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Summary

Asymmetric cell division is a mechanism for achieving

cellular diversity. In C. elegans, many asymmetric cell
divisions are controlled by the Wnt-MAPK pathway

through POP-1/TCF. It is poorly understood, however,
how POP-1 determines the specific fates of daughter

cells. We found that nob-1/Hox, ceh-20/Pbx, and a
Meis-related gene, psa-3, are required for asymmetric

division of the T hypodermal cell. psa-3 expression
was asymmetric between the T cell daughters, and it

was regulated by POP-1 through a POP-1 binding site

in the psa-3 gene. psa-3 expression was also regu-
lated by NOB-1 and CEH-20 through a NOB-1 binding
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sequence in a psa-3 intron. PSA-3 can bind CEH-20
and function after the T cell division to promote the

proper fate of the daughter cell. These results indicate
that cooperation between Wnt signaling and a Hox

protein functions to determine the specific fate of a
daughter cell.

Introduction

During animal development, a zygote generates diverse
cell types that have different temporal and spatial iden-
tities; asymmetric cell division is a fundamental mecha-
nism for generating this diversity. In Drosophila, the
asymmetric divisions of a number of neuroblasts are
regulated by the asymmetric segregation of the Numb
and Prospero proteins (Jan and Jan, 2001). In C. ele-
gans, as described below, many asymmetric divisions
are regulated by the Wnt-MAPK pathway. Although the
respective mechanisms in each of these organisms are
used repeatedly during development, the fates of the
daughter cells are distinct and depend on their position
in the animal’s body. In Drosophila, segmentation genes
determine the specificities of neuroblast and postmi-
totic neurons (Bhat, 1999), and, in C. elegans, a Hox
gene, mab-5, is involved in cell fate specification after
the asymmetric division (Salser and Kenyon, 1996).
Therefore, these genes, which regulate positional iden-
tity, are likely to be important for determining specific-
ities of cell fates after asymmetric division.

In C. elegans, many asymmetric divisions in embry-
onic and postembryonic development are regulated by
the Wnt-MAPK signaling pathway (Herman, 2002;
Thorpe et al., 2000). This pathway regulates the asym-
metric nuclear localization of the POP-1/TCF transcrip-
tion factor between daughter cells (POP-1 asymmetry).
POP-1 asymmetry is suggested to create distinct
POP-1 transcriptional activities in each daughter cell
(Kidd et al., 2005; Shetty et al., 2005). POP-1 asymmetry
is observed in most cell divisions along the anteroposte-
rior axis (Herman, 2001; Lin et al., 1998). In addition, LIT-
1/NLK, a MAP kinase that regulates POP-1 asymmetry,
is required for many embryonic and postembryonic divi-
sions (Kaletta et al., 1997; Takeshita and Sawa, 2005).
Taken together, these findings indicate that POP-1 func-
tions as a universal factor to determine asymmetry be-
tween daughter cells throughout C. elegans develop-
ment. However, in spite of this common mechanism
for asymmetric division, the daughter cells have unique
cell fates. Therefore, how POP-1 cooperates with genes
that regulate positional identity is a critical issue.

Six Hox genes are encoded in a loosely linked cluster
in C. elegans: ceh-13, lin-39, mab-5, egl-5, php-3, and
nob-1 (Kenyon et al., 1997; Van Auken et al., 2000). Of
these, lin-39, mab-5, and egl-5 are expressed in a posi-
tion-specific manner and regulate cell identities (Kenyon
et al., 1997). nob-1 mutants show abnormal tail morpho-
genesis and the anterior transformation of posterior gut
and neural cells, suggesting that nob-1 regulates posi-
tional identity in the posterior region (Van Auken et al.,
2000). In many organisms, members of the Pbx and

mailto:sawa@cdb.riken.jp


Developmental Cell
106
Meis protein families help the Hox proteins select the
correct DNA binding site and regulate their transactiva-
tion activity as their cofactors (Mann and Affolter, 1998).
The nuclear localization of the Pbx proteins is regulated
by their binding with Meis proteins (Affolter et al., 1999).
In C. elegans, the CEH-20 protein also functions cooper-
atively with the LIN-39 protein on the promoter of the
hlh-8 and egl-18 genes to regulate their expression
(Koh et al., 2002; Liu and Fire, 2000), suggesting that
Hox proteins and their cofactors cooperatively deter-
mine spatial specificities in C. elegans.

Seam cells, on the lateral sides of the animals, divide
asymmetrically in postembryonic development. Among
the seam cells, asymmetric division of the T cell is regu-
lated by the Wnt-MAPK signaling pathway, including
LIN-44/Wnt, LIN-17/Frizzled, LIT-1, WRM-1/b-catenin,
and POP-1 (Herman, 2002; Takeshita and Sawa, 2005).
The T cell divides asymmetrically; thus, the anterior
daughter (T.a) produces hypodermal cells, while the
posterior daughter (T.p) generates neural cells, includ-
ing the phasmid socket cells. In pop-1 mutants, the T
cell division is symmetric, and both T.a and T.p produce
hypodermal cells (Herman, 2001), resulting in the ab-
sence of phasmid socket cells (Psa phenotype, for
phasmid socket absent). Here, we show that nob-1/
Hox ceh-20/Pbx and a novel Meis-related gene, psa-3,
are required for the asymmetric T cell division. We found
that psa-3 is expressed asymmetrically between the T
cell daughters and that the asymmetric psa-3 expres-
sion is regulated by the Wnt-MAPK pathway as well as
by NOB-1 and CEH-20. These findings indicate that
two classes of genes, which discretely regulate asym-
metric division and positional identity, specify the
daughter fates in the asymmetric T cell division.

Results

psa-3/Meis, ceh-20/Pbx, and nob-1/Hox Are Required
for the Asymmetric T Cell Division

We identified mutants of psa-3(os8), ceh-20, and nob-1
in a screen for mutants with the Psa phenotype (Sawa
et al., 2000), and psa-3(mh32) and psa-3(mh55) in
a screen for phasmid-defective mutants, by using the
dye-filling assay (Zhao et al., 2002) (Table 1). The previ-
ously identified ceh-20(ay38) and nob-1(ct230) mutants
(Van Auken et al., 2000, 2002) also show the Psa pheno-
type (Table 1). We determined the T cell lineage in these
mutants. In nob-1, ceh-20, and psa-3 mutants, the asym-
metry of the divisions was often disrupted, leading to the
production of hypodermal instead of neural cells by T.p
(Figure 1; types II, III, and IV). Therefore, we concluded
that these mutants were defective in the asymmetric
T cell division. We also observed that the T cell did not
divide during the L1 stage in some nob-1 mutants (Fig-
ure 1; type V). In these animals, the nucleus of the
T cell was smaller than in wild-type, although the mor-
phology of the nucleus was hypodermal (data not
shown), suggesting that the T cell lost its identity in
some of the nob-1 mutants. Such abnormal morphology
of the T cell was not observed in other nob-1 animals or
in ceh-20 or psa-3 animals.

In Drosophila neuroblasts, the Hox genes abd-A and
Abd-B repress the establishment of cell polarity before
division, resulting in the symmetric division of a neuro-
blast (Berger et al., 2005). Therefore, we examined
whether nob-1 regulates the cell polarity in the T cell di-
vision. However, the asymmetric nuclear localization of
POP-1 between the T cell daughters (POP-1 asymmetry)
was not affected in nob-1 mutants (normal in 26/27 nob-
1 mutants, and in 23/24 wild-type animals), indicating
that nob-1 is unlikely to be involved in cell polarity in
the asymmetric T cell division.

psa-3 Encodes a Meis-Related Protein

The psa-3 gene was genetically mapped between unc-7
and lin-15 on the right arm of the X chromosome (see Ex-
perimental Procedures). A cosmid, F39D8, in this region
and its subclone, pPS3.11, rescued the Psa phenotype
of psa-3 mutants (Figure 2A; data not shown). In the re-
gion covered by pPS3.11, two genes are predicted in the
C. elegans database (WormBase): F39D8.2 and pqn-36
(F39D8.1). The pqn-36 gene is located in an intron of
the F39D8.2 gene in the inverted orientation (Figure 2A).
To determine which of these predicted genes is psa-3,
we constructed a plasmid (pPS3.16) that contained the
entire F39D8.2 gene but lacked most of the pqn-36
gene, except its C terminus. pPS3.16 efficiently rescued
the Psa phenotype of the psa-3 mutants (Figure 2A; Ta-
ble 1). To confirm that the psa-3 gene is F39D8.2, we

Table 1. psa-3, ceh-20, and nob-1 Are Required for Asymmetric T

Cell Division

Genotype % Psa (n)

N2 0% (162)

psa-3(os8) 38.5% (156)

psa-3(os8)a 40.0% (60)

psa-3(os8);osEx[pPS3.16] 4.5% (110)

psa-3(os8);unc-76;osEx[hsp::PSA-3]a 3.1% (126)

psa-3(os8);unc-76;osEx[hsp::PSA-3::GFP]a 4.5% (110)

psa-3(RNAi) 7.0% (242)

psa-3(mh32) 45.8% (120)

psa-3(mh55);him-5 26.9% (120)

psa-3(tm656) 0% (102)

psa-3(tm657) 3.9% (178)

psa-3(os8);unc-76;osEx[psa-3::gfp] 2.8% (176)

psa-3(os8);unc-76;osEx[mut-psa-3::gfp] 38.6% (140)

ceh-20(os39) 77.0% (122)

ceh-20(ay38)unc-36(e251) 50.0% (172)

ceh-20(os39);osEx[ceh-20::gfp] 16.1% (112)

ceh-20(os114)unc-119(e2498) 50.8% (122)

nob-1(os6) 37.7% (122)

nob-1(ct230) 35.5% (138)

nob-1(os6);unc-76;osEx[hsp::PSA-3]a 42.8% (112)

php-3(ok919) 12.1% (182)

a Results after the heat shock treatment.

Figure 1. Abnormal T Cell Lineages in psa-3, nob-1, and ceh-20 Mu-

tants at the L1 Stage

H or N indicates a hypodermal or neural cell, respectively, judged by

the morphology of the nucleus (Sawa et al., 2000). The numbers of T

cells that showed the lineages are indicated below the diagrams.
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Figure 2. psa-3 Encodes a Meis-Related

Protein

(A) Schematic representation of the psa-3

locus. Exons are indicated by open boxes.

50 of the F39D8.2 gene is on the left. The

pqn-36 gene is oriented inversely to the

F39D8.2 gene. The deletions in os8, tm656,

and tm657 are indicated by horizontal bars,

and the point mutation in os8 is indicated

by an upward arrow. The POP-1 binding se-

quence is indicated by an open circle. Re-

gions covered by the psa-3 rescuing plas-

mids are indicated at the bottom.

(B) A phylogenetic tree of the Meis and PBC

domains was constructed with the neigh-

bor-joining method (Saitou and Nei, 1987)

by using 153 amino acid sites. KNOX-2 in

Arabidopsis thaliana was used as an out-

group. Bootstrap analysis was performed

with 1000 replicates.

(C) Alignment of the Meis domains. An open

triangle and an asterisk indicate putative initi-

ation methionine residues from the psa-3

transcripts that start with SL1-exon2 and

SL1-exon3, respectively. The region deleted

in tm657 is indicated.
expressed a cDNA (containing exon 1b, see below) un-
der the control of a heat shock promoter and found
that the Psa phenotype of the psa-3 mutants was effi-
ciently rescued (Table 1). In addition, RNAi of the
F39D8.2 gene caused the Psa phenotype (Table 1). Tak-
ing these findings together, we concluded that F39D8.2
is the psa-3 gene.

The predicted PSA-3 protein has a domain homolo-
gous to the Meis domain (Figures 2B and 2C), but it
does not have a homeobox, both of which are conserved
among the previously known Meis-family transcription
factors (Burglin, 1997; Mann and Affolter, 1998). By se-
quencing psa-3 cDNAs, we found two alternative first
exons (exon1a and exon1b). In addition, we detected
transcripts in which the SL1 trans-spliced leader directly
connected to exon2 or exon3 (Figure 2A). Of these, the
SL1-exon1a and SL1-exon1b transcripts were predicted
to produce proteins with an intact Meis domain. By us-
ing the first ATG in the exon as a start codon, the SL1-
exon2 and SL1-exon3 transcripts were predicted to pro-
duce proteins that lacked the initial 15 amino acids and
about half of the Meis domain, respectively (Figure 2C;
open triangle and asterisk).

To identify the lesions in the psa-3 gene locus, we se-
quenced the psa-3 gene in the psa-3 mutants. os8 did
not have mutations in the coding region; instead, it
had a 259 bp deletion and a point mutation upstream
of exon1a (Figure 2A; Experimental Procedures). The
deletion included the sequence (CTTTTGATG) to which
the POP-1 protein is known to bind directly (Streit
et al., 2002). PCR and Southern blot analyses indicated
that mh32 and mh55 had DNA rearrangements in the
promoter region of the psa-3 gene (data not shown), al-
though we did not determine the exact nature of their
mutations. We also analyzed tm656 and tm657, which
were isolated in a PCR-based screen for deletion mu-
tants (National BioResource Project). They had dele-
tions in the coding region (Figure 2A; Experimental Pro-
cedures). tm657, but not tm656, exhibited the Psa
phenotype, albeit weakly (Table 1). In tm657, all of
exon1b and part of exon2 were deleted (Figures 2A
and 2C), while in tm656, all of exon1a and exon1b were
deleted, but none of exon2, which includes the region
encoding the Meis domain (Figure 2A). Therefore,
tm656 probably lacked the Psa phenotype because it
produced functional psa-3 transcripts that started
from SL1-exon2.

The psa-3/Meis Expression Is Regulated

by POP-1/TCF
As described above, psa-3(os8) had a deletion of the pu-
tative POP-1 binding sequence, raising the possibility
that psa-3 is a target gene of POP-1. To examine this
possibility, we analyzed psa-3 expression by using
a gfp fusion construct containing the psa-3 promoter
and the entire coding region. This construct rescued
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Figure 3. psa-3 Expression Is Regulated by pop-1, nob-1, and ceh-20

(A–C) The expression of psa-3::gfp in the (A) T cell, (B) its daughters, and (C) its granddaughters in wild-type. Arrowheads indicate the nucleus of

the T cell and its descendants. Anterior is to the left, and ventral is to the bottom.

(D–G) psa-3 expression in the granddaughters of the T cell was examined, by using either (D) mut-psa-3::gfp with an altered POP-1 binding site in

wild-type or (E) psa-3::gfp in pop-1(q645), (F) nob-1(os6), or (G) ceh-20(os39) mutants.

(H–J) The intensity of psa-3::gfp was examined in the T cell or its progeny. In each experiment, more than 20 samples were scored. ‘‘Early’’ and

‘‘late’’ indicate before and after the V6 cell division, respectively, which occurs w30 min after the T cell division. The signal intensity representing

‘‘strong expression’’ (black bars) or ‘‘weak expression’’ (gray bars) was more or less than five times higher than background (no signal, open

bars), respectively. (H) psa-3 expression in T cells, daughter cells, or granddaughter cells in wild-type. (I) Expression of the indicated psa-

3::gfp fusion constructs (see Figure 4A) in the posterior granddaughter cells (T.pa or T.pp) was examined in wild-type (WT), or nob-1(os6),

ceh-20(os39), or pop-1(q645) mutants. (J) Animals that showed asymmetric or symmetric psa-3 expression in the daughter cells were scored.

‘‘Asymmetric’’ (black bars) and ‘‘symmetric’’ (vertical hatched bars) mean that the intensities were higher in T.p than in T.a and equal between T.a

and T.p, respectively.
the Psa phenotype of the psa-3 mutants (Table 1). psa-3
was expressed in the T cell, head neurons, posterior gut
cells, hypodermal cells (hyp7, hyp9, and hyp10), and P
blast cells (Figure 3A; data not shown). Of the seam
cells, only the T cell expressed psa-3 (data not shown).
During mitosis of the T cell, the PSA-3 protein was uni-
formly distributed in the T cell (data not shown). Soon af-
ter the T cell division (before V6 cell division, which oc-
curs about 30 min after T cell division), the psa-3
expression in the two daughter cells was almost the
same (Figures 3H and 3J; the early stage). In the later
stage, after V6 cell division, the psa-3 expression in T.a
had decreased and that in T.p increased (Figures 3B,
3H, and 3J; the late stage). After the next round of divi-
sions, the psa-3 expression had greatly increased in
the posterior (T.pa and T.pp), but not the anterior, grand-
daughters (Figures 3C and 3H). These data suggest that
psa-3 expression was induced in T.p after the T cell di-
vision, and that it accumulated in the posterior grand-
daughters.

To analyze the role of the putative POP-1 binding site
in the promoter, we made a mutant psa-3::gfp construct
(mut-psa-3::gfp) that had specific nucleotide substitu-
tions within the POP-1 binding sequence (CTTTTGATG
to CTGGAGATG; mutated nucleotides are underlined)
that were shown previously to disrupt POP-1 binding
(Streit et al., 2002). We found that the psa-3 expression
and the rescuing activity were lost in the mut-psa-
3::gfp construct (Figure 3D; Table 1). In addition, psa-3
expression in the T.p lineage was much lower in a
pop-1 hypomorphic allele, q645 (Figures 3E and 3I).
POP-1 function is known to be required in T.p to deter-
mine the neural fate (Herman, 2001). Therefore, we con-
cluded that POP-1 regulates psa-3 expression in T.p
through the POP-1 binding site.

We further examined the psa-3 expression in lin-44/
Wnt or lin-17/Frizzled mutants (see Table S1 in the Sup-
plemental Data available with this article online). In wild-
type, the psa-3 expression was higher in T.p than in T.a.
in most animals in which expression was detected (T.a <
T.p in Table S1). In contrast, most lin-44 or lin-17 mu-
tants did not show this expression pattern, but instead
showed a symmetric or reversed pattern (T.a = T.p or
T.a > T.p in Table S1). The defective psa-3 expression
in lin-44 or lin-17 mutants was consistent with the previ-
ous observation that the cell fates of T.a and T.p are fre-
quently reversed or symmetric in lin-44 or lin-17 mutants
(Herman, 2002). Taking these findings together, we con-
cluded that psa-3 is a target gene of the Wnt signaling
pathway.
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NOB-1/Hox and CEH-20/Pbx Are Positive Regulators

of psa-3/Meis Expression

After the seam cell divisions, an asymmetric nuclear lo-
calization of POP-1 (POP-1 asymmetry) is observed in all
of the daughter cells (Herman, 2001; Lin et al., 1998), and
the asymmetric division of all seam cells is regulated, at
least, by lit-1 and mom-4, which are upstream regulators
of POP-1 in the Wnt-MAPK pathway (Takeshita and
Sawa, 2005). Therefore, POP-1 is likely to regulate the
asymmetric division of all seam cells. However, we
showed that psa-3, a target gene of POP-1, is specifi-
cally expressed in the T cell and its descendants among
the seam cells. To examine the possibility that the T cell-
specific psa-3 expression is regulated by a Hox gene
and its cofactor, we analyzed the expression of psa-3
in nob-1 and ceh-20 mutants. In these mutants, psa-3
expression was decreased in the T.p lineage (Figures
3F, 3G, and 3I). Therefore, NOB-1 and CEH-20 function
as positive regulators of psa-3 expression. The psa-3
expression defect in nob-1 mutants was weaker than
that in the ceh-20 or pop-1 mutants, suggesting that an-
other posterior Hox gene, php-3, may function redun-
dantly in the T cell lineage. Consistent with this, a
php-3 deletion mutant also exhibited the Psa phenotype
(Table 1).

Because NOB-1 and CEH-20 are transcription factors,
they are likely to regulate the transcription of psa-3. How-
ever, among all of the seam cells, NOB-1 and CEH-20
might bind and stabilize PSA-3 in only the T cell. To ex-
amine this possibility, we transiently expressed the
PSA-3::GFP fusion protein by using a heat shock pro-
moter, and we examined its stability in the seam cells
during the L1 stage. The level of the ectopically ex-
pressed PSA-3::GFP protein decreased at a similar rate
in all of the seam cells (data not shown). Therefore, this
result appears to indicate that the T cell-specific PSA-
3::GFP expression among seam cells is not achieved
by CEH-20 and NOB-1 stabilizing the PSA-3 protein.

NOB-1/Hox and CEH-20/Pbx Directly Regulate
psa-3/Meis Expression through Intron4

To examine how NOB-1 and CEH-20 regulate psa-3 ex-
pression, we searched for regulatory elements in the
psa-3 gene that were required for its expression by us-
ing a series of deletion constructs of psa-3::gfp (Fig-
ure 4A). The deletion constructs E1a, E2, E2-3, and E3
showed very weak expression, if any, in the T cell line-
age, suggesting the presence of regulatory elements
downstream of exon3. Deletion of intron4 (Di4), but not
intron3 (Di3), also caused the loss of expression, indicat-
ing the presence of the regulatory elements in intron4.
We further deleted parts of intron4 without affecting
the splice sites (Di4a and Di4b). The gfp expression
was decreased with the Di4b construct, but not with
Di4a. With a smaller deletion (135 bp) in intron4 (Di4c),
the gfp expression was also decreased, indicating that
this 135 bp region (the i4c region) was essential for
psa-3 expression. To analyze the role of intron4 in
more detail, we inserted the i4b region into the E1a con-
struct downstream of the POP-1 binding site (E1a+i4b).
This construct showed much stronger expression than
the E1a construct (Figures 3I and 4A), confirming the
presence of an enhancer element in the i4b region. In
nob-1 or ceh-20 mutants carrying the E1a+i4b con-
struct, there was almost no gfp expression (Figure 3I),
indicating that the element is responsible for the activity
of NOB-1 and CEH-20. We concluded that NOB-1 and
CEH-20 regulate psa-3 expression though an enhancer
element in intron4.

To investigate whether NOB-1/Hox and CEH-20/Pbx
directly regulate psa-3/Meis expression, we searched
for binding sequences for CEH-20 (TGA[T or A]) (Liu
and Fire, 2000) within the i4c region (a consensus bind-
ing sequence for NOB-1 has not been reported). We
identified two candidate sites (Figure 4B; site1 and
site2) and used Electrophoretic Mobility Shift Assays
(EMSAs) to examine the ability of NOB-1 to bind them
by using the indicated oligonucleotides (Figure 4B). In-
cubation of the H/P probe, which has the canonical
binding sequence for the Hox-Pbx complex (Liu and
Fire, 2000), with the hexahistidine-tagged NOB-1 protein
(His-NOB-1) produced a single shifted band (Figure 4C,
lanes 1–3). A similar shifted band was observed with the
i4c-S2 probe (Figure 4C, lane 9), but not with the i4c-S1
probe (Figure 4C, lanes 4–6). The binding of NOB-1 to
i4c-S2 was disrupted weakly by a mutation in the puta-
tive CEH-20 binding site (TGAT) and strongly by one in
the adjacent TAGT sequence (i4c-S2 mut II and mut III,
respectively; Figure 4C, lanes 12 and 13). Furthermore,
the shifted band was competed out more efficiently by
the cold i4c-S2 probe than by the i4c-S2 mut III probe
(Figure 4C, lanes 17–19 and 20–22). Our results indicate
that the NOB-1 protein specifically binds the TAGT se-
quence of the i4c-S2 probe.

We next examined the effects of CEH-20/Pbx on the
NOB-1-DNA complexes. We found that the addition of
GST fusion CEH-20 did not produce additional (super-
shifted) bands, but that it significantly increased the
amount of NOB-1 complexed with the H/P or i4c-S2
probes (Figure 4D, lanes 1–4, 15–18; Figure 4E). Similar
effects of CEH-20 were also observed even when the
Pbx binding site was mutated in the H/P probe (Fig-
ure 4D, lanes 8–11; Figure 4E), suggesting that CEH-20
promotes the complex formation between NOB-1 and
DNA independent of the CEH-20 binding site. This is
consistent with previous reports that Abd-B-like Hox
proteins, even in the presence of Pbx proteins, do not
preferentially bind DNA containing the Pbx consensus
site (Shen et al., 1997), and that NOB-1 belongs to the
Abd-B family (Van Auken et al., 2000). The addition of
an antibody against GST to a mixture of GST fusion
CEH-20, His-NOB-1, and the DNA probes did not disrupt
the complex formation or produce supershifted bands,
while an antibody against NOB-1 disrupted the complex
formation (Figure 4D, lanes 6–7, 13–14, and 20–21).
These data suggest that CEH-20 does not form a stable
complex with NOB-1 and DNA, at least in this assay sys-
tem. One possible mechanism is that a transient protein-
protein interaction between CEH-20 and NOB-1 (see be-
low) induces a conformational change in NOB-1 that
promotes its DNA binding ability. In any case, our results
indicate that CEH-20 can facilitate NOB-1’s binding to
intron4 of the psa-3 gene.

To validate these results in vivo, we mutated the TAGT
sequence in the psa-3::gfp construct as in the i4c-S2
mut III probe (Figure 4A; TAGT mut), and we found that
the psa-3 expression from this construct was disrupted
(Figures 3I and 4A). Therefore, the NOB-1 binding
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Figure 4. NOB-1 and CEH-20 Regulate psa-3 Expression through Intron4

(A) Schematic structures of the deletion constructs of psa-3::gfp and their relative level of expression in the T cell granddaughters. ++ indicates

that >50% of the animals showed ‘‘strong expression’’ (more than five times higher than background, or ‘‘no expression’’). + indicates that 10%–

50% of the animals showed ‘‘strong expression’’. 2 indicates no expression or ‘‘weak expression’’ (less than five times higher than ‘‘no expres-

sion’’). Open boxes indicate the coding regions, and the hatched box indicates the i4b region (440 bps). The asterisk indicates the mutation in the

NOB-1 binding sequence (TAGT to CGCC).

(B) Summary of the EMSAs and sequences of the probes that were used in them. + or 2 represent the presence or absence, respectively, of NOB-

1 binding. The i4c-S1 or i4c-S2 probes covered site1 or site2 of the I4c region, respectively. Underlined bases indicate the putative binding se-

quences for CEH-20 (TGA[T or A]). i4c-S2 mut I–V were derived from i4c-S2; mutated residues are shown by bold lower-case letters. The H/P

probe contains a canonical Pbx/Hox sequence including TGAT, to which CEH-20 binds, and the H/P Pbx mut probe has mutations in the

TGAT sequence.

(C and D) EMSA results. The horizontal arrows indicate shifted bands corresponding to complexes of the NOB-1 proteins and probes. The

amounts of the indicated proteins (shown in micrograms), cold oligonucletides, or antibodies (N, NOB-1 antibody; G, GST antibody) were co-

incubated with the indicated probes. WT indicates wild-type i4c-S2 oligonucleotide.

(E) Relative amount of the protein-DNA complex estimated by photo-stimulated luminescence (PSL) by using the BAS2500 system (FUJIFILM).

The PSL values were normalized to the control (coincubation of the probe and NOB-1 alone). The means and standard deviations of the relative

PSL values obtained in at least three independent experiments were shown. Coincubation with CEH-20 significantly increased the intensities of

the shifted bands (*p = 0.01, **p < 0.01, ***p = 0.03 in paired Student’s t tests).
sequence is essential for psa-3 expression in vivo. Tak-
ing these data together, we concluded that NOB-1 and
CEH-20 directly regulate psa-3 transcription though
intron4.

psa-3/Meis Is Required for the Nuclear Localization

of CEH-20/Pbx
We examined ceh-20 expression by using a gfp fusion
construct containing the ceh-20 promoter and the entire
coding region. This construct rescued Psa, Unc, and the
larval lethal phenotype of ceh-20 mutants (Table 1). At
the L1 stage, ceh-20 was expressed in nearly all of the
cells, including the T cell (Figure 5A; data not shown).
During T cell mitosis, CEH-20 was distributed uniformly
(data not shown). Soon after T cell division (before V6 di-
vision), the nuclear level of CEH-20 was equal in the
daughter cells (Figure 5E; early stage in wild-type), while
in the late stage, after V6 division, the nuclear level in T.a
was slightly greater and that in T.p was slightly less
(Figure 5E; late stage in wild-type), resulting in the differ-
ential subcellular localization of CEH-20 between the
daughter cells (8/33 animals showed the asymmetric
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Figure 5. Nuclear Localization of CEH-20 Is Regulated by psa-3

(A–D) Expression of ceh-20::gfp in the (A) T cell and (B) its daughter cells in wild-type, or in the (C) T cell and (D) its daughter cells in psa-3(os8)

mutants. White brackets indicate the nucleus of the T cell and its daughters. Arrowheads indicate cell boundaries visualized by the cytoplasmic

CEH-20 signal. Anterior is to the left, and ventral is to the bottom.

(E) The subcellular localization of CEH-20 was examined in wild-type, psa-3(os8), or nob-1(os6) and was classified into four types: ‘‘N’’ (black

bars), ‘‘N > C’’ (gray bars), ‘‘N = C’’ (open bars), and ‘‘N < C’’ (vertical, hatched bars). ‘‘N’’ indicates that CEH-20 exclusively localized to the nu-

cleus. ‘‘N > C’’, ‘‘N < C’’, and ‘‘N = C’’ indicate a difference between the nuclear (N) and cytoplasmic (C) signals. ‘‘Early’’ and ‘‘late’’ indicate before

and after the V6 cell division, respectively. In each experiment, more than 20 samples were scored.
localization as shown in Figure 5B; i.e., strong nuclear
localization in T.a and weak nuclear and cytoplasmic lo-
calization in T.p). These results suggest that the subcel-
lular localization of CEH-20 protein is differentially regu-
lated between the T cell daughters. To investigate the
mechanism for the asymmetric nuclear localization, we
examined the localization of CEH-20 protein in psa-3
and nob-1 mutants. In psa-3 mutants, the nuclear local-
ization of CEH-20 in the T cell was disrupted (Figures 5C
and 5E in psa-3(os8) mutants). Soon after the division,
the nuclear localization in both daughters was disrup-
ted; however, at the late stage, the nuclear localization
of CEH-20 in T.a was normal, but that in T.p was still dis-
rupted (Figure 5E). At this stage, 3/25 animals showed
nuclear localization in T.a and preferential cytoplasmic
localization in T.p (Figure 5D). This phenotype was not
observed in wild-type. Taken together, these data indi-
cate that in both daughters soon after T cell division as
well as in the T cell, CEH-20 nuclear localization is regu-
lated by psa-3, while at the late stage, CEH-20 nuclear
localization in T.p, but not T.a, depends on psa-3 func-
tion. The nuclear localization of CEH-20 in T.a might be
regulated by other genes, for example, by another
Meis protein, UNC-62 (see Discussion). In nob-1 mu-
tants, as seen in psa-3 mutants, the nuclear localization
of CEH-20 in T.p was disrupted, albeit partially, in the
late stage after division (Figure 5E). This result is consis-
tent with a decreased expression of psa-3 in the nob-1
mutants (Figures 3F and 3I).

PSA-3/Meis Functions as a Cell Fate Determinant
The asymmetric expression of psa-3 between T cell
daughters seemed to indicate that PSA-3 functions as
a cell fate determinant in T.p (Figures 3B, 3C, and 3H).
To test this possibility, we expressed psa-3 during or
just after the T cell division by using a heat shock pro-
moter, and we found that the Psa phenotype of psa-3
mutants was rescued, albeit partially (Figure 6A). The
partial rescue might be because of the lag time between
the start of the heat shock treatment and the expression
of the PSA-3 protein or because PSA-3 has functions
before as well as after the division. In any case, the re-
sults suggest that psa-3 functions in T.p as a cell fate
determinant.

In other organisms, Meis family proteins function as
cofactors of Pbx and Hox family proteins (Mann and
Affolter, 1998). We tested whether PSA-3 can interact
physically with CEH-20/Pbx or NOB-1/Hox, as is ob-
served for the Meis proteins in other organisms. We found
that GST fusion PSA-3 bound specifically to in vitro-
translated CEH-20 (Figure 6B). GST fusion NOB-1 also
bound specifically to CEH-20 (Figure 6C). We did not
detect significant direct binding between PSA-3 and
NOB-1 (Figures 6B and 6C). These results are consistent
with the notion that PSA-3 functions as a cofactor for the
CEH-20-NOB-1 complex through its binding to CEH-20.
Therefore, NOB-1 and CEH-20 not only activate psa-3
transcription, but may also function with PSA-3 in the
cell fate decision. To test this model further, we ex-
pressed psa-3 by using a heat shock promoter in nob-
1 mutants. If nob-1 was required only for the psa-3 ex-
pression, the expression of psa-3 should rescue the
Psa phenotype of nob-1 mutants. However, the ectopic
expression of psa-3 rescued the Psa phenotype of psa-3
mutants, but not that of nob-1 mutants (Table 1). These
results suggested that, even in the presence of PSA-3,
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Figure 6. PSA-3 Functions as a Cell Fate Determinant, Probably with CEH-20 and NOB-1

(A) psa-3 can function after the T cell division. Animals containing hsp::PSA-3, whose T cells both on the left and right sides were in mitosis or had

just undergone division (as judged by morphology of the nucleus under Nomarski optics), were collected and treated with 1 hr of heat shock at

33ºC (during or just after division) or further incubated at 22.5ºC as a control (no heat shock). For the ‘‘before the division’’ experiments, the heat

shock treatment was started 1 hr after hatching. The heat shock treatment ‘‘before the division’’ and ‘‘during or just after the division’’ significantly

rescued the Psa phenotype (p < 0.0001 and p = 0.002 versus ‘‘no heat shock’’, respectively, by Fisher’s exact test).

(B and C) In vitro binding assays were performed by using in vitro-translated proteins labeled with [35S]methionine. The arrows indicate in vitro-

translated proteins. In the ‘‘Input’’ lanes, we loaded 1/10 of the in vitro-translated protein that we used in the binding assays. The binding assays

were performed with (A) GST fusion PSA-3 protein or (B) GST fusion NOB-1 protein. Luciferase or GST proteins were used as negative controls.

(D) A model for the asymmetric T cell division. Asymmetric T cell division results in the activation of POP-1 (hatched hexagon) in T.p; activated

POP-1 binds to the psa-3 promoter. psa-3 is selectively induced in T.p by POP-1, and this induction requires the binding of NOB-1 to the psa-3

intronic region, which is promoted by CEH-20. After its induction, PSA-3 forms a complex with NOB-1 and CEH-20, and this complex functions as

a cell fate determinant in T.p to induce genes required for the neural fates of its progeny in the tail region. In T.a, PSA-3 is not induced because

POP-1 is not active.
NOB-1 function is required for cell fate determination.
Taken together, these results support a model in which
the PSA-3 protein functions as a cofactor of NOB-1
and CEH-20 to regulate the cell fate of T.p after the
asymmetric T cell division (Figure 6D).

Discussion

In this study, we showed that psa-3/Meis expression is
regulated by POP-1/TCF, as well as by NOB-1/Hox
and CEH-20/Pbx. We also showed that psa-3 can func-
tion after the T cell division as a cell fate determinant.
POP-1 is a universal factor that determines asymmetry
between daughter cells (Herman, 2001; Lin et al.,
1998), while NOB-1 regulates the positional identity of
cells (Van Auken et al., 2000). Therefore, we conclude
that the specific fate of T.p is determined by the cooper-
ation of genes that regulate asymmetric cell division and
positional identity, through the induction of psa-3/Meis.

Mechanisms for psa-3/Meis Expression
and CEH-20/Pbx Nuclear Localization

In wild-type animals, PSA-3 is expressed before the T
cell division, and PSA-3 proteins are inherited equally
by the T cell daughters. At the early stage after T cell di-
vision, when it is expressed equally in both daughters,
PSA-3 is likely to function in the nuclear localization of
CEH-20 in both daughter cells. In T.p, nuclear CEH-20
promotes the DNA binding ability of NOB-1, which acti-
vates psa-3 transcription in cooperation with POP-1
(Figure 6D). In the late stage after T cell division, when
psa-3 expression is induced in T.p, PSA-3 functions to
maintain CEH-20’s nuclear localization in T.p, while in
T.a, CEH-20’s nuclear localization does not appear to
depend on psa-3 function, because in psa-3 mutants,
CEH-20 protein was accumulated normally in the T.a nu-
cleus at the late stage of T cell division (Figures 5D and
5E). In other organisms, the subcellular localization of
Pbx family proteins is regulated by their binding with
Meis family proteins as well as by phosphorylation by
PKC or by direct binding with nonmuscle Myosin
(Affolter et al., 1999; Huang et al., 2003; Kilstrup-Nielsen
et al., 2003). Similar mechanisms may be used for the
nuclear localization of CEH-20 in T.a in C. elegans. Be-
cause the CEH-20 nuclear localization is disrupted in
T.p, but not in T.a in psa-3 mutants, such psa-3-inde-
pendent mechanisms are likely to operate only in T.a
and hence may be under the control of the Wnt-MAPK
pathway.

PSA-3/Meis May Function as a Non-DNA Binding

Activator of the CEH-20-Pbx-NOB-1-Hox Complex
Among the Meis family proteins, PSA-3 is unique be-
cause it lacks a homeobox. In other organisms, the
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requirement of a homeobox for Meis protein function re-
mains controversial. Mutant Meis proteins (Meis1.1 in
zebrafish or Homothorax in Drosophila) that lack the ho-
meobox act as dominant-negative forms (Ryoo et al.,
1999; Waskiewicz et al., 2001). In contrast, mutant
Meis3 proteins lacking a homeobox in zebrafish and
Xenopus do not show dominant-negative effects and
can even activate Pbx-Hox-dependent transcription
in vivo (Choe et al., 2002; Salzberg et al., 1999). In addi-
tion, mutant Meis proteins (Meis1A or Prep1) that do not
bind DNA can enhance the DNA binding activity of the
Hox-Pbx complex in vitro (Berthelsen et al., 1998; Shan-
mugam et al., 1999). In Drosophila, deletion of the ho-
meobox in the homothorax gene causes only partial
and weak defects in the peripheral nervous system,
whereas mutations affecting the Meis domain cause
much more severe phenotypes. Given these observa-
tions, it was proposed that the homeobox-less Homo-
thorax retains some of its transcription-regulating func-
tion via its interaction with Extradenticle/Pbx (Kurant
et al., 2001). In our study, loss-of-function mutants of
psa-3, ceh-20, or nob-1 had the same defect in the
asymmetric T cell division. Therefore, although PSA-3
lacks a homeobox, it is likely that it positively regulates
CEH-20 and NOB-1 rather than inhibiting them by acting
as a dominant-negative form. For example, although
CEH-20 did not stably bind to DNA with NOB-1, at least
in our EMSA experiments, PSA-3 may stabilize their in-
teraction. In this model, PSA-3 induced in a T.p cell sta-
bilizes the CEH-20-NOB-1 complex on DNA, while in
a T.a cell, CEH-20 cannot stably interact with DNA (Fig-
ure 6D). Further analyses are necessary to clarify the
roles of PSA-3 in cell fate determination.

Do Hox Genes Regulate Asymmetric Cell Division

in Vertebrates?
In this study, we showed that cooperation between the
mechanisms for asymmetric cell division and positional
identity determines the specific cell fate in asymmetric T
cell division in C. elegans. Such cooperation may explain
how the general mechanism for asymmetric division
specifies individual cell fates in other organisms. In ver-
tebrates, Hox genes play essential roles in the develop-
ment of the segmental pattern of the central nervous
system. They also regulate the segmental identities of
specific neurons. In the hindbrain, Hox genes are in-
volved in the fate determination of specific motor neu-
rons, such as branchial and somatic motoneurons and
sensory interneurons, like the visceral and somatic sen-
sory interneurons (Gaufo et al., 2003, 2004; Samad et al.,
2004). In the spinal cord, the identities of the unique
motor neurons in individual segmental domains are de-
termined by Hox genes (Dasen et al., 2003). During neu-
rogenesis, neurons are generated through the asymmet-
ric divisions of neuroepithelial cells or neuronal
progenitor cells (Chenn and McConnell, 1995; Kosodo
et al., 2004). Therefore, it is possible that Hox genes reg-
ulate the segmental specificities of neurons when they
are generated by asymmetric cell divisions in vertebrate
neurogenesis.

Similarly, some Hox, Pbx, and Meis proteins are
expressed and function in hematopoietic stem cells
(HSCs) and in specific hematopoietic cell lineages (Di-
Martino et al., 2001; Hisa et al., 2004; Pineault et al.,
2002). Although it remains to be proved, some studies
have suggested that HSCs undergo asymmetric cell di-
vision (Denkers et al., 1993; Ema et al., 2000; Ho, 2005;
Takano et al., 2004). Thus, Hox proteins and their cofac-
tors may specify hematopoietic lineages upon asym-
metric cell division in a manner that is similar to the
one we have described here for the T cell in C. elegans.

Experimental Procedures

Genetic Experiments

Methods for the culture and genetic manipulation of C. elegans were

as described (Brenner, 1974; Sawa et al., 2000). The Psa phenotype

was determined as described (Sawa et al., 2000). Fluorescence from

GFP fusion proteins was observed with a confocal microscope

(LSM510 system by Carl Zeiss), and the intensity of the GFP fluores-

cence was measured by the system’s software. RNAi assays for

psa-3 were carried out by microinjecting double-stranded RNAs

synthesized by using part of exon4 (w200 bp fragment of

yk375g3) (Fire et al., 1998). To map psa-3, we isolated recombinants

from unc-7 lin-15/psa-3(os8). Five of 14 Unc non-Lin recombinants

segregated with psa-3. Seven of ten Lin non-Unc recombinants seg-

regated with psa-3. The deletion in psa-3(os8) was located between

2514 and 2256 bps, and the point mutation was at 2185 bp up-

stream of the initiation codon in exon1~a . The deletions in tm656

and tm657 are described in the National BioResource Project

(http://www.nbrp.jp/report/reportProject.jsp?project=celegans).

Plasmid Construction

A 14 kb Bst1107I fragment of F39D8 was subcloned into pBSK to

produce pPS3.11. A 5 kb BsmI fragment containing the pqn-36

gene was removed from pPS3.11 to generate pPS3.16. To generate

psa-3::gfp, the entire psa-3 coding region within pPS3.16 was sub-

cloned into a GFP vector, pPD95.77 (a gift from Dr. A. Fire, Stanford

University, Stanford, CA), after removal of the 30 UTR region contain-

ing the stop codon. mut-psa-3::gfp, shown in Figure 3D, and D4 to

TAGT mut, shown in Figure 4A, were made by a PCR-based method,

and their sequences were confirmed by direct sequencing.

hsp::PSA-3 and hsp::PSA-3::gfp were constructed by subcloning

the psa-3 cDNA or the gfp fusion psa-3 cDNA, respectively, whose

product was GFP joined to the C terminus of PSA-3, into

pPD49.78 (a gift from Dr. A. Fire). For the heat shock experiments,

animals were incubated at 33ºC for 1 hr and overnight at 22.5ºC.

ceh-20::gfp was constructed by inserting a gfp fragment from

pPD118.90 (a gift from Dr. A. Fire) into a PstI site in exon4 of the

ceh-20 gene (the rescuing plasmid was a gift from Dr. M. Stern,

Yale University, New Haven, CT).

In Vitro Binding Assay and EMSA

For the GST fusion proteins or hexahistidine-tagged proteins, the

cDNAs of psa-3, ceh-20, and nob-1 in yk375g3, yk219d9, and

yk467d4, respectively, were subcloned into pGex6P or pQE-82L

(Amersham and QIAGEN). yk219d9 was used after removal of the

50 region, as described (Liu and Fire, 2000). Purification of proteins

expressed in E. coli (BL-21) and in vitro binding assays was per-

formed as described (Tomoda et al., 1999). 35S-labeled proteins

were synthesized by the TNT T7/T3-coupled Reticulocyte Lysate

System (Promega). EMSAs were performed by using probes labeled

with a-32P-dCTP by the Klenow fragment (Asubel et al., 1996). Rab-

bit antibody against NOB-1 was produced by using GST fusion

NOB-1 protein.

Supplemental Data

Supplemental Data include one table and are available at http://

www.developmentalcell.com/cgi/content/full/11/1/105/DC1/.
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