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Introduction

WRM-1, pronounced, “worm one,” is a multi-functional 
protein, involved in numerous cell-signaling events during both 
embryonic and post-embryonic development. It was the first of 
four β-catenin homologs identified in C. elegans where it was 
shown to play a central role in a Wnt signaling event required to 
specify the fate and polarity of an early blastomere called EMS.1 
Originally, WRM-1 was believed to function only in regulating 
transcriptional events downstream of Wnt signaling, while other 
transcription-independent signals were believed to control the 
orientation of EMS cell division. In this review we will discuss the 
diverse roles that WRM-1 plays in polarity signaling, including 
recent work that has revealed a role for WRM-1 in regulating the 
EMS cell division axis.2

An Inductive Asymmetric Cell Division 
in the Four-Cell Stage Embryo

During C. elegans development, the intestinal lineage is 
specified through a signal-dependent asymmetric cell division. 

In the four-cell embryo, a cell–cell interaction between EMS and 
its posterior sister cell, P2, induces EMS to reorient its mitotic 
spindle 90° from an initially left-right (l-r) to a final anterior-
posterior (a-p) orientation. After division, the anterior descendant 
of EMS called MS produces primarily mesoderm, while the 
posterior descendant called E produces the entire endoderm.3-6 
In the absence of P2/EMS signaling, endoderm is not specified, 
and EMS fails to rotate its mitotic spindle, dividing instead 
with a default l-r orientation and producing two equivalent 
cells with MS-like cell fates. Over the last decade, a large body 
of work has begun to uncover a remarkably complex multi-
branched and interacting group of signal-transduction pathways, 
hereafter referred to as P2/EMS signaling, which together specify 
endoderm and control EMS polarity.7-12

WRM-1/β-catenin Functions  
at the Crux of P2/EMS Signaling

Genetic studies revealed that P2/EMS signaling involves at 
least two parallel pathways (Fig. 1) including: (1) a conserved 
Wnt signaling pathway comprised of MOM-2/Wnt, MOM-5/
Frizzled, and DSH-1, 2, and MIG-5/disheveled; and (2) a 
tyrosine kinase signaling pathway comprised of SRC-1/Src (a 
non-receptor tyrosine kinase) and MES-1 (a receptor tyrosine 
kinase-like protein).1,7,11 Inactivation of either the Wnt- or 
Src-pathway was shown to cause low penetrance defects in 
endoderm-specification and EMS spindle-rotation, whereas 
simultaneous inactivation of both pathways was shown to cause 
highly penetrant defects.10-12

Interestingly, although WRM-1 was absolutely required for 
endoderm induction, it was found to be dispensable for the 
rotation of the EMS spindle onto the a-p axis.10,11 These findings 
suggested that Wnt and Src signals transmitted from the cell 
surface converge on WRM-1 to specify endoderm, while other 
WRM-1-independent activities, which were later shown to 
involve a G protein α subunit GPA-16, GoLoco proteins GPR-
1/2, a coiled-coil protein LIN-5, a DEP-domain protein LET-
99, and dynactin function downstream of signaling to regulate 
the rotation of the EMS spindle13-17 (Fig. 1). It is not yet known 
how Wnt and Src signaling converge on WRM-1 regulation. 
WRM-1 contains many residues that can be phosphorylated 
in vitro by a variety of kinases, including Src (our unpublished 
data), and phosphotyrosine staining is dramatically enriched at 
the boundary of P2 and EMS in the four-cell stage embryo.11 
The molecular mechanism, and biological relevance of these 
phosphorylations however remain to be resolved.
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C. elegans, with its invariant cell lineage, provides 
a powerful model system in which to study signaling-
dependent asymmetric cell division. The C. elegans β-catenin-
related protein, WRM-1, specifies endoderm at the 4-cell stage 
during the first cell signaling-induced asymmetric cell division 
of embryogenesis. During this interaction, Wnt signaling 
and the cell cycle regulator CDK-1 act together to induce 
the asymmetric cortical release of WRM-1 at prophase of the 
EMS cell cycle. Genetic studies suggest that release of WRM-1 
unmasks a cortical site that drives EMS spindle rotation onto 
the polarized axis of the cell, simultaneously making WRM-1 
available for nuclear translocation, and downstream signaling 
to specify endoderm. These studies suggest a general 
paradigm for how cortical factors like WRM-1 can function at 
the cell cortex to mask potentially confounding polarity cues, 
and when released with appropriate cell cycle timing, can also 
function downstream to define cell fate.
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The Role of WRM-1 in Endoderm Induction

Genetic and cell biological studies revealed that WRM-1 
regulates endoderm induction through the HMG-domain 
transcription factor POP-1, a homolog of the TCF (T-cell 
factor) transcription factor.1,8,9 POP-1/TCF can function as a 
transcriptional repressor or a transcriptional activator depending 
on the cellular context or binding partners.18,19 WRM-1 and 
POP-1 exhibit reciprocal, asymmetric nuclear localization in 
the daughters of EMS. POP-1 is high in the anterior sister MS 
and low in the posterior sister E,20,21 while WRM-1 is low in MS 
and high in E.22 wrm-1 and pop-1 mutants also exhibit opposite 
endoderm induction phenotypes; in wrm-1 mutant both EMS 
daughters adopt a cell fate equivalent to MS resulting in a lack 
of endoderm and an excess of mesoderm, whereas in pop-1 or 
pop-1; wrm-1 double mutants both EMS daughters adopt a cell 
fate equivalent to E, resulting in excess endoderm at the expense 
of mesoderm.1 Combined with the fact that POP-1 nuclear 
asymmetry is lost in a wrm-1 mutant, these observations suggest 
that, in the MS blastomere, POP-1 acts as an inhibitor of the E 
cell fate, while in the E blastomere, WRM-1 negatively regulates 
POP-1 by lowering its nuclear level, thereby promoting the E cell 
fate. WRM-1 functions as an activating subunit of the LIT-1, 
Nemo-related MAP kinase, which phosphorylates POP-1, and 
promotes POP-1 nuclear export via the 14–3-3 protein, PAR-
5.8,23 Wnt signaling also increases the level of nuclear LIT-1 in E, 
which further promotes nuclear export of POP-1.23

How does POP-1 nuclear asymmetry translate into different 
cell fates between MS and E? In MS, where the nuclear level 
of POP-1 is high, POP-1 functions together with transcriptional 
co-repressor to repress Wnt target genes.18 In E, nuclear POP-1 
associates with a second β-catenin homolog, SYS-1, to activate 

the transcription of the Wnt target genes.24,25 The 
interactions between POP-1 and SYS-1 and between 
POP-1 and WRM-1 are mutually exclusive.26 
Furthermore, when associated with SYS-1, POP-1 is 
neither phosphorylated by LIT-1 nor exported from 
the nucleus. SYS-1 expression is upregulated in E 
via Wnt-dependent stabilization of SYS-1.27,28 Thus, 
the activation of Wnt-responsive gene expression 
is thought to result from nuclear retention of the 
POP-1/SYS-1 co-activator complex and WRM-1/
LIT-1-dependent nuclear export of a POP-1 repressor 
complex.29,30

WRM-1 Asymmetry in the 
Nucleus and on the Cortex

In the early embryos, WRM-1 is localized 
uniformly to all nuclei and cell–cell interfaces.2,22 
How then is the WRM-1 nuclear asymmetry 
established in the daughters of EMS? When the 
EMS cell enters mitosis, WRM-1 is displaced from 
the posterior half of the cortex of the dividing EMS 
cell, and accumulates at a higher level in the nascent 
posterior nucleus of the future E cell.2,22 Interestingly, 
the nuclear and cortical asymmetries of WRM-1 are 

completely dependent on Wnt signaling. Src signaling, however, 
is only required for the nuclear asymmetry of WRM-1, as the 
cortical asymmetry of WRM-1 was only weakly affected in the 
absence of Src-signaling. These findings suggested that these two 
asymmetries are regulated independently.

Recent work indicates that the cortical asymmetry of WRM-1 
promotes its nuclear asymmetry through a microtubule-mediated 
mechanism.31,32 WRM-1, which is initially symmetrically 
localized, becomes asymmetrically localized to the anterior 
cortex of the dividing EMS blastomere. APR-1, a worm homolog 
of APC (adenomatous polyposis coli protein), is also recruited to 
the anterior cortex of EMS. APC is a component of the β-catenin 
destruction complex in other systems, and is known to bind and 
stabilize the plus ends of microtubules.33,34 In EMS, APR-1 does 
not appear to promote WRM-1 degradation, but rather stabilizes 
the microtubules in the anterior region of the cell, significantly 
increasing the number of astral microtubules in the anterior 
cytoplasm relative to the posterior cytoplasm of the dividing 
EMS blastomere. This anterior enrichment of astral microtubules 
could promote transport of WRM-1 toward the anterior cortex 
moving WRM-1 away from the anterior nucleus of the dividing 
EMS blastomere. According to this model, signaling events 
that control microtubule dynamics could thus enforce both the 
nuclear and cortical asymmetries of WRM-1 protein.32

CDK-1 Regulates WRM-1 Asymmetry 
by Phosphorylation

Another layer of regulation of WRM-1 localization was 
recently reported.2 Close inspection of the dynamics of WRM-1 
asymmetry revealed that the loss of WRM-1 from the posterior 

Figure 1. Genetic model of P2/EMS signaling. Schematic representation of signaling 
inputs controlling EMS cell fate (green lines) and division orientation (blue lines).
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cortex of EMS coincides with the onset of mitosis, suggesting a 
role for the major cell cycle regulator CDK-1 (cyclin-dependent 
kinase-1), in the process. Several lines of evidence support this 
idea. First, WRM-1 can be specifically phosphorylated in vitro 
on conserved N-terminal CDK consensus sites by CDK-1 kinase 
immunoprecipitated from worm extracts, as well as by purified 
vertebrate CDK1, suggesting that WRM-1 is a direct substrate 
of CDK-1. Second, WRM-1 persists at the posterior cortex of 
EMS, a phenotype identical to that observed in upstream Wnt-
signaling mutants, in a hypomorphic temperature-sensitive 
(ts) cdk-1 mutant, and in transgenic strains expressing a 
GFP::WRM-1 fusion protein with non-phosphorylatable amino-
acid substitutions in the CDK-1 consensus sites. Furthermore, in 
both instances, persistent localization of WRM-1 on the posterior 
cortex of EMS is correlated with a complete loss of asymmetric 
accumulation of WRM-1 in the nucleus of E relative to the 
nucleus of MS, consistent with a mechanism in which the nuclear 
and cortical WRM-1 asymmetries are coupled.31,32 These findings 
support the idea that phosphorylation of WRM-1 by CDK-1 
serves to link the disappearance of WRM-1 from the posterior 
EMS cortex to the onset of mitosis. Whether CDK-1 selectively 
phosphorylates WRM-1 residing on the posterior cortex is not 
known. However, it is interesting to speculate that Wnt-induced 
cortical changes form a membrane-associated signalsome like 
that described in other systems35 that might modify WRM-1 to 
render it accessible and recognizable by CDK-1. Conversely, it’s 
possible that modification by CDK-1 at the appropriate time in 
the cell cycle is necessary to render the WRM-1 complex sensitive 
to cortical perturbations induced by signaling. In either case, the 

requirement for CDK-1 phosphorylation ensures that WRM-1 
release from the cortex is coupled to the division of EMS, such 
that the cortical asymmetries induced by signaling are inherited 
differentially by anterior and posterior descendants (Fig. 2).

Functional Asymmetry of WRM-1 
in Endoderm Induction

Surprisingly, the physical asymmetry of WRM-1 is not 
absolutely essential for its function. Two different mutant 
contexts were identified in which all visible asymmetries in 
WRM-1 localization were abolished and yet embryos exhibited 
wild-type EMS polarity and viability. These included the 
WRM-1 CDK-1-phosphoacceptor site transgenic strains which 
fully rescued the viability of a wrm-1 null mutation,2 and the 
conditional cdk-1(ne2257) mutant which was fully viable at 20 
°C, despite (in both cases) symmetric localization of both cortical 
and nuclear WRM-1.2 These unexpected findings suggests that 
in addition to the physical asymmetries in WRM-1 localization, 
qualitative, or functional, asymmetries must also exist. Genetic 
analysis suggests that the Src pathway is responsible in part for 
these qualitative asymmetries. Embryos with symmetric WRM-1 
localization exhibited strongly enhanced EMS polarity defects 
when SRC-1 signaling was depleted.2 Thus, SRC-1 activity might 
directly phosphorylate WRM-1 or components of the WRM-1 
signaling complex, leading to functional asymmetries that can 
compensate in part for the loss of Wnt-signaling dependent 
physical asymmetries in WRM-1 localization. It is also possible 
that the MAP-kinase arm of P2/EMS signaling contributes to 

Figure 2. WRM-1 masks a redundant intrinsic signal for EMS spindle rotation. Schematic representation showing WRM-1 localization (dark and light blue 
ovals) at prophase just prior to EMS spindle rotation in (A) wild-type, and in a P2/EMS signaling mutant (B and C), with, (B) and without (C) WRM-1 activ-
ity. In (A), the concerted action of Wnt (purple arrowhead) and Src (pink arrowhead) establishes a cortical site (pink sphere). An astral microtubule (brown 
arrow) is shown capturing this cortical site prior to force generation and spindle rotation. Modifications (black bars) induced by Wnt signaling and CDK-1/
Cyclin (green rectangle with light green oval) promote release of WRM-1 (light blue ovals) from the posterior cortex unmasking the cortical site. In the 
absence of both Wnt and Src signaling (B), WRM-1 is not released from the cortex and spindle rotation fails to occur. Removal of WRM-1 in (C) rescues 
spindle rotation by exposing a redundant polarity cue (thick red line), which may represent the remnant of a polarity signal established at fertilization.
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functional asymmetries in WRM-1 activity. More studies are 
needed to determine the nature of the qualitative differences such 
as differences in the phosphorylation of WRM-1 or its co-factors 
and how these differences alter the function of WRM-1 in 
regulating EMS polarity. In contrast to the situation described 
for EMS above, cortical WRM-1 was shown to interfere with 
asymmetric cell division and cell fate specification in post-
embryonic T cell,36 suggesting that WRM-1 function may be 
regulated differently in different cell types.

Additional Potential Modes of WRM-1 
Regulation by Phosphorylation

In addition to CDK-1 consensus sites, the N-terminal 
region of WRM-1 protein spanning amino acid 1–180 has a 
number of conserved serine/threonine and tyrosine residues 
that can be phosphorylated. It has been previously shown that 
WRM-1 complexed with LIT-1 is phosphorylated by LIT-1 in 
vitro.2,8 An N-terminal region of WRM-1 between amino acid 
140–180, containing multiple serine or threonine residues, can 
indeed be phosphorylated by LIT-1 in vitro (our unpublished 
observations). Furthermore, in the lit-1 mutant background or in 
mom-4 (a MAPKKK that activates LIT-137) mutant background, 
WRM-1 protein fails to be localized to all the cell-cell interface 
of the early embryo.2 These observations suggest that WRM-1 
phosphorylation by LIT-1 is important for the membrane 
recruitment of WRM-1.

In addition to CDK-1 and LIT-1, the N-terminal region of 
WRM-1 can also be phosphorylated by GSK-3 and Src kinases 

in vitro2 (our unpublished observation). The GSK-3 site is 
intriguingly linked to one of the consensus CDK-1 sites, and at 
least in vitro is phosphorylated by GSK3 in a manner dependent 
on priming phosphorylation by CDK-1.2 However, introduction 
of an un-phosphorylatable mutation in this putative GSK-3 site 
appeared to have no effect on WRM-1 localization or on WRM-1 
function, at least in early embryos.2 It remains to be seen whether 
the sequential phosphorylations of WRM-1 by CDK-1 and 
GSK-3 has any biological function in other context during the 
development. Vertebrate Src kinase also robustly phosphorylates 
the N-terminal fragment of WRM-1 in vitro on the conserved 
tyrosine residues (our unpublished observation), consistent with 
the idea that Src signaling results in tyrosine phosphorylation of 
WRM-1. However, again, the physiological significance of Src 
phosphorylation of WRM-1 has not been shown in vivo.

Role of WRM-1 in EMS Spindle Rotation: WRM-1 
as a Masking Factor of Intrinsic Polarity

What then is the biological significance of removing WRM-1 
from the EMS posterior cortex? In wild-type embryos, astral 
microtubules emanating from one of the centrosomes appear 
to capture a region in the posterior cortex of EMS. This event 
correlates with the generation of a pulling force that rotates 
the centrosome-nuclear complex 90° onto the a-p axis of the 
embryo.38 Since the disappearance of WRM-1 at the posterior 
cortex of EMS occurs just prior to the initiation of spindle 
rotation,2 cortical WRM-1 could mask an inherent polarity cue 
present at the posterior cortex (Fig.  2). For example, WRM-1 
could inhibit spindle rotation in a manner analogous to the 
cortical PAR-3/6 complex, which is required for proper division 
polarity in 1-cell and 2-cell stage embryos.

In the C. elegans one cell embryo (called P0), cortical events 
following sperm entry establish an initial “intrinsic” anterior-
posterior (a-p) embryonic polarity. A highly orchestrated cascade 
of cell intrinsic events ensue that are thought to utilize this initial 
polarity cue to direct asymmetries in cytoplasmic localization 
and division orientation during the next few divisions.39-42 For 
example, the first division is always positioned such that the 
anterior sister (AB) is larger than its posterior sister (P1) and 
inherits distinct cytoplasmic contents. During the second 
division, AB divides equally and orthogonal to the a-p axis while 
P1 rotates its spindle and divides once again to produce anterior 
and posterior daughters (EMS and P2, respectively) that, once 
again, differ in size and cytoplasmic contents. The conserved 
PAR proteins play a central role in this process and appear to 
do so by masking and unmasking the intrinsic a-p polarity cue 
established at fertilization. The conserved PAR-3/6 complex is 
required for the masking function. Cells with uniform PAR-3/6 
localization, including AB and its daughters, exhibit symmetric 
divisions without spindle reorientation. In contrast, in P0, P1, 
and P2, the PAR-3/6 complex becomes restricted to one end of 
the cell, while PAR-2 accumulates at the opposite cortex. This 
appears to allow astral microtubules associated with the nascent 
spindle complex to capture a cortical site on the region of cortex 
depleted of PAR-3/6. These microtubules then appear to shorten 

Figure 3. A general model for cortical unmasking during polarity signal-
ing. Schematic showing a polarizing interaction between neighboring 
cells. A cortical factor uniformly localized prior to division (blue ovals) 
masks a pre-existing polarity cue (pink asterisk). Inductive signaling 
(orange arrow) releases the masking factor proximal to the signaling cell 
establishing a new cortical cue (orange half circle) that drives spindle ori-
entation in the responding cell. The masking factor that is released from 
the cortex (or other signaling intermediates) becomes asymmetrically 
enriched in the daughter cells (represented by different shades of blue) 
to drive asymmetric cell fate specification.
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causing the spindle to rotate until it aligns along the polarized axis 
of the cell. Interestingly, in the absence of all the PAR proteins, 
the default behavior of early embryonic cells is to undergo the 
spindle rotation process typical of the P lineage, supporting the 
idea that intrinsic cues that direct spindle rotation are masked 
and unmasked through the concerted actions of PAR-3/6 and 
PAR-2.

The EMS cell does not exhibit PAR protein cortical 
asymmetries and is the first cell to undergo a cell interaction-
dependent reorientation of its cell division axis.43,44 Interestingly, 
the P2 cell does exhibit PAR asymmetries but they are reversed 
such that the PAR3/6 complex localizes at the posterior and 
PAR-2 localizes at the anterior adjacent to EMS.43 The reversal 
of P2 polarity depends on MES-1/SRC-1 signaling, but 
does not depend on Wnt signaling. MES-1/SRC-1 signaling 
is bidirectional; resulting in the accumulation of cortical 
phosphotyrosine staining in both EMS and P2 at their region 
of contact.11 MES-1/SRC-1 signaling appears to override an 
intrinsic polarity cue in the P2 cell. In MES-1/SRC-1-pathway, 
mutants P2 divides with an orientation opposite to wild-type 
and similar to that of P0 and P1.45 It seems plausible that this 
same intrinsic polarity also exists in the EMS cell. If so, the 
ability to override this intrinsic cue could be important for 
EMS in order to allow it to more precisely position its division 
axis in response to signals from P2. Indeed, a set of genetic 
experiments suggested that cortical WRM-1 functions to mask 
a P2/EMS signaling-independent cortical cue.2 Loss of P2/EMS 
signaling in Src and Wnt-pathway double mutant backgrounds 
causes WRM-1 to persist on the posterior cortex of EMS and 
causes a highly penetrant EMS division orientation defect. This 
orientation defect is strongly suppressed by removing wrm-1 
activity, suggesting that persistence of WRM-1 is masking an 
intrinsic polarity cue present on the posterior cortex of EMS 
(Fig.  2). It is tempting to speculate that by serving a dual 
function in masking polarity cues when associated with the 
cortex and in translocating to the nucleus in response to cell 
cycle and cell contact-mediated signals, WRM-1 can ensure 
that interacting cells ignore irrelevant or preexisting cues and 
respond to inductive cell contacts with proper spatial and 
temporal coordination (Fig. 3).

Wnt Signaling and Asymmetric Cell 
Division in Mammalian Stem Cells

Wnt signal-regulated asymmetric cell division may work 
similarly in mammalian embryonic stem cells. In a recent study,46 
active Wnt proteins were immobilized on beads and presented to 
cultured ES cell in a defined orientation (Fig. 4). Interestingly, 
this artificial “polarized” Wnt signal induced asymmetric 
distribution of Wnt-signaling components in the responding 
ES cells. Cells proximal to the beads oriented their axis of cell 
division toward the source of the Wnt signal, accumulated a 
higher level of β-catenin in the daughter cell proximal to the 
source of the Wnt signal, and divided into two daughter cells with 
different cell fates: in this case, the cell distal to the source of Wnt 
signal acquired a differentiated state, while the cell proximal to 

the source of Wnt signal remained pluripotent. It will be 
interesting to learn whether other aspects of P2/EMS signaling, 
such as redundancy between Wnt and Src signaling pathways, 
or the involvement of the cell cycle machinery (CDK1), are also 
conserved in mammals.

Future Challenges

Genetic, cell biological, and biochemical studies have advanced 
our understanding of the clockwork like asymmetric divisions of 
the early C. elegans embryo. Perhaps the most striking feature 
that has emerged from these studies is the built-in redundancy 
of the signaling mechanisms. Perhaps this redundancy provides 
robustness and stability essential for faithful execution of 
embryonic patterning under the myriad stresses encountered 
in nature. Despite progress, many genetic and cell biological 
observations remain to be reconciled with existing models. 
For example, there is much to learn about how, at a molecular 
level, the different aspects of P2/EMS signaling fit together to 
orchestrate such an exquisitely defined biological outcome. In 
particular, how are multiple signaling inputs integrated at the 
cortex, and how does the integrated signal translate to the physical 
and/or functional asymmetry of signal transducing proteins such 
as WRM-1? Studies in this versatile model organism are poised 
to address how intricate networks of cellular signaling pathways 
control the orientation of cell division and cell fate specification 
at single cell resolution, in vivo.

Figure  4. Artificial, external Wnt cue can orient cell division axis and 
induce asymmetric cell fate in mammalian embryonic stem cell. Beads 
loaded with active Wnt proteins positioned next to a cell induces:  (1) 
orientation of the cell division axis of that cell toward the Wnt source; 
(2) asymmetric accumulation of β-catenin in the cell proximal to the Wnt 
source; and (3) two different cell fates in the daughter cells.
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