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We show that during Caenorhabditis elegans male spicule development, the specification of a glial versus
neuronal cell fate in a canonical neurogenic sublineage is dependent on Wnt signaling. Inactivation of a Wnt
signaling pathway mediated by the Wnt receptor LIN-17 transforms the SPD sheath cell into its sister, the
SPD neuron. We discovered a new mutant, son-1, that displays this same cell fate transformation. The son-1
mutation enhances the phenotypes of reduction-of-function lin-17 mutants in several developmental
processes, including vulva development, somatic gonad development, and male tail patterning. son-1 encodes
an HMG1/2-like DNA-binding protein and is localized in all cell nuclei through development as revealed by a
GFP reporter construct. Disruption of son-1 function by RNA-mediated interference results in the same
spicule defect as caused by overexpression of POP-1, a TCF/LEF class HMG protein known to act downstream
of the Wnt signaling pathway. Our results provide in vivo evidence for the functional involvement of an
HMG1/2-like protein, SON-1, in Wnt signaling. The sequence nonspecific HMG protein SON-1 and the
sequence specific HMG protein POP-1 might both act in the Wnt responding cells to regulate gene
transcription in opposite directions.
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The Wnt signaling pathway is one of the major signaling
pathways controlling animal development. It controls
cell proliferation, cell and tissue polarity, and cell fate
specification in many developmental processes of many
organisms. In recent years, several components of the
Wnt signaling pathway have been identified and the
mechanisms by which these factors act have begun to be
elucidated (for review, see Cadigan and Nusse 1997;
Moon et al. 1997). Wnt family genes, which encode se-
creted glycoproteins, act as intercellular signals. The
Frizzled (Fz) family seven transmembrane proteins are
putative Wnt receptors that transduce Wnt signals to
downstream targets. Activation of the Wnt signaling
pathway leads to accumulation of b-catenin in the cyto-
plasm. b-Catenin interacts with the TCF/LEF family
HMG box-containing DNA-binding protein and the
complex accumulates in the nucleus, whereby it regu-
lates gene expression of Wnt pathway targets. Although
this simplified model appears to be conserved among di-
verse organisms, the discoveries of new components and
the multiplicity of Wnt pathway components have added
complexity to this model.

In Caenorhabditis elegans, there are several Wnt sig-
naling pathways that are involved in several aspects of
development such as cell fate specification during em-

bryogenesis, vulval formation, somatic gonad develop-
ment, and tail patterning. Some components are shared
by several or all of these processes. During embryogen-
esis, Wnt signaling pathway genes, mom-2 (Wnt), mom-5
(Fz), wrm-1 (b-catenin), and pop-1 (TCF/LEF), mediate
interactions between the P2 and EMS cells (Lin et al.
1995, 1998; Rocheleau et al. 1997; Thorpe et al. 1997).
Signaling from the P2 cell promotes asymmetric division
of the EMS cell to produce an anterior MS fate and a
posterior E fate. Inactivation of the Wnt signaling path-
way results in an E-to-MS fate transformation. The Wnt
pathway also plays a role in vulval development. Mu-
tants of several Wnt pathway components show various
vulva lineage defects, for example, lin-17 (Fz), bar-1 (b-
catenin), and mom-1 and mom-3 mutants (Sternberg and
Horvitz 1988; Sawa et al. 1996; Thorpe et al. 1997; Ei-
senmann et al. 1998). In somatic gonad development,
lin-17 has been also shown to control several asymmet-
ric cell divisions (Sternberg and Horvitz 1988). In the tail
region, a Wnt signal LIN-44 and its putative receptor
LIN-17 control the polarity of several asymmetric cell
divisions, including B, T, F, and U (Herman and Horvitz
1994; Chamberlin and Sternberg 1995; Herman et al.
1995; Sawa et al. 1996). lin-44, lin-17, and bar-1 also are
involved in the specification of P12 fate in the tail region
(Eisenmann et al. 1998; Jiang and Sternberg 1998). A
common feature of most of these Wnt signaling path-
ways in C. elegans appears to be that Wnt signaling is
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required for posterior cell fates, and inactivation of sig-
naling results in posterior to anterior fates transforma-
tion.

The TCF/LEF class HMG box proteins have been
shown to regulate Wnt target gene expression on path-
way activation (van de Wetering et al. 1997). The C. el-
egans TCF/LEF class protein is encoded by the pop-1
gene (Lin et al. 1995). pop-1 negatively regulates Wnt
signaling, as loss-of-function mutation in pop-1 confers a
phenotype opposite that of inactivation of Wnt signaling.
Moreover, the expression level of POP-1 protein appears
to be up-regulated on inactivation of Wnt signaling (Ro-
cheleau et al. 1997; Lin et al. 1998). Therefore, it was
proposed that activation of the Wnt signaling pathway
relieves the inhibitory effects of POP-1 on gene tran-
scriptional regulation. Yet it is not clear how Wnt target
gene expression is regulated and what other unidentified
factors are involved in this process.

We have been studying cell–cell interactions and cell
fate specification during C. elegans male spicule devel-
opment. Previous studies have shown that cell fate
specification in spicule development is mediated by
multiple signaling pathways. The C. elegans male spic-
ule is generated by a single male specific B blast cell (Fig.
1). The first division of B cell is asymmetric and is con-
trolled by the Wnt signaling pathway genes, lin-44 and
lin-17 (Sternberg and Horvitz 1988; Herman and Horvitz
1994; Chamberlin and Sternberg 1995). At the early third
larval stage (L3; B lineage 10-cell stage), the specification
of B cell progeny involves a RAS signaling pathway and
a C. elegans Notch homolog lin-12 (Chamberlin and
Sternberg 1994). During the L3 stage, those cells con-
tinue to divide to generate spicule neurons, non-neuro-
nal sheath and socket cells, and connective tissues (Fig.
1). For example, z sublineage generates the neuron SPD
and its associated sheath (SPDsh) and socket (SPDso)
cells.

Using a molecular marker that is specifically ex-
pressed in z-derived SPD neurons, we studied neuronal
versus non-neuronal cell fate specification during male
spicule development. Although the cell division pattern
of the z sublineage resembles the Drosophila sensory or-
gan precursor (SOP) lineage in which the Notch pathway
plays a crucial role, we found that lin-12 is not involved
in the specification of the SPD neuron fate. Rather, the
lin-17-mediated Wnt signaling pathway plays an impor-
tant role in this neuronal versus non-neuronal fate deci-
sion in z lineage. Loss-of-function mutants of lin-17 dis-
play a SPDsh to neuron fate transformation. To identify
new genes involved in this cell fate decision, we con-
ducted a genetic screen and discovered a mutant, son-
1(sy549), which shows the same cell fate transformation.
Moreover the son-1 (sheath-to-neuron fate transforma-
tion) mutation enhances the phenotypes of a lin-17 hy-
pomorph, n698, to lin-17 null-like, with respect to vulval
development, somatic gonad development, and male tail
patterning. We cloned the son-1 locus and found it en-
codes an HMG1/2-like DNA-binding protein, which is
distinct from the TCF/LEF class HMG proteins. Disrup-
tion of son-1 function through RNA-mediated interfer-
ence (RNAi) leads to defects in several Wnt pathway-
mediated developmental processes. Overexpression of
POP-1 causes the same spicule defect as loss-of-function
son-1. Our results provide in vivo evidence that the
HMG1/2-like protein encoded by son-1 plays a specific
role in Wnt signaling. SON-1 and POP-1 may both act in
the Wnt-responding cells, but in opposite directions, to
regulate gene transcription. Taken together, these data
provide evidence for further complexity in Wnt re-
sponses during development.

Results

lin-17 mutants cause a SPDsh to neuron
fate transformation

To study terminal cell fate specification in C. elegans
male spicule development, we used a molecular marker,
gpa-1::lacZ. In transgenic animals bearing a lacZ re-
porter gene driven by the gpa-1 promoter, expression is
found in male spicules as well as phasmid neurons in the
tail region and several cells in the head (J. Mendel and
P.W. Sternberg, unpubl.). In wild-type animals, gpa-
1::lacZ marker is expressed in one cell per spicule. Cell
ablation experiments identified this cell as the spicule
neuron SPD (Fig. 2A).

Using this SPD neuron specific marker, we examined
spicule terminal cell fates in several classes of known
mutants. The Notch pathway controls neuronal versus
non-neuronal cell fate specification in both the central
and peripheral nervous systems during Drosophila em-
bryonic development (Hartenstein and Posakony 1990;
Parks and Muskavitch 1993). In the development of Dro-
sophila SOP lineage, the Notch pathway mediates inter-
actions between two daughter cells to ensure one adopt
neuronal fate, the other one non-neuronal fate. As the
cell division pattern of the spicule neurogenic lineage

Figure 1. The B lineage. The B cell division pattern from 1- to
10-cell stage and the neurogenic sublineages b and z are shown
(adapted from Sulston et al. 1980; Chamberlin and Sternberg
1993). (sh) Sheath cell; (so) socket cell. The SPV neuron is de-
rived from b sublineage and the SPD neuron from z sublineage.
The SPD neuron and SPD sheath cell are sister cells derived
from z.pa.
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resembles that of Drosophila SOP lineage (Fig. 1), we
examined the possible involvement of the C. elegans
Notch homolog lin-12 in the specification of SPD neuron
versus SPDsh fate. Neither gain-of-function nor loss-of-
function lin-12 mutants displayed abnormal marker ex-
pression pattern (n = 50). Activation of the lin-12 path-
way at a critical developmental time by overexpressing
the cytoplasmic ankyrin repeat region of GLP-1, which
has been shown to act as an activated lin-12 or glp-1 in
many developmental processes (Roehl and Kimble 1993),
did not affect marker expression (n = 50).

The Wnt pathway genes, lin-44 and lin-17, are in-
volved in the first asymmetric division of the B cell.
Mutant males bearing strong lin-44 and lin-17 alleles
have early B lineage defects, resulting in severely
crumpled spicules. From a few escapers in which the
first division of B cell is not disrupted, we noticed extra
expression of the gpa-1::lacZ marker in the spicule re-
gion (Fig. 2B,C). Using a weak lin-17 allele, n698, where-
in the first B cell division is usually not disrupted, we
found that 80% of the animals show two cells per spicule
expressing the SPD marker (Fig. 2D; Table 1).

To determine which cell is responsible for the ectopic
expression, we ablated specific cells in the B lineage and
examined marker expression in operated animals. Be-
cause the e lineage develops abnormally in lin-17 mu-
tants (Chamberlin and Sternberg 1995; this paper), we

Figure 2. (A) In wild-type males, the gpa-1::lacZ marker is expressed in one cell per
spicule. Cell ablation experiment identifies this cell being SPD neuron. Both spicules
are shown on this focal plane. (B–D) gpa-1::lacZ is expressed in two cells per spicule
in lin-44 and lin-17 mutant males. (B) lin-44(n1792); (C) lin-17(n671); (D) lin-17(n698),
early B lineage defect is rare in this weak allele and ∼80% males show a two cells per
spicule marker expression pattern. Lateral view, only one spicule is in focus. (E–H)
The gpa-1::lacZ marker is expressed in two cells per spicule in son-1(sy549) mutants.
Cell ablation experiment indicated that son-1(sy549) confers a SPD sheath to neuron
fate transformation. (E) sy549 intact animal, lateral view showing the left spicule. (F)
When the precursor of the SPD neuron and the SPD sheath is ablated, no expression
is observed in the spicule region. (G) When the SPD neuron is ablated, the SPD marker
is expressed in one cell per spicule. (H) When the SPD sheath is ablated, the SPD
marker is expressed in one cell per spicule. Scale bar, 20 µm.

Table 1. Both son-1(sy549) and lin-17(n698) confer a SPD
sheath to neuron fate transformation

Cells ablated

lin-17(n698) son-1(sy549)

no.a
marker

expressionb no.a
marker

expressionb

Intact 15/17 2 39/52 2
b 5/6 2 4/6 2
z 15/16 0 12/15 0
z a 13/15 2 5/5 2
z p 5/5 0 6/9 0
z pp 4/7 2 1/2 2
z pa

(SPD+SPDsh) 11/11 0 12/14 0
z paa (SPD) 10/13 1 13/16 1
z pap (SPDsh) 13/21 1 6/7 1

Cells were ablated at L3 stage and animals recovered to allow
reaching adulthood. Adult males were then examined for
gpa-1::lacZ marker expression. There are two z cells per male;
both were ablated.
aNumbers of animals operated on and scored that showed the
corresponding phenotypes. The rest of the animals showed 0, 1,
or 2 cells per spicule expressing the marker due to incomplete
penetrance or ablation error or damage.
bNumbers indicate number of cells per spicule expressing the
gpa-1::lacZ marker.
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first ablated the e cells at the 10-cell stage and examined
the marker expression pattern in operated animals. Ab-
lation of e does not eliminate the extra gpa-1::lacZ
marker-expressing cell (n = 9). Further ablation experi-
ments indicate that the extra expression results from
SPDsh, the sister cell of the SPD neuron (Table 1). Ab-
lation of the precursor cell of SPD and SPDsh eliminated
marker expression in the spicule region; ablation of ei-
ther cell resulted in one cell per spicule expressing the
marker. We also used other cell type-specific markers to
examine the terminal cell fates in lin-17(n698) mutants.
osm-6::GFP is normally expressed in SPD and SPV neu-
rons of wild-type spicules and in male sensory ray neu-
rons (Collet et al. 1998). In the lin-17(n698) mutant,
osm-6::GFP is expressed in an extra cell associated with
the spicules (four of six animals examined), consistent
with the extra expression observed with the gpa-1::lacZ
marker. Expression of a socket cell marker, egl-17::GFP
(Burdine et al. 1998; L.I. Jiang and P.W. Sternberg, in
prep.), was not affected by the lin-17(n698) mutation
(n = 10), suggesting that the socket cells are correctly
specified in lin-17(n698) mutants. Therefore, lin-17 mu-
tants confer a sheath to neuron fate transformation.

son-1 mutant confers the same sheath to neuron
fate transformation

To discover additional loci involved in the neurogenic
sublineage cell fate specification, we performed an F1

clonal screen looking for mutations that alter gpa-
1::lacZ expression specifically in the spicule region.
From the screen, we recovered one mutant, sy549, in
which two cells per spicule express the gpa-1::lacZ
marker (Fig. 2E). Cell ablation experiments revealed that
the extra cell that expresses the gpa-1::lacZ marker is the
SPDsh cell, as in lin-17 mutants (Fig. 2E–G; Table 1).

sy549 mutant males have wild-type spicules and wild-
type B-cell division pattern. Expression patterns of other
cell-type-specific markers examined are consistent with
the conclusion that sy549 confers a SPDsh to SPD neu-
ron fate transformation (osm-6::GFP: 7 of 11 animals
showed extra marker expression in the spicule region;
egl-17::GFP: 10 of 10 wild-type expression). Thus, we
named this mutant son-1.

son-1(sy549) displays several phenotypes resembling
lin-17 mutants

In addition to the male spicule phenotype, son-1(sy549)
mutants also display a protruding vulva phenotype with
high penetrance. Hermaphrodites retain eggs in uterus,
some animals have a disorganized gonad and explode at
the vulva, and the brood size is low [∼50 in a syIs20
him-5(e1490) background]. Abnormal vulval lineages
and vulval morphology are observed in ∼10% of animals
(n > 50). The abnormal vulval lineage occurs in 2° cells;
it can occur at either P5.p or P7.p. In most cases, the
correct number of cells were generated, but the vulval
morphology was abnormal, and an extra vulva invagina-

tion was observed in several animals. This phenotype is
similar to the vulval defect observed in lin-17 mutants
(Ferguson and Horvitz 1985; Ferguson et al. 1987). Occa-
sionally, son-1(sy549) hermaphrodites have gonads with
a single arm instead of two, as observed in lin-17 mu-
tants (Sternberg and Horvitz 1988). In addition, like lin-
17 mutant males, son-1(sy549) mutant males have ray
defects and cannot mate.

son-1(sy549) enhances lin-17(n698) phenotypes
to lin-17 null like

To examine the interactions between son-1 and lin-17,
we constructed strains defective in both son-1 and lin-
17. We first examined the gpa-1::lacZ expression pattern
in the double-mutant animals. The SPD neuron marker
is expressed in no more than two cells per spicule in the
double mutants, confirming the conclusion from the ab-
lation experiment that both confer the same sheath-to-
neuron fate transformation.

lin-17 mutants are defective in vulva formation, so-
matic gonad development, and phasmid and spicule de-
velopment in the tail. n698 is a reduction-of-function
allele of lin-17 (Sawa et al. 1996) and displays weaker
phenotypes than a null allele, n671. About 50% of n698
animals have abnormal vulval invaginations, but the ex-
tra posterior invagination phenotype is rarely seen (Table
2). In contrast, all n698; sy549 double-mutant animals
examined have abnormal vulval invaginations, and 58%
of animals show an extra posterior invagination, which
is typically seen only in strong lin-17 alleles (Table 2).
Approximately 73% of the n698 animals have a T-lin-
eage defect, such that their phasmids fail to take up DiO
(Sawa et al. 1996). son-1(sy549) mutants are wild type for
DiO staining, whereas 98% of n698; sy549 double-mu-
tant animals fail to uptake DiO (Table 2). Double-mu-
tant hermaphrodites often have a single gonad arm in-
stead of the normal two. Double-mutant males show ec-
topic meiosis, indicative of no distal tip cells (Sternberg
and Horvitz 1988). Double-mutant males also show
more severely crumpled spicules and have no rays.
Taken together, lin-17(n698); son-1(sy549) double-mu-
tant animals behave like strong lin-17 mutant animals
with respect to vulva development, somatic gonad de-
velopment, and male tail patterning. However, neither
lin-17(n698) mutants nor the double mutants exhibit a
P12 fate specification defect (Table 2).

Next, we constructed a double-mutant strain carrying
son-1(sy549) and a lin-17 null allele, n671. We examined
two relatively low penetrance phenotypes, the ectopic
posterior vulva invagination phenotype and P12 fate
specification. We did not observe any phenotypic en-
hancement in the double-mutant animals (Table 2).
Therefore, son-1 and lin-17 likely act in the same path-
way.

son-1 encodes an HMG1/2-like protein

son-1(sy549) is recessive, and on the basis of the spicule
phenotype, we mapped it to chromosome III, between
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lon-1 and unc-36 (Fig. 3). Deficiency mapping put son-
1(sy549) between the left end point of sDf127 and the
left end point of nDf16. Hemizygous males (sy549/Df)
show a similar defect in gpa-1::lacZ marker expression
as sy549 homozygotes. Hemizygous hermaphrodites ap-
pear to be sterile, possibly as a result of disorganized
somatic gonad and bursting at the vulva. Therefore,
sy549 is likely to be a reduction-of-function mutant.

To rescue the son-1(sy549) mutation, we tested all of
the cosmids (20) that map in this interval of chromo-
some III. We obtained germ-line transformation rescue of
son-1(sy549) by injecting a single cosmid C18F10 (Fig. 3).
A 3-kb PCR fragment amplified from this cosmid was
able to fully rescue all of the mutant phenotypes (Fig. 3).
A single gene, F47D12.4 is, predicted within this 3-kb
genomic region. We performed RT–PCR with primers
specific to the predicted 58 start and 38 stop codon re-
gions of this gene and obtained cDNA clones of ∼600 bp.
Sequences of five clones revealed that three clones are
the same as predicted by the GeneFinder program; the
other two clones appear to be generated through alterna-
tive splicing at the end of the first exon, which adds two

additional amino acids without changing the rest of the
protein coding.

This gene encodes an HMG1-like protein (Fig. 4A). It
contains two HMG boxes, box A and box B, and is most
homologous to the HMG1/2-like proteins of Drosophila,
mouse, and human, exhibiting ∼55% identity within the
HMG boxes. It also displays ∼25% identity to TCF/POP/
SOX family proteins within the HMG box (Fig. 4B).

We sequenced the sy549 allele and identified a mis-
sense mutation of g → a at nucleotide position 228,
which changes amino acid 72 from aspartic acid (D) to
asparagine (N) (Fig. 4A). This amino acid change occurs
at a conserved residue in the middle of the third helix of
HMG box A.

son-1::GFP is expressed in all somatic cell nuclei
through development

We examined the expression pattern of son-1 by gener-
ating both transcriptional and translational fusions of
son-1 to a GFP reporter gene. The constructs contain
either 1- or 3- to 4-kb upstream genomic sequence of

Table 2. son-1(sy549) enhances lin-17(n698) phenotypes to lin-17 null-like mutations

Genotype
Phenotypes

bivulvaa
hermaphrodite

gonadb P12.p ➝ P11.pc
abnormal
phasmidsdlin-17 son-1

+ sy549 2%
(n = 108)

1%
(n = 108)

0
(n = 100)

4%
(n = 53)

n698 + 2%
(n = 46)

8%
(n = 46)

0
(n = 100)

73%
(n = 346)

n698 sy549 58%
(n = 98)

28%
(n = 101)

0
(n = 100)

98%
(n = 57)

n671 + 64%
(n = 66)

23%
(n = 66)

29%e

(n = 41)
95%f

(n = 400)
n671 sy549 64%

(n = 76)
20%

(n = 69)
22%

(n = 92)
N.D.

aBivulva phenotype is defined as two vulval invaginations at mid- to late L4 stage.
bHermaphrodite gonad defect is defined as abnormal gonad morphology, single gonadal arm, and ectopic meiosis at L4 stage.
cP11/P12 phenotype is scored by the nuclear morphologies and positions of P11.p and P12.pa cells at L4 stage.
dL3 and L4 stage worms were tested by DiO filling of amphids and phasmids, as described by Herman and Horvitz (1994). Animals that
showed positive for amphid filling and negative for phasmid filling were scored as phasmid defective. (N.D.) Not determined.
eData from Jiang and Sternberg (1998).
fData from Sawa et al. (1996).

Figure 3. Mapping and cloning of son-1. The son-1
mutation is mapped on the basis of the SPD marker
expression pattern in the spicules. It is mapped to
linkage group III (LGIII). The son-1 locus is deleted by
deficiencies sDf125 and sDf127, but not by nDf16.
The cosmid C18F10 rescued son-1 mutation, the ad-
jacent cosmid F47D12 failed to rescue. Primers 1-kb
upstream and 1-kb downstream of the F47D12.4 gene
amplified a 3-kb fragment from C18F10 but not from
F47D12. This 3-kb fragment rescued son-1 pheno-
types. (+) Rescuing activity; (−) nonrescue.
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son-1. We found that son-1 is expressed in every somatic
cell through development (Fig. 5). The transcriptional
fusion construct contains only part of HMG box A and
does not show nuclear localization of GFP. The transla-
tional fusion construct is predicted to encode a fusion
protein of full-length SON-1, lacking the last 6 amino
acids, followed by GFP. This construct is able to rescue
son-1(sy549) phenotypes and displays nuclear localized
GFP expression. This expression pattern is consistent
with the predicted role for HMG-box containing proteins
as DNA-binding proteins.

son-1(sy549) mutants are not generally defective
in gene transcription

The HMG1/2-like proteins have been traditionally con-
sidered as architectural components of chromatin that
have general roles in regulating chromosomal functions
(Bustin and Reeves 1996). Although several recent stud-
ies have started to suggest specific roles for the HMG1/
2-like proteins in regulating gene transcription (Lehming
et al. 1994; Zwilling et al. 1995; Zappavigna et al. 1996;
Boonyaratanakornkit et al. 1998; Jayaraman et al. 1998),
the in vivo functions of this class of HMG proteins dur-
ing development have not been studied. In spite of the
broad expression pattern revealed by the son-1::GFP re-
porter gene, we do not think that son-1(sy549) generally
disrupts transcription. First, son-1(sy549) mutants dis-
play specific phenotypes in several developmental pro-
cesses that resemble lin-17 mutants, and son-1(sy549)
genetically interacts with lin-17.

Second, son-1(sy549) mutant males display ectopic
transgene expression specifically in the spicule region. If
it were a general regulator of transcription, this pheno-

type would suggest that loss-of-function son-1 might
also up-regulate expression of the gpa-1::lacZ reporter
elsewhere. Yet, we did not observe ectopic or stronger
expression of the gpa-1::lacZ marker in the phasmid neu-
rons or in the head region. Furthermore, other transgenic
lines examined did not show any up-regulation or down-
regulation of reporter gene expression by son-1(sy549).

Third, son-1(sy549) enhances the phenotypes of a
weak allele of lin-17 to null-like phenotypes. This sug-
gests that loss-of-function son-1 may down-regulate gene
expression. To further test this possibility, we used a
sensitized genetic assay that is able to detect a twofold
difference in gene expression (Meneely and Wood 1987).
We used a dosage-sensitive allele of the let-2 gene that is
involved in developmental processes unrelated to those
mediated by son-1. The let-2 gene encodes a type IV a2
collagen, and its different alleles cause animal lethality
with varying severity (Sibley et al. 1994). The allele
mn114 causes a strong dosage-dependent phenotype:
Animals homozygous for mn114 can survive to adult-
hood but are sterile, whereas hemizygous animals die at
larval stages (Meneely and Wood 1987). If son-1 is a gen-
eral regulator of transcription, it should enhance the phe-
notype of let-2(mn114). Animals homozygous for both
let-2(mn114) and son-1(sy549) can still survive to adult-
hood as do let-2(mn114) homozygotes. Taken together,
our results provide the first evidence that the HMG1/2-
like proteins have specific developmental functions in
vivo.

Disruption of son-1 function by RNAi results in defects
in several lin-17-mediated developmental processes

To obtain possible null phenotypes of son-1, we dis-

Figure 4. Sequence of the son-1 gene. (A)
son-1 cDNA sequence and deduced amino
acid sequence. The boxed sequence is de-
rived from alternative splicing at the end of
exon 1, which leads to additional two
amino acids as indicated in parentheses.
This alternative splicing does not change
the overall protein structure. (Shaded re-
gions) HMG boxes; (***) stop codon; (ar-
rows) molecular lesion of the sy549 allele.
(B) Comparison of the HMG box A and box
B sequences between SON-1 and HMG1-
like proteins of Drosophila melanogaster,
Mus musculus, and Homo sapiens. Con-
sensus resides between SON-1 and other
HMG1-like proteins are shaded. (*) Un-
usual valine residue found in the HMG box
A of SON-1 protein.
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rupted son-1 function by RNA-mediated interference.
dsRNA were synthesized with a full-length cDNA clone
as template and were injected into adult hermaphrodites.
We found an embryonic lethal phenotype as well as post-

embryonic abnormalities. The embryonic lethality is
∼11% penetrant. The reason for the embryonic lethality
is not apparent to us. The dead eggs did not show lack of
endoderm fates as seen in mom mutants (Rocheleau et
al. 1997). Viable hermaphrodites and males grow to
adulthood and show a sterile phenotype at ∼30% pen-
etrance. Hermaphrodites often have a single gonad arm,
resembling the lin-17 phenotype (Fig. 6A; Sternberg and
Horvitz 1988). In males, ectopic meiosis is seen in germ
line, indicative of loss of distal tip cells (Fig. 6B; Stern-
berg and Horvitz 1988). This defect is also seen in lin-17
mutant males a result of Z1 and Z4 lineage defect in
which more linker cells are generated at the expense of
distal tip cells (Sternberg and Horvitz 1988). Disruption
of son-1 function by RNAi also resulted in a vulval lin-
eage defect and bursting at the vulva region at low pen-
etrance. Abnormal gpa-1::lacZ marker expression at the
spicule region mimicking sy549 phenotype was also ob-
served (Fig. 6C). Therefore, the phenotypes produced by
son-1 RNAi are consistent with those seen in son-
1(sy549) mutants. The sy549 allele likely reduces but
does not fully eliminate SON-1 functions, consistent
with the deficiency result. The strong resemblance of
son-1 and lin-17 mutant phenotypes further suggests
that son-1 is specifically involved in the lin-17-mediated
Wnt signaling.

Overexpression of POP-1 results in the same spicule
defect as son-1 RNAi

The TCF/LEF class of HMG box-containing proteins,
different from the HMG1/2 class of proteins, has been
implicated as a component of Wnt signaling pathway to
regulate Wnt target gene expression (van de Wetering et
al. 1997). The pop-1 gene encodes a C. elegans homolog
of the TCF/LEF class HMG protein and has been impli-
cated in Wnt signaling during embryogenesis (Lin et al.
1995, 1998; Rocheleau et al. 1997; Thorpe et al. 1997). As
pop-1 is thought to negatively regulate Wnt signaling, we
wondered if overexpression of POP-1 would result in

Figure 5. A GFP reporter construct reveals that son-1 is ex-
pressed in all somatic cell nuclei through development. (A) An
L3 male; (B) an L1 hermaphrodite; (C) male tail at L4 molt. Scale
bar, 20 µm.

Figure 6. Phenotypes of disruption of
son-1 function by RNAi and overexpression
of POP-1. (A–C) Phenotypes observed from
son-1 RNAi experiment. (A) Hermaphro-
dite gonad showing abnormally short gonad
arm; (arrow) meiosis at the distal end of the
gonad arm. (B) Male gonad (white arrow-
head) ectopic germ-line meiosis. (C) gpa-
1::lacZ is expressed in two cells per spicule.
All four blue cells can be seen on this focal
plane, two from the left spicule and two
from the right one. Cells from the same
side are indicated by linkage of two arrow-
heads. (D) When POP-1 is overexpressed in
wild-type males, gpa-1::lacZ expression is
observed in two cells per spicule (black ar-
rowheads). Lateral view, showing only the
left spicule. Scale bar, 20 µm.
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similar defects such as loss-of-function of son-1. When
POP-1 is overexpressed at early to mid L3 stage in wild-
type males, they show two cells per spicule expressing
the SPD marker, resembling the son-1(sy549) mutant
phenotype (Fig. 6D). Thus, the two HMG box-containing
proteins, POP-1 and SON-1, appear to have opposite
roles in regulating Wnt signaling. POP-1 negatively regu-
lates Wnt signaling, whereas SON-1 positively regulates
Wnt signaling.

Although pop-1(zu189) has a maternal effect embry-
onic lethal phenotype, this mutant does not display post-
embryonic defects. Homozygous animals produced by a
heterozygous mother are viable and develop normally.
Using the spicule SPD neuron-specific marker, we found
that pop-1 mutant males have a wild-type marker ex-
pression pattern in the spicules. Mutant animals defec-
tive in both pop-1 and son-1 genes display additive phe-
notypes. They still exhibit maternal effect embryonic
lethality, whereas all of the postembryonic phenotypes
resemble son-1(sy549) mutants.

son-1 does not act upstream of Wnt

To determine how son-1 is involved in Wnt signaling, we
first tested whether son-1 acts in the Wnt signaling cells
or in the responding cells. The Wnt signal LIN-44 is ex-
pressed in the tail region and plays a role in tail pattern-
ing (Herman and Horvitz 1994; Herman et al. 1995). We
think that LIN-44 is the signal that acts through the
LIN-17 receptor during male spicule development. First,
during the first division of B lineage, LIN-44 acts through
LIN-17 to mediate the asymmetric cell division (Cham-
berlin and Sternberg 1995). Second, lin-44 mutants ex-
hibit a similar SPD neuron marker expression pattern in
the spicule region as lin-17 and son-1 mutants. We rea-
soned that if son-1 acts in the signaling cells to regulate
lin-44 expression, we should be able to rescue son-1 mu-
tant phenotypes by overexpression of the Wnt signal
LIN-44. To test this hypothesis, we used a construct con-
taining full-length lin-44 cDNA driven by a heat-shock
promoter. This construct has been shown to rescue lin-
44 phenotypes (Herman et al. 1995). When LIN-44 over-
expression is induced during the L2/L3 stage in son-
1(sy549) mutant background, it does not affect the spic-
ule phenotype of son-1(sy549) mutants. This result
indicates that son-1 does not act upstream of the Wnt
signal to regulate its expression. Because son-1 is ex-
pressed in cell nuclei, it is likely that son-1 acts in the
Wnt-responding cells to regulate Wnt pathway gene ex-
pression. However, we cannot rule out the possibility
that son-1 is involved in the post-translational regula-
tion of the Wnt signal.

We then tested whether overexpression of SON-1 is
able to suppress lin-17 mutant phenotypes. We engi-
neered a hs-son-1 construct that contains a genomic
clone encoding full-length son-1 driven by a heat-shock
promoter. In a son-1(sy549) background, overexpression
of SON-1 by a single pulse of heat shock at the L3 stage
within 4 hr prior to the cell division is able to rescue the
spicule sheath to neuron fate transformation phenotype

of the mutant. In a lin-17(n698) mutant background, we
induced SON-1 expression during embryogenesis to the
L1/L2 stage and at the L2/L3 stage and examined the
phasmid and spicule phenotypes, respectively. We did
not observe any suppression of lin-17 phenotypes by
SON-1 overexpression. son-1 might act at the level of
Wnt receptor to regulate lin-17 function. Another possi-
bility is that son-1 activity is not rate limiting for Wnt
pathway function. Consistent with this hypothesis, sim-
ply overexpressing SON-1 in a wild-type background by
heat shock or injection of the wild-type gene at high dos-
age does not result in any gain-of-function phenotype.

Structure/function analysis of SON-1 protein

Both HMG boxes A and B of the HMG1/2-like proteins
have been shown to be able to bind bent DNA structures
and to interact with certain transcription factors inde-
pendently in vitro (Bianchi et al. 1992; Zappavigna et al.
1996). To examine the in vivo functions of SON-1 HMG
boxes A and B, we engineered deletion constructs lack-
ing either individual box and generated transgenic ani-
mals bearing these constructs (Fig. 7). In a wild-type
background, we did not observe any dominant-negative
or gain-of-function effect caused by these constructs.
When these transgenes are crossed into a son-1(sy549)
mutant background, only the construct containing both
HMG boxes is able to rescue the mutant phenotypes.
None of the constructs containing a single HMG box
were able to rescue the mutant phenotypes (Fig. 7). This
result suggests that both HMG boxes A and B are re-
quired for the function of the SON-1 protein in vivo.

Discussion

Wnt signaling in spicule development

During C. elegans male spicule development, the Wnt

Figure 7. Structure/function analysis of HMG boxes. HMG
boxes are indicated as open box and labeled. Bold lines indicate
the acidic tail. All constructs contain additional 1-kb upstream
and 1-kb downstream genomic sequences. (a) Constructs were
tested in wild-type background for any dominant-negative or
gain-of-function effect. (b) Constructs were tested in son-
1(sy549) mutant background for any rescuing activity. The
number of transgenic lines tested in which >75% of the animals
showed wild-type SPD marker expression is indicated; these
were considered positive for rescuing activity. (+) Positive for
tested activity; (−) negative for tested activity.
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pathway genes lin-44 and lin-17 control the first cell di-
vision of the spicule lineage, namely, the B lineage
(Sternberg and Horvitz 1988; Herman and Horvitz 1994;
Chamberlin and Sternberg 1995; Sawa et al. 1996). The
first division of the B cell, B.a versus B.p, is asymmetric.
Inactivation of the Wnt pathway results in reversed po-
larity or posterior B.p to anterior B.a fate transformation.
Additional functions for lin-17 have also been implicated
in several asymmetric cell divisions in both B.a and B.p
lineages after the 10-cell stage (Chamberlin and Stern-
berg 1995). Using a terminal cell fate marker, we discov-
ered that the Wnt pathway genes lin-17 and likely lin-44
are involved in the fate specification of SPD neuron
(z.xxa) versus SPDsh (z.xxp) during the last round cell
division of the B lineage. Loss-of-function mutation in
lin-17 results in a posterior sheath to anterior neuron
fate transformation. Therefore, the lin-17-mediated Wnt
signaling pathway is used at the first and the last cell
division of B cell development to mediate cell fate speci-
fication. Like most of the other Wnt-mediated develop-
mental processes, the Wnt pathway acts to promote the
posterior fate in the C. elegans male spicule lineage. We
envision that the source of Wnt signal LIN-44, the hyp8-
11 cells at the tip of the tail (Herman et al. 1995), sets up
the anterior and posterior polarity for general tail pat-
terning.

In C. elegans, several Wnt pathways mediate several
distinct developmental processes. Some components are
unique, others are shared in several processes. We exam-
ined the possible involvement of other Wnt pathway
components in this last cell division of male spicule de-
velopment. In lin-44 mutant males, the abnormal SPD
neuron marker expression in the spicule region is ob-
served, resembling that of the lin-17 mutants. However,
all of the lin-44 alleles available are null or strong alleles,
wherein the early B lineage defect is highly penetrant,
making it difficult to rigorously examine its effect on the
later stage cell fate specification. mom-1 and mom-3 ho-
mozygous males display a severely crumpled spicules
phenotype at high penetrance, indicating an early B lin-
eage defect. SPD neuron marker expression appeared to
be normal in bar-1(sy324) and bar-1(mu349) mutant
males. pop-1 mutant males have wild-type spicules and
normal marker expression pattern. However, overexpres-
sion of POP-1 at the L3 stage results in extra cell express-
ing gpa-1::lacZ in the spicules, similar to loss-of-func-
tion son-1 mutants.

During the development of C. elegans male spicules,
the neurogenic sublineages b and z resemble the Dro-
sophila SOP lineage in that a progenitor cell divides
twice and generates neuron, sheath, and socket cells.
The mechanism used for z lineage terminal cell fate
specification appears to be different from that for the
SOP lineage. In the development of Drosophila SOP lin-
eage, sister cell interaction mediated by the Notch/Delta
pathway plays an important role for the specification of
neuronal versus non-neuronal cell fate (for review, see
Greenwald 1998). However, we did not observe any ef-
fect of lin-12 on the specification of SPD versus SPDsh
fate in C. elegans male spicule development. Rather, the

lin-17-mediated Wnt signaling pathway controls this
fate decision. Thus the two different signaling pathways,
Notch and Wnt, are used in different organisms to
achieve a similar cell fate patterning in a conserved neu-
rogenic lineage.

However, the Wnt pathway is not the sole player for
spicule development. The b lineage closely resembles z
lineage in generating the neuron and non-neuronal struc-
tural cells. Yet the Wnt pathway does not seem to be
involved to the neuron/sheath fate specification derived
from b lineage as revealed by other molecular markers
(data not shown). In contrast to the z lineage, cell–cell
interactions within the b lineage do play an important
role during the development of the b lineage, because b
lineage can be easily perturbed by cell ablations or mu-
tants of the lin-3/let-23 EGF/EGFR pathway compo-
nents (Chamberlin and Sternberg 1993, 1994). Therefore,
multiple signaling pathways must be utilized during
male spicule development.

An HMG1/2-like protein is involved in Wnt signaling

We identified a new gene, son-1, involved in the SPD
neuron versus SPDsh fate specification in a similar fash-
ion as lin-17 during C. elegans male spicule develop-
ment. son-1 encodes an HMG1/2-like protein. A GFP
reporter gene revealed that son-1 is broadly expressed
through development and its expression is localized in
cell nuclei, consistent with its being an HMG-box con-
taining DNA-binding protein.

Although the HMG1/2 class proteins are traditionally
considered as architectural components of chromatin,
the specific phenotypes of son-1(sy549) suggest that this
gene may be specifically involved in Wnt signaling. First,
son-1(sy549) causes a similar SPDsh to neuron fate
transformation as does a lin-17 hypomorph. The vulva
and gonad defects observed in son-1(sy549) mutants, al-
though at low penetrance, do resemble what are seen in
lin-17 mutants. Second, we observed specific postembry-
onic phenotypes that resemble lin-17 mutant pheno-
types from son-1 RNAi experiments. Third, son-1(sy549)
enhances lin-17(n698) phenotypes to lin-17 null-like but
does not enhance phenotypes of other unrelated mutants
such as let-2(mn114). Fourth, overexpression of POP-1
gave similar spicule phenotype as disruption of son-1
function. Taken together, son-1 is involved in several
Wnt-mediated developmental processes, including vulva
formation, somatic gonad development, and male spic-
ule development. Our results provide the first evidence
for the specific functions of the HMG1/2 class proteins
in vivo.

The HMG1/2-like protein encoded by son-1 has sev-
eral interesting features that are different from what is
known about the HMG1/2 class proteins. The HMG1/2
class of proteins is classified as sequence nonspecific
HMG proteins in comparison to the sequence-specific
HMG proteins, such as TCF/LEF (Bianchi et al. 1992).
The canonical HMG box found in sequence nonspecific
HMG proteins and the generalized HMG box found in
sequence-specific HMG proteins share substantial se-
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quence homology and identical protein structure. The
sequence specificity is thought to reside in the first 12
amino-terminal residues and the last 25 carboxy-termi-
nal residues of the HMG box. In particular, the amino
acids at positions 7 and 12 have been suggested to be
crucial for sequence-specific binding (Read et al. 1994).
The residues at positions 7 and 12 are valine (V) or iso-
leucine (I) and asparagine (N) in all sequence-specific
HMG boxes. Instead, all presently known sequence non-
specific HMG boxes have proline (P) and serine (S) at
these two positions. The box B of SON-1 protein appears
to be consistent with this finding (positions 102 and 107
of the protein, Fig. 4B). Interestingly, the box A of SON-1
protein has a valine (V) residue at position 7 (position 14
of the protein, Fig. 4B). This raises the possibility that
the C. elegans HMG1/2-like protein SON-1 has more
specific functions than the HMG1/2-like proteins in
other organisms. Furthermore, our data suggest that both
HMG boxes are required in vivo for SON-1 functions, in
contrast to the in vitro observations that each individual
HMG box is able to recognize bent DNA structure and to
interact with certain transcription factors in a similar
fashion as is the whole protein (Bianchi et al. 1992; Zap-
pavigna et al. 1996). These features of SON-1 may be
indicative of its specific functions.

Two classes of HMG proteins, SON-1 and POP-1, play
opposite roles in Wnt signaling

The TCF/LEF class sequence-specific HMG proteins
have been implicated in Wnt signaling. They can either
positively or negatively regulate Wnt target gene expres-
sion depending on their transcription cofactors (van de
Wetering et al. 1997; Waltzer and Bienz 1998). The C.
elegans TCF/LEF homolog, pop-1, appears to negatively
regulate Wnt signaling as loss-of-function in pop-1
causes an opposite phenotype as inactivation of the Wnt
signaling during C. elegans embryogenesis. In the speci-
fication of SPD neuron versus SPDsh fate during male
spicule development, overexpression of POP-1 results in
the same defect as loss-of-function mutation in lin-17
and son-1. Therefore, a POP-1-like activity also nega-
tively regulates Wnt signaling during C. elegans postem-
bryonic development. Both the sequence-specific TCF/
LEF and sequence-nonspecific HMG1/2 class of proteins
are involved in lin-17-mediated Wnt signaling and they
play opposite roles in regulating Wnt pathway activity.

pop-1 has been shown to act downstream of the Wnt
receptor and its expression is negatively regulated by
Wnt signaling (Rocheleau et al. 1997; Thorpe et al. 1997;
Lin et al. 1998). Inactivation of the Wnt pathway up-
regulates POP-1 protein level. Here we show that son-1
also acts in the Wnt responding cells. Therefore, both the
POP-1-like protein and SON-1 act in the same cell
nucleus to regulate gene transcription. The POP-like ac-
tivity inhibits gene transcription, and SON-1 facilitates
gene transcription (Fig. 8). As SON-1 is an HMG-1/2-like
protein, we think that SON-1 could activate gene tran-
scription in two ways. First, SON-1 could alter chroma-
tin conformation in favor of gene expression. Second,

SON-1 could physically interact with other transcription
factors and help stimulate specific gene expression. Pro-
teins of the HMG1/2 class have been shown to interact
with POU domain proteins or HOX proteins in vitro and
enhance their DNA-binding and transcriptional activi-
ties (Zwilling et al. 1995; Zappavigna et al. 1996). Our
data suggest that son-1 function may not be rate limiting
for Wnt signal transduction. Moreover, son-1::GFP ex-
pression does not seem to be altered in a lin-17 mutant
background. Therefore, it is possible that SON-1 acts to
activate gene transcription after the inhibitory effect of
POP-1 is relieved by activation of the Wnt pathway.

Materials and methods

Strains and alleles

Routine culturing, maintenance and genetic manipulations of
C. elegans strains were performed according to standard proce-
dures (Brenner 1974). N2 (Bristol, UK) strain was used as wild
type (Brenner 1974). The following strains were used and are
referenced in Riddle et al. (1997) or as indicated: LG I–lin-
17(n671), lin-17(n698) (Ferguson and Horvitz 1985), pop-
1(zu189) (Lin et al. 1995), dpy-5(e61), hT1, hT2; LG II–dpy-
10(e128), rol-1(e91) mom-3(or78) (Thorpe et al. 1997),
mnC1[dpy-10(e128) unc-52(e444)]; LG III–dpy-17(e164), lon-
1(e185), unc-36(e251), unc-32(e189), dpy-18(e364), sDf125,
sDf127, sDf135, nDf16, nDf20, nDf21, pha-1(e2123ts) (Granato
et al. 1994), hT2, qC1, dpy-19(e1259) lin-12(n137)/unc-32(e189)
lin-12(n676n909); LG IV–dpy-20(e1282), dpy-13(e184); LG
V–syIs20[gpa-1::lacZ+dpy-20(+)], him-5(e1490), dpy-11(e224);
LG X–bar-1(sy324) (A. Golden and P.W. Sternberg, unpubl.),
bar-1(mu349) (kindly provided by J. Whangbo and C. Kenyon,
University of California, San Franscisco), lon-2(e678), mom-
1(or10) unc-6(n102) (Thorpe et al. 1997).

Assay for b-galactosidase activity was performed as described
previously (Fire 1992).

Figure 8. Model for SON-1 function. SON-1 and a POP-1-like
protein antagonistically regulate gene expression in Wnt-re-
sponding cells. The POP-1-like activity inhibits gene transcrip-
tion, whereas SON-1 facilitates gene transcription. SON-1
might facilitate gene transcription after the inhibitory effect of
the POP-1-like activity is relieved on activation of the Wnt
pathway. SON-1 could change the chromatin conformation in
favor of gene expression. Alternatively, SON-1 could interact
with other transcription factors to help stimulate gene expres-
sion. (POP-1) A POP-1-like protein; (TF) transcription factor.
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Anatomical and lineage analysis/cell ablation/photographs

Animal anatomy and cell division patterns were examined un-
der Nomarski optics at 20°C as described by Sulston and Hor-
vitz (1977). For laser ablation, L3 males were mounted on 5%
agar pad and anesthetized with 1%–3% sodium azide. Laser
killing cells was performed as described (Sulston and White
1980; Avery and Horvitz 1987, 1989). Worms were then recov-
ered from the agar pad and allowed to grow to adulthood, at
which time we examined the gpa-1::lacZ marker expression.
Photographs of Nomarski images were taken on Kodak Tech
Pan film. Photographs of b-galactosidase expression images
were taken on Kodak Royal Gold ASA 25 films. GFP expression
was examined with a Chroma High Q GFP LP filter set (450 nm
excitation/505 nm emission) and photos were taken on Fuji
Provia ASA 400 film.

Isolation of the son-1(sy549) allele

By use of the SPD neuron marker, gpa-1::lacZ, an F1 clonal
screen was designed to look for mutants that specifically disrupt
the terminal cell fate specification during male spicule devel-
opment. Standard EMS mutagenesis was used (Brenner 1974).
The sy549 allele was recovered from a screen of ∼6300 haploid
genomes.

Cloning of son-1

son-1(sy549) was mapped to chromosome III by two-factor map-
ping. Three-factor mapping put son-1(sy549) between lon-1 and
unc-36. Markers used for three-factor mapping were dpy-
17(e164) unc-32(e189), dpy-17(e164) unc-36(e251), and lon-
1(e185) unc-32(e189). Deficiency mapping indicated that both
sDf125 and sDf127 delete son-1(sy549), but nDf16, nDf20, and
nDf21 do not. Therefore, son-1 mutation lies between the left
end point of sDf127 and the left end point of nDf16. Cosmid
pools or a single cosmid in that region were injected into son-
1(sy549) pha-1(ts); syIs20 him-5 strain at a concentration of 25
ng/µl each to test for rescue. Those cosmids include C23G10,
T12A2, C18F10, F47D12, C56G2, C16A3, C05D11, T26A5,
F23F12, K03F8, C09E7, F27B3, F20H11, C13B9, M01G4, F37A4,
K07E12, R05H11, F28F5, and R13F6. pha-1 was used as a germ-
line transformation marker (Granato et al. 1994). Rescuing ac-
tivity was scored primarily on the basis of the spicule phenotype
and other phenotypes were examined as well. A single cosmid
C18F10 rescued son-1(sy549) phenotypes in all respects. Using
primers LIJ1(58-CCCAGTTCTTACTGCTTCGCATC-38) and
LIJ2 (58-CATGAAAACTCCACTGCAACGG-38), we amplified
a 3-kb fragment by PCR from the 38 end of C18F10 which con-
tains a single gene F47D12.4. Three independent PCR clones
were injected into son-1(sy549) mutants and all of them were
able to rescue the mutant phenotypes.

son-1 cDNA was obtained by RT–PCR with wild-type N2
total RNA as template and using primers complementary to
son-1 start and stop codon regions on the basis of GeneFinder
prediction. The ∼600-bp products from five independent RT–
PCR clones were cloned into pBluescript and sequenced. Three
clones are consistent with GeneFinder prediction, the other two
have an alternative splice site at the end of the first exon and
result in an additional 2 amino acids without changing the rest
of the protein coding. The 58 end of the gene was confirmed by
RT–PCR by use of SL1 primer and an internal gene-specific
primer (LIJ6: 58-ACAGGGCTCTTTTTGGTGC-38). A cDNA
clone yk74h7 has been reported recently on the web database by
Dr. Y. Kohara (National Institute of Genetics, Mishima, Japan).
It may predict an extra exon of 32 amino acids at the 58 end of
son-1.

The 1-kb genomic region of the F47D12.4 gene was PCR am-
plified from small numbers of sy549 mutants (Aroian et al.
1994) and sequenced on an automated sequencing machine (Ap-
plied Biosystems). Four independent PCR clones showed the
same nucleotide change of g → a at nucleotide position 228 (two
plus strands, two minus strands). This change results in a sub-
stitution of asparagine for aspartic acid 72.

Molecular biology

son-1-GFP The transcriptional fusion GFP constructs contain
either 1- or 4.5-kb upstream genomic sequence and the first 64
amino acids of son-1 protein (at the EcoRV site). The upstream
sequence was PCR amplified from cosmid C18F10, the coding
region was derived from the 3-kb rescuing fragment. The trans-
lational fusion GFP constructs (pLJ33/pJ35) contain PCR frag-
ment of either 1- or 3.2-kb upstream genomic sequence and full
length, but the last 6 amino acids of SON-1 protein cloned into
GFP vectors from the Fire laboratory (Carnegie Institute of
Washington).

hs-son-1 A 1.4-kb EcoRI fragment of son-1 genomic sequence
was cloned into vectors containing heat shock promoter
hsp16-2 or hsp16-48 to generate pLJ25 and pLJ26, respectively.

son-1 deletion constructs To create son-1 deletion constructs,
we started from the 3-kb rescuing fragment. The 3-kb fragment
was cloned into pCRII vector (Invitrogen; pLJ13). For the box A
deletion construct (pLJ41), a SmaI–EcoRV fragment was re-
moved and religated, which deleted amino acids 7–76. For the
box B deletion construct (pLJ40), sequences between BamHI and
SpeI was deleted, thereby removing amino acids 99–162. For the
box A construct only (pLJ39), a stop codon was generated after
the first 98 amino acids. All constructs still contain 1-kb up-
stream and 1-kb downstream genomic sequence of son-1.

Generation of transgenic animals

Transgenic lines carrying an extrachromosomal array of testing
plasmids were generated by standard germ-line injection and a
DNA transformation method (Mello and Fire 1995). GFP con-
structs were injected into pha-1(ts); him-5(e1490) strain at a
concentration of 20 ng/µl together with pha-1 rescuing plasmid
pBX-1 at 100 ng/µl. Heat shock constructs and son-1 deletion
constructs were injected into pha-1(ts); syIs20 him-5 strain. In-
jection concentrations for heat-shock constructs containing
son-1 genomic DNA, lin-44 cDNA, and pop-1 cDNA are 50,
100, and 20 or 100 ng/µl, respectively. son-1 deletion constructs
were injected at 50 and 100 ng/µl. To test the ability to rescue
son-1 phenotypes, transgenic lines were further crossed into
son-1(sy549) pha-1(ts); syIs20 him-5 strain.

RNA interference experiments

Double-stranded RNA was synthesized as described (Fire et al.
1998) by use of full-length son-1 cDNA as template. Approxi-
mately 40–50 ng/µl dsRNA was injected into syIs20 him-5 her-
maphrodites. Eggs laid between 3 and 51 hr after injection were
collected at 12-hr intervals. Phenotypes of F1s were analyzed in
detail. Unrelated dsRNA and DEPC-H2O were used as controls
for the experiment.

Heat shock experiments

Worms were staged under Nomarski optics and heat shocked in
a 33°C water bath for 30, 45, or 60 min.
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