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ABSTRACT

Screens for suppressors of lin-12 hypermorphic alleles in C. elegans have identified core components
and modulators of the LIN-12/Notch signaling pathway. Here we describe the recovery of alleles of six
new genes from a screen for suppressors of the egg-laying defect associated with elevated lin-12 activity.
The molecular identification of one of the new suppressor genes revealed it as bre-5, which had previously
been identified in screens for mutations that confer resistance to Bt toxin in C. elegans. bre-5 is the
homolog of D. melanogaster brainiac. BRE-5/Brainiac catalyzes a step in the synthesis of glycosphingolipids,
components of lipid rafts that are thought to act as platforms for association among certain kinds of
membrane-bound proteins. Reducing the activity of several other genes involved in glycosphingolipid
biosynthesis also suppresses the effects of constitutive lin-12 activity. Genetic analysis and cell ablation
experiments suggest that bre-5 functions prior to ligand-induced ectodomain shedding that activates

LIN-12 for signal transduction.

ECEPTORS of the LIN-12/Notch family mediate
many cell-cell interactions that cause cells with equiv-
alent potentials to adopt distinct fates. These receptors
undergo three proteolytic processing events (reviewed in
GREENWALD 2005). They undergo a proteolytic cleavage
at site 1 during their transit to the cell surface in mam-
mals and reside on the surface as a heterodimer be-
tween the N- and C-terminal fragments. After activation
by binding to transmembrane ligands of the Delta/
Serrate/LAG-2 (DSL) family, proteolytic cleavage at site
2 in the extracellular domain results in ectodomain
shedding. The remaining transmembrane portion of
the receptor is then cleaved at site 3 in the transmem-
brane domain, which releases the intracellular domain.
The released intracellular domain translocates to the
nucleus where it forms a transcriptional activation com-
plex with a sequence-specific DNA-binding protein LAG-1
(Suppressor of Hairless in Drosophila and CBF1/RBP-]
in mammals) and other cofactors to promote tran-
scription of target genes.

In Caenorhabditis elegans, three different classes of con-
stitutively active forms of LIN-12 have been described.
One class is encoded by hypermorphic alleles with mis-
sense mutations that alter the extracellular domain
(GREENWALD and Seypoux 1990). These alleles are
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termed lin-12(d), and recently, similar alleles have been
found to be commonly associated with acute T lym-
phoblastic leukemia (WENG et al. 2004). The two other
classes are engineered transgenic forms that have also
been used extensively in Drosophila and mammalian
studies. These truncated forms mimic the products
formed from cleavage at site 2 (ectodomain shed-
ding) or site 3 (transmembrane cleavage). In C. elegans,
the site 2 cleavage mimic is called lin-12(AE) (SHAYE and
GREENWALD 2005; described below) and the site 3 cleav-
age mimic is called lin-12(intra) (STRUHL et al. 1993).
Constitutively active forms of LIN-12 affect many
different cell fate decisions, leading to phenotypes that
are amenable to genetic analysis. The most widely used
basis for genetic screens has been a cell fate decision in
the developing gonad, the anchor cell (AC) /ventral uterine
(VU) precursor cell decision (GREENwALD 1998). In wild-
type hermaphrodites, two gonadal cells interact so that
one becomes the AC and the other becomes the VU. lin-12
activity mediates this interaction, so that in animals
homozygous for null alleles of lin-12 both cells become
AGCs and, conversely, in mutants with elevated lin-12
activity, both cells become VUs (GREENWALD et al. 1983).
The absence of an AC leads to the absence of a func-
tional vulva and hence an egg-laying (Egl)-defective
phenotype. The 0 AC-Egl phenotype of lin-12(d) mutants
has been exploited in large-scale screens for suppressors,
yielding intragenic revertants and extragenic suppres-
sors defining seven suppressor/enhancer of lin-12 (sel)
genes that modulate lin-12 activity (GREENWALD et al.
1983; FERGUSON and Horvitz 1985; TAX et al. 1997).
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TAX et al. (1997) focused on extragenic suppressors
and identified seven sel genes, five of which have been
characterized to date. Three essential genes were iden-
tified by non-null alleles: lag-2, which encodes the DSL
ligand that mediates the AC/VU decision (TAXx et al.
1994); sup-17, which encodes an ADAM family protease
that may cleave LIN-12 at site 2 in its extracellular
domain and mediate ectodomain shedding (Tax et al.
1994, 1997; WEN ef al. 1997); and sel-8, which encodes a
component of the nuclear complex and appears to
bridge LIN-12 and LAG-1 (DOYLE ¢t al. 2000; PETCHERSKI
and KiMBLE 2000). TAX ef al. (1997) also recovered null
alleles of sel-5, which encodes a cytoplasmic serine/
threonine kinase that may influence LIN-12 trafficking
(FARES and GREENWALD 1999) and of sel-7, which encodes
a novel nuclear protein (CHEN et al. 2004). The screen
performed by Tax et al. (1997) was not saturated and was
understandably biased toward highly penetrant sup-
pressors, which are easier to work with and to recognize
among the background of intragenic revertants (see
also RESULTS). The lack of saturation implied that there
would be new genes to discover through this approach.
In addition, the bias toward high penetrance and the
requirement for robust egg laying would have precluded
the identification of genes such as sel-12 presenilin, for
which null alleles, because of functional redundancy
and pleiotropic effects, do not restore normal egg laying
at high penetrance.

To identify more factors that affect LIN-12/Notch
signaling, we performed a screen for suppressors of the
0 AC-Egl defect of a lin-12(d) allele and characterized
some of the low-penetrance suppressors that we ob-
tained. We identified alleles of six apparent new se/genes,
as well as intragenic revertants and alleles of previously
identified sel genes. We cloned one of the new sel genes
and found that it corresponds to bre-5, which codes for a
B1,3 Nacetylglucosaminyltransferase and is orthologous
to Drosophila brainiac (GOODE et al. 1996b; GRIFFITTS
et al. 2001). We extend this observation to show that two
other genes encoding glycosyltransferases thought to
function in the synthesis of glycosphingolipids, struc-
tural components of lipid rafts, are positive regulators of
LIN-12/Notch signaling and discuss how glycosphingo-
lipids might affect LIN-12/Notch signaling.

MATERIALS AND METHODS

General C. elegans methods and strains: Standard methods
as described in BRENNER (1974) were used for handling,
maintenance, mutagenesis, and genetic analysis of C. elegans.
Experiments were performed at 20° unless indicated otherwise.
The wild-type parent for all strains was C. elegans var. Bristol N2
(BRENNER 1974), except for mapping experiments using the
Bergerac strains DP13 (WiLL1AMS et al. 1992) and GS3063, in
which lin-12(n302) had been placed into the Hawaiian strain
CB4856 background by repeated backcrossing (data not
shown).

The main alleles used in this study are: LG I—sup-17(n1258)
(Tax et al. 1997), bre-4(ye27) (MARROQUIN et al. 2000); LG
II—sel-4(n1259) (Tax et al. 1997); LG I—sel-8(sa54), sel-
5(ni1254) (Taxet al. 1997; FARES and GREENWALD 1999; DoyLE
et al. 2000), lin-12(n302, n950, n941) (GREENWALD et al. 1983;
GREENWALD and SEypoux 1990), lin-12(arl170) (HUBBARD
et al. 1996), glp-1(ar202) (PEPPER et al. 2003), glp-1(e2141,
e2142) (PRIESS et al. 1987), bre-3(ye26), bre-2(ye31) (MARROQUIN
et al. 2000); LG IV—bre-1(ye4) (MARROQUIN et al. 2000), bre-
5(yel 7, ar560) (MARROQUIN et al. 2000; this study); LG X—sel-
7(n1253) (TAX et al. 1997; CHEN et al. 2004).

Additional information about the alleles listed above and
about the markers used for mapping and for facilitating
genetic analyses in this work can be found via Wormbase at
http:/www.wormbase.org. The transgene arls53 [lin-12(AE):: gfp]
expresses a GFP-tagged version of LIN-12 lacking most of its
extracellular domain under the sel-12 promoter (SHAYE and
GREENWALD 2005).

Identification of extragenic suppressor mutations: All
suppressors discussed in this work were isolated after EMS
mutagenesis of unc-36(e251) lin-12(n302) hermaphrodites.
Three mutagenized L4 P, hermaphrodites were picked per
10-cm plate and allowed to self-fertilize for two generations.
Animals carrying a mutation in a suppressor gene form a vulva
and are egg laying competent, so any F, eggs were transferred
together to a new plate and adults were examined for egg-
laying competence. A single Egl" individual was used to found
a revertant stock from a single P, plate to ensure indepen-
dence of all mutations.

A major class of suppressors encompasses intragenic rever-
tants in /in-12 that reduce or eliminate lin-12activity (GREENWALD
et al. 1983; Tax et al. 1997). Since loss of lin-12 activity acts
dominantly, we tested all suppressors for dominance as a triage
step. sel; unc-36(e251) lin-12(n302) hermaphrodites were crossed
with dpy-17(el64) lin-12(n302); him-5(e1467) males and 30 non-
Unc F;’s were scored for egg-laying ability. Suppressors that
conferred egg-laying ability on >10% of heterozygous her-
maphrodites in this test were discarded. As a reference point,
~75% of hermaphrodites carrying lin-12(n302) in trans to a
null allele are egg laying competent, and ~62% of hermaph-
rodites carrying lin-12(n302) in trans to the hypomorphic allele
lin-12(n676n930) are egg laying competent (SUNDARAM and
GREENWALD 1993a). Revertants that remained after this tri-
age step were first tested for linkage to lin-12 and unlinked
suppressors were subjected to sequence-tagged site mapping
(WILL1AMS et al. 1992; data not shown).

Complementation tests with mutations in known sel genes:
Complementation tests were performed between new sup-
pressor mutations and recessive alleles of known sel genes
mapping on the same chromosome. unc-36(e251) lin-12(n302);
sel(unknown) hermaphrodites were mated with lin-12(n302);
sel(known); him-5(e1490) males, where “sel(known)” corresponds
to sup-17(ni258), sel-4(mi1259), sel-8(sa54), sel-5(nl1254), or
sel-7(n1253), and 30 non-Unc progeny were scored for egg-
laying ability. Mutations were scored as failing to complement
when the egglaying ability of fransheterozygous animals
resembled that exhibited by animals homozygous for the
canonical allele of the tested sel gene. Many suppressors
that failed to complement a known sel gene were sequenced
for the presence of a mutation within the coding region of
that gene.

Ten alleles of sup-17 (ar528, ar537, ar540, ar542, ar543,
ar546, ar552, ar553, ar569, and ar585), 1 putative allele of sel-4
(ar555), 13 new alleles of sel-5 (ar518, ar520, ar521, ar529, ar541,
ar551, ar556, ar559, ar568, ar571, ar574, ar579,and ar588), and
6 alleles of sel-7 (ar516, ar517, ar523, ar539, ar558, and ar586)
were identified by these tests. The sel-7 alleles are described in
CHEN et al. (2004).



New Positive Regulators of lin-12 Activity 1607

ar519 mapped to chromosome IV and was found to be an
allele of lag-1 on the basis of complementation tests, rescue
experiments, and sequencing of the lag-I-coding region.

Atypical intragenic revertant alleles: Other alleles linked to
chromosome III either failed to complement both sel-5 and sel-8
alleles to some extent or complemented both sel-5 and sel-8
alleles. Three of these alleles were found to map to an ~3-MU
region between stP120and stP127thatincludes lin-12. We then
sequenced the coding region of lin-12in the two mutants that
failed to complement both sel-5 and sel-§ alleles and in one
mutant that complemented both sel-5 and sel-§ alleles and
found missense changes in lin-12 (Table 1) in all of them.
We therefore assume that a majority of mutations that were
linked to lin-12 but were not sel-5 alleles encode second-
site mutations in lin-12 itself and we did not analyze these
further.

One mutation, ar562, failed to complement sel-8 but comple-
mented sel-5. No sequence changes were present in the coding
region of sel-8, which was also excluded as a candidate gene
because ar562 maps to the right of unc-36. To confirm that
ar562 was not one of the majority class of lin-12 intragenic
mutation, we sequenced the coding region of lin-12and found
no changes. This mutant was also sequenced for changes in
the coding region of bre-3, which can suppress the egg-laying
defect of lin-12(n302)/+ animals (see below) and which maps
to the right of lin-12and close to it. No sequence changes were
found.

Additional mapping of new sel genes: sel(ar578) V homo-
zygotes segregating from Bristol/DP13 heterozygotes were
used to map sel(ar578) to the left of stP18 (data not shown).
This position excludes sel(ar578) as a candidate sel-6 allele.
Furthermore, there were no changes in the coding region of
lag-2 or in the coding region of skp-1, the C. eleganshomolog of
the Notch interactor Skip (ZHou et al. 2000), which both map
on chromosome V.

sel(ar570) IVhomozygotes segregating from Bristol/ GS3063
heterozygotes were used to map sel(ar570) to the right of SNP
pkP4046 on clone Y105C5 on the right arm of chromosome IV
(data not shown).

Identification of sel(ar560) as an allele of bre-5: sel(ar560) IV
homozygotes segregating from Bristol/ GS3063 heterozygotes
were used to map sel(ar560) to the right of the SNP pkP4079
on cosmid C28C12. We then constructed lin-12(n302); dpy-
20(e1282) sel(ar560) and proceeded as described above. Further
SNP mapping indicated that sel(ar560) mapped to the right
of pkP4084 on cosmid M117. Finally, we constructed a lin-
12(n302); dpy-20(el282) sel(ar560) unc-26(e205) mapping strain.
We mated these hermaphrodites with GS3063 males and picked
non-Dpy, non-Unc F,’s and from those obtained Dpy non-Unc
recombinants and assessed the presence of sel(ar560), evi-
denced by segregating some non-Egl animals. Fourteen of 87
recombinants lost sel(ar560), while 73 of 87 recombinants kept
it. SNP analysis of these recombinants delineated sel(ar560)
between anew A — G SNP at position 17,458 of cosmid T12G3
and SNP F35G2.1 on cosmid F35G2. This region contains 30
predicted genes. A mutation in bre-5 was confirmed by se-
quencing the PCR product using one pair of primers: bre-
5(CF) (5'-GGCTTAAGATCCACAAACACAG-3") and bre-5(CR)
(5"-GGAAGAATGCTTCTGGGAAG-3").

bre mutant suppression of lin-12(n302)/+: In the case of
bre-1(yed), bre-4(ye27), and bre-5(yel 7), strains of unc-32(e189); bre
hermaphrodites were mated with males of the genotype lin-
12(n302); bre; him-5(e1490). Their non-Unc cross progeny were
scored for the ability to lay eggs.

Complementation between bre-5(ar560) and bre-5(yel7)
was assessed similarly: unc-32(e189); bre-5(yel 7) hermaphrodites
were mated with lin-12(n302); bre-5(ar560); him-5(e1490) males
and their non-Unc progeny were scored for egg-laying ability.

For bre-2(ye31), Egl lin-12(n302) bre-2(ye31) hermaphrodites
were fed bacteria expressing an RNA-mediated interference
(RNAi) construct against sel-7 to induce an AC, and non-Egl
progeny of such worms were mated to bre-2(ye31) males. Cross
progeny (verified by segregation of some non-Egl animals)
were then scored for egg laying.

bre-5 interaction with other lin-12 and glp-1 alleles: To assess
the number of ACs, L3 larvae were scored by Nomarski optics
and ACs were identified by morphology. For the Multivulva
phenotype, L4 larvae were generally picked onto separate
plates and checked for the number of pseudovulvae the next
day. For germline proliferation, L1 larvae of hermaphrodites
carrying glp-1(ar202) were transferred to individual plates at
25° and scored for progeny production. For embryonic lethal-
ity, individuals carrying gip-1(e2141)and glp-1(e2142)were picked
as L4 larvae and transferred to fresh plates for 3 consecutive
days and the eggs on plates were scored for hatching. This
assay was conducted at 15°.

Complementation tests among mutations that map to chro-
mosome IV: Males of the genotype lin-12(n302); sel(ar522);
him-5(e1490) were mated with non-Egl hermaphrodites homo-
zygous for unc-36(e251) lin-12(n302); sel(ar570) or sel(ar560). F,
hermaphrodites were scored for egg laying. sel(ar522) failed to
complement sel(ar570) but complemented sel(ar560).

sel(ar584) was tested for complementation with bre-5(ar560)
and bre-5(yel 7) as follows: unc-36(e251) lin-12(n302); sel(ar584) her-
maphrodites were mated with bre-5(ar560) or bre-5(yel 7) males (or
N2 males as a negative control). Their non-Unc progeny were
scored for the ability to lay eggs. The coding region of bre-5was se-
quenced in the unc-36(e251) lin-12(n302); sel(ar584) background.

RNAi: For RNAi feeding against bre-3, serine palmitoyltrans-
ferase subunit C23H3.4, and the putative glucosylceramide
synthases F59G1.1, F20B4.6, and T06C12.10, we used bacterial
strains from the C. elegans RNAI library (KAMATH et al. 2003).
L4 stage unc-32(el89)/lin-12(n302); him-5(e1490)/+ parents
were placed onto lawns of such bacteria. Their non-Unc progeny
were singly picked to separate plates, and their egg-laying ability
and unc-32(el89) segregation were scored so that the effects
of RNAi on wunc-32(e189)/lin-12(n302) and lin-12(n302) worms
could be separately analyzed. An empty feeding vector was used
as a negative control.

Laser ablations of vulval precursor cells: P3.p and P5.p-
P8.p or P3.p-P7.p were killed with a laser microbeam in early
L2 hermaphrodites before vulval precursor cell (VPC) fates
were specified, as described in LEVITAN and GREENWALD (1995),
to isolate either P4.p or P8.p. Success of ablations was con-
firmed. A vulval fate was inferred if a VPC divided and an
invagination was formed.

RESULTS

Identification of extragenic suppressors of the Egl
defect of lin-12(n302) hermaphrodites: Animals homo-
zygous for the dominant hypermorphic lin-12(d) allele
lin-12(n302) display a 0 AC-Egl defect but are otherwise
normal and fertile. We screened 203,000 mutagenized
haploid genomes by examining the Fy and F3 progeny of
mutagenized unc-36(e251) lin-12(n302) hermaphrodites
and identified 284 independent revertants of /lin-
12(n302) (see MATERIALS AND METHODS). On the basis
of the outcome of the previous screens, we anticipated
that a large proportion of suppressors would result
from intragenic /in-12 mutations, as loss or reduction of
lin-12 activity behaves as a dominant suppressor of the
hypermorphic lin-12(d) alleles (GREENWALD et al. 1983;
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TABLE 1
Suppressor alleles identified by Tax et al. (1997) and our
screen

Gene Tax et al. (1997) Our study % suppressed*
lin-12 109 247 ND
sup-17 5 10 52 (n = 353)°
lag-2 2 04 94 (n=189)°
sel-6 2 0 90¢
sel-5 2 13 51¢
sel-4 1 1 31°
sel-8 1 0 25°¢
sel-7 1 6 53¢
sel(ar526) 0 1 10 (n = 68)/
lag-1¢ 0 1 73 (n = 19)/
bre-5(ar560) 0 1 4 (n=193)/
sel(ar562) 0 1 37 (n = 49)/
sel(ar584) 0 1 17 (n = 51)/
sel(ar522, ar570) 0 2 17 (n = 93)/
sel(ar578) 0 1 5 (n = 40)/

“Suppression of the lin-12(n302) egg-laying defect by the
most penetrant allele of each sel gene.

"Sequence changes associated with new alleles of lin-12:
ar563, E492K; ar564, R721Q; and ar575, K1127E.

“Suppression of egg laying by the most penetrant allele.
Data are from TaxX et al. (1997).

*lag-2 alleles recovered by Tax et al. (1997) were dominant
and would have been eliminated by our triage step.

‘Sequence changes associated with new alleles of sel-5:
ar568, Q551stop; ar571, g — a acceptor splice-site mutation;
ar574, R91stop; ar579, 525-bp deletion within the coding re-
gion; and ar588, g — a acceptor splice-site mutation.

/ Animals were also homozygous for unc-36(e251).

¢ lag-1(ar519) encodes the L302F change.

SUNDARAM and GREENWALD 1993b; TAX et al. 1997).
Therefore, we discarded all mutants that exceeded a
threshold value of 10% semidominance, which is sub-
stantially lower than the dominance observed with lin-12
null intragenic revertants, the major class of revertant ob-
served after mutagenesis of lin-12(d) alleles (GREENWALD
et al. 1983; see also MATERIALS AND METHODS). A total of
74 revertants remained after this triage step.

Linkage analysis indicated that 50 of the revertant
strains contained suppressor mutations that were tightly
linked to lin-12, while 24 were unlinked. Our detailed
analysis will be presented below and is summarized in
Tables 1 and 2. Thirteen of 50 linked suppressors were
found to be alleles of the known gene sel-5, and 36,/50
appeared to be intragenic revertants; one linked sup-
pressor appears likely to define a new sel gene. The 24
unlinked mutations were clearly extragenic suppressors,
and these were mapped and assigned to complementa-
tion groups; 17/24 unlinked mutations appeared to be
alleles of sup-17, sel-4, and sel-7, and 1/24 proved to be
a non-null allele of lag-1. Six of 24 unlinked mutations
defined five new potential sel genes. A total of six poten-
tial new sel genes were therefore identified in this screen.

Linked suppressors: sel-5 and sel-8, as well as lin-12,
map to chromosome III. We tested those mutations that

TABLE 2
New extragenic suppressors of the lin-12(d) 0 AC-Egl defect

Alleles Relevant Penetrance”
of new mapping and (% egg laying
sel genes sequencing data competent/total)
LG1I
ar526  Complements sup-17(n1258) 10 (n = 68)
LG III
ar562  Maps to the right of 37 (n = 49)
unc-36; no sequence
changes in the lin-12
or bre-3 coding regions.
LG 1V
ar560 4 (n = 193)
ar584 17 (n = 51)
ar522, Single complementation group 15 (n = 40),
ar570 17 (n = 93)
LGV
ar578  No sequence changes in lag-2 5 (n = 40)

and skp-1 coding regions;
ar578 maps to the left of sel-6.

“Penetrance of the suppression of the egg-laying defect (af-
ter at least two backcrosses) was determined at 20° in animals
homozygous for the indicated mutation and unc-36(e251) lin-
12(n302) from Table 1.

showed linkage to lin-12 for complementation with
canonical alleles of sel-5 and sel-8. Thirteen suppressors
failed to complement sel-5(n1254) and complemented
sel-8(sa54) and were therefore concluded to be alleles of
the sel-5 gene. We have confirmed the presence of a muta-
tion in the sel-5 coding region for five of them (Table 1).

The other alleles on chromosome III fall into two
major categories with respect to sel-5 and sel-§ comple-
mentation, either complementing or, surprisingly, fail-
ing to complement reference mutations in both genes.
We used STS mapping and discovered that the muta-
tions in either category that were tested by this method
map to aregion thatincludes /in-12. We then sequenced
the coding region of lin-12 in three mutants and saw
specific missense changes (see Table 1). On the basis of
the mapping and sequencing results with these alleles,
we believe that the majority of other mutations showing
linkage to lin-12 on chromosome III are likely to be atyp-
ical, very weakly semidominant second-site mutations in
lin-12 itself that were not discarded after the triage step.
Our observations suggest that the nonallelic noncom-
plementation observed between certain weak lin-12 al-
leles and sel-5 or sel-§ mutations can be explained by a
synergistic interaction that lowers lin-12activity sufficiently.

One mutation, sel(ar562), failed to complement sel-
8(sa54) but sequence analysis of the sel-§ coding region
failed to detect any alterations. Mapping data placing
the sel(ar562) mutation to the right of the gene unc-36
indicated that sel(ar562) is not an allele of sel-8, which
maps to the left of unc-36. We sequenced the lin-12
coding region of sel(ar562) and found no sequence
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FIGURE 1.—Molecular cloning and
DNA sequence analysis of bre-5(ar560).
Mapping and cloning of bre-
5(ar560). Only the relevant genes and cos-
mids are shown. (B) Alignment of BRE-5
and D. melanogaster homolog Brainiac.
Proteins were aligned using ClustalW
and their alignments are superimposed
here. Asterisks denote the amino acids
mutated in bre-5 alleles yel07, yel7, and
ar560. Shaded letters designate amino
acid identity. Galactosyltransferase do-
main homology is in the region between
the triangle symbols.
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alterations, suggesting that sel(ar562) is not one of the
majority class of atypical ln-12 intragenic revertant
recovered in our screen. These observations together
suggest that sel(ar562) may define a novel sel gene on LG
III, although we cannot exclude the possibility that it
contains a mutation in a noncoding region that affects
the expression of lin-12.

Unlinked suppressors: To assign the mutations that
did not show linkage to lin-12to chromosomes, we used
the STS mapping method (WiLLIAMS ef al. 1992) and
tested the new mutations for complementation with the
known recessive suppressors on their respective chro-
mosomes, reasoning that these were likely candidates.
Complementation tests suggest that we identified 10
new sup-17alleles and 6 new sel-7 alleles. The new allele
sel(ar555) appears likely to be an allele of sel-4, with the
caveat that sel(ar555) acts semidominantly; sel(ar555)
maps to the sel-4 region (data not shown), but as the
molecular identity of sel-4 is not known, allelism could
not be confirmed by sequencing.

Our genetic and molecular analysis indicates that one
of the suppressors is a weak hypomorph of lag-1, which
encodes a core component of the pathway that had

E TVNV
Y KAGI
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not been previously recovered in suppressor screens
(Table 1). The recovery of such an allele underscores
the usefulness of this screen for identifying core
components of the LIN-12 signaling pathway, even
when their null phenotypes are lethal.

Seven mutations define six new sel genes: Seven muta-
tions do not appear to be alleles of known extragenic
suppressors of lin-12nor of lin-12itself (Table 2). One of
these is the linked mutation sel(ar562), described above.

We assigned the remaining six mutations to chro-
mosomes by using STS mapping (see MATERIALS AND
METHODS). One mutation each mapped to chromo-
somes I and V, and four mutations mapped to chromo-
some IV. Inter se complementation tests among the
mutations on chromosome IV showed that sel(ar570)
and sel(ar522)form a single complementation group and
that sel(ar584) and sel(ar560) are distinct complementa-
tion groups. We focused our analysis of sel(ar560), which
mapped to the LG IV cluster.

sel(ar560) corresponds to bre-5, the C. elegans
homolog of Drosophila brainiac: We mapped sel(ar560)
to a small region containing 30 predicted genes (see
MATERIALS AND METHODS and Figure 1) and observed
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FIGURE 2.—sel(ar560) reduces the activity of a lin-12(d) allele
and fails to complement bre-5(yel 7). A chi-square test was per-
formed to assess whether there is a significant difference be-
tween indicated strains. Asterisks denote differences significant
at the 99% level. Numbers of animals scored are below corre-
sponding bars. We note that, for lin-12(d) alleles, the ability to
lay eggs correlates absolutely with the presence of an anchor
cell; thus, the percentage of hermaphrodites that lay eggs is
equivalent to the percentage of hermaphrodites that have
an anchor cell (GREENWALD et al. 1983). (a) Actual genotype
on chromosome III: lin-12(n302)/unc-32(¢189).

that one of the genes within this region is bre-5, which
encodes a B1,3-GlcNAc-transferase and is orthologous
to the Drosophila gene brainiac (MARROQUIN et al. 2000;
GRIFFITTS et al. 2001). The phenotype of brainiac null
mutants and genetic interactions with Notch suggest that
Brainiac modulates Notch signaling in Drosophila
(GOODE et al. 1992, 1996a). Indeed, sequence analysis
of the coding region of bre-5 in the ar560 background
revealed a missense mutation in a conserved residue of
the glycosyltransferase domain (Figure 1). Alleles of bre-5
in C. elegans had previously been identified in a screen
for animals resistant to a Bacillus thuringiensis (Bt) toxin,
a process that has not been linked to LIN-12/Notch
signaling. The bre-5(yel7) allele appears likely to be a
strong loss of function or null for bre-5 function, as it
encodes truncated mutant protein that has no enzy-
matic activity in vitro (MARROQUIN et al. 2000; GRIFFITTS
et al. 2003).

We used bre-5(yel7) to obtain further support for the
conclusion that sel(ar560) is an allele of bre-5. First, we
found that bre-5(yel 7), like sel(ar560), is a low-penetrance
but reproducible suppressor of lin-12(n302) (Figure 2).
Second, bre-5(yel7), like sel(ar560), is a strong suppressor
of lin-12(n302)/+ (Figure 2). Third, lin-12(n302)/+;
sel(ar560)/bre-5(yel7) is strongly suppressed, indicating
that sel(ar560) fails to complement bre-5(yel7) for sup-
pression. We therefore will refer to sel(ar560) as bre-
5(ar560) for the remainder of this work.

Characterization of bre-5 interactions with lin-12 and
glp-1: Neither of the bre-5 alleles shows any obvious
phenotypes associated with reduction of lin-12 or gip-1
activity in a wild-type background. For example, the AC/

TABLE 3

bre-5 affects lin-12 activity in VPC specification

No. of Muv” Average no. of

Genotype animals/total (%) pseudovulvae

lin-12(n950) 77/77 (100) 48 +/— 0.1

lin-12(n950); 62/62 (100) 46 +/— 0.1
bre-5(ar560)

lin-12(n950); 93/93 (100) 4.7 +/- 0.1
bre-5(yel7)

lin-12(AE):: gfp 115/116 (99) 27 +/— 0.1

bre-5(ar560); 95/96 (99) 1.7 +/- 0.1
lin-12(AE):: gfp

bre-5(yel7); 52/94 (55) 0.7 +/- 0.1
lin-12(AE):: gfp

lin-12(0); 44/92 (48) 0.7 +/- 0.1
lin-12(AE):: gfpf

lin-12(0); 36/113 (32) 05 +/-0.1
bre-5(yel7);

lin-12(AE):: gfpy

These strains were grown and scored in parallel. All animals

containing arls53[lin-12(AE):: gfp] were able to lay eggs.
“Muvis defined as the presence of one or more pseudovulva.
" lin-12(0) = unc-36(e251) lin-12(n941).

VU decision proceeds normally in bre-5 mutant animals:
50/50 bre-5(ar560) and 74,/74 bre-5(yel 7) mutant animals
have 1 AC. However, bre-5 appears to be a positive reg-
ulator of /in-12 activity in the AC/VU decision, as loss of
bre-5 activity suppresses the 0 AC-Egl phenotype associ-
ated with elevating lin-12 activity. This suppression is
the basis for concluding that bre-5 acts in the AC/VU
decision, as we have not observed any synergy between
bre-5 and null alleles of either sel-7 or sel-12 [83/83 bre-
5(yel7); sel-7(n1253) and 80/80 bre-5(yel7); sel-12(arl71)
double mutants have a single AC].

To test whether bre-5 positively regulates lin-12 activity
in other cell fate decisions, we looked for suppression of
the ectopic vulval induction caused by lin-12(n950) and
did not observe any effect. However, bre-5 is able to sup-
press ectopic vulval induction caused by lin-12(AE), the
engineered transgenic form of LIN-12 missing most of
the extracellular domain that mimics the product formed
from cleavage at site 2 (Table 3), suggesting that bre-5
also positively regulates LIN-12 activity in vulval precur-
sor cell specification.

We also investigated whether bre-5 can affect the sig-
naling of the LIN-12 homolog, GLP-1. We combined bre-
5(yel 7)with the partial loss-of-function alleles gip-1(e2141)
or glp-1(¢2142) (PrIESss et al. 1987). We saw no effect
on total brood size or maternal-effect lethality (data not
shown). In addition, bre-5(yel7) did not suppress the
temperature-sensitive sterility caused by the constitu-
tive glp-1 allele ar202 (PEPPER et al. 2003): 119/119
glp-1(ar202); bre-5(yel7) were sterile at 25°, similar to
glp-1(ar202) control animals (115/115 animals were
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FIGURE 3.—Suppression of the 0 AC Egl defect of lin-
12(n302)/+ animals by bre-4and bre-5mutations and bre-3RNAI.
lin-12(n302)/unc-32(e189); brehermaphrodites were compared
to control lin-12(n302)/unc-32(e189)hermaphrodites. For bre-2,
both strains contained unc-32(+ ) in lieu of unc-32(el89). lin-
12(n302)/unc-32(e189); bre hermaphrodites were compared to
control lin-12(n302)/unc-32(el189) hermaphrodites. For bre-2,
both strains contained + in lieu of unc-32(e189). We note that
the higher percentage of egg-laying-competent hermaphro-
dites observed for lin-12(n302)/unc-32(e189)grown on “feeding
vector” bacteria as opposed to OP50 may be attributed to the
RNAi conditions (I. KaTic, unpublished observations). A chi-
square testwas performed to assesswhether there isasignificant
difference between bre mutants and a negative control in the
percentage of egg-laying animals. Asterisks indicate differences
significant at the 99% level. Numbers of animals scored are be-
low corresponding bars.

sterile at 25°). Also, bre-5 mutant larvae do not exhibit
embryonic lethality or the characteristic Lag phenotype
associated with abrogating both LIN-12 and GLP-1
signaling (LAMBIE and KiMBLE 1991): 398/398 eggs
laid by bre-5(ar560) animals hatched, while 158/160 eggs
laid by bre-5(yel7) animals hatched. All of those larvae
grew to adulthood and were able to lay eggs.
Suppression of elevated lin-12 activity by reducing
the activity of other genes important for glycosphingo-
lipid synthesis: There are five bre genes that are neces-
sary for Bt toxin susceptibility. Four of them—bre-2, bre-3,
bre-4, and bre-5—encode glycosyltransferases that are
believed to actin a single pathway (GRIFFITTS et al. 2003,
2005). Drosophila egghead (egh), whose mutant pheno-
type is very similar to that of brn, is homologous to bre-3,
so it appears that this pathway has been conserved
between Drosophila melanogaster and C. elegans (GOODE
et al. 1996a; GRIFFITTS ef al. 2003). Drosophila BRN and
EGH have been shown to catalyze successive steps in the
synthesis of glycosphingolipids (MULLER et al. 2002;
SCHWIENTEK et al. 2002; WANDALL et al. 2003, 2005).
These observations prompted us to test whether loss
of bre gene activity suppresses the 0 AC-Egl phenotype
associated with lin-12(n302) (data not shown) or lin-

TABLE 4
lin-12 activity in VPC specification is affected by certain other
bre genes
Average no. of
Genotype Muv*/n (%) pseudovulvae
lin-12(AE):: gfp 164/164 (100) 2.4 +/- 0.1
bre-1(yed); lin-12(AE):: gfp 98/100 (98) 22 +/-0.1
bre-2(ye31); lin-12(AE)::gfp  132/134 (99) 23 +/-0.1
bre-3(ye26); lin-12(AE)::gfp  93/115 (81) 15 +/-0.1
bre-4(ye27); in-12(AE)::gfp  72/92 (78) 1.3 +/-0.1

These strains were grown and scored in parallel. All animals
containing ln-12(AE):: gfp were able to lay eggs.
“Muv is defined as the presence of one or more pseudovulva.

12(n302)/+ (Figure 3) and the Muv phenotype associ-
ated with lin-12(AE) (Table 4). We used mutant alleles
of bre-1, bre-2, and bre-4 and bre-3(RNA?) to circumvent
the difficulty of constructing a double mutant with the
tightly linked lin-12 gene.

bre-4(ye27) and bre-3(RNAi) or bre-3(ye26) significantly
suppressed the 0 AC-Egl phenotype of lin-12(n302)/+
and the Muv phenotype associated with lin-12(AE),
suggesting that bre-3 and bre-4, like bre-5, are also positive
regulators of lin-12 activity. bre-2(ye31) did not suppress
the 0 AC-Egl phenotype of lin-12(n302)/+ or the Muv
phenotype associated with lin-12(AE). As bre-2(ye31) is
a missense mutation, it may not reduce bre-2 activity
sufficiently to see suppression. bre-1(ye4) also does not
suppress lin-12(n302)/+. The bre-1 gene has not been
molecularly characterized, so this allele may be a hy-
pomorph; however, it has a different Bt toxin resis-
tance phenotype and appears sicker than the others
(MARROQUIN et al. 2000) so the absence of suppression
may be further evidence that it acts by a mechanism
different from other bre genes.

Since bre-5 and other cloned bre genes affect glyco-
sphingolipid synthesis (KawaR et al. 2002; GRIFFITTS
et al. 2005), we tested some other enzymes known or hypoth-
esized to be involved in glycosphingolipid synthesis for
influence on lin-12 activity. Serine palmitoyltransferases
catalyze the first step in the biosynthesis of sphingolipids
by condensation of serine and palmitoyl CoA (HANADA
2003). RNAi against the C. elegans ortholog of the LCB1
subunit of serine palmitoyltransferase, C23H3.4, causes
lin-12(n302)/+ worms to arrest prior to adulthood, so its
effect on egg laying could not be assessed. Glucosylcer-
amide synthases are enzymes that add UDP-glucose to
ceramide in the first step of glycosphingolipid synthetic
pathway (LEIPELT et al. 2001). RNAi against two genes
encoding proteins that exhibit glucosylceramide syn-
thase activity in vitro (F59G1.1 and F20B4.6) and one
predicted (T06C12.10) glucosylceramide synthase does
notcompromise viability. lin-12(n302)/+ hermaphrodites
subjected to RNAi against each of these genes singly sur-
vived to adulthood, but their egg-laying ability was un-
changed as compared to an empty-vector control (data
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notshown). BRE-3 and BRE-5 catalyze biosynthetic steps
subsequent to the one catalyzed by glucosylceramide
synthases, so this lack of effect might be due to func-
tional redundancy between different glucosylceramide
synthases.

Genetic evidence that bre-5 acts prior to LIN-12
activation by ligand-induced ectodomain shedding: /in-
12(AE), as a putative S2 cleavage mimic, would be expected
to be constitutively active; ablation experiments described
in the next section support this inference. However,
we identified a surprising genetic property of [lin-
I12(AE): it depends on the presence of lin-12(+) for full
activity; i.e., lin-12(AE) has a more highly penetrant Muv
phenotype in a lin-12(+) background than in a lin-12(0)
background (Table 3, lines 4 and 7). As a short extracel-
lular domain is believed to be sufficient to mark a trans-
membrane protein as a substrate for presenilin-mediated
transmembrane cleavage (STRUHL and ApacH1 2000),
our observation suggests that the LIN-12(+) protein may
be playing a role in the trafficking, processing, or stability
of LIN-12(AE). To our knowledge, the possibility that
equivalent truncated forms in other systems also depend
on endogenous wild-type activity has not been examined.

The dependence of lin-12(AE) on lin-12(+) for its
constitutive activity enabled us to ask whether bre-5 sup-
presses the activity of the site 2 cleavage mimic or the
intact LIN-12(+) form by testing the ability of bre-5(yel7)
to suppress lin-12(AE) in the presence or the absence of
lin-12(+). Suppression was observed in the presence of
lin-12(+), but was not observed in the absence of /lin-
12(+), even though the presence of lin-12(+) makes lin-
I12(AE) “stronger” (Table 3). This observation indicates
that bre-5 reduces the activity of lin-12(+), rather than
the constitutive activity of lin-12(AE), and therefore sug-
gests a role for bre-5 prior to ligand-induced ectodomain
shedding. Ablation experiments described in the next
section support this interpretation.

We note that hermaphrodites carrying transgenes
that express LIN-12(AE) execute a normal AC/VU deci-
sion, so we could not assess the effect of bre-5 on lin-12
activity in that context. There are recurring problems
with transgene expression in the AC/VU pair, so we
believe that transgene expression, rather than an addi-
tional unusual property of lin-12(AE), accounts for the
lack of a mutant phenotype in the AC/VU decision.

VPC isolation experiments also suggest that bre-5 acts
prior to LIN-12 activation by ligand-induced ectodo-
main shedding. We performed cell ablation experi-
ments in which all VPCs except P4.p or P8.p were killed
by a laser microbeam in hermaphrodites carrying the
lin-12(AE) transgene in a [lin-12(+) background [re-
ferred to here as lin-12(+); lin-12(AE) for convenience].
The fate of the isolated VPC should reflect its intrinsic
level of lin-12 activity, as the source of any potential
lateral signal has been eliminated. In wild-type her-
maphrodites, an isolated P4.p or P8.p generally adopts a
nonvulval fate (SuLsToN and WHITE 1980; STERNBERG

TABLE 5

VPC isolation experiments

Vulval Nonvulval

Genotype” VPC fate fate

lin-12(AE):: gfp P4.p (isolated) 6 0

ln-12(AE)::gfp  P4.p (unoperated) 7 0

bre-5(yel7); P4.p (isolated) 11 0
lin-12(AE)::gfp

bre-5(yel7); P4.p (mock operated)’ 4 12
lin12(AE)::gfp

lin-12(AE)::gfp  P8.p (isolated) 12 0

ln-12(AE)::gfp  P8.p (unoperated) 7 0

bre-5(yel7); P8.p (isolated) 9 0
lin-12(AE)::gfp

bre-5(yel7); P8.p (mock operated)” 6 10

lin-12(AE):: gfp

“These animals are also lin-12(+). Each unoperated animal
of either genotype has a normal anchor cell and forms a func-
tional vulva.

’ Mock-operated animals were treated in exactly the same
way as laser operated ones, but no VPCs were ablated. Each
VPC was scored as adopting either a vulval or a nonvulval fate;
all pseudovulvae that were observed had the characteristic
morphology associated with the 2° fate.

and Horvitz 1986). In contrast, in lin-12(+); lin-12(AE)
hermaphrodites, an isolated P4.p or P8.p often adopts a
vulval fate (Table 5, lines 1 and 5), indicating that it has
elevated intrinsic lin-12activity. Similarly, an isolated lin-
12(+); bre-5(yel7); lin-12(AE) VPC also appears to have
elevated intrinsic activity, as it always adopts a vulval fate
(Table 5, lines 3 and 7). If loss of bre-5 were to affect the
trafficking, processing, or stability of LIN-12(+) cell-
autonomously, then we would have expected the in-
trinsic activity of lin-12(AE) in an isolated VPC to be
reduced in the bre-5(yel7) background, and a nonvulval
fate adopted, since the activity of lin-12(AE) depends on
lin-12(+). The observation that intrinsic activity of lin-
I12(AE) is higher after the ablation is consistent with a
nonautonomous function of bre-5. Alternatively, bre-5
function may be cell-autonomous to allow LIN-12(+) to
be activated by ligand, if such activation is necessary for
LIN-12(+) to potentiate lin-12(AE) activity.

DISCUSSION

We reverted the 0 AC-Egl phenotype caused by a
hypermorphic lin-12(d) allele and identified six new
potential positive regulators of lin-12 activity. We molec-
ularly characterized one of the new loci and found that
it corresponded to bre-5, which encodes an enzyme of
the glycosphingolipid biosynthetic pathway. We discuss
first some general issues raised by this suppressor screen
and then we focus on possible roles for glycosphingo-

lipids in LIN-12/Notch signaling.
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General issues raised by the suppressor screen:
Suppression of the 0 AG-Egl phenotype caused by lin-12(d)
mutations has proven to be a powerful way to identify
positive regulators of lin-12 activity, including core compo-
nents and modulators. The characterization of sup-17
(WEN et al. 1997), lag-2 (originally known as sel-3; Tax
et al. 1994), and sel-§ (DOYLE et al. 2000; PETCHERSKI and
KimsLE 2000) indicated that these genes encode core
components of the LIN-12/Notch pathway.

Screens for suppressors of the 0 AC-Egl phenotype
caused by lin-12(d) mutations have been carried out on
a large scale, with >350,000 mutagenized haploid ge-
nomes scored and 14 extragenic suppressor loci iden-
tified (Tax et al. 1997; this work). Despite the large scale,
the screen is far from saturation: about half of all genes
identified in these screens are defined by single alleles.
Furthermore, there is a remarkable lack of overlap
between the set of genes defined by Tax et al. (1997) and
by us (see Table 1).

Why has saturation been so difficult to achiever We
believe there are several contributing factors. One is that
revertants must be viable and fertile to be recovered.
Thus, only non-null alleles of genes required for lin-12
and/or glp-1 activity, or of genes having other pleiotro-
pies, would be recovered. This problem is exemplified
by the recovery of only single alleles of sel-8 (Tax et al.
1997; DoYLE et al. 2000) and lag-1 (this work) in sup-
pressor screens. Nevertheless, the suppressor screen
is able to detect such genes: although lag-1 was also
identified on the basis of phenotypic criteria, sel-§ was
not (LaMBIE and KiMBLE 1991). Another factor is that
the large number of intragenic revertants means that
there is a large background that is tedious to sort
through; the triage step that we designed to minimize
the recovery of intragenic revertants, on the basis of past
experience, was only partially effective.

Some of the technical issues that have limited conven-
tional genetic suppressor screens may in principle be
circumvented by RNAi, as genes essential for embryonic
development may be identified by “feeding” L1 larvae
(TimMMoONS et al. 2001), and the variability inherent in
reducing gene activity by RNAi may offer a wider range
of reduced lin-12 activity and would bypass the problem
of lin-12intragenic revertants. The existence of libraries
containing feeding constructs corresponding to a large
percentage of C. elegans genes makes this approach
practical (KaMATH et al. 2003). However, pilot experi-
ments have suggested that there is a high rate of false
positives when RNAi is used in a 0 AC-Egl suppressor
screen; so in this case, it is probably not a useful adjunct
to the conventional suppressor screen (I. KaTIic, un-
published observations).

Glycosphingolipids and LIN-12/Notch signaling: We
have found that bre-3, bre-4, and bre-5, genes encoding
three enzymes involved in the glycosphingolipid bio-
synthetic pathway, are positive regulators of lin-12 func-
tion. The Drosophila homologs of two of these genes,

egghead (bre-3) and brainiac (bre-5), have also been stud-
ied in relation to Notch signaling. We discuss here the
findings in C. elegans and Drosophila and potential ways
in which glycosphingolipids may influence LIN-12/Notch
activity.

GOODE et al. (1996a) studied the roles of brn and egh
during Drosophila oogenesis. They reported that b
and egh appear to be essential for the organization, but
not the specification, of stalk and polar cells, whereas
Notch is involved in specification of a stalk/polar cell
fate decision as well as the polarity of these cell types.
Thus, egh and brn do not appear to be involved in a
Notch-mediated lateral interaction during oogenesis,
butinstead appear to play arole in the developmentand
maintenance of epithelial cells. On the basis of their
observations, they proposed that brn and egh regulate
follicular morphogenesis by mediating germline-follicle
cell adhesion.

In studying modulators of ln-12 activity, we have
found that bre-3, bre-5, and bre-4, another gene involved
in glycosphingolipid biosynthesis, influence two lin-12-
mediated cell fate decisions. One, VPC specification,
involves cell-cell interactions between polarized epithe-
lial cells. The other, the AC/VU decision, does not;
instead, it involves two mesodermally derived cells that
do not have the characteristics of polarized epithelial
cells. These observations contrast with those of GOODE
et al. (1996a) and suggest a broader role for glycosphin-
golipids in influencing LIN-12/Notch activity in conven-
tional signaling. However, we did not find a role for bre
genes in other lin-12- or glp-I-mediated decisions. Neg-
ative results do not necessarily prove that the bre genes
do not contribute to other decisions, but they do raise
the possibility that glycosphingolipids are involved
only in a subset of lin-12/Notch-mediated decisions.

Glycosphingolipids are components of lipid rafts,
which are thought to partition proteins into specific
membrane microdomains and to provide platforms for
association between certain kinds of proteins (SIMONS
and TooMmRE 2000). Signaling molecules such as G pro-
teins, Ras, and receptor tyrosine kinases have been found
to be associated with lipid rafts (WAuGH et al. 1999;
Simons and TooMmre 2000). It is not known whether
rafts can include LIN-12/Notch proteins or their DSL
family ligands, but it has been hypothesized that brn
might affect Notch signaling through its effects on raft
composition (SCHWIENTEK et al. 2002). Alternatively, a
glycosphingolipid may act directly to modify LIN-12 or
another factor in the LIN-12 signaling pathway, analo-
gously to EGF receptor binding to a ganglioside (MILJAN
et al. 2002).

In assessing potential roles for bre-5/brainiac and bre-3/
egghead in LIN-12/Notch signaling, it is important to
account for the evidence that these genes function cell-
nonautonomously. GOODE et al. (1996a) have shown
that while Notch appears to be necessary in the somatic
follicular cells, egh and brn are required in the germline.
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We have shown that, in lin-12(AE); bre-5(yel 7) animals, an
isolated VPC has an elevated activity associated with lin-
12(AE) and adopts a vulval fate. Thus, the function of
bre-5/brainiac is more consistent with a role for glyco-
sphingolipids in the signaling side of the LIN-12-
mediated cell-cell interactions that specify cell fate. In
view of this result, it does not appear likely that the
effect of bre-5 on lin-12 activity is mediated through
the y-secretase complex, which has been shown to as-
sociate with lipid rafts in cell culture (VETRIVEL ef al.
2004; UrRANO et al. 2005), as y-secretase activity is cell-
autonomous for LIN-12/Notch signaling (LEVITAN and
GREENWALD 1995).

The activity of LIN-12(AE), the putative site 2 mimic,
is higher in the presence of LIN-12(+), suggesting that
it needs LIN-12(+) for its trafficking, processing, or
stability. As bre-5 also requires lin-12(+) activity to sup-
press lin-12(AE), we infer that bre-5 affects a process that
acts on or requires the extracellular domain of LIN-12.

The results of VPC isolation experiments, together
with the inferred action of bre-5 prior to ectodomain
shedding, are consistent with a role in signaling by DSL
ligands. In Drosophila, endocytosis of DSL proteins is
required for their signaling activity (WANG and STRUHL
2004) and there may be a role for endocytosis of DSL
proteins in certain situations in C. elegans as well (T1AN
et al. 2004). Although lin-12(d) alleles are constitutively
active in the absence of ligand (GREENWALD and SEYDOUX
1990), they remain sensitive to ligand, as can be seen
when their activity or expression is low (SUNDARAM and
GREENWALD 1993b; C. WEN and I. GREENWALD, unpub-
lished observations). Furthermore, there are mutant
ligand alleles that reduce lin-12 activity, although it is
not known whether their function is cell-autonomous or
cell-nonautonomous (TAX et al. 1994); nevertheless, in
principle, itis possible that certain ligands would be able
to engage the receptor in a nonproductive way. Thus, one
model is that glycosphingolipids influence ligand con-
formation or activity, so that in the absence of the bre
genes, the ligands are “worse” at engaging the receptor
in a productive, signal-transducing event. Alternatively,
glycosphingolipids may regulate the activity of a factor
that modifies the extracellular milieu so as to influence
the proper folding and activity of the extracellular por-
tion of LIN-12, perhaps influencing its receptivity to
ligand or influencing the productivity of the ligand-
receptor interaction in some other way.

Phenotypic similarities and genetic interactions point
to the importance of glycosphingolipids for proper LIN-
12/Notch signaling in D. melanogaster and C. elegans
(GOODE et al. 1996a; this study). In C. elegans, the lack
of overt phenotypic abnormalities and the low level of
suppression of the lin-12(n302) egg-laying defect suggest
that the contribution of bre gene function to LIN-12/
Notch activity is modest. Even in Drosophila, where egh
and brn mutations cause lethality, many Notch signaling
processes do notappear to be affected (GOODE et al. 1992,

1996a). Perhaps other mechanisms are redundant with
glycosphingolipid function with respect to LIN-12/
Notch signaling, or the small contribution is significant
under conditions in nature.

It remains to be established whether glycosphingoli-
pids affect Notch signaling in vertebrates, but there is no
reason to believe that this is exclusively an invertebrate
phenomenon. While the structures of glycosphingoli-
pids are markedly different in invertebrates and verte-
brates, most biosynthetic steps are catalyzed by homologous
glycosyltransferases, and a mammalian glycosphingoli-
pid precursor with a core structure different from those
found in Drosophila is indeed functional in Drosophila
(WANDALL et al. 2005). Thus, these complex molecules
appear to be functionally conserved through evolution,
making their potential conservation in LIN-12/Notch
signaling more plausible.
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