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Summary

The class A and class B synMuv genes are functionally
redundant negative regulators of a Ras signaling path-
way that induces C. elegans vulval development. A
number of class B synMuv genes encode components
of an Rb and histone deacetylase complex that likely
acts to repress transcription of genes required for
vulval induction. We discovered a new class of synMuv
genes that acts redundantly with both the A and B
classes of genes in vulval cell-fate determination.
These new class C synMuv genes encode TRRAP,
MYST family histone acetyltransferase, and Enhancer
of Polycomb homologs, which form a putative C. ele-
gans Tip60/NuA4-like histone acetyltransferase com-
plex. A fourth gene with partial class C synMuv proper-
ties encodes a homolog of the mammalian SWI/SNF
family ATPase p400. Our findings indicate that the co-
ordinated action of two chromatin-modifying com-
plexes, one with histone deacetylase and the other
with histone acetyltransferase activity, is important
in regulating Ras signaling and specifying cell fates
during C. elegans development.

Introduction

Protein complexes that remodel and chemically modify
chromatin have been isolated using cellular fraction-
ation techniques, and roles for many of these complexes
in transcription and other cellular processes have been
identified by biochemical and genetic studies (Roth et
al., 2001; Becker and Horz, 2002). However, little is
known about how these complexes and, more generally,
how alterations in chromatin structure contribute to ani-
mal development. Studies of Ras-mediated vulval in-
duction in the nematode Caenorhabditis elegans have
begun to address this issue.

In the wild-type C. elegans hermaphrodite, the vulva
is formed by the 22 descendants of three ectodermal
blast cells, P5.p, P6.p, and P7.p (Sulston and Horvitz,
1977). During larval development, these cells receive an
inductive signal from the nearby gonadal anchor cell
(Sulston and White, 1980; Kimble, 1981). P6.p responds
by dividing to generate eight descendants, while P5.p
and P7.p generate seven descendants each. P5.p, P6.p,
and P7.p are said to adopt vulval fates. Although the
flanking cells, P3.p, P4.p, and P8.p, are competent to
adopt vulval fates, they do not receive sufficient induc-
tive signal and consequently adopt nonvulval fates, typi-
cally dividing once to generate descendants that fuse
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with the syncytial hypodermis (Sternberg and Horvitz,
1986). Vulval induction requires the activity of a con-
served Ras signaling pathway (reviewed by Sternberg
and Han, 1998). Mutations that disable /let-60 Ras and
other genes in this pathway result in a vulvaless (Vul)
phenotype in which all six P(3-8).p cells adopt nonvulval
cell fates (Sulston and Horvitz, 1981; Beitel et al., 1990;
Han and Sternberg, 1990). Mutations that overactivate
this pathway, for instance mutations that create the
same G13E substitution found in oncogenic forms of
human Ras, cause a multivulva (Muv) phenotype that
is characterized by hyperinduction in which more than
three P(3-8).p cells adopt vulval cell fates (Beitel et
al., 1990).

Loss-of-function mutations in the synthetic multivulva
(synMuv) genes can also cause a Muv phenotype. On
the basis of genetic interactions, the synMuv genes are
grouped into two classes, A and B (Ferguson and Hor-
vitz, 1989). For an animal to be Muyv, it must carry a
mutation in both a class A and a class B gene. These
genetic interactions led to the proposal that classes A
and B encode two functionally redundant genetic path-
ways that negatively regulate vulval development. The
class B synMuv genes include /in-35, which encodes a
homolog of the mammalian Rb tumor suppressor protein
(Lu and Horvitz, 1998), and efi-1 and dpl-1, which encode
homologs of E2F and DP DNA binding transcription fac-
tors, respectively (Ceol and Horvitz, 2001). LIN-35 Rb,
EFL-1, and DPL-1, together with other class B synMuv
proteins, are proposed to recruit the histone deacety-
lase HDA-1 to promoters to regulate the transcription of
genes important for vulval development (Lu and Horvitz,
1998; Ceol and Horvitz, 2001). LET-418, a homolog of
Mi-2 ATP-dependent chromatin remodeling enzymes,
and LIN-53, a homolog of the RbAp46 and RbAp48 pro-
teins that are found in many chromatin remodeling com-
plexes, are also class B synMuv proteins (Lu and Horvitz,
1998; Solari and Ahringer, 2000; von Zelewsky et al.,
2000). Mi-2 as well as HDAC1 and HDAC2, which are
mammalian class | histone deacetylases similar to
HDA-1, and RbAp46 and RbAp48 are components of the
Nucleosome Remodeling Deacetylase (NuRD) complex.
The involvement of HDA-1, LET-418, and LIN-53 sug-
gests that regulation of chromatin structure, possibly
by a C. elegans counterpart of the NuRD complex, is
important for vulval cell-fate specification in C. elegans.

In this study, we report the identification of a distinct
class of genes, termed the class C synMuv genes, that
negatively regulate vulval induction. Loss-of-function
mutations in class C synMuv genes alone cause mild
vulval defects and synergize with either class A or class
B mutations to produce more severe vulval and other
developmental defects. The four genes in this new class,
trr-1, mys-1, epc-1, and ssl-1, encode homologs of the
transcriptional coactivator TRRAP, the MYST family his-
tone acetyltransferases TIP60 and Esa1p, the Drosoph-
ila Enhancer of Polycomb [E(Pc)] protein, and the SWI/
SNF family ATPase p400, respectively. Because TRRAP,
E(Pc), and p400 proteins have been copurified with his-
tone acetyltransferases (Allard et al., 1999; Galarneau
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et al., 2000; lkura et al., 2000; Fuchs et al., 2001; Frank
et al., 2003), we propose that a multisubunit chromatin
remodeling histone acetyltransferase complex acts to
specify vulval cell fates in C. elegans. Since the class
C synMuv genes function redundantly with the class
B synMuv genes, both histone acetyltransferase and
deacetylase activities may be required to negatively reg-
ulate Ras-mediated vulval development.

Results

trr-1 Mutations Interact with Class A

and Class B synMuv Mutations

We performed a genetic screen for synMuv mutants in
a lin-15A(n767) background (C.J.C., F. Stegmeier, M.
Harrison, and H.R.H., unpublished data) and identified
six mutations that mapped to the same linkage group,
failed to complement each other, and defined the gene
trr-1 (this gene name will be explained below). To more
precisely quantitate the Muv phenotype of trr-1; lin-15A
strains, we scored the numbers of P(3-8).p cells per
animal that adopted vulval cell fates. Whereas only three
cells typically adopt vulval cell fates in wild-type animals,
more than four cells adopted vulval cell fates in each of
the trr-1; lin-15A mutants (Table 1A). In each of the trr-1;
lin-15A strains, this abnormality in vulval cell fates was
recessive and temperature sensitive (Table 1A; data not
shown). The recessive nature of the phenotype caused
by these mutations is consistent with the possibility that
all of them cause a loss of gene function.

To determine if trr-1 interacts with other class A syn-
Muv genes, we constructed a strain carrying trr-1(n3712)
and a mutation in the class A synMuv gene [in-38. In
these double mutant animals, more than four P(3-8).p
cells adopted vulval cell fates (Table 1A), suggesting
that trr-1 functions in parallel not only to lin-15A but
more generally to the set of class A synMuv genes.

We also separated trr-1(n3712) and the other trr-1
mutations from any other synMuv mutations. Nearly all
class A and class B synMuv single mutants adopt a
wild-type pattern of P(3-8).p fates (data not shown).
However, trr-1 adults displayed a weakly penetrant phe-
notype of ectopic vulval cell fates (Table 1B). By examin-
ing the cell fates adopted by individual P(3-8).p cells
in L4 animals, we determined that the vulval cell-fate
transformations of trr-1 single mutants always affected
P8.p. Specifically, in 38 of 38 trr-1 single mutants with
ectopic vulval cell fates, P8.p expressed a vulval fate
whereas P3.p and P4.p did not. In addition to ectopic
vulval cell-fate transformations, all trr-1 mutations
caused slow growth and sterility; a few mutant animals
produced a small number of eggs (<10, as compared
to about 300 for the wild-type), all of which died during
embryogenesis.

To determine if trr-1 interacts with class B synMuv
genes, we constructed double mutant strains containing
trr-1(n3712) and mutations of class B synMuv genes.
Interestingly, double mutants combining trr-1(n3712)
with mutations of lin-15B, lin-35 Rb, lin-36, lin-37, and
dpl-1 showed a synergistic increase in the penetrance
of P8.p transformation (Table 1C). In addition to the in-
crease in P8.p transformation, occasional ectopic transfor-
mations of P3.p and P4.p occurred (data not shown). If
the severity of a defect in a double mutant exceeds that

of either single mutant, then two genes likely do not
act in a linear genetic pathway, assuming that at least
one of the mutations is a null allele. Since lin-15B(n744),
1in-35(n745), 1in-36(n3096), lin-37(n758), and dpl-1(n3316
RNAI) are strong loss-of-function and likely null muta-
tions of their corresponding genes (Lu and Horvitz, 1998;
Lu, 1999; Thomas and Horvitz, 1999; Ceol and Horvitz,
2001; our unpublished data), these results indicate that
trr-1 functions redundantly with at least a subset of class
B synMuv genes (see also Supplemental Data at http://
www.developmentalcell.com/cgi/content/full/6/4/563/
DC1).

trr-1 Encodes a Protein Similar

to Mammalian TRRAP

We mapped trr-1 to a small region of LGIl (Figure 1A)
and cloned the gene using transformation rescue with
cosmid C47D12 (see Experimental Procedures). To con-
firm the identity of trr-1, we obtained a partial cDNA and
found that RNAi using dsRNA derived from this cDNA
led to extra vulval cell fates in lin-15A and /in-38 mutant
backgrounds (Table 1A). trr-1(RNAI) also led to extra
vulval cell fates in the class A synMuv /in-8 and lin-56
mutant backgrounds, further confirming that trr-1 acts
in parallel to the class A synMuv genes. trr-1 corre-
sponds to the predicted gene C47D12.1. As determined
by RT-PCR and 5’ RACE, the trr-1 gene consists of 22
exons, four of which are alternatively spliced (Figure 1A).
Since the sites of alternative splicing are separated by
only six or nine nucleotides, the most exclusive (4054
amino acids) and inclusive (4064 amino acids) predicted
isoforms differ only slightly in size.

The predicted TRR-1 proteins are similar to the mam-
malian myc-associated protein TRRAP (transformation/
transcription domain-associated protein) and its yeast
homolog Tra1p throughout most of their lengths (McMa-
hon et al., 1998; Saleh et al., 1998). TRRAP and Tralp
are similarly large proteins, of 3828 and 3744 amino
acids, respectively. The largest predicted TRR-1 isoform
is 25 percent identical to TRRAP and 19 percent identical
to Tralp. TRR-1, TRRAP, and Tralp share limited re-
gions of similarity with other proteins. One region, lo-
cated at the carboxy terminus, is similar to the catalytic
domains of ATM, PI-3, and other kinases (Figure 1B).
However, the DXXXXN and DFG motifs critical for kinase
activity (Hunter, 1995) are not present in TRR-1, TRRAP,
or Tralp. Instead of having an enzymatic function, this
domain of TRRAP has been proposed to mediate pro-
tein-protein interactions (McMahon et al., 1998). Another
motif, the FAT domain, is located in the carboxy-terminal
half of the protein (Figure 1B) and is also found in FRAP
and ATM kinases. The biochemical function of this do-
main is unknown. All six trr-1 mutations introduce non-
sense codons (Figure 1B). trr-1(n3630), trr-1(n3637), and
trr-1(n3712) introduce amber stop codons, and we ob-
served that the sterility associated with these alleles
was greatly reduced by the sup-5(e1464) informational
suppressor tRNA mutation: trr-1(n3630), trr-1(n3637),
and trr-1(n3712) strains were 100% sterile, but in double
mutants with sup-5(e1464), sterility was suppressed to
0%, 3.3%, and 7.1%, respectively (n = 30 for each
strain). This suppression, along with the partially pene-
trant sterility caused by trr-1(RNAi) (data not shown),
shows that the sterility observed in trr-1 mutant strains
is caused by a loss of trr-1 function.
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Table 1. trr-1 Mutants Have Ectopic Vulval Cell Fates

Average # P(3-8).p % Animals with >3
Genotype Temp (°C) Vulval Fates = SE Vulval Fates n
A. trr-1 Interactions with synmuvA Mutations
wild-type 20 3.00 = 0 0 31
lin-15A(n767) 20 3.00 =0 0 24
lin-38(n751) 20 3.00 £ 0 0 27
trr-1(n3630); lin-15A(n767) 20 4.52 = 0.15 82 45
trr-1(n3637); lin-15A(n767) 20 4.52 * 0.14 83 54
trr-1(n3704); lin-15A(n767) 20 4.20 = 0.13 79 43
trr-1(n3708); lin-15A(n767) 20 4.71 = 0.14 92 36
trr-1(n3709); lin-15A(n767) 20 4.81 = 0.13 95 39
trr-1(n3712); lin-15A(n767) 20 4.07 = 0.12 74 54
trr-1(n3704)/+; lin-15A(n767) 20 3.00 * 0 0 41
trr-1(n3712)/+; lin-15A(n767) 20 3.00 £ 0 0 30
trr-1(n3712) lin-38(n751) 20 4.14 = 0.23 79 14
trr-1(RNAI); lin-15A(n767) 20 5.60 + 0.08 100 44
trr-1(RNAI) lin-38(n751) 20 5.66 = 0.08 100 32
trr-1(RNAI); lin-8(n2731) 20 5.69 + 0.08 100 35
trr-1(RNAI); lin-56(n2728) 20 5.55 = 0.14 97 31
wild-type 15 3.00 = 0 0 29
lin-15A(n767) 15 3.00 = 0 0 32
trr-1(n3704); lin-15A(n767) 15 3.13 = 0.05 21 24
trr-1(n3712); lin-15A(n767) 15 3.06 = 0.03 13 32
wild-type 25 3.00 = 0 0 36
lin-15A(n767) 25 3.02 * 0.02 3.6 28
trr-1(n3704); lin-15A(n767) 25 5.87 = 0.06 100 38
trr-1(n3712); lin-15A(n767) 25 5.47 = 0.14 100 17
B. trr-1 Single Mutants
wild-type 20 3.00 £ 0 0 31
trr-1(n3630) 20 3.03 + 0.02 6.1 33
trr-1(n3637) 20 3.08 *= 0.04 13 30
trr-1(n3704) 20 3.01 = 0.01 2.6 39
trr-1(n3708) 20 3.05 = 0.03 8.1 37
trr-1(n3709) 20 3.03 * 0.02 6.3 32
trr-1(n3712) 20 3.10 = 0.03 13 89
trr-1(RNAI) 20 3.09 + 0.05 13 32
wild-type 15 3.00 £ 0 0 29
trr-1(n3704) 15 3.08 *= 0.05 12 26
trr-1(n3712) 15 3.06 = 0.03 12 25
wild-type 25 3.00 £ 0 0 36
trr-1(n3704) 25 3.04 = 0.03 3.9 51
trr-1(n3712) 25 3.07 = 0.03 13 48
C. trr-1 Interactions with synmuvB Mutations
wild-type 20 0 31
lin-15B(n744) 20 0 20
lin-35(n745) 20 0 48
1lin-36(n3096) 20 0 28
1lin-37(n758) 20 0 32
dpl-1(n3316 RNAI) 20 8.1 37
trr-1(n3712) 20 13 89
trr-1(n3712); lin-158(n744) 20 50 38
1lin-35(n745); trr-1(n3712) 20 64 41
trr-1(n3712); lin-36(n3096) 20 31 29
trr-1(n3712); lin-37(n758) 20 55 20
dpl-1(n3316 RNAI) trr-1(n3712) 20 32 34

The number of P(3-8).p vulval fates was scored as described in the Experimental Procedures. trr-1 mutant homozygotes were recognized as
non-Gfp progeny of trr-1/min1[dpy-10(e128) mis14] heterozygous parents. dpl-1 encodes the sole DP family protein in C. elegans, and loss
of dpl-1 function is predicted to abrogate all DP/E2F function in the organism. To approximate a null condition for dp/-1, we combined the
deletion mutation dpl/-1(n3316), which eliminates zygotically provided dpl-1 activity and causes sterility, with dpl-1(RNAi), which strongly
reduces maternally provided dpl-1 activity (Ceol and Horvitz, 2001).

TRR-1 Is Expressed Broadly and Is not detect protein in trr-1(RNAi) adults (data not shown).
Localized to Nuclei In whole-mount stainings of wild-type animals, TRR-1
We generated antibodies to determine the expression was detected in the nuclei of one-cell and subsequent
pattern and subcellular localization of the TRR-1 protein. stage embryos (Figures 1C and 1F). TRR-1 was present

These antibodies were specific for TRR-1, as they did in weakly detectable levels in somatic nuclei of larvae
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Figure 1. trr-1 Cloning and Expression

(A) The genetic map position of trr-1(n3712) is shown above. The trr-1 gene structure as derived from cDNA and genomic sequences is
indicated below. Shaded boxes indicate coding sequence and open boxes indicate 5' and 3’ untranslated regions. Predicted translation
initiation and termination codons and the poly(A) tail are shown. Positions of alternative splicing are indicated by asterisks. In all cases, the
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and adults. Among the nuclei expressing TRR-1 were
those of P(3-8).p (Figures 1D and 1G). TRR-1 was readily
detectable in germ nuclei of larvae and adults. During
the pachytene (data not shown) and diakinesis (Figures
1E and 1H) stages of meiosis |, as observed in syncytial
germ nuclei and cellularized oocytes, respectively,
TRR-1 was localized to condensed chromosomes. How-
ever, TRR-1 was not specifically localized to condensed
mitotic chromosomes of early-stage embryos (Figures
1C and 1F).

The Muv Phenotype of trr-1 Mutants Requires

let-60 Ras Pathway Activity

To determine if Ras pathway activity is required for the
trr-1 mutant phenotype, we constructed strains in which
the functions of trr-1, lin-15A, and a Ras pathway gene
were reduced or eliminated. The lack of vulval cell fates
caused by let-23 receptor tyrosine kinase and let-60 Ras
mutations was epistatic to the ectopic vulval cell fate
phenotype caused by trr-1 and lin-15A loss of function
(Table 2). This result indicates that Ras pathway activity
is required to produce the trr-1; lin-15A Muv phenotype.
It is possible that class A synMuv genes such as lin-
15A but neither trr-1 nor class B synMuv genes require
Ras pathway activity for a Muv phenotype. To investi-
gate this possibility, we constructed let-23 trr-1; lin-15B
and trr-1; let-60; lin-15B triple mutants. The low numbers
of vulval cell fates in these triple mutants indicate that
the trr-1; lin-15B Muv phenotype is also dependent on
Ras pathway activity. Taken together, these results indi-
cate that at least two of the three classes of synMuv
genes (class A, class B, and trr-1) require Ras pathway
activity for a Muv phenotype.

By contrast, trr-1; lin-3; lin-15A mutants had a Muv
phenotype, with P(3-8).p cells all adopting vulval cell
fates (Table 2). lin-3 encodes an EGF-like protein that
is produced by the gonadal anchor cell and can act non-
cell autonomously to stimulate Ras pathway activity in
P(5-7).p (Hill and Sternberg, 1992). These findings sug-
gest that /lin-3-independent Ras pathway activity, in the
background of trr-1 and lin-15A losses of function, is
necessary for the expression of vulval cell fates by P(3-
8).p. The number of vulval cell fates in trr-1; lin-3; lin-
15B triple mutants was between that of /in-3 single and
trr-1; lin-15B double mutants. We observed a similar
number in lin-3; lin-15B double mutants. It is possible

that the synthetic interaction we have found between
trr-1 and lin-15B is too small to be observed in a lin-3
background. Alternatively, trr-1 and lin-15B may simply
not synthetically interact in their suppression of lin-3. In
either case, lin-3-independent Ras pathway activity is
clearly necessary for vulval cell fates in a trr-1; lin-15B
mutant background.

Mutants Deficient in mys-1, which Encodes a

MYST Family Histone Acetyltransferase, Display
Abnormalities Similar to Those of trr-1 Mutants
TRRAP and Tralp are components of biochemically pu-
rified multisubunit histone acetyltransferase (HAT) com-
plexes (Allard et al., 1999; Brown et al., 2000; Ikura et
al., 2000). These complexes are distinguished by their
HAT subunits: the mammalian TFTC and p/CAF and
the yeast SAGA complexes contain Gen5 family HATS,
whereas the mammalian Tip60 and the yeast NuA4 com-
plexes contain MYST family HATs. TRR-1 may function
in a complex similar to one or more of these HAT com-
plexes to regulate the specification of vulval cell fates.

To address this issue, we inactivated genes encoding
C. elegans homologs of HATs using RNAi and looked
for abnormalities similar to those caused by loss of trr-1
(Table 3). Inactivation of a Gen5 homolog Y47G6A.6 or
of the MYST family genes C34B7.4 and KO3D10.3 in a
class A synMuv background had no effect on vulval
development. Inactivation of a third MYST family gene,
R07B5.8, produced a vulvaless (Vul) phenotype in either
a lin-15A or otherwise wild-type genetic background.
We suspect this defect is a consequence of the lack of a
functional anchor cell, as the morphology of the somatic
gonad in RO7B5.8(RNAi) mutants is severely disrupted
(data not shown).

By contrast, inactivation of a MYST family gene we
have named mys-1 produced a highly penetrant Muv
phenotype in a lin-15A background (Table 3A). We iso-
lated a mys-1 cDNA using RT-PCR and, by comparison
to the genomic locus, determined a gene structure for
mys-1 (Figure 2A). The protein predicted by this cDNA
is highly similar to the human Tip60 and the yeast Esalp
MYST family acetyltransferases (Figure 2B). MYS-1 is
72% identical to Tip60 and 62% identical to Esalp in the
acetyltransferase catalytic domain that defines MYST
family proteins. In addition, all three contain an amino-
terminal chromodomain, which is found in a small subset
of MYST family acetyltransferases.

use of alternative splice acceptors would create small differences in the trr-1 coding sequence: alternative splicings of the fourth (ag/TTTCAGAC
versus agtttcag/AC), fifth (ag/AATCTTCAGTC versus agaatcttcag/TC), eleventh (ag/AACTTTAAGAT versus agaactttaag/AT), and twelfth introns
(ag/TTGCAGAA versus agttgcag/AA) would result in differences of two or three amino acids.

(B) A schematic of the TRR-1 protein. All six trr-1 mutations are predicted to prematurely truncate the TRR-1 protein. The positions and
natures of these nonsense mutations are indicated above. TRR-1 is similar to mammalian TRRAP and yeast Tra1p throughout the lengths of
the proteins. The degree of similarity is especially high in the FAT (FRAP, ATM, TRRAP-like) and ATM/PI-3 kinase-like domains, which are
indicated with solid and hatched boxes, respectively.

(C-E) TRR-1 is expressed throughout development and is localized to nuclei. (C), a 4-cell stage embryo. (D), an L2 larva indicating TRR-1
expression in P4.p, P5.p, and P6.p (arrowheads). (E), a germline oocyte nucleus in an adult hermaphrodite. In (C) and (D), anterior is to the
left and dorsal is up. To more clearly depict the weak expression of TRR-1 in somatic postembryonic cells in (D), we improved the signal-to-
noise ratio of our initially captured image by adjusting pixel threshold values and applying a Gaussian filter using Adobe Photoshop 5.5. Scale
bars, 5 pm.

(F-H) 4,6-Diamidino-2-phenylindole (DAPI) staining of the same samples shown in (C)—(E). In (E), P4.p, P5.p, and P6.p were identified by their
positions and large, DAPI-negative nucleoli. In (F), the anterior-most cell, AB.a, and the dorsal-most cell, AB.p, have condensed mitotic
chromosomes, which by comparison with (C) are not sites of concentrated TRR-1 localization. The discrete foci of DAPI staining in the
oocyte nucleus shown in (H) indicate condensed meiotic chromosomes, and a comparison with (E) indicates localization of TRR-1 to these
chromosomes. Scale bars, 5 pm.
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Table 2. trr-1 Epistasis with let-23 RTK, let-60 Ras, and lin-3 EGF

Average # P(3-8).p

% Animals with >3

Genotype Vulval Fates + SE Vulval Fates n

wild-type 3.00 * 0 0 31
lin-15A(n767) 3.00 £ 0 0 24
lin-15B(n744) 3.00 £ 0 0 20
trr-1(RNAI) 3.09 + 0.05 13 32
trr-1(n3712) 3.10 = 0.03 13 89
trr-1(RNAI); lin-15A(n767) 5.60 * 0.08 100 44
trr-1(n3712); lin-15B(n744) 3.38 = 0.07 50 38
let-23(sy97); lin-15A(n767) 0x0 0 21
let-23(sy97) trr-1(RNAI); lin-15A(n767) 0.21 + 0.08 0 34
let-23(sy97); lin-15B(n744) 0.23 + 0.08 0 26
let-23(sy97) trr-1(n3712); lin-15B(n744) 0.51 = 0.10 0 38
let-60(n1876); lin-15A(n767) 0.02 + 0.02 0 21
trr-1(RNAI); let-60(n1876); lin-15A(n767) 0.04 = 0.04 0 22
let-60(n1876); lin-15B(n744) 0x0 0 26
trr-1(n3712); let-60(n1876); lin-15B(n744) 0.34 = 0.18 0 16
lin-3(n378); lin-15A(n767) 0.30 = 0.07 0 40
trr-1(RNAI); lin-3(n378); lin-15A(n767) 4.35 * 0.20 85 20
1lin-3(n378); lin-15B(n744) 2.04 = 0.16 0 27
trr-1(n3712); lin-3(n378); lin-15B(n744) 1.91 + 0.21 9.1 33

let-23(sy97) homozygous mutants were recognized as Unc non-Gfp progeny of let-23(sy97) unc-4(e120)/min1[dpy-10(e128) mis14] heterozy-
gous parents, and let-60(n1876) homozygous mutants were recognized as Unc progeny of let-60(n1876) unc-22(s7)/nT1; +/nT1 heterozygous
parents. The combination of trr-1(RNAi) with the trr-1(n3712) mutation causes embryonic lethality (see Supplemental Data) and could not be
used to approximate a null condition for trr-1 in these tests. Because of its strong effect on gene activity, trr-1(RNAi) alone was used for
epistasis tests in a lin-15A background. However, trr-1(RNAI); lin-15B mutants die early in development (see Supplemental Data), necessitating

the use of trr-1(n3712) in epistasis tests with lin-15B.

mys-1 is located in the same genetic interval to which
we had mapped the synMuv mutation n3681, which was
isolated in the genetic screen that yielded our trr-1 muta-
tions (C.J.C., F. Stegmeier, M. Harrison, and H.R.H., un-
published data). n3681 mutants are viable as homozy-
gotes, although they have a reduced brood size
compared to that of the wild-type (data not shown).
Determination of the DNA sequence of mys-1 in n3681
mutants revealed a missense mutation predicted to
change a conserved glycine residue in the acetyltrans-
ferase catalytic domain to an arginine (Figures 2A and
2B). As an indication that the extra vulval cell fates in
n3681; lin-15A(n767) mutants were caused by the mys-1
mutation, we found that amys-1 genomic clone restored
the number of vulval cell fates in these animals to a
wild-type level (Table 3A). mys-1(n3681) showed genetic
interactions similar to those of trr-1 mutations: mys-
1(n3681) synthetically interacted with mutations in multi-
ple class A synMuv genes (i.e., lin-15A and lin-38), mys-
1(n3681); synmuvA mutants were synthetically defective
in P3.p, P4.p, and P8.p cell-fate specification, and mys-
1(n3681); synmuvB mutants showed synthetic P8.p ec-
topic vulval cell fates (Tables 3A and 3B).

We obtained a deletion mutation affecting the mys-1
gene. This mutation, n4075, removes 1010 base pairs
from the mys-1 locus and is predicted to produce a
protein that contains the first 35 amino acids of MYS-1
followed by 52 unrelated amino acids prior to termina-
tion (Figures 2A and 2B). The predicted full-length
MYS-1 protein is 458 amino acids long, and the n4075
deletion is expected to remove the conserved chromo-
domain and acetyltransferase catalytic domain. mys-
1(n4075) mutants exhibited the same spectrum of
abnormalities, namely slow growth, sterility, and weak
defects in P8.p fate specification, as did our trr-1 single

mutants. As with mys-1(n3681), mys-1(n4075) syntheti-
cally interacted with both class A and class B synMuv
mutations (Tables 3A and 3B).

Inactivation of a Homolog of the Tip60/NuA4
Complex Component Enhancer of Polycomb

Causes Vulval Defects Like Those of trr-1

and mys-1 Mutants

The TIP60 and NuA4 complexes contain other proteins
in addition to TRRAP/Tralp and MYST family acetyl-
transferases (Galarneau et al., 2000; Ikura et al., 2000;
Loewith et al., 2000). We inactivated C. elegans genes
encoding homologs of these proteins and identified
epc-1 as a negative regulator of vulval induction (Table
3). epc-1 encodes a homolog of the Drosophila En-
hancer of Polycomb [E(Pc)] protein and similarly named
mammalian and yeast proteins. Injection of epc-1
dsRNA into wild-type hermaphrodites caused fully pen-
etrant embryonic lethality. To study the effects of epc-1
inactivation during postembryonic development, we in-
jected epc-1 dsRNA into rde-1 RNAi-deficient hermaph-
rodites and mated these animals with RNAi-competent
males, a procedure referred to as “zygotic RNAi” (Her-
man, 2001). The lack of RNAI efficacy in the maternal
germline allows progeny of such matings to inherit an
active maternal complement of gene activity. Since
these rde-1/+ progeny are RNAi competent, zygotic
gene activity is subject to the effects of RNAI. For some
genes that act during multiple stages of development,
zygotic RNAi has been shown to result in sufficient gene
activity for embryonic functions but inadequate gene
activity for postembryonic functions (Herman, 2001).
epc-1(RNAI) performed in this manner did not affect
vulval development in wild-type animals but produced
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Table 3. mys-1 and epc-1 Mutants Are Defective in Vulval Cell-Fate Specification

A. Inactivation of TRRAP Complex Homologs in synmuvA Mutant Backgrounds

Average # P(3-8).p

% Animals with

Genotype Homolog(s) of Inactivated Gene Vulval Fates = SE >3 Vulval Fates n
wild-type - 3.00 =0 0 31
lin-15A(n767) - 3.00 + 0 0 24
1lin-38(n751) - 3.00 = 0 0 27
Y47G6A.6(RNAI); lin-15A(n767) Gcnb family HATs 3.00 + 0 0 62
mys-1(RNAI); lin-15A(n767) MYST family HATs 4.29 = 0.23 7 24
mys-1(n3681); lin-15A(n767) MYST family HATs 5.04 * 0.14 100 26
mys-1(n3681); lin-15A(n767); MYST family HATs 3.02 = 0.02 4.3 23
Ex[mys-1]
1lin-38(n751); mys-1(n3681) MYST family HATs 4.40 = 0.13 91 45
mys-1(n4075); lin-15A(n767) MYST family HATs 3.76 = 0.14 76 25
mys-1(n4075); lin-38(n751) MYST family HATs 3.89 + 0.18 72 22
C34B7.4(RNAI); lin-15A(n767) MYST family HATs 3.00 = 0 0 29
KO03D10.3(RNAI); lin-15A(n767) MYST family HATs 3.00 =0 0 24
RO7B5.8(RNAI); lin-15A(n767) MYST family HATs 0.14 + 0.06 0 26
epc-1(RNAI); lin-15A(n767) H.s. Tip60 and S.c. NuA4 component 3.32 = 0.10 36 33
E(Pc) family proteins
epc-1(n4076); lin-15A(n767) H.s. Tip60 and S.c. NuA4 component ND - -
E(Pc) family proteins
1lin-38(n751); epc-1(RNAI) H.s. Tip60 and S.c. NuA4 component 3.29 = 0.02 31 65
E(Pc) family proteins
ssl-1(n4077); lin-15A(n767) H.s. p400 3.00 + 0 0 36
T22D1.1(RNAi); lin-15A(n767) H.s. Tip60 component TAP54a/ 3.00 £ 0 0 31
TIP49a/RUVBL1
C27H6.2(RNAI); lin-15A(n767) H.s. Tip60 component TAP54b/ 3.00 £ 0 0 22
TIP49b/RUVBL2
Y37D8A.9(RNAI); lin-15A(n767) S.c. NuA4 component Eaf3p 3.00 = 0 0 24
Y51H1A.4(RNAI); lin-15A(n767) S.c. NuA4 component Yng2p 3.00 =0 0 20
MO04B2.3(RNAI); lin-15A(n767) S.c. Tralp interacting protein Yaf9p 3.00 =0 0 29
B. mys-1, epc-1, and ssl-1 Single Mutants and Interactions with lin-15B
Genotype % Animals with P8.p Vulval Fate n
wild-type 0 31
lin-15B(n744) 0 20
mys-1(n3681) 8.3 36
mys-1(n4075) 15 20
epc-1(RNAI) 0 65
epc-1(n4076) ND -
ssl-1(n4077) 0 37
mys-1(n3681); lin-15B(n744) 46 37
mys-1(n4075); lin-15B(n744) 77 31
epc-1(RNAI); lin-15B(n744) 4.2 48
ssl-1(n4077); lin-15B(n744) 72 25

mys-1(n4075) homozygous mutants were recognized as the non-Unc progeny of +/nT1(n754); mys-1(n4075)/nT1(n754) heterozygous parents,
and trr-1 homozygous mutants were recognized as the non-Gfp progeny of trr-1(n3712)/min1[dpy-10(e128) mis14] heterozygous parents.
Since injection of epc-1, ssl-1, T22D1.1 and C27H6.2 dsRNAs into wild-type hermaphrodites caused highly penetrant embryonic lethality, we
performed “zygotic RNAI” as described in the text; consequently, the complete genotypes of the epc-1(RNAi), ssl-1(RNAi), T22D1.1(RNAI),
and C27H6.2(RNAI) strains included rde-1(ne219)/+. In addition to the TRRAP complex proteins described in Results, TAP54a/TIP49a/RUVBL1
and TAP54b/TIP49b/RUVBL2 are components of the human Tip60 complex (lkura et al., 2000); Eaf3p (Eisen et al., 2001) and Yng2p (Loewith
et al., 2000) are components of the yeast NuA4 complex; and Yaf9p coimmunoprecipitates with Tralp in yeast extracts (Gavin et al., 2002).
ND, not determined (see text); H.s., Homo sapiens; S.c., Saccharomyces cerevisiae.

a Muv phenotype in lin-15A and /in-38 mutant back-
grounds (Table 3A). A low percentage of P8.p vulval cell
fates was observed in a lin-15B background (Table 3B).
We obtained a deletion allele, n4076, that removes 886
bases from the epc-1 locus, including the third and
fourth epc-1 exons (Figure 2C). If the second exon were
spliced to the fifth exon, a 137 amino acid protein would
be produced that contains the first 109 amino acids
of the 795 amino acid predicted EPC-1 protein. epc-
1(n4076) homozygotes typically hatched with proper
morphology and a normal number of cells, but died
shortly thereafter. Because of this lethality, we were

unable to measure vulval defects in epc-1(n4076) mu-
tants.

ssl-1, a p400 SWI/SNF ATPase Homolog, Acts
Redundantly with lin-15B

TRRAP is a component of the mammalian p400 com-
plex, which contains the p400 SWI/SNF family protein
and was identified based on its interaction with the ade-
novirus E1A oncoprotein (Fuchs et al., 2001). Although
Tip60 was not present in the purified p400 complex, the
Tip60 and p400 complexes share many of the same
components and more recent analyses have indicated
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Figure 2. mys-1, epc-1, and ss/-1 Gene Structures and Mutations

(A) The mys-1 gene structure as derived from cDNA and genomic sequences. Shaded boxes indicate coding sequence and open boxes
indicate 5’ and 3’ untranslated regions. Predicted translation initiation and termination codons and the poly(A) tail are shown. An arrow above
indicates the position of the mys-1(n3681) mutation and a bracket below indicates the sequence deleted by mys-1(n4075).

(B) Alignment of the MYS-1 protein with the human Tip60 (GenBank accession nhumber NP006379) and yeast Esalp (NP014887) histone
acetyltransferases. Solid boxes indicate identities with MYS-1. An arrowhead indicates the mys-1(n3681) mutation, and brackets indicate the
sequence removed by mys-1(n4075). Animals containing the mys-1(n4075) deletion are expected to produce only the first 35 amino acids of
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that p400 and Tip60 can copurify as part of a large p400/
Tip60 multisubunit complex (Frank et al., 2003).

The C. elegans gene ssl-1 (ssl, SWI/SNF-like) encodes
a homolog of the p400 protein. Injection of ss/-1 dsRNA
into wild-type hermaphrodites caused fully penetrant
embryonic lethality like that observed with epc-1(RNA.I).
zygotic RNAI of ss/-1, performed as described above,
did not cause defects in vulval development in either
class A or class B synMuv backgrounds (data not
shown). We isolated a deletion mutation, n4077, that
removes a portion of the fifth ss/-1 exon (Figure 2C).
ssl-1(n4077) is predicted to encode a truncated protein
containing the first 540 amino acids of the 2395 amino
acid SSL-1 protein and two unrelated amino acids. ss/-
1(n4077) homozygotes were partially sterile and pro-
duced a few inviable embryos (data not shown) but were
not defective in vulval development (Table 3). ssi-
1(n4077); lin-15A(n767) mutants were likewise not de-
fective in vulval development. However, ss/-1(n4077);
lin-15B(n744) mutants often expressed an ectopic vulval
cell fate in P8.p. ssl-1(n4077) likely causes a stronger
reduction in gene activity than does ss/-71 zygotic RNAI,
and this stronger reduction unmasks a redundancy be-
tween ss/-1 and lin-15B.

trr-1; mys-1, trr-1; epc-1, and trr-1; ssl-1 Double
Mutants Do Not Show Synthetic Defects

in Vulval Development

Whereas synthetic defects in double mutants suggest
functional redundancy, the lack of synthetic defects in
double mutants can indicate that two genes act in the
same genetic pathway. Based on the similar phenotype
and genetic interactions of trr-1, mys-1, and epc-1 mu-
tants and on the copurification of the proteins encoded
by their mammalian and yeast counterparts, we hypoth-
esized that trr-1, mys-1, and epc-1 act together to regu-
late vulval development (because its genetic interac-
tions slightly differ from those of trr-1, mys-1,and epc-1,
ssl-1 will be discussed separately below). We con-
structed double mutants to determine if mys-1 and
epc-1 function redundantly with trr-1. We measured the
numbers of vulval cell fates in trr-1(n3712); mys-
1(n3681), trr-1(n3712); mys-1(n4075), and trr-1(n3712);
epc-1(RNAi) mutants and found that the extent of vulval
development observed in these double mutants was
similar to that observed in single mutant animals (Table
4). These results suggest that mys-1 and epc-1 act in
the same genetic pathway as trr-1, which by analogy to
the class A and class B lin-35 Rb synMuv pathways we
have named the class C synMuv pathway.

In general, animals carrying mutations in two genes
of the same synMuv class do not show a synthetic phe-
notype. trr-1; ssl-1 double mutants (Table 4) and, as
described above, ssi-1; lin-15A mutants were not syn-
thetically defective in the specification of P(3-8).p cell
fates. It is possible that ss/-1 has both class C and class

A synMuv activities. However, additional considerations
suggest that ss/-1 has properties more like those of a
class C gene. Forinstance, ss/-1; synmuvB mutants have
a defect limited to P8.p, whereas synmuvA; synmuvB
mutants typically show ectopic vulval cell fates ex-
pressed by P3.p, P4.p, and P8.p. In addition, ss/-1 mu-
tants are sterile, and sterility has not been observed for
any class A synMuv mutant (Thomas et al., 2003). These
considerations, along with the copurification of the
mammalian SSL-1 and MYS-1 counterparts p400 and
Tip60, suggest that ss/-1 is an atypical class C gene,
one that acts redundantly with class B but not class A
synMuv genes. ltis possible that ss/-1 defines a subtype
of class C genes that distinguishes the subset of pro-
cesses mediated by class C activity redundant with
class B activity from the subset redundant with class
A activity.

Discussion

trr-1, mys-1, epc-1, and ss/-1 Act Redundantly

with the /in-35 Rb Pathway to Antagonize

let-60 Ras Signaling

trr-1, mys-1, epc-1, and ssl-1 act in the determination
of vulval cell fates, since they help distinguish P3.p,
P4.p, and P8.p from P(5-7).p. In many cases, pathways
that control cell-fate determination in invertebrates have
been found to regulate similar processes in mammals.
Pathways that regulate vulval cell-fate specification in
C. elegans provide clear examples: a conserved let-60
Ras pathway induces vulval cell fates, and this pathway
is antagonized by an at least partially conserved class
B lin-35 Rb pathway (Saito and van den Heuvel, 2002).
We have found that trr-71, mys-1, epc-1, and ssi/-1 act
in parallel to /in-35 Rb and other synMuv genes to nega-
tively regulate /et-60 Ras signaling. We suggest that
the mammalian counterparts of trr-1, mys-1, epc-1, and
ssl-1 may similarly act in parallel to Rb and antagonize
Ras in the control of cell-fate determination and cell
division and that dysregulation of these mammalian
counterparts may contribute to oncogenesis. It is inter-
esting to note that the p400 complex and Rb-containing
complexes are targeted by the adenovirus E1A onco-
protein (Whyte et al., 1988; Fuchs et al., 2001). Our find-
ing that ss/-1 acts redundantly with a /in-35 Rb pathway
gene suggests that E1A may act in mammals by per-
turbing the activities of functionally redundant p400-
and Rb-containing complexes.

TRR-1, MYS-1 and EPC-1 May Be Components

of a Histone Acetyltransferase Complex

The vulval phenotypes and genetic interactions of trr-1,
mys-1, and epc-1 mutants are strikingly similar. Given
the biochemical copurification of their mammalian and
yeast counterparts, these data strongly suggest that
TRR-1, MYS-1, and EPC-1 proteins function as part of

the wild-type MYS-1 protein and additional frameshifted amino acids prior to truncation. The chromodomain and acetyltransferase domains

are underlined with solid and dashed lines, respectively.

(C) epc-1 (top) and ss/-1 (bottom) gene structures as derived from cDNA and genomic sequences. Shaded boxes indicate coding sequence
and open boxes indicate 5’ and 3’ untranslated regions. We were unable to identify a 3’ untranslated region for ss/-1. Predicted translation
initiation and termination codons and the epc-1 poly(A) tail is shown. Brackets indicate the sequences deleted by epc-1(n4076) and ssl-1(n4077).
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Table 4. mys-1, epc-1, and ssl-1 Do Not Synthetically Interact with trr-1

Average # P(3-8).p

% Animals with >3

Genotype Vulval Fates = SE Vulval Fates n

wild-type 3.00 £ 0 0 31
trr-1(n3712) 3.10 = 0.03 13 89
mys-1(n3681) 3.06 + 0.03 8.3 36
mys-1(n4075) 3.15 = 0.08 15 20
epc-1(RNAI) 3.00 £ 0 0 65
ssl-1(n4077) 3.00 £ 0 0 37
trr-1(n3712); mys-1(n3681) 3.15 = 0.06 22 27
trr-1(n3712); mys-1(n4075) 3.05 + 0.05 9.1 "
trr-1(n3712); epc-1(RNAI) 3.08 + 0.04 10 30
trr-1(n3712); ssl-1(n4077) 3.08 = 0.05 12 25

mys-1(n4075) homozygous mutants were recognized as the non-Unc progeny of +/nT1(n754); mys-1(n4075)/nT1(n754) heterozygous parents,
and trr-1 homozygous mutants were recognized as the non-Gfp progeny of trr-1(n3712)/min1[dpy-10(e128) mis14] heterozygous parents.
“zygotic RNAI” of epc-1 was performed as described in the text; consequently, the complete genotypes of epc-7(RNAi) mutants include rde-

1(ne219)/+.

a multisubunit complex that acetylates histones and
possibly other proteins. Many histone acetyltransferase
complexes have been biochemically purified, and these
complexes are distinguished by their subunit composi-
tions and substrate specificities. Although certain sub-
units such as mammalian TRRAP and yeast Tralp are
found in many different complexes, only the mammalian
Tip60 and yeast NuA4 complexes are known to contain
homologs of all three of the proteins described in this
study. It is possible that a TRR-1/MYS-1/EPC-1 complex
is a C. elegans counterpart of one or both of these
complexes. To further address this possibility, we inacti-
vated genes encoding C. elegans homologs of the Tip60
and NuA4 complex proteins TAP54a/TIP49a/RUVBLA1,
TAP543/TIP49b/RUVBL2, Eaf3p, Yng2p, and Yaf9p
(Ikura et al., 2000; Loewith et al., 2000; Eisen et al.,
2001; Gavin et al., 2002). We did not observe a synthetic
interaction with a class A mutation for any of the homo-
logs targeted. These C. elegans homologs may therefore
not be components of the putative TRR-1/MYS-1/EPC-1
complex. However, it remains possible that inactivation
of these homologs will reveal a redundancy with class
B synMuv proteins, suggesting action, like SSL-1, in a
subset of the processes regulated by the putative
TRR-1/MYS-1/EPC-1 complex.

Histone acetyltransferases have been characterized
as transcriptional coactivators (Roth et al., 2001), and
TRRAP and its yeast homolog Tralp are proposed to
bridge interactions between activation domains of DNA
binding transcription factors and histone acetyltransfer-
ases (Brown et al., 2001). Therefore, a putative TRR-1/
MYS-1/EPC-1 complex may function in transcriptional
activation. If so, we would expect it to activate genes
that negatively regulate vulval development.

TRRAP has been proposed to interact with DP/E2F
heteromeric transcription factors and recruit the histone
acetyltransferase GCN5 to activate expression of DP/
E2F target genes (McMahon et al., 2000; Lang et al.,
2001). We tested this hypothesis by constructing dp/-1
trr-1 double mutants and measuring whether or not
these mutants showed synthetic phenotypes. We found
that dp/-1 and trr-1 interacted to produce synthetic vul-
val defects and synthetic lethality. These observations
suggest that trr-7 does not act through dpl-1, although
we cannot exclude the possibility that trr-1 acts through

both dpl-1 and an as yet undefined pathway acting in
parallel to dpl-1.

While most data support the link between acetylation
and activation, a few observations suggest that at least
some histone acetylation may be important for tran-
scriptional silencing. For example, loss-of-function mu-
tations that affect the MYST family acetyltransferases
Sas2p and Sas3p cause defects in the silencing of mat-
ing type loci and telomeres in yeast (Reifsnyder et al.,
1996; Ehrenhofer-Murray et al., 1997). Sas2p is pro-
posed to acetylate newly deposited nucleosomes, and
the modified acetyllysine residues it creates are thought
to be important for establishing silencing following DNA
replication (Meijsing and Ehrenhofer-Murray, 2001;
Osadaetal., 2001). Just as a MYST family histone acetyl-
transferase is linked to silencing, there may be a role in
Drosophila for E(Pc) in transcriptional repression. E(Pc)
mutations synergize with polycomb group mutations to
strongly derepress homeobox genes and act alone as
suppressors of variegation to derepress genes that are
juxtaposed to heterochromatin (Sato et al., 1983; Sinclair
et al., 1998).

These observations allow us to consider the possibil-
ity that MYS-1, in association with TRR-1 and EPC-1,
may normally downregulate transcription. According to
this hypothesis, we would expect a putative TRR-1/
MYS-1/EPC-1 complex to repress genes that are re-
quired for vulval cell fates, possibly the same genes that
are repressed by LIN-35 Rb and other class B synMuv
proteins. Because we do not know the relevant targets
of either TRR-1/MYS-1/EPC-1 or the class B synMuv
proteins and because we have been unable to detect
globally reduced histone acetylation in mys-1 mutants
using commercially available antibodies that specifically
recognize acetylated histone isoforms (our unpublished
data), we have no basis for distinguishing whether the
putative TRR-1/MYS-1/EPC-1 complex acts in tran-
scriptional activation or repression.

Chromatin Remodeling and Modification Limits
Inductive Signaling in Vulval Development

Our findings have led us to consider the effects of chro-
matin remodeling and modification on developmental
processes. The phenotypes of trr-1, mys-1, epc-1, and
ssl-1 mutants and the localization of the TRR-1 protein
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A) In wild-type animals Ras pathway activity in P(3-8).p cells must exceed a threshold for these cells to adopt vulval fates
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B) Model 1: synMuv genes modulate the threshold but not absolute levels of Ras pathway activity
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Figure 3. Models for How the synMuv Genes May Limit the Extent of Inductive Signaling

(A) let-60 Ras pathway activity is required for vulval cell fates, and we propose that the level of activity must exceed a predetermined threshold
for a cell to adopt a vulval fate. When the LIN-3 EGF-like signal is present and Ras pathway intact (left), as with P(5-7).p of wild-type animals,
the level of activity exceeds this threshold. However, when the LIN-3 signal is absent and Ras pathway intact (middle), as with P3.p, P4.p,
and P8.p of wild-type animals or P(3-8).p of /in-3 mutants, this threshold is not reached by basal, unstimulated Ras pathway activity. Ras
pathway activity in P(3-8).p is abrogated by /et-23 RTK, let-60 Ras, and other mutations that disable Ras pathway components (right).

(B) Model 1: The synMuv genes may increase the threshold of Ras pathway activity that is required for vulval cell fates. In P3.p, P4.p, and
P8.p of synmuv mutants or in P(3-8).p of lin-3; synmuv mutants (middle), the threshold of activity required for vulval cell fates is lowered such
that a basal, unstimulated level of Ras pathway activity is sufficient for these cells to adopt vulval cell fates. However, mutations in core Ras
pathway components such as let-60 Ras (right) diminish Ras pathway activity to a level that cannot overcome the lower threshold resulting
from synMuv mutations.

(C) Model 2: The synMuv genes may decrease absolute levels of Ras pathway activity and leave the threshold of activity required for vulval
cell fates unaffected. In P3.p, P4.p, and P8.p of synmuv mutants or in P(3-8).p of /in-3; synmuv mutants (middle), Ras pathway activity is
increased to a level that is sufficient for these to adopt vulval cell fates. synMuv mutations have no effect in mutants lacking core Ras pathway
function (right).

are consistent with the hypothesis that the class C syn-
Muv genes act within P(3-8).p. Some class B synMuv
genes are also proposed to act in P(3-8).p (Lu and Hor-
vitz, 1998; Thomas and Horvitz, 1999; Ceol and Horvitz,
2001), suggesting that multiple chromatin remodeling
and modification activities act in the same cells to regu-
late cell-fate specification. How might these activities
together specify P(3-8).p fates?

In general, the class C and other synMuv genes pre-
vent cells that do not receive inductive signal from
adopting vulval fates (Figure 3A). At the time of vulval
induction, the LIN-3 EGF ligand is produced by the go-
nadal anchor cell and stimulates Ras pathway signaling
in the neighboring cells P(5-7).p. The high levels of Ras
pathway activity in P(5-7).p exceed a predetermined

threshold that is required for the adoption of vulval cell
fates. Because of their distance from the anchor cell,
P3.p, P4.p, and P8.p receive little to no LIN-3 signal,
and the unstimulated level of Ras pathway activity in
these cells is insufficient to induce vulval fates.

In one model, the synMuv genes may establish the
high threshold that distinguishes the responses of cells
that receive from those of cells that do not receive induc-
tive signal (Figure 3B). In synMuv mutants, this threshold
is reduced in P(3-8).p to a level that can be exceeded
even by unstimulated, that is, LIN-3-independent, Ras
pathway activity.

Alternatively, instead of increasing the threshold for
a response to Ras pathway activity, the synMuv genes
may decrease the absolute level of Ras pathway activity
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in P(3-8).p (Figure 3C). In this model, synMuv mutations
boost unstimulated Ras pathway activity, such as that
in P3.p, P4.p, and P8.p of wild-type animals or in P(3-8).p
of lin-3 mutants, to a level that exceeds an unchanged
threshold for vulval fates. It should be noted, however,
that we have not detected an increased level of Ras
pathway activity in synMuv mutants, as measured by
Western blots of activated diphosphorylated C. elegans
MPK-1 MAP kinase (data not shown).

Ras signaling during vulval development acts through
the LIN-1 ETS and LIN-31 winged helix transcription
factors (Miller et al., 1993; Beitel et al., 1995; Tan et al.,
1998). It is unclear whether chromatin remodeling and
modification by the synMuv genes impacts transcription
by LIN-1 and LIN-31 or whether the synMuv and Ras
pathways converge in a less direct manner. Whatever
the point of convergence, the synMuv genes likely act
to limit the extent of Ras-mediated vulval induction. We
suggest that chromatin remodeling and modification
may be used as a general mechanism to limit inductive
signaling in developing organisms.

Experimental Procedures

Strains and Genetics

Strains were cultured as described by Brenner (1974) and main-
tained at 20°C unless otherwise specified. Bristol N2 was used as
the wild-type strain. The following mutations were used: LGI: lin-
35(n745); LGlI: dpy-10(e128), let-23(sy97), dpl-1(n2994, n3316) (Ceol
and Horvitz, 2001), unc-4(e120), trr-1(n3630, n3637, n3704, n3708,
n3709, n3712) (this study), mex-1(it9), lin-38(n751); LGllI: lon-
1(e185), sup-5(e1464), lin-36(n766, n3096) (Thomas and Horvitz,
1999), lin-37(n758), epc-1(n4076) (this study), ssl-1(n4077) (this
study), unc-25(e156); LGIV: lin-3(n378), let-60(n1876) (Beitel et al.,
1990), unc-22(s7); LGV: unc-46(e177), mys-1(n3681, n4075) (this
study), dpy-11(e224), rde-1(ne219) (Tabara et al., 1999); and LGX:
lin-15B(n744), lin-15A(n767, n433) (Ferguson and Horvitz, 1989). The
deficiency mnDf90, translocation nT1(n754) (IV;V), translocation eT1
(IV;V), and chromosomal inversion min1[dpy-10(e128) mis14] were
also used. mis14, an integrated transgene linked to the chromo-
somal inversion min1, consists of a combination of GFP-expressing
transgenes that allows animals carrying mls14 to be identified begin-
ning at the 4-cell stage of embryogenesis (Edgley and Riddle, 2001).
Unless otherwise noted, the mutations and chromosomal aberra-
tions are described by Riddle et al. (1997).

Assay for P(3-8).p Vulval Cell Fates

Cell fates were scored in L4 hermaphrodites using Nomarski micros-
copy by counting the number of descendants that had been pro-
duced by individual P(3-8).p cells. Scores of 1, 0.5, and 0, were
assigned to cells that fully, partially, or did not adopt vulval cell
fates, respectively. P(3-8).p cells that partially adopt a vulval cell
fate have one daughter that divided to produce two to four descen-
dants and another daughter that remained undivided.

Cloning of trr-1 and mys-1

Using standard deficiency (Sigurdson et al., 1984) and three-point
mapping (Brenner, 1974) techniques, we placed the n3712 mutation
in an interval on LGIl between the right endpoint of the deficiency
mnDf90 and the mex-1 gene (data not shown). To clone the gene
affected by n3712, we performed transformation rescue as de-
scribed by Mello et al. (1991), using the pRF4 plasmid (80 ng/ul)
as a coinjection marker. We rescued the n3712 Muv and sterile
phenotypes by injecting the trr-1-containing cosmid C47D12 (10
ng/ul) into n3712/ min1[dpy-10(e128) mis14j; lin-15A(n767) mutants
and isolating Rol non-Gfp transgenic lines. We performed RNA-
mediated interference (RNAI) of trr-1 and determined that it caused
the same abnormalities as n3712 (see Results). We mapped n3681
between unc-46 and dpy-11 on LGV. Because of the relationship
between the mammalian and yeast mys-1 and trr-1 counterparts,

we injected a 9.9 kb Xhol mys-1 genomic clone derived from the
cosmid VC5 (50 ng/pl) and the sur-5::gfp-expressing construct
pTG96 (50 ng/pl; kindly provided by M. Han) as a coinjection marker
into and observed rescue of the Muv phenotype of n3687; lin-
15A(n767) mutants.

Isolation of Deletion Alleles

Genomic DNA pools from mutagenized worms were screened for
deletions as described by Ceol and Horvitz (2001). Deletion mutant
animals were isolated from frozen stocks and were backcrossed
four times to the wild-type prior to use. mys-1(n4075) removes nucle-
otides +106 to +1115, epc-1(n4076) nucleotides +2014 to +2899,
and ss/-1(n4077) nucleotides +5075 to +5757 of genomic DNA rela-
tive to their respective predicted translational start sites (predicted
translational start sites and surrounding genomic DNA are found in
GenBank files AF106581 [mys-1] and AL 132904 [epc-1 and ss/-1]).

RNAi Analyses

Templates for in vitro transcription reactions were made by PCR
amplification of either cDNAs and their flanking T3 and T7 promoter
sequences or coding exons from genomic DNA using T3- and T7-
tagged oligonucleotides. In vitro transcribed RNA was denatured
for 10 min and annealed prior to injection.

cDNA Isolation

We used RT-PCR (Titan one-tube RT-PCR, Roche Diagnostics) and
total RNA from wild-type animals as a template to obtain trr-1, mys-
1, and ss/-1 cDNA clones. Existing cDNAs were obtained from the
C. elegans EST project (kindly provided by Y. Kohara and coworkers)
to determine gene structures of epc-1, the ss/-1 5’ end, and the
trr-1 3’ end. We used 5’ RACE (5’ RACE System v2.0, GIBCO) to
determine the 5’ ends and SL1 trans-spliced leader sequences of
trr-1, mys-1, and epc-1 transcripts.

Determination of Mutant Allele Sequences

We used PCR-amplified regions of genomic DNA as templates in
determining mutant allele sequences. For each allele investigated,
we determined the sequences of both strands of all exons and splice
junctions of the gene in question. All mutations were confirmed by
determining the sequences of independently derived PCR products.
Sequences were determined using an automated ABI 373 DNA se-
quencer (Applied Biosystems).

Antibody Staining

Antibodies recognizing TRR-1 were generated by injecting a gluta-
thione S-transferase-tagged carboxy-terminal fragment of TRR-1,
GST-TRR-1(3280-4064), into two rabbits. Anti-TRR-1 antibodies
were affinity purified using a maltose binding protein-tagged car-
boxy-terminal TRR-1 fragment, MBP-TRR-1(3280-4064), as de-
scribed (Koelle and Horvitz, 1996). Embryos, larvae, and adults were
fixed according to Finney and Ruvkun (1990). Affinity-purified anti-
bodies were used at a 1:100 dilution for whole-mount staining. FITC-
conjugated goat anti-rabbit secondary antibody (Jackson Labora-
tories) was used for detection.
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