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mRNA regulation is crucial for many aspects of metazoan devel-
opment and physiology, including regulation of stem cells and
synaptic plasticity. In the nematode germ line, RNA regulators
control stem cell maintenance, the sperm/oocyte decision, and
progression through meiosis. Of particular importance to this work
are three GLD (germ-line development) regulatory proteins, each
of which promotes entry into the meiotic cell cycle: GLD-1 is a
STAR/Quaking translational repressor, GLD-2 is a cytoplasmic
poly(A) polymerase, and GLD-3 is a homolog of Bicaudal-C. Here we
report that the g/d-7 mRNA is a direct target of the GLD-2 poly(A)
polymerase: polyadenylation of g/d-7 mRNA depends on GLD-2,
the abundance of GLD-1 protein is dependent on GLD-2, and the
gld-1 mRNA coimmunoprecipitates with both GLD-2 and GLD-3
proteins. We suggest that the GLD-2 poly(A) polymerase enhances
entry into the meiotic cell cycle at least in part by activating GLD-1
expression. The importance of this conclusion is twofold. First, the
activation of g/ld-7 mRNA by GLD-2 identifies a positive regulatory
step that reinforces the decision to enter the meiotic cell cycle.
Second, g/d-1 mRNA is initially repressed by FBF (for fem-3 binding
factor) to maintain stem cells but then becomes activated by the
GLD-2 poly(A) polymerase once stem cells begin to make the
transition into the meiotic cell cycle. Therefore, a molecular switch
regulates gld-7 mRNA activity to accomplish the transition from
mitosis to meiosis.

cytoplasmic poly(A) polymerase | RNA regulation | mitosis/meiosis decision

xpression of mRNA is tightly regulated during metazoan

development (1). One common mechanism of mRNA con-
trol relies on regulated polyadenylation. In the nucleus, poly(A)
tails are added by a poly(A) polymerase (PAP) that acts on
virtually all RNA polymerase II transcripts (2). However, in the
cytoplasm, poly(A) tails are maintained or lengthened by a
cytoplasmic PAP (cPAP) that acts specifically on a subset of
mRNAs (3). These cPAPs, known as GLD-2 in metazoans (4),
were discovered in Caenorhabditis elegans and Schizosaccharo-
myces pombe (4-6). A common biological function of GLD-2 has
been inferred from null mutants in C. elegans (7) and molecular
experiments in Xenopus (8, 9). In both cases, GLD-2 controls
germ-line progression through meiosis. Furthermore, in C.
elegans, GLD-2 controls the decision between mitosis and mei-
osis (7). In this work, we identify a direct target of GLD-2 in C.
elegans.

The mitosis/meiosis decision in C. elegans is controlled by
Notch signaling and four broadly conserved RNA regulatory
proteins (Fig. 1). Notch signaling and FBF (for fem-3 binding
factor) are both required for maintenance of germ-line stem cells
(10). FBF is an RNA-binding protein of the PUF (for Pumilio
and FBF) family (11). Notch signaling activates transcription of
the fbf-2 gene (12), and FBF represses gld-1 and gld-3 mRNAs
(Fig. 1). Three gld genes (for germ-line development) promote
entry into the meiotic cell cycle (7, 13). GLD-1 is a STAR
RNA-binding protein and translational repressor (14, 15);
GLD-2 is the catalytic subunit of a cPAP (4); and GLD-3 is a
Bicaudal-C homolog that possesses five KH motifs and is pre-
dicted to bind RNA (4, 16). Like other cPAPs, nematode GLD-2
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Fig. 1. Regulatory circuit controlling the mitosis/meiosis decision. Both
Notch signaling and FBF promote mitotic cell divisions, whereas the GLD
proteins promote entry into the meiotic cell cycle. FBF negatively regulates
both g/d-1 and gld-3 mRNAs. GLD-1 and GLD-2/GLD-3 represent parallel
branches of the regulatory circuit, because each can promote entry into
meiosis in the absence of the other. This work tests the hypothesis that the
gld-1 mRNA may be a direct target of the GLD-2 PAP (see text for details).

does not possess a recognizable RNA-binding domain (4).
Instead, GLD-2 binds GLD-3, which stimulates its enzymatic
activity in vitro (4). The GLD-2 and GLD-3 proteins appear to
function together to promote entry into meiosis.

A key step in understanding how GLD-2 cPAP controls
mRNA:s is the identification of its direct targets. In this work, we
present molecular data to demonstrate that the gld-7 mRNA is
a direct target of GLD-2 cPAP. Consistent with our findings,
genetic data suggest that gld-1 expression is controlled redun-
dantly by GLD-2 and NOS-3 (17), which is a Nanos homolog
(18). Identification of the gld-I transcript as a direct GLD-2
target defines a mechanism for positive reinforcement in the
circuitry controlling the mitosis/meiosis decision and suggests an
attractive model for a regulatory switch from mitosis- to meiosis-
promoting activity.

Results

GLD-2 Regulates gld-1 Poly(A) Tail Length. To identify target
mRNAs of the GLD-2 PAP, we used a candidate gene approach.
The gld-1 mRNA was a plausible candidate, because gld-1 and
gld-2 both promote entry into meiosis (7). We first asked whether
polyadenylation of gld-I mRNA is dependent on GLD-2. Spe-
cifically, we compared the lengths of poly(A) tails on endoge-
nous gld-1 mRNAs in wild-type animals and gld-2 null mutants
by using a “circularization RT-PCR” (cRT-PCR) assay (Fig. 24)
(19). Total RNA was prepared from wild-type and gld-2(0)
mutants and then decapped and ligated to generate circular
RNAs. RT-PCR of these circular RNAs was then performed by
using primers that flank the poly(A) tail: one primer was specific
to sequences near the 3’ end of the mRNA of interest and the
other primer was complementary to the trans-spliced leader
present at the 5’ end of many C. elegans mRNAs (20). Poly(A)
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Fig. 2. Poly(A) tail length of g/ld-7 mRNA is dependent on GLD-2. (A)
Schematic of cRT-PCR (adapted from ref. 19). mRNAs are shown in red, and
DNAs are shown in blue. (B) Gel analysis of poly(A) tail lengths of g/d-7T mRNA
in wild type and gl/d-2(0) mutants. As controls, samples were treated with
RNase H in the presence of oligo(dT)12-13 to remove the poly(A) tail. The PCR
products were resolved on a 5% gel. (Cand D) Gel analyses of lag-7 mRNA (C)
and tbg-17 mRNA (D), respectively.

tail lengths were deduced from the lengths of PCR products and
confirmed by sequencing of multiple cloned isolates. Our anal-
ysis focused on total mRNA prepared from larvae synchronized
at the fourth larval stage (L4) because wild-type and gld-2(0) L4
larvae have morphologically similar germ lines (7). By contrast,
adult gld-2(0) germ lines are severely abnormal (7) and unsuit-
able for comparison.

The gld-1 poly(A) tail was shorter in gld-2(0) mutants than in
wild type (Fig. 2B). In wild type, most gld-1 poly(A) tails were
longer than ~45 adenosine residues (A’s), and they extended to
~100 A’s or longer, but in gld-2 mutants, most gld-1 poly(A) tails

~ gld-1(0)
o
s
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were shorter, averaging ~25-30 A’s. Treatment with oligo(dT)/
RNase H before ligation and amplification showed that the
deadenylated RNAs were of the same length in both wild type
and gld-2(0). In contrast to gld-1 mRNA, the poly(A) tails of two
control mRNAs, lag-1 and tbg-1, were of comparable length in
wild type and gld-2(0) mutants (Fig. 2 C and D). LAG-1 and
TBG-1 are ubiquitously expressed components of the Notch
pathway and centrosomes, respectively (21, 22). Sequencing of
the cloned cRT-PCR products confirmed our findings. We also
compared gld-1 poly(A) tail lengths in wild-type and gld-2(0)
adults and obtained similar results (data not shown). We con-
clude that the gld-1 poly(A) tail is shorter in animals lacking the
GLD-2 PAP and that gld-I mRNA may be a substrate for the
GLD-2 enzyme.

GLD-2 Controls gld-1 Expression. An extended poly(A) tail can
enhance translation and increase mRNA stability (2). To inves-
tigate whether the abundance of GLD-1 protein was affected by
GLD-2 activity, we compared GLD-1 protein levels in wild-type
and gld-2(0) L4 larvae by Western blotting and immunohisto-
chemistry (Fig. 3 4 and B). On immunoblots of whole-worm
lysates, the amount of GLD-1 was 3-fold higher in wild type than
in gld-2 mutants, using tubulin for normalization (Fig. 34). By
immunocytochemistry, more GLD-1 protein was observed in
wild-type than in gld-2(0) germ lines, using a nuclear pore
protein as an internal control (Fig. 3B). The difference in GLD-1
abundance was particularly dramatic in the region containing
early stages of meiotic prophase nuclei. Previous work, which
focused on adults instead of L4 larvae, suggested that GLD-1
levels were unaffected by gld-2(0) (17). However, adult gld-2(0)
germ lines are defective in oogenesis (7), which complicates
any comparison with wild type. We conclude that GLD-2 is
critical for GLD-1 protein accumulation during the L4 stage of
development.

To investigate whether the abundance of gld-I mRNA was
affected by GLD-2 activity, we compared gld-1 transcript levels
in wild-type and gld-2(0) L4 larvae by quantitative RT-PCR (Fig.
3C). The gld-1 mRNA level was 9-fold lower in gld-2 mutants
than in wild type when normalized to tbg-I mRNA. We conclude
that GLD-2 also affects gld-1 mRNA stability.

We next asked whether GLD-3 is critical for GLD-1 accumu-
lation. To this end, we compared GLD-1 protein levels in L4
larvae from either wild type or gld-3(q730) mutants. In this case,
no effect was observed on either Western blots or by immuno-
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Fig. 3.

GLD-2 regulates g/d-1 expression. (A Upper) Western blot of proteins prepared from wild-type, g/d-2(0), and gld-1(0) L4 larvae. (Lower) GLD-1 levels

in three independent experiments after normalizing to level of tubulin. (B Upper) Germ lines dissected from wild-type and g/d-2(0) L4 larvae and stained with
anti-GLD-1 (red) and Mab-414 (green), which highlights nuclear pores. Germ lines were treated identically, and confocal images were taken with the same
settings at the same magnification. The arrowheads indicate distal ends of germ lines. (Lower) Quantitation of protein abundance in wild type and g/d-2(0)
mutants. Solid black line, GLD-1 in wild type; dashed black line, GLD-1 in mutant; solid gray line, Mab-414 in wild type; dashed gray line, Mab-414 in mutant.
X axis, the distance from the distal tip cell (DTC) in increments of 2 or 3 rows of germ cells. This profile is based on quantitation of the Upperimages; similar profiles
have been obtained in multiple independent experiments. (C) Real-time PCR analysis of g/d-7 mRNA when normalized to tbg-7 mRNA.
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