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ABSTRACT /ag-2 encodes a ligand for LIN-12/Notch and is a component of the lateral signal that activates LIN-12/Notch during
Caenorhabditis elegans vulval precursor cell (VPC) fate patterning. lag-2 is specifically transcribed in one VVPC, named P6.p, in response
to activation of EGFR/Ras/MAPK by the inductive signal that initiates vulval development. Here, we show that a critical molecular event
linking inductive and lateral signaling is the relief of VPC-wide /ag-2 repression in P6.p. We find that the /ag-2 promoter contains an
element, VPCrep, which mediates repression in all VPCs when the inductive signal is absent, and another promoter element, VPCact,
which is required for activation when repression is relieved by the inductive signal. We show that repression through VPCrep is
mediated by the Elk1 ortholog LIN-1, and that the level and subcellular accumulation of a functional LIN-1::GFP protein is similar in
all six VPCs before and after vulval induction, suggesting that relief of LIN-1-mediated repression in P6.p is likely due to the known
MAPK-dependent phosphorylation of LIN-1. We also provide evidence that the factor(s) acting through VPCact is present in all VPCs
but is not modulated by the inductive signal, and that transcription of /ag-2 requires the Hth/Meis ortholog UNC-62 and the Mediator
complex component SUR-2. Relief of repression of /lag-2 in P6.p offers a plausible mechanistic basis for spatial restriction of /lag-2 in

generating the precise spatial pattern of VPC fates.

ATTERNING of vulval precursor cell (VPC) fates has pro-

vided an important paradigm for elucidating the compo-
nents, roles, and regulation of conserved signal transduction
pathways in cell fate specification. The VPC fates are pat-
terned during the L3 larval stage (Figure 1A). Each of six
VPCs, numbered P3.p—P8.p, has the potential to generate
cells that contribute to the vulva, but in wild-type hermaph-
rodites, only P5.p—P7.p do so. These three VPCs have a sym-
metrical spatial fate pattern, such that P6.p, the central most
VPC, adopts a fate called “1°,” and the flanking VPCs adopt
a fate called “2°.” The 2°-1°-2° pattern of fates reflects the
net outcome of LET-23/EGF Receptor and LIN-12/Notch
signaling (reviewed in Sternberg 2005; Sundaram 2005).
P6.p adopts the 1° fate because it is closest to the source
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of an EGF-like ligand produced by the anchor cell of the go-
nad, which activates a canonical EGFR/Ras/MAPK cascade.
P6.p also produces a “lateral signal” that activates LIN-12/
Notch in the neighboring VPCs, P5.p and P7.p, promoting
the 2° fate, and completing the 2°-1°-2° spatial pattern.

Genetic analysis implicated three genes, lag-2, apx-1, and
dsl-1, as functionally redundant components of the lateral
signal. All three genes encode “DSL” (Delta-Serrate-LAG-2)
proteins, distinguished by an amino-terminal DSL. domain
followed by EGF-like motifs—the hallmarks of ligands that
activate LIN-12/Notch. All three genes are transcribed in P6.
p in response to the inductive signal (Chen and Greenwald
2004), suggesting that the key patterning event underlying
the spatial pattern is the regulated transcription of the lat-
eral signal genes in P6.p (Figure 1A).

Here, we have studied transcriptional regulation of the
lateral signal gene lag-2 during VPC specification. Our results
suggest that LIN-1, the Caenorhabditis elegans Flk1 ortholog,
links inductive and lateral signaling by directly regulating lag-2
transcription. [in-1 has been extensively studied for its role in
vulval induction. In lin-1 null mutants, all six VPCs adopt vul-
val fates even in the absence of the inductive signal, suggesting
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that lin-1 is a negative regulator of vulval fate (Ferguson et al.
1987; Beitel et al. 1995), although, lin-1 also appears to have
a positive role in promoting the 1° fate (Howard and Sun-
daram 2002; Tiensuu et al. 2005). LIN-1 binds to the core
Ets binding consensus sequence and is a direct target of phos-
phorylation by MPK-1/MAPK (Jacobs et al. 1998, 1999; Miley
et al. 2004). In addition, if the MAPK phosphorylation site is
disrupted, LIN-1 prevents P6.p from adopting the 1° fate
(Jacobs et al. 1998). These observations indicate that LIN-1
is a direct target of the inductive signaling pathway, and that
MAPK-dependent phosphorylation of LIN-1 relieves its ability
to negatively regulate vulval fates. The Hox gene lin-39, which
promotes vulval competence and may also promote the 1° fate,
may be a direct target of LIN-1 for vulval induction (Maloof
and Kenyon 1998; Wagmaister et al. 2006; Guerry et al. 2007).

Several studies have addressed the molecular mechanism
by which LIN-1 is regulated as a target of the inductive
signaling pathway. During vulval induction, MPK-1-mediated
phosphorylation of the Forkhead protein LIN-31 (Miller
et al. 1993) disrupts a complex with LIN-1 and promotes
the 1° fate in P6.p (Tan et al. 1998). Phosphorylation of
human Elk1 by MAPK promotes its function as a transcrip-
tional activator (Yang et al. 2003), so by homology, phos-
phorylated LIN-1 may in some contexts, or on some targets,
act as a transcriptional activator. However, LIN-1, like Elk1,
has also been demonstrated to function as a transcriptional
repressor. Importantly, Leight et al. (2005) showed that
sumoylation of LIN-1 mediates its role as a transcriptional
repressor and promotes inhibition of vulval fates, leading to
the proposal that MPK-1/MAPK phosphorylation of LIN-1
relieves repression of lin-1 targets that promote the 1° vulval
cell fate. Both modes may be relevant for the regulation of
some targets, with LIN-1 potentially having a repressor role
prior to induction and an activator role afterward.

Here, we implicate lag-2 as a direct target of LIN-1 tran-
scriptional repression in the VPCs. In combination with avail-
able biochemical and functional information, our analysis leads
to a model in which MAP kinase-mediated phosphorylation of
LIN-1/EIk1 relieves repression to allow transcriptional activa-
tion of lag-2 in P6.p. This role for LIN-1 in lag-2 regulation does
not require LIN-31/Forkhead, and thus differs in this molecular
detail from the mechanism by which LIN-1 regulates induction
per se. In addition, while relief of LIN-1-mediated repression is
an essential event promoted by the inductive signal, we find
that inductive signal-independent transcriptional activation by
another factor, or factors, through an adjacent cis-acting site is
also required. The activity of sur-2, a component of the Medi-
ator complex, and unc-62, the ortholog of the Hox cofactor
Hth/Meis, are required for transcriptional activation.

Materials and Methods

Reporters and transgenic lines

The wild-type parent of all strains used in this study, C.
elegans var. Bristol strain N2, was described by Brenner
(1974). Information about mutations used can be found
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via WormBase (www.wormbase.org). Reporters were gener-
ated by germline injection (Mello et al. 1991) of either fu-
sion PCR products or PCR products from plasmids into GE24
pha-1(e2123), together with plasmid pCW2.1 [ceh-22::gfp]
(20 pg/ml) (Okkema et al. 1997) and pBX [pha-1(+)]
(50 pg/ml) (Granato et al. 1994). The expression reporter
constructs were injected at 20 pg/ml, unless otherwise
noted. Transgenic worms were maintained at 25° for selec-
tion of pha-1(+).

Strains carrying extrachromosomal arrays are listed in
supporting information, Table S1 and Table S3. GS4892,
containing arls131 [lag-2p::2nls-yfp::unc-54 3'UTR], is an
integrated line formed from an extrachromosomal array cre-
ated using a fusion PCR product corresponding to Figure 2A.

Constructs generated by fusion PCR

All DNA fragments from the 5’ flanking region of lag-2 were
PCR amplified from N2 genomic DNA. Fusion PCR was per-
formed to generate the transcription reporter constructs as
described previously (Hobert 2002). Briefly, the template
“2Xnls-yfp::unc-54 3'UTR” was PCR amplified from a 2Xnls-
¥fp plasmid (Yoo et al. 2004) using primer C (AGCTTGC
ATGCCTGCAGGTCGACT) and primer D (AAGGGCCCGT
ACGGCCGACTAGTAGG). The template for the promoter re-
gion was amplified using forward primer A and reverse
primer B. Using the two templates above, the final reporter
construct was generated by fusion PCR amplification using
primer A*, nested to primer A and primer D* (GGAAACAGT
TATGTTTGGTATATTGGG), nested to primer D. To generate
reporter constructs with deletion, primer pairs “5F” (for-
ward)/“5R” (reverse) and “3F” (forward)/“3R” (reverse)
were used to PCR amplify the 5’ fragment and 3’ fragment
of the targeted deletion, respectively. Primer A, nested to 5F
and primer B, nested to 3R were used to amplify the first
fusion product, the promoter template with deletion. A sec-
ond fusion PCR was performed using primer A* and reverse
primer D* to generate the final reporter construct as de-
scribed above. Table S1 lists the primer sets used to generate
each of the constructs in this study by fusion PCR. arEx763
and arEx764 were generated by injecting a concentration of
100 pg/ml of construct, and arEx791, arEx792, arEx774,
arEx776, arEx777, arEx869, and arEx870 were generated
at 50 pg/ml.

Plasmids

To generate plasmids containing promoter of interest
driving 2nls-yfp, the promoter was generated by fusion
PCR from N2 genomic DNA (Table S2: primer pairs 5F-
Pstl/5R for distal element, primer pairs 3F/3R-Kpnl for prox-
imal element, primer pairs S5F-Pst]/ and 3R-Kpnl for fusion
PCR). The fusion PCR product was then cloned into the 2nls-
yfp::unc-54 3'UTR plasmid at the sites of Pstl and Kpnl. The
following plasmids were made using this strategy:

p847, encompassing 5’ flanking regions of lag-2 from
—5674 to —5567 and from —201 to —1; and
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P849, encompassing 5’ flanking regions of lag-2 from
—5674 to —5567 and 5’ flanking regions of gcy-5 from
—200 to —1.

Site-directed mutagenesis was performed on p847 to gen-
erate plasmids in this study and PCR products from those
plasmids were used at 20 ng/ml for germline injection to
generated arrays (Table S3).

The PCR product of 7.1 kb 5’ flanking region of lag-2 was
cloned into 2nis-yfp::unc-54 3'UTR plasmid at the sites of
HindIlI and Kpnl to make p859, using the following primers:

F-HindIll (AAAAAGCTTTGTCAGAATGTCCCATGTAGG)
R-Kpnl (GAGCTCGGTACCCGGGTTTCTGAAAAAAGGCAAATTTG
AAAAGTG).

P862, in which the lag-2 5’ flanking region from —5674 to
—5567 was deleted, was generated using p859 as template.
Strains GS5840(arEx1352), GS5841(arEx1353), GS5842
(arEx1354), GS5843(arEx1355), and GS5844(arEx1356)
were made by using the 9-kb HindIIl/Spel fragment from
p862 for injection at 50 pg/ml.

Sequence analysis

The 5’ flanking region sequences of lag-2, apx-1, and dsl-1
orthologs in other species were retrieved from WormBase
using WormMart, and motifs were identified using Vector
NTIL.

In addition to the sequence analysis described below, we
also analyzed VPCact using MatInspector (Genomatrix) but
did not find any compelling candidates for transcriptional
activators acting through this site. We used default settings,
10 bp of additional flanking sequence on either side of the
20-bp VPCact region boxed in Figure 4, and weight matrixes
derived from vertebrates. This analysis identified two candi-
dates. One is Brachyury, a T-box protein; there is no
C. elegans ortholog of Brachyury, and none of the 21 T-box
genes (Woollard 2005) have been implicated in vulval de-
velopment to date. The other is NeuroD; in addition to the
arguments against the involvement of bHLH proteins ad-
vanced in Results, the C. elegans ortholog of NeuroD is
expressed only in the nervous system (Hallam et al. 2000).

LIN-1::GFP fosmid reporter and rescue

Recombineering was used to generate p845, which encodes
C-terminal tagged LIN-1::GFP, as described in Tursun et al.
(2009). Fosmid WRM0629cG08 was used as the template.
Fusion PCR was performed to generate GFPint-FgF C-terminal
fusion cassette from pBALU1 using the following primers:

Sprimer, AGTACCCATAAAAATGCCAACTTTGATGAGTAAAGGA
GAAGAACTTTTCAG;

SPrimerNest, CAACGGATTCTTTAAAAACACCTACAGTACCCA
TAAAAATGCCAACTTTG,;

3primer, TTTTCTCGCTCCAAAGTTCAAACTATTTGTATAGTT
CATCCATGCCATG; and

3PrimerNest, AAAATTTGCTTTTCGAAAATTTTTATTTTTTTC
TCGCTCCAAAGTTCAA.

The correct insertion of gfp was confirmed by sequencing
analysis using the following primers:

5seq, CCAATTCCCGCCGGTCTCCGCATTC and
3seq, TCATCCGGTGGGGGAGATCATGGAG.

P845 was injected into GE24 pha-1(e2123) at 10 wg/ml,
together with N2 genomic DNA (50 pg/ml), plasmid
pGC204[ceh-22::tdimer2::let-858 3'UTR] (1 pg/ml) (Voutev
and Hubbard 2008) and pBX [pha-1(+)] (1 wg/ml). To
assess lin-1(0) rescue, the same injection mix was injected
into GS6015 pha-1(e2123); lin-1(n304), and all viable
worms were non-Muv.

RNAi

Strain GS5891 arls131 [lag-2p::2nls-yfp::unc-54 3'UTR];
nre-1(hd20) lin-15b(hd126), sensitized for RNAi (Schmitz
et al. 2007), was used for feeding RNAi. Briefly, gravid
adults were bleached and eggs were placed on RNAi plates,
prepared as described in Choi et al. (2010), at 20°. To score
the lin-1(RNAi) positive control, hermaphrodites were
scored 3 days after the eggs were placed on the plates for
a Multivulva phenotype. Worms were scored at L3 Pn.px
stage for expression of arls131.

Laser ablation

The four cells of the gonad primordium were ablated using
a laser microbeam in newly hatched L1 larvae as described
(Bargmann and Avery 1995). Success of ablation was con-
firmed by the lack of gonad development.

Results

Identification of a regulatory module that confers
correct VPC expression

The coding region of the gene located 5’ of lag-2 begins
~7.2 kb upstream of the coding region of lag-2. Most pre-
vious studies of lag-2 regulation utilized transcriptional
reporters containing only 3.4 kb of 5’ flanking region. These
reporters were based on the amount of 5’ sequence suffi-
cient to achieve rescue of the lag-2(0) lethal phenotype in
a genomic context (e.g., Henderson et al. 1994; Wilkinson
et al. 1994; Karp and Greenwald 2003), and most such
reporters are not expressed in VPCs. Another previous re-
porter, consisting of 6.2 kb of 5’ flanking region driving
nuclearly localized B-galactosidase, displayed strong expres-
sion in P6.p after vulval induction (Chen and Greenwald
2004), suggesting that sequences located between 3.4 kb
and 6.2 kb upstream of the protein coding region would
mediate transcription of lag-2 in response to the inductive
signal.

To visualize lag-2 expression in live worms, we created
a reporter containing 7.1 kb 5’ flanking region of lag-2
driving a nuclearly localized form of YFP (Figure 2A).
Extrachromosomal arrays and an integrant, arls131[lag-
2p::2Xnls::yfp], revealed expression in P6.p upon its EGF-
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mediated induction in the L3 stage as well as expression in
the anchor cell (AC) and distal tip cells (DTCs) of the so-
matic gonad (Figure 1B). Subsequent deletion analysis to
identify the sequence elements conferring P6.p-specific ex-
pression upon induction used comparable ways of marking,
generating, maintaining, and visualizing transgenic arrays
to minimize variations in expression pattern due to factors
other than the engineered change.

Deletion of 1679 bp from the distal end of the fragment
abolishes P6.p expression, indicating the distal region con-
tains sequences that are necessary for P6.p expression (Fig-
ure 2B), consistent with the previous inference of a necessary
sequence located between —6.4 kb and —3.4 kb. This de-
letion also abolishes AC expression, but does not alter DTC
expression (Figure 2B). Further deletion analysis (Figure 2,
C-G) identified a “distal element,” comprising the lag-2 5’
flanking region from —5674 to —5567, which confers P6.p-
specific expression, but not AC expression, when combined
with a 201-bp minimal promoter region from lag-2 (Figures
1C and 2G). We refer to the combination of the distal ele-
ment fused to the lag-2 minimal promoter region as lag-2p
(min) and performed further deletion analysis as described
below to identify specific sites that mediate repression and
activation.

When the distal element is deleted from an otherwise
full-length 5’ flanking region construct, P6.p expression is
completely abolished, but the expression in the AC and
DTCs remains unchanged, indicating that the distal element
is necessary and specific for P6.p expression (Figure 2H).
Although the distal element alone does not drive expression
in P6.p when placed directly adjacent to the 2Xnls::yfp cod-
ing region (data not shown), the distal element conferred
P6.p-specific expression when combined with a 200-bp mini-
mal promoter region from gcy-5 (Figure 2J). gcy-5 is nor-
mally expressed in neurons but not in VPCs or any other
hypodermal cells (Yu et al. 1997), and we verified that this
promoter region alone does not drive expression in VPCs
(Figure 2I). The results from our promoter analysis indicate
that the distal —5674 to —5567 element contains the min-
imal sequences that are necessary and sufficient, when
supplied with any basal promoter, to promote transcription
in P6.p.

VPCrep

We looked for potential transcription factor binding sites in
lag-2p(min) computationally and by sequence conservation
with other Caenorhabditis species and identified a conserved
module that includes the core Elk1/Ets binding site consen-
sus sequence, CGGAAGT (Wei et al. 2010) (Figures 3A and
4B). We note that additional sequences conforming to this
consensus are also found elsewhere in the full-length lag-2
5' flanking region (data not shown) as well as in the 5’
flanking region of apx-1 and dsl-1 (Figure 4B), the two other
lateral signal genes.

Deletion of the Elkl site from lag-2p(min) results in
strong ectopic expression in P5.p and P7.p and their
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A VPC fate pattern

Figure 1 VPC fate pattern and lag-2 expression. (A) Schematic view of
VPC patterning. The inductive signal from anchor cell (AC) of the gonad
activates the EGFR/Ras/MAPK cascade in P6.p in the early L3 stage to
promote the 1° fate and lateral signal gene transcription. The lateral
signal activates LIN-12/Notch to promote the 2° fate in P5.p and P7.p.
Descendants of 1° and 2° cells form the vulva. VPCs that adopt the 3° fate
generate two daughters that fuse with the major hypodermal syncytium,
hyp7, but initially have the potential to adopt vulval fates if the EGFR or
LIN-12/Notch is ectopically activated. (B) arls131[lag-2p::2nlis-yfp::unc-54
3'UTR], generated from the full-length lag-2p::2nls-yfp reporter used for
deletion analysis (see Figure 2A), is expressed in P6.p, the AC, and the
distal tip cells (DTCs), consistent with known functional roles for lag-2.
Expression in the VPCs is restricted to P6.p and its descendants. We note
that we did not observe the weak initial expression reported in all six VPCs
by Chen and Greenwald (2004); we have not systematically assessed the
numerous differences between the way transgenes were marked, gener-
ated, maintained, or visualized. All of the reporters presented in this study
were made using similar conditions and therefore are directly comparable
to each other. Furthermore, reporters in both studies behave identically
for observations relating to vulval induction: both are strongly expressed
in P6.p and depend on sur-2 for expression upon vulval induction. (C)
artx1120 [lag-2p(min)::2nis-yfp::unc-54] minimal reporter (Figure 2G)
confers expression in P6.p and its descendants, but lacks expression in
the AC and DTCs.

descendants, as well as in P3.p, P4.p, and P8.p and their
daughters prior to their fusion with hyp7 (Figure 3A). De-
letion of the Elk1 site from the distal element in the context
of the gcy-5 promoter also results in derepression in all six
VPCs (Figure S1). These observations indicate that this site,
“VPCrep,” mediates repression of lag-2 in VPCs. In addition,
the observation that the AVPCrep reporters become dere-
pressed even in P3.p, P4.p, and P8.p, which in an otherwise
wild-type background do not receive the inductive signal,
suggests that VPCrep-mediated repression occurs in all VPCs
and is independent of the inductive signal. The strong
and uniform expression seen when VPCrep is deleted has
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important implications for modeling the mechanism by
which lag-2 is activated, as considered further in Discussion.

VPCact

We performed further deletion analysis on lag-2p(min) and
found that the conserved sequence immediately adjacent to
VPCrep is required for expression in P6.p (Figure 4A, 2),
suggesting that it encompasses a sequence required for tran-
scriptional activation. This sequence, VPCact, comprises the
lag-2 5’ flanking region from —5655 to —5636. Deletion of
VPCact along with VPCrep in the context of the full-length
reporter (Figure 2H) or lag-2p(min) (our unpublished
observations) abolishes expression in P6.p as well as the
other VPCs, suggesting that positive input through VPCact
is required for transcription even in the absence of repres-
sion through VPCrep. Sequences similar to VPCact are also
found in the apx-1 and dsl-1 5’ flanking sequences (Figure
4B). Mutation of 2 bp within this region, chosen because
they are part of an E-box binding site consensus (but see
below), abolished P6.p-specific expression (Figure 4A, 10),
establishing it as required for VPCact activity.

VPCrep, but not VPCact, is regulated by
the inductive signal

To assess the response of these sites to the inductive signal
and their contribution to the final pattern of lag-2 expres-
sion, we ablated the gonad in the early L1 stage using a laser
microbeam (see Materials and Methods) and examined the
effect on the expression of trangenes carrying either an in-
tact lag-2p(min) or a mutant form lacking VPCrep. As is also
true for a full-length reporter (Chen and Greenwald 2004),

tion of lag-2 expression in the DTC (Karp and
Greenwald 2004; Chesney et al. 2009).

the intact lag-2p(min) reporter requires the inductive signal
for expression in P6.p: 0/11 operated lag-2p(min) worms
showed P6.p expression (Figure 5A). In contrast, when
VPCrep was deleted from this reporter [lag-2p(min)
AVPCrep], all operated worms (9/9) showed uniform,
strong derepression in all VPCs (Figure 5B), with levels com-
parable to what was observed for the lag-2p(min) reporter
in P6.p in unoperated worms.

The gonad independence of lag-2p(min)AVPCrep expres-
sion leads to two important conclusions about the trans-acting
factors that pattern lag-2 expression. First, it demonstrates
that VPCrep is not required for transcriptional activation,
thereby ruling out a model in which the repressor that binds
to VPCrep is turned into an activator by the inductive signal,
promoting transcription in conjunction with a VPCact-binding
activator. Second, the observation that lag-2p(min)AVPCrep
transcription is seen in all VPCs in the absence of the gonad
suggests that the activator that works through VPCact is al-
ways present in all VPCs and does not require activation per
se. Together, these conclusions imply that the main spatial-
patterning role for the EGFR/Ras/MAPK inductive pathway in
P6.p is mediated by the relief of VPCrep-mediated repression
specifically in P6.p, rather than by cell-specific expression of
an activator.

LIN-1/Elk1 and repression through VPCrep

VPCrep conforms to the consensus Elk1 site; LIN-1, the C.
elegans Elk1 ortholog (Beitel et al. 1995), has been demon-
strated to bind to this consensus sequence (Miley et al. 2004),
suggesting that LIN-1 may mediate negative regulation

Regulation of /ag-2 Expression in P6.p 851
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A Deletion of ELK1 motif in /ag-2 minimal reporter causes ectopic expression in all VPCs
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through this site. When we examined the effect of removing
lin-1 activity on the expression of the full-length reporter
arls131[lag-2p::2Xnls::yfp] or the lag-2p(min) reporter
arEx1098[lag-2p(min):: 2nls-yfp], we observed strong and
uniform derepression of lag-2 in all six VPCs in [in-1(0)
mutants (Figure 3B), similar to when VPCrep was deleted
in the context of lag-2p(min) (Figure 3A). These obser-
vations, combined with the known binding properties of
Elk1 and LIN-1, suggest that LIN-1 is the repressor that acts
through VPCrep. Furthermore, when combined with the
gonad-ablation results discussed above, our results indicate
that lin-1 does not play a positive role in promoting lag-2
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Figure 3 Identification of VPCrep.
- || (A) Deletion of the Elk1 motif from
PG‘.p vy the distal element causes ectopic,
uniform expression in all VPCs,
indicating it serves as a site of
repression (VPCrep). The ElkT mo-
tif, (CGGAAGT), is located in posi-
tion —5664 to —5658 and
corresponds to the red box in Fig-
ure 2. The green box represents
the activator site, VPCact, identi-
fied as described in Figure 4. (Left)
Quantitation of strains carrying
AVPCrep reporters. (Right) Photo-
micrographs of L3 hermaphrodites
showing VPC or Pn.px expression.
At the Pn.px stage, expression is
not seen in the daughters of P3.
arls131; lin-1(0) p, PAp and P8.p because they
p 3 & have fused with hyp7. (B) In the
i : R TR absence of LIN-1, achieved using
the lin-1(n304) null allele (Beitel
et al 1995), arEx1098[lag-2p
(min)::2nls-yfp::unc-54 3'UTR]
and arls131[lag-2p::2nls-yfo::unc-
54 3'UTR] are uniformly expressed
in all VPCs. (C) In the absence of
LIN-31, achieved using the /in-31
(n307) null allele (Miller et al.
2000), arls131[lag-2p::2nls-yfp::
unc-54 3'UTR] expression remains
P6.p specific.

transcription, as might have been the case if phosphorylation
of LIN-1 turned it into a transcriptional activator of lag-2.
To explore the mechanism by which the inductive signal
relieves repression of lag-2 by LIN-1, we generated a fosmid-
based reporter in which GFP was fused to the C terminus of
LIN-1 in a full genomic context (Figure 6A and Materials and
Methods). Transgenes carrying this reporter fully rescue the
Multivulva phenotype of lin-1(0) (see Materials and Meth-
ods), indicating that LIN-1::GFP is functional and regulated
normally. LIN-1::GFP accumulated to a similar level in the
nuclei of all six VPCs both before and after vulval induction
(Figure 6B), suggesting that modification of LIN-1 activity
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A Deletion analysis of lag-2 minimal reporter identifies the VPCact
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VPCact

C. elegans  -5666 GACGGAAGTIGG ..« ..« d TTGAAGACAAATGGGTGTTA| -5636

lag-2 [C. briggsae 4805 ANCGCAAATAA. v ... . TTGAGGGCAAATGTGTGGAG| -4835
C. Brenneri AA-484/ /5026 INTGAAAACAAATGGTACCTA| -5045

C. elegans STATTTAGGTGAATGAGACAAATTGGTTCCT| -4118
GPX'l[C- brenneri STRTTTAGGTAAATGAGACAAATTGGTTCCA| -1773
C. remanei “GGAAGTRTTTAGGTGAATGAGACARATTGGTTCCC| -1804

[C- elegans ATCGGAAGTIIT-953/ / -82¢ AAATAGACAAATCGCCTATT -801

dsl-1{ ¢, briggsae TrT...... TGTCAGTCAAATGATCAAAA| -383

by MAPK phosphorylation (Tan et al. 1998), rather than
differential stability or subcellular localization, is likely to
underlie the relief of LIN-1-mediated repression of lag-2 in
P6.p.

LIN-1 works together with LIN-31/Forkhead in nega-
tively regulating vulval induction (Miller et al. 1993) and
also appears to play a positive role in promoting the 1° fate
(Howard and Sundaram 2002; Tiensuu et al. 2005). How-
ever, we found that arls131[lag-2p::2Xnls::yfp] is expressed
specifically in P6.p in a [in-31(0) null mutant, as in wild type
(Figure 3C). The observation that there is no ectopic expres-
sion in other VPCs suggests that LIN-1 does not require
LIN-31 to repress lag-2 through VPCrep. Furthermore, if
phosphorylated LIN-31 is able to promote lag-2 transcription
through VPCact, then it must be functionally redundant with
other activators, as loss of [in-31 does not cause loss of
expression in P6.p.

Assessment of factors that may activate through VPCact

As described above, the inductive signal does not appear to
regulate transcription through VPCact, indicating that acti-
vation is constitutive when repression is relieved. Thus,
studies of the transcriptional activator are not likely to yield

further understanding into the nature of the link between
inductive and lateral signaling. Nevertheless, we explored
a potential link between VPCact and selected trans factors.

We began with SUR-2, a component of the Mediator
coactivator complex. sur-2 is expressed in all VPCs, and
a null allele results in a lateral signaling defect without
a major effect on the 1° fate (Singh and Han 1995); loss
of expression of lag-2 and the other lateral signal genes can
account for the sur-2(0) vulval defect (Chen and Greenwald
2004). When we examined the effect of sur-2(0) on the
expression of lag-2p(min)AVPCrep, we found that expres-
sion in all six VPCs and unfused Pn.px cells was greatly re-
duced (Figure 7A). This observation both suggests that the
transcription factor(s) functioning through VPCact requires
the Mediator complex for transcriptional activation and sup-
ports the inference that the transcription factor mediating
activation through this site is present and functional in all of
the VPCs.

The Mediator complex works in conjunction with se-
quence-specific DNA binding proteins to promote transcrip-
tion. We therefore examined the VPCact sequence for a clue
to the factor that might recruit the Mediator complex. A
general sequence analysis program did not identify any
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A Ablated gonad [lag-2p(min)]

Figure 5 AVPCrep causes gonad-independent lag-2 expression in all
VPCs. The gonad was ablated in the L1 stage and hermaphrodites were
examined in the L3 Pn.px stage for lag-2 expression in VPCs. (A) arEx1120
[lag-2p(min)::2nls-yfp::unc-54 3'UTR]. (B) arEx1215 [lag-2p(minAVPCrep)::
2nls-yfp::unc-54 3'UTR].

compelling candidates (see Materials and Methods), so we
considered specific factors. First, we considered the possibil-
ity that the C. elegans E ortholog HLH-2, which regulates
lag-2 in the anchor cell and distal tip cells (Krause et al.
1997; Karp and Greenwald 2003, 2004), is involved. As de-
scribed above, VPCact contains an E-box consensus sequence,
and mutating this sequence abrogates VPCact function (Fig-
ure 4A). However, it seems unlikely that HLH-2 is a general
transcriptional activator of the lateral signal genes because
the E-box consensus sequence is not present in the VPCact-
homologous region of apx-1 (Figure 4B) and a fosmid-based

A lin-1::gfp fosmid
20kb

1

lin-1 exon 1 2

B LIN-1::GFP is expressed in all VPCs.
L3 Pn.p

P ey T
mpfl.px P5.0 P6.p P“,I'p
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translational reporter for the C. elegans E ortholog HLH-2, the
obligatory dimerization partner for class II bHLH proteins, is
not detectable in the VPCs in the L3 stage (J. Ohlmeyer and I.
Greenwald, unpublished observations).

We also considered the potential involvement of mem-
bers of Hox genes because [in-39 (Maloof and Kenyon 1998)
and ceh-13 (Tihanyi et al. 2010) are known to function in
the VPCs. In particular, LIN-39 is present in all VPCs and
prevents premature fusion of VPCs with the major hypoder-
mal syncytium hyp7, so that the VPCs are competent to be
induced by patterning signals (Clark et al. 1993). lin-39 may
be required for basal expression of lin-12 and lag-2 in VPCs
(Takacs-Vellai et al. 2007) [through a putative binding site,
that is not present, however, in our lag-2p(min) constructs].
In addition, LIN-39 is upregulated in P6.p during vulval in-
duction (Maloof and Kenyon 1998). When we examined
VPCact with Target Explorer (Sosinsky et al. 2003), using
position weight matrixes based on data from Noyes et al.
(2008), we found that it does contain a potential Hox bind-
ing site. However, since P6.p fuses with hyp7 in [in-39(0)
mutant larvae, we could not simply assess the effect on lag-2
expression.

As an approach to circumventing premature fusion, we
examined the effect of depleting the Hox cofactor UNC-62,
a member of the Homothorax (Hth)/Meis family of proteins
(reviewed in Mann et al. 2009). unc-62 is expressed in all
VPCs (Jiang et al. 2009) and since VPCs in unc-62(RNAi) do
not fuse with hyp7 and instead adopt vulval fates (Yang
et al. 2005), we could score the effect of unc-62(RNAi) on
expression of arls131 [lag-2p::2Xnls::yfp]. We found that
only 40% of hermaphrodites displayed expression in P6.px
(n = 42) as compared to feeding vector control (100%, n =
30). In some animals, we observed ectopic induction along
with loss of lag-2 reporter expression (data not shown). Our
results are consistent with the possibility that Meis/Hth/
UNC-62-dependent Hox activity may be required directly
or indirectly for VPC-wide activation via the VPCact ele-
ment. However, we cannot rule out a more general effect
on 1° cell fate or a Hox-independent activity of Hth/Meis
(Mann et al. 2009).

Figure 6 LIN-1::GFP is uniformly expressed in all VPCs. (A)
The lin-1 genomic region, with the position of gfp inser-
tion. (B) GS5958, carrying the fosmid-based /in-1::gfp re-
porter, shows LIN-1::GFP expression in all VPCs before (L3
Pn.p) and after induction (Pn.px).
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Figure 7 Expression of lag-2p(min) depends on sur-2 and
unc-62. (A) arfx1215[lag-2p(minAVPCrep)::2nls-yfp::unc-
54 3'UTR], which is uniformly expressed in all VPCs (Figure
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Finally, we considered the possibility that EOR-1, a BTB
and C2H2 zinc finger domain transcription factor (Howard
and Sundaram 2002), might promote lag-2 transcription.
EOR-1, together with its binding partner EOR-2 (Howell
et al. 2009), functions redundantly with LIN-1 and the Me-
diator complex to promote certain Ras pathway outputs.
Genetic evidence suggests LIN-1 acts as a positive regulator
in conjunction with the Mediator complex but indepen-
dently of, and in parallel to, EOR-1 (Howard and Sundaram
2002).

eor-1(0) does not have a lateral signaling defect, suggest-
ing that EOR-1 is not the sole activator of lateral signal gene
transcription. However, it is possible that there are redun-
dant activators, obscuring a role for EOR-1 through VPCact.
We crossed the lag-2p(min) and lag-2p(minAVPCrep)
reporters into an eor-1(0) background and found that their
transcription was not affected by loss of eor-1 (Figure 8).
Therefore, EOR-1 is not the activator acting through VPCact.
We note that using lag-2p(minAVPCrep) to eliminate the
potential contribution of LIN-1 to transcriptional activation
bypasses potential problems of cell fate transformation and/
or synthetic lethality associated with concomitant removal
of eor-1 and lin-1 function (Howard and Sundaram 2002).
The observation that even in the absence of the LIN-1 bind-
ing site in VPCrep eor-1(0) does not affect lag-2 transcrip-
tion suggests that a redundant function for EOR-1 is not
masked by LIN-1 and supports the conclusion that neither
of these transcription factors activates lag-2 expression.

Discussion

We have investigated the mechanism by which the lateral
signal genes are expressed specifically in a single VPC in

sur-2(ku8); arEx1215 (n=20)

3A), shows reduced expression in all VPCs in the sur-2
(ku9) null background. The difference in expression in
P5.p, P6.p, and P7.p between sur-2(+) and sur-2(0) is sig-
nificant (Fisher's exact test, P < 0.002). (B) arls131[lag-
2p::2nls-yfp::unc-54  3'UTR] expression is reduced by
unc-62(RNAI) (see Materials and Methods for complete
genotype). The difference in expression between the feed-
ing vector and unc-62(RNAI) is significant (Fisher's exact
test, P < 0.0001).

response to EGFR/Ras/MAPK activation by studying the reg-
ulation of the lateral signal gene lag-2. Our results suggest
a model for how lag-2 is transcribed specifically in P6.p in
response to inductive signaling (Figure 9). There are three
key elements of this model. First and foremost, the critical
patterning event is loss of repression by LIN-1/EIk1 in P6.p.
Second, relief of repression allows a transcriptional activator
(or activators) present in all VPCs, and which is not itself
directly regulated by the inductive signal, to promote tran-
scription through VPCact. Third, LIN-1 does not appear to
function as a transcriptional activator of lag-2, either alone
or redundantly with other factors. We consider here the
rationale for each of these elements and additional implica-
tions of our findings.

The assertion that the critical patterning event is loss of
repression by LIN-1/Elk]1 in P6.p is based on the observa-
tions that loss of LIN-1 or deletion of VPCrep, which con-
forms to the Elk1 binding site consensus, results in strong,
uniform expression of lag-2 in all six VPCs. This expression
does not depend on the inductive signal, so the activator
itself is not directly regulated by the inductive signal; loss
of repression is sufficient to allow expression in all VPCs,
and deletion of VPCact abrogates expression even in the
absence of repression, so the activator (or activators) must
be present in all VPCs. Together, our data indicate that the
role of the inductive signal in promoting lag-2 expression in
a normal developmental context reflects relief of LIN-1—
mediated repression in P6.p.

Since a functional LIN-1::GFP protein is present at
a uniform level in the nuclei of all VPCs and does not change
in P6.p upon induction, LIN-1 activity appears to be regu-
lated post-translationally. LIN-1 phosphorylation has been
proven to occur downstream of EGFR/Ras/MAPK activation
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in P6.p (Jacobs et al. 1998, 1999), suggesting that phosphor-
ylation may lead to abrogation of LIN-1-mediated repres-
sion of lag-2. This proposal is supported by the similar
mechanisms of transcriptional repression of LIN-1 and its
mammalian ortholog Elk-1: in both cases, sumoylation pro-
motes repressor activity (Yang et al. 2003; Leight et al
2005). For Elk1, sumoylation and repressor activity is lost
upon activation of the MAP kinase pathway (Yang et al.
2003), supporting the inference that repressor activity is
also lost upon MAPK phosphorylation of LIN-1.

Loss of repression by phosphorylation of LIN-1 may be
common to both vulval induction and lag-2 regulation. How-
ever, a significant difference is that LIN-31 is an obligate

before induction

BvPCrep MEVPCact  [Elag-2 @ @
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Figure 8 Expression of lag-2p(min) and /ag-2p(minA-
VPCrep) is not eor-1 dependent. (A) In the absence of
eor-1, arEx1098[lag-2p(min)::2nls-yfp.:unc-54 3'UTR] ex-
pression remains P6.p specific. The difference in expression
between eor-1(+) and eor-1(—) is not significant (Fisher's
exact test, P=1.0). (B) In the absence of eor-1, the ectopic
expression of arEx1213[lag-2p(minAVPCrep)::2nls-yfp::
unc-54 3'UTR] remains uniform in all VPCs. The differ-
ence in expression between eor-1(+) and eor-1(—) is not
significant (Fisher's exact test, P > 0.24).

P3.pxx P4.pxx P5.pxx P6.pxx P7.pxx P8.pxx
arEx1213;eor-1(cs28) (n=29)

partner of LIN-1 in preventing VPCs from adopting vulval
fates (Tan et al. 1998), but the absence of [in-31 does not
lead to derepression of lag-2 in other VPCs. Furthermore,
phosphorylated LIN-31 has been proposed to promote tran-
scriptional activation of some targets that promote vulval
fate (Tan et al. 1998), but the absence of [in-31 does not
cause a loss of lag-2 transcription in P6.p, which instead
requires an activator that does not depend on inductive
signaling for activity. Thus, our results suggest a novel,
LIN-31-independent function of LIN-1 in modulating lag-2
transcription.

There is evidence that LIN-1 plays a positive role in vulval
induction in conjunction with another transcription factor,

Figure 9 Model for how relief of LIN-1 repression through
VPCrep leads to P6.p-specific expression of lag-2. (Top)
Before induction, lag-2 is repressed in all VPCs through
the action of LIN-1 via VPCrep. The inferred activator is
drawn as not associated with VPCact, but it may instead
be bound without promoting transcription. (Bottom) The
inductive signal from the anchor cell (AC) activates the
EGFR/Ras/MAPK cascade in P6.p. Phosphorylation of LIN-
1/Elk1 in P6.p relieves repression through VPCrep, allow-
ing a transcriptional activator that is present in all six VPCs
to function. If VPCrep is deleted or LIN-1 removed muta-
tionally, transcriptional activation can occur uniformly in all
six VPCs.
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EOR-1, and it has been proposed that LIN-1 is converted
from a transcriptional repressor to a transcriptional activator
by MPK-1 phosphorylation (Howard and Sundaram 2002).
It remains possible that phosphorylated LIN-1 is a transcrip-
tional activator of other targets that promote vulval fate.
However, our results indicate that phosphorylated LIN-1 is
unlikely to be a direct transcriptional activator of lag-2 ei-
ther alone or redundantly with another transcription factor:
loss of LIN-1 or deletion of VPCrep in the context of
the minimal promoter does not block transcription, indicat-
ing that LIN-1 binding to that site is not necessary for tran-
scription, and deletion of VPCact is sufficient to abrogate
expression, indicating that activation through this site is
necessary for transcription.

In sum, our data indicate that lag-2 is a direct target of
LIN-1 and that lag-2 transcription in P6.p results from loss of
repression via post-translational regulation of LIN-1 in re-
sponse to the inductive signal. In addition to establishing
a plausible mechanistic basis for how inductive signaling
leads to transcription of lag-2 in P6.p, the differences in
the requirements for other factors that have been estab-
lished as contributing to vulval induction suggest that there
are different genetic circuits and formal logic underlying
different aspects of the 1° fate.
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Figure S1 Deletion of ELK1 motif in lag-2 heterologous promoter (Fig. 2J) causes ectopic expression in all VPCs.
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Table S1 Primer sets used for fusion PCR

Strain Array Primer

GS4229 arEx763 A=TGTCAGAATGTCCCATGTAGG

654230 arExred B=AGTCGACCTGCAGGCATGCAAGCTGGCAAATTTGAAAAGTGTTGTTG

*—

csis02  arls1ai A*=GATTGATCTCCGTAAATGGC

csa276  arExrer A=TTGATTATATCTCGGTTCATTTTGG
B=AGTCGACCTGCAGGCATGCAAGCTGGCAAATTTGAAAAGTGTTGTTG

Gs4277 £x792

arex A*=AACGGCCAACTCTGATAGAGTAGG

5F=TGTCAGAATGTCCCATGTAGG

GS4251 arex774
5R=CGAGCTTTTGGGGAATTTTAAAGACAATCGCAGATTTCGGCAGTTGCA
3F=TCTTTAAAATTCCCCAAAAGCTCG)

GS4254  arEx776 3R=GACTGGGAGGCAGGTGAGGA
A=GATTGATCTCCGTAAATGGC
B=AGTCGACCTGCAGGCATGCAAGCTGGCAAATTTGAAAAGTGTTGTTG

GS4255  arEx777
A*= ATTCTAAACAGATTTCGGATGG
5F=TATTTCAATCAAGTCTTGGTCAATA
5R=CGAGCTTTTGGGGAATTTTAAAGACAATCGCAGATTTCGGCAGTTGCA

GS4458  arEx869
3F=TCTTTAAAATTCCCCAAAAGCTCG
3R=GACTGGGAGGCAGGTGAGGA
A=TCCTTGCATAATTATAGAGGCGATG

G54477  arkx870 B=AGTCGACCTGCAGGCATGCAAGCTGGCAAATTTGAAAAGTGTTGTTG
A*= GGAAGGGAGGCGGAAGTGGTTGA
5F=CTCAGAATCATAACTCTGTAATATGTTGACACCTGCCCCGCTCGCCTAAATC

GS4964  arEx1034  SR=CAATCGCAGATTTCGGCAGTTGCA
3F=TGCAACTGCCGAAATCTGCGATTGCTCAAATAAATGTCCCAGAATTTAC
3R=AGTCGACCTGCAGGCATGCAAGCTGGCAAATTTGAAAAGTGTTGTTG

GS4965  arEx1035

X. Zhang and I. Greenwald
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A=GGAAGGGAGGCGGAAGTGGTTGA

GS5008 arEx1063 B=AGTCGACCTGCAGGCATGCAAGCTGGCAAATTTGAAAAGTGTTGTTG
A*=GGAAGGGAGGCGGAAGTGGTTGA
SF=CTCAGAATCATAACTCTGTAATATGTTGACACCTGCCCCGCTCGCCTAAATC

GS5067 arEx1085
S5R=CAATCGCAGATTTCGGCAGTTGCA
3F=TGCAACTGCCGAAATCTGCGATTGGTAGATTTTTTTCTCGCCGTTATG
3R=AGTCGACCTGCAGGCATGCAAGCTGGCAAATTTGAAAAGTGTTGTTG

GS5068; arEx1086
A=GGAAGGGAGGCGGAAGTGGTTGA
B=AGTCGACCTGCAGGCATGCAAGCTGGCAAATTTGAAAAGTGTTGTTG

GS5069 arEx1087
A*=GGAAGGGAGGCGGAAGTGGTTGA
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Table S2 Primer sets used for fusion PCR for p847 and p849

Plasmid

Primer set

P847

P849

5F-Pstl =GCATGCCTGCAGGGAAGGGAGGCGGAAGTGGTTGA
5R=TGACACCCCCACCCCGGGGTTGTTGTCACTGATCAAGGAGACAAATATTTTCGGTGAGAGTTTTCA
3F=TGAAAACTCTCACCGAAAATATTTGGTAGATTTTTTTCTCGCCGTTATG
3R-Kpnl=GAGCTCGGTACCCGGGTTTCTGAAAAAAGGCAAATTTGAAAAGT

5F-PstI=GCATGCCTGCAGGGAAGGGAGGCGGAAGTGGTTGA
5R=TGAAAACTCTCACCGAAAATATTTGGCAGATACCAACAAGATTAAAAC
3F=GCAGATACCAACAAGATTAAAAC
3R-KpnI=GAGCTCGGTACCCGGGTTTTCATCAGAATAAGTAATTTTTCG
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Table S3 Plasmids and arrays derived using PCR product from the plasmids

Plasmid Promoter in the plasmid Strains (Array)

GS5095(arEx1097), GS5096(arEx1098),

p847 lag-2p(min)

GS5097(arEx1099)
p851 lag-2p(min)A(-5655...-5636)° GS5443(arEx1227), GS5444(arEx1228)
p852 lag-2p(min)A(-5645...-5626)° GS5560(arEx1275), GS5561(arEx1276)
p853 lag-2p(min)A(-5635...-5616)° GS5353(arEx1176), GS5354(arEx1177)

- l0g-2(minJA(-5625..-5606) GS5355(arEx1178), GS5365(arEx1179),
p ag-2p(min)A(-

GS5366(arEx1180)

- l0g-20(minJA(-5615..-5596) GS5548(arEx1263), GS5549(arEx1264),
p ag-2p(min)A(-

GS5550(arEx1265), GS5551(arEx1266)
p856 lag-2p(min)A(-5605...-5586)° GS5557(arEx1272), GS5559(arEx1279)
p857 lag-2p(min)A(-5595...-5576)° GS5552(arEx1267), GS5553(arEx1268)

- l0g-20(minJA(-5585..-5567) GS5554(arEx1269), GS5555(arEx1270),
p ag-2p(min)A(-
GS5556(arEx1271)
lag-2p(min)(C to A at -5648 and GS5845(arEx1357), GS5846 arEx1358),
p860
Tto A at -5644) GS5847(arEx1359), GS5848 arEx1360)

GS5425(arEx1213),GS5426(arEx1214),
p861 lag-2p(min)AVPCrep

GS5427(arEx1215)

GS5391(arEx1192), GS5393(arEx1193),

GS5394(arEx1194)
p849 lag-2p(-5674...-5567) + gcy-5p(-200...-1)

GS5431(arEx1218)°,GS5432(arEx1219)",

GS5433(arEx1220)°

%A BamHlI site(GGATCC) was inserted at the position of deletion.

®Strains were made using PCR product containing only gcy-5p(-200...-1)::2Xnls-yfp
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