to epitope tags, introduced into the extracellular domain of Lrp4 (Flag), MuSK (myc), and LDLR (Flag), were also

adsorbed to the glass coverslip and served as positive and negative controls.

(D) Quantitation of the number (mean ± SEM) of Flag-Lrp4-mCherry, myc-MuSK-GFP, Flag-LDLR, and parental BaF3 cells that bound to Agrin B8, BSA, LN,

anti-Flag, and anti-myc, as determined by BF and IRM optics.
Cell 135, 334–342, October 17, 2008 ª2008 Elsevier Inc. 337



in a manner that does not depend upon Agrin (Figure 4C). Under

these conditions, when expressed in adjacent cells, MuSK coim-

munoprecipitated poorly with Lrp4 (Figure 4C). Together, these

experiments demonstrate that Lrp4 and MuSK associate in the

same cell.

Figure 3. Lrp4 Binds Selectively and with High Affinity to Neural

Isoforms of Agrin

(A) The graph shows the gates for distinguishing cells expressing: Lrp4-

mCherry, MuSK-GFP, and Lrp4-mCherry plus MuSK-GFP, as well as parental

BaF3 cells, as measured by flow cytometry.

(B) The histograms depict binding of Cy5-Agrin B8 to the gated populations of

cells shown in (A) at 100 nM Agrin. Cy5-Agrin B8 bound preferentially to cells

expressing Lrp4-mCherry or Lrp4-mCherry plus MuSK-GFP and weakly to

cells expressing MuSK-GFP alone.

(C) Lrp4-expressing cells bound Agrin B8 with �100-fold higher affinity

(�6 nM) than Agrin B0. Binding between Agrin B8 and Lrp4 is strengthened

�20-fold in the presence of Ca2+. The inset shows binding at the lower concen-

trations of Agrin. The 95 kd and 50 kd forms of Agrin B8 bound similarly to cells

expressing Lrp4 or Lrp4 and MuSK (data not shown). Agrin binding to parental

cells was minimal (B) and was subtracted from all values.

(D) Coexpression of MuSK-GFP potentiates binding of Cy5-Agrin B8 to cells

expressing Lrp4-mCherry; addition of the soluble extracellular domain from

MuSK (2 mM) also enhances binding of Cy5-Agrin B8 to Lrp4-mCherry-

expressing cells.
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Agrin Stimulates MuSK Phosphorylation in Nonmuscle
Cells Expressing Lrp4
Agrin stimulates MuSK phosphorylation in cultured myotubes

but not in myoblasts or other cell types transfected with

a MuSK expression vector, indicating that additional myotube-

specific activities are required for Agrin to stimulate MuSK phos-

phorylation (Glass et al., 1996a). Our data raised the possibility

that Lrp4 may be one such myotube-specific activity. Consistent

with this idea, we found that lrp4 is expressed in myotubes but

poorly, if at all, in myoblasts (Figure 5A). To determine whether

Lrp4 is sufficient to reconstitute Agrin-stimulated MuSK phos-

phorylation, we stimulated BaF3 cells that expressed MuSK

and Lrp4, or MuSK alone, with Agrin and measured MuSK

tyrosine phosphorylation. Agrin stimulation led to a substantial

increase in MuSK phosphorylation in BaF3 cells that expressed

MuSK and Lrp4 but not in cells that expressed MuSK alone

(Figure 5B). These data demonstrate that Lrp4 is sufficient to

confer responsiveness to Agrin.

Dok-7 is a muscle-specific adaptor protein, which stabilizes/

enhances MuSK phosphorylation in muscle and is expressed

in myotubes but not in myoblasts (Okada et al., 2006). Thus,

we considered the possibility that Dok-7 may function as a sec-

ond MASC and confer Agrin responsiveness in nonmuscle cells.

We introduced Dok-7 into BaF3 cells that expressed MuSK

alone, or Lrp4 and MuSK, and measured MuSK phosphorylation

after Agrin stimulation. Because Dok-7 overexpression in muscle

can stimulate MuSK phosphorylation even in the absence of

Agrin, we expressed low levels of Dok-7 using a weak c-Fos

basal promoter cassette (Simon and Burden, 1993) (Figure S4).

We found that Agrin stimulation led to a substantial increase in

MuSK phosphorylation in BaF3 cells that expressed Lrp4,

MuSK, and Dok-7, but not in cells that expressed only MuSK

and Dok-7 (Figure 5C). Thus, Dok-7 is insufficient to confer Agrin

responsiveness without Lrp4 expression, indicating that Dok-7

does not function as a MASC.

In the absence of Agrin stimulation, MuSK phosphorylation

was greater in cells that expressed Lrp4 and MuSK than MuSK

alone (Figures 5B and 5C). These data indicate Lrp4 is sufficient

to increase the basal level of MuSK phosphorylation, which

potentially underlies the requirement for Lrp4 in Agrin-indepen-

dent, MuSK-dependent muscle prepatterning (see below) (Arber

et al., 2002; Kummer et al., 2006; Weatherbee et al., 2006).

DISCUSSION

Agrin stimulates synaptic differentiation by activating MuSK,

but identification of the receptor for Agrin has proved elusive

(Kleiman and Reichardt, 1996; Kummer et al., 2006; Sealock

and Froehner, 1994). Here, we report that Lrp4 is a functional

receptor for Agrin, forms a complex with MuSK and mediates

Agrin-stimulated MuSK activation.

Our data indicate that Lrp4 self-associates and forms an

Agrin-independent complex with MuSK (Figure 6). We reason

that Agrin may alter the conformation of this preformed complex,

reorienting adjacent MuSK molecules and promoting trans-

phosphorylation. Because the most N-terminal Ig-like domain

in MuSK is essential for Agrin to stimulate MuSK phosphorylation

(Stiegler et al., 2006; Zhou et al., 1999), this Ig-like domain



may interact with Lrp4 and participate in this proposed rear-

rangement. Further biochemical and structural studies will be

necessary to test this model and to learn how Agrin binding is

converted to MuSK phosphorylation.

Lrp4-expressing BaF3 cells bind Agrin B8 with an affinity of

�6 nM, whereas half-maximal MuSK phosphorylation and

AChR clustering in muscle is achieved at �40 pM Agrin (Ferns

et al., 1993; Gesemann et al., 1995; Hopf and Hoch, 1998). These

data suggest that MuSK phosphorylation may saturate at low

levels of Agrin binding, consistent with previous studies showing

that a brief pulse of Agrin triggers a pathway that increases

MuSK phosphorylation autonomously of Agrin (Mittaud et al.,

2004). Alternatively, the affinity of Agrin for Lrp4 in muscle may

be increased by posttranslational modifications or additional

interactions that occur in muscle but not in BaF3 cells. Nonethe-

less, BaF3 cells expressing Lrp4, like muscle, display a strong

preference for neural isoforms of Agrin, as Lrp4-expressing

BaF3 cells bound Agrin B8 with a 100-fold higher affinity than

Agrin B0. Thus, the critical determinants for selective binding

of neural forms of Agrin are intrinsic to Lrp4 and present on

Lrp4 expressed in nonmuscle cells. Our data provide strong

evidence that Lrp4 binds neural Agrin directly. In particular, the

amount of Agrin bound to Lrp4-expressing cells correlates well

Figure 4. Lrp4 Self-Associates and Forms

a Complex with MuSK

(A) BaF3 cells, as well as BaF3 cells expressing

myc-MuSK-GFP or CCR7-GFP, grow in suspen-

sion as single cells. Flag-Lrp4-mCherry-express-

ing cells, however, form aggregates, indicating

that Lrp4 binds Lrp4. Although myc-MuSK-GFP-

expressing cells grow as solitary cells when

cultured alone, they coaggregate with Flag-Lrp4-

mCherry-expressing cells, indicating that MuSK

binds Lrp4.

(B) Binding between Lrp4 and MuSK is specific,

since myc-MuSK-GFP-expressing cells fail to

aggregate with themselves, and BaF3 cells

expressing CCR7-GFP fail to coaggregate with

Flag-Lrp4-mCherry-expressing cells.

(C) Lrp4 and MuSK interact in cis, as they coimmu-

noprecipitate when expressed together in the

same cell.

with the level of Lrp4 expression. More-

over, an Lrp4/LDLR chimera, in which

the cytoplasmic domain of Lrp4 was ex-

changed for the cytoplasmic domain of

LDLR, rescues Agrin-stimulated MuSK

phosphorylation and AChR clustering in

lrp4 mutant myotubes. Since LDLR is

not thought to regulate transcription in-

dependently of cholesterol uptake

(Brown and Goldstein, 1997), these data

indicate that that this chimera responds

to Agrin by binding neural Agrin directly.

Nonetheless, we cannot formally exclude

the possibility that BaF3 cells express

a latent Agrin-binding protein that

binds Agrin only after expression of Lrp4. Unfortunately, purifica-

tion of the properly folded extracellular domain from Lrp4,

important for such binding studies, has proven recalcitrant to

the methods that we have employed to express and purify Agrin

and MuSK.

During development, as motor axons first approach muscle,

MuSK is activated in an Agrin-independent manner in the pro-

spective synaptic zone, thereby directing motor axons to form

synapses in the central region of muscle (Arber et al., 2002; Kim

and Burden, 2008; Kummer et al., 2006). This muscle prepattern-

ing is dependent upon Lrp4 and highly sensitive to MuSK dosage

(Lin et al., 2001; Weatherbee et al., 2006). These results indicate

that Lrp4 functions together with MuSK in prepatterning muscle

and at later stages in development when Agrin is supplied by

motor neurons to stabilize nascent synapses (Kummer et al.,

2006). Our results demonstrate that BaF3 cells expressing Lrp4

and MuSK show a higher level of MuSK basal phosphorylation

than do BaF3 cells expressing MuSK alone. Because Lrp4

self-associates and interacts with MuSK, these data suggest

that Lrp4 self-association may promote trans-phosphorylation

and activation of MuSK, contributing to the low level of Agrin-

independent MuSK activation that is critical for muscle prepat-

terning.
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Mutations in lrp4, which truncate Lrp4 and lead to a loss of

the cytoplasmic domain without disruption of the extracellular

domain, cause syndactyly without apparent defects in neuro-

muscular synapses (Drogemuller et al., 2007; Johnson et al.,

2005). Our findings show that the cytoplasmic domain of Lrp4

is dispensable for Agrin responsiveness. Together, these data

suggest that the Lrp4 cytoplasmic domain has important signal-

ing and/or anchoring functions in certain tissues but not at neu-

romuscular synapses.

Myasthenia gravis is an autoimmune disease that causes dys-

function of the neuromuscular synapse (Fambrough et al., 1973;

Vincent and Drachman, 2002). Seventy percent of patients with

myasthenia gravis carry autoantibodies to AChRs and a separate

10% carry autoantibodies to MuSK (Vincent and Leite, 2005).

Twenty percent of patients with myasthenia gravis are seroneg-

ative for antibodies to AChR and MuSK, suggesting that they

carry antibodies against other synaptic components (Vincent

and Leite, 2005). It will be interesting to learn whether these

patients carry autoantibodies to Lrp4.

In addition to neuromuscular synapses, Lrp4, Agrin, and

MuSK are expressed in the central nervous system (Garcia-

Osta et al., 2006; Ksiazek et al., 2007; Sanes and Lichtman,

2001; Tian et al., 2006; Weatherbee et al., 2006). Agrin binds

the alpha3 subunit of the Na/K ATPase in neurons and regulates

Na/K ATPase activity (Hilgenberg et al., 2006). Our results raise

the possibility that neuronal Lrp4 may also function as a neuronal

receptor for Agrin, associate with MuSK, and have a role,

analogous to its role at neuromuscular synapses, in the central

nervous system. Lrp4 is also widely expressed in other develop-

ing tissues, but how Lrp4 participates in differentiation in

Figure 5. Agrin Stimulates MuSK Phosphorylation in Nonmuscle

Cells Expressing Lrp4

(A) Lrp4, like MuSK, is expressed in C2 and Sol8 myotubes but poorly, if at all in

myoblasts.

(B) Agrin stimulates phosphorylation of MuSK-GFP in BaF3 cells expressing

Lrp4-mCherry and MuSK-GFP but not in cells expressing MuSK-GFP alone.

(C) Agrin stimulates MuSK phosphorylation in BaF3 cells expressing Lrp4,

MuSK-GFP, and Dok-7 but not in cells expressing MuSK-GFP and Dok-7

without Lrp4. MuSK was immunoprecipitated from BaF3 cells with antibodies

to MuSK, and western blots were probed with antibodies to phosphotyrosine

or GFP.
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these tissues is poorly understood (Weatherbee et al., 2006).

Since many of these tissues do not express MuSK nor do they

depend upon Agrin for their differentiation, our findings raise

the possibility that Lrp4 binds ligands that are structurally akin

to Agrin and associates with other receptor tyrosine kinases,

like MuSK, in these tissues.

EXPERIMENTAL PROCEDURES

Lrp4 mutant myoblasts and BaF3 cells were infected with retroviral

vectors, which conferred expression of Flag-Lrp4-mCherry (NM_172668),

myc-MuSK-GFP (NM_031061), CCR7-GFP (NM_007719), and Flag-LDLR

(NM_000527). The myc epitope tag was positioned between the second and

third Ig-like domains in MuSK (Herbst and Burden, 2000); the Flag epitope

tag was positioned 24 amino acids after the initiator methionine in Lrp4. The

Lrp4/LDLR chimera is composed of the extracellular and transmembrane

domains from murine Lrp4 and the cytoplasmic domain from human LDLR,

which is substantially shorter (51 versus 161 amino acids) and dissimilar

from the Lrp4 cytoplasmic domain (6% identity; 9% similarity). Expressing

cells were selected for resistance to puromycin (pBabe for myoblasts) or by

flow cytometry (pMXs for BaF3 cells). We used flow cytometry to compare

Flag-Lrp4-mCherry levels in BaF3 cells expressing Flag-Lrp4-mCherry plus

myc-MuSK-GFP or Flag-Lrp4-mCherry alone. We measured mCherry expres-

sion and stained for surface Flag-Lrp4-mCherry with a Cy5-conjugated

antibody to Flag and found that total and cell surface Lrp4 expression

were �2-fold lower in Lrp4/MuSK than Lrp4-only cells. Dok-7 (NM_172708),

containing a HA epitope tag at the carboxy terminus, was introduced into

BaF3 cells with a pBabe retroviral vector in which a cassette, containing

a weak enhancer (�148/�95) from the AChR d subunit gene fused to the

c-Fos basal promoter (Simon and Burden, 1993), was inserted upstream

from the internal SV40 promoter.

Adhesion of BaF3 cells to immobilized substrates was measured as

described previously (Dustin et al., 2007). Coverslips were spotted with pro-

teins (0.1 picomole in 1 ml) and mounted in a flow chamber (Bioptechs, Bulter,

PA) on a Zeiss 510 confocal microscope and maintained at 37�C. Cells were

allowed to bind for 30 min, and images (bright field, fluorescent, and differential

Figure 6. Model for Interactions of Agrin, Lrp4, and MuSK
Cartoon illustrating interactions between neural Agrin, Lrp4, and MuSK. Lrp4

self-associates and interacts with MuSK in the absence of Agrin (left). The

arrangement of Lrp4 and MuSK within this complex is not known, and the com-

plex may be oligomeric rather than dimeric, as depicted. Moreover, the

domains responsible for the Lrp4-Agrin and Lrp4-MuSK interactions are not

known. Neural Agrin binds to the preformed complex and triggers a reorgani-

zation or reorientation of MuSK, promoting trans-phosphorylation and kinase

activation (right). Once phosphorylated, MuSK activates a signaling pathway

that leads to synaptic differentiation, including clustering of AChRs. Domain

coloring for Lrp4 is as follows: white, LDLa; orange, EGF-like; blue, b-propeller.

Domain coloring for MuSK is as follows: purple, immunoglobulin-like; yellow,

Frizzled-like cysteine-rich; red or green, tyrosine kinase (TK).



interference contrast) were captured before and after cells were washed with

media. 50 kd C-terminal fragments of Agrin B0 and B8, containing Six-His and

myc epitope tags at their N terminus and a HA tag at the C terminus (Hopf and

Hoch, 1998), as well as the extracellular domain from MuSK, were purified from

media of baculovirus-infected insect cells (Stiegler et al., 2006). The 95 kd

C-terminal fragment of Agrin B8 was purchased from R&D Systems (Minneap-

olis, MN); laminin was purchased from Invitrogen (Carlsbad, CA). Purified Agrin

was conjugated with Cy5 and incubated simultaneously with MuSK-GFP-,

Lrp4-mCherry-, and MuSK-GFP/Lrp4-mCherry-expressing cells, as well as

parental BaF3 cells, for 30 min to 1 hr on ice. After the cells were washed,

the Cy5-Agrin signal was quantified by flow cytometry. Cells were analyzed

with a LSR II flow cytometer and FlowJo software.

MuSK phosphorylation and surface expression were measured as

described previously (Herbst and Burden, 2000; Stiegler et al., 2006). LDLR

was detected by probing of western blots with antibodies (#52818) to the C

terminus of LDLR (Abcam, Cambridge, MA). In order to study the association

between Lrp4 and MuSK, we immunoprecipitated Flag-Lrp4-mCherry with

rabbit antiserum against mCherry, and we detected myc-MuSK-GFP by prob-

ing western blots with antibodies to GFP.

SUPPLEMENTAL DATA

Supplemental Data include four figures and can be found with this article online

at http://www.cell.com/supplemental/S0092-8674(08)01250-6.
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