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ABSTRACT

Reproductive fitness in many animals relies upon a tight balance between the number of cells that
proliferate in the germ line and the number of cells that enter meiosis and differentiate as gametes.
In the Caenorhabditis elegans germ line, the GLP-1/Notch signaling pathway controls this balance between
proliferation and meiotic entry. Here we describe the identification of the proteasome as an additional
regulator of this balance. We show that a decrease in proteasome activity, through either genetic mutation
or RNAi to core components of the proteasome, shifts this balance toward excess germ-line proliferation.
We further demonstrate that there are likely two or more proteasome targets that contribute to excess
germ-line proliferation when proteasome activity is reduced. One of these targets is likely a component or
regulator of the Notch-signaling pathway, while the other functions on one of the two major redundant
genetic pathways downstream of GLP-1/Notch signaling. We propose a model in which the proteasome
degrades proteins that are necessary for proliferation as cells switch from proliferation to meiotic entry.

HE production of gametes is an essential process

in any sexually reproducing species. In most of
these species, proliferation of germ-line stem cells is
needed first to generate the germ-line tissue and then
to maintain a supply from which future gametes can be
formed. If germ-line stem cell proliferation does not
keep pace with gamete production, the population
of stem cells will be depleted, resulting in sterility.
Conversely, an increase in self-renewing proliferation
of the germ-line stem cells at the expense of gamete
production can also result in sterility, as well as tumor
formation. With the large numbers of gametes that are
formed over the life of some animals, it is imperative
that the balance between proliferation and differen-
tiation be fine-tuned; a slight shift in this balance will be
amplified over time and greatly reduce the reproduc-
tive fitness of the animal. Much of our understanding of
how the balance between germ-line proliferation and
differentiation is controlled comes from study of classic
genetic model organisms such as Drosophila and
Caenorhabditis elegans. In both Drosophila males and
females, the balance between proliferation and differ-
entiation is a result of asymmetric division of the germ-
line stem cells (X1t and SPRADLING 2000; TurLiNA and
MaTtunis 2001). One daughter cell maintains contact
with signaling somatic cells, resulting in retention of
the stem cell property of the parent cell, while the other
daughter cell is not in contact with the signaling
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somatic cells and begins the path to meiotic entry and
differentiation (X1t and SPRADLING 2000; TurLINA and
Matunis 2001). In both male and hermaphrodite
C. elegans, self-renewing proliferation of the germ-line
stem cells is promoted by their proximity to a somatic
signaling cell, the distal tip cell (DTC) (KiMBLE and
WarTe 1981). The major molecular signal promoting
proliferation is transmitted through the conserved
Notch-signaling pathway (HANSEN and ScHEDL 2006;
KimBLE and CRITTENDEN 2007). As part of this pathway,
the membrane-bound LAG-2 ligand, which is expressed
in the DTC, comes in contact with nearby proliferative
cells that express the GLP-1/Notch receptor (AUSTIN
and KiMBLE 1987, 1989; YocHEM and GREENWALD 1989;
HENDERSON et al. 1994; Tax et al. 1994). The interaction
between ligand and receptor activates GLP-1/Notch
signaling, which presumably culminates in the expres-
sion of genes necessary for proliferation and the
inhibition of genes involved in meiotic entry. As germ
cells move proximally, away from the influence of the
DTC, the level of GLP-1/Notch signaling is thought
to diminish, presumably allowing for the gene activity
profile to switch, resulting in cells entering into meiotic
prophase and eventually forming fully differentiated
gametes. Numerous genetic screens for mutants that
disrupt the balance between proliferation and differ-
entiation in the C. elegans germ line, as well as pheno-
typic analysis of preexisting mutants, have identified
many genes that control the balance between pro-
liferation and differentiation (HANSEN and ScHEDL
2006; KiMBLE and CRITTENDEN 2007); most of these
genes either modulate GLP-1/Notch signaling or are
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regulated by GLP-1/Notch signaling. Genetic epistasis
analysis of these mutants has resulted in a genetic
model (Figure 1A), which has been supported by
substantial biochemical evidence. In this model, GLP-
1/Notch signaling promotes the activities of two nearly
identical proteins, FBF-1 and FBF-2, which are homol-
ogous to Drosophila Pumilio (CRITTENDEN el al. 2002;
LAaMONT et al. 2004). FBF-1 and FBF-2 then inhibit the
activities of two major genetic pathways that function
redundantly to inhibit proliferation and/or promote
meiotic entry (KApYK and KiMBLE 1998; CRITTENDEN
et al. 2002; EckMANN et al. 2004); we will refer to these
two pathways as the gld-1 and gld-2 pathways on the basis
of the founding genes of these two pathways (FRANCIS
et al. 1995b; KADYK and KiMBLE 1998). When germ cells
are close to the DTC, GLP-1/Notch signaling is active
and the activities of the gld-I and gld-2 pathways are
inhibited. As germ cells move away from the DTC and
GLP-1/Notch signaling is reduced, the activities of the
genes in the gld-1 and gld-2 pathways increase, resulting
in cells entering into meiotic prophase. The gld-1 and
gld-2 pathways function redundantly: if a gene in only
one of the pathways is mutated, the balance between
proliferation and differentiation is very similar to wild
type (FrRaNcis et al. 1995b; Kapyk and KiMBLE 1998).
However, if the activities of both pathways are elimi-
nated by mutating a gene in each of the two pathways,
the balance is shifted toward proliferation and a germ-
line tumor results (KADYK and KiMBLE 1998; ECKMANN
et al. 2004; HANSEN et al. 2004b). On the basis of the
molecular identities of the genes in the gld-I and gld-2
pathways and biochemical analysis, all known compo-
nents of these pathways likely regulate mRNA meta-
bolism. GLD-1 is a KH-domain-containing protein that
binds to target mRNAs and inhibits translation (JONES
and ScHEDL 1995; JAN et al. 1999; KRAEMER e/ al. 1999;
LEE and ScHEDL 2001; XU et al. 2001; MARIN and EVANS
2003; LEe and ScHEDL 2004). The other gld-1 path-
way gene, nos-3, encodes a protein with sequence simi-
larity to Drosophila Nanos, which is a translational
inhibitor (TauTz 1988; WHARTON and STRUHL 1991;
KRAEMER et al. 1999; HANSEN et al. 2004b). In the gld-2
pathway, GLD-2 and GLD-3 bind to one another and
function as a cytoplasmic polyadenylation complex,
presumably to either stabilize or increase the trans-
latability of target mRNAs (WANG et al. 2002; ECKMANN
et al. 2004). Although many mRNA targets of GLD-1
have been identified, these targets appear to relate
to functions of GLD-1 other than the proliferation wvs.
meiotic entry decision (JAN e al. 1999; LEE and SCHEDL
2001, 2004; Xu et al. 2001; MArRIN and Evans 2003;
Laxiza et al. 2005); no GLD-1 targets known to regulate
the proliferation wvs. meiotic entry decision have yet
been identified, other than cross talk between the gld-1
and gld-2 pathways and negative feedback of gip-1
(MARIN and Evans 2003; HANSEN et al. 2004b; SUH el al.
2006).

The core genetic pathway described above is the basis
of the regulation of the proliferation vs. meiotic entry
decision in the C. elegans germ line. Other factors
interact with this basic pathway to help regulate activity
and contribute to the precise balance that must be
maintained between proliferation and meiotic entry for
reproductive fitness to be maximized (HANSEN and
ScHEDL 2006; KiMmBLE and CRITTENDEN 2007). Here we
demonstrate that proteasome activity is involved in the
regulation of the proliferation vs. meiotic entry decision
in the C. elegans germ line. A decrease in proteasome
activity enhances overproliferation in the germ line.
Therefore, either one or more proteins are normally
degraded by the proteasome as part of the switch from
proliferation to meiotic entry. A mutation that reduces
proteasome activity would allow these proteins to persist
and promote ectopic proliferation. We demonstrate
that the proteasome functions in two parts of the
proliferation vs. meiotic entry genetic pathway, likely
degrading different protein targets. One of these pro-
teins is either a component or a regulator of GLP-1/
Notch signaling, while the other functions in one of
the two redundant pathways genetically downstream of
GLP-1/Notch signaling.

MATERIALS AND METHODS

Nematode strains and culture: Standard genetic manipula-
tion and culture procedures of the C. elegans strains were
followed with growth at 20° unless otherwise stated (SULSTON
and HopGkIN 1988). A list of all strains used in this study is
provided in the supplemental material.

The following mutations were used: linkage group I
(LGI)—smg-2(e2008), gld-2(q497null) (Kapyk and KiMBLE
1998), gld-1(q485null) (FRaNcCIS et al. 1995a), unc-15(e73),
unc-29(e193), pas-5(02237) (this work), and wunc-75(950);
LGI—gld-3(q730) (ECKMANN et al. 2002) and nos-3(0z231null)
(HANSEN et al. 2004b); LGIII—unc-32(el89), lin-12(n379%ft)
(GREENWALD et al. 1983), lin-12(n676gf) (GREENWALD et al.
1983), glp-1(¢35gf) (MANGO et al. 1991), glp-1(q1 75null) (AUSTIN
and KiMBLE 1987), and glp-1(ar202gf) (PEPPER et al. 2003); and
LGV—sel-10(bc243null) (JAGER et al. 2004).

Single nucleotide polymorphism mapping: To narrow the
physical region containing the 02237 mutation, single nucle-
otide polymorphism (SNP) mapping was used (JAKUBOWSKI
and KorNFELD 1999; Wicks et al. 2001). Detailed informa-
tion regarding individual SNPs can be found at http:/
www.wormbase.org and in the supplemental material. unc-
29(e193) pas-5(02237)/hT2[qls48(myo-2:: gfp; pes-10::gfp; ges-
1::gfp)] and pas-5(02237) unc-75(e950)/hT2[qls48(myo-2:: gfp;
pes-10::gfp; ges-1::gfp)] hermaphrodites were mated to males
from the CB4856 (Hawaiian, HA-8) strain (Wicks et al. 2001).
Non-GFP L4 hermaphrodites were picked to individual plates
and allowed to self-fertilize. The Fy generation was screened
for unc-29(e193) or unc-75(e950) nonsterile/nonabnormally
everted vulva recombinants. Homozygous recombinant prog-
eny were tested for N2 or HA-8 DNA at SNPs in the region. In
total, 125 unc-29 recombinants and 90 unc-75 recombinants
were analyzed. From this analysis, the leftmost boundary of the
critical region containing pas-5(0z237) was determined to be
SNP F25H2[1] (10,539,544 bp) and the rightmost boundary
was a SNP that we identified by sequencing HA-8 and N2 DNA
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at location 10,585,626 bp. This region on chromosome I
contains 14 genes, including pas-5. All stated nucleotide
positions correspond to WormBase freeze WS180.

To determine which of the 14 genes corresponds to the
02237 allele, we performed feeding RNA interference (RNAi)
(TrmMmons and FIre 1998) for 13 of the 14 genes in both a glp-
1(ar202gf) background and a gld-2(q497)/ccls4251[myo-3:: gfp]
unc-15(e73) background. We placed L4 animals on the feeding
RNAi plate and scored the progeny [gip-1(ar202gf) and gld-
2(q497) homozygotes] for germ-line overproliferation. None
of the 13 genes showed overproliferation above background.
Therefore, we sequenced the coding regions of seven genes
(F25H2.4, F25H2.5, F25H2.7, F25H2.8, F25H2.9, F25H2.10,
and F25H2.11) that showed germ-line phenotypes that may
have masked an overproliferation phenotype (e.g., vacuoles
in the germ line). We also sequenced the coding region of
F29C6.1, which was the one gene not tested by RNAi. Only
F25H2.9, pas-5, showed a difference in coding sequence from
wild type.

Low-dose RNAi: Template plasmids for synthesizing dsRNA
contain the L4440 backbone, which has T7 promoters flank-
ing the gene of interest (TIMMONS and FIRE 1998; FRASER el al.
2000). The pas-5and pbs-4 plasmids are commercially available
(Geneservice; I-5G02 and I-1N17 for pas-5 and pbs-4, respec-
tively). gfp dsSRNA was generated from plasmid pPD128.110
(L4417) (TrmMons and FIre 1998). dsRNA was injected
into young adult hermaphrodites at 1 ng/pl concentration.
Injected worms were allowed to recover for ~4 hr and then
individually plated. glp-1(ar202) animals injected with dsRNA
were grown at 15° for 7-8 days and progeny were scored using
DIC optics. gld-2(q497)/ccls4251[myo-3:: gfp] unc-15(e73) ani-
mals injected with dsRNA were grown at 20° for 4-5 days.
Homozygous gld-2(¢497) (nongreen) progeny were scored for
their germ-line proliferation phenotype.

Antibody staining: Gonad dissection and antibody staining
was performed as previously described (JoNES et al. 1996).
Dissected gonads were fixed in 3% formaldehyde, 0.1 M KPOy,
pH 7.2, for 10-60 min followed by a postfix in 100% methanol
at —20° for >10 min. Fluorescent images were captured on a
Zeiss Imager Z.1 with an AxioCam MRm camera. Background
fluorescence was minimized during image acquisition using
the Apotome module (Zeiss). All 2° antibodies were preab-
sorbed with acetone worm powder in 30% goat serum in 1X
PBS overnight at 4°. Anti-HIM-3 antibodies (ZETKA et al. 1999)
were used at a 1:500 dilution while anti-REC-8 antibodies
(PASIERBEK et al. 2001) were used at a dilution of 1:100.

Rescuing array: The extrachromosomal arrays were gener-
ated as previously described (MELLO et al. 1991). For the pas-5
rescuing arrays uglxl and wugkx2, four plasmids were co-
injected: pRF4 (70l-6) (50 pwg/ml) (KRAMER et al. 1990; MELLO
et al. 1991), pJM67 (elt-2::gfp) (20 pg/ml), pDH43 (pas-5) (20
wg/ml), and pBluescript KS+ (10 wg/ml). pDH43 was created
by PCR amplifying wild-type pas-5 DNA. The primers used were
F25H2.9BSNOTI = (AAAGCGGCCGCGGTCTTCCTCACGAT
GTATATTTCC) and F25H2.9BSBAMHI (AAAGGATCCGAA
TACTGTAACTCCTGGTTGGG). The amplified product was
cloned into the TOPO TA pCR-II vector and sequenced for
mutations. The ugEx4 control array does not contain pDH43
[pas-5(+ )]; rather, pBluescript KS+ was increased in concen-
tration to keep the relative concentrations and ratios with the
other plasmids similar to those in uglixI and uglkx2. All arrays
were verified by PCR for presence (uglkx! and ugkx2) or absence
(uglkix4) of pas-5 pDH43 plasmid DNA. Transgenic animals were
scored 1-3 days after L4 using DIC optics for their germ-line
and vulval phenotypes. The phenotypes were scored blind in
that the germ-line phenotype and the vulval phenotype were
scored prior to determining if the animal carried the array by
scoring for GFP in gut nuclei (ELT-2::GFP).

Synchronization of pas-5; gld-3 tumorous animals: pas-
5(02237); gld-3(q730); unc-32(e189) and pas-5(0z237); gld-
3(q730); unc-32(e189) glp-1(q175) hermaphrodites were
synchronized as previously described (HANSEN et al. 2004a).
In brief, pas-5(02237)/hT2; gld-3(q730)/minl [mIs14 [myo-2:: gfp;
pes-10::gfp] dpy-10(128)]; unc-32(e189)/hT2 and pas-5(02237)/
hT2; gld-3(q730)/mInl[mIs14 [myo-2::gfp; pes-10::gfp] dpy-
10(128)]; unc-32(el89) glp-1(q175)/hT2 gravid hermaphrodites
were bleached to isolate eggs, which were then resuspended in
M9 buffer and shaken at 20° for ~30 hr to arrest animals in the
L1 stage. Animals were washed with M9 and placed on NGM
plates (SuLsToN and HopGkIN 1988) and grown for specific
lengths of time. Unc non-GFP animals were scored for the
number of germ cells by DIC optics or dissected and stained as
described above.

RESULTS

pas-5(0z237) identified in a tumorous screen with gld-
2(q497): A genetic screen was previously performed to
identify factors that are involved in regulating the pro-
liferation vs. meiotic entry decision in the C. elegans
germ line (HANSEN et al. 2004a). In this screen, mutations
that cause overproliferation of the germ-line mitotic cells
when gld-2 activity is also absent were isolated. gld-2 is a
member of one of the two main redundant genetic path-
ways functioning downstream of GLP-1/Notch signaling
(Kapyk and KiMBLE 1998) (Figure 1A). The balance
between proliferation and differentiation in a gld-2single
mutant is similar to wild type. However, gld-2(0) homozy-
gous animals do have germ-line overproliferation, result-
ing in a tumor, when they also lack the activity of a gld-I
pathway gene or have a mutation that increases GLP-1/
Notch signaling (Kapyk and KiMBLE 1998; HANSEN ef al.
2004b). Therefore, mutations identified in the mutant
screen as forming a synthetic tumor with gld-2(¢497) are
likely in genes that either function in the gld-1 pathway or
negatively regulate GLP-1/Notch signaling. In this
screen, we identified a single allele of a gene that we
originally referred to as sy-2 (synthetic mumorous). We
have since found this allele, 02237, to be an allele of pas-5
(proteasome alpha subunit; see below), which encodes a
conserved component of the 20S proteasome (GROLL
et al. 2005; KAHN et al. 2008).

pas-5(0z237) disrupts the balance between prolifera-
tion and meiotic entry: gld-2(q497) pas-5(0z237) animals
have excess germ-line proliferation, forming a tumor
(Figure 1, B and C). Proliferative cells are found
throughout the gonad arm. Many of the gonad arms
of gld-2(q497) pas-5(0z237) animals are completely tu-
morous (16/27), showing no evidence of meiotic entry
as determined by anti-REC-8 and anti-HIM-3 antibody
staining, which mark mitotic and meiotic cells, respec-
tively (ZETKA et al. 1999; PASIERBEK et al. 2001; HANSEN
et al. 2004a). The remaining gonad arms (11/27) have
proliferative cells throughout, but do have some scat-
tered cells that stain positively for anti-HIM-3 antibodies,
suggesting that they have entered meiotic prophase
(Figure 1C, asterisk). While in wild-type animals the first
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FIGURE 1.—pas-5 is synthetic tumorous with
gld-2. (A) The core genetic pathway regulating
the proliferation vs. meiotic entry decision
(HanseN and ScHEDL 2006). Cells in the distal
end of the gonad, close to the DTC, have active
GLP-1/Notch signaling. This is accomplished
through interaction of the LAG-2 ligand with
the GLP-1/Notch receptor, resulting in the acti-
vation of the LAG-1 transcription factor. Active
GLP-1/Notch signaling promotes the activities
of FBF-1 and FBF-2, which in turn inhibit the ac-
tivities of the gld-1 and gld-2 redundant genetic
pathways. Each of these pathways promote mei-
Eperm otic entry and/or inhibit proliferation. The gid-2

v pathway also promotes the activity of the gld-1
pathway. A more complete description of the ge-
netic pathway regulating the proliferation vs.
meiotic entry decision, including a description
of additional factors that interact with this core
pathway, can be found elsewhere (HANSEN and
ScHEDL 2006; KiMmBLE and CRITTENDEN 2007).
(B) Wild-type hermaphrodite gonad arm dissected
1 day after L4 and stained with DAPI (blue), anti-
REC-8 antibodies that mark proliferative cells
(green), and anti-HIM-3 antibodies that mark mei-
otic cells (red) (ZETKA et al. 1999; PASIERBEK el al.
2001; HANSEN et al. 2004a). Cells are proliferative
in the mitotic zone and enter meiotic prophase
as they move into the transition zone. Cells con-
tinue to progress through meiotic prophase as they
move more proximallyand eventually differentiate
as sperm or oocytes. (C) gld-2(q497) pas-5(02237)

hermaphrodite gonad arm dissected 1 day after .4 and stained as in B. Distal is to the left and proximal is to the right. Most cells in
the gonad arm stain for anti-REC-8 antibodies and not for anti-HIM-3 antibodies, suggesting that they are mitotic. However, in some
gonad arms some cells are negative for anti-REC-8 antibodies and positive for anti-HIM-3 antibodies (asterisk), suggesting that some
cells do enter meiotic prophase. Photos in B and C were taken with the Apotome module to reduce background fluorescence. Bar,

50 pm.

cells to show evidence of meiotic entry are ~20 cell
diameters from the distal end (CRITTENDEN et al. 1994,
HANSEN et al. 2004a), for those gld-2(q497) pas-5(02237)
gonads that show some anti-HIM-3-positive cells, on aver-
age the first anti-HIM-3-positive cell is 54 cell diameters
from the distal end of the gonad (54 = 18; n = 11).
Therefore, the proliferative zone is much larger in these
animals and very little meiotic entryis observed (Figure 1,
B and C). Some germ-line tumorsin C. elegansare not due
to a disruption in the balance between proliferation and
meiotic entry. For example, female germ cells in gld-1
single-mutant hermaphrodites enter meiotic prophase
similar to wild type; however, the cells are unable to
progress through meiotic prophase (FrRANCIS el al.
1995a). These cells then reenter the mitotic cell cycle
and form a germ-line tumor. To determine whether pas-
5(02237) affects the balance between proliferation and
meiotic entry, we determined its ability to enhance germ
cell overproliferation caused by an increase in GLP-1/
Notch signaling. We have previously demonstrated that
null mutations in all genes regulating the proliferation
vs. meiotic entry decision in the gld-1 and gld-2 pathways
enhance overproliferation associated with the increase
in Notch signaling caused by the glp-1(ar202gf) allele
(PEPPER et al. 2003; HANSEN et al. 2004a). We found

that pas-5(02237) does enhance the overproliferation
phenotype of glp-1(ar202gf) (Figure 2). pas-5(02237); glp-
I(ar202¢f) animals have a larger mitotic zone than
either single mutant (late-onset tumor), as well as an
increased penetrance of proliferation in the proximal
end of the gonad (Pro tumor) (PEPPER el al. 2003)
(Figure 2). Therefore, pas-5(0z237) does disrupt the
balance between proliferation and meiotic entry.

Very few pas-5(02237) single-mutant animals display
germ cell overproliferation (Figure 2). Therefore, pas-5
is not absolutely necessary for germ cells to switch from
proliferation to meiotic entry and/or pas-5(0z237) does
not fully reduce pas-5 function (see below). However,
pas-5(0z237) single-mutant animals do display some
other germ-line and somatic phenotypes. When grown
at lower temperatures (15° or 20°), pas-5(0z237) her-
maphrodites have a masculinized germ line (Mog) in
which only sperm, not oocytes, are produced (average
432 *= 87.2 sperm/gonad arm in hermaphrodites 2—
3 days after L4; n = 6) (Figure 3). Animals grown at
higher temperatures (25°) do make the switch from
spermatogenesis to oogenesis; however, the oocytes are
often misshapen and viable embryos are not produced
(Figure 3). pas-5(0z237) animals also have an abnormally
everted vulva (Evl) and a low percentage of animals are
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FIGURE 2.—pas-5(02237) enhances the overproliferation
phenotype of glp-1(ar202gf). (A-C) Gonad arms were dis-
sected from hermaphrodites 1 day after the L4 stage and
grown at 20°. The fixed gonad arms were stained with DAPI
that shows nuclear morphology (blue), anti-REC-8 antibodies
that mark mitotic cells (green), and anti-HIM-3 antibodies
that mark meiotic cells (red). Only the distal portion of each
gonad arm is shown with the distal-most end to the left.
Dashed vertical lines show the position of the most distal mei-
otic (HIM-3 positive) cell. Photos were taken using the Apo-
tome module (Zeiss) to reduce background fluorescence.
Bar, 50 um. (D) Summary chart of the size of the mitotic zone.
The y-axis shows the size of the mitotic zone as measured in
cell diameters from the distal end for each genotype of the
animals shown on the xaxis. Error bars, 1 SD. The size of
the mitotic zone in the pas-5(02237); glp-1(ar202) double mu-
tant is statistically larger than the sizes of the mitotic zones in
pas-5(02237) animals (P < 4.8 X 10°%, Student’s two-tailed #
test, two-sample unequal variance) and glp-1(ar202gf) animals
(P < 0.004). For each genotype, at least 20 gonad arms were
counted. The size of the mitotic zone in wild-type animals is
~20 cell diameters (CRITTENDEN ef al. 1994; HANSEN et al.
2004a); therefore, the mitotic zone in pas-5(0z237) animals

multivulval (Muv) (see below). Therefore, pas-5 appears
to have multiple germ-line and somatic functions.

02237 is an allele of pas-5: To identify the gene
associated with the 02237 allele, we mapped the muta-
tion using the abnormally everted vulva and sterile
phenotypes. Using standard three-factor mapping, we
placed 0z237 between unc-29 and spe-9, close to dpy-24
and ln-11, on linkage group I (Figure 4). We then
used SNP mapping, using unc-29 and unc-75 as visible
markers, to further narrow the critical region contain-
ing 02237 to ~46 kb containing 14 predicted genes
(Figure 4). We sequenced candidate genes using DNA
from 0z237 mutant animals (see MATERIALS AND METH-
oDps) and found an A-to-T nucleotide substitution in the
coding region of pas-5. This missense mutation is
predicted to replace an aspartic acid, which is highly
conserved across phyla, with a valine (Figure 4). pas-5
encodes a highly conserved o-subunit of the 20S
proteasome (GROLL et al. 2005; KAnN et al. 2008). To
confirm that 02237 is an allele of pas-5, we rescued the
02237 mutant phenotype with two independent extra-
chromosomal arrays that each contain a genomic copy
of pas-5 (Table 1). The arrays rescued the Mog pheno-
type of pas-5(02237) single mutants and the overprolif-
eration phenotype of pas-5(02237); glp-1(ar202gf) double
mutants (Table 1). A synthetic multivulval phenotype
described below was also rescued by a pas-5(+ ) array (see
supplemental material).

To further support the hypothesis that 0z237 is an
allele of pas-5, we used RNAi against pas-5 to phenocopy
the 02237 phenotype. RNAi against pas-5, with dsRNA
delivered through either feeding or injection, resulted
in an embryonic lethal phenotype. We reasoned that
RNAI against pas-5, which encodes a core component of
the proteasome, might reduce proteasome activity to a
much greater degree than the likely reduction in
proteasome activity due to the single amino acid change
in pas-5(0z237) animals. Additionally, pas-5(02237) mu-
tants likely have maternal rescue, whereas RNAi can
eliminate both maternal and zygotic mRNA. In other
words, 02237 may have a much milder phenotype as
compared to that produced by pas-5 RNAi. Therefore,
we reduced the degree of knockdown caused by RNAi by
performing low-dose RNAi; we reduced the injected
dsRNA from a concentration of 100-1000 ng/ul to
1 ng/pl. As expected, due to the low concentration
of dsRNA, a large proportion of the progeny showed
no phenotype other than that provided by the gene-
tic background; however, low-dose pas-5(RNA:) did
enhance the overproliferation phenotype in both gip-
1(ar202gf) and gld-2(¢497) animals as compared to
control RNAi (gfp) (Table 2). Therefore, RNAi directed

is slightly smaller than that of wild type. (E) Summary table
showing the percentage of gonad arms that display ectopic
proliferation in the proximal end of the gonad (Pro pheno-
type) (PEPPER et al. 2003).
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Qocyte

FIGURE 3.—pas-5(02237) animals display other
germ-line and somatic phenotypes. DIC images
of pas-5(0z237) young adult hermaphrodites
grown at 25° (A) or 20° (B). Animals grown at
25° make both sperm and oocytes (A and C), al-
though the oocytes are often misshapen and
no viable embryos are formed. Many animals also
accumulate vacuoles in the germ line. Animals
grown at 15° or 20° do not form oocytes, but
rather make only sperm (B and C). pas-5(02237)
animals grown at all temperatures have an ab-
normally everted vulva. Independent of the other
germ-line phenotypes displayed, a low percentage
of animals also have ectopic proliferation in the
proximal end of the gonad (Pro) (C). Bar, 50 wm.

pas-5 (0z237) 25°C Ll Oocyte Socyte

J

pas-5 (0z237) 20°C

C |Temperature % Mog % ooctyes % vacuoles % Pro n
15° 100 0 0 6.2 81
20° 98 2.0 0 4.0 50
25° 11 33 56 4.0 99

against pas-5 does show similar phenotypes as the 02237
allele. The mapping data narrowing the critical region
of 02237 to 14 genes, the identification of a missense
mutation in a highly conserved amino acid of PAS-5, the
rescue of the 0z237 phenotype with a genomic pas-5
transgene, and the similar phenotypes of pas-5(RNAi)
and the 0z237allele, all combined, confirm that 0z2371s
an allele of pas-5.

02237 partially reduces proteasome activity: PAS-5 is
a subunit of the 20S proteasome, which is a highly
conserved multisubunit complex that is the primary
component of the cell’s protein degradation machinery
(GroLL et al. 2005). The basic structure of the 20S
proteasome consists of four rings: the two inner ()
rings contain the proteolyticly active region of the
proteasome. The two outer (a) rings are not proteolytic,
but rather participate in substrate translocation into the
central core of the 20S proteasome (GROLL et al. 2005).
PAS-5 is one of the seven highly conserved subunits of
the o-ring (GROLL et al. 2005; KaHN e al. 2008);
therefore, PAS-5 is not directly involved in the degrada-
tion of proteins, but rather in the presenting of target
proteins to the catalytic portion of the proteasome. We
have already shown that low-dose RNAi against pas-5 has
a similar phenotype as the 02237 allele, suggesting that
the 02237 missense mutation reduces PAS-5 activity;
however, this does not necessarily mean that the overall

function of the proteasome is reduced. Rather, this
mutation could simply affect the gating of proteins into
the proteasome and could actually increase the degra-
dation of certain proteins. Therefore, to determine if a
general reduction in proteasome activity increases
germ-line proliferation, we performed RNAi on a sub-
unit of the B-ring (PBS-4), which is a component of the
catalytic portion of the proteasome (GROLL et al. 2005).
As with pas-5 RNAi, when pbs-4 RNAI is performed at a
typical concentration of 100-1000 ng/pl, a severe
embryonic lethal phenotype is observed. However,
low-dose RNAI against pbs-4, presumably only partially
reducing PBS-4 levels, resulted in the same overprolif-
eration synthetic interactions as pas-5> RNAi (Table 2).
Low-dose RNAi to both pas-5 and pbs-4 enhances the
overproliferation phenotypes of glp-1(ar202gf) and gld-
2(q497) animals, similar to the enhancement observed
with pas-5(0z237), and higher-dose RNAi to both results
in a much stronger embryonic lethal phenotype; these
data are consistent with the pas-5(0z237) allele partially
reducing proteasome activity.

pas-5(0z237) influences another Notch-regulated cell
fate decision: Since proteasome activity is reduced in
a pas-5(0z237) mutant, the enhancement of overprolif-
eration is likely due to a target protein(s) not being
degraded as efficiently as in wild-type animals and
inappropriately promoting proliferation. A possible
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FIGURE 4.—02237 is an allele of pas-5, a highly conserved proteasome subunit. (A) Summary of SNP mapping data. Unc non-
sterile recombinant animals were picked from wunc-29(el93) pas-5(02237)/HA-8 and pas-5(02237) unc-75(¢950)/HA-8 strains and the
resulting animals were tested for N2 or HA-8 DNA at the SNP locations on the top line. The name of the cosmid containing the
SNP is shown along with its nucleotide position (http:/www.wormbase.org). From 125 unc-29 nonsterile recombinants and 90
unc-75 nonsterile recombinants, the minimal region containing the 0z237 lesion was narrowed to ~46 kb containing 14 genes.
A summary of the SNP recombination data is shown next to each SNP on the second line from the top. “L” corresponds to the
recombinants from the left (unc-29), while “R” corresponds to recombinants from the right (unc-75). At each SNP location the
number of recombinants that retained N2 DNA at the SNP location are shown over the total number of recombinants. An A-to-T
substitution was found in the pas-5 gene of 02237 animals. (B) A partial alignment of PAS-5 (top sequence) with homologs from
other species. Protein sequences were aligned with the ClustalW program (CHENNA et al. 2003). Identical amino acids are shown
against a solid background, similar amino acids against a gray background, and nonsimilar amino acids against a white back-
ground. The asterisk shows the location of the missense mutation, which is predicted to replace an aspartic acid with a valine.
A full alignment of these proteins is in the supplemental material. Accession numbers for proteins are NP_492765 (C. elegans),
AAB93421 (Drosophila), NP_188046 (Arabidopsis), NP_036097 (mice), and AAV38522 (humans). PAS-5 shares 57, 57, 61, and
61% amino acid identity to Drosophila, Arabidopsis, mouse, and human proteins, respectively.
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TABLE 1

Transgenic rescue of pas-5(0z237)

Transgene Genotype*“ Rescue (%)’ n

pas-5(+) uglixl® pas-5(02237) 12 122
pas-5(+) ugkx2® pas-5(02237) 42 52
Control ugEx4 pas-5(02237) 0 64
None/ pas-5(02237) 0 109
pas-5(+) ugkixl  pas-5(02237); glp-1(ar202gf) 39 59
pas-5(+) ugkx2  pas-5(02237); glp-1(ar202gf) 6.7 134
Control ugkx4 pas-5(02237); glp-1(ar202gf) 0 54
None/ pas-5(02237); glp-1(ar202gf) 0 76

“Actual genotype for pas-5(0z237) animals is pas-5(02237)
unc-75(¢950). Actual genotype for pas-5(02237); glp-1(ar202gf)
animals is pas-5(02237) unc-75(e950); glp-1(ar202gf). Both
strains were balanced with A72 and the germ-line phenotypes
of Unc progeny were analyzed.

? pas-5(0z237) animals were categorized as rescued if they
contained oocytes and/or embryos. All experiments were per-
formed at 15°, at which temperature all pas-5(0z237) animals
are Mog. pas-5(02237); glp-1(ar202gf) animals were categorized
as rescued if they did not have a full or proximal tumor.

“This extrachromosomal array, uglkxI, contains four plas-
mids: pDH43[ pas-5(+ )], pRF4[rol-6(dm)], p]M67[elt-2::gfp],
and pBluescript KS+.

“This extrachromosomal array, ugkx2, contains the same
plasmids as ugkxI, but was obtained from an independent
injection.

‘This extrachromosomal array, uglkx4, contains three of
the plasmids contained in wugkx! and wugkx2—pRF4[rol-
6(dm)], pJM67[eli-2::gfp], and pBluescript KS+—but lacks
pDH43[pas-5(+)].

"ugEx] and ugEx2 segregate to only a portion of the prog-
eny. As a control, we scored the germ-line phenotypes of ani-
mals containing the array and those that did not. The
germ-line phenotype was scored blind; the presence of the ar-
ray was determined by GFP expression (elt-2::gfp) after the
germ-line phenotype was scored.

target of the proteasome whose decreased rate of degra-
dation contributes to tumor formation is a Notch com-
ponent or regulator. No direct readout of GLP-1/Notch
signaling in the C. elegans germ line is currently avail-
able; therefore, we cannot directly test Notch signaling
levels. However, we reasoned that if pas-5(02237) is
affecting Notch signaling levels, it may enhance in-
creased Notch-signaling phenotypes in other Notch-
regulated cell fate decisions. To test this, we assessed the
ability of pas-5(0z237) to enhance the Muv phenotype of
two weak gain-of-function alleles of lin-12. C. elegans has
two Notch homologs, GLP-1 and LIN-12 (YocHEM and
GREENWALD 1989). During the formation of the vulva,
LIN-12 signaling provides the lateral signal between
vulval precursor cells (VPCs) to specify VPCs P5.p and
P7.p to adopt the secondary cell fate (GREENWALD et al.
1983). Strong lin-12 gain-of-function alleles cause in-
creased lateral signaling, resulting in all six VPCs
adopting the secondary fate, whereas in wild-type animals
only two VPCs adopt the secondary fate (GREENWALD
et al. 1983). Both lin-12(n379f) and lin-12(n676gf) are
weak gain-of-function alleles that cause only a low

percentage of animals to be Muv (GREENWALD et al.
1983). A reduction in the activities of negative regula-
tors of Notch signaling enhances the multivulval pheno-
type of lin-12(n676gf) and lin-12(n379f) (SUNDARAM
and GREENWALD 1993; HUBBARD et al. 1997; WEN and
GREENWALD 1999; Yoo and GREeNwaLD 2005). We
found that pas-5(0z237) enhances the multivulval phe-
notype of both lin-12(n379%f) and lin-12(n676gf) (Table
3). A lin-11::gfp secondary cell fate marker was used to
confirm that the multivulval phenotype was due to an
increase in secondary cells, consistent with an increase in
Notch signaling (see supplemental materials) (REDDIEN
et al. 2001; GuptA and STERNBERG 2002). Therefore, a
reduction in proteasome activity due to pas-5(0z237)
enhances the multivulval phenotype of lin-12(gf) and
the tumorous phenotype of glp-1(gf). This supports the
model of a reduction in proteasome activity increasing
the level of Notch signaling. Therefore, at least part of
the overproliferation phenotype in pas-5(0z237) syn-
thetic double mutants is likely due to an increase in
Notch signaling. The protein(s) not properly degraded
in pas-5(0z237) mutants, which could be in either the
soma or the germ line, may be a component or a
regulator of Notch signaling.

pas-5(0z237) causes a synthetic multivulval phenotype
with sel-10(null): We have provided support for the
model that decreased proteasome activity due to the
pas-5(0z237) missense mutation increases Notch signal-
ing in C. elegans. Proteasome-mediated protein degra-
dation has previously been implicated in inhibiting
Notch signaling. For example, SEL-10 is involved in
targeting the intracellular domain of the Notch recep-
tor for proteasome-mediated degradation (HUBBARD
et al. 1997; Gupra-Rossi et al. 2001; OBERG et al. 2001;
Wu et al. 2001). SEL-10 is a component of an E3-
ubiquitin ligase that is thought to ubiquitinate the
cleaved intracellular portion of the Notch receptor
(INTRA), targeting it for degradation by the protea-
some (HUBBARD et al. 1997; Gupra-Rosst et al. 2001;
OBERG et al. 2001; Wu et al. 2001). C. eleganslacking sel-10
activity have increased Notch signaling, enhancing the
multivulval phenotype of /lin-12(gf) (SUNDARAM and
GREENWALD 1993). To determine if the presumed in-
crease in Notch signaling in pas-5(02237) animals is due
to a decrease in sel-I(:mediated degradation of INTRA,
we analyzed pas-5(02237); sel-10(bc243) double mutants
in which sel-10(bc243) is a null allele (JAGER et al. 2004).
We found that pas-5(02237); sel-10(bc243) animals have a
synthetic multivulval phenotype, suggesting that the
double mutant has a higher level of Notch signaling
than thatfound in either single mutant (Table 3). There-
fore, the increase in Notch signaling in pas-5(02237)
mutants cannot be due solely to a decrease in sel-
10-mediated INTRA degradation. Either sel-10 may not
be the only means by which INTRA is targeted to the
proteasome (see DISCUSSION) Or a component or pos-
itive regulator of Notch signaling, other than INTRA, is
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TABLE 2

RNAI of proteasome subunits

Phenotype (%)

Genotype“ dsRNA Wild type’ Necrotic* Full tumor? Pro* N/
Wild type pas-5 71 29 0 0 300
Wild type afp 100 0 0 0 129
glp-1(ar202gf) pas-5 54 31 8.7 6.5 138
glp-1(ar202gf) pbs-4 76 8.6 9.5 6.0 116
glp-1(ar202¢f) op 93 0 0 6.8 133
gld-2(q497) pas-5 58 29 9.6 9.6 125
gld-2(q497) pbs-4 74 13 8.1 3.7 135
gld-2(q497) op 91 0 0 9.1 110

“ Low-dose dsRNA was injected into young adult animals that were allowed to self-fertilize. glp-1(ar202gf) ho-
mozygous animals were injected and grown at 15°. gld-2(q497)/ unc-15(e73) ccIs4251[myo-3:: Ngfp; myo-3:: Migfp]
were injected and nongreen progeny were scored for their germ-line phenotype. gld-2(q497)/ unc-15(¢73)
ccls4251[myo-3:: Ngfp; myo-3:: Mtgfp] and N2 animals were injected and screened at 20°.

* gld-2(q497) animals showed a phenotype no different from that of uninjected animals.

“The gonads in these animals have very few cells, and cells that are present appear to be degrading.

? Gonads in these animals completely lack sperm or oocytes, but rather have proliferative cells throughout the

gonad arm.

‘Pro, proximal proliferation. Gonads in these animals contain sperm and/or oocytes, but also contain pro-

liferative cells in the proximal end of the gonad.

/Total number of progeny scored. Injected animals often yielded low numbers of progeny due to the RNAi.

also degraded by the proteasome. The germ lines of pas-
5(02237); sel-10(bc243) animals have very few germ cells
and the nuclei have abnormal morphology (see supple-
mental material). This does notappear to be aresult of a
disruption in the proliferation vs. meiotic entry de-
cision. sel-10 likely is involved in other processes in the
germ line that result in this phenotype. Indeed, SEL-10
is involved in targeting proteins other than Notch for
degradation. For example, SEL-10 targets sex determi-
nation proteins in C. elegans (JAGER et al. 2004) and
contributes to the degradation of proteins such as c¢-Jun,
cyclin E, c-Myc, and Aurora-A in other systems (KOepp
et al. 2001; MOBERG et al. 2001; STROHMAIER et al. 2001;
Mao et al. 2004; NATERI et al. 2004; WELCKER el al. 2004;
YADA et al. 2004). Therefore, pas-5(02237); sel-10(bc243)
animals have a synthetic germ-line phenotype, likely

related to a target of SEL-10 other than Notch, which
prevents the germ line from forming properly. Thus,
this germ-line phenotype prevents us from analyzing the
effect of pas-5(02237); sel-10(bc243) on the proliferation
vs. meiotic entry decision.

To determine if a decrease in INTRA degradation can
explain the enhancement of overproliferation in pas-
5(02237) mutants, we determined whether gip-1(¢35)
forms a synthetic tumor with gld-2and/or the other gld-2
pathway gene, gld-3. The mutation in glp-1(¢35) is a
premature stop codon, which results in a truncated GLP-
1 protein thatlacks the PEST domain involved in protein
degradation (ROGERS et al. 1986; MANGO et al. 1991). The
¢35 mutation results in a gain-offunction multivulval
phenotype, especially when nonsense-mediated decay,
which degrades mRNAs with premature stop codons

TABLE 3

pas-5(0z237) enhances the Muv phenotype

Genotype Muv (pseudovulvae =2) (%)“ Muv (pseudovulvae =3) (%)’ n
pas-5(02237) 2.3 0 89
sel-10(bc243) 0 0 43
lin-12(n379f) 9.3 0 74
lin-12(n676gf) 49 2.1 95
pas-5(02237); sel-10(bc423)" 42 12 67
pas-5(02237); lin-12(n379f)" 48 16 94
pas-5(02237); lin-12(n676gf)’ 68 38 95

““Pseudovulvae =27 is the percentage of animals that displayed two or more pseudovulvae.
’“Pseudovulvae =3” is the percentage of animals that displayed three or more pseudovulvae.

‘ pas-5(02237) homozygotes were progeny from pas-5(0z237)/ hT2 mothers.

! pas-5(02237); sel-10(bc423) homozygotes were progeny from pas-5(02237)/ hT2; sel-10(bc423) mothers.

‘ pas-5(02237); lin-12(n379%f) homozygotes were progeny from pas-5(02237)/hT2; lin-12(n379f)/hT2 mothers.
! pas-5(02237); lin-12(n676gf) homozygotes were progeny from pas-5(02237)/hT2; lin-12(n676gf)/hT2 mothers.
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(WAGNER and LYKKE-ANDERSEN 2002), is also eliminated
through genetic mutation (MANGO et al. 1991). The gain-
offunction multivulval phenotype is thought to occur
due to a decrease in INTRA degradation (MANGO et al.
1991; WESTLUND et al. 1997). We reasoned that if pas-
5(02237) contributes to the synthetic tumorous pheno-
type with gld-2(q497) by decreasing INTRA degradation,
then glp-1(¢35) should also form a synthetic tumor with
gld-2 or with the other gld-2 pathway gene, gld-3. We
found that glp-1(¢35) does not form a synthetic tumor
with gld-2(q497) or gld-3(q730) (Table 4), suggesting that
pas-5(02237)'s contribution to overproliferation is not
solely due to a decrease in INTRA degradation. However,
since glp-1(¢g35) single-mutant animals do not display a
germ-line gain-offunction phenotype, even when non-
sense-mediated decay is eliminated (MANGO et al. 1991),
it is possible that glp-1(¢35) does not cause the same
increase in Notch signaling in the germ line as that
observed in the soma. Therefore, the lack of overprolif-
eration in the germ lines of gld-2(q497); glp-1(¢35gf) and
gld-3(q730); glp-1(¢35gt) animals could also be due to
glp-1(g35gt) not sufficiently increasing Notch signaling in
the germ line.

Notch-independent targets of the proteasome con-
tribute to the overproliferation phenotype: As men-
tioned above, pas-5(0z237) forms a synthetic tumor with
gld-2(q497) and gip-1(ar202gf). We have shown that pas-
5(02237) enhances both glp-1(gf) and lin-12(gf) alleles,
suggesting that the overproliferation phenotype may be
due to an increase in GLP-1/Notch signaling. However,
the lack of a tumor in the gld-2(q497); glp-1(q35gf) double
mutant suggests that stabilization of INTRA is not
sufficient to explain the synthetic tumorous phenotype
with gld-2. To further test the model that proteasome
activity inhibits GLP-1/Notch signaling in the regula-
tion of the proliferation vs. meiotic entry decision, and
to determine if the proteasome could also function
downstream of GLP-1/Notch signaling in regulating
this balance, we performed genetic epistasis analysis. We
first found that pas-5(02237) forms a synthetic tumor
with both gld-2 pathway genes, gld-2 and gld-3, but not
with either gld-1 pathway genes, gld-1 or nos-3 (Table 4).
Therefore, if pas-5 functions downstream of GLP-1/
Notch signaling, it likely functions in the gld-1 pathway.
However, it is still possible that pas-5 could function
upstream of GLP-1/Notch signaling, but that different
relative “strengths” of the gld-1 and gld-2 pathways could
cause one pathway, and not the other, to be synthetic
tumorous with pas-5(02237). Therefore, we tested for the
dependence of the tumors in gld-2(q497) pas-5(02237)
and pas-5(02237); gld-3(q730) animals on GLP-1/Notch
signaling by analyzing triple mutants that lacked gip-I
activity. We found that gld-2(q497) pas-5(02237); glp-
1(¢q175) triple mutants have a Glp phenotype in which
germ cells prematurely enter into meiotic prophase,
depleting the population of proliferative cells (Table 4).
Therefore, glp-1(q175) is epistatic to the gld-2(q497) pas-

TABLE 4

Synthetic tumorous and epistasis analysis

Genotype Phenotype®
pas-5(02237) Not tumorous
gld-1(q485) Not tumorous’
gld-2(q497) Not tumorous’
gld-3(q730) Not tumorous’
nos-3(0z231) Not tumorous’
gip-1(q175) Glp#
glp-1(¢35gf) Not tumorous”

gld-1(q485) pas-5(02237)
gld-2(q497) pas-5(0z237)
pas-5(02237); gld-3(q730) Tumorous
pas-5(02237); nos-3(0z231) Not tumorous
ld-2(q497) pas-5(02237); glp-1(175)) Glp
pas-5(02237); gld-3(q730); glp-1(q175)" Tumorous
gld-2(q497); glp-1(¢35)' Not tumorous
gld-3(q730); glp-1(¢35)" Not tumorous

Not tumorous
Tumorous

“Phenotype refers only to the germ-line proliferation phe-
notype. Some genotypes yielded other germ-line phenotypes,
but were still counted as “not tumorous” if the amount of pro-
liferation was similar to wild type. Some single- and double-
mutant animals labeled as “not tumorous” have slightly larger
or smaller mitotic regions as compared to wild-type animals.
Only those animals with proliferative cells throughout the
germ line were labeled as “tumorous.” Glp means that ani-
mals show a phenotype similar to glp-1(0) in that all germ cells
enter meiotic prophase prematurely and no proliferative cells
are present in the late larval or adult germ line. In all cases,
>20 animals were analyzed and in all cases 100% of the ani-
mals displayed the same general phenotype, unless otherwise
noted.

* gld-1(q485) hermaphrodites have a germ-line tumor that is
not due to a defect in the proliferation vs. meiotic entry de-
cision, but rather due to a defect in meiotic prophase progres-
sion of female germ cells (FRANCIS et al. 1995b). Therefore,
we have used gld-1(¢485) males, which do not have tumorous
germ lines, for this analysis.

‘FraNCIS et al. (1995b).

A low percentage (~2%) of gld-2(q497) homozygotes have
proximal proliferation (Pro) (Kapyk and KiMBLE 1998).

“ECKMANN el al. (2002).

TKRAEMER et al. (1999).

¢ AusTIN and KimMBLE (1987).

"MANGO et al. (1991).

‘Homozygous male progeny were analyzed.

’ Actual genotype gld-2(q497) pas-5(0z237); unc-32(e189) glp-
1(175).

" Actual genotype pas-5(02237); gld-3(q730); unc-32(e189) glp-
1(q175).

"Actual genotype smg-2(e2008) gld-2(q497); unc-32(e189) glp-
1(q35gf).

" Actual genotype smg-2(e2008); gld-3(q730); unc-32(el189)
gip-1(q35¢gf).

5(02237) tumor, suggesting that the proteasome’s con-
tribution to tumor formation may occur, at least in part,
genetically upstream of GLP-1/Notch signaling. This
supports the model that the proteasome contributes to
the regulation of the proliferation vs. meiotic entry
decision by inhibiting GLP-1/Notch signaling. How-
ever, it should be emphasized that pas-5(0z237) is not a
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FIGurRE 5.—GLP-1/Notch signaling contrib-
utes to the pas-5; gld-3 tumor. (A and B) Gonads
from staged hermaphrodites were dissected,
fixed, and stained with DAPI to visualize nuclear
morphology. Animals of both genotypes were ar-
rested as L1’s and grown side by side for the same
period of time until they reached the L4 stage
and were dissected. More than 20 gonad arms
for each genotype were dissected and stained.
In all cases, the pas-5(02237); gld-3(q730); glp-
1(q175) gonad arms had far fewer germ cells than

# Cells per the pas-5(02237); gld-3(q730) gonad arms. The dis-

Senotype Gonad Arm tal end of each gonad is at the top left. Photos
pas-5(0z237); 67+6.6 were taken using the Apotome module (Zeiss)
pgg;g%g% to reduce background fluorescence. (A) Actual
4l-3(q730); g.‘p-ﬁqﬂS) 42+6.5 genotype pas-5(02237); gld-3(q730); unc-32(e189).

pas-5(0z237); gld-3(q730); glp-1(q175)

Bar, 20 pm. (B) Actual genotype pas-5(0z237);
gld-3(q730); unc-32(e189) glp-1(q175). Bar, 20 pm.
(C) Summary table of the number of germ cells

in gonad arms of staged animals. Animals were staged as in A and B and were grown side by side until they reached the
mid-L3 stage. Total germ cell numbers were determined at the same time point for both genotypes using DIC optics. Actual
genotypes are pas-5(0z237); gld-3(q730); unc-32(e189) (n = 5) and pas-5(02237); gld-3(q730); unc-32(e189) glp-1(q175) (n="7). The
range shown is 1 SD. The total cell numbers are statistically different (P < 1.2 X 107", Student’s ttest, two-sample, two-tailed,

unequal variance).

null allele; therefore, this result is not conclusive. It is
still possible that pas-5 functions downstream of GLP-1/
Notch signaling and that the Glp phenotype in gld-
2(q497) pas-5(02237); glp-1(q175) animals is due to a
release of the GLP-1/Notch repression of proteasome
activity that is still present in a pas-5(0z237) mutant. To
further test if GLP-1/Notch signaling is necessary for
pas-5(02237) to enhance overproliferation, we deter-
mined if the tumor in pas-5(02237); gld-3(q730) animals
is dependent upon GLP-1/Notch signaling. Surpris-
ingly, pas-5(02237); gld-3(q730); glp-1(q175) triple-mutant
animals have a tumorous germ line (Table 4; Figure 5).
The tumor is smaller in pas-5(02237); gld-3(q730); glp-
1(¢175) animals than in pas-5(02237); gld-3(¢730) ani-
mals; however, the germ cells continue to proliferate
and the tumor increases in size over time (see supple-
mental material). Therefore, pas-5(02237); gld-3(q730);
glp-1(q175) animals form a germ-line tumor, unlike gld-
2(q497) pas-5(02237); glp-1(q175) animals, which are Glp
(Table 4; Figure 5). The fact that pas-5(02237); gld-
3(q730); glp-1(q175) animals are tumorous argues
against the inhibition of GLP-1/Notch signaling as the
proteasome’s sole function in regulating the prolifera-
tion vs. meiotic entry decision. It suggests that pas-5> may
function downstream of GLP-1/Notch signaling in the
gld-1 pathway. This result provides very strong evidence
for the proteasome functioning downstream of GLP-1/
Notch signaling because in the complete absence of
GLP-1/Notch signaling a tumor is formed. However, the
tumor in the pas-5(02237); gld-3(¢730) double mutant,
with active Notch signaling, is much more robust than
the tumor in the pas-5(02237); gld-3(q730); glp-1(q175)
triple mutant (Figure 5). The pas-5(02237); gld-3(q730);
glp-1(¢175) tumor is very small, but it does continue to
grow in size over time, making us confident in descri-

bing it as an overproliferative tumor (see supplemental
material). However, the significantly larger size of the
tumor when GLP-1/Notch signaling is active demon-
strates that GLP-1/Notch signaling does contribute
to tumor formation in pas-5(0z237) mutants. Therefore,
our epistasis analysis supports a model in which the
proteasome functions as a negative regulator of GLP-1/
Notch signaling, as well as affects the activity of a com-
ponent or regulator of the gld-1 pathway. Our analysis
also demonstrates that the gld-2 and gld-3 genes are not
equivalent in their roles in regulating the proliferation
vs. meiotic entry decision since gld-2(q497) pas-5(02237);
glp-1(q175) and pas-5(02237); gld-3(q730); glp-1(q175)
have significantly different phenotypes (Table 4; see
DISCUSSION).

DISCUSSION

We have found that a decrease in proteasome activity
enhances overproliferation in the C. elegans germ line.
We found that a strong reduction in proteasome activity
results in embryonic lethality, preventing a role in the
proliferation wvs. meiotic entry decision from being
analyzed. However, by using an allele that only partially
reduces proteasome activity, pleiotropic masking phe-
notypes could be avoided and a role for the proteasome
in regulating the proliferation vs. meiotic entry decision
was discovered. We found that reduced proteasome
activity results in phenotypes associated with an increase
in Notch signaling and that at least part of this increase
is independent of SEL-10-mediated degradation of the
intracellular portion of the Notch receptor. We further
demonstrated that at least one target of the proteasome
that contributes to germ cell overproliferation func-
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tions in the gld-1 pathway, downstream of GLP-1/Notch
signaling.

Independent functions of GLD-2 and GLD-3: gld-2
and gld-3 function together in the gld-2 pathway to
inhibit proliferation and/or promote meiotic entry
(ECKMANN et al. 2004). GLD-2 is a poly(A) polymerase
and binds GLD-3, which is an RNA-binding Bicaudal-C
family member (WANG et al. 2002; ECKMANN et al. 2004).
GLD-3 strongly enhances the poly(A) polymerase activ-
ity of GLD-2 (WANG et al. 2002). While gld-2 and gld-3
appear to work together in the gld-2 pathway to inhibit
proliferation and/or promote meiotic entry, they also
have separate functions related to other aspects of
germ-line development. For example, gld-3 is involved
in germ-line survival and male spermatogenesis, while
gld-2 does not appear to have related functions (KADYK
and KiMBLE 1998; ECKMANN et al. 2002). Here we show
that gld-2 and gld-3 are also not equivalent in their roles
in inhibiting proliferation and/or in promoting meiotic
entry; when gld-2 activity is removed in pas-5(02237); glp-
1(¢q175) double mutants, the resulting animals are Glp,
whereas the removal of gld-3 activity in these same
double mutants results in a tumorous germ line. One
possible explanation for this dramatic difference in
phenotypes could be that eliminating one component
of the GLD-2/GLD-3 complex does not completely
eliminate activity; GLD-2 and/or GLD-3 may be able
to partially provide the function normally provided by
the complex. If this explanation is true, then a lack of
gld-3function reduces complex activity more than a lack
of gld-2 activity because the gld-2(q497) pas-5(02237); glp-
1(¢175) mutant has meiotic entry, whereas the triple
mutant with gld-3(¢730) does not. Another possible
explanation for the difference in phenotypes in gld-
2(q497) pas-5(02237); glp-1(q175) and pas-5(02237); gld-
3(q730); glp-1(q175) animals is that they may have some
independent mRNA targets. It has previously been
suggested that GLD-2 and GLD-3 may have a number
of different binding partners on the basis of their dif-
ferent single-mutant germ-line phenotypes (ECKMANN
et al. 2004). Therefore, while GLD-2 and GLD-3 likely
partner to regulate certain mRNAs involved in the
proliferation vs. meiotic entry decision, they may also
independently bind other proteins to regulate other
mRNAs involved in this same decision.

Proteasome and Notch signaling: We have shown
that decreasing proteasome activity enhances two phe-
notypes associated with increased Notch signaling in
C. elegans. Proteasome-mediated protein degradation
has previously been implicated in other systems as a
regulatory mechanism controlling the level of Notch
signaling. For example, dominant-negative tempera-
ture-sensitive mutations in two Drosophila proteasome
subunits result in shaft-to-socket cell fate transforma-
tions and a double-socket phenotype; both of these
phenotypes are associated with an increase in Notch
signaling (SCHWEISGUTH 1999). The increase in Notch

signaling observed in these dominant-negative protea-
some subunit mutations in Drosophila is likely due, at
least in part, to a decrease in degradation of the cleaved
intracellular form of the Notch receptor; an activated
version of the intracellular domain is stabilized in one of
the dominantnegative proteasome subunit mutants
(ScHWEISGUTH 1999). Proteasome-mediated degrada-
tion of the intracellular domain of the Notch receptor
has also been shown or suggested to occur in other sys-
tems, including C. elegans (MANGO et al. 1991; HUBBARD
et al. 1997; GurTa-RossI et al. 2001; OBERG et al. 2001; Wu
et al. 2001; McGiLL and McGLADE 2003; TSUNEMATSU
et al. 2004). This degradation is thought to depend, at
leastin part, on the activity of SEL-10, a component of an
E3 ubiquitin ligase (HUBBARD el al. 1997; GupTA-ROssI
et al. 2001; OBERG et al. 2001; WU et al. 2001; TSUNEMATSU
et al. 2004). sel-10 was first identified in a genetic sc-
reen as a negative regulator of LIN-12/Notch signaling
(SunpARAM and GREENWALD 1993) and has since been
shown to inhibit Notch signaling in many other systems
(Lar 2002). sel-10 mutants also enhance the germ-line
overproliferation phenotype of a weak glp-1(gf) mutant,
suggesting that GLP-1(INTRA) is also a target of pro-
teasome-mediated degradation in the germ line (PEPPER
et al. 2003). Here we show that decreased proteasome
activity enhances both /lin-12 and glp-1 gain-offunction
alleles. A likely means by which this increase in Notch
signaling is achieved is through a decrease in the de-
gradation of INTRA. However, a reduction of SEL-10-
mediated INTRA degradation cannot fully explain the
increase in Notch signaling seen in the pas-5(02237)
mutants. We have shown that animals lacking sel-10
activity, and that also have reduced proteasome activity
due to the pas-5(0z237)allele, have a synthetic multivulval
phenotype. This synthetic interaction suggests that not
all proteasome-mediated inhibition of Notch signaling is
achieved through sel-10. The target of this sel-I(+inde-
pendent protein degradation could be a positive regula-
tor of Notch signaling or a core component of Notch
signaling, including INTRA. Indeed, there is evidence
that an elimination of SEL-10 activity does not completely
abolish proteasome-mediated degradation of INTRA.
This evidence comes from the gain-of-function pheno-
type of the glp-1(¢35) allele. As mentioned, glp-1(¢35)
results in a truncated GLP-1 protein, removing the PEST
domain that is involved in targeting INTRA for degrada-
tion (MANGO el al. 1991). The multivulval phenotype is
presumably due to INTRA not being degraded by the
proteasome, resulting in an increase in Notch signaling
(MANGO et al. 1991; WESTLUND et al. 1997). In contrast,
sel-10 mutant animals, which should also have a decrease
in the degradation of INTRA, do not display a multivulval
phenotype in an otherwise wild-type background (Sun-
DARAM and GREENWALD 1993; HUBBARD et al. 1997).
Therefore, glp-1(¢35) animals presumably have a greater
increase in Notch signaling than sel-10 animals, suggest-
ing that some INTRA is still being targeted for degrada-
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FIGURE 6.—Model of proteasome activity in regulating the proliferation vs. meiotic entry decision. In this model, proliferative
cells in the mitotic zone (green) have active GLP-1/Notch signaling. This signaling inhibits the activity of GLD-1 by limiting its
expression in the distal end (HANSEN and ScHEDL 2006), which allows for specific mRNAs to be translated and produce proteins
necessary for proliferation (blue). As part of one model, an unknown factor (X) may also inhibit GLD-1 activity in a manner
independent of GLP-1/Notch signaling (see DISCUSSION). As cells move proximally, GLP-1/Notch signaling is reduced due to
the distance from the LAG-2 ligand expressed in the DTC (yellow), and cells enter meiotic prophase (red). The proteasome also
degrades a core component(s) or positive regulator of GLP-1/Notch signaling, reducing the level of signaling further. Reduced
GLP-1/Notch signaling allows GLD-1 to bind target mRNAs, preventing further production of proliferation proteins. The pro-
teasome could interact with the GLD-1 pathway by degrading a negative regulator of GLD-1 activity (factor X) and/or by degrad-
ing proliferation proteins that were translated while cells were still in mitosis, but persist as cells enter meiotic prophase. In either
situation, proliferation protein levels are reduced, which allows cells to enter meiotic prophase (red). Dashed lines represent

reduced activity.

tion in se/ 10 mutants. Loss of sel-10activity does enhance
both lin-12(gf) and glp-1(gf) alleles, suggesting that sel-10
mutants do have an increase in Notch signaling, pre-
sumably due to increased INTRA stability (SUNDARAM
and GREENWALD 1993; HUBBARD et al. 1997; PEPPER el al.
2003); however, the increase in Notch signaling in sel-10
mutants is not as great as the increase in Notch signaling
in glp-1(¢35) animals. The synthetic multivulval pheno-
type in pas-5(0z237); sel-10 mutants strongly supports the
model that a lack of sel-10 activity does not abolish
proteasome-mediated inhibition of Notch signaling. As
mentioned, this inhibition could be accomplished
through sel-10-iindependent degradation of INTRA, or
it could involve another regulator or component of
Notch signaling. sel-I(-independent proteasome-medi-
ated degradation of INTRA has previously been de-
scribed (McGriLL and McGrape 2003). Mammalian
Notch is ubiquitinated by the E3-ubiquitin ligase Itch,
in association with Numb, targeting the Notch intracel-

lular domain for proteasome-mediated degradation
that does not require the PEST domain (McGiLL and
McGLADE 2003). C. elegans LIN-12(INTRA) can also be
degraded in a mechanism independent of sel-10; how-
ever, this is thought to be mediated by the lysosome, not
by the proteasome (SHAYE and GREENwALD 2005).
Therefore, the sel-I(-independent increase in Notch
signaling that is achieved in pas-5(0z237) mutants may
identify a novel level of regulation of Notch signaling, at
least in C. elegans, that is accomplished through activity
of the proteasome.

Proteasomal regulation of the GLD-1 pathway: We
have shown that stabilization of INTRA is not sufficient
for the synthetic tumorous phenotype with gld-2 path-
way genes; neither gld-2(q497); glp-1(¢35) nor gld-3(q730);
glp-1(¢35) animals show overproliferation (Table 4).
Additionally, since pas-5(02237); gld-3(q730); glp-1(q175)
animals do show some overproliferation, at least one
factor that is degraded less efficiently in a pas-5(0z237)
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mutant and contributes to overproliferation functions
downstream or parallel to the GLP-1/Notch signaling
pathway. Our synthetic tumor tests show that pas-
5(02237) is synthetic tumorous with gld-2 pathway genes,
but not with gld-1 pathway genes, suggesting that the
proteasome interacts with the gld-I pathway. The pro-
teins in the gld-1 pathway that are normally degraded by
the proteasome to regulate the proliferation vs. meiotic
entry decision cannot be the protein products of either
of the two known gld-1 pathway genes, gld-1 or nos-3,
because stabilization of these proteins would increase
the activity of the gld-1 pathway, whereas it is a decrease
in gld-1 pathway activity that contributes to overprolif-
eration. As mentioned above, GLD-1 is a translational
inhibitor, likely inhibiting the translation of genes
necessary for proliferation (JAN et al. 1999; LEE and
ScHEDL 2001, 2004; XU et al. 2001; MARIN and EvaNs
2003; Lakiza et al. 2005). A proteasome target(s) that
promotes proliferation may also be an mRNA target of
GLD-1, and together the proteasome and GLD-1 inhibit
the expression or stability of the protein(s) that is
necessary for proliferation. In this model, germ cells
in the distal end of the gonad express proteins that
contribute to the proliferative state of the cells (Figure 6).
As cells move proximally and switch from proliferation
to meiotic prophase, GLD-1 inhibits further translation
of the proteins. However, some proliferation proteins
are likely to persist in these cells as they move from the
mitotic region of the gonad to the region where they
enter meiotic prophase. To allow for entry into meiotic
prophase, these proliferation-promoting proteins could
then be targeted for degradation by the proteasome
(Figure 6).

An alternative or additional mechanism by which the
proteasome could interact with the gld-I pathway to
regulate the proliferation vs. meiotic entry decision is
through degradation of a negative regulator of GLD-1
activity (Figure 6). In this model, an unknown negative
regulator (X) inhibits GLD-1 activity, allowing cells to
remain proliferative. This inhibition of GLD-1 activity
would have to occur independently of GLP-1/Notch
signaling. As cells enter meiosis, the proteasome degrades
the negative regulator, which allows GLD-1 to repress the
translation of proteins necessary for proliferation; the
cells are then able to enter meiotic prophase.

Proteasome-mediated regulation of a developmental
decision: The degradation of proteins by the protea-
some is increasingly being realized as an important
means of regulating many cellular processes and de-
velopmental decisions (GROLL e al. 2005; BOWERMAN
and Kurz 2006; NaAUjorAT and Saric 2007). Indeed,
the proteasome is involved in regulating so many
fundamental processes, such as the cell cycle (GLOTZER
et al. 1991; HERSHKO et al. 1991), that it is sometimes
difficult to tease apart specific functions. Our identifi-
cation of a partial loss-offunction allele of a subunit
of the 20S proteasome, which only partially reduces

proteasome activity, has allowed us to identify a role for
the proteasome in regulating the proliferation vs. mei-
otic entry decision in the C. elegans germ line. The pro-
teasome has also been implicated in regulating the
differentiation of mammalian stem cells (NAUJORAT
and Saric 2007). The next step in understanding how
protein degradation regulates the proliferation vs. meio-
tic entry decision in the C. elegans germ line, which will
also likely help in our understanding of how protein
degradation controls stem cell differentiation in gen-
eral, will be to identify the proteins that are degraded by
the proteasome and the E3 ubiquitin ligases that target
them for destruction.
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