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INTRODUCTION

 

Intercellular signaling is essential for the establishment of
pattern, specification of cell fates and control of tissue growth
during development. Central to this paper are two classical
types of cell-cell interaction. One type, called induction, occurs
between cells with different ancestries and distinct develop-
mental potential. In this case, one tissue induces a develop-
mental change in the other. The second type, called lateral
signaling, occurs between cells of equivalent developmental
potential. These similar cells interact among themselves and
thereby adopt different cell fates. 

The signal transduction pathways that mediate induction and
lateral signaling are beginning to be understood. Various
molecular components or pathways have been implicated in
inductive interactions, including the GLP-1 membrane protein
for induction of the nematode germline and early embryonic
fates (Austin and Kimble, 1987, 1989; Priess et al., 1987;
Mello et al., 1994) and the EGF signaling pathway for
induction of the nematode vulva (e.g. Sternberg and Horvitz,
1991) and the fly dorsal-ventral axis (Neumann-Silberberg and
Schupbach, 1993). Lateral signaling, on the other hand,
appears to be mediated by homologous pathways in nematodes
and 

 

Drosophila. In nematodes, LIN-12 is required for lateral
signaling between vulval precursor cells to allocate precursors
to specific vulval fates (Greenwald et al., 1983). In Drosophila,
a homolog of LIN-12, called Notch, is required for lateral
signaling and the allocation of some cells as neuroblasts within
an epidermal sheet of precursor cells (e.g. Artavanis-Tsakonas
et al., 1991). Notch is one gene in the neurogenic pathway,

which mediates numerous cell-cell interactions throughout fly
development (Lehman et al., 1983; Greenwald and Rubin,
1992). 

The glp-1 and lin-12 genes, central to induction and lateral
signaling respectively, encode similar proteins (Yochem and
Greenwald, 1989; Austin and Kimble, 1989; Kodoyianni et al.,
1992). Furthermore, the GLP-1 and LIN-12 proteins appear to
be functionally interchangeable (Lambie and Kimble, 1991;
Mango et al., 1991; Fitzgerald et al., 1993; Roehl and Kimble,
1993). Therefore, GLP-1 and LIN-12 are likely to interact with
similar or identical proteins.

Most components of the GLP-1 and LIN-12 signal trans-
duction pathways have not yet been defined at the molecular
level. GLP-1 and LIN-12 themselves appear to be membrane
receptors (GLP-1: Austin and Kimble, 1987, 1989; Yochem
and Greenwald, 1989; Roehl and Kimble, 1993; Crittenden et
al., 1994; LIN-12: Yochem et al., 1988; Seydoux and
Greenwald, 1989; Struhl et al., 1993). In addition, several
genes have been identified genetically as possible candidates
for other parts of the pathway (Lambie and Kimble, 1991;
Maine and Kimble, 1993; Sundaram and Greenwald, 1993). Of
particular importance to this paper are lag-1 and lag-2, which
are required for both LIN-12 and GLP-1(Lambie and Kimble,
1991). The strong loss-of-function phenotype of each lag gene
is virtually the same as that of lin-12 glp-1 double mutants.
Thus, animals lacking lag-1, lag-2, or both lin-12 and glp-1 die
as first stage larvae with a diagnostic set of cell fate transfor-
mations. In addition, weak loss-of-function mutations of lag-1
and lag-2 survive larval development, but exhibit defects in
postembryonic development that are typical of glp-1 or lin-12
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The 

 

C. elegans lag-2 gene is required for several cell-cell
interactions that rely on the receptors GLP-1 and LIN-12.
In this paper, we report that lag-2 encodes a putative
membrane protein with sequence similarity to Drosophila
Delta, a proposed ligand for the Notch receptor. Further-
more, we show that the lag-2 promoter drives expression
of a reporter protein in the signaling distal tip cell (DTC)
of the DTC/germline interaction. By in situ hybridization,
we have found that endogenous lag-2 mRNA is present in
the DTC but not the germ line. One fusion protein, called

LAG-2::

 

β-gal(intra), rescues a lag-2 null mutant and can
be detected in both DTC and germ line. Taking these
results together, we propose that lag-2 may encode a
signaling ligand for GLP-1/LIN-12 and that the entire
LAG-2 protein may be taken up into the receiving cell
during induction by GLP-1 and lateral signaling by LIN-
12. 

Key words: lag-2, glp-1, lin-12, induction, lateral signaling, C.
elegans, Delta, signal transduction

SUMMARY

lag-2 may encode a signaling ligand for the GLP-1 and LIN-12 receptors of
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single mutants. Therefore, the lag-1 and lag-2 genes have been
predicted to encode proteins common to the GLP-1 and LIN-
12 signal transduction pathways. 

Analysis of the individual components of a signal transduc-
tion pathway is greatly facilitated by the separation of the signal
and receptor into well-defined cells or tissues. The cells partic-
ipating in an inductive interaction are clearly defined as signaling
or receiving members of the interaction. By contrast, cells
involved in lateral signaling are initially equivalent and must
resolve into signaling or receiving members of the interaction.
We have therefore focused on the role of LAG-2 in a single cell-
cell interaction that is mediated by GLP-1: induction of the
germline by the somatic distal tip cell (DTC). For a detailed
description of DTC and germline anatomy, see Fig. 3 in the
accompanying paper (Crittenden et al., 1994). Briefly, the DTC
resides at the distal end of the germ line and induces mitotic
divisions in the germline throughout postembryonic develop-
ment and adulthood. Therefore, this GLP-1 mediated inductive
interaction is both well-defined and accessible to manipulation. 

In this paper, we demonstrate that lag-2 encodes a
membrane protein with structural similarity to Delta and
Serrate (putative signals for Notch). Furthermore, we establish
the lag-2 null phenotype at the molecular level and propose
that a family-specific cysteine-rich motif present in the
predicted extracellular domain is crucial for LAG-2 function.
In addition, we show that lag-2 is expressed in the DTC, but
not the germline. Finally, we provide evidence that the entire
LAG-2 protein may be taken up by the germ line during
induction. We propose that lag-2 encodes a signal that interacts
with both GLP-1 and LIN-12 in inductive interactions and
lateral signaling during development. 

MATERIALS AND METHODS

Worms strains and mutagenesis
All stocks were derived from wild-type Caenorhabditis elegans var.
Bristol, strain N2 (Brenner,1974). For UV mutagenesis, hermaphro-
dites were exposed to 310 nm UV at 12 J/m2/sec for 15 seconds.
Trimethylpsoralen(TMP)/UV mutagenesis was done as described by
Yandell et al. (1994). Table 2 lists the lag-2 alleles discussed here. 

Nucleic acid manipulations
Standard molecular protocols were used (Sambrook et al., 1989).
Phage obtained are: JK#L70 and JK#L71, isolated from an EMBL3
genomic library (thanks to C. Cummins) by screening with pJK229
(see below); JK#L74 and JK#L77, isolated from embryonic cDNA
libraries (thanks to P. Okkema and J. Ahringer) by screening with
fragments from T27C3 and JK#L70. Subclones relying on pBluescript
II KS- as vector (Stratagene) include: pJK229, 4 kb HindIII fragment
from T27C3; pJK232: partial SalI fragment from JK#L70 ; pJK254,
EcoRV fragment from pJK232; pJK361, BamHI fragment from
JK#L74; pJK367, EcoRI fragment from JK#L77; pJK373, HindIII
fragment from pJK361. Sequencing relied on Sequenase T7 poly-
merase (USB) following manufacturers protocol. Sequenced cDNAs
were analyzed using the BLAST program (Altschul et al., 1990). 

Transplicing was examined by RT-PCR. Total RNA was isolated
from mixed stage N2 hermaphrodites and poly(A)+ selected using
Oligotex-dt (Qiagen). cDNA was made using a lag-2-specific primer
(DG54). PCR was done with cDNA template using primers for SL1
or SL2 and a nested lag-2-specific primer (DG56). PCR products were
cloned into pT7Blue (Novagen) and sequenced to confirm splice
junction.

Two expression plasmids were constructed as follows: lag-2
5′::lacZ (pJK375): 3 kb SalI fragment from pJK254 was ligated into
the SalI site of pPD21.28 (Fire et al., 1990). This genomic fragment
includes approximately 3 kb upstream of lag-2, ending 147
nucleotides upstream of the putative translational start site. lag-
2::lacZ(intra) (pJK374): 4.4 kb KpnI fragment from pJK254 con-
taining much of the lag-2 coding sequence as well as 3 kb of upstream
sequence was ligated into the KpnI site of pPD21.28 (Fire et al.,
1990). The site of fusion is 16 amino acids downstream of the
predicted transmembrane domain of LAG-2 protein. 

Deficiency mapping by using PCR
The extents of deficiencies were established by using primer pairs and
the polymerase chain reaction (PCR; Fig. 1). DNA was extracted from
individuals homozygous for the given deficiency and amplified by
PCR with tester and control primers to confirm the presence of DNA.
Tester primer pairs were obtained from YACs and cosmids or directly
from DNA sequences obtained from the Genome Sequencing Project
(see Table1).

Generation of transgenic animals
Hermaphrodites were injected with a mixture of pRF4 (100 µg/ml)
and a test DNA (10 µg/ml) as described by Mello et al. (1991). Trans-
genic nematodes roll due to the presence of pRF4 DNA; roller lines
were established (Mello et al., 1991). 

Rescue of lag-2(ts) by microinjection
For each test DNA, multiple roller lines were established at 15°C in
a lag-2(q420ts) background. Rescue was assessed by counting
progeny: at 25°C, wild-type hermaphrodites generate >100

S. T. Henderson and others

Primer sequence:  5´ → 3´

EL4   CTT GTG ACT TTT CTT GTA CC
EL5   GTT GCA GTT TCC AAA GAC AAC

EL7   CTG CAT GAA TGG AAA TGC AGC
EL8   CGG CTG CTC AAA CCT TAC CC

EL12  GTC TGG CAC CTC GCT GAT AAG
EL13  GGG TGA ACT TCC GAG CTT TG

DG1   GAC CAC TGT CAG CAG CCT G
DG2   GAG CTC AAA ACT ATA CAA TCT G

DG3   CTG CCG GAG CCA TTT GCA C
DG4   CTG CGA AGA ATC TCA ATG TC

DG5   GAC ATT GAG ATT CTT CGC AG
DG6   GCT TGG AAC TTT GTG CGC G

DG7   CAA TTC ACA CAA CCG CTG GTC
DG8   CCA TCA TCG ATG AAC AAT ACC

DG9   GGT ATT GTT CAT CGA TGA TGG
DG10  GTA AGG GCA GTA GCA TAC TG

DG15  CAA ATC CTA CCC GTA TTT CCT
DG16  AGA GAG TTA CTT CAC CGG ATG

DG25  TGT CAT GTT GAC CTT GGG TC
DG26  AAG AGA TAT ACT ACA CGA ATG C

DG43  AGG ATG TGA GAA TGC ACT GAT
DG44  AAC TTT CCT TCG GAC GAG AC

ZK230

stP3

Y45G12

T18A6

cm11f10

cm11e2

cm11e2

cm11f10

F02C9

ZK253

T27C3

Source*

     *Sequence obtained from subcloned YAC (Y45G12), cosmids (ZK230,
T18A6, FO2C9, ZK253, T27C3),  known cDNAs (cm11f10 and cm11e2), or
known polymorphism (stP3).

Table 1.  Primers used for deficiency mapping
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progeny/animal (n=20), whereas lag-2(q420) produces 2.6
progeny/animal (n=20). If at least one line yielded >60 progeny/her-
maphrodite (n=20), the transgene was scored as positive; if none of
at least five independent lines yielded an average of >60 progeny/her-
maphrodite (n=20), it was scored as negative. 

Identifying the molecular basis of lag-2 mutations
Single L1s homozygous for a given lag-2 mutation were examined
for point mutations by PCR SSCP (PCR single strand conformational
polymorphism; Orita et al., 1989). The segment with a polymorphism
was amplified, subcloned into pT7 Blue (Novagen) and sequenced. If
no change was detected by this method, fragments were amplified,
cloned and sequenced until the lesion was found. For sequencing, at
least four independently amplified clones
were examined for each allele. In addition,
since each point mutation alters a restriction
site, PCR products obtained from mutant
DNA were digested with the appropriate
restriction enzymes to confirm the single
base change.

In situ hybridization to lag-2 RNA
In situ hybridization was performed as
described (Evans et al., 1994) with the
following modifications: hybridization time
was shortened to 12 hours, and 100 µg/ml
yeast tRNA was used in place of salmon
sperm DNA and glycogen. Plasmid pJK373
was linearized with XhoI for T3 transcrip-
tion to generate the sense probe and SpeI for
T7 transcription to generate the antisense
probe. 

Detection of β-galactosidase fusion
constructs and GLP-1
β-galactosidase and GLP-1 were examined
either in intact transgenic animals or their
dissected gonads, as described by Evans et
al. (1994); Crittenden et al. (1994).

RESULTS

lag-2 encodes a small
transmembrane protein that is
structurally similar to Drosophila
Delta 
We cloned the lag-2 gene by a combi-
nation of deletion mapping and mutant
rescue (Fig. 1). In parallel, lag-2 was
cloned by another group (Tax et al.,
1994); the results from the two labs are
in agreement except for a few
nucleotides in intron 1. Fig. 2 presents
the lag-2 coding region and its
predicted product. The exon/intron
boundaries were determined by
comparing the nucleotide sequences of
the lag-2 cDNAs (pJK361 and pJK367,
Fig. 2A) with that of the corresponding
genomic region (Fig. 3, see legend).
The two predicted introns both have
acceptor and donor sequences typical
of C. elegans introns (Emmons, 1988).

Neither cDNA clone contained a translational start site;
therefore the 5′ end of lag-2 transcript is not known. A
potential translational start, deduced from genomic sequence,
begins an open reading frame of 1206 nucleotides, which is
followed by a 269 nucleotide 3′ untranslated region (3′ UTR)
(Fig. 3). A predicted polyadenylation signal AAAAAA, which
is used in some C. elegans transcripts (T. Blumenthal, personal
communication), was found. Because a perfect match to the
consensus C. elegans splice acceptor occurs 7 nucleotides
upstream of the predicted translational start, we asked whether
lag-2 might be transpliced. Using one primer to SL1 (Krause
and Hirsh, 1984) or SL2 (Huang and Hirsh, 1989) and a second

    

Y73C8 (+)

F02C9 (-)

T27C3 (+) pJK229 (-)

T28A11(-)
ZK253(-)

Y38A4 (-)

pJK254 (+)

     YACS
  COSMIDS
SUBCLONES
     (rescue)

OLIGOS

DEFICIENCIES

DG7-10 DG15,16 DG43, 44 DG25, 26

q501

q480

C.

Y73C8

 Y38A4

cm11e2
ZK230

Y51D5

cm11f10
T18A6

YACS ,COSMIDS
       & cDNAS

OLIGOS

DEFICIENCIES

DEFICIENCIES

YACS & COSMIDS

OLIGOS

GENETIC MAP

DG3-6 DG7-10 EL4,5

q479

q481, q488, q499, ut103
B.

sDf40,  sDf49

sDf27

lag-2 lin-40 stP3

Y45G12
Y51D5

Y73C8
T04E10

T18A6
ZK230

EL12,13       DG1,2            EL4,5                                      EL7,8

A.

lag-2

unc-60

LG V

ut105

EL4,5

ZK230

s1486
q389

q387

q431

JK#L71(-)JK#L70(+)

DG1,2

Fig. 1. Molecular cloning of lag-2. Cloning strategy shown as three successively expanded
views with broken lines indicating changes in scale. Many genes, YACs and cosmids are
omitted for clarity. YACs (Y prefix) and cosmids (F, T and ZK prefixes) were obtained from
the C. elegans Genome Sequencing Project. Primers (e.g. EL7,8) are described in Table 1. In
A and B, YAC Y73C8 (230 kb) provides a size reference; in C, pJK254 (7 kb) is the size
reference. The vertical dark, broad line indicates the position of the lag-2 locus; the vertical
light, narrow lines indicate approximate locations of oligo primers. (A) Genetic map and
deficiencies sDf27, sDf40, and sDf49 used to anchor lag-2 onto the physical map. YACs and
cosmids under region of deficiency overlap were identified. (B) Deficiencies obtained as lag-
2 mutations (q479, q481, q488, q499, ut103 and ut105 ) were used to narrow the lag-2
region. (C) Smaller deficiencies obtained as lag-2 mutations (q387, q389, q431, q480, q501,
s1486 ) were used to further narrow down the lag-2 region. Mutant rescue experiments
refined the lag-2 location to a 7 kb plasmid (pJK254). Rescue of lag-2(q420) is indicated by
(+) or (−) following clone names. We isolated several cDNAs, including pJK361 (Fig. 2),
with restriction fragments derived from JK#L70 and T27C3. We selected for further study
the cDNA pJK361 (Fig. 2) because its deduced amino acid sequence is similar to that of
Drosophila Delta (Figs 3, 7), which we might have expected, and because part of the
sequence was identical to that of lag-2 as reported independently by Tax et al. (1994). 
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primer to lag-2 coding sequence, we identified an SL1
transpliced product. Sequence of the PCR product revealed an
SL1 transpliced leader at the predicted position.

The conceptual translation product of lag-2 possesses 402
amino acids (see Fig. 3). At the N terminus is a putative signal
sequence (von Heijne, 1985); more C-terminally is a second
hydrophobic region with the hallmark features of a transmem-
brane domain complete with basic residues on its C-terminal
side (Figs 2B, 3). Therefore, we suggest that LAG-2 is an
integral membrane protein.

The LAG-2 amino acid sequence is most similar to that of the
Drosophila proteins Delta and Serrate (22.5% similar to Delta
and 23.4% to Serrate). More importantly, the LAG-2 architec-
ture bears a striking resemblance to that of Delta and Serrate: all
three proteins are predicted to be integral membrane proteins
bearing a single transmembrane domain and all possess the same
types of cysteine-rich motifs (see Fig. 7A and Discussion) The
most N-terminal cysteine-rich motif of LAG-2, Delta, and
Serrate is probably the most significant one. This motif exhibits
a conserved number and spacing of cysteines, glycines, and
phenylalanines/tyrosines and the spacing of these amino acids is
unique. We suggest that this motif may be diagnostic of this
family of proteins and refer to it as the DSL motif (for Delta,
Serrate, and LAG-2) (Fig. 7B; see Discus-
sion). Immediately C-terminal to the LAG-
2 DSL motif is a half EGF-like repeat (Figs
2B, 3). The next cysteine-rich region
conforms to a typical full EGF-like repeat
(Figs 2, 3, 7C). The predicted intracellular
domain consists of 94 amino acids,
including a cluster of 14 amino acids, rich
in proline (P), serine (S) and threonine (T)
residues, similar to PEST sequences impli-
cated in rapid degradation of proteins
(Rogers et al., 1986). 

Molecular basis of lag-2 mutations 
We have determined the molecular
lesions associated with 16 lag-2
mutations (Table 2, Figs 2, 3) (see
Materials and Methods). Four mutations,
lag-2(q393), lag-2(q411), lag-2(q420),
lag-2(q477), carry single base changes
within lag-2. The lag-2(q411) mutation
creates a stop codon early in the gene and
is likely to be a protein null; this allele
results in the most severe Lag loss-of-
function phenotype (Table 1, Figs 2, 3).
The lag-2(q393) mutation changes one
conserved cysteine in the DSL motif to a
tyrosine. The strong loss-of-function
phenotype associated with lag-2(393)
suggests that the DSL motif may be
essential for LAG-2 function. The tem-
perature-sensitive lag-2(q420) mutation
changes the invariant splice acceptor AG
to AA and may result in inefficient
splicing (Aorian et al., 1993). The tem-
perature sensitivity of this mutant
suggests that more functional transcripts
may be made at lower temperature. The

lag-2(q477) mutation generates a stop codon just within the
predicted transmembrane domain and results in a strong loss-
of-function phenotype. The presence of these molecular
changes confirms the identity of this sequence as lag-2. The
other 12 lag-2 mutations are deletions (Table 2). The null
phenotype is thus confirmed by the identification of numerous
deficiencies and two nonsense mutants (Table 2). The lag-
2(q387) mutation, which was first assigned as the lag-2
canonical allele, is a large deficiency that removes not only
lag-2 but also neighboring DNA. By contrast, lag-2(q411) is
a nonsense mutant mapping towards the 5’ end of the lag-2
coding region. In light of this molecular information, we
reassign the canonical allele to be lag-2(q411). 

lag-2 is expressed in the distal tip cell 
The similarity of LAG-2 with Delta and Serrate would suggest
that LAG-2 may encode the signaling ligand for GLP-1 and
LIN-12, much as Delta is thought to signal Notch (see Dis-
cussion). To test this prediction, we examined the expression
of lag-2 in cells participating in an inductive interaction that
controls germline proliferation. In this cell-cell interaction, the
somatic DTC is the signaling cell and the germ line is the
receiving tissue (Kimble and White, 1981). We therefore asked

S. T. Henderson and others

  

q411
CAG^TAG

q477
TAC^TAAATG

q393
TGT^TAT

q420
agG^aaG

100 bp

A.
S S SpeI PSII K E SN

1 kb

q389
s1486

DSL TM PESTEGF1/2 EGFSS

pJK361
pJK367

B.

pJK254

K

SL1

S

0

4.5

-4.5
50 100 150 200 250 300 350 400

Fig. 2. Molecular map of lag-2. (A) Above, restriction map of lag-2 genomic region with
extent of the 7 kb rescuing plasmid, pJK254; S, SalI; SII, SacII; N, NarI; K, KpnI; E,
EcoRV; and P, PstI. Below, the deduced lag-2 gene structure. Thin lines, non-coding
regions, indicate postions of transpliced leader SL1 and introns; boxes, protein coding
regions. The LAG-2 amino acid sequence was obtained from two cDNAs: pJK361 and
pJK367, solid lines. Positions of point mutations and extents of deletions, q389 and
s1486, are shown. (B) Schematic of LAG-2 protein with the corresponding
hydrophobicity plot (Kyte and Doolittle, 1982) shown below. 
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ctcta agtat tttcc cgaac ttata gtcga ccttg agctt tgcta gaagc caaca acact tttca aattt gcctt ttttc agaaa ATG ATC GCT TAC TTC 100
  M   I   A   Y   F 5

SalI

CTC TTA CTC CTC ACC TGC CTC CCA GTC CTC CAA GCC CGA GTA GAA GTC CAT CAA GAG TTC ATC TCC TCG AAG CGA GTC TCC GTC CGC TTC GAA ATT GTC A 200
  L   L   L   L   T   C   L   P   V   L   Q   A   R   V   E   V   H   Q   E   F   I   S   S   K   R   V   S   V   R   F   E   I   V 38

CA GAG TCC CAC TCG CCG AAT CGT CCA GTC ACA TTT GAC CTC TTC CCC CGC GGC CCC AAA ACC AAC ATC ATC CTT CTC GAC ACG TTC AAC CCG GTC TTC AA 300
 T   E   S   H   S   P   N   R   P   V   T   F   D   L   F   P   R   G   P   K   T   N   I   I   L   L   D   T   F   N   P   V   F   N 72

C TTT TCC ATT CAA CTT GTG CAG CCG TTC ACT GGT CAG CCG CTC GGT GAT CGG ATC TAT CGA AAA GTT CAG TTT TCG GGC ACC AAC CAG CCG TGG ATC AAC 400
    F   S   I   Q   L   V   Q   P   F   T   G   Q   P   L   G   D   R   I   Y   R   K   V   Q   F   S   G   T   N   Q   P   W   I   N 105

q411

GAC ACG TTC ACG ACG ACA TCT GGA ATT TCG TTG AGC GTG GCG ACC GAG GTC ACA TGT GCT CGC AAC TAT TTC GGG AAT CGA TGC GAA AAC TTT TGT GAT G 500
  D   T   F   T   T   T   S   G   I   S   L   S   V   A   T   E   V   T   C   A   R   N   Y   F   G   N   R   C   E   N   F   C   D 138

CA CAC TTG GCG AAG GCC GCG AGG AAA AGA TGC GAC GCC ATG GGA CGT CTC CGC TGT GAC ATC GGA TGG ATG GGA CCA CAT TGT GGA CAA G gtgag cttta 600
 A   H   L   A   K   A   A   R   K   R   C   D   A   M   G   R   L   R   C   D   I   G   W   M   G   P   H   C   G   Q 168

q393

acttc agtgt gtgtt tacgt ggtat caggc tgtcc catca gggtt tgatc tacaa aaaat gcagg aattt tttgg ctcaa aaaat gtgac gtcag cgagt 700

tctta actgg gtctc aactc ccgca ttttt tttgt agatc taggt agatc aaacc gaaat gggac actct ggcac cacgt gtgtg tctca aaact tccta 800

tagat ttttt caagt gtttt atttc ag CC GTT GAC CCC CGC AAG TGC TCA TGC GAG AAC GAC GGA ATC TGC GTC TCG TCG ATG ATT CAT CCA AGT CAG CC 900
  A   V   D   P   R   K   C   S   C   E   N   D   G   I   C   V   S   S   M   I   H   P   S   Q   P 193

A AAT CAA ACA TCG AGC AAT GAA CAG TTG ATC TGC GAA TGC ACC AAC GGC TTC ACC GGC ACT CGT TGC GAA ATT TTC GGC TTC AAT CAG TTC CAG CTG ACC 1000
    N   Q   T   S   S   N   E   Q   L   I   C   E   C   T   N   G   F   T   G   T   R   C   E   I   F   G   F   N   Q   F   Q   L   T 226

GCG CCC CGA CCA GAT GCT TGC AGT GTC AAA GAC GCC TGC TTG AAT G gttag ttgtt ttgtt agagt ctaga catga gaatt tgttt tttca g GC GCC AAA 1100
  A   P   R   P   D   A   C   S   V   K   D   A   C   L   N 244G   A   K

q420

TGC TTC CCA AAC GGT CCG AAA GTC TTC TGC TCC TGC GCT GTC GGC TTC ATC GGT GAA TTC TGT GAA ATC TCA CTC ACC ACC ACC ACC CCA ACT ACC GTG G 1200
  C   F   P   N   G   P   K   V   F   C   S   C   A   V   G   F   I   G   E   F   C   E   I   S   L   T   T   T   T   P   T   T   V 277

AG ATT ACC GTC TCT ACC TCG GGA TAC TCC AGC GCC GTC TAC ATC ACA GTT GCT CTC TTC GTG ATC TTC TCC ATC ATC ATC GGA TGC TTC AAG TAC AAG TT 1300
 E   I   T   V   S   T   S   G   Y   S   S   A   V   Y   I   T   V   A   L   F   V   I   F   S   I   I   I   G   C   F   K   Y   K   F 311

q477

C AAG CCG ATG AGA CAG CAG GCC TTG GCT CGT GGA CAG GTA CCA GAG CCC TAC AAG ATG CCT GAG ACA AAG TCG ATG CTG ATC GAT CCG GAA GCT TCA GAG 1400
    K   P   M   R   Q   Q   A   L   A   R   G   Q   V   P   E   P   Y   K   M   P   E   T   K   S   M   L   I   D   P   E   A   S   E 344

KpnI

GCT CAG AAG AAG GTG TTC ACC ATC GAG GGC AGT GTG CAG AAG ATT GAT GAG GAA GTG AGG TAT ACC AGT GCT CCA AGG AAG TAT GAA TCG AAT AAT GAG T

  A   Q   K   K   V   F   T   I   E   G   S   V   Q   K   I   D   E   E   V   R   Y   T   S   A   P   R   K   Y   E   S   N   N   E 377
1500

AT GCC GTT ATT CAA AAG TCT ACT CCA CCG CCA CCA TCT TTA AGT CCA CCG TCT ATT CCA GCC TGC CAC TAT GTC TAG attct tcctt tatcc aaaaa atg 1600
 Y   A   V   I   Q   K   S   T   P   P   P   P   S   L   S   P   P   S   I   P   A   C   H   Y   V   . 402

tgtgc ttctt ccacg agtaa aaatt ttcac cgttt ttttc tcagt ttctc tctct tatct cattt tcttt aactg tttcc cttct gatgt tacgt gtaat 1700

ttccg atctc ctaca ttccg tccca tctcc ccacc tcctc cagca tcccg cgttc gtttt tcatt tcatt gtatt ctgaa atgtt tgttg taatt tatac 1800

tttta tactt tttgt tttct gtttt ctgaa aaaaa attgc tgatc caaat cttga aaatc tggtc cacac ctgtc tgaca ggtgc agtgt gaaaa gcgca 1900

accaa aatga tacga aa 1917

Fig. 3. The lag-2 sequence. Genomic sequence of the region surrounding the lag-2 gene; noncoding sequences in lowercase, predicted
coding regions in uppercase. Transpliced leader SL1 splice acceptor site 5′ of predicted ATG is boxed. Hydrophobic regions underlined
with thin line, predicted signal sequence found at amino terminus. DSL motif underlined by thick striped line. Half EGF-like region
underlined with thick broken line. Full EGF-like region shown as thick solid line. Predicted transmembrane region shown as thin underlined
sequences from amino acid positions 288-307. Predicted PEST sequence underlined with grey stippled box. Polyadenylation signal
underlined with 

 

●●●●●, site of polyadenylation indicated with arrow. Important restriction sites and known point mutations (Table 2)
labeled above corresponding position.
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whether LAG-2 was expressed in the DTC rather than in the
germline. 

To examine the site of lag-2 expression, we constructed two
reporter constructs (see Materials and Methods). First, lag-2
5′::lacZ fuses the 5′ flanking region of lag-2 to a lacZ gene
equipped with a nuclear localization signal (NLS) (see Fig. 4D,
left). lag-2 5′::lacZ removes all predicted lag-2 coding and
downstream sequences. The reporter protein produced from
lag-2 5′::lacZ should be localized in the nucleus of the cell that
synthesizes it. Second, lag-2::lacZ (intra) fuses the lacZ
coding region into lag-2 at nucleotide +1341 (Fig. 3); this
fusion removes the region that encodes most of the intracellu-
lar domain plus all downstream sequences. The reporter
protein produced from this construct, called LAG-2::β-
gal(intra), retains 16 amino acids of LAG-2 past the predicted
transmembrane domain and replaces the remaining intracellu-
lar amino acids with β-galactosidase. (Fig. 4D, right). LAG-
2::β-gal(intra) should be inserted into the membrane and might
mark the subcellular location of native LAG-2. 

In adult hermaphrodites carrying either lag-2 5′::lacZ or lag-
2::lacZ(intra), β-galactosidase was observed in the DTC (Fig.
4). The DTC is most clearly identified in gonads that have been
extruded from the animal (Fig. 4A). However, most of our
observations were made by staining whole animals. In adult
hermaphrodites carrying lag-2 5′::lacZ, we observed β-galac-
tosidase exclusively in the DTC nuclei (see Fig. 4B). β-galac-
tosidase was found in 62% (30/48) of the DTCs examined in
lag-2 5′::lacZ animals, but it was not observed in the germ line
or in any non-gonadal cells of these hermaphrodites. Similarly,
in adult hermaphrodites carrying lag-2::lacZ(intra), we

observed β-galactosidase in 100% (42/42) of the DTCs
examined. In addition to the consistent DTC staining of lag-
2::lacZ(intra) animals, we observed β-galactosidase within the
germ line of 36% (15/42) of the gonads. This germline staining
appeared to extend some distance from the distal tip cell (Fig.
4A,C; also see below). This germline staining was unexpected.
LAG-2::β-gal(intra) is predicted to have β-galactosidase on the
intracellular side of the fusion protein, which should reside
within the cytoplasm of the distal tip cell. Some variable
staining was also seen outside the gonad of lag-2::lacZ(intra)
animals: a single uncharacterized cell stained positively with
X-gal within the head of 2/21 animals, a few cells were positive
in the pharynx of 1/21 animals, and a few uncharacterized cells
were positive in the tail of 1/21 animals. 

Remarkably, lag-2::lacZ(intra) rescues lag-2 mutants. Not
only can lag-2::lacZ(intra) rescue the temperature sensitive
allele lag-2(q420), but it also rescues the null mutant lag-
2(q411). Thus, lag-2(q420) and lag-2(q411) can live,
reproduce, and be maintained as homozygous stocks when the
lag-2::lacZ(intra) transgene is present. Only Roller animals
survive in these strains, showing that the presence of the
transgene is essential. Based on this result, we suggest that the
specific amino acid sequence of the LAG-2 intracellular
domain is not required for LAG-2 function.

Endogenous lag-2 mRNA is present in the DTC but
not the germline 
The production of β-galactosidase in the DTC by lag-2 5′::lacZ
or lag-2::lacZ(intra) suggests strongly that endogenous lag-2
is expressed in the DTC. However, lag-2 germline expression
may not have been observed in these experiments because
expression of β-galactosidase from a transgene has never been
detected in the C. elegans germ line (Fire et al. 1990; our
unpublished observations). To investigate the possibility of
lag-2 germline expression we examined, by in situ hybridiz-
ation, the location of endogenous lag-2 RNA in dissected
gonads from wild-type adult hermaphrodites (see Materials
and Methods). With the lag-2 anti-sense probe, we found that
lag-2 RNA is limited to the DTC and is absent from the
germline (Fig. 5A). With the corresponding lag-2 sense probe,
we observed no staining in either DTC or germline (Fig. 5B).
Other transcripts (e.g. glp-1, fem-3) are readily detected in the
germ line using this technique (Crittenden et al., 1994; T.
Evans, personal communication). We conclude that endoge-
nous lag-2 expression in the adult gonad is limited to the DTC
and excluded from the germ line. 

LAG-2::β-gal co-localizes with GLP-1 in the germline
Since the LAG-2::β-gal(intra) protein is functional and can
rescue lag-2 mutants, the subcellular location of this fusion
protein may well mimic that of native LAG-2. To examine the
distribution of LAG-2 and GLP-1 protein in the same gonad,
we used antibodies to β-galactosidase and GLP-1 to stain
dissected gonads from adult hermaphrodites that carried lag-
2::lacZ(intra) (see Materials and Methods). The pattern of
GLP-1 is identical to that reported by Crittenden et al. (1994):
most staining is associated with the germline plasma
membranes in the distal mitotic region of the germ line (Fig.
6B). The pattern of β-galactosidase is similar to that seen with
X-gal: intense staining is found in the DTC and punctate
staining is observed in the germline (Fig. 6C). The image of
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Allele Molecular defect

q411† CAG
Q

TAG
amber 320‡ nullEMS

q393† TGT
C

TAT
Y 555‡EMS strong

lf§

q420†
aaGagG

splice acceptor
ts1092‡EMS

q477 TAC
Y

TAA
ochre 1241‡ nullUV

s1486†
q389† EMS

EMS
3´ deletion
  (<5kb)

see Fig. 2
strong

lf§

q501
q480

TMP/UV
UV

Complete deletion
(~40kb) see Fig. 1 null

q387
q431
q479

EMS
EMS

TMP/UV

Complete deletion
(~200kb) see Fig. 1 null

ut103 mut-6
q499 TMP/UV

Complete deletion
(>400kb)

see Fig. 1 null

mut-6ut105

q481 TMP/UV
q488 TMP/UV

     ‡Positions relative to Fig. 3.

Mutagen*

Table 2.  Molecular basis of the lag-2 loss-of-function
mutations

     *EMS=ethyl methanesulfonate, TMP/UV=trimethyl psoralen/ultraviolet, see Materials
 and Methods; for mut-6 see Mori et al. (1988).

     §When  homozygous,  viability at 15oC is <5% , and at 25oC is 0%.

Position Phenotype

     †For complete description of these alleles see Lambie and Kimble (1991).
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both GLP-1 and β-galactosidase antibodies reveals a striking
co-localization of β-galactosidase and GLP-1 within the
germline at some distance from the DTC (Fig. 6D). This co-
localization demonstrates that the intracellular region of LAG-
2::β-gal is internalized by the germline and suggests that LAG-
2 and GLP-1 may be internalized together into the same
subcellular compartment (see Discussion). 

DISCUSSION

Similarity of LAG-2 to Delta and Serrate suggests a
role of LAG-2 in signaling LIN-12 and GLP-1
The predicted LAG-2 protein of C. elegans is similar in archi-
tecture to the predicted Delta and Serrate proteins of
Drosophila (Fig. 7A) (Vassin et al., 1987; Kopczynski et al.,
1988; Thomas et al., 1991; Fleming et al., 1990; Tax et al.,
1994; this paper). All three proteins are putative integral
membrane proteins, with both an N-terminal signal sequence

and a single transmembrane domain. In their extracellular
domains, all three have EGF-like motifs: Delta and Serrate
possess multiple EGF-like repeats, whereas LAG-2 has only a
single full EGF-like repeat and half EGF-like repeat. Most
importantly, all have a cysteine-rich region that is found in no
other reported protein and that we suggest may define a family-
specific motif (see next section). These structural similarities
strongly suggest that LAG-2, Delta and Serrate are evolution-
ary homologs. 

The similarity of LAG-2 with Delta and Serrate provides an
important clue to LAG-2 function. The following description
focuses on Delta, but for the most part, similar arguments can
also be made for Serrate. Delta is one of the genes of the neu-
rogenic pathway in Drosophila (Lehmann et al., 1983; see
Introduction). Two results have suggested that Delta may be a
signaling ligand for the receptor Notch. First, Notch acts
autonomously whereas Delta acts non-autonomously (Heitzler
and Simpson, 1991). Second, in tissue culture, cells express-
ing Notch adhere specifically with cells expressing Delta

Fig. 4. The distal tip cell expresses β-galactosidase in gonads carrying lag-2 5′::lacZ or lag-2::lacZ(intra). Gonads from transgenic adult
hermaphrodites carrying either lag-2 5′::lacZ or lag-2::lacZ(intra). X-gal is used to detect β-galactosidase. In schematic diagrams, d, distal tip
cell; i, intestine; e, embryos; g, germline; black circles, mitotic germ cells; open circle, DTC nucleus. Scale bar, 20 µm. (A) Gonad extruded
from an adult hermaphrodite carrying lag-2::lacZ(intra). Distal is left; β-galactosidase is found in a cell residing at the distal end of the gonad.
This cell is the DTC. (B) β-galactosidase is limited to the DTC nucleus. Left, intact adult hermaphrodite carrying lag-2 5′::lacZ; right,
schematic diagram. (C) Some β-galactosidase is evident in the germ line at some distance from the DTC. Left, intact adult hermaphrodite
carrying lag-2::lacZ(intra); right, schematic diagram. (D) Constructs are shown beneath the corresponding X-gal staining pattern. In both, β-
galactosidase shown in blue. NLS, nuclear localization signal.
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(Fehon et al., 1990; Rebay et al., 1991). Since LIN-12 and
GLP-1 are structurally similar to Notch (Wharton et al., 1985;
Kidd et al., 1986) and LAG-2 is structurally similar to Delta,
we propose that LAG-2 may be a signaling ligand for LIN-12
and GLP-1. 

A family-specific cysteine-rich motif in LAG-2, Delta,
and Serrate
One unusual feature of LAG-2, Delta, and Serrate proteins is
the most N-terminal cysteine-rich region. From the amino acid
sequences of Delta and Serrate, the C-terminal half of this
motif was recognized by its similarity to EGF-like repeats.
This region was therefore classified as an ‘incomplete’ (Vassin
et al., 1987; Thomas et al., 1991) or ‘degenerate’ EGF-like
repeat (Fleming et al., 1990). However, comparison of the
LAG-2, Delta, and Serrate sequences indicates that this incom-
plete EGF-like repeat is in fact a small part of a new cysteine-
rich motif. We suggest that this motif may be diagnostic of the
Delta/Serrate/LAG-2 family; a similar conclusion has been
drawn by Tax et al. (1994). The number and spacing of
cysteines, several hydrophobic amino acids, and glycines are
strictly conserved in this DSL motif (for Delta, Serrate, and
LAG-2) of all three proteins (Fig. 7B). A DSL motif is also
found in a second Delta homolog in C. elegans, the conceptual
APX-1 protein (Mello et al., 1994). The similarity of the most
C-terminal part of the DSL motif to that of EGF-like repeats
is striking and may indeed reflect an evolutionary relation of
the DSL motif with the EGF-like motif. Nonetheless, the bulk
of the DSL motif differs significantly from an EGF-like repeat. 

The DSL motif appears to be crucial for LAG-2 function:
alteration of one of the conserved cysteine residues in the motif
results in a strong loss-of-function Lag mutant phenotype [lag-
2(q393), Table 2]. In GLP-1, similar missense mutations in
EGF-like repeats do not significantly alter protein stability
(Kodoyianni et al., 1992; Crittenden et al., 1994). By analogy,
the lag-2(q393) missense mutation
may also affect function rather than
stability. If true, this mutation
indicates a central role for the DSL
motif in LAG-2 function, and fur-
thermore, suggests that the DSL
motif is crucial for the function of
Serrate, Delta and other members
of the family as well. 

Function of the LAG-2
intracellular domain 
The intracellular domains of LAG-
2, Delta, and Serrate have little sim-
ilarity to each other or to other
proteins in the data base (Vassin et
al., 1987; Kopczynski et al., 1988;
Thomas et al., 1991; Fleming et al.,
1990; this paper). The lack of sim-
ilarity among the intracellular
domains plus the lack of mutations
mapping to this region provides no
information about a possible
function of the domain. 

We find that the LAG-2 intracel-
lular domain per se is not important

for function. Specifically, most of the LAG-2 intracellular
domain can be replaced with β-galactosidase without elimi-
nating function. The LAG-2::β-gal(intra) fusion protein
possesses only 16 amino acids of the intracellular domain, but
nonetheless rescues both lag-2(ts) and lag-2(0) mutants. Why
then is the intracellular domain so large, with at least 90 amino
acids (LAG-2 94, Serrate 160, and Delta 214) in all three
proteins of the family? The PEST sequence of LAG-2 suggests
that the intracellular region of LAG-2 may regulate protein
turnover, but this function is apparently not essential. We
speculate that the intracellular domain may serve to anchor the
protein in the membranes of specific cells and limit the range
of contact with other cells.

lag-2 is expressed in the signaling DTC but not in
the receiving germline
The homology of LAG-2 with Delta and Serrate suggested that
lag-2 may encode the signaling ligand for the LIN-12 and
GLP-1 receptors. To test this idea, we examined the cellular
location of lag-2 expression, focusing on the DTC/germline
interaction (see Introduction and Crittenden et al., 1994). We
find that lag-2 expression, as assayed by either expression of
reporter constructs or by in situ hybridization, is limited to the
DTC in adult hermaphrodites; expression during larval devel-
opment is more complex and will be described elsewhere (S.
Henderson and D. Gao, unpublished). The localization of lag-
2 to the DTC and not the germline, coupled with the Glp
germline phenotype of weak lag-2 alleles, strongly supports
the idea that LAG-2 is indeed part of the DTC signal required
for germline proliferation. 

By analogy with its proposed function as a signal for GLP-
1 in the DTC/germline interaction, we propose that LAG-2
also functions as a signal for LIN-12 during late embryogene-
sis and larval development. The mutant phenotype of strong
loss-of-function lag-2 alleles implicates LAG-2 in cell inter-
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Fig. 5. RNA in situ hybridization of adult germlines. Dissected adult hermaphrodite germlines
were probed with lag-2 anti-sense probe (A) or sense probe (B). Arrow indicates position of
DTC. No germline lag-2 RNA was observed. 

A  lag-2 anti-sense B  lag-2 sense
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actions occurring during late embryogenesis, whereas the
phenotype of weak lag-2 alleles implicates it in the AC/VU
decision in the somatic gonad among others (Lambie and
Kimble, 1991). Further analysis will be required to resolve the

full extent of the LAG-2/LIN-12 interactions during larval
development. 

The lag-2 gene does not appear to be required for all glp-1-
mediated inductive events. Specifically, unlike glp-1, lag-2
does not appear to function in the early embryo. Maternal glp-
1 is translated to mediate at least two inductive cell interac-
tions at the 4-28 cell stage of embryogenesis (Evans et al.,
1994; Priess et al., 1987; Austin and Kimble, 1987; Mello et
al., 1994; Mango et al., 1994; Hutter and Schnabel, 1994; J.
Rothman, personal communication). By contrast, maternal lag-
2 is not required in the early embryo, lag-2 RNA is not present
in oocytes, and lag-2 is apparently not expressed in early
embryos (E. Lambie and S. Henderson, unpublished; this
paper). Indeed, the apx-1 gene has recently been identified as
a Delta homolog that is a good candidate for the GLP-1
signaling ligand in the embyonic induction of ABp by P2
(Mello et al., 1994). Therefore, we propose that lag-2 is not
the ligand for GLP-1 in the early embryo, but instead that GLP-
1 has one or more embryo-specific ligands.

LAG-2 becomes internalized by the germline during
induction
The LAG-2::β-gal(intra) fusion protein, which is produced by
the lag-2::lacZ(intra) transgene, is detected in both DTC and
germline (Fig. 6D). It seems likely that the presence of LAG-
2::β-gal(intra) in both DTC and germline reflects the normal
location of endogenous LAG-2, largely because LAG-2::β-gal
can rescue a lag-2(0) mutant. We suggest that LAG-2::β-gal
fusion protein is initially synthesized by the DTC and then is
taken up by the germline tissue during induction. By analogy
we suggest that endogenous LAG-2 is transported from DTC
to germline during induction. The co-localization of GLP-1
and LAG-2::β-gal(intra) suggests that the two proteins are
taken up together into the same intracellular site. 

The uptake of LAG-2::β-gal by the germline is similar to the
uptake of Delta by Notch-expressing cells in tissue culture
(Fehon et al., 1990) and the uptake of the boss signaling ligand
by the R7 cell in the Drosophila eye (Kramer et al., 1991;
Cagan et al., 1992). In all three cases, a predicted membrane
protein that acts as a signaling ligand (LAG-2, Delta, or boss)
is observed in cells that do not express that protein and that are
receiving cells in a cell-cell interaction. Furthermore, in all
three cases, the putative receptor protein (GLP-1, Notch,
sevenless) co-localizes with putative ligand. Therefore, these
cell-cell interactions may rely on a common underlying
molecular mechanism. 

Fig. 6. Distribution of LAG-2::β-gal and GLP-1 in adult germline.
(A) Schematic representation of distal region of adult germline,
showing DTC on left. DTC nucleus shown as open circle, mitotic
germ nuclei shown as black circles. Thin lines represent cell
membranes, mitotic germ line is a syncytium. Scale bar, 20 µm. (B-
D) Confocal images of dissected germlines that have been double
stained with both anti-β-galactosidase (red) and anti-GLP-1 (green)
antibodies. (B) GLP-1 is present in germline membranes. See
Crittenden et al. (accompanying paper) to see definitively that the
DTC does not contain GLP-1. (C) The LAG-2::β-gal fusion protein
is present in the DTC and also near the center of the germline. (D)
Simultaneous detection of anti-GLP-1 and anti-β-gal using merged
fluorescein and rhodamine confocal image. Note co-localization of
GLP-1 staining and β-gal staining within membranes of the
germline. 
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Delta is believed to be internalized with Notch protein in
vivo (Kooh et al., 1993). The uptake of LAG-2::β-gal by the
germline extends previous observations with Delta in two
ways. First, β-gal provides a tag for the intracellular domain,
whereas antibodies used to detect Delta were raised against its
extracellular domain. Therefore, the entire LAG-2 protein, and
perhaps other Delta-like proteins, may be endocytosed into the
receiving cell or tissue. Second, within Drosophila, Delta and
Notch are expressed in the same cells and therefore signaling
and receiving cells cannot be distinguished (Kooh et al., 1993).
By contrast, in our work, the signaling and receiving cells are
distinct and LAG-2::β-gal is clearly present in the receiving
tissue. 

How does LAG-2 control cell fate?
The homology of LAG-2 with Delta and Serrate coupled to the
localization of LAG-2 in the signaling DTC provides strong
evidence that LAG-2 is the signal for GLP-1 and LIN-12. How
then might LAG-2 influence GLP-1/LIN-12 activity? Since
loss-of-function mutations of the lag-2, glp-1, and lin-12 genes
effect similar cell fate transformations (Greenwald et al., 1983;
Austin and Kimble, 1987; Lambie and Kimble, 1991), it is
likely that LAG-2 acts positively on GLP-1 to control cell fate.
However, there is little rigorous evidence that bears on the
molecular mechanism involved. LAG-2 might act as a
membrane protein or it might be processed to release a dif-
fusible factor. Given the uptake of the intracellular domain of
LAG-2 into the germline, we favor the idea that LAG-2 acts
without being cleaved. 

One model for LAG-2/GLP-1 function that now appears to
be unlikely is that the extracellular domains of LAG-2 and
GLP-1/LIN-12 bind together to bring the signaling and
receiving cells in close proximity, and some other signal trans-

duction mechanism is operating. The primary evidence against
this model is that the extracellular domain of GLP-1/LIN-12 is
not essential for function (Roehl and Kimble, 1993; Struhl et
al., 1993). Instead, the intracellular ankyrin repeats of GLP-1
are capable of activity on their own (Roehl and Kimble, 1993).
Therefore, LAG-2 must act by influencing the activity of the
intracellular domain of GLP-1. 

Control of GLP-1/LIN-12 activity by LAG-2 could occur by
any of several mechanisms. One simple idea is that LAG-2 sta-
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Fig. 7. Comparison of LAG-2,
Serrate and Delta. (A) Predicted
LAG-2, Serrate and Delta proteins;
motifs identified by key.
(B) Sequence comparison of DSL
motifs from LAG-2, Delta and
Serrate. Note conserved amino acids
and spacing. (C) Sequence
comparison of EGF-like motifs of
LAG-2, Serrate and Delta. EGF-like
motifs from LAG-2, Serrate and
Delta that are most similar to LAG-2
EGF-like motif, consensus derived
from all EGF-like repeats of Delta
and Serrate, and the half EGF-like
repeat from LAG-2. The half EGF-
like motif matches well with the
consensus for EGF-like repeats of
Delta and Serrate. The LAG-2 full
EGF-like repeat contains neither a
tyrosine residue immediately
preceding Cys#2 nor an arginine
immediately preceding Cys#6 which
are found in growth factors. The
LAG-2 EGF-like repeat does not
match the consensus --C-D/N----F/Y-
C-C-- believed to be involved in
hydroxylation and calcium binding
(Selander-Sunnerhagen et al., 1992).
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Fig. 8. Model of LAG-2 and GLP-1 action in germline. LAG-2 is
synthesized in DTC and inserted into its membrane. GLP-1 is
synthesized in the germline and inserted into germline membranes.
We propose that LAG-2 binds and activates GLP-1, which in turn
induces nearby germ cells to remain in mitotic cell cycle. Both LAG-
2 and GLP-1 are endocytosed into the germline syncytium. In the
diagram, we show the endocytosed form as an active complex, which
is down regulated after moving in the germline syncytium.
Alternatively, the endocytosed complex may represent an inactive
form. 

DACSVKDACLNGAKCFPNGPKVFCSCAVGFIGEFCE
DECSSG�P CHNGGTCMNRVNSFECVCANGFRGKQCD

D-C�---P C-NGGTC-D----F-C-C--GF-G--C-
D-C�---P C-NGGTC-D----F-C-C--G--G--C-

DDC�VGQ� CRNGATCIDLVNDYRCACASGFTGRDCE

SNEQLICECTNGFTGTRCE

#1 #2 #3 #4 #5 #6
LAG-2 (a.a.233-266)
DELTA EGFL#9

DELTA consensus
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SERRATE EGFL#7

LAG-2 (a.a. 198-216)

VTCARNYFGNRCENFCDAHLAKAARKRCDAMGRLRCDIGWMGPHC
VTCDLNYYGSGCAKFCRPRDDSFGHSTCSETGEIICLTGWQGDYC
VQCAVTYYNTTCTTFCRPRDDQFGHYACGSEGQKLCLNGWQGVNC
V-C---YY---C--FC-----------C---G---C--GW-G--C

F
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SERRATE

LAG-2
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EGF-like repeat

DSL

Signal Sequence

Transmembrane

Partial EGF-like repeat

PEST

 

100 a.a.

A.
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bilizes GLP-1/LIN-12 and prevents its degradation; by this
scenario, LAG-2 would control the presence of GLP-1/LIN-12
rather than its functional state. According to this model,
absence of LAG-2 would lead to GLP-1/LIN-12 degradation,
a prediction that has not yet been tested. A second model is
that LAG-2 binding might induce a change in GLP-1/LIN-12
and thereby lead to activation (Fig. 8). Such a change might
involve, for example, dimerization or endocytosis. The sub-
cellular co-localization of LAG-2 and GLP-1 and its distribu-
tion in the germ line suggests that the uptake of both signal and
receptor may be important for subsequent events that control
cell fate. 

Conclusions and prospects
In summary, LAG-2 appears to be a signaling ligand for the
GLP-1 and LIN-12 membrane receptors. Therefore, two
central components, signal and receptor, of a signal transduc-
tion pathway that controls cell fate during development, have
been conserved between nematodes and Drosophila.
Homologs of Notch and Delta have also been identified in ver-
tebrates (e.g. Fortini and Artavanis-Tsakonas, 1993, for
review; D. Ish-Horowicz, personal communication), suggest-
ing that this pathway has been conserved in all multicellular
organisms. An indepth understanding of this signal transduc-
tion pathway will therefore have broad significance. Now that
some of the principle components of the pathway have been
identified in a simple inductive cell interaction, we can take the
next step to ask how LAG-2 activates GLP-1 and how that acti-
vation regulates cell fate. 

We are grateful to R. Waterson and A. Coulson for providing C.
elegans YAC and cosmid strains and unpublished sequence informa-
tion in the lag-2 region. We thank P. Kuwabara for isolating lag-
2(q501), R. Johnsen and D. Baille for lag-2(s1486), and I. Katsura,
K. Kondo, and Y. Kawase for lag-2(ut103) and lag-2(ut105). We
thank P. Okkema and J. Ahringer for providing cDNA libraries and
C. Cummings for the genomic lambda library. We thank F. Tax and
J. Thomas for sharing unpublished data on lag-2, and T. Blumenthal
for unpublished data on polyadenylation signals. We are grateful to
S. Carroll for use of his confocal microscope. We are grateful to
Leanne Olds for help with illustrations. Finally we would like to thank
all the members of the Kimble laboratory for stimulating discussions
during the course of this work and for critical reading of this manu-
script. This work was supported by NIH grant GM31816, by an NIH
postdoctoral fellowship to S. T. H. HD07604-01, and by a Damon-
Runyon postdoctoral fellowship to E. J. L.

REFERENCES

Altschul, S. F., Gish, W., Miller, W., Myers, E. W. and Lipman, D. J.
(1990). Basic local alignment search tool. J. Mol. Biol. 215, 403-410.

Aorian, R. V., Levy A. D., Koga M., Oshima Y., Kramer J. M. and
Sternberg, P. W. (1993). Splicing in C. elegans does not require an AG at
the 3′ splice site. Mol. Cell. Biol. 13, 626-637.

Artavanis-Tsakonas, S., Delidakis, C. and Fehon, R. G. (1991). The Notch
locus and the cell biology of neuroblast segregation. Ann. Rev. Genet. 7, 427-
452.

Austin, J. and Kimble, J. (1987). glp-1 is required in the germline for
regulation of the decision between mitosis and meiosis in C. elegans. Cell 51,
589-599.

Austin, J. and Kimble, J. (1989). Transcript analysis of glp-1 and lin-12,
homologous genes required for cell interactions during development of C.
elegans. Cell 58, 565-571

Brenner, S. (1974). The genetics of Caenorhabditis elegans. Genetics 77, 71-
94.

Cagan, R. L., Kramer, H., Hart, A.C. and Zipursky S. L. (1992). The bride
of sevenless and sevenless interaction: internalization of a transmembrane
ligand. Cell 69, 393-399.

Crittenden, S. E., Troemel, E., Evans, T. C. and Kimble, J. (1994). GLP-1 is
localized to the mitotic region of C. elegans germline. Development, 120,
2901-2911.

Emmons, S. W. (1988). The genome. In The Nematode Caenorhabditis
elegans. pp. 47-80. Cold Spring Habor, NY: Cold Spring Harbor Laboratory
Press. 

Evans, T. C., Crittenden, S. E., Kodoyianni, V. and Kimble, J. (1994).
Translational control of maternal glp-1 mRNA establishes an asymmetry in
the C. elegans embryo. Cell 77, 183-194.

Fehon, R. G., Kooh, P. J., Rebay, I., Regan, C.L., Xu, T., Muskavitch, M. A.
T. and Artavanis-Tsakonas, S. (1990). Molecular interactions betweeen the
protein products of the neurogenic loci Notch and Delta, two EGF-
homolgous genes in Drosophila. Cell 61, 523-534.

Fire, A., Harrison, S. W. and Dixon, D. (1990). A modular set of lacZ fusion
vectors for studying gene expression in Caenorhabditis elegans. Gene 93,
189-198.

Fitzgerald, K., Wilkinson, H. A. and Greenwald, I. (1993). glp-1 can
substitute for lin-12 in specifying cell fate decisions in Caenorhabditis
elegans. Development 119, 1019-1027.

Fleming, R. J., Scottgale, T. N., Diederich, R.J. and Artavanis-Tsakonas, S.
(1990). The gene Serrate encodes a putative EGF-like transmembrane
protein essential for proper ectodermal development in Drosophila
melanogaster. Genes Dev. 4, 2188-2201.

Fortini, M. E. and Artavanis-Tsakonas, S. (1993). Notch, neurogenesis is
only part of the picture. Cell 75, 1245-1247.

Greenwald, I. and Rubin, G. M. (1992). Making a difference: the role of cell-
cell interactions in establishing separate identities for equivalent cells. Cell
68, 271-281.

Greenwald, I., Sternberg, P. W. and Horvitz, H. R. (1983). The lin-12 locus
specifies cell fates in C. elegans. Cell 34, 435-444.

Heitzler, P. and Simpson, P. (1991). The choice of cell fate in the epidermis of
Drosophila. Cell 64, 1083-1092.

Huang, X. Y. and Hirsh, D. (1989). A second trans-spliced RNA leader
sequence in the nematode Caenorhabditis elegans. Proc. Natl. Acad. Sci.
USA 86, 8640-8644.

Hutter, H. and Schnabel, R. (1994). glp-1 and inductions establishing
embryonic axes in C. elegans. Development 120, 2051-2064.

Kidd, S., Kelley, M. R., and Young, M. W. (1986). Sequence of the Notch
locus of Drosophila: relationship of the encoded protein to mammalian
clotting and growth factors. Mol. Cell Biol. 6, 3094-3108.

Kimble, J. and White, J. G. (1981). On the control of germ cell development
in Caenorhabditis elegans. Dev. Biol. 81, 208-219.

Kodoyianni, V., Maine E. M. and Kimble, J. (1992). Molecular basis of loss-
of-function mutations in the glp-1 gene of Caenorhabditis elegans. Mol.Biol.
Cell 3, 1199-1213.

Kooh, P. J., Fehon, R. G. and Muskavitch, M. A. T. (1993). Implications of
dynamic patterns of Delta and Notch expression for cellular interactions
during Drosophila development. Development 117, 493-507.

Kopczynski, C. C., Alton, A. K., Fechtel, K., Kooh P.J. and Muskavitch, M.
A. T. (1988). Delta, a Drosophila neurogenic gene, is transcriptionally
complex and encodes a protein related to blood coagulation factors and
epidermal growth factor of vertebrates. Genes Dev. 2, 1723-1735.

Kramer, H., Cagan R. L. and Zipursky, S. L. (1991). Interaction of bride of
sevenless membrane-bound ligand and the sevenless tyrosine-kinase
receptor. Nature 352, 207-212.

Krause, M. and Hirsh, D. (1984). A trans-spliced leader sequence on actin
mRNA in Caenorhabditis elegans. Cell 49, 753-761.

Kyte, J. and Doolittle, R. F. (1982). A simple method for displaying the
hydropathic character of a protein. J. Mol. Biol. 157, 105-132. 

Lambie, E. J. and Kimble, J. (1991). Two homologous regulatory genes, lin-
12 and glp-1, have overlapping functions. Development 112, 231-240.

Lehmann, R., Jimenez, F., Dietrich, U. and Campos-Ortega, J. (1983). On
the phenotype and development of mutants of early neurogenesis in
Drosophila melanogaster. Wilh. Roux’s Arch. Dev. Biol. 192, 62-74.

Maine, E. M. and Kimble, J. (1993). Suppressors of glp-1, a gene required for
cell communication during development in Caenorhabditis elegans, define a
set of interacting genes. Genetics 135, 1011-1022.

Mango, S. E., Maine, E. M. and Kimble, J. (1991). Carboxy-terminal



2924

truncation activates glp-1 protein to specify vulval fates in Caenorhabditis
elegans. Nature 352, 811-815.

Mango, S. E., Thorpe, C. J., Martin, P. R., Chamberlain, S. H. and
Bowerman, B. (1994). Two maternal genes, apx-1 and pie-1, are required to
distinguish the fates of equivalent blastomeres in the early Caenorhabditis
elegans embryo. Development 120, in press.

Mello, C. C., Draper, B. W., and Priess, J. R. (1994). The maternal genes apx-
1 and glp-1 and establishment of dorsal-ventral polarity in the early C.
elegans embryo. Cell 77, 95-106.

Mello, C. C., Kramer, J. M., Stinchcomb, D. and Ambros, V. (1991).
Efficient gene transfer in C. elegans: extrachromosomal maintenance and
integration of transforming sequences. EMBO J. 10, 3959-3970.

Moskowitz, I. P. G., Gendreau, S. B. and Rothman, J. H. (1994).
Combinatorial specification of blastomere identity by glp-1-dependent
cellular interactions in the nematode C. elegans. Development 120, in press.

Neuman-Silberberg, F. S. and Schupbach, T. (1993). The Drosophila
dorsoventral patterning gene gurken produces a dorsally localized RNA and
encodes a TGF alpha-like protein. Cell 75, 165-174.

Orita, M., Suzuki, Y., Sekiya, T. and Hayashi, K. (1989). Rapid and sensitive
detection of point mutations and DNA polymorphisms using the polymerase
chain reaction. Genomics 5, 874-879.

Priess, J. R., Schnabel, H. and Schnabel, R. (1987). The glp-1 locus and
cellular interactions in early C. elegans embryos. Cell 51, 610-611.

Rebay, I., Fleming, R. J., Fehon, R. G., Cherbas, P. and Artavanis-
Tsakonas, S. (1991). Specific EGF repeats of Notch mediate interactions
with Delta and Serrate, implication for Notch as a multifunctional receptor.
Cell 67, 687-699.

Roehl, H. and Kimble, J. (1993). Control of cell fate in C. elegans by a Glp-1
peptide consisting primarily of ankyrin repeats. Nature 264, 632-635.

Rogers, S., Wells, R. and Rechsteiner, M. (1986). Amino acid sequences
common to rapidly degraded proteins: the PEST hypothesis. Science 234,
364-368.

Sambrook, J., Fitsch, E. F. and Maniatis, T. (1989). Molecular Cloning a
Laboratory Manual. Cold Spring Harbor, NY: Cold Spring Harbor
Laboratroy Press.

Selander-Sunnerhagen, M., Ullner, M., Persson, E., Teleman, O., Stenflo,
J. and Drakenberg, T. (1992). How an epidermal growth factor (EGF)-like
domain binds calcium. J. Biol. Chem. 267, 19642-19649.

Seydoux, G. and Greenwald, I. (1989). Cell autonomy of lin-12 function in a
cell fate decision in C. elegans. Cell 57, 1237-1245.

Sternberg, P. W. and Horvitz, H. R. (1991). Signal transduction during C.
elegans vulval induction. Trends Genet. 7, 366-371.

Struhl, G., Fitzgerald, K. and Greenwald, I. (1993). Intrinsic activity of the
lin-12 and Notch intracellular domains in vivo. Cell 74, 331-345.

Sundaram, M. and Greenwald, I. (1993). Suppressors of a lin-12 hypomorph
define genes that interact with both lin-12 and glp-1 in Caenorhabditis
elegans. Genetics 135, 765-783.

Tax, F. E., Yeargers, J.J. and Thomas, J. H. (1994). Sequence of C. elegans
lag-2 reveals a cell-signaling domain shared with Delta and Serrate of
Drosophila. Nature 368, 150-154.

Thomas, U., Speicher, S. A. and Knust, E. (1991). The Drosophila gene
Serrate encodes an EGF-like transmembrane protein with a complex
expression pattern in embryos and wing discs. Development 111, 749-761.

Vassin, H., Bremer, K. A., Knust, E. and Campos-Ortega, J. A. (1987). The
neurogenic gene Delta of Drosophila melanogaster is expressed in
neurogenic territories and encodes a putative transmembrane protein with
EGF-like repeats. EMBO J. 6, 3431-3440.

von Heijne, G. (1985). Signal sequences, the limits of variation. J. Mol. Biol.
184, 99-105.

Wharton, K. A., Johansen, K. M., Xu, T. and Artavanis-Tsakonas, S.
(1985). Nucleotide sequence from the neurogenic locus Notch implies a gene
product which shares homology with proteins containing EFG-like repeats.
Cell 43, 567-581.

Yandell, M. D., Edgar, L. G. and Wood, W. B. (1994). Trimethylpsoralen
induces small deletion mutations in Caenorhabditis elegans. Proc. Natl.
Acad. Sci. USA (in press).

Yochem, J. and Greenwald, I. (1989). glp-1 and lin-12, genes implicated in
distinct cell-cell interactions in C. elegans, encode similar transmembrane
proteins. Cell 58, 553-563.

Yochem, J., Weston, K. and Greenwald, I. (1988). The Caenorhabditis
elegans lin-12 gene encodes a transmembrane protein with overall similarity
to Drosophila Notch. Nature 335, 547-550.

(Accepted 27 June 1994)

S. T. Henderson and others


	LAG-2 may Encode a Signaling Ligand for the GLP-1 and LIN-12 Receptors of C-Elegans
	Dartmouth Digital Commons Citation

	tmp.1516908532.pdf.lQPDm

