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Abstract
Filamin, known primarily for its actin cross-linking function, is a stretch-sensitive structural and
signaling scaffold that binds transmembrane receptors and a wide variety of intracellular signaling
proteins. The C. elegans filamin ortholog, FLN-1, has a well conserved overall structure,
including an N-terminal actin-binding domain, and a series of 20 immunoglobulin (Ig)-like
repeats. FLN-1 partially colocalizes with actin filaments in spermathecal and uterine cells.
Analysis of phenotypes resulting from a deletion allele and RNAi depletion indicates FLN-1 is
required to maintain the actin cytoskeleton in the spermatheca and uterus, and to allow the exit of
embryos from the spermatheca. FLN-1 deficient animals accumulate embryos in the spermatheca,
lay damaged and unfertilized eggs, and consequently exhibit dramatically reduced brood sizes.
The phospholipase PLC-1 is also required for the exit of embryos from the spermatheca, and
analysis of doubly mutant animals suggests that PLC-1 and FLN-1 act in the same pathway to
promote proper transit of embryos from the spermatheca to the uterus. Given the modular protein
structure, subcellular localization, genetic interaction with PLC-1, and known mechanosensory
functions of filamin, we postulate that FLN-1 may be required to convert mechanical information
about the presence of the oocyte into a biochemical signal, thereby allowing timely exit of the
embryo from the spermatheca.
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Introduction
Filamins are large, dimeric proteins composed of an N-terminal actin-binding domain
(ABD) and multiple C-terminal immunoglobulin (Ig)-like filamin repeats (Gorlin et al.,
1990). The final Ig-like domain mediates dimerization (Himmel et al., 2003; Stossel et al.,
2001). The ABD consists of two tandem calponin homology domains. Human filamins
contain 24 Ig-like domains segregated into two rod domains (rod 1 and 2) and connected by
flexible hinges (hinge 1 and 2). Although much work has been done to understand the
structure and function of filamin, surprisingly little is known about the mechanism by which
filamin functions in vivo. In Drosophila melanogaster the filamin ortholog cheerio is
required for proper maintenance of ovarian ring canals (Li et al., 1999; Sokol and Cooley,
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2003), and the Dictyostelium discoideum filamin is required for photosensory signaling
(Annesley et al., 2007). A number of cell migration (Fox et al., 1998), muscle (Ferrer and
Olive, 2008), and bone (Stefanova et al., 2005) disorders have been linked to filamin
mutations in humans. Similarly, filamin mutations in mice result in a wide variety of defects,
including bone and microvasculature defects (Hart et al., 2006; Zhou et al., 2007).

Filamins organize the actin cytoskeleton into an elastic three-dimensional network and
connect the cytoskeleton to transmembrane proteins, including integrins (Calderwood et al.,
2001). Additionally, filamins interact with many intracellular signaling proteins, such as
migfilin, FilGAP, Trio and small GTPases (Feng and Walsh, 2004; Popowicz et al., 2006).
Experimental evidence suggests that filamins may act as mechanical stress sensors (Gehler
et al., 2009; Kainulainen et al., 2002; Shifrin et al., 2009; Stossel et al., 2001). Because
filamins can concurrently bind transmembrane proteins, filamentous actin, and intracellular
signaling components, they are ideally placed to regulate the response of cells or tissues to
changing mechanical forces. Filamin may transduce mechanical signals through stretch-
sensitive changes in conformation or arrangement of its Ig-like domains that reveal cryptic
binding sites for downstream effectors (Nakamura et al., 2007).

The C. elegans gonad, essentially consisting of a contractile tube, is an ideal model system
for in vivo study of filamin function. The C. elegans gonad consists of two symmetrical, U-
shaped arms connected by a common uterus (Hubbard and Greenstein, 2000; McCarter et
al., 1997; Strome, 1986). Germ cells proliferate in the distal gonad, and mature into oocytes
as they move proximally. The gonad is enveloped by an outer basal lamina, and most
portions of the gonad are surrounded by a layer of contractile, myoepithelial sheath cells
(Strome, 1986). The proximal gonad is connected to the spermatheca, which serves as the
site of sperm storage and fertilization. The spermatheca consists of three distinct regions: the
distal constriction, a central bag-like chamber, and the spermatheca-uterine (sp-ut) valve
(McCarter et al., 1997; Strome, 1986).

During each ovulatory cycle, the most proximal oocyte is ovulated into the spermatheca,
fertilized, and then released into the uterus (McCarter et al., 1999). Ovulation requires the
coordination of signaling between the sperm, oocyte, proximal sheath cells, and the distal
spermatheca. Major Sperm Protein (MSP), secreted by the sperm, promotes sheath cell
contractions and oocyte meiotic maturation (Miller et al., 2001). Ovulation begins with
intense sheath cell contractions and concomitant dilation of the distal spermatheca. The
distal spermatheca is pulled over the proximal oocyte, and the oocyte passes through the
distal spermathecal constriction to enter the spermatheca, where fertilization occurs
immediately (McCarter et al., 1999). Following fertilization, the embryo exits the
spermatheca via the sp-ut valve. Oocyte entry is controlled by LIN-3/EGF signaling from
the oocyte to the sheath and the distal spermatheca (Clandinin et al., 1998). In the sheath and
spermatheca, the LET-23/EGF receptor likely activates PLC-3/Phospholipase C-γ, which
generates IP3 causing release of Ca2+ by the ITR-1/IP3 receptor (Clandinin et al., 1998; Yin
et al., 2004). The IP3 signal is negatively regulated by IPP-5/inositol 5-phosphatase and
LFE-2/inositol (1,4,5) trisphosphate-3-kinase (Bui and Sternberg, 2002; Clandinin et al.,
1998). Ca2+ release is thought to control the contraction of the sheath cells and dilation of
the distal spermatheca. With the exception of the role of PLC-1, very little is known about
the molecular events that control the exit of embryos from the spermatheca (Kariya et al.,
2004).

In this study, we demonstrate that FLN-1/filamin plays a critical structural and
mechanosensory role in the C. elegans somatic gonad. Using RNAi depletion and analysis
of a deletion allele, fln-1(tm545), we demonstrate that loss of fln-1 results in severe
spermathecal exit defects and a dramatically reduced brood size. The expression pattern and
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phenotypic analysis show fln-1 is required in the spermatheca for normal release of embryos
and for maintenance of the actin cytoskeleton in the spermatheca and uterus. Interestingly,
our analysis suggests that in addition to its structural role in the gonad, filamin may play a
role in phosphatidylinositol signaling.

Results
fln-1 encodes three protein isoforms

The C. elegans genome contains two clusters of filamin-like sequences (WormBase WS205)
(Harris et al., 2010). One set of predicted open reading frames (ORFs) is on chromosome IV
(Y66H1B.2, Y66H1B.5, and Y66H1B.3) and the other is on chromosome X (C23F12.1 and
C23F12.2). RNAi knockdown of Y66H1B.2, Y66H1B.5, and Y66H1B.3 resulted in striking
defects including a dramatically reduced brood size (described below). Given this strong and
reproducible phenotype, we chose to focus on the Y66H1B.2, Y66H1B.5, and Y66H1B.3
filamin cluster for further analysis.

Extensive cDNA sequencing of transcripts that span Y66H1B.3, Y66H1B.5, and Y66H1B.2
suggests these ORFs represent a single gene, which we have named fln-1 (FiLamiN)
(WormBase WS213) (Figure 1A). The full-length transcript includes all three
computationally predicted ORFs and encodes a full-length C. elegans filamin ortholog
(fln-1a) (Figure 1A). In addition to the full-length transcript, we detected two shorter
transcripts (fln-1b and c) (Figure 1A). Y66H1B.3 and Y66H1B.2, but not Y66H1B.5, are
trans-spliced to SL1 as determined by SL1 PCR and sequencing, which suggests the
independent transcription of fln-1a/b and fln-1c (Figure 1A). The full-length filamin protein
is predicted to be 2257 amino acids, while the C- and N-terminal truncations are predicted to
be 1084 and 836 amino acids, respectively. The full-length filamin contains a well-
conserved N-terminal ABD and 20 Ig-like repeats based on sequence alignments to human
and the Drosophila filamin cheerio.

fln-1 is required for normal fertility
In order to genetically analyze the function of fln-1, we obtained two fln-1 deletion alleles,
tm545 and ok2611 from the Japanese National Bioresource Project and the C. elegans Gene
Knockout Consortium, respectively. The tm545 allele is a 263/17 bp deletion/insertion in the
third exon of fln-1a, which causes a frameshift and a premature stop codon. The truncated
protein is predicted to be 102 amino acids (Figure 1A). The ok2611 allele is an in-frame
1763 bp deletion at the 3′ end of fln-1a, and is predicted to remove 455 amino acids (Figure
1A). The most striking defect of tm545 hermaphrodites is a dramatic reduction in brood size
(23 ± 7.9, n=26) compared to wildtype animals (298 ± 28.8, n=11) (Figure 2A). This
phenotype is 100% penetrant in fln-1(tm545) animals. In contrast, ok2611 animals are
superficially wildtype and do not exhibit a brood size defect (290.8 ± 22.6, n=9) (Figure
2A). The brood sizes of heterozygous tm545/+ animals (272.6 ± 38.5, n=9) and tm545/
ok2611 trans-heterozygotes (285.6 ± 15.9, n=7) are not significantly different from wildtype
(Figure 2A). These results strongly suggest that the region removed by ok2611 is not
required for the function of filamin in fertility.

To confirm that the brood size defect of fln-1(tm545) is caused by disruption of fln-1
function, we constructed transgenic nematodes carrying fln-1 genomic DNA on an
extrachromosomal array (xbEx0827). fln-1(tm545) animals carrying the full-length fln-1
genomic region (Figure 1B) produce an average brood size of 195.1 ± 37.4 progeny (n=10)
(Figure 2A). This robust rescue indicates the brood size defect in tm545 animals is
attributable to the deletion in fln-1. To investigate whether full-length fln-1 is required for
rescue of the brood size defect we attempted to rescue fln-1(tm545) with a genomic
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fragment encompassing only Y66H1B.3 and Y66H1B.5 (xbEx0817). The fln-1(tm545)
animals expressing this construct are not significantly different from non-transgenic siblings,
with an average brood size of 18.8 ± 9.1 (n=18) progeny (Figure 2A). RNAi-mediated
knockdown of fln-1 with three independent RNAi constructs targeting Y66H1B.3, Y66H1B.
5, or Y66H1B.2 (Figure 1A) phenocopies the tm545 allele, reducing the brood size to 14.8 ±
5.2 (n=12), 15.6 ± 5 (n=14), and 15.5 ± 4.5 (n=10) progeny respectively (Figure 2B). These
results indicate fln-1(tm545) is a strong hypomorphic allele, and suggest expression of full-
length filamin is required for normal brood size.

Brood size defects are generally the result of somatic gonad, germ line, or embryogenesis
defects. To investigate whether fln-1 is required zygotically we mated fln-1(tm545)
hermaphrodites to wildtype males. The brood size of fln-1(tm545) hermaphrodites mated to
wildtype males (28.6 ± 6.2, n=7) is not significantly different from unmated hermaphrodites
(23 ± 7.9, n=26; Student’s t-test, p=0.09), indicating paternally supplied fln-1 is not
sufficient to restore normal brood size. To determine if depletion of filamin in the germline
can account for the observed brood size defect we used the rrf-1(pk1417) mutant strain,
which is defective for somatic RNAi, but has an apparently normal germline RNAi response
(Sijen et al., 2001). The rrf-1(pk1417) animals have been used previously to demonstrate a
somatic role for fos-1 in the spermatheca (Hiatt et al., 2009). We found that rrf-1(pk1417)
mutants treated with fln-1 RNAi did not show a significantly different brood size (270.3 ±
45.1, n=8) from control RNAi treated rrf-1(pk1417) animals (307.2 ± 28.1, n=6; Student’s t-
test, p=0.1). Although this data does not entirely rule out a role for FLN-1 in the germ line, it
does suggest that depletion of fln-1 in the germ line does not contribute substantially to the
observed brood size defects.

Wildtype animals produce embryos of consistent size and shape (Figure 2C). In contrast,
most embryos laid by fln-1(tm545) hermaphrodites are misshapen (Figure 2D–F).
Interestingly, some of the abnormally shaped embryos hatch (Figure 2E), while others fail at
variable points during embryogenesis (Figure 2F). To characterize the embryo shape and
possible embryogenesis defects we synchronized wildtype and fln-1(tm545) animals and
examined embryo shape and hatching at 60, 70, 80, and 90 hours following L1 diapause
recovery (Figure 2G). Throughout the time course, wildtype animals produce normally
shaped and viable embryos (100%, n=561). The 60-hour time-point is shortly before the
onset of egg laying and corresponds to the initial ovulations. At 60 hours fln-1(tm545)
animals produce 67% normal embryos, 30% abnormally shaped but viable embryos, and 3%
abnormally shaped embryos that fail to hatch. The proportion of abnormally shaped embryos
and arrested abnormal embryos increases with maternal age. By 90 hours, 97% of the
embryos are abnormally shaped, and 51% of these fail to hatch. Importantly, none of the
normally shaped embryos arrest in fln-1(tm545) animals. These results strongly suggest that
misshapen embryos and embryonic lethality are the result of a maternal defect during
ovulation that results in physical damage to the embryos, rather than a defect during
embryonic development.

fln-1 is expressed in the somatic gonad
To investigate the expression pattern of fln-1 we created transgenic nematodes expressing
GFP under the control of the fln-1 promoter. GFP expression begins in early L4 stage and
continues through adulthood in the uterus, spermatheca, and proximal gonadal sheath
(Figure 3A–C). In addition to the somatic gonad, weak and variable GFP expression is
evident in the posterior intestinal cells, anal depressor muscle, unidentified neurons, and the
pharynx (data not shown). Due to silencing of repetitive extrachromosomal arrays in the
germline, we cannot exclude the possibility that fln-1 is also expressed in the germline. To
determine the subcellular localization of FLN-1 we created transgenic nematodes carrying
full-length FLN-1A fused to GFP at the N-terminus under the control of the native promoter
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and 3′ UTR. GFP::FLN-1A localizes to punctate filaments in the spermathecal and uterine
cells, and partially co-localizes with F-actin (Figure 3D–F and 3G–I, respectively).
Importantly, the GFP::FLN-1A fusion protein (xbEx1002) rescues the brood size defect of
fln-1(tm545) (99 ± 41.3, n=37) (Figure 2A), suggesting that the fusion protein is functional
and represents normal FLN-1A subcellular localization. Incomplete rescue is likely due to
overexpression of the transgene from the extrachromosomal arrays and mosaicism.

A primary function of filamin in other systems is to link the actin cytoskeleton to
transmembrane receptors, such as integrins (Critchley, 2000). We hypothesized that filamin
may be required to anchor the F-actin to integrins in the spermatheca. Filamin has been
shown to interact with β-integrin cytoplasmic tails in vitro, and localizes to F-actin and focal
adhesions in cultured cells (Kiema et al., 2006). To determine whether filamin and integrin
co-localize in C. elegans we used the GFP::FLN-1A fusion and the β-integrin monoclonal
antibody MH25 (Figure S1). Wildtype dissected gonads stained strongly for integrins in the
sheath cells (Figure S1A–C) where they are organized into large dense bodies (Figure S1A)
(Hall et al., 1999; Ono et al., 2007); however, the integrin staining in the spermatheca was
much weaker and very diffuse (Figure S1D–F). We observed a similar staining pattern for
talin (not shown). To our knowledge, dense bodies have not been described in the
spermatheca. In contrast, GFP::FLN-1A is expressed strongly in the spermatheca and
appears to localize in a punctate filament pattern (Figure S1D). Given the weak and diffuse
staining of PAT-3 in the spermatheca we cannot conclude that filamin co-localizes with
integrin in the spermatheca (Figure S1F).

fln-1 is required for normal exit of embryos from the spermatheca
We hypothesized that the reduced fertility and abnormal embryonic morphology in
fln-1(tm545) animals might be the result of abnormal exit of embryos from the spermatheca.
In wildtype animals, oocytes are ovulated into the spermatheca, fertilized, and then released
into the uterus via the spermatheca-uterine valve (Figure 4A). The entire ovulation and
fertilization process in wildtype animals is completed in less than ten minutes (Figure 4F,
Movie 1A) (McCarter et al., 1999). In contrast, fln-1(tm545) animals showed a fully
penetrant (n=29) spermathecal exit defect due to failure of the sp-ut valve to dilate (Figure
4G, Movie 1B). Our ovulation recordings of fln-1(tm545) animals do not show any overt
abnormalities during the entry process. Importantly, the exit defect is rescued by the fln-1(+)
and the GFP::FLN-1A transgenes (Movie 2A and B, respectively).

Due to the exit defect, multiple embryos accumulate in the spermatheca, which causes
subsequent ovulations to fail. Embryos remain trapped in the spermatheca for at least six
hours, the duration of the longest experiment. The initial three to four ovulations are normal
in terms of entry, fertilization, and embryo development. Subsequent oocytes fail to enter
the spermatheca due to accumulated embryos and are often fragmented by sheath cell
contractions. In unanesthetized animals the spermatheca-uterine valve appears to prolapse
between the second and third ovulations, presumably due to backpressure of oocytes and
embryos, possibly aided by cycles of body-wall muscle contraction and relaxation. In order
to assess the degree of trapping in unanesthetized animals, wildtype and fln-1(tm545)
animals expressing spermatheca-specific fkh-6::gfp (Chang et al., 2004) were monitored
while freely moving on plates. In fln-1(tm545) animals the spermatheca remains obviously
distended and occupied by multiple embryos and oocytes (100%, n=160). Although
wildtype animals also have distended spermatheca during ovulation, the spermatheca returns
to normal size following oocyte exit. The short duration of ovulation results in only a small
percentage of the wildtype population with distended spermathecae (5%, n=120). As
previously discussed, the majority of the fln-1(tm545) brood is generated during the first
several ovulation cycles, with some abnormally shaped, but surviving embryos generated
afterward (Figure 2D–G). Following valve prolapse, fln-1(tm545) lay many unfertilized
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oocytes suggesting inefficient fertilization. The misshapen embryos often result from
pinched-off oocyte cytoplasm, but inappropriate sheath cell contractions and compaction in
the spermatheca also contribute.

fln-1 is not required for spermathecal development
Given the reduced fertility of fln-1(tm545) animals and the prominent expression of
fln-1::gfp in the proximal gonad, we speculated filamin may be required for proper
development of these tissues. To assess development of the proximal gonad in fln-1(tm545)
animals, we examined young-adult animals prior to the first ovulation using DIC
microscopy. The spermatheca consists of three distinct regions, a distal neck-like
constriction, a large central bag, and the spermatheca-uterine (sp-ut) valve (McCarter et al.,
1997). The sp-ut valve is consists of a syncytial toroidal cell (sujn) and a core syncytial cell
(sujc) (Kimble and Hirsh, 1979). The core cell is displaced during the first ovulation, and its
fate is unknown.

Prior to the first ovulation, the morphology of the distal and central spermatheca is
indistinguishable between wildtype and fln-1(tm545) animals by DIC (Figure 4B, C). In
addition, the apical junctions between spermathecal cells were visualized with jam-1::gfp
and the anti-JAM-1 monoclonal antibody (MH27) (Koppen et al., 2001). Junctions were
indistinguishable from wildtype in fln-1(tm545) and fln-1 RNAi animals (data not shown).
We also used fkh-6::gfp (Chang et al., 2004; Gissendanner et al., 2008), a spermatheca
developmental marker, to assess morphogenesis of the spermatheca. In wildtype animals
fkh-6::gfp is expressed in the distal and central spermatheca, but not in the sp-ut. An
identical staining pattern is observed in fln-1(tm545) animals (Figure 4B, C). In older adult
wildtype animals the spermatheca appears as a compact structure (Figure 4D). In contrast,
the fln-1(tm545) spermatheca is distended due to accumulated embryos (Figure 4E). The
spermatheca remains distended and occupied by embryos and fragmented oocytes for the
duration of adulthood. Importantly, the spermatheca does not disintegrate at any point. .

fln-1 is required for correct morphology of the spermatheca-uterine valve
We also examined the spermatheca-uterine (sp-ut) valve using DIC microscopy in wildtype
and fln-1(tm545) animals (Figure 5A, B). In wildtype animals the sp-ut is a toroid produced
by the donut-shaped sujn cell, with a rod-like opening in the center formed by the sujn and
sujc cells (Figure 5A) (Kimble and Hirsh, 1979). In contrast, the sp-ut valve of fln-1(tm545)
animals appeared creased or folded and lacked the characteristic wildtype morphology,
suggesting that filamin is required to maintain the proper morphology of the sujn cell
(Figure 5B). To visualize the morphology of the sujn cell in fln-1(tm545) animals we used
tag-312::gfp, which is expressed in the sujn and the uterus. We thought the crumpled
appearance of the sujn cell might indicate a closed valve, through which oocytes might not
be able to exit. To visualize the inside of the valve, we used a cog-1::gfp (Palmer et al.,
2002) fusion to label the sujc cell, which projects filopodia from the uterus into the
spermatheca through the sp-ut valve (Figure 5C, D). The expression pattern of cog-1::gfp
was essentially identical in wildtype and fln-1(tm545) animals, suggesting that the valve
does form a channel connecting the spermatheca and the uterus (Figure 5E, F). In addition,
we regularly observe sperm passing from the spermatheca into the uterus of fln-1(tm545)
animals during ovulation. In motile animals, embryos do eventually exit the spermatheca
through the valve into the uterus, and do not break out through the spermathecal wall.

Even though the valve appears to be open and of apparently normal diameter in fln-1(tm545)
animals, the crumpled morphology of the apical surface of the sujn cells suggests that the
valve might not be functional. A non-functional valve could account for the trapped oocyte
phenotype seen in the filamin mutants. Alternatively, fln-1 function may be required in the
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spermatheca itself as well as in the valve for proper exit of fertilized oocytes. We used the
GFP::FLN-1A transgene in the fln-1(tm545) background to determine which spermathecal
cells require FLN-1 for normal ovulation. Animals which visibly expressed GFP::FLN-1A
only in the sp-ut valve had a morphologically normal valve, but contained trapped embryos
(100%; n=8). In contrast, animals expressing GFP::FLN-1A in the spermatheca and the sp-
ut valve were essentially wildtype and contained no trapped embryos (90%; n=29).
Therefore, expression of GFP::FLN-1A in the sp-ut valve apparently restores normal
morphology of the valve, but is not sufficient to rescue the exit defect. These results are
consistent with the hypothesis that filamin is required to maintain the structure of the valve,
but is also necessary in the spermatheca. These results suggest that filamin is required to
maintain the structure of the sp-ut valve, but may also be required in the spermatheca itself
to transduce signals in addition to playing a structural role.

F-actin is disorganized in the spermatheca and uterus of fln-1(tm545) mutants
The most well characterized role of filamins is organization of the actin cytoskeleton
(Stossel et al., 2001). The actin cytoskeleton is essential for proper ovulation in C. elegans,
and is required for the structure and function of the myoepithelial sheath cells, spermatheca,
and uterus (McCarter et al., 1999; Ono et al., 2007). To visualize actin in the gonadal sheath,
spermatheca, and uterus of wildtype and fln-1(tm545) animals, we stained dissected C.
elegans gonads with Texas Red-X phalloidin. Sheath cell actin was indistinguishable from
wildtype in fln-1(tm545) animals, with the expected longitudinally arranged actin filaments
in the distal sheath cells and more circumferential filaments in the contractile proximal
sheath cells (Figure 6A). In wildtype spermathecal cells, regularly spaced circumferential
actin bundles can clearly be visualized (Figure 6B). In stark contrast, in adult fln-1(tm545)
animals, spermathecal F-actin was bundled into thick, cortical bundles and localized to the
cell-cell junctions (Figure 6D). In the uterus of wildtype animals, F-actin is organized
predominantly longitudinally and originates at the spermatheca-uterine lariat (Figure 6C)
(Strome, 1986). Interestingly, the spermatheca-uterine lariat is severely disorganized in
filamin mutant animals and lacks the characteristic branching filaments (Figure 6E). fln-1 is
the first gene known to be required for maintenance of the spermatheca-uterine lariat, and
may play a role in strengthening the uterus to withstand the pressure of accumulating
embryos.

The first ovulation event coincides with a dramatic rearrangement of the spermathecal actin
cytoskeleton. Pre-ovulation spermathecal actin is not organized into tight circumferential
filaments (Figure 7A). After the first ovulation, these filaments are formed and persist
through many cycles of fertilization (Figure 7B–E). This suggests that the adult
spermathecal cytoskeleton is established shortly before or during the first ovulation.
Spermathecal actin in fln-1(tm545) animals, before the first ovulation, resembles that of
wildtype animals, but is not entirely normal (Figure 7F). Following the first ovulation of
fln-1(tm545) animals the F-actin appears to reorganize as in wildtype animals, although the
filaments are not as robust (Figure 7G). Young adult fln-1(tm545) spermathecae lack the
cortical bundles characteristic of later stage animals (Figures 6D and 7J). Our F-actin
staining at various ages suggests that spermathecal actin progressively degenerates
following the first failed ovulation (Figure 7H–J). In addition, the early time points (55–65
hours) show a greater degree of variability than the later time points (72 hours). The
variability is likely due to rapid changes that occur between the first and second ovulations.
These results suggest that filamin is primarily required to maintain the F-actin cytoskeleton
in response to stretching by the oocyte during ovulation. Our data do not rule out a role for
filamin in the initial F-actin organization.

The phospholipase PLC-1 is also required for the exit of embryos from the spermatheca
(Kariya et al., 2004). The plc-1(rx1) putative null animals phenocopy the exit defect of
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fln-1(tm545) animals, and retain multiple embryos in the spermatheca. PLC-1 is broadly
expressed, and has been shown to have a role in embryogenesis, in addition to its role during
ovulation (Hiatt et al., 2009; Vazquez-Manrique et al., 2008). We hypothesized that, if
stretching induced by accumulated embryos causes the actin to be redistributed to the cell
boundaries, the actin cytoskeleton in plc-1(rx1) spermathecal cells might be similarly
disrupted. Surprisingly, spermathecal and uterine F-actin in plc-1(rx1) animals was
indistinguishable from wildtype, despite stress caused by the retained embryos (Figure 6F,
G). F-actin staining of fln-1(tm545); plc-1(rx1) double mutant animals was indistinguishable
from that of fln-1(tm545) single mutants (data not shown). Also, the sp-ut valve in
plc-1(rx1) animals appears normal by DIC microscopy. These results suggest that PLC-1
may not play a significant role in the maintenance of the actin cytoskeleton or in sp-ut valve
morphology, but instead PLC-1 may be required to produce a signal that allows exit of the
fertilized embryo from the spermatheca. fln-1(tm545); plc-1(rx1) double mutant animals are
viable and show a decreased brood size (16 ± 4, n=15), which is not significantly different
from the plc-1(rx1) single mutant animals (12.4 ± 5.9, n=9; Student’s t-test, p=0.1). These
data suggest that fln-1 and plc-1 act in the same genetic pathway to allow exit of embryos
from the spermatheca, perhaps through modulation of phosphoinositol signaling.

Discussion
Filamin is a large cytoskeletal protein that functions as a physical and signaling scaffold, and
has been implicated in a wide variety of human disorders. We show that the C. elegans
filamin ortholog FLN-1 is required to organize actin in the spermatheca and uterus, and to
control the exit of embryos from the spermatheca. Filamin mutation or RNAi-mediated
depletion of fln-1 results in a highly penetrant spermathecal exit defect during ovulation.
Filamin-deficient animals accumulate embryos in the spermatheca, and consequently exhibit
dramatically reduced brood sizes. The ovulation exit defect manifests as abnormally shaped,
variably arrested embryos, which may be a general characteristic of spermathecal exit
mutants. The proportion of misshapen and inviable embryos rapidly increases after the first
four to five ovulations, suggesting the disrupted exit process in fln-1(tm545) animals
physically damages the embryos.

FLN-1 is not required for spermathecal or uterine development per se; however, filamin is
required for normal spermatheca-uterine valve morphology. The wildtype sp-ut valve is a
toroid formed by the fusion of the sujn cells, which appears as an ellipse with a dense core
and smooth edges when viewed by DIC microscopy. The sp-ut valve in fln-1(tm545)
animals lacks the characteristic wildtype morphology on the basal surface, and is more
crumpled on the apical surface. Our analysis shows that the sujn and sujc cells are present,
and that the valve connects the spermatheca to the uterus. In motile animals, embryos exit
the spermatheca after the second or third ovulation weakening the sp-ut valve and causing
valve prolapse. The spermatheca remains occupied by multiple embryos and oocytes
following valve prolapse. Expression of GFP::FLN-1A only in the valve restores the normal
morphology and prevents valve prolapse, but is not sufficient for normal exit. This is similar
to the plc-1 phenotype where the valve does not prolapse, but the embryos do not exit the
spermatheca in a timely manner. These results suggest that a morphologically normal valve
is not sufficient for exit of embryos from the spermatheca.

Filamin-deficient animals show F-actin disorganization in the spermatheca and uterus that
worsens as embryos accumulate. This phenotype suggests that filamin is necessary to
maintain the actin cytoskeleton under stress. Prior to the first ovulation, spermathecal F-
actin is comparatively normal. PLC-1/Phospholipase C-ε mutant animals phenocopy the
filamin exit defect and accumulate embryos; however, the F-actin appears unaffected. These
results suggest that physical stress is not sufficient to cause F-actin disorganization and that
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the effect is specific to loss of filamin. The cytoskeleton is necessary for many aspects of
cell behavior, such as trafficking and signaling, making it difficult to differentiate between
direct and indirect effects of F-actin disorganization. Perturbation of the actin cytoskeleton
by loss of filamin may have diverse downstream effects. Based on progression of the F-actin
degeneration in the spermatheca it seems unlikely that F-actin disorganization is the sole
factor responsible for the exit defect. All first ovulation embryos are trapped in the
spermatheca despite relatively normal F-actin organization. Although our attempts to image
F-actin in the sp-ut valve have been unsuccessful due to the size of the valve, we know that
rescuing the valve morphology, and presumably any F-actin defects, is not sufficient for
normal exit. Our data, and the previous plc-1 data, show that normal structure is not
sufficient for the exit process, and suggest that an underlying signaling pathway plays an
important role.

In filamin mutant animals filamentous actin is mislocalized to cell-cell junctions, which
suggests the cytoskeleton may not be properly anchored throughout the cell. Our analysis of
the GFP::FLN-1A fusion protein shows FLN-1 partially co-localizes to F-actin in the
spermatheca and the uterus in a punctate filamentous pattern. Surprisingly, our β-integrin
immunostaining shows diffuse staining in the spermatheca and a lack of clear dense bodies,
despite strong staining of the sheath cells. Given the weak and diffuse integrin staining in
the spermatheca we cannot conclude that integrin and filamin co-localize. The possibility
that FLN-1 may not need to associate with integrin to promote proper spermathecal function
is also suggested by the fln-1(ok2611) allele, which removes the integrin-association repeat
of FLN-1 but does not affect ovulation. The pattern of dense body staining in the sheath and
the spermatheca is consistent with the different functions of the two tissues. The sheath
contracts rapidly and strongly, while the spermatheca shows no such contractions. Integrin-
based adhesions in the spermatheca are likely required for development of the spermatheca,
but they may not be required for the function of the adult spermatheca (Ono et al., 2007).

The entry process is regulated by EGF signaling from the oocyte to the sheath cells and the
distal spermatheca. Upon activation of LET-23/EGFR, PLC-3/PLC-γ is probably activated
by LET-23 (Clandinin et al., 1998; Yin et al., 2004). In contrast, the potentiating signal for
sp-ut dilation and embryo release from the spermatheca into the uterus is unknown. Upon
entry of the oocyte into the spermatheca, the spermathecal cells become stretched. We
predict this stretching could result in conformational changes to the filamin dimer and
revelation of cryptic binding sites. Alternatively, filamin may have a role in cell response to
stretch not directly sensed by the filamin molecule, such as activation of stretch-gated ion
channels (Orr et al., 2006). For example, filamin interacts with flow-sensitive polycystin ion
channels in epithelial and endothelial cells (Sharif-Naeini et al., 2009), suggesting that in
addition to being a direct mechanosensor, filamin may modulate the cytoskeleton to
sensitize or desensitize cells to physical force.

Our working model is that entry of the oocyte into the spermatheca triggers a series of
events involving FLN-1 and PLC-1 that leads to relaxation of the sp-ut valve and exit of the
embryo into the uterus. Based on our time-lapse recordings of ovulation, the spermatheca
and the sp-ut valve do not appear to actively contract or dilate, but appear to gradually relax
as the oocyte moves forward. The gradual relaxation of the spermatheca and the sp-ut is in
sharp contrast to the forceful and swift gonadal sheath contractions, suggesting a different
mechanism. Consistent with the idea that IP3 signaling controls sp-ut dilation, depletion of
IP3 by LFE-2 over-expression under the heatshock promoter (Clandinin et al., 1998) or
PLC-1 loss-of-function causes an exit defect (Kariya et al., 2004). We therefore hypothesize
that filamin-depleted animals are also unable to produce or respond to IP3 signals, resulting
in the exit defect. In support of this idea, filamin has been shown to interact with
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phosphoinositol signaling pathways in cell culture, usually as a downstream effector
(Bourguignon et al., 2006; Dyson et al., 2001; Takabayashi et al.).

Taken together, our results suggest that filamin is required to maintain circumferential actin
bundles in the spermatheca under stress and to act as a stretch-sensitive signaling scaffold.
Filamin may potentiate or transduce the phosphoinositol and calcium signals that result in
the sp-ut valve dilation and exit of oocytes from the spermatheca. This work provides
evidence that FLN-1/filamin plays a structural and signaling role in the C. elegans somatic
gonad. Our results directly demonstrate the importance of filamin in tissues undergoing
stress in vivo. Studies are underway to more precisely determine the position of FLN-1 in
the phosphoinositol signaling pathway, and to identify additional genes that are required for
the exit of oocytes from the spermatheca. Given the striking conservation of FLN-1
sequence, structure, and interaction partners from worm to human, elucidation of the
function of filamin in C. elegans will continue to provide important insights into the
fundamental regulation of mechanosensation and tissue function.

Materials and Methods
C. elegans strains and culture

All nematode strains were cultured on NGM agar plates with OP50 E. coli at 20°C.
Nematode observations and manipulations were performed at 20°C unless otherwise noted.
The C. elegans filamin allele fln-1(tm545) was obtained from the Japanese National
Bioresource Project and outcrossed three times to wildtype animals to create the strain
UN0810 fln-1(tm545). All other strains were obtained from the Caenorhabditis Genetics
Center, with the exception of PS4195, which was kindly provided by Paul Sternberg. For a
list of strains used in this study, please see Table S1.

Genetic crosses
fln-1(ok2611)/fln-1(tm545) trans-heterozygous animals were generated by crossing
fln-1(tm545) males to fln-1(ok2611) hermaphrodites. F1 animals of the putative genotype
tm545/ok2611 were segregated for brood size assays. The first ten F2 progeny were
genotyped using PCR to confirm the presence of tm545 and ok2611 alleles.

Construction of the fln-1(tm545); plc-1(rx1) double mutant was performed by crossing
fln-1(tm545) males to plc-1(rx1) hermaphrodites. F1 animals of the putative genotype
tm545/+ were subcloned. F2 animals were subcloned and the genotype determined by PCR.
Homozygosity of the alleles was confirmed by PCR genotyping of the progeny.

RNA interference
RNA interference was performed by feeding animals dsRNA-expressing HT115 DE3 E. coli
essentially as described (Cram et al., 2006). Eggs were obtained from gravid hermaphrodites
using alkaline hypochlorite solution and transferred to NGM/Carbenicillin/IPTG plates
seeded with RNAi bacteria. RNAi experiments were performed at 20°C. RNAi targeting
constructs for Y66H1B.3, Y66H1B.5, and Y66H1B.2 were constructed by PCR
amplification of wildtype cDNA using engineered restriction sites, and subsequently cloned
into pPD129.36 (Fire Vector Kit). Empty pPD129.36 vector was used as a negative control
in RNAi experiments. All primer sequences and cloning details available upon request.

Brood size assays
Total number of hatchlings produced by a single animal was determined by segregating L4
parental animals to individual, freshly seeded plates and aspirating larvae each day,
beginning two days after transfer and continuing for at least five days.
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Embryo shape and embryonic lethality assay
Animal populations were synchronized by hatching embryos in the absence of food for 20
hours in M9 buffer. The arrested L1 animals were transferred to NGM plates seeded with
OP50 E. coli. Worms were collected in M9, dissected, and mounted on 1.5% agarose pads at
60, 70, 80, and 90 hours after being placed on food. Embryo shapes were scored
immediately using DIC microscopy, then allowed to hatch overnight at 20°C. The slides
were examined again within 24 hours to determine which embryos hatched.

Time-lapse microscopy
Animals were anesthetized with 0.01% tetramisole and 0.1% tricaine in M9 buffer (Kirby et
al., 1990; McCarter et al., 1997), mounted on 1.5% agarose pads and imaged using a 60x
oil-immersion objective with a Nikon Eclipse 80i microscope equipped with a SPOT RT3
CCD camera (Diagnostic Instruments; Sterling Heights, MI, USA). Images were captured at
a rate of 0.5 frames per second (FPS) using SPOT Advanced version 4.6.4.6 (Diagnostic
Instruments; Sterling Heights, MI, USA) software. The individual frames (TIFF with JPEG
compression) were resized to 400 × 300 pixels and assembled into time-lapse movies using
SPOT Advanced software at 10 FPS. The Audio Video Interleave (AVI) files generated by
SPOT Advanced were imported into QuickTime Pro version 7.6.2 (Apple; Cupertino, CA,
USA) and compressed using H.264, then exported as Moving Picture Experts Group,
Standard 4 (MPEG-4) movies. The time-lapse movies are 20-fold faster than real-time.

Construction of fln-1::gfp transgenic animals
GoTaq Green MasterMix (Promega; Madison, WI, USA) was used to amplify a 957 bp
region 5′ to Y66H1B.3 flanked by engineered restriction sites HindIII and BamHI. The
HindIII-BamHI fragment was cloned into pPD95.77 (Fire Vector Kit) to create pUN70. The
plasmid was isolated from E. coli and directly used in microinjection at an approximate
concentration of 100 μg/mL. Transgenic strains were created by standard germline
transformation technique (Mello et al., 1991) of wildtype animals to create strain UN0811
xbEx0811[fln-1::gfp].

Construction of GFP::FLN-1A transgenic animals
Full-length fln-1a transcript was amplified by PCR from wildtype cDNA using Phusion
DNA Polymerase (New England Biolabs; Ipswich, MA, USA). The amplicon was then
inserted into pUN88 between the fln-1 promoter and 3′ UTR to create pUN97 using the In-
Fusion enzyme (Clontech; Mountain View, CA, USA). pUN97 was purified and mixed with
co-injection marker rol-6(su1006) (pRF4) to a final concentration of approximately 50 μg/
mL. The DNA mixture was injected into wildtype animals to establish the
extrachromosomal array xbEx1002[fln-1::gfp::fln-1a, rol-6(su1006)]. The rescuing
construct was introduced into the fln-1(tm545) background by genetic cross to create strain
UN1003.

fln-1 genomic rescue
LongAmp (New England Biolabs, Ipswich, MA, USA) was used to amplify the 19 kb
genomic region encompassing ORFs Y66H1B.3, Y66H1B.5, and Y66H1B.2, including 1.5
kb of 5′ and 3′ flanking sequences. Transgenic animals were created by standard
microinjection germline transformation. The long-range amplicon was agarose gel-purified
and mixed with co-injection marker sur-5::gfp (pTG96) and water to a final concentration of
100 μg/mL. The DNA mixture was injected into wildtype animals to establish the
extrachromosomal array xbEx0827[fln-1(+), sur-5::gfp]. The rescuing construct was
introduced into the fln-1(tm545) background by genetic cross to create strain UN0903. The
same process was used to construct an extrachromosomal array with a truncated fln-1
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genomic region encompassing Y66H1B.3 and Y66H1B.5, xbEx0917[fln-1(Y66H1B.3/5),
sur-5::gfp].

Construction of sujn-specific marker
To construct an sujn-specific GFP marker we used WormBase expression data to identify
candidate genes expressed in the sujn cell. We used Phusion DNA Polymerase to amplify
the putative tag-312 promoter (1 kb upstream) and cloned it into pPD95_77. The plasmid
was isolated from E. coli and mixed with co-injection marker rol-6(su1006) (pRF4) to a
final concentration of approximately 50 μg/mL. Transgenic strains were created by standard
germline transformation technique (Mello et al., 1991) of wildtype animals to create strain
UN1019 xbEx1019[tag-312::gfp, rol-6(su1006)]. The transgene was introduced into
fln-1(tm545) background by genetic cross.

Immunofluorescence
F-actin and PAT-3 immunoflourescence was performed as described (Ono et al., 2007).
Briefly, partially synchronized populations were dissected using a 25-gauge hypodermic
needle in PBS, and dissected gonads were fixed in 3.7% formaldehyde in PBS for 20
minutes at room temperature. For F-actin staining, following the formaldehyde fixation the
animals were washed twice with PBST (PBS + 0.1% Triton X-100) for 20 minutes, and then
incubated with 0.4 U/mL of Texas Red-X phalloidin in PBS (Invitrogen, Carlsbad, CA,
USA) overnight at 4°C or 4 hours at room temperature, washed with PBS, and mounted on
1.5% agarose pads for observation. For PAT-3 staining, fixed animals were incubated with
MH25 anti-PAT-3 antibodies (1:100 dilution) overnight at 4°C, followed by Cy3-conjugated
donkey anti-mouse (Jackson ImmunoResearch Laboratories; West Grove, PA, USA) for 4
hours at room temperature, washed twice with PBS, and mounted on 1.5% agarose pads for
observation. Fluorescence microscopy was performed on a Nikon Eclipse 80i microscope
equipped for epifluorescence. Images were captured with a SPOT RT3 CCD camera using
SPOT Advanced software (Diagnostic Instruments; Sterling Heights, MI, USA). This
fixation procedure preserves GFP fluorescence.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Gene structure of the fln-1 locus
This figure is a diagrammatic representation of the fln-1 locus derived from cDNA
sequencing data. Rectangles and lines represent exons and introns, respectively. Solid, thick
lines represent the genomic sequences. A) Predicted ORFs Y66H1B.3, Y66H1B.5, and
Y66H1B.2 are indicated. Deletion alleles (tm545 and ok2611) and RNAi targeting
constructs are shown as blue lines. B) The rescuing constructs Ex0827 and Ex0917 are
amplified genomic sequences, and Ex1002 is an N-terminal GFP fusion to the fln-1a open
reading frame. Approximately 19 kb of chromosome IV is shown.
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Figure 2. Filamin is required for normal brood size
A) Brood size comparison of wildtype, fln-1 mutant and rescued animals. B) RNAi
depletion of Y66H1B.3, Y66H1B.5 or Y66H1B.2 phenocopies the tm545 brood size defect.
Columns indicate the average number of hatchlings, and error bars indicate the standard
deviation. C–F) wildtype animals produce wildtype, oval-shaped embryos (C). tm545
animals initially produce normal embryos (D), but progressively worsen producing round
(E), and eventually inviable embryos (F). Bar indicates 25 μm. G) Shape and hatching of
tm545 embryos was determined at the indicated maternal ages. Older tm545 animals
produce a higher proportion of misshapen and arrested embryos (G). During this time
course, age-matched wildtype animals produce only normally shaped embryos, of which all
hatch (n=561). Control wildtype animals are omitted from (G) for simplification. Number of
tm545 embryos examined for each time point is indicated.
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Figure 3. FLN-1 is expressed in the somatic gonad and colocalizes with F-actin
A) DIC image of an adult hermaphrodite carrying a transcriptional fln-1::gfp fusion, and (B)
a corresponding GFP image. The fln-1::gfp transcriptional fusion is expressed strongly in
the proximal sheath cells (arrowhead), spermatheca (arrow), and the uterus (asterisk) in
adult animals. C) Merged GFP and DIC images. D–I) GFP::FLN-1A translational fusion
expressed in the spermatheca (D) and uterus (G) and co-stained for F-actin (E and H).
GFP::FLN-1A appears to colocalize with F-actin in the spmeratheca (F) and the uterus (I).
Arrows in G–I indicate the uterine lariat. F and I) Merged F-actin (red) and GFP::FLN-1A
(green). Bar indicates 25 μm.
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Figure 4. Ovulation time-lapse of fln-1(tm545) animals
A) Schematic representation of the hermaphrodite gonad. B–C) Young wildtype and
fln-1(tm545) spermatheca marked with fkh-6::gfp. D–E) Adult wildtype and fln-1(tm545)
spermatheca marked with fkh-6::gfp. F) Wildtype ovulation sequence captured by DIC time-
lapse microscopy. G) fln-1(tm545) ovulation sequence is identical to the wildtype ovulation
during the entry (0 min) and fertilization process (2 min), but the embryos fail to exit the
spermatheca (10 min). Bar indicates 25 μm.
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Figure 5. FLN-1 is required for normal spermatheca-uterine valve morphology
A) Wildtype sp-ut valve marked with tag-312::gfp. B) fln-1(tm545) sp-ut valve marked with
tag-312::gfp. C–D) cog-1::gfp is expressed in the sujc cells (arrowheads) and in the vulva.
E–F) cog-1::gfp is normally expressed in the sujc cells (arrowheads) of fln-1(tm545) animals
and in the vulva. Bar indicates 25 μm.
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Figure 6. FLN-1 is required for maintenance of F-actin in the spermatheca and uterus
A) Diagram of F-actin in the somatic gonad. B) Wildtype spermathecal and uterine F-actin
is arranged roughly circumferentially. C) Wildtype uterine actin is arranged longitudinally
and originates at the uterine lariat (arrowheads). D) fln-1(tm545) actin is bundled into thick
cortical filaments at the cell-cell junctions. E) fln-1(tm545) actin in the uterus appears
thicker and is collapsed to the uterine lariat. F) plc-1(rx1) F-actin in the spermatheca is
normal. G) plc-1(rx1) uterine lariat is normal. Arrowheads indicate the lariat. Bar indicates
25 μm.
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Figure 7. fln-1(tm545) spermathecal F-actin progressively worsens
A–E) Wildtype spermatheca F-actin at 55 (A), 60 (B), 70 (C), 80 (D), and 90 (E) hours of
age. F–J) fln-1(tm545) F-actin at 55 (F), 60 (G), 70 (H), 80 (I), and 90 (J) hours of age.
Onset of ovulation is between 55 and 60 hours, therefore (A) and (F) are before the first
ovulation, while (B) and (G) are following the first ovulation. Corresponding DIC images
(not shown) were used to determine number of ovulations that had occurred. Bar indicates
25 μm.
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