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Regulated polyadenylation is a broadly conserved mechanism that
controls key events during oogenesis. Pivotal to that mechanism is
GLD-2, a catalytic subunit of cytoplasmic poly(A) polymerase (PAP).
Caenorhabditis elegans GLD-2 forms an active PAP with multiple
RNA-binding partners to regulate diverse aspects of germline and
early embryonic development. One GLD-2 partner, RNP-8, was previously shown to inﬂuence oocyte fate speciﬁcation. Here we use
a genomic approach to identify transcripts selectively associated
with both GLD-2 and RNP-8. Among the 335 GLD-2/RNP-8 potential
targets, most were annotated as germline mRNAs and many as
maternal mRNAs. These targets include gld-2 and rnp-8 themselves,
suggesting autoregulation. Removal of either GLD-2 or RNP-8
resulted in shortened poly(A) tails and lowered abundance of four
target mRNAs (oma-2, egg-1, pup-2, and tra-2); GLD-2 depletion also
lowered the abundance of most GLD-2/RNP-8 putative target mRNAs
when assayed on microarrays. Therefore, GLD-2/RNP-8 appears to
polyadenylate and stabilize its target mRNAs. We also provide evidence that rnp-8 inﬂuences oocyte development; rnp-8 null mutants
have more germ cell corpses and fewer oocytes than normal. Furthermore, RNP-8 appears to work synergistically with another GLD2–binding partner, GLD-3, to ensure normal oogenesis. We propose
that the GLD-2/RNP-8 enzyme is a broad-spectrum regulator of the
oogenesis program that acts within an RNA regulatory network to
specify and produce fully functional oocytes.
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egulation of mRNA is essential for many aspects of metazoan development (1). One broadly used posttranscriptional
mechanism relies on the regulated polyadenylation and deadenylation of mRNAs (2, 3). In the nucleus, a tract of adenosine
residues is added to the 3′ end of almost every pre-mRNA; in
the cytoplasm, poly(A) tail lengths are regulated to inﬂuence the
use of speciﬁc mRNAs in producing a protein product (4, 5).
Poly(A) tail lengthening generally stabilizes mRNA and triggers
translational activation, whereas shortening destabilizes mRNA
and causes translational repression (4, 6, 7). Regulated polyadenylation is extensively used in the cytoplasm of oocytes and
embryos to control an array of developmental decisions (4); this
posttranscriptional mechanism also regulates mRNA expression in
neuronal cells, inﬂuencing long-term memory and learning (8, 9).
GLD-2 is the catalytic subunit of a major cytoplasmic poly(A)
polymerase (PAP), but unlike the canonical nuclear PAP, GLD-2
does not possess an RNA-binding domain (10). Instead, a fully
functional enzyme is achieved by GLD-2 binding with one or
more RNA-binding proteins, which have been proposed to recruit
GLD-2 PAP activity to speciﬁc RNAs (10–14). Xenopus GLD-2
binds CPEB to regulate mRNAs during oocyte maturation (14,
15); Drosophila GLD-2, known as Wispy, activates key mRNAs
during oogenesis and egg activation and may do so with Orb/CPEB
and Bic-C/GLD-3 as partners (16, 17).
Caenorhabditis elegans GLD-2 inﬂuences many developmental
events, including the sperm/oocyte decision, entry into the meiotic
cell cycle, progression through the meiotic cell cycle, progression
through both spermatogenesis and oogenesis, and events in the
early embryo (10, 11, 18). To accomplish these multiple roles, we
proposed that GLD-2 functions combinatorially, interacting with
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distinct binding partners to drive distinct functions. Indeed, nematode GLD-2 forms complexes with at least two RNA-binding
partners, RNP-8 and GLD-3 (10, 11). The RNP-8 protein harbors
an RNA recognition motif (RRM) and binds RNA with a sequence preference for purines (11), whereas GLD-3 belongs to the
Bicaudal-C family of RNA-binding proteins (19). Both GLD-2
partners stimulate GLD-2 PAP activity in vitro and coimmunoprecipitate with GLD-2 from worm extracts (10, 11). However,
RNP-8 and GLD-3 do not coimmunoprecipitate with each other
(11). Therefore, RNP-8 and GLD-3 appear to be bona ﬁde GLD-2
partners that function in distinct complexes.
The target mRNAs of GLD-2/RNA-binding protein complexes
are largely unknown. In C. elegans, only one target has been
identiﬁed to date, the gld-1 mRNA (20), and in other organisms
only a few mRNAs are known (14–17, 21). This work focuses on
identiﬁcation of target mRNAs of the C. elegans GLD-2/RNP-8
enzyme. Our choice of GLD-2/RNP-8 was based on its apparent
simplicity. When our study began, GLD-2/RNP-8 was only known
to affect one biological function. Some rnp-8 null mutants were
sterile, with a masculinization of germline (Mog) phenotype, but
most were fertile. Therefore, RNP-8 plays a role in oocyte fate
speciﬁcation but was not implicated in other germline events (Fig.
1A) (11). The importance of the RNP-8 role in oocyte fate speciﬁcation was underscored by the fully Mog phenotype in rnp-8; gld-1
double mutants (11). By contrast, the other GLD-2–binding
partner, GLD-3, affects multiple germline processes and also
partners with GLD-4, a distinct catalytic PAP subunit (19, 22–24).
In this paper, we use a genomic approach to identify likely target
mRNAs of the GLD-2/RNP-8 enzyme. Using the method of RNA
immunoprecipitation (IP) followed by microarray analysis (RIPchip), we found 335 mRNAs that selectively associate with both
GLD-2 and RNP-8. We tested four individual mRNAs among the
potential GLD-2/RNP-8 targets and demonstrated that all four rely
on GLD-2 and RNP-8 for their normal poly(A) tail length and
abundance. Most GLD-2/RNP-8–associated transcripts were oocyteenriched maternal mRNAs. To understand that strong functional
bias, we reexamined the rnp-8 null mutant phenotype and found that
RNP-8 affects oocyte development, a role that is enhanced by GLD3. Therefore, GLD-2/RNP-8 emerges as a broad-spectrum regulator
of the oogenesis program that acts within an RNA regulatory network
to specify and produce fully functional oocytes.
Results
Identiﬁcation of GLD-2–Associated Transcripts. To identify putative
GLD-2 mRNA targets, we immunoprecipitated GLD-2 (Fig. S1A,
Left) with associated mRNAs from wild-type adult hermaphrodite
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Fig. 1. Identiﬁcation of GLD-2– and RNP-8–associated mRNAs. (A) One biological function of the GLD-2/RNP-8 poly(A) polymerase is to specify the
oocyte fate (11). (B) A comparison of the GLD-2– and RNP-8–associated
mRNAs identiﬁes 335 in common (pale red), which are likely GLD-2/RNP-8
target mRNAs. (C) Poly(A) tail lengths of oma-2 and ubl-1 mRNAs in wildtype, rnp-8(0), and gld-2(RNAi) adults, measured by gel analysis of PCR
products (Upper) and by sequencing cloned PCR isolates (mean ± SEM)
(Lower). (D) Relative abundance of oma-2 and ubl-1 mRNAs normalized to
eft-3 mRNA (mean ± SEM). (E) Frequency histogram of log2-fold change in
mRNA abundance in wild-type vs. gld-2(RNAi) adults, assayed on microarrays. A log2-fold change at zero means no change of mRNA level, whereas
a shift toward the left means lower abundance upon GLD-2 depletion.

extracts, isolated RNA (WT-IP RNA), and probed microarrays.
We used adults because GLD-2 and RNP-8 form a complex at this
stage (11). Our strategy is outlined in Fig. S1B. Brieﬂy, we compared the proﬁles of WT-IP RNAs to two other RNA proﬁles. We
ﬁrst compared them to RNAs coimmunoprecipitated from extracts
depleted for GLD-2 by RNA interference (gld-2 RNAi); this
comparison removed RNAs nonspeciﬁcally bound to the antibody
matrix. The gld-2(RNAi) animals were sterile with similar but less
severe germline defects than gld-2(0) mutants; for example, gld-2
(RNAi) germlines produced recognizable oocytes, whereas gld-2(0)
germlines did not (Fig. S2) (18). The differences between wild-type
and gld-2(RNAi) animals might have biased our analysis toward
higher-abundance mRNAs in the wild type. To avoid that bias, we
next compared WT-IP RNAs to total WT RNA to remove RNAs
17446 | www.pnas.org/cgi/doi/10.1073/pnas.1012611107

falsely selected in the ﬁrst comparison due to differences between
wild-type and gld-2 RNAi extracts.
To generate each proﬁle, mRNAs were linearly ampliﬁed, labeled, and hybridized to an Affymetrix C. elegans GeneChip; the
array data were analyzed using signiﬁcant analysis of microarray
(SAM) (25). Brieﬂy, SAM assigns to each probe set a score and
estimates its false discovery rate (FDR). The WT-IP vs. gld-2
(RNAi)-IP and WT-IP vs. total WT RNA comparisons identiﬁed
1,273 and 965 unique transcripts, respectively, as signiﬁcantly
enriched at an FDR of 5.5% or less. The overlap between the two
sets revealed 544 transcripts (Fig. 1B; complete list in Dataset S1).
Although discarding nonoverlapping genes is likely to remove
some bona ﬁde GLD-2–associated transcripts, we elected to focus
on the 544 overlapping transcripts to minimize false positives.
Importantly, the 50 most abundant gonadal mRNAs identiﬁed by
SAGE analysis (http://elegans.bcgsc.bc.ca/) were absent from the
544 GLD-2–associated mRNAs.
We next used quantitative RT-PCR (qRT-PCR) to validate the
enrichment of GLD-2 IP mRNAs with a range of SAM score
rankings. Both the positive control gld-1 and six test mRNAs were
highly enriched in the WT-IP compared with either gld-2-IP or
total WT RNA, but negative controls gpd-1 and rps-25 were not
(Fig. S3 A and B). We conclude that the 544 transcripts are likely
GLD-2 target mRNAs in wild-type adults.
Identiﬁcation of RNP-8–Associated Transcripts. To identify RNP-8–
associated mRNAs, we performed essentially the same procedure
described above for GLD-2 except that we used an anti–RNP-8
antibody and prepared worm lysates from wild-type and rnp-8
(q784) adults (Fig. S1A, Right, and C). rnp-8(q784) harbors a small
C-terminal deletion, removing the epitope recognized by anti–
RNP-8 antibody; rnp-8(q784) mutants exhibit no apparent defect
(11). SAM analyses of the WT-IP vs. rnp-8(q784)-IP and WT-IP
vs. total WT RNA comparisons deemed 1,457 and 1,251 unique
transcripts, respectively, as signiﬁcantly enriched at an FDR of
5.5% or less. The overlap identiﬁed 878 RNP-8–associated transcripts (Fig. 1B; complete list in Dataset S2).
To validate the enrichment of RNP-8 IP mRNAs, we performed
qRT-PCR. All seven test mRNAs were enriched in the WT-IP
compared with either rnp-8-IP or total WT RNA, but negative
controls were not enriched (Fig. S3 C and D). We conclude that
these 878 transcripts are likely RNP-8 target mRNAs in wildtype adults.
Overlap of GLD-2– and RNP-8–Associated Transcripts. To identify
mRNAs associated with both GLD-2 and RNP-8, we compared
the 544 GLD-2–associated and 878 RNP-8–associated transcripts
and found 335 transcripts in common (Fig. 1B; complete list in
Dataset S3). We calculated a representation factor (RF) of 14
(P < E−333) for this overlap (RF is a measure of the observed
number of overlapping mRNAs compared with the expected
number based on random chance). Although the overlap between
GLD-2– and RNP-8–associated mRNAs was signiﬁcant, it was
not complete. One possible reason is that GLD-2 controls polyadenylation in other complexes (e.g., GLD-2/GLD-3). Another
possible reason is that differences between the two IP experiments
(e.g., antibodies and controls) may impact the range of RNAs
identiﬁed for the two individual proteins. Regardless, the significant overlap between GLD-2– and RNP-8–associated mRNAs
strongly supports the idea that GLD-2 and RNP-8 regulate many
of the same transcripts. For further analyses, we focused on these
335 putative targets, which, for simplicity, we refer to as GLD-2/
RNP-8 target mRNAs.
GLD-2/RNP-8 Increases Poly(A) Tail Length and Abundance of Its
Target mRNAs. We next asked whether GLD-2 and RNP-8 affect

the polyadenylation and abundance of GLD-2/RNP-8 target
mRNAs. To this end, we compared lengths of poly(A) tails on
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dicted GLD-2/RNP-8 targets, we used DAVID tools (http://david.
abcc.ncifcrf.gov) (26, 27) to look for enriched categories of biological processes and molecular functions, as deﬁned in the Gene
Ontology (GO) database (Fig. 2A; complete list in Dataset S4).
For biological processes, the most enriched GO terms were related
to cell cycle, germline development, and embryogenesis. These
functions correspond well to the biological roles of GLD-2 and
RNP-8 (10, 11, 18) (Discussion). For molecular functions, the most
enriched GO terms were protein and nucleic acid binding, suggesting a role for GLD-2/RNP-8 targets in gene regulation or
formation of macromolecular complexes.
The 335 GLD-2/RNP-8 target mRNAs were perused for genes
of interest. The list includes the previously known GLD-2 target
mRNA, gld-1 (20), and a key female-promoting mRNA, tra-2
(28), which ﬁts the role of GLD-2/RNP-8 in oocyte fate speciﬁcation. However, the target responsible for the role of GLD-2/
RNP-8 in germline sex determination could not be deduced unambiguously because two male-promoting mRNAs were also on
the list. One, fem-3, is a maternal mRNA that is critical for sex
determination in the embryo (29, 30), and the other, fog-1, is likely
an inactive splice variant that predominates in oocytes (31). In
addition, the list contained gld-2 and rnp-8 mRNAs, suggesting
positive autoregulation.
We scanned published databases (32–34) to examine the expression of GLD-2/RNP-8 target mRNAs (Fig. 2B and Dataset S3
for complete list). Most (85%; 286/335) were germline mRNAs, as
might be expected. Moreover, oogenesis-enriched transcripts were
more highly represented than those expressed during both oogenesis and spermatogenesis, and no spermatogenesis-enriched
transcript occurred on the list. This strong oocyte bias suggests that
GLD-2/RNP-8 controls a battery of mRNAs involved in oogenesis.
We next used the database of Baugh et al. (34) to ask whether
the GLD-2/RNP-8 targets were maternal mRNAs (expressed in
both oocytes and early embryos). Indeed, many (78%; 262/335)
were maternal transcripts, and one subclass, the strictly maternal
degradation (SMD) transcript, was highly enriched (46%; 120/
262). SMD mRNAs are rapidly degraded in early embryos and
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Fig. 2. Functional annotation and expression proﬁling of GLD-2/RNP-8 targets. (A) Overrepresented GO terms among GLD-2/RNP-8 targets. (B) Expression of
GLD-2/RNP-8 target mRNAs was explored using published databases. Ref, reference number in bibliography. aRF is the number of overlapping genes divided
by the expected number of overlapping genes drawn from the group of GLD-2/RNP-8 target mRNAs and the group corresponding to a given gene set
calculated with web-based software (http://elegans.uky.edu/MA/progs/overlap_stats.html). RF above 1.0 indicates more overlap than expected between two
independent groups, whereas below 1.0 indicates less overlap than expected. (C–E) Oocytes stained with anti–RNP-8 antibody (green) and DAPI (blue).
Arrowheads mark oocyte nuclei. (C) RNP-8 disappears from the last oocyte undergoing maturation (dashed line) in wild-type germlines. Percentages of
germlines with each staining pattern (Bottom Left) (n = 100); images arranged in likely temporal order, but each is a different germline. (D) RNP-8 fails to
disappear in the oma-1; oma-2 double mutant. (E) RNP-8 protein disappears precociously in wee-1.3(RNAi) germlines.
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Functional Annotation and Expression Proﬁling of GLD-2/RNP-8
Targets. To investigate functional themes among the 335 pre-

endogenous mRNAs extracted from wild-type, rnp-8(tm2435),
and gld-2(RNAi) adult hermaphrodites. The rnp-8(tm2435) mutant is likely to be a null mutant (11); most of these rnp-8(0)
mutants are fertile with germlines similar to wild type (see below).
gld-2(RNAi) animals are sterile, as described above.
For all four GLD-2/RNP-8 target mRNAs analyzed, the poly(A)
tail lengths were signiﬁcantly shorter in rnp-8(0) and gld-2(RNAi)
backgrounds than in wild type (Fig. 1C, Left, for oma-2 and Fig.
S4A for egg-1, pup-2, and tra-2), suggesting that GLD-2/RNP-8
polyadenylates its target mRNAs. We note that the poly(A) tail
lengths were less affected in rnp-8 mutants than in gld-2(RNAi)
animals. One plausible explanation is that GLD-2/RNP-8 target
mRNAs are also polyadenylated by other factors (e.g., GLD-2/
GLD-3; see below). As a control, we analyzed ubl-1 (ubiquitinlike) mRNA, which was not enriched in either GLD-2 or RNP-8
IP, and found no dramatic change in its poly(A) length (Fig. 1C,
Right). We conclude that the poly(A) tails of GLD-2/RNP-8 target
mRNAs are shorter upon depletion of GLD-2 or RNP-8 and that
mRNAs identiﬁed by RIP-chip analysis are likely substrates for
GLD-2/RNP-8 PAP.
RNAs with shortened poly(A) tails are often unstable (7). To
ask whether GLD-2 or RNP-8 affects the abundance of GLD-2/
RNP-8 target mRNAs, we ﬁrst used qRT-PCR to compare the
abundance of individual mRNAs in wild-type, rnp-8(0), and gld-2
(0) adult hermaphrodites. The oma-2, egg-1, pup-2, and tra-2
mRNAs were less abundant in both rnp-8 and gld-2 mutants
compared with wild type, whereas abundance of the ubl-1 control
mRNA was unchanged (Fig. 1D for oma-2 and ubl-1 and Fig. S4B
for egg-1, pup-2, and tra-2). To examine more mRNAs, microarrays were used to measure mRNA abundance in wild-type vs.
gld-2(RNAi) animals, and data were plotted as a frequency histogram of log2-fold change. The fold change was negative for most
GLD-2/RNP-8 targets after GLD-2 depletion but was more
evenly distributed for total mRNAs under the same conditions
(Fig. 1E). Together, these data suggest that the GLD-2/RNP-8
PAP elongates poly(A) tails of its associated mRNAs and increases their abundance.

remain low in abundance during later embryogenesis (34); they are
thought to be critical for the oocyte-to-embryo transition. We
therefore considered the possibility that GLD-2/RNP-8 may play
some special role in the control of these SMD mRNAs.
The GLD-2 pattern of expression is not suggestive of any particular role in the oocyte-to-embryo transition: GLD-2 is present in
all oocytes and early embryos (10). By contrast, RNP-8 protein was
abundant in most oocytes but disappeared from the last oocyte,
which had been triggered to mature just before fertilization (Fig.
2C). This RNP-8 disappearance correlated with effects on oocyte
maturation: RNP-8 failed to disappear in oma-1; oma-2 germlines,
which are defective in oocyte maturation (35), but RNP-8 disappeared precociously in wee-1.3 germlines, which mature precociously (36) (Fig. 2 D and E). The RNP-8 loss from oocytes that
have been triggered to mature is intriguing in light of the many
SMD mRNAs among GLD-2/RNP-8 targets. However, attempts
to drive expression of transgenic RNP-8 in the ﬁnal oocyte were
not successful. We conclude that most GLD-2/RNP-8 targets are
maternal mRNAs and that many are degraded in early embryos.
We attempted to identify the RNP-8–binding element with
three distinct methods (in silico analysis of target 3′UTRs using
MEME and cisFINDER motif search programs followed by in
vitro RNA-binding assays, a yeast three-hybrid screen using random 12-mers as bait, and SELEX against random 30-mers). None
of the methods identiﬁed an RNP-8–binding element. Possible
explanations are that RNP-8 binds RNA with a loose consensus,
that it binds an RNA structure not represented in our screens, or
that its binding requires cofactors.
rnp-8 Promotes Oocyte Development. Many GLD-2/RNP-8 target
mRNAs are expressed during oogenesis, and GLD-2 is required for
normal oogenesis (18). By contrast, most rnp-8 null mutants are
self-fertile and appear normal (11). To ask whether RNP-8 might
affect oogenesis, we counted the self-progeny of wild-type and
fertile rnp-8(0) hermaphrodites as a gross measure of sperm
number and oocyte success. The wild-type brood size was ∼300,
whereas rnp-8 brood size was smaller (Fig. 3A). We next examined
gamete morphology and number. The rnp-8 sperm appeared normal and produced self- or cross-progeny. However, sperm number
was higher than normal in rnp-8 hermaphrodites (Fig. 3A), and
mature oocytes formed ∼4 h later than normal. Therefore, the
hermaphrodite switch from spermatogenesis to oogenesis is compromised in rnp-8 mutants. One explanation of the low rnp-8 brood
size might have been a defect in sperm function, but rnp-8 null
mutant hermaphrodites mated with wild-type males still had a small
brood size (average = 224, n = 7), suggesting an oocyte defect.
Normally, oogenic germ cells either differentiate or undergo
physiological cell death as they move proximally in the ovary (37).
We found two oogenesis defects in adult rnp-8 germlines: there
were fewer oocytes in rnp-8 mutants than in wild type and more
germ cell corpses (Fig. 3 A–C). Therefore, RNP-8 affects several
aspects of oogenesis: oocyte fate speciﬁcation (11), the hermaphrodite sperm/oocyte switch, formation of the normal number of
oocytes, and germ cell deaths.
rnp-8 and gld-3 Work Synergistically to Promote Oocyte Development.

RNP-8 and GLD-3 antagonize each other in their control of
germline sex (11, 19), but both also promote oocyte development
(19). To explore their relationship, we assayed the effect of RNP8 and GLD-3 on polyadenylation of gld-1 mRNA, the one target
they have in common, and also examined rnp-8; gld-3 double null
mutants. We assayed gld-1 polyadenylation in adults because both
RNP-8 and GLD-3 are present then; removal of either RNP-8 or
GLD-3 had little effect on gld-1 polyadenylation, but removal of
both resulted in a signiﬁcant reduction in the length of the poly
(A) tail (Fig. 4A). In addition, we saw synergistic effects on oogenesis. Appearance of the ﬁrst oocyte and the RME-2 oocyte
marker was later in the rnp-8; gld-3 double mutant than in either
17448 | www.pnas.org/cgi/doi/10.1073/pnas.1012611107
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number of sperm per animal. bThe number of diakinesis nuclei from DAPIstained adult germlines. cThe number of germ cell corpses in adult germlines,
using the vital dye SYTO 12. dNine percent of rnp-8(0) animals were sterile due
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e
Masculinized germlines were excluded to count germ cell corpses. (B and C)
Adult hermaphrodite germlines (2 d past L4). Wild-type (Upper) and rnp-8(0)
mutants (Lower). (B) DAPI-stained germlines. Arrowheads mark oocyte nuclei
in diakinesis throughout the proximal arm of the gonad. (C) Merged differential interference contrast (DIC) micrographs of SYTO 12-stained germlines.
Arrowheads mark apoptotic cells.

the rnp-8 or gld-3 single mutant. Finally, each single mutant
produced viable progeny when wild-type sperm was provided (11,
19), but the double mutant produced only dead embryos (Fig.
4B). We conclude that rnp-8 and gld-3 work synergistically to
promote oocyte development.
Discussion
GLD-2/RNP-8 Is a Broad-Spectrum Regulator of Oogenesis mRNAs.

The catalytic subunit of cytoplasmic PAP, GLD-2, inﬂuences
multiple aspects of C. elegans germline development and early
embryogenesis. Here, we focus on the GLD-2/RNP-8 enzyme and
identify a set of 335 putative target mRNAs, which include the
only previously known GLD-2 target in C. elegans, gld-1 mRNA
(20). Poly(A) tail lengths of four putative target mRNAs were
shortened after depletion of either GLD-2 or RNP-8, whereas
a control mRNA was not dramatically affected. Moreover, the
abundance of putative targets was lowered after depletion of either GLD-2 or RNP-8. Therefore, these 335 mRNAs are likely
targets of the GLD-2/RNP-8 complex.
The GLD-2/RNP-8 enzyme was already known for its role in
oocyte fate speciﬁcation (11), and now we ﬁnd that GLD-2/RNP-8
also inﬂuences oocyte development. Consistent with a role in oogenesis, maternal mRNAs stand out as the major GLD-2/RNP-8
targets (78%). GLD-2 and its homologs were already known to
regulate individual maternal mRNAs in frogs (cyclin B, gld-2), ﬂies
(cortex, bicoid, Toll, torso), and worms (gld-1) (14–17, 20, 21). This
study takes this theme to a genomic level and provides evidence
that the GLD-2/RNP-8 enzyme regulates a battery of maternal mRNAs.
How does GLD-2/RNP-8 affect those mRNAs? As mentioned
above, GLD-2/RNP-8 is likely to polyadenylate and stabilize its
target mRNAs. That activity is consistent with effects of cytoplasmic polyadenylation previously seen in frogs, ﬂies, and worms
(10, 11, 14–17, 20, 21). We do not yet know if GLD-2/RNP-8
target mRNAs are activated to produce protein or are maintained
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Fig. 4. RNP-8 and GLD-3 work synergistically to promote oocyte development. (A) Poly(A) tail lengths of gld-1 mRNA in wild-type, rnp-8(0), gld3(RNAi), rnp-8(0); gld-3(RNAi), and gld-2(RNAi) adults, measured by gel
analysis of PCR products (Upper) and by sequencing cloned PCR isolates
(mean ± SEM) (Lower). (B) Removal of RNP-8 enhances gld-3 oogenesis
defects. (C) Model for combinatorial control of germ cell fate speciﬁcation
and development by GLD-2/GLD-3 and GLD-2/RNP-8.

in a silenced state for later translational activation. Nonetheless,
we suggest that GLD-2 polyadenylates and stabilizes a battery of
maternal mRNAs during oogenesis.
GLD-2/RNP-8 Inﬂuences Normal Oogenesis. In addition to its previously known role in oocyte fate speciﬁcation (11), we now ﬁnd
that RNP-8 also affects oogenesis. Speciﬁcally, RNP-8 is required for formation of the normal number of oocytes and for
control of the number of germ cell corpses. The mechanism by
which GLD-2/RNP-8 exerts its effect on oogenesis remains an
issue for future work. However, we suggest two ideas based on
the current study. One is that GLD-2/RNP-8 may affect germ
cell death via its control of the ced-5 and ced-6 mRNAs, which
are both on the target list; both ced-5 and ced-6 promote engulfment of apoptotic cells (38), and an engulfment defect could
explain the increased number of cell corpses in rnp-8 mutants.
Another possibility is that GLD-2/RNP-8 has its effects via
control of a different target, the cpb-3 mRNA, which encodes
a C. elegans homolog of CPEB (39). The cpb-3 and rnp-8 null
phenotypes are similar—both mutants have reduced brood sizes,
more germ cell corpses, and fewer oocytes (40).
GLD-2/RNP-8 is one of several cytoplasmic PAPs that promote
oogenesis. Another GLD-2 partner, GLD-3, also promotes oogenesis (19), and we now ﬁnd that the two GLD-2 partners, RNP-8
and GLD-3, act synergistically. In addition, the catalytic subunit of
a different cytoplasmic PAP, GLD-4, also promotes oogenesis (24).
A simple model is that oocyte formation demands the combined
action of multiple PAPs all working together to ensure a rapid and
massive accumulation of maternal mRNAs in developing oocytes.
The common role of RNP-8 and GLD-3 in oocyte formation is
intriguing in light of the antagonism between RNP-8 and GLD-3
during germline sex determination (Fig. 4C) (11). One likely explanation of their antagonistic functions relies on differences in
complex formation during development. In larvae, as sperm are
being speciﬁed, GLD-2 forms a complex with GLD-3 but not with
Kim et al.

of target mRNAs has provided a revealing glimpse into how cytoplasmic polyadenylation affects the oogenesis program—from
oocyte speciﬁcation through oocyte formation. Two additional
ﬁndings suggest possible mechanisms for the regulation of GLD-2/
RNP-8 activity. First, the gld-2 and rnp-8 mRNAs themselves were
found among GLD-2/RNP-8 targets. Therefore, both gld-2 and
rnp-8 are likely subject to positive autoregulation. In addition, gld-3
mRNA was found among GLD-2/RNP-8 targets, which might
further amplify the signal for GLD-2-mediated polyadenylation.
We suggest that positive auto- and cross-regulation of GLD-2
enzymes helps to meet the demand for rapid accumulation of
maternal mRNAs and to ensure the normally rapid rate of oocyte
formation. Previously, Xenopus GLD-2 was also found to activate
its own mRNA (21). Therefore, GLD-2 autoregulation may be
a conserved feature of oogenesis.
The RNP-8 protein disappears during oocyte maturation and
that disappearance likely eliminates GLD-2/RNP-8 activity. The
molecular mechanism of RNP-8 loss is not known, but its correlation with oocyte maturation implicates regulators of maturation
(e.g., OMA-1 and OMA-2 zinc ﬁnger proteins) (35) as potential
regulators of RNP-8 protein stability. GLD-2/RNP-8 targets include
several maternal mRNAs critical for the oocyte-to-embryo transition (e.g., oma-2, egg-4/5, mbk-2) (41). Furthermore, GLD-2/RNP-8
targets are enriched in the SMD subclass of maternal mRNAs,
which are rapidly degraded in early embryos (34). An appealing
hypothesis is that GLD-2/RNP-8 polyadenylation of SMD mRNAs
stabilizes them during oogenesis and therefore contributes to their
activation but that RNP-8 loss during oocyte maturation breaks the
positive feedback loop driving the oocyte-to-embryo transition. The
predicted consequence of RNP-8 loss is a decrease in the poly(A)
tail length, which may contribute to degradation of SMD maternal
mRNAs in early embryos. A similar phenomenon may occur in both
Drosophila and Xenopus. Drosophila GLD-2 (Wispy) is required for
destabilization of maternal mRNAs during egg activation (42), and
the Xenopus GLD-2 binding partner CPEB must be degraded
during oocyte maturation for proper entry into meiosis II (43).
Regardless of speciﬁc mechanisms operating in each organism, we
emphasize that GLD-2/RNP-8 appears to share a number of common features with other GLD-2 enzymes (e.g., regulation of oogenesis, positive autoregulation, a role in the oocyte-to-embryo
transition). Therefore, our analysis of GLD-2/RNP-8 may be representative of cytoplasmic PAPs more broadly.
Materials and Methods
Immunoprecipitations and Microarrays. Immunoprecipitations were performed
as described (11). Microarrays were performed by the University of Wisconsin
Gene Expression Center as described (44). Each RNA sample was linearly ampliﬁed, labeled, and used to probe C. elegans Affymetrix GeneChips; array data
were extracted, normalized, and analyzed by standard procedures (SI Materials and Methods).
PCR-Based Poly(A) Tail Length Assay. This technique was performed as described (45) with minor modiﬁcations (SI Materials and Methods).
qRT-PCR. qRT-PCR was carried out by standard procedures (SI Materials
and Methods).
SYTO 12 Staining. This technique was performed as described (46).
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