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EEL-1, a Hect E3 ubiquitin ligase, controls asymmetry and
persistence of the SKN-1 transcription factor in the early

C. elegans embryo

Barbara D. Page'%3*, Scott J. Diede?, Jennifer R. Tenlen'> and Edwin L. Ferguson>®

During early divisions of the C. elegans embryo, many maternally supplied determinants accumulate asymmetrically, and this
asymmetry is crucial for proper cell fate specification. SKN-1, a transcription factor whose message is maternally supplied to the
embryo, specifies the mesendodermal cell fate. In the 2-cell embryo, SKN-1 is expressed at a higher level in the posterior cell. This
asymmetry becomes more pronounced at the 4-cell stage, when SKN-1 is high in the posterior cell’s daughters and low in the
daughters of the anterior blastomere. To date, the direct mechanisms that control SKN-1 distribution remain unknown. In this
report, we identify eel-1, which encodes a putative Hect E3 ubiquitin ligase that shares several domains of similarity to the
mammalian E3 ligase Mule. EEL-1 binds SKN-1 and appears to target SKN-1 for degradation. EEL-1 has two functions in regulating
SKN-1 during early embryogenesis. First, eel-1 promotes the spatial asymmetry of SKN-1 accumulation at the 2- and 4-cell stages.
Second, eel-1 acts in all cells to downregulate SKN-1 from the 12- to the 28-cell stage. Although loss of eel-1 alone causes a
reduction in SKN-1 asymmetry at the 2-cell stage, the function of eel-1 in both the spatial and temporal regulation of SKN-1 is
redundant with the activities of other genes. These data strongly suggest that multiple, functionally redundant pathways
cooperate to ensure precise control of SKN-1 asymmetry and persistence in the early embryo.
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INTRODUCTION

The complexity of multicellular organisms arises, in part, from
mechanisms that establish differences between sister cells. The early
C. elegans embryo is an excellent system to study the molecular
processes underlying asymmetric cell division. The single-celled C.
elegans zygote divides to produce two blastomeres, each of which
has a distinct developmental potential. The genetic analysis of this
asymmetric division has provided fundamental insights into how
polarity is established within a single cell and has led to the
identification of several maternally supplied determinants that
become asymmetrically expressed in descendant cells (Rose and
Kemphues, 1998; Doe and Bowerman, 2001).

However, less is known about the specific mechanism(s) used to
establish the asymmetry of these determinants. For those cases in
which it has been investigated, a variety of processes, including
translational regulation, protein stability and protein enrichment,
have been shown to direct asymmetric protein accumulation (Rose
and Kemphues, 1998; Bowerman, 2000; Doe and Bowerman,
2001). For example, at the 2-cell stage, GLP-1 protein is present
only in the anterior cell owing to translational repression of gip-1
mRNA in the posterior (Evans et al., 1994; Marin and Evans, 2003;
Ogura et al, 2003). Conversely, PIE-1 protein becomes
progressively more concentrated in the posterior of the embryo
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owing to a combination of protein elimination in the anterior and
enrichment in the posterior (Reese et al., 2000; DeRenzo et al.,
2003).

The SKN-1 protein was one of the first maternal determinants
shown to be asymmetrically localized (Bowerman et al., 1993).
skn-1 encodes a transcription factor that is required for a subset of
mesodermal cell types and is involved in the specification of
endoderm (Bowerman et al., 1992). The skn-I message is
transcribed in the maternal germline, but SKN-1 protein is
not detected until after fertilization (Bowerman et al., 1993;
Seydoux and Fire, 1994). At the 2-cell stage, skn-I mRNA
appears to be evenly distributed between anterior and posterior
cells (Seydoux and Fire, 1994); however, SKN-1 protein is more
concentrated in the posterior cell than its anterior sister. At the 4-
cell stage, SKN-1 asymmetry is even more pronounced; SKN-1
is low in daughters of the anterior blastomere and high in
daughters of the posterior blastomere. After the 8-cell stage,
SKN-1 protein is no longer detected in the early embryo
(Bowerman et al., 1993). Misexpression of SKN-1 in the
daughters of the anterior blastomere causes ectopic expression of
certain mesoderm-determining genes, such as med-1 (Maduro et
al., 2001; Tenlen et al., 2006). The descendants of these anterior
cells ultimately differentiate as pharyngeal tissue and body wall
muscle instead of ectoderm (Mello et al., 1992; Schubert et al.,
2000; Page et al., 2001). This phenotype is referred to as Mex
(muscle excess).

Loss or reduction in function of any of four genes, mex-1, mex-5,
efl-1 or dpl-1, causes a mother to produce embryos with a Mex
phenotype. These embryos have a disruption in the asymmetric
pattern of SKN-1, such that SKN-1 is high in both the anterior and
posterior blastomeres (Bowerman et al., 1993; Schubert et al., 2000;
Page et al., 2001). However, the mechanisms by which these genes
affect SKN-1 are not known. mex-1 and mex-5 encode proteins
containing CCCH zinc-finger motifs (Guedes and Priess, 1997;
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Schubert et al., 2000), and this class of proteins has been implicated
in multiple aspects of mRNA regulation, including mRNA stability
and translational repression (Lai et al., 1999; Ogura et al., 2003; Puig
et al., 2005; Pagano et al., 2007). Thus, MEX-1 and MEX-5 could
affect SKN-1 asymmetry at the level of translation or stability of the
maternally supplied skn-1 message.

efl-1 and dpl-1 encode transcription factors analogous to
mammalian E2F and its dimerization partner (DP), respectively
(Page et al., 2001). Two lines of experiments indicate that the EFL-
1-DPL-1 heterodimer has an indirect role in controlling SKN-1
accumulation in the embryo. First, temperature shift experiments
and mosaic analysis indicate that EFL-1 functions in the
transcriptionally active region of the maternal germline and not in
the embryo itself (Page et al., 2001). Second, the EFL-1-DPL-1
heterodimer has been shown to upregulate transcription of several
genes in the maternal germline, including mex-1 and mex-5 (Chi
and Reinke, 2006). Most likely, it is reduced expression of these
target genes that disrupts SKN-1 asymmetry in efl-1 or dpl-1 Mex
mutants.

To identify additional genes responsible for the generation of
SKN-1 asymmetry, we performed a traditional genetic modifier
screen with the temperature-sensitive mutant efl-1(sel). From this
screen, we identified one Eel (enhancer of efI-1) mutation. eel-1
encodes a protein predicted to be a Hect E3 ubiquitin ligase that
contains multiple domains of similarity to the mammalian Mcl1l
ubiquitin ligase Mule (also known as Huwel) (Adhikary et al.,
2005; Chen et al., 2005; Zhong et al., 2005). E3 ligases are the last
enzymes in the ubiquitination cascade that targets proteins for
degradation, and commonly confer substrate specificity to the
ubiquitin pathway (Pickart, 2001; Kipreos, 2005). In a yeast two-
hybrid assay, EEL-1 specifically interacts with the C-terminus of
SKN-1, and this C-terminal domain can target GFP for EEL-1-
dependent degradation in vivo at a stage similar to that when
endogenous SKN-1 disappears from the early embryo. In eel-1
single-mutant embryos, SKN-1 asymmetry is reduced at the 2-cell
stage, but by the 4-cell stage these mutant embryos have a SKN-1
distribution similar to that of wild type. Thus, EEL-1 appears to
directly target SKN-1 for degradation, and SKN-1 protein
instability plays a role in generating its asymmetry. However, EEL-
1 is not the only protein responsible for SKN-1 asymmetry,
highlighting the necessity for functional redundancy in this crucial
cellular process.

MATERIALS AND METHODS

Strains

The Bristol strain N2 was the wild-type strain. The following strains were
used: mapping strains MT3751 and MT464; Hawaiian variant strain
CB4856 for SNP mapping (Wicks et al., 2001); LG 111, unc-119(ed3); LG
1V, lin-1(el275), ric-8(md303), eel-1(zu462), unc-17(el13), unc-33(e204),
dpy-13(el84); LG V, efl-I(sel), rol-4(sc8) (also known as sqt-3 —
Wormbase); LG X, lin-2(e1309), and a strain carrying the gene fusion med-
1::gfp Maduro et al., 2001). C. elegans culture, mutagenesis and genetics
were performed as previously described (Brenner, 1974).

Screen for modifiers of efl-1(se1) and genetics of eel-1(zu462)

We screened for modifiers of efl-1(sel) (Tenlen et al., 2006). When
outcrossing a strain containing a dominant suppressor, we recovered a
recessive enhancer of efl-1(sel) present in the same strain. We mapped this
enhancer to chromosome IV and named it eel-1.

The eel-1(zu462) allele acts as a maternal enhancer of efl-1. N2 males
mated to eel-1(zu462);efl-1(sel) hermaphrodites produced in excess of 90%
Mex progeny. Conversely, eel-1(zu462) males mated to efl-I1(sel)
hermaphrodites at 20°C produced in excess of 90% viable progeny. These
genetic data indicated that eel-1 is supplied maternally to the embryo.

Mapping and molecular characterization of eel-1

We mapped eel-1 to chromosome IV between ric-8 (—6.72) and unc-33
(-3.55). Single nucleotide polymorphism (SNP) mapping placed eel-1
in a 68,256 bp region between SNP Y54G2A 258506 and SNP
Y67D8C 3076845 (Wicks et al., 2001). RNA interference (RNA1i) against
genes in this region was performed in an efl-1(sel) background. Only
RNA:I directed against the gene Y67D8C.5 gave a Mex phenotype.

To confirm that eel-1 is the Y67D8C.5 gene, we sequenced this genomic
region from our zu462 mutant. Our sequence of wild-type eel-1 was in
agreement with the sequence of Y67D8C.5 (GenBank accession
AC025724). In the zu462 background, the Y67D8C.5 gene contained a
complex disruption that included both a deletion and an inverted duplication
of the sequence. The deletion would remove the coding region for amino
acids 3103-3405. The inverted duplication was inserted at the codon for
amino acid 3103 and would result in a predicted open reading frame for an
additional 36 amino acids after amino acid 3102. The duplication was 5884
bp in length and corresponded to the region of Y67D8C.5 encoding amino
acids 1427-3004.

RNA-mediated interference

For RNAI experiments, the following cDNAs were used: for eel-1, yk395b1,
yk13c8 and yk1100d4; for Y54G2A.29, yk151d6 and yk828f6; for
Y54G2A.3, yk717g5; for Y67DS8C.3, yk248f4; for smg-1, yk1190g4; for
mex-1, yk880f10; for skn-1, yk2d12. For glp-1(RNAi), we used the gip-1
plasmid designed for dsRNA feeding (Kamath and Ahringer, 2003). The
inserts of the above plasmids were used as templates to generate dsSRNA for
each gene. For the genes Y67D8C.6 and Y67D8C.4, we used PCR to
amplify a ~400 bp coding region from the genomic region of each and
generated dsRNA against these products (sequence of the oligos available
upon request). To specifically target mex-5 or mex-6 by RNAI, we generated
dsRNA against the regions described by Schubert et al. (Schubert et al.,
2000). We performed all RNAi experiments by soaking worms at the L4
stage in 3 wl of dsRNA for 16 hours. After soaking, worms were allowed to
recover for 6 hours before progeny were analyzed.

Antibodies and immunofluorescence

Antibodies against the following proteins were used as previously described:
SKN-1 (Bowerman et al., 1993), PGL-1 (Kawasaki et al., 1998), MEX-5
(Schubert et al., 2000) and PIE-1 (Tenenhaus et al., 1998). Pharyngeal
muscle cells were recognized with antibody mAb3NB12 (Priess and
Thomson, 1987) and expression of med-1 was determined using a MED-
1:GFP fusion (Maduro et al., 2001).

Quantitation of SKN-1 levels

To compare SKN-1 levels between different blastomeres of the same embryo
and between equivalent blastomeres in embryos of different genotypes, we
used a Zeiss Axioplan microscope equipped with a CCD camera
(Photometrics CoolSnap, Roper Scientific) and CoolSnap software (v. 1.2.0,
Roper Scientific). Nuclear SKN-1 staining was quantitated using ImageJ
software (http://rsb.info.nih.gov/ij) and the integrated density of staining per
unit area was determined. Statistical comparisons were calculated using a
two-tailed two-sample t-test assuming unequal variances. To ensure
accuracy of the direct comparison of SKN-1 levels in eel-1(—) blastomeres
with the equivalent blastomeres in wild type, we compared embryos of both
genotypes stained on the same slide. In this experiment, a GFP marker
present in the otherwise wild-type strain allowed us to distinguish wild-type
embryos from eel-1(—) embryos by co-staining for GFP. The presence of the
GFP marker did not alter the level of SKN-1 staining.

Yeast two-hybrid assay

To test for interaction between EEL-1 and SKN-1, we generated multiple
plasmids for the yeast two-hybrid assay. A longer eel-1 cDNA was created
by joining the cDNAs yk1100d4 and yk395b1. The region of eel-1 encoding
amino acids 975-2018 was fused to the gene encoding the GAL4 DNA-
binding domain (pGBDU-C3). The region of eel-1 encoding amino acids
3429-4177 was fused to the gene encoding the GAL4 DNA-binding domain
(pGBDU-C1) using the eel-1 cDNA yk1047c7. We fused the region of skn-1
encoding amino acids 37-623 to the gene encoding the GAL4 activation
domain (pGAD-C1) using the skn-1 cDNA yk12d2. To narrow down regions



SKN-1 regulation by an E3 ubiquitin ligase

RESEARCH ARTICLE 2305

Table 1. eel-1 enhancement of the efl-1(se1) phenotype

Maternal genotype Mex (%) Normal morphology (%) Non-Mex D.E. (%) n

Wild type (N2) 0 100 0 495
efl-1(sel) 0 96 4 339
eel-1(zu462) 0 88 12 262
eel-1(RNAI) 0 99 1 139
eel-1(zu462);efl-1(set) 93 0 7 294
efl-1(se1),eel-1(RNAI) 85 5 10 255
eel-1(zu462)/+efl-1(set) 24 63 13 219
eel-1(zu462)/+;efl-1(se1);smg-1(RNAI) 20 7 3 835
efl-1(se1);smg-1(RNAI) 11 68 21 100
eel-1(zu462)/+;smg-1(RNAI) 0 100 0 50

D.E., dead embryo.

All hermaphrodites were incubated at 20°C. Normal morphology was assessed by the number of embryos that were pretzel-shaped (see Fig. 1).

of interaction between EEL-1 and SKN-1, we constructed four additional
plasmids: EEL-1(975-1373 aa) and EEL-1(1307-2018 aa) in pPGBDU-C1;
SKN-1(37-244 aa) and SKN-1(298-623 aa) in pGAD-C1. These plasmids
were transformed into yeast strain PJ69-4A in appropriate combinations.
Interaction was tested by growth on synthetic complete plates lacking uracil,
leucine and histidine and supplemented with 5 mM 3-amino-1,2,4-triazole
(3-AT).

Construction and transformation of the GFP:SKN-1 fusion

We fused the coding region of skn-1 from amino acids 298-623 in frame to
the 3’ end of the gfp coding region in the plasmid pJT31. The pJT31 plasmid
is a modification of a previously constructed plasmid (Strome et al., 2001).
In this plasmid, the expression of GFP is under control of the pie-/ promoter
and pie-1 3'UTR, and the plasmid contains unc-119(+) allowing selection
for C. elegans transformants (Maduro and Pilgrim, 1995). The GFP:SKN-
1(298-623) construct was transformed into unc-119(-) worms using a
microparticle bombardment apparatus with a HEPTA adapter (Praitis et al.,
2001).

eel-1(RNAI)

Pharyngeal
muscle

MED-1:GFP

efl-1(sel)

RESULTS

Loss-of-function of eel-1 enhances efl-1(se1) to a
Mex phenotype

To gain insight into how SKN-1 becomes asymmetric in the early
embryo, we screened for modifiers of the temperature-sensitive
mutant efl-1(sel). At 20°C, efl-1(sel) mothers produce embryos
with a wild-type SKN-1 expression pattern; the majority of these
progeny are viable (Table 1 and Fig. 1). At 26°C, efl-1(sel)
mothers produce embryos in which SKN-1 is abnormally high in
the anterior blastomere and its daughters. As a consequence of
SKN-1 misexpression, these embryos are inviable and have a
terminal Mex phenotype (Page et al., 2001). From this modifier
screen, we isolated an Eel (enhancer of efl-7) mutant (see Materials
and methods). Whereas eel-1(zu462) single-mutant mothers
produced non-Mex embryos that were viable at 20°C, a mother
homozygous for both eel-1(zu462) and efl-1(sel) produced Mex

efl-1(sel);
eel-1(RNAI)

Fig. 1. Loss of eel-1 enhances efl-1(se1) to a Mex phenotype. The top row contains Nomarski images of terminally developed C. elegans
embryos from eel-1(RNAJ), efl-1(se1) and efl-1(se1),eel-1(RNAi) mothers incubated at 20°C. Note that eel-71(RNAi) and efl-1(se1) embryos form
enclosed pretzel-shaped embryos and appear as wild type. By contrast, efl-1(se1);eel-1(RNAi) embryos do not enclose and fail to elongate. The
center row shows comparable embryos stained for pharyngeal muscle to demonstrate that efl-1,eel-1(RNAi) embryos produce an excess of this
tissue in comparison with embryos from either single mutant mother. The bottom row contains images of the MED-1:GFP expression pattern
at the 15-cell stage. This expression pattern is wild-type in eel-1(RNAJ) (n=25 of 25) and efl-1(se1) (n=22 of 23) single-mutant embryos; MED-
1:GFP is expressed only in a subset of descendants of the posterior cell of the 2-cell embryo. In efl-1(se1),eel-1(RNAJ) embryos (n=25 of 30),
MED-1:GFP is ectopically expressed in descendants of the anterior blastomere of the 2-cell embryo. Embryos are oriented with anterior to the

left. Scale bar: 10 pm.
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Table 2. SKN-1 staining

Low to

SKN-1 level in AB(s): Low High intermediate High Absent Present
* * % *%
Qp & @

<o) <o) @o"’ &o‘)
Maternal genotype
20°C
Wild type (N2) 95 5 100 0 100 0
efl-1(sel) 86 14 93 7 100 0
eel-1(zu462);efl-1(sel) 0 100 24 76 50 50
efl-1(se1),eel-1(RNAi) 0 100 38 62 74 26
eel-1(RNAI) 10 90 97 3 100 0
eel-1(zu462)/+;efl-1(se1);smg-1(RNAI) 6 94 16 84 84 16
26°C
efl-1(sel) 13 87 0 100 92 8

Numbers indicate the percentage of embryos showing SKN-1 staining in the patterns indicated. AB is the name of the anterior blastomere of the 2-cell stage embryo, and
ABs refers to its descendants at each subsequent stage. The category marked by an asterisk includes embryos with reduced SKN-1 asymmetry and loss of SKN-1 asymmetry,
whereas those categories marked by two asterisks include embryos from the 12-cell stage to the 28-cell stage. Hermaphrodites were incubated at the indicated temperature.
The numbers of embryos examined for each category were: at 20°C: N2 2-cell n=22, 4-cell n=21, 12-28 cell n=35; efl-1(se1) 2-cell n=7, 4-cell n=14, 12-28 cell n=25; efl-
1(se1);eel-1(RNAJ) 2-cell n=18, 4-cell n=13, 12-28 cell n=54; eel-1(RNAI) 2-cell n=29, 4-cell n=33, 12-28 cell n=46; eel-1(zu462);efl-1(se1) 2-cell n=16, 4-cell n=21, 12-28 cell
n=12; eel-1(zu462)/+,efl-1(se1);smg-1(RNAI) 2-cell n=18, 4-cell n=21, 12-28 cell n=12; at 26°C: efl-1(se1) 2-cell n=15, 4-cell n=15, 12-28 cell n=36.

embryos at 20°C (Table 1). Because all mutations in this analysis
confer a strict maternal effect, we will refer to the maternal
genotype when describing the embryo. Thus, ‘eel-/ mutant
embryos’ refers to embryos from eel-1 mutant hermaphrodites.

To demonstrate that the Mex phenotype of these double-mutant
embryos was caused by disruption of SKN-1 asymmetry, we first
showed that the Mex phenotype was both skn-1-dependent [100%
of eel-1(zu462);efl-1(sel );skn-1(RNAi) embryos were Skn; n=107]
and glp-I-independent [90% of eel-1(zu462);efl-1(sel);glp-
1(RNAi) embryos were Mex; n=116]. We then stained the eel-1;efl-
1 double-mutant embryos for SKN-1 and confirmed that the
terminal Mex phenotype was correlated with a disruption of SKN-
1 asymmetry (Table 2). Thus, the Mex phenotype of the eel-1;efl-1
double-mutant embryos resembles the skn-I-dependent Mex
phenotype caused by loss or reduced function of the mex-1, mex-5
or dpl-1 genes (Mello et al., 1992; Schubert et al., 2000; Page et al.,
2001).

eel-1 encodes a Hect E3 ubiquitin ligase

‘We cloned the eel-1 gene by a combination of traditional positional
mapping, single nucleotide polymorphism (SNP) mapping and
testing of candidate genes by RNAi. Our SNP mapping indicated
that eel-1 resides in a 70 kb region of chromosome I'V that includes
lin-22. We tested whether RNAI against genes in this region could
enhance efl-1(sel) to a Mex phenotype at 20°C. RNAI of only one

gene, Y67D8C.5, enhanced efl-1(sel) to a Mex phenotype at 20°C
(Table 1 and Fig. 1; see also Materials and methods). The eel-1
gene, Y67DS8C.5, is predicted to encode a large protein of 4,178
amino acids that exhibits strong identity with Hect ubiquitin E3
ligases.

We sequenced the Y67D8C.5 gene from the eel-1(zu462)
background to confirm its identity as eel-1. In this background, the
Y67D8C.5 gene contained a complicated rearrangement including
a deletion and an inverted duplication (see Materials and methods).
This disruption is likely to cause a C-terminal truncation in the
predicted protein and a corresponding loss of the catalytic Hect
ubiquitin ligase domain (Fig. 2).

The EEL-1 protein has an overall configuration similar to the
mammalian E3 ligase Mule. Known in vivo targets of Mule
ubiquitination include the tumor suppressor p53 (also known as
Trp53), the transcription factor Myc, and the anti-apoptotic protein
Mcll (Adhikary et al., 2005; Chen et al., 2005; Zhong et al., 2005).
EEL-1 and human MULE share 70% identity in their Hect E3
catalytic domain (Fig. 2). Additionally, EEL-1 and Mule share four
other domains. Two of these, DUF908 and DUF913 (domains of
unknown function), are commonly found in proteins associated with
the ubiquitin pathway. Both EEL-1 and Mule have a UBA
(ubiquitin-binding associated) domain implicated in protein-protein
interactions (Bertolaet et al., 2001; Buchberger, 2002) and a fourth
domain that was not previously identified.

3102

zu462 4178 aa
87-379 432-938 1435-73 2969-3135 3822-4175
DUF908  DUF913 UBA HECT
1=30% 1=33% 1=41% 1=38% 1=70%
S=47%  S=53% S=64% S=49% S=82%
1 4374 aa
86-374  424-815 1318-564 161292 2959-3103 4036-374
DUF908  DUF913 B E HECT

Fig. 2. Similarities between C. elegans EEL-1 and the human MULE E3 ligases. This diagram illustrates multiple domains shared between EEL-
1 and human MULE. Between each domain of similarity, percentages of identity (I) and similarity (S) are noted. The location at which zu462 is

predicted to disrupt EEL-1 is indicated (zig-zag line).
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Loss of eel-1 reduces SKN-1 asymmetry at the 2-
cell stage

Our genetic analysis of eel-1(zu462) indicates that it is a maternal-
effect enhancer of efl-I(sel) (see Materials and methods). This
analysis is consistent with the eel-/ mRNA in situ pattern; eel-1
mRNA appears enriched in the hermaphrodite gonad and is also
detected at high levels in the early embryo (see the Nematode
Expression Pattern Database, http://nematode.lab.nig.ac.jp/;
cDNAs corresponding to eel-1 are in cluster CELK00592). Our
phenotypic analysis also suggested that the zu462 allele is
antimorphic (see data below); thus, we chose to examine in detail
the reduction-of-function phenotype of eel-1 by reducing its activity
by RNAI (Fire et al., 1998). Wild-type hermaphrodites treated with
eel-1 dsSRNA produced viable progeny, consistent with previous
genome-wide RNAI screens (Maeda et al., 2001; Sonnichsen et al.,
2005).

Terminally differentiated eel-1(RNAi) embryos did not have a
Mex phenotype and appeared wild type with respect to both the
amount of pharyngeal muscle produced and the expression pattern
of the skn-1 target construct, MED-1:GFP (Maduro et al., 2001)

efl-1(sel);

wild type  eel-1(RNAi)  eel-1(RNAI)

DAPI  SKN-1 DAPI  SKN-1

SKN-1

12-cell

SKN-1  DAPI

DAPI

(Table 1 and Fig. 1). However, the SKN-1 staining pattern in eel-
I(RNAi) embryos was not wild-type. In 2-cell eel-1(RNAi)
embryos, the posterior to anterior ratio of SKN-1 asymmetry
appeared reduced owing to an increased level of SKN-1 in the
anterior cell compared with the same cell in wild-type embryos
(Fig. 3 and Table 2). By the 4-cell stage in eel-1(RNAi) embryos,
the pattern of SKN-1 staining appeared superficially similar to wild
type.

To quantitate the pattern of SKN-1 staining more precisely, we
measured the amount of SKN-1 in the nucleus of each cell and
determined the ratio of SKN-1 staining in the posterior cell(s)
versus that in the anterior cell(s) (Fig. 4). In wild-type embryos at
the 2-cell stage, this posterior to anterior ratio was 3.0 (s.e.m.+0.3;
n=10), indicating that the posterior SKN-1 signal is approximately
threefold brighter than the anterior signal (Fig. 4A). In wild-type
embryos at the 4-cell stage, this posterior to anterior ratio increased
to 4.1+0.5 (n=12), consistent with the observation by Bowerman et
al. (Bowerman et al., 1993) that posterior to anterior asymmetry
increases at the 4-cell stage compared with the 2-cell stage (Fig.
4B).

Fig. 3. Loss of eel-1 disrupts SKN-1 spatial and
temporal regulation. Each pair of rows shows
SKN-1 staining (above) and corresponding nuclear
staining (DAPI, below) of C. elegans embryos at a
given stage (2-cell, 4-cell, 12-cell and 28-cell) from
a hermaphrodite of indicated genotype incubated
at 20°C. Embryos are oriented with anterior to the
left. Scale bar: 10 pm.

efl-1(sel)
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A

SKN-1 staining (2-cell)

B Wild type (n=10)
eel-1 (n=10)

Hefl-1 20°C (n=9)
efl-1;eel-1 (n=9)

Post/Ant

Strain

SKN-1 Staining (2-cell)

B Anterior
Posterior

eel-1/WT

o
a

n=10

B

SKN-1 staining (4-cell)

W Wild type (n=12)
eel-1 (n=11)

Mefl-1 20°C (n=13)
efl-1;eel-1 (n=7)

Post/Ant
Lo

Strain

SKN-1 Staining (4-cell)

M Anterior
Posterior

eel-1/WT

o
o

n=14

Fig. 4. SKN-1 asymmetry is disrupted in eel-1(-) and efl-1(-);eel-1(-) C. elegans embryos. (A B) The posterior:anterior ratio (Post/Ant) of
nuclear SKN-1 staining was calculated for individual embryos of the given genotype at the 2-cell (A) or 4-cell (B) stage. (C,D) Nuclear SKN-1 staining
was quantitated in equivalent blastomeres for pairs of eel-1(RNAi) and wild-type embryos, and the eel-1(-) to wild-type ratio (ee/-1/WT) was
calculated for the anterior and posterior blastomere(s). Variability was minimized by performing individual comparisons between pairs of embryos
from a single slide: 2-cell (C) and 4-cell (D) stage. The meanzs.e.m. is shown.

When we quantitated the level of SKN-1 staining in 2-cell
embryos, we found that the posterior to anterior ratio of SKN-1
staining in eel-1(—) embryos (1.4+0.06; n=10) was significantly
lower (P<0.002) than in wild-type embryos (3.0+0.3), indicating
that the loss of eel-1 reduces SKN-1 asymmetry at the 2-cell stage
(Fig. 4A).

We then directly compared SKN-1 levels in equivalent
blastomeres of wild-type and eel-1(—) embryos stained in the same
reaction. The levels of SKN-1 in the posterior of 2-cell embryos
were identical in wild-type and eel-1(—) embryos: the ratio of SKN-
1 staining in the posterior blastomere of eel-1(—) embryos compared
with wild-type embryos was 0.9+0.04 (n=10 pairs of embryos).
Conversely, the ratio of SKN-1 staining in the anterior blastomere
of eel-1(—) embryos compared with wild-type embryos was 1.4+0.1
(n=10 pairs of embryos) (Fig. 4C). Because the two ratios were
significantly different (P<0.002), we conclude that at the 2-cell
stage, loss of eel-1 function reduces SKN-1 asymmetry by affecting
SKN-1 levels specifically in the anterior blastomere.

At the 4-cell stage, SKN-1 asymmetry in eel-1(—) embryos
appeared qualitatively more similar to that seen in wild-type
embryos (Fig. 3, Fig. 4 and Table 2). Quantitation of the
posterior:anterior SKN-1 ratio in 4-cell eel-1(—) embryos
(3.1+0.3; n=11) indicated that this ratio was not significantly
different (P=0.08) from that of wild-type embryos (4.1£0.5).

However, direct comparison of the levels of SKN-1 staining
between wild-type and eel-1(—) 4-cell embryos revealed a small
but significant effect on SKN-1 asymmetry (Fig. 4D). The levels
of SKN-1 in the posterior of the 4-cell embryo were identical
between wild-type and eel-1(—) embryos: the ratio of SKN-1
staining in the posterior blastomeres of 4-cell eel-1(—) embryos
compared with wild-type embryos was 1.0+0.06 (n=14 pairs of
embryos). Conversely, the ratio of SKN-1 staining in the anterior
blastomeres of 4-cell eel-1(—) embryos compared with wild-type
embryos was 1.2+0.04 (n=14 pairs of embryos). The difference
between these ratios was small but statistically significant
(P<0.02), indicating that loss of eel-I also affected SKN-1
asymmetry at the 4-cell stage.

Taken together, these data indicate that loss of eel-1 function
perturbs SKN-1 asymmetry at the 2-cell stage, and has a small but
significant effect on SKN-1 asymmetry at the 4-cell stage. By the
12-cell stage, SKN-1 protein was no longer detected in either wild-
type or eel-1(RNAi) embryos (Fig. 3).

eel-1 acts redundantly with efl-1 to control SKN-1
spatial asymmetry and temporal perdurance

As previously described, efl-1(sel) embryos were viable at 20°C and
appeared wild type with respect to both the amount of pharyngeal
muscle produced and MED-1:GFP expression (Fig. 1). Quantitation
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of the levels of SKN-1 expression in efl-1(sel) embryos confirmed
that the pattern of SKN-1 asymmetry was not statistically different
from that of wild type. In 2-cell efl-I(sel) embryos, the
posterior:anterior ratio of SKN-1 expression was 2.4+0.1 (n=9)
compared with the wild-type value of 3.0+0.3 (P=0.18). In 4-cell fl-
I(sel) embryos, the ratio was 4.4+0.3 (n=13), compared with the
wild-type value of 4.1+0.5 (P=0.77) (Fig. 4A).

Reduction of eel-I by RNAIi in an efl-I(sel) background
produced a dramatic effect: 85% of efl-I(sel);eel-1(RNAi)
embryos died with a Mex phenotype (Table 1 and Fig. 1). Like the
Mex phenotype of efl-1(sel);eel-1(zu462) embryos, the Mex
phenotype of efl-1(sel);eel-1(RNAi) embryos was also dependent
on skn-1 function; all efl-1(sel);eel-1(RNAi), skn-1(RNAi) triple-
mutant embryos were Skn in terminal phenotype (n=168).
Consistent with this skn-I-dependent Mex phenotype, MED-
1:GFP was expressed ectopically in efl-I(sel);eel-1(RNAi)
embryos (Fig. 1). This ectopic MED-1:GFP expression occurred
in the descendants of the anterior blastomere of the 2-cell embryo,
and this expression pattern appeared identical to that seen in mex-
1 and mex-5 mutant embryos (Maduro et al., 2001; Tenlen et al.,
2006).

When we stained for SKN-1 we found that, as expected, efl-
I(sel);eel-1(RNAi) embryos showed a qualitative disruption in
SKN-1 asymmetry. High levels of SKN-1 were detected in the
anterior cell at the 2-cell stage and in this cell’s daughters at the 4-
cell stage (Fig. 3 and Table 2). Quantitation of SKN-1 staining in
these efl-1;eel-1 double-mutant embryos revealed an almost
complete loss of asymmetry (Fig. 4A,B). At the 2-cell stage, the
posterior:anterior ratio was 1.1£0.03 [n=9; P<3X107% compared
with the posterior:anterior ratio of efl-1(sel) embryos], and at the
4-cell stage this ratio was 1.0£0.1 [#=7; P<1X 107 compared with
efl-1(sel) embryos]. Thus, there is a profound enhancement of each
single-mutant phenotype. This enhancement indicates that the two
genes act in functionally redundant pathways to affect SKN-1
asymmetry.

The functional genetic redundancy between efl-1(sel) and eel-
1(-) was not limited to an effect on SKN-1 asymmetry. Slightly
older efl-1(sel);eel-1(RNAi) embryos showed an unusual SKN-1
pattern. In early embryos from wild-type and efl-1(sel) mothers
incubated at 20°C, SKN-1 disappears after the 8-cell stage
(Bowerman et al., 1993) (Table 2). By contrast, in efl-1(sel );eel-
1(—) mutant embryos, SKN-1 could be detected in all cells up to the
28-cell stage (Fig. 3 and Table 2). Thus, in the efl-I(sel)
background, loss of eel-I not only completely disrupts SKN-1
asymmetry at the 2- and 4-cell stages, but also causes the SKN-1
protein to persist in the descendants of both the anterior and
posterior blastomeres.

Loss of eel-1 appears to affect SKN-1 specifically

Aberrant expression of SKN-1 in eel-1(—) embryos could be due
to a direct effect of EEL-1 on SKN-1. Alternatively, EEL-1 could
perturb SKN-1 expression indirectly, as a consequence of the effect
of EEL-1 on global anterior/posterior (A/P) polarity. Because
several A/P polarity mutants have defects in asymmetry of at least
two of the following three proteins, PIE-1, PGL-1 and MEX-5
(Rose and Kemphues, 1998; Tenenhaus et al., 1998; Schubert et
al., 2000; Lin, 2003; DeRenzo and Seydoux, 2004; Shirayama et
al., 2006), we explored the specificity of EEL-1 action by
examining the expression pattern of these proteins in eel-1(RNAi)
embryos. PIE-1 is a nuclear and cytoplasmic protein containing
two CCCH zinc-finger domains (Mello et al., 1996), and PGL-1 is
a component of P granules, which are cytoplasmic structures

enriched in germ plasm (Kawasaki et al., 1998). At the 2-cell stage,
both PIE-1 and PGL-1 are localized to the posterior cell that is the
progenitor of germline, and both are enriched in the germline
progenitor at each subsequent cell division (Mello et al., 1996;
Kawasaki et al., 1998; Tenenhaus et al., 1998). MEX-5 is present
in the anterior blastomere at the 2-cell stage and becomes enriched
in the somatic daughter of the germline progenitor at each
successive division of the germline lineage (Schubert et al., 2000).
In 2- and 4-cell eel-1(RNAi) embryos, and in 2- and 4-cell efl-
1(sel) embryos at 20°C, the pattern of PIE-1, PGL-1 and MEX-5
expression appeared wild-type (Table 3). Removal of eel-/
function in the efl-1(sel) background did not disrupt the
asymmetry of PIE-1, PGL-1 or MEX-5 in 2- or 4-cell embryos
(Table 3). The wild-type pattern of multiple, asymmetrically
expressed proteins in eel-1(RNAi) embryos suggests that the action
of EEL-1 is specific to SKN-1.

To further investigate the specificity of EEL-1 embryonic
function, we took a genetic approach. As described above,
mutations in four genes, mex-5, mex-1, dpl-1 and efl-1, can cause
misexpression of SKN-1 at the 2-cell stage and these terminally
developed mutant embryos contain an excess of skn-I-dependent
pharyngeal tissue (Mello et al., 1992; Schubert et al., 2000; Page
et al., 2001). In addition to SKN-1 asymmetry, each of the above
mutants affects other aspects of A/P polarity. This latter effect is
most easily seen by examining the phenotype of certain double
mutants between the above Mex genes or between one of these
Mex genes and mex-6, a gene that encodes a protein with 85%
similarity to MEX-5. In contrast to the Mex phenotype, these
double-mutant embryos lack pharyngeal tissue (Schubert et al.,
2000; Page et al., 2001; Huang et al., 2002). This phenotype, called
Skn, is associated with, and is caused by, a severe disruption in the
asymmetry of multiple proteins (Schubert et al., 2000; Page et al.,
2001; Huang et al., 2002). Although SKN-1 is misexpressed in
these embryos, it is not active owing to the concomitant
mislocalization of a protein that negatively regulates SKN-1
activity. Thus, these embryos have a terminal phenotype that is
superficially similar to that caused by lack of skn-1(+) activity.
This genetic assay appears to be very sensitive, as loss of mex-6
results in viable embryos that show asymmetry of all early
embryonic markers examined, including SKN-1 (Schubert et al.,
2000). Like efl-1;eel-1 double-mutant embryos, efl-1(sel); mex-
6(—) embryos were Mex at 20°C, but mex-5;mex-6 mutant embryos
are Skn (Table 4) (Schubert et al., 2000).

Table 3. eel-1(RNA) does not affect the asymmetric
expression of other proteins

PIE-1 PGL-1 MEX-5
Q. °E
Maternal genotype
Wild type (N2) 100 (n=19) 100 (n=19) 100 (n=32)
eel-1(RNAJ) 100 (n=23) 100 (n=13) 100 (n=13)
efl-1(sel) 100 (n=35) 100 (n=25) 100 (n=25)
efl-1(se1),eel-1(RNAJ) 100 (n=26) 100 (n=10) 100 (n=25)

Numbers indicate the percentage (all 100%) of embryos expressing PIE-1, PGL-1
and MEX-5 in the indicated asymmetric pattern observed in wild-type embryos. All
hermaphrodites were incubated at 20°C, the permissive temperature for efl-1(se1).
Similar experiments were also carried out on 4-cell embryos: wild type: PIE-1, n=32;
PGL-1, n=15; MEX-5, n=23. eel-1(RNAJ): PIE-1, n=30; PGL-1, n=7; MEX-5, n=9. efl-
1(se1): PIE-1, n=31; PGL-1, n=19; MEX-5, n=28. efl-1,eel-1(RNAJ): PIE-1, n=16; PGL-
1, n=10; MEX-5, n=18.
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Table 4. Loss of eel-1 does not enhance the terminal
phenotype of other skn-1-dependent Mex mutants

Maternal genotype Phenotype % n

Wild type (N2) Wild type 99 310
efl-1(sel) Wild type 88 207
eel-1(RNAI) Wild type 98 177
efl-1(sel),eel-1(RNAI) Mex 90 60
dpl-1(zu355) Mex 86 114
dpl-1(zu355);mex-5(RNAI) Skn 82 50
dpl-1(zu355);eel-1(RNAI) Mex 99 140
mex-5(RNAI) Mex 96 68
efl-1(se1);mex-5(RNAi) Skn 92 60
mex-5(zu199) Mex 100 119
mex-5(zu199);mex-6(RNAI) Skn 100 109
mex-5(zu199);mex-1(RNAI) Skn 97 139
mex-5(zu199);eel-1(RNAI) Mex 100 279
mex-1(RNAI) Mex 99 157
efl-1(se1);mex-1(RNAI) Mex 99 137
mex-1(zu120) Mex 100 135
mex-1(zu120);mex-6(RNAI) Mex 100 107
mex-1(zu120);eel-1(RNAI) Mex 99 102
mex-6(RNAI) Wild type 100 96
efl-1(se1);mex-6(RNAI) Mex 92 84
mex-6(pk440);eel-1(RNAI) Wild type 93 105

All hermaphrodites were incubated at 20°C. These terminal Mex mutant embryos
have an excess of pharyngeal muscle cells. The terminal Skn phenotype refers to a
loss of pharyngeal muscle.

We reasoned that if eel-1(—) affects general A/P polarity in
addition to SKN-1 asymmetry, then loss of eel-1 in combination
with other Mex mutants would result in the more severe Skn
phenotype; however, if eel-1(—) does not enhance the phenotype
of these Mex mutants, EEL-1 is likely to be affecting SKN-1
specifically. Our detailed analysis of these interactions showed
that the mex-5(—) background is the most sensitive to such
enhancement. The combination of either efl-1(-), mex-6(-),
dpl-1(-) or mex-1(—) mutants with mex-5(-) resulted in the
majority of embryos having the severe Skn phenotype; however,
loss of eel-1 in the background of mex-5(—) did not alter the
mex-5(—) terminal phenotype (Table 4). In fact, eel-1(-) in
combination with any of these Mex mutants did not result in a
Skn phenotype, and the mex-6(—);eel-1(—) double mutant
hermaphrodites laid viable embryos. Additionally, embryos from
efl-1(sel);eel-1(RNAi) mothers incubated at 26°C [the efl-1(sel)
restrictive temperature] were Mex, not Skn (100% Mex, n=112).
This genetic analysis shows that removal of eel-1 in the
background of multiple Mex mutants does not alter their terminal
phenotype. These data strongly support the hypothesis that, unlike
the Mex genes that control multiple aspects of A/P polarity
including SKN-1 asymmetry, eel-I specifically affects SKN-1
accumulation.

The eel-1(zu462) allele encodes a dominant-
negative protein

In examining the effect of eel-1(zu462) on efl-1(sel), we noticed that
efl-1(sel) hermaphrodites heterozygous for eel-1(zu462) generated
a higher percentage of Mex embryos than efl-1(sel) controls (24%
versus 0% Mex, respectively, Table 1). Although this phenomenon
could be due to haplo-insufficiency, our molecular analysis of eel-
1(zu462) led us to consider an alternative hypothesis. The truncated
eel-1(zu462) message might create an EEL-1 protein with a

dominant-negative function. Since the nonsense-mediated mRNA
decay pathway acts to eliminate aberrant messages (Pulak and
Anderson, 1993), the zu462 message is probably unstable. If the
truncated protein encoded by the zu462 message is dominant-
negative, then increasing the stability of the zu462 mRNA should
increase the penetrance of the Mex phenotype in embryos from eel-
1(zu462)/(+);efl-1(sel) mothers. To test this, we used RNAi to
reduce the function of smg-1, a member of the nonsense-mediated
mRNA decay pathway (Pulak and Anderson, 1993). Treatment of
eel-1(zu462)/(+);efl-1(sel) hermaphrodites with smg-1 dsRNA
increased the percentage of Mex embryos from 24% to 90% (Table
1), and a high percentage (94% 2-cell; 86% 4-cell) of these embryos
showed a disruption in SKN-1 asymmetry (Table 2). These data
indicate that stabilizing the eel-1(zu462) mRNA results in a
dominant-negative EEL-1 protein.

The EEL-1 truncation is predicted to lack the catalytic Hect E3
ubiquitin ligase domain, but would contain the DUF908, DUF913
and UBA domains as well as a fourth novel domain (Fig. 2). UBA
domains have been implicated in binding ubiquitin and in protein-
protein interactions (Bertolaet et al., 2001; Buchberger, 2002). Thus,
the EEL-1(dominant-negative) protein still could bind member(s) of
the ubiquitin pathway but be unable to perform its catalytic function.

The N-terminus of EEL-1 interacts with the
C-terminus of SKN-1

As a predicted Hect E3 ligase, EEL-1 has two likely interaction
partners — its E2 conjugating enzyme and its target (Pickart, 2001;
Kipreos, 2005). Because our analysis suggested that SKN-1 might be
the target of EEL-1, we used the yeast two-hybrid assay to test
whether EEL-1 interacts with SKN-1. We tested two regions of EEL-
1 for interaction with SKN-1: an N-terminal region (975-2018 aa)
and the C-terminus (3429-4177 aa). Indicative of an interaction
between SKN-1 and the N-terminus of EEL-1, yeast containing both
the EEL-1 N-terminal fusion and the SKN-1 fusion grew on selective
media, whereas yeast containing both the EEL-1 C-terminal fusion
and the SKN-1 fusion did not (Fig. 5A). The corresponding negative
controls did not grow on selective media (Fig. SA).

To define further the interaction domain for each protein, we
tested smaller regions of EEL-1 and SKN-1 (Fig. 5A). EEL-1(1307-
2018 aa) interacted with SKN-1(298-623 aa); no interaction was
detected for controls (Fig. 5A,B). Amino acids 1307-2018 of EEL-
1 encompass the UBA domain, and the 298-623 aa region of SKN-
1 includes the DNA-binding domain and a nuclear localization
signal. To rule out the possibility that EEL-1(975-2018 aa)
indiscriminately associates with nuclear proteins, we tested whether
it could interact with three yeast nuclear proteins, SIR3, SIR4 and
SNF4. No interaction was detected between any of these proteins
and EEL-1 (not shown). Thus, EEL-1 interacts with the C-terminus
of SKN-1.

The C-terminus of SKN-1 can target GFP for
degradation in a temporal pattern that is EEL-1-
dependent

To determine whether the C-terminus of SKN-1 could affect protein
stability and whether this stability could be controlled by eel-1, we
fused the part of skn-1 encoding amino acids 298 to 623 to the coding
region of gfp. We placed this GFP:SKN-1(298-623) fusion under
control of the pie-1 promoter and the pie-1 3'UTR. This system had
been shown to give robust embryonic expression of multiple genes
(Strome et al., 2001) and, in fact, this was the only vector we tried that
gave early embryonic expression of chimeric SKN-1 protein.
Furthermore, we reasoned that by using the pie-1 3'UTR instead of
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EEL-1 (975-2018)
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SKN-1 (298-623)

the skn-1 3'UTR, we reduced the chance that we were examining an
effect of eel-1(—) upon factors that bind the skn-1 3'UTR. One
limitation of this vector, however, is that it gives robust protein
expression in the maternal germline (Strome et al., 2001). This
expression pattern contrasts with that of the endogenous SKN-1, a
protein that is not detected until after fertilization (Bowerman et al.,
1993). The large amount of germline-produced protein thus prevented
us from determining whether the SKN-1(298-623) domain could be
spatially regulated in a manner similar to that of endogenous SKN-1.

Despite this limitation of the pie-1 expression vector, we were
able to evaluate the temporal regulation of the GFP:SKN-1 fusion.
As expected, we saw strong GFP expression in the oocytes of
hermaphrodites carrying either the GFP vector control or the
GFP:SKN-1 fusion. Embryos expressing the control vector
encoding only GFP showed a strong signal in all nuclei from the 1-
to 28-cell stage (n=48, 15-cell stage; n=46, 28-cell stage) (Fig. 6).
Embryos expressing the GFP:SKN-1(298-623) fusion also showed
a strong nuclear signal in 1- to 6-cell embryos. However, by the 8-
cell stage, the GFP:SKN-1(298-623) signal was greatly reduced in
comparison with its signal in earlier embryos and to the signal
detected for GFP alone (not shown). By the 15-cell stage,
GFP:SKN-1(298-623) was seen in only 12% of embryos (n=32)
(Fig. 6), and at the 28-cell stage none of the embryos had a
detectable GFP:SKN-1 signal (n=30). This temporal pattern of the
GFP:SKN-1(298-623) signal is similar to that of endogenous SKN-
1 in wild-type embryos (Bowerman et al., 1993).

Since the temporal pattern of the GFP:SKN-1(298-623) fusion
shared similarity to that of endogenous SKN-1, we tested whether
removing eel-1 by RNAI could alter the stability of this fusion. In

EEL-1 (1307-2018)
+*

Fig. 5. EEL-1 interacts with SKN-1 in the
yeast two-hybrid assay. (A) The level of
two-hybrid interactions between C. elegans
EEL-1 and SKN-1. The left column indicates
the amino acids of EEL-1 fused to the GAL4
DNA-binding domain, and the central
column indicates the amino acids of SKN-1
fused to the GAL4 activation domain. The
domain structure of EEL-1 is shown in Fig. 2.
SKN-1 has 623 amino acid residues, and its
DNA-binding domain comprises residues
549-614. The right column shows the level
of growth on selective medium when yeast
are transformed with the corresponding
plasmids. (B) Two-hybrid interaction between
EEL-1 and SKN-1.

Vector

+
Vector

Vector
+*
SKN-1 (298-623)

EEL-1(975-2018)
L

Vector

contrast to the disappearance of GFP:SKN-1(298-623) in wild-type
embryos, the GFP:SKN-1(298-623) signal persisted in eel-1(RNAi)
embryos. At the 15-cell stage, 92% of eel-1(RNAi) embryos showed
a strong GFP:SKN-1(298-623) signal in all nuclei (n=48) (Fig. 6).
This GFP:SKN-1(298-623) signal persisted in the eel-1(RNAi)
embryos to the 28-cell stage (100%, n=35), but was greatly reduced
thereafter (not shown). Removal of eel-I did not affect the

wild type eel-1(RNAI)

GFP

GFP:SKN-1

Fig. 6. The C-terminus of SKN-1 targets GFP for degradation in an
EEL-1-dependent manner. Wild-type (left) and eel-1(RNAJ) (right) 15-
cell C. elegans embryos expressing GFP (top row) or GFP:SKN-1(298-
623) fusion protein (bottom row) under control of the pie-7 promoter
and pie-1 3’UTR. Embryos are oriented with anterior to the left. Scale
bar: 10 pm.
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expression pattern or level of GFP in embryos expressing the control
vector (n=43 for 15-cell stage and n=47 for 28-cell stage, Fig. 6).
The temporal pattern of the GFP:SKN-1 fusion in wild-type and eel-
1(RNAi) embryos was thus very similar to the pattern of endogenous
SKN-1 in efl-I(sel) and efl-I(sel);eel-1(RNAi) embryos,
respectively. These experiments demonstrate that the C-terminus of
SKN-1 can target a protein for degradation in a temporal pattern
similar to that of endogenous SKN-1 and that this degradation is
dependent on eel-1.

DISCUSSION

EEL-1, an E3 ubiquitin ligase, regulates the spatial
distribution and temporal stability of SKN-1

We have characterized the putative Hect E3 protein ligase EEL-1
and identified SKN-1 as a potential EEL-1 substrate. We propose
that eel-1 is one of multiple genes that act together to control both
the asymmetric accumulation and the temporal stability of SKN-1
in the early C. elegans embryo.

The eel-1 mutation is an enhancer of the efl-1(sel) mutation at its
permissive temperature. At this temperature, embryos from efl-
1(sel) hermaphrodites have an essentially wild-type pattern of SKN-
1 and develop normally, whereas embryos from efl-1;eel-1 double-
mutant hermaphrodites die with a terminal Mex phenotype.
Although it dramatically enhances the phenotype of efl-1(sel)
embryos, loss of eel-1 activity alone confers only a subtle phenotype.
In embryos from eel-1(—) hermaphrodites, the spatial asymmetry of
SKN-1 is reduced at the 2-cell stage. However, SKN-1 asymmetry
is largely restored by the 4-cell stage, and endogenous SKN-1
protein is eliminated at its normal time. Since SKN-1 does not
activate transcription until the 4-cell stage (Robertson et al., 2004),
ectopic SKN-1 present at the 2-cell stage does not disrupt normal
development, and eel-1 mutant embryos hatch without an obvious
phenotype.

We cloned eel-1 and showed that it encodes a protein with strong
homology to the family of Hect E3 ubiquitin protein ligases. This
class of proteins acts to transfer ubiquitin domains to their substrates,
usually targeting the substrate for proteasome-mediated destruction
(Pickart, 2001). EEL-1 could affect SKN-1 expression directly, or
indirectly through proteins required for A/P polarity. To distinguish
between these possibilities, we first examined the patterns of three
other asymmetrically expressed proteins, PIE-1, PGL-1 and MEX-
5, in eel-1(—) embryos. The expression patterns of these proteins, as
well as SKN-1, are disrupted in many mutants defective in multiple
aspects of A/P polarity, such as mex-5/6, mex-1, oma-1 and the par
mutants (Bowerman et al., 1993; Guedes and Priess, 1997; Rose and
Kemphues, 1998; Tenenhaus et al., 1998; Schubert et al., 2000; Lin,
2003; DeRenzo and Seydoux, 2004; Shirayama et al., 2006). We
found that the asymmetry of PIE-1, PGL-1 and MEX-5 appears
normal in eel-1(—) embryos. Moreover, we demonstrated that eel-
1(—) does not enhance any skn-1-dependent Mex mutant to a more
severe Skn terminal phenotype. These data, combined with the
observation that the defects in SKN-1 accumulation in eel-1 mutants
are different from those in any known A/P polarity mutant, strongly
suggest that loss of eel-1 is not indirectly affecting SKN-1 by
causing a general defect in A/P polarity.

Instead, our data are compatible with the hypothesis that
SKN-1 is a direct target of EEL-1. First, the asymmetry of SKN-1
is selectively reduced in the eel-1(—) background, and, in the
efl-1(—);eel-1(—) background, SKN-1 is the only known protein
whose asymmetry is abolished. Second, EEL-1 can specifically
bind the C-terminus of SKN-1 in a yeast two-hybrid assay. Third,
the temporal degradation of a fusion protein containing the

C-terminal region of SKN-1 is dependent on EEL-1 activity.
EEL-1 is the first HECT-domain ubiquitin ligase that has been
implicated in controlling asymmetric protein expression in the
2-cell embryo.

The closest ortholog of EEL-1 is the mammalian E3 ligase Mule.
EEL-1 and Mule share five domains, and these domains are similarly
positioned in both proteins. Mule has been demonstrated to
ubiquitinate three proteins — the tumor suppressor pS3, the Myc
oncogene and the anti-apoptotic factor Mcl1. In the case of p53 and
Mcll, ubiquitination by Mule targets these proteins for degradation
(Chen et al.,, 2005; Zhong et al., 2005). However, Mule
ubiquitination of Myc is positively correlated with Myc’s function
as a transcriptional activator (Adhikary et al., 2005). Our genetic
data indicate that EEL-1 promotes SKN-1 degradation, as removal
of eel-1 in two backgrounds causes an increase in SKN-1 levels
and/or activity. However, SKN-1 is unlikely to be the only substrate
of EEL-1.

EEL-1 acts redundantly with one or more EFL-1
targets to regulate SKN-1 accumulation spatially
and temporally

We have shown that eel-1(—) embryos have a significant reduction
in the spatial asymmetry of SKN-1 at the 2-cell stage, and a small
reduction in spatial asymmetry of SKN-1 at the 4-cell stage. This
reduction in spatial asymmetry results from an increase of SKN-1 in
the anterior blastomere(s). These data indicate that EEL-1 promotes
the strong SKN-1 asymmetry at the 2-cell stage.

When we examined the pattern of SKN-1 expression in efl-1;eel-
1 double-mutant embryos, we found that EEL-1 is functionally
redundant with processes controlled by the EFL-1 transcription
factor. Specifically in efl-1;eel-1 double mutants, SKN-1 asymmetry
is completely abolished at the 2- and 4-cell stages. Additionally, in
these double-mutant embryos the temporal pattern of SKN-1
elimination is disrupted. Whereas SKN-1 disappears immediately
after the 8-cell stage in each single mutant, in the double-mutant
embryos SKN-1 could be detected in all cells until the 28-cell stage.
Thus, EEL-1 function is partially redundant with EFL-1 activity in
controlling SKN-1 asymmetry at the 2- and 4-cell stages. Later,
EEL-1 and EFL-1 function redundantly in a spatially non-restricted
fashion to control SKN-1 persistence during the 12- to 28-cell
stages.

The role of eel-1 in controlling the temporal regulation of SKN-
1 was also demonstrated by comparing the expression pattern of a
GFP:SKN-1 fusion protein in wild-type and eel-1(—) embryos.
Specifically, whereas the fusion protein is degraded by the 15-cell
stage in otherwise wild-type embryos, the GFP:SKN-1 can persist
until the 28-cell stage in eel-1(—) embryos. Because the degradation
of the GFP:SKN-1 fusion is regulated by eel-I independently of the
action of efl-1, we propose that the temporal control of SKN-1 by
the efl- 1-dependent mechanism is through a portion of skn-1(+) not
included in the GFP:SKN-1 fusion construct — either a domain of the
protein or the 3'UTR of the skn-1 mRNA.

How can we reconcile the apparent spatial specificity of EEL-1
action at the 2- and 4-cell stage with its apparent uniform activity
slightly later during embryogenesis? There are two possible
scenarios. First, the spatial accumulation of EEL-1 protein could be
complementary to that of SKN-1 during the 2- and 4-cell stages, but
be uniform during later stages. Alternatively, EEL-1 could be
uniformly expressed, but the action of EEL-1 on SKN-1 could be
regulated by spatially specific post-translational modifications of
either EEL-1 or SKN-1 during early cell stages. There are multiple
examples in which the activity of either an E3 ligase or its substrate
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is regulated post-translationally (Laney and Hochstrasser, 1999). For
example, the E3 ligase activity of EEL-1 could be controlled by
phosphorylation, as in case of the Hect E3 ligase Itch (Gao et al.,
2004). Alternatively, ubiquitin-dependent degradation of a protein
can be enhanced or suppressed by its phosphorylation (Musti et al.,
1997; Deng et al., 2004; Eckerdt et al., 2005; Nishi and Lin, 2005;
Stitzel et al., 2006). Either of these hypotheses could explain
spatially restricted activity at one stage, but uniform activity at a
slightly later stage. Further work is necessary to establish the
mechanisms controlling the spatial and temporal dynamics of the
EEL-1-SKN-1 interaction.
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