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Summary

Wnt/MAPK signaling is a common variant of Wnt
signaling in C. elegans and has been implicated in
vertebrates. The sys-1 gene works with Wnt/MAPK
signaling to control cell fates during C. elegans devel-
opment. We report that the SYS-1 amino acid sequence
is novel but that SYS-1 functions as �-catenin: SYS-1
rescues a bar-1/�-catenin null mutant, binds the POP-
1/TCF �-catenin binding domain, and coactivates POP-1-
dependent transcription. Moreover, we provide ge-
netic and molecular evidence that SYS-1 levels are
crucial to POP-1 activity. Our results suggest that
Wnt/MAPK signaling promotes POP-1 export from the
nucleus to accommodate the limiting availability of its
SYS-1/�-catenin transcriptional coactivator. Discovery
of SYS-1/�-catenin extends our definition of �-catenins
and brings together aspects of the canonical mecha-
nism for Wnt signaling with the noncanonical Wnt/
MAPK mechanism. We discuss the idea that a similar
pathway may be employed broadly in animal devel-
opment.

Introduction

β-catenins are key regulators of animal development
(Logan and Nusse, 2004). These broadly conserved
proteins can control transcriptional activation, cell ad-
hesion, or establishment of a bipolar spindle (Kaplan et
al., 2004; Nelson and Nusse, 2004; Wodarz and Nusse,
1998). In its guise as a transcriptional regulator, β-catenin
functions as a coactivator of the TCF/LEF DNA binding
protein (reviewed in van Noort and Clevers, 2002). In-
deed, TCF/LEF and β-catenin are the terminal regula-
tors of the canonical Wnt signaling pathway (Brantjes
et al., 2002). Without β-catenin, TCF represses tran-
scription (Brantjes et al., 2001; Cavallo et al., 1998;
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Roose et al., 1998), but with β-catenin, TCF is trans-
formed to a transcriptional activator (reviewed in Bienz,
1998; van Noort and Clevers, 2002).

C. elegans possesses three β-catenins recognizable
by amino acid sequence (Korswagen et al., 2000; Na-
tarajan et al., 2001) and a single TCF/LEF homolog,
called POP-1 (Lin et al., 1995). BAR-1/β-catenin is a
transcriptional coactivator (Korswagen et al., 2000),
HMP-2/β-catenin is specialized for cell adhesion (Costa
et al., 1998; Korswagen et al., 2000; Natarajan et al.,
2001), and WRM-1/β-catenin mediates Wnt signaling
by a noncanonical pathway (reviewed in Thorpe et al.,
2000). Therefore, in C. elegans, individual β-catenin par-
alogs assume largely discrete functions, including
those typical of the single β-catenins in flies and verte-
brates.

The C. elegans POP-1/TCF transcription factor con-
trols multiple binary fate decisions associated with
asymmetric divisions (Herman, 2001; Lin et al., 1998;
Lin et al., 1995; Siegfried and Kimble, 2002). Nematode
POP-1 has the hallmark molecular features of all TCF/
LEF transcription factors. For example, POP-1 can repress
transcription in the absence of a coactivator (Calvo et
al., 2001), but POP-1 and BAR-1/β-catenin can activate
transcription of a reporter transgene driven by a pro-
moter with TCF binding sites (Korswagen et al., 2000).
Therefore, POP-1 and TCF bind a common DNA sequence
and can act as either transcriptional repressors or acti-
vators, depending on the presence of a β-catenin co-
activator.

In C. elegans, POP-1 activity can be assessed in indi-
vidual cells with well-defined fates. Indeed, POP-1 is
differentially active in sister cells of an asymmetric divi-
sion, which is accomplished, at least in part, by a non-
canonical variant of Wnt signaling termed Wnt/MAPK
signaling (reviewed in Behrens, 2000; Korswagen, 2002;
Thorpe et al., 2000). Wnt/MAPK signaling relies on
components of canonical Wnt signaling (e.g., frizzled
receptor, disheveled, β-catenin, TCF) as well as compo-
nents of a MAPK-related pathway (e.g., MOM-4/TAK-1,
also called TGF-β-activated kinase, and LIT-1/NLK, also
called nemo-like kinase). Because MOM-4/TAK-1 and
LIT-1/NLK are critical for Wnt signaling in both verte-
brates and invertebrates (Ishitani et al., 1999; Ishitani et
al., 2003; Meneghini et al., 1999; Rocheleau et al., 1999;
Shin et al., 1999; Thorpe and Moon, 2004; Zeng and
Verheyen, 2004), an understanding of their control in
C. elegans is likely to be of broad significance.

Wnt/MAPK activation has a counterintuitive effect on
the subcellular localization of POP-1: in the activated
daughter of an asymmetric division, nuclear POP-1 is
reduced relative to its level in the inactivated daughter
(Figure 1A, left diagram). This difference has been dubbed
“POP-1 asymmetry” and occurs in daughters of the
EMS blastomere (Lin et al., 1995; Maduro et al., 2002)
as well as in daughters of many other asymmetric divi-
sions, both in later embryos (Lin et al., 1998) and during
larval development (Deshpande et al., 2005; Herman,
2001; Siegfried et al., 2004). Why is nuclear POP-1 re-
duced in daughters requiring its activity? Two main
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Figure 1. Molecular Identification of the sys-1
Gene

(A) SGP asymmetric division and its control
by sys-1 and Wnt/MAPK signaling. Light
blue, proximal fate; yellow, distal fate. See
text for further explanation.
(B) The sys-1 gene and mutations. The sys-1
gene encodes a 2.91 kb transcript. Boxes,
exons; lines, introns and UTRs; red boxes,
armadillo repeats; black bar, SL1 trans-
spliced leader. Point mutations are shown
above; size of internal deletion mutation
shown below. Surprisingly, sys-1(q544) is a
silent mutation; since this allele is a strong
loss-of-function mutation and its new codon
remains a common one for C. elegans, we
speculate that it may affect a tissue-specific
exon splicing element.
(C) SYS-1 armadillo repeats. Model cd00020
of the Conserved Domain Database (NCBI)
identified three armadillo repeats in the SYS-1
amino acid sequence. Top line, SYS-1 arm
repeats; bottom line, most common amino
acids in cd00020. Black boxes, SYS-1 amino
acids identical to most common amino acids
in cd00020; gray boxes, SYS-1 amino acids
included among acceptable amino acids in
cd00020 but not most common. See Figure
S1 for additional information.
(D) SYS-1 amino acid sequence compari-
sons. ClustalW (EBI) was used to align
SYS-1 (accession number NP_492639) to
homologs from C. briggsae and C. remanei
(identified by BLAST), human β-catenin (ac-
cession number AAR18817), human plako-
globin (accession number AAA64895), mouse
p120 (accession number NP_031641), arma-
dillo (accession number NP_476666), BAR-1
(accession number NP_509206), HMP-2 (ac-
cession number NP_493566), WRM-1 (ac-
cession number NP_498236), worm p120
(accession number NP_502910), human
α-actinin (accession number NP_001094),
and human actin-associated protein (AAP)
(accession number AAH32777). Hs, Homo
sapiens; Mm, Mus musculus; Dm, Drosophila
melanogaster; Ce, C. elegans; Cb, C. brigg-
sae; Cr, C. remanei. Total aa, total number
of amino acids in full-length protein; % id
(% sim), percent identity (percent similarity);
SYS-1(arm), SYS-1 armadillo repeat region
(amino acids 457–586) and corresponding
region of other proteins.
ideas have been put forward to explain the function of S
1POP-1 asymmetry. In early embryos, POP-1 reduction

from the nucleus results in derepression of target genes p
S(Calvo et al., 2001; Maduro et al., 2002); in the postem-

bryonic T cell, POP-1 reduction is thought to reflect a a
ochange in the activity state of POP-1 by an undeter-

mined mechanism (Herman, 2001; Herman and Wu, a
β2004). The function of POP-1 asymmetry remains

poorly understood. b
PSeveral Wnt/MAPK regulators are essential for POP-1

asymmetry. In animals depleted for these regulators
t(e.g., LIN-17/Fz, WRM-1/β-catenin, LIT-1/NLK), POP-1

asymmetry is abolished: daughter cells possess equiv- e
galent levels of nuclear POP-1 and adopt the Wnt/

MAPK-independent fate (Figure 1A, central diagram) g
t(Herman, 2001; Meneghini et al., 1999; Park and Priess,
2003; Rocheleau et al., 1997; Rocheleau et al., 1999;
hin et al., 1999; Siegfried et al., 2004; Thorpe et al.,
997). To establish POP-1 asymmetry, POP-1/TCF is
hosphorylated by LIT-1/NLK (Rocheleau et al., 1999;
hin et al., 1999) and exported from the nucleus (Lo et
l., 2004; Maduro et al., 2002). POP-1 phosphorylation
ccurs in a complex that includes WRM-1/β-catenin
nd LIT-1/NLK (Rocheleau et al., 1999). Therefore, WRM-1/
-catenin does not function as a canonical β-catenin
ut instead is part of a mechanism for reducing nuclear
OP-1 in response to WNT/MAPK signaling.
The sys-1 gene (for symmetrical sisters) was iden-

ified in a genetic screen for regulators of gonadogen-
sis (Miskowski et al., 2001). Normally, the somatic
onadal precursor (SGP) divides asymmetrically to
enerate one distal daughter and one proximal daugh-
er (Kimble and Hirsh, 1979). These daughters exhibit
POP-1 asymmetry with nuclear POP-1 lower in the dis-
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tal cell (Figure 1A, left diagram). In animals depleted for
Wnt/MAPK signaling, POP-1 asymmetry is abolished,
and both SGP daughters adopt the proximal fate (Sieg-
fried and Kimble, 2002; Sternberg and Horvitz, 1988)
(Figure 1A, central diagram). Therefore, in distal SGP
daughters, Wnt/MAPK signaling both reduces the
nuclear level of POP-1 and promotes the distal fate.
Unlike upstream regulators (e.g., LIN-17/Fz, WRM-1/
β-catenin, LIT-1/NLK), POP-1 asymmetry is not altered
in sys-1 mutants (Siegfried et al., 2004) (Figure 1A, right
diagram). Nonetheless, both SGP daughters adopt a proxi-
mal fate in sys-1 mutants, suggesting that SYS-1 may
function with POP-1 to specify the distal fate (Siegfried
et al., 2004). In addition to its control of the SGP divi-
sion, SYS-1 appears to have a broader role in C. ele-
gans development as well (see Discussion).

In this paper, we report that SYS-1 is a novel protein
containing three divergent armadillo repeats. Despite
its uninformative amino acid sequence, we find that
SYS-1 is a functional β-catenin, a discovery that sug-
gests the existence of additional β-catenins not yet
identified by sequence criteria. We propose a model in
which Wnt/MAPK signaling reduces nuclear POP-1 to
accommodate the limiting availability of its SYS-1/
β-catenin coactivator. Both genetic and molecular lines
of evidence support this model. We discuss the idea
that the SYS mechanism may be used broadly in ani-
mal development.

Results

The sys-1 Locus Encodes a Protein
with Armadillo Repeats
We identified T23D8.9 as the sys-1 locus by standard
methods (see Experimental Procedures). The sys-1
gene encodes one major SL1 trans-spliced mRNA cor-
responding to the predicted transcript, T23D8.9a (see
Experimental Procedures and Figure 1B). Each of three
sys-1 point mutations is associated with a molecular
lesion, but none is likely to be null (Figure 1B). Only sys-
1(os63) is predicted to alter the amino acid sequence.
We therefore generated sys-1(q736), a 2.19 kb internal
deletion (Figure 1B), which removes most of the coding
region and shifts the reading frame to generate a pre-
mature termination codon. The sys-1(q736) deletion is
embryonic lethal as a homozygote and failed to com-
plement sys-1(q544) with respect to the Sys gonadal
defect. We conclude that sys-1 corresponds to
T23D8.9.

The predicted SYS-1 protein is composed of 811
amino acids. Using the Conserved Domain Database
(CDD) from NCBI (Marchler-Bauer and Bryant, 2004),
we found three predicted armadillo repeats in SYS-1
(amino acids 457–586) (Figure 1C). A similar analysis of
armadillo repeats in known β-catenins is provided for
comparison (Figure S1). We next used BLAST to iden-
tify related proteins. The only homologs were in closely
related nematodes, C. briggsae (CBG03820) and C. re-
manei (Figure 1D). Sequence comparisons between
SYS-1 and known β-catenins or other armadillo-repeat-
containing proteins revealed no convincing relationship

(Figure 1D). Therefore, SYS-1 is a novel protein.
SYS-1 Can Substitute for BAR-1/�-Catenin
SYS-1 has been implicated in Wnt/MAPK signaling
(Siegfried and Kimble, 2002). Because β-catenins pos-
sess armadillo repeats (Hatzfeld, 1999), we asked if
SYS-1 might function as a β-catenin. To this end, we
used a transgenic assay (Natarajan et al., 2001). The
bar-1 locus encodes a classical β-catenin, and bar-
1(ga80) null mutants, hereafter called bar-1(0), have a
partially penetrant defect in vulval development (Figure
2A; Eisenmann et al., 1998). Natarajan et al. (2001)
showed that a full-length bar-1 cDNA flanked by 5# and
3# regulatory sequences, called bar-1::BAR-1, rescues
bar-1(0) from 55% to 90% with a wild-type vulva; a sim-
ilar transgene bearing only the bar-1 armadillo repeat
region (bar-1::BAR-1DNDC) did not rescue (Figure 2A).

To ask if SYS-1 might have β-catenin function, we
created bar-1::SYS-1, which contains the full-length
sys-1 cDNA cloned between bar-1 5# and 3# flanking
regions (Figure 2B). We then generated transgenic bar-
1(0) null mutants carrying bar-1::SYS-1. A wild-type
vulva is easily recognizable (Figure 2C); about half the
bar-1(0) mutants had a protruding vulva (Figures 2B and
2D; Gleason et al., 2002; Natarajan et al., 2001). By con-
trast, most bar-1(0) mutants carrying bar-1::SYS-1 had
a typical wild-type vulva (Figures 2B and 2E). We con-
clude that rescue by bar-1::BAR-1 and bar-1::SYS-1
transgenes is similar (Figures 2A and 2B) and that
SYS-1 can substitute for BAR-1/β-catenin in vulva de-
velopment.

SYS-1 Interacts Specifically with the POP-1
N-Terminal Domain
Canonical β-catenins bind to TCF transcription factors
(Behrens et al., 1996; Brunner et al., 1997; Huber et al.,
1996; Molenaar et al., 1996; van de Wetering et al.,
1997). This binding is easily detected by yeast two-
hybrid assay (Behrens et al., 1996; Korswagen et al.,
2000; van de Wetering et al., 1997). Previous studies
showed that BAR-1/β-catenin binds POP-1/TCF strongly
and specifically but that WRM-1/β-catenin and HMP-2/
β-catenin either do not bind POP-1/TCF or bind weakly
(Korswagen et al., 2000; Natarajan et al., 2001; Rocheleau
et al., 1999). SYS-1 interacted reproducibly with POP-1
(Figure 3A, line 1), but neither was positive on its own
(Figure 3A, lines 2 and 3). We found no interaction be-
tween WRM-1/β-catenin and POP-1 (Figure 3A, line 4)
but did see a strong interaction between BAR-1/
β-catenin and POP-1 (Figure 3A, line 5).

We next examined interactions between SYS-1 and
POP-1 in tissue culture cells. To this end, HEK293 T
cells were transfected with plasmids encoding HA-
tagged SYS-1 and FLAG-tagged POP-1, either singly or
in combination. Both proteins were present in whole-
cell lysates (Figure 3B, top two panels). We then immu-
noprecipitated POP-1 from lysates using an α-FLAG
antibody. In cells producing either POP-1 alone or both
POP-1 and SYS-1 together, POP-1 was reproducibly
immunoprecipitated (Figure 3B, third panel). However,
SYS-1 was only immunoprecipitated when transfected
with POP-1 (Figure 3B, bottom panel). Therefore, SYS-1
and POP-1 interact with each other both by yeast two-
hybrid assay and by coimmunoprecipitation from tissue
culture cells.
Canonical β-catenins bind to TCF via an N-terminal



Cell
764
Figure 2. SYS-1 Can Substitute for BAR-1/
β-Catenin

(A) Rescue results from Natarajan et al.
(2001). Top, bar-1::BAR-1 contains full-length
BAR-1/β-catenin cDNA; bar-1::BAR-1(DNDC)
contains cDNA encoding all BAR-1 armadillo
repeats but deleted for N- and C-terminal
transactivation domains. Both include bar-1
5# and 3# flanking sequences (drawn to scale).
Gray box, armadillo repeat. Bottom, sum-
mary of results from Natarajan et al. (2001).
% Mutant, percent animals with protruding
vulva; n, number animals scored.
(B–E) SYS-1 rescues bar-1(0) vulval defects.
(B) Top, bar-1::SYS-1 transgene contains
cDNA encoding full-length SYS-1 inserted
between 5# and 3# bar-1 flanking sequences.
Bottom, conventions as in (A). (C–E) Nomar-
ski images; arrowheads mark vulva. (C) Wild-
type. (D) bar-1(0) homozygote with protrud-
ing vulva. (E) bar-1(0) homozygote carrying
bar-1::SYS-1 transgene. Vulva has wild-type
morphology.
region called the β-catenin binding domain (Behrens et r
ual., 1996; Huber et al., 1996; Molenaar et al., 1996; van

de Wetering et al., 1997). Similarly, BAR-1/β-catenin 2
dbinds the N-terminal region of POP-1 (Korswagen et

al., 2000; Natarajan et al., 2001), but the weak WRM-1 m
ebinding did not require the N-terminal region (Natarajan

et al., 2001). To ask if SYS-1 interacts with the β-catenin s
gbinding domain, we again used the two-hybrid assay.

Specifically, we tested SYS-1 interactions with a POP-1 (
rmissense mutant, called POP-1(q645), and truncated

versions of POP-1. SYS-1 failed to interact with POP- e
t1(q645) (Figure 3C, top line), which carries a single

amino acid change in the β-catenin binding domain c
v(Siegfried and Kimble, 2002). BAR-1 did interact with

POP-1(q645), although at a reduced level compared to
wild-type POP-1 (Figure 3C, bottom line). Furthermore,

MSYS-1 interacted with an N-terminal POP-1 fragment of
F200 amino acids but not with a C-terminal fragment of
β385 amino acids (Figure 3D). Finally, we assayed trun-
ocated versions of SYS-1 and found that most of the
tprotein was required for its interaction with POP-1 (Fig-
2ure 3E). These results correspond to similar findings for
tvertebrate β-catenin (Behrens et al., 1996; Graham et
2al., 2000) and Drosophila armadillo (van de Wetering et
cal., 1997). We conclude that SYS-1 interacts with POP-1
cand depends on the specific amino acid sequence of
dthe β-catenin binding domain.
e
a
fSYS-1 Is a Transcriptional Coactivator of POP-1

Canonical β-catenins are transcriptional coactivators of (
STCF (reviewed in Willert and Nusse, 1998). To ask

whether SYS-1 could act similarly, we employed a tis-
esue culture assay designed to test TCF transcriptional

activity (Molenaar et al., 1996; van de Wetering et al., d
n1997). This assay uses the 8×TOPFLASH reporter (Vee-

man et al., 2003), which harbors a minimal promoter c

with eight TCF binding sites and the luciferase-coding
egion. Previous work showed that this assay can be
sed to monitor POP-1 activity (Korswagen et al.,
000). We found luciferase expression to be low or un-
etectable in cells transfected with the reporter plas-
id alone or with the reporter plus plasmids encoding

ither POP-1 or SYS-1 singly; however, robust expres-
ion occurred when the reporter was transfected to-
ether with both POP-1- and SYS-1-encoding plasmids

Figure 3F). The ability of POP-1 and SYS-1 to promote
eporter expression required the TCF binding sites: no
xpression was seen using the 8×FOPFLASH promoter
hat has defective TCF binding sites (Figure 3F). We
onclude that SYS-1 stimulates POP-1/TCF to acti-
ate transcription.

odel: SYS-1, a Limiting Coactivator of POP-1
igure 4A diagrams a model to explain how SYS-1/
-catenin may control cell fates. This model is based
n several lines of evidence. First, POP-1 can repress
arget genes in nuclei with high POP-1 (Calvo et al.,
001; Maduro et al., 2002); second, POP-1 can activate
arget genes together with BAR-1/β-catenin (Herman,
001; Korswagen et al., 2000); third, SYS-1/β-catenin
an function as a coactivator of POP-1 in tissue culture
ells (Figure 3F); fourth, nuclear POP-1 decreases in
aughters that require POP-1 (Herman, 2001; Siegfried
t al., 2004); fifth, SYS-1 does not regulate POP-1
symmetry but is required for directing the same cell
ate as POP-1 and upstream Wnt/MAPK regulators
Miskowski et al., 2001; Siegfried and Kimble, 2002;
iegfried et al., 2004).
We suggest that POP-1 can exist in the nucleus as

ither of two major forms and that their relative abun-
ance dictates expression of target genes. When
uclear POP-1 is abundant (blue proximal daughter
ell), most POP-1 is not complexed with its SYS-1 co-
activator, and target genes are repressed. By contrast,
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Figure 3. SYS-1 and POP-1 Interact Physically and Activate Transcription

(A) POP-1 interacts with SYS-1. POP-1 was fused to LexA DNA binding domain (BD) and SYS-1, WRM-1, and BAR-1 were fused to Gal4
activation domain (AD). Interactions were tested using growth assay and β-galactosidase assay. SYS-1 and POP-1 together activate reporters,
but neither does so alone. POP-1 interacts with BAR-1 but not WRM-1. Protein motifs: yellow, β-catenin binding domain; blue, HMG box;
red, armadillo repeat.
(B) SYS-1 CoIPs with POP-1. Cells were transfected with epitope-tagged versions of POP-1 and SYS-1, as indicated. Top two panels, POP-1 and
SYS-1 are present in lysates; bottom two panels, lysates were incubated with α-FLAG antibody, proteins immunoprecipitated (IP), and POP-1 and
SYS-1 analyzed by immunoblot (IB) using antibodies to respective epitope tags.
(C) SYS-1/POP-1 interaction abolished by mutation in β-catenin binding domain. pop-1(q645) changes a conserved aspartate to glutamate
in the β-catenin binding domain and reduces POP-1 function (Siegfried and Kimble, 2002). POP-1(q645) does not interact with SYS-1 but
does interact, albeit weakly, with BAR-1. Asterisk denotes pop-1(q645) mutation.
(D) SYS-1 interacts with N-terminal region of POP-1.
(E) Most of SYS-1 is required for POP-1 interaction.
(F) SYS-1 is a POP-1 transcriptional coactivator. NCI-H28 cells were transfected with constructs encoding epitope-tagged versions of POP-1 and
SYS-1 plus 8×TOPFLASH reporter, with eight consensus TCF binding sites, or 8×FOPFLASH, with mutant TCF binding sites. Luciferase
readings were normalized using control for transfection efficiency (see Experimental Procedures). Error bars represent the standard deviation.
when nuclear POP-1 is reduced (yellow distal cells),
most is complexed with SYS-1, and target genes are
activated. A key aspect of the model is that availability
of SYS-1 is limiting for POP-1 transcriptional activation.
We depict this as a low SYS-1 concentration. To ad-
dress how much SYS-1 is present, we generated SYS-1
antibodies and sys-1::GFP transgenes but have not yet
been able to detect SYS-1 (A.R.K., unpublished data).
Other mechanisms for limiting SYS-1 are clearly pos-
sible (see Discussion).

Figures 4B and 4C diagram predictions of the model.

One prediction is that a decrease in already limiting
amounts of wild-type SYS-1/β-catenin will decrease
transcriptional activation by POP-1 (Figure 4B). A sec-
ond prediction is that an increase in wild-type SYS-1/
β-catenin will ectopically transform POP-1 into its acti-
vated state (Figure 4C). We have tested both predic-
tions in nematodes and by the TOPFLASH reporter as-
say in tissue culture cells.

SYS-1 Dosage Controls Cell Fate
To test the idea that SYS-1/β-catenin may be a limiting
coactivator of POP-1/TCF, we examined the effect of

changing sys-1 gene dosage on cell fate. The wild-type
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Figure 4. Model and Predictions

(A–C) Each diagram depicts SGP asymmetric division with nucleus as large white circle; SYS-1, red tooth; POP-1, blue triangle. Proposed
effect on putative target gene is depicted at bottom.
(A) Model: SYS-1/β-catenin is a limiting coactivator of POP-1/TCF. In this model, we suggest that SYS-1 is expressed at a low level in both
daughter cells and that the amount of available SYS-1 determines whether POP-1 functions as a transcriptional activator or repressor. In the
proximal daughter (light blue), most POP-1 (dark-blue triangles) is not in a complex with SYS-1, and therefore most POP-1 cannot activate
transcription. In distal daughter (yellow), most nuclear POP-1 exists in complex with SYS-1 and activates transcription. See text for addi-
tional explanation.
(B) Prediction: decrease in SYS-1 reduces transcriptional activation. In distal daughter, a SYS-1 decrease results in fewer complexes that
contain both POP-1 and SYS-1, which in turn leads to decreased activation of genes required for distal fate. Proximal daughter remains unaf-
fected.
(C) Prediction: increase in SYS-1 elevates transcriptional activation. In proximal cell, an increase in SYS-1 results in more complexes with
both POP-1 and SYS-1, which leads to ectopic activation of distal-specific target genes. Distal cell remains unaffected.
gonadal primordium possesses two somatic gonadal D
uprecursors (SGPs) (Figure 5A). Each SGP divides asym-

metrically to generate distinct daughter cells. The distal o
sSGP daughter produces a distal tip cell (DTC), and the

proximal daughter produces a cell with potential to be- t
acome an anchor cell (AC). However, lateral signaling se-

lects one of two potential ACs as the AC (Kimble, 1981).
tTherefore, the wild-type gonad possesses two DTCs

and one AC, which can be visualized with DTC- and P
tAC-specific reporter transgenes (Figures 5A and 5C).

By contrast, animals depleted for sys-1—either sys- p
n1(q544) homozygotes or sys-1(RNAi) animals—possess

no DTCs and can have extra ACs (Figures 5B and 5D; 5
bMiskowski et al., 2001; data not shown).

To decrease sys-1 dosage, we examined heterozy- m
tgous animals that possessed one wild-type sys-1 gene

and one putative sys-1 null mutation. The mutation em- r
ployed was the sys-1(q736) internal deletion, hereafter
called sys-1(0) (Figure 1B). A significant fraction of sys- d

p1(0)/+ heterozygotes made only a single DTC instead
of the normal two DTCs (10%, n = 82) (Figure 5B). This e

(result confirmed previous results with sys-1(q544) or
qDf14, a deficiency that removes multiple genes, in-
cluding sys-1 (8% and 10%, respectively) (Siegfried et S

fal., 2004). Therefore, sys-1 is a haploinsufficient locus,
consistent with the idea that SYS-1 is present at a limit- A

ling concentration.
To increase sys-1 expression, we generated trans- b

cgenic animals carrying a hs::SYS-1 transgene (sys-1
cDNA driven by a heat shock promoter). Without heat P

wshock, animals carrying hs::SYS-1 had no extra DTCs
(0%, n = 107), but after heat shock, many had extra t
TCs (55%, n = 110) (Figures 5B, 5E, and 5F). The prod-
ction of two or more extra DTCs correlated with loss
f the anchor cell (Figure 5F). Therefore, an increase in
ys-1 expression leads to an increased ability of SGPs
o generate daughters with distal fates and a decreased
bility to generate daughters with proximal fates.
We also analyzed the ability of hs::SYS-1 to drive ex-

ra DTCs in animals treated with RNAi to deplete
OP-1, WRM-1, or LIT-1 (Figure 5B). After heat shock,

he hs::SYS-1 transgene specified virtually no DTCs in
op-1(RNAi) animals, but it generated more DTCs than
ormal in wrm-1(RNAi) and lit-1(RNAi) animals (Figure
B). Control experiments confirmed RNAi treatment to
e effective: in the absence of heat shock, the animals
ade virtually no DTCs (Figure 5B). We conclude that

he ability of hs::SYS-1 to drive extra DTCs does not
equire WRM-1 or LIT-1 but does require POP-1.

In summary, a decrease in sys-1 gene dosage drives
istal cells toward the proximal fate (consistent with the
rediction in Figure 4B), and ectopic SYS-1/β-catenin
xpression drives proximal cells toward the distal fate
consistent with the prediction in Figure 4C).

YS-1/�-Catenin Abundance Is Critical
or POP-1 Activity
s a complementary test of the model, we changed the

evels of SYS-1 and POP-1 in tissue culture cells. Ro-
ust reporter expression was obtained by transfecting
ells with equal molar amounts of plasmids encoding
OP-1 and SYS-1 (Figure 3F). We first transfected cells
ith four different levels of the two plasmids but main-

ained their relative ratios at 1:1. Activation was simi-
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Figure 5. Specification of Cell Fate Depends on Dosage of SYS-1/β-Catenin

(A) SGP division and subsequent fates. Distal daughters (yellow) both generate distal tip cells (DTC). Proximal daughters (light blue) both
generate an anchor cell (AC) precursor, but only one AC is produced due to lateral signaling.
(B) Summary of tests for SYS-1 dose sensitivity. % DTC loss, percentage of animals with fewer than two DTCs; % extra DTC, percentage of
animals with more than two DTCs; n, number of animals scored. +HS, heat-shocked; −HS, not heat-shocked.
(C–F) DTCs and ACs in L3 hermaphrodites. DTCs were marked with lag-2::YFP and ACs with cdh-3::CFP. Some images represent multiple
focal planes fused into a single image. (C) Wild-type. One DTC is located at distal end of each gonadal arm, one extending anteriorly and the
other posteriorly. The AC resides midventrally. (D) sys-1(q544) homozygote. No DTCs are present, but two ACs reside midventrally, as reported
previously (Miskowski et al., 2001). (E) hs::SYS-1. Three DTCs (two anterior, one posterior) and one AC. (F) hs::SYS-1. Four DTCs (two anterior,
two posterior) and no ACs.
larly high after transfection using 125, 250, or 500 ng of
each plasmid but was not seen at 50 ng (Figure 6A).
This experiment defined the working range that we
used to vary relative abundance.

We then increased POP-1 relative to SYS-1. The SYS-
1-encoding plasmid was transfected at a limiting con-
centration (either 125 or 250 ng) together with an ex-
cess of the POP-1-encoding plasmid (500 ng). In each
case, excess POP-1 lowered expression when com-
pared to equally transfected controls (Figure 6B). We
finally compared reporter activation with transfections
maintained at a high level of POP-1 (500 ng) but
increasing levels of SYS-1 (125, 250, and 500 ng). When
SYS-1 was transfected at a low level, reporter expres-
sion was low; when transfected at an intermediate
level, expression was intermediate; and when trans-
fected at a high level, expression was high (Figure 6C).
We conclude that the relative levels of the POP-1- and
SYS-1-encoding plasmids are crucial for TOPFLASH re-
porter expression. The simplest explanation is that
more POP-1 than SYS-1 lowers expression and that
increasing the number of POP-1/SYS-1 complexes leads
to a corresponding increase in transcriptional activation.

Discussion

This work reports the existence of a new β-catenin in
C. elegans and provides evidence that SYS-1/β-catenin
may function as a limiting coactivator of POP-1/TCF.
The significance of our findings is 2-fold. First, identifi-
cation of SYS-1 as a β-catenin opens the door for iden-
tification of additional β-catenins by functional rather
than sequence criteria. Second, our work suggests a
mechanism that unifies the canonical model of Wnt sig-
naling (reviewed in Logan and Nusse, 2004; van Es et
al., 2003) with the noncanonical model of Wnt/MAPK
signaling (reviewed in Herman and Wu, 2004; Korswa-
gen, 2002). We suggest that this unified mechanism
may be broadly used in the control of animal devel-
opment.

SYS-1 Is a Functional �-Catenin
Several clues suggested that SYS-1 might function as a
β-catenin despite having a novel amino acid sequence.
SYS-1 is required for Wnt/MAPK signaling (Siegfried et
al., 2004); sys-1 and pop-1 mutations interact geneti-
cally, suggesting a physical relationship (Siegfried et al.,
2004); and the SYS-1 sequence possesses three diver-
gent armadillo repeats (this work). We therefore asked
if SYS-1 might function as a β-catenin and found it to
have both molecular and functional properties of a
classical β-catenin. SYS-1 can rescue a bar-1 null mu-
tant, it binds POP-1 via its N-terminal β-catenin binding
domain, and it coactivates POP-1 in tissue culture re-
porter assays. At the current time, we do not know
if SYS-1 represents a nematode-specific class of
β-catenins or if it is a pioneer that will lead to the dis-
covery of a new class of functional β-catenins. Data-
base searches using the SYS-1 amino acid sequence
identify convincing homologs in two other nematodes,
C. briggsae and C. remanei, but not in other phyla.
However, it remains plausible, and perhaps even likely,
that identification of additional proteins with SYS-1/
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Figure 6. Relative Abundance of SYS-1/
β-Catenin and POP-1 Controls Transcrip-
tional Activity

NCI-H28 cells transfected with constructs
encoding epitope-tagged versions of POP-1,
SYS-1, and the 8×TOPFLASH reporter con-
struct. Construct amounts are indicated be-
low graph; all numbers refer to ng DNA. Lu-
ciferase readings were normalized using
control for transfection efficiency (see Ex-
perimental Procedures). Error bars represent
the standard deviation.
(A) POP-1/SYS-1 working range. POP-1 and
SYS-1 constructs were transfected at 1:1 ra-
tio to determine working range for further ex-
periments. A minimum of 125 ng of each
construct was necessary for reporter acti-
vation.
(B) Excess POP-1 inhibits SYS-1. A limiting
amount of SYS-1 plasmid was transfected
with an equal or excess amount of POP-1

plasmid. Excess POP-1 resulted in decreased reporter activation (bar 1 versus bar 2; bar 3 versus bar 4).
(C) Results with constant POP-1 plasmid and increasing SYS-1 plasmid, from limiting to equal amounts. SYS-1 increase results in a corre-
sponding increase in reporter expression.
β-catenin-like properties will rely on functional assays t
rrather than amino acid sequence.
i
fWnt Signaling Variants in C. elegans
mWnt signaling controls diverse events in C. elegans, in-
tcluding neuroblast migration, early embryonic fate, and
ggonadal axis formation (reviewed in Korswagen et al.,

2002). To control these events, both canonical and non-
wcanonical variants of the Wnt pathway are used (Figure
a7A). A canonical pathway governs Q neuroblast migra-
ation (Maloof et al., 1999), and a noncanonical Wnt/
cMAPK pathway regulates early embryogenesis (Mene-
2ghini et al., 1999; Rocheleau et al., 1997; Rocheleau et
t

al., 1999; Shin et al., 1999; Thorpe et al., 1997). In this
d

latter case, WRM-1/β-catenin acts with LIT-1/nemo-like
r

kinase (NLK) to downregulate POP-1/TCF, and as a re- 2
sult, target genes are relieved from POP-1 repression n
(Calvo et al., 2001; Maduro et al., 2002). In this paper, w
we report a variant of the pathway, which we tentatively
call the SYS pathway. This variant brings together ele- S
ments of the canonical and Wnt/MAPK pathways with s
our current understanding of SYS-1 (Figure 7, see be- e
low). The SYS pathway therefore unifies disparate t
views of Wnt signaling. o

Figure 7B depicts the SYS pathway as it relates to s
cell-fate specification after an asymmetric division, and p
Figure 7C presents the SYS pathway in more generic k
form. In the context of the asymmetric division, one s
daughter, the left one in Figure 7B, does not receive the t
Wnt/MAPK signal, and POP-1/TCF therefore remains at β
a high level in the nucleus. In this situation, we suggest t
that the majority of POP-1 is not complexed with SYS-1. (
As a result, POP-1 can either actively repress its target e
genes, as shown, or they can fail to be activated. The d
other daughter receives the Wnt/MAPK signal, and t
therefore POP-1 is exported from the nucleus after t
phosphorylation by LIT-1/NLK (Lo et al., 2004; Mene- P
ghini et al., 1999; Rocheleau et al., 1999; Shin et al., w
1999). In this case, we suggest that POP-1/SYS-1 com- s

bplexes are now in the majority inside the nucleus and
hat they activate target genes. Consistent with this
easoning, SYS-1 overexpression requires POP-1 activ-
ty, but not WRM-1 or LIT-1 activity, to drive ectopic
ates. Such a SYS pathway can be used either in asym-
etric divisions, as shown in Figure 7B, or in popula-

ions of cells, depending on how the pathway is trig-
ered.
The SYS pathway of C. elegans employs two β-catenins
ith distinct molecular functions that work together to
ctivate transcription (Figures 7B and 7C). Both WRM-1
nd SYS-1 β-catenins specify the same biological out-
ome, the distal fate in early gonads (Miskowski et al.,
001; Siegfried and Kimble, 2002). WRM-1 promotes
he exit of POP-1/TCF from the nucleus in both the SGP
istal daughter and daughters of many other asymmet-
ic divisions (Rocheleau et al., 1999; Siegfried et al.,
004), while SYS-1 is a POP-1/TCF coactivator and is
ot required for POP-1/TCF exit from the nucleus (this
ork; Siegfried et al., 2004).
Our model suggests that SYS-1 availability is limiting.

everal lines of evidence support this notion. First,
ys-1 is a haploinsufficient locus (this work; Siegfried
t al., 2004). In sys-1 heterozygotes, both SGP daugh-
ers can adopt the same fate—the fate not dependent
n Wnt/MAPK signaling. By contrast, sys-1 overexpres-
ion drives specification of the opposite fate. The sim-
lest explanation is that SYS-1 protein abundance is a
ey factor in the cell-fate decision, with a low level re-
ulting in one fate and a high level driving the alterna-
ive fate. Second, the relative abundance of SYS-1/
-catenin and POP-1 is crucial for expression of a
ransgene driven by a promoter with TCF binding sites
Figure 6). If POP-1 and SYS-1 were transfected at
qual levels, expression was activated, even at widely
ifferent concentrations. However, when SYS-1 was
ransfected at a limiting level, increases in POP-1 led
o decreases in reporter expression. By contrast, when
OP-1 was transfected at a high level so that POP-1
as not limiting, increases in SYS-1 caused corre-
ponding increases in reporter expression. Therefore,
oth genetic and molecular results support the idea
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Figure 7. SYS Pathway, a Variant of Wnt Signaling

(A) Two Wnt signaling pathways in C. elegans. Left, canonical Wnt pathway. Right, Wnt/MAPK pathway. Q neuroblasts employ the classical
β-catenin, BAR-1, to coactivate POP-1/TCF. The early embryo employs a divergent β-catenin, WRM-1, to relieve POP-1/TCF-mediated repres-
sion. See text for explanation and references.
(B) SYS variant of Wnt signaling. The precursor cell divides asymmetrically to generate two distinct daughters. Without Wnt signaling, Fate A
is specified by either POP-1 repression of B-specific target genes as shown or by lack of POP-1 activation of B-specific genes. With Wnt
signaling, Fate B is specified by SYS pathway. WRM-1/β-catenin and LIT-1/NLK promote POP-1 exit from the nucleus, and SYS-1/β-catenin
and POP-1 coactivate B-specific target genes. SYS-1/β-catenin, red tooth; POP-1, blue triangle; WRM-1/β-catenin, pink rectangle; LIT-1,
purple hexagon; LIN-17, green membrane protein.
(C) SYS signaling unifies the canonical and Wnt/MAPK forms of Wnt signaling (see text for explanation and references).
that SYS-1 abundance is critical for POP-1 activity. We
emphasize that the model put forward is only one rela-
tively simple possibility. The amount of available active
SYS-1/β-catenin may be governed by some other
mechanism, including sequestration or posttransla-
tional modification.

The classical view of the Wnt pathway is that signal-
ing facilitates formation of a β-catenin/TCF complex,
which then activates transcription (reviewed in Waltzer
and Bienz, 1999; Willert and Nusse, 1998). And the clas-
sical mechanism for facilitating formation of that com-
plex is the regulated stabilization of β-catenin (reviewed
in Waltzer and Bienz, 1999; Willert and Nusse, 1998).
This work provides a different mechanism by which
Wnt signaling can ensure transcriptional activation by
a β-catenin/TCF complex. By this different mechanism,
the amount of TCF transcription factor is reduced in the
nucleus to accommodate the limiting availability of its
β-catenin coactivator.

Is the SYS Pathway of Broad Significance?
The SYS pathway controls the C. elegans SGP asym-
metric division and formation of the gonadal proximal-
distal axis (this work; Miskowski et al., 2001; Siegfried
and Kimble, 2002; Siegfried et al., 2004). But does it
have broader significance? In C. elegans, SYS-1/
β-catenin also governs the T cell asymmetric division
(Siegfried et al., 2004; H.S., unpublished data) as well
as poorly defined events in larval development and em-
bryogenesis (Fraser et al., 2000; Simmer et al., 2003).
Furthermore, the sys-1 null phenotype is embryonic le-
thal (this work): sys-1(0) embryos make hundreds of
cells that fail to undergo morphogenesis, and the
sys-1 null phenotype is similar to that of a pop-1 dele-
tion (A.R.K., P. Kroll-Conner, and J.K., unpublished
data). These data suggest that the SYS pathway or
modified forms of that pathway may govern many
asymmetric divisions in C. elegans. Therefore, Wnt/
MAPK signaling can act by either relieving POP-1 re-
pression, as in EMS (Calvo et al., 2001; Maduro et al.,
2002), or facilitating formation of a POP-1/SYS-1 com-
plex, as in SGPs, the T cell, and perhaps other asym-
metric divisions (this work).

The importance of the SYS pathway for vertebrate
Wnt/MAPK signaling remains unknown. In Xenopus
embryos and mammalian tissue culture systems, NLK
can phosphorylate TCF and downregulate its activity
(Ishitani et al., 2003; Ishitani et al., 1999). In zebrafish,
depletion of NLK using morpholinos supports the op-
posite idea—that NLK acts as a positive regulator of
Wnt signaling (Thorpe and Moon, 2004). These two ap-
parently contradictory results may be resolved by con-
sideration of Wnt/MAPK signaling in C. elegans, which
can either relieve POP-1 repression or promote POP-1
activation with SYS-1. A similar plasticity may be used
in other organisms, including vertebrates. If true, what
β-catenin might serve as the coactivator in verte-
brates? Two simple possibilities exist. Perhaps a novel
β-catenin similar to SYS-1 awaits identification. Alter-
natively, perhaps the canonical β-catenin is present at
a vanishingly low concentration that can only be used
for TCF coactivation when the nuclear TCF concentra-
tion is lowered.

Experimental Procedures

Nematode Analyses
The sys-1(q736) deletion was made by standard methods (Kraemer
et al., 1999). The sys-1(os63) mutation was isolated in a screen for
mutants that do not have phasmid socket cells (Sawa et al., 2000).
Strains were derivatives of wild-type Bristol strain N2 and were
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maintained at 20°C. We used many mutant strains to fine map and a
aclone sys-1 (details are available upon request) and the following

transgenes: qIs70 [lag-2::YFP insertion] (this work), syIs57 [cdh-
3::CFP insertion] (Inoue et al., 2002a; Inoue et al., 2002b), qEx500 R
[hs::SYS-1] (this work), qEx502 [bar-1::SYS-1] (this work). For heat R
shock experiments, N2 (wild-type) or JK3426 (qEx500; qIs70; A
syIs57 ) L1 larvae were subjected to two intervals of heat treatment P
(1 hr at 33°C, 2 hr recovery at 20°C, and 30 min at 33°); in parallel,
animals were maintained at 20°C as controls.

R

sys-1 Cloning and Transcript Analysis B
sys-1(q7) was mapped by standard methods; transgenic rescue a
identified T23D8.9, and zygotic RNAi (Herman, 2001) to T23D8.9 B
generated Sys progeny. To identify sys-1 molecular lesions, G
T23D8.9 DNA was amplified from sys-1 homozygotes and se- b
quenced from at least three independent PCR products for each 6
allele. To confirm identification of sys-1(q544) as a silent mutation,

B
we sequenced DNA from the strain mutagenized to generate q544

O
and from a fog-3 mutant obtained in the same mutagenesis; both

Bwere wild-type. Based on standard cDNA analyses and Northern
Ablots, sys-1 encodes one major SL1 trans-spliced transcript corre-
csponding to T23D8.9a.
B
L

Plasmids and Other Molecular Methods l
Plasmids include pJK719 (sys-1 cDNA), pJK932 (SYS-1-AD), B
pJK1004 (POP-1-BD), pJK1005 (BAR-1-AD), pJK1006 (bar-1:: e
SYS-1), and pJK1013 (HA-SYS-1); details available upon request. t
Other constructs were available commercially or described pre-

Cviously: pRL-TK (Promega); pCDNA3 (Invitrogen); p1995, a modified
Wversion of pCDNA3, was a gift of B. Sugden, University of Wiscon-
rsin–Madison; pCDNA3-FLAG-POP-1 and pCDNA3-MYC-POP-1
t(Korswagen et al., 2000) were gifts of H. Korswagen (Netherlands
JInstitute for Developmental Biology); pSUPER8×TOPFLASH and
CpSUPER8×FOPFLASH (Veeman et al., 2003) were gifts of R. Moon
C(University of Washington); pDE280, pDE290, pDE204, and pJBW1
G(Natarajan et al., 2001) were gifts of D. Eisenmann (University of
6Maryland, Baltimore County).

In yeast two-hybrid assays, we used PJ69-4a for pDE290 and C
L40 for others. After transformation, multiple independent TRP+ P
LEU+ colonies were transferred to SC –TRP –LEU media and grown m
at 30°C until OD600 reached 0.5. Five microliters of a 1:5 dilution 1
of each culture were then seeded onto SC –TRP –LEU and SC D
–TRP –LEU –HIS +20 mM 3AT (3-amino-1,2,4-triazole) plates to se- F
lect for HIS reporter expression. lacZ expression was assayed s
using Beta-glo system (Promega). At least four independent trans- 1
formants were tested for each strain. Luciferase was measured

Eusing the Wallac MicroBeta Trilux liquid scintillation counter (Per-
Skin Elmer).
nFor coimmunoprecipitations, we used HEK293 T cells (provided
vby T. Compton, University of Wisconsin–Madison); details available
Fupon request. To assess POP-1 and SYS-1 for transcriptional activ-
Sity, we used NCI-H28 cells (ATCC) and standard procedures (Usami
oet al., 2003). Briefly, transfected cells were harvested after a 48
thr incubation, and samples were analyzed using Dual Luciferase

Reporter Assay System (Promega). Raw data for luciferase were G
normalized using data obtained from transfection control renilla lu- v
ciferase. n

1
Supplemental Data G
Supplemental Data include one figure and are available with this C
article online at http://www.cell.com/cgi/content/full/121/5/761/DC1/. H
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