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RESEARCH COMMUNICATION

Wnt signaling drives WRM-1/
b-catenin asymmetries in early
C. elegans embryos
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Daniel R. Brownell,2 and Craig C. Mello1,2,3

1Program in Molecular Medicine, University of Massachusetts
Medical School, Worcester, Massachusetts 01605, USA;
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b-Catenin regulates cell adhesion and cellular differen-
tiation during development, and misregulation of
b-catenin contributes to numerous forms of cancer in
humans. Here we describe Caenorhabditis elegans con-
ditional alleles of mom-2/Wnt, mom-4/Tak1, and wrm-

1/b-catenin. We use these reagents to examine the regu-
lation of WRM-1/b-catenin during a Wnt-signaling-in-
duced asymmetric cell division. While WRM-1 protein
initially accumulates in the nuclei of all cells, signaling
promotes the retention of WRM-1 in nuclei of respond-
ing cells. We show that both PRY-1/Axin and the nuclear
exportin homolog IMB-4/CRM-1 antagonize signaling.
These findings reveal how Wnt signals direct the asym-
metric localization of b-catenin during polarized cell di-
vision.

Supplemental material is available at http://www.genesdev.org.

Received April 14, 2005; revised version accepted June 9,
2005.

Wnt proteins are secreted signaling molecules important
in numerous developmental events in animals (Cadigan
and Nusse 1997; Zou 2004). They signal through multi-
pass membrane receptors of the Frizzled family, through
coreceptor complexes composed of Frizzled receptors
and members of the Arrow LRP5/6 protein family, and
through members of the RYK family of receptor tyrosine
kinase-related proteins (Yoshikawa et al. 2003; Inoue et
al. 2004; Lu et al. 2004). b-Catenin is a multifunctional
protein, with a role in cell adhesion mediated through its
interaction with E-cadherin, and a role in transcription
that is mediated through interactions with members of
the TCF/LEF transcription factor family (Bullions and
Levine 1998; Nelson and Nusse 2004). One well-estab-
lished paradigm for Wnt-mediated transcriptional regu-
lations involves the signaling-dependent down-regula-
tion of a b-catenin destruction complex consisting of
Axin, GSK-3b, and APC, thus increasing the levels of
b-catenin available for nuclear translocation and tran-

scriptional activation (Bullions and Levine 1998; Willert
and Nusse 1998; Polakis 2000). However, Wnt signaling
can also influence the polarity of responding cells (Bei et
al. 2002; Lyuksyutova et al. 2003; Gong et al. 2004), and at
present there is little insight into how Wnt signaling
induces cytoskeletal asymmetries and directs the asym-
metric activation of b-catenin in the daughters of re-
sponding cells.

Caenorhabditis elegans provides an ideal system for
analyzing the role of Wnt signaling in polarized cell di-
visions. In addition to powerful genetic tools available in
this animal, signaling events can be analyzed at the level
of the individual cells involved in signaling. For ex-
ample, at the four-cell stage of embryogenesis, a ventral
cell called EMS receives a signal from the posterior-most
cell, P2. Signaling from P2 orients the EMS division axis
onto the anterior–posterior (a/p) axis of the embryo (Bow-
erman and Shelton 1999) and induces an unequal divi-
sion that gives rise to one anterior mesodermal precur-
sor and one posterior endodermal precursor (Goldstein
1993).

P2/EMS signaling involves multiple inputs, including
at least two parallel cell-surface receptor-mediated path-
ways: the Wnt–Frizzled pathway (Rocheleau et al. 1997;
Thorpe et al. 1997) and a Src-mediated receptor tyrosine
kinase signaling pathway (Bei et al. 2002). Transcrip-
tional outputs downstream of P2/EMS signaling depend
on a b-catenin homolog, WRM-1 (pronounced “worm-
1”). WRM-1 functions in concert with the conserved Ser/
Thr kinase, LIT-1, to inhibit POP-1, a TCF/LEF-related
transcriptional repressor (Ishitani et al. 1999; Meneghini
et al. 1999; Rocheleau et al. 1999). In studies using cul-
tured vertebrate cells, interactions between WRM-1 and
LIT-1 activate the LIT-1 kinase, leading to LIT-1-depen-
dent phosphorylation of WRM-1, LIT-1, and POP-1, and
resulting in a net nuclear export of POP-1 protein (Ro-
cheleau et al. 1999). Recent in vivo studies suggest that
signaling leads to the nuclear accumulation of LIT-1 and
activates the nuclear export of POP-1 through a mecha-
nism dependent on PAR-5, a 14-3-3 homolog, and IMB-4,
a homolog of the b-importin-nuclear transport factor
CRM-1 (Lo et al. 2004).

Despite this progress, many gaps remain in our under-
standing of how P2/EMS signaling directs EMS spindle
orientation and how this signaling leads to unequal
POP-1 nuclear levels in the daughters of EMS. In particu-
lar, although the WRM-1/b-catenin protein appears to
represent a nexus for coordinating signals from the mem-
brane and facilitating their transduction to the nucleus,
little is known about whether and how WRM-1 activity
or localization is regulated during signaling.

Here we analyze the regulation of WRM-1 during the
EMS cell division. We show that WRM-1<GFP initially
enters the nucleus at the beginning of telophase in all
cells but is exported in signal-nonresponding cells.
Nuclear export requires the CRM-1-exportin homolog,
IMB-4, and Ran-related molecules, including Ran-3/
RCC1 and Ran-5/RanBP3. Wnt signaling promotes the
nuclear maintenance and/or continued accumulation of
WRM-1 in daughter cells proximal to the polarizing sig-
nal. Our findings support a model for Wnt signaling-de-
pendent polarized cell division in which signaling con-
trols the nuclear accumulation of b-catenin.

[Keywords: b-Catenin; wrm-1; wnt; nuclear export; asymmetric cell di-
vision; C. elegans]
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Result s and Discussion

Isolation of temperature-sensitive mutants defective
in polarity signaling

To bet ter understand the m echanism of Wnt signaling in
C. elegans, we conducted an unbiased screen for tem -
perature-sensit ive (t s) m utants defect ive in polarity sig-
naling (see Materials and Methods). Am ong ~4000 ts m u-
tat ions that disrupt C. elegans em bryogenesis, we found
30 m utants with defects in P2/EMS signaling. These in-
clude nine alleles of mom-2/Wnt , 12 alleles of lit-1/N lk ,
four alleles of mom-4/MAPKKK, and a single allele of
wrm-1/b-caten in (Fig. 1). While a t s allele of lit-1 was
described previously (Kalet ta et al. 1997), the mom-2,
mom-4, and wrm-1 m utants are the first t s alleles of
these genes and provide usefu l tools for analyzing the
funct ion of these genes in em bryogenesis and during
later developm ent . When L4 or adult wrm-1(ne1982) ani-
m als are sh ifted to nonperm issive tem perature, the re-
su lt ing em bryos exhibit a penet ran t loss of endoderm
phenotype ident ical to the previously described wrm-
1(RNAi) phenotype (data not shown). Tem perature-sh ift
studies indicate that WRM-1 is required (1) in early em -
bryos for specificat ion of endoderm in response to P2/
EMS signaling, (2) after the four-cell stage for em bryonic
viability and m orphogenesis, and (3) during larval devel-
opm ent for fert ility and for the product ion of a func-
t ional vulva (Supplem entary Table 1; data not shown).

Signal-dependent asymmetric localization
of WRM-1<GFP

To follow the localizat ion of WRM-1, we rescued wrm-
1(ne1982) with an N -term inal GFP-tagged t ransgene.
This t ransgene provided nearly 100% rescue of all of the
phenotypes associated with wrm-1(ne1982) and 80% –
90% rescue of em bryos produced by anim als hom ozy-

gous for a presum pt ive-null, delet ion allele of wrm-
1(tm514). Consisten t with it s role in P2/EMS signaling,
WRM-1<GFP levels were high in the nucleus of the E
blastom ere at the eight -cell stage (Fig. 2A). However, a
t im e course of im ages revealed that WRM-1<GFP is at
first localized sim ilarly in both newly form ed nuclei at
the beginning of telophase of the EMS cell division (Fig.
2A, top panels, arrowheads). Furtherm ore, even signal-
nonresponsive cells, including cells presen t at the one-,
two- and four-cell stages, exhibit nuclear accum ulat ion
of WRM-1 at the beginning of telophase (data not
shown). During the EMS cell division , the nuclear signal
in MS grows weaker, while in E, the nuclear WRM-
1<GFP levels becom e higher (Fig. 2A). A high WRM-
1<GFP nuclear level during and after cytokinesis was
only observed in signal-responding cells, including nu-
m erous posterior descendants of later a/p divisions (Fig.
2B; data not shown). In addit ion to it s change in nuclear
levels, we also observed a cell cycle- and signal-depen-
dent change in the localizat ion of WRM-1 protein at the
cell cortex and cell–cell contact sites (Fig. 2A,B, arrows;
see below).

Regulation of WRM-1 nuclear localization

The above findings indicate that the nuclear dist ribu t ion
of WRM-1 m ay be regulated by signaling. The observa-
t ion that WRM-1 enters the nucleus in all cells but is
m ain tained there only in signal-responding cells
prom pted us to ask which of the known nuclear export
factors are required for WRM-1 nuclear export . We found
that IMB-4, a hom olog of hum an export in chrom osom e
m ain tenance region-1 protein (CRM-1) (Fornerod et al.
1997; Fukuda et al. 1997), as well as several of it s con-
served cofactors, including RAN -1/Ran, RAN -3/RCC1/
RanGEF, and RAN -5/RanBP3, all appear to be crit ical for
WRM-1 nuclear export . The deplet ion of these factors
resu lted in a dram at ic accum ulat ion of WRM-1<GFP in

Figure 1. Tem perature-sensit ive (t s) m utants defect ive in P2/EMS signaling. Schem at ic diagram s and alignm ents for four P2/EMS signaling
genes. Ts-genet ic lesions and their allele nam es are shown below the genom ic box/ line-exon/ in t ron st ructures. Alleles with ident ical lesions
are indicated together in colum ns. In mom-4 and lit-1, the k inase dom ains are indicated in green; in wrm-1, the arm -m ot if region is indicated
in blue. White and black boxes indicate noncoding and coding regions, respect ively. A splice donor site lesion is indicated below the st ructure
of mom-4 with the in t ron sequence shown in lowercase. Am ino acid subst itu t ions for each dist inct lesion are shown in red type above
alignm ents for the corresponding region in each protein . The alignm ents com pare each C. elegans (Ce) protein to Drosophila melanogaster
(Dm ) and Homo sapiens (Hs) hom ologs, as indicated.
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the nuclei of all cells in the early C. elegans em bryo. For
exam ple, we found that , during telophase in imb-4, ran-
3, and ran-5 RN Ai em bryos, WRM-1<GFP levels con-
t inued to increase in all cells, including both daughters
of EMS (Supplem entary Fig. 1). These findings suggest
that IMB-4-dependent nuclear export m ay funct ion as a
defau lt pathway that lowers the nuclear levels of WRM-1
in the absence of signaling.

We next asked whether any of the known P2/EMS sig-
naling factors influence the nuclear localizat ion of
WRM-1<GFP. In mom-2/Wnt m utant em bryos, and in
several other m utants defect ive in polarity signaling, we
found that , while the in it ial nuclear accum ulat ion of
WRM-1<GFP at telophase was unaffected, the subse-
quent m ain tenance of WRM-1 levels was reduced or
abolished in the E nucleus and in other norm ally signal-
responsive cells (Fig. 3; data not shown). As in wild-type
em bryos, inh ibit ion of imb-4 in mom-2 and several other

signaling m utants resu lted in equal and high lev-
els of WRM-1<GFP stain ing in all nuclei (Fig. 3;
Supplem entary Figs. 1–3). These observat ions
suggest that signaling acts late in the cell cycle to
m ain tain h igh nuclear levels of WRM-1 in re-
sponding cells, and m ay do so, direct ly or indi-
rect ly, by counteract ing IMB-4/CRM-1-depen-
dent nuclear export . Consisten t with the not ion
that signaling acts late in the cell division cycle
of responding cells, we found that the tem pera-
ture-sensit ive period (t sp) for mom-2(ne874) is
late in the EMS cell division cycle (Fig. 2C), and
the tsp for wrm-1(ne1982) is short ly after the
EMS cell division (Fig. 2D). This lat ter finding
suggests that the WRM-1(ne1982) m utant protein
m ay undergo proper regulat ion during the EMS
division but is unable to execute it s downst ream
funct ions in the E nucleus when m ain tained at
the nonperm issive tem perature.

The in it ial accum ulat ion of WRM-1<GFP in
telophase nuclei was unaltered in nearly all of the
st rains tested, with the notable except ion of the
lit-1 and mom-4 m utants. In lit-1 m utants, the
GFP signal was st rongly excluded from the
nucleus in all cells (Fig. 3; Supplem entary Fig. 2).
This nuclear exclusion was not dependent on
IMB-4 (Fig. 3; Supplem entary Fig. 3). Sim ilarly,
MOM-4 appeared to be required generally for
nuclear accum ulat ion but , consisten t with the
lower penet rance of it s signaling defect (Shin
et al. 1999), exhibited a less com plete nuclear ex-
clusion of WRM-1<GFP (Supplem entary Figs. 2,
3). Thus, LIT-1 and MOM-4 appear to play a gen-
eral role in perm it t ing the in it ial nuclear accu-
m ulat ion of WRM-1, while IMB-4 m ay funct ion
independent ly to prom ote nuclear export .

In other organism s, TCF-related factors require
b-caten in to act ivate t ranscript ion , and the bind-
ing of b-caten in to TCF in the nucleus has been
im plicated in the nuclear reten t ion of b-caten in
(Tolwinsk i and Wieschaus 2001, 2004; Townsley
et al. 2004). In C. elegans, the TCF-related protein
POP-1 is negat ively regulated by WRM-1, leading
to nuclear export of POP-1 (Lin et al. 1998). Sur-
prisingly, WRM1 levels in the nucleus of E were
reduced in the absence of POP-1 (Fig. 3; Supple-
m entary Fig. 3), suggest ing that in teract ions with
POP-1 influence the nuclear localizat ion of

WRM-1 despite the opposite nuclear asym m etries for
these two proteins. In several system s, a com plex con-
sist ing of Axin , APC, and GSK-3b negat ively regulates
b-caten in stability, and these m olecules have also been
im plicated in the nuclear export of b-caten in in a m am -
m alian-cell-cu lture system (Rosin-Arbesfeld et al. 2003;
Cong and Varm us 2004). However, in cont rast to other
system s, both APR-1/APC and GSK-3/GSK-3b appear to
posit ively influence endoderm specificat ion in C. el-
egans (Rocheleau et al. 1997; Schlesinger et al. 1999).
Consisten t with these genet ic data, we found that
WRM-1 nuclear levels are reduced in the E blastom ere in
both apr-1(RNAi) and gsk-3(RNAi) em bryos (Fig. 3;
Supplem entary Fig. 3). Inh ibit ion of nuclear export via
imb-4(RNAi) in apr-1- and gsk-3-depleted em bryos re-
su lted in nuclear WRM-1 accum ulat ion sim ilar to that
seen in imb-4(RNAi) singly-depleted em bryos (Fig. 3,
righ t panels). Thus, WRM-1 protein appears to be stable,

Figure 2. Cell cycle-dependent asym m etric localizat ion of WRM-1<GFP. (A,B)
N om arsk i (left colum ns) and fluorescence m icrographs (right colum ns) of wild-
type WRM-1<GFP transgenic anim als taken during EMS and ABal cell divi-
sions. (Top panels) White arrowheads indicate the fain t , in it ially sim ilar levels of
WRM-1<GFP in early telophase nuclei. Double-headed arrows indicate the nu-
clei of an terior and posterior sisters. White arrows indicate the cort ical localiza-
t ion of WRM-1<GFP. Black arrows indicate the corresponding st ructures in each
N om arsk i im age. In th is and subsequent figures, the bars indicate 10 m and
anterior is to the left . (C,D) Graphic depict ions of the tem perature-sensit ive (t s)
periods for gut induct ion in mom-2(ne874) (C) and wrm-1(ne1982ts) (D). The
em bryos were either up-sh ifted (black squares or circles) or down-sh ifted (white
squares or circles) at the indicated cell stage (X-axis), and incubated further to
score for gut induct ion (Y-axis). Shift s were done at two t im es during the EMS
cell cycle: m etaphase/anaphase (m eta-ana) and telophase (as indicated).
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but fails to be retained in the nuclei of apr-1 and gsk-3
m utant em bryos.

pry-1 and im b-4 antagonize Wnt signaling

Mutat ions in the C. elegans Axin-related gene pry-1
(Korswagen et al. 2002) exhibit a subt le but reproducible
effect on WRM-1 protein accum ulat ion . In pry-1 m u-
tan ts, WRM-1 consisten t ly accum ulates to sligh t ly
h igher levels in nuclei of signal-responding cells (Fig. 3).
In terest ingly, we found that pry-1 m utants can suppress
wrm-1(ne1982) to viability. Approxim ately 30% of the
em bryos produced by wrm-1(ne1982) pry-1(mu38)
double-m utant an im als are viable at the rest rict ive tem -
perature of 23°C (n = 300), as opposed to only 0.1% of
em bryos produced by wrm-1(ne1982) single m utants
(n > 1000). This suppression of wrm-1 included part ial
suppression of later em bryonic, as well as larval and fer-
t ility defects, associated with the wrm-1(ne1982) m u-
tan t phenotype, suggest ing that PRY-1 plays a sign ifican t
role in negat ively regulat ing WRM-1 protein at all stages
(data not shown). We found that pry-1(mu38) exhibit s a
sim ilar level of suppression of lit-1(ne1991) m utants
(data not shown). These resu lt s suggest that C. elegans
PRY-1/Axin negat ively regulates WRM-1, whereas APR-
1/APC and GSK-3b appear to be posit ive regulators, at
least during the EMS division .

The st rong suppression of wrm-1(ne1982) by pry-
1(mu38) m utants was surprising considering the rela-
t ively subt le increase in WRM-1 nuclear levels observed
in pry-1 m utants and the lack of detectable P2/EMS sig-
naling defects in pry-1 single m utants. Thus, it is pos-
sible that PRY-1 negat ively regulates WRM-1 act ivity
rather than WRM-1 localizat ion . However, signaling
does appear to be ext rem ely sensit ive to WRM-1 protein
levels. For exam ple, we found that the in t roduct ion of
the WRM-1<GFP transgene in to the mom-2(ne874) m u-
tan t st rain was sufficien t to rescue the st rain to viability.
Conversely, reducing wrm-1 act ivity in mom-2(ne874)
or mom-5(zu193) m utant backgrounds dram at ically in-
creased the gut induct ion defects in these m utants (data
not shown).

Conceivably, the m ain tenance of h igh WRM-1 nuclear
levels could m erely be correlated with signaling but not
be required for the outcom e of signaling. To exam ine
th is possibility, we asked if art ificially increasing
WRM-1 nuclear levels by using RN Ai to disrupt the
IMB-4-dependent nuclear t ransport m achinery could
suppress the loss of endoderm defect in mom-2/Wnt. We
found that the percentage of em bryos with endoderm
produced by mom-2(ne874) hom ozygous m utant m oth-
ers increased from 40% (n = 277) to 75% (n = 268) after
imb-4(RNAi), suggest ing that the nuclear-localizat ion
pathway is indeed im portan t for cont rolling the outcom e
of signaling (Supplem entary Fig. 4). This suppression was
dependent on the act ivit ies of both WRM-1 and LIT-1
(Supplem entary Fig. 4). Because IMB-4 is also required
for POP-1 export (Lo et al. 2004), it is in terest ing to note
that WRM-1-dependent endoderm differen t iat ion is re-
stored in the E blastom ere despite the existence of a h igh
level of nuclear POP-1. These and other observat ions
(Maduro et al. 2002) suggest that , in addit ion to controlling
the nuclear localization of POP-1, signaling via WRM-1
also regulates the activity of the POP-1 protein in E.

A model for WRM-1 regulation during polarized
cell division

While the above studies suggest that signaling regulates
WRM-1 nuclear localizat ion , they do not explain how
signaling events at the cell cortex are coupled to the
asym m etric nuclear accum ulat ion of WRM-1. A possible
insigh t in to the connect ion between cort ical and nuclear
signaling events com es from prelim inary findings on the
cort ical localizat ion of WRM-1. In the course of our stud-
ies, we not iced a fain t localizat ion of WRM-1<GFP to
the cell cortex during each m itosis (Fig. 2A,B, arrows).
In terest ingly, in the EMS cell, WRM-1<GFP is lost along
the posterior cortex proxim al to the signaling cell P2,
while stain ing is m ain tained along the anterior cortex of
the dividing EMS cell (Supplem entary Fig. 5). This cor-
t ical localizat ion is also visible at later stages (data not
shown) and in developing larvae (see Takeshita and Sawa
2005). Our prelim inary studies suggest that MOM-5/
Frizzled is required for cort ical associat ion , while cort i-
cal release correlates with signaling via MOM-2/Wnt
(Supplem entary Fig. 6). Although these observat ions re-
quire further invest igat ion , they suggest an in terest ing
m odel that could explain how signaling at the cortex
could drive nuclear WRM-1 asym m etries. Im portan t ly,
th is m odel could also explain the difference between the
penet rance of the endoderm defects seen in mom-2/Wnt
m utants (~60% gut less) and mom-5/Fz m utants (only

Figure 3. Genet ics of WRM-1 nuclear accum ulat ion . N om arsk i
and WRM-1<GFP-fluorescence m icrographs of in terphase t rans-
genic em bryos. The cell stage and genotypes are as indicated. Em -
bryos in the right two colum ns are genotypically ident ical to those
in the left two colum ns but are also subject to imb-4(RNAi). The
alleles used are lit-1(ne1991), mom-2(ne874), mom-5(zu193), apr-
1(RNAi), pop-1(RNAi), gsk-3(RNAi), and pry-1(mu38). The E nu-
cleus is indicated with a white arrow in each eight-cell-stage em bryo.
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5% gut less), and the surprising finding that the lower
penet rance gut less phenotype of mom-5 is epistat ic to
mom-2 (Rocheleau et al. 1997; Bei et al. 2002).

According to th is m odel (Fig. 4), P2/EMS signaling al-
ters the affin ity of WRM-1 for the posterior cortex of
EMS and sim ultaneously act ivates WRM-1 for down-
st ream signaling. This act ivat ion could be direct (e.g., by
phosphorylat ion of WRM-1) or indirect (e.g., by m odifi-
cat ion of a WRM-1-in teract ing protein such as LIT-1).
For sim plicity in th is discussion , we will consider the
direct act ivat ion m odel. At steady state, on ly a sm all
percentage of WRM-1 protein localizes at the cortex and
th is level drops during signaling, suggest ing that cort ical
associat ion m ay reflect a dynam ic process that is m odu-
lated by signaling. Cort ical signaling events also ensure
that the m itot ic apparatus of the cell is orien ted such
that division produces one nucleus that is m ore proxim al
to the posterior cortex and thus exposed to higher con-
cent rat ions of an act ivated and less cort ically associated
form of WRM-1. At the beginning of telophase, WRM-1
accum ulates in both nascent nuclei via a m echanism
that depends on the kinases MOM-4 and LIT-1. During
late telophase, and short ly after cytokinesis, IMB-4/
CRM-1-dependent export begins to reduce WRM-1
nuclear levels in MS. However, in E, the signal-depen-
dent release of an act ivated form of WRM-1 from the
cortex induces a net nuclear reten t ion of WRM-1. Fi-
nally, reten t ion of WRM-1 in the nascent E nucleus cor-
relates with a sim ultaneous CRM-1-dependent nuclear
export of POP-1.

This m odel explains the phenotypic differences be-
tween mom-2 and mom-5 m utants. In mom-2 m utants,
MOM-5 sequesters WRM-1 at the posterior cortex, re-
ducing WRM-1 nuclear reten t ion in E, and resu lt ing in
the higher penet rance of the mom-2 endoderm defect . In
mom-5 m utants or in mom-2; mom-5 double m utants,
signaling from P2 via the parallel SRC-1 tyrosine kinase
pathway can act ivate WRM-1, which is then free to enter
the nucleus and prom ote POP-1 nuclear export . Since
SRC-1 has lit t le effect on WRM-1 localizat ion (data not
shown), our findings suggest that SRC-1 m ay instead al-
ter WRM-1 act ivity.

The details of the m echanism that drives the recipro-
cal nuclear accum ulat ion of WRM-1 and POP-1 are st ill
not clear. Our finding that the nuclear accum ulat ion of
WRM-1 part ially depends on POP-1 suggests that
WRM-1 and POP-1 m ay direct ly com pete for nuclear ex-
port factors or nuclear/cytoplasm ic reten t ion sites. For
exam ple, WRM-1-dependent phosphorylat ion of POP-1
(Fig. 4) m ight increase the affin ity of POP-1 for CRM-1,
perhaps by prom ot ing the in teract ion of POP-1 with
PAR-5/14-3-3. This could lead to a direct com pet it ion
that displaces WRM-1 from the export m achinery in re-
sponding cells. Alternat ively, signaling m ay alter the
relat ive affin ity of WRM-1 and/or POP-1 for binding to
m utually exclusive partners in the nucleus or in the cy-
toplasm , causing a sim ultaneous and codependent sh ift
in the net balance of their nuclear/cytoplasm ic reten-
t ion .

In sum m ary, we have analyzed the regulat ion of a
b-caten in hom olog, WRM-1, during a polarized cell divi-
sion in C. elegans. The findings presented here suggest
that WRM-1 is subject to regulat ion at m ult iple levels,
and begin to place the surprising genet ic com plexity of
P2/EMS signaling in to a cell-biological context . Further-
m ore, our findings suggest that Wnt signaling can con-
t rol the nuclear accum ulat ion of b-caten in and m ay also
influence it s cort ical dist ribu t ion . These m odes of regu-
lat ion m ay be of part icu lar im portance when Wnt signal-
ing induces a polarized, asym m etric cell division .

Materials and m ethods
Genetics
The Hawaiian CB4856-derived lin-11(ne832) egg-laying deficien t st rain
(WM59) was used as a start ing st rain . L4 anim als m utagenized either
with EMS or EN U were grown at 15°C. F2 progeny were sh ifted to 25°C
at the L4 stage for 36 h , then down-sh ifted to 15°C for an addit ional 18 h .
A brief t reatm ent with hypochlorite was then used to kill the adult s and
any hatched larvae, without dissolving away the adult cu t icles. After a
further 12–24 h of incubat ion at 15°C, the carcasses were floated in a
sucrose gradien t to enrich for those that are less dense due to accum u-
lated unhatched eggs with in the body. Worm carcasses that float in the
gradien t were recovered and washed with M9. Candidate t s-m utant
st rains contain ing a few viable larvae (produced during the 18 h at 15°)
and num erous inviable eggs produced at 25°C were selected under the
dissect ing m icroscope. Approxim ately one-fourth of the candidates
proved to be tem perature-sensit ive em bryonic-lethal m utants.

The st rain WM75 contains the wrm-1(tm514) 423 base pair delet ion
allele provided by Dr. Shohei Mitan i of the N at ional Bioresource Project
in Japan , and an in tegrated rescu ing GFP-tagged wrm -1 t ransgene, neIs2,
const ructed by hom ologous recom binat ion in yeast , as previously de-
scribed (Rocheleau et al. 1997). C. elegans culture and genet ics were as
described previously (Brenner 1974).

RNAi assays
RN Ai was perform ed as previously described (Bei et al. 2002). For ran-
related m olecules, dsRN A of the ent ire coding region of ran-1/Ran , ran-
3/RCC1, and ran-5/RanBP3 were used. RN Ai target ing, PAR-5/14-3-3,
which is required for POP-1 nuclear export (Lo et al. 2004), failed to alter
WRM-1<GFP localizat ion .

Live embryo imaging
WRM-1<GFP em bryos were m ounted in M9 buffer on RITE-ON glass
slides (Becton Dickinson), covered with a coverslip, and sealed with Va-
seline. DIC and GFP im ages were captured at 1- to 2-m in in tervals using
a Zeiss Axioplan2 Microscope and OPEN LAB software.
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Figure 4. A m odel for asym m etric localizat ion of WRM-1<GFP.
Schem at ic diagram of polarity signaling in the EMS cell at telo-
phase. WRM-1 protein is retained in the posterior E nucleus (dark
green) and exported from the MS nucleus (ligh ter green). Conversely,
WRM-1 is preferen t ially retained, in a MOM-5/Fz-dependent m an-
ner, at the anterior cortex (dark-green line) and released at the pos-
terior cortex (gray line). Arrows and bars between signaling com po-
nents depict act ivat ing and inhibitory genet ic in teract ions, respec-
t ively. Signaling from Wnt and Src leads to phosphorylat ion of
WRM-1 and POP-1 (indicated by the P within a circle). The J sym bol
adjacent to WRM-1 (in E) and POP-1 (in MS) indicates reduced CRM-
1-dependent export . Bold arrows indicate nuclear entry or export .
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