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RNA-binding proteins (RBPs) are important regulators of gene
expression programs, especially during gametogenesis. How the
abundance of particular RBPs is restricted to defined stages of
meiosis remains largely elusive. Here, we report a molecular
pathway that subjects two nonrelated but broadly evolutionarily
conserved translational regulators (CPB-3/CPEB and GLD-1/STAR)
to proteosomal degradation in Caenorhabditis elegans germ cells
at the transition from pachytene to diplotene of meiotic prophase.
Both RBPs are recognized by the same ubiquitin ligase complex,
containing the molecular scaffold Cullin-1 and the tumor suppres-
sor SEL-10/FBXW?7 as its substrate recognition subunit. Destabili-
zation of either RBP through this Skp, Cullin, F-box-containing
complex (SCF) ubiquitin ligase appears to loosen its negative con-
trol over established target mRNAs, and presumably depends on a
prior phosphorylation of CPB-3 and GLD-1 by MAPK (MPK-1),
whose activity increases in mid- to late pachytene to promote
meiotic progression and oocyte differentiation. Thus, we propose
that the orchestrated degradation of RBPs via MAPK-signaling cas-
cades during germ cell development may act to synchronize mei-
otic with sexual differentiation gene expression changes.

germ cell development | RNA-binding proteins | Erk kinase signaling | F-box
proteins | ubiquitin ligase complex

G ametogenesis relies on the execution of two developmental
programs that run in parallel: the stepwise completion of
consecutive meiotic phases to produce haploid nuclei and the
synchronized differentiation of immature germ cells into sexually
dimorphic gametes. This synchronization is particularly apparent
in developing oocytes, in which meiotic progression halts at de-
fined stages to support cell growth and other cell-type specific
changes (1, 2). Periods of meiotic arrest are primarily lifted by
external cues, such as hormonal stimulation or fertilization (3).
Thus, gene expression programs that drive and coordinate meiotic
cell divisions with germ cell differentiation must be connected to
regulatory pathways, ensuring tight developmental synchrony.

Particularly during oogenesis, gene expression programs are
predominantly regulated at the posttranscriptional level due to
strongly reduced transcriptional activities (3, 4). During their de-
velopment, oocytes accumulate a wide range of mRNAs, which
may remain translationally silent for a long time, until a signaling
event triggers their translational de-repression (3, 4). De novo
protein synthesis of specific factors guides oocyte maturation,
progression through both meiotic divisions, and early embryo-
genesis (3, 4). Promoting or preventing translation is regulated by
RNA-binding proteins (RBPs) (5, 6). They form messenger ri-
bonucleoprotein complexes (mRNPs) by binding to mRNA tar-
gets, and thereby control mRNA half-lives or interactions with the
core protein synthesis machinery (5, 6). Thus, the protein com-
position of an mRNP is a major determinant of collective mRNA
activities and protein synthesis amounts.

Remodeling of an mRNP may be achieved by posttranslational
modifications of its protein constituents. For instance, in mam-
malian cells, ubiquitination of the RBP HuR promotes its release
from mRNPs, leading to the turnover of HuR target mRNAs
but not HuR protein (7). In frog oocytes, phosphorylation of
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cytoplasmic polyadenylation element (CPE)-binding protein (CPEB)
affects its interactions with other mRNP components, resulting in
translational activation of CPE-containing target mRNAs (8, 9). In-
terestingly, hyperphosphorylation of CPEB causes its degradation and
subjects its target mRNAs to further translational regulation, medi-
ated by other RBPs (10, 11). While regulation of mRNP composition
by posttranslational modifications creates an intriguing link between
signaling pathways and regulated protein synthesis, the prevalence of
its coupling to selective protein degradation is less clear.

In the cytosol, selective protein degradation is usually per-
formed by the ubiquitin-proteasome system (UPS), which co-
valently modifies target proteins by the attachment of the
polypeptide ubiquitin, converting them into substrates of the
proteasome, a multisubunit protease (12). Ubiquitination is
performed by target-specific ubiquitin ligases, and it is preceded
by phosphorylation of the target protein in many cases (13). A
requirement for protein phosphorylation before its recognition
by ubiquitin ligases allows coupling the turnover of a target
protein to processes that are regulated by kinases and phos-
phatases (14). For this reason, selective degradation plays a
signaling-dependent regulatory role by reducing the abundance
of its protein components (e.g., in cell cycle progression) by re-
moving certain regulators (e.g., cyclins, cyclin-dependent kinase
inhibitors) as a response to cyclin-dependent kinase activities
(14). An important aspect of protein degradation in regulating
developmental processes is that the turnover of a regulatory
protein prevents reiteration of already executed stages. Repetition

Significance

RNA-binding proteins (RBPs) are key regulators of gene expres-
sion. Notably, germ cells deploy many distinct RBPs to guide their
differentiation into haploid gametes. While the RNA-regulatory
functions of RBPs are emerging, mechanisms controlling their
activities and abundance are poorly understood. Due to its highly
refined spatial organization, the gonad of Caenorhabditis ele-
gans is an excellent model system to study temporal controls of
RBP abundance. We used it to uncover a kinase-mediated
protein-turnover axis that is built of evolutionarily conserved
components, arranged in a unique manner, to couple RBP-target
mRNA de-repression with RBP elimination at pachytene exit, a
critical stage in early meiosis. This work reveals how meiotic cell
cycle progression is coupled to tissue-specific differentiation
events via signaling-induced RBP turnover.

Author contributions: E.K., R.M., and C.R.E. designed research; E.K. and R.M. performed
research; E.K. and R.M. contributed new reagents/analytic tools; E.K., R.M., and C.R.E.
analyzed data; and E.K. and C.R.E. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission. D.G. is a guest editor invited by the Editorial
Board.

Published under the PNAS license.

"To whom correspondence should be addressed. Email: christian.eckmann@genetik.uni-
halle.de.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1715439115/-/DCSupplemental.

Published online March 1, 2018.

www.pnas.org/cgi/doi/10.1073/pnas.1715439115


http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1715439115&domain=pdf
http://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:christian.eckmann@genetik.uni-halle.de
mailto:christian.eckmann@genetik.uni-halle.de
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1715439115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1715439115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1715439115

L T

/

1\

=y

of a stage would require another round of the synthesis of the
regulator, thereby achieving linearity of the entire process. Whereas
destabilization of certain cell cycle regulators has been intensively
investigated, our knowledge about UPS-mediated mRNP regula-
tion in developmental processes is poorly understood.

In this work, we set out to elucidate the molecular mechanism of
how germ cells synchronize early meiotic progression with sexual
differentiation through ubiquitin-mediated degradation of RBPs.
By focusing on Caenorhabditis elegans oogenesis, we investigated
two distinct but widely conserved RBP families. We chose one
representative of each (GLD-1/STAR and CPB-3/CPEB), as both
protein expression patterns are restricted to early meiotic prophase
(15, 16). Both RBPs encode RNA sequence-specific translational
regulators that promote oogenesis (15, 17, 18). The mRNA target
repertoire of the tumor suppressor GLD-1 has been especially well
characterized, revealing its role as a translational repressor of
mRNAs that encode factors important for oocyte meiotic pro-
gression, differentiation, and maturation, such as OMA-1 and
OMA-2 (18-20). Although GLD-1 and CPB-3 share no obvious
amino acid sequence similarities, we identified a shared mecha-
nism that drives the rapid decline of GLD-1 and CPB-3 protein
levels at the transition from pachytene to diplotene in meiotic
prophase, before overt sexual differentiation.

We found that a polyubiquitin ligase regulates the abundance of
both RBPs during gametogenesis in a stage-specific manner, similar
to the degradation of cell cycle regulators. Timing of degradation is
regulated by the activity of a MAPK, which integrates progression
through meiosis and oocyte differentiation with signaling from
neighboring somatic cells. Together, our work suggests that a de-
velopmental series of stereotyped posttranslational modifications
operates in germ cells on distinct RBPs to synchronize gamete
progression through meiosis and development according to sexual
identity with posttranscriptional gene expression programs.

Results

The Proteasome Reduces GLD-1 and CPB-3 Levels Past Pachytene. To
determine the factors that shape the expression pattern of GLD-
1 and CPB-3, we investigated the abundance of these proteins
during oogenesis by focusing on the prophase of meiosis I. The
C. elegans gonad is a convenient system for studying germ cell
development: All germ cells are linearly arranged in a spatio-
temporal gradient of maturation, extending from the distal end
to the proximal end of the gonad (21). The developmental stage
of a cell is approximated by its position relative to its neighbors
within the gonad, and is determined more precisely by the nu-
clear appearance of its chromatin organization, visualized with
DNA stains (Fig. 14). Due to this reproducible organization with
high temporal resolution, immunofluorescent microscopy images
of extruded gonads stained for endogenous GLD-1 and CPB-
3 protein levels reveal a similar expression profile throughout
oogenesis (Fig. 1 B and D).

To test whether the UPS is important for regulating the
abundance of GLD-1 and CPB-3 during the meiotic prophase of
oogenesis, we reduced the activity of the proteasome by RNAi-
mediated depletion of pbs-6, which encodes one of the catalytic
subunits residing in the proteasome core (22). After 36 h of
exposure to RNAi, we immunostained extruded gonads and
compared them with controls. Superficially, GLD-1 accumulated
to similar levels in leptotene, zygotene, and pachytene cells of
pbs-6-depleted and control animals (Fig. 1 B and C). However,
compared with controls, GLD-1 levels did not immediately de-
crease at the pachytene-to-diplotene transition and started to
tamper off in diplotene cells until GLD-1 signals were lost in
diakinetic oocytes of pbs-6 RNAi-treated animals (Fig. 1 B and
(). To exclude the possibility that the observed change in GLD-
1 expression pattern is a fixation or permeabilization artifact, we
performed pbs-6 RNAI in a transgenic strain that expresses
GLD-1::GFP and analyzed protein distribution in anesthetized
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animals. The GLD-1::GFP expression pattern recapitulates that
of the endogenous protein in control conditions (Fig. S14), and
GLD-1::GFP levels extend further into diplotene cells upon
partial pbs-6 reduction (Fig. S1 B and D). These observations
suggest that proteasome activity contributes to the rapid de-
crease of GLD-1 at the pachytene-to-diplotene transition, but
not to its complete clearance in diakinetic oocytes.

We observed a similar impact of pbs-6 RNAIi on the expression
pattern of CPB-3. While no obvious change was visible before
pachytene exit, cells at the pachytene-to-diplotene transition and
in diplotene contained higher levels of CPB-3 upon proteasome
inhibition relative to its control counterparts (Fig. 1 D and E). To
quantify observed changes, we measured the intensity of anti—
CPB-3 signal 100 pm distally and proximally from the pachytene-
to-diplotene border, which was determined by DAPI-stained
chromatin morphology across the entire depth of the gonad
(Fig. 1F). The pbs-6 RNAI led to an extension of CPB-3 signals
beyond pachytene exit, and the reduction of CPB-3 levels was
delayed compared with controls (Fig. 1F), suggesting that pro-
teasome activity restricts CPB-3 expression pattern in post-
pachytene female germ cells.

Our observations suggest that the UPS reduces both RBPs at the
pachytene-to-diplotene transition, potentially via a common path-
way. However, other combined roles of the proteasome in regulating
both GLD-1 and CPB-3 are possible, although our limited RNAi
knockdown regime may preclude us from discovering such roles.
Consistent with this limitation, we did not detect overt changes in the
total levels of either germ-cell-specific RBP by analyzing worm
extracts of partially pbs-6—depleted and control animals by West-
ern blotting (Fig. S1E). Moreover, as GLD-1 and CPB-3 levels are
eventually decreased in fully differentiated oocytes (Fig. 1 C and E
and Fig. S1B), other proteasome, or even nonproteasomal, mech-
anisms may exist in maturing oocytes to clear out these RBPs.

Sel-10 Removes both RBPs in Postpachytene Oocytes. To identify a
ubiquitin ligase that destabilizes GLD-1 and CPB-3, we performed
a Y2H screen. In contrast to GLD-1, full-length CPB-3 fusions
were expressed well and gave reproducible results. Thus, we used
CPB-3 as bait in search for interacting proteins and identified
396 positive clones: 54 contained fragments of sel-10 ORF. The
sel-10 encodes an F-box and WDA40 repeat (FBXW) protein ho-
mologous to the human tumor suppressor FBXW7. FBXW pro-
teins have been described in various systems, including C. elegans,
to serve as substrate recognition components of the SCF class of
E3 ubiquitin ligases (23, 24). Hence, SEL-10 was a promising
candidate for a determinant of CPB-3 stability.

Whereas F-box domains bind to Skpl-related adapter proteins
of SCF complexes, WD40 domains recognize SCF target proteins
(24). Consistent with this general notion, SEL-10 lacking the
F-box domain (SEL-10AF) did not interact with the Skp1-related
adapter protein of SCF complexes, SKR-1 (25) (Fig. 24). How-
ever, SEL-10AF was able to interact with CPB-3 (Fig. 24), which
is also consistent with the recovered clones in the Y2H screen as
all contained the WD40 domain in full. Moreover, SEL-10AF::DB
and GLD-1::AD coexpressing clones reproducibly turned blue in
B-galactosidase assays, indicating a likely interaction between the
two-hybrid proteins (Fig. 24). Lastly, upon coexpression of epitope-
tagged SEL-10 fragments with CPB-3 in insect cells followed by
immunoprecipitation analysis, we observed a much stronger en-
richment of the WD40-containing C terminus over the F-box—
containing N terminus (Fig. S2 C and D). Thus, SEL-10 may
directly interact with both RBPs primarily via its WD40 repeats.

To test whether SEL-10 restricts germ cell expression of GLD-
1 and CPB-3, we analyzed immunostained extruded gonads of the
likely null mutant animals sel-10(ok1632) [henceforth referred to as
sel-10(0) (25)]. Similar to the effect observed upon pbs-6 RNAi, a
lack of sel-10 activity resulted in elevated levels of GLD-1 at pachy-
tene exit compared with controls (Fig. 2 B and C). Furthermore,
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Fig. 1. Proteasome activity shapes GLD-1 and CPB-3 expression patterns in
the germ line. (A-E) Germ cell organization of extruded hermaphroditic go-
nads. An asterisk indicates the distal end, a white thick line indicates the
pachytene region, a gray dashed outline indicates the proximal part of the
gonad, and an orange arrowhead indicates the pachytene-to-diplotene bor-
der. (Scale bars: 50 pm.) (A) DAPI staining reveals meiotic stages. The most
distal end of the gonad is referred to as the mitotic region (MR), and contains
proliferating germ-line stem cells and cells in premeiotic S-phase. The further
proximally located transition zone (TZ) harbors cells in the first two stages of
meiotic prophase, leptotene and zygotene, revealing a crescent-shaped
chromatin organization. Pachytene nuclei occupy the rest of the distal part
of the gonad, nearly until the bend region. Shortly before the bend region,
cells transit to diplotene, which transition is demonstrated by partial re-
laxation of chromatin and initiation of oocyte growth. Oocytes arrested in
diakinesis reside in the proximal part of the gonad. (B-E) Anti-GLD-1 and
anti-CPB-3 immunostaining shows altered expression patterns upon protea-
some inhibition by pbs-6 RNAI. (F) Measurements of immunofluorescent sig-
nal intensity around the pachytene-to-diplotene border (dashed line). (Top)
Scheme of analyzed region. (Bottom) Typical decrease of CPB-3 levels after
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GLD-1 was clearly detectable in the proximal part of the gonad,
with a stepwise decrease in signal intensity until the last oocyte
(Fig. 2 B and C). Also, CPB-3 levels remained high at the
pachytene-to-diplotene transition and in diplotene cells of sel-10(0)
gonads (Fig. 2 D and E). Although the extension of its expression
pattern was less pronounced compared with GLD-1, a quantifi-
cation of anti-CPB-3 signals around the P-D border indicated
a significant difference between sel-10(0) and wild-type gonads
(Fig. S2 A and B). Moreover, a similar extension of CPB-3 and
GLD-1 levels was observed upon RNAi-mediated knockdown of
the homolog of Cullinl, cul-1, which encodes the central scaffold
protein of SCF ubiquitin ligases (24) (Fig. S2.4 and B). Together,
these observations suggest that during meiosis, sel-10 regulates
GLD-1 and CPB-3 abundance, most likely operating as an SCF
complex component.

SEL-10 Acts Posttranslationally. While GLD-1 expression is turned
on by posttranscriptional control (i.e., translational control) (26,
27), we find that GLD-1 is posttranslationally turned off. To
provide further evidence that sel-10 destabilizes GLD-1 protein
rather than controlling its translation, we analyzed the distribution
of a LAP-tagged GLD-1 fusion protein that is produced from
ubiquitously expressed mRNAs containing either unregulated
beta-tubulin-2 (tbb-2) or translationally repressed glid-1 3'UTR
sequences (Fig. 2 F and G). Consistent with previous results (20,
27), we observed a uniform distribution of GLD-1::LAP(tbb-2 3’
UTR) in the distal part of the gonad: Mitotically dividing and early
meiotic cells until mid- to late pachytene produced similar protein
amounts (Fig. 2 F and G), while GLD-1::LAP(gld-1 3'UTR) levels
stayed low in premeiotic cells. This is consistent with up-regulation
of GLD-1 via translational control. Importantly, in the proximal
part of the gonad, GLD-1::LAP levels were reduced and similarly
low when produced from either 3'UTR-containing mRNA (Fig. 2
F and G). This argues that in postpachytene cells, GLD-1 abun-
dance is regulated at the posttranslational level.

To test whether a reduction of GLD-1::LAP levels is mediated
by SEL-10, we knocked down sel-10 activity by RNAi feeding and
analyzed fluorescent protein levels in anesthetized animals. In
contrast to controls, sel-10 depletion elevated proximal levels of
GLD-1::LAP(gld-1 3'UTR) (Fig. 2 F and G), recapitulating re-
sults obtained for GLD-1::GFP and endogenous GLD-1 (Fig. S1
A-C). Importantly, sel-10 depletion also increased proximal
levels of GLD-1::LAP(tbb-2 3'UTR) to similar levels of GLD-1::
LAP(gld-1 3'UTR) (Fig. 2 F and G), suggesting that sel-10 reg-
ulates GLD-1::LAP by recognizing the amino acid sequence
rather than 3’'UTR sequences regulating mRNA translation.

As we did not observe any effect on the expression of either
RBP in distal parts of sel-10-deprived gonads (Fig. 2F), sel-10
likely acts in later prophase to decrease GLD-1 and CPB-3
abundance before oogenesis completion, arguing that sel-10 ac-
tivity might be restricted to late pachytene/postpachytene stages.
Knowing that sel-70 mRNA is uniformly present in the adult
gonad (Nematode Expression Pattern DataBase), we analyzed
the chromatin-localized translational reporter GFP::histone
2B(sel-10 3'UTR) and found that its nuclear fluorescence was
weak in premeiotic and early prophase cells. However, reporter
expression increased in mid- to late pachytene, and persisted
past pachytene although at lower levels (Fig. S2F). These data
suggest that SEL-10 is generally expressed in proliferative and
meiotic cells but accumulates in midpachytene, just before its

pachytene exit is delayed upon proteasome inhibition. Error bars show
SEM (n = 10 gonads of each genotype), and the pink-shaded region indicates
signal intensity differences of statistical significance (t test: P < 0.05). max.,
maximum.
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Fig. 2. SEL-10regulates GLD-1 and CPB-3 levels. (A) SEL-10 interacts with CPB-3 and GLD-1 in a Y2H assay. The F-box protein adapter SKR-1 binds to SEL-10 in an
F-box-dependent manner, while CPB-3 and GLD-1 bind to SEL-10 in an F-box-independent manner. (B-E) Immunofluorescent staining shows extended ex-
pression of GLD-1 and CPB-3 during meiosis in se/-10(0) mutants. (Scale bars: 50 um.) (F) Quantification of the intensity of GLD-1::LAP fluorescence. Five gonadal
regions of GLD-1::LAP intensity measurements are indicated. Loss of sel-10 stabilizes GLD-1::LAP levels in the proximal gonad independent of the 3'UTR used to
direct fusion-protein expression. Error bars show SD (n = 10 gonads of each genotype) (t test: *P < 0.05 and ***P < 0.001). ns, not significant. (G) Fluorescence in
the germ lines of anesthetized control RNAI or sel-10-depleted animals expressing GLD-1::LAP under the control of gld-1 or tbb-2 3'UTRs. The indicated region

4 corresponds to the data summarized in F.

presumed role in RBP turnover. Taking all data together, we
propose that SEL-10 functions as a substrate recognition sub-
unit of an SCF*1° complex that mediates ubiquitination and
destabilization of GLD-1 and CPB-3 in postpachytene oocytes.

Phosphorylation Is Likely to Precede Ubiquitination of both RBPs.
Substrate recognition by F-box proteins usually depends on
prior phosphorylation of target proteins (14). Thus, in the ab-
sence of the specific ubiquitin ligase, phosphorylated protein
forms may accumulate. To test whether both RBPs are phosphory-
lated before their degradation, we analyzed worm protein extracts by
immunoblotting (Fig. 3). Whereas CPB-3 migrated as a single band in
wild type, multiple slower migrating bands were observed in sel-10(0)
(Fig. 3 A4 and B). Similar data were obtained for GLD-1 (Fig. 3D and
Fig. S34). To confirm that the additional bands represent phos-
phorylated RBPs, we treated the sel-10(0) extract with APP. Pre-
paring the extract suitable for this assay was difficult as modified
forms of CPB-3 were very unstable, even when high concentra-
tions of several phosphatase inhibitors were used. We overcame
these difficulties by precipitating proteins from crushed worms
with TCA before resuspending the precipitated material in a APP
buffer. Incubation of the extract with the phosphatase removed
slow-migrating forms of CPB-3 (Fig. 34), indicating that these
additional bands represent phosphorylated CPB-3, and suggests
that hyperphosphorylation may precede CPB-3 degradation.

To find out whether CPB-3 phosphorylation is unique to sel-10(0)
mutants or occurs also in wild type, we attempted to detect
modified CPB-3 forms in wild-type extracts using Phos-Tag gel
electrophoresis, which retards phosphorylated proteins (28). At
least three differently migrating CPB-3 forms were distinguishable
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(Fig. S3B), which are sensitive to APP treatment (Fig. S3C). Although
we could not resolve TCA-precipitated wild-type extracts as finely as
sel-10 extracts on Laemmli gels (Fig. 34), APP treatment increased
CPB-3 mobility in the Phos-Tag gel (Fig. S3C), indicating that the
smearing behavior of nontreated samples stems from the presence of
phosphorylated CPB-3. Therefore, CPB-3 is also phosphorylated in
wild type, but hyperphosphorylated CPB-3 is difficult to detect at
steady state. By contrast, GLD-1 hyperphosphorylation is more
readily visible in standard gel electrophoresis (Fig. S34), which may
simply reflect a difference in individual RBP abundance. Impor-
tantly, we observed that slower migrating CPB-3 and GLD-1 forms
accumulate upon RNAi knockdown of cul-1, but not of cul-2 or cul-
3 (Fig. S3D), suggesting that the accumulation of phospho—GLD-
1 and phospho—CPB-3 is specifically linked to the reduced activity
of the SCF**“!° ubiquitin ligase. Moreover, an accumulation of
both phospho-RBP forms is not observed upon reduction of the
B-TrCP homolog of SEL-10, LIN-23/FBXW1 (Fig. S3 E and F),
which is also consistent with its inability to bind CPB-3 in yeast (Fig.
S2E). We conclude that phosphorylated forms of GLD-1 and CPB-
3 accumulate in the absence of SCFSEM!0 activity and that de-
stabilization of both RBPs is likely regulated by phosphorylation.

MPK-1 Affects the Phosphorylation Status and Abundance of both RBPs.
To reveal which kinase regulates the stability of GLD-1 and CPB-3,
we tested several candidates. Whereas relatively little is known
about regulation of STAR protein stability, regulation of CPEB
degradation has been investigated in various organisms (29-31). In
frog oocytes, the degradation is triggered by consecutive phos-
phorylation of CPEBI1 by a cyclin-dependent kinase, Cdkl, and a
polo-like kinase, PIx1 (32). Hence, we performed RNAI against the
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corresponding genes, cdk-1 and plk-1. Despite efficient gene
knockdown, judged by 100% penetrant embryonic lethality and
nuclear aberrations of mitotically dividing cells in the distal gonad,
we did not observe any extension of the CPB-3 expression pattern
in postpachytene cells (Fig. S3G), arguing that neither CDK-1 nor
PLK-1 is required to destabilize CPB-3.

The C. elegans MAPK, MPK-1, is essential for meiotic pro-
gression and regulates multiple other processes during oogenesis
(33, 34). As MPK-1 is active in mid- to late pachytene and dia-
kinetic oocytes (33, 34), we tested whether it influences GLD-
1 and CPB-3 levels. As a complete lack of MPK-1 activity in
mpk-1(0) mutants results in no postpachytene cells (35), we re-
duced mpk-1 activity only partially by mild RNAi knockdown.
Although those gonads displayed weak mpk-1(0)-like pheno-
types, they maintained a typical female gonadal organization
overall and contained postpachytene cells. In these mpk-1(RNAi)
animals, CPB-3 (Fig. S3G) expression was prolonged into late
pachytene and postpachytene cells, suggesting that MPK-1 func-
tions in regulating CPB-3 and, presumably GLD-1, stability.

To strengthen these results, we tested whether a reduction of
mpk-1 activity affects accumulation of both phosphorylated RBPs.
As the phosphorylation status of CPB-3 is best surveyed in sel-10(0)
animals, we performed our Western blot analysis in this mutant
background. Significantly lower amounts of modified CPB-3 were
detected in mpk-I—depleted than control animals (Fig. 3 B and C),
demonstrating that MPK-1 affects the phosphorylation status of
CPB-3. Unexpectedly, we also observed in sel-10(0) animals an
increase in total amounts of CPB-3 upon partial mpk-1 RNAI (Fig.
3 B and C). This additive effect may point at a SEL-10-independent
mechanism to down-regulate CPB-3 or, alternatively, may be in-
direct and a consequence of disorganized germ cells in MPK-1-
depleted gonads. Importantly, similar observations were made for
GLD-1 phosphorylation and abundance (Fig. 3 D and E), arguing
that MPK-1 regulates the phosphorylation status, and thereby
protein stability, of either RBP.

Next, we asked whether MPK-1 phosphorylates GLD-1 and
CPB-3 directly or, instead, exerts its action via downstream ki-
nases. To test whether MPK-1 binds to GLD-1 and CPB-3, we
performed Y2H assays. As a positive control for the interaction,
we used NOS-3, an RBP that is a known MPK-1 target (36).
MPK-1::AD interacted with GLD-1::DB and CPB-3::DB hybrids
as it did with NOS-3::DB (Fig. 3F). Thus, MPK-1 might directly
bind and modify GLD-1 and CPB-3, and serve as a regulator of
their stability in germ cells.

Prolonged Expression and Hyperphosphorylation of GLD-1 May Affect
Its Translational Activity. Extended expression of GLD-1 and CPB-
3 may lead to timing defects of target mRNA translation. Due to
the lack of established target mRNAs of CPB-3, we investigated
this possibility by focusing on GLD-1, and asked whether its
prolonged expression in postpachytene cells may interfere with a
timely translational de-repression of target mRNAs. We chose to
focus on two well-established oocyte maturation proteins and
analyzed the accumulation of OMA-1 and OMA-2 (37), which are
detected here with a pan-antibody and collectively referred to as
OMA. In immunostained wild-type gonads, OMA is not detect-
able in the distal part of the gonads, but it starts accumulating at
the bend region in postpachytene cells and gradually enriches
during diakinesis, resulting in a complimentary expression pattern
to GLD-1 (Fig. 44). In sel-10(0) gonads, GLD-1 levels remained
relatively high at the bend region and the accumulation of OMA
appeared delayed (Fig. 44). Interestingly, our quantification of signal
intensities revealed that OMA began accumulating in sel-10(0) at the
same time as in wild type but that its expression remained lower for
four to five oocyte widths (Fig. 4B). OMA expression then became
similar ~200 pm proximal from the pachytene-to-diplotene border.
We conclude that the prolonged expression of GLD-1 has
a negative, although limited, impact on efficient translation of
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Fig. 3. MPK-1 regulates phosphorylation status and abundance of GLD-1 and
CPB-3. (A) Phosphorylated forms of CPB-3 accumulate in sel-10(0) mutant
worms, as shown by Western blotting. Modified CPB-3 forms are sensitive to
MPP treatment. The last lane contains an aliquot of the same TCA-precipitated
extract that was immediately boiled in sample buffer without additional
treatment. Two biological repetitions of TCA-precipitated extracts were an-
alyzed with similar results. Loading: 50 worms each in the first three lanes.
ppt, precipitated; temp., temperature. The accumulation of phosphorylated
CPB-3 (B and C) and GLD-1 (D and E) in sel-10(0) worms depends on mpk-1
activity. (B and D) Western blotting analysis of worm extracts. Dashed lines
indicate where parts of the blot were removed for clarity. wt, wild type. (C
and E) Quantitation of the signal coming from total and modified protein
forms (t test: *P < 0.05 and **P < 0.01). (F) MPK-1 interacts with CPB-3 and
GLD-1 in a Y2H assay. None of the hybrid proteins used in the study was able
to trigger expression of the reporter gene when coexpressed with a non-
hybrid DNA-binding (LexA only) or AD (Gal4 only) fusion protein.

its mRNA targets. This suggests that further mechanisms, as yet
unknown, may contribute to a postulated translational de-repression
of GLD-1 target mRNAs upon GLD-1 reduction (18).
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One possible mechanism might be that GLD-1 in post-
pachytene oocytes of sel-10(0) worms is hyperphosphorylated
and represses translation inefficiently in this form. To investigate
whether the phosphorylation status of GLD-1 correlates with the
stage of meiosis, we compared the phosphorylation status of
tagged GLD-1 (GLD-1::LAP) in pachytene and postpachytene
cells. To express GLD-1::LAP exclusively in postpachytene cells,
we used the 3'UTR of oma-2 mRNA and detected the fusion
protein only in the proximal part of the gonad, albeit at much
lower levels than GLD-1::LAP(gld-I 3'UTR) in the pachytene
region of wild-type animals (Fig. S44). Importantly, sel-10 RNAi
increased the levels of GLD-1::LAP(oma-2 3'UTR) but, other-
wise, did not influence its expression pattern (Fig. S44), arguing
that SEL-10 is continuously active in postpachytene cells. As is
the case for the endogenous GLD-1 protein (Fig. 3D), numerous
forms of GLD-1::LAP(gld-1 3'UTR) were detected: a fast mi-
grating unmodified form, a predominant form of slower migra-
tion, and multiple additional upshifting forms, which are all
proportionally more pronounced in sel-/0 than in control RNAIi
(Fig. S4B). However, when GLD-1::LAP was expressed from
oma-2 3'UTR, no predominant band was observed and the
upshifting bands appeared equal in intensity, suggesting that a
majority of hyperphosphorylated forms are now present in oo-
cytes. This effect was even more pronounced upon sel-10 RNAI,
in which the slower migrating forms of GLD-1::LAP were as
abundant as in GLD-1:LAP(gld-1 3'UTR)-expressing worms,
but the predominant faster migrating form was missing (Fig.
S4B). We conclude that GLD-1 is more likely to be phosphor-
ylated in the proximal, oogenic part of the gonad than in the
distal, predominantly pachytene part of the gonad, which is also
consistent with the subsequent strong activity of MPK-1 in maturing
oocytes (33, 34). We propose that this phosphorylation may have an
influence on the repressive activity of GLD-1.

Discussion

This work reports the synchronized degradation of two distinct
RBPs during meiotic prophase, which is mediated, in part, by the
SCFSE-10 ybiquitin ligase. Correlated with pachytene exit, we
find that MAPK signaling activity leads to hyperphosphorylation
of both RBPs, flagging both proteins for F-box-mediated target
recognition (Fig. 4C). Although neither translational regulator
was identified in previous bioinformatic screens for SEL-10 and
MPK-1 targets (33, 38), we demonstrate that SEL-10/FBXW7
and MPK-1/MAPK bind to CPB-3/CPEB and GLD-1/STAR in
heterologous systems. Hence, we propose that MAPK and
FBXW?7 form a regulatory pathway in germ cells to coordinate
meiotic progression with posttranscriptional gene expression
programs of gametogenesis.

Translational Control Combined with Posttranslational Regulation
Shapes RBP Expression Dynamics. Translational control plays a
prevalent role in regulating gametogenesis, stressing the need to
understand how the abundance and activity of RNA regulators
are regulated during germ cell development. Not surprisingly,
numerous examples of different RBP families across phyla sug-
gest that RBPs are themselves subject to posttranscriptional
regulation, mediated by cis-elements located in their cognate
mRNAs (39-41). Also, likely auto-regulatory feedback loops
have been proposed for numerous RBPs, such as fly Oskar (42),
frog Dead end1 (43), mammalian DAZAP1 (44), and worm PUF
(45, 46) proteins. Also, the expression patterns of GLD-1 and
CPB-3 are likely shaped by regulated translation, as indicated by
the expression patterns of 3'UTR translational reporters (27).
Moreover, GLD-1 has been found to associate with its own mRNA
(19, 20), and the cpb-3 mRNA contains several potential CPEB-
binding sites. However, the details of these posttranscriptional
mechanisms are still unknown.
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Fig. 4. Prolonged expression of GLD-1 impacts target mRNA translation. (A)
Immunostaining showing extended GLD-1 expression and delayed OMA ac-
cumulation in sel-10(0) germ lines. (Scale bars: 50 pm.) (B) Quantification of
the immunosignal at the indicated distance from the pachytene-to-diplotene
transition (represented by the dashed y axis). Error bars indicate SEM, and the
pink-shaded region indicates OMA signal intensity differences of statistical
significance (t test: P < 0.05; n = 6). max., maximum. (C) Model of MPK-1-
controlled and SCF®-'"-mediated degradation of the two RBPs, CPB-3 and
GLD-1, during C. elegans oogenesis (relevant meiotic stages on the x axis).
MPK-1 has two activity maxima during oogenesis (red-shaded areas).

In postpachytene cells, the expression patterns of 3'UTR
translational reporters are extended in comparison to the en-
dogenous protein patterns (26), suggesting that additional post-
translational mechanisms are at play to restrict the abundance of
CPB-3 and GLD-1 proteins during oogenesis. Here, we find that
CPB-3 and GLD-1 undergo regulated degradation by the UPS.
Thus, at least two independent mechanisms operate in meiotic
germ cells to restrict the levels of these two conserved RBP
families, and to limit their impact on the gene expression pro-
gram during gametogenesis.

MAP Kinase Is a Central Regulatory Factor of Gametogenesis. Re-
duction of both translational regulators is synchronized with
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meiotic progression through the activity of the MAPK signaling
pathway. Across phyla, MAPK is an important regulator of oo-
cyte meiotic resumption, essential for the consecutive comple-
tion of both meiotic divisions: (i) MAPK controls the activity
of upstream kinases and phosphatases that converge on the
maturation-promoting factor (MPF), which is a heterodimer of
CDK-1 and cyclin B (47); (if) it stimulates protein synthesis of
factors that promote meiotic progression, such as cyclin B (48,
49); and (iii) it positively or negatively influences the stability of
other regulatory proteins (50, 51). Importantly, it has recently
been shown that a MAPK cascade triggers the degradation of
CPEBI1 to promote meiotic progression in mice (49). MAPK was
also found to phosphorylate CPEB before meiotic resumption in
clams and frogs; however, those phosphorylations were not
causally linked as instructive to regulate CPEB stability (48, 52).
Together with our findings in C. elegans, MAPK-mediated tar-
geted destruction of CPEBs might be a universal mechanism in
CPEB protein family regulation.

Contrary to CPEBs, a role of MAPK signaling in regulating
the stability of STAR proteins has not been documented so far.
However, MAPK-mediated activity regulation of STAR proteins
is well established (53). Phosphorylation of the splicing factor
and the STAR protein, Sam68, by MAPK/ERK influences al-
ternative splicing of CD44, which is an important regulatory
mechanism during embryogenesis, tumorigenesis, and immune
responses in mammals (54). Also, ERK-mediated phosphory-
lation of Sam68 plays a role in male gametogenesis, causing its
cytoplasmic relocalization to promote the expression of its
mRNA targets (55). Whether MPK-1-mediated phosphorylation
affects GLD-1 in its activity as a translational repressor before
triggering its degradation remains to be shown. However, our
work opens up the possibility that MAPK-mediated phosphory-
lation of STAR proteins may be an ancient regulatory module to
couple STAR protein turnover with activity changes, therefore
highlighting further molecular parallels between the these two
distinct RBP families.

In addition to meiotic maturation, MAPK activity is important
at earlier stages during C. elegans oogenesis (Fig. 4C). It is re-
quired for timely progression from mid- to late pachytene in
meiotic prophase I (34) and for proper membrane organization
during oocyte formation (36). Consistent with the prominent role
of RNA-regulatory proteins in germ cell development, RBPs are
enriched in the list of computationally identified targets of MPK-1
(34). A proven example is the translational repressor and C. elegans
Nanos ortholog, NOS-3 (36). However, contrary to GLD-1 and
CPB-3 regulation, only the RNA-binding activity of NOS-3 is inac-
tivated upon phosphorylation by MPK-1 (36); no role in turnover
has been demonstrated. As MPK-1 has not surfaced yet as a major
factor regulating the stability of germ-line proteins, our work reveals
a unique function of MAPK signaling during oogenesis and expands
the list of known RNA regulators as MAPK/ERK targets.

RBP Turnover and Female Gametogenesis Are Regulated by Specific
E3 Ubiiuitin Ligase Complexes. We identified the Cullinl-based
SCFSEM1Y complex as an E3 ubiquitin ligase that controls RBP
abundance in germ cells (Fig. 4C). Its target recognition subunit,
SEL-10, is homologous to mammalian FBXW?7, a known nega-
tive regulator of Notch, cyclin E, and the two protooncogenes
c-Myc and c-Jun among others (23). In mice, Fbxw?7 is an essential
gene and genetic deficiencies cause developmental defects that
lead to embryonic lethality (56). By contrast, sel-10 is not essential
in C. elegans, suggesting either genetic redundancy or a changed
target repertoire. To date, SEL-10 is primarily known for its so-
matic functions: In sex determination, SEL-10 targets two FEM
proteins for degradation (57); during vulva formation, SEL-10
regulates the Notch receptor LIN-12 and LIN-45/Braf, a MAPK
signaling pathway component (38, 58); in neurons, SEL-10 desta-
bilizes yet unidentified targets to regulate synapse formation during
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vulva innervation (59); and in the early embryo, SEL-10 reduces the
activity of the cell cycle kinase ZYG-1/Plk4 to antagonize centro-
some duplication (60). While a spermatogenic role of SEL-10 has
recently been proposed (60), our work demonstrates a molecular
role of FBXW?7 proteins during female gametogenesis and expands
their target repertoire to RBPs.

A number of proteins are regulated by more than one ubig-
uitin ligase, and our work suggests that additional turnover
pathways may operate redundantly with the MAPK-SEL-10 axis
to destabilize RBPs. For instance, during fly eye development,
Cullinl- and Cullin3-based complexes independently act to
trigger degradation of the transcription factor Cubitus inter-
ruptus (61). During frog oocyte maturation, the two ubiquitin
ligases SCF*"T™F and Siahl act sequentially to regulate the CDK
activator RINGO/Speedg @2). Furthermore, at least three E3
ligases, SCF* TP SCEYBXW7 "and MULE, destabilize the mam-
malian prosurvival protein of the Bcl-2 family, Mcll (63-66).
Lastly, non—Cullin-based but ubiquitin-dependent mechanisms
might also contribute to proteostasis of RBPs in maturing oo-
cytes (67).

SCF Ubiquitin Ligases May Universally Coordinate Meiosis with Sexual
Differentiation. The conserved WD40 F-box protein p-TrCP/LIN-
23/FBXWI1 stands out as an important regulator of germ cell
development in vertebrates. In addition to its role in mouse
spermatogenesis, where it destabilizes the transcriptional regu-
lator Snaill to regulate cell adhesion, p-TrCP assumes an im-
portant role in mouse and frog oogenesis, destabilizing the
mRNA regulator CPEBL (32, 49). Intriguingly, LIN-23 and SEL-
10 function cooperatively during early C. elegans embryogenesis
(60), arguing that these structurally similar F-box proteins may
generally form a functional redundant pair of E3 ubiquitin li-
gases. However, we found no evidence for a role of LIN-23 in
restricting meiotic expression of the two RBPs GLD-1/STAR
and CPB-3/CPEB. Furthermore, knockdown of cul-1/Cullinl in
sel-10(0) worms did not increase RBP abundance any further,
suggesting that a likely alternative degradation pathway does not
employ another SCF complex. Whether FBXW1 is the only
factor destabilizing CPEBs in vertebrates, as well as whether
FBXW?7 also acts during mammalian germ-line development,
remains to be determined.

Cell cycle-coupled turnover of RBPs during gametogenesis
may be an ancient evolutionary mechanism to synchronize meiotic
progression with germ cell differentiation programs. Specifically,
MAPK and SCFs may form a regulatory axis that is conserved
among vertebrates and invertebrates. However, C. elegans and
vertebrates utilize different F-box proteins to trigger CPEB deg-
radation. Interestingly, this apparent contrast between species
highlights intrinsic developmental timing differences of CPEB
protein removal and may reflect on different CPEB activity needs.
In C. elegans, CPB-3 degradation takes place in undifferentiated
germ cells during meiotic prophase: at the transition from
pachytene to diplotene. In vertebrates, CPEB degradation occurs
later: during meiotic maturation, the stage that prepares fully
grown female germ cells to leave meiotic prophase and enter the
first meiotic division (68). Thus, likely roles of CPB-3 might re-
semble those of early meiotic activities of CPEBs in clam, frog,
and mouse oocytes, where they act as translational repressors (52,
69, 70). Later developmental roles of CPEBs in translationally
regulating the two consecutive nuclear divisions in female meio-
sis might have been replaced in worms by other RBPs. In analogy
to CPEBs, a coupled phosphorylation/degradation mechanism
may control the activity of STAR proteins. During early female
meiosis of C. elegans, GLD-1 prevents the precocious synthesis
of oocyte-specific proteins (18-20, 71). Hence, a phosphorylation-
dependent switch from translational repression to de-repression
may release GLD-1 mRNA targets. The coupled SCF**-'-mediated
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turnover of GLD-1 at pachytene exit enforces this switch, en-
suring its irreversibility.

In many diverse species, pachytene marks a critical stage in
gametogenesis: Homologous chromosomes are prepared for the
two chromosome segregation phases, and germ cells start to
differentiate according to their sexual identity using defined gene
expression programs (4, 72). Therefore, it is possible that known
chromosomal checkpoints operating at pachytene exit may also
signal a simultaneous removal of diverse RBPs via a MAPK-SCF
axis to orchestrate meiotic progression with differentiation.

Materials and Methods

Strains. C. elegans strains were handled according to standard procedures
(73). Worms were grown at 20 °C on nematode growth media plates seeded
with OP50 bacteria and typically analyzed at an age of 36 h past mid-larval
stage (L)4. We obtained the presumed null alleles sel-10(0k1632) (25) from
the Caenorhabditis Genetics Center (CGC) and cpb-3(tm1746) (15) from the
Japanese Deletion Mutant Consortium, and outcrossed them 10 times with
the wild-type strain Bristol N2. The null allele sel-10(0k1632) is a genomic
deletion with a premature stop codon that generates an 18-aa-long protein,
lacking all functional domains. Similar deletions were described as null
alleles of sel-10 (57, 60). Transgenic strains EV661 (ef/s81[Cbr-unc-119(+) + Pmex-
5::gld-1:LAP::gld-1 3'UTR] Il), EV733 (efls114[Cbr-unc-119(+) + Pmex-5::gld-1::
LAP::tbb-2 3'UTR] Il), EV735 (efls116[Cbr-unc-119(+) + Pmex-5::gld-1::LAP::oma-
2 3'UTR] Il), and EV763 (efls124[Cbr-unc-119(+) + Pmex-5::GFP::H2B::sel-10 3’
UTR] 1) were generated using the Mos1-mediated single copy insertion
(MosSCl) protocol (74). Injected constructs were assembled using the multi-
site Gateway cloning system (Thermo Fisher Scientific). To this end, the entire
ORF of gld-1 was amplified from cDNA, fused with LAP-tag encoding se-
quences (75) via overlap extension PCR, and inserted into the entry vector
pDONR221, generating pNJ147. The gld-1, oma-2, and sel-10 3'UTRs were
amplified from genomic DNA and inserted into pDONR-P2R-P3, resulting in
entry clones pNJ81, pNJ150, and pNJ153, respectively. pCM1.36 served as a
source of the thb-2 3'UTR sequence (20). To generate GLD-1::LAP transgenes,
pNJ147 was recombined with plasmids carrying mex-5 promoter [pCS210
(20)], the individual 3'UTR-containing entry vectors, and the destination
vector pCFJ150 (74). To generate a sel-10 translational reporter, the PEST/
GFP/H2B fusion [pBMF2.7 (20)] was recombined with pNJ153 and pCS210
into the destination vector pCFJ150, giving rise to pNJ155. All constructs
were injected into the recipient strain EG6699 ttTi5605 II; unc-119(ed3) IlI;
oxEx1578 [eft-3p::GFP + Cbr-unc-119]. EV375 (ozls5[unc-119(ed3); GLD-1::
GFP] 1) was a kind gift of Tim Schedl|, Washington University, St. Louis, and
its use is illustrated in Fig. 2 and Fig. S1. Genotyping and cloning primers
used in this study are listed in Table S1.

RNAi Feeding. Feeding RNAI experiments were performed at 20 °C according to
published procedures (76) using 1 mM isopropyl-g-b(-)-thiogalactopyranoside
to induce dsRNA production. Constructs targeting sel-710 and proteasome
subunits pas-5, pbs-3, pbs-5, and pbs-6 were generated by PCR amplifica-
tion of corresponding ORFs from cDNA with the primers listed in Table S1
and cloned into the pL4440 vector. A cul-1 targeting construct was obtained
from the RNAI library described by Kamath and Ahringer (77). The sel-10 RNAi
feedings started from the L1 stage, and all other knockdowns started from the
early to mid-L4 stage.

Antibodies. Anti-GLD-1 antibodies (78) were used at a 1:1,000 dilution in
Western blot analysis and at a 1:100 dilution in immunocytochemistry. Anti—
OMA-1/-2 (79) was used at a dilution of 1:200, anti-FLAG (Sigma-Aldrich/
Merck) at 1:5,000, anti-paramyosin MH16 antibody (Developmental Studies
Hybridoma Bank) at 1:250, anti-actin (MP Biomedicals) at 1:50,000, and anti-
tubulin (Sigma-Aldrich/Merck) at 1:100,000. An anti-CPB-3 monoclonal an-
tibody (mo857A11-7) was generated at the Antibody Facility of the Max
Planck Institute of Molecular Cell Biology and Genetics (MPI-CBG, Dresden,
Germany) by immunizing mice with the bacterially expressed hexahistidine
fusion protein of CPB-3, covering amino acids 1-281. Hybridoma super-
natants were screened for strong and specific immunoreactivity in Western
blotting and immunocytochemistry experiments; virtually no signal was de-
tected in worm protein extracts or gonads of ¢pb-3(tm1746) animals. Secondary
HRP-conjugated goat anti-mouse, anti-rabbit, or anti-guinea pig antibody
(Jackson ImmunoResearch Laboratories) was used at a dilution between
1:20,000 and 1:40,000. Cy5-, Cy3-, or FITC-conjugated AffiniPure donkey anti-
rabbit, anti-mouse, or anti-guinea pig IgG antibody (Jackson ImmunoResearch
Laboratories) was used at a 1:1,000 dilution.
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Immunocytochemistry and Microscopy. To extrude gonads, animals were
anesthetized in a drop of M9 + 0.25 mM levamisole and quickly dissected with a
25-gauge syringe needle on a coverslip under a stereomicroscope (80). Gonads
were transferred into a fixing solution of 2% paraformaldehyde (in PBS +
0.02% Tween 20) for 10 min and then permeabilized using 0.2% Triton-X in
PBS for 10 min, washed three times with PBSBT (PBS + 0.5% BSA + 0.02%
Tween 20), and blocked in PBSBT for at least 30 min. Incubations with anti-
bodies and 4',6-diamidino-2-phenylindole (DAPI; Serva) were performed largely
as previously described (16). Subsequently, gonads were mounted on glass
slides in Vectashield (Vector Laboratories). For in vivo imaging of GFP fusions,
worms were placed on a 15-well screening slide (MP Biomedicals) and anes-
thetized with 0.02% sodium azide in M9 buffer. For each dataset, control an-
imals and either RNAi or mutant animals were processed in parallel and imaged
with identical exposure conditions, using an Imager M1 microscope (Zeiss) with
a 63x/1.4 N.A. objective, equipped with an Axiocam MRm camera (Zeiss).

Signal Intensity Measurements. Individual images were gathered with Axio-
Vision (Zeiss) and assembled in Fiji (ImageJ) [www.fiji.sc/ (81)]. Fluorescence
intensity was measured using Fiji and analyzed in Excel (Microsoft). To
measure fluorescent signal intensity around the zone of pachytene exit, Z-stack
images were collected. Only images in the focal plane where the syncytium was
at its maximum width were selected and stitched. A 70-pixel-wide segmented
line tool that spanned about one-third of a gonad’s width was used to extract
intensity values from the distal tip to the proximal end. All intensity values were
divided by the maximal value in a single gonad set, and are thus represented as
a percentage of the maximal intensity. To determine the location of the
pachytene—diplotene (P-D) border, the gross chromatin morphology of germ cell
nuclei of all gonads was analyzed across several focal planes. Data points
covering the selected distance (100 or 200 pm) distally and proximally from
the determined P-D border were extracted and averaged.

To measure pixel intensity in selected regions of a gonad, a rectangle tool
covering ~150 pm? was used. Per gonad, three measurements were taken
for each region of interest. Per genotype, 10 germ lines were measured and
the results were averaged. Background fluorescence was determined by
measuring the signal intensity of the area of the slide at some distance from
mounted worms and subtracting the average background value from av-
erages calculated for distinct gonadal regions.

Student’s two-tailed t tests were used to examine statistical significance
between average intensity differences.

Densitometry of Western blot signals was done in Fiji on scanned films
using the “Gels” analysis tool (Fig. 3 C and E) or by generating a plot profile
of a line scan (Fig. S4B).

Yeast Two-Hybrid Work. Using full-length CPB-3 as bait, a yeast two-hybrid
(Y2H) screen was performed as described previously (82). For direct assays,
full-length ORFs were cloned into vectors containing a LexA DNA-binding
domain (DB) or Gal4 activation domain (AD), pLex or pACT, respectively
(83). Whereas full-length DB::GLD-1 was found to auto-activate, full-
length AD::GLD-1 was expressed at levels too low upon coexpression with
DB::SEL-10 to conduct further experiments. Therefore, based on previous reports
to increase hybrid protein levels (84), we removed the F-box domain from the
DB::SEL-10 fusion, generating SEL-10AF, to prevent its likely incorporation
into a functional yeast Skp, Cullin, F-box—containing complex (SCF) ubiquitin
ligase complex. All proteins were verified for expression by Western blotting.

Worm Extract Preparation and Lambda Phage Phosphatase Treatment. \Worm
extracts were prepared by collecting hand-picked worms in M9 buffer, snap-
freezing in liquid nitrogen, and subsequent boiling in Laemmli buffer. The
cpb-3(0) extract was obtained from homozygous protein-null mutants cpb-3
(tm1746). For the phosphatase assay illustrated in Fig. 3A, worm lysate was
prepared by collecting and snap-freezing mixed-stage worms in buffer A
[50 mM Tris-HCl (pH 8.9), 100 mM Nacl], and subsequent grinding in a liquid
nitrogen-cooled bead mill with a 1.5-cm stainless-steel ball (Mixer Mill
MM301; Retsch). To 40 mg of fine worm powder, 1 mL of 7% trichloroacetic
acid (TCA; Serva) was added. The tube was briefly vortexed before centri-
fugation at 5,000 relative centrifugal force (rcf), 4 °C, for 10 min. Although
the supernatant was discarded, the pellet was resuspended by sonication in
250 pL of buffer A supplemented with 1 mM MnCl,, 1x EDTA-free cOmplete
protease inhibitor mixture (Sigma), 1 pL/mL leupeptin, 1 pl/mL pepstatin,
100 pg/mL Pefabloc, 2 mM benzamidine, 1 mM PMSF, and 4 pL of 2 M Tris
base to adjust the pH between 7 and 8. Aliquots of the TCA-precipitated
worm extract (25 plL) were either mock-treated with 1x lambda phage
phosphatase (APP) storage buffer or additionally with 1,000 units of APP
enzyme (New England Biolabs). After incubation at 30 °C for 30 min, the
reactions were stopped by the addition of 100% TCA, reaching a final
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concentration of 7%. Samples were spun down at 3,000 rcf for 10 min, and only
the pellet was resuspended in 20 L of high-urea sample buffer, supplemented
with 2 uL of 1 M Tris (pH 8.8) to increase the pH. Before gel separation, samples
were shaken at 65 °C for 10 min and insoluble debris was spun out at 3,000 rcf
for 5 min. Transfer of equal protein amounts was monitored by Ponceau staining.

Protein Biochemistry and Phos-Tag SDS/PAGE. Recombinant MBP::SEL-
10 fragments and FLAG::CPB-3 or FLAG::SKR-1 fusions were coexpressed in
Spodoptera frugiperda (Sf)+ insect cells with the help of baculoviruses as
described by Rybarska et al. (83). Protein coimmunoprecipitations were
performed with 25 pL of anti-FLAG resin (Sigma) in Sf+ lysis buffer as de-
scribed by Rybarska et al. (83). Twenty percent of the total precipitated
material was loaded on a standard SDS-Laemmli protein gel.

Phos-Tag SDS-polyacrylamide gels were generally prepared as described
elsewhere (28). For the analysis of CPB-3 phosphorylation in worm lysates,
7% SDS/PAGE gel was supplemented with 5 uM Phos-Tag and 10 uM MnCl,,
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