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Caenorhabditis elegans SORB-1 localizes to
integrin adhesion sites and is required for
organization of sarcomeres and mitochondria
in myocytes
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ABSTRACT We have identified and characterized sorb-1, the only sorbin and SH3 domain–
containing protein family member in Caenorhabditis elegans. SORB-1 is strongly localized to
integrin adhesion complexes in larvae and adults, including adhesion plaques and dense bodies (Z-disks) of striated muscles and attachment plaques of smooth muscles. SORB-1 is recruited to the actin-binding, membrane-distal regions of dense bodies via its C-terminal SH3
domains in an ATN-1(α-actinin)– and ALP-1(ALP/Enigma)–dependent manner, where it contributes to the organization of sarcomeres. SORB-1 is also found in other tissues known to be
under mechanical stress, including stress fibers in migratory distal tip cells and the proximal
gonad sheath, where it becomes enriched in response to tissue distention. We provide evidence for a novel role for sorbin family proteins: SORB-1 is required for normal positioning of
the mitochondrial network in muscle cells. Finally, we demonstrate that SORB-1 interacts directly with two other dense body components, DEB-1(vinculin) and ZYX-1(zyxin). This work
establishes SORB-1 as a bona fide sorbin family protein—one of the late additions to the
dense body complex and a conserved regulator of body wall muscle sarcomere organization
and organelle positioning.

INTRODUCTION
Focal adhesions are asymmetric adhesive structures that transmit
force between the extracellular matrix and the cytoskeleton, allowing
generation of cellular traction and mechanotransduction (Ciobanasu
et al., 2013). Because these functions impinge upon diverse cellular
processes, including proliferation, apoptosis, adhesion, extracellular
matrix remodeling, and migration, focal adhesions are crucial mechanical and signaling complexes during normal development,
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wound repair, and oncogenesis. Focal adhesions typically bind the
extracellular matrix via α/β-integrin heterodimers, which themselves
are bound intracellularly by a host of kinases, actin-binding proteins,
and intermolecular scaffolds (Zaidel-Bar et al., 2007; Case and
Waterman, 2015). Among the latter are sorbin family proteins, which
are characterized by an N-terminal sorbin homology (SoHo) domain
and three C-terminal Src homology 3 (SH3) domains.
The mammalian sorbin family consists of CAP/Ponsin, ArgBP2,
and vinexin, which are further diversified by alternative splicing variants, including isoforms lacking the third SH3 domain (Wang et al.,
1997) or the SoHo domain (Kioka et al., 1999; Murase et al., 2012).
Sorbin itself, which is produced by an alternate transcript from the
ArgBP2 locus (Hand and Eiden, 2005), lacks all SH3 domains (VagneDescroix et al., 1991) and plays nonadhesive roles in the duodenal
lumen, instead promoting absorption of water and sodium ions
(Pansu et al., 1981; Charpin-Elhamri et al., 2000). With the exception
of sorbin, these proteins are widely expressed and particularly abundant in striated muscles, and they localize to focal adhesions, stress
fibers, adherens junctions, and the nucleus (Wang et al., 1997; Kioka
et al., 1999; Mandai et al., 1999; Lebre et al., 2001), suggesting that
they may play a role in cross-talk between adhesive structures.
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Sorbin family proteins have been proposed to strengthen focal
adhesions through multiple pathways: by promoting local F-actin
accumulation and stress fiber formation (Kioka et al., 1999), by inhibiting focal adhesion disassembly (Zhang et al., 2006), and by impeding integrin receptor endocytosis (Cestra et al., 2005; Tosoni
and Cestra, 2009). By stabilizing focal adhesions, sorbin family proteins may inhibit cell spreading and migration (Zhang et al., 2006;
Taieb et al., 2008; Fernow et al., 2009; Kioka et al., 2010; Roignot
et al., 2010), although there is also evidence that sorbin proteins
may inhibit these processes by negatively regulating lamellipodial
actin dynamics (Cestra et al., 2005).
Given the considerable overlap in expression and function of vertebrate sorbin family proteins, simpler model systems with less redundancy could be useful for studying their functions in vivo. The
Drosophila sorbin homologue, DCAP/rexin, has been reported to
play roles in glucose metabolism (Yamazaki and Yanagawa, 2003),
sensation of vibration and sound, and maintenance of muscle morphology (Bharadwaj et al., 2013). Here we identify and characterize
the sole Caenorhabditis elegans sorbin homologue, SORB-1, which
localizes to focal adhesion–like structures in myocytes. In nematode
body wall muscle cells, SORB-1 is recruited to the actin-binding region of dense bodies, which serve as a type of focal adhesion and,
as a homologous structure to Z-disks, transmit the force of muscle
contraction (Francis and Waterston, 1985; Moerman and Williams,
2006; Gieseler et al., 2017). Additionally, we have found that SORB-1
is recruited to stress fibers in two cell types of the somatic gonad,
and it performs a previously unidentified function for sorbin family
proteins in the positioning of mitochondria in body wall muscle cells.

RESULTS
sorb-1 encodes the sole sorbin family gene in C. elegans
Sequencing of C. elegans cDNA clones yk357a12 and yk22a10 revealed two splicing variants of a single open reading frame (ORF);
the first of these, sorb-1a, encodes a product with an N-terminal
SoHo domain and three C-terminal SH3 domains. Sequence alignment of the predicted SORB-1A protein against the human proteome showed roughly equivalent amino acid identity to CAP/Ponsin, ArgBP2, and vinexin (32, 33, and 28%, respectively), although
vinexin was ranked as the most significant match by E value (8 ×
10–33 for vinexin vs. 9 × 10–24 and 2 × 10–30 for CAP/Ponsin and ArgBP2, respectively). In keeping with the Human Genome Organization Nomenclature Committee classification of sorbin and SH3 domain–containing family genes, we have named this homologue
sorb-1. cDNA yk22a10 provides evidence for an alternatively spliced
variant, sorb-1d, that lacks the third SH3 domain and is therefore
structurally similar to ArgBP2 B (http://www.wormbase.org/get?name
=CB102708;class=clone; Figure 1).

SORB-1 localizes to several types of integrin adhesion sites
of both striated and smooth muscles
A translational sorb-1::gfp fusion driven by 2 kb of endogenous promoter was used to determine expression and subcellular localization
of SORB-1 protein in C. elegans. sorb-1::gfp was strongly expressed
in all body wall muscles, where the protein tagged with green fluorescent protein (GFP) localized to adhesion plaques between myocytes and to dense bodies (Figure 2, A and B). To confirm the dense
body localization and determine its depth, we costained sorb-1::gfp
animals with antibodies to known dense body components. As
shown in Figure 3, SORB-1::GFP colocalizes with both DEB1(vinculin) and ATN-1(α-actinin). However, vinculin is known to be
located at the membrane-proximal base of dense bodies (Barstead
and Waterston, 1989), whereas α-actinin is known to be located in
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the deeper, membrane-distal portion of the finger-like dense body
structure. As indicated from a confocal Z-series, SORB-1 colocalizes
with both DEB-1 and ATN-1, although it seems to be more associated with DEB-1 (Supplemental Figure S1): as confocal sections
progress from the outer muscle cell membrane to deeper into the
cell, the SORB-1::GFP signal attenuates at the same position as
DEB-1, whereas the ATN-1 signal persists deeper into the cell.
SORB-1::GFP was also observed in muscle arm attachment sites
at the nerve ring (Figure 2C), where protrusions from head muscles
form contacts with the basement membrane (White et al., 1986).
SORB-1::GFP was also observed in all nonstriated muscles of C. elegans with the exception of the pharynx, localizing exclusively to
integrin adhesion sites. Fluorescent signal localized strongly to the
origins and insertions of the vulval and anal depressor muscles
(Figure 2, D and E) as well as to the spicule-associated and diagonal
muscles of the male tail (Figure 2F). In myocytes more closely resembling vertebrate smooth muscle, such as the uterus, stomatointestinal muscle, and proximal gonad sheath, GFP signal was present in small puncta present throughout the tissue (Figure 2, D and
E, and Supplemental Figure S4B). In both smooth and striated
muscles in C. elegans, SORB-1 localizes strongly at sites subject to
mechanical stress, suggesting a role in strengthening the adhesive
structures at these sites and/or cell signaling in response to tensile
force.

SORB-1 localization in body wall muscles requires its SH3
domains and the membrane-distal dense body components
ATN-1 and ALP-1, but not FRG-1
Because the localization of sorbin family proteins in cultured mammalian cells depends on integrins and other proteins in integrin adhesion complexes, we next examined the genetic requirements for
dense body recruitment of SORB-1 in C. elegans. Dense bodies are
the functional and anatomical equivalents of Z-disks in vertebrate
striated muscle, and because of their anchorage to the outer sarcolemma and what is known about their protein composition, they are
one form of focal adhesion (the other being the M-line; Moerman
and Williams, 2006; Lecroisey et al., 2007; Qadota and Benian,
2010; Gieseler et al., 2017). Proper localization of SORB-1 begins at
approximately the twofold stage of embryonic elongation (Figure
4A) and depends on core dense body proteins and early organizers
of the dense body, including PAT-2(α-integrin), PAT-3(β-integrin),
UNC-112(kindlin), DEB-1(vinculin), UNC-52(perlecan), UNC97(PINCH), and TLN-1(talin). Single RNA interference (RNAi) knockdown or genomic mutation of each of these components did not
abrogate sorb-1::gfp expression, but fluorescent signal was mislocalized to broad patches at the membrane of Pat (Paralyzed, Arrested at Twofold) embryos (Figure 4). SORB-1::GFP appears to
accumulate in the nucleus of deb-1(st554) and pat-2(RNAi) embryos
(Figure 4, B and C, and Supplemental Figure S2), whereas no punctate accumulation was observed with knockdown of the core dense
body component pat-3 (Figure 4D).
To date, few proteins have been identified as distal components
of the dense body. One such protein, ATN-1, is the sole nematode
orthologue of the actin-binding protein α-actinin (Moulder et al.,
2010), which is a direct binding partner for the SoHo region of ArgBP2 and the first two SH3 domains of vinexin in vertebrates (Kioka
et al., 1999; Ronty et al., 2005). atn-1(ok84)-null homozygotes survive to adulthood and show loss of SORB-1::GFP localization in the
membrane-distal region of dense bodies; although membraneproximal signal is not abrogated, it is less spatially restricted around
the core of the dense body in ok84 animals (compare A and A′ to
B and B′ in Figure 5). This is consistent with electron microscopy
Molecular Biology of the Cell

FIGURE 1: SORB-1 is homologous to human SoHo proteins. (A) Sorbin family proteins contain an N-terminal SoHo
domain and three C-terminal SH3 domains, with splicing variants that lack either the SoHo domain (as in vinexin β) or
the most C-terminal SH3 domain (as in ArgBP2 B). SORB-1A and SORB-1D structures were predicted from cDNAs
yk357a12 and yk22a10, respectively. Lesion gk769190 is an amber nonsense mutation. gk304 and ok2174 are complex
deletions/insertions, which cause frame shifts that are predicted to truncate SORB-1 where indicated. (B) The sorb-1
genomic region; exons are indicated as purple rectangles, and the genetic lesions used in this study are indicated.
(C) Conservation within the core region of the SoHo domain establishes C. elegans as a sorbin family member.
Conserved residues are in bold. Numbers indicate N- and C-terminal residue positions. (D) Single and multiple domain
deletions of SORB-1::GFP were used to assay SORB-1 localization in this study.

observations of atn-1(ok84) mutant muscle, which showed short
but broad dense bodies and near-normal localization of the membrane-proximal components β-integrin and vinculin (Moulder et al.,
2010).
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The membrane-distal dense body component ALP-1 (McKeown
et al., 2006) also displays expanded membrane-proximal signal in
atn-1(ok84) mutants (Han and Beckerle, 2009). Therefore, we investigated whether SORB-1 localization was dependent on the presence
SORB-1 in myocyte organization
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adhesion–like structure in nematode striated muscle, the M-line, as SORB1(∆SH3B)::GFP remained present at proximal and distal dense bodies but was partially
redistributed to the deep region of M-lines
in sorb-1(gk769190) animals (Figure 5, E
and E′). Deletion of the first two SH3 domains was sufficient to prevent localization
to the deep region of dense bodies (Figure
5, F and F′). Removing the SoHo or SH3C
domains did not appreciably perturb SORB1::GFP localization in any of the tissues studied (unpublished data). Together, these data
place SORB-1 downstream of ATN-1 and
ALP-1, but not FRG-1, in distal dense body
assembly and show that proper SORB-1 localization relies primarily on its two most Nterminal SH3 domains.

sorb-1 mutants exhibit defects in
sarcomere organization but normal
motility
Because SORB-1 localizes to the actin-binding region of dense bodies in body wall
muscles, we investigated whether sorb-1
loss of function could produce defects in
sarcomeric organization and/or function.
sorb-1(gk769190) is a nonsense mutation,
W461amber, obtained from the Million Mutation Project collection (Thompson et al.,
2013). We compared the sarcomere organization of wild-type and sorb-1(gk769190)
adult body wall muscle, examining the organization of thin filaments (detected with fluorescent phalloidin), thick filaments (MYO-3
[myosin heavy chain A]), M-lines (UNC-89
FIGURE 2: SORB-1::GFP localizes to muscle dense bodies and other muscle attachment sites.
[obscutin]), the membrane-proximal por(A) SORB-1 localizes to dense bodies and adhesion plaques between myocytes (arrowhead).
tions of M-lines and dense bodies (UNC-95),
Image was created from a Z-projection of 10 focal planes. (B) Zoom of boxed region in A.
and dense bodies (DEB-1 [vinculin] and
Fluorescent signal localizes along the depth of the dense body structures (arrowhead).
ATN-1 [α-actinin]). As shown in Figure 6,
(C) Composite of fluorescence and DIC imaging, identifying SORB-1::GFP in muscle arm
attachments at the nerve ring (arrowheads). (D) Composite of fluorescence and DIC imaging,
remarkably, although SORB-1::GFP is locallateral view. SORB-1::GFP signal localizes to intestinal attachment sites of the stomatointestinal
ized to dense bodies, we detected no obvi(si) and anal depressor (ad) muscles. (E) Hermaphrodite, ventral view. Signal localizes to
ous abnormalities in the pattern or shape of
attachments of the vulval muscles (v) and is diffusely punctate in the underlying uterus (ut).
dense bodies when reacted with antibodies
(F) Male, lateral view. SORB-1 localizes to attachments of the diagonal (arrowhead) and
to ATN-1 or DEB-1. Also, UNC-95 is norspicule-associated muscles (arrow) of the male tail. Scale bars = 10 μm.
mally located near the base of dense bodies
and M-lines in sorb-1(gk769190). Nevertheof ALP-1. Similarly to atn-1 mutants, alp-1(ok820) mutants exhibit
less, actin thin filaments are disorganized in most cells as assessed
loss of SORB-1::GFP signal from the deep portion of the dense body
via phalloidin staining. In addition, both thick filaments (detected by
and less spatial restriction at the membrane-proximal region (Figure
antibodies to MYO-3 [myosin heavy chain]) and their organizing
5, C and C’). This redistribution of SORB-1::GFP is not likely due to
centers, the M-lines (detected by antibodies to UNC-89 [obscurin]),
are disorganized in sorb-1(gk769190) worms. Instead of the parallel
perturbations of ATN-1 or DEB-1 themselves, as these proteins are
localized normally in alp-1 mutants (Han and Beckerle, 2009). The
uniform lines of staining for MYO-3 and UNC-89 seen in wild type,
remaining known component of the membrane-distal portion of
sorb-1(gk769190) shows V-shaped patterns and some degree of
dense bodies, FRG-1(FRG1) (Liu et al., 2010), does not appear to be
aggregation for both proteins. The muscle structural defects in sorb1(gk769190) animals did not manifest as a gross reduction in the
required for SORB-1 recruitment, as SORB-1::GFP localization is unquantity or quality of sinusoidal waves produced during movement
perturbed in frg-1(tm2803) mutants (Figure 5, D and D′).
compared with young adult or 2-d-old adult wild-type controls (SupTo ascertain which domains of SORB-1 are responsible for its loplemental Table S1). Similar defects in sarcomere structure were
calization, domain dropout constructs were expressed in both a
found for two additional sorb-1 mutant alleles, sorb-1(ok2174) and
wild-type background and sorb-1(gk769190), which contains a nonsorb-1(gk304), each of which is an intragenic deletion resulting in
sense mutation before the SoHo domain (Figure 1A). The second
early protein truncation (Supplemental Figure S3). Of particular
SH3 domain appears to help exclude SORB-1 from the other focal
3624 | T. Loveless et al.
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organizing mitochondria, although the mechanistic link between
SORB-1 and mitochondrial positioning remains to be elucidated.

SORB-1 interacts with DEB-1(vinculin) and with ZYX-1(zyxin)

FIGURE 3: SORB-1::GFP colocalizes with both DEB-1 and ATN-1.
sorb-1::gfp animals were fixed and costained with antibodies to GFP
and antibodies to DEB-1 (top row) or antibodies to ATN-1 (bottom
row). A portion of a single body wall muscle cell is shown. Scale bar
= 10 μm.

note, however, the effects on thin filaments, thick filaments, and Mlines are less severe in sorb-1(gk304) worms. sorb-1(gk304) is the
most C-terminal of the mutants, which could account for this weaker
phenotype. SORB-1(ΔSH3C)::GFP localizes normally (Figure 5), and
sorb-1(gk304) deletes SH3C. Thus, sorb-1(gk304) might produce a
protein that localizes properly but has a mild functional defect.
In addition to muscle attachment sites, GFP-tagged SORB-1 localized to distal tip cells (DTCs) of the gonad, beginning in the late
L4 larval stage and persisting throughout adulthood, including
within cytoneme projections; however, knockdown of sorb-1 did not
perturb DTC migration or cytoneme morphology (Supplemental
Figure S4A), nor did sorb-1 overexpression or knockdown significantly affect brood size compared with wild type (Supplemental
Table S2). Depletion of ina-1, an α-integrin required for proper DTC
migration and gonad morphology (Baum and Garriga, 1997), occasionally led to a redistribution of SORB-1::GFP in the proximal gonad (Supplemental Figure S4B).

Mitochondria become disorganized in the absence
of SORB-1
Mitochondria within C. elegans body wall muscles normally align in
tubular tracks parallel to actin filaments. This alignment requires
membrane-proximal and distal dense body components (Etheridge
et al., 2012), as well as components of the LINC (Linker of Nucleoskeleton and Cytoskeleton) complex of organelle-tethering proteins,
such as ANC-1, UNC-83, and UNC-84 (Hedgecock and Thomson,
1982; Starr and Han, 2002). We therefore examined muscles in sorb1 mutants for mitochondrial mispositioning defects. Live mitochondrial imaging of sorb-1(gk769190) and atn-1(ok84) homozygotes
revealed reproducible defects in mitochondrial organization (Figure
7) consisting of nonparallel mitochondrial tracks, sizable discontinuities within tracks, and accumulation of mitochondrial signal into
rounded masses. The observed defects were commensurate with
organization and alignment phenotypes previously described for
RNAi-mediated knockdown of ATN-1(α-actinin) and DEB-1(vinculin)
(Etheridge et al., 2012). While mitochondrial aggregation or nonparallel branching were observed in 31.8% of wild-type myocytes
scored (n = 22), sorb-1(gk769190) and atn-1(ok84) displayed a 63.4%
(n = 71) and 55.1% (n = 69) incidence of these defects, respectively
(each significantly different from wild type, p < 0.01, Fisher's exact
test). These results suggest a novel role for sorbin family proteins in
Volume 28 December 1, 2017

To help understand how SORB-1 is localized to dense bodies and
performs its functions, we used SORB-1 to screen a collection of 16
known dense body proteins (Supplemental Table S3) with a yeast
two-hybrid assay. As shown in Supplemental Table S3 and Figure 8A,
SORB-1 was found to interact only with DEB-1 and ZYX-1. ZYX-1 is
the unique zyxin-like protein in C. elegans that is orthologous to the
vertebrate zyxin subfamily composed of zyxin, migfilin, TRIP6, and
LPP (Lecroisey et al., 2013).
DEB-1 is composed of an N-terminal head and a C-terminal tail.
As indicated in Figure 8B, the C-terminal tail of DEB-1, but not its
N-terminal head, binds to SORB-1, consistent with vertebrate vinculin and vinexin β (Takahashi et al., 2005). The DEB-1 C-terminal tail
also binds to ATN-1 but not TLN-1. However, a portion of the Nterminal head of DEB-1 binds to TLN-1. These interactions are summarized in Figure 8C. In contrast, the localization of SORB-1 does
not depend on the presence of ZYX-1; SORB-1::GFP localizes properly in a zyx-1-null mutant, zyx-1(gk190) (Supplemental Figure S5).
Similarly, the localization of ZYX-1 does not depend on the presence
of SORB-1; in the loss-of-function sorb-1(gk769190) mutant, ZYX-1
is properly localized (Supplemental Figure S5). The localization of
SORB-1 when ZYX-1 is absent is probably explained by the interaction of SORB-1 with DEB-1 (Figure 8C). That the SORB-1/DEB-1 interaction is crucial is shown by the mislocalization of SORB-1::GFP in
the absence of DEB-1 (Figure 4).

DISCUSSION
SORB-1 is a newly identified component of muscle dense
bodies in C. elegans
Sorbin family proteins are versatile components of integrin adhesion
sites, often referred to as focal adhesions in cultured cells, which
regulate adhesion to the extracellular matrix and therefore key oncogenic processes such as cell-matrix adhesion, migration, and the
ability to survive and proliferate independently of substrate anchorage (Suwa et al., 2002; Yuan et al., 2005; Mitsushima et al., 2006;
Mizutani et al., 2007). This study establishes sorb-1 as a sorbin and
SH3 domain–containing family member in C. elegans. SORB-1 protein is most homologous to vertebrate vinexin in both amino acid
sequence and cellular function, localizing to integrin adhesion sites
in the musculature and somatic gonad as well as along stress fibers
in the somatic gonad. Mutational analysis indicates that proper localization of GFP-tagged SORB-1 requires core dense body proteins PAT-2(α-integrin), PAT-3(β-integrin), UNC-112(kindlin), and
TLN-1(talin), which are the sine qua non for dense body formation
(Gieseler et al., 2017), as well as the more membrane-distal dense
body components DEB-1(vinculin), ATN-1(α-actinin), and ALP1(ALP/Enigma) (Figures 4 and 5). Although a previous screen identified a physical interaction between DEB-1 and SORB-1 (Xin et al.,
2009), our directed yeast two-hybrid assays elucidate this interaction: the C-terminal tail domain of DEB-1 interacts with both ATN-1
and SORB-1, and the N-terminal head domain of DEB-1 interacts
with TLN-1 (Figure 8). In contrast to the known interaction between
ArgBP2 and α-actinin (Ronty et al., 2005; Anekal et al., 2015), we did
not find that SORB-1 interacts directly with ATN-1, although negative results from yeast two-hybrid assays do not necessarily rule out
interactions. If our yeast two-hybrid results reflect in vivo interactions, then the apparent mislocalization of SORB-1::GFP in atn1(ok84) may simply result from the dense bodies of atn-1(ok84) having an abnormally short and broad structure (Moulder et al., 2010).
SORB-1 in myocyte organization
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FIGURE 4: Early SORB-1 localization requires dense body components. (A) SORB-1::GFP
accumulates at dense bodies beginning at the twofold stage of embryogenesis and persists
throughout adulthood. wt, wild type. (B–H) Mislocalization of SORB-1::GFP in a twofold embryo
resulting from loss of indicated dense body components. Nuclear accumulation of SORB-1 was
observed in deb-1(st554) embryos (B) and was observed less strongly in pat-2(RNAi) and
tln-1(RNAi) embryos (C and E). Nuclear localization of SORB-1::GFP was not observed in
pat-3(RNAi), unc-112(RNAi), or unc-97(RNAi) embryos (D, F, and H) or in unc-52(RNAi) L1 larvae
(G). Scale bars = 10 μm.

SORB-1 contributes to sarcomeric organization
We have shown that in C. elegans, SORB-1 localizes to dense bodies
and adhesion plaques, two types of integrin-mediated cell-matrix
adhesion sites in nematode body wall muscle. However, despite this
localization to dense bodies, three independently isolated lossof-function alleles of sorb-1 (Figure 6 and Supplemental Figure S3)
show no effect on the localization of basal (UNC-95 and DEB-1) or
deeper (ATN-1) dense body components. One of these compo3626 | T. Loveless et al.

nents, DEB-1, interacts with SORB-1 (Figure
8). Nevertheless, the disorganization of thin
filaments found in sorb-1 mutants (sorb1(gk769190) and sorb-1(ok2174); Figure 6
and Supplemental Figure S3) is consistent
with a function at dense bodies, since dense
bodies anchor actin thin filaments in nematode muscle. However, the other effect of
sorb-1 mutants on the sarcomere appears to
be at thick filaments (MYO-3) and its associated organizing center in the middle of the
A-band, the M-line (UNC-89). That both
MYO-3 and UNC-89 are affected is expected
for several reasons. First, unc-89 mutants
show disorganized thick filaments by immunostaining with anti–MYO-3 (Qadota et al.,
2008, 2016). Second, both UNC-89 and
MYO-3 reside in the middle of sarcomeric Abands (Miller et al., 1983; Benian et al., 1996;
Small et al., 2004). However, the effect on
thick filaments and M-lines is somewhat unexpected, as we have shown here that
SORB-1 does not reside at thick filaments or
M-lines. There are two possibilities: first,
given the close and extensive physical interactions between actin thin filaments and
myosin thick filaments, it is possible that the
primary effect of loss of sorb-1 function is on
actin thin filaments, which then secondarily
causes disruption of thick filaments and their
attachment structures but leaves the membrane-associated portion of M-lines (e.g.,
UNC-95) intact. This explanation is consistent with the abnormal organization of thin
filaments observed in mutants of genes
encoding M-line–specific proteins, for example, UNC-98 (Mercer et al., 2003), UNC96 (Mercer et al., 2006), and UNC-89 (our
unpublished observations). A second, more
exotic explanation for the effect of sorb-1
mutations on thick filaments and the M-line
is that SORB-1 has a role in signaling
between the dense body and the nucleus, which affects the expression of thick
filament/M-line proteins (discussed below).

Normal organelle positioning requires
SORB-1

We have identified a novel role for SoHo domain proteins in organelle positioning. In C.
elegans muscle, loss of sorb-1 function leads
to mitochondrial mispositioning. While this
work was in review, results of a large-scale
screen were reported with data similar to
ours regarding the effects of loss of sorb-1 function on mitochondrial
positioning (Etheridge et al., 2015). The alignment of mitochondria
in apical tracks parallel to contractile fibers probably allows for optimal respiration in highly ATP-demanding tissues such as muscle
(Hardy et al., 2009; Kinsey et al., 2011). These mitochondrial tracks
depend on prior organization of the sarcomere: knockdown of early
dense body organizers in C. elegans produces severely disorganized
contractile filaments and severely fragmented mitochondria, while
Molecular Biology of the Cell

knockdown of late dense body components,
which are largely nonessential, results in
modestly disorganized and fragmented mitochondrial networks (Etheridge et al., 2012).
When mitochondria become disorganized in
the absence of distal dense body components such as SORB-1, body wall muscles
may not fuel ATP-driven actomyosin contraction at maximum efficiency, resulting in diminished muscle flexion.
The mechanism bridging distal dense
body components to mitochondria remains
unclear, but one candidate is the SUN
(Sad-1/UNC-84) and KASH (Klarsicht/
ANC-1/Syne/homology) system of LINC
proteins, which tether organelles to the cytoskeleton and contribute to body wall muscle mitochondrial organization. The giant
KASH protein ANC-1 localizes to C. elegans
dense bodies (Starr and Han, 2002), and
loss of ANC-1 or one of its binding partners,
the SUN protein UNC-84, results in severe
mitochondrial disorganization similar to loss
of essential dense body proteins (Hedgecock and Thomson, 1982; Malone et al.,
1999; Starr and Han, 2002). ANC-1 possesses two N-terminal calponin domains
(Starr and Han, 2002) that may link mitochondria to the actin cytoskeleton, although
direct actin-binding activity has not been
demonstrated. It is possible that dense
body components such as the SORB-1/
DEB-1/ZYX-1/ATN-1/TLN-1 complex may
subtly organize ANC-1–bound actin at the
membrane-distal portion of the dense body.

SORB-1 may participate in
mechanotransduction

FIGURE 5: ATN-1, ALP-1, and the N-terminal SH3 domains of SORB-1 are required for
correct dense body localization of SORB-1. (A, A’) SORB-1::GFP localization at dense bodies
in the predicted SORB-1 protein-null background, sorb-1(gk769190) (A), and a projection of
100 Z-stack reslices showing localization to dense bodies (A’, arrowhead). (B, B’) Recruitment
of SORB-1::GFP to the membrane-distal region of dense bodies is abolished in atn-1(ok84)
mutants: fluorescent signal is restricted to the cell surface in projections of Z-stack reslices
(B′). (C, C’) alp-1(ok820); sorb-1::gfp adults display no membrane-distal dense body
GFP, and signal is less spatially restricted around the membrane-proximal dense body.
(D, D’) SORB-1::GFP localization is unperturbed in a frg-1(tm2803) mutant background.
(E, E’) SORB-1(∆SH3B)::GFP is mislocalized to M-line structures (arrowheads) in sorb1(gk769190) worms. (F, F’) SORB-1::GFP(∆SH3AB)::GFP is not recruited to the membranedistal dense body, similar to wild-type SORB-1::GFP in atn-1(ok84) and alp-1(ok820)
backgrounds. Scale bars = 10 μm.
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Unlike other distal dense body components,
which are constitutively found in the nucleus
(Hobert et al., 1999; Mercer et al., 2003;
Broday et al., 2004; Liu et al., 2010; Lecroisey
et al., 2013), SORB-1 appears to be excluded
from the nucleus even when overexpressed,
displaced from the dense body by SH3 domain deletion, or displaced by loss of distal
dense body components. This suggests that
increased cytoplasmic availability of SORB-1
is not sufficient for nuclear translocation, despite the presence of a putative nuclear localization signal (as determined by cNLS Mapper [Kosugi et al., 2009]). Rather, this appears
to be a specific response to the reduction of
core dense body proteins PAT-2(α-integrin),
UNC-112(kindlin), DEB-1(vinculin), and TLN1(talin) (Figure 4). The one exception is PAT3(β-integrin). The conspicuous lack of nuclear
SORB-1::GFP signal in pat-3(RNAi) embryos
suggests that nuclear transport of SORB-1 is
a PAT-3–dependent process. Interestingly,
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hypodermis (e.g., due to muscle detachment from the extracellular matrix) prevents
further elongation (Williams and Waterston,
1994; Zhang et al., 2011). Failure to produce
adequate muscle contractions during this
time could feasibly initiate a feedback signal
to up-regulate genes responsible for the underperforming component.
If SORB-1 participates in nuclear feedback from dense bodies during elongation, it
may do so in conjunction with the Abl orthologue ABL-1. Vertebrate ArgBP2 orthologues have been observed in nuclei of cultured cells and have been demonstrated to
associate with, and be phosphorylated by,
both of the closely related nonreceptor tyrosine kinases Abl and Arg (Wang et al., 1997).
Additionally, Abl is capable of shuttling between the nuclear and integrin-associated
pools in response to changes in integrin-mediated adhesion (Lewis et al., 1996; Taagepera et al., 1998). Nuclear Abl is capable of
altering gene transcription via phosphorylation of RNA polymerase II (Baskaran et al.,
1993) and histone acetyltransferases (Kaidi
and Jackson, 2013). Taken together, these
results suggest ABL-1 as a likely nuclear effector of SORB-1. Future experiments targeting this and other possibilities should further
elucidate SORB-1’s functions in muscle cells.

MATERIALS AND METHODS
Strains
Unless otherwise noted, strains were maintained at 20°C on nematode growth medium
(NGM) plates seeded with OP50 (Brenner,
FIGURE 6: sorb-1 loss of function results in disorganization of thick filaments, M-lines, and, to
1974). All fluorescent sorb-1 constructs were
some extent, thin filaments. Wild-type or sorb-1(gk769190) young adults were immunostained
injected into the germline of Bristol N2 or
with antibodies to MYO-3 (thick filaments), UNC-89 (M-lines), UNC-95 (base of dense bodies and sorb-1(gk169190) at 20 ng/μl, together with
M-lines), DEB-1 (base of dense bodies), and ATN-1 (major and deeper portion of dense bodies)
coinjection marker pRF4(rol-6(su1006)) at
and reacted with fluorescent phalloidin (thin filaments). The sorb-1 mutant shows disorganization
80 ng/μl and noncoding F35D3 DNA at 20
of thin filaments in most body wall muscle cells. The sorb-1 mutant shows disorganization of thick
ng/μl. All strains containing the temperaturefilaments and M-lines. Despite SORB-1 localizing to dense bodies, other dense body components
sensitive allele hlh-1(cc561ts) were main(UNC-95, DEB-1, and ATN-1) show no obvious disorganization. Scale bar = 20 μm.
tained at 15°C.
The following strains were used in this
one of the two dense body proteins that we have shown to interact
study: jcEx153(sorb-1::gfp; rol-6(su1006)), jcEx171(Psorb-1::gfp; roldirectly with SORB-1, ZYX-1(zyxin), is found constitutively in the nu6(su1006)), jcEx172(sorb-1a(∆SH3BC)::gfp; rol-6(su1006)), jcEx173
cleus and mainly in the middle of dense bodies (Lecroisey et al.,
(sorb-1a(∆SH3ABC)::gfp; rol-6(su1006)), jcEx175(sorb-1a(∆SoHo)::gfp;
2013). Perhaps in response to a reduction in core dense body prorol-6(su1006)), hlh-1(cc561ts) II, ina-1(gm39) III, ina-1(gm144) III, debteins, SORB-1 carries additional ZYX-1 into the nucleus.
1(st554)/unc-5(e53) unc-24(e138) IV; jcEx243(sorb-1::gfp), alpAlthough vertebrate ArgBP2 has been observed in cultured cell
1(ok820) IV; jcEx256((sorb-1a::gfp; rol-6(su1006)), sorb-1(gk769190)
nuclei (Wang et al., 1997), no nuclear roles for sorbin family proteins
IV, sorb-1(gk769190) IV; jcEx153, sorb-1(gk769190) IV; jcEx161, sorbare currently known. We hypothesize that SORB-1 may participate in
1(gk769190) IV; jcEx175, sorb-1(gk769190) IV; jcEx172, sorba feedback mechanism between dense bodies and the nucleus,
1(gk769190) IV; jcEx173, atn-1(ok84) V; jcEx239((sorb-1a::gfp; rolwhich could serve to detect whether adequate tension is produced
6(su1006)) myo-3(st386) V; and qIs19(Plag-2::gfp; rol-6(su1006)) V.
by muscle contractions and regulate expression of relevant genes
accordingly. Periodic muscle contractions are necessary for complete
Creation of DNA constructs
C. elegans embryonic elongation (Williams and Waterston, 1994), a
To generate the sorb-1::gfp construct pTDL06, cDNA yk357a12 (promorphogenetic event in which circumferential F-actin filament bunvided by Y. Kohara, National Institute of Genetics, Japan) was first
dles in the hypodermis compress the embryo to fourfold its original
PCR amplified using primers ponF07 (GCCGCTCTGAACTAGTGlength (Chisholm and Hardin, 2005). Beyond ∼1.5-fold, failure to
GAT) and ponR07 (ATCTAGATAATGACGTTTAACATATTTC) and
produce muscle contractions or to transmit contractile force to the
then cloned into the GFP expression vector pPD95.75 by PstI/XbaI
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digestion (New England Biolabs [NEB]). Approximately 2.2 kb of promoter sequence and 2.1 kb of genomic sorb-1 sequence were then
inserted by PCR amplification of the sorb-1 5′ region from N2
genomic DNA using primers ponF15 (AGCATGCCCGTTTTTCAGCCAGTTGTT) and ponR16 (CCGTCGAGCTTGTAGAGTAGGGAG).
This amplicon and pTDL06 were SphI/DraIII digested (NEB), and the
products were ligated to generate pTDL07 (Psorb-1::sorb-1::gfp).
Domain deletion constructs were created using dropout PCR
mutagenesis with the following primer pairs. To delete the SORB-1
ORF from pTDL07, creating the transcriptional reporter pTDL25,
ponF21 (ATCTAGAGGATCCCCGGGAT) and ponR23b (TCCTGGAATATGGGAGTTTGAAGA) were used. To delete the SH3C domain from pTDL07, creating pTDL24, ponF27 (TATCTAGAGGA
TCCCCGGGAT) and ponR21 (ACATTTGCAAATTAGAATCCGAT)
were used. To delete the SH3A domain, creating pTDL26 (sorb1ΔSH3A::gfp from pTDL07 template) and pTDL28 (sorb1ΔSH3AC::gfp from pTDL24 template), ponF24 (ATTAATACTGGAAATCAAGGGGATAGTCAA) and ponR24 (TGTTGCTGTCATAACTGGCT) were used. To delete the SH3B domain, creating
pTDL27 (sorb-1ΔSH3B::gfp from pTDL07 template) and pTDL32
(sorb-1ΔSH3BC::gfp from pTDL24 template), ponF25 (GAACAAGTGGAGCAACACAT) and ponR25 (TCTCATCTTTTGACTAT
CCCCTTGA) were used. To delete the SH3A and SH3B domains,
creating pTDL29 (sorb-1ΔSH3AB::gfp from pTDL07 template) and
pTDL31 (sorb-1ΔSH3ABC::gfp from pTDL24 template), ponF25
(GAACAAGTGGAGCAACACAT) and ponR24 (TGTTGCTGTCATAACTGGCT) were used. To delete the SoHo domain from pTDL07,
creating pTDL30, ponF26 (GGACTACACCGACTGCATCAAATTT)
and ponR26 (TTGATGTGCTCATTGGCTGCT) were used.
The sorb-1 feeding RNAi construct pTDL04 was created by ligating the 1.1-kb BglII/StyI (NEB) digestion product of the yk357a12
into the feeding RNAi vector L4440.
To construct yeast two-hybrid plasmids (bait and prey) containing sorb-1 full-length cDNA, the following three cloning steps were
performed. 1) sorb-1 N-terminus (1–583 base pairs) was amplified
from a cDNA library (RB2; a gift from Robert Barstead, Oklahoma
Medical Research Foundation) using PCR with primers sorb-1-N1
(GCGCTCGAGCCCGGGATGATGCATCATCCTCATCCATTC) and
sorb-1-N2 (TGATGCACTGTCATCAATGTCGAATTC). 2) After DNA
sequence confirmation, the EcoRI fragment from cDNA yk357a12
was ligated to the sorb-1 N-terminal coding sequence, resulting in a
full-length cDNA for sorb-1 in a cloning vector. 3) The SmaI/SalI
fragment of sorb-1 full-length cDNA was cloned into pGBDU-C1
and pGAD-C1 SmaI and SalI sites, resulting in pGBDU-sorb-1 (bait)
and pGAD-sorb-1 (prey).

Genotyping primers used

FIGURE 7: Mitochondrial organization is disrupted in the absence of
SORB-1. (A) Alignment of mitochondria parallel to thick and thin
filaments in a wild-type (wt) young adult. (A’) Myocytes in A are
outlined, and mitochondrial tracks are highlighted. (B, B’) Mitochondrial
organization is modestly disrupted in sorb-1(gk769190) worms. There is
a greater proportion of branched tracks and small puncta that do not
lie in a clear linear track. (C, C’) Mitochondria are also modestly
disorganized in atn-1(ok84) worms. Longitudinal tracks are frequently
interrupted, and signal accumulates in small puncta. Scale bar = 10 μm.
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To genotype sorb-1(gk769190), the following primers were used to
create a 359–base pair amplicon from worm lysate, which could be
DdeI digested into 279– and 80–base pair bands if the gk769190
allele was present: ponF31 (CATAAGAACGAGCGGAAGTTGG) and
ponR02 (CCTTCATTCGAACCGTCTTCT).
To determine the 5′ extent of the sorb-1 ORF, the following primers were used with genomic cDNA library template (sorb-1 5′ R01
was the reverse primer for all reactions):
sorb-1 5′ R01 (GACAAAGATACACACGGTGTCTC),
sorb-1 5′ F01 (ATGATGCATCATCCTCATCCATT),
sorb-1 5′ F02 (ATGCCTACAACTTTGACACCT),
sorb-1 5′ F03 (ATGTGGCGGCGTTGAGAAAT),
sorb-1 5′ F04 (ATGTGATACATGGGCAGTTGGAT),
sorb-1 5′ F05 (TGAAGACACCAACTGGAA ATAGTT),
SORB-1 in myocyte organization
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RNA interference
Double-stranded RNAs for injection RNAi
were generated from Kohara cDNAs in vitro
(Ambion), which were then injected into the
posterior pseudocoelomic cavity of L4
worms at 2 μg/μl. After a minimum of 24 h,
injected worms were singled, and phenotypes were assayed in F1 progeny. Efficacy
of sorb-1 RNAi was assayed by loss of GFP
signal in sorb-1::gfp animals.
Feeding RNAi experiments in strains
carrying hlh-1(cc561ts) were performed at
both 15 and 20°C, using isopropyl β-d-1thiogalactopyranoside (IPTG; Sigma) to induce double-stranded RNA production.

Live worm imaging
Differential interference contrast (DIC) imaging of live animals was performed on 5%
agar pads prepared on glass microscope
slides. Worms were first picked to a small
drop of M9 buffer on the pad. The majority
of the buffer was then removed by pipette
and replaced with 4 μl of 30 μM levamisole.
Slides were then sealed with a coverslip and
imaged immediately using a Nikon Optiphot-2 microscope and a QImaging QICAM
camera controlled by ImageJ software.
Slides prepared in this manner were imaged
for a maximum of 20 min in order to minimize morphological artifacts. GFP images
were collected using a Yokagawa CSU-10
spinning-disk scanhead mounted on a
Nikon Eclipse E600 confocal microscope
with a Prior motorized stage and a Hamamatsu ORCA-ER Camera controlled by Perkin Elmer-Cetus UltraView or Micro-Manager software.

Scoring of mitochondrial morphology
Mitochondrial staining was adapted from
previously described methods (Artal-Sanz
and Tavernarakis, 2009). Briefly, a 1-mM
DMSO stock solution of Mitotracker Red
CMXRos (Molecular Probes) was diluted to
10 nM in water. Dilute solution (250 μl per
60-mm NGM plate) was spread over the
FIGURE 8: Yeast two-hybrid assays show SORB-1 interacts with DEB-1 and ZYX-1. (A) Screening
bacterial lawn and allowed to dry overa collection of dense body proteins revealed interaction of SORB-1 with DEB-1 and ZYX-1. The
night. L2 larvae were singled to these
images show the growth of yeast from three independent colonies on plates lacking adenine.
plates and allowed to feed for 48 h. For
(B) The indicated full-length and deletion derivatives of DEB-1 were used to map interaction
consistency, only body wall muscles oriregions for SORB-1, ATN-1, and TLN-1. To the right of each row are images of the growth of
yeast colonies, as described for A. The DEB-1 C-terminal tail region interacts with SORB-1 and
ented en face to the objective were scored.
ATN-1, whereas the most N-terminal part of the DEB-1 head region interacts with TLN-1. ND,
Myocytes were scored wild type if mitono data. (C) Summary of interactions among SORB-1, ZYX-1, ATN-1, DEB-1, and TLN-1. Green
chondria predominantly aligned in longitudenotes dense body–specific proteins; yellow denotes proteins found at both dense bodies and dinal tracks with few small puncta or aggreM-lines. (D) Summary of localization of conserved dense body and M-line components examined
gations of signal; modestly disorganized if
in this and other studies. Schematic adapted from Hardin (2011).
they displayed numerous small puncta, extensive branching, or aggregation; or severely disorganized if sigsorb-1 5′ F06 (ATGTGGATCCACATCTTAACAAGCA),
nal was largely confined to puncta and aggregates with no dissorb-1 5′ F07 (ATGAGTCGAAACCACCAG TG),
cernable longitudinal track. Imaging of fluorescently labeled
sorb-1 5′ F08 (ATGACAGTGCATCAATTATT TCCTCG), and
mitochondria was performed using spinning-disk microscopy as
sorb-1 5′ F09 (CTTCAAACTCCCATATTCCA GGA).
described above.
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Immunostaining for muscle components
For immunostaining with antibodies to various muscle components,
worms were fixed and immunostained according to the method described in Nonet et al. (1993) and described in further detail in Wilson et al. (2012). The following primary antibodies were used at
1:200 dilution: anti–UNC-89 (mouse monoclonal MH42; Benian
et al., 1996), anti–MYO-3 (mouse monoclonal 5-6; Miller et al., 1983),
anti–ATN-1 (mouse monoclonal MH35; Francis and Waterston,
1991), anti–DEB-1 (mouse monoclonal MH24; Francis and Waterston, 1991), anti-GFP (rabbit polyclonal; Life Technologies/Thermo
Fisher Scientific; A11122). anti–UNC-95 (rabbit polyclonal Benian-13; Qadota et al., 2007) was used at 1:100 dilution. MH35 and
MH42 were kindly provided by Pamela Hoppe (Western Michigan
University). Secondary antibodies, also used at 1:200 dilution, included anti-rabbit Alexa 488 (Invitrogen), anti-rat Alexa 594 (Invitrogen), and anti-mouse Alexa 594 (Invitrogen). Images were captured
at room temperature with a Zeiss confocal system (LSM510)
equipped with an Axiovert 100M microscope and an Apochromat
×63/1.4 numerical aperture oil immersion objective in ×2.5 zoom
mode. The color balances of the images were adjusted using Adobe
Photoshop (Adobe, San Jose, CA). To confirm nuclear localization of
SORB-1::GFP in deb-1 embryos, deb-1(st554); sorb-1::GFP embryos
were fixed as described previously (Costa et al., 1998) and stained
with 0.2 μg/ml anti-GFP (rabbit polyclonal; Life Technologies). Before the final wash with phosphate-buffered saline, 1 mM of 4',6-diamidino-2-phenylindole (Molecular Probes) was added. Images
were acquired with an Olympus Fluoview FV1000 microscope and
software.

Locomotion assays
Mobility was assayed by singling worms to a fresh lawn of Escherichia
coli and allowing them to crawl for 60 s. The number of waves in each
track was measured and compared versus wild-type or control RNAi
animals. Wave quality was binned as wild type if they were smoothly
sinusoidal or defective if they contained either low-amplitude or sawtooth waves, indicating hypoflexion and tail dragging, respectively.

Somatic gonad and brood size assays
DTC morphology was assayed in sorb-1(RNAi) experiments using
integrated Plag-2::gfp. Each cytoneme was scored for length, number of branches, and frequency of breaks, defined as discontinuities
in fluorescent signal. Gonad morphology was assayed by DIC microscopy of live worms. Brood sizes were scored by singling L4 larvae and moving them to new plates every 24 h. After 3 d, total
brood size for each worm was calculated.

Yeast two-hybrid assays
Yeast two-hybrid assays using SORB-1 bait and prey plasmids were
performed as described previously (Mackinnon et al., 2002; Miller
et al., 2006). A “dense body bookshelf” collection of 15 proteins
was previously described (Warner et al., 2013), except for the addition of PKN-1 (Supplemental Table S3).
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Table S1. Frequency of sinusoidal waves produced during locomotion (waves/min).
Strain
Young Adult
+48 hours
+168 hours
wildtype
28.0 (n=12)
25.5 (n=11)
n/d
sorb-1(RNAi)
27.1 (n=12)
26.9 (n=12)
n/d
hlh-1(cc561)
n/d
n/d
10.5 (n=10)
hlh-1(cc561); sorb- n/d
n/d
11.4 (n=20)
1(RNAi)
* No significant difference in locomotion was observed between wildtype and sorb1(RNAi) by 48 hours post-adulthood, nor between hlh-1(cc561) and hlh-(cc561); sorb1(RNAi) by 168 hours post adulthood (t-test, p > 0.05).

Table S2. Brood size in wildtype and sorb-1(gk769190) animals at 20°C.
Strain
wildtype

Mean Brood Size
193.6 (n=19)

sorb-1(RNAi)

196.1 (n=10)

sorb-1::gfp

197.1 (n=9)

* No difference in average brood size was
observed between wildtype, sorb-1
depletion by RNAi, and sorb-1
overexpression by expressing sorb-1::gfp
in a wildtype background (t-test, p > 0.05).

1

Table S3. Dense body bookshelf screening
gene product

character

ATN-1
CPNA-1
DEB-1
DIM-1
F42H10.3
PAT-3
PAT-4
PAT-6
PKN-1
PXL-1
TLN-1
UIG-1
UNC-112
UNC-95
UNC-97
ZYX-1

a-actinin
copine
vinculin
Ig domain
LASP homolog
integrin, cytoplasmic tail
ILK
parvin
protein kinase N
paxillin
talin
CDC42 GEF
Kindlin
LIM domain
PINCH
zyxin

2

SORB-1
interaction
No
No
Yes
No
No
No
No
No
No
No
No
No
No
No
No
Yes

Figure S1. Confocal Z-series show that SORB-1 co-localizes with both DEB-1
(vinculin) and with ATN-1 (a-actinin). Young adult animals expressing sorb-1::gfp
were immunostained with either antibodies to DEB-1 or antibodies to ATN-1, and
imaged with a confocal, each slice, 0.5 µm thick, with a 0.5 µm interval in between each
slice. Each row indicates a slice consecutively from near the outer muscle cell membrane,
progressively deeper into the muscle cell. Note that the signal for SORB-1::GFP seems to
fade before the signal from ATN-1 suggesting that SORB-1 does not extend as deeply as
ATN-1. Scale bar, 10 µm.
Figure S2. Costaining for DNA and SORB-1::GFP in pat-2(RNAi) embryos confirms
nuclear localization of SORB-1::GFP in pat-2 loss-of-function embryos. sorb-1::gfp
hermaphrodites were injected with pat-2 double-stranded RNA. Resulting Pat embryos
were subjected to imunostaining stained with anti-GFP antibodies (green) and DAPI
(magenta). Nuclei are clearly visible in both channels (arrows). Processing required for
DAPI staining removes the eggshell, resulting in the typical non-folded, “hatchoid”
morphology. Scale bar = 10 µm.
Figure S3. Two additional sorb-1 mutants display disorganization of thick filaments
and M-lines, and to some extent thin filaments. sorb-1(ok2174) or sorb-1(gk304)
young adults were immunostained with antibodies to MYO-3 (thick filaments), UNC-89
(M-lines), UNC-95 (base of dense bodies and M-lines), DEB-1 (base of dense bodies),
and ATN-1 (major and deeper portion of dense bodies), and reacted with fluor-labeled
phalloidin (thin filaments). For images of wild type animals, see Figure 6. The sorb-1
mutants show disorganization of thin filaments in most body wall muscle cells. The sorb1 mutants show disorganization of thick filaments and M-lines. Three dense body
components (UNC-95, DEB-1 and ATN-1) show no obvious disorganization. Scale bar,
20 µm
Figure S4. SORB-1::GFP accumulates in the distal tip cell and gonad sheath and
undergoes occasional mild displacement in ina-1/a-integrin-depleted larvae. (A)
SORB- accumulates in the distal tip cell (dtc) beginning in late larval L4 stage and
persists throughout adulthood. Signal was seen within cytoneme projections and in a
striated pattern within the cell body. Knockdown of sorb-1 did not perturb cytoneme
length (43.8 ± 36.2 µm in wildtype and 53.4 ± 45.6 µm in sorb-1(RNAi) embryos, n = 14
and 17 cytonemes, respectively). The sharp rise in SORB-1::GFP signal in distal tip cells
during late L4 is coincident with the cessation of their migration. Neither overexpression
nor loss of sorb-1 produced any effect on distal tip cell migration or gonad morphology
in a wild-type background (data not shown). (B) Distended gonad sheath of an ina1(RNAi) young adult. Faint puncta are typical of SORB-1::GFP signal in the proximal
gonad sheath of wild-type worms. the numerous small puncta of SORB-1 that are
normally present throughout the proximal gonad sheath are sporadically lost in the sheath
of ina-1(RNAi) animals, and SORB-1 is enriched in structures resembling stress fibers
radiating away from such regions Asterisk marks a region of GFP absence, surrounded by
fibrous enrichments. Scale bars = 10 µm.

3

Figure S5. Deficiency of SORB-1 does not affect the localization of ZYX-1;
deficiency of ZYX-1 affect the localization of SORB-1. Top, immunostaining of adult
body wall muscle with anti-ZYX-1 in wild type and sorb-1(gk769190) animals. Bottom,
immunostaining with anti-GFP in wild type or zyx-1(gk190) animals expressing SORB1::GFP. Scale bar, 10 µm.
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