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Fos and Jun are components of activator protein-1 (AP-1) and play crucial roles in the regulation of many cellular,
developmental, and physiological processes. Caenorhabditis elegans fos-1 has been shown to act in uterine and vulval
development. Here, we provide evidence that C. elegans fos-1 and jun-1 control ovulation, a tightly regulated rhythmic
program in animals. Knockdown of fos-1 or jun-1 blocks dilation of the distal spermathecal valve, a critical step for the
entry of mature oocytes into the spermatheca for fertilization. Furthermore, fos-1 and jun-1 regulate the spermathecal-
specific expression of plc-1, a gene that encodes a phospholipase C (PLC) isozyme that is rate-limiting for inositol
triphosphate production and ovulation, and overexpression of PLC-1 rescues the ovulation defect in fos-1(RNAi) worms.
Unlike fos-1, regulation of ovulation by jun-1 requires genetic interactions with eri-1 and lin-15B, which are involved in
the RNA interference pathway and chromatin remodeling, respectively. At least two isoforms of jun-1 are coexpressed
with fos-1b in the spermatheca, and different AP-1 dimers formed between these isoforms have distinct effects on the
activation of a reporter gene. These findings uncover a novel role for FOS-1 and JUN-1 in the reproductive system and
establish C. elegans as a model for studying AP-1 dimerization.

INTRODUCTION

Ovulation is a tightly regulated rhythmic program. Because
the nematode Caenorhabditis elegans is transparent and ge-
netically tractable, it has become a model for studying this
program. In C. elegans, an ovulation cycle begins as sperm
signal the most proximal oocyte (the �1 oocyte) to mature.
A critical component of this signal is major sperm protein
(MSP), which binds the VAB-1 Eph receptor protein tyrosine
kinase on oocytes and sheath cells (Miller et al., 2001, 2003).
The MSP signal promotes oocyte maturation and sheath cell
contractions. The oocyte then undergoes nuclear envelope
breakdown (NEBD) and cortical rearrangement, and signals
sheath cells via the epidermal growth factor-like ligand,
LIN-3, to increase the strength and frequency of their con-
tractions. When these contractions are coupled with dilation
of the distal spermathecal valve, the mature oocyte is ovu-
lated into the spermatheca for fertilization (McCarter et al.,
1997, 1999). After fertilization, the spermatheca-uterine valve
dilates so that the new egg can pass into the uterus (Figure 1A).

Genetic analyses revealed that the inositol triphosphate
(IP3) signaling pathway plays a critical role in ovulation,
because sheath cell contractions, distal spermathecal valve
dilation, and spermatheca-uterine valve dilation are all con-
trolled by IP3-induced calcium release (Clandinin et al., 1998;
Bui and Sternberg, 2002; Kariya et al., 2004; Yin et al., 2004)
(Figure 1B). IP3 is produced in sheath cells and spermathecal
cells by the catalytic activity of the phospholipase C (PLC)
enzymes PLC-3, PLC-1, or both. Levels of IP3 can be reduced
by IP3 kinase let-23 fertility effector/regulator (LFE-2) or
type I polyphosphate 5-phosphatase (IPP-5) (Clandinin et al.,
1998; Bui and Sternberg, 2002; Kariya et al., 2004; Yin et al.,
2004). Thus, loss-of-function mutations in lfe-2 or ipp-5 in-
crease IP3 concentration and suppress the ovulation defect
caused by lin-3 mutations (Clandinin et al., 1998; Bui and
Sternberg, 2002). In addition, a gain-of-function mutation in
itr-1, the IP3 receptor, sensitizes it to Ca2�, which also res-
cues the ovulation defects caused by mutants for the LIN-3
signal (Clandinin et al., 1998).

Fos and Jun are members of the activator protein-1 (AP-1)
family, which constitutes an important subset of basic region
leucine zipper (bZIP) transcription factors (Karin et al., 1997;
Wagner, 2001). AP-1 proteins function as homodimers or
heterodimers that bind DNA and regulate transcription of
target genes. Genetic and biochemical studies have demon-
strated that AP-1 proteins are critical regulators of many
cellular and developmental processes, including growth,
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differentiation, apoptosis, and stress responses (Karin et al.,
1997).

Recent studies in C. elegans showed that FOS-1A, one of
the two isoforms of the C. elegans Fos homologue, regulates
the development of the reproductive system, including an-
chor cell invasion and development of the uterus (Sherwood
et al., 2005; Oommen and Newman, 2007). However, knock-
down of fos-1 by RNA interference (RNAi) or deletion of
fos-1 also causes sterility (Oommen and Newman, 2007),
which implies that fos-1 plays additional roles in reproduc-
tion. Here, we show that FOS-1B regulates spermathecal
valve dilation by controlling plc-1 expression (Figure 1B).
We also demonstrate that the C. elegans Jun homologue
participates in this process. However, JUN-1 has a milder
phenotype, and genetic evidence suggests that its role in
ovulation is influenced by mutations in genes involved in
the RNAi pathway and chromatin remodeling.

MATERIALS AND METHODS

Strains
Some nematode and Escherichia coli strains were provided by the Caenorhab-
ditis Genetics Center (CGC, University of Minnesota, Minneapolis, MN),
which is funded by the National Institutes of Health National Center for
Research Resources. These reagents include OP50 and HT115(DE3) Escherichia
coli, and the following nematode strains: wild-type N2, SU93 (ajm-1::gfp),
NL2098 rrf-1(pk1417) I, NL2099 rrf-3(pk1426) II, KP3948 eri-1(mg366) IV; lin-
15B(n744) X, PS2286 unc-38(x20); lfe-2(sy326) I, ZZ20 unc-38(x20) I, PK2368
itr-1(sy327); unc-24(e138) IV, CB138 unc-24(e138) IV, PS3653 ipp-5(sy605) X,
VC1200 jun-1(gk557), and PD8120 smg-1(cc546) I. ipp-5::gfp, plc-3::gfp and two
itr-1::gfp strains were kindly provided by P. Sternberg (California Institute of
Technology), K. Strange (Vanderbilt University), and H. Baylis (University of
Cambridge), respectively.

Feeding RNAi
cDNAs encoding the bZIP region of fos-1 and jun-1, full-length fog-3, exons 1
through 4 of unc-112, exons 1-7 of eri-1a, and the first 1 kb of the 5� end of
lin-15B were cloned into the feeding RNAi vector pPD129.36 (Timmons and
Fire, 1998). Feeding RNAi was performed as described previously (Kamath et
al., 2001). In brief, HT115(DE3) E. coli were transformed with plasmid and
grown 8 h at 37°C in Luria Broth containing ampicillin (100 �g/ml) and
tetracycline (15 �g/ml). RNAi plates containing ampicillin (50 �g/ml), tetra-
cycline (15 �g/ml), and isopropyl �-d-thiogalactoside (1 mM) were seeded
with 200 �l of bacteria and incubated at 37°C overnight. Adult N2 worms
were added and allowed to lay eggs for 48 h at 20°C. Phenotypes of F1
progeny were scored after an additional 24–48 h. eri-1;lin-15B worms were
allowed to lay eggs for 72 h or were not removed until analysis of offspring.

Genetic Interactions between jun-1 and eri-1 or lin-15B
The homozygous double mutant jun-1(gk557);lin-15B(n744) X was made and
confirmed by genotyping with polymerase chain reaction (PCR). RNAi in the
background of various strains was performed as described above. Sterility
was defined as the absence of fertilized eggs in the uterus.

4,6-Diamidino-2-phenylindole (DAPI) Staining
Fixation and staining were performed as described previously (Francis et al.,
1995), with slight modifications. In brief, a 60-mm plate of worms was rinsed
twice with M9 buffer and then fixed in 3% fresh paraformaldehyde for 1 h.
After two washes with phosphate-buffered saline containing 0.1% Tween 20
(PBST), worms were fixed in cold methanol at �20°C for 10 min. After two
additional PBST washes, samples were incubated with 100 ng/ml DAPI in
PBST for 10 min, washed, and mounted on slides. Images were captured
using a Photometrics CoolSNAP ES digital camera (Roper Scientific,
Tucson, AZ) controlled by MetaMorph version 6.2 software (Molecular
Devices, Sunnyvale, CA) by using DAPI filters from Chroma Technology
(Brattleboro, VT).

Time-Lapse Analysis of First Ovulations
Sheath cell contractions and spermathecal valve dilation studies were per-
formed as described previously (Yin et al., 2004). In brief, vector control or
RNAi-treated adult worms were anesthetized in tricaine (0.1%) and tetrami-
sole (0.01%) in M9 for 30–50 min. Worms were examined as described above,
and images were acquired once per second for up to 45 min total. Time zero
for each image was set to the completion of entry of the oocyte into the
spermatheca. Ovulatory contractions consisted of the average contractions
per minute of the three minutes preceding entry of the oocyte (�3 to �1).
Basal contractions were averaged from 10 to 5 min before ovulation (�10 to
�5). For fos-1(RNAi) worms, ovulatory contractions are maximal sheath con-
tractions at the time of oocyte maturation, as evidenced by NEBD and cortical
rearrangement. This “rounding” effect is consistent with that seen in the �3
to �1 time point for vector-treated worms. Contractions in each one minute
time frame were counted at least three times and averaged.

Effect of fos-1 and jun-1 RNAi on plc-1:: gfp Expression in
the Spermatheca
RNAi was performed as described above using the transgenic line expressing
a plc-1::gfp reporter as described previously (Kariya et al., 2004). To quantify
fluorescence intensity in the spermatheca of young adult F1 worms, regions of
interest (average, 11.4) were selected in each spermatheca, and the average
fluorescence intensity was calculated (average, 7.2 spermathecae per RNAi
treatment) using microscopy setup described above with green fluorescent
protein (GFP) filters. A Student’s t test was used to compare average fluores-
cence intensities between samples and to determine statistical significance.

Isolation of fos-1(km30) Deletion Mutant
The deletion mutant fos-1(km30) was generated by TMP/UV (Gengyo-Ando
and Mitani, 2000) and isolated using sib-selection. Screening was performed
using gene-specific primers as follows: external left, 5�-GTAAGCCAAATAG-

Figure 1. Regulation of ovulation by IP3 sig-
naling. (A) Outline of ovulation control in C.
elegans. Ovulation is coordinated by sheath
cell contractions and distal spermathecal
valve dilation. These steps are controlled by
the rate-limiting enzymes PLC-3 and PLC-1,
respectively, which produce IP3, thereby caus-
ing an increase in calcium concentration. (B)
Genetic regulation of IP3 concentration in
sheath cells and spermathecal cells. This study
demonstrates that C. elegans FOS-1 and JUN-1
regulate PLC-1 expression in the spermatheca
and control distal spermathecal valve dilation.
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GAAAATTACGGT-3�; external right, 5�-CTCGATTTTTGGAATCTGAAG-
TAAA-3�; internal left, 5�-TAATTTACATTAGGTTTGCCGACAT-3�; and in-
ternal right, 5�-AAATGAATGTACTCACTTTGCGTTC-3�.

Direct sequencing of the PCR products verified the deleted region. These
deletion mutants were backcrossed more than twice to animals of a wild-type
N2 background.

Expression Analysis of fos-1b and jun-1 Isoforms
Genomic DNA upstream of the transcriptional start sites of fos-1b (3.4 kb),
jun-1abc (296 base pairs), jun-1d (296 base pairs), jun-1e (222 base pairs), and
jun-1f (444 base pairs) were cloned into pPD95.70 (Fire lab C. elegans Vector
Kit 1995 [www.addgene.org]). At least three independent transgenic lines
were obtained following injection of each plasmid (10 ng/�l) and the rol-
6(su1006) (100 ng/�l) marker. Observation of GFP expression and image
acquisition were performed as described above.

Luciferase Reporter Gene Assay
Reporter assays were carried out in COS-1 cells essentially the same as
described previously (Liu et al., 2006), by using 0.5 �g of plasmid encoding
FOS-1B, JUN-1A, and/or JUN-1D, and assayed for luciferase activity 24 h
after transfection. Statistical analysis of activation due to FOS-1B, JUN-1A, or
both was performed using an ANOVA. Inhibition of FOS-1B and JUN-1A
transactivation by JUN-1D also was analyzed using a two-way ANOVA.

Accession Numbers
National Center for Biotechnology Information accession numbers for cDNA
sequences of jun-1a-f isoforms are EU553920, EU553921, EU553922, EU553923,
EU553924, and EU553925, respectively.

fos-1 RNAi Phenotypes Rescued by PLC-1 Overexpression
Transgenic lines expressing a previously isolated PLC-1 (Shibatohge et al.,
1998) driven under the heat shock promoter hsp-16.41 were constructed. The
expressed PLC-1 protein (residues 88–1853) contains intact X, Y, C2, RA1, and
RA2 domains but lacks the N-terminal 87 residues. Rescue experiments were
performed exactly the same as the RNAi experiments except that when F1
worms reached the larval stage 4, they were heat shocked at 33°C for 2 h to
induce the expression of PLC-1. A second 30-min heat shock was performed
12 h later, followed by phenotypic analysis. The endomitotic oocytes (Emo)
phenotype was defined as the accumulation of endomitotic oocytes in the
proximal gonad by differential interference contrast (DIC) microscopy and
confirmed by DAPI staining. Any worm showing Emo in one or both of the
two proximal gonads was scored as Emo.

RESULTS

Knockdown of fos-1 and jun-1 Causes Sterility
In mammals, Fos and Jun are involved in multiple processes,
including development, differentiation, apoptosis, and stress
responses. To see whether the C. elegans homologue of Fos,
fos-1, is also pleiotropic, we used feeding to perform RNAi in
N2 worms (Kamath et al., 2001; Timmons et al., 2001). To
knock down both isoforms of fos-1, we targeted the shared
bZIP-encoding region. Knockdown of fos-1 resulted in F1
progeny with several phenotypes, including sterility
(95.1%), a protruding vulva (13.8%), and exploded through
the vulva (4.6%) (Table 1). These observations are consistent
with results from several genome-wide RNAi screens and
the analysis of fos-1(ar105), an allele that deletes only fos-1a
(Kamath et al., 2003; Simmer et al., 2003; Rual et al., 2004;
Sherwood et al., 2005; Oommen and Newman, 2007).

Like mammalian and Drosophila Fos and Jun proteins, C.
elegans FOS-1 and JUN-1 form heterodimers (Hiatt et al.,
2008; Shyu et al., 2008). To see whether C. elegans jun-1 has
the same role as fos-1, we performed RNAi in the wild type
and failed to observe any phenotype in the F1 progeny,
possibly because jun-1 mRNA was not eliminated (unpub-
lished observations). Thus, we performed similar experi-
ments in two RNAi-sensitive strains. In rrf-3(pk1426); jun-
1(RNAi) worms, we observed an egg-laying phenotype and
some distal tip cell migration defects, but minimal sterility.
However, in jun-1(RNAi); eri-1(mg366); lin-15B(n744) worms,
we saw phenotypes similar to those caused by fos-1 RNAi
(Table 1). Together, these results show that fos-1 and jun-1

have multiple, overlapping functions in the reproductive
system.

fos-1 and jun-1 Are Required for Ovulation
The high penetrance of the sterile phenotype in fos-
1(RNAi) and jun-1(RNAi); eri-1(mg366); lin-15B(n744)
worms prompted us to ask how C. elegans AP-1 proteins
promote fertility. When we examined gonad morphology
and germ cell development in younger animals, we found
that fos-1(RNAi) worms seemed normal before ovulation
began and did not show an obvious oogenesis defect, which
is different from fos-1 deletion alleles fos-1(ar105) and fos-
1(km30) (see the following sections for details). However, the
oocytes failed to enter the spermatheca in almost all of the
young adults examined (93%; n � 79). Consequently, these
worms accumulated Emo in the proximal gonad (Figure 2, C
and D), a phenomenon that occurs when oocytes mature
but are not ovulated or fertilized (Iwasaki et al., 1996). We
observed a similar Emo phenotype in jun-1(RNAi); eri-
1(mg366); lin-15B(n744) worms (Figure 2, G and H).

FOS-1 Acts in the Soma to Regulate Ovulation
The Emo phenotype is characteristic of an ovulation defect.
Ovulation relies on proper signaling and function by sperm
and oocytes in the germ line, by sheath cells and spermathe-
cal valve cells in the soma. To determine which of these cells
were responsible for the ovulation defect in fos-1(RNAi)
worms, we used rrf-1(pk1417) mutants, which are deficient
in somatic RNAi (Sijen et al., 2001). We found that rrf-
1(pk1417); fos-1(RNAi) worms showed much less sterility
than fos-1(RNAi) in N2 worms (Table 1). This result supports
the hypothesis that fos-1 acts in the soma to regulate ovula-
tion. By contrast, sterility resulting from the knockdown of
fog-3, a gene necessary for spermatogenesis (Ellis and
Kimble, 1995) was not rescued in rrf-1(pk1417) worms. Thus,
RNA interference is still functional in the germ line of this
strain (Table 1).

FOS-1 Controls the Dilation of the Distal Spermathecal
Valve
The somatic tissues involved in ovulation include both
sheath cells and the distal spermatheca (McCarter et al., 1997,
1999). To see whether the defects in the fos-1(RNAi) worms
were due to inadequate sheath cell contractions or to im-
proper dilation of the distal spermathecal valve, we re-

Table 1. fos-1 and jun-1 are necessary for fertility and fos-1 functions
in the soma

Strain
RNAi

treatment (n)
Ste
(%)

Pvl
(%)

Exp
(%)

N2 Vector (564) 1.2 0.2 0.0
N2 fos-1 (348) 95.1 13.8 4.6
N2 jun-1 (670) 1.7 2.2 0.2
N2 fog-3 (208) 99.0 N.D. N.D.
eri-1(mg366); lin-15B(n7444) Vector (92) 6.5 4.4 0.0
eri-1(mg366); lin-15B(n7444) fos-1 (34) 97.1 94.1 5.9
eri-1(mg366); lin-15B(n7444) jun-1 (92) 93.5 35.9 10.9
rrf-1(pk1417) Vector (247) 0.0 N.D. N.D.
rrf-1(pk1417) fos-1 (140) 11.4 N.D. N.D.
rrf-1(pk1417) fog-3 (188) 99.5 N.D. N.D.

Exp, exploded through vulva; N.D., not determined; Pvl, protrud-
ing vulva; Ste, sterile.
Number of worms observed is in parentheses.
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corded these processes in living animals. Because endomi-
totic oocytes trapped in the proximal gonad obscure sheath
cell contractions (Yin et al., 2004), we examined only the first
ovulation in fos-1(RNAi) worms, using time-lapse micros-
copy (Supplemental Figure 1A and Supplemental Video 1).
This time-lapse imaging also allowed the observation of
other critical steps in ovulation, including oocyte maturation
(as characterized by nuclear envelope breakdown and cor-
tical rearrangement) and spermathecal valve dilation. In
control worms, ovulations progressed normally (n � 5 ani-
mals), leading to the movement of oocytes into the sper-
matheca and the release of fertilized eggs into the uterus.
However, all oocytes in fos-1(RNAi) worms failed to enter
the spermatheca, even though oocyte maturation occurred
normally (n � 4 animals; Supplemental Video 1). Quantifi-
cation of sheath cell contractions indicated that there was
only a slight difference in basal and ovulatory sheath cell
contractions in fos-1(RNAi) worms when compared with
vector controls (Supplemental Figure 1B). Because even un-
treated eri-1(mg366); lin-15B(n744) animals have reduced
brood sizes and some ovulation defects (unpublished obser-
vations), we did not record ovulations in jun-1(RNAi); eri-
1(mg366); lin-15B(n744) worms.

To see whether the lack of spermathecal valve dilation in
fos-1(RNAi) worms was due to defects in spermathecal de-
velopment, we performed fos-1 RNAi in a strain that ex-
presses GFP in spermathecal cells (Mohler et al., 1998;
Michaux et al., 2001). Knockdown of fos-1 in these animals
did not cause detectable changes in the expression or local-
ization of the ajm-1::gfp reporter in the spermatheca (data not
shown). These results suggest that the primary defect in fos-1
and jun-1 RNAi-treated worms is a failure in distal sper-
mathecal valve dilation.

fos-1 and jun-1 Deletion Mutants Exhibit Multiple Defects
in the Reproductive System
To confirm the RNAi results, we isolated fos-1(km30), which
deletes an exon encoding part of the bZIP region, which is
shared by FOS-1A and FOS-1B. The fos-1(km30) homozy-
gotes showed severe defects in oocyte development, which
prevented us from analyzing ovulation. However, fos-
1(km30) heterozygotes displayed several phenotypes associ-
ated with reproduction, including sterility (11%), a protrud-
ing vulva (8%), a ruptured gonad (3%), the presence of

debris or torn oocytes in the spermatheca (28%) and uterus
(22%), and unfertilized oocytes in the uterus (11%) (n � 36).
Thus, fos-1 regulates many developmental and physiological
processes in the reproductive system.

We also studied jun-1(gk557), which deletes the bZIP-
coding region (C. elegans Gene Knockout Consortium). Re-
verse transcription-PCR analyses verified the absence of all
isoforms (data not shown). Although jun-1(gk557) animals
showed multiple defects in the reproductive system and had
a reduced brood size, we only observed 5.1% sterility (Sup-
plemental Table 2). Thus, jun-1 and fos-1 have overlapping
phenotypes, but they are not identical in their effects on
reproduction.

The ovulation defect we observed in jun-1(RNAi); eri-
1(mg366); lin-15B(n744) worms might have been due to two
distinct causes—the eri-1(mg366); lin-15B(n744) strain might
enhance the effectiveness of RNAi against jun-1 or eri-1 and
lin-15B might interact genetically with jun-1 to regulate ovu-
lation. Thus, we built jun-1(gk557); lin-15B(n744) double mu-
tants for analysis. Because of decreased fertility, we could
not build an eri-1; lin-15b; jun-1 triple mutant. However, we
did find that jun-1(gk557); lin-15B(n744) double mutants
showed a high percentage of the Emo phenotype compared
with either jun-1(gk557) or lin-15B(n744) single mutants
(Supplemental Table 3). Thus, jun-1 and lin-15B are partially
redundant for the control of ovulation. In addition, we per-
formed RNAi in jun-1(gk557) animals and observed that
knockdown of eri-1, lin-15B, or both genes increased sterility
(Supplemental Table 4). Together, these results strongly sug-
gest that jun-1 has multiple roles in the reproductive system.
Furthermore, the regulation of ovulation by jun-1 is influ-
enced by the activities of eri-1 and lin-15B.

fos-1 Genetically Interacts with Genes in the IP3
Signaling Pathway
Genetic analysis demonstrated that the IP3 signaling path-
way is responsible for sheath cell contractions, distal sper-
mathecal valve dilation, and spermatheca-uterine valve di-
lation through IP3-induced calcium release (Clandinin et al.,
1998; Bui and Sternberg, 2002; Kariya et al., 2004; Yin et al.,
2004). Thus, we determined whether increased IP3 levels
could rescue the sterility induced by fos-1 RNAi. We used
three mutants that suppress the ovulation defects of lin-3

Figure 2. fos-1 and jun-1 are necessary for
ovulation. Shown are representative DIC (left)
and DAPI (right) images of worms treated
with vector only (A and B) and fos-1 RNAi (C
and D) in N2, or vector only (E and F) and
jun-1 RNAi (G and H) in the RNAi sensitive
strain eri-1(mg366); lin15B(n744). Endomitotic
oocytes are indicated by arrowheads, and nu-
clei of oocytes are indicated with arrows. sp,
spermatheca. Bar, 50 �m.
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mutants—a gain-of-function mutation in itr-1, and loss-of-
function mutations in either ipp-5 or lfe-2. We found that
ipp-5(sy605) suppressed the sterility induced by fos-1 RNAi,
although neither lfe-2(sy326) nor itr-1(sy327) affected the
phenotype. To exclude the possibility that the ipp-5 mutation
affects RNA interference, we performed RNAi against unc-
112, a gene required for the assembly of muscle dense bodies
and normal movement (Rogalski et al., 2000). We observed
comparable levels of uncoordinated animals when RNAi
was performed in wild type or ipp-5(sy605) worms (Table 2).
Thus, the RNAi machinery is not compromised in ipp-5
mutants, which implies that the defect in the dilation of the

distal spermathecal valve in fos-1(RNAi) worms is due to
decreased levels of IP3 in the spermatheca.

fos-1 and jun-1 Regulate the Expression of plc-1 in the
Spermatheca
Because AP-1 proteins are transcription factors, we sus-
pected that fos-1 and jun-1 might regulate the expression of
molecules in the IP3 signaling pathway. Thus, we performed
fos-1 and jun-1 RNAi in plc-1, plc-3, ipp-5 and itr-1 GFP
reporter strains (Clandinin et al., 1998; Gower et al., 2001;
Bui and Sternberg, 2002; Kariya et al., 2004; Yin et al., 2004).
RNA interference against fos-1 reduced the expression of
plc-1::gfp in the spermatheca to 8.0% of the vector control,
and RNA interference against jun-1 reduced the expression
of plc-1::gfp to 82.3% (Figure 3). This slight reduction of
plc-1::gfp expression in the jun-1(RNAi) worms mirrors the
low level of sterility found in these animals. However,
plc-1::gfp expression in other tissues including the vulva,
head, and tail seemed unaltered in all of these experiments.
Furthermore, we saw no obvious changes in the expression
of plc-3::gfp, ipp-5::gfp or itr-1::gfp in the spermatheca of fos-
1(RNAi) or jun-1(RNAi) worms (unpublished observations).
These results suggest that fos-1 and jun-1 regulate plc-1 ex-
pression in the spermatheca.

To see whether down-regulation of plc-1 transcription in
the spermatheca was responsible for the ovulation defect in
fos-1(RNAi) worms, we studied transgenic lines that can be
induced to express PLC-1 by heat shock. In fos-1(RNAi)
animals, overexpression of PLC-1 reduced the Emo pheno-
type by 58% (Table 3). However, overexpression of PLC-1
did not alter the protruding vulva phenotype. Thus, reduced
expression of PLC-1 in the spermatheca is responsible for the
ovulation defect in fos-1(RNAi) worms.

fos-1b, jun-1a-c and jun-1d Are Coexpressed in the
Spermatheca
Two isoforms of fos-1 have been identified previously
(Sherwood et al., 2005), and four isoforms of jun-1 were pre-

Table 2. Genetic interactions of fos-1 with the IP3 pathway

Strain
RNAi

treatment (n) Ste (%) Unc (%)

N2 Vector (99) 0.0 N.D.
N2 fos-1 (133) 90.8 N.D.
ipp-5(sy605) Vector (98) 1.4 N.D.
ipp-5(sy605) fos-1 (68) 19.9* N.D.
N2 Vector (634) N.D. 0.0
N2 unc-112 (427) N.D. 100.0
ipp-5(sy605) Vector (582) N.D. 0.0
ipp-5(sy605) unc-112 (638) N.D. 98.2
unc-24(e138) Vector (201) 0.0 N.D.
unc-24(e138) fos-1 (178) 93.1 N.D.
unc-24(e138); itr-1(sy327) Vector (191) 0.0 N.D.
unc-24(e138); itr-1(sy327) fos-1 (141) 90.8 N.D.
unc-38(x20) Vector (211) 0.3 N.D.
unc-38(x20) fos-1 (128) 100.0 N.D.
unc-38(x20); lfe-2(sy326) Vector (224) 0.3 N.D.
unc-38(x20); lfe-2(sy326) fos-1 (100) 97.4 N.D.

N.D., not determined; Ste, sterile; Unc, uncoordinated.
Number of worms observed is in parentheses. *p � 0.05 compared
with fos-1 RNAi in N2 worms.

Figure 3. fos-1 and jun-1 regulate plc-1 ex-
pression. (A) Effect of fos-1 and jun-1 RNAi on
plc-1::gfp expression. Shown are DIC (left) and
GFP (right) images of worms treated with vec-
tor only, fos-1 RNAi, or jun-1 RNAi. The num-
bers in the bottom right corners of the GFP
images are quantified percentage of fluores-
cence intensity relative to vector-treated
worms. Arrows indicate position of the vulva.
Bar, 10 �m.

S. M. Hiatt et al.

Molecular Biology of the Cell3892



dicted (www.wormbase.org). To confirm these isoforms, we
performed 5� and 3� rapid amplification of cDNA ends.
These studies confirmed the expression of fos-1a and fos-1b
and identified six isoforms of jun-1, which all share a com-
mon bZIP region (Supplemental Figure 2).

fos-1a is expressed in the anchor cell and uterus through-
out gonadogenesis and regulates both anchor cell invasion
and uterine development (Rogalski et al., 2000; Oommen and
Newman, 2007). Although fos-1b is expressed in several
tissues, its function had been unknown (Sherwood et al.,
2005). To see whether fos-1b was expressed in the sper-
matheca, we used 3.4 kb of genomic DNA upstream of its
transcriptional start site to build a GFP reporter plasmid.
Transgenic worms carrying this plasmid expressed GFP in
the spermatheca (Figure 4A).

Because jun-1a is the longest isoform, and differs only in
exons 1 or 2 from jun-1b and jun-1c, we constructed a
single transcriptional reporter for jun-1a-c. In addition, we
created transcriptional reporters for jun-1d, jun-1e, and
jun-1f. Examination of GFP expression in transgenic
worms revealed that jun-1a-c and jun-1d are expressed in
the spermatheca (Figure 4A), whereas jun-1e and jun-1f
are not (unpublished observations). Hence, fos-1b and jun-
1a, b, c, or d were likely to be responsible for the RNAi
phenotypes we had observed.

The expression of multiple jun-1 isoforms in the sper-
matheca suggested that these isoforms might interact to
coordinate the transcription of target genes. For example,
in mammals, the transcription of AP-1 target genes is
subject to negative regulation by some AP-1 proteins that
share essentially the same bZIP domain, such as JunB and
JunD (Zenz and Wagner, 2006). In C. elegans, JUN-1D is
one of three short isoforms that contain the bZIP domain
and little else. Because the bZIP domains of JUN-1 and
FOS-1 bind the consensus TPA response element (TRE)
binding site as heterodimers as well as homodimers
(unpublished observations), we examined the transcrip-
tional potential of FOS-1B, JUN-1A, and JUN-1D. To do
this, we used luciferase reporter gene assays in COS-1
cells. Although FOS-1B, JUN-1A, or JUN-1D alone
showed minimal activation of the reporter gene, coexpres-
sion of JUN-1A with FOS-1B significantly activated the
AP-1 reporter. However, coexpression of JUN-1D with
FOS-1B had no effect (Figure 4B). Instead, coexpression
of JUN-1D inhibited activation of the reporter by FOS-
1B/JUN-1A when an equal amount of the plasmid encod-
ing JUN-1D was cotransfected. These results suggest that
JUN-1A and JUN-1D exhibit opposite effects on the acti-
vation of target genes when they form heterodimers with
FOS-1B.

DISCUSSION

FOS-1 and JUN-1 Regulate plc-1 Expression in the
Spermatheca to Control Distal Spermathecal Valve
Dilation
AP-1 family proteins regulate many physiological responses
in cells and in animals, and the deregulation of these pro-
teins is involved in numerous pathologies (Karin et al., 1997;
Wagner, 2001). However, the role of AP-1 proteins in the
reproductive system remains largely unexplored, due to the
lack of appropriate model systems. Our findings that FOS-1
and JUN-1 control spermathecal valve dilation, along with
the known role of FOS-1 in anchor cell invasion and cell fate
specification in the uterus (Sherwood et al., 2005; Hwang et
al., 2007; Oommen and Newman, 2007; Rimann and Hajnal,
2007; Sapir et al., 2007), establish C. elegans as a model for the
control of reproduction by AP-1 proteins.

Spermathecal valve dilation is essential for successful
ovulation. Genetic analysis showed that it depends on sev-
eral genes that act in the IP3 signaling pathway to control

Table 3. Rescue of the ovulation defect in fos-1(RNAi) worms
by plc-1

Strain
RNAi

treatment (n)
Heat

shock Emo (%)

hs::plc-1 Vector (61) No 0.0
hs::plc-1 fos-1 (62) No 83.4
hs::plc-1 fos-1 (68) Yes 35.5

hs, hsp-16.41.
Number of worms observed is in parentheses.

Figure 4. fos-1b, jun-1abc, and jun-1d are expressed in the sper-
matheca. (A) Expression of fos-1b, jun-1abc, and jun-1d in the sper-
matheca. Shown are DIC (left) and GFP (right) images in transgenic
worms carrying the GFP reporters for fos-1b, jun-1abc (jun-1a), or
jun-1d. Scale, 50 �m. (B) Effect of FOS-1B, JUN-1A, and JUN-1D on
activation of an AP-1 luciferase reporter that contains three TPA
response elements (TGAGTCA). �, 0.5 �g; 0.5�, 0.25 �g.
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calcium levels (Clandinin et al., 1998; Bui and Sternberg,
2002; Kariya et al., 2004; Yin et al., 2004). We present several
lines of evidence that FOS-1 and JUN-1 regulate plc-1 tran-
scription specifically in the spermatheca. First, fos-1b, jun-
1a-c and jun-1d are all coexpressed in the spermatheca, along
with plc-1. Second, knockdown of fos-1 or jun-1 decreased
expression of a plc-1::gfp reporter in the spermatheca, without
affecting its expression in other tissues. Third, the lack of distal
spermathecal valve dilation caused by fos-1 RNAi was sup-
pressed by ipp-5(sy605), a mutant allele that increases IP3 levels
by inhibiting the metabolism of IP3, but was not suppressed by
lfe-2(sy326) or itr-1(sy327). This pattern of suppression is iden-
tical to that observed for plc-1 with these mutations (Kariya et
al., 2004). Fourth, overexpression of PLC-1 rescued the Emo
phenotype in fos-1(RNAi) worms. Thus, our studies provide a
link between fos-1/jun-1 and plc-1 in C. elegans.

Other PLC isozymes in worms have been implicated in
the regulation of all three major rhythmic programs—pha-
ryngeal pumping, ovulation and defecation (Kariya et al.,
2004; Yin et al., 2004; Espelt et al., 2005; Norman et al., 2005).
Thus, it will be interesting to determine whether AP-1 pro-
teins also regulate the transcription of any of these PLC
isozymes. In mammals, AP-1 proteins regulate circadian
rhythms by controlling the transcription of critical target
genes (Kornhauser et al., 1992; Crosio et al., 2000; Hirayama
et al., 2005), so the role of AP-1 proteins in rhythmic behav-
iors might be ancient.

Although we show that fos-1 and jun-1 regulate ovulation
via plc-1, there might be additional target genes involved in
ovulation. For example, that overexpressing PLC-1 in fos-
1(RNAi) worms only partially rescues the ovulation defect
and fos-1 RNAi causes a slight reduction in sheath cell contrac-
tions could indicate that fos-1 and jun-1 control additional
targets. This possibility is supported by the penetrance of the
ovulation defect in fos-1(RNAi) worms, which is higher than
that in plc-1 deletion mutants (Kariya et al., 2004).

Chromatin Remodeling Influences Transcriptional
Regulation of AP-1 Target Genes
In C. elegans, three classes of genes can interact to create
a synthetic multivulval (SynMuv) phenotype (Fay and
Yochem, 2007). Genetic and biochemical evidence suggests that
these genes influence chromatin remodeling (Thomas et al.,
2003; Ceol and Horvitz, 2004; Poulin et al., 2005; Cui et al.,
2006; Harrison et al., 2006). It is interesting that jun-1(RNAi)
animals only showed an ovulation defect in the strain eri-
1(mg366); lin-15B(n744). Although eri-1 is an RNAse that
influences RNA interference, lin-15B is a gene with Syn-
MuvB activity (Wang et al., 2005). Furthermore, we found
that a lin-15B mutation, n744, was sufficient for this interac-
tion with jun-1. Finally, a general RNAi screen identified 57
genes, including jun-1, that interact with SynMuv genes like
lin-15B, lin-35 and lin-37 (Ceron et al., 2007). Thus, a complex
regulatory mechanism involving chromatin remodeling might
influence the transcriptional regulation of plc-1 by jun-1.

Knocking down fos-1 in the wild type is sufficient to
down-regulate plc-1 transcription and to cause an ovulation
defect, but the same is not true for jun-1. However, several
observations support an alternative model. First, several
JUN-1 isoforms are expressed in the spermatheca. Second,
FOS-1B/JUN-1A positively regulates a reporter gene in tis-
sue culture, but JUN-1D antagonizes this interaction. Thus,
FOS-1/JUN-1A might promote transcription of plc-1 in the
spermatheca, and JUN-1D might block transcription. If cor-
rect, this model would explain the weak phenotype of jun-1
deletion mutants, since both its positive and negative activ-
ities would be eliminated. In addition, this model implies

that the enhancement of the ovulation defect seen in jun-
1(mg366); lin-15B(n744) mutants could have been caused by
a differential effect of chromatin alterations on the activity of
the two JUN-1 isoforms. This inference is supported by the
observation that knockdown of jun-1 in the background of
lin-35 or lin-37 mutations also causes sterility (Ceron et al.,
2007). Further analysis of the interactions between jun-1 and
other SynMuv genes could provide insight into the tran-
scriptional regulation of AP-1 target genes via chromatin
remodeling.

AP-1 Dimerization in Transcriptional Regulation of
Target Genes
AP-1 has been extensively studied over the past two de-
cades. One challenge in the field is to assign specific cellular
or developmental roles to individual AP-1 dimers. This has
been impeded by the presence of multiple AP-1 proteins in
mammals, allowing potential dimerization of any single
AP-1 protein with several partners. These complexities con-
tribute to functional complementation when only a single
AP-1 gene is knocked out (Jochum et al., 2001). By contrast,
model organisms with reduced genetic redundancy allow
functional analysis of AP-1 dimers and their corresponding
target genes, as shown by studies in Drosophila (Kockel et al.,
2001; Ciapponi and Bohmann, 2002).

At least two different isoforms, jun-1a and jun-1d, are
coexpressed with fos-1b in the spermatheca. Our proposal
that multiple AP-1 dimers with distinct transcriptional po-
tential could be formed in the spermatheca is based on this
fact, and on the ability of the bZIP domains of FOS-1 and
JUN-1 to form homodimers and heterodimers (unpublished
observations). Furthermore, it is supported by the observa-
tion that JUN-1A and JUN-1D play opposite roles in activat-
ing an AP-1 reporter gene. We have identified four potential
TRE sites in the promoter used for the plc-1::gfp reporter
strain (unpublished observations). Thus, future character-
ization of the plc-1 promoter and its regulation by different
AP-1 proteins should show how these AP-1 proteins coor-
dinate the transcription of plc-1 in the spermatheca and
could provide a model system for studying the interaction of
different AP-1dimers on transcription.
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