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RAS-extracellular signal regulated kinase (ERK) signaling governs
multiple aspects of cell fate specification, cellular transitions, and
growth by regulating downstream substrates through phosphor-
ylation. Understanding how perturbations to the ERK signaling
pathway lead to developmental disorders and cancer hinges crit-
ically on identification of the substrates. Yet, only a limited number
of substrates have been identified that function in vivo to execute
ERK-regulated processes. The Caenorhabditis elegans germ line
utilizes the well-conserved RAS-ERK signaling pathway in multiple
different contexts. Here, we present an integrated functional
genomic approach that identified 30 ERK substrates, each of which
functions to regulate one or more of seven distinct biological
processes during C. elegans germ-line development. Our results
provide evidence for three themes that underlie the robustness
and specificity of biological outcomes controlled by ERK signaling
in C. elegans that are likely relevant to ERK signaling in other
organisms: (/) multiple diverse ERK substrates function to control
each individual biological process; (ii) different combinations of
substrates function to control distinct biological processes; and (iii)
regulatory feedback loops between ERK and its substrates help
reinforce or attenuate ERK activation. Substrates identified here
have conserved orthologs in humans, suggesting that insights
from these studies will contribute to our understanding of human
diseases involving deregulated ERK activity.

functional genomics | signaling | MPK-1 | RNAi screen

he RTK-RAS-ERK pathway relays extracellular signals via a

conserved kinase cascade that results in phosphorylation and
activation of ERK, the terminal member of this pathway (1, 2).
Active ERK in turn phosphorylates substrates to execute many
cellular and developmental processes (2) (Fig. 14). Comprehensive
insight into mechanisms underlying ERK-dependent control of
biological processes depends on identification of ERK substrates.
Although bona fide ERK substrates have been identified in cul-
tured cells (3-5) and potential substrates documented from pro-
teomic studies (6, 7), the function of most of these substrates in vivo
has not been defined. Additionally, currently identified substrates
do not account for most ERK-dependent events in mammals,
making it likely that more substrates remain to be identified.
Forward genetic studies in Caenorhabditis elegans and Drosophila
have identified a few ERK substrates that act in defined biological
contexts (8-10); however, the mutant phenotypes of these genes
account for some but not all ERK-regulated processes. To obtain
molecular insight into how ERK signaling controls multiple bio-
logical processes in vivo through substrates, we devised an inte-
grated bioinformatic, genetic, and biochemical approach by using
C. elegans germ-line development as the model system.

In C. elegans RAS and ERK are encoded by let-60 and mpk-1,
respectively, and loss-of-function or null mutations in these core
components abrogate pathway activity (1) (Fig. 14). MPK-1 (ERK)
controls fate specification during vulval development whereas
during germ-line development, MPK-1 controls and coordinates at

4776-4781 | PNAS | March 24,2009 | vol.106 | no.12

RAS - ERK signaling in mammals
Receptor —— RAS — RAF —— MEK —— ERK <:Substrates

RAS - ERK signaling in C.efegans A
Receptor ——LET-60 —*LIN-45 —MEK-2 — MPK-1 <: Substrates

B

Distal

| Loop

. X Diplotene
Mitotic Cells| _ s | =

acoyen
Proximal
kinesis

, A
-Pachytene Cellular Organization \

-Pachytene Progression -Oocyte Growth Comrobocyte Maturati;on
-Germ Cell Apoptosis /

-Oocyte Organization ~ 4
i i X Ovulation

& Differentiatior
ale Germ Cell Fate
~Specification

Membrane

Fig. 1. MPK-1 signaling controls seven biological processes during C. elegans
germ-line development. (A) Schematic of the conserved RAS-ERK signaling path-
way in mammals and C. elegans. ERK/MPK-1 activates or inactivates substrate
proteins via phosphorylation. (B) MPK-1 controls seven biological processes dur-
ing germ-line development (11). Fluorescent micrograph of a dissected C. elegans
adult hermaphrodite gonad showing chromosome (blue), activated dpMPK-1
(red), and membrane (green) morphology as germ cells progress through oo-
genesis. The seven MPK-1 controlled germ-line processes examined in this study
are indicated (11) (Fig. S1).

least seven distinct biological processes (11), ranging from devel-
opmental switches such as male germ cell fate specification to cell
biological processes such as membrane organization and morpho-
genesis of pachytene cells (11) (Fig. 1B). Active MPK-1, as visual-
ized by an antibody specific to the activated diphosphorylated form
of the protein (dpMPK-1), displays a dynamic and stereotypical
spatial localization pattern that correlates well with these charac-
terized mpk-1-dependent processes in the germ line (11) (Fig. 1B).
However, no substrate has been identified that controls any of these
processes. Using a functional genomic approach we identify at least
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Fig. 2. Insilico and genetic enhancer screen identifies 37 candidate MPK-1 substrates that function during germ-line development. (A) Outline of bioinformatics
approach and sequences of characterized ERK-docking sites (DS). (B) Genetic logic used in the enhancer screen to identify genes that promote or inhibit MPK-1 pathway
function. Wild-type control and sensitized backgrounds contain the rrf-1(pk1417) mutation, which prevents RNAI in the soma but not the germ line (29). At the
permissive temperature where the RNAi screen was performed, mpk-1(ga111ts) ERK has lower MPK-1 activation whereas let-60(ga89ts) RAS has elevated/ectopic MPK-1
activation. (C) Pie chart showing predicted molecular functions of 37 genes that enhance one or the other sensitized genetic background (Dataset S2). (D) Fluorescent
micrographs illustrating ddx-79 RNAi enhancement of rrf-1; mpk-1(ga111ts). (E) Fluorescent micrographs illustrating gsk-3 attenuated RNAi enhancement of

rrf-1;let-60(ga89ts). (Scale bar, 20 um.)

30 conserved ERK substrates that each executes distinct germ-line
processes. Our results provide a global view of how ERK, a central
regulator downstream to many receptor signaling pathways, yields
distinct biological outcomes in a single tissue by controlling multiple
diverse substrates.

Results and Discussion

Integrated Bioinformatic, Genetic, and Biochemical Analysis Identifies
30 in Vivo ERK Substrates. ERK recognizes substrates via specific
amino acid signatures, called-docking sites (12). Docking sites
provide high-affinity interaction between ERK and the substrate,
allowing efficient phosphorylation of the substrate at appropriate
phosphoacceptor sites (S/TP) (13). Based on the premise that
unidentified MPK-1 substrates contain ERK-docking and phos-
phoacceptor sites, we scanned the C. elegans proteome for proteins
that harbor one or more of four characterized ERK-docking sites:
D domain (14) and its variant (RSK domain, 15); the DEF domain
(8); and the docking motif characterized in the thyroid hormone
receptor (16) [Fig. 24 and supporting information (SI) Methods].
The scan recovered 2,058 proteins that carry at least one ERK-
docking site and a potential phosphoacceptor site(s) within 100 aa.
Given the low information content of the docking-site motifs, some
proteins likely carry the motif simply by chance. To reduce false
predictions and obtain a higher probability set before labor-
intensive validation screens, four additional stringent filters were
imposed (Fig. 2B and SI Methods). (i) The predicted docking and
phosphoacceptor sites must reside in an intracellular domain of a
protein. (if) Each protein must contain two or more predicted
ERK-docking sites. (iii) We used reciprocal best BLAST analysis
and ClustalW alignments to demand that each protein have an
ortholog in the human proteome, with at least one ERK-docking
site conserved positionally between the orthologs; Dataset S1b lists
these 258 proteins. (iv) Each protein must be expressed in the C.
elegans germ line, based on analysis of two available microarray
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databases (17; C. Hunter, personal communication) and an RNA
in situ hybridization database (SI Methods). Application of these
criteria yielded 161 high-priority candidates, with multiple ERK-
docking sites, at least one of which is conserved in humans (Dataset
Sla). More than 95% of the 161 candidates have not been impli-
cated to function downstream to ERK in any system, thus our
analysis may have enriched for unknown ERK substrates.

To determine whether the 161 candidates function in vivo to
govern any of the seven MPK-1-dependent biological process(es) in
the C. elegans germ line, we conducted an RNAi-based genetic
enhancer screen (Fig. 2B). The function of each gene was reduced
specifically in the germ line of wild-type control worms and in the
germ line of two sensitized genetic backgrounds that exhibit de-
creased or increased levels of active MPK-1 (11) (Fig. 2B and SI
Methods). The effect of RNAi on each MPK-1-dependent germ-
line process was assessed by immunofluorescence microscopy of
dissected germ lines and differential interference contrast micros-
copy-based analysis of intact worms (Fig. S1 and Dataset S1).

mpk-1(galllts) is a temperature-sensitive (ts) loss-of-function
allele (18) that at permissive temperature exhibits a wild-type
phenotype despite decreased levels of active MPK-1 (11). Here,
MPK-1 likely phosphorylates substrates at lower levels than wild
type. Thus, we reasoned that if RNAi of a candidate gene produces
an mpk-1-like loss-of-function phenotype, then its gene product
normally functions to promote the given mpk-I-dependent event
and phosphorylation likely activates its function. In contrast, let-
60(ga89ts) is a ts gain-of-function mutant (19) that displays a
wild-type phenotype at the permissive temperature despite elevated
levels and ectopic active MPK-1 (11). Here, MPK-1 likely phos-
phorylates substrates at inappropriate spatial regions of the germ
line. In this case, we reasoned that if RNAI of a candidate gene
specifically produces a gain-of-function phenotype, then the en-
coded product normally functions to inhibit the given mpk-I-
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dependent process, and phosphorylation likely inactivates its func-
tion (Fig. 2B).

Functional analysis by RNAi revealed that 37 (23%) of the 161
candidates regulate specific MPK-1-dependent biological processes
during C. elegans germ-line development (Fig. 2C and Dataset Sla).
Interestingly, we were able to identify a genetic interactor for each
of the seven MPK-1-dependent germ-line events assayed (Fig. S1),
and in all cases more than one gene product contributes to the
execution of each biological process (Fig. 34 and Dataset Sla).
RNA:I of 26 genes enhance the MPK-1 loss-of-function background
at permissive temperature and likely promote pathway function
(Dataset Sla, shaded blue). For example, RNAi of the DEAD box
helicase T07D4.4 (here named DDX-19) does not produce any
germ-line phenotype in control or let-60(ga89ts) worms but in
mpk-1(galllts) leads to disrupted membrane organization of
pachytene cells and disorganized oocytes in 20% and 25% of germ
lines, respectively (Fig. 2D and Dataset S2). Thus, ddx-19 functions
to promote normal membrane organization of pachytene cells and
oocyte organization and differentiation (Fig. 34). RNAi of 11 gene
products enhance the le-60 RAS gain-of-function background at
permissive temperature and thus likely inhibit pathway function
(Dataset Sla, shaded green). For example, attenuated RNAi (S
Methods) of gsk-3 had no effect on germ-line development of
control worms or mpk-1(galllts), but produced small oocytes in
let-60(ga89ts) background in 30% of germ lines (Fig. 2E and
Dataset S2). Thus, we infer that gsk-3 inhibits the RAS-ERK
pathway function and regulates oocyte growth. Because RNAi can
sometimes cause off-target effects (20), we validated our results on
12 genes for which putative null deletion alleles were available. We
found that the null alleles phenocopied the RNAi-induced genetic
interactions in relevant double mutant backgrounds for 10 genes.
Null allele of one gene shows a subset of mpk-1 like germ-line
phenotypes as a single mutant (cgh-1), while analysis of one was
precluded because of essential roles in earlier development (Data-
set Sla, Dataset S2, Dataset S3, and Fig. S2).

To assess whether any of the 37 genetic interactors encodes direct
substrates of active ERK2, we conducted in vitro kinase assays on
Hiss- or GST-tagged fusion proteins of each interactor by using
active murine ERK2 (8, 21). Besides a gel-based assay for phos-
phorylation, we performed kinetic analysis measuring the K, and
Vmax to assess efficiency and specificity of the kinase reaction, using
the relative acceptor ratio (RAR = Vpna/Km) as an overall measure
of the protein as a substrate (8, 22). ERK2-dependent phosphor-
ylation of myelin basic protein (MBP) was set as baseline. MBP is
frequently used as a substrate to assay ERK activity because it
contains many phosphoacceptors; however, because it lacks known
ERK-docking sites it can be used to assess high-affinity interactions
between ERK2 kinase and its substrate. From the kinetic analysis,
30 (85%) candidates are robust in vitro ERK2 substrates, using the
conservative requirement of an RAR >4 (Table S1). Consistent
with phosphorylation by ERK2 occurring via a high-affinity inter-
action in all likelihood because of docking sites, 29 of 30 have a K,
of <1 uM. In summary, our genetic and biochemical tests identified
30 conserved ERK substrates, with each participating in at least one
MPK-1-dependent biological process (Fig. 34, Dataset S1, and
Table S1).

Phosphorylation of DDX-19 and GSK-3 in Vivo Depends on MPK-1. To
provide further support that the 30 proteins identified are in vivo
MPK-1 substrates, we tested 2 for MPK-1-dependent phosphory-
lation in vivo by using phosphospecific antibodies. DDX-19 is a
robust in vitro substrate of active ERK2 and carries 2 conserved
putative ERK phosphoacceptor sites S612 and T745 (Fig. 44 and
Table S1). To map the ERK-dependent sites of phosphorylation,
when one or the other of these residues was replaced with alanine,
phosphorylation of DDX-19 was reduced (decreased Vpmay, un-
changed K.,) (Fig. 4B); it was eliminated when both residues were
altered, indicating that S612 and T745 are major in vitro ERK2
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Fig. 4. DDX-19 and GSK-3 phosphorylation is MPK-1-dependent in vivo. (A and D) ClustalW protein alignment of C. elegans and human orthologs of DDX-19 (A)

identifies two conserved phosphoacceptors (S612 and T745; red circles) and two conserved docking sites (red boxes) and GSK-3 (D) identifies four conserved
phosphoacceptor sites (T254, T289, T304, and T310; red circles) and two conserved docking sites (one shown here, red boxes) (Fig. S4). Mapping of ERK2 phosphoac-
ceptors for (B) DDX-19 and (E) GSK-3 using in vitro kinase assays and site-directed mutagenesis (S/ Methods). (B and D) (Top) 32P incorporation into indicated proteins.
(Middle) Western blot analysis by using anti-HIS antibody for loading control. (Bottom) Kinetic analyses were performed on wild-type and all phosphoacceptor mutant
proteins (S/T to A). Values for Ki, and Vimax (average =+ 1 SD of five experiments) were used to calculate the RAR, which was normalized to 1, relative to MBP. LIN-1 is
a positive control. (C and F) Western blot analysis of protein extracts from wild-type (WT), mpk-1(ga117)-null, and (C) ddx-19(ok783)-null or (F) gsk-3(nr2047)-null
animals probed with antibodies specific for (C) phospho-DDX-19 (pS612 and pT745), total DDX-19, and paramyosin (loading control), (F) phospho-GSK-3 (pT304 and
pT310), total GSK-3, and a-tubulin (loading control). The antibodies are specific to the gene product tested because no species was detected in the respective null
mutant. DDX-19 is phosphorylated on $612 and/or T745 in WT but not mpk-1 null. *, slower-mobility GSK-3 band detected with total GSK-3 antibody that comigrates
with the species detected with the phospho-GSK-3 antibody. In mpk-1-null, this band is not detected on short exposures; however, on longer exposures, a weak band

is visible (also weakly detected by total-GSK-3 antibody).

phosphorylation sites in this protein (Fig. 4B and Fig. S2). Next, we
generated antibodies specific to the phosphorylated form of
DDX-19 at S612 and T745 and conducted Western blot analysis on
wild-type, ddx-19-null and mpk-I-null mutant animals (Fig. S3).
Our analysis revealed that DDX-19 is phosphorylated in vivo in an
mpk-1-dependent manner (Fig. 4C). Taken together, our work on
DDX-19 suggests that MPK-1 phosphorylates DDX-19 on S612
and/or T745 in vivo to promote pachytene cellular organization and
oocyte organization and differentiation.

Glycogen synthase kinase 3 (GSK-3) carries four conserved
phosphoacceptors in worms T254, T295, T304, and T310 (Fig. 4D).
Ding et al. (23) reported that active ERK2 phosphorylates human
GSK-3p at residue T43; however, the corresponding +1 proline
(P44) of human GSK-38 is not present in C. elegans GSK-3, making
it an unlikely ERK phosphoacceptor (Fig. S4). To map the ERK-
dependent phosphorylation, we singly replaced each of the four
conserved phosphoacceptor residues in GSK-3 with alanine and
tested the resulting proteins as substrates of ERK2 in vitro (Fig. 4E).
Residues T304 and T310 appear to be major phosphoacceptor sites
because each mutant abolished phosphorylation by ERK2 in vitro.
As with DDX-19, the generation of antibodies specific for the
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phosphorylated forms of these epitopes (T304/T310; see SI Meth-
ods) together with Western blot analysis on wild-type, gsk-3-null,
and mpk-1-null worms revealed that GSK-3 is phosphorylated at
T304 and/or T310 in vivo, in an mpk-1-dependent manner (Fig. 4F).
Our finding that both DDX-19 and GSK-3 are phosphorylated in
vivo in an MPK-1-dependent manner suggests that MPK-1 acts
directly through most, if not all, of the remaining 28 identified
substrates to control germ-line development.

Conserved Substrates May Function Downstream of ERK in Mammals.
The human orthologs of the 30 MPK-1 substrates identified here
contain conserved ERK-docking sites and phosphoacceptor sites
(Dataset Sla and Table S1). To address whether some of these
orthologs act as ERK substrates in humans, we conducted in vitro
ERK?2 kinase assays on two human proteins 14-3-3 ¢ and p97,
orthologs of worm PAR-5 and CDC-48.2. We found that both
proteins are phosphorylated by ERK2 on the same conserved
phosphoacceptor sites as used in the worm proteins (Fig. S5),
suggesting that many of these orthologs serve as ERK substrates in
humans. In support of this, prior work identified GSK-38 (23) and
RSK-4 (ortholog of RSKN-1) (24) as ERK substrates in mammals.
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The human orthologs of another five of the MPK-1 substrates we
identified (PAC-1, POLE-2, DIS-3, CDK-7, and RBA-1) were
found to be phosphorylated in mass spectrometry studies of EGF-
stimulated HeLa cells (7). Our results add to the proteomic study
by providing independent evidence that ERK is the protein kinase
likely responsible for phosphorylation of these proteins and by
extension suggest that they function in ERK-regulated develop-
mental events.

Multiple Molecularly Diverse ERK Substrates Govern Individual Bio-
logical Processes. Active MPK-1 controls seven different biological
processes during germ-line development, ranging from cell-
biological processes to cell fate decisions (Fig. 1B). We find that
MPK-1 controls biological processes through substrates belonging
to at least 15 functional classes of proteins, including RNA helicases
and kinases, and proteins functioning in many aspects of cellular
machinery such as ubiquitination, biogenesis of small RNAs, chro-
matin modification, and DNA replication. Interestingly, we could
not assign any one class of proteins to a specific biological process
(Fig. 3A4). Instead, we find that MPK-1 coordinately regulates
multiple functionally distinct substrates to execute each individual
biological process. For example, MPK-1 acts through RNA heli-
cases (MTR-4, DDX-19, RHA-2), a ubiquitin ligase (HRD-1), an
AAA ATPase (CDC-48.2), a conserved protein (TOE-1), and an
adaptor protein (PAR-5) to govern pachytene cellular organization
(Fig. 34). Identification of many gene products governing one
process suggests that active MPK-1 coordinates the function of
multiple substrates, through phosphorylation, to execute an indi-
vidual process. Additionally, the utilization of multiple substrates by
MPK-1, to govern a single biological process, seems to provide
robustness to MPK-1 pathway outcome, wherein loss of any one
substrate may not result in a severe MPK-1-like mutant phenotype.
We found that for some substrates, null mutations either had no
obvious MPK-1 pathway defects (e.g., ddx-19, rop-1) or had mild
MPK-1 pathway defects (e.g., cgh-1) (Dataset S2). In either case,
the MPK-1-dependent processes were further compromised in a
sensitized genetic background (e.g., ddx-19) (Fig. S2C and Dataset
S2). A model that emerges is that at least some of the molecularly
diverse MPK-1 substrates likely function redundantly to execute
each individual biological process. Multiplicity of ERK substrates in
governing individual biological processes may also hold true in
other systems. For instance, two substrates MISS (25) and DOCIR
(26) participate in ERK-dependent control of spindle integrity
during MII arrest in mouse oocytes. Together, our data suggest that
contemporaneous phosphorylation of diverse substrates by active
ERK modulates different aspects of cellular machinery, eventually
converging to execute an individual process.

How Might ERK Signaling Through Substrates Yield Unique Biological
Outcomes? A key question in developmental signaling is how one
pathway executes a wide variety of biological processes. Our data
indicate that MPK-1 acts through different combinations of sub-
strates to produce distinct biological outcomes (Fig. 34). Although
this inference is based on RNAIi of 30 substrates, which may
underestimate function because of partial knockdown, it is fully
supported by analysis of null alleles for 11 substrate genes (Dataset
S2). For example, we find that MPK-1 executes the distinct yet
spatially overlapping biological processes of pachytene cellular
organization and germ cell apoptosis by acting through two differ-
ent combinations of substrates. MPK-1 governs the organization of
pachytene cells by phosphorylation of seven substrates: DDX-19,
HRD-1, RHA-2, MTR-4, PAR-5, CDC-48.2, and TOE-1 (Fig. 3B).
Whereas in the same pachytene germ cells, MPK-1 governs germ
cell apoptosis by acting through a mutually exclusive set of four
substrates: CGH-1, CDTL-7, TTBK-2, and TOE-2 (Fig. 3B and Fig.
S1). Thus, MPK-1 appears to regulate these two distinct processes
simultaneously in the same cells by acting through nonoverlapping
sets of substrates, at least for substrates thus far identified.
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A MPK-1 substrates function to reinforce or attenuate active MPK-1 signal
Effect of RNAi on e "
Gene dpMPK-1 Feedback prediction Function
par-5 lower in pachytene Positive regulator Prcmptes .MPK'1
signaling
lower in pachytene
pole-2 and diplotene Positive regulator Promptes .MPK-1
signaling
oocytes
3 higher in diplotene . e i 3
rba-1 oocytes Negative regulator Inhibits MPK-1 signaling
- higher in diplotene o L g "
gsk-3 oocytes Negative regulator Inhibits MPK-1 signaling
cdk-7 higher in diplotene Negative regulator Inhibits MPK-1 signaling
oocytes
der-1 higher in diplotene Negative regulator Inhibits MPK-1 signaling
oocytes
drsh-1 AT (alplsiEie Negative regulator Inhibits MPK-1 signaling
oocytes
rab-5 higherinidiplotens Negative regulator Inhibits MPK-1 signaling

(i) Positive feedback
3 ~

\
Active MPK-1 ——» POLE-2

(i) Double negative feedback
- - o~
-

— \
Active MPK-1 ———| RBA-1

(iiii) Negative feedback

> ~

= \
Active MPK-1——» RSKN-1

Fig. 5.
loops. (A) Ten MPK-1 substrates regulate MPK-1 activation and fall into three
categories. (B) Fluorescent micrographs of dissected rrf-1 null gonads, after either
gfp RNAI (Upper) or rba-1 RNAI (Lower), stained for dpMPK-1 (red) or DNA (blue).
(Scale bar, 20 um.) (C) Models of possible regulatory feedback loops through
which substrates modulate germ-line MPK-1 activation.

MPK-1 substrates function to regulate MPK-1 activation in feedback

For some MPK-1-dependent processes, we observe a significant
overlap between substrates as shown for processes pachytene
cellular organization and oocyte organization and differentiation
(Fig. 3C, black). However, despite this overlap there are at least
three nonoverlapping substrates that help execute pachytene cel-
lular organization and six for oocyte organization and differentia-
tion (Fig. 3C). These findings suggest that MPK-1-dependent
phosphorylation of substrates in different combinations may bring
together diverse cellular pathways in unique assortments to result
in distinct biological outcomes.

Feedback Regulation, by Substrates, Can Reinforce or Attenuate ERK
Activation. Analysis of MPK-1 substrates revealed that 10 of the 30
impinge on the spatial pattern of active MPK-1 (Fig. 54). Activated
MPK-1 displays a stereotypical pattern with a region of up-
regulation in proximal pachytene, followed by down-regulation in
the loop/diplotene, followed by up-regulation in the diakinesis
oocytes (Fig. 1B). This dynamic spatially restricted activation pat-
tern of MPK-1 is critical for normal germ-line development because
perturbations to it can result in mutant phenotypes (11, 27). We
observed that RNAI of 10 substrate genes in control germ lines
altered the activation pattern of MPK-1, as visualized by staining
with dpMPK-1 antibody (Fig. 5 4 and B). These substrates can be
divided into two major types based on their regulation of dpMPK-1
accumulation. The first type comprises substrates that reinforce
MPK-1 signal strength and function as positive regulators of MPK-1
activation (Fig. 54, blue). RNAI of par-5 and pole-2 in the control
background leads to lower accumulation of dpMPK-1 in pachytene
and both pachytene and oocytes, respectively (Fig. 54, blue). Our
genetic studies reveal that PAR-5 and POLE-2 promote the
MPK-1-dependent biological processes of pachytene progression
and cellular organization, and oocyte growth, respectively (Fig. 34,
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Dataset S1, and Fig. S1). Thus, PAR-5 and POLE-2 may regulate
these mpk-1-dependent processes simply as a consequence of
promoting MPK-1 activation, possibly as part of a positive feedback
loop (Fig. 5Ci).

The second type is composed of substrates that attenuate MPK-1
signal strength and function as negative regulators of active MPK-1
(Fig. 54). RNAI of eight genes (e.g., rba-1) (Fig. 5B, green) causes
an increase in dpMPK-1 in the loop/diplotene region in the control
background. Of these, RNAI of six (Fig. 54, light green) also
enhances ler-60 RAS gain-of-function, indicative of a function to
inhibit MPK-1-dependent processes (Figs. 2B and 34 and Dataset
S1). Accumulation of active MPK-1, on RNAI of these six genes,
may increase MPK-1 signaling in a le-60 RAS gain-of-function
mutant background to a point above the threshold at which
gain-of-function phenotype is visible. Thus, these six substrates may
affect MPK-1-dependent processes simply by attenuating levels of
activated MPK-1, possibly as part of a double-negative feedback
loop (Fig. 5Cii).

In contrast, two of the eight (RSKN-1 and CYA-1, dark green)
negative regulators, do not affect the let-60 RAS gain-of-function
background; instead, these function to promote MPK-1 signaling
and affect the mpk-1 loss-of-function background (Fig. 34 and
Dataset S2). These substrates thus appear to have two functions:
one to attenuate ERK signal strength (Fig. 5 4 and 5Ciii) and the
other to promote distinct MPK-1-dependent biological outcomes,
pachytene progression (RSKN-1) (Fig. 34), and oocyte organiza-
tion and differentiation (RSKN-1, CYA-1) (Fig. 34). Prior work
suggests that the mouse ortholog of RSKN-1, RSK4, is also a
negative regulator of active ERK signal (28), making it likely that
at least some of the other nine MPK-1 substrates also function in
feedback regulation of ERK in other organisms. Because none of
these genes is a dual-specificity phosphatase, future work aimed at
elucidating how these regulatory loops help establish and maintain
the spatially restricted patterns of MPK-1 activity in the germ line
will unravel the molecular basis of this regulation. Taken together,
our observations that 10 of the 30 MPK-1 substrates govern MPK-1
activity levels via feedback regulation underlines the importance of
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such mechanisms in modulating the strength, duration, and spatial
limits of MPK-1 activity during development.

Methods

In Silico Analysis. Initial scan on C. elegans proteome at SCAN PROSITE conducted
on Wormpep version WS109 for proteins with ERK-docking sites yielded 2,058
proteins (S/ Methods and Table S1). Transmembrane predictions were identified
with TMHMM-2.0 and TMPRED programs (S/ Methods). Human orthologs were
identified by reciprocal best BLAST analysis at National Center for Biotechnology
Information (S/ Methods). Conservation of docking sites was determined by
manual inspection of alignments between the worm and the human sequences
(Fig. 2 A and D and Fig. 54) in Megalign by using ClustalW. Protein domains were
identified by a combination of PFAM and Conserved Domain Architecture Re-
trieval tool (S/ Methods); 258 proteins had at least one conserved docking site
(Dataset S1b). Of these, 161 showed germ-line expression per available worm in
situ hybridization database at NEXTDB and microarray data (S/ Methods) (17; C.
Hunter, personal communication). Details are provided in S/ Methods.

RNAi Genetic Enhancer Screen. F1 feeding RNAi was performed as described (S/
Methods) (11) in the control and the two sensitized backgrounds at the permis-
sive temperature (20 °C). All positives were retested at least three times (S/
Methods). This analysis yielded 18 of 161 candidate genes that specifically en-
hanced either sensitized genetic background. Seventy genes did not show phe-
notypes in any background.

RNAi of 73 genes produced strong phenotypes in the control rrf-1 background,
distinct from characterized mpk-1 phenotypes (Dataset S1) (11). Here, RNAi
knockdown was attenuated by limiting the exposure of worms to dsRNA until no
phenotype was observed in the control background and then retested in the two
sensitized backgrounds. Attenuation was performed by either (i) placing em-
bryos on RNAi plates followed by analysis of adults at 24 h past L4 developmental
stage or (ii) placing L4 worms that received RNAi only for 24 h (S/ Methods). This
was the PO analysis.
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