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Molecular antagonism between
X-chromosome and autosome
signals determines nematode sex

Behnom Farboud,! Paola Nix,"> Margaret M. Jow,'”* John M. Gladden,* and Barbara J. Meyer'”®

'Howard Hughes Medical Institute, Department of Molecular and Cell Biology, University of California at Berkeley, Berkeley,
California 94720, USA

Sex is determined in Caenorhabditis elegans by the ratio of X chromosomes to the sets of autosomes, the X:A
signal. A set of genes called X signal elements (XSEs) communicates X-chromosome dose by repressing the
masculinizing sex determination switch gene xol-1 (XO lethal) in a dose-dependent manner. xol-1 is active in 1X:2A
embryos (males) but repressed in 2X:2A embryos (hermaphrodites). Here we showed that the autosome dose is
communicated by a set of autosomal signal elements (ASEs) that act in a cumulative, dose-dependent manner to
counter XSEs by stimulating xol-1 transcription. We identified new ASEs and explored the biochemical basis by
which ASEs antagonize XSEs to determine sex. Multiple antagonistic molecular interactions carried out on a single
promoter explain how different X:A values elicit different sexual fates. XSEs (nuclear receptors and homeodomain
proteins) and ASEs (T-box and zinc finger proteins) bind directly to several sites on xol-1 to counteract each other’s
activities and thereby regulate xol-1 transcription. Disrupting ASE- and XSE-binding sites in vivo recapitulated the
misregulation of xol-1 transcription caused by disrupting cognate signal element genes. XSE- and ASE-binding sites
are distinct and nonoverlapping, suggesting that direct competition for xol-1 binding is not how XSEs counter ASEs.
Instead, XSEs likely antagonize ASEs by recruiting cofactors with reciprocal activities that induce opposite
transcriptional states. Most ASE- and XSE-binding sites overlap xol-1’s -1 nucleosome, which carries activating
chromatin marks only when xol-1 is turned on. Coactivators and corepressors tethered by proteins similar to ASEs
and XSEs are known to deposit and remove such marks. The concept of a sex signal comprising competing XSEs and
ASEs arose as a theory for fruit flies a century ago. Ironically, while the recent work of others showed that the fly sex
signal does not fit this simple paradigm, our work shows that the worm signal does.
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receptor; T-box protein]
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Dose-dependent signals play essential roles in cell fate
decisions during development. Small differences in the
concentrations of key regulatory molecules are trans-
lated into dramatically different developmental fates
(Herskowitz 1989; Perry et al. 2009; Shilo et al. 2013).
A prime example is sex determination (Bull 1983;
Charlesworth and Mank 2010). In many species, sex is
determined by a chromosome-counting mechanism that
tallies the number of X chromosomes relative to the ploidy,
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the sets of autosomes. The molecular strategies for such
X:A-counting mechanisms have been difficult to dissect.
For both the nematode Caenorhabditis elegans and the
fruit fly Drosophila melanogaster, an X:A signal of 0.5
(1X:2A) elicits male fate, while a signal of 1.0 (2X:2A)
elicits female (or hermaphrodite) fate (Bridges 1921; Nigon
1951). Worms discriminate with high fidelity between
even smaller differences in the X:A signal: 2X:3A (0.67)
embryos develop into fertile males, while 3X:4A (0.75)
embryos develop into fertile hermaphrodites (Madl and
Herman 1979). Neither the components of the worm sex
signal nor its mechanism for determining sex are well
understood. Particularly elusive has been how X and
autosomal signals oppose one another to communicate
the relative doses of X chromosomes and autosomes.
The initial concept that sex can be determined through
an X:A-sensing mechanism emerged from Calvin Bridges’
(Bridges 1921) extensive analysis of fly sexual fates induced
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by different X:A values. In 1921, he proposed that the fly sex
signal is composed of a set of feminizing genes on X and an
antagonistic set of masculinizing genes on autosomes. Sex
would be determined by the ratio of these opposing factors.
His hypothesis met wide acceptance and was presented in
textbooks as fact without validation by the discovery of
such antagonistic sex-determining genes. Ironically, de-
tailed molecular analysis conducted decades later showed
that the fly X:A sex determination signal does not fit this
elegant textbook paradigm (Erickson and Quintero 2007),
but we show here that the worm signal does.

In flies, a set of feminizing genes on X called X signal
elements (XSEs) communicates X-chromosome number
(Cline 1988; Erickson and Cline 1991, 1993; Sefton et al.
2000; Salz and Erickson 2010), but ploidy appears not to be
signaled by a corresponding set of masculinizing autosomal
genes (Erickson and Quintero 2007). Only a single auto-
somal signal element (ASE) has been identified through
extensive genetic screens (Barbash and Cline 1995). That
ASE influences sex determination only weakly and is
thought to function relatively late to fine-tune the count-
ing process. The effect of ploidy in this dose-sensitive
process was recently shown to be indirect (Erickson and
Quintero 2007).

In C. elegans, X-chromosome number is also commu-
nicated by a set of trans-acting XSEs encoded on X
chromosomes (Fig. 1A; Akerib and Meyer 1994; Hodgkin
et al. 1994; Nicoll et al. 1997; Carmi et al. 1998; Gladden
and Meyer 2007; Gladden et al. 2007; Meyer 2010). XSEs
act in a cumulative, dose-dependent manner to repress
the masculinizing sex determination switch gene called
x0l-1 (XO lethal) in 2X:2A embryos. xol-1 encodes a
GHMP kinase family member that induces the male fate
when active and permits the hermaphrodite fate when
inactive (Miller et al. 1988; Rhind et al. 1995; Luz et al.
2003). xol-1 also controls the level of X-linked gene
expression, and hence viability, by regulating the process
of X-chromosome dosage compensation (Miller et al. 1988;
Chuang et al. 1994; Rhind et al. 1995; Dawes et al. 1999).
xol-1 coordinately regulates both sex determination and
dosage compensation by negatively regulating the femi-
nizing switch gene sdc-2 (sex determination and dosage
compensation), which triggers assembly of all dosage
compensation complex (DCC) subunits onto both X chro-
mosomes of XX embryos to reduce X-linked gene expres-
sion by half (Dawes et al. 1999; Pferdehirt et al. 2011). sdc-2
also induces hermaphrodite sexual differentiation by re-
pressing the autosomal male sex-determining gene her-1.
Inappropriate repression of xol-1 in 1X:2A embryos or
inappropriate activation of xol-1 in 2X:2A embryos
causes embryonic lethality due to misregulation of the
DCC and hence incorrect levels of X-chromosome gene
expression.

XSEs were discovered through genetic schemes that
identified suppressors of the lethal effects caused by xol-1
misregulation (Akerib and Meyer 1994; Hodgkin et al.
1994; Nicoll et al. 1997; Carmi et al. 1998; Gladden and
Meyer 2007). XSEs control xol-1 at two distinct levels:
transcriptional repression via the nuclear receptor SEX-1
and the ONECUT homeodomain protein CEH-39 and
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post-transcriptional repression via the RNA-binding pro-
tein FOX-1 (Hodgkin et al. 1994; Nicoll et al. 1997; Carmi
et al. 1998; Skipper et al. 1999; Gladden and Meyer 2007;
Gladden et al. 2007). Disruption of SEX-1 causes exten-
sive but incomplete XX-specific lethality, and simulta-
neous disruption of both SEX-1 and CEH-39 or SEX-1 and
FOX-1 causes complete XX lethality due to derepression
of xol-1. Disruption of either CEH-39 or FOX-1 alone
has minimal effects on viability. Transcriptional repres-
sion is the predominant form of xol-1 regulation, but
prior to our current study, it was not known whether
SEX-1 and CEH-39 control xol-1 indirectly or through
direct molecular interactions with cis-acting regulatory
regions.

Our previous work showed that the autosomal signal
includes a trans-acting ASE that counters XSEs in part to
coordinately regulate both sex determination and dosage
compensation by activating xol-1 (Fig. 1A; Powell et al.
2005). This ASE, called SEA-1 (signal element on auto-
some), was identified as a suppressor of the XX-specific
lethality caused by loss of XSEs. SEA-1 is T-box transcrip-
tion factor that acts in a dose-dependent manner to
stimulate xol-1 transcription. Not known was whether
SEA-1 acts directly on xol-1 to control its expression, how
an ASE might antagonize XSEs, and whether worms, like
flies, have only a single weak ASE and also use an ASE-
independent mechanism to communicate ploidy.

In our current study to dissect the C. elegans sex de-
termination signal and discover the molecular mecha-
nisms by which small differences in the X:A signal elicit
alternate sexual fates, we first conducted a genetic screen
to identify additional ASEs and then explored the bio-
chemical basis by which XSEs counter ASEs to determine
sex. We show here that ploidy is communicated by multiple
discrete ASEs, which function in a dose-dependent and
cumulative manner to activate xol-1 transcription, con-
sistent with Bridges’ hypothesis for flies (Bridges 1921).
We also show that XSEs engage in molecular rivalry with
ASEs to overcome their activating effects, thereby trans-
lating the twofold difference in X-chromosome dose be-
tween the sexes into the high or low activity state of xol-1.
Transcriptional activation of xol-1 by ASEs is direct. Two
of the ASEs, SEA-1 and SEA-2 (a zinc finger protein), bind
to multiple sites within xol-1. Transcriptional repression
by XSEs is similarly direct: SEX-1 and CEH-39 also bind
to numerous xol-1 sites in vitro. Disrupting these ASE-
and XSE-binding sites in vivo recapitulates the deregula-
tion of xol-1 expression caused by disrupting the corre-
sponding signal element genes. The known XSE- and ASE-
binding sites are distinct and nonoverlapping, suggesting
that direct competition for binding to xol-1 is unlikely to
be the mechanism by which XSEs oppose ASEs. Since
other T-box proteins, nuclear receptors, and homeobox
proteins tether coactivators or corepressors to specific
binding sites (Asahara et al. 1999; Privalsky 2004; Murakami
et al. 2005), the most plausible model is that XSEs and
ASEs antagonize each other by recruiting cofactors
with reciprocal activities that induce opposite transcrip-
tional states. In summary, we demonstrated that multi-
ple, antagonistic molecular interactions carried out on
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Figure 1. Identification of an ASE that encodes a zinc finger protein with Q/N and metalloprotease repeats. (A) Regulation of xol-1 by
XSEs and ASEs. In diploid XX embryos (2X:2A), the double dose of XSEs outcompetes the double dose of ASEs to repress xol-1, thereby
activating the hermaphrodite-specific gene sdc-2 and turning on dosage compensation and the hermaphrodite program of sexual
differentiation. sdc-2 activates dosage compensation by triggering binding of the DCC to both X chromosomes, where it turns down
X-chromosome expression by about half. In diploid XO embryos (1X:2A), the single dose of XSEs fails to overcome the double dose of
ASEs. xo0l-1 remains active, represses sdc-2, turns on the male program of sexual differentiation, and precludes binding of the DCC to X.
(B) Genetic strategy for identifying ASEs. The Mos1 transposon strain used to obtain suppressors of the XX-specific lethality caused by
disrupting two XSEs—fox-1 and sex-1—was made from crosses (shown) involving two initial strains. (1) A fox-1 sex-1 double-mutant
strain carried an extrachromosomal array (yEx660) containing three transgenes: the Mos1 transposase controlled by a heat-shock promoter
(hsp-16-48::Mos1 transposase); Pdpy-30::sdc-2, used to suppress the lethality of fox-1 sex-1 mutants; and Punc-122::gfp, a reporter for the
array that causes coelomocytes to fluoresce green. (2) The strain carried an extrachromosomal array (oxEx229) bearing the Mos1
transposon and the reporter Pmyo-2::gfp, which causes the pharynx to fluoresce green. Mos1 was mobilized in the final strain (fox-1 sex-1;
0xEx229; yEx660) by heat shock, and homozygous suppressors were identified among their F2 self progeny as viable hermaphrodites that
lacked the yEx660 array. (C) Structure of the sea-2 gene showing intron—exon boundaries, locations, and molecular identity of sea-2
mutations; two SL1 TSL sites; an alternative splice junction; and locations of sequences encoding zinc fingers (magenta), Q/N repeats
(orange), and the metalloprotease domain (blue). (D) Schematic of the SEA-2 protein showing locations of zinc fingers, Q/N repeats, and
the metalloprotease domain. (E) Immunofluorescence images of wild-type and sea-2(y426)-null XX embryos stained with the DNA dye
DAPI (blue) and antibodies to both SEA-2 (red) and the X-bound dosage compensation protein SDC-3 (green) used as a staining control.
The diffuse nuclear SEA-2 signal was eliminated by the sea-2(y426)-null mutation, showing antibody specificity.
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a single promoter form the basis of the primary sex de-
termination decision in C. elegans. This antagonism
makes the sex determination process highly responsive
to the relative dose of X chromosomes and autosomes so
that even tiny changes in the X:A signal elicit different
sexual fates.

Results

A Mos1 transposon screen identified an ASE

To identify ASEs, we conducted a genetic screen for mut-
ations that suppressed the hermaphrodite-specific lethality
caused by disrupting two XSEs: fox-1 and sex-1 (Fig. 1B).
Reducing the dose of ASEs in an XSE-deficient XX mutant
was expected to restore the X:A balance and thereby re-
establish dosage compensation and hermaphrodite viabil-
ity (Powell et al. 2005). The screen was designed to recover
both dominant and recessive mutations. The Mos1 trans-
poson was used as the mutagen to permit facile molecular
identification of disrupted genes (Bessereau et al. 2001).

One strong candidate emerged from analysis of 9400
Mos1 mutagenized haploid genomes, and three initial
experiments suggested that the MosI-disrupted gene
encodes an ASE. First, the y407 suppressor allele restored
the viability of fox-1 sex-1 XX mutants to 36% (Fig. 2B).
Inverse PCR of y407 revealed a MoslI insertion site within
the ORF K10G6.3, and RNAi against K10G6.3 restored
the viability of fox-1 sex-1 XX mutants to 27%, a level
equivalent to y407. Second, a deletion allele of K10G6.3
(v410) obtained through a directed PCR screen of our
C. elegans deletion library also restored the viability
of fox-1 sex-1 XX mutants to an equivalent level (24%)
(Fig. 2B). XX and XO animals carrying either mutant allele
of K10G6.3 were viable. Third, an extrachromosomal array
bearing the cosmid encoding K10G6.3 reduced the via-
bility of y407; fox-1 sex-1 XX animals to that of fox-1 sex-1
XX animals (Materials and Methods). We named the
K10G6.3 gene sea-2 to reflect its likely role in sex
determination.

sea-2 encodes a zinc finger protein with glutamine/
asparagine-rich repeats

Multiple sea-2 mRNAs are made by different combina-
tions of two alternative SL1 trans-splice acceptor sites at
the 5’ end and an alternative splice acceptor that elimi-
nates the sixth exon (Fig. 1C). The longest sea-2 mRNA
spans a 9.9-kb genomic region encoding a PQN (prion-like,
Q/N-rich) family member of 1727 amino acids (Fig. 1D).
SEA-2 also contains six separated zinc finger domains and
a metalloprotease motif.

Molecular analysis of sea-2 mutants revealed that
neither sea-2 allele is null. For y407, the Mos1 insertion
resides in exon 4 and is predicted to cause premature
termination of translation for both trans-spliced mes-
sages (Fig. 1C). However, y407 cDNAs showed that Mos1
was removed from sea-2 mRNAs through alternative
splicing, thereby restoring the reading frame. For y410,
the deletion eliminates exons 2 and 3 in the first SL1
trans-spliced mRNA but fails to disrupt the second SL1
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trans-spliced mRNA (Fig. 1C). The y410 deletion is pre-
dicted to cause premature termination of translation for
only the first mRNA.

To isolate a sea-2-null mutant, we mobilized MosI in
y407 animals and identified an allele (y426) in which all
but 5 nucleotides (nt) of Mos1 had been excised (Fig. 1C).
The remaining insertion created a premature transla-
tional stop codon and the consequent degradation of both
SL1 trans-spliced mRNAs (Supplemental Fig. S1). Con-
sistent with y426 being a null allele, y426 increases the
viability of fox-1 sex-1 mutants to 50%, a level greater
than that achieved by either y407 or y410 (Fig. 2B).

SEA-2 accumulates in nuclei of young embryos during
sex determination

Immunofluorescence experiments with SEA-2 antibodies
showed diffuse nuclear accumulation of SEA-2 in embryos
of the 20- to 30-cell stage (Fig. 1E), when sex determination
begins, and greatly diminished nuclear levels of SEA-2 in
embryos beyond the 200-cell stage, after dosage compen-
sation is established (data not shown). SEA-2 antibody
staining was present at low levels in y407 mutants and
absent in y426-null mutants (Fig. 1E), confirming the
specificity of the SEA-2 antibody and the molecular and
genetic characterization of the mutants.

Similar nuclear localization and timing of accumula-
tion were observed for the XSE proteins and the ASE
SEA-1 (Nicoll et al. 1997; Carmi et al. 1998; Powell et al.
2005; Gladden and Meyer 2007), further implying an early
role for SEA-2 in sex determination. The nuclear locali-
zation of the zinc finger SEA-2. protein and the presence of
PQN protein—-protein interaction motifs suggests that
SEA-2 acts as a transcription factor that associates with
other proteins to achieve transcriptional regulation
(Michelitsch and Weissman 2000; Wolfe et al. 2000).

SEA-2 is a bona fide ASE

To be classified as a bona fide ASE, a gene must fulfill
several genetic criteria. First, reducing the dose of an ASE
should suppress the XX lethality caused by reducing the
dose of XSEs and enhance the XO lethality caused by
increasing the dose of XSEs. Second, increasing the dose
of an ASE should enhance the XX lethality caused by
reducing the dose of XSEs and suppress the XO lethality
caused by increasing the dose of XSEs. In fulfilling both
criteria, an ASE should act in a dose-dependent manner in
the early zygote, the developmental stage in which the
X:A signal is assessed to determine sexual fate.

sea-2 meets all of the criteria for an ASE. First, sea-2
loss-of-function alleles suppress not only the synergistic
XX lethality of the fox-1 sex-1(y263) double mutant, but
also the XX lethality of the sex-1(y424)-null mutant (from
20% viability to 34%; P < 0.001) and the synergistic XX
lethality of the sex-2(y324) sex-1(y263) double mutant
(from 0% viability to 38%; P < 0.001) (Fig. 2B). The
suppression is dose-dependent: The heterozygous sea-
2(y407)/+ mutation restores viability of fox-1 sex-1(y263)
mutants to 13%, and the homozygous sea-2(y407) muta-
tion restores viability to 36% (P < 0.001) (Fig. 2B).
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Figure 2. sea-2 fulfills the genetic criteria for an ASE. (A) Genetic properties of XSEs and ASEs in XX animals. Reducing the dose of
XSEs causes xol-1 activation and the consequent masculinization and death of XX animals. Reducing the dose of ASEs in these XSE-
deficient XX animals restores the X:A signal, thereby repressing xol-1 and re-establishing viability. (B—E) Histograms show that sea-2
fulfills the genetic properties of an ASE with respect to viability. Genotype of animals assayed for viability is shown on the Ieft, the
effect of mutation on X or A signal is shown by an arrow (up, increase; down, decrease), the percent adult viability is on the X-axis, and
the total number of embryos counted per experiment is given on each line (white). Formulas for adult viability, crosses (when
appropriate), and methods for scoring are described in the Materials and Methods. sea-2 mutations suppress the XX lethality caused by
reduced XSE dose (B) and enhance the XO lethality caused by increased XSE dose (C). Elevation of sea-2 dose reduces XX viability (D)
and increases viability of XO animals with elevated XSE dose (E).
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Furthermore, sea-2 loss-of-function mutations increase
the XO lethality caused by increasing the dose of XSEs,
although sea-2 mutations alone appear to have no adverse
effect on the viability or morphology of XO animals (Fig.
2C). The viability of XO animals with one extra copy of
fox-1 and ceh-39 carried on the X duplication yDp14 was
reduced from 42% to 15% by sea-2(y426)/+ and to 4% by
homozygous sea-2(y426) (P < 0.001). Because the sea-2
mutation was introduced on a paternal chromosome, the
enhanced lethality must have been caused by a change in
the zygotic dose of sea-2.

Second, increasing the dose of sea-2 suppressed the XO
lethality caused by increasing the dose of XSEs and
enhanced the XX lethality caused by decreasing the dose
of XSEs. Multiple copies of sea-2(+) carried on the in-
tegrated array ylIs57 increased the viability of yDp14/+
males from 63 % to 80% (P < 0.001) (Fig. 2E) and decreased
the viability of sex-1(y263) XX mutants from 74% to 29%
(P < 0.001) (Fig. 2D). Together, these results show that
sea-2 is an ASE that counters the action of XSEs to
promote the male fate.

ASEs function cumulatively

Analysis of sea-1 and sea-2 mutant combinations re-
vealed that the two ASEs act cumulatively to oppose
XSEs. The sea-1(y356) sea-2(y407) double combination
increased the viability of sex-1(y424) XX-null mutants
from 20% to 77 % (P < 0.001), while the single sea-1(y356)
and sea-2(y407) mutations increased the viability to only
51% (P < 0.001) and 30% (P < 0.001), respectively (Fig.
3A). Furthermore, sea-1 and sea-2 mutations act together
in a dominant fashion to suppress the XX lethality. While
the heterozygous sea-1(y356)/+ mutation failed to increase
the viability of fox-1(y303) sex-1(y263) mutants (Fig. 3A)
and the heterozygous sea-2(y407)/+ mutation only in-
creased the viability from 0% to 13% (P < 0.001) (Fig. 2B),
the trans-heterozygous sea-1/sea-2 combination increased
the viability to 36% (P < 0.001), and the homozygous sea-1
sea-2 combination increased the viability to 70% (P <
0.001) (Fig. 3A).

In reciprocal experiments, increasing the dose of the
wild-type sea-1 and sea-2 genes decreased the viability of
XX animals in a cumulative manner. At 25°C, multiple
copies of either sea-1 (yIs61) or sea-2 (yIs57) had only a
small effect on XX viability (89% and 98 %, respectively),
but multiple copies of both reduced the viability of XX
animals to 52% (P < 0.001) (Fig. 3B). The viability was
restored to 93% by a xol-1 mutation, showing that the XX
lethality caused by increased doses of sea-1 and sea-2 was
due to misregulation of xol-1 (see Supplemental Fig. S4A
for similar experiments conducted at 20°C). Thus, ASEs,
like XSEs, function together to communicate the sex signal
and act predominantly upstream of xol-1 to coordinately
regulate both sex determination and dosage compensation.

SEA-1 and SEA-2 act together to communicate the
autosomal signal but do not comprise the entire signal.
Null alleles of neither sea-1 nor sea-2 suppressed any of
the XX lethality caused by null alleles of both fox-1(y303)
and sex-1(y424), even though null alleles of either ASE
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partially suppressed the synergistic XX lethality caused
by the fox-1(y303)-null allele and the sex-1(y263) partial
loss-of-function allele (Fig. 3A). Furthermore, only 17 % of
sea-1(y356) sea-2(y426); fox-1(y303) sex-1(y424) quadru-
ple XX mutants are viable. Thus, while sea-1 and sea-2
are important ASEs, they do not constitute the entire
autosomal signal (Fig. 3A).

Evidence of additional ASEs came from our finding that
the candidate ASE mutation y379, which was recovered
in an earlier EMS-based genetic screen (Powell et al. 2005)
but was not identified molecularly, behaves as a bona fide
ASE mutation. We named the gene sea-3. The sea-3(y379)
mutant allele partially suppresses the lethality of fox-1(y303)
sex-1(y263) mutants and further suppresses the lethality
of fox-1(y303) sex-1(y424)-null mutants bearing sea-1-
and sea-2-null mutations (Fig. 3A). Forty-six percent of
the sea-3(y379); fox-1(y303) sex-1(y263) XX triple mu-
tants were viable compared with zero of the fox-1 sex-1
mutants, and 42% of sea-1(y356) sea-2(y426); sea-3(y379);
fox-1(y303) sex-1(y424) XX quintuple mutants were viable
compared with 17% of the sea-1(y356) sea-2(y426); fox-
1(y303) sex-1(y424) quadruple XX mutants (Fig. 3A). The
fertility of the quintuple was also superior to that of the
quadruple: Per adult, an average of 120 embryos were
produced compared with 44 embryos, respectively.

In reciprocal experiments, all sea-1(y356) sea-2(y426)
XO animals were viable, but 16% of the sea-1(y356) sea-
2(y426); sea-3(y379) XO animals were inviable (Fig. 3C),
showing that sufficient ASE function had been disrupted
to block the full male-promoting activity of xol-1. The
cumulative effect of sea-1, sea-2, and sea-3 mutations in
countering XSEs shows that ploidy, the autosomal com-
ponent of the X:A signal, appears to be communicated by
a set of discrete ASEs in a manner envisioned by Bridges
for flies (Bridges 1921; see the Discussion).

SEA-2 also controls sex determination and dosage
compensation independently of xol-1

Precedent that an X:A signal element can control sex
determination and dosage compensation by acting in two
different capacities was set previously by sex-1 (Gladden
et al. 2007). SEX-1 functions as both an XSE to repress xol-1
and an activator of hermaphrodite-promoting genes that
function downstream from xol-1 to activate dosage com-
pensation (Supplemental Fig. S3A,B; Gladden et al. 2007).
We asked whether sea-2 also acts in two capacities. Our
prior experiments showed that most, but not all, of the XX
lethality caused by a sex-1 mutation is suppressed by a
xo0l-1 mutation, and the residual lethality can be enhanced
by RNAI against sdc-2, a gene that acts downstream from
x0I-1 to trigger assembly of the DCC onto X (Supplemental
Fig. S3A). We show here that a sea-2 mutation can partially
suppress the residual XX lethality of xol-1 sex-1 mutants
(Supplemental Fig. S3B) and can partially suppress the
enhanced XX lethality caused by sdc-2(RNAi) of xol-1
sex-1 mutants (Supplemental Fig. S3A). Moreover, in-
creased dosage of sea-2 assists sdc-2(RNAi) in suppressing
the XO lethality caused by a xol-1 mutation (Supplemental
Fig. S3C). Our combined results show that sea-2 functions
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A ASEs Act Cumulatively to Oppose XSEs

XSEs and ASEs determine nematode sex

X:A
sea-1(y356) AV 2032 92%
sea-1(y356) sea-2(y407) A+ 93%
sex-1(y424) X 20%
sea-1(y356); sex-1(y424) +X AV 983 51%
sea-2(y407); sex-1(y424) +X A+ 30%
sea-1(y356) sea-2(y407); sex-1(y424) +X A+ 7%
fox-1(y303) sex-1(y263) +X |dead 0%
sea-1(y356)/+; fox-1(y303) sex-1(y263) +X A+ |dead 0%
sea-1(y356)/sea-2(y407); fox-1(y303) sex-1(y263) +X A+ 36%
sea-1 sea-2(y407)/sea-1; fox-1(y303) sex-1(y263) +X A+ 54%
sea-1(y356) sea-2(y407); fox-1(y303) sex-1(y263) +X A+ 501 70%
sea-2(y426); fox-1(y303) sex-1(y263) +X A+ 50%
sea-3(y379); fox-1(y303) sex-1(y263) +X A+ 46%
fox-1(y303) sex-1(424) +X | dead 0%
sea-1(y356); fox-1(y303) sex-1(424) +X A+ |dead 0%
sea-2(y426); fox-1(y303) sex-1(424) +X A+ |dead 0%
sea-1(y356) sea-2(y426); fox-1(y303) sex-1(424) +X A+ 17%
sea-1(y356) sea-2(y426); sea-3(y379); +X A+ 42%
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sea-1, sea-2, and sea-3 act cumulatively to communicate ploidy. (A) Mutations in sea-1, sea-2, and sea-3 together increase

the viability of XSE-deficient XX animals more completely than knockout of only one or two ASEs. (B) Increased dosage of sea-1 and
sea-2 more effectively reduces the viability of XX animals than increased dose of either alone. (C) Mutation of sea-1, sea-2, and sea-3
together reduces XO viability. All strains carried the him-8(e1489) mutation, which increases the proportion of XO progeny to ~37%.
Viability of XO animals bearing ASE mutations was determined by assessing the number of adult male progeny relative to those in the

him-8 control.

in two capacities to control the male modes of sex de-
termination and dosage compensation: as an ASE to acti-
vate xol-1 and as a repressor of a hermaphrodite-promoting
activity that acts downstream from xol-1.

SEA-2 is an activator of xol-1 transcription

XSEs communicate X-chromosome number by reducing
the level of functional xol-1 transcripts in a dose-dependent
manner through two means: transcriptional repression
and alternative mRNA splicing control. Because ASEs
oppose XSEs, we asked whether SEA-2 communicates

the ploidy by increasing the level of functional xol-1
transcripts. To assess the effect of SEA-2 on xol-1
transcription, we used the integrated yIs33 multicopy
reporter transgene Pxol-1::lacZ, in which the xol-1 pro-
moter controls transcription of lacZ (Nicoll et al. 1997),
to compare B-galactosidase activity among wild-type XX
and XO embryos and XX embryos with increased sea-
2(+) dose.

We first showed that the xol-1 transcriptional reporter
faithfully reproduces the activity states of xol-1 in wild-
type XX and XO embryos (Fig. 4A,B). Of embryos pro-
duced from yIs33 XX animals, 90.1% had no detectable
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Figure 4. SEA-2 activates xol-1 transcription by binding to the xol-1 promoter. (A,B) Increased dose of sea-2 activates transcription of
xo0l-1 in XX embryos. (A) Nomarski images of hermaphrodite gonads at 25°C from wild-type, him-8, and yIs57[sea-2(+)] transgenic
animals carrying the integrated Pxol-1::lacZ transcriptional reporter. Hermaphrodites were grown at 25°C and stained for
B-galactosidase activity. Embryos within the gonads have undetectable (light gray), low (gray), or high (black) levels of B-galactosidase
activity. While wild-type and yIs57/sea-2(+)] hermaphrodites both produce only 0.2% XO embryos, yIs57 hermaphrodites produce
a higher frequency of embryos with high B-galactosidase activity, revealing that elevated sea-2 dose activates xol-1 in XX embryos. The
level of B-galactosidase activity in yIs57 XX embryos resembles that in XO embryos. The proportion of embryos with high and low
B-galactosidase activity in him-8 gonads reflects the expected proportion of XX to XO embryos. (B) Quantification of embryos having
undetectable (gray), low (light blue), or high (dark blue) B-galactosidase activity within gonads of hermaphrodites with listed genotypes.
n is the total number of embryos scored; percentages of embryos with each class of activity are indicated. (C) SEA-2 binds to xo0l-1 in
vivo. Confocal images of wild-type embryos bearing xol-1 promoter arrays (fragment C in D) or control arrays both stained with SEA-2
(red) and GFP (green) antibodies. Arrays also contain a transgene encoding a GFP-tagged Iac repressor protein (lacl:: GFP) and multiple
copies of lac operator sequences (lacO). lacl:: GFP proteins bind to IacO sequences, allowing GFP antibodies to mark xol-1 arrays. If
endogenous SEA-2 protein binds to the xol-1 promoter, SEA-2 antibodies colocalize (yellow) with GFP antibodies on arrays with xol-1
but not control sequences. (D) Assessment of SEA-2-binding ability and map of assayed xol-1 fragments in the promoter (1602 bp
upstream of the TSS) and gene body (first 2864 bp). (+) SEA-2 binding to arrays, (—) no or rare binding to arrays.
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B-galactosidase activity, and 0.4% had high activity.
These results are consistent with the low level of xol-1
activity in wild-type XX embryos, the low proportion
(0.1%) of XO embryos in a wild-type brood, and the high
level of xo0l-1 activity in these rare XO embryos. Of
embryos produced from yIs33 XX animals bearing a
him-8 mutation, which elevates the proportion of XO
progeny to 37%, 31% had high B-galactosidase activity,
consistent with the increase in XO progeny. While the
reporter transgene faithfully recapitulates xol-1’s sex-
specific regulation, it does not reflect the absolute level
of endogenous xol-1 transcripts because the reporter is
present in multiple copies, and its lacZ transcript level is
higher than the endogenous xol-1 transcript level. We
next showed that increasing the dose of the wild-type
sea-2 gene increases xol-1 transcription in XX animals
(Fig. 4A). An array (yIs57) carrying multiple copies of
sea-2(+) increased the proportion of Pxol-1::lacZ-bear-
ing XX embryos having high B-galactosidase activity
from 0.4% to 78.8%. These results indicate that SEA-2
activates xol-1 transcription either directly or indirectly,
and ASEs transmit ploidy by activating xol-1 in a dose-
dependent manner.

Identification of the xol-1 transcription start site (TSS)

ASEs and XSEs antagonize each other to communicate
the X:A signal by regulating xol-1 transcription in oppo-
site directions. To assess the mechanism by which these
signal elements regulate xol-1, we first had to determine
xol-1's TSS. xol-1, like most genes in C. elegans, un-
dergoes a cotranscriptional processing event in which the
5’ end of the nascent transcript is replaced by a common
22-nt leader RNA through a trans-splicing mechanism.
For xol-1, the trans-spliced leader (TSL) is spliced 14 nt
upstream of the AUG start of translation (Rhind et al.
1995).

PCR amplification of xo0l-1 cDNA made from embryo
RNA revealed the TSS to be far upstream of the TSL site
(Supplemental Fig. S5B). A robust PCR product placed the
TSS at least 546 base pairs (bp) upstream of the TSL, and
a faint product placed it further upstream, to at least 1037
bp. Because trans-splicing is cotranscriptional and TSSs
are rarely identified accurately from accumulated RNA,
we confirmed and extended our understanding of the
xo0l-1 TSS through our ongoing efforts to map genome-
wide TSSs from nascent transcripts. Global run-on se-
quencing (GRO-seq) reactions were used to isolate na-
scent transcripts, and transcripts with 5 CAPs were
then enriched and sequenced (WS Kruesi, L] Core, CT
Waters, JT Lis, and BJ Meyer, in prep.). The analysis
confirmed our cDNA analysis and placed the xol-1 TSS
at 1203 nt upstream of the TSL, just downstream from a
well-placed nucleosome (Supplemental Fig. S5A). In the
early XX embryo, when xol-1 is active prior to its repression
by XSEs, this —1 nucleosome carries the H3K4me3 and
H3K27ac post-translational modifications typical of ac-
tive transcription (Supplemental Fig. S5C). Later in de-
velopment, when xol-1 is inactive, the modifications are
absent.

XSEs and ASEs determine nematode sex

The XSEs SEX-1 and CEH-39 repress xol-1
transcription directly by binding to discrete sites
in the promoter and gene body

To understand the basis for the molecular tug of war
between XSEs and ASEs, we asked whether XSEs and
ASEs bind directly to xol-1 regulatory regions to control
its transcription. Previous immunocytochemical experi-
ments showed that SEX-1 colocalized in vivo with a xol-1
promoter fragment that extends 1598 bp upstream of the
TSS, drives sex-specific expression of a Pxol-1::lacZ trans-
gene, and is responsive to sex-1 mutations (Carmi et al.
1998). To detect SEX-1-binding sites within xol-1, we
expressed and partially purified SEX-1 from Sf-9 insect
cells and used SEX-1 in electrophoretic mobility shift
assays (EMSAs) to survey 300-bp overlapping DNA probes
spanning 1785 bp upstream of the TSS, the 1203-bp outron,
and the first three exons of xol-1 (Fig. 5A; Supplemental
Fig. S6A). Two sets of overlapping probes (], K, and L, and P
and Q) exhibited binding. The overlapping regions were
further dissected by assaying SEX-1 binding to 50-bp over-
lapping probes. Five independent 25-bp SEX-1-binding
regions were found: four in the promoter region over-
lapping the —1 nucleosome and one further along in the
gene between the start points of transcription and trans-
lation. (Fig. 5A-C; Supplemental Figs. S5A, S6A,B).

The specificity in SEX-1 binding was established by
antibody supershift experiments and mutational analysis.
Increasing concentrations of SEX-1 antibody efficiently
supershifted the already-shifted probes harboring the five
candidate binding sites, demonstrating that SEX-1 was in-
deed bound to the probes (Fig. 5C; Supplemental Fig. S6B).
Each of the five 25-bp binding regions encodes a close
variant of the consensus nuclear hormone receptor (NHR)-
binding site AGGTCA (Fig. 5C; Mangelsdorf et al. 1995). To
validate these sequences as bona fide SEX-1-binding sites,
we changed the first three bases of each candidate binding
site to TTT and examined binding to the mutated sites
(Fig. 5B). SEX-1 bound to none of the mutant probes. Our
two findings that (1) SEX-1 binding was disrupted by
mutation of the putative NHR response element and (2)
the shift in wild-type probes was dependent on SEX-1
indicate that SEX-1 binds directly to xol-1 regulatory
sequences in vitro at five different sites. Of note, the
closest two SEX-1 response elements are 48 bp apart, and
no other NHR response elements reside nearby, suggest-
ing that SEX-1 does not bind as a homodimer.

To identify CEH-39-binding sites, we performed
EMSAs using CEH-39 produced from in vitro transcription—
translation reactions and the 300-bp overlapping probes
spanning the xol-1 promoter and first three exons (Fig.
5D). CEH-39 bound to three sets of overlapping probes (H
andI, Kand L, and M and N) and two end probes (A and V)
representing the promoter and third exon. Dissection of
promoter region A revealed CEH-39 binding to two over-
lapping 50-bp probes that shared a version of the core
ONECUT homeodomain consensus binding site ATTGAT
(Fig. 5D,F; Supplemental Fig. S7) (Iyaguchi et al. 2007).
CEH-39 binding was abrogated in subsequent EMSAs to
site 1 by a mutation that changed the variant of the
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Figure 5. SEX-1 and CEH-39 bind directly to multiple discrete sites in xol-1. (A) Schematic diagram of the xol-1 promoter and the 300-
bp overlapping 32P-labeled DNA fragments used for the SEX-1 EMSAs (A-V) shows the five SEX-1-binding regions (red). Positive probes
were subdivided into 50-bp overlapping DNA fragments used to define the five discrete SEX-1-binding sites (red) using EMSAs. (B)
Mutation of the nuclear hormone response elements eliminates SEX-1 binding to the 50-bp probes. Shown are SEX-1 EMSAs to either
wild-type (WT) (right) or mutant (mut) (Ieft) probes in which the first 3 bases of each SEX-1 response element was mutated to TTT. (C)
Antibody supershift experiment for SEX-1-binding site 3. Increasing concentrations of SEX-1 antibody were titrated against a 50-bp
probe incubated with a constant amount of SEX-1 extract. Supershifted bands (arrows) demonstrated the presence of SEX-1 in the
original shifted protein-DNA complex. Sequences of the five SEX-1-binding sites are compared with a canonical NHR-binding site.
Locations of sites are given relative to the TSS. (D) xol-1 schematic for the 300-bp DNA fragments used in EMSAs with CEH-39 shows
the location of CEH-39-binding regions (orange). Below is a schematic of 50-bp overlapping DNA fragments used to define the first
CEH-39-binding site. (E) The homeodomain element in each CEH-39-binding site is required for CEH-39-dependent mobility shifts.
Shown are EMSAs of either wild-type (WT) (right) or mutant (mut) (left) probes in which the homeodomain element within each
binding site was mutated to GGGGGG. (F) Antibody supershift experiment for CEH-39-binding site 2. Increasing concentrations of
CEH-39 antibody were titrated against the 50-bp probe that was incubated with a constant amount of CEH-39 protein. Supershifted
bands (arrows) revealed the presence of CEH-39 in the original shifted band. Sequences and locations of CEH-39-binding sites are
compared with a canonical ONECUT homeodomain-binding site. (G) Schematic of xol-1 showing the SEX-1-binding site (red) and CEH-
39-binding site (orange) relative to the TSS and the acceptor site for the SL1 TSL RNA.
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consensus sequence to GGGGGG (Fig. 5E), thus demon-
strating specificity in CEH-39 binding to classical ONECUT
sites.

Similar ONECUT consensus sequences were found in
each of the other CEH-39-bound probes (Fig. 5F). EMSAs
demonstrated CEH-39 binding to unique 50-bp probes
centered on each of the wild-type consensus sequences
but not to probes carrying the GGGGGG mutated se-
quence (Fig. 5E). In total, we found three CEH-39-binding
sites in the xol-1 promoter: one between the start points
of transcription and translation, and one in the third exon.
One of the three promoter sites overlaps the —1 nucleo-
some (Supplemental Fig. S5A). Specificity of CEH-39
binding was further confirmed with antibody supershift
experiments for all sites (Fig. 5F; data not shown).

Discovery of a CEH-39-binding site in the third exon
helps explain our prior observation that the yIs33 tran-
scriptional Pxol-1::lacZ transgene reporter was respon-
sive to sex-1 mutations but not responsive to ceh-39
mutations (Gladden and Meyer 2007). CEH-39 respon-
siveness required the reporter to contain the promoter
and first three exons of xol-1.

One CEH-39-binding site (site 3) lies immediately
adjacent to a SEX-1-binding site (site 4) with no nucleo-
tides in between. Given the proximity of the sites, we
tested whether CEH-39 and SEX-1 could bind as hetero-
dimers and repress xol-1 in a synergistic manner. No
evidence was found for synergy between SEX-1 and CEH-
39 binding to the same probe (data not shown). In aggre-
gate, our experiments demonstrate that two XSEs—SEX-1
and CEH-39—bind directly to multiple sites throughout
the xol-1 regulatory region to control xol-1.

The ASEs activate xol-1 transcription directly
by binding to discrete sites on the promoter
and gene body

Although SEA-2 does not contain a well-defined DNA-
binding domain, it does contain six separated zinc finger
motifs, suggesting that SEA-2 might bind DNA. To assess
SEA-2 binding to xol-1, we used the EMSA strategy
outlined above using SEA-2 expressed from Sf-9 cells.
We were unable to detect binding to any of the 300-bp
probes. As an alternative approach, we assayed SEA-2
binding to xol-1 in vivo using an immunocytochemical
assay previously used to show colocalization of SEX-1
with the xol-1 promoter (Fig. 4C,D; Carmi et al. 1998). We
created transgenic strains carrying extrachromosomal
arrays with multiple copies of either the xol-1 promoter,
xo0l-1 promoter truncations, xol-1 coding regions, or a
control plasmid. These arrays also contained multiple
copies of the Iac operator (lacO) and a plasmid expressing
a bifunctional lac repressor-GFP fusion protein (lacl::
GFP). Colocalization of SEA-2 antibodies with lacI-GFP
bound to IacO sites on the arrays implies SEA-2 binding
to xol-1. SEA-2 colocalized with the full xol-1 promoter,
all of the promoter truncations, and exons 4-6 but failed to
localize with the control and with exons 1-3 (Fig. 4C,D).
These data show that SEA-2 associates with xol-1 directly
or indirectly via multiple sites throughout the gene.

XSEs and ASEs determine nematode sex

In contrast to SEA-2, the ASE SEA-1 performed well in
EMSA studies and enabled us to demonstrate that SEA-1
binds directly to the xol-1 promoter (Fig. 6A-E; Supple-
mental Fig. S8). A SEA-1 fusion protein carrying an
N-terminal GST tag was purified from bacteria and used
in EMSA reactions with the 300-bp overlapping xol-1
probes used for the XSE analysis. SEA-1 bound to two
sets of overlapping probes (F and G, and R and S) and one
individual probe (K). The regions of overlap and the unique
K probe were dissected into small overlapping probes and
analyzed with EMSAs (Fig. 6A; Supplemental Fig. S8).
Four distinct SEA-1-binding sites were found throughout
the xol-1 promoter and one was found between the start
points of transcription and translation. Two promoter
sites overlap the —1 nucleosome (Supplemental Fig. S5A).
The specificity of binding was confirmed by antibody
supershift experiments (Fig. 6B; data not shown). The
probes that bound SEA-1 do not harbor sequences re-
sembling known T-box DNA-binding sites, except probes
to binding site 1, which have limited similarity to the
Brachyury half-site TTTCACACCT (Fig. 6E; Kispert and
Herrmann 1993; Casey et al. 1998).

To identify the SEA-1-binding sites with greater pre-
cision, we performed DNase 1 footprinting assays with
purified GST-SEA-1 on probes spanning the overlapping
binding regions (Fig. 6D; Supplemental Fig. S9). Clear,
distinct SEA-1 protected sites were found within each of
the regions of overlap, all with unique sequences. Site 2
had the largest footprint. It had two shifted bands in
EMSAs (Supplemental Fig. 8), suggesting that site 2 might
have more than one SEA-1-binding site or that SEA-1
binds as a homodimer to this site and as a monomer to
other sites. The importance of the identified sequences in
SEA-1 binding was established through EMSAs with
probes containing randomized sequences (Fig. 6C). SEA-1
binding was negligible to probes with randomized se-
quences but robust to the consensus T-box site used as a
positive control.

SEA-1-binding sites are interspersed with SEX-1 and
CEH-309 sites, but no clear overlap is evident between the
ASE and XSE sites, implying that the antagonism between
ASEs and XSEs is not simply due to direct competition for
binding to overlapping sites (Fig. 6E). This interpretation is
supported by the finding that the SEX-1 protein can
supershift a SEA-1-bound DNA fragment carrying XSE-
and ASE-binding sites, indicating that both elements can
bind simultaneously to a single fragment of DNA (Sup-
plemental Fig. 10).

Activation and repression of xol-1 transcription in vivo
occurs via the XSE- and ASE-binding sites

To assess the importance of the XSE- and ASE-binding
sites in vivo for the regulation of xol-1, we generated
strains with integrated, single-copy xol-1 transgenes bear-
ing mutations in XSE- or ASE-binding sites and assayed
their effect on hermaphrodite viability in wild-type and
XSE- or ASE-deficient strains (Fig. 7A-C). The endogenous
x0l-1 gene was knocked out in these strains, making the
transgenes the sole source of xol-1. Three lines of evidence
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Figure 6. SEA-1 binds directly to multiple discrete sites in xol-1. (A) Schematic diagram of 300-bp xol-1 DNA fragments used for
EMSAs with SEA-1 shows the location of five SEA-1-binding regions (green). Below are the 30- or 50-bp overlapping fragments analyzed
to define the five SEA-1-binding sites (green). (B) Antibody supershift experiment for SEA-1-binding site 1. Increasing concentrations of
SEA-1 antibody were titrated against a 50-bp probe incubated with a constant amount of SEA-1 protein. Supershifted bands (arrows)
revealed the presence of SEA-1 in the original shifted protein-DNA complex. (C) DNA sequences identified by the overlapping probes
are required for the SEA-1-dependent mobility shifts. Shown are EMSAs with a probe of the consensus T-box site and probes carrying
randomized versions of the five SEA-1-binding sites (mut). (D) DNase I footprinting assays identified five noncanonical T-box-binding
sites for SEA-1. Shown is the 150-bp DNA fragment containing SEA-1-binding sites 3 and 4. The probe was incubated with either no
protein, 600 ng of GST control, or a dilution series of 600, 300, 150, and 75 ng of GST-SEA-1. The protected regions (black bars) are
enlarged at the Ieft of the full-length gel. Each footprinting gel had a labeled A+G ladder as a marker for the protected sequences. Below
each enlarged footprint are the sequences protected by SEA-1 compared with the overlapping sequence in the probes bound by SEA-1 in
EMSAs. The radiolabeled and interrogated DNA strand is shown in black, and the reverse strand in green matches the site shown in E.
The five SEA-1-binding sites identified by footprinting assays are compared with a canonical T-box-binding site. (E) Schematic of xol-1
with the SEA-1-binding site (green), SEX-1-binding site (red), and CEH-39-binding site (orange).

showed that mutating the XSE- and ASE-binding sites in CEH-39-binding sites in a xol-1 transgene killed nearly all
x0l-1 recapitulated the phenotypes caused by disrupting x0l-1 transgenic XX mutant animals, just as disrupting
the XSE and ASE genes. First, disrupting all SEX-1- and both ceh-39 and sex-1 killed all XX animals (Fig. 7A). The
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A Mutation of ASEs suppresses the ¢ lethality due
to deletion of XSE binding sites in a xol-7 transgene

XSEs and ASEs determine nematode sex

Figure 7. Mutation of XSE- and ASE-binding sites in
xol-1 transgenes, the sole source of xol-1 in the strains,

recapitulates the phenotypes caused by disrupting the
XSE and ASE genes. Single-copy, integrated xol-1 trans-
1 LI [ 1 . ; o o
0 IL ] 94% genes bearing mutations in either XSE- or ASE-binding
xo!-1(+) transgene sites were assayed for their effect on hermaphrodite
in xol-1 mutant background e20) viability in different mutant backgrounds. Descriptions
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\ I IT1 | | 0% mals are indicated below each schematic of the regula-
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in sea-1 sea-2; xol-1 mutant background (728) animals carrying a xol-1 transgene lacking binding sites
for the XSEs SEX-1 and CEH-39 restored XX viability to
B Deletion of SEA-1 binding sites in a xol-7 transgene nearly wild-type levels. In the control strain bearing
suppresses the Q'lethality of sex-1 null mutants mutations in sea-1 and sea-2, 98% of animals were
viable (n = 723). The genotype was sea-1(y356) sea-
‘ 1 I ““'_> [ 1 ‘ 94% 2(y4Q7); }fo]-](yQ); yIs[xol-1]. (B) Disruption of SEA-1-
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xo_l-1(+) transgene the XX lethality of sex-1(null) XX mutants. (C) Disrup-
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in fox-1 xol-1 sex-1 mutant background @12)
—
\ [ I 12%

xol-1 transgene with A SEA-1 sites
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hermaphrodite lethality caused by disrupting XSE-bind-
ing sites in the transgene was fully suppressed by dis-
rupting both the sea-1 and sea-2 genes (Fig. 7A).
Analysis of xol-1 transcript levels from wild-type and
XSE-binding-defective transgenes further corroborated
the function of the XSE-binding sites in vivo (Supplemental
Table S1). xol-1 transcript levels from a wild-type transgene
were elevated 3.5-fold in a sex-1(y424)-null mutant com-
pared with a sex-1(+) mutant, in close agreement with the
2.8-fold increase in xol-1 transcript level from the endoge-
nous gene in a sex-1(y424) mutant. Furthermore, xol-1
transcript levels from a xol-1 transgene with mutations

(930)

in all SEX-1- and CEH-39-binding sites were increased
further, to 6.9-fold, consistent with the mutations elim-
inating the repressive function of XSEs.

Second, just as a sea-1 mutation prevented the death of
many sex-1 XX mutants (Fig. 3A), knocking out the SEA-1-
binding sites in the xol-1 transgene prevented the death
of many sex-1 XX mutants that would be caused by a
wild-type xol-1 transgene (Fig. 7B). Third, just as a sea-1
mutation prevented the death of many fox-1 sex-1 double
mutants (Powell et al. 2005), knocking out the SEA-1-
binding sites in the xol-1 transgene prevented the death
of many fox-1 sex-1 XX mutants that would be caused by
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Figure 8. Primary sex determination: model for X:A signal assessment. XSEs and ASEs bind directly to numerous sites on xol-1 and
antagonize each other to control xol-1 transcription and thereby determine C. elegans sex. Molecular rivalry at the xol-1 promoter
between XSE transcriptional repressors (the ONECUT homeodomain protein CEH-39 and the NHR SEX-1) and ASE transcriptional
activators (the T-box transcription factor SEA-1 and the zinc finger protein SEA-2) leads to high xol-1 transcript levels in XO embryos
with one dose of XSEs and low levels in XX embryos with two doses of XSEs. The RNA-binding protein FOX-1, an XSE, then enhances
the fidelity of the counting process in by blocking proper RNA splicing of the sixth intron (yellow) in a dose-dependent manner,
resulting in xol-1 mRNA splice variants with in-frame stop codons. High XOL-1 protein levels in XO animals induce male
development, and low XOL-1 levels in XX animals induce hermaphrodite development, including loading of the DCC onto X.

a wild-type xol-1 transgene (Fig. 7C). These results show
that the XSE- and ASE-binding sites identified by in vitro
binding studies are critical for the regulation of xol-1 in
vivo. Thus, XSEs and ASEs oppose each other to transmit
the X:A signal by regulating xol-1 transcription directly
but in opposite ways.

Discussion

Sex is determined in many organisms by a chromosome-
counting mechanism that distinguishes one X chromo-
some from two. Here we dissected one such precise
counting mechanism in molecular detail to understand
how small changes in the concentrations of molecular
signals can be translated into different developmental
fates. Rather than counting the absolute number of X
chromosomes, the nematode C. elegans assesses the
number of X chromosomes relative to the sets of auto-
somes. We showed previously that a set of genes on X,
called XSEs, communicates the embryo’s X-chromosome
dose by repressing the activity of the master sex-deter-
mining gene xol-1 in a cumulative, dose-dependent man-
ner. xol-1 is active and induces the male fate in embryos
with one dose of XSEs (1X:2A) but is repressed in embryos
with two doses of XSEs (2X:2A), permitting the hermaph-
rodite fate. Here we identified elements of the autosomal
signal and showed that the dose of autosomes is com-
municated by a corresponding set of ASEs that act in a
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cumulative, dose-dependent manner to counter XSEs by
stimulating xol-1 transcription. We further showed that
XSEs and ASEs bind directly to the 5’ regulatory region of
x0l-1 to antagonize each other’s activities and thereby set
the level of xol-1 transcription to reflect the X:A sex
determination signal (Fig. 8). Hence, multiple antagonis-
tic molecular interactions carried out on a single pro-
moter form the basis of the primary sex determination
decision in C. elegans and make the sex determination
process highly responsive to the relative dose of X chro-
mosomes and autosomes (Fig. 8).

Of the XSEs, the NHR SEX-1 and the ONECUT homeo-
domain protein CEH-39 bind directly to five non-overlapping
cis-acting regulatory sites on the xol-1 promoter and gene
body to repress transcription. SEX-1-binding sites resemble
canonical NHR sites, and CEH-39-binding sites resemble
canonical ONECUT homeodomain sites. Disrupting all
SEX-1 and CEH-39 sites on a xo0l-1 transgene in vivo re-
capitulated the derepression of xol-1 and consequent XX
lethality caused by disrupting the respective XSE genes.
This XX lethality was rescued by mutations in the ASEs
sea-1, which encodes a T-box transcription factor, and
sea-2, which encodes a zinc finger protein, establishing
that SEX-1 and CEH-39 repress xol-1 directly by binding
to it.

SEA-1 also binds directly to five sites on the xol-1
promoter and gene body. While SEA-1 can bind to canon-
ical T-box sites in vitro, the xol-1 sites are variable in
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length and do not resemble canonical T-box-binding sites,
suggesting that it belongs to a different class of T-box
transcription factors. Disrupting the SEA-1-binding sites
on a xol-1 transgene also reiterated the effects of knock-
ing out the endogenous sea-1 gene. The binding site
mutations partially suppressed the XX lethality caused
by a sex-1-null mutation or the fox-1 sex-1 double-mutant
combination, confirming that SEA-1 binds directly to xol-1
to stimulate its transcription. While the purified SEA-2
protein failed to bind xol-1 DNA in vitro, SEA-2 did bind
in vivo to multiple sites on the xol-1 promoter and gene
body, indicating that SEA-2 activates xol-1 transcription
directly.

The autosomal signal also includes the ASE sea-3,
which collaborates with sea-1 and sea-2 to oppose XSEs
and thereby promote the male fate. Its molecular cloning
has not yet been achieved. Disrupting all three sea genes
suppresses the XX lethality caused by loss of XSEs
significantly more than just disrupting sea-1 and sea-2.
Furthermore, disrupting all three sea genes reduced the
autosomal signal sufficiently to kill males due to in-
adequate activation of xol-1. Hence, these three elements
function together as strong xol-1 activators. Neverthe-
less, the fact that some triple-mutant XO animals survive
reveals that additional ASEs must contribute to the auto-
somal signal. Our screen likely failed to identify other ASEs
because Mos1 has a 30% average transposition frequency
(Williams et al. 2005), and only 9400 mutagenized haploid
genomes were screened.

A prior study demonstrated that sex-1 promotes the
hermaphrodite fate by acting in two capacities: as an XSE
to repress xol-1 and as an activator of hermaphrodite-
promoting genes that function downstream from xol-1 to
activate dosage compensation (Gladden et al. 2007). sex-1
exerts the majority of its sex-determining function through
xo0l-1. Similarly, our study demonstrated that sea-1 and
sea-2 function in two capacities to control the male
modes of sex determination and dosage compensation:
as an ASE to activate xol-1 and as a repressor of hermaph-
rodite-promoting activity that acts downstream from xol-1.
Like sex-1, both sea-1 and sea-2 exert the majority of their
sex-determining function by acting on xol-1. We note,
though, that sea-2 has roles in development beyond
controlling sex determination and dosage compensation.
Huang et al. (2011) demonstrated a role for sea-2 in reg-
ulating larval developmental timing and adult life span.

The worm X:A-counting mechanism fits Bridges’
1921 textbook paradigm for fly sex determination,
but the fly mechanism does not

While our study shows that the worm X:A-sensing pro-
cess fulfills Bridges’ proposed model for fly sex determi-
nation involving a set of feminizing genes on X and an
antagonistic set of masculinizing genes on autosomes
(Fig. 8; Bridges 1921), others have shown recently that the
fly X:A-sensing process does not (Barbash and Cline 1995;
Erickson and Quintero 2007). In the fruit fly, the target
of the X:A signal is SxI (sex-lethal), a sex-determining
switch gene that induces female development when

XSEs and ASEs determine nematode sex

active and male development when inactive (Cline and
Meyer 1996). A set of feminizing XSEs communicates
X-chromosome number (Cline 1988; Erickson and Cline
1991, 1993; Sefton et al. 2000) by activating Sx! transcrip-
tion in a dose-dependent manner. The double dose of XSEs
in 2X:2A embryos turns SxI on, while the single dose in
1X:2A embryos does not. In contrast, ploidy appears not
to be signaled by a corresponding set of masculinizing
autosomal genes (Barbash and Cline 1995; Erickson and
Quintero 2007). Instead, the effect of ploidy in this dose-
sensitive process is indirect, influencing the timing of
cellularization during early development and thereby the
length of time during which XSE protein can increase in
concentration to reach the threshold necessary to acti-
vate SxI (Erickson and Quintero 2007). The lower the
ploidy, the later the embryos cellularize, the longer the
XSEs can accumulate, and the higher the probability of
activating SxI. As a consequence, 1X:1A embryos become
females instead of males, and 2X:3A embryos become
mosaic intersexes. Only a single fly ASE was identified
through extensive genetic screens to identify suppressors
of XSE mutations (Barbash and Cline 1995). That ASE acts
as a weak transcriptional repressor of SxI and is thought to
function relatively late to fine-tune the counting process
in diploids.

Models for antagonistic molecular interactions
between worm XSEs and ASEs

Given the numerous binding sites for XSEs and ASEs on
the xo0l-1 gene, how do these signal elements counteract
each other to promote opposite transcriptional states?
The findings that XSE- and ASE-binding sites are distinct
and nonoverlapping and that SEX-1 and SEA-1 can bind
simultaneously to the same DNA fragment suggest that
direct competition for binding to xol-1 is not likely to
underlie the antagonistic molecular interactions between
these XSEs and ASEs at the xol-1 promoter. Instead,
because nuclear receptors, ONECUT homeobox proteins,
and T-box proteins repress or activate transcription by
tethering corepressors or coactivators to their gene tar-
gets (Asahara et al. 1999; Maira et al. 2003; Privalsky
2004; Murakami et al. 2005), an attractive alternative
model is that XSEs and ASEs recruit cofactors with
reciprocal enzymatic activities to the xol-1 promoter to
elicit opposite transcriptional states. Common cofactors
are those that modify histones to regulate transcription,
including histone acetyltransferases and methyltrans-
ferases for gene activation and histone deacetylases for
gene repression (Privalsky 2004; Lee et al. 2005a,b).

Our identification here of the true xol-1 TSS revealed
that the 5’ region with the highest density of SEX-1-,
CEH-39-, and SEA-1-binding sites overlaps the —1 nucle-
osome, which carries post-translational modifications
positively correlated with xol-1 activity (Supplemental
Fig. S5A-C). In young embryos, when xol-1 is active prior
to its repression by XSEs, the nucleosome carries the
H3K4me3 and H3K27ac modifications typical of transcribed
genes. Nucleosomes in the gene body also carry modifica-
tions typical of transcription elongation: H3K79me3 and
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H3K36me3. All four modifications are absent later in
development, when xol-1 is repressed. Regulation of the
post-translational modification of the —1 nucleosome by
ASEs and XSEs is a highly plausible mechanism for at
least part of the antagonism between XSEs and ASEs.

T-box proteins can trigger the acetylation of histones
and achieve transcriptional activation during develop-
ment. For example, the T-box transcription factor TBX5
plays an essential, dose-dependent role in both cardiac and
limb development (Mori and Bruneau 2004; Murakami
et al. 2005). As with sea-1, the TBX5 gene is haploinsuffi-
cient. Patients with Hold-Oram syndrome carry heterozy-
gous mutations in TBX5 and have defects in their heart
and upper extremities. TBX5 recruits the coactivator TAZ
to stimulate transcription of TBX5-dependent promoters
by tethering the histone acetyltransferase proteins p300
and PCAF to the TBX5-binding sites. Similarly, NHRs
such as SEX-1 are known to tether histone deacetylases
and histone demethylases to their binding sites through
corepressors to repress transcription (Privalsky 2004;
Rosenfeld et al. 2006; Cai et al. 2011).

In our model, ASEs such as SEA-1 and SEA-2 would
accumulate in high concentration at the xol-1 promoter of
young embryos to activate transcription in part by cata-
lyzing the acetylation of the —1 nucleosome. In embryos
with a double dose of XSEs, sufficient XSE protein would
accumulate on the xol-1 promoter over time to repress
transcription in part by catalyzing the deacetylation of the
—1 nucleosome and perhaps the demethylation of nucle-
osomes in the gene body. This type of molecular antago-
nism requires that ASEs and XSEs accumulate on the xol-1
promoter at overlapping times, when the X:A signal is
being assessed. Two lines of evidence support this condi-
tion. Both SEA-1 and SEX-1 can bind together in vitro to
a single fragment of xol-1 DNA that encodes the highest
density of XSE- and ASE-binding sites. Also, SEX-1 and
SEA-2 colocalize with xol-1 regulatory regions in vivo at
overlapping times, from at least the 20-cell stage when
x0l-1 is active until after the 60-cell stage, when xol-1
expression becomes significantly repressed.

The competing mechanisms of xol-1 activation and re-
pression need not be limited to the regulation of histone
modification at the TSS. In general, corepressors recruited
by NHRs and ONECUT homeodomain proteins can make
inhibitory contacts directly with the basal transcription
machinery to limit transcription (Baniahmad et al. 1993;
Muscat et al. 1998; Wong and Privalsky 1998), and co-
activators recruited by T-box proteins can make productive
contacts with the basal machinery to stimulate transcrip-
tion (Kwok et al. 1994; Yao et al. 1996; Maira et al. 2003).
The locations of ASE- and XSE-binding sites throughout
the promoter and first part of the gene are well positioned
to permit such direct inhibitory and stimulatory contacts
with the transcription machinery.

Synergy in XSE action

The high degree of specificity for SEX-1 and CEH-39 in
sex determination cannot be explained completely by the
6-bp response elements within the XSE-binding sites. The
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elements by themselves are too short to confer strong
stability in XSE binding to xol-1. Binding is likely en-
hanced through the association of XSEs with each other or
with other more general DNA-binding proteins. Given
that XSEs function cumulatively and mutations in sex-1
and ceh-39 act synergistically, the possibility existed that
SEX-1 and CEH-39 might bind to xol-1 cooperatively, and
the cooperativity might help the stability and specificity.
However, in vitro binding studies of SEX-1 and CEH-39
to probes with neighboring NHR- and ONECUT-binding
sites failed to demonstrate cooperative binding in gel
shift assays (data not shown).

NHRs and homeodomain proteins commonly bind
target genes as homodimers or as heterodimers with pro-
teins of their respective class via closely spaced response
elements (Mangelsdorf et al. 1995). Dimerization enhances
the stability and specificity in binding. However, the two
closest SEX-1 response elements are 48 bp apart with no
NHR recognition elements nearby, and the closest CEH-39
response elements are 308 bp apart, suggesting that SEX-1
and CEH-39 bind xo0l-1 as monomers. SEX-1 and CEH-39
are thus likely to associate with other unidentified tran-
scription factors or with corepressors tethered to other
DNA-binding proteins that confer increased binding sta-
bility by contributing additional contacts with DNA. The
synergy between SEX-1 and CEH-39 in repressing xol-1
transcription would then derive from the aggregate effect
of XSEs making multiple independent contacts with xol-1
regulatory sequences to elicit inhibitory contacts with the
basal transcription machinery through corepressors and/or
to recruit corepressors with the same or different enzy-
matic activities to repress transcription in part by altering
nucleosome post-translational modification. To date, only
a single NHR corepressor molecule (DIN-1) has been iden-
tified functionally in C. elegans (Ludewig et al. 2004), and
we found that it does not function in the sex determina-
tion pathway (data not shown).

Although transcriptional repression is the predominant
form of xol-1 regulation by XSEs, they also repress xol-1
through a post-transcriptional mechanism. The XSE
FOX-1 binds the sixth intron of xol-1 pre-mRNA and
thereby blocks productive xol-1 mRNA splicing, gener-
ating an in-frame stop codon (C Pickle, M Nicole, and BJ
Meyer, in prep.). This splicing control enhances the
fidelity of the counting process once the transcriptional
regulation has occurred (Fig. 8). fox-1 mutations cause no
XX-specific lethality by themselves but cause synergistic
lethality in combination with sex-1 mutations.

Another influence on the target of the X:A signal?

A negative regulatory feedback loop has been proposed to
repress xol-1 by the terminal feminizing switch gene in
the sex determination regulatory hierarchy tra-1 (Hargitai
et al. 2009). The TRA-1 zinc finger protein represses male
differentiation genes and induces hermaphrodite differ-
entiation genes. The loop is proposed to function after
X:A assessment, perhaps to maintain a low xol-1 activity
state in XX embryos once the major sex determination
decision has been made and sexual differentiation is
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under way. Partial loss of tra-1 was reported to cause
significant XX lethality that could be suppressed by
mutations in xol-1. A TRA-1-binding site was found in
xo0l-1 at +1045 with respect to our new TSS. We inves-
tigated the contribution of tra-1 to the repression of xol-1
and found the contribution to be minimal compared with
that reported by Hargitai et al. (2009) (Supplemental Fig.
11). We found that complete loss of tra-1 caused very
little XX lethality under standard growth conditions, and
none of the lethality was suppressible by a xol-I-null
mutation, indicating that misregulation of xol-1 was not
the cause of lethality. We did find some xol-1-suppressible
lethality under more extreme growth conditions but less
than reported previously, and the escapers had no dosage
compensation defects, unlike XSE mutants. Hence, a re-
pressive interaction between tra-1 and xol-1 is unlikely to
constitute a significant feedback loop.

Implications of the X:A signal for development
and disease

The classes of regulatory molecules that play critical
roles in the X:A-sensing process—NHRs, ONECUT
homeodomain proteins, and T-box proteins—also have
central roles in development, homeostasis, and reproduc-
tion, even in humans. For all of these functions, the dose
sensitivity of genes encoding the regulatory molecules
underlies the pathologies and developmental disorders.
As examples, haploinsufficiency of the nuclear receptor
steroidogenic factor (SF-1) causes XY sex reversal and
adrenal failure in humans (Achermann et al. 1999; Bland
et al. 2000); haploinsufficiency of the T-box gene TBx1
causes DiGeorge syndrome, characterized by cardiovas-
cular, thymus, and craniofacial anomalies (Lindsay et al.
2001; Baldini 2006); and haploinsufficiency of the homeo-
box gene Pitx2 causes Rieger syndrome type 1, charac-
terized by ocular, dental, abdominal, and craniofacial
malformation (Flomen et al. 1998; Liu et al. 2003). The
underlying molecular defects triggered from inappropri-
ate gene dose are not known for these human diseases,
but advances in our molecular understanding of the
X:A-sensing process in C. elegans provide a guide for
future investigations.

Materials and methods

Isolation of sea-2 alleles

For each ASE screen, the final mutagenesis strain fox-1 sex-1;
yEx660; 0xEx229 was created by crosses using two initial strains
(see Fig. 1B): (1) a fox-1 sex-1 XX strain carrying the transgenic
extrachromosomal array yEx660 [dpy-30::sdc-2(+) (30 ng/uL),
hsp-16-48::Mos1 transposase (10 ng/mL), unc-122::gfp (30 ng/
mL), and genomic DNA (200 ng/uL)] and (2) a strain carrying
0xEx229 (Mos1, myo-2::gfp) (Bessereau et al. 2001). All crosses
were performed at 25°C to prevent germline silencing of the
arrays. Approximately 50 double-transgenic animals were sub-
jected to heat shock per screen as follows: 1 h at 33°C, 1 h of
recovery at 15°C, 1 h at 33°C, and 20 h of recovery at 15°C. F1
progeny were examined by PCR to determine Mos1 transposi-
tion frequency per screen (30%-40%). We obtained 619 viable
nongreen hermaphrodites from F2 progeny representing 9400
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Mos1 mutagenized haploid genomes. Only 120 of 619 produced
viable F3 progeny, and only 30 of 120 contained the MosI
transposon. MosI-containing strains were outcrossed at least
four times, and only five of 30 strains had the transposon linked
to the suppression phenotype. The transposon insertion site was
identified in each strain by inverse PCR as described in Bessereau
et al. (2001). For each insertion allele, the corresponding ORF
was disrupted by RNAI in a fox-1 sex-1 double mutant. RNAi of
only K10G6.3 phenocopied the suppression of fox-1 sex-1 lethal-
ity to the same degree as the corresponding insertion allele. This
screen yielded sea-2(y407), which has a Mos1 insert in exon 4 but
is not a null allele. A sea-2-null allele was obtained by excising
the Mos1 transposon from sea-2(y407), and sea-2(y410) was
isolated from a deletion library (see the Supplemental Material).

Genetic analysis and phenotypic characterization

Hermaphrodite viability was assessed by picking one to three L4
larvae per plate, serially transferring animals every 24 h for 2-3 d,
counting the number of embryos and Lls after transfer, and
counting the total adults 4-5 d after plating the original L4s.
Percent viability was calculated as [(total number of adults)/
(total number of embryos)] X 100.

The effects of changing sea-2 activity on the viability of males
with an extra copy of both ceh-39 and fox-1 (on yDp14 X:I) was
assessed by either crosses or analysis of strains carrying him-
8(e1489). (1) To assess the viability of yDp14/+ males (Fig. 2C),
wild-type males were crossed with yDp14 X:I; rol-6(e187) II; unc-
2(e55) X, and the non-Rol cross progeny (yDp14/+; rol-6/+; unc-2/+
XX or yDpl4/+; rol-6/+); unc-2 XO animals were counted.
Percent male viability was calculated by the formula [(total
number of males observed)/(total number of males expected)] X
100, where the expected male frequency is equal to the number
of hermaphrodite cross progeny observed. (2) To assess the
viability of sea-2(y426)/+; yDp14/+ males (Fig. 2C), sea-2(y426)
males were crossed with yDp14 X:I; rol-6(e187 II); unc-2(e55) X
hermaphrodites, and progeny were analyzed as above. Surviving
heterozygous male cross progeny [yDpl4/+; sea-2(y426)[rol-
6(e187); unc-2(e55)] were crossed back to yDpl14; rol-6(e187);
unc-2(e55) hermaphrodites to create homozygous yDp14; sea-
2(y426); unc-2 hermaphrodites. (3) To assess the viability of
sea-2(y426)/sea-2(y426); yDpl4/+ males (Fig. 2C), sea-2(y426)
males were crossed with yDp14; sea-2(y426); unc-2 hermaphro-
dites, and cross progeny were analyzed as above. (4) To assess the
viability of yDp14/+; sea-2(y407)/+ males and yDp14/+; yIs57
[sea-2(+)] males (Fig. 2E), progeny from the him-8(e1489) strains
were analyzed as follows. For yDp14/+ male viability, the
relative number of yDpi14/+; him-8(e1489); unc-2(e55) (non-
Unc) and +/+; him-8(e1489); unc-2(e55) (Unc) male self-progeny
were counted from yDpl4/+; him-8(e1489); unc-2(e55) her-
maphrodites. Of the male progeny, one-fourth are expected to
be Unc; one-fourth are expected to die (yDp14 homozygotes),
and one-half are expected to be non-Unc. Percent male viability
was calculated as [[total number of non-Unc males observed)/
(total number of non-Unc males expected)] X 100, where the
number of expected males is equal to two times the number of
Unc males observed. Self-progeny from yDp14/+; sea-2(y407);
him-8(e1489); unc-2(e55), and yDpl4/+; yIs57 him-8(e1489);
unc-2(e55) hermaphrodites were counted as above. yDp14/+
male viability is typically higher in the progeny of homozygous
him-8(1489) hermaphrodites than in the progeny from crosses.

SEA-2 antibody

Rabbit anti-SEA-2 antibodies were raised and affinity-purified
against a C-terminal 21-amino-acid peptide (CG-linker) RMA
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DQFMMNTNYTTPPTHVQL. Embryos were fixed and stained
as described (Powell et al. 2005).

x0l-1 reporter assay

The integrated transgenic reporter yIs33(Pxol-1::lacZ) used to
assess B-galactosidase activity in XO, XX, and sea-2-overexpress-
ing (yIs57) embryos at 20°C or 25°C contains 1633 bp of xol-1
regulatory sequences upstream of the TSS and 1203 bp between
the TSS and the TSL site, which was fused to the lacZ ORF and
3’ unc-54 untranslated region (UTR) (Nicoll et al. 1997). Worms
were grown for two generations at each temperature, and gravid
adults were fixed and stained as described (Fire 1992). Embryo
staining was examined using differential interference contrast
(DIC) microscopy, and >600 embryos were examined from >50
hermaphrodites for each genotype. Embryos were classified as
having no (or weak), moderate, or high staining.

Protein expression and purification

SEX-1 was expressed in S{-9 cells using the Bac-to-Bac Baculovi-
rus Expression system (Invitrogen) and nuclear extracts prepared
as described (Chen et al. 1993), with the exception that the
hypertonic buffer was supplemented with 0.8 mM KCI and 1%
NP-40. For control nuclear extracts, nonrecombinant baculovi-
rus was used to infect Sf-9 cells, and nuclear extracts were
prepared as above. Protein expression was examined by SDS-
PAGE/Western blotting and Coomassie staining, and protein
concentrations were determined by Bradford assay (Thermo
Scientific).

Full-length SEA-1 encoding cDNA was cloned into pGEX-4T
(GE Biosciences) as an N-terminal GST fusion expression con-
struct and expressed in BL21 cells (Smith and Johnson 1988).
Cells were induced with IPTG for 2 h at 37°C, and protein was
extracted. Cells were resuspended in STE buffer (150 mM NaCl,
10 mM Tris at pH 8.0, 1 mM EDTA) supplemented with 100 pg/
mL lysozyme, 3 mM DTT, 1.5 mM PMSE, and 1% Triton X-100,
incubated on ice for 20 min, frozen in liquid nitrogen, and
thawed immediately at room temperature. The homogenate was
then supplemented with 0.8 M NaCl, 0.5% NP-40, and 5 mM
DTT and sonicated. Cleared supernatant was then incubated with
glutathione agarose in STE buffer and washed in a stepwise
fashion in STE buffer supplemented with 500 mM NaCl and
STE buffer supplemented with 250 mM NaCl, and bound protein
were eluted. GST was purified in an identical manner using the
empty pGEX-4T3 vector. All steps of the purifications were
assessed on a 10% acrylamide gel (37.5:1) by Coomassie staining,
and protein concentrations were determined by Bradford assay.

CEH-39 was expressed using the TNT Quick-Coupled Tran-
scription/Translation system (Promega). Full-length CEH-39
c¢DNA was cloned into pSG5 (Stratagene), and 1 pg of plasmids
was used per 50-uL reaction. Protein expression was confirmed
using SDS-PAGE/Western blotting. For controls, 1 pg of empty
pSG5 vector was used to prime the reactions.

EMSAs

dsDNA probes of ~300 bp were generated by PCR using
oligonucleotides engineered to have unique Agel sites. Probes
were digested with Agel (New England Biolabs), purified over
QiaQuick Gel Extraction columns (Qiagen), and radiolabeled by
Klenow polymerase fill-in using **P-a-dGTP (3000 Ci/mmol)
(PerkinElmer). Labeled double-stranded probes were extracted
after PAGE. For each binding reaction, 10 nM final probe con-
centration (50,000 counts per minute [cpm]) was used in binding
buffer 1 {10 mM Tris-Cl at pH 7.5, 2 mM MgCl,, 250 mM KCl,
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5 mg/mL BSA, 100 ng/pL poly deoxyinosinic-deoxycytidylic
acid [poly(dI-dC)]}. For binding of SEX to the 300-mer probes,
binding buffer 1 was supplemented with 160 ng/uL poly(dI-dC).
For shorter probes, commercially prepared oligonucleotides were
synthesized, annealed, and radioactively labeled as above. After
labeling, unincorporated nucleotides were removed by separa-
tion over a Sephadex G-50 quick-spin column (GE Biosciences).
For binding to the shorter probes, 100 nM final probe concen-
tration was used, possessing 250,000 cpm in binding buffer 2 [10
mM Tris-Cl at pH 7.5, 2 mM MgCl,, 50 mM KCl, 2.5 mg/mL
BSA, 20 ng/pL poly(dI-dC)].

For probes of all lengths, binding reactions were supplemented
with 150 ng of GST or GST-SEA-1 that had been diluted in
nuclear extract dilution (NED) buffer (20 mM HEPES at pH 7.9,
10% glycerol, 300 mM KCI, 10 mg/mL BSA, 1 mM DTT), 20 ng
of $f-9 nuclear extract infected with nonrecombinant baculovi-
rus or infectected with baculovirus encoding SEX-1 in NED
buffer, or 2 wL of reticulocyte lysate primed with empty vector or
primed with a CEH-39 expression vector. Binding reactions were
performed for 15 min at room temperature and resolved on a 5%
acrylamide (29:1)/0.5% TBE gel for 2 h at 180 V. The gel was
dried, exposed to a Phosphorlmager screen, and analyzed using
a Typhoon Phosphorlmager (GE Biosciences). To assess CEH-39
binding to 300-mer probes, the amount of protein-bound probe
was quantified. To assess SEX-1 binding, the amount of unbound
probe remaining per reaction was quantified. For binding to
smaller probes, the amount of protein-bound probe was analyzed
for all proteins.

DNase I footprinting assay

xol-1 promoter fragments were PCR-amplified and cloned into
pUC19 using the restriction endonucleases EcoRI and BamHI
and sequenced. The resulting plasmid was first digested with
EcoRI (forward strand) or BamHI (reverse strand), treated with
calf intestinal phosphatase (New England Biolabs), and phenol/
chloroform-extracted. Five micrograms of the purified DNA was
labeled with 300 pCi 32P-y-dATP (MP Biomedicals) using T4
polynucleotide kinase (New England Biolabs), and unincorpo-
rated bases were removed with Sephadex G-50. Fragments were
digested with BamHI enzyme (forward strand) or EcoRI enzyme
(reverse strand), and labeled fragments were PAGE-purified. A
DNase I footprinting assay was performed by incubating a 32P-
labeled probe (~1000 cpm) with 2 L of nuclear extract dilution
buffer; 600 ng of GST or 600 ng, 300 ng, 150 ng, or 75 ng of GST-
SEA-1 on ice for 20 min in 5% glycerol; 37.5 mM KCI; 0.5 mM
EDTA; 0.5 mM EGTA,; 12.5 mM HEPES (pH 7.6); 25 p.g/mL BSA;
0.1 mM PMSF; and 0.5 mM DTT in a total volume of 45 L. After
incubation, the samples were treated with 2 ng of DPFF grade
DNasel (Worthington) for 1 min at room temperature. The samples
were then phenol/chloroform-extracted, ethanol-precipitated,
and resolved on an 8% acrylamide/8 M urea sequencing gel in
1X TBE buffer. A sequencing ladder was made by treating
a sample of the probe with formic acid and piperidine to cleave
at A and G residues (Maxam and Gilbert 1977). The DNase I
footprinting assay was visualized on a Typhoon Phosphorlmager.

SEA-2 in vivo binding assays on xol-1

Array-bearing embryos carrying either the entire xol-1 promoter,
subregions of the promoter, exons, or control sequences lacking
xol-1 (Fig. 4D) were fixed and stained as described (Carmi et al.
1998). Array strains were made by transforming wild-type animals
with a mixture of plasmid or PCR products that possess xol-1
sequence (10 ng/uL), pTY1604 (lacO repeat; 50 ng/pL), pTY1605
(lacI::gfp; 50 ng/pL), and pPD118.33 (Pmyo-2::gfp; 5 ng/pL).
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Generation and analysis of xol-1 transgenic strains

xol-1 transgenes lacking XSE- or ASE-binding sites were con-
structed as described in the Supplemental Material. Numerous
transgenic lines were generated for each wild-type or mutant
transgene, and quantitative PCR (QPCR) was performed to assess
the copy number of the integrated transgenes once they were
crossed into xol-1(null) hermaphrodites. Transgenes were then
crossed into appropriate XSE and ASE mutant backgrounds to
analyze the importance of the ASE- and XSE-binding sites in xol-1
regulation. All transgenic strains were maintained on xol-1(RNAi)
feeding bacteria to prevent the misregulation of xol-1 from killing
the animals. To determine the viability of the strains, embryos
were transferred from RNAI plates to standard NGM plates with
OP50 bacteria and grown for two generations prior to assessing
the viability of progeny from L4 hermaphrodites.
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