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WRM-1 Activates the LIT-1 Protein Kinase to
Transduce Anterior/Posterior Polarity Signals
in C. elegans

mechanisms that lead to region-specific development,
several experimental and genetic studies have sug-
gested that cells throughout the embryo share a com-
mon mechanism for linking cell division to cell fate (Mello
et al., 1992, 1994; Kaletta et al., 1997; Lin et al., 1998).
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enhancer factor) transcription factors (Lin et al., 1995,2 Howard Hughes Medical Institute
1998). Most of the cell divisions in all regions of the early3 Department of Molecular Biology and Oncology
embryo are oriented along the anterior–posterior (AP)UT Southwestern Medical Center
axis, and essentially all of these divisions result in APDallas, Texas 75235
daughter cells with different fates (Sulston et al., 1983).4 Department of Neuroanatomy
Antibodies specific for POP-1 show a higher level ofBiomedical Research Center
nuclear staining in the anterior daughters of AP divisionsOsaka University Medical School
than in the posterior daughters, and genetic studies5 PRESTO
have shown that POP-1 function is required for several6 CREST
of the early AP differences in cell fate (Lin et al., 1995,Japan Society and Technology Corporation
1998).Suita, 565-0871

POP-1 activity and localization is regulated by a groupJapan
of genes called mom genes. Cloning of several mom7 Fred Hutchinson Cancer Research Center
genes revealed that each of these genes encodes aSeattle, Washington 98109
protein clearly related to known components of the Wnt/and Zoology Department
Wingless (Wnt/WG) signaling pathway defined in verte-University of Washington
brates, Drosophila, and C. elegans. These proteins in-Seattle, Washington 98195
clude MOM-1 (Porcupine), MOM-2 (Wnt/WG), and MOM-5
(Frizzled) (Rocheleau et al., 1997; Thorpe et al., 1997).
In reverse genetic studies, the inhibition of a C. elegansSummary
homolog of b-catenin/Armadillo (called WRM-1) and of
APR-1, an adenomatous polyposis coli (APC) homolog,

During C. elegans development, Wnt/WG signaling is
also resulted in defects resembling mom mutants (Ro-

required for differences in cell fate between sister cells cheleau et al., 1997). In most models for the Wnt/WG
born from anterior/posterior divisions. A b-catenin- signaling pathway, b-catenin is a principle effector of
related gene, wrm-1, and the lit-1 gene are effectors signaling, and genetic studies of the mom genes and
of this signaling pathway and appear to downregulate wrm-1 in the C. elegans embryo are consistent with this
the activity of POP-1, a TCF/LEF–related protein, in view (Rocheleau et al., 1997; for review, see Cadigan
posterior daughter cells. We show here that lit-1 en- and Nusse, 1997; Han, 1997). However, there is one
codes a serine/threonine protein kinase homolog re- important difference in the roles of WRM-1 and b-cate-
lated to the Drosophila tissue polarity protein Nemo. nin. In the Wnt/WG model, b-catenin enters the nucleus
We demonstrate that the WRM-1 protein binds to LIT-1 in response to signaling and stimulates transcriptional
in vivo and that WRM-1 can activate the LIT-1 protein activator function of TCF/LEF proteins. Thus, the loss
kinase when coexpressed in vertebrate tissue culture of b-catenin and TCF/LEF would result in similar pheno-
cells. This activation leads to phosphorylation of types (for review, see Cavallo et al., 1997; Kuhl and
POP-1 and to apparent changes in its subcellular local- Wedlich, 1997; Willert and Nusse, 1998). However, stud-
ization. Our findings provide evidence for novel regula- ies on the C. elegans embryo have shown that the loss
tory avenues for an evolutionarily conserved Wnt/WG of WRM-1 has the opposite consequences in numerous
signaling pathway. cell fate decisions than the loss of POP-1 (TCF/LEF);

loss of WRM-1 causes both AP sisters to adopt anterior
fates (Rocheleau et al., 1997; Lin et al., 1998), while loss

Introduction of POP-1 causes both sisters to adopt posterior fates
(Lin et al., 1995, 1998). Thus, a critical objective for un-

The early blastomeres of the Caenorhabditis elegans derstanding how the Wnt/WG pathway functions in C.
embryo initiate region-specific patterns of development elegans is to elucidate the role of WRM-1 in relation to
through several mechanisms, including position-depen- the rest of the signaling components.
dent cell–cell interactions and the asymmetric expression In the present study, we show that the Wnt/WG path-
of maternally provided transcription factors (for review, way in C. elegans involves the C. elegans polarity gene
see Schnabel and Priess, 1997). Despite the various lit-1 (Kaletta et al., 1997) and that lit-1 encodes a protein

related to the Drosophila tissue polarity protein Nemo
(Choi and Benzer, 1994). We show that WRM-1 can bind8 To whom correspondence should be addressed (e-mail: craig.
to LIT-1 and can activate a LIT-1-dependent kinase ac-mello@ummed.edu).

9 These authors contributed equally to the paper. tivity. Finally, we show that the WRM-1/LIT-1 kinase
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Figure 1. LIT-1 Encodes a Homolog of Dro-
sophila Nemo and Mouse Nlk

(A) Alignment of LIT-1 amino acid sequence
(LIT-1a, see below) with Drosophila Nemo
form II and mouse Nlk (Nemo-like kinase).
Identical residues are shaded in gray. The
conserved residues altered in lit-1(t1512) (leu-
cine 177 to serine) and in lit-1(t1534) (gluta-
mate 222 to lysine) are bold in the LIT-1 se-
quence.
(B) Schematic representation of lit-1 genomic
structure. Two SL1 trans-spliced isoforms are
shown. The longer transcript, lit-1a, is pre-
dicted to contain three noncoding exons
(white boxes) in front of the predicted start
codon. The second transcript, lit-1b, starts at
an alternatively spliced exon (gray box) and
contains two in-frame methionine codons up-
stream of the ATG for lit-1a. Black boxes indi-
cate predicted coding exons from which the
amino acid sequence in (A) was deduced. The
exons containing the kinase domain are also
indicated. Positions of the lit-1(t1512) and lit-
1(t1534) lesions are shown.

complex precipitated from vertebrate cells can phos- phenotypes, and the existence of point mutations pre-
dicted to alter conserved residues of the Nemo-like pro-phorylate POP-1 in vitro.
tein in each lit-1 mutant lead us to conclude that lit-1 is
the C. elegans nemo gene.Results

LIT-1 is highly homologous to Drosophila Nemo (Choi
and Benzer, 1994) and mouse Nlk (Nemo-like kinase)The lit-1 Gene Encodes a Putative Protein Kinase
(Brott et al., 1998) within its predicted kinase domainImplicated in Mom (Wnt/WG) Signaling
and also within a conserved C-terminal region. TheWe have used an RNA-mediated reverse genetic ap-
N-terminal region is most divergent between LIT-1,proach (RNAi) to ask whether polarity genes identified in
Nemo, and Nlk (Figure 1A). lit-1 can encode at least twoother systems had Mom-related functions in C. elegans
different 59 splice variants (Figure 1B). The lit-1(t1512)

(Rocheleau et al., 1997 and our unpublished data). We
mutation changes a conserved leucine in the predicted

found a completely penetrant Mom phenotype resulted
kinase domain, and the lit-1(t1534) mutation changes a

from RNAi targeted to a C. elegans homolog of the Dro- glutamate to a lysine in a regulatory motif believed to
sophila polarity gene nemo (Table 1 and Experimental be important for the activation of related kinases (THE
Procedures). We noted that the physical map position to THK; Figure 1) (Payne et al., 1991).
of the nemo homolog was consistent with the genetic Previous genetic tests have shown that mutations in
position of lit-1. Previous studies (Kaletta et al., 1997) pop-1 are epistatic to mutations in lit-1 (Kaletta et al.,
had shown that mutations in the lit-1 gene cause at least 1997); however, whether POP-1 localization and/or lev-
one defect that is identical to that of mom mutants, els are regulated by lit-1(1) activity had not been deter-
that is, the transformation of intestinal precursors into mined. We immunostained lit-1(t1512) mutant embryos
mesodermal precursors. We found that a yeast artificial for POP-1 and found that POP-1 protein levels appear
chromosome (YAC) with C. elegans DNA containing the equal in the nuclei of sister cells resulting from AP divi-
nemo homolog completely rescued lit-1(t1512) (see Ex- sions (Figure 2). Thus, a reduction or loss of lit-1(1)
perimental Procedures). These observations suggested activity appears to have the same effect on POP-1 asym-
that the nemo homolog might be the lit-1 gene. We metry as previously described mutations in the mom
sequenced the nemo homolog in the lit-1 mutants lit- genes (Rocheleau et al., 1997; Thorpe et al., 1997; Lin
1(t1512) and lit-1(t1534) and found a mutation in each et al., 1998).
(Figure 1). Taken together, the proximity of the respec- To determine if lit-1 had genetic interactions with the
tive physical and genetic map positions of the nemo mom genes, we examined the phenotypes of lit-1 mutant

embryos in which mom gene activity was removed byand lit-1 genes, the similarity of their RNAi and mutant
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Table 1. Genetic Analysis of Endoderm Specification in lit-1

Embryo Type % Embryos Lacking
Endoderm (n)

lit-1(RNAi) 100 (544)
lit-1(t1534) 2 (195)
lit-1(t1512) 0 (216) 158C

96 (473) 258C
mom-2(ne141) 53 (304)
mom-2(ne141);lit-1(t1534) 100 (225)
mom-2(ne141);lit-1(t1512) 100 (235) 158C

100 (220) 258C
mom-5(RNAi) 2 (511)
mom-5(RNAi);lit-1(t1534) 97 (458)
mom-5(RNAi);lit-1(t1512) 60 (105) 158C

98 (259) 258C
apr-1(RNAi) 49 (603)
apr-1(RNAi);lit-1(t1534) 98 (219)
pop-1(RNAi) 0 (123)
pop-1(RNAi);lit-1(RNAi) 0 (62)
pop-1(RNAi);lit-1(t1512) 0 (75) 158C

0 (235) 258C

Strains containing the temperature-sensitive mutation lit-1(t1512)
were cultured at 258C, the restrictive temperature, and 158C, the
permissive temperature, as indicated at right. All other strains were

Figure 2. POP-1 Is Localized Symmetrically in lit-1(t1512) cultured at room temperature (z228C).
Top panels show immunofluorescence staining of POP-1 in either
wild-type (A) or lit-1(t1512) mutant embryos (B). The anterior of the
embryo is to the left and the posterior to the right. Double-headed
arrows indicate pairs of anterior/posterior sisters. In wild-type em- possible role for LIT-1 in larval cell fate decisions involv-
bryos, the anterior cells show higher levels of nuclear POP-1 immu- ing POP-1.
nostaining than do their posterior sisters. lit-1(t1512) embryos show

We found GFP::LIT-1 expression in a larval cell calledequal, high levels of staining in the nuclei of both anterior and poste-
the T cell and in its descendants; these cells were ofrior sisters. The embryos as well as their mothers were kept at
interest because proper T cell development has beenrestrictive temperature for lit-1(t1512). The lower panels show corre-

sponding DAPI staining of the nuclei in either wild type (C) or lit- shown to involve a Wnt/WG–like signaling pathway (Her-
1(t1512) (D). man et al., 1995; Sawa et al., 1996). To ask whether

lit-1(1) activity was required in this pathway, we exam-
ined the development of the T cell in temperature-sensi-

mutation or by RNAi. We found that lit-1 mutants tive lit-1(t1512) mutants shifted to restrictive tempera-
strongly enhance the polarity defects associated with ture during late embryogenesis. We observed several
mom-2 (Wnt/WG), mom-5 (frizzled), and apr-1 (APC re- defects in T cell development that were similar to those
lated) (Table 1). For example, double mutants between caused by mutations in the lin-17 gene (Sternberg and
the temperature-sensitive lit-1(t1512) allele and a par- Horvitz, 1988), which encodes a protein related to Dro-
tially penetrant mom-2(ne141) allele produced a fully sophila Frizzled (Table 2; Sawa et al., 1996). For example,
penetrant Mom phenotype even at permissive tempera- lit-1 animals exhibit a 33% frequency of symmetric T
ture for lit-1(t1512) (Table 1). Consistent with previous cell division, a frequency similar to that seen in weak lin-
analysis of the pop-1(zu189) mutant (Kaletta et al., 1997), 17 mutants. As with lin-17 mutations, the lit-1 mutations
we found that pop-1(RNAi) was fully epistatic to lit-1 suppressed the reversed polarity phenotype of lin-44
(RNAi) and to lit-1(t1512) (Table 1). In summary, we con- (Wnt/WG) mutants (see Table 2). These results suggest
clude that Wnt/WG signaling in the early embryonic divi- that lit-1 is involved in the T cell lin-17/lin-44 signaling
sions requires lit-1(1) to downregulate pop-1(1) activity. system and appears to function downstream of lin-44

(Wnt/WG).
LIT-1 Functions in Multiple Wnt/WG–Related
Signaling Events in C. elegans
We found that a transgene expressing a fusion protein

Table 2. Genetic Analysis of T Cell Polarity in lit-1
consisting of LIT-1 and green fluorescent protein (GFP)

Polarity of T Cell Divisionfully rescues the lit-1(t1534) mutant and partially rescues
the more severe lit-1(t1512) mutant (see Experimental % % %
Procedures). Although GFP fluorescence could not be Genotype n Normal Symmetric Reversed
detected in early embryos, fluorescence was detected lin-44(n1792) 85 6 14 80
in the nuclei of most embryonic cells beginning around lin-17(mn589) 62 56 31 13
the 100 cell stage. Faint GFP was also visible in the lin-17(n3091) 61 8 82 10

lit-1(t1512) 91 67 33 0cytoplasm of some embryonic and larval cells (data not
lin-44(n1792); lit-1(t1512) 66 3 85 12shown). In larvae, GFP::LIT-1 was detected in numerous
lin-17(mn589); lit-1(t1512) 64 2 98 0cells, some of which had been shown previously to con-
lin-17(n3091); lit-1(t1512) 81 0 100 0

tain POP-1 (Lin et al., 1998). These results suggest a
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Figure 3. LIT-1 Immunoprecipitates Can Phosphorylate LIT-1, WRM-1, and GST-POP-1

(A) LIT-1-dependent phosphorylation of LIT-1 and WRM-1 requires coexpressed WRM-1. COS-7 cells were transfected as indicated at the
bottom of the gel, and in vitro kinase assays were performed on FLAG-LIT-1 immunoprecipitates. The anti-FLAG immunoblot (lower panel)
shows that FLAG-LIT-1 and kinase-inactive FLAG-LIT-1 K89G were expressed at comparable levels. Two radioactive bands were identified
as WRM-1 and LIT-1 by immunoprecipitation using either the anti-FLAG or anti-HA antibody.
(B) In vitro phosphorylation of GST-POP-1 by the LIT-1 immunoprecipitation complex. Cell lysates from COS-7 cells transfected as indicated
beneath the gel were subjected to immunoprecipitation with the anti-FLAG antibody followed by in vitro kinase assays with bacterially
expressed GST-POP-1 protein as a substrate. GST-POP-1 was precipitated from the kinase reaction with glutathione–Sepharose. This
precipitate contained a phosphorylated protein with the electrophoretic mobility expected for GST-POP-1. A faint comigrating band correspond-
ing to a small amount of nonspecifically phosphorylated GST-POP-1 was precipitated with the glutathione–Sepharose (first two lanes and
data not shown). GST alone, without the fusion to POP-1, was not a substrate for phosphorylation by the LIT-1 immunoprecipitates (data not
shown).

LIT-1-Dependent Kinase Is Activated by WRM-1 WRM-1. Thus, WRM-1 is both a substrate for and an
activator of LIT-1-dependent kinase activity. We nextand Phosphorylates POP-1

Mouse Nlk has been shown to have an apparent auto- asked if POP-1 could be phosphorylated by the acti-
vated LIT-1 kinase. We found that a bacterially ex-phosphorylation activity when expressed in mammalian

cell culture (Brott et al., 1998). We failed to detect LIT-1 pressed GST-POP-1 protein can be phosphorylated by
the LIT-1 immunoprecipitation complex and that phos-kinase activity when an epitope-tagged LIT-1 was ex-

pressed and immunoprecipitated from vertebrate cells. phorylation required WRM-1 and an intact LIT-1 kinase
domain (Figure 3B and not shown).However, if WRM-1 was coexpressed with LIT-1, two

proteins present in the LIT-1 immunoprecipitation com-
plex could be phosphorylated; these proteins were iden- WRM-1 and LIT-1 Form a Stable Complex

The experiments described above indicate that thetified as LIT-1 itself and WRM-1 (Figure 3A). This kinase
activity requires the putative ATP-binding site in the LIT-1 immunoprecipitate contained sufficient amounts

of WRM-1 to be detected after the in vitro phosphoryla-LIT-1 kinase domain, as a point mutation at this position
(K89G) abolished the phosphorylation of both LIT-1 and tion reaction using radiolabeled ATP. Although this may

Figure 4. Two-Hybrid Analysis of WRM-1,
LIT-1, and POP-1 Interactions

Full-length WRM-1 and a series of truncation
proteins (schematically diagrammed) were
cloned into the GAL4 activation domain vec-
tor, pACT2, and tested for interactions with
POP-1 and LIT-1 in the GAL4 DNA-binding
domain vector pAS1. LIT-1 interacts with full-
length WRM-1. An N-terminal 148 amino acid
region in WRM-1 is sufficient to bind LIT-1.
POP-1 interacts weakly with full-length WRM-1
but not with any of the truncated proteins we
tested. (1/2) indicates growth on 5 mM but
not on 10 mM 3-AT medium. (1) indicates
growth on 10 mM 3-AT. The shaded boxes
represent the 12 conserved Armadillo (ARM)
motifs. A lightly shaded box represents a re-
gion with weak homology to the consensus
ARM motif and may represent a 13th repeat.
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Figure 5. LIT-1 and WRM-1 Form a Stable Complex

(A) FLAG-LIT-1 and HA-WRM-1 coimmunoprecipitate from vertebrate cells. COS-7 cells were transfected with a combination of plasmids
expressing FLAG-LIT-1, HA-WRM-1, and Myc-POP-1, as indicated at the bottom of the gel. HA-WRM-1 or FLAG-LIT-1 was immunoprecipitated
with monoclonal antibodies against the respective epitope tags, and the presence of coprecipitated FLAG-LIT-1 or HA-WRM-1 was determined
by immunoblotting using the anti-FLAG or anti-HA antibody, respectively. Similar experiments failed to detect coprecipitation of Myc-POP-1
with either FLAG-LIT-1 or HA-WRM-1 (data not shown).
(B) Immunodetection of WRM-1 from embryo extracts. Immunoblotting with a monoclonal antibody, P3C8, raised against bacterially expressed
WRM-1 protein (see Experimental Procedures), revealed a single band of approximately 110–120 kDa in C. elegans embryo extracts. An
independent monoclonal antibody, P5D6, as well as an affinity-purified polyclonal antiserum, all raised against WRM-1 expressed in E. coli,
recognized a band that apparently comigrated with the 110–120 kDa band reactive to P3C8 (data not shown).
(C) GFP-LIT-1 associates with WRM-1 in vivo. Protein extracts were prepared from two independent transgenic worm strains homozygous
for the lit-1(t1534) mutation and rescued by GFP::LIT-1 (see Experimental Procedures). GFP-LIT-1 was immunoprecipitated using a monoclonal
anti-GFP antibody (3E6) from embryo extracts and visualized by immunoblotting using a second monoclonal anti-GFP antibody (7.1/13.1) (top
panel). Coprecipitation of WRM-1 was determined by immunoblotting using the anti-WRM-1 monoclonal antibody P3C8 (bottom panel). P3C8
detected a single major band with the mobility expected for endogenous WRM-1 protein. Immunoprecipitation using extracts prepared from
nontransgenic wild-type strain (N2) did not yield coprecipitated WRM-1. Neither GFP-LIT-1 nor WRM-1 was precipitated in the absence of
the anti-GFP antibody.

represent a transient interaction between the kinase and (Experimental Procedures) detected a single band in the
GFP::LIT-1 immunoprecipitate that has approximatelythe substrate, apparent activation of LIT-1 kinase by

WRM-1 raises the possibility that the two proteins may the correct electrophoretic mobility to be WRM-1 (Fig-
ures 5B and 5C). A second monoclonal antibody againstform a stable complex.

To examine how WRM-1 might activate LIT-1, we WRM-1 recognized an apparently identical band in
GFP::LIT-1 (data not shown). We conclude that WRM-1asked if WRM-1 could bind LIT-1 directly. In the yeast

two-hybrid assay, we found that the full-length WRM-1 forms a stable complex with GFP::LIT-1 in vivo.
In vertebrates and Drosophila, proteins related to C.could interact with LIT-1 (Figure 4). We mapped the

minimal interaction domain in WRM-1 to a small N-termi- elegans WRM-1 and POP-1 form a stable complex (see
Discussion). In the yeast two-hybrid assay, we detectednal region (Figure 4). Similarly, we found that a bacterially

expressed N-terminal WRM-1 protein, containing the only weak interactions between POP-1 and full-length
WRM-1 and no interactions with any of the truncatedfirst 214 amino acids, was sufficient to bind LIT-1 that

had been translated in vitro (data not shown). The bind- forms of WRM-1. Similarly, we were unable to detect
POP-1 in immunoprecipitates of WRM-1 or LIT-1 froming domain in LIT-1 has not been mapped in detail;

however, neither the first 378 nor the last 74 amino acids vertebrate cells expressing these proteins (data not
shown). These findings suggest that WRM-1 does notwere sufficient to bind WRM-1 (data not shown). Interac-

tions between WRM-1 and LIT-1 were also observed in form a stable complex with POP-1.
transfected vertebrate cells by reciprocal coimmuno-
precipitation experiments (Figure 5A). This interaction LIT-1 and WRM-1 May Regulate

the Localization of POP-1was apparently unaffected by the presence of POP-1
(Figure 5A). We have shown that WRM-1 can exist in a complex with

LIT-1 in vivo and can also activate a LIT-1-dependentTo ask if WRM-1 can associate with LIT-1 in the C.
elegans embryo, we prepared embryo extracts from kinase that phosphorylates GST-POP-1 in vitro. These

findings raise the possibility that LIT-1 and WRM-1 maytransgenic GFP::LIT-1 strains and used a monoclonal
antibody against GFP to precipitate GFP::LIT-1. The im- form an active kinase complex that regulates POP-1

activity or localization. We therefore decided to addressmunoprecipitate was analyzed for the presence of co-
precipitated WRM-1 by immunoblotting. A monoclonal the consequences of WRM-1/LIT-1 regulation of POP-1

upon expression in vertebrate cells. We found that inantibody raised against bacterially expressed WRM-1
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Figure 6. Regulation of POP-1 by LIT-1/WRM-1 in Vertebrate Cells

(A) POP-1 phosphorylation depends on WRM-1 and kinase-active LIT-1. COS-7 cells were transfected with Myc-POP-1 and combinations of
HA-WRM-1, FLAG-LIT-1, and FLAG-LIT-1 K89G. Two forms of Myc-POP-1 were detected, and the appearance of the slower migrating form
was dependent on coexpression of HA-WRM-1 and kinase-active FLAG-LIT-1. Treatment of the sample with phosphatase converted the slow
migrating band to the faster form, and this conversion was blocked by adding phosphatase inhibitors (last two lanes), indicating that the
slower mobility reflects phosphorylation of POP-1.
(B and C) Cytoplasmic levels of Myc-POP-1 are increased by WRM-1/LIT-1. (B) COS-7 cells transfected with POP-1 alone (left panels) or with
POP-1, WRM-1, and LIT-1 (right panels) were fixed and stained for Myc-POP-1 by immunofluorescence (Ba and Bb) and for nuclei with DAPI
(Bc and Bd). The arrows indicate individual transfected cells in each field of view (Ba and Bb) and the corresponding nuclei (Bc and Bd). (C)
Graphic representation showing the percentages of transfected cells with predominantly cytoplasmic Myc-POP-1. Sets of three bars represent
three independent transfection experiments. The total numbers of cells scored are 2127 for Myc-POP-1, 1563 for Myc-POP-1/HA-WRM-1,
1367 for Myc-POP-1/FLAG-LIT-1, 1744 for Myc-POP-1/FLAG-LIT-1/HA-WRM-1, and 1454 for Myc-POP-1/FLAG-LIT-1 K89G/HA-WRM-1. In
parallel experiments, the localization of an endogenous nuclear protein, MKK7, was monitored by immunofluorescence microscopy. The
pattern of MKK7 localization was not affected in these transfected populations (data not shown), indicating that the effects on POP-1 are not
due to alterations in protein nuclear localization in general.

transfected vertebrate cells, POP-1 became hyperphos- staining in posterior daughters (Lin et al., 1995, 1998).
The MOM proteins, WRM-1, and APR-1 (Rocheleau etphorylated, as represented by a change in electropho-

retic mobility, when LIT-1 and WRM-1 were coexpressed al., 1997; Thorpe et al., 1997; Lin et al., 1998) and LIT-1
(our present study) are all required for the low levels ofbut not when the kinase-inactive form of LIT-1 was sub-

stituted for LIT-1 (Figure 6A). When expressed alone in nuclear POP-1 in posterior daughters. We have shown
here that lit-1 encodes a protein related to the Drosoph-the vertebrate cells, POP-1 is primarily nuclear, as it

is in anterior daughters of AP divisions in C. elegans ila Nemo kinase (Choi and Benzer, 1994) and mouse
Nlk (Brott et al., 1998). The observation that mutationsembryos (Figures 6B and 6C; see Figure 2). However,

when POP-1 is coexpressed in vertebrate cells with both present in lit-1(t1512) and lit-1(t1534) alleles alter con-
served residues in the predicted kinase domain sug-LIT-1 and WRM-1, it becomes prominent in the cyto-

plasm (Figures 6B and 6C). This redistribution of POP-1 gests that the kinase activity of LIT-1 is essential for
required both an intact kinase domain in LIT-1 and the POP-1 asymmetry. Consistent with this idea, we have
coexpression of LIT-1 and WRM-1, suggesting that it shown that LIT-1 kinase activity causes phosphorylation
is mediated by the kinase activity of the LIT-1/WRM-1 of POP-1. This kinase activity also promotes phosphory-
complex. lation of both LIT-1 and WRM-1 and is dependent on

WRM-1 (b-catenin).
Discussion There are several phenotypic similarities in embryos

depleted of LIT-1 and WRM-1. Nearly all such embryos
fail to differentiate intestinal cells and lack POP-1 asym-Activation of the LIT-1 Protein Kinase

In C. elegans, embryonic cells that divide AP show high metry (Kaletta et al., 1997; Rocheleau et al., 1997; this
study). In contrast, at least 20% of the embryos pro-levels of immunostaining for POP-1 in the nuclei of ante-

rior daughters and relatively low levels of nuclear POP-1 duced by all other mom mutants differentiate intestinal
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cells and retain POP-1 asymmetry (Rocheleau et al., which together with Frizzled 2 (Bhanot et al., 1996) has
recently been implicated as a receptor for Drosophila1997; Thorpe et al., 1997; Lin et al., 1998). Furthermore,
Wingless (Bhat, 1998; Kennerdell and Carthew, 1998;almost all mom mutants have defects in mitotic spindle
Müller et al., 1999). However, there are no known require-orientation that are not observed in embryos lacking
ments for WRM-1-related or POP-1-related proteins ineither wrm-1(1) or lit-1(1) (Rocheleau et al., 1997;
the tissue-polarity pathway.Thorpe et al., 1997). These observations support the

Specification of AP differences in the blastomeresview that LIT-1 and WRM-1 might function downstream
of early C. elegans embryos might involve the chanceof the other MOM proteins in a closely related event
convergence of a tissue-polarity pathway involving LIT-1that generates POP-1 asymmetry.
and a largely separate Wnt/WG pathway. Perhaps con-WRM-1 can be coimmunoprecipitated with LIT-1 from
sistent with this view, the genetics of the mom genesC. elegans extracts, providing evidence that WRM-1 and
is complex and suggests a pathway involving multipleLIT-1 may form a complex in vivo. Using the yeast two-
branches (see Rocheleau et al., 1997). However, we havehybrid system, we have shown that the N-terminal region
shown here that LIT-1 functions in at least one additionalof WRM-1 is sufficient to bind LIT-1. This region is out-
developmental event that also involves a Wnt/WG path-side of the canonical 12 “Armadillo” (ARM) repeats that
way: the T cell fate decision. The observation that LIT-1/are known to be involved in protein–protein interactions
Nemo/NLK appears to be an integral part of at leastin WRM-1-related proteins (for reviews, see Cavallo et
two Wnt/WG–mediated cell fate decisions in C. elegansal., 1997; Kuhl and Wedlich, 1997; Willert and Nusse,
raises the interesting possibility that members of this1998). If LIT-1 binds in vivo to only the N-terminal region
highly conserved protein kinase family may also haveof WRM-1, it may leave the ARM repeat region available
roles in Wnt/WG signaling in other systems.for interactions with other proteins involved in signaling.

The phosphorylation of WRM-1 observed when bound
Comparison with Wnt/WG Signalingto LIT-1 may in turn alter the binding properties of the
in Other Organismscomplex to promote binding or release of factors in-
Current models for Wnt/WG signaling in vertebratesvolved in POP-1 regulation.
and Drosophila suggest that signaling stabilizes the
b-catenin/Armadillo protein, making it available forWRM-1, LIT-1, and POP-1
binding to TCF/LEF–related transcription factors. TheWhen POP-1 is coexpressed with both LIT-1 and WRM-1
b-catenin-TCF/LEF complex in turn activates Wnt/WGin vertebrate cells, POP-1 becomes phosphorylated; this
target genes in the nucleus (for review, see Cavallo etphosphorylation requires the putative ATP-binding site
al., 1997; Kuhl and Wedlich, 1997; Willert and Nusse,in LIT-1. Thus, an attractive possibility is that activated
1998). WRM-1 (b-catenin) and POP-1 (TCF/LEF), ratherLIT-1 phosphorylates POP-1 directly. Consistent with
than working as cofactors, appear to have opposingthis idea, the LIT-1 complex immunoprecipitated from
functions (for review, see Cadigan and Nusse, 1997;transfected cells can phosphorylate GST-POP-1 in vitro.
Han, 1997); WRM-1 negatively, rather than positively,In C. elegans embryos, WRM-1 and LIT-1 appear to
regulates POP-1 (TCF/LEF).downregulate pop-1(1) activity in posterior daughters

Findings reported here point to possible explanationsof AP divisions and cause a reduction in the apparent
for the reversed genetic relationship between WRM-1nuclear level of POP-1 in these daughters. It is not yet
and POP-1. We have shown that rather than bindingknown whether the difference in POP-1 observed after
stably with POP-1, WRM-1 is required for POP-1 phos-

immunostaining results primarily from changes in pro-
phorylation. It is easy to imagine several possible molec-

tein levels, subcellular distribution, or modification of
ular models based on these observations. For example,

the immunoepitope (see Lin et al., 1998). The findings the LIT-1-related kinases Nemo and Nlk may phosphory-
described here suggest a possible model to explain late the corresponding POP-1 homologs in vertebrates
POP-1 regulation. We propose that in C. elegans, the and Drosophila. In the context of a stable association
primary function of WRM-1 may be to activate LIT-1, with b-catenin/Armadillo, this phosphorylation could
which then results in the phosphorylation of POP-1. As lead to positive rather than negative regulation.
in other systems, Wnt signaling might serve to increase
levels of WRM-1 (b-catenin). Phosphorylation of POP-1 Multiple Upstream Branches for Polarity
by LIT-1 might directly inactivate POP-1 in the nucleus Signaling in C. elegans
or stimulate the nuclear export or cytoplasmic retention Understanding how upstream signals control WRM-1
of POP-1. The observation that POP-1 protein, which and LIT-1 will require much more genetic and biochemi-
is nuclear in mammalian cells when expressed alone, cal investigation. b-catenin and its related proteins, Pla-
accumulates in the cytoplasm when coexpressed with koglobin, Armadillo, and C. elegans HMP-2 and BAR-1
WRM-1 and LIT-1 would be consistent with this latter (Costa et al., 1998; Eisenmann et al., 1998) are all re-
possibility. ported to associate with cell junctions. The interaction of

b-catenin and Plakoglobin with cell adhesion molecules
Wnt/WG Signaling and Tissue Polarity such as E-cadherin appears to influence their signaling
The lit-1 homolog nemo was identified in Drosophila by properties (reviewed by Klymkowsky and Parr, 1995;
a mutant with altered patterns of rotation in the omma- Gumbiner, 1997; Bullions and Levine, 1998), and a recent
tidia of the compound eye (Choi and Benzer, 1994) and study suggests that integrin-linked kinase (Novak et al.,
is considered to be part of the “tissue-polarity” pathway 1998) regulates both b-catenin levels and LEF-1 tran-
(Zheng et al., 1995). This pathway involves the Frizzled scriptional activity. The apparent complexity of AP po-

larity signaling in C. elegans embryos (Rocheleau et al.,protein (Vinson and Adler, 1987; Vinson et al., 1989),
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Cell Culture, Transfection, and1997) could reflect the existence of multiple signals that
Immunoprecipitation-Kinase Assayconverge on WRM-1. The identification of LIT-1 as a
COS-7 cells were grown in Dulbecco’s modified Eagle’s mediumcoeffector in polarity signaling increases the possibili-
(DMEM) supplemented with 10% fetal bovine serum. Transient

ties and raises the question of whether upstream activa- transfections were performed using lipofectamine (Life Technolo-
tors may directly target LIT-1 kinase activation. gies). Cells were harvested 48 hr after transfection following serum

starvation for 12 hr by lysis in Triton X-100 lysis buffer (20 mM Tris-In summary, the current study increases the repertoire
HCl [pH 7.4], 137 mM NaCl, 10% glycerol, 1% Triton X-100, 25 mMof activities associated with b-catenin-related proteins.
b-glycerophosphate, 2 mM pyrophosphate, 1 mM sodium orthovan-In addition, these findings suggest a possible novel tar-
adate, 2 mM EDTA, 1 mM PMSF, and 10 mg/ml leupeptin). Theget via regulation of LIT-1/Nemo/Nlk kinase activity
immunoprecipitation-kinase assay was performed as described pre-

for controlling the transcriptional activity of TCF/LEF– viously (Whitmarsh et al., 1997), with or without added purified GST-
related transcription factors. It will now be interesting POP-1 (1 mg).
to follow the pathway upward from WRM-1 and LIT-1
to identify how MOM-5/LIN-17/Frizzled and potentially Immunoprecipitation and Phosphatase Treatment

Immunoprecipitation of tagged proteins from COS-7 cells was per-other cell surface receptors activate signaling.
formed using a mouse anti-FLAG antibody, M2, a rat anti-HA anti-
body, 3F10 (Roche Molecular Biochemicals), or a mouse anti-Myc
antibody, 9E10. The phosphatase treatment of immunoprecipitatedExperimental Procedures
Myc-POP-1 was performed as described previously (Papavassiliou
and Bohmann, 1992). For immunoprecipitation from the C. elegansStrains and Alleles
extracts, z2.5 3 106 embryos were homogenized in buffer (25 mMThe Bristol strain N2 was used as the standard wild-type strain. The
HEPES-NaOH [pH 7.4], 140 mM NaCl, 1 mM DTT, 10% glycerol, 25marker mutations, deficiencies, and balancer chromosomes used
mM b-glycerophosphate, 1 mM sodium orthovanadate, 2 mM PMSF,are listed by chromosome as follows: LGIII: unc-32(e189), lit-
5 mg/ml aprotinin, 4 mg/ml E-64, 2 mg/ml pepstatin and 5 mg/ml1(t1512), lit-1(t1534), eT1(III; V), qC1; LGIV: him-3(e1147); LGV: dpy-
leupeptin) using a stainless steel homogenizer and lysed with 1%11(e224), mom-2(ne141). C. elegans culture and genetics were as
NP-40. Approximately 1 mg of protein extract was used for immuno-described in Brenner (1974).
precipitation with a mouse monoclonal anti-GFP antibody 3E6
(Quantum Biotechnologies). Following the immunoprecipitation,

Microinjection WRM-1 was visualized by immunoblotting using a monoclonal anti-
RNAi was performed as described in Fire et al. (1998) and Rocheleau body, P3C8 (1/10 dilution). We estimate that 1%–2% of the total
et al. (1997). The lit-1 cDNA clone yk457d2 was used to prepare WRM-1 protein present in the extract coimmunoprecipitated with
dsRNA. GFP::LIT-1 under the conditions described here. This number may

Transformation rescue of lit-1(t1512) was performed using YAC reflect a significant underestimate, as the conditions for immuno-
Y26C10, which contains a large segment of C. elegans genomic precipitating GFP and for maintaining the WRM-1/LIT-1 complex
DNA, including the nemo homolog. The GFP gene was inserted were not optimized.
into Y26C10 by using homologous recombination in yeast. First, a
GFP::sup48 cassette was engineered to contain the yeast ochre

Microscopy
suppressor tRNA, sup48, embedded within a synthetic C. elegans

Cellular differentiation in mutant and lit-1(RNAi) embryos was ana-
intron. This GFP::sup48 cassette was then used to create vectors,

lyzed as described previously (Mello et al., 1992; Rocheleau et al.,
in which GFP is flanked by short 59- and 39-flanking sequences of

1997). For example, lit-1(RNAi) embryos were analyzed for endo-
the nemo homolog. This configuration allowed homologous re-

derm differentiation using both cell lineage analysis and light micros-
combination in yeast to drive the formation of an in-frame N- or

copy. Briefly, the E cell lineage was examined in six embryos, and
C-terminal insertion of GFP in the nemo homolog in Y26C10. Recom-

in each case Ea and Ep were found to divide prematurely, with
binant yeast strains were selected by virtue of suppression of the

timing similar to the mesodermal precursors MSa and MSp. The
ochre mutation ade2-1 present in the host yeast strain AB1380

descendants of E failed to gastrulate, and after 6 hr, when E descen-
(MATa ade2-1 can1-100 lys2-1 trp1 ura3 his5). The N-terminal GFP

dants in wild type would normally begin to exhibit gut birefringence,
insertion resulted in full rescue of lit-1(t1534) and partial rescue of

instead exhibited evidence of pharyngeal differentiation (see Mello
lit-1(t1512). Rescue of lit-1(t1534) by GFP::LIT-1 was abolished by

et al., 1992). In all respects, the terminal phenotype of lit-1(RNAi)
RNAi targeting the GFP tag, suggesting that the tagged gene is

embryos is indistinguishable from lit-1(t1512) embryos. The POP-1
responsible for lit-1 rescue in this strain. The YAC DNA was prepared

mABRL2 antibody and the staining procedure were described by
for injection by making total yeast genomic DNA from the YAC-

Lin et al. (1998). Analysis of postembryonic phenotype of lit-1 was
bearing strain and purifying the DNA over a Qiagen column (Qiagen).

done as follows. Homozygous lit-1(t1512) animals grown at 158C
In each experiment, 200 mg/ml of total yeast DNA was mixed with

were allowed to lay eggs at 158C for 3 hr. Then the adults were
100 mg/ml of the dominant rol-6 marker plasmid pRF4 (Mello et al.,

removed and the eggs incubated at 258C for 14 to 16 hr. The T cell
1991; Mello and Fire, 1995). Approximately 50 separate transgenic

polarity was scored in late L1 larvae as described by Herman and
strains were made with each construct, and 1 in 5 were found to

Horvitz (1994).
have incorporated the coinjected YAC sequences.

Immunofluorescence microscopy for COS-7 cells was performed
essentially as described (Tournier et al., 1999) except for the follow-
ing modifications. Cells were fixed in 13PBS (pH 7.2), 3% parafor-Molecular Analysis and Plasmids
maldehyde for 10 min at room temperature, followed by permeabili-Coding sequences in lit-1 and mutant alleles were determined by
zation in methanol for 10 min at 2208C. Myc-POP-1 was detectedsequencing RT-PCR products as described in Rocheleau et al.
by a monoclonal antibody, 9E10. Endogenous MKK7 was visualized(1997). The lit-1 cDNA sequences differ slightly from the genome
as described by Tournier et al. (1999).center’s GeneFinder predictions for the corresponding open reading

frame W06F12.1 and are detailed in the GenBank accession num-
bers given in this paper. Two-Hybrid Assay

A yeast strain, HF7c (MATa, his3-200, trp1-901, leu2-3112, gal4-For expression in COS-7 cells, full-length WRM-1 (Rocheleau et
al., 1997), LIT-1, and POP-1 (Lin et al., 1995) were tagged at the N 542, gal80-538, LYS2::GAL1UAS-GAL1TATA-HIS3, URA3::GAL417-mer 33-

CYC1TATA-lacZ), was transfected with one of the pACT2 WRM-1 plas-terminus with HA, FLAG, and Myc epitopes, respectively, and cloned
in vector pCDNA3 (Invitrogen). Point mutations and truncations of mids or pACT2 together with either pAS1 LIT-1, pAS1 POP-1, or

pAS1. Two-hybrid interactions were determined by colony formationthe full-length genes were constructed using protocols described
in Ausubel et al. (1997). The vectors pACT2 and pAS1 were used on 2Trp/2Leu/2His medium containing 5 to 25 mM 3-AT (3-amino-

1,2,4-triazole, Sigma).for the two-hybrid assays (Clontech).
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Antibody Production Herman, M.A., and Horvitz, H.R. (1994). The Caenorhabditis elegans
gene lin-44 controls the polarity of asymmetric cell divisions. Devel-Monoclonal antibodies were generated against a full-length, His-
opment 120, 1035–1047.tagged WRM-1 fusion protein. RBF/Dn mice (Jackson Laboratory)

were injected subcutaneously with 100 mg of fusion protein and Herman, M.A., Vassilieva, L.L., Horvitz, H.R., Shaw, J.E., and Her-
boosted at 2 week intervals according to published protocols man, R.K. (1995). The C. elegans gene lin-44, which controls the
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