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Summary
Neuromuscular junctions (NMJs) in mammalian skeletal muscle undergo a postnatal topological transformation from a simple oval

plaque to a complex branched structure. We previously showed that podosomes, actin-rich adhesive organelles, promote the remodeling
process, and demonstrated a key role for one podosome component, LL5b. To further investigate molecular mechanisms of postsynaptic
maturation, we purified LL5b-associated proteins from myotubes and showed that three regulators of the actin cytoskeleton – Amotl2,

Asef2 and Flii – interact with LL5b. These and other LL5b-interacting proteins are associated with conventional podosomes in
macrophages and podosome-like invadopodia in fibroblasts, strengthening the close relationship between synaptic and non-synaptic
podosomes. We then focused on Amotl2, showing that it is associated with synaptic podosomes in cultured myotubes and with NMJs in

vivo. Depletion of Amotl2 in myotubes leads to increased size of synaptic podosomes and corresponding alterations in postsynaptic

topology. Depletion of Amotl2 from fibroblasts disrupts invadopodia in these cells. These results demonstrate a role for Amotl2 in
synaptic maturation and support the involvement of podosomes in this process.
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Introduction
In mammals, motor neurons form neuromuscular junctions

(NMJs) on muscle fibers during fetal development. These

synapses are functional at birth, but undergo dramatic

molecular and topological alterations during the first 2–3

postnatal weeks (Sanes and Lichtman, 2001; Shi et al., 2012).

Molecular alterations include replacement of fetal with adult

neurotransmitter receptor (acetylcholine receptor, AChR)

subunits and addition of postsynaptic cytoskeletal elements (Gu

and Hall, 1988; Mishina et al., 1986; Wu et al., 2010).

Topological alterations include generation of junctional folds

that indent the postsynaptic membrane and transformation of the

AChR-rich postsynaptic membrane from an oval plaque into a

complex array of AChR-rich branches. The presynaptic nerve

terminal undergoes parallel and coordinated changes during this

period (Sanes and Lichtman, 1999).

Several proteins have been identified that are crucial for the

initial aggregation of AChRs in the postsynaptic membrane. A

nerve-derived proteoglycan, z-agrin, binds to co-receptors MuSK

and LRP4 on the muscle surface, leading to the activation of

MuSK and recruitment of docking protein-7 (DOK-7), which in

turn promotes AChR clustering via the scaffolding protein,

rapsyn (DeChiara et al., 1996; Gautam et al., 1996; Gautam et al.,

1995; Hallock et al., 2010; Kim et al., 2008; Okada et al., 2006;

Zhang et al., 2008). In contrast, relatively little is known about

the molecular machinery that orchestrates postnatal postsynaptic

maturation, perhaps in part because this process is likely to be

more complicated than initial aggregation (Shi et al., 2012).

Proteins that have been implicated include components of the

extracellular matrix that runs through the synaptic cleft [laminins,

collagens and nidogens (Fox et al., 2007; Fox et al., 2008;

Latvanlehto et al., 2010; Nishimune et al., 2008; Shi et al.,

2012)], the guanine exchange factor (GEF) ephexin-1 (Shi et al.,

2010a; Shi et al., 2010b), and components of the dystrophin

glycoprotein complex such as dystrobrevin (Grady et al., 2000;

Grady et al., 2003). Interestingly, several of these proteins have

also been implicated in plasticity of synapses the central nervous

system (Fu et al., 2007; Michaluk et al., 2007; Shi et al., 2010b).

Until recently, it was believed that the branching of the

overlying nerve terminal induced maturation of the postsynaptic

membrane. In support of this idea, AChR aggregates on

myotubes cultured aneurally are generally plaque shaped. We

found, however, that when myotubes are cultured on laminin

substrates, these plaques remodel into branched arrays through a

series of intermediate stages resembling those that occur in vivo

(Kummer et al., 2004). This observation demonstrated the

existence of intrinsic synaptic patterning machinery in

myotubes and provided a useful system for analyzing it. Using

this system, we provided evidence that remodeling is driven by

structures that resemble membrane-associated adhesive

organelles called podosomes (Proszynski et al., 2009).

Podosomes are actin-rich, dynamic structures capable of

remodeling extracellular matrix (ECM). They have been

described in many cell types including osteoclasts,

macrophages, and epithelial cells, and they have been

implicated in control of processes ranging from bone resorption

and cell migration to antigen presentation and cell fusion

(Gimona et al., 2008; Linder et al., 2011; Murphy and
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Courtneidge, 2011). Closely related structures called invadopodia

are found in transformed cells and thought to be involved in

metastases. We found that structures bearing numerous

similarities to conventional podosomes are present in

perforations that form in AChR aggregates during their

developmental remodeling. For convenience, we refer to these

structures as ‘synaptic podosomes’. Time-lapse imaging showed

a spatiotemporal correlation of synaptic podosome location and

shape with changes in AChR aggregate topology (Proszynski

et al., 2009). Independently, it was shown (Lee et al., 2009) that

puncta rich in actin and cofilin, two podosome components

(Linder et al., 1999; Oser et al., 2009), form in perforations

within AChR aggregates of developing frog NMJs.

One key component of synaptic podosomes is a cytoskeleton-

and membrane-associated protein called LL5b. LL5b is

concentrated at NMJs in vivo and in the cortical region of

synaptic podosomes in vitro (Kishi et al., 2005; Proszynski et al.,

2009). Both RNAi-mediated depletion and overexpression of

LL5b perturb AChR clustering in cultured myotubes (Kishi et al.,

2005) supporting the link of podosomes with postsynaptic

dynamics. The mechanism by which LL5b affects AChR is

unknown, but it interacts with cytoskeleton organizing proteins

filamins and CLASPs, as well as ELKS, a Rab6-interacting

protein that regulates sites of exocytosis at the cell surface

(Grigoriev et al., 2007; Lansbergen et al., 2006; Paranavitane

et al., 2003; Takabayashi et al., 2010).

Here, we used LL5b as a starting point to gain further insight

into the roles of podosomes in postsynaptic maturation. We used

a proteomic approach to identify LL5b binding partners in

myotubes, and showed that they are components of synaptic

podosomes. We then analyzed these interacting proteins in two

ways. First, we assessed the distribution of LL5b and its

interactors in podosomes of macrophages and invadopodia of

transformed fibroblasts. We demonstrated their presence in these

structures, strengthening the links between synaptic and

conventional podosomes but also revealing differences among

them. Second, we analyzed the role of one novel interactor,

Amotl2, in podosome structure and postsynaptic maturation.

Amotl2 is a member of the Motin family (Bratt et al., 2002) that

regulates cytoskeletal organization and also serves as a scaffold

for polarity organizing proteins in migrating endothelial cells and

for signaling molecules in epithelial cells (Ernkvist et al., 2009;

Huang et al., 2007; Li et al., 2012; Paramasivam et al., 2011;

Wang et al., 2012; Wang et al., 2011b; Zhao et al., 2011). RNAi-

mediated depletion of Amotl2 led to enlargement of synaptic

podosomes and a precisely corresponding alteration in the

topology of AChR aggregates. These linked alterations not only

demonstrate a role for Amotl2 in podosome structure but also

provide a new line of evidence for a role of podosomes in

synaptic remodeling.

Results
Identification of LL5b-interacting proteins

To seek proteins that interact with LL5b, we fused LL5b to

paired epitope tags separated by a protease cleavage site (TAP

tag), introduced the fusion protein into C2C12 myotubes using an

adenoviral vector, and then affinity purified the TAP–LL5b along

with associated proteins. Proteins in the complex were

fractionated by gel electrophoresis (Fig. 1A), and identified by

microcapillary reverse-phase HPLC nano-electrospray tandem

mass spectrometry (mLC/MS/MS).

Twenty-three proteins were highly enriched (>24 more

peptides detected in the LL5b complex compared to a control

fraction prepared from uninfected C2C12 cells). Twelve of the 23

were heat shock proteins, ribosomal proteins or proteasome

components (supplementary material Table S1). Although these

Fig. 1. Identification of LL5b binding proteins in myotubes.

(A) SDS-PAGE gel of proteins co-purified with TAP–LL5b

from C2C12 myotubes. Segments numbered 1–8 show regions

analyzed individually by mass spectrometry. M, marker

(protein standard); Con, control sample obtained from

uninfected myotubes; LL5, sample from myotubes infected

with the TAP-LL5b virus. Arrows indicate LL5b. (B) Subset of

interacting proteins identified by mass spectrometry; see

supplementary material Table S1 for a complete list. Proteins

not previously shown to interact with LL5b are in bold.

Columns 2–4 show number of detected MS/MS spectra (total

number of peptides identified for each protein), coverage of the

protein sequence by identified peptides and the number of

unique peptides for a given protein. (C–F) Tests of interaction

by co-precipitation. Constructs encoding epitope-tagged

Amotl2 (C), Asef2 (D), Flii (E) or ELKS (F) were transfected

into HEK-293 cells with epitope-tagged LL5b. Cell lysates

were used for immunoprecipitation (IP), and precipitates were

analyzed by western blotting (WB) with the indicated

antibodies. Numbers in parentheses indicate the percentage of

the volume of the lysates used for IP that was loaded on the gel

as a control. Plus signs at the top of each panel indicate

plasmids that were used for co-transfection.
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proteins might bind to LL5b, we reasoned that their association
could be a nonspecific consequence of LL5b overexpression,

which would lead to a large translational pool (ribosomal
proteins), sequestration (heat shock proteins) or degradation
(proteasome components). Of the remaining 10 proteins

(Fig. 1B), three are subunits of the AP2 complex, which is
required for clathrin-mediated endocytosis – Ap2a1, Ap2b1 and
Ap2a2 (Mousavi et al., 2004). This finding is consistent with
enhanced endocytosis observed in the vicinity of synaptic

podosomes (Proszynski et al., 2009). A fourth interactor,
ELKS, regulates exocytosis in HeLa cells (Grigoriev et al.,
2007; Grigoriev et al., 2011). Three other proteins are actin-

binding proteins – Filamin A, Filamin C, and Plectin (Gad et al.,
2008; Paranavitane et al., 2003; Razinia et al., 2012; Sonnenberg
and Liem, 2007; Takabayashi et al., 2010). Of these, Filamins A

and C and ELKS have previously been shown to interact with
LL5b in non-muscle cells (Grigoriev et al., 2007; Paranavitane
et al., 2003; Takabayashi et al., 2010).

Finally, three LL5b-associated proteins have been implicated
in regulating cell motility, actin organization and signaling:
Amotl2 (angiomotin-like protein 2), Flii and Asef2/Spata13.

Amotl2 is one of the three members of the Motin family of
proteins that also include angiomotin (Amot) and Angiomotin-
like1 (Amotl1) (Bratt et al., 2002), all of which regulate
cytoskeletal organization (Ernkvist et al., 2009; Huang et al.,

2007; Wang et al., 2011b). Amotl2 also serves as a scaffold for
polarity and signaling proteins in migrating endothelial cells and
at tight junctions of epithelial cells (Ernkvist et al., 2009; Li et al.,

2012; Paramasivam et al., 2011; Wang et al., 2012; Zhao et al.,
2011). Flii, a homolog of the Drosophila Flightless gene (Miklos
and De Couet, 1990), is a member of the gelsolin family of actin

organizing proteins, which control the balance between stable
adhesion and migration during wound healing (Adams et al.,
2009; Archer et al., 2004; Cowin et al., 2007; Kopecki and

Cowin, 2008; Kopecki et al., 2011). Asef2, a guanine nucleotide
exchange factor for Rac1 and Cdc42, regulates actin cytoskeleton
and cell motility (Bristow et al., 2009; Kawasaki et al., 2009;
Sagara et al., 2009).

To verify interactions of Amotl2, Asef2 and Flii with LL5b,
we performed co-immunoprecipitation experiments. HEK-293

cells were co-transfected with plasmids encoding epitope-tagged
LL5b and the putative interacting proteins. We precipitated LL5b
from lysates, and assessed co-immunoprecipitation by western
blotting. As a positive control, we assayed interaction of LL5b
with ELKS. Amotl2, Asef2, Flii and ELKS were specifically co-
immunoprecipitated with LL5b (Fig. 1C–F).

Association of LL5b and its binding partners with
postsynaptic specializations

We next used immunofluorescence to assess the localization of
LL5b-interacting proteins in myotubes. We cultured C2C12
myoblasts on laminin under conditions that promote fusion of

myoblasts into myotubes, and transformation of plaque-shaped
AChR clusters into perforated or branched structures (Kummer
et al., 2004). We stained the myotubes with a-bungarotoxin
(BTX), which binds to AChRs, plus probes for LL5b or its

interacting proteins.

Podosomes are localized in perforations within maturing

aggregates of AChRs. Their two most prominent domains are an
actin-rich core and a thin LL5b-rich cortex that surrounds the core
(Fig. 2A,B) (Proszynski et al., 2009). As expected, ELKS and

plectin, like LL5b, were localized to the cortex domain of synaptic
podosomes (Fig. 2C,D). In contrast, Asef2 and Filamin A were

concentrated in the podosome core (Fig. 2E,F). We do not know
whether their interaction with LL5b reflects binding at the border

between core and cortex or between lower levels of LL5b and the
interactors within the same domain. The pattern of Amotl2 staining
was more complex; it was concentrated at podosomes, but also

unevenly distributed within AChR aggregates (Fig. 2G). Together,
these results demonstrate that LL5b-interacting proteins identified

proteomically are associated with synaptic podosomes, though in
some cases their fine localization does not correspond precisely to

that of LL5b. We were, however, unable to detect Flii
immunoreactivity in myotubes (data not shown).

Based on these results, we performed two sets of experiments.

First, to investigate the parallels between synaptic and
conventional podosomes, we assessed the distribution of LL5b

Fig. 2. Localization of LL5b-interacting proteins in myotubes.

(A,B) C2C12 myotubes were stained with BTX (left panels and red in overlay

in right panels) to label AChRs, plus podosome markers (middle panels and

green in overlay). Podosomes are characterized by an F-actin-rich core

(A) and an LL5b-rich cortex (B). (C,D) ELKS and Plectin are concentrated in

a ring at the inside rim of perforations within the AChR-rich plaque. This

localization is similar to that of LL5b. ELKS is also present at lower levels in

the AChR-rich regions. (E,F) Asef2 and Filamin A are concentrated in the

center of perforations, in the actin-rich domain. (G) Amotl2 is present in the

actin-rich domain and, at lower levels, at the interface of AChR-rich regions

with podosome cortex. Scale bars: 5 mm.

Amotl2 regulates podosomes and AChRs 2227
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and its interactors in two other cell types, macrophages and
fibroblasts. Second, to assess the role of LL5b-interacting
proteins in synaptic maturation, we asked whether depletion of

one of them, Amotl2, affected podosome structure or AChR
aggregation in myotubes.

Localization of LL5b and its binding partners in RAW 264.7
macrophages and Src-transformed NIH3T3 fibroblasts

To extend parallels between podosomes in myotubes and those in
other cell types (Proszynski et al., 2009) we analyzed
conventional podosomes in RAW 264.7 macrophages and
invadopodia in Src-transformed NIH3T3 fibroblasts (Src3T3).

Macrophages of the RAW 264.7 line form small podosomes of

0.5–1 mm in diameter that are often scattered at the leading edge of
migrating cells (Evans and Matsudaira, 2006; Murphy and
Courtneidge, 2011; Nusblat et al., 2011). Their actin-rich cores

are also enriched in cortactin, while abutting cortex regions,
analogous to those in C2C12, are rich in vinculin, paxilin and talin
(Buccione et al., 2004; Calle et al., 2006; Linder and Aepfelbacher,

2003). We found that LL5b itself as well as Filamin A, Asef2,
Amotl2, Flii and ELKS were associated with podosomes in RAW
264.7 cells (Fig. 3). As in C2C12 cells, LL5b and ELKS were

concentrated in regions abutting actin puncta (Fig. 3A,B).
FilaminA was also concentrated in the cortex region surrounding
the actin-rich core (Fig. 3D), as reported by Guiet et al. (Guiet
et al., 2012). In contrast, Amotl2 was concentrated in actin-rich

cores (Fig. 3E). Asef2 and Flii were present both in core and
abutting regions (Fig. 3C,F). Plectin immunoreactivity was not
detectable in RAW 264.7 cells (data not shown).

Invadopodia in Src3T3 often appear as a coalescence of small

units, clustered into much bigger structures resembling rosettes
(David-Pfeuty and Singer, 1980; Murphy and Courtneidge,
2011). Thus, the actin-rich region, which is punctate in

macrophages or C2C12 cells, is annular in Src3T3 invadopodia
(Fig. 4A). LL5b, ELKS, and Plectin were concentrated in regions
abutting the actin-rich annulus (Fig. 4A–C), similar to their
localization in the cortical domain of synaptic podosomes.

Filamin was largely localized in the actin-rich domain, consistent
with its association with the core of synaptic podosomes
(Fig. 4E). On the other hand, the localization of Asef2 and

Amotl2 differed between podosomes in C2C12 cells and
invadopodia in Src3T3 cells. These proteins were present in the
actin-rich region of synaptic podosomes, but their highest

concentration in Src3T3 cells was in the domains abutting the
actin-rich region (Fig. 4D,F). Paxillin also abutted actin-rich
rosettes (Fig. 4H), in contrast to Talin that was located at rosettes

and extended beyond actin-rich rings. Finally, Flii, which could
not be detected immunohistochemically in C2C12 cells, was
largely localized with LL5b, Asef2 and Amotl2 in Src3T3 cells
(Fig. 4G).

Amotl2 regulates organization of synaptic podosomes and
remodeling of AChR clusters

To analyze role of podosomes in synaptic maturation, we focused
on Amotl2, because of its importance in regulation of cell motility

and signaling (see above). Moreover, immunohistochemical
staining confirmed that Amotl2 is associated with the
postsynaptic membrane of NMJs in vivo (Fig. 5A–C). Strikingly,

the highest concentration of Amotl2 was detected in zones
between the AChR-rich branches (Fig. 5D,E). This pattern
resembles the localization of Amotl2 at AChR clusters

(Fig. 2G). Interestingly, Amotl2 accumulates at NMJs during the

period that the postsynaptic membrane acquires its branched

topology: little immunoreactivity is present at plaque-shaped

AChR aggregates during the first postnatal week, then levels

increase over the following two weeks as the plaque becomes

perforated and, eventually, branched (Fig. 5F–H).

Before assessing Amotl2 function, we performed an additional

experiment to confirm its direct association with LL5b. We

purified epitope-tagged recombinant Amotl2 and LL5b, mixed

the purified proteins, and collected the LL5b with an antibody to

the attached epitope tag. Amotl2 was specifically co-precipitated

with the LL5b (supplementary material Fig. S1).

To ask if Amotl2 has a role in the sculpturing postsynaptic

machinery, we transfected C2C12 myotubes with siRNAs directed

at Amotl2 and analyzed them three days later. Western blotting

confirmed that the siRNA decreased Amotl2 levels in myotubes by

.70% (data not shown). Myotubes transfected with scrambled

Fig. 3. Localization of LL5b and its interacting proteins in RAW 264.7

macrophages. (A) LL5b (green) was concentrated in a region surrounding

podosomes, as visualized by phalloidin staining of F-actin (red). (B) ELKS

was more broadly distributed but still enriched near podosomes. (C–F) Asef2

(C) and Filamin A (D) have similar localization to LL5b and are concentrated

at podosomes. Amotl2 (E) and Flii (F) are concentrated in podosome cores.

Scale bar: 5 mm.
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siRNA formed AChR aggregates and podosomes that were similar

in size to those in untransfected myotubes (Fig. 6A,B). In contrast

myotubes transfected with siRNA against MuSK, known to be

required for AChR aggregation (DeChiara et al., 1996; Luo et al.,

2003), completely lacked AChR clusters, demonstrating the

efficacy of the RNAi protocol (Fig. 6C). In myotubes transfected

with siRNA against Amotl2, AChR clusters were similar in size to

those of control cells, but podosomes within the clusters were

greatly enlarged (Fig. 6D,E; podosome length with control siRNA,

4.360.2 mm, mean 6 s.e.m., n532; with Amotl2 siRNA,

15.961.4 mm, n532). In some cases, the Amotl2-deficient

podosomes appeared to fuse into rosettes, similar to those

observed in fibroblasts (Fig. 4).

Three observations confirmed the specificity of this effect.

First, we could rescue the phenotype when cells transfected with

siRNA were co-transfected with a construct encoding human

Amotl2, which is resistant to the siRNA, but not when they were

co-transfected with a control (GFP) plasmid (Fig. 6F,G;

podosome length with GFP cDNA, 16.661.6 mm, mean 6

s.e.m., n534; with Amotl2 cDNA, 6.660.5 mm, n534). Second,

a similar effect on podosome size was observed in myotubes

transfected with a second, independent siRNA against Amotl2

(Fig. 6H; 11.960.6 mm, n593; control as above). Finally,

immunohistochemical staining with two independent antibodies

verified that Amotl2 levels were greatly reduced or undetectable

in the siRNA-treated cells (Fig. 4I and data not shown).

We next assessed the distribution of other podosome

components and AChRs in Amotl2-depleted cells. Actin-rich

regions in Amotl2-depleted podosomes like those in control

podosomes, were surrounded by a thin cortex of LL5b (Fig. 7A,B).

However, whereas LL5b immunoreactivity was largely confined

to the podosome cortex in control cells, it was also detectable in the

actin-rich region of Amotl2-depleted podosomes (Fig. 7B).

Moreover, localization of ELKS, another component of the

cortex, was dramatically affected: ELKS was concentrated at the

Fig. 5. Localization of Amotl2 at the neuromuscular junction. (A) Section

of adult skeletal muscle stained with anti-Amotl2 (red) and BTX to label

AChRs (green). Amotl2 is concentrated at synaptic sites. (B) As in A, but

antibody was absorbed with immunogen peptide before application. (C) High

power view of area boxed in A, showing concentration of Amotl2 in the

subsynaptic membrane. (D) Whole mount of adult muscle stained with anti-

Amotl2 and BTX. (E) High power view of area boxed in D showing highest

level of Amotl2 between AChR-rich branches. Note that this is also visible in

C. (F–H) Levels of Amotl2 increase at the NMJ during the second and third

postnatal weeks, as the AChR-rich postsynaptic membrane acquires its

branched morphology (F, P20; G, P14; H, P7). Scale bars: 5 mm.

Fig. 4. Localization of LL5b and interacting proteins in Src-transformed

3T3 fibroblasts. (A) Src3T3 cells make podosome-related invadopodia that

often coalesce into larger, rosette-shaped structures visualized by phalloidin

staining of F-actin (red on all images). LL5b (green) is concentrated on the

outer and inner side of rosettes. Dashed lines outline the cell. (B–I) ELKS

(B), Plectin (C), Asef2 (D), Amotl2 (F), Flii (G), and Paxillin (H) exhibited

similar localization, predominantly concentrating in the inner side of rosettes,

with some accumulation around the outer edges of actin-rich structures.

Filamin A (E) and Talin (I) were associated with the actin-rich rosettes, but

some antigen was present beyond the actin-rich region. Scale bar: 5 mm.

Amotl2 regulates podosomes and AChRs 2229
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podosome cortex in control myotubes, but barely detectable in

Amotl2-depleted podosomes (Fig. 7C,D). Thus, Amotl2 regulates

the size and composition of both the podosome cortex and core,

although the relative positions of the two are not greatly affected.

Most important, the increased size of podosomes in Amotl2-

depleted myotubes was accompanied by a precisely corresponding

alteration in the topology of AChR clusters. While there was a

significant increase in size of podosomes (Fig. 7E), the overall

diameter and area of the postsynaptic structure were unaffected
(Fig. 7F) and the complementary distinction between actin- and
AChR-rich regions persisted. Accordingly, the fraction of the

area that was AChR-rich decreased at the expense of the actin-
rich region (Fig. 7G). These results support the hypothesis
(Proszynski et al., 2009) that podosomes play a critical role in

shaping postsynaptic structures.

Amotl2 regulates formation of invadopodia in Src3T3 cells

Finally, in light of the finding that Amotl2 regulates the structures
of synaptic podosomes, we asked if it could also affect the structure
of invadopodia. We obtained lentiviral plasmids containing

shRNA sequences targeting Amotl2. To validate their efficiency,
we co-transfected HEK-293 cells with plasmids containing shRNA
and a plasmid encoding FLAG-tagged mouse Amotl2. Three days

later, lysates were analyzed by western blotting. We identified
sequences that dramatically reduced level of Amotl2 proteins but
did not affect levels of control proteins (Fig. 8A, and data not

shown). Src3T3 cells were then infected with high-titer lentivirus
and morphology of invadopodia was analyzed. Depletion of
Amotl2 decreased the number of invadopodia in Src3T3 cells

(Fig. 8B,C). To quantify the effect, we determined the fraction of
cells in control and Amotl2-depleted cultures that (1) contained
rosettes, (2) contained no rosettes, but more than four individual
scattered actin-rich puncta or (3) contained no rosettes and four or

fewer actin-rich puncta. The fraction of cells in the first two
categories was decreased by Amotl2 depletion, whereas the
fraction in the third category was increased (Fig. 8D–F). These

effects were specific to the depletion of Amtol2 protein since they
were rescued by ectopic expression of human Amotl2 cDNA that is
lacking a sequence targeted by used shRNA, but not by

transfection with a control plasmid (Fig. 8D–F). Moreover, other
podosome components including Filamin A, ELKS, Asef2, LL5b
and Plectin were also dispersed in Amotl2-depleted cells
(Fig. 8G,H, and data not shown). Together these results

demonstrate that Amotl2 is required for the formation of
invadopodia in Src-transformed fibroblasts.

Discussion
During early postnatal life, the AChR-rich postsynaptic membrane

of the NMJ is transformed from an ovoid plaque into a complex
‘pretzel’-shaped structure. The remodeling involves formation of
perforations in the AChR clusters that then undergo fusions and

fissions, resulting in branch formation (Kummer et al., 2004;
Marques et al., 2000; Shi et al., 2012; Slater, 1982; Steinbach,
1981). We showed recently that perforations in the plaque are lined

by structures that resemble podosomes, and provided evidence that
these synaptic podosomes play a role in forming the perforations
and remodeling the plaque (Proszynski et al., 2009). We also
showed that LL5b, a synapse-associated protein at the NMJ that

regulates AChR clustering, is a component of the podosomes
(Kishi et al., 2005; Proszynski et al., 2009). Based on these results,
we adopted a proteomic approach to identify LL5b-interacting

proteins, and then used them to obtain additional insight into the
nature of synaptic podosomes and the role of podosomes in
synaptic remodeling.

Relationship of synaptic podosomes to conventional
podosomes and invadopodia

Protein complex purification from myotubes led to the
identification of Amotl2, Asef2, Flii, Plectin, Filamins, ELKS

Fig. 6. Depletion of Amotl2 leads to enlargement of synaptic podosomes

in myotubes. (A–H) Distribution of AChRs (red in overlay) and F-actin

(green in overlay) on C2C12 myotubes. (A) Control myotubes form AChR

clusters that are perforated by actin-rich podosomes. (B) High power view of

area boxed in A. (C) Cells transfected with MuSK siRNA entirely lacked

AChR clusters. (D) Depletion of Amotl2 led to a dramatic increase in the size

of podosomes and aberrations in the shape of clusters. (E) High power view of

area boxed in D. (F) Co-expression of human (RNAi-resistant) Amotl2

rescues the phenotypes shown in D,E. (G) Co-transfection of a control

plasmid has no effect on the ability of Amotl2 siRNA to enlarge podosomes.

(H) Depletion of Amotl2 with a second interfering RNA (see Materials and

Methods) led to increased podosome size. (I) The level of Amotl2

immunoreactivity was dramatically reduced in myotubes transfected with

Amotl2 siRNA (compare with Fig. 2G). Scale bars: 10 mm.
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and AP2 as LL5b binding partners. Filamins A and C as well as

ELKS had previously been shown to interact with LL5b
(Grigoriev et al., 2007; Paranavitane et al., 2003; Takabayashi

et al., 2010), and our co-immunopurification experiments

confirmed that LL5b also interacts with Amotl2, Asef2 and

Flii. We compared localization of these proteins in synaptic

podosomes in C2C12 myotubes, RAW 264.7 macrophages and

Src-transformed 3T3 fibroblasts. LL5b and its interacting

proteins were concentrated in synaptic podosomes (C2C12

myotubes), conventional podosomes (RAW 264.7 cells) and

Fig. 7. Depletion of Amotl2 affects podosome composition

and postsynaptic structure. Distribution of AChRs (red in

overlay), F-actin (green in overlay) and indicated antigens (blue

in overlay) in C2C12 myotubes. (A,B) LL5b is concentrated at

the cortex of podosomes in both control (A) and Amotl2-

depleted cells (B), and is also present at lower levels in actin-rich

regions of Amotl2-depleted cells. (C,D) ELKS is concentrated at

the cortex of podosomes in control myotubes (C) but diffusely

distributed in Amotl2-depleted cells (D). (E,F) Average area of

actin-rich regions (E) associated with AChR aggregates and

average aggregate area (F) (measured as area within cluster

outline) in control myotubes and in myotubes treated with

Amotl2 RNAi or control RNAi. (G) Percentage of aggregate area

occupied by actin, AChRs or neither of them (Empty).

*P,0.001; NS, not significant. n531 clusters and 121

podosomes for ‘untransfected’; n541 and 81 for Amotl2 KD;

n534 and 53 for non-silencing siRNA. Scale bars: 5 mm.

Fig. 8. Amotl2 is required for the formation of

invadopodia. (A) HEK-293 cells were co-transfected with

plasmids encoding Amotl2 alone, Amotl2 plus shRNA

complementary to Amotl2 or Asef2, or an ‘empty’ vector.

Amotl2 levels in lysates were evaluated by western blotting.

(B) Control Src3T3 cells stained for F-actin (phalloidin),

showing multiple actin-rich puncta and rosettes. (C) Amotl2-

depleted Src3T3 cells stained for actin show actin cables but

few rosettes or puncta. (D–F) Percentage of control and

transfected Src3T3 cells containing rosettes (D), containing no

rosettes but >5 actin-rich puncta (E), or no rosettes and #4

actin-rich puncta (F). n5243 for untreated cells, 226 for

Src3T3 cells expressing Amotl2 shRNA, 100 for cells

expressing Amotl2 shRNA plus human (shRNA-resistant)

Amotl2 and 142 for cells expressing Amotl2 shRNA plus

GFP. (G,H) Filamin A (G) and ELKS (H) immunostaining

showing that in the absence of actin concentrated into rosettes

other components of invadopodia are also dispersed. Scale

bar: 5 mm.
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invadopidia (Src-transformed fibroblasts). These results
strengthen the contention (Proszynski et al., 2009) that the
podosome-like structures embedded within AChR aggregates in

myotubes are indeed podosomes.

Despite these close relationships, the three types of podosome-
like structures we analyzed differ in significant ways. In synaptic
and conventional podosomes, some components localized to a

centrally located core and others to an ensheathing cortex. The
core is rich in actin and actin organizing proteins including
cortactin, Arp2/3 complex; cortex components include talin,
vinculin, paxillin and LL5b. Amotl2, Asef2, Flii and Filamin A

exhibit different localization to domains in different cell types.
For instance, Filamin A is located to the core in cultured
myotubes and Src3T3 cells but in the cortex in RAW

macrophages (Figs 2–4) (Guiet et al., 2012).

One surprising result is that even though Asef2 and Filamin A
were isolated as LL5b-interacting proteins, they are localized in a
largely complementary distribution to LL5b in cultured

myotubes: Asef2 and Filamin A are concentrated at the
podosome core while LL5b is localized to the cortex. This may
reflect poor detection of small amount of Asef2 and Filamin A in

the cortex, or of LL5b in the core domain. Detection of LL5b in
the core domain of exuberant podosomes formed in Amotl2-
depleted myotubes supports this possibility. Both Asef2 and
Filamin A as well as Amotl2 proteins are known to be associated

with and organize actin cytoskeleton (Guiet et al., 2012; Huang
et al., 2007; Takabayashi et al., 2010) and we previously reported
that low levels of actin are present in the cortex of synaptic

podosomes (Proszynski et al., 2009). Alternatively, Asef2 and
Filamin A may interact indirectly, with intermediary proteins
accounting for the lack of co-localization.

Amotl2 as a podosome component

Depletion of Amotl2 in myotubes had the unusual effect of
increasing the size of synaptic podosomes (Figs 6, 7). Although the
mechanism of this effect remains to be determined, it is interesting
that Amotl2 is known to recruit to the membrane several signaling

proteins including src (a tyrosine kinase), which is known to
regulate podosome formation (Huang et al., 2007; Wang et al.,
2011b) and YAP (a transcriptional co-activator), a component of

the Hippo pathway, which is centrally involved in control of cell
growth (Wang et al., 2011a; Zhao et al., 2011). Loss of Amotl2
might therefore alter the balance of podosome-associated

components, leading to alterations in size or growth. Another
indication that Amotl2 regulates podosome composition comes
from observations that ELKS is absent from synaptic podosomes,

and that LL5b is altered in its distribution within synaptic
podosomes of Amotl2-depleted myotubes (Fig. 7). Analysis of
interacting proteins will be useful in understanding how Amotl2
regulates synaptic podosomes, and why depletion of Amotl2 has

different effect on synaptic podosomes and invadopodia.

Role of synaptic podosomes in synaptic maturation

In previous studies, we reported that formation of synaptic
podosomes precedes alterations in the organization of AChRs in

mouse myotubes, and showed that pharmacological inhibition of
podosome formation affects AChR distribution (Proszynski et al.,
2009). Likewise, Lee et al. documented an association of

podosome-like puncta of actin and cofilin with AChR clusters
in Xenopus myocytes, and showed that manipulation of cofilin
activity attenuated AChR clustering (Lee et al., 2009). These

studies left open the question of whether podosomes are required
for cluster maturation generally or, as we had hypothesized, for
determining the precise shape of the clusters. Our new study on

the role of Amotl2 addresses this issue. We demonstrated a
precise correspondence between changes in the size and shape of
synaptic podosomes and the area occupied by AChRs in Amotl2-

depleted cells. Since Amotl2 is a podosome component and
affects podosome structure in both C2C12 and Src3T3 cells, we
believe its primary effect is on podosomes. The correspondence,

therefore, provide a new line of evidence that podosomes are
determinants of the topological organization of AChRs in the
postsynaptic membrane.

Materials and Methods
Cell culture

C2C12 cells were obtained from American Type Culture Collection (Manassas,
VA, USA; CRL-1772). Cells were cultured for five or fewer passages in DME
containing 20% fetal calf serum supplemented with glutamine, penicillin,
streptomycin, and Fungizone. Cells were trypsinized and replated onto eight-
well Permanox chamber slides (Sigma-Aldrich, St. Louis, MO, USA; 177445).
Before plating, slides were coated with 10 mg/ml solution of laminin 111
(Invitrogen, Grand Island, NY, USA; 23017-015) in L-15 medium supplemented
with 0.2% NaHCO3, incubated overnight at 37 C̊, and aspirated immediately
before plating cells. To induce cell fusion, growth media was replaced with fusion
media containing 2% horse serum in DMEM supplemented with glutamine,
penicillin, streptomycin, and Fungizone. RAW 264.7 cells (ATCC, Manassas, VA,
USA; TIB-71) and HEK-293 (ATCC, Manassas, VA, USA; CRL-1573) and Src
transformed NIH-3T3 fibroblasts (Src3T3 cells, a generous gift from Sara
Courtneidge, Burnham Institute for Medical Research, La Jolla, USA), were
cultured in DMEM containing 10% fetal bovine serum supplemented with
glutamine, penicillin, streptomycin, and Fungizone. Transient transfections were
performed with TransITH-LT1 Transfection Reagent (MirusBio LLC, Madison,
WI, USA; MIR 2300) according to the manufacturer’s instructions. Virus infected
Src-3T3 cells were selected in medium supplemented with 4–10 mg/ml of
Puromycin (InvivoGen, San Diego, CA, USA; Ant-pr-1).

Immunostaining

For immunostaining, cells were fixed with 1-4% paraformaldehyde, supplemented
in some cases with 0.1% glutaraldehyde. Following fixation, cells were treated
with sodium borohydride for 3–5 minutes and washed with PBS. Nonspecific
staining was blocked with 2% BSA and 2% goat serum in PBS plus 0.1% Triton X-
100 before overnight incubation with primary antibodies. Sources of primary
antibodies were as follows: mouse anti-LL5b (produced in our lab) (Kishi et al.,
2005), rabbit anti-Asef2/Spata13 (Santa Cruz, Santa Cruz, CA USA; SC-84612),
rabbit anti-Amotl2 (Abgent, Santa Cruz, CA USA; AP8860c) rabbit anti-Amotl2
(GeneTex, Irvine, CA, USA; GTX120712), rabbit anti-plectin no. 46 (a kind gift of
Steve Carlson, University of Washington), mouse anti-ELKS (Abcam, Cambridge,
MA, USA; ab50312), mouse anti-ELKS (3I8, kindly provided by Toshihisa
Ohtsuka, University of Yamanashi, Yamanashi, Japan), rabbit anti-Filamin-A
(Epitomics, 2242-1), mouse anti-Flii (Santa Cruz, Santa Cruz, CA USA; SC-
21716), rabbit anti-Flii (Kopecki et al., 2009) (a gift of Allison J Cowin, Women’s
and Children’s Health Research Institute, Australia). Phalloidin, used to visualize
F-actin, was conjugated to Alexa Fluor 488 or Alexa Fluor 568 (Invitrogen, Grand
Island, NY, USA). AChRs were labeled with a-bungarotoxin conjugated to Alexa
Fluor 488 or 568 (Invitrogen, Grand Island, NY, USA). Primary antibodies were
detected with Alexa-Fluor-568- or -488-coupled goat secondary antibodies
(Invitrogen, Grand Island, NY, USA).

Microscopy

Epifluorescence images of fixed cells were collected on an Axio Imager Z1
microscope (Carl Zeiss, Jena, Germany) fitted with a cooled charge-coupled
device (CCD) camera and PLAN-NEO FLUAR 406/1.3 NA oil objective or a
Nikon ECLIPSE TE 2000-E microscope equipped with a Hamamatsu 1394
ORCA-ERA camera (Hamamatsu Photonics Inc., Hamamatsu City, Japan) and
PLAN APO 406/0.95 NA DIC M/N2 objective. Confocal images were obtained
using Fluoview1000 equipped with 406/1.3 NA objective lenses. Images were
analyzed with NIS-Elements AR 3.0 software (Nikon Inc., Melville, NY, USA)
and edited with Adobe Photoshop version 8.0.

DNA constructs

LL5b was fused to TAP, FLAG and Myc epitope tags as follows. Sequences
encoding a TAP epitope tag, comprising protein A, a TEV (Tobacco Etch Virus)
protease cleavage site and StrepII tag, were excised from plasmid pTetp-N-Pts
(Giannone et al., 2007) (a gift from Yisong Wang, Oak Ridge National Laboratory,
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Tennessee, USA). It was inserted into the pShuttle-CMV plasmid, along with GFP-
LL5b (Kishi et al., 2005). The resulting plasmid, pShuttle-CMV-TAP-GFP-LL5b,
was used to produce recombinant adenovirus using AdEasy system (He et al.,
1998). To generate FLAG–LL5b, LL5b coding sequence was ligated to annealed
oligonucleotides encoding two FLAG tags followed by two TEV cleavage sites
and an HA tag and introduced into the pLPCX vector (You et al., 2004; Addgene,
Cambridge MA, USA; 14459). The sequences of primers containing Flag sequence
were: 59-GATCTCACCATGGATTACAAGGATGACGACGATAAGTCAGG-
TGGAGATTACAAGGATGACGACGATAAGAGCGGCCGCGAAAATCTGTA-
CTTTCAAGGCGCATCAGGAGAAAATCTGTACTTTCAAGGCGGATCTGGA-
TACCCCTACGACGTCCCCGACTACGCCC-39; and 59-TCGAGGGCGTAGTC-
GGGGACGTCGTAGGGGTATCCAGATCCGCCTTGAAAGTACAGATTTTCT-
CCTGATGCGCCTTGAAAGTACAGATTTTCGCGGCCGCTCTTATCGTCGT-
CATCCTTGTAATCTCCACCTGACTTATCGTCGTCATCCTTGTAATCCATG-
GTGA-39. To generate Myc–LL5b, the FLAG tag was removed from the plasmid
described above, and replaced by a fragment coding three copies of Myc tag. This
fragment was obtained by annealing primers with the following sequences: 59-
GATCTCACCATGGAGCAGAAACTCATCTCTGAAGAAGATCTGGAACAAA-
AGTTGATTTCAGAAGAAGATCTGGAACAGAAGCTCATCTCTGAGGAAGA-
TCTGC-39 and 59-TCGAGCAGATCTTCCTCAGAGATGAGCTTCTGTTCCA-
GATCTTCTTCTGAAATCAACTTTTGTTCCAGATCTTCTTCAGAGATGAGTT-
TCTGCTCCATGGTGA-39.

To generate FLAG-tagged fusion proteins cDNAs encoding mouse Amotl2 and
Flii were PCR amplified from plasmids obtained from Open Biosystems
(Lafayette, CO, USA; MMM4769-99610111 and MMM1013-7511702,
respectively) and cloned into pFTH-LL5b in place of the LL5b sequence.
Mouse ELKS and Asef2 tagged with Myc were generated by PCR amplification of
cDNA from mouse brain mRNA extract using SuperScriptH III First-Strand
Synthesis System from Invitrogen (Grand Island, NY, USA; 1880-051). Purified
cDNAs were ligated into pMyc-LL5b, replacing the LL5b coding sequence.
Plasmid GFP-C1-Flii (Kopecki et al., 2009), derived from pEGFP-C1 expressing
human FLII (GenBank U01184) was a kind gift from Allison Cowin.

The TRCN0000182870 plasmid from Sigma (St. Louis, MO, USA) was used to
produce lentivirus. Rescue of knockdown was performed with expression of
human AMOTL2 that was PCR amplified, cut with BglII and SalI, and cloned into
the pCUXIE retroviral plasmid that had been linearized with BamHI and XhoI. A
HA-Amotl2 plasmid was kindly provided by Anming Meng (Tsinghua University,
Beijing, China) (Huang et al., 2007). As a template for ASEF2 amplification, we
used pEGFP-hAsef a gift from Donna Webb (Vanderbilt University) (Bristow
et al., 2009). For knock down in C2C12 myotubes, cells were transfected with
siRNA using Lipofectamine RNA/MAX (Invitrogen, Grand Island, NY, USA) at
48–72 hours after fusion and fixed 3 days later. Non-silencing siRNA-A (negative
control; sc-37007) and pooled Amotl2 siRNA (sc-72494) were from Santa Cruz
(Santa Cruz, CA, USA). Another siRNA against Amotl2 was obtained from
Qiagen (Velno, Netherlands; SI00897260).

Virus production and infection

Adenoviral particles were produced by Welgen, Inc. (Worcester, MA, USA) from
a vector encoding TAP–LL5b. C2C12 myotubes were infected with adenovirus on
the second day after fusion induction and collected 2 days later. Lentiviral and
retroviral particles were obtained from HEK-293 and GP2 cells respectively.
Packaging cells were transiently transfected with plasmids. Media were replaced
24 hours later, then collected 24 or 48 hours later, centrifuged at 6000 rpm for
10 minutes and passed through a 0.45 mm filter. For infection, virus-containing
medium was mixed with fresh medium containing Polybrene (Santa Cruz, Santa
Cruz, CA, USA; SC-134220; 8 mg/ml).

Complex purification and mass spectrometry analysis

For complex purification, myotubes infected with TAP-GFP-LL5b adenovirus, or
control (uninfected) myotubes, were washed with ice-cold PBS containing sodium
azide and covered with lysis buffer [50 mM Tris-HCl, 150 mM NaCl, 50 mM
NaH2PO4, 10 mM imidazole, 0.1% Nonidet-P40, 10% glycerol, 10 mM b-
mercaptoethanol, EDTA-free Mini protease inhibitor cocktail (Roche,
Indianapolis, IN, USA), 1 mM phenylmethylsulphonyl fluoride, pH 8.0]. Cells
were scraped off the dish, incubated briefly on ice, passed three times through a
25-gauge needle with syringe and centrifuged for 5 minutes at 4000 g and
30 minutes at 21000 g. The supernatant was incubated with washed IgG Sepharose
6 Fast Flow from GE Healthcare (Waukesha, WI, USA; 17-0969-01) for 4–
16 hours. Next, the Sepharose was loaded into a column (Bio-Rad, Hercules, CA,
USA; 731-1550), washed three times with wash puffer (50 mM Tris-HCl, 50 mM
NaH2PO4, 150 mM NaCl, 0.1% NP-40, pH 8.0), washed once with TEV buffer
(50 mM Tris-HCl, 150 mM NaCl, 0.5 mM EDTA,1 mM DTT, pH 8.0) and
resuspended in TEV buffer. To cleave the protein from the Sepharose, AcTEV
(Invitrogen, Grand Island, NY, USA; 12575-015) was added and the sample was
incubated for 2 hours at room temperature or overnight at 4 C̊. For precipitation of
proteins from eluted samples, 25% of the sample volume of 100% TCA (500 g
TCA in 350 ml of H2O) was added, incubated for 10 minutes at 4 C̊ and
centrifuged at 14000 rpm for 5 minutes. The pellet was washed with 200 ml of

cold acetone, centrifuged at 14000 rpm for 5 minutes, air dried and resuspended in
sample buffer followed by incubation at 95 C̊ for 6 minutes. For analysis, samples
were subjected to SDS-PAGE electrophoresis and proteins were visualized with
SilverQuest (Invitrogen, Grand Island, NY, USA; LC6070). Gels were stained with
Colloidal Blue Staining Kit (Invitrogen, Grand Island, NY, USA; LC6025). Slices
were excised from the gel and analyzed at the Harvard Microchemistry and
Proteomics Analysis Facility by microcapillary reverse-phase HPLC nano-
electrospray tandem mass spectrometry (mLC/MS/MS) on a Thermo LTQ-
Orbitrap mass spectrometer.

Co-immunoprecipitation

HEK-293 cells were transfected with appropriate constructs and lysed as described
above for myotubes. Supernatants from centrifugations were incubated for 2 hours
to overnight with Dynabeads from Invitrogen (Grand Island, NY, USA; 658-01D)
coated with either anti-Myc (Thermo, Waltham, MA, USA; MA1980) or anti-
FLAG antibody (Sigma, St. Louis, MO, USA; F1804-200UG). Beads with
attached proteins were washed four times with lysis buffer, resuspended in
26sample buffer and boiled for 5 minutes. For western blot analysis, samples were
loaded on pre-cast gels from Bio-Rad (Hercules, CA, USA; 456-1086), subjected
to the SDS-PAGE electrophoresis and transferred to the Immobilon-P membrane
from Millipore (Billerica, MA, USA; IPVH00010).
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