sevelopment 1993 Supplement, 9-18 (1993)
ited in Great Britain © The Company of Biologists Limited 1993

Cell fate patterning during C. elegans vulval development
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SUMMARY

Precursor cells of the vulva of the C. elegans hermaph-
rodite choose between two vulval cell fates (17 and 2°)
and a non-vulval epidermal fate (37) in response to three
intercellular signals. An inductive signal produced by the
anchor cell induces the vulval precursors to assume the
I and 27 vulval fates. This inductive signal is an EGF-
like growth factor encoded by the gene lin-3. An
inhibitory signal mediated by /lin-15, and which may
originate from the surrounding epidermis, prevents the
vulval precursors from assuming vulval fates in the
absence of the inductive signal. A short range lateral
signal, which acts through the gene lin-12, regulates the
pattern of 17 and 2° fates assumed by the induced vulval
pPrecursors.

INTRODUCTION

1w nematode Caenorhabdiris elegans has been used to
tudy the mechanisms that control cell Tate determination
reviewed by Greenwald and Rubin, 1992: Lambie and
samble. 1991a). The development of C. elegans follows a
reely invariant cell lineage (Kimble and Hirsh, 1979;
sulston and Horvitz, 1977 Sulston, 1976: Sulston et al.,
500 Sulston et al., 1983). Although some of the cell
neages of €. elegans appear to be specified by cell-
stonomous mechanisms, other lineages are specified by
cell interactions. Some of these interactions were first

ted from instances of naturally occurring variation in the
cage in which the development of a cell correlated with

< position, thus suggesting that the cell was responding to
vironmental cues (Sulston and Horvitz, 1977). Other
vamples of cell-cell interactions have been defined by
periments in which groups of cells are ablated by irradi-

on with a laser microbeam 1o see il the development of

¢ remaining cells is affected by the change in their envi-
nment  (Kimble, 1981: Priess and Thomson., [987;

schnabel, 1991: Sulston et al.. 1983: Sulston and White,
IB0). o elegans 1s well suited for genetic analysis
Brenner, 1974) and many mutations that affect its cell
cage have been identified (Horvitz, 1988). The genetic
nalysis of these mutations and the characterization of the
rresponding genes with the techniques o molecular
dogy has been a driving force in elucidating the mecha-
<ms that control cell fate in C. elegans.

The combined action of the three signals precisely
directs the six vulval precursors to adopt a 37 3727 1" 2
37 pattern of fates. The amount of inductive signal
produced by the anchor cell appears to determine the
number of vulval precursors that assume vulval fates.
The three induced vulval precursors most proximal to
the anchor cell are proposed to adopt the 27 17 27 pattern
of fates in response to a gradient of the inductive signal
and also in response to lateral signalling that inhibits
adjacent vulval precursor cells from both assuming the
17 fate.

Key words: development, geneties, C. elegans, vulva, EGE, inter-
cellular signalling

The development of the hermaphrodite vulva has been
extensively studied by cell ablation experiments and by
genetic analysis, The results of these studies support a three
signal model of vulval development summarized below (and
reviewed by Horvitz and Sternberg. 1991) (Fig. 1). The
vulva normally develops from three of six ectodermal blast
cells called Vulval Precursor Cells (VPCs) that are located
within the ventral epidermis. Although in wild-type devel-
opment cach of the VPCs always assumes a particular fate,
a variety of experiments indicate that cach of the VPCs is
equivalent in its ability to assume either of three Tates and
thus the VPCs constitute an equivalence group (Sternberg
and Horvitz, 1986: Sulston and White, 1980: Thomas et al.,
1990). Each fate consists of a distinet cell lineage that
produces a particular set of cell types (Fig. 2). The 17 and
2% fates both produce vulval tissue although they contribute
to different regions of the vulva. The 37 fate produces non-
vulval epidermis (Sulston and Horvitz, 1977: Sulston,
1976). The fate chosen by a VPC depends upon three inter-
cellular signals. The anchor cell of the somatic gonad
produces a signal that induces the three more proximal
VPCs to assume the 17 and 27 fates (Kimble, 1981). An
inhibitory signal inhibits the VPCs from assuming vulval
fates in the absence of the inductive signal (Herman and
Hedgecock. 1990). A lateral signal among the induced VPCs
regulates the pattern of 17 and 27 fates (Sternberg. 1988a).
In wild-type development the combined action of the three
signals causes the six VPCs to assume a 37 3729 17 27 3
pattern of fates. In the following sections, cach of the three




10 R. J. Hill and P. W. Sternberg

Anchor Cell

Vulval Precursor
Cells (VPCs)

(Syncytial Epidermis (hyp7) )

Fig. 1. Three-signal model of VPC laie determination. The six
VPCs chioose belween three possible fates, [°, 2° and 3° in
response to three intercellular signals. A spatially graded inductive
signal made by the anchor cell induces the three more proximal
VPCs 1o assume 1° and 2° vulval fates. An inhibitory signal from
the syneytial epidermis prevents the VPCs from assuming vulval
fates in the absence of the inductive signal. A lateral signal acts
among the VPCs 1o promote the 2° fate. Each VPCis believed to
laterally signal its neighbors in proportion to the amount of
inductive signal that it receives.

signals is discussed separately. This is then followed by a
discussion of how the pattern of VPC fates is controlled by
the three signals.

THE INDUCTIVE PATHWAY

Cell ablation experiments indicate that the vulva develops
as the result of an inductive interaction between the somatic
gonad and the vulval precursors (Suiston and White, 1980).
Kimbie showed that the anchor cell of the somatic gonad is
necessary and sufficient to induce vulva development
(Kimble, 1981). If the anchor cell or its precursors are
ablated, then the three VPCs that would normally assume
the 1° and 2° fates instead assume the 3° fate (Table 1C).
This induction occurs 1-3 hours before the VPCs divide
(Kimble, 1981). [l the anchor cell is ablated after the VPCs
have divided, the cell lineage of their daughters is unaffected
(Kimble, 1981; Sternberg and Horvitz, 1986). A large
number of mutations that disrupt vulva induction have been
characterized (reviewed by Horvitz and Sternberg, 1991).
The cloning of several of these genes indicates that this
induction is mediated by an Epidermal Growth Factor
(EGF)-like signalling pathway that includes an EGF-like
growth factor encoded by fin-3 (Hill and Sternberg, 1992}
and an EGF-Receptor like molecule encoded by ler-23
(Aroian ¢t al., 1990).

lin-3 encodes the inductive signal

Lin-3 is proposed to be a nematode member of the
Epidermal Growth Factor (EGF) family of growth factors
(Hill and Sternberg, 1992). This family includes ligands of
the EGF-Receptor (EGF-R) such as EGF {Gregory, 1975,
Savage et al., 1972). Transforming Growth Factor-alpha
(TGF-ar) (Derynck et al., 1984), Heparin Binding-EGF (HB-
EGF) (Higashiyama et al., 1991), amphiregulin (Shoyab et
al., 1989), and also ligands of new/HER2, a homologue of
the EGF-R, (Holmes et al., 1992, Wen et al., 1992} and the
predicted product of the spirz locus of Drosophila (Rutledge
et al., 1992). The EGF growth factors are usually made as
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Fig. 2. Schematic representation of the fates of the VPCs in wild-
type vulval development. The name, relative position, and fate of
each cell is shown. The lineage associated with each fate is drawn
pelow the VPCs, Vertical lines represent cells and horizontal lines
represent cell divisians. P5.p, P6.p, and P7.p contribute Lo the
vulva and the other VPCs form epidermis. P3.p can assume the 3°
fate or fuse directly to the syncytial epidermis without dividing
{Sulston and Horvitz, 1977, Sulston and White, 1980). A unique
characteristic associated with the final division of each cell, or
with the terminal progeny. is indicated by a single letter code
beneath the lineage, (convention of Sternberg and Horvitz, 1986):
S, cell fuses with the syncylial epidermis hyp7; L, nucleus divides
longitudinally in the anterior-posterior axis of the body, underline
indicates that the daughter nuclei adhere to the ventral cuticle; T,
nucleus divides transversely in the left-right body axis; N, nucleus
does not divide. AC: Anchor Cell.

membrane spanning proteins that contain at least one extra-
cellular EGF domain (reviewed by Carpenter and Wahl,
1990). EGF domains are sequence motifs of approximately
50 amino acids that consist of six cysteine residues with
semi-conserved spacing (reviewed by Davis, 1990). In many
cases it is known that the EGF domain can be processed
away from the rest of the protein to produce a secreted factor
that can activate its receptor (reviewed by Carpenter and
Wahl, 1990). In the case of TGF-0., the EGF domain can
also activate the receptor without being released from the
membrane (reviewed by Massagué, 1990).

The gene lin-3 was identified by reduction-of-function
mutations that cause a recessive, vulvaless phenotype in
which up to all three of the VPCs that usually assume vulval
fates instead assume epidermal fates (Ferguson and Horvitz,
1985; Horvitz. and Sulston, 1980; Sulston and Horvitz,
1681). Thus, wild-type lin-3 activity is required for vulval
induction. In contrast, animals bearing [lin-3 transgenes
{transgenes made up of wild-type genomic DNA cloned
from the fin-3 locus) can have a dominant multivulva
phenotype in which up to all six of the VPCs assume vulval
fates (Hill and Sternberg, 1992). The multivulva phenotype
of the transgenes is proposed to be a gain-of-function
phenotype because the transgenes are created by a method
that concatenates hundreds of copies of the injected DNA
into an extrachromosomal array (Mello et al., 1991). Such
an array would likely express levels of Lin-3 protein that are
greater than the levels expressed by the two chromosomal
copies of the lin-3 locus. Together, the reduction-of-function
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Table 1. Vulval Fate Patterns

Genotype or after

cell ablatuon P3i.p Pd.p Ps.p Po.p P7.p P8.p
AL wild-type AC |
3 3° 2 1 24 3
B. Replacement Regulation: |
1. P6.p ablation AC
e 2° 1 X 2 i)
2. PS.p ablation AC
3¢ a0 & 1o 2o 3 |
C. AC ablation X
3° hs 3" s = 3
D, 1. vulvaless AC
3 2 3" 3¢ 3 3
2. multivulva AC
1” 25 2° 1” 2° 1”
E. 1. lin-15 AC* AC
1° 2° 2° 1° 2° I
2. 1lin-15 AC X
1 2 I 2 1 2
3. lin-15 Isolated VPC X
X X X X 1 X |
4. 1in-15 VPCs close X |
X X X X 1 2z |
5. lin-15 VPCs distant X
X 1° X X 1 X |
F. 1. lin-12(0) AC AC
3¢ 3° 1° 1 I° 37
2. lin-12(d)
2 2° 2 2 2 2
3. 0n-12(0)Tin-12(d) AC+ AC
2 2 2 I° 2 2 |
G. dig-1 anterior AC AC ‘
3 2% 15 2 3 3
H. Isolated VPCs |
1. Proximal VPC AC |
X X X I’ X X |
2. Intermediate VPC AC |
X X 27 X X X ;
3. Distal VPC AC
37 X X X % X
L. lin-3 transgene AC
2° 2° 1° If 2° 2°

A0 In wild-type development the six VPCs assume the pattern of fates 37 37 27 17 27 37 (Sulston and Horvitz, 1977, Sulston, 1976, Sulston and White, 1980).
1) The VPCs can display regulation of fates upon ablation of VPCs prior to the time of vulval induction. A cell that normally adopts the 37 or 27 fate can assume the
fate if the cell that normally assumes the 19 fate 1s destroyed. A cell that normally assumes the 37 fate can replace a 2° cell. A 17 cell will not replace a 27 or 3°
and a 27 cell will not replace a 37 cell. The regulating cell will usually assume the position, as well as the fate, of the cell that it is replacing. The abilility of the
PCs 1o undergo replacement regulation supports the model that the VPCs are equivalent in their potential to assume either of the three fates (Sulston and White,
7500, (C) Ablation of the AC or its precursors before or during the first several hours of the 1.3 stage prevents P3.p, Po.p and P7.p from assuming vulval fates,
crefore, the vulval fates are specified by an inductive signal from the AC of the somatic gonad (Kimble, 1981; Sulston and White, 1980). (D1) Recessive mutations
the genes lin-2, lin-3, lin-7, lin-10, lin-45, let-23, ler-60, and sem-5, and dominant negative mutations in {er-60 can cause a vulvaless phenotype in which fewer
n normal VPCs assume vulval fates, even though the AC and the VPCs are present (Aroian and Sternberg, 1991; Beitel et al., 1990; Clark et al., 1992; Ferguson
| Horvitz, 1985; Han et al.. 1990, 1993; Horvitz and Sulston, 1980; Sulston and Horvitz, 1981), These genes are involved either in the generation of the inductive
enal by the AC, or the response o the inductive signal by the VPCs. (D2) Recessive mutations in lin-/, and /in-13, and gain-of-function mutations of fet-60, confer
uluvulva phenotype in which greater than the normal number of VPCs assume vulval fates (Beitel et al., 1990 Ferguson and Horvitz, 1985: Han ct al.. 1990:
Horvitz and Sulston, 1980; Sulston and Horvitz, 1981). (E) In lin-15 mutant animals all six VPCs assume vulval fates (E1) and can do so independently of the
ductive signal (E2) (Ferguson and Horvitz ,1985; Ferguson et al., 1987). In lin-15 mutant animals it is commonly observed that two adjacent VPCs both assume the
fate, but it is rarely observed that two adjacent VPCs both assume the 17 fate. This suggests the action of a lateral signal among the VPCs that prevents two
Hacent VPCs from both assuming the 17 fate. (E1) In lin-15 mutant animals. the patterning of P5.p, P6.p, and P7.p is normal if the AC is present, P6.p always
wsumes the 17 fate and PS.p and P7.p assume the 27 fate. (E2) If the AC is absent, then the patterning of PS.p, P6.p and P7.p is disrupted such that any of these cells
n assume either the 17 or 27 fate, Thus, the VPCs can still respond to the inductive signal in lin-15 mutant animals. (E3) An isolated VPC in a lin-15 mutant
sumes the 17 fate. (E4.5) Two isolated VPCs in a {in-/5 mutant animal will usually both assume the 17 fate if they are not in close proximity to each other, but only
e of the cells will assume the 17 fate if they remain in close contact with each other. Thus, the lateral signal between the VPCs appears to act only at a close range
I may require direct cell contact (Sternberg, 1988a). (F) lin-12 activity promotes the 27 fate in the VPC equivalence group and in the AC (17) VU (27) equi
wp (Greenwald et al., 1983). (F1) In animals homozygous for null mutations of lin-12 approximately three VPCs are induced to assume 17 lincages and there ¢
ften two or more ACs. (F2) In animals with dominant gain-of-function mutations in /Zin-/2, all six VPCs assume 2 fates and there is often no AC. (F3) In some
mals of the genotype lin-12(d)/lin-12(0) ACs are present. When an AC is present, P6.p assumes the 17 fate and when the AC is absent Po.p assumes the 2 fate. ‘
herefore the inductive signal can override the action of lin-12(d) mutations to specify the 19 fate (Sternberg and Horvitz, 1989). (G) The AC is the organizing center
Cwvulval fate patterning. When the AC 1s shifted to a more anterior position in dig-/ mutant animals, the pattern of vulval development is usually commensurably
fted (Thomas et al., 1990). (H) The fate of an isolated VPC correlates with its distance from the AC. A VPC that is close to the AC will assume the 17 fate, a VPC
o 1s relatively Turther away will assume the 27 fate, and a VPC that is far from the AC will assume the 37 fate. This suggests that the inductive signal is distributed
o aspatial gradient centered on the AC and that the VPCs can assume different fates in response to different levels of the inductive signal (Sternberg and Horvitz,

7560 (D Inanimals bearing multicopy /in-3 transgenes, which presumably overexpress Lin-3 protein from the anchor cell, adjacent VPCs often assume the 1° fate.
crefore, high levels of the inductive signal can override the effect of the lateral signal and specify two adjacent cells to both have the 17 fate (Hill and Sternberg,
npublished data). AC: Anchor Cell
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and the gain-of-function phenotypes of /in-3 suggest that the
dose of lin-3 activity controls the number of VPCs that
assume vulval fates.

The analysis of /in-3 transgenes suggests that /in-3 can act
in the anchor cell to cause the VPCs to assume vulval fates
(Hill and Sternberg, 1992). A transgene in which the lacZ
gene of £, coli is inserted in frame within a lin-3 genomic
DNA clone directs expression of B-galactosidase activity
specifically in the anchor cell at the time of vulval induction
(Fig. 3). This transgene, which should produce a fusion
protein that contains the extracellular and transmembrane
domains of the Lin-3 protein and a cytoplasmic domain con-
sisting of the B-galactosidase protein, retains the ability to
induce vulval fates. This result suggests that expression of
lin-3 in the anchor cell is sufficient to induce vulval fates.
This hypothesis is further substantiated by the results of
ablation experiments. Ablation of the four gonadal precursor
cells at hatching, which prevents the development of the
anchor cell, greatly reduces the ability of /in-3 transgenes to
induce vulval development.

It has been proposed that the inductive signal is a secreted
factor because induction of vulval fates can occur without
apparent direct contact between the anchor cell and the
induced VPCs (Sternberg and Horvitz, 1986 Sulston and
White. 1980; Thomas et al., 1990). As mentioned previ-
ously, the EGF growth factors can produce secreted factors
that consist of an EGF domain. We have made a transgene
to test whether a secreted form of the EGF domain of Lin-
3. without the rest of the Lin-3 protein, would be sufficient
1o induce vulval fates (Hill and Sternberg, unpublished data)
(Fig. 4). This transgene uses a heat shock promoter that
should express the Lin-3 EGF domain in a tissue general
manner (Stringham et al., 1992). The transgene is able to
stimulate 1° and 2° vulval fates even when the gonadal pre-
cursors have been ablated prior to the development of the
anchor cell. This result suggests that Lin-3 can act as a
secreted factor in a manner similar to the EGF growth
factors. Since overexpression of the EGF domain of Lin-3
is sufficient to induce vulval fates in the absence of the

Fig. 3. A transgene that contains the lacZ gene
of E. coli inserted within a [in-3 genomic clone
expresses a Lin-3::3-gal fusion protein
specifically in the anchor cell at the time of
vulval induction. B-galactosidase activity is
detected by histochemical staining with X-gal
(blue). Arrowheads show the positions of the
nuclei of the six VPCs (P[3-8].p). AC: anchor
cell. Scale bar equal to 20 pm. Adapted and
reprinted with permission from Narure (358,
470-476) Copyright (1992) Macmillan
Magazines Limited. (Hill and Sternberg,
1992.)
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Fig. 4. The EGF domain of the Lin-3 protein can stimulate 17 and
2° vulval fates in the absence of the gonad. A transgene (sense)
was designed that will secrete the EGF domain of the Lin-3 protein
(Lin-3EGF) under the control of a tissue general heat shock
promoter (Stringham et al., 1992). A control transgene (antisense)
was designed that has the /in-3 DNA cloned in the antisense
orientation to the promoter and which should produce no functional
protein. These transgenes were placed in animals that are wild-type
at the chromosomal fin-3 locus. Upon heat shock, animals bearing
the antisense transgene have wild-type levels of vulval induction
when the gonad is present and no vulval induction when the
gonadal precursors are ablated at hatching. These observations
demonstrate that the heat shock conditions do not affect the process
of vulval induction and that the ablation conditions used
completely remove the activity of the inductive signal made by the
anchor cell. Upon heat shock. animals bearing the sense transgene
display excess levels of vulval induction when the gonad is present
and also when the gonadal precursors have been ablated. (Adapted
from Hill and Sternberg, unpublished data.)

gonad, it is possible that Lin-3 is the only vulval inducing
signal made specifically by the anchor cell. It is not yet
known if the Lin-3 protein is normally processed in vivo.



The response pathway of the VPCs

A pathway of genes has been characterized that is believed
1o mediate the response of the VPCs to the inductive and
inhibitory signals (Fig. 5). This pathway includes the
following genes, which are believed to act in the following
order on the basis of genetic epistasis experiments: ler-23,
which encodes a homologue of the EGF-Receptor (EGF-R)
(Aroian et al., 1990): sem-5. which encodes an adapter
protein that contains SH2 and SH3 domains (Clark et al.,
1992); let-60, which encodes a ras protein (Han and
Sternberg, 1990); and fin-45, which encodes a raf serine-
threonine kinase (Han et al.. 1993). Wild-type activity of
cach of these genes is required for vulval induction. A
reduction of function mutation in fler-23 is epistatic to the
ability of /in-3 transgenes to stimulate vulval fates indicat-
ing that ler-23 acts downstream of fin-3. (Hill and Sternberg,
1992). This pathway is similar to pathways studied in other

experimental systems. For example. a ras protein. a raf

Kinase, and a Sem-5-like adapter protein also act down-
stream of the receptors encoded by the rorso (N. Perrimon,
this Volume) and sevenless (E. Hafen, this Volume) genes
f Drosophila, and also downstream ol growth factor
receptors in mammals (McCormick, 1993).

A number of other genes have been implicated in the
process of vulval induction. The genes /in-2, lin-7, and lin-10
are required  for wild-type levels of wvulval induction
Ferguson and Horvitz, 1985). These genes may act at a step
near ler-23 in the pathway of vulval induction (Ferguson et
1. 1987). The gene lin-10 encodes a novel protein (Kim and
Horvitz, 1990). The gene lin-1 acts downstream ol [in-45(Han
et al, 1993). Wild-type lin-1 activity acts to repress vulval
fates. (Ferguson and Horvitz, 1985: Ferguson et al., 1987).

lin-3 and let-23 are both required for vulval induction,
arval viability (Aroian and Sternberg, 1991; Clark et al..
1088; Ferguson and Horvitz, 1985 Herman, 1978, and R.
Hill and P. Sternberg, unpublished results), hermaphrodite
tertility (Aroian and Sternberg, 1991 Ferguson and Horvitz,

985) and proper specification of cell fate in the male B
neage (H. Chamberlin and P. Sternberg, unpublished
csults). This suggests that the same growth factor and
receptor are used together in multiple decisions during the
levelopment of C. elegans. ler-23 is also required for proper
cell fate specification in the PI1-P12 equivalence group
vroian and Sternberg. 1991), but it has not been demon-
strated whether fin-3 is also required for PI1-P12 fate spec-
ncation. sem-5 (Clark et al., 1992), let-60 (Beitel et al.,

190; Clark et al., 1988; Han et al., 1990), and /in-45 (Han

ctal, 1993) are also required for larval viability and a simple
wdel is that they act downstream of fer-2.3 in all tissues that
se the lin-3 let-23 pathway. lin-2, lin-7, and lin-10, are
nigue in that they are only required for vulval induction
Ferguson and Horvitz, 1985). In contrast, sem-5 may be a
ceneralized signal transduction component that acts down-
<iream of multiple receptors, since sem-5 activity is required
r the proper positioning of the sex myoblasts (Clark et al.,
192), a process that does not require lin-3 or ler-23.

THE INHIBITORY PATHWAY

enetic experiments suggest that a pathway ol genes that
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Fig. 5. Simplified pathway of vulval induction. The gene lin-3
encodes a EGE-like growth factor made by the anchor cell that is
proposed to activate ler-23. lin-15 negatively regulates the basal
activity of let-23. ler-23 encodes an EGE-Receptor-like tyrosine
kinase. An adapter protein encoded by sem-5 is proposed o
couple the action of let-23 1o let-60. ler-60 encodes a ras protein
that acts upstream ol the raf ser-thr Kinase encoded by /in-45.
Activity of this pathway eventually results in inactivation of /in-1.
lin-I promotes the epidermal fate and inhibits the vulval fate.

includes lin-15 (Ferguson and Horvitz, 1985: Ferguson and
Horvitz, 1989) produces an intercellular signal that inhibits
vulval fates (Herman and Hedgecock, 1990). Loss-of-
function mutations in the lin-15 locus cause a multivulva
phenotype in which all six VPCs can assume vulval fates
(Table 1E1). lin-15 mutant hermaphrodites display a multi-
vulva phenotype even if the anchor cell has been ablated
(Table 1E2). Thus, lin-15 does not act only in the anchor
cell (Ferguson et al., 1987). Genetlic mosaic experiments
indicate that lin-15 does not act cell autonomously in the
VPCs. and therefore that /in-15 is part of an intercellular sig-
nalling pathway (Herman and Hedgecock. 1990). The
overall pattern of mosaic phenotypes is complex and has
been interpreted to indicate that /in-/5 can act in the
epidermal syncytium hyp7. a tissue generated by several
different cell lineages (Herman and Hedgecock, 1990). hyp7
is the main body epidermis and surrounds all of the VPCs.
Thus a simple model is that the inhibitory signal would
affect all of the VPCs equivalently and would thus provide
no spatial specificity.

The inhibitory signal appears to act in parallel to the
inductive signal to regulate the activity of the response
pathway of the VPCs. Reduction-of-function mutations in
the [ler-23 locus that confer a vulvaless phenotype are
epistatic to the multivulva phenotype of lin-/5 mutations
(Aroian and Sternberg, 1991; Ferguson et al., 1987; L.
Huang and P. Sternberg, unpublished data). Therefore, lin-

]
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15, like the inductive signal, is an upstream regulator of let-
23. The inductive and inhibitory signals can regulate vulval
fates independently of each other suggesting that they act in
paraliel. First, in a mutant animal that lacks lin-15 activity,
the cell P6.p will always assume the 1° fate if the anchor
cell is present, but can assume the 2° or 1° fate if the anchor
cell is absent (Table 1E1,2). This indicates that the inductive
signal can influence vulval fate choice independently of /in-
15 (Sternberg, 1988a). Second, the multivulva phenotype of
putative null mutations of lin-15 are epistatic to the
vulvaless phenotype of strong reduction-of-function fin-3
genotypes. (Ferguson et al., 1987; R. Hill and P. Sternberg
unpublished results), This suggests that the inhibitory signal
can affect vulval fates independently of the inductive signal
encoded by fin-3. The inhibitory signal does not appear (o
be a competitive inhibitor of the inductive signal since
multicopy lin-15 transgenes that presumably overexpress
the Lin-15 protein do not interfere with vulval induction (L.
Huang. and P. Sternberg, unpublished results). In wild-type
development, a VPC that receives both the inductive signal
and the inhibitory signal will assume a vulval fate. Thus, the
inhibitory signal prevents the VPCs from assuming vulval
fates only in the absence of the inductive signal. One
possible interpretation of thesc observations is that the
inhibitory signal negatively regulates the basal activity of
fet-23. The molecular mechanism by which this inhibitory
pathway acts is not understood.

THE LATERAL SIGNAL

In addition to the inductive and inhibitory signals that
originate from tissues other than the VPCs, a lateral signal
among the VPCs also regulates VPC fate choice. Evidence
for this signal came from observations on the pattern of VPC
fates found in lin-15 mutant animals (Sternberg, 1988a). As
described above, all six VPCs assume 1° and 2° vulval fates
in a fin-/5 mutant animal due to a defect in an inhibitory
signal from the surrounding epidermal tissue. In lin-15
mutant animals, it is commonly observed that two adjacent
VPCs both assume the 2° fate, but it is rarely observed that
adjacent VPCs both assume the 1° fate (Table 1E1). This
suggests the action of a signal that prevents adjacent VPCs
from both assuming the 1° fate. The action of this signal can
also be observed in experiments in which groups of VPCs
are isolated in a f/in-715 mutant animal by laser ablation of
the other VPCs. A single isolated VPC in a fin-/5 mutant
animal assumes the 1° fate (Table 1E3). However, when two
adjacent VPCs are lefl after surgery, one of them will
assume the 1° fate and the other will assume the 2° fate
(Table 1E4). The lateral signal acts only at a short range and
may require direct cell contact since two isolated VPCsina
Jin-15 mutant are only inhibited from both assuming the 1°
fate if they are close to each other (Table 1ES).

This lateral signal is believed to act through the gene fin-
12 (Sternberg and Horvitz, 1989). lin-12 encodes a cell
surface protein homologous to the protein encoded by the
Noteh locus of Drosophila (Greenwald, 1985; Yochem et
al., 1988). Both lin-12 and Notch function in lateral interac-
tions that control cell fate choice between cells of equiva-
lent developmental potential (Greenwald et al., 1983;

Greenwald and Rubin, 1992; see P. Simpson, this volume).
Jin-12 acts during vulval development to promote the 2° fate.
In animals homozygous for {in-/2 loss-of-function
mutations, no VPCs assume the 2° fate, and in animals
homozygous for fin-12 gain-of-function mutations, all six
VPCs assume the 2° fate independently of the inductive
signal (Table 1F; Greenwald et al., 1983: Sternberg and
Horvitz, 1989). lin-12 also promoles the 2° fate in the AC
(1° fate)-Ventral Uterine (VU) precursor (2° fate) equiva-
lence group {(Greenwald et al., 1983). Genetic mosaic
analysis of fin-12 activity in the AC-VU decision indicates
that in-12 acts in a cell autonomous manner to specify the
2° fate (Seydoux and Greenwald, 1989). It has thus been
predicted that the lin-12 product acts as the receptor for the
lateral signal during vulval development.

Lateral signalling acts through a separate pathway from
the inductive pathway. It is not clear precisely where the two
pathways converge to control VPC fate although it is likely
downstream of /in-2, lin-7, and lin-f0 (Sternberg and
Horvitz, 1989). Currently other components of the lateral
pathway, including the ligand for lin-12 and genes that act
downstream of fin-12, are not well characterized. One expla-
nation for this is that these other components of the lateral
pathway may be required for an essential decision prior to
the time of vulval development. The C. elegans gene gip-1
is structurally very similar to /in-/2 and both genes may
have originated from a gene duplication of a common
ancestor (Yochem and Greenwald, 1989). gip-1 is required
zygotically for maintenance of the mitotic germline (Austin
and Kimble, 1987) and is required maternally for the proper
fate specification of early blastomeres (Priess et al., 1987).
The lin-12 glp-1 double mutant has a synthetic zygotic lethal
phenotype called Lag (Lambie and Kimble, 1991b). This
indicates that glp-7 and fin-12 are functionally redundant for
certain essential developmental processes. Other genes that
can be mutated to give a Lag phenotype could be shared
components of the lin-12 and glp-1/ pathways and thus might
be required for lateral interactions during vulval develop-
ment (Lambie and Kimble, 1991b).

PATTERNING OF VULVAL FATES

Vulval development allows the examination of how
different intercellular signals interact to control pattern
formation. During vulval development, three intercellular
signals direct the six VPCs to adopt the pattern of fates 3°
30 2¢ [°2° 3°, Mutations that disrupt any of the three signals
affects the fates assumed by the VPCs. The wild-type pattern
is precise in the number of VPCs induced to assume the 1°
and 2° vulval fates, the position of the VPCs induced to
assume vulval fates, and in the pattern of 1° and 2° fates
assumed by the induced cells. This section summarizes our
knowledge of what signals control the extent, location, and
patlern of vulval induction.

Extent

As mentioned previously, the genctic dose of fin-3 is
proposed to control the number of VPCs induced to assume
vulval Fates. This hypothesis is based on the observations
that reduction-of-function mutations in [in-3 reduce the




number ol the VPCs that assume vulval fates and that
multicopy /in-3 transgenes, which presumably overexpress
the Lin-3 protein, increase the number of VPCs that assume
vulval  fates (Ferguson and Horvitz, 1985: Hill and
Sternberg, 1992). In /in-12 mutant animals in which lateral
signalling is disrupted. the number of VPCs that assume
vulval fates is near the wild-type level (Table 1F1; Sternberg
and Horvitz, 1989). Thus the lateral signal does not appear
to regulate the number of VPCs that assume vulval fates.
The inhibitory signal acts in a spatially general manner (o
inhibit vulval fates. but the action of the inhibitory signal is
overridden by the inductive signal. Thus the inhibitory
signal ensures that vulval fates are assumed only in response
1o the inductive signal, but does not itself” determine the
number of VPCs that assume vulval fates.

Location

I'he anchor cell controls the location of vulval development.
['his is illustrated by the pattern ol fates assumed by the
VPCs in dig-1 mutant animals. In dig-7 mutants the position
of the gonad and the anchor cell can be shifted anteriorly
and/or dorsally of their wild-type positions (Thomas et al..
1990). In animals in which the anchor cell is shifted anteri-
orly of its wild-type position and remains ventral, the pattern
of vulval fates is shifted commensurably. For example,
when the anchor cell is positioned over P5.p. P5.p assumes
the 17 fate and the overall pattern of vulval fates is 37 27 17
2037 37 (Table 1G).

Pattern
s just discussed, in wild-type development, the induction
£ 17 and 2° valval fates is limited to PS.p. Po.p and P7.p
because the anchor cell is located above Po.p and because
t only makes enough inductive signal to induce the three
most proximal VPCs. What signals direct the three induced
VPCs to assume a 27 17 29 pattern of fates? The experi-
mental analysis of animals that have only one VPC indicates
that the inductive signal plays an important role in pattern-
ng. The fate of a single, isolated VPC correlates with its
listance from the anchor cell: a single VPC that is relatively
close to the anchor cell will assume the 1° fate, a single VPC
that 1s further away will assume the 2° fate. and a single
VPC that is distant will assume the 37 fate (Table TH)
Sternberg and Horvitz, 1986: P. Sternberg. unpublished
csults, and M. Herman, and H. R. Horvitz, personal com-
nunication). Since these isolated VPCs have no neighbor-
12 VPCs, they should not be subject to the effects of the
deral signal. Thus, the fact that the fate of an isolated VPC
correlates with its distance from the anchor cell suggests that
nere is a gradient ol inductive signal centered on the anchor
celland that the VPCs assume different fates in response (o
litterent levels of the inductive signal.

['he  inhibitory mediated  through the [lin-15
athway does not have an important role in vulval fate pat-
croing. Although all six VPCs assume vulval fates in in-
S mutant animals, the patterning of fates is still normal. In

m-15 mutant animal. the inductive signal still promotes

p to assume the 17 fate and the lateral signal still
metions to prevent P5.p and P7.p from assuming the 17
te. Thus if the anchor cell is present in a [lin-15 mutant

mal, then P5.p. P6.p and P7.p. will assume the same 2

signal
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19 2° pattern of fates that they assume in wild-type animals
(Table 1E1). However, il the anchor cell is ablated, then
PS.p. Po.p, and P7.p can each assume either the 17 or 27 fate
(Table TE2) (Sternberg, 1988a).

The lateral signal appears to play an important role in the
patterning ol vulval fates assumed by the induced VPCs. In
lin-12 loss-of-function mutant animals, the pattern ol fates
is usually 3% 37 19 17 17 37 (Table 1ED). Thus, Tateral sig-
nalling may be necessary 1o specily the 27 fate. Moreover,
the lateral signal is believed to measure differences between
two VPCs in the amount of inductive signal received and to
act in response to this dilference 1o direct the VPCs to
assume different fates. This model is supported by indirect
evidence that certain levels of the inductive signal can
specify a VPC to have different fates depending upon the
states of the VPC's neighbors. For example, a VPC in the
position of P3.p always assumes the 29 fate in wild-type
development, But an isolated VPC in this position has been
observed to assume the 17 fate in animals in which the other
VPCs have been ablated (P. Sternberg, unpublished obser-
vations). This isolated VPC may assume the 17 fate for
cither of two reasons; it might be receiving more inductive
signal than it does in wild type because it lacks neighbors
that absorb the inductive signal. or it may receive the same
amount of inductive signal as it does in wild type, but lacks
lateral signalling from its neighbors that specify it to be 27,
Another example is the pattern of vulval fates in dig-/
mutant animals in which the anchor cell is displaced to the
dorsal side of the animal (Thomas ct al.. 1990). In these
animals the VPC closest to the anchor cell is at a distance
equal o or greater than the distance of P3.p is to the anchor
cell in a wild-type animal. Thus, no VPC in these dig-/
mutant animals should receive more inductive signal then
does P5.p in a wild-type animal. Yet. although P5.p always
assumes the 27 fate in wild-type development. VPCs at an
equivalent distance from the anchor cell in dig-/ mutants
often assume the 17 fate. Thus it is possible that there are
intermediate doses of the inductive signal that will specify
a VPC to have the 17 fate in the context of neighboring
VPCs that are receiving less inductive signal, but that will
specify a VPC 1o have the 27 Tate in the context ol neigh-
boring VPCs that are receiving more inductive signal.

The action of the lateral signal in vulva development is
also modeled on the role of /in-72 in the AC-VU equiva-
lence group (Greenwald et al., 1983). In this equivalence
aroup, either the cell Z1.ppp or Z4.aaa can assume the fate
of the anchor cell with approximately equal likelihood.
Lateral signalling among these two cells mediates this
decision without apparent influence from outside cells
(Kimble, 1981; Seydoux and Greenwald. 1989). Although
cither cell can assume either fate, the lateral signal ensures
that only one cell always assumes the fate of the anchor cell
and that the other cell always assumes the fate of VU
(Kimble and Hirsh, 1979). Based upon this observation, it
has been proposed that the lateral signal acts in a feedback
loop that establishes mutually exclusive states in adjacent
cells. In this model both cells start with the ability to produce
both the lateral signal and the receptor for the lateral signal.
Cells that receive the lateral signal down-regulate the
activity of the lateral signal and up-regulate the activity of
the receptor. Conversely, cells that produce the lateral signal
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up-regulate the activity of the lateral signal and down-
regulate the activity of the receptor. This feedback
mechanism shouid resuit in only one cell producing active
lateral signal and the other cell producing only active
receptor (Seydoux and Greenwald, 1989; Sternberg, 1988b).
In vulval development, the outcome of lateral signalling
among the VPCs is invariant and is believed to be biased by
the inductive signal produced by the anchor cell. It is
proposed that the lateral signalling initially acts in propor-
tion to the amount of inductive signal received by each VPC.
The feedback mechanisms of the lateral signal then act to
accentuate the differences in the amount of lateral signalling
between the VPCs. This ensures that adjacent cells assume
different fates in response to different levels of the inductive
signal (Sternberg and Horvitz, 1989).

Another way of comparing the relative contribution of the
inductive signal and the lateral signal in controlling pattern
formation is by examining the genetic interactions of the two
signals. In animals with fin-12 gain-of function mutations,
all six VPCs usually assume the 2° fate. There is also usually
no anchor cell in these animals and thus no inductive signal
(Table 1F2). However, in those lin-/2 gain-of-function
mutant animals that have an anchor cell, Po.p always
assumes the 1° fate (Table 1F3) (Sternberg and Horvitz,
1989). Thus, for a single cell, the action of the inductive
signal in specifying the 1° fate overrides the action of the
lateral signal in specifying the 2° fate. A function of the
lateral signal in patterning though, is to prevent two adjacent
VPCs from both assuming the 1° fate. Thus an important
experiment i to determine if the lateral signal can still
promote adjacent cells to assume different fates when they
both receive high levels of the inductive signal, In fin-3
transgenic animals, which overexpress the inductive signal
in the anchor cell, adjacent VPCs often both have the 1° fate
{Table 1T} (Hill and Sternberg, unpublished data). In this
situation, two adjacent VPCs both assume the 1° fate, even
though each of them should be laterally signalling their
neighbors to be 2°. Thus, ¢ither a high level of the inductive
signal specifies the 1° fate and overrides the action of the
lateral signal, or, alternatively, Lin-3 protein might bind to,
and inhibit the action of either the ligand or the receptor of
the lateral signal, In either case, the dose of the inductive
signal must be limited to achieve wild-type patterning in
which P5.p and P7.p assume the 2° fate.

Pattern Summary

The pattern of 1° and 2° fates assumed by the VPCs is deter-
mined both by the action of an inductive signal encoded by
fin-3. and a lateral signal that acts though [lin-/2. The
inductive signal appears to provide the specific information
that sets up the pattern of fates assumed by the VPCs. First,
the inductive signal originates only from the anchor cell and
is the only signal that clearly provides spatially specific
informatien. Second, the fact that the fate of an isolated VPC
correlates with its distance from the anchor cell, suggests
that different doses of the inductive signal promote the 1°,
2°, and 3° fates, and that a spatial gradient of the inductive
signal promotes the VPCs to assume a graded pattern of
fates. Third, a high level of the inductive signal specifies the
1° fate and overrides the action of the lateral signal in spec-

ifying the 2° fate. This indicates that the production of the
inductive signal must be limited to get VPCs with the 2°
fate. The properties of the lateral signal and fin-/2 are
intriguing. On the one hand the lateral signal seems to
reinforce a pattern that has already been determined by the
inductive signal; i. e. the lateral signal ensures that P5.p and
P7.p assume the 2° fate in response to intermediate amounts
of the inductive signal, and that P6.p assumes the 1° fate in
response o high amounts of the inductive signal. On the
other hand, wild-type activity of the gene lin-/2, which is
believed to encode the receptor for the lateral signal, is
required to specify the 2° fate, Thus a VPC that receives a
dose of the inductive signal that promotes the 2° fate still
apparently requires input from the lateral signal to assume
the 2° fate. Thus, the mechanism by which an isolated VPC
assumes the 2° fate is unclear, since it lacks neighbors with
which it can laterally signal. Such a VPC may engage in
autocrine signalling through lin-12 to assume the 2° fate.
The inductive signal and the lateral signal appear to
cooperate to promote the graded 2° 1° 2° pattern of fates
assumed by the induced VPCs. The use of two signals to
promote this pattern may ensure that the process of pattern
formation has a reproducible outcome. Thus for example,
the lateral signal could ensure that the VPCs assume a 2° [°
2° pattern of fates over a broad dose range of the inductive
signal, as long as the inductive signal is distributed in a
gradient.

Our current model of VPC fate determination is summa-
rized in Fig. 1. An inhibitory signal that arises in a spatially
general manner inhibits the VPCs from assuming vulval
fates in the absence of the inductive signal. Localized pro-
duction of the inductive signal encoded by lin-3 controls the
number and location of VPCs that assume the vulval fates.
Lateral signailing among the VPCs acts in response to a
spatial gradient of inductive signal to specify P5.p and P7.p
to assume the 2° fate.

PROSPECTS

A question for the future is how the different signals interact
to control the fate of the VPCs. The molecular cloning of
several key genes in these intercellular pathways means that
the interactions of these signals can be analyzed both genet-
ically and by the techniques of molecular biology. The
molecular mechanism by which the inhibitory signal
represses the response pathway of the VPCs has not been
established. Vulva development provides an exampie where
the outcome of lateral interactions among cells of equiva-
lent developmental potential appears to be controlled by the
action of an outside signal, Elucidating the mechanisms by
which the lateral signal and inductive signal interact to
control the choice between 1° and 2° will be a goal of future
research. The use of genetics to identify additional compo-
nents of the lateral signalling pathway will be important in
understanding the mechanism of action of the lateral signal.
Genetic screens for suppressers of existing mutations that
disrupt vulval development should be useful in identifying
new genes involved in the pathways of vulval fate determi-
nation.
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