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ABSTRACT
We isolated egl-13 mutants in which the � cells of the Caenorhabditis elegans uterus initially appeared to

develop normally but then underwent an extra round of cell division. The data suggest that egl-13 is required
for maintenance of the � cell fate.

DURING metazoan development, cells respond to cell descendants connect to the utse and uv1 cells (Fig-
ure 1; Newman et al. 1996; Sharma-Kishore et al. 1999).inductive signals by acquiring particular fates and

differentiating. One broadly used signaling pathway, de- The utse is H-shaped with extensions that connect the
uterus to the lateral epidermis (seam) and a thin centralfined by the LIN-12/Notch receptors (Kimble and

Simpson 1997; Greenwald 1998; Kadesch 2000), in- process that separates the uterine and vulval lumens.
This multinucleate syncytium is formed by fusion of 8volves receptor cleavage. The resulting cytoplasmic moi-

ety translocates to the nucleus and forms a complex of the 12 � daughters and the AC.
The LIN-11 LIM domain and COG-2 SOX domainwith proteins including CSL [an acronym for mamma-

lian CBF-1, Drosophila Su(H), and Caenorhabditis elegans transcription factors are expressed in � cells and their
daughters (Freyd et al. 1990; Hanna-Rose and HanLAG-1], leading to transcription of downstream genes.

The C. elegans uterine-vulval connection is organized 1999; Newman et al. 1999). The lin-11 gene is also ex-
pressed in the vulva, but cog-2 is not. The � cell lineagesby the uterine anchor cell (AC; Kimble 1981; Newman

and Sternberg 1996). The fates of two cells (Z1.ppp are similar to wild type in lin-11 mutants. By contrast,
the differentiation of the utse is abnormal in lin-11 mu-and Z4.aaa) are determined when they signal each other

during the AC vs. ventral uterine (VU) precursor deci- tants, the AC fails to fuse with the utse, and a functional
uterine-vulval connection is not made (Newman et al.sion (Kimble 1981; Seydoux and Greenwald 1989). The

sisters of these two cells (Z1.ppa and Z4.aap) always 1999). In cog-2 mutants, the AC also fails to fuse with
the utse. � cells were found to divide along the correctbecome VU cells (Kimble and Hirsh 1979). The VU

cell fate, specified by lin-12 activity (Greenwald et al. axis in cog-2 mutants, and it was hypothesized that the
cog-2 gene might function specifically in fusion of the1983), is to divide twice to produce four VU intermedi-

ate precursor cells. Subsequently, the AC induces the AC with the utse (Hanna-Rose and Han 1999).
To identify mutants with defects in C. elegans uterinethree adjacent VU intermediate precursor cells on each

side—via LIN-12—to adopt the � (rather than �) cell � development, we performed an EMS mutagenesis of
the N2 strain (Brenner 1974). F2 progeny with an egg-fate (Figure 1; Newman et al. 1995). � cells generate

the uterine cell types [utse (uterine-seam cell) and uv1 laying defective (Egl) phenotype were picked and their
cell] that connect to the vulva (Newman et al. 1996). uterine anatomies were observed under Nomarski op-

The AC also induces underlying vulval precursor cells tics. � cells differ from those of the alternative fate �
(VPCs) to adopt vulval (1� and 2�) cell fates (Sternberg cells in that (1) � cells divide along a dorsoventral
and Horvitz 1986). In mature hermaphrodites, the 1� (rather than longitudinal or transverse) axis; (2) � cells

produce two daughters rather than four; and (3) � cell
daughters connect to the vulva (Newman et al. 1995,
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Figure 1.—Schematic of the developing and
mature uterine-vulval connection. (A) VU inter-
mediate precursor cell stage in a late L3 hermaph-
rodite. There are six VU intermediate precursor
cells per side, surrounding a centrally placed AC
(light gray). The intermediate precursor cells
closest to the AC have the � cell fate, whereas
those that are more distal have the � cell fate.
Vulval cells of the ventral epithelium are repre-
sented by dark gray. (B) One round of cell division
later. Each � cell has divided along a d/v axis to
produce a larger dorsal daughter and a smaller
ventral one. The outer ventral daughters become
uv1 cells, while all the remaining � progeny fuse
with each other and with the AC to form the utse
syncytium. The � cell daughters (white) are each
the result of an a/p or l/r division. The � cell
daughters will undergo an additional round of
cell division, but the � cell daughters will not. (C)
Mature uterine-vulval connection. Schematic of a
transverse section through the central region of
the hermaphrodite containing the vulva. The cen-
tral portion of the utse is visible and forms a thin
laminar process dorsal to the vulva. The uv1 cells
connect to the vulva and to the utse. Adapted
from Newman et al. (2000), with permission from
Elsevier Science.

� cell development on the basis of one or more of broadly in development, have a conserved 79-amino-
acid DNA-binding domain known as the SOX boxthe above characteristics. From 20,000 haploid genomes

screened, we obtained one allele each of the presenilin (Pevny and Lovell-Badge 1997; Bowles et al. 2000).
DNA sequence analysis of the n483 allele revealed agene sel-12 and the heterochronic gene lin-29 (Newman

et al. 2000; Cinar et al. 2001). Four mutants defined a predicted protein with leucine substituted for a con-
served proline at position 68 of the SOX box (Figuredistinct complementation group, comprising the ty3,

ty7, ty8, and ty14 alleles. Three-factor crosses demon- 2). The ty3 allele is a T to A transversion that converts
a tyrosine within the SOX box to a stop codon. The ty7strated that ty3 was located between 2.15 and 6.67 map

units to the left of center on the X chromosome. This allele leads to substitution of Lys for Arg at position 5
of the SOX box, which is conserved among SOX pro-map position was roughly similar to that of the egl-13

gene identified in a previous screen for Egl mutants teins and has been shown in human SRY to make a salt
bridge to a phosphate of the DNA backbone (Werner(Trent et al. 1983). We therefore constructed the egl-

13(n483)/ty3 trans-heterozygote. We found that her- et al. 1995). While an Arg to Lys substitution should not
affect the electrostatic interaction, the altered size ofmaphrodites of this genotype were Egl, indicating that

the alleles failed to complement and that ty3, ty7, ty8, the side chain may affect protein conformation and
function. Finally, the ty8 allele deletes approximatelyand ty14 were alleles of the egl-13 gene.

The n483, ty3, ty7, and ty8 alleles alter conserved resi- the N-terminal half of the SOX box (which is encoded
by exons 8 and 9) and introduces a frameshift thereafterdues of the EGL-13 SOX domain transcription factor:

Another genetic screen had identified the cog-2 gene, (egl-13 contains 10 exons). Specifically, nucleotides 4327–
4623 of the wild-type sequence (starting with the firstwhich encodes a SOX domain transcription factor

(Hanna-Rose and Han 1999). egl-13 and cog-2 mapped ATG) are deleted (corresponding to the region from
the end of exon 7 through all but the last three nucleo-to roughly similar positions. Furthermore, cog-2 mutants

were Egl and had defects in the uterine-vulval connec- tides of exon 8) except for the tetranucleotide sequence
TATT. Since the wild-type sequence from nucleotidestion similar to those observed in the ty3, ty7, ty8, and

ty14 mutants. We therefore performed complementa- 4327–4623 contains four copies of TATT, the ty8 allele
could result from two small deletions separated by fourtion analysis between cog-2 (ku194) and egl-13 (n483) and

between cog-2 (ku194) and egl-13 (ty3). In both cases, the nucleotides or from a single deletion with a TATT inser-
tion at the junction. We did not find a mutation in themutations failed to complement. The cog-2 gene is thus

allelic to egl-13, which encodes a SOX domain transcrip- ty14 allele.
It was previously argued that ku194, which truncatestion factor.

SOX domain transcription factors, which function the protein prior to the SOX box, was likely to be a
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Figure 2.—Schematic of
the EGL-13 protein. The 79
amino acids of the protein’s
SOX box (Hanna-Rose and
Han 1999) are indicated be-
low, as are the amino acid
and nucleotide changes of
the alleles sequenced in this
report. Seven primer pairs
were used to PCR amplify
the entire egl-13 genomic re-
gion from 130 bp upstream
of the predicted start site

through the end of the coding sequence (with the exception of the intron between exons 1 and 2) and the PCR products were
sequenced. Each sequence was determined from at least two sequencing reactions. Not shown is the ty8 allele, which deletes
approximately the first half of the SOX box and introduces a frameshift thereafter (see text). The SOX box is defined as in
Bowles et al. (2000).

molecular null (Hanna-Rose and Han 1999). On the alterations in the axis of � cell division in the n483, ty3,
or ty8 mutants (data not shown). By contrast, there wasbasis of the above analysis, the ty3 and ty8 alleles are

also likely to be null. a striking change in number of divisions. Specifically,
we found that many presumptive � daughters dividedThe uterine � cell lineages are abnormal in egl-13

mutants: As discussed above, � cells differ from � cells in each of these three alleles (Table 1). In the previous
analysis of ku194, the presumptive � cells had not beenin dividing along a dorsoventral axis, undergoing one

less round of cell division, and expressing egl-13 and observed for an additional round of cell division to
determine whether their daughters divided. When welin-11. An earlier study found that, in egl-13 mutants,

presumptive � cells were essentially normal in division observed the uterine cell lineages of ku194 and ku241
mutant animals, we found that most � cell daughtersaxis and expression of egl-13 and lin-11 (Hanna-Rose

and Han 1999). Similarly, we did not observe significant divided (Table 1). Thus, in all five egl-13 alleles whose

TABLE 1

Divisions of presumptive � cell daughters

Presumptive � cell daughters dividing/total
Strain � daughters scoreda (%) No. of animals

N2 0 Many
egl-13 (n483) 17/36 (47) 3
egl-13 (ty3) 34/47 (72) 4
egl-13 (ty8) 30/36 (83) 4
egl-13 (ku194) 22/24 (92) 2
egl-13 (ku241) 17/24 (71) 2
lin-12 (n137) b 0/140 (0) 5
lin-12 (n137); egl-13 (ty3) c 38/39 (97) 3

a VU cells undergo two rounds of cell division to produce the VU intermediate precursor cells that then
undergo an additional one (� cells) or two (� cells) round(s) of cell division (Kimble and Hirsh 1979;
Newman et al. 1995). To determine whether presumptive � cell daughters divided, we observed either the
fourth or the third and fourth round(s) of VU cell division under Nomarski optics. In general, animals were
followed for at least 1 hr past the last uterine cell division observed. For some animals, the lineages of cells
on both the right and left sides were observed, while for others, only one side was followed. In wild-type
animals, cells of the dorsal uterine (DU) and VU cell lineages undergo roughly synchronous final rounds of
division during the early L4 stage (Kimble and Hirsh 1979). The DE4v and DE5v cells of the DU cell lineage
are typically the last to divide (see Newman et al. 1996 for nomenclature). In general, in egl-13 mutant animals,
the divisions of the presumptive � cell daughters occurred by about the time of the DE4v/DE5v divisions.
However, we occasionally observed presumptive � cell daughters divide up to 2 hr past the last DE4v/DE5v
division.

b Data from Newman et al. (1995). All but the most distal VU intermediate precursor cells always adopt the
� cell fate in lin-12 (n137) mutants (Newman et al. 1995), and thus are considered as presumptive � cells in
strains containing lin-12 (n137). Since lin-12 (n137) mutants have no AC and an extra VU cell, there are eight
intermediate precursor cells per side, seven of which always adopt the � cell fate.

c Complete genotype: dpy-19 (e1259) lin-12 (n137); lon-2 (n678) egl-13 (ty3). Division of many presumptive � cell
daughters was also observed in an additional five animals whose complete cell lineages were not followed.
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TABLE 2

Uterine expression of egl-13::GFP

Average no. of fluorescent
Strain uterine nucleia

Allele Array Stage Moderate/brightb Faintb (n)

egl-13 (�) kuIs29 Early-mid-L4c 6.1 0.3 (19)
egl-13 (�) kuIs29 Mid-L4 6.3 0.75 (16)
egl-13 (�) tyIs4 d Early-mid-L4 6.3 — (31)
egl-13 (�) tyIs4 Mid-L4 6.5 0.5 (22)
egl-13 (ku194) tyIs4 Early-mid-L4 8.2 1.2 (36)
egl-13 (ku194) tyIs4 Mid-L4e 10.5 2.7 (31)
egl-13 (ty3) tyIs4 Early-mid-L4 8.4 1.3 (43)
egl-13 (ty3) tyIs4 Mid-L4e 9.9 1.7 (17)

n, no. of animals scored.
a These values reflect the average no. of fluorescent nuclei present on the lateral side at the closest observable

focal plane.
b The GFP� uterine nuclei were scored as moderate to bright fluorescence on the basis of relative intensity.

Notably less intensely fluorescent nuclei were scored as faint.
c Early-mid-L4 stage animals were identified by progressed vulval morphogenesis, onset of uterine lumen

formation, and dorsally reflexed position of distal gonad arms. Mid-L4 stage animals were defined by a more
progressed state of vulval development, completely formed uterine lumen, and further dorsally reflexed distal
gonad arms in addition to the absence of the later L4 stage formed alae. In egl-13 (�) early-mid-L4 stage
animals, if the AC nucleus was GFP positive and observable with other GFP� uterine nuclei, then it was
included in the count. However, if the AC was GFP positive yet not biased to either lateral side (i.e., was in
the middle plane), then it was excluded from the count. Therefore, the average number of GFP� uterine
cells on one side in egl-13 (�) at the early to mid-L4 stage can be between 6.0 and 6.5.

d A strain containing the tyIs4 integrated chromosomal array was generated by injecting an egl-13::GFP
transcriptional gene fusion (pWH17; Hanna-Rose and Han 1999) into N2 and subjecting transmitting extra-
chromosomal lines to �-irradiation; homozygous integrants were then selected. tyIs4 was mapped to chromo-
some III.

e In mid-L4 stage egl-13 (�) animals, an average of 6.5 GFP� nuclei per side is expected because the AC
nucleus is lateral and fluorescent by this stage and has a 50% chance of being on either side. By contrast, in
egl-13 mutant animals, the AC does not express egl-13::GFP, so the expected number of fluorescent uterine
nuclei is 6.0.

cell lineages were observed, presumptive � cells initially final round of uterine division (when � cell daughters
normally divide and maintenance-defective � cell daugh-divided along a dorsoventral axis as in the wild type,

but then often underwent an additional round of cell ters would abnormally divide). However, it was also noted
that egl-13 mutant animals sometimes contained extradivision. We conclude that, in egl-13 mutants, the � cell

lineage is initiated but not completed correctly. cells with weak fluorescence during the late L4 stage
(Hanna-Rose and Han 1999). To investigate these is-Expression of an egl-13::GFP reporter construct is ab-

normal in egl-13 mutants: As discussed above, an egl- sues further, we performed close observations of uterine
� cell green fluorescent protein (GFP) expression dur-13::GFP transcriptional fusion is expressed in the uter-

ine � cells and their daughters. We created additional ing the early-mid- and mid-L4 stages in wild-type and
egl-13 mutant animals.strains with the egl-13::GFP construct (pWH17) inte-

grated into the C. elegans genome and utilized tyIs4 (see When we observed kuIs29 and tyIs4 control lines dur-
ing the early-mid-L4 stage, we saw an average of six toTable 2 footnote d) as well as the previously character-

ized kuIs29 to conduct genetic analyses of mutants in- seven fluorescent uterine nuclei per side (Table 2; Fig-
ure 3). This is about the range expected for the daugh-volved in � cell development. It was previously observed

that the kuIs29 expression pattern was the same in egl- ters of three � cells on each side plus or minus the AC
nucleus (which may become fluorescent at this early13 (ku194) and egl-13 (�) backgrounds during the early

L4 stage (Hanna-Rose and Han 1999). Similarly, we stage and has an equal chance of moving to the left or
right in the process of fusing with the utse). An averagefound that, during the late L3 through early L4 stages,

the number of uterine cells that fluoresced as a result close to 6.5 GFP� cells per side persisted through the
mid-L4 (Table 2) and late L4 stages, with the uv1 nucleiof either the kuIs29 or the tyIs4 transgenic array was

essentially the same in an egl-13 mutant or wild-type often showing brighter fluorescence than the utse nu-
clei as previously reported (Hanna-Rose and Han 1999).background (data not shown). This spans the time from

when � cell fates are being specified among the VU By contrast, our observations of the egl-13 (ku194) and
egl-13 (ty3) alleles revealed the presence of roughly twointermediate precursor population to just prior to the
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express egl-13::GFP. This is presumably an additional
consequence of the � cell defect revealed by the altered
cell lineage.

Presumptive � cells undergo an extra round of divi-
sion in egl-13; lin-12(d) double mutants: In lin-12 gain-
of-function mutants [lin-12(d)], excess � cell fates are
specified, and most VU intermediate precursor cells
divide only once (Newman et al. 1995). (Only the most
distal cells sometimes undergo a second round of divi-
sion.) Since egl-13 and lin-12(d) mutants have opposite
phenotypes with respect to cell division, we constructed
a mutant of genotype dpy-19 lin-12 (n137); lon-2 egl-13
(ty3). We found that of 39 � cell daughters observed, 38
divided (Table 1). Thus the cell lineages of the double
mutant are similar to those of egl-13 alone. This is consis-
tent with the egl-13 gene’s functioning downstream of
lin-12, which is also suggested by the fact that lin-12
mutants have an earlier � cell developmental defect
than do egl-13 mutants.

Genetic control of uterine � cell development: We
have previously shown that lin-12 is required for specifi-
cation of the uterine � cell fate, while the lin-11 LIM
domain transcription factor is required for differentia-
tion of � cell daughters (Newman et al. 1995, 1999). In
lin-11 mutants, uterine � cell lineages are essentially
wild type, although the � daughters occasionally divide.
By contrast, differentiation of the utse is defective; this
includes a failure to fuse with the AC. lin-11 appears to
be a direct target of LIN-12 signaling in the � cells
(Gupta and Sternberg 2002).

Figure 3.—egl-13::GFP expression in early-mid-L4 stage ani- We have shown here that egl-13 mutants disrupt � cell
mals. (A) Left lateral view of egl-13 (�) animal containing the development at an earlier stage than do lin-11 mutants.
tyIs4 transgenic array. Six � cell daughter nuclei are visible.

Thus, while lin-11 mutants have only a slight effect on(B) Right lateral view of egl-13 (ty3) mutant containing tyIs4.
the � cell lineages, egl-13 mutants have a striking cellNine fluorescent presumptive � lineage nuclei are evident.

Brackets demarcate the region containing fluorescent uterine lineage defect in which most of the presumptive � cell
nuclei. Bright fluorescent cells outside brackets are body wall daughters divide. In addition, the utse does not fuse
muscles (which also express the gene fusion; Hanna-Rose with the AC in egl-13 mutants. Thus, egl-13 appears re-and Han 1999). Animal in B is slightly older than animal in

quired for the maintenance of the � cell fate and subse-A. Bars, 10 �m.
quent differentiation of its daughters. egl-13 and lin-11
appear not to be required for each other’s expression

additional GFP� uterine nuclei at the early-mid-L4 (Hanna-Rose and Han 1999; Newman et al. 1999). Fur-
stage and four additional GFP� nuclei at the mid-L4 ther analysis will help to elucidate precisely how these
stage (Table 2; Figure 3). Also, significantly fainter yet two transcription factors collaborate to mediate proper
detectable nuclei were noted in the uterine-vulval and development of � cells in the C. elegans uterus.
surrounding uterine regions in egl-13 mutants. We scored We thank the Caenorhabditis Genetics Center, Wendy Hanna-Rose,
these animals at isolated time points, not by continuous Bob Horvitz, and Paul Sternberg for strains. Thanks go to Zheng
observation, and thus cannot definitively conclude that Zhou and Xiaomeng Yu for their comments on the manuscript. This

work was supported by grants from the William Stamps Farish Fundeach fluorescent uterine nucleus represents the descen-
and the National Institutes of Health (NIH; GM-57462) to A.P.N. Thisdant of a presumptive � cell daughter that divided.
publication was also made possible by grant no. T32 ES07332 fromHowever, the presence of additional GFP-positive nuclei
the NIH National Institute of Environmental Health Sciences to K.S.O.

is consistent with the cell lineage data presented above,
which demonstrates that presumptive � cells often un-
dergo an extra round of cell division in egl-13 mutants.
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