C. elegans EOR-1/PLZF and EOR-2
positively regulate Ras and Wnt signaling
and function redundantly with LIN-25
and the SUR-2 Mediator component
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In Caenorhabditis elegans, Ras/ERK and Wnt/B-catenin signaling pathways cooperate to induce P12 and
vulval cell fates in a Hox-dependent manner. Here we describe eor-1 and eor-2, two new positively acting
nuclear components of the Ras and Wnt pathways. eor-1 and eor-2 act downstream or in parallel to ERK and
function redundantly with the Mediator complex gene sur-2 and the functionally related gene lin-25, such
that removal of both eor-1/eor-2 and sur-2/lin-25 mimics the removal of a main Ras pathway component.
Furthermore, the eor-1 and eor-2 mutant backgrounds reveal an essential role for the Elk1-related gene lin-1.
eor-1 and eor-2 also act downstream or in parallel to pry-1 Axin and therefore act at the convergence of the
Ras and Wnt pathways. eor-1 encodes the ortholog of human PLZF, a BTB/zinc-finger transcription factor that
is fused to RAR« in acute promyelocytic leukemia. eor-2 encodes a novel protein. EOR-1/PLZF and EOR-2
appear to function closely together and cooperate with Hox genes to promote the expression of Ras- and
Wnt-responsive genes. Further studies of eor-1 and eor-2 may provide insight into the roles of PLZF in normal

development and leukemogenesis.
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The Ras and Wnt signaling pathways control many as-
pects of animal development, and hyperactivation of one
or both of these pathways is a frequent cause of human
cancers. A combination of biochemical studies in verte-
brate cells and genetic studies in model organisms such
as Drosophila melanogaster and Caenorhabditis elegans
has identified the major components of each signaling
pathway, as well as several transcription factors whose
activities are controlled by these pathways. Growth fac-
tors stimulate receptor tyrosine kinases (RTKs) to acti-
vate the Ras GTPase and the downstream kinases Raf,
MEK, and MAP kinase/ERK, ultimately regulating the
activities of transcription factors such as the Ets-domain
protein Elk-1 (Campbell et al. 1998). Wnt ligands stimu-
late Frizzled (Fz) receptors to antagonize axin and GSK3
and stabilize B-catenin, ultimately regulating the activi-
ties of transcription factors of the TCF/LEF family (Ca-
digan and Nusse 1997). Both Ets-domain proteins and
TCF/LEF can function as either transcriptional activa-
tors or repressors (Bienz 1998; Yordy and Muise-Helmer-
icks 2000) and are thought to act combinatorially with
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other factors to generate the diverse patterns of gene ex-
pression elicited by Ras or Wnt signaling in different
tissues (Simon 2000). Here we provide evidence that C.
elegans eor-1 and eor-2 positively regulate transcrip-
tional responses downstream of both the Ras and Wnt
pathways.

In C. elegans, a Ras pathway involving Iin-3 EGF, let-
23 RTK, Iet-60 Ras, lin-45 Raf, mek-2 MEK, and mpk-1
ERK is required for multiple developmental processes
(Sternberg and Han 1998), three of which are relevant to
our studies. First, Ras signaling is required for excretory
system development and hence larval viability. Ras
pathway loss-of-function mutants arrest as rod-like lar-
vae with massive fluid accumulation in the pseudocoe-
lom. One cause of rod-like lethality is failure to specify
the excretory duct cell fate (Yochem et al. 1997). Second,
Ras signaling controls the choice between the P11 and
P12 ectodermal blast cell fates (Jiang and Sternberg
1998). In wild-type animals, P11 and P12 divide in dif-
ferent patterns to generate morphologically distinguish-
able hypodermal descendants, P11.p and P12.pa. In Ras
pathway loss-of-function mutants, P12 sometimes
adopts the fate of P11 (2 P11.p phenotype), whereas in
Ras pathway gain-of-function mutants, P11 sometimes
adopts the fate of P12 (0 P11.p phenotype). Finally, Ras
signaling controls the choice between vulval and non-
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vulval cell fates. In wild-type animals there are six ini-
tially equipotent Vulval Precursor Cells (VPCs), only
three of which (P5.p, P6.p, and P7.p) are induced to adopt
vulval fates. In Ras pathway loss-of-function mutants,
less than three VPCs adopt vulval fates (Vulvaless or Vul
phenotype), whereas in Ras pathway gain-of-function
mutants more than three VPCs adopt vulval fates (Mul-
tivulva or Muv phenotype). Most known components of
the Ras pathway have been identified based on their
roles in vulval development (Sternberg and Han 1998).

In addition to core components of the Ras pathway,
screens for Muv and Vul mutants have identified several
transcriptional regulators that affect vulval fate choice.
Negatively acting gene products (defined by Muv mu-
tants) include LIN-1 (an Elkl-related Ets-domain tran-
scription factor; Beitel et al. 1995) and LIN-31 (an HNF3/
forkhead-like transcription factor; Miller et al. 1993), as
well as LIN-35 Rb and other components of the Syn-
thetic Multivulva (SynMuv) pathways (Ferguson and
Horvitz 1989; Lu and Horvitz 1998). Both LIN-1 and LIN-
31 are substrates of murine ERK, and phosphorylation is
thought to inactivate LIN-1 and convert LIN-31 into a
positively acting transcription factor (Jacobs et al. 1998;
Tan et al. 1998). Other positively acting gene products
(defined by Vul mutants) include SUR-2 (a conserved
component of the Mediator coactivator complex; Singh
and Han 1995; Boyer et al. 1999) and LIN-25 (a novel
protein thought to function closely with SUR-2; Tuck
and Greenwald 1995; Nilsson et al. 1998). However, LIN-
31, SUR-2, and LIN-25 are not absolutely required for all
vulval cell fates, and play no role or only minor roles in
other Ras-mediated processes such as excretory system
development and P12 fate specification. Thus, additional
genes that promote Ras/ERK-dependent transcription re-
main to be identified.

A Wnt pathway involving pry-1 Axin and bar-1
B-catenin cooperates with the Ras pathway to specify
both vulval and P12 cell fates (Eisenmann et al. 1998;
Eisenmann and Kim 2000; Gleason et al. 2002; Korswa-
gen et al. 2002). The mechanisms through which the Ras
and Wnt pathways cooperate are not known. However,
both the Ras and Wnt pathways up-regulate expression
of the Hox genes 1in-39 and egl-5 and require 1in-39 and
egl-5 to specify vulval and P12 fates, respectively (Clan-
dinin et al. 1997; Eisenmann et al. 1998; Jiang and Stern-
berg 1998; Maloof and Kenyon 1998). Therefore, Ras-
regulated and Wnt-regulated transcription factors may
converge on Hox gene promoters, or may act in coopera-
tion with Hox proteins to promote cell-type-appropriate
gene expression.

We identified multiple loss-of-function alleles of eor-1
and eor-2 (egl-1 suppressor, Di-O uptake defective, raf
enhancer) in a genetic screen for enhancers of the excre-
tory system and egg-laying defects of hypomorphic Iin-
45 raf mutants (Rocheleau et al. 2002). All of the other
lin-45 Raf enhancer mutations identified in our screen
were in known components or regulators of the Ras
pathway, which strongly supports the specificity of the
screen and therefore a close involvement of eor-1 and
eor-2 in Ras signaling. However, unlike previously char-
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acterized Ras pathway regulators, eor-1 and eor-2 only
weakly affect vulval development but more strongly af-
fect excretory system development and P12 fate specifi-
cation. We show here that EOR-1/PLZF and EOR-2 func-
tion redundantly with LIN-25 and the SUR-2 Mediator
component and positively regulate both Ras and Wnt
signaling output.

Results

eor-1 and eor-2 function together and act downstream
or in parallel to mpk-1 ERK and the SynMuv genes
to positively regulate Ras signaling

eor-1 and eor-2 single mutants have several weakly pen-
etrant defects that resemble those of Ras pathway mu-
tants, including rod-like larval lethality, an egg-laying
defective phenotype, and a 2 P11.p phenotype, but have
normal vulval development (Table 1; Rocheleau et al.
2002). The lethal and 2 P11.p defects are maternally res-
cued in eor-1 or eor-2 homozygotes segregating from het-
erozygous mothers (data not shown). The rod-like lethal
and 2 P11.p defects are strongly enhanced by other mu-
tations that reduce Ras pathway activity (Table 1). For
example, eor-1 and eor-2 show synthetic interactions
with sur-8, a gene that promotes signaling between let-
60 Ras and Iin-45 Raf (Sieburth et al. 1998), and show
even stronger synthetic interactions with a gain-of-func-
tion (gf) allele of Iin-1 Ets (Jacobs et al. 1998). eor-1 and
eor-2 also partially suppress the Muv phenotype caused
by hyperactive let-60 Ras or mpk-1 ERK, and more
strongly suppress the 0 P11.p defect caused by hyperac-
tive mpk-1 ERK or the SynMuv mutation lin-15 (Table
2). These data substantiate that eor-1 and eor-2 posi-
tively regulate Ras signaling in multiple tissues. These
data also suggest that eor-1 and eor-2 act at a step down-
stream or in parallel to mpk-1 and the SynMuv genes.

Whereas eor-1 and eor-2 show strong genetic interac-
tions with various Ras pathway components, eor-1 and
eor-2 do not show genetic interactions with each other.
eor-1; eor-2 double mutants resemble either single mu-
tant (Table 1). This finding, combined with the fact that
eor-1 and eor-2 both have similar mutant phenotypes
and act downstream or in parallel to mpk-1, suggests
that eor-1 and eor-2 function closely together. This hy-
pothesis is further supported by the identical genetic be-
havior of eor-1 and eor-2 in all subsequent genetic tests
(see below).

eor-1 and eor-2 cooperate with lin-1, sur-2, and lin-25
to positively regulate Ras signaling output

To determine more precisely at what step eor-1 and eor-2
act, we tested their epistatic relationship to other genes
that act downstream of mpk-1. The lin-31 forkhead gene
functions specifically during vulval development and
plays both positive and negative roles (Miller et al. 1993).
1in-31(n301) null mutants are viable and have a mixed
Vul and Muv phenotype, and neither eor-1 nor eor-2 ap-
preciably affects this phenotype (Table 2). Therefore
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Table 1. eor-1 and eor-2 mutations enhance defects associated with reduced Ras, Wnt, and Hox activities

Rod-like Avg. no. VPCs 2 Pll.p
Genotype?® lethal (%) (n) Vul (%) induced (n) (%) (n)
+ 0 0 3.0 0
eor-1° 7 (109) 0 3.0 (46) 21 (52)
eor-2P 7 (257) 0 3.0 (30 13 (24)
eor-1; eor-2 8 (162) 0 3.0 (20) 25 (51)
Ras pathway
sur-8(RNAi) 0 (309) 0 3.0 (74) 0 (74)
sur-8 0 (221) 0 3.0 (25) 0 (25)
eor-1 sur-8(RNAi) 35% (243) 0 3.0 (49) 5% (52)
sur-8; eor-2 38** (72) 14* 2.94 (49) 63** (46)
lin-1(gf) 0 (227) 3 2.97 (33) 0 (33)
lin-1(gf)eor-1 66** (154) 9 2.94 (23) 68** (22)
lin-1(3f); eor-2 68** (84) 6 2.97 (33) 73% (33)
sur-2 1 (78) 100 0.78 (28] 0 (27)
sur-2; eor-1 100 (many) nd nd nd nd nd
sur-2; eor-2 100 (many) nd nd nd nd nd
lin-25¢ 15 (114) 100¢ 0.84 (22) 0 (28)
eor-1; lin-25¢ 100 (many) 100¢ 0.24 (22) 158+ (26)
Wnt pathway
bar-1 nd nd 74 2.0 (65) 99 (68)
eor-1; bar-1 nd nd 90* 1.5 (68) 96 (54)
bar-1 eor-2 nd nd 94* 1.0 (47) 99 (79)
Hox genes
1in-39 nd nd 56f 2.58 (38) 0 (21)
1in-39; eor-1 nd nd 100 * 1.17 (32) 32 (56)
1in-39; eor-2 nd nd 100** 1.23 (15) 24 (50)
egl-5/+4 nd nd nd nd nd 0 (50)
+; eor-14 nd nd nd nd nd 24 (51)
egl-5/+; eor-14 nd nd nd nd nd 72+ (64)

n, Number of animals scored. nd, Not determined. For bar-1 and 1in-39 strains, Vul (%) includes animals that had Pn.p fusion defects
as well as induction defects.

2Alleles used were eor-1(cs28), eor-2(cs30), sur-8(kul67), lin-1(n2515gf), sur-2(ku9), lin-25(e1446), bar-1(ga80), 1in-39(n709), and
egl-5(n486). Since linkage made it difficult to construct an eor-1 sur-8 double mutant, RNAi was used to reduce sur-8 function in the
eor-1 background.

PRocheleau et al. 2002.

“Lethality was scored in animals segregating from homozygous mothers, whereas vulval and P11.p phenotypes were scored in animals
segregating from +/DnT1; 1in-25/DnT1 or eor-1/DnT1; 1in-25/DnT1 heterozygous mothers.

dAnimals were heterozygous for the balancer hT2/qls48], which allowed egl-5 heterozygotes to be recognized as GFP(+) segregants.

€14% of 1in-25 and 59% of eor-1; lin-25 animals completely lacked vulval cells (P = 0.004, Fisher’s Exact Test).

fIn Iin-39 single mutants, P6.p always adopted a normal vulval fate (n = 20). In contrast, in lin-39; eor-1 double mutants, P6.p did not
divide, and we presume adopted a fused fate 4/14 times, adopted a nonvulval (3°) fate 3/14 times, and adopted a hybrid fate 6/14 times.
geor-1 homozygotes segregating from heterozygous mothers have 0% 2 P11.p (n = 96).

**P < 0.01, Fisher’s Exact Test, compared with single mutant controls.

*0.01 < P < 0.05, Fisher’s Exact Test, compared with single mutant controls.

eor-1 and eor-2 do not appear to act downstream of in- eor-1 and Iin-1; eor-2 double mutants have a mixed Vul
31. In contrast, both eor-1 and eor-2 show dramatic ge- and Muv phenotype resembling that of Iin-31 mutants
netic interactions with lin-1, an Ets gene that is nega- (Table 2). These data imply that, like Iin-31, lin-1 plays
tively regulated by Ras signaling in multiple tissues (Bei- both positive and negative roles in Ras signaling (see
tel et al. 1995). lin-1(e1275) hypomorphic mutants and Discussion). These data also suggest that eor-1 and eor-2
1in-1(n304) null mutants are viable and Muv. Surpris- cooperate with Iin-1 to promote Ras signaling.

ingly, however, Iin-1 eor-1 and lin-1; eor-2 double mu- eor-1 and eor-2 also show dramatic genetic interac-
tants show fully penetrant maternal effect lethality tions with sur-2 and lin-25, two genes that positively
(Table 2). Although the specific cause of lethality is not regulate Ras signaling in multiple tissues but have a pri-
known, the dying larvae are filled with fluid and have a mary role in vulval development (Singh and Han 1995;
distinctive rod-like appearance that closely resembles Tuck and Greenwald 1995; Nilsson et al. 2000). Most
that of let-60 Ras mutants. Furthermore, when segregat- sur-2(ku9) null or lin-25(e1446) null single mutants are
ing from heterozygous mothers, maternally rescued lin-1 viable and partially Vul. However, double mutants with
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Table 2. Epistatic relationships between eor-1 and eor-2 and Ras, SynMuv, and Wnt pathway genes

Rod-like Muv Avg. no. VPCs OPllp 2Pllp
Genotype?® lethal (%) (nn) (%) Vul (%) induced (n) (%) (%) (n)
Ras pathway
let-60(gf) 1 (146) 75 0 3.81 (20) 0 0 (40)
eor-1 let-60(gf) 7 (106) 7% 0 3.06 (28] 0 10 (41)
let-60(gf); eor-2 4 (141) 16** 0 3.09 (43) 0 6 (53]
[hs-mpk-1(+); D-mek(gf)]° nd nd 53 0 3.69 (36) 26 0 (74)
eor-1; [hs-mpk-1(+); D-mek(gf)]° nd nd 11~ 0 3.13 (36) 2+ 3 (61)
[hs-mpk-1(+); D-mek(gf)]; eor-2° nd nd 19** 0 3.15 (43) 0** 12 (78)
lin-31 0 (326) 95 5¢ 4.45 (19)f 0 0 (30)
1in-31; eor-1 18 (155)  100¢ 12¢ 4.79 (17)f 0 7 (28)
lin-31; eor-2 10 (367)  100° 6 4.82 (17)f 0 22 (23)
lin-1(el275) 0 (183) 100 0 4.1 (20) 0 0 (23]
lin-1(el275) eor-1¢ 100 (many) 56°** 19¢ 3.26 (27) 0 0 (38)
lin-1(el275); eor-2° 100 (many] 67 8 3.71 (12) 0 9 (22)
lin-1(n304)° 3 (101) 100 0 5.16 (21) 0 0 (25)
lin-1(n304) eor-1° 100 (many)]  100¢ 14¢ 4.38 (21) 0 0 (41)
lin-1(n304); eor-2¢ 100 (many) nd nd nd nd nd nd nd
SynMuv pathway
lin-15(n765) nd nd 95 0 4.86 (21) 20 0 (25)
eor-1; 1in-15(n765) nd nd 90 0 4.73 (20) 0* 15 (34)
eor-2 lin-15(n765) nd nd 74 0 3.98 (23) 0** 19 (37)
1lin-15(n309) nd nd 100 0 5.82 (21) 33 0 (30)
eor-1; lin-15(n309) nd nd 100 0 5.82 (26) 5+ 21 (19)
Wnt pathway
pry-1¢ nd nd 27 0 3.23 (30) 96 0 (45)
pry-1; eor-1¢ nd nd 0** 0 3.0 (29) 6** 0 (33)
pry-1; eor-24 nd nd 4+ 0 3.02 (27) 7 0 (28)
pry-1; lin-25¢ nd nd 45 23 3.32 (22) 95 0 (22)

n, Number of animals scored. nd, Not determined.

2Alleles used were eor-1(cs28), eor-2(cs30), let-60(n1046gf), gals36[hs-mpk-1(+); EF1a-D-mek(gf); unc-30(+)], 1in-31(n301), and pry-
1(mu38). lin-1(e1275) was linked to unc-24. Similar results were obtained when Iin-1(e1275) was marked with unc-3. eor-1 was linked
to unc-24 in lin-1(e1275) background. eor-2 was linked to unc-3 in lin-1(e1275) background.

Poals36 strains were grown at 20°C and switched to 25°C (the temperature at which the gals36 strain is Muv) at the L4 stage because
double-mutant strains were too sick to propagate at 25°C. Progeny of mothers grown at 20°C were scored at 25°C.

“Lethality was scored in animals segregating from homozygous mothers, whereas vulval and P11.p phenotypes were scored in animals
segregating from lin-1(e1275) unc-24/lin-1(e1275)+, lin(e1275) eor-1 unc-24/lin-1(e1275)++, lin-1(e1275); eor-2 unc-3/++, lin-1(n304)/
DnT1 or lin-1(n304) eor-1/DnT1 mothers.

dpry-1 strains were grown continuously at 25°C because double-mutant strains were too sick to propagate at lower temperatures.
¢Some animals were both Muv and Vul, and these animals were included in both the Muv and Vul columns. Animals were considered
Muv and Vul if P3.p, P4.p, and/or P8.p were induced, but P5.p, P6.p, and/or P7.p were not induced.

fVulva cells in lin-31; eor-1 and Iin-31; eor-2 double mutants were less uniform in size and less organized compared with lin-31 single
mutants, which could explain why the double mutants are much more Egg-laying defective (data not shown).

**P < 0.01, Fisher’s Exact Test, compared with single mutant controls.

*0.01 < P < 0.05, Fisher’s Exact Test, compared with single mutant controls.

eor-1 or eor-2 show fully penetrant maternal effect le- genetic properties expected for additional positive tran-
thality (Table 1). Again, dying larvae arrest with a dis- scriptional regulators downstream of mpk-1 ERK.

tinctive rod-like appearance resembling that of let-60 One known transcriptional readout of Ras signaling is
Ras mutants. Furthermore, when segregating from het- the expression of the reporter gene egl-17::gfp in the vul-
erozygous mothers, maternally rescued eor-1; Iin-25 val precursor cell P6.p and its descendants (Burdine et al.
double mutants have a more expressive Vul and a more 1998). Whereas 95% (n = 41) of eor-1(cs28) mutants and
penetrant 2 P11.p phenotype than maternally rescued 57% (n=81) of lin-25(e1446) mutants showed normal
lin-25 or eor-1 single mutants (Table 1). These data in- EGL-17::GFP expression in P6.p or its daughters, only
dicate that eor-1 and eor-2 cooperate with sur-2 and Iin- 16% (n=80) of maternally rescued eor-1(cs28); lin-
25 to positively regulate Ras signaling output. Because 25(e1446) double mutants expressed this reporter, indi-
jointly removing both eor-1 (or eor-2) and Iin-25 (or sur-2) cating that eor-1 and lin-25 function redundantly to pro-
causes defects similar to those caused by removing a mote reporter expression (p =0.000002, Fisher’s Exact
main Ras pathway component, eor-1 and eor-2 have the Test, compared with additive effect, which would be
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52%). These data further support the model that EOR-1
cooperates with known transcriptional regulators to pro-
mote Ras target gene expression.

eor-1 and eor-2 positively regulate Wnt
signaling output

We tested the epistatic relationship between eor-1 and
eor-2 and the Wnt pathway by analyzing double mutants
with pry-1 Axin. eor-1 and eor-2 mutations suppress the
pry-1 Muv and O P11.p phenotypes (Table 2). This ge-
netic behavior is similar to that of bar-1 B-catenin mu-
tations but in contrast to that of Ras pathway mutations
or a lin-25 mutation, which do not suppress pry-1 defects
(Table 2; Gleason et al. 2002). These data indicate that
eor-1 and eor-2 not only promote Ras signaling output,
but also promote Wnt signaling output.

eor-1 and eor-2 differ from bar-1 and other Wnt path-
way genes in several important respects. First, unlike
bar-1, eor-1 and eor-2 mutations do not suppress all as-
pects of the pry-1 phenotype such as frequent herniation
and general sickness (Table 2). Second, unlike eor-1 and
eor-2, bar-1 mutations do not cause rod-like larval le-
thality either alone or in Iin-45, lin-1, or lin-25 mutant
backgrounds (Eisenmann et al. 1998; S. Tuck, pers.
comm.; R.M. Howard and M.V. Sundaram, unpubl.). Fi-
nally, eor-1 and eor-2 mutations slightly enhance the
bar-1 Vul phenotype (Table 1). These results support the
argument that eor-1 and eor-2 do not act solely to regu-
late or respond to bar-1. Instead, we favor a model in
which eor-1 and eor-2 positively regulate downstream
responses to both Ras and Wnt signaling.

eor-1 encodes a BTB/zinc-finger protein similar
to PLZF

We positionally cloned eor-1 by transformation rescue
(Materials and Methods) and found that it corresponds to
the predicted gene R11E3.6. Analysis of eor-1 ¢cDNAs
(Fig. 1A) indicates that eor-1 encodes a 909-amino-acid
protein with an N-terminal BTB domain (or POZ do-
main), followed by nine closely spaced C,H, zinc fingers
and a polyglutamine stretch (Fig. 1B-D). We identified
the lesions in all three of our mutant eor-1 alleles. eor-
1(cs28) contains a 68-bp deletion that leads to a frame-
shift, and is predicted to encode a truncated protein lack-
ing all nine zinc fingers (Materials and Methods). eor-
1(cs40) contains a nonsense mutation between the
second and third zinc fingers. eor-1(cs44) contains a mis-
sense mutation that affects a conserved residue in the
BTB domain (Fig. 1B,C). All three alleles behave simi-
larly and appear to severely reduce or eliminate eor-1
function (Rocheleau et al. 2002). Consistent with eor-
1(cs28) representing the loss-of-function phenotype,
RNA-mediated interference of eor-1 caused few defects
in a wild-type background but caused significant rod-like
lethality in the lin-1(e1275) background (Materials and
Methods).

The molecular identity of EOR-1 suggests a role in

EOR-1/PLZF and EOR-2 regulate Ras and Wnt pathways

transcriptional regulation. BTB domains mediate ho-
modimerization as well as heterotypic interactions with
other proteins such as the corepressors N-CoR and
SMRT (Collins et al. 2001). Most C,H, zinc fingers bind
DNA (Nelson 1995), and the BTB/zinc-finger family of
proteins includes many known transcription factors, in-
cluding both transcriptional activators and repressors.
Polyglutamine stretches are also common features of
transcriptional regulators (Gerber et al. 1994). Because
EOR-1 facilitates Ras/ERK signaling, it could be a tran-
scriptional activator of genes stimulated by ERK or a
transcriptional repressor of genes inhibited by ERK.
EOR-1 was previously identified as the C. elegans or-
tholog of mammalian promyelocytic leukemia zinc-fin-
ger protein (PLZF), a transcription factor that is fused to
RARa in retinoic acid-resistant forms of acute promy-
elocytic leukemia in humans (Lin et al. 1999; Zhang et
al. 1999). Like EOR-1, PLZF also contains an N-terminal
BTB domain (Fig. 1C) and nine similarly spaced C,H,
zinc fingers (Fig. 1D). Although the normal role of PLZF
is poorly understood, EOR-1 and PLZF have several in-
triguing functional similarities (see Discussion).

eor-2 encodes a novel protein

We also positionally cloned eor-2 by transformation res-
cue (Materials and Methods) and found that it corre-
sponds to the predicted gene C44H4.7. Analysis of eor-2
cDNAs (Fig. 2A) indicates that eor-2 encodes a novel
protein with several potential nuclear localization sig-
nals (Fig. 2B). Alternative splicing of eor-2 leads to the
generation of two highly related isoforms (A and B) that
differ only in that EOR-2A contains 15 amino acids that
are not present in EOR-2B (Fig. 2A,B). EOR-2 does not
contain any recognizable motifs (as assessed by SMART)
and is not highly related to any other proteins in the
databases. However, the C-terminal region does have
moderate similarity to an uncharacterized Drosophila
gene product (Materials and Methods). It is possible that
analogous proteins exist in other organisms but share too
limited an amino acid identity to be detected by standard
BLAST searches.

We identified the lesions in all five of our mutant eor-2
alleles. eor-2(cs30) affects a splice donor site, whereas
the other four eor-2 alleles, cs7, cs42, cs47, and cs51, are
nonsense mutations (Fig. 2B). The earliest of these mu-
tations, eor-2(cs42), is predicted to encode a truncated
protein of only 40 amino acids. All five alleles behave
similarly and appear to severely reduce or eliminate
eor-2 function (Rocheleau et al. 2002).

EOR-1::GFP and EOR-2::GFP are widely expressed
and nuclear-localized

To analyze the expression patterns of EOR-1 and EOR-2,
we generated functional GFP reporters capable of rescu-
ing eor-1 or eor-2 mutant defects (Materials and Meth-
ods). EOR-1::GFP and EOR-2::GFP are expressed in most
cells throughout development and are both nuclear-lo-
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Figure 1. eor-1 encodes a PLZF-related BTB/zinc-finger protein. (A) Gene structure of eor-1 based on analysis of cDNA clone yk87e7.
Coding sequences are shaded black. (B) Amino acid sequence of EOR-1. Arrowheads indicate the sites of the cs28, ¢s40, and cs44
lesions. The BTB domain is boxed with a solid line. The nine C,H, zinc-finger domains are underlined, and the cysteines and histidines
are in bold. The polyglutamine stretch is underlined twice. Potential nuclear localization sequences are boxed with dashed lines. (C)
EOR-1 BTB domain alignment. Conserved regions are boxed. Shaded areas are identical residues. An asterisk indicates a conserved
leucine changed to a phenylalanine in eor-1(cs44). The EOR-1 BTB domain is 31 % identical and 45%-55% similar to the BTB domains
of mammalian PLZF, Drosophila kelch, and Drosophila Tramtrack (Ttk). (D) Alignment of zinc-finger domain regions of EOR-1 and
PLZF. EOR-1 and PLZF are 30% identical and 45% similar over this region. The nine C,H, zinc-finger domains are underlined, and
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Figure 2.

eor-2 encodes a novel protein. (A) Gene structure of eor-2 based on analysis of cDNA clone yk257¢2 (eor-2a) and RT-PCR

products (eor-2b). Coding sequences common to eor-2a and eor-2b are shaded black. Coding sequences unique to eor-2a are shaded
gray. Numbering is according to EOR-2A. (B) Amino acid sequence of EOR-2. Arrowheads indicate the site of the splice junction
affected by ¢s30 and the sites of ¢s7, c¢s42, cs47, and cs51 lesions. The portion of EOR-2 unique to the EOR-2A isoform is underlined.
Cysteines and histidines that comprise a C,H,-like sequence (which does not conform to zinc-finger spacing requirements) are in bold.
Potential nuclear localization sequences are boxed with dashed lines. Numbering is according to EOR-2A.

calized, consistent with the postulated role of EOR-1 and
EOR-2 in transcriptional regulation. Of particular rel-
evance, the reporters are expressed in the precursors to
the VPCs and P11 and P12 (Fig. 3A), in VPCs that adopt
vulval and nonvulval fates and their descendants (Fig.
3B-D), and in both P11.p and P12.pa (Fig. 3E,F). Thus,
EOR-1::GFP and EOR-2::GFP are expressed in VPCs and
in P12 at the time of cell fate determination. However,
EOR-1::GFP and EOR-2::GFP expression and localization
do not appear to change in response to Ras or Wnt sig-
naling.

eor-1 does not act simply to up-regulate Hox
gene expression

The Ras, Wnt, and SynMuv pathways regulate vulval
and P12 cell fates at least in part by regulating expression
of the Sex combs reduced-like Hox protein LIN-39 in

VPCs and the Abdominal-B-like Hox protein EGL-5 in
P12 (Eisenmann et al. 1998; Jiang and Sternberg 1998;
Maloof and Kenyon 1998; Chen and Han 2001; Gleason
et al. 2002). Like Hox genes, eor-1 and eor-2 appear to act
downstream of the Ras, Wnt, and SynMuv pathways at
the level of transcriptional regulation. Furthermore,
eor-1 and eor-2 show strong genetic interactions with
1in-39 and egl-5 (Table 1). Therefore, we wanted to test if
eor-1 mutant defects could be explained by a reduction
in Hox gene expression.

Because eor-1 most strongly affects the P11/P12 cell
fate decision, we examined the relationship between
eor-1 and egl-5 in those cells. We first tested whether an
eor-1 mutation would reduce expression of an egl-5::lacz
reporter gene but did not see an obvious effect (data not
shown). We next tested whether we could rescue the
eor-1 2 P11.p defect by heat-shock-promoter (hs)-driven
expression of egl-5. The hs-egl-5 transgene syEx178
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Figure 3. (A-C,E) EOR-1::GFP and (D,F)
EOR-2::GFP localize to the nuclei of many
cell types. Anterior is left. (A) P1/2, P3/4,
P5/6, P7/8, P9/10, and P12 (arrowheads)
during embryogenesis before P cell fate
specification. P cells are the precursors to
the VPCs, P11.p and P12.pa. ajm-1::GFP
(Mohler et al. 1998) was used to aid in P-
cell identification. The right side of the
embryo is shown. P cells on the left side
also express EOR-1::GFP (data not shown).
(B) P5.p-P8.p (arrows) at late L2 stage dur-
ing inductive signaling. (C) Nonvulval
cells P4.pp and P8.pa (arrows) and vulval
cells (in brackets) at L4 stage. (D) P5.p—
P8.p (arrows) at early L2 stage before in-
ductive signaling. (E,F) P11.p (arrow) and
P12.pa (arrowhead) at L4 stage.

(Jiang and Sternberg 1998) causes a moderate 0 P11.p
phenotype under our heat-shock conditions (Fig. 4A).
This transgene did not rescue the 2 P11.p defect of eor-1
mutants, and eor-1 only slightly suppressed the 0 P11.p
defect of hs-egl-5 (Fig. 4B). This additive phenotype of
eor-1; hs-egl-5 animals indicates that eor-1 cooperates
with egl-5 to promote the P12 fate and does not simply
up-regulate egl-5 expression.

Discussion

We have shown that eor-1 and eor-2 act downstream or
in parallel to both the Ras and Wnt pathways to promote
P12 and vulval cell fates. eor-1 and eor-2 appear to func-
tion closely together because they have identical mutant
phenotypes and expression patterns, show identical ge-
netic interactions with other signaling pathway compo-
nents, yet do not interact genetically with each other.
eor-2 encodes a novel nuclear protein. eor-1 encodes a
BTB/zinc-finger protein orthologous to PLZF, a tran-
scription factor that is altered in retinoic acid-resistant
forms of promyelocytic leukemia in humans. Our data
suggest that EOR-1 and EOR-2 are transcriptional regu-
lators that cooperate with Mediator components, LIN-1
Ets, and Hox proteins to promote the expression of Ras-
and Wnt-responsive genes.

eor-1 and eor-2 cooperate with sur-2 and lin-25
to positively regulate Ras signaling output

The sur-2 Mediator component and [in-25 function to-
gether as positive regulators of Ras/ERK signaling output
in C. elegans (Singh and Han 1995; Tuck and Greenwald
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1995; Nilsson et al. 1998, 2000). However, because sur-2
and Iin-25 are not required for the full extent or spectrum
of Ras/ERK-mediated processes, and because the Media-
tor complex itself does not bind DNA, other positively
acting transcriptional regulators remain to be identified.
eor-1 and eor-2 have the genetic properties expected for
such factors. First, eor-1 and eor-2 mutations cause sev-
eral weakly penetrant ras-like defects and enhance de-
fects caused by other mutations that reduce Ras signal-
ing. Second, eor-1 and eor-2 mutations suppress defects
caused by activated mpk-1 ERK. Third, double mutants
between eor-1/eor-2 and sur-2/lin-25 show fully pen-
etrant synthetic rod-like lethality, and removing both
eor-1 and Iin-25 zygotic contributions closely phenocop-
ies the Vul defects caused by loss of a core Ras pathway
component. Finally, eor-1 encodes a nuclear-localized
BTB/zinc-finger protein and hence is likely to function
directly as a transcriptional regulator. Therefore, we pro-
pose that eor-1 and eor-2 cooperate with sur-2 and Iin-25
and function as global regulators of Ras/ERK-dependent
gene transcription (Fig. 5A). Although both sets of genes
facilitate multiple Ras-dependent processes, sur-2 and
lin-25 are primarily involved in vulval fate specification,
whereas eor-1 and eor-2 are primarily involved in excre-
tory system development and P12 fate specification. It
will be interesting to determine why different tissues
have different requirements for sur-2/lin-25 versus eor-
1/eor-2.

lin-1 Ets both positively and negatively regulates Ras
signaling output

The Elk-1 related gene Iin-1 mainly functions as a nega-
tive regulator of Ras signaling output (Beitel et al. 1995),
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Figure 4. egl-5 overexpression does not rescue eor-1 mutant 2 P11.p phenotype. (A) syEx178[hsEGL-5 + dpy-20(+)]; dpy-20. (B) eor-
1(cs28) dpy-20; syEx178hsEGL-5 + dpy-20(+)]. Larvae were heat-shocked for 1 h in a 33°C waterbath at the indicated hours after
egg-lay (AEL) (X-axis). Open bars indicate percentage 2 P11.p. Hatched bars indicate percentage 0 P11.p. eor-1; syEx178 animals develop
slightly slower than syEx178 animals. Therefore, the percentage 0 P11.p peaks at 27 h AEL for syEx178; eor-1 versus 25 h AEL for
syEx178. Error bars are 95% confidence limits based on the limiting normal distribution.

but our studies of eor-1 and eor-2 have provided the first
evidence that lin-1 may also function as a positive regu-
lator. We found that lin-1 loss-of-function mutations
cause dramatic rod-like lethal and partial Vul defects in
eor-1 or eor-2 mutant backgrounds, suggesting that Iin-1
mutations partially reduce Ras signaling output. Nota-
bly, lin-1 mutations do not cause similar synthetic de-
fects in sur-2 or lin-25 mutant backgrounds (Singh and
Han 1995; Tuck and Greenwald 1995), whereas lin-1,
sur-2, and Iin-25 all interact similarly with eor-1 and
eor-2. We therefore propose that, in its capacity as a posi-
tive regulator, Iin-1 functions together with sur-2 and
1in-25 but in parallel to eor-1 and eor-2 (Fig. 5A). Such a
model is consistent with the recent report that mamma-
lian Sur-2 specifically links Elk-1 to the Mediator com-
plex to allow transcriptional activation (Stevens et al.
2002).

Ets-domain proteins can function as either transcrip-
tional activators or repressors, and these activities are
regulated by ERK phosphorylation. For example, in Dro-
sophila, the transcriptional activator Pointed is stimu-
lated by ERK phosphorylation (O’Neill et al. 1994), but
the transcriptional repressor Yan/Aop is down-regulated
by ERK phosphorylation (Rebay and Rubin 1995). In
mammalian cells, the Elk-1-related protein Net is con-
verted from a transcriptional repressor to a transcrip-
tional activator by ERK phosphorylation (Maira et al.
1996). We speculate that LIN-1 could also be converted
from a transcriptional repressor to a transcriptional ac-
tivator by ERK phosphorylation (Fig. 5A). Such a model
could explain why eor-1 and eor-2 interact similarly with
the Iin-1(n304) null mutation and with the Iin-
1(n2515gf) mutation that interferes with ERK phos-
phorylation (cf. Tables 1 and 2; Jacobs et al. 1998).
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Figure 5. Model for EOR-1 and EOR-2 function. (A) EOR-1 and EOR-2 act together and function downstream of MPK-1 ERK and in
parallel to SUR-2, LIN-25, and LIN-1 to positively regulate Ras/ERK-dependent gene transcription. The positively acting form of LIN-1
may be phosphorylated (P), by analogy to findings with other Ets-domain proteins and with LIN-31 (see text). (B) EOR-1 and EOR-2
function with Hox proteins at a convergence point of the Ras, Wnt, and SynMuv/Rb pathways. EOR-1 and EOR-2 could function as
cofactors to facilitate Hox-mediated transcription, or could specify cell fates independently of Hox genes. Dotted bars indicate the two

alternative hypotheses for where the SynMuvs function.

Relationship of eor-1 and eor-2 to the SynMuv/Rb
pathway

The SynMuv Class A and Class B genes define two re-
dundant pathways or complexes that inhibit both vulval
and P12 fates (Ferguson and Horvitz 1989). SynMuv
Class B genes include Iin-35 Rb, Iin-53 RbAp48, and
hda-1 histone deacetylase, and therefore are thought to
maintain an inactive chromatin structure and repress
transcription (Lu and Horvitz 1998). Because SynMuv
mutant defects are suppressed by loss-of-function muta-
tions in the Ras pathway, SynMuv genes formally act
upstream of Jet-23 RTK. However, an alternative inter-
pretation of the epistasis is that SynMuv genes antago-
nize basal levels of Ras/ERK-dependent gene transcrip-
tion (Lu and Horvitz 1998). In either case, the fact that
eor-1 and eor-2 mutations suppress some defects of lin-
15 SynMuv mutants is consistent with the model that
EOR-1 and EOR-2 act downstream or in parallel to the
SynMuv/Rb pathway to promote Ras/ERK-dependent
gene transcription (Fig. 5B).

Interestingly, EOR-1 was previously isolated in a yeast
two-hybrid screen with the SynMuv B pathway compo-
nent LIN-36 (Thomas and Horvitz 1999; Walhout et al.
2000), and we were able to confirm this interaction using
full-length proteins (data not shown). Although the sig-
nificance of this interaction is presently unknown, it
suggests that SynMuv gene products could antagonize
Ras signaling in part by binding to and inhibiting the
activity of positively acting transcriptional regulators
such as EOR-1. Alternatively, the LIN-36-EOR-1 inter-
action could be involved in the recently reported positive
role of some SynMuv B genes (Chen and Han 2001).

eor-1 and eor-2 function with Hox genes
at a convergence point of the Ras and Wnt pathways

The Ras pathway cooperates with a Wnt pathway to pro-
mote vulval and P12 fates (Jiang and Sternberg 1998; Ei-
senmann and Kim 2000; Gleason et al. 2002). Because we
have shown that eor-1 and eor-2 facilitate signaling
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through both the Ras and Wnt pathways, eor-1 and eor-2
appear to function at a convergence point of these path-
ways (Fig. 5B). Other genes previously placed at this con-
vergence point are the Hox genes lin-39 and egl-5. Our
epistasis experiments do not support models in which
eor-1 and eor-2 are required primarily for Hox gene ex-
pression, and instead suggest that eor-1 and eor-2 coop-
erate with Hox genes to control the expression of genes
required for vulval and P12 fates (Fig. 5B).

EOR-1 is a BTB/zinc-finger protein related
to mammalian PLZF

EOR-1 is a member of the BTB-domain/zinc-finger fam-
ily of proteins, several of which have been shown to
regulate Ras/ERK signaling. Drosophila Tramtrack is a
transcriptional repressor that functions antagonistically
to Ras/ERK and is down-regulated in response to Ras/
ERK signaling (S. Li et al. 1997; Tang et al. 1997). Mam-
malian BCL6 is also a transcriptional repressor but co-
operates with Ras/ERK to promote cyclin D expression
and oncogenic transformation (Shvarts et al. 2002). Dro-
sophila Trithorax-like/GAGA is a transcriptional activa-
tor that facilitates Ras/ERK signaling (Maixner et al.
1998), possibly by counteracting chromatin repression
and/or up-regulating Hox gene expression (Wilkins and
Lis 1997). Although EOR-1 does not appear to be ortholo-
gous to any of the above proteins, our findings do suggest
that BTB/zinc-finger proteins may be common regula-
tors of Ras/ERK-dependent gene transcription in many
organisms.

EOR-1 is the C. elegans ortholog of mammalian PLZF
(Zhang et al. 1999). Reciprocal translocations between
human PLZF and the retinoic acid receptor (RARa) are
found in retinoic acid-resistant forms of acute promyelo-
cytic leukemia. Retinoic acid resistance correlates with
the ability of PLZF to bind corepressor complex compo-
nents and thereby recruit histone deacetylases to RAR«a
target promoters, preventing myeloid gene transcription
(Lin et al. 1999). Transfection studies have suggested
that intact PLZF functions as a transcriptional repressor



(J.Y. Li et al. 1997); however, the normal targets of PLZF
are not known. Interestingly, although PLZF has not
been previously implicated as a target of Ras or Wnt
signaling, it does influence developmental patterning
and Hox gene expression in the mouse (Barna et al. 2000).
Given that, like PLZF, EOR-1 interacts with a possible
histone deacetylase complex component, LIN-36 (Wal-
hout et al. 2000), and regulates Hox-dependent pattern-
ing (this work), these proteins could function in a related
manner. Further studies of EOR-1 and EOR-2 may pro-
vide insight into the function and regulation of PLZF in
both normal development and leukemogenesis.

Materials and methods

General methods and alleles

General methods for the handling and culturing of nematodes
were as previously described (Brenner 1974). Experiments were
performed at 20°C unless otherwise noted. Bristol N2 was the
wild-type strain. The following genes, alleles, and balancers
were used and are described in Riddle et al. (1997) unless oth-
erwise noted: ayls4 (Burdine et al. 1998); pry-1(mu38) (Maloof et
al. 1999); sur-2(ku9), h'T2/qls48] (I; I1I) (Wang and Kimble 2001)
I, 1in-31(n301) II; egl-5(nd86), lin-39(n709) III; dpy-20(e1282),
eor-1(cs28), eor-1(cs40), eor-1(cs44) (Rocheleau et al. 2002); let-
60(n1046gf), lin-1(e1275), lin-1(n304) (Beitel et al. 1995); lin-
1(n2515gf) (Jacobs et al. 1998); sur-8(ku167) (Sieburth et al.
1998); unc-24(e138), DnT1(IV; V) (Rogalski et al. 1988) IV;
gals36 (Lackner and Kim 1998); Iin-25(e1446) V; bar-1(ga80)
(Eisenmann et al. 1998); eor-2(cs7), eor-2(cs30), eor-2(cs42), eor-
2(cs47), eor-2(cs51) (Rocheleau et al. 2002); lin-15(n309), lin-
15(n765), unc-3(e151) X. syEx178 (Jiang and Sternberg 1998).

Phenotypic characterizations

To score lethality, hermaphrodites were allowed to lay eggs on
a plate for 2-24 h. Rod-like arrested larvae were counted and
removed. Less than 5% of eor-1 or eor-2 mutants became rod-
like as adults; these were not included in the lethal category. To
score vulval phenotypes, the numbers of vulval and nonvulval
VPC descendants were counted during the L4 stage using No-
marski Differential Interference Contrast (DIC) microscopy. In
calculating the average number of VPCs induced, hybrid lin-
eages were assigned a value of 0.5. The number of P11.p-like
cells was counted in L3 or L4 larvae using DIC.

EGL-17::GFP analysis

ayls4, an integrated egl-17::gfp transgene (Burdine et al. 1998),
was crossed into various backgrounds. eor-1 and lin-25 were
balanced over DnT1, which causes a dominant Unc phenotype.
Non-Uncs were scored at the mid-L3 stage for the presence or
absence of GFP in P6.p or P6.pa and P6.pp. We found that 93%
(n = 54) of the ayIs4 animals showed EGL-17::GFP expression in
P6.p or its daughters.

Cloning of eor-1 and eor-2

eor-1 maps between dpy-13 and unc-5 on Chromosome IV (Ro-
cheleau et al. 2002). Cosmid R11E3 (15 ng/uL) rescued the Unc
and non-Muv phenotypes of eor-1(cs28) let-60(n1046gf) ani-
mals. An 8.7-kb XhoI-PstI fragment, containing the entire pre-
dicted R11E3.6 coding region with 1.1 kb of upstream sequence

EOR-1/PLZF and EOR-2 regulate Ras and Wnt pathways

and 1.8 kb of downstream sequence (pRH3, 15 ng/pL) also res-
cued the mutants. A probe corresponding to yk87e7 detected a
single band of ~3.1 kb from mixed-stage RNA by Northern Blot
analysis, consistent with this cDNA clone being full-length.

eor-2 maps to the left of unc-3 on the X chromosome (Roch-
eleau et al. 2002). Cosmid C44H4 (15 ng/uL) rescued the mating
defects of eor-2(cs30) males and the Unc and non-Muv pheno-
types of let-60(n1046gf); eor-2(cs30) hermaphrodites. A geno-
mic PCR fragment amplified with oRH33 (5'-GGGATC
CTAGCCATTGTTATG-3’) and oRH34 (5'-AAATGCACGGC
GGAATAATGCG-3'), containing the entire predicted C44H4.7
coding region with 3.8 kb of additional upstream sequence and
2.1 kb of downstream sequence (15 ng/pL), also rescued. The
sequence of eor-2 cDNA clone yk257¢2 (eor-2a) differs slightly
from our RT-PCR product sequence (eor-2b). A probe corre-
sponding to yk257c2 detected a single band of ~3.1 kb from
mixed-stage RNA by Northern Blot analysis, consistent with
these cDNA clones being full-length. BLASTp searches with
EOR-2 identified Drosophila SD04853p as the closest match
(5e-08); the similarity is limited to the C termini of both pro-
teins. This region of similarity contains one C,H,-like sequence
(Fig. 2B).

Identification of eor-1 and eor-2 mutant lesions

All coding regions and splice junctions of eor-1 and eor-2 were
PCR-amplified from eor-1 and eor-2 mutant genomic DNA and
sequenced. Lesions were verified by sequencing two indepen-
dently derived PCR products. eor-1(cs28) contains a 68-bp dele-
tion that removes 10 bp from the end of exon 5 and 58 bp from
the intron between exons 5 and 6. We sequenced five RT-PCR
product clones from eor-1(cs28) mutants and found that, in all
cases, there was no splicing between exons 5 and 6. In the re-
sulting protein, F259 is replaced with a leucine followed by a
stop codon.

RNA-mediated interference (RNAi)

sur-8 and eor-1 RNAIi experiments were performed essentially
as described (Fire et al. 1998). For sur-8, double-stranded RNA
was prepared from a full-length ¢cDNA template. For eor-1,
double-stranded RNA was prepared from a 1.8-kb PCR product
derived from the cDNA clone yk151¢9. Phenotypes were scored
in progeny laid 12 or more hours after injection. eor-1(RNAi)
caused 0% lethality (n = 363) in N2 but 24% lethality (n = 338)
in lin-1(e1275).

EOR-1::GFP and EOR-2::GFP

A rescuing eor-1::gfp reporter (pRH5) was generated by cloning
the GFP coding region from pPD119.45 (provided by A. Fire,
Carnegie Institution, Baltimore, MD) into a unique Ncol site of
pRH3, which results in the in-frame insertion of GFP(S65C)
before the first zinc finger of EOR-1. A rescuing eor-2::gfp re-
porter (pRH29) was made by first generating a rescuing clone
(pPRH27), which is a BamHI-BgIII fragment containing the en-
tire eor-2 coding region with 3.8 kb of upstream sequence and
1.1 kb of downstream sequence cloned into pBSK(+). The GFP
coding region from pPD102.33 (provided by A. Fire) was then
cloned into a unique Nrul site in pRH27, which results in the
in-frame insertion of GFP(S65C) three residues before the stop
codon.

Accession numbers

Accession numbers are as follows: AF519108 (EOR-1), AF19109
(EOR-2A), AF519110 (EOR-2B).
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