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C. elegans La-related protein, LARP-1, localizes
to germline P bodies and attenuates Ras-MAPK
signaling during oogenesis
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ABSTRACT

RNA regulators are critical for animal development, especially in the germ line where gene expression is often modulated
by changes in mRNA stability, translation, and localization. In this paper, we focus on Caenorhabditis elegans LARP-1, a
representative of one La-related protein (Larp) family found broadly among eukaryotes. LARP-1 possesses a signature La motif,
which is an ancient RNA-binding domain, plus a second conserved motif, typical of LARP-1 homologs and therefore dubbed
the LARP1 domain. LARP-1 appears to bind RNA in vitro via both the La motif and the LARP1 domain. /arp-7 null mutants have
an oogenesis defect reminiscent of hyperactive Ras-MAPK signaling; this defect is suppressed or enhanced by down- or up-
regulating the Ras-MAPK pathway, respectively. Consistent with a role in down-regulating the Ras-MAPK pathway, larp-1 null
mutants have higher than normal levels of selected pathway mRNAs and proteins. LARP-1 protein colocalizes with P bodies,
which function in RNA degradation. We suggest that LARP-1 functions in P bodies to attenuate the abundance of conserved Ras-
MAPK mRNAs. We also propose that the cluster of LARP-1 homologs may function generally to control the expression of key

developmental regulators.
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INTRODUCTION

Post-transcriptional regulation figures prominently in ani-
mal development (Colegrove-Otero et al. 2005; Thompson
et al. 2007). Controls of mRNA stability, translation, and
localization influence when, where, and how much protein
is made. Key RNA regulators of animal development include
sequence-specific RNA-binding proteins (e.g., PUF pro-
teins), micro-RNAs (e.g., let-7),and RNA modifying enzymes
[e.g., cytoplasmic poly(A) polymerase].

The La motif (LM) is an RNA-binding domain first
recognized over 20 years ago as the signature motif of the
human La autoantigen (Yoo and Wolin 1994). The LM
family includes so-called “authentic” La proteins, as
defined by their conservation with human La, and the La-
related proteins, or Larps (Wolin and Cedervall 2002).
Authentic La proteins possess a La motif and an RNA
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recognition motif (RRM), both located N-terminally; they
are predominately nuclear (Yoo and Wolin 1994; Simons
et al. 1996; Sobel and Wolin 1999; Marchetti et al. 2000) and
associate with nascent RNA polymerase (RNAP) III tran-
scripts (i.e., tRNA, U6 snRNA) (Lerner et al. 1981; Rinke
and Steitz 1982; Stefano 1984; Rinke and Steitz 1985; Yoo
and Wolin 1994; Kufel et al. 2000; Inada and Guthrie 2004).
By contrast, most Larp proteins have a more central La
motif and lack a canonical RRM domain. In addition, the
La motif sequences of La and Larp proteins cluster into
distinct branches of the LM family tree (Sobel and Wolin
1999; Wolin and Cedervall 2002).

Thus far, only a few Larps have been characterized. The
ciliate Larps, Euplotes aediculatus p45 and Tetrahymena
thermophila p65, bind directly to telomerase RNA and
stimulate the assembly and activity of the telomerase
holoenzyme (Aigner et al. 2000, 2003; Aigner and Cech
2004; Witkin and Collins 2004; Prathapam et al. 2005). In a
similar fashion, human Larp PIP7S binds 7SK snRNA and
modulates the integrity of the 7SK snRNP (He et al. 2008).
The Saccharomyces cerevisiae Larps, Sro9p and Slflp, bind
RNA homopolymers in vitro, are cytoplasmic, and associate
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with ribosomes (Sobel and Wolin 1999). Sro9p and Slflp
influence multiple biological processes, including cytoskel-
etal organization, vesicular transport, and mRNA turnover
(Tsukada and Gallwitz 1996; Kagami et al. 1997; Tan et al.
2000; Pan et al. 2006). Finally, a Drosophila Larp has been
analyzed, albeit not in great detail. The Drosophila larp gene
is controlled by homeotic transcription factors during
embryogenesis (Chauvet et al. 2000) and is required for
spermatogenesis in adults (Ichihara et al. 2007).

The Caenorhabditis elegans genome encodes two La-
related proteins, R144.7/LARP-1 and T12F5.5 (C. elegans
Sequencing Consortium 1998). Here we extend previous
studies of Larp phylogeny (Sobel and Wolin 1999; Wolin
and Cedervall 2002) to show that Larps cluster into two
major families based on sequence similarity. LARP-1 is a
representative of a broadly conserved Larp family, of which
both S. cerevisiae Larps and Drosophila Larp are members,
while T12F5.5 is a representative of a second, metazoan-
specific Larp family. This work investigates C. elegans
LARP-1 and its role in germline development. We find
that LARP-1 binds RNA homopolymers via its La motif
and a second conserved C-terminal domain. A larp-1 null
mutant has germline defects reminiscent of hyperactive
Ras-MAPK signaling; genetic interactions indicate that
LARP-1 normally attenuates Ras-MAPK signaling in the
germ line; and mRNAs encoding certain Ras-MAPK signaling
components are elevated in larp-1(0) mutant germ lines.
LARP-1 colocalizes with cytoplasmic granules called P bodies,
which have been implicated in mRNA degradation. We
propose that LARP-1 affects the stability of selected mRNAs
via its association with germline P bodies.

RESULTS

C. elegans LARP-1 is representative of the Larp1
family of La motif-containing proteins

To learn how the two C. elegans Larps, R144.7/LARP-1 and
T12F5.5, relate to other Larps, we first compared the amino
acid sequences of their La motifs (Supplemental Fig, 1A;
data not shown) and identified two distinct groups (Fig. 1A).
LARP-1 clusters with members found in all eukarya, includ-
ing both S. cerevisiae Larps, Drosophila Larp, and two human
Larps (Larpl and Larp2), while T12F5.5 belongs to a meta-
zoan-specific branch, whichincludeshuman Larp4 and Larp5
(Fig. 1A). Werefer to these two Larp clusters as the Larp1 and
Larp5 families, respectively; C. elegans T12F5.5 is therefore
named LARP-5. The telomerase Larps (E. aediculatus p45
and T. thermophila p65) and the 7SK Larp (human PIP7S) do
not cluster with either the Larp1 or Larp5 family (Fig. 1A; data
not shown), suggesting the existence of a third Larp family
with no clear C. elegans representative.

We next compared Larp amino acid sequences outside
the La motif. All Larp1 family proteins, except fungal Larps
(e.g., ScSro9p, ScSlflp, SpSPAC1527), bear a C-terminal

A Larp1 family B
LM LARP1
@ CeLARP-1
R ED) HsLarp1 [ — — ]
@ Drt /@ HslLarp2 [ — ]
Dmlarp | E— —
At5G21160 [— —
DdDDB_0217890 | m— |
ScSro9p —m
ScSif1p ]
LMLARP5
CeLARP-5
HsLarp5 [ —|

(i55) MmLarp5 CEr—
[ARP-5) (Dm2 -5 DrLOC563742 W]
w6® D s ae————
Larp5 family
c >S< 0o D
22232 pa Poly U - Poly G
3 ]
SQQQQ150 [NaCI]mM§§§g\g§§g
LARP-1~] m-om fw LaRP-1(FL) [ Py
g |, T q — | -
LARP-1(N)
H 50 [ — ] — ——
Cakip~| # LARP-1(C) = =
Lhpip~ ’- R o (TR T -
&

FIGURE 1. LARP-1 is a conserved Larp that binds RNA. (A)
Unrooted phylogenetic tree of Larp proteins, derived by aligning
their La motifs with ClustalW (Biology Workbench, San Diego Super
Computer Center; http://workbench.sdsc.edu/). La-related proteins
cluster into Larpl (red shaded area) and Larp5 (cyan shaded area)
families. Colors denote species: Green, plants (dicot: Arabidopsis
thaliana, At; monocot: Oryza sativa, Os); blue, slime mold (Dic-
tyostelium discoideum, Dd); purple, yeasts (Saccharomyces cerevisiae,
Sc; Schizosaccaryomyces pombe, Sp); red, nematode (C. elegans, Ce);
orange, fruit fly (D. melanogaster, Dm); brown, vertebrates (Danio
rerio, Dr; Xenopus laevis, Xl; Mus musculus, Mm; Homo sapiens, Hs).
Accession numbers: Cel (LARP-1), NP_001040868; Ce2 (LARP-2),
NP_491209; Dm1 (larp), AAF35862; Dm2 (CG11505), NP_647793;
Hsl (Larpl), Q6PKGO; Hs2 (Larp2), EAX05185; Hs4 (Larp4),
EAWS58141; Hs5 (Larp5), NP_055970; Mml (mLarpl), Q62Q58;
Mm4 (mLarp4), Q8BWW4; Mm5 (mLarp5), NP_766173; XlI,
NP_001089363; XI2, NP_001091246; Dr1 (Larpl), XP_696560; Dr2,
NP_001071030; Dr3, XP_691299; Dr4, XP_696696; Scl (Sro9p),
P25567; Sc2 (Slflp), Q12034; Spl, NP_594554; Dd1 (0,217,890),
XP_642918; Atl (5G21160), NP_568409; Osl, EA211350. (B)
Schematics of selected Larpl (top) and Larp5 (bottom) family mem-
bers with their signature motifs. A La motif (LM; black) is found in
all Larps; a C-terminal LARP1 domain (red) is typical of proteins in
the Larpl family; the Larp5 domain (cyan) is immediately adjacent to
the La motif in Larp5 family members. (C) Homopolymer binding
assay with **S-labeled proteins, including full-length LARP-1, yeast
Lhplp as a positive control, and yeast Caklp as a negative control.
(Input) Equivalent to 20% of the total protein added to homopoly-
mers; (lanes 2-5) proteins bound to poly(U), poly(A), poly(G), and
poly(C) in the presence of 100 mM NaCl. (D) Homopolymer binding
assay with *>S-labeled full-length (FL) LARP-1 as well as N-terminal
(N) and C-terminal (C) LARP-1 fragments; conventions for La motif
and LARP1 domain as in Fig. 1B. (Left) Binding to poly(U); (right)
binding to poly(G). (Input) Equivalent to 20% of total protein added
to homopolymers; (lanes 2—4) protein bound with increasing NaCl
concentrations (100, 250, or 500 mM).

conserved domain of ~200 amino acids (Fig. 1B, Supple-
mental Fig. 1B). This region was recognized previously for
mammalian Larpl, nematode R144.7/LARP-1, and fruitfly
Larp (Sobel and Wolin 1999; Chauvet et al. 2000; Ichihara
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et al. 2007); we now report that it is also present in Larps
from monocots, dicots, and slime mold. Because this
domain is only found in Larp1 family members, we suggest
that it be called the LARP1 domain. Proteins in the Larp5
family lack the LARP1 domain but possess a unique
conserved region (~75 amino acids) that resides immedi-
ately C-terminal to the La motif (Fig. 1B). Because this
domain is only found in Larp5 family members, we suggest
that it be called the LARP5 domain. Wolin and Cedervall
(2002) report that this LARP5 domain has features of an
RRM and suggest that it may contribute to RNA binding.
We conclude that LARP-1 represents a family of broadly
conserved eukaryotic Larps while LARP-5 defines a second
family of metazoan-specific Larps.

LARP-1 appears to bind RNA in vitro

To determine if LARP-1 can bind RNA in vitro, we used
a homopolymer-binding assay, as previously described
(Swanson and Dreyfuss 1988). Briefly, in vitro-translated
*°S-labeled proteins were incubated with homopolymers
coupled to beads, washed in varying salt concentrations,
eluted, and visualized on protein gels (see Materials and
Methods). Full-length LARP-1 was retained by both poly(U)
and poly(G), but not by poly(A) or poly(C) (Fig. 1C). The
S. cerevisiae La protein, Lhplp, was similarly retained, but
the negative control, Cyclin-associated kinase Caklp, was
not (Fig. 1D). LARP-1 binding is similar to that reported
for the yeast Larp Sro9p (Sobel and Wolin 1999). Although
we have not excluded the possibility that LARP-1 may bind
RNA indirectly via proteins in the in vitro translation
extract, the simplest explanation, given the conservation of
the LARP-1 La motif, is that LARP-1 binds RNA.

To ask what parts of LARP-1 mediate RNA-binding, we
assayed an N-terminal fragment containing the La motif
(amino acids 1-831) and a C-terminal fragment containing
the LARP1 domain (amino acids 832-1150). Intriguingly,
both fragments retained RNA-binding activity, although
neither had full activity (Fig. 1D). For example, the N-
terminal fragment was retained by poly(G) but not poly(U)
while the C-terminal fragment bound weakly to both
poly(G) and poly(U). By analogy to the cooperative RNA
binding by the LM and RRM of authentic La proteins
(Alfano et al. 2004), we suggest that the La motif and
LARP1 domain may work together to enhance the RNA-
binding activity of Larpl family members.

First hint of a specific larp-T1 biological function

C. elegans larp-1 has been analyzed superficially in large-
scale studies. Its mRNA is enriched in the germ line (Reinke
et al. 2000), and its promoter drives expression in somatic
tissues (McKay et al. 2003). Since germline expression is
normally silenced using reporter transgenes (Kelly et al.
1997), the simple conclusion is that larp-1 is expressed in
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both germ line and soma. Depletion of larp-1 activity by
RNA interference (RNAi) causes slow growth and low
penetrance embryonic lethality (Gonczy et al. 2000;
Kamath et al. 2003; Sonnichsen et al. 2005). Based on
these studies, larp-1 appears to have a general biological
function that is not essential.

To study LARP-1 and its biological function more
rigorously, we generated a larp-1 deletion mutant (Fig. 2A).
The larp-1 gene makes a single 4.8-kb transcript in adult
hermaphrodites (Fig. 2B, wild-type). Abundance of larp-1
mRNA was reduced, but not absent, in mutants with
no germ line [Fig. 2B, glp-1(q224ts)], as would be expected
for a transcript expressed in both germ line and soma. The
larp-1(q783) deletion removes part of exon 1 and all of
exons 2-4 (Fig. 2A) and results in a frame shift and
premature termination codon in exon 6, as determined
by cDNA sequencing (data not shown). The larp-1(q783)
mRNA was smaller and less abundant than wild type [Fig.
2B, larp-1(q783)], and a LARP-1(q783) protein was not
detectable on Western blots (Fig. 2C) with antibodies
specific to LARP-1 (see Materials and Methods). Therefore,
larp-1(q783) is a strong loss-of-function mutation and
probably a null allele; henceforth, larp-1(q783) is referred
to as larp-1(0).
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FIGURE 2. The larp-1(q783) deletion makes no detectable LARP-1
protein. (A) The larp-1 gene. Predicted start (ATG) and stop codons,
plus exons (boxes) and introns (lines) were determined by sequencing
cDNAs (see Materials and Methods). The g783 deletion (bracket)
removes part of exon 1 and all of exons 2—4. RNA probe was used for
Northern blots (B); aRt55 and aRt60 indicate locations of peptides
used to generate these LARP-1 antibodies; black region marks La
motif; red region denotes LARP1 domain. (B) larp-1 transcript
analysis. Northern blots of poly(A) RNA prepared from wild type,
glp-1(q224ts) at 25°C, and larp-1(q783). For loading control, we used
a probe against eft-3. Relative amount of larp-1 mRNA was calculated
as described in Materials and Methods and is presented as a
percentage of wild-type amount. (C) LARP-1 protein analysis.
Western blots were performed with protein prepared from wild-type
and larp-1(q783) adults. A monoclonal antibody directed against actin
was used as a loading control.
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The larp-1(0) mutant is homozygous viable, but it grows
slowly and lays some dead embryos (~6%); both defects
were seen previously by RNAi (Kamath et al. 2003). We
also found that larp-1(0) laid fewer embryos than normal
(arp-1(0): 207 = 36, n = 10; wild-type: 272 = 23, n = 10],
and many of the larp-1(0) embryos were smaller than
normal (data not shown). These latter defects provided the
first clue that larp-1 might influence oogenesis.

Adult hermaphrodites typically have a single row of 8 to
11 developing oocytes in the proximal arm of each gonad
(Fig. 3A). While the overall developmental pattern of the
larp-1(0) germ line was similar to wild type (data not
shown), the number of oocytes in larp-1(0) gonads was
consistently higher than in age-matched, wild-type gonads
(Fig. 3B,E). Moreover, most larp-1(0) oocytes were smaller
than normal and arranged in multiple rows (Fig. 3, cf. B
and A), even though most oocytes were fertilized and
produced viable progeny. We conclude that larp-I is not
essential for fertility but is important for proper oocyte
development.

wild-type

larp-1(0); let-60(gf)

larp-1(0); let-60(rf)

LARP-1 attenuates Ras-MAPK signaling
during oogenesis

The larp-1 oogenesis defects resemble those associated with
hyperactive Ras-MAPK signaling; aberrantly increased
MAPK activity leads to multiple rows of smaller than
normal oocytes in the proximal gonad arm (Hajnal and
Berset 2002; Lee et al. 2007b). We hypothesized that LARP-
1 might promote normal oogenesis by attenuating Ras-
MAPK signaling. Thus, we predicted that the larp-1(0)
oocyte defect would be suppressed by lowering Ras-MAPK
signaling and enhanced by increasing Ras-MAPK signaling.
To test these predictions, we examined double mutants
with larp-1(0) and either a reduction-of-function (rf) or a
gain-of-function (gf) mutation in the let-60 gene, which
encodes the single C. elegans Ras protein (Beitel et al. 1990).
The weak let-60(n2021rf) mutation suppressed larp-1(0)
oocyte defects (Fig. 3, cf. C and B). Thus, larp-1(0); let-
60(rf) germ lines had significantly fewer oocytes than larp-
1(0) single mutants (Fig. 3E). In contrast, let-60(n1046gf)
enhanced larp-1(0): oocyte number was
significantly increased in larp-1(0); let-
60(gf) adults compared with either larp-
1(0) or let-60(gf) single mutants (Fig. 3,
cf. D and B; Fig. 3E). We conclude
that hyperactive Ras-MAPK signaling
is critical for the larp-1(0) oogenesis
defects.

We designed our next set of experi-
ments to test the prediction that
removal of larp-1 would suppress the
sterility of reduced Ras-MAPK signal-
ing. [We note for these experiments that
larp-1(0) does not compromise RNAi
efficacy and that larp-I RNAi affects

oogenesis with the same severity as the

E No. of Oocytes (n) F % Pach
. o ytene . .

Genotype 24hr > L4 48hr > L4 Genotype % Sterility (n)  Arrest (n) larp'l (0) mutant‘ (Flg‘ 3E; data not
wild-type 79%15(67) 11.2+23(32) | mpk-1(0) 100 (18) 100 (18) shown)]. The major C. elegans MAPK,
larp-1(RNAJ) 11.6+23(21)% 17.123.1 21" | mpk-1(0) larp-1(RNAI) 100 (49) 100 (49) MPK-1, acts downstream of LET-60 in
larp-1(0) 11.3+3.3(63)* 16.3+4.7 (38)! | mpk-1(RNAJ) 35 (182) ND the Ras-MAPK signaling cascade and
larp-1(0); let-60(rf)  8.3+2.1(54)e  12.7 +3.1 (43)s | mpk-1(RNAI) larp-1(0) 8 (198) ND 1 ltil £ devel
let-60(rf) 9.9+23(35)% 12.8+26 (31 | mpk-1(ts) 100 (91) ND controls mu. tlp.e steps o opcyte cvel-
larp-1(0); let-60(gf) 12.8 2.7 (39)* 215442 31 | mpk-1(ts) larp-1(RNAJ) 81 (98) ND opment, including progression through
let-60(gf) 90+15(43)e 12941 (21)4 | mpk-1(m) 100 (50) 100 (50) the pachytene phase of meiosis (Sundaram
#p<0.01vs. Widiype 24hr >L4 o p<0.01 vs. larp-1(0) 24ne > L4 | MPK-1(rf) farp-1(RNA) 100 (53) 17 (75) . _
t p<0.01vs. Wildtype 48hr>L4 4 p <0.01 vs. larp-1(0) 48hr > L4 2006; Lee et al. 2007b)' Stl‘OIlg mpk I

loss-of-function mutations result in
pachytene arrest and render animals
sterile (Church et al. 1995; Hsu et al.
2002; Ohmachi et al. 2002). larp-
I(RNAi) did not suppress the pachytene
arrest of the mpk-1(gall7) null mutant
(Fig. 3F), suggesting that larp-1 deple-
tion does not bypass the mpk-1 require-
ment in oogenesis. However, larp-1
depletion partially suppressed germline
defects of reduced MPK-1: mpk-1(RNAi)

FIGURE 3. LARP-1 attenuates Ras-MAPK signaling during oogenesis. (A—D) Representative
differential interference contrast (DIC) images of hermaphrodite germ lines, all at the same
stage (48 h after L4). Orange dashed lines outline visible oocytes for each strain. (A) Wild type;
(B) larp-1(0); (C) larp-1(0), let-60(rf); and (D) larp-1(0), let-60(gf). (E) Table quantitating the
number of visible oocytes in a single proximal arm of animals with the given genotype. Oocyte
number per gonad arm was scored at 24 h and at 48 h after the L4 stage. Each number is an
average, plus or minus standard deviation, with the total number of gonad arms counted in
parentheses. Symbols, where indicated, represent statistical significance with a probability less
than 0.01. (F) Table quantitating percentage of sterile animals (leff) and percentage of animals
with a pachytene arrest phenotype (right). Total number of animals scored (1) shown in
parentheses. mpk-1(ts) and mpk-1(ts) larp-1(RNAi) strains were grown at 25°C. All other
strains were grown at 20°C.
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normally results in 35% sterile animals, but only 8% of
mpk-1(RNAi); larp-1(0) animals are sterile (Fig. 3F); mpk-
I(galllts) is 100% sterile at 25°C (Lackner and Kim 1998)
but only 81% sterile after larp-1 RNAi (Fig. 3F); and all
mpk-1(0z140rf) germ lines arrest in pachytene at 20°C
(Church et al. 1995; Lackner and Kim 1998), but only
17% do so after larp-1 RNAIi (Fig. 3F). We conclude that
LARP-1 works upstream of, or in parallel to, mpk-1 to
attenuate Ras-MAPK signaling during oogenesis.

LARP-1 lowers mpk-1 mRNA and protein levels
in the wild-type germ line

To ask whether LARP-1 normally lowers mpk-1 expression,
we compared the abundance of MPK-1 protein and mpk-1
mRNA in wild-type and larp-1(0) germ lines (Figs. 4, 5). To
visualize MPK-1 protein, we used the rabbit polyclonal
Erkl (K23) antibody, which detects C. elegans MPK-1
protein (Lackner and Kim 1998; Lee et al. 2007b). Com-
pared with levels in wild-type germ lines (Fig. 4A), MPK-1
was significantly elevated in the larp-1(0) germ line (Fig.
4B), particularly within the mid-pachytene region (Fig.
4A,B, region above the yellow bar) where average MPK-1
levels were twofold higher in larp-1(0) relative to wild type
(Fig. 4C, cf. red solid and red dotted lines). We conclude
that LARP-1 reduces the expression of MPK-1 in mid-
pachytene germ cells.

To visualize mpk-1 mRNA, we used both in situ
hybridization and Northern blots. In both assays, mpk-1
mRNA was more abundant in larp-1(0) than in wild type
(Fig. 5A,C). The mpk-1 locus makes two transcripts, mpk-
la and mpk-1b; the latter is the primary germline transcript
(Lee et al. 2007a). The in situ probe detected both tran-
scripts, but the Northern probe was specific for the mpk-1b
transcript. By in situ hybridization, mpk-I mRNA was
particularly more abundant in the larp-1(0) pachytene
region and developing oocytes (Fig. 5A). By Northern blot,
mpk-1b was 1.4-fold more abundant in larp-1(0) mutants
than in wild type (Fig. 5C, first row). We conclude that
LARP-1 normally lowers mpk-1 mRNA and protein levels,
at least in mid-pachytene cells, and perhaps more broadly.

LARP-1 lowers mRNA levels of multiple Ras-MAPK
signaling components

We next investigated the LARP-1 effect on abundance of
the activated form of MPK-1, which relies on dual
phosphorylation by a signaling kinase cascade (Sternberg
and Han 1998; Sundaram 2006). To this end, we used an
antibody that specifically recognizes the dually phosphor-
ylated (DP) form of MPK-1, which we refer to as DP-MPK-
1 (Miller et al. 2001). Whereas total MPK-1 protein
increased twofold in the middle of the larp-1(0) pachytene
region (Fig. 4C, rows 6-16), the active DP-MPK-1 enzyme
was not significantly increased in this region (i.e., the
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FIGURE 4. LARP-1 lowers abundance of total MPK-1 protein in the
pachytene region. (A, B) Dissected germ lines were costained with
aErkl (red), which recognizes C. elegans MPK-1 (Lackner and Kim
1998), and aDP-ERK (green), which recognizes the activated form of
MPK-1 (Miller et al. 2001). Germ lines were treated identically and
confocal images taken with the same settings at the same magnifica-
tion. Wild-type (A) and larp-1(0) (B) adult hermaphrodite germ lines,
both 24 h after L4. (C) Quantitation of total MPK-1 protein (red
lines) and activated MPK-1 (green lines) abundance in wild-type
(broken lines) or larp-1(0) (solid lines) pachytene regions. x-axis
indicates distance from the transition zone/pachytene region bound-
ary (white broken line in A and B), measured in number of germ cell
diameters along the distal to proximal axis of the gonad; y-axis shows
average pixel intensity at each germ cell position, averaged across 6
germ lines for wild type and 4 germ lines for larp-1(0). Total MPK-1
abundance is significantly (P < 0.001) higher in larp-1(0) (121 * 36)
than in wild type (66 * 13) between rows 6-16 of the pachytene
region. This region of higher MPK-1 is marked in A and B by a yellow
bar, and its boundaries are indicated in C by vertical black dotted
lines.

average aDP-MPK-1 fluorescence intensity is 66 *= 6 in
larp-1(0) versus 58 = 6 for wild type). However, in the
proximal pachytene region (Fig. 4C, rows 13-25), DP-
MPK-1 was lower in larp-1(0) than in wild type (i.e., the
average aDP-MPK-1 fluorescence intensity is 86 * 6 in
larp-1(0) versus 96 = 8 for wild type, P < 0.01), a
surprising reduction given that total MPK-1 (active plus
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FIGURE 5. LARP-1 lowers mRNA abundance of selected mRNAs.
(A, B) Wild-type (top) or larp-1(0) (bottom) dissected germ lines were
examined by in situ hybridization for mpk-I mRNA (A) or lip-1
mRNA (B). (C) Northern blots of poly(A) RNA from wild-type and
larp-1(0) extracts using RNA-specific probes as indicated at left.
Ethidium bromide staining of 18S ribosomal RNA is shown at bottom
as a loading control. (D) Western blots of protein prepared from wild-
type animals (left) and larp-1(0) mutants (right). Actin antibodies
were used as a loading control. In C and D, numbers below bands
indicate relative abundance in larp-1(0) compared with wild type,
with wild-type abundance normalized to 1.0.

inactive) was elevated in the same region (i.e., the average
MPK-1 fluorescence intensity is 181 £ 9 in larp-1(0) versus
145 =+ 35 for wild type, P < 0.01).

A possible explanation is that an inhibitor of MPK-1
activity might also be increased in the larp-1(0) germ line.
One such inhibitor is LIP-1, a C. elegans dual specificity
phosphatase homolog, which inhibits MPK-1 activity in
proximal pachytene nuclei and developing oocytes (Hajnal
and Berset 2002). We asked if LARP-1 affects lip-1
expression. By in situ hybridization, lip-1 mRNA appeared
more abundant and distributed more broadly in larp-1(0)
than in wild-type germ lines (Fig. 5B). Moreover, by
Northern blot, lip-1 mRNA was 2.5-fold more abundant
(Fig. 5C, second row), and by Western blot, LIP-1 protein
was twofold more abundant in larp-1 mutants than in wild
type (Fig. 5D). Loading controls were equal for both RNA
(i.e., TRNA) and protein blots (i.e., aActin) (Fig. 5C,D). We
suggest that increased LIP-1 may lower the activity of
MPK-1 and thereby ameliorate the biological consequences
of increased MPK-1 expression in the larp-1(0) germ line.

To ask if mpk-1 and lip-1 are the only mRNAs affected by
removal of LARP-1, we assayed three other mRNAs, two
encoding Ras-MAPK pathway components (i.e., let-60 and
mek-2) and one unrelated to the pathway (i.e., elongation
factor 3 [eft-3]). By Northern blot, let-60 mRNA was
increased (1.5-fold) in larp-1(0) relative to wild type, but
the abundance of mek-2 and eft-3 mRNAs (1.1- and 0.9-
fold difference, respectively) was not changed in larp-1(0)
(Fig. 5C). Thus, LARP-1 specifically affects the abundance

of certain mRNAs; it lowers the abundance of three mRNAs
encoding MAPK pathway components (i.e., mpk-1, let-60,
and lip-1) but does not affect the abundance of all mRNAs,
either in the Ras-MAPK pathway or more broadly.

LARP-1 protein is cytoplasmic and punctate
but does not localize in P granules

To learn the subcellular location of LARP-1, we stained
wild-type and larp-1(0) gonads with affinity-purified
LARP-1 antibody (aRt55; see Fig. 2A). LARP-1 expression
extended throughout the germ line—from the distal tip
into developing oocytes, with a pronounced decline in the
most proximal oocytes (Fig. 6A). Moreover, LARP-1 was
primarily cytoplasmic (Fig. 6A,B) and concentrated in
discrete, irregular-shaped puncta around nuclei (Fig. 6B).
LARP-1 puncta were missing in larp-1(0) germ lines,
confirming specificity of the LARP-1 antibody (Fig. 6E),
and were not detected in the rachis (data not shown).

/
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Mitotic Transition
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e | — |
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larp-1(0)

oL ARP-1/0PGL-1/DAPI

oLARP-1

FIGURE 6. LARP-1 protein accumulates in cytoplasmic granules
but does not colocalize with the PGL-1 marker of P granules. (A)
Dissected wild-type germ line costained with aLARP-1 (red) and
DAPI (blue). Oocytes are indicated by asterisks. LARP-1 is found
throughout the germline cytoplasm of the distal arm but tapers off in
maturing oocytes (arrowheads). (B—D) Wild-type germ line costained
with aLARP-1 (red) (B, D), aPGL-1 (green) (C, D), and DAPI (blue)
(D). (D) The merged image. Confocal images were taken of the mid-
pachytene region. Arrows point to LARP-1 perinuclear foci; arrow-
heads point to PGL-1 perinuclear foci. Virtually no yellow is observed
in the merged image. (E-G) larp-1(0) mutant pachytene region
treated identically as in B-D and confocal images taken with the
same settings at the same magnification.
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The LARP-1 puncta were reminiscent of RNA-rich
cytoplasmic “germ granules,” also known as P granules
in C. elegans (for review, see Strome 2005). To ask if LARP-
1 associates with P granules, we costained wild-type germ
lines with aLARP-1 and aPGL-1, an antibody that marks
P granules (Kawasaki et al. 1998). However, virtually no
overlap was seen (Fig. 6B-D), and P granules appeared
normal in larp-1 mutant germ lines (Fig. 6F,G). We
conclude that LARP-1 is predominately cytoplasmic and
enriched in discrete puncta that do not contain PGL-1.

LARP-1 is enriched in P bodies

A major mode of eukaryotic mRNA turnover occurs via
three distinct steps: deadenylation, decapping, and 5’ to 3’
degradation (Parker and Song 2004). The enzymes respon-
sible for these events accumulate in discrete cytoplasmic
“processing bodies” or P bodies and constitute a “general
repression/decay” complex (for review, see Parker and
Sheth 2007). In yeast and mammals, the general repres-
sion/decay complex consists of the major cytoplasmic
deadenylase Ccr4/Pop2/NOT complex, decapping enzyme
subunits Dcpl and Dcp2, decapping activators Dhh1/RCK
and Lsm1-7, and the exonuclease Xrnlp (Sheth and Parker
2003; Cougot et al. 2004; Muhlrad and Parker 2005; Barbee
et al. 2006; Yang et al. 2006). In C. elegans, decapping
enzyme homologs DCAP-1 and DCAP-2 localize to discrete
cytoplasmic foci, which are probably analogous to yeast P
bodies (Ding et al. 2005; Lall et al. 2005; Squirrell et al.
2006).

To test whether LARP-1 accumulates in P bodies, we
costained wild-type and larp-1(0) germ lines with « LARP-1
and a polyclonal antibody directed against DCAP-1. Con-
sistent with the staining of DCAP-1 in the embryo
(Squirrell et al. 2006), DCAP-1 was predominately cyto-
plasmic and accumulated in irregularly shaped puncta.
DCAP-1 was most abundant in the mitotic region, mid-
pachytene region, and distal oocytes, and least abundant
in the transition zone, early pachytene region, and most
proximal oocytes (Supplemental Fig. 2A). LARP-1 and
DCAP-1 overlapped throughout the distal germ line and
colocalized in perinuclear foci (Fig. 7A-C; Supplemental
Fig. 2). However, not all DCAP-1 foci stained positively for
oLARP-1 and not all LARP-1 foci were positive for
aDCAP-1 (Fig. 7C). These results indicate that LARP-1/
DCAP-1 foci define a unique subset of P bodies in the germ
line.

We also costained germ lines for LARP-1 and CAR-1, an
Scd6 homolog (Albrecht and Lengauer 2004; Anantharaman
and Aravind 2004). Scd6 homologs are thought to act as
translational repressors that reside in a variety of RNA
regulatory particles, including P bodies, P granules, Dro-
sophila neuronal granules, and mammalian stress granules
(Lieb et al. 1998; Audhya et al. 2005; Boag et al. 2005;
Wilhelm et al. 2005; Barbee et al. 2006; Decker and Parker
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FIGURE 7. LARP-1 colocalizes with P body proteins in the distal
germ line. Wild-type (A-C, E-G) and larp-1(0) (D, H) germ lines
costained with aLARP-1 (red) and aDCAP-1 (green). Confocal
images were taken of the late mitotic region/early transition zone
(A-D) and mid-pachytene region (E-H). Arrows point to foci that
stain with both aLARP-1 and aDCAP-1, which are yellow in the
merged images. Arrowheads point to foci specific for aDCAP-1
staining; double arrows point to foci specific for «LARP-1 staining.
Wild-type (I-K) and larp-1(0) (L) germ lines costained with aLARP-1
(red) and aCAR-1 (green). Arrows point to foci that stain with both
aLARP-1 and aCAR-1, which are yellow in the merged image.
Arrowheads point to foci specific for «CAR-1 staining; double arrows
point to foci specific for «aLARP-1 staining. In all cases, wild-type and
larp-1(0) germ lines were treated identically and confocal images
taken with the same settings at the same magnification.

2006; Squirrell et al. 2006; Yang et al. 2006). In C. elegans,
primarily two types of CAR-1 foci exist: those with P body
proteins, such as DCAP-1, and those with P granule protein
PGL-1 (Lieb et al. 1998; Audhya et al. 2005; Boag et al.
2005; Wilhelm et al. 2005; Barbee et al. 2006; Decker and
Parker 2006; Squirrell et al. 2006; Yang et al. 2006). We
observed significant overlap of LARP-1 and CAR-1 in the
mid-pachytene region (see Supplemental Fig. 2B). Since
LARP-1 is excluded from P granules (Fig. 6), we reasoned
that the LARP-1/CAR-1 foci were P bodies. Moreover, as
with DCAP-1 and LARP-1 colocalization, only a subset of
CAR-1 and LARP-1 foci colocalized (Fig. 7I-K). These
results confirm that LARP-1 accumulates in a subset of
germline P bodies. Intriguingly, in larp-1(0) mutant germ
lines, the DCAP-1 and CAR-1 foci were less prominent and
distinct (Fig. 7D,H,L). The size and number of P bodies
depends on the amount of mRNA available for decapping.
When mRNA decay is blocked prior to the decapping step,
such as during deadenylation, P bodies fail to form (Sheth
and Parker 2003). Alternatively, P bodies grow in size and
number when mRNA specific binding proteins, or miR-
NAs, actively target specific mRNAs to them for decapping
and degradation (Liu et al. 2005; Franks and Lykke-
Andersen 2007). One simple possibility is that LARP-1
normally localizes to P bodies and enhances their formation
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by promoting degradation of specific mRNAs, such as
mpk-1 and lip-1.

DISCUSSION

In this work, we show that LARP-1 is a likely RNA-binding
protein that reduces the levels of Ras-MAPK mRNAs and
promotes oogenesis. Moreover, LARP-1 colocalizes in
cytoplasmic granules with two P-body components. The
following discussion places this work in context with
previous Larp studies and proposes a mechanism for how
Larpl family members may affect cellular functions and
development.

LARP-1, a conserved La-related protein, harbors
two RNA-binding domains

Previous studies placed La motif-containing proteins into
two broad categories, the authentic La proteins and the La-
related proteins, or Larps (Sobel and Wolin 1999; Wolin
and Cedervall 2002). We show that Larps themselves fall
into at least two major families, a more widely conserved
Larpl family and a metazoan-specific Larp5 family. The
C. elegans genome encodes a single Larpl family member,
LARP-1, and a single Larp5 family member, LARP-5. This
work focuses on LARP-1, as a representative of the Larpl
family. C. elegans LARP-1 possesses a central La motif and a
C-terminal ~200 amino acid sequence that is strongly
conserved among most Larp1 family members. We dub this
sequence the LARP1 domain (this paper). Within the
LARPI1 domain is a repeated sequence, the DM15 tandem
repeat, which had been previously noted (Marchler-Bauer
et al. 2007); the significance of the DM15 repeat is not
known. The RNA-binding characteristics and structural
properties of the La motif have been studied extensively for
authentic La proteins (Ohndorf et al. 2001; Alfano et al.
2004; Dong et al. 2004; Teplova et al. 2006). As expected,
the full-length LARP-1 protein binds RNA, and an N-
terminal LARP-1 fragment harboring its La motif also
binds RNA homopolymers in vitro. Surprisingly, a C-
terminal LARP-1 fragment, which lacks the La motif but
harbors the LARP1 domain, can also bind RNA homopoly-
mers in vitro. Therefore, LARP-1 likely possesses two
RNA-binding domains, the La motif and the LARPI
domain. This LARP1 domain is present in most Larpl
family members, including those from Dictyostelium,
monocots, dicots, and animals. Exceptions include the
yeast Larps, which cluster with LARP-1 based on their La
motif sequences. A challenge for the future is to dissect the
individual and cooperative functions of the La motif and
LARP1 domain. One possibility is that the La motif and
LARP1 domain cooperate to enhance RNA-binding spec-
ificity of LARP-1 for its natural substrate. This idea is based
on our in vitro RNA-binding studies (this paper) and the
well-established cooperative RNA-binding by the La motif

and RRM of authentic La proteins (Ohndorf et al. 2001;
Alfano et al. 2004; Teplova et al. 2006). However, alterna-
tive scenarios are also possible. The LARP1 domain could
be critical for the overall tertiary structure of LARP-1 or
the LARP1 domain could interact with other proteins. For
example, LARP-1 accumulates in P bodies (see below), and
the LARP1 domain could have a conserved role in that
association.

C. elegans LARP-1 attenuates the abundance
of specific mRNAs that control oogenesis

Two previous studies suggested that Larps influence meta-
zoan development (Chauvet et al. 2000; Ichihara et al.
2007). Both focused on Drosophila Larp, which like C.
elegans LARP-1, is in the Larpl family. Chauvet and
colleagues (2000) found that the larp gene is a target of
homeobox transcription factors during embryogenesis,
and Ichihara and colleagues (2007) reported that larp is
required for male meiosis. However, neither study
addressed how larp achieves its effect on development.

In this study, we show that LARP-1 affects C. elegans
oogenesis by attenuating the abundance of mRNAs in the
Ras-MAPK pathway. Three lines of evidence support this
idea. First, oocyte development is abnormal in larp-1 null
mutants in a manner reminiscent of mutants with hyper-
active Ras-MAPK signaling. Second, larp-1 interacts genet-
ically with genes in the Ras-MAPK pathway as predicted.
Third, the abundance of three mRNAs in the Ras-MAPK
pathway (let-60/Ras, mpk-1/MAPK, and lip-1/MKP) is
increased in larp-1 null mutants relative to wild type.
Importantly, LARP-1 does not attenuate all germline
mRNAs. Therefore, LARP-1 functions selectively to control
mRNA abundance.

Although LARP-1 controls the Ras-MAPK pathway in
the germ line, it does not appear to have a similar effect in
the vulva (K. Nykamp, unpubl.). We do not yet understand
why LARP-1 has tissue-specific effects on Ras-MAPK
signaling, since larp-1 mRNA is expressed in both germline
and somatic tissues (Reinke et al. 2000; McKay et al. 2003;
this paper). One simple explanation might be that LARP-1
protein is not expressed in the vulva. Alternatively, LARP-1
may work with germline-specific factors to attenuate Ras-
MAPK signaling. Regardless, the role of LARP-1 in the
germ line can provide a model for analyzing its effect on
development more broadly. Based on our findings with
C. elegans LARP-1, we suggest that the Larpl family of
proteins may function to control the expression of key
mRNAs during development.

LARP-1 function may be linked to P bodies

The germline cytoplasm contains many perinuclear and
cytoplasmic granules. Some granules harbor PGL-1 and
have been termed P granules or germ granules (Kawasaki
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et al. 1998); some harbor components of P bodies (Audhya
et al. 2005; Boag et al. 2005), which in yeast and mammals
are sites of mRNA turnover (Parker and Sheth 2007).
LARP-1 protein does not colocalize with PGL-1 but does
colocalize with two P body markers: DCAP-1, a predicted
decapping enzyme (Cohen et al. 2005; Lall et al. 2005), and
CAR-1, an RNA-binding protein and likely translational
repressor (for review, see Decker and Parker 2006). The
colocalization of LARP-1 with P body proteins is intriguing
given our finding that the levels of specific mRNAs and
proteins are reduced by LARP-1.

The most prominent colocalization of DCAP-1 and
LARP-1 is in the late mitotic region and early transition
zone of the germ line, an area where mpk-1 and lip-1
mRNAs are normally not detected (Lee et al. 2006, 2007a).
Yet, in larp-1(0) germ lines, both mpk-1 and lip-1 mRNAs
are seen in the mitotic region. Cleavage of the 5’ cap (i.e.,
decapping) is a critical step in mRNA repression: it permits
5" to 3’ exonucleolytic digestion and blocks translational
initiation (Coller and Parker 2004, 2005). In yeast and
mammals, the Dcpl/Dcp2 heterodimer executes decapping
(Lykke-Andersen 2002; Steiger et al. 2003) in P bodies
(Sheth and Parker 2003). In C. elegans, the likely decapping
enzyme is DCAP-1/DCAP-2 (Cohen et al. 2005; Lall et al.
2005), which colocalizes in granules with conserved P body
components (Ding et al. 2005; Lall et al. 2005; Squirrell
et al. 2006). An intriguing model is that LARP-1 accumu-
lation with DCAP-1 in P bodies may be critical for the
degradation of mpk-1 and lip-1 mRNAs.

Larps are widely conserved but poorly understood,
especially in multicellular organisms. This study of
C. elegans LARP-1 uncovers characteristics that may be
applicable to Larpl family members more generally: LARP-
1 possesses two RNA-binding domains, it controls the
abundance of selected mRNAs, and it is associated with
cytoplasmic granules specialized for mRNA turnover and
mRNA repression. But of course, these results raise many
additional questions. How does LARP-1 control mRNA
abundance? What is the role of LARP-1 in P bodies? Is the
LARP-1 control of Ras-MAPK signaling conserved?
Answering these questions is beyond the scope of this
work. However, we suggest that their analysis in the
C. elegans germ line will shed light on conserved functions
of Larps.

MATERIALS AND METHODS

Nematode strains and RNAIi

All strains were maintained at 20°C as described (Brenner 1974),
unless noted otherwise. We used the wild-type Bristol N2 strain
and the following mutants: LGIII: glp-1(q224ts) (Austin and
Kimble 1987), larp-1(q783) null (this paper), mpk-1(galllts)
(Lackner and Kim 1998), mpk-1(gall7) null (Lackner et al.
1994), mpk-1(0z140rf) (Church et al. 1995); the mpk-1(gall7,
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0z140) mutations were balanced by qCI (Austin and Kimble
1989); LGIV: let-60(n1046gf, n2021rf) (Beitel et al. 1990). The
larp-1(q783) deletion was generated as described (Kraemer et al.
1999) and outcrossed seven times. The larp-1(q783) deletion
breakpoints are at genomic positions 5,017,363/5,017,364 and
5,016,193/5,016,194 (1170 bp). The mpk-1(ts) strain was main-
tained at 20°C and examined for sterility after shifting to 25°C.
RNAi was performed by feeding L1s bacteria expressing double-
stranded RNAs corresponding to the gene of interest (Kamath
et al. 2003). Fertility, pachytene arrest, average number of oocytes,
and embryonic lethality were all scored by standard methods.
Unless stated otherwise, phenotype scoring was performed at 24 h
after mid-L4 stage.

RNA-binding assay

Full-length larp-1 was amplified from a mixed-stage ¢cDNA
library, NACT-RB2 (gift from Robert Barstead, Oklahoma Medical
Research Foundation), using oligos KN158 (5'-GGATCCGCCGA
GAAGCAGCCCATGC-3") and KN166 (5'-GAATTCATCTTACTIT
CTTGGTTGATTGTAGAAG-3"). Full-length larp-1 cDNA was se-
quenced, and intron/exon boundaries are shown in Figure 2A.
The N-terminal and C-terminal larp-1 fragments were generated
using KN158/KN173 (5'-GAATTCTTCTTCATTGAACTCTCCT
TGATTTTG-3") and KN172 (5'-GGATCCGTTGAAATTGGATTG
CGCAGATACG-3")/KN166 primer pairs, respectively. S. cerevisiae
LHPI and CAKI were amplified from genomic DNA (gift from
Craig Stumpf, Wickens Laboratory, University of Wisconsin—
Madison) using primer pairs KN183 (5'-GGATCCCCACAACAA
GAGGAGCAAGAGAAACC-3")/KN184 (5'-CTCGAGGAATCAC
TCCTTGTGCTCCTCAGCG-3") and KN185 (5'-GGATCCCTGG
ATAGTATAGACATTACACACTG-3")/KN186 (5'-GAATTCTTA
TGGCTTTTCTAATTCTTGCAAGATTC-3"), respectively. Frag-
ments were digested with BamHI and EcoRI (or BamHI/Xhol
for LHPI) and cloned into pCITE4a (Novagen).

Coupled transcription/translation (TNT T7 Quick Coupled
System, Promega) reactions with each pCITE4a expression plas-
mid were performed separately in the presence of [**S]methionine
as instructed by the manufacturer. Similar amounts of LARP-1,
Caklp, and Lhplp proteins were combined and incubated for 10
min at 4°C in binding buffer (10 mM Tris-Cl at pH 7.4, 2.5 mM
MgCl,, 100 mM NaCl, 0.5% Triton-X 100) with 50 wg of the
indicated homopolymer immobilized on sepharose [GE Health-
care, poly(U) and poly(A)] or agarose [Sigma, poly(C) and
poly(G)]. Separate binding reactions with poly(U) and poly(G)
were performed for LARP-1(FL), LARP-1(N), and LARP-1(C)
fragments in binding buffer (10 mM Tris-Cl at pH 7.4, 2.5 mM
MgCl,, 0.5% Triton-X 100) plus the indicated NaCl concentration
for 10 min at 4°C. In all cases, beads were washed four times, and
protein was eluted by boiling beads in Laemmli cocktail (10 mM
Tris-HCl at pH 6.8, 4% SDS, 20% glycerol, 1.3 M (3-mercaptoethanol,
4 mg/mL Bromphenol blue). Eluted proteins were separated on
4%-12% gradient gels (Cambrex). The gels were exposed to a
phosphor screen (Molecular Dynamics) for 2—4 h and analyzed
using a Typhoon Scanner (GE Healthcare).

Northern blots

Total RNA was extracted from staged adults (24 h after L4) by
Trizol Reagent (Invitrogen) and enriched for poly(A) RNA using
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the poly(A) Purist Kit (Ambion). For each lane, 5 ug of poly(A)
RNA was run on a 1% agarose gel under denaturing conditions,
transferred, and UV-crosslinked to a positively charged nylon
membrane (BrightStar-Plus, Ambion). In vitro-transcribed 32p_
radiolabeled antisense RNA probes were prepared for each mRNA
indicated as instructed by the Strip-EZ RNA T7 kit (Ambion).
Hybridization and washes were carried out at 68°C using North-
ernMax (Ambion) reagents. Hybridized membranes were exposed
for 2 h to a phosphor screen (Molecular Dynamics). We analyzed
screens using a Typhoon Scanner (GE Healthcare) and quanti-
tated bands with ImageQuant Software (Molecular Dynamics).

Antibody generation and protein analyses

To generate LARP-1-specific antibodies, rats were injected with
synthetic keyhole-limpit-hemocyanin (KLH)-conjugated peptides
(Genemed Synthesis, Inc.) corresponding to the N terminus
(amino acids 228-242, aRt55) or C terminus (amino acids 971—
989, aRt60). Whole worm lysates were prepared from staged
adults (24 h after mid-L4 stage) by grinding worms (~500,000)
suspended in HB(A) buffer (50 mM HEPES at pH 7.6, 10 mM
KCL, 1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM EGTA, 1X Halt
Protease Inhibitor [Pierce] cocktail) with a mortar and pestle in
liquid N,. Lysates were homogenized (Wheaton Dounce Tissue
Grinder, Fisher Scientific) and cleared of cell debris by low-speed
centrifugation (3000g). Extracts were stored at —80°C in HB(D)
buffer (50 mM HEPES at pH 7.6, 10 mM KCL, 1.5 mM MgCl,,
100 mM NaCl, 0.2 mM EDTA, 20% glycerol, 1 mM DTT). For
Western analysis, 10 pg of total protein per lane was separated on
4%-12% gradient gels (Cambrex) and the following antibodies
were used: aRt55 serum (1:500 dilution), aRt60 serum (1:500
dilution), aLIP-1 (Lee et al. 2006; 1:500 dilution), and anti-actin
C4 (MP Biomedicals; 1:40,000 dilution). Quantitation of protein
bands was done using a Gel Logic 100 Imaging System (Kodak).

In situ mRNA hybridization and immunofluorescence

In situ hybridization was performed as described (Lee et al. 2007a)
using antisense digoxigenin-labeled DNA probes for lip-1 (cDNA
nucleotides 42-559) and mpk-1 (cDNA nucleotides 246-748).
For antibody staining, adult germ lines were extruded, fixed with
1.5% paraformaldehyde for 2 h at room temperature followed by
methanol for 5 min at —20°C, and then treated with 0.1%
Triton-X for 5 min at room temperature. After blocking for 1 h
with 0.5% BSA in PBS, fixed germ lines were incubated overnight
at room temperature with primary antibodies followed by 2 h at
4°C with secondary antibodies. LARP-1 was detected using
purified aRt55 (1:25 dilution) and Cy3-labeled anti-Rat secondary
(Jackson ImmunoResearch, 1:400 dilution). «CAR-1 (gift from
J. Squirrell and J. White, University of Wisconsin—-Madison; 1:50
dilution) and aDCAP-1 (gift from P. Anderson, University of
Wisconsin—-Madison; 1:1500 dilution) primary antibodies were
used as described (Squirrell et al. 2006) and detected by Alexa
Fluor 488-labeled anti-rabbit secondary (Molecular Probes, 1:200
dilution). DAPI was used to visualize DNA. MPK-1 and DP-
MPK-1 levels were analyzed using rabbit polyclonal ERK1 (K23)
(Santa Cruz Biotechnology, 1:400 dilution) and mouse mono-
clonal Anti-DP-ERK (Sigma-Aldrich, 1:100 dilution) antibodies,
respectively. Secondary antibodies used were Cy3-labeled anti-
rabbit (Jackson ImmunoResearch, 1:400 dilution) and Alexa Fluor

488-labeled anti-mouse (Molecular Probes, 1:200 dilution). Images
were captured using a Zeiss LSM510 Meta confocal microscope
and processed using Image] and Adobe Photoshop CS2. Anti-
ERK1 (K23) and Anti-DP-ERK signals were quantitated in Image]J
by obtaining the average pixel intensity for each row of germ cells
and then averaging this value among the number of germ lines
indicated. In all cases, wild-type and mutant germ lines were
treated identically.

SUPPLEMENTAL DATA

Supplemental material can be found at http://www.rnajournal.org.
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