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Restriction of Mesendoderm to a Single Blastomere
by the Combined Action of SKN-1 and a GSK-3b
Homolog Is Mediated by MED-1 and -2 in C. elegans

cell stage (Sulston et al., 1983). A maternally contributed
transcription factor, SKN-1, is required to specify the
identity of EMS; in skn-1 mutants, EMS adopts a fate
reminiscent of that of its sister, P2, which produces ecto-
derm and muscle (Bowerman et al., 1992). While skn-1
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transcripts are distributed throughout the early embryoNeuroscience Research Institute
(Seydoux and Fire, 1994), SKN-1 protein accumulatesUniversity of California
to high levels only in the two posterior blastomeres ofSanta Barbara, California 93106
the four-cell embryo, EMS and P2, by a process requiring† Institute of Molecular Biology
the maternal MEX-1 protein and various of the PARUniversity of Oregon
proteins (Mello et al., 1992; Bowerman et al., 1993, 1997;Eugene, Oregon 97403
Figure 1). Though SKN-1 is present at comparable levels
in both EMS and P2, it is able to activate transcription
in EMS only, owing to a general transcriptional inhibitor,Summary
PIE-1, that is differentially segregated to the P2 cell dur-
ing the first two cell divisions (Mello et al., 1996; Tenen-The endoderm and much of the mesoderm arise from
haus et al., 1998; Batchelder et al., 1999). Paradoxically,the EMS cell in the four-cell C. elegans embryo. We
while the anterior daughter of P2, the C cell, like EMS,report that the MED-1 and -2 GATA factors specify
contains significant levels of SKN-1 and no PIE-1 pro-the entire fate of EMS, which otherwise produces two
tein, it nonetheless does not produce mesendoderm.C-like mesectodermal progenitors. The meds are di-

Subdivision of the mesendoderm into two germ layerrect targets of the maternal SKN-1 transcription factor;
types occurs immediately upon division of EMS to pro-however, their forced expression can direct SKN-
duce its daughters, the mesodermal (MS) and endoder-1-independent reprogramming of non-EMS cells into
mal (E) progenitors (Sulston et al., 1983). While the Emesendodermal progenitors. We find that SGG-1/
cell is the sole progenitor of the intestine (Sulston et al.,GSK-3b kinase acts both as a Wnt-dependent activa-
1983), the MS cell gives rise to much of the mesoderm,tor of endoderm in EMS and an apparently Wnt-inde-
including the posterior portion of the pharynx feedingpendent repressor of the meds in the C lineage, indi-
organ, which appears to be homologous to the verte-cating a dual role for this kinase in mesendoderm
brate heart (Haun et al., 1998). This subdivision of thedevelopment. Our results suggest that a broad tissue
mesendoderm results from an inductive interaction interritory, mesendoderm, in vertebrates has been con-
EMS that causes its posterior daughter to become anfined to a single cell in nematodes through a common
endoderm progenitor instead of an MS-like cell (Schie-gene regulatory network.
renberg, 1987; Goldstein, 1992, 1993, 1995). Two con-
vergent signaling systems, a Wnt-type and a MAP kinase

Introduction pathway, participate in the interaction that polarizes
EMS and activates endoderm development (Rocheleau

Early in embryogenesis of all bilaterian animals, three et al., 1997, 1999; Thorpe et al., 1997; Meneghini et al.,
concentric germ layers are created, each giving rise 1999). These signals allow endoderm development to
to distinct organs and systems. The establishment of occur by inactivating the endoderm-repressive activity
separate germ layers with unique developmental poten- of the Lef-1-like POP-1 protein (Lin et al., 1995, 1998;
tial is critical to the formation of organs and systems. Rocheleau et al., 1997; Thorpe et al., 1997), possibly
In mammals, the innermost germ layer, or endoderm, converting it to an activator of endoderm (J. Kasmir et
produces internal organs, including the intestine, liver, al., unpublished observation).
pancreas, and lungs, while mesoderm engenders the While the greatest variety and number of mesodermal
circulatory, endocrine, excretory, skeletal, and muscle cells derive from MS, some mesoderm is also produced
systems and other organs. In many animals, endoderm by nonmesendodermal founder cells (i.e., the AB, C,
and some or all of the mesoderm arise from a single and D founder cells; Sulston et al., 1983). Unlike the
anlage, the mesendoderm, which is subsequently orga- mesoderm from MS, which is made cell autonomously,
nized into the individual germ layers by regulatory mech- AB mesoderm is secondarily induced by a signal from
anisms that apportion unique differentiation pathways MS involving the Notch-like receptor, GLP-1 (Priess and
to spatially distinct embryonic regions (e.g., Osada and Thomson, 1986; Priess et al., 1987). The C and D blasto-
Wright, 1999; Warga and Nüsslein-Volhard, 1999; An- meres produce only a single mesodermal cell type, body

muscle; PAL-1, a CAUDAL-like homeoprotein, is re-gerer and Angerer, 2000; Kimelman and Griffin, 2000).
quired maternally for the muscle from these cells (HunterMesendoderm in the nematode C. elegans arises from
and Kenyon, 1996).the ventral-most blastomere, the EMS cell, at the four-

Here we report that two immediate targets of maternal
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scription factors, specify the mesendoderm in C. ele-ucsb.edu).
gans. Further, we demonstrate mechanisms that direct§ Present address: Department of Biochemistry and Biophysics,

University of California, San Francisco, California 94143. mesendoderm development exclusively to the EMS lin-
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Figure 1. Early Cleavages in C. elegans Em-
bryos and Cell Types Arising from the P1 Blas-
tomere

The immunolocalization of maternal SKN-1
(Bowerman et al., 1992), PIE-1 (Mello et al.,
1996), and POP-1 (Lin et al., 1995) is shown
as follows: gray, low levels; black, high levels.
Maternal PAL-1 shows similar localization to
SKN-1 but is not detected in AB descendants
at the two- and four-cell stage (Hunter and
Kenyon 1996). This figure is patterned after
Schnabel and Priess (1997).

eage. In embryos depleted of med function, MS and E cell fate. Two nearly identical GATA factors, encoded
by the med-1 X and med-2 III genes (med, mesendodermgenerate epidermis and body wall muscle, similar to a

normal C cell, instead of their normal mesendodermal specification) fulfilled this prediction (see below). Though
on different chromosomes, these genes are nearly iden-derivatives. While the activity of several maternal genes

limits med expression to the EMS lineage, misexpres- tical over a z1.3 kbp region, suggesting they arose by
a recent duplication (Figure 2A). Their structures predictsion of med-1 is sufficient to convert non-EMS blasto-

meres into mesendodermal precursors. SKN-1 binds di- intronless transcription units that are 98% identical. The
upstream and downstream regions are slightly morerectly to the med-1 promoter and is sufficient to activate

the med genes wherever it is expressed in early somatic divergent, with about 90% identity. Each gene encodes
a 174 amino acid predicted protein containing a singleblastomeres, with one notable exception: SKN-1-depen-

dent activation of the MEDs, and acquisition of EMS CXNC-X18-CNXC zinc finger and basic domain charac-
teristic of GATA-type transcription factors (Figures 2Bfate in the C cell are blocked by SGG-1, a GSK-3b kinase

homolog. These results demonstrate a dual role for and 2C). The high degree of similarity of their coding
and flanking sequences suggests that med-1 and med-2SGG-1 in repression and activation of the mesendo-

derm; while SGG-1 is required positively for the Wnt- may be functionally redundant.
mediated activation of endoderm in the EMS lineage, it is
an inhibitor of mesendoderm in the C lineage, explaining Loss of med Gene Function Results
how C development can occur in a cell containing SKN-1 in Transformations in MS and E
and lacking PIE-1. Fates Resembling Loss of skn-1

We assessed the role of med-1 and med-2 by RNA-
mediated interference (RNAi; Fire et al., 1998). The simi-Results
larity between med-1 and med-2 enabled us to target
both genes with a single double-stranded RNA speciesmed-1 and med-2 Encode Nearly

Identical GATA Factors (see Experimental Procedures). For simplicity, we will
hereafter refer to arrested med-1(RNAi); med-2(RNAi)Of the five somatic “founder cells” (AB, MS, E, C, and

D) born during the early asymmetric cleavages in C. embryos as med-1,2(RNAi) or med mutant embryos.
med mutants arrest as well-developed partially elon-elegans, only one, the E cell, is known to be completely

specified by a zygotic gene or genes. Two neighboring gated embryos containing a truncated pharynx (Figure
3B): only the anterior pharynx is detected in med mu-genes, end-1 and end-3, encode GATA-type transcrip-

tion factors redundantly required for specification of the tants, based on morphology and expression of molecu-
lar markers (Figures 3C and 3D). Moreover, glp-1(RNAi);relatively simple E lineage (Zhu et al., 1997; our unpub-

lished observations). The apparent neomorphic activity med-1,2(RNAi) embryos lack pharynx entirely (Table 1
and data not shown), confirming that the pharynx in medof an unusual end-3 mutation that inappropriately acti-

vates MS development in the E lineage (our unpublished mutant embryos is solely AB derived and consistent
with a complete absence of MS-derived pharynx.observations) led us to propose that there may be a

GATA factor normally required to specify the MS founder med embryos lack not only MS-derived pharynx but
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Figure 2. med-1 and med-2 Loci and Their Predicted Gene Products, MED-1 and MED-2

(A) med-1 and med-2 loci on cosmids T24D3 and K04C2, with base pair positions indicated. Gray rectangles indicate blocks of nucleic acid
identity, with white lines indicating mismatches. Two SKN-1 site clusters are denoted by asterisks. The intronless open reading frames (ORFs)
are shown below each gene.
(B) Alignment of MED-1 and MED-2 ORFs. Identities with MED-1 are indicated by a black background, while gray indicates a conservative
change.
(C) Alignment of MED-1 and MED-2 zinc finger and basic domains with other GATA factors. END-1 and ELT-1 are from C. elegans (Spieth et
al., 1991; Zhu et al., 1997), while GATA-4,5,6 are from mouse. For ELT-1 and GATA-4,5,6, only the carboxyl zinc finger (Cf) is shown. Block
colors are as in (B). Accession numbers: med-1, AF302237; med-2, AF302238.

probably all cell types normally produced by this founder While all med mutant embryos lack MS-derived tis-
sues, z50% of arrested embryos also lack a differenti-cell. Though MS and P2 both generate body muscles

(Sulston et al. 1983), the muscle arising from each can ated intestine (Table 1; Figures 3G and 3H), which de-
rives exclusively from the E founder cell (Sulston et al.,be distinguished based on their mechanism of specifica-

tion. P2-derived muscle requires maternal expression of 1983; Figure 1). Embryos lacking maternal SKN-1 show
a similar defect: although nearly all skn-1(zu67) mutantsthe CAUDAL-like PAL-1 transcription factor (Hunter and

Kenyon, 1996), whereas that from MS does not. In pal-1 fail to make MS-derived tissues, 80% do not make intes-
tine (Bowerman et al., 1992). We examined whether twomutant embryos, body muscles are specifically missing

from the posterior of the embryo, reflecting the loss of other properties of the E lineage that are abnormal in
skn-1 mutants are also affected in med mutants: gastru-P2-derived, and continued production of MS-derived,

muscle (Hunter and Kenyon, 1996). We found that pal- lation and timing of cell division (Bowerman et al., 1992).
Wild-type gastrulation begins at the 28-cell stage, when1(RNAi); med-1,2(RNAi) mutants lack muscle almost en-

tirely, implying that the MS-type body wall muscle is not the two E daughter cells move from the surface to the
interior of the embryo. The E daughters divide only aftermade in med mutants (data not shown). The defects in

MS specification are manifested early in the MS lineage their ingression is complete. We observed that the E
daughters in med embryos divided, on average, 10 minof med embryos: expression of lag-2, which encodes a

ligand for a Notch-like receptor (Henderson et al., 1994), earlier than in wild type and usually remained on the
ventral surface of the embryo during division (Figuresis specifically absent from the early MS lineage, yet

continues to be expressed in the early AB lineage in 3I–3L). Finally, we found that expression of end-1 and
end-3, which are first detectable in the E cell and aremutant embryos (Figures 3E and 3F). Together these

results imply that most or all cell types arising from the earliest known markers of E-specific fate (Zhu et
al., 1997; M. F. M. and J. H. R., unpublished data), isthe MS lineage are incorrectly specified in med mutant

embryos. significantly diminished in med embryos (data not
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Figure 3. med Mutant Embryos Lack MS- and E-Derived Tissues

(A) Wild-type embryo elongated to z33 egg length, with pharynx outlined.
(B) med-1,2(RNAi) mutant embryo showing 1.5-fold elongation and abnormally small pharynx.
(C) Pharynx muscle detected by mAb9.2.1 showing anterior (ant) and posterior (post) halves of wild-type pharynx.
(D) med mutant showing absence of posterior pharynx.
(E) Expression of lag-2::GFP in ABala and MSap descendants (bracketed) of an z200-cell embryo.
(F) Specific loss of MSap-derived expression in a med mutant.
(G) Wild-type gut-specific elt-2::GFP expression (Fukushige et al., 1998) in a 2-fold embryo.
(H) Lack of gut cells in a terminal med embryo.
(I–L) Video stills from time-lapse recordings. (I and J) Wild-type E daughters migrated into the interior of the embryo and divided an average
of 18.4 min (n 5 7) after the MS daughters. (K and L) In med mutants, the E cells divided an average of only 8.7 min after (n 5 7; p , 0.001).
In 6/7 embryos the E cells divided on the ventral surface, rather than internally. Time (t) is indicated in minutes after MS daughter division.
(M–P) med-1,2 are required for ectopic MS- and E-like tissues (also see Table 1). (M) Ectopic pharynx in a mex-1(RNAi) embryo shown by
expression of ceh-22::GFP (Okkema and Fire, 1994). (N) Absence of pharynx cells in a mex-1(RNAi); med-1,2(RNAi) mutant embryo. (O) Ectopic
gut nuclei (elt-2::GFP) in a mex-1(RNAi); pop-1(RNAi) double mutant. In such mutants, endoderm is derepressed in all MS-like cells such that
the four AB granddaughters and MS adopt E-like fates (Lin et al., 1995). (P) Absence of intestinal cells in a mex-1(RNAi); pop-1(RNAi); med-
1,2(RNAi) embryo.
In fluorescence micrographs, the boundary of the eggshell has been indicated with a dotted line. A C. elegans embryo is about 50 mm in
length. Anterior is to the left, and dorsal is up.

shown), confirming the defects in endoderm devel- isolated med mutant MS blastomeres generated epider-
mal cells, consistent with the proportion of unoperatedopment.

In addition to the defects in differentiation of MS- and embryos that showed a med phenotype. Moreover, pro-
duction of muscles from MS in med mutant embryos,E-derived tissues, med embryos often contain internal

cuticle-lined cavities similar to those observed in skn-1 like those from a wild-type C cell, is PAL-1 dependent
(data not shown). In similar experiments, we observedmutants, suggesting that MS and E have adopted the

fate of the C cell, which generates cuticle-secreting epi- epidermal and muscle cells arising from a small number
of isolated med mutant E cells (data not shown). Wedermis (Bowerman et al., 1992). To test directly whether

MS adopts a C-like fate in med mutant embryos, we conclude that, like skn-1 mutants (Bowerman et al.,
1992), MS and E can both adopt a C-like fate in medanalyzed the differentiated cell types produced when

MS is isolated by laser ablation of all other cells. As mutant embryos, with the only notable difference being
that MS (and presumably E; Lin et al., 1995), retain theshown in Table 2, while an isolated wild-type C blasto-

mere always produced epidermis, an isolated MS cell ability to induce secondary mesoderm, including ante-
rior pharynx, in AB descendants (see Discussion).never did. In contrast, approximately half (5/9) of the



C. elegans Mesendoderm Specification
479

Table 1. Tissue Types Produced in med Mutant and Heat Shock med-1 Embryos

Genotypea Pharynxb (%) Intestinec (%)

Wild type 100% (n . 500)d 100% (n . 500)
glp-1(RNAi) 100% (197) 100% (197)
med-1,2(RNAi) 100% (143) 48% (143)e

glp-1(RNAi); med-1,2(RNAi) 53% (72) 59% (34)f

mex-1(RNAi) 100% (93) NDg

mex-1(RNAi); med-1,2(RNAi) 89% (115) ND
glp-1(RNAi); pie-1(RNAi) 100% (31) 100% (31)
glp-1(RNAi); pie-1(RNAi); med-1,2(RNAi) 40% (77) 59% (46)f

pop-1(RNAi) ND 100% (.500)
pop-1(RNAi); med-1,2(RNAi) ND 78% (92)
mex-1(RNAi); pop-1(RNAi) ND 98% (124)
mex-1(RNAi); pop-1(RNAi); med-1,2(RNAi) ND 69% (117)
glp-1(RNAi); wrm-1(RNAi) 100% (96) 0% (96)
glp-1(RNAi); wrm-1(RNAi); med-1,2(RNAi) 75% (75) 0% (75)
glp-1(RNAi); mom-2(RNAi) 100% (78) 89% (78)
glp-1(RNAi); mom-2(RNAi); med-1,2(RNAi) 43% (51) 0% (29)f

glp-1(RNAi); lit-1(RNAi) 97% (113) 0% (113)
glp-1(RNAi); lit-1(RNAi); med-1,2(RNAi) 78% (119) 0% (119)
Wild type (EMS ablated) 0% (14) 0% (14)
hs-med-1 (EMS ablated) 56% (9) 56% (9)

a In embryos depleted for the WRM-1/b-catenin or MOM-2/Wnt ligand components of the Wnt pathway (Rocheleau et al., 1997; Thorpe et al.,
1997) or for the LIT-1 kinase component of the MAPK pathway (Kaletta et al., 1997; Rocheleau et al., 1999), E adopts an MS-like fate. Other
phenotypes are described in the text and in the legends to Figures 4 and 5. In some experiments, a glp-1(RNAi) background was used to
eliminate AB-derived pharynx cells (Priess et al., 1987). For wild type, embryos were scored just prior to hatching; for all other genotypes,
only arrested embryos were scored.
b Pharynx muscle was scored by ceh-22::GFP expression (Okkema and Fire, 1994).
c Intestinal cells were scored by polarized light birefringence or expression of elt-2::GFP (Fukushige et al., 1998).
d Total number of embryos scored is shown in brackets.
e Underlined figures indicate statistical significance (p , 0.002) compared with the results shown in the line immediately above.
f Only embryos with no pharynx were scored.
g ND, not determined.

Table 2. Differentiated Cell Types Produced by Isolated Blastomeres

Cell Types Produces

Blastomere Pharynx Intestinal Body Wall Hypodermal
Genotype Isolateda Cellsb Cellsc Muscled Cellse

Wild type MS NDf 0/12 8/8 0/10
C ND 0/9 8/8 9/9

med-1,2(RNAi)g MS ND 0/15 6/6 5/9
sgg-1(RNAi) P2 0/8 7/8 ND ND
sgg-1(RNAi); skn-1(zu67) Intact ND 12/117 ND ND
sgg-1(RNAi); pal-1(RNAi) Intact ND 158/164 ND ND

P2 18/24 21/24 ND ND
Ca 11/12 0/12 ND ND
Cp 0/8 7/8 ND ND

sgg-1(RNAi); pal-1(RNAi); skn-1(zu67) Intact ND 4/114 ND ND
sgg-1(RNAi); pal-1(RNAi); skn-1(RNAi) P2 0/8 0/8 ND ND
sgg-1(RNAi); pal-1(RNAi); med-1,2(RNAi) P2 1/7 2/7 ND ND

a Ablation of early blastomeres was performed as previously described (Moskowitz and Rothman, 1996; Zhu et al., 1997). To isolate P2, ABa,
ABp, and EMS were ablated in four-cell embryos. To isolate MS, ABa, ABp, and P2 were ablated in four-cell stage embryos, then E was
ablated following division of EMS. To isolate C, ABa, ABp, and EMS were ablated, followed by P3 after P2 divided. To isolate Ca or Cp, Cp
or Ca was ablated following division of an isolated C cell. In some experiments, no cells were ablated (“intact”).
b Pharynx cells were scored by expression of ceh-22::GFP (Okkema and Fire, 1994).
c Intestinal cells were scored by polarized light birefringence and nuclear morphology.
d Body wall muscle cells were scored by hlh-1::GFP expression (Krause et al., 1990).
e Hypodermal cells were scored by lin-26::GFP expression (Labouesse et al., 1996).
f ND, not determined.
g med-1,2(RNAi) embryos were obtained from hermaphrodite parents in a time window known to produce between 50%–70% mutant progeny
(see Experimental Procedures).

med-1 Expression Is Sufficient to Convert Non-EMS throughout early embryos under the control of a heat
shock promoter (Stringham et al., 1992). We found thatBlastomeres into Mesendodermal Precursors

To assess whether med-1 can reprogram non-EMS lin- such embryos arrest with large numbers of pharynx
muscles occupying up to z30%, and gut cells occu-eages into mesendoderm, we expressed it ubiquitously
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Figure 4. med-1 Transgene Expression Correlates with SKN-1 Activity

(A–H) Nuclei stained with 49,6-diamidino-2-phenylindole (DAPI, left column) and anti-cmyc staining (B) or GFP fluorescence (D, F, and H). (A
and B) Onset of med-1::cmyc::MED-1 expression in a six-cell stage embryo. The bright fluorescence in the upper left of (A) is from an adjacent
embryo. The faint signal in P2 in (B) is nonspecific, as similar staining occurred in nontransgenic embryos (data not shown). (C–H) Expression
of med-1::GFP::MED-1. (C and D) 8-cell stage; (E and F) 16-cell stage; (G and H) 28-cell stage.
(I–O) Expression of a chromosomally integrated med-1::GFP::MED-1 transgene in mutant backgrounds generated by RNAi. (I) Additional med-1
expression in the AB lineage in a mex-1(RNAi) embryo. In mex-1 mutants, SKN-1 levels become abnormally elevated in AB descendants,
causing the granddaughters of AB to adopt MS-like fates and to produce GLP-1-independent pharynx inappropriately (Mello et al., 1992;
Bowerman et al., 1993). (J) Expression in all P1 descendants in a pie-1(RNAi) embryo. SKN-1 is able to activate MS-like and E-like fates in
the daughters of P2 when transcription is derepressed in a pie-1 mutant (Mello et al., 1992). (K) Widespread expression of med-1 in a par-
1(RNAi) embryo. In par-1 mutants, misexpression of SKN-1 frequently causes all four-cell stage blastomeres to produce GLP-1-independent
pharynx (Bowerman et al., 1993). (L) Expression in descendants of EMS, and at slightly reduced levels in C descendants, in a sgg-1(RNAi)
embryo. (M) and (N) med-1 expression persists in EMS descendants in mutants lacking either the b-catenin homolog WRM-1 or the maternal
Lef-1-like protein POP-1 (Lin et al., 1995; Rocheleau et al., 1997; Thorpe et al., 1997). (O) Absence of expression in skn-1(RNAi), a result similar
to that seen in skn-1(zu67) and pos-1(RNAi) (data not shown).
(P) Overexpression of SKN-1 from an independent hs-skn-1 extrachromosomal array causes widespread med-1 expression 90 min after heat
shock.
Anterior is to the left, and dorsal is up.

pying up to z70%, of the embryonic volume. Moreover, cell stage (Figures 4A and 4B). Thereafter, expression
becomes weaker and persists in all EMS daughters untilwhile EMS-ablated wild-type embryos always lack gut

and pharynx (Priess and Thomson, 1986; Table 1), simi- there are 8 E and z20 MS descendants (Figures 4C–4H;
data not shown). A med-2 reporter gives a similar ex-lar embryos expressing med-1 ubiquitously generally

differentiated large amounts of these tissues (Table 1). pression pattern (data not shown). As transgenes are
generally not expressed in the germline (Kelly et al.,Similar effects were observed even in embryos lacking

maternal contribution of either SKN-1 or another factor, 1997), these patterns are likely to reflect zygotic expres-
sion of the meds. Consistent with early zygotic expres-POS-1 (data not shown), both of which are normally

essential to specify the fate of EMS (Bowerman et al., sion, med-1 transcripts are reproducibly detected in
4-cell (EMS stage) embryos by RT–PCR and become1992; Tabara et al., 1999). We conclude that med-1 is

a robust activator of mesendoderm development that largely undetectable by the 12-cell stage, after E and
MS are born (S. Robertson and R. Lin, personal commu-can function independently of SKN-1 or POS-1 activity

throughout the embryo. nication). Expression of maternal SKN-1 appears to an-
ticipate expression of med-1,2: while SKN-1 is first de-
tectable at the two-cell stage, its expression peaks atmed-1,2 Are Zygotically Expressed Downstream

of SKN-1 in Mesendodermal Precursors the four-cell stage, where it is at high levels in EMS and
P2 (Figure 1; Bowerman et al., 1993). SKN-1 is not activeBased on translational fusion reporter constructs,

med-1 expression is first detectable in EMS at the six- in P2, because the nucleus of P2 is kept transcriptionally
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silent by maternal PIE-1 (Seydoux et al., 1996); thus, at
the four-cell stage, SKN-1 activity is present specifically
in EMS, where med expression is first detected.

We found that med-1 expression and function corre-
late with SKN-1 activity when SKN-1 is inappropriately
activated in non-EMS lineages. In several maternal mu-
tants that show ectopic SKN-1 activity, we observed
a corresponding ectopic expression of med-1 (Figures
4I–4L). Moreover, the meds are required for production
of ectopic MS- and E-like cells in these mutants (Table
1; Figures 3M–3P). We also found that ubiquitous zygotic
expression of SKN-1 from a heat shock–driven hs-skn-1
transgene causes widespread expression of both med
reporters (Figure 4P; data not shown), suggesting that
high SKN-1 levels are sufficient to activate the meds.
Conversely, expression of both med reporters is blocked
in skn-1 and pos-1 mutant embryos (Figure 4O; data not
shown), consistent with an essential function for both
in activation of zygotic med expression. We further ex-
plored the possibility that the meds are intimately re-
quired for specification of E and MS fates in any context
by examining the requirement for the meds when E and
MS fates are inappropriately apportioned within the EMS
lineage. As expected, the meds are essential to specify
the fates of the EMS daughters when both are trans-
formed to E-like cells or both to MS-like cells, as the
result of mutations in Wnt/MAPK pathway components
(Table 1); med expression is unaffected under these
conditions (Figures 4M and 4N). We conclude that the
meds are activated by, and function downstream of,
SKN-1 in the EMS lineage and are essential to specify
E and MS fates in any context.

med-1 Is Directly Activated by Maternal SKN-1
The dependence of med-1,2 expression on SKN-1 activ-
ity prompted us to look for evidence of a direct interac-
tion between SKN-1 and the med-1 promoter. A group
of six SKN-1 consensus binding sites (Blackwell et al.,
1994) is present in two overlapping clusters in the pro-
moters of both med-1 and med-2 (Figures 2A and 5B).
We tested the in vivo and in vitro function of these sites

Figure 5. SKN-1 Interacts Directly with the med-1 Promoterin med-1. First, we found that point mutations that simul-
(A) Reporter expression requires SKN-1 sites. (i) Unmodified med-taneously alter all of the SKN-1 sites abolish reporter
1::GFP::MED-1 reporter. Putative SKN-1 site clusters are shown. (ii)expression, while a smaller 180 bp fragment containing
Mutation of SKN-1 sites as in (B) abolishes expression and responsethe wild-type sites is sufficient for normal expression
to hs-skn-1 (data not shown). (iii) A 180 bp fragment of the med-1

(Figures 5A and 5B). Further, we found that a polypeptide promoter is sufficient to direct EMS lineage expression and re-
containing the SKN-1 DNA binding domain (Blackwell et sponse to hs-skn-1 (data not shown). The reporter nuclear localiza-

tion signal (NLS) permits some cytoplasmic GFP signal. Anterior isal., 1994; Rupert et al., 1998) results in an electrophoretic
to the left, and dorsal is up.mobility shift of this fragment, while point mutation of
(B) Nucleotide sequences of the SKN-1 binding region in wild-typethe sites abolishes this shift (Figures 5B and 5C). Taken
(wt) and mutated (mut) forms of probe/promoters. Substitutions gen-with the reporter expression, heat shock overexpres-
erated by PCR, and the single bp difference with the corresponding

sion, and genetic data, these results indicate that SKN-1 region of the med-2 promoter, are also indicated.
directly activates transcription of med-1 in vivo, marking (C) Electrophoretic mobility shift assay shows that recombinant

SKN-1 shifts a wild-type 180 bp probe, but not a mutated probe.a direct link between a maternal regulator and a zygotic
Assays were performed using a recombinant SKN-1 DNA bindinggene in C. elegans.
fragment (a gift from P. Rupert) at 0, 150, 300, and 600 nM as
described (Blackwell et al., 1994).

SGG-1/GSK-3b Kinase Inhibits SKN-1-Mediated
Activation of med-1,2 in the C Lineage
While SKN-1 protein is expressed outside the EMS lin- is absent from the AB lineage (Tabara et al., 1999). How-

ever, although the C cell, like EMS, contains SKN-1 andeage (Figure 1; Bowerman et al., 1993), at least two
activities restrict SKN-1-dependent med activation to POS-1, and lacks PIE-1 (Seydoux and Fire, 1994; Tabara

et al., 1999), the meds are not expressed, and mesen-EMS: PIE-1 represses transcription in the P lineage (Sey-
doux and Fire, 1994), and POS-1, which is required for doderm is not made, in the C lineage. This difference

between C and EMS cannot be explained by the C-pro-transcriptional activation of the meds by SKN-1 in EMS,
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moting activity of PAL-1 per se, since PAL-1 is present
in both EMS and C, and removal of PAL-1 does not
cause C to adopt an EMS-like fate (Hunter and Kenyon,
1996). Why then does PAL-1 override SKN-1 in C,
allowing development of muscle and epidermis instead
of mesendoderm?

A C. elegans GSK-3b homolog, SGG-1, has been
shown to act positively in the C. elegans Wnt pathway
by transducing the Wnt signal that both reorients the
EMS mitotic spindle and induces endoderm from EMS
(Schlesinger et al., 1999). Paradoxically, however, while
E frequently fails to make endoderm, the C cell often

Figure 6. A Model for SKN-1-Dependent Mesendoderm Specifi-
produces endoderm in sgg-1 mutant embryos. We cation
asked whether this transformation results from aberrant

Maternal SKN-1 activates med expression in the mesendodermal
expression of the meds in the C lineage and found, precursor EMS. In the anterior daughter MS, MED-1 and MED-2
indeed, that med-1 is expressed in both EMS and C (MEDs) promote MS fate in conjunction with unmodified POP-1. In

E, Wnt/MAPK signaling results in modification of POP-1, permittingdescendants in sgg-1 mutants (Figure 4L). This ectopic
the MEDs to promote endoderm fate by activating end-1 and end-3expression is SKN-1 dependent, as expression of med-
(ENDs). Although PAL-1 protein is present in EMS, C fate is blocked1::GFP was not detected in a skn-1(zu67); sgg-1(RNAi)
by the targets of the MEDs. In the C cell, SGG-1/GSK-3b blocks thebackground (n 5 21). Moreover, the ectopic gut produced
ability of SKN-1 to activate the meds. The reduced amounts of

in sgg-1 mutants requires skn-1(1) activity (Table 2). SKN-1 in wild-type C as compared to EMS may result in lower
Because the cascade of SKN-1 and MED activities activity, shown by only one arrow between SKN-1 and the MEDs.

For simplicity, POP-1 levels, the GLP-1/Notch ligand activated byin EMS results in specification of the fates of both its
SKN-1, and the requirement for POS-1 in med expression are notdaughters, E and MS, we postulated that C might adopt
shown.an EMS-like, rather than an E-like fate in sgg-1(RNAi)

embryos. The nucleus of Cp, the posterior daughter of
C, contains lower POP-1 levels than its anterior sister,

med-1,2 Act at the Convergence of SKN-1Ca, analogous to the lower levels in E vs. MS (Lin et al.,
and POS-1 Activities1998). We therefore predicted that in sgg-1 mutants,
skn-1, pos-1, and med-1,2 mutant embryos show manyonly Cp might adopt an E-like fate. Indeed, expression
similarities with regard to EMS defects: MS and E failof an E-lineage marker, end-1::GFP, is seen only in Cp
to produce their normal cell types and instead producedescendants in sgg-1(RNAi) (data not shown). However,
cells normally made by the C blastomere (Bowerman etCa does not appear to adopt an MS-like fate in these
al., 1992; Tabara et al., 1999). As neither skn-1 nor pos-1mutants, since pharynx was not produced when P2 (the
mutant embryos express med-1,2, which are direct tar-mother of C) was isolated in sgg-1(2) embryos (Table
gets of SKN-1, the EMS defects in skn-1 and pos-12). We hypothesized that in sgg-1(2) embryos, PAL-1
mutants are attributable to the failure to activate med-competes with the MEDs in Ca, thereby blocking med-
1,2. As SKN-1 protein is expressed normally in pos-1dependent activation of MS fate. Indeed, we found that
mutants, and POS-1 itself is cytoplasmic (Tabara et al.,simultaneous removal of both SGG-1 and PAL-1 not
1999), pos-1 may function indirectly to allow SKN-1 toonly results in transformation of Cp to an E-like cell, but
activate med-1,2 in EMS. The med genes cannot bealso Ca to an MS-like cell (Table 2). Both the MS-like
the sole targets of SKN-1, however; while pharynx isand E-like fates adopted by the C daughters require
completely absent in skn-1 mutants (Bowerman et al.,SKN-1 and MED-1,2 (Table 2).
1992), med-1,2 and pos-1 mutants lack only MS-derivedWe conclude that SGG-1 prevents SKN-1-dependent
pharynx (Tabara et al., 1999). Thus, the transformed MSactivation of the meds in the C lineage, revealing the
cell in med-1,2 and pos-1 mutants is nonetheless capa-mechanism that prevents the C lineage from generating
ble of inducing secondary mesoderm, including phar-mesendoderm.
ynx, in AB by the GLP-1/Notch pathway. There must
therefore be at least one other zygotic SKN-1 target, aDiscussion
Delta-like ligand for the GLP-1 receptor (perhaps en-
coded by redundant genes), in the EMS lineage.We have identified two zygotic regulators, MED-1 and -2,

that are necessary and sufficient to program C. elegans
mesendoderm development. We find that EMS-restricted Wnt/MAPK Signaling and Modulation

of MED-1,2 Specificitymed expression, and mesendoderm development, re-
quire the combined action of a number of maternal fac- The MEDs are able to activate two very different devel-

opmental programs, resulting in specification of the MStors that control embryonic polarity or transcriptional
regulation, explaining how mesendoderm development and E lineages respectively. The apportionment of these

two fates is determined by the Wnt/MAPK-signaled sta-is limited to a single blastomere (Figure 6). These find-
ings reveal that, although mesendoderm arises from a tus of each EMS daughter. While E fate is specified by

Wnt/MAPK signaling, MS fate is specified in the absencebroad territory of many thousands of cells in vertebrates
and only a single cell in C. elegans, the gene regulatory of signaling (Rocheleau et al., 1997; Thorpe et al., 1997).

How might the MEDs respond to a cell’s Wnt/MAPKnetwork underlying mesendoderm is similar in these
widely divergent organisms (discussed below). status? One possibility is that the MEDs promote MS
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fate by default; in a signaled cell (E), MED target specific- lineage. Other mutants that result in production of endo-
derm from the C lineage have been identified (J. Priess,ity is altered, allowing activation of the E-specifying end

genes. Alternatively, the MEDs by themselves might pro- personal communication; M. Soto and C. Mello, per-
sonal communication); these may reveal a new pathwaymote E fate; POP-1 in its nonsignaled form would block

end-1,3 activation in MS, allowing the MEDs to activate in which SGG-1 acts and might unveil how its SKN-1-
inhibitory action is restricted to the C lineage.MS genes. Indeed, when med-1 is expressed throughout

early embryos, endoderm is the predominant fate adopted
by non-EMS blastomeres; such embryos also show Similar Mechanisms Regulate Mesendoderm

Development in Vertebrates and C. eleganswidespread expression of end-1 and end-3 (M. F. M.
and J. H. R., unpublished observations). We propose, In vertebrates, a broad set of cell types is generated

from a single tissue territory, mesendoderm. The mesen-therefore, that the MEDs activate the end genes in E,
while in MS, POP-1 repression of the ends allows the doderm becomes subdivided into endoderm and a sub-

set of the mesoderm (“splanchnopleural”) that gener-MEDs to activate MS-specific target genes.
ates heart and blood (Warga and Nüsslein-Volhard,
1999). Similarly, in C. elegans, a broad set of cell typesSGG-1/GSK-3b and Mesendoderm
is generated from a single cell, EMS. The EMS lineageDevelopment in C. elegans
becomes subdivided into endoderm (E cell) and a subsetGSK-3b is generally found to act as a negative regulator
of mesoderm (MS cell) that generates part of the heart-in the Wnt signaling pathway (Cadigan and Nusse, 1997).
like pharynx (Haun et al., 1998) and coelomocytes (puta-This versatile kinase phosphorylates b-catenin, a coacti-
tive primitive blood cells). Both zebrafish and C. elegansvator of the transcription factor Lef-1, resulting in its
first express a GATA factor (Faust/GATA5 in zebrafish;degradation. However, SGG-1, a GSK-3b homolog in C.
Reiter et al., 1999; MED-1,2 in C. elegans; this work)elegans, appears to act positively in the Wnt pathway,
throughout the mesendoderm prior to gastrulation thatbeing required for Wnt-mediated polarization of both
is sufficient to direct mesendoderm development in non-endoderm potential and mitotic spindle alignment within
mesendodermal cells. In both C. elegans and verte-EMS (Schlesinger et al., 1999). In the absence of SGG-1
brates, a set of conserved regulators acts after eachand certain other Wnt pathway components, both endo-
germ layer type has been segregated from the mesen-derm induction and spindle orientation in EMS are de-
doderm. These include HNF-3-like and HNF-4-like fac-fective, suggesting that these gene products act in a
tors in the endoderm (Duncan et al., 1994; Azzaria etcommon process (Rocheleau et al., 1997; Thorpe et al.,
al., 1996; Odenthal and Nüsslein-Volhard, 1998; K. Koh1997; Schlesinger et al., 1999). Nevertheless, no bio-
and J. H. R., unpublished results) and the cardiac/phar-chemical activities have been demonstrated for SGG-
ynx-promoting Nkx2.5/CEH-22 factors in the mesoderm1/GSK-3b, and its precise role in regulating either aspect
(Okkema and Fire, 1994; Evans, 1999). These observa-of EMS polarity remains undefined.
tions suggest that a conserved gene regulatory networkOur results show that in addition to its roles in polariz-
may underly mesendoderm specification in all triplo-ing EMS, SGG-1/GSK-3b performs a novel function in
blastic metazoans. The generation of a common progen-the C cell. In the C lineage, SGG-1/GSK-3b is required
itor of endoderm and a subset of the mesoderm mayto block SKN-1-dependent activation of the med genes,
reflect a decisive event in metazoan evolution that hasthus preventing the ectopic generation of EMS-like
been preserved in both a large group of cells in verte-fates. We found, however, that while SKN-1 activity in
brates and in a single cell in C. elegans.sgg-1(2) results in the conversion of Cp to an E-like

cell, PAL-1 must also be depleted in sgg-1(2) to reveal
Experimental Proceduresa Ca to MS transformation. In wild-type embryos, SKN-1

is present at lower levels in C than in EMS, while PAL-1 Plasmids and Cloning
protein persists in the C daughters, where SKN-1 is not DNA manipulations and PCR were performed according to standard

protocols. The med-1::GFP::MED-1 reporter pMM280 was con-detectable (Bowerman et al., 1993; Hunter and Kenyon,
structed by introducing a BamHI site after the predicted start codon1996). We propose that the higher PAL-1:SKN-1 ratio in
by ligation-mediated PCR and inserting an S65C GFP coding regionC compared to EMS prevents the MEDs from activating
amplified from plasmid pPD95.67 (a gift from A. Fire). A fragmentMS fates in the Ca lineage when sgg-1(2) is absent.
encoding the 35 carboxy-terminal amino acids of c-myc was simi-

How does SGG-1/GSK-3b influence the activity of larly inserted to make the med-1::cmyc::MED-1 plasmid pMM410.
SKN-1 in C? SGG-1 could prevent med activation in C Both plasmids retain the MED-1 ORF and the 59 and 39 flanking

sequences conserved with the med-2 locus. The med-2::GFP re-by directly inactivating SKN-1 through phosphorylation.
porter pMM266 was made by cloning a 1.0 kbp PCR product (con-Alternatively, depletion of SGG-1 might influence C fate
taining 700 bp of 59 flanking sequence and 106 codons of the med-2indirectly by altering the transcriptional status of chro-
ORF) into pPD95.67. Reporter fusions of med-1 and med-2 withmatin, thereby allowing SKN-1 to gain access to the
longer 59 sequences (up to 2.2 kbp) also show EMS lineage expres-

med genes. Regardless of the mechanism of SGG-1/ sion, at reduced intensity. Heat shock constructs were made by
GSK-3b function, there is no evidence that Wnt signaling cloning the med-1 or skn-1 ORFs into both pPD49.78 and pPD49.83

(from A. Fire). A pop-1 cDNA clone was a gift from R. Lin; a pal-1influences its activity in C. In addition to its classically
cDNA was a gift from B. Tsung and C. Hunter; cosmids T24D3described role in glucagon-regulated glycogen metabo-
and K04C2 were from A. Coulson. Oligonucleotide sequences arelism, there are precedents for regulation and function
available upon request.of GSK-3 in a developmental context by non-Wnt mech-

anisms (e.g., Dominguez and Green, 2000; Hoeflich et Reverse Genetics
al., 2000) and it is reasonable to suppose that SGG-1 Southern hybridization confirmed that med-1 and med-2 are distinct

(data not shown). The med-1 X ORF is located on cosmid T24D3,acts through a Wnt-independent mechanism in the C
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bases 8954–9475 and partially overlaps the predicted gene T24D3.1. and Engineering Research Council of Canada. Some of the strains
used in this work were provided by the Caenorhabditis GeneticsThe med-2 III ORF is on K04C2, bases 15188–15709. RNA synthesis

was performed using T7 MEGAscript (Ambion) on PCR-generated Center, which is funded by the National Center for Research Re-
sources of the National Institutes of Health (NIH). This work wastemplates tagged with the T7 promoter sequence. RNA was purified

by organic extraction and alcohol precipitation as described in the supported by grants from the NIH (GM49869) to B. B., and from the
March of Dimes (FY2000-659) and the NIH (HD37487) to J. H. R.manual and injected as described (Fire et al.,1998). dsRNA with the

entire med-1 or med-2 ORF, or the med-1 ORF lacking the DNA
binding domain, gave similar interference results. Injection of med-1 Received August 29, 2000; revised January 25, 2001.
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