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Summary: In Caenorhabditis elegans, physiological
germ cell apoptosis eliminates more than half of the
cells in the hermaphrodite gonad to support gamete
quality and germline homeostasis by a still unidenti-
fied mechanism. External factors can also affect
germ cell apoptosis. The BH3-only protein EGL-1
induces germ cell apoptosis when animals are
exposed to pathogens or agents that produce DNA
damage. DNA damage-induced apoptosis also
requires the nematode p53 homolog CEP-1. Previ-
ously, we found that heat shock, oxidative, and
osmotic stresses induce germ cell apoptosis
through an EGL-1 and CEP-1 independent mecha-
nism that requires the MAPKK pathway. However,
we observed that starvation increases germ cell
apoptosis by an unknown pathway. Searching for
proteins that participate in stress-induced apoptosis,
we found the RNA-binding protein TIAR-1 (a homo-
log of the mammalian TIA-1/TIAR family of proteins).
Here, we show that TIAR-1 in C. elegans is required
to induce apoptosis in the germline under several
conditions. We also show that TIAR-1 acts down-
stream of CED-9 (a BCL2 homolog) to induce apo-
ptosis under stress conditions, and apparently does
not seem to regulate ced-4 or ced-3 mRNAs accu-
mulation directly. TIAR-1 is expressed ubiquitously
in the cytoplasm of the soma as well as the germ-
line, where it sometimes associates with P granules.
We show that animals lacking TIAR-1 expression are
temperature sensitive sterile due to oogenesis and
spermatogenesis defects. Our work shows that
TIAR-1 is required for proper germline function and
demonstrates that this protein is important to
induce germ cell apoptosis under several conditions.
genesis 51:690–707. VC 2013 Wiley Periodicals, Inc.
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INTRODUCTION

Germ cells produce gametes, which are the basis of
organisms’ continuity. To ensure gamete quality, germ
cell apoptosis occurs normally as a highly conserved
mechanism (Andux and Ellis, 2008; Baum et al., 2005). In
C. elegans, it is estimated that fifty percent of germ cells
are eliminated during oogenesis in a response known as
physiological germ cell apoptosis (Gumienny et al.,
1999). This process requires the core components of the
apoptosis pathway: CED-3, CED-4, and CED-9 but it is
activated by an unknown mechanism. The BCL2 family
member CED-9 prevents apoptosis by sequestering the
APAF1 homolog CED-4. During physiological germ cell
apoptosis an unidentified mechanism inactivates CED-9.
This stimulus liberates CED-4, which in turn activates the
caspase CED-3 (Lettre and Hengartner, 2006).

Several types of environmental stress increase germ
cell apoptosis by different pathways (Derry et al., 2001;
Salinas et al., 2006; Schumacher et al., 2001). DNA dam-
age triggers germ cell apoptosis through the proapop-
totic proteins EGL-1 (a BH3-only protein) and CEP-1
(the p53 homolog; Derry et al., 2001; Schumacher et al.,
2001). Pathogen infections induced apoptosis in an EGL-
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1 dependent manner (Aballay and Ausubel, 2001). Previ-
ously, we found that oxidative and osmotic stress, as
well as heat shock, activate germ cell apoptosis through
the MAPKK pathway and independently of EGL-1 and
CEP-1/p53 (Salinas et al., 2006). Unexpectedly, we
observed that starvation induces germ cell apoptosis by
an unknown mechanism that is independent of the EGL-
1, CEP-1/p53 and the MAPKK pathways (Salinas et al.,
2006). Characterization of the pathways that regulate
stress-induced germ cell apoptosis will contribute to our
understanding of how the germline stays healthy to pass
genetic information for the next generation.

In this article, we show the role of TIAR-1, an RNA-
binding protein from the TIA-1/TIAR family, in germ
cell apoptosis. TIA-1/TIAR proteins were originally
described as cytotoxic granule-associated RNA-binding
proteins with proapoptotic functions. Purified recombi-
nant TIA-1 and TIAR induced DNA fragmentation in
digitonin-permeabilized thymocytes, suggesting that
these proteins may be responsible for inducing apopto-
sis in cytolytic lymphocyte targets (Kawakami et al.,
1992; Tian et al., 1991). Additionally, TIA-1 promotes
Fas receptor exon 6 inclusion during splicing, resulting
in the formation of a proapoptotic isoform involved in
Fas-mediated apoptosis (Izquierdo et al., 2005). Also,
TIA-1 interacts with Fas-activated serine/threonine
kinase (FAST), which is a regulator of Fas-induced apo-
ptosis (Li et al., 2004; Tian et al., 1995). Besides apopto-
sis, TIA-1/TIAR proteins are involved in other cellular
functions, including splicing, translation, repression,
degradation of specific mRNAs and stress granule for-
mation (Anderson and Kedersha, 2002b; Del Gatto-
Konczak et al., 2000; F€orch and Valc�arcel, 2001; F€orch
et al., 2000, 2002; Gilks et al., 2004; Izquierdo et al.,
2005; Kawai et al., 2006; Kedersha et al., 1999;
Kuwano et al., 2008; Le Guiner et al., 2001; Lopez de
Silanes et al., 2005; Piecyk et al., 2000; Yamasaki et al.,
2007; Zuccato et al., 2004).

Here, we show that in C. elegans TIAR-1 is required
to induce germ cell apoptosis under different condi-
tions, including starvation, heat shock, osmotic, oxida-
tive stress, and UV irradiation. This nematode lacks the
Fas apoptosis-inducing pathway, and in this article, we
show that to trigger apoptosis TIAR-1 acts downstream
of the BCL2 homolog CED-9 but apparently does not
directly regulates the accumulation of ced-4 or ced-3

mRNAs. Our findings introduce TIAR-1 as a new com-
ponent in the C. elegans germline whose function is
important under normal growth and stress conditions.

RESULTS

TIAR-1 Is Ubiquitously Expressed

In an ongoing screen to identify genes that partici-
pate in starvation-induced germ cell apoptosis, we
detected C18A3.5, a gene that encodes one of the three
TIA-1/TIAR homologs in C. elegans (Fig. 1a,b). The
other two homologs are tiar-2 (Y46G5A.13) and tiar-3

(C07A4.1; Fig. 1a,b). The predicted TIAR-1 protein is
composed of 408 residues that contains three RNA rec-
ognition motifs and a prion-like domain (Fig. 1a,c).
TIAR-1 displays 46.1 and 43.3% overall amino acid
sequence identity with human TIA-1 and TIAR,
respectively.

To investigate TIAR-1 protein expression, we pro-
duced a rabbit antibody against a 14 amino acid peptide
covering positions 218–231 (Fig. 1a,c). Western blot-
ting with affinity-purified antiserum revealed a single
�46 kDa band, whereas the predicted size was 45.2
kDa (Fig. 1d). This band was not observed in tiar-

1(tm361) mutant animals (Fig. 1d). In contrast, the
band was detected in tiar-2(tm2923) and tiar-

3(ok144) mutant animals (Fig. 1d), which indicates
that the antibody specifically recognizes TIAR-1 protein.
The tm361 allele carries a 579 bp deletion that elimi-
nates exon 3 and 33% of exon 4 (Fig. 1c). RT-PCR
experiments revealed that tiar-1(tm361) animals
expressed a transcript of 1054 bp. This transcript was
not in frame and had lost 232 bp of the original ORF
between positions 242 and 475.

TIAR-1 protein levels were slightly lower in mutants
with a feminized germline [fem-1(hc17) (79%; Kimble
et al., 1984)], a masculinized gonad [fem-3(q20gf)

(75%; Barton et al., 1987)] or a reduced germline [glp-

4(bn2) (71%; Beanan and Strome, 1992; Fig. 1e]. These
data demonstrate that TIAR-1 is not exclusively
expressed in the germline, and that its expression is
abundant in somatic tissues. However, it is intriguing
that TIAR-1 expression is similarly affected in mutants
that do not have germline, sperm, or oocytes. A possi-
ble explanation for this is that perhaps whenever some

FIG. 1. The C. elegans TIA-1/TIAR homolog TIAR-1 is expressed in both somatic and germline. (a) Protein alignment in the TIA-1/TIAR
family. The alignment was performed using human TIA-1 and TIAR and C. elegans TIAR-1/2/3 sequences, and the Clustal W Method. Con-
served residues are marked with black boxes. The peptide against which the antibody was generated is shown in yellow. The conserved
RRM motifs are shown in blue, and the prion-like domain is shown in brown. (b) Phylogenetic analysis of the TIA-1/TIAR family. Saccharo-
myces cerevisiae PUB1 protein is used as an out-group. The length of each pair of branches represents the distance between sequences,
and the units at the bottom of the tree indicate the number of substitution events. (c) Schematic representation of the tiar-1 gene and its
protein. Peptide: QEKPSHYNEKSYDE. RRM: RNA recognition motifs. (d,e) Western blot analyses of whole-animal protein from 100 one-
day-old animals of the indicated background. The blots were probed with the affinity-purified rabbit TIAR-1 antibody. A commercial mouse
a-tubulin antibody (Sigma) was used for the loading control. Molecular markers are shown on the right, and expression levels are indicated
at the bottom.
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alterations in the germline occur, TIAR-1 somatic
expression is affected as a result.

Whole-mount immunostaining revealed that TIAR-1
had a diffuse pattern of expression in the cytoplasm of
several tissues (Supporting Information Fig. S1a–d,i),
and this expression was reduced in tiar-1(tm361) ani-
mals (Supporting Information Fig. S1e–h,j). TIAR-1
expression was particularly observed in germ cells
where sometimes it has a perinuclear association (see
insets in Supporting Information Fig. S1a–d,i). In dis-
sected wild-type hermaphrodite gonads, TIAR-1 was
observed in the cytoplasm (Fig. 2a), and this expression
was reduced in tiar-1(tm361) animals but not affected
in tiar-2(tm2923) or tiar-3(ok144) animals (Fig. 2b–d).
TIAR-1 expression appears lower in the most proximal
oocytes (Fig. 2a,c,d). In male gonads, TIAR-1 was
expressed in the cytoplasm of all germ cells except
mature sperm (Supporting Information Fig. S1k,l).
Unexpectedly in extruded gonads, we did not see TIAR-
1 associated with perinuclear granules, as was observed
in whole-mount immunostaining. A possible explana-
tion is that TIAR-1 may not associate with perinuclear
granules very tightly therefore its association is easily
lost during certain fixation methods or manipulations.
Another possible explanation is that TIAR-1 associates

to perinuclear granules transiently and only during cer-
tain conditions.

During embryogenesis, TIAR-1 was observed in all
blastomeres and its levels seemed to increase at later
stages relative to early stages (Fig. 2e–g). In late stages
of embryogenesis, TIAR-1 was again observed in germ
cell perinuclear granules (Fig. 2g; arrowhead). A granu-
lar pattern and cortex-like signal background artifacts
were observed in tiar-1(tm361) embryos, but differen-
ces between specific TIAR-1 expression and back-
ground were clearer in older embryos (Fig. 2e–j), likely
because TIAR-1 was expressed at low level at earlier
stages.

To study TIAR-1 in vivo, we produced transgenic ani-
mals using microparticle bombardment (Praitis et al.,
2001). Our first attempt used a construct that carried
300 bp of the predicted tiar-1 promoter, gfp, 1227 bp
of the tiar-1 ORF, and 485 bp of the downstream 30

UTR (PStiar-1gfp:tiar-1; the S denotes the shorter pro-
moter). This construct was expressed in the soma in a
pattern similar to that observed for the native protein
by immunostaining (compare Fig. 2e–g and Supporting
Information Fig. S1i with S1m,p,r–v), but it was not
expressed in the germline, possibly because of natural
transgene silencing in this tissue (Kelly et al., 1997). It

FIG. 2. TIAR-1 is mainly expressed in the cytoplasm of C. elegans gonads and embryos. Gonads (a–d) and embryos (e–j) from the indi-
cated background were dissected and stained with the affinity-purified TIAR-1 antibody. TIAR-1 expression in wild-type (a), tiar-1(tm361)
(b), tiar-2(tm2923) (c), and tiar-3(ok144) (d) gonads. TIAR-1 expression in wild-type (e–g) and tiar-1(tm361) (h–j) embryos. (k–x) PLtiar-1TIAR-
1:GFP is localized in cytoplasm and sometimes is associated with P granules. (k–n) PLtiar-1tiar-1:gfp transgenic animals were mounted and
observed by fluorescence microscopy. Arrowheads point to P granules in k. PLtiar-1TIAR-1:GFP expression in the nuclei of �60-cell embryo
(n; arrows). (o–v) PLtiar-1tiar-1:gfp transgenic embryos were dissected and stained with GFP and PGL-1 antibodies. (w) The loop area of a
gonad arm of PLtiar-1tiar-1:gfp transgenic animals showing P granule localization (arrowheads). (x) PLtiar-1TIAR-1:GFP is expressed diffusely
in the cytoplasm in the gonad. PLtiar-1TIAR-1:GFP expression is slightly decreased in the most proximal oocytes, especially in the 21
oocyte. This low expression continues throughout early embryogenesis. d: distal; p: proximal. Pictures from k to n have different exposure
to ensure the visualization of P granules and the nuclear localization.

Table 1
tiar-1(tm361) Produce Fewer Offspring Than Wild Type Animals and Show Increased Embryonic Lethality

% Offspring (n) % Embryonic lethality (n) % Sperm (n)

Genotype 20�C 25�C 20�C 25�C 20�C 25�C

N2 100 (50) 100 (51) 0.4 (40) 1.2(41) ND 100 (30)
tiar-1(tm361) 47.4 (39) 0.7 (42) 7.8 (39) 0.0 (42) ND 94.2 (30)
N2 vs # him-8(e1489) 100 (4) ND 4.5 (4) ND ND ND
tiar-1(tm361) vs # him-8(e1489) 43.6 (8) ND 7.2 (8) ND ND ND

# him-8(e1489) ND ND ND ND 100 (15) 100 (15)
# tiar-1(tm361); him-8(e1489) ND ND ND ND 48.7 (15) 34.7 (15)
$ fog-2(q71) vs # him-8(e1489) 100 (17) ND 0.4 (17) ND ND ND
$ fog-2(q71) vs # tiar-1(tm361);

him-8(e1489)
22.7 (7) ND 4.4 (7) ND ND ND

tiar-1(tm361); PStiar-1gfp:tiar-1 82.3 (22) 7.4 (23) 31.6 (22) 15.5 (23) ND ND
tiar-1(tm361); Ppie-1gfp:tiar-1 26.1 (20) 12.1 (20) 1.4 (20) 0.6 (20) ND ND
tiar-1(tm361); PLtiar-1tiar-1:gfp 59.8 (25) 35.6 (25) 2.7 (25) 0.6 (25) ND ND

Hermaphrodites were individually selected as L4 larvae and then transferred to new plates every 24 h over the course of 3 or 4 days,
depending on the temperature (25 or 20�C, respectively). Plates were scored for dead embryos and surviving offspring every 24 h. Embryos
that did not hatch within 24 h after laying were considered dead. To study oocytes contributions to fertility, we crossed tiar-1(tm361) her-
maphrodites with him-8(e1489) males. To study male fertility, tiar-1(tm361);him-8(e1489) males were crossed with fog-2(q71) females. To
determine sperm number, we stained extruded gonads from one-day-old males with DAPI and counted sperm under a fluorescent micro-
scope. The percentages of each category are shown, with the number of animals tested is given in parentheses. ND: not determined.

694 SILVA-GARC�IA AND NAVARRO



is also possible that the construct was lacking a DNA
region required for germline expression.

Therefore, we generated a second construct carrying
1997 bp of the tiar-1 promoter, 1966 bp of the tiar-1

genomic sequence, gfp and 1500 bp of the tiar-1 30

UTR (PLtiar-1tiar-1:gfp; the L denotes the longer pro-
moter). PLtiar-1TIAR-1:GFP expression was similar to the
expression of the native protein as measured by anti-
body staining in soma and germline, and also to the
expression of the previous transgene (Supporting Infor-
mation Fig. S1o,2k–n,x). Interestingly, we observed
PLtiar-1TIAR-1:GFP associated with perinuclear granules
(Fig. 2k,w; arrowheads). This association was only
observed occasionally when we used antibody staining
of the native protein (Fig. 2g and Supporting Informa-
tion S1a–d). To test if observed perinuclear granules are
P granules, we used PGL-1 as a marker (Kawasaki et al.,
1998). We immunostained PLtiar-1TIAR-1:GFP animals
using GFP and PGL-1 antibodies and observed a colocal-
ization between these two markers (Fig. 2o–v). These
data suggest that TIAR-1 associates with P granules.

Occasionally, nuclear expression of PLtiar-1TIAR-
1:GFP was observed in some embryos (Fig. 2n; arrows).
Similar to what we observed using TIAR-1 antibody in
inmunostainings, PLtiar-1TIAR-1:GFP expression appears

reduced in the most proximal oocytes (21 and 22
oocytes; Fig. 2x). This lower expression of TIAR-1 trans-
gene continues through early embryogenesis (Fig. 2x).

To study solely TIAR-1 expression in the germline,
we decided to use the pie-1 promoter (Stitzel et al.,
2006). This construct carried 3845 bp of the pie-1 pro-
moter, gfp, 1966 bp of the tiar-1 genomic sequence and
879 bp of 30UTR (Ppie-1gfp:tiar-1), and it was expressed
in the gonad in a manner similar to that of the native
protein as measured by antibody staining (Supporting
Information Fig. S1n,q,w–a0). The expression of this
construct was observed occasionally associated with
perinuclear granules in embryos (Supporting Informa-
tion Fig. S1w,x). Similar to what we previously
observed, the Ppie-1gfp:tiar-1 transgene associates with
perinuclear granules in certain conditions supporting
the idea that the association of TIAR-1 to these struc-
tures is transient or easily affected.

TIAR-1 Is Important for Fertility

tiar-1(tm361) animals are shorter and move more
slowly suggesting that TIAR-1 might have a somatic
function, but in this manuscript, we will focus on its
germline role. tiar-1(tm361) hermaphrodites show

FIG. 3. Loss of tiar-1 results in oogenesis defects. (a–c) Nomarski views of gonads from one-day-old wild-type (a) and tiar-1(tm361) (b,c)
hermaphrodites grown at indicated temperatures. The percentage of animals with the depicted phenotype is shown in each picture. The
clasps in b,c indicate abnormal oocytes. (d,e) Immunofluorescent images of extruded gonads from one-day-old wild-type and tiar-1(tm361)
animals stained with an antibody against the yolk receptor protein RME-2 (red) and DAPI (blue). The arrowheads in e point to endomitotic
oocytes. d: distal; p: proximal; G1: gonad 1; G2: gonad 2.
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temperature-sensitive sterility because they had 47.4%
offspring and 7.8% embryonic lethality at 20�C, whereas
at 25�C, they had only 0.7% offspring and almost no
embryos were found (Table 1). We thus evaluated
whether the low fertility was influenced by oocyte
defects. We crossed tiar-1(tm361) hermaphrodites with
him-8(1489) males. him-8(e1489) hermaphrodites pro-
duce 30% more males than wild-type animals, and they
are often used for fertility experiments (Riddle et al.,
1997). Crossed tiar-1(tm361) hermaphrodites produced
43.6% offspring and showed 7.2% embryonic lethality at
20�C (Table 1). This result suggests that oocyte defects
are in part responsible for the low fertility observed in
tiar-1(tm361) hermaphrodites.

Nomarski microscopy revealed that a low percentage
of tiar-1(tm361) gonads presented atypical oocytes
(9.5%) while the rest of gonads appeared wild-type.
This phenotype increased at 25�C (64.8%; Fig. 3a–c).
Using an antibody against the yolk receptor RME-2,
which is an oocyte marker (Grant and Hirsh, 1999), and
DAPI, we observed that some tiar-1(tm361) oocytes
displayed enlarged nuclei with increased DNA content
(Fig. 3d,e; arrowheads). This phenotype is known as
Emo (endomitotic replication of the DNA within the
oocyte) and is typically coupled with ovulation defects
(Iwasaki et al., 1996). Our results suggest that TIAR-1
might play a role in oogenesis and/or ovulation.

We next investigated whether TIAR-1 is required for
spermatogenesis. We first stained dissected gonads with
DAPI to detect nuclei. tiar-1(tm361) hermaphrodites
produced almost a wild-type number of spermatids at
25�C (94.2%; Table 1). We next analyzed the require-
ment for TIAR-1 in the male gonad. To obtain more
males, we generated a double mutant: tiar-1(tm361);
him-8(e1489). These double mutant males produced
fewer sperm than him-8(e1489) males (48.7 and 34.7%
at 20 and 25�C, respectively; Table 1). To assess the fer-
tility of tiar-1(tm361);him-8(e1489) males, we set up
crosses with fog-2(q71) animals. fog-2(q71) animals
exclusively produce oocytes, but they are fertile when
crossed (Schedl and Kimble, 1988). fog-2(q71) females
crossed with tiar-1(tm361);him-8(e1489) males pro-
duced only 22.7% offspring and showed 4.4% embry-
onic lethality (Table 1).

Because tiar-1(tm361) animals exhibit a deficient
locomotion, it is also possible that they cannot mate
efficiently. To assess this possibility, we marked sperm
mitochondria using Mitotracker (Life Technologies,
Carlsbad, CA; Hill and L’Hernault, 2001). Only 11% of
the fog-2(q71) females crossed with tiar-1(tm361);
him-8(e1489) males carrying labeled sperm, which
indicates that these males could not cross efficiently.
Despite this deficiency, whenever crosses were success-
ful, animals had offspring although less than wild-type
animals. Together these data suggest that TIAR-1 also
plays a role during spermatogenesis.

We evaluated the fertility and embryonic lethality in
the rescued animals. tiar-1(tm361);PStiar-1gfp:tiar-1 ani-
mals (somatic tissues expression) showed an improve-
ment in fertility (82.3%) at 20�C; however, their
embryonic lethality was high (31.6%; Table 1). These
data suggest that there are some functions of TIAR-1 in
somatic tissues, which can be related to the somatic
gonad that influence fertility. tiar-1(tm361);Ppie-

1gfp:tiar-1 animals (germline expression) had 26.1% off-
spring and 1.4% embryonic lethality at 20�C (Table 1).
tiar-1(tm361);PLtiar-1tiar-1:gfp animals (soma/germline
expression) showed 59.8% fertility and 2.7% embryonic
lethality at 20�C. The three rescued animals showed a
slight improvement in fertility and embryonic develop-
ment at 25�C (Table 1). It seems that TIAR-1 expression
in the germline is important for embryo development
because when an improvement in fertility was observed
in tiar-1(tm361);PStiar-1gfp:tiar-1 animals (somatic tis-
sues expression), embryonic lethality was higher.

There was an improvement in fertility when TIAR-1
was expressed in solely in the germline or in a soma/
germline combination; however, it is unclear why the
PLtiar-1tiar-1:gfp construct was unable to fully rescue
these phenotypes. It is possible that some elements
required for TIAR-1 function were still missing in PLtiar-

1tiar-1:gfp construct or that the genomic region where
transgene was inserted is affected. Another possible
explanation is that the addition of the GFP to the TIAR-
1 construct could have an effect on its function. Regard-
less, our data suggest that TIAR-1 expression in the
soma and the germline is important for both embryo-
genesis and fertility.

TIAR-1 Is Required to Induce Germ Cell Apoptosis
Under Several Types of Stresses

Six hours of food deprivation induces germ cell apo-
ptosis in C. elegans although the gonad still remains
healthy (Salinas et al., 2006). We originally found tiar-1

in an RNAi screen to identify genes that regulate
starvation-induced germ cell apoptosis. To test whether
tiar-1, tiar-2, and tiar-3 are involved in apoptosis, we
crossed each mutant with the MD701 strain (Plim-7ced-

1:gfp), which is used for detection of germ cell engulf-
ment (Schumacher et al., 2005). To induce starvation,
we exposed the animals to 6 h of bacteria deprivation
and then analyzed them under a fluorescent micro-
scope. According to our previous findings, germ cell
apoptosis increases by up to 2.0-fold in starved ced-

1:gfp control animals (Fig. 4a and Table 2; Salinas et al.,
2006). In control conditions, tiar-1(tm361);ced-1:gfp

animals showed a slightly decreased number of physio-
logical germ cell corpses but did not exhibit increased
apoptosis under starvation (Fig. 4a and Table 2). tiar-

2(tm2923);ced-1:gfp and tiar-3(ok144);ced-1:gfp ani-
mals showed normal levels of physiological and

696 SILVA-GARC�IA AND NAVARRO



FIG. 4.

TIAR-1 INDUCES GERM CELL APOPTOSIS IN C. ELEGANS 697



starvation-induced germ cell apoptosis (Fig. 4a and
Table 2). To validate these data, we used RNAi to silence
each gene in a ced-1:gfp background. We obtained simi-
lar results; except that we did not found a decrease
number in physiological germ cell corpses in ced-

1:gfp;tiar-1(RNAi) animals while ced-1:gfp;tiar-3(RNAi)

animals showed a slightly increased number in this type
of cell death (Fig. 4b and Table 2).

To test the redundancy of the C. elegans TIA-1/TIAR
family of proteins in germ cell apoptosis, we silenced
the ced-1 gene in a triple mutant. Cell corpses can be
detected under Nomarski microscopy directly and ced-1

silencing or deletion aids their detection. CED-1 is a
receptor involved in the engulfment process whose
absence induces the accumulation of cell corpses (Zhou
et al., 2001). First, we confirmed silencing efficiency by
feeding ced-1 dsRNA to MD701 animals and we observed
that the ced-1:gfp expression decreased considerably its
expression (Fig. 4c–f). Triple tiar-1(tm361);tiar-

2(tm2923);tiar-3(ok144);ced-1(gfp) mutant animals did
not show starvation-induced apoptosis even after two
days of adulthood (Fig. 4g and Table 2) confirming that
only TIAR-1 is required for this process.

We studied the somatic and germline contributions of
TIAR-1 to starvation-induced germ cell apoptosis in ani-
mals rescued with transgenic lines. We found that two-
day old tiar-1(tm361);PStiar-1gfp:tiar-1;ced-1(RNAi) ani-
mals (somatic tissues expression) did not show a signifi-
cant increase in apoptosis in response to starvation (Fig.
4h and Table 2). In contrast, two-day old tiar-

1(tm361);Ppie-1gfp:tiar-1;ced-1(RNAi) (germline expres-
sion) and tiar-1(tm361);PLtiar-1tiar-1:gfp;ced-1(RNAi)

(somatic/germline expression) animals exhibited apopto-
sis during starvation (Fig. 4h and Table 2). Our results
suggest that TIAR-1 germline expression is required for
starvation-induced germ cell apoptosis.

We next evaluated whether TIAR-1 is necessary to
induce apoptosis in other conditions like osmotic, oxida-
tive, heat shock and UV stress (Derry et al., 2001; Salinas
et al., 2006; Schumacher et al., 2001; see Materials and
Methods for details). We found that TIAR-1 is required to
induce apoptosis under all tested stress conditions (Fig.
5a and Table 2) suggesting that TIAR-1 might play a more
general role during germ cell apoptosis.

TIAR-1 Induces Germ Cell Apoptosis Downstream
of ced-9

Since TIAR-1 is required to induce germ cell apopto-
sis via several pathways that converge on CED-9, we

decided to test if this protein is required for germ cell
death when ced-9 is silenced. CED-9 is the C. elegans

homolog of BCL2, which protects cells from apoptosis
by preventing the activation of CED-3/caspase by bind-
ing CED-4/APAF1 (Lettre and Hengartner, 2006). Thus,
when CED-9 is absent, massive apoptosis is triggered,
which in some cases can result in lethality (Hengartner
et al., 1992). First, we evaluated ced-9 silencing effi-
ciency by semiquantitative RT-PCR and found that its
expression was diminished �50% in wild-type or tiar-

1(tm361) backgrounds (Fig. 5b). This silencing effi-
ciency is similar to that obtained by Ito et al. (2010).

As expected, ced-9 silencing in ced-1:gfp control ani-
mals caused a significant increase in germ cell apoptosis
(2.7-fold; Fig. 5c and Table 2). However, a less substantial
increase (1.3-fold) in germ cell apoptosis was observed
in tiar-1(tm361);ced-1:gfp;ced-9(RNAi) animals (Fig. 5c
and Table 2). To confirm these results, we used acridine
orange staining as an alternative apoptosis detection
technique (Navarro et al., 2001). Wild-type control ani-
mals showed a mean count of 1.7 germ cell corpses per
arm of the gonad, whereas ced-9(RNAi) animals con-
tained 11.4 germ cell corpses/arm (a 6.7-fold increase;
Fig. 5d and Table 2). In control tiar-1(tm361) animals,
we detected a mean of 1.1 germ cell corpses/arm; how-
ever, when ced-9 was silenced, we observed only 2.7
germ cell corpses/arm (a 2.5-fold increase) (Fig. 5d and
Table 2). Our results demonstrate that TIAR-1 acts down-
stream of CED-9 to induce germ cell apoptosis.

TIAR-1 mammalian counterparts are well-
characterized RNA binding proteins that act on mRNA
to regulate splicing (Del Gatto-Konczak et al., 2000;
F€orch and Valc�arcel, 2001; F€orch et al., 2000, 2002;
Izquierdo et al., 2005; Le Guiner et al., 2001; Zuccato
et al., 2004) or stability (Yamasaki et al., 2007). There-
fore, we tested whether the expression of genes that
are downstream of ced-9, like ced-4 and ced-3, was
affected in the absence of tiar-1. We used ced-3 and
ced-4 specific oligonucleotides to perform semi-
quantitative RT-PCR of cDNA obtained from wild-type
and tiar-1(tm361) one-day-old animals that were well-
fed or starved for 6 h. While ced-3 does not seem to
have alternative splicing forms, ced-4 has two known as
short (S) and long (L), which have opposite functions
(Shaham and Horvitz, 1996). ced-4S (the predominant
transcript) induce apoptosis, while ced-4L has antiapop-
totic function (Shaham and Horvitz, 1996).

In wild-type animals and during starvation, ced-4L

showed a minor increase in its accumulation (Fig. 5e)

FIG. 4. Starvation-induced germ cell apoptosis requires TIAR-1 germline expression. Animals of the indicated backgrounds were
exposed to starvation conditions as described in the Materials and Methods. Cell corpses were counted under fluorescent (a,b) or DIC (g
and i) microscopy. The numbers of germ cell corpses per gonad arm were counted in one-day-old (a,b) or two-day-old (g,h) living animals.
We used RNAi to knock down tiar-1, tiar-2, and tiar-3 (b) and ced-1 (c–h), and empty plasmid (EP) was used as a control. (c–f) Fluorescence
(c, d) or DIC (e,f) images of ced-1:gfp;EP(RNAi) and ced-1:gfp;ced-1(RNAi) animals. Error bars represent the SEM. P-values were deter-
mined by unpaired t-tests (Mann Whitney). See Table 2 for germ cell apoptosis number and statistics.
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while ced-4S and ced-3 did not show a significant differ-
ence on their expression. Unfortunately, we did not
find significant differences in the accumulation levels of
ced-4S, ced-4L, and ced-3 mRNAs when tiar-1 was
absent neither in control or starvation conditions (Fig.
5e). Furthermore, we did not observe differences in the
accumulation of the splicing forms of ced-4L vs ced-4S

(Fig. 5e). These results suggest that TIAR-1 does not reg-
ulate the splicing or mRNA accumulation levels of ced-

4S, ced-4L, and ced-3 during normal or starvation
conditions.

DISCUSSION

The TIA-1/TIAR protein family has been studied for sev-
eral years in tissue culture (Anderson and Kedersha,
2002a,b; Buchan and Parker, 2009; F€orch and Valc�arcel,
2001; Kedersha and Anderson, 2007); however, rela-
tively few studies have been performed in the context of
a whole organism (Beck et al., 1998; Kharraz et al.,
2010; Piecyk et al., 2000). Here, we show that the TIA-1/
TIAR family has three homologs in C. elegans and dem-
onstrate that TIAR-1 is the only one that has a conserved
role in apoptosis. We showed that TIAR-1 is expressed in
the cytoplasm of soma and germ cells where it occasion-
ally associates with P granules. Although TIAR-1 appears
to play important roles during larval development, loco-
motion, and embryogenesis, in this work, we focused on
its function in the germline. We found that TIAR-1 is
important for fertility and promotes germ cell apoptosis
downstream of the C. elegans BCL2 homolog CED-9
under different stress conditions.

TIAR-1 Belongs to the TIA-1/TIAR Family of
Proteins

TIAR-1 displays slightly higher amino acid structural
identity with the human TIA-1 and TIAR (46% and 43%,
respectively) than TIAR-2 (40% and 40%) or TIAR-3
(31% and 33%). Similar to the human TIA-1/TIAR pro-
teins, TIAR-1 and TIAR-2 contain a prion-like domain
and three RRM motifs. In contrast, TIAR-3 does not con-
tain a prion-like domain and possesses only two RRM
motifs (Fig. 1a). Furthermore, here we show that TIAR-
1 is the only member of the C. elegans TIA-1/TIAR fam-
ily of proteins that is required to induce germ cell apo-
ptosis under different stress conditions (Figs. 4 and 5).
TIAR-1 is ubiquitously expressed at all C. elegans devel-
opmental stages. Diffuse cytoplasmic expression was
observed in most cells (Fig. 2 and Supporting Informa-
tion S1). We found TIAR-1 occasionally associated with
P granules in the germline (Fig. 2 and Supporting Infor-
mation S1). Because we do not see, TIAR-1 always asso-
ciated with P granules using immunostainings and/or in
transgenic animals, we suggest that its association with
these structures might be transient or sensitive to cer-
tain conditions or manipulations.

Members of the TIA-1/TIAR family localized to nuclei
and cytoplasm in mammalian cells (Kedersha et al.,
1999; Zhang, 2005). Although TIA-1 and TIAR proteins
do not contain a NES (nuclear exportation sequence)
domain, some of these proteins shuttle between the
cytoplasm and the nucleus (Kedersha et al., 1999;
Zhang, 2005). In the nuclei, members of the TIA-1/
TIAR family participate in splicing (Del Gatto-Konczak
et al., 2000; F€orch and Valc�arcel, 2001; F€orch et al.,
2000, 2002; Izquierdo et al., 2005; Le Guiner et al.,
2001; Zuccato et al., 2004); while in the cytoplasm
they regulated mRNA stability and translation (Kawai
et al., 2006; Kuwano et al., 2008; Lopez de Silanes
et al., 2005; Piecyk et al., 2000; Yamasaki et al., 2007).

Although in C. elegans TIAR-1 is primarily expressed
in the cytoplasm and does not contain a NES domain;
this protein was occasionally observed in embryonic
nuclei (Fig. 2n), which suggests that it might shuttle
between the cytoplasm and the nucleus under certain
conditions. Similarly, a previous report showed nuclear
accumulation of TIAR-2 in oocytes (Jud et al., 2008).
The main localization of TIAR-1 into the cytoplasm sug-
gests that in C. elegans this protein could play a more
important role in functions related to mRNA stability or
repression and not to splicing. Although it is possible
that TIAR-1 needs a specific interaction or condition to
be located in the nuclei.

TIAR-1 Is Important for Fertility

tiar-1 ablation results in short animals with slow loco-
motion, embryonic lethality and germline defects.
Among germline phenotypes are temperature-sensitive
fertility defects due to oogenesis and spermatogenesis
problems (Fig. 3 and Table 1). At 25�C some tiar-

1(tm361) animals showed oocytes that appeared
abnormal and present an Emo phenotype (Fig. 3e),
which typically occurs in cases of oocyte maturation/
ovulation defects (Iwasaki et al., 1996). tiar

2/2 mice
are also sterile, but this deficiency is attributed to a lack
of spermatogonia/oogonia (Beck et al., 1998). In
tiar

2/2 mice, primordial germ cells are reduced in
number but still migrate to the genital ridge, although
they are not eliminated by apoptosis (Beck et al., 1998).
Accordingly, with this, we did not observe an increase
in physiological germ cell apoptosis in tiar-1(tm361)

hermaphrodites (Fig. 4a). The variability in the somatic
and germline phenotypes of tiar-1(tm361) animals and
their mammalian counterparts may be due to the vari-
ety in the downstream targets of affected proteins (Kim
et al., 2007; Lopez de Silanes et al., 2005).

TIAR-1 Induces Germ Cell Apoptosis Downstream
of CED-9

TIA-1 and TIAR were originally described as cytotoxic
granule-associated RNA-binding proteins with pro-
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apoptotic functions (Kawakami et al., 1992; Tian et al.,
1991). One of the mechanisms by which TIA-1 induces
apoptosis in mammals is by promoting an alternatively
spliced form of the pro-apoptotic Fas receptor (F€orch
et al., 2000; Izquierdo et al., 2005). To our knowledge,
C. elegans has no Fas homolog; therefore, TIAR-1 must
function through a different pathway and here we dem-
onstrate that TIAR-1 acts downstream of CED-9/BCL2 to
induce germ cell apoptosis (Fig. 5d). We also show that
TIAR-1 is required to induce germ cell apoptosis under
several stress conditions that are activated via different
pathways (Figs. 4 and 5; Derry et al., 2001; Salinas et al.,
2006; Schumacher et al., 2001) suggesting that TIAR-1
might have a general role regulating germ cell death.

Although mammalian TIA-1 and TIAR had been
implicated as splicing regulators (Del Gatto-Konczak
et al., 2000; F€orch and Valc�arcel, 2001; F€orch et al.,
2000, 2002; Izquierdo et al., 2005; Le Guiner et al.,
2001; Zuccato et al., 2004), we found that TIAR-1
does not seem to regulate the alternative splicing
forms of ced-4 to induce germ cell apoptosis (Fig.
5e). This idea is supported by the fact that we
barely found TIAR-1 in germ cells nuclei (Figs. 2
and Supporting Information S1). Members of the
TIA-1/TIAR family of proteins can also regulate the
stability of certain mRNAs (Yamasaki et al., 2007);
however, TIAR-1 does not seem to be regulating the
accumulation of ced-4L, ced-4S or ced-3 mRNAs
under normal or stress conditions (Fig. 5e).

In mammals, during normal conditions the cyto-
chrome c mRNA is being actively translated, but
when cells are subject to stress TIA-1 represses its
translation (Kawai et al., 2006). Therefore, a possible
scenario is that in C. elegans TIAR-1 could be regu-
lating ced-4L, ced-4S, or ced-3 mRNA translation.
Finally, it is also possible that TIAR-1 is regulating
the splicing, stability or translation of one of the ced-

4L, ced-4S, or ced-3 regulators to induce stress-
induced germ cell apoptosis.

Despite the fact that the tiar-1(tm361) phenotype is
pleiotropic, these animals did not have increased physi-
ological germ cell apoptosis (Fig. 4). Indeed, we
observed that tiar-1(tm361);ced-1:gfp animals showed
slightly lower physiological germ cell apoptosis (Fig.
4a) suggesting that might play a minor role in physiolog-
ical germ cell apoptosis. Although it has been shown
that sometimes somatic tissues can influence germ cell
apoptosis (Ito et al., 2010), we found that TIAR-1

expression solely in the germline is sufficient to trigger
germ cell apoptosis (Fig. 4h).

Our data suggest a scenario where TIAR-1 converges
on the same regulatory point downstream of CED-9 to
induce germ cell apoptosis under conditions like starva-
tion, heat shock, DNA damage, osmotic and oxidative
stress, which are controlled via different regulatory
pathways (Fig. 6). Since TIAR-1 is a putative RNA-
binding protein whose mammalian homologs regulate
mRNA splicing, expression or degradation, it is possible
that this protein regulates one of these aspects in a key
component of the apoptosis machinery to induce apo-
ptosis under stress.

MATERIALS AND METHODS

Nematode Culture and RNAi

The maintenance and genetic manipulation of C. ele-

gans strains (Supporting Information Table S1) derived
from the wild-type Bristol strain N2 were following
standard conditions (Brenner, 1974) at indicated tem-
peratures (20, 24, or 25�C).

RNAi was performed by feeding as previously
described (Timmons et al., 2001). RNAi constructs for
the tiar-1, tiar-2 and ced-1 genes were obtained from
the C. elegans RNAi v1.1 feeding library (Open Biosys-
tems). The following genes were cloned using the indi-
cated primers: tiar-3 (50-ATGTGCTTACCAACTGCG
ACTCC-30 and 50-TCACCATTGTGGGAAGGAACTG-30)
and ced-9 (50-GGAATTCCCGATATTCGAGAAGAAGCA
CG-30 and 50-GGGGTACCCCTTACTTCAAGCTGAAC
ATCATC-30). The products were digested with EcoRI
and KpnI and cloned into the feeding vector
(PD129.36), and the resulting plasmid was transformed
into Escherichia coli strain HT115.

Antibody Production and Western Blot Analysis

Rabbit polyclonal TIAR-1 antibodies were raised
against the TIAR-1 peptide QEKPSHYNEKSYDE (resi-
dues 218 to 231). The peptide was synthesized (Sigma)
and injected into two rabbits according to Sigma proto-
cols. The TIAR-1 antibody was purified from the rabbit
antisera by TIAR-1 peptide affinity column (Sulfolink,
Pierce).

For Western blot analysis, 100 C. elegans hermaphro-
dites from the indicated backgrounds were grown at 20
or 25�C, collected and washed in PBS 13 with loading

FIG. 5. TIAR-1 is required to induce germ cell apoptosis under several stress conditions and in the absence of CED-9. Animals of the indi-
cated backgrounds were exposed to stress conditions as described in the Materials and Methods. (a,c,d) Germ cell corpses were counted
under fluorescent microscopy using a ced-1:gfp background (a,c) and acridine orange (d). The numbers of germ cell corpses per gonad
arm were counted in one-day-old living animals. (b) Semi-quantitative RT-PCR to evaluate ced-9 silencing efficiency. (b–d) We used RNAi
to knock down ced-9 expression and an empty plasmid (EP) was used as a control. Error bars represent the SEM. P-values were deter-
mined by unpaired t-tests (Mann Whitney); see Supporting Information Table S1. (e) Semiquantitative RT-PCR to evaluate mRNA expression
levels of ced-4S, ced-4L, and ced-3 in wild-type and tiar-1(tm361) animals in control and starvation conditions.
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buffer and DTT (174 mM). To extract protein, samples
were boiled for 5 min and spun for 1 min at 13,000
rpm. The supernatant was loaded into 10% polyacryl-
amide gel, which was subsequently transferred onto an
Immobilon-P PVDF membrane (Millipore) following
standard procedures. Membranes were initially incu-
bated with the TIAR-1 antibody (1:500) and then with a
secondary HRP-conjugated goat anti-rabbit antibody
(1:1000; Pierce). Bound antibody was detected using
Super Signal West Pico Chemiluminescent Substrate
(Pierce). An a-tubulin monoclonal antibody (Sigma,
T9026) was used as a loading control. The TIAR-1 anti-
body obtained from the first rabbit only recognized one
specific band in Western blotting experiments (Fig. 1c),
but the TIAR-1 antibody obtained from the second rab-
bit recognized two main bands of �46 kDa and �65
kDa (Supporting Information Fig. S2). The �46 kDa
band appeared to be the TIAR-1 protein, but the other
band (�65 kDa) appeared to be non-specific because it
was still present in protein extracts from a triple tiar-

2(tm2923);tiar-1(tm361);tiar-3(ok144) mutant (Sup-
porting Information Fig. S2). Because this antibody did
not specifically recognize the TIAR-1 protein, it was not
used in subsequent experiments.

Immunofluorescence Analysis

For TIAR-1, PGL-1 and RME-2 immunolocalization in
gonads and embryos, samples were processed as previ-
ously described (Salinas et al., 2007). Briefly, extruded
gonads or embryos from one-day-old gravid adults
grown at 20 or 25�C were frozen in liquid nitrogen,

freeze-cracked, fixed in methanol at 220�C for 1 min
and treated with 13 PBS, 3.7% paraformaldehyde, 80
mM HEPES, 1.6 mM MgSO4, and 0.8 mM EGTA for 30
min at room temperature. The affinity-purified rabbit
anti-TIAR-1 antibody was applied at a 1:100 dilution,
the PGL-1 and RME-2 antibodies were diluted as in pre-
vious studies (Grant and Hirsh, 1999; Kawasaki et al.,
1998). Cy3-conjugated goat anti-rat (Jackson ImmunoR-
esearch Laboratories) and Alexa Fluor 488-conjugated
goat anti-rabbit secondary antibodies (Molecular
Probes) were used at a concentration of 1:100, and 40,6-
diamidino-2-phenylindole DAPI was used at a concen-
tration of 1 ng ml21.

Whole-mount immunofluorescence was performed
using the Finney-Ruvkun protocol (Finney and Ruvkun,
1990). Briefly, animals grown at 20�C were suspended
in Ruvkun’s fixing solution (80 mM KCl, 20 mM NaCl,
10 mM EGTA, 5 mM spermidine, 15 mM PIPES, 25%
methanol, and 1% paraformaldehyde) and frozen in a
dry ice-ethanol bath. Samples were then treated with
1% b-mercaptoethanol followed by 10 mM DTT and
finally by 0.3% hydrogen peroxide. Samples were ini-
tially incubated with the rabbit anti-TIAR-1 antibody
(1:100) and then with 1 ng ml21 DAPI and an Alexa
Fluor 488-conjugated goat anti-rabbit antibody (1:100).
Samples were mounted in Vectashield fluorescence
medium (Vector Laboratories).

Transgenic fluorescent animals were anesthetized
with 40 mM NaN3, mounted on agar pads and observed
under fluorescence microscopy. Images from immuno-
stained samples and PStiar-1gfp:tiar-1, Ppie-1gfp:tiar-1,
and PLtiar-1tiar-1:gfp transgenic animals were obtained

FIG. 6. Model depicting tiar-1 germline requirement for stress-induced germ cell apoptosis. Because TIAR-1 acts downstream of CED-9
to induce apoptosis, we hypothesize that this protein induces germ cell apoptosis by regulating the mRNA splicing, stability, or translation
of ced-4, ced-3, or some of their regulators (dotted lines).
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by MRGrab 1.0.0.4 program on a Nikon Eclipse E600
microscope equipped with an AxioCam MRc digital
camera (Zeiss). All images were processed to improve
their contrast and brightness in the ImageJ 1.47g
program.

Phenotype Studies

To study the germline defects of tiar-1(tm361)

mutants, one-day-old adults grown at 20 or 25�C were
anesthetized (40 mM NaN3), mounted on agar pads and
observed under Nomarski microscopy [Nikon Eclipse
E600 microscope equipped with an AxioCam digital
camera (Zeiss)] to determine their phenotype. Because
the tiar-1(tm361) animals are sterile at 25�C, we incu-
bated L1 larvae at 25�C and allowed them to progress
to adult stages.

To study the fertility of tiar-1(tm361) mutants, her-
maphrodites were individually selected as L4 specimens
and then transferred to new plates every 24 h over the
course of 3 (25�C) or 4 (20�C) days. Plates were scored
for dead embryos and surviving offspring. Embryos not
hatched within 24 h after being laid were considered
dead. N2 was used as the control.

To obtain tiar-1(tm361) males, we employed the
him-8(e1489) strain, whose hermaphrodites produce
�30% male progeny. To test the fertility of tiar-

1(tm361);him-8(e1489) males, we crossed three ani-
mals with one fog-2(q71) hermaphrodite for 24 h at
20�C and scored fertility, embryonic lethality and suc-
cessful mating. him-8(e1489) animals were used as the
control.

To count sperm, L4 males were incubated at 20 or
25�C for 24 h to allow them to reach adulthood. Male
gonads were then dissected, and extruded gonads were
fixed as described for immunofluorescence analysis.
The samples were then incubated for 5 min in 13 PBT
with 1 ng ml21 DAPI. Stained gonads were visualized
using a Nikon Eclipse E600 microscope equipped with
an AxioCam digital camera (Zeiss).

Mating efficiency was evaluated as previously
described (Hill and L’Hernault, 2001). Briefly, young
adult males were incubated in a dark chamber for 3 h at
20�C in the presence of M9 medium containing 75 mM
mitotracker (Invitrogen). These males were then
crossed and left overnight at 20�C. Sperm transference
into uteri and/or spermathecae was scored under fluo-
rescence microscopy. The reported mating efficiency
reflects the proportion of successful mating events (i.e.,
when fluorescent sperm was detected in the uterus of a
female) relative to the total number of crosses.

Transgenic Line Constructions

The tiar-1 transgenes were constructed by Gateway
cloning (Invitrogen) using the following regions and
primers: tiar-1 short promoter (50-GGGGACAACTTTG

TATAGAAAAGTTGCTGGCTGAAACTTAAAATTATTTG-30

and 50-GGGGACTGCTTTTTTGTACAAACTTGTCATGG
CTTAAATGATAGATCCCTG-30; 300 bp), tiar-1

ORF 1 tiar-1 30UTR (485bp) (50-GGGGACAGCTTTCTT
GTACAAAGTGGCCATGTCCTTCTTCAACCCACCAGC-30

and 50-GGGGACAACTTTGTATAATAAAGTTGACTTTAC
CCTCGCATTTATTATTGTGC-30; 1712 bp), tiar-1 gen-
e 1 tiar-1 30UTR (879bp) (50-GGGGACAGCTTTCTTG
TACAAAGTGGCCATGTCCTTCTTCAACCCACCAGC-30

and 50-GGGGACAACTTTGTATAATAAAGTTGAGAAGCA
TTCTGTGTCACATTAATCAG-30; 2845 bp), tiar-1 long
promoter 1 tiar-1 gene (50-GGGGACAACTTTGTATAG
AAAAGTTGCTGGCTGAAACTTAAAATTATTTG-30 and 50-
GGGGACTGCTTTTTTGTACAAACTTGTTTGATGTCCTC
CAGAGTTCTGTTG-30; 3963 bp), and tiar-1 30UTR
(1500bp) (50-GGGGACAGCTTTCTTGTACAAAGTGGCC
TAAACTCCAGTATTTTTTAAAAAC-30 and 50-GGGGACAA
CTTTGTATAATAAAGTTGACATATTAGTCACAACGGTTT
CTCG-30; 1500 bp). tiar-1 constructs were introduced
by microparticle bombardment (Praitis et al., 2001).

Stress Conditions

Stress conditions were induced as reported previously
(Salinas et al., 2006). Briefly, to simulate starvation condi-
tions, one-day-old animals were transferred to NGM plates
with or without food and incubated for 6 h. One-day-old
animals were incubated for 1 h in control M9 medium or
M9 containing 10 mM paraquat (oxidative stress) or 70
mM sodium chloride (osmotic stress); following incuba-
tion, the animals were transferred to seeded NGM plates
and allowed to recover for 1 h. To induce germ cell apo-
ptosis by heat shock, the animals were incubated at 31�C
in a water bath for 3 h and then allowed to recover for 4.5
h. To induce DNA damage, animals were exposed to 0.1 J
of UV light (Stratalinker, model 1800) and then allowed to
recover for 3.5 h. After every treatment, animals of the
appropriate strain were anesthetized and mounted for vis-
ualization of cell corpses.

Apoptosis Assays

Cell corpses were counted using Nomarski optics (for
ced-1(RNAi) experiments) or fluorescence microscopy
(for ced-1:gfp strains and acridine orange assays) For acri-
dine orange (AO) staining, animals were incubated in 200
ml of 100 mM AO in M9 for 2 h in the dark and then fed for
1 h to decrease background gut fluorescence. After treat-
ment, the animals were anesthetized with 40 mM NaN3,
mounted on agar pads and observed to visualize cell corp-
ses. All statistical analyses were performed using Prism
(GraphPad Software). All error bars indicate SEM. All t-
tests are two-tailed unpaired t-tests (Mann Whitney).

RT-PCR

Synchronized animals grown under the described
conditions were collected in M9 medium and lysed in
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TRIzol buffer (Invitrogen). RNA was extracted from
each sample using standard phenol-chloroform-based
procedures. cDNA synthesis was performed using the
standard reverse transcription protocol from Promega.
To analyze mRNA levels, RT-PCR was performed using
specific primers for ced-9: 50-AAACGGAATGGAATG
GTTTG-30 and 50-AATTTTCCGCGTGCTTCTT-30; ced-4S

and ced-4L: 50-TTCGAGAGTATCACGTGGATCGAG-30

and 50- TACAACTGACGTGACATGCTCCAC-30; ced-3:
50-GAGCAAGATCTCGT TCTCGATCG-30 and 50-GTCGA
AAACACGGCTTATGGTTG-30. Glyceraldehyde 3-phosphate
dehydrogenase and actin genes (gpd-3 and act-4) were
used as loading control with the following primers:
gpd-3: 50-CAGCACAAGATCAAGGTCTACAAC-30 and 50-
GAAGACTCCGGTGGACTCAAC-30; and act-4: 50-ATGT
GTGACGACGAGGTTGCC-30 and 50-CTGGAAGAGAGC
CTCTGGGC-30. The sizes of amplified fragments were
100 bp for ced-9, 295 bp for ced-4S, 361 bp for ced-4L,
247 bp for ced-3, 792 bp for act-4 and 100 bp for gpd-3.
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